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ABSTRACT 

A study of supersaturated zincate solutions is made using light scattering 
and nuclear  magnetic  resonance techniques. The results indicate strongly that 
the excess zinc is present  as a solute species rather  than in a colloidal form. 
The solute species appears to be the same as that in solutions of ZnO in aque-  
ous KOH, viz., Zn(OH)~ 2-. There is no strong evidence to indicate the 
presence of other solute species. 

When metallic zinc is t reated anodically in aqueous 
KOH the surface often becomes dark in color and, if 
the t rea tment  is continued long enough, a white solid 
precipitates from the solution. Both the white solid and 
the dark film on the metal  are zinc oxide. Thus, the end 
product of the anodic t rea tment  appears to be ZnO. 
However, ZnO is soluble in aqueous KOH. For some 
time it was believed that the solution from which the 
white solid precipitated was a saturated solution of 
ZnO in KOH. But fur ther  investigation (1) disproved 
this assumption. Instead, it was shown that  the dis- 
solved Zn( I I )  content of the electrolyte decreased and 
after about a year approached that of a saturated solu- 
t ion of ZnO. Meanwhile, a white solid continued to 
precipitate from the solution. 

This phenomenon has been known for some 20 years 
and it is of significance for batteries containing a 
metallic zinc electrode and an aqueous KOH electro- 
lyte. However, very li t t le work has been done with 
these so-called "supersaturated" zincate solutions 
(szs). 

A variety of evidence suggests that in a saturated 
solution of ZnO in aqueous KOH the dissolved Zn(I I )  
species is pr imar i ly  Zn(OH)42-  (2-4). Very little 
work has been done to determine the na ture  of the 
dissolved Zn( I I )  species in the szs. Dirkse (1) mea-  
sured the emf of a zinc electrode in various szs and 
in terpre ted the results as indicating that  Zn(OH)4 ~- 
is also the predominant  species in szs. However, this 
suggestion has been called into question. I t  has been 
suggested, e.g., that the excess Zn(I I )  in the szs is in 
a colloidal form and there is evidence to support  this, 
e.g., the slow precipitat ion of the excess Zn (II) as ZnO. 
Hampson et al. (5) on the basis of emf measurements  
concluded that the excess Zn (II) in szs is electrochem- 
ically inactive. A Raman spectra investigation (6) 
showed that the Zn( I I )  species in saturated solutions 
of ZnO in aqueous KOH is a tetrahedral  z inc-hydroxy 
arrangement .  With anodic t rea tment  of zinc in a 40% 
KOH solution saturated with ZnO the dissolved Zn (II) 
content increased about 70%, bu t  the area under  a band 
typical of Zn(OH)42-  increased only about 12% and 
no new bands were observed. The conclusion is that 
about 1/6 of the excess Zn( I I )  is converted to 
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Zn(OH)42- .  The na ture  of the remaining  5/6 was not 
determined. 

In the early work with szs, it was observed (1) that 
the specific conductance of the solution decreased with 
increasing excess Zn( I I ) .  This may have been due to 
increased viscosity of the solutions and/or  to replace- 
ment  of O H -  ions by the z inc-hydroxy species. 

In  summary,  on the basis of the work done to date 
it is not possible to describe precisely the nature  of the 
excess Zn(I I )  in the szs. The work reported here was 
carried out in an at tempt  to gather more informat ion 
about these szs solutions. Two techniques were used: 
(i) light scattering, and ( i t )nuclear  magnetic reso- 
nance (NMR). The light scattering technique may 
give information as to whether  or not the Zn(I I )  in 
the szs is in a colloidal form. The NMR technique pro- 
vides information about the env i ronment  of the pro- 
tons in the solutions. This envi ronment  is averaged 
over all possible proton locations (i.e., in water, hy-  
droxide ions, and Zn species). Because of rapid ex- 
change of protons among these locations the NMR 
technique cannot dist inguish between the various pro- 
ton-conta ining species. 

The init ial  investigation of the ZnO-aqueous KOH 
system by NMR techniques was reported by Newman 
and Blomgren (4). Their investigation covered a series 
of KOH concentrations ranging from 3.89 to 13.62 molal 
and ZnO concentrations near ly  up to the saturat ion 
point for each of the KOH solutions. The analysis of 
Newman and Btomgren shows that  the formulat ion 
Zn (OH) ~ - ,  as the pr imary Zn (II) species, is consistent 
with the chemical shift values. The present work em- 
ploys a similar technique but  extends the range of 
ZnO concentrations into those of the szs. 

Experimental 
The light scattering results were obtained by the 

use of a Coleman Universal  spectrophotometer with a 
nephelometric attachment.  The NMR spectra were ob- 
tained using a Jeolco MH60 spectrometer, operating 
at 60 MHz. Water was used as the external  reference. 
After allowing time for obtaining temperature  equil ib-  
r ium in the sample, each spectrum was scanned five 
consecutive times. 

Three stock solutions of KOH were prepared using 
reagent  grade KOH. Saturated solutions of ZnO were 
made by dissolving the max imum of reagent grade 
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ZnO in each of the KOH solutions, followed by filtra- 
tion through a Pyrex frit. Unsaturated solutions of 
varying ZnO concentrations were prepared by mix-  
ing appropriate amounts  of pure  KOH solution and 
the KOH solutions saturated with ZnO. A supersatu-  
rated Zn( I I )  solution was made by anodic oxidation 
of metallic zinc in a saturated ZnO solution. Solutions 
with varying degrees of supersaturat ion were made 
by mixing the saturated and supersaturated solutions 
in varying ratios. All zinc analyses were made by t i t ra-  
tion with EDTA. 

Results and Discussion 

Light scattering.--A saturated solution of ZnO in 
2.8M KOH [0.13M in Z n ( I I ) ]  was used as a reference 
and to set the galvanometer  to 0. Next a szs solution 
[2.8M KOH + 0.35M Zn( I I ) ]  was placed in the same 
cuvette and the galvanometer  then read 3%. This 
is wi thin  the exper imental  uncer ta in ty  associated 
with making these measurements.  In a second run  a 
saturated solution of ZnO [10.2M KOH + 1.12M 
Z n ( I I ) ]  was placed in the cuvette and the galvanom- 
eter set to read 0. When a szs [10.2M K O H  + 1.5M 
Zn(I I )  ] was placed in the same cuvette the galvanom- 
eter read 0%. Thus, in both these cases the szs showed 
no or negligible increased light scattering compared 
to the saturated ZnO solutions. These results indicate 
the absence of colloidal material .  It has been argued 
that the light scattering results are dependent  on the 
refractive indices of the substances involved and that 
in these cases the refractive indices are such that  
even though there is colloidal mater ial  present no 
light scattering is observed. It  has been observed under  
magnification that a pronounced refractive index 
change occurred around the zinc electrodes during 
discharge, i.e., during anodic t rea tment  (6, p. 34). This 
a rgument  has been used often when solutions of ZnO 
in aqueous KOH are said to be optically clear. How- 
ever, the fact that NMR results also support the ab- 
sence of colloidal mater ial  (see below),  seems to make 
it reasonable to state that the szs solutions contain no 
appreciable amounts of colloidal material.  

Nuclear Magnetic Resonance.--All spectra showed a 
single peak for the external  reference and a sharp, 
single, downfield peak for the KOH-ZnO solution. A 
typical scan is shown on Fig. 1. 

sample signal 

/ - -  external 
reference signal 

Fig. 1. Typical nuclear magnetic resonance scan 

The five chemical shifts relative to water were mea-  
sured for each sample and averaged to give the un -  
corrected chemical shift, 5. The s tandard deviation was 
0.4 Hz for a typical set of five values. 

Since an external  reference was used, bulk  suscepti- 
bi l i ty corrections were made using the equation given 
by Pople, Schneider, and Bernstein (7) 

5 : [ (H -- Hr)/Hr]  + (2~/3) (Xv.r -- Xv) [1] 

Xvl and Xv refer to the volume magnetic susceptibilities 
of reference and sample, x values were obtained from 
the table given by Selwood (8) and it was assumed 
that the additivity law 

x~ ---- ~1xl  + ~ x 2  + . . .  + r [2] 

was obeyed. (r represents the volume fraction of each 
component.) 

The change in the chemical shift, 6, from that of the 
pure KOH solution, caused by the addition of ZnO, is 
defined as ~5. 

As is shown in Fig. 2, ~8 increases with increasing 
Zn concentrations, and the slope of the lines increases 
with increasing KOH concentrations. The l inear i ty  of 
these plots, as has been observed by Newman and 
Blomgren (4), is consistent with the existence of a 
single Zn-conta in ing  species. Evidence from other 
authors suggests that  this species is the tetra-coordi-  
nated ion Zn(OH)42-  (2, 3). 

Figure 3 gives a plot of ~5 vs. the increasing mole 
ratio of KOH to ZnO. In a similar graph, Newman and 
Blomgren found possible discontinuities in  the two 
curves of lowest KOH concentrations (2.89 and 4.83M). 

These discontinuities were tenta t ively  at t r ibuted to 
second coordination sphere effects. Although our curve 
for the lowest KOH concentration (2.9M) also shows 
an increase at a mole ratio of about 11, we feel that 
this must  be viewed with caution since the increase 
is less than twice the standard deviation of the 8-val-  
ues, and may be due to normal  statistical scatter. 

In  Fig. 2, 3, and 4 the dotted vertical  l ine indicates 
the l imit  of normal  solubil i ty of ZnO in each of the 
KOH solutions. Neither Fig. 2 nor Fig. 3 shows a 
statistically significant discontinuity or change of slope 
on passing from the unsatura ted  into the supersatu- 
rated region. The absence of such a discontinuity is 
consistent with the view that in both the unsatura ted 
and supersaturated regions only one type of Zn com- 
plex exists, namely  Zn (OH) 42-. 

I I 1 I i 
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0.4 0.8 1.2 1.6 2D 
molality of ZnO 

Fig. 2. Change in chemical shift with added ZnO at different 
base strengths: a, 12.2M KOH; b, 7.3M KOH; c, 2.9M KOH. 
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Fig. 3. Change of chemical shift with increasing mole ratio of 
KOH to ZnO at different base strengths: a, 12.2M KOH; b, 7.3M 
KOH; c, 2.9M KOH. 
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Fig. 4. Plot of 8' with increasing proton fraction of Zn(OH)4 ~ -  
at different base strengths: a, 12.2M KOH; b, 7.3M KOH; c, 2.9M 
KOH. 

The total chemical shift with respect to the reference 
signal may be expressed by the equation 

8 --" POH- 8~ - "~- PZn(OH)42- ~~ [3]  

in  which the following definitions apply 
5 = chemical shift corrected for bulk  susceptibili ty 
POH-- : proton fraction of O H -  in solution 

= (MKOH -- 2Mzno)/(MKoH + 2 • 55.51) [4] 

PZn(OH)42-- : proton fraction of Zn(OH)~ ~- in  solu- 
t ion 

PZn(OH)42-- ~--- 4MZnO/MKOH -~- 2 • 55.51) [5] 

~~ ~--- ratio of change of chemical shift with 
change in mole fraction of O H -  at infinite di lut ion 
~~ ~-- ratio of change of chemical shift with 
change in proton fraction of Zn (OH) 42- 
The above definitions are identical to those used by 

Newman and Blomgren (4). 
The value for 8~ - found by Newman and Blom- 

gren is 20.0 ppm or 1200 Hz. 
This value was found by measur ing the chemical 

shift, 5, vs. the proton fraction of O H -  ion and mea-  
suring the slope of the curve at zero concentration. 

Both our values and those of Newman and Blomgren 
(4) show positive deviations from l inear i ty  which the 

lat ter  authors have at t r ibuted to ion-pair ing be tween 
the K + and O H -  ions. The magni tude  of this devia- 
tion should depend on the concentrat ion of KOH and, 
since water solutions are strongly hydrogen-bonded,  
the deviation should also be temperature  dependent  
(7, p. 400). 

The differences in the deviation from l inear i ty  (Fig. 
5) for identical KOH concentrations may be at t r ibuted 
to different spectrometer probe temperatures.  

Newman and Blomgren do not report a temperature  
value. Ambient  probe temperature  in our ins t rument  
is 46 = • 2~ In  any case, the value of the slope of the 
curve extrapolated to zero concentrat ion corroborates 
the value of 20.0 ppm for 8~ - .  

From the value of 8~ - and the known KOH con- 
centrat ion the value of 8 ' m a y  be calculated for each 
solution. 

8' "- Pzn(ott)42- ~~ - -  ~ - -  POH- 5~ [6] 

A plot of 8' vs. PZn(OH)42- will  then  give as its slope, 
the value of 8~ - (Fig. 4). 

The following values were found: 

Molality of KOH 5~ 2 - ,  ppm 
2.9 --9.60 
7.8 - - 8 . 6 0  

12.2 --7.32 
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Fig. 5. Plot of proton resonance shift, 8, with increasing proton 
fraction of base: a, our values; b, approximate experimental values 
of Newman and Blomgren (4); c, slope of curves at PKon = 0. 
Used as values of ~~ 
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In view of the small  magni tude  of the effect being 
measured  and the uncer ta in ty  in the  tempera ture ,  
these values compare wel l  wi th  those found by  New-  
man  and Blomgren (4) which ranged from --6.44 to 
--6.04 ppm. Al though our  values are  s l ight ly  higher,  
the  change in 5Zn(OH)42-  with  changing KOH concen- 
t ra t ions is similar,  though somewhat  more  pronounced.  

In  calculat ing the data  in Fig. 4, it  was assumed that  
5~ - has a constant  value of 20.0 ppm. The er ror  
in t roduced by  the deviat ions from this value  (see Fig. 
5) causes the  nonzero intercepts  of the curves in Fig. 
4, but  should not affect the  slopes appreciably .  

The plots of 5' vs. PZn(OH)42- do not show a signifi- 
cant  deviat ion from l inear i ty  on passing from the un-  
sa tura ted  to the supersa tu ra ted  region. In view of this, 
no difference in the z inc-conta ining species e x i s t i n g  
in those two regions is indicated.  Should  a second, 
different, zinc species exist  in the  supersa tu ra ted  re-  
gion, a change in slope might  be expected.  

If, for example,  the excess zinc (above the normal  
l imit  of solubi l i ty)  exis ted as simple Zn + + ions, the  
slope of the curves in Fig. 4 should approach zero in 
the supersa tu ra ted  region. The species which cannot 
be e l iminated  by  those arguments  are other  complexes 
of zinc containing 4 protons, namely,  Zn(HfO)2 ++ 
and Zn(OH)2(H20) .  The existence of these, however,  
is placed in doubt  by  the work  of Fordyce  and Baum 
(3). 

Final ly ,  the l inea r i ty  of the  plots in Fig. 4, and the 
lack of signal b roadening  in the  spectra  e l iminate  the 
possibi l i ty  that  the excess zinc exists as a colloid or 
suspended solid. 
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ABSTRACT 

A recent ly  developed sealed n icke l -hydrogen  cell offers considerable  p rom-  
ise to develop l ightweight ,  long-l ife ,  rechargeable  bat ter ies .  The most  ap-  
paren t  advantages  of this cell are its h igher  energy and power  densi ty  as 
compared  with  other  rechargeable  systems including n ickel -cadmium,  l ead-  
acid, and s i lver-zinc cells and the regenera t ive  H 2 - 0 2  fuel cell. The energy 
densi ty  for l ightweight  50 A - h r  cells shown is 28 W - h r / l b .  The cell enjoys a 
unique overdischarge  protect ion mechanism which allows for long cycle 
life at high depth  of discharge. Exper imenta l  da ta  are  presented  to define the 
character is t ics  of the cell. Over 5000 high ra te  cycles have been completed on 
small  1.5 A - h r  cells wi th  good vol tage performance.  A 50 A - h r  cell has 
completed to date over  800 cycles discharge to 70% of measured  dapaci ty  in 
1.2 hr. 

A recent ly  developed sealed n icke l -hydrogen  cell  
(1) offers considerable promise  for the development  
of light, long-l ife,  rechargeable  bat ter ies .  This system 
competes favorab ly  in many  appl icat ions  wi th  such 
rechargeable  systems as the l ead-ac id  and nickel-  
cadmium (Ni-Cd)  cells and wi th  systems in the 
developmenta l  stage, such as the regenera t ive  H2-O2 
fuel cells and Cd-O2 cells. The most apparen t  ad-  
vantages of the cell are  its a t t rac t ive  ~energy and 
power  densities for both  charge and discharge. In  
addition, it shows high rel iabi l i ty ,  long cycle life, 
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storage life which is insensi t ive to the state of 
charge, considerable  overcharge  protection, and a 
unique overdischarge  protect ion mechanism which  
makes  i t  eminen t ly  sui ted for connecting cells in 
series. It also promises  a t t rac t ive  l ow - t e mpe ra tu r e  
performance.  The specific appl icat ion of this system 
to synchronous satel l i te  operat ion has a l r eady  been 
discussed (2). In  the fol lowing the character is t ics  of 
the cell are defined, based on exper imenta l  measu re -  
ments, and the l ightweight  66 W - h r  (50 A - h r )  cell 
design. 

Description of the System 
In its construct ion the n i cke l -hydrogen  cell resem-  

bles the Ni -Cd cell, except  tha t  the cadmium electrode 
is replaced by  a cata lys t  e lect rode capable  of oxidiz-  
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ing hydrogen gas on discharge and evolving it on 
charge at low polarizations. Figure  1 is a schematic 
representat ion which shows the basic electrode ar-  
rangement  for the cell. In  this arrangement ,  the posi- 
tive plates, the separators, and the electrolyte are 
identical to those used in the Ni-Cd cell, while the 
hydrogen electrode s tructure consists of Teflon-bonded 
pla t inum supported wi th in  a thin, fine mesh, Ni screen. 
A gas diffusion mesh Teflon screen is placed on the 
back side of each hydrogen electrode to facilitate 
hydrogen diffusion to the p la t inum electrode. The 
total electrode-electrolyte separator stack is sur-  
rounded by an atmosphere of hydrogen under  pressure. 

Under  normal  discharge conditions, the reaction on 
the positive electrode is 

NiOOH + HaO + e -  --> Ni(OH)~ + O H -  [1] 

and, at the negative electrode 

ga H2 + O H -  -+ H~O + e -  [2] 

which results in the over-al l  cell reaction 

NiOOH + V= Ha-> Ni(OH)2 [3] 

During charge, the reverse reactions occur. From 
reaction [3], it can be concluded that there is no water  
production or consumption dur ing operation other than 
that caused by differences in the amount  of water  of 
crystall ization in the different nickel hydroxides. As 
shown by Eq. [1] and [2], there are local water  con- 
centrat ion changes at each electrode. 

On overcharge, when most of the bivalent  nickel 
oxide has been oxidized, oxygen is evolved according 
to the reaction 

2OH-  -+ H20 + 1/~ O~ + 2e -  [4] 

This oxygen reacts immediately at the abundan t  cata- 
lytic surface with an equivalent  amount  of the hydro-  
gen (which is being produced at equivalent  stoichio- 
metric  rates) according to 

Ha + 1 /20~-+  H~O 

or is reduced at the negative electrode according to 
the reverse of reaction [4]. The Ni-Ha cell is in t r ins i -  
cally positive electrode l imited on charge because of 
the practically unl imi ted  supply of water  for the 
charging reaction at the negative electrode. 

Cell reversal protection can be achieved by intro-  
ducing a hydrogen precharge (i.e., an amount  of hy-  
drogen gas) in the cell while it is in the discharged 
state. Under  these conditions, the cell becomes posi- 
t ive electrode l imited on discharge. When all the 
t r ivalent  nickel hydroxide has been reduced in the 
discharge part  of the cycle and fur ther  current  is 
passed, hydrogen is evolved on the nickel electrode 
surface (since it is extremely difficult to reduce nickel 
hydroxide to pure nfckel under  these conditions).  The 
evolved hydrogen is compensated for by an equivalent  
amount  of hydrogen which is oxidized at the hydrogen 
electrode. 
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Experimental Results 
All experimental  data presented were obtained using 

demountable  heavy-wal led  pressure vessels. Two types 
of experimental  cells were fabricated, a single 1.5 A-hr  
Ni-Ha electrode cell, and mult ielectrode 5, 15, 25, and 
50 A-hr  cells. All of these cells used sintered nickel 
hydroxide positive electrodes, polypropylene sepa- 
rators, and Teflon-bonded p la t inum black negative 
electrodes, with a 30% KOH solution as electrolyte. 

Single nickel hydroxide electrode cells (Fig. 1) 
were used to characterize electrochemical perform- 
ante  for cycle life, overcharge protection, temperature  
performance, and electrolyte management .  Multielee- 
trode cells (Fig. 2) were used to determine the effects 
of connecting a number  of electrodes in parallel. In  
all eases the hydrogen gas was contained within  the 
pressure vessel. 

Parametric Data 

The multielectrode cells were used to characterize 
the Ni-tt~ cell behavior in terms of temperature,  pres- 
sure, and voltage with cycling. The cover of the 
heavy-wal led container had an inlet tube to allow for 
hydrogen precharge filling and for pressure moni tor-  
ing via a pressure transducer.  The electrical feed- 
throughs were Ziegler-type plastic compression seals 
(3). A thermocouple was located in the cavity of the 
hydrogen electrode at the center of the electrode stack 
to determine the tempera ture  under  operating condi- 
tions. The thermoeouole was encapsulated in poly- 
sulfone to avoid corrosion. 

Conventional  aerospace sintered nickel electrodes 
used in these cells were chemically impregnated and 
had a thickness of 0.76 m m  and a measured flooded 
capacity of 0.12 A-hr /g .  Two of these electrodes were 
used back to back to construct one positive electrode. 

The hydrogen electrodes used in most cells were 
constructed from pla t inum black, bonded with Teflon, 
and pressed onto a thin nickel screen. Some of the 
electrodes had a porous Teflon backing on the gas side. 
A few cells used hydrogen electrodes consisting of a 
l ightly olatinized, graphite felt mater ial  (Energy Re- 
search Corporation proprietary electrode). 

Pressure and voltage characteristics on cycl~ng.--The 
pressure and voltage vs. t ime over a charge and dis- 
charge cycle are presented in Fig. 3. On charge at 
the C/1 rate. a the pressure increases l inear ly  as hydro-  
gen is evolved. The voltage rise at end of charge is 

The C / t  r a te  is the  rate  in  a m p e r e s  for  c h a r g i n g  or d i s c h a r g i n g  
a cell, def ined as the  cell  capac i ty  in  a m p e r e - h o u r s  d i v i d e d  b y  t h e  
t ime,  ~, in  h o u r s  (in th i s  case, 1 hr ) ,  
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caused by the onset of oxygen evolution at the nickel 
electrode�9 A slight voltage decrease observed during 
overcharge after O2 evolution occurs is a t t r ibuted to 
a temperature  rise caused by O2 and H2 recombina-  
tion. The pressure levels off and becomes constant. 
The partial  pressure of oxygen measured during over- 
charge is less than 1% of the total cell pressure. 

On discharge at the C/1 rate, the pressure decreases 
l inearly as hydrogen is consumed. The voltage on dis- 
charge is characteristic of the nickel hydroxide elec- 
trode. A second plateau observed below 1V may be 
at t r ibuted either to reduction of chemisorbed oxygen 
on the positive electrode or to reduction of higher 
valent  nickel. The cell voltage on discharge is not 
appreciably affected by the partial  pressure of hydro-  
gen at these temperatures  and discharge rates�9 

During reversal on overdischarge of the positive 
electrode, the cell voltage reverses polarity and be-  
comes slightly negative while the pressure levels off. 
This capabili ty for continuous overdischarging of the 
cell with no adverse effects or pressure bui ldup is a 
unique  feature of this cell. 

Temperature characteristics.--Temperature data 
presented in Fig. 4 are for the thermocouple located 
in the center of the cell stack. On charge at a C/10 rate, 
the cell is slightly endothermic, and the cell tempera-  
ture is practically constant. All of the power delivered 
to the cell on overcharge is dissipated as heat. Oxygen 
is evolved at the positive electrode, while hydrogen is 
evolved at the negative electrode in equivalent  Fara-  
daic rates. This oxygen and hydrogen react to form 
water  (see Eq. [4] and [5]), causing the temperature  
to rise. 

On discharge at the C/2 rate, par t  of the electro- 
chemical energy is dissipated as heat, pr imari ly  be-  
cause of polarization at the positive electrode which 
results in a temperature  rise. A very high t ransient  

temperature  rise occurs at the end of discharge be-  
cause of the high polarization at the positive electrode. 

During reversal at the C/2 rate, the temperature  
decreases and stabilizes to a value lower than that 
observed on discharge�9 Hydrogen is generated at the 
positive electrode and consumed at the negative elec- 
trode with low polarization. 

In general the thermal  and temperature  character-  
istics of the Ni-H2 cell are very similar to those of 
the Ni-Cd cell with the exception of behavior on 
reversal. 

Temperature e~ects on capacity.--The voltage vs. 
time discharge characteristics with temperature  as 
a parameter  are shown in Fig. 5. The cell has been 
overcharged by 60% at the C/10 rate and then dis- 
charged completely to 0V. From 0 ~ to --10~ there is 
a significant loss in capacity and also above 40~ a 
significant loss is observed�9 As with an Ni-Cd system, 
the desirable temperature  range of operation is from 
0 ~ to approximately 25~ However, the Ni-H2 cell 
does not have the low temperature  l imitat ion of the 
Ni-Cd cell a t t r ibuted to the poor charge acceptance 
of the cadmium electrode. 

Self-discharge.--The self-discharge characteristics 
for the Ni-H2 cells s tanding on open circuit are shown 
in Fig. 6. Start ing with a fully charged cell, the self- 
discharge can be directly related to a loss of hydrogen 
pressure. As shown in Fig. 6, the self-discharge, similar 
to that of a Ni-Cd cell, occurs in a diminishing ex- 
ponential  fashion; after one day of s tanding on oven 
circuit, the cell retains approximately 80% of its full 
capacity. This self-discharge is a t t r ibutable  either to 
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the direct reduction of Ni +~ to Ni +2 or to the reduc-  
tion of chemisorbed oxygen on the nickel electrode. 

Effects of charge and discharge rates.--Both the 
nickel hydroxide and the hydrogen electrodes are 
capable of h igh-ra te  charge and discharge. Figure  7 
shows the cell voltage vs. the charge rate (up to the 
5C rate) as a funct ion of the state of charge of the 
positive electrode at room temperature.  Figure 8 shows 
the cell voltage vs. the discharge rate (up to the 5C 
rate) as a function of the state of discharge. 

Figure 9 shows the effect of the charge rate on 
charge acceptance. The charge acceptance was deter-  
mined by charging the cell at different rates to r e tu rn  
5 A-hr  of capacity to the cell and then discharging it 
at the C/1.2 rate to 1V. Maximum charge efficiency is 
achieved at the C/1 charge rate. 

The effects of the rate of discharge on measured 
cell capacity after the cell is charged at the C rate to 
33% overcharge are shown in Fig. 10. The capacity 
obtained on discharge at the 5C rate is only 10% less 
than that obtained at the C rate. Thus, in addition to 
providing a high energy density (approximately 66 
W-h r /kg ) ,  the Ni-H2 system has an excellent power 
density capabili.ty (over 300 W/kg) .  
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Cyclic Life Data 
The nickel hydroxide electrode and the Teflon- 

bonded H2 electrode are the two most stable electrodes 
developed for sealed secondary cells to date. Since the 
sealed Ni-H2 cell is a recent development, the major  
failure mechanisms must  still be determined. Data are 
presented for cyclic test results to date. 

High-rate cycle tes t . - -The purpose of this test is to 
evaluate different combinations of commercially avail-  
able electrodes and separator materials  in  terms of 
cyclic life performance. Data are presented for five 
cells with electrode and separator materials  identified 
in Table I. These cells are subjected to a 1 hr cycle 
test consisting of discharge for 26 rain at a C/1.5 rate 
which corresronds to 28.6% depth of discharge (DOD) 
and charge for 34 m i n  at a C/1.5 rate corresponding to 
30% overcharge. 
High-rate cycle test resuZts.--Cell S/N 123 has com- 
pleted over 5000 cycles to date. (Figure 11 shows the 
end-of-charge and end-of-discharge voltages for this 
cell.) The other cells have failed at 3000, 1674, 1068, 
and 468 cycles. The cells are considered to have failed 
when  the discharge voltage drops below IV. 

Cell S/N 122 failed after 30.00 cycles. The measured 
impedance of this cell increased from 70 mohm at the 
start  of the test to over 200 mohm at failure. The in-  
crease in impedance results from a loss of electrolyte 
from the separator. Examinat ion of the separator after 
failure revealed that the polypropylene had dried out 
and would not absorb electrolyte. Examina t ion  of the 
positive electrodes showed that they were still s truc-  
tura l ly  sound, but  that  the thickness had changed 
from 0.76 to 1.16-1.30 ram. 

This cell was rebuil t  by using the same positive elec- 
trodes, but  with a Hercules polypropylene separator 
and ERC Teflon-backed hydrogen electrodes. It  has 
now completed 2000 additional cycles. 

Cell S/N 115 failed after 1674 cycles. The hydrogen 
electrode in this cell did not have Teflon backing. The 
measured impedance increased from 70 mohm at the 
start of the test to 620 mohm at failure. Examinat ion  of 
the separator after failure again revealed that  the poly- 
propylene had dried out and would not absorb electro- 
lyte. Examinat ion  of these positive electrodes showed 

1.65 

1.60 

1.20 
< 

f 

Io0o 2 DO 3ooo 4 Do 

No. OF CYCLES 

Fig. 11. Cyclic life performance of cell S/N 123 
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Table I. Electrode materials for use with polypropylene separators 

Cell 
S / N  Nickel  posi t ive electrode Separa tor  Nega t ive  

122 SAFT s in tered  nickel  (s lurry  process) Hercules polypropylene ERC pla t inum and  PTFE on nickel  s c r e e n ,  
Teflon back ing  

Nickel-pla ted per fora ted  iron support  
Double electrodes back  to back  
Each electrode 0,76 m m  thick 

123 SAFT s intered nickel  (s lurry process) 

Nickel-pla ted per fora ted  iron suppor t  
Double electrodes back  to back  
Each electrode 0.76 m m  thick 

116 Eagle P icher  s in tered nickel  (dry process) 

Nickel  screen suppor t  
Double electrodes back  to back  
Each electrode 0.76 m m  thick 

126 Eagle Picher  s in tered nickel  (dry process) 

Nickel  screen support  
Double electrodes back  to back  
Each electrode 0.76 m m  thick 

127 Eagle P i che r  s in tered nickel  (dry process) 

Nickel  screen support  
Double electrodes back  to back 
Each electrode 0.76 m m  th ick  

128 GE s intered nickel  (s lurry process) 

Nickel -p la ted  per fora ted  iron support  
Double electrodes back to back 
Each electrode 0.76 m m  thick 

129 SAFT s in tered  nickel  (s lurry process) 

Nickel -p la ted  per fora ted  iron suppor t  
Double electrodes back to back  
Each electrode 0,76 m m  thick 

Hercules  polypropylene 

Hercules  polypropylene 

Hercules  polypropylene 

Hercules  polypropylene 

Pellon polypropylene 

Pelion polypropylene 

ERC p la t inum and PTFE on nickel  s c r e e n ,  
Teflon back ing  

ERC p la t inum and P T F E  on nickel  s c r e e n  
without  Teflon back ing  

ERC p la t inum on graphi te  wi thout  Teflon 
back ing  

ERC p la t inum on g raph i te  wi thout  T e f l o n  
back ing  

ERC p la t inum and P T F E  on nickel  s c r e e n ,  
Teflon back ing  

ERC pla t inum and  PTFE on nickel  s c r e e n ,  
Teflon back ing  

Table II. Electrode materials for use with nylon and potassium titanate separators 

Cell 
S / N  Nickel  posi t ive electrode Separa tor  Nega t ive  

130 SAFT double electrodes back to back Nylon 

Each electrode 0.76 m m  th ick  
131 SAFT double electrodes back  to back Po tass ium t i tanate  

Each electrode 0.76 m m  thick 
132 S A F T  double electrodes back to back Potass ium t i tanate  

Each electrode 0.76 m m  thick 
136 SAFT double electrodes back to back Nylon 

Each electrode 0.76 m m  thick 

ERC pla t inum and  PTFE on nickel  s c r e e n ,  
Teflon back ing  

ERC pla t inum and  PTFE on nickel  screen, 
Teflon back ing  

ERC p la t inum and  PTFE on nickel  s c r e e n ,  
Teflon back ing  

ERC p la t inum and  PTFE on nickel  s c r e e n ,  
Teflon back ing  

that  they  also were  stil l  s t ruc tu ra l ly  sound, but  that  
the thickness had changed from 0.76 to 1.16-1.30 ram. 

Cells S /N  126 and 127 fai led af ter  468 and 1068 
cycles, respect ively.  These cells had  the ERC graphi te  
hydrogen  electrodes without  Teflon backing. Both 
fai led because of loss of electrolyte ,  resul t ing in high 
impedance.  These cells were  rebuil t ,  S /N  126 wi th  an 
ERC hydrogen  electrode wi thout  Teflon backing and 
S /N  127 with  an ERC hydrogen  electrode wi th  Teflon 
backing, using the same posi t ive electrodes.  These 
rebui l t  cells have now completed over  30.00 addi t ional  
cycles and are  stil l  running  (see Fig, 12). 

Two new cells, cells S /N  128 and S /N  129, were  
bui l t  to eva lua te  the Pel lon po lypropylene  separa tor  
mater ia l .  The electrode and separa to r  mater ia l s  are  
identified in Table I. 

Cell S /N 128 fai led af ter  1488 cycles, again because 
of high impedance.  The Pel lon po lypropy lene  was 
dr ied out and would  not r ead i ly  absorb electrolyte .  
This cell was rebui l t  by  changing the separa to r  to 
Pel lon nylon 2505. A significant improvement  in vol t -  
age per formance  has been observed wi th  the nylon  
separa tor  (see Fig. 13). 

Conclusions o] the high-rate cycle test.--The thin 
graphi te  hydrogen  electrodes and also the electrodes 
on nickel  screen wi thout  Teflon backing have l imi ted  
cycle l i fet imes because of e lect rolyte  entra inment ,  r e -  
sult ing in a loss of e lect rolyte  from the separator .  In  
addition, the po lypropy lene  separators,  both  Hercules  
and Pellon, wi th  wet t ing  agents are becoming hyd ro -  
phobic wi th  cycling. Because of the problems wi th  the 
po lypropy lene  separa to r  addit ives,  cyclic tests have 

been in i t ia ted  to invest igate  nylon and potass ium 
t i tana te  separa tor  mater ia l s  (see Table I I ) .  The cells 
are subjec ted  to a 3 h r  cycle test  consisting of dis-  
charge for 72 rain at a C/1.5 ra te  to 85% DOD and 
charge for 1.8 hr  at a C/1.96 ra te  to 15% overcharge.  
They are being cycled at a ve ry  deep DOD (85% of 
the measured  capaci ty) .  To date they  have completed 
500 cycles demons t ra t ing  good vol tage per formance  
(see Fig. 14). 

Cycle test data for the 50A-hr ceil--This cell elec-  
t rode stack is s imilar  in construct ion to the l ightweight  
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prototype cells being fabricated. It  has a 22 mul t i -  
electrode plate stack with the positive and negative 
electrodes connected in parallel.  The hydrogen elec- 
trodes are Teflon-backed p la t inum and PTFE on nickel 
screen. SAFT aerospace positive electrodes, each 0.76 
mm thick, are used back to back with the Hercules 
polypropylene separator. 

Over 1000 cycles have been completed, demons t ra t '  
ing the ampere-hour  tu rnover  necessary to meet  a 
7 yr  synchronous satellite mission (Fig. 15). A second 
50 A-h r  cell has now completed over 200 cycles on 
test. A positive SAFT nickel electrode has been m a n u -  
factured specifically for this Ni-H2 cell. Each nickel 
electrode is 0.96 mm thick; again they are used back 
to back to make one positive electrode, and all edges 
are coined. The cell has ny lon  separators. 
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Fig. 15. Cyclic performance of the 50 A-hr cell 

Lightweight Cell Design 
For synchronous satellite applications, the cell de- 

sign has been optimized for max imum energy density, 
subject to the practical restrictions discussed below. 

A computer study has as the ma in  variables cell 
capacity, capacity per uni t  area of the positive plates, 
cell diameter, and operating range of the cell pressure. 
The cell configuration for this s tudy is a cylindrical 
single cell with the hydrogen contained within  the 
pressure vessel. To characterize the electrode stack, 
s ta te-of- the-ar t  commercially available hydrogen elec- 
trodes, separators, gas diffusion screens, etc., are as- 
sumed. Inconel 625 is assumed to be the mater ia l  used 
for the pressure vessel. 

A practical cell design has been selected on the 
basis of the following criteria. The cell is sized to pro- 
vide 66 W-hr  (52 A-hr)  of energy. The corresponding 
energy density for a cell of this capacity is 62-64 
W - h r / k g  (Fig. 16). Increasing the cell capacity does 
not significantly improve the energy density; how- 
ever, if the cell capacity is reduced, there is a drop in 
energy density. 

The cell capacity per uni t  area of the positive plates 
does have a significant effect on energy density (see 
Fig. 17). The practical l imitations are the plate thick- 
ness that can be achieved in commercial production 
of the nickel plaque and the uti l ization of active mate-  
rial for thicker plates. For these reasons positive plates 
are used back to back in the fabrication of the mul t i -  
electrode cells. 

Once the cell capacity is selected, the number  of 
electrodes is devendent  on the  cell diameter selected. 
For the 66 W-hr  celI the effect of the ceil diameter 
and the current  density on the energy density and the 
number  of electrodes in the stack is shown in Fig. 18. 
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Fig. 21. Lightweight Ni-H2 cell design 

A diameter of 8.89 cm has been selected. At a cur- 
rent density of 25 m A / c m  2, the number of electrodes 
in the stack is 20. Decreasing the diameter makes it 
possible to achieve somewhat higher energy densities 
at the expense of an increased number of electrodes in 
the cell stack. The present design is a compromise be- 
tween energy density and reliability. 

The energy density and cell volume as functions o~ 
the max imum cell pressure are shown in Fig. 19 for an 
initial hydrogen pressure of 100 psi. A max imum pres- 
sure of 27 arm has been selected. Again, this is a trade 
off between max imum energy density and cell volume. 

Figure 20 shows the weight  breakdown for the 66 
W-hr cell design. It should be noted that the weight  
of the nickel  hydroxide electrodes is 44% of the total 
weight. 

Lightweight Ni-H~ cells are now being fabricated 
to the design shown in Fig. 21. Characteristics of the 
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sintered nickel electrodes are as follows: 

thickness: 

density: 
capacity: 

uti l ization: 
current  density:  

0.76 mm each, 
0.152 mm back to back 
3.25 g/cm 3 
0.12 A - h r / g  (measured, flooded) 
96% (measured in electrode stack) 
25 mA/cm 2 (for 1.2-hr discharge) 

This cell is designed to provide 66 W-hr  at an energy 
density of 62-64 W-hr /kg .  

The cylindrical  pressure vessel is 8.89 cm in diam- 
eter by 19.9 cm high. The insulated feedthrough is 
a Ziegler plastic seal. 

Conclusions 
Exper imental  data presented from laboratory in-  

vestigations demonstrate the capability of the Ni-H2 
system to meet  the 7-10 year  cyclic life requirements  
for a synchronous satellite application. In  addition, the 
Ni-H2 system has demonstrated performance char- 
acteristics superior to those of the Ni-Cd system in 
terms of higher overcharge capability, overdischarge 
capability, bet ter  low-tempera ture  operation, and 
higher power density. 

Lightweight cells have been designed and are now 
being fabricated. These cells are expected to demon- 

strate three to four times the usable energy density 
of Ni-Cd cells. For an INTELSAT V (2 kW) satellite, 
this represents a potential  weight reduct ion of 200- 
300 lb for the bat tery  system. 
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ABSTRACT 

A study was made of the electrochemical behavior  of the active iron elec- 
trode in acidic e thanol -water  media. The pA (pH in pure water  solvent) and 
potential  dependence of the iron dissolution and hydrogen evolution re-  
actions were determined. The results of this invest igat ion served to resolve 
the role of water in the iron dissolution mechanism. Basic to the proposed 
mechanism was the validity of an "absolute acidity scale" for EtOH-HOH 
solutions. 

A study has been made of the electrochemical be- 
havior of the active iron electrode in  acidic ethanol-  
water  media. The purpose of the investigation was to 
test the applicabili ty of an "absolute acidity scale" 
postulated for e thanol-water  (1), and in the applica- 
t ion of the "acidity scale," to determine the kinetic 
order with respect to water  and protons in  the cor- 
rosion mechanism. 

It has been shown by Kelly (2) and Bockris (3) 
that the steady-state anodic dissolution of zone-refined 
iron in aqueous acid sulfate solutions is characterized 
by a Tafel slope of 2/3(2.303 R T / F ) ,  i.e., 40 m V /  
decade of current,  and first order dependency on the 
hydroxyl  ion activity. The results were interpreted in 
terms of the following mechanism 

Fe + H 2 0  ~ Fe ( H 2 0 )  ad [1] 

Fe (H20) ad ~ Fe (OH- )  ad + H + [2] 

F e ( O H - ) a d  ~* ~-  Fe(OH) ad + e [3] 

Fe (OH)adO (FeOH) + + e (rate determining)  [4] 

(FeOH) + + H + ~ Fe +2 + H20 [5] 

These equations take formal account of the s imul tane-  

Key words: absolute acidity, electrochemical kinetics, corrosion, 
iron, ethanol-water. 

ous coverage of the surface by adsorbed water  mole-  
cules, hydroxyl  ions, and the surface intermediate  
Fe (OH) ad, and lead to the kinetic expression 

i + = 2Fk4 ~ (kswk2w/a(H + ) k - s w k - 2  w) el exp (3FE/2RT)  

[6] 

where ~1 = (klWaw/(klWaw + k -1  w) is the fraction of 
the total possible adsorption sites occupied by 
Fe(H20)ad, aw is the activity of water, and the ki w 
are the rate constants with infinitely dilute water  
solvent as the reference state. Since the infinitely 
dilute water solvent is the reference state for all 
solvent compositions including pure alcohol, the super-  
script "w" will  be omitted in  subsequent  ra te  expres-  
sions. 

In  a subsequent  paper, Kel ly  (4) reported on the 
results obtained for the iron dissolution and hydrogen 
evolution reactions on zone-refined iron in hydrogen-  
saturated sodium benzoate solutions (referred to as 
the inhibited system). The mechanism proposed for 
the iron dissolution reaction in the inhibi ted system 
involved the formation of an electrochemically active 
surface intermediate  from the adsorbed anion, 
(FeBz-)ad. and (FeOH)~a. Then by analogy with the 
inhibited system, an a l ternate  mechanism for the non-  
inhibited system was proposed. If to the reactions 
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represented by Eq. [1]-[3] are added the reactions 
represented by Eq. [7] and [8] 

(FeOH) ad + Fe (HOH) ad 

: [ (FeOH) �9 F e ( H O H ) ] a d -  (Dad [7] 

(Dad-> (FeOH) + + Fe(HOH)ad + e(rds)  [8] 

where [8] is now the rate determining step, Eq. [6] 
becomes 

i+ : 2FKsk7k~c2/[k-Tk-3k-2 (all+) ] 

012 exp (3FE/2RT) [9] 

The steady-state current  is now second order with 
respect to 01, bu t  remains unchanged with respect to 
pH and potential. In pure water 01 ~ 1 and the effect 
of water  on the anodic dissolution cannot be deter-  
mined. The addition of ethanol to the aqueous acidic 
sulfate solution may provide a test for the al ternate 
mechanisms as represented by Eq. [6] and [9]. How- 
ever, changing the solvent system from HOH to EtOH- 
HOH introduces al ternate reaction paths via other in- 
termediates, e.g., (FeOEt) ad and Fe (EtOH) ad, and also 
introduces a junct ion potential  into the measured cell 
potential  when the measurements  are made with re- 
spect to the aqueous calomel reference electrode. In  
order to compare the rates at constant potential  and 
with respect to the same reference state (infinitely 
dilute water  solvent),  the measurements  must  be made 
with respect to an aqueous reference electrode. Here, 
the saturated aqueous calomel electrode was chosen 
as the reference electrode. Since the aqueous calomel 
electrode is in a constant  env i ronment  (saturated 
aqueous KC1); its potential  is constant and independent  
of changes in the solution composition on the other 
side of the liquid junction. The term potential  is used 
here as a contraction for potential  difference, i.e., a 
Galvani  potential  difference, M~Sl ~ -- ~M -- r be-  
tween some point in the metal  phase and some point 
$1 in the solution phase. Although the absolute value 
of this potential  cannot be determined, changes in 
this potential  are obtained when the measurements  are 
made with respect to some unchanging reference elec- 
trode. Here, however, the measured cell potential  
difference, E%ell, includes a liquid junct ion potential  
difference as well as the Galvani  potential  differences 
at the metal /solut ion interfaces, i.e. 

(r - -  CHg2CI2/Hg ~ EScell : (r - -  r  

~- ( ~ b s 1 -  ~bs2) "~ ( r  ~bHg2CI2/Hg) 

where (r -- r -- ESM is the Galvani  potential  
difference for the metal  electrode, (Fe or Pt) ,  (r -- 
r -- -- ESL the liquid junct ion potential  difference 
between EtOH-HOH solvent and saturated aqueous 
KC1, and (r - -  ~Hg2C!2/Hg) ~ - -  ESCE is the Gatvani  
potential  difference for the reference electrode. There-  
fore, ESFe,Pt : EScell + ESL + ESCE, and changes in the 
Galvani  potential  for iron or p la t inum are obtained 
when the cell potential  Esr is measured and the 
junct ion  potentials ESa are known. 

Junction Potentials 
In solvents other than water  it is useful to dis- 

t inguish between two acidity measur ing functions, pA 
and pH (5), defined as follows 

pA -= -- log a+ = -- log CH+ ysH+ fH+ [10] 

pI-t = -- log all+ ---- -- log CH+ ysH+ [11] 

where ysH+ is the convent iona l  molar lyonium ion 
activity coefficient in solvent S, and "]H + is the "degen- 
erate activity coefficient" for the transfer of proton 
from infinite dilution in solvent S to infinite di lut ion 
in H20 (the reference state).  The parameter  fH+ is 
also referred to as the "pr imary medium effect" term 
(6, 7). The pA function measures the actual proton 

activity, a+, of the given solution, whereas pH mea-  
sures the molar lyonium ion activity referred to the 
extremely dilute solution in the given solvent. There- 
fore, to correlate the rates of iron dissolution with 
respect to proton activity using the infinitely dilute 
water solvent, w, as the reference state, the pA of 
the solution must be measured. The pA can be ob- 
tained from a measurement of the emf of the Pt/H2 
electrode in the EtOH-HOH solvent with respect to 
the saturated aqueous calomel electrode, SCE 

Pt-H2 (I atm)/Soln. (X) 

in EtOH-HOH/ESL/KCI (sat. aq.) Hg2Cl2-Hg [I'] 

where 

pA ---- -- loga+ = -- log CH+ ySH+ ~fH§ : - -  ESpt/0.06 

[12] 

where ESpt ~ EScell(Pt) + EscE  -~- ESL. Again, however, 
for measurements  in each solvent system S, the liquid 
junct ion potential  ESL must  be known, and this is 
known if values for ]H+ in each solvent can be deter- 
mined. Grunwald  (1, 8) and co-workers Gutbezahl 
and Berkowetz have determined the thermodynamic  
dissociation constants, (pKs), of weak uncharged acids 
HA (acetic acid type) and cation acids HA + (am- 
monium type) in e thanol -water  solvents. An extra-  
thermodynamic relationship, the activity postulate (9), 
was used to obtain values for the "degenerate" activ- 
ity coefficient of the hydrogen ions, ~H +. From a kn.owl- 
edge of ]H+ it was then possible to calculate the junc-  
tion potentials in cells like (1'). Rearranging Eq. [12], 
the liquid junct ion potential  

ESL : 0.06 log (c~+ ysH+ ] H + )  - -  (Ecell(Pt) + ESCE) 

[13] 

where for dilute solutions, ysH+ can be estimated from 
the Debye-Huckel  l imit ing law, all other quanti t ies on 
the r igh t -hand  side of Eq. [13] are known or measur-  
able, and ESL may be calculated (1). Values of ESa as a 
function of EtOH-HOH composition are shown in Fig. 
I. The measurements reported here are for a solution 
containing 0.5M H2SO4, which is not dilute, but is con- 
stant for all solvents S. The assumption is made that 
the liquid junction potential is approximately inde- 
pendent of acid concentration to 0.5M acid. This as- 
sumption could lead to errors of about 0.i pA units 
(5). 

Aleksandrov and Izmailov (10, 11) obtained values 
for the "degenerate" activity coefficient of the hydro-  
gen ion, fH+, which were not too greatly different from 
those of Grunwald  and Gutbezahl. However, more 
recently, Popovych and Dill (12, 13) have obtained 
values which were greatly different. Liquid junct ion  
potentials calculated from these values were not only 
different in magni tude but also in sign. It will  be 
shown later that these values are not consistent with 
the present study. 

With this background and the values for ESL in Fig. 
1, the analysis of the anodic dissolution of iron can 
be attempted. The experimental  system can be repre-  
sented as 

(Pt or Fe) -- H2 (1 atm)/0.50M H2SO4 

in EtOH-HOH//E'SL//O.50M H2SO4 

in HOH//EWL//KCI (sat. aq.) HgC1-Hg [2'] 

where E'sL + EWL = EsL and 

ESFe : EScell(Fe) -}- ESCE + ESL 
[14] 

ESpt : EScell(Pt) "~- ESCE -~ ESL 

where Ecell(F e or Pt) is the experimental  measured poten- 
tial vs. the saturated aqueous calomel electrode. The 
calomel electrode becomes inoperable in solutions of 
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Fig. 1. Liquid junction potentials, ESL, between soln X in EtOH- 
HOH solvent and saturated aqueous KCI as a function of weight 
per cent EtOH in EtOH-HOH solvent. 

high ethanol content due to plugging of the asbestos 
wick with KC1 precipitation. According to [2'] a solu- 
tion 0.5M I-I2SO4 in water was interposed between the 
calomel electrode and the e thanol-water  solution. The 
liquid junct ion  potential  ESL now becomes the sum of 
the two junct ions E'sL and EWL. Several measurements  
in cells like [1'] and [2'] showed that ESL ~ E'SL ~- EWL 
within  about 5 mV. An additional iron electrode was 
included in the cell for the polarization measurements.  
The l iquid junct ion  potential  EwL was constant and 
probably less than 5 mV (14). 

Exper imenta l  
The high pUrity zone-refined iron 1 electrodes used in 

this investigation were cut from x~ in. rod stock and 
were I/4 in. to % in. long. The electrodes were mounted  
in conventional  Teflon electrode holders (15). The 
ent i re  cell assembly was made f rom Pyrex glass 
and Teflon. The apparatus was designed so that 
the addition and removal of solution could be ac- 
complished without opening the apparatus to the 
atmosphere. The test electrode compartment  was a 
flat bottom cylinder made from a 55/50 TS ground 
glass joint. The ground surface was carefully removed 
by fire polishing. A glass jacket was provided for cir- 
culating water, so that the solution temperature  could 
be main ta ined  at 30.00 ~ • 0.03~ The cap to the test 
electrode compartment  was machined from Teflon and 
had seven convenience ports. The ports were 1/4 in. 
Teflon Swagelock fittings which were epoxied into 
holes drilled through the Teflon cap. One port pro- 
vided for the delivery of HI2 saturated 0.5M Ht2SO4 in 
water. A glass tube passed from the bottom of the test 
electrode compartment  (cell) through the walls of the 
water jacket, to a Teflon Nupro plastic va lves  dia- 
phragm stem model. This tube and valve arrangement 
provided for solution sample removal for the electro- 

1 P r e p a r e d  and  ana lyzed  b y  Ma te r i a l s  Resea rch  Corpora t ion .  
M a n u f a c t u r e d  by Swage lock .  

metric Karl  Fischer water analysis, s and also for solu- 
t ion drainage, so that  in conjunct ion with the solvent 
delivery facilities, varying EtOH-HOH compositions 
could be obtained. Ul t rapure  H2 gas was provided by 
a Matheson generator. The H2 gas passed successively 
through a presaturator  containing 0.5M H2SO4 in abso- 
lute  EtOH, a reservoir containing the 0.5M H2SO4 in 
absolute EtOH which is to be delivered to the electro,  
chemical cell, the electrochemical cell, a reservoir 
containing the 0.5M H2SO4 in water, finally exiting 
to the atmosphere through a bubb le r - t r ap  which 
prevented back diffusion of atmospheric oxyge n 
into the aqueous acid reservoir. Other ports in 
the test cell cap provided for the Fe test electrode, 
an Fe polarizing electrode for pA determinations, 
H2 gas exit, and a Haber-Luggin  capillary probe. An-  
other glass tube for Ha gas inlet  passed through the 
wall  of the water jacket near the top of the test cell 
and extended down to the bottom of the cell. An ex- 
ternal  saturated aqueous calomel electrode was used 
as a reference electrode in conjunct ion with the Haber-  
Luggin capillary probe. Flexible Teflon "spaghetti" 
tubing (% in. or 1/4 in.) was used for convenient  con- 
nections. A Teflon-coated bar  magnet  was used for 
st irring in  the test cell. 

The absolute ethanol and reagent grade sulfuric acid 
were used without further  purification. The water  was 
tr iply distilled. The iron electrodes were etched in 
50/50 H2SO4-water, r insed in distilled water  and 
ethanol, dried, then vacuum annealed at 800~ for 
12 hr at 10 -7 Torr, and slow cooled. The annealed 
electrodes were again etched in 50/50 H2SO4-water, 
rinsed in distilled water  and ethanol, and transferred 
to the cell. In  a typical experiment  the iron electrodes 
were first exposed to the aqueous acid envi ronment  
from one to several days, during which the solution 
was frequent ly  replaced with fresh solution. As with 
Kelly (2), a wel l -behaved system exhibited no polar-  
ization hysteresis phenomenon, and this fact was used 
as the basic criterion by which the suitabil i ty of the 
system for investigation was determined. The solution 
was then drained and the 0.5M H2SO~ in absolute 
ethanol was delivered to the cell. Again, the above 
criterion was used for suitabil i ty for investigation. 
Usually, when no polarization hysteresis was observed 
in the aqueous environment ,  none was observed in the 
absolute ethanol environment .  The absolute ethanol 
solvent composition was increased in water  content by  
partial drainage of the cell and addition of the 
aqueous acid. When the "hysteresis" criterion was met 
in the aqueous and absolute ethanol environment ,  the 
solvent composition could be varied at will with in- 
creasing or decreasing water content, and no ]oolariza- 
tion hysteresis was observed at any intermediate sol- 
vent composition. Sometimes, polarization data on a 
given electrode were accumulated over a period of one 
week's time. 

The polarizing currents were furnished by using the 
Research Model Anotrol Potentiostat in the galvano- 
static mode. The currents were measured by recording 
the voltage drop across precision resistors in the polar- 
izin~ circuit. The potentials were measured with a 
610B Keithley Electrometer and recorded with a I0 mV 
Brown recorder. 

Results 
The anodic polarization data in the acidic ethanol-  

water environments  are shown in Fig. 2. Here the total 
net dissolution current  is plotted as a function of 
EScell(Fe) (i.e., the potential  of the iron electrode vs. the 
saturated aqueous calomel electrode). The Tafel slope 
(dE/d log i) ---- 2/3(2.3 RT/F),  and is independent  o f  
solvent composition. This implies that in each solvent 
S, a mechanism similar to that in pure water prevails. 
The alphabetical l isting reveals the sequence in which 

The au tho r s  w i s h  to express  t h e i r  app rec i a t i on  to Dr. R i c h a r d  
Ra r idon  of the  ORNL C h e m i s t r y  D i v i s i o n  for  the  e l e c t r o m e t r i c  K a r l  
F i sche r  wa te r  analys is .  
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the polarizations were  made, starting generally with 
the least aqueous environment.  The polarization in 
pure water  was indistinguishable from the polarization 
in 91.8% water shown in Fig. 2. The pure water  result  
was repeated numerous times, and was in excel lent  
agreement with  the results reported by Eichkorn, 
Lorenz, Albert, and Fischer (16) for zone-refined iron. 
Also included in Fig. 2 are the weight  per cent H20 
(as g[HeO]/100g [so ln]) ,  the potentials of the Pt-H2 
electrode vs. SCE and the corrosion potentials before 
polarization (horizontal slash) and after polarization 
(vertical  s lash).  In Fig. 1 the liquid junction potentials 
between  the acidic e thanol-water  solution and the 
saturated aqueous KC1 solution are plotted as a func- 
tion of weight  per cent H20 in EtOH-H20 solvent, 
where  the weight  per cent H20 was  calculated on the 
basis of g ( H 2 0 ) / 1 0 0 g  (EtOH + HOH).  The weight  per 
cent reported in Fig. 2 is calculated on the basis of 
g (HOH) /100g  (EtOH + HOH + H2SO4). Conse- 
quently to obtain values for the liquid junction poten- 
tials from Fig. 1, the Karl-Fischer determinations of 
the water content in Fig. 2 are corrected to weight  per 
cent (HOH)/100g (EtOH + HOH).  For this calcula- 

tion it was  assumed that the density of the solution 
was the same as the density of the pure EtOH-HOH 
solvent at the Karl Fischer est imated water  content. 
With these values for ESL, the results in Fig. 2 are re-  
plotted. Here, in Fig. 3, the polarizations are reported 
as current density (amperes /square  centimeter)  vs. the 
absolute potential of the iron electrode, EsFe, i.e., the 
potential of the iron electrode in solvent S vs. the 
standard hydrogen electrode in water, (SHE) TM. Also 
included in Fig. 3 are the potentials of the Pt/H2 elec-  
trode vs. the (SHE) w. At this point, it is probably 
worthwhi le  to emphasize  that the measurement  of the 
pA of the solutions, which is identically pH in pure 
water  solvent, is defined according to Eq. [10]-[12] .  
The validity of such measurements  is a test of the 
extra-thermodynamic  postulates used for the est ima- 
tion of the "degenerate" activity coefficients /H+, as 
a function of solvent  composition. Such an application 
of the pA scale to inorganic reaction kinetics (in our 
case the corrosion of iron) has not heretofore been 
demonstrated. Unfortunately,  the introduction of the 
measured pA values into the rate expression (to be 
derived for the EtOH-HOH solvent)  does not provide 

Fig~ 3. Anodic polarization of 
iron in H2-soturated 0.SOM H2S04 
in various EtOH-HOH solvents, 
T : 30~ electrode area 0.97 
c m  2.  
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a direct  test. In  changing the solvent  from pure  wa te r  
to EtOH-HOH, the act ivi ty  of the wate r  as wel l  as 
the pA is changed, and some assumption must  p rob-  
ab ly  be made  re la t ing to the wa te r  activity,  and p re -  
sumably  also to the ac t iv i ty  of e t h a n o l  I t  should be 
emphasized tha t  the  absolute  potent ia ls  repor ted  in 
Fig. 3 are based on the junct ion potent ia ls  provided by  
Grunwa ld  and Gutbezahh An in te rpre ta t ion  of the 
results  using the junct ion potent ia ls  provided  by  
Popovych and Dill (12, 13) wil l  be considered later .  

The der iva t ion  of the ra te  express ion for E tOH-HOH 
solvent  follows very  closely the mechanism proposed 
by  Ke l ly  (4) for  the inhibi ted system. I t  is pos tu la ted  
that  in pure  EtOH the dissolution of i ron proceeds by  
a mechanism similar  to that  in pure  water ,  and in 
mixed  solvents a s imultaneous dissolution occurs by  
both wa te r  and alcohol, i.e., i+ = i~ + i,, where  i+ is 
the total  net  anodic dissolution current ,  and i~ and ia 
are the currents  due to wa te r  and alcohol, respect ively.  
Equations [16]-[27] give a formal  descr ipt ion of the 
mechanism proposed 

1 
Fe  + HOH =- F e ( H O H ) ~  [16] 

2 
Fe(HOI-I)ad = ( F e O H - ) a d  -F H + [17] 

3 
( F e O H - ) a d  = (FeOH)ad H- e [18] 

(FeOH) ad -~- Fe (HOH) ad 

4 
--  [ ( F e O H ) . ( F e ( H O H ) ] a d  = (I)w [19] 

5 
(I)w--> (FeOH +) Jr F e ( H O H ) , d  H- e rds  [20] 

6 
(FeOH +) -F H + = Fe ++ -F HOH [21] 

and s imul taneous ly  
7 

Fe  + EtOH ---- Fe  (EtOH)ad [22] 

8 
Fe(EtOH)ad  ---- ( F e O E t - ) a d  -F H + [23] 

9 
(FeOET- )a~  ---- (FeOEt) ,d  -F e [24] 

(FeOET) ad Jr Fe  (EtOH) aa 

10 
--  [ (FeOEt )  �9 F e ( E t O H ) ] a d -  (I)~ [25] 

11 
(I)~--> (FeOEt  +) H-e rds [26] 

12 
(FeOEt  +) -F H + ---- Fe  + + -F EtOH [27] 

These equations take account of the  s imultaneous 
coverage by  the severa l  in termediates ,  where  
[Fe(HOH)ad]  ~ 801, [ ( F e O H - ) a d ]  : 802, [ (FeOH)ad]  
---- 80~, [(I)w] ---- 801, [Fe(EtOH)ad] = 804, [ (FeOEt - ) ad ]  
= #0~, [ ( F e O E t ) ~ ]  ---- 80~, [ ( I ) , ]  = #0~, and a+ = 
CH+ySH+fH+, where  0i is the  fract ion of the total  pos- 
sible adsorpt ion sites occupied by  [i], and the surface 
concentrat ions (80i), are  expressed in moles / square  
centimeter ,  wi th  ~ a propor t iona l i ty  constant, ysi the 
convent ional  molar  ac t iv i ty  coefficient in solvent  S, and 
~i the "degenera te"  ac t iv i ty  coefficient. The reference  
state for ]i is the infini tely di lute  aqueous solvent  for 
all  solvent  composit ions including pure  ethanol.  A 
kinet ic  descr ipt ion of this mechanism in the s teady 
s tate  is given by  Eq. [28]-[37] 

iw _-- ~ ,  [f102] - -  k-- ,  [Seal -F k~ [SeZw] [28] 
F 

(0elw ~) 

[29] 

ss 
- k4180~][#0~] + k4[#0~w] [30] 

(0o ) 
# ~ ~ = O = k ~ E # o d  - k - K # o ~ ] [ a + ]  

- k 3  [f l#2] -}- k - 3  [f l0a] [ 3 1 ]  

(oo1) 
8 ~ s s = 0 - k ~ [ a w ] [ ( 1 - - 0 T ) ] - - k - ~ [ 8 0 ~ ]  

+ -kK~0d - -k-K80~] [a+] - k4[#0~] [80d 

H- k-4[#0zw] [32] 

and s imi lar ly  for dissolution by  ethanol  

ia k9 [80~] - - k n  [fle~a] [33] 
F 

Oeza ') 

( 008 

fl ( 005 

( 004 

= 0 = ~o  [#o0] [#o4] 

-- k--- lO [80Ia] -- "kll [riela] [34] 

= 0 = k 9 1 8 o 5 ]  - k - . [ # o 6 ]  

- k~o[#06] [#04]+ k - l o [ 8 0 a ]  [35] 

= 0 = ~s[#o4] -  k-s[80~] [a+]  

- k.[8o~] + ~-918o6] 

---- 0 --- kT[aa] [(1 -- 0T) ] - -  ~-71804] 

[36] 

1 1 
where  e~ --  and 04 ---- 

k-lkTaa klk-Taw 
1 + ~  1 + ~  

klk-7aw k- lk7aa 

Equat ion [38] assumes that  the surface coverage is 
most ly  adsorbed wate r  and alcohol; 01 § 04 ~-- 0w and 
0T ~ 1. In the deta i led der iva t ion  of Eq. [38], (01 -F 04) 

1 implies k-~  k -7  < <  k-1  k7 aa + kl  k7 aw, and 
/~-1 k -7  ~-- 0. I t  is now fur ther  assumed that  over  the  
range of solvent  composit ion s tudied iw > >  ia, leading 
to Eq. [39] 

k I 1 I 2 3FESFe exp [39] 
i+ = [a+] 1 H- F aa 2RT 

aw 
( k4 k3 k 2 )  k - l k 7  

and F --  where  k -~ F k5 k - 4  /c-~ k - 2  kl/r 

3FESFe ] 

2RT 

[38] 

- ks[So4] [8e6] + k-s[Ses] [a+]  

- klo[Se4][Se6]+ k-lo[Po~a] [37] 

Here, aw, aa are the activities of water and alcohol, re- 
spectively, in the mixed solvent and a+ is the "abso- 
lute act iv i ty"  of the proton (vide Eq. [12]). The ~'s 
are again the electrochemical  ra te  constants re fe r red  
to the ex t r eme ly  di lute  aqueous solvent  as the  re fe r -  
ence state. Equations [28]-[37] reduce to the s teady-  
state solut ion 

i+ iw ia k5 f k4 k3 k2 
(01)~ 

F --  F -F F [a+] k - 4  k -3  k - 2  

3FESFe] k n  [ klo k9 ks (o4)~exp 
exp +iTjTLk--:Tok-  
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It is assumed that the. activity ratio aa/aw : Na/Nw 
where Na and N,v are the mole fractions of alcohol and 
water, respectively. Further,  it can be shown that Na/ 
Nw ---- 18/46 [weight per cent ( E t O H ) / w e i g h t  per cent 
(HOH) ] which leads to Eq. [40] 

k I 1 I 2 3 F E s F e l  + w/o (EtOH) exp ~ [40] 
' 2RT 

i+s -- [a+] ~ 'w/o(HOH) 

The value for k in  Eq. [40] was obtained from the re-  
w/o  EtOH 

sults in pure water  where -- 0, and know- 
w/o HOH 

ing k, the value for )~ was a grand average value calcu- 
lated from all data for solvent compositions ranging 
from ca. 10-50 w/o (HOH). In logarithmic form Eq. 
[40] becomes 

log (i+ ~) ---- 3.1833 -- ESpt/0.00 -'l- ESFe/0.04 

4- 2 log �9 [41] 
1 +  1.4R 

where R ---- w/o (E tOH) /w/o  (HOH), -- log (a+) = 
- -ESpt /0 .06 ,  log k = 3.1833 and ?~ = 1.4. It should be 
recalled that the "absolute" acidity, pA = -- log (a+) 
= - -ESpt /0 .06 .  A p l o t  o f  the experimental  anodic cur-  
rent  densities, (i+"), at constant potential  ESFe ~- 
--0.222V VS. (SHE) w, as a function of solvent composi- 
tion, for the results reported in Fig. 3, is presented in 
Fig. 4. The calculated values in Fig. 4 were obtained 
from Eq. [41]. Also included in Fig. 4 are the results 
from another iron electrode of larger surface area. A 
better  fit of the data would be obtained if ~ was re- 
calculated for each electrode. The value for ?~ is not 
expected to be the same for different electrodes since 
it is a ratio of rate constants. The experimental  cur-  
rent  densities reported in Fig. 4 were obtained ana-  
lytically as follows. In  pure water  at E"Fe ---- --0 222v, 
the current  density is 10 -2 A/cm 2, for which log 
(i+ ~) ---- --2.0. Therefore, it follows from Fig. 3 that  

(ESFe) i+ -  (--0.222) 
log (i+s) ---- --2.0 [42] 

F~Fe 0.040 

where (i+s) is the anodic current  density at SO1- 
ESFe 

vent composition S and constant potential  ESFe ---- 

--0.222v vs. (SHE)% (ESFe)i+ iS the potential of the 
iron electrode vs. (SHE) TM at (i+ ~) ---- 10 -2 A/cm 2 and 
solvent composition S, and 0.040 is the anodic Tafel 
slope, ~ (:~'~SFe)/~ (log i+) s.a+, at constant solvent com- 
position S and proton activity, a +. 
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Fig. 4. Anodic current density for iron in H2-saturated 0.50M 
H2SO4-EtOH-HOH as a function of weight per cent (HOH) at 
fixed potential, ESFe ~ --0.222v vs. (SHE) TM at 30~ 
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Fig. 5. The anodic current density for iron in H2-saturated 0.50M 
H2SO4-EtOH-HOH as a function of pA at fixed potential, ESFe 

--0.222v vs. (SHE) TM at 30~ 

The calculated values for the anodic current  density 
at constant ESFe ---- --0.222V are again presented in Fig. 
5. The results are corrected for the solvent dependence, ( ' )  2 log - -  , and plotted as a funct ion of pA = 

I + X R  
--EspJ0.06. According to Eq. [41] 

if the reaction is first order in the reciprocal of the 
proton activity. The theoretical solid line drawn with 
uni t  slope provides an excellent fit to the data. Simi- 
larly, according to Eq. [41], after accounting for the 
coverage factor, and at constant anodic current  den- 
sity, the electrode potential  should be a l inear  function 
of pA. The proport ionali ty constant should be equal 
to --0.040 V / p A  if the dissolution reaction is first order 
in the reciprocal of the proton activity. The electrode 
potential at constant anodic current  density of 10 -2 
A/cm 2 is plotted as a function of pA in Fig. 6. The 
straight line drawn with a slope of --0.042 V / p A  fits 
the data, fur ther  confirming the first order dependence 
and the coverage factor term, 

I ' I ' I ' t ' I ' 

�9 0.97 crn 2 E l e c t r o d e  

OJ60  % � 9  �9 1.50cm z E l e c t r o d e  

c,l @ 
d 0.120 - �9 ~ S l o p e ~ - 0 . 0 4 2 V / p A  

- ~  0.08o � 9  

~ 0.040 

.5 o.ooo (r .,o_2 .o.o8,0o + 0.207= -0.040 pA 

- 0 . 0 4 0  ' I , I , I , I , I i 
- 4 .0  -5 .2  - 2 . 4  -1.6 - 0 . 8  0 .0  0 .8  

pA 

Fig. 6. The variation of the iron electrode potential in H2- 
saturated 0.50M H2SO4-EtOH-HOH as a function of pA, at a 
constant anodk current density of 1 X 10 -2  A/cm 2, at 30~ 
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The cathodic evolut ion of Hs as a function of solvent 
has been invest igated here to only a l imited extent.  
The polarizations which have been made covered the 
range of solvent composition from pure water  to about 
98 w/o (EtOH), and have shown Tafel slopes, (~ESFe/ 
0 log i-)s ,a+,  of 109-119 mV [approximate ly  2.3 (2 R T /  
F) ]. Since the results containing EtOH are similar  to 
that which is observed in pure  water  solvent, it was 
postulated that  the cathodic current  was first order 
wi th  respect to protons and that discharge occurred at 
both the adsorbed water  sites, Fe(H20)ads - 81, and at 
the adsorbed alcohol sites, Fe(EtOH)~ds -- ~4. A kinet ic  
description of this mechanism is given by Eq. [43] 

( i -  s)  - - F E S F e  - - F E S F e  
- -  - -  kwa+81 exp 3. kaa+e4 exp - -  

F 2 R T  2 R T  
[43] 

where  recall ing the anodic dissolution mechanism 

1 kR 
81---- and 84-- - -  

1 3. kR  1 3. LR 

in the steady state. Again it is assumed that  the rate 
via the aqueous mechanism is much greater  than via  
the alcohol mechanism, and 

e x p - -  [44] 
--  i -  s - -  kwa+ 1 3. XR 2 R T  

From Eq. [39] and [44] the corrosion potential  and 
corrosion current  as a function of pA and 01 may be 
obtained. It is recal led that  at the corrosion potential,  
ESFe(corr), i _ s  ~___ i + s  ~___ iS(corr) ' and therefore  

( ' )  
log iS(corr) -- 5/4 log 1 3- 1.4R 3. 3.562 -- -- 1/2 pA 

[45] 

ESFe(corr) 3 .  0.03 log + 0.270 = -- 0.06 pA 
1 3. 1.4R 

[46] 

The constants in Eq. [45] and [46] were  obtained from 
the results in pure water  where  R = 0, ESFe(corr) ---- 

-- 0.292v vs. (SHE)% iSccorr> ~ 1.8 X 10 -4 A / c m  2, and 
Es  Pt ---~ - -  0.022v vs. (SHE) w. Figure  7 shows the cor- 
rosion current,  log iS(corr), (corrected for coverage) ,  as 
a function of pA, and the theoret ical  l ine wi th  slope 
--1/2 provides a satisfactory fit to the data. Similarly,  
the corrosion potential,  ESFe(corr), (corrected for cover-  
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age) as a function of pA is shown in Fig. 8 and again 
the theoret ical  l ine wi th  slope --0.060 provides an ex-  
cellent fit to the data, i.e., 0(ESfe (cor r )  3. 0.03 log e l ) /  
dpA ---- --2.303 R T / F .  

Equat ion [46] can be wr i t ten  in terms of the exper i -  
menta l ly  measured cell potentials for Fe and Pt. In this 
form it is seen that  the corrosion potential  is inde- 
pendent  of the l iquid junct ion potential  ESL 

ES(cell Fe)eorr ---- --0.270 3. ES(celDPt 

- -  0 . 0 3  log [47] 
1 3 . k R  

The value k = 1.4 (obtained from Eq. [40]) does 
indeed give good agreement  be tween  the calculated 
and the observed corrosion potentials. Using Eq. [47] 
a bet ter  value would be ~ ---- 1.8. Al ternat ively,  wi th  
this value of k (say, got ten now from Eq. [47],  Eq. 
[41] and [45] are better satisfied using Grunwald~s (I) 
or Aleksandrov's and Izmailov's (I0, II) set of junction 
potentials rather than Popovych's (12, 13). 

Accepting this value for k from Eq. [47], a set of liq- 
uid junction potentials can be generated from Eq. [41]. 
Proton activities calculated using these experimentally 
determined junction potentials are compared with 
those estimated using the junction potentials of Grun- 
wald and Gutbezahl (I), Aleksandrov and Izmailov 
(I0, ii), and Popovych and Dill (13). A plot of these 
proton activities as a function of R is shown in Fig. 9. 
In this form, it is seen that the proton activities of 
Popovych and Dill are unacceptable. 

Summary 
Values for the junct ion potentials (1) be tween  acidic 

E tOH-HOH solutions and saturated aqueous KC1 were  
used to in terpret  the electrochemical  polarization 
behavior  of the active i ron electrode in acidic EtOH- 
HOH solutions. The junct ion potentials were  obtained 
from a correlat ion of the pK s of organic acids in E tOH-  
HOH solvents. The correlat ion was based on the 
val idi ty  of the "act ivi ty postulate" of Grunwald  and 
co-workers  (I, 8). 

The mechanism suggested by Kel ly  (4) for iron dis- 
solution in hydrogen saturated sodium benzoate solu- 
tions ( refer red  to as the inhibited system) was ac- 
cepted with  a few additional assumptions: the surface 
coverage was mostly adsorbed water  (Fe �9 ( H 2 O ) a d )  
and alcohol (Fe �9 (EtOH)ad), i.e.. 81 3. 04 ,-~ 1; there  
was a simultaneous dissolution by EtOH and HOH, 
with the dissolution rate by water  much greater  than 
by alcohol; and finally it was assumed that the ratio 
of the activity of alcohol to water  was proport ional  to 
the weight  per cent ratio. Thus, in a competi t ion for 
active sites on the electrode surface, alcohol acts as a 
"re la t ive"  inhibitor. The decision to test this mecha-  
nism to the corrosion data was based pr imar i ly  on the 
observation that the anodic Tafel  slope, (@E/O log 
i+)s,a+ ---- 2/3 (2.303 R T / F ) ,  and was unchanged for 
all solvent compositions. Thus a mechanism (2,3) 
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Fig. 9. The  var ia t ion  of proton act iv i t ies,  a + ,  as a funct ion of R 
w / o  E t O H / w / o  H O H ;  proton act iv i t ies  ca lcu la ted  using several  

sets of l iquid junct ion potent ia ls ,  ESL. 

similar  to that  accepted for dissolution in wa te r  sol- 
vent  was suggested. The fur ther  choice of the mecha-  
nism suggested by  Ke l ly  (4) for the  inhibi ted  system 
was based p r imar i ly  on the be t te r  fit to the  resul ts  for 
the anodic polar izat ion with  a second order  depen-  
dency on coverage. 

The cathodic polar izat ions gave a Tafel  slope (OE/O 
log i - ) s ,a+  ~ 2 (2.303 RT/F) ,  and was unchanged for 
al l  solvent  compositions. On the basis of this observa-  
tion, and to expla in  the observed var ia t ion  of corrosion 
potent ia l  and corrosion cur ren t  wi th  solvent, it was 
pos tu la ted  that  the cathodic par t ia l  cur ren t  was first 
order  in both coverage, el, and the ac t iv i ty  of the p ro-  
tons, a +. 

Al ternat ive ly ,  accepting the  corrosion mechanism, 
an "exper imenta l"  set of l iquid junct ion potentials  was 
generated.  The proton activities, (a+) ,  calculated us-  
ing these  junct ion potent ia ls  were  in much be t te r  
agreement  wi th  those es t imated using the values of 

ESL from Grunwa ld  and Gutbezahl  (1) or Aleksandrov  
and Izmailov (19, 11) than  wi th  the  proton activit ies 
calculated using the junct ion  potent ia ls  proposed by  
Popovych (12) and Popovych and Dill  (13). 
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Accelerated Life Testing of Lead-Acid 
Industrial Motive Power Cells 

N. J. Maskalick* 
Westinghouse Research Laboratories, Pit tsburgh,  Pennsylvania  15235 

ABSTRACT 

Depth of positive grid corrosion is a regular  and precise indicator of cell 
degradation during life testing of the subject lead-acid cells. Average cor- 
rosion depth at constant temperature  is directly proportional to (time on 
cycle test) ~ for Pb-5% Sb positive grids. The temperature  dependence of 
the logarithm of the corrosion rate constant is employed to predict a room- 
temperature  corrosion function. Lifetime at room temperature  is then esti- 
mated to a predefined average depth of corrosion corresponding to actual 
failure in normal  service. This test is capable of high precision predictions of 
cell l ifetime in a period of 4-6 months, compared to 3-4 years in  conventional 
testing. 

The time required to test lead-acid cells is greatly 
shortened at high temperatures  as was demonstrated 
by Will ihnganz (1) in his work with cells on float 
service. He observed that the logari thm of the constant 
potential  lifetime of lead-acid cells with lead-calcium 
positive grids increases l inear ly  with the reciprocal 
ab3olute temperature,  and that over-al l  positive plate 
growth can be plotted as a regular  function of time 
on test. Cannone et al. (2) identified this functional  
dependence as parabolic for cells with pure lead, or 
lead-calcium positive grids, and as linear, for cells 
with lead-an t imony positive grids. They extended and 
corroborated Will ihnganz'  work by demonstrat ing that 
the logarithm of the constant term in their derived 
positive plate growth functions is a l inear  function of 
the reciprocal absolute test temperature.  They con- 
sequently specified a value of this constant for room 
tempera ture  float service by log-l inear  extrapolation 
of high temperature  results. 

Cell life, and positive plate growth, in all of these 
prior experiments,  must  be considered to be directly 
related to over-al l  positive plate corrosion current  and 
time. In  the case of a constant voltage test, which was 
chosen to relate to the usage mode of cells in float 
service; over-al l  corrosion current  does not remain 
constant but  increases with surface roughness and de- 
creases with the bui ldup of barr ier  (passivating) 
layers. This progress of corrosion with time (or the 
positive plate growth vs. time) is described by experi-  
menta l ly  determined degradation functions employing 
a single tempera ture-dependent  constant. 

A test relat ing to the positive corrosion and lifetime 
expectancy of cells in cyclic charge-discharge service 
must  differ from constant voltage operation as a mat ter  
of definition. The over-al l  positive grid corrosion in 
such cells varies with time in an even more complex 
manner .  

This present work is a study of the t empe ra t u r e  de- 
pendence of corrosion of l ead-an t imony alloy positive 
grids in cells in deep cycle service. As an investigation 
involved with direct and indirect measurements  of 
corrosion depth as a function of time and temperature,  
it is designed to employ a testing cycle consisting of a 
constant-current ,  constant ampere-hour  discharge, and 
a tapered-current ,  constant ampere-hour  charge. This 
test routine, essentially a constant-coulombs p e r  cycle 
(coulostatic) test, was chosen instead of a constant 
voltage schedule to reflect more fai thful ly the usage 
pat tern  of motive power cells. 

The purpose of this paper is to describe experiments 
monitoring, directly and indirectly, the time and 
temperature  dependence of the corrosion of lead-5% 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r ,  
Key words: anodic, statistics, batteries, corrosion, oxidation. 

ant imony positive grids in specific industr ial  motive 
power cells on this fixed charge-discharge cycle rou-  
tine. The test specifications employed (maximum tem- 
perature, depth of discharge, extent  of overcharge) 
are selected from a prior unpubl ished study of stress 
parameter  combinations by the author. These param- 
eter levels are one of many  possible compatible sets re-  
flecting different types of service. One objective of the 
subject experiments  was to produce a near  max imum 
in cell degradation rate leading to failure comparable 
to field service and room-tempera ture  bench testing. 
These accelerated test results are fur ther  applied to 
predict charge-discharge cycle lifetime for cells op- 
erat ing at room temperature.  

Experimental 
Charge-discharge cycling was conducted on a un i -  

form group of 48 series-connected 5-plate industr ia l  
motive power cells equally divided among constant" 
temperature  baths held at 60.0 ~ 70.2 ~ and 82.2~ A 
4 hr constant current  discharge was set at 72 A-hr  
(90% of nominal  capacity at the 6 hr rate).  A 4 hr 
taper charge for all cells at 10I A-hr  (140% of amount  
wi thdrawn)  completed the cycle. The ini t ial  charging 
current  was 101A, tapering logari thmically to 1A at 
4 hr. Continuous cycling was carried out 5 days per 
week. All cells were given an equalizing charge of 
2.0A throughout  each weekend. 

The test cells employed 1.280 sp gr H2SO4. Positive 
grids consisted of an alloy containing 4.83% Sb, 0.40% 
Sn, 0.075% As, and 0.055% Cu. These grids were ap- 
proximately 14.8 cm wide, 25.2 cm high, and 0.62 cm 
thick at the outside frame as cast. Cured positive paste 
content of these grids was main ta ined  at 1.41 • 0.01 
lb average deviation by avoiding both overpasting and 
underpasting.  All positive plates were wrapped hori-  
zontally with Fiberglas yarn  followed by Fiberglas 
mat;  finally with a perforated PVC outer envelope. 
Such plates normal ly  fail due to grid corrosion and 
disintegration ra ther  than via active mater ia l  loss or 
degradation. Cell capacities at room temperature  (6 hr 
rate ---- 13.3A) were determined at 50-100 cycle in-  
tervals. Three cells were removed from each constant  
temperature  bath at 50-100 cycle intervals  for mea-  
surement  of ant imony content in the active material,  
over-al l  grid growth, and grid corrosion depth. Ant i -  
mony content of both the positive and negative active 
mater ial  was determined by atomic absorption spectro- 
photometry. Samples for these analyses were obtained 
by removing active mater ial  from the entire plate, 
b lending with a mortar  and pestle, washing with 
water, then oven-dry ing  to constant weight. 

The dimension chosen to describe grid growth was 
the change in  width of the positive grid at one-half  of 

19 
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plate height. Mean depth of corrosion of the positive 
grid was estimated from direct micrometer measure-  
ments  of residual grid thickness along the outside 
frame of the chemically cleaned grid. Oxide film re- 
moval was accomplished with an aqueous stripping 
solution of 12% KOH containing 10g hydrazine sulfate 
per liter. 

The estimated mean  value of residual grid thickness 
was subtracted from the estimated mean  thickness 
value (0.614 cm) of formed grids from cells in the 
same production run, but  with no accelerated life test 
charge-discharge cycles. The precision of the resuIting 
estimated mean  depth of corrosion for the test grids 
was specified by employing tabulated values of the t 
statistic (3) 

precision = __ t~, 0.025 V S~ 

w h e r e ,  ---- degrees of freedom (n -- 1), t,.o.02~ ---- t abu-  
lated values for 95% confidence limits, s 2 : estimate 
of the variance of the data 

- - z ) ,  

n = total number  of observations in a sample, and 
y ---- observed values for corrosion depth. 

The t statistic was similarly employed to determine 
precision of the curve describing the slope (E/R) of 
the plot of In k vs. 1/~ where R is the gas constant, 
and E is expressed as an activation energy. Over-al l  
precision for the prediction of room temperature  life- 
time was related to the precision with which E could 
be specified. Details of the calculations are given in 
the Appendix. 

Results 
Periodic capacity data.--Cell capacities at room tem- 

perature (6 hr  rate ---- 13.3A), taken at intervals  dur- 
ing cycle life, were distr ibuted over a range which re -  
vealed only a general  t rend toward capacity decay 
(Fig. la) .  Both positive and negative l imitations were 
observed, as determined by individual  electrode mea-  
surements vs. a Hg/Hg2SO4 standard electrode. Treat-  
ment  of the data to o b t a i n  95% confidence level esti- 
mates of the mean  cell capacity resulted in improve-  
men t  in precision of the capacity decay curve, but  not 
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Fig. 1. Cell capacity vs. days on test at 60.0~ room temperature 
capacity, 13.3A (nominal 6-hr rate). 

enough to allow characterization leading to a lifetime 
prediction (Fig. lb) .  These data did show, however, 
a general  t rend toward more rapid capacity decay 
with increasing test temperature.  End-of- l i fe  capacity 
l imitat ion was due to disintegrat ion of the positive 
plate grid, leading to abrupt  failure. For the 60.0~ 
cells this occurred beyond 216 days on test; it was not 
included on the curves of Fig. 1 due to the much lower 
confidence levels with which mean  capacity values 
could be estimated for cells near  end of life. 

Periodic plate expansion data.--The positive plate 
expansion displayed a similar trend, with most highly 
expanded plates found in the highest temperature  test 
bath. However, the results (Fig. 2) were mixed, pre-  
cluding in terpre ta t ion to yield any lifetime prediction. 

Antimony migration.--The corrosion of the lead- 
ant imony positive grid, accompanied by subsequent 
migrat ion of soluble an t imony-conta in ing  species, can 
be accurately monitored by direct periodic analysis of 
ant imony pickup in the active mater ial  under  ideal 
circumstances. Figure 3 demonstrates that test con- 
ditions are less than ideal, however, yielding ant imony 
pickup curves showing such irregulari t ies as concen- 
t ra t ion crossovers between discrete test temperatures  
and concentration maxima at approximately half-cycle 
life. No quant i ta t ive interpretat ion of these data was 
possible in terms of the experimental  goal: prediction 
of room temperature  cycle life. Qualitative in terpre ta-  
t ion is included in the Discussion section. 
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Corrosion depth.--Residual grid thicknesses, af ter  
removal  of corrosion layers, yielded estimates of mean 
corrosion depth. Init ial  measurements ,  involving a 
total of four measurements  along the grid f rame (Fig. 
4), were  insufficient to describe a precise corrosion 
depth vs. t ime curve. The average of 14 measurement  
points per grid improved precision of the est imated 
mean to -+-0.001 cm at a 95% confidence level. These 
estimates of the mean corrosion depth were  plot ted as 
points for purposes of curve fitting (Fig. 5). 

The function corresponding to these curves was of 
the type 

Corrosion depth = kt  x 

where  t = t ime on test (days) and, k : a tempera-  
tu re -dependent  constant, wi th  a sensitive response to 
tempera ture  change such that  log k is a l inear ly  de- 
creasing function of the reciprocal test t empera ture  in 
degrees Kelvin.  The best fitting value of the t empera -  
tu re - independent  constant x, as de termined by least 
squares approximation,  is x -- 0.67. Figure  6 i l lustrates 
this result  and also specifies the k values correspond- 
ing to each test temperature ,  using x = 0.67. 

The log- l inear  extrapolat ion of these k values (Fig. 
7; Appendix  D) leads to an est imate of 4.42 • 10 -4 cm 
days -0.e7 for k at 25~ The 95% confidence in terval  
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for this estimate would span from k = 4.30 • lO -4 to 
k : 4.52 • 10 -4 cm days -~ 

A solution was obtained for est imated t ime at room 
tempera ture  to corrode to a target  depth of 0.035 cm 
for the charge-discharge cycle routine employed (Fig. 
8; Appendix  D). The target  corrosion depth was esti-  
mated from corrosion measurements  of similar  plates 
bench- tes ted  at room tempera ture  according to inter im 
federal  specification W-B-00133B (GSA-FSS) ,  per -  
formance test No. 2. In this test, and in field service, 
l i fet ime end-point  is characterized by disintegration of 
the positive grid, the l i fe- l imi t ing component  of the 
lead-acid cell on normal  duty. In the accelerated test, 
the positive grid fails in the same manner.  The extent  
of positive grid disintegration and the microscopic and 
crystal lographic s t ructure  of the PbO2 corrosion layers 
are equivalent  t o  those which are found in cells cycled 
on long- te rm bench tests and cells in field service. 

The assumption was made that  casting qual i ty  for 
the room temperature ,  reference grids was substan- 
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tially the same as for the group of positive castings 
employed in this accelerated test. This 0.035 cm depth 
of corrosion should, however, be viewed as a flexible 
target in a finalized life test, subject to changes reflect- 
ing casting quality, grid geometry, grid composition, 
etc. For this accelerated test, assuming practical 
equivalence with the reference grids, calculation 
yields a predicted lifetime of 680 days ~4%,  --3%. 
Convert ing to number  of charge-discharge cycles, the 
corresponding 95% confidence s tatement  is 1260 cycles 
~-4%, --3%. 

Discussion 
Cell capacity vs. li~e.--During the test, some cells 

failed for reasons unrela ted to the test objectives 
(shorts, loss of contact from lugs to posts, etc.). Also, 
progressive degradation evidence, specifically positive 
and negative plate voltages, did not consistently show 
that the positives were always failing preferentially.  
In cases of abrupt  failure, such cells were removed, 
repaired, and re turned to test if possible; if not, then 
removed permanent ly  and disassembled to record tem- 
pera ture-dependent  control parameter  data (plate ex- 
pansion, an t imony migration, grid corrosion)�9 In  cases 
of gradual failure, lowest capacity cells were perma-  
nent ly  removed and examined similarly at the pro- 
grammed 50-100 cycle intervals�9 Although ul t imate cell 
failure was due to sudden positive limitation, the ca- 
pacity decline shown in Fig. 1 embodies substantial  
contributions from causes such as negative limitation, 
sediment and moss shorting, etc�9 Therefore, capacity 
curves, as taken on this test, are viewed as indicators 
of general cell performance, and not specific for the 
positive plate. 

In all cases, however, the test was unaffected by 
these extraneous effects due to its inherent design, 
which called for exclusive monitoring of critical ~osi- 
rive plate temperature-dependent control parameters. 
Thus, even if a cell had been abruptly removed for 
post failure, the critical data, e.g., grid corrosion, could 
be taken and employed as valid for that particular 
point in cycle life. Therefore, the progress of, e.g., grid 
corrosion during cycle life should be viewed as data 
collected on a partially selective, partially random 
basis. 

Since the grids and plates were constructed as 
uniformly as possible, these data are considered to be 
representative of positive plate degradation for the 
entire group. Further, positive plate degradation is 
identified as the life-limiting mechanism in the lead- 
acid cell in deep discharge service. Consequently, the 
measured control parameters, particularly depth of 
corrosion, are viewed as related to critical normal 
service degradation, while cell capacity data is con- 

fused by extraneous and less significant failure modes. 
These extraneous modes, though extremely tempera-  
ture sensitive in themselves, do not affect the tem- 
perature dependence of corrosion of the positive grid. 

Plate expansion vs. life.---Prior work in the l i tera-  
ture had indicated that simple plate growth could be 
correlated with plate lifetime. Lander  (4) cycled 
strips of Pb-6% Sb and Pb-4.5% Sn about typical posi- 
tive plate potentials twice a day in  30% H2SO4 at 49~ 
He measured regular  increases in strip length with 
testing time, reporting up to 3% elongation. Cannone 
et at. (2), working with cells for telephone service 
in an elevated temperature  range of 60~176 showed 
that pure lead grids on constant potential  charge ex- 
panded regular ly  in width in a parabolic fashion and 
that lead-ant imony grids expanded along a l inear  
curve�9 

The behavior of our l ead-an t imony grids was ana-  
logous to these two prior studies�9 However, because of 
the tendency of our grids to corrode completely 
through along fault lines, then to spring open abruptly,  
no smooth growth curve could be measured. If grid 
castings showing more regular  growth are tested, di- 
rect nondestructive growth measurements  could pro- 
vide a lifetime prediction test with a min imum of test 
samples. An analysis of precision would be required, 
however, to establish the meri t  of this approach rela-  
tive to the depth of corrosion approach. 

Ant imony  migration vs. l ife.--Corrosion of lead- 
ant imony positive grids in the lead-acid storage cell 
produces either PbO2 or PbSO4, depending on state of 
charge. Both are essentially insoluble, and remain  in  
place in the positive plate. The ant imony component 
of the grid alloy is quite soluble in H2SO4, forming the 
anions Sb(SO4)2-,  SbOSO4-, and Sb3093-, as pro- 
posed by Dawson et  aI. (5,6)�9 Adsorption of ant imony 
on active material  crystal surfaces is believed to occur, 
affecting crystall ine growth habit  on charge and dis- 
charge. Such adsorption is also viewed as the reason 
why ant imony content of the positive active mater ial  
increases so markedly  with increased grid corrosion�9 

Anionic transfer to the sponge lead negative plate, 
and subsequent  adsorption there leads to a lesser con- 
centrat ion bui ldup in the negative active material,  
compared with the positive, PbO2 electrode. The well-  
known "poisoning" effect of Sb in  the negative elec- 
trode is shown here to be associated with ant imony 
accumulations well below ant imony levels present in 
the positive plate. While positive plate voltages in-  
dicated that performance was vi r tual ly  independent  of 
ant imony level, negatives showed decreasing voltages 
early in cycle life. Concentrations of an t imony in the 
electrolyte itself are negligible, so that almost all 
antimony, though considered to be soluble, is associ- 
ated with the solid phases of both electrodes. 

If total ant imony pickup in the active mater ial  can 
be determined, then, by direct analysis of the active 
material, a measure of grid corrosion would result�9 
The irregularit ies found in the test are interpreted as 
being pr imari ly  due to inhomogeneous an t imony  levels 
in the cast grid alloy�9 Ant imony-r ich  phases are 
known to be discrete entities in cast Pb-Sb  alloys, 
existing in regions between the predominant,  lower 
ant imony grains. This work indicates, however, that a 
fur ther  change in composition occurs as corrosion 
strips away the outer surfaces of the cast grid, with 
significantly lower an t imony concentrations found at 
levels approximately 0.025-0.030 cm below the surface. 
The peaks in the curves of ant imony concentration vs. 
time on cycle life (Fig. 3) correspond to such a view. 

In  addition to these radial concentration gradients 
in the grid bar cross section and the concentration 
segregation inherent  in the two-phase Pb-Sb  alloy 
structure, a third effect is known to exist: the evolu- 
tion of stibine gas, SbH:~, from the negative electrode 
while the cell is in the charge mode, could reduce the 
estimate of grid corrosion depending on the efficiency 
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of stibine synthesis. This effect, in combination with 
the radial concentrat ion model, accounts for negative 
curve slopes beyond 300 cycles. 

Corrosion depth vs. l i fe.--Test precision.--As the 
data of Fig. 5-8 demonstrate, the precision of this ac- 
celerated life test is considerably better  than typical 
precision in lifetime prediction current ly  achieved in 
standard, long- t ime industr ia l  testing ( ~  ___ 20% at 
95% confidence level) .  It  is-possible to identify the 
factors chiefly affecting precision from the derived cor- 
rosion funct ion 

C = mean  depth of corrosion = k25oct x 

when C is a targeted value, and being defined, does 
not l imit precision. X, once derived, is employed as a 
constant  which does not affect precision, only accuracy. 
This simplifying assumption is justified in the same 
way as other work, e.g., when ideally l inear  (x = 1) 
or ideally parabolic (x = 2) functions are assumed to 
describe phenomena. Therefore, only k25oc has inherent  
l imitations of precision when  solving for t. 

Examinat ion  of Eq. [A-9], Appendix D, shows that, 
if the temperatures  are fixed, and precisely measured 
(___ 0.05~ within  the span of temperatures  available 
in the test, t h e n  the estimate of the variance of the 
quant i ty  R I n k  (where R = 1.9872, the gas constant) 
and the degrees of freedom in the t statistic are the 
two factors influencing precision. In  this three- tem-  
perature experiment  (three degrees of freedom), two 
degrees of freedom are used up, due to the fact that, in 
solving for the least squares log- l inear  extrapolat ion 
of k, two unknowns,  the slope E and the intercept R 
In A are involved. Since this leaves only one degree 
of freedom to define the t statistic, the corresponding 
tabulated t statistic for 95% confidence limits is 12.7. 
Inspection of the t statistic tables shows that, for a 
four - tempera ture  experiment,  the term before the 
square root sign in the precision expression [A-9], is 
reduced to 4.3 since the t statistic can then be based 
on two degrees of freedom. For bet ter  precision, then, 
data should be grouped into four temperature  groups. 
For  industr ia l  testing, which may involve only two 
temperatures,  the ceils should be grouped into equal 
samples of duplicate temperatures  to yield at least four 
temperature  groupsi provided the variance of R in  k 
does not increase too rapidly. 

The estimate of the variance of experimental  values 
of R In k with respect to the corresponding least 

^ 
squares values, R in k 

1 ~ ( R l n k _ R l n ~ ) ~  
n - - 2  

also decreases significantly as n, the total number  of 
temperature  groups, is increased from 3 to 4 or more. 
The difference term wi th in  the summation:  (i) de- 
creases with increasing accuracy in temperature  mea-  
surement,  (ii) decreases with increasing precision in 
temperature  measurement ,  (iii) decreases with in-  
creasing uni formi ty  of replication in the ent i re  lot of 
positive plates employed in the test cell group, and 
(iv) decreases with increasing uni formi ty  of replica- 
tion of cell cycling parameters,  e.g., A-hr  discharge, 
A-hr  charge, shape of charge curve. 

If means can be found to avoid rapid negative sulfa- 
tion, and thereby extend the temperature  range of this 
test, precision can be fur ther  improved. 

The corrected sum of squares in  Eq. [A-9] 

increases with increasing tempera ture  range. Since this 
term is a denominator,  it therefore increases the pre-  
cision as the range of temperature  increases. 

The question arises: Why not collect the exper imen-  
tal corrosion depth data at a single temperature,  pref-  

erably at room temperature,  and simply extrapolate 
the experimental  room tempera ture  curve to a tar-  
geted depth of corrosion? The answer is th~at this ele- 
vated temperature  test magnifies the form of the cor- 
rosion function so that i t  can be identified and pre-  
cisely specified at room temperature.  Any room tem- 
perature experiment  must  be carried out near ly  to 
end-of-l i fe  to achieve the same precision. Experience 
and analysis show that curves derived from direct 
room temperature  measurements  over the shorter 
period of time involved in this accelerated test lack 
the precision needed for satisfactory lifetime predic- 
tion. This is because, while the precision of the mea-  
surement  data is constant, the actual values of corro- 
sion depth decrease exponent ial ly  with decreasing 
absolute temperature.  

Consequently, as an example, direct room tempera-  
ture corrosion curves of differing grid alloys would be 
practically indist inguishable from each other; perhaps 
also even from a straight l ine over the first 200-300 
charge-discharge cycles. Such room temperature  curves 
are readily and precisely characterized with respect to 
k and x by extrapolat ion of high temperature  experi-  
ments, thus revealing critical differences in calculated, 
room temperature,  lifetime estimates. 

It is appropriate to ask whether  the predicted, room 
temperature,  corrosion function has been exper imen-  
tally demonstrated out to a point in cycle life where 
meaningful  precision can be obtained. To make such a 
comparison it is assumed that t h e  room temperature  
control cells will u l t imately  demonstrate the 0.035 cm 
mean depth of corrosion exhibited by the high tem- 
perature test groups and by prior bench testing of 
similar production cells. Three five-plate cells from the 
original test group, which were cycled at room tem- 
perature, obey the calculated corrosion function to 
wi thin  0.001 cm at an estimated one-half  cycle life to 
date, thus providing reasonable agreement  of theory 
with experiment.  

Testing t ime.- - I f  subsequent  test results on other 
types of cells and materials  show that corrosion func-  
tions repeatedly t u rn  out to be of the form 

C = kt  x 

then the taking of samples for corrosion depth mea-  
surements  need not be conducted all along t h e  curve, 
but  merely  at one point, sufficiently far along to per-  
mit  acceptable precision in lifetime prediction. Given 
a test closely controlled as outl ined above, with a 
group of cells all consti tuting fai thful  replicas of each 
other, excellent precision should be obtainable in 
4-6 months testing time. However, any exper iment  
with a different form of corrosion function would 
necessarily involve a full  complement of cells being 
periodically extracted from test and measured to de- 
scribe the exact form of the corrosion function unt i l  
such time as actual failure occurs. 

Number of specimens.--Five-plate cell var iabi l i ty  is 
significant enough to require four or five such cells in 
each of four temperature  groups for tests involving ex- 
traction from test and measurement  at a single point 
in life (c = kt  x assumed).  As an alternative, the equi~ 
valent  number  of positive plates in fewer cells with 
more plates would serve the same purpose. 

Asymmetrical  upper and lower bounds in predicted 
Ii]e.--Adapting Eq. [A-8], Appendix D, to solve for k 

l n k  - -  
R 

it is evident  that the upper  and lower bounds obtained 
in the least squares estimate of E, at 95% confidence 
limits, yield a corresponding upper  and lower bound 
expressed in In k; not k itself: As a consequence, t rans-  
lat ion of these derived limits, which are symmetrical  
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about in k, results in asymmetr ical  limits about k 
itself. 

The significance of this lies s imply in the Arrhenius  
model  which was original ly assumed (Eq. [A-5], Ap-  
pendix D) 

v~here it can be seen that  any symmetrical  uncer ta in-  
ties in either tempera ture  or Rb ("act ivat ion energy")  
result  in logari thmical ly  related uncertaint ies in k. 

As a practical application of this, it can be pointed 
out, for example, that tempera ture  overest imation is 
more damaging to accuracy than tempera ture  under-  
estimation. Conceptually, the range of values of pre- 
dicted life may be visualized as a probabil i ty distr ibu- 
tion skewed to the r ight  with the mode located to the 
left of the predicted value of lifetime. 

"Activation energy," E. - -The  slope in Fig. 7 is charac- 
terized as an act ivation energy to  conform to estab- 
lished practice and to provide a pre l iminary  cri terion 
for the identification of the type of rate control which 
prevails. It should be noted that  t rue charge transfer  
activation energies general ly  lie in a range above 5000 
cal/mole.  At 3120 cal/mole,  it is difficult to distinguish 
from the case of diffusion limitation. However,  it is 
evident that  the over-a l l  effect of cyclic operat ion of 
the positive plate of these lead-acid storage cells is to 
bring about progressive anodization of the lead alloy 
current  collector with the corrosion depth curve tend-  
ing toward a diffusion-limited value (Fig. 8). E, then, 
may a l ternat ively  be viewed as related to a character-  
istic concentrat ion overpotential .  

Conclusions 
High tempera ture  charge-discharge cycle testing of 

lead-acid cells can yield a predict ion of room tempera-  
ture cycle life in as quickly as 4 months. The logari thm 
of cell l ifet ime decreases l inear ly  wi th  the absolute 
temperature.  

Measurement  of positive grid corrosion depth as 
a function of tempera ture  yields a corrosion function 
characterized by one temPera ture-dependent  constant. 
The value of this constant at room tempera ture  is spe- 
cified by a log- l inear  extrapolation. An exper imenta l  
design employing 16 f ive-plate 80 A - h r  cells at each 
of three different temperatures permits  a +4%, --3% 
precision in l i fet ime prediction at a 95% confidence 
level. 

This technique of e leva ted- tempera tu re  corrosion 
function analysis permits charge-discharge cycle life 
prediction capabili ty of unprecedented precision and 
speed. 
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A P P E N D I X  

A. Estimation of Mean Depth of Corrosion 
Grid corrosion depth during cycle life was estimated 

by subtracting the average residual grid thickness 

Y = --1 ~ Yi [A-l] 
n i 

from the average initial grid thickness (Yo) after  
formation and init ial  capacity determination,  then 
dividing by two. The mean value estimate of corrosion 
depth obtained in this way  was characterized with re-  
spect to precision at a 95% confidence level  by em-  
ploying tabulated values of the t statistic (3) in the 
fol lowing expression 

- -  V s~ yo Y estimates ~ = mean  value -+- t~,o.025 - -  
2 n 

where  t~,0.025 = tabulated values for 95% confidence 
limits, v = degrees of f reedom (n -- 1), n = total 
number  of observations in a sample of grids, s 2 = esti- 
mate of the variance of the data 

~t 

n--I i 

and y ---- observed values for corrosion depth. 
The number of observations, n, was increased until 

the 95% confidence level precision of the estimate of 
the mean value of corrosion depth approached 0.001 
cm, comparing with  the precision of the micrometer  
(0.0005 cm). To do this, up to 30 individual  residual 
thickness measurements  were  made per grid. 

B. Estimation of Power of t in Corrosion Depth Function 
It was observed that the estimated mean grid corro- 

sion depth obeyed a t ime and tempera ture -dependent  
function of the form 

C = corrosion depth (cm) = kt  �9 [A-2] 

where  k = a t empera tu re -dependen t  constant, t = 
t ime (days), and x = a constant, wi th  no apparent  
tempera ture  dependence. 

Taking logari thms 

log C ----- log k + x log t 

In a least squares analysis of the data (7), x is given 
by 

1 
log t log C -- - -  (z  log t) (z  log C) 

7~ 

x = [A-3] 
1 

(log t)2 -- - -  (~ log t) :l 
n 

where  n = the number  of t data points. 
The best fitting value of x was taken as the average 

x over  all three temperatures  employed in the test 

Xs2.2oe =- 0.694 
X7o.2oc = 0.635 
X60.0oc = 0.693 

X = 0.67 

For purposes of precision analysis, this value, ap- 
proximate ly  2/3, was considered to be a t empera tu re -  
independent,  constant exponent  not affecting precision. 
A similar assumption is commonly employed in many 
curves which are arbi t rar i ly  fitted to str ict ly l inear or 
quadrat ic  models. 

C. Estimation at "k" in Corrosion Depth Function 
The constant k was then specified for each tempera-  

ture  by solving 
log k = log C '-- 0.67 log t [A-4] 

The results yielded three corrosion functions 

82.2~ C = corrosion depth (cm) = 0.00103 t 0."7 
70.2~ C = corrosion depth (cm) = 0.00'0883 t 0.67 
60.0~ C = corrosion depth (cm) = 0.00'0767 t 0.67 

The adequacy of the model  to represent  the data is 
demonstrated by Fig. 6. 

D. Determination of Precision of the Log-Linear Extrapolation of "k" 
The decrease of k wi th  respect to tempera ture  con- 

formed to an expression of the type 
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k - - A e x p ( b )  [A-5] 

where T = absolute temperature  (~ and A, b -- 
constants. 

The best fitting value of b was expressed as an ac- 
t ivat ion energy, E cal/mol,  by mul t ip ly ing  by the gas 
constant, R = 1.9872 cal ~ -1 mole -1. 

Taking logarithms 

R l n k = R l n A  + E ( T  ) [A-6] 

Least squares analysis leads to the following expres-  
sion 

E = [A-7] 

where  n =  3 for this case involving three tempera-  
tures, in  A is obtained by s t ra igh t fo rwardsubs t i tu t ion  
of average exper imental  data points, ( ), in  [A-6] 

in  A = [A-8] 
R 

permit t ing subsequent  estimation of k at room tem- 
perature from [A-5]. 

The precision of the derived value of E is: 95% con- 
fidence level precision = 

(y -- y)~ 

n n - - 2  
[A-9] 

/ 

where y = exper imental  value of R In k, y = least 
^ 

squares predicted value of R in  k, z ( y -  y)2 = esti- 
mate of variance, and 

X(1) ~ --I(~i) 2 = eorrected sum of squares. 

The max imum and mi n i mum E values yield corre- 
sponding max imum and min imum predicted room tem- 
perature k values, from [A-5] and [A-8], in this case 
at a 95% confidence level. 

E. Determination of the Precision of Room Temperature 
Lifetime Prediction 

Maximum and mi n i mum k values at room tempera-  
ture are employed in [A-2], assuming 0.035 cm depth 
of corrosion, corresponding to field service and bench 
failure; solving for t. These room temperature,  cycle 
lifetimes, therefore, represent  the span of predicted 
values generated by 95% confidence level data. 
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The Existence of Multiple Steady States 
during Differential Aeration Corrosion 

Richard Alkire* and George Nicolaides** 
Department of Chemical Engineering, University o~ Illinois, Urbana, IlZinois 61801 

ABSTRACT 

A method of calculation has been developed for predicting the mult iple  
steady-state current  distributions which may exist along a metal  surface 
undergoing localized attack by differential aeration corrosion. The calcula- 
t ional method is capable of finding all such mult iple  steady-state solutions. 
A compilation of those regions of parameter  space wi thin  which highly 
localized attack is l ikely has been carried out for the model system. 

Owing to differential aeration the local rate of cor- 
rosion along a metal  surface may be highly nonun i -  
form, especially if the metal  exhibits passivity. The 
problem of determining the location and the local rate 
of corrosion attack corresponds to elucidating the de- 
tails of the current  flow between the anodic and cath- 
odic regions which occur s imultaneously on the metal  
surface. That is, one needs to know the current  dis- 
tribution. Whereas electrochemical current  dis tr ibu-  
t ion problems originated in attempts to predict the 
over-a l l  current-vol tage behavior  of electrolysis cells, 
such studies have also been conducted on corrosion- 
like configurations of fixed anode/cathode geometry 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
K e y  w o r d s :  c o r r o s i o n ,  d i f f e r e n t i a l  aeration, current distribution, 

m a t h e m a t i c a l  m o d e l ,  bipolar electrode.  

as briefly reviewed in Ref. ( I ) .  More recently, current  
distr ibution calculations have been conducted on cor- 
roding systems wherein  mult iple  electrochemical re- 
actions occur on localized net anodic and cathodic 
areas, which coexist on adjacent regions of a single 
conductive surface. For simple configurations, such 
"bipolar" current density distributions may be com- 
puted once the system parameters have been specified 
(i.e., properties such as electrolyte conductivity, oxy- 
gen availability, electrode reaction kinetics, system 
geometry, etc.). Corrosion of rotating disks (2,3) 
has been shown to occur with nonuniform rates 
wherein one portion of the disk is passive while an- 
other portion corrodes actively. The study of aeration 
corrosion under barrier films of variable thickness 
(I, 4, 5) has shown that more than one steady-state 
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current  distr ibution may be expected to exist for a 
single set of system parameters;  some of these mul t i -  
ple steady-state corrosion distributions suggest the 
possibility of highly localized corrosion. However, 
the numerical  methods employed in the foregoing 
studies were not well suited for determining how 
many  such mult iple  solutions exist. Therefore the 
following investigation has been conducted with two 
goals in mind. First, a different computat ion method 
has been employed which is capable, for a given set 
of system parameters, of finding all possible steady- 
state current  distributions. Second, a compilation has 
been carried out of all regions of parameter  space 
within which highly localized corrosion may be antici-  
pated for the model system under  study. The results 
therefore contribute toward design of corrosion sys- 
tems so as to avoid altogether those potential ly 
hazardous situations where localized attack is likely. 

Derivation of Model 
The corrosion system to be investigated, shown in 

Fig. 1, is identical to that studied by other methods in 
Ref. (1). Readers may examine that reference for 
more extensive introductory remarks than are pro- 
vided here. The metal  is covered by an electrolyte- 
moistened barr ier  of locally variable thickness. Oxy- 
gen diffuses through the barr ier  layer  to the metal  sur-  
face, which corrodes. Both oxidation and reduction 
reactions occur everywhere along 'the corroding sur-  
face. In many  cases, however, the local oxidation rate 
may exceed the local reduction rate, thus creating 
a local net  anodic region. Similarly, local net  cathodic 
regions may also arise. Electrical current  flows in the 
barr ier  layer between the net anodic and the net 
cathodic regions which coexist along the metal  surface. 
The bui ldup of corrosion products has not yet  occurred 
to an appreciable extent. The simple situation shown 
in Fig. 1 has been modeled by a differential' equation 
(1) subject to the following restrictions: (i) the cor- 
roding system is confined by two insulat ing planes as 
shown in Fig. 1; (it) the potential  within the cor- 
roding metal  is uniform owing to the high conduc- 
t ivity of the metal  phase; (iii) current  flows in the 
barr ier  layer parallel  to the corroding surface; (iv) 
oxygen diffuses through the barr ier  layer along paths 
which are perpendicular  to the metal  surface; (v) the 
barr ier  thickness varies with position in an exponential  
manner ;  and (vi)  the concentrat ion of ionic species is 
uniform. 

Subject to these restrictions, the model system is as- 
sembled from Ohm's law (for flow of electrical cur-  

rent  along the barr ier  layer) ,  Fick's law (for diffusion 
of oxygen through the layer) ,  a Tafel rate expression 
(for the oxygen reduction kinetics),  and an active- 
passive rate expression (for the metal  undergoing cor- 
rosive attack).  Before proceeding it is suggested that 
interested readers review details concerning the deri-  
vation of the model as provided in Ref. (1). The equa- 
tion of conserva t ion  of charge which models the sys- 
tem is 

d2~ d~ 
- -  -- (1 -{- tanh X) 
dX 2 dX  

j = t-~ 
(1 -- tanh X) 

1 - p  
(el, _ r 

e 

~e-~ r 

f re-Xe - ~  + 

with boundary  conditions 

d~ 
= 0  at X - - - - ~  

d X  

d~ 
" - O a t  X =  + K  

dX 

where the dimensionless variables are 

1] 1 clj 
[2] 

[3] 

X 
X - - ~  

l 

F 
r ---- ( V - -  C s )  - -  

RT 

C 

C " - ~  

c ~ 

V a F  

RT 
[4] 

and the dimensionless system parameters are 

aSm 

4FDc o 

FI2a 

RTK~R 

k 

a 
[5] 

Fig. 1. System configuration for differential aeration corrosion 
study. 

The notat ion employed in the equation, boundary  
conditions, variables, and parameters, is the same as 
in  Ref. (1) and is listed at the end of the text. Read- 
ing from left to right, the terms in Eq. [1]- indicate 
that the electrical current  flowing along the barr ier  
layer  suffers ohmic resistance (second derivative 
term) which varies locally with the film thickness 
(first derivative term).  The bracketed term on the 
right side of Eq. [1] is the net local reaction rate, i.e., 
the local rate at which current  flows into or out of the 
barr ier  layer. The local net  reaction rate may be 
anodic or cathodic, depending on which part ial  reac- 
t ion proceeds at the greater rate. For  conditions of 
uniform corrosion, the right side of Eq. [1] would have 
the value of zero everywhere along the surface. On 
physical grounds, Eq. [1] therefore indicates that 
current  flows into the barr ier  in the net anodic regions, 
flows along the moist layer  while experiencing ohmic 
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resistance and cross-sectional strictions, and flows out 
of the barr ier  into the net  cathodic regions. 

A detailed discussion of the physical significance of 
the dimensionless parameters has been given in Ref. 
(1). In brief, the parameter  r is related to the ease 
with which oxygen diffuses to the corroding surface. 
Small values of r correspond to rapid diffusion of oxy- 
gen so that  the concentrat ion along the metal  surface 
would be essentially uniform, near  the saturated 
value; large values of r correspond to slow diffusion 
rates. The parameter  ~ characterizes the resistivity of 
the barr ier  layer  and takes on small  values when the 
barr ier  layer  is highly conductive. The parameter  k 
is a measure of the difference in oxygen availabil i ty 
between one end of the surface and the other end; 
large values of )~ correspond to large differential 
aerat ion and thereby enhance tendencies toward lo- 
calized corrosion. Once again, the reader is urged to 
consult Ref. (1) for a more complete discussion of 
the model. 

Method of Solution 
Equation [1], along with its boundary  conditions, 

was solved numerica l ly  with use of IBM 1800 and IBM 
360 digital computers. The boundary  value system was 
t ransformed to an in i t ia l -value  system by introducing 
a guessed condition at one end and adjust ing this con- 
dition unt i l  the required relat ion was satisfied at the 
other end (6). That is, Eq. [1] was re-cast into a pair 
of first-order differential equations. Integrat ion of an 
i n i t i a l - va lue  problem was then carried out such that  
the boundary  condition at the far end of the spatial  
interval  was satisfied by inspection. The method pro- 
ceeds by wr i t ing  

de 
---- Y [6] 

d X  
hence Eq. [1] becomes 

d Y  
- -  ( l ~ t a n h X )  Y 

dX 

~ t 
( 1  - -  tanh X) 

e 

-- [ ~e-ar ] 
~re-Xe -~r  1 ] 

[7] 

For init ial  conditions at X : --~,, Eq. [2] provides 

Y ---- 0 [8] 

For the second ini t ial  condition at X : --k, guess 

r -- A [9] 

where A is a constant, which must  be chosen with 
care. Equations [6] and [7] thus constitute two first- 
order equations having the unknown  functions r  
and Y ( X ) .  The solution of this set, along with its 
ini t ial  conditions, is identical to the solution of Eq. [1], 
along with its boundary  conditions, provided that  the 
constant A is chosen such that 

de 
= 0  at X = + k  [3] 

dX 

The pl:ocedure for integrat ion therefore consisted of 
arbi t rar i ly  choosing a ~zalue for the constant A, and 
then integrat ing Eq. [6] and [7] by means of Runge-  
Kut ta  four th-order  formulas (7). Every value of A 
which satisfies Eq. [3] corresponds to a different 
steady-state current  distribution. 

As a check against numerical  errors, integrat ion was 
also carried out beginning at the opposite end of the 
spatial interval,  i.e., beginning at X ---- ~ k  and pro- 
ceeding to X -- - -L Identical solutions were found for 
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the current  distr ibution regardless of direction of in-  
tegration. In addition, the i terat ive method of solution 
employed in Ref. (1) was always found to converge 
upon any desired solution provided that a reasonable 
tr ial  distr ibution was provided. That  is, three methods 
of calculation provided identical numerical  results. 

The advantage of the "shooting" method of calcula- 
tion described here is that all mul t ip le  solutions may 
be found for a given set of parameter  values. In  clear 
contrast, the i terative method used previously (1) had 
the disadvantage that one could not know how many  
solutions existed, except by finding them. That is, one 
could not determine whether  a certain solution ac- 
tual ly disappeared in some region of parameter  space 
or whether  it merely became difficult to converge upon. 

Results and Discussion 
Calculations have been conducted in order to clarify 

the na ture  of the mult iple  steady-state current  distri-  
butions predicted by the model system. In  addition, a 
compilation has been carried out in order to indicate 
those regions of parameter  space in which at least one 
steady-state current  distr ibution indicates the l ikeli-  
hood of highly localized corrosion. Because the model 
is somewhat pre l iminary in nature,  and because it has 
been investigated pr imar i ly  as an  intui t ive aid, an ex-  
haustive compilation has not been attempted. Param-  
eter values which were not varied in the investigation 
are ~ ---- 0.5, ~ : 0.01, and g ---- 0.15. Except where 
otherwise stated, the parameter  f has the value 0.5. 

It is important  to make a clear distinction between 
the number  of algebraic roots of the right side of Eq. 
[1], and the number  of solutions to the differential 
equation. Although up to three algebraic roots may be 
found on the right side, such informat ion bears no 
direct relat ion to the number  of solutions which the 
differential equation may exhibit. Analyses of even 
simple distr ibution equations have demonstrated that 
an infinite number  of solutions may be found (8, 9). 
In  a similar manner ,  steady-state,  nonisothermal  be-  
havior of porous, spherical, catalyst pellets has been 
shown to have an infinite number  of mult iple  steady- 
state conditions (10). Therefore one should not go 
under  the expectation that a max imum of only  three 
solutions are to be expected of Eq. [1]. 

In  certain regions of parameter  space, several classes 
of independent  solutions of Eq. [1]-[3] have been 
found. For one set of system parameters, for example, 
Fig. 2 i l lustrates that  for many  values of A [i.e., the 
abscissa, ~ ( ~ k ) ] , t h e  derivative at the far boundary  
[i.e., the ordinate, d ~ / d X  (-t-?~)] takes on values which 
may be nonzero. The model equations, however, are 
satisfied only for those situations for which the curve 
in Fig. 2 intersects the zero axis; each intersection 
point corresponds to a different steady-state current  
distribution. For the Parameters used in  Fig. 2, it is 
seen that thir teen mult iple  steady-state solutions are 
found. Some of the intersections are labeled (A, B, C, 
etc.) so that the solutions associated with them can be 
referred to in subsequent  discussion. 

It seems clear that all such solutions to the differ- 
ential equation need not necessarily correspond to an 
observable steady-state condition of a physical system, 
even if that system is general ly compatible with the 
approximations of the model. There are several rea-  
sons for which a mathematical  solution may be re- 
garded as physically unrealizable.  First, a solution of 
the equation might  predict a state of the system which 
is physically unstable  to random disturbances. Al- 
though a stabili ty analysis has not been conducted in 
this p r e l i m i na r y  study, it should be ment ioned that 
when multiple, solutions exist as indicated in Fig. 2, it 
is f requent ly  expected that the unstable  solutions cor- 
respond to every other (i.e., alternate)  intersection. 
Second, a solution may be improbable in the sense 
that the sequence of events necessary for the attain- 
ment of the steady state may be difficult to achieve. An 
informal discussion of the possible transient conditions 
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Fig. 2. Display of the existence of multiple solutions obtained by 
integrating Eq. [1] with a single set of system parameters. An 
independent solution exists at each intersection of the curve with 
the line. 

that  may lead to the various s teady-state  solutions is 
given below. Finally, a solution would be unrealistic if 
it depends strongly on one par t icular ly  weak approxi-  
mation of the model. Such unrealist ic solutions would 
be incompatible wi th  data from a physical system, or 
wi th  predictions of a more rigorous model. 

The potential, current, and concentrat ion distr ibu- 
tions corresponding to the intersections A, B, C, and 
D of Fig. 2 are shown in Fig. 3. F igure  3 also corre-  
sponds to Fig. 3 of Ref. (1), and detailed discussion of 
the curves is contained therein. For  Solution A, the 
metal  is in the active potential  range eve rywhere  so 
that  the local dissolution rate increases wi th  decreas- 
ing layer  thickness. Solution D represents a fully pas- 
sive situation at a very  positive potential. Solutions 
B and C exhibi t  in termediate  behavior  where  one por-  
tion of the surface is passive while  the rest is reactive. 
Solution B lies ent i re ly  on the decreasing branch of 
the anodic polarization curve whereas  Solution C 
varies all the way from mildly  react ive potentials to 
the passive potential  region. One additional solution, 
denoted A', has general  characteristics similar to the 
four solutions in Fig. 3 Solution A' is found at an inter-  
section located be tween  A and C in Fig. 2 (not drawn 
in for want  of space) and yields distributions whose 
nature  is in every  respect in termediate  be tween dis- 
tributions corresponding to A and C. That is, the anodic 
rate distribution for A' usually includes a local maxi- 
mum although the potential distribution has a smaller 
range than C. 

The physical significance of the aforementioned five 
solutions will now be examined. The potential and 
anodic rate distributions of Solution A resemble closely 
the differential aeration corrosion of a nonpassivating 
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Fig. 3. Several distributions satisfying Eq. [1] were found for a 
single set of parameters. The curves labeled A, B, etc., comprise 
families of distributions which correspond to intersections A, B, 
etc.~ in Fig. 2. The distributions shown are: (a) potential of the 
metal relative to the solution, (b) anodic dissolution rate, (c) 
cathodic reduction rate, (d) oxygen concentration at the surface. 

metal. Since range of potential  is restr icted to the ac- 
t ive branch of the polarization curve, assumptions 
made in the model  with regard to the passivating be- 
havior  of the metal  have no influence. Therefore  Solu- 
tion A can be regarded as a stable and realistic si tua- 
tion which might  be encountered in a physical system. 
For Solution D, the potential  distr ibution is sufficiently 
removed from the active region that  kinetic details 
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regarding active/passive transi t ions are inconsequen-  
tial. The physical reasonableness of Solution D is 
clear, and fully passivated metal  surfaces are commonly 
encountered. 

If we assume that  solutions corresponding to al ter-  
nate intersections in Fig. 2 are unstable, then since A 
and D are clearly stable, A' and B will be unstable 
while C will be stable. Solution C is especially in ter -  
esting since it indicates the likelihood of highly local- 
ized corrosion at intermediate  positions under  the bar -  
rier layer. Solution B appears to be unstable, perhaps 
because the potential  distr ibution lies ent i rely on the 
decreasing branch of the polarization curve, a region 
of negative charge-transfer  resistance. Because the 
nature  of Solution B depends strongly on the negat ive-  
resistance region of the passivation curve, these solu- 
tions may be regarded as unrealist ic (in the narrow 
sense defined above) insofar as they depend strongly 
on a rather  weak aspect of the model. It  therefore 
seems unl ikely  that Solution B would be observed in 
actual physical systems. 

It is useful to postulate in an informal m a n n e r  the 
t ransient  conditions which might  lead to the various 
steady-state solutions encountered thus far. For ex- 
ample, if the electrolyte is saturated with oxygen prior 
to formation of the barr ier  layer, the entire surface 
will passivate and the steady-state condition captured 
by the system would be expected to be Solution D. On 
the other hand, if the electrolyte is deaerated so that 
oxygen diffusion proceeds with great difficulty, then 
the steady-state condition may be at tained before any 
part of the surface undergoes passivation, as in  Solu- 
t ion A. For intermediate  init ial  oxygen concentrations 
in the electrolyte, the oxygen might  passivate a part  
of the metal  surface at the thin side of the layer before 
a steady state is achieved. Then Solutions C, B, or A' 
might  be exhibited, although the foregoing discussion 
has cast some doubt upon the a t ta inment  of B and A'. 

We will now proceed to examine the remaining solu- 
tions encountered between B and D in Fig. 2. The num-  
ber of such intersections was found to vary consider- 
ably with changes in the parameter  values. In addition, 
these solutions are quite different from any solutions 
reported so far. Two such solutions, denoted E and F 
in Fig. 2, have been chosen for display. Figure 4(a) 
shows that the potential  distributions for E and F ex- 
hibit  maxima and minima, in clear contrast to Solu- 
tion A' which is also shown. As a consequence, anodic 
dissolution rate distributions, shown in Fig. 4(b) ,  are 
highly nonuni form and indicate that localized attack 
may proceed at more than one location along the sur-  
face. Solution E has two strong anodic rate maxima, 
while F has two strong maxima and one weakly anodic 
region at X ---- - -L The cathodic reaction rate distri-  
butions, shown in Fig. 4(c), are similar for all three 
solutions. By comparing Fig. 4(b) and 4(c), it is 
realized that Solutions E and F indicate that several 
anodic regions exist along the corroding metal, each 
separated by a cathodic region. The oxygen concen- 
t rat ion distr ibution for each solution is shown in Fig. 
4(d) .  For all cases, the oxygen concentrat ion tends  to 
be highest at X : -F~, where the barr ier  layer is th in-  
nest, and lowest at X---- --~,, where the thick barr ier  
impedes oxygen diffusion. The remaining six solutions 
indicated in Fig. 2 exhibit  behavior  similar to E and 
F, but  have not been i l lustrated since they do not ap- 
pear to contr ibute additional information. 

In  accord with the informal rule that al ternate in-  
tersections in Fig. 2 correspond to stable solutions, one 
may conclude tentat ively that Solutions E and F are 
stable. On the other hand, one may inquire as to what  
t ransient  events would be required to arr ive at the 
steady States given by E or F. It seems reasonable that 
highly novel s tar t -up conditions would be required in 
order to capture Solutions E or F, and their  likelihood 
of existence may be regarded-as highly improbable  in 
comparison wi th  Solutions A, C, or D. 
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Fig. 4. Several distributions satisfying Eq. [ I ]  were found for 
a single set of parameters. The curves labeled A', E, and F corres- 
pond to the solutions indicated in the text and in Fig. 2. The 
distributions shown are: (a) potential of the metal relative to 
the solution, (b) anodlc dissolution rate, (c) cathodic reduction 
rate, (d) oxygen concentration at the surface. 

As the system parameters  are changed, the curve 
given in Fig. 2 moves up and down and also changes 
shape. As a consequence, points of intersection which 
correspond to different classes of solutions (A, B, C, 
etc.) may pass out of existence. For example, as param-  
eter r is decreased, Solution A eventual ly  merges with 
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A' and both disappear. As r is fur ther  decreased, 
Solutions B and C merge and disappear s imultane-  
ously. Such behavior also supports the contention that 
Solutions A' and B are unstable whereas A and C are 
stable. 

The foregoing discussion has been directed at evalu-  
ating the mathematical  m o d e l  and computational 
method as well as gaining an unders tanding of a 
somewhat complex phenomenon.  In  what  follows, the 
model is employed to indicate the regions of pa- 
rameter  space over which solutions with an unaccept-  
able max imum local corrosion rate exist. In  principle, 
the approach promises to be of value to corrosion en-  
gineers since the physical conditions corresponding to 
unacceptable regions may thereby be avoided through 
proper design. 

Parameter  values were compiled for which Solu- 
tions A and C indicated localized corrosion. In  Fig. 5, 
the region between any of the two matching coded 
lines corresponds to the region where Solution C 
exists. For example, when ~ ---- 3 and ~ ---- 0.1, localized 
corrosion by steady-state Solution C would be ex- 
pected over the range 3 < r < 20; outside of this 
range of I ~, Solution C is not found. The influence of 
parameter  ~. on the existence of C is also shown in Fig. 
5. A large value of k corresponds to a large differential 
aeration and thereby enhances tendencies toward lo- 
calized corrosion. The region of existence of C is there-  
fore markedly  increased by an increase in  L 

The region of existence of Solution C is also in-  
fluenced by the value of the parameter  f which is the 
ratio of the cathodic rate constant to the max imum 
anodic current  density a t  the "tip" of the passivation 
hump. Figure 6 illustrates, for ~. ---- 2, the influence of 
parameter  f. An increase in ~ corresponds to an in-  
crease in  oxygen reactivity so that  the surface con- 
centrat ion of oxygen would thereby be decreased. As 
a consequence, the range of r over which C exists is 
shifted to larger values in order to increase the ex- 
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Fig. 5. Effect of differential aeration (parameter ~) on the exis- 
tence of Solution C. The E-F region between any two matched 
coded lines is the region wherein Solution C exists. 
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Fig. 6. Effect of differential aeration (parameter ~) on regions 
of parameters space where Solution A indicates highly localized 
attack. 

tent of differential aeration, which is the sole driving 
force for localized corrosion in this system. 

Comparison of the influence of parameters ~ and 
as shown in Fig. 5 and 7 indicates clearly that ap- 
proximations regarding the geometric form of the bar -  
r ier  layer  have a far more drastic effect than  approxi-  
mations regarding the reaction kinetics which are ap- 
plied to the mode]. Therefore applications of the re- 
sults of this study to systems of different geometry 
would appear to risk introducing significant errors. 

Solution A corresponds to the situation where the 
metal  corrodes in the active region everywhere so that 
the local anodic dissolution rate increases steadily with 
decreasing barr ier  layer  thickness (1). Although no 
passivation occurs, highly nonuni form dissolution may 
nevertheless occur. The regions shown between the 
matching coded lines in Fig. 6 correspond to situations 
where the max imum dissolution rate exceeds the value 
0.1a. It may be seen that the geometric parameter  ~, 
has a strong influence on the region of localized cor- 
rosion, similar to that shown in Fig. 5. On the other 
hand, the influence of the kinetic parameter  ~ is essen- 
t ially negligible and has not been displayed. 

The existence of Solutions A' and B has always been 
found to lie wi thin  the range of existence of A and C 
as given by Fig. 5-7. The range of parameter  space 
over which the remaining mult iple  solutions exist 
(excluding the passive solution, D) have not been 
compiled. In  some cases, mult ipolar  solutions having 
characteristics similar to E and F have been found 
which lie outside the envelopes of existence for Solu- 
tions A and C provided by Fig. 5, 6, and 7. On the other 
hand, arguments  have already been presented re- 
garding the improbabi l i ty  of a t ta inment  of steady 
states corresponding to the E- and F- type  solutions 
which exhibit  mult ipolar  behavior. That is, the re- 
gions of parameter  space indicated by Fig. 5-7 include 
all l ikely regions wherein  highly localized corrosion 
rates have been found in the model system under  
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Fig. 7. Effect of the kinetic parameter ~' on regions of param- 
eters space wherein Solution C exists. 

study�9 Corrosion systems designed so as to lie outside 
these regions m a y  therefore  be expected to be un-  
suscept ible  to localized at tack.  

Conclusions 
By de te rmin ing  the cur ren t  d is t r ibut ion  along a cor-  

roding surface, i t  has been possible  to e lucidate  con- 
ditions under  which h ighly  localized corrosion is l ike ly  
to occur in a s imple model  of different ial  aera t ion  cor-  
rosion. Because the  theoret ica l  model  is r e l a t ive ly  
s t ra ight forward ,  and because the under ly ing  assump-  
tions are  re la t ive ly  flexible, i t  is reasonable  to expect  
that  the foregoing t ranspor t  phenomena  approach m a y  
be ex tended  to more  complex si tuat ions of differen- 
ent ia l  aera t ion  corrosion as wel l  as to o ther  types of 
corrosion phenomena�9 The t r anspor t  phenomena  ap-  
proach provides  a route  to predic t ive  capabi l i t ies  
which has here tofore  been lacking in corrosion design�9 

Owing to the ac t ive-pass ive  behavior  of the  corrod-  
ing meta l  incorpora ted  in the model,  mul t ip le  s t eady-  
state cur rent  d is t r ibut ions  may  exist  for a single set of 
system parameters �9 The method  of calculat ion em-  
ployed above is capable  of finding all  of the mul t ip le  
s t eady-s ta te  solutions. The method  can therefore  be 
used to seek out pa r ame te r  regions where  corroding 
systems would  be suscept ible  to local ized corrosion�9 
The calculat ional  method  does not c lar i fy  the  s tabi l i ty  
of the various mul t ip le  solutions in a r igorous manner  
but, by  informal  convention, suggests that  Solutions A, 
C, and D are stable. Fur ther ,  the method does not' indi-  
cate which s t eady-s ta te  condit ions would  be a t ta ined 
fol lowing t rans ient  response from any  given ini t ia l  
conditions; physical  arguments ,  however ,  suggest  tha t  
Solutions A ,  C, and D are  most l ike ly  to be captured�9 

Severa l  of the s t eady-s ta te  solutions exhibi t  mu l t i -  
polar  behavior  wi th  up to three  anodic and three  ca th-  

odic regions d is t r ibuted  along the  corroding surface. 
Current  d is t r ibut ions  of this type  are not known to 
have been pred ic ted  in any previous investigation.  
However,  the l ikel ihood of observing such s teady-s ta te  
dis t r ibut ions  in actual  systems seems to be low in view 
of the unusual  s t a r t -up  condit ions which would  p rob-  
ab ly  be requi red  for thei r  capture�9 

By developing dimensionless  groups of system pa-  
rameters ,  by  invest igat ing the response of the  model  
to those parameters ,  and b y  developing a calcula-  
tion m e t h o d  for finding all  possible mul t ip le  solutions, 
the inves t igat ion provides a powerfu l  in tu i t ive  grasp 
on the  differential  aera t ion  corrosion phenomenon.  
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LIST OF SYMBOLS 
a m a x i m u m  anodic current  density,  A / c m  2 
c ~ oxygen concentrat ion at ba r r i e r - a tmo sphe re  

interface,  g -mo le / cm 3 
D oxygen diffusion coefficient, cm2/sec 
F F a r a d a y  constant,  96,500 cou lombs /g -equ iv  
k oxygen react ion ra te  constant, A / c m  2 
l character is t ics  length, cm 
R gas constant, 8.31 jou le s /g -mole  ~ 
T tempera ture ,  ~ 
X distance along corroding surface, x/l, dimension-  

less 

Greek  characters  
t ransfer  coefficient 
anodic current  densi ty  on passive p la teau  

8m mass t ranspor t  l aye r  thickness at X ~-- 0, cm 
5R effective cross-sect ional  a rea  at X = 0, cm 

kinet ic  parameter ,  k/a, dimensionless 
ba r r i e r  e lect rolyt ic  conductivi ty,  (ohm cm) -1 

k ha l f - l eng th  of corroding surface, dimensionless 
kinetic  parameter ,  k/a, dimensionless  

o- character is t ic  width  of passivat ion hump 
,I, potential ,  dimensionless  
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ABSTRACT 

Cobalt and Co-Ni alloy were electrodeposited into the micropores of var i -  
ous kinds of anodic oxide films on aluminum. Fine granular  metals precipi-  
tated on the barr ier  layer and formed columnar structures. Although the films 
of cobalt or nickel showed remarkable  magnetic  anisotropies perpendicular  
to the surface, the alloy films which consisted of approximately 50% cobalt 
showed a strong anisotropy along the horizontal direction. Coercive forces 
ranged from about 5.0,0 to about 11,00 oe and the density of residual mag- 
netization rose above 1000 gauss. The films may have applications in  magnetic 
memories and recording devices. 

When the surface of a luminum is anodized in some 
electrolytes, a film with micropores characteristic of 
the electrolytic conditions is formed (12). Asada (3) 
found that  unsealed oxide coatings show peculiar 
colors when immersed in metal  salt solutions after 
application of a.c. One of the authors (4) in a previous 
study observed that metall ic nickel and nickel oxide 
were precipitated in  the micropores when  nickel sul-  
fate was used as the electrolyte. 

As cobalt has a larger saturat ion magnetizat ion than  
nickel, deposits of cobalt and cobalt alloy are of par-  
t icular interest  for applications in magnetic  devices. 
Zetner (5) reported that eleetrodeposited cobalt layers 
have a coercive force of 150-500 oe and a residual 
magnetizat ion of 4000-80'00 gauss, and that the coercive 
force could be increased to as high as 8'00 oe by the 
use of a.c. ~- d.c. during deposition. Morral (6) found 
that the magnetic properties of electrodeposited cobalt 
layers depend on bath temperature,  current  density, 
concentration of cobalt salt, ratio of a.c./d.c., and time 
of electrolysis. 

Electrodeposited layers of Co-Ni alloy have a co- 
ercive force of 200-30'0 oe with remanence as high as 
4000-8000 gauss. Zetner studied the relationship be- 
tween the magnetic  properties of Co-Ni a l loy  and elec- 
trolytic conditions and found that as pH varied from 
acid to neutral,  the re tent ivi ty  decreased, whereas the 
coercivity increased by about 50%. Furthermore,  he 
indicated that a max imum coercivity and an excellent 
squareness ratio were obtained at about a 6.0% cobalt 
content in the deposited layer. 

Endicott et al. (7) studied hardness and tensile 
s trength of Co-Ni alloy deposits obtained from sul-  
famic acid baths under  various conditions and found 
that the structure of the deposit affects the physical 
properties. In  contrast to a columnar structure of the 
layers of pure cobalt and nickel , deposited layers of 
Co-Ni alloy have a lamellar  s tructure with approxi- 
mately  50% cobalt content, result ing in improved 
mechanical  properties. 

According to the. phase diagram for Co-Ni alloys, 
the structures are ~-phase at room temperature  for a 
cobalt content of less than about 70%, and a-phase for 
the rest. Aotani (8) noted in his study of the structure 
of Co-Ni electrodeposits, using x - ray  diffraction anal-  
ysis, that  the deposit obtained from an electrolyte 
solution of pH 1.2 showed fcc structure whereas those 
obtained from a bath of pH 6.3 included hcp at about 
70% cobalt content. 

K e y  w o r d s :  a n o d i z i n g ,  magnet i c  thin f i lm, c o e r c i v e  fo rce ,  r e m a -  
n e n c e .  

Experimental Procedures 
Specimens were prepared by the following three 

methods, and the t rea tment  conditions were as shown 
in Table I: 

(i) Rolled a luminum sheets (99.99% in purity, 0.5 
X 500 X 1000 mm 3 in size) were anodized in sulfuric 
acid, oxalic acid, chromic acid, phosphoric acid, sodium 
bisulfate, and sodium hydroxide [Table I (a)] .  These 
oxide films were electr0deposited with cobalt in the 
sulfate Solution [Table I (c)].  

(it) The oxide films made in sulfuric acid bath 
under  various conditions [Table I (b)]  were electro- 
deposited with cobalt in  the sulfate solution [Table I 
(c)].  

(iii) The anodic films formed in the sulfuric acid 
bath [Table I (d)]  were electrodeposited with Co-Ni 
alloy for various ratios of cobalt and nickel in these 
sulfate solutions [Table I (e) ]. 

Anodizing was carried out, with sufficient air stir- 
ring, either with a carbon plate as a counterelectrode 
for the oxalic acid and sodium hydroxide baths, o r  
with a lead plate for the other electrolytes. When 15V 

Table ]. Bath compositions 

Procedures  R e m a r k s  

D e g r e a s i n g  
D e s m u t  

(a) A n o d i z i n g  
S u l f u r i c  ac id  
O x a l i c  acid 

Chromic  ac id  
P h o s p h o r i c  a c i d  
S o d i u m  b i s u l f a t e  
S o d i u m  h y d r o x i d e  

(b) A n o d i z i n g  
S u l f u r i c  ac id  

(c) Electrodeposit ion 
Coba l t  

(d) A n o d i z i n g  
S u l f u r i c  a c i d  

(e) Electrodeposit ion 
C o - N i  

Seal ing 

5% N a O H ,  80~ 2 m i n  
5% HNOs,  23~ 1 r a i n  

15% H~SO4, 0.1% AI,  1 A / d i n  2, 21~ 20 r a i n  
4% (COOH)~,  0.1% AI,  1 A / d i n  a, 35~ 20 

r a in  
5% CrO2, 1 A/din2,  55~ 40 ra in  
15% H~PO4, 1 A / d m  2, 30~ 30 m i n  
10% NaHSO~ �9 H20,  1.5 A /dm~,  30~ 20 ra in  
0.5% N a O H ,  2 A / d m  ~, 15~ 30 m i n  

5, 15, a n d  30% H2SO~, 0.1% AI  
20* a n d  30~  
0.5, 1.0, a n d  2.0 A / d i n  2 
5, 10, 15, a n d  20 r a in  

5% CoSO4 �9 7H20, 2% HsBOs, DH 6.0 
15V (50 Hz) ,  23~ 10 m i n  

15% H~SO4, 0.1% A],  1.5 A/dm~, 21~C, 80 
m i n  

4 ~ 0% COSO4 �9 71120, 0 ~ 4% ~TiSO~ �9 7H~O, 
2% I-T~BOa, 0.2% g l y c e r i n e ,  25~ 20 ra in ,  
15V (50 H z ) ,  P H  6.5 

1% Ni(CHaCO2)~ �9 4H~O, 90~ 20 r a in  

32 
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Fig. 2. Directions of magnetic anisotropies of anodic oxide film 

a.c. was applied, about 5 A / d m  2 passed for a short 
time; after 5-10 sec a s tat ionary current  of about 1A/ 
dm 2 was observed. The color of the oxide coating was 
brown at first, becoming black finally. After  sealing, 
the specimens were wiped using a cotton cloth, 

Specimens anodized in sulfuric and phosphoric acids 
were embedded in epoxy resin and sectioned to about 
700A using an ul t ra th in-f i lm cutter. These sliced sec- 
tions were then  observed under  an electron micro- 
scope. 

For x - ray  diffraction analysis, specimens anodized 
in sulfuric acid and electrodeposited with cobalt and 
Co-Ni alloy were immersed in 3% mercuric chloride 
solution and allowed to stand at room temperature  
for about 3 hr to strip the oxide. The stripped oxide 
films were washed, dried, and pulverized in an agar 
mortar.  

The composition of the alloy deposited in the oxide 
films anodized in the sulfuric acid bath was deter-  
mined by spectroscopic analysis. Specimens of 20 X 
20 mm 2 were immersed in 5% sodium hydroxide solu- 
tion at 30~ and the oxide films were stripped. The fil- 
t rate was boiled after adding hydrochloric acid, and 
the cobalt and nickel contents were determined using 
an atomic absorption spectrometer. 

M-H hysteresis curves of the magnetic films were 
recorded with a vibrat ing magnetometer.  A sample 
was vibrated along a direction vertical to the surface 
of the film; this made the measurement  50-500 times 
more sensitive than  the usual  automatic magnetome-  
ters. A schematic diagram of the apparatus is given 
in Fig. 1. Specimens in the form of a disk, 6 mm diam- 
eter were in sets of four on a quartz holder. The 
hysteresis_ loops along the horizontal and vertical 
direction were recorded to compare the magnet ic  
anisotropies shown in Fig. 2. 

Experimental Results 
Figures 3 and 4 show electron micrographs of u l t ra -  

thin sections of cobalt-deposited films anodized in  
sulfuric and phosphoric acids, respectively. The oxide 
film formed in sulfuric acid separated from the surface 
of the a luminum by a barr ier  layer. In  the outer 
oxide film, columnar micropores about 100A in diam- 
eter, about 400A in distance from each other, and 
perpendicular  to the surface were observed. These 
micropores were filled with fine granular  deposits. In  
the phosphoric acid film, pi l lar-shaped deposits about 
500A in diameter were arranged near ly  perpendicular  
to the surface at about 1000A intervals. 

From x- ray  diffractometer analysis of the cobalt 
deposits, the s tructure was assigned as hcp s-Co (a ---- 
2.507A, c ---- 4.070A) by reference to ASTM x- ray  card 
5-0727. In  the case of Co-Ni alloy depositions, as the 
cobalt content decreased, the fcc crystal gradual ly ap- 
p e a r e d a n d  the hcp s t r u c t u r e  disappeared. Figure 5 
depicts the relationship between the calculated lattice 
constants and the cobalt content in the deposits. 

The amount  of cobalt and nickel deposited into the 
oxide film formed in the sulfuric acid bath is shown 
in Fig. 6. 

The M-H hysteresis curves of the oxide films formed 
in various electrolytes and electrodeposited with the 
cobalt a r e  shown in Fig. 7 ( a ) - ( f ) .  In  these experi-  
ments, correction for the demagnetizing field of the 
quartz holder was made in advance. 

With sulfuric acid, oxalic acid, and sodium bisulfate  
baths the cobalt-deposit l a y e r s  showed strong mag-  
netic anisotropies along the vertical direction with 
good squareness ratios but  ra ther  weak anisotropies 
along the horizontal direction. With chromic acid and 
sodium hydroxide baths, the anisotropies along the 
vertical direction were decreased. While with the 
phosphoric acid bath, this property along the hori-  
zontal direction was increased. 

Fig. 3. Electron micrograph of 
ultrathin section film anodized 
in sulfuric acid and electrodepos- 
ited with cobalt. (a) Aluminum 
oxide film, (b) barrier layer, (c) 
aluminum. 
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Fig. 4. Electron micrograph of 
ultrathin section film anodized 
in phosphoric acid and electro- 
deposited with cobalt. (a) Alu- 
minum oxide film, (b) barrier 
layer, (c) aluminum. 

Coercive forces indicated are characteristic of each 
electrolyte. The values for the films anodized in sul- 
furic and oxalic acid baths were greater than  1000 oe, 
while low values of about 500 oe were obtained with 
the phosphoric acid bath. 

In Fig. 8 coercivities of the films anodized in the 
sulfuric acid bath are given as a funct ion of the 
anodizing time. The effects in various electrolytic con- 
ditions were also measured. Coercive forces along the 
horizontal direction varied little, while the vertical 
components increased with increasing electrolyte con- 
centrat ion and decreasing current  density. However, 
these vertical coercive forces were reduced with ano- 
dizing time and converged to a definite value. 

Similarly, the relat ion be tween the strength of the 
residual magnetizations and the anodizing time was 
measured. The strength along the horizontal direction 
increased with the anodizing time, this increase being 
more pronounced as the electrolyte concentrat ion and 
current  density increased. After calculating the film 
thickness using an empirical formula, the relationship 
between the residual induct ion and the film thickness 
was as shown in Fig. 9. Residual magnetizat ion in-  
creased with film thickness, but  approached a satura-  
tion value. A larger magnetizat ion value was obtained 
for an electrolyte of 30% concentrat ion than  with one 
of 15%. 
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Fig, 5. Lattice constants of Co-Ni deposition onto anodic oxide 
films. 

In  general, the density of remanence, B, can be ex-  
pressed as 

B : 4~M/V 

where M indicates the strength of remanence (emu) 
and V designates the volume of the magnetic film 
(cgs). Then, 0.01M for a disk 6 mm in diameter having 
a 10 ~m film thickness gives a magnetic density of about 
440 gauss, and 0.025M is calculated to be more than 
1000 gauss. 

From some typical hysteresis curves for Co-Ni alloy 
deposits in films anodized in the sulfuric acid bath, 
the relation between the cobalt contents in the deposit 
layers to the coercivities and retentivit ies are shown 
in Fig. 10 and 11, respectively. 

The coercive forces along the vertical direction 
varied from about 750 oe at 100% nickel content to 
about 1100 oe at 100% cobalt content. On the other 
hand, the coercivities a long the horizontal direction 
rapidly increased from a value of 300 oe for 100% 
nickel conten~t to a max imum of about Ii00 oe for 
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Fig. 7 (a)-(f). M-H hysteresis curves of oxide films anodized in various kinds of electrolytes and electrodeposited with cobalt 

50% cobalt content, followed by a slight decrease to 
about 600 oe for 100% cobalt. The remanence strength 
along the vertical and horizontal directions showed a 
t rend similar to that of the coercive forces, indicating 
a max imum value along the horizontal direction at 
about 50% cobalt content. The fact that the vertical 
and the horizontal magnet ic  properties reversed at 
around 50% content is considered to be an indication 
of some change in the s tructure of the deposited metal. 

Magnetic Properties of Cobalt Deposits 
The crystal or ienta t ion of the deposits has an in-  

fluence on magnetic anisotropy. For ~-Co with hcp 
structure, the axis of easiest magnet izat ion has been 
measured to lie along the c-axis (9). Endicott  and 
Knapp (7) demonstrated that electrolytic deposits ob- 
tained from cobalt salt solution show a columnar 
structure. Morral (6) indicated that  the axis of easiest 
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magnetizat ion of cobalt obtained from an electrolyte 
near neut ra l  pH was vertical to the surface. Thus, with 
the columnar structure, magnetic  anisotropy along the 
vertical direction may be at t r ibuted to crystal growth 
in a direction which is parallel  to the c-axis. From 
these facts, cobalt crystals deposited in  the micropores 
of anodic oxide films may be presumed to have simi- 
lar structures. 

Assuming a film thickness of 1 ~m, the ratio of the 
length to the diameter of the micropore will  be 100: 1. 
A needlelike structure of the metal  deposit would re-  
sult forming long uni t  magnetic  domains. The mag-  
netic anisotropy of the cobalt deposit may result  not 
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Fig. 11. Residual magnetizations of anodic oxide films electro- 
deposited with Co-Ni. 

only from the orientat ion of the cobalt crystal par-  
ticles but also by the effect of particle shape. 

Anodic oxide films obtained from the chromic acid 
bath are reported to form zigzag micropores, which 
occurrence reduces the uni formi ty  of deposition, re- 
sulting in  a weaker magnetic anisotropy along the 
vertical direction than that obtained from the sulfuric 
acid bath. Magnetic films anodized in a sodium bisul- 
fate bath are said to have properties similar to those 
in sulfuric acid, hence the identical hysteresis loop. 
Little is known about the film obtained from sodium 
hydroxide baths. Although the oxide film shows good 
adsorption of dyestuff, this indicates relatively large 
micropores in the film. From the magnetic properties 
of this film, the presence of an irregular pore struc- 

ture similar to the chromic acid bath case can be ex- 
pected. 

The coercive forces of the films did not show any 
marked variat ion with electrolytic conditions, although 
the t rend was observed that coercivities increased with 
concentrat ion of the sulfuric solutions and decreasing 
current  densities. According to Keller et al. (1), de- 
creasing electrode potential  has the effect of decreas- 
ing the cell diameter, and it may be accepted that  
variations in temperature  and concentration of elec- 
trolyte influence the electrode potential. From these 
considerations, the diameter of micropores in this case 
should be reduced to a certain extent. The shorter the 
electrolysis time, the higher the coercivity obtained. 
This might  be due to a greater  uni formi ty  of the 
micropore structure for th inner  films. 

The remanence strength became larger with increas- 
ing film thickness and electrolyte concentration. How- 
ever, it reached a saturat ion value probably due to a 
definite amount  of cobalt deposition in the micropores 
under  the given operating conditions. On the other 
hand, the density of magnetizat ion was smaller than 
the values obtained from the usual electrodeposition, 
and it is considered that there is some l imitat ion of the 
amount  of the density because the porosity of micro- 
pores is estimated to be about 10% of the whole vol- 
ume of the oxide film. 

Magnetic Properties of Co-Ni Alloy Deposits 
An x - ray  diffraction analysis of the Co-Ni alloy de- 

posits revealed the presence of a-Co for the film hav-  
ing a cobalt content greater than about 50% and a 
fcc structure for the lower concentration. The mag- 
netic anisotropy of these deposits rotated by 90 ~ from 
the direction vertical to the horizontal at about 50% 
cobalt content. 

The crystal orientat ion of metal  grain in the films 
was not experimental ly  determined in this study, but  
the orientat ion of the metal  deposit in the micropores 
should determine the magnetic anisotropy of the film. 
In  the lamellar  structure, as the direction of the crys- 
tal growth is parallel  to the surface and the c-axis is 
easiest magnetization, the magnetic anisotropy of the 
oxide film develops to the horizontal direction of the 
surface, and this is regarded as crystal anisotropy. 

The anodic oxide coatings deposited with magnetic 
metals provide not only a powerful means for study 
of the film structures, but  also have potential  applica- 
tions for high bit density memories and recordings. 
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Electrodeposition along the Air-Solution Interface 
I. Experimental Investigation 
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ABSTRACT 

In the electrolysis of an acidified copper sulfate solution wi th  a copper 
wire cathode located ver t ical ly  along the axis of a cylindrical  copper anode, 
addition of a small amount  of norvai ine to the solution causes a disklike de- 
posit of copper to grow outwardly  from the cathode and along the air-  
solution interface. Exper iments  show that  this phenomenon is due mainly  
to a solid react ion product arising from air oxidation of the norval ine along 
the l ine of contact be tween the copper anode, air, and solution. This solid, 
presumably present in a highly subdivided state; migrates by surface diffu- 
sion from the anode to the cathode along the a i r - l iquid interface, giving rise 
to nucleation sites that  lead to the interfacial  cathode growth. The mechanism 
is thought to involve a conductive surface film containing copper powder  as 
a conducting medium. The rate of disk formation depends on the concentra-  
t ion _of the  norvaline, the area of anode surface along the air-solut ion in ter -  
face, the acidity of the solution, the partial  pressure of oxygen above the 
solution, and the rate  of current  flow. i t  does not depend very  marked ly  on 
the concentrat ion of the copper sulfate. 

The results of pre l iminary  exper iments  on the 
growth of a copper electrodeposit  along the air-solu-  
tion interface, caused by small concentrations of nor-  
valine in the acid sulfate electrolyte,  have been de- 
scribed in a previous publication (1). This unusual  
phenomenon was first noticed in this laboratory in the 
course of a study of excess deposit weights caused by 
various additives. It occurs when  the acidified copper 
sulfate solution containing the norval ine is electro-  
lyzed with a wire cathode positioned vertically along 
the axis of a cylindrical copper anode. The interfacial 
deposit consists of a disk-shaped growth of copper ex- 
tending outwardly from the cathode along the liquid 
surface. The disk is sometimes radially asymmetric as 
a result of noncoincidence of the cathode position and 
the anode axis, with growth favored in the direction 
of greatest current flux. 

As reported (i), the formation of the interfacial 
disk is always accompanied by a change in color of 
the copper sulfate solution to a blue-green, and by 
formation of a finely divided, black, suspended solid 
that settles on standing after electrolysis is stopped. 
Separation of the anolyte and catholyte by means of 
a porous thimble surrounding the wire cathode (What- 
man cellulose extraction thimble as indicated by a- - -a 
in Fig. I) prevents formation of the disk. Moreover, 
both the color change and the formation of black solid 
occur only in the electrode compartment outside the 
thimble, whether the outer cylindrical electrode is 
made the anode or the cathode. Obviously, these two 
effects are interdependent and not markedly affected 
by the electrode potential. They occur primarily at the 
electrode with the greater surface area. 

Experiments showed that prior oxidation of the dis- 
solved norvaline by air or oxygen in the presence of 
a copper surface (presumably as catalyst) is a primary 
requisite in giving rise to the interfacial disk. The 
color change and black solid are a result of this oxida- 
tion, and electrolysis of a solution containing these 
oxidation products produces the interfacial disk 
whether or not oxygen is excluded. If a freshly pre- 
pared norvaline-containing electrolyte is deaerated 
with nitrogen and then electrolyzed under a nitrogen 
atmosphere, none of these effects occur. 

* Electrochemical  Society Act ive  Member .  
1 P resen t  address :  Colonel By Secondary  School, Ottawa,  Ontar io ,  

Canada. 
~rvsent  address:  Alcan In terna t ional  Limited,  Research  Centre. 

Kings ton ,  Ontario,  Canada .  
Key  words :  in ters  d i sk ,  a n o d e  effects, norval ine ,  copper pow-  

der, conductive film. 

A more detailed study has now been made of this 
form of interracial  electrodeposition. The results of 
various experiments,  some still  pre l iminary  in nature, 
are presented and discussed in this report .  

Experimental Technique 
The simple apparatus used in this study is i l lustrated 

in Fig. 1. The glass cell, fitted with  a ground-glass  cap 
as shown, had a total volume of about 100 mliters. A 
copper wire  cathode, about 1 mm in diameter,  was 
positioned approximate ly  along the axis of a cyl indri-  
cal copper anode with  an inside diameter  of about 3 
cm. The cathode was immersed to a depth of about 
4.9 cm when the cell contained 50 mli ters  of solution. 
An appropriate  opening in the cell cap held the cath- 
ode in place and another  opening provided access for 
the anode lead. Two other openings (not shown) pro-  
vided for electrolysis under an atmosphere of ni t rogen 
or oxygen as required. 

Most of the anodes were  made f rom ordinary com- 
mercial  copper tubing. These anodes, as well  as the 
wire cathodes, were  heated to redness prior to use to 
destroy any possible organic contaminants that  might  
have been present. They were  then etched in nitric 
acid and washed and rinsed with  disti!led water.  How-  
ever, some of the anodes were  prepared by electro-  
deposition of "pure" copper on cylindrical  pla t inum 
gauze substrates, i.e., using plat inum electrodes and a 
copper sulfate electrolyte previously purified by pass- 
ing through a column of act ivated charcoal. These 
anodes were  not preheated since no organic additives 
were  used in their  formation. 

The standard solution used in the d isk-growth ex-  
periments contained 0.SM copper sulfate and 1.0M 
sulfuric acid, both reagent  grade. The organic addi- 
tives were  also reagent  grade, as obtained commer-  
cially. These were  added wi thout  fur ther  purification 
to the freshly prepared standard electrolyte  to give 
the desired concentration. The water  used in the solu- 
tions was distil led twice with  all-glass apparatus. It 
had a specific conductance of about 6 • 10 -6 ohm -1- 
c m -  1 

All exper iments  were  carried Out at a constant ap- 
plied current, using a Harr ison regulated power  sup- 
ply, Model 6201-A. In most of the experiments,  several  
cells containing different concentrations of organic ad- 
dit ive were  connected in series so that  the same 
amount of charge flow occurred in each. The cell as- 
sembly was immersed to the solution level  in a t em-  
pera ture - regu la ted  bath mainta ined at 25 ~ • 0.05~ 
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Fig. 1. Electrolysis cell. A, Cylindrical copper anode, about 3.0 
cm ID; C, copper wire cathode, diameter about 1 mm; a - - -  a, 
porous cellulose thimble to separate anolyte and catholyte; b - - - b, 
horizontal Parafilm or cellulose sheet to eliminate convection flow 
at the air-solution interface; c - - -  c, cylindrical Parafilm barrier 
to isolate the cathode region of the air-solution interface from the 
anode. Length of the cathode immersed with 50 mliter solution, 
4.9 cm. 

Results and Discussion 

Figure 2 shows photographs of a typical cathode 
deposit obtained after prolonged electrolysis in the 
presence of a small amount  of norvaline.  The disklike 
deposit grew along the air-solut ion interface, during a 
given period of electrolysis and at a given current  
flow, to an extent  dependent  on the norval ine  concen- 
tration. Typical data are shown in Fig. 3. At a constant 
current  flow of about 45 mA, the opt imum norval ine 
concentrat ion was about 2.5 X 10 -2 molar.  ~ Exper i -  
ments with freshly prepared solutions always showed 
that the disk growth did not begin unti l  af ter  several  
hours of initial electrolysis. Fur thermore ,  the results 
were  qual i ta t ively  the same whether  the anodes were  
made f r o m  " impure"  commercial  copper tubing or 
whe ther  they were  made by prior electrolysis of a 
"purified" copper sulfate electrolyte with deposition 
on cylindrical  pla t inum substrates. The indication here 
is that possible minor  impuri t ies  in the anode metal  
are of no apparent  consequence in the disk growth 
process. The cathode and anode current  efficiencies 
were  about 100 and 83%, respectively. 

Besides formation of the surface disk, the following 
additional effects were  observed: 

1. The initial blue color of the copper sulfate solu- 
tion changed to a b lue-green  with  about 24 hr of elec- 
trolysis. 

s In  one e x p e r i m e n t ,  a p a p e r - t h i n  l aye r  of copper  m e t a l  f o r m e d  
across the  su r face  of the  so lu t ion ,  c aus ing  a d i rec t  shor t  b e t w e e n  
ca thode  and  anode.  A t t e m p t s  to r e p r o d u c e  th is  e x t r e m e  f o r m  of in-  
t e r rac ia l  depos i t ion  were  no t  successful ,  i n d i c a t i n g  t h a t  the  condi -  
t ions  for  m a x i m u m  ra te  of d i sk  g r o w t h  are p r o b a b l y  r a t h e r  cr i t ica l ,  

Fig. 2o. Copper cathode with interfacial disk. Top view. Diameter 
of disk, 2.0 cm 

2. A small amount  of finely divided black solid was 
found dispersed and suspended in the solution. 

3. Finely  divided copper powder was sometimes 
found at the bottom of the electrolysis cell, confirming 
Ibl's observation (2) that  such powder  forms at the 
cathode during electrolysis. 

Inhibition o~ disk growth.--The decreased diameter  
of the copper disk with norval ine concentrations 
greater  than 2.5 • 10-2M (see Fig. 3) is probably due 
to some kind of inhibit ing effect caused by the excess 
norvaline. This suggestion is based on the observation 
that the same effect was obtained by adding other  
s t ructural ly  related organic compounds to the solution. 
For example, if the norval ine concentrat ion was kept  
constant at 2.5 • 10-2M, and if e i ther  N-acetyl  nor-  
val ine or glycine was added, the effect was to decrease 
the disk growth. N-acetyl  norval ine was found to 
cause a greater  decrease in disk growth than g!ycine 
at the same concentration, indicating presumably that  
a large additional molecule has a greater  inhibiting 
effect than a small one. 

Disk growth and rate of current f /ow.--Figure  4 
shows the effect of the rate of current  flow on the size 
of the disk. In these experiments,  the t ime of e lectroly-  
sis was adjusted so that the same total charge passed 
through the solution m every  case, wi th  the initial 
concentrat ion of norval ine being fixed at the opt imum 
2.5 X 10-2M. The max imum rate of disk growth oc- 
curred under  these conditions when the current,  kept  
constant throughout,  was about 60 mA. 

Disk growth and convective f~ow.--In the cell shown 
in Fig. 1, the presence of the cellulose thimble a - - - a  
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Fig. 2b. Copper cathode with interfacial disk. Bottom view 

Fig. 3o Disk diameter vs. C, the initial molar concentration of 
norvaline. Time of electrolysis, 48 hr; current, 45 mA; tempera- 
ture, 25~ 

can be expected to el iminate or at least substantial ly 
reduce the normaI convective flow, which is upward  

Fig. 4. Disk diameter vs. current. Norvaline concentration, 2.5 
• 10-2M; charge flow, 5200 coulombs; temperature, 25~ 

at the cathode and downward at the anode. Since this 
thimble prevents formation of the interracial  disk (1), 
experiments were designed to examine the role that 
convection might possibly play in  the disk-growth 
mechanism. In  some of these experiments,  shortened, 
fully immersed thimbles were used such that  they 
surrounded only the bottom 1-3 cm of the cathode. In  
others, pieces of cellulose cut from the thimbles were 
immersed in  the solution in such a manne r  that  they 
did not interfere with the convection stream. In  every 
case, with the amount  of cellulose being in excess of 
about 18 cm 2 of the thimble material,  it was found 
that formation of the air-solut ion interracial  disk did 
not occur. Apparent ly  the cellulose interferes with the 
disk-growth process by removing some soluble or 
colloidal active agent, possibly by adsorption. 

Fur ther  evidence to support this view was obtained 
from experiments in which horizontal barr iers  were 
used to reduce or el iminate the normal  convection 
(see b - - - b  in  Fig. 1). As was noted previously (1), 
formation of the interracial  disk is not prevented by 
a th in  sheet of nonporous Parafilm (a waxy water -  
proof material  obtained from the Fisher Scientific 
Company) attached to the cathode and located hori-  
zontally just  below the solution line. However, similar 
horizontal barr iers  consisting of cellulose sheet (cut 
from Whatman  extraction thimbles) do prevent  the 
disk formation. Accordingly, since the convection 
stream cannot be affected very differently by these 
similar horizontal barriers, whether  Parafilm or cellu- 
lose, then adsorption of a disk-growth agent by the 
cellulose is indicated. The convection stream as such is 
not an important  factor in the disk-growth mechanism, 
except perhaps as an aid in keeping the disk-growth 
agent in suspension along the l iquid surface. 

Outgrowth at the bottom end o] the cathode.--In 
the experiments with shortened cellulose thimbles, 
outgrowths sometimes appeared at the bottom end of 
the cathode and along the inner  surface of the thimble 
(see Fig. 5). Evidence was found showing the pres- 
ence of copper powder inside these ful ly immersed 
thimbles, indicating that decreased local turbulence  
due to reduced convection might  be a factor in causing 
the powder to settle to the bottom. No copper powder 
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Fig. 5. Cathode growth with short, fully immersed, cellulose 
thimble, showing effect of settled solid and copper powder. Diam- 
eter of bottom outgrowth, 1.3 cm. 

was found in any of the fu l l - length  thimbles that  sur-  
rounded the cathode completely, and no such bot tom- 
end growths occurred. Therefore,  it seems evident  and 
reasonable that copper powder  is a factor in giving 
rise to the nucleation sites and conducting medium for 
the bottom outgrowth, if norval ine is present in the 
solution. It is also evident  that  a second factor re-  
quired for the cathode outgrowths, whe ther  at the 
bottom of a shortened thimble or at the air-solut ion 
interface, arises from an oxidation (1) of the norva-  
line at the anode. 4 This is indicated by the behavior  
of the fu l l - length  cellulose thimble apparent ly  acting 
as a barr ier  against the t ransport  of some active 
powder- forming  and outgrowth-producing  agent to 
the cathode. Moreover,  the anode reaction product is 
probably part iculate in form, against which the cel lu-  
lose can act as an effective and adsorptive screen. 
More conclusive evidence to support  this v iew follows. 

Role o] the air-solution interface.--Since the cathode 
outgrowth along the air-solution interface is caused 
by effects arising initially at the anode, and since the 
convection stream is not the means of t ransport  of the 
active agent to the cathode, exper iments  were  done to 
test the possibility of t ransport  of part iculate mater ia l  
from anode to cathode by a diffusion mechanism op- 
erat ing along the l iquid surface. A vert ical  Parafi lm 
cylinder was used as a surface barr ie r  (see c - - -c  in 
Fig. 1). Because this cylinder, about 1.5 cm in diam- 
eter, ex tended  into the solution to a depth of less than 
a mil l imeter ,  it did not in terfere  wi th  the normal  con- 
vection in the cell. It isolated the cathode only along 
the air-solut ion interface, and it prevented  formation 
of the interfacial  disk. Apar t  from this there  was no 
other observable effect. The color change to b lue-green  
and the formation of black solid occurred as before. 

Obviously, t ransport  of some kind of part iculate 
mater ia l  occurs along the surface of the solution, from 
anode to cathode, when norval ine is present during 
the electrolysis~ It seems reasonable that  this mate-  
rial is involved in the formation of a conductive film 
along the air-solution interface such that  deposit 
nucleation can occur, and it is suggested that  the in ter-  
facial conductivi ty probably arises from the presence 
in this film of metal l ic  copper in a highly subdivided 
state. Copper powder  can be expected to form along the 

W h a t e v e r  t h e  d e t a i l e d  n a t u r e  of t he  a n o d e  r e a c t i o n ,  t he  ef fec ts  
a r e  no t  s t e r eospec i f i c  w i t h  r e s p e c t  to the  n o r v a l i n e .  E x p e r i m e n t s  
w i t h  t h e  D a n d  L f o r m s  a l o n e  g a v e  t h e  s a m e  r e s u l t s  as t h e  D.L- 
n o r v a l i n e  r o u t i n e l y  e m p l o y e d .  

upper part of the cathode, as observed by Ibl (2), and 
to accumulate in the adjacent  a i r -solut ion interface. 

Material responsible Sor disk growth.--It was of in- 
terest  to try to determine whe ther  the color-change 
effects as well  as the solid formed at the anode might  
be directly involved in the disk formation. Exper i -  
ments with the cellulose thimbles and the Parafilm 
surface barriers, as already described, indicate that  
the mater ia l  responsible is part iculate in form. 

It was found that if the suspended solid was re-  
moved from the electrolyzed solution by filtration 
through a fine sintered-glass funnel, and if the blue-  
green filtrate was then deaerated and electrolyzed 
under nitrogen, no disk format ion occurred. Clearly, 
the d isk-growth  process requires  the presence of the 
solid. (It  was also found that  if such a filtrate is elec- 
trolyzed in the presence of air, disk growth occurs 
after a few hours of such f u r t h e r  electrolysis together  
with formation of more  solid.) Other exper iments  then 
showed that  if the solid obtained by filtering an elec- 
t rolyzed norval ine solution is added to standard elec- 
t rolyte containing no norvaline, and if this solution 
is deaerated and electrolyzed in the absence of oxygen, 
the interracial  disk is obtained and in a shorter  period 
of time. The same result  is obtained if the solid is 
first produced without  electrolysis, that  is, by suffi- 
ciently prolonged contact of the norval ine-conta ining 
electrolyte  wi th  a i r  and a copper surface. (Copper 
turnings were  used in these experiments.)  Obviously, 
the dispersed solid is the only factor responsible for 
the disk growth, to the extent  that  the anode effects 
are concerned. The soluble co!or-affecting react ion 
products are not directly involved,  indicating that  the 
possible presence of dissolved copper-norval ine  com- 
plexes is not important .  

Particulate nature of the disk-~orming agent.--A 
fur ther  indication that  the mater ia l  involved in the 
d isk-growth mechanism is part iculate in form came 
about in a different manner.  An acid copper sulfate-  
norval ine solution was first electrolyzed for about 48 
hr, during which the air-solut ion interracial  disk was 
formed. The electrolysis was then stopped and the 
system was left  undis turbed for about 6 hr. Af ter  this 
period, during which the black solid sett led to the bot-  
tom of the cell, the circuit  was closed again for an- 
other 48 hr of electrolysis. The disk at the air-solut ion 
interface increased in size, but a second and larger  
disk now formed at the bottom along the glass-solution 
interface. A similar result  was obtained if the solu- 
tion was stirred by means of a steady stream of air 
flowing upward along the anode from a small capil lary 
introduced into the cell. The effect was to decrease 
considerably the rate of disk formation at the air-  
solution interface, though not completely, and to cause 
a re la t ively  rapid disk growth at the bottom end of 
the cathode (see Fig. 6). Obviously, the air s tream 
causes coagulation and sett l ing of the otherwise sus- 
pended solid to form a conducting medium along the 
bottom of the cell. [It should be noted at this point 
that a corresponding effect occurs in the disk growth 
along the upper surface of horizontal Parafilm sheets 
attached to the cathode at various depths, as observed 
previously (1), presumably because the solid then 
settles on these sheets during electrolysis due to re- 
duced convection.] 

Role of ~he anode.--Since the solid formed by air 
oxidation of norvaline is a primary cause of the disk 
growth at the cathode, and since this solid originates 
at the anode, experiments were done to examine the 
role of the anode in the oxidation mechanism. Varia- 
tion in the area of anode surface in contact with the 
solution had no effect on the rate of growth of the in- 
terracial ~lisk, indicating that the oxidation of the nor- 
valine does not occur on the immersed surface of the 
anode. Experiments were then done with a completely 
immersed anode, using a shortened copper cylinder 
such that the upper rim was immersed just below the 
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Fig. 6. Copper cathode with small interracial disk, showing 
bottom outgrowth due to coagulation of solid by air flow past 
the anode. Diameter of bottom outgrowth, 1.9 cm. 

solution line. No disk formation occurred and no color 
change or formation of black solid took place. Clearly, 
the air oxidation of norval ine at the anode occurs 
only along the l ine of contact be tween copper surface, 
air, and solution. 

Dispersed solid and the oxidation reaction.--The re- 
sults of pre l iminary and incomplete experiments indi-  
cate that a thorough study is required to examine the 
mechanism of air oxidation of norval ine at a copper 
surface, including in  part icular  a detailed analysis of 
the solid and other possible products of the reaction. 
Roughly quant i ta t ive analyses showed that the com- 
position of the solid material,  which contains copper, 
varies from sample to sample. The solid is insoluble in 
ordinary  organic solvents, indicating possibly a poly- 
meric character. It is soluble in concentrated inorganic 
acids and, apart  from a residue identified as copper 
powder, it dissolves also in dilute aqueous bases. (This 
evidence of copper powder in the dispersed solid re- 
inforces our suggestion, or assumption, that  conduc- 
t ivity of the interracial  film is probably due to metal -  
lic copper.) The base-soluble portion undergoes a 
nonreversible  hydrolysis since a regenerated solid ob- 
tained on acidification no longer has the same organic 
composition as the original material.  Nor does this 
regenerated solid have the disk-forming ability, pre-  
sumably in part  because it does not contain copper 
powder. However, analyses showed that about 30% by 
weight of the regenerated solid is copper, indicating 
that at least part  of the copper in the original solid is 
present  in combined or complexed form. This copper 
content, considerably greater than the amount  found 
in the original material,  about 5.5%, suggests strongly 
that the original solid is a mixture  rather  than a pure 
compound, with the combined copper presumably 
complexed in at least one component. Fur ther  study of 
the solid oxidation product was not attempted. 

Formation of NH3 and COz.--Takajama et al. (3) 
have reported that amino acids undergo electrodecom- 
position to yield an aldehyde of one carbon less to- 
gether with evolution of NH3 and CO2. The oxidation 
of norval ine by air or oxygen in our experiments  
cannot be regarded as an electrodecomposition, since 
it occurs even in the absence of electrolysis, but  it 
was nevertheless observed that NH3 and CO2 were 
produced, with the NH3 appearing as ammonium ion 
in the acid solution. The results of various experiments  

are presented here pr imar i ly  as observations, without  
at tempt at interpretat ion.  

Analyses were done to determine the NH3 and COs 
produced as air, and then pure oxygen, was. passed 
slowly through the cell and over the norva l ine-con-  
ta ining solution. The NH3 was determined after elec- 
trolysis by a s tandard Kjeldahl  method, and the CO2 
was found by passing the gas stream during electrol- 
ysis through a solution of Ba(OH)~. 

The rates of formation of NH3 and CO2, with a given 
amount  of norval ine present, were found to depend on 
the part ial  pressure of oxygen above the interface as 
shown in Fig. 7, the amount  of each gas formed being 
approximately l inear  with time. It was also found that 
the rates of formation of NH3 and COs do not depend 
on the concentrat ion of CuSO4, but  that they do de- 
pend very markedly  on the concentrat ion of acid as 
shown in Fig. 8. Obviously, the rate of growth of the 
interfacial disk is correspondingly dependent  on the 
acidity of the solution, and this in fact was observed. 
The max imum disk growth occurred with 2.5 • 10-2M 
norval ine  when  the H2SO4 concentrat ion was about 
1.0M. It was found as well  that  the production of NH3 
and CO2 does not depend on the current,  which is 
consistent with the observation that formation of the 
black solid occurs with equal facility in the absence of 
electrolysis. The reaction requires only an  acidified 
norval ine  solution, a copper surface, and air or oxy- 
gen at the interface. 

It is interest ing to note in Fig. 7 that  the formation 
of NH8 and CO2 in our experiments does not take place 
in a one- to-one ratio, as would be the case if Taka-  
jama's observation regarding formation of an alde- 
hyde were applicable to our system (3). Our data 
show that NH3 and CO2 are produced in a mole ratio 
of about four to one when norval ine in acid solution 
is oxidized by air or oxygen on a copper surface. 

Experiments with other compounds.--Numerous ex- 
periments were done to see whether  compounds other 
than  norval ine  a re  similarly capable of causing for- 
mat ion of the interfacial disk. Compounds s tructural ly  

Fig. 7. X moles NH3 and CO2 produced per mole of norvaline 
present vs. time of electrolysis. Initial norvaline con:entration, 2.5 
X 10-2M; current, 45 mA; temperature, 25~ G ,  CO2 with 
air at the interface; �9 CO2 with 02 at the interface; A,  NH3 
with air at the interface; i--I, NH3 with O2 at the interface. 
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Fig. 8. X moles NH3 produced per mole of norvaline present vs. 

molar concentration of H2SO4. Initial norvaline concentration, 2.5 
X 10-2M; time, 48 hr; temperature, 25~ 

and consti tutionally related to norval ine  were chosen. 
These were: norleucine, leucine, valine, ~-aminobu-  
tyric acid, ~-aminobutyr ic  acid, ~-aminooctanoic acid, 
and N-acetyl  norvaline. The concentrat ion of the addi- 
tive, the acidity of the solution, and the  time of elec- 
trolysis were all varied, but  no condition was found 
such that disk formation occurred. Qualitative and 
quant i ta t ive tests showed that NH3 was formed to a 
greater or lesser degree with all of these compounds, 
and a change in color of the solution was observed 
with some of them, part icular ly with norleucine and 
with ~-aminooctanoic acid. However, unl ike norvaline, 
none of them showed any formation of dispersed solid 
in observable amount. Obviously, the functional  
groups are not the only requirement  for the formation 
of the solid and the interracial disk. The length of the 
carbon chain appears to be a critical factor in the 
process. 

Summary and Conclusions 
1. In the electrolysis of an acid copper sulfate solu- 

tion with a wire cathode surrounded by a cylindrical 
copper anode, addition of a small amount  of norval ine 
causes a disk-shaped outgrowth to form on the cath- 
ode and along the air-solution interface. 

2. The pr imary  cause of this interfacial  outgrowth is 
a soIid oxidation product arising from reaction of the 
dissolved norval ine with air or oxygen at a copper 
surface, in this case the anode. Dissolved reaction 
products are not involved. 

3. During the electrolysis, oxidation of the norval ine 
occurs only along the line of contact between copper 
anode, air, and solution. 

4. Transport  of the solid oxidation product from 
anode to cathode takes place by surface diffusion along 
the air-solut ion interface. 

5. Cathode outgrowths can be produced along the 
bottom of the electrolysis cell by causing the otherwise 
suspended solid to settle. 

6. Evidence of copper powder at the bottom of the 
cell in some experiments,  and evidence of a copper- 
powder residue left on dissolving the solid reaction 
product in dilute bases, indicates that  formation of the 
interfacial cathode outgrowths probably involves cop- 
per powder as a conducting medium. 

7. In  a group of eight s t ructural ly  related amino 
acids, all examined under  similar electrolytic condi- 
tions, only norval ine produced the interfacial cathode 
outgrowths. 
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Electrodeposition along the Air-Solution Interface 
II. Metallographic Study 
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ABSTRACT 

A metallographic examinat ion was made of a cathode deposit formed 
along the air-solut ion interface of an acid copper sulfate electrolyte con- 
taining a small amount  of norvaline. The photomicrographs indicate init ial  
nucleat ion at the interface, presumably along a preexisting conductive film, 
followed by growth of the deposit downward toward the solution. No evidence 
was found of growth cones extending radially and horizontally from the 
cathode and along the interface. 

The preceding paper (1) describes the results of 
some experiments  on the mechanism by which a small  
amount  of norval ine  added to an acid copper sulfate 
electrolyte causes the cathode deposit to grow prefer-  
ent ia l ly  along the air-solut ion interface when  elec- 
trolysis occurs with a wire cathode and a cylindrical 
copper anode. It  is speculatively suggested that this 
part icular  form of electrodeposition occurs as a con- 
sequence of a conductive film formed along the surface 
of the solution. This film is thought to contain copper 
powder formed at the cathode, thus giving rise to ini-  
tial deposit nucleat ion at or near  the cathode but  along 
the l iquid surface. 

The details of the growth habit  of the interfacial disk 
are not revealed by the chemical investigation de- 
scribed in Part  I (1). Moreover, it is not clear whether  
the assumed conductive film can be regarded as a pre-  
existing condition followed by the observed downward 
thickening of the interracial  deposit, due to nucleat ion 
only along its lower face, or whether  a preferred 
horizontal growth occurs outwardly  and radial ly from 
the cathode, along the air-solut ion interface, prior to 
the downward growth. To at tempt a fur ther  elucida- 
t ion of the mechanism, a brief  metallographic ex- 
aminat ion of the interracial  deposit was carried out 
as part  of the investigation. For this purpose, photo- 
micrographs of deposit cross sections were produced 
and examined by one of us (J.M.T.) at the Structures 
and Materials Laboratory, National Aeronautical  Es- 
tablishment,  National  Research Council, Ottawa. The 
results are reported in  this paper. 

Specimen Preparation 
Typical cathode deposits with the interfacial out- 

growth were prepared as described in Par t  I (1). 
Various cross sections were then made for metal lo-  
graphic study, using s tandard techniques, Referring to 
Fig. la  and b, longi tudinal  sections were made of the 
wire cathode and deposit in the region at the solution 
l ine and at the bottom end. A t ransverse  section, made 
approximately midway, is represented in Fig. lc. For 
the specimen examined, the interracial disk-shaped 
deposit was detached readily from the electrode intact, 
enabl ing a separate cross section to be made of it as 
indicated in  Fig. 2. 

After  sectioning, all specimens were  coated with 
electroless nickel plat ing to preserve specimen edges 
and to prevent  their  rounding during subsequent  
gr inding and polishing. All specimens were etched 
after polishing with either of the solutions A or B 
(Table I).  
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2 P r e s e n t  addres s :  Co lone l  B y  S e c o n d a r y  School ,  Ot tawa,  Onta r io ,  
Canada .  
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o r i en t a t i on .  

Table I. Polishing solutions 

S o l u t i o n  A 
H2SOi (cone) I m l i t e r  
H~O2 ( i0%)  20 m l i t e r s  

F o l l o w e d  by 
SnC12 �9 2He0 0.Sg 
CuCl~ �9 2HeO 1.0g 
FeC18 �9 6H20 30.0g 
HC1 (conc) 42 m l i t e r s  
C~HsOH 500 ml i t e r s  
H20 500 ml i t e r s  

S o l u t i o n  B 
H~SO4 (conc) 1 m l i t e r  
H~O2 (10%) 20 m l i t e r s  
H~O 21 m i i t e r s  

Results and Discussion 
Norma~ deposit.--The longi tudinal  and transverse 

sections of the electrode in Fig. 1, photographed under  
plane polarized light, show the wire with the copper 
deposit as it is normal ly  formed. A variat ion in the 
structure of the deposit from the original substrate to 
the outer surface is evident, the deposit near  the sub- 
Strate having a columnar or conelike structure of the 
field-oriented type and that near  the outer surface 
having an unoriented-dispers ion type of structure. The 
crystatl inity of the outermost deposit in this specimen 
is also considerably coarser than  that near the original 
wire. These s t ructural  variations are presumably the 
result  of a combination of factors including the gradu-  

Fig. la. Longitudinal cross section of wire cathode and deposit 
at the solution line. Interfacial disk removed. 

43 
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Fig. lb. Longitudinal cross section of bottom end of wire cathode 
and deposit, showing vertical and horizontal growth cones. 

Fig. lc. Transverse cross section of cathode deposit midway 
between solution line and bottom end. Part of the cathode wire 
substrate is visible on the left. 

(3, 4). The growth cones are all of the continuously 
nucleated type shown schematically in Fig. 12 of Ref. 
(3) and as an actual deposit in Fig. 2B of Ref. (2). In  
the case of pyrolytic graphite, such continuous nu-  
cleation has been at t r ibuted to relat ively large ag- 
glomerations of carbon being deposited with much 
finer particles (3). However, unl ike  the vapor de- 
posits, the growth cones at the bottom end of the cop- 
per electrode shown in  Fig. lb  are parallel  with the 
axis of the electrode rather  than perpendicular  to the 
surface of deposition, and in place of continuous ra-  
diation of deposit around the corners at the electrode 
tip, there is an abrupt  change from horizontal to ver-  
tical growth. If the direction of growth of the cones in  
the electrodeposit follows current  flow lines as indi-  
cated by the deposit in  Fig. lc and that  along the axis 
of the electrode in Fig. la  and b, then the deposit at 
the electrode tip implies a discontinuous pat tern  of 
current  flow lines at the corners of the tip. 

Deposit at the air-solution inter]ace.--In several in-  
stances, the interracial disk-shaped deposit was only 
loosely held to the wire cathode, as was evident in its 
easy detachment enabl ing it to be lifted off along the 
wire. This suggests a pr imari ly  mechanical  contact be- 
tween the disk and the electrode rather  than  the pres- 
ence of actual chemical bonds of the normal  metall ic 
type, as might  be expected if the disk growth occurs 
and originates from a preexisting conductive surface 
film. On the other hand, it might be possible, although 
it appears less likely, that a th in  or bri t t le  interfacial 
deposit actually bonded to the wire at the meniscus 
could also result  in the observed easy detachment of 
the disk. 

The cross section of the interracial  disk shown in 
Fig. 2 reveals a columnar or conelike s tructure in all 
regions. This is just  visible in  the low-power micro- 
graph of Fig. 2a taken in ordinary i l luminat ion but  
more clearly revealed when  examined in polarized 
light and under  greater magnification as shown in Fig. 
2b and c. An enlarged view of one of the wings is 
shown under  ordinary i l luminat ion in Fig. 2d, slightly 
defocused to bring out the obvious laminar  pat tern in 
the deposit. The similari ty of the s tructure of this cop- 
per deposit with those of silicon carbide (2) and pyro- 
lytic graphite (3, 4) is apparent  not only with re-  
spect to the growth cones perpendicular  to the sub-  
strate surface but  also with respect to the laminar  pat-  
tern. The heavy l ine runn ing  midway through the 
deposit in Fig. 2d was probably caused by a current  
in te r rupt ion  leading to a discontinuity in the deposi- 
t ion process. 

ally decreasing current  density with increasing cath- 
ode area under  constant current  flow [see Part  I (1)] 
and the presence of adsorbed components of the solu- 
tion affecting the growth habit. These features were 
not always observed, however. In  another specimen, 
the oriented columnar structure extended all the way 
to the outer surface, but  only along the upper  part  of 
the cathode. The lower region showed a t ransi t ion to 
the unor iented  s tructure similar to Fig. 1. Examinat ion 
showed that the oriented and unor iented  in ternal  
structures are associated with relat ively smooth and 
rough external  surfaces, respectivelY. 

The columnar s tructure evident  in the longi tudinal  
view in Fig. lb  is of part icular  interest  in that  it shows 
a discontinuity in direction of the growth cones at the 
bottom end of the electrode. The longi tudinal  section 
at the solution l ine where the interfacial  disk was 
originally attached (Fig. la)  showed only the hori-  
zontal columnar feature. 

The conelike structure noted in all the sections of 
the deposit appears to be identical with that of vapor-  
deposited silicon carbide (2) and pyrolytic graphite Fig. 2a. VerticM cross section of interfacial disk 
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Fig. 2b. Vertical cross section of one wing of the interfacial 
disk under polarized light. 

Fig. 2c. Vertical cross section of interfacial disk. Enlarged view 
under polarized light, showing columnar structure. 

The or ientat ion of the growth cones in  the interracial  
disk shown in  Fig. 2 indicates that nucleat ion occurred 
at the surface of the electrolyte, along the air-solut ion 
interface. Growth perpendicular  to this interface took 
place at all times, even wi th in  the meniscus. There is 
no evidence in the photomicrographs to indicate nu-  
cleation at the surface of the wire electrode with 
growth radiat ing out along the air-solut ion interface 
and perpendicular  to the electrode axis. In  fact, exami-  
nat ion of Fig. l a  show's that  the normal  horizontal 
growth cones on the electrode just below the meniscus 
are prevented from continued growth by the down- 
ward-growing inter facial disk. Furthermore, the 
photomicrograph of the bottom end of the cathode in 
Fig. l b  seems to indicate that  growth cones normal ly  
develop in a fixed orientat ion determined by the man-  
ner  in which the growth begins, and that this or ienta-  
t ion continues with the new cones as the deposit grows 
in a lateral  direction, Presumably,  the growth pat tern  
of the interracial  disk is no exception. 

Fig. 2d. Vertical cross section of interfacial disk under ordinary 
illumination, showing laminar pattern. 

Summary and Conclusions 
1. Metallographic examinat ion of cross sections of 

copper deposits formed at the cathode and along the 
air-solut ion interface, and caused by small  amounts  of 
norval ine  in the acid copper sulfate electrolyte, shows 
growth cones extending downward from the interface 
into the solution. 

2. The downward orientat ion of the growth cones, 
with No evidence of horizontal  growth cones at the 
air-solut ion interface near  the cathode, supports the 
view that  deposit nucleat ion occurs at the l iquid sur-  
face and that  a conductive surface film is probably 
present as a preexisting condition for the nucleation. 

3. The assumed conductivity of the interfacial  film 
is considered to arise from the presence of copper 
powder formed at the cathode, in  conjunct ion wi th  
reaction products arising from oxidation of the nor-  
valine at the copper anode (1). 

4. The disk-shaped deposit was sometimes easily 
detached from the cathode by lift ing off along the 
wire, indicating main ly  a mechanical  contact with no 
part icular  metallic bond between the disk and the 
cathode wire. This is consistent with downward growth 
of the disk from a preexisting conductive surface film. 
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ABSTRACT 

The anodic oxidation of acetate ions in (nominal ly  nonaqueous) glacial 
acetic acid and in glacial acetic acid-dimethylformamide solutions has been 
examined on pla t inum at various temperatures  between 25 ~ and 75~ Poten-  
tiostatic and potentiodynamic techniques were used in conjunct ion with re-  
action product analysis by infrared and NMR. The real heat of activation at 
the reversible potential for the Kolbe reaction in glacial acetic acid is 53 
kcal mole -1. Also, acetate ions can undergo oxidation at low potentials 
(e.g., 0.45V vs. RHE) when the reaction is carried out at a high temperature  
(ca. 75~ The oxidation of DMF is indicated around 1.1-1.5V at temperature  
above 55~ both in potentiostatic and potent iodynamic profiles. The product 
analysis shows that  oxidation of DMF also occurs at high potentials (e.g., 
2.37V) in parallel  to the Kolbe reaction. The product of DMF oxidation at 
this potential  is N-acetoxymethyl  N'amethylformamide;  the coulombic effi- 
ciency for the formation of this product at 2.37V is about 5%. 

In  the first report (1) in this series of publications, 
anodic oxidation of acetate ions to methyl  acetate, on 
a graphite electrode, was examined from an electrode 
kinetic point of view. The purpose of the present work 
was to investigate some aspects of the anodic oxidation 
of acetate ions in acetic acid in the presence of di- 
methylformamide (DMF) on a smooth pla t inum elec- 
trode. This has already been examined from a syn-  
thetic point of view by Ross (2) who suggests that the 
following reactions can occur 
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Recently, Ross et aL (3) have also reported some 
current  potential  studies, both steady-state and cyclic 
voltammetric,  on the above system. The present work 
explores these electrode kinetic aspects in somewhat 
more detail, especially with regard to the effect of tem- 
perature on the reaction. In  order to obtain this in-  
formation, it was necessary also to investigate the tern- 
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perature effects on the oxidation of the acetate ions 
themselves, which has been examined previously only 
quite briefly (4). 

Experimental 
All experimental  details except the following have 

been described recently (1). 
Smooth pla t inum wires, sealed into Pyrex in open 

flame with subsequent thorough cleaning were used as 
the working electrodes. The p la t inum wire was 
99.999% pure and was supplied by the Engelhard In -  
dustries Ltd. The DMF was Baker analyzed reagent. 

The steady-state current -potent ia l  relationships 
were recorded by the automatic procedure described 
previously (5). All potential  values refer to the hy-  
drogen electrode in the same solution and are desig- 
nated by the symbol, EH. 

Although the usual precautions to el iminate moisture 
from the acetate/acetic acid solutions were taken, the 
solutions must  be presumed to contain traces of water 
since the experiments were not conducted in  a con- 
t rol led-atmosphere chamber. 

For the analysis of reaction products, a large smooth 
pla t inum foil (10 cm 2) was used for the galvanostatic 
electrolysis of a 1M DMF plus 1M potassium acetate in  
glacial acetic acid solutions. The current  density used 
was 1.5 mA / c m 2 and the electrolysis was carried out 
for 5 days at 78~176 The product was isolated and 
identified from its infrared and nuclear  magnetic res- 
onance (NMR) spectra by comparing with a known 
product synthesized chemically by the acetylation of 
N-hydroxymethyl  N'-methylformamide,  prepared as 
described previously (6). 

Results and Discussion 
Temperature efJects in the anodic oxidation of ace- 

tate ions.--In Fig. 1, potentiostatic, steady-state cur- 
rent-potent ial  curves for the anodic oxidation of 1M 
CH3COOK in acetic acid at smooth p la t inum are pre-  
sented for various temperatures.  Although steady-state 
polarization curves were conducted at several tem- 
peratures for the determinat ion of AH* values (Fig. 2), 
the various Tafel plots shown in Fig. 1 and 4 depict 
only a few representat ive temperatures  in order to 
avoid cluttering. These curves were corrected graphi-  
cally for the iR drop. At the higher anodic po- 
tentials, there is little hysteresis between the ascending 
and descending curves. From these corrected current -  
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for the ascending potential  steps are greater  than 
2RT/F. This high value  of the Tafel  parameter  has 
also been observed for the Kolbe react ion (7) at low 
temperatures  (25~ and was accounted for by a bar-  
r i e r - l ayer  film mechanism (7). 

The apparent  heat  of act ivation AH* can be evalu-  

1.5 
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0.5 

0 I I I I I 
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Fig. 1. Steady-state, potentiostatic current-potential relationships 
on smooth platinum in IM  CHsCOOK in CHsCOOH, at the shown 
temperatures. These curves were corrected for the ohmic drop in 

ated from the log current  density vs. 1/T relationships 
for a given potential  as i l lustrated in Fig. 2. The slopes 
as obtained from a least square deviat ion t rea tment  of 
the data give value of 11-12 kcal mole -1 for the AH*. 
This heat of act ivat ion does not, of course, refer  to the 
value at the revers ible  potential  for the over-a l l  re -  
action of acetate oxidation 

ZCH3COO- * C2H6 § 2CO2 + 2e [4] 

The apparent  heat  of act ivation at a given potential,  
AH*, is re la ted to the apparent  heat  of act ivation for 
the reaction at the revers ible  potential, AH*r, by the 
equation 

the solution. The 24~ curve il]ustrates the current-potential be- 
havior with and without the ohmic corrections. 
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Fi.g. 2. Plots for the determination of AH*,  i.e., (0 log i/O (1/T))ER 
values as deduced from the data in Fig. 1. 

potential  relationships, a Tafel  correlat ion can be ob- 
served for at least two decades. In Table I, we  present 
the exper imenta l  values of Tafel  slopes and the trans-  
fer  coefficient fl for various temperatures .  The lat ter  is 
constant wi th in  the exper imenta l  error. The b values 

Table I. Tafel slopes in 1M CH3COOK in glacial acetic acid solutions 

Ascending  Descending  
potential  steps potential  steps 

Temp,  b (exp),  b (exp),  
~ m V  8" m V  /~* 

24 150 0.39 125 0.47 
35 140 0.44 105 0.58 
4S 135 0.47 113 0.55 
55 150 0,43 118 0.55 
65 150 0.45 133 0.50 
75 137 0.50 125 0.55 

Avg: 0.45"4-0.04 Avg: 0.53• 

* f l  = 2 . 3 0 3 R T / b F .  

AH*r --~ AH* -!- fl~lF [5] 

where  ~ is the value of the overpotent ia l  at which the 
AH* value has been determined.  The revers ible  poten-  
tial for the acetate oxidat ion (i.e., Eq. [4] ) in glacial 
acetic acid is --1.05V (with reference to the reversible  
hydrogen electrode) (7). If  the anodic oxidation of 
acetate, and hence the determinat ion of A/-/* is done 
at 2.5V (vs. RHE),  as in Fig. 2, the value of the over-  
potential, % becomes 3.55V for this case. By using this 
value of ~ and the exper imenta l  values of AH* (at 
2.5V) and /~ in Eq. [5], one obtains the value of AH*r 
_~_ 47 kcal mole -1. This is the value of the heat  of ac- 
t ivat ion which is re levant  to the process in react ion 
[4] since it refers to the reversible  potential. Al te rna-  
tively, one could have obtained the same value by de- 
termining the exchange current  density, io, values at 
various temperatures  and then plott ing log io vs. 1/T; 
however,  ex t remely  long extrapolat ions needed to ob- 
tain io values for the present case would make the 
values thus determined meaningless. The only approxi-  
mation involved in our determinat ion of AH*r value, as 
outl ined above, is that  the value of ~ is constant at 
various tempera tures  studied. Al though the values of 

in Table I are not exact ly constant, they do not show 
a systematic var ia t ion with  tempera ture  and hence 
must be at t r ibuted to a normal  scatter of exper imenta l  
data wi th in  a fair ly nar row range f rom which a mean  
constant value of ~ may be deduced, as in our calcu- 
lation. 

It is interest ing to point out that f rom the value of 
the apparent  heat  of activation at the reversible  po- 
tential, AH*r, one can estimate the real heat  of act iva-  
tion, AH*R, for the Kolbe reaction in nonaqueous 
medium, i.e., for the reaction in Eq. [4]. This real heat 
of activation is given as (10) 

AH*R : AH*r -b fl AH ~ 

where  ~H ~ is the heat  of the Kolbe react ion (Eq. [4]). 
This la t ter  thermodynamic  quant i ty  has to be est imated 
from the heats of format ion of C H 3 C O O - s o l v a t e d ,  
C2H6gas, and CO2gas .  The last two quanti t ies are avai l-  
able in standard handbooks. The value of the heat  of 
formation of acetate ion in acetic acid has to be ap- 
proximated to its value  in aqueous solution which is 
--116.84 kcal mole -1 (11). The val idi ty  of this ap- 
proximat ion can be based on the near  equal i ty  of free 
energy of formation of acetic acid in aqueous solution 
and i t s  value in glacial acetic acid (7): the difference 
be tween  these values is less than  4 kcal mole -1. Since 
the heat  of formation of the proton is defined as zero, 
one feels that  the approximat ion for the AH ~ is sound. 
The AH ~ so obtained is equal to 13 kcal mole  -1 wi th  an 
uncer ta inty  of •  kcal mole -1 arising from the above 
assumption. Using the exper imenta l ly  determined 
~(0.45), the real heat  of act ivat ion at the r e v e r s i b l e  
potential, AH*R is est imated at 53 kcal mole -1 with an 
est imated error  of +__3 kcal mole  -1. 



48 J. E lec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY J anuary  1975 

It should be pointed out that the extremely high 
(53 kcal mole -1) value of AH*R for the Kolbe reaction 
(i.e., Eq. [4] ) is consistent with other features of this 
reaction (7, 8) such as: very low exchange current  
densities, extremely high overpotentials needed to ob- 
tain a given rate of reaction, filming of the electrode 
and hence increase in the reaction resistance during 
the course of the reaction. No previous data, it is be-  
lieved, are available for comparing the magni tude  of 
our AH*R values. 

An interest ing temperature  effect arises in  the po- 
tent iodynamic profiles (Fig. 3). At a comparable sweep 
rate, the potentiodynamic profile at 75~ shows an ad- 
ditional anodic peak around 0.45V, which is not ob- 
served in the experiments  carried out at a much lower 
temperature  (24~ 

The appearance of the new anodic peak indicates 
that at high temperatures,  a noticeable surface reac- 
tion between the surface oxides and the adsorbed 
organic (or its intermediates)  occurs giving rise to 
the new anodic peak at 0.45V. This peak is similar to 
the one observed in the electrooxidation to CO2 of 
other organic fuels, e.g., HCOO- (9). This assignment  
of the peak would be consistent with the fact that at 
high temperatures,  complete oxidation of the acetate 
ions to CO2 does indeed occur at potentials below ca. 
0.TV (4). 

It has been observed that the peak at 0.45V appears 
only at low sweep rates (e.g., 50 mV sec -1) whereas it 
tends to disappear at higher sweep speeds (e.g., 343 
mV sec-1).  This would suggest that at faster sweep 
rates, the surface reaction between the oxide and the 
adsorbed organic does not have sufficiently long op- 
por tuni ty  to oass enough charge needed to give rise to 
a pronounced anodic current  peak. 

Temperature  effects in the anodic oxidation of ace- 
tate ions and DMF. - - In  the potentiostatic, steady-state 
current-potent la l  curves (Fig. 4) obtained at various 
temperatures,  it is observed that at potentials above 
2.1V (i.e., at which the Kolbe reaction commences),  
there is l i t t le difference in the behavior in the pres- 
ence or absence (Fig. 1) of DMF. At lower potentials, 
however, at temperature  above ca. 55~ new features 
appear which are presumably associated with the oxi- 
dation of DMF. The oxidation of D.MF between 1.1 to 
2.0V approximately,  at 55~ and above, is suggested by 
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Fig. 3. Potentiodynamic profiles on smooth platinum in 1M 

CH3COOK in CH~COOH (also containing, presumably, traces of 
water). The solid line refers to the profile at 25~ whereas the 
dashed line is for 75~ The new anodic peak around 0.45V may 
be noted at 75~ (sweep rate, 50 mV sec-1).  
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Fig. 4. Same as in Fig. I but now the solution made 1M in DMF 

t 0  - t  

the new current  inhibi t ion regions appearing in Fig. 4. 
This type of inhibi t ion inflections are not uncommon 
for electro-organic oxidations and have been discussed 
previously by Bagotskii (12), Conway and Gilroy (13), 
and others (14). The AH* values for the D.MF oxida- 
tion cannot be determined because of the absence of 
well-defined Tafel lines, at several temperatures,  per-  
taining to the DMF oxidation (i.e., at potential  below 
2.0V). The AH* values deduced from the Tafel lines 
(above 2.1V) in  Fig. 4 are comparable to those obtaned 
from Fig. 1 suggesting thereby that at high anodic po- 
tentials oxidation of the acetate is the predominant  re-  
action even in the presence of D.MF. 

There are some pronounced effects of temperature  on 
the potentiodynamic profiles obtained in solutions con- 
taining DMF (Fig. 5). At 25~ there  is v i r tua l ly  no 
difference between this solution containing DMF and 
the profile obtained for potassium acetate in  acetic acid. 
At 75~ one clearly observes detailed s tructure in the 
profile, including the anodic peak around 0.5V. The 
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Fig. 5. Potentiodynamic profiles on smooth platinum in I M  
CH3COOK in CH3COOH to which 1M DMF has been added. The 
solid profile is for 25~ whereas the dashed one is at 75~ (sweep 
rate, 50 mV sec -1 .  
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Table II. Tafel slopes in 1M CH3COOK ~ 1M DMF 
in glacial acetic acid solutions 

Ascending Descending 
p o t e n t i a l  s t eps  p o t e n t i a l  steps 

T e m p ,  b ( exp ) ,  b ( exp ) ,  
~ m V  ~ m V  

! 
/ 

/ 

~\ /l 
I %\J/ 

25 157 0.38 165 0.36 
S5 163 0.37 125 0.49 
45 163 0.39 125 0.50 
58 163 0.40 130 0.50 
65 175 0.38 150 0.45 
75 175 0.39 163 0.42 

Avg: 0.38~-0.01 Avg: 0 .454" 0 .06  

peak at 1.35V is perhaps associated with the oxidation 
of DMF and the one at 0.55V may be at t r ibuted to the 
oxidation of acetate and of a product of the DMF oxi- 
dation. 

This last hypothesis is confirmed by the fact that the 
peak at 0.5V increases in magni tude  as the number  of 
scans increases, and, as a funct ion of time as shown in 
Fig. 6. This time effect is more pronounced in the pres- 
ence of DMF than  in the acetate-acetic acid solution. 
The increase in  the anodic current  at 0.5V, 1.3V, and 
higher potentials is concomitant with the d iminut ion  in 
the size of the oxide reduction peak at 0.85V; this oxide 
peak presumably  originates from the presence, of traces 
of water  in  the solution. The na ture  of the oxidized 
species at 0.5V cannot be ascertained but  it could be 
an oxidation current  of a byproduct  of the DMF oxi- 
dation. The increase in current  with t ime could indi-  
cate an accumulat ion of this byproduct  in the solution. 
As the tempera ture  is decreased to 25~ after several 
potent iodynamic scanning experiments at 75~ the 
peak at 0.5V is still observed which would confirm the 
suggestion of byproduct  accumulation. Such evidence 
for the formation of this byproduct  was not observed 
in the absence of DMF. For the acetate-acetic acid 
solution containing no DMF, the profiles at 25~ were 
identical in fresh solutions and in solutions in which 
experiments  had already been conducted at 75~ 

The Tafel parameters determined from the upper  
(above 2.0V) part  of the steady-state polarization 
curves are shown in Table II. The Tafel slopes are 
somewhat larger than those in the absence of DMF. In  
the potential  range in which the reaction products can 
be practicably determined (i.e., the Tafel region),  the 
Kolbe reaction proceeds with the simultaneous oxida- 
t ion of DMF that could perhaps influence the Tafel 
slopes (see below).  

The product isolated from the reaction solution after 
the galvanostatic electrolysis, was identified as N-ace- 
toxymethyl  N ' -methyl formamide  

O C H i C  - -  C - -  CH3 
II / II 

H---C - -  N O 
CHs 

The refractive index, the infrared spectrum (2), and 
the NMR spectrum were identical with those for the 
same product synthesized by the acetylation of N-hy-  
droxymethyl -N'  methylformamide.  The coulombic ef- 
ficiency, assuming a two-electron process was found to 
be 5.2%. The main  reaction at the potential  of elec- 
trolysis (2.37V) is the Kolbe reaction. This confirms 
the results obtained by Ross et al. (3) where similar 
results were obtained at 25~ 

It may be added that in the anodic or cathodic 
charging curves triggered from the rest potentials 
(around 1.0V), in solutions containing DMF, no a r -  
rests were observed. This would indicate an absence 
of electroactive (i.e., which can be deposited on, or 
stripped off from, the electrode in a t ransient)  ad- 
sorbed species. Similarly, no arrests or inflections were 
observed in the fast (time of decay less than 1 sec) 
open-circui t  potential  decay profiles taken from var i -  
ous anodic potentials. In  the slow (time of decay of 
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Fig. 6. Time effect for a 1M DMF and 1M CH3COOK in 
CH3COOH (T = 75~ sweep rate = 50 rnV sec -D .  Curve B, 
(dashed profile), 5 single sweeps after curve A (solid profile) and I 
hr interval between these two curves. 

the order of 1 min)  open-circui t  decay profiles, an 
"arrest" characteristic of the presence of a "depolar- 
izer" was, however, observed in solutions with or 
without DMF. The "depolarization" effect must  be as- 
sociated with the relat ively slow adsorption (or de- 
sorption) of intermediates (e.g., traces of CH~OH) 
that might  be produced in an electro-oxidation such as 
the present one. It is obvious that open-circui t  profiles 
such as these cannot be subjected to a meaningful  
analysis and are hence not shown here. 

Conclusions 
1. The apparent  and  the estimated real heats of ac- 

t ivat ion (at the reversible potential)  for the Kolbe 
reaction in acetate-glacial acetic acid solutions are 47 
and 53 kcal mole -1, respectively. 

2. At temperatures  above 55~ the. acetate ions tend 
to undergo anodic oxidation at potentials as low as 
0.45V (RHE). 

3. In  the steady-state polarization curves of acetate- 
acetic acid-DMF solutions at smooth plat inum, DMF 
undergoes oxidation between 1.1 and 1.5V at high tem- 
peratures (e.g.. 75~ This behavior  is also confirmed 
in the potentiodynamic profiles. 

4. From the product analyses (which had to be car- 
ried out at high potentials in order to obtain reason- 
ably high rates )at  2.3~V, it is indicated that the oxi- 
dation of DMF proceeds parallel  to the Kolbe reaction 
with a coulombic efficiency of the former equal to 
about 5 %. 
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On the Electrochemical Nucleation of Silver on 
Different Crystal Orientations of Graphite 
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ABSTRACT 

A n  a t t empt  was made  to de te rmine  exper imen ta l ly  the nucleat ion over-  
potent ia l  of s i lver  on h igh-pressure ,  s t ress -annealed  pyroly t ic  graphi te  as 
a function of crysta l  orientat ion,  surface oxidat ion state, and solut ion com- 
posit ion using both galvanostat ic  and potent iostat ic  pseudo-s teady-s ta t e  cur -  
r en t -po ten t i a l  relat ionships.  Si lver  deposits on the edge or ienta t ion from 
silver perchlora te  wi th  a nucleat ion overpotent ia l  of about  30 mV but  does 
not adhere  to cleavage or ienta t ion at the conditions of the study. The deposi-  
t ion of s i lver  takes place on both cleavage and edge orientat ions from si lver  
cyanide solut ion and is accompanied wi th  a nucleat ion overpotent ia l  of about  
200 and 250 mV, respect ively.  

A knowledge  of the  magni tude  of nucleat ion over-  
potent ials  of metals  on graph i te  and carbon subst ra tes  
is useful  for both fundamenta l  and appl ied aspects of 
electrodeposit ion.  In  spite of the progress made in un-  
ders tanding the kinet ics  of e lect ronucleat ion (1-5),  
there  is a lack of re l iable  data  on the values of nuclea-  
tion overpotent ia ls  of metals  on graphite.  Avai lab le  
informat ion (1) appears  to have been obtained under  
poor ly  defined exper imen ta l  conditions and on carbon 
subst ra tes  with poor ly  defined surface s t ructure  and 
oxidat ion state. The present  ava i lab i l i ty  of h igh-p res -  
sure, s t ress -annea led  pyro ly t ic  graphi te  wi th  we l l -  
or iented s t ructure  s imilar  to that  of single crysta l  
mater ia l  permits  a more re l iable  de te rmina t ion  of 
nucleat ion overpotentials .  The resul ts  recent ly  re -  
por ted  (7-8) on the electrochemical  nucleat ion of mer -  
cury  on the la t te r  type  of graphi te  are  s t rongly  in  
conf ic t  wi th  both theore t ica l ly  predic ted  (6) and ex-  
pe r imenta l ly  de te rmined  values on carbon samples  
used in previous work  (9). 

In the present  work  an a t tempt  has been made to 
obtain some re l iab le  values for the nucleat ion overpo-  
tent ia l  of s i lver  on wel l -o r ien ted  (ZYH type)  py ro ly -  
tic graphite .  The effect of crysta l  orientat ion,  surface 
oxide films, and solution composit ion has also been 
explored  using both galvanosta t ic  and potent iostat ic  
p seudo- s t eady- s t a t e  cur ren t -po ten t i a l  scanning me th -  
ods. The effect of solution composit ion was explored  
by  per forming  the s tudy in solutions containing e i ther  
simple salt  (s i lver  perch lora te  in perchlor ic  acid) or 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  words :  n u c l e a t i o n  of s i lve r ,  n u c l e a t i o n  on g raph i t e ,  graph i t e  

o r i e n t a t i o n  and  nuc l ea t ion .  

complex salt  (0.19N si lver  cyanide) .  Possible va r i a -  
tions in the oxidat ion state of the graphi te  surface 
were  examined  by  obtaining cathodic vo l t ammograms  
in oxygen- f ree  perchlor ic  acid solutions. 

Experimental Procedure 
Galvanos ta t ica l ly  control led cur ren t -po ten t ia l  re la -  

t ionships were  obtained by apply ing  the circuit  d ia-  
gram shown in Fig. 1. A Tacussel function genera tor  
was used as a source of scanning vol tage with  a l inear  
scanning ra te  of 1 ~A/sec -1. A Wenking potent iosta t  
(Type  68FR 0.5) was used to conver t  the scanning 

I 

4 

G 

I -  

Fig. 1. Schematic diagram for the galvanostatic variation of 
current with potential. X-Y, X-Y recorder; G, function generator; 
P, potentiostat; RD, variable resistor; 1, electrochemical cell; 
2, working electrode; 3, reference electrode; 4, counterelectrode. 
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voltage into the applied galvanostatic current  by con- 
necting it (10) in the manne r  shown in  Fig. 1. A Honey-  
well X-Y recorder was used to record the potential  
as a funct ion of the current .  Potentiostat ically con- 
trolled current -potent ia l  relationships were obtained 
by connecting the potentiostat  in the more conven-  
tional manner .  The same potentiostatic method was 
applied to produce the cathodic vol tammograms in 
perchloric acid solutions. All  potentiostatic experi-  
ments  were performed at a scan rate of 0.2 V / m i n  -1. 

The electrochemical cell consisted of two com- 
partments,  one for the r e f e r ence  electrode and the 
other for both the working and counterelectrode. As a 
reference electrode a silver wire was used in silver 
perchlorate solution and a saturated calomel in both 
perchloric acid and silver cyanide solutions. The 
former reference electrode exhibited a potential  of 
0.666V (NHE). In  solutions containing silver ions two 
silver plates were used as a counterelectrode. In  
voltammetric  experiments  in perchloric acid the 
counterelectrode was a spectroscopic graphite rod to 
avoid contaminat ion of the solution with silver ions. 
The rotat ing disk was applied throughout  the work 
at a speed of 1600 rpm. Electrodes of both cleavage 
and edge orientations were machined and fitted to the 
Teflon coated steel shaft of the rotat ing disk assembly 
as described elsewhere (11). Solutions were prepared 
from AR quali ty salts and water  t r iply distilled twice 
from a permanganate  solution. All experiments  were 
carried out in hel ium saturated solutions. 

Results and Discussion 
The electrodeposition of a metal  on a foreign sub- 

strate with which it does not form mixed crystals in-  
volves the formation of a new phase, which, therefore, 
requires an energy of nucleation. The lat ter  is pro- 
vided by a nucleat ion overpotential  which is necessary 
to br ing the concentrat ion in the double layer  (12) to 
a certain supersaturat ion value. 

Nucleation overpotential  is exper imental ly  well de- 
fined in galvanostatically controlled current -potent ia l  
relationships. When the current  is slowly increased, 
the overpotential  with respect to a reference of the 
same metal  in the test solution, will first increase 
rapidly at a low current  density unt i l  the first layer 
of metal  nuclei is deposited on the inert  substrate. A 
fur ther  increase in the current  density will cause a 
decrease in the overpotential  as the deposition of the 
metal  takes place on the same metallic surface and 
therefore results in a well-defined maximum. If, as in 
many cases, the reduction of the metal ion on the 
same metal  substrate occurs reversibly, the increase in 
current  density following the formation of the first 
layer  of metal  nuclei, in the absence of concentrat ion 
polarization, will take place at an almost constant  po- 
tential. Nucleation overpotential  can then be defined 
as the difference between the max imum potential  and 
that  corresponding to the reduction of the metal  ion at 
constant potential. 

Figure 2 shows galvanostatically controlled current -  
overpotential  relationships for the reduction of Ag + ion 
from he l ium-sa tura ted  silver perchlorate solution 
(0.05N silver per chlorate in 1N perchloric acid) on both 
cleavage and edge graphite orientations. No electrode 
pre t rea tment  was applied after exposing the new 
surface. Both plots of Fig. 2 show well-defined maxima 
at overpotentials of --52 and --46 mV for cleavage and 
edge graphites, respectively. In the case of edge 
graphite the increase in current  following the maxi-  
mum occurs at a constant potential. The difference of 
14 mV between that constant  potential  and the re- 
versible reference is a slight activation polarization 
because of the high current  density caused by the 
small  t rue area of formed silver nuclei. Such is not 
the case with cleavage graphite where it is observed 
that  the potential  shows a l inear  increase with the in-  
crease in current.  Figure 2 then clearly indicates that 
the nucleat ion and deposition of silver from a silver 
perchlorate solution occurs only on edge but  not on 
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Fig. 2. Galvanostatic current-overpotentlal relationships for the 
reduction of Ag + ion from silver perchlarate on both cleavage 
and edge orientation of high-pressure, stress-annealed pyrolytic 
graphite, a, Cleava.ge graphite; b, edge graphite. 

cleavage graphite. The appearance of the max imum in 
the case of cleavage graphite indicates that  nuclea-  
tion actually starts to take place on the surface, but, 
because of the lack of sufficient adhesion forces be-  
tween the graphite surface and the formed nuclei, the 
process of nucleat ion is discontinued, the formed nu-  
clei are removed, and the fur ther  reduction of silver 
ions continues to take place on the graphite surface. 
On the basis of the previously stated definition, nu -  
cleation overpotential, according to Fig. 2, is 32 mV in 
the case of edge graphite and 16 mV at the initial  
stage of nucleat ion in the case of cleavage graphite. 
These values are considerably smaller than a value of 
100 mV reported in Ref. (1). 

The observed difference in the activity of cleavage 
and edge orientations toward nucleation is consistent 
with the known differences in the chemical and elec- 
trocatalytic activity of both surfaces. Studies on the 
electroreduction of oxygen (11) on both surfaces have 
shown that edge graphite is much more electrocatalyti-  
cally active than cleavage graphite. Fur thermore  the 
determinat ion of cleavage graphite 's  surface tension 
(about 35 dynes/cm) (13) and the electrocapillary data 
obtained on the cleavage surface/electrolyte interface 
(14) indicates that ionic adsorption is strongly inhibited 
on that surface from aqueous solutions. The chemical 
and electrochemical inertness of cleavage orientation 
results from the lack of any unsatisfied valencies or 
polar surface structures. The atoms at the cleavage 
surface have satisfied valencies and are symmetrically 
arranged in rings parallel to the surface which are 
separated from successive carbon layers by only weak 
van der Waals forces. On the other hand, the edge 
orientation exposes different organic functional groups 
which can exist in different oxidation states. 

Figure 2 indicates that the open-circuit potential 
of graphite in silver perchlorate solution is strongly 
shifted to more anodic values as compared with the 
corresponding reversible Ag/Ag + couple. The observed 
potential is probably a mixed one which consists of 
both the Ag/Ag + couple and the potential established 
between the surface, organic functional groups and 
the hydrogen ions of the solution. Although only a 
very small number of. these groups exists on the 
cleavage surface at sites of crystal defects, they can 
still have a similar effect on the open-circuit poten- 
tial. Because these organic functional groups may 
exist in different oxidation states, it may be suggested 
that the maxima of Fig. 2 result from the reduction of 
a surface oxide rather than from the nucleation of 
silver on graphite. 

The reduction of graphite's surface oxide can be 
identified with the appearance of peaks in cathodic 
voltammograms obtained in inert solutions. In two 
different studies (15-16), carried out on ordinary 
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Fig. 3. Cathodic voltammograms on both cleavage and edge 
graphites in 1N HCIO~. a, Cleavage graphite; b, edge graphite 
without pretreatment; c, edge .graphite pretreatment in cone. HN03. 

pyrolytic graphite in 1M H2SO4, it was reported that 
the oxide film formed by either chemical or electro- 
chemical t rea tment  is reduced at 0.5V (vs. SCE). The 
lat ter  value is considerably more anodic than the po- 
tentials at which the maxima of Fig. 2 occur, and ac- 
cordingly these maxima result  from nucleat ion and 
not from the reduction of surface oxides. However, in 
order to confirm this lat ter  conclusion it was con- 
sidered necessary to obtain the cathodic vol tammo- 
grams on the same graphite samples used in the 
present s tudy and in  perchloric acid rather  than in 
sulfuric acid. Figure 3 shows the result  of such experi-  
ments  and it is seen that a small peak appears only in 
the case of edge graphite at 0.5V (vs. SCE). The ab-  
sence of organic functional  groups on cleavage graph-  
ite explains the absence of a well-defined peak in its 
voltammogram. The relat ively large current  observed 
on cleavage graphite probably results from charging 
of the double layer. When edge graphite is pretreated 
in concentrated nitric acid the peak becomes more 
prominent  but still takes place at approximately the 
same potential. As a fur ther  confirmation, the gal-  
vanostatic current  potential  relationships for the re-  
duction of Ag + ion were obtained on both graphite 
orientations which were pretreated in concentrated 
nitric acid. Figure 4 shows that the section of the 
plots which is related to nucleat ion for both types of 
graphite is almost the same as that shown in Fig. 2. 
From this it is concluded that even when an oxide 
film is del iberately formed before the study of electro- 
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Fig. 4. Galvanostatic current-overpotential relationships for the 
reduction of Ag + ion from silver perchlorate on both cleavage and 
edge graphites which have been pretreated in conc. HH03. a, 
Cleavage graphite; b, edge graphite. 

chemical nucleation, reduction occurs at a potential  
more anodic than that corresponding to nucleation. 
The higher currents observed in Fig. 4 as compared 
to Fig. 2 at potentials more positive than that cor- 
responding to nucleat ion are probably due to sur-  
face oxide reduction. Pre t rea tment  in concentrated 
nitric acid oxidizes the cleavage surface and exposes 
the organic functional  groups. Such formation and 
subsequent reduction of the organic functional  groups 
on cleavage surface has probably resulted in the ob- 
served shift of the ma x i mum overpotential  into more 
negative potentials (compare Fig. 2a with Fig. 4a). It 
is probable that the reduction of such film activates 
the surface towards nucleation. 

Figure 5 shows that nucleat ion overpotential  
of silver under  potentiostatic conditions on both cleav- 
age and edge graphite at the ini t ial  stage of deposition 
is 30 mV. This value is approximately the same as that 
determined by galvanostatic experiments  on edge 
graphite. With the increase in current,  the lat ter  value 
shows only a slight increase because of the activation 
overpotential  caused by the small t rue area but  soon 
reaches a constant value. One observes, however, 
from Fig. 5 that this init ial  nucleat ion overvoltage in 
the case of cleavage graphite shows a l inear  increase 
with the increase in current  for the reasons already 
mentioned in discussing the galvanostatic experiments.  

The study of electrochemical nucleat ion on for- 
eign substrates (part icularly on an organic substrate 
such as graphite) is important  in applied aspects of 
electrodeposition. This is because the important  prop- 
erty of adhesion can be related to the magni tude  of 
nucleat ion overpotential.  It is known that conditions 
which favor microcrystal l ine deposits also favor the 
formation of new nuclei and better  adhesion prop- 
erties (17). The higher the nucleat ion overpotential  
the smaller is the grain size and therefore the 
stronger will be the adhesion between the deposited 
metal  and the foreign substrate. 

Such correlations between nucleat ion overpoten- 
tial, adhesion, and grain size explain the common use 
of complex salts in  industr ia l  electrodeposition. Sil- 
ver, for example, is deposited from alkaline silver 
cyanide solution. The much higher stability constant 
(5.6 X 10 is) of silver cyanide [Ag(CN)2] -  results in a 
much less concentrat ion of silver ions. Consequently 
a higher magni tude  of nucleat ion overpotential  is re-  
quired to break the strong bonding forces and br ing 
the ionic concentrat ion into the required supersatura-  
tion value. Figure 6 compares the galvanostatic cur-  
rent -potent ia l  plots for the reduction of silver cyanide 
on both cleavage and edge orientations. The nuclea-  
tion overpotential  is well defined and is 0.2 and 0.25V 
on cleavage and edge, respectively. It is obvious that 
the silver nuclei under  these conditions can adhere 
to the inert  cleavage surface. The accompanying over-  
voltage provides the silver atoms with the required 
energy to form the metal -graphi te  bonding. 
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Fig. 5. Potentiostatic current-overpotential relationships for the 
reduction of Ag + ion from silver perchlorate on both cleavage 
and edge graphite, a, Cleavage graphite; b, edge graphite. 
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Fig. 6. Galvanostatic current-potential relationships for the 
reduction of [Ag(CN)2] -  from silver cyanide solution on both 
cleavage and edge graphites, a, Cleavage graphite; b, edge 
graphite; c, edge graphite pretreated in cone. HNO3. 
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Photoeffects at Polycrystalline Tin Oxide Electrodes 
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ABSTRACT 

The electrochemical  behavior  of thin-f i lm polycrys ta l l ine  t in oxide elec-  
t rodes under  subbandgap  energy photoexci ta t ion has been invest igated.  Photo-  
cur rents  were  dependent  on the in tensi ty  of the light, wavelength,  and the 
appl ied  potential .  The pho tocur ren t  spect rum showed a sharp decrease near  
the bandgap  energy.  This photocur ren t  is due to the oxidat ion  of wa te r  in 
the e lect rolyte  by  holes at the pe rmi t t ed  energy levels in the bandgap  region. 
These energy states are  formed by  the presence of impuri t ies ,  which are  
l a rge ly  hal ides  remain ing  from the p repara t ion  steps, gra in  boundaries ,  and 
adsorbed foreign molecules.  A superficial  hydrogen  bonding in terac t ion  be-  
tween  oxide  layers  of SnO2 and wa te r  molecules is proposed for the hy -  
dra ted  surface of t in oxide. 

Long af ter  the first photovol ta ic  effect was noticed 
by  Becquerel,  many  invest igators  observed photocur-  
rents  at  various e lec t rode  mater ia ls ;  such as mercury  
(1-3), e lementa l  ge rman ium (4), CdS (5), ZnO (6, 7), 
GaP (8), GaAs (9), and CuO (10). In  all  the  semicon-  
ductor  studies, single crystals  were  used. I t  was found 
tha t  the b andgap energy i l luminat ion  produced elec-  
t ron  hole pairs  which par t i c ipa ted  in the e lec t rochemi-  
cal process, i.e., electrons for the cathodic photocur -  
rent  in p - t ype  electrodes,  and holes for the  anodic re -  
action in n - type  mater ia ls .  I t  was also found tha t  the 
ex t ra  currents  were  due to the electrochemical  decom- 
posi t ion of the e lect rode ma te r i a l  under  illumin, ation. 

* Electrochemical Society Active Member.  
Key words: semiconductor,  thin-fi lm electrode,  transparent elec- 

trode, photocurrent,  tin oxide  electrode.  

One of the advantages  of the  use of a semicon-  
ductor e lect rode in the s tudy of e lectrochemical  r e -  
actions is the fact  that  the charge t ransfer  processes 
occur only via the energy bands. Therefore,  in the 
presence of organic dye in the electrolyte,  charge 
transfer processes involving the excited states can be 
studied by observing dye sensitized photocurrents (ii). 

A semicondueting thin film of tin oxide on glass or 
quartz has shown some distinctive advantages over 
metals as an electrode in electrochemical investiga- 
tions. Nearly metallic conductivity, optical trans- 
parency, high oxygen overvoltage, low background 
current, absence of any electrochemically active oxide 
layer, chemical durability, and excellent mechanical 
stability of the film made it possible to study many 
special electrochemical applications. Detailed applica- 
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tion of polycrystal l ine t in  oxide material  as an elec- 
trode can be found in Ref. (12). 

Even though there are many applications and ad- 
vantages in  the use of t in  oxide electrode, little a t ten-  
tion has been paid to the na ture  and to the physical 
properties of the surface. Accordingly, this study of 
photoexcitation with radiat ion of energy less than the 
bandgap energy is one of a series (13, 14) to charac- 
terize the electrode surface. 

Experimental  
Reagents.--Chemicals used in this study were re- 

agent grade and were used without further  purifica- 
tion except where specifically noted. Stannic chloride, 
stannic bromide, hydrobromic acid, and te t rabuty l t in  
were purified by vacuum distillation. Rhodamine B 
was recrystallized from ethanol. Solutions were 
made using laboratory distilled water  which had been 
distilled twice. 

Preparation of tin oxide electrodes.--The procedure 
in Mochel's patent  (15) was general ly followed. In  ad- 
dition to stannic chloride-hydrochloric acid, a stannic 
bromide-hydrobromic acid mixture  was also used. 
The coating of t in  oxide was obtained by blowing the 
spray mixture  onto a hot quartz or glass substrate 
using a conventional  all-glass atomizer. Each spray 
lasted for about 5 sec followed by a 3 rain wait ing 
period to prevent  excessive cooling of the hot sub- 
strafe. After each spray, the substrate was rotated 
clockwise by 90 ~ to get a uniform thickness over 
the surface. The surface of the t in oxide film was 
then polished with Gamma polishing a lumina  1 and 
Selvyt polishing cloth)  The commercial t in  oxide 
coated glass (IRR) was used as substrate instead in the 
case of double coated electrodes. More details about 
the coating, polishing, and the cleaning, are given in 
Ref. (16). 

The thickness of the coating was determined by 
measuring interference fringes (17) obtained by 
scanning the spectral region from 250-700 nm. 

Construction oy electrolyte cell.--The cell used for 
the photoexcitation studies on tin oxide is shown in 
Fig. 1. Its design was similar to that reported earlier 
(13), but it had a side flange and a side conical end 
as shown. The end of this side branch was polished 
flat. The electrical contact to the semiconductor elec- 
trode surface was made by a flat, highly polished cop- 
per "O" ring t ightened firmly onto the electrode by 
three 4/40 machine screws and a Plexiglas support. A 
Teflon washer which provided bath a tight seal be- 
tween the cell and the electrode and defined the 
area of the electrode was placed t ightly inside the 
metal "O" ring. To insure a good seal it was neces- 
sary to polish the Teflon washer  on a plate of ground 
Lucite unt i l  a completely smooth surface was ob- 
tained. The area of the electrode was 0.124 cm 2. 

i B u e h l e r  p roduc t ,  Evanstor . ,  Illinois. 
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Fig. I. Diagram of electrolytic cell. 1 and 9, Brass plates; 
2, tin oxide electrode; 3, metal "0" ring with copper wire; 
4, Teflon washer; 5 and 8, rubber "0"  rings; 6, Plexiglas support; 
7, all-glass electrolytic cell. 

Photocurrent and photovoItage measurements . -  
The experimental  setup is shown in Fig. 2. A saturated 
potassium chloride calomel electrode (SCE) with a 
porous Vycor junct ion was used as a reference elec- 
trode. A Luggin capillary filled with saturated po- 
tassium ni trate  solution was placed between the ref- 
erence Vycor junct ion and near  the working electrode. 

Under a constant applied potential, the SnO2 elec- 
trode in contact with electrolyte was i l luminated from 
the backside for a while; then the l ight path was in -  
terrupted manua l ly  with a metal sheet for the photo- 
current  measurement.  The net change of current  or 
voltage after it reached a steady-state value was taken 
as the photocurrent  or photovoltage. The light source 
was a 1,00W xenon arc lamp with a Bausch and 
Lomb High Intensi ty  Grat ing Monochromator (33- 
86-25-02). 

Since the light in tensi ty  of the lamp was not un i -  
form throughout the spectral region, the photocur- 
rent  was normalized to uni t  light intensi ty after the 
absolute intensi ty at each wavelength had been mea-  
sured using a Hewlet t -Packard  Model 8334A Radiant  
Flux Detector with a Model 8330A Radiant  Flux 
Meter. 

Adsorption of rhodamine B.--C-14 labeled rho- 
damine B was prepared by condensation between 
m-die thylaminophenol  and C-14-phthalic anhydride 
(18). A double coated t in oxide electrode was prepared 
by the same procedure as the electrodes used in the 
photoexcitation experiments.  The electrode was first 
placed in a known concentration of labeled dye in 
IM KNO3 solution for a given time with or without 
applied potential, then was taken out. The electrode 
was washed thoroughly with distilled water using a 
wash bottle. Absolute ethanol (35 drops) was used to 
dissolve any adsorbed rhodamine B molecules from 
the electrode surface. Fifteen milliliters of scintilla- 
tion liquid was then added to a counting vial in which 
35 drops of ethanol had already been collected. Dis- 
integration rates were counted using 2003 Packard 
Tri-Carb Liquid Scintillation Spectrometer seven times 
for I0 min each to achieve the desired S/N ratio. 

Results and Discussion 
Photocurrent measurements.--An increase of anodic 

residual current  was observed by i l luminat ion with 
photoenergies which are less than the energy gap be- 
tween the conduction and valence bands. The profile of 
photocurrent  was dependent  upon wavelength and 
applied potential. It decayed to a steady value after a 
sharp increase. Since the time constant of the elec- 
trode/electrolyte system was found to be 0.17-0.18 sec, 
while the photocurrent- t ime curve provided 0.3-1 sec, 
a simple charging-discharging of the double layer  ca- 
pacitance cannot be the total ra te -de termining  proc- 
ess. It was also found that the photocurrent  was di- 
rectly related to the intensi ty of the light. 

In  order to find the most suitable surface for this 
study several different types of t in oxide material  were 
examined. Since minori ty  carriers, as mentioned be- 
fore, play an impor tant  role in the photocurrent  proc- 
ess (6), use of a poorly conductive electrode mater ial  is 

Fig. 2. Block diagram of experimental setup. W, Working elec- 
trode; R, reference electrode; C, counterelectrode. 
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desired. The source and na ture  of conductivi ty of "un- 
doped" t in  oxide film has been studied (16). Although 
the main  source of conductivi ty is a t t r ibutable  to 
halides remain ing  after hydrolysis, the nonstoichiom- 
etry of t in  oxide also contributes appreciably. A poorly 
conductive electrode can give a higher value of the 
ratio of the excess holes produced by photoenergy to 
major  carr ier  concentrat ion than a highly conductive 
electrode under  the same light intensity.  It  also offers 
an electrode mater ia l  with fewer impurit ies to cause 
addit ional  complexities. But  a large IR drop has to be 
considered when a highly resistive electrode is used. 
In  order to el iminate this IR drop, a double coating 
technique was developed. The second layer of a highly 
resistive t in oxide film was obtained by use of non-  
doped stannic bromide on a commerical an t imony-  
doped t in oxide surface. The thickness of the second 
layer  was determined indirect ly by measur ing the 
thickness of another  film obtained s imultaneously on 
Pyrex  substrate and was found to be about 0.4 ~m. It 
is quite possible that  an t imony in the first layer  may 
diffuse to some extent  into the second layer  during the  
preparat ion step. This electrode, however, behaves like 
a highly resistive one at the electrode-electrolyte in-  
terface yet has a high conductivity to facilitate pass,age 
of electricity. 

The double coated electrode prepared from stannic 
bromide, which has the most resistive surface among 
the electrodes, does give a higher photocurrent  and a 
sharper  slope than any other electrode. The sharper 
slope indicates a clear band  separation, i.e., fewer im- 
purities or energy states present  between bands in the 
crystal structure. Therefore, double coated electrodes 
prepared with stannic bromide were used throughout  
this investigation. 

F igure  3 shows a series of photocurrent  spectra at 
different applied potentials obtained in 1M KNOB. The 
shapes of the spectra are similar. With an ideal t in 
oxide single crystal, the photocurrent  would be notice- 
able only with bandgap energy i l lumination,  corre- 
sponding to the energy at which electrons in the val-  
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ance band would be promoted to the conduction band, 
leaving holes behind. No electron hole pairs would be 
produced by illumination of energies less than the 
bandgap energy. 

However, as shown in Fig. 3, the polycrystalline tin 
oxide electrode shows an appreciable photocurrent in 
wavelengths longer than 335 nm which corresponds to 
the bandgap energy of 3.7 eV. Therefore, there must 
be a number of energy states between bands. It is 
known that physical imperfections of a crystal, chem- 
ical impurities, grain boundaries (19), adsorbed foreign 
molecules, and surface states can introduce discrete 
energy levels into the forbidden gap much as donor 
and acceptor ions do in the case of a doped semicon- 
ductor. 

We know there are "unintentionally added" bromides 
in the tin oxide electrode (16) which can be easily 
ionized at room temperature. These ionized donors in- 
troduce energy levels which are distributed according 
to Fermi-Dirac statistics. Therefore, the observed 
photocurrent near 350 nm decreases sharply. 

As Fig. 4 shows, there is no saturation phenomenon 
as observed in  single crystals of ZnO (6), SnO2 (20), and 
CdS (1) with bandgap energy i l luminat ion in which the 
photocurrent  is determined only by the diffusion rate 
of holes to the surface. In  a polycrystal l ine material,  
holes produced by photoenergy could be recombined 
through the adjacent  energy states before they reach 
the surface to participate in electrochemical processes. 

The potential  dependence of the charge transfer 
rate could be another reason for polycrystal l ine t in  
oxide electrodes not having a saturat ion phenomenon.  
The tunnel ing  probabil i ty  of an electron into the bulk  
of the electrode is governed by the shape of the energy 
barrier (14) and thickness of the space charge layer, 
which in tu rn  pr imar i ly  depends upon the density of 
charge carriers in the bulk and on the applied poten- 
tial, since applying a different potential to a semicon- 
ductor electrode results only in a variation of the elec- 
trical potential difference in the space charge layer 
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without  a major  change in the Helmholtz double layer 
s tructure (21). Figure 5 reveals schematically the e f f e c t  
o f  applied potential on the potential energy diagram o f  
semiconducting t in oxide. The tunne l ing  probabil i ty  
or electron transfer coefficient would be much higher 
at the higher anodic potential  than at a low anodic 
potential. 

A change of the pH of the electrolyte, on the other 
hand, is believed to influence the Helmholtz layer, 
flatband potential, and surface hydroxyl  groups. These 
changes occur at or near the electrode-electrolyte in-  
terface while the applied potential  or electrode ma-  
terial can change the in terna l  properties of the elec- 
trode. 

I-INO3 and KOH were used to adjust  pH values in 
o r d e r  to el iminate any  possible specific adsorption of  
buffer systems on the electrode surface. As shown in 
Fig. 6, a steady increase of the photocurrent  in the 
range of pH from 3 to 10 can be explained by a con- 
t inuous change of the flatband potential  at a rate of 60 
mV/pH uni t  (20). 

A simple shift of the flatband potential  by 60 mV/pH 
unit, however, cannot explain large changes of the 
photocurrent  below pH ---- 3 and above pH ---- 10. In ad- 
dition to the shift of the flatband potential, change of  
the charge transfer  rate seems to take place due to 
the protonation and the formation of surface hydroxyl  
groups, respectively (see below). Even though this ex- 
per iment  had been done at a fixed applied potential, 
the shape of the potential  energy curve, and thereby 
the space charge layer thickness, can be changed dras- 
tically by such surface changes. 

Sensitized photocurrent.--In the presence of rho- 
damine B, an additional anodic photocurrent  was ob- 
served and the photocurrent  spectra were very similar 
to the absorption spectra of the dye as shown in Fig. 7. 
A similar phenomenon using various semiconducting 
electrodes has been observed (11, 22). The dye is elec- 
trochemically inactive in the dark in the region of the 
applied potentials. This additional photocurrent  can be 
interpreted as a considerable increase of the number  of  
carriers in the electronic energy states due to the ad- 
sorption of the dye molecules (23). A max imum con- 
ductivi ty has been observed in the course of photocon- 
ductivity measurements  on ZnO single crystal (24) in 
the presence of adsorbed organic dye under  absorption 
band i l lumination.  Since the photocurrent  is directly 
proportional to the rate of formation of carriers, there 
is a max imum population of carriers in the energy 
state corresponding to the absorption band of the dye. 

number of 
states 

Ef Ec" ........... 1" ......... "~ 
3 .7eV A 

T 
~ : 

m u ~-distance I 
:>,, surface 

,- Ec ......... B 

Ev 
Fig. 5. Potential energy diagram of SnO2 at the interface. 

A, low anodie potential; B, high anodic potential; Ec, conduction 
band; El, Fermi energy level; E~,, valence band. Shaded areas are 
the energy states due to the presence of adsorption. 
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The effect of applied potential on the sensitized 
photocurrent  was very similar to the e f f ec t  o f  applied 
potential  on the photocurrent  shown in Fig. 4. Again, 
no saturat ion was observed. 

The sigmoid shape in Fig. 8 reveals a typical adsorp- 
tion isotherm, and fur ther  evidence for the adsorption 
of  rhodamine B at the tin oxide electrode surface has 
been provided by the radioactive carbon-14 labeling 
technique. The specific activity of C-14-rhodamine B 
was determined by relat ing the spectrophotometrically 
determined concentrat ion to the counting rate. 

The theoretical amount  of a monolayer  coverage was 
calculated, assuming 18A as the diameter of rhodamine 
B molecule, to correspond to 3.93 X 1013 molecules/cm 2 
or 6.53 X 10 -11 mole /cm 2. 

It  was noticed that up to 99.5% of the adsorbed dye 
can be dissolved from the surface into ethanol in three 
successive washings, but  water washings did not dis- 
turb the adsorbed dye. Adsorption of the dye appears 
to be very rapid because 4.2 X 10 -11 moles/cm 2 
(about two-thirds of theoretical monolayer  coverage) 
o f  dye was observed after only 1 sec of immersion 
in 1.46 X 10-4M solution. Values between 5.8 and 
6.9 X 10 -11 moles/cm 2 were obtained after 2 and 
10 rain of immersion with or without polarization at 
applied potentials of 1.21 and --1.0V vs. SCE. About 
a monolayer  coverage (5.9 X 10 -11 moles/cm 2) was 
also observed in the following way. The e l e c t r o d e  
was dipped into a 4.53 X 10-6M dye. solution for 5 
rain, then it was taken out very slowly. There was 
no washing with water. This was done on the basis 
that the t in oxide was not easily wettable and that 
uniformly distributed solution layer 1 ~m thick con- 
tained an amount  of dye corresponding to less than 
1% of a monolayer  coverage. Actual ly there was only 
a little wetted area and the solution was efficiently 
taken away by an absorbing paper towel. 

PhotovoItage measurements.--A shift of rest poten- 
tial by the bandgap energy i l luminat ion is due to the 
generation of excess hole electron pairs. The separa- 
tion of photogenerated charge carriers of the different 
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Fig. 8. Effect of rhodamine B concentration on sensitized photo- 
current at 0.7V vs. SCE. A, At 550 nm; B, at 500 nm; C, at 400 nm; 
D, at 450 nm. 

mobilities can also produce a photopotential  (25). Both 
responses are known to be instantaneous because they 
are caused only by a nonequi l ibr ium charge distr ibu- 
tion. 

When photoenergies  of tess than the energy gap were  
introduced on SnO2, a long rise and decay t ime was 
observed in an open circuit  as shown in Fig. 9. The 
measured photovol tage depends very  much on the 
previous history of the electrode and does not give 
reproducible  values. 
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Fig. 9. Time dependence of photovoltage. A, 1M KNO3 with 350 
nm; B, 1M KNO~ with 550 nm; C, 1.217 X 10-~M rhodamine 
B in 1M KNOa. 

The slow response of photovol tage due to chemical  
process at the electrode surface was discussed in Ref. 
(6). In the open circuit measurement ,  there  is no net 
current  flow between the electrode and the electrolyte  
interface. But we already know that  holes in the case 
of an n - type  semiconductor are responsible for the 
anodic photocurrent .  Therefore,  eIectrons have  to be 
consumed by means of a cathodic reaction at the ref-  
erence electrode at the same rate  as holes in the anodic 
reaction in order to get a quas i -s teady-s ta te  response. 
The slow photovoltage response, therefore,  is l imited 
by the charge transfer  rate at the electrode, surface. It 
cannot simply be due to a pH change in solution, be- 
cause the quanti t ies of electr ici ty are ent i re ly  inade-  
quate for such changes at steady states. Moreover,  
the photovoltage was found to be insensit ive to stirring. 

The photovol tage  spectrum which was obtained by 
measur ing the photovoltages at each wave leng th  was 
very  similar to the photocurrent  spectrum. In the 
presence of rhodamine B, the photovol tage spectrum 
revealed a big hump corresponding to the absorption 
band around 550 nm. Therefore,  the photovoltage mea-  
surement  can also be used to de te rmine  the position of 
energy levels and the re la t ive  number  of states in the 
surface level  just  as the photocurrent  measurement  
can. 

Surface hydroxyl groups.--The presence of hydroxyl 
groups on natural crystals of Bolivian cassiterite SnO2 
was first determined by infrared absorption near 3.07 
~m (26). The electrochemical behavior of the tin oxide 
which had been immersed in IM KNO3 for 3 days after 
photoexcitation work is shown in Fig. I0, curve B. The 
cyclic voltammogram shows not only high background 
and photocurrent but also a decrease in oxygen over- 
voltage by as much as 0.5V. Polishing the electrode 
with alumina made only a small change; however, 
heating at 90~ for 3 hr (curve C) did improve its be- 
havior. After  fur ther  heating at 115~ for 24 hr  
(curve D), the electrode showed about the same vol t -  



58 J. EIectroche~. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY January 19 75 

OjO~]~. I I I I 

~ _ 

i 

7 
U.l 

i--- c4 
7 

�9 

j 
~ ] 

I I ] t 
o,o 0.4 o.e 1.2 1.6 

V O L T S  v s .  S C E  VOLTS 
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ammogram as shown by a newly prepared electrode. It  
is interest ing that the wett ing of the electrode surface 
is noticed even after polishing with a lumina but  not 
after heat- t reatment .  A new electrode is not wettable. 
Compared to the surface hydroxyl  groups on silica or 
a lumina  which required much higher temperature  and 
vacuum drying for complete removal, it seems very 
unl ikely  that such a gentle hea t - t rea tment  dehydrates 
a Sn-OH bond. A superficial hydrogen bonding inter-  
action between oxide layers of SnO2 and water mole- 
cules instead is proposed for the aging in the elec- 
trolyte. Presumably  such an interaction is preserved 
under  wet polishing conditions. 

Proposed mechanism.--To determine whether  the 
anodic decomposition of water or of the cassiterite 
lattice is energetically favorable we may compare the 
free energy changes of the reaction 

2H20(1) 9- 4h + (holes) ~ 4H+aq 9- O2 113.38 kcal [1] 

obtained from aG ~ (H20) ---- --56.69 kcal / /mole,  and 

SnO2(s) 9- 4h + 9- 4H20--* SnO2 �9 2HaO(s) 

9- 4H+aq 9- 02 123.46kcal [2] 

obtained from aG ~ (SnO~(s)) ---- --124.2 kcalmole,  
aG ~ 2H20(s))  ---- --227.5 kcal/mole, and 
~G ~ (H20) of reaction [2] requires more energy than 
reaction [1] by 10.08 kcal. Therefore, the decomposi- 
tion of water  is energetically favored. A prolonged 
experiment  did not  show any sign of decomposition 
of the electrode surface. The oxidation of water  by 
photogenerated holes at TiO2 electrodes also has been 
proposed (27). 

Finally, the following scheme for the anodic photo- 
process at the t in oxide polycrystal l ine electrode is 
proposed 

(ES) 9- h v ~  (ES) + 9- e -  (conduction band)  

(ES) +-* (ES) 9 - h  + ( intermediate band) 

e -  (conduction band) -* move to interior  

H20(1) 9- 2h + ( intermediate  band) ~ 1/2 02 9- 2H + 

where (ES) represents the surface energy states due 
to the presence of impurities, defects, grain boundaries, 
and adsorbed molecules. 
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Light-Deflection Errors in the Interferometry of Electrochemical 
Mass Transfer Boundary Layers 
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ABSTRACT 

The effect of light deflection on interferograms of electrochemical mass 
t ransfer  boundary  layers can result  in substantial  errors if interferograms 
are interpreted in the conventional way; Corrections in boundary  layer thick- 
ness, interracial concentration, and interfacial concentrat ion gradient  for the 
convection-free electrodeposition of Cu from aqueous CuSO4 have been 
calculated to provide estimates for a wide range of experimental  Conditions. 

Concentrat ion profiles of single solutes in electro- 
lytes near  working electrodes can, in  principle, be 
quant i ta t ively  observed by interferometric techniques. 
Such observations are useful in the study of t ransport  
processes and in the analysis of different measures de- 
signed to provide uniform accessibility and increased 
reaction rates at electrodes. Some of the advantages of 
in terferometry compared to other means of observing 
boundary  layers and local t ransport  rates are: high 
resolution for concentrat ion changes (typically 
10-5M) and, the possibility of continuous observation 
without disturbance (e.g., of flow), not restricted to 
conditions of l imiting current.  

In  the conventional  interpretat ion of interferograms, 
local changes in the phase depicted by the interfero-  
gram are taken as a direct measure of local refractive 
index variations in the object: Such an interpretat ion 
is often not valid because it assumes that light travels 
along a straight l ine through the s~ecimen. Refractive 
index variations normal to the propagation direction of 
the light beam produce a deflection of the beam (refrac- 
tion, Schlieren effect) that results in two types of dis- 
tortions in the interferogram: (i) Geometrical distor- 
tion due to displacement of the beam normal to its 
propagation direction. This effect falsifies conventional 
interpretation of distance on the interferogram and 
causes displacement of the apparent electrode/elec- 
trolyte interface. (ii) Phase distortion due to increased 
geometrical path length and passage of the beam 
through regions of varying refractive index. Quantita- 
tive concentration profiles, therefore, often cannot be 
derived by the conventional interpretation of inter- 
ferograms. 

Figure 1 schematically shows the trajectories of two 
light rays traversing a cathodic concentration bound- 
ary layer. Ray ABC is only slightly deflected and stays 
within the boundary layer over its path AB because it 
propagates near the edge of the boundary layer where 
the refractive index gradient is small. Ray DEF, which 
enters the electrolyte where the refractive index 
gradient is high, is deflected so much that it leaves 
the boundary layer at the intersection with line GH 
(and then travels along a straight line) before leav- 
ing the electrolyte at point E. A deflected ray will 
contribute to the interferogram only if it passes 
through the aperture of the objective lens. For in- 
stance, if ray DEF were to be deflected at any higher 
angle, it would not pass through the objective lens and, 
therefore, would not contribute to the interferograrn. 
The corresponding part of the boundary layer would 
then not be visible on the interferogram. 

Details of computational techniques, that have been 
developed to account for the effect of light deflection 
on interferograms of one-dimensional boundary layers, 
have been described elsewhere (I~ 2). Suffice it to say 
that  for any concentrat ion profile, the shapes of 
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(double beam) interference fringes can now be cal- 
culated taking into account effects of light deflection. 
It has been found that distortions in the interfero-  
gram depend strongly on the position of the plane of 
focus of the imaging objective lens. Although for each 
concentration profile a plane of focus can be found (3) 
for which the location of the electrode surface is not 
distorted on the interferogram, it is prefer,able to use a 
more easily defined plane of focus at a fixed location 
and accept the result ing displacement of the electrode 
shadow. For the observation of cathodic boundary  
layers (to be considered here) we recommend (2) 
focusing on the inside of the cell wall  on the l ight-  
entrance side of the cell, where suitable targets can be 
inscribed. (For anodic boundary  layers, it would be 
preferable to focus on the inside of the cell wall  on 
the l ight-exit  side.) 

It is the purpose of this paper to present  calculations 
of light-deflection errors for the interferometric ob- 
servation of boundary  layers so that  investigators may 
estimate errors to be expected under  a wide range of 
experimental  conditions. 

Light -Def lec t ion  Errors 

Figure 2 shows the exper imenta l  in ter ferogram of 
a concentration boundary  layer formed by constant-  
current  electrolysis. Superimposed are the theoretical 
concentration profile, AE, derived by  use of the Sand 
(4) equation, and an interference fringe, BF, com- 
puted from the concentrat ion profile by taking l ight-  
deflection effects into account. 

:,',:: Ele~:t~olyte'.:. :': '- ":." 

Fig. 1. Schematic of light ray trajectories in a cathodic con- 
centration boundary layer: refractive index increases in the direc- 
tion away tom the electrode surface. ABC, trajectory of a ray that 
remains inside the boundary layer. DEF, trajectory of a ray that 
is deflected out of the boundary layer. GH, edge of the boundary 
layer. 
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Fig. 2. Experimental interfero- 
gram of a concentration boundary 
layer during galvanostatic depo- 
sition of copper on a 10 mm wide 
electrode, i - -  10.0 mA/cm 2, Cb 
: 0.1M CuSO4, and t ---- 10.0 
see. Theoretical concentra- 
tion profile AE corresponding to 
experimental conditions (calcu- 
lated from Eq. [13]) . . . . . .  
Computed interference fringe BF 
corresponding to theoretical con- 
centration profile. A, true inter- 
facial concentration and positbn. 
B, apparent interfacial concen- 
tration and position. E, true 
(90%) boundary layer edge (posi- 
tion where 0 -" 0.9). F, apparent 
boundary layer edge. 

The ordinate on Fig. 2 denotes distance from the 
t rue (undistorted) image of the electrode surface. 
Local changes in the phase of t ransmit ted light, visible 
as displacements of or iginal ly  straight  in terference 
fringes, have been related to local concentration 
changes, as shown on the abscissa. The relationship 
has been based on the conventional  in terpreta t ion of 
interferograms that assumes s t ra ight- l ine  light propa-  
gation. Thus, local changes in phase have been l inear ly  
re lated to changes in concentration (or refract ive in-  
dex) at the corresponding point in the image. 

If the in ter ferogram was free of l ight-deflection 
effects, the interference fringes would follow the 
theoret ical  concentrat ion profile AE. The figure i l lus- 
trates that  the apparent  location B of the interface on 
the in ter ferogram has receded from its original posi- 
t ion A, identified by y ---- 0. Also, the apparent  con- 
centrat ion change over  the boundary layer  is smaller  
than the  true change. 

Conventional  in terpre ta t ion of the in ter ferogram in 
Fig. 2 would therefore  lead to a boundary layer  thick-  
ness that  is too large. If we define the extent  of the 
boundary layer  as the region containing 90% of the 
concentrat ion variation, the er ror  et in boundary layer  
thickness can be defined in terms of the ordinates of 
the points shown in Fig. 2 as 

et : (YF--YB) -- (YE--YA) 

Similarly,  the apparent  interracial  concentrat ion is 
too high and the er ror  can be formulated as a differ- 
ence of abscissas 

ec : C B  - -  CA 

The interfacial  concentrat ion (refract ive index) gradi-  
ent is too low. The error  can be represented by the 
difference in slope of the two curves at the interface 

dC dC 
eg 

B dy A 

In addition to the above absolute errors  in the in-  
t e r fe romet ry  of boundary layers, it is often desirable 
to estimate the re la t ive  errors. Such re la t ive  errors in 
boundary layer  thickness, interfacial  concentration, 
and interracial  concentrat ion gradient,  as shown in 
Fig. 8-13, are defined here as 

e t  
e t =  

YE 

ec 
ec . - . .  

Cb--  CA 
eg 

dC 

dy A 

Convect ion -Free  Boundary  Layers 
Diffusion boundary layers free of convection effects 

offer a useful model  for optical invest igat ion since the 
concentration profiles are easily derived, and ex-  
per imental  results can serve to test the optical calcu- 
lations. Convect ion-free  transport  conditions are com- 
mon in electrochemical  studies, and results can be 
used as a basis for convective t ransport  studies. 

The convectionless electrodeposit ion of a metal  cat- 
ion from a stagnant layer of an aqueous binary salt 
electrolyte is described by the t ime-dependent  dif- 
fusion equation in one dimension 1 

B C  0~C 
: D [1] 

Ot Oy 2 

The current  density is related to the interfacial  con- 
centrat ion gradient by 

zFD OC [2] 

For potentiostatic electrodeposition, the boundary con- 
ditions are 

C = C s  at y----0, t > 0  [3] 

C : C b  at t : 0 ,  a l l y  [4] 

C : Cb as y--> oo [5] 

The solution, first obtained by Cottrell  (5), is 

8 : err  ~ [6] 

zF(~C) ~_~ 
_ - -  [7] 

1 --t+ 

where err ~ is the error function of dimensionless dis- 
tance 

Y 
- - - _  [8] 

2A/Dr 

~C = CD -- Cs and the dimensionless concentrat ion 

C -- Cs 
o _ - -  [9] 

a c  

For  galvanostatic electrodeposition, the boundary 
conditions to Eq [1] are 

OC 
---- constant at y = 0, t > 0 [10] 

Oy 

1 C o n c e n t r a t i o v - i n d e p e n d e n t  d~Husiv i ty  wiI1 be  a s s u m e d ,  S o l u t i o n s  
f o r  v a r i a b I e  d i f f u s i v i t y  can  a lso  be  o b t a i n e d ,  a l t h o u g h  n o t  i n  a con-  
v e n i e n t  c losed  f o r m .  
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C = C b  at t - = 0 ,  a l l y  [11] 

C = C b  as y ~  oo [12] 

The solution, first obtained by Sand (4), is 

e -~ i + ~/~(i -- erf ~) -- e -~ [13] 

2 i ( 1 - - t + )  ~ t 
AC _ ~ /  [14] 

zF 

Concentration profiles for use in the light-deflection 
analysis, with electrodeposition of Cu from aqueous 
CuSO4 serving as a model, have been calculated. Equa- 
tions [6] and [7] and Eq. [13] and [14] have been 
used in this computation. The interfacial concentra- 
tion has been set Cs ---- 0, and the values of the bulk 
concentration were Cb ---- 0.01, 0.i0, and 0.2,0M CuSO4 
(AC ---- 0.01, 0.I0, or 0.20). For constant potential cal- 
culations, time t is varied to give different concentra- 
tion profiles and interracial mass flux rates. For con- 
stant current calculations, various current densities are 
used (substituting Eq. [2] into Eq. [I0]) to give 
different concentraUon profiles and interracial mass 
flux rates. (Note that specification of i and AC fixes t 
through Eq. [14].) A diffusion coefficient (6) D : 
6 • 10 -6 cm2/sec and Cu + + t ransference number  (7) 
t+ ---- 0.36 (typical values for 0.1M CuSO4 at 25~ are 
used in all calculations. Representa t ive  concentrat ion 
profiles employed in the optical analysis are shown in 
Fig. 3 and 4. 

0.7 

0.6 

E 
0.5 

S 

I I I I I I I I i~ 
iii II 

I 
I 

'-~ 0 . 4 - -  

0.5 -- / / / / /  - -  

11 I/ ell / l / 

P~ 0 . 2 - - 0 . i ~ 0  ~- ~., 1_ 

0 
0 0.02 0,04 0.06 0,08 0,10 0.12 0.14 0.16 0.18 0.20 

Concentretion (M Cu So4) 

Fig. 3. Concentration profiles for potentiostatlc conditions. 
AC ~ 0.1M CuS04; . . . . .  AC = 0.2M CuSO~; a, i 

10.0 mA/cm~, t = 17.5 sec; b , i  = 20.0, t = 4.4 sec; c, i 
30.0, t = 1.9 sec; d, i = 10.0, t ~ 70.0 sec; e, i = 20.0, t 
17.5 sec; f, i = 30.0, t = 7.8 sec. 

0.7 

0.6 

I I I I I I I l 
/ 

l / 
/ 

/ 
/ 

/ 

~Go E 0.50.50.4 ~ a  //// / //d/I I le /// lIIi I/~/-~ 
" / , / / / / 

8 0.2 / " "  ~ "  

o I 
0 0,02 0.04 0.06 0.08 0.10 0.12 0.14 0.I6 0.18 0.20 

Concentralion (M CuSo4) 

Fig. 4. Concent ra t ion  profi les for  ga lvanosta t ic  condit ions.  AC 
and i designat ion as in Fig. 3. a, t = 43.2 sec; b, t z 10.8 sec; 
c, t = 4.8 sec; d, t = 172.7 sec; e, t = 43.2 sec; f, t = 19.2 sec. 

Error Calculations 
Cell dimensions and optical constants must  be speci- 

fied in order  to compute in terferograms from concen- 
t rat ion profiles. The electrode, which is assumed here  
to ful ly occupy the space be tween the glass sidewalls, 
was assigned widths of 1.0, 2.5, 5.0, 10.0, and 20.0 ram. 
In order to model  our exper imenta l  cell, the glass 
sidewalls were  assumed to be 12.7 mm wide with  a re-  
f ract ive index of 1.5231. However ,  refract ion in the 
glass sidewalls has a negligible effect on l ight-deflec-  
tion errors (3). Light of 632.8 nm wavelength  is as- 
sumed incident parallel  to the planar electrode sur-  
face and perpendicular  to the glass sidewalls. The 
plane of focus is chosen as the plane where  light en- 
ters the electrolyte. Electrolyte  refract ive index was 
exper imenta l ly  found to be a l inear  function of CuSO4 
concentration at 632.8 nm wavelength  and 25~ 

n -- 1.3311 + 0.029C [15] 

Interferograms similar to the dashed line in Fig. 2 
are now calculated from concentrat ion profiles using 
the above-ment ioned  computational  technique (1). 

Absolute errors in boundary layer  thickness, in ter -  
facial concentration, and interfacial  concentrat ion 
gradient  are shown in Fig. 5, 6, and 7, respectively,  for 
a 10 mm wide electrode. Current  density (interfaci,al 
re f rac t ive- index  gradient)  was chosen as abscissa be- 
cause it is an easily measured variable. Note that  a 
positive error  means that the value of a var iable  on 
the in ter ferogram is larger  than the true value. 

Relat ive errors in boundary layer  thickness, in ter -  
facial concentration, and interfacial  concentrat ion 
gradient  are shown in Fig. 8-13. Figures 8-10 also dem-  
onstrate the dependence of errors on concentrat ion 
difference AC. The effect of electrode width  is i l lus- 
t rated in Fig. 11-13. 

Discussion 
Figures 5-7 show that for a 10 mm wide electrode, 

the l ight-deflection errors depend strongly on current  
density and concentrat ion difference AC and only 
weakly  on the specific boundary condition (potentio-  

i (mAlcm 2 ) 

0 5 I0  1 5 20 25 30 
I I i I ] I V 

ec I (M C u S O  4 c m  - I )  
d y  y=O 

5 I0 15 
I I I 

0 
0.5  

A 
E 0.2 

E 

0.1 

0 I I I I 

0 O.I 0.2 0.3 0.4 0.5 

Fig. 5. Absolute error in boundary layer thickness. Electrode 
width ~ 10.0 r a m . -  potentiostatic boundary condition; 
. . . . . . .  galvanostatic boundary condition; a, AC = 0.01M 
CuSO4;-b, AC ~ 0.10M CuS04; c, AC z 0.20M CuS04. 
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i { m A l c m  z ) 
0 5 lO 15 20 25 .~0 
I i I I i ~ i 0 

t 
dC ,l~ (M CuSO 4 cm- ' )  

=0 
0 I0 15 

o Oo: :, o. 
~176 /,,,j 06 

1 o.~ 
_o.o.t t 0.1  
-0 04L I -- t i 3 _ �9 

�9 0 0.1 0.2 0.5 0.4 0.5 
dn I ( c m - t )  0 
dy y--O 0 

Fig. 6. Absolute error in interfacial concentration. Designations 
as in Fig. 5. 

i (mA/cm z) 

0 5 I0 15 20 25 30 
I I I I I I I 

dCI  (M CuSO4cm - t )  
Y=O 

' ~ _  

d 

- 1 2  
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0 0.1 0 .2  0.3 0.4 0.5 

dn I (era-I) 
y = 0 x~,',,,,,-,',e" 

Fig. 7. Absolute error in interfacial concentration gradient. 
Designations as in Fig. S. 

s ta t ic  o r  ga lvanos t a t i c ) .  F o r  c u r r e n t  dens i t ies  in  the  
o r d e r  of  1 m A / c m  2, t he  e r ro r s  a re  i n d e p e n d e n t  of  AC 
and b o u n d a r y  condit ion.  The  w e a k  dependence  on 
b o u n d a r y  condi t ion  can be  ascr ibed  to t he  s imi l a r i t y  
b e t w e e n  the  r e spec t ive  concen t r a t i on  profi les;  c o r n -  

January 1975 

i ( m A  I c m  z ) 
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o ilc 1 I , 

0.1 0.2 0 .3  0.4 0.5 
dn ( c m - I )  
dy } y = O  

Fig 8. Relative error in boundary layer thickness for various 
concentration differences. Electrode width = 10.0 mm, potentio- 
static boundary condition, a, ~C = 0.01M CuSO4; b, ~ C  ----- 
0.10M CuSO4; c, ~C = 0.20M CaSO4. 

i ( m A / c m  2 ) 

0 5 I0  15 20 25 30 
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Fig. 9. Relative error in interfacial concentration for various 
concentration differences. Designations as in Fig. 8. 

pare  Fig. 3 and 4. A b o v e  about  2 m A / c m  2 for  &C 
0.01M CuSO4, about  7 m A / c m 2  for  AC ~ 0.1M, and 
about  10 m A / c m  2 for  ~C = 0.2M, the  l igh t  rays  en -  
t e r ing  the  b o u n d a r y  l aye r  at the  e lec t rode  sur face  are  
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Fig. 10. Relative error in interfacial  concentrat ion gradient  for 
various concentrat ion differences. Designations as in Fig. 8. 
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Fig. 11. Relative error in boundary layer thickness for dif ferent 
electrode widths. AC ~-- 0.1M CuSO4, potentiostatic boundary con- 
dition, a, electrode width ---- 20.0 mm; b, 10.0 mm; c, 5.0 mm;  
d, 2.5 mm;  e, 1.0 mm. 

def lec ted  so m u c h  t h a t  t h e y  l e a v e  t h e  b o u n d a r y  l a y e r  
b e f o r e  t h e y  l e a v e  t h e  e l e c t r o l y t e  (as r a y  D E F  i n  Fig. 
1). Th i s  effect  causes  a n  e r r o r  e x t r e m u m  i n  t h e  c u r v e s  
of Fig. 5 a n d  6 a n d  a k n e e  in  t h e  c u r v e s  of  Fig. 7. T h e  
a b r u p t  c h a n g e s  in  t h e  c h a r a c t e r  of  t h e  e r r o r  c u r v e s  
a r e  due  to  t h e  s t r a i g h t  p a t h s  t r a v e r s e d  b y  t h e  de f lec ted  
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Fig. 12. Relative error in interfacial  concentration for different 
electrode widths. Designations as in Fig. 11. 
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Fig. 13. Relative error in interfacial concentration ,gradient for 
different electrode widths. Designations as in Fig. 11. 

r ays  once  t h e y  l e a v e  t h e  b o u n d a r y  l a y e r ;  a t  l o w e r  
c u r r e n t  dens i t i e s  t h e  r ays  a r e  c o n t i n u o u s l y  c h a n g i n g  
d i r e c t i o n  w i t h i n  t h e  b o u n d a r y  l aye r .  (Fig.  2 i l l u s t r a t e s  
a n  i n t e r f e r o g r a m  in  w h i c h  r ays  e n t e r i n g  t h e  cel l  n e a r  
t h e  e l e c t r o d e  s u r f a c e  a re  de f lec ted  o u t  of  t h e  b o u n d a r y  
l aye r . )  As  in f in i t e  c u r r e n t  d e n s i t y  is a p p r o a c h e d ,  t h e  
error in boundary layer thickness approaches zero, the 
error in interfacial concentration approaches AC, and 
the error in interfacial concentration gradient ap- 
proaches negative infinity. 
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The trend toward apparent  negative concentrations 
(i.e., on the interferogram) seen in Fig. 6, 9, and 12 
is a result of the choice of focal plane position. For 
focus in the center of the cell, for instance, no such 
negative errors would occur. 

Figures 8-10 show that, contrary to what  one might 
expect, relative errors are general ly smaller for larger 
concentrat ion difference ~C. However, for large con- 
centration differences, interferogram interpreta t ion can 
be impeded by crowding of the fringes near the in ter-  
face. 

Figures 11-13 show that similar to absolute errors 
derived analyt ical ly for constant concentrat ion gradi- 
ents of unl imited extent  (3), relative errors strongly 
diminish with decreasing ceil width, but  are negligible 
only for electrodes th inner  than a few millimeters. 

Figures 5-13 can be used to estimate light-deflection 
errors in experimental  interferograms if all deflected 
portions of the test beam are accepted by the objective 
lens. The max imum angle emax of light deflection 
within a boundary  layer  is given by (2, 3) 

tan  e m a x - - ~ / ( n - ~ b ~  2 - - 1  [16] 
~ k  l T~s 

and the maximum angle of deflected light emanat ing 
from the specimen cell can be calculated by subst i tut-  
ing numerical  values of refractive index (e.g., Eq. [15] 
into Eq. [16]) and accounting for refraction in the glass 
sidewall. For example, the objective lens aperture 
must accept i l luminat ion at angles up to 1.59 ~ for 
AC : 0.01M CuSO4, up to 4.65 ~ for AC ---- 0.10M, and up 
to 7.14 ~ for •C ---- 0.20M. 

Conclusions 
Light-deflection effects in the interferometry of elec- 

trochemical mass t ransfer  boundary  layers can lead to 
serious errors in the derivation of concentration pro- 
files unless appropriate corrections in the in ter-  
pretation of interferograms are employed. The mag- 
nitude of errors encountered may be estimated from 
the data presented in Fig. 5-13, but  the accurate in ter-  
pretat ion of interferograms with significant l ight-de-  
flection effects requires individual  optical analysis (2). 
Ligh*-deflection errors are small (<10%) for small 
current  densities (below 2.5 m A / c m  2 for a 1 em wide 
electrode) or narrow electrodes (less than 2.5 mm for 
up to 10 mA/cm2).  
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NOMENCLATURE 

C concentrat ion (mole/ l i ter)  
Cb bulk concentrat ion (mole/ l i ter)  
Cs interfacial concentrat ion (mole/ l i ter)  
D diffusion coefficient (cm2/sec) 
et absolute error in boundary  layer thickness 

(ram) 
eo absolute error  in  interracial  concentrat ion 

(M CuS04) 
e~ absolute error in interracial  concentration gra- 

dient (M CuS04 cm -1) 
F Faraday constant (coul/equiv)  
i current  density (A/cm 2) 
n refractive index 
nb bulk refractive index 
ns interfacial refractive index 
t time after current  (voltage) switch-on (sec) 
t + cation transference number  
y distance from electrode (ram) 
z cation valence 
~C Cb -- Cs (mole/ l i ter)  
et relative error in boundary  layer thickness 
~r relative error in interracial concentrat ion 
e~ relative error in interracial concentrat ion gra- 

dient 
dimensionless distance (Eq. [8]) 
dimensionless concentrat ion (Eq. [9]) 

emax max imum angle of deflection wi thin  a boundary  
layer  
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Electrochemical Behavior of Rotating Iron Disks 
Effect of Fe(lll) 

R. F. Tobias* and Ken Nobe* 
School of Engineering and Applied Science, University of California, Los Angeles, California 90024 

ABSTRACT 

The electrochemical  behavior  of iron in deaerated H2SO4 containing ferr ic  
ions has been invest igated with rotating disk electrodes. The rest potential  
and corrosion current  of iron in 1N H2SO4 were  not affected by var ia t ion in the 
angular  velocity. On the other  hand, the rest potential, Era, and corrosion 
current  of iron in 1N H2SO4 containing ferric ions varied with  the ferric ion 
concentration, C, and the angular  velocity of the iron disk, w. Em followed 
the relat ion 

E m :  constant -t- 0.040 log C -t- 0.020 log ~, volts 

The corrosion current  of iron increased in the presence of ferric ions and was 
controlled by the diffusion of ferric ions. Diffusion coefficients of ferric and 
ferrous ions were  determined:  Dfe(III) ~- 5.2 ___ 0.3 X 10 -6 and DFe(II) ~- 6.5 
+ 0.4 X 10 -6 cm2/sec. 

Metallic corrosion which is controlled by the diffu- 
sion of an etectroreducible species in the solution can 
be studied convenient ly  with the rota t ing disk elec- 
trode technique. Previously,  Makridds (1) examined 
the electrochemical  behavior  of rotat ing iron cylinders 
in H2SO4-Fe2(SO~)~ solutions. He developed relat ion-  
ships be tween  the rest potential  (corrosion potential)  
and the ferr ic iron concentrat ion and the rotation rate. 
In addition, he constructed anodic polarizat ion curves 
from the rest potent ia l - l imi t ing diffusion current  
(ferric ion reduction) data, which was in good agree-  

ment  with the exper imenta l  anodic polarization curve. 
In this s tudy the rotat ing disk electrode has been 

uti l ized to invest igate  the electrochemical  behavior  of 
iron in H2SO4. The polarization and open-circui t  
characteristics of rotat ing iron disks in H2SO4 contain- 
ing ferr ic sulfate at various rotat ion rates have been 
determined.  In addition, the diffusion coefficients of 
ferric and ferrous ions have been determined from the 
l imit ing diffusion current  densities for ferric and fer-  
rous ion reduction, respectively.  In contrast to the tur -  
bulent  flow conditions in Makrides '  studies wi th  rota t -  
ing cylinders (1), the rotat ing disk exper iments  were  
conducted within  the laminar  flow regime. 

Experimental 
The test electrodes were  prepared from Ferrovac E 

iron rod stock which was turned down on a lathe to a 
diameter  of ei ther  1.25 or 0.65 cm. The rod was cut 
into 0.64 cm lengths wi th  an A1203 abrasive cutoff 
wheel  using wate r  as a cutting lubricant.  A Teflon 
sleeve was pressure-f i t ted about the cylindrical  part  
of the electrode so that  only the lower  cross-sectional 
surface was exposed to the electrolyte.  The outer  
diameter  of the Teflon sleeve was 1.73 cm. 

Before the test electrodes were  mounted  in the elec- 
t rode assembly they were  hand-pol ished with  wate r -  
proof A1203 paper. Grit  240 was used init ial ly to 
smooth out the rough surface, followed by 600 grit. 
Af ter  the  polishing procedure the electrodes had a 
mir ror l ike  finish. The electrodes were  then rinsed in 
water,  wiped dry, placed in a Soxhlet  column, and de- 
greased with  hot benzene for 4 hr. The degreased elec- 
trodes were  annealed for 1 hr  at 650~ and slowly 
cooled to room tempera tu re  under  vacuum (pressure 
<10 -4 mm Hg).  The finished electrodes were  then 
stored in a desiccator unti l  used. 

The cell consisted of three parts: a separate com- 
par tment  for the auxi l iary  electrode, the Py rex  jar, 
and the Teflon top. The Pyrex  ja r  contained a ground 
glass joint, through which small amounts of a con- 

* Electrochemical  Society  Act ive  Member .  
K e y  words: corrosion, polarization, diffusion coefficients. 

centrated solution of Fe2(SO4)3 or FeSO4 were  added 
to the solution from a precision buret te  equipped with 
a greaseless Teflon stopcock. The Teflon cell top had 
entry ports which provided space for the test elec- 
trode assembly, a Luggin capillary, a thermometer ,  a 
bubbler, and an entry to pass N2 gas through the bot-  
tom and above the solution. The volume of electrolyte 
used was 1200 ml. 

Analyt ical  reagent  grade chemicals and doubly 
distilled water  were  used to prepare the solutions. For 
the electrochemical  studies of iron in the absence and 
presence of ferric sulfate, 1N H2804 was used for the 
supporting electrolyte. The ferric ion concentrat ion 
was varied from 1.26 to 25.2 raM. 1 To determine l imit-  
ing diffusion current  densities for the reduction of fer-  
rous ions, 0.5M sodium sulfate was used for the sup-  
porting electrolyte wi th  the pH adjusted to 3.0 by 
addition of an appropriate amount  of H2SO4. The fer-  
rous ion concentrat ion was varied from 5.03 to 13.2 
raM. After  the electrolyte was placed in the cell, de- 
aeration was accomplishd by passing prepurified N2 
through the solution for at least 8 hr. All experiments  
were  conducted at room temperature,  23 ~ +_ 1~ All 
potentials are given with respect to a saturated calo- 
mel reference electrode (SCE). 

The kinematic viscosity of the supporting electro-  
lytes was measured with a Cannon-Ubbelohde semi- 
micro viscometer.  For 1N H2SO4, the kinematic  viscos- 
ity was 0.973 X 10 -2 cm2/sec, while  for the 0.5M so- 
dium sulfate the kinematic viscosity was 1.088 X 10 -2 
cm2/sec. 

An Exact function generator Type 255 was used to 
drive a Wenking potentiostat for the potential sweep 
experiments. The potential-current data were recorded 
on a semilogarithmic scale by use of a Moseley Model 
7561A logarithmic converter connected to a Moseley 
Model 7035AX-Y recorder. 

The test sample, was mounted in the electrode as- 
sembly. The iron electrode was washed with distilled 
water and then activated in 5N H2SO4 for I0 rain. 
After activation, the sample was washed thoroughly 
with distilled water and then immersed in the cell 
solution. Then, cathodic potential sweeps were applied 
to the rotating disk electrode. In the preliminary ex- 
perimental tests, sweep rates of I, I0, and I00 mV/sec 
were investigated. Since the results of the two slower 
sweep rates were in good agreement, I0 mV/sec was 
selected for the experiments. After the hydrogen evo- 
lution reaction was determined by the first sweep, a 
known amount of ferric or ferrous sulfate was added 
to the cell from the burette. After the angular velocity 

1 Mil l igram ion. 
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was set to a specific value, the steady-state rest poten- 
tial was recorded. Then, electroreduction experiments 
at one concentrat ion were performed over the entire 
range of angular  velocities selected before the concen- 
trat ion was increased to a new value. 

A schematic diagram of the apparatus and the com- 
plete set of the experimental  data are given elsewhere 
(2). 

Results and Discussion 
Fe-IN HzS04 system.--In deaerated 1N H2SO4 solu- 

tions the steady-state  rest potential (corrosion poten- 
tial) of iron is --498 ___ 8 mV and is not a function of 
the rotational velocity. The corrosion potential  of iron 
is in reasonable agreement  with Kelly (3) and with 
iron exhibit ing Makrides'  type i behavior  (1) which 
exhibited an increase in corrosion potential  with time 
from --550 mV to about a steady-state value of --515 
mY, 

The Tafel slope for hydrogen evolution, be, is 116 _+ 
8 mV/decade and is in good agreement  with the values 
obtained by others (3-5). Makrides (1), on the other 
hand, reported lower values of the Tafel slope for the 
HER. The anodic Tafel slope, ha, of 41 mV was also in 
good agreement  with other workers (3, 4). Makrides 
(1), on the other hand, obtained values of about 60 
mV for his type i electrodes. 

The corrosion current, Ira,o, determined by extrapo- 
lation of the anodic and cathodic Tafel lines to the 
corrosion potential  is 1.8 X 10 -4 and 1.6 X 10 -4 A/cm 2, 
respectively. Im,o can also be determined from the 
slope of the polarization, E, VS. current  density, I, plot 
in the region e = 0 as shown in Eq. [1]. 

babc ( d I )  [1] 

Im,o : '2.303(ba + bc) ~ e=O 

Equation [1], which was derived by Stern (6), is the 
basis of the polarization resistance method for the 
determinat ion of the corrosion current.  The Im.o value 
calculated from the polarization resistance plot for 
iron in 1N H2SO4 is 1.2 X 10 -4 A/cm 2. The corrosion 
currents obtained in this study are in good agreement 
with those reported by Kelly (3) and Greene (7). 
Makrides (1) reports that the corrosion current  ob- 
tained for his type i i ron was 4.1 X 1O -4 A/cm 2 by 
extrapolation of the cathodic Tafel line and the po- 
larization resistance method and 5.6 X 10 -4 A/cm ~ by 
extrapolat ion of the anodic Tafel line. 

The electrochemical parameters of i ron in 1N H~SO4 
are summarized in Table I. These results are based on 
experiments with at least eight different electrodes. 

Limiting diy]usion currents for Fe(III) and Fe(II) 
reduction.--Typical cathodic polarization behavior of 
iron in 1N HeSO4 containing ferric ions at angular  
velocities varying from 625-4225 rpm is shown in Fig. 
1. For this system at sufficiently large cathodic po- 
larization the total cathodic current, Ic, consisted of 
the partial  currents for the hydrogen evolution, IH, 
and ferric ion reduction, IFe(III), reactions. Makrides'  
results (1) indicate that the rate of ferric ion reduc- 
tion on iron in acidic solutions is diffusion controlled. 
Thus 

Ic = IH + IFe(III) : IH + IL [2] 

where IL is the l imit ing diffusion current.  
Figure 2 represents a graphical description of the 

system. The cathodic polarization curves are give n for 

Table I. Electrochemical parameters of iron in 1N H2S04 

- 4 9 8  4- 8 m V  (vs. SCE) 

1.2 4- 0.3 • 10 -4 A / c m  2 

1.8 4- 0.3 x 10-~ A/e ra  ~ 

1.6 4- 0.4 • 10 -4 A / c m  = 
41 ----- 3 m V / d e c a d e  
116 4- 8 m Y / d e c a d e  
42 4- 2 /~f/crn~ 

Rest  p o t e n t i a l  (Era) 
Cor ros ion  cu r r en t  (Ira,o) 

(po la r i za t ion  res i s tance)  
Cor ros ion  cu r r en t  (Ira,o) 

(anodie  TafeI  l ine  e x t r a p o l a -  
t ion)  

Cor ros ion  c u r r e n t  (Im,o) 
(ca thodic  Tafel  l ine  ex t r apo -  

la t ion)  
A n o d i c  Tafe l  s lope (ha) 
Ca thod ic  Tafe l  s lope (ha) 
I n i t i a l  d i f f e ren t i a l  capac i t ance  
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Fig. 1. Cathodic polarization of iron in 1N H2504 containing 
Ferric ions. 
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Fig. 2. Cathodic polarization of iron in absence an(] presence 
of ferric ions. Points represent calculated cathodic polarization data. 

four different situations: first, in  the absence of ferric 
ions; second, with ferric ion concentration, C1, and 
rotational velocity, Wl; third, concentration. C1, and 
angular  velocity, ~2; fourth, concentrat ion C2, and 
angular  velocity, ~1. For the case shown, C2 > C1 and 
~2 > ~1. If the hydrogen evolution reaction is sub- 
traeted from the total cathodic current, the l imiting 
diffusion current  for the reduction of ferric ions is ob- 
tained. The square and t r iangle points shown in Fig. 2 
represent cathodic polarization data constructed from 
the iron dissolution and the HER Tafel lines and the 
l imiting diffusion currents  for the reduction of ferric 
ions. The circle points represent cathodic polariza- 
tion data constructed from the iron dissolution and the 
HER Tafel lines. 

Figure 3 shows some typical results of the l imiting 
current  density for the reduction of ferric ions. These 
l imiting currents were obtained in  the following man-  
ner. First, before ferric ions were added to the sulfuric 
acid solution, the rate of hydrogen evolution on iron in 
1N H2SO4 was determined. Then, with Eq. [2], the 
l imiting diffusion currents for the reduction of ferric 
ions were obtained by subtract ing the rate of the HER 
from the total measured current  density obtained from 
the cathodic polarization curves of i ron in solutions 
containing ferric ions as shown in Fig. 1. 

The l imit ing current  densities for the reduction of 
ferric ions vs. the square root of angular  velocity are 
plotted in  Fig. 4. A l inear  relationship is obtained in 
accord with the Levich equation for the l imiting cur-  
rent  density at a rotating disk electrode 

iL = 0.62 nFD2/Sv-I/%I/2C [3]  

where the letters have their  usual  meaning.  
Cathodic polarization measurements  of i ron in  

Na2SO4 (pH = 3) were conducted at various angular  
velocities in the absence (Fig. 5) and in the presence 
(Fig. 6) of ferrous ions. The observed l imit ing diffus- 
sion currents in Fig. 6 are the sum of the l imiting dif- 
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Fig. 6. Cathodic polarization of iron in 0.SM Na2S04 (pH ---- 3) 
containing ferrous ions (6.68 raM). 
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Fig. 4,/z~ vs. ~v/~ for ferric ion reduction 

fusion currents for hydrogen ion and ferrous ion re- 
duction. The limiting diffusion currents for ferrous ion 
reduction are readily determined by subtracting the 
IL for hydrogen ion reduction (Fig. 5) from the total 
diffusion current (Fig. 6). Figures 7 and 8 show the 
limiting diffusion current for the reduction of ferrous 
ions vs. the square root of the angular velocity and the 
concentration of the ferrous ions, respectively. In both 
plots Levich behavior  is obtained. 

Fe-lN HzSO+-Fez(S04)3 system.--The rest potential  
behavior  of iron in the presence of ferr ic ions showed 

0 5.05 mM 
L~ 668 
O 8.'34, 

Fo(li} 

I l l  
V~ (RAD/SEC.) 

Fig. 7. IL vs. "~-~ for ferrous ion reduction 

a marked  dependence on both the concentrat ion of 
ferric ions and the angular  veloci ty of the iron disk. 
The data presented in Fig. 9 show the dependence of 
the rest potential  on the concentrat ion of the ferric 
ions over the  range of angular  velocities, 625-4225 rpm. 
hE0 is defined as the rest potential  of iron in the pres- 
e n c e  of ferric ions and at an angular  velocity, ~, re la-  
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t ive to the  rest potential  of iron in the absence of 
ferric ions. 

For  iron in an acidic media  containing only reducible 
species, H + and H20,  the corrosion current  Ira,o, is 

/ram : Ia : Ic [4] 

where  Ia is the part ial  anodic process corresponding to 
iron dissolution and Ic is the partial  cathodic process 
corresponding to the reduct ion of hydrogen ions. 

For  act ivat ion-control led iron dissolution and HER, 
the total measured current  for iron in HuSO4 can be 
represented by 

I=Im,o[exp (  aanaFe)__exp( --(1--ac)ncFe ) ]  
RT RT 

[5] 

where  the electrode kinetic parameters  have their  
usual meaning. The first term on the r igh t -hand side 
of Eq. [5] represents the rate of anodic dissolution of 
iron and the last term represents the rate of hydrogen 
evolution. The anodic dis.solution term can be rear-  
ranged to obtain the Tafel equation 

ea = A + ba log Ia [6] 

If another  easily reducible species is introduced into 
the solution (e.g., Fe+3), the total cathodic current  
would consist of the sum of the rate of hydrogen evo-  
lution and the rate of reduction of the added oxidized 
species, i.e. 

Ic ---- IH ~- Iox [7] 

When ferric ions are added to the i ron-sulfuric  acid 
system, the rate of ferric ion reduction is diffusion con- 
trolled as ment ioned above. For this situation, Io• ---- IL ,  
and the cathodic current  can be expressed by Eq. [2]. 
For  the conditions studied in this work  

IL ~>> IH [8] 
Thus 

Ic "~ IL [9] 

and at the rest potential, Em 

Ira ---- Ia -- IL [10] 

where  Im is the corrosion current  of iron in H2SO4 
containing ferric ions.' Since the l imit ing diffusion cur- 
rent  is independent  of potential, the rest potential, 
Era, is determined by the intersection of the anodie 
polarization curve and In. 

The rate of iron dissolution in the absence of ferr ic 
ions at the rest potential, Eram, can be expressed as 

[ ~anaF (Em,o--Eea) ] [ii] Im,o ~ Ia = io,a exp RT 

where  Eea is the equi l ibr ium potential  of the F e / F e  +2 
reaction. 

When ferric ions are added to the solution, the cor- 
rosion current  can be expressed as 

I m =  IL -- Ia = io,a exp �9 (Era -- Eea) [12] 
RT 

where  Era is the rest potential  of iron in the pres-  
ence of ferric ions. The quantity,  ( E r a -  Eea), can be 
rearranged to 

Era -- Eea ---- (Era -- Era,o) -~ (Emoo -- Eea) 

---~ AEo -~- (Em,o - -  Eea) [13] 

where  AEo is defined as the change in the rest potential  
wi th  the addition of ferric ions to the H2SO4 solution. 
Equations [11] and [13] can be used to express Eq. 
[12] in the fol lowing form 

Ira:IL:Ira,oexp [ - -  ~anaF AEo]  [14] 
RT 

or rearrange Eq. [14] 

AEo : a' -]- ba log IL [15] 

AEo can be expressed as a function of both the ferric 
ion concentrat ion and the angular  velocity by utilizing 
the Levich equat ion for IL, Eq. [3]. Then, Eq. [15] be- 
comes 

AEo : a + ba log CFe(llI) "3C --~-- log ~ [16] 

Thus, AEo is shown to be a linear function of the log- 
arithm of the ferric ion concentration with propor- 
tionality constant equal to the anodic Tafel slope ob- 
tained from anodic polarization experiments. The con- 
tinuous lines in Fig. 9 have slopes of 40 mV/decade. 
Thus, the experimental data are consistent with Eq. 
[16], since a value of 41 mV for ba was determined 
directly from anodic polarization measurements. 

Figure  10 shows a plot of aEo vs. log ~ at constant 
ferr ic ion concentration. The exper imenta l  data fit the 
continuous lines well. The slopes of these lines are 20 
m V /  decade which is consistent with the 1/2 ba slopes 
predicted by Eq. [16]. 

F igure  2 indicates that  a plot of AEo vs. IL should 
give the anodic polarization curve for anodic dissolu- 
tion of iron in H2SO4. The effect of ferric ions on iron 
dissolution should be evident  by comparing the anodic 
polarization curves obtained from the ~Eo vs. IL plots 
and curves obtained by direct anodic polarization. 
Figure 11 provides such a comparison. The data points 
obtained by the two methods are in reasonable agree-  
ment  indicating that the anodic polarization of iron 
in H2SO~ is not affected appreciably by the addition 
of ferric ions. These results are in accord with those 
obtained by Makrides (1) who showed that  ferric ions 
had no specific effect on the anodic polarization of ro- 
tating cylindrical iron electrodes. 

Since the corrosion rate is controlled by the limiting 
diffusion current for ferric ion reduction when ferric 
ions are introduced into the Fe-H2SO4 system, the 
cathodic Tafel slope is infinity (b~ ~ 00). Then, Eq. [i] 
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becomes 

I m =  IL = 2.303 c 0 

Figure 12 shows typical l inear  plots of e vs. I for small 
values of e at a constant concentrat ion of ferric ions. 
The corrosion current  of i ron at various angular  
velocities can be calculated from Eq. [17] and the 
slopes of these lines. Table II compares the corrosion 
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Fig. 12. Polarization resistance plot of iron in IN H2504 and 
7.5 mM Fe(lll). 

Table Ih Corrosion currents of iron in acidic ferric sulfate solutions 

Im (Dolar- 
Angular  (de) ization), Im (polar- 

Fe(II I )  velocity, - -  resistance), i z a t i o n ) ,  
c o n c ,  rnM rpra d I  ~ - - o  m A / c m  2 mA/cm~ 

2.52 900 13.6 1.3 I.I 
1,500 11.6 1.5 1.5 
2,500 9.6 1.9 1.8 
3,600 8.2 2.2 2.2 
4,225 7.2 2.5 2.4 

5.06 900 9.8 1.8 2.1 
1,600 7.0 2.6 2.7 
2,500 5.9 3.0 3.4 
3,600 5.0 3.6 4.0 
4,225 4.5 4.0 4.4 

7.58 900 7.6 2.4 3.1 
1,600 5.4 3.3 4.1 
2,500 4.4 4.1 5.2 
3,600 3.9 4.6 6.1 
4,225 3,6 5.0 6.6 

10,12 900 5,0 3.6 4.2 
1,600 3.8 4.7 5.2 
2,500 3,4 5.2 6.7 
3,600 3.0 6.0 8.2 
4,225 2.6 6.9 8.8 

12.60 900 4.8 3.7 5.3 
1,600 3.1 5.8 6.7 
2,500 2.8 6.3 8.4 
3,600 2.2 8.3 10.2 
4,225 2.0 9.2 11.1 

Table 111. Diffusion coefficients of ferrous and ferric ions 

Diffusion coefficient Support ing Ternp, 
x 10 ~ (cm~/sec) electrolyte ~ Re~erence 

Ferric Ferrous 
ion ion 

5.2 ~--- 0.3 1N H~SO4 23 This work  
6,5 --~ 0.4 0.5M Na~SO~ 23 This work  

4.5 "~- 0.1 5.6 --.~ 0.2 1M H.~SO~ 25 8 
3.92 4.21 0.1M HC104 23 9 
6.5 5.7 1M HC104 25 10 

currents obtained by the polarization resistance 
method and by the. cathodic polarization method. In  
general, the corrosion currents obtained by cathodic 
polarization are larger  than the corrosion currents 
obtained by the polarization resistance method. How- 
ever, for the lower ferric ion concentrations the cor- 
rosion currents of iron determined by the two methods 
are in good agreement. 

Diffusion coefficients of Fe(III) and Fe(fI).--Diffu- 
sion coefficients of electroactive species can be readily 
determined from l imit ing diffusion current  plots of 
rotat ing disk electrode experiments.  The diffusion coef- 
ficients of ferric and ferrous ions were determined from 
the Iz vs. ~/~ and concentrat ion plots as in Fig. 4, 7, 
and 8. These values are presented in Table III. For 
comparison, diffusion coefficients re~orted by several 
other workers (8-10) are also given in Table III. 
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ABSTRACT 

A method is presented for evaluat ing double- layer  charging of porous 
electrodes. The max imum in the curve of i~/t vs. ~/t lends itself readily to 
experimental  evaluation. Values of the double- layer  capacity determined for 
the Pb and PbO2 electrodes in sulfuric acid are in agreement  with those re= 
ported in  the l i terature.  

A number  of models have been developed for ana-  
lyzing the behavior  of porous electrodes, and various 
degrees of complexity have been taken into account. 
The t ransient  charging of the double- layer  capacity 
(1-5) is of interest  first of all because it provides a 
comparison between experimental  and theoretical re= 
suits. The t rans ient  charging can also be used to ad- 
vantage to measure the capacity per un i t  volume of 
the electrode. A measurement  of the double- layer  ca- 
pacity reflects most directly the active surface area 
coherently connected electrically and therefore accessi- 
ble for electrochemical consumption. Such results 
should be. useful for the characterization of bat tery 
electrodes and may be especially valuable since the 
electrode is not destroyed and indeed need not be 
removed from the cell in which it is cycled. 

Transient  measurement  of the double- layer  capacity 
of porous electrodes, as opposed to integrat ion of the 
current  passed following a potential  step, has the ad- 
vantage of emphasizing the charging current  relative 
to the faradaic current,  which interferes with the mea-  
surement. Furthermore,  the resistance-capacity time 
constant will be large for an electrode with a large 
surface area, and the t ransient  measurement  will then 
reduce the experiment  t ime substantial ly.  

Johnson and Newman (4) have sl~own that the cur- 
rent  response of a porous electrode to a step change in 
the potential  yields, under  certain circumstances, a 
near ly constant value of i~/~, the product of the cur- 
rent  density and the square root of time. A plot of 
i~/-E vs. ~/'t yields a curve with a plateau. The curve 
is below this plateau value at short times because the 
ohmic resistance of the  system prevents  an infinite 
current  density. At long times the curve again drops 
below the plateau value because the total capacity of 
the electrode begins to become saturated. The plateau 
value on a graph of this type is directly related to aC, 
the product of the specific interracial  area of the 
electrode and the double- layer  capacity per uni t  area, 
and is independent  of the thickness of the electrode. In  
this manner,  Johnson and Newman inferred a value of 
aC -~ 83.5 farads/cm~ for their  porous carbon elec- 
trode. 

However, most bat tery  electrodes (for example, Pb 
and PbO2 electrodes in sulfuric acid) are so thin 

* Electrochemical  Society Act ive Member .  
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bat tery.  

that the ohmic l imitat ion at short times overlaps with 
the approach to saturat ion at long times, and the 
plateau on the plot of i~/-t vs.%/-t is reduced to a maxi-  
mum whose magni tude now depends on the electrode 
thickness or an equivalent  parameter.  This max imum 
still deserves the focus of our at tent ion in  a simple 
method for inferr ing the doub leqayer  capacity aC 
from the measured t ransient  current  response. The 
earlier part  of the curve is governed by the ohmic re- 
sistance, not the capacity, and the lat ter  part  is sub-  
ject to interference from faradaic reactions. (This dif- 
ference between thick porous carbon electrodes and 
thin bat tery electrodes can be visualized graphically by 
referring below to Fig. 2, where basically i~/t is plotted 
against v/t, although dimensionless variables are used. 
The parameter  ~. is inversely proportional to the elec- 
trode thickness, if the matr ix  conductivi ty is very 
high.) 

Analysis 
Figure 1 is a diagram of the equivalent  circuit of 

the system. R2 represents the resistance of the solu- 
tion in the pores of the electrode; R~ that of the elec- 
trode matrix. C is the double- layer  capacity between 
the electrode matr ix  and the pore solution. Rs corre- 
sponds to the resistance in the. solution between the 
porous electrode and the reference electrode while RL 

R; 

z_ A V ..._ 
R ~ - -  W E 

Fig. 1. Equivalent circuit of a porous electrode. The right side of 
the resistors represents a plane of symmetry in the center of 
the electrode. 
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corresponds to the resistance in the leads and the cur-  
rent  collector. For this system, Johnson and Newman 
(4) have related the Laplace t ransform of the current  
response to the Laplace t ransform of the applied 
potential. We make the following re - in te rpre ta t ion  of 
their Eq. [20] (4) by including the resiStance of the 
leads and that be tween the  porous electrode a nd  the 
reference electrode 

Ls L 
R = + �9 + RL [1] 

K 8 0 " - ~ -  K 

where Ls is the distance between the reference elec- 
trode and the porous electrode (Ks being the conduc- 
t ivity of the medium between the two), L is the half 
thickness of a porous electrode with a counterelectrode 
opposite each face, ~ is the effective conductivity of 
the matr ix  of the porous electrode, and ~ is the effec- 
tive conductiVity of the pore solution. The terms in Eq. 
[1] have units  of ohm-cm2; consequently, RL is the 
lead resistance mult ipl ied by twice the apparent  cross- 
sectional area of a porous electrode with a counter-  
electrode opposite each face. 

Thus, R is the effective resistance of the composite 
system and is subject to direct experimental  deter-  
minat ion  as we shall discuss briefly. At zero time, the 
current  cannot be infinite; it is l imited by the effec- 
tive resistance of the system 

iJt=o = AV/R [2] 

where iJt=o is the peak current  density at time zero 
and • the applied potential  step between the refer-  
ence and working electrodes. Thus, R can be directly 
obtained from the init ial  current  surge measured on 
an oscilloscope. 

Let us consider the case of a highly conducting 
matrix, r > >  ~ (for Pb and PbO~ electrodes, ~ ~ 102 
and K ~ 0.1 mho/cm) .  Posey and Morozumi (1) were 
the first to treat extensively double- layer  charging 
of porous electrodes of finite thickness.  They used a 
straight pore model and a highly conducting matrix.  In  
an example involving the resistance between the work-  
ing and reference electrodes, they inverted the Laplace 
transforms which are applicable to the system dis- 
cussed in this paper. After  some rear rangement  the 
solution is 

iA/nT L 

AV ~: 
where 

T - -  - -  

_ 2 A / -  ~ exp ( - -TXn  2) 

.=1 1 + k + ~2Xn2 
[3] 

and k ---- [4] 
aCL L L 

aC is the double- layer  capacity per un i t  volume of the 
electrode, and Xn is the positive root of cotangent 
Xn ---- ~Xn [tabulated by Abramowitz and Stegun (6)]. 
In  this result, no at tempt has been made to account for 
faradaic reaction or concentrat ion variations in the 
pore solution. 

Since in our in terpre ta t ion of the charging current  
we seek to emphasize the max imum in the curve of 
i ~  vs. "~ ,  we plot in Fig. 2 the left side of Eq. [3] 
against ~/T. For k ~- 0 the ordinate is a constant for 
short times. This corresponds to the plateau value dis- 
cussed earlier, where 

At longer times, the value of iA/t" begins t o  decrease 
as the charging wave penetrates to the center of the 
electrode. For t = 0 the ohmic l imitat ion at short 
times is not seen on %his scale. 

As the effective resistance in the circuit is increased 
(k > 0), the instantaneous charging current  is re- 
duced, and the o r d i n a t e  is ini t ia l ly  zero. Providing 
the effective resistance is small enough, the ordinate 
may rise to the plateau predicted for k ---- 0 after an 
initial  t ransient  period. As ~ increases further, the 

( I 

1 ,  - X=O A I = .  

0 .8  

~W;TIL~ x =  1 

0..t. 

0 . 2  

0 t 
0 1 2 

, / T  

Fig. 2. Effect of the resistance-thickness parameter k on the 
double-layer cgargin,g of a porous electrode. 

value of the plateau (or max imum of the ordinate) de- 
creases. 

The lower ini t ial  charging currents  postpone the 
time at which the electrode capacity begins to be- 
come saturated and the value of i~/{  begins to de- 
crease. Consequently, the time at which the plateau 
or maximum occurs increases with increasing L This 
max imum readily lends itself to exper imental  deter-  
mination.  

For in terpreta t ion of the charging current  we need 
only the coordinates of the maxima shown in Fig. 2. 
This information is summarized in  Fig. 3 by  plott ing 
against 1/k the following three quantit ies:  the ratio of 
the coordinates of the max imum (this quant i ty  being 
independent  of the value o f  the double- layer  ca- 
pacity), 1/Tmax (the time at which the max imum oc- 
curs, and a dimensionless value of i~/t- at the maxi -  
mum. 

I n te rp re ta t ion  and Eva luat ion  of C h a r g i n g  Curves 
Utilization of the information contained in  Fig. 3 

requires prior knowledge of the effective conductivity, 
~, of the solution contained in the porous electrode. 
De la Rue and Tobias (7) found that  the effective con- 
ductivity of a dispersion of glass beads in electrolytes 
can be represented by 

= ~op ~.5 [O] 

where So is the conductivity and p is the volume frac- 
t ion of the continuous phase. The effective conduc- 
t ivity of a solution contained in a porous medium can 
be estimated with this equation by using the porosity 
for p. Alternatively,  the conductivity can be mea-  
sured directly. Romanova and Selitskii (8) have em- 
ployed the porous electrode as an inert  separator. The 
ohmic potential  drop through the electrode is then 
equal to i2L/K. The value of K needs to be re-est imated 
or redetermined if the electrode structure changes sig- 

i 4 i I i ~ i ] i , 2  

�9 oR o.2" ~ L : ~  ~c~ ....... 

o.~ ' o.' ' o,' 1, o.~' , _ _  
! 

Fig. 3. Dependence of the coordinates of the maximum on the 
resistance-thickness parameter L Maximum refers to the max- 
imum when i~/t-is plotted against N/t'for the double-layer charging 
of a porous electrode with a step change in the applied potential. 
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nificantly on repeated cycling. However,  it is possible 
to determine K by replot t ing the information in Fig. 

3. Mult iplying the ordinate of Fig. 3, AV K ax 

by ~., we obtain im~x/iit=o (where  /max refers to the 
value of the current  density at the max imum in Fig. 2) 
which is plotted vs. 1/~ in Fig. 4. An oscilloscope trace 
of the current  response to a voltage step will  yield 
il~=o directly, and a plot of i~ ' t  vs. ~ / t  will give /m~. 
The ratio of these two numbers  will  then yield a 
value of 2, (which contains K) as shown in Fig. 4. The 
measured value of the double- layer  capacity is re la-  
t ively insensit ive to the value of K when  the rersistance - 
thickness parameter  h is large. 

An interest ing sidelight of the results shown in Fig. 
4 is that the value of K determined in this manner  can 
then be used to est imate the porosity of the electrode 
through the use of Eq. [6]. In this manner  one may  de- 
termine in situ the porosity of an electrode and follow 
its change through extended cycling tests. 

The procedure used to extract  the double- layer  ca- 
pacity per unit  volume of electrode from the current  
response to a potential  step can be stated as follows: 
(i) An oscilloscope trace of the current  response of a 
porous electrode to a voltage step is obtained. (it) The 
value of the current  at t ime zero, i]t=o, is recorded 
and a plot of i~-[ vs. ~ is made. The coordinates of 
the plateau or max imum of the result ing curve are 
recorded and yield/max and tmax. (iii) If information is 
available concerning ~, one then uses the le f t -hand 
ordinate of Fig. 3 to obtain 1/~ which in turn is used 
to obtain Tmax, from the r igh t -hand ordinate of Fig. 3. 
Using the definition of Tmax and the exper imenta l ly  
determined t~•  one can calculate aC, the double- layer  
capacity per unit volume of electrode. (iv) If no in- 
formation is available concerning K, one first calculates 
irnax/ilt=0 and then obtains ~. from the ordinate of Fig. 4. 
The value of aC can then be obtained as ment ioned in 
(iii). 

This value of aC is regarded to be a measure  of the 
electrochemical ly accessible surface area of a macro-  
homogeneous porous electrode. A fur ther  division of 
the aC product requires ei ther specific knowledge 
about ~he total interracial  surface area of the electrode 

I I I 

L.6 

~l~ 1.4 

~l ~ 
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0.6 

0.4 

72 
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Fig. 4. Determination of the resistance-thickness parameter 
for a given set of/max and ilt=o. 

or a measurement  of C on a fiat surface. An approxi-  
mate value of a can be obtained f r o m  a BET surface 
area determinat ion and then a value of C calculated. 
This type of calculation should only be considered 
qual i ta t ive due to the uncer ta inty  of the type of micro-  
structure existing at any given site in a porous elec- 
trode. Also the measured BET surface area does not 
distinguish be tween  electrochemical ly act ive and in- 
active areas. One may  also question whether  a l tera-  
tions in the specific surface area might  not occur dur-  
ing the preparat ion of the electrode for the BET mea-  
surement.  

Errors in Double-Layer Measurements 
Geometric surface area.--A real  porous electrode 

(e.g., a Pb or PbO2 plate in the lead-acid bat tery)  
usually includes a grid support  s tructure which, for 
practical purposes, does not contribute to the electro-  
chemical capacity of the electrode but may occupy a 
significant portion of the electrode volume and geo- 
metric surface area. For many porous electrodes the 
active mater ia l  is held in the grid support  in the form 
of rectangular  pellets, and it is the geometric area of 
these pellets which should be used in calculating the 
current  density to be used in the t rea tment  of the 
double- layer  data. As grid support  structures become 
more complicated, the specific area correction becomes 
more difficult leading to errors in the in terpreta t ion of 
the double- layer  charging curves. 

Electrode response time.--Most potentiostats have 
characteristic rise times of 1-10 ~sec; however,  it is 
the electrical analog of the electrochemical  system in 
question which usually is the l imit ing factor in deter-  
mining the rise time for the system as a whole. Real 
porous electrodes contain specific surface areas of the 
order of 104 cme/cm 3 and thus unavoidably present a 
large RC t ime constant. When the rise t ime of the 
potentiostat becomes significant compared to 0.1 tmax, 
one can expect  errors to occur in the evaluat ion of the 
charging curves a n d  the subsequent determinat ion of 
aC. (We have examined the effect of the nonzero rise 
t ime of the potent iostat-electrode system by inver t ing 
the governing Laplace t ransform for  an applied po- 
tential with an exponential  approach to a constant 
value. While this is awkward  for routine analysis of 
charging curves, it does provide an inexpensive a l ter-  
native to the development  of sophisticated electronics.) 

Changes in electrode porosity. iFor porous elec- 
trodes which undergo significant gassing, the effective 
conductivi ty of the solution within  the electrode, ~, 
may change as a function of time (8). Also, the effec- 
t ive porosity of the electrode mat r ix  may  be altered 
by extended cycling. Therefore,  it may  be necessary to 
determine ~ prior to performing a double- layer  mea-  
surement. 

Symmetry of the eIectrode.--Due to the manner  in 
which real porous electrodes are fabricated (e.g., the 
Pb and PbO2 electrodes),  there  may exist a lack of 
symmetry  about the center  line of the electrode. 
Therefore,  one should measure the double- layer  ca- 
pacity wi th  the reference electrode at several  locations 
and on both sides of the porous electrode in question 
to determine what  uncer ta inty  is associated with the 
measurement.  

Faradaic reactions.--The electrode has been assumed 
to be ideally polarizable. Small  departures from this 
requi rement  will  result  in a charging current  which 
does not decay to zero. In a plot of i ~ t  vs. ~ the. de- 
par ture  from a theoretical  curve increases with t ime 
because the charging current  is decreasing while  the 
faradaic current  is increasing. If the displacement is 
minor  at large, times, the effect on the coordinates of 
the max imum can safely be ignored. For bat tery  elec- 
trodes which are selected to be highly reversible,  one 
should minimize faradaic reactions by polarizing a 
fully charged electrode in the direction of fur ther  
charge. (Actually, ful ly charged Pb and PbO~ plates 
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Current Tab 
Sensing Tab 

1 

Fig. 5. Porous electrode with a lead grid. 

can be polarized in the discharge direction because of 
the slow nucleation of PbSO4.) 

Exper imenta l  
The electrodes invest igated in this study were  posi- 

t ive and negat ive plates manufac tured  for use in auto- 
mobile batteries. These electrodes contained grids of 
a lead ahoy (6% antimony) as current  collectors 
(Fig. 5). Sensing leads were  at tached to the top of 
the grid opposite the electrode tab. The solution em-  
ployed was 4.5M sulfuric acid. The physical param-  
eters for each type of electrode are given in Table I. 
The total current,  I, is divided by the geometr ic  elec- 
t rode area to obtain the current  density, i. L is half  
of the electrode thickness given in Table I. 

The cell (a polypropylene case, filled with  4.5M 
H2SO4) used for these measurements  contained the 
electrode in question located symmetr ica l ly  between 
two counterelectrodes.  A Hg/HgSO4 reference elec- 
trode was used for both the Pb and PbO2 electrodes. A 
small capil lary from the reference electrode compart-  
ment  was positioned adjacent to each electrode. 

Control led potential  measurements  were  made with  
a Wenking Model 6BTS1 potentiostat  which was pro-  
grammed with  a Hewle t t -Packard  3300A Funct ion 
Generator.  An input  voltage divider was requi red  for 
reproducible  1-4 mV square wave  signals. The current  
response was recorded with a Tektronix  564 storage 
oscilloscope and /or  a recorder  fitted with a funct ion 
conver ter  which would automatical ly  plot i h / t  vs. ~/t. 

The PbO2 and Pb electrodes were  held at 1.17 and 
--0.972V vs. a Hg/HgSOa reference  electrode, respec- 
tively, for 12 hr  af ter  they had been electrochemical ly 
cycled. This t ime was provided to accommodate sur-  
face modifications which have  been reported to occur 
within the first few hours after  cycling (9-12). All  
double- layer  measurements  were  performed at the 
above-mentioned potentials. 

Table I. Physical parameters of the Pb02 and Pb electrodes 

B E T  s u r -  
f ace  a r e a  1 E l e c t r o d e  G e o m e t r i c  

E l e c -  (104 cm-~ P o r o s -  t h i c k n e s s  e l e c t r o d e  
t r o d e  cm 3) i t y l  (cm) a r e a  s (cm 2) 

PbO~ 20.5 0.50 0.2 241 
P b  2.5 0.63 0.15 241 

1 D e t e r m i n a t i o n s  m a d e  a t  G l o b e - U n i o n ,  I n c o r p o r a t e d .  
2 T o t a l  g e o m e t r i c  e l e c t r o d e  a r e a  (bo th  s ides)  m i n u s  g r i d  a r e a .  

o.2 

(A see�89 
\ 

\ 

1.0 2. 3. 
(sec t ) 

Fig. 6. Comparison of experimental and theoretical results for 
potentiostatic double-layer charging of a porous Pb02 electrode. 
C), Experimental; ~], theoretical, Eq. [3].  L ---- 0.095 cm, ~ V  
1.52 mV, area ---- 241 cm 2, ~. ~ 0.768, aC = 26farads/cm ~, 
temperature = 28~ 

Results and Discussion 
Figure  6 shows a ~ypical current  response of a PbO2 

electrode to a voltage step and a subsequent display of 
ix/-t vs. \ / t .  Similar  curves are obtained for the Pb 
electrode, only the t ime scale is two orders of mag-  
ni tude smaller. The accuracy associated with the deter-  
ruination of aC for a given electrode is s t rongly de- 
pendent  on the shape of the m ax im um  in the i~/~ vs. 

curve, a broad m a x i m u m  implying a la rger  error. 
We therefore  sought to make >, as small as possible by 
minimizing the effective resistance in the system (i.e., 
reference electrode placed as close to the working 
electrode as possible, separate sensing leads).  The 
magni tude of AV was selected more for its convenience 
(as long as faradaic currents and the potential  de- 
pendence of the double- layer  capacity were  small) 
since the value of Tmax is independent  of the value of 
~V. The effective conductivi ty of the solution inside 
the porous electrode was determined using Fig. 4. 

Entrapped gases were  observed to increase the 
effective resistance of the electrode which prolonged 
the charging period. As a consequence, both electrodes 
were  placed in a vacuum chamber and degassed before 
the measurements  were  performed. Since the PbO~ 
electrode is continually gassing, there  wil l  always be 
some entrapped gases which are unavoidably included 
in the measurement .  One might  then consider the real 
value of aC to be higher  than that found exper i -  
mentally.  

Since the electrodes being examined are commer-  
cial plates, there  exists a certain degree of nonuni-  
formity over  the electrodes. The extent  to which the 
position of the reference electrode reflects these non- 
uniformities was observed by determining aC at three 
locations on each electrode. As shown in Table II, the 
position of the reference electrode does reflect some- 
what  the nonuniformit ies  of the electrodes; also, 
within the potential difference applied to each elec- 
trode, the double-layer capacity appears to be a con- 
stant. However, the difference between these values is 
of the same order of magnitude as the error asso- 
ciated with the double-layer measurement (~5%). 
One may conclude that the assumption of a macro, 
homogeneous electrode is valid within experimental 
error. 

Using the information contained in Tables I and II, 
the double- layer  capacity per unit  area for the PbO2 
and Pb electrodes is 143 and 10 ~farads/cm 2, respec,  
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Table II. Double-layer capacity as a function of reference 
electrode position and applied potential 

R e f e r e n c e  e l ec t rode  pos i t ion  A p p l i e d  po ten t i a l ,  m V  
1 2 3 2 3 4 

aC aC aC aC aC aC 
Elec-  ( f a r a d s /  ( f a r a d s /  ( f a r a d s /  ( f a r a d s /  ( f a r a d s /  ( f a r a d s /  
t r o d e  cma) cm~) c m  z) c m  u) cm a) cm3) 

PbO$ 30.2 28.4 29.2 30.2 30.4 30.7 
P b  0,254 0,238 0.248 0.252 0,246 0,250 

P o s i t i o n  1, F i r s t  q u a d r a n t ,  r i g h t  s ide  of  e lec t rode .  
P o s i t i o n  2, F i r s t  q u a d r a n t ,  l e f t  s ide  of e lec t rode .  
P o s i t i o n  3, S e c o n d  q u a d r a n t ,  r i g h t  s ide  of  e lec t rode .  

tively. These values are in  agreement with those re-  
ported in the l i terature (9-14) for electrochemically de- 
posited PbO2 and Pb on flat surfaces. However, it is 
realized that BET areas are a measure of the entire 
area available for gas adsorption and not the electro- 
chemically active area. Therefore, the true double- 
layer capacity per uni t  area is higher than that cal- 
culated using areas determined by gas adsorption. The 
high observed value for PbO2 may be due, in  part, to a 
pseudocapacity. The term double- layer  capacity has 
been used to mean  interracial capacity in a macroscopic 
sense and would include any capacity associated with 
the adsorption of charged species at the solution- 
matr ix  interface. It would exclude faradaic reactions 
which can be carried out in  a steady state. 

Conclusions. 
An interpreta t ion of potentiostatic double- layer  

charging of porous electrodes has been presented. The 
emphasis on the max imum in the i ~  vs. ~ curve re- 
sults in experimental  curves which lend themselves 
readily to the evaluat ion of the double- layer  capaci- 
tance, and it is this quant i ty  which directly reflects the 
active electrochemical connected area. It has been 
demonstrated that the values for the double- layer  
capacity determined on commercial-size bat tery  elec- 
trodes are in agreement with that determined on small, 
flat experimental  electrodes. This result  is encouraging 
since one wishes to apply fundamenta l  techniques in 
the study of large electrodes. We may also note that 
this procedure was used on two electrodes whose aC 
values differed by two orders of magnitude.  

One application of this Wpe of measurement  wit1 be 
in the determinat ion of changes occurring in the active 
electrochemical surface area with cycling. Also, the 
effects of additives which alter surface morphology 
may be detected by their effect on the double- layer  
capacity. 

The possibility of determining the effective conduc- 
tivity of the solution inside the porous electrode, and 
thereby inferr ing something about the electrode po- 
rosity, may  require carefully designed experiments.  

Manuscript  submit ted Apr i l  25, 1974; revised manu-  
script received July  29, 1947. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. 1, 1975. 
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LIST OF SYMBOLS 
a specific interracial area, cm2/cm 3 
C double- layer  capacity, farads/cme 
i current  density, A/cm ~ 
i]t=o peak current  density at time zero given by Eq. 

[2], A/cm 2 
imax current  density at the max imum of i~/-t vs. 

given in Fig. 2, A/cm ~ 
L half-thickness of electrode, cm 
Ls separation distance between reference and work-  

ing electrodes, cm 
p porosity 
R effective resistance given by Eq. [1], ohm-cm 2 
RL resistance of leads and current  collector, ohm- 

cm 2 
t time, sec 
tmax time of the maximum in the curve shown in  Fig. 

2b, see 
T dimensionless time given by Eq. [4] 
Tmax dimensionless time at the max imum shown in 

Fig. 2 
• applied potential  step, V 

conductivity of solution in porous matrix,  mho /  
cm 

~o conductivity of bulk solution, mho/cm 
effective resistance-thickness parameter  given by 
Eq. [4] 
conductivity of the porous electrode matrix, 
mho/cm 
3.14159 
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Technical Notes 

Unified Approach to Cell EMF Calculations 

David Gray* 
Math~Science  Division, Golden  Wes t  College, Hun t ing ton  Beach, Cali fornia 92647 

General Discussion 
In  ca lcu la t ing  the  e m f  of an  e l ec t rochemica l  cell  

composed  of  two  ha l f - ce l l  react ions ,  t he  usua l  p r o -  
cedure  is to t ake  the  a lgebra ic  sum or  d i f ference  (de-  
pend ing  on conven t ion )  of the  e l ec t rode  po ten t i a l s  of 
t he  ha l f -ce l l s .  In  m a t h e m a t i c a l  terms,  this  is exp re s sed  
as  

Ecell = Eox "}- Er  [1] 

w h e r e  E is the  r e v e r s i b l e  o r  N e r n s t  po ten t i a l  and the  
subscr ip ts  ox and r s t and  for  ox ida t ion  and r educ t ion  
ha l f -ce l l ,  r e spec t ive ly .  I t  wi l l  be  s h o w n  in this  pape r  
that ,  wh i l e  Eq. [1] is cor rec t  for  mos t  cases, it is not  the  
gene ra l  e q u a t i o n  for  cell  e m f  calcula t ions .  

The  on ly  t h e r m o d y n a m i c  f o r m u l a  tha t  wi l l  be  neces -  
s a ry  for  this  d iscuss ion is the  w e l l - k n o w n  e q u a t i o n  at 
cons tan t  t e m p e r a t u r e  and  p r e s s u r e  

AG : --riFE " [2] 

w h e r e  AG is t he  change  in the  .Gibbs f ree  energy ,  n 
is the  change  in  t he  n u m b e r  of e lect rons ,  and  F is the  
Fa raday .  

I n  genera l ,  i f  we  cons ider  two  h a l f - c e l l  react ions ,  
such as 

n r ( A  ni = noxe + A ni+n~ 

nox(A ni+n~ + nre = A n~) 

noxA nl+n: : nrA ni+n~ -4- (nox --  n r ) A  nl 

o r  

(nr - -  nox)A ~ + noxA ni+n~ = nrA al+~~ 

A n~ : noxe + A ni+n~ AGox : --noxFEox [3] 

B n~+~ + nre : B n~ AG~ : - - n r F E r  [4] 

t h e y  m a y  be  combined  to f o r m  a cel l  by  the  fo l l owing  
p r o c e d u r e  

n r ( A  n~ : noxe + A ~+n~ 

nox(B n~+nr + nre : B nf) 

n r A  ni + noxB nf+nr = nrdni+nox -~- noxBn2 

F r o m  t h e r m o d y n a m i c s ,  we  can  w r i t e  t ha t  

AGcell = nrAGox -}- noxAGr [8] 

n r ( A  ni = noxe -}- A ni+n~ 

nox(A n~+noz + nre ---- A nf) 

n r A  nl -{- (nox --  n r ) A  nl+n~ = noxA n= 

o r  

n~A nl = (nr -- nox)A nl+n~ § noxA n= 

* Electrochemical Society Active Member. 
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so that ,  f rom Eq. [2] 
nrnoxEox d- noxnrEr  

Ecell = [9] 
ncell 

Note  tha t  nceu is the  ne t  cel l  e l e c t r o n  change.  I t  is ob-  
v ious  tha t  

nrnox = noxnr [10] 

is t rue  for  al l  cases of cel l  fo rmat ion .  Thus,  Eq. [9] 
m a y  be  w r i t t e n  as 

nrnox 
Ecen -- - -  (Eox + Er) [ii] 

ncell 

For cell calculations (case I, A r B) other than dis- 
proportionation reactions 

ncell ~- nrnox [12] 

will be true, and Eq. [11] will reduce to Eq. [1]. 
Now, in disproportionation systems (A = B) there 

are two cases which will result in Eq. [12] and, there- 
fore, Eq. [I] not being valid. If we set (case If) 

nl  --  n2 [13] 

nr  ~ nox [14] 

t h e n  we  can  r e w r i t e  Eq. [5], [6], and  [7] as 

nrAGox ---- --nrnoxFEox [15] 

nexAGr ---- --noxnrFEr [16] 

(nox > nr) [17a] 

AGcell = --ncellFEcell 

(nr > nox) [17b] 

It  is obvious  tha t  for  this pa r t i cu l a r  case t h e r e  exis ts  no 
gene ra l  r e l a t ionsh ip  b e t w e e n  ncell and nrnox. 

Or  if  w e  set (case I I I )  

nl  + nox = n2 + nr  [18] 

nrAGox = --nrnoxFEox 

noxAGr = --noxnrFEr 

AGcell = --ncellFEcell 

[5] 

[6] 

[7] 

[14] n r  =/= nox 

t h e n  we  can  r e w r i t e  Eq. [5], [6], and  [7] as 

nrAGox = --nrnoxFEox [1'9] 

noxAGr : --noxnrFEr [20] 

(nox > nr) [21a] 

AGcell = --ncellFEcell 

(nr > nox) [21b] 

Once again, it is obvious  tha t  for  this case t he r e  
exis ts  no gene ra l  r e l a t i onsh ip  b e t w e e n  ncell and  nrnox. 
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Further ,  it should be noted that in  cases II and III Eq. 
[1] will result in erroneous cell potentials (see ex- 
amples).  Thus, these generalized examples demon- 
strate that Eq. [11] and not [1] is the general  equation 
for cell emf calculations. It  is essential to remember  

path 1 2(Cu + ~ - e + C u  ++) 
Cu + + + 2e : -  Cu 

path 2 

path 3 

2Cu + : Cu + Cu + + 

Cu + : e + Cu + + 

Cu + + e = Cu 

2Cu + = Cu + Cu + + 

Cu ---- 2e + Cu + + 
2(Cu + + e = C u )  

2Cu + ---- Cu + Cu++ 

that addition of half-cell  reactions, even to obtain a 
complete ceil, means addition of ~G or nE, but  not of E 
alone (1). But as case I illustrates, most cell combi- 
nations are such that Eq. [12] can be used. For other 
disproportionation systems (i.e., nr ~- •ox), Eq. [12] 
and Eq. [1] will be valid. 

For completeness, the method of combining half-cell  
reactions to form a new half-cell reaction will be in- 
cluded in this discussion. If we consider the following 
half-cell  reactions 

A n -~ A n+~l q- h i e  

A n+nl : d n+nl+n2 ~ n2e 

A n = A  n + n l + ~ +  ( n l + n 2 ) e  

and since 

we can write 
AG12 ---- hG1 + AG2 

hG1 -~ - - n l F E I  [22] 

~Gu = --n2FE2 [23] 

~GI2 -:  -- (n~ + n2)FE12 
[24] 

[25] 

nlE1 + n2E2 
E12 = [26] 

nl  + n2 

Specific Example 
There are numerous examples which can be given to 

show that Eq. [i] is not ahvays valid. Here one ex- 
ample will be assumed to be sufficient to show the gen- 
eral validity of Eq. [ii]. 

If we take the following three half-cells (example 
i) and their respective half-cell standard potentials 
(2) 

Cu + + + 2e ~ Cu E~ ---- 0.337V [27] 

Cu + + e ---- Cu EOr_-: 0.521V [28] 

Cu + + + e = Cu + 

we can form the cell 

2Cu + ~- Cu + Cu + + E~ -- 

by three different paths: 

2(--0.153) + 2(0.337) 
~~ 1 -- 

1 
(case III) 

E~ - :  0.153V [29] 

~G 
- - - - 0 . 3 6 8  [30] 
nF 

---- 0.368V 

(--0.153) + 0.521 
E%ath 2 -- -- 0.368V 

1 

2(--0.337) + 2(0.521) 
E%ath  3 ~-- : 0.368V 

1 
(case lI)  

It  we had calculated these values by Eq. [1], E%en 
would have been 0.184V for paths 1 and 3, and 0.368V 
for path 2, This, in effect, would make E~ dependent  
on path, which it obviously is not. The important  thing 
to note in this example is that nceil has a definite and 
specific value which is determined by the over-al l  
cell reaction and not by the half-cell  reactions which 
make up the cell. In  this example ncell : 1 for all 
three paths 

This example has been considered by Lai t inen (3). 
However, he ma i n t a i n s  the general  validity of Eq. [1], 
which has been disproved in  this discussion. Lait inen's  
book has been cited here because it is the only major  
textbook which discusses this problem at length. 

One can now see that general  use of Eq. [1] can 
make certain disproportionation systems path de- 
pendent,  while Eq. [11] preserves the path indepen-  
dence of all cell emf calculations. 

Manuscript  submitted March 11, 1974; revised manu-  
script received ca. May 10, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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The  c o n t i n u e d  d e v e l o p m e n t  of  p r i n c i p l e s  for  e l ec -  
t r o d e  d e s i g n  [e.g., Ref.  ( 1 - 3 ) ]  a n d  t h e  i m p r o v e m e n t  of  
f a b r i c a t i o n  m e t h o d s  [e.g., Ref.  ( 4 - 6 ) ]  m u s t  u l t i m a t e l y  
i n v o l v e  some  spec i f i ca t ion  of  p o r o u s  e l e c t r o d e  s t r u c -  
tu re .  Yet,  p o r o u s  s t r u c t u r e s  t e n d  to e l u d e  p h y s i c a l  
d e s c r i p t i o n  a n d  r e l a t i o n  of  t h e i r  e l e c t r o c h e m i c a l l y  i m -  
p o r t a n t  (1-3)  a n d  g e o m e t r i c a l l y  d e r i v e d  v a r i a b l e s  
s u c h  as specif ic  s u r f a c e  a r e a  a n d  p o r o s i t y  (7) .  F r e -  
q u e n t l y ,  t h e s e  v a r i a b l e s  a r e  s u s p e c t e d  to h a v e  m u t u a l  
d e p e n d e n c e ,  b u t  i t  is no t  c l ea r  h o w  a c h a n g e  in  one  
v a r i a b l e  wi l l  affect  a n o t h e r .  

I t  is o u r  p u r p o s e  h e r e  to  s h o w  h o w  t h e  s t r u c t u r a l  
v a r i a b l e s  of b a t t e r y  a n d  fue l  cel l  e l e c t r o d e s  can  b e  
speci f ied  a n d  r e l a t e d  b y  a d a p t i n g  a f i l a m e n t a r y  a n a l o g  
for  p o r o u s  s t r u c t u r e s .  W e  also p r e s e n t  p r a c t i c a l  v a l u e s  
of t h e s e  s t r u c t u r a l  v a r i a b l e s  for  t y p i c a l  e lec t rodes .  

The  f i l a m e n t a r y  a n a l o g  ha s  b e e n  p r e v i o u s l y  u s e d  b y  
E v e r e t t  a n d  o t h e r s  in  t h e  s t u d y  of a d s o r p t i o n  p rocesses  
(8) .  M o r e  c o m p l e x  m o d e l s  h a v e  b e e n  d e v e l o p e d  in 
o t h e r  t e c h n i c a l  f ields (9-13) ,  b u t  n o n e  of t h e s e  a p p e a r  
to y i e ld  p r a c t i c a l  i n f o r m a t i o n  of g e o m e t r i c a l  v a l u e  so 
d i r e c t l y  f r o m  a se t  of  e l e m e n t a r y  equa t ions .  

Theoretical 
I n  t h i s  a p p r o a c h  a p o r o u s  e l e c t r o d e  is r e p r e s e n t e d  b y  

a ser ies  of f i l aments ,  e x t e n d i n g  f r o m  one  face  of t h e  
m a s s  to t h e  o the r ,  w h i c h  a re  a s s i g n e d  s h a p e s  a n d  pos i -  
t i ons  c lose ly  r e s e m b l i n g  t he  sol id  p o r t i o n s  of a n  ac tua l  
e l ec t rode .  The  f i l a m e n t s  a re  a s s u m e d  to h a v e  t h e i r  
e n d s  s i t u a t e d  at  t h e  c e n t e r s  of o p p o s i t e l y  a l i g n e d  u n i t  
s q u a r e s  in  t h e  e l e c t r o d e ' s  fac ia l  p l a n e s  a n d  to i n d i -  
v i d u a l l y  o c c u p y  o n l y  t he  v o l u m e s  c o n t a i n e d  b e t w e e n  
t h e  squares .  The  u n i t  s q u a r e s  h a v e  a s ide  d i m e n s i o n  x 
a n d  c o m p r i s e  t he  g r ids  of  two  m a t c h i n g  C a r t e s i a n  co-  
o r d i n a t e  sys tems .  As  s h o w n  in  Fig. 1, t h e  p o r e  p a r a m -  
e ter ,  ~ r, is de f ined  as t h e  r a d i u s  of a n  i m a g i n a r y  po re  
w i t h  a c i r c u l a r  c r o s s - s e c t i o n a l  f i t t ing  b e t w e e n ,  a n d  
t o u c h i n g  o n l y  at  t he  ends  of, a n y  fou r  a d j a c e n t ,  p a r a l -  
le l  f i l aments ,  e ach  w i t h  a n  o v e r - a l l  sol id  rad ius ,  R, a n d  
t o r t u o s i t y  fac tor ,  T. F o r  s h a p e s  c o n s i s t i n g  of r e g u l a r  
par t i c les ,  e a c h  p a r t i c l e  is a s s i g n e d  a vo lume ,  v, area ,  a, 
a n d  l e n g t h ,  L, a l o n g  t he  f i l a m e n t  t h r o u g h  t h e  e l e c t r o d e  
of t h i c k n e s s  t a n d  f r a c t i o n a l  vo id  v o l u m e  0. 

F r o m  t h e  P y t h a g o r e a n  t h e o r e m ,  R a n d  r a re  r e l a t e d  
w i t h  t h e  s ide  of t he  u n i t  square ,  and,  c o n s i d e r i n g  a 
s ing le  f i l ament ,  a n  e x p r e s s i o n  is w r i t t e n  for  t h e  sol id  
v o l u m e  f r a c t i o n  (1 --  ~). T h e s e  two  e q u a t i o n s  a re  t h e n  
used together with the definition of specific surface 
area, A, i.e., the area of the particles per unit volume 
of electrode, to obtain a set of two equations relating 
r, R, ~, ~, A, a, v, a n d  L 

(R + r )  2 
[ 1 ]  

(1 --  0) v / 2 L  

a ( 1  - -  0) 
A - -  [2] 

v 

A t h i r d  e q u a t i o n  r e s u l t i n g  f r o m  Eq.  [1] a n d  [2] also is 
u s e f u l  

a'~ 
A - �9 [3] 

2 ( R  + r)2L 

F o r  some  s t r u c t u r e s ,  i t  is m o r e  accura te ,  to  t r e a t  t h e  
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batteries. 
1 The pore parameter, r, is also useful because it is essentially 

equivalent to an "effective" pore radius excepting when r and 
1 -- ~ become large i.e., when the average filament spacing at the 
interior differs appreciably from the assigned spacing of the ends. 

f i l amen t s  as pores ;  t h e  f o r m s  of t h e  e q u a t i o n s  a r e  t h e n  
u n c h a n g e d  b u t  t h e  m e a n i n g s  of  t h e  s y m b o l s  b e c o m e  
r e v e r s e d .  F o r  such  f i l a m e n t a r y  po re s  t h e  d i m e n s i o n l e s s  
g r o u p  ~ / ( 1  --  e) of Eq. [1] is d i r e c t l y  r e l a t e d  to t h e  
s o - c a l l e d  e f fec t ive  d i f fus ion  coeff icient  (14) .  U n l e s s  
o t h e r w i s e  noted ,  f i l a m e n t s  wi l l  b e  c o n s i d e r e d  in  a n a l y -  
ses as t h e  so l id  p o r t i o n  of t h e  s t r u c t u r e .  

T h e  e q u a t i o n s  c a n  b e  g e n e r a l i z e d  if  i t  is u n d e r s t o o d  
t h a t  v -~ klR2L a n d  a -~ k2RL fo r  a g i v e n  p a r t i c l e  
shape ,  w h e r e  kl  a n d  k2 a r e  t h e  a p p l i c a b l e  cons t an t s .  
S u b s t i t u t i o n  in to  Eq. [ 1 ] - [ 3 ]  y ie lds ,  r e spec t i ve ly ,  t h r e e  
c o r r e s p o n d i n g  e q u a t i o n s  r e l a t i n g  t h e  v a r i a b l e s  r, R, T, 
8, a n d  A 

(1 --  0-------7 kl  + 1 [4] 

k2 (1 - -  O) 
A ---- - [5] 

k~ R 

k2 R~ 
A _ [6] 

2 (R --~- r )  2 

T h e  c o n s t a n t s  kl a n d  k2 a re  a l t e r e d  o n l y  b y  a c o n s t a n t  
f a c t o r  w h e n  p a r t i c l e  s h a p e  is c h a n g e d  b u t  a re  u n -  
c h a n g e d  fo r  a l l  sizes of a g i v e n  p a r t i c l e  shape .  

Results and Discussion 
T h e  set  of  t h r e e  g e n e r a l  e q u a t i o n s  sugges t s  a n a t u r a l  

d iv i s i on  of s t r u c t u r a l  v a r i a b l e s  in to  t h o s e  w h i c h  m a y  
b e  classif ied as e i t h e r  gene ra l ,  r ,  R, 0, ~, a n d  A, o r  
p a r t i c u l a t e ,  v, a, a n d  L, a n d  also sugges t s  t h e  use  of 
c e r t a i n  g r o u p s  of g e n e r a l  va r i ab l e s ,  n a m e l y ,  (R + r ) ,  
r/R, R / ( R  § r )  2, a n d  (1 --  0) w h i c h  h a v e  p r a c t i c a l  
s igni f icance .  T h e  v a r i a b l e s  (R § r )  a n d  r / R  a r e  m o n o -  
t o n i c a l l y  d e p e n d e n t  on  t h e  def ined  p o r e  p a r a m e t e r  a n d  
hence, for typical �9 and (I --0), on the effective pore 
radius for constant R; (R ~- r) and R/r are similarly 
dependent on filament (solid) size for constant r; and 
(I -- e) is the fractional solid volume. With the use of 
the general variables, the over-all effect on structure 
of suggested changes in design or fabrication becomes 
evident by considering, first, the relation of the gen- 
eral variables, and, second, the influence of particulate 
variables on the relation of the general variables. 

General structural variables.--It  is a d v a n t a g e o u s  to 
e x a m i n e  p lo t s  of t h e  g e n e r a l  v a r i a b l e s  in  some  d e t a i l  
b e c a u s e  t h e  s a m e  d e p e n d e n c e s  a r e  f o u n d  fo r  a l l  s t r u c -  
t u r e s  w h i c h  can  b e  r e p r e s e n t e d  b y  t h e  f i l a m e n t a r y  
ana log .  W e  m a y  p lo t  e i t h e r  R/r  or  (r + R) vs. (1 --  ~) 
for  v a r i o u s  �9 f r o m  Eq. [1] or  [4], A vs. R for  v a r i o u s  
6 f r o m  Eq. [5], a n d  A vs. T fo r  v a r i o u s  R / ( R  q- r) 2 

Fig. 1. Four volumetric units of electrode matrix with filaments 
showing effective dimensions. 
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from Eq. [6]. As a guide, we select Fig. 2 through 4 
for electrodes constructed of uniform spheres, bonded 
together, where  the f i lamentary analog is taken to con- 
sist of rows of touching spheres. Here, v = 4 /3~R  ~ = 
k lR2L,  a = 4~R 2 .~ k2RL,  and L = 2R, hence kl ---- 
2/3n and k2 = 2~ in Eq. [4]-[6].  

P a r t i c u l a t e  s t r u c t u r a l  v a r i a b l e s . - - F r o m  Eq. [2] and 
[3], it can be seen that  for a given set of general  var i -  
ables, A is increased l inear ly  wi th  increases in a / v  or 
a lL .  In fabrication this increase is usually accomplished 
by increasing surface roughness or by using filamen- 
t a ry  particles having micropores. Ult imately,  such in- 
creases in particle area become of l imited practical use 
because of the onset of t ransport  process l imitations 
within the micropores (15). From Eq. [1] we see that  
the ratio v / L  has the  same influence as �9 in shifting 
the curves of Fig. 2. The relat ion of part iculate to gen-  
eral variables of porous structures is thus evident  by 
Eq. [1]-[3];  the form of the relations of general  var i -  
ables always holds while  these relations are changed 
by a proport ional i ty constant with changes in the par-  
t iculate variables as indicated above. 
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S o m e  a p p l i c a t i o n s . - - A c c u r a c y  of the given equations 
is best for those structures whose void or solid portions 
are simply shaped or for those which closely resemble 
a f i lamentary network.  For  example, accurate relations 
should be obtained with  many  known practical s t ruc-  
tures which are s t ructural ly  ordered, such as stacks of 
woven wire meshes or screens, bundles of parallel, 
uniform metal  fibers (16), compacted short lengths of 
uniform metal  fibers, 2 structures of sieved, bonded 
particles (5), metal l ized paper fiber structures (17), 
or uniform sphere beds (18) .  The lat ter  three struc- 
tures have been reported as exper imenta l  fuel cell and 
bat tery  electrodes. 

The fi lamentary analog for electrode structures 
should be selected so that  the best correspondence in 
the representat ion is made, i.e., so that variables can 
be easily assigned. For example,  with stacks of plain 
square weave screens, the wires in one d i rec t ion  could 
be taken as the principal filaments while  wires perpen-  
dicular to these filaments should be considered as seg- 
ments with specified area, divided and attached to the 
principal filaments at regular  intervals.  With more 
complex structures, it is useful to consider the porous 
mass to be divided into smaller, identical volume ele- 
ments, equivalent  to x2t volumes, taken so that  each 
volume element  contains essentially the same geo- 
metrical  configuration of filaments throughout  the 
mass. In practice, we have found that  some accuracy is 
retained with this method even with typical electrodes. 

We have summarized in Table I the s t ructural  var i -  
ables of four typical, more complex, electrode s truc-  
tures, giving the representat ions selected for the fila- 
mentary  analog. For  the given structures, r and R were  
determined by averaging several  values measured 
from photomicrographs of polished metal lographic  
cross sections taken with an optical microscope of the 
porous masses after impregnat ion with epoxy under 
vacuum, e.g., see Fig. 5a. Circles were  fitted be tween 
the assumed filaments at a large number  of randomly 
selected locations to obtain the average radius, r. 
Thickness of the assumed filaments, 2R, was measured 
perpendicular  to the filament direction, also at several  
randomly selected locations, as indicated in Fig. 5a. 
Photographs of a calibrated scale at the same magnifi- 
cation were used to ascertain distance. 

Scanning electron microscopy, as shown in Fig. 5b, 
helped in selection of assumed filament shapes and 
direction. In Fig. 5b, the solid portions are visualized 
as approaching an ordered shape of interconnected 

2 "Fel tmeta l , "  prepared  by Armour  Research Foundation, Chicago, 
Illinois. 
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Table I. Structural variables of some porous electrodes 

Assumed strue- Measured R Measured v Cale. A 
Material ture of filament Measured ~ (#m) (~m) (cm~/cm s) Calc. r 

Silver spheres a Rows of spheres 0.373 18.6 6.30 1,010 1.I 
Silver membraneb Cylindrical 0.571 1.82 1.21 4,720 2.4 
Porous nickelc Cylindrical 0.823 0.979 4.48 3,470 3.4 
Silver oxide d Square pores 0.420 0.922 1.81 35,600 14.1 

a Silver spheres obtained in classified size from Metz Refining Company, Newark, New Jersey. 
b 0.002 in. thick porous silver plaques, Cat. No. FM-13-5, Selas Flotronic 5, Spring House, Pennsylvania, 
c Clevite nickel battery plaque, nickel screen not considered in 0.056 in. thick sheets, Clevite Corporation, Cleveland, Ohio. 
d Silver oxide electrodes, silver screen not considered in 0.040 in. thick sheets, Order No. 16-24587, The Eagle-Picher Company, Cincin- 

nati, Ohio. 

Table II. Surface areas obtained by different methods 

Specific surface area 
(cm2/cm 3) 

Calc. from 
filamentary Stereometric 

Material* analog BET analysis 

Silver spheres 1,010 (1,260) (695) 
Silver membrane 4,720 4.690 4,700 
Porous nickel 3,470 3,460 3,270 
Silver oxide 35.600 31,100 - -  

* see Table I for material descriptions. 

cy l ind r i ca l  f i laments .  F o r  all  of  t h e  c o m p l e x  s t ruc tu re s ,  
e n o u g h  o r d e r  could  be  d e t e c t e d  to a l low app l i ca t ion  of 
t he  f i l a m e n t a r y  ana log  m e t h o d .  Po ros i t i e s  w e r e  cal -  
cu la ted  f r o m  the  m e a s u r e  w e i g h t s  of p r e d e t e r m i n e d  
vo lum es  of t he  s p e c i m e n s  f r ee  of any  s u p p o r t i n g  s c r een  
material and from the known densities of the void- 
free substances. 

After the selection of a filamentary analog shape, A 
is calculated by Eq. [2], using the measured e and R, 
and T is calculated from Eq. [I] using the measured e, 
R, and r. The average deviation in determined R and 
r va lues  w a s  less  t h a n  • 6%. 

In  Tab le  II va lues  are  g iven  of specific su r f ace  a reas  
for  t he  e l ec t rode  m a t e r i a l s  d e t e r m i n e d  by  the  f i l amen-  
t a r y  ana log  r e p r e s e n t a t i o n  (Table  I) ,  b y  t h e  BET 
m e t h o d  (19), and  by  a s t e r e o m e t r i c  m e t h o d  (20). The  
a rea  of  t he  s p e c i m e n  of s i lve r  s p h e r e s  w a s  too low to 
y i e ld  a ccu ra t e  ana lys i s  by  the  BET m e t h o d  to b e t t e r  

t h a n  • 50%. The  s t e r e o m e t r i c  ana lys i s  w i t h  t h e  
s p h e r e s  also fa i led  to y ie ld  a c c u r a t e  ana lys i s  because  
of t he  inab i l i t y  of t he  u sed  m e t h o d  of  s can n i n g  to d is -  
t i ngu i sh  t o u ch i n g  s p h e r e s  f r o m  s ingle  spheres .  On t h e  
o t h e r  hand ,  fo r  t h o s e  cases  w h e r e  BET and  s t e r e o -  
me t r i c  m e t h o d s  a r e  accura te ,  a g r e e m e n t  w i t h  t he  fi la-  
m e n t a r y  ana log  va lues  is to w i t h i n  ___ 15%, w h i c h  thus  
a p p e a r s  to be t h e  l imi t  of  accu racy  o f  t h e  f i l amen t  
m e t h o d  for  c o m p l e x  shapes .  W i t h  s imp le  shapes ,  ac-  
cu racy  is l imi t ed  only  by  the  accu racy  in  m e a s u r e m e n t s  
of R and  r as app l i ed  to Eq. [4 ] - [6 ] .  

Summary and Conclusions 
A f i l a m e n t a r y  ana log  of a po rous  m a s s  is m a t h e m a t i -  

cal ly  d e v e l o p e d  to s h o w  h o w  s t r u c t u r a l  va r i ab l e s  can  
be  m u t u a l l y  r e l a t e d  a n d  act  as a gu ide  in  e v a l u a t i o n s  
of porous  e lec t rodes .  Specif ic  su r f ace  area,  poros i ty ,  
sol id  to r tuos i ty ,  sol id  radius ,  and  a p o r e  p a r a m e t e r  a re  
re la ted ,  and  the  inf luence  of ch an g es  in  sol id  f i l amen-  
t a ry  pa r t i c l e  volume,  l eng th ,  and  a rea  on  t h e s e  r e l a -  
t ions  is shown.  A c c u r a c y  of  t he  f i l amen t  m e t h o d  in  
e s t i m a t i n g  specific su r f ace  a rea  w a s  f o u n d  to  be  w i t h i n  
• 15% for  c o m p l e x  e l e c t r o d e  s t ruc tu r e s .  
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Fig. 5. Typical photomicrographs used for determining filament shape and size. a (left), Optical photomicrograph of polished, sectioned 
specimen of porous Flotronics silver membrane. Method of selecting r and R indicated, b (right), SEM photomicrograph of broken specimen 
of porous Flotronies silver membrane. 
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LIST OF SYMBOLS 

area of unit particle, cm 2 
dimensionless constants depending only on 
particle shape 
pore parameter, cm 
electrode thickness, cm 
unit particle volume, cm 3 
side of square grid, cm 
specific surface area, cm2/cm a 
length of unit particle, cm 
over-all radius of unit particle (filament), cm 
filament tortuosity or ratio of filament length 
to electrode thickness 
fractional void volume 
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Communication 

The Kinetics of Nickel Passivation 

Adolf Pigeaud* 
Department of Materials Science and Metallurgical Engineering, University of Cincinnati, Cincinnati, Ohio 45221 

Passive surface conditions may be produced on met-  
als and alloys by electrochemical polarization in the 
anodic region. The passive condition occurs as the re- 
sult of a series of surface reactions which culminate in 
the deposition of a highly protective film. Such films 
usually consist of several very thin oxide phases paral-  
lel to, and in int imate contact with, the surface. Po- 
tentiostatic experiments are often performed to study 
the formation of these layers on sample metal elec- 
trodes in an electrochemical cell. Current  is measured 
while potential  is general ly varied according to a con- 
trolled schedule of specified values. Unfortunately,  this 
controlled variat ion in most potentiostatic experiments 
is selected without  adequate regard for the reaction 
kinetics of the individual  film formation processes. This 
is evident because the normal  procedure usual ly  is to 
vary  the applied potential  in stepwise fashion or to in-  
crease it monotonically during polarization even though 
individual  reactions obviously still have not yet run 
their course. 

In a recent study of pure  Ni-polarization in 15N sul- 
furic acid, very fast and very slow current  changes 
were investigated while potential  across the total cell 
was mainta ined at a constant value throughout each 
exper imental  run. Oxide layers left on the surface from 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  words :  po la r i za t ion ,  k ine t ics ,  n icke l ,  pa s s iv i ty .  

previous experiments were removed before each new 
run  by a kind of electropolishing technique in which 
vigorous oxygen evolution is enforced for about 1~ rain. 
The sample is then allowed to come to its equi l ibr ium 
rest potential in a fresh quant i ty  of solution. A new 
run  begins the moment  a part icular  desired potential  
is applied across the total ceil (i.e., from counterelec- 
trode to working electrode without reference to any so- 
lut ion potential).  Current  data were obtained by means 
of two types of recorders: a l ight-beam oscillograph 
for the very fast init ial  changes and an X ( l o g t )  = Y  
recorder for the medium and very slow, long term 
changes. The current  variable also extended over a 
wide range of values from about 100 ~A/cm 2 to over 
1600 mA/cm 2. Hence "instantaneous" log converted 
values of current  were the actually recorded variables 
for obtaining high frequency, wide band response. A 
large number  of such isopotential experiments  were 
run  and in each case current  behavior was followed for 
a considerable length of time, from 10 msec after 
startup to at least 17 rain (1000 sec). Thus an enormous 
body of data was accumulated which proved too large 
and cumbersome to be handled by ordinary means of 
curve comparison. A powerful new method of analy-  
sis, using 3D-computer graphics, was then applied and 
a very revealing picture of the kinetics of nickel pas- 
sivation resulted. Figure 1 i l lustrates this total kinetic 
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Fig. 1. Complete electrokinetic response in current-time-potentlal space of pure nickel polarized in 15N sulfuric acid 

behavior  as a complex surface in cu r ren t - t ime-po ten -  
tial space. The surface was generated by manual ly  
convert ing the (I-t) analog data of each isopotential  
curve into digital form (e.g., some 2304 points were  
read) and these were then plotted as a th ree -d imen-  
sional perspect ive view from the side of the orthogonal  
current-potential plane. One should note that the (I-E) 
curves so obtained can never be directly generated in 
a real experiment since potential, of course, cannot be 
increased from 0 to 2400 mV in zero time. 

To our knowledge this method of obtaining the 
complete "eleetrokinetic" response of a system while 
it polarizes is unique. The data were obtained both 
by a greatly improved instrumental method and a 
somewhat different operating procedure. Analysis of 
these data, in the form of a complex current-time-po- 
tential surface, moreover has proven powerful indeed. 
Original ly the minima and maxima in the isopotential  
curves seemed to bear l i t t le relat ionship to known 
equil ibria  or to famil iar  reaction processes. Af ter  plot-  
t ing in three dimensions, however,  the extremes and 
inflections in these curves can be recognized as part  of 
a larger  system of ridges, saddle points, and valleys 
which have real  meaning in terms of the various reac-  
tions that are l ikely  to occur on the surface.  Thus it has 
been possible, wi th  the help of other visual and analyt i-  
cal evidence obtained during the exper imenta l  part  of 
this program, to identify most of these features as 
being due to the formation on the surface of a number  
of colloidal hydroxides  (1) and mult iphase oxide layers. 

Addit ional  support for these conclusions came 
when it was realized that  these data, which are basi-  
cally kinetic in nature, can also be used to supply 
evidence of the momenta ry  existence of the rmody-  
namic equil ibria  during polarization. Namely  when the 
saddle points and val leys of the complex surface are 

projected onto the (E-t) base plane of Fig. I a kind of 
pseudo-Pourba ix  diagram results which is i l lustrated 
in Fig. 2. This project ion of the diffuse features of the 
complex surface in a different dimension suddenly al-  
lows one to fit ra ther  precise s t ra ight- l ine  boundaries 
to what  were  seemingly only vaguely  defined regions 
of electrochemical  stability. Single and dual phase 
layers which previously could only be inferred have 
also been added to this diagram which, it must be em-  
phasized, shows stabil i ty wi th  respect  to a " t ime"  f rame 
of reference. When Fig. 2 is compared to a part ial  ve r -  
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Fig. 2. Pseudo-Pourbaix diagram obtained directly from nickel 
polarization data. 
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sion of the Pourbaix diagram for nickel, such as is 
shown in Fig. 3, the remarkable  similari ty between 
these two modes of expressing thermodynamic equi-  
l ibria becomes apparent.  In fact the almost I: 1 analogy 
between the phase boundaries in these two diagrams 
suggests that a simple inverse relationship must  exist 
between polarization time and H+- ion  concentration 
in the immediate vicinity of the polarizing metal  sur-  
face (e.g., as compared to the bulk  concentrat ion).  
Such a relationship is not difficult to just ify on theo- 
retical grounds if one can assume a polarization model 
in which proton removal from the interface occurs at 
a constant electrophoretic rate of migrat ion due to a 
constant electric field. 

This means that a Pourbaix  diagram, such as shown 
in Fig. 3 which is actually a composite of free energy 

data obtained from many  different sources, can now be 
obtained all at once by means of a single experimental  
procedure and also with respect to a more realistic 
t ime frame of reference. Furthermore,  when com- 
pletely developed, this procedure holds the promise 
of being able to yield detailed information on the 
various spinellike phases and mul t i layer  combinations 
which may occur in protective films (e.g., on alloys) 
formed in real envi ronments  (e.g., in aqueous or 
organic solutions containing other cationic and anionic 
species). 

Conclusion 
An improved polarization and data analysis tech- 

nique applicable to most metal /electrolyte  systems has 
been developed which shows considerable promise a s  

a new tool for the direct, t ime-dependent  character- 
ization of anodically deposited films. 
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Erratum 

In  the paper "Additive Ternary  Molten Salt Sys- Louise Saboungi and Pierre Cerisier which appeared 
terns--Calculat ion of Phase Diagrams from Thermo- on pp. 1258-1263 in the October 1974 JOURNAL, Vo1. 121, 
dynamic Data of Lower Order Systems" by Marie- No. 10, Eq. [11] should read as follows 
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Solid-State Ionics: High-Conductivity Solid Copper Ion 
Conductors: N,N'-Dialkyl (or Dihydro)-Triethylenediamine 

Dihalide-Copper(I) Halide Double Salts 
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ABSTRACT 

New solid electrolytes with high copper ion conductivity at ambient  tem- 
perature  have been iound in the system N,N'-dialkyl  (or d ihydro) - t r i e thy l -  
enediamine dihal ide-copper(I)  halide in the composition range of 94-80 mole 
per cent (m/o)  copper( l)  halide. For example, the solid-state reaction prod- 
uct between copper(I)  bromide 94 m/o  and N,N' -d imethyl - t r ie thyienediamine  
dibromide .6 m/o exhibited the conductivity of 0.035 (ohm-cm) -I at 20~ 
which was essentially ionic. X-ray diffraction investigations indicated that 
these new solid electrolytes are unique and not the mixtures of their con- 
stituents. 

During the past decade, the electrical properties of 
high-conduct ivi ty  solid electrolytes and their  applica- 
tions to electrochemical devices have been described 
by many  authors (1). However, the high-conduct ivi ty  
materials reported previously have been main ly  the 
silver ion or alkali ion conductors. Recently, p romis -  
ing results have been found by Takahashi, Yamamoto, 
and lkeda (2), that N-a lkyl  (or hydro ) -hexamethy l -  
enete t ramine hal ide-copper(I )  halide double salts ex- 
hibited high copper ion conductivities of 4 X 10 -4 to 
1.7 • 10 -2  ( o h m - c m ) - i  at 20~ and their  electronic 
conductivities were less than 10 -10 (ohm-cm) -1 at 
100~ Fur ther  investigations on copper ion conduc- 
tors in our laboratory have revealed that  the N,N'- 
dialkyl (or d ihydro) - t r i e thy lenediamine  dihalide-cop- 
per (I) halide double salts have the ionic conductivities 
of 2 • 10 -~ to 4 X 10 -2 ( o h m - c m ) - i  at 20 ~ C. 

Experimental 
N,N'-dialkyl  (or d ihydro) - t r i e thy lenediamine  di- 

halides, C6H12N22RX (R ---- H, CH~, C2H5, X = C1, 
Br, I), were prepared by mixing  the ethanol solution 
of t r ie thylenediamine (1,4-diazabicyclo 2,2,2 octane),  
C6H12N2, and alkyl halides or hydrohalogenic acids. 
Tr ie thylenediamine and alkyl halides used were ma nu-  
factured by Tokyo Chemical Indus t ry  Company, and 
they were used without fur ther  purification. For ex-  
ample, to a solution containing 5g (0.045 mole) of 
t r ie thylenediamine in 50 mliters of ethanol were 
slowly added 21g of a 50% methyl  bromide (0.11 mole) 
solution in ethanol and the mix ture  was allowed to 
stand overnight  at room temperature.  After  being 
filtered, the precipitate was  dried in vacuo on P205. 
By this method, five kinds of N,N'-dialkyl  (or di- 
hydro) - t r ie thylenediamine dihalides, C6H12N22HC1, 
C6H12N22HBr, C6H12N22C2HsBr, C,H12N22HI, and 
C6H12N22CH3I were prepared. For the preparat ion of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  sol id  e l e c t ro ly t e ;  c o p p e r  ion  conduc to r ;  c o p p e r ( I )  

ha l ide ;  N , N ' - d i a l k y l - t r i e t h y l e n e d i a m i n e  d iha l ide .  

all these precipitates, the mole ratio of alkyl halides 
(or hydro halogenic acids) to t r ie thylenediamine was 
made larger than the stoichiometric ratio (2:1 mole 
ratio). N,N' -d imethyl - t r ie thylenediamine  dichloride 
was prepared as follows: t r ie thylenediamine (25.5g) 
was added to a 7.3% ethanol solution of methyl  chlo- 
ride (422g). After s tanding for two days, methyl  
chloride gas was b lown into the solution. The mix ture  
was allowed to stand for seven days at room tempera-  
ture, and after being filtered, the precipitate was d r ied  
in vacuo on P205. The crystals obtained were recrys-  
tallized from ethanol. 

Tr ie thylenediamine has two ni t rogen atoms in a 
molecule, a n d  the following two types of quar te rnary  
alkyl t r ie thylenediamine halide (a) and (b) may exist 

R 
I 

/ N \ 

H,2C 
I 1 CH~ ] 

H2C I CH2 

R 
\ (a) / 

R 
2+ / I \ + 

H~C CH2 CH2 

H2C CH2 

2X- 

\ (b) / 

X- 

where R is H, CHs, or C2H5, and X is halogen. In this 
study, as the quarternary alkyl iriethylenediamine 
halides were obtained using an excess amount of alkyl 
halide or hydrohalogenic acid, the chemical formulas 
of the obtained compounds were type (a) which are 
certificated by the analytical data shown in Table I. 
The analytical data agree well with the values cal- 
culated from the molecular form of C6H12N22RX. The 
decomposition temperature of these compounds are 
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Table t. Analytical data of 
N,N'-dialkyl(or hydro)-triethylenediamine dihalides 

Compound 

A n a l y s i s  D e c o m -  
pos i t ion  

C a l c u l a t e d  F o u n d  t e m p e r -  
C H N C H N a t u r e ,  ~ C 

C6H~N22HC1 38.9 7.6 15.1 39,1 7.4 15.2 167 
C6I-I~N'~2 CHaC1 45.1 8.4 13.1 40.5 8.9 12.3 201 
CaI'II~N22 H B r  26.3 5.1 10.2 26.1 4.9 10.1 232 
CGH~N22 CH~Br 31.8 6,0 9.3 31.6 6.0 9.6 218 
C6H~Ne2C~I~Br 36.4 6.7 8.5 36.8 6.6 8.5 216 
C~H~N~2HI 19.6 3.8 7.5 19.2 3.7 7.3 247 
Ce-~I~N~2CH~I 24.3 4.5 7,1 24.2 4.5 6.9 176 

also shown in the table. Copper(I)  halides were pur i -  
fied by recrystall izing in the corresponding hydro-  
halogenic acid. 

The materials used for the conductivity and x - ray  
experiments were prepared by combining CuX with 
C6H12N22RX. The appropriate quantit ies of both com- 
pounds were mixed with a small amount  of ethanol 
and dried completely at about 80~ before being 
pressed to form a pellet under  a pressure of 400:0 kg /  
cm 2, and then heated in a sealed evacuated Pyrex  
vessel for 17 hr. The reactions were carried out below 
the decomposition temperatures of the corresponding 
C6Hz2N22RX shown in Table I, that is, at 160~ for the 
CuC1-CsH~2N22HC1 system, at 170~ for the CuI- 
CsH~eN22CH3I system, and at 190~ for the other sys- 
tems. The result ing materials did not melt  at these re- 
action temperatures,  except for the C6H12N22HC1-CuC1 
system. 

The electrical conductivity was  measured by using a 
cell, Cu, sample/sample/Cu,  sample. The sample of 
about 0.Sg was stacked between the mix ture  of pow- 
dered copper (325 mesh) and the sample  (2:1 weight 
ratio), and pressed into a pellet of 13 mm diameter  
under  a pressure of 4000 kg/cm 2. The pressed samples 
with copper electrodes were annealed for several hours 
at 100~176 corresponding to the kind of sample, in 
oxygen - f r ee  ni t rogen gas flow before being slowly 
cooled to room temperature  in  an oven. This t reat-  
ment  provides for removal of the excess halogen in the 
sample, thus avoiding a deficit of copper which will 
give hole conduction in  addition to ionic (3). The re-  
sistance of the conductivity cell was measured by 
means of the Ando Denki conductance bridge using 
1000 Hz. The frequency dependence of resistance was 
not observed for all samples investigated. 

The method for determining the electronic conduc- 
tivity was described previously in some detail (2). It 
was determined from the relat ion of the current  density 
and the cell voltage for the cell, Cu/sample/graphi te ,  
upon passing a direct current.  

The transport  number  of copper ion was measured 
by Tubandt ' s  method. In  order  to reduce the electrode 
polarization, a mixture  of powdered copper and the 
sample was used for the electrode, and the weight 
changes of the electrode and the sample of the cell of 
the type 

Cu, sample/sample/sampler/Cu, sample [I] 

were measured. 
The x- ray  diffraction pat terns of the powdered 

samples were obtained at room temperature  using con- 
ventional  techniques with CuK~ radiation. 

Differential thermal  analysis (DTA) was carried 
out for the sample which was sealed in a Vycor tube 
under  vacuum. The heating rate was 3.5~ The 
decomposition temperature  of samples was measured 
by thermogravimetr ic  analysis (TGA),  the heating 
rate of which was 3.3~ 

Results and Discussion 
Electrical conductivity.--The effect of composition on 

the conductivity at room temperature  was determined 
for the systems C~H~2N22HCI-CuCI, C6H~2N~2CH~C1- 
CuC1, C6H12N~2HBr-CuBr, C6ttl~N~2CH3Br-CuBr, 

C6H12N22C2HsBr-CuBr, C6H12N22HI-CuI, and C6H12N2- 
2CH3I. Of these systems, the conductivity of the 
thermal  reaction products of the C6H12N22HI-CuI 
system was comparable, to or less than  that of CuI. 
The other systems showed conductivities of 10-4-10 -2 
( o h m - c m ) - I  at room temperature  in the composition 
range of 95-80 mole per cent (m/o)  CuX. Figure 1 
shows the electrical conductivities of the systems 
studied at 20~ as a function of the mole per cent of 
copper (I) halide. These curves show that the conduc- 
t ivity has a max imum at a certain content of cop- 
per(I )  halide and decreases rapidly with decreasing 
the content of copper (I) halide. The max imum values 
of conductivity were obtained at 85 m/o  CuCI for the 
system C6H12N22HC1-CuC1, at 80 m/o  CuC1 for 
C6H~2N22CH3C1-CuC1, at 87.5 m/o CuBr for 
C6H12N22HBr-CuBr, at 94 m/o  CuBr for CeH12N~- 
2CH3Br-CuBr, at 85 m/o  CuBr for C6H12N22C2HsBr- 
CuBr, and at 85 m/o  CuI for C6H~2N22CH3I-CuI. The 
highest conductivity of 4.9 • 10 -2 (ohrn-cm) -1 at 
20~ was found in the system C~HnN22HBr-CuBr at 
87.5 m/o  CuBr. This value of conductivity is about 
three times larger than that reported in  our previous 
paper (2), in which the conductivity of 1.7 • 10 -2 
(ohm-cm) -~ at 20~ was obtained in  the system 
N-methyl -hexamethylene te t ramine  bromide-copper(I)  
bromide at 87.5 m/o  CuBr. Further ,  the conductivity 
value is comparable to that of silver ion conductors 
which are obtained by combining silver iodide with 
organic ammonium iodides (4-6). 

From the above results, it is recognized that in the 
systems C6H12N22RBr-CuBr, the conductivity de- 
creases successively with R being H, CH3, or C2tI5. 
This result  suggests that the symmetry  of organic am- 
monium halide may play a role to give the high con- 
ductivi ty compound. Tr ie thylenediamine is known  as 
a bicyclic cage compound, the stereo structure of which 
shows somewhat spherical symmetry,  and the sym- 
met ry  of the qua r t e rna ry  alkyl t r ie thylenediamine ion 
gets worse with increasing the volume of R from H to 
C2H5. 

The temperature  dependence of the electrical con- 
ductivities was determined for the Samples in the 
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Fig. 1. Composition dependence of the electrical conductivity of 
the binary solid electrolyte systems C6H12N22HCI-CuCI (�9 
C6H12N22CH3CI-CuCI (A), C6H12N22HBr-CuBr (17), C6H12N2- 
2CHaBr-CuBr (e), C6H12N22C2H~Br-CuBr (A), and C~H12N2- 
2CH31-Cul (11) at 20~ 
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Fig. 2. Temperature dependence of the electrical conductivity 
of 17CuCI'3C~HnN22HCI (O) ,  4CuCI'C~HI2N22CH3CI (A), 
7CuBr.C6HnN22HBr (1~), 47CuBr'3C~H~2N22CH3Br (~) ,  17CuBr' 
3C6HnN22C2HsBr (A), and 17CuI'3C~H12N22CH~I (11). 
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Fig. 3. Temperature dependence of the electronic conductivity 
of copper(I) halides, 4CuCI'C6HnN22CH3CI (A), 7CuBr'C6H12N2- 
2HBr (FI), 47CuBr'3C6HI2N22CH~Br (O), and 17CuI'3C6H12N2- 
2CH31 (11). 

C6H12N22RX-CuX system. The results of several tem- 
perature cycles are shown in Fig. 2. The log conduc- 
t ivity vs. the reciprocal of the absolute temperature  
curves for 4CuCl'C~H12N22CH3C1, 47 CuBr'3C6H12Ne- 
2CH3Br, 17 CuBr'3C6H12N22C2H5Br, and 17 CuI. 
3C6H12N22CH3I indicate that no phase transi t ion oc- 
curs in the range of the temperature  investigated. 
The activation energies calculated from these curves 
are 4.2 kcal /mole for 4CuCl'C6HnN22CH3C1, 2.7 kcal /  
mole for 47 CuBr'3C6H12N22CH3Br, 5.6 kcal/mole for 
17CuBr.3C6HI2N22C2HsBr, and 4.8 kcal /mole for 
17CuI.3C6H~2N22CH3I. The results for 17CUC1. 
3C6H~2N22HC1 and 7CuBr.C~H12N22HBr' exhibit  an 
increasing activation energy at l o w  temperature,  
which suggests that phase transit ions occur near 
65~ for 17CuC1.3C6H12N22HCI and 50~ for 7CuBr. 
C6H12N22HBr. However, 7CuBr'C6HI2N22HBr is con- 
ductive at room temperature  and has a low activation 
energy of 3.3 kcat/mole at 20~ On the other hand, 
17CuC1.3C6H~2N22HC1 has a high activation energy of 
13.5 kcal /mole at 20~ and it indicates that the con- 
ductive phase transfers to a nonconductive phase be- 
low 65~ 

Electronic conductivi ty .--Though stoichiometric cop- 
per (I) halides exhibit  ionic conduction predominantly,  
the existence of excess halogen or oxygen which cor- 
responds to a deficit of copper causes hole conduction 
(3). Therefore, it is important  to measure the elec- 
tronic conductivi ty of the solid electrolyte contain- 
ing copper(I)  halides. The electronic conductivity of 
the C6H12N22RX-CuX system was measured by Wag- 
ner 's  polarization method. The current  vs. cell voltage 
curves for the cell, Cu/sample/graphi te ,  showed a 
quasi-exponent ia l  increase of current  in the tempera-  
ture range of 100~176 for all samples investigated. 
Therefore, according to Wagner 's  theory, the hole 
conduction may be assumed to be dominant  under  this 
experimental  condition. The electronic conductivities 
were calculated with the help of this theory. The tem- 
perature dependence of the electronic conductivity of 
4CuC1.C6H12N22CH~C1, 7CuBr.C6H~2N22HBr, 47CuBr. 
3C~H12N22CH3Br, and 17CuI'3C6H12N22CH3I is shown 
in Fig. 3, compared to those of the copper(I)  halides. 

The electronic conductivities of these new high con- 
ductivity materials are smaller than those of the cor- 
responding copper(I)  halides. At room temperature,  
the electronic conductivities of these materials were 
too small to measure with this method. Thus, it is 
concluded that the conduction in these new compounds 
is essentially ionic in nature.  

Transport number measurements.---The ionic t rans-  
port number  in 47 CuBr.3C6H12N22CHsBr was deter-  
mined with the help of Tubandt ' s  method. In  order 
to reduce the electrode polarization, the measurement  
was carried out at 100~ The direct current  at the cur- 
rent  density of 500 ~A/cm 2 was passed through cell 
[I] over 21 hr. The total charge passed through the 
cell corresponded to the quant i ty  of copper deposited 
at the cathode and dissolved at the anode; that is, the 
efficiencies of 102% at the anode and 10.0.5% at the 
cathode were obtained. This result  indicates that the 
transport  number  of copper(I)  ion is un i ty  w i t h i n  the 
experimental  error. 

TGA and DTA. - -The  decomposition temperatures  of 
these new, high copper ion conductivity materials  were 
measured with the help of TGA, and the results are 
shown in Table II.' All samples, except 17CuC1. 
3CGHnN22HC1, are stable up to 200~ The N,N'- 
dialkyl (or hydro) - t r i e thy lened iamine  d iha l ide-cop-  
per(I )  halide double salts are thermal ly  more stable 
than the previously reported N-alkyl  (or hyd ro ) -  
hexamethylenete t ramine-copper( I )  halide double salts, 
which decomposed below 150~ 

Table I1. Thermal data for 
N,N'-dialkyl(or dihydro)-triethylenediamine dihalide-copper(D 

halide double salts 

D e c o m p o s i t i o n  M e l t i n g  
C o m p o u n d  t e m p e r a t u r e ,  ~  p o i n t ,  ~  

1 7 C u C 1  . 3CoHI~I'~e2HC1 120 112 
4 C u C 1  . C~H,cN22CI43C1 222  199  
7 C u B r  - Cc, H~_oN.~2HBr 2 0 6  3 0 0  

4 7 C u B r  �9 3 C ~ H ~ 2 N 2 2 C H 3 B r  2 2 3  3 1 4  
1 7 C u B r  �9 3C~,H~eN22C2H~Br 2 3 4  196  
1 7 C u I  . 3C~I-Ia2N22CI-~I 2 1 0  295 
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Further,  DTA was carried out for these samples 
sealed in a Vycor tube. Each sample presented an en-  
dothermic peak which may be due to the mel t ing of 
the sample. The mel t ing points are also shown in 
Table II. 

X-ray diffraction analysis.--The x-ray  diffraction 
patterns were obtained at room temperature  for the 
samples containing 95-50 m/o  copper(I)  halide in the 
system C6H~2N22RX-CuX. In the systems C6H12N22HC1- 
CuC1 and C6H12N22CH3C1-CuC1, the samples contain- 
ing 90 and 85 m/o  CuC1 showed the mixed patterns of 
CuC1 and a new compound. Samples containing 80 m/o 
CuC1 gave a pat tern  for a new single phase, i n  the 
C6H12N22HBr-CuBr system, the high-conductivi ty solid 
containing near ly  87.5 m/o  CuBr gave a single-phase 
pattern. Another  two intermediate compounds were 
found at the composition of 66.7 and 50 m/o  CuBr, 
which were poor conductors. In  the C6H12N22CH~Br- 
CuBr system, the sample containing 94 m/o  CuBr, 
which exhibits the highest conductivity in this system, 
did not give a single-phase pat tern but  gave the pat-  
terns of two phases corresponding to a new compound 
and CuBr. However, a single-phase pat tern was ob- 
served at the composition of 90 m/o  CuBr, 66.7 m/o 
Cu_Br, and 50 m/o  CuBr. In  the C6H12N.22HI-CuI system, 
only the peaks due to the starting materials were ob- 
served in the composition range of 90-50 m/o  CuI. In 
the C6H12N22CH3t-CuI system, three intermediate 
compounds were found at the composition of 85 m/o  
CuI, 66.7 m/o CuI, and 50 m/o CuI. The compound 
containing 85 m/o  CuI is a high conductive solid elec- 
trolyte and the other compounds are poor conductors. 

It was found from the x-ray investigation that the 
highest conductivity material in each system did not 
always give a single-phase pattern. This may be due 

to the fact that the conduct ivi ty  measurement  is not 
precise enough to determine the exact formula of the 
compounds (4). However, it is concluded that the high- 
conductivity materials found in the C6Hl~N22RX-CuX 
systems are new compounds and not the mixtures  of 
their constituents. The x- ray  diffraction patterns of the 
new compounds were too complex to determine their 
crystal structures. 

Conclusion 
The high, copper ion conductivity and the low elec- 

tronic conductivity were found in the N,N'-dialkyl  
(or dihydro) - t r ie thylenediamine-dihal ide-copper  (I) 
halide doubie salts. The values of the conductivity are 
comparable to that of the previously reported quater-  
nary  ammonium iodide-silver iodide compounds. 

Manuscript  submitted May 20, 1974; revised manu-  
script received Aug. 7, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by the authors. 
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Interface States and Fixed Charge as a 
Function of Small Changes in Orientation 

of (111) Silicon Wafers 
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ABSTRACT 

The orientat ion of a silicon substrate for integrated circuits f requent ly  
deviates from its nominal  value. In this study the densities of the interface 
states (Nss) and of the fixed charge (QFc) were determined as a function of 
small changes of the orientation. Metal-sil icon dioxide-silicon capacitors were 
made on eleven silicon wafers oriented from --25 to +173 rain of arc off the 
[111] direction toward the [011] direction. Nss and QFC were derived from 
the high frequency and quasi-static capacitance-voltage characteristics. Both 
are independent  of the orientation over the range examined with Nss ---- (4.4 
• 1.3) • 1010 cm -~ V -1, and QFC --~ + (6.7 • 1.2) • 10 l~ cm -2. 

Two types of electronic states, the interface states 
(Nss) and the fixed charge (QFc) are located at the 
interface between silicon and silicon dioxide. The in-  
terface states exchange charge with the bulk  of the 
semiconductor. Their equi l ibr ium population depends 
on the position of the Fermi level at the interface. The 
fixed charge states do not alter their  population when 

Key words :  interface,  or ientat ion,  silicon, 

the Fermi level scans the bandgap. Because of their 
contribution to the threshold voltage the densities of 
both types of states are important characteristics of 
insulated gate field effect devices. 

One question about Nss and QFC is whether they 
vary when the orientation of the silicon wafer deviates 
slightly from its nominal value. Silicon wafers for 
MOS integrated circuits may deviate by as much as 
one degree of arc from their nominal orientation (I). 
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Substrates for epitaxy are in tent ional ly  oriented off 
low index orientations by angles of the order of one 
degree (1). This is done to obtain epitaxial layers of 
good qual i ty free of pyramidal  growth. It is known 
that the "offset" in orientat ion is retained at the sur-  
face of the epitaxial  layer. Another  case where the 
effect of a small  change in orientat ion is of interest  is 
found in  experiments on the effects of s train on the 
interface characteristics (2). Neither the existing 
theories about the origin of these states nor the pub-  
lished experiments on their or ientat ion dependence 
answer the question. 

No theory relates Nss or QFC directly to the or ienta-  
t ion of the interface. Nss has been associated with un-  
paired localized electrons which could result  from 
incomplete oxidation (3) or which may exist at misfit 
dislocations in the interface (4). Nss has also been 
ascribed to lateral  fluctuations of the interface poten- 
tial due to charges distr ibuted in the silicon dioxide 
(5), and to impur i ty  atoms located at the interface (6, 
7). QFC is believed to result  from charges attached to 
incompletely oxidized silicon on the oxide side of the 
interface (8), or to s trained regions at the interface 
(9). The fixed charge may be identical with charge in 
interface states located outside of the bandgap where 
net charging or discharging cannot take place. 

One important  aspect of both types of states is the 
dependence of their  density on the crystallographic 
orientat ion of the SiO2/Si interface. Maxima of Nss 
[Ref. (10)] and of QFC [Ref. (8, 9, 11)] exist in  the 
vicinity of {111} interfaces, and min ima near  {110} and 
{100}. Quali tat ively these extrema can be correlated 
with the density of atoms in the first layer of a free 
surface of silicon. The existing data cannot be used for 
conclusions about the dependence of Nss and QFc on 
small (~-1 ~ changes in  orientation. First, the densities 
of Nss and QFC obtained in the. previous studies (9, 10) 
are about five and ten times, respectively, higher than 
the lowest obtainable va lues .  Second, in  the published 
studies the spacing between experimental  points ranges 
from 5 to 30 degrees of arc, and therefore does not offer 
sufficient resolution. We have measured Nss and Qrc 
of e leven samples oriented be tween --25 and +173 
min  of arc off the [111] direction toward the [011] 
direction, i.e., with the "zone axis" parallel  to [011]. 
The (111) interface was selected to obtain compara- 
t ively large values of Nss and QFC and concurrent  low 
relative experimental  errors. However, we did em- 
ploy processing procedures to minimize these densities 
to the lowest values which can be at ta ined for this 
orientation.  

Experimental 
One float zone grown [111] oriented 11/4 in. diam- 

eter p- type boron-doped ingot with a nominal  re-  
sistivity of 0.46-0.55 ohm-cm was sawed into oriented 
wafers with successively increasing tilt  off [111]. After 
a chemical etch and a Syton polish the or ienta t ion  of 
the 14 mils (0.35 ram) thick wafers was determined by 
x - ray  goniometry. After cleaning by a sequence of or-  
ganic solvents, aqueous detergent solutions, acidic and 
oxidizing solutions, and by scrubbing, the wafers were 
prepared for oxidation by r insing in deionized water  
and in dilute HF. All  eleven wafers were then  im-  
mediately brought  into the very clean oxidation fur-  
nace. This furnace is made up of a double-walled, 
fused quartz tube wi thin  a silicon carbide liner. 
Gases enter  the furnace through the inner  quartz tube 
and flow back out through the annulus  between the 
inner  and the outer tube. All wafers were oxidized 
s imultaneously for 100 rain at 1000~ in a pure oxygen 
flux of 30 cm sec-1, and subsequent ly  annealed in situ 
in pure ni t rogen at a flux of 30 cm sec -1 for 30 rain 
at 1000~ After rapid cooling to room temperature,  
the SiO2 film was etched to 0.0925 ~m in HF:H20 
1: 15. Then high pur i ty  a luminum was evaporated from 
a sodium-free tungsten  coil onto the wafers. A 30 rail 
(0.076 cm) diameter dot and guard r ing pat tern  was 

etched into the a luminum by  standard photolitho- 
graphic techniques. After a cleaning procedure, the 
back sides were aluminized, and the samples were 
annealed for 30 rain at 400~ in  pure hydrogen with a 
flux of 20 cm sec -1. 

The exper imental  setup used for the high frequency 
(1 MHz) and quasi-static (0.048 Vsec -1) capacitance- 
voltage measurements  is similar to that described by 
Lopez (12). The mobile charge in the SiO2 was de- 
termined by the t r iangular  voltage sweep technique 
(13) at 300~ with 0.048 Vsec -1. In  all measurements  
the guard ring was held at the voltage of the field 
plate. 

The high frequency and quasi-static C-V curves 
were first evaluated for the doping profile, correcting 
for surface states (14) 

= [ ] - 1 r ] 
- -  L qKse0 

where NA (X) is the net concentrat ion of acceptors as a 
function of the distance x from the S i O J S i  interface; 
q is the electronic charge, Ks the relative dielectric 
constant of silicon, e0 is the permit t ivi ty  of free 
space; CQ, CH, and Cox are the quasi-static, the high 
frequency, and the max imum (oxide) capacitance, re- 
spectively; V is the voltage. For the numerical  evalua-  
tion, points were taken off the C-V curves at 0.1V 
intervals. 

The normalized flatband capacitance CFB/Cox was 
then calculated using the dopant concentrat ion mea-  
sured at x = 0.1 ~m, NA (0.1) 

] 
where ~ox is the relative dielectric constant  of SiO2, k 
is the Boltzmann constant, T the absolute temperature,  
and tox the thickness of SiO2. 

The density of fixed charge, QFC, was determined 
from the difference between the ideal (r and mea-  
sured flatband voltage (Vr~) 

QFC = Cox(r -- VrB) 

(Cox is the capacitance of the uni t  area of the SiO2 
layer.) It should be noted that  this is a net  charge 
made up of all ionized donor and acceptor states at the 
interface regardless of their location wi th in  or without 
the bandgap. 

The density of interface states Nss as a funct ion of 
the interface potential  r was derived from the differ- 
ence between the quasi-static and the high frequency 
capacitance (15) 

q CQ 

~s was calculated by integrat ion of the quasi-static 
capacitance with respect to applied voltage (16). The 
flatband voltage was taken as the lower l imit  

s ~s (V) = 1 -  dY 
FB C o  x 

Results 
The mobile ionic charge in the SiO2 films was un i -  

formly low and ranged from 2 to 3 X 10 l~ cm -2. It  was 
too small to be determined by the b ias- tempera ture  
stress technique which s h o w e d  only the non- ionic  
"slow trapping" instability. A typical acceptor concen- 
trat ion vs. depth is shown in Fig. 1. The 5% accuracy 
limits (14) are denoted by 3LB and 2LBX/UB. LB is the 
extrinsic Debye length and us  is the bulk  Fermi poten- 
tial in  units of kT /q .  NA drops from the bulk  toward 
the interface as a consequence of the depletion of 
boron during the oxidation. NA at x = 0.1 t,m is plotted 
against the orientat ion of the interface in  Fig: 3c. This 
plot corresponds roughly to one of NA vs. the position 
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Fig. 1. Typical concentration profile of acceptors vs. distance 
from the Si02/Si interface. 3LB and 2LB~UB denote the 5% 
error limits. The high values of NA at x < 3LB and x > 2LB~UB 
are artifacts of the capacitance-voltage technique. 

in the original silicon ingot. NA(X ---- 0.1) is v i r tual ly  
constant at (.1.97 +- 0.14) >< 10 ~ cm -~. 

Figure 2 shows a typical plot of the density of in ter-  
face states vs. interface potential. The average of Nss 
within +-0.20V of the midgap potential  is used to con- 
struct the plot of Nss vs. the angle r Fig. 3a. A least 
squares t rea tment  of Nss vs. r gives 

Nss = 4.60 • 1O ~~ --0.0032 >< 1010 X r  
___1.31 • 10 ~~ cm -2 V -1 

The standard deviation corresponds to an uncer ta in ty  
in the determinat ion of (C~ - -  C H F ) / e o x ,  at midgap 
potential, of +--5 • 10 -'~. An uncer ta in ty  of this order 
is usual ly encountered as a consequence of errors in 
the normalizat ion o f  C~ to C H F  in  accumulation. 
Therefore we consider Nss as constant wi th in  the ex- 
perimental  error 

Nss ---- (4.4 +-1.3) X 10 ~~ cm- fV  -~ 

A least squares t rea tment  of QFC vs. ~' (Fig. 3b) re-  
sults in 

QFC ---- 6.66 >< 10 ~~ + 0.0002 X 10 ~~ >< 4,(rain) 
+__1.20 X 10 t~ cm -e 

Here the standard deviation corresponds to an uncer-  
ta inty of 0.06V in the determinat ion of the flatband 
voltage. QFC is thus vi r tual ly  constant at QFc ---- (6.7 
+-1.2) • iO ~~ cm -2. 
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Fig. 2. Typical profile of the density of interface states vs. the 
interface potential. The average density within 0.20V of the midgap 
potential was used for further evaluation. 
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Fig. 3. (a) Density of interface states, (b) density of fixed charge, 
(c) acceptor concentration, all as a function of orientation. 

Conclusion 
The SiO2/Si interfaces of eleven wafers, oriented 

within about 3 ~ of the [iii] direction, were charac- 
terized. These orientations are typical for device ma- 
terial. The densities of the interface states and of the 
fixed charge were constant with Nss ---- (4.4 _1.3) • 
10 I~ cm -2V -I and QFC ---- -~ (6.7 --1.2) • 1010 cm -~. 
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Improved Dielectric Reliability of SiO  Films with 
Polycrystalline Silicon Electrodes 

C. M. Osburn* and E. Bassous* 
IBM Thomas J. Watson Research Center, York town  Heights, New York  10598 

ABSTRACT 

Time dependent  dielectric breakdown of SiO2 films in MOS structures is 
shown to be strongly dependent  on the electrode mater ial  used. Polycrystal-  
l ine silicon electrodes give substant ial ly longer times to failure than do alu-  
m inum electrodes. The improvement  is 3-4 decades at 300~ and, because of 
the larger activation energy for wearout with poly-Si (2A eV) compared to 
A1 (1.4 eV), the relative advantage would be 8-16 decades at room tempera-  
ture. Although time to breakdown is a strong function of SiO~ thickness when 
the electrode is A1, it is near ly  independent  of thickness for structures having 
poly-Si  electrodes. 

Increasing rel iabi l i ty  requirements  for MOSFET 
devices makes it desirable to optimize the selections 
of dielectric and electrode materials as well  as proc- 
essing conditions used to fabricate the gate region. 
Device failure due to gate oxide dielectric breakdown 
has been reported (1) as one failure mode. Because of 
its importance to over-al l  device reliability, several 
recent studies (2-9) have focused on the causes of 
t ime-dependent ,  dielectric degradation and breakdown 
in SiO2 films. The electrode metal  has been shown 
(6, 9) to be an important  factor in determining the 
rate of dielectric deterioration. 

MOS capacitor structures having polycrystall ine sili- 
con ~electrodes have previously been shown to exhibit  
(6) a more substant ial  resistance to dielectric degra- 
dation at ~high temperature  than those utilizing re- 
active metals like A1 or Mo. However, the earlier 
work only considered degradation during various post- 
metal l izat ion anneal ing t reatments  when  no bias was 
applied; this study specifically extends that work to 
determine the influence of an electric field on wearout. 
Data are presented to show a thousandfold improve- 
ment  of SiO2 dielectric rel iabil i ty due to breakdown, 
as a result  of using positively biased ~oly-Si elec- 
trodes rat.her than aluminum. As such, it is the most 
reliable MOS system reported in studies to date, in-  
cluding those uti l izing SiO2 films grown in HC1-O2 
ambients  (7). When stressed negatively, the poly-Si  
was only slightly more reliable than  a luminum. 

Experimental 
The metal-oxide-semiconductor  capacitors used here 

were fabricated on both n-  and p- type silicon wafers 
(2 ohm-cm);  oxide films were grown in oxygen at 
1000~ To avoid electrical shorts originating at the 
electrode perimeter  due to definition of the electrodes 
using chemical etching processes, a thick, supporting 
oxide layer was first grown; 25 rail diameter holes 
were opened photolithographically; and the desired 
thin (200-700A) oxide film was grown. The electrodes 
were fabricated by: chemical vapor depositing (CVD) 
3000A of poly-Si at 650~ using a mixture  of Sill4 and 
N2; doping the poly-Si surface by reaction with POC13 
vapor at high temperature;  and, diffusing the phos- 
phorus throughout  the electrode at 1000~ using 
al ternate d ry -we t -d ry  oxygen ambients. Capacitance 
measurements  were used to determine the optimal 
doping parameters:  a high capacitance value indicated 
inadequate ly  doped poly-Si while the appearance of a 
high flatband voltage signaled that the phosphorus 
had been driven too far into the oxide. 

Two different dielectric breakdown measurements  
were made: voltage ramp breakdown (10) and ac- 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  d i e l ec t r i c  b r e a k d o w n ,  s i l icon d iox ide ,  s i l i con  ga tes ,  

r e l i ab i l i t y .  

celerated b ias- tempera ture  breakdown (6). With the 
former technique, many  (typically 20,0) MOS capaci- 
tors on a wafer are stressed with a voltage ramp and 
the breakdown voltages (or fields) are recorded. In 
the second measurement,  capacitors are stressed at 
constant electric field at elevated temperature  (100 ~ 
400~ and the times at which capacitor breakdown 
occurs are recorded: the largest value (tmax) has been 
shown (6) to be a good measure of the wearout time 
of an ini t ial ly defect-free SiO2 film. 

Results and Discussion 
Measurements of the breakdown voltages of MOS 

structures, having either poly-sil icon or a luminum 
electrodes, by the ramping technique yielded statisti- 
cally equivalent  values: histograms of breakdown 
voltages were the same for both materials. Before re- 
producible silicon deposition and phosphorus-doping 
procedures were established, both abnormal ly  high 
and low breakdown voltages were often observed us- 
ing poly-Si structures. The high voltages were a t t r ib-  
uted to inadequate homogenization of the dopant in  
the electrode with a t tendant  loss of voltage in  this 
material  due to the appearance of a depletion region. 
The low voltage values were probably caused by the 
large number  of process steps involved and the subse- 
quent  higher chance of contamination, mask misal ign-  
ment, and thermal  stressing. Measurements on boron-  
doped poly-Si  electrodes (11) also revealed carrier 
depletion unless the electrode homogenization was 
done at sufficiently high temperatures.  Once the fabri-  
cation process was well controlled, it was repeatedly 
verified that ramp breakdown voltage values are the 
same for both contact electrodes. The high tempera-  
tures required to fabricate poly-Si electrodes does not 
degrade oxide quali ty once a reproducible Si deposi- 
tion and doping procedure has been established. 

During accelerated testing, however, the electrodes 
were found to play an important  role. Compare the re-  
sults for poly-Si and A1 in Fig. 1, for stressing at 5 and 
6 MV/cm at 300~ The 300A SiO2 capacitors having 
poly-Si electrodes lasted 3 to 4 decades longer than 
the others. The  wearout times (tmax) for the positive 
electrode bias case confirms that the ten- thousandfold 
improvement  occurs over a wide range of applied elec- 
tric fields (see Fig. 2). The max imum time to failure 
decreases almost exponent ial ly  with applied field; this 
dependence can be contrasted to a Peek s law behavior 
(E o: t-1/4) which was observed in other MOS sam- 
ples (3, 4) which were in tent ional ly  contaminated 
with large amounts of mobile sodium. In  contrast with 
the electrode biased negatively, tmax for poly-Si  is 
only a factor of three larger than that for A1. For both 
polarities, the conduction current  increases (often by 
several decades) prior to breakdown as shown earlier 
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Fig, 2. Maximum time to failure as a function of applied field 
at 300~ for poly-Si and AI electrodes. 

1.4 eV for negat ive bias. With  posi t ive e lectrode bias, 
act ivat ion energies of 2.4 eV were  observed with  the  
po ly-S i  electrodes and 1.4 eV for a luminum (6) (see 
Fig. 3). The act ivat ion energy wi th  po ly -S i  was so 
high that  most of the  points in Fig. 3 had  to be ex-  
t rapo la ted  from plots of tmax vs. E at each tempera ture .  
In  the absence of a l te rna te  wearout  mechanisms,  the 
act ivat ion energies  coupled wi th  the  da ta  of Fig. 2 
would predict  that  po ly -S i  devices should last  10s-10 TM 

t imes longer  than  A1 ones at 25~ 
Other  processing conditions were  then  va r ied  in 

order  to fur ther  enhance the  dielectr ic  re l iabi l i ty .  For  
example,  improved  re l iab i l i ty  has been  previously  
demons t ra ted  (7) for a luminum-e lec t roded  s t ructures  
when the SiO~ was exposed to hydrogen  at high tem-  
peratures .  Dur ing s tandard  processing of po ly -S i  
s t ructures  here, hydrogen  is present  at two stages: (i) 
dur ing CVD deposi t ion of Si a t  650~ and (ii) dur ing 
the phosphorus dr ive- in  done in s team at 1000~ An 
a l te rna te  phosphorus d r ive- in  process, using dry  oxy -  
gen alone, was tested and did not  give significantly 
different b reakdown  character is t ics  than  samples re -  
ceiving the d r y - w e t - d r y  sequence. Forma t ion  of the  
SiO2 in a 3% HC1/97% O2 ambient  was found to fur -  
ther  enhance the dielectr ic  in tegr i ty  of po ly -S i  s truc-  
tures. The stat is t ical  occurrence of low field b r e a k -  
down events (<0.8 MV/cm)  in HC1 oxides was less 
than half  tha t  for s t andard  oxides. The wearout  t ime 
improvement  a t t r ibu tab le  to the  HC1 oxidat ion step 
was only apparen t  at modera te  (,~6 MV/cm)  to low 
appl ied fields and could not be extens ive ly  s tudied 
because of the prohib i t ive ly  long t imes to failure.  At  
the h igher  fields, no substant ia l  difference was noted 
for the two types  of oxides. 

Limit ing fai lure t imes were  measured  as a funct ion 
of oxide thickness (from 100-1500A) and are  corn- 
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(6). The only difference be tween  samples  having po ly -  
Si e lectrodes and those wi th  A1 is the t ime at which 
the current  increases. The fact tha t  wi th  negat ive  elec-  
t rode bias A1 and po ly -S i  have  nea r ly  equal  wearou t  
times, fu r the r  shows that  the wearout  t ime depends on 
the anode mater ia l .  

By plot t ing log t m a x  VS. t e m p e r a t u r e - I ,  it  was de te r -  
mined tha t  the  wearou t  t imes in both a luminum and 
poly-Si  s t ructures  had  a the rmal  act ivat ion energy of 

L4 LB LB 2.0 Z.2 2,4 2,S 2.8 
103/T (~ 

Fig. 3. T e m p e r a t u r e  dependence  of wearout  wi th  posit ively biased 
poly-Si  e lectrodes.  The  dashed lines go to points ex t rapo la ted  from 
tmax vs. E plots a t  constant  t empera tu re .  
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Fig. 4. Maximum time to failure as a function of oxide thickness 
for poly-Si electrodes biased positively at 300~ for different ap- 
plied fields. The dotted lines represent the AI electrode data of 
Osburn and Chou (6). 

pared to those using A1 electrodes in Fig. 4. For some, 
as yet, u n k n o w n  reason the scatter in the poly-Si  re-  
sults was greater than that  for a luminum;  never the-  
less, it is apparent  that wearout  in poly-Si  struc- 
tures i s  near ly  independent  of oxide thickness. Thus 
poly-Si gates have three rel iabil i ty advantages over 
a luminum:  (i) under  accelerated conditions, they are 
substant ia l ly  longer lived, (it) the activation energy 
for wearout is higher and hence they are compara- 
t ively more reliable at lower operating temperatures,  
and (iii) they are comparatively more reliable as the 
thickness of the dielectric is reduced. 

Experiments  were conducted to determine the source 
of the improved rel iabil i ty of poly-Si  devices. In one 
test, poly-Si  was deposited on an oxide, doped and then 
stripped off with ethylene diamine-pyrocatechol  solu- 
t ion (12); a luminum electrode dots were evaporated 
onto the oxide, and the wearout  properties were char- 
acterized (see Fig. 5.) Even though the electrode was 
aluminum, the max imum time to failure was 2-20 
times longer than with s tandard samples. Clearly, the 
silicon deposition and/or  doping processes yield a 
longer lasting SiO2 layer, regardless of electrode mate- 
rial. Nevertheless, for the positive bias case, the oxide 
improvement .is only a small fraction of that seen 
with poly-Si electrodes; with a negative bias, on the 
other hand, the oxide improvement alone is often 
greater than the net improvement with poly-Si. Both 
electron microprobe and oxide etch rate measurements 
were made after doped silicon electrodes were stripped 
from SiO2; phosphorus or a phosphosilicate glass 
(PSG) layer was not observed although neither tech- 
nique is well-suited to detect a thin (10-20A), dilute 
(1-3%) phosphorus-containing layer. In several in- 
stances, large flatband voltages (--1.5V) and hysteresis 
in C-V curves were observed. This might be attrib- 
uted to phosphorus in the oxide (13, 14) as a result of 
overdoping the poly-Si. Dielectric wearout measure- 
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Fig. 5. Maximum time to failure as a function of applied field at 
300~ for AI electrodes on standard oxides and on oxides from 
which doped poly-Si had been removed. 

ments on SiO2 films having different PSG layers sug- 
gest that a 50-100A layer  of 3-4% P205 would be re- 
quired to give the oxide improvement  that is seen 
after poly-Si  removal. 

Although several models can be proposed to account 
for the superior properties of poly-Si  electrodes, they 
must  all be considered speculative at this time. Poly-Si  
is much less reactive with SiO2 than Ah poly-Si  
on SiO~ has been shown (6) to withstand high tem- 
perature anneal ing bet ter  than  A1 on SiO2; and a lumi-  
num inject ion and diffusion into SiO2 were seen at 
relat ively low temperature  (15). Hydrogen introduced 
during silicon deposition or dopant dr ive- in  con- 
tr ibutes to the oxide integrity. A thin PSG layer or 
phosphorus-rich layer could also increase wearout 
time. Each individual  model has serious drawbacks and 
a more complete knowledge of the mechanism of di- 
electric deterioration is needed to fully understand the 
source of the improvement seen here. Nevertheless, 
poly-Si electrodes can be used to fabricate MOS struc- 
tures that have superior dielectric reliability. 
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Curie Points of Electrodeposited Nickel Films 

M. Ya. Popereka 
Graduate School of Applied Science, The Hebrew University of Jerusalem, Israel 

ABSTRACT 

An abnormal ly  low Curie temperature  was observed in nickel films up to 
50 ~m thick, which were electrodeposited from sulfate solutions containing 
saccharin. In several cases this abnormal  Curie point was 100 ~ or more below 
that of pyrometal lurgical  bulk nickel. The phenomenon is explained by the 
formation of solid solutions of sulfur and carbon in nickel, saccharin being the 
ma in  source of the sulfur  and carbon. 

It has been shown (1-5) that in very thin nickel 
films the Curie temperature  is lower than  it is in bulk 
samples of that metal  (in the lat ter  eK ~ 354~ Ac- 
cording to Neugebauer (4), this phenomenon is ob- 
served only up to thicknesses of 27A, but  Goureaux 
and Colombani (5) observed it in films as thick as 
1000A. The lowering of the Curie temperature  in such 
thin films has been explained by the "thin film" state 
theories (7-9). Films of a thickness over 108A are con- 
sidered theoretically as bulk  samples; also, measure-  
ments  have shown that the Curie points in such films 
do not differ from those measured in bulk samples (6). 

This paper describes nickel films of thicknesses up to 
~50 ~m possessing abnormal ly  low Curie tempera-  
tures. This property is not connected with the thin 
film state, since the films are too thick, but  is, as is 
shown later, connected with the technology used for 
preparat ion of the films. 

Experimental 
Nickel films were electrolytically deposited from a 

solution of composition (in grams/ l i te r ) :  NiSO4.7H20, 
294; H3BO3, 30; and Rochelle salt, 25. Saccharin was 
added to the solution (1 g/ l i ter  unless otherwise indi-  
cated). Except in specified cases, the electrodeposition 
current  density was 2 A/din  2, the temperature  of the 
solution 22~ and pH 2.3. Polished copper rods of 2.2 
mm diameter  served as substrates. 

The Curie points were measured by three methods. 
The first involved measurement  of the dependence on 
temperature of the electric resistance by means of the 
automatically recording bridge-circuit .  The second 
method was determinat ion of the temperature  at which 
the maximum differential magnetic permeabil i ty be- 
came zero (as observed by differential hysteresis loops 
displayed on the screen of an oscilloscope). The third 
method was based on the drop in value of the initial  
permeabil i ty  near  the Curie point; the initial  perme- 
abil i ty was measured using a device the main  features 
of which are described in Ref. (11). In all cases, the 
rate of heating of the oven containing the sample was 
5 deg/min  and was held strictly constant. The tem- 
perature of the sample was, in all cases, controlled 
by a Chromel-Alumel  thermocouple, graduated accord- 
ing to the melt ing points of gallium (99.999%), lead 

Key words:  fer romagnet ic  properties, magnet ic  films, incorpora- 
tion of organic substances, solid solutions, 

and t in (both 99.99%). The results obtained by the 
three methods (of which the third was the most re-  
liable and accurate) are shown in Fig. 1-3. No mea-  
surement  exceeded the margin  of errors indicated. 

Results 
As can be seen from the graphs, the Curie point in 

the films studied was, in a number  of cases, lower than 
that in pyrometallurgical  nickel (control measure-  
ments of the Curie point on the lat ter  are represented 
by the dashed line in Fig. 2). In  some cases, the Curie 
point dropFed to 240~176 i.e., to more than 100 o 
below the "normal" value. Increasing the electrodep- 
osition current  density (Fig. 1) elevated the Curie 
temperature  somewhat, br inging it nearer  to its nor-  
mal value. A similar effect could be obtained by super-  
imposing a magnetic field along the substrate axis 
(Fig. 2) during the deposition of the film, and also by 

0 c ~ 

3 2 5  
4 ..~" 

I.i .......... } ........... 
2 5 0 ' -  i i A I 

2 4 6 8 
Dc,  A / d m 2  

Fig. 1. Dependence of the Curie temperature of nickel films on 
the cathode current density. Curves 1, 2, 3: films deposited without 
the superposition of a magnetic field; curve 4: in field 975 Oe 
parallel to the substrate axis. The saccharin concentration in the 
solution (grams/liter) is: curve 1, 0.1; curve 2, 0.5; curves 3 and 
4, 1.0. Film thickness, 10 _ 0.2/~. 
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Fig. 2. Dependence of the Curie temperature of nickel films on 
the saccharin concentration in the solution (curve 1) and on the 
intensity of the technological magnetic field (curve 2). For curve 
1, HT ~ 0; for curve 2 ,  c = ! g/liter. The film thickness is 
10 ___ 0.2~. 
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Fig. 3. Dependence of Curie temperatures of nickel film on the 
solution temperatures (curve 1) and on pH of the solution (curve 
2). For curve I ,  pH ~ 2.3; for curve 2, t ~- 22 ~  film thick- 
ness is 10 _ 0.2/~. 

raising the solution tempera ture  (Fig. 3). On the other  
hand, an increase in the concentrat ion of saccharin 
in the plat ing solution (Fig. 2) moved  the Curie point 
away from that  of a pyrometal lurgical  nickel. In the ab- 
sence of saccharin, the Curie point of the nickel film 
electrodeposited from a sulfate bath was ~352~ i.e.. 
differing l i t t le from the va lue  measured  on a sample 
of pyrometal lurgical  nickel, of ~354~ The Curie 
point of a nickel film deposited from a solution con- 
taining NiC12.6H20, 150 g / l i t e r  and H~BQ, 30 g/ l i ter ,  
but containing no organic compounds, coincided with 
that of the sample of pyrometal lurgical  origin. 

The results shown on the graphs can be supple- 
mented  by the fol lowing data. In the range of thick-  
nesses from ~2  to ,~50 t~m, no substantial dependence 
has been discovered be tween  the Curie points of the 
films and their  thickness. The annealing of the films at 
100~ (in a vacuum of ,-~10 -5 Torr  for 3 hr)  changed 
the Curie point very  l i t t le (for example,  for films de- 
posited at 2 A / d m  2 in the presence of 1 g / l i t e r  sac- 
charin, the change is f rom ,--260 ~ to ,-~265~ but an 
identical  annealing at 500~ increased the Curie t em-  
pera ture  to as great  as 354~ i.e., to the normal  value. 

Discussion 
The Curie t empera tu re  is a magni tude  which is 

s t ructure-sensi t ive  only to a small degree. Factors such 
as difference in internal  stresses, in concentrat ion of 
defects, in grain size, etc., cannot account for such a 
large range of measured Curie points. The results de- 
scribed above enable us to assume that  the anoma- 
lously low values of the Curie  tempera tures  observed 

are due to the codeposition of an alien mater ia l  with 
the nickel, the. main source of which is saccharin. 

The assumption that  the cause of the observed 
anomaly is the formation of a solid solution of the 
cathode hydrogen in the nickel (12) is contrary to the 
observed facts. Indeed, as shown in Ref. (13), with an 
increase in the saccharin concentration in the solution, 
the occlusion of hydrogen in the nickel film decreases; 
at the same time, the Curie point decreases from its 
normal  value (Fig. 2, curve 1). Moreover, the nickel 
deposited from a chloride solution contains an amount 
of hydrogen approximate ly  equal to that  deposited 
from a sulfate solution, but in the first, the Curie point 
does not differ from its normal  value, while  in the sec- 
ond, it does. Thus, it is not hydrogen but  other  im- 
purities that  are responsible for the lower ing of the 
Curie point. 

As shown in Ref. (14) and (15), nickel films electro-  
deposited in the presence of a series of organic com- 
pounds, including saccharin, contain carbon (up to 
0.2% by weight)  and sulfur, the sulfur content gen- 
eral ly exceeding that of the carbon. Format ion of solid 
solutions of the elements in the nickel could be the 
cause of the observed phenomena. 

It  has been found in Ref. (16) that  the Curie point of 
the solid solution of carbon in nickel decreases l inearly 
with the increase in carbon content by ---30~ per 
cent (~0.2% by weight) .  Hence, the presence of car- 
bon in the films studied can account for a large part  
of the drop in the Curie point. 

We have not found any ment ion of the influence of 
sulfur on the Curie point of nickel in the l i terature.  
It can be expected that the influence of sulfur is qual i-  
ta t ively identical to that  of other nonferromagnet ic  
elements [they all lower  the Curie point of nickel by 
different degrees (4)]. Hence, we can ascribe the ob- 
served phenomenon to the joint  effect of sulfur and 
carbon. 

The above explanat ion falls in wi th  the facts. With 
an increase in current  density, the amount  of sulfur 
and carbon in the film decreases (15), since metal  
grows at a higher  speed whi le  sulfur and carbon are 
being included into the g r o w i n g  layers of the meta l  at 
a constant speed. At the same time, the Curie point ap- 
proaches its normal  value (Fig. 1). Increasing the con- 
centrat ion of saccharin causes the amount  of sulfur 
and carbon in the film to increase (15), and the 
Curie point is lowered from that  of pure  nickel (Fig. 
2). The same correlat ion is observed for the other  
dependencies. 

Some differences between the Curie points of films 
deposited without  saccharin from a sulfate bath and 
those of pure nickel are probably due, as well, to the 
fact that  a definite amount of sulfur from the sulfate, 
or carbon from the Rochelle salt, is incorporated into 
the film. Indeed, when the film is deposited from a 
chloride solution containing no sulfur or organic 
additives, it has a normal  Curie point. 

Anneal ing at a sufficiently high tempera ture  (in our 
case ~500~ must lead to the disintegration of the 
solid solutions of sulfur and carbon in the nickel, 
hence the Curie acquires a normal  value. 

If the suggested explanat ion is correct, the conclu- 
sion may  be drawn from curve 1, Fig. 2 that  the super-  
position of a magnetic field during deposition of the 
film leads to a substantial decrease in the amount  of 
alien mater ia l  in the film. 
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Wavelength Dependence of PVA-Phosphor-Dot Photohardening 
P. B. Branin and W. H. Fonger 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Dichromate-sensitized PVA coatings were exposed through 23V dot-aper-  
ture masks and several different absorption filters in order to study the de- 
pendence of dot growth and adherence upon exposure wavelength.  For clear- 
resist coatings exposed under  weak-absorpt ion conditions, the hardening spec- 
t rum was propdrtiona] to the dichromate absorption spectrum. For coatings 
containing phosphor, the hardening spectrum was fairly flat and insensitive to 
the dichromate absorption spectrum; this different spectrum resulted because 
scattering increased the pathlengths of exposure light and led to s t rong-ab-  
sorption conditions. With regard to phosphor-dot adherence, except at wave- 
lengths below 350 m~ where phosphor bandgap absorption was strong, ad- 
herence was insensitive to the exposure wavelength, that  is, to dichromate 
strong or weak absorption. 

The photohardening of dichromate-sensit ized poly- 
vinyl alcohol (PVA) coatings, both with and without 
phosphor, was studied as a function of exposure wave- 
length. See  Kosar (1) for a general review of di- 
chromated colloids. Dichromate absorption spectra are 
shown in Fig. 1. These spectra were taken for 
(NHi)2Cr2OT-PVA aqueous solutions but  are similar 
to K2Cr207 solution spectra reported by Kortfim (2) 
and Davies and Prue (3). The spectra show strong, 
broad, u.v. absorption bands peaking near 270 and 370 
m~ plus a weak, b lue-green absorption tail extending 
to 530 m~. For acid solutions which emphasize Cr~O7 -2 
over CrO4 -2 ions, the u.v. bands are displaced to 
slightly shorter wavelength, the resolution between 
the bands is reduced, and the b lue-green  absorption 
tail is larger relatively. 

O'Brien (4) and Koana (5) have reported photo- 
hardening rates of some dichromated colloids to be 
proportional to the rates at which photons are ab-  
sorbed in dichromate ions, and this behavior  is indi-  
cated for the PVA coatings studied here. However, this 
behavior does not make the hardening spectrum 
unique. Effective hardening spectra for Coatings with 
and without phosphor were found to be different. The 
differences had to do with absorption conditions. For 
weak absorption, the hardening spectrum is propor- 
tional to the dichromate absorption spectrum; for 
strong absorption, it is flat and insensitive to the di- 
chromate absorption spectrum. 

Experimental 
The phosphor used in these studies was Zn0.n2Cd0.0sS: 

Cu green phosphor (Z-910D). Slurries for the phos- 

Key words', phosphor-dot screening, photochemistry, PVA-harden- 
ing spectrum. 

phor coatings were prepared by bal l -mi l l ing a stock 
of phosphor, PVA, and water from which final coating 
formulations were made by adding PVA, water, 
(NH~)2Cr2Oz sensitizer (1:10 relative to PVA), an 
acrylic resin, and a surfactant. For clear-resist  coat- 
ings, the phosphor was el iminated and the water con- 
tent adjusted, but  the ratios of the remaining con- 
stituents were mainta ined the same. 

The coatings were applied to 23V television face- 
plates using a s tat ionary single-head s lurry machine 
in a conventional  rota t ing- t i l t ing and final-spinout 
mode. Coating weight and uniformity were controlled 
by adjust ing spinout speed and duration. 

2.5~-~/ $OLUlTION SPECTRA I I / /  IO/g/cm 2 PVA 
i~11 ^ | ~ 0.Gm~,'c~DiCHROi~AT~'I 

Img/cm 2 PVA 

0.5 

0 200 250 300 350 400 450 500 550 
WAVELENGTH, m/~ 

Fig. I. Absorption spectra of (NH4)2Cr2OT-PVA aqueous solu- 
tions. The pH was adjusted with NH4OH. These spectra were taken 
with a Cary Model 14 spectrophotometer. 
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Fig. 2. Spectrum of the BH6-I Hg capillary lamps used for the 
dot exposures. This spectrum contains strong Hg lines at 365, 404, 
and 436 m/~ plus an underlying continuum. Normalization was 
made such that the 100 m/~ interval labeled A contains 1000 
photons. 

The coatings were exposed in a single-position light- 
house equipped with a BII6-1 I-Ig capillary lamp and 
100 rail quartz collimator. The spectrum of this source 
is shown in Fig. 2. The spectrum above 360 m/~ was 
measured with a calibrated spectrometer. The spec- 
trum below 360 m/~ was adapted from vendor data (6) 
but was also roughly verified using some u.v. filters 
and the quantum counter liumogen (7). The coatings 
were exposed through a 23V dot-aperture mask plus 
several. 2 • 2 in. absorption filters positioned below 
the mask as illustrated in Fig. 3. Exposures were made 
with the lighthouse lens package removed to provide 
high enough light intensity to offset low transmissions 

EXPOSED 
AREA 

�9 �9 �9 

O O O O O  

0 0 0 

~ NEL 

V 
( ~  LIGHT SOURCE 

Fig. 3. Lighthouse arrangement used to make thirteen filtered 
exposures on 23V panels. The spacing between the mask and panel 
was 0.60 in. 

of the filters, to avoid center- to-edge variations in the 
spectrum caused by the lens coating, and to preserve 
the source spectrum down to 230 m~. 

The transmissions of the absorption filters are shown 
in Fig. 4. Apart from a NiSO4-solution cell used in the 
short u.v. region (240-350 m#), the filters were Corn- 
ing glass color filters of the 3, 7, and 0 series. The 
3-series filters divide up the blue-green region of the 
spectrum. The remaining filters involved 7-series fil- 
ters and divide up the u.v. region. The transmission of 
the 23V panel glass is also shown because it was an 
added filter for some exposures made through the 
panel. 

After exposure, the dot patterns were developed on 
a rotating head in a water spray at 104~ and 17 psi 
for 30 sec. 

Dot Growth with Exposure T ime  
The observed growth of dot diameters with exposure 

time is shown in Fig. 5 for 4.5 mg/cm 2 phosphor coat- 

I ' I ' I I I I I 
FILTER TRANSMISSIONS 

A.0-52,7-51 D. NISO 4, 7-54, PYREX G.23V PANEL GLASS 
B.O-51 ,7-62 E. NIS04, 7 -51  

C. NIS04,7-54 F. 3-73, 5-57 
7-54 

~ . 6  

.2 O/ 
240 

Vol. 122, No. 1 

280 320 360 4 0 0  440 480 520 
WAVELENGTH, m F 

Fig. 4. Transmissions of the NISO4 and Cornlng filters used for 
filtered dot exposures; 3-72 OR was a particularly orange 3-72 
filter. 
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Fig. 5. Observed dot diameters vs. exposure time for 4.5 mg/cm 2 
phosphor coatings exposed through various absorption filters. For 
the various sets of data, the two short horizontal lines mark the 
levels of 14- and 17-mil dot diameters. Exposure times have been 
corrected to constant light intensity. 
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Fig.  6. Observed dot diameters vs. exposure time for clear-resist 
coatings.  

14 

ings. Exposures in the b lue-green  region through 
3-series filters are shown by crosses and in the u.v. 
region through 7-series filters by dots. To avoid over- 
lapping of data points, the ordinate scale is offset for 
the various sets of data, and the short horizontal lines 
show the 14-rail and 17-mil diameter levels. Dot diam- 
eters measured at the various filter positions (see Fig. 
3) were corrected to center-panel  values empirically. 
For the 23V panel mask used, 14 mils was the image 
size of center-panel  mask holes projected from a point 
source, and 17 mils was the diameter of tangent  t r i -  
color dots. 

For all exposures, dot diameter growth was approxi-  
mately proportional to the log of the exposure time. 
Assuming that a fixed exposure level is needed for 
threshold photohardening, this behavior indicates that 
light in tensi ty  in the penumbra  region decreased radi-  
ally approximately exponentially.  The slope of the D 
vs. log t lines shown in  Fig. 5 corresponds to a radial 
1/e distance of 1.30 mils. 

Similar dot growth data for clear-resist  coatings 
without phosphor are shown in Fig. 6. 

Exposure times for the various filters were in dif- 
ferent proportions for the phosphor and clear-resist  
coatings. That is, the hardening spectra for these 

coatings were different. Relative to exposure times in 
the near-u.v,  region (most 7-series filters) as a base, the 
phosphor coatings required longer exposure times in 
the short-u.v, region with the NiSO4, 7-54 filter and 
the 7-54 filter and shorter exposure times in the blue-  
green region (3-series filters). For example, exposure 
times for the short-u.v. NiSO4, 7-54, near-u.v.  7-60, 
and b lue-green  3-73 filters were in that order for 
phosphor coatings but  were in the reverse order for 
clear-resist  coatings. 

Since the slopes of the D vs. log t lines are fairly 
close in all cases, we will characterize hardening rates 
simply by the exposure times required to produce 
dots of a part icular  size, namely, 14 mils. These ex- 
posure times, Tcm and T4.5, and their  ratios, TCR/T4.5, 
are listed in Table I. The ratios TcR/T4.5 are ~6  in  the 
b lue-green  region, ~2  in the near-u.v,  region, and 
~0.7 in the short-u.v, region where light is strongly 
absorbed in the phosphor bandgap. 

The exposure times in Table I have been compared 
with simple, l imit ing hardening rates. Following be- 
haviors reported for some other dichromated colloids 
(4, 5), we assume that, following absorption in dichro- 
mate ions at wavelength ?~, the quan tum efficiency for 
hardening n(k) is insensitive to L Hardening rates Hi 
are then proportional to the rates at which photons 
are absorbed in dichromate ions 

Hi cc fd~L(~)ti(k)a(~) 

where L(X) is the source spectrum in photons per 
uni t  wavelength (Fig. 2), ti(k) is the transmission of 
filter i (Fig. 4), and a(~) is the fraction of incident 
light absorbed in dichromate ions. For weak absorp- 
tion a(?0 < <  1, a(~) is proportional to the dichromate 
absorption constant k(?0. For strong absorption a(?~) 

1, a(~) is insensitive to ~. and can be omitted from 
the integrals. 

The clear-resist dot exposures were made under  
weak-absorpt ion conditions. Layer transmissions were 
~0.70 at the dichromate 370 m~ absorption peak. Thus, 
in the table, the clear-resist  exposure times TCR have 
been compared with the weak-absorpt ion hardening 
rates fdLL (?.) tl (~) k (},). The products TcRfd}~Lt~k de- 
crease somewhat from shorter to longer wavelengths 
(from top to bottom in the table) but  are relatively 
constant compared to the strong wavelength variation 
of the dichromate absorption constant k(~).  Thus, the 
quan tum efficiency ~(}~) was relat ively constant, and 
the clear-resist  hardening spectrum was approxi- 
mately the dichromate absorption spectrum k(?0. 

In  the integrals, k(~) was taken proportional to the 
dried-layer  absorption spectrum shown in Fig. 7. This 
spectrum was taken for fresh, dried, clear-resist  coat- 
ings deposited on 23V panels ( transmission measure-  
ments  possible down to 360 m~) and on 2 • 2 in. 
quartz slides. The resist had the same component 
ratios as the resist u s e d  in the clear-resist  dot ex- 
posures, but  the water  content was reduced to give 
thicker coatings with absorption increased sixfold, as 
convenient  for absorption measurements.  The dried- 

Table I. Observed exposure times TCR and T4.5 to make 14-mil dots for clear-resist and 4.5 mg/cm 2 phosphor coatings exposed 
through various absorption filters. These times are compared with weak- and strong-absorption hardening rates fdk Ltik and fdk Lti, 

respectively. The source spectrum L()o) and the dichromate absorption ~pectrum k(k) are expressed in the arbitrary units used in 
Fig. 2 and 7, respectively. 

F i l t e r  TOR, r a i n  T~.a, r a i n  Tc~/T~.5 fdk Ltik TcRfdX Ltik fdk Lti T4.~fdk L t i  

NiSO4, 7-54 7.8 11.0 0.71 325.0 2540.0 362.0 3980.0 
NiSO4, 7-51 42,0 39.4 1650.0 64.0 
7-54 2.9 2,1 1.4 703.0 2040.0  770.0 1620.0 
7-51 5.1 2.1 2.4 403,0 2060.0 470.0 990.0 
N o n e  1.7 0.95 1.8 1095.0 1860.0 1800.0 1710.0 
7-60 14.0 7,8 1.8 115.0 1610.0 117.0 910.0 
0-52,  7-51 8.2 3.9 2.1 219.0 1800.0 234.0 910.0 
0-51,  7-62 14.0 5.2 2.7 93.0 1300.0 190.0 990.0 
3-74 14.0 2.1 6.7 98.0 1370.0 581.0 1220.0 
3-73 27.0 4.0 6.8 54.0 1460.0 446.0 1780.0 
3-72 48.0 7.8 6.2 24,5 1180.0 261.0 2040.0 
3-72 OR ~ 1 4 0 . 0  18.0 ~ 8 . 0  7.7 ~ 1 1 0 0 . 0  128.0 2300.0 
3-71 >200.0 ~-~30.0 >6.0 2.5 >500.0 69.0 ~.~2100,0 
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Fig. 7. Absorption spectra of dried, clear-resist coatings on a 
23V panel and a 2 • 2 in. quartz slide. Substrate absorption has 
been subtracted out. Without dichromate sensitizer, absorption was 
negligible down to 250 m~. For the thinner clear-resist coatings 
used in the dot exposures, the optical densities were 1/6 times the 
values in this figure. 

l aye r  spec t rum is s imilar  to the dichromate  solut ion 
spec t ra  shown in Fig. 1 but  is not ident ical  to any one 
of these spectra.  The posit ion of the  370 m~ peak is 
typical  of the neu t ra l  solution, but  the re la t ive  size 
of the b lue -g reen  absorpt ion  tai l  is typical  of the acid 
solution. 

The phosphor  exposure  t imes T4.~ in the tab le  have 
been compared  wi th  the  s t rong-absorp t ion  hardening  
rates .~'d~L (~.) ti ()~) .1 For  the phosphor  exposures,  l ight  
scat ter ing increased l ight  pa th lengths  in the coatings 
and the reby  enhanced absorpt ion and hardening.  In  
addition, d ichromate  absorpt ion  competed with  phos-  
phor absorption.  For  ~. < 350 m~ (strong phosphor 
bandgap  absorpt ion) ,  ha rden ing  was inefficient, and 
the product  T4.5.(dkLti was la rger  (NiSO4, 7-54 fi l ter) .  
For  ~, > 350 m~ (phosphor  Cu- impur i ty  absqrpt ion) ,  
the products  T4.sfdkLti were  smal le r  and i~creased 
somewhat  from shor ter  to longer  wavelengths .  Never-  
thetess, at  these wavelengths ,  these products  were  
re la t ive ly  constant  compared  to the s trong wave length  
var ia t ion  of the  d ichromate  absorpt ion constant, and 
the hardening  spec t rum of the phosphor  coatings can 
be descr ibed as fa i r ly  constant  and insensi t ive to the 
d ichromate  absorpt ion constant. 

Fo r  4.5 m g / c m  2 phosphor  coatings, one-ha l f  of the 
harden ing  capaci ty  of BH6 l ight  is contained in wave-  
lengths above 400 m~, that  is, in the region of d ichro-  
mate  weak,  b lue -g reen  absorption.  This resul t  is evi-  
dent  from Fig. 5 where  the hardening  rates using the 
7-54 and 3-74 filters were  t he  same. The 7-54 and 3-74 
filters are  low-pass  and h igh-pass  filters, respect ively,  
about the wave length  point 400 m#. See the filter p ro-  
files in Fig. 4. 

Dot -g rowth  curves s imi lar  to those shown in Fig. 
5 and 6 were  also obtained for 2 m g / c m  2 phosphor  
layers  and for 4.5 m g / c m  2 phosphor  layers  exposed 
through the panel  glass. In  the l a t t e r  cases, the penum-  
bra  shape at panel  center  was ma in ta ined  as in normal  
exposures  by  using the same source - to -mask  distance 
and the same effective mask- to -coa t ing  distance, s 
Af te r  correct ion for the panel -g lass  t ransmission at 
the  exposure  wavelength ,  these exposure  t imes  were  

1 F o r  exposu re s  w i t h  3-ser ies  fi l ters,  the  i n t e g r a l s  .fdk Lt ,  we re  
a r b i t r a r i l y  t e r m i n a t e d  a t  518 m ~  nea r  the  end  of d i c h r o m a t e  absorp- 
tion. F or  a d i f f e ren t  t e r m i n a t i o n  point ,  these  i n t e g r a l s  w o u l d  be 
s o m e w h a t  d i f ferent .  

2 F o r  e x p o s u r e s  t h r o u g h  the  pane l ,  the  l i g h t  source  and  f i l ters  
we re  m a i n t a i n e d  as in  Fig .  3, a nd  the  coated p a n e l  was  i n v e r t e d .  A 
f o r m e d  m a s k  cut  f rom i t s  f r a m e  w a s  a t t a c h e d  to the  b o t t o m  (con- 
vex)  s ide of the  pane l  v i a  s tandoffs  of l e n g t h  qe ---- 0.30 in. The 
ef fec t ive  m a s k - t o - c o a t i n g  d i s t ance  wa s  t h e n  qeff. ~ q l / n l  + qe, 
w h e r e  ql  was  the  t h i c k n e s s  of the  p a n e l  glass  and  n~ i t s  i n d e x  of 
refraction. 

the same as for 4.5 m g / c m  2 phosphor  coatings exposed 
in the normal  way. That is, exposure  t imes were  the 
same for exposures  from ei ther  side. For  the 2 m g / c m  2 
phosphor  coatings, the wave leng th  dependence  of the 
hardening  ra te  was in te rmedia te  be tween  the two 
wavelength  dependences  descr ibed above for c lear-  
resist  and 4.5 m g / c m  2 phosphor  coatings. 

Dot A d h e r e n c e  
Except  for exposures  in the short-u.v,  region (~ < 

350 m~) where  phosphor  bandgap  absorpt ion was 
strong and adherence  poor, dot adherence  was insensi-  
t ive to exposure  wavelength.  Exposure  wi th  any filter 
above 350 m~ always  led to adherence  fa i lure  at ex-  
posures corresponding to 11-111/2 mils  dot d iameter  
for c lear- res is t  coatings, to 12-121/2 and 15-16 mils  for 
2 and 4.5 m g / c m  2 phosphor  coatings, respect ively,  and 
to 12-121/2 mils for 4.5 m g / c m  2 phosphor  coatings ex-  
posed through the panel.  

The be t t e r  phosphor -do t  adherence for 2 m g / c m  2 
coatings and for 4.5 m g / c m  ~ coatings exposed through 
the panel  is qua l i ta t ive ly  expla ined  by obvious grad-  
ings of exposure  l ight  in tens i ty  across the coatings. 
However,  the insensi t iv i ty  of dot adherence to dichro-  
mate  s trong 37,0 m~ or weak  b lue -g reen  absorpt ion 
seems surprising.  We bel ieve that,  for the phosphor 
layers,  gradings of l ight  in tens i ty  across the layers  
were  de te rmined  p r imar i ly  by  the scat ter ing paths  of 
the l ight  and only secondari ly  by l ight  absorption.  In 
this way, the  adherence could become insensi t ive to 
the dichromate  absorpt ion constant. 

Conclusions 
Relat ive to the photohardening  rate  in the dichro-  

mate  strong 370 m~ absorpt ion region, hardening  in 
the dichromate  weak  b lue -green  absorpt ion region 
was three  t imes grea ter  for 4.5 m g / c m  2 phosphor  coat- 
ings than  for c lear- res is t  coatings. For  the  c lear- res is t  
coatings, exposures  approx imated  weak-absorp t ion  
conditions, and the hardening  spect rum was p r o p o r -  
t ional to the d ichromate  absorpt ion spectrum. For  the 
4.5 m g / c m  e phosphor  coatings, exposures  more  near ly  
approx imated  s t rong-absorp t ion  conditions, and the 
hardening  spect rum was fa i r ly  flat and insensi t ive to 
the dichromate  absorpt ion spectrum. For  4.5 m g / c m  2 
phosphor coatings, one-ha l f  of the hardening  capaci ty  
of BH6 l ight  resides in b lue -g reen  wavelengths  above 
400 m~. Except  at wavelengths  below 350 m~ where  
phosphor  bandgap  absorpt ion  was strong, phosphor-  
dot adherence was insensi t ive to exposure  wavelength,  
that  is, to d ichromate  strong or weak  absorption.  

Manuscr ipt  received Aug. 23, 1974. This was Pape r  
t22 presented  at the San Francisco, California, Meet ing 
of the  Society, May 12-17, 1974. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. i, 1975. 
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Luminescence Properties of Thiogallate Phosphors 
III. Red and White Emitting Phosphors for Flying Spot Scanner Applications 

T. E. Peters 
GTE Laboratories Incorporated, Waltham, Massachusetts 02154 

ABSTRACT 

Ions with  the ns 2 electronic configuration were  invest igated as activators 
in the SrGa2S4 host lattice. Phosphors act ivated with Sn 2+ or Pb 2+ were  found 
to cathodoluminesce in the red spectral region and exhibit  re lat ive efficiencies 
(~c~ Rel.) of 1.1 and 4.6%, respectively. The Pb 2+ phosphor has a short fluores- 
cent decay t ime (Io/100 ~ 10 -6 sec) and was found suitable for use as the 
red screen component in a flying spot scanner tube (FSST) employed as the 
t ransducer  in color video playback. Coactivation of SrGa2S4 by Ce z + and Pb 2e 
was found to result  in a whi te -emi t t ing  phosphor that exhibits lower noise in 
FSST screens than is usually found when phosphor blends are employed. 

The cathodoluminescence emission and decay prop-  
erties of the Ce 8 + activated alkaline ear th  thiogallates 
were  reported earl ier  (1) with par t i cu la r  emphasis on 
factors governing the use of these materials  in flying 
spot cathode-ray tubes. Phosphors activated with ions 
possessing the ns 2 electronic configuration (T11+, Sn 2+, 
Pb 2+, Sb 3+, Bi 3+) are also of interest  for use in this 
type of device because their  fluorescence l ifet ime 
should be very  short. As a consequence, these ions 
were  also evaluated as activators in the SrGa2S4 host 
lattice, and this paper describes the cathodolumines-  
cence emission and decay characteristics of the Pb 2+ 
and Sn 2 + activated, and Ce 3 +-Pb 2 + coactivated 
SrGa2S4 phosphors and discusses their  application in 
flying spot scanner tubes (FSST) designed for use in 
color video playback systems. 

Experimental 
Phosphor preparation.--The phosphors described 

herein were  synthesized according to the general  
formulas 

Srl-xMzGaeS4 (M = T11+, Sn 2+, Pb 2+ ) 

Srl-2xM~Na~Ga2S4 (M ---- Sb 3+, Bi ~+ ) 

Sr~ - (2x + ~ ) CezNazPbyGa2S4 

by reacting mixtures  of the previously prepared, high 
puri ty sulfides at 900~176 in a stream of H2S. The 
activators were  general ly  introduced at sufficiently 
high concentration to assure stoichiometry, and lower 
doping levels were  achieved by dry dilution. Mono- 
valent sodium was added as Na2SO4, usually in excess 
of the stoichiometric amount, to serve as a mineral izer  
and provide charge compensation for the t r iva lent  ac- 
tivators. Any sodium not incorporated in the SrGa2S4 
host lattice was subsequently removed from the phos- 
phor by washing with demineral ized water.  The Pb 2+ 
and Sn 2 + activated phosphors did not require, valence 
compensation; consequently, the Na2SO4 was usually 
omitted and the higher  reaction tempera ture  was em- 
ployed. In the case of T11+, charge compensation was 
allowed to occur through a vacancy mechanism. 

Measurements.--Standard analytical techniques were  
employed to monitor  the pur i ty  and stoichiometry of 
the sulfide reagents and finished phosphors. X- r ay  
powder diffraction was used to ascertain formation of 
the SrGa2S4 compound. 

Emission spectra were  recorded in terms of relat ive 
energy, and the relat ive cathode-ray efficiency values 
(nor Rel.) were  obtained by comparing the integrated 
area under  the spectral energy distribution curves to 

* E l e c t r o c h e m i c a I  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  v i d e o  p l a y b a c k ,  f a s t  d e c a y  p h o s p h o r s ,  c a t h o d o l u m i n -  

e scen t  p h o s p h o r s .  

that  of selected thiogallate and NBS-1021 phosphors 
of known absolute efficiency. 

Cathodoluminescence brightness levels of SrGa2S4: 
Pb were measured under  conditions simulating those 
found in a color video playback system employing fly- 
ing spot scanners (3). Phosphor-coated conducting 
glass slides were  placed in a demountable CRT and 
excited with a 25 kV-100 ~A electron beam which was 
scanned at the normal  TV rate over  a 5.7 cm • 7.6 cm 
raster. The emission was detected by a Gamma pho- 
tometer  equipped with a Wrat ten No. 25 filter. 

Cathodoluminescence decay times were  measured by 
pulsing a 20 kV electron beam of a 12.7 cm diameter  
FSST at a rate of 60 Hz with a pulse durat ion of 100 
nsec. The fluorescence was detected by a photomult i -  
plier tube equipped with  a Wrat ten No. 25 or 47B 
filter and displayed on an oscilloscope. Screen noise 
measurements  were  obtained by monitor ing the 
change in emission intensity of the flying spot of light 
as it was scanned across the screen of a 12.7 cm FSST. 

Results and Discussion 
Of the ns 2 ions evaluated as activators only Sn 2+ 

and Pb 2+ produced visible emission at room tempera-  
ture. The cathodoluminescence emission and decay 
characteristics of these materials  are given in Table I, 
together  wi th  similar data for Y3A15On:Ce(YAG: Ce) 
(2). The lat ter  mater ia l  is a fast decay phosphor that 
has been advanced as a replacement  for the ZnO: 
Zn(P-24)  screen in a version of the FSST employed 
as a playback transducer for color television. The 
radiant efficiency under  ca thode-ray excitation (~cr 
Rel.) of the SrGa2S4:Pb(2 atom per cent [a /o])  is 
sl ightly higher than that  of YAG: Ce while the SrGa2S4: 
Sn (1 a/o) phosphor has a lower efficiency. 

The decay t ime (~) given in the last column of 
Table I is the t ime required for the fluorescence to de- 
crease to Io/100. This value has been found to be more 
significant for FSST phosphor evaluat ion than the 
fluorescence lifetime, ~-(decay to Io/e), because it in- 
cludes even the low level, long persistence components 
of the decay. The fluorescence intensity vs. t ime curve 
for the SrGa2S4:Sn phosphor exhibits a power law 
dependence (Io ~ t - n ) ,  and its decay t ime is longer 
than that  of the other phosphors which have essen- 
tially exponential  decay curves (Fig. 1). The per-  

Table I. Cathodoluminescence emission and decay characteristics 
of Sn 2+ and Pb 2+ activators 

Decay time, 
Phosphor ~er (%) kmax (nm) ~ (#sec) 

SrGa2S4:Pb  4,6 595 1.24 
SrGaeS4:Sn  1.1 680 > 10.0 
Y3AI5OI2:Ce 3,5 550 0.54 
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Table II. Decay time quenching in SrGa2S4:Pb 

P b  Co R e l a t i v e  
( a t o m  ( w e i g h t  D e c a y  ~ r e d  M e c h a n i s m  u s e d  to 

p e r  cen t )  p e r  cen t )  (~sec)  b r i g h t n e s s  i n c r e a s e  d e c a y  r a t e  

2 - -  1 .24  125 
4 - -  1 .16 113 
8 - -  1 .0  100  
8 0 . 0 1  1 .0  100 
8 0 .1  0 . 9 8  9 8  

sistence of the. SrGa2S4: Sn phosphor is long enough to 
el iminate it as a candidate for use in FSST screens; 
however,  the decay of the Pb 2+ act ivated phosphor is 
of a magni tude  which would permit  its use in systems 
employing electronic compensation (3). 

The data in Table II shows that  the decay t ime of 
SrGa2S4:Pb can be reduced sl ightly by concentrat ion 
quenching. Al though the reduct ion is slight, the effect 
appears to be real, with phosphors containing 8-10 a /o  
Pb consistently having decay t imes of 1 ~sec and those 
with  lower  Pb 2+ concentrations having longer  decay 
times. The reduct ion in decay at t r ibuted to concen- 
t rat ion quenching is accompanied by a reduct ion in 
emission intensi ty (Table II) and a shift of ~,max to 
lower  energy. 

Transit ion meta l  quenching, which produced a dra-  
matic reduct ion in the decay t ime of the Ce 3 + fluores- 
cence in SrGa2S4:Ce, Na (1), is seen (Table II) to 
exer t  l i t t le influence on the fluorescence decay t ime of 
Pb 2+ in the same host compound. This result  is in 
agreement  wi th  that  of other  workers  (4) who have  
shown that transit ion meta l  quenching does not alter 
the persistence of a phosphor whose fluorescence de- 
cays exponential ly.  

The efficiency and spectral  energy distr ibution of the 
SrGa2S4:Pb phosphor make  it par t icular ly  at t ract ive 
for use in FSST's  for color TV playback. This is shown 
in Fig. 2 which depicts the spectral energy distribution 
curves for YAG:Ce  and SrGa2S4:Pb together  wi th  a 
spectral  sensit ivity curve (shaded) for a simulated red 

.Sn{1%) 

Pb(2%) 

o 

I ~, I F'~ I I I 
0.4 0,8 1.2 1 6 2 0 2,4 

TIME AFTER EXCITATION IS REMOVED {Us) 

Fig. 1. Decay of fluorescence of red emitting phosphors 
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T r a n s i t i o n  m e t a l  q u e n c h i n g  
T r a n s i t i o n  m e t a l  q u e n c h i n g  
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detector of a video playback system. The detector  sen- 
si t ivity curve was generated from a convolution of the 
transmission curve for a Kodak No. 25 Wrat ten filter 
and the S-4 response curve of an RCA 931A phototube. 
The convoluted data was then normalized by setting 
the opt imum detector output  at 100. It  is evident  that  
the SrGa2S4:Pb emission is bet ter  matched to the de- 
tector 's response than is the emission of YAG: Ce. This 
is important  because most phototubes are re la t ively  
insensit ive in the red spectral  region and, as a conse- 
quence, the photocurrent  generated by the red de- 
tector must  be amplified to a much greater  extent  
than that  of the corresponding green and blue de- 
tectors. 

For  color video playback applications, FSST's  that 
exhibit  a uniform emission in the visible region of the 
spectrum are desirable. This effect can be achieved by 
blending the SrGa2S4:Pb wtih a b lue-emi t t ing  phos- 
phor such as SrGa2S4:Ce,Na (1), or by activating the 
SrOa2S4 host compound wi th  both Ce ~+ and Pb 2+. The 
spectral energy distr ibution of the emission of FSST's  
prepared with  the blended and single component 
thiogallate screens are compared to that of a com- 
mercial  FSST (3) in Fig. 3. The tubes containing the 
thiogallate phosphors are seen  to have a fair ly uni-  
form emission over  the entire visible spectrum, while 
the commercial  tube is deficient in the b lue-green  and 
red spectral regions. 

The emission spectrum of the blended phosphor 
screen [Fig. 3(a) ]  can be al tered to some extent  by 
changing the ratio of its b lue- to  red-emi t t ing  compo- 
nents. Similar  modifications in the spectral distr ibu- 
tion of the single component screen [Fig. 3 (b) ]  are 
best affected by al ter ing the Ce 3+ and /or  Pb 2+ con- 
centrat ion of the phosphor. This is i l lustrated in Fig. 4, 
where  the t r ichromatic  coefficients and blue (,~450 
n m ) / r e d  (~605 nm) peak intensi ty ratios (B/R)  are 
given for SrGa2S4:Ce,Pb,Na phosphors act ivated with 
4 or 8 a /o  Pb and 0.03-0.5 a/o Ce. For  materials  with 
spectral distributions similar to that  in Fig. 3 (b) (viz., 
B /R  _~-- 1, x ----~ 0.35, y ----~ 0.33), the [Ce 3+] should be 
in the vicini ty of 0.1 a/o. When ICe ~+ ] increases much 
beyond this value, the blue emission band begins to 
dominate the fluorescence spectrum. 

FSST's  having the spectral  distributions shown in 
Fig. 3 were  evaluated in a color video playback system, 
and re levant  data is reported in Table III. The data 
show the response of all three of the playback system's 
photodetectors to be significantly greater  for the 
FSST's  employing thiogallate screens. The fluorescence 
decay times for the thiogallate screens are somewhat  
longer  than those exhibi ted by the blended phosphor 
screen of the commercial  tube, but  the longer decay 
times did not result  in a noticeable deter iorat ion in 
the televised picture. Screen noise for the blended 
thiogallate phosphor screen is equivalent  to that of the 
Ca2A12SiOT:Ce-Y3AI5012:Ce screen, but the single 
component thiogallate screen is noticeably bet ter  in 
this respect. 

Summary 
Ions with the ns 2 electronic configuration were  

evaluated as activators in the SrGa2S~ host lattice. 
Under  cathode-ray excitation, phosphors act ivated with 
Sn 2+ or Pb 2+ were found to fluoresce in the red spec- 
tral region with re la t ive  efficiencies (~cr Rel.) of 1.1 
and 4.6%, respectively. The Pb 2+ activated phosphor 
was found to have a short fluorescence decay time 
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Fig. 2. Red detector response 
end spectral energy distribution 
of SrGa2S4:Pb a~d YAG:Ce. 

Fig. 4. Trichromatic coeffici- 
ents and B/R ratios for SrGa2S4: 
Ce, Pb, Na phosphors. 
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Table II I .  FSST's evaluation in color video playback system 

T y p e  t u b e  

Relative photodetector r e s p o n s e  

S c r e e n  c o m p o s i t i o n  Blue Green Red 

Decay time, 
fl (~sec) 

Screen 
Blue Red noise (%) 

Experimental blended s c r e e n  

Experimental single c o m p o n e n t  
s c r e e n  

Commercial$~ blended screen 

15 w/o SrGa2Sr 280 125 230 
85 w/o SrGa~S4:Pb** 

100 w/o SrGa2S~:Ce,Pb,Na% 255 130 230 

25 w/o Ca2Al=SiO7 100 100 100 
75 w/o Y~Al~O12:Ce 

1.48 1.18 8 

1.26 1.38 4 

0.52 0.54 8 

" 4 a/o Ce. 
** 8 a/o Pb. 

? 0.125 a/o Ce, 8 a/o Pb. 
?? Ref. (5). 

(Io/100 -~ 10 -6  sec)  a n d  w a s  j u d g e d  s u i t a b l e  for  u se  
as t h e  r e d  s c r e e n  c o m p o n e n t  in  a F S S T  e m p l o y e d  as a 
p l a y b a c k  t r a n s d u c e r  for  co lor  t e l ev i s ion .  

F o r  co lor  v ideo  p l a y b a c k  app l i ca t ions ,  F S S T ' s  t h a t  
exhibit a uniform emission in the visible region of the 
spectrum are desirable. This was achieved by blend- 
ing the SrGa2S4:Pb phosphor with a blue emitting 
SrGa2S4: Ce,Na or by activating the SrGa2S4 host com- 
pound with both Ce 3+ and Pb 2+. 

FSST's with screens containing the blended or single 
component thiogallate screens were found to elicit a 
substantially higher output from a pl,ayback system's 
photodetectors than a commercial tube with a screen 
composed of a Ca2AI2SiOT:Ce-YsAI5OI2:Ce phosphor 
blend. The single component thiogallate screen also 
exhibited lower screen noise than those of the thio- 
gallate blend or the commercial phosphor mixture. 
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Rare Earth Doped Vitroceramics: New, Efficient, Blue and 
Green Emitting Materials for Infrared Up-Conversion 

F. Auzel, D. Pecile, and D. Morin 
Centre National d'Etudes des T~l~communications, 92220 Bagneux, France 

A B S T R A C T  

New,  efficient,  v i t r o c e r a m i c  hos t s  for  r a r e  e a r t h  l u m i n e s c e n c e  a r e  d i s -  
cussed.  T h e i r  a p p l i c a t i o n s  to i n f r a r e d  u p - c o n v e r s i o n  a re  e m p h a s i z e d .  Op t i -  
m i z e d  com pos i t i ons  l e ad  to a n  eff ic iency n e a r l y  tw ice  as h i g h  as c o m m e r c i a l l y  
a v a i l a b l e  L a F 3 : Y b : E r .  As for  i n f r a r e d  to b l u e  efficiency, t h e s e  v i t r o c e r a m i c s  
a re  a m o n g  t h e  b e s t  c o m p o u n d s  o b t a i n e d  so far .  T h e  ea sy  p r e p a r a t i o n  in  a i r  
a t m o s p h e r e  is desc r ibed .  T h e  e x c i t a t i o n  s p e c t r a  h a v e  t h e  a d v a n t a g e  of b e i n g  
b r o a d e r  t h a n  u s u a l  fo r  u p - c o n v e r s i o n  p h o s p h o r s .  K i n e t i c  s tud ies  p r e s e n t  some  
p u z z l i n g  b e h a v i o r  w i t h  r e s p e c t  to s a m p l e  g e o m e t r y ;  e.g., t h e  r i se  t i m e  i n -  
c r eases  f o u r f o l d  w i t h  s a m p l e  t h i c k n e s s  b e t w e e n  0.1 a n d  4.5 ram.  S e g r e g a t i o n  
of  r a r e  e a r t h s  in  t h e  m i c r o c r y s t a l l i n e  p h a s e  r a t h e r  t h a n  in  t h e  g lassy  one  is 
c l e a r l y  s h o w n  w h i c h  e x p l a i n s  t h e  h i g h  efficiencies.  

A l t h o u g h  t h e  u p - c o n v e r s i o n  p rocesses  b y  e n e r g y  
t r a n s f e r  b e t w e e n  Yb  3 + a n d  T m  8 + or  E r  8 + w e r e  f irst  
d i s c o v e r e d  in  a glass  m a t r i x  (1) ,  a l l  t h e  hos t s  r e -  
p o r t e d  to d a t e  a r e  p u r e  c r y s t a l l i n e  c o m p o u n d s  (1 -3 ) .  
T h e  m a i n  r e a s o n  is t h a t  t he  f luo rescence  of  r a r e  e a r t h  
ions  is g e n e r a l l y  less  eff ic ient  i n  a glass.  Y e t  A u z e l  ha s  
s h o w n  t h a t  in  t h e  case  of  E r  3+, t h e  f luo rescence  e m i s -  
s ion  a t  0.54~ is s t r o n g l y  e n h a n c e d  w i t h  r e s p e c t  to  glass  
i n s i d e  t h e  d e v i t r i f i e d  glass  m a t r i x  (4 ) ;  one  t h e n  dea l s  

Key words: glass ceramics, up-conversion, rare earths, infrared, 
energy t r a n s f e r .  

with a vitroceramic since large amounts of microcrys- 
tals are embedded in an amorphous Structure. 

The preparation, preliminary results about the 
structure, as well as up-conversion properties, of such 
vitroceramics are discussed. The general formula of 
these new materials is (Ln203, Yb203, PbF2, MnO~n) 
doped with oxides of erbium, thulium, holmium, or 
terbium with Ln = Y, La, Gd, or Lu and M being one 
of the following glass forming elements B, St, P, Ge, or 
Te. According to the doping ion choice, either sequen- 
tial or cooperative sensitization may be obtained. 
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Several glasses of different forming elements have 
been examined, but  emphasis is given to the following 
example: (Yb2Oa, PbF2, GeO2) doped either with 
Er203 or Tm2Oa. 

From an efficiency point of view, such ceramics can 
be favorably compared with crystall ine hosts. Fur ther -  
more, their shorter time response and their  easy prep- 
aration make them part icular ly suitable for pulsed 
GaAs:Si  diode excitation for LED applications. The 
fact that such materials can be cast, cut, and polished 
just  as glasses may be also a fur ther  advantage over 
crystalline phosphors when  large displays are con- 
sidered. 

On the other hand, several fundamenta l  interest ing 
aspects are shown. These matrices contain a large 
amount  of oxygen, yet their green emission yield is 
as high as those obtained from the best oxygen-free 
YFa hosts. This fact is in contrast with what  has been 
general ly found in  crystall ine hosts (3). The t rapping 
effect and radiative energy transfer  between Yb 3+ 
ions before nonradiat ive energy transfers take place, 
as recently evidenced (5), are part icularly strong. 

Experimental  
Vitroceramics composition and preparation.---The 

vitroceramics are obtained by simply mixing together 
one or several of the following glass-forming oxides 
SiO2, GeO2, B,~Oa, P205, T e Q  with lead fluoride and 
high puri ty  rare earth oxides (99.999%). The mixture,  
contained in a p la t inum crucible with a cover, is 
heated and melted inside a muffle furnace at 1000~ 
for about 1 hr. The sample is then obtained by pouring 
the melt, in air, into a graphite mold of the desired 
form, the mold is main ta ined  at about  300~176 for 
4 hr for anneal ing purposes. A white  compound with a 
glassy aspect is finally obtained. 

The compositions (GeO2-PbF2):Yb, Er and ( G e Q -  
PbF2):Yb, Tm are mainly  discussed in this paper. 
These compositions have been optimized for infrared 
up-conversion under  CW excitation. Under pulsed ex- 
citation, the optimization may be somewhat different 
since time constants vary with composition differently 
from efficiencies. 

Spectroscopy and optical measurements.--Absorption 
and fluorescence spectra as well as excitation spectra 
are obtained with a Cary 17 spectrophotometer. The 
spectrometer has been modified, when used for fluo- 
rescence and excitation, by laboratory-made attach- 
ments. Only one beam is used with external  excita- 
tion for fluorescence, and with internal  excitation for 
excitation spectra. 

The vitroceramic samples are either optically pol- 
ished plates of 50~ thickness or powders obtained by 
crushing the ceramics in a mortar  and sieving to vari-  
ous sizes. 

Efficiency comparison with other phosphors and 
fluorescence spectra are performed on powdered sam- 
ples, whereas excitation spectra and absorption spectra 
are obtained from plate samples which are then com- 
pared with phosphor samples in forms of platelets of 
80 mg/cm 2 sizes. This size is the opt imum for relative 
up-conversion efficiency for an excitation through the 
phosphor samples. The details of the efficiency mea-  
surements have already been reported elsewhere (6). 

Time constants are measured using a Texas Ins t ru-  
ments  TIXLI6 infrared emit t ing diode pulsed at 2A 
peak current  with a 40 Hz repeti t ion rate, the pulse 
width being usual ly 10 msec. The visible signal is 
collected from the same side as excitation, filtered 
by KG3, BG18 Short glasses, detected by a photomult i -  
plier, and fed directly to a storage oscilloscope. 

The scanning electron microscope analysis has been 
obtained with a Cameca MEB 07 microscope to which 
has been added a cathodoluminescence at tachment (7). 

Results and Discussion 
Comparative results ~or up-conversion e~ciencies.~ 

Several types of vitroceramics with different glass- 

Table I. Relative infrared green conversion efficiency for different 
glass-forming elements in vitroceramics of the general formula 

(not optimized) : 

MnOm ~ 27.18%; PbF2 ---- 67.57%; Yb20a = 4.85%; 
Er20a ---- 0.39%; (molar per cent) 

Efficiency relat ive to 
Composition: lYlnO,~ YFa:Yb:Er (=  100)) 

B2Oa 10 
TeO2 30 
P=Oa 70 
SiO= 65 
GeO= 70 

forming elements have been prepared each having the 
same molar composition: MnOm = 27.18%; PbF2 = 
67.57%; Yb2Oa ---- 4.85%; Er2Oa ---- 0.39%. The relative 
efficiency is given in  Table I. Except for B2Oa and 
TeOz, about the same results are obtained for the other 
glass-forming oxides: PeOs, SiO2, and GeO2. 

The compositions involving GeO2 and SiO2 were 
more thoroughly investigated. The relat ive ratios of 
GeO2 and PbF2 were systematically varied between 5 
and 36% by weight leading to the results presented in 
Fig. 1, where the opt imum GeOJPbF2 + G e Q  ratio is 
around 20 %. 

Optimization of Yb203, Er203, or Tm203 in the GeO2- 
PbF2 matrix are presented in Fig. 2 and 3 for the blue 
and green emissions, respectively. The optimum rare 
earth concentrations for blue are 25% Yb2Oa and 
0.062% TmzO3; the best ones for green are 10% Yb20~ 
and 2% Er2Oa (weight per cent). 

In Tables II and III, comparisons are made between 
our best vitroceramics obtained so far, with RE fluoride 
phosphors. Comparison is made between powdered 
samples of the same particle size (about 50~). But it 
should be noted that reducing vitroceramics to powder 
of 50.~ grain size decreases their efficiency by 75% with 
respect to the uncrushed ceramics or crushed ceramics 
with grains longer than 200/~. This effect of reduction 
of efficiency for powdered ceramics is not yet fully 
understood. It does not appear to be a lack of refrac- 
tive index matching but seems closely linked to the 
effect of photon trapping as is shown below. 

Comparisons are made under CW as well as pulsed 
excitation by using a figure of merit defined (8) as 

M = TIn(1/2gT1) 

Relative 
~ y  

I R-~,m~n 

100 

50 

10, 
, By=weight 

0 5'0 100~ -Ge02 
100 0 Pb F2 

Fig. 1. Relative efficiency for infrared -> green conversion vs. 
GeO2/(PbF2) ratio. 



blue EmJ|gton 

in e.u (Pb~. GeO=):Yb=Tm 

(0,062% Tm 03,x~ Yb203) 

100 

50 

1C 

I I I I I , x 
0 5 10 15 20 25 30 

Weight % Yb203 

Fig. 2. Relative blue conversion efficiency vs. Yb 3+ concentra- 
tion for a (PbF2-GeO2):Yb:Tm vitroceramic doped with 0.062% 

Tm203. 

w h e r e  ~]n is t h e  ef f ic iency as de f ined  b y  t h e  e m i t t e d  
p o w e r  p e r  s q u a r e  c e n t i m e t e r  w h e n  1 m W  p o w e r  p e r  
cm 2 a t  0.97;~ is f a l l i n g  on  t h e  s a m p l e ;  T is t h e  r i se  t i m e  
of  t h e  e m i s s i o n  as m e a s u r e d  o n  t h e  p o w d e r  o n  t h e  
s a m e  s ide as exc i t a t i on .  

I t  is n e c e s s a r y  to def ine  t h e  f r a m e  w o r k  of t h e  t i m e  
c o n s t a n t  m e a s u r e m e n t s  fo r  e x c i t a t i o n  a n d  e m i s s i o n  
s ince  t h e  i n f r a r e d  p h o t o n  t r a p p i n g  effect  (5) due  to 
Y b  3+ (2F5/~ --> 2F7/2) =:=>Yb 3+ (2F7/2 -'> 2F5/2) r a d i a t i v e  
t r a n s f e r  is p a r t i c u l a r l y  s t r o n g  i n  t h i s  t y p e  of m a t r i x .  
F o r  e x a m p l e  Fig.  4 p r e s e n t s  t h e  r i se  a n d  fa l l  t i m e s  for  
t h e  GeO2-PbF2  o p t i m i z e d - t y p e  v i t r o c e r a m i c ;  t h e  m e a -  
s u r e m e n t s  a re  m a d e  t h r o u g h  s a m p l e s  of  v a r i o u s  t h i c k -  
nesses .  A f o u r f o l d  i n c r e a s e  in  r i se  t i m e  is f o u n d  for  
t h i c k n e s s e s  v a r y i n g  b e t w e e n  0.1 a n d  4.5 ram,  a n d  a n  

Table II. Comparison of efficiency and transient times for 
Yb 8 +-Er 3 + doped materials 

In f r a r ed  --> 0.55~ convers ion 

10C 

Sample  
Chemical  fo rmula  F i g u r e  
powdered  samples  Rise t ime, Fall t ime,  Efficiencyt of mer i t  

(r 50/D r l  (msec) v2 (msec) x 106 x lO s I'Iz 

Vi t roceramic  No. 776 
(CNET 1974) 
(PbF~-C, eO2) :Yb-Er  
PbF~ 78%, GeO2 22%, 
+ 10% Yb~O8 + 0.75% 
Er20~ (per cent by 
weight)  2 0.65 285 22.8 

YF3:Yb:Er  (CNET 1972)~t 
Yo.soYbo.laEro,oiFa 3.2 1.2 285 lS 

YFs :Yb:Er  (BTL 1970)~'t 
Yo,s4Ybo.~Ero.olFs 3.5 1.3 185 8.8 

LaF~:Yb:Er  (GE 1970)tt  
Lao.~eYbo.~Ero.~F~ 4.25 1.6 165 7 

"~ Definit ions are g iven  in Ref. (8). 
"~t The samples  are discussed in Table X of Ref. (8) whe re  a com- 

par ison be tween  di f ferent  samples  f r o m  dif ferent  or igins  at o n e  
point  in thei r  deve lopment  is reported.  

Table III. Comparison of efficiency and transient times for 
Yb 3 § 3 + doped materials 

In f ra red  ~ 0.475/L convers ion 

Sample  Relat ive 
Chemical  fo rmula  flgure 
powdered  samples  Rise time, Fall t ime, Relat ive of mer i t  

(r 50/D r l  (msec} r2 (msec) efficiency • 10 ~ 

Vi t roceramic  No. 774 
(CNET 74) 
(PbF2-GeO~) :Yb-Tm 
PhF2 78%. GeO~ 22% 
+ 25% Yb20~ + 0.062% 
Tm20~ 2.25 0.8 I00 7 

YF:Yb3:Tm (CNET 1973) 
Yo-a~Ybo.~Tmo.oolF3 3.25 1.4 100 4 

Y F : Y b : T m  (Tmo.oos 
Phil ips USA 1971) 
Yo. 6~7Ybo, a~Tmo. ~o3Fs 3.25 1.7 37 1.4 

i n c r e a s e  of 3.4 t i m e s  in  d e c a y  t i m e  is f o u n d  for  t h e  
s a m e  t h i c k n e s s  r ange .  F o r  l a r g e r  t h i c k n e s s e s  a t i m e  
c o n s t a n t  s a t u r a t i o n  t a k e s  place.  Th i s  i n c r e a s e  is due  to 
t h e  Yb  3 + l i f e t i m e  i n c r e a s e  b y  r e s o n a n c e  s ince  t h e  r e l a -  
t i on  (9) T2 ---- Y b / 2  is f o u n d  c o n s t a n t  fo r  a n y  t h i c k -  
ness :  a t  0.1 m m  w e  h a v e  Tyb • 1.6 m s e c  or  "~yb/2 -~ 0.8 
m s e c  a n d  ~2 is f o u n d  to b e  0.9 msec ;  a t  4.5 m m  Tyb = 7 
m s e c  or  Tyb/2 ----- 3.5 m s e c  a n d  z2 is f o u n d  to b e  3.4 
msec.  Th i s  effect  ha s  to  b e  t a k e n  in to  a c c o u n t  if  one  
w i s h e s  to c a l c u l a t e  t r a n s f e r  eff iciencies f r o m  l i f e t i m e  
m e a s u r e m e n t s .  

Th i s  e x p l a i n s  t h e  r e d u c t i o n  in  eff ic iency w h e n  t he  
v i t r o c e r a m i c s  a r e  r e d u c e d  to a p o w d e r .  Th i s  h y p o t h e s i s  
is b a s e d  o n  t h e  fac t  t h a t  T y b  is f o u n d  to be  l o w e r  for  
two  s a m p l e s  of g i v e n  t h i c k n e s s  j o i n e d  t o g e t h e r ,  t h a n  for  
one  of  d o u b l e  t h i c k n e s s  e v e n  i f  t h e  two  s a m p l e s  a r e  
b o u n d  b y  a n  i n d e x  m a t c h i n g  m e d i u m .  I n  t h e  s a m e  
way,  t h e  eff ic iency c a n n o t  b e  r e s t o r e d  fo r  a p o w d e r  
u s i n g  such  a m e d i u m .  I f  a s p a c e  l i m i t e d  e x c i t a t i o n  is 
p r o d u c e d  u s i n g  a d i a p h r a g m ,  l i g h t  e m i s s i o n  of a 
c e r a m i c  w a f e r  is o b t a i n e d  a t  a d i s t a n c e  of a b o u t  s ev -  
e r a l  m i l l i m e t e r s  f r o m  t h e  d i a p h r a g m .  Th i s  is t h e  s a m e  
a v e r a g e  d i s t a n c e  t h r o u g h  w h i c h  e n e r g y  can  m i g r a t e  
r a d i a t i v e l y  as i n d i c a t e d  f r o m  l i f e t i m e  c u r v e s  in  Fig. 4. 

Green emission in a.u 

5( 

o 

[] 5%Yb203 

/ 

(PbF2- GeO2):Yb:Er 

10% Yb203 , X% Er 2 03 

/ 
10 

| 
o~ 
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Fig. 3. Relative green conversion efficiency vs. Er 3+ concen- 
tration for a (PbF2-GeO3):Yb:Er vitroceramic. 
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Fig. 4. Rise time and fall time 
vs. sample thickness for a (PbF~- 
Ge02) :Yb :Er vitroceramic. 

"(:ms. 

IR green up conversion 
�9 Rise time in msec 
�9 Fall time in msec 

j o  

,5 

~ s s  in m m  

I I I I I 
OJ 1 2 3 4 5 

Fig. 5. Comparative excitation 
spectra for YF3:Yb:Er, NaYF4: 
Yb:Er, and (Ge02, PbF2, Yb203): 
Er normalized to have same 
maximum. 

green emission t~a, I P 
normalized for 
same amplitude 

. /  

I I 

0,90 0,92 

These results, in our view, indicate that  the radiat ive 
transfer  of Yb 3+ energy is a necessary l ink for the 
efficiency of the up-convers ion process and that  the 
s t ructure  of the mater ia l  plays a determinant  role in 
that transfer. But we feel more work  is necessary to 
assess these hypotheses. For  LED applications, the op- 
t imum sample thickness was found to be around 300~. 

Comparative spectral results.--In order  to compare 
the vi troceramics wi th  classical up-convers ion phos- 
phors, excitation spectra are given in Fig. 5. The GeO2- 
PbF2 vi t roceramic spectrum extends as far as the 
NaYF4 one at longer wavelengths  and somewhat far-  
ther than the YF3 one at shorter  wavelengths.  There-  
fore excitat ion is possible wi th  a GaAs laser at 0.9~ or 
a YAG: Nd laser at 1.06~. As far  as line width is con- 
cerned the general  aspects of the excitat ion spectra 
are different; the vi t roceramic shows fewer  and 
broader  lines. For instance, in Fig. 6, for the strongest 
line, the width is 20A as compared to 6A for YF~:Yb: 
Er. Using the same excitation and detection conditions, 
the spectral peak intensity is s tronger for YF~, which 
confirms the direct results of Table I. Similar  results 
are presented in Fig. 7 for the blue emission. Approxi -  
mate ly  the same line width  is found but the over-a l l  
splitting is s t ronger  in ceramics. 

# ir ~f..=__ NaYF4: Yb:Er (CNET) 
; I \ 

I $ 

| 

t vitro ceramic II (C-.-.-.-.-.-.-.-.-~02 ,Pb F 2 , / , 
/ I ~ Yb203):E r 

I 
I 
I 

~-,l-------- F 3 :Yb:Er (CNET) 

\ 

I Excitation wavelength 
I I D 

0,95 0,97 1,00 >, tJ 

The line widths of vi troceramics are much smaller  
than that usually found for the same emission in glass, 
20A against 200A for a germanate  glass. On the other 
hand the up-convers ion efficiency is more than two 
orders of magni tude  bet ter  than in a germanate  glass 
(8). These two facts imply that  the rare earths con- 
centrate in the crystal phase ra ther  than in the glass 
phase during the precipi tat ion process; this segregation 
effect is evidenced below by the scanning electron 
microscope study. The Yb 8+ concentrat ion in the 
microcrystals is then higher  than the one given by the 
bulk formula. This enhances the t rapping effect found 
in these materials.  

Another  point of interest  is the high efficiency and 
the high g reen / r ed  emission ratio for hosts wi th  such 
high oxygen concentration. The g reen / r ed  energetic 
ratio for the vi t roceramic is about 7 while  for our best 
YF3, this ratio is 10, yet  it is wel l  known that  the pres- 
ence of oxygen in fluorides usually gives a lower  g reen /  
red ratio and lower  green efficiency (4). One hypothesis 
is that  during the microcrystal  precipitat ion process 
most of the oxygen of the melt  is concentrated in the 
glassy phase ra ther  than in the crystal l ine one; most 
of the oxygen present is necessary for the glassy phase 
to exist. Also as is well  known, PbFe may act as a 
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Fig. 6. Comparative green emission spectra of YF3:Yb:Er (CNET) 
and (Ge02, PbF2, Yb203):Er vitroceramics. 
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Fig, 7. Comparative blue emission spectra of Yb~:Yb:Tm (CNET) 
and (Ge02, PbF~, Yb208):Er vitroceramics. 

scavenger for oxygen; this effect can also play a role 
to el iminate oxygen from the microcrystals. Yet this 
oxygen segregation hypothesis is not necessary if one 
considers a homogeneous distr ibution of constituents 
since the calculated Debye cutoff frequency is then 
320 cm -1, which according to Matsubara (10) predicts 
a green emission. 

Relationship between spectroscopic results and 
microstructure.--The hypothesis that the rare earths 
(Yb, Er, or Tm) concentrate main ly  in the micro- 
crystal phase and germanium only in the glassy phase 
has been confirmed by the scanning electron micro- 
scope. Figure 8a presents the microcrystals (white) in-  
side the glassy phase (dark) as obtained by back 
scattering of electrons. Figure 8b gives the same pic- 
ture obtained by x - ray  fluorescence of germanium 
(white) which shows that Ge is the main  consti tuent 
of the glassy phase; on the other hand, when  looking 
at x - ray  fluorescence of y t terbium one obtains Fig. 8c 
which shows that Yb is essentially in the microcrystal-  
line phase. The same results are obtained for the 
cathodoluminescence of erbium at 0.65~ as shown in 
Fig. 8d. When analyzing for lead by x - ray  fluorescence, 
Fig. 8e is obtained which indicates that  Pb is uni formly 
distributed. 

Hence the glassy phase is probably a lead germanate  
whereas the microcrystalline phase (which is found 
to be homogeneous as shown on Fig. 9 by electron 
absorption) could be a fluoride of lead, ytterbium, and 
erbium. Attempts at producing good up-conversion 
efficiency by direct preparation of PbF2-YbFs:Er 
microcrystals lead to an output of only 2% of the best 
vitroceramies sample. The role played by the micro- 
structure may be an explanation. Figure i0 shows a 
cathodoluminescence picture of the 0.65;~ Er 3+ emission 
at a lower magnification than the previous one. A long 
distance order (_~ 200.~) is found for the microcrys~al- 
line structure; such long order cannot be obtained by 
a direct preparation of lead-ytterbium fluoride. 

On the other hand, the decrease in up-conversion 
efficiency observed when crushing the ceramics into 
grains smaller than 200;~ can be explained by the long 
distance order which is then destroyed and if one as- 
sumes that the radiative energy transfer migrates 
preferably along the microcrystal in the same way as 
in light-pipes, the behavior of these vitroceramies 
could be understood. 

Conclusions 
We have presented here a new class of efficient ma-  

terials for infrared up-conversion which has the ad- 
vantages of easy preparat ion and good efficiencies. 
However their puzzling behavior requires more ex- 
periments for a clearer understanding.  

In  the vitroceramics described, we have clearly dem- 
onstrated by up-conversion results as well as x - ray  
fluorescence and cathodoluminescence scanning mi-  
croscopy that rare earth ions concentrate mainly  in the 
precipitated microcrystals, which accounts for the high 
up-conversion efficiency. 

Recently glass ceramics of quite different composi- 
tions have been demonstrated as replacements for glass 
laser materials (11, 12). But their  lower fluorescence 
efficiency (12) and their broader emission line width 
(11) with respect to the glass of the same bulk  com- 
position is an indication that rare  earth ions stay 
main ly  in the glassy phase. The new high efficiency 
vitroceramics presented here with the rare earth seg- 
regation in the microcrystals, should be a bet ter  pros- 
pect for glass ceramic laser materials than the pre-  
vious ones, provided the microcrystal size could be 
reduced. 

For display applications, the fact that  such vi tro-  
ceramics can be cast, polished, and cut as glass, could 
lead to new ways to couple these solid phosphors to 
infrared sources. Seven segment displays, using the 
vitroceramics as a substrate coupled with discrete 
diodes can be encompassed. Another  advantage over 
powder phosphors is that mult idielectric coatings (8) 
can be used easily with a glass substrate to capture the 
infrared radiation. 
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Fig. 8. Microscopic study of a (GeO2, PbF2, Yb2P3):Er vitrocer- 
amic. (a, upper left) White microcrystals inside the black glassy 
phase as revealed by electron back scattering. (b, upper right) 
X-ray emission from Ge (white). (c, center left) X-ray emission 
from Yb (white). (d, center right) Cathodoluminescence from Er ~+ 
at 0.65~.m (white). (e, lower left) X-ray emission from Pb (white). 
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Fig. 9. Microcrystals (dark) inside the glassy phase for a (Ge02, 
PbF2, Yb203):Er ~+ vitroceramic as revealed by electron absorp- 
tion. 
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Poly(Vinylferrocene)--Conversion to an Oxidized 
Iron System Suitable for Use as a Semitransparent 

Hard Photomask 

L. F. Thompson 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A novel technique for the production of iron oxide films from a polymer 
precursor is described. Films of poly(vinylferrocene)  (PVFc) can be con- 
verted to iron oxide films in either a 2O0W oxygen plasma at room tempera-  
ture or thermally in oxygen at 380~ The thermal  decomposition appears to 
be more suitable for routine use, and process parameters for this technique 
have been optimized. The thermal  conversion has been studied using infrared, 
visible, and u.v. spectroscopy and a decomposition reaction proposed. The 
iron oxide films prepared from PVFc have chemical and physical properties 
similar to the iron oxide films prepared using the iron pentacarbonyl  process. 
Films prepared from PVFc are presently being evaluated for use as semi- 
t ransparent  photolithographic masks. 

The use of i ron oxide for the fabrication of hard, 
semitransparent  masks for use in the manufacture  of 
integrated circuits is gaining rapid acceptance (1). 
Although the film material  is pr imari ly  FeeOs, the 
exact s tructure is far more complicated than a pure 
Fe2Q system. Iron oxide was chosen from a large 
group of t ransi t ion metal  oxides and mixed oxides 
as having the best combination of chemical and physi- 
cal properties required for use as a t ransparent  mask 
material  (2). The relevant  properties are given by 
Peters et al. (3) as: (i) <1% transmission in the 360- 
400 nm spectral region; (it) >30% transmission at the 
sodium D line "(589 nm) ;  (iii) an etching rate com- 
patible with conventional  photolithographic processes 
and materials;  (iv) in addition, the physical integri ty 
of the film (hardness, abrasion resistance, etc.) must  
be sufficient to sustain the abuses of routine handling. 

Three techniques ,are presently available for the 
deposition of thin films of i ron oxide. The first is a 
chemical vapor deposition scheme using Fe(CO)~ de- 
veloped by MacChesney et al. (4). Iron pentacarbonyl  
is thermal ly  decomposed at temperatures in the 130 ~ 
200~ range in an oxidizing atmosphere (CO2 + O2) 
on glass substrates. Films prepared by this technique 
have excellent mask properties, and this is presently 
the technique of choice for mask film manufacture.  
The. only substantial  disadvantage of the procedure is 
using a poisonous compound, Fe(CO)2. A second dep- 
osition technique involving sputtering has been de- 
vised by Sinclair et al. (2, 3) for depositing Fe205 
films. The sputtering techniques used were conven- 
tional with the exception that it was found necessary 
to introduce CO2 + O2 as a discharge gas in order to 
increase the solubility of the deposited Fe205 films to 
an acceptable level for etching. The exact role that CO2 
plays is not clear, but  it appears l ikely th,at the pre s- 
ence of iron carbonate in films leads to increased solu- 
bil i ty (3). The sputtering technique produces films 
which meet all mask requirements  with the only dis- 
advantage being that the process is slow and re- 
quires expensive vacuum equipment.  The third general  
procedure, one similar to the process described in this 
paper, involves the decomposition of an organometall ic 
compound in an oxidizing atmosphere result ing in the 
deposition of a metal  oxide film. Reid and Cukor (5) 
suggested that organo-iron compounds could be ther-  
mal ly  decomposed in O2 to Fe208. Shelby and Cukor 
(6) decomposed nickel tetradecanoate and iron do- 
decanoate to Fe-Ni alloys at 500~ in a H2 ambient. 

Key words: iron oxide, photomasks, semitransparent masks, 
photolithography. 

These films were subsequently used as x - ray  s tan-  
dards and could be deposited with good reproducibility. 

This paper describes a method for the deposition of 
an oxidized iron film using a high molecular  weight, 
organometallic polymer as a precursor. This technique 
offers the advantage of being able to deposit uniform 
films of sufficient thickness to yield a useful mask 
material  in one application. However, two or more 
th inner  films may be applied if necessary to reduce 
defect densities. 

Poly(vinylferrocene)  (PVFc) has been synthesized 
by a number  of workers (7-9). It has been shown that 
PVFc can be converted to Fe203 in an oxygen plasma 
and subsequently to Fe ~ capable of serving as a cata- 
lytic tract for selective electroless deposition of Cu, 
Au, and Ni (10). The disadvantage of plasma conver- 
sion lies in the time required to convert a 400 nm film 
to Fe20.~. In  prel iminary studies it was found that in 
O2 at 400~ PVFc could be thermally converted in <30 
rain to an oxidized iron film possessing useful mask 
properties. 

It should be noted that exact chemical composition 
of these films is difficult to ascertain. They are complex 
mixtures  of Fe203, Fe304, Fe(COs)2, and other in-  
organic iron compounds. Since any attempt to produce 
larger samples of mater ial  for subsequent analysis 
would significantly alter the physics and chemistry of 
the thin-fi lm system and possibly yield a different con- 
version process and material,  the exact structure re- 
mains undetermined.  

The reaction scheme is shown in Fig. 1. The object 
of this study was to evaluate the oxidation of PVFc. 

\~._.~/ 
CH -- CH 

I 
Fe 

"<CH2" 
Fig. 1. Reaction scheme of the thermal oxidation of PVFc to 

Fe208. 

108 
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Experimental 
PVFc deposition.--The PVFc used in this work was 

prepared by free radical bulk polymerizat ion of vinyl  
ferrocene at 8.0~ (7, 8). The monomer,  vinyl  fer ro-  
cene, was purchased from Research 'Organics ,  Incorpo-  
rated (ROC/FIC)  and purified by vacuum subl ima- 
tion (mp 50~176 Azobisisobutyronitr i le  (AIBN) 
was used as a catalyst  and was purified by recrysta l -  
l ization from methanol  (rap 102~-103~ with  slow de- 
composition).  Vinyl ferrocene and 0.08% AIBN (by 
weight)  were  sealed in a glass tube under  N2. The 
vinyl  ferrocene was mel ted  and AIBN al lowed to dis- 
solve in it. The sealed tube was placed in a bath at 80 ~ 
_+ 0.5~ and the polymerizat ion was al lowed to con- 
t inue for 72 hr. The mix tu re  solidified af ter  about 12 
hr. The tube was cooled in ice water,  broken open, 
and the polymer  dissolved in chlorobenzene. The PVFc 
was precipi tated in cold methanol,  recovered by filtra- 
tion, and dried in a vacuum at 80~ for 24 hr. The 
polymer was dissolved in chlorobenzene (6-7% solids) 
and filtered to remove  particulates by mult iple  passes 
through a 0 . 2 / s i n t e r e d  si lver filter prior to use. The 
substrates were  spin coated with PVFc using standard 
photoresist techniques (11). All substrates used in this 
study were  1 in. d iameter  by % in. thick quartz disks 
which facil i tated direct quant i ta t ive  visible and ul t ra-  
violet  (u.v.) absorption studies. 

The v is ib le-u l t ravio le t  absorption spectra for Fe203 
suitable for use as a photomask is well  established (2) 
and is shown in Fig. 2 (dashed curve) .  The spectrum 
from 300 to 700 nm obtained with  a Cary Model 14 
spectrophotometer  was used to follow the conversion 
of PVFc to Fe20~. 

Infrared studies were carried out using attenuated 
total reflection (ATR) with a Perkin-Elmer Model 
631 spectrophotometer. The samples were coated on 

5 rail aluminum foil and mounted against a KRS-5 
plate for ATR studies. Spectrum assignments were 
made with the aid of known spectra. 
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Fig. 2. 700-200 nm absorption spectra for PVFc and oxidized 
iron films. 

Plasma conversion.--A 2'0,0W, 4 MHz radio f requency 
plasma was used to study plasma conversion of PVFc 
to Fe20~. The degree of conversion was fol lowed using 
visible u.v. spectroscopy to determine  changes in ab- 
sorption in the 360-400 nm region of interest. Al though 
this does not yield precise informat ion regarding struc- 
tural  changes, it does measure  the pr imary  parameter  
of interest  for a semitransparent  mask material .  

Therma~ conversion.--Thermal conversions were  
carried out in a 2 in. d iameter  tube furnace regulated 
to ___10~ with an O2 flow rate mainta ined at ~5  l i t e rs /  
m i n - k  Inf rared  analysis and ul t raviole t  visible spec- 
troscopy were  then used to study the thermal  con- 
version of PVFc. 

Results and Discussion 
The f ree-radical  bulk polymerizat ion of vinyl  fer-  

rocene as described yielded about 70% polymer  in the 
72 hr  reaction time. The. molecular  weight  of the poly-  
mer  as determined by dilute solution viscosity was 
found to be .~80,000. Several  separate batches of poly-  
mer  were  prepared wi th  good reproducibil i ty,  a l though 
molecular  weight  varied by as much as _+20%. The 
yield never  varied by more than 10%. A detailed study 
of the reaction parameter  is present ly underway.  The 
polymer yielded uniform, defect- f ree  films from a 
chlorobenzene solution. 

P~asma oxidat{on.--It was found that  in a 200W 
oxygen plasma, PVFc oxidized to an iron compound 
with a visible u.v. spectrum similar to that  of Fe203 
films prepared by the Fe(CO)~ process. For  complete 
conversion 3 hr or more were  required.  Figure  2 il lus- 
trates the s rec t rum of a 300 nm PVFc film which was 
oxidized in a plasma to an inorganic iron film. It is 
noted that the absorption is not adequate  for mask 
purposes in the 300-409 nm region; however,  if 400 n m  

of polymer  is used, the absorption increases to an ade- 
quate level. This thickness can be achieved ei ther  by a 
single 400 nm coating or two sequential  200 nm coat- 
ings. The double coating technique has the advantage 
of reducing defects in the film at the expense of addi-  
tional processing steps and time. 

Plasma exposure t ime as a function of absorption 
(and per cent transmission) is shown in Fig. 3 at wave-  
lengths of 600, 500, 400, and 350 nm. Note that  the ab- 
sorption in the 350 and 400 nm region increases rapidly 
as the oxidation "proceeds, while  in the 5.00 and 600 n m  

region absorption remains re la t ive ly  unaffected. The 
plasma oxidation is complete after  3 hr. A slight de- 
crease in absorption is noted after long exposures, 
probably due to sputter removal  of mater ia l  from the 
oxidized material .  The oxidized films were  soluble in 
cold 6-8M HC1 and etched at about 1 #min -1 after 
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Fig. 4. 200-700 nm absorption spectra for the thermal conversion 
at 280~ of PVFc of three thicknesses. 

complete plasma conversion. They became insoluble 
after a 450~ heat - t rea tment ,  al though there  were  no 
noticeable absorption changes. Scanning electron mi -  
croscopy (SEM) studies revealed no defects in the 
oxidized films that  were  not at t r ibutable to part iculate 
inclusions in the precursor po lymer  film. 

Thermal conversion.--It was found that  thermal  oxi-  
dation t rea tments  at 400~ for 20-30 rain in an oxygen 
atmosphere was sufficient to convert  PVFc to a stable 
oxidized iron material .  The opt imum oxygen flow for 
the furnace used was ,--5 l i t e r s /min  -1. However ,  flow 
rates are expected to be system dependent,  they are 
not a critical parameter .  Again the energy absorption 
in the visible u.v. region was used to optimize the 
conversion process since this is the pr imary  proper ty  
of concern in mask materials.  Figure  4 shows the ab- 
sorption spectra for three  final film thicknesses. It  
should be noted that  the thermal  conversion is ac- 
companied by a 50-60% decrease in film thickness. 1 
It was found that  to minimize the detr imental  effects 
of film shrinkage, a p rogrammed baking schedule was 
necessary. Figure  5A is a (SEM) micrograph of  a 200 

1 T h e  thickness  referred to i n  t h i s  s t u d y  i s  f i n a l  f i l m  thickness  
unless otherwise stated. 
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Fig. 6. Absorption as a function of thickness for PVFc films 
oxidized at 300~ for 30 min. 

nm film which was baked in a preheated 400~ furnace. 
The broken areas shown were  common on films treated 
in this way. However,  when the baking schedule was 
started at room tempera ture  and increased at ~10~  
rain -1 rates, this catastrophic crazing effect was el imi-  
nated, and uniform films were  then obtained (Fig. 5B). 

It was found that ~200 nm of final film was neces- 
sary to give the desired absorption prolcerties using 
thermal  conversion. Figure  6 shows absorption as a 
function of film thickness for three  wavelengths:  350, 
400, and 5'0,0 nm. This film was converted with  a 400 ~ 
• 10~ 30 min baking schedule in which the tempera-  
ture was increased f rom 22 ~ to 400~ at ,~l,0~ -1 
and then held at 400 ~ • 10~ for 30 rain. The 200 nm 
final film thickness was achieved by convert ing a single 
coating of PVFc of an initial thickness of ,~470 rim. As 
before, there are advantages in using two thin  (,~240 
nm) coatings each fol lowed by a bake, since the defect 
density will  be less and the film should be more  
homogeneous t h roughou t  its thickness. 

Both scratch resistance and adhesion were  qual i ta-  
t ively  compared to films deposited from Fe (CO)5. The 
adhesion (as per "scotch tape" test and epoxy pull  

Fig. 5. SEM of thermally converted oxidized iron films 
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test) was in no case worse than the s tandard sample 
and exceeded that of the carbonyl  film in most sam- 
pies. The scratch resistance was comparable to the 
carbonyl  standard. Precise defect density measure-  
ments  are presently underway.  

The conversion of PVFc to oxidized iron compounds 
involves considerable chemical changes in the film. 
Attenuated total reflectance (ATR) infrared spectros- 
copy was used to study the thermal  oxidation of PVFc. 
A possible reaction spectra scheme is given in Fig. 1. 
Figure 7 shows three ATR spectra obtained using a 400 
m~ PVFc film. The spectrum of the film prior to bak-  
ing is identical to those reported (8) for pure PVFC. 
The 250~ bake was sufficient to el iminate the general  
hydrocarbon s t ructure  of the original film. The C-H 
stretching bands in the 3225-2777 cm -1 region are 
probably the most sensitive and have completely dis- 
appeared. A broad peak centered about 3333 cm -1 is 
suggestive of bonded water, one of the decomposition 
products from the thermal  oxidation of PVFc. The as- 
sociated band at 1612 cm -1 also is suggestive of water. 
A large band at 1390 cm -1 has been assigned to the 
iron carbonate structure. The remainder  of the spec- 
t rum is characteristic of Fe203. After baking at 370~ 
for 30 min  all traces of water  and iron carbonate have 
disappeared and normal  Fe208 spectrum remains. It  
should be noted that carbonate free mater ial  is still 
soluble in dilute HC1. 

If these materials are fired above 450~ the solu- 
bi l i ty in cold acids decreases unt i l  it becomes essen- 
t ially zero. This has general ly been at t r ibuted to crys- 
tall ization of the iron oxide. It was found that  the 
addition of 3% SnC12 to the 6M HC1 increased the dis- 
solution rate; however, this failed to facilitate solu- 
bi l i ty of normal ly  insoluble material.  

It  should be emphasized that although results of 
the present  investigation are. in ternal ly  self-consistent 
for this system, they deviate from results reported on 
other iron oxide systems (2, 3). It is l ikely that  in 
none of the three investigations was pure Fe2Os being 
studied, and it is l ikely that complex mixtures  of 
several i ron compounds and possibly-residual  cyclic 
carbon skeletons were involved. Since in all of the 
studies it was the final properties, such as u.v. visible 
absorption, defect density, and solubili ty (etch rate),  
which were of pr imary  consideration, it is not sur- 
prising that details of the fundamenta l  chemistry have 
remained obscure. Care should be exercised in compar- 
ing the films made by the three techniques: Fe (CO)s,. 
sputtered, and the polymer precursor system. 

C o n c l u s i o n s  
1. Poly(vinyl fer rocene)  can be converted to an oxi- 

dized iron compound with properties similar to the 
films presently used to make semit ransparent  masks. 

2. The PVFc may be oxidized with a 200W rf, oxy- 
gen plasma in 3 hr  yielding a film with good mask 

properties. The disadvantages of this procedure are 
the long times and expensive equipment  necessary. 

3. PVFc may al ternat ively  be thermal ly  converted 
in 30 rain to a suitable mask mater ial  in an O~. ambient  
at 400~ 

4. Infrared analyses indicates that  conversion below 
~280~ yields a product which contains appreciable 
amounts of carbonate and water. 

5. Baking above 400~ removes all traces of C Q  + + 
and I-I20; however, if 400~ is not exceeded, the films 
remain soluble in cold acids. 

6. Scratch resistance and adhesion appear to be 
similar to the iron oxide films prepared by the penta-  
carbonyl process. 
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Optical Characterization of GaAs Layers Grown on 
Ge Substrates 

Hiroyuki Kasano and Sigeyuki Hosoki 
Central Research Laboratory, Hitachi Limited, Kokubunji, Tokyo, Japan 

ABSTRACT 

The s tructural  qual i ty  of GaAs layers grown on Ge substrates has been 
optically characterized as a function of the distance d from GaAs-Ge interface 
along the growth axis, supported by electrical measurement  and also by x - ray  
measurement .  It  is found that the degradation of the s tructural  qual i ty due to 
interface alloying and autodoping of Ge can be detected in the grown layers 
only within  ~3~ from the interface, where  the concentration of Ge involved 
would exceed 1 • 1017 a toms/cm 3. However,  the degradation caused by mis-  
fit dislocations extends as far as 80~ from the interface, in spite of the fact 
that the dislocation density decreases exponent ia l ly  wi th  increasing d. These 
misfit dislocations introduce quite effective nonradiat ive recombinat ion centers 
in GaAs, which quench the luminescence intensity, L, in a form of L ---- A log 
(1 • 106/N),. where  N is the density of these nonradiat ive recombinat ion 
centers and A is a constant. If  the GaAs layers are contaminated with Cu dur-  
ing the growth process, it is found that  L is reduced in such a way that  the 
constant A in the above equat ion is decreased. 

In the commercial  production of epitaxial  layers of 
I I I -V compound semiconductors, such as GaAs and 
GaAsl-xPx, it is profitable to use Ge wafers as sub- 
strafes. This is because Ge is superior to GaAs in wafer  
area and also in cost. However,  heteroepi taxial  growth 
of I I I -V compounds on Ge substrates causes degrada-  
tion of the s tructural  qual i ty  of the grown layers at the 
interface. This problem has been invest igated in detail 
in the case of a GaAs-Ge  system. The degradation 
includes misfit dislocations (1), interface alloying (2), 
autodoping of Ge (3), and the cross diffusions of Ge, 
Ga, and As (4). The structural  qual i ty of these GaAs 
layers has also been characterized by measurements  
on electron mobil i ty  (5) and the width  of an x - ray  
rocking curve (6), but optical characterization has not 
yet  been reported. Since crystal imperfections in GaAs 
crystals, such as dislocations (7) and precipitates (8), 
form deep levels and act as nonradiat ive recombination 
centers, s t ructural  qual i ty can be studied by photo- 
luminescence (PL) or cathodoluminescence (CL). 
Some works (5, 6) suggested that s tructural  qual i ty of 
these GaAs layers was rather  improved in the bulk 
region of the epitaxial  layer, more than 10~ from the 
heterojunction.  It seems obvious that some portion of 
these improvements  was due to an accommodation of 
the misfit by dislocation lines (9). However,  l i t t le ex-  
per imental  work  has been done to clarify the layer  
thickness dependence of the s tructural  quality, which 
is an important  factor for the practical use of Ge sub- 
strafes. 

The purposes of this study are: (i) to measure the 
distribution of crystal imperfections in these GaAs 
layers along the growth axis, (it) to examine the in-  
fluence of Ge involved in the GaAs epitaxial  layers on 
the electrical and optical properties of the layers, and 
(iii) to examine the influence of other residual im- 
purities on the optical properties of these GaAs layers. 
In order to achieve these purposes, the luminescence 
properties were  observed at ~80~ under constant 
excitat ion level  as a function of the distance, d, from 
Ge substrates. This conventional  optical characteriza-  
tion, supported by x - ray  topography, leads to the con- 
clusion that  degradation of s tructural  qual i ty due to 
misfit dislocations and residuai impuri ty  Cu (10) are 
important  for the bulk properties of these GaAs layers. 
The concentration of Ge involved is est imated to be 
less than 1 • 1017 a toms/cm 8 except for the interface 

Key  words:  misfit dislocations, cathodoluminescence,  degradat ion 
of luminescence, nonradiat ive  recombination,  GaAs. 

region, which is different from the case of GaAsl-xPx 
layers (11). 

Experimental 
GaAs was epi taxial ly grown on a (311) surface of a 

Ge substrate in the growth apparatus reported else- 
where  (12) by using a GaAs-AsC18-H2 system. The 
substrate, Ge, was doped with  arsenic (p ~ 3 ,~ 5 • 
1,0 -8 ohm-cm).  The front face of the substrate was 
polished to a mir ror  surface and chemically etched with 
a solution of 1HF: 1H202:1H2SO4 prior fo use, whereas  
the back and side faces of the substrate were  coated 
with a Si polycrytal l ine film (11). Unintent ional ly  
doped GaAs crystals (n : 1 ~ 3 • 1017 cm -3) and 
Te-doped ones (n : 1 • 1018 cm -8) were  used as 
source materials  for the epitaxy. The source and sub- 
strafe temperatures  adopted empir ical ly were  in the 
range of 750 ~ ,-~ 950~ and 680 ~ ~ 720~ respectively. 
Pd-diffused hydrogen and 7-nines pure AsC18 were  
used. The partial  pressure of AsC18 was 0.5 ~ 3 • 10-8 
atm. GaAs layers, with a thickness of 20 ,-~ 180~, were  
grown for 2-8 hr. All the grown layers had mir ror -  
smooth surfaces except  when the  surface of the sub- 
strate was contaminated. 

The doping profile in the grown layers was measured 
electr ically along the growth axis, using both the 
point-contact  breakdown (PCB) method and the d-c 
Van der Pauw technique (13) at a magnet ic  field of 
45C0 gauss. The measurement  of PCB voltages, V~, 
was carried out on a one-degree  angle- lapped surface 
of the sample. The relat ion be tween the carrier  con- 
centrat ion and VB was calibrated beforehand by the 
C-V measurement  on Schottky barr iers  formed on the 
as-grown surface. The PCB method is excel lent  for ob- 
taining the profile of the carr ier  concentrat ion near  
the interface. Electron mobility, as well  as carrier  
concentration in the bulk region of GaAs layers was 
measured against the distance, d, from the interface by 
the d-c. Van der Pauw technique. Pr ior  to the Van der 
Pauw measurement,  both the Ge substrate and the 
GaAs layer  of ~-, 10~ in thickness adjacent to the in ter-  
face were  removed by lapping. Indium alloys were  
used as ohmic contacts. In these cases, electrical  mea-  
surement  and chemical etching of the GaAs layer  for 
only the as-grown surface side were  a l ternat ive ly  re-  
peated on the same sample. Fluctuat ion of layer  thick- 
ness by etching was controlled within  10~. 

Photoluminescence (PL) was measured at 80~ to 
examine the optical influence of Ge on GaAs layers, 
using the Hg 3650A line as an excitat ion source and a 

112 



Vol. 122, No. I O P T I C A L  C H A R A C T E R I Z A T I O N  OF GaAs L A Y E R S  113 

E 
w 

c lO 

z 
o 
I.- 

~' S I -  
X 4 
s ~  

u 3 Z 
0 

2 

n q  

nt 

~ 1017 

o A--1 ( 100 pthick) 
300~ 

A- -2  ( 45Ju thick) 

A - 3  ( 1 0 0 p t h i c k )  

CARRIER CONC. 

. . . .  MOBILITY 

L 

t 
I 

P.C .B. data 

, , | , i i 

0 20 40 60 

o - . o  . . . .  

o o 

o 

. . . . .  A . . . . . . .  ~ - -  - 

. ~ .  ~ _  10 4 - 

> 

s u 
4 

3 

2 ~ 

I- T 
Pauw's method-data  10~ 

i i , 

80 100 

Fig. I. Electrical properties of 
GaAs layers grown on Ge sub- 
strate, measured as a function 
of distance from the GaAs-Ge 
interface, d, at 300~ The in- 
fluence of Ge incorporated into 
GaAs layers is only observed in 
a region within ~--3/~ from the 
interface. The concentration of 
Ge involved is of the order of 
magnitude of 1016 atoms/cm 3 or 
less beyond the interface region. 
The gradual decrease in mobility 
with decreasing d is caused by 
the crystal imperfections due to 
lattice mismatch. 

DISTANCE FROM Ge , d ~ p 

33-86-40 Type spectrometer  (Bausch and Lomb) 
coupled with  a 7102 photomult ipl ier  (Hamamatsu TV) 
as a detector. The exci tat ion level  of PL was kept con- 
stant for all samples. Since the PL intensity was ob- 
served to decrease drastically wi th  reduction of the 
layer thickness, the intensi ty var ia t ion agains,t d was 
fur ther  invest igated using cathodoluminescence (CL) 
at 77~ Operat ing conditions of CL were:  accelerat ing 
voltage 30 kV, pr imary  beam current  10-7A, and beam 
spot diameter  1 ~ 3~ for all samples. These conditions 
result  in a quite  high excitat ion level  of luminescence, 
which is h igher  than that  of the above-ment ioned  PL 
by several  orders of magnitude.  In this case, an EPU-  
2A Type spectrometer  (Hitachi) coupled with  a 7192 
Type photomult ipler  (Hamamatsu TV) was used as a 
detector. A step-etching technique was applied to each 
sample to vary  d. 

The dislocation density in GaAs layers, N, was mea-  
sured against d by a transmission x - r ay  topograph us- 
ing an Ag target. Pr ior  to the measurement ,  the Ge 
substrates were  removed by lapping, and GaAs layers 
wi th  the desired thickness were  obtained by using 
mechanical  polishing and chemical etching. Samples 
with a different doping level  and a different thickness 
were  examined. Precipitates were  observed in the 
GaAs layers near  the interface using a transmission 
electron microscope. In this case, a hot H 2 Q  solution 
(5) was used as an etchant of the Ge substrate. Af ter  
the Ge substrate was removed, the GaAs layer  was 
careful ly  etched with a solution of 4H2SO4: 1H202:1H20 
from only the as-grown surface side, in order to obtain 
the thin layer with a thickness of about IO00A at the 
peripheral. These thin layers were bombarded with a 
I00 kV electron beam under a vacuum of 1,O -~ Torr. 

In order to ascertain the origin of the acceptor-like 
residual impurities, a Cu-diffused GaAs sample was 
also prepared. 

Results and Discussion 
Influence of Ge incorporated into GaAs layers by 

autodoping process.--In this sect ion,  the influence of 
Ge incorporated into GaAs layers by the autodoping 
process is discussed. 

Profiles of the carr ier  concentration, as wel l  as 
those of mobili ty,  were  electr ical ly measured and 
are shown in Fig, 1 as a function of d. The GaAs source 
crystals used for the epitaxial  growth were  an undoped 
one (n ---- 2 X 1017cm-3, ~ ---- 3000 cme/V-sec) for 
samples A-1 and A-2, and a Te-doped one (n ---- 1 X 
101Scm-3, # ---- 2009, cmf/V.sec)  for sample A-3. It  
is found from Fig. 1 that the carr ier  concentrations 
in these layers are kept constant along the growth 
axis and are consistent with those in the GaAs source, 
except  for the regions wi thin  2 ~ 3~ from the inter-  
face, where  they are significantly high. These high 

carrier concentrations are believed to be caused by 
Ge incorporated by the autodoping process, because the 
samples examined in this section were carefully pre- 
pared in an atmosphere kept as clean as l~ossible to 
minimize the influence of residual impurities. This is 
supported by the following results obtained using a 
transmission electron microscope. A high density (10 s 

10 8 cm -2) of precipitates with a diameter of ~I# 
in the interface region was observed, and a typical 
example is.shown in Fig. 2. Stacking faults were also 
observed to originate from some precipitates. However, 
no precipitate could be detected in layers a few microns 
apart from the interface. These results suggest that 
the Ga-Ge-As alloy (2) was partially produced only 
in regions within 2 ~ 3~ from the interface as a re- 
sult of relatively heavy incorporation of Ge by the 
autodoping process. The profiles of the carrier con- 

Fig. 2. A micrc~graph of the GaAs layer within I ,~ 2/~ from the 
interface, obtained by using a transmission electron microscope. A 
high density (105 ,-~ 106 cm -2)  of precipitates probably due to 
alloying are shown to exist. Prior to measurements, the Ge sub- 
strate was completely removed from the GaAs layer by chemical 
etching With hot H202 solution (5). 
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centrat ion in Fig. 1 suggest that  the Ge concentration 
in the GaAs layers is of the order of magni tude of 
1016 a toms/cm 3 or less except  for the interface region, 
and that  the impuri ty  doping from the source mate -  
rials is kept constant during the whole growth process. 

The re la t ively  low concentrat ion of Ge in the bulk 
region of the GaAs layers was ascertained by the 
following thermodynamical  consideration for the va-  
por etching process of Ge subsirates and also by the 
results of photoluminescence measurement .  

At the substrate temperatures  adopted in this ex-  
periment,  680 ~ ~ 720~ the predominant  reaction be- 
tween Ge and HC1 is expressed as (14) 

Ge -6 3HC1 ~ Ge.HC13 -6 H~2 [1] 

with the equi l ibr ium constant, Kp1, which was given 
by Miller et aI. (14) as a function of temperature .  In 
this case, the part ial  pressure of GeHC13 can be ex-  
pressed by 

PGeHCl3 ---- y PHCI(GaAs? 

PHCI(GaAs) ~- 
6Kp1 6 

.~ / P2HCI(GaAs) 4 1/3 t 
-6 PHCICGaAs) + V ~ ~- 81K3p~ 

6Kp1 6 

[2] 

where  PHcl(OaAs) is the equi l ibr ium partial  pressure of 
HC1 over the GaAs source and equals 3PAscIJ(1 -6 
4x/Kp/PAs4). The equi l ibr ium constant of the G aAs- 
AsCla-He system, Kp, has been calculated (11). By 
insert ing the values of the growth parameters  (the 
source temperature,  the substrate temperature,  and 
the partial pressure of AsC13) adopted in this exper i -  

ment  into the above equations, we get PGeHCl3 ~ < 1 
X 10 -c  atm. This value corresponds to a Ge concen- 
trat ion of 3 X 10 TM a toms/cm 3 in GaAs if the back- 
deposition rate of Ge is assumed to be 50%. Once 
the front face of the Ge substrate is covered with  a 
GaAs layer, PO,HCl.~ may immedia te ly  drop by a few 
orders of magnitude. The net weight  loss of Ge was 
measured after the grown layer  was removed by 
chemical etching. None of the Ge was lost during the 
chemical etching process. The amount of the weight  
loss due to vapor etching was 0.05 • 0.02 mg af ter  
a 5 hr run  for a sample wi th  an exposed surface 
area of 4 cm 2. This value is reasonable when com- 
pared with  the calculated result, i.e., the vapor etch- 
ing of the Ge substrate wi th  AsC13 is not so serious 
that the resultant  incorporat ion of Ge will  be reduced 
to less than. 10 ~7 a t o m s / c a  a in the bulk region of 
GaAs more than a few microns apart  f rom the in ter -  
face. 

Photoluminescence spectra from the epitaxial  layers 
are shown in Fig. 3. The data of a Ge-f ree  sample 
(sample B) is included for comparison. Sample B 
was grown on a GaAs substrate in a different growth 
apparatus using a Ga source. There exist broad and 
intense low energy emission bands in addition to 
the near -gap  emission band in every  sample. The 
origin of these low energy bands is not wel l  under -  
stood but is considered to be complexes associated 
with  vacancies, such as a Ga vacancy-donor  complex 
(15), because they appear  in any bulk GaAs crystal 
containing various kinds of donors. Emission peaks 
due to Ge in n-GaAs are known to locate at 8380A 
for the first acceptor level  (16, 17), 8890A for the 
second acceptor level  (18), and ~ 10,10:0A for the 
donor level  (16) at 77~ Kressel  et al. (18) reported 
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Fig. 3. Photoluminescence spectra at 80~ under constant exci- 
tation level. Samples A-2 and C were grown on Ge substrates, 
whereas sample B was grown on a GoAs substrate using a Ga- 
AsCI3-H2 system. The decrease of luminescence intensity is found 
in the case of A-2 as the layer thickness is reduced. 

that the emission bands due to Ge could be detected 
in the PL spectra of GaAs if the Ge concentrat ion 
exceeded 1 >< 1017 a toms/cm 8. However,  none of them 
is observed in the PL spectra on the present samples. 
So, there  is no evidence that  samples A-2 and C are 
doped with Ge, al though they are doped more heavi ly  
than sample B. 

It is found in Fig. 1 that  the electron mobil i ty  of 
the GaAs layers grown on the Ge substrates decreases 
gradual ly as d is reduced to less than 70#, though 
the carr ier  concentrat ion is invar iant  in this region. 
It is also found in Fig. 3 that luminescence intensity 
of sample A-2 decreases drastically with reducing d, 
whereas the spectrum is unchanged. The other sam- 
ples grown on Ge substrates also showed similar re- 
sults. Therefore, it is believed that these reductions 
in mobility and luminescence intensity were caused 
by the inhomogeneous distribution of crystal imper- 
fections, and not by that of impurities. This problem 
is discussed in detail in the next section. 

Influence of misfit dislocations.--In addition to the 
autodoping of Ge and interface alloying, lattice mis- 
match at the GaAs-Ge interface also causes the deg- 
radation of the s t ructural  qual i ty of the GaAs layers. 
In this experiment,  the distribution of dislocations 
was invest igated as a function of d, using a trans-  
mission x - r ay  topograph. Topographs were  taken at 
different thicknesses of the GaAs layers as they were  
lapped and chemical ly etched from only their  sub- 
strafe sides. The result  is shown in Fig. 4. It is found 
in Fig. 4 that  the dislocation density, N, increases ex-  
ponential ly wi th  decreasing d, which is similar to the 
case of GaP layers grown on GaAs subs trates (19). 
Such a high density of dislocations and their expo- 
nential distribution could not be observed in GaAs 
layers grown on GaAs substrates. The value of N 
at the interface, 1 X l0 s cm -2, obtained from Fig. 4 
by extrapolation is consistent with that reported by 
Holloway et aL (I), 2 X 106 em -2, for the sample 
grown at 750~ As was suggested by Meieran (20), 
these dislocations are considered to have originated 
from the lattice constant mismatch between Ge and 
GaAs. These misfit dislocations, as is shown in Fig. 
3, act as quite effective nonradiative recombination 
centers. On the other hand, the dislocations intro- 
duced by a four-point bending are less active recom- 
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Fig. 4. Dislocation density of GaAs layers grown on Ge sub- 
strates, measured by using an x-ray topograph technique as a 
function of d. The dotted line is estimated from the result of the 
CL data shown in Fig. 5. 

bination centers; Esquivel  et aI. (21) showed in the 
CL measurement  for GaAs that  only half  of the 
initial intensi ty was quenched when  high 10 '6 cm -2 
dislocations were  int roduced by bending. The decreas- 
ing rate  of intensi ty is smaller  than that  observed in 
Fig. 3 by an order  of magnitude.  These differences 
in the decreasing rate may  be caused by the impur i ty  
effect for dislocations; i.e., grown- in  dislocations as- 
sociated with  impuri t ies  act as effective nonradiat ive 
recombinat ion centers (7, 22), whereas  dislocations 
wi thout  impur i ty  association do not do so (22). There-  
fore, a predominant  part  of the misfit dislocations in 
this exper iment  is considered to be associated with  
impurities, Ge, and other  residual impurities.  

In order to clarify the dependence of luminescence 
intensity, L, on the misfit-dislocation density, cathodo- 
luminescence was measured  at  77~ (23) as a func- 
tion of d on several  samples wi th  different doping 
levels. The observed CL spectra consisted of only two 
emission bands as are shown in Fig. 6. They were  
the near -gap  emission band peaked at 8230 ~ 8290A 
and the lower energy subband peaked at ~-, 9200A. 
The intensi ty of both the bands var ied wi th  d as was 
shown in Fig. 5, though the spectra were  unchanged 
as in the case of the above-ment ioned  PL. Figure  5 
shows that L is near ly  constant in a region of d 
80~, but it decreases l inear ly  with decreasing d in a 
region of d ~ 80~ in any sample and in any emission 
band. At the interface (d ---- 0), L converges to zero. 
As the exci tat ion level  increased, L general ly  increased 
unti l  saturat ion occurred, whereas  L at the interface 
remained zero. From Fig. 4 and 5, L is given as a 
function of N by 

where  L~ is the sa turated intensi ty at -- 80~, No is 
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Fig. 5. Intensity variation of the cathodeluminescence from the 
GaAs layers grown on Ge substrates, measured as a function of 
d at 77~ There are only two emission hands in the CL spectra, 
one of which is the near-gap emission with stronge~ intensity and 
the other is the low energy subband peaked at 9200A with weaker 
intensity. 

the density corresponding to L ----- 0, Ns is the den-  
sity which gives Ls, and A is Ls/Iog (No/Ns). In this 
case, No ~- 1 • 106 cm -2, and Ns ~-~ 5 • 108 cm-~. 
The exci ted pairs which are wi th in  a diffusion length, 
I, of the edge of the recombinat ion center  wi th  the 
effective radius, r, wil l  be drawn to this center, 
where  they recombine nonradia t ively  via the con- 
t inuum of states (24). It  is no tewor thy  that  the de- 
crease of L is proport ional  to log N, and not to N in 
the empirical  Eq. [3]. The logari thmic dependence 
of L on N may be caused by the decrease of I as N 
increases�9 It has been established (25) that  the l i fe-  
t ime of minor i ty  carriers, ~, in plastically deformed 
pure Ge is proport ional  to 1/N. If l is s imply defined 
as ~/D~, and the decrease of L is assumed to be pro-  
portional to lzN, the decrease of L becomes indel~end- 
ent of N in pure Ge as suggested in the case of dis- 
locations without  impur i ty  association in GaAsl-~P~ 
(22). However,  the N dependence of �9 becomes a more  
complicated form in the case where  the  dislocations 
are associated with  impuri t ies  (25). The D~ is in this 
case proport ional  to ( l / N )  in N based on Eq [3], 
though the mechanism is not clarified. The. intensity 
saturat ion at d ~ 80~ in Fig. 5 is probably caused 
by the "background" crystal imperfections, whose 
density is determined by the growth conditions�9 The 
dislocation density corresponding to this intensity sat-  
urat ion is est imated to be ~ 5 • 108 cm -2 from Fig. 4. 
The results of Fig. 1, 3, and 5 indicate that  the pro- 
file of misfit dislocations is expl ici t ly  obtained by 
measuring luminescence intensi ty under  the constant 
excitation conditions along the growth axis. This re-  
sults from the fact that the intent ional ly  doped and /  
or unintent ional ly  doped impuri t ies  are uni formly 
distr ibuted except for the interface region. 

As briefly ment ioned above, the  constant A in Eq. 
[3] can drastically vary  from sample to sample. A 
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typical case is shown in Fig. 5. The D-series samples 
in Fig. 5 were  grown using the same lot of AsC18 but 
a small amount of leakage existed in the gas line of 
the growth apparatus be tween the Pd diffuser and 
the AsCI~ reservoir.  By comparing the electrical prop- 
erties of the D-series samples included in Fig. 5, it 
is found that  the constant A becomes smaller  in the 
sample with lower  electron mobility, and that  e lec-  
t ron mobil i ty  becomes lower  wi th  the run number  
for the same lot of AsCla. It was also observed that  
the emission bandwidth  became broader  for the sam- 
ples with a smaller  value .of A. Sample D-4 is the 
extreme case, were  no near-gap emission band but 
only the broad and weak subband peaked at ~ 92,00A 
was observed. This sample showed n- type  conduction 
with the carr ier  concentrat ion of 1.2 • 10 is cm -8, but  
mobil i ty was only 4~0,0 cm2/V.sec. The growth con- 
ditions of D-4 were  similar to those of other  D-series 
samples except  that the Pd diffuser was broken. The 
degradation of luminescence due to the decrease of A 
is obviously different from the degradation due to the 
misfit dislocations ment ioned above. Both the band-  
width broadening and the relat ive increase of inten-  
sity of the low energy subband happen in this ease. 
Hence, the origin of the decrease of A is deduced 
to be the contamination that  occurred during the 
growth process. It should be emphasized that these 
contaminants also act as the origin of the low-energy  
subband. The details are discussed in the next  section. 

Influence of Cu on cathodoluminescence properties. 
- - T h e  CL propert ies of GaAs containing Cu are dealt 
with in this section, being correlated with the results 
obtained in the above section. 

In the previous section, we have pointed out that the 
reduction of L due to the decrease of A is caused by 
contamination. The low electron mobil i ty  and the 
bandwidth broadening of the D-series samples suggest 
that the contaminants increase the compensation ratio 
of GaAs. It means that the contaminants act as ac- 
ceptors in GaAs. We observed in this CL measurement  
at 77~ that  the Iow energy subband was located at 
~9800A in St-doped GaAs crystals and ~hat lumines-  
cence intensity was not quenched in oxygen-doped 
semi-insulat ing GaAs crystals. They indicate that  
neither silicon nor oxygen is the contaminant  in the 
present case. The peak position of the subband in this 
case, ~9200A (1.35eV) at 77~ is consistent with that  
of Cu-doped GaAs crystals, reported by Alferov  et aI. 
(26) using a photoluminescence technique. Hence, we 
can speculate the contaminant  to be Cu, which can be 
easily introduced into I I I -V compounds during the 

growth process and degrades the radiat ive efficiency 
(27). 

In order to make sure of this assignment, a Cu-d i f -  
fused GaAs s~ample was prepared, and the CL prop- 
erties of this sample were  measured. A Te-doped GaAs 
wafer  (n ~ 1 • 10 is cm -3) wi th  a mir ror - smooth  
surface (sample E) was dipped into a Cu2SO4 solution 
for 1 rain and sealed in a quartz  ampule at 1 • 10 -~ 
Torr. The diffusion was carr ied out at 960~ for 20 rain. 
Then, sample E was angle- lapped at 5 ~ and its CL 
properties were  measured as a function of the distance 
from the front surface along the wafer  thickness, d. 
Figure 6 shows the CL spectra of samples D-2 and E 
(before and after Cu diffusion, respectively) near the 
front surface of the wafer.  In sample E, the intensi ty 
of the near -gap  band, Lc, became very weak and the 
relat ive intensi ty of the low energy subband against 
L c , L c J L c ,  increased as a result  of Cu diffusion. This 
result  supports the above assignment that the degrada-  
tion of luminescence with reduction of A was caused 
by Cu contamination. The reduction of luminescence 
intensity, as well  as the enhancement  of the relat ive 
intensity of the 1.35 eV band, was also reported for 
Cu-doped GaAs samples (28). As was predicted by 
Batavin et al. (28), the concentrat ion of Cu involved 
can be est imated by measur ing LcJLG.  Figure  7 shows 
the variations of Lc and Lcu/LG along the wafer  thick- 
ness in the sample E before and after Cu diffusion. The 
values of Lc and Lc, , /Lc are constant wi th  d before 
Cu diffusion and it indicates a uniform distribution of 
unintent ional ly  doped Cu impuri ty  in the sample E. 
After  Cu diffusion, both of them vary  with d. It  is 
found that  the concentrat ion of Cu dips near the cen- 
ter  of depth, d ~ 450~ as a result  of Cu diffusion from 
bo~h sides of the wafer  surface. It is noticeable that  
the anomalous diffusion coefficient of Cu in GaAs (29) 
resulted in a ra ther  high concentration of Cu even at 
the center of depth. 

Next, the excitation current  (Is) dependence of 
LG and Lc,, was observed. Figure 8 shows the IB depen- 
dence of the CL intensities, Lc and Lc~, of a GaAs 
layer  near the front  face of the Cu-diffused sample E. 
It  is found that  LG is proportional  to IB 2, whereas Lcu 
is prot, ort~on.al to Is. Rao-Sahib et al. (30) reported 
that CL intensity in p-GaAs was proport ional  to Is TM 

(1 ~ m ~ 2) under  the constant accelerating volt-  
age, where  m ---- 1 for low current  region and m > 1 
for high current  region. A l inear  dependence of L on 
IB was also observed by Casey et al. (31) in the Zn-O 
doped GaP, which was measured using an unfocused 
beam. These current  dependences are reasonably ex-  

Fig. 6. Cathodoluminescent 
spectra of GaAs at 77~ indi- 
cating the optical influence of 
Cu contaminants. 
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plained as follows. The density of free hole-free elec- 
t ron pairs, Npair, created by electron beam excitation 
is given by (24) 

Npair : K ~ " ~ o  F (7, d) [4] 

where Ep/Eo is the number  of pairs created per in-  
cident electron, S the excited area, v the back-scat ter-  
ing rate of the incident electron, d the effective pene-  
t rat ion depth of the incident electron, and K the con- 
stant. Though F is given as the complicated form (32) 

117 

because of the nonuniform distribution of carrier gen- 
eration with depth, it is considered that % d, and also 
F are kept nearly constant if the material, the ac- 
celerating voltage, and the flatness of the beam-in- 
cident plane are kept constant. As is well known, the 
radiative recombination rate of free electron-hole 
pairs under a constant excitation condition is given 
by the following equations 

np (no -5 ~n) (Po + AP) 
Rex~ -- = R [5] 

n2i n2i 

where R is the radiative recombinat ion rate at thermal  
equil ibr ium which was derived by van Roosbroeck and 
Shockley (33), n] the intrinsic carrier concentration, 
~n(Ap) a deviation of electron (hole) concentrat ion 
from a thermal equi l ibr ium value of no(po) caused by 
the excitation, or Npair. Since Po is much greater than 
no in uncompensated p- type materials or vice versa 
in n- type  ones, the following relation is approximately 
derived for p-GaAs from Eq. [4] and [5] under  a con- 
stant accelerating voltage 

Rexc cc An(po + Ap) cc polB + ~IB ~ [6] 

where ~ is the constant. Equation [6] indicates that 
Rexc is proportional to Is at low excitation levels 
where Po > >  ~P, whereas Rexc proportional to IB 2 at 
high excitation levels or in a l ightly doped p- type 
mater ial  where ~p > >  Po holds. This is the case of 
Rao-Sahib et al. 

If GaAs is highly compensated, which is the case of 
sample E, a relation Po ~ no holds and 

Rexc -- (P~ 1 +AP )~R [7] 
p2e Po 

At the excitation levels used in  this experiment,  
AP > > P o  holds in sample E. Hence, Rexc is proportional 
to IB 2 in the case of near-gap emission, namely  LG 
cc IB 2. 

The 1.35 eV subband was reported (26) to be due to 
the recombinat ion between a free electron and a hole 
bound to the first acceptor level of Cu. In  this case, the 
radiative recombinat ion rate would be l imited by the 
concentration of Cu in the first acceptor state, NAcu, 
because of p, n > >  NAcu, namely, the recombinat ion 
rate is proportional to the product of n'NAcu. Hence, 
a relation Lcu cc Npa~r cc IB is obtained if Ap >> Po, 
which is the case shown in Fig. 8. 

Summary 
In  this work the structural  qual i ty of the GaAs 

layers grown on the Ge substrates has been invest i-  
gated as a function of distance from the GaAs-Ge 
interface, by measur ing the photo- and cathodolumi- 
nescence properties at 77~ as well  as electrical prop- 
erties at 300~ The measurements  using an x-ray  to- 
pography and a transmission electron microscope were 
also Carried out. At the interface, the s t ructural  
quali ty of these GaAs layers was heavily degraded by 
misfit dislocations, interface alloying, and also by 
autodoping of Ge from the substrate, though the back- 
side faces of the substrate were coated with a Si poly- 
crystalline film during the epitaxy. It is found that 
the influences of interface alloying and also autodoping 
of Ge on the electrical and optical properties of these 
GaAs layers are substant ia l ly  neutral ized in the re- 
gions more than a few microns apart  from the interface. 
However, it is also found that s tructural  qual i ty of 
these GaAs layers less than  N80~ in thickness is 
affected by the misfit dislocations, though the dislo- 
cation density decreases exponent ial ly  with d. These 
misfit dislocations introduce quite effective nonradi -  
ative recombinat ion centers in  GaAs. It is noteworthy 
that luminescence intensity, L, is reduced by these 
nonradiat ive recombinat ion centers according to the 
following experimental  equation 
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L : Alog(No/N)  + Lmin 

where N is the density of these centers and N ~ No. In 
the case of the GaAs-Ge system, No ~ 1 • 10 .6 cm -2 
Lmin = 0. Hence, by measuring the variat ion of L 
under  the constant excitation conditions, the dis tr ibu-  
tion of these centers can be easily estimated. The other 
factor which drastically reduces L is the residual im- 
purities, especially Cu incorporated into GaAs during 
the growth process. The reduction of L due to Cu is 
found to occur as the decrease of A in the above equa- 
tion. The distr ibution of Cu was estimated by measur-  
ing the distr ibution of the relative intensi ty of the 1.35 
eV subband against the near-gap emission band, 
Lcu/Lc, under  the constant  excitation conditions at 
77~ The dependence of the intensities of these two 
bands on the excitation level was also examined. 
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Chemisorption Reactions on High Index ZnS Surfaces 
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ABSTRACT 

An at tempt is made to determine the relat ive strength of interact ion with 
an ambient  for ZnS surfaces which differ only in the crystallographic perfec- 
tion of the surface. Chemisorption reactions for a (110) crystal and a stepped 
high index ZnS surface with oxygen and carbon monoxide were monitored 
with low energy electron diffraction (LEED) and Auger electron spectroscopy 
(AES). The correlation of the dissociation and chemisorption activity with 
the disorder on these ZnS surfaces exhibits the importance of active sites in 
surface chemical reaction. 

Various investigators have suggested that there exist 
certain "active sites" which are responsible for the 
chemical activity of catalysts (1). These "active sites" 
have general ly been at t r ibuted to lattice defects and /or  
the topographic s tructure of a catalyst surface (2). 
Exper imental  investigations under t aken  to determine 
the role of surface irregularit ies in the catalytic ac- 
t ivity support  an impor tant  role for surface imperfec- 
tions in the chemical activity of these surfaces (2-4). 
In  the present  investigation an at tempt is m a d e  to de- 
te rmine  the relat ive s t rength of interactions with an 
ambient  for ZnS crystal surfaces which differ only in 
the crystallographic perfection of the surface. 

A (110) surface and a stepped high index face were 
prepared from a single ZnS crystal to insure identical 
bulk properties. Two independent  exper iments  were 
performed upon these crystal faces to characterize the 
chemical activity of the edge states present  upon the 
high index face using the nonreconstructed (110) sur-  
face as a control. In  the first experiment,  the two crys- 
tal faces were introduced separately into a 4-grid 
LEED-Auger  device with a base pressure of 2 • 10 - lo 
Torr. The surface composition and surface symmetries 
were then monitored with low energy electron diffrac- 
tion (LEED) and Auger  electron spectroscopy (AES). 
After cleaning the surfaces by argon ion bombard-  
ment  and annealing, the crystal faces were subjected 
to various oxygen containing atmospheres and the 
chemical interact ion was observed with LEED and 
AES. The second experiment  exposed the same crys- 
tals, both faces mounted  s imultaneously in the sys- 
tem, to carbon dioxide containing atmospheres and 
similar LEED and AES observations were made. The 
results support  the dominance of active sites in sur-  
face based chemical reactions. 

Sample Preparation 
The (110) surface, prepared by cleaving in air, ex- 

hibited a diffraction pa t te rn  upon room temperature  
pumpdown before any in vacuum processing. Auger 
spectra taken on these crystals before processing in-  
dicated the presence of oxygen, carbon, and chlorine 
in that order of abundance  in addition to sulfur and 
zinc. These surface contaminants  resulted in a poorly 
developed diffraction pat tern  and a sequence of an-  
neal ing steps was under taken  to determine the desorp- 
t ion temperature  for chemisorbed gases. The qual i ty of 
the diffraction pa t te rn  showed no significant change 
unt i l  580~ at which time there was a relat ively 
abrupt  change to a well-developed diffraction pattern. 
The development  of the LEED pat tern with annealing, 
i l lustrated in Fig. 1, indicates a relat ively low binding 
energy for chemisorbed gases on the cleaved (110) 
surface of ZnS. Auger spectra taken after this high 
vacuum anneal ing confirm that the surface is relat ively 
clean since no elements other than zinc, sulfur, and 
small  amounts of carbon were detected. This carbon 
w a s  almost completely removed by the argon ion born- 

K e y  w o r d s :  e h e m i s o r p t i o n ,  d e f e c t  s ta tes ,  z inc  sulf ide .  

Fig. 1. Diffraction pattern of a (110) ZnS surface after cleaving 
in air, (a) no vacuum annealing, (b) 200~ for 10 min, (c) 500~ 
for 20 min, (d) 580~ for 10 min. 

bardment  and anneal ing sequence indicated in  Table 
I before the dosing experiments.  

Numerous experimentors have founnd that a high 
index crystal surface will, if given sufficient energy to 
init iate mass transfer, reorder itself into a surface of 
low index steps. These stepped or terraced surfaces 
have been observed by LEED for copper, germanium, 
gall ium arsenide, u ran ium dioxide, and p la t inum (6). 
In the present  study, a ZnS crystal was cut at a low 
angle to the (110) and chemically polished to provide 
such a stepped surface. This surface did not exhibit  a 
diffraction pat tern  upon its first introduction into 
the vacuum system, and the argon ion bombardment  

Table 1. Preparation of the crystal faces 

R a n d o m  h i g h  i n d e x  (110) 

S a w e d  a t  a l o w  a n g l e  to t h e  
(110) 

C h e m i c a l l y  p o l i s h e d  
A n n e a l e d  30 m i n  a t  400~ * 
A r g o n  b o m b a r d e d  20 h r  
A n n e a l e d  45 m i n  a t  650~ * 

O x y g e n  e x p o s u r e  of I x 10 -e 
Worr-see  

O x y g e n  e x p o s u r e  of 20 r a i n  a t  
1 a r m  

A n n e a l e d  30 m i n  a t  650~ * 

C l e a v e d  
A r g o n  b o m b a r d e d  41 h r  
A n n e a l e d  10 r a i n  a t  1000~ * 
A n n e a l e d  10 h r  a t  600~ * 
O x y g e n  e x p o s u r e  of 1 X 10 -~ 

Torr-see 
Oxygen exposure of 10 -2 Tort- 

see 
Oxygen exposure of 20 rain at 

I atm 
Annealed 60 rain at 600~ 

* V a c u u m  d u r i n g  a n n e a l i n g  w a s  m a i n t a i n e d  in  t h e  10 -9 T o r r  r a n g e .  
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0.50 

Fig. 2. Diffraction pattern of high index surface after cleaning 
by argon ion bombardment and annealing. 

and annealing steps listed in Table I were  necessary 
to obtain a diffraction pa t te rn  and a clean Auger  
spectrum. The LEED pat tern  observed on this sur-  
face (Fig. 2) was not characterist ic of any major  crystal 
plane, and there  was evidence of small  scale faceting. 
Streaking in the pat tern  due to an ordered array of 
steps is minimal,  indicating the steps in the surface 
were  not ordered over large areas (7). Auger  spectra 
confirmed that  this surface, after the in vacuum proc- 
essing, was essentially atomically clean. 

Experimental Results 
The high index face, after in vacuum cleaning, was 

subjected to oxygen dosings ranging f rom 1 •  -4 
Torr-sec to 20 rain at 1 arm. Auger  data obtained 
af ter  these oxygen exposures indicated substantial 
changes in the carbon concentration. The re la t ive  mag-  
nitude of the carbon Auger  signal increased after 
each oxygen exposure wi th  no indication of satura-  
tion as i l lustrated by Fig. 3. The source of this carbon 
is a t t r ibuted to the high CO part ial  pressure (on the 
order of 20%) observed in this VacIon pumped system 
in the presence of oxygen. In addition to the increase 
in the carbon signal amplitude, there  was a broaden-  
ing of the peak. This broadening is a t t r ibuted to chem- 
ical shifts due to the distribution of bonding configura- 
tions for the carbon atoms contributing to the spectra. 
Subsequent  annealing caused the carbon Auger  peak 
to decrease in width, indicating that  the carbon re-  
maining on ~the surface was predominant ly  in one 
valence state. The relat ive ampli tude of carbon vs. 
oxygen Auger  peaks increases wi th  gas exposure in-  
dicating that the carbon on this surface is par t ia l ly  
dissociated from the oxygen and the oxygen par t ia l ly  
desorbed. This was also supported by the anne.aling 
behavior since the net result  of the oxygen exposure on 
this surface after annealing was to increase ra ther  
than decrease the re la t ive  abundance of surface car-  
bon. 

Identical  exper iments  were  conducted on the cleaved 
(11.0) ZnS surface as a control. The entire ion clean- 

0.25 

z 0.20 

~ 0.15 
w 

0.1(3 

0.05 

�9 C/S HIGH INDEX FACE 

x C/S (110} FACE 

CLEAN I0 "z I0 s AFTER ANNEALING 

LOG OF 0 2 EXPOSURE [TORR-MIN] 

Fig. 3. Relative surface concentration of carbon on the (110) 
and high index surfaces of ZnS as a function of oxygen exposure. 

ing, oxygen exposure, and annealing sequences were  
repeated as in the high index surface dosing exper i -  
ment. It has been demonstra ted (4, 5) that  surfaces of 
some I I -VI  compound semiconductors can be rendered 
v i r tua l ly  inert  to chemisorption by careful  processing 
to remove  surface imperfections.  The ZnS (110) sur-  
face followed this pat tern in the LEED, and AES data 
gave l i t t le evidence for chemisorpt ion of CO or 02 on 
the cleaved surface after  that surface had been 
cleaned and ordered by the ion bombardment  and 
annealing sequence in Table I. An increase in the car-  
bon Auger  signal was observed. However ,  the changes 
were  revers ible  with annealing and the slight buildup 
observed was found to saturate after dosings of 10 -2 
Torr-sec of oxygen. Both the slight carbon ampli tude 
change and saturat ion in the Auger  signal upon oxy-  
gen exposure indicates that a low density of chemi-  
sorption sites were  present upon the (110) face. These 
sites can be at t r ibuted to imperfections left  in the sur-  
face by cleaving: 

The high index face was introduced into the vacuum 
system for CO2 exposures, mounted on the same 
sample holder with the low index crystal. Concentra-  
tions of carbon found upon the surface were  removed 
by argon bombardment  and gentle anneal ing to pro-  
duce LEED patterns similar to that  of Fig. ld. Auger  
spectra confirmed a clean surface. After  dosings in 
steps from 10-4 Torr-sec to 45 min at 1 arm of carbon 
dioxide, the high index face exhibi ted considerably 
higher carbon concentrat ion than was observed on the 
(110) face. The carbon peak increase was not accom- 
panied by an increase in the oxygen peak indicating 
dissociation as in the oxygen dosings. As before, this 
additional carbon was not loosely bound to the surface 
since upon annealing no decrease in the carbon Auger  
signal was observed (Table II) .  These results directly 
contrasted those obtained f rom the low index face. 
The CO2 that adsorbed upon the (110) surface during 
the dosings was found to be loosely bound and both the 
oxygen and carbon Auger  signals v i r tua l ly  disap- 
peared during subsequent gentle annealing. Li t t le  ele-  

Table II. Auger data/C02 dosings 

R a n d o m  h i g h  i n d e x  110 

S C C C S C C C 
__ -- 6 -  (%) -- -- A -- (%) 
Zn S Z= S Zn S Z~ S 

Clean surface II.6 0.059 0.667 14.1 0,078 i.Ii -- 
A f t e r  45 m i n  a t  i a r m  of CO2 10.2 0.052 0.526 ---~2 5.4 0,059 0.319 - -24  
A f t e r  24 h r  a n n e a l  a t  200~ * 2.4 0.093 0.222 + 79 1.7 0,030 0.050 - -51  

�9 V a c u u m  d u r i n g  a n n e a l  w a s  m a i n t a i n e d  in  t h e  10 -9 T o r t  r a n g e .  
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menta l  carbon was present  since the carbon to oxygen 
peak ratio remained relat ively constant throughout 
the dosings, indicating adsorption of a carbon-oxygen 
compound without  surface dissociation. 

Summary 
The exposure to oxygen with a high partial  pressure 

of carbon monoxide showed that chemisorption on the 
stepped surface was much faster than on the (110) 
surface. In  addition, the stepped surface showed evi- 
dence of dissociation of the carbon monoxide which 
was never  observed for the (110) face. Similar results 
were observed for carbon dioxide exposure in that a 
strong chemisorption and evidence of dissociation at 
the surface was observed for the stepped high index 
surface and not for the (110). This increased chemical 
activity can be explained in terms of active sites asso- 
ciated with edge states on the surface. The edges and 
corners present  on the high index surface provide 
sites where , the  n u m b e r  of nearest  neighbor and next  
nearest  neighbor atoms is greater than on the clean 
and ordered low index surface. This results in an in-  
crease of the effective binding energy for chemisorp- 
tion at certain "active sites." The correlation of the 
dissociation and chemisorption activity with the order 
of these,ZnS surfaces exhibits the importance of "ac- 

rive site" in surface chemical reactions on I I -VI com- 
pounds. 

Manuscript submit ted Nov. 2, 1972; revised manu-  
script received ca. Jan. 15, 1974. This was Paper  287 
presented at the Miami Beach, Florida, Meeting of the 
Society, Oct. 8-13, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
5OUR~AL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Doping Profiles by MOSFET Deep Depletion C(V) 
D. M. Brown,* R. J. Connery, and P. V. Gray 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Deep depletion MOS C(V) curves obtained by reverse biasing the junc-  
tions of MOSFET's are analyzed to produce N(X)  doping profiles. Analytical  
techniques and possible errors are discussed together with exper imental  re- 
sults obtained from samples on bulk, ion-implanted,  and epitaxial Si wafers. 
Exper imental  results are compared with spreading resistance measurements.  
The simplicity of the method makes it suitable for rapid impuri ty  profile re-  
search and process control applications. 

Measurements of impurity profiles utilizing reverse 
biased capacitance C(V) measurements Of diffused 
junction and Schottky barrier diodes have been de- 
scribed previously by many authors. Little use, how- 
ever, has been made of MOS devices to provide doping 
profiles even though, as discussed by Nicollian et al. 
(1), information on the profile can be obtained closer 
to the surface by this method than by any other. The 
reasons for this, we believe, are based on a belief that 
the measurement techniques and required apparatus 
are complicated and there has been considerable con- 
cern about interface state errors in MOS doping pro- 
file determinations. Some of the techniques utilized in 
the past for Si profiling using MOS structures are dis- 
cussed briefly below. 

Because of minority carrier surface inversion, deep 
depletion is not easily obtainable using MOS capaci- 
tors at room temperature, and so specialized equip- 
ment and techniques have been required. Short pulses 
are usually used to measure the capacitance because 
the lifetime is usually too short to maintain the de- 
pleted state long enough to make a static measure- 
ment. Van Gelder and Nicollian (2) have used the 
pulsed high frequency technique to examine redis- 
tribution of impurities during thermal oxidation of St. 
Slow voltage ramps can be applied to deplete the sur- 
face if the minority carrier lifetime is sufficiently long. 
Long lifetimes resulting in low minority carrier gen- 

* Elect rochemical  Society Act ive  Member: 
K e y  words :  N(X), MOS deep depletion, impur i t y  profiles. 

eration rates can be obtained by cooling the samples 
to 78~ and this has been utilized advantageously in 
the past. In fact, the analytical studies presented here 
indicate that accurate profile information can be ob- 
tained closer to the interface for low impurity con- 
centrations by cooling the samples to 78~ This has 
also been pointed out by Le Blanc et al. (3). A graphi- 
cal analysis of low temperature (78~ MOS deep de- 
pletion C(V) curves was used by Brown et al. (4) to 
detect B compensation in n-type St. This method has 
also been more recently used by Adda and Clemens 
(5). A high frequency second harmonic technique 
has been described as a method of obtaining profiles 
with minimal interface state errors (I). Also, since 
the second harmonic technique directly measures the 
slope of the I/C 2 vs. V curve used to determine N, one 
can use slower ramp voltages without introducing er- 
rors caused by minority carrier depletion "fill up." 
That is to say, only the second harmonic signal and 
total capacitance information are required to obtain 
N(X). Deep depletion information at large X may 
still require rather long lifetimes, however, if slow 
voltage ramps are used. This is also true. of the tech- 
nique utilized by Brews where the maximum depletion 
width was that occurring for minority carrier in- 
version at thermal equilibrium (6). 

Method and Purpose 
MOS deep depletion caused by minority carrier re- 

moval using an adjacent reversed biased diode in MOS 
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gate controlled diodes has been discussed by Grove and 
Fitzgerald (7). The purpose of this paper is to ex- 
amine in detail the technique and possible errors and 
l imitations of using deeply depleted MOS devices for 
impur i ty  profiles. 

This method has the advantage of the fact that static 
measurements  can be made for a wide range of tem- 
peratures because the minor i ty  carrier depletion state 
is main ta ined  as long as the depletion potential  "well" 
produced by the reverse voltage, VR, applied to the 
drain  is "deeper" than that  which can be produced by 
the gate bias. However, if the diode "well" potential, 
VR, is "shallower," minor i ty  carriers will fill the gate 
bias well up to the bottom of the diode well. The maxi-  
mum attainable depletion distance in this instance is _ 
therefore determined by the diode bias and for a un i -  'e 
form doping profile is given by (7) 

XVR ~- (2eoKsVR/qN) 1/2 [1] z 

Resultant  N (X) profiles for gate voltages which could 
produce "deeper" depletion wells than the adjacent 
diode well will therefore be incorrect. The surface po- 
tential produced by the MOS gate voltage on uni -  
formly doped samples can be found from Eq. [5] be- 
low. For l ightly doped samples (N --~ 4 X 1015/cm 3) 
and gate oxides about 1000A thick the deep deple- 
t ion surface potentials are only a few volts less than 
the applied gate voltages. 

Within the l imitat ions discussed above, and subse- 
quent ly  wi thin  this paper, the impur i ty  profile N ( X )  
can be obtained by using the familiar equations (2) 

I< ' ( ' ) )  N ~- 2 qeoKs--~-  [2] 

with X being obtained from 

Cs = CoC/(Co-- C) -- (-~ ) A [3] 

Co = (eoKox/Xox) A [4] 

where C is the measured capacitance, Cs the semicon- 
ductor space charge capacitance, Co the oxide capaci- 
tance, X the depletion distance into the silicon, Xox 
the oxide thickness, Ks and Ko.~ the dielectric constants 
of silicon and silicon dioxide, respectively, e0 the free 
space permitt ivity,  and A the metal  gate area. N is 
determined by finding AV and A(1/C 2) from the C ( V )  
data using a series of point - to-point  evaluations. Co is 
the measured major i ty  carrier surface accumulation 
capacity. Combining Co with the measurement  of C in  
Eq. [3] gives X. 

Errors in N(X)  caused by interface state densities 
of 1 X 1012 cm -2 have been examined previously (1, '~ 
6). Errors caused by interface states decrease for in-  
creasing measurement  frequencies. However, for H~ 
annealed samples, interface state densities are --~ 1010/ 
cm 2 and in these instances MOS profile measurements  
are valid for frequencies - -  10 '8 Hz. 

Analytical Study 
Figures 1 through 4 represent analytical  studies of 

the N ( X )  analysis using computer simulated C(V)  
sample data. This was done in order to test the data 
processing program and to examine the validity of the 
system under  a wide variety of circumstances; theo- 
retical "data" were calculated using equations given 
in the Appendix of Ref. (8). In  all cases, a model 
using uniform phosphorous doping was assumed. 

The salient feature of all these curves is the rapid 
rise in apparent  N ( X )  caused by major i ty  carrier ac- 
cumulat ion leading to the eventual  flattening of the 
C(V)  curve as Co is approached. This basic l imitat ion 
of the MOS analysis is caused by the fact that the 
method is sensitive only to the rate of change of C vs. 
V and as such cannot determine the sign or nature  
of the space charge. This lhni~ation, called the extrinsic 
Debye length limit, has been previously discussed in 
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Ref. (1) and (3). Exper imental  errors caused by fixed 
value stray capacitances and errors in Co are also con- 
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s idered  below. S t r ay  capaci tances are  al l  fixed value 
capaci tances in para l l e l  wi th  the MOS gate caused by  
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any cable capacitances and MOS chip capacitances 
which are not pa r t  of the active th in  oxide gate region. 

The C(V)  equations for  MOS s t ructures  on uni -  
formly  doped n - type  Si from accumulat ion through 
deep deple t ion  (no minor i ty  car r ie r  invers ion)  are  
given by  

V(Us)  -:  ( k T / q )  (Us --  U~) - Qs/Co + ~MS [5] 

q 
CS (Us) - -  ~ s  [AcTS/~Fu~(Us  - -  Es) 

-- ND(I + 2exp (Us + ED-- EG) ) -I] [6] 

where the surface field Es is given by 

Es ~ : ~ k T  AcTa/2{Fs / z (Us  --  EG) 
eoKs 

-- Fa/2 (UB -- EG)} 

+ NDIn I 2 + e x p ( E G - - E D - - U s )  I ] [7] 
2 + exp(EG -- ED -- UB) 

These equations have been described in detail pre- 
viously (8). Us is the surface potential in kT units. 
The N(X) analysis on these analytical C(V) curves 
was car r ied  out by  the computer  using Eq. [2] and [3]. 

The l imita t ions  caused by  the surface accumulat ion 
of electrons can be es t imated  from Fig. 1 where  the 
results  for seven different  uni form densit ies from 1015 
to 1017/cm 3 are  given. Clear ly  the me~hod is val id  only 
for deple ted  surfaces and since the deple t ion  wid th  de-  
pends on ND, the region of va l id i ty  can be blocked off 
wi th  an e r ror  curve. A 10% ND error  curve genera ted  
by  picking points at approx imate  X values  where  the 
measured  N ( X )  would  be 10% above the flat profile 
concentrat ion is shown in Fig. 2. N ( X )  data  to the 
r ight  of this l ine have  an accuracy be t te r  than  10%. 
Figure  2 shows tha t  accurate  profile informat ion can 
be obta ined closer to the surface of l ight ly  doped sam-  
ples by  cooling the samples  to 78~K. 

Errors  in Co can occur if, for instance, %he gate is 
diode protec ted  and Co has to be es t imated  f rom the 
shape of the exper imenta l  C ( V )  curve near  V ---- 0. In  
this instance, C was set as C --  (Co +--% C o ) C s / ( ( C o  
-+% Co) + Cs) and the analy t ica l  curves, Fig. 3, show 
that  the er rors  in Co have to be re la t ive ly  large  to 
produce not iceable  effects for small  X. Errors  in Co 
shift  X values but  do not change N because knowledge  
of N is independent  of oxide thickness as seen in Eq. 
[2]. 

The errors  in t roduced by  unknown s t ray  capaci-  
tances, however,  are surpr i s ing ly  la rge  and have a 
large  influence when  the sample  is in deep deplet ion 
and the to ta l  C is small. In  this case, the er ror  curves 
were  calcula ted at a fixed donor densi ty  of 2.5 • 1015/ 
cm 8 assuming 

C--( CoCs ) 
Co + Cs --  Csw 

where the positive and negative signs in front of the 
stray capacitance, CST, represent an over- and under- 
estimation of the stray capacitance, respectively. Ex- 
perimentally the stray must be subtracted to obtain an 
errorless N(X) analysis as represented by the curve 
labeled CST ---- 0 in Fig. 4. Small percentage errors in 
any assumed stray can cause considerable errors in 
N(X) profiles as indicated. The best way to check on 
the estimated stray is to experimentally determine 
N(X) for bulk samples where the profile is known to 
be flat. Once this is done, samples with unknown pro- 
files can be measured using the same FET device 
geometry. 

E x p e r i m e n t a l  T e c h n i q u e s  
Tes t  s a m p l e s . - - P - c h a n n e l  MOSFET s t ructures  wi th  

min imum size source and dra in  diffusions were  fabr i -  
cated using the p -channe l  Mo gate (RMOS) technique 
descr ibed previous ly  (9) using phosphorous doped 4 
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ohm-cm bulk  Si or approximately 2 ohm-cm epitaxial 
Si on (111) surfaces. Field oxides, 1.4~ thick, were 
grown in steam, and gate oxides, 1000A thick, were 
grown in dry  oxygen. The processing sequence will not 
be described in detail. Ha anneal ing using 10% H2 in 
N2 for 1 hr at 500~ was carried out near the end of 
the process to reduce the fast interface s~ate density 
to <101~ ~. Ti -Au was evaporated on the backside 
of the wafers to ensure a low resistance contact. 
Arsenic ion implants  at dose levels of approximately 
1 • 1012/cm~ using implant  energies of 300 keV were 
included in some samples at a processing stage be-  
tween gate oxidation and Mo gate deposition. Ion im- 
planted A1 gate MOSFET's with large area diffused 
source and drain junct ions have also been successfully 
studied. 

All the planar  junct ions of the devices studied here 
were about 1~ deep with resul tant  reverse breakdowns 
of about --30V. 

The junct ions of the MOSFET device were con- 
nected to a large negative voltage (approximately 
--30V) and gate capacitance data vs. gate voltage were 
obtained by applying a slow ramp voltage to the gate 
in conjunct ion with the a-c measurement  frequency. 
This ar rangement  transforms the MOSFET into a sur-  
face depletion MOS gate controlled diode structure and 
the C(V) curves are accordingly those of a deep de- 
pletion MOS structure. 

Method I ( f  -~ 1 M H z ) . - - C ( V )  data were obtained 
using a Boonton Electronics Model 71A capacitance 
meter  which operates at a frequency of 1 MHz. These 
data were logged using two digital voltmeters con- 
nected to an online data logging computer terminal.  
N (X) was obtained using the dC-2 /dV  equations and 
plotted on site using an X-Y recorder and digital point 
plotter. The experimental  data were obtained using 
a simple probe station, and all equipmental  stray ca- 
pacitance was balanced out with the gate probe lifted. 
Any stray capacitance was, therefore, l imited to that 
present in the chip caused by landing pads and A1 
runs  over thick (approximately 1.4~) field oxide. 

All the results shown in  Fig. 5-8 were obtained in  
this manner .  

Method II ( f  > I M H z ) . - - I n  order to verify the as- 
sumption that any small residual number  of fast in ter-  
face states in properly annealed samples does not 
introduce errors for a 1 MHz measurement  frequency, 
a digital capacitance bridge capable of utilizing mea-  
surement frequencies ~ 1 MHz was constructed. Be- 
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cause of the higher frequencies, the profiling was done 
utilizing packaged devices in order to el iminate lead 
inductance and ground loop effects. Careful measure-  
ments of stray capacitances contr ibuted by the pack- 
age, ins t rument  probes, and test jig were carried out 
using empty packages. This stray capacitance was sub- 
tracted from each capacitance measurement  through 
the use of an appropriate computer program which 
subsequently reduced the corrected C(V) data to N ( X )  
data. Measurements at I and 10 MHz produced identi-  
cal N(X)  profiles. Residual numbers  of fast interface 
states are therefore deemed to be insignificant for 1 
MHz profile measurements  of properly annealed sam- 
ples. 

Device geometry . - -Excep t  for the expected parasitic 
effects discussed previously, device geometry did not 
appear to be a major  factor. These effects were es- 
pecially severe for the small A1 gate FET's (A ----- 6 • 
10 -4 cm ~) which therefore required a stray capacitance 
subtract ion as discussed in  Method II above. Ideally 
the areas should be large (A ~ 10 -3 cm 2) and the 
junct ion gate overlap small. This was true of the self- 
aligned Mo gate structures (A ---- 1.2 • 10 -3 cm 2) 
whose diffused junct ion regions were furthermore 
l imited to a very small fraction of the gate's periphery. 

Exper imenta l  Results 
Some il lustrative features of a specific ion implanted 

device constructed on a th in  (approximately 2~) epi- 
taxial layer are i l lustrated in Fig. 5. Several features 
are significantly different from the usual  exponent ial ly  
shaped depletion curve: the ion implant  region is ob- 
served as a ra ther  large bulge at moderate voltages 
and the presence of the N + substrate is observed at 
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the highest voltages by the region where  capacitance 
is independent  of voltage. This part icular  sample con- 
tained a high resistivity region at the interface be-  
tween the epitaxial  layer  and the N + substrate. 

As indicated previously, the stray capacitance for the 
masks must  be estimated with considerable accuracy 
and should be checked using samples where the profile 
and resistivity are known to be flat. A ND (X) profile of 
a 4 ohm-cm bulk  sample is shown in Fig. 6. The mea-  
sured  donor concentrat ion of 1.35 >< 1015/cm 3 for 1.5 --~ 
x ~-- 3g is wi thin  10% of the bulk  carrier concentrat ion 
obtained from four-point  probe measurements.  The 
fact that this sample received a shallow As ion im- 
plant  is un impor tan t  for the calibration check of stray 
capacitance errors since these errors are max imum at 
large depletion distances. 

The data for the lower resistivity epitaxial  sample 
in Fig. 6 indicate an impor tant  feature of this profiling 
technique. As discussed earlier, data taken when the 
surface field produced by the gate voltage approaches 
and exceeds that  produced by the diode bias give 
anomalous results because the surface is not then com- 
pletely depleted. This feature is observed in a flatten- 
ing out of the C(V) curve at high gate voltages which 
produces the apparent  rapid increase in N (X).  In  some 
cases like this it was found that the max imum depth of 
accurate profiling was l imited by the reverse break-  
down voltage of the diode ra ther  than  by the critical 
field condition shown in Fig. t. Nevertheless, this sam- 
ple shows the phosphorous surface pileup produced 
by the field and gate oxidation sequences as indicated 
by the data for x --  0.5/~. 

Figure 7 shows a more detailed As ion implant  pro- 
file on a slightly off axis (111) surface. The concen- 
trat ion peak correlates well with the curves given by 
Gibbons (10) for an implant  energy of 300 keV. The 
long As tail or shoulder is also apparent  and has been 
described by others using the incremental  sheet re- 
sistance technique or neut ron  activation analysis (11). 
The simplicity of our technique makes possible rapid 
analysis of such effects and provides useful information 
even though accurate analysis for very small X is 
l imited by the N error line. It is also interest ing to note 
that the As dose shown here is one order of magni tude 
less than the lowest dose in Ref. (11). 

Figures 8 and 9 correlate the informat ion obtained 
from our profiling technique and spreading resistance 
profiles of the same samples. 1 The electrical measure-  
ments  on sample A indicate a near ly  flat profile be- 
yond the ion implant  tail  to a depth > 2g as verified 
by spreading resistance profiling. Sample B whose 
C (V) curve is shown in  Fig. 5 indicates an anomalous 
dip in donor concentration between 0.5 and 1.5g. This 
was verified by the spreading resistance profile of this 
sample as shown in Fig. 9. It  is interest ing to note that 
before processing, the spreading resistance data on 
both these epitaxial layers indicated a flat profile. The 
anomalous dip for sample B was caused by boron ac- 
ceptor level compensation produced by an outdiffusion 
of boron from the 0..01 ohm-cm Sb doped substrate 
during high temperature  processing. Higher than nor-  
mal B concentrations in these substrates were verified 
by the substrate crystal vendor. This identical B com- 
pensation phenomenon in  n - type  epitaxial  layers 
grown on n- type  substrates has been studied analyt i -  
cally by Langer  and Goldstein (12). The information 
presented in Fig. 8 and 9 appears to represent  the first 
published experimental  observation of this effect. 

Sample A of Fig. 8 shows a slight upward  tilt of a 
supposedly flat profile. As indicated in Fig. 4 this usu-  
ally is an indication of unaccounted for stray capaci- 
tances which adversely affect the shape of the curve 
for large depletion distances, because the depletion 
capacitances are becoming increasingly small for these 
samples. Larger samples or slight adjustments  in the 
stray estimates using Method II are required for high 
accuracy in this region. This was carried out as shown 
in Fig. 10 and was compared with the spreading re- 
sistance profile data of this wafer. The spreading re- 

1 All sp read ing  resis tance profiles were  obta ined us ing  the Auto-  
mat ic  Spreading  Resistance Probe Model ASR-100 ma nufa c tu r ed  by 
Solid State Measurements  Incorporated,  
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results in Fig. 8 on sample B. 

sistance data indicated a uni form epitaxial base con- 
centrat ion of --~ 2.5 X 1015/crn a (p - -  2 ohm-cm) where-  
as the N (X) profile in Fig. 10 indicates a base concen- 
t ra t ion of 3.5 X 1015/cm~ corresponding to a resistivity 
of 1.4 ohm-cm. The cal ibrat ion of the automatic 
spreading resistance probe was subsequent ly  found to 
be in error (13). 

Discussion and Summary 
An impur i ty  profiling technique using minor i ty  car- 

rier depleted MOS samples has been examined ana-  
lytically and experimentally.  

Minority carrier removal was accomplished by re-  
verse biasing adjacent junct ion  diodes. The resul tant  
deep depletion C(V) curves are easily analyzed to 
give N (X). One advantage of the method is that simple 
C(V) equipment  employing slow voltage ramps can be 
used, since the deeply depleted state is main ta ined  as 
long as the diode potential  is larger than the surface 
potential  produced by the MOS gate bias. This feature 
makes static measurements  of the semiconductor space 
charge capacitance possible over a wide range of 
temperatures,  since sample lifetime and minor i ty  car- 
rier generation rates are unimportant .  

Furthermore,  it has been shown, as expected, that 
fast interface state errors are un impor tan t  at measure-  
ment  frequencies of 1-10 MHz in properly annealed 
samples, because no dispersive effects were observed 
over this range  of frequencies. 

The extrinsic Debye length l imitat ion caused by 
major i ty  carrier accumulation is shown by error plots 
as a function of concentrat ion and temperature  giving 
the min imum depth at which the technique is accurate. 
Profiling errors caused by stray capacitance effects and 
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errors in the MOS oxide capacitance have been de- 
tailed. 

Exper imental  profiles obtained on different types of 
samples with ion implanted surfaces and using bulk 
and epitaxiat wafers on compensated substrates have 
been presented showing the easy usefulness of the 
technique. The l imitat ion in max imum depth caused by 
an insufficiently large drain  bias, which results in 
minor i ty  carrier inversion at large gate voltages, has 
been pointed out. Some of the experimental  results 
have been critically compared with spreading resist- 
ance profile measurements.  The spreading resistance 
measurement  is well suited to deeper profiles at even 
heavier impur i ty  concentrations, whereas the major  
strength of this MOS profiling technique is its abil i ty 
to measure profiles at shallower depths. The two 
methods, therefore, are good complements to one an-  
other especially when  they have overlapping ranges 
of validity. 

I.t is obvious that the MOS profiling technique pre-  
sented here can be widely used for the study of diffu- 
sion phenomena, epitaxial  layers, and ion implant  pro- 

Fig. 10. Profile of sample using Method II in which small correc- 
tions for unknown stray were carried out. 
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files. Fur the rmore ,  i t  is a useful  method  to use for the 
measurement  and control  of the impur i ty  profiles 
cal led for by  cer ta in  types  of MOS charge t ransfe r  
devices. 
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Electron-Beam Evaporated AI20  on Si 
Philip C. Munro 1 and H. W. Thompson, Jr. 

Purdue University, West Lafayette, Indiana 47907 

ABSTRACT 

Al~Oa is e l ec t ron-beam evapora ted  onto n-  and p - t y p e  silicon in an ion-  
pumped,  h igh-vacuum environment .  Fabr ica t ion  pa ramete r s  of subs t ra te  t em-  
perature ,  evapora t ion  rate,  and O2 par t ia l  pressure  are  var ied  for optimization.  
The deposi ted films are  annealed  in several  ga s / t empe ra tu r e  envi ronment  
combinat ions for vary ing  times. The resul t ing MOS structures  are evalua ted  
and an opt imum process schedule is obtained.  The deposi ted A1203 films have a 
re la t ive  dielectr ic  constant  of 8.0, a ref rac t ive  index of 1.61, and b reakdown  
field s t rengths  exceeding 3 X 106 V/cm. Deposit ion rates  of 100-500 X/ ra in  
onto substra~es at 100~176 in an 02 ambient  of 2 X 10 -5 Torr,  fol lowed by  
a 5-20 rain anneal  in N2 at 550~ yie ld  opt imum insu la to r / in te r face  charac te r -  
istics. MOS devices so fabr ica ted  have sur face-s ta te  densit ies in low 1011 s ta tes /  
cm2-eV range, hysteresis  in the  C-V character is t ic  of 0.1-0.2V, and f latband 
vol tages in the range of -_  1V. 

Thin films of AleO8 are  being inves t iga ted  for use 
wi th  Si and other  semiconductors  in device and surface 
passivat ion applications.  When compared  to SiO2, A120~ 
has severa l  advantages :  (i) it  has a h igher  densi ty  and 
therefore  gives be t te r  hermet ic  sealing; (ii) it  has 
shown super ior  rad ia t ion  resis tance (1, 2) ; (iii) its d i -  
electr ic  constant  is twice that  of SiO2; (iv) it  has 
shown bet te r  resis tance to ion motion; and (v) p - t y p e  
semiconductor  surfaces (posi t ive f latband vol tage)  
have been obtained.  

Fi lms of A1203 have  been deposi ted by  pyrolysis  (3, 
4), p lasma anodizat ion (2, 5), RF sput te r ing  (6, 7), 
and react ive  sput te r ing  (8, 9). Al though  severa l  reports  
of vacuum-evapora t ed  Al~O3 on Si have been publ ished 
(10-14), no a t t empt  to optimize the evapora t ion  proc~ 
ess or postdeposi t ion anneals  has been repor ted.  It has 
been suggested that  an added 02 ambien t  dur ing  evap-  
orat ion of AlzO3 improves  the s to ichiometry  of the re -  
sul t ing films (13). This work  provides da ta  from A1- 
A1203-Si samples  fabr ica ted  by  E-beam evapora t ion  
of A120~ in an O2 ambient  onto Si subs t ra tes  from 
which such an opt imizat ion can be made. High f re-  
quency capac i tance-vol tage  (CV) and quasistat ic  cur-  

Present  address: Youngstown State Universi ty,  Youngstown, 
Ohio 44500. 

Key  words:  At~O3, E-beam,  lVIOS devices, oxide anneal,  v a c u u m  
evaporation. 

ren t -vo l t age  (IV) da ta  are used to obtain insula tor  and 
insu la tor -semiconductor  interface electr ical  charac te r -  
istics including sur face-s ta te  density, Nss, f latband vol t -  
age, VrB, and hysteresis .  

Sample Fabrication 
Substrate preparation.--Ten to fifteen ohm-cen t ime-  

ters (111) p-  and n - t y p e  Si were  used. Subst ra tes  were  
u l t rasonica l ly  r insed in t r ichloroethylene,  acetone, 
methyl  alcohol, and DI water .  Af te r  cleaning in hot 
sulfuric and nitr ic acids, they  were  r insed in di lute  
hydrofluoric acid. [Fur the r  detai ls  of sample  fabr ica-  
tion and test ing are  given e lsewhere  (16).] 

Square  chips, 200 mils on a side, were  coated for 
evapora t ion  process opt imizat ion;  whole wafers  were  
coated for anneal  optimization.  

Al203 deposition.--The 99.998% pure  AleO3 tablets  
used for vacuum evapora t ion  were obtained f rom Elec- 
tronic Space Products,  Incorporated.  They were  10 m m  
in d iameter  and 7 m m  thick and were  contained in a 
wate r -cooled  copper hea r th  dur ing evaporat ion.  Elec-  
t ron -beam spot sizes of about 5 mm were  used dur ing 
evaporations.  O2 was injected into the vacuum system 
at the base of a 51/2 in. high by 23/4 in. d iameter  s ta in-  
less steel chimney which was used to confine the evap-  
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orant. System pressure was monitored at the base 
plate using an ion gauge. Figure 1 gives a diagram of 
the system showing relat ive placement  of the substrate 
and the ion gauge. 

The evaporations were carried out in a vac-ion sys- 
tem which included t i tan ium sublimation onto a l iquid-  
ni trogen cooled surface. Roughing was accomplished 
with an oil-free mechanical pump followed by sorption 
pumping. A 90 ~ deflection electron gun was used to 
heat and evaporate the A120~. An automatic pressure 
controller, dr iven by the ion gauge unit, controlled the 
02 leak into the system. The source of O2 was J. T. 
Baker Zero-Gas oxygen with a stated hydrocarbon 
content of less than 0.5 ppm. No at tempt was made to 
dry or otherwise fur ther  purify the 02 gas. 

The parameters which may affect the nature  of the 
deposited A1208 films are substrate temperature,  
source-to-substrate  distance, deposition rate, E-beam 
accelerating voltage, and system pressure. Two of these 
parameters  were fixed while the other three were pur -  
posely varied. 

The E-beam accelerating voltage was held essentially 
constant near  5.5 kV except for minor  changes needed 
to obtain the required E-gun  power variation. Source- 
to-substrate  distance was set at 8 in. At this distance, 
deposition rates as low as 100-150 A/ra in  were possible. 

The three deposition parameters  varied were (i) sys- 
tem pressure, which was varied upward from the at-  
tainable base pressure to a max imum of 2 • 10 -5 
Tort  with the controlled 02 leak; (it) substrate tem-  
perature, which was varied upward from room tem- 
perature with a resistive heater; and (iii) deposition 
rate, which was varied by changing the E-beam power. 

The opt imum deposition parameters  were used to 
obtain A1203-coated wafers for the study of postdeposi- 
tion anneals. The significant anneal  parameters  are 
temperature,  time, and ambient  gas. Temperatures up 
to 800~ times up to several hours, and N2, O2, and H2 
ambient  gases were tested. 

For the evaporation process study four pairs of n -  
and p- type Si chips were prepared simultaneously and 
then coated dur ing a single vacuum system cycle. Each 
pair was coated separately by appropriately position- 
ing two shutters. 

For the anneal  study, single wafers were coated and 
then scribed and broken into individual  chips which 
were given different anneals.  

Postdeposition processing.--Ohmic contacts consisted 
of plated electroless Ni for the n - type  Si chips and 
evaporated A1 for the p- type Si chips. The chips used 
for the evaporation optimization study were annealed 
for 5 min at 580~ in N~. This anneal  also produced the 
A1-Si alloy necessary for the p- type Si ohmic contacts. 
After annealing, circular a luminum gate electrodes 
about 7 mils in diameter were evaporated through 
Cu-Be dot masks onto the A1208 film in a small diffu- 
sion pumped vacuum system. The samples were not 
annealed after the gate electrode deposition. 

CV Measurements for Process Optimizations 
The numerous high-frequency CV measurements  re- 

quired to evaluate the results were obtained with a 
semiautomatic measurement  system which included a 
Boonton 71A Capacitance Meter, a t r iangular -wave  
generator (15), and an XY recorder. Where greater ac- 
curacy was required for detailed surface-state analyses, 
or where higher signal frequencies were desired, point-  
by-point  measurements  were obtained with a Boonton 
33A Admit tance Bridge. Semiautomatic sweep-voltage 
amplitudes were 8-10V peak- to-peak and the CV 
curves were recorded beginning at accumulation bias 
with typical sweep rates of 100-200 mV/sec. Three or 
more different gate electrodes were probed on each 
chip. A typical CV curve is shown in Fig. 2. 

CV slope was measured graphically at flatband ca- 
pacitance and was normalized with respect to accumu- 
lation capacitance (approximately equal to C0. This 
normalizat ion removed the effects of differences in 
electrode areas and small differences in insulator  thick- 
nesses. The normalized slope is expressed algebraically 
as 1/Ci �9 dCJdVg. If one writes C _~ CJCi  then the re-  
lation between CV slope and surface-state density in 
s ta tes /cmLeV at flatband bias can be seen to be (17) 

Ci ( q (1- -  C)C 1 ) 

N s s = ~  3kT OC/OVg 1 - C 
Cg = CFB 

VFS is the gate voltage at flatband capacitance and 
was measured on the more negative leg of a complete 
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Fig. 2. A typical 1 MHz CV curve obtained with the semiauto- 
matic measurement system. 
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CV curve for both n-  and p- type  Si samples. The ideal 
1 

values of VFB ~- - -  ~bms are --0:05V for the n- type  Si 
q 

and -0 .65V for the p- type Si samples. These values 
are calculated using an electron affinity of 4.0 eV for 
Si, work function of 4.2 eV for A1, and the appropriate 
fermi level positions for the Si used. 

Hysteresis is the voltage difference between the two 
legs of a complete CV curve and was measured at flat- 
band capacitance. 

Insulator Characteristics 
The appearance of the deposited A1208 films was 

clear and of a color appropriate to the film thickness 
and refractive index. Only very slight nonuniformit ies  
in color were ever detected across a sample surface, 
and then only on large wafers with films of at least 
3000A thickness. 

No cracking or peeling occurred on any of the sam- 
ples fabricated, even for film thicknesses to 6000.A. The 
A1203 films showed no tendency to flake or peel away 
from the Si either before or after postdeposition an-  
neals. Coated wafers of Si could be scribed on the 
coated surface with a diamond scribe and then broken 
into chips with no damage to the A1208 layer away 
from the scribe line. It was also observed that indi-  
vidual MIS capacitors which were destroyed by ex- 
ceeding their breakdown field strengths had only local 
damage and no propagation of insulator  damage away 
from the part icular  capacitor in question. Insulator  
breakdown field s t rength exceeded 3 • 106 V/cm. 

Several Si samples with 3000A depositions of A1203 
were evaluated by ell ipsometry (courtesy of Delco 
Electronics). From these measurements,  the refractive 
index of the evapora'ted A120~ was found to be 1.61. Si 
samples with 3000A films of A120~ were also used to 
obtain approximate values of the relative dielectric 
constant, ki. Values of ki ~ 8.0 were obtained. Similar  
values were obtained on several samples, some with no 
postdeposition anneals and others with a 15 min, 560~ 
anneal  in N2. A somewhat higher value of ki ~-- 8.5 was 
obtained on another  sample which had an additional 
anneal  at 800~ in N2. These results for ki parallel  a 
similar and more detailed study of refractive index 
made by Woulbourn  (18) on evaporated A120~. 

Results 
Deposition parameter variations.--The results of bell 

jar  pressure variations are presented in Fig. 3. For 
these samples, the directions of hystereses were con- 
sistent with an AI~O~-Si interface t rapping mechanism. 
The hysteresis was clockwise for n - type  Si chips and 
counterclockwise for p- type Si chips. In addition to the 
data of Fig. 3, it was also noted that flatband voltage, 
VFB, and CV hysteresis were more dependent  on sweep 
voltage ampli tude and rate for samples fabricated at 
the lower O2 part ial  pressures. In  fact, for AI~O~ de- 
posited with zero 02 leak, the hysteresis was about 
equal to the peak- to-peak sweep voltage, and the CV 
curves were very  distorted. The dependence of V F B  

and hysteresis on sweep rate and ampli tude decreased 
considerably as the O~ partial  pressure during A120~ 
deposition increased. 

Though results obtained at one value of a variable, 
such as O~ pressure, general ly differed from the results 
at another value of that variable, data for the best sam- 
ples, fabricated under  opt imum conditions, were re-  
markab ly  consistent. In  almost all cases, C-V data from 
sample- to-sample  wi thin  a group varied by less than  
0.1V. Similarly, on samples fabricated using the opti- 
mum procedures hysteresis and flatband voltage show 
vir tual ly  no dependence on sweep voltage magni tude  
or rate. 

Figure 4 presents deposition rate data. The directions 
of hystereses were again consistent with charge t rap-  
ping at the A120~-Si interface. 

Figure  5 presents substrate temperature  data. It was 
noted that  A1203 deposited on 25~ chips showed more 
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an 02 leak. 
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leakage and lower breakdown field strengths than 
those deposited at 100~ and higher. Except for the p- 
type Si chip coated at 25~ directions of hystereses 
were consistent with charge t rapping at the A12Os-Si 
interface. 
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deposition on n- and p-type Si. 

Postdeposition anneal variations.--Different postdep- 
osition anneals were tested on chips obtained from an 
A12Q-coated wafer. Several control chips were given 
no anneal  whatever  in order to establish the zero-time 
point in the anneal  data. Most of the chips were an-  
nealed in N2 for different times and at temperatures  
which are shown on the graphs of the result ing data 
(Fig. 6-8). They were processed in groups of f0ur chips 
each. The chips within a given group were annealed 
at the same tempera ture  but for different lengths of 
time. 

Two chips were annealed in  H2, and two in Oa, at 
550 ~ and the results of those anneals are also shown 

in the figures. Each H2 anneal  time includes 30 see N2 
flushes at the beginning and end of the anneal. 

Surface-state density.--Figure 9 shows surface-state 
density, Nss, vs. energy measured from the center of 
the semiconductor bandgap for the sample whose semi- 
automatic 1 MHz CV curve is shown in Fig. 2. Nss, as 
shown, was obtained from quasistatic IV measurements  
(19). An analysis of po in t -by-po in t  high frequency CV 
measurements  gave very similar results and is not  
shown here. 

Discussion 
The most favorable deposition and anneal  parameters  

are chosen pr imar i ly  to obtain mi n i mum hysteresis, 
max imum normalized slope, and small or process con- 
trollable flatband voltage. In addition, deposition sys- 
tem constraints are considered, and observations of 
insulator leakage and breakdown influence the choice 
in some cases. 

CV hysteresis is not always reported or denied in the 
li terature, but  it is a common occurrence where  an in-  
sulat ing film is deposited, in  contrast to those which 
are thermal ly  grown (20). The mechanism of charge 
t rapping and its relat ion to CV hysteresis has been dis- 
cussed in the l i terature (21) and in part icular  for A12Os 
on Si (22, 23). Since the magni tude  of hysteresis is an 
indication of trap density in the insulator  (and of 
charge t ransport  into and out of those traps),  min i -  
mum hysteresis would be expected to coincide with the 
most favorable MIS conditions. It was also observed 
exper imental ly  that smaller hysteresis coincided with 
a more stable surface potential  to gate voltage relat ion-  
ship as the max imum sweep voltage magni tude  was 
varied. 

Deposition parameters.--Figure 3 shows the results 
of using different O2 partial  pressures dur ing A1208 
deposition. From these graphs and other similar ex- 
periments  (24), it is evident  that the higher values of 
bell jar  pressure obtained with the controlled O2 leak 
produce the most favorable CV results. Both hystere-  
sis and slope have their best values at the highest bell 
jar pressure of 2 • 10 -5 Torr, and the values of IVFBI 
are less than 1V at that pressure. Bell jar  pressure was 
l imited to 2 • 10-~ Torr due to increased difficulties 
when using an E-gun  and a vac-ion system at much 
higher pressures. It should also be noted that  the re-  
sults in Fig. 3, and of previous experiments (24), show 
a similari ty at the two higher pressures of 1 and 2 N 
10 -5 Tort, and therefore the improvement  appears to 
saturate. 

Fig. 6. CV hysteresis vs. post- .~ 0.6 m 
deposition anneals. 
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Figure 4 shows the results for different deposition 
rates and indicates that lower deposition rates give 
better results. Hysteresis of 0.1-0.2V is attainable and, 
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Fig. 9. Surface-state density vs. semiconductor bandgap energy 
measured from the center of the bandgap for the same sample 
whose 1 MHz CV curve is shown in Fig. 2. 

more importantly,  is smallest at the lower deposition 
rates. Normalized slope is also at its preferred higher 
values at the lower rates. ]VFBI is less than 1V at alt of 
the deposition rates tested. Deposition rate is con- 
strained at its lower values by the total t ime required 
to obtain a given film thickness. Because of this and 
the favorable results obtained at both of the two low- 
est rates tested, it is concluded that the preferred 
deposition rate is in the range of 300 _ 200 A/min .  

Figure 5 gives results for different substrate tem- 
peratures. The increased leakage and much lower 
breakdown field strengths noted at 25~ may explain 
the "reverse" hysteresis obtained on the p- type  Si 
chip. Such a reverse hysteresis could be due to charge 
inject ion from the metal gate, insulator  polarization, or 
charge motion in the insulator. It is concluded that 
a substrate temperature  in the range of 100~176 
gives the best over-al l  results. CV slope is high, hys-  
teresis low, and IVF, I is also low in that temperature  
range. 

Summarizing these conclusions, the most favorable 
results with evaporated Al~O3 on Si are obtained by 
using an 02 leak to hold the bell jar  pressure near 2 X 
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10 -5 Tort, a deposition rate of about 300 A/min,  and a 
substrate temperature  near 150~ 

In addition to the conclusions drawn from each of 
the three Fig. 3-5, comparisons can also be made among 
the figures. These comparisons bring together the re- 
sults of samples which did not have common pre- 
deposition, deposition, or postdeposition processings, in  
contrast to a set of samples whose results are given 
within each of the three figures. This comparison re-  
veals excellent consistency in almost every case. Best 
values of hysteresis are in the 0.1-0.2V range with the 
p- type Si chips having slightly smaller hysteresis than 
the n - type  Si chips. Best values of normalized slope are 
near 1.2/V for p- type  Si chips and 0.9/V for n- type  Si 
chips. Values of VFB are near  the range of --1 to + 1V 
for chips which had the preferred deposition parame-  
ters. Furthermore,  Vfs for p- type Si chips is more 
negative than for n - type  Si chips (only Fig. 4c con- 
tains an exception), which is the proper tendency for 
the work function differences involved. However, the 
value of the difference is somewhat higher than the 
0.6V work function difference expected for the doping 
levels used. 

Postdeposition anneals.--Several researchers (18, 25- 
27) have suggested that amorphous A12Os transforms 
to polycrystal l ine A1203 at processing temperatures  
above 700~ The decrease in slope and the increase in 
VFB seen in Fig. 7 and 8, respectively, for anneals at 
600 ~ and 800~ may be related to such a t ransforma-  
tion. The hysteresis, as shown in Fig. 6, continues to 
decrease as temperature  is raised. This effect, too, is 
consistent with previous studies of AI20~ reported in 
the literature. Hysteresis is apparently not affected by 
the amorphous-to-polyerystalline transformation. 

From an examination of these figures, the optimum 
anneal appears to be 550~ for 5-20 rain. In agreement 
with this research, Iwauchi and Tanaka (28) reported 
a favorable range of anneal temperatures (500~176 
above which surface-state densities increase. This may 
indicate a similarity between their O2-sputtered films 
and the present E-beam evaporated films. H2 may offer 
some improvement over N2 or 02, but the effect of the 
anneal appears to be due primarily to temperature and 
time, and not to the g~s used. This suggests that evap- 
orated A1203 may offer a good hermetic seal for semi- 
conductor surfaces. 

Summary and Conclusion 
A1203 films produced by E-beam evaporation as de- 

scribed in this work have a relative dielectric constant 
of about 8.0, a refractive index of 1.61, and breakdown 
field strengths exceeding 3 • 106 V/cm. The A120~ 
films are clear, hard, and adherent. Coated samples can 
be scribed and broken with no propagation of damage 
in the A1203 coating. Opt imum interface and insulator 
results require Al~O8 evaporation in an O2 ambient  
with bell jar  pressure near 2 • 10 -~ Tort, a substrate 
temperature  of 100~176 and deposition rates below 
500 A/min.  A postdeposition anneal  of 5-20 rain in N2 
at 550~ is also required. Such evaporations onto Si 
give interface-state densities in the low 1011 states/  
cm2-eV over the middle third of the Si energy bandgap, 
C-V hysteresis of 0.1-0.2V, and flatband voltages in the 
range of -- 1- + 1V. 

It is concluded that A1203 deposited by E-beam evap- 
oration as described is comparable to and therefore 
competitive with A12Oa films produced by other meth-  
ods such as pyrolysis or sputtering. Furthermore,  vac- 
uum deposition of A12Os is t ruly  a low temperature  
process (100~176 or in general  any temperature)  
compared to pyrolytic depositions (400~ and up).  The 
absence of gaseous ambients (except 02) dur ing vac- 
uum depositions should result  in purer  A12Oa films. The 
lack of excited plasmas near the sample and in the 
deposition system (cf. the case of sputtering) provides 

a cleaner envi ronment  for the deposition and minimizes 
the possibility of semiconductor surface damage. 
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LIST OF SYMBOLS 
Ci insulator capacitance 
Cz gate capacitance 
V~ gate voltage 
eros  metal-semiconductor  work-funct ion difference 
Ts substrate temperature  dur ing A1203 deposition 
R A1203 deposition rate 
xi insulator (A1203) thickness 
P bell  jar  pressure dur ing A12Q deposition 
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Four-Point Probe Measurements on N-Type Silicon 
with Mercury Probes 

P. J. Severin and H. Bulle 
Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

With an ins t rument  consisting of four mercury  probes, simple, rapid, and 
nondestruct ive four-point  probe measurements  can be done on freshly 
etched n - type  silicon samples. Measurements on bulk  mater ial  and on thin 
layers with a conventional  and with a mercury  four-point  probe are com- 
pared. The ratio of two current-vol tage configurations is used as a figure of 
meri t  of the instruments.  The precision is found to be about 2% and the sys- 
tematic deviation from theory, which is supposed to be satisfied by a con- 
ventional  four-point  probe, amounts to about 8% for thin layers and much 
less on bulk  material.  A number  of aspects which may affect the performance 
are discussed. Because the ins t rument  has no penetra t ing probes it is part icu-  
lar ly useful for very thin heterotype epitaxial  layers and for shallow, 
ion implanted samples. Experiments  have also been done on polycrystall ine 
silicon, metall ic glass, and conductive plastic layers. 

It  is general ly felt that  the economy of semiconduc- 
tor device processing improves with increasing slice 
diameter, par t icular ly  for larger devices. However, this 
requires the per t inent  slice properties to be uniform 
and deficient slices to be rejected at the earliest stage. 
These considerations form the basis for an ever in-  
creasing effort in  mater ia l  properties evaluat ion and 
characterization. In  order to avoid losing material,  
thus adding to the cost, and to ensure measur ing at the 
re levant  spot, it is highly desirable for the methods to 
be nondestructive.  They should also be rapid and sim- 
ple in application. The purpose of this paper is to 
show how the peculiar properties of mercury  on n - type  
Si can be used most efficiently for evaluat ion purposes 
with the four-point  probe method. In  this sense the 
present paper is a cont inuat ion of an earlier one on 
capacitance-voltage measurements  (1), where it was 
stated also that a mercury  contact is ohmic to well-  
cleaned, n - type  Si. It  will  be followed by a paper on 
spreading resistance measurements,  also with mercury  
probes (2). 

The use and exper imental  results of mercury  four-  
point probe measurements  on bulk  and thin layers of 
n - type  Si are described below. The sources of error 
and the limits of applicabili ty of the theory are also 
discussed. Practical conclusions are drawn and the 
perspectives for the mercury  four-point  probe are il- 
lustrated with more advanced results. 

Mercury Four-Point Probe Measurements 
A mercury  probe with a single channel  used for 

capacitance-voltage measurements  has been described 
earlier (1). The mercury  four-point  probe (Hg-fpp) 
consists of four such holes and channels of identical 
construction at identical center- to-center  distances 
s ~ 300.0 ~m. Details of the ins t rument  are. shown in 
Fig. 1. With the interchangeable lid (C, Fig. 1) various 
contact diameters can be used; the experiments de- 
scribed have been clone with contact d i a m e t e r  2A = 
1020 ~m. The embodiment  shown is one of the many  
possibilities. The  four p la t inum wires (B, Fig. 1) 
should penetrate  far enough into the channels to re- 
duce contact resistance and should not be short cir- 
cuited by mercury  in  the reservoir (D, Fig. 1). The 
channels are filled as follows. When the channels have 
been closed by a sample, the block is tilted and air 
pressure is applied. The surface of the Perspex block 
should not be too well polished so that air can escape 
and mercury  can contact the sample. Thereupon the 
block is put into the horizontal position again. After 

K e y  words :  f ou r -po in t  probe, sheet  res is tance,  silicon, m e r c u r y ,  
ep i t axy ,  polyerys ta l l ine ,  conduc t ive  layer ,  ion i m p l a n t e d  layer .  

removing the air pressure enough mercury  remains in 
the channels because they have been made slightly 
sloping. Now the ins t rument  is ready to be used for 
four-point  probe measurements.  

To make an ohmic contact of mercury  to silicon the 
surface should be carefully prepared. It should be 
freshly etched in  I-IF, rinsed in deionized water, spin- 
dried, and subsequent ly  left, unt i l  immediately before 
it is measured, top-side down closing a bottle filled 
with HF. As strictly speaking an ohmic contact is not 
required for fpp measurements,  the storage stage can 
sometimes be skipped. The complete procedure is es- 
sential for mercury  probe spreading resistance mea-  
surements  (3), which will be discussed at length in  a 
subsequent  paper (2). 

In  the expression for the fpp resistance of a sample 
of resistivity p, thickness d > >  s, and infinite in lateral  
extent, the distance s figures with R2~14 ---- V2~/ i14  

P 
R23~4 : [1] 

2~s 

Hence the resistance RH~14 measured with a Hg-fpp 
should be proportional to the resistance RD2814 m e a -  
s u r e d  with any other, e.g., a Dumas fpp, with propor-  
t ionali ty constant SD/SH. In Fig. 2 these two four-  
point probe resistance values are compared, and it is 
clear that this ratio does not depend on p over four 
decades of resistivity between 10 -3 and 1,0 cm n- type  

s 

D 
Fig. 1. The mercury four-point probe embodiment, shown sche- 

matically, cut through channel 1. Pressure is applied through E; 
the contact to the mercury is made with platinum wire B. Differ- 
ent contact diameters can be used with interchangeable cover C, 
shown cut through contact 4. 

133 
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with the mercury four-point probe plotted vs. the same parameters 
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tively. The bulk sample data are given in Table I. 
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Fig. 3. The resistances R2314, as measured with the mercury ( X )  
four-point probe and with a Dumas ( � 9  four-point probe, plotted vs. 

R241s measured in the same way for the same samples as used in 
Fig. 2. 

Si. As it  has been explained elsewhere (4), two inde-  
pendent  four-point  probe m e a s u r e m e n t s c a n  be done 
by changing the probe order, the other one being for 
instance 

p 
R241~ ---- 1.500 [ 2 ]  

2~s 

This resistance has also been plotted in Fig. 2 for both 
probes because they should have the same proport ion- 
ality constant and the measurement  points should be 
on the same line. The ratio 8D/SH has been calculated 
and it is found that  for both sets the ratios are equal: 
0.235 _--+_- 0.022 for R2~14 and 0.236 __ 0.020 for R2413. This 
error is ra ther  large, but, as shown in  Table I, the 
two ratios correspond more closely by an order of mag-  
ni tude on the same slice. It  should be borne in mind  
that the slices are nonuni form and that  the t w o  probes 
measure at different spots and integrate over widely 
different surface areas. This difference is typical for 
each slice. 

Because the ratio of the two independent  four-point  
probe resistances depends on resistivity only to second 
order, it main ly  characterizes the instrument .  In  Fig. 3 
these two four-point  probe resistance values are com- 
pared and plotted for both instruments.  The ratio 
R~_a14/R2413 should be equal to 1.500 for both types of 
fpp. Calculation of this ratio for all data points yields 
1.461 m 0.026 for the Hg- and 1.464 +_ 0.034 for the 
Dumas-fpp. The departures from the average values 
are found to be statistically distr ibuted over all sam- 
ples, independent  of resistivity. Hence the errors may  
be at t r ibuted to irreproducibili t ies in the performance 
of the instruments.  

The fpp resistance of a th in  layer  of resistivity p, 
thickness d < <  s, and infinite in  lateral  extent  

Table I. Ratios of R2814 and R2418 for Hg- and Dumas-fpp 
measured on bulk samples 

crn) 

9370 0.235 0.247 1.445 1.621 
832 0.271 0.263 1.491 1,448 
102 0.216 0.213 1.439 1.445 

7.79 0.232 0.231 1.440 1.437 
2.9 0.222 0.219 1.488 1.471 

p 
R2314 ---- In 4 [3] 

2•d 

is, to a first order, independent  of the dimensions of 
the fpp. Hence the resistance as measured with a 
Dumas- and a Hg-fpp should be the same. In  Fig. 4 
the four-point  probe resistances as measured with a 
Dumas-  and a Hg-fpp are compared and are shown 
to be the same over four decades of substrate resistivi- 
ties between 10 -3 and 10 ohm-cm n- type  Si. The ratio 
R2314/R2413 has been measured twice with the two types 
of fpp on substrate slices. Typical results for a number  
of resistivities are presented in Table II. It is found 
that the reproducibil i ty for both types of fpp is about 
equal; the two sets of data for both probes yield the 
same values which can be combined to 1.244 _+ 0.015 
for the Dumas-  and 1.170 _+ 0.029 for the Hg-fpp. The 
precision as measured on th in  layers agrees closely 
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Fig. 4. The resistance RH~4  as measured with mercury four-paint 
probe platted vs. RD2.314 as measured with a Dumas four-point 
probe for thin layers. 
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Table II. The ratio R2~l~/R2~.13 for Hg- and Dumas-fpp 
measured twice on thin layers for a number of resistlvities 

o 

(ohm#.cm) \ R~'-4~ / \ R"R'~18 / 

10 -~ 1.173 1.153 1.237 1.237 
1O ~ 1.187 1,191 1.227 1.225 

5 x 10 -a 1,110 1.115 1.231 1.260 
3 1,205 1,199 1.241 1.243 
7 1.164 1.164 1.248 1.270 

l0  1,176 1.182 1.270 1,243 

with the precision obtained on bulk  mater ia l  for both 
probes. 

The value of the ratio R2~14/R~13 has been int ro-  
duced as a figure of meri t  of the instrument .  The fpp 
resistance is directly affected both by nonuniformit ies  
in the sample and deficiencies of the instrument .  The 
ratio is independent  of the resistivity and the error 
in  determining the ratio is due to the ins t rument  de- 
ficiencies only. Because the two fpp resistances are 
about equal ly  sensitive to the main ly  mechanical  i r -  
reproducibilities, the percentage of error of the ratio 
is about twice the percentage of error of the two fpp 
resistances. 

The reproducibi l i ty  of the Hg-fpp is excellent: re-  
moving and reapplying the Hg contact without  dis- 
placing the slice produces identical readings, a n d  
when replacing it as well as possible on the same 
spot the error is wi th in  1%. With the Dumas-fpp the 
reproducibi l i ty  is about the same. The data presented 
in  Fig. 2-4 are typically measured data and do n o t  
represent  averages. Though, as will  be shown below, 
the contact diameter, A, does not occur in the four-  
point probe formula, it is interest ing to know its 
reproducibili ty.  It turns  out that  A as measured under  
a microscope by press{ng the mercury  against a glass 
slide depends weakly on the applied pressure. At a 
controlled excess pressure of 150 Torr the diameter 
is reproducibly found to be 1020 ~m. Work has been 
done with contacts 500 ~m across, and smaller diam- 
eters down to 200 ~m have been tried successfully. 

From the measured data presented in the preceding 
section, referr ing to different spots on the same slice 
and on slices with different resistivities, it can be 
concluded that fpp measurements  can be done with 
a precision of about 1% with the Dumas-  and of 
about 2% with the Hg-fpp. There is no consistent 
indicat ion of any influence of the resistivity of the 
sample. 

Sources of Measurement Errors 
The fpp method is probably the most familiar  

method in  semiconductor evaluation. Generally,  it is 
assumed that  wi th in  the measurement  precision the 
measured data are accurate with respect to the ref- 
erence level set by the model and the ensuing theory. 
However, the data presented above show discrepan- 
cies with the theory worth discussing in greater  de- 
tail. 

In  the model by which the mode of operation of 
a n  fpp is described, identical, nondamaging,  circular 
contacts of diameter 2A are assumed, which can be 
neglected with respect to the identical  probe center-  
to-center  distances, s. The dependence of voltage, V, 
on distance, r, from the center of the cur ren t -car ry ing  
contact on a th in  slice is given by  

pi r 
Vo -- V (r) = I n - -  [4] 

2~d A 

where Vo is the potential  of the contact, and on bulk  
mater ia l  by 

pi A pi 
V = a r c s i n -  ~ -  [5] 

2~A r 2~r 

Equat ion [4] is evident ly  valid only for r --~ A and 

the resistance Rm under  the probe on a thin layer  has 
been discussed (5) showing a complicated dependence 
on the contact resistance Rc and the sheet resistance Rs. 
Strictly speaking, this is valid only for a layer which 
is thin with respect to the probe diameter, whereas 
for fpp measurements  the thickness is referred to 
the probe distance. In  case A < d in the direct vicinity 
of the probe, the potential  drops according to Eq [5]. 
Because this is not of great importance with r > >  
A, Eq [4] may be considered applicable from r = A 
onwards. Allowing for the different probe center- to-  
center distances, s~j, Eq. [3] and related resistances 

0 813824 
R2314 ~- '- '  i n  

2:~d 312334 

p 814823 
R~la = I n -  

2~d s~2384 

p sz3324 
Ra412 = In 

2:~d 314s~ 

should read 

[6] 

These equations have been derived, as usual, by add- 
ing the potential  differences of the two probes due 
to currents  flowing through each probe to infinity in 
opposite directions. This is not permit ted when  the 
potential  is probed near  the current  source. For  the 
mercury  probe this could l imit  the applicabili ty of 
Eq. [6]. 

It can easily be seen from Eq. [6] that whatever  
the probe contact diameters are, the three essentially 
different resistances on a uniform sample are always 
related by 

R2314 ~--- R2413 -~- R3412 [ 7 ]  

a n d  that there is one independent  ratio which, when  
a l l  s are equal yields 

R2~14 
- -  -- 1.2619 [8] 
R2413 

For bulk material  the expressions corresponding to 
Eq. [6] are 1 1)  

R2814 ~ ~ 812 824 884 

RPAI3 : - - P  (1__ - - ' ~ i  I 1 ) 

2n 614 812 823 834 

R3412 p ( 1  _ _  - - +  1 _ _  1 _ _  1 ) 
2 ~  813 814 824 823 

[9] 

Equation [7] holds under  all conditions and the ratio 
given in Eq. [8] equals 1.500. In  real life with a me-  
chanical fpp all values of s are never  equal. 

In  the above considerations it has been assumed 
that the voltage probes reflect the potential  directly 
below the center of the contact, i.e., they act as 
point contacts. It is worth considering under  what  
conditions this simplification holds, par t icular ly  as the 
mercury  probe contacts are 10.00 #m across with s 
= 3000 ~m. Any current  d rawn by the voltage probes 
can be neglected because voltmeters of 100 megohms 
input  resistance are used. So the potential  of the volt-  
age probe is such that  over the contact cross-section 
as much current  flows into as out of the mercury.  If 
the probe diameter is small with respect to the dis- 
tance, this potential  can be assumed to be the poten- 
tial below the center of the probe. This would apply 
exactly when  the sample has a rectangular  shape 
a n d  contacts take the form of strips; it could be 
easily calculated with the contacts on concentric cir- 
cles, but  an analysis for on- l ine  circular contacts is 
v i r tual ly  impossible. As long as no more detailed 
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theory is available, the voltage probes will  be con- 
sidered as point contacts. 

This effect arises whatever  the na ture  or magnitude 
of the resistance of the probe sample contact. A sec- 
ond effect is due to the finite value of the specific 
contact resistance R~ (ohm-cm 2) or its voltage de- 
pendence. Because current  flows through the contact, 
the same sample draws more current  with a low con- 
tact resistance probe than with a high contact resist- 
ance probe; in other words the sample appears as 
lower resistivity material.  A similar relat ion has been 
analyzed earlier for square and circular contacts used 
as spreading resistance probes (5). Because the main  
current  then flows through these contacts, the theory 
cannot be directly applied, but  the condition for neg-  
ligible bypass, apart  from a numerical  factor of order 
unity, is roughly given by Rs < <  R~/A 2 for thin layers 
and by p < <  R d A  for bulk  samples. From mercury  
probe spreading resistance measurements  on substrate 
material,  to be reported in  a subsequent  paper (2), 
is follows that R~ is so low that these conditions are 
not met. Because, roughly, Rc --~ p, this applies equally 
over the resistivity range. When Rc is not very high 
and depends nonl inear ly  on p, the contacts may by-  
pass the current  through the sample to a different 
degree for various resistivity materials. A fur ther  
complication may originate from a nonohmic charac- 
teristic of the voltage probe contact. When so high a 
potential is applied that the voltage drop over the 
diameter of a nonohmic contact in the material  exceeds 
25 mV, then  the contact assumes a potential  such that 
most of the contact draws reverse current. Moreover, 
the fpp resistance, as measured, turns  out then to de- 
pend on the current.  However, the current  has, unless 
stated otherwise, been kept so low that  the measured 
voltage is well below 25 mV, as advocated earlier (4). 

In summary,  the assumptions made in the theory 
are not completely met, firstly because current  and 
probe contacts are not far enough apart to allow sep- 
arat ion of the two current  sources, secondly because 
the fairly large contact may part ly  short circuit the 
sample, and thirdly because Rc may depend on p and 
on the local voltage. 

Discussion of M e a s u r e m e n t  Errors 
From the data obtained from the experiments dis- 

cussed above, conclusions could be drawn as to 
the precision of fpp measurements.  The reproducibil i ty 
on the same slices and on samples of different re- 
sistivity was tested part icularly by using the ratio 
which depends o n  the uniformity  of the slice to second 
order only. The data were. arranged so as to be theo- 
retically independent  of any nonstatist ically distrib- 
uted influence. As the ratios did not  show the ex- 
pected values the theory was more carefully consid- 
ered and some refinements were mentioned above. 
In  this section the measurements  related to these errors 
with respect to the true or theoretical value are dis- 
cussed and some practical conclusions are drawn. 

By way of example in Table III, the distances, s~j, 
and probe radii, Ai, as measured under  the micro- 
scope from a probes pr int  of a Dumas-fpp are pre-  
sented. From these data the ratio R2814/R2413 is found 
to be 1.254 for thin layers and 1.486 for bulk  mate-  
rial. When the two resistances are measured on two 
slices of widely different resistivity (10 -2 and 10 
ohm-cm n- type  St) and at two current  levels, the 
results presented in Table IV are obtained. The ratios 
depend slightly on the resistivity and on the current.  
In  actual practice the ratio is calculated regularly in 
this way and compared to the experimental  value. 

Table Ill. The probe center-to-center distances si~ and probe 
radii Ai in micrometers as a practical example for a 

Dumas-fpp 

s:~ = 629.2 ~a = 1259.0 AI = 19.2 As = 25.0 

s~ = 643,7 s~ = 1287.0 As = 19,7 A~ = 22.2 

sa~ = 663.4 sl~ = 1907.8 

Table IV. The ratios R2314/R2413 for Hg- and Dumas-fpp on 
thin layers 

o = 10 -~ 
o h m - c m  p ----- 10 o h m - c m  
(1O mA)  (22 /zA) (220 /~A} 

1.246 1.270 t,24~ 

1.195 1.176 1.182 

Disagreement is always less than 2% of either sign, 
so systematic bias error, which affects the accuracy, 
is not found. Therefore, the t rue value which is the 
reference with respect to which the accuracy is to 
be discussed, can be considered to be given in the 
theory above and as measured with a Dumas-fpp. 

The Hg-fpp with identical probe center- to-center  
distance, s, satisfies the ideal conditions, and the ratio 
R2814/R2413 for thin layers should be equal to 1.2619, 
which exceeds the experimental  values given in Tables 
II and IV by about 8%. It is not clear to what  extent 
this bias error (it has always been found to have 
the same sign) is due to R2314 or to R2413. It  is worth 
noting that  in R~13 the potential  difference V~ caused 
by current  through probe 3 is always zero due to sym- 
metry, whatever  theoretical assumption is made. Sup- 
posing now that this bias error  has the same influence 
on the voltage difference be tween two probes for each 
current  probe, the value of R1314 as measured with a 
Hg-fpp should be increased by 12% to reach the true 
value measured with Dumas-fpp. From Fig. 4 it can 
be seen that this semiquanti tat ive conclusion is sub-  
stantiated by experiments.  

The ratio SD/SH a s  measured on bulk  samples hardly 
exceeds the theoretical value with SD = 630 ~m and 
SH ---- 3000 ~m. The dependence on resistivity shown 
equally in (RH/R D) 2314 and (RH/RD)2418 suggests some 
physical influence of the large area probes as dis- 
cussed in  the preceding section. It  turns out to be an 
advantage of the ratio R2314/R2418 that this resist ivity- 
dependent  effect also disappears. The experimental  
values of the ratio disagree with theory for both types 
of probe by equal amounts, not large enough with re- 
spect to the precision to be of any significance. 

It would be worth investigating the influence of the 
ratio A/s on fpp measurements.  In  this paper it has 
been shown that  the quite extreme ratio 1/6 pro- 
duces results which can be interpreted in the same 
way and with the same amount  of caution as con- 
ventional fpp measurements.  

In  conclusion a number  of more advanced applN 
cations of the Hg-fpp are mentioned. The Hg-fpp is 
extremely useful for the assessment of very thin epi- 
taxially grown heterotype silicon layers or shallow ion 
implanted samples, where conventional pointed probes 
cause substrate short circuit or even penetrate. It  is 
found possible to measure silicon polycrystal l ine layers 
between 100O and 2000A thick with resistivities be-  
tween 0.06 and 2 ohm-cm. These layers are increas- 
ingly used as diffusion sources, vertical resistors, and 
MOS gate electrodes. Layers of Au Rd-oxide about 
200A thick have been measured to yield a resistivity 
of about 1.6 mohm-cm. A reliable assessment of con- 
ductive plastic has also been made. 

Manuscript submitted Jan. 22, 1974; revised manu- 
script received July 3, 1974. This was Paper 75 pre- 
sented at the Chicago, Illinois, Meeting of the Society, 
May 13-18, 1973. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by Philips Research Laboratories. 
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Spreading Resistance Measurements on N-Type 
Silicon Using Mercury Probes 

P. J. Severin and H. Bulle 

Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

With an ins t rument  consisting of four mercury  probes spreading resistance 
has been measured on n - type  silicon bulk  samples and th in  layers without  
leaving any damage. With bulk  samples the spreading resistance measured 
in a three-probe ar rangement  is found to be proportional to the resistivity 
without  any indication of resistivity dependence of the proport ionali ty con- 
stant between 10 -~ and 10 ohm-cm. From repeated measurements  it is con- 
cluded that  the precision depends on the mechanical  finish of the contact edge 
and can be as good as 3%. Upon comparison with the resistivity as measured 
with a conventional  four-point  probe, the mercury  probe spreading resistance 
is found to be accurate wi thin  that error. The resistivity measured represents 
the average over about 1 mm 3, so that the resolving power of this ins t rument  
is intermediate  between the resolving powers of conventional  four-point  and 
spreading resistance probes. 

With th in  layers a theory is used, in which the Hg-Si contact resistance is 
incorporated which is found to be almost proportional to the resistivity over 
the same four decades. It turns  out to be small compared to the bulk  
spreading resistance, thus confirming the experiments  on bulk  material.  Con- 
sidering the cylinder resistance of an epitaxial n on n + layer as an extra con- 
t r ibut ion to the contact resistance, with a mercury  four-point  probe and 
spreading resistance measurement  the product pd can be found. 

A mercury  probe has been applied successfully for 
capacitance-voltage measurements  on n -  and p- type  
silicon and various other semiconductors (1). The pro- 
cedure which should be followed to prepare a silicon 
surface so that  the contact to mercury  is ohmic has 
been described earlier (2, 3). An ins t rument  consisting 
of four mercury  probes has been used for four-point  
probe measurements  on n - type  silicon and the a t ta in-  
able precision and accuracy have been discussed at 
length (3). It is the purpose of this paper to show how 
with mercury  probes in a three-point  probe ar range-  
ment  spreading resistance measurements  may be car- 
ried out. 

This study is a cont inuat ion of Ref. (3) in the sense 
that the same mercury four-point  probe accessory and 
the same bulk and substrate  samples are used. Because 
a spreading resistance measurement  is more exacting 
than a four-point  probe measurement ,  the sample 
preparat ion should be more carefully executed. 

The next  section is devoted to the results on bulk 
samples. The results on thin layers, for which 230 /~m 
thick substrates for epitaxy have been used, are also 
presented in this paper. The theory needed to find the 
resistivity p and the contact resistance Rc from the 
measured data is recapitulated in the Appendix. In  
another section of this paper, a new method is out- 
l ined by which the product pd for the top layer of 
thickness d of an n on n + epitaxial s tructure can be 
determined. In  the final section the use of the same 
mercury four-point  probe accessory for four different 
purposes is summarized. 

This paper will be followed by a fourth paper on 
rapid and simple pulsed MIS capacitance lifetime mea-  
surements with the same accessory. 

K e y  words:  silicon, epitaxia l  layer,  thickness, resistivity, contact  
resistance, mercury ,  spreading  resistance,  four-point  probe resist-  
ance.  

It is worth stressing that this paper deals with n- type  
silicon only. Though the contact resistance of mercury 
to p- type silicon may be reduced by the use of suitable 
etches, it is not yet small enough for spreading resist- 
ance measurements.  

MercurySpreading Resistance Measurements on 
Bulk Samples 

In  a few years'  t ime the spreading resistance tech- 
nique has become an accepted and widely used tool in 
semiconductor evaluation. However, the theoretical 
value of the spreading resistance on a semi-infinite 
sample of resistivity with a probe of contact radius A 

P 
Rs ---- - -  [1] 

4A 
is rarely found. 

With hard metal  probes, as discussed by Mazur and 
Dickey (4) and Keenan  et al. (5), a contact resistance 
Rc is always found which general ly is incorporated 
into the expression for spreading resistance as 

as  = k(p) ~ [2] 
4A 

The factor k(p) : 1 ~ 4A Rc/p is exper imental ly  de- 
termined and Eq. [2] can be used only after calibration 
because k(p) depends also on the part icular  probe 
properties. 

One of the present authors (6) solved the same prob- 
lem in a slightly different manner by using a softer 
steel prob e. Then the contact can be described by a 
series spreading resistance due to a number, n, of mi- 
crocontacts with average contact radius, a, acting in 
parallel as 

P P 
Rs = ~-X + 4ha' [3] 
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V(r)  = 

it is found that  

It has been verified that R~ over four decades of resis- 
t ivity is proportional to p. The magni tudes  of the con- 
t r ibutions of macro- and microcontacts are of the same 
order, which has an impor tant  bearing on the resolving 
power. In  both approaches the precision and reproduci-  
bili ty of k and na are key conditions, the latter being 
the more relaxed one because only geometry is in-  
volved rather  than p-dependent  contact physics. 

The main  advantage of the spreading resistance 
method is the unparal le led  resolving power, the infor-  
mation sampling depth being about equal to A which 
amounts to a few microns. Apart  from the arguments  
given above an impor tant  drawback is that it is a de- 
structive method. Furthermore,  sophisticated vibra-  
t ion-free equipment  is needed. In the experiments  pre- 
sented in this paper A = 5.00 ~m, but  it could easily be 
made 5 times smaller. The ensuing drop in resolving 
power is compensated by the fact that it is nondest ruc-  
tive, and that it can be done by simply switching the 
probe order after a mercury  four-point  probe measure-  
ment. Effectively, it offers a tool with resolving power 
intermediate  between a metal  spreading resistance 
probe and a four-point  probe. 

The same five bu lk  samples as used in the preceding 
paper (3) have been measured with mercury probes 
and the spreading resistance R2113 is plotted vs. the 
four-point  probe resistance R2314 in Fig. 1. In the three-  
point probe a r rangement  chosen with center voltage- 
probe each of the four probes can be used as the com- 
mon probe. No systematic difference turned out to 
exist. The spread arises from inhomogenei ty  of the 
sample and irreproducibi l i ty  of the contacting process. 

Working out the potential  difference, V~2, measured 
due to current  flow through probes 1 and 3, with the 
dependence on horizontal distance, r, from the probe 
center as 

~i A pi 
2~A arcsin--r ~--2~r [4] 

and that 

p 
R2314 -- 

2~s 

R 2 1 1 a = ~  1 - -  as [5] 

With probe center- to-center  distance s = 3 mm and A 
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Fig. 1. The spreading resistance R2n3 plotted vs. the four- 
point probe resistance R2314, both measured with mercury probes, 
on bulk samples. The solid line represents Rs ~ p/4A, where 
I ohm corresponds to p = 0.2 ohm-cm. 

: 0.5 mm the term A/~s  equals 0.053 and the line in 
Fig. 1 is drawn so that R2nJR2~14 = ~s/2A -~ 9.42. 

It has been tacitly assumed above that any contact 
resistance is negligible. With specific contact resistance 
Re' (ohm-cm2), Eq. [2] should in fact be wri t ten  as 

p Re' [2a] R , =  + 

Anticipat ing the results of the next  section where  Re' 
is determined, it can be verified that for R~14 -- 5.3 
and 1.4 • 10 -3 ohms the corrections to R2113 would be 
5 and 2 • 10 -2 ohms, respectively, hence negligible on 
the logarithmic scale. Therefore, the spread of the mea-  
surement  points cannot be due to differences in contact 
resistance. 

In  the exper imental  embodiment  it turns  out that the 
series resistance due to p la t inum lead, the p la t inum-  
mercury t ransi t ion resistance, and the mercury  channel  
resistance cannot be neglected for low resistivity speci- 
mens. The accurate value for each of the four channel  
series resistances, Rat, c a n  be determined with a plat i-  
num-coated,  very low resistance specimen. The resist- 
ance Ral which amounts to 65 • 2 mohms, should be 
considered as a series resistance in the external  circuit. 
It is evident  from Fig. 1 that  it seriously adds to the 
error for the low resistivity specimens. 

It has been found that with removing and reapplying 
the mercury  probes the measurement  does not repro- 
duce very well. Therefore, in order to test the repro- 
ducibility, the slice was removed, prepared again, and 
positioned at the same spot. The results of six measure-  
ments  repeated in this way are presented in Fig. 2 for 
each of the four probes. It was found that the averages 
for each of the four probes are different by a few per 
cent and that each of these averages is subject to an 
error ranging from • 3.1% for probe 1 to • 9.1% for 
probe 2. From this exper iment  and fur ther  experience 
it should be concluded that  repeated etching with HF 
does not affect the results. The performance of the 
probes probably depends on the qual i ty of the me-  
chanical finish of the hole and par t icular ly  on the ab- 
sence of burrs  at the contact edge. Upon averaging the 
24 results of all four probes a value of 5.17 ohms is 
found with an error of •  With a Dumas four-point  
probe the area of measurement  has been tested for 
nonuniformity,  and it was found that measur ing with 
a precision better  than 1%, the resist iviiy p varied 
around the average value p = 1.08 ohm-cm by  "+- 4.4%. 
This value corresponds with Eq. [5] where a mercury  
probe measured R2113 ~ 5.13 ohms, hence well wi thin  
the experimental  error of the best  probe. 

In  this way it has been proved that with a mercury  
probe it is possible to carry out spreading resistance 
measurements  wi th  a precision and accuracy of better 
than 3 %. 

Of course the value of the contact diameter  2A 
should be reproducible and precisely known:  it is mea-  
sured with a microscope by  pressing the mercury 
against a glass slide. It has turned out that with in-  
creasing pressure the contact diameter first increases 
unt i l  the diameter  of the hole has been reached then 
remains constant over a certain pressure range and 
finally increases again with increasing mercury  pres- 
sure due to mercury  penet ra t ing  between the Perspex 
and the sample. At a controlled pressure of 150 Torr 
the diameter is found to be reproducible and equal to 
the hole diameter wi th in  1%. With a narrower  channel  
the diameter of the contact increases with pressure 
over a longer range up to the hole diameter  so that 
spreading resistance, contact resistance, and capaci- 
tance-voltage can be measured with the surface area as 
a continuous variable over about a factor of two. 

Mercury Spreading Resistonce Measurements on 
Th in  Samples 

The same measurement  as described in the preceding 
section has been carried out on 230 ~m 'thick substrate 
slices as used for epitaxy. A spreading resistance cot- 
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rection formula for a thin layer on an insulat ing sub- 
strate based on a t ransmiss ion- l ine  model has been 
derived (7) and compared (10) to other models earlier. 
As recapitulated in the Appendix, the spreading re- 
sistance of the common probe (probe 1), with current  
probe (probe 4) and voltage probe (probe 2) is given 
by 

3s 
R2114 ---- Rm ~- In - -  [6a] 

2~d 2A 

with a four-point  probe resistance 

p 
R~314 = in  4 [6b] 

2~d 

The resistance Rm is defined for a thin layer, d ~ <  A, 
as the difference between the contact potential  Vo and 
the potential  V ( A )  at r : A in the thin layer, divided 
by the current  io. It is found to be equal to 

P 
R m  = ,, . F ( z )  [ 7 ]  

2~d 

with F(z)  plotted in Fig. 3, Re' specific contact resist- 
ance in ohm-cm 2, Re = Rc'/~A 2 and 

pA~ p 
z2 = - - -  [8]  

Rc'd ~rdRc 

For s /A  = 6 the logari thmic factor in Eq. [6a] equals 
2.197 and Eq. [6] and [7] can be recast into a form 
more suitable for calculation 

R2114 
F(z)  = 1.386 -- 2.197 [9a] 

R~i4 
and 

R~14 
Re = 1.443 [9b] 

z2 

The resistance Rm is plotted vs. R23~4 in Fig. 4 and 
found to be almost proport ional  to p from 10 to 10-~ 
ohm-cm. This suggests, from Eq. [7], that  z must  be 
independent  of p, hence that R~ ---- Rc'/~A 2 is propor-  
t ional to p, as also shown qual i tat ively in Fig. 4. 

It  has been neglected in Eq. [9a] that in fact R2114 
includes a term which refers to the local resist ivity at 
probe i and a term which refers to the average value 
p between probes 1 and 4. The lat ter  is represented ade- 
quately by the resistance R~14. 

In  order to ge t  the feel of the precision and accuracy 
involved let us consider a measurement  of an 0.03 ohm- 
cm slice. We then find R2114 : 4614 mohms, R2z14 ---- 
2702 mohms, so that Rm = 330 mohms, F(z)  : 0.169, 
z ---- 6.45, hence Rc ---- 93.6 mohms. It is clear that with 
these values of F(z)  and in(3A/2s) ,  the measurement  
conditions are very unfavorable:  in order to find pre-  

t39 

Fig. 2. The spreading re- 
sistance measurement on the 
same position on a 1.08 ohm-cm 
n-type Si bulk sample repeated 
6 times. Each time data for 
four different common probes 
are obtained. The four averages 
and the total average are given 
separately; the true value p = 
1.08 ohm-cm yields with Eq. [5] 
R21~.3 = 5.13 ohms, indicated 
by the horizontal bar. 

cise Rm within  10%, the values of R2n4 and R2314 should 
be known within  1%. Because z hardly depends on p, 
this example is typical for the experiments  described 
in this section. Because in this range z > >  1, Eq. [9a] 
and [9b] can be simplified by the relat ion F(z)  ---- 1/z. 

As it is clear from Eq. [9a] and [9b], the measure-  
ment  result  is the contact resistance Rc. Usually quite 
some processing is involved in making an ohmic metal 
semiconductor contact, and Re', though not very re- 
producible, is considered as a figure of meri t  of the 
process. As long as Rc is small  with respect to the bulk 
resistance of the device concerned, this is an un impor -  
tant  aspect. However, the ins t rument  described and the 
spreading resistance method are intended to serve 
evaluat ion purposes, viz., to measure the resistivity 
locally. From Eq. [9~/] and [9b] it can be seen that 
Re(p) is finally the discriminating parameter  which 
turns out not to be sufficiently precise and reproducible 
to yield p. 

F(z) 

16 

12 

8 

\ 

\ 
\ 
\ 

\ 

~ - "m ,m  ,~ .mm m 

O.3 O.4r O.6 0 . 8  ~.O ~ 2  
- - - - ~  z 

Fig. 3. The function F(z) as used in Eq. [7] and defined in 
Eq. [A-8] 
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Fig. 4. The spreading resistance Rm ( e )  and the ensuing con- 
tact resistance Re ~ Rc'/~zA 2 ( A )  on chem-mechanically polished 
silicon substrate slices vs. the Hg fpp resistance R2314. For a 230 
/~m thick slice, 9.59 ohms corresponds to 1 ohm-cm; thickness varia- 
tions • 5% are irrelevant on this scale. The contact resistance 
Rc (A )  on epitaxial layers agrees with Rc measured on substrate 
material within the measurement error. 

Spreading Resistance Measurement of an N on N + 
Silicon Epitaxial Structure 

The spreading resistance measurement  discussed 
above can also easily be applied to measure the cylin- 
der resistance Ry of an n - type  silicon epitaxial  layer  on 
an n + substrate 

pd 
Ry = . .  [10] 

~A~ 

For a fpp measurement  such a structure can be consid- 
ered as being a single isolated n + layer; with a 10 ~m 
thick, 1 ohm-cm n layer on a 250 ~m thick, 10 -2 ohm- 
cm n + substrate the sheet resistances a r e  pe/de "~ 1 0  ~ 
ohms and ps/ds -~ 0.4 ohms, respectively. The thin re- 
sistance layer is of interest  only for the spreading re :  
sistance probe because the real contact resistance Rc 
in series with the cylinder resistance Ry can be con- 
sidered as an effective contact resistance Rce in  the 
sense as defined in the preceding section 

Rce ---- Re ~- Ry [11] 

In using this formalism with Rm the contact radius, 
A, should be much larger than the layer thickness, 
d. This el iminates the use, without additional and 
doubtful  correction, of the steel probes with A _~ 10 
~m, applied for conventional spreading resistance m e a -  

January 19 75 

surements  (6, 7). For the above example, Ry ---- 127 
mohms which, with the value Rc ~ 60 mohms to be 
found exper imental ly  according to Fig. 4, should yield 
Rce ~-~ 200 mohms. 

It should be emphasized for this application of Eq. 
[ga] and [9b], that R~t4 refers to the n + substrate, 
that Rm is influenced by both the epitaxial layer Rce 
and the substrate p/d, and that Ry refers to the epi- 
taxial layer only. The meaning  of the various parame-  
ters introduced is i l lustrated in Fig. 5. 

It turns out that for conventional  epitaxial struc- 
tures the function F(z)  is near  unity. Then F(z)  can 
be approximated for z < 1.2 wi th in  1% and for 1.5 < 
z < 2 wi thin  less than 4%, by  

2 
F ( z )  = ~ -  + 0.25 [12] 

whence Eq. [ga] and [9b] can be wr i t ten  as 

Roe = R2ii4 -- 1.77 R2si4 [9c] 

Physically this means that due to the epitaxial layer 
cylinder resistance the contact is dominated by the con- 
tact resistance Rc,, whereas the substrate sheet resist- 
ance is so small that  there is a horizontal equipotential  
surface under  the probe. 

In order to show simply the feasibility of this tech- 
nique, Rce was first determined from the measured val-  
ues R2314 and R2114 for a number  of SiC14-grown n on 
n + structures. Thereupon the resistivity p was deter-  
mined using Sze's and Irvin 's  curves (8); from the CV 
measured (1) dope concentrat ion at a fixed depth of 
4 ~m, and with the IMI measured (9) thickness d, the 
value of Ry was calculated. It turned out then that Ry 
exceeded Rc~ so that Rc was negative. Then a few 
structures were selected which were low doped and thin 
enough to be probed by the CV method (1) over the 
full depth of the epitaxial layer and the integral  

1 d 
Ry = ~ fo p(x)dzc [13] 

was determined. It was found that the IMI measured 
d includes a part  of the t ransi t ion layer which does not 
contribute at all to the cylinder resistance, and also 
that par t icular ly for SIC14 grown slices, the dope con- 
centrat ion varies s trongly with depth. Figures 6a and 
6b show some typical profiles. Taking into account this 
real, reduced value of Ry a positive contr ibution due to 
contact resistance Rc was found. Some experimental  
data on the contact resistance of epitaxial layers mea-  
sured in this way are presented in Table I and in Fig. 4. 
It is clear that the method can be used for evaluat ion 
purposes as described in  the preceding section only 
when it is surely known that the dope atom concentra-  
tion does not change with depth. This is the one restric- 
tion which hampers the use of the spreading resistance 
method for the evaluat ion of epitaxial layers, both with 
metal and mercury  probes. 

Fig. 5. The various parameters 
introduced for the measurement 
of the cylinder resistance on an 
n on n + structure presented 
schematically. 
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Fig. 6. The dope concentration N and ensuing resistivity p as a function of depth below the surface of an epitaxial n on n + struc- 
ture. a, left: E2490-3, SiCI4-grown; b, right: Ril 1345, SiH4-grown. The IMI measured appropriately corrected thickness for a, left, 5.79 
~m; and b, right, 5.96/~m. 

Summary and Conclusions 
An ins t rument  with four identical mercury  probes 

can be used most efficiently for at least four kinds of 
measurements .  First  with one probe connected to a 
high frequency capacitance bridge, immediate, pre-  
cise, and accurate capacitance-voltage measurements  
can be done on substrates and epitaxial layers. An n-  
type silicon specimen should be slightly oxidized; p- 
type silicon can be measured without special prepara-  
tions (1). For rout ine measurements  the bridge can be 
an automated ins t rument  of which several types are 
commercial ly available. Agreement  of fpp with CV 
measurement  data, converted with Sze's and Irvin 's  
curves (8) to resistivity, has been obtained for sub-  
strates to within a few per cent. 

Second, a freshly etched n - type  silicon sample can 
be fpp measured with this ins t rument  without  leaving 
any damage. Agreement  with conventional  fpp ins t ru-  
ments  is wi th in  a fe.w per cent (3). 

Third, a s tructure prepared as above can be spread- 
ing resistance measured with this ins t rument ,  and on 
bulk  samples the resistivity agrees within a few per 
cent with the four-point  probe data. The resolving 
power of about 1 m m  makes the mercury spreading 
resistance probe an interest ing ins t rument ,  where the 
fpp would be too coarse and the conventional  spread- 
ing resistance would be too fine. In addition it leaves 
no damage. The spreading resistance measured on 

layers of thickness d ~ A should be corrected. A theory 

Table I. The contact resistance Rc of mercury to n-type epitaxial 
silicon 

p (ohm-em)  Rr  Re 
Slice on sur face  (mohms)  (mohms)  

E 2490-3 1.31 76 31 
Ri l  1345 2.55 149 76 
Ri l  1286 1.20 55 13 
Ril 1280 1.18 58 g0 

is used which integrates the effects of the contact re- 
sistance,Rc, into the final expression for the spreading 
resistance (7, 10). The parameters  p/d and Rc are 
found in  this way. When, as with conventional  spread- 
ing resistance probe measurements,  d has been ob- 
tained otherwise, the local value of p is found. 

For an epitaxial n on n + structure tested in this 
way, the contact resistance consists of the cylinder 
resistance proportional to pd and the real contact re- 
sistance in series. 

It would be highly desirable to increase the precision 
of the method so that the contact resistance may be 
known from calibration, if necessary dependent  on the 
surface preparation, in order to use the method for 
the determinat ion of pd of epitaxial layers. 

Fourth, with the mercury probe a MIS diode can be 
made and pulse measured in order to evaluate simply 
and immediately the dope concentrat ion directly below 
the surface and the bulk lifetime and surface recom- 
binat ion velocity. This will be the subject of a future 
paper. 

Manuscript  submit ted Jan. 22, 1974; revised manu-  
script received Ju ly  3, 1974. This was Paper 75 pre-  
sented at the Chicago, Illinois, Meeting of the Society, 
May 13-18, 1973. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 

Publication costs of this article were  partially as- 
sisted by Philips Research Laboratories. 

APPENDIX 
A current  io enters a circular contact of radius A at 

potential  Vo on a thin layer of infinite extent, of thick- 
ness d < <  A and resistivity p, shown in Fig. 5. The 
current  io leaves the structure through a contact at in -  
finity at zero potential. The potential  drops with r ac-  
cording  to 
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aV(r)  p I 
- - _  for r ~ A  [A- l ]  

0r 2~d r 

and the current  i ( r )  which passes through a cylinder 
increases below the contact as 

Oi (r) 
= 2nrJ (r) [A-2J 

Or 

b e c a u s e  of the local voltage drop over  the specific re-  
sistance Re' given by 

Rc'J (r) ---= Vo -- Y (r) [A-3] 

Writ ing Rs = p/d and A 2 = Re'/Rs, Eq. [ A - l ] - [ A - a ]  
c a n  be combined to yield the differential  equation 

02V 1 ~V V -- Vo 
- -  + - -  = 0 [ A - 4 ]  
Or 2 r 8r A2 

with  solution in terms of the modified Bessel function 
of the first k ind (§ 
and h e n c e  (_:) i --  - -  I ,  [A-6] 

p A 

From the boundary  condition i = io at r ---- A follows 
that  wi th  z ---- A / i  the potential  drop over Rc at z ---- 0 
equals 

pio 1 
a -- [A-7] 

2ad zi1 (z) 

and that  the resistance Rm measured be tween  the con- 
tact and a point very  near  r = A given by 

p Io(z) p 
Rm -" - -  - -  " - '  . F (z) [A-8] 

2ad zI, (z) 2~d 

The solution for r > A, where  J ( r )  = 0 and i = Co, 
follows from Eq. [A- l ]  as 

pio rz 
V -- Vo = - i n  [A-9] 

2~d r 

January 1975 

The solutions of Eq. [A-5] and [A-9] should b e  
matched;  it can easily be verified that  

V o - - V :  pio [ \ | F ( z ) _ l n  r } [A-10] 
2~d \ 

In this way both the potential  and its derivative,  pro-  
portional to the current, are matched at r = A. A 
discrepancy which cannot be overcome is due to the 
fact that at r = A the current  density is maximum 
under  the contact but  vanishes at r > A. No doubt the 
approximat ion of J only perpendicular  to the contact 
does not hold at the edge r ~- A, which affects the ap- 
plicabili ty of the theory less if A > >  d. The equat ion 
actually used in the measurement  ar rangement  can be 
obtained from Eq. [A-10] by superposition of the two 
potential  systems: current  io enters through probe t 
and leaves at infinity and current  io enters at infinity 
and leaves through probe 4. The ensuing logari thmic 
potential  drop has exper imenta l ly  been found to exist 
precisely. 
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Oxygen Ion Conduction of the Fluorite-Type Ce _ Ln O -.12 
(Ln = Lanthanoid Element) 

Tetsuichi Kudo and Hidehito Obayashi 
Central Research Laboratory, Hitachi, Limited, Higashi-koigakubo, Kokubunji, Tokyo, 185, Japan 

ABSTRACT 

The compounds Cel-xLnxO2-x/2 (Ln = lanthanoid element)  have been 
synthesized and the emf and resist ivi ty measurements  have been carried out 
be tween 400 ~ and 1000~ It~is found that  charge carriers of conduction in 
these compounds are oxygen ions above 600~ the oxygen t ransference num-  
ber being above 0.95 for all measured compounds. The resist ivi ty value for 
Ce0.~rGd0.23Ol.ss5 is 15 ohm-cm at 750~ which compares wi th  that  of calcia 
stabilized zirconia at 1000~ It is found that the dependence of the resist ivi ty 
on tempera ture  is described by 

p ---- (po)L exp (~EL/kT) + (Po)H exp (AEH/kT) 

for most of the compounds, where  the (po)'s and ~E's are empir ical ly deter-  
mined parameters.  The activation energies of conduction are determined by 
the compounds'  latt ice constant so long as the dopant concentrat ion is held 
constant. The act ivat ion energies increase as the dopant concentrat ion x 
increases and AEL and nEH coincide at x ~-- 0.4. 

There have thus far  been numerous studies on the ZrO~ family have at tracted less interest  and that a sys- 
ZrO2 family oxygen ion conductive solid electrolytes tematic approach is iacking. Severa l  compounds hay-  
( I -3) .  However,  it seems that systems other  than the ing oxygen ionic conduction have  been  reported by 

Singman (4), Mazelsky (5) and Iwahara  (6). These 
Key words: ionic conductor, solid electrolyte, cerium/lanthanoid 

oxide, solid solution, solid electrolytes, however,  exhibit  poorer char-  
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acteristics both in resis t ivi ty and t ransference number  
compared with  the ZrO2 family. 

Etsell  and Flengas (7) published an excellenr re-  
v iew on CeO~-base solid electrolytes as well  as ZrO2-,  
ThO2-base and other  solid electrolytes. 

The CeO2 family  oxygen ion conductive solid elec- 
trolytes have been widely  and systematical ly synthe-  
sized and their  propert ies invest igated in this paper. 
The compounds are represented in a general  formula 
Cel-xLnxO2-x/2 where  Ln stands for the t r iva lent  
lanthanoid e lement  ranging from Y, La, to Yb. 

Exper imenta l  
Sample preparation.--The oxides CeO2 (99.99% up, 

Shinetsu Kagaku K.K.) and Ln~O3 (99.9% up, Shinetsu 
Kagaku K.K.) were  precisely weighed and mixed  in 
an agar mortar .  The mix tu re  was pressed softly (0.5 
t/cm~) in a die and placed in an alumina boat. i t  w a s  

heated to 1300~ and kept at this tempera ture  for 8 
hr. The  pres intered sample did not show any 
foreign peaks other  than f luori te- type compound 
Cet-xLnxO2-x/2 in an x - r a y  diffraction pattern.  The 
sample was then ground in an agar mor ta r  to --325 
mesh. When needed, 3 mole per cent (m/o)  magne-  
sium w a s  a d d e d  as Mg(NO~)2. As a binder  1 weight  
per cent (w/o)  methyl  cellulose was added and ground 
again to --40 to --60 mesh. The powder  was pressed 
in a die at 3 t / c m  2, then placed in a Pt-40% Rh basket 
and s intered at 1800 ~ _+ 20~ for 2-3 hr in air. The sin- 
tered samples showed a porosity of less than 4% in all 
c a s e s .  

Oxygen ion transference number measurement.-- 
The average oxygen  ion t ransference number  To-2 is 
given by 

to-~ = E [1] 
RT 

�9 i n  p o2/P 0 2 )  
t p  -- ~ x 

4F 

where symbol E stands for the observed emf of the 
cell  

' O ( "  ' O2(p o2), P t /So l id  Elec t ro ly te /Pt ,  2 P o2J [2] 

In the exper iments  reported here, P"o2 =- 1 arm and 
P'o2 ---- 0.21 atm. 

For  measurement  of emf, a ver t ical  type gas flow 
apparatus was made, whose schematic profile is shown 
in Fig. 1. A 20 mm diameter  and 1-2 mm thick disk 
sample was sandwiched between silver packings to 
which ceramic tubes were  attached. The silver pack- 
ings ensure the gas tightness of the cell at e levated 
temperatures .  The gas t ightness was fur ther  ensured by 
a spring placed at the upper  end of the ceramic tube. 
A rotary pump vacuum test was carried out before 
each r u n t o  test for gas tightness. An inner gas guide 
pipe was placed in both the upper  and lower  rooms so 
that both electrodes were  exposed to fresh gas 
throughout  each run. Oxygen gas was introduced into 
the upper  room and air was introduced into the lower 
room. 

Income gas flow rates were  between 50 and 100 m l /  
rain, and the gas was not preheated. Calculated l inear 
flow rates for these conditions w e r e  around 0.5-1.0 
cm/sec assuring that  the gas is well  heated to the equi-  
l ibr ium tempera ture  of the furnace. The tempera ture  
of the sample was measured by a P t - ( P t - R h l 3 )  ther -  
mocouple and a cooling effect of incoming gas was 
proved to be negligibly small in the employed ex- 
per imental  conditions. 

Resistivity measurement.--The electricaI contacts 
were  made using pIatinum paste electrodes to both 
sides of a disk sample. An a-c impedance bridge 
method was employed usually. An RCT01 (1V[atsushita 
Electric) type f requency generator  was used, and the 
bridge was an BV-Z-1 (Yokogawa Electric) type di- 
rect reading impedance bridge. The f requency used 
was 1 kHz. In the a-c measurements ,  the resistance 
of the plat inum lead wire  was compensated. In some 

ring 
inlet 

0 2 outlet 

.'ramic tube 
as guide 

electrode 
lmpte 
j packing 

Pt wire 

"--air inlet 
Fig. 1. Schematic drawing of emf measurement cell. The cell is 

placed in a vertical type furnace and the temperature is controlled 
within •176  EMF was measured by a potentiometer. 

cases, d-c four-probe method was employed. In the d - c  

measurements,  30 X 10 X 5 mm rod samples were  
used. Two plat inum wires (0.3 mmr  which work as 
the potential  drop measurement  probes were  spanned 
on a flat and smooth alumina plate. The current  flow- 
ing porous plat inum paint electrodes were  attached to 
far ends of the rod sample. This rod was placed on that  
plate and on the sample was another  alumina plate on 
which a 100g plat inum rod was placed. This rod was 
used to ensure the contacts be tween the sample and the 
spanned plat inum probes. The potential  drop between 
two probes during the constant current  flow was mea-  
sured by a potent iometr ic  Hitachi QPD54 recorder.  At 
the initial stage of this work, plat inum wire  probes 
were  placed in 0.3 mm wide and 0.3 mm deep ditches 
surrounding the sample separated by 10 ram. However,  
it was assured that the above method gives the same 
result, therefore,  we have changed to the easier 
method. 

The uniformity  of the tempera ture  in the furnace 
was increased by covering a quartz  tube with 1 m m  

thick nickel tube. At the same time, one end of the 
n~ckel tube was grounded so as to el iminate electric 
noises from the externa l  field. 

X-ray diffractian.--Usually, Cu K~ or Fe K~ radia-  
tion were  used. The scanning speed was 2~/min ----- 1~ 
min. For the determinat ion of latt ice constants, dif- 
fractions from (620) and (533) planes were  used when 
Cu K~ was employed while  (422) and (511) planes 
were  used when Fe K~ was employed. For  some sam- 
ples, high tempera ture  x - r ay  diffraction measurements  



144 J. Electrochem. Sot.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

were carried out at tempera tures  be tween  room tem-  
perature  and 1000~ 

DTA measurement.--DTA measurements  were  car-  
ried out using a Type M8006 macro I)TA and a Type 
M8076 micro DTA apparatus (Rigaku-denki  K.K.).  
Sample weights were  1.7-1.9g for macro and 10- 
50 mg'  fo-~ micro D T A  measurements ,  respeeti~'e]y. 
The differential  thermocouple  used was P t - ( P t - R h l 3 ) -  
Pt  thermocouple  and one junct ion at tached to re fe r -  
ence (--A1203) worked  as tempera ture  detecting ther -  
mocouple. Measurements  were  carried out be tween 
room tempera ture  and 800~ and the speed of tem- 
perature  rise was fixed to 20~ throughout  all the 
measurements.  

Result and Discussion 
Crystal structure.--The compound CoO2 has a fluo- 

r i te - type  cubic crystal structure. When t r ivalent  lan-  
thanoid ions Ln (Ln = Y, La, to Yb) replace the Ce 
ion sites of the fluorite lattice, the modified formula  
is general ly  expressed as 

Ce +41 -=Ln+8zO-22-, /2 (Vo-2) Z/2 [3] 

where  Vo-2 stands for the oxygen ion vacancy gener-  
ated to compensate charges in the crystal. 

The CeO2-Ln203 system has a wide solid solution re-  
gion of f luori te- type lattice and the compounds 
Cel-xLnxO2--x/2 show the pure fluorite latt ice pat-  
tern  up to ca. x ---- 0.5. The latt ice constants of 
Cel-xLn~O2-x/2 (x = 0.3) are summarized in Table I. 
This table also contains several  three component  com- 
pounds, where  the sum of the substi tuting components 
is x = 0.3. As seen from this table, the latt ice con- 
stants decrease as the ionic radii  of the substi tuting 
ions become smaller. When the system contains two 
kinds of substituting ions, the latt ice constants fall into 
the intermediate  values of two respective single- 
substituting ion cases. Thus it appeared that  the lat-  
tice constant addit ivi ty rule  holds in the system 
Cel -xLnxO2-x/2. 

Figure  2 shows the latt ice constant change when 
the amount of Gd substi tution was changed. Magnesia, 
l ike LneO3, dissolves into the lattice to form a solid 
solution. This was proven by the fact that  the lattice 
constants of MgO-free compounds were  larger  than 
those of MgO-added compounds and the fact that  there 
were no x - r ay  diffraction peaks comprising MgO. The 
saturat ion of lattice constant at x ~ 0.4 does not neces- 
sarily mean that  the solubili ty l imit  exists at x = 0.4. 

Bevan, Barker, and Martin (8) in terpre ted  that  this 
saturation is due to the Gd 3+ ions and oxygen vacan- 
cies' strong interact ion and that  point defects are 
complexed. A similar phenomenon was observed by 
Brauer  and .Gradiger (9), and they also observed a 
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Table I. Lattice constants, AEL and AEH, and (Po)L and (po)H 
of conduction for the compounds Cel-xLnxO2-x/2 (x = 0.3) 

Lattice(e) AEL(a) AE~(a) (po)L(a) (po)H(4) 
Ln <a) const (A) (eV) (eV) (ohm-crn) (ohm-cm) 

Y 5 , 3 9 8  1 .12  0 .9 1  8 .5  x 10-5  1 .4  x 10  -8 
L a  5 . 5 0 3  0 . 9 4  0 , 8 1  7.3 x 10-~ 4 .0  x 10 4 
N d  5 . 4 6 0  0 . 9 6  0 .8 1  3 .0  x 10 -4 2 .7  x 10 -~ 
S m  5 , 4 4 2  0 .9 8  0 . 7 8  2 .5  x 10 4 4 ,4  x 10  -'a 
E u  5 . 4 3 3  1 .0 3  0 .8 1  8 .3  x 10-5  2 ,5  x 10  -'~ 
Gd 6,428 1,05 0.84 1.6 x 10 -4 2,0 x 10 -3 
Dy 6.406 1.12 0.86 5,8 X 10 -5 3.1 X 10 -3 
Ho 5.398 1.13 0.93 6.6 X 10-3 9.3 x 10 -4 
E r  5 . 3 9 1  1 .14  0 .9 3  6 ,8  x 10 .5 1 .0  x 10 ~ 
Y b  5 . 3 7 9  1 ,06  0 . 8 9  1.8 x 10-4 2 .1  x 10  -4 

ISm-4Ho (b) 5 . 4 0 8  i.ii 0 . 8 9  9 .6  x 10-5 1,7  X i0 -~ 
4 S m - l H o  5 . 4 3 4  0 . 9 9  0 . 8 1  2 ,2  x 10-4 2 .5  x 10 -~ 
I S m - 4 Y  5 . 4 0 7  I . I i  0 . 8 7  7 .8  x i 0  -5 1 ,8  X I 0  -3 
4 S m - I Y  5 . 4 3 4  1 .0 0  0 . 8 0  2 .4  x iO-~ 3 ,8  x i 0  "~ 
1 D y - I G d  5 . 4 1 7  1 .0 3  0 . 8 7  1,6 x 10-~ 1 ,5  X 10  ~ 

(a) S c a n d i u m  d o e s  n o t  f o r m  f l u o r i t e  l a t t i c e  w i t h  c e r i u m .  
(b) N o t a t i o n s  l i k e  I S m - 4 H o  m e a n  t h e  a t o m i c  r a t i o  o f  L n ,  t h u s ,  t h e  

e x a c t  f o r m u l a  f o r  1 S m - 4 H o  i s  Ceo.TSmo.oeHoo.2~O~.ss.  
(c) L a t t i c e  c o n s t a n t  v a l u e s  a r e  v a l i d  t o  t h e  f i n a l  digits. 
(d) A c t i v a t i o n  e n e r g i e s  a n d  (po ) 'S  a r e  v a l i d  w i t h i n  •  o f  t h e  

f i n a l  digits. 
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Fig. 2. Lattice constant change of Cel-xGdxO2-x/2 as Gd 
content is changed. Curves 1 and 2 represent data for MgO free 
and 3% MgO added samples, respectively. 

sharp decrease of lattice constant at x ~ 0.5. As the 
fluorite latt ice and the c- type Gd203 give quite similar 
x - ray  diffraction patterns, it is difficult to determine 
the solubili ty limit precisely by this method. In our 
measurements,  diffraction lines caused by the exist-  
ence of superlat t ice in the compounds which could 
appear for c- type oxide, were  not observed up to 
x ---- 0.5. Above this value, weak lines from superlat-  
rices were  observed. Thus, it is reasonable to conclude 
that  the system CeO2-Gd203 keeps the fluorite lattice 
up t o x =  0.5. 

F igure  3 shows the latt ice constant increase of the 
compounds Cet-~GdzO2-x/2 as the tempera ture  is 
raised. The change of the lattice constant is almost 
l inear regardless of composition, in the tempera ture  
range be tween room tempera ture  and 1000~ The 
average l inear expansion coefficient of these com- 
pounds as calculated from Fig. 3 is # ---- 12.6 X 10 -6 
~ -1 for the three compounds measured. The com- 
pounds Cel-zGdxO2-x/2 do not have any transitions 
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3 

800 

Fig. 3. Thermal expansion of lattice constants for Cel-x-  
GdxO2-x/2. Curves 1, 2, and 3 are for x ~ 0, 0.1, and 0.2. The 
average linear thermal expansion coefficient for these compounds 
are 12.6 X 10 -6  ~ -1. 
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observable by x - ray  diffraction in this temperature  
range. 

Oxygen ion transSerence number.--The charge car- 
r ier  of the conduction is considered to be 0 -2 ion. In  
this section, results of oxygen ion transference number  
measurements  are presented. 

F~ure 4 ~ the ~ change of oxygen ion transference 
number as the temperature is changed. The emf mea- 
surement cell setup was expressed in Eq. [2]. 

At temperatures lower than 400~ the resistivity is 
so high that it prohibits the emf measurements. The 
emf value deviated from the theoretical one at tem- 
peratures below 6.00~176 for all samples. The rea- 
sons were considered to be as follows. The porous 
platinum paste electrode does not function as a re- 
versible oxygen electrode at lower temperatures, sug- 
gesting a reaction polarization becomes critical at these 
temperatures. In this sense, Fig. 4 does not show the 
correct transference numbers for these samples at 
temperatures below 600~176 Silver electrodes 
would have been better at lower temperatures as re- 
versible oxygen electrodes. Above these temperatures, 
however, all the investigated compounds showed stable 
and reproducible emf values. The transference number 
for Cel-xLnxO2-x/2 (Ln = Sm and Dy) saturates at 
0.95-0.96, whereas the other compounds containing Nd, 
Gd, and Er gave uni ty  as their transference number.  
The reason of deviation of transference number  from 
uni ty  in the cases of the compounds containing Sm and 
Dy is no% known yet, however, the porosities of the two 
samples were measured to be a little larger than the 
other samples suggesting there existed some open pores 
in these samples. 

From these data and in view of the analogy of crys- 
tal s t ructure with ZrO2, it was concluded that the 
charge carrier of conduction in Cel-x-LnzO2-z/2 in  air 
is the oxygen ion. 

Resistivity measurement.--Figures 5 and 6 show the 
relat ion between log resistivity and the reciprocal tem- 
perature for the compounds Ce0.TLn0.8Ol.s5 (Ln :- Y, 
La, Eu, Sm, Gd, Dy, Ho, Er, and Yb). All  plots show 
the two differing slope lines. Around the intersection 
of two lines, however, data deviated from l inear  lines 
toward the high resistivity side. The resistivity values 
of these compounds are very small (1/10 to 1/1000) 
compared with those listed by Etsell and Flengas (7). 
However, the resistivity measurements  by a-c and d-c 
methods gave good agreement  and they are quite re-  
producible as shown by the plots in Fig. 5 and 6, it is 
believed that  our data represent  t rue resistivities for 
these compounds. 

Figure 7 shows the resistivity isotherms against lat-  
tice constant. In  these plots, resistivity values p were 
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Fig. 4. Oxygen ion transference number of the compounds 

Cel-xLn~O2-:c/2 (x ~ 0.3).Curves 1-5 are for Ln --~ Nd, Sm, Gd, 
Dy, and Er. 
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Fig. 5. Arrhenius plot of resistivity for the compounds 
Cel -xLnxO2-z /2  (x ~ 0.3). Lines 1-5 are for Ln ~ Y, La, Nd, 
Sin, and Er. Filled circles are for rising temperature, and open 
circles are for lowering temperature measurements. 

corrected in consideration of samples' porosity accord- 
ing to Juretschuke's  formula (10) 

1 - - e  
p -- - -  pob, [4] 

e 
1-} - - -  

2 

where symbol e stands for the porosity of samples. 
Each isotherm has its min imum resistivity value at a 
certain lattice constant. This provides a guideline for 
the minimizat ion of the resistivity at various tempera-  
tures. For example, in order to get a low resistivity 
solid electrolyte at 800~ it would be advisable to in-  
vestigate the compositions whose lattice constants 
range from 5.43 to 5.44A. The fact that there exists a 
min imum resistivity vaIue in  the resistivity and lattice 
constant plot suggests the existence of a certain com- 
pensation rule  between pre-exponent ia l  term po and 
the activation energy ~E in the Arrhen ius - type  for- 
mula. 

The resistivity change of the compounds 
Cel-xGdxO2-x/2 vs. temperature  is shown in Fig. 8. 
At temperatures  lower than 350~ some samples 
showed small hE of conduction which suggested the 
onset of an electronic conduction; however, the data 
were lacking in reproducibili ty.  

In  the temperature  range where the oxygen ionic 
conduction is predominant,  the plot of resistivity vs. 
the reciprocal temperature  could well  be approximated 
by two l inear lines. Similar  results were obtained by 
Bauerle and Hrizo (11) for (ZrO2)0.90(Y203)0.10. They 
proposed two hypotheses which yield such a tempera-  
ture dependence; one being the vacancy t rapping by 
y t t r ium ions, and the other, the grain boundary  effect. 
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These hypotheses are open to discussion, however,  if 
the log p vs. T-1 relat ion was approximated by the two 
l inear lines, it means that  we assumed two Arrhenius= 
type formulas 

p : (Po)L exp (AEL/kT) lower  temp region 
[5] 

p ---- (Po) H exp (AEH/kT) higher  temp region 

Then the tempera ture  range could appropriately be 
divided into two regions, the boundary being the in ter-  
section point of the Arrhenius  plot. The calculated 
(po)'S and ~E's are listed in Table I. The lower  tem-  
perature  region has a larger  act ivation energy and the 
higher  tempera ture  region has a lower activation 
energy. The activation energy of CEO2-15% La203 as 
given by other workers  are 14.7 (12) or 2~1.0 (4) kca l /  
mol (0.64 or  0.91 eV).  Our results of activation energy 
for Ln doped compounds fall in the range of 0.?7- 
0.93 eV for high tempera ture  region conduction. Thus, 
data by Croatto and Mayer  (12) seem to be too small. 
The calculated activation energies of conduction were  
in terpreted in terms of latt ice constant. The result  is 
shown in Fig. 9. 

The lattice constant ao of Ce0.TLn0.301.s5 changes in 
the range f rom 5.38A (Ln ---- Yb) to 5.50~ (Ln ---- La) .  
The activation energies of conduction AEL and AEH 
pass the max imum values at ao = 5.39A, then they de- 
crease as the lattice constant becomes larger. In the 
range where  ao ~-- 5.45A, both act ivation energies AEL 
and AEH seem to be determined not by the kind of 
lanthanoid elements but by the value of latt ice con- 
stant. 

If the dopant concentrat ion x is varied, the above 
discussion no longer  holds. F igure  10 shows the act iva-  
tion energy change when  the dopant concentrat ion x 

_ ,  

5.36 5.44, 550 
lattice constant (~,)  

Fig. 7. Resistivity isotherms as summarized vs. lattice constant 
for the compounds C e l - x L n x O 2 - x / 2  (x - :  0.3). 

is varied for the compounds Cel-xGdxO2-x/2 (0 ~- x 
0.5). As seen from this figure, the activation energy 
remains comparably constant in the range x --~ 0.2. The 
values increase rapidly as x is increased in the range 
where  0.3 --~ x --~ 0.4. The sharp increase of activation 
energies in this range is paral le led by the saturat ion 
range of latt ice constants. We suggested that  interac-  
tion between vacancy-vacancy and vacancy-doped ion 
begins to start. Here, again this sharp increase could 
be at t r ibuted to this effect reducing the mobil i ty  of 
oxygen ion vacancies. Above x ---- 0.4, the activation 
energies of lower  and higher  tempera ture  regions co- 
incide and the value increases gradual ly  as x is in- 
creased. Heyne (13) argues that in stabilized ZrO2, the 
conductivity increase cannot be interpreted by the 
simple concept of a conductivity proportional to the 
vacancy concentration. In CeO~ base compounds, how- 
ever, this concept can explain the increase of conduc- 
tivity at least in the range x --~ 0.2. 

As mentioned before, the cause of the existence of 
two activation energies of O -u conduction is not known 
at present, however, it was observed by DTA measure- 
ments that the base line of the DTA curve deviates to 
the endothermic side at temperatures  near 500~ for 
the comFounds Cel-xGdzO2-x/'~ (0 --~ x ~ 0.5) suggest- 
ing an increase of the specific heat  of the compounds. 
This increase does not necessarily mean the existence 
of transit ion in the crystal  lattice as x - ray  measure-  
ment  revealed no pat tern change between lower and 
higher  temperatures.  However,  it seems l ikely that  
some higher order transit ion other than latt ice type 
change occurs around 50.0~ and that this is the reason 
for the existence of kinks in the Arrhenius  plots of 
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Fig. 9. Activation energy of oxygen ion conduction for the 
compounds Cet-zLnzO2-z/2.  Curves 1 and 2 are for low and 
high temperature regions. 

resistivity. Fur ther  study is underway and the results 
will be published elsewhere. 

Conclusion 
The CeO2 .base fluorite-type solid solution 

Cel-xLnxO2-x/2 (Ln ----- lanthanoid element)  can be 
characterized as a family of good conductive oxygen 
ion solid electrolytes. The following are the conclusions 
derived from this study. 

1. The transference number  Of the oxygen ion as 
measured by an emf cell method using the oxygen con- 
centrat ion cell is greater than 0.95 at temperatures  
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Fig. 10. Activation energy of oxygen ion conduction for the 
compounds Cel-xGdzO2-z/2.  Curves 1 and 2 are for low and high 
temperature regions. Above x = 0.4, both activation energies co- 
incide. 

above 600~ for Cel-xLnzO2-z/2 (Ln -- Nd, Sm, Gd, 
Dy, and Er) .  

2. The compounds Cel-xLnxO2-x/2 (x -- 0.5; Ln  ~- 
Y, La, Nd, Sin, Eu, Ho, Er, and Yb) are single phase 
fluorite-type solid solutions. The compounds containing 
Sc do not form a solid solution in the same range. 

3. The Arrhenius  type plot of resistivity is well ap- 
proximated by two linear lines in the temperature 
range T --~ 400~ At lower temperatures electronic 
conduction is observed in some compounds. The resis- 
tivity of Cel-xGexO2-x/2 (x ~ 0.23) at 750~ is 15 
ohm-cm which rivals the value of calcia stabilized 
zirconia at I000~ The slope of the Arrhenius p]ot 
gives the activation energy of oxygen ion conduction, 
the value of which is determined by the dimension of 
the crystal lattice so long as dopant concentration x is 
kept constant. For x -- 0.3, ~E's pass the max imum 
values at ao -- 5.39A. 
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Charge Storage and Stoichiometry in 
Evaporated Alumina 

Electron Beam 

Konrad M. Eisele 
Institut fuer Angewandte Festkoerperphysik, FreiSurg, Germany 

ABSTRACT 

Alumina  films have been evaporated by means of an electron beam onto 
metal  electrodes on ceramic substrates. A meta l -oxide-meta l  s tructure has 
been subjected to an electric field and the result ing charge storage measured 
by recording the short circuit current. The charge storage has been related 
to the stoichiometry of the a lumina film which in tu rn  has been influenced by 
the beam power or by postdeposition treatment.  The effect of electric field 
and temperature  on the charge stored has been studied. 

In a recent publication (1) a luminum oxide films 
have been examined for their abil i ty to act as a barr ier  
against alkali ion migration. This property makes such 
films useful as a passivation layer for integrated cir- 
cuits. In these applications a low tempera ture  process 
to generate the A12Q film is desirable. For this reason 
electron beam evaporation was considered. 

It is known that this method yields A12Q films which 
are nonstoichiometric to various degrees. Hoffman and 
Leibowitz (2) showed that the stoichiometry can be 
regulated by controlling the potential  of the substrate 
in such a way that  secondary or reflected pr imary  elec- 
trons coming from the hearth cannot bui ld up charge 
which repels arr iving oxygen ions. Whenever  oxygen 
atoms emanate from A1203 under  electron bombard-  
ment, part  of these will be pumped away by the vac- 
uum system and necessarily a certain lack of stoichi- 
ometry must  result. 

To study the electrical properties, especially charge 
storage as related to the stoichiometry of the oxide, we 
manufactured A1-A1203-A1 sandwiches by means of an 
electron gun. 

The Metal-Alumina-Metal Capacitor 
The active area of the device (Fig. 1) was 0.185 cm 2, 

and the oxide thickness varied between 4,200 and 
28,000A result ing in capacities from 150 to 24 p f / mm 2. 
The substrate was glazed ceramic. The structure was 
obtained by evaporating through nickel masks; no 
etching was employed. Four different metals were used 
as electrodes. The deposition rates of the a luminum ox- 
ide varied from 10 to 400 A/min.  The power of the 
electron beam determined the deposition rate but  also 
the decomposition of the source material. 

In view of Ref. (2) the quant i ty  of stray electrons 
responsible for charge bui ldup increases with the 
power of the pr imary  beam. In our ar rangement  the 
masking device as well as the bottom electrode was 
grounded, so that secondary or reflected pr imary  elec- 
trons moved between points of equal potential, i.e., be- 
tween the grounded hearth and the substrate. 

At a power level of about 320W (4 kV, 80 mA) a blue 
glow appeared over the source material.  The pressure 
in the vacuum system, usual ly in the low 10 -6 Tort  
range, increased at this point indicating the l iberat ion 
of oxygen from the a luminum oxide. With greater 
beam power the result ing A1208 film became increas- 
ingly darker  in color. In addition the source material  
turned dark indicating loss of oxygen. 

The influence of the electron beam acceleration volt-  
age on the film composition was established by electron 
microprobe analysis and then correlated with the 
charge storage measurements.  The index of refraction 
was derived from ellipsometer readings as being 1.762 
compared to 1.765 for the bulk  material  and was the 
same for all samples. Electron diffraction analysis re- 

Key words: AI~C~ films, stoichiometry, charge storage. 

vealed no crystallinity. The electrical measurements  
could not distinguish between films deposited at var i -  
ous substrate temperatures  in the range from 670 ~ 
to 77~ The best films were able to withstand fields as 
high as 5 • 106 V/cm. 

Comparative measurements  will be presented of two 
samples designated D2 and D4 representing the typical 
properties obtained with low and high beam power, re- 
spectively. For plate D2 the evaporation of the A1203 
was performed with low beam voltage (2.9 kV; 125 
mA) and correspondingly low deposition rate (110 A/  
rain). The film was clear, of very low conductivity, and 
exhibited low charge storage. In contrast D4 was de- 
posited with high beam voltage (8 kV, 170 mA) at a 
rate of 410 A / m i n  which resulted in a dark film with 
a relat ively high conductivity and charge storage. Be- 
tween these extremes, various degrees of oxygen de- 
ficiency were produced. 

Charge Storage in the Aluminum Oxide 
Trap states have been encountered in various experi-  

ments  with insulat ing films. They can store charge to 
change the space charge distr ibution in the insulator 
(3). Because the number  of free electrons in an in-  
sulator is very small, a relat ively small number  of 
electrons getting trapped will suffice to change the 
charge distr ibution markedly.  

One can assume that at a given temperature  an equi-  
l ibr ium situation is established whereby a certain n u m -  
ber of the traps are charged. If the metal -oxide-metal  
sandwich is now connected to a bat tery (Fig. 2), elec- 
trons will fill traps at the negative electrode and will 
leave them at the positive electrode. After the sample 
is disconnected the charge distr ibution is no longer in 
equil ibrium. If the two metal  electrodes are then 
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Fig. 1. Sample structure 

148 



Vol. 122, No. 1 CHARGE STORAGE AND STOICHIOMETRY 149 

I,I,I, 
~ ~ 

o.& o 

o:o 
IOo~176 

i O0 0 

~ O O O 

o 

o 

CHARGE 
POSITION 

DISCHARGE 
POS I T ION 

CURRENT 
METER 

Fig. 2. Principle of charge storage measurement 

shorted by an external  conducting loop the electrons 
will flow in such a way as to restore equil ibrium. This 
current  was measu red  to investigate the number  and 
the behavior of the trap states. 

It is necessary to note that if the t rapped charge 
was uni formly  distr ibuted in the oxide, no current  
would be measured in the outside loop. For this reason 
it is not ent i rely obvious that the measured current  is 
proportional to the charge stored. 

The following observation induced us to use this cur- 
rent  as a representat ive quant i ty  for invest igat ing the 
a lumina  film. The stored charge increased measurably  
with the t ime the capacitor was connected to the volt-  
age source but  only dur ing the first 30 rain and stayed 
constant thereafter.  Charging times of several hours 
did not equalize the charge dis tr ibut ion which would 
have resulted in a reduced or vanishing discharge cur-  
rent. There was also no saturat ion observed with in-  
creasing fields. In several attempts the voltage was 
increased to produce fields of 6 • 106 V/cm unti l  
breakdown occurred without the measured charge lev- 
eling off. In films that had low leakage up to high 
voltages, the increase of charge storage with voltage 
was close to linear. An example is presented in Fig. 3. 

There have been cases (4) reported in which the 
charge distr ibution was opposite to the si tuation de- 
scribed here. But the reproducibil i ty and the consis- 
tency with which we found the electron-inject ing elec- 
trode always next  to the volume of higher charge stor- 
age lead us to accept the current  as a measure of the 
number  of chargeable traps present. 

For comparative measurements  the voltage applied 
was 48V, the charging t ime was chosen to be 1 hr and 
so was the discharge %ime over which the current  was 
integrated to determine the charge stored, although 
the discharge continued for several hours more. The 
contr ibut ion of the capacitive discharge to the recorded 
charge was not measurable  because the RC product of 
the circuit was always < 10-~ sec, too small  to appear 
on the graph. 

Four  methods are available to influence the oxygen 
content of the film: (i) to evaporate at various oxygen 
pressures, (ii) to use different acceleration voltages on 
the electron beam, (iii) to control the substrate poten-  
tial, and (iv) to heat the film in an oxidizing atmo- 
sphere. Table I lists the results of an exper iment  on 
three plates each with several capacitors. The film sub- 
jected to the most intensive oxidation process showed 
the least charge storage. Even more conclusive evi- 
dence is obtained when the same film is successively 
subjected to various degrees of oxidation. To this end 
the charge storage of a device was measured before and 
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after heating to 350~ in air for 6 hr. The average 
charge storage changed from 1440.8 to 165 nC. This 
change in storage capability supports the argument  that 
the traps are associated with missing oxygen atoms. 

To exclude the possibility of the hea t - t rea tment  
alone reducing the traps, a plate was prepared on 
which the film was measured after manufacture,  then 
fired at 380~ for 7 hr in dry hydrogen, and finally 
fired at 380~ for 7 hr in oxygen. The results for two 
samples are listed in Table II. No appreciable change 
was observed after the hydrogen firing, but  the oxygen 
firing did reduce the trap density. 

The dependence of the charge storage on tempera-  
ture is shown in Fig. 3, which is typical of the many  
graphs plotted. When the dielectric is heated it stores 
considerably more charge than when cold. Conversely, 
when the film is cooled to l iquid ni t rogen temperature,  
charging or discharging of traps stops immediately.  
Discharge will continue after warm-up  at the rate ob- 
tained prior to immersing the plate in  the coolant. While 

Table I. Effect of exposure to oxygen during and after deposition 

Thick-  Charge  stored 
ness, A x 10 9 coulombs 

Hot substrate  2393 
High beam power  6890 
Vacuum 10 -~ Torr  2335 

Hot subst ra te  1151 
High  beam power  5400 889 
Os pressure  10 4 Torr  851 

Plate fired at 400~ in 12 
oxygen  6860 48 

Table II. Test slide with aluminum electrodes and alumina 
dielectric 15,000 ~ thick 

Trea tmen t  af ter  Charge  stored 
deposit ion of AlsOa x 109 coulombs 

None 986 
776 

Fi red  in dry H2 870 
380~ 7 hr  793 

Fired  in 02 270 
380~ 7 hr  266 
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the substrate is at l iquid ni t rogen temperature,  no 
charge can be stored. 

In many  samples the charge storage was not sym- 
metric with respect to polari ty even though both elec- 
trodes were of the same material .  Almost invar iably  the 
larger amount  was stored when the negative electrode 
was on top, that is, near  the oxide that had been de- 
posited last. The source material  has been subjected to 
electron bombardment  for a longer t ime and conse- 
quent ly  was more oxygen depleted. 

Critical comparisons between various metal elec- 
trodes have to be made on the same slide. To this end 
a slide was prepared on which the bottom electrodes 
were all a luminum and only the top electrodes differed. 
They were of gold, copper, a luminum, and indium. The 
results are listed in Table III. Gold achieved the largest 
storage and a luminum the least. This was also evi-  
dent from a slide (Table IV) in which the top and bot- 
tom electrode were of the same metal. Unfor tunate ly  
the barr ier  heights of these metals against A120~ pub-  
lished by Hurst  and Ruppel  (5) do not explain the 
variat ion in  charge storage. More recent measurements  
of the A1-AleOs-A1 work function (6, 7), differ sub- 
s tant ial ly from those of Hurst  and Ruppel. For ther-  
mal ly  oxidized a luminum Gundlach (6) measured 1.6- 
1.8 eV; for an a luminum electrode evaporated onto 
the oxide he measured values larger than 2.3 eV. 
Antula  (8) also reports that the barr ier  in question 
depends on the process by which the A1203 film was 
made. This adds more complexity to the problem but 
may provide the key to the differences in conductivity 
of the various samples. 

Under  the assumption of the traps being distr ibuted 
in the bandgap, L indmayer  (8) derived a 1/time de- 
pendence of the discharge current. Although we did 
find a 1/time dependence (Fig. 4) for some of the sam- 
ples, a 1 / t  m with m ---- 0.35 . . . 0.44 was frequently 
found. 

D-C Measurements  
As mentioned earlier, the insulat ing films of the 

plates De and D4 were produced with low and high 
beam voltage, respectively. Correspondingly their  
charge storage differed widely. D2 stored 45 nC and D4 
350 nC. These plates were chosen for the I-V measure-  
ments. A process considered re levant  for the t ransport  
of electrons in the AtsO3 film is the Poole-Frenkel  ef- 
fect. The electrons tunne l  into trap states from which 
they escape again by field-enhanced thermal  excitation 
to be trapped again further  down the field. This process 
repeats unt i l  the opposite metal  electrode is reached. 
Following Mead's analysis (10) log I is plotted vs. v ~/2 

Table III. Test slide with aluminum bottom electrode and alumina 
dielectric 6000 .~ 
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Fig. 4. Discharge current vs .  time 

in Fig. 5. The dashed line represents the slope obtained 
from the equation for space charge l imited current  
using the static dielectric constant of c ---- 8. The cor- 
responding current  density is 

J1 ---- C1E exp {(fly 1/2 -- q r  [1] 
with 

fl = ~ / q 3 / n  seo  d [2] 

where Ci is a constant, E the electric field, v the volt-  
age, r the depth of the trap potential  well, q the elec- 
tronic charge, and d the thickness of the film. If the 
current  is controlled by the metal - insula tor  barr ier  
rather  than the bulk of the dielectric, the slope is half 
of the value in Eq. [2]. This is entered in Fig. 5 as a 

- 6  

-7  

Charge stored x 109 coulombs Capacity, - 8  
Top electrode Top pos. Top neg. pf 

Gold 2395 2413 2018 
2449 2874 H 

Copper 1705 1585 1983 ~) 
1899 

- 9  
Indium - -  705 2015 

Aluminum 391 341 1987 

Table IV. Test slide with 6000 .~ alumina film 

Charge stored 
Electrode material x iO ~ coulombs 

Gold-gold 75,630 
67,760 

C o p p e r - c o p p e r  25,220 
25,666 

Indium-indium 25,160 
Aluminum-aluminum 678 

679 

--I0 
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Fig. 5. Current-voltage characteristics 
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dotted line. For  high fields the logari thm of the current  
followed a straight line. The current  depended on the 
electrode material,  the polarity, and it showed differ- 
ences for oxides obtained under  various conditions. 
Usually a dependence of current  on polari ty suggests 
an electrode-controlled t ransport  mechanism. In the 
case presented here a sensit ivity to polarity may be 
caused by differences in the oxide deposited at the be- 
ginning and the end of the evaporation as ment ioned 
previously. The vertical position of the current-vol tage 
curve is governed by the potential  barr ier  ~ and the 
density of the trap sites. The lat ter  depends on the oxy- 
gen deficiency as derived from charge storage measure-  
ments. The slope of the straight section of the plot is 
controlled only by the dielectric constant and the 
thickness of the film. The question arises as to which 
dielectric constant  should be used (11). The bulk  di-  
electric constant  of highly crystall ine A1203 is as high 
as 13 from d-c to microwave frequencies and 3.1 at 
optical frequencies. The dielectric constants of these 
films were measured to be between 7.3 and 9.8, a dif- 
ference too small to explain the differing slopes of the 
I-V characteristic in Fig. 5. 

The current  t ransport  by means of trap states is t em-  
pera ture  dependent  as required by  Eq. [1]. From 
charge storage measurements  we recall that at some 
temperature  below 0~ the movement  in and out of 
traps was unmeasurable .  Therefore, if we measure the 
dependence of the current  on temperature  we should 
find a corresponding behavior. This is indeed borne 
out by measurements  plotted in Fig. 6. Below 260~ the 
current  is independent  of temperature  as seen with 
sample D6 which was typical of those measured over 
the available tempera ture  range. Above 400~ the cur- 
rent  rises steeply. The slopes of the straight portions 
of the current  rise in Fig. 6 can be used to calculate the 
activation energy of the traps. To this end we write Eq. 
[1] as follows 

1 ( ~  vl/2 q ~ )  
In J ---- in  C -b In E - - - -  

T k k 

where the term in brackets represents the slope of the 
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Fig. 6. Dependence of current on temperature 

straight port ion of the curve (D4) and the remaining  
terms the current  for 1/T : O. Both numbers  are ob- 
tained from the graph and yield ~ ----- 1.08V and C 
3.67 �9 10 -4 A V -1 cm -1. 

On the other hand we can write Eq. [1] as 

kr + k7 

and obtain from l n ( J /E )  for V :-= 0 again a value for r 
by using the constant C calculated above. Sampie D4 
on Fig. 5 follows most closely the characteristics of a 
Poole-Frenkel  mechanism and was chosen for the cal- 
culation. The trap depth found from this measurement  
was r = 1.13V. The agreement  with the r from the 
thermal  analysis is sufficiently good to permit  the 
Poole-Frenkel  conduction to be assumed relevant  for 
the current  t ransport  in this a lumina  film. 

At low temperatures  thermal  excitation cannot be 
part  of the electron transport  through the film. A proc- 
ess that  depends only on the field is more appropriate. 
Electrons are tunne l ing  from traps into other traps 
further  down the field and eventual ly  into the conduc- 
tion band. The current  is given by (13) 

I2 = C2 E/Eo exp( - -  Eo/E) 

where Eo is a function of the energy level of the trap 
site and the effective electron mass. At l iquid ni trogen 
temperatures the current  depended l inear ly  on the 
voltage and only above 106 V/cm did the current  rise 
faster than  ohmic. 

Electron Microprobe Analysis 
For this examinat ion a lumina  films 0.30 ~m thick 

were deposited with a beam current  of 50 mA and the 
voltage set at various values between 3 and 7 kV. The 
material  was A120~ pressed into pellets with a specified 
puri ty  of 99.9%. The beam energy of the microprobe 
was 4 keV. The depth of the analyzed region was 0.17 
~m, the x- ray  emergence angle 41% and the density of 
the film 3.15 g/cm 3. The peak- to-background ratios 
were for 

Typically Best 

A1 630/1 1026/1 
O 38/1 80/1 
Si 724/1 1682/1 

the m i n i m u m  detectabil i ty l imits were for 

Typically Best 

A1 150 ppM 115 ppM 
O 3000 ppM 1317 ppM 
Si 160 ppM 90 ppM 

In Fig. 7 the a luminum content  in atomic per cent 
based on 12 analyses per point and the deposition rate 
is plotted vs. the beam power. The dashed line repre-  
sents stoichiometric proportions allowing for an im-  
puri ty  of 0.14 atomic per cent (a/o) of silicon which 
was found  in the average in all samples. An increase 
in a luminum content  for the high beam power is ap- 
parent.  This corroborates the conclusion that high 
beam power during evaporat ion of A120~ results in 
oxygen deficiency of the film; hence, its dark appear-  
ance and the large effect which anneal ing these films in 
oxygen had on the charge storage. 

For the samples obtained with 4 and 5 kV beam volt-  
age the microprobe has indicated less a luminum than  
would be expected for stoichiometric proportions. We 
cannot offer.a simple explanation, but  one could argue 
in the following manner :  the dashed line in Fig. 7 
would be at 40 a/o if the A1203 were absolutely pure. 
Because of the detected silicon content, the l ine has 
dropped to 39.86. If there were other impurit ies not  de- 
tected by the microprobe, the l ine would run  even 
lower and then fall close to the measured points of 
a luminum.  For very low evaporation rates (3 kV beam 
voltage) the source mater ial  turned dark  slowly, but  
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Fig. 7. The composition of the film and deposition rate for vary- 
ing beam power. 

because of the long times involved it became suffi- 
ciently oxygen depleted to result  in poor films. 

Summary 
Aluminum oxide films deposited by an electron 

beam are a luminum rich; the degree of enr ichment  in-  
creasing the higher the beam power. The charge stor- 
age in the oxide is very sensitive to the degree of stoi- 
chiometry achieved. The charge storage capacity can be 
used to qual i tat ively grade the films and to study 
changes on postdeposition treatments.  The d-c con- 
ductivity increases with decreasing oxygen content. 
For low conductivity, the oxide should be evaporated 
with a moderate beam power unless the method of 
Hoffman and Leibowitz is used. However, it is evident  
that even if electrons are prevented from striking and 
charging up the substrate, oxygen will still be lost 
through the pumping system and so not be available 
for complete stoichiometry of the oxide. Postdeposition 
heating in oxyg.en or air reduces both the charge stor- 
age capabili ty and the conductivi ty as is expected from 
the t rapping model used to interpret  these experi-  
ments. There is a dependence on polarity due to the 

loss of oxygen from the source material  during the 
whole evaporation time. This means that the source 
material  becomes increasingly a luminum rich dur ing 
the deposition process. These part icular  properties may 
become of importance if electron gun evaporated A1208 
finds application in the manufacture  of integrated cir- 
cuits. It  would also be a means of obtaining electrets 
(14). 
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Synthesis of Rare Earth Oxysulfide Phosphors 
Douglas W. Ormond* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

and Ephraim Banks* 
Department o5 Chemistry, Polytechnic Institute of New York, Brooklyn New York 11201 

The rare earth oxysulfide phosphors have been of 
great interest  recently due to their  widespread applica- 
tions in color television and in l ighting (1, 2). Also 
these phosphor systems lend themselves easily to theo- 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
K e y  words :  l uminescence ,  phosphors ,  y t t r i u m  oxysul f idc ,  l u t e t i u m  

oxysulf ide ,  g a d o l i n i u m  oxysulf ide ,  l a n t h a n u m  oxysul f ide .  

retical studies regarding luminescent  mechanisms (3- 
5). 

Though much information has been published about 
the synthesis of these compounds, a great deal has 
been deleted. This report describes the development of 
a clearly defined and reproducible method of synthesis 
of rare earth oxysulfides and phosphors derived from 
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them. The method involves the reaction of the sesqui- 
oxide with carefully controlled N f: H20: H2S gas mix-  
tures at temperatures  near 1200~ 

There are numerous  routes that  will yield rare earth 
oxysulfides. Some of them are as follows: (i) partial  
hydrolysis of the sesquisulfide (6); (ii) reaction be-  
tween oxide and hydrogen sulfide (7, 8); (iii) direct 
union of oxide and sesquisulfide (9); (iv) reaction of 
oxide with thioacetamide (10); (v) reduction of sul-  
fates with carbon monoxide, or hydrogen (11, 12) ; (vi) 
reduct ion of sulfates with an inert  atmosphere which 
contained a small amount  of hydrogen and hydrogen 
sulfide (8); and (vii) solid-state reaction utilizing a 
flux (13). 

At the t ime of this investigation we were required 
to choose the proper synthesis route that would insure 
phosphors of the highest chemical purity, the reason 
being the ul t rahigh resolution spectroscopy that was 
being performed on the final product by Severs and 
Yoshioka (14, 15). With ul t rahigh p u r i t y  of the final 
product as the guiding factor, it was felt that the direct 
reaction between the rare  earth (RE) oxides and hy-  
drogen sulfide gas would be the best approach. 

Eastman and Brewer (16, 17) have published many  
papers regarding RE oxysulfide preparat ion using dry 
H2S firings. Hayes and Brown (8) used a similar ap- 
proach. We started our investigation t ry ing  to repro- 
duce these eaHy works. One problem cropped up again 
and again. The problem was that the RE oxide would 
either be underfired (excess oxide left) or overtired 
(higher sulfide, discoloration present) .  Temperature,  
concentrat ion of I-IfS, moisture present, s tart ing ma-  
terials, and firing t ime were all too critical under  the 
conditions stated in the l i terature;  but  by varying the 
concentrat ion of HfS and also the amount  of H20 pres- 
ent, we were able to control the reaction significantly. 
The water  vapor kept the reaction from going too far 
and forming higher sulfides. In  addition, the concen- 
t rat ion of HfS needed to be controlled. This was ac- 
complished by mixing  the HfS with an  iner t  gas, 
namely  nitrogen. 

Experimental Procedure 
In  order to insure dispersion of the activator in a 

homogeneous manner ,  the 99.999% pure rare earth ox- 
ides were dissolved in a m i n i m u m  amount  of nitric acid 
and then precipitated as the oxalates by slowly adding 
a 100% excess oxalic acid solution to the ni t rate  solu- 
tion. The dried oxalates were then ignited to the oxides 
by firing in air at approximately 1000~ for 2 hr. Tb-  
and Pr -con ta in ing  oxides can be retired in dry H~ to 
insure that the activator is in the + 3  state. 

A large var iat ion of firing conditions was tried. Ex-  
per imenta t ion with a "dry" N2:HfS type of arrange-  
ment  quickly proved that the synthesis parameters in-  
volved, such as Nf: HfS ratio, firing temperature,  firing 
time, and amount  of charge in  the. firing vessel, were 
too critical. This procedure was usual ly  too long and 
drawn out. It involved a series of firings to achieve 
the desired end product, Ln202S. Samples would usu-  
ally be underflred (excess Ln2Os) or overtired (dis- 
coloration indicating higher sulfides). 

In  the former case, the remedy involved repeated 
"dry" Nf: HaS firings, while in  the lat ter  case, a wet N2 
firing yielding Ln20~, was prerequisi te to subsequent  
"dry" N~: HaS firings. Though the rare earths are often 
supposed to behave chemically in  the same manner ,  
La203 was exceptionally sensitive to overreacting to 
form some sort of higher sulfide. Y203, Gd2Os, and 
Lu203 were not found to be as sensitive in  this regard. 

To be able to control the oxysulfide synthesis more 
precisely several "wet" HfS firings were  tried. Water  
was introduced into the system by bubbl ing  H2S 
through a heated flask of water. The tempera ture  of 
the water  was held constant by  means of a hot plate. 
Through temperature  control, one is able to regulate 
the amount  of water vapor being mixed with the HfS, 
uti l izing the temperature  dependence of the vapor 

pressure of water. Indeed, water  was found to be effec- 
t ive in controlling the process. 

Through a series of trial  and error type experiments,  
close to opt imum synthesis parameters  were estab- 
lished for the general  series of Ln202S phosphor sys- 
tems, namely  for LafOfS, YfO2S, GdfOfS, and Lu2OfS 
phosphors During this final process, more water  was 
added to the system, to extend the firing time of the 
reactions, thus allowing for bet ter  recrystall ization to 
take place as indicated in  Fig. 1. Also an even lower 
H2S concentrat ion was used since one experiment  
showed an increasing t rend in brightness with lower 
HfS concentration. The opt imum conditions finally es- 
tablished for the general  synthesis of LnfOfS type 
phosphors are the following: n i t rogen flow, 147.0 cm3/ 
min;  H2S fiow, 35.,0 cm3/min; water temperature,  95 ~ ___ 
2~ firing temperature,  1150 ~ ___ 10~ firing time, 1.5 
hr; firing charge, approximately 2g; firing vessel, small 
2 X % in. quartz boat. 

Results and Discussion 
The criteria used to arrive at the most suitable syn-  

thesis conditions were twofold: one being the x- ray  
diffraction data and the other being the phosphor's 
luminescent  properties. 

X- ray  powder diffraction pat terns were taken of 
each sample (18). These patterns were obtained uti l iz-  
ing Cu Ka radiation and scanning down at a rate of 1~ 
min from 60 to 20 ~ It must  be noted that one may be 
easily misled in judging a sample's composition by 
x- ray  diffraction alone. X- ray  diffraction, as an ana-  
lytical tool, is only good above about 5%, this figure 
becoming even larger in some cases, depending on the 
atomic scattering abili ty and crystal l ini ty of the ma-  
terial (19, 20). It  is, therefore, a common experience to 
obtain a powder pa t te rn  of a mater ial  which appears to 
be a single phase yet does in  fact contain a second 
phase. Therefore, a second criterion was used to assess 
the variat ion in synthesis parameters, namely, the lumi-  
nescent properties. 

Both relative brightness of the photoluminescence 
and spectroscopic data were taken to evaluate the 
phosphors. Spectroscopic data showed that  when the 
synthesis parameters were close to ideal the photo- 
luminescence was completely due to Ln202S:RE with 
no trace of Ln203: RE fluorescence. The relative br ight-  
ness of the photoluminescence was also recorded in  
order to peak the synthesis parameters toward produc- 
ing an efficient phosphor. A Photovolt  photomultipl ier  
detection system was used to record the intensi ty of the 
total light output. Excitat ion was produced by a low 
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Table I. Processing parameters for Y202S:Eu + 8  (5 mole per cent) 

A. Tempera ture  series:  dry H ~ ,  1 hr  f ir ing t ime 

Temper-  Relat ive X-ray  Per  cent  Per  cent  
ature (~ Body color br ightness  analysis  we igh t  gain sulfur  

Emission 
spect rum 

1200 dark red 50.0 "~ 7.61 14.2 
ii00 ~ 43.7 I 6,71 12.5 
1000 ~ 37.5 100% Y~OzS 6.43 12.0 
900 31.2 5.60 10.5 
800 ~ 23.6 4.78 8.9 

700 --~ _ ~( --70% Y=O~ 4.30 4.5 L ~30% Y=O3 

600 l ight  red  __ ~ ~90% Y=O3 0.5 0.9 [ ~10% Y~O2S 

B. Gas composition variations: with 50~ H20 temperature, */2 hr firing time at I150~ 

H~S:N= Relat ive X-ray  Per  cent Per  cent 
ratio Body color brightness analysis weight gain sulfur 

1:9 White  8 5 . 2 }  6.38 1 1 . 9 }  
1:4 White 85.0 100% Y202S 7.33 13.7 
3:7 Tan 81.2 6,77 12.6 

Gas composit ion variat ions:  w i th  95~ H20 temperature ,  11/2 hr firing t ime at  1150~ 

Relative X-ray Per cent Per cent 
brightness analysis weight gain sulfur 

93 .7 }  6.71 1 2 . 5 }  
100.0 100% Y202S 7.10 13.3 
95.0 7.30 13.6 

C. 
H2S:N2 
ratio Body color 

1:9 White  
1:4 White 
3:7 White 

100% Y~O~S 

{ ~70% Y~O~S ~30% Y20~ 

{ ~90% Y2Oa 
~I0% Y202S 

Emission 
spectrum 

100% Y20~S 

Emission 
spectrum 

100% YsO~S 

pressure mercury  vapor germicidal lamp. An  ul t ra-  
violet filter, Corning No. 7-54, was used to allow only 
u.v. to pass through to the sample. A Wrat ten  neutra l  
density filter No. 0.5, was used to cut down on the light 
in tensi ty  to the detector. 

The weight increases in going from oxide to oxy-  
sulfide were recorded for each sample to s tudy possible 
correlations between relat ive brightness and nonstoi-  
chiometric oxysulfide. In  addition, gravimetric anal-  
yses for sulfur  and rare earth content were performed 
with the oxygen content taken as the difference be-  
tween 100% and the sum of the rare earth and sulfur  
present. Table I shows representat ive data used to op- 
timize processing parameters.  Theoretically, in con- 
vert ing Y~O3 to Y202S, a net weight gain of 7.11% is 
expected. Overreaction produces a higher weight gain 
due to the formation of a higher sulfide, Y2S~, as indi-  
cated by gravimetric analysis. Underreact ion yields 
a mixture  of u and Y2OaS thus producing a lower 
net weight gain with reduced sulfur  content. It can be 
seen from Table I that the optimal brighness results 
from a phosphor which is close to stoichiometric in 
composition. 

Phosphors prepared by the aforementioned method 
had the following properties. The x - ray  powder dif- 
fraction patterns obtained essentially agree with those 
found by Haynes and Brown (8). Low resolution spec- 
troscopy showed that the photoluminescence was 100% 
that of LnaOaS: RE. No trace of Ln203:RE fluorescence 
was observed, although higher resolution spectroscopy, 
perhaps, would detect this type of photoluminescence 
in trace amounts.  Also, no significant shifts in  emis- 
sion lines were detected in  the LnaOaS:RE samples. 
Fir ing conditions seemed to affect only the relat ive 
intensi ty of the pat terns and in  no way affected the 
wavelength. The in tensi ty  of the emission spectra fol- 
lowed the same t rend as that of the over-al l  relative 
brightness measurements  in that all peaks seem to in-  
crease or decrease in the same relat ive proportion to 
each other. 

Summary 
Through a series of trial  and error type experiments,  

close to opt imum synthesis parameters were estab- 
lished for the general  series of Ln202S phosphor sys- 
tem, namely  for LaaO2S, Y~O2S, Gd202S, and LuaO~S 
phosphors. Start ing at first with a dry HaS ambient,  
then switching to a moist HaS ambient,  and then 
finally succeeding with a moist H2S-nitrogen ambient,  
a successive chain of events led to the development of 
a clearly defined and reproducible method of synthesis 
of rare earth oxysulfides and the phosphors derived 
from them. The criteria used to arrive at the most 

suitable synthesis conditions were twofold: one be- 
ing the x - ray  diffraction data and the other being the 
phosphor's luminescent  properties. A gas-solid re- 
action was chosen to be the one most free of interfer-  
ing foreign ions since careful theoretical work on the 
emission spectra was to be performed on the synthe-  
sized phosphors. The final method of synthesis involves 
the reaction of the rare earth sesquioxide with a care- 
fully controlled N2:H20:H2S gas mixture  at a firing 
temperature  of 1150~ using approximately 2g of ma-  
terial placed in a small quartz boat. 

Manuscript  submit ted April  1, 1974; revised manu-  
script received Aug. 9, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Phosphosilicate glass (PSG) films have been widely 
used in the passivation (1, 2), solid-to-solid diffusion 
(3, 4), insulat ion for mult i level  interconnections (1), 
and protection of a luminum electrodes (1) in the field 
of semiconductor devices. In spite of these applications, 
few reports (5-10) have been published which syste- 
matical ly investigate the deposition rate and phos- 
phorus concentrat ion by changing the deposition pa-  
rameters over a wide range. In this note, the depen-  
dence of 02 to SiH4§ mole fraction on the deposi- 
tion rate and phosphorus concentrat ion dur ing PSG 
film formation is reported. 

A p lane ta ry- type  CVD reactor (11) was used in this 
experiment.  The bell jar  was approximately 40 cm in 
diameter  and 20 cm high. Clean silicon mirror-pol ished 
wafers, Czochralski-grown, boron-doped and (100)- 
oriented with resistivity of 30 ohm-cm, were placed on 
planetary  rotation gears, then the bell jar  was fixed 
and heating was effected. After reaching set tempera-  
tures of 300 ~ 350 ~ 400 ~ and 450~ reaction was carried 
out by introducing Sill4 (56 cmS/min),  PH~ (4 cmS/ 
rain), and O2 (90-2000 cm3/min).  The carrier gas was 
N2, and the total flow rate of 20 l i t e r s /min  was main-  
tained constant dur ing deposition. The reaction t ime 
was set to obtain a PSG film of 3000-4000A thickness. 
Thickness was measured by a "Talystep." The phos- 
phorus concentrat ion was determined by the sheet re- 
sistance after a predetermined diffusion in accordance 
with a calibration curve of sheet resistance and phos- 
phorus concentrat ion previously prepared by activation 
analysis. To determine the reacted Sill4 concentrat ion 
through the reactor system, the unreacted Sill4 concen- 
trat ion of the vent  gas was measured under  the experi-  

* Electrochemical Society Active Member. 
Key words: PSG film. SiH~-PHa-O~ reaction, infrared gas measure- 

ment, retarding reaction. 

mental  conditions. A Hitachi EPI-S2 infrared s p e c -  
t r o m e t e r  was used for this purpose. Absorption spectra 
were taken in the ranges of 2200 cm -1 and 900 cm -1 
(8) ; the peak of 930 cm -1 was selected to avoid in ter -  
ference with the CO2 peak near  2200 cm -1. The t rans-  
mit tance through a 10 cm gas cell at the peak of 930 
cm -1 shows the reacted SiH~ concentration. 

As shown in Fig. 1, the deposition rate of PSG films 
exhibited a tendency of increase-maximum-decrease  
when the 02 flow rate increased at the constant flow 
rate of Sill4 and PH3. Mole fractions at these ma x imum 
ranges are approximately 3 at 300~ 4-6 at 350~ 8-12 
at 400~ and 14-22 at 450~ The higher the tempera-  
tures of the deposition were, the larger the mole frac- 
tions and the wider the max imum range became. The 
phosphorus concentration rapidly increased with an in-  
crease of the O2 flow rate, displaying a constant value 
at the max imum plateau range of the deposition rate, 
and then gradual ly  increasing at the larger 02 flow 
rate. The phosphorus concentrat ion of the silicon 
wafers on which the PSG films were deposited, was de- 
termined after 30 rain diffusion at l l00~ in dry ni t ro-  
gen, using the calibration curve. Dependence of the 
oxygen mole fraction on the PSG film deposition is 
similar to that on CVD SiO2 film formation (5-6, 9-10). 
At low OJSiH4+PH3 ratio, increase in the deposition 
rate was found as the temperature  decreased. This fac~ 
may be explained by smaller reaction rate in the hot 
zone; the increased deposition rate at lower tempera-  
ture was brought as the result  of difference between 
total reaction and reaction in the hot zone. The above- 
mentioned tendency was confirmed by the result  of film 
thickness monitor ing by a laser system (12). 

Dependence of the oxygen mole fraction was also in-  
vestigated in the case of various PH3 flow rates. The 
oxygen flow rates were selected from 180 to 2000 c m 3 /  
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in the over-all reactor, measured by infrared absorption. 

min at 1.8, 6.5, and 18.3 mole per  cent (m/o)  PHa. 
Deposi t ion was carr ied out at 4O0~ Figure  2 shows 
that  both deposi t ion ra te  and phosphorus concentrat ion 
became p la teau  at approx ima te ly  constant  value, 8-12 
of O J S i H 4 +  Pt-Is. 

The reac ted  per  cent Sill4 measured  by  the inf rared  
absorpt ion were p lot ted  at various oxygen flow rates  
and deposi t ion t empera tu res  in Fig. 3. SiH4-O2 react ion 
was re t a rded  as the oxygen flow rates increased. This 
re ta rda t ion  was r e m a r k a b l y  not iceable  when the film 
was deposited at the lower  tempera ture .  This resul t  
shows the same tendency  as that  of the undoped SiO2 
film format ion  (8). 

The deposi t ion ra te  and phosphorus  concentrat ion of 
PSG films formed by the SiH4-PHs-Oe system was in-  
ves t igated in the t empe ra tu r e  range of 300~176 by 
react ion wi th  the O2/SiH4+PH~ mole fract ion and the 
deposi t ion tempera ture .  The deposi t ion ra te  showed a 
tendency  of i nc rease -max imum-dec rease  wi th  increas-  
ing Oe flow rates.  This m a x i m u m  pla teau  range became 
larger  and wider  wi th  increasing deposi t ion t empera -  
ture. The phosphorus concentrat ion was kept  constant  
at this range.  
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Phosphosilicate glass films (PSG films) have been 
widely used for the fabrication of semiconductor de- 
vices, such as stabilization of electric characteristics, 
insulat ion of mul t i layer  interconnection,  and protection 
of a luminum electrodes. In  spite of these wide uses, few 
papers have reported the detailed relat ion of wide 
range deposition parameters  t~o the deposition rate and 
the phosphorus concentrat ion (1-5). The authors re-  
ported that the deposition rate and the phosphorus 
concentrat ion of the PSG films showed little variat ion 
when the films were formed under  the proper mole 
fraction O2]SiH4+PHs, being dependent  on the deposi- 
tion temperature  (5). In  this range of O2/SiH4~PHs, 
the dependence of PH_~ flow rate on the deposition rate 
and the phosphorus concentrat ion is reported. 

The same CVD reactor used in the previous paper 
(5) was of p lanetary  type (6). In this reactor, silicon 
mirror-pol ished wafers [(100) oriented and boron 
doped with resistivity of 30 ohm-cm] were charged, 
and the PSG films 3000-4000A in thickness were de- 
posited on the wafers by SiH4-PH~-O2 reaction at the 
temperatures  of 350 ~ 400 ~ and 450~ Flow rates were: 
N2, 20 l i ters /min;  Sill4, 56 cmS/min; 02, plateau range 
of the small, variable deposition rate and phosphorus 
concentration and being fixed at the temperatures,  e.g., 
at 350~ O2/SiH4+PH8 = 5, at 400~ OJS iH4+PH8 ---- 
12:, at 450~ O2/SiH4-FPH~ ---- 18; PI~,  0.7-14 cmS/min. 
The thickness of the PSG films was measured by a 
"Talystep." The phosphorus concentrat ion was deter-  
mined by the sheet resistance in the previously p r e -  
pared calibration curve between the phosphorus con- 
centrat ion by the activation analysis and the sheet re-  
sistance after the diffusion. To measure total amount  
of the reacted Sill4 concentrat ion with 02 in the reac- 
tor, infrared gas absorption through a 10 cm gas cell 
was carried out, as reported in the previous paper (5). 
The reacted mole percentage of Sill4 was detected by 
the t ransmit tance of the cell, fixed at the absorption 
peak, 930 cm -1 of Sill4, using Hitachi EPI-S2. 

Figure 1 shows the deposition rates of the PSG films 
under  various PH8 flow rates at the O.~/SiH4~-PH3 in 
the plateau range of the deposition rate. With increas- 
ing PH3 flow rate, the deposition rate at 350~ shows 
a tendency of decrease-minimum-increase.  After rais- 
ing the deposition temperature  in this experimental  
condition, the deposition rate became larger and 
showed the same tendency observed at 350~ This was 
confirmed by the moni tor ing experiment  using a 6328A 
He-Ne laser system (7). 

Figure 2 is the relat ion of PH3/SiH4~-PH~ mole frac- 
tion to the phosphorus concentrat ion in the PSG films, 
represented as P2OJSiO2+P205 at the same experi-  
mental  condition. With the increasing of the deposition 
temperature,  PeO5 concentrat ion in the PSG films de- 
creased at the same P H J S i H 4 + P H 3  flow ratio. The 
similar result  of decreasing dopant materials in films 
was obtained in the cases of P, As, and Sb doping for 
silicon epitaxial layers (8-9) and in AsH~ and PH3 
doping for polycrystal l ine silicon films (10). In  this 
tempera ture  range PH8 was almost completely reacted, 
while Sill4 tended to increase the reaction rate with 02 
at the higher temperature  as can be seen in Fig. 1 and 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
K e y  words :  Si t~ -P I -~ -02  reac t ion ,  in f luence  of PH3 dop ing ,  i n -  

f r a r e d  gas measurement ,  inhibiting reaction. 
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Fig. 1. Deposition rates of the PSG fild~s vs.  m/o PH3 in 
Sill4 ~ PH3 in the plateau range of the deposition rate determined 
in terms of OjSiH4 ~ PH3 mole fraction. 

in the infrared absorption in the previous paper (5). 
Therefore, the phosphorus concentrat ion was diluted as 
a consequence of the increased Sill4 reaction. 

When the reaction was effected under  various PH8 
flow rates at the deposition temperature  of 400~ the 
result of the reacted percentage SiH4 measured by the 
infrared absorption method is shown in Fig. 3, in which 
the O2 flow rate is indicated as a parameter.  The re- 
acted Sill4 concentration became suppressed indepen-  
dent ly  of 02 flow rates when PH3 was added up to 2-3 
mole per cent (m/o) .  With further  increasing of PH~ 
flow rates, the reacted Sill4 increased. This tendency 
was dominant  at larger 02 flow rates. 

When the PSG films were formed by the SiH~-PH3- 
02 reaction, it was previously reported that there ex- 
isted O2/SiH4§ mole fraction, with little variat ion 
in the deposition rate and in the phosphorus concen- 
tration, and fixed at the deposition temperature.  At this 
plateau range, the deposition rate showed the tendency 
of decrease-minimum-increase  with increasing PH3 
flow rates. This tendency of the deposition rate was 
mainta ined in all reaction temperatures  of this experi-  
ment. 
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ABSTRACT 

The compounds Ndl-xSrzCoO3, which show high electrical  conductivity, 
are electrochemical ly reduced in an aqueous alkaline solution to give rise to 
the oxygen deficient state Nd~-~SrxCoQ-~.  The electrochemical  redox re-  
actions are reversible  in the range 0 --~ 5 ~ x/2. The electrode potentials of 
N d l - x S r x C o Q - 6  in a KOH solution have been measured as a function of 5. 
From these data and the measurements  of potential  change in the cathodic 
processes under  constant current  density, the oxygen ion diffusion constants 
have been calculated on the basis of a l inear diffusion model  of oxygen ions 
in the crystal, which was theoret ical ly derived. The calculated diffusion 
constants at 25~ are 1.4 • 10 -~1 and 7.6 • 10 -14 cm2/sec for x ~ 0.2 and 
x = 0.5, respectively.  These values are very  large as compared with ordinary 
oxides. 

T h e  compounds Ndl-xSrxCoO3 with the perovski te-  
type s tructure exhibi t  high electrical conductivi ty 
even at room temperature,  and their  specific conduc- 
t iv i ty  is in the order of 10~ ohm -1 cm -1 (1, 2). 
According to Heikes et aI. (3), the large electrical con- 
duct ivi ty is due to the delocalization of electrons 
among Co+3-O-2-Co +4 network  by the super ex-  
change effect. Recently, these compound are taken 
notice of as electrode mater ia ls  (4), especially as oxy-  
gen (or air) electrodes in an aqueous alkaline solu- 
tion (5, 6). 

It was suggested by the present authors '  work  (2) 
that these lanthanoid cobalt oxides wi th  perovskite  
s t ructure are ionic-electronic mixed  conductors wi th  
large oxygen ion diffusivity compared with ordinary 
oxides and also with  the electronic conductivi ty far  
greater  than the ionic conductivity. From this point of 
view, the electrochemical  behavior  of N d l - x S r x C o Q  
in an aqueous KOH solution has been studied. 

It  is reasonable to consider that  the oxygen ions in 
the crystal wi th  perovski te  s t ructure are usually mo-  
bile, because many oxygen ion conductors with this 
s t ructure have been reported (7, 8). The direct mea-  
surement  of the oxygen ion diffusion constant is, how-  
ever, almost impossible, for the compounds with high 
electronic conductivity:  The oxygen concentrat ion cell 
method or the Wagner  cell (9) method are proved 
inapplicable. Therefore,  a new method to make  use of 
the measurement  of the potential  change of the com- 
pound Ndl-xSrxCoOz under  the cathodic process was 
employed. 

The diffusion constant can be calculated from the 
potential  change by using a l inear  diffusion model  of 
the compound, which was der ived from a theoretical  
consideration. 

Theory 
The electrode potential of Ndl-xSr~CoO3.--The va-  

lence setup of the compound Ndt-xSrxCoO8 is ex-  
pressed as  

Key words:  perovski te - type  oxides, electrode potential ,  diffusion 
constant, mi xed  conductor.  
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Nd + 31-xSr + 2xCo + 31-xC0 + 4xO3 [ 1] 

While this compound undergoes reduction, some of the 
oxygen ions are taken away from the crystal latt ice 
and the valence set up becomes 

Nd+81-xSr+2xCo +81-x+2~Co+4x-2~03-~ (Vo-2) ~ [2] 

where  Vo-2 represents the oxygen ion vacancies and 5 
is a measure  of the nonstoichiometry of the compound. 
Since the perovskite  s t ructure  cannot be mainta ined if 
5 exceeds x/2, the discussion in the present paper is 
confined within the range 0 ~ 5 --~ x/2. 

When the compound is e lectrochemical ly reduced in 
an aqueous alkaline solution, the over-a l l  react ion is 

O - z  (lattice) + H~O + 2e-  = 2 O H -  + Vo-2 [3] 

If the cathodic current  of which integral  is Q coulombs 
flows through lg of the oxide concerned, the loss of 
oxygens (AS) in this cathodic process is represented as 

Q 
45 ---- M �9 [4] 

2F 

where  M represents the gram formula weight  of 
Ndl-xSrxCoO3 and F represents  the Faraday constant. 

During this process, the concentrat ion gradient  of 
Vo-2 (or 5) in the crystal occurs, as schematical ly 
shown in Fig. 1. When the electric current  is turned 
off, the relaxat ion of the concentration gradient  formed 
by the current  integral  of Q coulombs sets in and con- 
tinues until  5 becomes uniform throughout  the crystal-  
line particles. If  we consider the initial 5 is zero, the 
value of 5 in this relaxat ion state is F/ �9 (Q/2F) .  

The electrode potential  of the compound Ndl -zSrx -  
CoO~-~ regarding t h e  electrochemical  reaction rep-  
resented by Eq. [3] can be wr i t ten  as 

RT a20H - AF (5) 
E = E  ~  l n - -  + - -  [5] 

2F aH20 2F 

The symbol E ~ is the standard potential  of an oxygen 
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too 

t O 

etectrolytet~ crystcfltine particte X 
Fig. 1, Schematic diagram of the concentration gradient of oxy- 

gen ion vacancies formed in a particle of Ndl-xSrzCoO3. to (initial 
level) ~ tl (under current passage) ~ t2 (at which current turned 
off) ~ t~ (relaxation level). 

electrode in basic solution (+0.401V vs. SHE),  and 
5F(5) is the partial  molar  free energy change of the 
reaction 

1 
O2 + 2 e  = O -2 (lattice) [6] 

2 

for the composition of the oxide Ndl-xSr~CoOa-~. The 
symbol E is, accordingly a function of 5 in general, 
and its value vs. Hg/HgO reference  electrode can be 
represented as l 

1 
E(5) : 0.303 + ~ r ( 6 )  [7] 

2F 

One can, therefore,  determine the electrode potential  
as a function of 6 by setting the re laxat ion level  of 5 
(Fig. 1) at an appropriate  value corresponding to the 
integral  current  Q as far as ei ther the oxygen evolu-  
tion from the crystal lattice or the dissolution into the 
lattice is negligible during the re laxat ion process. It 
was ascertained by TGA and D TA that  these losses 
were  negligible under  the conditions that  the tem- 
pera ture  was lower than 150~ the oxygen ambient 
to the electrodes was far less than 1 arm, and 5 did not 
lie in the neighborhood of the critical value x/2. 

Oxygen ion diffusion constant.--Let us consider a 
flat plate of thickness L. The electronic conductive ma-  
terial  such as pla t inum net is at tached to one side os 
the sample plate and molded with an oxygen free 
resin, the other side is directly contacted to an aqueous 
alkaline solution. When a cathodic current  is applied to 
the plate, the oxygen ions at the surface of the sample 
are converted into O H -  ions according to Eq. [3] and 
a concentrat ion gradient  of oxygen ions across the 
plate is built  up as shown in Fig. 2. 

The diffusion equations associated wi th  ion-electron 
mixed  conductors have  been der ived by Hebb (10) and 
other workers  (11, 12). Applying a similar t rea tment  
to the model  of the present  paper, one can obtain as a 
diffusion equat ion 

at aX ax  kT ~h 

Notations in Eq. [8] are: Cv, concentrat ion of oxygen 
ion vacancies (cm -~) ; D, diffusion constant of oxygen 
ion vacancies (cm2/sec);  ~h, specific electronic con- 
ductivi ty (ohm -1 �9 cm -1) ; I, current  density (A/cm 2) ; 
e, charge of electrons (1.60 • 10 -19 coulomb; k, the 
Boltzmann constant (1.38 • 10-2:3 coulomb �9 vo l t /deg) ;  
and T, absolute temperature ,  respectively.  In the course 
of derivation of Eq. [8], the assumption that the ~h is 

i T h e  s t a n d a r d  p o t e n t i a l  for  H g / H g O  couple is 0.098V. Thus, when  
alkaline concentrat ion around the I~dl-xSr~CoO3-~ electrode and the 
r e f e r e n c e  e l e c t r o d e  is s a m e ,  Eq. [7] is d i r e c t l y  d e r i v e d  f rom Eq. [5]. 

~ . ~ r o d e  T 

KOH sotn. etectron"~, a~ 
/ 
/ 

X=O X= 
Fig. 2. Schematic diagram of a plain sheet Ndt-zSrzCo03 elec- 

trode under a cathodic process. Arrows indicate the direction of 
electron and oxygen Jan movements. 

/ 
/ 
/ 
/ 
/ 

/ electron 
/ 
/ 
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far greater  than that  of oxygen ions and the Town- 
send-Einstein relat ion were  employed to e l iminate  the 
unobservable parameters.  Equat ion [8] might  be 
solved if the initial and the boundary conditions are 
given. These conditions under  the constant current  
dens i ty  process are 

Cv (t = 0, x) = Cv* (--  constant) [9] 

aCv ~ I [10] 

- ' ~ / x = o  2eD 

aCv j ( - - ~ / x = L  0 [11] 

The theoret ical  potential  of the electrode at t ime 
t [Etheo(t)] is given by 

Etheo(t) = E ( C v ( t , x = O ) )  - - r  [12] 

The first te rm of the r igh t -hand side in this equation 
is the redox potential  corresponding to Cv at the sur-  
face of the electrode, which is defined by Eq. [7]. The 
relat ion be tween Cv and ~ in Eq. [7] is represented by 

Cv = [13] 
V e  

where  ve is the unit cell volume (cm 3) of the compound 
Ndl-xSrzCoO3-6.  The symbol ~( t )  is the potential  
change across the electrode which is shown in Fig. 2. 
These terms might  be calculated from the solution of 
Eq. [8] as a function of the parameter  D. It  is conse- 
quent ly  possible to determine the diffusion constant of 
oxygen ions, if we can find out the value of the pa- 
rameter  D which gives such potential  var ia t ion that  
agrees with the observed one. 

As Eq. [8] cannot be r igorously solved, we will  
hereaf ter  t reat  the problem on the basis of the fol low- 
ing approximations. Confining the problem in the case 
that the current  density I is so small as to hold the 
relation 

OCv 2eI Cv 
> >  . . . .  [ 1 4 ]  

oX kT ~h 

and assuming the diffusion constant D is independent  
of Cv, Eq. [8] may be reduced to an ordinary form of 
the diffusion equation 

aCv a2Cv 
, ~ D - -  [ 1 5 ]  

at ax2 

1Viacey (13) gave the solution of this equat ion under  
the initial and boundary  conditions substantial ly 
identical to the present  case. Inser t ing Eq. [9], [10], 
and [11] into Macey's solution, Cv(t ,X)  is expressed 
a s  
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C v ( t , X )  .~_ Cv* A y - -  x1 

( 2L -- X X 4L X + xl 

"~- X1 2 ~ D - t  -~- . . . . .  [16] 

where  the function x1 is defined by 

f Xl(X) ,,~ ~ dy [17] 

The numerical  value of x~ ranges from 0.564 at X = 0 
to 0.0.008 at X ---- 2.2. Thus the series in Eq. [16] is 
highly convergent,  and assuming L/~/Dt  > >  1, Eq. 
[16] can be reduced to 

Ix~ (0) ~r 
Cv(t, 0) = Cv* + ' [18] 

e 
or using Eq. [13] 

Vcl 
- 8o(t  = 0) = 0.564- X / r  [18'] 5o(t) 

e 

Since @(t) in Eq. [12] can be neglected as far as 
Eq. [14] holds, the electrode potential may be con- 
sidered as a sole function of the surface vacancy con- 
centration Cv(t, x = 0) or 5o(t)). It is therefore pos- 
sible to estimate ~o(t) by measuring the electrode 
potential change with time and then the diffusion 
constant of oxygen ion D can be calculated by Eq. 
[18']. 

Experimental  
Measurement of the electrode potential of Ndl-xSrx-  

Co03.--The compounds Ndl-xSr~CoO~ were  obtained 
by sintering a homogeneous mix tu re  of the component 
metal  acetates at 90,0~ in air for 4 hr. The BET specific 
surface area of the powder  oxides was about 5 me/g. 
A half  gram of specimen powder  was weighed pre-  
cisely to which 0.025g acetylene black and 0.025g of 
flaky graphite were  added. The mix tu re  was mixed  in 
an agar mortar .  Several  drops of a 30 weight  per 
cent (w/o)  KOH solution were  added to the powder  
mixture.  The flaky graphi te  improves the  affinity of 
the powder  to the electrolyte.  The specimen was 
charged into an acryl case shown in Fig. 3, and pressed 
from bo.th sides, at which the plat inum net current  
collectors were  placed. Ni t rogen gas was bubbled so 
as to make  dissolved oxygen concentrat ion be very  

small. The holder  was soaked in a 30% KOH solution 
for 5 hr  to make  the contact be tween  the sample and 
the electrolyte complete. Tempera tu re  of the soIution 
was kept at 25 ~ ~- 1~ 

To make the oxidation of the sample  perfect, i.e., 5 
be zero, 1 mA of an anodic current  was passed for 
10 hr. Then 1 m A  of a cathodic current  was passed for 
a certain period. During this process the sample 
changes its composition from Nd~-xSrxCoO8 to 
Ndl-xSrxCoO~-~, according to Eq. [4]. The current  
density at the surface of oxide particles is calculated 
as 4 X 10 -2 ~A/cm2; the current  efficiency in this 
cathodic process can be considered to be almost 1(}0%. 

After  the current  is tu rned  off, the cell potential  
rises gradual ly and saturates at a cons,tant level  re-  
garded as the electrode potential  of Ndl-xSrxCoO~-~. 
It took several  hours to reach the saturat ion (or re-  
laxation) level  af ter  the current  was tu rned  off. The 
potential  was measured vs. Hg/HgO reference elec- 
trode by using a digital vol tmeter  of the input im- 
pedance greater  than 10 megohms. A similar step 
was repeated to obtain the electrode potential  as a 
function of 5; 5 can be changed by varying the cur-  
rent  passing period. 

Measurement of oxygen ion diffusion constant.--Disk 
preparation.--To the powder  of the compounds N d l - x -  
SrxCoO3 prepared by the same method  as in the above 
section, methyl  cellulose (1% aqueous solution) was 
added as a binder  and it was pressed in a die of 15 
rome at the hydrostat ic pressure of 70'0 kg / cm 2 to 
give a 2 mm thick disk. This disk was placed in 
an alumina die of 20 mine;  envi ronment  of the disk 
was filled with stabilized zirconia powder  to prevent  
the disk from reacting with  alumina. The die was 
put in a vert ical  type plat inum resistance furnace and 
hot pressed under  350 kg / cm 2 at 1200~ for 3 hr. The 
obtained sample was lapped by several  steps and 
polished finally by diamond paste. The surface area 
of the sample was considered to be the same as the 
geometr ical  one. 

Measurement of oxygen ion diffusion constant.--The 
plat inum net was attached to the one side of the disk 
sample as a current  collector and was molded with  
an epoxy resin, the other  side being exposed to a 
30% aqueous KOH solution. A "H" type cell was used 
in this measurement  as is shown in Fig. 4. The use 
of "H" type cell and bubble of ni t rogen gas in both 
rooms of the cell protect  the sample f rom the in-  
fluence of oxygen. The potential  change under  the 
constant current  cathodic process was measured vs. 
Hg/HgO reference electrode. The counterelectrode was 

;7 

5 

Fig. 3. Sample holder used for measurement of the electrode 
potential of Nd~-xSrzCaO~-~ as a function of 5. 1, perforated 
acryl plate; 2, filter paper; 3, platinum net; 4, mixed powder of 
(Nd,Sr)CoO3 and carbon; 5, platinum wire; 6,6', acryl holder; 7, 
bubbling hole of N2 gas. 

N 2 
3 

N2 

4 

3 I 

Fig. 4. Cell used for measurement of oxygen ion diffusion con- 
stant. ], sample electrode (nonporous prepared by hot pressing); 
2, epoxy molding; 3, platinum wire; 4, KOH solution; 5, salt bridge 
to the Hg/HgO reference electrode; 6, glass filter; 7, platinum 
counterelectrode. 
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pla t inum net, and the cell temperature  was kept wi thin  
250 ~ l~ 

Results and Discussion 
Electrode potential of Ndl-xSr~CoOs.--The poten-  

tial of the Ndl-xSr~CoOs (x -- 0.2) after 5 hr soak- 
ing in  an electrolyte is +90-1.00 mV vs. Hg/HgO. The 
potential becomes 4510 mV after about 30 min  of 
1 mA anodic current  passage. This value was con- 
sidered to be the oxygen-evolving potential  of the 
cell. The fact that about 30 min  were needed to reach 
this potential may mean  that the sample was already 
in a part ial ly reduced state when it had been pre-  
pared. After passing an anodic current  for 10 hr 
to make 5 be essentially zero, the direction of the 
current  was reversed. The profile of the potential  
decrease is shown in  Fig. 5. 

If al l  ~he cathodic current  were due t o  the reaction 

O 2- (lattice) + 2Co +4 + H20 

+ 2 e - ~ V o 2 - + 2 C o  s+ + 2 O H -  [19] 

the potential would reach the hydrogen evolving po- 
tential  (about --8&0 mV case of this cell) at the time 
when 25/x = 1 (i.e., 11.2 hr) .  However, the potential  
did not reach the hydrogen evolving potential  even 
when 25/x exceeded unity. Unde~ the 1 mA of cath- 
odic current, the hydrogen evolving potential was ob- 
tained when 120% of the theoretical capacity avail-  
able from Ndt-zSrzCoO~ were discharged. The dis- 
crepancy between calculated and observed capacity 
of the cell increases with a decrease in the cathodic 
curren~t. The reason may be that the residual  dissolved 
oxygen in the electrolyte fills the oxygen ion vacancies 
generated through the cathodic process when the re-  
duction of the oxide exceeds a certain critical level. 
This suggests that Nd~-xSrzCoOs-~ works as an oxy- 
gen electrode if sufficient amount  of oxygen exists. 

After 13 hr of cathodic process, the direction of 
the current  was again reversed. The potential  change 
in the anodic process is also shown in Fig. 5. In  this 
process, the potential  reached the level of oxygen 
evolution after 10 hr which being 90% of the theo- 
retical value. The disagreement arose par t ly  from the 
residual Co +~ and main ly  from the si tuation that  the 
surface of the particles reached the composition cor- 
responding to the oxygen evolution potential  (i.e., 
5 = 0) faster than the inner  part. The exper imental  
results above reveal the reversibil i ty of 5 in the com- 
pound Nd~_~Sr~CoQ during the redox process. 

The relat ion between the electrode potential  and 5 
is shown in Fig. 6. The potential  becomes nobler  as 
Co +4 concentrat ion increases; the value for x -- 0.5 

2 5 / x  in Ndl_xSrxCo03_ 5 

0 O. 2 0.4 0.6 0.8 1.0 
600 ~ , L i I I 

o 400 
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- 400 I I 1 1 [ [ 
0 2 4 6 8 1C 12 14 

T i m e  ( h ) 

Fig. 5. Potential variation with time under the electrochemical 
redox processes in 30% KOH solution [Ndl-~SrxCoO3 (x ~ 0.2)]. 
The current employed was 1 mA for 0.Sg of the sample. 
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Fig. 6. The electrode potential as a function of 
Ndl-xSrxCoO~q-~. 

i 

5xiO -1 

6 i n  

is higher by 100-20.0 mV in the whole range of 5 than 
the value for x ---- 0.2. Since the relat ion between the 
electrode potential  E(6) determined here as a func-  
l ion of and the partial  free energy change of oxida- 
tion of Ndl-zSrxCoO3-~ holds as Eq. [7], the oxygen 
part ial  pressure in art equi l ibr ium with this com- 
position is expressed as 

Po.- = exp - -  (E (5) - 0.301) (arm) [201 
RT 

The equi l ibr ium Po2 obtained from TGA data was 
in a fair agreement with that calculated by Eq. [2.0]. 

DiJ~us{on constant.--In the preceding discussion, the 
polarizations at the electrode/electrolyte interface, 
(the main  portion of which may be the polarization 
arising from the activation process of the reaction of 
Eq. [3]) and the ohmic polarization were not taken 
into account. It  is needed for the validi'~y of the dis- 
cussion that these, polarizations be negligibIy small. 
The check has been done by changing the pulse cur- 
rent in the range from 6 to 60 ~A/cm 2 and observing 
the potential  bui ldup process at the Ndl-~SrxCoOa 
(x = 0.2) electrode by  an oscilloscope. No significant 
profiles indicating the bui ldup of potential  were found 
in the t ime constant range shorter than 2 sec. Time 
constants for ohmic polarization are in general very 
small  as in  the order of several microseconds and 
those for reaction polarization are of the several 
microseconds order. These results show that both po- 
larizations are negligible in the range of current  den-  
sity employed in the present experiments.  

The potential  variat ions with t ime in  the cathodic 
process were plotted in Fig. 7, for the samples Nd1-~- 
SrxCoO3 (x -- 0.2 and 0.5). The sample x -- 0.2 

lO0 - -  

5o 

> 

Z 
~ -5o 
~ . 

~_ -100  

-150 I ~ I L I l l l l  , I T i LZTTt  ~ ~ 
10 I0 2 103 5){103 

Time ( sec ) 

Fig. 7. T h e  p o t e n t i a l  va r ia t ions  w i t h  t i m e  for  t h e  d isk  e l e c t r o d e s  

of  N d l - x S r x C o O 3  u n d e r  the  c o n s t a n t  c u r r e n t  c a t h o d i c  processes. 

The current densities for x = 0.2 and x = 0.5 are 6.0 and 9.8 
#A/cm 2, respectively. 
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annealed from 800~ at which the pla t inum current  
collector had been attached showed the open-circui t  
potential  of +88.9 mV, indicating 6 in the electrode 
be 6.0 • 10-~ (cf. Fig. 6). It is reasonable to consider 
that  the distr ibution of 8 in the sample electrode was 
uniform since it was in the state which had been 
formed by a slow annealing from a higher  t empera -  
ture. The value of 6 (6.0 • 10-~) was considered 
to be appropriate  (to start  the exper iment)  because 
it was sufficiently small compared with the critical 
value (0.1 in this case) If the init ial  value of 6 is 
as large as the critical value (x/2) ,  the t ime range 
of measurement  is restr icted to a short period be-  
cause 6 cannot exceed x/2, and moreover  the er ror  
of the diffusion constant to be calculated increases 
because the 6-E relat ion becomes inaccurate in the 
neighborhood of x/2 as shown in Fig. 5. According to 
this consideration, the cathodic current  passage was 
started without  any pre t rea tment  for the sample x 
= 0.2. The current  density was kept  at 6.0 ~A/cm 2. 

The sample x = 0.5, on the other  hand, showed 
the open-circui t  potential  of -t-49.9 mV which corre-  
sponded to the 6 value of 9.7 • 10 -2. This va lue  lying 
near  the tail of the curve in Fig. 6 (x = 0.5), the 
pre l iminary  anodic current  passage (20 #A/cm 2, 2 hr) 
was carried out to reduce 6 in the sampIe. When the 
anodic current  was turned off, the potential  started 
to decay and saturated at 95.8 mV. This indicates that  
the pre t rea tment  formed a substantial ly uniform dis- 
t r ibut ion of 6, of which the value was considered to 
be 6.6 • 10 -2. The cathodic current  passage was 
started from this state with the current  density 9.8 
~A/cm 2. 

From the x - r a y  diffraction, the volumes of single 
molecular  near ly  cubic unit  cell of N d l - x S r ~ C o Q  
were given as 55.0 • 10 -24 for x = 0.2 and 55.5 • 
10 -24 cm 3 for x = 0.5, respectively.  Thus Eq. [18'] 
for x = 0.2 and x = 0.5 can now be expressed as 

6o(t) -- 6.0 X 10-~ = 

and 

1.16 X 10 -9 
�9 x / t  

[21] 

1.91 X 10 - 9  ~/~- 
6 o ( t )  - -  6.6 • 10 - 2  - -  

v~ 
respectively.  It follows that  the plot of [6o(t) -- 
6o(t = 0)] vs. x / t -g ives  a straight line passing the 
origin and that the diffusion constant D can easily be 
calculated from the slope of the given straight line. 
F igure  8 shows these plots for x ----- 0.2 and 0.5. 

The obtained diffusion constants of oxygen ions in 
Ndl-~SrxCoO3 are 

D = (1.4 _ 0.1) • 10 -~1 cme/sec (x = 0.2) 
and 

D = (7.6 + 0.7) • 10 -14 cme/sec (x = 0.5) 

at 25~ 2 These values are presumably very  large 
compared with ordinary  oxides, while  the direct com- 
parison is impossible because the diffusion constant of 
oxygen ions in oxides at a low tempera ture  has not 
been reported unti l  now. However,  the extrapolat ion 

2 These values are derived from regression analysis of Fig. 8. 
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Fig. 8. The changes of 8 at the surface of the electrode 
[8o(t)  - -  5o(t = 0)]  as plotted against square root of t. The 

plots for x = 0.2 and 0.5 are multiplied by 10 ~ and 10 in the 
figure, respectively. Thus, for example, [ 8 o ( t )  - -  6 o ( t  = 0)] at 
\ / t  = 20 secV2 should read 0.6 • 10 - 2  and 1.4 • 10 - 1  , re- 
spectively. The slopes give the oxygen ion diffusion constants 
(see text). 

from the high tempera ture  data (14) indicates, for 
an example, the oxygen ion diffusion constant in Y203 
would be 10 -~'j cm2/sec at 25~ The diffusion con- 
stant in ZrO2-CaO solid solution (15) can also be 
estimated to be in the order of 10 -~2 cm2/sec at 25~ 
while this solid solution is well  known as a good oxy-  
gen ion conductor at a high tempera ture  and its D 
at 10,00~ is 10-z cm2/sec. 

Manuscript  submit ted Oct. 10, 1973; revised manu-  
script received Oct. 7, 1974. 

Any  discussion of this paper will  appear  in a Discus- 
sion Section to be published in the December  19'75 
JOURNAL. All discussions for the December  1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by Hitachi Limited. 
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Surface-Catalyzed Anodes for Hydrazine Fuel Cells 
II. Lifetime Studies of Heat-Treated Nickel Boride Catalyzed Anodes 
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ABSTRACT 

The potent ial- t ime relationship of nickel boride catalyzed anodes for the 
electrochemical oxidation of hydrazine is different from that relationship for 
similarly catalyzed hydrogen anodes. The potential  of freshly catalyzed, 
nickel boride hydrazine anodes exhibits a decay with time. Chemical, elec- 
trochemical, and microscopic analyses related the rate of boron loss from the 
anode to the rate of decay of the anodic potential. By subjecting the anode to 
a mild heat- t reatment ,  considerable improvement  in the life was achieved. 
Results are presented and a mechanism proposed to explain the data. 

During work at these Laboratories, the potential  of 
nickel boride (NifB) catalyzed anodes for hydrazine 
fuel cells init ial ly showed a decay with operating time. 
The decay occurred because the Ni2B catalyst was be- 
ing mechanical ly removed from the substrate by the 
evolved N2 gas. Black catalyst particles were found in 
the electrolyte. This problem was overcome by de- 
positing the catalyst on a Mond Ni substrate (1). 

Later, when  the anodes were operated at 0.2 A/cm 2 
for times exceeding 8 hr, the resistance-free, anode- 
reference (A-R) potential  (using a Hg/HgO reference 
electrode) showed another decay. On the average, this 
decay (to the arbi t rary  cutoff potential  of --0.95V) 
occurred in about 6.0 hr of operating time, correspond- 
ing to about 220 hr  of activation t ime (abbreviated as 
60/220). The best times were 80/300 hr. This decay was 
not accompanied by the mechanical  dislodgement of 
the catalyst particles. 

This paper discusses the cause of this second poten- 
tial decay, several ways to inhibi t  that decay, and the 
mechanism of catalyst failure causing that  decay. 

Exper imental  
Two types of experiments were performed. The first 

involved electrochemical lifetime studies with cata- 
lyzed anodes and the other involved measur ing the 
surface area and determining the stoichiometry of 
nickel boride powders that  had been subjected to 
various treatments.  

Anode preparation.--Experimental details regarding 
the electroformation of the r ibbed Ni substrates, the 
deposition of Mond 255 Ni powder, and its subsequent 
catalyzation with Ni2B have been given before (1). The 
codeposition of the Mond Ni powder with electroplated 
Ni was performed at the opt imum conditions as de- 
tailed previously (1), the max imum number  of cou- 
lombs used was 12.0.0 and stirring of the bath was 
l imited to the first 10% of the total codeposition time. 

Heat- t reat ing of the freshly catalyzed anodes was 
performed in a tube furnace (ID ---- 70 ram, heated 
length = 0.44m, total tube volume -- 0.0.0225 m ~) 
modified to operate over a temperature  range from 
about 20 ~ to about 300~ and to accept a flowing gas- -  
dried air, air humidified at different temperatures,  Ar, 
or Ar containing 6% H2. Anodes were also heat- t reated 
under  reduced pressure (about 100 Pa) in this same 
tube furnace. 

The hea t - t rea tment  was performed in three sequen- 
tial steps of flushing, heating, and finally cooling. 

1. After the electrodes were positioned inside, the 
tube was flushed for 1 hr with Ar at 1.5 l i t e r s /min  to 
remove the air. 

2. After the first step was completed, the heating 
was begun. When the temperature  reached the desired 

* Electrochemical  Society Act ive  Member .  
Key  words :  nickel-boride,  hydrazine ,  anodes, fuel  cells. 

value, the inert-gas flow was stopped and the flow of 
the desired gas was started, again at 1.5 l i ters / rain for 
1 hr. 

3. After  the appropriate heating step, the inert  gas 
flow was again begun and the furnace was cooled. The 
anodes were exposed to the air only at room tem- 
perature. 

Steps 1 and 3 were el iminated during the heat-  
t rea tment  in air. When anodes were heat- t reated un-  
der reduced pressure, step 1 consisted of 1 hr of pump-  
ing, step 2 consisted of heating while still main ta in ing  
the pumping, and finally, step 3 consisted of cooling 
under  the reduced atmosphere. 

Test procedure.--The catalyzed, heat- t reated anodes 
(48 cm 2 active area) were prepared and tested in 
duplicate. They were operated against a Ni-plated, 
perforated steel sheet in the cell shown in Fig. 1, at a 
constant current  density of 0.2 A/cm 2. The electrolyte 
(5.7M [33%] KOH containing llVi [3.2%] NfH4) flow 
rate was about 16 times stoichiometric for this current  

IR 
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ALED 
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W 

Fig. 1. Schematic diagram of test cell 
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density; the electrolyte temperature  WraS 31 ~ • 1~ 
/R-free  polarization data were taken regular ly  using a 
Kordesch-Marko (2) bridge. The 5.7M KOH electro- 
lyte was prepared by diluting 45% KOH-mercury -  
cel l- l iquor with deionized water. In all cases, the anode 
potentials were measured against the Hg/HgO ref- 
erence electrode. 

Scanning electron micrographs were made at low 
magnification of the Ni2B surface before and after the 
electrochemical test. Chemical analyses of the KOH 
half-cell  electrolyte were performed for the presence 
of boron at the conclusion of several electrochemical 
tests. 

Preparation of nickel boride powder.--The nickel 
boride powder was prepared by chemical precipita- 
tion; a 5% solution of nickel acetate was added slowly 
to a stirred, 10% solution of NaBH4. An excess of 
NaBH~ was used. The precipitate was washed well, 
filtered, and air dried for several days. This powder 
(about lg) was spread th in ly  in a quartz boat that was 

then positioned in the tube furnace for the appropriate 
heat- t reatment .  The heating steps were the same as 
before. 

Surface area determination.--All surface area deter-  
minations were made on the Numinco "Orr Surface- 
Area Pore-Volume Analyzer," Model MIC 103. The 
recommended procedure (3) was altered so that dur-  
ing the initial  evacuation of the sample, no external  
heat was applied to accelerate the degassing. Thus, no 
heat was applied to the nickel boride powder samples 
except dur ing the previous hea t - t rea tment  process. 
The surface area values were computer calculated 
from a simplified version of the program provided by 
the equipment  manufac turer  (3). 

Soaking the powder in KOH.--Af ter  the surface 
area was determined (after the desired hea t - t rea t -  
ment  of step 2), a known weight of powder was soaked 
in 50 ml of hot (82~ 33% KOH for 8 and finally 
for 64 hr at room temperature.  The KOH was retained 
in a plastic beaker to e l iminate  any boron contamina-  
tion from borosilicate glass beakers. This procedure 
was designed to simulate conditions existing during the 
electrochemical cell testing. These KOH solutions were 
subsequent ly  analyzed for boron. The powders were 
washed to remove KOH and finally air dried for 
several days. The surface area was rede,termined. 

Differential thermal analysis (DTA).--All  DTA data 
were obtained using a controlled atmosphere DTA sys- 
tem that permit ted analyses to be performed at pres- 
sures from about 0.13 to about 2 X 105 Pa. 

Results and Discussion 
Freshly catalyzed anodes.--Freshly catalyzed Ni~B 

anodes exhibited a time dependence in the anode po- 
tential  as depicted in Fig. 2. The arbi t rary  cutoff po- 
tential  was --0.95V; the anode life is indicated in terms 
of two n u m b e r s - - t h e  first number  designates the hum-  

h 

F~ -t.oc 

% 

o -0.95 

c~ I I I 
20/80 40/I60 601240 80/320 

ANODE LiFE (hr) 

Fig. 2 .  Anode life (in hours) to an arbitrary cutoff potential of 
- -0 .95V (at 0.2 A/cm~). 
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ber of hours the anode has operated at 0.2 A/cm 2, 
whereas the second n u m b e r  designates the total n u m -  
ber of hours the anode has remained in contact with 
the KOH (activation t ime),  which includes both the 
load time and the time at open circuit. The total acti- 
vation time was about four times longer than the 
operating time. The potential decayed to the arbi t rary  
cutoff value wi thin  60 hr of operating time on the 
average, corresponding to an activation t ime of 220 hr. 

Figure 3 shows a representat ive sampling of the 
SEM microgra~hs taken of the Ni2B surface before and 
after the electrochemical life test. The photomicro- 
graphs in the right column are of the freshly catalyzed 
Ni2B surface, whereas those in the left column are of 
the iYi2B surface after the life test. Figures 3G and 3H 
are side views of the electrodes and show the Ni sheet, 
the Mond particles, and the Ni2B catalyst. Clearly, the 
photos in the left column show that there is a loss of 
material from the catalyst surface; the Ni2B surface 
has become less dense, and the structure is more open 
than that depicted in the right column of photomicro- 
grar.hs. Since no black particles were evident in the 
KOH electrolyte during the electrochemical test, the 
shedding problem discussed before (I) was not the 
cause of the material loss. It appeared that the loss 
was by dissolution into the KOH. 

To identify what was dissolving from the electrode, 
the KOH electrolyte was analyzed for boron and nickel 
at the end of the life test. No Ni was detected in the 

Fig. 3. Ni2B-catalyst; magnification, 300X. A, B, top view, an- 
odes No. 194 and 195; C, D, top view, anodes No. 187 and 188; E, 
F, top view, anodes No. 201 and 200; G, H, edge view, anodes No. 
201 and 200. B, D, F, H, before electrochemical testing. A, C, E, G, 
corresponding anode after electrochemical testing. 
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Table I. Chemical analysis of the fuel cell electrolyte 

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY 

Time 
�9 Rate  of 
o p e r a t i n g /  boron 

Anode  Boron  contact  loss 
I t e m  No. (/Lg/ml) C o m m e n t s  ( h r / h r )  (/~g/hr) 

2001800 

180t720 

160/~0 

1 B l a n k  <0.1 33% KOH 
2 227 3,6 Anode  soaked  in  K O H  - - ' ~ 9 6  0 . ~ 8  1401560 

for  8 days  
3 212 4.0 S td  anode,  2 k A / m  ~ 56/225 0.018 
4 279 5.5 S td  anode,  4 k A / m  2 58/230 0.019 "~ 1201480 
5 - -  5.9 S td  anode,  2 k A / m ~  78/300 0.020 -- 
6 274 0.3 H e a t - t r e a t e d  air,  93~ 20/64 0.005 -~ 

1 h r  
7 274 1.5 H e a t - t r e a t e d  air ,  93~ 126/509 0.003 7~ 100/400 

1 h r  < 
8 275 3.8 Hea t - t r ea t ed ,  147~ I 56/219 0,017 

hr 

electrolyte. In  Table I, items 1-5, which are results for 
freshly catalyzed anodes, demonstrate that boron was 
indeed being removed from the anode (item 3). The 
rate of boron lost (micrograms per hour of activation 
time) was independent  of the operating current  den- 
sity or operating time. The same loss rate (about 0.018 
~g/hr) occurred regardless of how the anode was 
operated: (i) only at open circuit, i tem 2; (it) at 0.2 
A/cm 2, items 3 and 5; (iii) at 0.4 A/cm 2, item 4. These 
results demonstrated that the boron loss was by a 
chemical dissolution mechanism. The rate of boron loss 
was closely associated with the rate of decay in the 
electrochemical potential of the anode during life test- 
ing. 

A material balance on boron was made, understand- 
ing that (i) the catalyst formula was Ni2B, (ii) there 
were 3 mg/cm ') Ni2B on the 48 cm 2 anode, (iii) the 
total electrolyte volume was 3.0'0 ml. The calculation 
showed that only about 5-15% of the boron initially 
on the anode was dissolved into the electrolyte. Con- 
sequently, it may be that the boron is lost only at the 
surface leaving behind an inactive surface for hydra- 
zine oxidation. 

Electron probe analysis failed to identify the pres- 
ence of boron on the anode either before or after the 
life test. X-ray analysis showed no crystalline pattern 
for the nickel boride. 

The surface area changes in nickel boride powder 
caused by the contact of the powder with hot KOH is 
presented in Table II as items 1 and 2. These samples 
are duplicate batches of powder, neither of which 
were heat-treated. Column 1 gives the initial surface 
area of the powder, column 2 tabulates the ratio of the 
surface area before heat-treatment to the surface area 
afte~'r a specified heat-treatment, column 3 presents the 
surface area of the specified powder after the KOH 
contact, column 4 lists the ratio of the surface area be- 
fore the contact to the surface area after the contact, 
column 5 gives the absolute boron content of the KOH 
after contact with the powder, and finally column 6 
presents the normalized value of the amount of boron 
lost per gram "of powder. These data show that con- 
tacting the powder with KOH causes the surface area 
to increase about 21/4 times. This increase in the surface 
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Fig. 4. Lifetime variation of heat-treated Ni2B anodes using flow* 
ing, dry air. 

area is consistent with what  was seen in the SEM's of 
Fig. 3. The data of column 5 and 6 (Table II) agree 
with the data of Table I, i tems 2-5, that  boron is 
leached out of the nickel boride material.  

Anodes heat-treated in dry air.--Preliminary results 
showed that the operating lifetime of a Ni2B catalyzed 
anode was significantly lengthened from 60 hr (60/220) 
to 160 hr (16.0/640) by a simple hea t - t rea tment  in air. 
The effect of different hea t - t rea tment  temperatures,  to 
233~ on the life is displayed in Fig. 4. Despite some 
scatter in the data, it is clear that  the opt imum tem- 
perature for heat- t reat ing Ni2B catalyzed anodes in 
dry air is 93~ The polarization curves are presented 
in Fig. 5 for the best performing heat- t reated anode. 
The anodic polarization, curve A, remained unchanged 
for operating times exceeding 50 hr. At the 100 oper- 
a t ing-hr  time, the potential  had fallen to that  d rawn 
as curve B. At the 180 operat ing-hr  level, the potential  
had dropped to that given in curve C. This anode was 
in contact with the electrolyte for more than 709 hr. 

The chemical analyses of the KOH electrolyte in 
contact with some of the heat- t reated anodes are listed 
in Table I as items 6-8. These data show that the heat-  
treated anodes lose boron less rapidly than the non-  
heat- t reated anodes. The rate of boron loss for anodes 
treated at 93~ was only 25% that for non t rea ted  
anodes. The boron loss rate for anodes treated at 147~ 
corresponded closely to that for nontreated anodes. 
These data support the hypothesis that  the cause of the 
decay in the anodic potential  during hydrazine oxida- 
tion of Ni2B-catalyzed anodes is the loss of boron from 
the catalyst. 

Table II. Nickel boride powder data 

I t e m  S a m p l e  

1 2 2 4 S 
I n i t i a l  sur-  Sur face  area  B 
face area,  a f t e r  KOH, conten t ,  

m~ /g  Rat io  m~/g  Ra t io  m g / m l  

To ta l  B, 
m g / g  of 

Ni~B 

B a t c h  1 38.9 1.000 92.0 2.36 0.665 43.1 
No AT 
Ba tch  2 28.1 1.000 63.0 2.28 1.85 27.4 
No AT 
B a t c h  2 25,6 0.91 34.9 1.36 0.975 26.3 
AT = r m  t e m p / H ~ / 1  hr 
Batch  2 26.0 0.905 44.4 1.71 0.975 16.1 
AT = 93~ h r  
B a t c h  2 24.2 0.86 51.2 2.12 1.57 31.0 
AT = 147~ h r  
Ba tch  1 28.8 0.74 89.4 2.49 1.40 31.3 
AT = 233~ hr  
Ba tch  2 21.7 0.772 41.5 1.92 - -  - -  
AT = 300~ hr 
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Fig. 5. Variation of the voltage vs.  current density curve with 
time for a dry air, heat-treated, Ni2B anode (No. 311). 

In  Fig. 6 are displayed the SEM micrographs show- 
ing the effect of temperature  on the surface structure 
of the nickel boride. Parts  A-C of Fig. 6 are micro- 
graphs of the nonheat - t rea ted  surface at three differ- 
ent magnifications; parts D-F are the micrographs of 
the nickel boride heat- t reated at 93~ for 1 hr; and 
parts G-I  are micrographs of the nickel boride treated 
at 233~ for 1 hr. The micrographs show that the nickel 
boride surface loses material  when it is heated in dry 
air. This is most evident  in  the micrographs at low 
magnification in the left column. 

At a heat - t rea t ing temperature  of 233~ consider- 
ably more mater ial  was lost than at 93~ This loss 
must  be considered excessive because the l ifetime of 
the resul tant  anodes was well below that achieved for 
anodes treated at 93~ (see Fig. 4). 

It  is necessary to have a continuous flow of air over 
the anodes. In  one experiment  at 93~ in the tube 
furnace, no air was supplied to the system. Both ends 
of the furnace were open, however, so that  air could 
diffuse through the tube. These two anodes had a very 
short operating life of about 20 hr (2,0/65) and had a 
poor init ial  operating anode-reference potential  of 
about --0.97V. 

The length of t ime that anodes are heat- t reated is 
another important  parameter.  Table III  presents the 
lifetime results for anodes treated at 93~ in flowing 
air for four different lengths of time. The data showed 
that (i) the 1 hr t ime yielded anodes with the best 
life, and (it) the 16 hr time caused serious shortening 
in the life. The micrographs of Fig. 7 show surface 
changes that  occurred in NifB that was heated in flow- 
ing air at 93~ for times from 5 min  to 2 hr. After heat-  
t rea tment  for 2 hr (Fig. 7F), breaks in the NifB sur-  
face have become evident, which are absent from the 
sample that was heat- t reated for only 1 hr  (Fig. 7E). 
It is evident that the opt imum heat - t rea t ing  conditions 
in dry air necessary to maximize the anode life are 
93~ for 1 hr. Several  possibilities exist to explain this 
improvement :  

1. Some of the boron is removed during the heat-  
t rea tment  yielding a stoichiometry that  is more re-  
sistant to the KOH leaching of boron. 

Table Ill. Effect of heat-treatment time 

O p e r a t i n g  t i m e  
H e a t - t r e a t m e n t  t i m e  ( >  -- 0.95V) / 

a t  93~ (hr) contac t  t ime  

0 26/74 
1/~ 43/175 

1 160/600 
4 50/198  

I8  12/28 

2. Surface oxides could form, which in t u r n  make 
the surface more resistant  to the KOH leaching of 
boron. 

3. Some type of s t ructural  change occurs during the 
heat- t reatment .  With the present data, it is not 13os- 
sible to identify the mechanism involved in this heat-  
t rea tment  stabilization of nickel boride catalyzed 
anodes for hydrazine oxidation. 

Anodes heat-treated in a reducing atmosphere.-  
Heat- t reat ing anodes in  a reducing (6% H2 in  Ar) 
atmosphere has yielded anodes with an improvement  
of one to t~o  orders of magni tude  in  lifetime. Figure 
8 presents the lifetime data of three differently proc- 
essed nickel boride catalyzed anodes. Curve A repre-  
sent the average time decay of freshly catalyzed anodes 
(0:32 m V / h r  decay rate) .  Curve B represents the aver-  
age time decay of anodes treated in dry air at the 
opt imum condition of 93~ for 1 hr (0.12 m V / h r  decay 
rate) .  Curves C and C' represent  the t ime decay for 
two anodes treated in the reducing atmosphere at 93~ 
for 1 hr (0..014 m V / h r  decay rate) .  Thus the t ime decay 
for dilute H2 t r e a t e d  anodes (to the cutoff voltage of 
--0.95V) is about one to two orders of magni tude  less 
than for the unt rea ted  anodes. 

The effect of different hea t - t rea t ing  temperatures 
(for 1 hr in the dilute H2) on the life (defined simi- 

lar ly as for the air-treated anodes) is presented in 
Fig. 9. The circles represent  data for anodes treated 
exactly as indicated by steps 1-3. The triangles cor- 
respond to data for anodes that were cooled in the 
same dilute H2 gas that  was used for heat- t reat ing 
(used the same gas in  steps 2 and 3) ; and the squares 
represent data for two anodes t reated and cooled in 
100% Hf. 

In  Fig. 10 is plotted the effect of different hea t - t rea t -  
ing times (in 6% H~ at 93~ on the life of nickel 
boride anodes. The data from Fig. 9 and 10 show that 
the longest lived anodes were produced when the time 
in the flowing 6% H2 stream was l imited to 1 hr at a 
temperature  of 93~ The best life was also achieved 
when the cooling cycle was performed in Ar gas. 

Anodes were also heat- t reated under  reduced pres- 
sure (100 Pa) at 93~ for 1 hr. The average lifetime of 
these anodes (before the cutoff potential  was reached) 
was about 180/650 hr. This value is practically the 
same as that achieved by heat - t rea t ing anodes in air 
and considerably below the value achieved by heat-  
treating in a reducing-atmosphere.  The SEM micro- 
graphs of vacuum, heat- t reated anodes appeared simi- 
lar to the micrographs for air, heat - t reated anodes. 
Anodes that were heat- t reated in an inert  atmosphere 
(100% At)  at 93~ for 1 hr had a lifetime of about 
300/1500 hr. 

Several experiments were performed with nickel 
boride powders that were heat- t reated in the reducing 
atmosphere at different temperatures.  The data is 
presented in Table II, items 3-7. The value of the 
surface area measured after the hea t - t rea tment  was 
compared to the value measured before the t reatment ;  
the resul tant  ratios (column 2) are plotted in Fig. 11 
as closed triangles. The open circles represent  data 
from Jasinski (4); these powders were treated in vac- 
uum for times varying from 2.5 to 17 hr. The closed 
circle represents data of Lindholm (5) for a nickel 
boride powder that was heat- t reated in 100% He for 
1 hr. Although there is some scatter in the data, they 
do demonstrate that the surface area of nickel boride 
powders decrease with increased heating temperatures.  
Thus, the improved electrochemical performance evi- 
denced for the Hf- t reated anodes cannot be ascribed 
to changes in surface area. 

The surface area of freshly precipitated nickel 
boride powders that were soaked in KOH increased 
about 21/4 times (relative to their surface area before 
the immers ion) ;  see Table II, column 4, items 1 and 
2. For powders that were heat - t rea ted  in  6% Hf, this 
test caused the surface area to increase l inear ly  with 
increasing tempera ture  of hea t - t rea tment  (Fig. 12). 
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Fig. 6. Effect of temperature on Ni2B catalyst. A, B, C, nonheat-treated; D, E, F, heated at 93~ for 1 hr; G, H, I, heated at 233~ for 
! hr. A, D, G, magnificatian, 60,X; B, E, H, magn:fication, 100X; C, F, i, magnification, 300X. 

Several  reasons for the sudden decrease in the ratio 
for the powder heated at 300~ include (i) at 300~ 
there may occur sufficient physical changes such as 
sintering which leaves a surface that  is more  resistant 
to the subsequent chemical attack by the KOH; or (ii) 
sufficient chemical changes occur such as boron loss 
which leaves a surface that  is more resistant to the 
subsequent chemical attack by the KOH. 

The boron content  of the KOH used in the immersion 
tests is listed in column 5 of Table II, and a normalized 

value (to unit weight)  is listed in column 6. The nor-  
malized boron loss is at its lowest  value  for the powder  
that was hea t - t rea ted  in 6% H2 for 1 hr  at 93~ the 
same conditions that  have produced the longest l ived 
nickel boride catalyzed hydrazine anode. 

Analysis of a freshly precipi tated powder  for both 
nickel and boron showed the s toichiometry to be Ni2B 
in agreement  with the l i te ra ture  (5-7). Hea t - t rea t ing  
the freshly precipi tated powder  in 6% H2 at 93~ for 
1 hr, caused the s toichiometry to become Ni2B0.6~. 
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Fig. 7. The effect of heat-treatment time (in dry air) on the 
structure of Ni2B at constant temperature (93~ Magnification, 
60X. A, 6t : 0 rain; B, At ~ 5 min; C, 2t z 10 min; D, At ~ 30 
min; E, At = 60 min; F, -~t ~ 120 min. 
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Fig. 8. Lifetimes of Ni2B-catalyzed anodes. A, nontreated; B, 
heat-treated in flowing air at 93~ for 1 hr; C and C', heat- 
treated in flowing 6% H2 at 93~ for 1 hr. 

Differential  thermal  analysis was per formed on 
nickel boride powder  before and after different heat-  
t reatments  (in 6% H2 in Ar  a tmosphere) .  Three DTA 
curves (run in 6% H2 in Ar) are presented in Fig. 13. 
Curve  A corresponds to the nor th �9  mater ia l ;  
five peaks were  observed, occurring at 64~ (a), 120~ 
(b),345-350~ (c) ,430~ (d), and525~ ( e ) . C u r v e B  

corresponds to a material that was heat-treated in 6% 
H2 in Ar at 93~ for 1 hr. Two changes occurred in the 
DTA curve, peak (a) was eliminated and the ratio of 
heights of peaks (c) and (d) was reversed. Heat- 
treating the nickel boride to a higher temperature of 
260~ for 1 hr in the 6% H2 in Ar produced a material 
having the DTA curve represented by curve C. These 
curves imply that the Ni/B stoichiometry was altered 
by the specific heat - t rea tment .  Analogous results were  
obtained when the nickel boride powder  was heat-  
t reated at 93~ for different times. Nonreproducible  
results occurred when an inert  gas (N2 or Ar) was 
used to blanket  the sample during the DTA run. 

Nickel boride powder was scrapped off anodes that 
had been under  electrochemical  testing for 450 and 
220~ hr, and then  DTA analysis was performed. The 
results are shown in Fig. 14; curve A corresponds to 
the catalyst mater ia l  af ter  450 hr  in contact wi th  KOH 
and curve B, after 2200 hr. No characterist ic nickel 
boride peaks were  obtained with  the la t ter  material .  It 
is obvious that  contact wi th  KOH altered the Ni /B  
stoichiometry of the catalyst. The el iminat ion of peaks 
(c) and (d) (curve B) after 220.0 hr  contact wi th  KOH 
occurred at about the same t ime that  the /R-f ree  
anode-reference potential  s tarted to drop from its 
original value (curves C and C' of Fig. 8). It  appears 
the two phenomena are related. 

The chemical analysis of the nickel boride powders 
before and after a 6% H2 hea t - t r ea tment  and the SEM 
micrographs of hea t - t rea ted  anodes showed that  the 
hea t - t rea tment  process removed boron from the cata- 
lyst; and the KOH leaching of boron was re tarded 
from the H2 hea t - t rea ted  nickel  boride. Jus t  as there 
were  several  possible explanat ions for the improved 
anode life by hea t - t rea t ing  in air, so are there  several  
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Fig. 10. Lifetime variation of heat-treated Ni2B anodes in flow- 
ing 6% H2 as a function of heating times at a temperature of 
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Fig. 11. Effect of the heating temperature on the relative sur- 
face area of nickel boride powders. 

possible explanations for the 1-2 order of magni tude 
improvement  in anode life caused by heat- t reat ing in 
6% H2. These include: (i) during the H2 hea t - t rea t -  
ment  process, some of the boron is removed (perhaps 
by reaction with the H2 to form volatile boron hy-  
drides) leaving a Ni/B catalyst stoichiometry that is 
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Fig. 12. Effect of the heating temperature on the relative surface 
area changes in nickel boride powders caused by KOH leaching. 
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Fig. 13. DTA curves of nickel boride powder. Curve A, freshly 
precipitated powder; curve B, heat-treated in 6% Ha (At) at 93~ 
for 1 hr; curve C, heat-treated in 6% H2 (At) at 260~ for 1 hr. 
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Fig. 14. DTA curves of nickel boride powder after contact with 
33% KOH. Curve A, after 450 hr; curve B, after 2200 hr. 

more resistant to attack by KOH and therefore capable 
of sustaining a current  load at low overvoltage for 
prolonged times; (ii) during the hea t - t rea tment  proc- 
ess, surface oxides are removed by reduction with the 
H2 followed by some sintering of the catalyst thereby 
rendering the  catalyst more resistant  to attack by KOH 
and therefore capable of sustaining a current  load at 
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low overvoltage for prolonged times; (iii) during the 
hea t - t rea tment  process the surface could anneal  (re- 
lieve stress). 

Since the rate of potential  decay of all the t t2-treated 
nickel boride catalyzed anodes was associated with the 
rate of boron loss from that catalyst, it appears that 
the first explanat ion is the most likely. 

Manuscript  submit ted Jan. 28, 1974; revised man-  
uscript received Aug. 12, 1974. This was Paper  341 
presented at the San Francisco, California, Meeting of 
the Society, May 12-17, 1974. 

Any  discussion of this paper will  appear in a Discus- 
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Hydrogen Overpotential on Zinc Alloys 
in Alkaline Solution 

T. S. Lee *'1 

Union Carbide Corporation, Battery Products Division, Parma Research Laboratory, Cleveland, Ohio 44101 

ABSTRACT 

Hydrogen overpotential  on uniformly prepared Zn alloys of Hg, Pb, and Cd 
in 9N KOH solution are measured. The effect of small amounts  of iron evenly 
dis tr ibuted in  the sample on the overpotential  of Zn-Hg and Zn - P b  alloys are 
also observed. Exchange current  densities (Io) and t ransfer  coefficients (a) 
for the hydrogen evolution process on these surfaces are obtained. 

Due to increased interest  in using zinc electrodes in 
alkaline bat tery systems in the last decade, the be- 
havior of zinc electrodes in alkal ine media has been 
studied more in the past decade than ever before. Data 
on hydrogen overpotential  on zinc in alkaline solution, 
which has both theoretical and practical interest, have 
appeared in the l i terature (1, 2). The data on zinc 
containing small amounts  of impurit ies in  alkaline 
media also have been published (3, 4). However, ex- 
cept for very sketchy reports (5), hydrogen overpo- 
tentials on uni formly  prepared zinc alloys in concen- 
trated alkaline solutions have not yet been reported. 
The present paper reports the measurement  of hy-  
drogen overpotentials on carefully prepared zinc al- 
loys of Zn-Hg, Zn-Cd, Zn-Pb,  Zn-Mn as well as Zn-  
Pb -Fe  and Zn-Hg-Pb  in 9N KOH solution at room 
temperature.  It is believed that  these will serve not 
only as scientific informat ion but  will also provide 
factual background for those who wish to use them to 
in terpret  zinc corrosion phenomena in  alkaline systems 
(6). 

Experimental 
The cell used for the measurements  is a modified 

H-type cell equipped as a closed system under  a hy-  
drogen atmosphere. It is made from epoxy-l ined 
"Pyrex" so that the inner  walls are highly alkal ine-  
resistant. The details of the cell, the l ining technique 
and tests for resistance to concentrated alkaline solu- 
tion were reported previously (2). 

The samples are prepared by alloying the high- 
pur i ty  zinc (99.999§ with other pure metals. The 
pur i ty  of the other metals are as follows: mercury  
99.996§ lead 99.999~%, cadmium 99.999-~%, man-  
ganese 99.99-~%, and iron 99.994}-%. The details of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
P r e s e n t  address :  Resea rch  and  D e v e l o p m e n t  Labo ra to ry ,  D r e w  

C h e m i c a l  Corpora t ion ,  P a r s i p p a n y ,  New J e r s e y  07054. 
Key  w o r d s :  h y d r o g e n  o v e r v o l t a g e ,  h y d r o g e n  e v o l u t i o n  process  in  

a l k a l i n e  so lu t ion .  

making these alloys were reported elsewhere (4). In  
short, the alloys are prepared under  inert  atmosphere 
with great care to assure their uni formi ty  and, s imul-  
tanously to avoid the introduct ion of any foreign ma-  
terials. The final alloys are subjected to metallographic 
examinations and electron-microprobe analyses to de- 
termine their  exact pur i ty  and uniformity.  

The working electrodes are prepared from those 
alloys by cutt ing a piece from the center of the final 
casts. 2 The exposed area of this piece is about 1 cm2; 
the remainder  is electrically insulated with the same 
epoxy used to l ine the cell. The electrode surface is 
prepared and treated by following the same procedure 
described before (2). 

The counterelectrode is made from pure nickel and 
its area is about 8-10 times that  of the working elec- 
trode in order to minimize the introduct ion of peroxide 
in the cell. The reference is a Hg/HgO electrode in 
contact with the same KOH solution as that  in the 
cell. The concentrat ion of the KOH is 9N. 

The constant current  is supplied by a Harrison Lab-  
oratories' Model 855C power supply through a variable 
power resistor in  series. The potentials are measured 
by a Keithley Model 630 potentiometric electrometer, 
which has a min imum input  resistance of 1018 ohm. All 
measurements  are carried out at room tempera ture  
which is controlled at 25 ~ • I~ Measurements are 
carried out from the high current  density to the low 
current  density region and back again; this process is 
then repeated. 

At each current  density, the steady potential  is ob- 
tained in  a few minutes.  Once the steady potential  is 
reached, the electrode will stay at the same potential  
as long as % hr without any change. The data pre-  
sented here are the average values of four runs. The 
deviation of each run  from the average value is only a 

2 The  a l loys  are al l  u n i f o r m  f r o m  cen te r  to the  sk in ,  the  r eason  
for  t a k i n g  the  cen te r  p o r t i o n  is to  a v o i d  the possible sk in  con-  
t a m i n a t i o n  d u r i n g  ca s t i ng  and  h a n d l i n g .  
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few millivolts;  there is no hysteresis in  any of the runs. 
After the measurement,  the electrodes are washed, 
dried, and examined under  a microscope. The surface 
does not appear to have changed from its original ap- 
pearance. 

Results and Discussion 
Hydrogen evolution on a zinc surface under  imposed 

electric potential  in  alkaline solution is known  to have 
the over-al l  reaction: 2H20 + 2e = He + 2 OH- .  The 
ra te-de termining  step in this reaction is electron t rans-  
fer. The t ransfer  coefficient ~ = %, and the hydrogen 
overpotential  01) for the reaction as shown previously 
(2) is 

RT 2RT 
= const + - -  In A~2oAoH - -  In I 

F F 

where A denotes the activity, I is the current  density, 
and the other symbols have their  usual  meaning.  At 
constant temperature  and definite KOH concentration, 
the above equation reduces to the Tafel equation 

= a + b log I, where a and b are constants. 
In  the experiments,  the hydrogen overpotentials are 

obtained by subtract ing the reversible hydrogen po- 
tential  from the measured potential. The reversible 
hydrogen potential  in 9N KOH at 25~ as both mea-  
sured and calculated before (2), is --0.938V against 
a Hg/HgO electrode. 

The hydrogen overpotentials of alloys of Zn-Hg, 
Zn-Cd, Zn-Pb,  and Zn-Mn in  9N KOH are shown in 
Fig. 1-4, respectively, as a function of log current  
densities. In  Fig. 1, one can see that all the mercury  
alloys have a higher hydrogen overpotential  than  that 
of pure zinc. The numerical  value of the overpotential  
of Zn-2% Hg is higher than that of pure zinc and the 
Tafel slope is about the same as that of zinc. As the 
mercury content increases to 4 and 8%, the numerical  
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Fig. 1. Hydrogen overpotentials for Zn-Hg alloys. - -  Zn, Z~ Zn- 
2% Hg, X Zn-4% Hg, [ ]  Zn-8% Hg. 
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Fig. 2. Hydrogen overpotentials for Zn-Cd alloys. - -  Zn as well 
as Zn-0.05% Cd, O Zn-4% Cd, A Zn-8% Cd, X Cd only. 
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Fig. 3. Hydrogen overpotentials for Zn-Pb alloys. - -  Zn, O Zn- 
0.2% Pb, A Zn-0.8% Pb, X Zn-Z0% Pb. 
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Fig. 4. Hydrogen overpotentlals for Zn-Mn alloys. - -  Zn, O Zn- 
0.05 Mn, [] Zn-0.5-Mn. 
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Fig. 5. Hydrogen overpotentiMs for tertiary Zn alloys. - -  Zn, X 
Zn-0.05% Fe, A Zn-2% Hg-0.2% Pb, O Zn-0.8% Pb-0.05% Fe. 

values of hydrogen overpotential  increase by more 
than 10,0 mV in the low current  density region, while 
in the high current  density region, the increase is not 
that much. This is due to the result  of Tafel slope de- 
crease as the mercury  content in the sample increases. 
From the figure it looks as if the hydrogen overpo- 
tential  data for the 4% Hg alloys are not much differ- 
ent from those for the 8% Hg alloys. However, by 
careful examination, one can see that the slope of the 
overpotential  for the 8% Hg alloy is slightly smaller 
than that for the 4% Hg alloy. This may account for 
the slightly better  corrosion protection of a zinc elec- 
trode with 8% Hg than that  with 4% Hg in an alkaline 
electrolyte. This is schematically i l lustrated in Fig. 6. 
The anodic reaction of Zn/ZnO2 = in alkaline solution 
is represented by curve a, which will  not vary under  
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Table I. Electrochemical parameters for hydrogen evolution 
reaction on various Zn alloys surface in 9N KOH 

Sur face  S lope  a Io ( A / c m  $) 

Z n  0.124 0.48 1.5 x 10 -~ 
Zn-2% t t g  0.116 0.51 2.7 • 10-~o 
Zn-4% Hg 0.098 0.60 8 x 10-m 
Zn-8% H g  0.086 0.69 6 x 10-u 
Zn-4% Cd 0.158 0.37 7 x 10 -s 
Zn-8% Cd 0.154 0.37 1.5 x l0 s 
Zn-0.2% Pb  0.137 0.43 2 x 10 -g 
Zn-0 .8% P b  0.134 0.44 1.3 x 10 -9 
Zn-2% Pb  0,172 0.34 6.2 • l o s  
Zn-0.05% Mn 0.138 0.43 5,1 x i0 -s 
Zn-O.5% M n  0.140 0.49. 7.5 x l o s  
Zn-2% Hg-0.2% Pb 0.125 0.48 6 x 10 -1o 
Zn-0.8% Pb-0.05% Fe 0.125 0.48 9 x 10 -1~ 

LOG CL'RRE:~T DENSITY 

Fig. 6. Corrosion currents of zinc in alkaline solution with dif- 
ferent slopes of H20/H2 reaction. 

the specific condition. The cathodic reaction of H20/H2 
is represented by the family of curves cl, c2, and c3. 
Curve cl represents the reduction of water  on zinc sur-  
face. Curve c2 is that of the cathodic reaction on the 
Zn-Hg surface and that of c3 is the reaction on the 
Zn-Hg surface with a higher mercury  content on the 
sample than that of c2. All the three curves intercept 
the curve of the anodic reaction Zn/ZnO2 = at I1, I~, 
and I~, respectively. The numerical  value of I1, I2, and 
I3 are known as the corrosion currents  of the respec- 
tive surfaces in  the KOH solution. The smallest nu -  
merical  value of the three corrosion currents  is I3. This 
is obtained as a result  of the lowest slope of the water  
reduction on the metal  surface. The experimental  data 
shows that the higher the mercury  content in the zinc 
alloy the lower the slope of the cathodic water re-  
duction reaction. In  Fig. 6 curve c3 represents the 
cathodic reduction of water  on the zinc surface con- 
ta in ing the largest amount  of mercury  and shows the 
lowest corrosion current  (I8) of all curves. 

Figure 2 shows the hydrogen overpotential  plots for 
the cadmium alloys. As shown previously by (4), a 
small  amount  of Cd (0.0.5%) in Zn does not change the 
overpotential  one way or the other. As the cadmium 
content  increases to 4 and 8% in the alloys, the Tafel 
slope changes to that  of cadmium. The hydrogen over-  
potential  on Cd is reproduced in the figure for com- 
parison. It appears that the cadmium alloy in the al- 
kal ine system behaves like cadmium but  at a higher 
numerica l  value than  that  of pure cadmium. It is 
interest ing to point out that the t ransfer  coefficients 
(~) derived from the Zn-Cd alloys containing 4-8% 
cadmium are the same as those obtained from cad- 
mium in  6N NaOH solution by Zhouldev and Stender  
(7) (~ -- 0.37) and are not much different from those 
obtained in 1/7 HC1 by Hickling and Salt (8) (~ : 
0.3). The increase of the slope for the Zn-Cd alloy is 
the result  of the cadmium component in the alloy. 
This might  be due to a stronger adsorption of cations 
in the solution on the alloy surface than on pure zinc. 
The hydrogen overpotentiaIs on lead alloys are plotted 
in Fig. 3. The slope of the overpotential  on Zn-0.2% 
Pb is about the same as that  of pure zinc; even the 
numerical  value in the low current  density region is 
larger than  that in the high current  density region, the 
overpotential  on Zn-0.8% Pb is uni formly higher than 
that of zinc. As the lead content  increases to higher 

percentages, as in  Zn-2.0% Pb, the slope of the over-  
potential  increases..This will  cause the exchange cur-  
rent  as well as the corrosion current  to become larger 
than that of zinc which is less desirable than a lower 
percentage of lead with respect to corrosion protec- 
tion. Figure 4 shows the plots for manganese  alloys. 
It is evident  that manganese in the alloy lowers the 
overpotential.  The higher the content of manganese  in 
the alloy, the lower is the numerical  value of the over-  
potential. In  Fig. 5, the interact ion of one element  with 
the other on the overpotential  of the zinc alloy is 
shown. The 0.05% Fe introduced into zinc causes the 
overpotential  decrease in the low current  density re-  
gion (curve 4). Where 0.8% Pb is added, however, the 
effect of i ron is canceled (curve 2). The overpotential  
of the alloy Zn-0.8% Pb-0.05% Fe is uni formly  higher 
than that  of zinc. In  other words, the effect of lead 
could mask the effect of iron. Curve 1 in Fig. 5 is the 
overpotential  plot for Zn-2% Hg-0.2% Pb, which has a 
higher numerical  value than either that  of Zn-2% Hg 
or Zn-0.2% Pb. 

The electrochemical parameters  of the hydrogen 
evolution process are shown in Table I. Both the t rans-  
fer coefficient (a) and exchange current  (Io) are de- 
rived from the Tafel plots. 

Manuscript  submit ted March 4, 1974; revised manu-  
script received Sept. 20, 1974. This was Paper  346 pre-  
sented at the San Francisco, California, Meeting of the 
Society, May 12-17, 1974. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Stress Corrosion Cracking of 4140 High 
Strength Steel in Aqueous Solutions 

Aziz Asphahani* and H. H. Uhlig** 
Department of Metallurgy and Materials Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The critical hardness value of 4140 steel is determined above which s t r e s s  
corrosion cracking (SCC) in boiling distilled water  initiates wi th in  short 
times. Also the critical applied potentials are measured immediately below 
which SCC does not initiate. Cold work and various galvanic couples a r e  
evaluated. A reasonable mechanism of cracking is discussed. 

The stress corrosion cracking (SCC) behavior  of 
many  high strength, low alloy steels stressed to 75% of 
their yield s trength and exposed to a mar ine  atmo- 
sphere was described by Phelps (1, 2). Most steels 
with yield strengths below 180 ksi (125 k g / m m  2) were 
resistant for at least 1000 days, some were resistant 
for this exposure period up to 210 ksi (148 kg/mm2),  
but all failed wi thin  days or months above this 
strength level. Yamamoto and Fuj i ta  (3)described a 
similar upper  critical s trength level for observed SCC 
of low alloy steels in water  equal to 155-17.0 ksi (110- 
120 kg /mm 2) yield strength, based on service data and 
laboratory tests. Although they reported that  com- 
position of a low alloy steel can also be a factor, 
their observed times to failure showed that s trength 
level is the more important  parameter  determining 
susceptibility. They also showed that times to failure 
in water  are appreciably shorter at elevated than at 
room temperatures;  moreover, t ime to failure in 0.3% 
NaC1 is a function of applied potential, as had been 
shown earlier for 12% Cr, 1% Mo, 0.3% V stainless 
steel in 3% NaC1 by Phelps and Loginow (4) and for 
a 12% Ni maraging steel in sea water by Kirk, Covert, 
and May (5). Peterson et al. (6) using notched tensile 
bar  specimens reported the potential  range wi thin  
which fai lure of t t - l l  steel [225 ksi yield strength 
(YS) ] is inhibi ted for at least 16,0 hr in sea water. 

Baker and Single ter ry  (7), using U bend specimens 
of 4340 steel having a Rockwell hardness of Rc 51, 
confirmed shorter failure times in various aqueous 
solutions at above room temperature,  and reported a 
marked pH and anion effect. Fuj i ta  and Yamada (8) 
and Okada (9) recently described the SCC behavior of 
various high strength steels in aqueous media, again 
emphasizing a critical yield stress range above which, 
but  not below, susceptibility is observed; they also 
discussed metal lurgical  factors, mechanisms, and vari-  
ous protective measures. Gilchrist and Narayan (10) 
reported failures of stressed, high strength 0.83% C 
steel wires anodically or cathodically polarized; fur-  
thermore they showed that cold drawn wires were 
not  immune  and that  cracks proceeded by either 
"active path" or by hydrogen cracking. Yamaoka and 
Wranglen  (11) earlier reported failures of stressed, 
high strength 0.4% C low alloy steel whether  anodi- 
cally or cathodically polarized in water. Johnson and 
Wilner  (12) employing precracked specimens of H-11 
low alloy steel (230 ksi YS) showed that a given upper  
stress intensi ty  factor insufficient to cause crack 
growth in dry argon was nevertheless adequate to 
cause crack growth in moist argon corresponding to as 
little as 0.1% relative humidi ty  (r.h.). The rate of 
crack growth increased with partial  pressure of H20 
up to 60% r.h., above which the rate leveled off. 

* Electrochemical  Society S tudent  Member .  
** Electrochemical  Society Act ive Member .  
K e y  words :  low alloy steels~ cri t ical  potentials,  deearburizat ion,  

s t ress-sorpt ion cracking,  cold work ,  galvanic  couples. 

174 

It is the purpose of the present  investigation: (i) to 
explore the critical potential  range wi thin  which 
failures by SCC do not initiate, and the effect in this 
respect of some envi ronmenta l  factors and cold work, 
and (it) to interpret  presently known  facts in  terms 
of possible mechanisms. 

Experimental 
The present A.I.S.I. Type 4140 steel (0.43% C, 0.91% 

Cr, 0.23% Mo, 0.9.0% Mn, 0.32% St, 0..024% S, 0.01% P, 
0.15% Ni) in the form of % in. rod was made available 
by courtesy of In land  Steel Company. After  roil ing to 
41 rail (1.0 mm) thick strip, specimens were sheared 
to the dimensions: 1 3/4 • 3/16 in. (4.5 X 0.5 cm), 
abraded, degreased, and pickled in 5 volume per cent 
(v/o) H N Q  at 80~ for 3 min. They were then bent  
beyond the elastic l imit to the form of a C having a 
span of 1 7/16 in. (3.7 cm). Bent specimens were held 
between porcelain insulators by remote spring loading, 
being subject, therefore, to constant flow stress up to 
the time a crack initiated. Total failure time was re- 
corded by an electric clock. The assembly was sub-  
merged in boiling distilled water  or in boiling aqueous 
salt solution contained in a flask fitted with a con- 
denser. Boiling temperatures  were preferred over 
lower temperatures because of corresponding shorter 
times to failure. For conditions of controlled potential, 
the flask was fitted with a glass fr i t -separated side arm 
which was located near  the position of max imum 
bending of the test specimen and contained a saturated 
calomel reference electrode. Two auxil iary Pt  elec- 
trodes 3 • 1 in. (7.6 • 2.5 cm) were placed at op- 
posite sides of the specimen within  the cell. To make 
electrical contact, an iron wire enclosed by closely 
fitting Teflon tubing was spot welded to one end of 
the specimen. A Wenking potentiostat controlled the 
applied potential  throughout  a test run. A sketch of the 
cell but  with auxil iary electrodes outside the cell ap- 
peared in a previous publicat ion (13). 

The present test as applied to high strength steels is 
a measure pr imari ly  of conditions leading to crack ini-  
t iat ion ra ther  than crack growth. Although many  
arguments  have been presented in favor of using 
precracked specimens and measur ing crack growth, 
there are also valid arguments  in  favor of using 
smooth test specimens. A smooth test specimen 
stressed beyond the elastic l imit has the advantage 
of conforming closely to conditions typical of practical 
structures which through surface scoring or assembly 
procedures are stressed locally beyond the elastic 
limit. Fur thermore  only a smooth specimen makes it 
possible to evaluate precise envi ronmenta l  conditions 
affecting failure, as well as the true operating poten-  
tial range wi thin  which cracks are not initiated. By 
way of contrast in tests employing a precracked speci- 
men, both electrolyte pH and composition wi th in  a 
deep fissure can vary greatly with time (14), and the 
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true potential  at the apex of a deep crack is largely 
unknown.  

It should also be pointed out that values of stress 
intensi ty Kmce below which cracks supposedly do not 
grow in a damaging envi ronment  are of doubtful  value 
to most practical situations, including those involving 
high strength metals. Brown (15) referr ing to crack 
growth in precracked specimens of high s trength steels 
exposed to sea water  has stated that there does not ap- 
pear to be a clear-cut threshold strength below which 
SCC does not occur. This conclusion is in contrast to 
that applying to the use of smooth specimens where a 
critical yield s trength for SCC in water or moist air 
has been reported by more than one investigator, and 
which, moreover, correlates closely with field tests 
and with broad practicaI experience. In  addition, as 
Peterson et al. (6) show, at high stress levels (such as 
are presently applied) the observed crack growth 
rate of high strength 4340 steel in  sea water  at room 
temperature  can be as high as Y4 in. (0.6 cm) /min .  
Under  these conditions, it is obviously more useful to 
study factors that prevent  crack initiation, and it is 
these conditions with which the present  paper is con- 
cerned. 

Results 
EEect of hardness.--Since high strength steels ex- 

~cosed to water are found to be subject to SCC only 
when they are heat- t reated above a specific yield 
s trength range (which can be interpreted in terms of 
hardness) ,  it was important  to determine whether  the 
present laboratory test correlates with practical ex- 
perience and with field tests. The 4140 steel specimens 
water quenched from 850~ attained high hardness 
and strength (Ro 53), but  these on bending failed 
mechanically. Lower hardness values were obtained by 
tempering at 350~ or higher temperatures.  Furnace-  
cooled specimens (in purified argon) were least hard, 
measuring about R~ 1'0. Tests in boiling distilled water  
showed that stressed water -quenched and tempered 
specimens (Ro 47) failed wi thin  the short time of 2 hr 
or less, but  that  furnace-cooled specimens did not fail 
within the max imum test period arbi t rar i ly  set at 
2,00 hr. Averaged data (2 to 3 specimens) of Fig. 1 
show that the critical hardness below which failure 
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Fig. 1. Effect of hardness of 4140 steel on stress corrosion 
cracking in boiling distilled water. 

times are >200 hr is about Re 42. This value corre- 
sponds to a yield strength of 18,5 ksi (130 k g / m m  2) 
which is close to the room temperature  critical range 
established by Phelps through long time mar ine  at-  
mosphere tests (1, 2). The steep fall off of failure t ime 
with hardness confirms a critical range of hardness 
values above which SCC occurs. The lower level of 
hardness or yield s trength corresponding to absence 
of SCC or very long expected life in a moist atmo- 
sphere can at best be estimated from broad practical 
experience; corrosion fatigue data of Lee and Uhlig 
(16) also contr ibute re levant  information.  They found 
no effect of moisture in  air on the fatigue life of 
4140 steel below the interpolated value of Rc 32-35 cor- 
responding to a yield strength of 145-151 ksi (102-106 
kg /mmf) .  This lower critical range is reasonably close 
to that reported by Yamamoto and Fuj i ta  (3) and by 
Okada (9). 

A laboratory-prepared,  relat ively pure 1% Ni, 
0.3% C steel tested in boiling distilled water  had a 
critical hardness value of Rc 40 for >200 hr life; 
the corresronding value for a labora tory-prepared 
pure 1% Cr, 0.3% C steel was Rc 42. These values 
parallel that for 4140 steel and confirm that s trength 
rather  than comrosit ion is the important  factor deter-  
mining  susceptibility of a steel to SCC in water. 

The present accelerated test, therefore, provides a 
measure of susceptibility of low alloy steels to SCC in 
water  and aqueous salt solutions. Average failure 
times of 4140 steel heat - t rea ted to Re 46 (20r5 ksi YS) 
and exposed to boiling 3% NaCI (57 hr) and to boil- 
ing 3% NafSO4 (60 hr) are somewhat shorter than 
failure times in boiling water (81 hr) ,  but  the differ- 
ence is not considered to be especially significant. The 
salt solutions have good electrical conductivity and 
were used to obtain values of the critical potential  
immediately below which otherwise susceptible steels 
do not undergo SCC failure at boil ing temperatures  
for at least 200 hr, and probably for much longer times. 

E~fect 05 cold work and decarburization.--The effect 
of cold work was studied by cold-roll ing steel previ-  
ously water quenched from 850~ and tempered 11/2 hr 
at 420~ having a final hardness value for the cold- 
rolled mater ial  varying from Re 43 for 25% reduction 
to R~ 46.5 for 60% reduction. It was feasible to cold- 
reduce steel so tempered to not more than 6,0% re-  
duction of thickness. Cold-roll ing was general ly but  not 
always beneficial. Specimens cold-rolled ~0% reduc- 
tion of thickness consistently did not fail in boiling 
distilled H20 or in boiling 3% NaC1 for the max imum 
test period. Failures, however, were observed in boil-  
ing 3% NafSO4 within an average of 93 hr (4 speci- 
mens) .  Data are plotted in Fig. 2. The reason for the 
difference in behavior between NaC1 and Na2SO4 test 
solutions was clarified by critical potential  measure-  
ments to be described later. 
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Fig. 2. Effect of cold-rolling parallel to long specimen direction 
of 4140 steel, Rc 4346.5, on stress corrosion cracking in boiling 
aqueous solutions. 
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Table I. Effect of decarburized surface on susceptibility of 4140 steel to SCC in boiling distilled H20 and to hydrogen cracking in 
3% Na2SO~ 

Decarburizat ion treatment  

Rockwell hardness  

Time of  fai lure cathod. 
polarized in 3% Na~SO4 

+ AsfO8, 24 mA/cm 2 
Time to fai lure 

Surface  Core in boiling H~O Boiling Room t e m p  

1. Wet  H2 1000~ 40 min,  W.Q. Re 30 Rc 53 
2. Wet  H~ 760~ 60 min,  W.Q. RB 80 l:{e 53 
3. Wet H2 780~ 60 rain, W.Q., t empered  RB 74 Rc 46.5 

420~ 20 min  
4. As in  3 but decarburized layer pickled 

off in 10% I-INO~, 85~ (loss of 15 
mils spec. thickness) 

>200 hr (2)* 2.3 rain (2) 5.5 min (2) 
>200 hr (2) 2.0 rain (2) 2.3 rain (2) 
>200 hr (2)** >200 hr 15 min (2) 

52 hr  (2) 

* Numbers in parentheses  indicate  n u m b e r  of  spec imen  tested.  
** Also no failure in boiling 3% NaC1 and boiling 3% NafSO~. 

In a program to ascertain whe ther  generat ion of hy-  
drogen by the water -s tee l  reaction may  be the cause 
of cracking, as is thought  to be the case by some in- 
vestigators, specimens were  prepared with  a soft sur-  
face about 1-4 mils (0.03-.0.1 ram) thick obtained by 
decarburization, allowing the core to remain  at a hard-  
ness value above Re 42 needed for susceptibility. The 
soft surface continues to react  with water  to form hy-  
drogen, but would not supposedly init iate a crack. Such 
a surface was found to prevent  failure, as is shown by 
data of Table I. These results confirm the observations 
of previous investigators (3, 17) who reported benefi- 
cial effects of a decarburized surface layer  on SCC of 
high s t rength steels. The results of Table I also show 
that  cathodically charging hydrogen onto decarburized 
specimens results in hydrogen cracking despite a soft 
surface. Two series of specimens failed by hydrogen 
cracking at room and at boiling temperature.  A third 
series al though failing at room tempera ture  did not 
fail wi thin  2,09 hr  at boiling temperature,  which may 
be explained by too l i t t le hyd:cogen enter ing the steel 
(better  catalytic surface for 2H --> H~) at the higher  
temperature.  

Along the same lines, if  residual interst i t ial  hy-  
drogen in the steel were  the cause of cracking, it 
should be possible to remove such gas by heat ing the 
specimen before applying stress. Three specimens im- 
mersed unstressed in boiling water  for 25 hr, then 
stressed, failed within  an average of 85 hr. Three addi- 
t ional specimens immersed unstressed for 100 hr failed 
within  an average of 79 hr. Heat ing 3 specimens un-  
stressed in air for 100 hr, then stressing and immersing 
in boiling water  resulted in an average fai lure t ime of 
86 hr. In absence of .pre immers ion in boiling water  or 
previous hea t - t r ea tment  in air at 100~ the average 
failure t ime was 81 hr. All these times to fa i lure  are 
within the exper imenta l  variations of the test. They 
show that  residual hydrogen in the steel, or hydrogen 
produced by the s tee l -water  reaction, or hea t - t rea t -  
ment  at 100~ are not apt to be important  factors en- 
tering the cause of failure. 

Critical potentials.--The importance of the critical 
potential  relates to the decisive role  it plays in deter-  
mining whe ther  or not SCC will  initiate. Only a few 
mil l ivol ts  ei ther  way accounts for init iat ion of damage 
or its absence. The significance of the critical potential  
in this regard  was previously emphasized by data 
from this laboratory on SCC of austenitic (13, 18) and 
ferri t ic (19) stainless steels, and of mild steels (2.0) in 
nitrates and alkalies. For  high strength steels, a similar 
wel l-defined critical potential  is observed. However ,  
because of the sensit ivi ty of these materials  to hydro-  
gen cracking, a potential  range usual ly beginning some 
tenths of a volt active to the critical potential  can 
again lead to rapid failure. This gives rise to a po- 
tential  in terval  wi thin  which protection is observed, 
as was shown by earl ier  data of Kirk etal .  (5) for a 
maraging steel in sea water  and by data of Peterson 
et aI. (6) for 4340 steel in sea water.  The effect of 
applied potential  on t ime to fai lure in boiling 3% 

NafSO4 of 4140 steel  water  quenched from 780~ 
tempered 20 min  at 420~ Re 46, is shown in Fig. 3. 
The critical potential, referr ing to a life of >200 hr, 
appears at --0.658V, SCE, or --0.416V, SHE (neglecting 
l iquid junct ion and thermal  gradient  potentials) .  The 
corrosion potential  in this solution measured at the 
t ime of fai lure is equal to --0.63V, SCE, or --0.39V, 
SHE, which is noble to the critical value, accounting 
for spontaneous cracking in absence of an applied po- 
tential. The corresponding critical potential  in boiling 
3% NaC1 (Fig. 4) is equal to --0.640V, SCE, or --0.39'8V, 
SHE, and a more noble corrosion potential  equal to 
--0.61V SCE, or --0.37V, SHE, again accounts for spon- 
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Table II. Effect of cold-rolling on SCC of 4140 steel boiling solutions 
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Steel  t reatment  

Critical pot.  S H E ,  V 

3% Na~SO,  3% N a C l  

Corros .  pot .  SHE,  V 

3% Na2SO,  3% N a C I  

Difference of pot., V 

3% NaeSO, 3% NaC1 

Time to failure,  
s i m p l e  i m m e r s i o n ,  hr 

3% Na=SO4 3% NaCl 

W.Q.  783~ t e m p ' d .  420~ - 0 . 4 1 6  --0.398 - 0 . 3 8 8  - 0 . 3 6 8  0.030 
20 ra in ,  Re 46 

W.Q.,  t e m p ' d . ,  co ld - ro i l ed  - 0.398 --0.372 -- 0.393 --0.383 0.005 
60%, parallel  long spec. 
d i m e n s i o n ,  Re 46.5 

0.030 60 (3) 57 (2)* 

--0.010 93 (4) > 2 0 0  (2) 

* N u m b e r s  i n  parentheses  indicate number  of  specimens  tested.  

taneous failure. The critical potential  was usual ly  re-  
producible to +--3 mV whereas the corrosion potential  
drifted with t ime and hence was reported only to the 
nearest  10 inV. 

Critical potential  data for steel cold-rolled 60% re-  
duction parallel  to the long specimen dimension show 
that the critical potential  becomes more noble and the 
corrosion potential  more active through cold-rolling, 
but  that the corrosion potential  is just  noble to the 
critical potential  in 3% Na2SO4 accounting for spon- 
taneous cracking (Table II) .  This si tuation is opposite 
to that  in 3% NaC1 for which the corrosion potential  
remains active to the critical potential, accounting for 
resistance to failure. 

These results demonstrate the sensit ivity of failures 
by SCC to both critical potential  and prevail ing cor- 
rosion potential. This sensitivity is also shown by the 
inhibi t ing effects of alkalis and of orthophosphates. A 
shift of corrosion potential  and critical potential  ac- 
counts for lack of fai lure in boiling 3% NaC1 at pH 11 
and 12. Data are plotted in Fig. 5; pH values refer to 
room temperature.  Because of inevitable drift of corro- 
sion potentials with time, the cross-over of critical and 
corrosion potentials shown at about pH 9.3 may on the 
average occur wi thin  the pH range 9-10. 

The inhibi t ion of SCC by addition of 1% NaH2PO4 to 
boiling 3% NaC1 adjusted to pH 6.4 is also accounted 
for by shift of potentials. In  presence of phosphate the 
critical potential  is moved 140 mV in the noble direc- 
tion to --0.258V, SHE, and the corresponding corrosion 
potential  is shifted 30 mV in the ac t ive  direction to 
--0.40V, SHE. No failure occurs wi thin  the maximum 
test period of at least 200 hr. 

Galvanic couples.--The importance of the critical 
potential  to the observed SCC of high strength steels 
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Fig. 5. Effect of pH of boiling 3% NaCI on critical and corrosion 
potentials, and on time to failure of 4140 steel, Rc 46. 

leads to the prediction that coupling a steel to a more 
active metal  of sufficient area to polarize the steel just  
active to its critical potential  should be beneficial. At 
the same time, the potential  mus t  not be  shifted into 
the still more active region where hydrogen cracking 
occurs. The lat ter  form of damage is diminished at 
10'0~ compared to room temperature  because of less 
tendency for hydrogen to enter  a cathodically po- 
larized steel at above-room temperatures,  but  hydro-  
gen cracking under  some conditions can nevertheless 
occur at boiling temperatures,  as our several tests 
showed. Results of galvanic couple tests in boiling 3% 
NaC1 are summarized in Table III. 

Discussion 
The present laboratory results confirm that ini t iat ion 

of failure by SCC of low alloy carbon steels in water 
is sensitive largely to yield s trength or hardness, and 
that  failure times are much shorter at 100~ than  at 
room temperature.  A thin decarburized surface effec- 
tively protects a harder  core (>Re ~0) against SCC 
damage, but not against hydrogen cracking induced by 
cathodic polarization. It is also confirmed that cold- 
rolling can be beneficial, as is well known  in the ap- 
plication of cold-drawn steel cables to bridge construc- 
tion. A high pH aqueous envi ronment  (pH 11 or 12) 
at boiling temperature  for which the corrosion poten- 
tial tends to remain active (lack of passivity) is also 
beneficial. The lat ter  observations on cold-roll ing and 
pH are presently explained in terms of shifts of the 
critical potential  for SCC and of the corrosion poten-  
tial. Whenever  the corrosion potential  or applied po- 
tent ial  falls active to the critical value, SCC does not 
initiate; in  the reverse order failure is observed. 

Properly chosen galvanic couples of adequate area 
can therefore be beneficial as data of Table III show. 
Phelps and Loginow (4) in their atmospheric tests 
found that Zn-r ich  paints and A1 coatings are pro- 
tective to high strength steels. On the other hand, 
Yamamoto and Fuj i ta  (3) found that couples of high 
strength steel with Mg or Zn in aerated water at room 
temperature  were detrimental,  but  that couples with 
Cd, Sn, Pb, Mo, A1, and Cu were without  effect. Peter-  
son et al. (6) reported that  Zn coupled to an 18% Ni 
maraging steel in sea water  was detrimental,  but that 
Cd was beneficial. The reported detr imental  effect of 
1V[g or Zn is probably a result  of hydrogen cracking, 
an effect which is less l ikely with Cd because its cor- 
rosion potential is less active than either that of Zn or 
Mg, but  active enough to polarize steel below its 

Table Ill. Effect of galvanic coupling on SCC of tempered 
4140 steel, Rc 46, in boiling 3% NaCI 

Pot. of  couple 
Coupled to  V, S H E ,  after 

doub le  T i m e  to 
a r e a  of  I h r  50 h r  f a i l u r e ,  hr 

Z n  --0.81 - -0 .76  > 2 3 0  (3)* 
Cd - -0 .57 - 0 . 5 6  > 2 3 0  (2) 

0 .1% S u - A I  a l loy  --0.81 --0.55 > 2 3 0  (2) 
( c o m m e r c i a l )  

N o n e  (Cri t .  pot .  = - -0 .398V) 57 (2) 

* N u m b e r s  in  p a r e n t h e s e s  i n d i c a t e  n u m b e r  of specimens  tested.  
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critical potential. The successful use of Cd coatings on 
high strength steel aircraft landing structures is a 
practical i l lustrat ion of a beneficial galvanic couple. 

As the applied (cathodic polarization) or corrosion 
potential  becomes increasingly active with respect to 
the critical potential  higher rates of hydrogen dis- 
charge eventual ly  cause hydrogen cracking, as has 
been demonstrated previously by many  investigators 
(5, 6), and which has led to the opinion by some that 
all failures of high strength steels are caused by hy- 
drogen. This opinion, however, although supported by 
some reported values of the activation energy for 
cracking similar to that for diffusion of hydrogen in 
iron, is not consistent with most of the facts. For 
example, our measurements  show that  hydrogen 
cracking occurs in equal or longer times at elevated 
compared to room temperature.  Stressed, high 
strength, 41#0 steel specimens cathodically polarized 
in 3 % Na2SO4 saturated with As.203 failed wi thin  min-  
utes .either at room temperature  or at boiling tempera-  
ture. These results are contrasted with SCC of speci- 
mens exposed to water  or 3% Na2SO4 without po- 
larization, failures of which occurred in  <2~0fl hr  only 
at elevated temperatures.  This fact plus the existence 
of a critical potential  below which (active to) SCC is 
not observed conflict with any mechanism of crack- 
ing dependent  upon hydrogen. 

Anodic polarization, on the other hand, which in 
neutral  or alkaline solutions unders tandably  inhibits 
hydrogen discharge at a steel surface can nevertheless 
also cause hydrogen cracking. The surface accumu- 
lat ion of acid anodic corrosion products, e.g., FeCI2 or 
FeSO4, in sufficient amount  generates hydrogen at the 
steel surface by local action. It is this factor that prob- 
ably accounts for shorter times to failure in NaC1 or 
Na2SO4 at potentials somewhat noble to the critical 
potential  and at correspondingly increased anodic cur- 
rent  densities, as shown in Fig. 3 and 4. Hydrogen 
cracking of the present high strength steel occurs in 
typically shorter times than does SCC. Hydrogen as the 
cause of cracking was also established for a cold-rolled 
ferritic 18-8 stainless steel stressed perpendicular  to 
the rolling direction when  anodically polarized in neu-  
tral  NaC1 solution, or when immersed unpolarized in 
saturated FeC12 (pH -- 1) at room temperature  (21). 
In  this connection, Barth et al. (22) observed hydro-  
gen permeation of an alloy steel anodically polarized 
in NaC1 solution, as did Wilde (23) in similar mea-  
surements on a 12% Cr stainless steel. In  both in-  
stances pits formed wi th in  which an anolyte of low pH 
could accumulate. It is l ikely that failure of an anodi- 
cally polarized high strength steel reported by Yamo- 
aka and Wranglen  (11) occurred by hydrogen cracking 
for similar reasons. 

Hence the ev}dence of critical potential  data is that 
hydrogen is not the l ikely cause of failure by SCC 
when 4140 steel is exposed to boil ing water  or to 
neutra l  aqueous solutions, but  that it enters the mecha-  
nism of failure under  conditions of pronounced 
cathodic or anodic polarization. The presence in the 
envi ronment  of cathodic poisons for the reaction 
2H(ads) -~ H2 consisting of, e.g., tt2S or As203, can 
serve to drive more hydrogen into the steel and hence 
extend the range of conditions under  which hydrogen 
cracking occurs, but  even in  this situation, SCC can 
apparent ly  occur independent  of interst i t ial  hydrogen. 

There is additional evidence t ha t  SCC of 4140 and 
similar steels does not occur via a hydrogen cracking 
mechanism. They include the following observations 
over and above the evidence of temperature  effects 
and the critical potential  ment ioned heretofore. 

1. Cold work can considerably improve resistance 
of a carbon steel to SCC in water, hut  cold work does 
not similarly improve resistance to hydrogen cracking. 
The opinion is expressed, in fact, that  cold work is 
detr imental  to hydrogen cracking (24, 25). Obviously 
failures due to hydrogen cracking and those due to 
SCC do not have the same cause. 

2. Failures by SCC in simple immersion tests occur 
as readily in distilled water as in dilute saline solu- 
tions. Although in saline media, acid anodic corrosion 
products can form wi th in  the confines of a notch or 
fissure, and in tu rn  the acid envi ronment  in contact 
with steel can form damaging hydrogen, this is not an 
equally possible si tuation in distilled water. In  water, 
the lowest possible pH within  a notch is 7; it could also 
be higher corresponding to the pH of saturated 
Fe (OH).2 equal to 9.5, but  in nei ther  of these environ-  
ments is hydrogen generated to any appreciable ex- 
tent. 

3. A thin decarburized surface prevents S.CC despite 
conditions that allow the Fe-H20 reaction forming hy- 
drogen to continue. 

4. Inhibitors effecr in preventing uniform corro- 
sion are not always effective in preventing SCC. Fur- 
thermore, Baker and Singleterry (7) report that am- 
monium acetate, pH 6-7, added to 10% NaCI inhibited 
SCC of 4350 steel despite continuing visible corrosion. 

5. Cold-rolled Type 301 stainless steel, which is 
transformed to ferrite by cold work, is resistant to 
SCC in atmospheric tests (I, 2). A low rate of reac- 
tion with water is not the reason, because corrosion- 
resistant martensitic or precipitation-hardening stain- 
less steels fail readily in moist atmospheres above 
the same approximate critical yield strength range as 
do carbon steels. Severe cold work, as in the case of 
4140 steel, is probably the important  factor accounting 
for the observed resistance of Type 301 to SCC. 

6. Failure by SCC occurs in moist air, including air 
of less than 50% relative humidi ty  in which rust ing is 
not observed over many  years of exposure (26). Any 
hydrogen generated by exposure of steel to atmo- 
spheres of this kind is inconsequential .  

The lat ter  observation in moist air, plus the rapid 
cracking in distilled water in absence of an electrolyte, 
the important  parameter  of the critical potential  below 
which SCC does not occur although uniform corrosion 
is not suppressed, and the beneficial effect of cold work 
despite an increased corrosion rate of cold-worked 
steel in low pH solutions are some of the evidence 
that "active path" cracking by electrochemical dis- 
solution is also not a l ikely mechanism. Instead, re- 
duction of metal  bond strength by an adsorbate 
(stress-sorption cracking) is a third and probably the 
best possibility. 

The l ikely adsorbate is the water  molecule itself, 
since water alone can cause cracking of high strength 
carbon steels, martensi t ic  and precipi ta t ion-hardening 
stainless steels, high strength a luminum and magne-  
sium alloys (which are not susceptible to hydrogen 
cracking when cathodically polarized), high strength 
t i tan ium alloys, and glass. This possibility is sup- 
ported by adsorption-isotherm shaped curves reported 
by Johnson and Wilner  (12) for crack growth rates 
of high s trength steel as a funct ion of the relative 
humidi ty  of argon. It  is also supported by the inhibi t -  
ing effect of alkaline solutions, adsorbed H20 pre-  
sumably being displaced by O H -  ions which shift the 
critical potential  in the noble direction. Phosphate ions 
may similarly displace water  by interposing an ad- 
sorbed phosphate ion layer. 

The critical potential  according to the mechanism 
of stress-sorption cracking is interpreted as that  value 
above which, but  not below, damaging water  mole-  
cules can adsorb in sufficient amount  on appropriate 
surface defect sites at which cracks nucleate. Sites 
suitable for adsorption are generated only at high 
stress levels common to high strength steels; at lower 
yield s trength levels, i.e., less than about 170 ksi, ad- 
sorbed H20 no longer reduces bond strength suffi- 
ciently to init iate a crack although some adsorbed 
anions, e.g., NO3-, can still do so causing SCC at 
strength levels common to mild steels. Ini t ia t ion of 
cracks in 4140 steel by SCC occurs more readily at 
10,0~ than at room temperature  probably because for- 
mat ion of appropriate defect sites is favored at the 



Vol. 122, No. 2 S T R E S S  C O R R O S I O N  C R A C K I N G  O F  4140 S T E E L  179 

h igher  tempera ture .  A s imi lar  s i tuat ion exists for 
18-8 stainless steel  exposed to NaC1 or MgCI~ solu- 
tions, stress corrosion cracking being observed only at  
e leva ted  temperatures .  

The present  facts lead to the conclusion, therefore,  
that  at least  two mechanisms enter  observed fai lures  
by  cracking of high s t rength  steels. The one is h y -  
drogen cracking, which occurs under  circumstances 
tha t  favor  en t rance  of in ters t i t ia l  hydrogen  into the  
steel, as occurs in acid pickl ing baths  or e lec t rop la t -  
ing operat ions  or by  in terac t ion  of steel  wi th  acid 
anodic corrosion products.  The other  is SCC in wa te r  
and n e a r - n e u t r a l  or  a lka l ine  aqueous solutions which 
operates  only at  potent ia ls  noble  to a cri t ical  value. 
The cri t ical  Fotent ia l  in tu rn  is influenced by  composi-  
t ion of the  env i ronment  as wel l  as by  cold work  of the 
steel. Fa i lu re  t imes are  not ve ry  sensi t ive to low al loy 
steel  composition. The envi ronment  in addi t ion to its 
influence on the corrosion potent ia l  apparen t ly  affects 
the extent  to which H20 adsorbs on a steel  surface. 
The s t ruc ture  of steel  and appl ied  stress influence the  
na ture  and dens i ty  of surface imperfec t ion  sites on 
which H20 when adsorbed reduces meta l  atom bond 
s t rength  sufficiently to nucleate  a crack. 

Summary 
1. An  acce lera ted  test  in boil ing wa te r  or aqueous 

salt  solutions employing  a constant ly  s tressed smooth 
specimen is wel l  su i ted  to measur ing  cri t ical  hardness,  
cold work, envi ronmenta l  factors, and the effect of 
appl ied  potent ia l  on SCC of high s t rength  steels. 

2. The cr i t ical  hardness  value of 4140 steel, of 1% Ni, 
0.3% C steel, and of 1% Cr, 0.3% C steel  above which 
fa i lure  t imes by  SCC in boil ing wa te r  are  short  is in 
the range Re 40-42 corresponding to a y ie ld  s t rength  
of 170-185 ksi (120-130 kg/mm2) .  This range  lies close 
to that  es tabl ished by  o ther  invest igators  th rough  lab-  
o ra to ry  tests, a tmospher ic  service tests, and pract ica l  
experience.  

3. A thin decarbur ized  soft surface over  a core of 
hardness  >Re 40 effect ively prevents  ini t ia t ion of SCC. 

4. The cri t ical  potent ia l  of 4140 steel, Rc 46, im-  
med ia t e ly  be low which SCC does-no t  ini t ia te  wi th in  
at  least  2,00 h r  in boil ing aqueous salt  solutions is 
--0.40 to --0.42V, SHE. 

5. Cold-working improves resistance to SCC in dis- 
tilled water. Whether it is similarly beneficial in aque- 
ous salt solutions depends on whether the critical l~o- 
tential is consistently noble to the prevailing cor- 
rosion potential. 

6. Alkaline additions and orthophosphate additions 
to salt solutions inhibit against SCC by shifting po- 
tentials such that the critical potential remains noble 
to the corrosion potential. 

7. Hydrogen cracking can occur with steel a'nodi- 
cally or cathodically polarized at sufficiently high cur- 
rent densities in neutral aqueous NaCl or Na2SO4 solu- 
tions at boiling temperatures. 

8. The over-all evidence suggests that in absence of 
polarization SCC occurs in distilled water or in neutral 
salt solutions independent of a hydrogen cracking 
mechanism. 
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A Study of Transient Corrosion in the Iron-Caustic 
System by Use of a Drop Weight Apparatus 
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ABSTRACT 

Repassivation current  transients in the Fe-caustic system were measured 
after s t raining potentiostatically polarized electrodes with a drop weight 
apparatus, which could produce strains of about 5% in 1 msec. Peak current  
densities varied from 0.3 to 3.8 A/cm" depending on electrode potential, elec- 
trolyte concentration, and temperature,  and ini t ial  film coverage was com- 
plete in less than 1 or 2 msec. The amount  of corrosion accompanying passive 
film formation was not very sensitive to the above-ment ioned electro- 
chemical variables, and it ranged from 1 • 10 -3 to 5 X 10 -3 coulombs/cme. 
Repassivation was facilitated by additions to the test electrolyte of the anodic 
dissolution product HFeO2-.  The total corrosion up to 1 sec following straining 
was a strong function of potential, electrolyte concentration, and temperature,  
as was the quasi steady-state current  density. The depth of corrosion 1 sec 
after s t raining ranged from twenty  to several hundred  angstrom units. The 
relevance of these results to several mechanistic models of caustic cracking is 
discussed. 

The study of corrosion transients  in al loy-corrodent  
systems exhibit ing stress corrosion cracking (SCC) is 
of great importance in unders tanding the mecha- 
nism (s) of cracking. For instance, it has been proposed 
that susceptibility to SCC is in  part  determined by the 
amount  of corrosion occurring after fracture of a pro- 
tective passive film at the crack tip, and before re-  
passivation occurs (1-4). Comparison of the effects of 
such per t inent  electrochemical variables as electrode 
potential and electrolyte concentrat ion on the kinetics 
of t ransient  corrosion and on the rate of crack propa- 
gation during SCC should provide insight into this film 
rupture  mechanism. Indeed, in a broader  sense results 
can hopefully help determine the applicabili ty to caus- 
tic SCC (CSCC) of the several types of models based 
on anodic dissolution, such as those involving periodic 
film rupture  and in termi t ten t  crack advance (1-4), 
and others supporting uniform crack advance by cor- 
rosion at a continuously active crack tip (5, 6). 

Although repassivation phenomena have been in-  
tensely investigated, relat ively few studies have been 
made in systems which exhibit  SCC. Recent exceptions 
are the studies of Beck (7), and Ambrose and Kruger  
(8, 9). Beck measured the repassivation rate of Ti in 
HC1 electrolytes after specimen fracture, and he ob- 
served peak current  densities of several amperes per 
square centimeter  and ini t iat ion of repassivation in 
milliseconds due to monolayer  oxide film formation. 
Ambrose and Kruger,  using an abrasion technique 
called tr iboell ipsometry (8), studied the repassivation 
of mild steel in NO.~- and NO2- solutions (8), and of 
Ti in N Q -  and C1- electrolytes (9). Again, large 
current  t ransients  resulted and repassivation began 
within several milliseconds after the cessation of abra-  
sion. 

This work is part  of a cont inuing study designed to 
determine the validity of the film rupture  theory of 
SCC as recently formulated (1, 2). The Fe-caustic 
system was chosen as a model for investigation of this 
theory because of the relative simplicity of electrode 
reactions, which occur. Specific objectives were to de- 
termine the effects of such per t inent  electrochemical 
variables as electrode potential, electrolyte concentra-  
tion and temperature, and concentration of dihypo- 
ferrite ion, HFe02-, on the transient corrosion rate, 
and time required for initial film formation. A unique 
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drop weight apparatus was used to strain potentio- 
stated Fe wire electrodes in NaOH electrolytes, and 
the ensuing repassivation current  t ransients  were 
monitored with oscilloscopes. Appropriate cur rent -po-  
tential  curves were generated so that  comparison could 
be made between t ransient  and relat ively steady- 
state corrosion kinetics. Transient  corrosion results are 
quali tat ively similar to those of Beck and Ambrose 
and Kruger  and strongly support an anodic dissolution 
mechanism of CSCC. 

Experimental 
MateriaL--Electrolytic grade 99.94% pure Fe was 

vacuum melted and cast into tapered ingots about 5 by 
5 by 15 cm. These were hot forged in Ar to rod 0.25 
cm diameter, which was then cold drawn with in ter-  
mediate anneal ing to 0.127 cm diameter wire. Some 
wire containing 12% residual cold work was used in 
this condition; the rest was heated for about 24 hr in 
moist hydrogen. This hea t - t rea tment  not only sewed 
to anneal  the wire, but  it also decarburized it to a 
carbon level which minimized s t rain aging during sub- 
sequent elevated temperature  straining experiments.  

Current-potential curves.--The electrochemical cell 
used for polarization studies, Fig. 1, was constructed 
entirely of polytetrafluoroethylene to prevent  attack 
by the concentrated caustic electrolytes. The thermis-  
tor and Nichrome windings permit ted accurate tem- 
perature control, which was monitored with an i ron-  
constantan thermocouple cemented inside a tube ex- 
tending into the electrolyte and connected to a poten- 
tiometer. The Luggin probe, positioned to wi thin  1 or 
2 mm of the electrode, was connected to a 10% NaOH 
solution by plastic tubing containing a nylon wick. 
Potentials were measured vs. a room temperature  
saturated calomel electrode (SCE) connected to this 
solution by a second capillary, as shown. 

Potent iodynamic potential  sweeps were performed 
using a solid-state linear voltage-time function gen- 
erator and a Wenking 68 TSI potentiostat. Current in 
the counterelectrode circuit and electrode potential vs. 

the SCE were simultaneously measured with Keithley 
electrometers and recorded on a two channel L&N re- 
corder. In one instance a potential stepping technique 
was used, with steps varied between 20 and 50 mV 
and current readings taken after 5 rain at each poten- 
tial. 

In practice a 13 cm length of wire was acid etched 
for 2 rain and electropolished 15 rain in a room tern- 
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Fig. 1. Schematic cross section of cell used to study the polariza- 
tion behavior of Fe in NaOH electrolytes. 

pera ture  mix ture  of 1390 mliters glacial acetic acid, 
1~}8 mli ters  71% perchloric acid, and 41 mliters  water  
at a current  density of about 40 mA/cm 2. The cell was 
filled with electrolyte, which throughout  this study 
was prepared from analytical  reagent  grade, carbon- 
ate-free NaOH and distilled water, after which the 
thoroughly rinsed wire was inserted. The electrolyte 
was heated to tempera ture  and deaerated by bubbl ing  
u l t rapure  ni t rogen through the lower inlet. When the 
open-circui t  potential  had reached the quite repro- 
ducible value characteristic of the e lectrolyte- tem- 
perature combinat ion employed, the ni t rogen flow was 
adjusted across the surface of the electrolyte. Next a 
potential  sweep was begun from the rest potential  and 
continued unt i l  the beginning of oxygen evolution; in 
most cases the sweep direction was reversed and the 
potential  was re turned  to the init ial  value. Sweep rates 
of 0.6, 1.8, and 4.1 V /h r  were used. 

Certain current -potent ia l  curves were performed in 
electrolyte containing additions of the anodic dissolu- 
t ion product, dihypoferri te ion or HFeO2-.  In  these 
runs the electrolyte was previously charged with 
HFeO2- by dissolution of a dummy, high pur i ty  Fe 
electrode at --0.8V (SHE) unt i l  the desired number  
of coulombs of Fe had reacted, after which the wire 
electrode was quickly subst i tuted and the potential 
sweep begun from the steady-state rest potential. The 
final concentrat ion of Fe in the electrolyte was deter-  
mined  by volumetric analysis using EDTA and a stand- 
ardized copper solution. 

Repass~vation transients.--The drop weight appa- 
ratus (DWA) used to generate unfi lmed electrode sur-  
face is shown in Fig. 2. A 13.6 kg (30 lb) weight was 
allowed to free-fall  a distance of 137 cm and strike a 
collar threaded onto a 0.635 cm diameter steel shaft. 
The impact drove the col lar-shaft- lower grip assembly 
downward through a preset distance of 0.635 cm in 1 
msec, thereby creating 5% strain in  the electrode at a 
s train rate of about 57 sec-Z. The shaft and lower grip 
were prevented from rebounding after full travel  by  
two spring-loaded an t i - rebound  catches, which locked 
the lower grip into its lowest position after the init ial  
displacement. The electrochemical cell used to sur-  
round the wire specimen was similar to that shown in 
Fig. 1 except that the electrode extended through both 
ends to permit  insert ion into the grips. 

In  practice a wire was etched in acid, rinsed, and 
l ightly scribed with gauge marks  defining that portion 
of the electrode submerged in the electrolyte after in-  
sertion into the cell. The cell containing the electrode 
and electrolyte was mounted  in position in the DWA, 
the lower grip having been previously elevated from 

UPPER GRIP (FIXED)- 
ELECTROCHEMICAL - -  

CELL 

LOWER GRIP - -  
(MOVEABLE) 

BEARING ~ ~ 
WEIGHT - ~  . 
RELEASE ~E 

LED DEVICE)~ 

WEIGHT STOP~ 

LED DEVICE~ 

BASE PLATE~t ~l 
I 

- -  ~ SPECIMEN 
~CAPILLARY (FROM -~ LUGGIN PROBE) 

~ - ~ P  ANTI*REBOUND CATCH 

~ ~  ~GUIDE RODS 

~ MOVEABLE SHAFT 

ADJUSTABLE 
COLLAR 

RECESSED WELL 
{FOR COLLAR) 

Fig. 2. Schematic drawing of the drop weight apparatus used to 
study repassivation behavior. 

its fully extended position by 0.635 cm. Ant i - r ebound  
catches were engaged, the electrolyte was heated to 
temperature,  and deaeration, if desired, was per-  
formed. When the rest potential  was established the 
wire was polarized to the s training potential  with a 
Wenking Model 66TS3 potentiostat (rise t ime of about 
30 ~sec). After a reasonably steady-state current  had 
developed, the weight was dropped and the wire sud- 
denly strained. 

Current  transients were recorded photographically 
from two oscilloscopes which measured the voltage 
drop across a 10 ohm precision resistor in the counter-  
electrode circuit. The oscilloscope sweeps were ad- 
justed to monitor  short (0-10 msec) and long (0-0.5 
sec) cur rent - t ime behavior. The sweeps were auto- 
matical ly tr iggered approximately 1 msec before the 
start of s training by in ter rupt ion  of a light emit t ing 
diode (LED) device with an opaque flag mounted on 
the weight. The total elongation which had occurred 
within the electrolyte was determined after each ex- 
per iment  by measur ing the new gauge mark  separa- 
tion on the electrode. 

Two points of interest  should be made relative to 
this technique. As stated, full elongation of the elec- 
trode was accomplished in  about 1 msec, which is suf- 
ficiently fast to permit  study of the rapid t rans ient  cor- 
rosion kinetics characteristic of the Fe-caustic system. 
Second, auxil iary experiments  showed that the velocity 
of the weight during its last 0.635 cm of travel  was 
barely per turbed by the presence or absence of wire 
between the grips, indicating that the strain rate was 
essentially constant dur ing the s t ra ining process. 

Results 
Current-potential curves.--It was desired to study 

current -potent ia l  behavior under  relat ively steady- 
state conditions for two reasons. First, such informa-  
tion permit ted comparison of t ransient  corrosion rates 
with more t ime- independent  corrosion behavior. Sec- 
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ond, it provided a means for estimating the valence 
change of Fe during oxidation in NaOH as a function 
of potential. 

The effects of NaOH concentration, temperature,  and 
electrode potential agreed well  with trends reported 
by earlier workers (10-12), and for this reason the 
polarization curves are not reported. Essentially, in-  
creasing electrolyte concentrat ion and temperature  ac- 
celerated the corrosion rate; this was especially true in 
the potential  range in which CSCC occurs, namely, 
that encompassing the active and active-passive t ransi-  
tion potentials. For example, at a susceptible potential  
of --0.7V (SHE) and a sweep rate of 0.6 V/hr,  a 30- 
fold increase in current  density resutted from changing 
the NaOH concentrat ion from 20 to 50% at 85~ An 
analogous 10-fold increase was observed in  35% NaOH 
due to raising the temperature  from 50 ~ to 105~ 

The influence of the anodic dissolution product on 
current-potent ia l  behavior is i l lustrated in Fig. 3. This 
product, assumed to be HFeO2- from reference to 
potent ial-pH diagrams constructed for elevated tem- 
peratures (13-15), suppressed anodic dissolution. In  
fact, the region of active corrosion was completely 
el iminated by adding 11.6 X 10 -8 mole/ l i ter  of i ron as 
HFeO2-. In  general  the potential  at which the min i -  
mum passive current  occurred was moved in the nega- 
tive direction, and the potential  range over which pas- 
sivity was observed was extended by several hundred  
millivolts. The passive current  density increased with 
increasing concentrat ion of HFeO2- although the total 
effect was less than  a factor of two. The additions also 
reduced current  densities in the postpassive potential  
range, but  again the effect was not large. 

As expected, potential  sweeps with 12% cold-worked 
Fe electrodes resulted in  corrosion behavior almost 
identical to that  of annealed Fe. 

Repassivation transients.--The current  values ob- 
tained from each oscillograph were converted to cur-  
rent  density by dividing by the area change AA created 
during straining 

AA _-- 2~r (AD [1] 

where r is the wire radius after s training and AS is the 
electrode elongation which occurred wi thin  the elec- 
trolyte. This equation is based on negligible ductili ty 
of the passive film, yet the assumption of perfect ad- 
herence requires that a small amount  of film deforma- 
tion occur. A representat ive pai r of repassivation cur- 
rent  t ransients obtained with the DWA are shown in 
Fig. 4. The peak anodic current density was 3.5 A/cm 2, 
and throughout the runs it ranged from about 0.3 to 3.8 
A/era 2 with higher values favored by positive poten- 
tials, concentrated electrolyte, and high test tempera- 
ture. Initial film formation at the straining potential of 
0V (SHE) occurred in less than about 1 msec, as seen 
by the rapid decrease in anodic current  coincident 
with cessation of straining. The smaller peak observed 
1.9 msec after the start of current  rise, Fig. 4a, is 
thought to be caused by a slight flexure of the steel 
shaft and electrode at the instant  the weight re- 
bounded after impact. Transient  corrosion rate was 
potential-dependent ,  as seen by comparing Fig. 4a with 
Fig. 5. The t ransient  in Fig. 5, which was obtained at 
the rest potent ial  of --.0.916V (SHE), is much broader 
than  that  obtained at 0V (SHE) and the rate of cur- 
rent  decay is less. This type of cur rent - t ime depend- 
ence is expected if the time required for init ial  film 
formation exceeds the s training time. 
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Fig. 3. PolarizaHon behavior of Fe in 35% NaOH at 85~ con- 
taining three concentrations of Fe as dihypoferrlte ion. (Curves 
were generated by a potential stepping technique.) Potentials were 
not corrected for thermal and liquid junction errors. Curve A, 
none; curve B, 3.1.10 - 3  mole/liter iron; curve C, 11.6"10 -3  mole/ 
liter irom 

Fig. 4. Oscilloscopic anodic current transients obtained by 
straining in 35% NaOH at 85~ at a potential of 0V (SHE). (a) 
One vertical division equals 0.2A, one horizontal division equals 
1 msec; (b) one vertical division equals 0.0(~bA, one horizontal di- 
vision equals 50 msec. 
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Fig. 5. Oscilloscopic anodic current transient obtained by strain- 
ing in 35% NaOH at 85~ at the rest potential, --0.916V (SHE). 
One vertical division equals 0.02A, one horizontal division equals 
1 msec. 

Since one purpose of this work was to learn  more 
about the na tu re  of CSCC by studying t ransient  cor- 
rosion behavior, data are presented as depth of corro- 
sion vs .  t ime curves. This manne r  of presentat ion is 
obviously more directly related to the kinetics of crack 
advance than, for example, i l lustrat ion of current  
densi ty- t ime relationships. Reduction of t h e  current -  
time data was performed with the following assump- 
tions: (i) no competing reactions occurred on the Fe 
electrode during repassivation that were comparable 
in rate to the repassivation process; that is, integrat ion 
of the anodic current  resulted in an accurate measure 
of the amount  of F.e reacted; and ( i i )  exfoliation of the 
passive film did not occur during straining, an assump- 
tion which permit ted calculation of the exposed area 
from elongation as shown in Eq. [1]. The first assump- 
t ion is reasonable since the only other expected elec- 
trod.e reaction of any importance besides oxidation of 
Fe is reduction of 02 in the electrolyte to O H -  accord- 
ing to the reaction 

1/4 02 + 1/2 H20 + e -  ---- O H -  [2] 

Simple theoretical calculations and pre l iminary  ex- 
periments with deaerated and nondeaerated electro- 
lytes confirmed that O2 reduction decreased the mea-  
sured charge transfer  by a negligible amount, even in 
electrolytes which were not deaerated. Exfoliation was 
not expected due to the extremely th in  na ture  of pas- 
sive films grown for short times on Fe in NaOH solu- 
tions. 

A functional  relationship between current  density 
and time after s t raining was obtained by  noting that 
a plot of logari thm of current  density vs .  logarithm of 
time was l inear  for times greater than about 8 msec, 
Fig. 6. This relat ion was of the form 

i -- Kt -c  [3] 

in which K and c are constants. It  is identical to that 
observed by Nagayama and Cohen for Fe passivated 
in a buffered borate electrolyte (16), except that in 
their work c was 1 and in this s tudy c was always less 
than 1. The charge-t ime dependence was obtained by 
integrat ing Eq. [3] with respect to t ime to give 

K 
Q ( t )  - - -  I t  1-c]  tro [4] 

1 - c  

in which ~o is the shortest t ime at which Eq. [3] was 
obeyed; in this work it was taken as 8 msec, since a 
ra ther  good fit to the data was obtained after about 8 
msec had elapsed. The depth of corrosion as a function 
of time, L( t ) ,  is thus given by  the equat ion 
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Fig. 6. Anodic current density as a function of time after strain- 
ing in 35% NaOH at 50~ at a potential of --0.500V (SHE). 

__ M ( K [ t t _ c ] t r o t  [5] 
L ( t )  n F d  Qo ~- 1 - c 

in which M, n, and d are the molecular  weight (55.85), 
valence change, and density (7.87 g/cm 8) of Fe, re-  
spectively, and F is the Faraday (96,509 coulombs). 
Qo, the charge t ransferred dur ing the first 8 msec of 
repassivation, was determined by gravimetric  in tegra-  
tion of the 0-10 msec current  t ransient  to 8 msec from 
the start of straining. (Charge transfer  from the double 
layer due to net reduction in electrode area after 
s t raining can be readily shown to be an insignificant 
fraction of the total charge passed, even that  passed 
during the initial  10 msec.) The approach used to ap- 
proximate the valence change n is explained in the 
Appendix. 

Typical values of K, c, n, Qo, and the peak current  
density ip observed during repassivation are presented 
in Table I. Note that over the range of potentials in-  
vestigated the charge accumulated in the first 8 msec 
of repassivation varied by only a factor of about 4. Also, 
the constant c was considerably less than  1 in every 
instance. 

The representat ive set of curves shown in Fig. 7, 
calculated from Eq. [5] and displayed to 1 sec after 
film rupture,  i l lustrates the marked  influence of po- 
tential  on corrosion rate. [One second was chosen as 
the time to which total corrosion would be displayed 
because it is a reasonable interval between postulated 
film rupture events (I, 2).] For example, after 1 sec 
corrosion had proceeded to only about 27A at the pas- 
sive potential of --0.5V (SHE), yet at the active po- 
tential of --0.8V (SHE) it had progressed to 80A. Note 

Table I. Characteristic repasslvaflon parameters obtained in 35% 
NaOH electrolyte at 85~ at various straining potentials 

S t r a i n i n g  K Oo 
p o t e n t i a l  ( A - s e c / c r a  ( c o u l o m b s /  ~p 

(V v s .  S H E )  • 10 -3) c n cm 2 x 10 --~) ( A / c m  ~) 

--  0 .916 7.02 0,50 2 1.22 0 .27 
- -0 ,900  7.96 0,57 2 1.45 0.33 
- -0 .800  14.36 0.31 2 1.73 0.45 
- -0 .700  4.96 0.56 2 3.14 1.11 
- -0 .600  2.08 0.74 2.5 2.95 1,79 
- -0 .500  3.12 0.60 2.5 3.46 2,21 
-- 0,500 2.22 0.69 2.5 2.96 1.97 
-- 0.400 4.95 0.54 2.5 2.70 2.42 
- -0 .300  4,35 0.64 2.5 3.81 2.54 
-- 0.290 7.04 0.57 3 4.26 2.94 
--0,100 8.75 0.56 3 5.11 3.32 

0.000 11.04 0,52 3 4.95 3 .58 
-~ 0.300 12.72 0.44 3 4.54 3,83 
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Fig. 7. Depth of corrosion as a function of time after straining 
and straining potential in 35% NaOH at 85~ Potentials encom- 
pass the range in which CSCC occurs. 

the appreciable corrosion rate at the rest potential, 
--0.916V (SHE). 

Of part icular  interest  is the rate of current  decay 
at potentials in the postpassive region. CSCC of mild 
steel does not occur over most of this potential  range, 
yet  potentiodynamic polarization data suggested that  
t ransient  corrosion rates at sufficiently positive poten- 
tials may exceed those in the CSCC potential  range. 
This is indeed the case, as seen by comparing Fig. 8, in 
which a series of corrosion-time curves obtained at 
postpassive potentials is presented, with Fig. 7. The 
depth of corrosion extrapolated to 1 sac at potentials of 
+0.1V (SHE) and greater equals or exceeds that  mea-  
sured at --0.8V (SHE). Also interest ing is the observa- 
t ion that  the t ransient  corrosion rate is faster at poten- 
tials above about --0.1V (SHE) than at --0.TV (SHE), 
which is near  the potential  of greatest susceptibility 
for CSCC in this electrolyte (12, 17, 18). 

The effect of electrolyte concentrat ion on repassiva- 
t ion behavior is very potential  dependent,  as shown in 
Fig. 9. Changing the NaOH concentrat ion from 20 to 
50% increased the amount  of corrosion after 1 sac 
from 19 to only 30A at --0.5V (SHE), but  it jumped 
from about 23A to about 490A (not shown) at --0.8V 
(SHE), a remarkable  effect. 

An analogous correlation of potential  with the effect 
of temperature  is i l lustrated in Fig. 10. Again, at the 
passive potential  of --0.5V (SHE) raising the tempera-  
ture from 59 ~ to 85~ increased the depth of corrosion 
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Fig. 8. Depth of corrosion as a function of time after straining 

and straining potential in 35% NaOH at 85~ Potentials encom- 
pass the postpassive region of polarization behavior. 
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Fig. 9. Depth of corrosion as a function of time after straining 
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(SHE) corresponds to active dissolution. 

=." 120 2 

~- I00 
0 

~ 80 

N 6o 
~ J  

" 40 

I I I ] I I I I 

~-~s =- 0.800 V (SHE)-T = 105~ 
~ 
~ 
)~ 
i oc  
)~ 

20 

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.2 
TIME (SEC) 

Fig. 10. Depth of corrosion as a function of time after straining 
in 35% NoaH at three temperatures. The potential --0.500V 
(SHE) corresponds to passive polarization behavior, while --0.800V 
(SHE) corresponds to active dissolution. 

from 17A to about 27A; a fur ther  tempera ture  rise to 
105~ produced no fur ther  measurable  increase. How- 
ever, at --0.8V (SHE) the corrosion at 1 sac went  
from 2,0A at 50~ to 203A at 105~ 

The last effect of interest  is the role of dihypoferrite 
ion in influencing repassivation. Figure 11 illustrates 
depth of corrosion-t ime curves calculated from data 
obtained in 35% NaOH at 85~ with and without  prior 
addition of HFeO~-.  (Somewhat  different concentra-  
tions of HFeOe-  were added from one run  to another 
because of nonreproducibi l i ty  in the anodic dissolution 
technique used to charge the electrolytes,) The poten- 
tial dependence of the t ransient  corrosion rate was 
qual i tat ively similar to that  observed under  more 
steady-state conditions; however, the addition of about 
3.5 • 10-~ to 5.5 • 10 -3 mole / l i te r  of Fe as HFeO~- 
drastically reduced anodic dissolution at --0.8V (SHE) 
and below. The large current  peaks occurring between 
about 0 and 3 msec still resulted, however, and the 
charge Qo was general ly reduced by less t han  a factor 
of 2. The potential  causing the most rapid corrosion 
rate was shifted from near  the anodic peak potential  
of --0.SV (SHE) to about --0.TV (SHE), a potential  
which is wi th in  the passive region of the appropriate 
polarization curves in Fig. 3. This shift could be sig- 
nificant, since as previously stated the potential  pro- 
ducing the fastest CSCC in 35% NaOH electrolyte is 
nea r - -0 .TV (SHE).  
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Fig. 11. Depth of corrosion as a function of time after straining 
and straining potential in 35% NaOH at 85~ with and without 
prior addition of iron as dihypoferrite ion. Solid curves, no iron 
added before straining; dashed curves, 3.4"10 -8  to 5.4'10 -3  mole/ 
liter iron added before straining. 

The presence of 12% residual cold work was found 
to have no detectable effect on the transient  corrosion 
of Fe. Greater  degrees of cold work  were  not investi-  
gated with  the DWA since the electrodes fractured at 
very  small strains. 

Discussion 
Current-potent ial  curves . - -As  stated earl ier  in the 

paper, these curves were  produced to enable compari-  
son of the effects of environmenta l  variables on transi-  
ent vs. steady-state  corrosion rates. The general  shape 
of the cur rent -potent ia l  curves of Fe  in high pH elec- 
trolytes has been considered in detail e lsewhere (10, 
11, 19-26); therefore  the curves obtained in this work  
are discussed only as they pertain to repassivation 
kinetics. Of some interest, however,  is the effect of 
H F e Q -  on polarization behavior,  since it certainly 
exists in undetermined concentrations in crevices dur-  
ing CSCC. The effect of this ion was to suppress active 
dissolution and facili tate passivation, which supports 
,the postulated mechanism of passivation as being one 
of precipitation of some type of film, perhaps Fe(OH)2 
(19), when its solubility product near the electrode 
surface is exceeded during active corrosion. The rise 
in passive current density with increasing ion concen- 
tration possibly results from oxidation of divalent iron 
in solution to the trivalent state at higher potentials. 
Extension of the passive potential range to higher 
values and reduction of the current densities in the 
postpassive range may be due to a reduced rate of 
dissolution of the ~,-Fe203 formed at these potentials 
due to the presence of HFeO2-. 

Repass~vation t rans ients . - -The  internal  reproduci-  
bili ty of this rapid straining technique was about __+5A 
af ter  1 sec of elapsed time. The absolute accuracy is 
certainly less, perhaps no bet ter  than 25%, due to 
uncertaint ies in electrode roughness factor and valence 
change of iron during oxidation, and because of the in- 
accuracy inherent  with oscilloscopic measurements.  
Another  factor of possible importance was hydro-  
dynamics, al though its influence was not invest igated 
in this study. Since the method of data presentat ion 
requires accurate knowledge of the bare metal  area 
produced by the DWA, supplementary  film fracture  
exper iments  were  conducted using the technique of 
Bubar  and Vermilyea  (27) to characterize passive film 
ductility. The fracture strains observed were  of the 
order of 10 -4, indicating negligible film ductil i ty and 
the val idi ty  of Eq. [1]. On the basis of internal  re-  
producibi l i ty  and the trends shown in Table I, it is 

concluded that  the DWA technique is sufficiently sen- 
sitive to study the effect on repassivation behavior  of 
electrochemical  parameters  of major  influence. 

The most significant observations regarding the 
transient  corrosion of Fe in caustic electrolytes is that  
the beginning of repassivat ion is quite rapid and is 
preceded by very  l i t t le  corrosion. Al though anodic 
current  densities reached a max imum of 3.8 A / c m  2, 
Table I, they usually decreased to only a fraction of 
these peak values wi thin  about 3 msec. (These peak 
current  densities were  of course influenced by the 
strain rate  applied by the DWA.) Immedia te  current  
decay after  the end of straining at potentials about 
0.05V more positive than the rest potential  indicates 
the ex t remely  rapid formation of a film which was 
very  effective in reducing the subsequent  corrosion 
rate. It is not known just  how much film formed dur-  
ing this initial t ransient  current  flow for various rea-  
sons. For  instance the identi ty and mater ia l  prop-  
erties of the film, including density and latt ice param-  
eter, were  not determined, nor was the ratio of Fe 
going into solution to that forming film. However,  an 
approximate  calculation can be made as follows. If it 
is assumed that  the initial film is Fe304 of density 5 
g /cm ~ and lattice parameter  8.4A (17), then one mono-  
layer  would require  1.4 • 10 -3 coulombs of Fe to react 
if it all went  into film formation. Admi t ted ly  a rough 
estimate, this value compares favorably  with the Qo's 
listed in Table I for repassivation at potentials in the 
active region. It is therefore  proposed that initial cur-  
rent  decay involves the rapid format ion of one or two 
monolayers  of a film of unknown identity, and that  
fur ther  corrosion consists of simultaneous film growth 
and dissolution. 

Modeling the repassivation process.--To provide fur -  
ther understanding of the nature  of init iat ion of re-  
~assivation in the Fe-caust ic  system, the repassivation 
process was modeled in the following way. In order to 
avoid the implied infinite current  at zero time, Eq. [3] 
was modified to 

i = K(3 + t ) - c  [6] 

in which ~ is an adjustable parameter  which ensures 
a finite current  density at the instant of film fracture. 
It is proposed that during straining incremental  film- 
free regions are continuously produced on the elec- 
trode surface, and that the total current  I flowing after 
creation of an amount  a of total exposed area can be 
obtained by integrat ing Eq. [6] to give 

s I = K (3 + t ) - c  dA, t ~ 3 1  [7] 

in which ~1, the t ime at which straining is completed, 
is about 1 msec. Equat ion [7] can be t ransformed to 

I m K d A / d t  (~ + t)  -c  dt [8] 

The rate of creation of unfilmed area, dA/dt ,  can be 
removed from under  the integral  because the strain 
rate is constant and the. film is quite  brittle. The inte-  
grated equation is 

K d A / d t  
I - ~ l  [ ( z - l - t ) l - c ] 0 t ,  t < ~ l  [9] 

1 - - c  

After  straining has been completed, these small areas 
are still contributing current  but  no new ones are 
being created; therefore,  the integrat ion is per formed 
from time t -- ~ 

K d A / d t  
I - -  - -  [ (3 -} - t )1 -c ]%-~ ,  t > 3 1  [10] 

1 - - c  

Note that dA/d t  is still included as a mathemat ica l  
device, even though straining ceased at t ime ~1. 

To i l lustrate the application of this model, data con- 
sisting of cur ren t - t ime  combinations were  taken f rom 
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Fig. 12. Fit of Eq. [9] and [10] after dividing by AA (dashed 
curve), to experimental anodic current transient (solid curve) ob- 
tained in 35% NaOH clt 85~ at a straining potential of --0.600V 
(SHE). 

a typical 10 msec t ransient  and introduced into a 
curve-fit t ing computer program (28). A least squares 
fit produced the results shown in Fig. 12, converted to 
current  density by dividing by the total area exposed 
~A. The good fit indicates that the model chosen pro- 
vides a reasonably accurate picture of the straining 
process. The values of K and c giving good agreement, 
3.21 X 10 -5 A-sec/cm 2 and 1.62, are seen to differ sub- 
stantial ly from the experimental  values applicable at 
longer times and listed in the fifth column in Table I. 
This variat ion is substant iated by the lack of fit (not 
shown) between theory and experiment  beyond 10 
msec and is presumably caused by rapidly occurring 
changes in film properties which are not understood. 
The reduction in c could in part  be due to the onset of 
film dissolution after several milliseconds, thus reduc- 
ing the net rate of film thickening. 

Relevance to CSCC mechanisms. - -The repassivation 
t ransient  data provide strong support for an anodic 
dissolution mechanism of CSCC for several reasons. 
Most significantly, the influence of potential, tempera-  
ture, and NaOH concentrat ion on transient  corrosion 
kinetics are in good quali tat ive agreement with their 
effects on crack propagation rate. For example, it 
has been previously demonstrated that CSCC is ac- 
celerated by increasing the caustic concentrat ion and 
electrolyte temperature  [results reviewed in Ref. 
(19)], and in this work the t ransient  corrosion rate 
was strongly accelerMed in the same manner  in the 
susceptible ~otential range. The influence of icotential 
on t ransient  corrosion is interesting, since below the 
passive potential  the dependences of t ransient  corro- 
sion and CSCC rates on potential  are very similar. 
Although the potential  favoring the most rapid t r an-  
sient corrosion corresponds approximately to that at 
the active peak of the ~ quasi s teady-state polarization 
diagram, whereas that  causing the fastest CSCC is in 
the more positive active-passive t ransi t ion region, the 
effect of dihypoferrite ion is to shift the potential  pro- 
ducing the most rapid t ransient  corrosion to slightly 
higher values. In  the ~ostpassive potential  region, 
however, the t ransient  corrosion rate again increases 
(Fig. 8) in accord with polarization behavior, although 
CSCC is not observed in mild steels at these more posi- 
tive values. [CSCC does occur at about --0.4 to --0.1V 
(SHE) in temper-embri t t led  low alloy steels, Ref. (29- 
31).] Lack of susceptibility at postpassive potentials 
perhaps arises from the absence of a proper balance 
between active and passive corrosion rates, although 
an al ternative explanat ion is suggested by the film 
rupture  theory of Vermilyea (1). This is that  the 
-y-Fe203 film present in this higher potential region 
may be more ductile than Fe304 film formed in the 
susceptible potential  range, thereby promoting film 
th inning  rather  than fracture. Results from recent ex- 
periments indicate that indeed -y-Fe203 formed at high 

potentials in NaOH electrolyte is more ductile than 
Fe~O4 produced at lower potentials. 

These results are also helpful in a general  evaluat ion 
of proposed mechanisms of CSCC. For example, if 
CSCC were caused by the stress-sorption mechanism 
of Uhlig (32), only about 1 msec would exist after 
film fracture for adsorption to occur before the elec- 
trode became film covered again. (That passivity is 
indeed caused by a discrete film and not an adsorbed 
layer of oxygen atoms is supported by the t -c  current  
density dependence at essentially the start of re- 
passivation, a dependence which is often observed for 
film growth phenomena.)  Assuming that an unfilmed 
ledge of metal  at least 1 atom wide, or about 3A, must  
continuously exist at a slip step at the crack tip to 
permit  adsorption of O H -  ions, the min imum rate of 
crack propagation would be equal to about 3 X 10 - s  
cm/10 -3 sec or about 3 X 10 -5 cm/sec. However, 
CSCC has been observed to proceed at rates of 10 -7 
cm/sec and less. 

It has also been postulated that SCC proceeds due 
to active dissolution at an unfilmed crack tip, the crack 
sides remaining passive (5, 6). More recently Hoar and 
Jones extended this proposed mechanism to include 
CSCC (33). It is not likely that the crack tip can re- 
main bare during CSCC, since active corrosion in 35% 
NaOH at 85~ at the susceptible potential of --0.7V 
(SHE) proceeds at the relatively large current density 
of about 1 A/cm 2, as shown in Table I. (Presumably 
higher strain rates with the DWA would produce even 
larger values.) A corrosion rate of 1 A/cm 2 corre- 
sponds to an electrochemical crack propagation rate 
of 3.7 • 10 -~ cm/sec (for Fe ---- Fe++), which again 
is considerably greater than many rates observed ex- 
perimentally. Further discussion of the implication of 
this work to the results of Hoar and Jones will be pre- 
sented in a future paper. 

The data lend support to some type of film rupture 
mechanism of cracking, both because of the strong 
tendency for the electrode to remain film covered and 
because of the observed potential, temperature, and 
concentration dependences of the transient corrosion 
rate. For example, the depth of corrosion 1 sec after 
film rupture ranged from only about 20/k to several 
hundred angstroms as a result of appropriate changes 
in electrode potential and NaOH concentration. Al- 
though these distances are very small relative to the 
size of the plastic zone ahead of the crack tip, they 
nevertheless may be sufficiently large to cause enough 
plastic strain in the substrate after repassivation to 
produce successive film fracture as proposed by Ver- 
milyea (I, 2). To further evaluate the applicability of 
this model data are needed describing the nature of 
the plastic strain gradient directly ahead of the crack 
tip during CSCC, as well as the fracture strain of the 
passive film. 

S u m m a r y  
Repassivation in the Fe-caustic system is charac- 

terized by peak anodic current  densities on the order 
of 1 A/cm 2 following film fracture, with initiation of 
repassivation in milliseconds due to the formation of 
one or two monolayers of an unidentified reaction 
product film. The presence of 12% cold work in Fe 
did not affect repassivation kinetics, but the anodic 
dissolution product HFeO2- reduced the corrosion cur- 
rent flowing under both steady-state and transient 
corrosion conditions. In 35% NaOH transient corro- 
sion was inhibited most markedly at potentials below 
those in the active-passive transition region of the 
steady-state polarization curve. The amount of cor- 
rosion occurring dttring the first 8 msec after film 
fracture, which was comprised mainly of that resulting 
from the large 3-5 msec current transient, ranged only 
between 1.10 -3 and 5-10 -2 coulombs/cm 2 for all con- 
ditions investigated. Corrosion accompanying the early 
stages of repassivation was therefore relatively in- 
sensitive to electrochemical variables. The total cor- 
rosion occurring at longer times, however, was 
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strongly influenced by these variables in a manne r  
qual i tat ively similar to crack propagation rate during 
CSCC. This parallel  behavior of corrosion and cracking 
kinetics was interpreted as support ing an anodic dis- 
solution model of cracking. The strong tendency for 
repassivation suggests that, for the most part, the 
crack tip is covered by a passive film during crack' 
propagation and that crack advance is the result  of 
oxidation of Fe to form both film and soluble HFeO2-.  
The na ture  of the corrosion transients  in the poten- 
tial range promoting CSCC lend support to a film 
rupture  theory (1-4), but  the large t ransients  occur- 
r ing at postpassive potentials current ly  represent  an 
anomaly. Recent results of work designed to measure 
the fracture strains and to compare the relative duc- 
tilities o.f Fe304 and ~-Fe2Os, and which will be re-  
ported in a future  paper, will hopefully fur ther  the 
mechanistic unders tanding  of CSCC. 
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APPENDIX 

Method of Estimating the Valence Change of Iron as a Function 
of Potential During Repassivation 

The technique used to estimate the valence change 
n is i l lustrated in Fig. A-1. The potential  range en-  
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Fig. A-1. Schematic polarization curve showing the regions into 

which the experimental curves were divided and the valence as- 
signed to each region. 

compassing anodic current  flow was divided into three 
regions based on the known behavior  of Fe in high pH 
electrolytes. Region I is bounded by the rest potential  
and a potential  midway between the active peak and 
passive potentials, r and r respectively. A valence 
of 2 is assigned to Fe reacting in this range because 
of the stability of HFeO2- ion and the probable exist- 
ence of a prepassive film of, perhaps, Fe(OH)2 (19). 
Regarding Region If, it has been shown that at a po- 
tential between r and r Fe304 is stable but that 
7-Fe203 is favored at higher potentials. This transition 
accounts for the increase in current flow at postpassive 
potentials and is presumably complete near the onset 
of the current plateau preceding oxygen evolution. An 
approximate valence for Region II would thus be be- 
tween 2.67 and 3, except that some film dissolution is 
occurring. Therefore, an estimated average valence of 
2.5 is assigned to Region II. A valence of 3 is ascribed 
to Region III due to the stability of 7-Fe203. This tech- 
nique for estimating valence is self-consistent and not 
greatly in error, since the change of valence over the 
entire potential range investigated was only from 2 
to 3. 
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The Na SO4-1nduced Corrosion Properties of 
Ni-Base Superalloy Phases 

Glauco Romeo *,1 and Douglas W. McKee 

Research and Development Center, General Electric Company, Schenectady, New York  12301 

ABSTRACT 

The separate phases present in a Ni-base superalloy may offer different 
resistance to hot corrosion attack. Ni-Cr, Ni-A1, and Ni-Cr-A1 alloys of com- 
position corresponding, respectively, to the nominal  ,y matrix, the ~' phase, 
and a system of both these two phases, were coated with Na2SO4 and ex-  
posed to oxygen or H2S-H2 gas mixtures  in the temperature  range 850~176 
The corrosive attack was monitored with a recording microbalance. The results 
indicate that the degree and mechanism of corrosion of the above phases is 
markedly  influenced by the na ture  of the envi ronment  and the composition 
of the oxide scales formed at the alloy surface, in  general, the ~,' phase ap- 
pears to be a weak l ink in the over-al l  hot corrosion process. 

The accelerated oxidation-sulfidation attack of 
nickel-base superalloys in  the presence of sodium sul- 
fate deposits is general ly known as hot corrosion (1-6) 
and has been the subject of considerable investigation 
in the past two decades. The mechanism of hot cor- 
rosion has not yet been ent i rely clarified, and probably 
a generalized explanat ion for this type of phenomenon 
cannot be expected due to the variety of alloy compo- 
sitions and envi ronmenta l  situations that  can lead to 
similar corrosion morphologies. However, in the light 
of the available observations it is reasonable to assume 
that hot corrosion occurs by the combined action of 
(i) sulfur which diffuses rapidly into the alloy to pro- 
duce a front of internally precipitated chromium sul- 
fide particles that leaves the alloy matrix depleted in 
chromium, thus reducing its oxidation resistance (7, 
8); and (ii) the Na2SO4 condensate which fluxes the 
normally protective oxides such as A1208 and Cr2Os. 
The stoichiornetry of the salt layer can be modified by 
the presence of some elements in the alloy such as 
molybdenum, vanadium, etc., thereby enhancing the 
oxide fluxing effect (3). If the sulfur potential at the 
scale-salt melt interface is raised by the onset of re- 
ducing conditions, the rate of corrosion can become 
catastrophic. In this case it is likely that sulfur diffus- 
ing into the alloy is the predominant factor of alloy 
degradation, particularly when its activity exceeds the 
equilibrium value for the formation of nickel sulfide 
which may be liquid at temperature (9, i0). 

Although the bulk chemistry of the alloy and the 
role of the separate elemental components in causing 
accelerated attack has been thoroughly inves,tigated 
(3, 4), scant attention has been paid so far to the pos- 
sible correlation between alloy microstructure and 
corrosion rate. A recent note by Billingham et al. (Ii) 
points to this gap in the hot corrosion literature, sug- 
gesting that different heat-treatments of 7-7' super- 
alloys, by modifying the elemental partitioning be- 
tween the different alloy phases, may result in satis- 
factory mechanical properties but may impair the sur- 
face stability of the alloy with respect to hot corrosion. 

A nickel-base superalloy segregates into three or 
more phases (12). Of these the most important are (i) 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  address :  G e n e r a l  E lec t r ic  Company ,  Val lec i tos  Nuc l ea r  
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Key  w o r d s :  ho t  corrosion,  su l f ida t ion ,  gas tu rb ines ,  n i c k e l - c h r o -  

m i u m  alloys.  

the fcc ~-matrix, a solid solution rich in nickel and 
chromium and containing lesser amounts  of other ele- 
ments  such as a luminum, t i tanium, etc.; (ii) an or- 
dered intermetal l ic  compound called -y', pr imari ly  re- 
sponsible for the high temperature  s trength of the 
alloy. This phase has the nominal  composition of Ni~A1, 
but  it can be alloyed with other elements such as iron 
and t i tanium, and hence is more accurately denoted as 
(Ni,Fe)3(A1,Ti). Further ,  the chemical activity of the 
elements in the phase will be dependent  on the compo- 
sition of that phase. Finally,  (iii) the other type of 
phase present in significant quanti t ies in  modern  Ni- 
base superalloys are the carbides, which may exist in 
several forms, such as MC, M7C8, M2~C~, etc., where 
IV[ is the reactive metal  in the carbide. 

A priori, there is no reason to believe that these dif- 
ferent phases, namely; the 7 matrix,  the 7' s t rength-  
ener, and the carbides, will resl0ond to a corrosive en-  
v i ronment  in the same way. Indeed, because of the 
wide spectrum of compositional difference between 
phases, it would be expected that  they would respond 
quite differently in a hot corrosion environment .  Be- 
cause both sulfur  diffusivity and abil i ty to form a cer- 
tain type of protective oxide (13) may vary consider- 
ably for the different phases present  in a superalloy, 
it appeared useful to under take  a study in  the tem- 
perature range 850~176 of the hot corrosion 
behavior of some of the major  phases present  in a 
nickel-base superalloy, each phase being investigated 
separately in order to determine whether  any of them 
could be a "weak link" in the alloy with respect to its 
hot corrosion resistance. 

This paper reports part  of the results of this study, 
with special emphasis on the behavior of the nominal  
~/ and "~' phases in various environments  that  simulate 
oxidizing and reducing conditions. 

Experimental 
Specimen preparation and experimenta~ techniques. 

---Alloys of composition [weight per cent (w/o) ] Ni-35 
Cr, Ni-20 Cr, Ni-13.3 A1, and Ni-10.4 Cr-13.5 A1 were 
prepared by induct ion melting. The first two alloys 
simulate the chromium-enr iched composition of the -~ 
matrix, austenitic in a typical superalloy, the third atloy 
corresponds to the nominal  "y' composition Ni3AI, and 
the last alloy to a mult iphase Ni-Cr-A1 system con- 
taining both 7 and "y' phases. The alloys were given 
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Table I. Alloy preparation and treatment 

Al loy  
compos i~  M e c h a n i c a l  a n d  

t i o n  {w/o} I n g o t  p r e p a r a t i o n  t h e r m a l  t r e a t m e n t s  

Ni-35  Cr  Mel ted ,  sol idif ied,  r e m e l t e d  S p e c i m e n s  a n n e a l e d  i n  
a n d  cas t  in  A r  v a c u u m  f o r  3 h r  at  

1000~ 
Ni-20  Cr  M e l t e d  a n d  cas t  in  A r  I n g o t  f o r g e d  to 0.575 in.  

t h i c k n e s s  a t  1100 ~ 
1175~ a n d  ro l l ed  to 
0.080 in.  a t  l l 0 0 ~  

Ni-10.4  C r -  N i - C r  m e l t e d  in  A r  at  1/3 U s e d  as  cas t  
13.5 A1 a r m ,  so l id i f ied  a n d  r e -  

m e l t e d  in  v a c u u m .  A1 
a d d e d  in  Ar  a t  I a r m ,  
F i n a l  c a s t i n g  in  A r  

Ni-13 A1 Ni  m e l t e d  in  A r  at  1/3  I n g o t s  w e r e  h e a t e d  to  
a r m ,  so l id i f i ed  a n d  r e -  1000~ a n d  s l ices  w e r e  
m e l t e d  in  v a c u u m .  A1 h o t  c u t  
a d d e d  in A r  a t  i a t m .  
F i n a l  casting i n  At .  

convenient  heat and mechanical  working treatments,  
according to their homogeneity and brittleness. 

Table I shows a schematic of the alloy preparat ion 
and treatments.  Due to the different ductil i ty of the 
various alloys, test specimens for thermogravimetr ic  
analysis (TGA) were prepared by mechanical  or elec- 
trical discharge machining of rectangular  coupons ap- 
proximately 15 X 5 X 1 mm in size from rolled sheets 
or slices of the as-cast ingots. A suspension hole was 
drilled in each coupon. The specimens were wet 
ground through 60'0 grit  silicon carbide papers and 
cleaned with acetone and methanol  prior to each run. 
The surface area was computed by measur ing the di- 
mensions with a micrometer.  The specimens were 
coated with a layer of sodium sulfate by spray deposi- 
t ion and drying with an infrared lamp. Most speci- 
mens were annealed for 4-6 hr in oxygen prior to 
coating them with sodium sulfate. This preoxidation 
t rea tment  was in tended to s imulate the real condition 
of metal  surfaces in gas turbines during salt deposition. 
It also provided a bet ter  adherence of the salt deposit 
to the oxide layer than to the bare metal. 

The extent  of the corrosive attack was monitored by 
means of a thermogravimetr ic  apparatus (TGA).  This 
consisted essentially of a recording microbalance, a 
reacfion vessel for metal  specimens, a temperature  
cohtrolled furnace, and a set of flow meters to prepare 
gas mixtures.  The microbalance was a Cahn RG Auto-  
matic Electrobalance with a capacity range of 1-2.5g 
and a sensitivity of 1 ~g. The balance was coupled with 
a digital data acquisition system, by means of which 
the voltage output  of the balance could be punched 
directly on paper tape together with a t ime scale at 
preset time intervals. The tape was then processed 
automatically by a computer and the data could be 
displayed te rminal ly  as weight-gain  vs. time plots. 
This greatly facilitated data collecting and analysis, 
est=ecially for long term experiments.  A more detailed 
description of the TGA can be found in a previous 
publicat ion (14). 

After  most runs, sampIes of the corrosion products 
were submit ted for x - ray  diffraction analysis, and the 
specimens were mounted  and cross-sectioned metal -  
lographically for examinat ion of the corrosion scales 
with the light microscope. In  some cases microprobe 
scanning of the cross sections was also carried out. 

Choice of environmental parameters.--It is not feas- 
ible to define a single model envi ronment  for hot cor- 
rosion, because accelerated attack can occur in a great 
variety of situations. However, three types of environ-  
ments  were selected during the course of this study: 

1. Sodium sulfate coatings exposed to H2S-H2 gas 
mixtures  to simulate strong reducing conditions and 
high sulfur  potentials. 

2. Sodium sulfate coatings exposed to oxygen to 
simulate oxidizing conditions. 

3. Gaseous atmospheres as described in types 1 and 
2, but  in the absence of sodium sulfate coatings. 

Most experiments  were carried out isothermally at 
9,00~C. This temperature  was selected as representat ive 
of an upper l imit in current  gas tu rb ine  operations and 
was sufficiently high for the sodium sulfate coatings 
to be present as a l iquid film on the metal  surface. The 
experiments were carried out with gases flowing at 
atmospheric pressure and flow rates of ~300 cmS/min 
corresponding to a l inear  velocity in  the reaction cell 
of 0.5-1 cm/sec. 

Crucible experiments with excess sodium sulfate.-- 
A series of crucible experiments  was also carried out 
with a range of Ni-A1 (0-30 w/o A1) and Ni-Cr (0-20 
w/o Cr) alloys, coupons of which were immersed in an 
excess ( lg)  of powdered sodium sulfate and heated in 
flowing air  at 900~ The result ing weight changes of 
these samples were measured in  the Chevenard ther-  
mobalance described previously (6) as a function of 
the A1 and Cr content of the alloy. The nominal  and 
actual compositions of the alloy coupons used in these 
experiments are listed in  Table II. 

Results 
Gamma matrix (nominal composition).--Two binary  

systems were used that s imulated the fcc continuous 
matr ix  of Ni-base superalloys: Ni-35 w/o Cr and Ni- 
20 w/o Cr. Both of these systems belong to the range 
of existence of the 7 phase at high temperature,  ac- 
cording to the b inary  phase diagram (15), and corre- 
spond to an upper  and medium value of chromium in 
solid solution with nickel. 

Reducing condit{ons.--When Ni-35 Cr was exposed at 
850~ to a 10% H2S-H2 gas mixture,  the weight gain 
curve followed a pseudoparabolic trend, reaching a 
value of 58 mg/cm 2 after only 2�89 hr. However, the 
reaction was not of a gas-solid type throughout  the 
run  because of the init ial  formation of a l iquid nickel 
sulfide phase. Figure 1 shows a cross section of the 
specimen at the end of this experiment.  The duplex 
scale consists of an external  layer  of Ni3S2, which was 
molten at the temperature  of the experiment,  sepa- 
rated from the alloy by an inner  layer  of chromium 
sulfide. Grain  boundaries  in this inner  layer  offered a 
preferential  path for the penetrat ion of l iquid nickel 
sulfide stringers (16), as evident in the micrograph. 
X- ray  diffraction analysis indicated the composition of 
the chromium sulfide layer  to be main ly  Cr3S4 with 
traces of Cr2S3. The stoichiometry of chromium sulfide 
can vary in the range CrS to Cr2S3 with the sulfur  
pressure (17). The composition Cr~S4 in part icular  
can exist in a remarkably  wide range of sulfur pres- 
sures (18). 

X- ray  analysis of the oxide scale grown at 9,O0~ in 
oxygen at atmospheric pressure on a Ni-35 Cr alloy 
showed its composition to be predominant ly  Cr203, 
with a few weak extraneous lines a t t r ibutable  to NiO 
and possibly a spinel. A test was then r un  to check 
whether  this scale could provide a barr ier  to the for- 
mat ion of l iquid nickel sulfide and consequent acceler- 
ated attack. Two specimens of Ni-35 Cr were pre-  
oxidized but  only one of them was coated with ,-~2 
mg/cm 2 of sodium sulfate. Both specimens were then 
treated with a 10% H2S-H2 mixture  at 850~ After a 

Table II. Alloys used in crucible experiments 

Nominal alloy Actual compo- 
c o m p o s i t i o n  ( w / o )  s i t ion  ( w / o )  

100 N i  100 N i  
Ni -2  A1 N i - l . 8  A1 
Ni -5  A1 Ni-4 .9  A /  
Ni -10  A1 Ni-9 .7  A1 
Ni-13  A1 Ni-13.3  A I  
Ni -20  A1 Nt-19.5  A1 
Ni -30  A1 Ni-29 .3  A1 
Ni-2  Cr  N i - l . 7  Cr  
Ni-5 Cr Ni-5.0 Cr 
Ni-10 Cr Ni-g.9 Cr 
Ni-15 Cr Ni-14.9 Cr 
Ni-20  Cr  Ni-19.S Cr  
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Fig. 1. Ni-35 Cr alloy treated at 850~ with a 10% H2S-H2 gas 
mixture for 2 �89 hr. The scale consists of an outer layer of nickel 
sulfide which was molten at temperature, and an inner layer of 
chromium sulfide. 

brief induction period fast formation of liquid nickel 
sulfide resulted in both cases. The oxide layer did not 
offer significant protection against gaseous sulfidation 
and the sodium sulfate deposited onto the oxide did 
not accelerate substantially a situation which led to 
catastrophic attack. 

Figure 2 shows an example of liquid sulfide forma- 
tion over preoxidized salt-free ini-35 Cr, where the 
l iquid has dripped by  gravity to the bottom of the 
specimen. Figure 3 shows the weight-gain  curves for 
Ni-35 Cr specimens that  were given different pre t reat -  
merits and were subsequent ly  exposed to a 10% H2S- 
H2 gas mixture.  2 While the extent of corrosion in Fig. 
3 is of a comparable magni tude  in  the three cases 
after equal times, a larger induct ion period before the 
onset of fast sulfidation can be noticed for the speci- 
men  preoxidized and not coated with sodium sulfate. 
Most probably in this case a longer t ime was required 
for sulfur  to diffuse through Cr203, whereas in the 
other two cases either Cr2Q did not have t ime to 
reach a finite thickness or it was dissolved by a l iquid 
film of Na2SO4-NauS mix ture  with which the specimen 
was coated. It should also be noted that  hydrogen 
present  in the HsS-H2 mixture  readily reduces Na2SO4 
to NaeS at high temperature.  Similar experiments have 
shown the same tendency for the Ni-20 Cr alloy to 
form l iquid nickel sulfate when exposed to H2S-H2 
atmospheres. 
Oxidizing conditions.--A study was carried out on the 
effect of oxidizing conditions and cyclic oxidizing-re-  
ducing conditions on the nominal  ~/matrix composition, 
using oxygen at 1 arm throughout  the run  or a l ternat-  
ing the main oxidation process with short periods of 
exposure to hydrogen. It is important to point out that 
in these conditions weight gain curves provide only an 

t-Iere and  in  o the r  k i n e t i c  p lo t s  no a t t e m p t  w i l l  be  m a d e  to  in -  
Cerpret the  cu rves  in  con fo rmance  to any  q u a n t i t a t i v e  ra te  law,  
because  in  m o s t  cases the  cor ros ion  scales  lack  e n t i r e l y  the  u n i -  
f o r m i t y  and  compac tness  w h i c h  is r e q u i r e d  fo r  such an ana lys i s  to  
be  m e a n i n g f u l .  Howeve r ,  the  w e i g h t  ga in  c u r v e s  v i sua l i ze  the  ex-  
t en t  of the  a t t ack  d u r i n g  the  e x p e r i m e n t s  and  i d e n t i f y  m a j o r  
changes  in  r eac t i on  m e c h a n i s m s .  

Fig. 2. Ni-35 Cr alloy preoxidized and subsequently sulfidized 
with a 10% H2S-H2 gas mixture at 850~C. Liquid nickel sulfide has 
dripped to the bottom of the specimen which was held vertically in 
the furnace. 

Ni-55 Cr / 

850"C p , / ~ ~ H 2 !  -H2 = 
us 40 

;r 
30 

~ 2o / ~ f  ~ AN~ T~EATED * ,~ '07 "2~H2 

Na2SO 4 AND TREATED WITH 10% H~$-HI~ 

I [ i 
o 2o 4'0 ,o ~o ,~o ,~o ,~o ,~o ,~o 200 2~o 

TIME (MIN) 
Fig. 3, Weight gain curves for a Ni-35 Cr alloy exposed at 850~ 

to a 10% H2S-H2 gas mixture after different pretreatments. 

approximate indication of the extent of corrosion, since 
weight losses due to evaporation or reduction of so- 
dium sulfate from the surface may be superimposed on 
weight gains due to formation of oxide and sulfide 
scales. Evaporation can be neglected, however, when 
reducing conditions with formation of liquid corrosion 
products result in a much faster rate of attack. In any 
case, rnetallographic measurements of metal recession 
can provide additional information on the depth of 
attack. 

Ni-20 Cr preoxidized and coated with I0 rng/crn ~ of 
sodium sulfate was exposed to oxygen at 90,0~ for 
about 6 days. Figure 4 shows that within the first day 
the specimen gained less than 1 mg/crn 2, after which 
the weight loss due to evaporation of the sodium sul- 
fate was greater than the weight gain due to oxidation. 
Relatively little weight gain has been reported by 
Goebel et aL (3) for a Ni-30 Cr alloy oxidized at 
1000~ and by Hardt et al. (19) for a Ni-20 Cr alloy 
oxidized at 905~ However, in Goebel's case the alloy 
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Fig. 4. Weight gain curve for a Ni-20 Cr alloy preoxidized, coated 
with 10 mg/em ~ of Na2SO4, and exposed to oxygen at 903~ The 
weight loss of the specimen can be attributed mainly to evapora- 
tion of sodium sulfate. 

Fig. 5. Duplex oxide scale formed on a Ni-20 Cr alloy preoxidized, 
coated with 10 mg/cm 2 of Na2SO4, and exposed to oxygen at 930~ 
for about 6 days. Some particles of chromium sulfide have precipi- 
tated within the alloy. 

was coated with only 0.5 mg/cm ~ of sodium sulfate, and 
in Hardt 's  case with 1-3 mg/cm 2 of sodium sulfate. A 
much larger amount  of salt in our case did not seem 
to alter significantly the corrosion rate, indicating 
that dissolution or penetra t ion kinetics are limiting, 
ra ther  than solubili ty effects. The same is true for a 
tempera ture  increase of 1{)0~ (from 900 ~ to 1000~ 

At the end of the run  the residual sodium sulfate 
exhibited a bright  yellow color and the presence of 
sodium chromate was confirmed by x - ray  analysis. 

Light microscopy revealed a fairly compact external  
scale and in te rna l ly  precipitated particles of chromium 
sulfide (Fig. 5). X - r a y  mapping (Fig. 6) and diffrac- 
tion analysis showed the upper  portion of the scale to 
consist of NiO and the lower portion of Cr203. The 
formation of sodium chromate, observed also by other 
authors, indicates reaction between sodium sulfate and 
ini t ial ly present Cr203 ]ayers. However, a considerable 
degree of protection for the alloy substrate is still pro- 
vided by the scale, which appears to react only slightly 
with the sodium sulfate coating. It can be concluded 
that, by and large, the 7 matr ix  presents a considerable 
resistance to hot corrosion due to sodium sulfate de- 
posits, in purely oxidizing conditions. 

The resistance of Ni-Cr alloys to corrosion by Na2SO~ 
under  oxidizing conditions is also confirmed by the 
results of crucible tests carried out with a series of 
Ni-Cr specimens, immersed in excess salt in air at 
90.0~ As shown by the dashed curve of Fig. 7, in 
which the initial  weight gain rate is plotted against 
alloy composition, the addition of chromium to nickel 
results in a steady decrease in corrosion rate with in -  
creasing chromium content, becoming very small at 
the nominal  -~ matr ix  composition of Ni-20 Cr. This 
behavior is in marked contrast to that of the Ni-A1 
alloy series, whose corrosion behavior  is shown by the 
solid curve of Fig. 7 and is discussed fur ther  below. 

Cyclic conditions.--The effect of cyclic oxidizing and 
reducing conditions was evaluated with Ni-20 Cr and 
Ni-35 Cr alloys by treat ing specimens al ternat ively 
with oxygen and hydrogen, to determine whether  short 
term reduction stages would create conditions favor-  
able to accelerated attack. The conditions used in  
these experiments were similar to those employed 
by 'Simons et al. (29). Figure 8 shows a weight 
gain curve for a specimen of Ni-20 Cr preoxidized, 
coated with 6 mg/cm~ of sodium sulfate, and exposed 
at 909~ first to oxygen, then to hydrogen, and finally 
again to oxygen. During the reduction period the rapid 
weight loss of the slcecimen is due to the reactions: 
Na2SO4 ~ 4H2 ~ Na2S -~ 4tt20 and Na2S ~ 2I-I20 
2NaOH + H2S. The presence of HuS in the exhaust 
gases was confirmed with lead acetate paper strips. 

The final oxidation stage resulted in an init ial  rapid 
weight gain, which most probably corresponds to re-  
oxidation o.f the residual Na2S, followed by a steady 
state of very low weight gain during which a protec- 
tive oxide layer is formed again and the corrosion pro- 
ceeds very slowly. This behavior shows that the -y 
matrix offers the same resistance to hot corrosion both 
during continuous oxidation and when exposed to tem- 
porary reducing conditions, if the sulfur pressure at 
the gas-scale interface is not sufficient for the forma- 
tion of liquid nickel sulfide. Indeed the morphology of 

Fig. 6. Characteristic x-ray 
distribution for the duplex oxide 
scale formed on a Ni-20 Cr 
alloy preoxidized, coated with 
sodium sulfate, and exposed to 
oxygen at 900~ 
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the corrosion product is very similar in both cases 
with the sequence of base alloy, chromium sulfide, 
nickel-r ich matrix, and nickel and chromium oxides 
indicated by the microprobe trace in Fig. 9. The Ni-35 
Cr alloy showed a very similar behavior. It will  be 
pointed out in a later  section that  al ternate oxidizing- 
reducing conditions applied to a sodium sulfate coated 
two-phase te rnary  Ni-Cr-A1 alloy seem to have in-  
duced accelerated attack after such a temporary re- 

7; 60 

Fig. 9. Distribution profile of 
elements for a Ni-20 Cr alloy ~: 50 
preoxidized, coated with sodium 
sulfate, and exposed alterna- "~ z 
tively to oxidizing and reducing ~ 40 
conditions. 
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duction stage as that applied to the gamma phase 
above, most probably because hot corrosion is favored 
at areas of ~' phase. 

- Gamma prime (nominal composition).--Reducing 
conditions.--A specimen (a) of NisA1 was treated di- 
rectly at 900~ with a 10% H2S-H2 gas mixture.  After 

_ about 13 hr  the weight gain amounted to only 2.5 rag/  
cm 2. X- ray  analysis of the corrosion product indicated 
presence of Ni3S2 and some A1203. The lat ter  compound 
probably formed because of oxygen impur i ty  in the 
gas stream, and was responsible for the resistance of 
the specimen to sulfidation. 

Another  specimen (b) of Ni3A1, preoxidized and 
coated with 9 mg/cm ~ of sodium sulfate, was treated 
with the 10% H2S-H2 mixture  at 900~ In  this case 
the weight gain reached in  31/2 hr, 11 mg/cm 2, indi-  
cating a marked acceleration of the corrosion process 
due most probably to removal from the metal  surface 
of protective A120~ layers by  the mol ten sodium sul-  
fate. Figure 10 shows the weight gain curves for speci- 
mens (a) and (b). Figure 11 shows a portion of the 
scale formed on specimen (b). Microprobe scanning 
across this scale (Fig. 12) indicated an outer portion 
of nickel sulfide (Ni3S~) without  any a luminum and 
an inner  portion in which a luminum is present to- 
gether with nickel sulfide. Once again the high cor- 
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Fig. 8. Weight gain curve for a Ni-20 Cr alloy preoxidized, 
coated with 12 mg/cm 2 of Na2SO4, and exposed alternatively to 
oxidizing and reducing atmospheres at 900~ 
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Fig. 10. Weight gain carves for a Ni-13 AI alloy treated with a 
10% H2S-H2 gas mixture at 900~ (a) uncoated specimen; (b) 
specimen preoxidized and coated with 9 mg/cm 2 of Na2SO4. 

Fig. 11. Scale formed on a Ni-13 AI alloy preoxidized, coated 
with 9 mg/cm 2 of Na2SO4, and treated with a 10% HsS-H2 gas 
mixture at 900~ The portion labeled as Ni3S2 was probably 
molten at reaction temperature. 

rosion rate of the 7' phase coated with sodium sulfate 
and exposed to H2S-H2 mixtures  can be explained by 
the ini t ial  formation of l iquid nickel sulfide, which 
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subsequent ly  reacts with a luminum to form a luminum 
sulfide. Format ion of l iquid nickel sulfide has indeed 
been observed with the hot-stage microscope on Ni3A1 
specimens coated with sodium sulfate and exposed to 
sul fur-bear ing atmospheres in reducing conditions. 
However, a comparison of the weight gain curves in 
Fig. 3 and Fig. 10 shows that  the tendency to form 
liquid nickel sulfides when  exposed to H2S-H2 atmo- 
spheres is much more pronounced with Ni-Cr systems 
than with Ni-A1 systems. 

The effect of reducing atmospheres on sodium sul- 
fate deposited onto a 7' substrate was also studied in 
conditions of low sulfur  potential  in the gas phase. A 
specimen of NisA1 (c) was preoxidized, coated with 17 
mg/cm 2 of NaeSO4, and exposed at 9,00~ to hydrogen, 
Reduction of the salt to Na2S took place wi thin  an 
hour, after which no weight change was noticed. At the 
end of the run  the specimen was rinsed with hot water  
and the insoluble port ion of the washings treated with 
aqua regia. A residue (most probably A120~) remained 
in~_oluble after this treatment.  Chemical analysis of the 
soluble portion showed a higher content  of A1 with 
respect to Ni (A1/Ni ~ 12). Again this would indicate 
a tendency for the a luminum oxide to dissolve in the 
Na2SO4-Na2S layer. Figure 13-1 is a cross section of 
specimen (c) and shows that  the corrosive attack is 
characterized by a front of in te rna l ly  precipitated par- 
ticles. Most of these particles were removed by pol- 
ishing, leaving behind a porous section. Figure 13-2 is 
a high magnification scanning electron micrograph of 
the porous area in Fig. 13-1. An electron beam was 
focused on a Darticle (point A) and in the alloy mat r ix  
(point B). The locally excited x - ray  radiations were 
collected and analyzed by a solid-state detector. The 
corresponding spectrum is shown in Fig. 13-3, indicat-  
ing that sulfur  is present  in particle A together with 
nickel and a luminum. Unfor tunate ly  oxygen cannot be 
identified directly by the solid-state detector and fur-  
ther  analysis would be necessary to ascertain the na-  
ture of the in ternal  precipitate. However, it is worth 
noticing that even though chromium is not present in 
the Ni~AI phase, the presence of a su l fur -conta in ing  
internal  Drecipitate (a feature characteristic of hot 
corrosion) can still be detected. 

Oxidizing conditions.--When a specimen of Ni3A1 (d) 
was preoxidized, coated with 5.5 mg/cm 2 of sodium 
sulfate, and treated at 900~ with .oxygen, rapid 
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Fig. 12. Distribution profile of elements for a Ni-13 AI alloy preoxidized, coated with sodium sulfate, and treated with a 10% HsS-Hs 
gas mixture at 900~ 
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weight gain was observed in  the first few minutes,  
followed by a continuous decrease in the reaction rate. 
The same exper iment  was repeated on a specimen 
which had not been preoxidized but  had been coated 
with 11 mg/cm e of sodium sulfate (e). Similar results 
were obtained in this case and also with a specimen 
which was preoxidized and coated with 17 mg/cm 2 of 
sodium sulfate (f). Figure 14 shows the weight-gain  
curves fo=c specimens d, e, and f. 

The extent  of the init ial  rapid attack appears to be 
roughly dependent  on the amount  of salt deposit. The 
presence of a preexisting oxide did not affect signifi- 
cantly the corrosion process. In  all the three cases 
after about 1,0 hr the corrosion rate dropped to a negli-  
gible value. This behavior can be explained assuming 
that  mol ten sodium sulfate acts ini t ial ly as a flux for 
thin, protective oxide layers (mainly A1208). At a later 
stage the growth of thicker scales that offer part ial  
protection to the metal  substrate can take place. 

Figure  15 shows the somewhat porous scale grown 
on specimen (e). X- ray  analysis identified the pres- 
ence of NiO as the predominant  phase, plus a small 
amount  of a-A1203. Microprobe scanning of the scale 
(Fig. 16) showed some evidence of sulfides, possibly 
of a luminum, at the metal-scale interface, while the 
scale profile appears to consist essentially of Ni and 
and A1 oxides. The growth of dark NiO crystals on the 
specimen surface has been f requent ly  observed in the 
course of our experiments with Ni-base alloy coated 
with sodium sulfate and exposed to oxygen. Conceiv- 
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Fig. 14. Weight gain curves for a Ni-13 AI alloy exposed to 
oxygen at 900~ after the following pretreatments: (d) specimen 
preoxidized and coated with 5.5 mg/cm 2 of Na2SO4; (e) specimen 
not preoxidized but coated directly with 11 mg/cm 2 of Na2SO4; 
(f) specimen preoxidized and coated with 17 mg/cm ~ of Na2SO4. 

Fig. 13-1. Cross section of Ni-13 AI alloy preoxidized, coated 
with 17 mg/cm 2 of Na2SO4, and treated with hydrogen at 900~ 
for 4 hrs. 2. SEM micrograph of porous area shown in top micro- 
graph. 3. X-ray spectrum of particle A shown in middle micrograph. 

Fig. 15. Cross section of Ni-13 AI alloy coated with 11 mg/cm 2 
of Na2SO4 and treated with oxygen at 900~ for 18 hr. A small 
amount of ~-AI203 was detected in the main NiO porous scale. 
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ably the growth of thick and fair ly coherent  layers 
of NiO separates progressively the sodium sulfate film 
f rom the meta l  and results in a continuous s lowdown 
of the corrosion rate for the Ni3A1 phase. This is also 
favored by the saturat ion of the salt film with  corrosion 
products, which renders  it less active in fluxing out 
the oxide scale. 

The results of crucible exper iments  wi th  a series of 
Ni-A1 alloys exposed to excess mol ten Na2SO4 in an 
oxidizing atmosphere are summarized in Fig. 7. The 
solid curve  shows the average initial corrosion rate  
(weight  ga in /cm 2 hr) at 90,0~ as a function of a lumi-  
num content of the alloy. On addition of A1 to Ni,. the 
corrosion rate  under  oxidizing conditions accelerates 
rapidly as the proport ion of the 7' phase increases and 
becomes catastrophic at the nominal  ~' composition, 
Ni3A1. This alloy was reduced to a porous gray mass 
af ter  exposure to excess Na2SO4 for a period of only 
2 hr  in air. Fur the r  additions of a luminum resulted in 
a decrease in corrosion rate  as the proport ion of the 
Ni-A1 phase increased. The Ni-A1 # phase itself (Ni- 
30 w / o  A1) was remarkab ly  resistant  to attack and 
gained only 1 m g / c m  2 during a period of 4 hr  in con- 
tact wi th  the mol ten  salt. 

A multiphase Ni-Cr-A1 system.--Studies of the be- 
havior  of a mult iphase system were  carried out on a 
Ni-10.4 Cr-13.5 A1 (w/o) .  Taylor  and Floyd (2'0) have 
shown that  at tempera tures  approaching lO0,O~ this 
alloy composition can consist of up to four phases, 
namely  the bcc solid solution of nickel in chromium 
(~), the fcc solid solution of chromium in nickel (-~), 
the ordered bcc NiA1 phase (#), and the ordered fcc 
Ni~A1 phase (~'). 

Reducing conditions.--A specimen of Ni-10.4 Cr-13.5 
A1 (a) t reated at 8500C direct ly wi th  a 10% H2S-H2 
mix ture  reacted ini t ial ly slowly, but af ter  about 6 hr  a 
b reakaway took place in the weight  gain curve and 
sulfidation proceeded at a l inear  rate for the rest of 
the run. X - r a y  analysis of the corrosion product indi-  
cated the presence mainly  of Ni3S2, a mixed  sulfide of 
chromium and aluminum, ~ and a trace of ~-A12Om The 
same scale composition was found in another  speci- 

T h e  c o m p o u n d  Cr~AlSt  h a s  a s p i n e l  s t r u c t u r e  (ao ~ 9.9A) a n d  
i s  r e f e r e n c e d  in  D o n n a y  (21).  

men (b) coated with  1.3 m g / c m  2 of sodium sulfate and 
exposed at 850r to the H2S-I-I2 mixture .  Preoxidat ion 
of the alloy fol lowed by isothermal  t rea tment  at 850~ 
with the H2S-H2 mix tu re  resul ted in a surprisingly 
low rate of attack (c). On the other  hand, the same 
alloy preoxidized and coated with  2 m g / c m  e of sodium 
sulfate after an init ial  t rea tment  wi th  oxygen under -  
went  li t t le corrosion, but  was deeply at tacked when 
subsequent ly exposed in isothermal conditions to the 
H2S-H2 mix ture  (d). The weight  gain curves corre-  
sponding to these four exper iments  are  summarized 
in Fig. 17. 

A comparison be tween  curve (a) and ear l ier  data 
on corresponding unt rea ted  Ni-Cr  alloys under  sulfi- 
dation conditions (Fig. 3) indicates that  addition of A1 
slows down remarkab ly  the sulfidation rate of the -~ 
mat r ix  under  reducing conditions. This is probably 
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Fig. 17. Weight gain curves for a Ni-]0.4 Cr-13.5 AI alloy ex- 
posed to a 10% H2S-H2 gas mixture at 850~ after the following 
pretreatments: (a) specimen untreated, (b) specimen coated with 
1.3 mg/cm 2 of sodium sulfate, (c) specimen preoxidlzed, (d) speci- 
men preoxidized and coated with 2 mg/cm 2 of sodium sulfate. 
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due to the init ial  formation of oxides and sulfides of 
a luminum and chromium. Subsequent  depletion of the 
alloy in  these elements favors the formation of Ni3S2 
and the reaction becomes much faster. Curve (c) in 
Fig. 17 shows the effect of a preexisting layer of oxide 
in reducing the init ial  sulfidation rate in the absence 
of destructive salt deposits. When instead sodium sul- 
fate films remove protective oxides, the sulfidation 
process proceeds catastrophically, as exemplified by 
curves b and d in Fig. 17. The effect of sodium sulfate 
deposits is shown dramatical ly in  Fig. 18, where the 
top and bottom micrographs correspond to the cross 
section of specimens (c) and (d), respectively. In  the 
case of specimen (d) the presence of sodium sulfate 
has favored the growth of a much thicker scale of 
complicated morphology. Large polygonal particles of 
chromium sulfide are embedded in  a scale of nickel 
and a luminum sulfide. The Ni3S2 was probably mol ten  
at reaction temperature,  and chromium sulfide segre- 
gated from it, as suggested by Seybolt (8), according 
to the reaction 

x/2Ni3S2(liquid) "~- Cr(in solution) 

CrSz ~ 3/2xNi~in solution) 

Oxidizing conditions.--A specimen of Ni-10.4 Cr-13.5 
A1 alloy was preoxidized, coated with 10 mg/cm 2 of 
sodium sulfate, and exposed to oxygen at 900~ The 
specimen gained comparatively little weight for about 
three days, after which accelerated attack took place 
suddenly, as shown by curve a in  Fig. 19. The experi-  
ment  was repeated, and in  the second case onset of 
accelerated attack occurred after 12 hr  (curve b in 
Fig. 19). The sudden breakaway in the weight gain 
curves can again be related to the nature  of the oxide 
scales preformed on the specimens and their  rate of 
dissolution or penetra t ion by the sodium sulfate melt. 
X- ray  diffraction analysis indicated that the oxide 
scale formed in the absence of sodium sulfate deposits 
was a mixture  of spinels of composition NiA1204 and 
NiCr204. Differences in the thickness of the oxide layer 
due to small differences in  surface preparat ion of the 

16t- BOTH CURVES CORRESPOND TO Ni-10.4 Cr-13.5 AI 
PRE-OXIDIZED, COATED WITH I0 rnq/cm 2 OF NozS04 

14 AND FINALLY TREATED WITH OXYGEN AT 900*C 

12 

O :~0 40 60 80 I00 120 

TIME (HR} 

Fig. 19. Weight gain curves for two specimens of a Ni-10.4 Cr- 
13.5 AI alloy preoxidized, coated with 10 mg/em 2 of Na2S04, and 
treated with oxygen at 900~ An incubation period of varying 
length has preceded in both cases accelerated attack. 

specimens may be responsible for the variat ion in the 
length of the incubat ion period prior to accelerated at- 
tack. 

Figure  20 shows a Nomarski interference light micro- 
graph of one of the specimens at the end of the run. 
The external  scale was identified by x - ray  diffraction 
as consisting of NiO and NiA1204. As ment ioned in the 
next  section, in ternal  precipitates of chromium sulfide 
can be noticed in the alloy surface layer, preferent ial ly  
localized at the darker  areas. 

Cyclic conditions.--The effect of a l ternat ing oxidizing 
and reducing conditions was tested on the Ni-10.4 
Cr-13.5 A1 alloy by exposing to the sequence O2-H2-O2 
at 80,0~ a specimen preoxidized and coated with 5 
mg/cm ~ of sodium sulfate. Figure 21 shows the corre- 
sponding changes in the weight gain curve. The weight 
loss due to the reduction of sodium sulfate by hydro-  
gen is followed by an oxidation stage accelerated with 
respect to the initial  one. The same experiment  was 
repeated at 900~ and a similar weight gain curve was 
obtained. Figure 22 shows a cross section of the lat ter  
specimen. Again it can be noticed how the attack 
propagates preferent ial ly  at the darker  ~,' areas in  the 
alloy, as ment ioned in the previous section. Most prob- 
ably, even at 800~ a mol ten Na2SO4-Na2S film dis- 
solved protective A1203 layers favoring sulfur  penet ra-  
tion part icular ly at sites of higher grain boundary  
density. Subsequent  oxidation resulted in the growth 
at a higher rate of a porous NiO scale. The microprobe 
trace in Fig. 23 shows that the external  scale consists 
essentially of Ni and Cr oxides in its inner  portion, 
while A120.~, which presumably formed at the very 
beginning of the run, also can be detected in its outer 

Fig. 18. Ni-10.4 Cr-13.5 AI alloy treated with a 10% H2S-H2 gas 
mixture at 850~ for 8 hr. (a) The specimen was preoxidized hut 
not coated with sodium sulfate. A copper plate wQs used for re- 
taining the relatively thin chromium sulfide layer. (b) Coating a 
preoxidized specimen with sodium sulfate produced deep attack 
and a complex morphology. 

Fig. 20. Ni-10.4 Cr-13.5 AI alloy preoxidized, coated with 10 mg/ 
cm 2 of Na2SO4, and treated with oxygen at 900~ for about 4 
days. A thick and porous scale consisting of NiO and NiAI~O4 has 
grown externally. The arrows indicate internal precipitates of 
chromium sulfide, localized preferentially at the darker phase 
within the alloy. 
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Fig. 21. Weight gain curve for a Ni-lO.4 Cr-13.5 AI alloy pre- 
oxidized, coated with 5 mg/cm 2 of Na2S04, and exposed alter- 
natively to oxidizing and reducing atmospheres at 900~ 

Fig. 22. Ni-10.4 Cr-13.5 AI alloy preoxidized, coated with 5 mg/ 
cm 2 of Na2S04, and treated at 900~ with the gas sequence 
02-H2-02 for a total of 48 hr. Preferential attack can be noticed 
at the darker areas in the alloy. 

portion. It  may be noted that attack localized at the 
darker  areas in  the alloy was also observed when a 
specimen of Ni-10.4 Cr-13.5 A1 coated with 16 mg/cm 2 
of sodium sulfate was treated at ~-870~ with a 10% 
CH4-bal. N2 mixture  (Fig. 24). In  this case, however, 

methane  instead of hydrogen acted as a reducing agent 
for sodium sulfate. 

A comparison between the weight gain curve in Fig. 
8 and Fig. 21 suggests that acceleration of the corro- 
sion rate due to t ransient  reducing conditions is more 
likely to occur when a mult iphase system rather  than  a 
homogeneous -y mat r ix - type  alloy is exposed to hot 
corrosion environments .  A high density of preferential  
paths for the inward  diffusion of sulfur  appears to 
favor the formation of in terna l  precipitates and con- 
sequent weakening of the alloy surface layer. 

Discussion 
In  order to compare the behavior  of the alloy 

phases that have been the object of this study, the 
discussion is divided into two sections pertaining, re- 
spectively, to the effect of reducing and oxidizing en-  
vironments.  

Reducing environments.--Reducing conditions, no 
mat ter  whether  the reducing agent is hydrogen, car- 
bon, or part ial ly uncombusted hydrocarbons (6), pr i -  
mar i ly  result  in increased sulfur potential  at the 
metal-sal t  melt  interface. Seen from a different s tand-  
point, an increase in sulfur  potential  can occur when  
the composition of the salt mel t  is modified by the 
addition of elements such as molybdenum, tungsten, or 
vanadium (3). However, the magni tude  of the effect 
can be different. While in the latter case fluxing of 
protective oxides is deemed responsible for cata- 
strophic attack, the presence of reducing agents can 
both reduce oxide scales (22, 23) and by raising sig- 
nificantly the sulfur potential provide additional driv- 
ing force for the diffusion of sulfur into the metal. If 
the activity of nickel in the alloy is sufficient to form 
continuously nickel sulfide, this will be in the molten 
state, 4 thus further enhancing diffusion processes and 
fluxing of solid oxides such as NiO and Cr2Os. 

In the course of this study the 7 matrix phase 
showed a tendency to form liquid nickel sulfide when- 
ever exposed to H2S-H2 atmospheres, regardless of the 
presence of a sodium sulfate deposit on the surface of 
the specimens. Furthermore, the existence of a pre- 
grown layer of Cr203 did not prevent the formation 

t The t empera tu re  of the eutect ic  n icke l -n icke l  sulfide is 645~ 
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alternatively to oxidizing and 
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Fig. 24. Niql0.4 Crq13.5 AI alloy coated with 16 mg/cm 2 of 
Na2SO4 and treated with u 10% CH4-N2 gas mixture at 870~ for 
3 hr. Localized attack can be noticed at the darker areas in the 
alloy. 

of liquid nickel sulfide, but  only increased the amount  
of time necessary for sulfur  to diffuse through the 
chromium oxide barr ier  and reach the metal  (24). 
Thus it appears that in a si tuation leading to local 
high sulfur  potential  the formation of l iquid nickel 
sulfide is responsible for the catastrophic failure of 
the 7 matr ix  phase. 

The results obtained in analogous conditions with 
specimens of nominal  7' composition exposed to 
H2S-H2 atmospheres show again the same tendency to 
form liquid nickel sulfide as the 7 matrix,  although 
to a lesser extent, as can be seen by comparing Fig. 3 
and 10. Apparently,  alloying the nickel with a luminum 
instead of chromium reduces the formation of l iquid 
nickel sulfide. Since the activity of nickel in the 7 
matr ix  and the 7' phase are comparable (25,26), 
we have not been able to find an explanat ion for this 
effect in thermodynamic terms. 

It should be stressed that the extent of the corrosive 
attack for both 7 matr ix  and 7' phases considered 
separately, bears a direct relationship to the magni tude  
of the sulfur potential  continuously present at the 
metal-sal t  melt  interface. The cyclic oxidat ion-reduc-  
tion treatment of the 7 matrix, in which the only sul- 
fur available was that present in the limited sodium 
sulfate coating, did not lead to a significant accelera- 
tion of the reaction during the reduction and the sub- 
sequent oxidation stages. Of course, the presence of 
hydrogen sulfide in the gas phase in equilibrium with 
the salt melt would have resulted in a higher rate of 
attack during the reduction stage, by replenishing in 
the melt  any sulfur consumed by the alloy. 

When the 7 matr ix  and the 7' phase are coexisting, 
as in the case of the Ni-10.4 Cr-13.5 A1 alloy, the com- 
position of the two phases can be different from the 
nominal  composition, because to a l imited extent alu-  
minum can dissolve in the 7 matr ix  and chromium in 
the 7' phase. Localized attack at 7' areas, characterized 
by the formation of in ternal  chromium sulfide par t i -  
cles especially at higher sulfur potentials (Fig. 18, 22, 
and 24) can be due to segregation of chromium within  
the 7' areas, which by originating a higher grain 
boundary  density would favor the inward diffusion of 
sulfur  by a short-circuit  mechanism. However, a de- 
tailed explanat ion of an alloy structure effect on hot 
corrosion would require systematic experiments,  in 
part icular  on the 7 + 7' system at different 7/7' vol- 
ume ratios. 

Oxidizing environme~ts.--At very low sulfur poten- 
tial, such as that present in stoichiometric sodium sul- 
fate exlcosed to oxygen, the hot corrosion behavior of 
the 7 matr ix  and the 7' phases is remarkably  different. 
While the former appears to be extremely corrosion 

resistant, the lat ter  undergoes rapid attack in the 
initial  stage of the reaction, followed by a progressive 
slowdown in corrosion rate. This behavior  can be 
ascribed to a varying capabili ty of the sodium sulfate 
melt  to dissolve different oxides. From a thermody-  
namic standpoint,  the composition of the gaseous at-  
mosphere can influence the equil ibria 

Na2SO4(D + I/zCr2Os(s) -}- 1,4 O2(g) 
.~Na2CrO4(,) + S02(g) [I] 

Na2SO4(D + Al2Os(s) ~- 2NaAiO2(1) + SO2(g) + ~ O2(g) 
[2] 

since the corresponding equi l ibr ium constants at a 
given temperature  would be 

K(1) = Pso2/P021/4 and K(2) ---- Ps02 X P021/2 

making the simplifying assumption that all condensed 
phases are at uni t  activity. Moreover, the rate of dis- 
solution in the sodium sulfate melt  may be different 
for Cr2Os and A12Os. In  the case of the Ni-20 Cr alloy 
(7 matr ix)  formation of some sodium chromate took 
place during exposure to oxygen, as indicated by the 
presence of yellow deposits on the specimen at the end 
of the run. In this case reaction [1] was displaced 
toward the right by the absence of SO2 in the gas 
phase. However, the rate of formation of new Cr203 
was higher than its rate of dissolution in the molten 
salt, as shown by the presence of a continuous inner 
layer of Cr2Os in the scale at the end of the run. In 
this case the outer layer of NiO may have also pro- 
vided additional protection to the alloy. A similar 
composition for the oxide scale on Ni-Cr alloys has 
been reported by Giggins and Pettit (27). 

In the case of the Ni-13 A1 alloy (7' phase) the 
porous oxide scale after oxidation in the presence of 
sodium sulfate deposits was identified as consisting 
mainly of NiO with traces of a-Al2Os. Pettit has re- 
ported that the oxidation product of a Ni-17 A1 alloy 
at II0.0~ in 0.I arm oxygen consisted of a discon- 
tinuous layer of ~-A1203 at the base of the s'cale, which 
consisted of NiO, NiAI204, and a-A1203 (28). Dissolu- 
tion of the discontinuous A1208 layer in the melt would 
progressively deplete the alloy surface layer of alumi- 
num, favoring the growth of a porous scale of NiO, 
which would eventually separate the salt film from 
the metal. In addition, saturation of the salt with cor- 
rosion products would decrease its effectiveness as a 
flux, thus slowing down the corrosion rate. It is con- 
ceivable that the initial phase of rapid attack would 
persist for a longer time, were a larger amount of 
sodium sulfate available for the dissolution of the 
oxide scale. The results of crucible tests shown in Fig. 
7, in which Ni-Al coupons were immersed in excess 
molten sodium sulfate exposed to air, show that the 
7' phase can indeed undergo total dissolution in the 
salt melt. By contrast the resistance of Ni-Cr alloys 
to this type of attack generally increases with increas- 
ing Cr content. 

In the case of the Ni-10.4 Cr-13.5 A1 alloy, in which 
the prevailing phases are 7 matrix and 7% the oxide 
scale formed at 900~ prior to exposure to sodium sul- 
fate and oxygen was identified as a mixture of spinels 
NiAl204 and NiCr204. According to Giggins and Pettit 
(13) this ternary system at 10.00~ should consist of 
only an external layer of A1203. Again, the rate of dis- 
solution of the oxide scale in the salt melt can be the 
factor retarding accelerated attack of the alloy. In 
this case however, after fluxing of the oxide, the alloy 
microstructure may have favored inward diffusion of 
sulfur, thus making the alloy more susceptible to at- 
tack than the binary Ni-20 Cr alloy. This point of 
view is confirmed by the results of the experiments in 
which specimens were subjected alternatively to oxi- 
dizing and reducing conditions. In the case of the Ni-20 
Cr alloy during the reduction stage the structure of 
the scale was not damaged extensively and could offer 
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protect ion against  the increase in sul fur  potential .  The 
weight  gain dur ing the subsequent  oxidat ion  stage was 
then s imi lar  to the ini t ia l  one. In  the  case of the 
Ni-10.4 Cr-13.5 A1 alloy, the oxide scale was damaged 
by  progress ive  dissolution in the salt  mel t  dur ing the 
ini t ia l  oxida t ion  stage. Dur ing the subsequent  reduc-  
t ion s tage diffusion of sulfur  into the  al loy was 
favored by  the  increase in sulfur  potential .  Sul fur  
diffusion m a y  have also been enhanced by  the micro-  
s t ruc ture  of the  alloy, if a h igher  densi ty  of gra in  
boundar ies  was avai lable  at  areas of 7' composition. 

Conclusions 
1. The hot  corrosion resistance of an al loy is depend-  

ent  on its chemis t ry  and mul t iphase  morphology,  and 
the na ture  of the  corrosive environment ,  in a very  
complex way, so that  a general ized model  for hot cor-  
rosion behavior  is not ye t  possible. 

2. The 7 ma t r i x  phase is prone to catas t rophic  fa i l -  
u r e  in severe  hot  corrosion envi ronments  charac ter ized  
by  high sulfur  potentials .  However,  at low sul fur  po-  
tent ia ls  such as those prevai l ing  in a gas tu rb ine  en-  
vironment ,  the  7 ma t r i x  offers excel len t  corrosion re-  
sistance. 

3. The ~' phase is suscept ib le  to accelera ted  sa l t -  
induced hot corrosion under  both reducing and oxidiz-  
ing conditions. However ,  the  comparison of weight  
gain da ta  also shows tha t  the  7' phase is much less 
res is tant  than  the 7 ma t r i x  to hot corrosion, under  
oxidizing conditions, and can be considered a weak  l ink 
in the over -a l l  corrosion process of a commercial  Ni-  
base alloy. 

4. Studies of (i) the ra te  of dissolution of Cr203 
A1203, and sp ine l - type  oxides in sodium sulfate melts,  
and (ii) al loy micros t ruc ture  effects on the ra te  of 
sulfidation would significantly contr ibute  to a be t te r  
unders tanding  of hot corrosion phenomena.  
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Electrochemical Reduction of Cr(lll) in 
Molten LiCI-KCI Eutectic 

Samuel C. Levy* and Frederick W. Reinhardt 

Sandia Laboratories, Albuquerque, New Mexcio 87115 

ABSTRACT 

The reduction of chromium(I I I )  was studied in LiC1-KC1 eutectic at 
500~ by means of cyclic vol tammetry .  It has been shown to proceed via 
a two-s tep  process to the metal. The in termedia te  Cr ( I I )  species reacts 
wi th  the solvent anions to form an insoluble compound, CrC12. The pseudo 
f i rs t -order  rate constant for the chemical  step is 0.028 _ 0.008 sec -1, while the 
heterogeneous rate constant for the charge t ransfer  is 3.4 • 0.5 X 1'0 -2 cm 
sec -1. The diffusion coefficient of Cr +~ was determined to be 0.5 _ 0.1 • 10 -5 
cm2/sec at 500~ No adsorption of any species present  in solution was found 
to occur on the vi treous carbon working electrode. 

The l i thium chloride-potassium chloride eutectic is 
one of the most commonly used electrolytes for ther -  
mal  batteries (1). Thermal  batteries developed at 
Sandia Laboratories pr incipal ly use this electrolyte and 
a cathode (depolarizer) of calcium chromate (2). Al-  
though there has been much speculation as to the 
cathode mechanism, very  l i t t le is known about this 
complex reduction. In order to gain an insight into the 
reactions occurring during the discharge of thermal  
batteries, we have begun a study of the electrochemi-  
cal behavior  of chromium in mol ten salts. This paper 
describes the results obtained with  the compound 
CrCI8 in LiCI-KCI at 500~ 

Experimental 
The technique of cyclic vo l tammet ry  was used for 

this investigation. Vol tammetr ic  scans were  made with 
a Tacussel Model PIT 20-2X potentiostat  coupled to a 
Tacussel Model GSTP-2 function generator.  The cur- 
rent  voltage curves were  recorded on a Moseley Model 
700'0 AM X - Y  recorder.  

The cell was fabricated from a 70-mm ID quartz  
102/75 ball  joint  sealed on one end. The lid was made 
from the other half  of the ball  joint  and had openings 
to accommodate three electrodes, a thermocouple,  a 
gas bubbling tube, a gas inlet, and a tube for adding 
samples to the melt, which also served as the gas out-  
let. 

A three-e lec t rode  circuit  was used. The counter-  
electrode was a rod of Union Carbide spectroscopic 
grade graphi te  wi th  one end immersed in the melt. The 
Ag/AgC1 couple was chosen for the reference elec- 
trode because of its stabili ty at e levated temperatures  
(3, 4). The reference  electrode was prepared by plac- 
ing 0.1M AgC1 in LiC1-KC1 solution in a Pyrex  tube 
sealed at one end. A si lver wire  was then inserted 
through a hole in a cork placed into the other  end. Use 
of Pyrex,  which becomes conductive at e levated tem-  
peratures,  as a container and electrolyte junct ion pre-  
vents contaminat ion of the solution and results in an 
electrode that  can be used many  times. 

Problems were  encountered in fabricating the vi t re-  
ous (glassy) carbon working electrode. All at tempts to 
seal the rods in borosilicate glass resulted in a thin 
void be tween the glass and vitreous carbon. Use of 
these electrodes for cyclic vol tammetr ic  scans resulted 
in baselines having an appreciable slope, making it 
v i r tual ly  impossible to analyze the waves. Finally, 
Beckwith Carbon Corporation, when contacted, sug- 
gested Chat a thin film of silicon deposited on the 
vitreous carbon would produce a welded bond with  
borosilicate glass. 

* Electrochemical  Society Active Member.  
Key  words:  chromium,  mol ten salt, cyclic vo l tammet ry .  

Electrodes were  fabricated from Y8 in. diam rods 
which were  centerless ground to a 0.120 in. diam cir- 
cular cross section (area -- 0.0729 cm2). One inch 
lengths were  coated with a thin film (0.000.5-0.005 in.) 
of silicon by decomposing silane on the carbon rod 
which was resistance heated (Fig. 1). A half - inch 
length of borosilicate glass (GSC-4) was then sealed 
to the coated rod by heating to the softening point. 
The end of the vitreous carbon rod protruding from 
the glass seal was force-fi t ted into a hole dri l led into 
the end of a graphi te  rod. A Pyrex  tube was then 
slipped over  the graphite rod and sealed to the GSC-4 
glass (5). A port ion of the graphi te  rod was lef t  ex-  
tending as electrical contact. The vi treous carbon was 
ground flush with the glass and polished to a mi r ro r  
finish (Fig. 2). 

The electrolyte was prepared from Fisher  certified 
reagent l i thium chloride and potassium chloride. It 
was fur ther  purified by using a technique developed 
in this laboratory which is a combination of several  
techniques reported in the l i tera ture  (6-8). Initially, 
the eutectic was heated under  a hydrogen chloride 
atmosphere to 400~ Hydrogen chloride was then bub-  
bled through the melt  for 24 hr. The tempera ture  was 
then raised to 600~ and chlorine gas bubbled through 
the melt  for 48 hr. Next, the tempera ture  was lowered 
to 40,0~ and argon bubbled through the mel t  for 16 hr. 

Kovar Foil Cap over Caroon No{ 

0.25 in. Diam. Carbon Rod 

(u Igrid Leads (0. 050 in, ) 

Flexible lead coiled to form spring 
for electrical contact pressure. 

Argon ~ 100 cc/minute 
: : ~  from flowrneter 

3~/o SIH 4 in hydrogen up to 

]00 cc/minute from flewmeter 

lS-mm OD 
Pyrex, 15-in. overall length 

Vitrous carbon rodinserted 
into hole in carbon rod. 

Vent gas to pilot 
light burner. 

Indent at 120 ~ to center carbon 
rod (2 places on tube) 

Nickel or Kovar 0.25 in. diam. 
dish spot-welded to lead wire 
for electrical contact. 

Join top and bottom leads 
to 30-amp auto transformer; 
about 6 volts required. 

Fig. 1. Apparatus for silicon deposition 
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I I 

Fig. 2. Fabrication of vitreous carbon working electrode. (a) 
Vitreous carbon rod, (b) GSC-4 glass sealed to silicon-coated rod, 
(c) vitreous carbon inserted into hole in end of graphite rod, (d) 
completed electrode. 

Finally,  the electrolyte was cooled under  an argon 
atmosphere and transferred to an argon-filled glove 
box. 

Diamond Alkali  Company anhydrous chromic chlo- 
ride CrCh was used without  fur ther  purification. 

The cell was assembled in an argon-filled glove box 
and then placed in a Hoskins furnace, Model FD104. 
Argon was continuously passed through the cell, and 
its temperature  was main ta ined  at 500~ with a 
Honeywell  Versatronik SCR Trigger Tempera ture  
Controller, Model R7161J. 

Resul ts  
Two reversible waves were obtained when scanning 

the LiC1-KC1-CrC13 system. They occurred at approxi-  
mately +0.2 and --0.9V vs. the Ag/0.1M AgC1 refer-  
ence electrode (Fig. 3 and 4 ) .  These potentials corre- 
spond to the reduct ion of Cr( I I I )  to Cr( I I )  and of 
Cr( I I )  to Cr(0) (9). Each wave was studied individu-  
ally at three concentrations of CrC18 (19.55, 32.29, and 
40.55 mM) over a range of scan rates from approxi-  
mately  0.008 to 0.8 V/sec. 

+O.2V p e a k . - - F o r  a reduction in which both the re-  
actant  and product are soluble, several relationships 
have been derived between the peak potential  Ep (po- 
tential  at max imum current) ,  the half -peak potential  
Ep/2 (potential  at one-half  max imum current) ,  the 
hal f -wave potential  EI/2 (occurs at a point  85.17% up 
wave) ,  and n (the number  of electrons involved in the 
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Fig. 3. Yoltammogram for the reduction of Cr(l l l )  to Cr(ll).  
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Fig. 4. Voltammogram for the reduction of Cr(ll) to Cr(0). 
19.55 mM CrCI~, 0.0708 V/sac, 500~ 

charge transfer  reaction) (10). They include the fol- 
lowing 

Ep = E1/2 -- 1.109 R T / n F  [1] 

Ep/2 : Ell2 + 1..09 R T / n F  [2] 

The value of n for this peak was calculated by both 
of the expressions at each sweep speed and concentra-  
t ion studied, using the values of Ep,  Ep/2, and E1/2 ob- 
tained from the individual  current -vol tage  curves. The 
results are summarized in Table I. 

"We therefore conclude that  one electron is t rans-  
ferred during this peak and that it represents the re-  
duction of Cr( I I I )  to Cr ( I I ) .  

Plots of peak current  ip vs. the square root of the 
voltage scan rate were l inear  at each concentration, 
indicating diffusion control for this process (11). A 
typical plot is shown in Fig. 5. 

The diffusion coefficient of Cr +s in  LiC1-KC1 at 
500~ was calculated by use of the expression (12) 

x : 1.67 X 105n3/2AD1/2C [3] 

In  Eq. [3], n is the number  of electrons transferred,  A 
is the area of the electrode, D is the diffusion coeffi- 
cient, C is the concentration, and x is the intercept at 
v 1/2 : 0 of a plot of ip/v  1/2 vs. v 1/~, ip being the peak 
current  and v the sweep speed in volts per second. 
Plots of ip/V 1/2 VS. V 1/2 were made for each concentra-  
tion studied and the intercepts determined by the 
method of least squares. Results are given in Table II. 

To determine if the Cr +3 or Cr +2 species were ad- 
sorbed on the vitreous carbon electrode, plots of ip/v i n  
vs. v were constructed at each concentration. Since 
these graphs did not show a rapid increase with in-  
creasing scan rate, it was concluded that nei ther  
species was adsorbed (13). 

Table I. Average value of n* for + 0 . 2 V  peak 

Concentration 
(mM) Eq. [i] Eq. [2] 

19,55 1.01 0,99 
32.29 0.99 1,04 
40.55 1.03 1.00 

* n average = 1.01 ~- 0.02. 



202 J.  Electrochem.  Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  February  1975 

ip, ,ua 

i 00~  

90C 

800 

700 

500 

500 

~00 

300 

200 

i 0 0  

/ 

I I I I I I L I 
0 ,1  0 . 2  0 . 3  0 . 4  0 .5  0 . 6  0 .7  0 . 8  0 . 9  

vl/2 (volts/sec I 1/2 

Fig. 5. Plot of ip vs. V I/2 for 32.29 mM CrCI8 

The diagnostic cri teria of Nicholson and Shain (10) 
were  used to determine the mechanism of the reaction 
Cr +3 -~- e -  ~ Cr +2. First, the ratio of anodic to cath-  
odic peak height  ia/ic was calculated for each scan, 
using the empirical  expression developed by Nicholson 
(14) 

ia (ia)o 0.485 (isp) o 
-- - -  § + 0.086 [4] 

ic (ic) o (ic) o 

where  (ia)o and (io)o are the anodic and cathodic peak 
currents measured with  respect to the zero current  axis, 
and (isp)o is the cathodic current  at the switching po- 
tential  (i.e., the potential  at which the voltage scan is 
reversed)  measured with  respect to the zero current  
axis. The values of ia/ic were plotted vs. sweep speed 
(Fig. 6.). An increase in this ratio with increasing 
sweep speed, level ing off at a value of 1.0, indicates 
the revers ible  charge t ransfer  is fol lowed by an i r re -  
versible chemical reaction. This behavior  is caused by 
a difference in rates for the two reactions, the charge 

Table II. Diffusion coefficient of Cr +e' in LiCI-KCI at 500~ 

Concentra t ion  (raM) D* X 105 crab/see  

19.55 0,57 
32.29 0.61 
40.55 0.35 

* D a v e r a g e  = 0.5 ~ 0 . i  x i0 -~ cmS/sec. 

k 

Table Ill. Average value of k* for reaction Cr +B + 2 C I -  ~ CrCI~ 

C o n c e n t r a t i o n  (raM) /~ (sec-D 

19.55 0.029 
32.29 0.020 
40.55 0.035 

* k average = 0.028 ~- 0.008 see -I, 

t ransfer  being faster. At the slower sweep s~peeds, the 
reduced species, Cr +2 has t ime to react chemically 
before the scan is reversed and it can be reoxidized to 
Cr + ~. At faster speeds, all of the mater ia l  is reoxidized 
before enough t ime has elapsed to a l lew the chemical 
reaction to proceed. 

One possible i r revers ible  chemical reaction which 
could occur in this system is the precipitat ion of CrC12. 
To invest igate this possibility, a saturated solution of 
CrC12 in LiC1-KC1 was prepared at 500~ by adding 
excess solid to the mel t  and st irr ing for several  hours 
by bubbling argon through the solution. It was then  
filtered through a fine glass f l i t  at 500~ and the fil- 
trate analyzed by atomic adsorption spectroscopy. A 
solubili ty of only 40 ppm (0.0'04%) was found. This 
indicates that  the precipitat ion of CrC12 is ve ry  l ikely 
the i r reversible  chemical reaction that  follows the re-  
versible charge transfer. 

A rate constant for the precipi tat ion of CrC12 was 
calculated. Pseudo f irs t-order kinetics were  assumed 
since the Cr +2 is react ing with  solvent anions. The 
rate  constant k was determined for each scan from 
theoretical  data giving the ratio of peak currents ia/ic 
as a function of k~, as calculated by Nicholson and 
Shain (10), where  �9 is defined as the t ime in seconds 
to go from the ha l f -wave  potential  E1/2 to the switch-  
ing potential. Results are listed in Table III. 

For waves having an anodic-to-cathodic peak cur-  
rent  ratio of one, it is possible to calculate the hetero-  

Fig. 6. Ratio of anodic to i a 
cathodic peak currents vs. sweep ~- 
speed, Cr(lll) to Cr(ll) wave.  c 
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Table IV. Avera{je value of kh* for reaction Cr +8 + e -  ~ Cr +2 

concentration (raM) kh X 10 ~ em see-~ 

19.55 3.19 
32.29 2.94 
40.~5 3,91 

* kh average = 3,4_.+ 0.5 X 10 -2cm sec -I. 

Table V. Average value of n* for --0.9V peak 

Concentra- 
tion (raM) Eq. [6] Eq. [8] 

19.55 2,37 2.30 
32.29 2.15 2.35 
40.55 2.17 2.11 

Vol t s / s ee  Eq. [7] 

0.007 2.02 
0.030 1.91 
0,0"/1 2.25 

* n average = 2.18 ~- 0.15. 

geneous rate  constant ka for the charge t ransfer  re-  
action, if  the peak potential  separat ion varies wi th  the 
sweep speed. For  the react ion Cr +~ + e -  ~ Cr +~, a 
ratio of one was obtained for sweep speeds >0.1 V/sec  
(Fig. 6) and k~ was determined at these sweep speeds 
by the technique of Nicolson (15), using the fol lowing 

expression 

~P = 7akh/k /~aD [5] 

where  ~ is the charge t ransfer  coefficient, 7 is the ratio 
of diffusion coefficients for the oxidized and reduced 
species [except for the unusual  case of very  large dif-  
ferences be tween  Do and DR the quant i ty  7 ~ is ve ry  
near unity, regardless of a (15)], a = n F v / R T ,  D is the 
diffusion coefficient of the oxidized species, and ~P is 
dependent  on the separat ion of the anodic and cathodic 
peak potentials for waves in which there  is no com- 
peting chemical reactions (ratio of anodic to cathodic 
peak heights = 1). Data are given for the de termina-  
tion of ,I, f rom AEp at 25~ 

Using the value of �9 obtained from Nicholson's data 
corrected for temperature ,  and assuming 7 ~ = 1, the 
heterogeneous rate  constant was determined from each 
wave  having in~it = 1. Results are given in Table IV. 
Use of this technique for the Cr+8-Cr +2 system is 
discussed in a la ter  section. 

--0.9V peak . - -For  a reaction result ing in the  deposi- 
t ion of a metal, several  relat ionships be tween  the num-  
ber  of electrons involved and voltage, current,  and 
concentrat ion have been der ived (16, 17). These rela-  
tionships, l isted below, have  been used to calculate 
the number  of electrons t ransferred during the reac-  
tion represented by this peak 

Ep -- Ep/2 : --  0.7725 R T / n F  [6J 

0.0815 R T  
Ep/2 : E ~ + R T / n F  In JC [7] 

nF 
2.2 nF  

log ( i p  - -  i )  = E + C o n s t a n t  [8] 
RT 

where  f is the act ivi ty coefficient and all the other  
symbols have their  standard meanings. To use Eq. [7], 
a plot of Ep/2 vs. log concentrat ion is requi red  for each 
sweep speed. A straight l ine is obtained with  a slope 
of 2.303 R T / n F .  Equat ion [8] assumes a constant ac- 
t ivi ty of uni ty  for the deposited metal,  and was shown 
by Mamantov e t a l .  (17) to be l inear  over  the range 
of 0.7 ip < i < 0.9 ip. This occurs because there  is no 
metal  present at the start  of the wave. The act ivi ty  is 
much smaller  than unity and increases unti l  the elec- 
trode is completely coated with  the metal,  resul t ing in 
the nonl inear i ty  during the early port ion of the wave  
(18). Values of n were  calculated by each of the above 

methods. Slopes for Eq. [7] and [8] were  caIculated 
by the method of least squares. Results are g iven in 
Table V. 

Thus, we conclude that  n -- 2, and this peak repre-  
sents the reaction Cr +2 + 2e -  ~ Cr ~ 

Plots of ip/v 1/~ vs. v indicated that  none of the 
species involved in this reaction are adsorbed on the 
vitreous carbon working electrode. 

The mechanism of this reduct ion was studied by ap- 
plying the diagnostic cri teria of Nicolson and Shain 
(10). A plot of peak current  divided by the square 
root of the vol tage scan rate vs. voltage scan rate was 
re la t ive ly  unchanged over  the range of scan rates 
studied (Fig. 7), indicating a simple charge t ransfer  
wi th  no coupled chemical reactions. 

D i s c u s s i o n  

Although the reaction Cr +8 + e -  ~ d r  +2 appears to 
be completely reversible,  as evidenced by the current -  
voltage curves obeying Eq. [1] and [2], it has in fact 
been shown to exhibi t  kinetic behavior.  This can be 
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seen by  the  var ia t ion  in peak  potent ia l  separa t ion  wi th  A 
sweep speed. The heterogeneous ra te  constant calcu-  D 
la ted  for this charge t ransfer  react ion is fast enough C 
that  the deviat ion from revers ib i l i ty  is small.  Thus, 
Eq. [1] and [2] are a close approx imat ion  for this sys-  ia 
tem. ie 

Conclusion ( i a )  o 

Chromium(I I I )  is reduced to Cr(O) in LiC1-KC1 (ic)o 
eutectic at 500~ via  a two-s tep  process which is rep-  
resented by the fol lowing scheme (isp)o 

fast  
Cr +~ + e -  ~ Cr +~ [I] k 

kh 
slow 

Cr +2 + 2C1- -* CrC12 [ I I -A]  7 

fast 
Cr +2 + 2 e -  ~-- Cr ~ [II-B] a 

If  the  potent ia l  is var ied  s lowly enough, an apprec iable  
por t ion of the Cr +2 wil l  react  wi th  chlor ide  ion via 
react ion [ I I -A] .  Rapid  changing of the  potential ,  or  i 
main ta in ing  the potent ia l  at a value negat ive  to that  E 
requ i red  for react ion [II-B]  wil l  resul t  in v i r tua l ly  all  
the Cr +3 being reduced  to the metal ,  since this reac-  
t ion is k ine t ica l ly  faster  than  the  chemical  one. 
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SYMBOLS 
Ep peak potential ,  V 
Ep/2 ha l f -peak  potential ,  V 
E1/2 ha l f -wave  potential ,  V 
n number  of electrons 
R gas constant,  joules /~ Ke lv in -mole  
T tempera ture ,  ~ Ke lv in  
F Faraday ' s  constant,  cou lombs /equiva len t  
ip peak current,  ~A 
v sweep speed, V/sec  
x intercept  of a plot  of i , /v  1/2 vs. v 

electrode area, cm 2 
diffusion coefficient, cm2/see 
concentrat ion mi l l imoles / l i t e r  (Eq. [3]),  moles /  

l i ter  (Eq. [7]) 
anodic peak  current ,  ~A 
cathodic peak current ,  ~A 
anodic peak current  wi th  respect  to the zero 

current  axis, ~A 
cathodic peak current  wi th  respect  to the zero 

current  axis, t,A 
cathodic current  at switching potent ia l  with re-  

spect to zero cur ren t  axis, ~A 
time to go from E1/2 to switching potential ,  sec 
pseudo f i r s t -order  ra te  constant, sec -1 
heterogeneous ra te  constant  for change t ransfer  

reaction, cm/sec  
rat io of diffusion coefficients of oxidized and 

reduced species 
charge t ransfer  coefficient 
nFv/RT 
a function, dependent  on anodic and cathodic 
peak  separat ions  
act ivi ty  coefficient 
current,  ~A 
potential ,  V 
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ABSTRACT 

Refractory silicates such as zircon, mullite,  forsterite, etc. and silica a r e  
known to lose SiO2 at high temperature  and some, such as zircon, may 
undergo partial  decomposition. This study examines some of the thermody-  
namic and kinetic factors which govern silicate stabilities. Sinter ing studies 
and weight loss determinations were used to determine the effects of tem- 
perature and ambient  on the loss of SiO2 from zircon. Results indicate the loss 
of SiO2 as volatile SiO from zircon by a surface rate controlling mechanism. 
The major factors influencing this loss were found to be the oxygen partial 
pressure, temperature, and to some extent the particle size or surface area 
of the sample. Activation energies determined for the reaction of hydrogen 
with zircon were 82 kcal/mole for reaction with 99.999~-% H2 containing 
2 ppm H20 and 121 kcal/mole for reaction with H2 with a dew point of 24~ 

The importance of the loss of silica from solid silica 
and refractory silicates is evidenced by the number  of 
investigations on this subject. 2 Silica can be lost from 
the surface of si l ica-containing materials by a number  
of mechanisms including direct volatil ization of SiO2 
or reduction to form volatile silicon monoxide, SiO. 
The loss by direct volatil ization involves, at least par-  
tially, the dissociation of silica according to a reaction 
such as 

SiO2 (solid) -~ SiO (gas) + x O (gas) 
~- 1/2 (1 - - x )  02 (gas) 

where x is the degree of dissociation of oxygen. Porter, 
Chupka, and Inghram (2) reported that the partial  
pressure of SiO over silica at 1900~ for example, was 
3.4 • 10 -5 arm while the pressure of SiO2 was only 
1.0 • 19 -7 arm. Under  reducing conditions, the forma- 
t ion of SiO is even more dominant.  A variety of re- 
ducing agents are capable of promoting the formation 
of SiO from silica or silicate materials. The most im- 
portant  of these are hydrogen, carbon, carbon mon-  
oxide, and silicon. 

This study examines some of the thermodynamic and 
kinetic factors which govern silicate stabilities and 
loss of silica, par t icular ly in reducing ambients. The 
kinetics and thermodynamics are discussed with em- 
phasis on silica and zircon, ZrO2"SiO2. 

Zircon Stability 
The results of a number  of investigations of the 

thermal  stabil i ty of zircon are inconsistent in many  
cases. In  a study of the phase relations in the ZrOf- 
SiO2 system, Zhirnova (3) determined the mel t ing 
point of zircon to be 2430~ The mel t ing temperature,  
however, did not correspond to equi l ibr ium conditions 
and had to be reached at a very high heating rate so 
that  the decomposition at lower temperatures  was not 
appreciable. Zhirnova did observe considerable decom- 
position at 180,0~ Zircon, however, does not have a 
true mel t ing point; the compound melts by dissociation 
to its consti tuent oxides, zirconia and silica. 

Striking differences exist in the l i terature as to the 
temperature  of the onset of the dissociation. Dissocia- 
t ion temperatures  as low as 1450~ and as high as 

i Present address: IBM General Products Division, San Jose, Cali- 
fornia 95193. 

Key words: zircon, kinetics, silica, silicate, reduction. 
2 See, for  example ,  the  r e v i e w  by  T o r o p o v  and  B a r z a k o v s k i i  in  

Ref. (1). 

20~00~ have been reported by  Barlet t  (4) a n d  by 
Matignon (5), respectively. Phase studies by Geller 
and Yavorsky (6) and by Geller and Lang (7) indi-  
cated dissociation at the incongruent  mel t ing tem- 
perature of 1775~ The impur i ty  content of the zircon 
samples can affect the dissociation temperature,  as re-  
ported by Stott and Hill iard (8) who found that  sam- 
ples of 91.2% and 9'9.5% pur i ty  had dissociation tem- 
peratures of 1650~ and 1750~ respectively. The 
addition of magnesia, MgO, to zircon can cause com- 
plete dissociation at 1240~ (9) with the formation of 
magnesium silicate and zirconium oxide. 

The most detailed study of the thermal  dissociation 
of zircon is that by Curtis and Sowman (10). In  this 
study, the authors determined by x - ray  diffraction the 
amount  of dissociation present in zircon samples that 
had been heated for 2 hr at temperatures  from 1540 ~ 
to 1980~ in air and then quenched. The same pro- 
cedure was followed for samples heated for 8 to 10 hr  
at temperatures of 1540 ~ 1650 ~ and 1760~ They con- 
cluded that zircon begins to dissociate at approxi-  
mately 1540~ that  the rate of dissociation increases 
rapidly as the tem,perature is increased to 1760~ and 
that dissociation is complete after 6 hr at 1760~ 

Curtis and Sowman also concluded that the ZrO2 
and SiO2 formed when zircon is dissociated at high 
temperatures,  will recombine to again form zircon 
if some provision is made to prevent  the loss of SiO2 
and if sufficient time is allowed during cooling. The 
max imum rate of reassociation occurred in  the tem- 
perature range 1425~176 A similar result  was 
obtained by Barlett  (4) who found that  zircon which 
had been completely dissociated reacted to form zir- 
con again when heated for 31/2 hr at 1450~ 

Chemical Reactivity of Silicates and Zircon 
Most of the studies of the stability of zircon have 

been carried out in the presence of oxidizing atmo- 
spheres, under  which condition zircon will decompose 
at temperatures, above 1540~ according to the follow- 
ing reaction 

1540~ 
ZrSiO4 ~ xZrO2 + xSiO2 + (1 -- x)ZrSiO4 [1] 

\ 

A thermodynamic  study of the formation of zircon 
from the oxides has been carried out by Matwejew 
and Agarkow (11). Extrapolat ion of their experi-  
menta l  data indicates that ~G ~ ---- 0 at 180,0~K 
(~1530~ which is in good agreement  with the ob- 

205 
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servations of Curtis and Sowman. One can also esti- 
mate the dissociation tempera ture  using the Gibbs- 
Helmholtz equation. 

Using values of the enthalpies and entropies from 
thermodynamic tables (12, 13), the equation becomes 

aG ~ = 15,360 -- 8.48T (1750~176 
so that 

T = 1811~ when ~G ~ = 0 

Silica can be lost from the surface of pure silica, 
zircon or any refractory silicate by one or a combina- 
tion of the following reactions: 

I. Vaporization 

SiO2(s,D = SiO~(g) 

2. Silicon reduct ion 

1/3 SiO2(s) + �89 St(s)  ---- SiO(g) 

3. Carbon or carbon monoxide reduction 

SiO~(s) + C(s) =- SiO(g) + CO(g) 
SiO2(s) + CO(g) = SiO(g) + COx(g) 

4. Hydrogen reduction 

SiO2(s) + H2(g) = SiO(g) + H20(g)  

For the vaporization reaction the equi l ibr ium vapor 
pressure is given by 

log Psio2 ---- --~G~ 
where 

z~G ~ --- 127,2'00 -- 36.0T (1> 

In cases where SiO2 is part  of a combined condensed 
phase, as in ZrO2 �9 SiO2, then 

Psio2 (ZrO2 �9 SiO2) = asio2 �9 Psio2 (SiO2,s,/) 

asio2 represents the activity of SiO2 in the condensed 
phase. 

The basic equation for reduction of silica by gaseous 
species such as hydrogen or carbon monoxide is 

SiO2(S) = SiO(g) + ~/~ O~(g) 

For this reaction 

hG ~ 
log Psio -- 0.5 log Po2 

RT 

and in a condensed phase, such as zircon 

PSiO (Zr02 �9 SiO2) ---- asio2 �9 Psio (SiO2) 

The part ial  pressure of the silicon monoxide thus 
depends on the activity of the silica in  the condensed 
phase and on the oxygen partial  pressure. Convenient  
methods for controlling the oxygen partial  pressure 
are by controlling the ratios of hydrogen to water 
vapor and of carbon monoxide to carbon dioxide ac- 
cording to the equil ibria 

H20 = H2 + VzO~ 
and 

COx=CO+ %Oz 

Figure 1 presents a thermochemical diagram for the 
Si-O system at 180O~ according to the method de- 
scribed by Kellog (14) and by Gulbransen and Jans- 
son (15). These diagrams are constructed such that  
the stabili ty of condensed phases and the equi l ibr ium 
pressures of the gaseous species can be read directly. 
The ordinates give the part ial  vapor pressures of the 
different gaseous s~ecies on a logarithmic scale. The 
dew points of part icular  H2/H20 combinations are 
shown on the lower abscissa. The vertical line in the 
diagram separates the l iquid and solid phases. The 
diagram clearly shows the effect of changes in the ]par- 
tial pressure of oxygen on the partial  pressures of the 
SiO and SiOz phases. 
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Fig. 1. Thermochemical diagram for the Si-O system at 1800~ 

The reduction of SiO2 by silicon has been exten-  
sively studied (16-22). Indeed, much of the thermo- 
dynamic data regarding reactions involving silicon 
monoxide has come from studies of this reaction. The 
evolution of SiO resulting from the reduction of SiO2 
by silicon is even more pronounced than reduction by 
hydrogen vapor as shown in Fig. 2 (after Toropov 
and Barzakovskii). This indicates that under condi- 
tions of reduction with hydrogen, the formation of SiO 
is more favorable than formation of St. 

Humphrey et at. (22) studied the reduction of SiO2 
by carbon with the results shown in Fig. 3a. It is seen 
that carbon is an extremely good reducing agent espe- 
cially above about 1400~ Meyer (23) also found 
carbon to be an aggressive reducing agent; some of his 
results are shown in Fig. 3b. In the cases studied by 
Meyer and others (24, 25) it appears that the reduction 
of SiO2 occurs whether or not the SiO2 is present in 
the free state or in a chemically bound state, as in 
zircon or mullite, 3A1203 �9 2SIO2. 

Kinetics of Silica Reduction 
The rate of silica loss in reducing atmospheres has 

been studied by Schwerdtfeger (26), Crowtey (27, 28) 
and more recently, by Gardner  (29). Schwerdtfeger 
and Crowley determined the rate of silica loss by 
weighing fused quartz spheres and silica containing 
samples, respectively, before and after hea t - t rea tment  
in reducing atmospheres, and they concluded that the 
rate of reduction in hydrogen is controlled by convec- 
tive diffusion or mass- t ransfer  from the reacting sur-  
face. This conclusion was based on the dependence of 
the rate of weight loss on hydrogen flow rates. The 
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Fig. 2. Partial pressure of SiO as a function of temperature for 
(a) St02 + Si and (b) and (c) St02 + H2 according to the data 
of various authors (see Toropov and Barzakovskii). 
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Fig. 3a. Partial pressure of (a) CO and (b) SiO as a function of 
temperature for decomposition of SiO2 by Si and C. (a) PSiO for 
the reaction 1~ SiO2(s) Jr- 1/2 Si(I) -> SiO(g); (b) Pco for the re- 
action SiO2 + C (graphite} --> SiO(g) + CO(g) with the condition 
that PSiO is fixed by the reaction 1/2 SiO2(s) ~- I/2 Si(1) --> SiO(g). 
[According to data of Humphrey (22)]. 
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Fig. 3b. Vapor pressure of a mixture of graphite with quartz as a 
function of temperature [after Meyer (23)]. 

agreement  be tween the theoret ical  and exper imenta l  
rates, however ,  was not exact. Gardner  has shown 
using a high tempera ture  thermalgrav imet r ic  proce-  
dure that  the rate of silica reduct ion in hydrogen 
closely obeys equations deduced on the basis of a re-  
action interface contracting inward from the sample 
surface. The velocity of the moving interface was 
found to depend pr imar i ly  on tempera ture  and the 
water  vapor content of the ambient  gas. The surface 
area of the reacting sample was also shown to be a 
factor in determining the rate of reduction. 

Energy  considerations have shown that for silicates 
in general  there  wil l  be a significant dr iving force for 
reduct ion of SiO2 to SiO and that the part ial  pressure 
of the silicon monoxide depends on several  factors; the 
most important  of these factors are temperature,  the 

act ivi ty of the SiO~., and the part ial  pressure of oxygen 
(dew point in H J H 2 0  gas mix tures ) .  Kinet ic  factors 
include temperature ,  oxygen part ial  pressure, surface 
area and, to some extent,  the atmosphere flow rate. 

Exper imenta l  
Kinetic studies were  carried out using a h igh- tem-  

perature  the rmal  gravimetr ic  apparatus that  has been 
described in detail e lsewhere (29, 31). The apparatus 
used was a graphi te -e lement  furnace containing a 
h igh-pur i ty  a luminum oxide muffle and was capable 
of operat ing at tempera tures  up to 170,0~ A Cahn 
Model RG electrobalance was mounted  above the fur -  
nace. The sample was contained in a molybdenum 
basket and suspended in the hot zone using a molyb-  
d e n u m  wire. The system was purged before use with 
argon. Hydrogen wi th  a pur i ty  of 99.999+ % and con- 
taining 2 ppm wate r  vapor, as de termined wi th  a 
Beckman Trace Moisture Analyzer,  was used as the 
react ion gas. The hydrogen flow rate  was mainta ined at 
1 cfh for exper iments  using wate r - sa tu ra ted  hydrogen  
(wet hydrogen) and at 4-5 cfh for exper iments  in non- 
saturated hydrogen (dry hydrogen) .  The low flow rate 
in wet  hydrogen was used to ensure that  the gas was 
saturated with  water  vapor. The dew point of the re-  
action gas was checked at the entrance to the furnace 
using a dew point hygrometer .  The dew point in all the 
wet  hydrogen exper iments  was 24~ The range of 
the hygrometer  was not broad enough to permit  mea-  
surement  of the dew point of the dry hydrogen. 

The electrobalance used for the dynamic weight  de- 
terminat ions was cal ibrated before each kinetic run  
with the empty sample basket and hangdown wire 
attached. The system was purged first wi th  argon for 
5-10 rain and then with  hydrogen  for a min imum of 310 
rain prior to turning on power to the furnace. During 
the heating port ion of the cycle, the gas was passed 
through a water  bubbler  at room tempera ture  to satu-  
rate the gas. This was done to minimize  the reduct ion 
of the zircon before the isothermal  react ion t empera -  
ture  was reached. The furnace reached the preselected 
reaction tempera ture  in approximate ly  40 min  during 
which t ime the extent  of react ion was general ly  less 
than 0.02% depending on the desired reaction tempera-  
ture. Dry hydrogen was admit ted when  the desired 
~emperature was reached and the react ion was al lowed 
to proceed isothermally.  Zero t ime was taken as the 
point when conditions become isothermal.  

The zircon powder  used for the kinetic studies was 
Zircopax from the TAM Division of Nat ional  Lead 
Company. This powder  has a mean  part icle size of 1.3 
~m. Sample sizes were  10'0 +_ 10 mg. 

The samples used to evaluate  the effects of hydro-  
gen on the sintering of zircon had part icle sizes of 
<1, 1.5, and 6 #m. These samples were  from M&T 
Chemicals, Incorporated. The samples were  prepared 
for sintering by mixing  wi th  solvents and a plasti-  
cized organic resin and then casting into 0.007 in. thick 
sheets by a conventional  doctor-blade process. Ten 
sheets were  laminated together  and sintering samples 
wer,e punched f rom the laminated  stocks. The  den-  
sities of the unfired samples were  genera l ly  2.35-2.45 
g / cm 3. The samples were  then sintered for  3 hr  at 
max imum tempera ture  (see Fig. 9 and 10) in a molyb-  
denum-element ,  e leva tor -hear th  type furnace wi th  a 
hydrogen ambient. The dew point of the hydrogen  was 
mainta ined at approximately  25~ 

The sintered samples were  polished by conven-  
tional methods and optical micrographs were  prepared. 
Samples were  also examined by x - r ay  diffraction using 
Cu ks radiation; surface and bulk compositions were  
determined.  

Ul t raviole t  spectroscopic analysis results for the 
zircon powders used are shown in Table I. Al though no 
kinetic exper iments  were  carr ied out wi th  the M&T 
zircon powders, kinetic results would  not be expected 
to be quali,tatively different from those obtained with 
the TAM zircon powder. 
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Table I. U.V. spectroscopic analysis* 

/%1 B Ca Cr Fe Ga NIg Mn Na Ni Pb V Ti 

M&T M i l l t r o x  L N.D. 0.05 N.D. 0.05 lq.]5, 0.003 0.001 <0.1  0.005 0.005 N.D. 0.1 
M&T UItrox 500 L 0.001 0.05 N.D. 0.05 N,D. 0,005 0.001 <0.i 0.005 0.005 N.D. 0.I 
M & T  U l t r o x  1000 L 0.001 0.05 N.D, 0.05 N.D. 0.005 0.001 <0.1  0.005 0,005 N.D. 0.1 
TAM Z i r c o p a x  L 0.001 0.05 0.001 0.03 N.D. 0.02 0.001 <0 .1  0.003 0.005 0.001 0.1 

* In  weight  per cent. 
N.D. = no t  detected.  
L = 0.1-1.0%. 

T r e a t m e n t  of K inet ic  Da ta  
Kinetic data were treated according to the method 

described by Hancock and Sharp (30). The method in-  
volves preparat ion of plots of l n [ - - l n ( 1 -  a)]  vs. In 
time (where ~ is the fraction reacted at t ime t) in 
order to determine the mechanism of the reaction. The 
slopes of such plots are diagnostic of the mecha- 
nisms of reactions which obey a number  of solid- 
state kinetic equations. Determinat ion of the slope, ~ ,  
of l n [ - - l n ( 1 -  a)] vs. In t ime leads to identification 
of a function f(a)  ---- kt. When the function was iden-  
tified which best fit the kinetic data, plots of f (a)  vs. 
time were prepared and the rate constants, k, were 
determined from the slopes. 

The fraction reacted, a, was determined by moni-  
toring the weight of the reacting sample on a strip 
chart recorder runn ing  at a constant speed and com- 
paring the weight at t ime t to the init ial  weight. The 
fraction reacted was calculated for zircon on the basis 
of the initial  silica content and not on the total weight 
of zircon ini t ial ly present. 

Results and  Discussion 
Figures 4 and 5 present  kinetic data in  the form of 

In [ - - l n (1  -- a)] vs. In time (hereafter referred to as 
"mechanism curves") for zircon samples reacted in 
"dry" hydrogen (i.e., pure hydrogen with no added 
water  vapor) and "wet" hydrogen with a dew point of 

Figure 5 shows that slopes of mechanism curves for 
samples in wet hydrogen are considerably less than 
for samples reacted in dry hydrogen. The average 
value of 0.88 falls between the values of 1.07 or 1.11 
expected for interface controlled reaction and 0.5-0.6 
for diffusion controlled reactions. This probably indi-  
cates at least a partial  dependence on diffusion phe- 
nomena. The reaction is pr imari ly  controlled by the 
movement  of a reacting interface but  it is possible 
that the reacting species may have to diffuse through 
a hydrated surface layer. 

Previous studies of the kinetics of reduction of pure 
silica in hydrogen have shown that the reaction of 
SiO2 with hydrogen closely obeys equations for the 
movement  of a reacting interface. On the basis of the 
similari ty of the reaction of hydrogen with pure silica, 
zircon, and other refractory silicates, the equation 
chosen to describe the kinetics of zircon reduction is 
the equation for phase-boundary  controlled reactions. 

For a sphere of radius r which reacts from the sur-  
face inward  and where the reaction is controlled by 
the movement  of the reaction interface at a constant 
velocity ~, the reaction can be described by 

R3(~) = [1 -- (1 - - a ) l /~ ]  = (~ / r ) t  

T i m e  (min.) 

10 20  4 0  6 0  1 0 0  200 
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~ ~ ~ ~ 6 
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Fig. 4. Plots of I n [ - - I n  (1 - -  ~ ) ]  vs. In time for zircon powder 
reacted in dry hydrogen, a, 1625~ b, 1598~ c, 1578~ d, 
1552~ e, 1520~ f, 1490~ g, 1405oc; h, 136~ 

24~ The average slope for samples reacted in dry a m = 
hydrogen is 1.18. Thi s value is between the values of --1,0 
1.07 or 1.11 and 1.24 expected for equations based on b 
interface controlled reactions and zero order reactions, 
respectively. An interest ing feature of the curves in c 
Fig. 4 is that after the reaction reaches ~pproximately --2.0 
60% completion, the slopes of the curves begin to in-  d 
crease. The increase in slope is l ikely due to a contri-  
but ion to the reaction mechanism of nuclei growth and 
interference phenomena dur ing the later  stages of the - 3 . 0  e 
reaction. ~ f 
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Plots  of R,~ (~) vs. t ime wil l  be l inear  wi th  a slope 
of (~/r) if this equat ion effectively describes a pa r -  
t icular  reaction. F igures  6 and 7 present  plots of R8 (a) 
vs. t ime for zircon samples reac ted  in d ry  and wet  
hydrogen,  respect ively.  As can be seen from the fig- 
ures, the plots are  l inear  when the fract ion reac ted  is 
less than  approx ima te ly  0.60. This indicates  fa i r ly  good 
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Fig. 6. R3 ((~) vs. time for zircon powder reacted in dry hydrogen 
a, 1625~ b, 1598~ c, 1578~ d, 1552~ e, 1520~ f, 1490~ 
g, 1405~ h, 1360~ 

I 

T, 

0.050 

0.040 - 

0.030 - 

/ash 
/ /  

c 

/ 

. .14 

.12 

.10 

.08 

i 

0020 / /  / 06 
_05 
- . 0 4  

0.010 J 1 , / e  - .03 

/ ~ �9 ---"/'~.-~"~f -.02 

0 000 " ~ ~ ~ ' ~ " ' ~  ~ ' "  - ' = ~  
0 20 40 60 80 100 120 

Time (min.) 

Fig. 7. R3 (c0 vs. time for zircon powder reacted in wet hydrogen 
(dew point ----- 24~ a, 1625~ b, 1598~ c, 1578~ d, 1552~ 
e, 1520~ f, 1490~ g, 1405~ h, 1360~ 

agreement  wi th  the  theoret ica l  equation. The nonl in-  
ear i ty  as the react ion proceeds toward  near  complet ion 
is l ike ly  due to the  effect of nuclei  g rowth  and in te r -  
ference. 

Ar rhen ius  plots of the  react ion rates  vs. t empera tu re  
a re  shown in Fig. 8, for zircon samples reacted in pure  
(dry)  hydrogen  and hydrogen  sa tu ra ted  wi th  wa te r  
vapor.  The act ivat ion energies are  82 and 121 k c a l /  
mole for d ry  and wet  hydrogen,  respect ively.  The 
figure shows that  the act ivat ion energies are  constant  
throughout  the t empera tu re  range s tudied (1360 ~ 
1630~ The fact that  zircon decomposes at about  
1500~176 to yie ld  ZrO2 and SiO2 does not  change 
the act ivat ion energy of the react ion of hydrogen  wi th  
the silica. This indicates that  the greates t  energy ba r -  
r ie r  for the react ion is the energy requ i red  to b reak  
the s i l icon-oxygen bonds. 

A previous s tudy (28) has shown tha t  the  act ivat ion 
energies for the  reduct ion of pure  sil ica by  d ry  and 
wet hydrogen  were  85 and 135 kcal /mole ,  respect ively.  
The observed value  of 82 kca l /mo le  for  reduct ion of 
silica in zircon is essent ia l ly  the same as that  for the 
reduct ion of pure  silica. The lower  observed value of 
121 kca l /mole  for reduct ion of zircon by  wet  hydrogen  
compared  to the value of 135 kca l /mole  for reduct ion 
of pure  silica is p robab ly  due to the s l ight ly  lower  
affinity of the zircon surface for wa te r  compared  to 
that  of the pure  silica surface. 

The rates of react ion are  s l ight ly  h igher  for the 
zircon powder  s tudied than  those observed for c rys ta l -  
l ine quartz.  The ra te  of reduct ion of zircon in d ry  
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Fig. 9. Effect of hydrogen sintering temperature on surface de- 
composition for 1.5 ~m zircon powder. 

hydrogen at 1360~ for example, is 4.62 • 10 -4 rain -1 
while the observed rate for crystall ine quartz powder 
was 3.63 • 1,0 -4 rain -1 (28). This relat ively small dif- 
ference in rate (in light of changes of several orders of 
magnitude with temperature)  is most l ikely due to the 
difference in the surface areas of the powder samples. 3 

The previous discussion has been directed at elucida- 
tion of the reaction mechanism on a submicroscopic 
scale. Figure 9, however, presents photographs of 
zircon samples sintered in wet hydrogen (dew point 

25~ at various temperatures  and these photo- 
graphs show a reaction interface even on the micro- 
scopic scale. X- ray  diffraction of the zircon samples 
shows the presence of monoclinic ZrO2 on the surface 
of the samples when  the sintering tempera ture  is 
1530~ or above. The ZrO2 surface ap.pears white in the 
photomicrographs of Fig. 9. The micrographs indicate 
that the zirconia surface is very porous. The actual 
reaction interface can be distinguished as the boundary  
between the white porous surface and the bulk  of the 
sample. 

Figure 10 shows the effect of particle size on the 
sintering of zircon and on hydrogen reduction. The 
samples were all sintered at 1545~ for 3 hr and the 

~ T h e  q u a r t z  p o w d e r  u sed  i n  t h a t  s t u d y  was  --323 m e s h  w i t h  a 
surface area  of 1.3 me/g .  

extent of the reduction is s imilar  in each case. The 
ZrO2 surface is clearly evident  in  the sample pre-  
pared from 0.5 ~m zircon powder. In  this case the ZrO2 
is fair ly dense compared to the other samples except 
for some very large pores. Samples p~epared from the 
6.0 ~m powder showed a zirconium dioxide surface as 
well as some in ternal  ZrO2. The hydrogen gas ap- 
parent ly  is able to easily diffuse through the porous 
zircon sample. 

A practical result  of these studies is the recognition 
of the fact that, in order to effectively sinter zircon 
in reducing atmospheres, the particle size of the zircon 
powder should be chosen to permit  s inter ing at or be-  
low approximately 1500~ Otherwise, considerable 
reduction can take place and prevent  fur ther  sintering. 

Conclus ion 
The rate of loss of silica from zircon surfaces by re-  

duction in hydrogen has been shown to closely obey a 
function of ~ based on a model of a reaction interface 
contracting inward from the surface of the sample. 
The model, however, does not  hold for the complete 
reaction. The reaction mechanism begins to change 
when approximately 60% of the available silica has 
been removed; above 60% reaction nuclei growth and 
interference phenomena become important.  There is a 
difference in  the reaction path when  hydrogen con- 
taining water  vapor is used as the ambient.  This is 
evidenced by a change in the activation energy for 
reduction from 82 kcal /mole in dry hydrogen to 121 
kcal /mole for reduction in hydrogen with a dew point 
of 24~ This difference is l ikely due to adsorption of 
water  on the zircon surface. 

Manuscript  submit ted May 8, 1974; revised manu-  
script received Sept. 13, 1974. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. 1, 1975. 

Publication co.sts of this article were  partially as- 
sisted by the IBM Corporation. 
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Electrohyd rodimerization Reactions 
IV. A Study of the Effect of Alkali Metal Ions on the Hydrodimerization 

of Several 1,2-Diactivated Olefins in DMF Solutions 
by Chronoamperometry and Chronocoulometry 

Mark J. Hazelrigg, Jr. and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The reduct ion of the  ac t iva ted  olefins: d ia lky l  fumara tes  (a lkyl  : methyl ,  
ethyl,  bu ty l ) ,  e thyl  c innamate  and c innamoni t r i le  in t e t r a - n - b u t y l a m m o n i u m  
iod ide -d ime thy l fo rmamide  solutions in the absence and presence of Li +, 
Na +, and K + was s tudied by double potent ia l  step chronocoulometr ic  and 
chronoamperomet r ic  techniques, cyclic vo l tammetry ,  and control led  ]coten- 
t ial  coulometry.  The resul ts  in the  absence of a lkal i  meta l  ions confirmed the 
previous  mechanism involving format ion  of the  radical  anion, R ~, fol lowed 
by  dimerizat ion;  no evidence of apprec iable  adsorpt ion of the pa ren t  olefin 
or  R ~ was found. The addi t ion of a lka l i  meta l  ion (M +) g rea t ly  increased 
the ra te  of the d imer iza t ion  react ion and a mechanism based on format ion  of 
the ion pair,  M+R% fol lowed by react ion of M+R ~ wi th  R ~ or  coupling of 
two M+R ~ species is proposed based on an analysis  of the kinet ic  data. The 
addi t ion of Li + also decreased the ex ten t  of po lymer  format ion  dur ing bu lk  
electrolysis  exper iments .  

The mechanism of e lec t rohydrodimer iza t ions  (1) 
(Eq. [1]) of ac t iva ted  olefins and re la ted  substances 
has been the subjec t  of numerous  invest igat ions  

2R W 2H + ~- 2e--> R2H2 [1] 

in recent  years.  The mechanism which has emerged,  
based on chronoamperomet r ic  (2), ro ta t ing  r ing-d i sk  
e lec t rode  (3, 4), el.ectron spin resonance (ESR) 
spectroscopic (5), l inear  scan vo l tammetr ic  (6, 7), 
chronopotent iometr ic  (8), and a-c  polarographic  (9) 
studies, is one in which the predominant  pa th w a y  for 
many  compounds (e.g., dia lkyl  fumarates ,  c innamo- 
nitrile,  ~ ,~-unsatura ted ketones)  is an ini t ia l  one-e lec-  
t ron t ransfer  at an e lect rode fol lowed by  dimerizat ion 
of the electrogene~ated radical  ions (Eq. [2] and [3]),  
fol lowed by  pro tonat ion  

R -~ e ~ R'-  [2] 

k2 
2R~ --> R2 ~-  [3] 

* Electrochemical  Society Act ive  Member .  
K e y  words :  r educ t ive  coupling, electrolyt ic  dimerizat ions ,  vo l t am-  

met ry ,  coulometry,  ion pai r  ~ormation. 

Previous  studies of e lec{rohydrodimerizat ions  of 
ac t iva ted  olefins have shown a s t rong effect on the 
electrochemical  behavior  on addi t ion of a lkal i  meta l  
ions. Baizer (1, 10) for example,  showed that  the 
product  rat ios and react ion paths  in reduct ive  coupling 
depend upon the  cation of the suppor t ing  electrolyte .  
Previous  studies from this l abo ra to ry  on the reduct ion 
of d ie thyl  fumara te  in N ,N-d ime thy l fo rmamide  (DMF) 
solutions (2) showed that  the addi t ion of LiC104.3H20 
in mi l l imolar  concentrat ions to DMF solutions contain-  
ing 0.44M t e t r a - n - b u t y l a m m o n i u m  iodide (TBAI)  
caused the control led potent ia l  coulometr ic  napp-value 
(where  napp is the number  of fa radays  consumed per  
mole of e lectroact ive species) to increase from 0.6 to 
1.0, indicat ing an increase  in  the ex ten t  of format ion  
of hydrod imer  and a decrease in po lymer  formation.  
The addi t ion of these smal l  amounts  of LiC104 also 
was found to increase the ra te  of the  d imer iza t ion  of 
the radical  ions, a l though a quant i ta t ive  s tudy  of this 
was not under taken.  

The a lkal i  meta l  ion effect is most  p robab ly  a t t r i bu t -  
able to ion-pa i r  format ion  be tween  the  a lkal i  meta l  ion 
and the olefin radical  anion. Ion -pa i r  format ion  of 
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radical anions of organic compounds with metal  ions 
in aprotic solvents has been of interest  and has been 
~tudied using ESR and absorption spectroscopy (11), 
and polarography (12-15). Most of the previous elec- 
trochemical studies have been concerned with anions 
of aromatic quinones, ni trocompounds or carbonyl 
compounds. Very li t t le work has been done with ion- 
pairs involving olefin anions. Ion-pai r ing  affects the 
electrochemical reduction of organic compounds in 
different ways depending upon the electrochemical and 
chemical reactivi ty of the ion-pair.  For the Nernst ian 
reduction of neutra l  compounds which form stable 
radical anions, ion-pair  formation causes a positive 
shift in E1/2 or Epc; this shift in the reduction potential  
can be used to determine the ion-pair  formation con- 
stant, K, (Eq. [4]) where ~E is 

AE = (RT/nF)ln(1 + K [ M + ] )  [4] 

Diethyl Fumarate :  
0 

IK 
R1 ---- R2 ---- - -C- -O- -CHu- -CH3 (DEF) 

Dibutyl  Fumarate :  
O 
]r 

R1 ---- R2 ---- - -C--O--CH2--CH2--CH2--CH3 (DBF) 

Ethyl Cinnamate:  
O 
II 

RI ---- --C6H~; R2 = --C--O--CH2--CH~ (EC) 

Cinnamonitrile: 

R1 = --C6H5; R2 ~- - - C N  (CN) 

Fumaroni t r i le :  

the shift in  reduction potential, [M +] is the metal  ion 
concentration, and K is the ion-pair  formation con- 
stant. For example, Peover and Davis (12) found an 
ion-pair  formation constant for the L i+-an thrasemi-  
quinone ion-pair in 0.1M TEAP-DMF of 3'9 liters/mole 
using this method. 

Ion-pair formation has also been shown to affect the 
rate of reactions following the eleotron transfer step. 
For example, Philp, Layloff, and Adams (16) found 
that Li + changes the electrochemical reduction path- 
way of benzil. In the absence of Li +, benzil is reduced 
in DMF solutions in 2 one-electron steps, while in the 
presence of Li +, it is reduced in an over-all single 
two-electron step. They proposed that a Li+-benzil = 
ion-pair is formed which immediately undergoes a sec- 
ond electron transfer at potentials of the original first 
wave. Lasia (17) recently reported the effect of alkali 
metal ions on the rate of dimerization of phthalic 
aldehyde radical anion in DMF solutions using cyclic 
voltammetric techniques. He showed that the rate of 
disappearance of the radical anion increased by several 
orders of magnitude in the presence of alkali metal 
ion, with tthe rate of disappearance following the 
orderLi + >Na + >K +. 

The work described in this paper was undertaken to 
investigate the role of the alkali metal ion in the 
dimerization reaction of activated olefin radical anions 
and to ascertain if the reaction mechanism in the 
presence of these metal ions was the same as in their 
absence. A second purpose of this investigation, since 
information about the kinetics of the over-all process 
was to be obtained by chronocoulometric techniques, 
was to see if any adsorption of parent species or inter- 
mediates takes place. The previous investigations all 
assumed in their data treatment the absence of adsorp- 
tion and the occurrence of the dimerization reaction 
away from the electrode surface. Although the fit of 
the experimental data to theoretical models not in- 
volving adsorption was very good, we felt that chrono- 
coulometric techniques utilizing digital data acquisi- 
tion (18, 19) would be a more sensitive probe of ad- 
sorption. We have recent ly shown using chronocou- 
lometry (20), that neither 9,10-diphenylanthracene 
nor its radical anion are appreciably adsorbed in DMF 
solutions at a p la t inum electrode. 

The substances investigated in this study were all 
activated olefins with the s tructure shown below 

R1 H 
\ / 

C----C 
/ \ 

H R2 

Dimethyl Fumarate: 
O 

II 
RI ~ R2 ~ --C--O--CH8 (DMeF) 

RI = R2 ~-- --CN (FN) 

Double potential step chronoamperometric and chrono- 
coulometric data were fit to theoretical models pro- 
duced by digital simulation techniques (2), to obtain 
rate constants of the reactions following eleotron 
transfer. 

Experimental 
The general experimental  techniques were the same 

as those reported previously (2) ; a detailed description 
is available (21). 

MateriaZs.--The solvent, d imethylformamide (DMF) 
(reagent grade, J. T. Baker Chemical Company) was 
purified by first storing over Linde Type 4A molecular 
sieves for 48 hr to remove the water, then storing over 
anhydrous cupric sulfate for 48 hr to complex dimethyl-  
amine. The solvent was then distilled from a small 
amount  of molecular  sieves and cupric sulfate using a 
100 cm glass bead packed disti l lation column under  a 
ni trogen atmosphere of 15 Torr using a reflux ratio of 
one. The middle 50% of the distillate was retained. 
This was stored under  a hel ium atmos~phere and used 
wi thin  three weeks of purification. 

The supporting electrolyte, t e t r a -n -bu ty l ammonium 
iodide (TBAI) (polarographic grade, Southwestern 
Analytical  Chemical Company, Austin, Texas) was 
vacuum dried and stored in a desiccator unt i l  use. 
Diethyl fumarate  (DEF), c innamonit r i le  (CN) (K. and 
K. Laboratories, Incorporated),  and dibutyl  fumarate  
(DBF) (Aldrich Chemical Company) were used as 
received. Dimethyl fumarate  (K. and K. Laboratories, 
Incorporated) and fumaroni t r i le  (FM) (Aldrich 
Chemical Company) were sublimed twice before use. 
Ethyl c innamate (EC) (Aldrich Chemical Company) 
was vacuum distilled twice before Use. Li thium per-  
chlorate, l i thium iodide, sodium iodide, and potassium 
iodide (reagent grade, J. T. Baker Chemical Company) 
were vacuum dried before use. 

Apparatus.--The electrochemical cell used in the 
voltammetric studies was constructed from vacuum 
glassware and had a 25 ml capacity aad contained a 
f reeze-pump-thaw chamber and working, auxiliary, 
and reference electrode compartments.  The auxil iary 
and reference electrode compartments  were isolated 
from the working compartment  by medium porosity 
glass frits. The cell contained four electrodes: a silver 
wire reference electrode, a p la t inum disk micro-elec-  
trode (0.013 cm 2) for chronocoulometry, chronoamper-  
ometry, and cyclic voltammetry,  a p la t inum gauze 
macro-electrode for preelectrolysis, and a pla t inum 
coil auxil iary electrode. A second cell, similar to the 
cell described above, was used for controlled potential 
electrolyMs. This cell had a 50 ml capacity and an in-  
termediate chamber between the working and auxil-  
iary compartments to prevent  contaminat ion of the 
working electrode compartment  by diffusion of prod- 
ucts produced at the auxi l iary electrode during bulk 
controlled potential  electrolysis. The working electrode 
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in  the coulometric experiments  was a p la t inum wire 
gauze (2 cm by 10 cm). 

The silver wire reference electrode in  TBAI-DMF 
solutions was reproducible (less than 10 mV devia- 
tion) and was stable for more than 24 hr (less than 5 
mV drift) .  Its use avoided the water  and KCI contami- 
nat ion that sometimes results from an aqueous SCE 
and also showed a smaller amount  of a-c pickup than 
cells in which a conventional  SCE was employed. 

Cyclic vol tammetry  and controlled potential  coulom- 
etry experiments  were performed with a PAR Model 
170 Electrochemistry System (Princeton Applied Re- 
search Corporation, Pr inceton , N.J.). Positive feedback 
resistance compensation was employed. Double poten- 
tial step chronoamperometry and chronocoulometry 
experiments were performed with a mult ipurpose in-  
s t rument  constructed from solid-state operational  am- 
plifiers previously described (22-24), and also em- 
ployed positive feedback resistance compensation (25). 
The potential  step was applied to the summing point 
of the potentiostat by a Wavetek Model 114 Funct ion 
Generator. The length of the potential  step was mea-  
sured with a Beckman Berkley Model 7370 Universal  
Eput and Timer. Init ial  and final potentials for the 
potential  steps were measured with a Fairchild Model 
7050 Digital Voltmeter to an accuracy of +_ 1 inV. 

Data for the potential  step experiments  were taken 
using a PDP-12A computer system (Digital Equipment  
Corporation, Maynard, Massachusetts) and generally 
followed previously described digital data acquisition 
techniques [see (21, 23, 24, 26-29) and references 
therein].  Data sampling by the corn,purer was syn-  
chronized to the potential  step by amplifying the po- 
tential  step and using it to tr igger the real - t ime clock 
of the computer. The real - t ime clock in t u rn  init iated 
data sampling at a rate determined by the computer 
program. The PDP-12A data acquisition program al- 
lowed sampling of 50 data points on the forward pulse 
and 50 points on the reverse one. These could be dis- 
played, subjected to an in ternal  least squares routine 
in  studies of adsorption, listed, or pr inted as i(2t~)/ 
i(tf) or Q(2tf) /Q(t f)  where tf is the forward pulse 
length, i(tD and Q(tf) are the current  and accumu- 
lated coulombs at tf, respectively, and i(2tD and 
Q (2tf) are these values at t ime 2tf. 

Typical experimental procedure.~The pla t inum disk 
electrode was polished with AB ALPHA polishing 
a lumina (Buehler Limited, Evanston, Illinois) before 
each experiment.  The cell was assembled and pumped 
down on a vacuum line (10 -5 Torr) for 1-2 hr. The 
support ing electrolyte was vacuum-dr ied  in  a t ransfer  
vessel. DMF was then vacuum transferred to the trans- 
fer vessel containing the supporting electrolyte to give 
a volume of 25 or 50 ml. After the supporting electro- 
lyte dissolved, the solution was subjected to three 
freeze-pump-thaw cycles to remove any traces of oxy- 
gen. The solution was then vacuum-transferred to the 
electrochemical cell, brought to atmospheric pressure 
with high purity helium (99.995% Matheson Gas Prod- 
ucts, La Porte, Texas), and allowed to equilibrate for 
I hr. 

Liquid olefins and concentrated solutions of alkali 
metal ions were then added to the electrochemical cell 
as needed through a septum cap with the aid of sy- 
ringes. Solid olefins were generally added with the 
supporting electrolyte in the transfer vessel. Concen- 
trated alkali metal ion solutions were prepared in a 
vacuum vessel in a manner similar to that of the sup- 
porting electrolyte solution, except, that the DMF was 
freeze-pump-thawed several times both before and 
after the addition of the metal iodides. This was done 
to prevent the possibility of air oxidation of iodide to 
iodine in the presence of metal ions such as lithium. 

Results 
Theoretical modeIs.--The method of obtaining ki-  

netic and mechanistic information from the double 
potential  step experiments  general ly  followed that de- 

scribed previously (2). Briefly, digital simulations (30) 
of the current  (i) and coulombs (Q) flowing during a 
potential  step to the l imit ing current  plateau of the 
first reduction wave (production of R ~, Eq. [2]) and 
of i and Q during a reverse step back to the foot of 
the wave (oxidation of R ~) were carried out, for dif- 
ferent values of the rate constant of the dimerization 
reaction, Eq. [3]. For completeness, other possible r e -  
ac t ion  sequences leading from R ~ to hydrodimer  were 
also considered; these are shown in  Table I. S imula-  
tions employing 1000 iterations were used and tables 
of the normalized current  and coulombs as fUnctions 
of the dimensionless parameter  k2tfC were generated. 
These were then used to generate tables of i (2tf) / i( tf)  
and Q(2tf) /Q(t f)  as functions of k2tfC. To fit the ex- 
perimental  data to the models, it is convenient  to 
normalize these current  and coulomb ratios and to 
represent these ratios as function.s of a part icular  time 
when these ratios at tain a certain value. The normal -  
ized ratios were obtained, as previously (2), i.e. 

R~ -- [i (2tf) / i  (tf) ]/.0.2928 [5] 

[Q (2tf)/Q (tD ] - 0.414 
Re = [6] 

0.586 

so that RI is 1 and RQ is 0 in the absence of kinetic 
complications (k2 = 0), with R1 decreasing to 0 and 
R Q  increasing to 1 for very large values of k2t~C. In  our 
previous work (2) we picked as the time reference 
point that value of k2tfC where RI = 0.5, calling this 
point tl/2 and using plots of RI and RQ vs. tl/2 to de- 
te rmine  the mechanism and the rate constant. Because 
we make greater use of the RQ curves in the present  
work, we found it more convenient  (and somewhat 
more diagnostic since the curves for the different pos- 
sible mechanisms were more spread apart) to use as 
a reference point that where R~ ---- 0.4; this value of 
k2tfC is designated a s  TQ.4. A plot of RI and RQ vs. TQ.4 
is shown in Fig. 1 and, as an aid for others desiring to 

Table I. R(Q) and R(I) vs. TQ.4 (up to eight TQ.4 values) for 
four possible electrohydrodirnerizafion mechanismsCa) 

M e c h a n i s m  1 M e c h a n i s m  2 M e c h a n i s m  3 M e c h a n i s m  4 
T/To.4 R(Q) R(I) R(Q) R(I) R(Q) R(I) R(Q) R(I) 

0.00 0.000 1.0O0 0.000 1.000 0.000 1,000 0.000 1.000 
0.30 0.179 0.778 0.173 0.635 0.168 0.633 0.180 0,858 
0.50 0.252 0.580 0.256 0.488 0.252 0.485 0.261 0.790 
0.80 0.354 0,575 0.350 0.338 0,350 0.337 0.352 0.711 
1.00 0.401 0.522 0.400 0.269 0.401 0.269 0.399 0,669 
1.30 0.461 0.459 0.462 0.192 0.488 0.196 0.453 0.619 
1.60 0.504 0.413 0.511 0,139 0.521 0.145 0.497 0.576 
2.00 0.551 0.364 0.565 0.091 0.577 0.099 0.542 0,532 
2.40 0.588 0.326 0.607 0.061 0.622 0.069 0.577 0,496 
2.80 0.618 0.296 0.642 0.040 0.659 0,049 0.605 0.467 
3.20 0.643 0.271 0.671 0.027 0.689 0.035 0.629 0.442 
3.60 0.664 0.250 0.695 0.018 0.715 0.025 0.647 0.422 
4.00 0.683 0.233 0.716 0.012 0.737 0.018 0.664 0.403 
4.40 0.698 0.218 0.733 0.008 0.755 0,013 0.878 0.387 
4.80 0.712 0.205 0.749 0.006 0.772 0.010 0.690 0.374 
5.20 0.725 0.193 0.763 0.004 0.766 0.007 0.701 0.361 
5.60 0.736 0,183 0.775 0.003 0.798 0.005 0.710 0.350 
6.00 0.746 0.174 0.785 0.002 0.809 0.004 0.719 0.340 
6.40 0.754 0.166 0.795 0.001 0.819 0.003 0.726 0.331 
6.90 0.765 0.157 0.805 0.001 0.830 0.002 0.734 0,321 
7.50 0.775 0.147 0.816 0.000 0,842 0.001 0,743 0.311 
8.00 0.783 0.140 0.824 0.000 0.850 0.001 0.750 0.302 

(a~ M e c h a n i s m  i .  Second  o rder  d i m e r i z a t i o n  [ M e c h a n i s m  V in  (2)] 
k~ 

At  El :  R + e -~  R "T 2 R ' - - ~  R~-  
A t E e :  R '  -~ R + e 

M e c h a n i s m  2. Second  o rder  EC [ M e c h a n i s m  I I I  i n  (2) ] 
k~ 

A t  El :  R + 2e -~  R -~- R ~- + R - ~  R ~ -  
A t  Ee: R 2 - ~  R + 2e 

M e c h a n i s m  3. Second  o rder  ECE [ M e c h a n i s m  IV in  (2) ] 
k~ 

A t  E~: R + e -~  R T ~ + R - ~  R~ T 
A t  Ee: R~--~ R + e 

M e c h a n i s m  4. Second  o rder  ECE [ M e c h a n i s m  IVA in  (2)] 
As M e c h a n i s m  3, excep t :  

A t  E2: R':'--> R + e 
R e ' ; ' ~  p r o d u c t s  + e 

Ra te  cons tan t s  for  each  m e c h a n i s m  can be ca l cu l a t ed  by  the  fo l -  
l o w i n g  e q u a t i o n s :  M e c h a n i s m  1, k o = 0.755/TQ.4C; M e c h a n i s m  2, k2 
= 1.92/TQ.~C; Mechanism 3, k2 = 1.45/TQ.~C; Mechanism 4, k~ = 
3.86/TQ.4C. 



214 

(D 

cI= 
c,- 
( I  

f:D �9 
~-~ o 

cr  

o 

J. E lec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY F e b r u a r y  I975 

8 

i _ i ..... i t 

3 
2 

I 

4 

1 

O0 Z'.O0 4'.00 6',00 S*.O0 I0.00 

T [ , ~ ]  LIFETIHES 

Fig. 1. Variation of the normalized coulomb (A) and current (B) 
ratio parameters as a function of T Q . 4  lifetimes for the different 
mechanisms considered. 

us.e this procedure, the data is tabulated in  Table I. In  
use the experimental  RI and RQ values are plotted 
against t~, and the t ime axis then recalibrated in terms 
of TQ.~ values. The fit of the experimental  curve to the 
different model curves reveals the best mechanism, and 
t h e  TQ.4  value for that mechanism, knowing tf and C, 
yields k~ (Table I).  

Models in the presence of alkali metal  ions . - -The re- 
sults show (see below) that the hydrodimerizat ion 
mechanism involves coupling of the radical anions 
(Mechanism 1) even in the presence of alkali metal  
ions. The involvement  of alkali metal  ion could pro- 
ceed by ion pair formation, followed by reaction of ion 
pair with free radical anion 

k21  

R ~ + M+R ~ > dimer [7] 

or by coupling of two ion pairs 

k 2 2  

2 M+R ~ > dimer [8] 

If one assumes that these are the ra te-determining 
steps, i.e., that ion pair formation and dissociation are 
so rapid, that reaction [9] can be considered at equi-  
l ibr ium 

M + + R ~ ~ M + R ~ [9] 

the over-al l  reaction velocity for the two paths can 
be obtained by combining the equi l ibr ium constant 
expression for [9] (Eq. [10]) 

K ~- [ M + R - ] / [ M  +] [R ~] [10] 

with the rate expressions for [7] and [8] 

v7 : k21[R ~] [M+R ~] [II] 

V8 ---- k22[M+R~] 2 [12] 

Taking the analytical  concentrat ion of radical anion as 
CI~ ~ (Eq. [13]), the concentrat ion of ion pair 

CR~ ---- [R ~] + [M+R ~] [13] 

is given by Eq. [14] 
K[M + ] 

[M+R ~] _ CR~ [14] 
1 + K[M + ] 

and that of the free radical ion by Eq. [15] 

[R ~] = CRy~(1 + K[M+])  [15] 

Using these expressions in  Eq. [11] and [12] yield 

k21K [M + ] 
v~ -- CR~ 2 [16] 

(1 + K[M+] )  2 

k2.2 K2 [M + ] ~ 
vs ---- CR ~2 [17] 

(1 + K[M+] )  2 

Both mechanisms show an over-al l  second order de- 
pendence on total radical anion concentration. The 
dependence on free metal  ion concentration, in  the 
l imit K[M +] < <  1 (where Eq. [18] and [19] apply) 
is first order 

v7 ---- k21K[M +] CR ~2 [18] 

vs ---- k22K2[M+] 2 CR ~2 [19] 

for the reaction in [7] and second order for that  in  
[8]. The general over-al l  equation for the reaction 
rate under  conditions where free radical ion coupling, 
and the ion-pai r  coupling reactions can all occur 
s imultaneously is given by 

k 2  + k21K[M +] + k 2 2 K 2 [ M + ]  2 
r o v e r - a l l  ~-  C R  ~ 2  [ 2 ' 0 ]  

(1 + K[M+] )  2 

Electrochemical results in absence o] alkali metal  
ions.--Cyclic vol tammetr ic  data for the different ac- 
t ivated olefins are given in Table II. All compounds 
show behavior typical of a one-electron transfer fol- 
lowed by a following chemical reaction. In all cases 
the voltammograms become more reversible in ap- 
pearance (e.g., show larger ipJip~-values) when either 
the scan rate is increased or the olefin concentrat ion is 
decreased. In  general the results for DEF and CN con- 
firm those in earlier papers (2-3). Controlled potential 
coulometric reduction of these compounds was carried 
out at potentials beyond the first reduct ion peak; typ-  
ical results are given in Table III. For the fumarates 
all show napp-values smaller than one, with napp-values 
smaller at higher (10 raM) concentrations than at 
lower (2.0 raM) ones. This has been at t r ibuted to a 
slow polymerization reaction initiated by the radical 
anions. For both EC and CN the napp-values are much 
closer to one, suggesting considerably less polymeriza- 
tion occurs with these species. 

Table II. Cyclic voltammetry results for activated olefins in 
absence of alkali metal ions ca) 

~pc 

v~l  ~- C 
Epc g A  -- see1/e ipa 

Corn- Conc  (V. vs,  Epc -- Epc/2 Epe -- Epa 
p o u n d  (raM) Ag .R .E . )  (mV) V - m M  (mV) ipc 

D B F  1,49 -- 0,83 65 8.7 80 0.84 
D E F  2.00 --0,B2 60 9.3 85 0.73 
D M e F  3.09 - -0 .78  63 10.9 80 0.50 
EC 1,80 -- 1.25 70 9.9 90 0.60 
CN 2.33 -- 1,25 61 10.9 80 0.41 

(a) A l l  so lu t i ons  w e r e  0 .20M T B A I  in  D M F  w i t h  scan  r a t e  (v) o~ 
200 m V / s e c .  

Table Ill. Controlled potential coulometry results for the reduction 
of activated olefins (a) 

Cone Eappl (V. 
C o m p o u n d  (raM) v s .  Ag.R.E . )  napp 

DBF 2.00 --1.00 0.80 
10.7 --I.00 0.55 

DEF 2.00 -- 1.00 0,85 
10.0 -- 1.00 0.60 

D M e F  2.0 - -  1,00 0,82 
10.0 - -  1.00 0,63 

E C  2.0 -- 1,40 0.96 
I0.3 - -  1.40 0.91 

CN 1.0 -- 1.40 0.99 
ii.0 -- 1.40 0.82 

(a) 0 .20M T B A I - D M F  a t  P t  c a t h o d e .  
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Fig. 2. Cbronocoulometric data (Q vs. t'/2) for dibut~l fumarate. 
The potential was stepped from --0.200 to --1.000V vs. AgR.E. 
and the solution was 0.2M TEAl in DMF containing (a) 0, (b) 1.49, 
(c) 3.20, (d) 4.11 mM DEF. 

I I I I 

Potent ia l  step chronocoulometry from the foot of 
the wave  to the mass t ransfer  l imit ing region in all 
cases produced l inear  Q vs. t'/~ plots. Typical results 
are shown in Fig. 2; complete data are in Ref. (21). 
The intercepts and slopes for all of the compounds at 
several  concentrations are given in Table IV. Analysis 
of the chronocoulometric  data by the equation (18-20) 

Q : Qdl ~ nFAF Jr 2nFAC (Dot/~)~/~ [21] 

shows that  the intercept  at C = 0 is the same as at 
h igher  concentrations of electroact ive species, wi thin  
• ~C. The max imum amount  of adsorbed electro-  
act ive species is thus about 0.77 ~C/cm 2 or  8 • 10 -12 
mole/cm2; this corresponds to a m a x i m u m  electrode 
coverage of 2-3%. The slopes are proport ional  to C 
in all cases. The l inear i ty  of the Q vs. t'/~ plots also 
indicates that  polymerizat ion is not important  during 

Table IV. Chronocoulometric Q vs. t'/2 intercepts and slopes (a) 

C o n c e n -  I n t e r -  S l o p e / C  
t r a t i o n  cep t  S lope  (#C msec-~/~/ 
(mM) (teC) (/~C/msec~/~) rnM) 

D i b u t y I  f u m a r a t e  (El  = - -0 .20V,  Ef  = --1.O0V) 

O 0.094 0.002 
1.49 O.10O 0.169 0.113 
3.20 0.112 0.350 0.109 
4.11 0.101 0.463 0.112 

D i e t h y l  f u m a r a t e  (E~ = 0.40V, Ef  = - -1 .00V)  

0 0.083 0.002 
1.02 0.083 0.123 0.121 
2.24 0.087 0.276 0.123 
3.47 0.086 0.439 0.126 

D i m e t h y l  f u m a r a t e  (El = - -0 .40V,  E~ = --1.0OV) 

0 0.087 0.002 
1.10 0.089 0.140 0.127 
3.06 0.084 0.895 0.131 
5.00 0.101 0.583 0.117 

E t h y l  c i n n a m a t e  (Ei = --0.8OV, Ef  = - -1 .40V)  

0 O.O82 0.001 
0.85 0.089 0.098 0.115 
1.79 0.084 0.207 0.115 

Cinnamonitrile (El = --0.40V, Et = --I.40V) 

0 0.160 0.003 
1.54 0.160 0.210 0.136 
3.12 0.159 0.389 0.125 
4.80 0.152 0.544 0.113 
6.41 0.170 0.738 6.115 

(~) S o l u t i o n s  w e r e  0 .20M T B A I  i n  D M F .  E i  is t h e  i n i t i a l  p o t e n t i a l  
a n d  E~ t h e  f ina l  p o t e n t i a l ,  i n  V vs.  A g . R . E .  
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Fig. 3. Variation of the normalized coulomb (a) and current (b) 
ratio parameters as a function of TQ.4 lifetimes for the reduction 
of 20.4 mM dibutyl fumarate in 0.20M TBAI-DMF solution. The 
points are experimental data and the lines are the simulation re- 
suits for Mechanism 1 (radical anion dimerization). 

the durat ion of the chronocoulometric  experiment,  
since any appreciable extent  of polymerizat ion would 
consume parent  species and lead to a nonl inear  plot. 

Mechanistic informat ion was obtained by double 
potential  step chronocoulometry and chronoamper-  
ometry, using the var ia t ion of Q(2t f ) /Q( t f )  and 
i (2 t l ) / i ( tD with the durat ion of the potential  step, 
tf, to obtain the ratio parameters  RQ and Rz and the 
TQ.4-value. These exper imenta l  RQ and RI v s .  TQ.4 
curves were  compared to the theoretical  ones (Fig. 1) 
to establish the mechanism and determine the rate 
constant. Typical exper imenta l  data for DBF com- 
pared to theoretical  curves for Mechanism 1 are shown 
in Fig. 3. The exper imenta l  values for the other  com- 
pounds show essentially an equal ly  good fit to Mech- 
anism 1; complete data and curves are available 
(21). The exper imenta l  rate  constants obtained for 
the dimerization from this data are listed in Table V. 
For those that  have been determined before (DEF, 
DMeF, CN) (2-5), the results here are in good agree-  
ment  with previously reported values. 

Electrochemical results in the presence of alkali 
metal ions.--Addition of alkali  meta l  salts causes the 
cyclic vol tammograms for the reduct ion of the olefins 
to change--Epc shifts sl ightly in a positive direction 
and iD~/i~e is decreased; typical results are shown in 
Fig. 4. The positive shift in Epc is in the order Li + > 
Na + > K +, and can be at t r ibuted to ion pair forma-  
tion of the radical anion with  the metal  ion and an 
increased rate of the fol lowing dimerization reaction. 
The current  functions ipc/vI/2C were  s imi l a r  to those 
without  alkali  metal  ions and they decreased sl ightly 
with increasing scan rate. The anodic peak current,  
ipa, was much smaller  with alkali metal  ions present, 
indicating a much faster fol lowing chemical reaction. 
For  a given scan rate and meta l  ion concentration, 
the vol tammograms showed larger  ipa/ipc ratios when  
the olefin concentrat ion was decreased, indicating a 
higher  order fol lowing chemical reaction. For  a given 
cyclic vol tammetr ic  scan rate, concentrat ion of olefin, 
and concentration of metal ion, ipa/ipc increased in 
the order Li + < Na + < K +. Thus the rate  of the 
dimerization reaction is in the order Li + > Na + > 
K + > no added alkali metal  ion. 

Controlled potential  coulometry exper iments  were  
performed on solutions of dimethyl  fumarate,  diethyl  
fumarate,  dibutyl  fumarate,  ethyl  cinnamate, cinna- 
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Table V. Rate constants for dimerization of several activated 
olefins obtained from double patent[al step chronoamperometric 

and cbronocaulometric measurements (~  

J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  February 1975 

O 

I 

Concen- 
tration TQ.4 ~2 
(raM) (sec) (1 /mole - sec )  O ;  

I 
Dibuty l  fumarate  1.49 20.0 25 

10,1 3.30 24 
15.i 2,17 23 
20.4 1.38 26 

0 
Avg = 25 ~:- 

D i e t h y l  fumarate  7.0 2.30 47 I 
10.0 1.68 43 
10.0 1.66 44 
21.4 0,83 42 f~  

- -  W 
A v g  -- 44 a :  O _  

W 7 D i m e t h y l  furnarate 3.00 2.07 1.2 x 10~ Q. 
5.0 1.35 1.1 

I0.0 0.62 1.2 ~ ;  

Avg= 1.2 • I0 s 0 
.- o 

Ethyl cinnamate 3.69 1.46 1.4 • i0 s 
5.55 0.905 1.5 (,)__ 0 
7.43 0.710 1.4 
9.26 0,585 1.4 

AVE---- 1,4 X 10 "~ 

Cinnamonitri le  1.26 0.673 8.9 • I0 ~ 0 
1.56 0.581 8.4 r 
1.88 0.455 8.8 
2.33 0.365 8.9 
3.78 0.223 8.9 
5.18 0.166 8.8 
5.82 0.152 8.5 
7.79 0.108 9.0 O 

A v g  = 8.77 • i02 ' ~ "  

(a) O.2M T B A I  in  D M f ' ;  potential  step program El  ~ E~ ~ El  as 
in  Tab l e  IV.  

monitrile,  and fumaroni t r i le  in 0.20M TBAI-DMF with  
Li +, Na +, and K + ions added. Olefin concentrations 
ranged from 2.0 to 15.0 rnM, while  alkali  meta l  ion 
(M +) to olefin ratios up to ten to one were  used. 
Typical napp-values for solutions wi th  10 mM olefin 
and various [M +]/ [olef in]  ratios are shown in Table 
VI. 

Exper iments  involving DBF, DEF, and DMeF with  
Li + added to the solution gave an napp of 1.0'0 +_ 0.03 
when the [Li+] / [o le f in]  ratio was greater  than four. 
The napp decreased to the value obtained in the ab- 
sence of alkali  meta l  ion when  the [Li+] / [o lef in]  
ratio decreased. Exper iments  using LiI, LiC104, and 
LiC104.3H20 as the source of Li + all gave essentially 
the same napp values. The electrolysis t imes of the 
anhydrous solutions containing alkali meta l  ions were  
10-25% longer  than the same solutions lacking M e 
under  the same eleotrolysis conditions. Solutions wi th  

Table Vl. Typical controlled potential coulametry results for 
reduction of several activated olefins in the presence of 

Li +, Na +, or K +(a) 

napp values Fumaro- 
DBF DEF DMe]Y nitrile 

[Li  +] / [olef in]  
6.0 0.98 1.02 0,97 0.43 
4,0 1.00 0.99 0.99 
3,0 0.90 0.96 0.94 
2.0 0.89 0.91 0.91 
1,0 0.81 0.84 0.86 
0.0 0.55 0.60 0.63 0.41 

[:Na+] / [olef in]  
10,0 0.53 0.63 0.60 0,37 
4.0 0.57 0.59 0.59 

[K§ / [o lef in]  
10.0 0.58 0.62 0.64 0.42 

4.0 0.57 0.65 0.61 

(a) Al l  so lu t ions  w e r e  10.0 m M  in  olefin in 0.20M T B A I - D M F  solu-  
t ion.  

l i I 

,7 I \\\ 
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P O T E N T I A L  

Fig. 4. Effect of Na + on the cyclic valtammetry of diethyl 
fumarate. The scan rate was 100 mV/sec and the DMF solution 
contained 0.20M TBAI, 1.49 mM DEF, and (a) 0, (b), 120 raM, 
(C) ]2.0 mM Nal. 

name-values close to one were  colorless after the elec- 
trolysis, while  solutions with nap~-values less than 
one had a ye l low-b rown  color. During electrolysis 
with Li + present, a continuous formation of small 
bubbles was observed on the working electrode; the 
amount  of these bubbles increased with  increasing 
Li + concentration and were  much more  prevalent  in 
the anhydrous solutions. 

The na,p-values for the reduction of DMeF, DEF, 
and DBF were  essentially unaffected by addition of 
Na + or K +, even with  [Na +] or [K +] to [olefin] 
ratios of 10/1 (film formation with  DBF -- K + solu- 
tions prevented  an exhaust ive electrolysis) .  Solutions 
containing Na + and K + were  also characterized by 
a ye l low-brown color af ter  the electrolysis. The elec- 
trolysis t imes for solutions containing Na + and K + 
were  three to five times longer  than for solutions 
which did not contain alkali  meta l  ions. We bel ieve 
that a film of alkali  meta l  hydroxide  is formed dur-  
ing the electrolysis which par t ia l ly  blocks the elec- 
trode surface. This arises because the small hydrogen 
ion concentrat ion that  is present in solution is de- 
pleted in the vicinity of the electrode surface by the 
hydrodimerizat ion reaction. When a small amount  of 
water  (0.1 ml  per 50 ml  DMF) was added as a weak 
proton source, the electrolysis t imes were  reduced 
approximately  20%; however,  they were  still longer 
than the electrolysis times for solutions where no 
alkali metal ions were present. The water did not 
affect the n~pp-values, but it did substantially increase 
the background current after electrolysis. 

An iNMR analysis was carried out on the electrolysis 
products for the reduction of DEF with Li + (ILl+l/ 
[DEF]) ---- 4.0 and K + ([K+]/[DEF] -: 6.0) pres- 
ent. The NMR analysis could not be performed directly 
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on the electrolysis solution since the NMR spectra 
of the DMF and TBAI completely obscured the spectra 
of the electrolysis products. It  was therefore necessary 
to extract the electrolysis products into methylene  
chloride, evaporate the methylene  chloride and then 
obtpin the NMR spectrum in  carbon tetrachloride. 
The NMR of the electrolysis produces were compared 
with those of pure samples of the hydrodimer  (gen- 
erously provided by Dr. M. Baizer of Monsanto, St. 
Louis, Missouri), diethyl succinate, and diethyl fu-  
marate  after they had undergone the same extraction 
process as the electrolysis products. The NNIR spec- 
t rum of the Li + DEF electrolysis product was very 
similar to that of the pure hydrodimer, (l,2,3,4-tetra- 
ethyl butane tetracarboxylate); the electrolysis prod- 
ucts, showed a small peak from unelectrolyzed DEF 
remaining in solution, and peaks from DMF carried 
over in the extraction. No singlet peak was observed 
at 7.50 T, indicating that no dihydro product (diethyl 
succinate), was formed during the electrolysis. The 
NMR of the K +-DEF electrolysis products gave spectra 
similar to that of the hydrodimer; however, each of the 
major peaks were split indicating several similar, but 
different, electrolysis products (e.g., hydrodimer and 
polymer). When the K+-DEF electrolysis products 
were vacuum distilled at 120~ the distillate was a 
clear liquid (giving a hydrodimer NMR spectrum) 
while a brown tar remained in the distillation pot. 
The NMR spectrum of the brown tar exhibited the 
same number of peaks as the hydrodimer with slightly 
different chemical shifts. The NMR and ~%app data in-  
dicate, in agreement  with our previous results (2), 
that the polymerizat ion reaction is e l iminated and 
the hydrodimer becomes the only major  electrolysis 
product upon addition of l i thium ion, while, both 
sodium and potassium ions have no effect on the 
distr ibution of the final electrolysis products. 

Electrolysis experiments  were also carried out with 
fumaroni t r i le  (Epc ---- --0.72V vs. AgR.E.) to see if 
alkali metal  ions affected its reduction products in 
a manne r  similar to that for the fumarates. The napp 
in the absence of alkali metal  ions was found to be 
approximately 0.40, which indicates that a polymeriza- 
tion reaction involving parent  molecules occurs. In  
this case the addition of Li +, Na +, or K + had no 
effect on the napp-value. The electrolyses of c inna-  
monitr i le  and ethyl cinnamate were obscured by elec- 
trode filming and the electrochemical reduction of 
the metal  ions to metal. 

The experimental  results for potential  step chrono- 
coulometry are summarized in Table VII; typical Q 

- t'l= curves in the absence and presence of LiI and 
DBF are shown in Fig. 5. The addition of alkali  
metal  iodide causes the intercept to increase above 
that characteristic of the 0.2M TBAI-DMF solution. 
If we assume that there is no specific adsorption of 
cation at the init ial  l=otential (0.0,0V), then this in-  
crease can be a t t r ibuted  to rapid adsorption of the 
alkali metal  ion at --1.00V requir ing additional (nega- 
tive) charge to compensate for these adsorbed posi- 
tive ions. Under  these conditions the relative extent 
of adsorption of alkali metal  ion follows the order K + 
> Na + > Li+. 1 The intercepts with the olefins pres- 
ent were essentially the same as those in  their  ab- 
sence, indicating no appreciable adsorption of DBF 
and DEF. 

Chronocoulometric Q vs. e plots for the reverse po- 
tential  Step, while slightly per turbed by the hydro-  
dimerization reaction, gave intercepts close to the 
value (• ~C) obtained for the forward step both 
in the absence and presence of DBF and DEF for all 
three alkali metal  ions. This indicates that nei ther  
the radical anions produced nor any metal  ion-radical  
anion ion-pair  formed is appreciably adsorbed on 
the electrode surface. 

1 A n o t h e r  i n t e r p r e t a t i o n  of t he  resul t s ,  s u g g e s t e d  by  a r e v i e w e r ,  is  
a d s o r p t i o n  of a l k a l i  m e t a l  ion  at  the  i n i t i a l  p o t e n t i a l  w h i c h  leads,  
t h r o u g h  coope ra t ive  adsorp t ion ,  to  e v e n  g rea t e r  a d s o r p t i o n  of I -  
and  an  i n i t i a l  increase  in  p o s i t i v e  charge  on  the  e lec t rode .  

Table VII. Chronocoulometric Q - tv2 intercepts and slopes ca-~ 

A l k a l i  m e t a l  
Olef in i on  conc I n t e r c e p t  S lope  

conc  (mM) (mM) (~C) (~C/msecl/2) 

D i b u t y l  f u m a r a t e  L i I  

0 0 0.17 0.000 
0 1.00 0,25 0,001 
1.89 1.00 0.25 0.158 
3.40 7.90 0.26 0,308 

D i b u t y l  f u m a r a t e  Na I  

0 1.00 0,481 0.003 
1.99 1.00 0,486 0,238 
3.00 21.8 0,508 0.356 

D i b u t y l  f u m a r a t e  K I  

0 1.00 0.802 0,003 
1.50 1.00 0,605 0.154 
3.20 I L l  (b) 0,465 0,222 

D i e t h y l  f u m a r a t e  L i I  

0 1.09 0,253 0,003 
1.13 1.00 0.256 0.180 
2.01 4.41 0.248 0.306 

D i e t h y l  f u m a r a t e  Na I  

0 1.00 0,481 0.004 
1.49 1.00 0,492 0.179 
2.94 8.00 0,509 0.352 

D i e t h y l  f u m a r a t e  K I  

0 1.13 0.609 0.002 
3.32 8,77 0.618 0.398 
6.02 12.9 0.629 0.763 

(a) S o l u t i o n s  we re  0.20M T B A I  in  DMF,  El  = 0.000V an d  E f  = 
--1.000V v s .  Ag.R.E. 

(b) E lec t rode  f i l m i n g  occu r r ed  i n  D B F - K I  so lu t ions  u n d e r  t h e s e  
condi t ions .  

Informal ion about the reaction mechanism in  the 
presence of alkali metal  ions was again obtained by 
double potential  step chronocoulometry and chrono- 
amperometry,  using the exper imental  RQ, RI, and TQ.4- 
values to test theoretical models and obtain rate 
constants. Even in the presence of alkali  metal  ions, 
the results for reduct ion of DEF and DBF show the 
best fit with Mechanism 1 (dimerization of radical 
anions);  typical experimental  results are shown in  
Fig. 6. The over-al l  rate constants, kobs, for the dim- 
erizations as calculated from these results for differ- 
ent olefin and alkali metal  ion concentrations are 
given in Table VIII. The reaction order with respect 
to alkali metal  ion concentrat ion was first estimated 

a~ 

o 

o 

I I I I 

d 

C 

~ 0'.80 1'.60 2'-40 3'.20 4 .00  
TIME I/2, ~ISEC i/2 

Fig. 5. Chronocoulometric data (Q vs. t 1/2) for dibutyl fumarate. 
The potential was stepped from 0.00 to --1.000V vs. AgR.E. and 
the DMF solution contained 0.20M TBAI and (a) 0 DBF, 0 Lil; (b) 
0 DBF, !.00 mM Lil; (c) 1.69 mM DBF, 1.00 mM Lil; (d) 3.40 mM 
DBF, 7.90 mM Lil. 
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Fig. 6. Variation of the normalized coulomb (a) and current (b) 
ratio parameters as a function of TQ.4 lifetimes for the redaction 
of 0.95 mM diethyl fumarate with 3.81 mM Lil in 0.20M TBAI-DMF 
solution. The points are experimental data and the lines are the 
simulation results for Mechanism 1 (radical anion dimerization). 

by plotting In kobs against In [M+]; a typical plot 
is shown in Fig. 7. The slopes of these plots, i.e., the 
over-all  reaction orders, using the data in Table VIII 
are for DEF : Li +, 1.08 • 0.02; Na +, 1.07 __. 0.04; K +, 
0.89 +_ 0.03 and for DBF : Li +, 1.11 ___ 0.03; Na +, 

Table VIII. Rate constant for the dimerization of DBF and DEF 
radical anions in the presence of alkali metal ions ca~ 

A l k a l i  m e t a l  
Olefin ion  eonc TQ.t. kobs kobs/[M+] 

conc (mM) [M+], (mM) (msec) (1/mole-sec) (1~/me-sec) 

D i b u t y l  f u m a r a t e - - L i t h i u m  iod ide  
1.69 1.00 590.0 0.893 x 10 a 0.89 x 106 
1.69 2.02 210.0 2.13 1.05 
1.69 4.08 97.0 4.60 1.12 
1.69 7.99 46.0 9.71 1.21 
3.40 7.99 25.0 8.89 1.11 

A v g  = 1.08 • 106 

D i b u t y l  f u m a r a t e - - S o d i u m . i o d i d e  
1.99 1.0O 887.0 0.428 • 10 s 4.31 x 105 
1.98 2.91 870.0 1.00 3.54 
1.96 5,76 219.0 1,76 3.11 
1.91 11.3 135.0 2.93 2.63 
1.82 21.8 71.0 5.82 2.67 
3,00 21,8 44.0 5.78 2.65 

A v g  = 2.92 • 105 

D i e t h y l  f u m a r a t e - - L i t h i u m  i o d i d e  
1.13 1.04 357.0 1.87 x l0  s 1.79 x 106 
1.13 2.00 167~0 4.00 2.00 
1.13 3.04 103.0 6.19 2.03 
1.13 4.41 73.0 9.15 2.07 
2.01 4.41 42.0 8.94 2.03 
2.01 6.72 26.0 14.4 2.14 
2.01 8.90 18.0 20.8 2.33 

A v g  = 2.05 X 106 

Diethyl fumarate--Sodiurn iodide 
1,49 1.0O 920.0 0.551 • l0 s 5.51 • 10 s 
1.49 2.00 400.0 1.27 6.33 
1.49 4.00 188.0 2,70 6.73 
1.49 8.00 88.0 5.76 7,19 
2.94 8.00 52.0 5.14 6.42 

AVE = 6.43 X 10 ~ 

D i e t h y l  f u m a r a t e - - P o t a s s i u m  i o d i d e  

3.42 1.13 1850.0 119 10.5 x 10 ~ 
3.41 2.25 1260.0 178 7.78 
3.40 3,36 855.0 260 7.74 
3.36 5.56 513,0 438 7,88 
3.32 8.77 365.0 623 7.10 
3.31 12.9 266.0 858 6.64 
6.02 12.9 149.0 840 6.50 

A v g  = 7.27 x 10~ 

(~> A l l  so lu t ions  c o n t a i n e d  0.2M T B A I  in  DMF.  

g 

g 

,2 

r'O'. O0 0'. 50 I '. O0 I '. 50 2'. O0 2 �9 60 

IN(I I~ 

Fig. 7. Variation of In kobs with In [Li + ] for the electroreduction 
of diethyl fumarate in 0.20M TBAI-DMF. 

0.85 ___ 0.03. At ratios of M + to olefin less than 0.8, 
a larger deviation from first order dependence on M + 
was observed, because of the contr ibut ion to the over- 
all rate by the direct dimerization of the radical ions. 
Since the reactions were close to first order, the re- 
action mechanism most closely followed Eq. [7] and 
the appropriate kinetic expression is [16] or [18]. 
Thus the over-al l  rate constant, kobs, is approximately 
k21K[M+]; the values of kobs/[M +] - -  k21K given in 
Table VIII are fairly constant, as expected. The ion- 
pair formation constant for DE~ ~ with Li +, Na +, 
and K + cations was estimated by the cyclic voltam- 
metric potential  shifts on the DEF reduction wave 
with the addition of alkali metal  ions. The observed 
potential  shifts are a result  of both ion-pair ing and 
the increased dimerization rate. The potential  shift 
due to the hydrodimerizat ion reaction can be esti- 
mated by using the theory of cyclic vol tammetry  in the 
presence of a dimerization reaction (6, 31) and the 
rate constant calculated by chronocoulometry. Once 
this has been calculated, the shift due to ion-pair ing 
can be extracted, and the ion-pair  formation constant 
is then estimated using Eq. [4]. For example, for a 
solution containing 1.49 mM DEF and 8.0.0 mM Na + 
a peak potential shift (compared to a solution in the 
absence of Li +) of 14 mV is observed. Of this, using 
the measured kobs value of 5.8 X 108 M -1 sec -1, 11 
mV can be at t r ibuted to the following dimerization 
reaction. The residual 3 mV then yields an ion-pair  
formation constant K of about 6 M -1. This procedure 
gives K-values  of 29, 6, and 2 for ion-pairs  of DEF ~ 
with Li +, N,a +, and K +, respectively. These values 
seem to be general ly in l ine with previously deter-  
mined values of association constants in DMF; for 
example Poorer  and Davies (12) report  a K of about 
39 M -z for p-benzoquinone anion and Li + while Lasia 
and Kalinowski (15) report K's of 120 and 41 for ion 
pairs of Li + with fluorenone and indantr ione radical 
anions, respectively. Using these K-values,  a somewhat 
more detailed analysis of the kinetic data can be 
made. From the over-al l  rate expression for the re- 
action, Eq. [20], we find a kobs given by Eq. [22] 

kobs  = ( k 2  -~ k 2 1 K [ M  + ] + k22K2[M+]2/( 1 ~- K [ M + ]  2) 
[22] 

Taking K[M + ] : x, this expression can be rearranged 
to 

kobs(1 ~ x )  2 --  k2 ---- k21x ~ k22x 2 [23] 

A plot of the lef t -hand side of [23] against x allows 
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Fig. 8. Variation of lefthand side of Eq. [23] (equal to kobs (1 -I- 

K [L i+ ] )  2 - -  k2) against K[Li +] with the data for the electrore- 
duction of diethyl fumarate in 0.20M TBAI-DMF. The points 
are the experimental results at ( Q )  1.13 mM DEF and (A)  2.01 
mM DEF and the line the calculated result with the rate constants 
listed in Table IX. 

one to estimate the k21 and k22-values; a typical 
plot for DEF-LiI  is shown in  Fig. 8. The values 
of k21 and k22 estimated by this procedure are given 
in Table IX. (A similar  calculation for DBF, assum- 
ing the K-va lues  for DBF ~ are the same as DEF ~ 
yields 3.2 • 1.04 and 5.7 • 1(} 4 1Vi -1 see -1 for k21 
with l , iI  and NaI, respectively).  Extension of rate 
measurements  to higher M + concentrations to ob- 
ta in  more rel iable values for k29_ were l imited by the 
reaction becoming too fast to measure by our tech- 
niques for Li +, and the appearance of electrode film- 
ing in  the case of Na + and K +. 

We have assumed in this t rea tment  negligible as- 
sociation of the metal  ions with support ing electrolyte 
( I - )  ion. This appears to be in agreement  with pre-  
vious measurements  on alkali metal  ion iodides and 
perchlorates in DMF (12, 32). Several  experiments  
were also performed using L i N Q  or KNOB (instead of 
the iodides) in the 0.2M TBAI-DMF solvent on the 
electroreduction of DEF. While the second-order de- 
pendence in  DEF and pr imar i ly  first-order dependence 
in metal  ion was still observed, the kob#[M +] values 
obtained (6.6 • 106 and 1.1 • 106 M -1 sec -1 for 
L i N Q  and NaNO~, respectively) were about twice 
those of the iodide salts. The reasons for these dif- 
ferences, which are well outside the experimental  
error limits of the measurements,  are not clear, but  

suggest that  impuri t ies  (e.g., water  of hydrat ion) ,  ad- 
venti t iously added with alkali  metal  ion salt, may  have 
an effect .on the reaction rate. 

Discussion 
The results general ly  show that reductive coupling 

of 1,2-diactivated olefins involve dimerization of radi-  
cal anions both in the absence and presence of alkali 
metal  ions. Adsorption of the parent  olefins or the 
radical ions does not appear to be an important  step 
in the reaction sequence. The l inear i ty  of the Q - t 1/~ 
plots suggests that the polymerizat ion reactions which 
are of importance on the controlled potential  coulo- 
mer time soale, do not  interfere with the short t ime 
voltammetric  measurements.  In  agreement  with the 
previous results (2) we have found that  addition of 
Li + decreases the extent  of polymerizat ion on bulk  
electrolysis. The mode by which this occurs has not 
been established, however two possibilities appear 
reasonable. If the dimer dianion, R2 ~-, is ion-paired 
with Li +, it may be less reactive towards R and s o  

show less polymerization. If this were the case, how- 
ever, it is difficult to unders tand  why Na + and K + 
have such a small  effect on the coulometric results. A 
second possibility is that Li + increases the rate of 
protonation of R2~-. Li + is known to be quite acidic 
and hence coordinates s trongly with traces of water  
in the DMF. This coordinated water  will be a bet ter  
proton donor than uncoordinated waCer and  may  be 
brought  to close proximity to the dimer dianion by the 
ion-paired Li +. Na + and K + should show this effect 
to a much more l imited extent. The increased acidity 
of water  in  the presence of Li + apparent ly  does not 
cause appreciable protonation of the radical anion i t-  
self, since no evidence of the 2e reduction products was 
found. Additional evidence of the higher proton avail-  
abil i ty in the presence of Li + are the small  bubbles 
observed during coulometry when  Li + is present. 
These probably are caused by a small  amount  of 
H+-reduc.tion at the electrode, concurrent  with olefin 
reduction, forming some hydrogen gas bubbles. Elec- 
trode filming in the presence of the alkali metal  ions, 
especially at higher concentrations can be at t r ibuted 
to the formation of insoluble hydroxides upon  hy-  
drolysis (i.e., deprotonation) of the aquated ions. Simi- 
lar  hydrolysis of metal  ions and filming have been ob- 
served in nonaqueous solvents (33, 34). 

The study also provides some new informat ion on 
the dependence of radical anion dimerizatfon rate on 
structure. For the dialkyl fumarates, the dimerization 
rate constant and diffusion coefficients decrease in the 
order Me > Et > n-Bu. Apparently,  the bulkier  the 
alkyl group, the slower is the movement  through 
solution and the more hindered the dimerization re-  
action. The rate of dimerization of ethyl cinnamate 
(EC) radical anions (14,0 M -1 sec-1),  compared to that 
for DEF (44 1Vi-1 sec-1) may at first appear anoma-  
lously large, since EC can be considered to have a 
s tructure between DEF (2 --CO2 Et groups) and st i l-  
bene (2 phenyl  groups),  whose R ~ dimerization rate is 
very slow. However, consideration o f  the resonance 
structures of the radical anions of the two compounds 
suggests that while DEF has several structures where 
electron density is not on the ethylenic carbon, e.g., 
structure 

Table IX. Summary of rate constants for dimerlzation of diethyl 
fumarate in presence of alkali metal ions (a) 

K k~ k_n k22 k~K(b) 
S y s t e m  (M -1) (M-x s e c - D  

D E F - L i I  29  44  6.2 X 10~ 2.4 x 106 1,8 x 106 
D E F - N a I  6 44  9.3 • 10 ~ 9 x 10 ~ 5.6 x 10 s 
D E F - K I  2 4-4 3.3 X 104 - -  1.3 • l 0  s 

(a) I n  0 .1M T ' B A I - D M F .  
(b) C o m p a r e  to  T a b l e  VI I I ,  kobs/[1Vi+]. 

O O 
ii I Et o-c H o-c 
\c_c /  c_c / 

H /  %c }{/ %c-o 
J 
O- O- 

A B 

B, such structures are less probable for EC 

Et 
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c / c / 

- - O  Et  <--> C- -O  Et  

O -  O -  
A B 

Grypa  and Maloy (35) recen t ly  also found a race of 
d isappearance  of e lec t rogenera ted  EC radical  anion 
higher  than that  for DEF; thei r  in t e rp re ta t ion  of the 
results  differs from that  g iven here,  however .  

The major  conclusion of this s tudy is that  a lkal i  
meta l  ions increase the dimerizat ion ra te  of radical  
anions by  ion pa i r  formation,  the reby  decreasing the 
electrostat ic  repuls ion in the coupling of the  bare  
anions. The react ion is p redominan t ly  first order  in 
metal  ion at low Li + and Na + and all  K + concentra-  
tions, leading to a mechanism involving react ion of 
free radical  anion wi th  ion pair.  At  h igher  Li + and 
Na + concentrat ions coupling of two ion pairs  becomes 
significant. Considering the  resul ts  for  DEF (Table  
IX) where  fa i r ly  s imilar  k2,-values are  observed for 
the  different a lkal i  me ta l  ions, we can specula te  that  
the ra te  of the  ion pa i r - r ad ica l  anion react ion is 
roughly  independent  of meta l  ion and the differer~t 
over -a l l  rates observed depend  upon different  ion pair  
association constants. Af te r  this  work  was completed 
a note by  Ryan  and Evans (36) appeared  in  which the 
effect of Na § on DEF hydrod imer iza t ion  in DMSO was 
investigated.  Al though the free anion dimerizat ion ra te  
in tha t  solvent  was much la rger  than  tha t  found in 
DMF, the i r  values for k21 and k22 were  r e m a r k a b l y  
close to those found in this study.  
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Effects of Procarbazine on Ti(IV) Reduction 
at the DME 

John P. McCue* and John H. Kennedy** 
Department o~ Chemistry, University of California, Santa Barbara, Cali$ornia 93106 

ABSTRACT 

Procarbazine, an ant i -Hodgkin 's  disease drug, adsorbs on the dropping 
mercury  electrode and causes the reduction of t i t an ium(IV)  to occur at more 
negative potentials. Only one wave due to t i tan ium was observed even when 
the ratio of procarbazine to t i tan ium was considerably less than one. These 
observations are interpreted as the formation of a t i tanium-procarbazine  com- 
plex at the electrode surface which is then reduced. 

In  1968 Carrol and Tullis (1) reported observations 
of t i tan ium in  leucocytes of peripheral  blood and 
lymph nodes. McCue (2) confirmed these observations 
for peripheral  blood and  fur ther  showed them to be 
specific for the white cells of Hodgkin's and leukemia 
subjects. In  the process of s tudying the chemical in-  
teractions between Ti(IV) and certain antineoplastic 
drugs, we found that procarbazine, an ant i -Hodgkin 's  
disease drug, was adsorbed on the dme and tha.t upon 
addit ion of small amounts of procarbazine to Ti( IV)  
solutions the polarographic reduction wave of t i tanium 
was shifted to more negative potentials with an in-  
crease in  reversibi l i ty for this electrochemical proc- 
ess. We now report a mechanist ic  in terpre ta t ion of 
these and related observations. 

In  the past, the influence of surface active agents on 
reduction of metal  ions at the dine have main ly  been 
interpreted as kinetic effects (3). By setting up a 
"barrier" to the metal  ion at the Hg surface the sur-  
factant kinet ical ly hinders  or prevents the metal  ion 
from undergoing reduction. A larger activation energy 
for reduction at the covered surface results, with little 
or no effect on the relative energies of the oxidized 
and reduced forms of the couple. 

In  terms of wave shapes and responses the effects of 
surfactants can be divided into two cases. The first 
case occurs when the metal  ion is reversibly reduced 
in the absence of surfactant. The kinetic .effect of addi- 
t ion of surface active agent to such metal  ions is shown 
in Fig. la, and the theoretical explanat ion for this 
effect is schematically given in Fig. 2a. In this case 
AG:~rev is small compared to A(AG:4:rev) SO that for 
working potentials less than that required to activate 
path 2 only path 1 is electrochemically active. The net 
effect of surfactant  is to decrease the available sur-  
face area at which the reduction can occur, and this 
results in a decrease in  id for the polarographic wave 
(Fig. la ) .  At any potential  large=enough to activate 
both paths, path 1 will be e +A(~Gr,ov>j~ry times more 
electrochemically active than path 2; therefore when 
AG=~rev < <  A (AG+rev) the effect of path 2 is negligible, 
and no shift in  E1/2 is observed since the reaction oc- 
curs predominant ly  on the free surface. When the en-  
tire dme surface is covered with surfactant, only path 
2 exists and the electrochemical process becomes 
slower and thus irreversible. If A(AG=~rev) < 3AG~rev 
at ambient  conditions, path 2 becomes significant and a 
small  broadening or t i l t ing of the polarographic wave 
occurs. 

The second case occurs when  the metal  ion is i r -  
reversibly reduced in the absence of a surfactant.  For 
this case  AG41rrev is SO large that the electrochemical 
reaction at the free surface is slow; when surfactant  is 
added A (AGC:irrev) is small (Fig. 2b). Thus, the electro- 
chemical reaction at the covered surface (path 2) is 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r ,  
** E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  p o l a r o g r a p h y ,  p r o c a r b a z i n e ,  s u r f a c e  a c t i v e  a g e n t ,  t i t a -  

nium~ t i t a n i u m - p r o c a r b a z i n e  c o m p l e x .  

not negligible relative to the free surface (path I) .  At 
applied potentials less than  that required to activate 
path 2, the electrochemically active surface area is 
reduced similar to the reversible case. But unl ike the 
reversible case, increasing the applied voltage signifi- 
cantly activates path 2. Since this path is more i rre-  
versible (i.e., greater activation energy) than path I, 
the resul tant  polarographie wave is more irreversible 
(i.e., becomes broader as shown in  Fig. ib ) .  These two 
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Fig. 1. Effect of surfactant on reduction of metal ion. (a) Re- 

versible case and (b) irreversible case. 
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Fig. 2. Effect of surfactant on activation energy. (a) Reversible 
reduction in the presence of a surfa:tant and (b) irreversible re- 
duction in the presence of a surfactant. 

cases have been well documented (4-10), and their  
in terpreta t ion as kinetic effects are supported by theo- 
retical calculations (11). 

In  contrast with the above observations, addition of 
the surface active agent procarbazine (at concentra- 
tions less than the metal  ion) to Ti(IV) solutions 
causes a shift of the metal  polarographic reduction 
wave to more negative potentials accompanied by an 
increase in the reversibil i ty of the reduction process. 
Such behavior is identical to that seen (12) when a 
tenfold excess of complexing agent is added to a me- 
tallic depolarizer being monitored at the dine. Thus 
polarography of T i ( IV)-procarbaz ine  mixtures  dis- 
plays features common to bach surface active phe- 
nomena and metal  ion com plexation phenomena. These 
common features suggest that procarbazine below 
millimole concentrat ion is adsorbed on the dme sur-  
face, the adsorption gives rise to a large procarbazine 
concentrat ion at the surface, and that Ti(IV) at the 
surface reacts with this surface-concentrated procar- 
bazine to produce a Ti ( IV)-procarbazine complex for 
which reduction is more reversible than the Ti(IV) 
species in bulk solution. For such a process to occur 
certain critical conditions must  be met, an invest iga-  
t ion of these conditions is presented here. 

Experimental 
Stock aqueous solutions of Ti(IV) were prepared by 

adding 9'9.5% TIC]4 (Matheson, Coleman and Bell) to 
concentrated HC1 (Baker Analyt ical  Grade) and di-  
lut ing with deionized water. These solutions could 
then be diluted without  hydrolysis if added to de- 
ionized water. When other chemicals were required in 
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Fig. 3. Polarographic wave for 1, 20 ml of 0.6 mM Ti(IV) in 0.2M 

NaCI; 2, with addition of 0.5 ml of 2 mM procarbazine solution; 3, 
with addition of 1.0 ml of 2 mM procarbazine solution; and 4, with 
addition of 2.0 ml of 2 mM procarbazine solution. Drop time 1 sec 
and scan rate 5 mV/sec. 

the t i t an ium solutions they had to be added after 
dilution. 

Procarbazine was suppl ied  both as drug (Matu- 
lane@) and pure form by Roche Laboratories. Aqueous 
stock solutions were made by dissolving either source 
in deionized water with addition of HCI to pH 3. 

Solutions were made basic by addition of NaOH or 
solid NaHCO3 (Mall inckrodt-AR grade),  pH was mea-  
sured using a Beckman glass electrode No. 40498, and 
control during the polarographic experiments was ac- 
complished by adjustment  with HCI or NaOH init ial ly 
and verification after the experiments.  Buffer systems 
were not used because they would a c t  as ligands for 
t i tanium and complicate the system further.  

Polarography was accomplished with a "PAR-174 
Polarographic Analyzer" equipped with a Houston In-  
s t ruments  "Omnigraphic-20~0" X-Y recorder and a 
two electrode "H" cell with sce reference. Visible and 
u.v. spectroscopy was carried out with a Cary 14 
Spectrometer. 

Results and Discussion 
When aliquots of 2 mM procarbazine solution were 

added to a 0.6 mM Ti (IV) solution, 0.2M in NaC1 at pH 
2, being monitored at the dme, Fig. 3 resulted. This be-  
havior of the Ti(IV) polarographic wave was similar 
to the behavior of Cd +2, Cu +2, and Sn +2 ions in solu- 
tion when a many-fo ld  excess of complexing agent 
was added (13-15). However, for curve 3 in Fig. 3 for 
example the procarbazine-Ti( IV)  molar  ratio was 1: 6, 
far below that normal ly  required for a complexing 
agent to produce the observed Ell2 shift of --0.095V. 
Accompanying the El~2 shifts were small reductions in 
id (Table I).  Although this suppression of id indicated 
that procarbazine was probably adsorbed at the dme, 

Table I. Decrease in diffusion current and E1/2 shift for 0.6 mM 
Ti(IV) upon addition of procarbazine 

P r o c a r b a -  
z i n e ,  r a M  ia,(~) / zA AE1/2, V 

0 0.85 O 
0 .01  0 .82  --  O.010  
0 . 1 0  0 . 8 1  - - 0 . 0 9 5  
0 , 2 0  0.80 - - 0 . 1 3 0  

(a~ C o r r e c t e d  f o r  d i l u t i o n .  
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Fig. 4. Polarographic wave for 1, 20 ml of 0.6 mM Ti(IV) in 0.2M 

NaCI; 2, with addition of 0.5 ml of 2 mM Triton X-100 solution; 
and 3, with addition of 2.0 ml of 2 mM Triton X-100 solution. 
Drop time 1 sac and scan rate 5 mV/sec. 

the change in  sl_ope for the Ti(IV) polarographic wave 
did not resemble that  expected for a kinetical ly shifted 
wave (Fig. 4). When E - -  EI/2 for the Ti-procarbazine 
system was plotted against log (id - -  i ) / i  the slope was 
122.5 mV in the absence of procarbazine and 87.5 mV 
in the presence of procarbazine (0.1 mM procarbazine: 
0.6 mM Ti ( IV) ) .  Thus, addit ion of procarbazine made 
the reduction of Ti(IV) appear more reversible, in 
contrast to the behavior expected for a kinetic phe- 
nomenon. 

The above behavior can be explained by invoking 
a mechanism where (i) procarbazine adsorbs on the 
dme,({i) Ti(IV) approaches the electrode and experi-  
ences a large proearbazine concentrat ion with which 
it reacts to form a T i ( IV) -procarbaz ine  complex, and 
( i i i )  this complex is reduced in  a more reversible 
manne r  than  the Ti(IV)  in bu lk  solution. 

The requirements  made by this mechanism are: 
1. The bulk  [Ti ( IV)]  does not deplete the solu- 

tion of free procarbazine. 
2. The surface of the dme has reached max imum 

coverage with procarbazine by the time the depo- 
larizer current  is sampled. 

3. The [procarbazine] at max imum coverage is suffi- 
cient to displace ligands from Ti( IV) .  

4. Ti( IV)  forms a complex with procarbazine which 
is reduced more reversibly at the dme. 

The first requirement  can be met as a result  of the 
observation that for l igand exchange reactions such as 

excess L~ 
NILI + L2 ML2 + LI 

excess LI 

the equilibrium favors complex formation with the 
ligand which is in excess, provided the stability con- 
stants are comparable. For the system described in 
this paper (i.e., procarbazine/Ti ~_ I/6) both the [CI-] 
and [H20] exceed procarbazine by at leas~ 1.0 z in bulk 
solution. Thus one could expect procarbazine to be 
primarily in its free form. This was experimentally 
confirmed by monitoring the u.v. spectrum of procar- 
bazine as Ti(IV) was added. When Ti(IV) was added 
to a 0.2 mM solution of procarbazine a shoulder de- 
veloped at 260 nm on the free procarbazine peak at 
233 nm indicative of some complex formation, but the 
peak height at 233 nm decreased only slightly. Thus, it 
was found that even for tenfold excess of Ti(IV), pro- 
carbazine was predominantly in the free form. 
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Table II. Effect of procarbazine on the zinc polarographic wave 

Concert- Procar- 
t r a t i o n ,  bazine, 

M e t a l  i on  m M  mlYl id, r ~A  

Zr~Ch (tt~o) ~ 0.2 O. 1.04 
0.01 1.02 
0.10 0.97 
0.20 0.96 

(a) C o r r e c t e d  f o r  d i lu t ion .  

The second requirement  involves adsorption of pro- 
carbazine on the dme. It also requires that the adsorp- 
tion be fast enough so that the process is complete be- 
fore the depolarizer current  is sampled (i.e., less than  
i see). 

Suppression of id for Ti( IV)  reduct ion upon addit ion 
of procarbazine could indicate that  procarbazine was 
being adsorbed on the dme However, if adsorption did 
occur, addition of procarbazine to other metal  ion 
solutions should also show suppression of {d. Thus, the 
behavior of Z n ( l l )  upon addition of procarbazine was 
examined at the dine. 

In  the case of Zn( I I ) ,  addition of procarbazine 
caused small decreases in id (see Table II) with a 
slight t i l t ing of the polarographic wave (Fig. 5). In  
addition, the usual max imum observed for this solu- 
t ion disappeared upon addition of procarbazine to 0.0'l 
raM. Such max imum supression, reduction of id, and 
t i l t ing of the polarographic wave are characteristic of 
adsorption by a surfactant. Thus, these results indi- 
cate that procarbazine was adsorbed on the dine. 

With regard to the requirement that the adsorption 
be complete before the depolarizer current is sam- 
pled, Delahay and Trachtenberg (16) have experi- 
mentally shown that coverage is essentially comp]ete 
within 1 sec for the surface active agents cyclohexanol, 
n-amyl alcohol and thymol, which was the time at 
which current was sampled in this study. 

For the requirement that the procarbazine concen- 
tration at the surface be significantly larger than in 
the bulk solution, an order of magnitude calculation 
clearly shows that the concentration of adsorbed pro- 
carbazine at the electrode surface is significantly 
higher than the bulk concentration. 

The quantity of surfactant adsorbed per cm 2 at time 
t before adsorption is complete at the dine is given 

i I I I I I I 
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Fig. 5. Polarographic wave for 1, 20 m l of 0.2 mM ZnCI2 in 10 

mM HCI; 2, with addition of 0.1 ml of 2 mM procarbazine; 3, with 
addition of 1.0 ml of 2 mM procarbazine; and 4, with addition of 
2.0 ml of 2 mM procarbazine. Drop time 1 sac and scan rate 5 
mY/sac. 
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by (17) 
F ---- 7.36 X 10 -4 [S] k/Ds k / t  

If we assume that 

D~ ---- 10 -~ cm2/sec 
[S] ---- 0.1 mM procarbazine 

t -- 1 see 
then 

r ---- 2.3 X 10 -7 mmoles / cm 2 

If the double layer  at the dme is assumed 1000A 
then the concentrat ion of surfactar~t wi thin  the elec- 
trolyte layer  around the electrode will  be 

[Sadsorbed] ---- 2.3 X 10-7/10 -~ mmoles / cm ~ 
---- 23 mM 

Thus the concentrat ion of procarbazine at the sur-  
face is > 100 times that  of the bulk solution, and ~-- 30 
times that of T i ( IV) .  Al though this concentrat ion 
gradient  be tween bulk solution and the double layer  
is consistent wi th  our model  for the behavior  of the 
Ti( IV)  polarographic wave  in the presence of small 
amounts of procarbazine, it does not establish that  the 
procarbazine concentrat ion at the electrode surface 
was large enough to form a Ti-procarbazine complex 
in the presence of C1- and H 2 0 .  Therefore,  it was nec- 
essary to examine chemical ly if a Ti-procarbazine 
complex formed in 10 mM procarbazine solutions. This 
was done by examining the stabil i ty of Ti (IV) against 
precipi tat ion as TiO2 in procarbazine solutions as the 
solution pH was increased. Ti ( IV)  will  essentially 
precipitate completely as TiO2 from aqueous solutions 
at or above pH 6 if no comp]exing agent is present  to 
prevent  attack on the meta l  by O H - .  If an excess of 
complexing agent such as phosphate or citrate is pres- 
ent it wil l  prevent  such precipitation. 

When Ti(IV) was mixed  with  procarbazine in a 
13:1 procarbazine:Ti  mM ratio at pH 2, no precipi ta-  
t ion of TiO2 was observed as the pH was increased to 
12 by addition of NaOH. Similar  exper iments  in which 
0.02g NaHCO3/ml of solution was used to increase the 
pH to 8.5 gave similar results. (When larger  amounts 
of NaHCO3 were  used to increase the pH Ti( IV)  pre-  
cipitated quant i ta t ively  as the carbonate species.) 

When the procarbazine to Ti(IV) ratio was 2:1 simi- 
lar  results to the above were  observed for both addi- 
tion of NaOH and NaHCOm but when  the ratio was 
1:1 partial  precipi tat ion of Ti ( IV)  occurred from the 
procarbazine solutions. These results clearly indicate 
that the procarbazine concentrat ion at the dine surface 
in a solution of 0.1 mM bulk concentrat ion is sufficient 
to form a T i ( IV) -p roca rbaz ine  complex. 

One fur ther  exper iment  exemplifies the role which 
procarbazine plays at the dine. It was observed that  
H + ion reduct ion at pH 2 in the presence of procar-  
bazine produced a "spike" shaped polarographic wave  
characterist ic of strong adsorption of H + at the elec- 
trode. When Ti( IV)  was added in tenfold excess to 
the procarbazine solution the H + reduction wave  re-  
turned to a normal  shape. Thus the presence of excess 
Ti ( IV)  el iminated the adsorption of H + caused by pro- 
carbazine , indicat ing that a react ion be tween the metal  
and procarbazine occurred at the electrode surface. 

Finally, it was necessary to show that the new waves 
observed when procarbazine was added to Ti( IV)  
solutions were  due to a Ti-procarbazine complex. This 
was shown to be the case by following the behavior  of 
these waves when the known Ti (IV) complexing agent 
H3PO4 was added to the T i ( IV) -procarbaz ine  solu- 
tions. Since H3PO4 forms a strong complex with Ti(IV) 
which can be observed at the dine, incremental  addi-  
t ion of H~PO~ to a Ti-procarbazine  solution should in- 
crease the wave  height  of the known (18) Ti-phos-  
phoric acid wave  stepwise at the expense of the Ti- 
procarbazine wave  height. 

When 20 ml of 0.4 mM Ti(IV) solution, 0.257M in 
NaC1 at pH 2, was mixed  with 5 ml  of 2 mM procarba-  
zine solution the Ti (IV) reduct ion shifted from --0.9'9.0 

to --1.130V vs. SCE, then upon addition of H3PO4 a 
new wave appeared near  --0.4V with  loss of wave  
height  at --1.130V. When the H~PO4 concentrat ion 
reached 1M, the wave  at --1.130V disappeared with 
the appearance of a Ti-phosphoric acid complex wave  
at --0.420V (Fig. 6). These results showed that  the 
wave  which appeared upon addition of procarbazine to 
Ti( IV)  solutions was due to a Ti-procarbazine com- 
plex. 

The above mechanism also predicts the proper  quan-  
t i tat ive response of E~/2 to addition of procarbazine. 
The general  equation for the effect of a complexing 
agent on E1/2 of an i r revers ible  reduct ion of metal l ic  
depolarizer is given by (19) 

RT 
El/2 c = El/2 s + ~ [ln 0.886 ke ~ ~v/t/D 

-- l n ( k x k x - 1 . . ,  ki+l) -- ln[L]  x-j]  

where  the usual assumption has been made that  only 
a l igand unsaturated meta l  species is electrochemical ly 
active, and this species is in equi l ibr ium wi th  all other 
meta l - l igand  species at the electrode surface. The half-  
wave  potential  of the complex, MLx, is more negat ive 
than that  of the free ion since the ion must  first be 
l iberated from the complex before it undergoes re-  
duction. This requires  energy and is reflected in a 
more negat ive E1/2. From the above equation it is seen 
that  a plot of EI/2 against in[L]  will  al low x -- j to be 
determined. 

If L is adsorbed on the dme surface in l inear  pro-  
portion with  addition of L to the bulk solution, then 
[L] _-- a[Lo] where  [Lo] is the concentrat ion of l igand 
in bulk solution, [L] is the concentrat ion at the sur-  
face, and a is a proport ional i ty  constant greater  than 
one. Substi tut ing these relationships into the above 
equat ion gives 

1.0 I I I I I I I l l  

1.1' 

1 
III i I I I I I I /  

0.0 -0.2 -0.4 -0.6 -0.8 -I.0 -I.2 -I.4 
E vs. sce, V 

Fig. 6. Polarographic wave for 1, 0.4 mM Ti(LV) in 0.257M NaCI; 
2, with addition of 5 ml of 2 mM procarbazine; and 3, with addi- 
tion of 1 ml of ]8M H3PO4. Drop time 1 sec and scan rate 5 mV/  
sec. 

H.~H H ,H /C H ,.C tH 

H\N/U'H ~ k< N-H 
/ �9 c'~H NI 

Ti(IV) "'.'~. C / \ "" 
.,,~C{j ~ ,  C . ~ f C  - ,, . . . .  - ~q Hg(O) 

Fig. 7. Possible molecular configuration derived from to scale 
three dimensional models for a 1:1 Ti(IV)-procarbazine complex. 
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RT 
[ln 0.088 ke ~ k / t /D  E1/2c : E1/2s -}- anF 

-- I N K - -  ( x - -  j ) l n a - -  ( x - -  j ) ln[Lo]]  

In  using this equation it has been assumed that a 
s teady-state  condition was reached between the bulk 
metal  ion concentrat ion and the concentrat ion of the 
complex MLz in the double layer at the time the de- 
polarizer current  was sampled. 

A plot of El/2 c -- El/2 s against --log[Lo] gives a 
slope of 2.3 R T / n F  (x  -- j /a) .  Such a plot constructed 
for the addition of small amounts of procarbazine to 
Ti( IV)  solutions resulted in a slope of 9,1.66 mV and 
x -- j / a  = 1.554. If x -- j = 1, then  a = 0.6436, and 
our model is consistent with the observed shift in El/2; 
any other integer value of x -- j would lead to un-  
realistic values of ~. 

Thus we have found the experimental  evidence to 
be consistent with our model for polarography of 
Ti(IV) in the presence of procarbazine. The adsorp- 
t ion of procarbazine on the dme allows its concen- 
t rat ion to bui ld up to at least 10 mM in the double 
layer, this double layer  concentrat ion is then sufficient 
to displace H20 or C1- from the Ti(IV)  species dif- 
fusing in  from the bulk  solution, and the new Ti- 
procarbazine complex formed in  the double layer is 
the one involved in the electrochemical process at 
the dme. The na ture  of the electrochemical process 
itself, however, is not known. We are in the process 
of determining whether  Ti( IV)  dislodges procarbazine 
from the Hg surface or whether  Ti( IV)  is iiselY 
attached to the Hg surface through a procarbazine 
bridge. This lat ter  case is possible because there are 
two coordination sites on procarbazine. The fact that 
this molecule has more than one coordination site of 
different chemical na ture  allows for both t i tan ium 
complexation as well  as adsorption. Finally,  it should 
be pointed out that in  the past most investigators 
have not looked at low levels of l igand concentrations 
and thus this effect may not be as rare as it appears. 
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LIST OF SYMBOLS 
a adsorption coefficient, has values greater than 1. 
a t ransfer  coefficient, has values between 0 and 1. 

E 
E1/2 c 
Ell2 s 
F 
G 
G4 
D 
Ds 
i 
J 

potential  in  volts 
hal f -wave potential  for complex metal  ion. 
hal f -wave potential  for simple metal  ion. 
the Faraday 
free energy 
free energy of activation 
diffusion coefficient of metal  ion 
diffusion coefficient of surfactant  
current  in/~A 
the number  of ligands, L, coordinated to the 
electrochemically active metal  species at the Hg 
surface 

kn the stepwise equi l ibr ium constants for formation 
of each complex MLn in solution 

ke ~ rate constant for the electron t ransfer  process 
K over-all  formation constant for MLn 
[L] concentrat ion of l igand 
R gas constant 
[S] concentrat ion of surfactant  
t t ime in sec 
T temperature  ~ 
X maximum number  of ligands, L, coordinated to 

the metal  species as it approaches the Hg surface 
r quant i ty  of surfactant  adsorbed at t ime t per 

cm 2 of the Hg drop surface 
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ABSTRACT 

A procedure is described in this paper for dist inguishing in the measured 
electrical properties of polycrystal l ine ~-alumina,  the separate contributions 
of the grain boundaries  and of the crystal, i.e., the grain interiors. This sepa- 
rat ion is brought about through the use of a model for these properties. Cer- 
tain quant i ta t ive consequences of the model are developed and compared with 
experimental  results. For most sintered ~-a lumina ceramic, the electrical 
properties are determined more by the characteristics of the grain boundaries  
than by those of the interior  of the grains. 

Polycrystal l ine E-alumina is used in electrochemical 
devices to circumvent  the deleterious high anisotropy 
in the electrical and mechanical  properties of single 
crystals. Use of the polycrystal l ine ceramic does re-  
quire, however, consideration of the effects of grain 
boundaries. A procedure is described here for dis- 
t inguishing in the measured electrical properties of 
the ceramic, the separate contributions of the grain 
boundaries and of the crystal, i.e., the interior  of 
the grains. This separation is brought about through 
the use of a model for the electrical properties of 
p-alumina.  Certain quant i ta t ive consequences of this 
model are developed and compared with experimental  
results. 

Previous Work 
The conductivity both of /%alumina :single crystals 

and of polycrystal l ine ceramic has already received 
very considerable at tent ion (1-15). Weber and K u m -  
mer  reported that E-alumina exhibits high ionic con- 
ductivity, but  no electronic conductivity (1). The 
ionic conductivity is due to the high mobil i ty  of so- 
dium ions in  planes perpendicular  to the c-axis of 
the hexagonal structure. However, there is no con- 
ductivity parallel  to the c-axis. They reported single- 
crystal specific resistivity values of 30 and 3.5 ohm-cm 
at room temperature  and 300~ respectively. Com- 
parable values for polycrystall ine ceramic prepared 
from single-crystal  mater ial  was 25,0 and 18 ohm-cm. 
They at t r ibuted the difference to interface resistivity 
between the crystals of the polycrystall ine material.  
The activation energy associated with the resistivity 
of single crystals was given as 3.8 kcal /mole (2). 

Imai and Harata, on observing that  the activation 
energy associated with conduction in sintered /~-alu- 
mina  was considerably larger than for single crystals, 
concluded that the conductivity of ceramic is governed 
by grain boundary  conduction (4). 

Jones and Miles found that the Arrhenius  ~olot 
curved significantly below 200~ (5). Another  ac- 
t ivated process with a higher activation energy con- 
trolled the conductivity at lower temperatures.  These 
authors speculated that this process was grain bound-  
ary contact resistance. 

Whit t ingham and Huggins measured the conductiv- 
i ty of a single crys,tal from --150~ to 820~ (8). 
They found plots of log ~T to be l inear  in 1/T over 
this ent i re  temperature  interval.  The conductivity was 
found to be 72 ohm-cm at 25~ The activation energy 
was 3.79 kcal/mole. They reported the conductivity 
to be sensitive to t he  presence of moisture below 5,0~ 

Imai and Harata reported that the a-c conductivity 
of polycrystall ine E-alumina increases with frequency 
but  becomes independent  of frequency above 5 MHz 
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at room temperature  (12). However, Fal ly  and asso- 
ciates found no frequency dependence up to 105 Hz 
at 30,0~ (14). Kennedy  and Sammells found the con- 
ductivi ty to vary l inear ly  with the square root of 
frequency at least up to 10 kHz on measurements  with 
polycrystall ine mater ial  at room temperature  (13). 

The Model 
Grain boundaries in  E-alumina can be viewed as 

almost a different mater ial  with resistive and dielec- 
tric properties distinct from those of the interior  of 
the grains. Ionic charge is considered to pass suc- 
cessively through the grain  interiors and the grain 
boundaries. These ideas are embodied in a model 
consisting of two resistors in series, each shunted by 
a capacitor (16). This part icular  representat ion is 
really appropriate only when  evidence is present that 
the grain boundary  resistivity is very large with re- 
spect to the crystal resistivity. When this si tuation 
occurs, one may consider the l imit ing ease in  which 
grains are in  series with grain boundaries  and parallel  
connections can be neglected. For the purpose of this 
study, it is convenier~t, but  not necessary, to ignore 
the contr ibut ion of the capacitor shunt ing the crystal 
interior, which represents the crystal dielectric con- 
stant. Changes of impedance result ing from this ca- 
pacitance will occur at frequencies higher than those 
studied here. Therefore, the simplified model, to be 
considered in detail below, is shown in Fig. 1. 

If a specimen whose electrical properties can be 
so described is placed in  series with a s tandard re-  
sistor and the combination energized with the output  
of a sine wave generator, the parameters characteriz- 
ing the model can be determined from the variat ion of 
the observed impedance and phase angle with fre- 
quency. Certain relationships between these observable 
quantit ies can be used to determine the degree to 
which the electrical properties of E-alumina can be 
so modeled. The variat ion of the im,pedance with fre- 
quency for such a specimen is given by the expression 

C b 

r c r b 

Fig. 1. Simplified model for the electrical properties of poly- 
crystalline p-alumina. 

226 
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Tc )2 I/2 
1 + (rbCb2~f) 2 

~'c ~ rb 
z = (re + rb) [1] 

1 + (rbCb2~]) 2 

where z is the measured impedance, f is the frequency, 
and the parameters re, rb, and Cb are, respectively, 
the specific resistivity of grain interiors, the specific 
resis.tivity of the grain boundaries,  and the specific 
capacity of the grain boundaries as shown in Fig. 1. 
This variat ion is shown in Fig. 2. There are two limit- 
ing levels of impedance, a low frequency one equal 
to rc -~ rb and a high frequency one equal to re. Fur -  
thermore, at both very low and very high frequencies, 
the current  through the specimen and the voltage 
developed across it are in phase. At intermediate 
frequencies, the current  leads the voltage. This lead 
is max imum at that f r equency  corresponding to an 
inflection point on a plot of !og z vs. log ]. This cross- 
over frequency, analogous to the loss peak in dielec- 
tric relaxat ion measurements  and indicated as fo in 
Fig. 2, is that at which +..he impedance is the geometric 
mean  of the low and high frequency l imit ing im- 
pedances, i.e., zc = {rc(rc ~ rb)} 1/2. The capacitance, 
Cb, can be obtained from this frequency, along with 
values for the l imit ing impedances, by means of the 
expression 

1 [Tc--~ rbll/2 
C b -  2~fcr-----~ L . ~ . l  [2] 

Some other expressions are also useful in making 
detailed comparison with experiment.  For example, 
the variat ion of the phase angle with frequency is 

rbCb2~] 
tan  e -- [3] 

1 + (rc/rb) {1 + (rbCb2~f)2} 

The max imum phase shift is 
~o 

tan  0max = [4] 
2{r~(rc -~ rb) }2/2 

Experimental Techniques 
Impedance data to be presented were obtained on 

E-alumina tubes about 1 cm in diameter and usual ly 
7.5-10 cm in length. While a detailed description of 
the specimen fabrication procedure has recent ly been 
given, it will  be outl ined here (17). The start ing 
material  was a powder, indicated as XB-2 fl-alumina 
by the manufacturer ,  the Aluminum Company of 
America. Into this powder, various additives such as 
yttria, magnesia, or zirconia were incorporated. Yttria 
was added by way of y t t r ium oxalate powder, mag-  
nesia via basic magnesium carbonate powder, and 
zirconia by wear  of the gr inding media used to re- 
duce the particle size. After tumble  mixing, the pow- 
der was calcined at 140~0~ to decompose the oxalate 
and carbonate additives and to dry the powder. The 
calcined powder was then sus,pended in amyl alcohol. 

N 

e,.D 
0 
..--I 

Zc 

rc +rt~ 

[r c (r c + rb ) ]'z2 

rc 

The particle size was reduced either by ball  or vi-  
bratory mil l ing using either a -a lumina  or zirconia 
gr inding media. The powder was formed in  the shape 
of closed-end tubes using electrophoretic deposition. 
After removal from the forming electrodes, the green 
tubes were sintered in  air at temperatures  between 
17.00 ~ and 1825~ 

Data are given in this paper on mater ial  of two 
different compositions. One contained 1 weight per 
cent (w/o) magnesia, 0.5 w/o yttria, and 1 w/o zir- 
conia. The other differed only in the omission of yttria. 
Additives were incorporated main ly  for the purpose 
of aiding densification during sintering. The composi- 
tion of the as-received XB-2 powder is approximately 
1.40 Na20.11 A1203, i.e., it contains a 40% excess of 
sodium oxide over that of the theoretical composition, 
N a 2 0 ' l l  A120~. According to Roth and Mitoff, this 
composition is thas of the sodium-rich boundary  of 
the single-phase field at 1725~ (18). Some sodium 
oxide is always lost during sintering. However, it is 
most unl ikely  that the composition dropped below 
1.35 IVa20.11 A1203 for the specimens on which data 
are given. This composition is well wi th in  the single- 
phase field. 

The specimens were essentially without  a preferred 
orientation. No phase other than  hexagonal two-block 
#-a lumina was evident from x- ray  diffraction. 

Impedance measurements  were carried out using 
special jigs in which four 0.010 in. p la t inum rhodium 
wires were positioned circumferent ial ly about the 
specimen at fixed distances along it. A photograph of 
one jig used at room temperature  and below appears 
in Fig. 3. The 1/2 in. diameter Teflon polymer rods 
shown above and below the specimen were used to 
position the contact wires. To improve contact, the 
wires were wetted with very small quanti t ies of a 
propylene carbonate solution, 0.6M in both NaI and 
iodine. For use at higher temperatures,  the contact 
positioning rods were constructed of lava, and plat-  
inum bands were cathode sputtered circumferent ial ly 
about the specimen to which contact w a s  made with 
pla t inum wires. One junct ion of a thermocouple was 
placed inside the specimen tube in  order to sense 
the temperature.  For measurements  at or below room 
temperature  the resistivity jig was placed inside a 
2 5/8 in. ID tubu la r  brass housing which was placed 
in  tu rn  inside a controlled tempera ture  Missimers 
envi ronmenta l  chamber. Measurements above room 
temperature  were carried out in a simple wi re -wound  
furnace. 

The test circuit used for impedance measurements  
is shown in Fig. 4. The outer or current  contacts were 
attached to a sine wave generator, the output  am- 
plitude and frequency of which could be varied, and 
to a multidecade resistance box, which served as a 
s tandard resistance. The voltage waveforms developed 
across the inner  or voltage contacts to the specimen 
and across the resistance box were displayed on a 
dual beam oscilloscope. The impedance at some given 

LOG f 
Fig. 2. Variation of impedance with frequency for simplified 

model. Fig. 3. Jig used for electrical measurements on #-alumina tubes 
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EXACT MODEL 504 
FUNCTION GENERATOR 

SPECIMEN 

CRO 

GENERAL RADIO #1433M 
DECADE RESISTANCE 

CRO 

TEKTRONIX MODEL 502A 
Fig. 4. Four point arrangement for measuring components of 

electrolyte impedance. 

frequency was readily determined by adjust ing the 
setting of the resistance box so that  the ampli tude of 
the voltage developed across it equaled that across 
the voltage contacts to the specimen. The phase lag 
was obtained from the horizontal displacement of the 
two waveforms in comparison with the displacement 
corresponding to one period. 

This simple test a r rangement  was validated by 
carrying out measurements  at frequencies ranging 
from 10 to 3D0,000 Hz on a simulated specimen con-  
s trueted  from high qual i ty resistors and a capacitor. 
The measured impedances agreed with those calcu- 
lated from the known values of the circuit elements 
using Eq. [1] to wi th in  1.5% at all frequencies except 
at 3.0,00'0 Hz. Here a 3.5% discrepancy was e n c o u n -  
tered.  Moreover, the value of Cb obtained with Eq. [2] 
differed from the true value by less than  5%. 

The criterion for the suitabil i ty of contact to a 
specimen was that the phase angle at 10 Hz between 
the current  through the specimen and the voltage 
between the two interior  contact wires be no greater 
than  one degree. It could usual ly be met except for 
t w o  circumstances. The first arose when highly re- 
sistive surface layers formed on the specimen from 
exposure to the atmosphere. The second developed if 
the specimen was porous, causing absorption of the 
contact  fluid and its removal from the contact wires. 
The problem was seldom encountered if the specimen 
density exceeded 3.15 g/cm s and was near ly  always 
present in specimens with densities less than 3.0.0 
g/cm 8. 

The impedance values reported in this paper were 
found to be independent  of the current  level wi thin  
approximately a pe~ cent. For assurance on this point, 
it was rout ine to vary the current  over a factor of 
about ten at each test temperature  for every specimen. 
And on a few specimens, it was varied a thousand-  
fold. Ind ium amalgams were used to make electrical 
contact  in  pre l iminary  work. The impedance values 
observed were the same, wi th in  exper imental  error, 
as those using a propylene carbonate solution of so- 
dium iodide and iodine. Further ,  the data obtained 
using only p la t inum contacts were not distinguishable 
at room temperature  and above from those using the 
propylene carbonate contact solution. These facts in-  
dicate that the impedance values presented were not 
compromised by polarization effects at the electrodes. 

Measurements with the test a r rangement  described 
above are l imited to frequencies somewhat less than 
a megahertz. This l imitat ion is main ly  due to the 
shunt  capacitance of the mult idecade resistance box 
serving as the reference resistor. Such capacitance 
causes the so-called a-c resistance to be less than 
the d-c value at higher frequencies. A simple criterion 
Was developed to determine if the impedance mea-  
surements were compromised from this effect. It is 
based on the fact that the ratio of a-c to d-c resistance 
depends very sensitively on the frequency and setting 
of the resistance box. At h~gher frequencies after 
adjust ing the reference resistance so that  the voltage 
ampli tude across the box equals that  across the voltage 

contacts  to the specimen, the setting is reduced to 
one-half  this value. If the amplitude is reduced cor- 
respondingly to one-half  that across the specimen, 
the impedance measurement  is considered valid. On 
the other hand, the extent  to which the half-set t ing 
ampli tude exceeds one-half  that across the specimen 
provides an indication of the extent  to which the 
measurement  is compromised. 

Experimental Results and Discussion 
Plots of the logarithm of the specific impedance vs. 

the logarithm of the frequency are shown in Fig. 5 
for five y t t r ia -conta in ing specimens which differed 
in  the manne r  in which particle size reduction was 
carried out on the start ing /~-alumina powders. Ball 
mil l ing was carried out using either a -a lumina  or 
zirconia grinding media for different lengths of time. 
The measurements  were all carried out at room tem- 
perature. Below 100 Hz, the impedance does not vary 
with frequency. There is considerable variation, over 
a factor of 8, in the low frequency l imit ing value 
from one specimen to another. In  contrast the im- 
pedance values for the different specimens almost 
converge around 10 .5 Hz and only range from 110-140 
ohm-cm at this frequency. They appear to be ap- 
proach'ing another plateau. Using a more precise 
method for t reat ing impedance data described below, 
a value of 84 ohm-cm was obtained for this plateau 
at 25~ on two different E-alumina samples containing 
yttria. Since the high frequency plateau is associated 
with the resistivity of grain interiors, it should be 
compared with the resistivity of single crystals. Room 
temperature  values of 30-72 ohm-cm have been re- 
ported on single crystals without additives. It might 
be expected that rc values should be slightly larger 
than that for single crystals in easy conducting direc- 
tions because the grains in the ceramic are randomly 
oriented with conducting paths somewhat longer as 
a consequence. 

If values of the low frequency impedance plateau 
are to be associated main ly  with the grain boundary  
resistance, then there should exist a good correlation 
between this value and the number  of grain boundaries 
per uni t  length intersecting a l ine in  the direction 
of the electric field. Ideally, a direct proportionali ty 
would be anticipated. However, because of the ex- 
treme tendency in /~-a lumina  for a few grains to grow 
to very large size at higher sintering temperatures 
or longer sintering times, there is a problem with 
uniformity of current  distribution. A direct propor- 
t ionali ty consequently would be somewhat fortuitous. 
An i l lustrat ion of this grain size varias is pre-  
sented in Fig. 6 with a 500• photomicrograph of 
specimen 5P1-2. This correlation between grain bound-  
ary resistivity and the number  of grain boundary  in-  
tersections i~ presented in Table I for a series of 
four specime~s all containing yttria. The grain size was 

/ 

altered by Sintermg at different temperatures.  The 
number  of grain boundary  intersections per c e n t i m -  
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Fig. 5. Variation of impedance with frequency for several speci- 
mens. 
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Fig. 7. Specific impedance vs. frequency curves for specimen 
5P1-1. 

Fig. 6. Specimen 5P1-2. 500X 

eter  length was de termined  by counting the in ter -  
sections of grain boundaries wi th  random lines on 
ei ther  250 or 500• micrographs.  Since the crystal 
resistance makes only a small  contribution to the low 
f requency l imit ing value of the impedance, a value 
of rc of 84 ohm-cm determined on specimens 5Pl-1 
and 5P1-2, was used for all four specimens. The cor- 
re la t ion is sufficiently good to give some confidence 
in the association of the value of ~he low frequency 
plateau with  re -]- rb. 

The observat ion of some previous authors that  plots 
of the logar i thm of the product, t empera tu re  times 
conductivity,  vs.  reciprocal  t empera ture  are sometimes 
nonl inear  can now be readi ly  understood. The crystal 
resistance has a t empera ture  coefficient differing con- 
siderably from that  for the grain boundaries.  Plots 
of log z vs .  log ] for specimen 5Pl-1 at several  tem-  
peratures  ranging from --13 ~ to 320~ are presented 
in Fig. 7. Similar  plots obtained on a specimen of 
somewhat  smaller  grain size, 5P1-2, are shown in Fig. 
8. F rom these data, values of rc and rb were  deter-  
mined over  a range of temperatures.  Since there still 
was a small  var ia t ion in the impedance wi th  f re -  
quency at low frequencies, an effect which increases 
with decreasing temperature ,  values of ro + rb were  
obtained by l inear extrapolat ion of plo,ts of z vs .  ] to  ] 
--> 0. Similarly,  values of rc were  obtained by l inear  
extrapolat ion of plots of z vs.  1/] at high frequencies to 
1/] --> 0. The quanti t ies ~ T  and abT are presented 
on Arrhenius  type plots in Fig. 9, where  ~o ---- 1/ro, 
r : 1/rb, and T is the absolute temperature .  The 
act ivat ion energy for conduction through the grain 

Table I. Correlation of parameter rb with number of grain 
boundaries per unit length intersected by random lines 

I n t e r s e e -  r b / i n t e r -  
~'b, t i o n s  p e r  s e c t i o n s  

S p e c i m e n  k o h m - c m  c m  �9 I 0  ~ p e r  c m  

5PI-] 1.33 0.81 1.64 
5Pl-2 1.88 2.25 0.84 
5Pl-3 2.2 2,75 0,80 
5Pl-5 6 . 9  3,5 1,97 
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Fig. 8. Specific impedance vs. frequency curves for specimen 
5P1-2. 
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Fig. 9. Arrhenius plots for components of resistivity 

interiors was near ly  the same for both specimens and 
amounted to 4.4 kcal /mole .  That for the grain bound-  
aries on the other  hand, amounted to 6.6 kca l /mole  
for both specimens. There  can be considerable var ia-  
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lion, however, in the measured activation energy for 
the grain boundary  resistance from one specimen to 
another. A value as low as 5.1 kcaI has been observed. 
This fact, perhaps, accounts for the considerably 
larger curvature on some plots of log Ctotat T vs. 1/T 
reported previously than that  observed by the present  
authors (5, 12). Here ~tot~l is the reciprocal of rb -}- rc. 

There are still o.ther grain boundary  properties in 
addit ion to resistivity and its activation energy in 
which large variations are observed from one speci- 
men to another. As shown in  Fig. 10, the cross-over 
frequency is much larger ~t room temperature  for 
specimen 6F10-2 than  for the specimens on which 
data were presented above. The previous specimens 
contained 0.5 w/o yt t r ia  while this additive was ab-  
sent from 6F10-2. Even at the highest frequencies, 
at which measurements  would be made using the 
technique described in .this paper, the impedance was 
only a l i t t le less than the low frequency l imit ing value. 
This fact, of course, implies a much smaller Cb value 
than  for the other specimens. Measurements could 
not be extended above 30'0,000 Hz for reasons dis- 
cussed above. Consequently, rc values could not be 
measured on yt t r ia- f ree  specimens. 

From Eq. [2], the cross-over frequency ]c is given 
by the expression 

r c  1 / 2  

1 rb 
r ~ - 

2~Cb ?'brc 

It  must  shift to higher frequencies with increasing 
temperature  because both rr and rb decrease with 
temperature.  In contrast to the resistive parameters 
in the simplified model, the grain boundary  capaci- 
tance varies hardly at all with temperature.  On speci- 
men 5Pl-1 the parameter  Cb was 0.020, 0.0213, 0.021, 
and 0.021 microfarads/cm at temperatures  of --13.2% 
1.8 ~ 24.5 ~ and 52.0~ respectively. On 5P1-2, this 
quant i ty  was 0.0121, 0.0'124, 0.0123, 0:0121, and 0.0126 
micr0farads/cm at temperatures  of --22.9 ~ --10.9% 
--0.2 ~ 10.4 ~ and 23.0~ respectively. The temperature  
shift of It, indicated by vertical bars on the individual  
curves, is very evident  in both Fig. 7 and 8 and im-  
poses a practical l imit  on the temperature  range over 
which r~ values can be obtained using the present 
experimental  technique. 

Some clarifications need to be made with regard 
to the units  in which impedance measurements  as 
well as the parameters  rc, rb, and CD, are expressed. 
The impedance of a specimen at a given frequency 
is obtained from a setting of the reference resistance 
box as described above. In  analogy to the specific 
resistivity, the specific impedance is obtained simply 
from the product of this impedance and the ratio of 
effective cross-sectional area to distance be tween the 
voltage contacts. Similarly, the parameter  r~, the spe- 
cific resistivity of the gr.ain interiors, presents no dif- 

ficulties. However, the parame,ter rb, al though ex- 
pressed in  the units  of specific resistivity, does not  
reier  to a centimeter  cube of grain  boundary  material .  
Rather it can be considered as the resistance of what-  
ever grain boundaries are present in a specimen of 
1 cm 2 cross section with the voltage drop measured 
over a 1 c~_ length. I f  rc and rb are expressed in  
units  of ohm-centimeter,  then from Eq. [2] the grain 
boundary  capacitance mus t  have units  of farads/cen-  
timeter. It is possible, however, to get an order of 
magnitude estimate of the true grain boundary  spe- 
cific resistivity, pb, from elementary considerations. 
Thus 

where A is the effective cross-sectional area of the 
grain boundary  normal  to the electric field; ~ is the 
sum of the grain boundary  thicknesses in the field 
direction; e is the grain boundary  dielectric constant;  
eo is the permit t ivi ty  of free space, 8.85.10 -14 farad/  
cm; A' is the effective area of grain boundary  capaci- 
tor "plates"; and l' is the total thickness of such 
plates. If A ----- A' and 1 = l', then 

r b C b  ~ "  pbeoe 

Using values for rb and CD obtained on specimen 5PI-2 
at room temperature  and estimating ~ to be about 5, 
one gets 

pb = 7.107 ohm-cm 

This value is roughly 10 s times larger than  re. The 
magni tude of this factor for /3-alumina is the under -  
lying reason for the subject given consideration in 
this paper and cons,titutes the basis for the simplified 
model as discussed above. 

The most serious discrepancy between experimental  
data and predictions based On the simplified model 
is that  the measured frequency interval  between the 
low and high frequency irr~pedance plateaus is larger 
than calculated. This fact is i l lustrated in Fig. 11 for 
specimen 5Pl-1 at 52~ This finding implies that the 
electrical properties of the grain  boundaries  cannot 
be described by a single set of rb, Cb values, a result 
supported by measurements  of the phase angle, also 
presented in Fig.-11. If the resistLvity and dielectric 
constant of all grain boundaries  are not identical, a 
satisfactory description requires a series of resistors, 
each shunted with its separate capacitor. At sufficiently 
low frequencies, the impedance of such a modified 
model would equal the sum of the individual  grain 
boundary  resistances plus that  for the crystal as with 
the simplified model. The heterogeneity in the elec- 
trical properties of grain boundaries perhaps should 
not be too surprising because the various boundaries  
are oriented randomly with respect to the electric 
field and compositional variations from boundary  to 
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bounda ry  are  l ikely,  due to the  presence of impur i t ies  
and addit ives.  

The simplif ied model  of the  e lectr ical  proper t ies  
of E-a lumina ceramic shown on Fig. 1 is rea l ly  that  of 
a vol tage d iv ider  for d.c. Consequently,  when  ~-a lu-  
mina  is used in an e lect rochemical  device, a large  
f ract ion of the  appl ied  vol tage  appears  across the  
gra in  boundaries .  This f ract ion does decrease, however ,  
wi th  increasing tempera ture .  Assuming a typical  ~- 
a lumina  ceramic thickness  of 1 mm, 10 ~ gra in  bound-  
aries per  cent imeter ,  a gra in  bounda ry  thickness of 
10 -7 cm, and an appl ied  vol tage of 1V, all  appear ing  
across the gra in  boundaries ,  the  electr ic field would  
be  105 V/am.  This va lue  is sufficiently la rge  for con- 
cern about  the  rap id  decomposi t ion of uns table  sub-  
stances which might  be present  in a bounda ry  in con- 
tact  wi th  an electronic conductor.  Such subs~tances 
might  be e i ther  addi t ives  or impuri t ies .  The cracking 
of E-a lumina ceramic arising from sodium deposi t ion 
into fine cracks may  conceivably bear  some association 
wi th  the  high fields present  across g ra in  boundaries .  

Principal Conclusions 
The simplif ied model  of the  e lectr ical  p roper t ies  of 

p -a lumina  ceramic shown in Fig. 1 is a good firs~t 
approx imat ion  but  needs modification to t ake  account 
of the he te rogenei ty  of gra in  boundar ies  

The model  helps  place in perspect ive  a number  of 
findings of previous  authors.  

For  most s in tered E-alumina ceramic, ~he electr ical  
proper t ies  are  de te rmined  more  by  the charac te r -  
istics of the  gra in  boundar ies  than  by  those of the  in-  
ter ior  of the grains. Consequently,  much of the vol tage 
drop dur ing currenr flow appears  across ~he gra in  
boundaries ,  giving rise there  to ve ry  la rge  electr ic  
fields. 
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Thermodynamic Studies of Dilute Zinc Solutions in the 
Zn-Sn-Cd-Pb System at High Lead Concentrations 

Z. Moser *'1 and W. Zakulski 
Inst i tute  for Metal  Research, Polish Academy  o~ Sciences, Krakdw,  Reymonta  25, Poland 

ABSTRACT 

The activity coefficients of zinc were measured in the concentrat ion range 
0.03 < Xzn < 0.1 at temperatures  in the range 714~176 for lead-r ich alloys 
in the qua te rnary  system Zn-Sn-Cd-Pb  with t in  and cadmium mole fractions 
l imited to 0.01 < Xsa < 0.1 and 0.01 < Xcd < 0.1. Measurements were of emf 
of concentrat ion cells. Exper imental  values of in  7zn were compared with 
values obtained from the Krupkowski  formalism and from the Wagner  for- 
malism. In  the la t ter  instance two sets of values were generated, one set con- 
sidering first-order interactions only and the other set considering both first- 
and second-order interactions. The comparisons show that  the experimental  
data are reasonably described by both the Krupkowski  approach and the 
Wagner  approach with first-order interactions only. However, less satisfactory 
accord is obtained after inclusion of second-order interactions in the Wagner  
equations. The present  results show that in the qua te rnary  system strong 
negative self- interact ion parameters,  ~Znzn which lead to marked positive 
deviations from Raoult 's  law in the Zn-Pb  b inary  system also lead to nega-  
tive z inc-cadmium and zinc- t in  interact ion parameters  in  the quaternary  
system. This is in accord with earlier results on te rnary  systems. 

Determinat ion of thermodynamic properties of di- 
lute mul t icomponent  systems is of interest  from an in-  
dustrial  point of view but  is also of fundamenta l  in ter-  
est in  defining the predictabil i ty of sol~te-solute in -  
teraction parameters  on the basis of a solute-solvent  
reference interaction. In  this s tudy the reference can 
be taken  as a b inary  solution showing only strong 
positive deviations from ideal behavior. In  a previous 
investigation (1) it was shown that in the case of ter-  
nary  solutions where one b inary  pair exhibits ex- 
tensive deviation from Raoult 's law, the deviation in -  
fluences in a predictable manne r  the thermodynamic  
properties of the te rnary  system. Zinc and lead form 
liquid solutions with strong deviations from Raoult 's 
law. It has been exper imental ly  demonstrated that  
negative values for interact ion pa ramete r s  eMezn O c c u r  

in te rnary  Zn-Me-Pb  solutions where Me ~ Bi, Sb, 
Cd, Sn, and In. In  all these Zn-Me b inary  systems a 
much smaller  departure  from ideality is observed than  
in the Zn-Pb  system, and the original properties of 
Zn-Pb  solutions are a decisive factor in the deter-  
minat ion of the sign of the te rnary  interact ion param-  
eters eMezn. 

The main  purposes of the present investigation were 
to find whether  or not the strong negative sel f - inter-  
action parameter,  eZnzn ~. 0 in the Zn-Pb  b inary  system 
is also decisive in qua te rnary  solutions, to determine 
the influence of t in  and cadmium additions on zinc ac- 
tivity, and finally to test Krupkowski ' s  (2) and Wag- 
ner 's  (3) formalisms with exper imental  data. In  
Krupkowski 's  formalism the thermodynamic functions 
of a mul t icomponent  system are evaluated from the 
activity coefficients of the consti tuent b inary  systems. 
Wagner 's  series expansion which represents the loga- 
r i thm of the zinc activity coefficient as a sum of in ter-  
action parameters is simplified in the present system 
since the relat ion of In 7zn vs. concentrat ion of t in  or 
cadmium in lead was found to be linear. The Wagner  
t rea tment  may be applied with the assumption of first- 
order interactions only (model I) or with the assump- 
t ion of both first- and second-order interactions 
(model II) .  It may be noted that Gluck and Pehlke 
(4, 5) have studied b ismuth-r ich  ternary,  quaternary,  
quinary, hexadic, and septenary solutions with dilute 

* Electrochemical  Society Act ive  Member ,  
1 Presen t  address :  Vis i t ing Professor ,  Iowa State Univers i ty ,  A m e s  

Laboratory,  USAEC, Ames,  Iowa 50010. 
Key  words :  concentrat ion c e i l  l iquid qua t e rna ry  system,  ac t iv i ty  

coefficient of zinc, in teract ion pa rame te r .  

zinc concentrations and have shown that  in  these sys- 
tems the inclusion of second-order interactions is use-  
ful in predicting the activity coefficient of zinc. 

Experimental Procedure 
Zinc activities were determined by emf measure-  

ments  on concentrat ion cells of the type 

Zn(1) IZnC12 in  LiC1,KC1 (eutectic) (1) 1 
Z n - S n - C d - P b  (1) 

Exper imental  details have been discussed in preceding 
papers (6, 7). Measurements were made with zinc 
mole fractions of Xzn ---- 0.03, 0.05, 0.07, and 0.1 and t in 
and cadmium mole fractions varying between 0.01 
and 0.1 in  the temperature  range 714~176 For any 
given concentration, the exper imental  emf vs. tem-  
perature was found to be adequately described by a 
l inear  relationship, and the experimental  data were 
fitted to such a relationship by the method of least 
squares. The resulting parameters with standard de- 
viations are listed in Table I. Values from these linear 
relationships were taken at arbitrarily selected tem- 
peratures of 714 ~ 805 ~ and 877~ and were converted 
to activity coefficients through the relation 

7Zn ~-- 1/Xzn e-nEF/RT [1] 

where 7zn and Xzn are, respectively, the activity co- 
efficient and mole fraction of zinc, n is the valence, F 
is Faraday's  constant with a selected value of 23.066 
cal per volt per gram equivalent,  E is the emf in volts, 
7" is the temperature  in Kelvin, and R is the gas con- 
stant. The experimental  data are summarized in Table 
I. The uncertaint ies  in  the exper imental  emf's vs. tem- 
perature reflect uncertaint ies  between 1 and 5% in In 
7zn at any given tempera ture  at the 95% confidence 
level. 

Interpretation of the Results by Krupkowski's Formalism 
Values of In 7zn from Eq. [1] are plotted in  Fig. 1 

through 4 as in  7za vs. Xsn (Xzn ----- XCd ---- const) and 
in Fig. 5 through 8 as In 7zn vs. XCd (Xzn ~ Xsa -- 
const). The te rnary  end points in Fig. 1 through 4 at 
Xsn ~ 0 and in Fig. 5 through 8 at Xcd : 0 are from 
previous papers on Zn-Cd-Pb  (8) and Z n - S n - P b  (9) 
systems, respectively. It can be seen from the extrapo- 
lations that the present data are in good accord with 
earlier data. In  Fig. 1 through 8 the thin continuous 
l ine corresponds to In 7zn values obtained by means of 
Krupkowski 's  formalism. According to Krupkowski 's  

232 
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Table I. Experimental data in the Zn-Sn-Cd-Pb liquid alloys 

E l e c t r o m o t i v e  f o r c e ,  m V  
A l l o y  

NO. Xzn e XS]l Xcd Xpb 7 1 4 ~  8 0 5 ~  8 7 7 ~  E m v  = - - a  + b T ~  ** S ( y ' ~ t  

1 0 . 0 3 0 1  0 .010O 0 . 0 3 0 0  0 . 9 2 9 9  2 1 . 9 7 6  3 8 . 7 0 4  5 1 . 9 3 9  = 1 0 9 . 2 7 1  + 0 . 1 8 3 8 2 T  0 . 5 2  
2 0 . 0 3 0 1  0 . 0 2 9 9  0 . 0 3 0 0  0 . 9 1 0 0  2 2 . 1 6 6  3 9 . 6 2 1  53 .431  = 114 .786  + 0 . 1 9 1 8 1 T  0 . 5 8  
3 0 . 0 3 0 1  0 . 0 5 0 0  0 . 0 2 9 9  0 . 8 9 0 0  2 6 . 2 9 8  4 2 . 8 1 2  5 5 . 8 7 9  = 1 0 3 . 2 7 9  ~ 0 . 1 8 1 4 8 T  0 .42  
4 0 . 0 3 0 2  0 . 0 7 0 0  0 . 0 2 9 9  0 . 8 6 9 9  2 8 . 3 9 9  4 5 . 6 3 7  59 .276  = 1 0 6 . 8 5 4  + 0 . 1 8 9 4 3 T  1 .09  
5 0 . 0 3 0 1  0 . 1 0 0 0  0 . 0 3 0 0  0 . 8 3 9 9  3 3 . 9 2 8  5 0 . 5 4 5  63 .892  = 9 6 . 4 4 8  + 0 . 1 8 2 6 0 T  - -  
6 0 . 0 5 0 1  0 . 0 1 0 0  0 . 0 5 0 0  0 . 8 8 9 9  7 .692  2 3 . 3 4 1  3 5 . 7 2 2  1 1 5 . 0 8 7  + 0 . 1 7 1 9 6 T  - -  
7 0 . 0 5 0 1  0 . 0 2 9 9  0 . 0 4 9 9  0 . 8 7 0 0  9 . 8 5 2  2 5 . 6 9 0  3 8 . 2 2 2  = 1 1 4 . 4 2 0  + 0 . 1 7 4 0 5 T  - -  
8 0 . 0 5 0 1  0 . 0 5 0 0  0 . 0 4 9 9  0 . 8 5 0 0  12 .926  2 8 . 5 7 0  4 0 . 9 4 7  = 1 0 9 . 8 1 8  + 0 . 1 7 1 9 1 T  - -  
9 0 . 0 5 0 1  0 . 0 7 0 0  0 . 0 4 9 9  0 . 8 3 0 0  13 .810  2 9 . 0 9 6  4 1 . 1 9 0  = 1 0 6 . 1 2 3  + 0 . 1 6 7 9 8 T  

I0 0.0501 0.I000 0,0499 0.8000 18.753 34.008 46.078 = 100.942 + 0.16764T - -  
11 0 . 0 7 0 1  0 . 0 1 0 0  0 . 0 7 0 0  0 . 8 4 9 9  2 . 5 7 7  1 5 . 7 3 3  2 6 . 1 4 2  : 1 0 0 . 6 4 6  + 0 . 1 4 4 5 7 T  0 . 2 6  
12 0 . 0 7 0 1  0 . 0 2 9 8  0 . 0 7 0 0  0 . 8 3 0 1  5 . 7 6 2  1 8 . 6 5 0  2 8 . 8 4 7  = 9 5 . 3 6 2  + 0 . 1 4 1 6 3 T  - -  
13 0 . 0 7 0 2  0 . 0 5 0 0  0 . 0 7 0 0  0 . 8 0 9 8  6 . 8 1 6  2 0 . 4 4 3  3 1 . 2 2 4  1 0 0 . 0 9 8  + 0 . 1 4 9 7 4 T  
14 0 . 0 7 0 1  0 . 0 7 0 0  0 . 0 7 0 0  0 . 7 8 9 9  9 . 3 3 1  2 3 . 1 4 2  3 4 . 0 6 9  = 9 9 . 0 3 3  + 0 . 1 5 1 7 7 T  0 . 6 2  
15 0 . 0 7 0 2  O.1000 0 . 0 7 0 0  0 . 7 5 9 8  11 .925  2 5 . 3 6 4  3 5 . 9 9 8  = 9 3 . 5 2 6  + 0 . 1 4 7 6 9 T  - -  
16 0 . 1 0 0 0  0 . 0 1 0 0  0 . 0 9 9 9  0 . 7 9 0 1  - -  6 . 7 4 7  17 .34~  111 .717  + 0 . 1 4 7 1 6 T  - -  
17  0 . 1 0 0 1  0 . 0 2 9 9  0 . 0 9 9 9  0 .7701  - -  9 . 8 4 0  2 1 . 0 4 9  = 115 .482  + 0 . 1 5 5 6 8 T  0 . 4 3  
18 0 . 1 0 0 1  0 . 0 4 9 9  0 . 1 0 0 0  0 . 7 5 0 0  - -  11 .680  2 1 . 1 7 3  : 9 4 . 4 5 1  + 0 . 1 3 1 8 4 T  - -  
19 0 .1001  0 . 0 7 0 0  0 .1O00 0 . 7 2 9 9  1 .401  13 .728  2 3 . 4 8 2  = 95 .325  + 0 . 1 3 5 4 7 T  - -  
20  0 . 1 0 0 1  0 . I 0 0 0  0 . 1 0 0 0  0 . 6 9 9 9  4 . 5 4 1  16 .683  2 6 . 2 9 0  = 9 0 . 7 2 8  + 0 . 1 3 3 4 3 T  - -  
21  0 . 0 3 0 1  0 . 0 3 0 0  0 . O l 0 0  0 . 9 2 9 9  2 1 . 8 8 5  3 8 . 1 0 7  5 0 . 9 4 3  1 0 5 . 4 0 0  + 0 . 1 7 8 2 7 T  0 .20  
2 2  0 . 0 3 0 2  0.0300 0.0500 0 . 8 8 9 8  2 3 . 6 1 4  4 1 . 2 8 6  5 5 . 2 6 8  = 115 .04~  + 0 . 1 9 4 2 0 T  - -  
23  0 . 0 3 0 1  0 . 0 3 0 0  0 . 0 7 0 0  0 . 8 6 9 9  2 5 . 8 9 1  43 .381  5 7 . 2 1 9  = 1 1 1 . 3 4 0  + 0 , 1 9 2 2 0 T  - -  
2 4  0 . 0 3 0 1  0 . 0 2 9 9  0 . 0 9 9 9  0 . 8 3 9 9  2 8 , 3 3 9  4 4 . 8 4 0  5 7 . 8 5 6  = 1 0 0 . 6 8 8  + 0 . 1 8 0 7 8 T  0 . 3 5  
25  0 . 0 5 0 1  0 . 0 5 0 0  0 . 0 1 0 0  0 . 8 8 9 9  10 .496  2 4 . 9 8 0  3 6 . 4 3 9  = 1 0 3 . 1 3 7  + 0 . 1 5 9 1 5 T  0 . 3 3  
26  0 . 0 5 0 1  0 . 0 5 0 0  0 . 0 2 9 9  0 . 8 7 0 0  1 0 . 5 2 7  2 6 . 3 6 7  3 6 . 9 0 0  = 1 1 3 . 7 5 9  + 0 . 1 7 4 0 7 T  0 .36  
2 7  0 . 0 5 0 1  0 . 0 5 0 0  0 . 0 6 9 9  0 . 8 3 0 0  12 .570  2 8 . 1 9 2  4 0 . 5 5 3  = 1 1 0 . 0 0 2  + 0 . 1 7 1 6 7 T  0 . 4 0  
2 8  0 . 0 5 0 2  0 . 0 5 0 0  0 . 0 9 9 9  0 . 7 9 9 9  14 .349  3 0 . 0 1 5  4 2 . 4 1 0  = 1 0 8 . 5 6 6  + 0 . 1 7 2 1 5 T  0 . 1 3  
2 9  0 . 0 7 0 0  0 . 0 7 0 0  0 . 0 1 0 0  0 . 8 5 0 0  4 . 8 5 3  17 .933  2 8 . 2 8 1  = 9 7 . 7 7 0  + 0 . 1 4 3 7 3 T  0 . 3 9  
30  0 . 0 7 0 1  0 . 0 7 0 0  0 . 0 3 0 0  0 . 8 2 9 9  6 . 1 3 0  18 .188  2 7 . 7 2 9  = 8 8 . 4 8 2  + 0 . 1 3 2 5 1 T  0 . 2 2  
31  0 .0701  0 . 0 7 0 0  0 . 0 4 9 9  0 . 8 1 0 0  7 .572  2 0 . 6 7 8  3 1 . 0 4 7  = 9 5 . 2 5 8  + 0 . 1 4 4 6 2 T  - -  
32  0 . 0 7 0 1  0 . 0 7 0 0  0 . 0 9 9 9  0 . 7 5 9 9  11 .176  2 3 . 7 0 5  3 3 . 6 1 8  = 8 7 . 1 2 7  + 0 . 1 3 7 6 8 T  - -  
33 0.1O00 0.0999 0.0099 0.7902 1.564 11.855 19.996 = 79.158 + 0.I1306T 0.08 
34  0 . 1 0 0 2  0 . 0 9 9 9  0 . 0 2 9 9  0 . 7 7 0 0  2 . 1 7 1  13 .437  2 2 . 3 5 1  : 86 .222  + 0 . 1 2 3 8 0 T  - -  
35  0 .100O 0 . 0 9 9 9  0 .0501  0 . 7 5 0 0  2 . 8 9 9  14 .708  2 4 . 0 5 1  = 8 9 . 7 5 7  + 0 . 1 2 9 7 7 T  - -  
36  O.1001 0 . 0 9 9 9  0 . 0 7 0 0  0 . 7 3 0 0  3 . 3 8 4  1 5 . 1 5 4  2 4 . 4 6 6  = 8 8 . 9 6 5  + 0 . 1 2 9 3 4 T  0 . 4 5  

* Xzn, Xsn, Xcd, and XPb mole fractions weighed i n  basis. For repeated measurements, the mean values of all alloys for the same com- 
position. 

** a = i n t e r c e p t  i n  the linear e q u a t i o n  ( E m v =  - - a  + b T ~  b = s l o p e  o f  t h e  l i n e  E m v  v s .  t e m p e r a t u r e ,  m V / ~  
t ,~(Y-') = s t a n d a r d  d e v i a t i o n  o f  t h e  e l e c t r o m o t i v e  f o r c e .  

m e t h o d  (2) t h e  ac t i v i t y  coefficients in  b i n a r y  sys tems  
t a k e  the  f o r m  

lnTj  : W j k ( T )  [ ( 1  - -  X k )  m j k  

i] 
mjk (1 Xk) m~k-i -t- [2] 

' m . j k -  1 m j k -  1 

In  7k ---- Wjk ( T ) ( 1  - -  Xk) mjk [ 3 ]  

where  7j, 7k are  ac t iv i ty  coefficients of components  j 
and k, ~jk(T) is the function dependent on tempera- 
ture, mjk is the asymmetry coefl%cient independent of 
concentration, Xk is the concentration of the compo- 
nent k in molar fraction. Equation [2] is derived from 
Gibbs-Duhem equation (Xkd In 7k 4- Xjd In 7j = 0) 
assuming that Eq. [3] applied for component k. Values 
of w(T) and m were obtained from experimental data 
for the constituent binary systems and are summarized 
in Table If. Using these data, following the notation 
i = Zn, jl = Sn, j2 = Cd, k = Pb(solvent) and the 
procedure given in the Appendix the relation for In 
7zn in quaternary system is as follows 

In,Ti = --~ijl [(i -- Xi)m'ji-2XiXh -- (i -- Xi)m'Ji-2Xjl] 

- '~iJ2[ ( 1  - Xi)m,~-2XiX~2 - ( 1  - Xi)m,,2-2Xj2] 

- ~ i k [  ( 1  - -  Xi)m~k-2XiXk -- ( 1  - -  X i ) r a ' k - e X k ]  

- -  ~jlj2(1 --  Xj2 )m , i ,~ -2X j lX j2  

- -  ~J,k (1 --  Xk)'n~l*-2XjlXk - -  ~j2k(1 -- Xj2)m~2*-2Xj2Xk 
[ 4 ]  

The  deta i l s  o f  th is  p r o c e d u r e  a re  also g i v e n  in  the  
p a p e r  (6) on the  Z n - S n - C d - B i  sys tem.  Values  of  In 
7zn f r o m  Eq. [4] a re  c o m p a r e d  w i t h  e x p e r i m e n t a l  
va lues  in  Tab le  I I I  as w e l l  as in Fig. 1 t h r o u g h  8. F r o m  
these  compar i sons  it  m a y  be  seen  tha t  t h e  K r u p -  
kowsk i ' s  f o r m a l i s m  p rov ides  a qu i t e  r easonab le  ap-  
p r o x i m a t i o n  to t he  e x p e r i m e n t a l  data. The  h ighes t  de -  

v ia t ions  f r o m  the  e x p e r i m e n t a l  da ta  occur  at  714~ 
and at concen t ra t ions  Xzn = Xsn = 0.1 and  Xzn = Xcd 
= 0.1. These  dev ia t ions  resu l t  f r o m  the  inf luence of 
immisc ib i l i t y  w h i c h  occurs  at these  concen t r a t ions  in 
the  t e r n a r y  sys tems  Z n - S n - P b  and Z n - C d - P b ,  r e spec -  
t ively .  

2.81 I " ~ . 

Xzn=O.03 
Xcd=O.03 

[ n ~'Z n 2"6 

2.5, 

0 Q01 0.03 0.05 XS n 0.07 0.10 

Fig. 1. In 7zn vs. Xsn dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at 714% 805 ~ , and 877~ when Xzn = 0.03, Xcd = 0.03. 

e -  This study, 0 Ref. (8), - -  calculated from 
Krupkowski's Eq. [4 ] ,  calculated from model I Wagner's 
Eq. [8 ] ,  calculated from model II Wagner's Eq. [7 ] .  
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ln~ 

2 Xzn= 0.07 
Xca=O.07 

0 0.01 003 0.05 Xs n 0.07 0.10 

Fig. 2. In V z n  vs. Xsn dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at 714 ~ , 805 ~ , and 877~ when Xzn ---- 0.05, XCd = 0.05. 

�9 This study, 0 Ref. (8), ~ calculated from 
Krupkowski's Eq. [4 ] ,  calculated from model I Wagner's 
Eq. [8 ] ,  - -  . . . . . .  calculated from model II Wagner's Eq. 17]. 

Interaction Models 
F o l l o w i n g  Wagner 's suggest ion (3) i n  "n m a y  be ex-  

panded in Taylor  series for the qua te rna ry  system in 
the following form 

1 ( a 2 In 7i ) 
\ OXj2 \ ~  

(, O ~ in 7i 1 
§ 

OXjlS aXjg.~ 

§ XiXj1 (.021n7i ~ 8~1n7i ~ 

Equat ion [5] includes terms for both first- and second- 
order  interactions.  The notat ion is the  same as used 
by  Gluck and Pehlke  (5) who were  concerned with  
solute interact ions of zinc in dilute solutions wi th  
mol ten  bismuth.  The f i rs t -order  terms in Eq. [5] are 

( Olnvi  ) 
= ei I se l f - in teract ion pa rame te r  in 

the system i -k ( so lven t )  

01nTi 0-z:) eiJl t e rna ry - in te rac t ion  pa rame te r  
in the system i - j t - k  

( a l n T i )  , 
~ e i J ~  t e rna ry - in t e rac t ion  pa ramete r  

in the system i-j2-k 

and ~he second-order  te rms a re  

0 2 ]13. "Yi I - -  eiii 
OXi 2 

( c921n7i ) _~_eihj 2 
OX2 h 

second-order  in teract ion pa-  
r amete r  in the system i -k  

second-order  direct  t e rna ry  
in terac t ion  pa rame te r  in the 
system i - j z -k  

0 
XSn 

0.01 0.03 0.05 Q07 OJO 

Fig. 3. In ~ / z n  vs. Xsn dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at 714 ~ , 805 ~ , and 877~ when Xzn = 0.07, XCd = 0.07. 

�9 This study, 0 Ref. (8), ~ calculated from 
Krupkowski's Eq. [4 ] ,  calculated from model I Wagner's 
Eq. [8 ] ,  - -  . . . . . .  calculated from model II Wagner's Eq. [7] .  

2.5 ~,~ ~ ~ .  Xzn =010 
Xcd=0.10 24F 

2.3 , ~ 
o 

2,2- "x --.. ~ 

Ln ~/Zn 2:1 " \  ~ ~ 

2s 

2,1C X 

2.0 ".. i ~ ~ " ~ - .  

1.9 f ~ ' ~ "  
1.8 " .  ~" 

1.7 

1.~ 

1.~ ~ 

1.6 �9 .~ 
] "-~. 

0 0.01 0.03 0.05 XS n 0.07 0.10 

Fig. 4. In 7zn vs. Xsn dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at 714% 805 ~ and 877~ when Xzn = 0.10, XCd ~ 0.10. 
- - � 9  This study, 0 Ref. (8), - -  calculated from 
Krupkowski's Eq. [4], calculated from model I Wagner's 
Eq. [8.], calculated from model II Wagner's Eq. [7 ] .  

a2 
~ ----ei52J~ second-order  direct  t e rna ry  

In \ 7i 

~Z2j 2 / in teract ion pa ramete r  in the 
system i - j2 -k  
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[n~z~ 

"~0 0.01 0,03 0.05 Xc d 0.o1 0.10 

Fig. 5. In 7zn vs. Xcd dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at 714 ~ 805 ~ and 877~ when Xzn - -  0.03, Xsn - -  0.03. 

�9 This study, 0 Ref. (16), - -  calculated from 
Krupkowski's Eq. [4] ,  calculated from model I Wagner's 
Eq. [8] ,  - -  . . . . . .  calculated from model II Wagner "~, Eq. [7].  

[.I-I ~Zn 

0 0.01 0.03 XC d Q05 0.07 0.10 

Fig. 6. In 7zn vs. Xcd dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at 714% 805/  and 877 ~ when Xzn = 0.05, Xsn = 0.05. 

�9 This study, 0 Ref. ( 1 6 ) , -  calculated from 
Krupkowski's Eq. [4] ,  calculated from model I Wagner's 
Eq. [ 8 ] , -  . . . . . .  calculated from model II Wagner's Eq, [7].  

02 In 7i ) : eiJi i 

oXiOX h 

( 021n'7i ) =eij2i 
OXiOXj2 

02 In 7i 

0Zjl0ZJ2 ) = eiJz]2 

second-order cross ternary  in- 
teraction parameter  in the 
system i-jz-k 

second-order cross ternary in- 
teraction parameter  in the 
system i-j2-k 

indirect cross interaction pa- 
rameter in the system 
i - j l - j2-k 

Equation [5]  may be rewri t ten in the form 

I. n ~zn 

0 0.01 Q03 0.05 0.07 0,10 

Xcd 

Fig. 7. In 7zn vs. Xcd dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at" 714% 805% and 877~ when Xzn = 0.07, Xsn = 0.07. 

�9 - -  This study, G Ref. (16), - -  calculated from 
Krupkowski's Eq. [4] ,  - -  . . . .  calculated from model I Wagner's 
Eq. [8] ,  - -  . . . . . .  calculated from model "11 Wagner's Eq. [7].  

2.3 Xzn:O.lO 
Xsn:O.lO 

_ 714 ~ 

2J 

tn~z~ ~ 
1,9 

1.8 

805 ~ 

1.6 # "-~. 

1.5~ " ~ .  

1.4 

o~ oi]1 003 

877 ~ 

Qo5 Xc d o.o7 o.1o 

Fig. 8. In "Yzn vs. XCd dependence in Zn-Sn-Cd-Pb liquid solu- 
tions at 714 ~ , 805% and 877~ when Xzn = 0.10, Xsn = 0.10. 

�9 This study, Q Ref. (16), - -  calculated from 
Krupkowski's Eq. [4] ,  calculated from model I Wagner's 
Eq. [8] ,  - -  . . . . . .  calculated from model II Wagner's Eq. [7].  

[ 12 ] 
In 7i ---- In 7i o + Xiei i + ~- Xi ei ii H- [XjleiJ~ H- Xj2eiJ.] 

I i -~[-~Xj12eiJxJz'~--~Xj22eiJ.J.+XiXjleiJli'~-XiXj2eiJ. i ] 
+ [Xj~Xje,JA] [6] 
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Table II. Values of the function ~(T) and m for binary alloys 

S y s t e m  rn w (T) Ref.  

Z n - S n  1.10 |[ 2489 (10) 
+ 1.824 

L T 

(in T -- 1) -- 12.929]  

T 
Z n - P b  1.53 (3000  1.059~ (i)  

~ ) . ~ -  

S~-Cd 1.92 (967__ _ 0.661 ) (12, 

- -  + 9.345 
T 

C d - P b  1.73 ( 1 2 2 0 _ 0 . 3 6 8 "  ~ (14) 

* Ca lcu l a t ed  i r o m  l:teL (13). 

It is clear from Eq. [6] that only the term in the last 
bracket requires data from the qua te rnary  system. In  
addition a l inear  dependence of In "n vs. X j l  and Xj~ 
when Xi = const occurs in te rnary  solutions and results 
in eiJlJl = 0 and eiJ~,., = 0. Similarly, in b inary  Zn-Pb  
system the l inear i ty  of In 7 i  VS. Xi  makes ~i ii = 0. After  
deletion of these terms the following form of Eq. [6] 
is obtained 

In 7i : In 7i ~ + Xiei i + Xjlr ~- XJ2eiJ2 

-~ X i X j l e i J x  i ~- XiXj2e i ]~ i  ~- Xj lXj2eiJxJ~ [7 ]  

Dealy and Pehlke (15) used a similar equation for 
mul t icomponent  alloys based on the Zn-Bi  system of 
preponderant  b ismuth concentration, but  in that sys- 
tem Henry 's  law is obeyed and therefore ezn zn = 0. A 
fur ther  difference in  their  paper was that they did not 
evaluate the term siJ14. In  the present  paper the value 
of eiJ~4 was determined, and also the behavior  of the 
Zn-Pb  system requires that  eZn zn ~ 0. 

Equation [7] with inclusion of both first- and sec- 
ond order interact ion parameter  represents what  was 

referred to in the beginning of this paper as Wagner 's  
model II. Neglect of second-order interact ion terms 
shortens Eq. [7] to 

i n  7 i  ---- i n  7 i  ~ + X i e i  i -~- X j l s i J1  @ Xj2eiJ2 [ 8 ]  

which represents what  was referred to as Wagner 's  
model I. 

The values of respective interact ion parameters are 
given in Table IV. Results from calculations carried 
out with models I and II are included in Table III and 
are also plotted in  Fig. 1 through 8 with the dotted 
line corresponding to model I and the dash-dot line to 
model II, respectively. Values of the te rnary  interac-  
tion parameters ezn TM were deduced (8) from the plots 
of (In 7zn)xzn=0 vs. XCd. Therefore the values of pa- 
rameters eZn CdZn w e r e  obtained on the basis of the data 
given by Pehlke, Okajima, and Moore (17) as the 
l imit ing slopes of the plots 

( 0 1 n T z n )  vs. Xzn  

0 Z c d  XCd=O 
XZn=cons t  

at temperatures 723 ~ 823 ~ and 923~ this plot shows 
a l inear  dependence from Xzn ---- 0 to Xzn : 0.0375. 
The temperatures  differ slightly from those of the 
present paper, but  any error which is introduced from 
this difference should be minor.  

The plots in Fig. 1 through 8 show that model I 
gives bet ter  agreement  with experimental  data than 
does model II. Model II exhibits satisfactory agree- 
ment  only at concentrations Xzn : Xsn : 0.03 and 
Xzn ---- Xcd ---- 0.03. Generally,  the bet ter  fitting of the 
experimental  data takes place at higher temperatures 
and at lower zinc concentrations. 

Conclusions 
This investigation of the lead-r ich Z n - S n - C d - P b  

system at temperatures  714~176 has shown that at 
fixed concentrat ion the relat ion of emf vs. tempera-  
ture is of l inear  character. Linear  relationships were 
also observed in plots of ]n 7zn vs. Xsn and in  7zn vs. 
XCd when Xzn : Xcd ---- const, respectively. 

With Krupkowski 's  formalism the values of activity 
coefficients of zinc were calculated and show gen- 

Table III. Experimental values of In "Yzn compared with the data from l(rupkowski's and Wagner's formalisms 

Alloy 
Not XZn XSn XCd Xpb 

In ~/z. Eq.  [4] In ~/za Eq. [8] In ~/zn Eq.  [7] 
i n  ~/zn calc. f r o m  calc. f r o m  W a g n e r ' s  calc. f r o m  W a g n e r ' s  

e x p e r i m e n t a l  da ta  K r u p k o w s k i ' s  fo rm.  form.,  m o d e l  I form. ,  m o d e l  I I  

714~ 805~ 877~ 714~ 805~ 877~ 714~ 805~ 877~ 714~ 805~ 877~ 

1 0.03 O.01 0.03 0.93 
2 0.03 0.91 
3 0.05 0.89 
4 0.07 0.87 
5 O.10 0.84 
6 0.05 0.01 0.05 0.89 
7 0.03 0.87 
8 0.05 0.85 
9 0.07 0.83 

10 0.10 0.80 
11 0.07 0.Ol O.O7 0.85 
12 0.03 0.83 
13 0.05 0.81 
14 0.07 0.78 
15 0.10 0.76 
16 O.lO O.O1 O.lO 0.79 
17 0.03 0.77 
18 0.05 0.75 
19 0.O7 0.73 
20 0.I0 0.70 
21 0.03 0.03 0.01 0.93 
22 0.05 0.89 
23 0.07 0.87 
24 0 . i0  0.84 
25 0.05 0.05 0.01 0.89 
26 0.03 0.67 
27 0.07 0.83 
28 0.1O 0.80 
29 0.07 0.07 0.01 0.85 
30 0.03 0.83 
31 0.05 0.81 
32 0.10 0.76 
33 0.10 0.10 0.01 0.79 
34 0.03 0.77 
35 0.05 0.75 
36 0.07 0.73 

2.787 2.386 2.127 2.874 2.440 2.160 2.855 2.454 2.195 2.839 2.439 2.177 
2.782 2.360 2.088 2.807 2.380 2.105 2.760 2.372 2.121 2.731 2.845 2.094 
2.647 2.268 2.023 2.739 2.320 2.050 2.665 2.289 2.047 2.623 2.252 2.011 
2.577 2.184 1.931 2.672 2.260 1.995 2.569 2.207 1.974 2.514 2.148 1.928 
2.399 2.044 1.816 2.571 2.170 1.912 2.426 2.084 1.863 2,351 2.017 1.804 
2.743 2.320 2.047 2.718 2.311 2.047 2.703 2.338 2.104 2.667 2.303 2.058 
2.674 2.253 1.982 2.651 2.'252 1.992 2.608 2.256 2.030 2.550 2.203 1.968 
2.573 2.169 1.909 2.585 2.193 1.938 2.513 2.173 1.956 2.433 2.100 1.876 
2.502 2.112 1.861 2.519 2.134 1.834 2.417 2.091 1.883 2.315 1.998 1.790 
2.383 2.012 1.773 2.419 2.045 1.803 2.274 1.968 1.772 2.139 1.847 1.657 
2.574 2.204 1.965 2.573 2.186 1.936 2.551 2.223 2.013 2.487 2.160 1.934 
2.471 2,120 1.894 2.508 2,128 1,883 2.456 2.141 1.939 2.361 2,052 1.837 
2.435 2.067 1.830 2.442 2.069 1.829 2.361 2 .058  1.865 2.235 1.941 1.742 
2.354 1.990 1.755 2.377 2.011 1.776 2.265 1.976 1.792 2.108 1.833 1.647 
2.269 1.925 1.704 2.279 1.924 1.696 2.122 1.853 1.681 1.919 1.670 1.505 

- -  2.108 1.843 2.357 2.004 1.775 2.322 2.050 1.875 2.200 1.930 1.713 
- -  2.018 1.745 2.293 1.947 1.723 2.227 1.968 1.801 2.061 1.810 1.608 
- -  1.965 1.741 2.229 1.889 1.671 2.132 1.885 1.727 1.922 1.689 1.503 

2.256 1.906 1.680 2.165 1 . 8 3 2  1 . 6 1 9  2.036 1.803 1.654 1.782 1 . 5 6 9  1.400 
2.154 1.820 1,605 2.068 1.747 1.540 1.893 1.680 1.543 1.573 1.388 1.242 
2.792 2.405 2,155 2.867 2.431 2.149 2.813 2.413 2.154 2.797 2.398 2,141 
2.733 2.310 2.037 2.746 2.330 2.061 2,707 2.331 2,088 2.665 2.293 2.047 
2.660 2.251 1.987 2.687 2.280 2.018 2.654 2.290 2.055 2.599 2.240 1.999 
2.579 2.209 1,971 2.601 2.208 1.955 2.574 2.228 2.005 2.499 2.160 1.928 
2.652 2.272 2.028 2.708 2.292 2.025 2.619 2.255 2.022 2.583 2.221 1.995 
2.651 2.233 1.963 2.648 2.242 1.981 2.566 2.214 1.989 2.508 2.161 1.938 
2.585 2.181 1,920 2.531 2.144 1.896 2.460 2.132 1.923 2.358 2.039 1.825 
2.526 2.127 1,870 2.445 2.089 1.833 2.380 2.070 1.873 2.245 1.948 1.740 
2.501 2.142 1.910 2.550 2.156 1.902 2.424 2.099 1.891 2.360 2.038 1.843 
2.458 2.133 1.924 2.492 2.107 1.859 2.371 2.058 1.858 2.276 1.970 1.776 
2.412 2,062 1.836 2.434 2.059 1.817 2.318 2.017 1.825 2.192 1.901 1.711 
2.294 1.973 1.767 2.293 1.941 1.715 2.185 1.914 1.742 1.982 1.730 1.545 
2.251 1.962 1,773 2.318 1.955 1.722 2.132 1.865 1.693 2.010 1.749 1.604 
2.230 1.913 1.709 2.261 1.908 1.680 2.079 1.824 1.650 1.913 1.669 1.524 
2.208 1.878 1,665 2.205 1.861 1.640 2.026 1.783 1.627 1.816 1.589 1.444 
2.192 1.865 1.654 2.149 1.815 1.599 1.973 1.742 1.594 1.719 1.509 1.365 
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Table IV. Values of binary, ternary, and quaternary interaction 
parameters at temperatures 714 ~ 805 ~ and 877~ 

TOK 
P a r a m -  

e t e r  714 805 877 Ref.  

i n  7zn o 3.1 2.7 2.4 (9) 
eZn z n  - -4 .9  - -3 .7  - -2 .9  (9) 
ez~ s" - 4.8 - 4.1 - 3.7 (16) 
s z n  c a  - -  2 . 6 "  - -  2 . 0  - -  1 . 6  ( 8 )  
SZn snZn  -- i0.0 "~ 2.0 - -9 .5  ~ 2.0 - -6 .5  "4- 1.5 T h i s  s tudY 
SZn c d z n  - - 1 0 . 0 + 2 . 0  -- 10.0 "4- 2.0 - - 1 5 . 0 •  ** 
s z a  s u e d  -- 1O.O "+" 2.0 -- 9.5 "~ 2.0 -- 9.0 - -  2.0 T h i s  s t u d y  

* E x t r a p o l a t e d  v a l u e  f r o m  t e m p e r a t u r e  r a n g e  80S~176  
** C a l c u l a t e d  f r o m  Ref .  (17) .  

erally good agreement  with the exper imental  data. 
Also good agreement  was obtained with Wagner 's  
model I. Model II including interactions of second 
order seems applicable only for alloys with Xzn = 0.03. 
The highest deviations (of order of about 30% in In 
7zn) with respect to experimental  data appear at tem-  
peratures near  714~ and at concentrations near  Xzn : 
Xsn ~ 0.10 and Xzn :- XCd ---- 0.10; these high devia- 
tions are believed to result  from the proximity to im- 
miscibil i ty range in the Zn-Pb  system. 

Invest igat ion also indicates that  the much stronger 
deviation from Raoult 's  law in the Zn -Pb  system as 
compared with the Zn-Cd, Zn-Sn,  Cd-Pb, Pb-Sn,  and 
Cd-Sn b inary  systems plays a dominant  role in de- 
te rmining  the sign of interact ion parameters in the 
qua te rnary  Z n - S n - C d - P b  system. This result  for the 
qua te rnary  system is consistent with earlier obser- 
vations (8, 9) on Zn -Cd-Pb  and Z n - S n - P b  te rnary  
systems where the strong negative self- interact ion pa- 
rameter,  eZn Zn < 0 ,  in the Zn-Pb  b inary  system 
gives rise to negative interact ion parameters, szn TM < 0 
and szn sn < 0, in the respective te rnary  systems. 
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APPENDIX 

In mul t icomponent  systems the main  assumption of 
Krupkowski 's  method (18) consists in the addit ivity of 
thermodynamic properties of the b inary  systems. His 
assumption is that the logari thm of an activity coeffi- 
cient on an arbi t rar i ly  chosen component i of a solu- 
t ion may  be represented by the sum 

lnTi  ---- ~ [lnTi]j.k [A- l ]  
j , k = l  
j ~ k  

where [ln 7i]j,k iS the contr ibut ion which corresponds 
~o j - k  b inary  system 

Accordingly Krupkowski  obtains as solutions of the 
Gibbs-Duhem equation 

ri 

~ ' Z i d  In 7i = 0 [A-2] 
i = l  

the following 

~or i V: k 
iV=j 

[ln 7i]jk ---- --~jk(1 -- Xk)mJk-2XjXk [A-3] 

for i = j 
[ ln 7j] jk = -- ~jk (1 -- Xk) m~-2XjXk 

Wjk 
- { - - -  [ 1 - -  ( 1 - - X k )  mJk -1] [A-4] 

m j k  - -  1 
.~or i ~- k 

[In 7k].m = - -  Wjk ( 1 - -  Z k )  m j k - 2 X j X k  

+ ~jk(1 -- Xk)mJ~-2Xj [A-5] 

Equation [A-3] shows the influence of thermodynamic  
properties of j - k  b inary  solutions on the activity co- 
efficient of the remaining component i in a mult i -  
component system. This equation is dependent  on i 
only in  the concentrat ion term (1 -- Xk). The param-  
eters ~, and m are derived from binaries which do not 
include component i. 

For a part icular  mul t icomponent  system the com- 
ponents are enumera ted  as follows: i = Zn, Jl ---- Sn, 
J2 ---- Cd, and k = Pb; then for each b inary  system of 
the quaternary  solutions there will be four relations 
according to Eq. [A-3]- [A-5] .  For instance in the case 
of Zn-Sn  system we have 

[ln ~zn] z~-sn = --~znsn [ (1 -- Xz~) razes,-2XznXsn 

- -  (1 -- Xzn)mznsn-2Xsn] [A-6] 

[in 7sn]za-sn ---- --~z~sn f (1 - -  X z n )  m z n s n - 2  

1 [ 1 -  (1 Xz~)mz-s~ -~] ~ [A-7] 
7 ~ Z n S n -  1 J 

[ln 7Cd] Zn-Sn = -- ~ZnSn (1 -- Xzn) r~s~-2XznXsn [A-8] 

[in 7Pb] Zn-Sn : -- ~ZnSn (1 -- Xzn) mz~s~-2XznXsn [A-9] 

Final ly  Eq. [4] is obtained as a sum 

In 7z~ ---- [ in 7z~] z~s~ + [in 7z~] ZnCd + [ln 7z~] Z~Pb 

+ [lnTzn]CdPb + [lnTzn]PbSn + [lnTzn]CdSn [A-10] 

In  Eq. [A-10] the first term is equal to Eq: [A-6] and 
the three last terms equal - - w C d P b ( 1 -  X C d )  m e d P b - 2 -  

X c d Z P b ,  - - w P b S n  ( 1  - -  X P b )  m P b s n - 2 Z s n X p b  ' and - -  wCdSn-  

( 1 -  Xcd)mCdSa-2XsnXpb, respectively. The parameters 
~jk and mjk are determined from data for the respec- 
tive j, k binaries  and consequently reflect the influence 
of the binaries Cd-Pb, Pb-Sn,  and Cd-Sn on the prop- 
erties of the qua te rnary  P b - S n - C d - Z n  alloys. The 
concentration terms (1 -- Xcd) and (1 -- XPb) in the 
last three terms represent  concentrations in  the 
quaternary  system. 
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ABSTRACT 

Two reduction steps were observed in the electrochemical reduction of 
LiVOa in  mol ten LiC1-KC1 eutectic. The first reduction step produces an in-  
soluble product which undergoes a chemical reaction with LiVOs to form in-  
soluble LiV20~ and LisVO4. The second reduction step produces insoluble 
LiVO2 and LisVO4. LiVO2 undergoes a number  of chemical reactions with 
LiVO3 to produce a mixture  of solid compounds, one of which is LiV~O4. VO2 
was found to react with LiVOs to produce LiV20~. The addition of oxide ion 
to the eutectic containing insoluble VO2 resulted in the disproportionation of 
VO2 to produce either Li3VO4 and V208 or Li~VO4 and LiVO~, depending on 
the oxide concentration. 

The chemistry and electrochemistry of vanadium in 
molten salt systems has been part ial ly studied by sev- 
eral groups. Van Norman and Osteryoung (1) found 
that metavanadate  in a LiC1-KC1 eutectic melt  reacted 
with an excess of Na2CO3 to form orthovanadate as 
determined from the evolution of CO2. Molina (2) has 
described the absorption spectra of V(I I ) ,  V(I I I ) ,  
VO +2, V Q - ,  and V205, and gave a detailed discussion 
of the effect of adding oxide ion to either a V205 or 
VO +2 solution in LiC1-KC1 eutectic melt. The standard 
potentials of V ( I I ) / V ( O )  and V ( I I I ) / V ( I I )  in a 
LiC1-KC1 eutectic melt  have been determined (3). 
Lai t inen and Rhodes (4) studied the electrochemistry 
of V205 in LiC1-KC1 eutectic melt  and found that 
vanadium pentoxide was reduced to a mixture  of a 
l i t h ium-vanad ium bronze and l i th ium vanadates. 
Shams E1 Din et al. (5) potentiometrical ly t i trated 
metavanadate  dissolved in mol ten LiC1-KC1, using 
Na202 as the t i t ran t  and an 02/O=/Pt indicator elec- 
trode. The neutral izat ion occurred in one step, forming 
orthovanadate in the melt. The electrochemistry of 
vanadyl  ion in LiC1-KC1 eutectic has been studied by 
Scrosati and Lai t inen (6). These workers found that 
VO +2 is reduced in a one electron step to soluble 
VO +, followed by a fast chemical reaction to produce 
insoluble V203 and soluble V(I I I ) .  

In  this study, chronopotentiometry,  control}ed po- 
tential  electrolysis, chronopotentiometry with current  
reversal, and cyclic sweep vol tammetry  were used to 
investigate the electrochemical reduction of LiVOs in 
LiC1-KC1 eutectic at 450~ 

Experimental 
Reagents.--Anhydrous LiVO8 and Li3VO4 were pre-  

pared by drying the research grade products (Lithium 
Corporation of America) at 150~ under  vacuum for 
24hr .  V203 and VO2 were prepared according to the 
method given by Brauer (7). A method similar to that 
described by Holtzberg et aI. (8) was used to prepare 
K4V207. LiV20.~ was prepared by heating equal molar 
quantities of LiV03 and V02 in a quartz tube at 610~ 

* E l e c t r o c h e m i c a l  S o c i e t y  Active M e m b e r .  
P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of F l o r -  

ida ,  G a i n e s v i l l e ,  F l o r i d a  32611. 
K e y  w o r d s :  m o l t e n  sal ts ,  cathod ic  processes ,  v a n a d i u m  ox ides .  

under  an argon atmosphere for 24 hr and then at 
650~ for an additional 24 hr. LiVO2 was prepared by 
heating equal molar  quanti t ies of V208 and Li2CO~ in 
a p la t inum crucible to 6O0~ in a flow of hydrogen 
for 10 hr, then to 750~ for an additional 12 hr. 

Chemicals other than those ment ioned were reagent 
grade and were used without  additional purification 
other than drying where required. 

Molten salt procedures. The LiC1-KC1 eutectic was 
obtained from Anderson Physics Laboratories, Incor- 
porated, Champaign, Illinois, where it was prepared 
and purified by the method out l ined by Lai t inen et al. 
(9). The mol ten salt furnace and glassware associated 
with the molten salt apparatus have been previously 
described (10, 11). The procedures employed for 
cleaning glassware and handl ing the mol ten eutectic 
have been described in detail (11). 

Electrochemical measurements.--A Pt ( I I ) / P t  refer-  
ence electrode was utilized in this work; its properties 
and construction have been described (12). Unless 
otherwise stated, all potentials are given with refer-  
ence to a Pt (II) (1M)/P t  electrode. A carbon electrode 
was used as a counterelectrode. The electrodes were 
constructed and cleaned according to the procedure 
outlined by Propp (13). Both the platinum disk elec- 
trodes used in the chronopotentiometric and cyclic 
sweep studies and the platinum flag electrodes were 
constructed by spot welding 2.5 cm of 26 gauge plati- 
num wire to a platinum foil (3 era2). The electrode 
holders have been described by Propp (13). The con- 
struction of platinum disk electrodes have been de- 
scribed (II). A 2.5 cm length of 36 or 41 gauge plati- 
num wire was spot welded onto the disks so they 
could be attached and detached from the electrode 
holder. 

An indicator electrode whose construction has been 
described (11) was made from a 2.5 cm length of 3 
mm diameter glassy carbon and was used in  the am- 
perometric t i t rat ion of vanadium. 

Steady-state vol tammetr ic  measurements  were made 
with a Heath EUA19-2 Polarography Module combined 
with a Heath EUW-19A operational amplifier system 
stabilized by a Heath EUA-19-4 chopper stabilizer. A 
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Sargent  recorder (Model S-82150) was used to record 
the current-vol tage curves. A t r iangular  sweep gen- 
erator bui l t  by the Electronic Service Laboratory at 
the Univers i ty  of Illinois, in conjunct ion with a Wenk-  
ing Potentiostat  (Model 61RS) was used in the l inear  
sweep studies. The Wenking potentiostat  was also 
used for the constant poCential electrolysis in prepara-  
tive work. The constant current  source employed for 
the chronopotentiometric studies has previously been 
described (13). A Tektronix 502A oscilloscope and a 
Tektronix C-12 camera were used to record the 
chronopotentiometric potent ia l - t ime curves and the 
l inear  sweep current-vol tage  curves. A Sargent Model 
IV Coulometric Current  Source was used for ~he gen- 
eration of the P t ( I I ) / P t  reference electrede. 

Analytical procedures.--In the preparat ive port ion 
of this investigation, a number  of rout ine analyses 
were performed to establish the composition of the 
electrode deposits. The deposits were washed with de- 
aerated water, dried, and dissolved in H2SO4. A de- 
tai led procedure is given elsewhere (11). 

Vanadium, as V(V) and /or  V(IV),  was quant i ta-  
t ively determined by an amperometric  t i t rat ion with 
Fe ( I I ) ,  util izing a method similar to one developed 
by Rulfs et al. (14). Vanadium as V(IV) and/or  
V(III )  was quant i ta t ively  determined by adding an 
excess of V(V) and amperometr ical ly  t i t rat ing with 
Fe ( I I ) .  Li thium and potassium were determined by 
flame photometry. Chloride was determined by nul l  
point potent iometry as described by Malmstadt and 
Winefordner  (15). The apparatus and detailed pro- 
cedures for the various analyses are described else- 
where (11). 

Results and Discussion 
Chemistry of LiV03, Li3V04, and K4V20?.--There 

exists some confusion in the l i terature concerning 
anionic species of vanadium oxides and their solubili ty 
'in LiC1-KC1 eutectic (4). A brief s tudy was, therefore, 
made to determine the solubil i ty of l i th ium ortho- 
Vanadate and potassium pyrovanadate  in LiC1-KC1 
eutectic at 450~ 

Five mg of Li3VO4 was added to 12 ml of LiC1-KCI 
eutectic melt  at 450~ The melt  solution was filtered 
after it had been stirred for 2 hr to allow equilibration. 
Analysis of the collected precipitate showed that  only 
about 4% by weight of the Li3VO4 had dissolved. Tak- 
ing into account the error in determining the volume of 
the compartment  (approximately 5%), an upper l imit 
of about 0.3 mM can be placed on the solubili ty of 
Li3VO4 in LiC1-KC1 etttectic melt  at 450~ Ten mg of 
K4V207 was added to 4.5 ml  of LiC1-KC1 eutectic melt. 
Par t  of the solid appeared to dissolve, and the melt  
solution took on a yellow color. The x - r ay  powder 
pat tern  of the precipitate matched the x - ray  powder 
pat tern  of commercial ly obtained LizVO4. The results 
of the chemical analysis showed that about one-half  
of the total vanadium, on a mole basis, had dissolved 
in  the LiC1-KC1 eutectic melt. These results show that 
pyrovanadate is not stable in LiC1-KC1 eutectic at 
450~ but  decomposes to form soluble VO8- and a 
solid precipitate of Li3VO4. 

Voltammetry of LiVO3.--Representative current -  
voltage curves of LiVO3 dissolved in  the eutectic are 
shown in  Fig. 1. The reproducibil i ty of these curves 
was poor because of the formation of insoluble prod- 
ucts that caused the surface area of the electrode to 
change rapidly. Only general  conclusions can be made 
concerning the process taking place. There appears to 
be a series of i l l-defined reduction waves occurring 
before the max imum l imit ing current  is reached at 
approximately --1.2V. A current-vol tage curve in the 
positive direction (curve 2), after completion of a 
forward run, shows that there are several anodic 
processes. This indicates that  there are several insol- 
uble products formed during the negative scan and 
that these products can be oxidized during the positive 
scan. It may be possible that  a single insoluble reduc-  
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tion product undergoes oxidation via charge transfer 
and/or  coupled chemical reactions to form other in-  
soluble products which are fur ther  oxidized. The in-  
soluble product (s) found during the negative scan are 
probably conductive since the current  does not reach a 
l imit ing value and then decay as the applied potential 
becomes more negative. 

Characterization of electrode deposits.--Samples of 
electrode deposits were prepared by constant potential  
electrolysis. No at tempt was made to do an exhaustive 
electrolysis since st irr ing the melt  solution caused 
part  of the deposits to break away from the electrode 
surface. The deposits were analyzed for V, Li, K, and 
C1 by employing the methods previously described. 

The x-ray powder pa t te rn  data of the deposit ob- 
tained at a potential  corresponding to the first ill- 
defined wave, --0.620V, of curve 3 (Fig. 1), matched 
the 7 phase LiV2Os obtained by Galy and Hardy (17) 
and Hardy et aL (18). An x - ray  diffraction powder 
pat tern of a deposit that had been washed sparingly 
with deaerated water  matched that of LiV2Os, except 
that diffraction lines of Li~VO4 were also present. The 
oxide ion released in the reduction of metavanadate  
to LiV205 precipitates V Q -  as insoluble Li3VO4. 
Table I summarizes the composition of three samples 
of deposits prepared under  the previously given condi- 
tions. If the microequivalents  of V(V),  V(IV),  and 
Li are mathematical ly  converted to an equivalent  
weight of the metal  oxide, as shown in Table IA, the 
sample weight can be completely accounted for in 
terms of Li20, V205, and V204. 

The x - ray  powder pat tern data for a completely 
washed deposit obtained at --1.32V matched the pat-  
tern for LiVO2 obtained by Rfidorff and Becker (19). 
An x - ray  powder pat tern obtained for an electrode 
deposit that had been sparingly washed was identical 
to that of LiVO.~, except that Li3VO~ diffraction lines 
were also present. The reduction of L i V Q  occurring 
at --1.32V releases oxide ion which precipitates VO3- 

Table I. Typical analysis of deposit obtained at --0.620V 

/zmoles mg /~moles mg /~moles mg 
A. L i  Li.~O V(V)  V20~ V ( I V )  V2Ot 

23.30 0.348 23.06 2.097 23.01 1.908 
16.81 0.251 16.92 1.539 16.86 1.398 
18.21 0.272 18.24 1.659 18.21 1.510 

S a m p l e  T o t a l  m g  % w t  E m p i r i c a l  
B.  w t  m g  f o u n d  f o u n d  f o r m u l a  

4.382 4.353 99.34 LiuolV2.ooOs.ol 
3.210 3.188 99.31 Lio.~Ve.ooO~.o0 
3.455 3.441 99,59 LiLooV2.ooO~.oo 
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Fig. 1. Steady-state voltammogram of LiVO3. Sweep rate 0.1 V/  
min. Curve 1, 7.25 X 10-3M LiV03; curve 2, reverse of curve 1; 
carve 3, 2.37 X 10 -2  LiVO~. 
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Table II. Typical analysis of deposit obtained at --1.32V 

~ m o l e s  m i l l i m o l e s  
A .  L i+  m g  Li.~O V+a m g  V 2 0 8  

19 .15  0 . 2 8 6  1 9 . 5 9  1 ,468  
1 2 . 4 8  9 . 1 8 6  1 2 , 2 7  0 , 9 2 0  
2 5 . 5 5  0 . 3 8 2  2 5 . 3 8  1 .902  

S a m p l e  % w t  E m p i r i c a l  
B. m g  m g  found found formula 

1 .765  1 , 7 5 4  9 9 . 3 8  Lio.gsVl.ooO1.99 
1 .113  1 .1 0 6  9 9 . 3 7  L i l . o lVl .ooO2 .o l  
2 , 3 0 0  2 . 2 8 4  9 9 . 3 0  Lil .olV~.ooO~.oo 

as Li3VO4, Table II summarizes the composition of 
three samples of the deposit obtained at --1.32V. The 
sample weight can be completely accounted for if the 
microequivalenCs of each metal  are mathematical ly  
converted to an equivalent  weight of metal  oxide, as 
shown in Table IIA. This suggests that  the oxidation 
occurring at --0.83V (Fig. 1, curve 2) is the oxidation 
of LiVO2. 

The steady-state vol tammograms suggested that one 
or more intermediate  reduction product exists between 
LiV205 and LiVO2. Deposits obtained at a potential  
corresponding to --0.950V were bright green in color. 
The x - ray  powder pat terns of the sparingly washed de- 
posit and the completely washed deposit were com- 
pared. The two patterns were identical except that the 
pat tern  of the sparingly washed deposit contained 
Li3VO4 diffraction lines. Table III shows the x- ray  
powder pat tern  data for a completely washed deposit 
obtained at --0.95,0V. A search of the l i terature did not 
reveal any x - ray  powder pat terns of vanadium com- 
pounds that matched that  obtained for the deposit. A 
careful examinat ion  of the deposit under  a microscope 
showed that  the deposit was a mix ture  of solid prod- 
ucts in the form of bright  green, red, granular  black, 
and needle-l ike b lue-black crystals. Analysis of the 
deposits obtained at --0.950V showed the deposit to 
contain V(V) V(IV),  Li, K, and C1. Attempts to use 
the analysis data to determine the various compounds 
that might be present in the deposit were futile. Only 
qualitative results could be obtained. The micromoles 
of C1 found were always less than either the micro- 
moles of Li or K. This shows that even if the melt 
components were incorporated into the deposit, one or 
more of the compounds in the deposit actually contains 
Li and/or K. The mieromoles of V(V) was always 
much less than the micromoles of V(IV), suggesting 
that the mixed deposit contains a very small amount 
of V(V) and relatively large amounts of V(IV), or 
that V(III) is also present in the deposit with the 

Table Ill. X-ray diffraction data for a deposit obtained at --0.950V 

d, A I/Io d, A I/Io 

7 .93  s 1 . 8 3  s 
6 . 31  m - s  1 .7 9  v w  
6 .82  w 1 .7 4  v w  
5 . 3 3  v w  1 .70  v w  
5 . 0 5  v w  1 .67  v w  
4 . 6 8  w 1 .61  w 
4 . 1 8  w 1 .59  w 
3 . 9 7  s 1 .53  v w  
3 .55  m 1 .50  v w  
3 . 3 4  m - s  1 .46  v w  
3 .18  m 1 .4 6  W 
3 .02  s 1 .40  w 
2 . 8 5  v w  1 .3 6  w 
2 . 7 5  v w  1 .30  vr 
2 . 5 9  m 1 .2 7  w 
2 . 4 4  v w  1 .1 5  v w  
2 . 4 1  v w  1 .1 4  v w  
2.15 w - m  l.Ol vw 
1 . 9 8  w 1 .0 1  v w  
1 .93  s 0 . 9 7 4  v w  

0 . 9 0 7  v w  

v w  = v e r y  w e a k .  
w = w e a k .  
m = m e d i u m .  
s = strong. 

microequivalents of V(V) being slightly larger than 
the microequivalents  of V(I I I ) .  

The x - ray  powder pa t te rn  o i t h e  deposit obtained at 
--0.80,0V was similar to that  previously given for the 
deposit obtained at --0.950V, except diffraction lines 
that could be at t r ibuted to LiV205 were also found to 
be present. A similar exper iment  was repeated at 
--1.03V. The x - ray  powder pa t te rn  of the deposit ob- 
tained at this potential  was similar to that of the 
deposit obtained at --0.950V, except that  diffraction 
lines of LiVO2 were also found to be present. The ap- 
pearance of the LiV205 and LiVO2 lines in the powder 
patterns and the results of the chemical analysis show 
that the reduct ion of LiVO3 in the po,tential range of 
--0.70 to --1.20V produces a mixture  of insoluble prod- 
ucts on the electrode surface. Presumably,  most or all 
of these products can be reoxidized electrochemically, 
as evidenced by the steady-state voltammograms. 

Chemistry of the reduction products of LiVO3.--The 
results of the preceding section suggest that there 
may be a series of chemical reactions involving the 
solid reduction products, O = and V Q - .  Furthermore,  
since VO2 is known to be insoluble in LiC1-KC1 (2, 6), 
it was expected that the reduction of L i V Q  would 
produce insoluble VO2. For these reasons, a study of 
the chemistry of LiV2OH, VO2, and LiVO2 in a melt  
solution containing either L i V Q  or oxide ion was 
performed to reach a bet ter  unders tanding  of the re- 
duction of LiVO~. 

A sample of LiV205 was placed in two compart-  
ments, one containing only LiC1-KC1 eutectic, the 
other containing excess LiVO~ in addition to the 
eutectic. The x - ray  powder pat tern and chemical anal-  
ysis showed that both solids were LiV2OH. From the 
experiments,  it was concluded that LiV205 is stable in 
LiC1-KCI euteetic melt  and in melt  solution containing 
LiVO3. 

At potentials intermediate  to the formation of LiV205 
and LiVO2, a mixture  of insoluble compounds is 
formed. It was suspected that  this mixture  would con- 
tain mostly V(IV).  No ev idenceas  to the presence of 
VO2, which is known to be insoluble in LiC1-KC1, was 
found in the mix ture  of insoluble products. This sug- 
gested that VO2 may react with V Q  in the melt  
and/or  insoluble compounds containing an O=/V(IV)  
ratio greater than 2 may exist. Vanadyl  compounds 
such as VOC12 and VOSO4 are known to be soluble in 
LiC1-KC1 eutectic and to slowly decompose to form 
insoluble VO2 and soluble V (III) (6). 

A sample of VO~ was added to the melt. An x - ray  
powder pat tern  and analysis of the solid confirmed the 
results of Molina (2) and Scrosati (6) that VO2 is 
stable and insoluble in LiC1-KC1 eutectic melt  at 
450 ~ C. 

Similarly, 0.262 mlVi VO2 was added to 0.444 mlVi 
LiVO~ dissolved in about 4.5 ml of eutectic melt. There 
was an immediate reaction indicated by the yellow 
color of the melt  solution decreasing in intensi ty and 
the black granular  VO2 changing to a blue-black 
needle-shaped solid. The x-ray pat tern  and chemical 
analysis of the solid showed it to be LiV2OH. This re- 
sult suggested that LiVeO5 may not be the first reduc- 
tion product of VO3-, but  ra ther  the result  of a cHemi- 
cal reaction between the first reduction product and 
VOw-. Since VO2 reacts with VO3- to form LiV205, 
soluble or insoluble V(IV) compounds containing an 
O=/V(IV)  ratio greater than 2 would also be expected 
to undergo a chemical reaction with V Q - ,  

It was thought that (Li,K)2VO3 might  exist in LiC1- 
KC1 eutectic melt at 450~ Molina (2) has shown that 
the addition of O = to a melt  solution containing vana-  
dyl ion ~recipitates VO2. This author found that fur-  
ther addition of oxide ion did not visually dissolve 
VO2. Results in this laboratory do not confirm the last 
observation. Equal moles of Li2CO~ and VO2 were 
added to the eutectic. A reaction occurred as evidenced 
by the evolution of CO2. An x- ray  powder pat tern  of 
the remaining solid showed only diffraction lines of 
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Li3VO4 and V203. The analysis of the solid product, 
after Li3VO4 had been removed by washing, showed 
that the solid contained only V( I I I  ) and  a small 
amount  of Li. The sample weight could be completely 
accounted for in terms of a mix ture  of V203 and LiVO2. 
Inspection of the compartment  showed the Pyrex glass 
of the compartment  was badly etched from the carbon- 
ate. Li2CO8 and VO2 in a mole ratio of Li2CO3/VO2 
equal to about 4, to offset the reaction of carbonate 
with the compartment  walls, was added to the eutectic. 
An x - ray  powder pa t te rn  of the result ing solid showed 
only LiVO2 and LisVO4 lines. Analysis of the solid 
after removal of Li3VO4 showed it to be LiVO2. 

A number  of conclusions can be reached from the 
preceding experiments.  First, VO2 is not stable in the 
presence of 0 %  but  disproportionates to form either 
V203 and LiaVO4 or LiVO2 and Li3VO4, depending on 
the concentrat ion of oxide ion. Secondly, if the com- 
pound (Li,K)2VO3 is the first reduction product of 
LiVO3, it would not be stable but  would disproportion- 
ate to form insoluble LiVO2 and LisVO4; or, depending 
on t ime-and  concentrat ion of VOa-, react with VO3- 
to form LiV205 and Li3VO4. 

If VO3- and LiVO2 reacted in  a mole ratio of one- 
to-one without  the release of oxide, the product of 
the reaction would be (Li,K)2V2Os. Equal moles of 
LiVO2 and LiVO8 were added to the eutectic melt. A 
definite reaction occurred as evidenced by the appear- 
ance of a green solid. An x - ray  powder pat tern  of the 
sparingly washed solid showed diffraction lines of 
Li3VO4. This suggested that oxide ion is released in 
the reaction. Table IV shows the x - r ay  powder pa t te rn  
of the completely washed solid. As can be seen, m a n y  
of the diffraction lines that  were present  in  the deposit 
obtained at --0.950V are also present in  this x - ray  
powder pattern. The asterrated lines matched the x - ray  
powder pat tern  of LiV204 given by Rueter  and Jac-  
kowsky (20).  These data suggested that  possibly one 
of the products of the reaction between VO3- and 
LiVO2 in LiC1-KC1 eutectic is LiV~O4. A definite con- 
clusion cannot be made owing to the presence of a 
mixture  of compounds, some of which may have dif- 
fraction lines in  common with LiV204. Attempts to use 
the analysis data to determine the compounds in the 
solid proved futile. 

A mole ratio of LiVOJLiVO2 equal to 1.5 was added 
to the eutectic. The d spacings obtained from the x - ray  
powder pat tern  of the result ing solid were similar to 
those in  Table IV, except the asterrated d spacings 
were less intense and diffraction lines of LiV205 were 
found to be present. 

Chronopotentiometry.--A typical chronopotentio- 
gram of LiVO3 dissolved in LiC1-KC1 eutectic melt  is 
shown in Fig. 2A. Figures 2B and 2C show the effect 
of reversing the current  along different portions of 
the cathodic wave. 

Figure 2A shows there is only one reduction wave 
with a "linear" portion in the init ial  part  of the wave. 

Table IV. X-ray diffraction data for solid obtained from 
LiVO3-LiVO2 reaction 

d ,A  I/Io d ,A  I/Io 

7 . 9 1  s 2 . 3 6  v w  
5 . 7 8  v w  2 . 2 5  v w  

* 4 . 7 4  s 2 . 1 5  w 
4 . 1 0  v w  * 2 . 0 5  s 
3 . 9 5  m 1 . 9 8  v w  
3 . 5 5  w 1 . 9 3  m - s  
3 . 3 2  m 1 . 8 3  m - s  
3 . 0 1  s 1 . 7 9  v w  
2 , 8 5  v w  1 . 7 4  v w  
2 , 7 3  v w  1 . 6 1  w 
2.60 w - m  " 1 . 5 8  w - m  
2.56 w "1.45 m-s 

v w  = v e r y  w e a k .  
w = w e a k .  
m = m e d i u m .  
s = s t r o n g .  
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Fig. 2. (A) Typical chronopotentiogram of LiVO3 [LiVO3] = 
4.66 mM, C.D., 0.880 mA/cm 2. (B, C) Typical chronopotentiograms 
of LiVO3 with current reversal. [LiVO~] = 4.66 raM, equal forward 
and reverse C.D. of 0.880 mA/cm 2. 

Figures 2B and 2C show that if the current  is reversed 
at a forward time that is still wi th in  the "linear" por- 
tion of the wave, only one reverse wave occurs at 
about --0.69V. If the current  is reversed after the 
"linear" portion, there is a new oxidation wave oc- 
curring at about --0.86V and the wave that was seen 
at about --0.69V has become somewhat diffuse and 
shifted to a slightly less negative potential. The poten- 
tial of about --0.86V is in good agreement  with the 
observed oxidation potential  of LiVO2 seen in the 
steady-state voltammograms. The diffuse na ture  of 
the oxidation wave at the more positive potential 
could originate from a number of chemical complica- 
tions previously mentioned. 

A series of experiments was performed to verify 
that the oxidation occurring at about --0.86V was the 
oxidation of LiVOz. A melt solution containing 1 mg 
of VO3- was exhaustively electrolyzed by applying 
--1.32V. The x-ray powder pattern of the deposit 
matched that of LiVO2. 

After exhaustively electrolyzing, a constant anodic 
current was applied, and the potential of the test 
electrode monitored with an x-y recorder. Two, and 
sometimes three, oxidation waves were seen occurring 
around --0.85, --0.50, and --0.41V. The ratios of the 
stripping transition times were not very reproducible 
and the oxidation at --0.41V was sometimes absent, 
and when it did occur, it was always much shorter 
than the other two waves. There was no solid remain- 
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ing on the electrode after the stripping had been 
completed. 

The experiment  was repeated but  the stripping 
electrolysis was stopped when the t ransi t ion time of 
the oxidation occurring at --0.86V was reached. An 
x- ray  powder pa t te rn  of the black solid matched that  
of LiV204 (20). 

From the results of these experiments,  certain con- 
clusions can be reached. The anodic process occurring 
at --0.86V is the oxidation of LiVO2 to LiV~O4. The 
oxidation at --0.50V is the oxidation of LiV204. In  the 
absence of VOd- and O =, the oxidation product of 
LiV204 would presumably be VO2. The short t ransi t ion 
time of the wave at --0.41V, compared to the t ransi-  
tion times of the other two waves suggests that if the 
wave occurring at --0.41V corresponds to the oxida- 
tion of VOw, then either all the VO2 produced from the 
oxidation of LiV204 is not on the electrode surface or 
that the oxidation of VO2 does not produce all V(V) .  
It should be pointed out that the stripping conditions 
in this experiment are different than those under nor- 
mal chronopotentiometrie conditions in that there was 
no VO3- or O = present when the stripping was per- 
formed and that no cathodic electrolysis at less nega- 
tive potentials had occurred before the deposition of 
LiVO2. 

Returning to the chronopotentiometric experiment, 
the "linear" region exhibited some unusual properties 
with respect to the total transition time and the oxida- 
tion of LiVO2. The total number of coulombs passed in 
the "linear" region varied randomly between 5'.0.0 and 
60'0 microcoulombs/emL If the total number of cou- 
lombs necessary to reach the total transition time was 
less than about 500 microcoulombs/cm 2, the total tran- 
sition time was comprised entirely of the "linear" 
region. Current reversal under these conditions pro- 
duced only one oxidation wave at about --0.69V. The 
oxidation wave of LiVO2 was found to occur only after 
the forward number of coulombs had exceeded that 
amount needed to produce the "linear" region. After 
the "linear" region, the time at which the. oxidation 
wave of LiVO2 occurred depended upon the potential 
of the indicator electrode. If the potential of the indi- 
cator electrode was more positive than about --0.8V, 
no oxidation wave of LiVO2 was seen. The reduction 
of VO.~- to LiVO2 appears to be related to the process 
occurring within the "linear" region and dependent 
upon the potential of the indicator electrode after the 
"linear" region. For an n value of i, 2~00-500 micro- 
coulombs/cm 2 of charge is normally required to form 
a monolayer coverage of the electrode. The amount of 
charge depends upon the unit cell parameters and the 
number of molecules of the reduced species per unit 
cell. The relationship between the "linear" region and 
the reduction of VO3- to LiVO2 suggests that the 
platinum electrode has to be covered with a less re- 
duced species than LiVO2 before VO3- can be reduced 
to LiVO~. 

By employing equal cathodic and anodie current 
densities, a number of current-reversals were per- 
formed along the total reduction wave. The ratio of 
the total reverse transition time, TR, to the forward 
electrolysis time, TF, was about 0.87, regardless of the 
number of oxidation waves seen when the current 
was reversed. Once the oxidation wave of LiVO2 was 
seen, the ratio of the transition times of the more 
positive diffuse oxidation wave to that of LiVO2 de- 
creased as the forward electrolysis time was increased. 
A limiting value for this ratio was never reached, 
even when the current was reversed at the forward 
transition time. The only conclusion that can be made 
is that most of the reduction products of VOd-, either 
from electrochemical reduction or chemical reduction/ 
oxidation, are at the electrode surface and can be 
electrochemically oxidized. 

At higher concentrations, lower current densities 
and short TF, the ratio ~R/TF appeared to be somewhat 
smaller than 0.87. The oxidation wave still occurred 

at about --0.69V. The ratio, however, approached 0.87 
at larger TF. Normally, the ratio had reached 0.87 
before the oxidation wave of LiVO2 was seen. This 
slight decrease in the ratio "~R/TF at short TF suggested 
that VOw- might  be removing the first reduction prod- 
uct from the electrode surface. In  order to verify 
this supposition, a relat ively large concentrat ion of 
V Q -  (17.'08 • 10-3M) and a low current  density 
(4.4 • 10 -4 A/cm 2) were used. The ratio of TR/TF 
varied from 0.3 to 0.63 for TF ranging from 0.25 to 
1.6 sec. The potential  of the oxidation wave remained 
at about --0.69V. Smaller  current  densities caused the 
ratio ~R/TF to become even smaller. A similar effect 
was observed when the current  density was kept con- 
stant and the concentrat ion of VO3- was increased. 
The decrease of TR/T~, when a relat ively large con- 
centrat ion of VOs- exists at the electrude surface, 
shows that the first reduction product is not stable 
in the presence of VO3-. The first reduction product 
under  normal  chronopotentiometric conditions, there- 
fore cannot be LiVeO~. LiV~O~ was shown previously 
to be stable in the presence of VOd-. The simplest 
first reduction step that can be wr i t ten  is 

VO3- + e -  + 2(K,Li)+ ---- (Li,K)2VO3 

Depending on t ime and V Q -  concentration, this prod- 
uct would either disproportionate to LiVO2 and Li3VO4 
or react with V Q -  to form LiV205 and Li3VO4. 

The Sand equation was tested by runn ing  duplicates 
of 5-7 C.D. at 5 different VOw- concentrations rang-  
ing from 1.78 to 17.09 • 10-3M. It should be men-  
tioned that these data were obtained in such a way 
that, in some cases, the total t ransi t ion time was com- 
prised entirely of the "linear" region and in other 
cases, the "linear" region was a small part of the 
total forward transition time. The Sand equation was 
found to be obeyed after correcting for residual im- 
purities in the melt. The value of IoTI/2/C was 0.234 

0.0.02 mA-sec I/2 cm/mole, which gives a value of 
0.76 • 10 -5 eq2mole-2cm2sec -I for nfD. Even though 
VO3- is not entirely reduced to LiVOf, the Sand 
equation is obeyed. This suggests the following type 
of mechanism may be occurring for the reduction of 
VQ-. VQ- is first reduced in a one electron step 
to form, on the electrode surface, a product which 
is not further reduced. VO3- is then, depending upon 
the surface coverage of the electrode and the po- 
tential, reduced in a 2-electron step to LiVO2. The 
oxide ion released would react with VO3- to form 
Li3VO4. If this reaction were very rapid compared 
to the time of measurement, an apparent n value of 
1 would be obtained. If the over-all apparent n value 
is I, then D is found to be 0.76 • 10 -5 cmf/sec. This 
estimate of D is rendered uncertain because it is not 
known whether oxide ion is released in the first 
reduction, nor are the rates of the reactions between 
VO3- and O = and between VOz- and its own reduc- 
tion products known. These. reactions, if appreciable in 
extent, could lead to an apparent n less than I, and an 
erroneously high value for D. Regardless of the chem- 
ical complications, however, Io~ ~/2 is a linear function 
of concentration. 

Attempts were made to analyze the potential-time 
curves. The plots of log (~i/2 _ TI/~) and log (~/~ 
-- T)/T I/2 vs. potential gave meaningless results, a 
behavior which was not surprising in view of the 
complex nature of the reduction of VOd-. 

Cyclic sweep voltammetry.--Figures 3A-C, 4A-C, 
and 5A-B show typical cyclic sweep voltammograms 
of V Q -  as the sweep rate is increased from 0.1 V/sec 
to 30 V/sec. There were no additional cathodic or 
anodic peaks in Fig. 3A when the switching potential 
occurred at more negative values. Figure 3A resem- 
bles the steady-state voltammograms in that several 
ill-defined waves are present on the negative scan 
and a number of stripping peaks appear in the posi- 
tive scan. The potential of --0.865V for the oxidation 
peak is in good agreement with that assigned to the 
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Fig. 3. Typical cyclic sweep voltammograms of LiVes [LiVes] = 
9.88 mM, switching potential ~ --1.25V, electrode area - -  0.147 
cm 2. (A), Sweep rate 0.1 V/sec; (B), sweep rate 0.5 V/sec; 
(C), sweep rate 1.0 V/sec. 

oxidation of LiVO2. As the sweep rate  was increased 
(Fig. 3B-C),  a number  of effects could be seen. First, 
the reduct ion process became somewhat  bet ter  de- 
fined in that  only two apparent  overlapping reduc-  
tions were  seen at about --0.77 and --1.05V. Second, 
on the negat ive  scan, many  of the stripping peaks 
had disappeared, indicating that  several  of the chemi-  
cal reactions be tween  VOs- ,  0 %  and the reduct ion 
products Were no longer  occurring. The str ipping peak 
due to the oxidation of LiVO2 was still seen at --0.89V. 
The peak at --0.45V agreed fair ly well  wi th  that  
expected f rom chronopotent iometry  for the oxidation 
of LiV204. The shoulder occurring at about --0.67V 
appears to be due to the oxidation of the first reduc-  
tion product observed in chronopotent iometry.  As the 
sweep rate  was fur ther  increased (Fig. 4A-C, 5A-B),  
the current  due to the reduct ion occurring at about 
--0.77V increased with  respect to the current  for the 
reduct ion occurring at about --1.05V. Both peak po- 
tentials appeared to shift to more negat ive values. 
At 30 V/sec, only one broad reduct ion peak was seen 
at about --0.90V. There was also a dramatic change 
in the oxidation processes. The LiVO2 oxidation peak 
and the LiV204 peak decreased and finally disappeared 
as the sweep rate was increased. Accompanying the 
disappearance of these two oxidation peaks was the 
appearance of an oxidation peak in the potential  re -  
gion of --0.60~. At 3,0 V/sec, only this one oxidation 
peak was seen. Changing the switching potential  to 
a more negat ive value resul ted in the reappearance 
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Fig. 4. Typical cyclic sweep voltammograms of LiVe3 [ l ive3]  
= 9.88 mM, switching potential = --1.25V, electrode area = 
0.141 cm 2. (A), Sweep rate 5.0 V/sec; (B), sweep ra['e 10.0 V/sec; 
(C), sweep rate 15.0 V/sec. 

of the LiVO2 and LiV204 oxidation peaks. No other 
reduction peak was seen. 

The same trends were  observed when smaller  or 
larger  concentrations were  used. At smaller  concert- 
trations, the appearance of the one reduction and one 
oxidation peaks occurred at lower  sweep rates while 
at larger  concentrations, la rger  sweep rates were  re-  
quired. The sweep rate and concentration range were 
severely limited because of the interference of the 
reduction of impurities in the melt, charging current, 
and chemical reactions. 

Plots of potential vs. log (ip -- i) and log (ip -- i)/i 

for the single reduction peak occurring at higher sweep 
rates produced curved lines. Either the process is kin- 
etically controlled or the activity of the deposit is 
not constant. At the first appearance of only one re- 
duction and oxidation peak, the number of coulombs 
passed in the reduction process was found to be be- 
tween 400 and 500 microcoulombs/cm 2, regardless of 
the concentration of VOs-. This value is in good 
agreement with the, number of coulombs contained 
in the "linear" region of the chronopotentiograms. 
The number of coulombs passed in reaching the peak 
potential was found to be about 130 microcoulombs/ 
cm 2, corresFonding to about 0.6 monolayer of VO2. 
The value 40,0-500 microcoulombs/cm 2 is, therefore, 
somewhat high for monolayer coverage, suggesting 
that the deposit grew in lumps or clusters, so that a 
larger number of coulombs would need to be passed 



244 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY February 1975 

I q I 

> 

~ 0.0 

LIJ 

D -2 

~>_ OP 

g~ 

b 

0.0 

> 
~.:_.. O0 

z ~  

~o 
0 

q I I 

I I I I 

0.40 0.80 1.20 1.60 

{A) 

C8) 

(c) 

- E, VOLTS 

Fig. 5. Typical cyclic sweep voltammograms of liVO~ [LiVO3] = 
9.88 mM, electrode area = 0.147 cm 2. (A), Sweep rate 20.00 V /  
sec, switching potential --1.25V; (B), sweep rate 30.0 V/sec, 
switching potential --1.25V; (C), sweep rate 15.0 V/sec, switching 
potential - -  1.85V. 

before the electrode surface was completely covered. 
The relationship between the appearance of the elec- 
trochemical oxidation of LiVO2 and the value 400-500 
microcoulombs/cm 2 suggests, as it did in the chonopo- 
tentiometric study, that  V Q -  is reduced to LiVO2 
only after the electrode surface has been covered with 
a less reduced product. If the surface had not been 
covered before the concentrat ion of VO3- is zero at 
the electrode surface, no peak due to reduction of 
VOw- to LiVOe would be seen, regardless of the po- 
tential. However, if the surface was covered with the 
less reduced product the reduction would proceed 
once the reduction potential at which VOs- is re- 
duced to LiVO2 has been reached and its effect would 
be seen in the oxidation cycle by the appearance of 
the oxidation peak of LiVO2 (--0.86V). At slower 
sweep rates, the electrode is covered with the less 
reduced species earlier in the scan and thus, a reduc- 
tion peak of VOw- to LiVO2 is seen. As the sweep 
rate is decreased further,  a number  of chemical re- 

actions between VOw- and its reduct ion products start  
to occur. 

The peak current  increased as the sweep rate in-  
creased. Plots of peak current  vs. the square root of 
sweep rate were scattered. The difference between the 
peak and half-peak potential  for the single reduction 
wave was found to be on the order of 200 mV, as 
compared with 48 mV expected for a one electron, 
reversible deposition of a solid product at 450~ White 
and Lawson (21, 22) have shown that submonolayer  
deposition has the effect of broadening the reduction 
peak, and thus leads to large differences between the 
peak and half-peak potential. The severe l imitat ions on 
the sweep rate and concentrat ion prohibited quant i ta-  
tive measurement  of Ep/2 a s  a funct ion of concentra-  
tion. 
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Transport Behavior and Raman Spectra of 
Electrolytes in Methyl Formate and Propylene 

Carbonate 
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ABSTRACT 

The conductances of LiC104, LiBF4, and LiAsF6 in  methyl  formate and 
LiAsF6 in  propylene carbonate have been measured from dilute solution to 
very high concentration. Anomalous conductance behavior has been observed 
for the concentrated solutions of these salts in methyl  formate. From conduct- 
ance data, equivalent  conductance at infinite dilution, ion-pai r  dissociation 
constant, and information on the formation of triple ions and more complex 
aggregates are obtained. The detectabil i ty of water  in methyl  formate and the 
effect of water  on solvent spectrum are studied by Raman spectra. In  con- 
centrated solutions, ion- ion and ion-solvent  interactions have been studied 
by Raman spectra. 

Nonaqueous solvent systems are unique  in that they 
provide a wide spectrum of macroscopic properties 
like the dielectric constant, wide liquid range, vis- 
cosity, and dipole moment.  They also have specific 
microscopic properties like solvent molecular  shape, 
solvent size, and different functional  groups attached 
to them which can influence the behavior  of solutes 
(1). The versat i l i ty of the nonaqueous electrolytes 
not only has led to new technologies but  also to rapid 
advances in  general  theory of conductance (2). Re- 
cently different nonaqueous electrolyte systems, both 
organic and inorganic types, are being explored and 
some are being used with varying  amounts  of success 
with l i th ium anode and different kinds of cathode 
materials  as h igh-energy  density power sources (3-5). 
The mass transport  properties of these electrolytes 
and electrolyte solution-electrode interactions can 
l imit  the efficiency and performance of the battery. 
It has been shown by Keller  (6) in l i th ium-cupr ic  
fluoride bat tery with 1M IAC104 in propylene carbon- 
ate that  the severe performance l imitat ions encoun-  
tered in regard to discharge rates can be at t r ibuted 
to mass t ransport  l imitations in the electrolytes. 

Since more concentrated solutions of electrolytes 
(,-~IM) are used in batteries wherever  possible to 
minimize IR drop and most of the solvents have low 
dielectric constants, it is necessary to consider the 
formation of ion-pairs  in these solvents even at low 
concentrations (,~10-4M), and the formation of triple 
ions and more complex aggregates at higher concen- 
trations. These complex equil ibria can limit ionic 
t ransport  processes par t icular ly  at low temperatures  
and thus affect bat tery  operation. Unpubl ished re- 
sults in the author 's  laboratory on the discharge char- 
acteristics of cells containing these electrolyte solu- 
tions have shown them to be potential ly promising 
for h igh-energy  density bat tery  applications. The pres- 
ent studies were under taken  to determine the con- 
ductance behavior  of LiC104, LiBF4, and LiAsF6 in 
methyl  formate and LiAsF6 in  propylene carbonate 
over a wide concentrat ion range and to obtain the 
Raman spectra for concentrated solutions of LiC10~, 
LiBF4, and LiAsF6 in methyl  formate which show 
anomalous conductance behavior. From conductance 
measurements  such informat ion as equivalent  con- 
ductance at infinite dilution (Ao), ion-pair  dissociation 
constant (Kd), and information on the formation of 
triple ions and more complex aggregates at higher 
concentrat ion can be obtained. From Raman spectra 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  m e t h y l  f o r m a t e ,  p r o p y l e n e  carbonate, e lectrolyte  so- 

lu t ions ,  c o n d u c t a n c e ,  R a m a n  spectra. 

information on the effect of water  on solvent struc- 
ture and ion-solvent  and ion-ion interactions in more 
concentrated solutions can be obtained. 

Experimental 
Methyl formate dried over Na2CQ and distilled from 

P205 was used. It contained not more than 150 ppm 
of water  as determined by gas chromatographic 
method and Kar l  Fischer t i tration. Propylene  carbon- 
ate treated with CaO and distilled under  vacuum 
contained no more than 120 ppm of water. The rela-  
tive humidi ty  of the dry room was about 4% and the 
dry box used in the author 's  laboratory with silica 
gel and with positive pressure of dry ni t rogen showed 
a relative humidi ty  of about 3% inside the box. There-  
fore all solutions were made in the dry room with 
precautions taken to eliminate any moisture contam- 
ination. The electrolytes LiC104, LiBF4, and LiAsY~ 
were the highest pur i ty  available (LiBF4 and LiAsF6 
from Foote Mineral  Company) and dried under  vac- 
uum at about 150~ for several hours and used with-  
out fur ther  purification. The electrolytes were assumed 
to be anhydrous and no moisture content was deter- 
mined. Jones and Bollinger type conductance cells 
with br ight  p la t inum disk electrodes with cell con- 
stants varying from 0.2416 to 10.00 were used. All con- 
ductance measurements  were made at 25 ~ + 0.05~ 
with the conventional  techniques to measure resistance 
with a General  Radio bridge. Raman  spectra were 
recorded with a Jar re l l -Ash laser -Raman spectrom- 
eter (Model 25-300) having both He-Ne (6328A) and 
Ar ion (4880A) lasers (55 and 125 roW, respectively) 
as excitation sources. Pyrex glass Raman tubes (0.7 
mm OD and 1~0 cm long) with optical flats as win-  
dows were filled with the solvent and solutions under  
dry conditions and sealed. The spectra were run  two 
to three times to establish band positions. The region 
2800-390,0 cm -1 was examined for water  frequencies. 

Results and Discussion 
AsF6- of LiAsF6 is a nonin ter fer ing  anion with low 

polarizabili ty and spherical symmetry  (7). Therefore, 
it should be interest ing to compare its Raman spec- 
t rum and the conductance of LiAsF6 in methyl  form- 
ate with those of LiC104 and LiBF4. 

The conductance measurements  were made on 
LiAsF6 in methyl  formate covering a concentrat ion 
range of 2M to 5 • 10-4M, and in the case of LiC104 
and LiBF4 from 1.2 to 8 • 10-~M and for LiAsF6 in 
propylene carbonate from 1.2 to 2 • 10-4M. Plots of 
equivalent  conductance (A) vs. log concentrat ion for 
LiC104 and LiBF4 in methyl  formate are shown in 
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Table I. Equivalent conductance at infinite dilation and 
dissociation constant for ion-pairs at 25~ 

I0,0 LiAsFe  i n  MF* L iAsFe  in  P C t  LiC10~ in  M F  L i B F 4  in  M F  

8.0 

6.0 

Ao = 71.5 Ao = 22,2 Ao = 16,6 Ao = 9.1 
Kd = 3,13 X 10 --4 Kd = 11,8 X 10 -S Kd = 2.64 X 10 ~ Kd = 2.4 X 10 -4 

Log A v s .  log C values 

M i n i m u m  
cone 

4.0 ( m o l e s / l i t e r )  A Slope 

2.0 
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Fig. 1. Equivalent conductance vs. log concentration of LiCl04 
and LiBF4 in methyl formate. 
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Fig. 2. Equivalent conductance vs. log concentration of LiAsF6 in 
methyl formate and in propylene carbonate. 

Fig. 1. Similar plots for LiAsF6 in  methyl  formate 
and in propylene carbonate are shown in  Fig. 2. It  
is interest ing to note that  LiAsF6 as the most con- 
ducting salt shows a fairly high equivalent  conduc- 
tance at high dilution ( l  = 42.4 cm 2 ohm -1 equiv. - i  
at 5 • 10-4M) and unusua l ly  high conductance at 
high concentration (i = 21.2 cm 2 ohm -I equiv. -~ at 
2M) and the min imum in conductance appears at 
about 0.05M (A = 14.1). In  the case of LiC104 at 
high dilution, the measured equivalent  conductance 
is much lower (A = 7.3 at 10 • 10-4M) whereas the 
equivalent  conductance at high concentrat ion is fair ly 
high (A = 12.4 at 1.2M) and the m i n i m u m  occurs at 
around 0.05M (A = 2.3). With LiBF4 the conductances 
are lower over the entire concentrat ion range indicat-  
ing lower mobil i ty (it = 3.74 at 8 X 10-4M and A : 
5.46 at i.2M) with t h e  min imum occurring around 
0.05M (A = 0.95) as shown in Table I. In  the case 
of LiAsF6 in propylene carbonate, equivalent  con- 
ductance decreases gradual ly with increasing concen- 
trat ion as expected for a solvent with high dielectric 
constant of 64.4 (1). 

The plots of equivalent  conductance vs. concentra-  
tion shown in Fig. 1 and 2 and those of A vs. ~/c for all 
the three electrolytes in methyl  formate and LiAsF~ 
in propylene carbonate for more dilute solutions shown 
in Fig. 3, indicate that all these electrolytes behave as 
weak electrolytes with the formation of ion-pairs, 
triple ions, and more complex aggregates. For such 
solutions, the information on the l imiting equivalent  

LiAsF6  in  MF* 0.05 14.1 - 0 . 4 5  
L iAsFe  in  P C t  - -0 .5  
L i C ] O ,  in MF 0~'5 2.-'3" - -0 .46  
LiBF~ in  M F  0.05 0,95 -- 0.45 

* M F  = M e t h y l  formate.  
t PC = P r o p y l e n e  carbonate.  

conductance (Ao) and the dissociation constant (Ka) 
for the ion-pairs  is important  for unders tanding the 
ion-solvent  and ion-ion interactions. The conductance 
data in the dilute region of the solution are expected 
to follow the Ostwald dilution law and the law of 
mass action. Approximating the activity coefficient of 
each ionic species uni ty  as a l imit ing case, an equation 
of the form similar to that of Fuoss-Shedlovsky (8), 
except the function S (z), can be convenient ly applied. 
The equation is of the form 

1 1 CA 

i Ao Kd(io)  2 

where Ao is the l imit ing equivalent  conductance and 
Kd is the dissociation constant. Plots of 1/A as a func-  

5 4 , 0  o 

4 4 . 0  

54 .0  ~ 

( M F )  

24.0 - 

A o-  

14,0 
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0 2 4 6 8 I0 

C ~/2 x I0 2 

Fig. 3. Equivalent conductance vs. N/c  of concentration of LiAsF6, 
LiCl04, and LiBF4 in methyl formate and LiAsF6 in propylene 
carbonate. 
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Fig. 4. 1]A vs. C A  plots of LiAsF6, LiCl04, and LiBF4 in methyl 
formate and of LiAsF6 in propylene carbonate. 

l ion of CA for all the electrolytes in the two solvents 
gave straight lines as shown in Fig. 4. From the in ter-  
cepts and the slopes, the l imit ing equivalent  con- 
ductance(s)  and dissociation constant(s)  were ob- 
tained, respectively. These values are shown in  Table 
I. 

The Ao value for LiAsF6 in  methyl  formate is 71.5 
and Kd 3.13 X 10 -4 whereas in propylene carbonate 
Ao is 22.2 and Kd is 11.8 X 10-s. The higher value of 
-&o can be at t r ibuted to the noninteract ing na ture  of 
AsF6- ion and lower viscosity of methyl  formate (1). 
Likewise the smaller value of Ao in propylene car- 
bonate can be at t r ibuted to higher viscosity, and the 
higher value of Kd to the higher dielectric constant of 
pro pylene carbonate (1). In  water  at 25~ the -% value 
for LiAsF6 is 94.87 and is completely dissociated as 
expected (7). The lower values of Ao for LiC104 (16.6) 
and LiBF4 (9.1) shown in Table I can be a t t r ibuted to 
considerable ion-solvent  interactions in  these systems. 
The Kd values are consistent with such interactions. 
When log A vs. log C plots are made for all these 
electrolytes the slope predicted for ion-pai r  formation, 
namely, --1,2 (9), is 2ouna for all the salts with minima 
occurring at 0.05M in methyl  formate and shifting to 
a higher concentrat ion in propylene carbonate, as 
shown in  Table I. 

The formation of triple ions and ion quadrupoles 
with increasing concentrat ion of ionic salts in solvents 
of low dielectric constant has been treated theoreti-  
cally by Fuoss and Kraus (9, 10). The increase in con- 
ductance with concentrat ion after the min im um has 
been shown to be due to the formation of triple ions 
by coulombic interact ion between the ion-pair  and the 
ionic species. The equation describing this equi l ibr ium 
is given by 

Ao8 k - -  -&o -t- k 

where K and k are the equi l ibr ium constants for ion- 
pair and triple ion formation and Ao and Aos have their 
usual  significance (9, 10). Graphs of Ac 1/2 vs. C in all 
these systems give straight lines indicating that  such 
interactions do predominate.  

The unusua l ly  high conductances observed for con- 
centrated solutions of these salts in methyl  formate 
can be explained part ly due to large anions with low 
surface charge density and part ly due to hydrolysis. 
Methyl formate solvent with a dielectric constant of 
8.4 (1) has been found to show a dielectric constant of 
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27.4 • 6.0 in  1.1M LiAsF6 solution (11). The very low 
values of conductances and Ao (9.1) observed for LiBF4 
in methyl  formate are probably due to the dissociation 
of BF4- ion to BFs and F -  and the l imited solubili ty 
of LiF (3 X 10-SM) in  methyl  formate (6). 

Vibrat ional  spectroscopy has been extensively used 
in mol ten salts and concentrated solutions of electro- 
lytes in water to study ionic interactions. Unfor tu-  
nately, very little such data are available on nonaque-  
ous electrolytes of interest  to bat tery  technology. Janz 
and co-workers have used laser Raman  spectroscopy to 
study ion- ion and ion-solvent  interactions in concen- 
trated solutions of silver ni t ra te  in acetonitri le (12-14). 
Laser Raman spectroscopy has been used here to study 
the ion- ion and ion-solvent  interactions in concen- 
trated solutions of LiAsF6, LiC104, and LiBF4 in methyl  
formate which show anomalous conductance behavior. 

Since the presence of water  even in small quant i ty  
in the solvent ( ~  100 ppm) is de t r imenta l  to the sta- 
bil i ty and performance of a battery, it was decided to 
study the effect of water on the s t ructure  of the sol- 
vent. It was found that  water  in the solvent could be 
detected using Raman spectroscopy by the presence of 
a strong broad band appearing at a frequency of 3565 
cm -1 due to symmetrical  vibrat ion (15) as shown in 
Fig. 5. Further,  the presence of water  can be detected 
only when the water  content  is larger than 1% by 
weight. In order to compare the spectra of solvent 
samples with different amounts of water in them, the 
height of the solvent CHs-symmetrical  s tretching peak 
appearing at a frequency of 284.0 cm -1, which does not 
change with water  content, was used as an internal  
s tandard and compared to the height of the water peak 
at 3565 cm -1. Therefore, when  the ratio of the height 
of the water  peak to the height of the s tandard solvent 
peak vs. weight per cent by water is plotted, the value 
of the ratio increases unt i l  a water content of 8.4% by 
weight is reached above which the value of this ratio 
remains constant as shown in Fig. 6. At higher concen- 
trat ion of water (11.67% by weight) on careful ob- 
servation, a second layer  below the methyl  formate 
phase is seen. It is possible that  this layer is already 
formed at smaller water  concentrations. When these 
layers were separated and the spectra taken, it is 
found that the spectrum of the methyl  formate phase 

5608 cm -I 5508  cm- 

2840  cm -I 

Fig. 5. Prominent water and methyl formate bands from Raman 
spectrum. 
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Fig. 6. Plot of the ratio of water peak height to the reference 
peak vs. the weight per cent water added. 
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Fig. 7. Raman spectra of the methyl formate phase and the 
water phase. 

is identical to the pure solvent whereas the spectrum 
of the water phase shows both the vibrat ions of the 
methyl  formate and of the water modes. The. carbonyl 
stretching band of methyl  formate appearing at 1717 
cra -1 in the pure solvent has shifted to lower fre- 
quency and the intense water  peak has shifted from 
3565 to 3444 cm -1 as shown in  Fig. 7. These spectral 
changes can be interpreted in terms of interactions be- 
tween the water  molecules and the methyl  formate 
molecules. The conclusion that can be drawn from this 
study is that a small quant i ty  of water  is soluble in 
methyl  formate and it is possible that by strong inter-  
action the carbonyl  group of the solvent molecules in-  
duces a few bridges with the water  molecules. Thus, it 
is possible that most of the soluble water  in methyl  
formate is decoupled water  and in  the water  phase 
most of the water is lattice water. 

The Raman spectra of 2M LiAsF6 in methyl  formate 
have been obtained. The anion AsF6- with octahedral 
symmetry  should give three Raman active fundamenta l  
vibrations (15). Three Raman frequencies are ob- 
served for solid related compounds (16). LiSbF8 shows 
vl at 668 cm -1, v2 (double degenerate) at 558 cm-% 
and ~,~ at 294 cm-1, whereas CsAsF6 shows ~1 at 
685 cm-% v2 at 576 cm -1, and v5 at 372 cm -1 (16) 
as shown in  Table II. In  the case of LiAsFs-methyl  
formate solution only two Raman frequencies are ob- 
tained ~1 at 678 cm -1 and ~ at 344 cm -1 as shown. in  
Table II where the degenerate mode v2 has been lifted. 
The lift ing of the degenerate mode ~2 can be at t r ibuted 
to interactions of the AsF6- ion with the solvent as 
well as the cation. Similar observations have been 
made by ganz and co-workers on acetonitr i le-si lver 
ni t rate  solutions (14) and aqueous l i th ium chlorate 
solutions (17) which have been interpreted in terms 
of ion-ion and ion-solvent interactions. 

An unperturbed perchlorate ion (CIO4-) with tetra- 
hedral symmetry shows four Raman active vibrational 
modes; symmetric vibration, ,i, a doubly degenerate 
deformation, ~,2, a triply degenerate vibration, v~, and 
a triply degenerate deformation, ~4 (15). The Raman 
spectrum of ls perchlorate-methyl formate solu- 
tion (1.2M) shows the expected four bands: ~1 at 941 
cm -1, .2 at 457 cm -1, P3 at 1125 cm -1, and ~4 at 632 
cm -~ as shown in Table. III. These frequencies when  
compared to those of mol ten l i thium perchlorate (18) 
and solid l i th ium perchlorate (18) as shown in Table 

Table II. Raman spectra of LiAsF~-methyi formate solution and 
related compounds 

v~(cm -I) ~(cm-D P~(cm-') 

CsAsF~ (16) 685 576 372 
LiSbF6 (16) 668 558 294 
LiAsF6-MF (1.2M) 678 - -  344 

Table Ill. Raman spectra of LiClO4-methyl formate solution and 
related systems 

F1 P2 P3 P~ 
(cm-D (cm-D (cm -I) (cm -I) 

LiClO~(melt) (18) 953 466 1117 635 
1162 

LiC10~(solid) (18) 965 464,480 1063 621.660 
LiC10~(Aq-soln) (19) 922 450 1110 620 
LiC104-methyl fo rmate  941 457 1125 632 

(I.2M) 

III  show a shift to lower values indicating considerable 
ion-solvent  interactions in methyl  formate solution. 
The Raman spectrum of an aqueous solution of l i th ium 
perchlorate (19) shows that all four frequencies ap- 
pear at lower values compared to those of l i th ium 
perchlorate-methyl  formate solution as shown in Table 
III  indicating that the ion-solvent  interactions are 
stronger in the aqueous system as anticipated. The 
tetrafluoroborate ion BF4- with tetrahedral  symmetry  
should show four Raman lines appearing in  the fre- 
quency range of about 1000-350 cm -1 (20). However, 
LiBF4-methyl formate solution (1.2M) shows a band 
at 2130 cm -1. It is possible that BF4- dissociates to 
BF3 and  F -  and BFa complexes with methyl  formate 
while LiF with low solubil i ty precipitates (6). 
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Technical Note 

Polarization of Mild Steel in Mixed 

NaNO /NaCIO  Electrolytes 

D e r - T a u  C h i n  *,1 

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

This communicat ion describes an experimental  mea-  
surement  with a rotat ing mild steel 1 hemispherical 
electrode to see if there were convection effects on 
the steady-state polarization in mixed NaNOJNaC104 
electrolytes. Details of the exper imental  measurement  
have been reported elsewhere (1). The results are 
shown in Fig. 1 (represented by the symbols O, A, 
e,  etc.) for three electrolyte compositions at various 

* Electrochemical  Society Act ive  Member .  
Present address: Department of Chemical Engineering,  Clarkson 

College of Technology, Potsdam, New York 13676. 
Key  words:  electrochemical  machining,  passivation, t ranspassive 

dissolution, rotat ing hemispherical electrode. 
Composition of mild steel other than iron: Mn, 0.98%; S, 0.29%; 

C, 0.1%; P, 0.06%; Si, 0.005%. 

0 
0 

, r , t  

rotational speeds. Nitrogen-saturated 4M (total anion 
strength) electrolytes at a constant temperature  of 
22 ~ + 2~ were used for the tests; the pH of these 
electrolytes was main ta ined  between 6 and 8 during 
the experimental  runs. For comparison, steady-state 
polarization curves previously reported (1, 2) for the 
rotat ing mild steel hemispherical electrode in  4M 
NaNO3 and 4M NaC10.~ are also plotted in the figure 
as the thick and the thin curves, respectively. 

Figure 1 shows a difference between the present 
results and those reported previously by Hoare et al. 
(3, 4) for stat ionary mild steel beads in mixed N a N O J  
NaC104 electrolytes. These authors have found that  
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Fig. 1. Steady-state polariza- 
tion of a rotating mild steel 
hemispherical electrode in mix- 
ed NaNOJNaCI04 electrolytes. 
The data were taken at a con- 
stant temperature of 22 ~ • 2~ 
For comparison, the results by 
Hoare et al. (3, 4) are sketched 
in inset A, in which the passive/ 
transpassive transitional poten- 
tial is a function of electrolyte 
composition. 

POTENTIAL vs.  SCE ( V )  
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the potential  at which t ransi t ion from the passive to 
the transpassive state began was a function of elec- 
trolyte composition (Fig. 1A). The transpassive poten- 
tial began at less noble values with increasing con- 
centrat ion of perchlorate ions unt i l  a min imum po- 
tential  of 0.3 V/SCE was reached at 67% perchlorate 
in a total 3M mixed NaNQ/NaC104 electrolyte. The 
transpassive region then started at more noble po- 
tentials with fur ther  increase in perchlorate concen- 
tration. 

In  this study, the variat ion with the electrolyte 
composition is not as obvious. For all the compositions 
tested (ranging from ,0% to 10,0% perchlorate),  the 
transpassive region invar iably  starts at a potential  of 
1.1 V/SCE. The slope of the polarization curves at the 
very beginning of the transpassive region seems to 
vary with the composition. The curve for 4M NaNO3 
has the smallest slope, whereas the curve for 4M 
NaCIO4 has the sharpest transition from the passive 
to the transpassive states. The data for the mixed elec- 
trolytes exhibit a logical trend in that the slope of 
the transition falls between the two limits and in- 
creases with increasing per chlorate concentrations. 
Four other additional features can also be observed 
in the figure: 

i. The electrode rotation had no effect on the polar- 
ization in the mixed electrolyte. The same is also true 
for the nitrate solution. For perchlorate, the active/ 
passive transition potential occurs at more noble values 
with increasing rotational speed. 

2. For potentials less than 0.2 V/SCE, the data for 
the mixed electrolytes fall exactly on the curve for 
4M NaNO3. It seems that in this low potential region, 
only nitrate ions participate in the anodie processes; 
perchlorate serves only as the supporting electrolyte. 
There is no doubt that the passivation in the mixed 
electrolytes is initiated by nitrate ions. 

3. In the passive region (from .9.2 to I.I V/SCE), 
the current density for the mixed electrolytes falls 
below that for NaNO3, and agrees with that for 
NaCIO4. Apparently, in this region, the anode starts 
to adsorb perehlorate ions, which in turn reduce the 
passive current density to the level specified by the 
NaCIO4 curve. The nature of the protective film in the 
mixed electrolytes probably resembles that in the per- 
chlorate solutions. 

4. In the transpassive region (potentials greater than 
i.I V/SCE), the shape of the polarization curves for 
the mixed electrolytes closely resembles that of 
NaCIO4 rather than NaNO8 even though the initial 
slopes are a function of electrolyte composition. For 
potentials greater than 1.5 V/SCE, the data points 
for all the mixed electrolytes seem to converge to a 
single curve represented by the polarization behavior 
in 4M NaCIO4. It has been reported in previous studies 
(5, 6) that during the early transpassive state (below 

the potential where the current density at the anode 
is less than 5.0.00 mA/cm2), mild steel in nitrate solu- 
tions is covered with an electronically conductive 
oxide film, and the current is consumed solely in the 
oxygen evolution reaction at the oxide/electrolyte 
interface. Addition of perchlorate ion to nitrate solu- 
tions seems to greatly reduce the critical potential at 
which the oxide film begins to break apart and the 
underlying metal matrix starts to dissolve transpas- 
sively into the electrolyte. 

In the present study, nitrogen-saturated 4M mixed 
electrolytes were used for the measurements, whereas 
Hoare et al. used oxygen-stirred 3M solutions. The 
solubility of 02 in water at 25~ is 0.039 g/liter, or 
0.0012M (7). It is questionable that the presence of 
this small amount of 02 could reduce the onset of 
transpassive potential by up to 800 mV. The differences 
might be caused by variations in the composition of 
mild steels or the experimental methods used in the 
polarization measurements. 

It is not known at the present time why the results 
of this study differ so much from those previously re- 
ported. The differences are of considerable importance 
to those working in this field. Hence, subtle, as yet 
unknown, factors can influence the results significantly 
--a fact which should be brought to the attention of 
future workers studying the fundamental nature of 
electrochemical machining. 
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Brief Communication 

Adsorption Isotherm of Iodide Ions on Copper 
Single Crystal Planes in Sulfuric Acid 

S. M. Mayanna 
Department oJ Chemistry, Central College, BangaIore University, BangaIore-1, India 

H a l i d e  ions  are  both st imulators and inhibitors of 
corrosion of metals (1). Inhibi t ive  anions are known 
to adsorb preferent ia l ly  at meta l / solut ion interfaces 
that are positive to the zero charge potential  of the 
metal  (2). Hackerman (3) has proposed an adsorption 
theory of corrosion inhibi t ion in  which adsorption is 
general  in character and higher order of inhibi tor  effi- 
ciencies favor those inhibitors which exhibit  chemi- 
sorp%ion (4). An iodide ion can show strong interaction 
on the metal surface because of its high polarizability 
(5). Copper is an industrially important metal next to 
iron and the study of inhibition of acid corrosion of 
copper is a subject with tremendous technological sig- 
nificance. In view of the importance of specific ad- 
sorption to practical systems of corrosion, an attempt 
has been made to know the nature of interaction of 
iodide ions on copper single crystal planes during acid 
corrosion. The Langmuir adsorption isotherm has been 
applied to the adsorption of iodide ions on copper 
single crystal planes in 0.1N sulfuric acid, and heats of 
adsorption have been evaluated. 

Solutions were prepared from freshly distilled and 
pre-electrolyzed AR sulfuric acid and recrystallized 
AR potassium iodide using triple distilled water; 
99.999% copper (Ii,0), (I00), and (Iii) planes with 
dislocation density of the order 106/cm 2 were mechani- 
cally polished on 4/0 emery paper using ethyl alcohol 
as lubricant and then electropolished in i: 1 orthophos- 
phoric acid (6) at a cell potential of 1.2V for 30 rain. 
The dissolution was carried out in aerated 0.1N sul- 
furic acid with the desired amount of potassium io- 
dide. The potentials of copper single crystal planes 
were recorded agaizist a Hg/Hg2SO4 reference elec- 
trode using VTVM. The detailed experimental pro- 
cedure has been given in a previous communication 
(7). Copper (ii0), (i0,0), and (Iii) planes were dis- 
solved in aerated unstirred 0.1N sulfuric acid contain- 
ing various concentrations of iodide ions at different 
temperatures, and dissolution rates (mg/cm2/hr) were 
evaluated. Iodide ions had significant effect on the dis- 
solution rates of the crystal planes when its concen- 
tration was in between I0-6 and 10-4M. The surface 
coverages (o) of iodide ions on the crystal planes at 
different temperatures were evaluated from the disso- 
lution rates using the equation (8) 

O-- I -- P/Po [i] 

where P and Po were the dissolution rates with and 
without iodide ions, respectively. The surface coverage 
increased on increasing the concentration of iodide 
ions up to 10-4M. The additional increase of iodide 
ions above 10-4M did not increase the surface coverage 
further. Table I shows the effect of iodide ions on the 
surface coverage up to 10-4M at 3.0~ The values of 
C/8 were plotted against C (C being the concentration 
of iodide ions in the bulk of the solution) for various 

Key words: surface coverage, inhibitors, adsorption isotherm, heat 
of adsorption. 
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Table I. Surface coverage of iodide ions on copper single crystal 
planes in sulfuric acid at 30~ 

Concentra- 
Sulfuric tion of I- 
acid pPI ions (M) (ii0) (100) (111) 

1.0 1 X I0 -e 0,37 0,05 0.26 
5 • 10 -o 0.41 0 . I i  0.30 
1 • I0 -~ 0.56 0.30 0.41 
5 X i0 -3 0.75 0.56 0.50 
i x i0 -~ 0.90 0.74 0.58 

crystal planes at different temperatures. Figure 1 
shows the variation of C/0 with C for all the crystal 
planes at 30~ Heats of adsorption of iodide ions on 
copper (ii0), (i0,0), and (Iii) planes were calculated 
(9) and these values were found to be 11.8, 13, and 15.2 
kcal/mole, respectively. 

The mechanism of the dissolution reaction of copper 
in acidic solution according to Bockris et al. (I0) is as 
follows 

Cu~ Cu + + e [2] 

Cu + > Cu + + + e [3] 
rds 

The experimental data obtained recently (II) from 
our laboratory for copper single crystal plane.s in sul- 
furic acid with and without the presence of iodide ions 
are consistent with the above mechanism indicating 
that the second electron removal is the rate determin- 
ing step. In the presence of iodide ions, the rate of the 

2 0 0  
o (110) 

A (I 00) ~ ,  
1 6 0  �9 ( 1 1 1 )  

E 
.~ 120 

o 8 0  

4O 

I I I I I 
0 20  4 0  6 0  8 0  100  

T -  ion concentrat ion (p .m)  

Fig. 1. Langmuir adsorption isotherm for adsorption of iodide 
ions on copper single crystal planes in sulfuric acid at 30~ 
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dissolution react ion is decreased.  However ,  the anodic 
Tafel slopes for copper single crysta l  planes  in the ab-  
sence and presence of iodide ions are the same. This 
indicates  that  the mechanism of the dissolution re-  
action on uninhib i ted  and inhib i ted  copper single 
c rys ta l  planes in sulfuric  acid is the  same. 

The corrosion potent ia l  on ~ scale (12) indicates the 
posit ive charge on the surface of the crys ta l  p lane and 
inhibi t ion of acid corrosion by  the adsorpt ion  of 
iodide ions at the react ion sites on the surface of the 
crysta l  plane. The dissolution ra te  of a meta l  depends 
on the number  of avai lable  f ree  react ion sites on the 
surface (13). If  the  above fact is valid,  and assuming 
no in terac t ion  be tween  the adsorbed  ions (14) (at  tow 
values of 0), then the apparen t  dissolution ra te  of the 
inhibi ted copper single crys ta l  plane is p ropor t iona l  to 
the  number  of react ion sites not covered by  iodide 
ions. A corre la t ion be tween  0 and C can be achieved 
with  the Langmui r  adsorpt ion  isotherm 

o ~- KC/1 + KC [4] 

Rearranging  Eq. [4] 

C/o = I / K  + C [5] 

F igure  1 is a plot  of Eq. [5] and shows that  the Lang-  
mui r  adsorpt ion isotherm correlates  the exper imenta l  
data. The values  of heats  of adsorpt ion  indicate  that  
the iodide ion is s t rongly  adsorbed on the copper single 
crysta l  planes.  This is in agreement  wi th  the exper i -  
men ta l ly  observed h igher  order  of inhibi tor  efficiency 
of the iodide ions which is an impor tan t  fea ture  of 
chemisorpt ion (15). 
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The Direct Radiometric Study of Electrosorption of 
Tritium Labeled Compounds 
Adsorption of Methanol on Gold Electrodes 

Andrzej Wieckowski 
Chemistry Department, University of Warsaw, Warsaw, Poland 

"The main drawback (of radiometrie methods) 
would seem to be the demand for electrodes of very 
large area. This restriction limits precision, limits 
the variety of metals which can be studied, and as yet 
does not allow measurements on smooth metals (to 
which most other methods have been applied)." This 
opinion of Perkins and Andersen (i) seems still to be 
valid in spite of the fact thai some new methods have 
been elaborated since 19'69 (2-4). As a way for im- 
provement of the methods used for the study of ad- 
sorption of organic compounds, an application of tri- 
tium atoms as a labeling agent rather than ~4C may 
be suggested. However, owing to its low energy (Emax 

18.6 keV), the 8-- tritium radiation is strongly ab- 
sorbed in adsorbent material which causes serious ex- 
perimental problems. The working electrode must be 
prepared from a very thin layer of metals and use of a 
window counter (5) seems, in practice, to be impossi- 
ble. This low penetrability of tritium radiation brings 

Key words: electroadsorption, tritium labeled compounds, meth-  
anol, glass scintillator. 

about, at the same time, the effective elimination of 
background counting (6). It should be noted that the 
presence of the background counting in the study of 
14C or 35S labeled compounds has limited the range 
of applicability of radiometric methods. 

Knowing the half thickness of 3H radiation [h/~ ----- 
0.28 rag-ca -2, (7)] we may estimate the maximum 
thickness of the layer of a metallic film which may be 
used for the adsorption study. For the case of Au or 
Pt electrodes, the practical thickness of the layer can- 
not be greater than ca. 2000_&. This value can be com- 
pared with the thickness of metallic films of OTE 
(optical transparent electrodes) described by yon 
Benken and Kuwana (8) equal to ca. 100A. 

We have overcome the experimental difficulties by 
the use of a glass scintillator disk (NE 901, Nuclear 
Enterprises Limited) as a radiation detector. The me- 
tallic films were prepared by the vapor deposition of 
metals directly onto the scintillator surface. The tri- 
tium radiation transparent electrodes thus obtained 
will further be called TRTE. 
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Exper imenta l  
The sketch of the apparatus used, which is similar to 

the  schemes previously reported (3,4), is given in 
Fig. 1. Since Au was found to be poorly adherent  to 
the scinti l lator surface, an oxide undercoat ing was 
first deposited. Lead dioxide produced the greatest 
improvement  in film properties which is in agreement  
with von Benken and Kuwana ' s  results (8). The thick- 
ness of PbO~ was estimated to be about 10,0A and the 
thickness of Au, about ll00A. Gold films were me-  
chanically stable, with the coating being removed only 
when hydrogen or oxygen were evolved or by im- 
mersion in  concentrated acidic solutions. It was ob- 
served that after an exposure of the glass scintillators 
to daylight or white electric light, the strong excita- 
tion of the scintil lator mater ial  occurred. It took sev- 
eral hours or more of keeping the scintillators in the 
dark to cool down their luminescence radiation. As a 
remedy, the anneal ing of the. TRTE electrodes in  an 
oven at 250~ was used. One hour of the anneal ing 
was quite enough to reduce the luminescence radiation 
to an acceptable level (ca. 2'0 counts per second). 
Moreover, it also improved the mechanical  adherence 
of Au films (8). Fur ther  operations, which followed the 
annealing,  were carried out using red electric light 
exclusively. During experiments,  the electrochemical 
cell, the glass scintillator (TRTE), as well as the 
photomult ipl ier  (Fig. 1), were placed in a lightproof 
box and all fur ther  operations were carried out outside 
the box. 

Aqueous Na2SO4 (0.1M) solutions, used as a support-  
ing electrolyte, were prepared from A.R. grade salt, 
recrystallized before use, and from threefold distilled 
water  (the second disti l lation being made from alka- 
l ine permanganate  solutions).  The support ing electro- 
lyte, before use, was preelectrolyzed on p la t inum elec- 

trodes of high geometric area (ca. 30 cm 2) for several 
hours. A 1.35V cell, connected directly between the 
two electrodes, was used as a polarizing source (9). 
The inert  gas passed through the preelectrolysis cell 
to purge volatile impurit ies from the solution, addi- 
t ionally stirred mechanically. The stream of the iner t  
gas served also as a b lanket  to exclude any contact of 
the solution with the atmosphere. Purified and deoxy- 
genated ( ~  0.1 ppm of 02) argon was used as the inert  
gas. 

Tr i t ium labeled methanol  (methyl-  ~H) manufac-  
tured by "Amersham" (specific activity, 125 mCi. 
mmole -1) and t4C labeled methanol  produced by 
"I.B.J.-Swierk" (5 mCi .mmole  -1) were isotopically 
diluted to 10 mCi .mmole-~  and 0.50 mCi .mmole-% 
respectively. A.R. grade methanol,  purified fur ther  by 
the use of the method given in Ref. (10) was employed 
as a diluting agent. Since 8H-methanol was labeled in 
methyl  group, the exchange of ~tt with 1H20 could not 
be taken into account (11). 

The remaining details concerning the experimental  
procedure were similar to those recently described for 
the case of the study of 1~C labeled compounds (4). 
The electrode potentials are referred to the hydrogen 
electrode in the same solution as the working (TRTE) 
electrode. At the beginning of every experiment,  the 
al ternate anodic-cathodic pulsing was imposed on the 
working electrode for several minutes  to clean the Au 
surface. The electrode potential  was controlled with a 
potentiostat (Radelkis, OH-404) and a valve voltmeter  
(Radelkis, OP-205) set. A conventional  radiometric 
unit, equipped with a power supply, an amplifier, a 
scaler, and a pr in ter  ("Polon") was employed. The 
photomultiplier  was cooled down to 2~ to reduce its 
thermal  background. 

All experiments were carried out at ambient  tem- 
perature 25 ~ • 2~ The bulk concentrat ion of meth-  
anol was constant and equal to 10 -2 IV[. 

Results and Discussion 
At first, the l inear i ty  of the radiometric uni t  was 

checked and the results are given in Fig. 2. Tr i t ium 
labeled water  (specific activity, 0.2 mCi .mmole-~) ,  
added to the radioelectrochemical cell, was used as a 
calibrating agent. It may be seen that the l inear  de- 
pendence of the counting rates (N) on the specific 
activity of solution was obtained in  the investigated 
range of c.p.s. (counts per second). 

The dependence of the counting rates on t ime for 
adsorption and desorption of SH labeled methanol  is 
given in Fig. 3. As the mi n i mum of adsorption was 

Fig. 1. Sketch of radioelectrochemlcal cell. 1, TRTE (tritium 
radiation transparent electrode); 2, Teflon frame; 3, light pipe; 4, 
photomultiplier (EMI-9514 S); 5, tightening; 6, Teflon gasket; 7~ 
rubber gasket; 8, KeI-F sealed glass (Pyrex) ground joint; 9, coun- 
terelectrode (closed by flitted disk); 10, reference hydrogen elec- 
trode (Luggin capillary); 11, bubbler; Ar, inlets of argon. 
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Fig. 2. The dependence of counting rates, N(counts per second) 
on the specific activity (mCi �9 cm -3)  of tritium labeled water (the 
check of linearity). 
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Fig. 3. The experiments with 8H. The dependence of N (counts 
per second) on time for: (a) adsorption of methanol after poten- 
tial step from 1.5 to 0.6V; (b) desorption of methanol (0.6 to 1.5V). 
The background of solution, N s o ] n .  - -  325 counts/see. 

found in the potential  range: 1.3-1.7V, the electrode 
potential E ~ 1.5V was chosen as a start ing point. 
Slow adsorption at E : 0.6V (Fig. 3a) and fast de- 
sorption (Fig. 3b) after the potential  step from 0.6 to 
1.5V may be seen in this figure. 

In  order to demonstrate the difference in using ~H 
and '4C as labeling agents some experiments with 14C 
labeled methanol  were also carried out. The results 
are given in Fig. 4. The curve "a" in this figure cor- 
responds to the adsorption of 14C labeled CH~OH on the 
Au-glass scintillator electrode. The increase in count-  
ing rates was not observed within  the experimental  

,5. 
d 

o 

(b) 
Pt, 1.2 ---~- o.4 V 

(a) 
Au, 1,5 "--~0.6 V 

S ~  (3 0 0 
I 

0 10 20 t / r n i n  

Fig. 4. The experiments with 14C. (a) N (counts per second) v s .  

t plot for methanol adsorbed on the Au-TRTE after the potential 
step from 1.5 to 0.6V. (b) N (counts per second) vs. t plot for 
methanol adsorbed on platinized electrode of R ~ 50, after the 
step 1.2-0.4V. Nsom : 300 counts/sec. 

error. Adsorption of 14C labeled methanol  on a plat in-  
ized electrode of a roughness factor R ---- 50 at E =- 
0.4V is demonstrated in curve "b" of Fig. 4 (12). It  
should be noted that  in both experiments with 
14CH~OH the counting efficiency was kept practically 
the same. 

The difference in the runs  "a" and "b" in  Fig. 4 can 
illustrate the importance of the roughness factor in 
radioelectrochemical investigations provided that the 
values of surface concentrat ion of methanol  in ter-  
mediates adsorbed on Au and Pt electrodes are similar, 
which is a reasonable assumption. The difference in 
the plots "a" in  Fig. 3 and "a" in Fig. 4 is considered as 
an evidence for the great improvement  in the radio- 
tracer method brought  about by the use of ~H instead 
of '4C isotope in the study of the adsorption phe- 
nomena. This s tatement  is enhanced by the fact that 
a very high increase in counts per second was ob- 
served for adsorption of 3H labeled methanol  contrary 
to the lack of the increase due to adsorption of 
14CHsOH. In  the lat ter  case, the radiometric method is 
unsui table  for the adsorption study. It must  be stressed 
that besides the difference in the isotopic composition, 
the experimental  conditions were in both cases exactly 
the same. 

The main  drawback of the t r i t ium radiochemical 
method is its restriction to interactions of organic 
species with solid electrodes not involving the C-T 
breakage. It can be ment ioned that such a process was 
observed during adsorption of methanol  on smooth Pt 
electrodes (13). 

For their good light output  (28% of anthracene)  and 
inert  properties the glass scintillators can also f rui t -  
fully be used as detectors in the adsorption study of 
'4C or 35S labeled compounds on the electrodes of high 
R. P la t inum adheres well to the scintillator surface, 
and the platinized electrodes can easily be obtained. 

Fur ther  studies of electrosorption of t r i t ium labeled 
compounds on the solid electrodes are in progress, and 
the results will be given soon. 
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Doped Ceria as a Solid Oxide Electrolyte 

H. L. TulleH and A. S. Nowick 
Henry Krumb School o$ Mines, Columbia University, New York,  New York  10027 

ABSTRACT 

Ceria (CeO2) doped with divalent  or t r ivalent  cations is a mixed con- 
ductor; conduction occurs predominant ly  by the motion of oxygen vacancies 
or by electrons, depending on the departure from stoichiometry. In  order 
to establish the electrolytic domain (T vs. p02) at which (CeO2)o.9s(Y20~)o.05 
behaves pr imari ly  as an ionic conductor with t ransference number  ti => 0.99, 
a careful study was made of the conductivity, ~, as a function of temperature  
and oxygen partial  pressure., covering the POu range of 100-10 ,-22 arm in small  
steps. From these data the electrolytic domam was determined;  it extends to 
about i0 -I~ arm at 600~ When compared to ealcia-sCabilized zirconia (CSZ), 
doped ceria shows a higher conductivity, lower activation energy (0.76 eV) 
for anion vacancy migration, and absence of polarization effects to lower 
temperatures. These results indicate that doped ceria may be an attractive 
candidate for fuel cells and other applications at temperatures below those at 
which CSZ is useful. 

There has been much interest  in  oxide materials 
which can serve as solid oxide-ion electrolytes for ap- 
plications in oxygen concentrat ion cells and in fuel 
cells (1, 2). The criteria to be met  include: (i) a high 
anionic (i.e., 0 2- ion) mobility, and (it) negligible 
electronic conductivity. I tem (it) is equivalent  to the 
s ta tement  that  the ionic transference number  ti mus~ 
be close to unity, although the max imum acceptable 
value of 1 -- ti depends on the specific application. 
Relat ively few oxides meet  both of the above criteria. 
The two materials most often used as solid oxide elec- 
trolytes are ZrO2 and ThOu, doped with divalent  or 
t r ivalent  cation impurit ies so as to introduce oxygen 
vacancies for charge compensation. 

Ceria, CeO2, has the same (fluorite) s t ructure as 
thoria and (doped) zirconia, but  is different in that 
pure  CeOu undergoes large departures from stoichiom- 
etry at elevated temperatures  in a reducing atmo- 
sphere, with accompanying electronic conductivity 
(3). Although doped CeO2 is often ment ioned as show- 
ing predominant ly  ionic behavior  (2, 4), the exact 
extent  of the ionic vs. electronic contr ibutions has nor 
been well established. Generally, the tendency has been 
to regard it as unsui table  as an electrolyte material  
because of its electronic component. Nevertheless, 
Takahashi  et al. (5, 2) have made ti measurements  of 
CeOu doped with LauO3, using galvanic cell measure-  
ments, and have even tr ied this mater ial  in a fuel cell. 
The values for ti that  they obtain, however, general ly 
fall in the range from 0.6 to 0.9, indicating a substan-  
tial electronic contribution. 

In  the present  paper, it is in tended to investigate the 
ionic transference number  and electrolytic domain of 
doped CeO2. The term "electrolytic domain" refers 
here to the range of Pou and temperature  at which 
ti is greater than 0.99. The information will be ob- 
tained not through direct galvanic cell (emf) mea-  
surements,  since these are deemed to be insufficiently 

1 Present  address: Physics Depar tment ,  The Technion, Haifa, 
Israel. 

Key  words:  ionic conductivity,  cer ium dioxide, solid electrolyte, 
point d e f e c t s .  
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precise to obtain ti values close to 1.0, but  rather  
through measurement  of conductivity, ~, as a funct ion 
of Poe. Although such measurements  have been per-  
formed earlier by Blumenthal  et aL (6), one cannot 
obtain the type of quant i ta t ive  information desired 
for present purposes from those measurements,  pri- 
mari ly  because of the existence of large gaps in the POe 
range covered. 

In  the present work, with special care, it was pos- 
sible to cover the entire range from P02 ---- 1-10-22 arm 
in sufficiently close steps to obtain the electrolytic 
domain with reasonable precision for the case of 
(CeOu)o.9~ (Y203)0.05. In  addition, some of the Faram- 
eters which characterize ionic migrat ion in CeO2 are 
obtained. Finally, some experiments on polarization 
effects are reported. 

Theory 
Ionic conductivity.--It  will be assumed that the 

only defect giving rise to ionic conductivity in CoO2 -is 
the doubly ionized oxygen vacancy, Vo'" [in the 
KrSger-Vink (7) notation]. If the concentration of 
these vacancies is denoted by nv, we may write, for the 
ionic conductivity r the expression 

~i : nvq~i [i] 

where q = 2e is the (positive) charge on the vacancy 
and ~i is its mobility, given by (8) 

~aUq 
~i ---- - -  exp (--AGi/kT) [2] 

4kT 

Here AGI is the free energy of activation for ionic 
motion, expressible in terms of an enthalpy of activa- 
tion aHi and entropy of activation ASi by 

AGi : AHi -- TASi [3] 

v is a frequency factor and a is the lattice parameter  
of the cubic uni t  cell. (a/2 is the nearest  neighbor 
oxygen spacing and, therefore, the jump dis,lance of a 
vacancy.) Thus, in  the semiempirical  equation 
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Ci 
~i = -~--exp ( - -E i /kT)  [4] 

the parameters  Ei and Ci are given by 

Ei = A H i  [ 5 ]  

and 
Ci = (va2e2/k)nv exp (ASi/k) [6] 

assuming that nv is not tempera ture  dependent.  
The "act ivat ion energy"  Ei is obtained in the usual 

way from a plot of log ~iT vs. 1/T. It should be noted 
that if instead, one plots log ~i vs. l /T ,  a straight  line 
will  usually be obtained within  exper imenta l  error, 
but its slope gives an apparent  activation energy Ea 
given by 

d In r 
E a  = - -  - -  - -  E i  - -  k T  [ 7 ]  

d (1 /kT)  

where  T is the average t empera tu re  over  the range of 
the measurements .  

Two factors determine nv, viz., charge compensation 
and nonstoichiometry.  To produce vacancies by means 
of charge compensation we may dope with  an alio- 
valent  cation, e.g., CaO or Y203. In this way we obtain 
one Vo" for every  molecule of dopant, since the Ca 2+ 
and Ya+ ions enter  the CeO2 lattice as Ca"ce and Y'ce, 
respectively. Therefore  

1 
~Ca" nv ---- L CeJ -}- "~ [Y'ce] - n M  [8] 

that  is, the quant i ty  nM defined here is the total effec- 
t ive dopant concentration. (It is defined so as to allow 
both Ca and Y to be present s imultaneously;  actually 
only one will  be present in significant concentrat ion at 
a time.) On the basis of Eq. [8] and [1], we expect  
that r oc nM and also, f rom Eq. [2]-[5], that  Ei is in- 
dependent of both }ZM and the type of aliovalent do- 
pant. Actually, this s ta tement  is only valid at low con- 
centrations. In fact. for ceria, ~i vs. nM is l inear up to 
a value of nM corresponding to less than 4% oxygen 
vacancies, and then it shows a broad max imum as a 
function of dopant concentrat ion (2, 6). In the case of 
ThO2:Y203 the departure  apparent ly takes place even 
ear l ier  (9). Such results mean that  defect interactions 
become important  at high concentrations. In the case 
of ZrO2: CaO, for example, it is well  known that  order-  
ing effects take place (10). In the range where  in ter -  
actions are appreciable, the semiempirical  relat ion [4] 
still holds, but  the simple interpretat ions of Ei and C~ 
given by Eq. [5] and ' [6]  no longer  apply. 

When vacancies are produced by departures from 
stoichiometry, one also obtains electronic defects which 
give rise to an electronic contribution to the conduc- 
tivity, ~e. 

Nonstoichiometry and electronic conduct ivi ty . - -The 
reaction which leads to nonstoichiometry is 2 

1 
Oo = Vo'" -}- 2e' -}- ~-  O2(g) [9] 

The electronic defect e' may be regarded as equivalent  
to the ~resence of a Ce 3+ ion, or in defect notation, 
Ce'ce. The mass action equation which follows from 
the react ion [9] is, at low defect concentrations 

nvne2po21/2 : KI (T)  : KI0 exp ( - ~ H 1 / k T )  [10] 

in which ne is the electron concentration, Po2 the oxy-  
gen partial  pressure, and t i l l  the enthalpy change of 
the reaction. In doped samples, we will  be interested in 
the range where  nonstoichiometry is small, specifically, 
r~e ~ riM. Under  these conditions nv N 7~M and so 
f rom Eq. [10] 

ne = [K~ (T)/nM] 1/2 po2 - t /4  [Ii] 

'~ For large departures from stoiehiometry, singly ionized vacancies 
can also be produced (II), but this complication can be ignored for 
the p u r p o s e s  of t h i s  p a p e r .  

In spite of the fact that ne < <  nv, however ,  the elec- 
tronic conductivi ty 

O'e : n e e ~ e  [12] 

can become appreciable because ~e > >  m. Since elec- 
trons migra te  by a hopping mechanism (11), ~e is 
given by 

~e -: (b /T)  exp ( - -Ee /kT)  [13] 

where  Ee is a small act ivation energy. From Eq. [11] 
and [12], fie cc Po2-1/4.  The total conductivi ty 

- ~ i  -}- ~ e  [ 1 4 ]  

is then clearly made up of a po2-independent part, ~i, 
and a part, ~e, which is proport ional  to po2 -1/4. This 
pressure dependence provides a convenient  way to 
separate ~i f rom ~e and thereby to obtain the ionic 
t ransference number  

ti = ~ri/r [15] 

The electrolytic domain.--The electrolytic domain 
is defined as the region, in a plot of log Po2 vs. l I T  in 
which ti is greater  than some selected value (often 
0.99) (12). Substi tut ing [4] and [10] through [13] into 
Eq. [14] and [15], we obtain 

lnpo2 = 41n Ci(1 -- ti)nM 1/~ 

~H1 + 1 

which shows that  a plot of In Po2 vs. 1/T for a given 
ti value gives a straight line whose negative slope is 
(4/k) (1/2_xH! § Ee -- El) and whose intercept  depends 
on ti and on the dopant concentration. 

The straight line given by Eq. [16] separates the 
po2-1/T space into two regions, the region above the 
line being the domain for which ti is greater  than the 
selected value. From the intercept  formula it is clear 
that, for ti close to 1.0, the line shifts upward by close 
to 4 decades for every  decade in (1 -- tD; for example,  
in going from ti = 0.9.0 to 0.99, the shift is 4.17 decades 
in Po2. 

Experimental Methods 
The specimens used in this study were fabricated 

from nominally pure CeO2 powder (99.9% pure with 
respect to other rare earths). Analysis shows an alio- 
valent impurity content in the range 150-200 ppmw. 
Samples doped with Y203 or CaO were prepared by 
mechanically mixing appropriate amounts of Y203 or 
CaCO3 powders with the CeO2. Cylindrical samples (3/4 
in. diam • 0.I in. high) of the mixed powders were 
prepared by pressing in a steel die at 40,(]00 psi. ~fhe 
pressed specimens, covered by additional loose powder 
to minimize contamination and loss of dopant, were 
placed in high purity alumina holders and heated 
slowly to 15.~0~ in an argon atmosphere. They were 
held at this temperature for 12-14 hr. The densities of 
the samples so obtained were greater than 80% of 
theoretical density. 

After  samples were cut to size (12 X 5 X 5 mm 3) 
electrodes were  prepared using plat inum paste (Engle-  
hard No. 6082) which was fired in air at 8C9~ to burn 
off the organic binder. Such electrodes are known (13) 
to be porous enough to allow the sample to come to 
equi l ibr ium (with respect to oxygen) wi th  the sur-  
rounding gas phase. 

Measurements were  carried out inside a quartz tube 
suspended inside a Kantha l -wound  resistance furnace. 
Electric feedthroughs were  mounted in a stainless steel 
cap from which four (15 rail) p la t inum leads ran to 
the specimen through insulating alumina tubes. Fine 
plat inum wires (5 mid  were  wrapped around the sam- 
ple at both ends and at 1/3 and 2/3 of the length. The 
sample was then suspended by spot welding the sam- 
ple leads to the heavier platinum wires contained in 
the alumina tubes. For improved contact, the area of 
contact between sample and wires was also coated 
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with several  layers of p la t inum paste. A standard four-  
probe d-c technique was used to measure  the con- 
ductivity. A fixed current  was passed through the sam- 
ple and the potential  drop across the two center  leads 
was measured  with a Kei th ley  Model 640 vibrat ing 
capacitor e lec t rometer  (input impedance of 1016 ohms).  
In addition, a-c measurements  at 1592 Hz (104 r a d /  
sec) were  made with a W a y n e - K e r r  Model B221A 
universal  bridge; results obtained by the two methods 
were  essentially identical. 

The sample tempera ture  was measured  by means of 
a P t - P t  + 10% Rh thermocouple  placed close to it, 
while the furnace was controlled to wi thin  •176 by 
another  thermocouple  placed close to the furnace 
windings. 

Atmosphere  control, ranging over  22 orders of mag-  
nitude in oxygen part ial  pressure, Po2, was achieved 
as follows. For  the range po 2 = 1-1.0 -4 atm Q - A r  
mixtures  were  used, and for the range 10-4-1.0 -22 atm 
CO-CO2 mixtures  were  used. The value of Po2 of a 
CO-CO2 mix ture  with known ratio CO/CO2 can be cal- 
culated at any tempera ture  using the we l l -known free 
energy values for the CO-CO2 reaction (14). Fixed 
ratios of CO/CO2 premixed  and analyzed, were  pur-  
chased from the Matheson Gas Company, but  these 
mixtures  were  l imited to CO/CO2 ratios be tween 10 ,3 
and 10 -3. The value for P02 for CO/CO2 : 10 -3 is 
~10 -~2 arm, a t  8'0'0~ Thus, a gap of approximate ly  
8 decades in Poe exists be tween the lowest available 
Oc/Ar  ratio and the least reducing CO/CO2. Since 
critical data fall  wi thin  this gap, we have closed 
it by sett ing up a system for: (a) mixing the pre-  
mixed  CO/CO2 ---- 10-s gas with pure COe under  con- 
t rol led re la t ive  flow rates, and (b) moni tor ing the Poe 
level  by means of a calcia-stabil ized zirconia cell lo- 
cated in the hot zone close to the sample under  study. 
The same technique was also used to span the gap be- 
tween other  premixed  pairs of CO-CO2 mixtures.  In 
this way, it became possible to obtain p% values f rom 
1 to 10 -22 atm in intervals  as close as desired. 
Fur the r  details wil l  be described in a later  publication 
(11). 

Results 
Data for the variation of conductivity with tem- 

perature at p% = 1 arm is shown in Fig. I for 
(CeO2)0..o~(Y2Os)o.0~ and (CeO~)0.0(CaO)o.~. Good 
straight lines are obtained in the log r vs. I/T plot 
for the range between ~00 ~ and 10'00~ In anticipation 
of the fact that the conductivity is almost entirely 
ionic in this range, the results for Ei and Ci (of Eq. 
[4] ) are listed in Table I. Also shown, for comparison, 
in Fig. 1 are data (15) for calcia-stabilized zirconia 

TEMPERATURE (~ 
10(30 800 600 400 

102 Z~ Ce02+5~ y203 

0 CeO 2 +10% CaO 

I- - -  Zr02 +15% CoO 

I0 I 

E 
g 

~ 10 -3 
u 100 

-4 
I0 

i 
10-107 0.8 0 9  I 0  I I 12 I 5 1.4 1.5 1,6 

1 0 3 / T  

Fig. 1. Variation of conductivity with reciprocal absolute temper- 
ature for Ce02 doped with 5% Y20a and with 10% CaO at 1 arm 
of oxygen, and comparison with data for calcia-stabillzed zirconia. 
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Table I. Values of activation energy Ei and pre-exponential 
constant Ci for two compositions 

C e O e  C ,  ( o h m -  
d o p e d  w i t h  E i  ( e V )  * c m ) - ~  ~  

5 %  Y e O ~  0 . 7 6  1 . 9 5  x 10~  
1 0 %  C a O  0 . 9 1  5 . 2 5  • 105  

�9 U n c e r t a i n t y ,  " ~ 0 . 0 1 5  e V .  

(CSZ), the conduct ivi ty  of which is at least a decade 
lower than for the two doped ceria samples in the 
range T < 90,0~C, and which has an act ivation energy 
Ei ---- 1.3 eV. 

Figure  2 shows isothermal  measurements  on a 5% 
Y203 sample as a function of Po2 in the range f rom 
635 ~ to 1150~ For  each isotherm the Po2 range was 
covered in close enough intervals  to obtain the range 
in which ~ was independent  of P02 as wel l  as to ob- 
serve the manner  in which it increases wi th  decreasing 
Poc. The constant ~ region shrinks with increasing tem-  
pera ture  and has pract ical ly disappeared by 1150~ In 
accordance with  Eq. [11], the increase of ~ wi th  de- 
creasing Po2 indicates the appearance of nonstoichio- 
metr ic  carriers. The nonstoichiometric  component, i.e., 
the difference be tween  the total ~ and the poc-inde- 
pendent  value, is shown as dashed lines in Fig. 2. Al -  
though there  is some scatter, the slope of 1/4, predicted 
by Eq. [11], fits the data in all cases. A similar Ya 
power law has been found by Neuimin et aL (16) for 
CeO2:La203 and is also obtainable f rom the data given 
by Blumenthal  et aI. (6) for CeO2: CaO, so that  the re-  
lat ion may  be regarded as well  established. It  is there-  
fore reasonable to regard the poc-independent  con- 
duct ivi ty as ~i and the Poc-dependent part  as ~re. ~ 

On this basis, one may obtain ti as a function of log 
Po2 directly f rom the data of Fig. 2 as the ratio ~i/r 
where  ~i is the Poc-independent value. Such a plot is 
given in Fig. 3. The figure shows that  ti remains close 
to unity over  a larger  range of Po2, the lower  the t em-  
perature.  

In order to establish the electrolytic domain, we 
must be able to determine the Po2 and T values at 
which a given ti is obtained. For good precision it is 
convenient to select ti ~ u For each temperature, the 
value of PO2 at which ti = u i.e., ~e ~ ~i, was oh- 

This is not quite true when the pos-dependent part is much 
greater than the po~*independent part, since nonstoiehiometry intro- 
duces vacancies as well as electrons (Eq. [9]). Since ~e/~i ~ 20 (Ii) 
in the temperature and composition range of interest, ti will be 
~0.05 even when all of the conductivity is due to nonstoithiemetry. 
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Fig. 2. Electrical conductivity as a function of p% for a sample 
of (CeO.~)o.g5 (Y203)0.05 at five different temperatures. The dashed 
lines indicate the electronic component of the conductivity, ~e. 
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Fig. 3. The ionic transference number, ti, as a function of po 2, 
as derived from Fig. 2 for various temperatures. 

tained from Fig. 3. When plot ted as log Po2 vs. 1 / T  the 
results fall  on a straight line, as shown in Fig. 4 and 
predicted f rom Eq. [16]. The same procedure was also 
followed for the case of ti ----- 0.9. Al though the data so 
obtained from Fig. 3 are  less precise than that  for the 
case of ti ----- 0.5, the results shown in Fig. 4 strongly 
indicate that  the the domain line for ti ---~ 0.9 is paral le l  
to that for tz ~- 0.5, as expected f rom Eq. [16]. Also, 
while  Eq. [16] predicts a shift in intercept  of 3.8 de- 
cades in Po2 be tween  these two ti values, the actual 
shift obtained is 4.0. It  thus appears that  the predic-  
tions of Eq. [16] are wel l  confirmed. It therefore  seems 
reasonable to use this equat ion to extrapolate  beyond 
the range at which ti can be directly estimated. In 
particular, the predicted domain line for ti ---- 0.99 is 
shown as the uppermost line in Fig. 4. The region 
above this line is then the electrolytic domain for 
(CeO2) o.9,~ (Y2Os)o.o5. It should be noted that, although 
this region is small at high temperatures, it increases 
rapidly with decreasing temperatures, reaching values 
as low as Po~ ~ i0 -~I arm at 450~ 
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Fig. 4. Curves of Po2 vs. T - 1  at fixed values of ti for (Ce02)o.95 
(Y203)o.o5. The upper curve, obtained by extrapolation, marks the 
boundary of the electrolytic domain (ti ~ 0.99). 

In Fig. 2, the points at Po2 ---~ 1 arm do not agree 
exact ly wi th  the data as a function of tempera ture  
shown in Fig. 1. It is bel ieved that  some of the dis- 
crepancies are due to the drastic expansions and con- 
tractions of the sample which occurred during the suc- 
cessive cycles of reduction and oxidation which were  
carried out. (Other samples have even shown evidence 
of cracking after such repeated cycling.) It is there-  
fore bel ieved that  the tempera ture  dependence of ~ at 
a given PO2 as obtained f rom Fig. 2 is not near ly  as re-  
l iable as are the re la t ive  values of ~ vs. Po2 at each 
given temperature.  

Aside f rom the question of the magni tude of t~, the 
other  factor that l imits the ut i l i ty  of a mater ia l  as a 
solid electrolyte is the onset of polarization. This factor 
usually sets the low tempera ture  l imit  of usefulness of 
a given electrolyte. In order to determine at which 
level  of current  density significant polarization sets in, 
the voltage across a (CeOf)0.95(Y203)o.05 sample was 
measured as a function of t ime when  current  was ap- 
plied in steps. Figure 5 shows the results of some of 
these measurements  at 635~ first when the current  is 
increased in steps of 1 mA and then in steps of 10 mA. 
The results show no evidence of polarization up to 
I ,-, 4 mA (current  density ~20 m A / c m f ) .  On the 
other  hand, at 10 mA, polarization is apparent. Such 
polarizat ion behavior  suggests the onset of ion block- 
ing. Often the behavior  is dependent  on the type of 
electrodes used (17). In the present work, only the 
pla t inum paste electrodes (described in the Exper i -  
menta l  Methods section) were  used. 

Discussion 
Ion ic  m o b i l i t y  p a r a m e t e r s . - - V a l u e s  o f  the act ivation 

energy Ei and pre-exponent iaI  constant Ci for the two 
doped materials  studied are given in Table I. The 10% 
CaO specimen clearly falls in the range where  interac-  
tion effects are important,  as indicated by its composi- 
tion being at about the value at which a max imum 
occurs in the plot of ~ vs. nM (6). Since Ei increases in 
the interact ion range (1'0) it is not surprising that  Ei 
for (CeO2)0.9(CaO)0.1 is substantial ly higher  than for 
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(CeO2) 0.95 (Y203)0.05. The lat ter  composition may still 
fall in  the range where interact ion effects are small, 
and it is therefore interest ing to compare it to re- 
sults at still lower concentrations. Da~ta for 1 and 2% 
CaO are available from Blumentha l  et at. (6), al- 
though the range of temperature  covered is smaller, 
and therefore the precision poorer, than  that  in the 
present work. In  addition, the activation energies that 
they reported were obtained from plots of log ~ vs. 1/T 
instead of log r vs. 1/% so that the additional correc- 
t ion given by Eq. [7] is required. In  this way their  
"best value" is found to be 0.72 eV. This agrees with 
the present result  of 0.76 eV to wi thin  experimental  
error. 4 Accordingly, we may conclude that  (~) in te r -  
action effects are relat ively small in the 5% YzO3 
specimen, 5 and (it) the activation energy for migra-  
t ion of Vo" in  CeO2 is close to 0.76 eV. This value is 
lower than the activation energy of about 0.85 eV ob- 
tained by Steele and Floyd (19). for oxygen self-dif-  
fusion in Y203-doped ceria, as well as the value of 0.86 
eV obtained by Lay and Whitmore (20) for dielectric 
relaxat ion in CeO2:CaO. (The lat ter  represents the acti- 
vation energy for migrat ion of a vacancy which is as- 
sociated with a Ca"cep) 

Insert ing the value of Ci for (CeO2)0.95(Y203)0.05 into 
Eq. [6], we obtain for the effective frequency factor 
~' (defined so as to include the activation entropy 
term) 

~' = v exp (ASi/k) ---- 1.4 X 10 18 sec -1 

From this result, and the expectation that the at tempt 
frequen, cy v falls in  the mid 10 TM range, we may con- 
clude that the entropy of activation is positive but  not 
very large (ASi/k ~ 0.7-1.8). 

Electrolytic domain and polarization.--In Fig. 4, it 
was demonstrated that  the present method oi separat-  
ing ~i and ~e through measurement  of ~ vs. Po2 can be 
used successfully to obtain the electrolytic domain. 
Equation [16] shows that the slope of the lines in Fig. 
4 gives the energy ~/2AH1 -t- Ee -- El. The experimental  
value obtained is 1.61 eV. Using the values Ei ---- 0.76 
eV from the present work, and Ee ---- 0.3 eV from 
Neuimin  et aL (16), 6 we obtain AH1 ---- 4.2 eV for the 
energy of the reaction [9] (see Eq. [10]). The value 
for the same reaction energy AH1 obtained in pure 
CeO~ (11) is 4.7 eV, thus indicating that AH1 may have 
decreased slightly with doping. 

As remarked earlier, the domain of pr imari ly  elec- 
trolytic conduction (ti -->_ 0.99) for (CeO2) 0.95 (Y20~) o.o5, 
though small  near  800~ broadens rapidly with de- 
creasing temperature.  While the widely used calcia- 
stabilized zirconia (CSZ) has a wider range  of elec- 
trolytic behavior at elevated temperatures  (12) [e.g., 
down ~o Po2 ---- 10 -15 atm at 1000~ as against only 
10 -2 for (CeO2)0.95(Y2Os)0.05], it is well  known (17) 
that its usefulness is l imited by the onset of appre-  
ciable polarization below 80,0~176 as well  as its 
Iow conductivity at these temperatures.  Suct~ factors 
l imit  the applicabili ty of CSZ as a solid oxide electro- 
lyte in a fuel cell to temperatures  above 1000~ and 
in an oxygen cell to temperatures  above 800~ The 
mater ial  (CeO2)0.9~(Y2Os)0.05, on the other hand, has 
a conductivi ty about 1,0 times larger than CSZ at 900~ 
(see Fig. 1) and, because of its smaller activation en-  
ergy, this factor increases to near ly  10.0 at 600~ Ac- 
cordingly, the question of whether  doped CeO2 can be 
useful as a solid oxide electrolyte, by comparison to 
CSZ, then centers on whether  polarization for CeO2 is 
absent to lower temperatures.  The results of Fig. 5 
provide evidence that this is indeed the case, showing 
that  at 635~ polarization is completely negligible to 
current  densities of 20 mA/cm 2 and higher. Similar  re- 
sults were obtained for CeO2: LazO~ by Takahashi  et aI. 

4 For  bo th  the  1 and  2% CaO spec imens ,  the  p lo t  of B l u m e n t h a l  
et  aL could  i n d e e d  h a v e  been  d r a w n  s l i g h t l y  steeper.  

F u r t h e r  e v i d e n c e  in  s u p p o r t  of th i s  s t a t e m e n t  comes f r o m  com-  
p a r i n g  T vs. Po~ plo t s  at  cons t an t  t i  f r o m  the  p r e s e n t  w o r k  w i t h  
da ta  f r o m  re fe rence  6 (18). 

A s im i l a r  v a l u e  fo r  Ee was  also o b t a i n e d  by  t he  p r e s e n t  a u t h o r s  
for  pure CeO~ (Ii). 

(5), who also found significant polarization for CSZ 
already at 80.0~ for current  densities less than 1 
mA/cm2. 

Takahashi et at. also carried out pre l iminary  mea-  
surements using CeO2:La203 as an electrolyte in a fuel 
cell at 1000~ and obtained a m a x i m u m  output  of 
0.17W. They concluded that the output  was l imited by 
the low value of ti at that temperature.  However, now 
that the electrolytic domain is established, it is clear 
that fuel cells uti l izing doped ceria as the electrolyte 
are more l ikely to be successful at lower temperatures,  
when operating with fuels which generate oxygen par-  
tial pressures wi thin  the allowable domain. 
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Anodic Dissolution of N-Type Gallium Arsenide 
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ABSTRACT 

An experimental  study has been made of the anodic dissolution of n - type  
GaAs under  i l lumination.  In  the dark, the dissolution potential  depended 
on the carrier concentrat ion and the surface orientat ion of the sample. By 
i l luminat ing the surface of the sample, the dissolution potential  became less 
noble and its dependence on carrier concentrat ion and surface orientat ion 
became small with increasing light intensity. Samples were electropol]shed 
under  the condition that the surface orientat ion dependence of the dissolution 
potential  was scarcely observed. In  electroetching under  i l lumination,  flat- 
bottomed holes were obtained and the etched depth was controlled with an 
accuracy better  than  0.1 ~m. Under  i l lumination,  a damaged surface ex- 
hibited less dissolution than that of an undamaged surface. With the in t ro-  
duction of surface damage to selected regions of the substrates by ni t rogen-  
ion bombardment ,  selective etching without the use of protective masks has 
been carried out. 

The recent development of GaAs electronic devices 
demands new technologies of integrated circuits. For 
etching and shaping operations in integrated circuit 
technology, it becomes desirable to apply electro- 
chemical processing. 

Several authors (1-4) have discussed the anodic be- 
havior; Nuese and Gannon  (5) have described selec- 
tive etching of GaAs. Anodic dissolution of n - type  
GaAs has not been widely studied as compared with 
p- type GaAs. 

It is we l l -known that  electropolishing of n - type  
semiconductors requires supplying extra holes. Ge- 
fischer (6) has described electrochemical behavior of 
n - type  semiconductors under  i l lumination.  Harvey (3) 
has shown a surface profile of an n- type  GaAs elec- 
trode following anodic dissolution under  i l lumination.  
Regarding electropolishing or e%ectroetching, however, 
few discussions have been made of anodic dissolution 
of n - type  GaAs. The present paper discusses anodic 
dissolution and electroetching of n - type  GaAs under  
i l lumination.  

The exper imental  work was done in two parts. First, 
the measurements  of I-V characteristics were per-  
formed carefully to obtain the dependence of carrier 
concentrat ion and crystal orientation on dissolution 
rate. The second part  was done to research the general  
features of electroetching and as the result  of that to 
obtain the effects of defects and damage on dissolution 
rate. 

Experimental 
The apparatus used for the s tudy of anodic dissolu- 

t ion of n - type  GaAs under  i l luminat ion is schemati-  
cally i l lustrated in  Fig. 1. The anodic current  was 
pulsed at a frequency of 5 Hz and with a 10% duty 
ratio. Measurements of potential  were made of the 
GaAs electrodes against a saturated calomel electrode. 

GaAs samples were i l luminated with monochromatic 
l ight with a wavelength of 0.8 ~m in the measure-  
ments  of I-V characteristics. For the study of electro- 
etching, an incandescent  lamp was used for i l lumina-  
tion. The light intensi ty at the sample surface was 
calibrated in degrees by a silicon photocell positioned 
in  place of the sample without  an electrolyte. One 
degree in a rb i t ra ry  uni t  corresponded to 10 ~W/cmf. 

For the electrolyte, a solution composed of 2.5 (10)-2 
mol / l i te r  NaOH and 1.,0(10) -3 tool/ l i ter  EDTA was 
employed. The chemicals used were all of reagent 

Key words:  GaAs, anodic dissolution, il]umination, eleetroetching, 
selective removal .  

grade. The electrolyte was kept at 25 ~ _ 1~ and dry 
N2 gas was slowly bubbled  during experiments.  

The GaAs wafers were cut from single-crystal  rod 
grown by the horizontal Bridgeman method, and were 
mechanically lapped with a SiC s lurry and then 
polished with fine abrasive a lumina  (0.3 ~m particle 
size). After being degreased and rinsed with de- 
ionized water, they were chemically polished in a solu- 
tion composed of 3H2SO4 (conc), 1 H202 (30%), and 1 
HfO. The respective surface planes were adjusted 
wi thin  _0.5 ~ of the desired orientation. 

The following t reatments  were made for the samples 
used for the measurements  of I-V characteristics. To 
ensure good electrical contacts, indium containing gold 
(10 weight per cent) was evaporated to one side of the 
wafers at room temperature  and then annealed in 
H2 at 350~ for 15 rain. The other side of the wafers was 
polished again in the. above-ment ioned solution be- 
fore measurements.  

The wafers had carrier concentrations in the range 
from 1.0 l~ to 10 is cm-3, and had either <100>, 
G a < l l l > ,  or A s < l l l >  orientations. 

Samples were fixed by a sample holder i l lustrated in 
Fig. 2. The wafer was cemented with an adhesive wax 
to the Teflon electrode holder and coated with paraffin. 
The exposed area of the GaAs surface was between 
0.002 and 0.010 cm 2. The electrodes were connected to 
the outer circuit by using an electrically conducting 
lubricant.  

LUGGIN 
CAPILLARY 

GaAs 
ELECTRODE 

PULSE GEN. 

~ SCOPE 
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Pt NET- 
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Fig. 1. Schematic arrangement of electrolytic cell 
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Fig. 2. Cross section of sample holder 

Results and Discussion 
First, measurements  of the I-V characteristics of 

n - type  GaAs are described ancl discussed. Second,  the 
etching behavior  of n - type  GaAs i l luminated  with in-  
candescent light is described. Finally,  the observed 
effects of surface damage on the anodic dissolution of 
n - type  GaAs under  i l luminat ion  are shown. 

I -V  characteristics oS n- type  GaAs electrodes.--The 
GaAs electrode potential  was measured as a function 
of current density on <10,0~-oriented samples with 
carrier concentrations of 5.3(10) t6 cm -3 (undoped) 
and 2.2(10) Is cm -3 (Te doped). For comparison, the 
same measurements were carried out on <100>-ori- 
ented Zn-doped p-type samples with carrier concen- 
trations of 7.0(1.0) 17 cm-3 and 1.7(10) 19 cm -3. 

When a pulsed current of 5 Hz and 10% duty ratio 
was employed, the potential became thoroughly stable 
and highly reproducible. At curent densities between 
10 -2 and 1 mA/cm 2, no film formation and no gas 
evolution were observed on the surface. 

The results are summarized in Fig. 3. The n-type 
samples showed current saturation. The p-type sam- 
ples were readily dissolved and large currents were 
drawn at few volts. One can see in Fig. 3 that a dis- 
solution rate ratio of p- type GaAs to n - type  GaAs is 
the order of more than 102 at a potential  of about zero 
volt. This presents the possibility of selective re- 
moval of only p- type from p-n  structures (7). 

The carrier concentrat ion dependence of I -V  curves 
for p- type samples were hardly  observed. On the other 
hand, the I -V  curves for n - type  electrodes remark-  
ably depended on carrier concentration. In  the dark, 

5 
L U  
O 

I t I i ~ I 

IL:  LIGHT INTENSITY 
(ARB. UNIT ) 

-1 
1() 2 I(:[ I I 

CURRENT DENSITY (mAlcm 2) 

Fig. 3. Dissolution potential-current density curves for various 
GaAs e l e c t r o d e s  w i t h  different types and carrier concentration: 
O ,  p-type 7.0(10) z7 cm-3; O, p-type 1.7(10) z9 cm-3;  A ,  n-type 
5.3(10) 16 cm-~; [ ] ,  n-type 2.2(10) T M  cm -8.  

the n- type sample of 5.3 (10) 16 cm-3 exhibited nobler  
dissolution potential, i.e., lower dissolution rate than 
that of 2.2(10) is cm -3. We can not explain the fact, 
as in the case of heavily doped n- type  Ge (8) or Si (9), 
that the n - type  sample with higher carrier concentra-  
t ion is more reactive in anodic dissolution than  that  
with the lower doping by taking account of only their  
hole concentrat ion in  the-bulk.  Since n - type  GaAs of 
1016-10 is cm -8 has few holes in the bulk, the diffusion 
from the bulk cannot be a sufficient source of holes. 
Consequently, holes involved in  the dissolution proc- 
ess in the dark were probably generated in  the space- 
charge region of the semiconductor (10). 

For p- type  samples, there was no difference be* 
tween the I -V  curves in the dark and those under  
i l lumination.  For current  densities below about 2 
mA/cm~, the Tafel relat ion held and the slope was 
about 96 mV/decade. 

I l luminat ion  caused an increase in the saturat ion 
current  density of the I-V curves for n - type  samples. 
The saturat ion current  density was proport ional  to the 
incident l ight intensity.  Above the saturat ion current  
density, the potentials under  i l luminat ion  were closely 
similar to that in the dark. Since the shift of dissolu- 
t ion potential to a less noble value by i l luminat ion w a s  

larger for the sample of 5.3(10) TM cm-~ than  for the 
sample of 2.2(10) 18 cm -~, the dissolution potential  of 
the former was less noble than  that  of the lat ter  above 
a certain value of l ight intensity.  Figure 4 shows plots 
of dissolution potential  at constant current  density v s .  

light intensity. The dissolution potential  of the sam- 
ple of 5.3(10) 16 cm -3 was drastically shifted toward a 
less noble value in the low region of light intensity.  
The l inear relationship between the potential  and the 
logarithm of light intensi ty  (6) held for the sample 
of 5.3(10) 16 cm -~ only in  the higher region of l ight in.- 
tensity, while this relationship held for the sample of 
2.2(10)18 cm-8 over the whole range of light in ten-  
sity we examined. Thus, the behavior of the samples in 
anodic dissolution depended remarkab ly  on the carrier 
concentrat ion in the low region of the l ight intensity.  
The differences in dissolution potential  between both 
samples became smaller  with increasing light in ten-  
sity. Therefore, the carrier concentrat ion dependence is 
considered to disappear when  the dissolution process 
of the samples is controlled fully by holes generated 
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by incident  light.  This leads to the  conclusion that  it is 
possible to electroetch un i formly  n - type  GaAs samples 
containing different dopant  concentrat ions by  i l lumi-  
nat ing the surface strongly.  

F igure  5 shows the surface or ienta t ion del~endence 
of the I -V curves. The samples  employed  had carr ier  
concentrat ion of 2.2(10) is cm -8 and (100), G a ( l l l ) ,  
and As(111) planes. In  the dark,  apprec iable  differ-  
ences in dissolution potent ia l  existed. The order  of 
magni tude  of dissolution potent ia l  was Ga(111) > 

(100) > As (1 l l ) .  By i l lumina t ing  the surface, the dis-  
solution potent ia l  became less noble and the differ-  
ences among the th ree  planes  decreased wi th  increas-  
ing l ight  intensi ty.  Under  s trong i l luminat ion,  the 
dissolution potent ia l  of the  three  planes  was almost 
ident ical  at low current  densities. These resul ts  indi -  
cate that  the dependence of the dissolution ra te  on the 
surface or ienta t ion  becomes smal le r  wi th  increasing 
dissolution ra te  by  i l luminat ion.  

For  p - t ype  GaAs electrodes,  the dependence  of dis-  
solution potent ia l  on the surface or ienta t ion was ex-  
p la ined by  the extent  of surface coverage of the 
Ga(OH):3 which showed l i t t le  so lubi l i ty  in  a lkal ine  
solution (4). The fact that  the dissolution ra te  of 
n - t ype  GaAs can be increased by  i l luminat ion  shows 
that  the  dissolution react ion of n - t ype  GaAs is l imi ted  
by the supply  of holes. Therefore,  it  is unsuccessful  for 
n - t y p e  GaAs to expla in  the  surface or ienta t ion  de-  
pendence of the dissolution ra te  by  tak ing  account of 
coverage of the Ga(OH)8  l aye r  on the surface. I t  is 
suggestive that  its dependence is due to the  difference 
in the  habi t  of c rys ta l  planes.  

No appreciable  changes were  observed  on the sur -  
face af ter  the short  t imes needed for measuremen t  of 
the I-V curves. Apprec iab le  changes occurred, how-  
ever, when  anodic dissolution was carr ied  out for more 
than  1 hr. F igure  6 shows the  etch pa t te rns  on (100) 
planes of n - t y p e  GaAs resul t ing f rom anodic dissolu- 
t ion in various conditions. In  the  dark,  etch pits pa r a l -  
lel  to the <110> direct ion appeared  over  the  whole 
range of cur rent  densit ies employed  [Fig. 6 (a) and (c)] .  
Under  s trong i l luminat ion,  the  etch pits were  s imi la r ly  
produced at high cur ren t  densi ty  [Fig. 6 (b ) ] ,  bu t  not 
produced at low current  densi ty  [Fig. 6 (d ) ] .  F r o m  the 
results  shown in Fig. 5 and 6, one can see tha t  the  
format ion of the etch pits  depends on the differences 
in dissolution potent ia l  among th ree  planes;  tha t  is, 
no pits were  produced and samples  were  e lectropol-  
ished under  the condit ion that  the  differences in dis-  
solut ion potent ia l  among the three  planes were  small. 
Even under  s trong i l luminat ion,  the  pits  were  p ro-  

Fig. 6. SEM photographs of 
surfaces of n-type GaAs with 
(100) plane after anodie dissolu- 
tion at various conditions. (a) 
J = 2,0 mA/cm ~, in the dark; 
(b) J = 2.0 mA/cm 2, IL = 30.6; 
(c) J = 3.1(10) - 2  mA/crn 2, in 
the dark; (d) J = 3.1(10) - ~  
mA/cm~, IL = 30.6. 
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duced only when differences in dissolution potential  
existed. 

When anodic dissolution was fur ther  carried out on 
the surface as shown in Fig. 6 (a), there was l i t t le re-  
maining of the original plane and other planes ap- 
peared as shown in Fig. 7. The planes that remained 
after extensive etching were those that  exhibited the 
smallest dissolution rate. Since their  identification was 
hard to achieve, it was not clear whether  these planes 
were the Ga (111) planes or other planes of high index 
(3). 

As described, the effects of i l luminat ion  were not 
always observed on the anodic dissolution of n - type  
GaAs. The light intensi ty  and the current  density are 
very important  parameters  for the study of the effects 
of i l luminat ion  on the anodic dissolution of semicon- 
ductors. 

EIectroetching of n-type GaAs.--As described in the 
previous section, the n - type  GaAs was electropolished 
by i l luminat ing  the surface. As those experiments 
were performed at relat ively low current  densities, 
etch rates were fairly small. It is desirable to obtain 
etch rates of, at least, 1 /~m/hr. To find a practical 
range of electroetching, anodic dissolution of n - type  
GaAs was studied at current  densities in the range of 
1-20 m A / c m  2. In  order to obtain the dissolution poten-  
tial in the range --0.5 to --1.0V vs. SCE, samples were 
i l luminated with incandescent  light of intensities in 
the range 3(10)s-104 (arbi t rary  unit, see in Experi-  
menta l  section). Under  these experimental  conditions, 
no film formation and no gas evolution were observed 
on the surface. 

A surface roughness and an etched depth were mea-  
sured by Dektak (an ins t rument  for mechanical  mea-  
surement  of roughness and waviness, manufac tured  by 
Sloan CorporationS). 

Surface profiles of the samples with (100) planes 
after anodic dissolution are shown in Fig. 8. Current  
densities were roughly divided into three regions. The 
terms region I, region II, and region III will  from now 
on be used to refer to the three regions, low, in ter -  
mediate, and high current  densities, respectively. At 
low current  densities (region I),  the surfaces were 
roughly etched, that is, there existed unetched areas 
[Fig. 8 (a) ]. At high current  densities (region III) ,  deep 
etch pits were produced [Fig. 8(c)]. Between region I 
and region III (region II) ,  the surfaces were etched 
uniformly [Fig. 8 (b) ] .  Figure 9 shows SEM photo- 
graphs of the surfaces shown in Fig. 8. As seen in Fig. 
9(a),  anodic dissolution revealed a mul t i tude  of defect 
structures in region I. The unetched areas corre- 
sponded to the portions that involved defects. When a 
l inear  scratch mark was made mechanical ly on the 
chemically polished surface, the dissolution scarcely 
proceeded on the damaged part, as shown in  Fig. 10. 
These observations suggest that the presence of defects 
or damage leads to a decrease in reactivi ty of the sur-  
face under  i l lumination.  No defect structures were ob- 
served in regions II and III. The sensit ivity for the 
defects decreased with increasing current  density. With 
increasing light intensity, regions II and III  shifted to 
higher current  densities and consequently region I be-  
came wide. These are summarized in Fig. 11. From the 
above results, we concluded that the defects became 
more sensitive to selective etching with increasing 
light intensity. The effects of defects or damage on 
anodic dissolution are discussed in detail in the next  
section. 

The etch pits produced in region III  were different 
in shape and distr ibution from the pits observed in the 
measurements  of the I-V characteristics. The pits pro- 
duced in region III were caused by the local break-  
down of the surface voltage barrier,  as in  the case of 
n- type  Si (11). These results suggest that  the surface 
orientat ion dependence of the dissolution rate was suf-  
ficiently small in these exper imental  conditions. The 
lack of uni formi ty  in etched depth was due to the 
inhomogeneity of the crystals employed. 

1 Sloan Ins t rumen t s  Corporation,  535 East 1Vfontecito Street,  S a n ~  
Barbara ,  Cal ifornia 93100. 

!_ T. : i . . : . .  _ - ^~ : . ~ r n a s k e d  : ~ 

I - J - -  l " ~ - ~ 2 2 0 1 a m - - ~ :  _ 

. : ,  . ! -  ~ - m a s k e d -  
( b )  ! _ .  - - . ~ - =  ;~.-- ~ _ ~ / _ _  

,.< 220 l . l r n ~  " i li'l- " ' 

Fig. 7. Etch patterns after anodic dissolution prolonged on Co) 
(100) plane, and (b) As(111) plane. 

Fig. 8. Surface profiles of n-type GaAs with (100) plane after 
electroetching at various current densities. (a) J ----- 1.2 mA/cm 2, 
(b) 4.7 mA/cm ~, (c) 11.5 mA/cm 2. 
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Fig. 9. SEM photographs of the 
surfaces shown in Fig. 8. 

Samples were etched more deeply near  the mask 
edge than at the center of the holes in  regions II and 
III  (see Fig. 8). Shaw (12) observed such an "edge 
effect" in the chemical selective etching of GaAs sub- 
strates and suggested that the edge effect was caused 
by the surface diffusion of etchant molecules along 
the mask. In the present investigation, the above edge 
effect was not influenced by stirring the electrolyte. 
When black wax (for example picene wax) which 
shielded the incident light was employed as a mask 
instead of paraffin, the edge effect was scarcely ob- 
served as shown in Fig. 12. In  this case, the surface 
diffusion of etchant molecules had no effects on the 
edge effect, but the diffusion of holes generated by the 
incident light through the layer  of paraffin did. 

Under  the experimental  conditions in region II, an 
etched depth as a funct ion of integrated current  was 
measured on the samples with (10,0) and Ga(111) 
planes. The results are summarized in Fig. 13. The ex- 
per imental  plots were in good agreement  with the 
theoretical data calculated by assuming that  the cur- 
rent  efficiency was 100% and the electron number  was 
6 (3). Figure 13 shows that etched depths can be con- 
trolled with accuracy better  than 0.1 #m. 

Behavior of damaged surfaces and selective removals 
without using protective masks.--As described in the 
previous section, the presence of defects or damage led 
to a decrease in dissolution rate of the surface under  
i l lumination.  To clarify the behavior of damaged sur-  
face, anodic dissolution was studied on samples having 
various pretreatments.  

Figure 14 shows the I-V curves of n- type GaAs sam- 
ples polished chemically, polished mechanically, and 
bombarded with ni t rogen-ions at room temperature.  
In  the dark, the surfaces damaged by mechanical  
polishing or N-ion bombardment  exhibited less noble 
dissolution potentials than that of the undamaged 
surface. This fact indicates that the presence of damage 
leads to an increase in reactivity of the surface atoms 
in the dark (11, 13). By i l luminat ing the surface, the 
dissolution potential of the undamaged surfaces were 
shiited to more active values. The shiit of the potential 
increased with increasing light intensity. The dissolu- 
tion potential of damaged surfaces, however, was 
scarcely changed by illumination. Consequently under 
strong illumination, the undamaged surfaces were 
more reactive than the damaged surfaces. The differ- 
ence in dissolution rate between the damaged surface 
and the undamaged one increased with increasing 
light intensity. This result explains the fact, shown 
in Fig. II, that the defects became more sensitive with 
increasing light intensity. 

The dissolution potential under illumination at a 
constant current density as a function of distance from 
the surface for various pretreatments is shown in Fig. 
15. No change in dissolution potential was observed 
when the original surface was chemically polished. In 
the case of the samples treated with mechanical pol- 
ishing and N-ion bombardment, however, the potential 
was extremely noble at the surface and became less 
noble with distance from the surface. The dissolution 
potential of the samples with various pretreatments 
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Fig. 10. Linear scratch mark made mechanically on the chemi- 
cally polished surface. 
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Fig. 11. Light intensity dependence of etched surface character 
(see text for details). 

Fig. 12. Etched step obtained by employing picene wax as a 
protective mask. 

almost coincided with the value of the chemically 
polished sample at a distance longer than  about 0.5 
#m from the surface. 

The fact that  the effects of i l luminat ion  on the dam- 
aged surface were scarcely observed indicates that  
there existed few holes generated by the light. F u r -  
ther, this means  either that  the damaged surfaces had 
li t t le incident  light or that  excess holes generated by 
the incident light recombined almost immediately.  The 
former is less probable because a remarkable  differ~ 
ence in reflection coefficient of light was not observed 
between the damaged surface and the undamaged one 
(13). Therefore we may conclude that, al though holes 

I I 

LLI 

U 1  
05 

> 

Z 

a_ -0.5 

_ 1  

o -1.0 
U 3  

Vol. 122, No. 2 

i , J , r I J , 

- 1 " 5 0 2  I 0 1  t 1 0  

CURRENT DENSITY (mA/cm 2) 
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were generated, they recombined swiftly through 
many  defects. Fur ther  discussion of this mat ter  should 
be given on the basis of a bet ter  unders tanding of the 
actual na ture  of the damaged surface layer. 

Selective removal of n - type  GaAs substrates wi th-  
out using protective masks was attempted. The sub- 
strates were bombarded in selected areas with ap- 
proximately 1015 atoms/cm2 20 keV ni t rogen ions at 
room temperature.  Figure 16(a) and (b) show surface 
profiles of the samples following anodic dissolution in 
the dark and under  i l lumination,  respectively. In  the 
dark, the area bombarded with N-ions was etched 
more deeply. As expected from the results shown in 
Fig. 14, on the other hand, the unbombarded  area was 
selectively removed under  i l lumination.  As the thick- 
ness of the damaged layer  was a funct ion of the ap- 
plied voltage for ions (14), the step depth produced 
in the dark was determined by the applied voltage for 
ions. Therefore, once the damaged layer had been re-  
moved the surface became very rough and the dis- 
solution proceeded on the unbombarded  area as shown 
in Fig. 16(a). Under  i l lumination,  the removal pro- 
ceeded uniformly and the step depth was controlled 
with little dependence of the thickness of damaged 
layer because the damaged layer acted as the protec- 
tive mask. It is evident  that  the selective removal 
under  i l luminat ion was more selective by about ten 
times than  that in the dark. This is readily expected 
from the results shown in Fig. 14. 

An at tempt was made to anodically etch semi- in-  
sulating GaAs (Cr-doped, 10 '6 ohm-cm).  Etching be-  
havior of the above samples was similar to that of 
n- type  GaAs except that the enhancement  of etch rate 
near  the mask edge was more remarkable.  Figure lV 
shows the selective removal under  i l luminat ion on a 
Cr-doped GaAs substrate bombarded with N-ions se- 
lectively. 

I ....... i --::ki-Li:~-i: ~-:~-:-: I -~bombarcl-ed ', .i . l . : i  ~ 
m ::: :~nasked  

!! . . . . .  : !! !:i!i::: 

(a) 

--bombarded 
. I 

i ' -: _: F _ : . :  

(b) 
Fig. 16. Surface profiles of n-type GaAs substrates bombarded 

with 1015 atoms/cm 2 20 keV nitrogen-ions following electroetching 
(a) in the dark, and (b) under illumination. 

,I i . . . . . .  I Jl j I . . . . . .  i 
b o m b a r d e d  

Fig. 17. A selective removal made on Cr-doped GaAs substrate 

As described above, by the electroetching under  i l-  
luminat ion (without using protective masks) various 
etch patterns have been produced on the GaAs sub- 
strates to which surface damage was selectively intro-  
duced. This technique is powerful  for the fabrication 
of semiconductor devices with ion bombardments  or 
ion implantations. 

Summary  

Anodic dissolution of n - type  GaAs under  i l lumina-  
tion was experimental ly  studied. 

Samples in the dark exhibited different dissolution 
rates depending on the carrier  concentrat ion and on 
the surface orientation. One of the samples with higher 
doping levels exhibited a larger dissolution rate. The 
Ga (111) plane showed smallest dissolution rate among 
the (100), G a ( l l l ) ,  and A s ( l l l )  planes. Etch pits 
parallel  to the <11'0> direction were produced on 
(1.00) planes in  the dark. When the surface was il- 
luminated,  the saturat ion current  density increased in 
proportion to the incident light intensity. Below the 
saturat ion current  density, the dissolution rate of the 
samples increased and the dependence of dissolution 
rate on the carrier concentrat ion and on the surface 
orientation became small with increasing light in ten-  
sity. Under  the condition that the differences in  dis- 
solution rate were scarcely observed among the (i00), 
Ga(111), and A s ( l l l )  planes, no pits were produced 
and samples were electropolished. Above the satura-  
t ion current  density, the dissolution rate was hardly 
changed from the value in the dark by i l lumination 
and the etch pits similar to that observed in the dark 
were produced even under  strong i l lumination.  

In the eleetroetching under illumination, three dif- 
ferent etched profiles were obtained at current densi- 
ties in the range 1-20 mA/cm 2. At low current den- 
sities, a multitude of defect structures were observed. 
At high current densities, deep etch pits caused by the 
local breakdown of the surface voltage barrier were 
observed. Samples were etched uniformly by employ- 
ing suitable light intensity and current density. The 
sensitivity for defects in anodic dissolution increased 
with decreasing current density and with increasing 
light intensity. The current density required to etch 
the surface uniformly was a function of the light in- 
tensity. Etched depths were controlled with accuracy 
better than 0.I ~m. 

Damaged surfaces dissolved faster than undamaged 
surfaces in the dark. Under illumination, undamaged 
surfaces dissolved faster than damaged surfaces be.- 
cause of the small change in the dissolution rate of 
damaged surfaces by illumination. By utilizing the dif- 
ference in dissolution rate between an area damaged 
by N-ion bombardment and an undamaged area, v~ri- 
ous etch patterns were produced without using protec- 
tive masks. This method was applicable to semi-in- 
sulating GaAs. 
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Steady-State Anodic Leakage Current in 
Barrier-Type Aluminum Oxide Films 

Peter G. Anderson and Owen F. Devereux* 

Department of Metallurgy and Institute o~ Materials Science, University of Connecticut, Storrs, Connecticut 06268 

ABSTRACT 

When a luminum is polarized potentiostatically in  a bar r ie r - forming  elec- 
trolyte, such as aqueous ,ammonium tartrate, the current  passed diminishes 
steadily to a low value commonly termed the leakage current.  This value is 
not stable, but  increases gradually, a t taining a constant value after many  
hours. The dependence of this steady-state current  on potential  has been 
studied for a luminum electrodes in  1M aqueous ammonium tar t rate  at pH 7 
and test temperatures  of 30 ~ 50 ~ and 70~ In  the overpotential  range of ap- 
proximately  50-80V, current  is independent  of overpotential,  while expo- 
nent ia l  dependence of the anodic current  on overpotential  is seen at lower 
overpotentials,  with a significant reverse contr ibut ion below approximately 
20V. The values of both forward and reverse exponent ial  coefficients 
are extremely anomalous in  comparison to normal  Tafel slopes. Above ap- 
proximately 80V, current  increases rapidly with potential  unt i l  breakdown 
occurs. 

During the potentiostatic formation of bar r ie r - type  
anodic oxide films on "valve" metals the anodic cur-  
ren t  is seen to decrease monotonical ly  to a m i n i m u m  
value, commonly termed the "leakage current ."  For 
a luminum anodized in an electrolyte conducive to bar-  
r ier  film formation, s u c h  as neut ra l  aqueous ammon-  
ium tartrate,  this m i n i m u m  is reached in  a mat ter  of 
minutes.  However, this leakage current  is not stable, 
but  gradual ly  increases, a t ta ining a stable value only 
after many  hours. A similar  effect is seen if the value 
of the applied potent ial  is reduced after the leakage 
current  has stabilized. There is then a marked reduc-  
tion in  the anodic current,  with a new m i n i m u m  value 
being observed after a period of several minutes.  
Again, however, this value is not stable, but  increases 
at an accelerating rate with a higher, apparent ly  stable 
value being at tained after m a n y  hours. This is appar-  
ent ly  a distinct phenomenon from that  observed by 
several previous investigators (1-8), in  which a t r an-  
sient current  response is seen following an abrupt  
change in  applied potential  or an in ter rupt ion  in the 
application of an anodic potential. Such transients  have 
durations of the order of minutes,  two to three orders 
of magni tude  shorter than  the time required for estab- 
l i shment  of a stable leakage current,  and have been 
a t t r ibuted to a relaxat ion process involving the con- 
ducting ions in the oxide (9, 10). 

Research on valve metal  electrodes has been exten-  
sively reviewed (9-17); therefore, it is necessary only 
to refer t o  those aspects of previous work 'that directly 
per ta in  to the establ ishment  of a stable leakage cur-  
rent  through the anodic oxides formed on such elec- 
trodes. Much earlier work was s t imulated by the 
rectifying properties of valve metal  electrodes. Van 
Geel (18, 19) and Taylor and Haring (20) at t r ibuted 
this behavior to the occurrence of a p -n  junct ion  with-  

* Electrochemical  Society Act ive  Member.  
Key words:  electronic current ,  polarization~ transients.  

in the anodic oxide, while Saski proposed a p - i -n  
junct ion  (21). The lat ter  observation is somewhat 
supported by the results of Heine and Pryor  (22), who, 
in s tudying anodic a luminum oxide, found an n- type  
region adjacent to the metal, a p- type region near  the 
electrolyte, and a less-defective oxide in the in ter -  
mediate region. Dewald (23), on the basis of their 
rectifying and photovoltaic characteristics, has treated 
anodic films on valve metals as semiconducting elec- 
trodes. On the other hand  Vijh (24) has indicated that  
there may be many  cases that are not amenable to this 
treatment,  citing a variety of possible occurrences at 
the oxide-electrolyte interface that  may lead to mask- 
ing of the high bandgap of the oxide. In  such cases 
Tafel behavior would be seen, but  with an anomalous 
slope. Smith (25) regarded current  to be l imited by 
the rate of carrier inject ion at the oxide-electrolyte 
interface, anodic polarization causing electron injec-  
tion by oxygen evolution and cathodic polarization 
causing hole inject ion by hydrogen evolution. AI- 
though the difference in  behavior  of these carriers 
would explain rectification, Smith (26) later at tr ibuted 
rectification to the presence of s t ructural  defects such 
electrolyte-filled pores formed during anodizing. Ver-  
milyea (27) and Young (12) have espoused a similar  
view in  a t t r ibut ing rectification to "weak spots" in  the 
oxide film. Inheren t  in  this thought is the view that 
the oxide is essentially nonconducting,  and that signifi- 
cant current  is passed only at s t ructural  defects. 

In  the cases cited above the current  passed by a 
valve metal  electrode has been, sometimes tacitly, as- 
sumed to be electronic, an obvious assumption in  view 
of the high mobi l i ty  of electronic defects and the 
commonly held belief that  an anodic film reaches ter-  
minal  thickness coincident with at taining the leakage 
current,  thereby obviating the need for considering 
ionic current. It  is not clear, however, that  this as- 
sumption is valid. For example, Hunter  and Towner 
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(28) observed growth of a porous oxide during pro- 
longed anodizing of a luminum in aqueous ammon ium 
tar t ra te  subsequent  to the formation of a barr ier  oxide 
layer of te rminal  thickness. Under  the conditions of 
their experiment  the porous film grew at a constant 
rate of 175 A - h r  -1 and the leakage current  remained 
at a constant value of 15 ~A-cm-2. Using a density of 
3.0 g-cm -3 for the porous film (29), 56% of the leak-  
age current  was necessary to account for the porous 
oxide growth and, therefore, was necessarily ionic. 
P lumb (30) evaluated the coulometric efficiency of 
barr ier  layer  formation on a luminum and found that 
only a portion of the leakage current  could be ac- 
counted for by electronic flow, measured as oxygen 
evolution. Smith (31) obtained results similar to those 
of Hunter  and Towner but, in addition, measured the 
dissolution of a l u m i n u m  in the anodizing electrolyte. 
He found that, for anodizing times up to 90 rain, ionic 
flow, evaluated as the a luminum found as oxide plus 
that  in solution, was equal to the cell current, i.e., that 
there was no indicat ion of a significant electronic 
contr ibut ion to the leakage current.  

It  is apparent  that the distinction commonly made 
between formation of "barrier"  layers and of "porous" 
layers on valve metal  electrodes is one of degree and 
not of kind, a view expressed explicitly by others (14, 
16, 32). Thus for prolonged anodizing of valve metals 
in an electrolyte conducive to barr ier  layer formation 
it is necessary to consider those processes which con- 
t r ibute  to the current  passed during the formation of 
a porous film (I6). These include as ionic processes 
both the steady-state  growth of a porous oxide film 
and the steady-state dissolution and the reformation 
of the barr ier  oxide film. The distinction between these 
processes may be somewhat arbi t rary  and both may 
involve both anionic and cationic t ransport  (9). Elec- 
tronic processes may involve any of several possible 
electrode reactions result ing in inject ion of electrons 
or holes at the oxide-electrolyte interface; electronic 
processes at the metal -oxide  interface are energeti-  
cally unl ike ly  to be rate l imit ing (25). 

Experimental 
Specimens were prepared from 99.9'99% pure  alumi-  

num rod (Leico Industries, Incorporated).  Small cy- 
l inders were finish-machined, axial ly drilled and tap- 
ped for mounting,  and mechanical ly polished. Residual 
stresses were rel ieved by heat ing in  argon to 345~ 
and furnace cooling. Each cylinder, on use, was in-  
corporated into a specimen assembly as described by 
Greene (33). The assemblies were subsequent ly  cleaned 
by immersion in an aqueous solution containing 3% 
nitr ic acid and 80% phosphoric acid for 15 min, fol- 
lowed by an ultrasonic rinse in double-dist i l led water 
(34). 

Anodizing and polarization studies were conducted 
in IM solutions of reagent grade ammonium tartrate in 
double-distilled water, adjusted to pH 7 by titration 
with a dilute ammonium hydroxide solution. These 
solutions were stored under nitrogen to hinder carbon 
dioxide absorption, and were discarded periodically 
during the experiments.  

The test cell was that described by Greene (33), 
employing the a luminum specimen as working elec- 
trode, two p la t inum counterelectrodes, and a saturated 
calomel reference electrode. The lat ter  employed a salt 
bridge with a Luggin-Habler  probe adjacent t o  the 
working electrode. The cell was continuously purged 
with ni t rogen through a fri t ted glass inlet  tube, and 
the entire apparatus was contained in a constant tem- 
perature bath. Potentials of less than  10V were applied 
with a Wenking potentiostat, Model 68TS3, with the 
potential  of the working electrode measured relat ive 
to the reference electrode; potentials greater than 10V 
were applied with a constant voltage d-c power sup- 
ply, Raytheon Model QHD 1.00-2 or I~Iewlett-Packard 
Model 6299A, and were measured relat ive to the 
counterelectrodes. The applied potential  and the anodic 

current  were measured with electrometers, Keithley 
Models 602 and 615. 

All specimens were ini t ia l ly  anodized at i mA-cm -~ 
in the 1M tartrate  solution at the test temperature,  30% 
50 ~ or 70~ unt i l  a specimen potential  of 30V was 
reached (22). The potential  was then held constant 
unt i l  a stable leakage current  obtained, a condition 
defined by zero observable variat ion in current  over a 
period of time. The total durat ion of this init ial  anodiz- 
ing was several hours. On reaching a constant leakage 
current,  the specimen potential  was reduced to --1V 
SCE, at which the specimen was slightly anodic, and 
held unt i l  the current  reached a stable value, re- 
corded as characteristic of ~hat potential. The speci- 
men  potential  was then increased (made more anodic) 
in a series of potential  steps; during each step the 
specimen potential  was held constant unt i l  the stable 
leakage current  at that  potential  was established. 
When imminen t  anodic breakdown became apparent  
the procedure was reversed and the specimen potential  
was reduced in  sequential  steps, with the stable leak-  
age current  again being recorded. 

Results 
The overpotential  of an electrode is defined by 

Young (35) as the difference between two values of 
the electrode potential  measured relat ive to the elec- 
trolyte: that when the electrode reaction is proceeding 
at a finite rate under  given conditions minus  that when 
the electrode is at equi l ibr ium under  the same condi- 
tions. The former, Vex,, is the exper imental ly  measured 
electrode potential  relat ive to the reference electrode; 
the latter, Vo, is the value of the electrode potential  
when zero current  is flowing in the external  circuit, 
obtained by extrapolat ion or by computat ion on the 
basis of thermodynamic  equi l ibr ium (26, 35, 36). Ex-  
trapolat ion did not provide reliable values of Vo due 
to the paucity of data taken at very low current  values 
and to lack of a priori knowledge of the form of the 
current-vol tage  characteristic. Hence Vo was calculated 
according to the afore-cited procedure, using the data 
of Kubachewski  et aL (37), and taking into account the 
temperature,  pH, and, for values of Vexp :~-- 10V, the 
calomel reference electrode. The equi l ibr ium condition 
was computed for the reaction between a luminum and 
water  to produce A12Oa and  gaseous hydrogen. To 
some extent this is an arb i t ra ry  choice justified by a 
lack of detailed knowledge of the interracial reaction 
kinetics; however, the correction to the measured po- 
tentials is modest and probably not very sensitive to 
the reaction selected. Values of Vo are listed in Table I. 
Except as noted, the data herein are reported in  terms 
of anodic overpotential,  v -~ Vexp - -  Vo. Current  values 
are reported as current  density, the specimen area 
being determined from its geometry. 

A series of current  vs. t ime curves is shown in Fig. 1, 
representing the change in current  following a reduc- 
t ion of the specimen potential  from the init ial  forma- 
t ion potential  to a new value. Ini t ia l ly  a large reduc- 
t ion in current  is seen, involving several orders of 
magni tude  in a t ime span of less than  1 hr. Subsequent  
to this init ial  drop the current  increases near ly  ex- 
ponent ial ly  with t ime unt i l  a new, stable value is 
reached. The magni tude  of the ini t ial  decrease and the 
rate of recovery are dependent  on the value of the 
overpotentia], as seen in Fig. 1, and were also observed 
to be sensitive to the exact manne r  in which the re- 
duction in overpotential  was accomplished. With re- 
spect to the lat ter  observation the behavior  shown in 

Table I. Calculated values of Vo 

T e m p e r a t u r e ,  *C 
R e f .  

e l e c t r o d e  3 0  50 70  

SCE, V --2.16 --2.18 --2.20 
Pt/H~, V -- 1.92 -- 1.96 -- 1.99 
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Fig. 1. Average current vs. time far aluminum electrodes anodized 
at 30V in 1M ammonium tartrate (30~ pH 7), then reduced to 
stated potential at t - -  0. 

Fig. 1 may be regarded as "typical." The steady-state 
current  did not appear to be thus affected. 

Figure 2 shows the current-vol tage characteristics 
for three specimens at 30~ each obtained as described 
in the preceding section. The curves have been sepa- 
rated for clarity; although there is some variat ion be- 
tween specimens and a suggestion of hysteresis, scatter 

] /OO i i r /o 

o o ~ ~ 1 7 6 1 7 6  �9 

No. 3 

lo I o/ 

1 
. 

j 

35 

I- / I I I I 
0 50 I00 150 200 250 

- -  v ( v o I f s )  ~= 

Fig. 2. Stable current vs. anadic overpotentla[ for three different 
aluminum specimens anodized in ]M ammonium tartrate (pH 7) at 
30~ showing curves bath for increasing potential and decreasing 
potential. 

I000 - -  I I I 'J 

70~ / 

~ 

/ I I J L 
0 50 /00 150 gO0 250 

- -  v (volts) 

Fig. 3. Average stable current vs. anodic overpotential for 
aluminum anodized in 1M ammonium tartrate (pH 7). Error bars 
typical. 

from a given curve is slight. Averaged values of the 
stable current  in the tar trate  envi ronment  are shown 
in  Fig. 3 as a function of the overpotentiat  for the 
three experimental  temperatures.  Typical error bars 
are shown for selected potentials representing, again, 
variat ion between specimens rather  than  uncer ta in ty  
in  a given measurement.  Exper imental  variat ion is of 
the order of _ 13% at low overpotentials, __+ 10% in 
the middle potential  range, and increases to +--30% 
only in the region just  preceding breakdown. 

In  the region of (relatively) low overpotentials, 
0 --~ v ~ 50V, the anodic current  approaches exponen-  
tial dependence on the overpotential  as the electrode is 
made more anodic. The averaged data in this region 
are accurately described by 

i ~- io (e  v/b, - -  e -v/bo) [1] 

While in  Eq. [1] ba resembles an anodic Tafel con- 
stant, divided by 2.303; bc, the analogous cathodic con- 
stant; and to, an exchange current  density (38), this 
comparison is inappropriate  due to the markedly  
anomalous values of these constants as seen in Table 
II and to the dissimilarity between this process and 

Table II. Empirical values of parameters for Eq. [ I ] ,  [2] ,  and [3] 
(Anodized aluminum electrode, aq. 1M ammonium tartrate, pH 7) 

Temperature, ~ 

30 50 70 

io, ~ A - c m  -~ 22 99 350 
ha, V 137 215 310 
be, V 5.98 5.87 5.78 
is, #A-ran -2 34 130 440 
va, V 255 245 215 
c 5 5 6 
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Fig. 4. Anodic and cathodic contributions, and saturation current 
of anodic anodized aluminum electrodes in ]M ammonium tartrate 
(pH 7). 

those t radi t ional ly  described by the Tafel relation. This 
region is analyzed in detail in Fig. 4, showing graphical 
evaluat ion of the three constants at each experimental  
temperature.  Above 50V the behavior changes 
abruptly,  with a l imit ing current, is, being attained. 
The current -overpotent ia l  behavior in this region re- 
sembles that  of a simple electrode experiencing con- 
centrat ion polarization (38) 

v - :  b a l n  (i/io) -- R T / F l n  (i -- i/is) [2] 

The saturat ion current, is, is readily chosen by inspec- 
tion. On increasing the overpotential  the current  does 
not remain  constant, however, but  at overpotentials 
greater than approximately 80V increases ever more 
rapidly with potential. Behavior in this region closely 
follows 

is 
i - [3] 

1 -  (v/va) c 

derived empirically for avalanche phenomena (39). 
The parameters Va and c are readily determined from 
the applicable data by plotting log (1 -- is~i) vs. log v. 
The curves in Fig. 3 were drawn according to Eq. [1], 
[2], and [3] using the values of the empirical param-  
eters given in  Table II. 

Discussion 
It is well established that during potentiostatic an-  

odizing of valve metals in appropriate electrolytes 
growth of bar r ie r - type  oxide terminates at a thickness 
in  proportion to the applied potential  difference. The 
average field in such films is thus independent  of the 
applied potential  difference, neglecting any potential  
drops other than that across the barr ier  oxide, and for 
a luminum in aqueous ammonium tartrate  is of the 
order of (13 A-V - 1 ) - 1  or 7.7 )< 108 V-cm -1 (29). This 
field represents a steady state in  which a finite ionic 

flow through the barr ier  oxide occurs in  equi l ibr ium 
with the rate of dissolution of the barr ier  oxide at the 
oxide-electrolyte interface (16). A portion of the dis- 
solved oxide is precipitated as porous oxide (16, 28, 
31). Ionic flow through the oxide is clearly dependent  
on the field wi thin  the oxide as well as the concentra-  
t ion gradient, while the rate of dissolution is dependent 
on the field near the oxide-electrolyte interface. The 
functionality in the latter case is not established 
(16). The simplest explanation of I-laas's data (29) is 
that the field is homogeneous throughout the oxide and 
that transport processes other than a field-dependent 
diffusional flow are unimportant. In such a model the 
ionic contribution to the terminal leakage current 
would necessarily be independent of the applied po- 
tential difference. This, alone, is not in conflict with the 
data shown in Fig. 2 and 3 inasmuch as the observed 
variation in total current could be attributed to elec- 
tronic processes. However, the minimum ionic current 
that must flow in this system to maintain the observed 
porous film growth is of the order of 8 ~A-cm-2 (28, 
31), substantially higher than the minimum total cur- 
rent observed. It is, thus, feasible to conclude that the 
steady state is substantially different from the state of 
films previously studied as cited iri-the foregoing. 
Maximum anodizing times previously reported were 
of the order of 90 rain (31), approximately the time 
required to reach the current minimum in the tran- 
sient reported in Fig. i. 

At present there are virtually no data concerning the 
morphology, defect structure, and transference num- 
bers characteristic of steady-state films grown in 
barrier-forming electrolytes, providing a very poor 
base on which to propose a model. Young (12) has 
derived an expression for the field in an anodic film at 
steady state, assuming that the current is ionic and 
diffusion limited. Neither restriction may be justified, 
a priori, in this case. Butler (40) has discussed the 
equi]ibrium distribution of potential and space charge 
in oxide on the basis of Boltzmann statistics; Devereux 
and deBruyn (41) have provided detailed solutions to 
the Poisson-Boltzmann equation that may be applied 
to this case. However, the. expected Boltzmann dis- 
tribution of charge in highly polarized anodic films is 
trivial; in the presence of very large potential differ- 
ences necessarily all carriers in the film will reside at 
the film boundaries. The field within the oxide will then 
be constant, with a discontinuity at each boundary, 
and smaller in magnitude than the apparent average 
field. This is possible only to the extent that a barrier 
to carrier flow across the interface exists. In the absence 
of such a barrier there would be no buildup of inter- 
facial charge and the field within the oxide would be 
simply equal to the potential difference across the film 
divided by the film thickness. 

The authors have assumed in interpreting the i-v 

characteristics depicted in Fig. 2 and 3 that they are 
not an artifact of specimen preparation.  That is, an ob- 
vious interpreta t ion of the substant ia l ly  constant cur- 
rent  region between overpotentials of approximately 
50 and 150V is that the current  is governed by a field 
that is independent  of applied potential, i.e., film thick- 
ness is proportional to overpotential.  The diminished 
current  below 50V could be interpreted as a manifesta-  
t ion of the initial equilibration of the electrode at 30u 
(overpotential ~ 32V). If the barrier layer formed in 
this operation were assumed capable only of growing, 
when higher anodic overpotentials are applied, and not 
thinning under the action of lower overpotentials, then 
clearly the small currents at low overpotentials would 
be due to a reduced field in the oxide. This does not 
appear to be the case, however. Not only does the on- 
set of the constant current region occur at a signifi- 
cantly higher overpotential than 32V, but the reversi- 
bility of the process as shown in Fig. 2 clearly demon- 
strafes that the stable leakage current is determined 
only by the overpotential and is independent of the 
potential history of the specimen. This observation 



VoI. 122, No. 2 S T E A D Y - S T A T E  ANODIC L E A K A G E  CURRENT 271 

admits to two interpretat ions:  ei ther the film assumes 
a thickness characteristic of the applied overpotential  
and independent  of the potential  history, or the leakage 
current  is independent  of specimen thickness. In  sup- 
port of the former interpretat ion,  Fig. 5 shows t rans-  
mission electron micrographs of a film formed at an 
overpotential  of 32V and a similar  film subsequent ly  
stabilized at 12V. Clearly in the lat ter  case a th inn ing  
process has occurred which may loosely be described 
as a growth and coalescence of pores. Although such 
th inning  in neutra l  tar t rate  environments  has not been 
previously observed, it appears to be a logical exten-  
sion of similar processes that  have been noted in acidic 
media (16, 42, 43). Not only has pore formation been 
noted in  neut ra l  tar trate  electrolytes (28,32), espe- 
cially under  current  decay conditions (44), but, as pre-  
viously noted, a number  of authors find the anodic 
behavior  of a luminum in "barr ier- forming" electro- 
lytes ent i re ly  similar to that in  "pore-forming" elec- 
trolytes except for the rate at which pore development  
occurs (14, 16, 32). It is suggested that the proposed 
barr ier  layer th inn ing  on reduction of the anodic 6ver-  
potential  occurs by an unbalance  of the equil ibrium, 
existing at steady state, between growth and dissolu- 
tion of the barr ier  layer. This may result  in the ini t ia-  

Fig. 5. Transmission electron micrographs of the anodic oxide 
formed on aluminum in 1M ammonium tartrate at 3(~~ on anodiz- 
ing (a, upper) for 45 min at 30V ( ~  32V overpotential) and (b, 
lower) at IOV (12V overpotential) until steady state obtained. 
Magnification 23,500X. 

tion and growth of pores into the barr ier  layer, or to 
the deepening of existing pores by dissolution of the 
barr ier  layer at the bases of such pores. The status of 
porous layer formation at steady state has not yet been 
established. Goruk et al. (9), citing Renshaw's (45) 
work in citrate environments ,  expect pore formation 
to be dependent  on current  density. Hoar and  Yahalom 
(32) note that pores init iate only when  the field at the 
surface drops to a low enough value to permit  pro- 
tons to enter  the film against the field. This is ent i re ly  
consistent with barr ier  layer  th inning  by pore forma- 
tion when the overpotential  is reduced, but  leaves 
open the question of porous layer growth over and 
above that required for barr ier  layer thinning.  The au-  
thors do not regard the extent  of the porous layer  
as an impor tant  issue in  the present  context, however, 
since the pores are highly conductive and, thus, can 
have little direct effect on leakage current.  

The authors thus propose that the i-v behavior 
shown in Fig. 2 and 3 is characteristic of a barr ier  
layer whose thickness is determined by the applied 
overpotential. The functional  relat ion between thick- 
ness and overpotential  is nonobvious, however, except 
in the intermediate potential  region, approximately 
50-150V, where the current  is substant ia l ly  inde-  
pendent  of potential. In  this region it is logical to 
propose that the barr ier  layer  thickness is proportional 
to the overpotential  and that interracial  potential  
drops (i.e., "space" charge effects as discussed pre-  
viously) are negligible. Under  these circumstances the 
field in the oxide would be independent  of potential  
and a diffusion-limited leakage current  would be. con- 
stant, consistent with observation. As the overpotential 
is reduced, however, any potential  differences across 
either oxide interface would become increasingly sig- 
nificant, especially if these differences are substant ia l ly  
independent  of the overpotential  as would be the ease 
if local equi l ibr ium exists at the interfaces. Thus 
the field in the oxide would no longer be constant, but  
would decrease with the potential, yielding a reduced 
diffusion current  in agreement  with observation. While 
the form of the i -v  characteristics below 50V is not 
amenable to easy interpretat ion,  the two exponential  
terms clearly arise from simultaneous occurrence of 
both forward and reverse conduction and are con- 
sistent in  form with e~ther a f ield-dependent diffusion- 
l imited process, as discussed above, or a potent ia l -de-  
pendent  interracial t ransfer  process as current  l imi t -  
ing. In  either case the exponent ial  coefficients are 
anomalous with respect to expected values. The au-  
thors are present ly unable  to offer a discussion based 
on potent ia l -dependent  interracial t ransfer  processes 
that offers as many  points of consistency with ob- 
servation as does the proposal that  current  is field 
dependent  and diffusion limited. 

Zahavi and Yahalom (46-48) have examined anodic 
breakdown of oxide films in  considerable detail, view- 
ing it as an avalanche process init iated at the oxide- 
electrolyte interface at adequately high potentials. 
Ful l  scale avalanching is preceded by  short- l ived 
sporadic discharges at the interface; presumably  this 
phenomenon gives rise to the marked increase in 
anodic current  in the overpotential  region preceding 
failure and described by Eq. [3]. 

The temperature  dependence of the exponential  co- 
efficients, ba and be, is shown in Fig. 6; it, as well as 
the magnitudes of the constants, is anomalous in com- 
parison to Tafel behavior. Young (49, 50) has dis- 
cussed at length anomalies in the Tafel slopes observed 
during growth of anodie films on niobium and has 
at t r ibuted them to space charge effects arising from a 
nonuni form distr ibution of cations "frozen-in" during 
film formation. In  view of the distinction between 
growth and steady state, however, as well  as the 
greater degree of anomaly-seen in the present  study, 
such an explanat ion would not seem directly applica- 
able. 
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Arrhenius  plots for the "exchange current," io, and 
the "saturat ion current," is, are shown in Fig. 7. The 
Arrhenius  slope for each process should represent  the 
sum of the enthalpy of formation of the carrier and 
that for the activated state of the carrier pertaining 
to that process. Values of 14.3 and 13.2 kcal -g-a tom -1 
are seen for the. exchange current  and the saturat ion 
current, respectively. These values are essentially 
identical, suggesting that  the same transport  mecha- 
nism is l imit ing in both the low and intermediate  
potential  regions. Furthermore,  the values are small in 
comparison to "the bandgap of the oxide, 7 eV (160 
kcal) (51) suggesting that the carrier state is ionic 
rather than electronic. In the light of the foregoing 
discussion the authors propose that the current-limit- 
ing mechanism at steady state is ionic diffusion over 
the anodic overpotential  range of 0 to approximately 
80V and that, while above 50'V the field is substant ia l ly  
constant independent  of overpotential,  at lower over- 
potentials the field is significantly reduced by charge 
polarization wi th in  the oxide. 
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Fluorescence of Eu in Sodium Phosphotungstate Glasses 
R. Reisfeld, H. Mack, A. Eisenberg, and Y. Eckstein 
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ABSTRACT 

Sodium phosphotungstate glasses of various ratios of P20~/WO3 were doped 
by 1.0 weight per cent Eu ~+. Fluorescence spectra were measured on ex- 
citation to 394 and 464 ran. On excitation to 394 nm the ratio of 5D0 --> 7F2/ 
5D0 ~ 7 F  1 emissions and the amount  of splitt ing of the 5D0 --> 7F1 transi t ion 
are dependent  on composition of the glass and conditions of glass preparation. 
It  is concluded that two different types of Eu 8 + sites exist in phosphotungst.a~e 
glasses. One type is this in which Eu 3 + is surrounded by phosphate and tung-  
st.ate te trahedra at random. In  the other type, Eu 8 + is incorporated into micro- 
crystallites. It is shown that Eu 3+ may serve as a spectroscopic probe for 
microphase separation. It is also suggested that phosphotungstate glasses 
doped by Eu 8+ can substi tute EuS+-doped tungstate crystals for fluorescence 
purposes. 

Tungstate crystals doped by rare earth ions are 
known to be good laser materials. Recently, it has been 
shown by the present authors (1, 2), for series of rare 
earth doped different oxide glasses, that the glasses 
have similar optical characteristics as the crystals, the 
main  difference being in the inhomogeneous broaden-  
ing and higher oscillator strengths. In  most glasses 
studied, the excitation of the rare  earth ions is 
achieved by direct absorption to the electronic levels 
of the dopant, while in the case of tungstate crystals, 
t ransfer  of excitation energy from the matr ix  is also 
observed. The lat ter  process can increase the br ight-  
ness of fluorescence. 

It was the purpose of this work to prepare tungstate  
glasses which were expected to have some of the opti-  
cal properties of tungstate crystals. Technically, pre- 
parat ion of such glasses is much easier than that of the 
corresponding crystals. Since pure tungstate glasses are 

Key words:  microphase,  microcrystalli tes,  fluorescence probe for 
microphase separation. 

very unstable, and an addition of P205 is highly effec- 
tive in stabilizing and widening the glass forming 
region (3), mixed sodium-phosphotungstate  glasses, 
containing Eu 3 + ions, were prepared. 

Experimental 
The starting materials were WO3 (Hopkin and Wil- 

liams, Limited), Na2HPO4 analytical "Frutarom," and 
Eu203 (Molycorporation) 99.99% purity. Glasses con- 
taining 1 weight per cent (w/o) of Eu 3+ and varying 
concentrations of WOs, Na20, and P205 were prepared 
by melting the mixture at 950~176 in a platinum 
crucible in air. The various concentrations of the ox- 
ides in the mixture are given in Table I. The melting 
times varied from 9 to 120 rain. The melts were either 
quenched rapidly (henceforth called fast cooling rate) 
or allowed to cool slowly in the crucible until the 
liquid became viscous and then poured on the tile 
(henceforth referred to as slow cooling rate). The time 
of heating and the rate of cooling as well as the rela- 
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I I I 
Table I. Relative concentration of W03, P205, and Na20 in the 

starting mixtures 

WO~ ( w / o )  w a s  ( m / o )  Na=O ( m / o )  P2Os ( m / o )  

50 28.0 48.0 24.0 
60 37.3 41.8 20.9 
63 40,0 40.0 20.0 
65 42.7 38.2 19.1 
66 43.3 37.8 18.9 
67 44.5 37.0 18.5 
68 45.7 36.2 18.1 
69 47,5 35.0 17.5 
70 48.1 34.6 17.3 
72 50.5 33.0 16.5 
75 54.4 30.4 15.2 
78 58.6 27.6 13.8 
80 61.9 25.4 12.7 

M e a n  e r r o r  ----.0.2. 

t ive concentrations of w e 8  and Na20.P205 affect the 
emission characteristics of Eu 3+ as a result  of micro-  
phase separation. 

Results and Discussion 
The emission spectrum of Eu 3+ was measured by 

excitation at 394 and 464 nm. These bands have the 
highest intensity in the exci tat ion spectrum of 5D0 
7Fj emission of Eu a+. The emission spectrum of Eu 8 + 
in glasses wi th  varying ratios of W Q  to 2Na20"P205 is 
presented in Fig. 1. As seen from this figure, on excita-  
tion at 394 nm differences are observed between glasess 
containing 68 and 75 w / o  of WO3 in the ratio of the 
re la t ive  intensities of 5D0 --> 7F2 (at 613 nm) to 5D0 
7F1 (at about 59'0 nm) and in the splitting of these 
transitions. 

For the sake of the arguments  which will  be applied 
below, we defined the resolution of the 5D0 --> 7F1 t ran-  
sition as the sum of the areas of the two components 
of this t ransi t ion divided by the min imum intensity 
between them. In the case of glass, where  no distinct 
splitting was observed (e.g., 68 w/o  W Q  in Fig. 1), the 
5Do --> 7~'1 transi t ion was resolved into two gaussians 
peaking at the same wavelengths  as those of 5D0 -> 7F1 
transition in the sample containing 75 w / o  WO8, where  
we observed a defined splitt ing (presented in Fig. 1). 
The resolution be tween the two gaussians was done as 
described above. At 464 nm, no splitting is observed and 
the ratio of 5D0 --> 7F2/SDo --> 7F1 remains constant with 
the changing of the concentrations of w a s .  The ratio 
and resolution for glasses of varying amounts of WOz 
prepared at constant tempera ture  (1050~ constant 
heating t ime (60 rain), and slow cooling ra te  are given 
in Table II for exci tat ion at 394 nm. 

Table II. Dependence of the 5Do --> 7F2/SDo -> 7F1 and the spectral 
resolution of 5Do --> 7F1 transition on the W03 content 

(after 60 min of heating at 1050~ and slow cooling rate). 
Excitation 394 nm. 

~Do --) ~F2 
ReSO- 

WO~ ( w / o )  ~Do-~ ~Fz lu f ion  

60 10.47 2.0 "t glass 63 8.42 2.0 S 
6566 6.526"62 4.64"0 } m i c r o c r y s t a l l i t e s  

67 9.92 2.0 7 
68 10.16 2.0 ~ glass 
69 10.74 2.0 
70 4.67 3.19 7 
72 2.90 4.76 | 
75 3.02 9.00 f m i c r o c r y s t a l l i t e s  
78 3.02 4.02 
80 9.15 1.57 

~Do ~ 7F~ 
H i g h  ra t io  of  - -  

~Do --) ~Fz 
glass .  

5D o -> 7F2 
LOW ra t io  of  - -  

5Do --~ 7FI 
m i c r o p h a s e  s e p a r a t i o n .  

a n d  l o w  r e so lu t i on  a re  c h a r a c t e r i s t i c  of a 

a n d  h i g h  r e so lu t i on  a r e  c h a r a c t e r i s t i c  of  
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Fig. 1. Emission spectra of 1 w/o Eu 3+ in xWO3-y(2Na20"P205) 
glasses. The ratio of peak areas of Eu ~+ 5Do --> 7F2/~Do ---> 7F~ 
transitions under 394 nm excitations which are given in Table I] 
and Table III is 3 for the 75 w/o W03 sample and 10.16 for the 
68 w/o W03 sample. The resolution of the 5Do --> 7F1 transition 
in the two samples is 9 and 2, correspondingly. 

The differences in the emission spectra of Eu 3 + pro-  
duced by the two different excitat ion wavelengths  is 
explained by the existence of different types of Eu 3+ 
sites in the tungstate glass. One type of Eu 3+ site is 
that in which the ion is surrounded by phosphate te t ra-  
hedra and tungstate octahedra in te rmixed  at random. 
Such an ar rangement  is typical for glasses, hence the 
site symmetry  is the lowest, as evident  by the high 
ratio be tween 5Do --> 7F2/SDo ~ 7 F  1 transitions and the 
highest inhomogeneous broadening. The 5Do -> 7F2 is 
known to be "hypersensi t ive" on the site symmetry  in 
which Eu ~+ is incorporated as it is originated from 
forced electric dipole transition, while 5Do ~ 7F1 is a 
magnet ic  dipole transit ion and much less sensitive on 
site symmetry.  This picture is similar  to that  of Eu 3+ 
in phosphate glasses (4). 

We suggest that  the other type of Eu 8+ site, for 
which the ratio of ~D2 --* 7F2/SDo -> 7F1 transit ion is 
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Table IlL Optical properties of Eu 3+ in sodium phosphotungstate 
glasses as a function of preparation conditions. Excitation 394 nm. 

Coo l ing  
Heating T e m p e r -  ra te  zDo -> ~F2 

WOo t i m e  ature Reso-  A~* 
(w/o)  (min)  (~ fas t  s low ~Do--> 7F1 l u t i o n  (cm-D 

50 7 950 X 7.2 2.0 377 
11 950 X 8.3 2.0 

68 14 1000 X 1.9 9.7 51 
17 1000 X 1.9 9.1 51 
60 1000 X 8.8 2.4 375 

72 10 950 X 3.2 5.9 50 
10 950 X 3.5 6.0 43 
60 950 X 4.5 3.9 47 
90 950 X 10.2 2.0 373 

75 12 950 X 2.4 7.3 65 
10 950 X 2.4 7.4 65 
50 1000 X 11.7 2.0 377 
50 1000 X 3.5 6.8 79 

* A~, is  the  h a l f - b a n d w i d t h  of the short w a v e l e n g t h  
Eu  ~Do --+ ~F1 t r a n s i t i o n  fo r  the  m i c r o e r y s t a l l i t e s  and  
t h e  u n r e s o l v e d  ~Do --> qv~ b a n d  fo r  t he  glasses.  

component  of 
half-width of 

about 3-6.5, is Eu 8+ incorporated into microcrystallites 
of tungstate. This suggestion is based on the similari ty 
of the emission spectra of Eu 3+ excited at 394 nm to 
Eu3+-doped Na0.sY0.sWO4 crystals (5). As seen from 
Table III, the ha l f -bandwidth  of the short wavelength 
component of the 5D0 --> 7F1 transi t ion of Eu 3 + in such 
tungstate  crystallites is about 50 cm -1 compared to the 
ha l f -bandwid th  of this unresolved band in glasses 
which is about 380 cm -1. A similar  increase of the 
bandwidths  with increasing randomness of the Eu s+ 
sites has been also observed by Van Uitert:  1.5 and 5 
cm -1 in  pure CaWO4 and 4 and 11 cm -1 in 
Na0.sY0.sWO4 for the Eu 3+ ado -> 7F2 t ransi t ion (5). 
The fact that even in the polycrystalli tes of Eu 3 + tung-  
states the smallest ratio of aDo --> ~F.2/~D0 --> 7F1 t ransi-  
tions observed was 2.9 indicates that the polycrystalli tes 
do not possess a center of inversion, and thus resemble 
Eu3+-doped tungstate  crystals (5). 

At 394 nm excitation, the fluorescence of Eu ~+ in the 
crystall i te sites is predominant ,  while at 464 nm exci- 
tat ion the fluorescence of Eu 3+ in  the glass forms 
makes the ma in  contribution. At about 40,0 nm, the 
tungstate  has an absorption edge and, therefore, at 
this excitat ion the Eu 3+ ions embedded in  the crystal- 
lites are main ly  excited (probably by energy t ransfer  
from tungstate  to Eu 3+). At 464 nm, the Eu~ + is ex- 
cited directly into its electronic levels and since the 
oscillator strengths of .the glass are higher than that of 
the crystals, the emission from the glass is predomi- 
nant.  The higher oscillator s t rength of Eu ~ + in  glasses 
are due to the forbidden f <--> f transit ions which are 
more permissible as a result  of the total absence of 
symmetry  in glass. At the appropriate concentrat ion of 
WO3, when only a glass s tructure exists, there was no 
difference in the spectral behavior  of Eu ~+ in the two 
excitations. 

The appearance of microcrystalli tes should depend 
on conditions which promote crystallization, such as 
(i) a definite ratio of WO~ to 2Na20.PfOs, (ii) slow 

cooling rate at which an equi l ibr ium can be achieved 
between the glass and the microcrystallites, and (iii) 
the doped microcrystalli tes may be formed by diffusion 
of Eu 3 + into the tungstate  phase when  the temperature  
is low and the time insufficient for a thorough mixing 
of the glass and the crystall ine phases. This can be ob- 
served in all concentrations of WO3 (with the excep- 
t ion of a 50 w/o WO3 mixture) ,  since it is not an 
equi l ibr ium process. 

The influence of mel t ing conditions on the appear-  
ance of microcrystallites, as reflected by a small ratio 
of 5D0 ~ ~F2/SD0 --> 7F1 transitions, high resolution and 
a small ha l f -bandwidth  of the 5D0 ~ 7F1 band when 
excited at 394 rim, is summarized in Table II and Table 
III. From Table II we see that  at conditions in which 
an equi l ibr ium may be achieved, the only l imit ing fac- 
tor for the appearance of the microcrystall i tes is the 
ratio between WO~ and 2Na20.P20~. The concentrat ion 
regions of the glass phase and microcrystall i te phase 
are marked in Table II. From Table III we conclude 
that the conditions for glass or microcrystall i te forma- 
tion are the following: If the concentrat ion ratio of 
WO~ to 2Na20"P205 is characteristic for glass, then 
after proper heating time, which is needed for achiev- 
ing the equil ibrium, a glass will be formed. This time 
is 11 min  for a 50 w/o  WO3 mixture  and 50-60 rain for 
mixtures containing 68-72 w/o WO3. At concentrations 
of WO3 in which the equi l ibr ium conditiona favor the 
appearance of microcrystallites, a slow cooling rate 
will enable it to reach an equi l ibr ium and microcrys- 
tallites will be formed. This can be seen in the mixture  
containing 75 w/o WO3 (Table III) .  

In  summary, the fluorescence spectra of Eu 8+ can 
serve as a probe for the indication of microphase 
separation and the materials  presented in this work 
can, in some cases, substi tute in tungstate  crystals. 
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ABSTRACT 

It  was established that  ideal, diffusion-controlled, s teady-state segregation, 
never  accomplished on earth, was achieved during the growth of Te-doped 
InSb crystals in  Skylab. Surface tension effects led to nonwett ing conditions 
under  which free surface solidification took place in confined geometry. It  
was fur ther  found that, under  forced contact conditions, surface tension 
effects led to the formation of surface ridges (not previously observed on 
earth) which isolated the growth system from its container. In  addition, it 
was possi~ble, for the first time, to identify unambiguously:  the origin of 
segregation discontinuities associated with facet growth, the mode of nuclea-  
t ion and propagation of rotational twin  boundaries,  and the specific effect of 
mechanical-shock per turbat ions on segregation. The results obtained prove 
the advantageous conditions provided by outer space. Thus, fundamenta l  
data on solidification thought to be unat ta inable  on earth because of gravity-  
induced interference are now within  reach. 

Structural  and compositional control during solidifi- 
cation of materials  is impeded by gravi ty- induced ef- 
fects in the melt. Thermal  gradients necessary for 
crystal growth lead, in the presence of gravitat ional  
forces, to thermal  convection which in  general  causes 
uncontrol led variations in the solidification rate and 
in diffusion boundary  layer  thickness; such variations 
lead directly to periodic and/or  random microscopic 
and macroscopic segregation inhomogeneities. Fur -  
thermore, in the presence of gravity, establishing steep 
thermal gradients, f requent ly  required to prevent  con- 
sti tutional supercooling, is often impossible and con- 
sequently interface breakdown is unavoidable.  

Gravi ty  effects are, thus, pr imar i ly  responsible for 
the present lack of reliable solidification data and the 
existing gap between theory and experiment.  Conse- 
quently, crystal growth and associated segregation 
phenomena are still based on empiricism, and the 
properties and performance of solids are not at their 
theoretical limits. 

Gravi ty-free  conditions made accessible through the 
space program provide a unique opportuni ty to obtain 
reliable crystal growth data and, therefore, to advance 
our quant i ta t ive unders tanding of solidification proc- 
esses; in addition this program makes possible the ex- 
ploration and assessment of the potential  of outer 
space for materials processing. 

Ind ium antimonide was chosen for the present ly re- 
ported Skylab experiment  because its relat ively low 
melt ing point (525~ made the exper iment  compat- 
ible with the available electrical power. In  addition, 
chemical etching, the only high-resolut ion technique 
available, at the time, for the study of segregation in-  
homogeneities on a microscale, had been developed on 
InSb to its most advanced level. 

The experiments performed during the Skylab-I I I  
and -IV missions included the growth of undoped, 
tel lurium-doped,  and t in-doped indium antimonide. 
The present report is concerned pr imar i ly  with results 
obtained on te l lur ium-doped InSb. 

Objectives 
The objectives of growing Te-doped ~nSb in Skylab 

were to assess the advantages of zero-gravity environ-  
ment, to obtain basic data on solidification, and to ex- 
plore the feasibility of electronic materials processing 
in outer space. Thus, the experiment  was designed to 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  s e g r e g a t i o n  ( d o p a n t ) ,  c ry s t a l  g r o w t h ,  g r a v i t y  effects ,  

solidification. 
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achieve solidification under  diffusion-controlled, 
steady-state conditions and to investigate the associ- 
ated growth and segregation behavior on a micro- and 
macro-scale. Direct comparison of growth and segrega- 
t ion on earth and in space was to be achieved by melt-  
ing and resolidifying in space a port ion of each crystal 
growth on earth. 

Experimental Approach 
Crustal growth apparatus.--The InSb growth experi-  

ment  was carried out in the "mult ipurpose furnace" 
(Fig. 1). The furnace provided for three tubular  cavi- 
ties into which three stainless steel cartridges contain- 
ing the crystal growth assemblies were inserted. Heat 
levelers, lateral  heat-shields, and the heat extractor 
plate insured controlled heat flow from the heating 
element to the heat extractor plate through the crystal. 
Melting was init iated at the end of the crystal (to be 
referred to as hot end),  located inside the heating ele- 
ment  and the crystal-melt  interface was advanced to 
the desired position (back-melt ing)  by appropriate 
power input. Regrowth, in turn,  was achieved by con- 
trolled power reduction. 

Crystal preparation and assembly.--Indium anti-  
monide used for ground-based tests and the Skylab 
experiment  was synthesized in the Electronic Materials 
Laboratory at M.I.T. The single crystals for the experi-  
ment  were pulled from the melt  in the <111> direc- 
tion by the Czochralski technique. The as-grown crys- 

Fig. 1. Sketch of the multipurpose furnace employed for the InSb 
growth experiment in Skylab. 
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tals (approximately 1.8 cm in  diameter  and 17 cm long) 
were centerless ground to a diameter  of 1.4 cm, and 
cut to a length  of 11 cm. The cylindrical  crystals were 
etched inmodif ied  CP-4, 3 parts (48%) HF + 5 (conc) 
HNOs + 3 (glacial) CHsCOOH + 10H20, to remove 
surface damage and reduce their diameter  to the de- 
sired value. Each crystal was subsequent ly  inserted 
between graphite spacers into a quartz ampul  of 3 mm 
wall thickness. The diameter of every crystal was 0.13 
mm smaller  than  the inside diameter of its ampul. 

The spacer at the hot end had a peripheral  cyl indri-  
cal cavity to provide addit ional space for the melt  in 
case unforeseen surface tension effects under  zero 
gravi ty conditions resul ted in increased clearance be- 
tween the regrown crystal and the quartz wall;  the 
cylindrical  graphite spacer at the other end of the 
crystal (to be referred to as cold end) was designed to 
enhance heat  t ransfer  from the crystal to the heat ex- 
tractor plate. The crystals were positioned in the 
ampuls so that their B <111> direction coincided with 
the regrowth direction. 

All ampuls were repeatedly flushed with purified 
hel ium and evacuated to 10 -7 Torr prior to sealing. 
The crystals were anchored near  their  cold end to the 
ampuls by means of a small depression in  the quartz 
wall formed by local heating of the evacuated ampuls. 

Each sealed ampul  was encapsulated in an evacuated 
stainless steel cartridge; one set of three cartridges 
containing an undoped crystal, a Te-doped crystal 
(,~1018/cm3), and a heavily Sn-doped crystal (,-~10~~ 
cm 8) was used for the zero gravi ty growth experiment  
(Skylab- I I I  mission).  A second set in tended for back- 
up purposes was eventual ly  used in an unscheduled 
additional exper iment  in space (Skylab-IV mission). 
A sealed ampul  and its metal  cartridge used in the 
Skylab experiment  are shown in  Fig. 2. 

Crystal growth procedure in space.--Skylab-III mis- 
sion experiment.--The samples were inserted into the 
mult ipurpose furnace and back-mel t ing  was ini t iated 
by tu rn ing  on the power. The desired back-mel t ing  
was achieved in 120 rain. Then the system was kept at 
temperature  for a period of 60 min  ( thermal  soak), to 
achieve thermal  equi l ibr ium in the system and homog- 
enization of the melts. 1 Subsequently,  a cooling rate 
of 1.17~ was established by controlled power 
reduct ion at intervals  of 14.4 sec. Four  hours after 
ini t iat ion of regrowth the power was tu rned  off and 
passive cooling to the ambient  temperature  took place. 
The thermal  history of the growth system (hot-end 
temperature)  obtained from a Chromel /Alumel  ther-  
mocouple in the furnace is shown in  Fig. 3. 

Skylab-IV mission experiment.--The remelt ing and 
thermal  soaking procedure was identical with that of 
the Skylab-I I I  experiment.  However, in this, originally 

1 A s o a k i n g  p e r i o d  of 180 rain was  originally specified for this 
purpose ;  h o w e v e r ,  an  inadvertent  power  shortage necessi tated the 
reduction of  the soaking period to 60 rain.  
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Fig. 3. "Hot-end" temperature cycles for Skylab-III and Skylab- 
IV experiments as obtained from a Chromel/Alumel thermocouple. 

unscheduled, exper iment  the growth system was sub-  
jected to a mechanical  shock by str iking the furnace 
assembly at a predetermined time; furthermore,  the 
constant cooling r a t e  of 1.17~ was in ter rupted  
140 rain after ini t iat ion of regrowth and a second ther-  
mal soaking period of 6,0 rain was introduced by ma in -  
taining the furnace power at a constant level. The 
power was subsequent ly  tu rned  off and the system was 
allowed to reach ambient  tempera ture  (see Fig. 3). 
These changes in the growth procedure were in tended 
to provide time reference markings  in the crystal and 
to obtain data on the dependence of t ransient  segrega- 
tion on growth rate. 

Results and Discussion 
Morphological characteristics.--The extent  of re-  

growth achieved during the Skylab experiment  was 
vi r tual ly  the same for all crystals (about 6 cm) and 
in excellent agreement  with theoretical calculations 
and ground-based testing; in each crystal the regrowth 
interface was clearly .delineated (see for example Fig. 
2). 

All crystals were separated from their  containers, 
without affecting their  morphological characteristics, by 
dissolving the quartz ampuls in 48% HF. 

The Te-doped InSb crystals grown in  the two Skylab 
missions are discussed individual ly  since they exhibit  
seemingly significant differences in morphological 
characteristics. 

Tellurium-doped InSb grown in Skylab-III.--This 
crystal was of the same diameter  as the ear th-grown 
segment (seed); two portions of the crystal corre- 
sponding to the early and late stages of growth are 
shown in  Fig. 4 and 5, respectively. The surface of the 

Fig. 2. Top: Quartz ampul containing InSb crystal used in the 
Skylab experiment; the cold-end graphite spacer, the earth-grown 
crystal segment, the space-grown segment, and the hot-end graph- 
ite spacer with a peripheral cavity are seen from left to right; at 
extreme right is graphite sleeve positioned between ampul and the 
metal cartridge. Bottom: Stainless steel cartridge in which ampul 
was encapsulated. 

Fig. 4. Te-doped crystal grown during Skylab-III mission. Note 
initial growth interface (left-hand side), rotational twin bands, and 
surface ridges propagating along the growth direction; the diameter 
of the space-grown segment is the same as that of the earth-grown 
segment. Magnification 4 .9X.  
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Fig. 5. Part of the Te-doped crystal, grown during Skylab-III 
mission, 3.7-5.9 cm from the initial regrowth interface. Surface 
ridges broaden and branch out at the late stages of growth (right- 
hand side). Magnification 6 .8X.  

crystal has a dull appearance which indicates that 
during growth it did not establish contact with the 
confining quartz wall. This conclusion is reinforced by 
the absence of the peripheral  cavities which generally 
characterize growth under  confined geometry. 2 

The surface of the regrown crystal in  the vicinity of 
t h e  s e e d  (Fig. 4) exhibits several bands of differing 
width oriented normal  to the growth direction. These 
bands were identified as the external  boundaries of ro- 
tational twins  (see below) which are f requent ly  en-  
countered in InSb grown in the < I l l >  direction. 

Conspicuous in Fig. 5 is the presence of i r regularly 
spaced "surface ridges" oriented preferent ial ly  in the 
direction of growth (left to righr The ridges are 
shiny at the top indicating contact with the quartz 
wall; they are, on average, 25 ~m high and increase in  
width toward the hot end of the crystal. Over the last 
10 mm of the crystal the ridges become irregular  and 
branch out. The regions between the ridges exhibit, in 
general, the characteristics of growth from free (un-  
confined) melts. In some isolated areas inclined lines, 
which have the appearance of stress-induced defects, 
originate at the surface ridges. These defects were 
shown to be confined to the surface region and to have 
no detectable effects on the growth and segregation 
behavior of the system. To the authors' knowledge, 
the phenomenon of surface ridge formation has not 
been previously observed in solidification under con- 
fined geometry; it is further discussed below. 

Tellurium-doped InSb grown in Skylab-IV.--As seen 
in Fig. 6, regrowth, following the thermal  soaking 
period, proceeds (left to right) ,  in this case, first with 
decreasing and then essentially constant crystal diam- 
eter. With continuing growth the crystal diameter 

2 it is of interest  to note  that the surface of the Sn-doped and un~ 
doped crystals grown in Skylab was  shiny and exhibited peripheral 
cavities indicating int imate contact (wett ing)  of the melt with the 
confining quartz wall. 

decreases again, then increases and assumes a con- 
stant value of 12.8 mm (r ight -hand side of Fig. 6) 
which is the same as that of the ID of the confining 
quartz ampul. (The reasons for the differences in 
diameter between the two Te-doped crystals in t h e  
early stages of regrowth are discussed below.) 

From volume considerations, it is concluded that the 
increase of the crystal diameter coincides in  time with 
the initial  contact of the melt  with the graphite spacer 
at the hot end of the quartz ampul. Since crystal 
growth over the first 30 mm proceeded with a de- 
creased diameter, and solidification of InSb is accom- 
panied by a volume expansion of 12.9%, the volume 
available to the residual melt is less than during the 
Skylab-III experiment at the same time in growth. 
Thus, toward the final stages of solidification some 
melt was ultimately forced into the peripheral cavity 
available in the hot-end graphite spacer. Indium anti- 
monide solidified in the spacer cavity weighed 2.52g. 
Accordingly, the total available volume for the melt 
in the ampul itself (excluding the volume of the cavity 
in the graphite spacer) was occupied after the crystal 
had reached a length of 34 ram, Le., 5 mm after the 
crystal diameter reached its maximum value. Since the 
clearance between the spacer and the quartz wall was 
less than 0.25 mm, the melt was under substantially in- 
creased pressure during the last 25 mm of growth. This 
increased pressure, however, did not lead to forced 
wetting between the melt and the quartz wall since 
contact between the crystal and the wall remained 
confined to the surface of the irregularly spaced ridges 
as in the Skylab-III crystal. 

The surface characteristics of the crystal grown with 
a diameter smaller than the ID of the ampul are 
typical of free-surface solidification. They are iden- 
tical with those encountered between the surface 
ridges in the Skylab-III crystal and are similar to 
those observed on crystals grown by the Czochralski 
technique on earth. 

Figure 7 shows the surface characteristics of the 
crystal portion grown with constant reduced diameter 
at a distance of about i0 mm from the initial regrowth 
interface; the surface irregularities are the same as 
those commonly observed in nonfaceted crystal growth 
from the melt. In addition, randomly spaced lines 
oriented normal to the <iii> growth direction are 
visible. These lines are not continuous over the whole 
periphery and are confined to the three relatively fiat 
portions of the crystal surface. They are not present 
on the centrally located "white" band which was iden- 
tified as a rotational twin (see also below). 

The crystal portion with a reduced diameter does 
not exhibit surface ridges observed on the previously 
discussed crystal; surface ridges do appear as the crys- 
tal diameter increases and approaches the value of the 
ID of the ampul. Details of surface ridge patterns are 

Fig. 6. Te-doped crystal grown during the Skylab-IV mission; 
note decrease in crystal diameter upon initiation of growth; surface 
ridges appear on right-hand side after crystal diameter reaches its 
maximum constant value. Magnification 4.8 •  

Fig. 7. Part of Te-doped crystal shown in Fig. 6; surface charac- 
teristics are typical for unconfined solidification; note random 
distribution lines normal to the growth direction; rotational twin 
is visible (white band). Magnification 19X .  
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Fig. 8. Surface ridge patterns formed after crystal reached max- 
imum constant diameter during Skylab-IV experiment; note dis- 
continuity in surface morphology associated with second thermal 
soaking (see text). Magnification 21 •  

shown in Fig. 8. The r idges in this  crys ta l  a re  of the 
same height  as those on the crysta l  g rown in Sky l ab -  
I I I  (~25 ~m).  Here again they  have no measurab le  
effect on growth  and segregat ion in the  bulk  of the  
crystal ;  they  appear ,  however ,  less or iented along 
the growth  direct ion and more  branched.  F rom the 
propaga t ion  pa t te rns  of these ridges, it  is concluded 
tha t  they  are  not  the  resul t  of anomalous  solidification, 
but, ra ther ,  that  t hey  are  fo rmed  on the mel t  pr ior  to 
solidification. 

So far  all a t t empts  to account for r idge format ion  on 
the basis of known phenomena,  such as wet t ing and 
convect ion induced by  surface  tension gradients,  have 
met  wi th  fundamenta l  inconsistencies. 

Bulk characterization.--The bulk  character iza t ion of 
the  space-grown crysta ls  was a imed p r imar i l y  at the 
growth  and segregat ion  behavior  employing  var ious  
analy t ica l  techniques.  For  this purpose  the crystals  
were  sect ioned as shown in Fig. 9. 

Dopant segregation.--The analysis  of dopant  segrega-  
t ion by  high resolut ion different ial  etching was car-  
r ied out  on longi tudina l  sections of (211) surface or i -  
en ta t ion  (see Fig. 9). Al l  crysta l  sections were  pol-  
ished with  Syton  and etched for 40 sec in a so]ution of 
1HF(48%) and 1CI-~COOH (glacial)  -f- 1KMnO4 
(sa tura ted  aqueous solut ion) ;  they  were  subsequent ly  
rinsed, dr ied  in purified nitrogen,  and s tudied by  
means of in ter ference  contrast  microscopy. 

Dopant  segregat ion  dur ing growth  under  the in-  
fluence of g rav i ty  and under  zero grav i ty  conditions 
is evident  in Fig. 10 where  a por t ion  of e a r t h -g rown  
(upper  par t )  and space -g rown  crys ta l  ( lower  par t )  

before sect ioning Space grown ~ Earth grown 
/ 
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Hall analysis af te r  sectioning p , "  " _ I 

- - - -  ~ ,,,,-Crystal defect analysis 
<111> /~ : '~\ , . . : - - - - ,  ' 

I ,,,_Jr 
for I X-ray analysis 

L Ion probe analysis 

Fig. 9. Sectioning scheme for analysis of space-grown crystal 

Fig. 10. Etched cross section (under dark field illumination) of 
crystal grown during Skylab-IV mission; Space-grown region (bot- 
tom), in contrast to earth-grown region (top), exhibits no composi- 
tional inhomogeneities. Magnification 12•  

is shown. It  is fu r the r  seen that  the r eg rowth  in te r -  
face morphology,  es tabl ished dur ing the rmal  soaking, 
is concave (viewed from the mel t ) .  The sharp de-  
marca t ion  l ine separa t ing  the ea r th -  and  space-grown 
segment  is the resul t  of an abrupt  decrease in Te 
concentrat ion which is dictated, for in i t ia l  regrowth,  
by the  the rmodynamic  character is t ics  of the  system, 
i.e., the dis t r ibut ion coefficient, ko of Te in InSb is less 
than  one (ko ---- Cs/CL < 1, where  Cs and CL are  the 
concentra t ion of Te in the  solid and the melt ,  respec-  
t ive ly) .  

The microscopic segregat ion behavior  for the pe- 
r iphera l  and the centra l  pa r t  of the crys ta l  in the  
vicinity of the regrowth interface is shown in Fig. Ii 
and 12, respect ively.  Pronounced  segregat ion f luctua- 

Fig. l l .  Dopant segregatlon chamcterlstics near the periphery of 
initial regrowth interface (rlght-hand side of Fig. 10). Magnifica- 
tion 300 X .  
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Fig. 12. Dopant segregation characteristics near the central 
region of initial regrowth interface of crystal grown during Skylab-IV 
mission. Magnification 580 •  

tions (compositional inhomogeneities) in  the ear th-  
grown segment reflect i r regular  variat ions in growth 
conditions which are due to rotat ion effects (Czochral- 
ski pull ing) and to uncontrol led gravi ty- induced ther-  
mal convection in the melt. No microscopic composi- ,o,9 
tional fluctuations are present  in the crystal segment 
grown in space. The segregation behavior  in  the 
equivalent  region of the crystal grown during the 
Skylab-I I I  mission was identical to the behavior pre-  
sented above. ~ .~ E 

According to theory, the area of the space-grown 
region shown in Fig. 12 must  be part  of a segregation z 
t ransient  (not revealed by etching) over which the ~ ,0,8 
dopant concentrat ion increases continuously until ,  in 
the absence of convection, it reaches the same value as 
that of the dopant concentrat ion present  in  the bulk of 
the melt;  at this point steady-state segregation condi- 
tions are established and the dopant concentrat ion in 
the solid remains constant except at the very terminal  
stage of solidification. 

JOI7 
Quantitative dopant segregation ana[ysis.~Since one 
of the major  objectives of the Skylab experiment  was 
to achieve steady-state segregation, quant i ta t ive dop- 
ant  concentrat ion analysis of the t ransi t ion region 
was under taken  by means of Hall-effect measurements  
and ion-microprobe scanning. 

Hall-effect measurements  were carried out by the 
Van der Pauw technique on square samples measuring 

T h e  u s e  o f  C z o c h r a l s k i - g r o w n  s e e d  m a t e r i a l  w a s  n e c e s s i t a t e d  
b e c a u s e  n o  s i n g l e - c r y s t a l  s e e d  m a t e r i a l  c a n  b e  o b t a i n e d  b y  t h e  g r a -  
d i e n t  f r e e z e  t e c h n i q u e  i n  c o n f i n e d  g e o m e t r y  d u e  t o  p r o n o u n c e d  v o l -  
u m e  expansion during solidification. 

2 • 2 • ,0,.5 mm. Si lver  contacts were evaporated at 
the four corners of each sample and were annealed at 
350~ for 2 hr to ensure ohmic behavior. Subsequently,  
gold wire leads were soldered with ind ium onto the 
contacts. More than thir ty  individual  Hail-effect mea-  
surements  (at different field strengths) were carried 
out on each sample to optimize the val idi ty of the data. 
The reproducibil i ty of the results was better  than 1%. 
Twelve successive crystal slices were cut from the 
crystal grown in  the Skylab- I I I  mission as shown in 
Fig. 9. Two adjacent Hall-effect samples were chosen 
from each slice, in most instances near  the central  part  
of its straight edge. From some slices the Hall-effect 
samples were taken adjacent  to the central  location 
since twin  or grain boundaries were present. 

The compositional (carrier) profile together with the 
corresponding resistivity and carrier mobil i ty  obtained 
at 77~ are shown in Fig. 13. (Room temperature  data, 
as expected, were found to be similar to those shown in 
Fig. 13 in view of the relat ively high level of carrier 
concentration.) 

The carrier concentrat ion curve (Nspace) in Fig. 13 
shows clearly the decreased dopant concentrat ion in 
the init ial  part  of the space growth region, as predicted 
from theory; it delineates fur ther  the t ransient  region 
in which the dopant concentrat ion increases steadily 
and reaches its max imum value at a distance of about 
0.5 cm from the regrowth interface. Beyond this dis- 
tance the dopant concentrat ion remains constant for 
the entire crystal length analyzed (5 cm). It is, thus, 
shown that s teady-state  segregation and homogeneous 
dopant distr ibution were achieved under  zero gravity 
conditions. 

In  the ground-based tests performed in  an identical 
experimental  configuration and under  "stabilizing 
thermal  gradients," the dopant profile (Nearth) indi-  
cates clearly a steadily increasing dopant concentra- 
tion, as seen in Fig. 13, which reflects the presence of 
slow convection caused by unavoidable  lateral  thermal  
gradients. The adverse effects of this type of convec- 
tion cannot be revealed by high resolution etching, 
since no abrupt  fluctuations in composition take place. 

The ratio of the dopant concentrat ion in the ini t ial ly 
grown region and in the steady s ta te-grown region is 
a direct measure of the equi l ibr ium distr ibution co- 
efficient, ko, which cannot be rel iably determined on 
earth. Unfortunately,  the low spatial resolution of 
Hall-effect measurements  does not permit, at this time, 
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Fig. 13. Carrier (dopant) concentration profile obtained from 
Hall-effect measurements for Te-doped crystal grown during Sky- 
lab-Ill mission (Nspace) and for Te-doped crystal grown during 
ground-based testing. The position of the original regrowth inter- 
face for both crystals is indicated by the vertical dashed line. Due 
to the presence of many twin and grain boundaries in the InSb 
grown during the ground-based testing, no meaningful Hall-effect 
measurements could be carried out in the vicinity of the regrowth 
interface. 
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the accurate determinat ion of ko. From the width of 
the region of t ransient  segregation and the associated 
compositional change, the diffusion coefficient of the 
dopant in the melt  can be determined, provided the 
microscopic growth rate is known and constant;  this 
condition was not met  in the present  experiment,  since 
only the nominal  growth rate is known. 

It should be pointed out that the observed variat ion 
in carrier concentrat ion between adjacent Hall sam- 
ples is not surpris ing since extensive twinning  took 
place in  this InSb crystal. In  addition to twinning,  
growth under  confined geometry leads to high disloca- 
t ion densities which account for the measured, rela-  
t ively low, carrier mobilities. It is of interest  to note 
that in the crystal grown during the Skylab-IV mis- 
sion, with a smaller diameter than  that  of the quartz 
ampul  (unconfined solidification) the dislocation den- 
sity was found to be 40% smaller  than that in the 
ear th-grown segment. 

The compositional profile in the Skylab-I I I  crystal 
was in parallel  subjected to ion microprobe analysis 
since this technique was expected to provide a similar 
sensit ivity as the Hall-effect measurements  but  a reso- 
lut ion in the micron range. The results obtained are 
consistent with the Hall-effect measurements;  how- 
ever, due to the relat ively low yield of sputtered Te- 
ions, the l inear  resolution and accuracy were found 
to be limited. Thus, the precision of the ion-micro-  
probe analysis with a scanning beam of 25 #m was 
only of the order of _.+16%. 

Intentionally introduced segregation discontinuities.- 
As pointed out earlier, the growth process during the 
Skylab-IV mission was per turbed 90 and 140 rain after 
ini t iat ion of the cooling cycle by a mechanical  shock 
and by an arrest of cooling, respectively; the cooling 
arrest was sustained for a period of 60 min. These 
per turbat ions were intended to introduce time refer-  
ence markers  in the crystal and to study their specific 
effect on segregation behavior  under  steady-state con- 
ditions. 

Etching analysis of the crystal revealed the presence 
of only two distinct segregation discontinuities mani -  
fested as curved lines, extending over the entire cross 
section of the crystal, 15 and 28.8 mm from the initial  
regrowth interface. As seen from the sketch in Fig. 14, 
the first discontinuity coincides with an abrupt  de- 
crease in crystal diameter  and is of relat ively low in-  
tensity as viewed in interference contrast. The second 
discontinui ty was formed after the crystal had reached 
its m a x i m u m  constant  diameter  and is very pro- 
nounced, as seen in  Fig. 15. 

The na ture  of these segregation discontinuities was 
investigated by double beam interferometry.  As seen 
in Fig. 16a, the first per turba t ion  (15 mm from the 
init ial  regrowth interface) resulted in a small and 
localized increase in  te l lur ium concentration; on the 
other hand, the second per turba t ion  (Fig. 16b) re- 
sulted in a pronounced segregation discontinuity (de- 
crease) which persisted for an extended period of time. 
Thus, this second discontinuity is unambiguously  iden-  
tified as a t ransient  segregation region associated with 
regrowth following thermal  soaking, while the first, 
short-lived, segregation discontinuity is a t t r ibuted to 
the mechanical  shock. 

Identification of the two segregation discontinuities 
permits their  use as t ime markers  for the de termina-  
tion of average microscopic growth rates in two differ- 
ent portions of the crystal. Thus, the average growth 
rate from the init ial  regrowth interface to the first 
discontinuity, 90 min  into growth, is found to be 2.8 
~,m/sec and the growth rate from the first to the second 
discontinuity is 4.6 ~m/sec. The average growth rate 
over the first 2.88 cm of growth (see Fig. 14) is 3.4 
~m/see. 

The above growth behavior is consistent with 
theory: for the thermal  configuration in the mul t i -  
purpose furnace the thermal  gradient  in the melt  is 
expected to decrease with cont inuing solidification and 

Fig. 14. Cross section of crystal grown during Skylab-IV mission 

Fig. 15. Dopant segregation discontinuity caused by cooling arrest 
and thermal soaking during growth in Skylab-IV mission. Magnifi- 
cation 400 •  

consequently the growth rate must correspondingly in- 
crease. 

It is of interest to note that the fringe deflection at 
the second compositional discontinuity (Fig. 16b) is 
constant over the entire crystal diameter. Since the 
fringe deflection is proportional to the concentration 
change across the discontinuity and since the dopant 
concentration in the initial regrowth portion at the 
discontinuity (following thermal soaking) must be 
constant across the crystal diameter, it must be con- 
cluded that the tellurium concentration in the crystal 
above the discontinuity, which is constant along the 
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Fig. 16. Double beam inter- 
ferograms of segregation discon- 
tinuities as revealed by etching 
(a, left) caused by mechanical 
shock and (b, right) caused by 
regrowth after thermal soaking 
(see text). 

growth  axis (fr inges para l le l  to the  growth  axis) ,  
must  also be constant  in the rad ia l  direction.  

Crystal morphology.--As discussed earl ier ,  the  sur -  
face morphological  character is t ics  of both  space-grown 
crystals  indicate that  the Te-doped  InSb mel t  does 
not wet  the confining quar tz  wall.  Accordingly,  the  
contact  angle  be tween the seed and the mel t  at the 
per iphera l  contact l ine is control led  by  the in terracia l  
tensions of the three  phases involved and the meniscus 
of the  mel t  (which determines  the shape of the g row-  
ing crys ta l )  becomes a funct ion of the  radius  of curva-  
ture of the c rys t a l -me l t  interface.  The decrease in 
crystal  d iameter  observed dur ing the ea r ly  stages of 
growth  in the Sky lab - IV  exper imen t  (Fig. 6) is, thus, 
a direct  consequence of the  pronounced concave con- 
figuration of the c rys t a l -me l t  in terface  (as v iewed 
from the mel t )  brought  about  by the the rmal  charac-  
terist ics of the  system. 

The ensuing gradua l  change to constant  crystal  
d iameter  reflects the decrease in la te ra l  heat  t ransfer  
(due to the  increasing distance of the growing crysta l  
from the quar tz  wal l )  which results  in an increase of 
the radius  of curva ture  of the r eg rowth  interface.  The 
second decrease in crysta l  diameter ,  which coincides 
wi th  the  intentional ,  mechanica l -shock  per turba t ion ,  is 
a t t r ibu ted  to a deformat ion  of the mel t  (s t re tching 
toward  the hot  end) which es tabl ished a mel t  meniscus 
leading to decreasing crysta l  diameter .  The subsequent  
increase in the d iamete r  of the crystal  is due to the 
fact that  the volume avai lable  to the growth  sys tem 
becomes l imited.  

In  the  S k y l a b - I I I  exper iment  the  radius  of  curva-  
ture  of the  ini t ia l  g rowth  in ter face  was significantly 
l a rge r  than  in the S k y l a b - I V  exper iment ,  appa ren t ly  
due to inadver ten t  differences in the heat  t ransfer  
character is t ics  of the two car t r idges;  accordingly,  the 
crystal  d iameter  in the S k y l a b - I I I  exper imen t  con- 
formed to the size of the  confining quar tz  wall.  

Peripheral ~acet e~Iect.--Basic t he rmodynamic  pa-  
rameters  a re  responsible  for the fact that  dur ing 
growth of InSb in the ~111~  direct ion a facet is gen-  
e ra l ly  formed at the growth  interface.  Since facet 
format ion  is associated with  kinet ic  supercooling, the 
facet is cen t ra l ly  located at  convex interfaces and 
pe r iphe ra l ly  at concave interfaces (as v iewed from the 
mel t ) .  It  is genera l ly  bel ieved that  dopant  segregat ion 
wi th in  facets is control led  by  the l a te ra l  l aye r  growth  
ra te  which is sensit ive to the rmal  per turba t ions  and 
g rav i ty - induced  convection. 

Consistent wi th  the above considerations,  pe r iphera l  
facet format ion  is observed in both space-grown crys-  
tals (Fig. 17) since in both exper iments  the growth  
interface assumed concave morphology  (Fig. 14). The 
wel l -def ined  segregat ion discontinuit ies  on the facet 
grown region cannot, however ,  be expla ined  on the 
basis of the rmal  and /o r  convective per tu rba t ions  in 
the mel t  since segregat ion in the  nonfaceted bulk  of 
the crystals  was found to be homogeneous. 

The observed segregat ion effects in the per iphera l  
facet can be expla ined  by  considering that  kinet ic  

supercool ing for pe r iphera l  facet format ion  assumes 
its highest  va lue  at  the outermost  pa r t  of the  growth  
interface,  which thus becomes the locat ion with  the 
highest  p robab i l i ty  for nucleat ion of l a t e ra l  l aye r  
growth.  Under  these  conditions, any per turba t ion ,  
such as a v ibra t ion  or  the  a r r iva l  of a foreign par t ic le  
at the per iphera l  th ree -phase  contact  l ine may  t r igger  
nucleat ion of l a te ra l  l aye r  g rowth  and, thus, resul t  in 
the format ion  of the  observed segregat ion discon- 
t inuities.  Their  magni tude  ( in tensi ty)  is seen to de-  
crease wi th  decreasing supercool ing f rom the pe r iph-  
e ry  to the interior.  Fur the rmore ,  depending on their  
magnitude,  the facet segregat ion discontinuit ies  extend 
more  or less into the ad jacent  off-facet region; accord-  
ingly, it must  be concluded that  a finite amount  of 
kinetic  supercool ing is associated wi th  growth  ad-  
jacent  to facet regions. There  is some evidence that  the 
r andomly  spaced l ines vis ible  on the  surface of the  
grown crysta l  (Fig. 7) correspond to the ex te rna l  
boundar ies  of the p resen t ly  discussed facet segregat ion 
discontinuities.  

I t  should be pointed out that  the same type  of facet 
segregat ion discont inui ty  has been observed  super-  
imposed on composi t ional  inhomogenei t ies  in facet 
regions of e a r t h - g r o w n  InSb;  thei r  or igin could not, 
however,  be explained,  

Rotational twinning.--The bands of va ry ing  width  
appear ing  on the l e f t -hand  side of the crys ta l  grown 
dur ing the S k y l a b - I I I  expe r imen t  (Fig. 4) were  iden-  
tified as the ex te rna l  boundar ies  of (511) ro ta t ional  
twins. Each band  is the resul t  of two consecutive ro-  
tat ions by  60 ~ of the (111) p lane  normal  to  the  growth  
direction. 

Analys is  of the ro ta t ional  twins on etched crystal  
segments  of (211) surface or ienta t ion (Fig. 18) shows 
that  some propagate  across the ent i re  crystal ,  some 
te rmina te  wi th in  the crystal ,  and others  de ter iora te  to 
gra in  boundaries,  even tua l ly  leading to b reakdown  of 
the s ing le -c rys ta l  mat r ix .  

In  view of the concave in ter face  morphology,  nu-  
cleation during growth  is essent ia l ly  res t r ic ted  to the  
outermost  pe r iphera l  par t  of the growth  interface,  as 

Fig. 17. Peripheral facet growth with segregation discontinuities 
in crystal grown during Skylab-IV mission. Magnification 300X.  
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Fig. 18. Cross section of crystal grown during Skylab-Jll mission 
exhibiting rotational twinning (see also Fig. 5). Magnification 12• 

discussed previously.  Rotat ional  twin format ion ini-  
t ia ted  by  a nucleus having a 60 ~ misor ienta t ion  wi th in  
the growth  plane can thus be expla ined  as the resul t  
of misor iented  nucleat ion at  the crysta l  per iphery .  

Because of inherent  the rmal  a symmet ry  in the 
mul t ipurpose  furnace,  the concave growth  interface 
morphology  is to some ex ten t  incl ined to the growth  
direction. Therefore,  any  misor iented nucleus formed 
at the  lowest  pa r t  of the th ree -phase  contact  l ine (pe-  
r iphe ry  of the growth  interface)  encounters  no con- 
s t ra ints  in propagating and results in the formation of 
a twin boundary which crosses the entire crystal. 
Nucleation at any higher part of the periphery, how- 
ever, can propagate only through part of the crystal, 
since a varying fraction.of the plane of propagation 
has solidified already in the original orientation. Con- 
sidering that a twin boundary cannot terminate within 
the crystal, its direction of propagation must change to 
form a curved grain boundary which may either ter- 
minate at a subsequently nucleated twin boundary or 
lead to a polycrystalline matrix (see Fig. 18). It is of 
interest to note that the tendency of twin formation is 
strikingly reduced (only one rotational twin was ob- 
serve.d) in the crystal grown with reduced diameter 
during the Skylab-IV experiment. 

Summary 
The present  InSb exper iment  proves unambiguous ly  

the uniqueness of ze ro -g rav i ty  conditions for obtaining 
fundamenta l  data  on crysta l  growth  and segregat ion 
associated with  solidification. Fu r the rmore  it demon-  
s trates  s t r ik ing advantages  of processing mater ia l s  in 
space. 

Specifically the fol lowing results  and conclusions 
were  obta ined for the first t ime: 

Ideal  s t eady-s ta te  growth  and segregat ion (exclu-  
s ively diffusion control led)  were  achieved leading to 
th ree -d imens iona l  chemical  homogenei ty  on a micro-  
scale over  macroscale  dimensions (several  cent imeters  
in the present  case);  the t rans ient  segregat ion profile 
was de termined;  l imi ta t ions  in the  exper imenta l  a r -  
rangement  and in the p resen t ly  avai lable  mic roana ly t i -  
cal techniques do not permit ,  at this time, the ex t rac -  
t ion of fundamenta l  data  per t inent  to solidification. 

Surface tension effects led to phenomena previously  
never  observed and theore t ica l ly  not predicted:  the Te- 
doped melt,  not wet t ing  the  quar tz  wall,  solidified with  
a free surface (unconfined) configuration. Under  

forced contact  conditions, the  g rowth  sys tem remained  
essent ia l ly  isolated f rom its conta iner  th rough  the 
format ion of na r row surface ridges. I t  was also shown 
that  surface tension effects in space remained  localized 
on the surface and did not affect g rowth  and segrega-  
t ion in the bulk.  

In the absence of convective in te r fe rence  i t  was 
possible to ident i fy  segregat ion discontinuit ies  associ- 
ated wi th  facet growth  and to expla in  thei r  or igin on 
the basis of spurious nucleation. The absence of con- 
vect ive in te r fe rence  permit ted ,  further ,  the deter-  
minat ion of the mode of nucleat ion (formation of mis-  
or iented nuclei  at the th ree -phase  bounda ry  l ine)  and 
propagat ion  of ro ta t ional  twinning.  

A mechanica l -shock  pe r tu rba t ion  in ten t iona l ly  in-  
t roduced during growth was identified in the crystal 
and found to cause a localized increase in dopant seg- 
regation; this dopant discontinuity was used as a time 
reference for the determination of the average macro- 
scopic growth rate. 

On the basis of the present results it is apparent that 
fundamental dala necessary for bridging the gap be- 
tween theory and experiment can be reliably obtained 
in the absence of gravity and that outer space presents 
a unique opportunity to science and technology. 
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Properties of SiO. Grown in the 
Presence of HCI or CI. 
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ABSTRACT 
Effects associated with the incorporation of chlorine during the thermal  

growth of SiO2 (500-1400A) on < lU0> Si are investigated as a function of 
additive species (HC1, C12), additive concentration, and oxidation temperature  
(900~176 Chlorine profiles are measured main ly  by nuclear backscatter-  
ing spectroscopy, and oxide thicknesses and refractive, index changes by ellip- 
sometry. The highest chlorine concentrations in unannea led  oxides always 
occur at the Si-SiO2 interface. Under otherwise similar conditions, the use of 
C12 results in higher, more evenly distributed chlorine levels (up to 1.2 • 1021 
at era-3). The incorporated chlorine is gradually removed by annealing at 
temperatures in excess of II00~ as well as under conditions where further 
oxide growth takes place without the presence, of HCI or Cl2. Additional 
oxide formation in steam effectively removes all the incorporated chlorine. 
MOS capacitors made from oxides grown in HCI or Cl2 show fixed charge 
levels lower than 10 n cm -2 and mobile charge levels less than 1O l~ cm -2. 
When biased at high fields (>6 MV/cm) signihcant shifts in the flatband po- 
tential of Si were observed. Chlorine-grown oxides exhibit positive and 
negative shifts attributed to a mobile species; the smaller negative shifts in 
HCI oxides are attributed to interface states. Other electrical data of inten- 
tionally Na-contaminated HCI oxides suggest that only a constant fraction 
of the Na is trapped. 

Recent reports on the beneficial electrical effects 
(1-8) of small  additions of chlor ine-containing species 
to the oxidative atmosphere during the thermal  oxida- 
t ion of silicon wafers have in tu rn  led to studies in 
which the effects of the additive on the oxide growth 
were examined (9-12). It was thus found (11) that  
changes occur in the SiO2 growth rate which are quite 
complex and depend not only on the additive species 
used (HC1, C12) but  also on the oxidation temperature.  
Of major  concern with respect to the long- te rm di- 
electric stabili ty is whether  chlorine or its compounds 
are actually incorporated into the growing oxide layer; 
some analytical  results published on this subject (9, 
10, 13) point to the presence of substantial  amounts of 
chlorine, and also indicate a surpris ingly high mobil i ty 
of these chlorine atoms in the dielectric matrix under 
the conditions present during Auger electron analysis 
(9). The purpose of this article is to present results of 
a more detailed and quant i ta t ive analysis of the in-  
corpora%ion of chlorine into SiO2 during thermal  oxi- 
dation of silicon, as well as on some electrical prop- 
erties of such oxides. 

Exper imenta l  
For Our studies chem-mechanical ly  polished silicon 

wafers ([100J-oriented, .11/4 in. diameter, p-  and n-  
type, 2 ohm-cm) were used. They were cleaned by a 
s tandard process (14); usual ly subjected to a clean-up 
oxidation to remove surface damage in oxygen at 
105O~176 to form ~ 20O,OA of SiO2; recleaned; 
b lown dry in  filtered, purified ni trogen;  and placed in 
a double-walled quartz oxidation tube through which 
the oxidizing mixture  was passed. 

Thin SiO2 films (500-1400A) were grown on these 
wafers at temperatures  ranging from 900 ~ to 1159~ 
in dry-oxygen containing up to 9 volume per cent 
(v/o) HC1 (HC1 oxides) or 3 v/o C12 gas (C12 oxides). 
The HC1 and C12 were 9'9.99+ % pure. In most cases an 
effort was made to obtain films of approximately 
10OOA: this was an almost opt imum thickness for anal-  
ysis by nuclear  backscattering spectrometry. In some 
cases, the O2-HC1, or O2-C12 gas mixture  was used only 
during an init ial  or a final stage of the oxidation proc- 

* Electrochemical  Society A c t i v e  Member .  
K e y  w o r d s :  ch lo r ine  inco rpora t ion ,  n u c l e a r  b a e k s c a t t e r i n g  spec-  

t roscopy ,  f i a tband  v o l t a g e  shif t .  

ess before or after a regutar  oxide was grown in pure 
02 in another furnace. Relatively little at tent ion was 
given to the use of HcO as the oxidant as it has been 
reported (1, 13) that oxides grown in H20-HC1 or 
H20-C12 do not show any improvement  over regular  
s team-grown oxides. However, some experiments were 
performed in which HC1 or C12 oxides were further  
oxidized in steam before being analyzed for the pres- 
ence of C1 in the film. It has been found (11) that the 
oxidation process in quartz furnace tubes can be in-  
fluenced by l ingering traces of HC1 and especially of 
C12 long after additions to the oxidant have been 
halted. When using a part icular  furnace tube, it was 
therefore always subjected to an overnight  bake in 
nitrogen at high temperature (II00~176 to en- 
sure the removal of traces of earlier additives. 

The effectiveness of the HCI additions in removing 
impurities was also demonstrated in the following 
way: the inside of a high purity quartz furnace tube, 
that had been used for six months, was rinsed with 
acid to remove deposits, at several locations and the 
resultant solutions were analyzed by emission spectros- 
copy. Significantly higher amounts of impurities were 
detected downstream, close to the mouth of the fur- 
nace tube. A typical result is listed in Table I. This 
shows the effectiveness of the removal from the hot 
zone of metals as halides, that condense at the cooler 
end of the tube. However, it also illustrates the con- 
tamination risk present in the area through which 
wafers normally are loaded and unloaded. 

Oxide thicknesses were measured ellipsometrica]ly 
following earlier reported procedures (14). It has been 

Table I. Analysis of film deposited at cool end of HCI oxidation 
tube.* 

( A m o u n t s  are g iven  as a pe rcen tage  of the  to ta l  
ca t ionic  con ten t  of the  film.) 

> 10% 0.1-9.9% Trace 

Cu Ni B 
!'qa Fe Mn 

Cr Sn 
AI Ga 
Ti Ca 
M g  A g  

* H igh  P u r i t y  Quar tz  c o n t a i n i n g  300 p p m  Re, 10 p p m  A1, 3 p p m  
Cu, and  3 p p m  Mg. 
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demonstrated (15) that the SiO~ thickness can also be 
obtained directly from the nuclear  backscattering 
spectrum by integrat ion of the oxygen or silicon signal. 
Because of the fact that ra ther  th in  SiO2 films were 
used in the present investigation, and in view of pos- 
sible distortion of the oxygen signal at 2.6 MeV, the 
ellipsometric determinat ion was thought to be more 
reliable. It was found that the oxides formed were 
general ly quite homogeneous in thickness across a 
wafer (to wi thin  1-2%);  nonuniformit ies  were en-  
countered only in C12 oxides grown at temperatures  in 
excess of 10,00~ From the ellipsometric measure-  
ments  on oxides with thicknesses ranging from 100,0- 
1400A, we could also determine with a high degree of 
accuracy the influence of the halide additive on the 
oxide refractive index. The results indicate systematic 
variations, not only as a function of additive concen- 
tration but also as a function of the oxidation tem- 
perature (Table II). The latter variations may be due 
to a difference in stress built-in during cooling; the 
shifts from a standard value with halide concentration 
are thought to be real, and not caused by an increase 
in surface roughness or by a slight optical absorption 
in the dielectric film. They probably are caused by a 
slight change in the density of the SiO2 film, as a func- 
tion of the growth conditions. Shifts measured in the 
C12 oxides were more ambiguous since corrosion of the 
silicon surface, did sometimes occur visibly at oxide 
thicknesses around 1000A. 

Auger analyses (9) showed instabilities in the pro- 
file of the incorporated chlorine and eventual desorp- 
tion into the vacuum of the AES system. Further data 
were obtained using x-ray fluorescence spectroscopy 
(XFS), electron microprobe analysis (EMA), and nu- 
clear backscattering spectroscopy (NBS). In all cases, 
particular care was taken to check for transient effects 
such as were found in the Auger experiments. How- 
ever, no indication of the occurrence of such insta- 
bilities was found. Sometimes, wafers oxidized at the 
same time were evaluated by several analytical and 
electrical techniques. However, NBS was most exten- 
sively used, because of its rather unique ability to de- 
termine both quantitatively and nondestructively an 
impurity profile as a function of depth into the oxide. 
Hence, a somewhat detailed description of its applica- 
tioJn to the present case is given in the next section. 
Results of the various analyses are given in the later 
sections of this article. 

Nuclear backscattering spectroscopy.--Several re- 
view articles on the use of this technique have re- 
cently been published (16, 17). The essential features 
per ta ining to the analysis of thin oxides are shown in 
Fig. 1. The insert  displays Schematically the elastic 
collision between a 4He ion projectile and a target 
nucleus, which results in the backscattering of the 
4He toward a semiconductor detector that gives a sig- 
nal proportional to the energy of the impinging ion. 
The Cl impurity atoms are heavier than the SiO.2 
matrix atoms, so they absorb less energy. Thus the 
4He. ions backscattered from Cl atoms are more ener- 
getic than those scattered by Si or O atoms. These 

P R O P E R T I E S  OF S i Q  
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Fig. 1. Relative energy of backscattered 4He atoms as a function 
of the target nuclei. 

major energy changes allow a differentiation between 
C1, O, and Si in the target. Smaller  changes in 4He 
energy are used to obtain impur i ty  depth profiles. At 
2.6 MeV, the 4He ion moves much faster than the tar-  
get electrons, making the target matr ix  appear as an 
electron sea. When traversing this matrix, the 4He pro- 
jectile loses a small, but  detectable amount  of energy 
which can be converted to sampling depth by using 
tables of specific energy loss of 4He ions in mat ter  (18). 

Since the target is a compound, Bragg's rule (19) 
must  be used in the energy loss determination.  The ap- 
plicability of Bragg's rule to SiO2 has recently been 
verified exper imental ly  to within a few per cent (20). 
However, it was found during the. present  investiga- 
tion, that reliable depth values of the C1 impur i ty  
could be confirmed by using the technique of Chu 
et al. (21). As shown in Fig. 2, the depth 5xcl is cal- 
culated from 

~XCl : d s i o 2  (SEcl/AEcD [1] 

where dsioe is the ellipsometrically determined film 
thickness, 5Ecl is the energy difference between the C1 
signal from the surface (cf. Fig. 2) and that  from a 
depth x in the film, and ~Ec1 is the energy difference 
between the C1 signals from the surface and from the 
bottom of the SiO2 film. Values of A-Ecl can be calcu- 
lated from the value of -~Esi measured in the same 
spectra 

AEcl = AEsi([S]ei/[S]si)  [2] 

where the [S] factors (22) may be easily calculated 
from tables (18). For backscattering from Si or C1 
target atoms in an SiO2 matr ix  the ratio of the [S] 
factors is near uni ty  ([S]cl/[S]si ---- 1.01) and rela-  

Table II. Shift in oxide refractive index (An) as a function of 
halide addition and temperature, relative* to the index obtained 

after oxidation in 100% 02 at 1000~ 

R e f r a c t i v e  i n d e x  change,  An 

Hal ide ,  v / o  900~ 1000~ 1150~ 

0 + 0.0029 0 - 0.0035 
3 ~ -- -- 0.0020 - 0.0045 

4.5 f HC'I --0.0001 - -  
9 -- 0.0004 -- 0.0035 -- 0.0055 
0,5 ~ C12 --0.0018 
2 --0.0079 

* It  shou ld  be no ted  t h a t  the  abso lu t e  v a l u e  ob t a ined  at  1000~ in  Fig. 2. Spectral distribution of 4He atoms backscattered from a 
100% o~ (n = 1.4715) m a y  d e p e n d  s l i g h t l y  on the  i n s t r u m e n t  used. thin St02  f i lm (CI doped) on a Si substrate. 
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t ively insensit ive to errors in the absolute energy loss 
values. 

Experimental ly,  a 4He incident  energy of 2.6 MeV 
kept the C1 and Si signals well separated provided that 
the SiO2 thickness did not greatly exceed 1000A. This 
thickness still permit ted an oblique angle of incidence 
(r ---- 60 '~ of the beam onto the target, which doubled 
the apparent  thickness and thus increased the accuracy 
of the C1 profile. It was noted in an earlier study (10) 
that  the analysis of 4He backscattering profiles of C1 
in SiO2 is complicated by the isotope ratio in na tura l  
C1 (8~C1:37C1 : 76:24). At the high values of the in-  
cident energy used in the present  investigation, the 
two C1 isotopes can be separated into individual  pro- 
files. To obtain the impur i ty  distr ibution use was made 
mainly  of the 35C1 profile, corrected for isotopic abun-  
dance. With the 17 keV detector resolution of the in- 
s t rument  used, it is estimated that  the final depth 
resolution of the spectra was approximately 200A. 

Results and Discussion 
HCl oxides.--Analysis by NBS of HC1 oxides always 

results in similarly shaped chlorine concentrat ion pro- 
files, regardless of the SiO2 thickness, the growth 
temperature,  or the ambient  HC1 concentrat ion dur-  
ing oxidation. A typical example of a measured pro- 
file and the evaluat ion in  terms of consti tuent signals 
is shown in Fig. 3. The chlorine concentrat ion is lower 
than the l imit  of detection (approximately 3 • 1010 
at. cm -8) in the top of the layer  and then increases 
toward a max imum near  the S i - S i Q  interface. I t  
seems evident  that chlorine is incorporated directly at 
the Si-SiO2 interface during oxidation. During further  
oxide growth, as the distance between the previously 
trapped chlorine and this interface increases, the 
chlorine is slowly released and perhaps replaced by 
oxygen atoms. As discussed before, an upper  thick- 
ness l imit  of approximately 1100-12,0,0A exists above 
which SiO2 films can no longer be analyzed for chlo- 
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Fig. 3. Chlorine distribution as a function of depth in an HCI 
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separated into background and chlorine isotope profiles. The cal- 
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rine with NBS. Our data therefore do not permit  quan-  
t i tative conclusions on the Cl- incorporat ion over a 
wide range of oxide thicknesses. However, it was 
found elsewhere, using XFS, that the total amount of 
chlorine incorporated in HCl-oxides grown at 1000~ 
is roughly proportional to the film thickness (165- 
424.0A) (23). From the observed shape of the Cl con- 
centration profile, we conclude that this correspond- 
ence cannot simply be explained on the basis of a 
larger number of sites available to chlorine atoms. It 
also has to reflect a higher level of incorpora,tion at the 
Si-SiO2 interface and perhaps a slower rate of removal 
of the incorporated species as the oxide thickness in- 
creases. Such an increasing chlorine concentration is 
consistent with the silicon surface corrosion that is ob- 
served only underneath much thicker oxides (11-13). 
The parallel reactions of the 02 and the HC1 with the 
silicon apparently compete kinetically, and as the oxy- 
gen flux decreases with increasing SiO2 thickness more 
chlorine is incorporated. The subsequent removal of 
chlorine is caused by the greater thermodynamic sta- 
bility between the Si-O and Si-Cl bonds. Finally, the 
concept of a relatively high mobility of the chlorine 
carrying species during growth of HCI oxides is in 
agreement with the results of other experiments de- 
scribed later in this paper. 

Regardless of the angle of incidence (~) of the ex- 
citing beam upon the target sample, the backscattered 
helium atoms were analyzed and counted in energy 
increments of 5 keV. For different angles of incidence 
these sampling intervals therefore correspond to dif- 
ferent thicknesses. Analysis of a number of HCI oxides 
at ~ ---- 0 ~ and 60 ~ showed the maximum concentra- 
tion to be higher by a factor 1.5-1.7 for the smaller 
sampling increments (~ ~ 60~ This illustrates the 
steepness of the maximum in the chlorine concentra- 
tion as a function of position in the oxide layer. Peak 
chlorine concentrations (r ---- 60 ~ and average concen- 
trations are listed in Table III as a function of oxida- 
tion temperature and ambient HCI concentration. 

Cl2 oxides.--NBS profiles of C12 oxides show the 
chlorine distribution to be. less prominently peaked 
than was the case for the HCI oxides. In fact, a number 
of analyses indicate a distribution that is homogeneous 
within the margin of error (Fig. 4). This is the main 
qualitative distinction between C12 and HC1 oxides, 
but it leads once again to the conclusion that incorpo- 
ration takes place upon formation of the oxide. Anal -  
ysis results for peak and average chlorine concentra-  
tions are listed in Table IV. A comparison with Table 
III shows that the incorporat ion of chlorine in Ch 
oxides takes place at a much higher level, especially if 
the additive concentrations are considered. The more 
homogeneous distr ibution in this group of oxides can 
also be gauged from these tables. 

The wider, more even chlorine distr ibution in C12 
oxides (as compared with HC1 oxides) indicates a 
slower rate of removal of incorporated chlorine during 
further  growth. As is seen below, anneal ing in 1~2 
leads to similar behavior for both types of oxide, and 
additional growth in steam reduces the original oxide 
chlorine level effectively to zero in all cases. Thus, the 
higher rate of removal in the HCI oxides may well re- 
flect the presence of appreciable amounts of H20 in 

Table II1. Chlorine content of oxides grown in O2-HCl ambients 
and analyzed by nuclear backscatterlng spectroscopy. 

E ~- 2.6 MeV; q~ ----- 60 ~ 

Oxid.  t e m p  P-HC~ ds io  2 [C1]r.ax [C1]av= 
(~ Iv /o )  (A) (at. cm -z) (at, em ~)  

900 9 880 <3 X 1019 
1000 8 1030 <3 x 1019 
I000 9 1050 1,18 x i0 -~~ 2;5 • 1019 
1050 9 813 1,7 • I0 ~ 7,5 X I0 TM 
1100 9 894 5.7 • I0 -~~ 1.6 X I0 -~Q 
1150 3 928 3.3 • 102 1.2 X I0 ~~ 
1150 9 922 8.4 • I0 ~ 2.4 x I0 ~ 
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oxide (1000~ 2% CI2, 640.&). The measured signal has been 
separated into background and chlorine isotope profiles. Calculated 
energy ranges are indicated by horizontal bars. 

the oxidizing ambient,  even though the oxide growth 
ra te  itself does not seem to be affected (11). 

Annealing experiments.--It has been repor ted  (24) 
that  annealing of HC1 oxides in an inert  ambient  at 
tempera tures  in excess of l l00~ results in a loss of 
Na neutral izat ion in such films. To correlate such 
effects wi th  the actual degree of chlorine incorpora-  
tion, NBS profiles were  obtained for C12 and HC1 
oxides of comparable  thickness (~100r0A) before and 
after  various annealing t reatments  in vacuum and in 
N2. It was found that  vacuum anneal ing for 60 rain at 
10(PC did not result  in a measurable  decrease in oxide 
chlorine concentrations, and such t reatments  were not 
pursued any further .  High tempera ture  annealing re-  
sults are shown in Fig. 5 (HC1 oxides) and 6 (C12 
oxides).  In both cases l i t t le if any significant decrease 
in the chlorine profile is seen to occur after annealing 
for 60 min  at ll00~ Anneal ing at 1200~ however,  
results in the loss of approximate ly  50% of the bui l t - in  
chloride, while  at the same t ime the original profile is 
considerably changed in shape. Even if al lowance is 
made for some uncer ta in ty  in the as-measured profiles, 
it appears that the chlorine original ly incorporated 
closest to the Si-SiO2 interface is removed most effi- 
ciently in the HC1 oxides. Kr iegler  has argued that 
p rox imi ty  of bui l t - in  chlorine to that  interface is a 
precondit ion for Na neutralization, .and it is therefore  
not surprising tha t  such anneal ing at 1200~ causes a 
complete loss of passivating properties of the oxide. 

Table IV. Chlorine content of oxides grown in 0 2 - C [ 2  ambients 
and analyzed by nuclear backscattering spectroscopy. 

E ~ 2 s 1 6 2  ~ 60 ~ 

Oxid. temp 'P'cl ~ dsio 2 [Climax [Cl]avg 
(~ (v/o) (A) (at, em '~) (at. em -~) 

900 2 1155 2,2 x I0 ~ 1.7 x I0 ~ 
I000 0.5 995 3.2 x I02~ 1.7 x I0 ~ 
1000 2 914 6.0 x I0 ~ 4.4 X 10 ~~ 
1150 2 ~550 1.2 X 1021 1.2 X 10 ~ 

z•40 
0 
0 

80 //! , 

6o/I  

1' 2O 
~i(Si02)~ 

0 450 ' 15'00 

i i i 

t Si SiO2(HCI 

/ / I  --ASGROWN, H50]C,9%HCI 2.68x,0 '5 
~ - -  ANNEALED, IIO0 C,60MIN 2.66 x 1015 

i - - .  ANNEALED, f200~ MIN 1.20x I015 

,55 11 ,~\ 

1550 1600 1650 1700 
ENERGY (KeV) 

Fig. 5. Chlorine distribution in a HCI oxide (1150~ 9% HCI, 
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Fig. 6. Chlorine distribution in a CI2 oxide (1000~ 2% C[2, 
975~.) before and after annealing for 60 m[n at 1100 ~ and 1200~ 

Sequential growth studies.--In an effort to bet ter  
understand chlorine motion through the SiO2 films, a 
number  of oxides were  grown in two steps, i.e., the 
oxidative ambient  and (sometimes) t empera ture  were  
changed by transferring the sample to a different fur- 
nace after an initial oxidation. The conditions are 
listed in detail in Table V. It must be recalled that 
oxide growth occurs at the Si-SiO2 interface so that 
the outer oxide is formed in the first step. 

Samples 1-4 were prepared to explore possible dif- 
ferences in chlorine incorporation when HCI or Cl2 
are added during only part of the oxide growth proc- 
ess. When the initial oxide is grown in 100% 02 (sam- 

Table V. Overview of sequentially grown oxides 

Step 1 Step 2 
Sam- 
ple T1 Ambient dl T~ Ambient 
No. (~ (v/o) (A) (~ (v/o) 

d2 dtot 
(A) (A) 

1 1150 100 02 900 1150 91 Oe + 108 1008 
9HCI 

2 I000 100 02 800 1000 98 O~ + 72 872 
2C12 

3 1150 91 02 + 776 i000 i00 O~ 453 1229 
9HCI 

4 1000 98 02 + 702 1000 100 O.~ 373 1075 
2C12 

5 1150 91 02 + 787 i000 100I-I~O 252 1039 
9HCI 

6 I000 98 02 + 627 i000 100H~O 448 1075 
2C12 
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pies 1 and 2), the chlorine was found to be incorpo-  
rated in the general  area of the oxide layer  grown dur-  
ing the second step. Lit t le  qual i ta t ive difference is 
therefore  observed between the chlorine profile in 
sample 1 and that in the regular  HC1 oxides discussed 
earlier. On the other hand, the distinction is obvious 
for the films grown with  C12 added to the ambient:  the 
chlorine in sample 2 is located only in the part  of the 
oxide that is closest to  the Si-SiO2 interface, whereas 
in regular Cl2 oxides the incorporation takes place over 
a much wider range. Experimental broadening of the 
profiles makes it difficult to judge whether incorpo- 
ration in samples 1 and 2 has occurred solely within 
the second layer. Assuming, however, that this is in- 
deed the case, it is calculated that for the HCI oxide 
(Cl)avg = 5,6 X 1020 at. em -3 and for the C12 oxide 
(Cl)av~ ---- 6.1 X 102o` at. cm -~. These concentrations 
do compare closely to the values of [C1]max measured 
on one-step oxides grown under the same conditions 
(Tables II and III). Measurements on samples 3 and 4 
which had their final oxidation take place in 10'0% 02 
showed that the chlorine incorporated during the first 
oxidation step followed the SiO2-Si interface during 
the second step and afterward was located mainly in 
the layer grown in this last step. Considerable loss of 
chlorine to the atmosphere did apparently occur (60- 
70%), since the concentrations calculated on basis of 
the amount detected and the width of the first layer 
were quite low. 

Samples 5 and 6 were grown to greater thickness in 
steam after the initial growth in 02 + HCI or 02 
+ C12. This caused the chlorine to be removed almost 
completely (>90%). This process apparently proceeds 
quite rapidly as the time necessary to grow the addi- 
tional (steam) oxide was relatively short: 21/z rain for 
sample 5, 4 rain for sample 6. 

Electrical anaIysis.--To gain insight into the elec- 
t r i ca l  effects associated with  chlorine incorporation in 
SiO2, two types of exper iments  were  performed. In the 
first group, otherwise uncontaminated oxide samples 
were grown in O2 + HC1 or O2 + C1% metallized, 
and tested by MOS capaci tance-vol tage techniques. In 
the second series of exper iments  such oxides were  in- 
tent ional ly contaminated with Na in an effort to relate 
the halogen incorpora'tion quantitatively to sodium 
neutralization efforts reported earlier (3, 4, 13, 24, 25). 

The electrical stability of the silicon surface po- 
tential under bias was measured to determine the 
effects of the incorporated chlorine. Capacitance-volt- 
age plots are an excellent measure of the concentra- 
tion of charged species and their spatial distribution 
in silicon dioxide (26). As such they are very sensitive 
to charge motion. In order to make these measure- 
ments, an array of aluminum capacitor dots was 
evaporated onto the silicon dioxide. Oxides grown in 
either HCI or Cl2 show exceptionally low oxide charge 
(<I0 n charges/cm2). As previously reported (5, 13), 
these oxidation additions have proven effective in re- 
ducing the charge levels obtained with oxidation in 
pure 02. 

Under bias at room temperature, however, the Cl2 
oxides were electrically unstable. Both positive and 
negative fiatband voltage shifts were. seen and they 
were of opposite sign as the applied electrode voltage. 
These shifts were indicative of considerable mobile 
charge (,~I.012 charges/cm 2) and they were much 
larger than the mobile charge levels (<I010/cm2) nor- 
mally found. The fact that positive as well as negative 
voltage shifts were seen demonstrated: (i) that the 
charges must have originated from the bulk of the 
oxide film rather than at an interface, and (it) that 
both negative and positive charges were involved. Ap- 
parently neutral centers were initially present within 
the oxide and were ionized by the applied voltage. 
Charge of one sign moved in the field in order to give 
the dipole charge that resulted in a fiatband voltage 
shift. Unfortunately it was not possible with these 
measurements to determine the sign of the mobile 

species. It was noted that the level  of mobi le  charges 
(as calculated from the ratio of the flatband voltage 
shift to the oxide thickness) seen here was ~10 ~2 cm -2 
and thus considerably less than the amount of in- 
corporated C1 (~1016/cm2). Ei ther  only a small frac- 
tion of the C1 becomes charged under  bias or the sep- 
aration of positive and negat ive charges is ext remely  
small. For instance, 10 ~6 charges /cm 2 with positive 
and negative centers 0.1A apart  would give the same 
flatband voltage shift as 10 ~2 charges /cm 2 that were  
10COA apart. If the charge separat ion were  actually 
less than an angstrom one might  expect a very  signifi- 
cant relaxat ion when the applied field is removed. 
Some relaxat ion is indeed seen but many hours are 
required for the flatband voltage shift to decay even 
10-20%. Fur the rmore  with the C1 uniformly incorpo- 
rated, the separation be tween  positive and negative 
centers would be small regardless of the separation 
of the charge centroids, and some relaxat ion might  be 
expected in any case. 

As a test of f ield-induced chlorine motion, metal  
(P t ) -ox ide  (C12 oxide)-s i l icon capacitor structures 
were  biased while in-situ backscattering profiles were 
measured. No C1 shift was detected with  fields of --+6 
MV/em even though electronic currents and flatband 
voltage shifts were substantial. 

The t ransient  flatband voltage was monitored to 
help determine the kinetics of charge ionization and 
motion in C12 grown oxides. A typical flatband shift 
vs. (time)I/2 is given in Fig. 7 for several applied bias 
voltages. The AI (--) bias polarity was chosen for most 
measurements to keep any positively charged contami- 
nants like Na + at the metal-SiO2 interface where they 
do not contribute to the flatband voltage. With this 
bias, a positive fiatband shift corresponds to the nega- 
tive charge center being closer to the silicon than the 
positive center. A negative flatband voltage shift can- 
not be explained by charge motion under the influence 
of the applied field and is commonly referred to as a 
negative bias instability; models have been proposed 
(27-30) to account for this behavior, but very little is 
known about_it. The abscissa is (time) I/2 since both 
diffusion-limited (26) and emission-limited processes 
(30-32) should give linear plots with this scale. Clearly 
the observed behavior is very complex; nevertheless it 
is qualitatively reproducible in C12 grown oxides. The 
magnitudes of the shifts are merely larger when more 
C12 is incorporated during oxidation. At a moderately 
high applied voltage (60V in Fig. 7) we observe a 
negative shift, primarily occurring at short time. At 
very high voltages the flatband voltage initially in- 
creases with time. When an intermediate voltage is 
used the flatband first goes negative and then positive 
like the lower curve in Fig. 8. Instead of continuing 
to increase indefinitely or saturate at higher voltages, 
~VrB decreases at long times. The onset and the rate 
of this decrease is accelerated by higher applied volt- 
age. This final mode is characterized by distorted 
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Fig. 7. Time dependence of the flatband voltage shift for an 
1150~, SiO.2 film (]000~ 0.5% C12). The aluminum electrode was 
bZased negatively. 
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Fig. 8. Change in flatband voltage transient as a result of 
stressing capacitors adjacent to the capacitor of interest. 

rather  than parallel  shifts in the capacitance-voltage 
curves. This distortion is characteristic of interface 
state generation. Thus the flatband voltage of C1 oxides 
has three components: an init ial  negative or delayed 
positive shift, a positive shift, and a negative voltage 
shift with time. The first component is most pro- 
nounced at moderately high fields (6 MV/cm) and the 
last at very high fields (8 MV/cm).  The mechanism of 
the first component is unknown;  mobile charge motion 
can explain the second; and interface state generation 
dominates the third. 

In  addition to having very complex kinetics, the 
flatband voltage of C12 oxides exhibits a proximity 
effect. Measurements  were made of individual  capaci- 
tors (32 mils diameter)  in  a larger ar ray  (intercapaci-  
tar  spacing was 80 mils) .  F la tband  voltage shifts were 
reproducible provided that a capacitor on a virgin 
wafer was tested even after several months of room 
tempera ture  storage. When several capacitors on a 
wafer were biased, however, the flatband shifts were 
greatlY reduced in magni tude  (see Fig. 8). Note that 
all three components of the flatband instabil i ty are still 
present  after adjacent  capacitors had been biased. This 
effect was first observed with Na neutral izat ion mea-  
surements  on HC1 oxides. Metal-oxide-semiconductor  
capacitors on freshly prepared wafers were able to 
neutral ize large amounts  of sodium ( ~  1018/cm~); 
however, very little was neutral ized ( ~  1012/cm '2) on 
wafers where adjacent  capacitors were biased. Again 
storage could not explain the effect; it was a direct 
result  of the bias. 

On the other hand, the flatband voltage shifts seen 
with HC1 grown oxides were all negative (see Fig. 9). 
The shifts could be extremely large but  did not become 
appreciable unless a very high electric field was ap- 
plied (over 6 MV/cm for the extreme case of a film 
grown in  9% HC1 at 1150~ More thorough examina-  
t ion of the C-V curves showed considerable distortion; 
the method of Gray and Brown (33) was used to con- 
firm the generat ion of interface states during this high 
field biasing. At the low fields typically encountered 
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Fig. 9. Time dependence of the flatband voltage shift for a 1000~ 
Si02 film (1150~ 9% HCI). The aluminum electrode was biased 
negatively. 

with FET gate dielectrics (,~2 MV/cm),  HC1 oxides 
were no less stable than  convent ional ly  grown oxides. 

Sodium neutral izat ion in halogen grown oxides was 
studied for the purpose of establishing a possible cor- 
relation with the amount  of incorporated chlorine. 
Several important  and previously unrepor ted observa- 
tions were made.  First, different methods to measure 
the amount  of neutral ized sodium gave different re-  
sults. For example, flatband voltage shifts after a bias- 
temperature  stress gave different values for the 
amount  of neutral ized Na than did reversible charge 
time (Q-t) measurements of the mobile charge after 
initially neutralizing some of the charge. Second, using 
(Q-t) measurements, the amount of neutralized and 
immobile sodium appeared to be a fixed fraction of the 
total amount present. In 9% HCI oxides grown at 
I150~ only about 1/3 of the total sodium was im- 
mobile from 1012-1014 Na + 'cm -2. Even though sodium 
might be neutralized (as measured by C-V) it is not 
necessarily immobile (since Q-t reveals the presence 
of mobile charged species) and still presents a poten- 
tial stability problem. Limited data suggest that the 
effect of oxidation temperature and halogen concentra- 
tion is merely to change the ratio of immobile to total 
sodium. This finding is in sharp contrast with the hy- 
pothesis that the halogen oxides contain a certain 
number of trapping sides and all sodium is neutralized 
until the Na concentration exceeds the trap concen- 
tration. The qualitative results of Kriegler showing the 
degree of neutralization to increase with halogen con- 
centration and oxidation temperature were verified; 
the immobile Na concentration (Q-t measurements) 
does indeed increase with the peak C1 concentration. 
However, this increase appears to be sublinear and the 
amount of neutralized Na is never more than a small 
fraction of the amount of chlorine, incorporated 
(< 1%). Based on these and earlier data it is apparent 
that the sodium neutralization is a complex phenome- 
non and requires more information before a meaning- 
ful model can be postulated. 

S u m m a r y  
A study was made of the chemical and electrical 

properties of thin SiO2 films (5~0-1400A) grown at 
temperatures  ranging from 9.00~176 under  addition 
of small amounts of HCI (0-9 v/o) or C12 (0-2 v/o) to 
the oxygen ambient. Chlorine is known to be incor- 
porated into such oxides and it was found that the 
oxide refractive index depends on the growth condi- 
tions. 

Nondestructive measurement of the chlorine con- 
centration profile took place by nuclear backscattering 
spectroscopy using He 4 ions as the bombarding species. 
Under otherwise similar growth conditions (time, tem- 
perature, additive concentration), more than ten times 
as much chlorine was incorForated into CI~ oxides than 
into HCI oxides. For both additives incorporation in- 
creased with oxidation temperature and percentage 
added. No chlorine incorporation could be measured 
in the silicon substrate ([Cl] < 3 • 1019 cm-3). The 
highest average oxide concentration was 5 atomic per 
cent in a sample grown in 2% C12 at I150~ In HC1 
oxides the maximum concentration is found at the Si- 
SiO2 interface; as the distance from this interface in- 
creases, a rapid decrease in the concentration occurs 
and the oxide near the surface contains little if any 
chlorine. In C12 oxides, on the other hand, the peak 
at the Si-SiO2 interface is much broader and it appears 
as if a fairly even distribution exists throughout most 
of the film. Accordingly, peak and average concentra- 
tions are quite similar for Cl2 oxides, but not for HCI 
oxides. 

Annealing in N2 shows that the incorporated chlorine 
is slowly removed at temperatures between 1100 ~ and 
1200~ Experiments in which HCI or C12 was present 
only during part of the oxidation process show the 
chlorine to disappear from the oxide very rapidly by 
subsequent oxidation in steam. 
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Electrical measurements  were made on MOS capaci- 
tors using HC1 or Cle oxides. At low applied fields, 
such oxides had lower charge levels than control 
oxides; at high fields ( >  6 MV/cm) different types of 
electrical instabil i ty were observed. One type was as- 
cribed to a mobile species in C12 oxides. Interface state 
generation also contr ibuted to the instabil i ty at very 
high fields ( ~  8 MV/cm).  Sodium neutral izat ion was 
monitored in Na-contaminated  HC1 oxides by measur-  
ing the amount  of mobile charge; the results indicated 
that only a fixed fraction of the sodium is trapped 
regardless of the init ial  concentration. 

Manuscript  submit ted April  19, 1974; revised ma nu-  
script received Aug. 19, 1974. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Bipolar Charging of low Density Polyethylene 
under Corona Discharges 

I. B. Jordan 
Universit~ Laval, Qudbec, Canada G1K 7P4 

ABSTRACT 

Low density polyethylene films 25-10,0 ~m thick were corona-charged be-  
tween paral le l -plane electrodes under  d-c fields ranging from 0.4 to 2 MV/cm. 
These films were studied for their  electret properties in air at atmospheric 
pressure and room tempera ture  by measur ing the external  residual field 1 rain 
after charging. Observations show that there is a l imit  to the dipole effect 
in polyethylene depending upon the charging voltage and upon the delay of 
measurement  after charging. This l imit is determined by an increase of the 
rate of injected charge decay with the initial  charge density. 

Charge t rapping in polymers can be achieved by a 
variety of methods; among them are thermal  proce- 
dures (1), s imultaneous application of heat and an 
electric field, application of a breakdown field (2), 
electron bombardment ,  and corona discharge (3). Ap-  
plication of corona discharge under  high electric stress 
is of more practical interest  in the case of low density 
polyethylene because of the use of this material  as a 
high voltage insulat ion and its deteriorat ion under  
corona discharges. Low density polyethylene offers no 
advantage from the point of view of electret produc- 
tion because of its relat ively low stabili ty (4). 

K e y  words :  electret,  polyethylene,  charge, corona, air.  

Experiments 
The observations reported here were made on thin 

films (25, 50, and 100 ~m thick) of commercial low 
density polyethylene having a density of 0.92 g/cm~ 
and a melt ing point of about 115~ An infrared t rans-  
parency spectrum of the material  is shown in Fig. 1. 
Samples 5 • 5 cm were placed between circular elec- 
trodes 3.7 cm in diameter (Fig. 2). An insulat ing r ing 
spacer was inserted between the upper  electrode and 
the film for most of the measurements.  Several films 
could be charged simultaneously,  as shown in Fig. 3. 
After charging for a given period of time, the insulat -  
ing spacer was removed, the upper  electrode was 
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brought  into contact with the film, and the electrodes 
were external ly  short-circuited for 30 sec. Then the 
residual field was measured at the polymer surface 
using an electrostatic fieldmeter (Monroe Electronics).  
Measurement  of desorption current  was made with a 
sensitive d-c meter  (Boonton Electronics).  

All investigations were carried out in  air at atmo- 
spheric pressure, room temperature  (22~176 and a 
relat ive humidi ty  of about 25%. 

Results 
Measurements were first made with an insulat ing 

ring 37 ~m thick inserted between the sample and the 
upper  electrode. The residual field measured after 
charging increased with durat ion of applied voltage, 
with a t ime constant of the order of 10 rain. This con- 
s tant  did not change appreciably with sample thick- 
ness; therefore a charging time of 15 rain was used in 
all fur ther  tests. The infrared spectra have shown that 
the decrease in t ransparency result ing from corona- 
induced oxidation did not exceed 5%. 

The exposure t ime having been determined, the de- 
pendence of the residual field upon the charging volt-  
age was investigated. The residual field, as measured 
1 rain after voltage removal, ini t ia l ly increased with 
charging voltage, reaching a max imum value (Fig. 4) 
which depended upon the sample thickness, and there-  
after decreased. Maximum field was not influenced sig- 
nificantly by ~he insula t ing spacer thickness. However 
higher corona pulses were observed with longer gaps, 
leading more easily to sample breakdown under  higher 
stresses. The residual  field did not change when the 
sample was charged without a spacer, but  the number  
of the sample breakdowns was as high as in the case 
of thicker dielectric inserts. 

For  obvious reasons it is very difficult to make a 
direct study of an air layer  sandwiched between a 
polyethylene film and a metal  electrode. Capacitance 
measurements  can however give valuable informat ion 
about the mean  thickness of this layer. For this pur-  
pose silver electrodes were vacuum deposited on both 
sides of a 25 ~m-thick sample. The capacitance between 
these electrodes, measured at 1 kHz, was in accordance 

1 
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i 
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Fig. 2. Circuit for charging polyethylene samples 

with the s~mple thickness and dielectric constant, and 
did not change significantly when a sample was sub- 
jected temporarily to a high electric stress. The be- 
havior of a polyethylene film sandwiched between plain 
brass electrodes was completely different. First, the 
measured capacitance was 3.5 times lower than in the 
previous case. This could be attributed to the presence 
of air layers having an average thickness of 12 #m on 
each side of the film. Second, the thickness of these 
layers decreased to 7/~m when a sample was put under 
2 kV for a few seconds. 

Residual field was not influenced by the electrode 
material as far as tests with brass, steel, and aluminum 
electrodes may be considered conclusive. How, ever, it 
was influenced by surface smoothness; higher charge 

Fig. 3. Experimental setup 

0 1 2 5 4 5 6 7 kV 

Fig. 4. Residual field Er as a function of applied voltage U, for 
three thicknesses of polyethylene film. 
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Fig. 5. Lichtenberg figures of bath surfaces of a 50 ffm thick sample. Formation voltage, 4 kV 

densities were for the most part obtained with rough 
electrode surfaces. 

Finally, the temperature influence was investigated. 
Electrodes and samples were kept under voltage for 
15 rain at constant elevated temperatures, ranging be- 
tween 25 ~ and 80~ then cooled rapidly to ambient 
temperature before voltage removal and sample short- 
circuiting. This process did not yield any higher re- 
sidual fields, despite the fact that the charging current 
increased from 5 �9 10-10A at 25~ to 2 �9 10 -6 at 80~ 
(film 25 #m under  2 kV). However a large scatter of 
values was observed. 

It became clear therefore that the residual field is 
the result  of charge injected by corona discharges. The 
charging was not symmetrical.  At lower voltages (on 
the rising slope of curves in Fig. 4) the positive homo- 
charge prevailed, whereas at higher voltages (on the 
falling slope) the opposite was true in most of the 
cases. 

In  order to get further  insight into the charging 
mechanism, Lichtenberg dust figures of both surfaces 
were made with a mixture  of Neon Red and Saturn  
Yellow fluorescent pigments of Day-Glo Color Corpo- 
ration. An orthochromatic film was used for the photo- 
graphs (Fig. 5). The black surfaces (red in reality) 
correspond to negatively charged regions, whereas the 
gray half-tones correspond to positive areas (yellow on 
a color film). The pictures show the heterogeneity of 
the charging process. Both surfaces display the pres- 
ence of positively and negatively charged regions. 
However the prevailing charge on a given side had the 
same polarity as the adjacent electrode during the 
charging process. 

Two additional investigations were under taken  to 
explain the peculiar form of the residual field curves 
(Fig. 4): a study of temporal  field decay, and a 
measurement  of desorption current  transients.  Results 
of the first s tudy are shown in Fig. 6. The charge decay 
depends evidently on charging voltage, and different 
curves may cross each other. This phenomenon was 
discovered by Ieda, Sawa, and Shinobara (5) in poly- 
ethylene samples with small amounts of surface active 
agents. 

Results of the second study are given in Fig. 7. The 
discharging current  of samples charged under  voltages 
below 2 kV flowed in a direction opposite to the direc- 
tion of the charging current, whereas a current  inver-  
sion was observed in samples subjected to higher 
stresses. The voltage corresponding to the appearance 
of homocurrent  depended upon the electrode surface 

condition. For smoothly polished electrodes the current 
reversal appeared only at higher voltages. With rough 
electrodes the homocurrent was observed even after 
charging at 1.5 kV. 

Discussion 
When a low density polyethylene film is inserted 

between parallel-plate electrodes, two air layers about 
i0 #m thick usually remain trapped between the film 
and metal electrodes. Thicknesses of these layers de- 
crease under applied voltage due to attractive electro- 
static forces between electrodes. These air layers are of 
course far from being uniform and their heterogeneity 
probably increases with the beginning of corona activ- 
ity as could be deduced from the dust figures (Fig. 5). 
This activity appears at a potential difference close to 
Paschen's minimum, since the pd value under atmo- 
spheric pressure is close to critical. Below corona onset 
the desorption current transients (Fig. 7) exhibit only 
the presence of heterocharges. These charges are de- 
posited on the polyethylene surface and also at the 
interfaces between amorphous and crystalline regions 
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Fig. 6. Field decays at polyethylene samples 25 #m thick after 
charging under various voltages. Charging time of 15 rain followed 
by 30 sec of short-circuiting. 
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Fig. 7. Desorption current transients of polyethylene samples 2S 
#m thick after charging under various voltages. 

of po lymer  (low densi ty  po lye thy lene  under  inves t iga-  
tion was about  50% amorphous) .  

Charge inject ion f rom ionized air  layers  became im-  
por tan t  under  vol tages  exceeding 1 kV (in our inves t i -  
gat ions the onset voltage was independent  of sample  
th ickness) .  This was manifes ted by  the appearance  of 
a res idual  field (Fig. 4) and by  desorpt ion current  in-  
vers ion (Fig. 7). F igure  7 shows that  ampl i tude  of the 
homocur ren t  increases exponent ia l ly  wi th  appl ied  vol t -  
age. Therefore  the charge densit ies  and the res idual  
field should also increase wi th  the voltage. But  the 

homocur ren t  in samples  subjec ted  to high stress 
reaches its peak  in a few seconds after  vol tage removal  
and then decreases wi th  a ra te  depending  upon appl ied  
voltage. F igure  6 indicates that  the h igher  the charging 
voltage and the initial injected charge density, the 
faster is the residual field decay. Therefore the residual 
field measured 1 rain after voltage removal reaches its 
maximum as shown in Fig. 4 and then decreases again. 
There is also a second factor limiting the residual field 
increase in thicker samples, air ionization at the sample 
surface. 

Conclusions 
Inves t iga t ion  of desorpt ion current  of corona charged 

low densi ty  po lye thylene  shows two distinct '  charging 
processes: he te rocharge  moving towards  electrodes 
af ter  shor t -c i rcui t ing,  and homocharge  injected by  
corona discharges in air  and moving through po lymer  
af ter  ex te rna l  field removal.  Under  low stress, only 
he te rocharge  is observed.  At  h igher  voltages the  homo- 
charge becomes dominant .  Drif t  of this charge is 
s t rongly  influenced by ini t ial  charge density;  it  decays 
more r ap id ly  when the ini t ial  injected charge densi ty  
is high. This phenomenon,  and crossing of field decay  
curves (Fig. 6), are  responsible  for the pecul iar  form 
of res idual  field curves (Fig. 4) measured  some t ime 
af ter  charging vol tage removal .  Densi ty  of injected 
homocharge depends upon the corona ac t iv i ty  and in-  
d i rec t ly  upon the electrode surface condition. 

Manuscr ip t  submi t ted  June  19, 1973; revised manu-  
script  received Aug. 14, 1974. 

A n y  discussion of this paper  will  appear  in a Discus- 
sion Section to be publ ished in the December  1975 
5OURNAL. Al l  discussions for the December  1975 Dis-  
cussion Section should be submi t ted  by Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by Universitd Laval. 
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High Resolution Tungsten Patterning Using 
Buffered, Mildly Basic Etching Solutions 

T. A. Shankoff and E. A. Chandross 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Prior to this work, commonly available chemical etches for tungsten  were 
difficult to use for high resolution patterns because of their incompatibi l i ty 
with available positive and negative photoresists. Rapid attack by basic hy-  
drolysis made the use of positive resists impossible and the use of negative 
resists difficult. It was found that solutions of K3Fe (CN)6 which were buffered 
in  the mildly basic pH range of 7.5-9.5 etch tungs ten  as fast as the previously 
used highly alkaline KOH-K3Fe(CN)8 etches (pH 13-14) but  are far bet ter  in 
the practical fabrication of tungsten-based integrated circuits. These etches 
c a n  be used to delineate patterns of high resolution (1-2 ~m range) l imited 
only by the photolithography, with no evidence of failure of either positive o~ 
negative photoresists. 

Unti l  the present  t ime practical chemical etches for 
tungsten have involved strongly alkaline solutions of 
a n  oxidizing agent, e.g., H20~ in aqueous NH~ (1) or 
K~Fe (CN)6 in aqueous KOH (2). The use of any metal  
as a conductive layer in a semiconductor device is de- 
pendent  on pat tern definition using s tandard photo- 
li thographic technology. Previous etchants suffered 
from either low etch rates at room tempera ture  and /or  
too rapid attack of the photoresist material.  All com- 
monly  available positive photoresists are rapidly hy-  
drolyzed in aqueous alkaline solution, e.g., whereas 
AZ-1350 is actually dissolved away at pH 14 in less 
than 1 min, it loses its insulat ing abili ty at pH 12 in 1-2 
min through loss of adhesion. Thus, for example, in 
recent work (3) it was found that the KOH-KsFe(CN)6 
system was unusable  for defining circuits if the photo- 
resist (both positive and negative) was exposed to the 
solution for as little as half  a minute.  Even KMER and 
KTFR fail during this t ime in the 5% KOH solution 
recommended (3). Since chemical etching rates were 
reported to be in the order of 30 A sec -1, for practical 
purposes this system is unattract ive.  Because of this, 
electrochemical etching techniques have been used to 
obtain etching rates commensurate  with resist l ifetime 
in the KOH-K3Fe (CN) 6 system (3). 

Our approach to this problem was to seek a means 
of reducing the basicity of tungsten  etching solutions 
to a range compatible with long protective lifetimes for 
both negative and positive photoresists, and yet ma in-  
tain chemical etching as a viable means of tungsten 
pa t te rn  delineation. 

Experimental 
Reagents, materials, and equipment.--All reagents 

used were of the highest pur i ty  commercially available. 
Deionized water was used for all experimental  work. 
Etchants were general ly not filtered prior to employ-  
ment.  

The following equipment  was used in the work: 
Coleman Model 37A pH Meter for all pH measure-  
ments;  Cary Model 14 for spectroscopic work; Head- 
way Research Photoresist Spinner  EC101; Thayer and 
Chandler Airbrushes, Models C and E; and Teflon- 
coated tweezers for all etching rate data. 

Etching techniques.--Samples of SiO2/Si (0.5 cm 2) 
overcoated with tungsten (2500A: resistivity 15-25 
~ohm-cm) were etched by rapid hand agitation using 
40 mliters of etchant in a 50 mli ter  beaker. The etching 
end point was taken as the visual disappearance of the 
last trace of tungsten from the sample. 

K e y  words :  t u n g s t e n  e tch ing ,  t ungs t en  pho to l i t hog raphy ,  t u n g s t e n  
meta l l iza t ion ,  t u n g s t e n  process ing.  
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High resolution etching of 11/4 in. wafers was done 
by spraying etchant with a Thayer and Chandler 
Model C or E Airbrush, using 25-50 lb in. -2 air pres- 
sure, onto a photoresist (AZ-111 or KMER) pat terned 
tungsten coated SiO2/Si wafer spun at 100-1500 rpm 
on a Headway Model EC101 Photoresist Spinner.  The 
airbrush was held 4-6 in. above and was centered on 
the wafer. Towards completion of etching the sample 
was inspected visually and etched for 5-10 sec intervals 
to completion. Final microscopic observation prior to 
resist removal was always made to ensure complete 
etching. Etching was stopped with distilled water and 
the sample was dried by spinning at 7000-8500 rpm. 
Two inch diameter wafers were etched in a similar 
manner with excellent results across a wafer. To com- 
pensate for the increased area, several spray nozzles 
(each covering a portion of the wafer) are directed 
at the rotating wafer. 

AnalyticM.--It was found that 5.7 moles of 
K3Fe(CN)6 reacted with one mole of tungsten by de- 
termining the maximum weight of tungsten metal 
powder which could be dissolved in an etching solu- 
tion. By using the molar extinction coefficient (4) of 
290 at the Fe(CN)6 -4 absorption maximum of 3250A 
it was found that 0.1M Fe(CN)6 -3 yielded 0.096M 
Fe(CN)6 -4 in the exhausted etchant. Acidification of 
the exhausted etchant according to the method in 
Remy (5) produced the faintly yellow precipitate 
characteristic of the simple tungstate anion WO4 -2. 

Results 
Development of buffered chemica~ etchants.--It has 

been established (6) that tungsten  metal  is passive to 
chemical attack in acid solution. More recently, data 
have been obtained (7) which show that the metal  is 
electrochemically inactive at pH --~ 6 and undergoes 
oxidation at pH ----- 6.5. There are exceptions to this 
finding (8, 9), however; for example, concentrated 
aqueous HF-HNO3 solutions attack the metal readily. 
Practically speaking it is clear that chemical etches 
for tungsten should operate in alkaline solutions. The 
important question is: How alkaline does the etching 
solution need to be in order to support tungsten oxi- 
dation and dissolution? 

The initial set of experiments was directed at deter- 
mining the minimum KOH concentration which could 
be used in the conventional KOH-K3Fe(CN)s system 
with satisfactory etching results. The etch rate data for 
the system are presented in Fig. i. It is seen that rela- 
tively rapid etching can be done by this system, but 
only at high pH values. When the pH is reduced to 
anything approaching a value compatible with positive 
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Fig. 1. Plot of tungsten etch rate vs.  KsFe(CN)6 concentration 
for various KOH concentrations. 

photoresist stabil i ty (pH < 12, < 0.01M KOH),  very 
slow rates are obtained. Moreover, we found that sam- 
ples etched in 0.01-0.025M KOH, 0.05-0.8M K~Fe (CN) 6 
solutions showed very  nonuni form etching; etching al-  
ways tends to occur from a photoresis t - tungsten edge 
into a feature so that fine resolution pat terns are lost 
before coarse features are resolved. In  Fig. 2, a photo- 
micrograph of an Ealing test chart etched into tung-  
sten which was protected by 0.5 ~m KMER using 0.02M 
KOH-0.5M K3Fe(CN)6 as the etchant, it can be seen 
that  much metal  remains in the very  coarse 30 and 40 
~m lines while the fine sets of lines are resolved. More- 
over, overetching of the 2.0, 1.5, and 1.3 #m lines in the 
upper  left of the pa t te rn  has become evident. 

The trends evident  in  Fig. 1 make it obvious that 
fur ther  pH reduction by di lut ion of the strong base, 
KOH, would be futile. We felt that  a reasonable ap- 
proach at this point was to substi tute weak bases for 
KOH in order to assess the effects of fur ther  pH reduc- 
tion. A common practice for improving etch capacity 
while main ta in ing  constant concentrations of certain 
etchant components is to include complexing agents 
for the metal  in question. Ethylenediamine  (en) was 
selected for the dual  role of pH reduction and com- 
plexation. Even though there is a dear th of reported 

amine-W +6 chemistry (W +6 is formed in the etch 
process) it was hoped that this strong l igand for in-  
organic cations might facilitate etching by complexing 
t rans ient ly  formed species in termediate  between W 0 
and W +6. 

It was found that a solution of 0.01M KsFe(CN)6 
brought to pH 12 with en (1M) etches tungsten at the 
rate of 4600 A min -1, compared with a pH 12 KOH- 
K3Fe(CN)6 rate of 1000 A rain -1. The data in Table I 
were obtained in an at tempt to unders tand  further  the 
role of a weak base in the ferricyanide etching of tung-  
sten. It can be seen that there is a fairly constant etch 
rate at pH 12 for the weak bases. 

It was found that }owering the pH by di lut ion of the 
weak base leads to much the same result  as reducing 
the pH by decreasing the KOH concentrat ion;  etch 
rates rapidly fall to very low values and nonuni form 
etching once again becomes a problem. It was subse- 
quent ly  discovered that etching rates of weak base- 
ferricyanide etchants could be mainta ined at a high 
level, while the pH is drastically reduced, by part ial ly 
neutral izing the base with an acid to produce a buffered 
etching solution. This impor tant  finding is evident in 
the data tabulated in Table II, which shows the etch 
rate to be independent  of pH over the range from un-  
buffered weak base (en at pH 12) to a pH value as low 
as 7.5, fo,r constant K3Fe (CN) 6 concentration. The same 
holds true for other common weak bases. There seems 
little reason to at tempt to replace ferr icyanide with an 
al ternat ive oxidant. The innocuous na ture  of this 
chemical coupled with the lack of other oxidants which 
function adequately in basic solution governed this de- 
cision. 

Mechanism of etching.--A logical explanat ion of the 
above results can be advanced by considering the 
chemistry of tungsten removal  by a basic oxidizing 
solution. We can write Eq. [1] 1 for the etching of tung-  
sten metal by an aqueous ferricyanide solution at any 
pH 

W ~ + 6Fe (CN) 6 -8 

§ 4H20-> WO4 -2 + 6Fe(CN)6 -4 + 8H + [lJ 

It is obvious from Eq. [1] that  the generat ion of H + 

1 T h a t  6 moles  of K~Fe(CN)6 reac t  for  each mo le  of W ~ and  t h a t  
Fe(CN)0-~ is q u a n t i t a t i v e l y  f o r m e d  in  the  r e d o x  r eac t i on  f r o m  
FefCN)~ -3 has  been  ver i f i ed  by  the  use of g r a v i m e t r i c  and  spec-  
t roscopic  ana lys i s .  The  p resence  of a s i m p l e  t u n g s t a t e  (WO~ -e) a f t e r  
o x i d a t i o n  as opposed  to some m a r e  complex  recta-  or p a r a t u n g s t a t e  
has  been  e s t ab l i shed  e x p e r i m e n t a l l y  a c c o r d i n g  to s t a n d a r d  ana ly t i -  
cal p rocedu re  (5). 

Table I. Etch rate data at pH 12 for aqueous 0.1M K3Fe(CN)e 
solutions of several bases 

Etch  ra te  
Base M o l a r i t y  (A min-1) 

I. NI-~ 5.0 5800 
2. Ethylene diamine 1.0 4600 
3. Piperidine 0.2 4800 
4. K O H  0.01 1000 

Table I1. Etch rate as a function of pH for aqueous 0.1M 
K3Fe(CN)6 solutions initially 1M in ethylene diamine (pH 12) 

Rate 
p H *  (A ra in  -z) 

Fig. 2. Photomicrograph of an Ealing test pattern etched into 
tungsten using an etchant composed of 0.02M KOH and 0.5M 
K3Fe(CN)6. Note tungsten remaining in 30 and 40 ~m lines and 
overetched small features. 

12.0 4600 
11.0 5000 
10.0 4800 
9.0 4500 
8.B 4300 
8.0 4600 
7.7 4800 
7.5 4000 
7.3 3300 
7.1 1400 
6.9 600 

* The  loll  was  l owered  by  t he  g r a d u a l  a d d i t i o n  os HCI to t h e  
e tchant .  
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locally at the tungsten surface will potent ial ly lead to 
acid passivation of tungsten. If sufficient base is present  
to neutral ize the acid generated by dissolution of the 
metal the surface will remain active. The important  
factor is the abili ty of the etching solution to neutral ize 
the acid and mainta in  the pH at a high enough value 
to prevent  passivation. This does not depend on the hy-  
droxide ion concentrat ion but  depends only on the con- 
centrat ion of Bronsted base and the rate at which the 
protons are removed from the metal-solut ion interface. 
Thus at a given pH a high concentrat ion of weak base 
(e.g., an amine) may, depending on the kinetics, be 
much more effective than the corresponding low con- 
centrat ion of OH- .  Buffered solutions are effective 
because they have a high capacity for absorbing pro- 
tons while main ta in ing  the pH essentially constant. The 
buffering suppresses the hydrolysis of the weak base, 
thus keeping the O H -  concentrat ion low while the 
solution still has a large capacity for rapidly neutral iz-  
ing acid. 

Description of representative systems.--We have 
studied several prototype etching systems which are 
based on the developmental  work just  described. Our 
initial  work on the buffered systems was with en-HAc- 
K3Fe(CN)6 mainta ined above the obvious passivation 
limit seen in Table II. We subsequently substi tuted HC1 
since a strong acid provides larger buffer capacity in 
the basic range than a weak one, when coupled with a 
weak base. The etch rate data presented in Fig. 3 are 
for various permutat ions of concentrat ion for the sys- 
tem en-HC1-KaFe(CN)6 at pH 8.0. Remember  that 
raising the pH to higher values has no effect upon the 
etch rates in these Systems. The data in Fig. 4 are for 
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Fig. 3. Plot of tungsten etch rate vs. K3Fe(CN)6 concentration 
for various ethylene diamine concentrations at pH = 8.0. 

8000 

w ~ NH3 
~- 6000 

a. 4000 2.0 
o ~  

G 
<~ 
a: 1.0 
I 2000 
o ~ --,:, 0.5 

~ l  ~ 0 . 2 5  
o.,o---o 0.10 

i I I I I I t I 
0 0.2 0.4 0.6 0.8 

MOLARITY K3Fe (CN) 6 

Fig. 4. Plot of tungsten etch rate vs. K3Fe(CN)6 concentration 
for various NH3 concentrations at pH = 8.0. 

the closely related system NH~-HC1-K~Fe(CN)B, or 
NH3-NH~C1-K3Fe(CN)6, also mainta ined at pH 8.0. 

In an at tempt to determine whether  a conventional 
inorganic buffer system could be substi tuted for the 
buffered amine  systems, we obtained rate data for the 
KOH-KH2PO4-KsFe(CN)6 system at pH 8.0. These 
data are given in Fig. 5. The parameter  of buffer con- 
centrat ion refers to the molari ty  of KI-I2PO4 in  the 
solution. Note, that to achieve pH 8, it is necessary to 
add 0.92 moles of KOH to each mole of KH2PO4. While 
the etch rates for this system do not approach those for 
en-HC1-K~Fe(CN)6 or even those for NHs-NH4C1- 
K~Fe(CN)6, this system has important  advantages 
which recommend it for rout ine tungsten etching. In  
the first place the weak amine base systems are un-  
stable and some formulations must  be used wi thin  1-2 
hr of preparation. Secondly, the etch rates are constant 
over a wide range of buffer and K~Fe (CN)6 concentra- 
tion, which is not the case for the en and NH3 systems. 
Thus, this system is less sensitive to error in etchant 
preparat ion than the others. It is obvious that  the em- 
ployment  of related weak bases and inorganic buffering 
systems should yield similar results. 

Discussion 
Mechanism.--It is not completely clear why the etch 

rate data behave as they do. It is readily seen that the 
maximum etching rate obtainable for a given base at 
constant base concentration follows the base ionization 
constants or base strengths without  exception: KOH > 
piperidine > en > NH~ > HPO4 -~ (HPO4 -2 is the base 
in the KOH-KH2PO4 system) > pyridine. While this is 
the case, the differences in rate cannot be quantita- 
tively explained on this basis alone. We can make 
quantitative rate comparisons on the systems as fol- 
lows: KOH, en, NH3, HPO4 -2, pyridine, have relative 
rates of 200: 60: I0: 3: I. For example, KOH is said to be 
three times as effective as en because the maximum 
etch rate possible for 0.1M KOH at any KsFe(CN)8 
concen.tration is 10,000 A rain -1 while that for 0.1M en 
is 3000 A rain -1 (see Fig. 1 and 3). The ionization con- 
stants and relative ionization (at 1 molar concentra-  
tion) are 1 (100%), 9 X 10 -~ (1%), 1.5 • 10 -5 (0.4%), 
10 -7 (0.03%), and 1.4 X 10 -9. (0.004%) for KOH, en, 
NH3, HPO4 -2, and pyridine, respectively. The relat ive 
rates of 60:10:3: t  for the weak bases are reason.able 
when compared to the ionization percentages which 
might be interpreted as reflecting the importance of 
free O H -  to etching. As a group, however, the weak 
bases have rates close to the completely ionized KOH. 
Thus while the etch rates for weak bases are within a 
factor of three of that obtained for KOH, the absolute 
OH- concentration is only 1% of that of the KOH 
solution. As emphasized above it is the dynamic abil- 
ity of the solution to neutralize protons which is im- 
portant rather than the absolute OH- concentration. 
The amines are not quite as effective as is OH-, as 
judged from the rate data, and this difference may be 
due to small differences in the rates of reaction with 
the actual acidic species. 
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Fig. 5. Plot of tungsten etch rate vs. K3Fe(CN)6 concentration 
for various KH2PO4 concentrations at pH = 8.0. 
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The similari ty of the rates for mono-  and difunc-  
t ional amines suggests that coordination of metal  ions 
is not important  in the dissolution of tungsten. If it 
were so, en would be expected to be much more effec- 
tive than the monofunct ional  amines. Further ,  we mea-  
sured the etching rate vs. KsFe(CN)6 concentration 
for 0.5M solutions of KOH, piperidine, en, and am- 
monia. The max imum rate in the amine solutions was 
highest for piperidine which is the strongest base of 
the three amines. This result  suggests that coordination 
is not important  in the  dissolution of tungs:ten. 

Etchant composition.--It is our observation that  as 
long as the etch rate curves are in the .ascending region 
of etch rate, then any etchant composition is useful and 
apparent ly  equivalent  as far as etching pat terns are 
concerned. Once the concentrat ion of K~Fe (CN) 6 gets 
too far in excess of the base concentration needed to 
support  tungsten  dissolution then nonuni form and un-  
predictable etching results. Thus, for example, 0.5M 
en neutral ized to pH 8 with HC1 can be used with good 
results only up to 0.2M KsFe(CN)6. Beyond this point 
the oxidation proceeds faster than surface depassiva- 
tion and hard to remove oxidation products, which im- 
pede the etching process, become evident. This obser- 
vation is consistent with our early finding that  0.011V[ 
KOH solutions produce nonuni form etching. In the case 
of the KOH-KH2PO4-K3Fe(CN)8 system which has a 
wide region of constant etch rate, these problems do 
not show up as clearly as in the weak systems having 
steep etch rate curves. 

Since the etch rate data above pH 7.5 show no sig- 
nificant dependence on pH and since the etchants can 
easily be prepared to _ 0.1 pH unit, then the use of the 
etchant at come pH safely above 7.5 is suggested, e.g., 
pH 8.0. The KOH-KH2PO4-KsFe(CN)6 system ex- 
hibits long shelf life i f  the etchant is stored in an 
amber bottle and its activity is assured if its pH re- 
mains above 7.5. Certa in  of the more concentrated en-  
HC1-KsFe (CN) 6 and NH3-NH4C1-K3Fe (CN) 6 etchants 
are quite unstable, while the more dilute compositions 
(etch rates < 10,000 A rain -~) should be used wi thin  a 
few hours of prepar.ation. 

We have included typical etching results in  Fig. 6. 
Figure 6a shows the AZ-111 photoli thograph and etch- 
ing of an Ealing test pat tern using 0.25M KI-I2PO4, 
0.24M KOH, and 0.1M K3Fe(CN)6, while Fig. 6b shows 
a CCD-L pat tern  etched using 0.5M en, 0.5iV[ HC1, and 
0.1M K~Fe(CN)6. The finest resolved Ealing line is 
1.25~ in the photolithograph, while the smallest feature 
in the CCD-L pat tern  is 2.5~ wide. Tungsten samples 
2500A thick were etched using the spinning wafer 
spray etching technique described in the next  section. 

Etching technique.--Unless there is uniform ex- 
change of etching products with fresh etching solution 
at the metal  surface, obvious nonuni form etching oc- 
curs which is especially evident on 2 in. wafers. Every 
at tempt must  be made to minimize this nonuni formi ty  
consistent with the size of a device feature and the 
degree of undercut t ing  that one can tolerate. Thus, 
where overetching of a 10 ~m feature in a 200,0A. thick 
tungsten film by 100% will hard ly  be noticeable, the 
same t rea tment  of a 3 ~m feature may be unwarranted.  

We have found that while coarse pat terns in the 25 
~m range can be etched using almost any technique 
that one chooses, 1-10 ~m devices are best etched by 
spraying. We fur ther  suggest that  some at tempt be 
made to minimize spray pat tern  nonuniformities.  Our 
best results have been obtained using single or mult iple 
atomizing spray nozzles either centered on (1 nozzle) 
or uni formly distr ibuted ( ~  1 nozzle) over a wafer 
rotat ing 4-6 in. beneath the nozzle(s) .  Generally, one 
can achieve results with undercut t ing  of no greater 
than 0.25 ~m per feature edge in 3500A thick tungsten 
films across a 2 in. wafer. 

Etching rates.~The etch rates presented here are for 
beaker hand-agi ta ted etching at room tempera ture  of 
small  samples of sputter  deposited tungs ten  films. They 

Fig. 6. Typical patterns etched into 2500~ of tungsten and initial 
photolithography. A, Ealing test pattern etched using 0.25M 
KH2PO4-0.24M KOH-0.1M K~Fe(CN)6; smallest resolved set is 1.25 
#m. B, CCD-L metall[zation pattern etched using 0.5M ethylene 
diamine-0.SM HCI-0.1M K3Fe(CN)6; gaps are 2.5 ~m wide. 

should be used only as a guide since etch rates vary 
with technique. In  general  those which involve the 
most vigorous movement  of etchant to and from the 
metal  surface produce the fastest etch rate. Thus, for 
example, certain spray techniques give rates 3-5 times 
as fast as those reported in this memorandum.  We have 
found that in the range 20~176 a 10~ rise in  tem- 
perature approximately doubles the etch rate. 

An etchant composition which furnishes adequate 
rate commensurate with the tungsten thickness being 
etched and ample t ime for unhur r ied  etching is sug- 
gested for rou~tine work. 

Selection of photores{sts.--There has been no evi- 
dence of degradation of any photolithograph either by 
direct attack or by loss of adhesion at feature edges 
using any of the prototype systems described earlier 
(pH 8). All photoresists, both positive and negative, 
are apparently satisfactory. 

Summary 
It has been found that a method of achieving satis- 

factory tungsten  etching solutions is to replace the 
strong base in the KOH-KsFe(CN)6 etching system 
by a buffer solution. This solution can be of any  com- 
position that functions in the mildly basic pH range 
(7.5-9.5). Thus buffered solutions obtained by neu t ra l -  
ization of a weak base by a strong acid or by reaction 
of a strong base with a mono-basic weak acid (KOH- 
KH2PO~) are effective. We have shown that the etch- 
ing rate in these systems general ly follows the ioniza- 
tion constant or base s.trength. 

As long as there is sufficient H + absorbing capacity 
in a part icular  etching solution the rate of etching de- 
pends only on the concentration of oxidant, K3Fe(CN)6. 
If this criterion is satisfied, uniform and reliable tung-  
sten etching is easy to achieve. If the abil i ty to absorb 
H + formed in tungsten  oxidation becomes insufficient, 
then the oxidation is no longer the rate determining 
step and nonuniform, unpredictable  etching occurs 
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owing to bui ldup of hard-to-dissolve oxidation prod- 
ucts at the etching surface. 

The three prototype systems studied [en-HC1- 
K3Fe (CN) 6, NH3-NH4CI-I~Fe (CN) 6, and KOH- 
KH2PO4-K3Fe (CN)6] are all capable of excellent etch- 
ing of high resolution tungsten  device circuits as long 
as the selected composition meets the criterion of H + 
absorbing capacity. We tend to favor KOH-KH2PO4- 
K3Fe (CN)6 (even though it furnishes the lowest etch- 
ing rates) for general  work owing to its long shelf life 
and relative independence of component concentra-  
tions. Where speed is required or thick tungsten  sam- 
ples (>  5000A) mus~ be etched, then the en-HC1- 
KsFe (CN)6 system is recommended, provided the user 
is aware of the short shelf life of the etchant. 

The gentle na ture  of KsFe(CN)6 coupled with the 
nea r -neu t ra l  pH of etchant operation makes these sys- 
tems completely compatible with all present ly avail-  
able photoresists. 
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Metal Vapor Effects on Chemical Reactions in an Argon Plasma 
Paul Meubus* 

Department of Applied Sciences, Universit~ du Quebec ~ Chicoutimi, Chicoutimi, Quebec, Canada 

ABSTRACT 

In order to i l lustrate the effect of metal  vapors on chemical reactions 
carried out at high temperatures,  the example has been taken of propane 
cracking in an argon plasma, yielding acetylene. The reaction takes place in 
the homogeneous phase, in the presence of i ron vapor. Molar ratios propane /  
argon of 1.5 and 6.0% have been used, associated with 0.25, 0.75, and 1.00% 
i ron /a rgon  molar ratios. It is observed that the reaction temperatures  re-  
quired for obtaining the max imum conversion of propane into acetylene 
are considerably lowered in the presence of i ron vapor, a t ta ining then 3200 ~ 
4200~ while, all other conditions being equal, except for the presence of 
iron vapor, these temperatures  are of the order of 5000~176 The lat ter  
conditions also lead to maximum conversions of propane into acetylene which 
are of the order of 40 % while these conversions at ta in  100 % when iron vapor 
is present. Possible mechanisms are suggested, relat ing the results observed 
either to a catalytic effect generated by condensing iron particles, or to a 
photosensitization process by which excited iron vapor emissions around 
30,00.7 and 5328.5A contr ibute to the stabilization of acetylene and C2H pre-  
cursor during the quenching stage, thus avoiding the decomposition of these 
species into solid carbon and hydrogen. 

It is the purpose of this study to show by an example 
how a metallic vapor may al~er the chemical kinetics 
of a given reaction taking place in a plasma gas. The 
case investigated is the formation of acetylene from 
propane cracking in the presence of i ron vapor, the 
plasma matr ix  being argon. Acetylene production from 
lower hydrocarbons like methane, ethane, and propane 
have been studied and the reaction kinetics is well 
known (1, 2) so that possible changes brought  by the 
introduction of i ron vapor are more easily evaluated. 

I ron is supplied to the argon stream by means of an 
iron wire 1 m m  in diameter, which is introduced into 
the plasma gas at a given rate. Propane is then in-  
jected into the result ing mixture  and a small plasma 
volume is delimitated wi thin  which the average tem- 
perature is recorded by means of the hydrogen lines 
Ha and H e. Reacted gas samples are then  drawn 
through a cooled probe for gas chromatography analy-  

* Electrochemical  Society Act ive Member .  
Key  words :  argon plasma,  meta l  vapors ,  chemical  reactions,  

photochemical  effects, catalytic effects. 

sis. An in terpre ta t ion of the results observed is given, 
based o1% catalytic effects result ing from the condensa- 
t ion of the metal  vapor, and also based on possible 
photosensitization effects related to the iron spectro- 
scopic emissions around 3000.7 and 5328.5A as ex-  
plained later  in the text. 

Apparatus and Mode of Operation 
The power supply, control panels, and plasma torch 

have been described elsewhere (3). As shown in Fig. 
1, the reactor is made up of a plasma torch and of a 
set of cooled copper probes used for metal  injection 
(G), propane inject ion (H), and reacted products 
sampling. The probes G and H are provided with a 
welded tungsten refractory tip whose purpose is to 
facilitate injection of the metal  and propane into the 
plasma gas. The iron inject ion rate is adjusted by 
means of a controlled speed driving wheel entra ining 
an iron wire 1 m m  in diameter. The wire emerges 
through the cooled probe G within  the plasma where 
it evaporates and tu rbu len t  mixing occurs so that  
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Fig. 1. Plasma reactor 

about 3 cm downward from G, a homogeneous mix-  
ture of argon-iron vapor is available wi th in  which 
propane is injected at a given rate. 

The probes are installed in such a way that their 
vertical axis of symmetry  is contained in the vertical 
p lane  of symmetry  of the plasma jet  (which is of 
cylindrical symmetry)  and they are positioned at, 
respectively, 0.7 (G), 3.8 (H), and 4.8 cm (sampling 
probe) from the plasma torch outlet. The probes'  tips 
horizontal surfaces (for G and H) coincide with the 
horizontal plane of symmetry  of the plasma. This 
positioning of the probes ensures an adequate repro- 
ducib le  plasma sur rounding  the inject ion parts. While 
in  operation, three sections may be distinguished in  
the plasma: (i) an argon section (P),  (ii) an argon 
+ iron vapor plasma (PFe),  and (iii) the reaction 
zone wi th in  which a small  volume S can be delimi- 
tated, care being taken that  chemical equi l ibr ium is 
at tained at the prevail ing temperature.  Temperatures  
are recorded by means of spectroscopic measurements  
related to the atomic hydrogen lines Ha and H~, using 
the we l l -known lines intensi ty  ratio method (4). 

Also, reacted gas samples are wi thdrawn through 
a cooled probe always under  the same negative pres-  
sure and gas flow rate so that the quenching conditions 
can be accurately controlled. The samples are analyzed 
for acetylene and H2 which are, for all practical pur-  
poses, the only gas constituents found in all cases as 
products of reaction. A Pye Unicam 104 with a 20% 
Squalane on Chromosorb P column is used for flame 
ionization detection of the hydrocarbons, while a 
Fisher Hamil ton 29 supplied with a Molecular sieve 
13X determines the hydrogen content  of the sample. 
Since the refractory tips already ment ioned provide 
conditions of homogeneous region wi th in  the consid- 
ered reactor volume S, the following relat ion can be 
wr i t ten  

moles C2H2 moles C2H 2 
[1] 

moles C2H~ + moles Hg_ -- mole C~Hs 

4 

a value of 1.5 for this ratio being equivalent  to 100% 
C2H2 yield for the reaction 

2CsHs----> 3C2H2 + 5H2 [2] 

where the acetylene and hydrogen concentrations are 
obtained from a sample analysis for a given test, the 
total content of hydrogen being used for the deter-  
minat ion of the ini t ial  amount  of propane. In  order 
to avoid any contaminat ion of the plasma flame by-  
products of reaction that may accumulate in the sur-  
rounding chamber, an annula r  distr ibutor supplies a 
cur ta in  of pure argon around the reaction site (see 
Fig. 1). 

Before start ing an experiment,  the chamber was 
filled with argon and the pressure was main ta ined  at 

760 mm Hg. The plasma argon flow rate was kept 
constant at 0.2 g-moles /min  while, respectively, 0.3 
>< 10 -2 and 1.2 • 10 -2 g -moles /min  propane were 
used. Variable amounts  of i ron were injected in  the 
pure argon section P (Fig. 1), ranging from 5 X 10 -4 
up to 19 >< 10 -4 g-moles / ra in  iron, calculated on the 
basis of iron wire feed rate. While sampling the 
products of reaction, the quenching rate was adjusted 
unt i l  opt imum acetylene yield was obtained. The. ad- 
jus tment  was made by means of suction application 
and the flow rate of gas wi thdrawn was obtained from 
a rotameter  reading thus avoiding any  misleading 
conclusion result ing from pressure reading alone. 

Results 
The. op t imum quenching conditions were found 

practically equivalent  in  all cases and resulted in 
quenching times of about 10 -3 sec. The argon flow rate 
was 2 • 1.0 -1 g-moles/rain.  The values given for i ron 
inject ion rates are those corresponding to the iron 
wire speed and they are discussed later. 

With a propane flow rate of 0.3 • 1.0; -2 g-moles /min  
in 0.20 g-moles / ra in  argon, an inject ion of 5.0 X 10 -4 
g -moles /min  of iron resulted in  an acetylene yield 
approaching 100 % propane conversion, the lat ter  never  
exceeding 40% without  added iron. Further ,  the most 
favorable temperature  for the production of acetylene 
achieved was reduced from 65,0,0 ~ to 3500~ When the 
iron rate was increased to 19 • 10 :-4 g-moles/rain,  the 
max imum yield dropped back to 40% propane conver-  
sion into acetylene at a temperature  of 4500~ The 
data from these experiments  are presented in Fig. 2 
and Table I. 

When a propane flow rate of 1.2 • 10 '-~ g-motes/rain 
in 0.2 g-moles/ra in  argon was used, the addition of 
5 • 10 -4 , 15 X 10 -4 , 19 • 10 -4 , and 0 g-moles / ra in  
iron resulted in temperatures for ma x i mum acety- 
lene yield obtention of, respectively, 3000 ~ 38,00 ~ 
42'000 , and 5000~ the propane conversion into 
acetylene at taining near ly  100% for all the iron flow 
rates used, against 65% when no iron was present  in 
the reacting medium. As a result, and within  the limits 
of the experimental  conditions, the higher propane 
flow rate used was related to lower optimal tempera-  
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Fig. 2. Effect of iron vapor concentration on C2H2 formation 
from C3H8 cracking: 1.5% C3H8 in argon, 0.25% Fe (curve I), 
T.0% Fe (curve IlL 0% Fe (curve HI). 
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Table I. Propane conversion into acetylene at various propane and Fe injection rates into argon 

T e s t  c o n d i t i o n s :  a r g o n  f low r a t e ;  2 x 10 -~ g - m o l e s / r a i n ;  a t m o s p h e r i c  p r e s s u r e  

% C o n s t i t u e n t s  i n  m o l e s  C2H2 
R e a c ~ o n  F l o w  r a t e ,  a r g o n  ( a r g o n  bas is )  
t e m p e r -  g - m o l e s / r a i n  m o l e  CsHs 

a t u r e ,  ~  C~Hs F e  C~Hs Fe  (Eq.  [1])  

C o n v e r s i o n  

CsIts c o n v e r t e d  ] 

C~Hs i n i t i a l  
x i00 

3000 0.3 x 10 4 5 x 10-5 1.5 0.25 0.70 
3700 0.3 x lO ~ 5 x 10-4 1.5 0.25 1.45 
4000 0.3 X 10 -2 5 X 10-4 1.5 0.25 1.40 
4000 0.3 X 10 -~ 5 X 10-4 1.5 0.25 1.35 
4200 0.3 x 10 -~ 5 x 10 -5 1.5 0,25 1.15 
4700 0.3 x iO -~ 5 x 10 -5 1.5 0,25 0.90 
5900 0.3 x 10 -2 5 X 10-4 1.5 0.25 0.20 
5900 0.3 x 10 -~ 5 x 10 -5 1.5 0.25 0.1O 
3300 0.3 x 10 4 19 x 10 -4, 1.5 1.00 0,45 
3500 0.3 • i0  -2 19 x 10 -4 1.5 1.00 0.35 
4500 0.3 X 10 -2 19 x 10-4 1.6 1.00 0,50 
6000 0.3 • 10 -s 19 • 10 -5 1.5 1.OO 0.45 
6300 0.3 x 10 -~ 19 x 10-4 1.5 1.00 0.25 
7200 0.3 x 10 -s 19 x 10 -4 1.5 1.00 0,10 
3300 1.2 x 1o -~ s X i 0  -~- 6.0 0.25 1.50 
3500 1.2 X 10 -~ S X 10 -5 6.0 0.25 1.25 
3800 1.2 X 10 4 6 X 10 ̀.4 6.0 0.25 1.45 
3900 1.2 X 10 -a 6 X 10 -5 6.0 0.25 1.35 
4360 1.2 X 10 -r 5 X 10-4 6.0 0.25 0.60 
5300 1.2 X 10 4 5 • 10-4 6.0 0.25 0.25 
5800 1.2 X I0 -~ 5 • 10 -5 6.0 0.25 0.20 
3400 1.2 X i0 4 15 X 10-4 6.0 0,75 1.35 
3800 1.2 X 10 -~ 15 X 10-r 6.0 0,75 i . i 0  
4100 1.2 X I0 -~ 15 X 10 -4 6.0 0.75 1.35 
5000 1.2 X 10 -~ 15 X 10 -r 6.0 0.75 0.65 
5800 1.2 X i 0  -~ 15 • 10 -5 6.0 0.75 0.40 
7000 1.2 X 10 -~ 15 X 10 -5 6.0 0,75 0.25 
3300 1.2 X 10 4 19 • 10-4 6.0 1.00 0.70 
3500 1.2 • 10 -'~ 19 • 10-5 6.0 1.00 1,~0 
4300 1.2 X i0  -~ 19 X 10 -5 6.0 1.00 1,35 
4600 1.2 X 10 4 19 X 10 -4 6.0 1.00 1.35 
4800 1.2 X 10 4 19 X 10-4 6.0 1.00 1.30 
5000 1.2 X 1 0  ~ 19 • 10-5 6.0 1.00 0.90 
6000 1,2 x I0 -~ 19 X 10-4 6.0 l,OO 0.40 

tures required for max imum acetylene yield at the 
various iron flow rates tested, the tempera ture  drop 
being around 500~ for equivalent  i ron flow rate con- 
ditions. 

Finally, it was observed that  the iron inject ion rate 
did not affect, for all practical purposes, the ma x i mum 
acetylene yield (near ly  100%) obtained when keeping 
a propane flow rate of 1.2 • 10 -2 g-moles/min,  while 
a drop in m a x i m u m  yield from around 100% down to 
40% was observed, using a propane flow rate of 0.3 X 
10 -2 g-moles / ra in  with, respectively, 5 X 10 -4 and 
19 X 10 -4 g-moles / ra in  iron. Figures 3, 4, and 5 show 
the results described while  Table I summarizes the 
data from these experiments.  

In order to obtain reference conditions, a number  
oJ~ experiments were carried out with respective pro- 

Table II. Propane conversion into acetylene at various propane 
injection rates into argon 

T e s t  c o n d i t i o n s :  a r g o n  f low r a t e ;  
2 • 10 -z g - m o l e s / r a i n ,  a t m o s p h e r i c  p r e s s u r e  

Conversion 
molesC2H2 [ C~Hsconverted ] 

Reaction CsHs feed 
t e m p e r -  i n  a r g o n ,  % CsHs m o l e  CsHs CsHs i n i t i a l  

a t u r e ,  ~  g - m o l e s / m i n  i n  a r g o n  [Eq,  (1)]  x 100 

3100 1.2 x 10 -~ 6.0 0.60 40 
3300 1.2 x 10 -2 6.0 0.70 47 
3500 1.2 X 10 -2 6.0 0.80 53 
3800 1.2 x 10 -r 6.0 0,95 63 
4300 1,2 x 10 "~ 6.0 0.98 65 
4700 1.2 x 10 -~ 6.0 1.00 67 
5400 1.2 x 10 ~ 6.0 0,85 57 
6300 1.2 X 10 -a 6.0 0.75 50 
4600 0.7 • 10 -~ 3.5 0.60 40 
4800 0.7 x 10 "~ 3.5 0.50 33 
5300 0.7 x 10 -2 3.5 0,75 50 
6300 0.7 x 10 ̀-0 3.5 0.80 53 
6900 0.7 x 10 -2 3,5 0,65 43 
7700 0.7 X 10 4 3.5 0.42 28 
4500 0.3 • 10 -~ 1.5 0.35 23 
5000 0.3 • 10 4 1.5 0.10 67 
5000 0.3 x 10 -r 1.5 0.20 1 3  
5100 0.3 x 10 -~ 1.5 0.25 17 
5400 0.3 x 10 4 1.5 0.30 20 
6500 0.3 x 10 4 1.5 0.55 37 
7000 0,3 x 10 -~ 1.5 0.50 33 
7000 0.3 X 10 4 1.5 0.40 27 
7700 0.3 • 10 4 1.5 0.42 28 
9000 0.3 x 1O -r 1.5 0.25 17 

47 
97 
94 
90 
77 
60 
13 

7 
30 
23 
83 
30 
17 

7 
t00  

84 
97 
90 
40 
17 
13 
90 
74 
90 
44 
27 
17 
47 
74 
90 
90 
87 
60 
27 

pane flow rates of 0.3 X 10-~, 0.7 X 10 -2 , and 1.2 X 
10 -2 g-moles / ra in  in 0.20 g-moles/rain argon, no iron 
being used. In  this way, a curve was derived showing 
the increase in  m a x i m u m  acetylene yield at decreasing 
max imum temperatures  when the propane flow rate 
was increased. At about 3000~ (extrapolated),  a 
ma x i mum of 73% propane conversion into acetylene 
is obtained. This should be the l imit ing value at tain-  
able for near ly  pure propane in the homogeneous phase 
at atmospheric pressure, and a rnolar ratio carbon 
over hydrogen (C/H2) equal to 0.75 (corresponding 
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Fig. 5. Effect of 1.0% Fe on C~H2 formation from Calls cracking 
with, respectively, 1.5% (curve I) and 6.0% (curve II) propane in 
argon, 

to propane) .  Such a conclusion is der ived f rom the 
slow variat ion of m a x i m u m  acetylene yield as a func-  
t ion of opt imal  t empera ture  and propane flow rate, 
and also f rom the fact that  the subl imation t empera -  
ture of carbon is 3200~ for a pure  C-H2 system at 
atmospheric pressure and C/H2 = 0.75 (1). This l im-  
iting value of 73% conversion should  be compared with  
a near ly  100% conversion in the presence of iron 
vapor. The representa t ive  curves are  shown in Fig. 6. 

Discussion 

Suggested reactions.---Equilibrium composition cal- 
culations have been made for the carbon-hydrogen 
system above 2000~ (1, 2, 5), considering a large 
range of total pressures and C/H2 molar  ratios. The 
plasma formed consists, in the homogeneous phase 
(the one we are interested in here) ,  of the polymeric  
forms of carbon vapor C1, C2, and C3, of  atomic and 
molecular  hydrogen, as well  as of a number  of radicals 
and molecules. The main reactions leading to the 
formation of acetylene should be 

'C~ + H2"----> C2H~ [3] 

and a quench mechanism has been postulated (1) 
whereby  C~H should act as a precursor  for C2H2 for-  
mat ion so that  

CzI-I + 1/2 H2 --> C2H2 [4] 

Rever t ing  back to Fig. 2 and 3 related to propane 
flow rates of 0.3 X 10 -2 g-moles / ra in  and 1.2 X 10 :-2 
g-moles/rain,  it is observed that  the m a x i m u m  acetyl-  
ene yields occur, as an average, at 3200 ~ and 4200~ 
when, respectively, 5 • 10 -4 and 19 X 10 .-4 g -motes /  
rain iron vapor  are injected into the reacting medium. 
However,  reference to the work of Baddour and 
Blanchet (1, 5) leads to the conclusion that for the 
conditions of the present study (atmospheric pressure; 
C/H2 ---- 0.75), acetylene is nearly m a x i m u m  at 320,0~ 
its concentrat ion being about two times higher  than 
C2H. On the other hand, the precursor C2H goes 
through a m ax im um  at 420,0~ being at least an 
order  of magni tude higher  than the acetylene con- 
centration. Taking these facts into account, some. possi- 
ble mechanisms for the reaction involved are now 
suggested. 

Catalytic effects resulting from condensed iron parti- 
cles.--Acetylene is l iable to be adsorbed on the {100} 
and {110} planes of face-centered  cubic metals  of 
which 7 iron is an example.  Desorption should then 
proceed through hydrogenat ion (6) and formation of 
ethylene. Thus, for a carbon-meta l  bond, one obtains 
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carbon-iron 
H 2 + H C = C H  > H 2 C = C H 2 + F e  [5] 

I I bond rupture  
Fe Fe 

However, very small amounts of ethylene are found 
in the products of reaction so that if any catalytic 
process of the kind described is susceptible to occur, 
acetylene could be desorbed, for instance, by the cata- 
lyst surface irradiat ion with photons of the appropriate 
energy, the desorption taking place at a temperature  
low enough for avoiding subsequent  decomposition of 
acetylene 

hv 
H C = C H  > H C _ - - C H + F e  [6] 

I I 
Fe Fe 

As a matter  of fact, there is a growing interest  in this 
type of mechanism on the catalytic effects of metals 
and metal  oxides (7). 

Considering now the case of C2H which has been 
related to max imum acetylene yields obtained around 
4200~ a reaction similar to that described by Eq. [6] 
can be considered, except that desorption should now 
occur by partial  hydrogenat ion 

�9 h~ 
1/2 H2 + HC = C ----> HC - CH + Fe [7] 

Fe Fe 

Equations [6] and [7] are the distinct reactions which 
should explain the variations of max imum yield ob- 
tained when, respectively, acetylene or C2H predomi-  
nate in the system. Equation [7] is a function of hydro-  
gen concentrat ion and should therefore be favored by 
an increase in propane flow rate, thus explaining why, 
for a given amount  of iron present, the reaction imply-  
ing C2H leads to higher yields when  the propane flow 
rate is raised from 0.3 X 10 -2 up to 1.2 >< 10 -2 g- 
moles/min.  On the other hand, acetylene stabilization 
from conditions prevail ing around 3200~ should not 
depend on hydrogen concentration, following Eq. [6] 
and therefore, should not be affected by propane flow 
rate (Fig. 2 and 3). 

It should be pointed out that  the ~ iron crystalline 
form is obtained between 906 ~ and 1401~ the fusion 
temperature  of i ron being 1530~ Below and above 
this tempera ture  range, the ~ iron body-centered cubic 
form is obtained, which is less liable to lend itself to 
acetylene adsorption. While it is doubtful  that the 
form be always obtained, it may be expected that the 
rapid quenching rate will introduce defects in the par-  
ticles structure, making them suitable for the adsorp- 
tion processes involved. 

Possible photochemical effects resulting from the pres- 
ence of iron vapor.~By analogy with observed photo- 
sensitization effects occurring between acetylene and 
mercury  atoms (8, 9), it is possible to consider a photo- 
chemical energy exchange process, generated by ap- 
propriate i ron lines, which may oppose the decomposi- 
tion of an acetylene molecule during the quenching 
process so that the yield of propane conversion into 
acetylene is improved. For instance, the reaction lead- 
ing to an excited state of the acetylene molecule could 
occur if the iron excitation state is high enough. Thus 

C2H2 + Fe* --> (C2H2) * + Fe [8] 

(C.2H~) * + M---> (C~H2) + M [9] 

The similar reaction 

C2H: + Hg*--> (C2H2) * + Hg [10] 

has been proposed earl ier  (8), using the 2537A 
mercury  radiation as the excitation source. The energy 
coupling takes place by means of a photosensitization 
effect. In  the case of the present  study, for reaction 

temperatures of 3200~176 the short u.v. emission 
from iron vapor is not high enough for allowing any 
resonant energy interchange since the lat ter  should 
occur for acetylene at 1540A and downward (10). As 
a result, if Eq. [8] describes an actual situation, here 
again energy should be exchanged by a process of 
photosensitization. 

Another  photosensitization reaction between iron 
and acetylene is suggested by a similar reaction studied 
in the case of mercury (8) 

C2H2 -~- Fe* ---> C2H -~- 1/2 H2 ~ Fe [11] 

Reaction [11] could also oppose the decomposition of 
acetylene into solid carbon and hydrogen. From Ref. 
(1) one obtains, for C2H2 

CeH~ 
AH~ -- 54.33 kca l /g-mole  [12] 

(2.36 eV) 

AH~ ---- 48.36 kcal /g-mole  [13] 
(2.09 eV) 

and, if the energy transfer  during photosensitization is 
ent i rely used for in ternal  energy increase-of the acetyl- 
ene molecule, then photons are required whose associ- 
ated wavelength is 

hc 6.62 • 10 -27 • 3.0 • 1010 

E1 2.36 X 1.602 X 1'0 -1~ 
• 1'0 s 

[14] 

and 

C2H 
AH~ ---- 95.5 kcal /g-mole  [15] 

(4.14 eV) 

5H~ = 9,0.0 kca l /g-mole  [16] 
(3.91 eV) 

From the heats of formation given in  [13] and [16], 
the enthalpy of reaction for Eq. [11] should be ap- 
proximately 54.6 kcal /g-mole  at 32'00~ As a result, 
the wavelength associated with the photons required 
for reaction [11] to take place should be of the same 
order of magni tude as the one related to the photons 
required for Eq. [8], both reactions taking place 
around 3200~ 

Considering now the case where  the radical C2H 
prevails in  the medium at around 4200~ a mechanism 
could be wr i t ten  on the basis of a similar s tructure 
between the radical and acetylene, with the possible 
formation of an iron complex 

C2H + Fe* --> (C2H) * + Fe [17] 

(C2H)* -~ H2---+ (C2I~2)* ~ 1/21-I2 [18] 

de-excitat ion taking place at a temperature  low enough 
so that the decomposition reaction into solid carbon 
and hydrogen does not take place. Referring to [15], 
and assuming that the photosensitizing energy is ab- 
sorbed only for increase in in ternal  energy, the wave- 
length corresponding to the photons required for 
Eq. [17] should be 

hc 6.62 • 10 -27 • 3.0 • 1010 
k2 = -- • l0 s ----- 3000A 

E2 4.14 • 1.602 • 10 -12 
[19] 

A number  of i ron lines are emit t ing with a fairly 
high intensi ty  around the wavelengths defined in rela-  

~1 ~- 5330A 

This value is purely indicative of the excitation level 
required by iron vapor and emissions of higher energy 
are available from iron vapor at the prevail ing tem- 
peratures. 

~H~ for the radical C2H may be obtained from 
chemical bond strength considerations (11), while data 
from Bauer and Duff (12) are used for an approximate 
evaluation of ~H ~ (4200)f. Then 
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tions [14] and [19] and two representat ive lines of 
these groups are observed at 5328.5 and 3~00.7A. The 
assumed photosensitization effects imply energy t rans-  
fer by means of collisions between excited iron atoms 
and acetylene molecules as well as C2H radicals. It 
may be conceived that, while the gas is wi thdrawn for 
sampling, it is still exposed to plasma radiat ion (Fig. 
1) since most of the quenching takes place at the inlet  
of the sampling probe where  iron is present up to 
0.13% (vapor pressure at 1800~ at 1800~ The 
cooled iron vapor can be excited, prior to conveying its 
energy: (i) by resonance absorption of 3000.7 and 
5328.5A photons emitted from the plasma, and (it) by 
collision with metastable  argon atoms (12) result ing 
in  reactions of the k ind ( P e n n i n g  effect) 

Ar* + Fe---> Fe+ [20] 

Fe+ + Fe --> 2Fe* [21] 

In  view of the exper imental  results obtained, it 
seems that high iron vapor concentrations favor the 
formation of acetylene at higher temperatures  (around 
4200~ this indicating that an emissive power high 
enough in  quanta  of wavelength 3000.7A is required 
for allowing the occurrence of reaction [17]. On the 
other hand, such an emission density is probably liable 
to decompose acetylene instead of exciting the mole- 
cule, thus decreasing the probabil i ty  of acetylene for- 
mation. This should explain, to a certain extent, the 
curves appearing on Fig. 2-5, the effect of propane 
flow rate variat ion at 4200~ being understood from 
Eq. [18]. 

Propane cracking in an argon plasma without  iron 
vapor.--The exper imental  results show that  an in-  
crease in propane flow rate increases the conversion 
into acetylene and decreases the tempera ture  required 
for max imum conversion. In  this case, the yield is 
essentially a question of quenching rate keeping the 
acetylene and C2tt precursor formed at high tempera-  
ture  from decomposition into solid carbon and hydro-  
gen. In  this respect, the amount  of hydrogen present  
at the start of the quenching process will affect the 
quenching rate since it is well known that around 
4000~ down to 200,0~ the thermal  conductivity of 
hydrogen considerably increases (13). A higher initial  
propane flow rate results in higher concentrations of 
hydrogen present  in the gas mixture  at elevated tem- 
peratures, thus improving optimal quenching condi- 
tions with resul t ing higher optimal quenching condi- 
tions with result ing higher acetylene yields. However, 
the hydrogen effect is lin~ited to an upper  propane 
concentrat ion value beyond which no fur ther  change 
is observed in acetylene yield. 

These Considerations lead to a possible in terpre ta-  
tion of Fig. 6 which, in conjunct ion with Fig. 2-5 also 
shows that  the m a x i m u m  possible acetylene yield re- 
mains around 30% below the max imum value (near ly  
1,00% yield) obtained when cracking is carried out  in 
the presence of iron vapor. 

Spectroscopic considerations.--The assumption has 
been raised in  this work of photochemical excitation of 
i ron vapor i n  relationship with photosensitization reac- 
tions involving acetylene and the C2H radical. It is of 
interest  to evaluate the power emitted from excited 
i ron at 3.000.7 and 5328.5A since these emissions or 
similar  ones could be responsible for part  of the effects 
observed. 

The emission in tensi ty  for a given spectral l ine can 
be wr i t ten  (4) 

2 hc gf No e -E/~T 
I = - -  X 10 TM [ 2 2 ]  

3 k3 Zo (T) 

or, in  terms of quanta  emission rate 

2 g~ N O e - E / k T  
Q : -~- X 1016 [23] 

~z Zo(T) 

No being here a funct ion of temperature  and concentra-  
tion P of the total n u m b e r  of particles for a given 
species (iron in this case) injected into the plasma 
gas. The funct ion Zo(T) in Eq. [22] or [23] can be 
evaluated from the energy levels related to the atomic 
species whose concentrat ion is No and the lat ter  is 
obtained from the following equations, first ionization 
only being considered 
(a) Saha equation 

N + Ne Z+ (T) ( 2~mekT ) 3/~ 
- -  _ K = 2 - -  - -  e -Ei/kT [24] 

No Zo (T) h 2 

(b) Species conservation 

N+ + N o : P  [25] 

(c) Assumption of first ionization only 

N+ : Ne [26] 

From Eq. [24], [25], and [26], one obtains with the 
restriction that No --~ P 

N o :  [ (K + 4p) l /2 - -  K1/2 12 [27] 

2 

which is then subst i tuted in Eq. [22] or [23] with the 
appropriate constants for the given electronic t rans i -  
tions. As a result, I or Q may be obtained for a number  
of temperatures.  

Applying these calculations to the present  study, 
emission power for i ron at 3000.7A and 5328.5A was 
calculated, at various temperatures,  for an argon flow 
rate of 0.2 g-moles / ra in  and iron vapor flow rates p, 
respectively, equal to 10 -5, 10 -4, and 1.5 • 10 -3 
g-moles/rain.  The total iron particles concentrat ion P 
(atoms + ions) per cmS of plasma gas was calculated 

from 
6.02 • 102a • 273 p 

P = - -  [28] 
0.2 • 22,400 T 

The value for Ei in Eq. [24] related to iron as well as 
the energy levels for atomic and singly ionized iron 
required for calculating Zo(T) and Z+ (T) were ob- 
tained from Ref. (14) and Table III  shows the values of 
Zo(T),  Z+ (T), and K for various temperatures.  The 
other spectroscopic parameters  required for iron were 
taken from Ref. (4). Then 

kl -- 5328.5A 

2 1 
Q1 - - - ~  • 1016 N 156 • (5328.5) 2 

--3.23 x 11,600 

T 
N o  e 

Zo(T) 
[29] 

Table Ill. Partition functions for atomic and singly ionized Fe. 
Equilibrium constant for the reaction: Fe ~ Fe+ + e 

P a r t i t i o n  f u n c t i o n s  

S i n g l y  E q u i l i b r i u m  
T e m p e r -  A t o m i c  Fe, i on ized  Fe, cons tan t ,  K, 
a ture ,  ~ Zo(T) Z+(T) Fe--)  Fe+ + e 

1,000 15.756 19.626 3,345 x 10 -30 
1,500 17.953 24.290 1.192 • 10 -3 
2,000 19.466 28.194 8.305 
2,500 20.737 31.493 1.150 • 10 ~ 
3,000 21.969 34.344 6.960 • 107 
3,500 23.252 36.874 6.956 • 109 
4,000 24.634 39,185 2.242 • 10 n 
4,500 26.148 41.358 3.382 • l 0  TM 

5,000 27.825 43.455 2.990 x 10 TM 

5,500 29.695 45.525 1,789 • 101~ 
8,000 31,785 47.608 7,972 • 10 ~ 
6,500 34,120 49.733 2.628 • 10 ~ 
7,000 36.724 51.920 8.384 x 10 TM 

7,500 39,619 54,187 2.151 • 10 lu 
8,000 42.824 46.544 4.905 • 10 TM 

8,500 46.357 58.998 1,015 • 10 "t7 
9,000 50.234 61,554 1,937 x 1017 
9,500 54.469 64.214 3.452 • 1017 

10,000 59.055 66,980 5,807 x 10 :t~ 
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and 

)~2 : 3000.7A 

2 1 
Q2 : - -  X 10 TM X 46 X 

3 (3000.7) 2 

--4.20 x 11,600 

T 
No e 

Zo(T) 
[30] 

The results obtained for Q1 and Q2 at various tem- 
peratures and iron flow rates are shown in Fig. 7 and 8. 
The same figures also indicate that, at the average iron 
flow rates used in the present  study, the rate of quanta  
emitted following Eq. [29] and [30], at, respectively, 
32'00 ~ and 42~00~ should be of the order of 102~ 
quanta/cmS-sec. The max imum amount  of acetylene or 
C2H present  in the reaction medium amounts  to ap- 
proximately 1015 part icles/cm 8. As a result, a quan tum 
efficiency of around 0.1%, for the proposed photochemi- 
cal mechanisms, should be sufficient, this including par-  
ticles concentration and capture cross-section effects, 
the lat ter  being not known. It should be mentioned that 
all the iron used is not actually introduced into the 
plasma and some pre l iminary  work made in this lab-  
oratory should indicate that between 1 and 10% of the 
iron is incorporated in the plasma. 

Conclusion 
The cracking reaction of propane in an argon plasma 

at atmospheric pressure has been studied in the pres-  
ence of i ron vapor. Comparing the results obtained 
with those related to mixtures  of argon and propane 
alone, all conditions being identical except for the 
presence of i ron vapor, it is observed that the reaction 
temperature  required for max imum yield is consider- 
ably decreased, dropping from 5,000 ~ to 6500~ when 

ARGON FLOW RATE= 0.2 g-moles/min 
Fe VAPOR FLOW RATE, g-moles/min.  

I = I,SxlO -~ 

"ff = i,Ox10-4 

b=tn ~ N  

~9 
0 
M 

15.0 

i 
zo 3.o 4[0 d.o s.o' 7.o 

TEMPERATURE, 103~ 

Fig. 7. Neutral Fe 5328.5.~ emission as a function of temperature 
and iron vapor flow rate in argon. 

% 
~ 2 0 . 0  

_/ 

ARGON FLOW RATE= 0.2 g-moles/rain 
Fe VAPOR FLOW RATE, 9-moles/min:  

I = LSxlO -5 

= I,OxlO .4  

]E = LO x IO -5 I 

/ 

'~~ 3'.o 4'.o ~'.o a'.o 7.o 
TEMPERATURE, 10 3 ~ 

Fig. 8. Neutral Fe 3000.7/i, emission as a function of temperature 
and iron vapor flow rate in argon. 

iron vapor is not present, down to 32,00 ~ to 42,00~ in 
the presence of this metal  vapor and depending on the 
lat ter  concentration as well as on the init ial  propane 
flow rate adopted. In  most cases when iron is present, 
except for small propane and high iron vapor flow 
rates, the acetylene yield is near ly  10,0%, while the 
max imum attainable propane conversion without iron 
is of the order of 70%. 

An interpretat ion of the results obtained is given in 
terms of catalytic effects resul t ing from the minute  
condensing iron particles. Also, by analogy with mer-  
cury photosensitization effects in relationship with the 
acetylene molecule, an energy transfer mechanism is 
suggested which involves resonance energy absorption 
by the iron vapor during the cooling stage, or iron 
vapor excitation by metastable argon atoms, followed 
by energy exchange through particles collision. Iron 
emission around 3000.7 and 5328.5A should be responsi- 
ble for enhanced acetylene production from, respec- 
tively, excited acetylene species and, for instance, ex- 
cited complex [C2H-iron]* molecules. De-excitat ion 
should occur at temperatures  low enough for avoiding 
the decomposition of acetylene into solid carbon and 
hydrogen. The results observed could be the conse- 
quence of a combination of the mechanisms proposed, 
although fur ther  work is required for casting more 
light on the actual mechanisms involved. 
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SYMBOLS 
A angstrSms 
c velocity of light, cm/sec 
e base of Naperian logari thms 
E excitation energy level, ergs or eV 
}r oscillatory strength 
g statistical weight  
h P lanck ' s  constant 6.62 • 10 -27 erg-sec 
H atomic hydrogen symbol 
H enthalpy, kca l /g-mole  
I emission rate intensity,  erg/sec-cm 3 
k Boltzmann's  constant, 1.38 • 10 -16 e rg /~  
K Saha constant, cm -'~ 
m mass of particle, g 
M second or third body 
N number  of par t ic les /cm 8 
p iron vapor flow rate, g -moles /min  
P defined by Eq. [20], part icles/cm 3 
Q quanta  emission rate, quan ta /cm 8 
R gas constant, kca l /g -mole -~  
T temperature,  ~ 
Z (T) part i t ion function 

Greek symbols 
k wavelength, cm or angstr6ms 

frequency, sea -1 
AH~ heat of formation, kcal /g-mole  or eV/g-mole,  

at T ~ and standard conditions 

Subscripts 
i per taining to ionization 
e pertaining to electrons 
n l o r 2  
-t- first ionization level 
0 atomic level 
1 pertaining to 5328.5A Fe atomic l ine 
2 pertaining to 3000.7A Fe atomic l ine 
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Superscripts 
~ s tandard  state 
* excited state 
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ABSTRACT 

Activities and activity coefficients of indium and t in in their  amalgams 
were determined by means of potentiometric measurements  in  the tempera-  
ture  region 150~176 The equi l ibr ium potential  of ind ium amalgam was 
far less noble than that of t in amalgam. In  the case of t in amalgam, the ac- 
t ivity coefficient decreased rapidly with temperature,  but  the difference be-  
tween the normal  amalgam potential  and the s tandard  electrode potential, E*, 
was kept practically constant. On the other hand, in the case of indium amal-  
gam the activity coefficient was kept near ly  constant, but  the value of E* in-  
creased fairly. The temperature  dependence of the activity coefficient was 
discussed in relat ion to the type of the amalgamat ion reaction. Ind ium amal-  
gam was considered as a simple mixture  of indium and mercury  and t in  
amalgam was regarded as a complex such as SnxHg., which was dissolved 
in a simple mixture  of t in  and mercury.  

In previous papers (1-9), we studied manufac tur ing  
processes for production of high pur i ty  t in and indium 
from t in ores containing a small amount  of ind ium and 
from electrolytic baths containing ind ium ions used 
for electrolytic refining of tin. A fused salt electrolysis 
with amalgam, which is performed in a fused salt elec- 
trolyte by the use of an amalgam as an anode and the 
pure metal  as a cathode, was proposed as a new metal-  
lurgical method of production of high pur i ty  ind ium 
from a mixed amalgam of t in and indium (7-9). 
Through these investigations it was found that  the po- 
tential  of indium amalgam was far less noble than  that 
of t in  amalgam at high tempera ture  (180~ in fused 
salt, while ind ium amalgam was more noble than t in 
amalgam in  aqueous solution at room temperature.  
Therefore, only indium was dissolved by the anodic 
reaction into the fused salt from the mixed amalgam 
o f  t in  and indium, whereas only t in was dissolved in 
an aqueous solution at room temperature.  Thus, it was 
suggested that amalgamated metals behaved in a dif- 
ferent  m a n n e r  at high tempera ture  from those at low 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  A r g o n n e  N a t i o n a l  L ,abora to ry ,  A r g o n n e ,  I l l ino i s  

60439. 
K e y  w o r d s :  t in  a m a l g a m ,  i n d i u m  amalgam, activity coefl lcient ,  

h i g h  temperature. 

temperature.  Activities and activity coefficients of in-  
dium (10-13) and t in (14-16) in  their amalgams at 
around room temperature  have been measured by 
many  workers. However, they have scarcely been in-  
vestigated at high temperature  except a few reports 
(15, 17). 

The present  work deals with determinat ion of activ- 
ities and activity coefficients of ind ium and t in  in their 
amalgams at high temperature.  The results were com- 
pared with those obtained at around room temperature  
and the thermodynamic properties of ind ium and  t in 
amalgams are discussed. 

Experimental 
Materials and apparatus.--Metals used in this study 

were 99.99% purity. Chemicals were guaranteed re- 
agents. 

A Pyrex H-type cell (Fig. 1) was used for potenti-  
ometric measurements.  The amalgam and fused ind ium 
well were connected with p la t inum wire. Emf mea-  
surements  were carried out in the temperature  region 
150~176 in a bath thermostated wi th in  _ 0.5~ A 
universal  digital meter  Type 2502 ( in ternal  resistance 
> 109 ohm, Yokogawa Electric Works) was employed 
in all potential  measurements.  
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Sn N2 

N2r [ 

Fig. 1. Schematic diagram of H-cell. In the case of tin amalgam, 
mercury is used for a and b, tin for c, d, and e. In the case of 
indium amalgam, mercury is used for b and indium for a and 
e. Both c and d are not in use. 

Experimental procedure.--Anhydrous indium (I) 
chloride was prepared with ind ium metal  and mercury 
(I) chloride by the method of Clark (18). A luminum 
chloride was reduced to powder in a dry-box, and then 
heated for 15 hr at 90~ in vacuo to remove hydrogen 
chloride and moisture (8). Powdered sodium chloride 
was dried for 2 hr  at 250~ and t in ( I I )  chloride for 
2 hr at t0,0~ in vacuo. The fused salts consisting of 51.6 
mole per cent (m/o)  a luminum chloride, 43.8 m/o  
sodium chloride, and 4.6 m/o  ind ium(I )  chloride and 
of 53.5 m/o a luminum chloride, 45.5 m/o sodium chlo- 
ride, and 1.,0 m/o t in( I I )  chloride were used as cell elec- 
trolytes for potentiometric measurements  of indium 
and t in amalgams, respectively. These salts were pre-  
heated in bubbl ing  ni t rogen for 10 hr at 180~ in order 
to form a single phase and to remove a very small  
amount  of hydrogen chloride. These were cooled to 
room temperature  and reduced to powder, and then 
charged into the legs of the emf cell under  a ni t rogen 
atmosphere. 

Ind ium was cut to obtain the fresh surface with a 
grease-free stainless steel cutter and then used as soon 
as possible. Tin was degreased with benzene and 
methyl  alcohol, and then rinsed with concentrated sul- 
furic acid for 30 sec. It was then rinsed with distilled 
water and methyl  alcohol and dried in vacuo immedi-  
ately before u~e. 

Under  a ni trogen atmosphere, all emf measurements  
were carried out in a cell containing electrodes of a 
pure metal  of t in  or indium and an amalgam of a 
known concentrat ion of t in  or indium. The amalgam 
was produced by dissolving weighed metallic t in  or 
i n d i u m ' ( d  or e in Fig. i)  in mercury  (a or b in Fig. I )  
under  a ni t rogen atmosphere after the salts were fused, 
and agitated for I0 min. 

Results and Discussion 
Activities and activity coefficients of indium and tin 

in their amalgams.--The activity (aM-Hg) and activity 

coefficient (TM-Hg) Of a metal M in the amalgam at high 
temperature  were measured by applying the method 
of Butler (11). 

The cell is described as 

M] Mn+ I amalgam [a] 

The electromotive force (Em-Hg) of the cell is given 
by Eq. [1] 

EM-Hg : [E~ -- (RT/nF) In (aM.HJaMa+) ] 

- -  [EoM-  (RT /nF) In  (1/aMn+)] 

= (E~ -- E~ -- (RT/nF) In ayi.Hg [1] 

EOM.Hg and EOM denote the normal  amalgam potential  
and the standard electrode potential, respectively. As 
long as the composition of the fused salt and the tem- 
perature are kept constant, (E~ -- EOM) is given as 
a constant. Therefore, Eq. [1] is reduced to 

EM-Hg = E *  - -  (RT/nF) In aM-Hg [2] 

: E* - -  (RT/nF) In XM-Hg �9 7M-Hg [2'] 

where E* is a constant and XM:Hg the mole fraction of 
the amalgam. Equation [2'] is rearranged to 

EM-Hg "~- (RT/nF) In XM_Hg : E *  - -  (RT/nF) In aM-Hg 

[3] 

EM-Hg is determined against XM-Hg at a constant com- 
position and temperature  of the fused salts. The value 
of the Ief t -hand side of Eq. [3] is plotted against 
XM.Hg.  If 7M-Hg is defined to approach uni ty  at the in-  
finitely dilute amalgam, the extrapolat ion of the amal-  
gam concentration toward zero gives the value of E*. 
Thus the activity and activity coefficient of a metal  in 
the amalgam are calculated by Eq. [4]. 

aM-Hg : XM-Hg  " 7M-Hg = exp(nF/RT)  (E* - -  EM-Hg) 

[4] 

Activities and activity coefficients of indium and t in 
in their amalgams obtained at 150 ~ 160 ~ 180 ~ 190% 
and 200~ are listed in Tables I and IL In  order to 
visualize the change of the activities with temperature  
values of asn-Hg determined in this work are shown in 
Fig. 2 together with those 2 of Bonnier  et al. (14) and 
aIn-Hg in Fig. 3 together with values of Butler  (11). In  
the case of t in amalgam as shown in Fig. 2, the activi- 
ties and activity coefficients became extremely small 
at high temperature.  It was also seen from Fig. 2 that 
7sn-Hg was near ly  constant at a given temperature  be- 
low 50~ because the curve of Xsn-Hg vs. asn-Hg was 
approximately l inear  at the temperature.  In the case of 
indium amalgam (Fig. 3), the activities and activity 
coefficients changed very little with temperature  (es- 
pecially at low concentrat ion).  Therefore, it 'is seen 
from these results that  the temperature  coefficient of 
7M-Hg depended upon the amalgamated metals. 

The temperature dependence of activity coefficients 
and thermodynamic properties oS amalgams.--It is con- 
sidered that the remarkable  difference of the tempera-  
ture dependence of 7In-Hg and 7Sn-Hg iS favorable to 
separate indium from a mixed amalgam of t in and 
indium by means of the fused salt electrolysis with 

The values  m a y  be smal ler  if they are calculated by our method,  

Table I. Activities and activity coefficients of indium in the amalgam 

Xln.Hg 
EIn-Hg 
(mY) 

160~ 
aln-ttg 

180~ 19O~ 
~/In-Hg EIn-Hg aln-Hg ~IIl-I~g EIn-Hg aln-Hg ~/In-Hg 

(mY) (mV) 
Eln-Hg 
(mV) 

2OO~ 
aIn-Hg ~In-Hg 

0.0180 
0.101 
0.256 
0.471 
0.700 
0.807 

E* (mV) 

228.0 
151.3 
108.5 

63.4 
22.0 

7.8 

0.0179 
0,140 
0.441 
1.48 
4.49 
6,57 
78.0 

0.995 239.8 0.0178 0.986 245.0 0.0178 0.988 
1.39 159.7 0.138 1.37 163.3 0.138 1.37 
1.72 116.7 0.416 1.63 121.0 0.398 1.56 
3.14 68.3 1.44 3.06 71.1 1.39 2.96 
6.41 25.7 4.29 6.13 28.0 4.10 5.86 
8.14 11.1 6.23 7.73 12.3 6.08 7.54 

82.6 84.3 

250.8 
167.1 
124.2 

74.4 
29.0 
13.6 

0.0176 
0.137 
0.394 
1.34 
4.07 
5.91 

86,2 

0.978 
1.36 
1.54 
2.84 
5.82 
7.33 
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Table II. Activities and activity coefficients of tin in the amalgam 

ESn-Hg 
X s . - n ~  ( m Y )  

150~ 160~ 180~ 
GSn-HE ~Sn-HE ESn-HE aSn-Hg ~/Sn-HE ~Sn-Hg aSh-HE ~Sn-Hg 

(mY)  (mV)  

200~ 
~Sn-Hg aSn-Hg ~/~n-Hg 
(mV)  

0.0111 24.0 0.0121 
0.0506 12.7 0.0225 
0.0950 11.2 0.0245 
0.273 6.0 0.0325 
0.451 2.6 0.0392 
0.700 ~ 0 ,  - -  
0,850 ~0~ -- 

E* ( m V )  - 5 6 . 4  

1.09 31.5 0.00883 0,796 35.7 0.00872 0.786 
0.445 16.1 0.0202 0,398 19.4 0.0201 0.398 
0.257 12.4 0.0246 0,259 15.5 0.0246 0.259 
0.119 7.3 0.0323 0,118 10.0 0.0326 0.119 
0.0870 3.8 0.0390 0,0865 7.0 0.0380 0.0842 

- -  0.3 0.0471 0,0672 1.6 0.0501 0.0716 
- -  ~ 0  a - -  - -  - - 0 a  - -  - -  

--56.7 --56.8 

40.4  0 . 0 0 8 4 2  0.759 
23.1  0.0197 0.3'89 
19.4  0.0236 0.249 
13.1 0.0322 0.118 
10.1 0.0373 0.0826 
4.5 0.0491 0.0701 

~ 0  a - -  __ 
--56.9 

a T h e  v a l u e  o f  s a t u r a t e d  a m a l g a m  w i t h  e x c e s s  s o l i d  t i n  p r e s e n t .  

amalgam. In  the following section the difference is 
discussed on the basis of thermodynamics.  

If the reaction of a metal  ion with a mercury  elec- 
trode is described as follows 

M n+ + ne -~ Hg = M-amalgam [8] 

the electrode potential  (E'M-Hg) is general ly repre-- 
sented as follows (19) 

E ' M . H g  : E ~  - -  (RT/nF) In (aM.Hg/aMn+) 
-~- E~ -}- Es "~ (RT/nF) In asat -]~ (RT/nF) In aMn+ 

- -  (RT/nF) In aM-Hg [ 5 ]  

where asat denotes the activity of a saturated amalgam 
with the metal  M. Es is defined as -- AF/nF provided 
that the change in free energy of the following reaction 
is given as -- AF 

xM(S)  + yHg ---- MxHgy(S) [6] 

where S represents a solid state and MxHgy a com- 
pound of metal  M with mercury.  In addition, Es is re-  
garded as the electromotive force of a cell which con- 
sists of electrodes of a metal  and an amalgam saturated 
with the metal ;  M I Mn+ IM-amalgam(sa t ) .  If the 
equi l ibr ium potential  of the reaction [8] is measured 
against the electrode potential  of the metal  M and if 
the temperature  and the composition of the fused salt 
are equal to those in the cell [~], the following equa-  
tion is derived from Eq. [2] and [5] 

E ' M . H g  - -  E ~  - -  (RT/nF) I n  ( 1 / a M n + )  ~--- E M . t t g  [ 7 ]  

Inser t ion of Eq. [7] into Eq. [5] leads to 

EM-Hg --~ Es -~ (RT/nF) In asat -- (RT/nF) In aM-Hg 
[8] 

Therefore, from Eq. [2] and [8] we obtain 

E* = Es + (RT/nF) In asat [9] 

Values of E M - H g  and E* for ind ium amalgam and t in 
amalgam were determined, and are listed in Tables I 
and II. The values of E*, (E* --EM-Hg), exp(nF/RT)  
( E *  - -  E M . H g  ) and ratio of aM-Hg ( temperature  change, 
30~ at the mole fraction of 0.0111 for t in amalgam 
and of 0.0180 for ind ium amalgam are shown in Table 
III. In the case of t in amalgam the activity ratio was 
given as 1.39, while the ratio was 1.01 for ind ium 
amalgam. The value of aM.ng was greatly affected by 
E* as shown in Table III. 

In the case of ind ium amalgam the change of E* 
with temperature  was close to that of E i n . H g .  However, 
in the case of t in amalgam the change of E* was ex- 
t remely smaller  than that  of E Sn- H g .  These tendencies 
were observed over the whole range of the amalgam 
concentration studies as shown in Tables I and II. Then 
it is concluded that the difference between the changes 
of activities (or activity coefficients) of ind ium and 
t in in their amalgams with temperature  was due to 
the variat ion in the change of E* of these amalgams 
with temperature.  Such a conclusion was confirmed 
by the temperature  dependence of E* between 25 ~ or 
30~ and 180~ which is shown in the third column 
of Table IV. The change in E* with temperature  for 
indium amalgam is extremely larger than that for tin 
amalgam. 

1.o [ , - - - - - - - - - -~- - - -~  ~ 

0 . 5  

II 180~ Jo- 
| _ 
, - , - - - - - (  i I I 

0 0.02 0.04 0.06 0~20 0.60 1.00 

XSn-Hg 

Fig. 2. Activities of tin in the amalgam. ~ Bonnier et al. 
(14), - - 0 - - 0 - -  present work. 

24 f t I I 

2O 

8 

TT"  ~ I I 

0 0.20 0.40 0.60 0.80 

X I n - H g  

Fig. 3. Activities of indium in the amalgam. - - e - - e - -  Butler 
(I  1 ) ,  ~ C)  ~ C)  ~ p r e s e n t  w o r k .  

12 
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Table III. Measured and calculated values of each term at a given temperature 

Ic~,atto Of a~l-Hg 
Amalgam T e m p .  E* E~-H~ E* -- E ~ - ~  e x p ( n F / R T )  ( t e m p .  c h a n g e ,  
(X~-Hg) (~ (mV) (mV) (mV) x (E* -- E~-Hg) 30~ 

T i n  a m a l g a m  150 ~ 56.4 + 24.0 -- 80.4 0.0121 1.39 
(0.0111) 180 -- 56.8 + 35.7 -- 92.5 0.00872 

Indium amalgam 160 + 78.0 + 228.0 - 150.0 0.0179 1.01 
(0.0180) 190 + 84.3 + 245.0 -- 160.7 0.0178 

In order  to consider the change in E* with  t empera -  
ture, ( R T / n F ) l n  asat and Es at 25 ~ 30 ~ and 180~ were 
calculated by  the use of Eq. [9] and are l is ted in Table 
IV. The change in Es for both  t in and indium amalgams 
with t empera tu re  were  very  small,  i.e., 3.1 and 0.1 mV, 
respectively.  Fur thermore ,  the values of Es for indium 
and tin amalgams  were  app rox ima te ly  zero at  both  25 ~ 
or 30~ and 180~ 

Types o] amalgamation reactions oS indium and tin 
amalgams .~In format ion  obtained above is discussed 
separa te ly  on ind ium and tin amalgams.  

1. Indium amatgam. - -Thermodynamic  proper t ies  of in-  
d ium amalgam observed are  summarized  as follows: 
(i) The change of ai~-Hg with  t empera tu re  was very  
small  at a given concentrat ion (especial ly at low con- 
centra t ion) .  (it) Es was prac t ica l ly  zero and indepen-  
dent  of tempera ture .  (iii) E* var ied  with  temperature .  

F rom the Gibbs-Helmhol tz  equation, we lead to 

aH .=- ~G + T[O(--  nG)/OT] 

= -- T218 (~G/T) /OT] [11] 

When  the re la t ion aG : R T  In (a l /a f )  is inser ted into 
Eq. [11] and a different ial  vers ion is used, the change 
of the ac t iv i ty  rat io wi th  t empera tu re  is represented  
as the fol lowing equat ion 

d In ( a l / a 2 ) / d T =  -- ~ H / R T  2 [12] 

where  al and a2 are  activities,  and n H =  nil2 --  nH~. 
Subscripts  show the s~ates 1 and 2. Since the change 
of the act ivi ty  of indium in the amalgam with  t empera -  
ture  is ve ry  small,  we  obtain 

AH N O [13] 

On the other  hand, Kirchhoff 's  l aw gives the  fol lowing 
relat ionship 

f AHT = AHo + ACp dT [14] 

Combining Eq. [13] wi th  [14], we obtain 

0 T hCp dT ~ 0 [15] 

According to Kubaschewsky  (20) ~Cp's of indium and 
mercu ry  are very  smal l  and independent  of t empera -  
ture, i.e., 7.24 ~ and 6.61 ca l /deg .mol ,  respect ively.  
Thus, it  is expected that  hCp of ind ium amalgam is also 
small  p rovided  tha t  there  is no special in teract ion be-  
tween ind ium and mercu ry  in the  amalgam.  Therefore,  
i t  seems reasonable  to assume that  ind ium amalgam 
is a s imple mix tu re  of indium and mercury.  In add i -  

8 A s  a n  a m a l g a m a t e d  i n d i u m  is  l i q u i d ,  a v a l u e  of  f u s e d  i n d i u m  
is q u o t e d .  T h i s  v a l u e  i s  n e a r l y  i n d e p e n d e n t  of  t e m p e r a t u r e  b e l o w  
527~ 

Table IV. Calculated values of each term at a given temperature 
by using Eq. [9] 

(RT/nF)lr~ 
T e m p e r -  E* a sa t  Es 

Amalgam a t u r e  (~  ( m V )  ( m V )  ( m V )  

30 a -- 56.2 -- 54.7 -- 1,5 
T i n  a m a l g a m  180 -- 56.8 -- 58,4 + 1.6 

I n d i u m  a m a l g a m  25 b + 26.3 + 26.4 -- 0.1 
180 + 82.5 + 82.5 0 

a C a l c u l a t e d  f r o m  d a t a  of  B o n n i e r  et  aL  (14) .  
b C a l c u l a t e d  f r o m  d a t a  of  B u t l e r  (11) ,  

tion, this assumption sat isfactor i ly  explains  the prop-  
er ty  (i i) ,  because it is considered f rom Eq. [15] that  
both  the value of a F  4 and the change with  t empera -  
ture  are  small.  

Bros (21) and Kleppa  (22) found that  aH of indium 
amalgam was approx ima te ly  constant  against  t empera -  
ture. But le r  (11) assumed tha t  indium amalgam was 
a regula r  solut ion in his s tudy  of aS of indium amal -  
gam at room tempera ture .  These studies suppor t  our 
consideration.  Thus, it  is concluded that  indium amal -  
gam is the s imple mix ture  of indium and mercury.  

2. Tin amalgam. - -The  t he rmodynamic  proper t ies  of tin 
amalgam are  summarized  as follows. (i) Es was near ly  
equal  to zero and var ied  very  l i t t le  wi th  tempera ture .  
(it) 7Sn-Hg was app rox ima te ly  constant  wi th  the con- 
centrat ion change at a constant  t empera tu re  below 
50~ (iii) 7Sn-Hg la rge ly  changed wi th  tempera ture .  
(iv) E* was prac t ica l ly  ~ independent  of tempera ture .  

As shown in Fig. 2, asn~Hg var ied  la rge ly  wi th  t em-  
perature .  Therefore,  it would be expected that  nF and 
aH of t in amalgam var ied  l a rge ly  wi th  tempera ture .  
Kozin (15) found that  the  change in hF of t in amalgam 
with  t empera tu re  was large.  The fact tha t  Es was 
near ly  independent  of t empera tu re  is inconsistent  wi th  
these results.  According to the general  t r ea tment  (19) 
as s ta ted in the previous section, all meta l  atoms in a 
sa tu ra ted  amalgam must  exist  as MzHgy. However,  
indium amalgam can be ~egarded as a s imple mix ture  
of ind ium and mercu ry  ra the r  than  InxHgy as we 
pointed out. Sma l lman  (23), Halder  (24), and Fot ley  
(25-27) repor ted  that  T12Hg5 was formed in a s imple 
mix tu re  of tha l l ium and mercu ry  and the amount  of 
T12Hg5 var ied  with  the t empera tu re  and concentrat ion 
of tha l l ium amalgam. Namely,  all meta l  atoms in an 
amalgam do not a lways  exist  as MxHgy. In such cases 
results  ob ta ined  may  not  be sa t is factor i ly  in te rpre ted  
by  the general  t rea tment .  

The amalgamat ion  reactions of metals  may  be di-  
vided into three  types as follows 

xM n+ + xne  + Hg--> MzHgy 

[ A compound MxHgy is fo rmed ] 

in mercury  [A]  

M n+ + ne + H g ~  M(Hg)  
A simple mix tu re  of meta l  M ] 

and mercu ry  [B] 

(x + 1)M n+ + (x  ~c 1)ne -t- H g ~  MxHgy(M(Hg))  

I A compound M~Hgy is dissolved ; [C]  
in a s imple mix tu re  of meta l  
M and mercu ry  

where  mercury  exists in large excess. Compounds of 
t in wi th  mercury  such as SnHg2, SnHg, Sn~Hg, Sn~Hg, 
Sn4Hg, and Sn~Hg were  repor ted  and heat  capacities 
of these compounds were  es t imated  to be large  (28). 
Hinzner  (29) also suggested that  SnzHgy is formed 
when tin dissolves in mercury.  Therefore,  if it is as- 
sumed that  the amalgamat ion  react ion of t in belongs 
to the  type  (C), i.e., S n~Hg~ exists in Sn (H g) ,  and 
moreover,  that  a large  por t ion of t in exists as SnxHgu, 
we can conclude that :  (I) - - a l l  of t in  amalgam large ly  
changes wi th  tempera ture ,  because a complex corn- 

4 I t  s h o u l d  b e  n o t e d  t h a t  AG c a n  b e  r e w r i t t e n  i n  t e r m s  of  AF a t  
c o n s t a n t  p r e s s u r e  a n d  v o l u m e .  T h e r e f o r e ,  i n  t h e  f o l l o w i n g  s e c t i o n .  
d i s c u s s i o n  is  m a d e  i n  t e r m s  of  AF i n s t e a d  of  AG. 
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pound such as SnxHgy has a large  hea t  capaci ty  and in 
genera l  the  hea t  capaci ty  of such a compound is a 
function of t empera tu re  (20), and (II) "~sn-Hg is p rac -  
t ical ly  independent  of the concentra t ion of t in amalgam 
[ the  p rope r ty  ( i i ) ] ,  because a large  por t ion of t in in 
the  amalgam exists as SnxHgu and the in terac t ion  be-  
tween  SnxHgy and SnxHgy m a y  be much smal le r  than  
that  be tween  Sn and Sn in the amalgam.5 However,  
7Sn-H~ is s l ight ly  affected wi th  the  concentrat ion change, 
because t in in the amalgam m a y  not exist  en t i re ly  as 
SnxHg~ and the in teract ion be tween  SnxHgy and SnxHgy 
is not  negligible.  These tendencies m a y  become, strong 
at h igh tempera ture .  

F rom the above (I) ,  it  is considered tha t  "YSn-Hg de-  
creases r ap id ly  wi th  t empe ra tu r e  [ the  p rope r ty  (iii)]. 
Thus, the resul ts  can reasonably  be  expla ined  by  as-  
suming that  the amalgamat ion  react ion of t in belongs 
to type  [C] .  

As descr ibed above, the fact tha t  ind ium is separa ted  
f rom the mixed  amalgam of t in and ind ium is a t t r ib -  
u ted to the wide var ia t ion  of 3~Sn.Hg and to the  approx i -  
ma te ly  constant  'YIn-Hg with  tempera ture .  I t  can also be 
concluded that  the difference is ascr ibed to the differ-  
ent  amalgamat ion  react ion type, i.e., indium amalgam 
belongs to type  [B] and t in ama lgam to type  [C]. On 
the o ther  hand; i t  should be noted that  the  t empera tu re  
dependence  of E* (i.e., E~ a g rea t  influence on 
tha t  of EM-Hg. Because EM-Hg is affected not  only  by  the 
change of "~-Hg (and a~i-Hg) wi th  t empera tu re  but  also 
by the change of E~ with  t e m p e r a t u r e  as described 
by  the fol lowing equat ion 

EM-Hg "-- E~ - -  ( R T / n F ) l n  (aM-Hg/aMn+) [16] 

The re la t ionship  of the t empera tu re  dependence of E* 
to the amalgamat ion  react ion type  is under  inves t iga-  
tion, and the resul ts  wil l  be publ ished short ly.  

Conclusion 
The reason w h y  ind ium is separa ted  effectively f rom 

a mixed  amalgam of t in and ind ium by  means  of the 
fused  salt  e lectrolysis  wi th  amalgam was invest igated.  
The potent ia l  of ind ium amalgam was far  less noble 
than  the potent ia l  of t in amalgam at high tempera ture ,  
because "~Sn-Hg decreased rap id ly  wi th  t empera tu re  
(and Eesn was kep t  p rac t ica l ly  constant) ,  whi le  ~rn-Hg 
was app rox ima te ly  constant  (and E ' in  increased 
fa i r ly) .  F rom the t empera tu re  dependence  of the act iv-  
i ty  coefficient, we concluded that  ind ium amalgam is 
the s imple mix tu re  of indium and mercu ry  ( type 
[B]) ,  whereas  t in  amalgam contains a complex such as 

I t  is k n o w n  t h a t  me ta l  M in a n  a m a l g a m  is ve ry  act ive a n d  
c o m p o u n d  M~Hg~ in the  a m a l g a m  is s table  (30), 

SnxHg~ dissolved in a s imple mix tu re  of tin and mer -  
cury ( type  [C]) .  

Manuscr ip t  submi t ted  Feb. 21, 1973; revised manu-  
script  received Aug. 16, 1974. 

Any  discussion of this paper  will  appear  in a Dis-  
cussion Section to be publ ished in the December  1975 
JOURNAL. All  discussions for the  December  1975 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1975. 
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%chnica  Notes 

Effect of the Rate of Cooling on the Emission 
of CaS:Ce Phosphor 

D. R. Vij and V. K. Mathur 
Department of Physics, Kurukshetra University, Kurukshetra, India 

Calcium sulfide phosphors are among the earliest 
phosphors to be synthesized in the laboratory. The 
bright emission and persistent afterglow of these 
phosphors led to their extensive investigations by the 
"Lenard School" (1). However, due to inadequate 
techniques employed in their  synthesis, the result ing 
phosphors were of poor reproducibil i ty and were found 
to be unstable  against atmospheric carbon dioxide and 
water  vapor. Successful attempts have since been made 
to synthesize calcium sulfide phosphors which are 
stable as well as reproducible (2-4). 

We have been able to synthesize (5) a stable and 
reproducible CaS:Ce phosphor from CaSO4. The re-  
duction of CaSO4 by carbon and the incorporation of 
activator (Ce) in  the host lattice of CaS is achieved 
in a single process of firing at a comparatively lower 
tempera ture  of 900~ in the presence of a flux. Later 
it was discovered by us that due to the hygroscopic 
nature  of the flux it absorbed water vapor from the 
atmosphere and thereby impaired the emission prop- 
erties of the phosphor. Surpris ingly enough the flux 
could be removed by washing with water, and the 
phosphor product thus obtained did not show any de- 
terioration in its emission properties even after a few 
weeks exposure to the atmosphere. 

We have studied thermoluminescence (5), thermal ly  
st imulated conductivity (6), and spectral characteristics 
(7) of these phosphors. The emission of CaS: Ce phos- 
phor consists of a green and a yellow band. It was ob- 
served (7) that at lower concentrat ion of cerium, the 
green emission is predominant,  while at higher con- 
centration, the yellow emission is enhanced at the  ex- 
pense of green emission. Lehmann  and Ryan (8), 
however, state that the intensi ty ratio of the two bands 
is independent  of all preparat ional  parameters.  These 
authors synthesized the CaS:Ce phosphors by the 
method of Wachtel (4) and fur ther  found that the ad- 
dition of chlorine enhances very much the emission 
of the phosphor. Smith (9) succeeded in synthesizing 
these phosphors without the addition of any flux (in 
our method, a flux is essential for the synthesis of the 
phosphor) or even without  the addition of any chlorine, 
which according to Lehmann  is an essential ingredient  
for their bright  emission. Smith observed the effect of 
a varying Ce + + + concentrat ion on the emission simi- 
lar  to the one reported by us (7) but  unl ike the ob- 
servations of Lehmann  and Ryan (8). 

We wish to report  here the effect of the rate of cool- 
ing of the charge after firing, which is one of the in-  
teresting parameters (10) among many  found to affect 
the emission of the CaS: Ce phosphor. 

Experimental 
The CaS: Ce phosphor was synthesized by the method 

developed by Bhawalkar  (11). A charge was prepared 
by mixing 5g of CaSO4.2H20 powder with 1.5g of an-  

Key  Words: green  emission,  thermoluminescence ,  alkal ine-ear th  
sulfides, luminescence.  
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hydrous Na2SO4. An appropriate quant i ty  of carbon, 
slightly in excess of that needed to reduce CaSO4 
completely, was added to this charge. Cerium was 
added in the form of a solution of Ce(NOs)3.6H20 in 
tr iply distilled water. The percentage of Ce was varied 
from 0.02 to 1.0 by weight of CaSO4.2H20. 

After proper mixing, the whole charge was fired in 
a Salamender graphite crucible at 900~ in a muffle 
furnace for 2 hr. Addit ional  carbon was fired in  a 
separate crucible in the muffle furnace to create a re-  
ducing atmosphere in the furnace. Finally,  after firing, 
the mass was crushed to a fine powder. F lux was re-  
moved by washing of the powder in boiling double 
distilled water  for 2-3 min, and it was dried at 150~ 
The phosphor thus prepared was found to be stable 
and unaffected by the moisture in the atmosphere. 

CaS: Ce (0.08%) was the most intense green emitt ing 
phosphor (10). The effect of rate o f  cooling after 
proper firing was evaluated on this sample. After firing 
of the above ment ioned charge for 1 hr, the whole 
mass was brought  out of the furnace, crushed to 
powder to ensure proper reduction in  the interior 
volume of the charge. At this stage, it was divided 
into two parts and again placed in the furnace in  two 
separate crucibles. After firing for one more hour, the 
charge of one of the crucibles was brought  out and 
crushed immediately.  If this is not done and the 
charge is allowed to cool as such, the. outer crust of the 
mass would cool down while the interior volume of 
the hot mass still remains at high temperature.  By 
crushing, the whole mass cools homogeneously at a 
faster rate. The other part  of the phosphor placed in an-  
other crucible was left as such in the furnace. It was 
cooled with the average rate of 50~ 

To observe the emission, the samples were excited 
by short wave UVS-12 lamp which predominant ly  
emits 3650A radiations. The emission was observed 
with the help of a constant deviation spectrometer, to 
which was attached a photomult ipl ier  tube, Type 1P21. 
For TL studies, the phosphor was excited to saturat ion 
using u.v. radiations. The heating of the phosphor was 
started after 9'0 sec of decay. The rate of heating was 
0.25~ The result ing TL was measured with the 
help of 1P21 photomultiplier.  The details of experi-  
mental  setup are described elsewhere (5). 

Results 
The emission spectra of slow and fast cooled samples 

of CaS:Ce(0.08%) are shown in Fig. 1. As is obvious 
from the curves, the slow-cooled sample exhibits 
brighter  emission (see curve-I,  Fig. 1) than the fast- 
cooled one (see curve-II.  Fig. 1). Both the bands in the 
green and yellow regions are of higher in tensi ty  in  
the slow cooled sample. 

In  Fig. 2 the thermoluminescence curves of the two 
samples are plotted. In  this case the effect of rate of 
cooling is opposite to that of emission, i.e., the slow- 
cooled sample gives rise to low intensi ty of TL (see 
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Fig. 1. Emission spectra of fast- and slow-cooled CaS:Ce(0.08%) 
phosphor. (X)-curve-I, slow-cooled sample; (Q)-curve-II, 
fast-cooled sample. 
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curve-I ,  Fig. 2) as compared  to the  fas t -cooled one 
which emits h igher  in tens i ty  of TL (see curve-II ,  Fig. 
2). 

Discussion 
A t  the t empera tu re  of firing the la t t ice  has a large  

densi ty  of defects which tends to "freeze" dur ing fast 
cooling. I t  is wel l  known that  these defects give r ise 
to t rapping  centers  in sulfide phosphors.  On the other  
hand  if the phosphor  is cooled slowly, the la t t ice  would  
have sufficient t ime to adjus t  i tself  and come to an 
equi l ib r ium s ta te  corresponding to that  pa r t i cu la r  
tempera ture .  This resul ts  in a smal le r  densi ty  of de-  
fects and consequent ly  of traps.  The above ment ioned 
facts are borne out by  the thermoluminescence  studies 
r epor ted  in Fig. 2. I t  is seen that  the area  under  the 
glow curve of  the  fas t -cooled sample  (curve- I I )  is 
more  than  the area  under  the glow curve of the s low- 
cooled sample. It may  therefore,  appear  tha t  the  
smal le r  dens i ty  of defects in a s low-cooled sample  
resul ts  in wel l -def ined  luminescent  centers  increasing 
the reby  the p robab i l i ty  of rad ia t ive  transit ions.  There-  
fore, it  appears  that  for h igher  emission efficiency, the 
samples  should be cooled ve ry  slowly.  
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Infrared-to-Visible Conversion in YOF:Yb H d  § 

and �9 Phosphors YF .Yb , H d  + 

J. Wojciechowski, I. Pawelska, R. Grodecki, and L. Szymanski 

Institute o~ Electron Technology, A[. Lotnikow 32/46, Warsaw, Poland 

In recent years there has been much interest  in 
phosphors that emit visible radiat ion when  excited 
with infrared radiat ion from Si-doped GaAs electro- 
luminescent  diode source (1). 

These phosphors, in  general, contain u  8+ ions ab-  
sorbing infrared radiat ion of about 1 #m and t rans-  
ferring excitation in  two or more sequential  steps to 
activator ions, 

The most f requent ly  used sensit izer-activator sys- 
tems are: for green and red radiation, Yb3+-Er 3+, and 
for blue radiation, YbS+-Tm 8+. Green radiat ion can 

Key  words :  ant i -Stokes  luminescence,  YbS+-Ho ~+ system, exci ta-  
t ion processes, visible emission.  
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Fig. 1. Excitation spectrum of YFs:Yb3+,Ho ~+ compared with 
emission spectrum of Si-GaAs diode. 

also be obtained with Yb ~ +-Ho 3 + system, but  the effi- 
ciency of Ho s + activated phosphors is smaller  in com- 
parison with Er 3+ activated phosphors. This is the 
reason why the yb3+-Ho 8+ system is the object of 
investigation only in  a small  number  of papers (2, 3) 
and processes of energy transfer, stepwise excitation, 
and radiat ion deexcitation are not fully explained. 

In  this paper some comments on the dynamics of 
infrared- to-vis ible  conversion in the Yb~+-Ho S+ sys- 
tem are given and also some advantages of He ~+ ac- 
tivated phosphors are shown. 

Experimental Procedures 
Samples of phosphors were made according to the 

usual  methods. As start ing materials very high pur i ty  
oxides were used: Y2Os (6N), Yb203 (5N), and tIo2Os 
(4N). 

YOF:Yb~+,HoS+ phosphor was made according to 
the method described by Matsubara (4) and YFS: 
YbS+,Ho 3+ phosphor was made in  a similar manner ,  
but  in this case the possibility of oxidation was 
thoroughly eliminated. The temperature  in  a furnace 
was about ll00~ Ho 3+ activated phosphors were 
compared with YF3:YbS+,Er s+ phosphor prepared in  
the same way. As a rule samples of composi- 
t ion Yo.s0Yh0.19sHo0.o02OF, Yo.80Yb0.losHoo.0o2Fa, and 
Y0.soYbo.19Ero.olFS were used. 

As an infrared radiat ion pump source, an Si-doped 
GaAs diode was used, with 2% efficiency and peak 
emission at 950 nm. 

The excitation source for infrared excitation spectra 
was 800W tungs ten- iodine  light suorce. 

Results and Discussion 
The excitation spectrum of YF3:Yb3+,Ho~+ for green 

emission is shown in  Fig. 1. The excitation resolution 
is indicated. In  Fig. 1 also shown is the emission spec- 
trum of the Si-GaAs diode, 
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The exci ta t ion  spec t rum consists of a na r row band, 
wi th  peak  at 975 nm. Inves t iga t ion  of o ther  composi-  
t ions YOF:Yb~+,Ho 3+ and YF3:Yb3+,Er s+ indicates  
that  this p rope r ty  is genera l ly  t rue  for al l  systems in-  

vestigated.  Differences in shape of in f ra red  exci tat ion 
spectra  are very  small.  

Visible rad ia t ion  spect ra  ot' phosphors  exci ted  by  the 
S i -doped  GaAs diode are  shown in Fig. 2. In  upper  
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part  of this figure radiat ion spectra of YF~:YbS+,Ho3+ 
are given, in lower part, that  of YF3:Yb3+,Er 8+. In  all 
cases strong green emission is observed. 

In  YFs: Yba+,Ho 3 + phosphor the. green emission is in 
a series of lines between 530 nm and 555 nm, near  the 
peak of the normal  eye sensitivity. Some weak lines 
(not to scale on Fig. 2) are also observed near  645 nm. 

The intensi ty of green and red emission varies al- 
most proport ionately to the square of the infrared 
pump power (Fig. 3). This indicates that the excitation 
process involves two successive transfers of energy 
from Yb s+ ions, as shown in  Fig. 4a. A phonon-assisted 
transfer from Yb ~+ to the ~I6 state of Ho s + is followed 
by second transfer  exciting Ho~ + to the 5S.2, ~F4 states. 
Green emission arises from transit ions from the 5S2 
state to the 5Is ground state. Weak red emission arises 
according to the 5F5 -- 5Is transition. 

Visible emission is accompanied by very weak emis- 
sion in the infrared, near  745 nm, 1.18 #m and 1.95 ~m. 
Emission at 745 nm arises from transit ions from 5S2 to 
517 state. Emission at 1.18 ~m is given as a radiative 
decay to the ground state from 516, after first energy 
t ransfer  from Yb ~+ ion. Intensi ty  of this radiat ion 
varies l inear ly  with infrared pump intensity. Emission 
at 1.95 ~m corresponds to the t ransi t ion from ~I7 to 518 
and can arise as a consequence of mul t iphonon t ran-  
sition from 516 to lower lying state or can be combined 
with 745 nm radiation. 

In  YOF: Yb 3 +,HoS + phosphor the visible spectra are 
similar in shape, in comparison with YF3:YbS+,Ho s+ 
spectra, but  in the oxyfluoride the dependence of emis- 
sion intensi ty on infrared pump power gives a slope of 
about 2.55 for the red emission. This indicates contri-  
butions from both two- and three-photon processes. 

The most probable three-photon excitation process 
of red emission is shown in Fig. 4b. The first step of 
excitation is from 5Is to 516 and then a mul t iphonon 
decay to 517 follows. After the next  two steps of excita- 
tion shown in Fig. 4b the 645 nm emission results from 
the 5F3 to 517 transition. 

Another  three-photon excitation process can also be 
considered which would be followed by excitation of 
higher lying states, e.g., 5G4 and 5Gs. But  probably  
such is not the case because visible and ul traviolet  
radiat ion at wavelengths shorter as 530 n m  is not ob- 
served. Such blue and ul traviolet  l ight in the Yb 8+- 

Er 8+ system was observed by Johnson and his co- 
workers (5) as the consequence of the three-  and four-  
photon excitation. 

Next, from our measurements  of emission spectra 
the red- to-green ratio of the emission can be esti- 
mated. The red- to-green  ratio of the emission from 
YF3:Yb~+,Er ~+ is about 35 times greater than the 
red- to-green ratio of the emission from YF3: Yb3+,Ho 3+ 
and about 4 times greater than the ratio of the emis- 
sion from YOF: Yb 3 +,Ho 3 +. Accordingly, the radiation 
from YF~:Yb~+,Ho 8+ seems pure green, whereas the 
radiation from YFs:YbS+,Er a+ is slightly yellower. 
The possibility of obtaining pure green emission seems 
advantageous in  some technical  applications. 

It is worth adding here that  in YOF:Yb~+,Ho 3+ 
phosphor the green- to- red  ratio of the emission does 
not depend on Yb 3+ concentration, as it is seen in 
YOF:YbS+,Er ~+ phosphor (4). 
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The Influence of Leakage Current on Concentration 
Profile Measurements 

P. Kramer, C. de Vries, and L. J. van Ruyven 
Semiconductor Development Laboratory, N. V. Philips' Gloeilampen~abrieken, Nijmegen, Netherlands 

The capacitance-voltage technique (CV) is a s tand-  
ard method for obtaining the profile of electrically 
active impurit ies in semiconductors (1). The method 
has been automated to create the possibility of rout ine 
materials evaluat ion (2, 3) and many  investigators 
have studied the necessary corrections to obtain the 
true impur i ty  concentrat ion as a function of depth 
(4, 5). Besides the above corrections which have a 
more fundamenta l  nature, Copeland has calculated the 
correction necessary for test samples consisting of a 
Schottky bar r ie r  test diode on a wafer, due to the ex- 
tension of the depletion layer  under  reversed bias (6). 

This report describes an additional requi rement  of a 
p~actical nature  arising from the reverse current  ir-  
regularities, quite commonly observed in Schottky 

K e y  words :  i m p u r i t y  profile, d iode-capac i tance ,  l eakage  cur ren t ,  
series res is tance,  silicon. 

diodes (7), prepared by an evaporated metal  dot or a 
confined mercury  column (8). Although in most cases 
the magni tude  of the reverse current  stays well  wi th in  
the limits for correct measurements  (9), it will  be 
shown that even then sudden changes can alter the 
result  substantially.  This effect can be in part icular  
very misleading if the samples themselves have large 
variations in impur i ty  concentration, as is the case in 
ion implanted material.  

Any experimental  a r rangement  requires of course a 
second contact, which introduces a series resistor with 
or without  a parallel  capacitor (see Fig. 1). This series 
resistor acts as a d-c voltage divider and therefore its 
value should be small compared to the resistive par t  
of the test diode impedance (9). This requirement ,  
which can be wr i t ten  in conductance form as Gd/Gs 
< <  1, is usual ly fulfilled. Therefore the apparent  car- 
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Fig. 1. Diagram of a reversed diode. C - -  capacity, Gd = par- 
alle] conductance, Gs - -  series conductance. 

rier density does not need to be corrected for this 
small  error in voltage, bu t  a sudden change in the 
sample conductance itself in combinat ion with this 
series conductance can cause substantial  errors. It can 
be shown that the final result  is strongly dependent  on 
the derivative of the conductance with respect to volt-  
age. 

The static conductances Gs and Gd give rise to a 
small  difference between V and Vd, being the applied 
voltage and the true voltage over the Schottky barr ier  
diode (see Fig. 1). Consequently the ratio between V 
and Vd differs from uni ty  according to 

Gd 
V = (1 + - - ~ , )  Vd [1] 

Differentiation of Eq. [1] yields 

dV Gd Vd dGd 

dV~ = 1 + ~ + G, " "dVd [9,1 

The real carrier density Nd should be derived from 

d V a  i 
Nd -- C3 ,.. [3] 

dC q ~o ~r A s 

in which q is the electron charge, eoer the semiconduc- 
tor permitt ivi ty,  and A the diode area. However, as- 
suming C < <  Cs, the actual exper iment  yields 

dV 1 
N --  C a dC q eo er A 2 [4] 

because only V can be read from the ins t rument .  If we 
define N d / N  as the relat ive error in carrier density we 
can write, by combining [2], [3] and [4] 

Nd 1 
- -  = ['5] 
N Gd Vd dGd 

1 -{- "~s ~ Gs dVd 

Equation [5] demonstrates that in addition to the Gd/ 
Vd dGd 

Gs-correction a third term - - .  should be taken 
Gs dV d  

into account. The effect of this te rm on the final result  
will be an abrupt  increase and decrease in the apparent  
carrier densi ty at a sudden change in the slope of the 
leakage current  vs. voltage. 

A number  of silicon slices were analyzed with the 
aid of an inhouse developed doping profile plotter (10). 
This plotter measures the capacitance C of a mercury-  
s~licon junct ion (8) as a function of an exponential ly 
increasing blocking voltage V. An analog computer de- 
rives d C / d t  and d V / d t  and uses these values to calcu- 
late the concentrat ion N according to Eq. [4]. The con- 
centrat ion and the leakage current  are displayed s imul-  
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taneously on a double beam X-Y-oscilloscope as a 
function of blocking voltage or depth, which enables 
the interact ion between apparent  concentrat ion and 
leakage to be studied. The capacitance measurement  is 
carried out with a phase sensitive detector circuit; the 
measuring voltage amounts  to 25 mV rms with a fre-  
quency of 10 MHz. The blocking voltage ramp has a 
repeti t ion frequency of 10 Hz and a peak value of 150V. 

In Fig. 2 the concentrat ion N and the leakage current  
I vs. blocking voltage V are given for a mercury  con- 
tact on a 13~ thick 1.4 ohm-cm N-type epitaxial  layer  
on an N + substrate, as displayed by the plotter. It ap- 
pears that  a marked peak in the N-curve  coincides 
with a sharp step in the leakage current  curve. In  
this case the back contact on the slice was about 1 cm ~ 
of silver paste (Leitsilber 100 of Degussa) with a re-  
sistance of about 100 ohms, which may represent  the 
major  part  of the series conductance Gs, which thus 
becomes 10 -2 ohm -1. The back contact has a capaci- 
tance of about 2 X 104 pF. 

As can be seen from Fig. 2, the static conductance 
just  below 14V (arrow) equals Gd = 65 ~A/14V _-- 4.65 
X 10 .8 ohm -1. The step at 14V gives an increase hi  of 
70 ~A, resul t ing in a static conductance Gd = 135 mA/ 
14V _-- 9.65 X 10 -6 o h m - )  just  above 14V, hence Gd is 
increased by an amount  dGd of  5.3 X 10 -6 ohm -1. As- 
suming from the scope picture that this increase occurs 
over a voltage increment  dVd  of 10 mV, d G d / d V d  be- 
comes 5.3 X 1~) -4 ohm -1 V -~. Subst i tut ing these values 
in Eq. [5] it follows that N d / N  = 0.57. Considering the 
N-value  of about 4 X 1015 at V _-- 10V equal to Nd, N 
should increase at the leakage step to about 7 >< 1015 
over an increment  of 10 mV. Experimental ly,  the in-  
crease is slower than predicted (see Fig. 2) due to the 
time constant o f  the analog computer. Similarly, the 
sudden decrease of d G d / d V d  on the top of the leakage 
step determines the shape of the t rai l ing edge of the 
concentrat ion peak. 

Figure 3 represents a 109 ohm-cm homogeneous P-  
type slice. The leakage current  I begins abrupt ly  at 
V _-- 6V (arrow),  which causes a very pronounced 
peak in the N-curve. At the r igh t -hand  side of this 
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Fig. 2. Curves of apparent concentration N and leakage current I 
vs. blocking voltage V for a mercury contact on a 1.4 ohm-cm 
N-type epitaxial layer on an N + substrate. 
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Fig. 3. N and I vs. V curves for a 109 ohm-cm homogeneous 
P-type slice. 

peak the level of N is markedly  higher than  on the 
left, which is caused by the persistent increase of Gd at 
higher voltages. An additional proof of the corre]ation 
between the apparent  concentrat ion peak and the step 
in the leakage characteristic is the observation that in 
case of instabil i ty both phenomena always occur s imul-  
taneously along the X-axis.  

Experiments  with a s imulat ing circuit have shown a 
quant i ta t ive confirmation of the phenomenon.  This cir- 
cuit was bui l t  up from l inear  resistors (Gs and Gd), a 
l inear  capacitor (Cs), and a low leakage diode (C) ac- 
cording to Fig. 1. Gd was switched on and off at certain 
values of V, using a mercury  switch. 

As a result  of this study we conclude that an impor-  
tant  source of error can be detected if the exper imental  
a r rangement  is made such that large values of the de- 
rivative of the parallel  conductance with respect to 
voltage can be observed. The simultaneous display of 
the carrier profile and the leakage current  turns out 
to be a practical solution. 
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The Origin of the Cubic Rate Law 
in Zirconium Alloy Oxidation 

G. P. Sabol 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

and S. B. Dalgaard* 
Westinghouse Nuclear Fuel Division, Pittsburgh, Pennsylvania 15230 

The pretransi t ion corrosion kinetics of zirconium and 
zirconium-based alloys at temperatures of less than 
about 400~ have been reported (1-3) to deviate from 
the ideal parabolic behavior characteristic of diffusion 
control through a thickening homogeneous scale bar -  
rier. Reviews of the per t inent  work describing the 
corrosion kinetics have been presented (4, 5), and it 
appears that the observed rates approach cubic be- 
havior. Moreover, in an extensive test program, Kass 
(3) has shown that the pretransi t ion kinetics of Zirca- 
loy-2 and -4 are cubic for corrosion in pressurized 
water  in the temperature  range studied, 232~176 In 
this note it is postulated that  these cubic kinetics are 
accounted for by involving mass t ransfer  along grain 
boundaries  and a steadily increasing grain size of the 
oxide with increasing film thickness. 

* E l e c t r o c h e m i c a l  Society  Act ive  Member.  
K e y  w o r d s :  z i r c o n i u m ,  c o r r o s i o n ,  kinetics ,  cubic, crystallites.  

It appears clear from the l i terature  that diffusion of 
oxygen through the oxide film takes place along pre-  
ferred paths (6-8), and that these regions of high dif- 
fusivity are probably crystaIlite or grain boundaries  
(7, 8). From an analysis of 17Oe tracer diffusion pro- 
files, Cox and Pemsler  (7) have found that  the diffu- 
sion coefficient of oxygen in ZrO2 along grain bound-  
aries is greater than that for lattice diffusion by  a fac- 
tor of about 104 at 400~176 They conclude, there-  
fore, that all of the oxygen transported through the 
oxide film dur ing  oxidation migrates along grain 
boundaries and no more than 0.01% is transported via 
lattice diffusion. 

Assuming grain boundary  migrat ion as the control- 
ling mechanism, then ideal parabolic kinetics would 
apply only if the grain boundary  area per uni t  volume 
of oxide is independent  of oxide thickness. How- 
ever, such is not the case. Recently, the microstructure 
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Fig. 1. Grain diameter of the oxide as a function of position in 
the oxide in the pretransition region for Zircaloy-4. Data taken from 
Ref. (9) for samples exposed in 360~ water. 

of oxide films formed on z i rconium al loys has been 
character ized (9). The grains  of the in i t ia l ly  formed 
film were  observed to be app rox ima te ly  50A or less 
in diameter ,  and to re ta in  this size throughout  con- 
t inued exposure  in  the corrosive environment .  This 
observa t ion  is at var iance  wi th  Cox's suggest ion 
(8, 10) that  growth  of ZrO2 crysta l l i tes  in the oxide by  
recrys ta l l iza t ion  may  have  accounted for var ia t ions in 
the  oxidat ion ra te  law. Upon increase of the oxide 
thickness l ayer  crysta l l i tes  were  observed to form at 
the ac t ively  growing meta l -ox ide  interface,  and the 
gra in  size reached about  500A at the interface 
as the film thickness reached 2 ~m, the  approx ima te  
end of the pre t rans i t ion  regime.  A plot  of the  p re -  
t rans i t ion  da ta  repor ted  p rev ious ly  (9) is shown in 
Fig. 1. The points represen t  the average  gra in  size of 
the oxide, and the bars  represen t  the  range of sizes 
observed. Al though  the da ta  are  of insufficient s t rength  
to establ ish the exact  re la t ionship be tween  grain  size 
and film thickness,  l inear  behavior  is indicated and, 
therefore,  a l inear  re la t ionship  was assumed for s i re-  
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pl ic i ty  and the l ine d rawn  accordingly.  Coupling these 
da ta  wi th  the  observat ion that  oxygen migra t ion  
through the  oxide film dur ing  l o w - t e m p e r a t u r e  ox ida-  
t ion takes  place p r i m a r i l y  along gra in  boundaries ,  then, 
in fact, the kinet ics  should devia te  f rom parabol ic  and 
would be idea l ly  cubic if the l inear  re la t ionship  be-  
tween grain size and film thickness is valid.  

The cubic kinetics can be der ived  quite easi ly  by  
set t ing the ra te  of film thickening,  dx/dt, to be in-  
verse ly  propor t iona l  to the in tegra ted  resis tance to 
mass t ransport .  In this instance, as the  diffusion paths  
are the gra in  boundaries ,  the specific resis tance to mass 
flow is propor t ional  to the film thickness,  because the  
grain bounda ry  area  decreases l inea r ly  wi th  increas-  
ing thickness.  Thus, the in tegra ted  resis tance becomes 
the square of the  film thickness, and the ra te  of film 
thickening is given by  

dx  k 

dt x~ 

This yields cubic behavior .  The actual  kinet ics  would 
devia te  f rom cubic depending  upon the exact  r e la t ion-  
ship be tween  grain  d iamete r  and film thickness.  Also, 
volume diffusion at  the la rger  gra in  size would con- 
t r ibute  to deviations.  Nevertheless ,  the  presen t  in te r -  
pre ta t ion  and analysis  lend credence to the  pos tu la te  
that  the wide ly  observed cubic ra te  l aw in z i rconium 
alloys m a y  be accounted for b y  progress ive  increase in 
the gra in  size of the  oxide. 
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Conductance-Viscosity Studies on Some Moderately Concentrated 
Nonaqueous Electrolyte Solutions from -SO ~ to 125~ 

II. Solutions of Pr4NBr, Bu4NBr, and Bu4NI in Propylene Carbonate 

J. F. Casteel, J. R. Angel, H. B. McNeeley, and P. G. Sears* 
Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506 

ABSTRACT 

Matching conductance, viscosity, and density data at 25 ~ intervals  between 
--50 ~ and 125~ have been determined and analyzed for moderately concen- 
trated solutions Of three quaternary  ammonium halides in propylene car- 
bon~te. Detailed results are presented for the fitting of experimental  data as 
functions of molal concentrat ion and temperature  to appropriate equations by 
computer least squares procedures. Calculated results related to moles of 
solvent displaced per mole of solute and also apparent  molal volumes indicate 
the lack of significant ion-solvent  interactions in the solutions of the quater-  
nary  ammonium salts in propylene carbonate. Additionally, conductance-vis-  
cosity products and activation energies of viscous flow and conductance have 
been calculated and discussed. Throughout the broadly varying experimental  
conditions over the 175~ range, the conductances of the three salts have 
been found to be ia i r ly  closely proport ional  to the fluidity, or reciprocal of the 
viscosity, of the medium. 

Conductances and viscosities of moderately concen- 
trated solutions of Bu4NI, KSCN, and NH4Br in N,N- 
dimethylformamide from --50 ~ to 125~ were dealt 
with in the first article in this series (1). As a sup- 
plementary,  parallel  investigation on other nonaqueous 
electrolyte solutions over the unusual ly  broad 175~ 
range, the present conductance-viscosity study relates 
to solutions of three quaternary  ammonium halides 
in  propylene carbonate, a solvent which like DMF has 
received much at tent ion during the last 15-20 years. 

Propylene carbonate or 4-methyl - l ,3-d ioxolan-2-  

F - ~  I 
one,H3C--CH--CH2--O--C=O, symbolized by PC, is 
a commercially available cyclic ester which has be- 
come established as a promising electrolytic solvent 
(2). It has a liquid range extending from --49 ~ to 
241~ and is a good solvent for most quaternary am- 
monium salts, selected alkali metal salts, and organic 
compounds. PC as a dipolar, aprotic liquid has the fol- 
lowing physical properties at 25~ dielectric constant, 
64.9 (3) ; viscosity, 2.513 eP (4) ; density, 1.1995 gcm -~ 
(5); dipole moment, 4.94 debyes (6); Kirkwood cor- 
relation factor, 1.01 (3). 

Other studies dealing with conductances and viscos- 
ities of both dilute and concentrated solutions of elec- 
trolytes in PC have been reported or summarized (2, 4, 
7-i0), but none of these have significantly overlapped 
with the scope of this work. The quaternary ammo- 
ium salts were selected primarily because they were 
found to be among the most soluble common salts in 
PC at --50~ The major objective of this study, other 
than obtaining extensive and valuable new data, was 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  dens i ty ,  p r o p y l e n e  carbonate ,  a c t i v a t i o n  energy ,  ap-  

p a r e n t  m o l a l  v o l u m e ,  i o n - s o l v e n t  in t e rac t ions .  

to thoroughly examine and compare matching con- 
ductance and viscosity characteristics of moderate ly  
concentrated solutions of electrolytes in  PC over a 
very broad tempera ture  range. 

Experimental 
PC (Eastman practical grade) was purified through 

two fractionations at ,-4 mm using aim distillation 
column packed with 6 mm porcelain saddles, each time 
retaining the middle 75% of the distillate. Values de- 
termined for the physical properties of the. finally re- 
tained PC are in good agreement  with comparable 
data reported by other investigators (4, 5). 

Eastman grade Pr4NBr, Bu4NBr, and Bu4NI were 
dried overnight in a vacuum oven at 45~ and used 
without fur ther  purification. Exploratory solubili ty de- 
terminations revealed that the approximate upper  
working limits for solubilities in  PC at --50 ~ were 10, 
12, and 10 weight per cent (w/o) for Pr4NBr, Bu4NBr, 
and Bu.~NI, respectively. Solutions were prepared in 
glass-stoppered flasks on a weight basis, in 2% by 
weight increments  of solute, in sufficient quanti t ies to 
permit  separate portions of each solution to be used 
for the determinations of conductance, viscosity, and 
density. 

The equipment  and other procedural  details are de- 
scribed in the preceding article (1). All determinations 
were made in duplicate or tr iplicate with very good 
precision except in six cases of conductance or vis- 
cosity determinations at the lowest temperatures  
where differences as great as 1% were observed. Mean 
values of the experimental  data were fitted to various 
equations with an IBM 360/65 computer using double 
precision For t ran  IV programming~ Usually normal  
least squares analyses were performed; in a few cases, 
however, a nonl inear  least squares program of the type 
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d e s c r i b e d  b y  W e n t w o r t h  (11) w a s  a d v a n t a g e o u s l y  
u s e d  to  b e t t e r  fit t h e  d a t a  f o r  t h e  e n t i r e  t e m p e r a t u r e  
r a n g e  to  v i s c o s i t y - t e m p e r a t u r e  a n d  c o n d u c t a n c e - t e r n -  Per cent 

deviation p e r a t u r e  e q u a t i o n s .  Temper- 

R e s u l t s  and Discussion ature Max-  (~ cz c~ c~ c4 NIean imum 
C o m p i l a t i o n s  o f  e x t e n s i v e  e x p e r i m e n t a l  d a t a  a r e  

n o t  p r e s e n t e d  b u t  s u i t a b l e  e q u a t i o n s  a n d  c o n s t a n t s  a r e  Pr,NBr 
p r o v i d e d  w h i c h  p e r m i t  t h e  c a l c u l a t i o n  o f  a n y  p a r t  -50 52.255 13.977 33.609 144.96 0,37 0,96 
or  al l  of  t h e  d a t a  w i t h i n  d e s i g n a t e d  l imi t s .  T h e  n u m -  -25  1~.018 0.463 4.909 18.12 0.31 0.88 

0 4.559 0.237 2.601 3.59 0.17 0.41 
b a r  of  s o l u t i o n s  a n d  e x a c t  m o l a l  c o n c e n t r a t i o n s  f o r  25 2.499 0.299 0.606 1.91 0.13 0.29 
e a c h  of  t h e  t h r e e  sa l t s  i n  P C  a r e  s h o w n  i n  a n y  o n e  50 1.6187 0.0671 0.6841 0.601 0,09 0,16 

75 1 . 1 4 3 9  0,0287 0.5346 0.222 0.11 0,21 
of  T a b l e s  V - V I I .  I00 o .8600  -0,0042 0,4743 0.039 0,03 0.09 

W i t h  t h e  s i n g l e  e x c e p t i o n  f o r  s o l u t i o n s  o f  B u 4 N B r  125 0 .6721  -0,0290 0.4355 -0.065 0.06 0,16 
a t  - -50~  t h e  specif ic  c o n d u c t a n c e  (~) f o r  e a c h  sa l t  in  Bu~NBr 
P C  a t  e a c h  t e m p e r a t u r e  i n c r e a s e s  w i t h  i n c r e a s i n g  c o n -  -50 52 . 227  2 3 . 0 1 8  -51.451 353.78 0.23 0.80 
c e n t r a t i o n .  A t  - -50~  a m a x i m u m  in  ~ f o r  B u 4 N B r  oc -  -25 11.006 4.328 -6.859 38.20 0.22 0.62 

0 4.558 0.711 1.375 6.68 0.04 0.09 
c u r s  a t  a m o l a l i t y  o f  a b o u t  0.34. O t h e r  i n v e s t i g a t o r s  25 2.500 0.074 2.156 o.91 0.08 0.16 
h a v e  o b s e r v e d  m a x i m a  i n  ~ f o r  a lka l i  m e t a l  s a l t s  i n  50 1.6191 -0.0456 1.4367 0.154 0.08 0.16 

75 1 .1440  --0.0087 0.8417 0.095 0.09 0.21 
P C  a t  25~ a n d  h i g h e r  c o n c e n t r a t i o n s  (2) .  lOO 0 . 8 5 9 9  0.0222 0.5029 0.093 0.05 0.16 

M o l a r  e o n d u c t a n c e s  w e r e  c a l c u l a t e d  f r o m  speci f ic  125 0 . 6 7 1 9  0.0235 0.3461 0.057 0.11 0.25 
c o n d u c t a n c e s  a n d  m o l a r  c o n c e n t r a t i o n s  in  t h e  u s u a l  Bu4NI 
m a n n e r  (A = I000 x/C). M o l a r  c o n d u c t a n c e s ,  v i scos i -  -50  5 2 . 2 6 7  1 0 . 4 4 5  -41,097 318.08 0.14 0.28 
ties, a n d  dens i t i es  as  s i m i l a r  f u n c t i o n s  o f  m o l a l i t y  c a n  -25 11.016 1.315 1.253 29.75 0.16 0.43 

0 4.561 --0,406 6.417 1.42 0.14 0.34 
b e  d e s c r i b e d  e x c e l l e n t l y  o v e r  t h e  c o n c e n t r a t i o n  r a n g e  25 2.499 0.400 0.392 2.88 0.06 0.13 
b y  t h e  f o l l o w i n g  p o l y n o m i a l  e q u a t i o n  i n  w h i c h  Y = A, 50 1 . 6 1 8 5  0.1711 o.3o31 1.475 0.07 0.16 

75 1 . 1 4 3 8  0.0670 0.4311 0.573 0.01 0.02 
o r  11, o r  p 100 0 . 8 5 9 9  0.0442 0.3888 0.198 0.07 0.12 

Y ---~ c1 + C2 m1/2 + cam + c4m 8/2 [1] 125 0 . 6 7 1 9  0.0192 0.3468 0.050 0.04 0.09 

R e s u l t s  o b t a i n e d  f r o m  f i t t ing  t h e  e x p e r i m e n t a l  d a t a  b y  
n o r m a l  l e a s t  s q u a r e s  a n a l y s e s  to Eq .  [1],  t o g e t h e r  w i t h  
c o r r e s p o n d i n g  d e v i a t i o n  da ta ,  a r e  s u m m a r i z e d  i n  
T a b l e s  I - I I I .  T h e  d e v i a t i o n s  b e t w e e n  e x p e r i m e n t a l  a n d  Per cent 

deviation 
c a l c u l a t e d  v a l u e s  o f  e a c h  p r o p e r t y  in  no  case  e x c e e d  Temper- 
e s t i m a t e d  e x p e r i m e n t a l  e r r o r ,  ature Max- 

B o t h  m o l a r  c o n d u c t a n c e s  a n d  v i scos i t i e s  e x h i b i t  e x -  (~ el e= c3 e, Mean imurn 

c e p t i o n a l l y  l a r g e  c h a n g e s  in  v a l u e s  o v e r  t h e  175~ e x -  
p e r i m e n t a l  r a n g e .  F o r  c o n v e n i e n t  o v e r v i e w s ,  p lo t s  o f  

- -  - -  -- 50 1.28081 -- 0.00252 -- 0.02586 0.02 0.04 
log  A VS, ~/m a n d  log  ~ vs. ~/m a r e  s h o w n  i n  Fig,  1 -25 1.25250 -0.00136 -0.01345 0.02 0.03 

0 1.22569 0.00248 0.00708 0.(>1 0.02 a n d  2, r e s p e c t i v e l y .  I n  t h e s e  a n d  o t h e r  f igures ,  e x p e r t -  25 1.19991 -0.00097 0.00134 0.01 O.Ol 
m e n t a l  v a l u e s  a r e  d e n o t e d  b y  t h e  c e n t e r s  of  t h e  s y m -  50 1.17310 -0.00057 0.00430 0.00 0.01 
bo l s  (c i rc les ,  t r i a n g l e s ,  o r  s q u a r e s )  w h e r e a s  c a l c u l a t e d  75 1.14671 -0.00103 -0.00100 0.00 0.01 

100 1.12040 0.00054 0.00434 0.00 0.01 
v a l u e s  a r e  r e p r e s e n t e d  b y  c o n t i n u o u s  c u r v e s .  T h e  i so -  125 1.09310 0.00035 -0.00002 o.oo 0.01 

t h e r m a l  p l o t s  of  l og  A vs. ~ / m  in  F ig .  1 a r e  l i n e a r  a t  
t h e  h i g h e r  t e m p e r a t u r e s ,  i n c r e a s e  i n  s l o p e  as  t h e  t e m -  
p e r a t u r e  d e c r e a s e s ,  a n d  b e c o m e  s l i g h t l y  n o n l i n e a r  a t  

Table [I. Parameters for viscosity data fitted to Eq. [1] 

Table ]11. Parameters for density data fitted to Eq. [ 1 ]  

* Per cent deviation = 
100 ] Aexperimental - -  Acalculated l /Aexper[ment~-l= 

- 5 0  1.28075 0.01120 -0,10590 0.05077 0,01 0.01 
--25 1.25256 0.01202 --0.10549 0.05393 0.01 0.01 

0 1 .22568 0.00622 --0.07801 0.03056 0.00 0.00 
25 1.19990 0.00025 --0.05856 0.01967 0.00 0.01 
50 1.17311 --0.00137 --0.04507 0.01018 0.01 0.02 

Table k Parameters for molar conductance data fitted to Eq. [ 1 ]  75 1.14671 -0.00148 -0,03839 0.00664 0.00 0.01 
100 1.12041 -0.00244 -0,02124 -0.00980 0.01 0,01 
125 1.09311 --0.00237 --0.01632 --0.00941 0.01 0.04 

Per cent Bu~NI 
Temper- deviation* --50 1.28080 0.00077 --0.03630 0.01874 0.01 0.02 

ature Max- --25 1.25260 --0.00103 --0.01576 --0.00484 0.01 0.02 
(~ cz c2 c~ c4 Mean imum 0 1.22571 --0.00590 0.02153 --0.04468 0.01 0.01 

25 1.19991 --0.00308 --0.00311 --0.00825 0.00 0.01 
50 1.17310 --0.00175 0.00248 --0.01410 0.00 0.01 

Pr4NBr 75 1.14670 --0.00003 --0.00646 0.00528 0.00 0.00 
100 1.12039 0,00236 --0.01039 0.01168 0.00 0.00 

--50 1,8916 - -3 .8816  2.8227 -- 1.033 0.15 0.29 125 1.09309 0 .00191 0.00204 --0,00097 0.00 0.01 
--25 7.303 --11.088 7.946 -- 3.81 0,36 0.67 

0 16 .947  - -25 .514  22.118 -- 12.14 0.23 0.41 
25 29 .590  --38.005 28,685 -- 8.98 0.04 0.08 
50 45 .706  --61.044 47 .666  --22.21 0.02 0.04 t h e  l o w e s t  t e m p e r a t u r e s .  S u c h  p l o t s  b a s e d  o n  d a t a  f o r  
75 62.541 -- 76.581 49.854 -- 17.95 0.06 0.11 

100 8 0 . 5 1 9  --91.664 4 9 . 5 2 4  -12.53 0.08 0 . 1 5  c o n c e n t r a t e d  s o l u t i o n s ,  h o w e v e r ,  c a n n o t  be  r e l i a b l y  
125 101.797 -119.669 72 .180  -20.23 0.05 0 .09  e x t r a p l o a t e d  to ze ro  c o n c e n t r a t i o n  to o b t a i n  m e a n i n g -  

Bu,NBr fu l  v a l u e s  of  l i m i t i n g  m o l a r  c o n d u c t a n c e s .  T h e  i s0 -  
-50  1.2254 -0.5710 -3.1853 2.991 0.26 0 .63  t h e r m a l  p l o t s  of  log  ~ vs. ~ /m  i n  Fig.  2 a r e  s i m i l a r l y  
--25 5.204 1.151 --20.197 16.82 0.30 0.66 

0 12.510 2.642 --43.786 36.21 0.23 0 .61  s h a p e d  b u t  g e n e r a l l y  i n v e r s e l y  r e l a t e d  to t h o s e  in  Fig.  
25 2 6 , 1 1 7  --19.353 --23,544 27.94 0.15 0.28 I. Al l  p l o t s  in  Fig.  2 a r e  n o n l i n e a r  w i t h  b o t h  t h e  n o n -  
50 39 .563  -27,758 -83.053 39,09 0.08 0.18 
75 55 .850  --42.792 --33.290 45.42 0.16 0 .30  l i n e a r i t i e s  a n d  t h e  s l o p e s  of  t h e  p l o t s  i n c r e a s i n g  w i t h  

100 74 .589  -68.881 -9,350 34.71 0.03 0 .07  d e c r e a s i n g  t e m p e r a t u r e .  
125 9 3 . 3 8 4  --84.580 --12.792 44.46 0.11 0.16 

T w o  t r e n d s  a re  c h a r a c t e r i s t i c  o f  t h e  v i s c o s i t y  d a t a  
Bu,NI f o r  s o l u t i o n s  of  t h e  q u a t e r n a r y  a m m o n i u m  h a l i d e s  in  

--50 1.4153 --1.7550 --0,7021 1.297 0.02 0.03 PC.  T h e  t e m p e r a t u r e  coeff ic ient  o f  v i s c o s i t y  i n c r e a s e s  
- - 2 5  7 . 0 9 4  - -  1 4 . 1 7 1  1 8 . 2 2 1  - -  1 3 . 7 0  O . 0 0  0 , 0 0  

0 16 .610  --29.946 32 .366  --20.25 0.10 0.18 w i t h  i n c r e a s i n g  e l e c t r o l y t e  c o n c e n t r a t i o n  a n d  t h e  r e l a -  
25 2 7 . 4 3 2  -34.935 2 0 . 5 8 5  -9.34 0.09 0.17 t i v e  v i s c o s i t y  (i.e., v i s c o s i t y  o f  a s o l u t i o n  d i v i d e d  b y  
50 42.974 --60,038 53.686 --32.69 0.10 0.17 
75 5 6 . 4 3 8  - -53 .192  --2.301 20.79 0.09 0.17 t h a t  of  t h e  s o l v e n t  a t  t h e  s a m e  t e m p e r a t u r e )  d e c r e a s e s  

100 76 .446  -93.461 66 .529  -31.40 0.06 0 ,11  m a r k e d l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
125 96 .218  --117.751 86 .806  --40.82 0.03 0.06 

D e n s i t y  da ta ,  in  a d d i t i o n  to  b e i n g  n e c e s s a r y  f o r  t h e  
c a l c u l a t i o n  of  a b s o l u t e  v iscos i t ies  a n d  v o l u m e - b a s e d  
c o n c e n t r a t i o n s ,  o f t e n t i m e s  m a y  be  u s e d  to  e v a l u a t e  

Pr~NBr 
--0.01052 
--0.01751 
--0.03080 
--0.01957 
-- 0.01759 
--0.00953 
--0.01032 
--0.00311 

Bu4NBr 
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Fig. 1. Logarithm of molar conductance vs. square root of mMal- 

ity for solutions of Bu4NI in PC. 
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Fig. 2. Logarithm of viscosity vs. square root of molality for 
solutions of Bu4NI in PC. 

partial  molar volumes or other appropriate quanti t ies 
such as volume displacements which are related to 
ion-solvent  effects. Though fairly accurate density data 
were determined in this study, the small  differences 
between the densities of the solutions and the solvent 
(usual ly <.0.0100 g cm -~) ,precluded the calculation of 
partial  molar  volumes which were meaningful  to more 
than two or three significant figures. Alternatively,  

Jasinski (2) has shown that density data may be used 
for quant i ta t ively  determining the displacement of 
solvent by solute in solution. The displacement tends 
to be large if the salvation energy is low and /or  the 
sizes of the ions are large. The moles of solvent (PC) 
displaced per mole of solute, symbolized by A, may be 
calculated using the following equation 

A _-- 100O,(po - -  p)/MIC H- ~//21MI [2] 

The symbols in this and other equations are defined 
below in a List of Symbols. 

Values of a calculated for the various solutions at 
--50 ~ 25 ~ and 125~ are summarized in Table IV. 
Through observation of the data in this table, three 
trends in the values of a are readily apparent:  for any 
solute at a given temperature,  there is little change in 
a with .concentration; at a given temperature,  A ' in-  
creases significantly with increasing sizes of ions; and, 
for a given salt, h decreases noticeably with increasing 
temperature.  

The A values in  Table IV can be converted to ap-  
parent  molal volumes for the solute by mul t ip lying 
the ~ values at --50 ~ 25 ~ , and 125~ by 79.7, 85.1, 
and 93.4 cm3/mole (PC), respectively. The result ing 
value of 320 craB/mole for Bu4NBr in its most concen- 
trated solution in  PC at 125~ is identical with the 
value calculated ,by dividing the gram molecular  
weight of Bu4NBr by the density of mol ten Bu4NBr 
at 125~ (12). Such behavior  is characteristic of an 
ideal solution in which exact addit ivity of volumes of 
components occurs. Using extrapolated density data 
for supercooled l iquid Bu4NI at 125~ (12), the cal- 
culated apparent  molal volume for Bu4NI at 125~ is 
329 cm3/mole, which is 1.3% less than the experi-  
menta l  value of 333 cm3/mole. 

From a slightly modified approach, experimental  
values for the apparent  molal volumes of Pr4NBr and 
Bu4NBr in their  most concentrated solutions in PC at 
25~ are 238 and 3.05 cm s, respectively, which are 5-7% 
higher than those calculated by dividing the gram 
molecular weights by available densities of the salts 
as solids at 25~ (13). These results suggest slight ex- 
pansion effects accompanying dissolution of such a salt 
in PC. 

The comparisons of exper imental  and calculated ap- 
parent  molal volumes for the quaternary  ammonium 
salts in PC indicate an absence of contraction effects 
which are characteristic of strong ion-solvent  in te r -  
actions. This finding is not surprising, however, since 
other investigators have previously commented that 
PC not only closely approximates an "ideal s i ructure-  
less dielectric" solvent (14), but  also has poor sol- 
vating abili ty with respect to anions and large cations 
(15). A conclusion that there is an absence of signifi- 
cant ion-solvent  interactions for the solutions of 
qua te rnary  ammonium salts in  PC is completely con- 
sistent with the observed results. If the solute ions 
simply displace the solvent in solution without  strong 
interactions, the values of • would be proportional to 

Table IV. Mores of propylene carbonate displaced per mMe 
of solute (A) 

S o l u t e  m - -50~ 25~ 125~ 

Pr4NBr 0.0765 2.82 2.79 2.62 
0.1550 2.81 2.80 2.63 
0.2380 2,84 2.79 2.63 
0.3200 2,87 2.79 2.63 
0.4115 2.86 2.79 2.63 

Bu4NBr 0.0635 3.55 3,59 3.40 
0.1236 3.60 3.60 3.41 
0.1930 3.63 3.59 3.41 
0.2645 3.65 3.58 3.39 
0.3433 3,66 3.59 3.42 
0.4122 3.65 3,69 3.42 

BucNI 0.0642 3.85 3.77 3.53 
0.1109 3.83 3.74 3~54 
0.1725 3.83 3.74 3,56 
0.2359 3.84 3.74 3,56 
0.3012 3.82 3.74 3.57 
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sizes or volumes of the ions and independent  of the 
solute concentrat ion as observed. Furthermore,  the 2 . 0 0  
value of a for such a salt in  PC would be expected to 
decrease with increasing temperature  if the tem- 
perature  coefficient of the. density or molar  volume for 
PC were greater  than  that  for the salt, which is sub-  
stantiated by a comparison of the tempera ture  coeffi- 
cients for the densities of PC and Bu4NBr as liquids. 1.50 

The small decrease in  solution density with increas- 
ing molal i ty indicates that Pr4NBr, Bu4NBr, and, be- 
low 100~ Bu4NI are less dense than PC. For Bu4NI-PC 
solutions at 100~ and as has been previously ob- 
served for KPF6-PC solutions at 25~ (2), the density 
does not change with concentrat ion providing evidence 1.00 
that the densities of the solute and solvent are equal. 
In  the specific case in this study, Bu4NI and P C  each ~ -  
have a density of 1.1204 g cm -3 at 100~ O 

The densities for the PC salt solutions as a function 
of tempera ture  are described excellently by the fol- ( '~  
lowing quadratic expression 0 0 . 5 0  

. . .J 
p = a + bt + ct~ [ 3 ]  

Parameters  relative to fitting the densi ty  data to Eq. 
[3], along with corresponding very small  deviations, I 
are compiled in  Table V. vvvin.mnd 

Solutions of the qua te rnary  ammonium salts in  PC 
have fairly low viscosities ranging from 0.7 to 3.7 cP i 
as the temperature  decreases from 125 ~ to 25~ For 
0 ~ through --50~ however, the viscosity increases 
very abrupt ly  with decreasing temperature.  The 
0.4122M Bu~tNBr solution has a viscosity of 139.7 cP 
at --50~ which is 165 times greater than  its viscosity 
at 125~ This probably results from the thermal  en-  
ergies of the consti tuent species in solution being too 
weak to counteract strong dipole-dipole and other 
electrostatic interactions which would account for high 
viscosities at low temperatures.  Plots of log ~ vs. 1 /T 
for three solutions of Bu4NI in PC, which are typical of 
all solutions in  this study, are shown in Fig. 3. It  may 
be observed from this figure that the similarly shaped 
plots are nonl inear  and that  their slopes increase 
slightly with increasing molali ty of electrolyte. 2 . 0 0  

Because of the abruptness of the change in viscosity 
at the lower temperatures  in  conjunct ion with the 
much smaller  rate of change in viscosity over the 
upper  100~ range, it was challenging to find a suit-  
able viscosi ty- temperature relationship to which the 
viscosity data could be closely fitted over the entire 1.50 
175~ range. After  other relationships were found to 
be essentially inapplicable or less than  satisfactory, 
the following equation which was used in  the preced- 
ing s tudy (1) was employed again not only because of 
its superior applicabil i ty but, importantly,  also for 
theoretical and computat ional  reasons 

Table V. Parameters for density data fitted to Eq. [3] 

Molality 

Per cent 
deviation 

~r 
a b x 10 z c x 108 Mean imum 

2.50 500 :5.50 400 450 

IO00/T~ 
Fig. 3. Logarithm of viscosity vs. 1 /T  for typical solutions of 

Bu4NI in PC. Key to symbols: squares, 0.0542M; circles, 0.1725M; 
triangles, 0.3012M. 

= exp(a  + p/T  + ~ /T  2 + 5 /T  3 + ~/T 4) [4] 

The fitting of the viscosity data to Eq. [4], for which 
parameters and deviations are given in Table VI, is 
good considering the breadth of both the temperature  

1.00 

< 
0 

(D 
0 O.5O / 

Pr41~r 
0,0000 1.22637 --1.0718 7,71 0,04 0.05 
0.0765 1.22456 --1.0641 12.48 0.03 0.06 
0.1550 1.22279 -- 1.0595 18.48 0.03 0.05 
0.2380 1.22079 --1,0431 16.86 0.04 0.08 
0.3200 1.21872 -- 1.0212 11.81 0.04 0.07 
0.4115 1.21671 --1.0127 15.52 0,03 0.07 

Bu4NBr 
0.0635 1.22323 --1.0712 16.38 0.03 0.05 
0.1236 1.21991 --1.0607 19.33 0.03 0.07 
0.1930 1.21638 --1.0441 17.24 0.03 0.05 
0.2645 1,21278 --1.0315 21.05 0.03 0.05 
0.3433 1.20924 --1.0166 15.90 0.03 0.06 
0.4122 1.20616 --1,0123 20.38 0.04 0.05 

Bu4NI 
0.05~2 1.22532 --1.0622 9.62 0.03 0.04 
0.1109 1.22464 --1.0520 7.33 0,02 0.04 
0.1725 1.22354 --1.0422 7.43 0.02 0.06 
0.2359 1.22259 -- 1.0296 4.86 0.02 0.04 
0.3012 1.22159 --1.0237 8.86 0.03 0.06 

0.00 

250 5.00 5.50 4.00 450 

IO00/T~ 
Fig 4. Logarithm of molar conductance vs. 1IT for typical solu- 

tions of Bu~NI in PC. Key to symbols: squares, 0.0542M; circles, 
0.1725M; triangles, 0.3012M. 
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and viscosity ranges. The average  dev ia t ion  be tween  
ca lcula ted  and expe r imen ta l  values in each case is 
--~0.84.%; the max imum devia t ion  f requent ly  is less 
than  1% and never  exceeds 1.40%. 

Plots  of log A vs. 1/T for the  same th ree  solutions 
of Bu~NI in PC are  presented  in Fig. 4. The plots are  
s imi la r ly  shaped and nonlinear ,  wi th  the i r  slopes in-  
creasing s l ight ly  wi th  increasing mola l i ty  of Bu4NI. 
Obviously,  the  plots  in Fig. 3 and 4 are  closely, but  in-  
versely,  related.  Such behav ior  is typica l  for systems 
in which molar  conductance is closely, but  reciprocal ly ,  
re la ted  to viscosity. 

Molar  conductances,  l ike viscosities, va ry  grea t ly  
over  the  175~ range but  in an inverse manner .  I t  was, 
therefore,  logical  to fit molar  conductance data  as a 
funct ion of t e m p e r a t u r e  to the  fol lowing expression 

h : exp -- (a' + B'/T + ~'/T 2 + 5'/T 3 + d/T 4) [5] 

Parameters for fitting A values to Eq. [5], together with 
deviation data, are listed in Table VII. The average 
deviation between calculated and experimental values 
in each case --~0.99%; the maximum deviation never 
exceeds 1.6~0%. Generally, these results are satisfactory 
and essentially equivalent to those obtained in the 
analysis of the viscosity data in terms of Eq. [4]. 

The deviations for fitting ~] and • data for the PC 
systems to Eq. [4] and [5] are  somewhat  l a rger  than 
those resul t ing from para l l e l  analyses  of da ta  for DMF 
systems discussed prev ious ly  (1). This is exp la ined  in 
ma jo r  par t  by  g rea te r  t empera tu re  coefficients for ~] 
and A and expe r imen ta l ly  less precise de te rmina t ions  
on the PC salt  solutions. 

Conductance-viscosi ty  (or Walden)  products  de-  
crease 10-15% wi th  increasing t e m p e r a t u r e  over  the  
175~ range  for any solut ion and, at any  tempera ture ,  
decrease  20-25% with  increasing concentra t ion in the  
0.05-0.41M range. The genera l  t rends  in the var ia t ion  
of conductance-viscosi ty  products  agree  wel l  wi th  ob-  
servat ions for o ther  systems (1, 2, 16). 

Act iva t ion  energies  of viscous flow and conductance 
also provide  va luab le  comparison informat ion  about  
conductance and viscosi ty (or viscous flow) when  
these are considered as ra te  processes. In  view of com- 
mon expressions for Evis and Econ in conjunct ion wi th  
the t e m p e r a t u r e  re la t ionships  for ~ and A used in this 
s tudy (Eq. [4] and [5]),  Evis and Econ may  be  calcu-  
la ted using the  fol lowing re la t ionships  

Evis ---- R d ( l n  n) /d(1 /T)  

= R(fl + 2~//T + 35/T 2 + 4e/T S) [6] 

Econ ---- --  Rd (ln A ) / d  (1/T) 

: --R(fl' -5 27'/T + 35'/T 2 + 4d/T 3) [7] 

Values of  Evis based on Eq. [6] show an approx imate  
broad  range of 2,80,0-10,300 cal; values of Econ based on 
Eq. [7] show a comparable  range of 25,00-9700 cal. 
Table  VIII  contains values of Evis and Econ at  --50 ~ 
25 ~ and 125~ for three  solutions of each of the  salts  
in PC. As found previous ly  for  the  DMF systems, the 
values  of E~is and Econ genera l ly  increase wi th  increas-  
ing salt  concentrat ion and decreasing tempera ture .  
Corresponding values of E~is and Econ do not  differ 
ve ry  much, but, in every  case, Evis > Econ. Values of 

Table VI. Parameters for viscosity data fitted to Eq. [4] 

M o l a l i t y  ~/ 6 x  i0 -g E x 10 -~ 

P e r  c e n t  d e v i a t i o n  

Mean Maximum 

O.OOOO 
0.0765 
0.1550 
0.2380 
0.3200 
0.4115 

0.0635 
0.1236 
0.1930 
0.2645 
0.3433 
0.4122 

0.0542 
0 .1109 
0.1725 
0.2359 
0.3012 

P r 4 N B r  

0.76756 --5318.470 3660755 --0.9062973 0.8695432 0,25 0.61 
6.54423 --12642.35 7110288 --1.617842 1.414256 0.45 0.99 
7.22485 --13423.22 7467669 --1.692408 1.476453 0.57 1.26 
8.32177 -- 14713.89 8044602 - -1 .805393  1.561224 0.59 1.33 
8.46606 -- 14954.36 8196973 -- 1 .844174 1.598455 0.56 1.25 
7.04280 -- 13002.92 7236851 - -1 .639634  1.442794 0.55 1.17 

B u 4 N B r  

2.64175 --7426.182 4548339 -- 1.069798 0.9836807 0.25 0.41 
4.23197 --9475.717 5539361 --1.279364 1.149583 0.28 0.50 
7.32458 --13416.17 7412374 --1.669407 1.452808 0.28 0.56 
6.27025 --12111.40 6836456 --1.559485 1.379614 0.26 0.48 
3.32003 --8504,017 5230706 --1.248810 1.163228 0.18 0.33 
5.83702 --11554.28 6604911 --1.510737 1.363831 0.37 0.62 

Bu4NI  

5.82287 - -11347 .41  6327857 - -1 .421572  1.237776 0 ,24 0.55 
7.18097 - -12762 .27  6865729 -- 1.507669 1.288149 0.57 0.87 

10.98977 - -17321 .29  8902711 -- 1 .907896 1.582566 0.84 1.33 
10.18850 -- 16607.70 8702474 - -1 .890049  1.586631 0.80 1.16 

7.18967 -- 12851.20 6984639 - -1 .548004  1.339579 0,71 1.40 

Table VII. Parameters for molar conductance data fitted to Eq. [5] 

M o l a l i t y  n/ ~' 7' Y X I0-~ ~' X I0  -~- 

P e r  c e n t  d e v i a t i o n  

Mean M a x i m u m  

0.0765 
0 .1550 
0.2380 
0.3200 
0 .4115 

0.0635 
0.1236 
0.1930 
0.2645 
0 .3433 
0.4122 

0.0542 
0.1109 
0.1725 
0.2359 
0.3012 

Pr4NBr 

4.34873 --14095.71 7500202 --1.651989 1.411258 0.57 1.32 
6.88928 - -17165 .35  8949089 - -1 .953293  1.646553 0,57 1,28 
6.44169 --16431.78 8586634 --1.876517 1.590701 0.58 1.29 
7.27707 --17437.95 9079701 --1,982100 1,676258 0.58 1.23 
4.66638 --13971.14 7416595 --1.632364 1.408155 0,58 1,27 

B u y e r  

--2.29265 -- 5749.668 3633526 --0.8671760 0.8233493 0.32 0.77 
0.41714 -- 9092.510 5227708 -- 1,200671 1.082891 0.17 0.28 

--0.77383 --7419.221 4419974 --1.029994 0.9530992 0.25 0.51 
0.77980 --9295.521 5309576 --1.216245 L101173 0.32 0.63 

--0.95957 --6976.747 4 2 0 9 9 8 4  --0.9878280 0.9296256 0.21 0.49 
--0.73524 -- 7217.012 4338265 --1.019256 0.9612879 0.38 0.87 

B u a N I  

1.47762 -- 10325.60 5662444 -- 1.256826 1.095952 0.35 0.54 
5.32457 -- 14773.24 7606588 --1.627196 1.358169 0.66 1.13 
8.23168 --18248.54 9188025 --1.942786 1.593807 0.85 1.41 

10.39471 - -20894 .22  10421540 - -2 .193918  1.784891 0,99 1.60 
8.94107 -- 18975.49 9524906 --2.011221 1.651095 0.85 1,48 
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Table VIII. Energies of activation of viscous flow and conductance* and their ratios for 
selected solutions and temperatures 

- -50~  25~  125~ 

Mola l i ty  Evi s Eeon •vl a/Econ Evi s Econ Ev! s /Eeoa Evi s Econ Ev! s /Eeon 

P ~ N B r  
0.0765 8990 8744 1.028 3574 3504 1.020 2822 2604 1.127 
0.2380 9574 9407 1.018 3742 3668 1.020 282:9 2523 1.121 
0.4115 9966 9630 1.034 3939 3860 1.020 2909 2616 1.112 

B u ~ N B r  
0.0636 8638 8366 1.021 3629 3546 1.023 2801 2602 1.076 
0.1930 9417 8844 1.065 3761 3684 1.021 2846 2646 1.076 
0.4122 10289 9661 1.065 4067 3962 1.027 2994 2739 1.093 

Bu~NI  
0.0~42 8502 8259 1.029 3587 3543 1.012 2743 2541 1.079 
0.1725 8931 8797 1.015 3765 3723 1~11  2628 2463 1,057 
0.3012 9357 9257 1.011 3928 3898 1.008 2@38 2529 1.122 

* In  calor ies .  

Evis/Econ, as shown in Table VIII, are quite close to 
unity. 

Generally, the results of this conductance-viscosity 
study involving moderately concentrated solutions of 
three qua te rnary  ammonium hal!des in PC over a 
175~ range reflect that the magni tude of molar con- 
ductance is fair ly closely related to the fluidity, or 
reciprocal of the. viscosity, of the medium. Activation 
energies of viscous flow and conductance also have 
been found to be almost equal for each PC salt solu- 
tion over the relat ively broad spectrum of experi-  
mental  conditions. The results for the qua te rnary  am- 
monium hal!des in  PC especially closely parallel  those 
obtained previously for solutions of Bu4NI in DMF. 
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LIST OF SYMBOLS 
PC 
Pr 
Bu 
A 

cP 
t 
T 
R 
E v i s  
EcoI1 
p 

Po 
Y 
M 

propylene carbonate 
n-propyl  
n -bu ty l  
molar conductance, ohm -1 cm 2 mole -1 
absolute viscosity of solution, cP 
cent!poise 
temperature,  ~ 
temperature,  ~ 
molar gas constant, cal mole -1 deg -1 
activation energy of viscous flow, cal 
activation energy of conductance, cal 
density of solution, g cm -~ 
density of solvent, g cm -8 
general  variable in Eq. [1] 
molality, mole kg -1 

E 
A 

M1 
2//2 
C 
exp 
In 
log 
Cl, C2, C3, C4 
a, b, c 
a, fl, 7, 5, e 
a', fl', 7', 6', e' 
DMF 

specific conductance, ohm -1 cm -1 
moles of solvent displaced per mole of 
solute 
molecular weight of solvent, g-mole -1 
molecular  weight of solute, g-mole -1 
concentration of solute in mole liter -1 
exponential  to base e 
logari thm to base e 
logari thm to base 10 
constants in Eq. [1] 
constants in  Eq. [3] 
constants in Eq. [4] and [6] 
constants in  Eq. [5] and [7] 
N,N-dimethylformamide 
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Standard Free Energies of Formation of Metal Fluorides by 
Solid Electrolytic Galvanic Cell Method 

I. Metal Difluorides 

G. Chattopadhyay, M. D. Karkbanavala, and M. S. Chandrasekharaiah 
Chemistry Division, Bhabha Atomic Research Centre, Trombay, Bombay 400085, India 

ABSTRACT 

Measurements of AG~ of FeF2, CoF2, and NiF2 employing single crystals 
of CaF2 as the solid electrolyte are presented. From the emf data between 
850 ~ and 1050~ of the following cells 

Pt  ] Fe,FeF2 I CaF2 ] NiF2,Ni ]P t  [I] 

Pt  I Fe, FeF2 I CaF~. I CoF2,Co ]P t  [II] 

P t l  Co,CoF2 I CaF2 I NiF2,Ni ] Pt  [III] 

the AG~ for the corresponding reaction was calculated 

F e + N i F 2  ~-Ni+FeF2 

AG~ ---- --11642 -- 6.734T__. 100 [1] 

Fe + CoF2 -- Co + FeF2 

AG~ ---- --8704 -- 2.952T +_ 1O0 [2] 

Co + NiF2 -- CaF2 + Ni 

AG~ ---- --2463 -- 4.059T___ i00 [3] 

Combining these results with the best available literature value of 
fAG~ (NiF2), the AG~ of FeF2 and CoF2 were calculated. 

]AG~ mole -1 ---- --156079 + 36.33T_+ 500 

IAG~ mole -1 ---- --158542 -t- 32.27T _ 60'0 

IAG~ mole -1 ---- --167721 -{- 29.60T_ 6,0'0 

[4] 

[5] 

[6] 

The solid electrolyte galvanic cell (SEGC) method 
is now firmly established as an invaluable  source of 
rel iable thermodynamic  data for materials  at high 
temperatures  (1). SEGC measurements  based on CaF2 
as the fluoride ion conducting electrolyte have great 
potentialit ies in  alloy thermochemistry.  The d-block 
(transit ion) metal  fluorides in general  are stoichio- 
metric compounds compared to the significantly non-  
stoichiometric oxides of the corresponding metals. 
Hence, the activity data evaluated from the fluoride 
cells will have smaller  uncertaint ies  due to the smaller 
nonstoichiomeCry of the coexisting b inary  compound. 

Avai labi l i ty  of accurate thermodynamic data for a 
set of metal  fluorides to be used as reference electrodes 
is a pr imary  requi rement  before this method can be 
utilized for alloy activity measurements.  Thermody-  
namic data for such fluoride systems are scant and not 
very rel iable (2). Hence it was decided to investigate 
three such reference electrode systems, viz., Fe,FeF2 
Co, CoF2; and Ni, NiF2. The results are presented here 

Experimental 
Electrolyte.--The electrolyte was a rectangular  piece 

(16 • 15 • 8 ram) of single crystal; optical grade 
CaF2 (Isomer Corporation).  The two parallel  surfaces 
were polished flat with carborundum papers before use 
in  each cell assembly. The polished surfaces were 
transparent .  

Materials.--Anhydrous NiF2 and CoF2 (Ozark-Ma- 
honing Corporation, total metallic impuri t ies  < 200 
ppm) were mixed with equal  amounts  of the respec- 
tive metal  sponge (Chemistry Division, BARC. < 100 
ppm metall ic impuri t ies)  and pressed into pellets. An-  

K e y  w o r d s :  f luoride e lect rolyte ,  f r ee  energies ,  cobal t  f luoride,  f e r -  
r o u s  f luoride,  n i c k e l  f l u o r i d e .  

hydrous FeF2 was prepared by fluorination of iron 
sponge (Johnson-Matthey specpure, impurit ies < I0 
ppm) and then mixed with excess iron powder and 
pressed into pellets. The phases present were charac- 
terized by x- rays  before and after the experiment.  
Usually the green pellets were heated in a s tream of 
anhydrous HF and argon before use. To check whether  
there was any reaction between CaF2 and FeF2, Nir2,  
or CoF2, mixtures of CaF2 and the respective fluorides 
were heated in argon for 24 hr and then examined by 
x - ray  diffractometry. No new phases or change in the 
intensities of CaF2 peaks were observed indicating the 
absence of mixed crystal formation or any substantial  
mutua l  solubility. Egan and Hues (3) also did not ob- 
serve any saturat ion between CoF2 and CaF2. 

Ul t rapure  argon gas (>  99.95%) was purified fur-  
ther  by passing sequential ly over Drierite, anhydrous 
l~g(CiO4)2, a column of copper oxide, and copper at 
500~ a molecular  sieve trap refrigerated in a dry ice 
bath, a bed of t i t an ium sponge at 750~ and finally 
through another  molecular sieve trap refrigerated with 
dry ice before admit t ing into the cell. The residual 
oxygen concentrat ion after purification was below the 
detectable level by either gas chromatography or mass 
spectrometry. All connections were made by using 
oxygen-free  high conducting copper tubings with 
brazed joints. A glass capillary flowmeter connected 
to the exit side of the cell not only indicated the gas 
flow rate but  also prevented the back diffusion of air 
into the cell. The details of the flow meter  is given 
elsewhere (4). 

Furnace.--Kanthal A wire (I ram) wound non-  
induct ively on a recrystallized a lumina  tube (6'00 mm 
long, 40 mm diameter) together with another  ancil lary 
heater for end heat loss compensation provided an iso- 
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thermal  zone ( •  1.0~ of 5 cm long near the center 
of the furnace. A SCR proport ional  tempera ture  con- 
trol ler  (Eurotherm type PID) main ta ined  the set tem- 
peratures wi thin  • 1.0 ~ for several  hours. All tempera-  
tures were measured with a calibrated P t -P t  10% Rh 
thermocouple placed close to the electrolyte. 

Cell assembly and measuring procedure.--A sche- 
matic view of the cell assembly, which was designed 
to separate the two electrode chambers and to min i -  
mize the fused silica surface exposed to the fluoride 
vapors, is shown in Fig. 1. 

The two electrode chambers were separated by 
pressing the recrystallized a lumina  tube (A) against 
the polished surface of the electrolyte block (B). Inner  
electrode pellet (C) with the p la t inum disk was placed 
inside this tube and pressed against the electrolyte 
surface by means of an a lumina  tube (D) and a mild 
steel plug (E). The other electrode pellet (F) with the 
lead wire connections was pressed against the outer 
surface of the electrolyte by means of a stainless steel 
disk (G). This disk was held in position by three stain-  
less steel or nickel wires (H) which were passed 
through the disk. The tension in these wires was main-  
tained by three stainless steel springs at the cold end 
of the cell. This entire assembly was placed inside a 
fused silica tube. The two electrode chambers were 
separately flushed with purified argon. 

The polished electrolyte piece and the electrode pel- 
lets were placed separately inside Pyrex tubes and 
evacuated to 10-~ Torr at ambient  temperature  for 
several hours to remove all surface adsorbed moisture 
and they were then kept sealed in a tube unt i l  re- 
quired. The cell assembly was evacuated to 10 -1 Torr 
and refilled with purified argon several times in each 
series before the furnace was brought  to its desired 
temperature.  An argon flow rate of 1.5-2.0 l i t e r /h r  was 
usual ly main ta ined  during the heating and cooling 
cycle. The emf was recorded over 1-4 hr at each set 
temperature.  Each cell was subjected to several heat-  
ing and cooling cycles lasting for several days. Revers- 

Gas Inlet 
(Inner Chain 

~in Joint 

Gas Outlet 
(Inner Chamber) 

Gas Inlet 
(Outer Chamber ad Wire  

Gas Out le t ._  
(Outer Chamber 

Lead Wire 

Fig. I. Cell assembly. A, Outer alumina tube; B, electrolyte; C, 
electrode (1); D, inner alumina tube; I: mild steel plug; F, elec- 
trode (2); G, stainless steel disk; H, stainless steel wire. 

255 

25O 

245 

240 

M0 

E (my} 
t35 

~30 

125 

~ Q o 

~% ~ 

g 2 ~176 

o 

850 900 950 I000 
Temperature, K 
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ibility of the electrode processes was established in 
the usual  way (1). 

A th in  nickel sheet was placed coaxially on the out- 
side of the silica tube and was earthed to prevent  any 
a-c pickup during the emf measurements.  A high input  
impedance (>  1012 ohms) vibrat ing reed electrometer 
(Vibron Model 33C) as well as a precision microvolt 
potentiometer  (Leeds and Northrup K5 with electronic 
d-c nul l  detector) were employed to measure the emf 
values with a precision better  than  • 0.2 MV. 

Results and Discussion 
The emf of the cells [I], [II], and [III] were mea-  

sured and the results were expressed by a l inear  ex- 
pression using the least squares method. The uncer-  
tainties quoted are the standard deviation in E. The 
temperature  dependence of the emf is presented in Fig. 
2. 

Pt ] Fe, FeF2 ] CaF~ I NiF2,Ni I Pt; 850 ~ --~ T --~ 10,50~ 
[I] 

EI(mV) • 2.0 = 252.4 + 14.60 X 10-ST [1] 

Pt  I Fe,FeF2 [ CaF2 I CoF2,Co I Pt;  850 ~ --~ T ~ 1050~ 
[II] 

EII(mV) • 2.9: :-  188.7 + 6.40 X 10-2T [2] 

Pt  i Co,CoF2 ] CaF2 I NiF2,Ni I Pt; 850 ~ --~ T - -  ~ 1050~ 
[Iii] 

Eii i (mV) • 2.0 = 53.4 + 8.80 X 1 0 - 2 T  [3] 

The in ternal  consistency among the data is excellent 
as may be seen by comparing the values in the second 
column of Table I with the corresponding values in the 
fifth column of Table I. 

From the measured emf data, the AG~ for the fol- 
lowing net cell reactions were calculated assuming 

Table I. Emf values at some selected temperatures 

K• elllf EI EII EIII (Eli + EIII) = El ~a]~. 
T~ (mV) • ~2 ~_2 ~4 

1000 398 253 141 394 
385* 240* 111" 351" 

900 384 246 133 379 
377* 241" 113" 354* 

* C a l c u l a t e d  f r o m  S k e l t o n  a n d  P a t t e r s o n  d a t a  (8).  
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negligible solid solutions 

Fe -~ NiF2 = FeF2 + Ni [4] 

AG~ ----- --11642 -- 6.734 ~- 109; 850 ~ ~ T < 1050~ 
[4A] 

CoF~ ~- Fe = FeF~ -~ Co [5] 

aG~ = --8704 -- 2.952T ~- 100; 850 ~ ~ T ~ 1050~ 
[5A] 

Co + NiF2 ---- 

AG~ = --2463 -- 4.059T 

CoF2 + Ni [6] 

+ 100; 850 ~ ~ T ~ 1059~ 
[6A] 

Pauci ty of rel iable enthalpy and entropy data for the 
anhydrous metal  difluorides precludes any direct com- 
parison of these AG~ Only for NiF~(.s), are :fAH~ 
data available from combustion calor imetry (5), as 
well  as low tempera ture  (6) and high temperature  (7) 
heat capacity data. The best available data are )fAH~ 
(NiF2) = --157.2 ~-'0.4 kcal mole -1 (5) and S~ : 
17.59 __+ 0.2 eu (6). Combining these data with the high 
temperature  drop calorimetric results (7), the follow- 
ing expression was calculated for the ]AG~ 

]AG~ (NiF2)/cal  mole.- 1 -- _ 156079 ~ 36.33T __+ 500 
[7] 

Expressions [4A] and [7] yielded 

fAG~ (FeF~)/cal  m o l e -  1 -- _ 167721 + 29.6~0T __+ 600 
[8] 

Similarly, Eq. [7] and [6A] gave 

~AG~ (CoF2)/cal mole -1 ---- -- 158.542 ~ 32.27T ~ 600 
[9] 

The uncer ta in ty  in these free energy data is essentially 
the uncer ta in ty  involved in calculatir~g ]AG~ 
The exper imental  inaccuracy in the galvanic cell mea-  
surement  is much less. 

When this work was almost complete, Skelton and 
Pat terson (8) recently reported some of their galvanic 
cell measurements  of metal  fluorides. The emf values 
calculated from their  data for the three cells at 9(],0 ~ 
and 1000~ are also shown in Table I. Besides this re-  
port, data for only cell [I] are available to a l imited 
extent. Lofgren and McIver (9) and Bones, Markin, 
and Wheeler (10) have reported emf values of 375 • 
2 mV and 374 • 3 mV, respectively, for the cell [I] at 
873~ A value of 384 ~ 2 mV was calculated from 
the equat ion given for the emf of the same cell by 
Bagshaw (11) compared to 380 ~- 2 mV obtained in 
the present work. Vecher and Rogach (12) have re-  
ported emf data they have measured for the cell 
PtIMo I Fe, FeF21CaF21NiF2,NilMolPt from which a value 
of 85.2 ~ 2.6 mV was calculated at 873~ These dis- 
crepancies are difficult to account for except that gal- 
vanic cell measurements  with all fluoride cells require 
exper imenta l ly  much more care than the correspond- 
ing solid oxide galvanic cell measurements  (9, 10). 

A probable explanat ion for the discrepancies may be 
the difference in the details of cell arrangement ,  par-  
t icularly in the separation of the two electrode cham- 
bers. Skelton and Pat terson (8) have used an open 
cell stacked pellet assembly where the possibility of 
gas phase interact ion exists. 

In  the present work as well as in that of Lofgren and 
McIver (9), and Bones et al. (10), the two electrodes 
were isolated from each other. In  those experiments  
where some gas was able to le~k from cathode cham- 
ber to anode as a result  of some misal ignment,  the 
emf was unsteady. This indicates the necessity of 
isolating the electrode chambers in fluoride cells. 

The relative rel iabil i ty of data from different in -  
vestigators can best be established by an in terna l  con- 
sistency test by measur ing the emf of two cells against 
a common third electrode. Such measurements  have 
not always been reported. The in terna l  consistency 
check was made in  the present  work (Table I) and 
was shown to be good. But as can be seen from the 
calculated data (Table I),  the results of Skelton and 
Patterson (8) do not fulfil this requi rement  indicating 
some source of systematic error. (E~ measured is not 
in agreement  with their  EI calc- -- (EII -~- EIII.) It  is 
ra ther  difficult to account for the extremely low value 
for cell [I] reported by Vecher and Rogach (12). In 
view of the excellent  in ternal  consistency in the pres- 
ent work, the data reported here for NiF2(s) and 
FeF2(s) are considered more reliable. 
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ABSTRACT 

The hG~ of IrO2(s) was determined in the range of 950~176 from 
the measured emf data of the cell 

P t /Ni ,NiO/CSZ/I rO2,I r /P t  

and the best available data of ~G~ < N i O > .  The value of ~G~ <I rO2> so cal- 
culated from the emf of the cell is 

hG~ < I rO2>/cal  mole -1 • 400 = --56760 -t- 40.41T 

The enthalpy and the entropy of formation of IrO2(s) calculated by the sec- 
ond law method at a mean  temperature  of 1048~ were respectively 

~H~ lO4S <IrO2>/cal mole - I  ---- --567.60 ___ ~00 

~ S ~  I048 <I rO2>/ca l  mole - t  �9 K - I  - -  --40.4 • 0.4 

P la t inum- i r id ium alloys have better  mechanical  
properties compared with pure p la t inum and hence 
they are subst i tuted for p la t inum in many  high tem- 
perature applications. But the stabili ty and the vola- 
t i l i ty of IrO2 and IrO3 alter  the alloy composition dur -  
ing use and thereby affect the s trength of the alloy. 
Accurate thermodynamic  data for these i r idium com- 
pounds at high temperatures  would enable  one to esti- 
mate the i r idium loss and make appropriate correc- 
tion in the alloy composition. The present ly available 
entropy and enthalpy data for IrOs(g) (1-3) and for 
IrO2(s) (4) have large uncertaint ies  which render  
them unsui table  for this purpose. 

The solid oxide electrolyte galvanic cell method has 
proved to be superior to other methods for obtaining 
the ~G~ for oxides directly at high tempera ture  (5, 6). 
High sensi t ivi ty and better  precision and accuracy are 
the attractive features of this method. The value of 
AG~ <I rO2> as a function of tempera ture  was deter-  
mined between 875 ~ and 1175~ by employing calcia 
stabilized zirconia (CSZ) as the oxide electrolyte. The 
results shown below serve to supplement  the pre-  
l iminary  data which were published earlier (7). 

Experimental 
Materials.--IrO2(s) was prepared by oxidizing ir id-  

ium powder (Johnson-Mat they specpure quality, total 
metallic impuri t ies  < 20.0 ppm, mostly other p la t inum 
group metals)  in  dry oxygen at 1273~ for 80 hr. The 
result ing product was shown by x - r ay  diffractometry 
to be essentially IrO2(s) wi th  only one or two weak 
lines of I r ( s ) .  The (Ir, IrO2) electrode pellets made 
by cold compacting of Ir and IrO2 (1: 1) mixture  by 
weight did not yield reproducible emf data on thermal  
cycling. Hence a second batch of electrode pellets was 
made by merely  pressing the oxidized sample into 
disks of 6 mm diameter and 2 m m  thick (10 tsi).  
Sinter ing them in  argon at 775~ for 12 hr before use 
served to generate the Ir phase in situ. The x- ray  dif- 
fractometric analysis of these sintered pellets estab- 
lished the presence of both Ir and IrO2 phases. 

Cu, Cu20, and Ni, NiO reference electrodes were 
prepared from equimolar  powder mixtures  of each 
metal  and its oxide. Disks of 6 mm diameter and 1.5 
m m  thick (10 tsi) were first cold-pressed and then 
sintered in  evacuated, sealed silica tubes for 24 hr at 
120~0~ 

Pellets of 15 mole per cent (m/o)  calcia stabilized 
zirconia electrolyte (10 by 2 mm thick) were prepared 

1 P r e s e n t  address :  D e p a r t m e n t  of Atomic  Energy ,  Univers i ty  of  
Bombay ,  Bombay ,  India .  

K e y  words:  ox ide  e lectrolyte ,  i r i d ium oxide,  free  energy .  

by first decomposing the coprecipi tated oxalate in  air  
and then pressing the resul tant  powder into the disks 
of required size. The green pellets were first s intered 
in air at 1700~ for about 750 hr  followed by an addi- 
t ional heat ing of 1 hr at 2100~ The sintered pellets 
were polished to a mirror  finish with corosil paper  
before use. In  addition, a CSZ tube obtained from 
Zircoa Corporation (12 in. long, % in. ID and closed 
end flat) was used to part ial ly separate the two elec- 
trode chambers in all measurements  involving IrO2(s). 

Argon of init ial  pur i ty  >99.95% was fur ther  pur i -  
fied by :passing it sequential ly through anhydrous 
Mg(C104)2, copper oxide (750~ a trap cooled by 
dry ice, t i tan ium sponge (500~ and another trap 
cooled by dry ice before admit t ing it into the cell. The 
flow was regulated at 1-1.5 l i te rs /hr  by a calibrated 
capillary flow meter. 

Apparatus and measurement procedure.--A Pt-Rh 
alloy wire wound noninduct ively  on a sintered alu-  
mina  tube (16 in. long, 1.5 in. ID) served as the fur-  
nace whose temperature  was regulated to _ 0.5~ by 
a SCR controlled proportional controller. 2:he cell as- 
sembly was always placed in the 2.0 in. long isother- 
mal  zone near the center. The tempera ture  of the sys- 
tem was measured by placing a calibrated p la t inum-  
p la t inum 10 weight per cent (w/o)  rhodium alIoy 
thermocouple close to the electrolyte pellet. 

An open cell stacked pellet assembly, modified to 
some extent  by the electrolyte tube in  some runs, was 
adopted for emf measurement .  The emf was measured 
with the Leeds and Northrup K-5 potent iometer  and 
Leeds and Northrup 9834 d-c nul l  detector as well  as 
the high input  Vibron 33-C electrometer. Each cell 
was subjected to several heating and cooling cycles 
and the emf was recorded in both heating and the 
cooling sequences. Emf measurements  were continued 
for several days in each case. The reversibi l i ty of the 
electrode processes was ascertained in each case by 
momentar i ly  polarizing the electrodes in the usual 
way and observing that the original emf was restored 
wi thin  10 rain. For each series the initial  equil ibrat ion 
at the highest temperature  required from 3 to 4 hr; 
however, on subsequent changes of temperature,  equi-  
l ibr ium emf values were achieved as soon as thermal  
equi l ibr ium was attained. 

Results and Discussion 
The rel iabil i ty of the setup was ascertained first by 

measuring the emf of the following cells 

Pt /Fe,  Wusti te/CSZ/CoO, Co/Pt  [1] 

328 
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Pt/Co, CoO/CSZ/NiO, Ni /P t  [2] 

Pt /Fe,  Wust i te /CSZ/NiO,  Ni /P t  [3] 

The emf data for each cell was expressed by a l inear  
expression 

El~ (mV) _ 1.0 ---- 88.0 Jr 8.20 X 10-2T; 

1175 ~ ~ T--~ 1375~ [4] 

E2/(mV) _ 1:0 _-- 17.5 + 6.20 • 10-2T; 

1175 ~ ~ T - - ~  1375~ [5] 

E3/ (mV)  -4- 1.0 _-- 102.4 -~ 14.30 X 10-2T; 

11750 ~ T--~ 1375~ [6] 

These show very good agreement  with the published 
data as well as an excellent in ternal  consistency of 
the measurements  (Table I) .  

After  establishing reliability, the aG~ <I rO2> was 
evaluated from the measured emf of the cell 

P t / I r /Ni ,  NiO/CSZ pel le t /CSZ tube/IrO2, I r / P t  [7] 

between 875 ~ and 1175~ The part ial  isolation of the 
two electrode chambers by the CSZ tube was a neces- 
sity without  which the gas phase interact ion made the 
emf measurement  impossible. This probably was the 
result  of the rather  high oxygen dissociation pressure 
of <IrO2> (about I0 -3 atm near 1273~ A schematic 
diagram of the cell assembly is shown in Fig. I. 

Five different series of measurements were made, 
Series A and B (Ir, frO2) electrodes made from equal 
amount mixtures of the oxide and the metal were 
used. In series A (It, IrO2) pellets made. from equal 
weight mixtures were placed inside the CSZ tube with 
the Ni, NiO pellet outside it. This cell gave continu- 
ously falling emf values, differing by as much as 10-15 
mV at the same set temperature  wi th in  lY2 hr, and 
eventual ly  reaching almost zero emf at the end of 24 
hr  of measurement .  In  series B, the positions of the 
electrode pellets were interchanged. Though it im-  
proved the readings, the emf values at a given set 
temperature  still decreased with t ime and the cell did 
not yield reproducible values on thermal  cycling. So 
these data were not included in the free energy cal- 
culation. In  the remaining three series (C, D, and E ) ,  
(Ir, IrO2) pellets of the second batch were used which 
gave satisfactory results and each cell gave repro- 
ducible emf's extending over 5-6 days. Tables II and 
III  present  the typical emf data. The least squares 
t rea tment  of the data yielded the expression 

E7/(mV) _ ~.5 = 597.9 -- 0.0038T; 920 ,~ ~ T - -  ~ 1175~ 
[8] 

The emf values and their scatter increased excessively 
when the t e m p e r a t u r e w a s  below 92'0~ Consequently, 
values below 920~ were not included in the deter- 
mina t ion  of ~G~ <IrO2>.  The plot of emf vs. T shows 
a distinct break in  the slope around 92.0~ (Fig. 2). 

Table I. The emf values for the fallowing cells at selected 
temperatures: EI, Fe, Feo.95 O/CSZ/CoO, Co; Em Co, 

CoO/CSZ/NiO, Ni; EnI, Fe Feo.95 O/CSZ/NiO, Ni 

T e m p e r a t u r e ,  ~  
emf 1323 1273 1223 1173 Remarks 

EE (mV) • 

Ezl (mV) --i.0 

Enz (mV) ~-1.0 

(El + Ezz) = 
(Era) ----.2.0 

196,5 192.4 188.3 184.2 T h i s  w o r k  
191 189 188 186 Ref .  (10) 
96.5 93.4 90.3 87.2 T h i s  w o r k  
96.6 93.2 89.8 86.4 Ref .  (11) s td .  d e v .  

= "4-0.63 
98.0 94.0 90.0 86.0 Ref .  (12) s td.  d e v .  

= -----2.0 
I00,5 97.0 93.5 90.0 Ref .  (10) ( C o m b i n -  

i n g  t h e i r  F e O /  
N i O  a n d  F e O /  
CeO da ta )  

296,6 284.4 277.2 270.1 T h i s  w o r k  
291.0 286.0 281.0 276.0 Ref. (13) 
293.1 285.8 278.7 271.4 T h i s  w o r k  

Pt vs. Pt - 10% Rh THERMOCOUPLE 

Pt LEADS TO ELECTROMETER 

GAS INLET~  

// 
( #t1111~/ ~ GAS 

!- QUARTZ TUBES 

4 mm 

ELECTROLYTE 
TUBE 

~HOLES FOR GAS FLOW 

E LECTROLYTE~ ~ Q U A R T Z  DISCS 
PELLET ~ REFERENCE ELECTRODE 

Pt PLATES ~ I r -  I rO 2 ELECTRODE 

Fig. 1. The cell assembly 

The large scatter in the exper imental  data below this 
temperature  rendered the calculation of slope at lower 
temperature  rather  uncertain.  

The net chemical reaction of cell [7] for the passage 
of 4 Faradays of electricity is 

2 <Ni> + <IrO2> = 2 <NiO> ~- <Ir> [9] 

The available l i terature data show insignificant mutual  
solid solution between < N i >  and < N i O >  or < I r >  
and <IrO2>.  Hence 

Table II. The emf data for the cell Ni, NiO/CSZ/Ir02, Ir 

T e m p e r -  T e m p e r -  
R u n  a t u r e  R u n  a t u r e  
No. (~  ~ e m f  ( m V ) *  No. (~  ~ e m t  ( m V ) *  

C-1 1019.0 588.0,592.0 D-11 913.0 618.0, 620.0 
C-2 1073.0 592.8,593.0 D-12 1048.0 597.6, 598.0 
C-3 1132.5 593.4, 594.2 D-13 998.0 598.4, 596.2 
C-4 895.7 605.8, 605.6 D-14  943.0 604, 604.8 
C-5 966.0 599.7, 600.0 D-15  1063.1 598.0,598.8 
C-8 1015.0 596.7 D-16  1121.0 597.6 
C-7 1076.2 593.9, 592.4 E-1 1007.0 592.9, 590.0 
C-8 1071.0 592.8, 592.5 E-2 898.0 610.8, 612.4 
C-9 1131.0 589.3 E-3 961.4 594,6,592.8 
C-10 1016.5 594,1,593.7 E-4  1009.5 586.8 
C-11 915.0 598.8, 599.6 E-5 956.0 589.2, 598.8 
C-12 988.0 596.2,594.2 E-6  1131.0 590.7, 591.0 
D - I  1049.2 593.9, 594.8 E-7  1013.0 590.4, 590.2 
D-2 982.0 590.3,590.7 E-8 1127.0 590.0,594.6 
D-3  983.0 591.5, 591.3 E-9 1066.0 591.9, 591,7 
D-4 918.4 592.4, 590.8 E-10  1132 .0  595.4 595.0 
D-5 983.0 591.2, 592,0 E-11 1023 .0  590.2, 591.7 
D-6 923.0 590.0, 591.4 E-12 950.0 593.6 
D-7 1076.0 598.4. 599.0 E-13 1132.0 595.2. 595.0 
D-8 891.0 623.0,636.0, E-14 961.0 593.2,593.6 

632.0 
])-9 998.2 603.0 E-15 1131.0 595.8, 594.2 
D-10 1046.0 593,3,593.9 

* T h e  t w o  r e a d i n g s  of e m f  w e r e  t h e  l owes t  and t h e  h i g h e s t  d u r i n g  
a recording of  1-tl/z h r  a t  a n y  one  t e m p e r a t u r e .  
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Table III. The emf data for the cell Cu, Cu20/CSZ/[rO2 Ir 

Temper -  T e m p e r -  
R u n  a tu re  R u n  a tu re  
No. (~177 ~ emf (mY)" No. (~177 ~ emf (mV)* 

F-1 958.9 328.6, 326.4 F-14 996.7 305.3,302.3 
F-2 1048.0 313.4, 808.8 F-15 1041.5 309.6, 300.5 
F-3 1043.0 805.0 306.4 F-16 957.0 320.0 
F-4 896.4 359.0, 356.0 F-17 1036.6 303.0, 302.4 
F-5  903.0 354.9, 354.0 G-1 1029.0 309.6, 310.0 
F-8 1094.1 317.7,313.0 G-2 958.0 326.3,326.9 
F-7  1087.4 312.0, 314.0 G-3 963.0 327.3 
F-8 1087.0 313.0, 312.9 G-4  1071.5 313.3, 312.8 
F-9 929.0 345.0, 344.0 G-5 1135.9 315.9, 316.3 
F-10 1096.0 314.3,313.2 G-6  1025.5 305.7. 308.3 
F-11 928.8 344.0, 344.6 G-7  1083.1 312.6 
F-12 1095.0 326,0, 313.2 G-8  1135.3 318.2,313.9 
F-13 1090.9 312.8, 310.9 G-9  1973.0 312.4 

* The  two  r e a d i n g s  were  the  lowes t  and  the  h i g h e s t  d u r i n g  a re- 
cording per iod  of 1-1~/~ h r  a t  a ny  set t e m p e r a t u r e .  

~G~ <IrO2> ---- 2hG~ < N i O >  + 4 F(E7) [10] 

Kellogg (8) recently reevaluated the thermochemical 
data for < N i O >  and < C u 2 0 >  and the folowing l inear 
expression for the AG~ < N i O >  was calculated from 
his tabulat ion 

~G~ <NiO>/ca l  mole -1 _ 50 .~ --56000 + 20.38T; 

900 ~176 [11] 

Subst i tut ing this expression for ~G~ < N i O >  and the 
expression [8] for the emf in Eq. [10] and rearranging 
yields 

~G~ <IrO2>/cal  mole -1 • 400 = --56760 + 40.41T; 

920 ~ 1 7 6  [12] 

The enthalpy and the entropy of formation of IrO2(s) 
at 1048~ (the mean  temperature  of measurement)  
calculated by the second law method was 

~H~ <IrOn>,  (1048~ mole -1) = --56760 • 400 
[13 ]  

5S ~ f, <IrO2>,  ( 1048 ~ K/cal  K -  1. mo l e -  1) 

---- --40.4 • 0.4 [13A] 

A l inear extrapolation of Eq. [12] yields 1404.6~ as 
the temperature  at which oxygen dissociation pressure 
becomes one atmosphere. This temperature  is in good 
agreement with directly measured values of 139~ ~ 
1373 ~ and 1378~ reported respectively by Schafer and 
Heitland (2), Cordfunke and Meyer (3), and Bell, Ta- 
gami, and Inyard  (4). Bell et aL (4) have measured the 
dissociation pressure  of lrO2 by tensiometry and have 
calculated the enthalpy and the entropy of formation 
of I r Q ( s )  at a mean  temperature  of 130'0~ as --54.0 
• 1.5 kcal mole - I  and --39.2 ~_ 1.5 cal mole -1 K -~, 
respectively. They also have estimated hC~ for the 
formation of IrO2(s) by  combining C~ values of I r (s)  
and O2(g) given by Kelley and an estimated C~ for 
IrO2. Assuming this 5C~ to be constant in the range 
of 1300~176 the 5H~ and 5S~ of IrO2(s) at 
1048~ was calculated to be ~H~ = --54.95 • 1.5 kcal 
mole -1 and AS~ = --40.06 • 1.5 cal mole -1 K -1. 
There is an excellent agreement  between their entropy 
of formation and the data from present  investigation 
(Eq. [13A]). But the AH~ 1048~ <I rO2> calculated 
from emf data is near ly  1.8 kcal more negative than 
the corresponding enthalpy data of Bell et aL This is 
also reflected in the slightly higher dissociation tem- 
perature (1404.6~ compared to their  calculated 
value of 1378~ The uncertaint ies  involved in the 
tensiometric measurements  are reflected in the spread 
of near ly  25~ in the temperature  of dissociation of 
IrO2(s) among the three investigators (2-4), all of 
whom employed essentially the same experimental  
technique. 

To verify the consistency and the rel iabil i ty of the 
measurement,  the ~G~ <IrO2> was determined with 
the (Cu, Cu20) reference electrode by employing the 
cell configuration 

P t / I r /Cu ,  Cu20/CSZ pellet /CSZ tube/IrO2, I r / P t  [14] 
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between 970 ~ and 1175~ The least squares t rea tment  
of the data gave the expression 

EI~(mV) • 4.0 ---- 2.36.0 ~ 7.85 • 10-2T 

970 ~ 1 7 6  [15] 

The in ternal  consistency of the emf measurements  was 
checked by the direct measurement  of the emf of the 
cell 

Pt/Ni,  NiO/CSZ/Cu20,  Cu /P t  [16] 

in the tempera ture  range of 950~176 The emf of 
this cell was found to be 

E / m V  • 2.0 ---- 364.0 -- 8.0 • 1O-2T 

950 ~ ~T----- 1275~ [17] 

Combining the emf of cell [7] and cell [14] would 
yield the expression 

(ET-E14) • 7.5 mV : 361.9 -- 8.23 • 10-2T [18] 

for the emf of cell [16]. Thus the in ternal  consistency 
was established to be good. For example, at 1000r 
expression [18] would yield a value of 279.6 • 7.5 mV 
while the corresponding value calculated directly from 
Eq. [17] is 284.0 -+- 2 mV. 

The best available value for •176 ~ C u 2 0 ~  (8) be- 
tween 1000 ~ and 1275~ can be expressed as 

hG~ < C u 2 0 ~ / c a l  mole -1 • 100 _-- --39848 -~ 17.04T 
[19] 

From Eq. [15] and [19], the following expression for 
the ~G~ <I rO2~  was calculated 

hG~ < I rO2~ /ca l  mole -1 __. 590 _-- --57984 -b 41.30T 
[20] 

in  good agreement  with that calculated from the 
(Ni, NiO) reference (Eq. [12]). 

The reproducibil i ty of emf data for cell [7] below 
920~ and for cell [14] below 950~ was poor. Besides, 
in both cases the temperature  dependence of emf 
changed abrupt ly  below these temperatures  indicating 
a possible t ransformat ion in the IrO2 phase. The exact 
na ture  of this t ransformat ion is not known. A DTA 
invest igat ion of the IrO2 pellet indicated a small  
endotherm peak around 950~ at a heating rate of 
36~ but  not at smal le r ' hea t ing  rates. This may 
be due to any t ransformat ion in the IrO2 phase since 
none of the other phases involved are known to ex- 
hibit any phase transformation.  Because of this pos- 
sible t ransformat ion no at tempt was made to ex- 
trapolate the enthalpy and the entropy data to 298~ 

When this work was completed, a report appeared 
in the l i terature  (9) in  which the AG~ <I rO2~ was 
also measured employing SEGC. Kleykamp and 
Pane th  (9), however, have employed (Fe, Wustite) as 
the reference and apparent ly  stacked open cell ar-  
rangements.  They gave the following expression for 
the free energy data 

AG~ <I rO2~  ---- (--61.66 • 0.741) -t- (43.26 • 0.956)T 

kcal /mole [21] 

The agreement  is not good. For example, at 1048~ 
the ~G~ <I rO2~  calculated from Eq. [21] will be 
(--16.32 • 0.85) kcal /mole  compared with a value of 
(--14.41 +_ 0.40 kcal /mole)  obtained from Eq. [13] and 
[13A]. 

The discrepancy may perhaps be a t t r ibutable  to 
difference in the exper imental  details of the two mea-  
surements.  Kleykamp and Paneth  (9) have used 

(Fe, Fe0.950) as the reference electrode and yt t r ia  
doped thoria as the electrolyte. It is general ly known 
(14) that Wustite may react with the electrolyte and 
form YFe204 result ing in mixed potential.  Secondly. 
with this reference electrode, the oxygen potential  
difference is very large and complications (15) may 
arise due to oxygen transport,  par t icular ly  in view of 
relatively high oxygen dissociation pressure of IrO2. 
Thirdly, the p- type semiconduction is observed in 
YDT at Po2 ~ 10 -5 arm (16) which is within the oxy- 
gen dissociation pressure of IrOn(s) in this tempera-  
ture range. The internal  consistency of the emf data 
was not established with one more reference electrode 
as is normal ly  done. Hence, their more negative free 
energy of formation (nearly 2 kcal) data may not be 
acceptable. The break in the emf vs. temperature  
below 920~ which is observed in this investigation is 
not reported so far. In  view of these considerations, the 
free energy of formation data reported here for 
IrO2(s) is considered more reliable. 
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Conductivity and Crystal Structure of (C H NH) Ag, L 
A Two-Dimensional Solid Electrolyte 
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ABSTRACT 

The solid electrolyte pentapyr id in ium 18-silver iodide, (CsHsNH)sAg~sI~z, 
has a crystal s tructure which allows the Ag + ions to move in only two d imen-  
sions, perpendicular  to its hexagonal c-axis. The structure consists of face- 
sharing iodide tetrahedra which provide a network of pathways for diffusion 
of the Ag + ions. Planes of (formally) [(CsHsNH)3I] 2+ groups, which occupy 
a considerable proportion of the crystal space~ block the motion of Ag + ions 
in the c-axis direction. Crystals of (C~HsNH)sAglsI2~ belong to space group 
P~2m(D~3h) with lattice constants a ----- 13.62 _ 0.02, c ~- 12.58 • 0.02A, and 
the uni t  cell contains one formula unit. There are 55 tetrahedral  sites for the 
Ag + ions in seven crystallographicalty nonequivalent  sets of sites; as expected, 
the dis tr ibut ion of Ag + ions over these sites is markedly  nonuniform. The low 
specific conductivity of this solid electrolyte is consistent with its two-di-  
mensionality.  

The origin of electrolytic conductivity in true solid 
electrolytes, especially halogenides and chalcogenides, 
has been propounded in several papers  (1-6). To at 
least some extent, the physical properties of a crystal-  
line solid are related to its structure, by  which we 
mean the a r rangement  and types of atoms in the mate-  
rial. In the case of solid electrolytes, this relat ion is 
vividly recognized when one examines their crystal 
structures. 

The main characteristics of a t rue solid electrolyte 1 
are (i) a large ratio of available sites for the mobile 
cations (current  carriers) to the number  of available 
cations, and (it) networks of passageways result ing 
from the face-sharing of anion polyhedra. There are 
corollaries to these: if the available sites are comprised 
of two or more crystallographically nonequivalent  sets, 
then almost certainly the distr ibution of the carriers 
over the available sites will not be uniform. It should 
be clear that if sites are not crystallographic:ally equiv-  
alent, they cannot be energetically equivalent,  and of 
course, the distr ibution of carriers will depend on the 
site energy differences. Simplicity and numerous  in ter-  
connections of passageways will give higher specific 
conductivities; RbAg415 which has the highest room 
temperature  specific (electrolytic) conductivity (7, 8) 
has the best network of passageways (1). The passage- 
ways should be interconnected, preferably in three di-  
mensions to facilitate the movement  of the carriers. 
The larger the proportion of crystal space occupied by 
these channels, the smaller will be the restriction on 
the motion of the carriers. 

Contrary  to some views, it is misleading to refer to 
the sites for the carriers in true solid electrolytes as 
"defects." A Na + or C1- missing from its appropriate 
site, or one or the other in an (inappropriate)  interst i-  
tial position in a NaC1 crystal at thermodynamic equi-  
l ibrium, is r ight ly called a "defect." An ideal NaC1 
crystal is one which has none of these defects. On the 
other hand, an ideal solid electrolyte of the type dis- 
cussed here is characterized by cation disorder. The 
probabil i ty  of occupancy within a set of crystallo- 
graphically equivalent  sites is exactly the same for 
each of the sites in the set, whereas the probabilit ies 
of occupancy of sites in crystallographically nonequiv-  
alent sets are very l ikely to be different. On the aver-  
age, there will always be a large number  of empty 
sites in an ideal solid electrolyte. Electrolytic conduc- 
tivity in a crystal of NaC1 is in a real sense accidental, 

K e y  w o r d s :  so l id  e l e c t r o l y t e ,  s i l ver  ion  conductor ,  c o n d u c t i v i t y ,  
c r ys ta l  s t ruc tu re .  

1 For  d i s c u s s i o n  p u r p o s e s ,  w e  r e f e r  spec i f i ca l l y  to m o b i l e  ca t ion  
so l id  e l e c t r o l y t e s .  

result ing from annihilation and creation of defects that 
would not be present in an ideal crystal. Electrolytic 
conductivity in a true solid electrolyte is an inherent 
property of the crystal resulting from the nature of 
the crystal structure as described in the preceding 
paragraph. 

There are now two known solid electrolytes in the 
pyridinium iodide-AgI system. Details on (C5HsNH)- 
Ag~I6 have been published (4, 5). The other, namely, 
(C~HsNH)sAglsI23, is the subject of this paper. The 
part icularly interest ing feature of PysAglsI2~ 2 is that 
it is a two-dimensional  solid electrolyte. In this respect, 
it has some relation to the E-aluminas (9), which to 
date are the only other reported two-dimensional  solid 
electrolytes. 

The paper contains two main  parts, one concerned 
with the resul4s of conductivity measurements,  the 
other the crystal structure determination.  Finally, we 
hope to br ing  out the relat ion between the structure 
and the observed conductivity. 

Conductivity 
ExperimentaL--The pyr id in ium iodide was kindly  

given to us by Dr, B. B. Owens. The silver iodide was 
Research Organic-Inorganic Chemical Company, Grade 
A.R., advertised to be 99.9% AgI. All the conductivity 
measurements  were made on pellets of polycrystall ine 
material. The polycrystal l ine compound was made by 
weighing appropriate amounts of pyr id in ium iodide 
and silver iodide into an agate mortar  (total weight, 
approximately 4g), mixing well, and forming a 3/8 in. 
pellet of the mater ial  by compressing at 50 tsi. The 
pellet was sealed into a tube filled with argon and the 
tube placed in an oven at 85~ for 5 days. The tube 
was opened, the pellet reground and reformed, re- 
sealed into a tube filled with argon, and again placed 
in the oven at 85~ for about 2 days. An x - ray  powder 
photograph of the specimen was taken with CuKa 
radiation to check for extraneous phase. 

The density of the material  was determined by mea-  
suring the length and diameter  of a good pellet and 
weighing the pellet. Values of 4.23-4.26 g/cm 3 were 
obtained. Good pellets were obtained with some diffi- 
culty. The description of the procedure for making the 
petlet is long and tedious so we will omit it with the 
thought that anyone doing this kind of work will have 
a personal technique (possibly better  than ours) for 
producing a good pellet. It is important,  of course, that 
the density be close to the x - ray  densi ty (4.32 g/cm 8 

~We use the  c o n v e n t i o n  (CsI-I~H)+ ~ Py+. 
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for this material  as will be shown later) ,  that the edges 
of the pellet 'be sharp, and that there be no cracks in it. 

The equipment  (Fig. 1) used to measure the conduc- 
t ivi ty is somewhat similar to that used by Mrgudich 
(10) in his measurements  of conductivity of AgI. The 
pellet is mounted  between two silver electrodes with 
mercury  amalgamated surfaces. The four high-wat tage 
resistors mounted directly on the a luminum bar sup- 
porting the electrode assembly heat the specimen by 
conduction through the a luminum support  sleeve and 
pyrophyll i te  electrical insulat ing s!eeve. Temperature  
is controlled by a variable d-c power supply and mea-  
sured with the thermocouple inside a small  cavity in 
the end of one of the electrodes. 

A one kttz, __.25 mV square wave signal was applied 
by means of a potentiostatic circuit 3 (8, 11) (Fig. 2) 
which also provides an output proportional to the cur-  
rent  flowing through the load. The potentiostat  ma in-  
tains the load output  at  the same voltage as that of the 
input  reference signal regardless of the instantaneous 
load current.  The operational amplifier is a Type 307, 
which can provide peak currents of approximately 15 
mA. The two measur ing outputs from the potentiostat  
are connected to the Tektronix 5A19N differential am- 
plifier plugged into a Tektronix Type 5103N oscillo- 
scope. Measurements of current  are made al ternate ly  
with load output  across the pellet  a n d  with the load 
output across a precision 10 ohm resistor. Correction 
(1.03 ohms) was made for the resistance of leads and 
electrodes. Contact resistance was found to be negligi-  
ble; measurements  made on specimens of different 
thicknesses r ~ u l t e d  in good agreement  of tog ~T vs. 
1/T plots. 

R e s u l t s . ~ A  plot of log specific conductivity mul t i -  
plied by absolute temperature  (~T) vs. reciprocal tem- 
perature is given in Fig. 3. At room temperature,  the 
conductivity is 0.008 ( o h m - c m ) - t ,  about an order of 

For application to polarization measurements, the potentiostatic 
circuit can also produce positive or negative voltage steps of 0-tV 
with 6 /~see rise/fall time imposed on a bias of 0-2V. Contact bounce 
no i se  is eliminated b y  u s i n g  a mercury-wetted relay in the  s teP-  
p i n g  circuit. 
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Fig. 1. Heater and ,electrode assembly for conductivity measure- 
ments. Part of the electrode assembly is sectioned to show the 
arrangement of the sample pellet between the electrodes. 

L.Q 
IN ~ 

o5,# C 

- -  + tO 

I00 

\ - -  

Io 

:3.96 K 400 

ifOK 

866 I0 K 
/ 

I0  K + 10 

IOK! -I0 

_[_ 
soo E 

Fig. 2. Potentiostatic circuit 

CELL 

T (~ 
3 8 0  3 6 0  5 4 0  3 2 0  5 0 0  

20  I I I I I 

I0 
9 - 

_ _ 8 -  

~ 7 -  

4 - 

2 L I I I 
2.6  2.8 :3.0 :3.2 3 .4  

105/T (~ 
Fig. 3. Specific conductivity multiplied by temperature vs. re- 

ciprocal temperature for PysAglsl2a. 

magni tude lower than that, 0.077 (ohm-cm)-1, of 
(CsHsNH)AgsI6 (5). The slope of log (~T vs. 1/T (Fig. 
3) gives an average Ag + ion activation enthalpy of 
motion of 4.6 kcal/mole or 0.21 eV, about the same as 
for the high temperature (> 50~ region of 
(CsHsNH) AgsI6 (5). 

Crystal Structure 
Experimental . --Crystals  of (CsHsNH)sAglsI23 were 

grown by Espinosa using the gel method [see Ref. 
(12) ]. X- ray  photographs taken with a Buerger preces- 
sion camera show that crystals of (CsHsNH)sAglsI23 
have diffraction symmetry  6/mmm. There are no sys- 
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tematical ly absent reflections, implying that  the crystal 
s t ructure  belongs to one of the fol lowing space groups 
(13): P--6m2(D13h), P62m(D33h), P622(D~6), P6mm- 
(C16v), P 6 / m m m  (D16h). 

A crystal was ground to a sphere of 0.10 mm radius 
with a sphere gr inder  (14) similar  to that  described 
by Schuyff and Hulscher  (15). [Both are modifications 
of the Bond sphere grinder  (16)]. The crystal was 
aligned along the c-axis. Init ial  lattice constants were  
determined f rom the precession camera photographs 
and refined after mount ing on the s ingle-crystal  dif-  
fractometer.  The lattice constants are a ---- 13.62 • 0.02, 
c _-- 12.58 ___ 0.02A. The unit cell contains one 
(C~HsNH)~AglsIf~; the formula  weight  is 5261.002; the 
cell volume is 2021.0A 3. These give an x - r a y  density 
of 4.32 g / cm 3. As mentioned above, values of measured 
density were 4.23-4.26 g / cm ~ in good agreement  wi th  
the x - r ay  value. 

The intensi ty data were  collected with  a Buerger -  
Supper  diffractometer operated automatical ly with a 
Nova 1200 computer.  Interface be tween computer  and 
diffractometer  and the p rogramming  was carried out 
in our labora tory  by S. L. Langer.  MoKa radiat ion and 
balanced Zr and Y filters were  used. The data collected 
were those of independent  reflections included between 
2~ _-- 10 ~ and 45 ~ Each reciprocal  lattice point was 
scanned at a rate of 2.5~ over  the range (1.50 -b 
0.5 Lp) degrees, where  Lp is the Lorentz-polar izat ion-  
Tunell  factor (17). Background counts were  taken at 
the beginning and at the end of the scan interval  at 
1/6 the scan t ime of each scan. 

Intensities of data beyond 28 _-- 45 ~ were  not sig- 
nificant. Within the range 10 ~ ~ 26 ~ 45 ~ 729 indepen-  
dent reflections were  measured;  of these, 190 were  
below the 200 count threshold. 

Some of the data processing is done by the Nova 
computer.  The final output on paper tape and the tele-  
type printout  consists of the relat ive squares of the 
structure ampli tudes for both the Zr and Y filters. 
These results are processed with the CDC 6400 com- 
puter  to give the net relat ive squares of the structure 
amplitudes. The corrections on the intensi ty data are 
those for background, absorption, and Lorentz-polar -  
izat ion-Tunel l  factor. 

The l inear absorption coefficient, ~, of (CsH~NH)5- 
Ag~sI23 for MoK~ radiat ion is 140 cm-1;  from which 

for R - :  0.10 mm, ~R : 1.40. For the data used, the 
difference be tween m ax im um  and min imum absorp-  
tion correction is 7.9%. 

Determination and refinement of the structure.mAs 
indicated in the beginning of this paper, we know that 
a solid electrolyte  must have face-shar ing polyhedra 
formed by the anions. Further ,  we know that  the 
iodides tend to form icosahedra 4 with an iodide at the 
center. At first, we were  under the impression that  the 
formula  contained one less AgI than it finally turned 
out to have. This is another case [see Ref. (3)]. in 
which the solution of the crystal s t ructure led to the 
correct formula. 

After  consideration of all the probab.le space groups, 
a model  was devised in space group P62m in which 22 
iodide ions form a two-dimensional  ne twork  of face- 
sharing tetrahedra.  Packing considerations require  that 
three of the pyr idinium ions lie in cavities in the 
iodide structure centered at positions 3g with x ~ 0.63 
(13, p. 296). Two rotat ional ly  disordered pyr idinium 
ions lie on the 6 axes at z ~ • 0.20. This a r rangement  
was seen to leave space for an additional iodide ion 
at (0, 0, l/z). As a start ing point for the ref inement  the 
18 silver ions were  assumed to be distributed uni formly 
over sites near the centers of the 55 iodide te t rahedra  
of the model structure. (It should be emphasized how- 
ever, that we knew that  finally the distr ibut ion would 
not be uniform.) The pyridinium ions on the 6 axes 
are required to be rotat ional ly disordered by the site 
symmet ry  of positions 2e of the space group (Table II).  
Thus to simplify the calculation, the pyr idinium ring 
was approximated by a regular  hexagonal  r ing of car-  
bon atoms with  C- -C distance equal to 1.39A [see Ref. 
(4)]. The "bisecting ''5 orientat ion (Fig. 4a) was 
first assumed by analogy with  the structure of 
(CsHsNH)AgsI6 (4); again packing considerations 
make this orientat ion more probable than the "paral -  
lel" orientat ion or than fur ther  rotat ional  disorder. In 
the "bisecting" orientation, the ring is defined by atoms 
in position 12/ at (x, 2x, z), x ~ 0.059. The x - p a r a m e -  
ter could not be refined, but  it was al lowed to vary; it 
was never  significantly different from the start ing 
value. The z -paramete r  was refined. 

This  is no t  the  ease fo r  (CsH.~NH)Ag~I6, howeve r .  
The " b i s e c t i n g "  o r i e n t a t i o n  is the  one in  w h i c h  the  h e x a g o n a l  

a and  b axes  b i sec t  the  l i ne  j o i n i n g  two  ca rbon  a toms.  

Fig. 4. a. Top view of iodide 
ion arrangement in Py5Agls128; 
the pyridinium ions (stippled) 
on the hexagonal axes are also 
shown, b. Top view of Ag + ion 
paths in PysAglsI~; the equilib- 
rium Ag § ion sites (located at 
or near iodide tetrahedra cen- 
ters) are shown; X indicates 
connection between upper and 
lower halves of the Ag + path 
network within the conducting 
layer; see also Fig. 4d. c. Side 
view af the iodide arrangement 
in PysAglsl~; the pyridinium 
ions (stippled) in the ___�89 
levels of the unit Cell are shown; 
these together with the I -  ions 
at _ (0 ,  0, �89 block movement 
of Ag + ions in the c-axis direc- 
tion. d. Side view of the Ag + 
ion paths in PysAglsI~. 
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Table [. Final values of I -  and hg + ion parameters (a) 

Post-  M u l t i -  
Ion  t i on  p l i e r  x y z 10~fln (b) 1 0 ~  10~fl~ 10af~m 1 0 ~ s  1 0 ~  

I -  Ib 1/12 0 0 1/2 92 (5) = i0~11 168 (13) = 104 x ~/2~ 0 0 
I -  4h 1 /3  2 /3  1 /3  0.3132 (4) 76 (2) = 104fl~ 58 (3) = 104 x ~/2fllx 0 0 
I - A  6i 1/2 0.3050 (3) 0 0.3239 (4) 111 (3) 73 (3) ~2 (3) = 10~ • ~/2fl~2 35 (2) 0 
I -B 6i 1/2 0.6349 (3) 0 0.1984 (2) 95 (2) 73 2) 50 (2) = 104 x ~/ufl~ --6 (2) 0 
I -  6j 1/2 0.4575 (4) 0.1689 (3) 0 105 (4) 84 (3) 60 (2) 50 (3) 0 0 
Ag+ 3f 0.15 (3) 0.5371 (20) 0 0 215 (30) 244 (98) 62 (13) : 10~ • 1/~e~ 0 0 
Ag+ 4.h 0.15 (1) 2 /3  1/3 0.0855 (17) 141 (16) = 1 0 ~  144 (23) = 10~ x ~ / ~  0 0 
A g  + 6i 0.09 (3) 0.4311 (38) 0 0.1573 (73) 191 (66) 355 (145) 331 (116) = 10 ~ • V u ~  7 (50) 0 
Ag+ 6j 0.15 (3) 0.4715 (28) 0.3854 (71) 0 129 (25) 228 (70) 124 (25) 96 (31) 0 0 
Ag+A 12/ 0.42 (2) 0.4460 (9) 0.2067 (10) 0.2237 (9) 138 (11) 124 (11) 115 (9) 37 (7) --4 (9) 16 (S) 
Ag+B 121 0.53 (2) 0.5056 (7) 0.1185 (7) 0.2143 (5) 92 (7) 125 (9) 91 (6) 13 (5) 12 (5) 15 (6) 
Ag+C (r 12t 0.01 0.6380 0.1994 0.1321 

(a) N u m b e r s  in  p a r e n t h e s e s  are  s t a n d a r d  e r rors  and  p e r t a i n  to the  Iast  d i g i t  in  al l  cases. 
(b) The exp res s ion  fo r  the  t h e r m a l  fac to r  is exp  --  (h2~u  + k"-f322 + ie;~a~ § 2 h k f l ~  + 2hlfl~s + 2 k l a n ) .  
(c) P o s i t i o n a l  p a r a m e t e r s  for  the  Ag( I ) c  si te are ca lcu la ted  v a l u e s  for  the  p o i n t  e q u i d i s t a n t  f rom the  fou r  iod ides  de f in ing  the  t e t r a h e d r o n .  

The m u l t i p l i e r  g i v e n  for  th i s  s i te  w a s  d e t e r m i n e d  by  dif ference.  

The orientat ion of the pyr id in ium ions on the z = 1/2 
plane was indicated by the. shape of the cavity (see Fig. 
4a) formed by the surrounding iodide ions. The centers 
of the pyr id in ium rings are almost directly above and 
below the iodide ions in positions I ( i )B  (Table I), 
and the two m i r r o r  planes of the pyr id in ium ion co- 
incide with the mirror  planes of the space group (13, 
p. 296). The shape of the pyr id in ium ion (18) is very 
close to that of the cavity in the proper orientation; 
thus the ni t rogen atoms lie near  the iodide atoms in 
the z ---- 1/2 level. For clarity, the pyridinium ions in 
these cavities have been omitted from Fig. 4a. 

Positional parameters for the atoms in the ordered 
pyridinium ions were derived from the structure of 
this ion in pyridinium chloride (18). In the calcula- 
tions these pyridinium ions (excluding hydrogen 
atoms) were considered to be rigid bodies (19) cen- 
tered at positions 3g: (x, 0, i~; 0, x, I/~; x, x, I/2); x 
converged to the value 0.628, with a standard error of 
0.004. 

The refinement was carried out by i terative least 
squares calculations (20). 6 In the refinement, the Ag + 
ion mult ipl iers  7 were varied (for determinat ion of the 
Ag + ion distr ibution) as well as all possible positional 
and anisotropic thermal  parameters  (with the afore- 
mentioned restrictions on the pyr id in ium ions). It  was 
not possible to vary all parameters  at once in the early 
stages of the calculations because of substantial  param-  
eter interaction (21), par t icular ly  between Ag + ion 
mult ipl iers  and thermal  parameters.  In most of the 
iterations, ref inement was facilitated by  constraining 
the total Ag + ion content to 18 per uni t  cell. In  the 
final cycle, this constraint  was removed and all param-  
eters were varied except scale factors and positional 
and thermal  parameters  of Ag(/)C.  The final value of 
the Ag(DC mult ipl ier  was 0.0,5 with limits of error 
___0.06. This implies that the Ag + ion occupancy of 
this site is not significantly different from zero. The 
remaining  mult ipl iers  for the Ag + ion sites converged 
to the values shown in Table I. These total 1.49; when 

6 A v e r s i o n  of  the  basic  O R F L S  p r o g r a m  (20) mod i f i ed  by  J. A. 
I b e r s  a n d  R. J. Doedens  was  used. 

n u m b e r  of a t o m s  in  p a r t i c u l a r  set  of pos i t ions  
M u l t i p l i e r  = 

n u m b e r  of  e q u i p o i n t s  in  ge ne ra l  set  of  posi t ions"  

multipl ied by 12, the number  of points in general  posi- 
tions, we obtain 17.9 Ag + ions per uni t  cell. In Table I, 
we have arbi t rar i ly  assigned to Ag( / )C  the mult ipl ier  
0.01 to br ing the total Ag § ion content per uni t  cell to 
18. The achievement of convergence of the iodide and 
Ag + ion parameters  and of the correct Ag + ion con- 
tent, the lat ter  without constraint, gives additional 
confidence in the general model proposed for solid 
electrolytes (see above).  

The final value of the discrepancy ~aetor R = ~ I IFol 
- leo[ [/Z [Fol, where Fo is the observed and Fc the 
calculated structure amplitude, is 0.065 and the s tan-  
dard deviation of e s t ructure  ampli tude with uni t  
weight is 1.3:9. Excluding scale factors, pyr id in ium ion 
parameters and parameters  of the near ly  empty 
Ag(I )C sites, 6'8 variable parameters  were fitted to 
the data. 

In the ]east squares calculations, the atomic scatter- 
ing factors used were those of Cromer and Waber  (22) ; 
correction was made for the real parts of the anom- 
alous dispersion (23). The observed data were weighted 
according to the formula 

1 
-- - -  -- 1 + 0.025 lEo -- 15.0 + ]Fo -- 15]] 

+ 10 exp (--  Fo/15) 

A table showing the comparison between the observed 
and calculated structure amplitudes is available. 8 
Tables I and II list the final values of the s tructure 
parameters.  

Interionic distances.--Interionic distances and stan-  
dard errors calculated (24) from the refined coordi- 
nates and the final variance-covariance matr ix  of the 
]east squares calculation are given in Table III. To 
facilitate the unders tanding of the structure, the sur-  
roundings of each crystallographically independent  

s See N A P S  d o c u m e n t  No. 02500 for  6 pages  of s u p p l e m e n t a r y  
ma te r i a l .  Order  f r o m  A S I S / N A P S  c /o  Microf iche  Pub l i ca t ions ,  440 
P a r k  A v e n u e  South ,  New York,  N.Y. 10016. R e m i t  in  a d v a n c e  fo r  
each N A P S  accession n u m b e r .  Make  checks  payab l e  to Microf iche  
Pub l i ca t ions .  Pho tocop ies  are  $5.00. Microf iche are $1.50. Outs ide  
of the  U n i t e d  S ta tes  and  Canada ,  pos t age  is $2.00 fo r  a p h o t o c o p y  or  
$.50 fo r  a fiche, 

Table II. Final parameter values for atoms in pyridini,,m ions 

Post-  
I o n  A t o m  t i on  x y z ~1~ B~ fl12(a) 

P y r i d i n i u m  l(b) C, N 12/ 0.059 0.118 0.176 (7) 0.016 = f~l~ 
P y r i d i n i u m  2(o) N 3g 0 -- 0.275 (4) '/2 8.0 ~) 

C1 6k 0.105 --0.270 (4) t/2 8.0 (~) 
C2 6k 0.100 --0.376 (4) 1/2 8.0(d) 
C3 3g 0 --0,469 (4) 1/a 8.0(d) 

0.020 

(a) F o r  p y r i d i n i u m  I,  ~m = ~ = 0. Also  s e e  n o t e  (b), Tab le  I. 
(b) Two  p y r i d i n i u m  1 ions  a r e  c e n t e r e d  a t  pos i t i ons  2e on the  ~ axes  w i t h  m i n i m u m  s y m m e t r y  3m. 
(c) Three  p y r i d i n i u m  2 ions  a r e  c e n t e r e d  a t  pos i t ions  3g on t he  m i r r o r  p l ane  a t  z = I/2 w i t h  m i n i m u m  s y m m e t r y  ram. 
(~) I so t rop ie  t h e r m a l  p a r a m e t e r  B(A2). 
N u m b e r s  in  p a r e n t h e s e s  a r e  s t a n d a r d  e r r o r s  a n d  p e r t a i n  to  t h e  las t  d ig i t  in  a l l  eases .  
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Table III. Interianic distances and standard errors 

Table III. Interionic distances and standard errors 

Atom types Atom types 
and and 

Positions (No.) Distance, ~(~) positions (No.) Distance, ~(s) 

Nearest I- neighbors of 14b) Tetrahedron about Ag(i) site 
l(b)-I(i)A (6) 4.708(4) Ag-I(i)A (1) 2.71(8) 
l~arest r neighbors of I(k) -I(i) B (1) 2.82(5) 
I(h)-f(i)A (3) 4.746(3) _r(j) (Z) 2.92(6) 

-i(i)B (3) 4.574(3) I(i)A-Z(i)B (i) 4.762(6) 
-I(j)_ (3) 4.720(5) -I(j) (2) 4.630(5) 

~earest I neighbors of I(i)A I(i)B-i(j) (2) 4.788(5) 
I(i)A-I(b) (1) 4.70844) I(j)-I(j) (i) 3.984(8) 

-I(h) (2) 4.746(3) Tetrehedron about Ag(j) site 
-I(i)B (i) 4.76246),(2) 4.881(4) Ag-I(i)B (2) 2.83(1) 
-i(j)_ 42) 4.630(5) -i(j) (I) 2.86(8),(1) 2.87(4) 

Nearest ~ neighbors of i(i) B i(i)B-I(i)B (1) 4.993(6) 
I(i)B-s (2) 4.754(3) -I(j) (2) 4.280(4),(2) 4.788(5) 

-I(i)A (i) 4.762(6),(2) 4.881(4) ](j)-I(j) (i) 4.500(7) 
-I(i)B (1) 4.993(6) Tetrahedron about Ag(s site 
-I(j) (2) 4.280(4),(2) 4.788(5) Ag-i(h) (1) 2.%4(i) 

Nearest I- neighbors of I(j) -I(i)A (l) 2.79(i) 
I(j)-I~) (2) 4.72045) -i(i)B (1) 2.89(1) 

-I(i)A (2) 4.630(5) -l(j) (1) 2.89(1) 
-I(i)B (2) 4.280(4),(2) 4.788(5) I(h)-i(i)A (i) 4.746(3) 
-I(j) (1) 3.984(8),(2) 4.500(7) -I(i)B (1) 4.574(3) 

Tetrahedron about Ag(f) site -I(j) (i) 4.720(5) 
Ag-l(i) B (2) 2.83(i) I(i)A-I(i)B (i) 4.881(4) 

-I(j) (2) 2.99(2) -l(j) (l) 4.630(5) 
I(i)Z-I(i)B (i) 4.99346) I(i) B-I(j) (i] 4.280(4) 

-I(j) (4) 4.78845) Tetrahedron about Aq4s site 
I(j)-I(j) (i) 3.994(8) Ag-I(h} 41) 2.w 
Tetrahedron about Ag(h) site -I(i)A (i) 2.749 (8) 
Ag-V(h} (i) 2.86(2) -I(i}B (i) 2.93(1) 

-14J) (3) 2.812(9) -I(j) (i) 2.936(7) 
I(h)-I(j) (3) 4.720(5) I(h)-I(i)A (i) 4.746(3) 
I(j)-I(J) 43) 4.500(7) -i(i)B (i) 4.574(3) 

Atcm types 
and 

positions (No.) Distance, ~(a) 

Tetrahedron about Ag4Z)B site, &ontinues/ 
-I(j) (I) 4.720(5) 

I(i}A-I(i) B (i) 4.762(6) 
-I(j) (1] 4.630(5) 

I (i)B-f (j) (1) 4.7~8 (5) 
Tetrahed:ron about Ag(Z ) C 
Ag-Z (h) (1) 2.82 a 

-i(i)B (i} 2.82 a 
-l(j) (1) 2.82a,(i) 2.82 a 

I (h) -i (i) B (1) 4.574(3) 
-z(j) (2) 4.7z0 45) 

I(i)~-I(j) (1) 4.280(4),(1) 4.788(5) 
~-(j) - I  ( j )  ( ! )  4.500(7) 
Nearest neiyhbor Ag + sites 

( ~ tartp distan<es) 
Ag (~) -Ag (i) (2) 2.45(8) 

-Ag (j) (2) 1.12 (8) 
Ag (h) -Ag (h) (1) 2.15 (4) 

-Ag(2)C (3) 1.76 a 
Ag (i) -Ag(f) (i) 2.45(8) 

-Ag(s (2) 1.58(4) 
Ag (j) -Ag(f) (i) 1.12(8) 

-Aq(s (2) 2.18 a 
Ag(s 1.76 (2) 

-Ag([) C (i) 2.22 a 
Ag (s B-A9 (i) (1) 1.58 (4) 

-Ag4s A(1) 1.76 ~2) 
-Ag (s C (i) ~-.88 a 

Ag (s C-Ag (h) (1) 1.76 a 
-Ag(j) (1) 2.18 a 
-Ag (s A(1) 2.22 a 
-Ag (s B (1) 1.88 a 

aDistances involving the Ag(s site were calculated for the position 
equidistant from the four iodides defining the tetrahedron. 

atom are given, even though considerable repetit ion 
O c c u r s .  

Following the order given in Table III, the iodide 
ions have 6, 9, 8, 10, and 11 near  neighbor iodide ions 
and, respectively, 5, 3, 4, 2, and 2 near  neighbor pyr i -  
d inium ions. Thus, considering only the large iodide 
and pyr id in ium ions, the coordination numbers  of the 
iodide ions are 11, 12, 12, 12, and 13: The average 
iodide-iodide distances, in the same order, and their 
limits of error (3~) are 4.849 _ 0.012, 4.682 _+ 0.012, 
4.529 _ 0.0'15, 4.680 _--+- 0.012, and 4.708 _+ 0.012A. For 
comparison, the nearest  neighbor I-I  distance in zinc- 
blende type AgI (2:5) is 4.59A. Average I - - I -  dis- 
tances in the seven crystallographically nonequivalent  
tetrahedra range from 4.588 to 4.703A. One I - - I -  dis- 
tance I ( j ) - I ( j )  across the vertical mirror  plane of 
the space group is unusua l ly  short, 3.984(8)A. The re-  
maining  I - - I -  distances range from 4.280(4) to 
4.993 (6)A. 

Average Ag+- I  - distances in the crystallographi-  
cally~nonequivalent iodide te trahedra range from 2.82 
+_ 0.18 to 2.91 _+ 0.05A. Four  of the seven mean Ag+- I  - 
distances are significantly longer than the value 2.80,% 
in the zinc-blende type AgI; none is shorter. Those 
with average distance significantly longer are Ag(I)A,  
Ag(/)B,  Ag(h) ,  and Ag(f)  which are occupied 42, 53, 
45, and 60% of the time, respectively. The three other 
silver sites have lower occupancies; consequently 
higher error limits are associated with their Ag+- I  - 
distances. 

Each pyridinium ion on the 6 axis is surrounded by 
thirteen iodide ions and one symmetry related pyri- 
dinium ion. These pyridinium rings are 4.4 (2) A apart 
along the c-axis (Fig. 4c). Among the thirteen iodides 
surrounding a pyridinium is the one at (0, 0, i/2), which 
lies 4.07A from the center of the pyridinium ring with 
I-(C, N) distances of 4.30(8)A. Three I(i)A and three 
I(i)B iodides form a puckered hexagonal ring about 
this pyridinium; distances to nearest carbon (nitrogen) 
atoms are 3.56 (4) and 3.843 (7) A, respectively. The re- 
maining six iodide ions surrounding the pyridinium 

are I(j) ions lying in the mirror plane at z = 0; the 
nearest I-(C, N) distance is 4.65(4)A. 

The pyridinium ions on the z = i/~. plane are sur- 
rounded by 13 iodide ions. I(i)B ions lie directly 
above and below the centers of the rings. Distances 
from ring atoms to nearest surrounding iodldes are 
C-I(i)A, 3.8A'; C-I(b), 3.7A; C-I(i)A, 3.6A; N-I(b), 
3.7A. 

Description o] the structure.--See Fig. 4. Eighteen of 
the twenty- three  iodide ions lie at the vertices of four 
hemi-icosahedra. These occur in two pairs, each pair 
sharing a ( t r iangular)  face in the basal hexagonal 
plane. Four  of the iodide ions lie in the centers of what 
would be the complete icosahedra. The basal plane I -  
ions are in positions 6j, while the remaining  vertices 
of the hemi-icosahedra are occupied by I -  ions in two 
sets, A and B of positions 6i. The ions at centers oc- 
cupy positions 4h. The twen ty- th i rd  iodide ion is not 
involved in the icosahedra or in any way with the 
passageways for the Ag + ions. In  fact, this situation 
is thus far unique in AgI-based solid electrolytes. 

An icosahedron has twenty  t r iangular  faces, and the 
hemi-icosahedron, ten. Thus the I -  ions on the three- 
fold axes, in positions 4h, form ten I- ion tetrahedra in 
each hemi-icosahedron, for a total of forty iodide 
tetrahedra. These tetrahedra provide the three sets of 
12/ and the one set of 4h Ag + ion sites. Fifteen tetra- 
hedra are formed between the herni-icosahedra provid- 
ing the 6i, 6j, and 3f sets of Ag + ion sites. Thus there 
is a total of 55 tetrahedra for 18 Ag + ions per unit cell. 

The arrangement of tetrahedra is such that they 
form a network of passageways (1-6) which extends 
throughout the crystal essentially parallel to the (001) 
plane. The Ag + ions can migrate through these pas- 
sageways in a manner similar to those described in 
previous papers (I-6). Sequences may be found by 
examination of Fig. 4 and Table III. Every Ag + ion 
passageway through the crystal includes at least two 
of the Ag (1)C positions in each unit cell. Passageways 
can be found which bypass each of the six other sym- 
metry sets of equilibrium Ag + positions. 
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As in the cases of other AgI-based solid electrolytes, 
not all the t e t rahedra  share all their faces with other 
tetrahedra. Table III  shows that the A g ( / ) A  tetrahe-  
dron shares one face with an Ag (l)B te trahedron and 
one with an Ag( / )C  tetrahedron;  the remaining faces 
open to pyr id in ium ions. The Ag( / )B  tetrahedron 
shares faces with only three other tetrahedra:  those 
of Ag( / )A,  Ag(I)C,  and Ag( i ) .  Ag( i )  and Ag( j )  tetra-  
hedra each share faces with only three other te t ra-  
hedra. Ag(I)C,  Ag(h) ,  and Ag(f)  tetrahedra share 
faces with four other tetrahedra. 

The equi l ibr ium Ag + ion sites near  the centers of 
the iodide te trahedra are shown in Fig. 4b and d; the 
lines connecting the sites indicate jumps through the 
faces of the te t rahedra shown in Fig. 4a and c. Posi- 
tions indicated by  x in Fig. 4b are connections between 
the upper  and lower identical halves (related by  the 
mirror  plane at z = 0) of the Ag + network wi thin  the 
conducting layer. While the mul t ip ly-connected na ture  
of the network in directions perpendicular  to the c-axis 
is evident  in Fig. 4a and b, the complete absence of 
connections across the mirror  planes at z ---- ~/2 is 
clearly shown in Fig. 4c and d. Layers of formal com- 
position [(CsHsNH)3I] ~+ are interposed (at z---- 1/2) 
between conducting slabs; there are no passageways 
for Ag + migrat ion across these layers. Thus Ag + ions 
are confined to passageways wi thin  two-dimensional  
slabs of the structure. 

Alternat ively,  the iodide structure can be regarded 
as composed Of quasi-icosahedra with iodides at eleven 
vertices centered about the 6j iodides. Atoms of the 
pyr id in ium ions on t h e - 6  axes lie near the twelfth 
vertices of completed icosahedra. Since 6j iodides oc- 
cupy both center and vertex positions of any icosahe- 
dron, successive icosahedra interpenetrate,  the center 
of one being a vertex of the next. These in terpenet ra t -  
ing icosahedra form slabs which extend throughout  the 
crystal; all the iodide tetrahedra in the structure lie 
wi th in  these slabs. The icosahedral a r rangements  and 
the predominance of te trahedra in the iodide structure 
suggest a s imilari ty of the conducting region of this 
solid electrolyte to alloy structures even if not the full 
analogy observed for RbAg4I~ with ~-Mn(1) .  Parts  of 
two quasi-icosahedra are apparent  in Fig. 4c on either 
side of the central  mirror  plane; twofold axes of these 
polyhedra are approximately normal  to the plane of 
the figure. 

Discussion 
We have now presented the details on the results of 

conductivi ty measurements  and of the crystal s t ructure  
determination.  Both are necessary to a clear under -  
s tanding of the behavior of this solid electrolyte. Un-  
for tunately  the crystals are too small to enable us to 
make quant i ta t ive directional conductivity measure-  
ments on them. However, because thus far all halo- 
genide and chalcogenide solid electrolytes adhere to 
the model propounded (1-6), we can infer from the 
crystal s t ructure  that  (C~HsNH)~AglsI28 is a two-di-  
mensional  solid electrolyte. 

For the hexagonal  crystal, we have (26) that  the 
conductivi ty 

_-- ~isin20 ~- o'3COS28 

where 0 is the angle between the direction in which the 
conductivity is being measured and the c-axis, ~i is the 
conductivity in the basal plane, and ~3 is the conduc- 
tivity along the c-axis. The avel:age of sin20 over a 
hemisphere is 2/3, from which, because ~3 ----- 0, ~I = 
1.5<a>. Thus ~or (CsHsNH)~AglsI2~, ~1 ---- 0.0'12 (ohm- 
cm) -1 at room temperature.  

It is of interest  to compare briefly the other solid 
electrolyte in the PyI -AgI  system, namely  
(CsHsNH)AgsI6 (4, 5), with the one discussed here. 
A top view of the crystal s tructure of (CsH5NH)AgsI6 
at --30~ is shown in Fig. 5. As the temperature  in-  
creases, Ag + ions increasingly move into the te trahedra 
which are empty  in the figure. PyAgsI6 has three-  
dimensional  passageways for Ag + ion diffusion; details 

(•=T- 
Q =  Ag + 

Fig. 5. Top view of the crystal structure in PyAgsI6 at --30~ 
As temperature increases, Ag + ions increasingly move into the 
tetrahedra which are empty in this figure [fom Ref. (1)]. 

on these passageways have been given elsewhere (4, 
5). At room temperature,  the conductivity is 0.077 
(ohm-cm) -1 (5), almost an order of magni tude  higher 
than that, 0.008 ( o h m - c m ) - l ,  of PysAg~sI23. However, 
at 50~ PyAgsI6 has a t ransi t ion from a region of low 
disorder to a region of high disorder, where the aver-  
age enthalpy of activation of motion, hm, is 0.21 eV. 
This is the value found for the average enthalpy of 
activation of motion of PysAglsI28 between room tem- 
perature and 100~ At 55~ the average specific con- 
ductivities of PyAgsI6 and PysAg~sI23 are 0.29 and 0.015 
(ohm-cm)-1 ,  respectively. Sodium B-alumina, a mate-  
rial which is also a two-dimensional  solid electrolyte, 
does not at tain a high conductivity unt i l  relat ively 
high temperature;  at 100~ for example (27), -1 = 
0.077 ( o h m - c m ) - l ;  for Py~AglsI28 it is 0.0,5 (ohm- 
cm) -1. 

The two-dimensional  solid electrolyte implies lower 
concentrations of Ag + ions and equi l ibr ium sites. In  
Py~Ag~sI23 these are, respectively, 0.89 and 2.72 X 1022 
cm-~, whereas in PyAgsI6 they are 1.07 and 3.65 X 102~ 
cm -3. The lower values for PysAglsI2s occur simply 
because the crystals must  contain ions or atoms which 
block the motions of the current  carriers in one of the 
crystal dimensions. The solid electrolyte, RbAg4Is, 
which has the highest room tempera ture  conductivity 
(7, 8), has a ratio of Ag + ions to equi l ibr ium sites of 
16/56 or 0.287, whereas the ratio for PyAgsIs (at tem-  
peratures > 50~ is 10/34 or 0.294 and for PysAgIsI.23, 
18/55 or 0.327. 

Another way to 10ok at this is to compare the rela-  
tive space occupied by the face-sharing polyhedra for 
the two crystals. Table IV gives the volume of each 
te t rahedron associated with each crystallographically 
nonequivalent  Ag + ion site in Py5AglsI23. The net vol- 
ume occupied by all the face-sharing tetrahedra is 
638.3A3; this is 31.6% of the total volume of the un i t  
cell and therefore of the crystal. 
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Table IV. Tetrahedral site occupancy and volume 

V o l u m e  
N u m b e r  Occu -  t e t r a h e -  

S i te  of  j u m p s *  p a n c y ,  % alton, A 3 

A g ( f )  4 60 11.83 
A g ( h )  4 45 11.51 
A g ( i )  3 18 11.19 
A g ( j )  3 30 11.27 
A g ( D A  2 42 11.62 
A g ( / ) B  3 53 12.23 
A g ( D C  4 1 11.32 

* See  T a b l e  I I I  f o r  j u m p  d i s t ances .  

In  PyAgsI6, the volumes at room temperature  are: 
for the f- type te t rahedron 11.74A8; for the m- type  
tetrahedron 10.70A3; and for the octahedron 40.32A 3. 
The total space occupied by the polyhedra is (6 • 11.74 
~- 24 • 10.70 ~ 4 • 40.32)A. 8 ---- 488.5A 3. The uni t  cell 
volume is 931.2A; thus the face-sharing polyhedra 
which provide the passageways for Ag + ion diffusion 
occupy 52.5% of the uni t  cell volume and therefore of 
the crystal. This may be slightly misleading, because 
the octahedra have 3.4 and 3.8 times the volumes of f- 
and m- type  tetrahedra, respectively. Perhaps the octa- 
hedra are not that much more important  than the 
tetrahedra, al though they do form straight channels 
aIong the c-axis. However, the te trahedra alone occupy 
35.1% of the uni t  cell. 

The volume of a regular  te t rahedron is 0.11785a 3 
where a is the side. A side of 4.59A (an I - I  distance in 
zinc-blende type AgI) gives a volume of l l .40A 3. In  
PysAglsI~, the weighted average volume of the te t ra-  
hedra is 11.62A 8. In PyAgsI6 the average volume of the 
tetrahedra alone is 10.92A 3. The volume of the m- te t r a -  
hedron is very small; even at 125~ it is still only 
11.18A 3, accounting perhaps for the low occupancy of 
these sites even at higher temperatures.  For example, 
at room temperature,  23~ these sites are only about 
5% occupied, and at  125~ only about 18% (5). 

In  RbAg415 (1), there are three different types of 
tetrahedra:  one of mult ipl ic i ty  8, the other two of 
mult ipl ic i ty  24. The volumes are 11.87, 12.41, and 
11.52A ~. The total space occupied by the 56 tetrahedra 
is 669.3A. 3 which is 47.1% of the volume of the uni t  cell. 
[(CH3)4N]2Ag13115 has eight crystallographically dif- 
ferent sets of te trahedra (3). In this case we will esti- 
mate the net volume occupied by the tetrahedra. There 
is small variat ion in the total volume if we assume an 
average volume of between 11.6 and l l .9A 3. The net  
volume of the te trahedra in the tr iply primit ive cell 
will Vary from 1427 to 1464A ~. The volume of the tr iply 
primit ive cell is 3748.1A 3 and the space occupied by the 
face-sharing tetrahedra is estimated to be 38.1-39.1%. 

The above indicates that  the conductivi ty is related 
to the total volume occupied by the diffusion pathways. 
In  Table IV, there is an indication that there is a direct 
relat ion between te trahedron size and occupancy; how- 
ever, this relat ion does not hold well for RbAg4Is. Oc- 
cupation of next  nearest  neighbor Ag + ion sites must  
also play a role. As to the magni tude of the conductiv- 
ity, simplicity of the network and the existence of 
bottlenecks must  also be important.  

Conclusions 
The crystal s t ructure of (CsHsNH)sAglsI~ shows 

that it is a two-dimensional  solid electrolyte. Such a 
solid electrolyte is apt to have a substant ia l  amount  
of crystal space occupied by the ions or atoms which 
block diffusion. As a result, the conductivity of such 
materials is inherent ly  low. 

Put  positively, the results and comparisons given 
here demonstrate  that three-dimensional  pathways for 

diffusion of the ionic carriers are most favorable for 
high conductivi ty solid electrolytes. Simplici ty of the 
network and numerous  pathways .apparently enhance 
the conductivity. 
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ABSTRACT 

Two new silver solid electrolytes, having high ionic conductivity, have 
been found in the systems AgI-Ag~AsO4 and AgI-Ag3VO4. The most r emark-  
able advantage of these electrolytes is their excellent stabili ty in iodine and 
moisture. The possibility of using these solid ionic conductors in si lver-iodine 
solid-state batteries has also been investigated. 

Recently Takahashi and co-workers (1) reported 
the discovery of silver solid conductors based on the 
combinat ion of silver iodide with silver oxyacid salts. 
In  part icular  they studied the systems AgI-Ag3PO4, 
AgI-Ag4P2OT, and AgI-Ag2WO4 finding intermediate  
compounds which have the characteristics of high ionic 
conductivity silver solid electrolytes with average 
structures. The properties of these electrolytes are 
summarized in Table I. 

The electrolytes are of interest  for practical applica- 
tions since they show a much greater stabili ty in mois-  
ture and iodine atmosphere than  RbAg4I~, which is 
the silver ion conductor with the highest conductivity 
at room temperature  and has been so far the electro- 
lyte used the most in the development  of solid-state 
batteries (2, 3). Therefore we considered it important  
to extend the study examining the systems AgI-  
Ag3AsO4 and AgI-Ag3VO4. In  both the systems, in ter-  
mediate compounds, at 80 mole per cent (m/o)  AgI, 
having high ionic conductivity, have been ascertained 
by conductivity and x - ray  studies. The electrochemical 
properties of these two new solid electrolytes and 
their possible use in solid-state batteries have been 
investigated and the results are reported in this work. 

Experimental 
Silver iodide was prepared by precipitation, gradu-  

ally adding an aqueous solution of KI  to a solution of 
AgNQ.  The result ing product was washed several 
times with distilled water  and acetone and then dried 
under  nitrogen. Silver arsenate was prepared by pre-  
cipitation, mixing an aqueous solution of Na2HAsO4. 
7H20 with a solution of AgNOa. The precipitate was 
washed with distilled water  and acetone and dried 
under  nitrogen. The x - ray  diffraction patterns of 
AgaAsO4 so obtained agreed with those reported in  
the l i terature.  

Silver vanadate was obtained fol lowing the pro- 
cedure of Moser and Brandl  (4). An aqueous solution 
of AgNO3 was added to a saturated solution of NH4VO~ 
also containing CH3COONa and concentrated am- 
monia. After precipitation, the solution was boiled to 
remove excess of NH3. The precipitate was washed 
with distilled water  and acetone and then dried under  
ni t rogen at 110~ for 20 hr. The composition was as- 
certained by silver chemical analysis using the Vol- 
hard method. 

All the chemicals used were reagent  grade type. 
The new phases were obtained by int imately  mixing 

weighed amounts  of AgI and Ag3XO4, where  X was 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
:Key w o r d s :  s i l v e r  i o d i d e - s i l v e r  a r sena te  a n d  s i l v e r  i o d i d e - s i l v e r  

vanadate  solid e lectrolytes ,  sol id-state batteries.  

As and V. The mixture  was melted under  vacuum or 
dry ni t rogen and cooled at room temperature.  The re- 
sult ing products were ground and pressed at 2500 kg/  
cm 2 into pellets of 1.16 cm~ surface with an average 
thickness of 0.15 cm for the electrochemical measure-  
ments. 

The total conductivity was determined using as elec- 
trodes mixtures  of silver and electrolyte (1/2 weight 
ratio), according to a procedure general ly adopted in 
solid electrolyte technology to reduce contact polari-  
zations. The resistance of the resul t ing cells of the type 

Ag,Ag~I4XO4 [I] 

was measured with a 1 kHz impedance bridge. 
The electronic conductivity was checked with Wag- 

ner 's  method and analysis (5), polarizing the cell 

Ag/AgTI4XO4/graphite [II] 

under  voltages less than the decomposition potential  
of the electrolytes with the graphite acting as the 
blocking electrode. 

The silver t ransport  number  in both the new solid 
conductors was obtained by Tubandt ' s  method (6) 
using a cell composed of separable layers. Also in  this 
case, to reduce contact resistance, electrodes formed 
by a mixture  of silver and the electrolyte were used. 

The solid-state batteries were assembled by press- 
ing the electrolyte and a thin layer  of the cathode 
into a single pellet. This pellet was placed in a plastic 
container, having gold-plated terminals,  to which was 
then added a mixture  of silver and the electrolyte 
(anode),  also in form of a pressed pellet. As cathode, 
the iodine-perylene (I2-P, 1/1 mole ratio) charge 
transfer  complex, obtained with a method already 
described (7), was used. 

The polarization and discharge curves were ob- 
tained and recorded using s tandard equipment.  

Results and Discussion 
Takahashi arid co-workers (I) stated that in the 

system AgI-Ag~As04 there are no high conductivity 

Table I. Properties of silver solid conductors of the silver 
iodide-silver oxyacid salt type at 25~ reported by Takahashi and 

co-workers (1) 

Tota l  A c t i v a t i o n  S i l v e r  
c o n d u c t i v i t y  e n e r g y  t r a n s p o r t  

E l ec t ro ly t e  Color  ( o h m - c m ) - i  ( kca l /mo le )  n u m b e r  

AgTLPO4 Orange  0.019 3.8 0.998 ~ 0.005 
AglgI~sP207 Ye l low 0.09 3.3 0.999 ~ 0.005 
Ag6I~Vr Y e l l o w  0.047 3.6 0.994 
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Fig. l. Composition dependence of the specific conductivity in 
the system AgI-AgsAsO4 at 25~ 

compounds. No explanat ion or experimental  data how- 
ever were given to support what  has appeared to us an 
anomalous behavior considering the similarities be- 
tween the PO43- and the AsO43-- groups. We there-  
fore reexamined the system and found an intermediate  
compound having high conductivity, as indicated by 
the maximum, at 80 m/o  AgI, in the conductivi ty-  
composition plot reported in  Fig. 1. 

Results of x - ray  analysis of this compound, which 
may be tentat ively wr i t ten  as AgTI4AsO4, confirm the 
conductivity evidence, since the most intensive lines 
of AgI and AgsAsO4 are not present  in the pattern,  
as shown in Table II. 1 

The Arrhemus plot of AgTI4AsO4, shown in Fig. 2, 

Note  added in proof: I t  has to be ment ioned,  h o w e v e r .  ~hat  the  
x - r a y  spectra are of  difficult interpretation since the peaks  are v e r y  
broad.  Th i s  cou ld  i nd i ca t e  a g l a s s - l ike  structure for the eleetrolytes.  

T ( ~  
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-1 , ~ r T 
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~ - - ~ . _ ~ . . ~  _ ~  

AgTi,AsO ~ " ~  

-3 J J i i I I 1 
2J5 2,8 3D 3,2 3.4 

10~/T (OK -' ) 

Fig. 2. Temperature dependence of the specific conductivity 
of AgTI4As04 and of Ag;,14V04. 

is l inear  in the temperature  range from 20 ~ to 100~ 
At 25~ the conductivity is 0.004 (ohm c m ) - i  From 
the slope of the plot an activation energy of about 
4 kcal /mole is obtained. This value is typical of solid 
conductors having an "average structure" in which 
the mobile ions are statistically distr ibuted in a large 
n u m b e r  of sites in the lattice. To determine the na-  
ture of the mobile ions, Tubandt ' s  method was used 
(6). The results obtained from a series of samples 
under  various conditions and reported in Table III 
show that the ionic conductivity through AgTI4AsO4 
is solely due to silver ion movements.  

The fact that the silver t ransport  number  is one 
is an indication that the electronic contr ibut ion of 
the total conductivity of AgTI4AsO4 is low. This has 
been fur ther  confirmed by Wagner 's  analysis (5). 
The results obtained indicated that the electronic con- 
ductivity of the electrolyte is less than 10 -8 (ohm 
cm) - i  at 25~ 

The decomposition potential  of the electrolyte was 
determined from the current-vol tage curve, reported 
in Fig. 3, of a cell similar to cell [II], with the graphite 
electrode mainta ined positive. The results are re- 
ported in Table IV, where the properties of Ag~I4AsO4 
are summarized. 

Table II. Powder x-ray patterns for the systems AgI-Ag~AsO4 and A, gI-Ag3VO4 
(only the most intensive lines are reported) 

Ag3AsO~" AgTI~AsO4 AgsVO~ AgTI4VO~ 7 - A g I  * 
d (A) I d (A) I d (A) I d (A) I d (A) I 

3,07 3 3.63 8 4.58 4 3.62 5 3.75 10 
2,74 10 2.93 5 2.88 10 3.00 5 2.30 6 
2.50 5 2.73 10 2.75 10 2.83 5 1.96 3 
1.64 3 2.48 6 2.54 6 2.71 8 

2.38 4 2.58 10 
2.29 6 

" Da ta  for  Ag~AsO4 and  7 - A g I  f r o m  A S T M  Cards  No. 6-0493 a n d  9-399, respectively.  

Table III. Typical silver transport number results in AgTI4X04 electrolytes at 25~ 

Curren~ C h a n g e s  in  m a s s  (rag) S l i v e r  
density A g  depos i t ed  t r a n s p o r t  

Electrolyte ( m A / c m  2) A n o d e  E l ec t ro ly t e  Ca thode  in cou lome te r  n u m b e r  

AgTLAsO~ 0.05 -- 3.4 -- 0,2 + 3.1 3.2 
Ag~LASO~ 1.0 -- 14.2 + 0.1 + 14.0 14,1 
AgTI4AsO4 
AgTI4VO~ 0.15 -- 11.85 -- 0.4 + l l .1O 11.46 
AgTt4VO~ 0.20 -- 5.1 + 0.2 + 4.65 4.83 
Ag,  I4VO~ 

1.01 • 0.03 

1.01-4- 0.03 
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Also in the silver iodide-silver vanadate system there 
is an in termedia te  compound with high conductivity, 
as shown by the max imum of 0.007 ( o h m - c m ) - l ,  at 
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Fig. 5. Decomposition potential of Ag714VO4 at 25~ 

about 80 m/o  AgI, in the conductivity-coraposition 
plot reported in  Fig. 4. The existence in the AgI-  
Ag3VO4 system of a new electrolyte, which may be 
tentat ively wr i t ten  as Ag~I4VO4, was also ascertained 
by x - ray  analysis (see Table II) .  

From the Arrhenius  plot of the electrolyte, l inear  
in the temperature  range from 20 ~ to 100~ (see Fig. 
2), an activation energy of about 4 kcal /mole is de- 
rived. This value implies that AgTI4VO4 also has an 
average structure. 

The charge carrier in the electrolyte has been de- 
termined as being silver ion by Tubandt ' s  method (6). 
Typical results, reported in Table III, indicate in fact 
that the silver t ransport  n u m b e r  is one wi thin  the 
experimental  error. The ionic character of the con- 
ductivity of AgTI4VO4 has been confirmed by the low 
value of the electronic contribution, 10 - s  (ohm-cm) -1 
at 25~ found by Wagner 's  analysis (5). 

From the cur rent -vol tage  curve of a cell similar 
to cell [II], shown in  Fig. 5, the decomposition po- 
tential  of the electrolyte has been determined. Its 
value is reported in  Table IV, where  the properties 
of AgTI4VO4 are summarized. 

The conductivity of the two new electrolytes here 
described is lower than that  of the solid conductors 
listed in Table I, but  is high enough to make 
AgTI4AsO4 and AgTI4VO4 of interest  for practical aP- 
plications. This interest  is increased by the great sta- 
bili ty shown by the electrolytes in moisture and io- 
dine atmosphere. An example of this excellent be-  
havior is the fact that the resistance of a cell s imilar  
to cell [I], main ta ined  in  an atmosphere of more than 
60% humidi ty,  did not show appreciable changes for 
several days. Fur thermore  in Fig. 6 are shown the 
changes in resistance of cells of the type 

C/AgTI4XOJI2,C [IV] 

The resistance ini t ial ly increases about 15% and then 
stabilizes to a constant value. A cell similar to [IV], 
having RbAg41.5 as electrolyte, would have shown, for 
the same period of time, a progressive increase in 

Table IV. Properties of AgTI4XO4 silver solid electrolytes at 25~ 

Density a t  T o t a l  eon~  E l e c t r o n i c  S i l v e r  D e c o m p o s i t i o n  
2 .5  k g / c m  ~ d u c t i v i t y  c o n d u c t i v i t y  t r a n s p o r t  p o t e n t i a l  

Electrolyte Color ( g / c m  s) ( o h m - c m ) - Z  ( o h m - c m )  - 1  n u m b e r  (V) 

AgTIIAsO, Red-violet 5.3  0 .004  10 -s 1.01 ---+ 0.03 0.68 
AE~I4VO4 O r a n g e - b r o w n  5.0 0 .007 10 -s 1.01 ----- 0 .03 0.70 
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resistance up to 200% (I). The reason for this differ- 
ence is probably that in these electrolytes there is 
not the solubility and diffusion of iodine which was 
found in-RbAg415 (8). Furthermore the new silver 
conductors here reported should be, at room tempera- 
ture, thermodynamically more stable than silver ru- 
bidium iodide, which undergoes a water-catalyzed de- 
composition reaction below 27~ (9). To ascertain 
this definitely, thermodynamic studies, such as the 
emf of formation cells and phase diagrams, should 
be carried out for the AgTI4XO4 electrolytes. These 
studies are in progress in our laboratory. 

The applicability of AgTI4AsO4 and AgTI4VO4 for 
the development of silver-iodine solid-state batteries 
has been tested by assembling the cell 

Ag/AgTI4XO4/12-P IV] 

which had, both in the case of arsenate and vanadate, 
an open-circuit voltage (OCV) of 0.67V at 25~ This 
value may be compared with the thermodynamic one 
(0.687V a t  25~ r e l a t e d  to t he  p rocess  

1 
A g  + - ~  I2 ---- A g I  [VI]  

considering the reduced iodine activity in the cathode 
(7). 

The polarization curves, shown in Fig. 7, indicate 
that cell [V] may sustain discharge current densities 
of the order of 1 mA/cm 2 without serious polariza- 
tion. The feasibility of Ag714AsO4 and AgTI4VO4 in 
solid-state power sources is finally confirmed by the 
typical discharge curves of cell [V], reported in Fig. 
8 and 9. The structure and the energetic characteristics 
of these batteries are reported in Table V. The specific 
energy density is low, as is typical of solid-state power 
sources (2). It must be kept in mind, however, that 
batteries [V] have been assembled only as laboratory 

0.8 

Fig. 8. Typical discharge 
curves of the cell Ag/AgTI4As04/  
12-P at 2 5 ~  
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Table V. Dimensions and energetic characteristics of cell [V] at 25~ * 

Specif ic  V o l u m e t r i c  
To ta l  A n o d e  Tota l  A n o d e  e n e r g y  e n e r g y  

t h i c k n e s s  t h i c k n e s s  w e i g h t  w e i g h t  dens i t y  dens i t y  
Type  of cel l  (cm) (cm) (g) (g) ( W - h r / k g )  ( W - h r / c m  ~) 

A g / A g ~ I 4 A s O J I ~ - !  a 0.17 0.07 1.2 0.6 ~1 .1  ~ 6  • 104  
Ag/AgTI~VO4/I~-P 0.12 0.04 0.9 0.3 ~ I . I  ~ 8  • I 0  -3 

�9 The  cel l  surface is 1.16 crn~. 

prototypes and, therefore, their performances may cer- 
ta inly  be improved by opt imizat ion of the cell's geom- 
etry. This was of course beyond the scope of this work 
which was carried out pr imari ly  to examine the elec- 
trochemical properties of the intermediate,  highly con- 
ductive compounds in the systems AgI-Ag~AsO4 and 
AgI-Ag~VO4. 
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Publication costs of this article were partially as- 
sisted by the Consiglio Nationale delle Ricerche. 
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Critical Potentials for Stress Corrosion Cracking of 
63-37 Brass in Ammoniacal and Tartrate Solutions 

H. Uhlig,* K. Gupta,* and W.  Liang* 

Department of Metallurgy and Materials Science, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The critical potentials below which SCC of 63-37 brass does not occur in 
a cupric ammonium test solution are measured as a function of pH, dissolved 
Cu concentration, and in the presence of the inhibi t ing ions: C1- and B r - .  They 
are also measured in presence of various metal ammonium complexes other 
than  the Cu complex and for alkaline tar trate  solution. Possible mechanisms 
are discussed. 

Many papers have appeared proposing mechanisms 
for stress corrosion cracking (SCC) of brass since 
the time of the first reference (1) in 1906 ment ioning 
the phenomenon itself. To this day, the various pro- 
posed viewpoints differ widely, and the search con- 
tinues. The si tuat ion has not been helped by some 
investigators who occasionally confuse in te rgranular  
corrosion, not requir ing a tensile stress, with stress 
corrosion cracking which does. For example, moist 
sulfur  dioxide, SO2, is sometimes stated as causing 
SCC of brass, but  it probably causes slower in ter -  
granular  corrosion instead, which, so far as the accu- 
mulated evidence shows, operates by a different mech- 
anism. Lynes (2), for example, listed several corro- 
sive media including acid sulfates and chlorides that  
cause slow in te rgranu la r  corrosion of brass, but  he 
demonstrated that  rapid SCC occurs only in electro- 
lytes containing cupric complexes of ammonia.  This 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member ,  
Key words:  brass, ammoniacal  solutions, tartrate solutions, i n -  

h ib i to r s ,  stress-sorption cracking. 

was true whether  or not a given solution causes in ter-  
granular  corrosion in absence of stress. 

Pickering and Byrne (3) recently described the ap- 
pearance of cracks in dynamical ly  strained 70-3.0 brass 
in acid sodium sulfate solution anodically polarized 
to 0.24V (SHE) which they reported to be an instance 
of SCC. There was no cracking at constant applied 
load. Although having the outward appearance of 
SCC, it is suspected that their observation instead is 
still another example of in te rgranular  corrosion ac- 
celerated by anodic polarization and made visible by 
th e widening Of surface grain boundaries during plas- 
tic deformation of the metal. It would seem to be a 
reasonable conclusion that whenever  a corrosive me- 
dium induces in te rgranular  corrosion in absence of 
stress (e.g., brass in  acid salts) the appearance of 
surface cracks in dynamic strain tests should not be 
taken as unequivocal  evidence of stress corrosion 
cracking. 

The apparent  in te rgranular  stress corrosion crack- 
ing of pure Cu in 15N aqueous NH4 -b 2.5 g/ l i ter  of 
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Cu reported by Pugh et al. (4) was repeated and 
interpreted as in te rgranular  corrosion not requir ing 
stress by Uhlig and Duquette  (5). The reported SCC 
of 99.9% Cu wires, 0.254 mm diameter, stressed be- 
yond the elastic limit in 0.05N cupric acetate by Es- 
calante and Kruger  (6) may have still another in ter-  
pretation. Either the observed oxide cracking was an 
instance of SCC, as was reported, or it represented 
al ternat ively a weakening of the highly stressed thin 
cross section of metal  by its gradual conversion into 
Cu20 which then failed mechanically. A reported 
longer failure time of their  99.999% Cu specimens 
when thicker (although still thin) in cross section 
(.0.71 mm),  suggests that mechanical  failure probably 
describes the situation. This in terpre ta t ion is also sup- 
ported by the well-established fact that heavy sec- 
tions of Cu sheet as used in practice may oxidize but  
are not observed to undergo SCC when exposed to 
acetate solutions. 

The various theories proposed to explain SCC of 
a-brass include: (i) electrochemical dissolution of 
alloy along "active paths" at the base of a notch or 
crack (7-9.); (it) progressive fracture of an oxide 
or other type reaction product film covering the alloy 
surface (9-13); or (iii) reduct ion of metal bond 
strength by an adsorbate (14, 15), called by one of 
us "stress-sorption cracking" (16). Some authors have 
placed emphasis on metallurgical  factors such as dis.- 
location arrays as being responsible for crack-sensi-  
t ive paths (8, 17), whereas others have emphasized 
that factors of the envi ronment  such as pH or applied 
potential determine whether  the observed fracture 
path is in te rgranular  or t ransgranular  (15, 18). Over 
and above such detail, it is important  to recognize, 
as Lynes emphasized, that the usual  stress corrosion 
cracking of brass, if it is to occur at all, requires a 
specific environment ,  limited, by and large, to am- 
monia and the amines, or in some instances to ni t ro-  
gen oxides and ni tr ic  acid vapors which convert by 
reaction with the brass surface to corresponding am- 
monium compounds (19). Johnson and Leja (14) 
showed in addition that bona fide in tergranular  stress 
corrosion cracking can occur in alkaline citrates and 
tartrates, which, like ammonia, form copper complexes. 
Otherwise, the commonly encountered electrolytes, no 
mat ter  how corrosive, are not l ikely to cause stress 
corrosion cracking. 

As in the case of austenitic and ferritic stainless 
steels (20-22), of mitd steel (23), and of high strength 
low alloy steels (24), there exists a critical potential  
below which SCC of brass does not occur in an other-  
wise damaging environment .  The significance of such 
a potential  to the previously proposed mechanisms 
of SCC for brass needs evaluation. Critical potentials 
are present ly measured and interpreted for a variety 
of ammoniacal  solutions and also for a tar trate  solu- 
tion; in addition, a t tent ion is directed to the question 
of whether  Cu in solution is required for SCC, or 
whether  other ammonium complex ions can be equally 
damaging. 

Exper imenta l  
Material for test specimens consisted of cold-rolled 

(20% reduction) commercial 63-37 brass supplied by 
courtesy of Bridgeport Brass Company. The analysis 
is: 62.65% Cu, 0.(}1% Sn, 0.012% P.b, 0.023% Fe, 0.01% 
Cd, balance Zn. The sheet 0.041 in. (0.104 cm) thick 
was sheared to specimens measuring 1 3/4 • 3/16 in. 
(4.5 • 0.5 cm). After  smoothing the edges with 600 
grade emery paper, the specimens were degreased in 
boiling benzene, then pickled in  45 volume, per cent 
(v/o) HNO8 for 30 sec at room temperature.  They 
were bent  beyond the elastic l imit  into the form of a C 
having a final span of 1 7/16 in. (3.7 cm) and held to 
this dimension between insulat ing holders of the zir- 
conium test apparatus at constant  flow stress as ma in -  
tained by remote spring loading. Fai lure  times were 
recorded by an electric clock. The test apparatus was 
similar to that described earl ier  for measuring s~ress 

corrosion cracking of stainless steels (21) and hydro-  
gen cracking of ferritic alloys (25). 

The test solutions were made up of stock solutions of 
CuSO~ and (NH4)2SO4 mixed just  prior to the test. 
The composition conformed approximately to that 
recommended earlier by Mattsson (18), and by John-  
son and Leja (14) for producing mi n i mum failure 
times; it consisted of 0.05M CuSO4 and 1.0M (NH4)eSO4 
of pH 6.5 adjusted using NH4OH. Solutions at room 
temperature  were usual ly stirred mildly by bubbl ing 
air through them. 

Controlled potential  runs made use of a Wenking 
potentiostat connected to a saturated calomel reference 
electrode via a salt bridge to the test solution. The 
salt-bridge capillary was located near the max imum 
bend of the test specimen. The electrical connection to 
the specimen was made by a Teflon coated copper wire 
fastened to the specimen through a hole drilled at one 
end. Two pla t inum electrodes located on either side of 
the test specimen served as auxil iary electrodes. In 
general, the critical potential  below which failure by 
SCC did not occur for at least 50-100 hr was repro- 
ducible to within 5 inV. The corrosion potential  mea-  
sured by simple immersion of the stressed or un-  
stressed specimen (no difference) was usual ly re- 
corded at the t ime of failure. 

Results 
The effect of pH on times to failure is shown in Fig. 

1. A min imum in the region of pH 6.5 confirms pre-  
vious data reported by Johnson and Leja (14). 

The effect of applied potential  on failure times at pH 
6.5 is shown in Fig. 2. The critical potential  below 
which failure does not occur wi thin  at least 50 hr is 
0.095V SHE or --0.147V SCE. This value is consistent 
with l imited and more approximate values reported by 
Sircar et al. (15) and by Lahiri  et al (26). It also ap- 
proximates the value reported for 70-30 brass in 15N 
aqueous NI-I~ by Pugh and Green (27). 

Min imum time to failure is observed at 0.27V SHE. 
At more noble potentials, t ime to failure again in-  
creases, reaching >5(} hr at about 0.31V. At the lat ter  
potential an appreciable anodic current  density causes 
uncer ta in ty  in the potential  measurements  because of 
high alloy dissolution rates and consequent th inning  of 
the specimens, contrary to the situation at 0.095V 
where dissolution of the specimen is suppressed by the 
accompanying cathodic current. 
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Fig. 1. Effect of pH of O.05M CuS04, 1M (NH4)~S04 on time to 

failure of 63-37 brass at room temperature. 
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CuS04, CdS04, or COS04, 1M (NH4)2S04, pH 6.5 at room tempera- 
ture. 

At modera te ly  h igher  pH values, the  corresponding 
crit ical  p o t e n t i a l s  as wel l  as the corrosion potent ia ls  
a re  shif ted to less noble values, as shown in Fig, 3. As 
shown later ,  and also by  previous measurements  for 
the  stainless (20-22) and carbon (23, 24) steels, should 
the corrosion potent ia l  become active to the corre-  
sponding cri t ical  potential ,  fa i lure  is not observed. 
According to Fig. 3, this s i tuat ion is pro jec ted  to a pH 
of about 8 and is suppor ted  by  corresponding long 
t imes to fa i lure  at pH 7.8, as shown in Fig. 1. At  pH 
values be low 6.0, i t  is l ike ly  tha t  the  corrosion poten-  
t ials  fal l  outs ide the  poten, t ials for m in imum fa i lure  
time. This could not be checked because measurements  
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pH 

Fig. 3. Effect of pH of 0.05M CuS04, |M (NH4)2S04 on critical 
potential and corrosion potential at room temperature. 

of cri t ical  poter~tials in the acid range are  obscured 
by a high uniform anodic dissolution ra te  of the alloy, 
and hence are not reported.  

The effect of anneal ing the present  co ld- ro l led  brass  
(20% reduct ion)  at 300~ for 1 h r  is to shift  the  cr i t i -  
cal potent ia l  in the noble direct ion by  about  18 mV 
without  much change in the shor t  t imes to failure.  
However,  severe cold-rol l ing  (29-93% reduct ion)  is 
repor ted  by  Edmunds  (28) to apprec iab ly  increase  the 
resistance of 70-30 brass to fa i lure  when  stressed e i ther  
para l le l  or  pe rpendicu la r  to the rol l ing direction. 
Rober tson et al (29) repor ted  a s imi lar  beneficial  effect 
on SCC resul t ing f rom co ld-work ing  a 1.9% Ni, 0.6% 
Si-Cu al loy tes ted  in ammonia.  The effect of severe 
cold-rol l ing on the cri t ical  potent ia l  could not be 
checked using the  present  thin gauge mater ia l ;  these 
measurements  r emain  to be done. 

The effect of h igher  t empera tu res  is to decrease 
t imes to fa i lu re  in accord wi th  an approx imate  A r -  
rhenius re la t ionship (Fig. 4). The apparen t  average 
act ivat ion energy is 10 kca l /mole  co r r e spon~ng  more 
l ike ly  to a chemical  r a the r  than  to a diffusion l imi t ing 
process in the  solution. This value  agrees wi th  that  of 
9.9 kca l /mole  repor ted  by  Pugh  et aI. (30) for 70-30 
brass in a so-cal led ta rn ish ing  solut ion consisting of 
8 g / l i t e r  Cu in 15N aqueous Nt-tz. Johnson and Le ja  
(14) repor ted  for 69.5% Cu-30.5% Zn brass  in 0.04M 
Cu, 1.SM total  NH3, pH 6.8 solution, a var iable  act iva-  
t ion energy ranging f rom 4 to 11.5 kca l /mole .  

The t imes to fa i lure  in 1M (NH4)~SO4, pH 6.5 as a 
function of dissolved Cu are  shown in Fig. 5. The 
effect of decreasing Cu concentrat ion is to shift  the 
cri t ical  potent ia l  in the n o b l e  direct ion and the corro-  
sion potent ia l  in the  active direct ion (Fig. 6). The ex-  
t r apo la ted  values show an intersect ion at ,0.0'03M CuSO4 
indicat ing that, at this concentrat ion and below, spon-  
taneous cracking of brass in s imple immers ion  tests is 
not expected nor is it observed. Decreasing copper con- 
centra t ion increases fa i lure  times, in accord wi th  data  
previously  repor ted  by Al thof  (31) and by  many  
subsequent  investigators.  The reason for the depend-  
ence on dissolved Cu concentrat ion is now made clear 
in terms of converging cri t ical  and corrosion potentials .  

Addi t ion to the ammonium sulfate test solut ion of 
various cations which form ammonium complexes and 
var ia t ion of the Cu concentrat ion but  keeping total  
metal  concentrat ion at 0:05M, has no apprec iable  ef- 
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Fig. 4. Effect of temperature on time to failure in O.05M CuSO4, 

1M (NH4)2SO4, pH 6.5. 
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except for the solutions containing Cu only. 

fect on times to failure (Fig. 5). Furthermore,  0.05M 
of  any such extraneous cation in absence of dissolved 
Cu does not spontaneously induce SCC. Extraneous 
cations, however, are able to induce failure under  
conditions of anodic polarization with or without oc- 
casional renewal  of the test solution in order to avoid 
accumulat ion of Cu salts. The data supposedly show, 
as Pugh and Green (27) concluded earlier from results 
obtained in a copper-free ammoniacal  test solution, 
that SCC of brass occurs in absence of dissolved Cu 
provided that  the prevail ing potential  is favorable. 
However, the noble values of the favorable potentials, 
accompanied by continuous anodic dissolution of the 
brass, makes it impossible to avoid accumulation of 
dissolved Cu at the specimen surface. This is also true 
of measurements  made in the present  non-Cu am-  
monium complex solutions, hence dissolved Cu in some 
amount  is present in all instances at the time of fail- 

ure. Whether dissolved Cu is or is not necessary to 
failure, the apparent  critical potentials in the ini t ial ly 
Cu-free solutions, in absence of other factors, should 
all be approximately the same, but, in fact, they are 
not. It appears, therefore, that failures can occur in-  
dependent  of an ini t ial ly dissolved Cu concentration. 
but not independent  of whatever  heavy metal  am- 
monium complex is present. It is found, for example, 
that the critical potentials for 0.05M Zn + + or Cd + + in 
1M (NH4)~SO4, pH 6.5 solutions are both about 0.16V 
SHE, but  for 0.05M Co + + it is 0.22V SHE. The cor- 
responding critical potential  for 0.05M Ni + +, for which 
the (NH4)2SOs concentrat ion was reduced to 0.5M in 
order to avoid precipitat ion of Ni salts, is 0.14V. Data 
for the Cd + + and Co + + test solutions are included in 
Fig. 2. For Co + + test solution, the damaging potential  
region is so narrow that it is easily missed exper imen-  
tally. Anodic protection (>50 hr) occurs only 10 mV 
above the critical potential  at and below which cath- 
odic protection is observed. For Cd + + test solution, a 
similar spread of potential between cathodic and 
anodic protection is equal to 110 mV and for the Cu + + 
test solution it is still greater and equal to 215 inV. 

It was found that some anions, e.g., C1- and Br - ,  
added to the usual  test solution inhibi t  the cracking 
process. Acetate, NO8-, and C104- ions, on the other 
hand, have less or no inhibi t ing effect, as shown in 
Fig. 7. The effect of C1- and B r -  is to shift the critical 
potential in the noble direction, and the corrosion po- 
tential  in the active direction. The approximate con- 
centrat ion observed at the merger  of the two potentials 
corresponds to the opt imum m i n i m u m  concentrat ion of 
halide ion impart ing inhibi t ion (Fig. 8). The opt imum 
mi n i mum concentrat ion for NaC1 is .0.04M and for 
NaBr it is only 0.005M. 

It was also of interest  to determine whether  S O s - -  
is an inhibi tor  in view of the report by McKinney and 
Hermance (32) describing fai lure of Ni-brass tele- 
phone exchange components by SCC in  the Los Angeles 
amosphere known to be high in ni trogen oxides and 
nitrates, but  not in New York City where the higher 
sulfate content of the atmosphere presumably inhibits  
similar failures. The failure time of brass in  0.05M 
Cu(NO3)2, 21V/ NH4NO3, pH 6.5 was 0.85 hr, and with 
added 1M Na2SO4, it was 0.70 hr, showing no inhibition. 
It is possible, therefore, that S O s - -  actually inhibits  
the reduction of NO8- to NH4 + by the corrosion re- 
actions occurring on a brass surface, the presence of 
NHs + being necessary to SCC. This possibility de- 
serves investigation. 

Fig. 6. Effect of CuSO4 con- 
centration in 1M (NH4)2SO4,! 
pH 6.5 on critical and corrosion 
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Finally,  data of Fig. 9 show that  brass in alkaline 
tar trates  also exhibits a critical potential  for SCC, the 
value being considerably more active than that  in  am- 
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Fig. 9. Effect of applied potential on time to failure in 0.04M 
CuSO4, 0.SM potassium tartrate at two pH values. 

moniacaI solutions. Hence cathodic protection is also 
possible in tar t rate  solutions. The values of pH were 
measured using the glass electrode and hence are only 
approximate. The alkal ine error was reduced, but  not 
eliminated, using potassium instead of sodium tar -  
trates and hydroxides. Qualitatively, an increase in 
alkal ini ty  of the ta r t ra te  solution shifts the critical po- 
tential  in the active direction. 

Discussion 
It is quite clear that similar to the si tuation for 

stainless steels, high strength steels, and mild steels, 
brass resists spontaneous stress corrosion cracking if 
the corrosion potential  is active to the critical poten- 
tial. The prevail ing potential, al ternatively,  can be 
noble to the potential  region above which the t ime to 
failure again increases (anodic protection). Rapid 
anodic dissolution of brass may occur s imultaneously 
in the noble region, part icular ly in the presence of 
appreciable dissolved Cu. 

The critical potential  is affected by cold-work of the 
brass, and by pH, dissolved Cu concentration, and by 
presence of inhibi t ing anions. Analogous to other metal  
systems, it is probably also affected by temperature.  
Brass undergoing SCC in alkaline tar t rate  solutions 
similarly exhibits a critical potential  below which 
failure does not occur wi th in  at least 20,0 hr  and prob-  
ably for much longer times. 

The present  evidence indicates that dissolved Cu + + 
or some other heavy metal  ammonium complex in 
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some amount  is required for the observed failures. 
This conclusion is supported by the small amount  of 
dissolved Cu + + (0.003M, Fig. 5) needed for spontane-  
ous failure, and the cont inuing dissolution of brass at 
potentials required for failure in non-Cu complex test 
solutions, all of which are noble to the corrosion po- 
tentials. It is also supported by differing critical po- 
tentials for failure depending on whether  the avail-  
able ammonium complex contains Cu ++, Cd ++, 
Zn + +, Ni + +, or Co + +. Fai lures are observed in each 
solution only if the corrosion potential  or applied po- 
tential  is noble to the critical value. It appears that 
the Cu + + complex is the most damaging of the various 
heavy metal complexes in view of its least noble criti- 
cal potential, and the ineffectiveness of other com- 
plexes in presence of the Cu + + complex to change the 
time to failure (Fig. 5). Necessity for the presence of 
NH4 + has been demonstrated by early investigators 
and most recently by Lynes (2) and by Sircar et aL 
(15). The two notable exceptions are Cu complex- 
forming alkaline tartrates and citrates (14). 

The effect of increasing pH above 6.5 is to shift cor- 
rosion and critical potentials result ing in an increase 
of times to failure. At a pH of 6.5 the prevail ing cor- 
rosion potential coincides with the potential  corre- 
sponding to m in imum failure t ime (Fig. 2 and 3). 

The halide ions C1- and B r -  added to the test solu- 
tion are more effective inhibitors than perchlorates, 
acetates, sulfates, and nitrates probably because the 
halide ions or their  complexed species more readily 
adsorb on the metal  surface. The marked inhibi t ing 
action of small amounts  of halide ion is to shift the 
critical potential  in the noble direction and the cor- 
rosion potential in the active direction. The lat ter  
shift is in  accord with a decreased activity of Cu + + 
caused, directly or indirectly, by ionic complexing in-  
volving C1- or B r - .  Regarding the critical potential, 
it should be noted that the  effect of the inhibi t ing 
anions for SCC of mild steel and 18-8 stainless steel is 
similarly to shift the critical potentials of these metals 
in the noble direction (20, 23). The explanat ion for 
the consistent behavior of inhibitors in this respect is 
important  to any relevant  proposed mechanism of 
SCC. Hoar and Booker (7) earlier found an inhibi t ing 
effect of C1- on SCC of brass but  did not offer an ex- 
planat ion other than  to suggest that the surface oxide 
in its presence was seemingly less compact. 

It is difficult to explain the observed critical poten-  
tials and the effect of inhibi t ing anions on the basis of 
an oxide film fracture model. For example, when the 
visible oxide film was pickled off present ly stressed 
brass specimens in 6N HC1 at room tempera ture  for 
1 rain after exposure for either 0.5, 1.0, 2.4, 3.5, or 5 hr 
to the usual composition Cu + + test solution of pH 7.5 
(average time to failure is 7 hr) ,  then washed and 
re-exposed to the same test solution without removal 
from the test apparatus, there was no major  change 
of failure time. The average total time gradual ly in-  
creased from 7.0 hr for unpickled specimens to 9.1 hr 
for pickled specimens previously exposed to the test 
solution for 5 hr. Any fracture of a thick oxide film is 
obviously un impor tan t  to the mechanism. Supposed 
fracture of a thin oxide film is also not plausible in 
light of absence of SCC just  below the critical l:oten- 
tim of 0.095V SHE, and its occurrence slightly above 
this potential. The lat ter  value of potential  has no 
obvious relat ion to the formation or reduction of 
Cu20 by the Pourbaix diagram for Cu (33). Moreover, 
the potent ia l -pH diagram for Cu as modified by Matts- 
son (18) and by Hoar and Booker (7) does not ac- 
count for the effect of increasing dissolved Cu concen- 
t rat ion and of increasing pH on observed shift of the 
critical potential in the active direction. If the esti- 
mated thermodynamic activity or other properties of 
alloyed Zn are invoked to move the equi l ibr ium bound-  
aries in the required direction, any such explanat ion 
is obviously not relevant  to an explanat ion of the 

susceptibility of Cu alloys not containing Zn, e.g., those 
containing Si, Ni, Sb, As, A1, or P (34). 

The relevance of the critical potential  to incidence or 
absence of SCC also casts doubt on any "active path" 
or metal dissolution model. Uniform corrosion of brass 
continues just  above or below the critical potential, 
as data of Pugh and Green show (27). If the critical 
potential  is equated to a specific m i n i mum corrosion 
rate at and above which cracks init iate and grow, it 
becomes difficult to explain why this supposed rate 
should be decreased and the critical potential in-  
creased by the presence of a small amount,  0.04M, of 
chloride or by only 0.005M bromide. Both halide ions 
form soluble Cu-Zn corrosion products and do not 
inhibit  uniform corrosion of Cu or Zn. Furthermore,  
it is not plausible to interpret  the reduced suscepti- 
bili ty of severely cold-worked brass i n  terms of a re- 
duced corrosion rate brought  about by cold-work. 

As in the proposed explanations for SCC of stainless 
steels, high strength steels, a n d  mild steels, adsorption 
of the envi ronment  on appropriate surface defect sites 
accompanied by reduction of metal  bond strength 
comes closest to explaining the available facts. This 
model and the evidence for its support have been dis- 
cussed in  detail in previous publications (35, 36). 
Johnson and Leja (14) and Sircar et al. (15) also 
favored an adsorption mechanism. I t  is assumed, ac- 
cordingly, that surface adsorption on stressed brass of 
a damaging ammonium complex containing Cu + + or 
another heavy metal  ion occurs in sufficient amount  
above the critical potential, and its corresponding de- 
sorption occurs below. Desorption may again take place 
at still more noble potentials, as is dramatized by the 
SCC behavior of brass in the Co + + test solution. Po- 
tentials at which re levant  adsorption or desorption 
takes place unders tandably  varies with the type of 
ammonium complex. The metal  bond breaking process 
by the adsorbed complex is considered to be analogous 
to that responsible for nucleat ion and growth of 
cracks in, for example, stressed E-brass exposed to 
moist air (37), in stressed high strength steels ex- 
posed to pure K2 at 1 atm (38), or to moist argon 
(39), in stressed a-brass exposed to l iquid Hg, or in 
stressed austenitic stainless steels exposed to hot chlo- 
rides. If this concept also applies to the present  situa- 
tion, more facts must  be made available to clarify 
which of the possible ammonium complexes contain-  
ing Cu are the damaging species. It  may be one of the 
wel l -known stable complexes described in the. l i tera-  
ture, or, instead, it may be a metastable reaction prod- 
uct of the test solution with brass, the composition of 
the reaction product being potential  dependent.  The 
damaging species presumably must  have an over-al l  
apparent  negative charge within the damaging poten- 
tial region because of the more pronounced suscepti- 
bil i ty to SCC at potentials just  noble to the critical 
value. Hence, although stable copper complexes are 
normal ly  positively charged, the responsible species 
may adsorb accompanied by or combined with an anion 
or anions. The same situation applies to SCC by Cu 
complexes involving tartrates and citrates. The in-  
hibit ing function of CI-  and Br - ,  accordingly, is prob-  
ably one of disolacing the damaging species by non-  
damaging adsorbed C1- and B r -  or their  complexed 
species. This competitive adsorption process is favored 
less at more noble applied potentials, a higher concen- 
trat ion of halide ion being necessary for inhibi t ion 
under  these conditions. Competitive adsorption involv-  
ing C l -  ions, it should be recalled, was also proposed 
as describing the inhibi t ing behavior of extraneous 
anions in the pitt ing corrosion of stainless steels (40), 
a luminum (41), and Ni-Cu alloys (42). However, it 
should not be concluded from this apparent ly  parallel  
behavior that  the mechanism of SCC necessarily de- 
pends on initial pit t ing corrosion. Adsorption sites for 
the two processes are quite different, involving a 
stressed lattice in the one instance., bu t  not in the other. 
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In accord wi th  the mechanism of s t ress-sorpt ion  
cracking,  the accountable  imperfec t ion  ne twork  is 
usua l ly  concent ra ted  along gra in  boundar ies  or, in the  
case of t r ansg ranu la r  cracking, albng the slip planes  
of s tressed a-brass.  They mark  the sites on which p re -  
fe r red  adsorpt ion  of the damaging  ammonium complex 
occurs, resul t ing  in cracking.  Which direct ion the 
crack follows is de te rmined  in par t  by  al loy composi-  
t ion and by  the degree of cold-work,  both  affecting 
imperfec t ion  networks,  and also by  factors of the  en-  
v i ronment ,  such as pH. The l a t t e r  de te rmines  the na -  
ture  of specific Cu complexes in compet i t ion wi th  O H -  
or o ther  ions avai lab le  to adsorb on one t ype  of im-  
perfect ion ne twork  over  that  of another .  

A sui table  imperfec t ion  ne twork  is not  usual ly  gen- 
e ra t ed  in p las t ica l ly  deformed pure  Cu, but  it  is fav-  
ored by  increasing amounts  of a l loyed Zn. The p rop-  
er t ies  of a l loyed Zn, in this regard,  are  shared  by  many  
other  a l loyed components  (34), chemical ly  unre la ted  
as ment ioned earl ier ,  which also induce susceptibi l i ty.  
In  other  words, it  is not  so much the supposed film- 
forming or e lec t rochemical  proper t ies  of a l loyed com- 
ponents  that  induce suscept ib i l i ty  as i t  is the p robab le  
effect of such components  on sui table  imperfec t ion  
ne tworks  genera ted  dur ing tens i le  stressing of the 
alloy. 

Along the same lines, shor te r  fa i lure  t imes at above-  
room tempera tu res  suggest  that, at  least  in part ,  more 
favorable  imperfect ion ne tworks  are  genera ted  in 
brass at the h igher  tempera tures .  This is analogous ,to 
the s i tuat ion in austeni t ic  stainless steels exposed to 
MgC12 solut ion which fai l  by  SCC only above room 
tempera ture .  

Conclusions 
1. I t  is confirmed tha t  m in imum fa i lure  t ime of 63-37 

brass  in 0.05M CuSO4, 1M (NH4)2SO4 test  solution 
occurs at  pH 6.5. 

2. The cri t ical  potent ia l  in the above test  solution 
below which fa i lure  t ime is > 50 hr  is 0.095V SHE. 
This value is shif ted in the  act ive di rect ion by  increas-  
ing pH and by  increas ing dissolved Cu concentration.  

3. The act ivat ion energy  for SCC in the  above test  
solut ion is 1,0 kca l /mole .  

4. The min imum dissolved Cu + + concentrat ion for 
spontaneous cracking of 63-37 brass in 1M (NH4)2804 
is 0.003M. Above this concentrat ion the corrosion po-  
tent ia l  is noble;  below it is act ive to the cri t ical  po-  
tential .  

5. Sodium chloride and sodium bromide,  at least  
0.04 and 0.005M, respect ively,  added to the test solution 
are  effective inhibi tors  of SCC. They shift  the  cri t ical  
potent ia l  in the noble and the corrosion potent ia l  in 
the ac t ive  direct ion;  inhibi t ion occurs when  the two 
potent ia ls  merge  or  cross. 

6. An  ammonium complex containing Cu or some 
other  heavy  meta l  is necessary in some amount  for 
SCC of brass to occur in the (NH4) 2SO4 test solution. 
This conclusion is reached from (i) the  ve ry  smal l  
concentrat ion of dissolved Cu (0.003M) needed for 
spontaneous cracking,  (ii) the  cont inuing uni form 
corrosion of brass supply ing  Cu + + at  the noble poten-  
t ials requi red  for fa i lures  in in i t ia l ly  Cu- f ree  solu-  
tions, and (iii) the dis t inct ly  different cri t ical  poten-  
t ials for fai lures  in some of the  Cu + +, Cd + +, Zn + +, 
Ni + +, and Co + + ammonium complex test  solutions. 

7. The cri t ical  potent ia l  in O.04M potass ium tar t ra te ,  
pH 14, is --0.34V SHE, becoming more  active at  a 
h igher  pH. 

8. The present  results  are  in te rp re ted  in terms of 
reduct ion of meta l  bond s t rength  by  adsorpt ion of a 
Cu-conta in ing or o ther  heavy  meta l  ammonium com- 
p lex  on appropr ia te  defect sites along gra in  boundar ies  
or  sl ip planes.  
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ABSTRACT 

The anodic oxidation of molybdenum in an acetic acid solution has been 
studied with regard to the na ture  of the formed film and the kinetics of film 
growth. Faradaic methods, ATR spectroscopy, and "open-current"  t ransient  
methods were utilized. A comparison was made between the anodic oxide film 
formed on molybdenum and vanadium. The anodic film on molybdenum was 
found to contain molybdenum in an oxidation state less than  +6.  

The purpose of this s tudy was to investigate the 
chemical na ture  and certain physical properties of 
anodic molybdenum oxide films formed in a nonaque-  
ous anodizing solution. Young (1) has reported that 
the hexavalent  oxides are not readily soluble in acid 
solution and when subjected to anodic polarization in 
acid solution the metals form passivating films of the 
oxides. Some metals, (e.g., molybdenum and vana-  
dium) do not yield an insoluble anodic oxidation prod- 
uct when anodized in aqueous media and such a film 
can only be formed in nonaqueous solutions (2). Young 
has also reported that it is not clear whether  anodic 
metal oxide films might  contain cation valencies less 
than the highest common one. 

Recently John.son et al. (3) have studied the mech- 
anism of the anodic dissolution of molybdenum in 
aqueous sulfate solution as a function of pH and salt 
composition. An anodic dissolution mechanism was 
proposed which involved the prior oxidation of sur-  
face films of molybdenum(V)  oxide to MoO8 and sub- 
sequent dissolution by hydrolyzation. This entire mech- 
anism is based, of course, upon the avai labi l i ty of suffi- 
cient free water  to form soluble moly'bdic acid. 

In addition, Arora and Kel ly  (4) formed anodic ox- 
ide films on molybdenum for radiochemical depth dis- 
t r ibut ion studies. In  that. work they utilized a non-  
aqueous solvent reported earlier by Keil and Salomon 
(2) which had been successfully employed to grow 
anodic oxide films upon vanadium metal. They make 
the a priori assumption that the anodic oxide formed is 
in fact molybdenum trioxide. Earl ier  results have 
prompted us to make a comparative s tudy of the na -  
ture of anodic films upon vanad ium and molybdenum 
using this ra ther  unusua l  anodizing solution, acetic 
acid-water-borax.  

In this present  work, we s tudy the nature  of the film 
on molybdenum using Faradaic methods, at tenuated 
total reflectance (ATR) spectroscopy, and electrical 
properties of the molybdenum oxide film by use of 
open-circuit  t ransient  analysis. The anodic oxidation 
of several metals (5-8) has been studied using this 
method. We were par t icular ly  interested in this study, 
to compare the results obtained through the anodic 
oxidation of molybdenum with those of vanadium. 

Experimental 
High-pur i ty  ( ~  99.9%), single-pass, zone-refined 

molybdenum metal  in wire and foil form was used for 

*Electrochemical Society Active Member.  
Key  words:  anodic oxidation, molybdenum,  transients,  struc~ttre. 

this work. The molybdenum, obtained from both Ma- 
terials Research Corporation and Alpha Chemicals, 
was mounted by methods previously described (2). 
The molybdenum surface was prepared for anodiza- 
tion by first polishing with a series of emery polishing 
papers (4, 3, 2, 0, 2/0, 3/0, and 4/0) followed by wet  
a luminum oxide powder polishing (15.0, 5.0, and 1.0~) 
on a rotat ing felt wheel. The finest a luminum oxide 
powder utilized was 1.0~ micropolish. Subsequent ly  the 
electrode was washed first for 15 sec with 1:1 water-  
nitric acid (70% assay) solution, then with acetone, 
dried in a stream of ni t rogen gas, and immersed in 
the anodizing solution. In this work we used an acetic 
acid solution 2.0M in water and 0.02M in sodium tetra-  
borate. The solution had a conductivity of 79 ~(ohm- 
c m ) - l .  These studies were carried out at 25~ An  
ambient  of ni t rogen was mainta ined in the reaction 
flask and the anodizing solution was degassed prior 
t o  u s e .  

Under  galvanostatic conditions current  densities not 
less than 379 ~A/cm 2 were used. For the open-circuit  
t ransient  studies a pair  of Phi lbr ick SP102 operational 
amplifiers were used for galvanostat  and voltage fol- 
lower. The output of the voltage follower, which ac- 
complished a power gain, was then fed into the input  
terminals  of a Sanborn Model 7701B oscillographic re-  
corder. These amplifiers operate over a range of • 
All potentials were recorded relative to the saturated 
calomel reference electrode. For the studies at high 
current  densities, an analog to digital converter data 
collection system was employed. The voltage vs. t ime 
data was fed into the computer  via an audio coupler. 
Overpotentials were calculated from observed voltages 
by subtract ing the value of the open-circuit  potential. 
Apparent  current  densities were obtained by dividing 
the observed current  by the macroscopic surface area 
of the anode. 

Faradaic studies.--In an effort to obtain the upper  
limit of the average valence of the molybdenum ion 
within the anodic film, quant i ta t ive measurements  of 
the charge passed and the amount  of molybdenum 
oxidized were made. The results obtained using this 
method include gassing, if any, which would result  in 
the actual valence state being substant ia l ly  lower. 

The amount  of molybdenum metal  present in the 
anodic oxide was determined using the colorimetric 
method of Ayres and Tuffiy (9) as reported by Snell  
and Snell (10). The method involved the determinat ion 
as molybdate in the hexavalent  state by phenylhydra-  
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zine hydrochloride. The following modifications were 
incorporated: (a) approximately 0.02g of potassium 
meta-per iodate  (KIO4) were added to the pheny lhy-  
drazine hydrochloride before boiling took place in 
order to oxidize the molybdenum present  to the hexa-  
valent  state, (b) the film was quant i ta t ive ly  dissolved 
by immersing the electrode in ,0.5 ml  of ammonium 
hydroxide. A constant current  of 2500 ~A was used and 
films were grown to a max imum of 56V. Due to the 
small surface area of the electrode (0.664 cm z) con- 
secutive runs  were made in the anodizing solution for 
a cumulat ive t ime of approximately 30,0 sec. The ano- 
dizing solution was not changed dur ing  these consecu- 
tive runs  but  the electrode was removed after each 
thin film growth and the str ipping modification in part  
(b) above was employed. After  the completion of 
enough runs to reach the t ime of 300 sec the anodizing 
solution was removed and reduced to approximately 
10 mliters by boiling. This reduced solution was then 
combined with the ammonium molybdate formed in 
the str ipping process and added to the phenylhydrazine  
hydrochloride solution. The per cent t ransmit tance 
was measured at 505 nm in a Perk in -Elmer  double 
beam spectrophotometer. The apparent  oxidation state 
of anodically oxidized molybdenum, defined as the 
ratio of number  of Faradays to grow the film to the 
number  of moles of molybdenum found in the film 
plus anodizing solution, was then calculated. 

A T R  spectroscopy.--Infrared spectra were obtained 
uti l izing a Wilk's single beam ATR at tachment  equip-  
ped with a KRS-5 prism. An impor tant  step in anodiz- 
ing (in those instances where a permanent  film was 
desired) was that the specimens be dried with a stream 
of dry gas (we used ni trogen) immediately following 
removal from the anodization cell. The molybdenum 
anodic oxide films, like vanadium, are unstable.  This 
instability is evidenced by changes in the uniformity 
of the interference colors and occur approximately 15 
sec after removal from the anodizing solution if it is 
kept in a moist atmosphere. This instability is inherent 
to the oxides of V and Mo and not to the electrolyte. 
Films formed on Nb or Ta in our laboratory in this 
electrolyte have the same stability as films formed on 
these metals using boric acid-borax solutions. 

Results 
Anodic oxidation in this anodizing solution results 

in an anodic film which exhibits intense interference 
colors. The film interference colors observed at vari-  
ous formation potentials are shown in  Table I for 
potentiostatic film growth. Anodization under  potentio- 
static conditions produced films whose m i n i m u m  final 
leakage current  was ,0.5-1,5 m A / c m  2 and from which 
some film dissolution did occur even during film 
growth. 

Faradaic studies to obtain an upper  valence l imit  of 
the molybdenum ion within the anodic film were con- 
ducted under  galvanostatic conditions. Massive gassing 
at the anode did not occur. However, it is possible that 
small  amounts  of gas were produced. This would cause 
the actual oxidation state of the metal  wi th in  the film 
to be less than the apparent  oxidation state. Results 
showed that the average apparent  oxidation state of 
molybdenum wi th in  the film equaled 5.50. It  should 
be pointed out that complete development  of the color- 
imetric complex between the dissolved molybdenum 

Table I. Observed interference colors at various formation voltages 

Formation Fi lm interferen,ce 
voltage,  V color 

6-10 L igh t  yel low 
15 Steel blue 
25 L igh t  blue 
35 Yellow-green 
45 Violet 
55 Deep  violet  
65 Emera ld  green  

film and phenylhydrazine  hydrochloride was not ob- 
tained unless periodate was first added to the film 
solution to be analyzed. The periodate ion oxidizes the 
molybdenum quant i ta t ively  to the Mo(VI) oxidation 
state. 

Addit ional  insight into the na ture  of the anodie 
molybdenum film can be gained by viewing the ATR 
spectra for films produced potentiostatieally. Figure 1 
shows the ATR spectra of the anodic film as a function 
of formation voltage. For comparison the spectra pub-  
lished for MoO3 by Nyquist  (11) is given in Fig. 1. 
Note that there is a definite absorbance of the anodie 
films at about 1000 cm -1 in agreement  with the pub-  
lished spectra for MoO3 but  that  the broad band  cen- 
tered at 850 em-~ in the s tandard is either not present 
or shifted markedly  to higher energies in the spectra 
of the anodie oxide films. We should note that we are 
comparing a probably amorphous film with a crystal-  
line standard. 

The oxide film can be considered to be the dielectric 
medium of a capacitor whose plates are composed of 
the substrate metal  and the anodizing solution. Under  
galvanostatie conditions the film carries current  in 
some manner.  During an open-circuit  t ransient  the 
differential equation describing the system becomes 

i q- C dV/d t  : 0 [1] 

which relates the ion current  through the film, i, with 
the fiIm capacitance, C, and the voltage decay rate, 
dV/dt .  Measurement  of V as a function of t experi-  
menta l ly  enables one to determine the equation of 
dV/dt  and ul t imately  a definitive expression of i as 
a function of V. Earlier work (5-7) has established 
that an expression between voltage and time of the 
form 

V = k - - V o I n  ( t q - 0 )  [2] 

can lead to a field-assisted ionic migrat ion growth 
mechanism in which the mobile ions jump periodic 
potential  energy barriers.  The quantit ies e, Vo, and k 
are parameters which are determined by the part icu-  
lar t ransient  and its initial  conditions. For molyb-  
denum, the voltage-t ime t ransient  fit an equation of 
the above form. Analysis of the vol tage-t ime trace was 
performed with the assistance of a digital computer. 
The computer was fed voltage vs. t ime data. It then 
performed the following functions: (a) it chose from 
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Fig. 1. ATR spectra of anodic oxide films at various formation 
voltages. 
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a very large selection the value of 0 which produced 
a m in imum standard deviation of all data points when 
the data were subjected to a l inear  least square analysis, 
and (b) it pr inted out values of k, 0, Vo, and the s tan-  
dard deviation. It  can be shown (8) that manipula t ion  
of Eq. [2] can ul t imately yield as a final result  re lat-  
ing i and V, an equation of the form 

i = io exp (V/Vo)  [3] 

where the exchange current  density io ---- CVo exp (--  k /  
Vo). 

The point is that an equation of this form is the 
mathematical  consequence of the differential equation 
describing the system and the experimental  voltage- 
time profile. Here ia and Vo are exper imenta l ly  deter-  
mined parameters  whose dimensions are the same as i 
and V, respectively. If t ime zero equals the commence- 
ment  of the transient,  the t ransients  fit Eq. [2] for 
times corresponding to 80% of the potential  decay at 
a current  density of 3794 #A/cm 2 and 60% of the po- 
tential  decay at 1897 and 379 t~_/cm 2. Figure 2 shows 
the relationship between the parameter  Vo and the 
formation potential. For a given formation current  
density, Vo is a l inear  funct ion of the formation poten-  
tial and all lines near ly pass through the origin. The 
slope of each line is obviously a function of the forma- 
tion current  density and decreases with increasing cur- 
rent  density. 

From data analysis, we learned that  the value of 8 
required to fit the t ransient  data to Eq. [3] is quite 
small, with values ranging from essentially zero to as 
high as 0.2. A typical value is 0.001. Generally,  0 in-  
creased with the formation potential  of the film. Small  
values are not unexpected because of the relat ively 
large formation current  densities and # : CVo/ie. 
Figure 3 shows the relationship between the reciprocal 
capacitance and the formation potential. The recipro- 
cal capacitance is related to 0 by the equation 1/C = 
Vo/ieO, where ie equals the film formation current. 

Discussion of Results 
The results of the Faradaic studies show conclusively 

that the metal  ions in  the anodic molybdenum oxide 
film cannot quant i ta t ively  be present  in  the + 6  oxida- 
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Fig. 2. Dependence of Vo on formation potential for molyb- 
denum in anodizing solution. The formation current density was 
379.4 ~A/em :2 for the data represented by [~, 1897 ~A/cm 2 for 
the data represented by � 9  and 3794 ~A/cm 2 for the data repre- 
sented by A .  

tion state. This point was accented by the fact that full 
development of the molybdenum-phenylhydraz ine  hy-  
drochloride was not achieved unless prior to complexa- 
tion some periodate ion was added. Thus, some of the 
molybdenum must  be present  in an oxidation state less 
than +6  within the film. Also any oxygen evolution 
(not observed under  galvanostatic conditions) would 
require still lower metal  ion valencies. Johnson et al. 
(3) in a s tudy on anodic dissolution of Mo in aqueous 
acid media postulated that dissolution is probably ac- 
complished through a hydrat ion reaction to form 
MoO3"H20 (or molybdic acid HzMoO4). They further  
postulated that Mo metal when placed in solution forms 
a film of approximate composition Mo205 that com- 
pletely covers the metal  surface. They also noted that 
the conductive Mo205 is converted to MoO~ upon anodic 
polarization. A major  conclusion they made, and with 
which we agree, is that  an equi l ibr ium probably exists 
between MoO3 and a lower oxide. We suggest the re- 
sults from Faradaic experiments  and the ATR spec- 
troscopy possibly point to the presence of a lower oxi- 
dation state as a major  film constituent. Ha and Ord 
(12) recently followed the formation of mixed inner  
and outer anodic layer  on iron with a following el-  
tipsometer in neutral  borate electrolyte. Frediction of 
our anodic oxidation product upon thermodynamic 
grounds is fur ther  complicated because of the nature  
of our electrolyte, a difficulty we experienced in earlier 
work with vanadium (2). The activity of water  in the 
acetic acid solution has not been determined and rend-  
ers thermodynamic consideration using Pourba ix- type  
pH vs. E (SHE) diagrams (13) difficult. We suggest our 
data (Faradaic and spectroscopic) at the very least in-  
dicate an amorphous film nature  and possibly the pres- 
ence of oxides other than MoQ.  Care must  be exer-  
cised in these spectral comparison however because we 
are comparing a probably amorphous (3) film material  
with a crystalline standard. 

An exponential  dependence of the current  density 
through the oxide film on the overpotential  can be in-  
terpreted in terms of an act ivat ion-energy-control led 
process (1). The theoretical relat ion for such a process, 
in the high-field case, is given in its simplest form by 

i : 2any exp ( - - U / k T )  exp (qaE /kT)  [4] 

where a is the ha l f - jump distance of the activation 
barrier,  n the density of charge carriers, v the fre- 
quency of the oscillating ions, U the activation energy 
for the process, q the effective charge on the mobile 
ions, and E the electric field at the activation barrier.  
The other symbols have their usual  meanings. Assum- 
ing the field at ,the activation barr ier  is equal to the 
average electric field, a comparison of Eq. [3] and [4] 
may be made which yields the relationship 

Vo = ( k T / q a ) D  [5] 

Thus, Vo is proportional to the thickness of oxide 
layer, D. 

The experimental  data presented here verify a 
model of this type. Figure 2 shows that the values of Vo 
are l inearly proportional to the formation potential  for 
a given formation current  density over a wide range of 
values and the lines nearly intersect the origin. This 
result indicates that a high-field conduction process 
limits the current through the layer. Data taken for 

Table [I. Apparent oxidation state of molybdenum anodic 
oxidation product for various formation voltages grown at a 

current density of 3762 #A/cm 2 

F o r m a t i o n  Tota l  To ta l  charge A p p a r e n t  
vo l t age ,  m o l y b d e n u m ,  passed,  o x i d a t i o n  

V ~moles  ~ F a r a d a y s  s ta te  

37.7 1.605 8.945 5.57 
38.3 1,725 8.658 5.02 
45.96 1.51 7,727 5.12 
53.85 1.41 7.909 5.61 
55.75 1.32 8.101 6,16 
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Fig. 3. Dependence of the reciprocal capacitance on formation 
potential. The formation current density was 379.4 ~A/cm 2 for the 
data represented by [] ,  1897 ~A/cm ~ for the data represented by 
O ,  and 3794/~A/cm 2 for the data represented by A. 

different formation current  densities fall on lines of 
differing slopes, i n d i c a t i n g  that the field in the layer 
depends on the formation current  density. The field in 
the dielectric may increase with increasing formation 
current  density because of an increase in the ion jump 
distance at higher formation current  densities. For 
films grown potentiostatically the current  decreased to 
some l imit ing value which we called the "leakage" 
current.  Our results indicate that the final "leakage 
current"  under  potentiostatic conditions equaled 0.5-1.5 
mA/cm ~. We presume this is due pr imar i ly  to a steady- 
state dissolution of the anodic oxide. Analysis of the 
electrolyte verifies that some molybdenum is dissolv- 
ing dur ing  film growth. This result  is in agreement  
with those found for vanad ium (8). Inspection of the 
reciprocal capacitance plot, Fig. 3, shows severe scatter 
of points. Perhaps this is due to the fact that  we were 
using high c u r r e n t  densities and consequential ly ob- 
tained very small  values of 8 or it may indicate some 
film porosity. 

The results of this invest igat ion on molybdenum are 
similar to those obtained in an earlier work on vana-  
dium (8). Both metals when subjected to anodic polar-  
ization in the acetic ac id-water-sodium tetraborate  so- 

lution, yield a protective film exhibi t ing intense in ter -  
ference colors ra ther  than anodic dissolution. The ano-  
dizing solution is probably unique and works because 
the water activity is significantly reduced on account 
of strong intermolecular  interactions with acetic acid 
dimer molecules. Perhaps a comparative study of, say, 
n iobium in aqueous and acetic acid borax solutions 
would be informative. 

The film on molybdenum is not quantitatively MOO3, 
but probably exists as a mixed oxide. Ionic conduction 
during film growth proceeds by the mechanism of 
field-assisted barrier migration. 
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Nitrogen Diffusion in Zirconium Nitride 
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ABSTRACT 
,Diffusion of ni trogen in ZnNo.93 plates obtained by direct n i t r idat ion of 

99.995 weight per cent zirconium sheets at 1150~ was studied using the ~SN 
gas-solid exchange technique. These specimens were characterized by chemi- 
cal analyses, density, lattice parameter,  and structural  measurements.  The 
diffusion anneals were performed at a ni t rogen pressure of 220 Torr and at 
temperatures in the range 1000~176 The tracer diffusion coefficient can 
be expressed as D* (cm2/sec) ---- 4.08 • 10 -6 exp --36,600/RT. These results 
when  compared to determinat ions of the chemical diffusion coefficients ob- 
tained from Zr ni t r iding kinetics demonstrate  that ni t rogen transport  in the 
polycrystal l ine solid at temperatures  less than 1200~ is associated with a 
short-circuit  diffusion mechanism. 

Diffusion studies on metal  ni~rides have been a sub-  
ject of l imited interest. Indeed, diffusion coefficients 
have been reported for o n l y  a few transi t ion metal  n i -  
trides which are chemical coefficients for ni t rogen dif- 
fusion except for u ran ium mononitr ide where tracer 
diffusion coefficients are available for both ni trogen 
and the metal  species. The purpose of this investiga- 
tion, accordingly, was to determine the ni t rogen tracer 
diffusion coefficient in zirconium mononitr ide and to 
compare this determinat ion to diffusivities obtained 
from models for the ni t r idat ion of zirconium (1-6) and 
the sintering of this nonstoichiometric compound (7). 

Experimental 
Sample preparation.--ZrN plates, 2.5 >< 1.5 X 0.025 

cm, were prepared by ni t r id ing zone-refined Zr sheets, 
99.995 weight per cent (w/o) pure, in research grade 
nitrogen, < 1 ppm 02, held at 1150~ and 1 arm pres- 
sure for periods of 4 weeks. Careful precautions were 
taken to prevent  insofar as possible oxygen contamina-  
tion of the solids. The Pt boa,t containing the Zr speci- 
mens chemically polished in a 5 volume per cent (v/o) 
HF-45 v/o HNO3 aqueous solution was covered with a 
Zr foil and surrounded with Zr gettering chips. 

Sample characterization.--ZrN exists over a broad 
composition range corresponding to ZrN0.~5-ZrNi.0 (8). 
The composition of the plates was computed from the 
weight gain dur ing nitridation,  the result  being 
checked by chemical analyses. Nitrogen analysis was 
conducted using Bollman's  modified Kjeldahl  method 
in which the dissolving medium is a s tannous-phos-  
phoric acid reagent (9). The  zirconium content was de- 
duced from the weight of ZrO2 obtained by reacting a 
ZrN sample in  oxygen for 24 hr  at 1000~ 

The structure was characterized by a combination of 
metallography, lattice parameter,  and density measure-  
ments. Specimens mounted  in room-set t ing epoxy resin 
were polished to 1~ diamond paste with kerosene as 
lubricant.  The HF-HNO3 etchant was used to reveal 
grain boundaries.  X- ray  diffraction traces were made 
in the high angle region at 1/4 ~ per min  using 4 r slits 
and Ni-filtered Cu radiation. The lattice parameters 
were calculated from ~he (331), (420), (422), (440), 
and (511) peaks. In  some cases the Debye-Scherrer  
powder x - ray  method was used. Densities were deter-  
mined by the pycnometric method using xylene as the 
reference liquid. 

Diffusion experiments.--Diffusion rates were deter-  
mined at constant temperature  from the decrements of 
the 15N isotope concentrat ion in the isotopically en-  
riched ni t rogen atmosphere. These experiments  were 
carried out in the apparatus shown in Fig. 1. The P t -  

�9 Electrochemical  Society Act ive  Member .  
1 P r e s e n t  addres s :  Labora to i re  de Chimie Min~rale et Cin4tique 

H4t~rog~ne, Univers i t~ de Limoges ,  87100 Limoges ,  France.  
Key  words :  z i rconium nitr ide,  n i t rogen  diffusion, latt ice and  

short-c i rcui t  diffusion.  

Rh reaction chamber, Fig. 2, was equipped with two 
winches, one for lowering and raising the quartz cruci- 
ble containing ZrN powder for oxygen gettering and 
the other for lowering the Pt  crucible containing the 
ZrN plates to undergo ni trogen exchange. The space 
between the P t -Rh and mull i te  tubes was also gettered 
of oxygen by means of Zr foil. Following are the pre-  
cautions taken to prevent  oxygen contaminat ion of the 
ZrN plates. The crucibles, each containing 500 mg of 
ZrN were introduced into the upper  section of the re-  
action chamber. After ni t rogen purging and evacuation 
of the system, an aliquot of 96 atom per cent (a/o) 
15N enriched ni t rogen was introduced into the reaction 
chamber to a pressure of 10-15 Torr. Sufficient normal  
ni trogen was then admitted to give a pressure of 220 
Torr when the system was heated to the diffusion tem- 
perature. Argon was introduced into the outer chamber 
at a slightly smaller pressure. The furnace was then 
brought  up to 850~ and the quartz crucible containing 
ZrN and the Zr foil lowered in,to the furnace zone for 
12 hr to permit  gettering of residual oxygen. The tem- 
perature was subsequent ly  increased to that for the 
diffusion run, the quartz crucible raised from the re- 
action zone, and two I cm 8 gas samples collected to 
measure the initial I~N concentration. Immediate ly  
afterwards the P.t crucible containing the ZrN plates 
was lowered into the hot zone, the zero time taken 
when the crucible reached this zone. Gas samples sub- 
sequently collected at suitable intervals  were analyzed 
by the mass spectrometric technique. 

Tracer diffusion coefficients D* were calculated from 
the equation of Carman and Haul (10) 

CAUBRATED F 
BULB ~L~)ALIQUOT ~ 

~ t i  
N 2 B 

VACUUM 
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Fig. 1. General schematic diagram of the diffusion apparatus 
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vealed grains of var iable  size in the 10-30# range as 
demonstrated in Fig. 3. Surface examinat ion of the 
plates showed the existence of small protuberances de-  
l ineating polygonal  surfaces. 

In each diffusion run, three or four  plates having a 
total mass close to 500 mg were  placed in an inclined 
position with in tervening space in the Pt  crucible. 
Blank runs at 1000 ~ and 11,00~ without  plates showed 
no measurable  ni t rogen exchange. The runs were  car-  
ried out at temperatures  in the range 1000~176 and 
at 220 Tort  ni t rogen pressure. Plots of D*t/ l  2 vs. t ime 
for periods up to 10 hr  are given in Fig. 4. Since the 
plots were  linear, diffusion was assumed to be the ra te -  
de termining step. The t racer  diffusion coefficients were  

air cooling seal 

Fig. 2. Reaction chamber and assembly of the diffusion ap- 
paratus. 

Ct -- Cs X/~ 
_ e erfc [1] 

Cg -- C~ 

where  ~ _-- D*t/I2. Here, Ct, Cs, and Cg represent  the 
atom fraction of 15N in the a tmosphere  at t ime t, i n  
the solid at t ime zero (.taken as the natural  abundance 
0.0037), and in the atmosphere at t ime zero, respec- 
tively, 1 is the half  thickness of a ZrN plate, and X is 
the ratio of the to.tal mass of ni t rogen in the gas phase 
to that  in the solid. 

Results 
ZrN specimens, which exhibited the golden yel low 

color of this compound, were  in the metal  excess range 
at the atom ratio N / Z r  = 0.93 • 0.01. The lat t ice pa- 
rameter ,  Table I, calculated f rom diffractometer  trades 
was used to compute the x - r a y  density given by the 
expression 

nRI 
dx (g/craB) = [2] 

Na3 

where  M is the molecu la r  weight  of ZrN6.93, N is Avo-  
gadro number,  a is the lat t ice parameter ,  and n ---- 4 is 
the number  of metal  atoms in the NaCl- type  unit  cell. 
The estimate given in Table I for the fraction of vacant  
sites in the zirconium sublat.tice f rom the small differ- 
ence of 0.67% between the x - r a y  and pycnometer  den-  
sities is questionable (8). Li tera ture  data invar iably  
show that  dx > dp, which has been at t r ibuted to struc- 
tural  defects such as voids in the polycrystal l ine solid 
or the influence of oxygen as an impuri ty  on the de-  
fectivennss of the metal  sublatt iee (8, 11, 12). 

A smooth surface finish could not be obtained on 
cross sections of ZrN due to its brittleness. Etching re-  

Fig. 3. Etched cross section of ZrNo.93 plate (Magnification 
• 695). 

1 t I I 

N/Zr  2e (/~) 
0.93 254 

1200~ 
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Table I. Densities and vacancy concentration in ZrNo.93 plates 
a t23~  

d p  (pycnometer a (lattice dx (x-ray 
densi ty)  p a r a m e t e r )  density) VN Vz~ 
(g/cm ~) (A) (g/cm z) (a/o) (a/o) 

7.180 "4- 0.008 4.6755 4- 0.0007 7.228 7.62 0.66 

I 2 5 4 

10-4x TIME (sec) 

Fig. 4. Experimental results for 15N diffusion in ZrNo.93 plates 
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Fig. 5. Arrhenius plot of the nitrogen tracer diffusion coefficient 
for ZrNo.~. 

calculated from the slopes of the best l ines and an 
Arrhenius  plot of these evaluations is shown in  Fig. 5. 
The expression for this diffusivity is 

D* (cm2/sec) = 4.08 +ss.2 • 10 -6 e x p  
--3.9 

- -  (36,6.00 • ~500)/RT [3] 

where the limits are at the 95% confidence level. 
The ZrN plates were not discolored dur ing exposures 

up to 10 hr. At  longer t imes they developed a b rown-  
ish-green color which darkened with increasing ex- 
posure. Powder x - ray  photographs contained no new 
lines but  the diffractometer traces of the surface 
showed a very small extra peak corresponding to the 
max imum intensi ty  peak of monoclinic ZrO2. 

Discussion and Conclusions 
Preparat ion of ZrN from the metal  was carried out 

under  conditions typical of those used in investigations 
on the ni t r iding kinetics of zirconium. Since zirconium 
diffusion is negligible, several investigators (1-5) have 
analyzed the parabolic kinetics for the ni t rogen uptake 
governing the growth of the ZrN surface layer in terms 
of unidirect ional  two-phase (T < 862~ or three-  
phase (T > 862~ volume diffusion models to obtain 
an average value for the chemical diffusion coefficient. 
These values are recorded in  Table II and shown by 
Arrhenius  plots in Fig. 6. There are also included diffu- 
sivities calculated from the ni t r iding of ZrN0.z6 wires 
(6) and the sintering of ZrN wires of various composi- 
tions (7). In  this lat ter  investigation, .the effective dif- 
fusion coefficient determined from the growth of the 
neck radii and a sintering model was assigned to ni t ro-  
gen diffusion. The present determinat ion of the tracer 
diffusivity agrees approximately with several of the 
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Fig. 6. Present results and those reported in the literature for 
nitrogen dfffusivities of zicon~um nitride. The numbers in paren- 
theses refer to the references. 

chemical diffusivities obtained from ni t r id ing of the 
metal. Despite the discrepancies in the determinations,  
one can conc]ude that the activation energy and pre-  
exponential  factor for the diffusivities obtained from 
the different types of measurements  increase with in-  
creasing temperature.  Also, the diffusivities calculated 
from the sintering results are characterized by an ap- 
preciable concentrat ion dependence. 

The ni t rogen deficiency in the NaC1 structured 
ZrN0.93 is essentially caused by the presence of vacan- 
cies in the ni t rogen sublattice (Table I).  One can, 
therefore, reasonably assume that the zirconium sub- 
lattice is fixed and that t ransport  of ni t rogen occurs 
via ni trogen vacancies. Using a Darken- type  diffusion 
analysis for this solid (2, 13, 14), the chemical diffusion 

coefficient /~ can be related to the intrinsic coefficient 
D and the tracer diffusion coefficient D* by 

/~ ---- D = D* (O in aN/a in  x) [4] 

In  this relationship, aN and x are the ni t rogen activity 
and the n i t rogen- to-z i rconium atom ratio, respectively. 

Table II. The nitrogen tracer (D*), chemical (D), and self-effective ( D e f t )  diffusion coefficients for ZrN expressed in Arrhenius form: 
D ~ D O exp --Q/RT 

D i f f u s i o n  T e m p e r a t u r e  Do Q 
Materia l  coef f ic ien t  r a n g e  (~ (cm~/sec)  ( k c a l / m o l e )  M e t h o d  l~ef. 

Z r N  ~ 650-850 7.87 x 10 -~ 35.9 N i t r i d i n g  k i n e t i c s  3 

ZrN ~ 1250-1700 6.0 X 10 -~ 60.0 -- 1 

ZrN ~ 1260-1720 1.69 • 10 -2 53.66 -- 4 

ZrN ~ 800-1100 2,5 • 10 -~ 44.2 -- 5 

Z r N  ~ 1200-1500 3.12 79.4 -~ 6.0 - -  2 

ZrNo.~6 ~ 16OO-Z200 7.5 x iO - I  78,3 D i f f u s i o n  s a t u r a t i o n  6 
ZrNo.6s~ D e f t  2550-2700 3.5 x 10 TM 245.0 S i n t e r i n g  k i n e t i c s  7 
ZrNo.s~  Deaf  2400-2750 7.9 • I0~ 150.0 -- 7 
Z r N o . ~  D e f t  2400-2600 2.6 • 10 ~ 97.0 - -  7 
Z r N e . ~  D* 1000-1200 4.08 X 10 -e 36.6 I so tope  t r a c e r  T h i s  w o r k  
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In  the absence of data on the ni t rogen activity as a 
function of nonstoichiometry one cannot evaluate the 
activity term in Eq. [4]. Kohlstedt  et aI. (14) have pro- 
vided, nevertheless,  per t inent  conclusions on the influ- 
ence of the carbon activity gradient  on carbon diffusion 
in TiC which exhibits the same type of crystal lography 
and nonstoichiometry as ZrN. The contr ibut ion to the 
activation energy for diffusion from the activity term 
was estimated to be only ,-~6 kcal /mole in comparison 
to the total activation energy for chemical or tracer 
diffusion of the order of 100 kcal/mole.  They, there-  
fore, suggest that  when  differences of many  kcal /mole  

are reported between the activation energies of D and 
D*, like diffusion evaluations from metal  carburizing 
and single-crystal  tracer results, the explanat ion re-  
sides in the role of short-circuit  diffusion paths in the 
polycrystal l ine solid formed ra ther  than in the chemi- 
cal activity term of Eq. [4]. 

These conclusions are also consistent with the find- 
ings on the ni t rogen diffusional properties of ZrN. The 
evaluat ion of the tracer diffusivity and those for the 
chemical diffusivity from metal  ni t r idat ion invest iga-  
tions at temperatures  less than 1200~ were obtained 
from results on polycrystal l ine ZrN formed from the 
metal. This lat ter  tempera ture  is ,--0.4 of the mel t ing 
point of ZrN. Consequently, the low values of the ac- 
t ivat ion energy in the range of 3,5-45 kcal /mole  repre-  
sent this energy for ni t rogen short-circuit  diffusion 
through low resistance s tructural  paths such as in-  
grown dislocations and grain boundaries.  The t ransi-  
tion of this energy to values in the 50-80 kcal /mole 
range at temperatures  between 1200 ~ and 2200~ ac- 
cordingly represents the decreasing influence of short- 
circuit diffusion as the activation energy becomes that  
for ni t rogen t ransport  by lattice diffusion according to 
a vacancy mechanism. The activation energies larger 
than 100 kcal /mole and the high pre-exponent ia l  fac- 
tors obtained above 2200~ in sintering studies, along 
with the fact that these parameters  decrease as stoichi- 
ometry is approached, suggest an increasing contr ibu-  
tion of Zr diffusion in the mass t ransport  process in the 
init ial  s inter ing of this mater ia l  (7). Thus the rela-  
t ively large discrepancies in the ni t rogen diffusion co- 
efficients over the lower tempera ture  range results 
from the different polycrystal l ine structures of the ZrN 
solid in each investigation. 
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Anodic Phenomena in Cryolite-Alumina Melts 
I. Overpotentials at Graphite and Baked Carbon Electrodes 

E. W. Dewing* and E.Th. van der Kouwe 1 
Arvida Research Centre~ Aluminum Company o~ Canada, Limited, Arvida, Province o~ Quebec, Canada 

ABSTRACT 

A method  is described for measur ing the potential  of a working carbo- 
naceous anode with  respect to an a luminum reference electrode. The correc- 
tion for resistance drop is determined by measuring the apparent  resistance 
with a superimposed al ternat ing current  and a Kelv in  bridge, and at the same 
t ime measuring the ampli tude of the second harmonic voltage generated, 
which also gives the Tafel slope. For graphi te  the Tafel  slope is found to be 
0.295, but the exchange current  varies from 1.5 m A - c m  -2 for current  densities 
below 0.1 A - c m  -2 to 5 m A - c m  -2 above. 0.5 A-cm -2. The effect is a t t r ibuted 
to changing CO/CO2 ratio in the gas generated. For  baked carbons the same 
value of the Tafel  slope is found, a l though it applies over  a restr icted range 
of current  density, and the overpotentiats  are lower  than for graphite. The 
sheath of  gas bubbles rising around the electrode distorts the current  flow 
so that overpotent ials  at a fixed geometr ic  current  density vary  with  size and 
shape of the electrode. 

One may wonder  why yet  another  paper- should be 
needed on overpotent ials  at carbon and graphite elec- 
trodes in cryol i te -a lumina  melts in view of the amount  
of competent  work  already existing. [Thonstad (1) 
has given numerous references which there  is no point 
in repeat ing here.] The justification is that  we have 
applied a fresh technique, have obtained a novel  re-  
sult, and have revealed some problems which are, 
perhaps, more  serious than had general ly  been rea l -  
ized. 

The  design of an apparatus for such measurements  
is dictated very  largely  by the nature  of the electrode 
materials  to be investigated. Commercial  carbon anodes 
are made f rom a pet ro leum coke aggregate  wi th  par -  
ticles up to 1 cm in diameter;  if the surface of a test 
electrode is to be statistically representa t ive  it must 
have dimensions of the order of 4 cm, and the surface 
area will  be 30-40 cm 2. Since commercial  cells work  
at up to 1 A - c m  -~, and it is desired to extend the 
laboratory work  substantial ly higher, this means that  
a current  of at least 80A is required.  There is, un-  
fortunately,  no small  reference electrode (the equiva-  
lent  of a Luggin capillary) which can be used, owing 
to problems with materials  of construction; the phys- 
ically bulky types avai lable  must  be kept at a distance 
f rom the working electrode (to avoid disturbing the 
current  distr ibution) and this leaves a sizable resist-  
ance drop to correct for. If  a precision of, say, 10 mV 
is aimed at, then with  80A total current  the resistance 
must  be measured with  a precision of about 110 '-4 ohm. 
This, in fact, turns out  to be the major  problem. The 
resistance must  be measured at the same t ime as the 
cell potential, since it is obviously dependent  on the 
gas bubbles and may be expected to vary with  the 
d-c current;  the only possible approach is by super-  
position of an a-c  current  and the measurement  of 
the apparent  a-c resistance by means of a bridge. This 
quantity,  and previous workers  seem to have ignored 
the fact, contains also the Faradaic  resistance of the 
electrode, and the only way we have found to el imi-  
nate it is to go one step fur ther  and measure the de- 
gree of harmonic  distortion of the a-c voltage (i.e., 
the generat ion of the second harmonic) .  Thanks to 
modern  ins t rumentat ion this is now re la t ively  easy, 
and, as is shown below, it not only solves the resistance 
problem but generates  valuable  information in its 
own right. 

* Electrochemical  Society Active Member.  
Present  address: South African Atomic Energy Board, Pr iva te  

Bag X256, Pretoria,  South Africa. 
Key  words:  cryolite, alumina,  graphite,  carbon, overpoten*tiai, 

Faradaic rectification, TafeI slope. 

Theory 
Let the potential  V of an electrode be a function, 

f ( I ) ,  of the current  I. Then the potential  at a current  
I + h (where  h < <  I) is given by Taylor 's  series as 

h 2 
y(I + h) = f(I)  + h~'(I) + - - f " ( 1 )  + . . .  [1] 

2 

If a small sinusoidal current  is superimposed on the 
direct current, then h can be replaced by 5 sin ~t, 
where  8 is the ampli tude and ~ the f requency of the 
superimposed current. Equat ion [1] thus becomes 

f ( I  + 5 sin ~t) : f ( I )  -[- 5 sin wt.]' (I) 

52 
-4- - -  sin 2 ~t . ]" ( I )  + . . .  [2] 

2 

The al ternat ing component  of the potential  is obtained 
by subtract ing the potential  corresponding to the d-c 
current  alone and is 

Valt : ] ( I  -t- 8 sin ~t) -- ] ( I )  : 5 sin ~ t . ] ' ( I )  

52 
+ - - s i r i ~ t . f " ( I )  + . . .  [3] 

2 

If the substi tut ion sin 2 ~t = (1 -- cos 2 ,~t)/2 is made 
this becomes 

82 63 
V,lt = b sin ~t.:f' (I) -t- ~ :f" (I) -- - - 4  cos 2 ~t ' ]"  (I) . . .  

[4] 
The apparent  resistance as observed at the fundamental  
f requency is simply f ' ( I )  (obtained by dividing the 
first t e rm in Eq. [4], which is the only one at the fun-  
damental  frequency, by the sinusoidal current,  5 sin 
,,t). The second te rm represents Faradaic  rectification, 
but is much too small to observe in the presence of 
the pseudorandom fluctuations in potential  caused by 
the evolut ion of gas bubbles. The third represents a 
sinusoidal voltage of twice the fundamenta l  f requency 
and ampli tude ~ : (83/4) ]" (I).  

Suppose now that, over  a l imited range of current  
density (i) and time, the Tafel equat ion 

V = a +  b l n i  [5] 

may be used. By this we mean  that, over  the range 
of current  densities covered by the excursions of the 
superimposed a.c., and for the .time for several  such 
oscillations to take place, the values of a and b are 
effectively constant. We can rep lace  i, the current  

358 
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density, by I /A ,  where I is the total current  and A 
is the effective surface area, again assumed constant 
for a short period of time, and we can add a resistance 
term IR, so that 

V = f ( I )  = a + b l n I - - b l n A + I R  [6] 

Differentiation gives successively 

f (Z) = b/Z + R [7] 
and 

$"(1) = -- b l I  2 [8] 

It is impor tant  to note that  A, the effective area, has 
disappeared from both these derivatives, and R, the 
resistance, from the second. Exper imental  values of 
the second harmonic ampli tude (~) can be obtained, 
and hence ]"(I)  from 

1"(z) = 4~/~2 [9] 

If Tafel's law is applicable a plot of log (4~/52) vs. 
log I should have a slope of --2. Once this is estab- 
lished a value of b is calculated; this in  tu rn  can be 
used to correct the apparent  resistance for the term 
b/I  to give R (Eq. [7]), and finally IR can be sub-  
tracted from the measured V to give the electrode 
potential.  

If Tafel's law is not  verified on the log-log plot, 
then the Faradaic resistance must  be determined by 
numerical  in tegrat ion of the exper imental  values of 
~"(I).  

We wish to emphasize that, complex though this 
procedure may be, we are not aware of any other ex- 
per imental  method of determining R. ( In  pr inciple  it 
can be done by going to frequencies high enough that  
the Faradaic resistance is short-circuited by the elec- 
trode capacity, but  it seems that, with the high d-c 
current  densities used here, frequencies of the order 
of 500 kHz would be necessary, and, with the low 
values of resistance to be measured, the problem of 
pickup in  the loop formed by the anode and reference 
electrode leads and the melt  seems to be insuperable.)  

Exper imental  
All experiments reported here were made in a melt 

saturated with a lumina at temperatures  between 960 ~ 
980~ About  800g of a luminum was added to 3 kg of 
melt  except for two runs where a 2,0 weight per cent 
(w/o)  Cu alloy was used. The graphite  crucible con- 
ta ining the melt  was 20 cm OD, 15 cm ID, and 20 cm 
high, and was heated in  a resistance furnace. Temper-  
atures were obtained before a r u n  from a Chromel-  
Alumel  thermocouple immersed in the melt. The tem- 
perature  had to be watched closely to avoid cooling 
and crystallization of a lumina on the electrode. 

Details are given in  Fig. 1. The working electrode 
was screwed onto a .1.6 cm diam copper rod attached 
higher up to a copper tube. A new anode had the 
form of a 3.75 cm diam cylinder with a hemispherical 
end, and a total immersed area of about 50 cm 2. Due 
to consumption the anode became somewhat conical 
in shape, and the average value of D1 and D2 was 
taken as the diameter  of the cylinder. The diameter  of 
the hemisphere was taken as D2. An Inconel rod (2 
m m  diam) was imbedded in the anode and ran  paral -  
lel to the copper tube to serve as a potential  lead. 

The reference electrode consisted of a 0.7 cm ID 
a lumina  tube containing a luminum and a tungs ten  rod 
(1.5 mm diam) as lead. An opening was cut in the 
side facing the anode. 

The electrical circuit is shown in Fig. 2. The d-c 
rectifier power supply, capable of giving I'0'00A at 
5V, was connected, via a 0.388 mHenry  choke, and a 
0.5 mohm current  measur ing shunt  across the cell. 
In the low current  range a 1 ohm resistance was in-  
cluded in the circuit to extend the control steps of 
the power supply. A potential  divider (ratio 100:1100 
ohm) reduced the voltage between the anode and ref- 
erence .electrode to br ing it wi th in  the range of the 
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Fig. 1. Dimensions of anode and reference electrode 
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Fig. 2. Electrical circuit 

potentiometer used to measure both it and the drop 
across the shunt. 

A modified Kelvin  bridge was used to measure the 
apparent  resistance. Its power supply was a Heathkit  
oscillator and amplifier. To prevent  d.c. going through 
the amplifier a 40,00 ~F capacitor was placed in  series, 
as was also a 1 ohm resistor to protect the bridge 
from overloading. The input  did not exceed 5V rms. 
It was essential that the lead to the cell shown in 
Fig. 2 as grounded should have the lowest practical 
resistance, and a 60 cm length of 6 gauge flexible 
cable was found suitable. It  was connected to the 
copper tube supporting t he  electrode. The bridge was 
checked against a known resistor and found to give 
reliable results for frequencies up to 1.5 kHz. 

The heart  of the a-c measur ing system was a phase- 
sensitive, frequency locked amplifier.2 This instrument ,  
which has a max imum sensit ivity of 10 #V fuil scale 
deflection (fsd), is given a reference signal of the fre- 
quency of interest, and thereafter  is sensitive only to 
that frequency, ignoring other frequencies, d.c., and 
random noise. The sole interference comes from odd 
harmonics of the reference frequency, but  they were of 

Keithley Ins t ruments  Incorporated,  28775 Aurora  Road, Cleve- 
land, Ohio 44139, Model 840 Autoloc amplifier. 
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no concern in this work. By turning a switch the in-  
s t rument  can be operated at twice the f requency of the 
reference signal, thereby making it ideal for the second 
harmonic measurements.  

The reference signal was taken across the standard 
resistor (usually 1 ohm) in use in the Kelv in  bridge; 
this ensured that  the  phase taken as s tandard was 
that  of the a-c current  going through the cell. The 
magnitude of the current  (rms) was next  fixed (at 
e i ther  1 or 0.3A, depending on the d-c current)  by 
using the Autoloc amplifier to measure the drop across 
the same resistor. Fol lowing this the amplifier was 
used in place of the ga lvanometer  of the bridge. 

A run  consisted of a series of about 20 voltage, 
current, resistance, and second harmonic  measure-  
merits. Each run was star ted by applying the high 
currents  first, thereby  obtaining a s teady-state  sur-  
face. The current  densities var ied f rom about 3 to 
0.01 A-cm-2 .  

T h e  resistance measurements  were  straightforward.  
The Autoloc amplifier was set to zero phase angle so 
that  it would not respond to any inductive or capacita- 
t ive components of the impedance, and the bridge 
was balanced to give zero signal. The second harmonic  
ampli tude was measured across the ga lvanometer  te r -  
minals  af ter  the bridge was balanced. In this way  any 
second harmonic component  contained in the  input  
current  was balanced out. The measurement  was made 
at phase angles of 0% 90 ~ 180 ~ and 270 ~ to el iminate 
interference as far  as possible. No successful measure-  
ments could be obtained at the highest d-c currents. 

Af ter  a series of measurements,  the current  was 
reversed and run at about 5-10A for a minute  or two 
to depolarize the electrode. The apparent  resistance 
was then measured, and the current  was re turned  to 
its normal  direction. About 20A were  passed for a few 
minutes be fo re  taking the electrode out of the bath; 
if this was not done it was hard to see where  the 
immersion line was. When it was cold the dimensions 
of the electrode were  measured.  

Measurements  were  made on grade A T J  graphite 
and on baked carbon electrodes of the type used in 
Soderberg cells. They were  made from pet ro leum coke 
aggregate hea t - t rea ted  in a ni t rogen a tmosphere  at 
1250 ~ and 1400~ bonded with  pitch, and finally baked 
at 970~ 

Treatment  of Results 

Resistances measured on the Ke lv in  bridge were  in 
the vicini ty of 0.0.1 ohm, and consequently sometimes 
lay in the X l  range of the br idge and sometimes in 
the X0.1 range. Despite the fact that  tests with known 
resistors showed that there  was no discrepancy on 
passing from one range to another, it was noticed 
that  results wi th  cells often d id  show a jump associated 
with the change of range. To check on this the a-c 
current  and voltage were  measured direct ly with the 
Autoloc amplifier, and the resistance was calculated 
to compare wi th  bridge reading. It was found that  
the resistances on the X1 range were  correct while 
those on the low range were  in error, al though mea-  
surements  made with  reversed d-c current  seemed to 
be correct. The reason for this behavior  is not known, 
but all measurements  made on the low range have 
been el iminated f rom the final results. 

The ampli tude of the second harmonic component 
was measured across the ga lvanometer  terminals  of 
the bridge in order that  the second harmonic distor- 
t ion existing in the input wavefo rm ( ~ 2 % )  should be 
balanced out, but owing to the dividing action of the 
bridge resistors, the full  ampli tude was not present 
across the ga lvanometer  terminals.  The magni tude 
of the factor (measured ampl i tude / input  ampli tude)  
was determined by applying a known voltage across 
the potential  input  of the bridge and measuring the 
voltage be tween the ga lvanometer  terminals.  The fac- 
tor was found to vary  f rom 0.990 to 0.908, depending 
on the bridge setting. 

I00 i 

I0 

I - 

0 . 1  I 
0,01 0.1 1.0 4.0 

i (Acm -2 ) 

Fig. 3. Second harmonic amplitude (~)  as a function of d-c cur- 
rent density for ATJ graphite. 

It was assumed that  the genuine part  of the second 
harmonic signal was reversed in sign when the phase 
was changed 180 ~ . By subtracting algebraically, any 
part which was not reversed was eliminated. This was 
done for the 0~ ~ pair and the 90~ ~ pair, and 
they were  then added vectorially.  The resul tant  was 
corrected for the calibration factor and the quant i ty  
4~/5 e found. (Note that  a factor of ~ /2  is necessary to 
go f rom rms values as measured to amplitudes.) 

Results 
Figure  3 shows, on a log-log plot, values of the 

quant i ty  4~/52 as a function of current  density for 
one of the runs with graphite. The expectat ion of a 
s traight  line of slope --2, indicating Tafel behavior,  
is borne out; in this case the statistical value is --1.935 
with a standard error  of --+0.014, and the correspond- 
ing value of b (Eq. [8] and [9]) is 0.129,1 _ 0.0039. 
The results of the eight runs wi th  graphite are  given 
in Table I. In only one of them was the slope statistic- 
ally differen• from --2 (--1.886 -+ 0.011). For ease 
of comparison with  the other  runs the exchange cur- 
rents have  nonetheless been calculated with a con- 
stant value of b (see below).  The ar i thmetic  mean 
value of the slopes is --1.964 with  a standard devia-  
tion of • This value obviously does not differ 
significantly from --2, so that  Tafel  behavior  is proven. 

Table I. Values of the slope of the log-log plot and 
b for graphite 

•  •  
S l o p e  d a r d  e r r o r  b d a r d  e r r o r  

-- 1 .987  0 . 0 2 4  0 . 1 5 1 2  0 . 0 0 3 2  
-- 1 .999  0 . 0 2 4  0 . 1 1 6 9  0 . 0 0 2 3  
- - 2 . 0 2 7  0 .019  0 . 1 1 5 9  0 . 0 0 1 7  
-- 1 .935  0 . 0 1 4  0 .1291  0 . 0 0 3 9  
-- 1 .91~ 0 . 0 9 4  0 . 1 4 6 0  0 . 0 0 8 3  
-- 1 .991  0 .013  0 . 1 2 1 0  0 . 0 0 1 6  
--1.866 0 .011  * 
-- 1 .971 0 . 0 1 1  O, 1 1 7 6  0 . 0 0 1 4  

M e a n :  - -  1 .964  M e a n :  0 . 1 2 8 2  

* S i n c e  t h e  s l o p e  is  s t a t i s t i c a l l y  d i f f e r e n t  f r o m  - - 2 ,  n o  v a l u e  of 
b is  c a l c u l a t e d  
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The ar i thmetic  mean value of b is 0.128 with  a stan- 
dard deviat ion of _0.015. Whereas the standard de- 2.0, 
viation of the slopes is comparable wi th  the standard 
error  of individual  values, the standard deviat ion of b 1.0 
is four times greater  than the individual  s tandard 
errors. This implies that  the values of b are genu-  
inely different f rom one another.  

With the baked carbon electrodes a different s i tua-  
tion is encountered.  Whereas wi th  graphi te  the second 
harmonic  results were  independent  of f requency in b 2 
the range 50-52,0 Hz (the results reported were  ob- 
tained at 520 Hz),  wi th  carbon the values show a I 
f requency dependence, and fu r thermore  the log-log 
plot is not straight over  so wide a range. Figure  4 
shows the results of three runs at each of two fre-  
quencies for the 1200~ carbon; the straight line is 
that for graphite. At 49 Hz the results are identical 
to those for graphite above about 0.7 A-cm-~ ;  at 520 
Hz there  are deviations both above and below this 
value. Measurements  on the 1400~ carbon were  made O.t 
only at 50 Hz. The deviations (Fig. 5) are markedly  
less in the low current  range than for the 1200 ~ ma-  
terial. 

Turning now to the electrode potentials after cor- 
rection for the resist ive drop, Fig. 6 shows the re-  
sults for graphite,  and Fig. 7 those for baked carbons; 
they are general ly  similar but about 100 mV lower. 0.01 
Since the melts were  saturated with  A120~ the re-  0.01 
versible potent ial  (for production of COs) is readily 
calculated f rom the J A N A F  Tables (2) as 1.19V at 
970~ Two lines, both wi th  the slope b = 0.128 de-  
r ived  f rom Table I, have  been drawn. Al though each 
line fits reasonably well  over  a range of current  den- 
sities, it is apparent  that  there  is a discontinuity be-  
tween 0.2 and 0.5 A - c m  -2. This implies that there  is 2.2 
a change of exchange current  in this region. The ex-  
change currents are plotted in Fig. 8; they have been 2 t 
calculated f rom the potentials wi th  the average  value 
of b instead of the individual  ones since small dif- 
ferences in b make Iarge differences in to. The ex-  2.0 
change current  rises f rom about 1.5 m A - c m - ~  for Volts 
currents below 0.1 A - c m - 2  to about 5 m A - c m  -2 for 19 - 
currents above 0.5 A-cm-2 .  The two runs made with  
the 20 w / o  Cu alloy show somewhat  h igher  exchange 
currents, t a - 

Discussion 
It would be very  easy, in the absence of the value 1.7 

of b f rom the second harmonic  measurements ,  to 
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Fig, 4. Second harmonic amplitude (~) as a function of d-c cur- 
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draw a straight line of much flatter slope through the 
points of Fig. 6. This k ind of effect is probably the 
reason for the disparate values of b appearing in the 
l i terature.  

The decision to add metallic a luminum to the cru-  
cible was taken because pre l iminary  experiments had 
shown that if this was not done quite erratic results 
were obtained. It is not possible with the present 
equipment  to operate in the absence of a luminum 
since it is inevi tably formed during the electrolysis, 
and adding it ini t ia l ly was the best way to control the 
situation. It  is, however, quite possible that it is re- 
sponsible for the change of exchange current  shown 
in Fig. 8. Since there is a luminum in the crucible, 
there will be dissolved a luminum in the melt, and 
this gives rise to CO in the gas by the familiar  mech- 
anisms responsible for loss of current  efficiency. The 
fraction of CO in the gas will depend on how fast 
COs is being generated electrolytically; the higher 
the current  the more COs will be available to dilute 
the CO. It is known that CO is strongly adsorbed on 
carbon surfaces and acts as a catalytic poison. Studies 
of the rate of oxidation of carbon by gaseous CO2 
(3) have shown that adsorbed CO inhibits the reac- 
tion, and the overpotential  measurements  of Richards 
and Welch (4) also showed higher values when the 
CO content of the gas surrounding the ,anode was in-  
creased. One therefore suspects that the lower ex- 
change current  at low current  densities is due to the 
adsorption on the surface of CO produced by reac- 
t ion of COo with dissolved aluminum. The fact that 
higher exchange currents are found when an A1-Cu 
alloy (which will  reduce the amount  of A1 in solu- 
tion) is used tends, to confirm the hypothesis. 

The reproducibil i ty of the results obtained with 
graphite (excluding those from the two runs with the 
Cu alloy) is shown in Table II. The individual  points 
on the current-vol tage curves were interpolated l in-  
early to convenient  values of current;  no a t tempt  was 
made to smooth the curves before doing so, although 
it is quite possible that it would improve reproducibil-  
ity if a satisfactory procedure could be evolved. 

On examining the results for the baked carbons 
another effect was noticed. The run  marked in Fig. 7 
with circles is conspicuously low. On seeking what  
was different, it tu rned  out that  it was an electrode 

Table II. Interpolated anode potentials for ,graphite anodes 

• Std 
i (A-cm -~) Mean V deviat ion 

1.0 1.871 0.043 
0.5 1.830 0.010 
0.2 1.810 0.017 
0.1 1.738 0.019 

which had been used several times, and consequently 
it had a much reduced surface area. This called into 
question the whole concept of plott ing potential  against 
current  density. In  fact, inspection showed that  less 
scatter was obtained by using total current  as the 
abscissa and not br inging in the area at all. 

To try and clarify the si tuation the data on the 1200 ~ 
carbon were fitted by regression analysis to the equa- 
tion 

log (total current)  = ao + al V + a2V2 + a8 log A [5] 
where A is the electrode area, and the value of as 
was found to be 0 . 3 0 9 _  0.957. The proper variable 
to take is thus 

total cu r r en t / ( a r ea  0.s09) 

and Fig. 9 shows the result. The scatter is substantial ly 
reduced. 

The discovery of this area effect raises a number  
of questions. In  the first place, What causes it? The 
most l ikely answer seems to lie with the gas bubbles. 
Although the technique used corrects the voltage for 
the effect of the electrical resistan,ce caused by the 
gas around the anode, there is no way of correcting for 
the fact that the bubbles screen part  of the electrode, 
and that the current  distr ibution is not uniform. Pre-  
sumably the current  concentrates toward the bottom 
and is l imited toward the top by the sheath of gas ris- 
ing around the electrode. Under these circumstances, 
an increase in area by lowering the electrode further  
into the melt  may have little effect, since the new sur- 
face is at the top and  it is largely screened. The data 
available are not adequate to carry the analysis be- 
yond this purely quali tative picture. It seems that 
Piontell i  and his colleagues have observed a similar 
effect (5). 

The second point which is raised, since we are ap- 
parent ly  dealing with a scale effect, is how one t rans-  
fers the results of laboratory experiments  to industrial  
cells. At the same time, if the gas is having such effects 
on small, vertical electrodes where it can escape easily, 
it must  be having a drastic influence under  a large 
horizontal industr ial  anode. At this point, it looks 
as if study of gas bubbles and how they behave may 
be of much more practical importance than the over-  
potentials themselves. 

From Fig. 7 it would obviously be impossible to 
say that there was any significant difference in over- 
potential  between the two baked carbons. From Fig. 9, 
where the scatter is less, it looks as if there might 
be, in some ranges of current  density. However, in the 
range 0.5-1.0 A-cm -2 used in practice (6.5-13 on the 
scale at the bottom of Fig. 9) any difference is mar -  
ginal. Exact statistics are hard to apply, but  2,0 • 20 
mV would be a fair estimate. 

The value of b obtained (,0.128 if the Tafel equa- 
tion is expressed in natura l  logarithms, 0.295 if in 
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log10) appl ies  to both graphi te  and the baked  carbons 
used, and, since it was obta ined by  a method not 
affected by  the  presence of gas bubbles,  should be 
of fundamenta l  significance. 

Manuscr ip t  submi t ted  March 7, 1974; revised m a n u -  
scr ipt  received Oct. 15, 1974. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1975 
JOURNAL. Al l  discussions for the December  1975 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1975. 

Publications costs o] this article were partially as- 
sisted by Aluminum Company of Canada, Limited. 
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ABSTRACT 
The  s t andard  potent ia l  of the ioda te- iod ine  e lect rode enter~ into the  cal-  

culat ion of many  other  the rmodynamic  data. The fol lowing new values  of this 
E ~ have  been measured:  1.1942V at 25~ 1.1903V at 37.5~ 1.I863V at 50~ 
wi th  an es t imated uncer ta in ty  (___0.0002V) improved  about  tenfold over  ear l ie r  
values. Calcula ted values of re la ted  the rmodynamic  data  are given. Agree -  
ment, es tabl ished in 1905, of e lectrochemical  and  chemical  values for the  
equ i l ib r ium constant  of the Dushman react ion has been res tored  and extended.  
Thermodynamic  difficulties inherent  in the cells s tudied have been successfully 
hand led  by  app rox ima t ion -ex t r apo la t ion  methods.  The inves t iga t ion  was ca r -  
r ied out wi th  the fol lowing mechanism as a guide. The e lec t ron- t rans fe r  steps 
at the revers ib le  ioda te- iod ine  electrode are  assumed to be ident ical  wi th  
those at the revers ib le  iod ine- iodide  electrode. At  the former  e lec t rode  these 
e lec t ron- t rans fe r  steps are  assumed to be accompanied by  the chemical  s teps 
that  par t i c ipa te  in the  Dushman reaction. 

The s tandard  potent ia l  E ~ for  the react ion 

5/2 He(g)  + H + (aq)  ~- I O s -  (aq) 

_-- 1/212(c) d- 3H20(1) [1] 

is the s tandard  potent ia l  of the ioda te- iod ine  electrode;  
it  is also the  vol tage reading  for the  cell  

Ha(g) ,  P t / H C 1 0 4 / / H I O J P t ,  I2(c) [2] 

opera t ing  revers ib ly  under  s t anda rd  condit ions wi th  
e l iminat ion  of the  potent ia l  difference at  the junct ion 
of the aqueous electrolytes .  The ear ly  value  of E ~ at 
25~ by  Sammet  (1) has been superseded by  that  of 
Lundberg ,  Vestling, and Ah lbe rg  (2), which is 1.195 
_~ 0.002V. There  appear  to be no re l i ab le  values  for 
o ther  tempera tures .  

This s tandard  potent ia l  has been used to establ ish 
the rmodynamic  da ta  for iodate  ion (2), and it has 
been combined wi th  tha t  of the iod ine- iodide  e lect rode 
(and wi th  other  data)  to give the  equi l ib r ium con- 
s tant  of the  Dushman reac t ion  

6H+ (aq) ~ 5 I - ( a q )  ~ IO8-  (aq)  - - 3 I ~ ( a q )  

d- 3H~O(1) Ks_~ 1046 at  25~ [3] 

This e lect rochemical  de te rmina t ion  of K3 was carr ied  
out by  Sammet  (1), who obta ined resul ts  at 25~ tha t  
agreed to about  10% wi th  the Ka tha t  he chemical ly  

* Electrochemical  Society Act ive  Member .  
Key  words :  electrode mechan i sm,  iodate- iodine electrode, ther -  

m o d y n a m i c  data,  D u s h m a n  reaction.  

determined.  An uncer t a in ty  of 0.002V in E ~ means  an 
uncer ta in ty  of about  50% in Ks. The new value  of E ~ 
spoils the  good agreement  Sammet  found in his classic 
invest igat ion.  F u r t h e r  work  is needed, not only to show 
how closely a complex equi l ib r ium constant  l ike  Ks 
can be es tabl ished by  these two methods,  but  also to 
obta in  resul ts  for t empera tu res  other  than  25~ 

The last  ma t t e r  has become impor t an t  because the  
osci l la tory decomposi t ion of hydrogen  peroxide  (3, 4), 
which is being re inves t iga ted  at 50~ involves the 
Dushman reaction. For  this and the reasons preceding,  
an extensive s tudy of the ioda te- iod ine  e lect rode was 
made  at 25 ~ 37.5 ~ and 50~ 

Experimental 
Chemicals of the best  grade obta inable  were  used 

wi thout  fu r the r  purification. 
To e l iminate  the r isk of react ion be tween  I-I2 and 

IO8-,  a cell wi th  l iquid junct ion  is mandatory .  In  Ref. 
(2), this junct ion was static, be ing  formed in a th ree -  
way  stopcock. Wi th  the  s topcock open, the  junct ion 
was reproducib le  and re la t ive ly  stable;  wi th  the s top-  
cock closed, vol tage readings  changed in a few minutes,  
p robab ly  because of changes in the thin l iquid film. In 
compara t ive  exper iments ,  we found a flowing junct ion 
(5) to give steady, reproduc ib le  values  and to be p re -  
fe r red  over  a s tat ic  junction.  

Exper iments  p roved  the des i rab i l i ty  of equi l ib ra t ing  
the iodate  e lec t ro ly te  wi th  crys ta l l ine  iodine outside 
the cell. Equi l ib ra t ion  for at  least  24 hr  wi th  s t i r r ing on 
a hot  p la te  at 50~ was adopted as s t andard  practice.  
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Each cell compar tment  contained dual, plafinized 
electrodes, each about 1 cm 2 in area. Voltage differ- 
ences between electrodes in {he same compartment  
were about 0.00001V when ceils were at thermostat  
temperature,  which was controlled to less than ___0.1~ 

For reasons to be discussed, temperature-cycl ing of 
the cells in the thermostat  was used to ensure reliable 
voltage readings. When each cell compartment  and the 
two electrolyte reservoirs had been filled at the initial  
thermostat  temperature  of 50~ electrolyte flow was 
started to set up the l iquid junction. Voltage readings 
were then made with a Corning| Model 101 Digital 
Electrometer, this being a solid-state voltmeter  with 
an input  impedance of 1014 ohms, which was s tandard-  
ized f requent ly  against a new, saturated Weston s tan-  
dard cell. The celI voltage was monitored unt i l  it be- 
came steady to within +_ 0.0O01V over at least an hour. 
This usually occurred some 10 or 12 hr after the cell 
had been filled. With a satisfactory cell voltage estab- 
lished at 50~ the thermostat  r  was low- 
ered to 37.5~ and the voltage monitor ing was re- 
peated to establish the cell voltage at the lower tem- 
perature. This typically required 12 hr. Next, the cell 
voltage at 25~ was similarly obtained. At 25~ the 
equil ibrat ing period was sometimes 24 hr long. For 
most of the final cells, the temperature  sequence was 
then reversed to obtain another set of voltage readings 
at 37.5 ~ and 50~ In  general, the second reading at 
each temperature  checked the first to within 0.0001V, 
which is conclusive evidence that the readings were 
satisfactory. See Fig. 1. 

Difficulties. Mechanism 
The evaluation of E ~ for the iodate-iodine electrode 

is beset with the following difficulties: the l iqu id - junc-  
tion potential;  the fact that H10~ is an in termediate  
e}ectrolyte, nei ther  weak nor strong (details la ter ) ;  
uncertainties in activity coefficients; and unreproduci-  
bili ty of voltage readings, especially at low iodic acid 
concentrations. Consequently, values of E ~ instead of 
being identical, are different for different iodic acid 
concentration. With increasing dilution, the first three 
difficulties can become less serious; bu t  voltage un-  
reproducibil i ty then made reliable measurements  im-  
possible: results at 0.001M HIOa were not considered 
worth report ing in Ref. (2). To resolve this dilemma, 
a new approach is needed. 

The voltage unreproducibi l i ty  must  be due to slug- 
gishness of reaction, chemical, electrochemical, or both, 
at the iodate-iodine electrode. Reaction mechanisms at 
electrodes so complex as this are never  certain. Never-  
theless, some sort of picture is needed. The picture that 
follows did guide us to experimental  conditions under  
which the iodate-iodine electrode was more near ly  
reversible so that voltage readings were improved. 

Iodine and iodate do not react with each other. Yet 
kinetic studies have shown the existence of various 
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Fig. 1. Final voltage readings as established by temperature- 
cycling. 

compounds, intermediate between I2 and IO3- in oxi- 
dation number and with oxygen covalently bonded to 
iodine; for example, HIO, HIO2, H21203, HI,O, I~O2-, 
and 1202 are all needed (6) to explain the kinetics of 
the reverse Dushrnan reaction, Eq. [3]. None of these 
oxygenated species is likely to exchange electrons re- 
versibly (that is, with great ease) at an electrode. Still, 
one cannot have complete equilibrium unless each spe- 
cies in the system is at its equi l ibr ium concentration. 
We therefore postulate that the equi l ibr ium concentra-  
tion of each oxygenated iodine species is established 
chemically as in the Dushman reaction. The hydrolysis 
of iodine, namely 

I2 + H 2 0  ~- H I O  -~ H + -~- I -  K4 :-  5.44(10-1s) at 25~ 

[4] 

is rapid enough (7) in both directions so that reaction 
[4] is always at equi l ibr ium (8). For present purposes, 
if is permissible to simplify the kinetic picture by con- 
sidering HIO, HIO2, and IOz- to be the only significant 
oxygenated species, and by assuming that they react 
only with I -  and H +. 

The iodine-iodide electrode is known to be highly 
reversible (9). This leads to the following mechanism 
for the iodate-iodine electrode. The electron-transfer  
processes at the two electrodes are identical and in-  
volve no oxygenated species. Complete equi l ibr ium is 
established at the iodate-iodine electrode through the 
part icipation of steps characteristic of the Dushman 
reaction. To illustrate: one step is 

HIO~ + H + + I -  = 2HIO [4a] 

The occurrence of reaction [4a] will  shift the equil ib-  
r ium of reaction [4]. When this happens, [Is] and [ I - ]  
will change, and these concentrat ion changes will affect 
the electron-transfer  processes at the electrode. 

This picture relies upon the reactions of I - ,  a species 
that appears nei ther  in reaction [1] nor in the Nernst  
equation for the iodate-iodine electrode. The picture is 
nevertheless reasonable. Suppose a saturated iodine 
solution at 25~ is made 0.1M in HIO3. Prior to the 
HIO~ addition, [ I - ]  will be near  10-6M (Eq. [4]). At 
complete equi l ibr ium in the cell, [ I - ]  will have de- 
creased to, say 10-9M (Eq. [3]). This reduction in  con- 
centrat ion will have been brought  about in large part  
by the forward Dushman reaction at a rate (10) given 
by 

- -  d [ I O ~ - ] / d t  __,- --  1 /5  d [ I - ] / d t  

----- 1.2(104) [H+]2[IOa - ]  [ I - ]  tool 1-1 rnin -1 [5] 

When [H +] _-- [ I Q - ] ,  this rate is evident ly  propor-  
tional to [HIO3] 8. It is near  10 -s  tool I Q -  per l i ter per 
minute  when [ I - ]  is near  10-9M and [HIOa] is 0.1M. 
The net rate will of course be much less near  equil ib-  
r ium as the reverse reaction also comes into play. Note 
that Eq. [5] was actually established at iodide concen- 
trations near  10-1OM, which lends credibil i ty to the 
present discussion. Note also that the [HtO3]a propor- 
t ionali ty means a very low forward rate in di lute iodic 
acid solutions, which is probably the reason for the 
voltage unreproducibi l i ty  encountered at [HIO~] ---- 
O.O01M (2).  

With increasing temperature,  the equil ibria in reac- 
tions [3] and [4] are shifted so as to increase the con- 
centrations of iodine reaction products such as I -  and 
HIO. It is reasonable to suppose that  the concentrations 
of other intermediate  products (e .g . ,  HIO2) also in-  
crease when this happens. Suppose complete equil ib-  
r ium exists at an ioda,te-iodine electrode at 50~ and 
the temperature  is lowered to 37.5~ Suppose that the 
concentrations of the various intermediate  compounds 
readjust  themselves slowly to the reduced equi l ibr ium 
values at the lower temperature.  Unti l  they reach 
these reduced values, the voltage of the cell will be 
above its equi l ibr ium value for 37.5~ The same con- 
sideration applies when the tempera ture  is subse- 
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quent ly  lowered from 37.5 ~ to 25~ It applies in re-  
verse when the tempera ture  is subsequently raised, 
first to 37.5 ~ and then back to 50 ~ . The behavior just  
described is actually found: see Fig. 1. This fur ther  
evidence of slowness of reaction increases confidence in 
final voltage readings (such as 1.1369 and 1.1440V in 
Fig. 1) established by temperature-cycling.  

Equat ion [5] shows that increasing [H +] is the most 
effective way of increasing the rate of the forward 
Dushman reaction. It  is also evident that complications 
caused by the l iquid junction, by activity coefficients, 
and by the weakness of HIOs will all disappear if 
[IOs-]  can be made low enough. The first feature of 
our approach is to replace cell [2] by cell [6], which 
is 

H2 (g), Pt/HC104 (ml) / /HC104 (m2), 

HIO3(ms)/Pt ,  I2(c) [6] 

where the concentrations in this and all subsequent  
cells are molalities (mols solute/kg I-I20) with ml  = 
m2 + ms in all final experiments.  The second feature is 
to make a series of cell measurements  in which ms is 
varied. The third feature is temperature-cycling,  al- 
ready discussed. In  this way, we obtain at each tem- 
perature a series of measured voltages that are cor- 
rected to uni t  fugacity of hydrogen to give values 
called Ec. The fourth feature is the calculation, in 
various ways, of approximate s tandard potentials 
called E~ The fifth feature is the extrapolat ion of 
these E~ data to ms ---- 0 to give the final E ~ which is 
the s tandard potential  for a hypothetical  cell in  which 
the only electrolyte at appreciable concentrat ion is 
HC104 at molal i ty  ml. 

For the iodate-iodine compartment,  the postulated 
mechanism consists of the iodine-iodide electrode re- 
actions combined with the chemical steps characteristic 
of the Dushman reaction. This mechanism is in accord 
with the results of the following experiments:  (i) Cells 
with ml ~- 0.1 reach their final voltage readings much 
more quickly than cells with ml ---- 0.01, other things 
equal. (it) The reaching of final voltage readings was 
not appreciably speeded by early operation of the 
iodate-iodine electrode as a low-cur ren t -dens i ty  anode 
or cathode; such efforts might be expected to fail if the 
only electrochemical processes are those of the iodine- 
iodide electrode, which is highly reversible (9). (iii) 
The addition of I -  to generate I2(c) wi thin  the cell 
gave evidence of the presence of intermediate  products 
(e.g., HIO2) similar to that in Fig. 1. For such a cell, 
the voltage readings increased steadily until,  after 5 
hr, they passed those of a cell that was comparable ex- 
cept for having the iodate electrolyte equil ibrated as 
usual with I2(c). The explanation: when I -  is added, 
it is rapidly removed according to Eq. [5]. As this oc- 
curs, HIO2 is generated; rapidly at first, more slowly as 
[ I - ]  decreases. The reduction of [HIO2] to its final 
equi l ibr ium value is slow enough so that it still ex- 
ceeds this value at 5 hr and beyond. The excess in 
[HIO2] does not occur unless I -  is ini t ia l ly  added. The 
cell thus treated has the higher voltage reading so long 
as this excess exists. 

Experimental Results and Extrapolations 
Any at tempt  to calculate E ~ rigorously from the Ec 

values is, in our opinion, less l ikely to give reliable 
results than the approximat ion-extrapola t ion method 
now to be described. At each temperature,  E~ is calcu- 
lated in four ways from Ec at each m3, and each series 
of calculated values is plotted against m3 as abscissa. 
Extrapolat ion to ms ---- 0 then permits  selection of the 
final E ~ from a consideration of the intercepts on the 
ordinate axis. The four methods of calculation are 

1. 1E~ = Ec-5 (RT/5F)  in  [H +] [IO3-] (7• 
[7] 

2. 2E~ : Ec + (RT/SF)  In (H +) ( IOs- )  (7• 
[8] 

where 
(H +) = [H +] - -  (HI03) [9] 

(IO3-) = [IO3-] -- (HI03) [10] 
and 

K l l  : (H +) (IO8-) ( 7 •  [11] 

Evidently, the second approximation introduces a cor- 
rection for the weakness of HIOs. Brackets denote ana-  
lytical ("total") concentrations of the enclosed sub-  
stances; parentheses enclose calculated actual concen- 
trations. The activity coefficient of HIIO3 is taken as 
unity. 

3. 3E~ Ee + (RT/5F)  

In [(H+)6I (IO8-) (7___)2HCIO4/(H+)5H] [12] 

The subscript I identifies the iodate-iodine compart- 
ment of the cell, and the subscript H identifies the hy- 
drogen compartment. Owing to the weakness of HIOs, 
(H+)I is less than (H+)H ---- ml ----- 0.I. Consequently, 
the voltage is reduced below what it would have been 
were HIO3 as strong an electrolyte as HCIO4. 

4. 4E~ ---- sE~ -- EL [13] 

Here EL is the potential at the liquid junction calcu- 
lated for each cell according to Maclnnes (II). Fortu- 
nately, EL is small; it ranges from 0.0023V for ms ---- 
0.05 to less than 0.0001V for m3 ~ 0.001. 

The following values of (7• were used, all for 
ml ---- 0.1:0.80.3 (25~ 0.799 (37.5~ 0.795 (50~ 
The first is the accepted value for 25~ (12), which 
was assumed to vary with temperature according to 
the Debye-Hiickel limiting law to give the other two 
values. 

The dissociation constants of HIOs were calculated 
from 

log Kl l  ---- 634.9/T -- 2.911 [14] 

(T, thermodynamic temperature)  which is the equa- 
tion for the least squares line corresponding to results 
in the l i terature (13-16). 

The experimental  results and the approximate s tan-  
dard potentials are given in Table I. 

The variat ion of E~ with ms is grat ifyingly small. 
The extrapolations will accordingly give reliable s tan-  
dard potentials. To show this, the E~ values at 50~ for 
all four approximations are plotted in Fig. 2. The last 
three methods give lines converging On 1.1863V ---- E ~ 
at 50~ to wi thin  0.0002V (estimated).  The first 
method, which neglects the weakness of HIO3, must  
be disregarded. 

Table I. Corrected voltage readings, Ec, and approximate standard 
potentials, E1 

7}%3, tool  
HIO3/kg.H~O Ec, V 1E1, V 2El, V sE1, V ~E1, V 

T e m p e r a t u r e ,  25.0~ 
0.05 1.1617 1.1912 1.1934 1.1969 1.1951 
0.04 1.1608 1.1914 1.1935 1.1954 1.1949 
0.03 1.1598 1.1919 1.1939 1.1990 1.1950 
0.02 1.1576 1.1918 1.1937 1.1951 1.1944 
0.01 1.1533 1.1911 1.1929 1.1936 1.1932 
0.005 1.1510 1.1923 1.1941 1.1944 1.1942 
0.001 1.1387 1.1883 1.1900 1.1901 1.1900 

T e m p e r a t u r e ,  37.5~ 
0.05 1.1556 1.1864 1.1890 1.1932 1.1911 
0.04 1.1547 1.1867 1.1892 1.1925 1.1909 
0.03 1.1539 1.1874 1.1898 1.1923 1.1911 
0.02 1.1517 1.1874 1.1897 1.1914 1.1905 
0.01 1.1478 1.1872 1.1694 1.1902 1.1898 
0.005 1.1449 1.1880 1.1901 1.1905 1.1903 
O.001 1.1348 1.1865 1.1886 1.1887 1.1886 

T e m p e r a t u r e ,  50.0~ 
0.05 1.1499 1.1820 1.1851 1.1899 1.1876 
0.04 1.1487 1.1820 1.1850 1.1889 1.1870 
0.03 1.1480 1.1629 1.1858 1.1887 1.1873 
0.02 1.1460 1.1832 1.1859 1.1879 1.1869 
0.01 1.1424 1.1834 1.1860 1.1870 1.1865 
0 005 1.1387 1.1836 1.1861 1.1866 1.1864 
O.0Ol 1.1298 1.1837 1.1861 1.1862 1.1862 
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Fig. 2. Extrapolation of approximate standard potentials at 50~ 
to establish E ~ = 1.1863 _ 0.0002V. 

At the  lower  tempera tures ,  values of 4E~ at  ms = 
0.001 d iverged f rom the chosen s t ra ight  l ine by  0.0042V 
at  25~ and 0.G034V at 37.5~ This d ivergence  was a t -  
t r ibu ted  to sluggishness of react ion not  observed at  
5O~ I t  wil l  be r emembered  that  Lundberg  et aL re -  
garded results  for  0.001M HIO3 at  25~ as too unre -  
producible  to r epor t  (2). 

The resul ts  of the ext rapola t ions  are given in Table 
II. A t  25~ the final E ~ is wi th in  the l imits,  E ~ _-- 1.195 
+_ 0.002V, of Ref. (2);  bu t  the es t imated  uncer ta in ty  is 
tenfold smaller .  

Derived Thermodynamic Data 
CeIZ reaction.--Derived data  and exp lana to ry  notes 

for react ion [1] appear  in Table III. 
Dushman reaction.~For react ion [3] 

AG~ :aGo[ l ]  --  5~Go [16] --  3AG~ [17] [15] 

where  the b racke ted  numbers  ident i fy  reactions, and 
the two react ions not yet  ment ioned  are 

1/2 I2(c) -? 1/2 H2(g) - -  H + ( a q )  + I -  ( a q )  [16]  
and 

I2(aq)  - -  I2(C) [17] 

Thermodynamic  da ta  for these react ions are  given in 
Tables IV and V, and the da ta  for reac t ion  [3] appear  
in Table VI. 

We must  now see how wel l  the new K3 values agree 
wi th  those f rom the  chemical  de te rmina t ions  by  Sam-  
met  (1). His chemical  determinat ions ,  unl ike  his elec- 
t rochemical  determinat ions ,  of K8 could p robab ly  not 
be improved  upon today.  When  adequate  t ime to reach 
chemical  equi l ib r ium is a l lowed (Sammet  found 5-10 
weeks at 25~ and 6-8 days  at 60~ to suffice), the 
chief exper imen ta l  uncer ta in ty  in  the chemical  de te r -  
minat ions  is in the  de te rmina t ion  of [ I2(aq)]  at  equi -  
l ibr ium. For  Sammet ' s  exper imen t s  

Ks = [I2 ( a q )  ] ~/(Kz�/K2o ) ~ ( H  + ) 6 ( I O 3 - )  6 (~_+)+12 HmS 
[18 ]  

where the two previously undefined equilibrium con- 

Table iV. Standard potentials and standard Gibbs energy changes 
for reaction [16] 

E ~ (V) AG ~ ( c a l / m o l  I-) 

T e m p e r -  T h e r m o -  Elec t ro-  T h e r m o -  Elec t ro-  
a ture ,  ~ chemica l  chemica l  chemica l  chemica l  

298.15 + 0.5383 + 0.5355 -12 ,413  -- 12,349 
310.65 + 0.5361 + 0.5333 -- 12,363 -- 12,299 
323.15 + 0.5339 + 0.5312 --12,313 -- 12,249 

NOTES 

1. T h e r m o e h e m i e a l  da ta  ca l cu la t ed  in  u s u a l  w a y  f r o m  s t a n d a r d  
e n t h a l p i e s  of f o r m a t i o n  and  s t a n d a r d  en t rop i e s  of r eac t an t s  a n d  
produc t s  in  r eac t ion  [18]. Da ta  accep ted  as de f in i t i ve  were  used  (17). 

2. A t  298.15~ E ~ is L a t i m e r ' s  v a l u e  (18). Fo r  the  o t h e r  t e m p e r -  
a tures ,  E ~ v a l u e s  are  ca l cu la t ed  f r o m  th is  d a t u m  and  f r o m  the  t he r -  
m o c h e m i c a l  v a l u e  of AS +. See Note  2, Tab le  III .  C o r r e s p o n d i n g  AG ~ 
v a l u e s  ob t a ined  as in  Note 1, Table  III .  Th i s  p r o c e d u r e  s h o u l d  g ive  
the  bes t  r e su l t s  as the  t h e r m o d y n a m i c  e n t r o p y  da ta  (17) are more  
r e l i ab le  t h a n  the  hea t s  of f o r m a t i o n .  

3. The t h e r m o d y n a m i c  v a l u e  of  E ~ a t  298.15~ exceeds  the  e l e c -  
t r o c h e m i c a l  by 0.0028V, an a m o u n t  cons ide red  g rea t e r  t h a n  the  
u n c e r t a i n t y  in  the  la t ter .  The t h e r m o d y n a m i c  AH~ for  I -  is --13.60 
----- 0.20 k c a l / m o l e .  Th i s  u n c e r t a i n t y  cor responds  to _0 .0087V in  E ~ 
P e r h a p s  the  da ta  in  Eel .  (18) shou ld  be r eeva lua t ed .  

4. The  AG ~ v a l u e s  i n  t he  t ab l e  are  also AG~ v a l u e s  for i od ide  ion.  

Table V. Solubility of iodine, reaction [17] 

S o l u b i l i t y  (mo l s / l i t e r )  • 108 
T e m p e r -  AG ~ ca l /  
a ture ,  ~ Gross  Cor rec ted  mo l  I2(aq) 

298.15 1.3317 1.3151 - - 3 9 3 0  
310.65 1.9570 1,9277 --3859 
323.15 2.7914 2.7460 --3787 

Toble I!. Values of E ~ from various approximation-extrapolatlon 
procedures for the cell H2(g), Pt/HCIO4//HIO3/Pt, 12(c) 

A p p r o x i -  E ~ (V) 
m a t i o n  28.0~ 37.5~ 80.0~ 

1 1.1924 1.1882 1.1838 
2 1.1941 1.1903 1.1862 
3 1.1941 1.1903 1.1883 
4 1.1942 1.1903 1.1863 

F i n a l  E ~ 1.1942(~) 1.1903(a) 1.1883(a> 

(~) E s t i m a t e d  u n c e r t a i n t y :  --~-O.0002V. 

Table III. Thermodynamic functions for reaction [1] 

T e m p e r -  AG ~ ca l /  AH ~ ca l /  AS ~ ca l /  
a tu re ,  ~  mo l  IO8- m o l  IOs- K . m o l  IO8- 

298.15 137,697 148,559 -- 36.44 
310.68 137,246 148,565 - -  36.44 
323.15 138,78S 148,559 --  36.44 

NOTES 

I. Gross solubility as measured. The smoothed data conform to 
the equation: log s = -- (1.239 x 10S/T) + 1.278. 

2. The true concentration of dissolved iodine, I2(aq), is less than 
the gross solubility owing to reaction [4] and to the formation of 
18-; that is, [l~(aq)] = s -- [HIO] -- [Is-]. Equilibrium constants 
from Ref. (8) were used in calculating the corrections. 

Table VI. Standard Gibbs energy changes and equilibrium 
constants for reaction [3] 

NOTES 
i. AG = --~FE ~ E ~ from experimental measurements of Ec. 
2. AS ~ = nF@E/OT. Quotient is slope of least squares line through 

values of E ~ plotted against absolute temperature. Variation of 
AS with T too small to be detected. 

3. AH ~ = AG ~ + T A S  ~ 
4. As  is  cus tomary ,  ca l cu la t ed  v a l u e s  are r e p o r t e d  to more  places  

t h a n  is w a r r a n t e d  by t h e  e s t i m a t e d  u n c e r t a i n t y  in  the  e x p e r i m e n t a l  
data  (Tab le  II) .  

AG ~ (El) AG ~ (Th) 
T e m p e r -  c a I / m o l  c a l / m o l  
a ture ,  ~ IOs- IOa- Ks (El) Ks (Th) 

298.15 --63,842 --64,162 6.27 X 1048 1.08 • 104~ 
310.65 --63,854 --64,174 8.37 • 10 ~ 1.41 • 10 ~ 
323.15 --63,859 --64,179 1.54 • 10 ~ 2.54 • 10 ~ 

NOTES 
1. AG ~ v a l u e s  ca l cu l a t ed  a c c o r d i n g  to  Eq. [15]. E q u i l i b r i u m  con-  

s tan ts  f r o m  AG ~ = -- R T  In Ks. 
2. Va lues  l abe led  (El) are based  on e l ec t rochemica l  da ta  for  re-  

ac t ion  [16]. See Table  IV. We p re fe r  these  va lues .  
3. Values  l abe led  (Th) are based  on t h e r m o c h e m i c a l  da ta  fo r  re-  

ac t ion  [16]. See Table  IV. 
4. As ave rage  v a l u e s  for  the  t e m p e r a t u r e  r a n g e  s h o w n  above ,  we  

h a v e  ca lcu la ted :  
AH ~ (El) ---- 63,639 c a l / m o l  IO8-; AS ~ (El) = --0.68 c a l / K . m o l  IOn-; 
AH ~ (Th) = 83,959 c a l / m o l  IO8-; AS ~ (Th) = --0.68 c a l / K ' r n o l  IOn-. 
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stants are  for the react ions  

AgI ( c )  --  Ag  + + I -  [19] 
and 

AgIOs(c)  = Ag + W IO8-  [20] 

used by  Sammet  as a means  of es tabl ishing a calcula-  
ble  [ I - ] .  Note that  a change of 1% in (7•  in 
Eq. [18] changes K8 by  about  12%. We have  reeva lu -  
ated Sammet ' s  chemical  resul ts  at 25 ~ and 60~ using 
the best  values  (13) of (7-+)too3 ex t rapo la ted  as neces-  
sary. (Details  on request  f rom R. D. Spitz.) The re -  
sults: K3 : 4.59(1046) at 250C, the  mean of 9 de te r -  
minat ions  in which [HIOs] ranged  f rom 0.046 to 
0.132M; K8 --  1.80(1042) at  600C. Ext rapo la t ion  to this 
t empera tu re  of the K8 values in Table  IV gives K8 (El) 
=- 7.9(1041) and K3(Th) = 1.3(1042). Compar ison of 
these values wi th  the new Sammet  result ,  and a s imi lar  
comparison for 25~ (Table  VI) shows good agreement  
throughout .  The comparison does not establ ish whe the r  
the e lectrochemical  (El) or the thermochemica l  (Th) 
data  for react ion [16] are  to be  prefer red;  see Notes 2 
and 3 of Table  VI. 

Other derived thermodynamic data.--The Gibbs en-  
ergy of format ion  of I O 3 - ( a q )  is the s tandard  Gibbs 
energy change in the react ion 

1/2 I2(c) + 3/2 O2(g) + 1/2 H2(g) 

= H+ (aq) + I O ~ - ( a q )  [21] 

which is obta inable  f rom hG ~ for  react ion [1] and tha t  
for the fo rmat ion  (17) of H20(1).  The calculated re -  
sult:  hG~ ---- --32,373 ca l /mol  I O 8 - ( a q )  at 25~ in 
sa t is factory  agreement  wi th  the  ear l ie r  value  (2) of 
--32,251 cal. 

The analogous calculat ion of hS~ for IO3- (aq) gave 
22.5 ca l / deg /mo l  I O 3 - ( a q ) ,  to be compared  to the rmo-  
chemical ly  de te rmined  values (19) of 26.9 and 27.7 in 
the same units. I t  is well  known tha t  vol tage measure -  
ments  cannot often compete wi th  hea t -capac i ty  mea -  
surements  in establ ishing en t ropy  changes. 

Final ly ,  by  methods  analogous to those used above, 
calculat ions were  made for the  react ion 

3H2(g) + tO:3- (aq) --  I -  (aq) + 3H20(1) [22] 

The resul ts  for  25~ �9 AG ~ = --150,110(Th) and 
--159,046(E1) ca l /mol  I O s - ( a q )  and E ~ = 1.0849V 
(Th) and 1.0844V (El) .  As before,  the results  depend 
on whe the r  the thermochemica l  or the e lect rochemical  
value for hG~ of I -  is used. The voltages are  evi-  
den t ly  s t andard  potent ia ls  of the ioda te- iod ide  elec- 
trode. 

SYMBOLS 
F F a r a d a y  constant,  23,060.8 cal vol t  -1 equiv -1 
T the rmodynamic  tempera ture ,  ~ 
m molal i ty,  mols solute pe r  kg H20 
(A) actual  concentra t ion of A, mola l i ty  
[A] analy t ica l  (" tota l")  concentrat ion of A, mola l -  

ity, except  when mols / l i t e r ,  or M, is specified 
E~ vol tage read ing  corrected to uni t  fugaci ty  of 

H~, V 

.~E~ 

EL 
E o 
R 
n 
K~ 
K 

approx imate  s tandard  potent ia l  ca lcula ted by  
i ' th  method, V 
potent ia l  at l iquid junction,  V 
s tandard  potential ,  V 
gas constant,  1.98717 c a l / K  �9 mol 
number  of Fa radays  
equi l ib r ium constant  for i ' th  react ion 
unit  of the rmodynamic  t empe ra tu r e  

(7-+) HA mean ionic act ivi ty  coefficient of HA 
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Electro-Oxidation of Organic Compounds I 
Oxidation of Benzaldehydes at the Dropping Mercury Electrodes 
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ABSTRACT 
Benzaldehydes subst i tuted in the meta and para positions with both elec- 

t ron-donat ing  and e lect ron-withdrawing substi tuents react with hydroxide 
ions and f o r m  geminal  diol anions in a reaction ArCHO ~ O H -  
A r C H ( O H ) O - .  The height of the anodic waves, recorded with d-c and pulse 
polarography, decreases with decreasing pH in the shape of a dissociation 
curve. This has been interpreted as due to the electro-oxidation of the anion 
A r C H ( O H ) O -  preceded by the above acid base equil ibrium. The source of 
the second oxygen in the electrolytic formation of benzoic acids in alkaline 
media is thus the hydroxide ion. Based on the shape of the dissociation curve, 
oxidation of the dianion ArCH(O)e  2- seems improbable. Under  the assump- 
t ion that the acid-base reaction behaves like a volume reaction, values of 
rate constants for the anion formation and cleavage were calculated. Half-wave 
potentials of anodic waves are a l inear  function of Hammet t  substituent 
constants r 

Benzaldehyde undergoes oxidation by chemical  re-  
agents relat ively easily (1) but  the information on 
electro-oxidation is rather l imited (2) ,  For benzalde-  
hyde in sulfuric acid solutions using a p la t inum anode, 
yields of about 30% of benzoic acid were  reported (3). 
As reasons for the observed low yields, fur ther  oxida- 
tion of the side-chain and oxidative substitution on 
the r ing were considered (3), as well as formation of 
polymers (3, 4). The formation of the lat ter  was seem- 
ingly suppressed when the electrolysis was carried out 
in an aqueous solution of sodium benzene sulfonate 
using a nickel electrode in the presence of a cupric 
oxide catalyst where a 58% yield was found (5). How- 
ever, under  these conditions, competition with the 
Cannizzaro reaction has been assumed. Considerably 
higher yields of 95% of anisic acid have been reported 
(6) for the oxidation of anisaldehyde on a p la t inum 
electrode in aqueous sulfuric acid solutions. 

The above studies have been carried out under  ap- 
plied current  conditions. In  another study using con- 
trolled potential electrolysis  Lund (7) observed on 
current-vol tage steps obtained in solutions of anisalco- 
hol in acetonitrile using a p la t inum anode two anodic 
waves and proved that  the more positive wave (at 
+1.63V) corresponded to the oxidation of anisalde- 
hyde. It was also observed that the anisaldehyde wave 
disappears upon addition of pyridine. No preparat ive 
oxidation had been performed at potentials more posi-  
tive than 1.63V and no evidence for the product formed 
was given (7). 

Polarographic anodic waves of pyr id ine-4-carboxal-  
dehyde, 2- and 4-nitrobenzaldehyde,  4-cyanobenzalde- 
hyde, and 4-dimethylaminobenzaldehyde in aqueous 
solutions containing 10-20% ethanol in 0.1-1.0N sodium 
or potassium hydroxide solutions with a dropping mer-  
cury electrode were first reported by Volke (8). These 
studies were later  (9) extended to ten substi tuted 
benzaldehydes. It has been proved that the polaro- 
graphic anodic waves, observed in 0.04-1.8M potassium 
hydroxide, correspond to a two-electron irreversible 
process. These authors (9) neither described any 
change in the l imit ing current  with hydroxide ion con- 
centration (which proved to be essential for the in-  
terpretat ion of the mechanism),  nor were aware of the 
establishment of the equil ibria between benzaldehydes 
and hydroxide ions in homogeneous  solutions (10, 11). 

In  the pre l iminary  communicat ion (8), anodic peaks 
obtained with l inear  sweep vol tammetry  were reported 

* E l ec t rochemica l  Soc ie ty  S t u d e n t  Member .  
** E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  words: d-c polarography, pulse p o l a r o g r a p h y ,  ac id-base  equ i -  

l ib r ia ,  hydroxide ion addition, geminal  diol anion, benzoic acid, 
structural effects, substituent effects, Ham m e t t  equa t ion .  

which were observed in solutions containing benzalde,  
hydes when a vibrat ing p la t inum electrode was used. 
The presence of such peaks was offered (8) as a proof 
that mercury  salt formation can be excluded as the 
interpretat ion of the anodic process. Nevertheless, these 
anodic peaks have been shown (9) to correspond to 
oxidation of ethanol, used as cosolvent. 

The mechanism of anodic oxidation of benzaldehydes 
can be considered as speculative. In  particular,  the 
source of the second oxygen atom in the result ing 
benzoic acid has been rather  uncertain.  Fichter  (3) as- 
sumed electrolytic formation of atomic oxygen as the 
oxidizing species, and a radical mechanism (4) was 
also considered. In the absence of dissolved oxygen in 
deaerated acetonitrile solution "the formation of car- 
boxyl groups is dubious" (7). The polarographic study 
(9) assumed electrochemical oxidation of mercury  and 
a surface chemical oxidation of the benzaldehyde in-  
volving HgO �9 OH- .  

In  the present s tudy we aimed at a contr ibution to 
the mechanism of the electro-oxidation of aromatic 
aldehydes, in part icular  wi th  respect to the source of 
the second oxygen atom. Since the anodic waves were 
observed (8, 9) in alkaline media, it seemed essential 
to decide whether  the addition of hydroxide ions to 
the benzaldehydes according to equation ArCHO 
OH- ~--- ArCH(OH)O- with K ~- [ArCH(OH)O-]/ 
[ArCHO] [OH-] [which has been proved to occur in 
alkaline homogeneous solutions (I0, Ii)] plays also a 
role in the generation of the electroactive species, the 
conjugate base. 

The pK values of the studied benzaldehydes (10) to- 
gether with the preliminary experiments indicated the 
need to carry out further experiments on electro-oxi- 
dation in strongly alkaline solutions in order to achieve 
conditions under  which at least part  of the benzalde- 
hyde exists in the form of the conjugate base. For this 
purpose it was necessary to define the acidity in these 
strongly alkaline solutions and to find a suitable refer-  
ence cathode. 

Although the acidity scale H -  corresponding to the 
loss of a proton in concentrated solutions of hydroxides 
is known (12), it could be used only as a first approxi-  
mation in the studied reaction which involves the addi- 
tion of a hydroxide ion. Since the acidity scale ( J - )  
corresponding to such conditions has not been available 
from equi l ibr ium data, a new acidity scale J -  has been 
established (11), based on our values of the dissocia- 
tion constants .K. This acidity funct ion describes the 
acidity in aqueous sodium hydroxide solutions (up to 
13M) for reactions involving addition of a hydroxide 
ion to a neutra l  molecule. The use of substi tuted benz-  

368 
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aldehydes as indicators for the establ ishment  of the 
acidity funct ion J -  makes this funct ion par t icular ly  
useful for the s tudy of the effect of acidity on reactions 
of benzaldehydes and their electrode reactions. 

As the reference electrode (cathode) for oxidations 
in strongly alkal ine solutions, a carbon rod electrode 
immersed in a concentrated sodium hydroxide solution 
proved (13) most useful in obtaining reproducible 
anodic waves of substi tuted benzaldehydes and other 
related compounds. 

Experimental  
All of the d-c and differential pulse polarographic 

curves were recorded on a PAR Model 174 Polaro- 
graphic Analyzer  (Princeton Applied Research Cor- 
poration, Princeton, New Jersey) with a Hewlet t -  
Packard 7004B X-Y Recorder. The a-c polarographic 
curves were recorded on the Cambridge Polarographic 
Analyzer  82P (Cambridge, England) .  The capillary 
employed in these electrochemical experiments with a 
dropping mercury  electrode had the following charac- 
teristics: an outflow velocity of 2.49 mg/sec at a 100 
cm head of mercury  with a na tura l  drop time of 3.18 
sec. All capillary characteristics were determined at 
zero potential  (short circuit) in a nondeaerated solu- 
tion of 1.0M sodium hydroxide in the cell employed for 
the polarographic measurements.  

Current-vol tage curves with a rectangular  voltage 
polarization were recorded with the PAR 174 and with 
a commutator  switching device constructed according 
to the principle suggest_ed by Kalousek (i4) and the 
scheme proposed by N~mec and HoIub (15) (the de- 
vice is referred to as a Kalousek commutator) .  Cyclic 
vol tammograms were obtained with a t r iangular  func-  
tion generator bui l t  by the courtesy of R. N. Adams, 
which provided a scanning rate range from 250 to 2000 
V / m i n - L  The result ing vol tammetr ic  curves were fol- 
lowed on a Tektronic Type 564B Storage Oscilloscope 
using Type 3A9 and 2A63 Differential Amplifiers and 
permanent ly  recorded by tracing the curve on graph 
paper. 

A modified Kalousek cell as described in a previous 
communicat ion (13) was employed for all electro- 
chemical measurements.  The reference electrode was a 
spectroscopic grade carbon rod immersed in either 1.0 
or 5.(>M sodium hydroxide. 

A Corning Digital 112 Research pH-Meter  with a 
combination Sargent glass-calomel electrode (S-30072- 
15) was employed for pH measurements  of the buffers 
used in the experiments (the meter was standardized 
using 0.01M borax and saturated calcium hydroxide, 
pH 9.180 and 12.343, respectively, at 25~ 

A minicomputer  (modified PDP-8, Digital Equip- 
ment  Corporation, Maynard, Massachusetts) and an 
IBM 360/40 computer were used for the mul t ipara-  
metric curve fitting analyses (16). 

Spectrophotometric experiments were performed on 
a Unicam SP800-A (Pye-Unicam, Cambridge, En-  
gland) recording spectrophotometer. Matched fused 
quartz cells (t0 m m  sample path) were employed in a 
thermostated cell holder which was mainta ined at 25 ~ 
--+ 0.1~ by a Mark F. J. (Haake, Berlin) thermostat  
pump circulator. 

Chemicals and solutions.--Most of the aldehydes 
were supplied by the Aldrich Chemical Company (Mil- 
waukee, Wisconsin).  The compounds were checked for 
puri ty  by recording the relevant  melt ing or boiling 
points and by recording a gas-l iquid chromatogram 
of an ether solution of the aldehyde. 

Preparat ion of benzaldehyde stock solutions and of 
the various sodium hydroxide solutions followed the 
procedures described previously (13). The phosphate 
buffers pH 10.8 and 11.9 were prepared from an 0.05M 
dipotassium hydrogen phosphate solution t i trated with 
various portions of 0.1M hydroxide, and the bicar-  
bonate buffers pH 9.9-10.8 were prepared by t i t rat ion 
of an 0.05M solution of sodium bicarbonate with 0.1M 
sodium hydroxide. Piperidine (pKa 11.12) buffers were 

also prepared for use in the pH range between 10.2 and 
12.0, but  their use was l imited by the dependence of 
the oxidation differential pulse current  on the concen- 
trat ion of piperidine in the buffer. 

Working procedures.--Polarographic current-voltage 
curves.--Most d-c and differential pulse polarographic 
measurements  were carried out in solutions that were 
2 X 10-4M in aldehyde and contained 2% ethanol. 
These solutions were prepared by pipett ing 0.2 ml of 
the ethanol stock solution of the aldehyde to 9.8 ml of 
sodium hydroxide just  prior to placing the solution in 
the polarographic cell. The solution was then deaerated 
with a s tream of ni trogen for a period of 2 rain. 

The half-wave potentials of anodic waves in 0.1, 0.25, 
1.0, 2.0, 4..0, 6.0, and 9.0M sodium hydroxide were mea-  
sured against the haLf-wave potential  of phthiocol (2- 
hydroxy-3-methyinaphthoquinone)  to avoid correc- 
tions for changes in liquid junct ion potential. Half- 
wave potentials of the pilot compound were proved 
to be independent  of sodium hydroxide concentrat ion 
and the compound to be stable except in the most con- 
centrated hydroxide solutions. But even in 9M sodium 
hydroxide waves can be recorded and half -wave po- 
tentials measured. Cathodic waves of phthiocol were 
recorded before and after the recording of the anodic 
waves of a series of benzaldehydes for each concentra-  
tion of sodium hydroxide. 

Measurement  of the half-wave potential  of the re- 
duction wave of phthiocol in 0.1N sodium hydroxide 
against a SCE made it possible to express the half-  
wave potentials of the anodic waves of benzaldehydes 
vs. SCE (Table I). This procedure was checked by  
using tha l l ium(I )  ions as an in ternal  s tandard in 1.0M 
sodium hydroxide. The values of hal f -wave potentials 
of the anodic waves of benzaldehydes used by these 
two independent  procedures were practically identical. 

The differential pulse polarographic current-vol tage 
curves were recorded using an applied pulse (AE) of 
25 mV at a scan rate of 2 mV/sec -1 and a controlled 
(forced) drop time of 2.0 sec. Under the condition that 
(using the PAR-174) the parameters, drop time, po- 
tential  scan rate, and pulse voltage are kept constant 
for each run  in a pH series, the peak current, Aimax, 
is directly proportional to the concentrat ion of electro- 
active species (17, 18). The applied potential  was 
driven from negative to positive values so as to avoid 
mercury salt contaminat ion of the electrode surface 
which results when the electrode is polarized at poten-  
tials more positive than the init ial  anodic current  rise. 

The cyclic vol tammograms were recorded for m-cy-  
anobenzaldehyde in 1.0M sodium hydroxide at a scan 
rate of 12 V/rain -1. The Kalousek commutator  tech- 
nique was used for m-cyano-  and m-chlorobenzalde-  
hydes in hydroxide solutions at a switching frequency 
of 1 Hz with the auxi l iary  potential  set on the plateau 
of the anodic wave. The a-c polarographic curves were 
recorded in 1.0M sodium hydroxide with an a l ternat ing 
voltage of 10 mV rms at a scan rate of 0.4 mV sec -1 
and a forced drop time of 1.0 sec. 

Results 
D-C poZarographic curves.--The anodie waves for the 

substi tuted benzaldehydes were ini t ia l ly observed in 
alkaline solutions with d-c polarography using a drop- 

Table I. Half-wave potentials of substituted benzaldehydes as a 
function of sodium hydroxide concentration 

E1/s (vs. SCE) 
Benza lde -  

hyde  [xa~ 9.0 6.0 4.0 2.0 1.0 0.25 0.1 

3,5-CI_o --0.525 --0.509 
3,4-CI~ --0,529 --0.516 
3-C1 --0.510 --0,467 
4-C] --0,478 --0.501 
3-OCI-~ --0,485 --0,478 
H --0.446 --0.456 
4-CI~ --0.456 --0,446 
4-OCI-Ia --0,422 --0.386 

--0.506 --0.469 --0,429 --0.360 --0,302 
--0.518 --0.484 --0.429 - -  
--0.481 --0,446 --0.391 --0,308 --0,259 
--0.476 --0,419 --0.362 --0.275 --0.229 
--0.454 --0.397 --0.332 --0.252 --0.207 
--0.430 --0.357 --0,295 --0.223 --0.193 
--0.424 --0.335 --0.272 --0.205 --0.167 
--0.346 --0.291 --0,284 --0,171 --0.129 
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Fig. 1. A plot of the log i / ( i d  - -  i )  for the rising portion of the 
anodic wave vs.  the potential (in volts vs.  carbon reference elec- 
trode) for substituted benzaldehydes. The solutions were all 
2 X 10-4M, 2% ethanol and 1.0M sodium hydroxide at 25~ 

ping mercury  electrode and a carbon rod reference 
electrode as previously described (13). Well-developed 
waves, enabl ing measurement  of both wave-heights  
and half-wave potentials were obtained for most alde- 
hydes in 0.1-9.0M solutions of sodium hydroxide [cf. 
Fig. 2, Ref. (13)]. Anodic waves were well separated 
from the initial  anodic current  rise due to oxidation of 
mercury and were proved irreversible by cyclic vol- 
tammetry  and the Kalousek commutator  technique. 

This has been fur ther  confirmed by logarithmic anal-  
ysis (Fig. 1) which shows a l inear  plot of log i /( id -- i) 
as a function of potential  with a slope corresponding 
to flnb values which vary  from 0.86 to 1.08 (Table II) .  

A decrease of the anodic l imit ing current  at sodium 
hydroxide concentrations of 1-4M is due to.an increase 
in viscosity (~), as proved from a practically constant 
value of the product i(~) 1/2. At still higher sodium 
hydroxide concentrations, the l imit ing current  de- 
creases somewhat more than would correspond to an 
increase in solution viscosity. This additional decrease 
which is similar for various substi tuted benzaldehydes 
is not in the shape of a dissociation curve. Moreover, 
the l imit ing current  of benzaldehyde remains diffusion 
controlled as shown by a l inear  dependence on the 
square root of mercury  pressure in both 6 and 10IYl 
sodium hydroxide, which show, nevertheless, a small  
negative intercept. 

When sodium hydroxide solutions more dilute than 
about 0.25M and buffers of lower pH values were stud- 

Table !1. Parameters of the anodic process of substituted 
benzaldehydes 

0 . 0 5 8  a d e l l 2  b 0.058 b 

B e n z a l -  dE/d log i~ (id - -  i) d p H  dE1/2/dpH 
d e h y d e  = ~nb (V) = flnb 

3,5-C1~ 1.044 0.113 0.52 
3,4-CI~ - -  0.113 0.52 
3-Cle 0.96 (0.87) d 0.127 0.46 
4-C1 0.91 0.130 0.45 
3 - O C H s  0 . 9 9  0 , 1 3 0  0,45 
:H 0 . 8 6  0.134 0.43 
4-CH8 1.07 0.133 0.44 
4-OCH8 1.08 0.127 0.46 

a f lnb o b t a i n e d  f r o m  t h e  s lope  of  l o g  i~ (id -- i) vs .  E f o r  t h e  r i s i n g  
p o r t i o n  of  t h e  a n o d i c  w a v e  in  1.0M N a O H  r e c o r d e d  a u t o m a t i c a l l y  
(Fig.  1). 

b F r o m  t h e  s lope of  E1/~ v s .  PH plot  (Fig .  5). 
e F o r  m - c h l o r o b e n z a l d e h y d e  t h e  f o l l o w i n g  v a l u e s  w e r e  f o u n d  at  

v a r y i n g  s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n s :  [ O H ] :  0.5, 1.0, 1.7, 3.0, 
4.0, a n d  6.0M; fln,~a: 0.88, 0.92, 1.09, 0.98, 1.02, a n d  1.04. 

d T h e  c u r r e n t  v a l u e s  a t  v a r y i n g  p o t e n t i a l s  fo r  t he  log  a n a l y s i s  
w e r e  m e a s u r e d  p o t e n t i o m e t r i e a l l y  (po in t  b y  po in t )  u s i n g  a t h r e e -  
e l e c t r o d e  s y s t e m .  

led, a shift of the anodic waves to more positive poten-  
tials was observed. Since this shift with pH was greater 
than the shift of the current  rise due to mercury  dis- 
solution, the waves became less well developed at 
lower pH values. Below certain pH values (character- 
istic for each substi tuted benzaldehyde) the anodic 
wave was no longer observed. For benzaldehydes with 
electropositive substi tuents (e.g., p-methyl  or p -meth-  
oxy) it was hardly possible to decide whether  the ab- 
sence of the anodic wave was solely due to a potential  
shift to more positive values than the init ial  current  
rise, or whether  a decrease in the wave-height  oc- 
curred as well. For the benzaldehydes with electro- 
negative substi tuents (e.g., m-ni t ro  or m-chloro, Fig. 
2) a decrease in wave-height  was indicated on the d-c 
current-vol tage curves, but  quant i ta t ive measurements  
were difficult. 

An at tempt has been made to determine the wave-  
height of m-ni t robenzaldehyde at pH 11.5-10 by mul t i -  
parametric  curve fitting analysis (16). Even when this 
approach proved quali tat ively the decrease of the l im- 
iting current  with decreasing pH, uncer ta in ty  of the 
t rea tment  was too large to permit  a decision among the 
possible shapes of the /-pH plot. The main  source of 
uncer ta in ty  was the change in the course of the resid- 
ual current  in the presence of the benzaldehyde, which 
made simple subtraction of the residual current  for the 
pure buffer solution insufficient. 

DiOerentia~ pu~se po~arography.--To confirm the de- 
crease of the current  at lower pH values and to obtain 
reliable values for current,  differential pulse polaro- 
graphic curves (17, 18) of solutions of benzaldehydes 
were recorded and the peak currents, Aimax, were ob- 
tained which were measurable with sufficient accuracy 
to considerably lower pH values than it was possible 
to measure the l imit ing currents of d-c polarographic 
curves (Fig. 3). 

To correct differential pulse polarographic curves 
which are close to the current  rise due to mercury  dis- 
solution (last two curves, Fig. 3) for the residual cur- 
rent, use has been made of the symmetry  of the peak 
and the practical independence of the half -width  of 
the peak on peak-height.  

Using the construction of the whole peak based on 
current  values accurately measured at more negative 
potentials (curve 3, Fig. 3), it was possible to obtain 

Fig. 2. The dependence of the d-c polarographlc current voltage 
curves on pH for the oxidation of m-nitrobenzaldehyde at the 
indicated pH values in carbonate (10.40) phosphate (11.02, 11.87) 
buffers and in 0.1M sodium hydroxide (13.00). All solutions were 
2 X 10-4M in aldehyde and contained 2% ethanol at 25~ 
The voltage scanning started from the negative potentials to more 
positive values. 
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Fig. 3. The dependence of the differential pulse polarographic 
current-voltage curves for the oxidation of p-chlorebenzaldehyde 
on pH in solutions of 0.1M sodium hydroxide (pH 13.04) and 
phosphate buffers (pH 11.77, 11.58, 11.38). The voltage scanning 
started from the negative to more positive values at the rate of 
2 mV/sec. The broken curves correspond (b) to the residual current 
due to the buffer alone; and (c) to the current resulting from 
the subtraction of curve (a) from the total limiting current. All 
solutions were 2 X 10-4M in aldehyde and contained 2% 
ethanol at 25~ 

wel l - r ep roduc ib le  values of Aimax even for less we l l -  
developed curves. 

Current-pH plots.--Reliable values of Aimax, ex-  
pressed re la t ive  to (Aimax) d obtained at sufficiently high 
pH, show a decrease wi th  decreas ing pH in the  shape 
o~ a monobasic  acid dissociat ion curve (Fig. 4a).  When 
log Ai~x/[  (Ai=~x) d - -  A/max] was p lo t ted  against  pH 
(Fig. 4b),  a l inear  plot  wi th  unit  slope was obtained.  

Analogous plots, i.e., i / id  : ~ (pH) ,  are  commonly  
used for the  t r ea tmen t  of d-c  po larographic  currents  
governed by  a ra te  of an antecedent  chemical  react ion 
(19). The theory  of such currents  for different ial  pulse  
po la rog raphy  has not  ye t  been developed.  To prove 
empi r ica l ly  the possibi l i ty  of using Aimaz/(Aimax)d in-  
s tead of i / id  for in te rp re ta t ion  of pH dependences  two 
approaches  have been used: plots of Aimax/(Mm~x)d a n d  

~ . o -  ~ t ~ - _  ~ ,  

0 . 8  - -  * 
+ 

0.6 __ m-NO= 

0 . 4 -  * / ,-:  / / /  

11 p H  ~2 13 

Fig. 4a. The dependence of the differential pulse peak current 
as a fraction of the Corresponding diffusion current on pH for 
some substituted benzaldehydes. The experimental points represent 
data obtained for p-tolualdehyde in sodium hydroxide ( Q )  and 
phosphate buffers ( ~ ) ;  for benzaldehyde in sodium hydroxide 
( e )  and phosphate buffers ( ~ ) ;  for p-chlorobenzaldehyde in 
sodium hydroxide ( ~ )  and phosphate ( ~ )  buffers; for m-nitro- 
benzaldehyde in sodium hydroxide ( O ) ,  phosphate ( O ) ,  and car- 
bonate ( O )  buffers. All solutions were 2 X 10 -4M in aldehyde 
and contained 2% ethanol at 25~ The solid curves have a 
shape corresponding to a theoretical dissociation curve for a 
monobasic acid. The values (q-) shown on the m-nitrobenzaldehyde 
curve correspond to those current values obtained with d-c 
polarography. 

@ 
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Fig. 4b. The dependence on pH of the log ( i / i d  - -  i )  where i 
is the peak current at a given pH and id the corresponding diffusion 
peak current in solutions described in Fig. 4a for some benzalde- 
hydes. The straight lines of unit slope represent the theoretical 
slope for a monobasic acid dissociation. Symbols for points are 
the same as in Fig. 4a. 

i / id against  pH have been compared  for cu r r en t -vo l t -  
age curves of benzoylacetone,  which correspond to an 
i r revers ib le  reduct ion process accompanied by  an an-  
tecedent  volume ac id-base  react ion (20). Both plots 
have been found to have the same shape and inflection 
points (pK' ) .  Fur thermore ,  benzaldehydes,  l ike m-  
n i t robenza ldehyde  where  the  cur ren t  in the  pH region 
for which the decrease  of the  cur ren t  wi th  pH occurred 
was measurab le  both by  different ial  pulse  (Mmax/ 
(Aimax) d and i/id, fitted reasonably  wel l  a single, con- 
t inuous curve when plot ted  vs. pH (Fig. 4a). Hence 
the use of Aimax/(Aimax)d for t r ea tment  in expressions 
der ived  for i / id  has been subs tan t ia ted  as a first ap-  
proximat ion.  

Even when we are  aware  that  the dif ferent ia l  pulse 
peak  current  can also decrease due to a change in the  
value of the  t ransfer  coefficient and the heterogeneous 
ra te  constant  of the e lect rode process, all  the facts 
ment ioned above indicate  that  the  ra te  of the chemical  
react ion is the p redominan t  factor governing the d e -  
c r e a s e  of the anodic current .  

Compar ison of the curves in Fig. 4a and 4b shows 
that  values  of Aimax/(Aimax)d obta ined  in phosphate  or 
b icarbonate  buffers show devia t ions  toward  smal le r  
currents  when compared  w i th  the theore t ica l  curves 
plot ted to fit values  obtained in sodium hydrox ide  so- 
lutions. When  recorded in phosphate  buffers of constan~ 
pH, the value  of A/max decreased wi th  increased phos-  
phate  concentrat ion.  

Half-wave and peak potentials.--From a comparison 
of the anodic waves  of severa l  benzaldehydes  using 
both d-c  and different ial  pulse  po la rog raphy  under  
ident ical  exper imen ta l  conditions, an empir ica l  r e l a -  
t ionship be tween  the ha l f -wave  potent ia l  (El/2) and 
the peak  potent ia l  (Ep) has been found, viz., Ep ~ E1/2 
Jr 0.025V. 

Plots  of E1/2 and Ep values vs. J -  show three  l inear  
sections (Fig. 5). At  the lowest  and highest  pH ( o r  
J - )  values a pH independent  section is observed;  in 
the in te rmedia te  pH range a shift  to more  posi t ive 
potent ials  wi th  decreasing pH occurs. Slopes of this 
l inear  section are tabula ted  in Table  II. 

The ha l f -wave  potent ia ls  of subs t i tu ted  benza lde-  
hydes in 1.0 and 2.0M sodium hydrox ide  [where they  
are all dependent  on concentra t ion of hydrox ide  ions 
wi th  prac t ica l ly  ident ical  va lue  of dE1/JdpH (Table  
II)  ] are  a l inear  function of Hammet t  subs t i tuent  con- 
s tants  ~x (Fig. 6). The react ion constants  in 1.0M (pn A 
: --0.225V, r = 0.994, SDp --_ 0.Oll) and 2.0M (p~A = 
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Fig. 5. The half-wave potentials for the anodic p.otarc~graphic waves 
are plotted as a function of the acidity function J -  for (1) 3,5 
dichlora-; (2) 3-chloro-; (3) 4-chloro-; (4) 3-methoxy-; (5) un- 
substituted; (6) 4-methyl; and (7) 4-methoxy-benzaldehydes. Po- 
tentials are reported vs. the SCE, and the solutions were 2 X 
10-4M in aldehyde and contained 2% ethanol at 25~ 

-0 ,5  

-0_4 

-0.3 

- -  9 . O  

�9 �9 

2.0 ~ C~/p= 0,225 

~ 3-OCH 3 

H 

-CH s 

-OCH 3 

I I I I I I 
- .2  0 .2 .4 .6 

CTx 

Fig. 6. The dependence of the half-wave potentials for the 
anodir waves of substituted benzaldehydes in 1.0, 2.0, and 9.0M 
sodium hydroxide on the Hammett substituent constants, ~:c. All 
solutions were 2 X 10-4M in aldehyde and contained 2% ethanol. 
The potentials are reported vs. SCE with Ez/2 ~ ~ --0.294 for 
benzaldehyde. 

--0.218V, r =. 0.990, SDp ---- 0.014) are consequently 
practically identical. 

The half-wave potentials in 9M sodium hydroxide 
(where J -  is equal to 15.97), in an acidity region 
where all the half -wave potentials are independent  of 

sodium hydroxide concentrat ion (Fig. 5), are also a 
l inear  function of Hammett  subst i tuent  constants ~x 
(Fig. 6). The l inear  plot corresponds to a reaction con- 
stant p~B : --0.122V (r ---- --0.954, SD ---- 0.014). The 
lower value of the correlation coefficient reflects the 
smaller  value of the reaction constant, but  the correla- 
tion can be considered good. 

Spectrophotometric studies.--Spectrophotometric de- 
terminat ions of equi l ibr ium constants (K) of the re-  
action ArCHO + O H -  ~--- A r C H ( O H ) O -  have been 
described elsewhere (10). Recent attempts to deter-  
mine the second dissociation constant (K2) correspond- 
ing to the formation of a dianion in a process of the 
type A r C H ( O H ) O -  ~-  A r C H ( O - ) 2  + H + were unsuc-  
cessful even for nitrobenzaldehydes,  which have the 
lowest pK1 value of the compounds studied (12.79 for 
para and 13.07 for meta) .  Hence for ni trobenzaldehydes 
the value of pK2 must  be at least more than two pK 
units  larger than pKi. 

Discussion 
Electroactive forms.--The presence of anodic oxida- 

tion waves in alkaline media only (Fig. 2), the de- 
crease of their wave-height  with decreasing pH in the 
shape of a dissociation curve (Fig. 4), and the shift of 
their hal f -wave potentials with pH (Fig. 5) indicate 
that the species ArCHO, which predominates in solu- 
tions of benzaldehydes at lower pH values, is not the 
electroactive form. The fact that mercury  does not par-  
ticipate in the anodic process in mercury salt formation 
has been confirmed by irreversibi l i ty of the electrode 
process as proved by cyclic vo l tammetry  and the 
Kalousek commutator  technique. The absence of mer-  
cury in the electrolysis products (13) also confirmed 
this view. 

On the other hand, inflection points of polarographic 
dissociation curves (pK') roughly parallel  the pK 
values obtained spectrophotometrically for the addition 
of hydroxide ions (I0) (Table III) .  It  has been thus 
deduced that the species ArCH (OH)O- ,  the formation 
of which in alkal ine media has been recently proved 
(10, 11), seems to be the electroactive species which 
undergoes oxidation to benzoic acid. It was never the-  
less necessary to consider the oxidation of the dianion 
of the geminal  diol [ARCH ( 0 - ) 2 ]  as an al ternative re- 
action path. 

The pH dependence of the l imit ing current  and in 
part icular  the dependence of the inflection points pK'  
on structure of the aldehyde cannot be brought  into 
agreement  with the proposed (9) mechanism involving 
oxidation by HgO �9 OH- .  

The shift of the polarographic dissociation curve to 
lower pH values than the spectrophotometrically ob- 
tained dissociation curve (10), as demonstrated by the 
smaller values of pK' than pK (Table III) as well as 
by the kinetic character of the anodic wave when i < 
0.2 im indicates that the height of the anodic waves at 
pH < pK does not correspond to the equi l ibr ium con- 
centration of the electroactive anion in the bu lk  of the 
solution, but  rather  to the rate of formation of this 
anion (kinetic current) .  

Reaction scheme.--The simplest reaction scheme, 
which would be in agreement  with the spectrophoto- 
metric evidence (10, 11) and 
served change in current  with 
reactions [1] 

would explain the ob- 
pH (Fig. 4), is a set of 

OH OH 
/ / 

ArCH ---> ArC + H + § 2e [ lb]  

O -  O 

ArCOOH ~ A r C O O -  § H + [lc] 

OH 
kl / 

ArCHO + O H -  ~ ArCH [la] 
k-i \ 

O- 
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Table III. Equilibrium constants (K1 : [ArCH(OH)O-] [H +]/[ArCHO]) determined spectrophotometrically (pKspec), polarographic 
h:l 

dissociation constants (pK' ---- pH at which i = 0.5 id), and rate constants of the reaction ArCHO + O H -  ~ ArCH(OH)O-  at 25~ 
k-1 

for substituted benzaldehydes (X-ArCHO) and aromatic heterocyclic aldehydes 

S o d i u m  h y d r o x i d e  so lu t i ons  Buf fe r s  b 

X r PKs~,ee ~ p K '  l o g  k l  e log  k-1 p K '  log  k l  c l og  k - i  

4-NO~ 0.78 12.79 10.48 5.65 4.44 10.80 5.01 3.80 
3,5-C1~ 0.74 d 13.09~ 10.65 5.61 4.70 10.86 5.19 4.28 
3-NO~ 0.70 13.07 10.67 5.56 4.63 11.08 4.73 3.80 
3,4-C1~ 0.60 d 13.81 e 11.08 5.47 5.28 10.85 5.93 5.74 
3-Cl  0.37 13.92 11.24 5.25 5.17 11.45 4.84 4.76 
4-C1 0.23 14.44 11.58 5.10 5.54 11.72 4.82 5.20 
3-OCHs 0.11~ 14.61 11.70 5.03 5.64 
- H  0 14.90 11.93 4.86 5.76 
8-CHa -- 0.07 15.00 12.03 4.76 5.76 
4- CI-I3 -- 0.17 15.39 12.23 4.75 0.14 
4- OCI-Is -- 0.27 15.90 12.57 4.64 6.60 
F u r f u r a l  14.77f 12.30 3.99 4.76 
Th iophene -2 -Car -  15.11 t 12.20 4.53 5.04 

b o x a l d e h y d e  
5 - B r - t h i o p h e n e - 2 -  14.64~ 11.42 B.62 6.26 

e a r b o x a l d e h y d e  

a W. J B o v e r  and  P. Z u m a n ,  Ee l .  (10). 
b Va lues  d e t e r m i n e d  f r o m  da ta  o b t a i n e d  in  p h o s p h a t e  or ca rbona te  buffers .  
c Va lues  o b t a i n e d  f r o m  PKspee and  pK' .  
d ~ff~ values. 
e Determined by Th. J. Pouw. 
f Determined by E. Bratin. 
g D e t e r m i n e d  b y  W. J.  S c o t t .  

In  this system the rate of the addition of the hydroxide 
ion governs the l imit ing current  of the anodic wave, 
unt i l  at sufficiently high sodium hydroxide concentra-  
tions the current  becomes diffusion controlled. 

The scheme will, nevertheless, be compared with 
two al ternat ive schemes, [2] and [3], where the elec- 
troactive form, yielding the benzoic acid as proved by 
control led-potential  electrolysis (13) is the dianion of 
the geminal  diol 

OH 
/ 

ArCHO + O H -  ,~ ArCH [2a] 
\ 

O -  

OH O- 

ArCH + O H -  ~ ArCH + H20 [2b] 
\ s,o~ \ 

O- O- 

O -  O 
/ 2 

ArCH ---> ArC 
\ E \ 

O -  O -  

+ 2 e + H  + [2c] 

In scheme [2] the slow step would be the abstraction 
of a proton from an - -OH group which does not seem 
to be in agreement  with the experience with similar 
types of reactions. 

Al ternat ively scheme [3] can be considered 

OH 

ArCHO + OH- ~ ArCH 
\ 
O- 

OH 0- 
/ / 

ArCH + OH- ~- ArCH + H20 
fas t  

O -  O -  

O -  O 
/ 2 

ArCH --> ArC + H+ + 2e 

O -  O -  

[3a] 

[3b] 

[3e] 

where the addition of the hydroxide ions is the slow 
step. 

When the general  t rea tment  for acid-base reactions 
preceding the electrode process proper (21) is applied 
to schemes [1]-[3], in all cases the current  (i) ex-  
pressed as a fraction of the diffusion current  (id) de- 
creases with decreasing pH in the shape of a dissocia- 
tion curve. The shape of this curve depends on the 
scheme and on the relative magni tude  of the equi l ib-  
r ium constant K1 characterizing reactions [ la] ,  [2a], 
and [3a] and the pH at which the polarographic wave 
is one-half  of the diffusion current  (pK') .  Equations 
for individual  schemes are summarized in Table IV to- 

Table IV. Equations for the dependence of current (i) on pH for reaction schemes [1 ] - [3 ]  for pK2 > pK1 

d l og  (i/id -- i) 

S c h e m e  E q u a t i o n  C o n d i t i o n s  d p H  

[1] i/id 

[2] i/id 

[3] i/id = 

0.865 x / k td~ , rK1  1/[H+] 

1 + 0.866 ~/ktlKw~I~l 1/[H+] 
1/[H+]S 

0.866 ~/ t lkKwrKs 
l / K 1  + 1/[H+] 

I / [H+]  s 
1 + 0.866 ~/t:kKwZK~ 

l / K 1  + I / [H+]  
1/[H§ 

0.866 A/tlkKw~4:~:~ 
1 + K1/[H+] 

1/[H+]~,/s 

1 

PK'  > >  PKx 1 

p K '  < <  PK1 2 

p K '  > >  PK1 1]2 

PK" < <  pK~ 3 / 2  
1 + 0.866 ~/tlkKw2K~ 

1 + KI/[H+] 
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gether  wi th  the slopes of the respect ive  dissociation 
curves expressed as d log (i/id -- i ) /dpH.  In all  the sys-  
tems s tudied it was assumed that  pK1 < <  pKs, as is 
observed expe r imen ta l ly  (11). 

Since in all  expe r imen ta l ly  accessible cases the  value  
of pK' was smal ler  than  pK1, only the  shapes of the 
dissociation curves for  the condit ion pK '  < <  pK1 need 
to be considered. As the  observed dissociation curves 
all have a slope d l o g ( i / i d -  i ) / d p H  = 1.0 (Fig. 4b),  
schemes [2] and [3] which would requi re  s teeper  dis-  
sociation curves wi th  slopes of 1.5 or 2 can be excluded.  
Hence the  pH dependence  of the l imi t ing current  of 
the anodic wave  indicates tha t  the monoanion of the 
geminal  diol A r C H ( O H ) O -  is the  electroact ive form 
and the work ing  hypothesis  (13), that  the e lect roact ive  
form is the dianion, seems less probable .  

There is, nevertheless ,  some evidence avai lable  that  
the deta i led mechanism might  be more  complex than  
described by scheme [1]. When the value  finb, obtained 
from logar i thmic  analysis  of the r is ing por t ion of the  
anodic wave  (column 1, Table II)  is compared  with  
the value of finb obtained from the pH dependence  of 
ha l f -wave  potent ia ls  (column 3, Table  II)  under  an as-  
sumption of the t ransfer  of one hydrox ide  ion pr ior  to 
the e lectrode process proper ,  a considerable  difference 
is found. I t  cannot be excluded even when the process 
appears  to be over -a l l  i r revers ible ,  that  the proton 
evolut ion in the electrode process proper  affects the 
ha l f -wave  potential ,  e.g., that  the proton abs t rac t ion  in 
scheme [ lb]  precedes the electron uptake.  The par t ic i -  

- e  pat ion of the e lectrode surface, proposed  by Manous k 
and Volke (9) as an antecedent  step, cannot be ex-  
cluded in the pro ton  abs t rac t ion  step. 

Fu r the r  suppor t  for the  va l id i ty  of scheme [1] can be 
found in the shape of the plot  of ha l f -wave  potent ia ls  
as a function of pH. I t  has been shown recent ly  (22) 
that  a plot  consist ing of three  l inear  sections as ob-  
served in Fig. 5 (with two pH independent  sections at  
the lowest  and highest  pH values and a l inear  pH de-  
pendent  section in the in te rmedia te  pH range)  corre-  
sponds only to systems involving the t ransfer  of one 
proton or hydrox ide  ion pr ior  to the  electron uptake.  
Mechanisms which involve two proton t ransfers  (e.g., 
H+,H+,e,e or H+,e,H+,e)  show plots wi th  four l inear  
sections (wi th  intersect ions corresponding to the  two 
p K  values involved) .  

In  analogy wi th  systems involving antecedent  proton 
t ransfer  and reduct ion of the conjugate  acid (22), it  is 
possible to der ive  equations for ha l f -wave  potent ia ls  of 
systems involving antecedent  react ion with  hydrox ide  
ions and oxidat ion  of the conjugate  base 

R T  
E1/s --  E ~ --  - -  In 0.886 ke ~ ( t /D)  1/2 

~nbF 

R T  K 
- -  - -  l n -  [ 4 ]  

~nbF K + [H + ] 

where  K = K1Kw and other  symbols  have the usual  

meaning.  For  [H + ] >> K then 

RT 
Ells = E ~ -- - -  in 0.886 ke ~ (t/D') 1/'~. 

flnbF 

o r  

~nbF 

RT 
E l l s - -  eonst. + ~ (pK -- pH) 

S imi l a r ly  at [H + ] < <  K 

R T  K 
- -  I n  - -  

[H+] 
[5b] 

[~b] 

R T  
Ells = const. = E ~ --  - - l n  0.886 ke ~ ( t /D)  l/s [6] 

~nbF 

Final ly ,  in the pH region where  the height  of the l imi t -  
ing cur ren t  decreases wi th  decreasing pH (i.e., at suf-  
ficiently low pH values)  expression [7] applies 

R T  ke ~ 
E1/~ = E ~ -- - - I n  [7] 

/~nbF (kiD) i/s 

where kl corresponds to the rate of the addition of the 
hydroxide ion. Equations [6] and [7] correspond to the 
pH region where the half-wave potentials are pH in- 
dependent at low (Eq. [7]) and at high (Eq. [6]) pH 
values. Equation fS] describes the shift of the half- 
wave potential in the intermediate pH range. The pH* 
values at which right-hand sides of Eq. [7] and [5] are 
equal corresponds to the value of pK' (i.e., to the pH 
where  i ~ id/2). Expe r imen ta l l y  found pH* values 
were  in agreement  wi th  pK '  values (Table  I I I )  for 
those few compounds for which the value  of pH* was 
exper imen ta l ly  accessible. 

The pH values at which the r i gh t -hand  sides of Eq. 
[5] and [6] are  equal  correspond to the p K  value  of 
the antecedent  ac id-base  equi l ibr ium, independent  of 
the character is t ics  of the  electrode, the diffusion coeffi- 
cient, and the value of ke ~ 

A comparison of the pKE1/2 values  obtained f rom the 
E1/2-pH plots wi th  those values obtained spect rophoto-  
met r ica l ly  (pKspec) (Table  V and Fig. 5) shows a small  
difference for the unsubst i tu ted  compound, the pa ra -  
methyl  and p a r a - m e t h o x y  benzaldehyde,  but  la rger  
differences for other  subst i tu ted aldehydes.  This can 
be a t t r ibu ted  to the difference in the value  of the equi-  
l ib r ium constant  in the bu lk  of the solution and in  the  
electr ic field of the electrode.  

Fu r the r  evidence in suppor t  of scheme [1] is the 
comparison with  homogeneous oxidations.  The geminal  
diol anion, proposed in scheme [1] as the oxidizable  
species, was considered (23, 24) as a react ive  in te r -  
media te  in mangana te  and pe rmangana te  oxidat ions of 
benzaldehydes  in a lkal ine  media,  as wel l  as of fur fura l  
at pH 11.5-13.5 by pe rmangana te  (25). The oxidat ion 
of s t rongly  hydra ted  al iphat ic  aldehydes,  l ike  fluoral 
or chloral,  is assumed at pH > 6 also to take  place via  
the geminal  diol anion (26, 27). 

Moreover,  as the oxidat ions are s imi la r ly  s t rongly  
affected by  e lect ron wi thdrawing  groups, the chemical  

kl 

Table V. Values of equilibrium and rate constants for the reaction RCHO + OH-  ~ RCH(OH)O-. Comparison of values calculated 
k-z 

from data obtained polarographieally (E1/s-pH plots), (i/id-pH plots), and spectrophotometrlcally 

pK log kl log k-z 

from f r o m  f r o m  f r o m  
Benzaldehyde pKspec a,d pKE1/2 b pKspec, p K ' e  pK~l/~, p K '  AE~/sc pKspec,  p K ' d  pK ~l / s -pK '  

3 ,5 -Ch  13.09 14.82 5.61 7.34 4.70 8.16 
3-C1 13.92 14.87 5.25 6.21 6.48 5.17 8.16 
4-Cl  14.44 14.08 5.10 5.74 5.54 6.82 
3-OCI-I8 14.61 15.24 5.03 5.66 5.64 6.90 
H 14.90 15.30 4.86 5.26 5.76 6.56 
4-cI-I8 15.39 15.37 4.7s 4.73 5.11 6.14 6.07 
4-OCH8 15.86 15.55 4.64 4.23 5.65 6.60 5.87 

a V a l u e s  obtained spectrophotometrical ly .  
b F r o m  intersection of  the EI/2-pH plot. 
e U s i n g  Eq.  [10].  
d From Table IIL 
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homogeneous oxidation in alkaline solutions shows a 
large value of Hammet t  reaction constant (23, 24) (p ---- 
1.83 at pH 12.6). Furthermore,  the part icipation of 
phosphate and carbonate buffers observed for electro- 
oxidation has been found (24) also for permanganate  
oxidation. 

Furthermore,  addition of a free electron pair of a 
negat ively charged oxygen to the carbonyl  double bond 
in scheme [1] is analogous to the addition of the oxy- 
gen of a chromate ion (28, 29) and the proposed in te r -  
mediate in the chromate oxidation is a derivat ive of a 
geminal  diol. Moreover, both in scheme [1] and in the 
chromate oxidation the carbon-hydrogen bond cleav- 
age occurs in the ra te -de te rmin ing  step. Position of the 
hydrat ion equil ibria for benzaldehydes has been used 
also as an a rgument  in the interpreta t ion of subst i tuent  
effects on chromate oxidation of substi tuted benzalde- 
hydes (30). 

Finally, the oxidation of aldehydes by hydrogen per-  
oxide in alkal ine media was interpreted as involving 
the attack of hydrogen peroxide on geminal  diol anion 
(31). 

So lu t ion  phenomena. - -~Devia t ions  of current  from 
the theoretical dissociation curves observed in phos- 
phate and carbonate buffers and the decrease of cur- 
rent  with increasing buffer concentrat ion indicate that 
these buffer components react with aldehydes to pro- 
duce electroinactive compounds. The possibility of ad- 
dition of phosphate or carbonate anions cannot be ex- 
cluded and will  be studied in more detail. Sensit ivi ty 
toward the effect of phosphates increases with the in-  
creasing electropositivity of the subst i tuent  on benzal-  
dehyde (Fig. 4), i.e., the deviations are greater for p- 
methyl  than for p-chlorobenzaldehyde.  For these rea-  
sons only the currents measured in sodium hydroxide 
solutions were taken into consideration for the calcu- 
lations of the rate constants. 

Similarly, currents in sodium hydroxide solutions 
more concentrated than 4.0M were not considered in 
finding the best value of the diffusion current  (id). 
Since deviations from b] lz~ = constant in such solutions 
showed a similar t rend for all aldehydes studied, in ter -  
action of anions formed with the excess of sodium ions, 
e.g., to form ion pairs, seems less probable. Changes 
in the activity of water and changes in the s tructure 
of the solvent as well as the s t ruc ture-breaking  prop- 
erties of concentrated sodium hydroxide solutions can 
affect the val idi ty of the Stokes-Einstein relation on 
which the equat ion i~] 1/2 = constant  is based. 

Rate  cons tan t s . - -To  calculate rate constants of reac- 
tion [la] from measurements  of polarographic cur-  
rents, the equation for i/id (Table IV) is t ransformed 
to Eq. [8] 

log kl = pK -- 2pK'  + pKw -- log tl -- 2 log 1.15 

= PK1 --  2pK'  --  log tl -- 2 log 1.15 [8] 

where pK~ is the value for the equi l ibr ium constant of 
reaction [la] expressed as 

K1 = [ A r C H ( O H ) O - ]  [H+] / [ArCHO]  

and t~ is the drop time. Hence to calculate the rate con- 
stant kl, it is necessary to determine the polarographic 
dissociation constant pK '  which is defined as pH _~ pK'  
for i / id -~ 0.5 (i.e., inflection points of curves in Fig. 4a 
or the pH value at which the logari thm term in Fig. 4b 
becomes equal to zero). 

Values of pK'  based on measurements  with d-c and 
differential pulse techniques at tl = 2 sec are sum- 
marized in Table III. When the comparison was re- 
stricted to those values of pK'  obtained in solutions of 
sodium hydroxide, a l inear  correlation with the Ham- 
mett  subst i tuent  constants ~x was found with a reac- 
tion constant p ---- 1.87 (r ---- 0.995). 

The calculation of the value of k~ for the rate con- 
stant of the addition of hydroxide ions to benzalde-  
hydes by means of Eq. [8] can be carried out in two 
ways: either the pK'  value is used in combinat ion with 

the spectrophotometrically determined value of pKspe~ 
or with the polarographically determined value of 
PKE1/2, obtained from the E1/2-pH plot. When data are 
restricted to those obtained in sodium hydroxide solu- 
tions, both sets of rate constants (log kl) are a l inear  
function of subst i tuent  constants ~x. The values of the 
reaction constants p are nevertheless different (p = 
0.95 when PKspec values are used and p = 2.94 using 
pKE1/2 values).  Values of kl calculated from current  
measurements  in phosphate or carbonate buffers show 
no correlation with substituent constant ~x, 

From the value of kl and the measured value of pK 
it was possible to calculate the value of the rate con- 
stant k-1 for the reverse reaction by means of Eq. [9] 

log k-1 = log kl + log Kw + pK [9] 

Similar ly  as in the previous case, ei ther PKE~z~ or 
PKspec values can be used in the computat ion of the 
values of k-1 by means of Eq. [9]. The values of log 
k-~ obtained in both cases were a l inear  funct ion of 
Hammet t  subst i tuent  constants ~x, but  according to the 
choice of pKE1/2 or pKspec in connection with Eq. [9] 
the values of log k-~ show either a positive or a nega-  
tive value of the reaction constant, p. 

Calculation of the rate constant of the addition re-  
action kl can also be carried out by an independent  
procedure. As has been shown (22), it is possible to 
use the difference (AElz~) between the values of the 
half-wave potentials in the two pH regions, where the 
half -wave potentials are pH independent  and follow 
Eq. [6] and [7], by means of Eq. [10] 

RT 
AE1/~ : - -  In 0.886 (ki t1)1/s  [10] 

~nbF 

The values obtained for those compounds where  ex-  
per imental  data could have been obtained at low 
enough pH values, where the hal f -wave potentials be- 
come pH independent  are presented in Table V. 

The positive value of the reaction constant p found 
for the addition of hydroxide ions to benzaldehydes for 
values of kl obtained using pKspec or PKEln,  which in-  
dicates an increase in reactivi ty with increasing elec- 
t ronegat ivi ty of the substi tuent,  is in agreement  with 
the prediction made by  Hammet t  (32) for reactions in-  
volving a nucleophi]ic attack. 

Absence of a precedent makes it impossible to pre-  
dict the sign of the reaction constant  p for the reverse 
reaction with rate constant k - l .  Hence it is impossible 
to deduce whether  the use of Kspec or KE1/2 leads to a 
more reliable value for k-~. This choice between the 
use of the two equi l ibr ium constants can be made only 
after some of the values for kl or k-1 are determined 
by independent,  e.g., relaxation, techniques. 

S e n s i t i v i t y  to subs t i t uen t  e ~ e c t s . - - S e n s i t i v i t y  of in-  
dividual quanti t ies characterizing the acid-base and 
electrochemical properties of benzaldehydes are ex- 
pressed by the values of the individual  reaction con- 
stants, p (Table VI).  

The susceptibili ty of hal f -wave potentials of the oxi- 
dation of benzaldehydes to subst i tuent  effects, ex- 
pressed by the negative value of the reaction constant 
p~ (Table VI), is similar to that observed for the ma-  
jor i ty  of reductions (33), which also show negative 
values of the reaction constant p~. Thus the introduc-  
tion of a substituent,  e.g., a p-cyano group, which 
makes the reduction of the atdehydic group easier (i.e., 
causes a potential  shift to more positive values) results 
also in a more facile oxidation (i.e., causes a shift to 
more negative potentials) .  Nevertheless, an opposite 
effect, shown by a positive value of the reaction con- 
stant  p~, would be expected for oxidations where the 
electron transfer was potential  determining,  as re-  
ported for oxidations of alcohols, phenols, or hydra -  
zines (33). It is thus possible to assume that hydrogen 
abstraction is potential  determining in reaction [lb],  
similarly as in homogeneous oxidations (28, 29). 
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Table VI. Summary of the values of reaction constants and 
corresponding correlation coefficients for various Hammett 

relationships 

Constant (vs. a) 

NO. of 
a ldehydes  Reac t ion  C o r r e l a t i o n  

s t ud i ed  cons t an t  coeff icient  
~. p r 

pKsper 15 2.76 0.994 
pK~/$ 7 0.74 0.957 
pK' 8 1.42 0.976 

log  k l  (us ing  pKspec) 5 a 0.95 0.964 
(us ing  pKsl/~) 7 a 2.94 0.995 

log  k-1 (us ing  !0Kspec 5 a -- 1.82 + 0.972 
(us ing pEEl~ 2) 7 a 2.50 0.936 

(EI/~ z -- EI/2 H) n p~r r 

1.0M NaOH (Region A) 7 -- 0.225V + 0.994 
2.0NL NaOH (Region  A) 7 -- 0.218V + 0.970 
9.0M NaOH (Region  B) 7 --0.122V + 0,954 

a Values  restricted to data obta ined in  s o d i u m  h y d r o x i d e  solutions 
only.  

The difference be tween  the  value  of the  pnA observed 
in the  pH range where  ha l f -wave  potent ia ls  are  pH 
dependent  and the value of pn B found at  such high 
sodium hydrox ide  concentra t ions  ( [ O H - ]  >> K1) 
that  it  was pH independent ,  is due to the fact that  pxA 
involves the dependence  of the ac id-base  equi l ib r ium 
constants p K  on s t ructure  (as expressed by  the reac-  
tion constant  p). Relat ionship [11] wi l l  be de r ived  and 
discussed in some detai l  e lsewhere  (34) 

RT 
pnn _-- p~B _ ~ p [ii] 

flnbF 

Conclusions 
The source of the second oxygen a tom in the e lec t ro-  

oxidat ion  of benzaldehydes  to yie ld  benzoic acid, which 
was a source of some confusion and uncer t a in ty  (3, 4, 
7, 9) has been proved to be the hydrox ide  ion. The ad-  
di t ion of hydrox ide  ion takes place in a react ion pre -  
ceding the e lect rode process proper .  

Such a mechanism would make  oxidat ions of benza l -  
dehydes  in nonaqueous media  by  this mechanism im-  
possible. The effects of organic solvents  on the values  
of acidi ty  functions J -  are cur ren t ly  being s tudied to 
make an extension of the s tudy of oxidat ions to these 
media  possible. 

The pr inciple  of a l lowing only the smal les t  s t ruc tura l  
change in the course of an e lect rode process would in-  
dicate  that  the dianion ArCH(O)22 -  ra the r  than the 
anion A r C H ( O H ) O -  would be the electroact ive form. 
The oxidat ion of the monoanion namely  involves a dis-  
sociation of the benzoic acid fol lowing the electron 
transfer process. Furthermore, it has been suggested 
(35) that dianions of the type ArCH(O2) 2- are reac- 
tive in some homogeneous reactions of aldehydes. 
Nevertheless, the shape of the pH dependence of the 
limiting current strongly indicates that it is the mono- 
anion ArCH(OH)O- which is the electroactive form. 
This is suppor ted  by  the shape of the E~12-pI-I plots. 

Such oxidat ion processes should not be  res t r ic ted to 
benzaldehydes.  Extens ion to heterocycl ic  a ldehydes  
and anions of s t rong ly  hyd ra t ed  a ldehydes  and ketones 
is under  study. The assumption tha t  the  ac id-base  
process is a volume react ion wil l  be verified by  com- 
par ison with  ra te  constants of the addi t ion react ion 
s tudied by stop-flow and re laxa t ion  techniques. 

I t  is r a the r  sat isfying that  the  proposed mechanism 
is in accordance wi th  mechanisms (23-31) suggested 
for homogeneous chemical  oxidat ion of benzaldehydes  
by  oxidizing reagents  l ike chromic acid, permanganate ,  
or hydrogen  peroxide.  I t  is a fur ther  contr ibut ion to 
the observat ion  that  chemical  and electrochemical  re -  
actions under  condit ions where  adsorpt ion  is not p r e -  
dominant  fol low a s imi lar  pat tern .  
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Low Temperature Studies of Electrochemical Kinetics 
I. Cyclic Voltammetry of Diethyl Fumarate 

Roman D. Grypa *'1 and J. T. Maloy** 
Department o~ Chemistry, West Virginia University, Morgantown, West Virginia 26506 

ABSTRACT 
Descriptive, low temperature,  cyclic vol tammetry  studies have been con- 

ducted upon diethyl fumarate  (DEF) in dimethylformamide (DMF). Tem- 
perature variations down to 200~ reveal three, interrelated, reduction proc- 

eSses. The first and second correspond to the formation of  DEF and 
DEF=; the third is a t t r ibuted to the reduction of a dimeric product of the 
ini t ial  reduction. Tempera ture  reduction inhibits the formation of this dimeric 

product while enhancing the availabil i ty of DEF-  for reduction to DEF = 
The extensive formation of DEF = at reduced temperatures  appears to be ac- 
companied by a filming of the electrode surface. This suggests that polymeriza- 
t ion may proceed through DEF = and may actually be inhibi ted by the di- 
merizat ion process. The addition of water  enhances the thi rd  reduction peak; 
it also decreases the available cathodic potential  range so that this peak be-  
comes lost in  background at room temperature.  Temperature  reduction in-  
creases the available potential  range so that products of the water-accelerated 
electrohydrodimerizat ion reaction may be studied. 

The electrohydrodimerizat ion (EHD) reactions of 
1,2-diactivated olefins have been studied by many  in-  
vestigators. These EHD reactions are of synthetic in-  
terest because they are general ly regarded as the first 
step in the formation of the "living" polymer (1). 
Recent studies (2-4) have also indicated that these re- 
actions may also be used to electroinit iate certain 
cyclizations. 

The olefins used in these studies are of the iorm 

R1 H 
\ / 

C----C 
/ \ 

H R2 

where R1 and R2 are electron wi thdrawing groups; 
these compounds are easily reduced in  aprotic media 
to form relat ively stable radical anions. 

Baizer and co-workers (1, 2) have carried out nu -  
merous studies on these EHD (or electrolytic reduct ive 
coupling) reactions on various diactivated olefins. 
From their vol tammetr ic  studies, they determined that 
the init ial  reduct ion of the olefin involved a one-elec- 
t ron t ransfer  to form the radical anion of the parent  
olefins, Baizer also used macroelectrolysis (2) to find 
that these diactivated olefins could be used to form 
cyclic compounds after the dimer dianion was proto- 
nated to form the hydrodimer  anion. The yields and 
distributions obtained were highly dependent  on the 
reaction conditions employed. 

Bard and co-workers have extensively investigated 
the possible mechanistic path of the EHD reaction of 
diethyl fumara te  (R~ = 1%2 ---- --CO2Et; hereafter 
designated DEF) using double potential-s tep chrono- 
amperometry  (5) and studies of different diactivated 
olefins at a rotat ing r ing-disk electrode (6). Using 
working curves obtained through digital simulation, 

* E l e c t r o c h e m c a l  Soc ie ty  S t u d e n t  Member .  
** E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
I P r e s e n t  address: Fertil izer and C h e m i c a l  D i v i s i o n ,  A g w a y ,  In.m, 

Ithaca, N e w  York  14850. 
Key words:  l ow  temperature  e lectrochemistry,  e lectrohydrodimeri-  

zation, r e d u c t i v e  coup l ing ,  electrochemical  dimerizations.  

they investigated the path of the reaction and proposed 
that  the EHD ~eaction of DEF proceeded by a second- 
order dimerization mechanism. This is contradictory to 
the results reported by Baizer et al. (1), where they 
presumed the probable mechanistic path to be a second- 
order electrochemical-chemical-electrochemical mech- 
anism. Fur ther  experiments  conducted by Bard and 
Fuglisi  (6) on different olefins indicated that the sec- 
ond-order  dimerization mechanism can be applied to 
other olefins, so that  it is not unique  to DEF. 

Saveant  et oil. (7) have carried out extensive studies 
on the EHD reaction of several olefins in nonaqueous 
solvents to study the kinetics involved in the elec- 
trochemical reduction using l inear  sweep vol tammetry.  
Their results indicated that  the dimerization (radical-  
radical coupling) of two radical anions occurred after 
an initial  one-electron transfer. They measured the 
variat ion of the cathodic peak potential  of the first 
reduction peak with respect to the scan rate, the bulk  
olefin concentration, and the amount  of proton source 
added to these systems. F rom their observations of the 
variat ion of the cathodic peak potential  with respect to 
the scan rate and bulk olefin concentration, they deter-  
mined that the reaction was not first order, but  some 
type of "bimolecular reaction." The ra te -de te rmin ing  
step in the EHD reaction for diactivated olefins was 
determined to be the radical coupling of the two 
radical anions. This conclusion was similar to the one 
reached by Bard. 

Recent investigations by Klemm et al. (3, 4) on the 
electroreduction of some a,;~-unsaturated esters of cin- 
namic acid, substantiated Baizer's observation that the 
EHD reaction could be used to synthesize cyclic com- 
pounds. On the basis of product analysis, they have 
proposed that these isolated cyclic compounds were 
formed by a Dieckmann eyelization of the hydrodimer 
anion. 

Voltammetric studies reported by Bard (5) also in- 
dicate that at room temperature DEF exhibits ip/V I/2 
behavior characteristics of a dimerization mechanism 
(8)- In his earlier voltammetric studies Baizer observed 
a marked increase in ip/v I/2 behavior for ethyl cinna- 
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mate (EC; above s t ructure  with R1 ----- --C6H5 and 
R2 = --CO2Et) at slow scan rates. (It appears that  the 
caption for Figure 2 in  Ref. (1) is in error;  from the 
associated text it appears that the current  function de- 
creases with increasing scan rates for EC.) Since this 
behavior is characteristic of a first-order electro- 
chemical-chemical-electrochemical process, Baizer 
proposed that  the dimerization of EC might be com- 
plicated by an additional (first-order) process leading 
to an electroactive product. No variat ion in  scan rate 
brought about the resolution of these two competing 
processes purported to involve the radical anion of EC. 
The development of low tempera ture  electrochemical 
techniques by Van Duyne and Reilley (9.-11) appeared 
to offer a means by which these two competing homo- 
geneous reactions could be resolved, provided that the 
activation energy associated with one of the processes 
was significantly different from that of the other. This 
work was ini t ia l ly undertaken,  then, in an at tempt to 
resolve the apparent  mixed mechanism associated with 
EC, but  not with DEF. 

A detailed rate and mechanism study of the low 
tempera ture  electrochemistry of EC is the subject of a 
future  communication. Because the EHD reactions of 
DEF had been well studied at room temperature,  DEF 
was selected as an ideal compound to use in the initial  
experiments extending low temperature  techniques to 
the study of EHD reactions. Since recent interes~t has 
been focused on the products of the EHD reaction, 
these init ial  experiments were designed to study the 
complete vol tammetry  of the DEF system. Tempera-  
ture  reduction has been shown to extend the available 
background potential  limits of the solvent supporting 
electrolyte system (9); therefore, this technique per-  
mits the observation of electrochemical activity at po- 
tentials unobta inable  conventionally.  The results of 
the cyclic vol tammetry  experiments employed to 
characterize the products of the. reduction of DEF at a 
variety of experimental  temperatures constitute the 
remainder  of this work. 

Experimental  
Apparatus.--The electrochemical cell used for low 

temperature  cyclic vol tammetry  (and subsequent  
double potential-step chronocoulometry) studies is 
shown in  Fig. 1. The cell was designed with a planar  
0.008 cm 2 p la t inum working electrode, a p la t inum foil 
counterelectrode, and a silver wire quasi-reference 
electrode (QRE). The counterelectrode was made from 
a rectangle of p la t inum foil which was wrapped 
around the outside of a frit ted glass cylinder, and 
attached to a n ickel- tungsten lead passing through a 
10/3.0 s tandard taper inner  joint  with a detachable con- 

Working 
Electrode 

Refers unter 
Elec Electrode 

Working 
Electrode 

e - P  
h o n  

ect'q 

Therrnocouple 
Well 

d E 

Cho 

Fig. 1. Electrochemical cell 

nector. The QRE sat in a glass tube which was con- 
nected to the cap of the electrochemical ce l l  Thus, 
both reference and working electrodes were separated 
by glass tubing to prevent  them from coming into 
contact with each other or the counterelectrode in the 
course of any experiments.  

The cap of this electrochemical cell consisted of a 
40/50 standard taper outer joint  designed to hold all 
three electrodes. In addition, it supported the QRE 
compartment  which in turn  supported a fritted glass 
electrolysis compartment,  used to separate the working 
and counterelectrodes. Sealed wi thin  this cap was the 
QRE compartment  which was sealed to the base of the 
QRE joint. The tip of this tube  was bent  upward  and 
sealed in the center of the bottom of the frit ted glass 
electrolysis compartment  in such a manner  that the 
tip extended up into the compartment. The opening on 
this drawn tip had an inner diameter of 1 ram. When 
the cell was fully assembled, the distance between the 
drawn tip and the planar  working electrode was ap- 
proximately 2 ram. This distance was minimized to re- 
duce the uncompensated resistance in the cell. 

A double-walled cooling cryostat was constructed 
from Pyrex so that its inner  wall extended above its 
outer wall to support a machined brass cap; the space 
between the walls of the cryostat was evacuated. A 
hole was drilled in the center of the cap to hotd the 
cell firmly in the cryostat and the walls of this hole 
were l ined with a rubber  gasket to prevent  any 
damage to the cell. Three smaller holes were drilled in 
the cap and fitted with copper tubing to serve as en-  
t rance and exit ports for the precooled ni t rogen gas 
and thermocouple well. 

A cooling system was constructed from a Matheson 
Gas Products No. 6.04 fiowmeter, a 1900 mli ter  Dewar 
flask, a copper cooling coil, and the cooling cryostat. A 
3 in. copper cooling coil was prepared from 1/4 in. 
copper tubing. Nitrogen gas was passed from a needle 
valve through the flow meter into the copper cooling 
coil which was immersed in l iquid ni t rogen contained 
in the 190'0 mli ter  Dewar flask. ('Some experiments 
were conducted at higher than ambient  temperatures;  
to achieve these temperatures,  warm water was used 
instead of l iquid ni t rogen in this Dewar flask.) After 
leaving the cooling coil, the cooled ni trogen passed 
through a glass wool insulated column into the cooling 
cryostat. The temperature was regulated by adjusting 
the flow of the nitrogen gas through this system, and 
monitored by a copper-constantan thermocouple placed 
either in the cooling cryostat or in the cell. 

Thermocouple voltages were amplified from the 
millivolt level with a noninverting operational am- 
plifier (WC1741) equipped with a trimpot variable re- 
sistor so that an exact 1000-fold amplification could be 
achieved. A Sys~ron Donner multimeter, Model 7050, 
was connected to the output of the circuit to provide 
the digital readout of temperature. The amplifier was 
calibrated with a Heath standard voltage source, Model 
EU-80A, to assure the linearity of the millivolt con- 
verter. 

The Prince• Applied Research Model IV0 Electro- 
chemistry System was used in all electrochemical ex- 
periments. A Perkin-Elmer, Model 137, infrared spec- 
trometer and a Varian T-60 nuclear magnetic reso- 
nance spectrometer were used to obtain infrared and 
NMR spectra of the compounds used. 

Reagents.--Highly purified chemicals were required 
for these electrochemical experiments; therefore, the 
solvent, supporting electrolyte, and compounds used in 
these studies were purified and stored carefully. Spee- 
troquality N,N-dimethylformamide (DMF), used as 
the solvent, was obtained from Fisher Scientific Com- 
pany, and was purified and stored by the method de- 
scribed by Huret and Maloy (12). Purity was deter- 
mined through electrochemical experiments. Polaro- 
graphic grade tetra-n-butyl ammonium iodide 
(TBAI), the supporting electrolyte, was supplied by 
Southwestern Analytical Chemicals, Inc. TBAI was 
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used as received and was stored in a desiccator over 
Drierite. Diethyl fumarate  (DEF) was purchased from 
Aldrich Chemical Company. It was used as received 
(99+% pure) and was stored in a desiccator over 
Drierite. The pur i ty  was assured by infrared and NMR 
spectroscopy. Prepurified ni t rogen and 99.995% pure 
hel ium were  obtained from Air Products and Chemi- 
cals, Inc. Both were used as received. These two gases 
were used in  the course of sample and cell prepara-  
tions. Ordinary house nitrogen was used as the cooling 
gas and it was not purified because it never  came in 
contact with the sample. 

P r o c e d u r e . - - I n  a typical run, the cell was vac- 
uum-dr i ed  and weighed so that  concentrations could 
be determined gravimetrical ly;  in all experiments  
0.26-0.27M TBAI was used. After the supporting elec- 
trolyte had been dried in the cell, D,MF was added to 
the evacuated cell from an air- t ight  storage flask un -  
der a slight positive pressure of helium. The result ing 
solution was subjected to five f reeze-pump- thaw cycles 
to remove dissolved oxygen. Sample preparations were 
then carried out in a glove bag. A DEF solut ion of 
known  concentrat ion was prepared using the DMF- 
TBAI solution as the solvent, and an  aliquot of this 
was injected into the remaining  solution in the cell. 
In  this manner ,  1-5 mM DEF solutions were prepared. 
The cell was finally evacuated to ~lO -8 Torr, placed 
in the cryostat, and allowed to stand to permit  the 
solution levels on  either side of the frit ted surface 
to equilibrate.  

The rest potential  of the solution was determined at 
each exper imental  tempera ture  by a nul l  balance tech- 
nique. Positive feedback voltage compensation was 
used for resistance compensation in the cell. This was 
set at each current  range setting used at every ex- 
per imental  temperature,  Single scan and repetitive 
scan cyclic vol tammetry  (CV) experiments  were per-  
formed at a var ie ty  of temperatures.  After  each CV 
experiment,  the solution was allowed to equil ibrate 
for a few minutes  to reestablish init ial  conditions at  
the electrode. 

Results and Discussion 
Variable tempera ture  CV experiments  were run  on 

all samples. Some especially interest ing results were 
obtained when the entire potential  range was scanned. 
Figure 2 i l lustrates a number  of CV scans which were 
obtained for the DEF system at different temperatures  
and scan rates. It can be seen that  three  significant 

reduction processes may occur, depending on the scan 
rate and temperature.  At 295~ the first reduction 
peak occurred at --0.80V vs. Ag-QRE, in  agreement  
with the potential  reported by Bard (5) ; the other two 
principal reduction peaks occurred at --1.68 and 
--1.90V vs. Ag-QRE, respectively. (A fourth peak may 
just  be detected at potentials slightly positive of the 
second principal peak at higher temperatures.  The 
height of this peak relat ive t o  the first principal  peak 
does not appear to change with changing temperature  
over the range in  which it may be detected; at lower 
temperatures,  however, the second principal peak 
becomes larger so that this minor  peak could not be 
detected even if the species responsible for it was 
present in the vicinity of the electrode. This peak has 
been tentat ively assigned to an impur i ty  present in the 
DEF or a product of the DEF reduct ion that it is not 
affected by temperature  changes. Because its role in 
the low tempera ture  electrochemistry of DEF has been 
judged to be minor, this peak is not discussed fur ther  
herein.) A decrease in the exper imenta l  temperature  
to 203~ shifted the first reduction peak to --1.04V vs.  
Ag-QRE and the second reduction peak to --1.90V vs. 
Ag-QRE; the thi rd  reduct ion peak was completely 
eliminated. These absolute potentials are not too  
significant because only a silver wire was used as the 
reference electrode, and no at tempt  was made to 
thermostat  the reference electrode at room tempera-  
ture. However, in all of these samples, the first peak 
corresponds to the well-established, one-eleetron re-  
duction of the parent  olefin R, to form the olefin anion 
radical 

R + e - ~ R -  

The dependence on scan rate and temperature  on 
the formation of the second and third reduction peak is 
also evident in this figure. At room temperature,  a de- 
crease in the scan rate decreases the formation of the 
product of the second reduction wave and enhances the 
formation of the third reducible species. A decrease in 
the experimental  temperature  enhances the formation 
of the product of the second reduction wave and de- 
creases the formation of the third reducible species; 
the species responsible for the third reduct ion wave 
apparent ly  disappears at very low temperatures;  si- 
mul taneously  the second reduction wave becomes al- 
most as large as the first wave. 

The presence of the third reduction wave only at 
temperatures  where the dimerization rate is rapid 

A 

i -  

::L 

i -  

295 ~ 273 ~ 253 ~ 203 "K 
~ / ~  0.50 V/sec. 

5 5 .5 
1 

2 2 2 5 
1 

,-0.5~ '-0.5-' ,-0.5" ,-0.5' 

Potent ia l  ( volts ) 

Fig. 2. Complete potential scan 
cyclic voltammograms for DEF 
at various temperatures and scan 
rates. The solution was 3.84 mM 
in DEF. 
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seems to indicate that this is due to the reduction of 
an electroact ive produc~ of the dimer dianion, possibly 
the hydrodimer  anion, R2H-,  such as the one proposed 
by Baizer (2) or the cyclic compound 2,3,4-tricarbo- 
e thoxycyc lopen tane- l -one  (C) in a manner  similar  to 
that recent ly suggested by K lemm and Olson (4) 
through the proposed mechanism 

R2 = ~- H+ -> R2H - 

R2H- -~ C -~ O E t -  

However,  lowering of the exper imenta l  tempera ture  
decreases the dimerizat ion rate  and stops the forma-  
tion of this third reducible species. This permits  suffi- 

cient radical anion, R - ,  to populate  the diffusion layer  
to be fur ther  reduced to the dianion, R =, which is 
shown by the second reduction wave;  that  is 

R - _ ~ e - ~  R = 

This may occur extens ively  only at reduced tempera-  
tures. 

Table I shows the dependence of the three reduction 
processes on the scan rate and tempera ture  for the 
DEF system. A comparison between the cathodic and 
anodic peak current  heights for the first reduct ion 
wave  reveals that  the peak current  ratios which are 
obtained upon a complete potential  scan are different 
than those obtained when  a potential  scan is run just  
past the first reduct ion peak. The fraction of radical 
anion which dimerizes to form the cyclic product  may 
be estimated f rom the value 1 -- (ipal/ipc~) provided 
that  these peak current  ratios are obtained f rom a po- 
tential scan just  past the first reduction wave. It  may 
be noted that  as the scan rate is increased or the 
tempera ture  is lowered, the amounz of radical anion 
undergoing dimerizat ion decreases. This is accom- 
panied by a simultaneous increase in the second reduc-  
t ion wave and a decrease in the third reduction wave. 
The peak current  ratios obtained f rom a complete po- 
tential scan indicate that  the radical anions formed in 
the reduction are precursors of the other reducible 
species. The ipaffipcl ratios are considerably less for 
the complete potential  scan than they are for the po- 

tential  scan just  past the first reduct ion wave. When 
the potential  is scanned just  past the first reduction 
wave, a decrease in the tempera ture  increases the 
ipal/ipcl ratio toward a m ax im um  value of 1.0. The rate 
of reaction governing the disappearance of the radical 
anion is sufficiently reduced to allow the radical anion 
to be oxidized back to the parent  olefin. However,  
when a complete potential  scan is run, this regular  in-  
crease is not observed. The third reduction process 
does not occur at low temperatures,  but  the products 
of the second reduct ion do n o t  undergo oxidation on 
the reverse  scan. This loss of radical anion at low tem-  
perature  scans through the second reduct ion process 
indicates that  this process is probably due to the re-  
duction of the radical anion to the dianion; since the 
dianion (or products formed from it) does not undergo 
oxidation back to the radical anion, this low tem-  
perature  reduction removes the otherwise stable radi-  
cal anion f rom the diffusion layer.  

At high temperatures  and slow scan rates, when the 
amount  of dimerization is extensive, the i p c 2 / i p c l  ratio 
is small. As the extent  of dimerization decreases, the 
ipc2/ipcl ratio increases and the ipcs/ipcl ratio de- 
creases. This occurs when the scan rate is increased or 
the tempera ture  is lowered. These observations sup- 
port  these contentions: (i) a product of the dimeriza-  
tion reaction is responsible for the third reduction 
wave, and (ii) when the amount  of dimerizat ion is ex-  
tensive, very  lit t le radical anion remains in the diffu- 
sion layer  to be fur ther  reduced to the dianion. If  this 
analysis is correct, (ipcs/ipcl) / (1 -- (ipal/ipcl)) should 
be an approximate  measure of the concentrat ion of the 
species reduced in the third reduction process rela{ive 
to the concentrat ion of radical anion available from 
the first reduct ion for its formation. [This suggestion is 
valid only if the peak- to -peak  t ime (tc) for the cyclic 
vo l tammet ry  just  past the first reduct ion wave is s imi-  
lar  to the peak- to-peak  t ime (tc') in the l inear  sweep 
vo l tammet ry  be tween the first and third peaks. These 
times are shown in Table I. At  large values of tc, 
d (ipal/ipcl)/dtc is ca. --0.002 sec-~; thus, a 5 sec differ- 
ence be tween tc and tc' represents an error  of ,~0.01 in 
the estimation of i p a l / i p c l  in the long t ime l inear 
sweep vo l t ammet ry  experiment .  Similarly,  when  te is 

Table [. Cyclic voltammetry data for a 3.84 rnM solution of DEF showin,g the effect of temperature and scan rate variations 
on the peak current heights Ca) 

Temper- ivaz <b) ipaz ~) ipcs ipc8 
ature, Scan rate 

T ( ' K )  'l~ (V /see)  ipcl tc (see) (~) ipcl ipcl ipcl 

ivcs/ipcl 

tc'(Sec)(~) 1 -- (ipal/ipcl) Cb) 

314 0,I0 0.44(f) -- ca) (~) 0.21 11.2 0.38 
0.20 0.55(t) -- <g) {~) 0,13 5.5 0.29 
0.50 0.74(f) - -  co) 0.06 0.02 2.2 0.06 

295 0.02 0.35 62.5 0,S7 (~) 0.16 51.0 0.25 
0.05 0.42 24.6 0.38 0.01 0.12 20.4 0.21 
0.20 0.60 6.1 0.29 0.06 0.01 5.3 0.03 

258 0.02 0.42 64.5 0.45 O.O1 0.10 52.0 0.17 
0.05 0.49 25.6 0.37 0.66 0.02 20.4 0.04 
0.20 0.76 6.4 0.19 0,24 c~) __ (~) 

203 0.02 0.67 62.0 0.16 0.76 (h) __ <~) 
0.05 0.83 24.9 0.10 0 81 (~) - -  (~) 
0.20 0.96 6.2 0.30 1.40 (~) - -  (~) 

295 (~) 0.02 0.34 60.5 0,32 (~) (J) - -  (,') 
0.05 0.39 23,8 0.24 (~) (-~) (J) 
0.20 0.50 5.4 0.35 (~) 0.12 ~-.6 0.24 

263 (~) 0.02 0.40 64.0 0.41 0.01 0.17 51.0 0.16 
0.05 0.55 25.6 0.34 0.10 0,07 20.4 0.03 
0.20 0.69 6.4 0.13 0.29 0.01 5.1 0.03 

218 (r 0.02 0.47 60.5 0.31 0.30 0.01 51.0 0.03 
0.05 0.71 24.0 0.14 0.45 (~) -- (~) 
0.20 0.85 6.0 0.14 0.70 (~) ~ (~) 

<a) T h e  s o l v e n t  w a s  0.26M T B A I  in  DMIV. A 0,008 em ~ p l a t i n u m  w o r k i n g  e l ec t rode  area  w a s  used. 
<b) P e a k  current  rat ios  for  the  first r e d u c t i o n  w a v e  f r o m  cyclic v o l t a m m o g r a m s  s c a n n i n g  j u s t  pas t  the  f i rs t  r e d u c t i o n  wave .  
r P e a k - t o - p e a k  t ime  for  cyclic v o l t a m m e t r y  scans  j u s t  pa s t  the  f i rs t  r e d u c t i o n  wave .  
(~) P e a k  current  rat ios  for  the  first r e d u c t i o n  w a v e  f r o m  cyclic v o l t a m m o g r a m s  s c a n n i n g  to  backg round .  
(e) P e a k - t o - p e a k  t ime  for  l inear  s w e e p  v o l t a m m e t r y  b e t w e e n  p e a k  1 and  p e a k  3. 

ipal(b) 
~t) P e a k  current  rat ios  e s t i m a t e d  f r o m  plot  of  vs. 1/T. 

ipal 
(g) B a s e l i n e  ca thod ic  currents  grea t er  t h a n  those  obse rved  on the  f o r w a r d  scan were  o b s e r v e d  on r eve r s e  scan. Th i s  m a y  be caused  by  

a d s o r b e d  h y d r o g e n  f o r m e d  on  the  e l ec t rode  d u r i n g  the  t e m p e r a t u r e - f a c i l i t a t e d  b r e a k d o w n  of  the s o l v e n t  s y s t e m  at  more  n e g a t i v e  potent ia l s .  
(s) No p e a k  o b s e r v e d  in  cycl ic  v o l t a m m o g r a m s .  
(~) S o l u t i o n  con t a ined  53 m M  w a t e r .  
r Cathod ic  p e a k  s u p e r i m p o s e d  u p o n  the  b r e a k d o w n  w a v e  o f  the  s o l v e n t - s u p p o r t i n g  e l ec tro ly te .  
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Fig. 3. Repeated scan cyclic voltammetry for DEF at various 
temperatures. The same DEF solution was used throughout; iden- 
tical scan rates were employed at each temperature. - - . ,  Com- 
plete potential scan; . . . . .  , potential scan just past the first 
reduction wave. 

small, d(ipal/ipci)/dtc is ca. --0.01 sec - i .  Typical dif- 
ferences be tween  tc and t J  indicate that  the error  in 
e s t i m a t i n g  ipal/ipel in the l inear  sweep vo l t ammet ry  
exper iment  never  exceeds 0.02 through this approxi-  
mation.] At high tempera tures  and slow scan rates, 
even when  no current  is detected for the second re-  
duction process, the ratio in the last column of Table I 
never  exceeds 0.5. This, of course, would be expected 
if the third reduct ion wave  is a t t r ibuted to the one- 
e lectron reduction of a dimeric product of the electro-  
generated radical anion. 

It also appears that  the loss of the third peak at low 
tempera tures  is accompanied by the loss of the r eve r -  
sible oxidation of the radical anion and the possible 
format ion of a film on the electrode surface. F igure  3 
shows repet i t ive  CV scans to a potential  just  past the 
first reduct ion peak superimposed on those run on a 
complete potential  scan. If a potential  scan is carried 
out to a potential  which is just  past the first reduct ion 
process and repet i t ive  CV scans are run, the difference 
be tween the cathodic peak current  on the first scan 
and that  of the second scan is very  small  compared to 
the difference which is observed when  a complete CV 
scan is run in the repet i t ive  mode for the same system. 
A decrease in the exper imenta l  t empera ture  clearly 
enhances this effect and apparent ly  results in the depo- 
sition of a slowly dissolving species on the electrode 
surface. In the absence of e x h a u s t i v e  electrolysis ex-  
periments  a imed at product determination,  it is un-  
known whether  this species is a saturated hydrocarbon 
formed by the protonat ion of the monomer  dianion 
or whe the r  a polymer  is being formed. 

In Table II evidence is presented that  dianion for-  
mat ion results in extens ive  deposition of product on 
the electrode surface. This table shows the effect of 
repeated CV scans on the  height  of the first cathodic 

Table II. Variation of cathodic peak current with repeated cyclic 
scans at various temperatures for a 3.84 mM solution DEF 

ipcl'(a) ~,pcl'(b) 

ip c I ip c I 

Temper- Scan /pcl '(a) ipcl '(b} ipc~ '<~) 
ature, T rate v 

(~ (V/sec)  ~pcl ipc~ ipcl 

295 0.20 0.77 0.51 0.34 
0.50 0.83 0.45 0.46 

253 0.20 0.88 0.49 0.44 
0.50 0.92 0.42 0.54 

203 0.20 0.95 0.22 0.77 
0.50 0.95 0.15 0.84 

(a) Cathod ic  peak  c u r r e n t  r a t i o  fo r  the  first  r e d u c t i o n  w a v e  f r o m  
cycl ic  v o l t a m m o g r a m s  s c a n n i n g  j u s t  pa s t  the  f i rs t  r e d u c t i o n  w a v e .  

(b) Ca thod ic  p e a k  c u r r e n t  r a t i o  for  the  f i rs t  r e d u c t i o n  w a v e  f r o m  
cycl ic  v o l t a m m o g r a m s  s c a n n i n g  to b a c k g r o u n d .  

wave. The first column gives the ratio of the first 
cathodic peak on the second scan ipcl', to that  on the 
first scan, ipcl when  the potential  scan is carr ied out 
just  past the first reduct ion peak. A decrease in tem-  
pera ture  results in an increase in this ratio. In the 
second column, the same ratio is shown for a scan 
past the peak potential  for dianion formation. This 
decreases wi th  decreasing temperature .  At  any tem-  
pera ture  or scan rate this ratio is reduced when dianion 
formation occurs. This is illustrated in the third column 
where the relative change in peak ratio due to dianion 
formation is given. This effect could be caused either 
by the depletion of the parent olefin because of the 
chemical irreversibility of dianion formation, or the 
deposition of a product of the dianion on the electrode 
surface. The latter is a distinct possibility; at low tem- 
peratures, the initial peak current is not restored when 
the solution is stirred. Only extensive standing re- 
sults in the restoration of the initial first wave peak 
current. This observation would be .expected if the 
formation of the dianion resulted in a slowly dissolv- 
ing product film on the electrode surface. [This be- 
havior is also illustrated in the full scan cyclic volt- 
ammogram at 203~ in Fig. 3. This was obtained after 
a preliminary potential excursion had resulted in the 
second process. Even though several minutes had 
passed between the preliminary voltammogram and the 
one shown in Fig. 3, the initial current peak was still 
not restored to the value obtained in the short scan 
voltammogram. This same effect probably accounts for 
some of the difficulty encountered in obtaining mean- 
ingful peak current ratios at low temperatures. In at 
least one instance (cf. Table I), it is assumed that 
prior-run filming decreased the magnitude of ipcl rela- 
tive to that of ipc2 so that the ratio of the latter to 
the former exceeded 1.0. This behavior was observed 
only at low temperatures when short (ca. 5 min) time 
intervals passed between successive runs.] 

Single CV scans just  past the first reduct ion process 
were  also run  on this system. In general, an increas- 
ing peak separat ion be tween  ipcl and ipal was observed 
as the tempera ture  was lowered. The magni tude of 
the peak separat ion (~Ep) is shown in Table I i I  in 
units of RT/F. Increasing peak separat ion with  t em-  
perature  reduction is to be expected if the reduct ion 
of the parent  olefin proceeds by a quas i - revers ib le  
electron t ransfer  (9). This could also be at t r ibuted to 

Table III .  Typical cyclic voltammetry data for the first reduction 
wave for a 3.84 mM solution of DEF at various temperatures (a) 

T e m p e r a t u r e ,  Scan ra te  x T / x - V i  
T (~ v (V/sec)  (RT/F) 

295 0.10 2.0 108 
0.20 2.3 105 
0.50 2.9 93 
1.00 3.6 101 

253 0.i0 5.7 86 
0.20 6.4 83 
0.50 7.4 80 
1.00 8.3 85 

223 0.10 8.0 45 
0.20 8.6 45 
0.50 9.6 45 
1.00 Ii.0 46 

203 0.I0 11.0 24 
0.20 11,8 24 
0.50 13,7 24 
1.00 15.5 24 

295 c~) 0.10 2.5 103 
0.20 2.9 105 
0.50 3.7 I01 
1.00 4.3 110 

253 (b) 0.10 3.3 65 
0.20 4.1 60 
0.50 5,1 62 
1.00 5.9 67 

218 (b) 0.I0 4,4 35 
0.20 5,3 35 
0.50 6.6 37 
1.00 7.3 37 

(~) The  so lu t i on  was  0.26M T B A I  i n  DMF.  
e lec t rode  was  0.00,8 cm% 

(b) The  so lu t i on  c o n t a i n e d  53 m M  wate r .  

The  p l a t i n u m  w o r k i n g  
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increased cell resistance at lower temperatures;  how- 
ever, "full" iR compensation was employed in all volt-  
ammetry  experiments  at every temperature,  and un -  
compensated iR has been judged to be only a secondary 
cause of this effect. (One reviewer has suggested that 
incomplete iR compensation may be the pr imary  cause 
of the increase in AEp at reduced temperatures  and 
has reported some difficulties in achieving complete 
compensation with cells employing a QRE in his own 
laboratory. This is also a distinct possibility in the 
work reported herein.) The results in  Table III also 
show the dependence of ipcl upon scan rate. At fixed 
temperature,  an increase in scan rate, v, increases ipcl 
but  genera l ly  results in  a decrease in the (ipcl/C) 
(T/v)  '/2 ratio, although this decrease was not found 
to be strictly monotonic with increasing scan rate (cf. 
representative data in  Table III) .  A decrease of 15- 
18% in  this ratio at constant temperature  has been 
cited as a diagnostic criterion for a dimerization mech- 
anism (7, 13), and this range is typical of the maxi-  
mum amount  of decrease ,observed with this sys.tem. 
Since the peak ratios in Table III  have been tempera-  
ture-normalized,  the differences observed at different 
temperatures  reflect the  var iat ion in the diffusion co- 
efficient of DEF with decreasing temperature.  

The addition of water  to the DMF measurably  de- 
creases the usable potential  range. At room tempera-  
ture, water  breakdown occurs near the potential where 
the third reduction process occurs. However, a de- 
crease in temperature  sufficiently displaces the break-  
down of water  to a more negative potential  to allow 
the observation of the third reduction peak. 

Water  was added to the DMF to determine the effect 
of a proton source on the reduction of DEF. Figure 4 
shows a series of CV scans run  in DMF-H20 over a 
variety of temperatures.  Superimposed on these are 
CV run  in anhydrous DMF. The addition of water in-  
creases the relative height of the third reduction peak; 
this indicates that the formation of the dimeric prod- 
uct is enhanced by the addition of a proton source. 
The differences between the cathodic peak currents 
for the first reduction wave in  the DEF system in the 
presence and absence of water  is probably due to ex- 
tensive prior r un  filming of the electrode that occurs 
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Fig. 4. Effect of water addition on the cyclic voltummetry of 
DEF. The same DEF solution was used throughout, but different 
scan rates were employed at different temperatures. ~ - ,  Solu- 
tion contained 53 mM water; . . . . . .  anhydrous solution. 

following the formation of the dianion in the pres- 
ence of additional water. That the addition of water 
clearly enhances the formation of a dimeric product is 
shown by the increase of the ( ipcJ ipc l ) / (1 -  (ipal/ 
ipcl) ) ratio listed in the last column in  Table I for the 
DMF-H20 system compared to the anhydrous DMF 
system at similar Scan rates; still, under  no conditions 
is a value greater than 0.5 observed. However, as the 
experimental  temperature  is lowered, the extent  of the 
third reduction process also decreases, while the rela- 
tive height of the second reduction wave increases. 
This implies that even though water  addition decreases 
the available potential  range, the over-al l  rate of 
dimerization may be substant ia l ly  increased through 
the addition of the proton source; the reduction of 
temperature  allows the products of the dimerization to 
be observed before the dimerization reaction is 
stopped. 

The dependence of ~pcl on scan rate is similar to that 
of DEF in anhydrous DMF as shown in Table III. 
Water addition also decreases the peak separation be- 
tween the cathodic and anodic peak currents  for the 
first reduction wave. 

Conclusion 
This work has shown the feasibility of temperature  

reduction in the study of processes involved in the 
EHD reactions of DEF. Temperature  and scan rate 
variations have clearly indicated that  the formation of 
the dimeric species inhibits  the formation of the DEF 
dianion. When the dianion is formed, extensive dep- 
osition of a product formed from the dianion seems to 
occur on the electrode surface. If this product film is 
a polymeric form of DEF, then it would seem that the 
dimerization reaction, once regarded as the first step 
in the formation of the polymer, actually inhibits po- 
lymerization. This could mean  that the product distri-  
but ion in a bulk electrolysis is tempera ture  dependent;  
at high temperatures,  one would expect extensive 
dimer formation, while  at lower temperatures  the 
formation of a polymer may be anticipated. Variable 
temperature  bulk electrolysis studies are present ly 
being init iated to investigate the tempera ture  depen- 
dence of product distribution. 

The addition of water  increases the rate of the EHD 
reaction of DEF. It appears that other slow EHD reac- 
tions in the absence of water  could be forced to react 
rapidly by water addition. Temperature  reduction may 
significantly retard the rate of proton reduction so 
that  the cathodic background current  for these systems 
may be displaced toward negative potentials at lower 
temperatures.  Evidence presented above indicates that 
the cathodic range in  the presence of water  is easily 
extended by temperature  reduction. Thus, water-ac-  
celerated EHD reactions may be studied effectively at 
reduced temperatures.  This seems especially important  
in the study of the product of the third reduction proc- 
ess and its role in subsequent  reactions. Since the for- 
mat ion of the species responsible for this reduction is 
enhanced by water addition, tempera ture  reduction 
may prove to be essential in the study of this species. 

No evidence is presented herein that any observable 
change in DEF reaction mechanism occurs at reduced 
temperature.  The hitherto proposed dimerization 
mechanism for DEF appears operative at all tempera-  
tures on the basis of the l imited CV data presented. 
Thus, the DEF system should provide a good basis 
for comparison with the low temperature  electro- 
chemical behavior of the EC system. These compari-  
sons will be made in  the second paper in this series. 

A c k n o w l e d g m e n t  
The authors wish to thank Rein Valdna who con- 

structed the vacuum cell and cryostat used in this 
research. Acknowledgment  is made to the Donors of 
the Pet ro leum Research F u n d  adminis tered by the 
American Chemical Society, for the support of this 
research. 



VoL 122, No. 3 L O W  T E M P E R A T U R E  E L E C T R O C H E M I C A L  K I N E T I C S  383 

Manuscr ip t  submi t ted  May  14, 1974; revised manu-  
scr ipt  received Oct. 2, 1974. 

Publication costs of this article were partially as- 
sisted by The Petroleum Research Fund. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the December  1975 
JOURNAL. Al l  discussions for the  December  1975 Dis- 
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T e c h n i c a l  N o t e  : 

The Effect of Cathodic Treatment on Nickel Dissolution 
B. MacDougall and M. Cohen* 

Division o~ Chemistry, National Research Council of Canada, Ottawa, Ontario, Canada K1A OR9 

In  recent  years,  numerous  worke r s  have  repor ted  
two (or more)  cur ren t  peaks associated with  the anodic 
dissolution of nickel  in aqueous solut ions using both 
polar izat ion and t rans ient  techniques (1-7). A var ie ty  
of possible  explanat ions  have been put  fo rward  to 
account for the exis tence of more  than one current  
peak  for  the Ni --> Ni 2+ + 2e reaction,  but  have not  

* Electrochemical  Society Act ive  Member .  
Key  words :  anodic dissolution, passivi ty ,  n ickel  oxide. 

been ful ly  substant ia ted.  In  the  course of an inves t iga-  
t ion of nickel  dissolution in neu t ra l  (8) and acid solu-  
tions, this mul t ip l ic i ty  of cur rent  peaks  for  n ickel  dis-  
solution was occasionally observed and p rompted  a 
s tudy  of the re la t ionship be tween  the anodic behavior  
of nickel  and the s ta te  of the  e lectrode surface before  
anodic polarizat ion.  

F igure  1 (a and b)  shows the effect of var ious  cath-  
odic t rea tments  on the subsequent  anodic po ten t iody-  
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Fig. 1. a, Anodic potentiodynamic profiles at S = 4 mV/sec - z  on electropolished polycrystalline Ni electrodes in pH 3.0 Na2SO4 solu- 
tions after various cathodic treatments: a( ), 5 min at --1.0V with no N2 bubbling (the same profile is obtained even after 2 hr of 
cathodic reduction); b ( - - - ) ,  5 min at --1.0V with light N2 bubbling; c(- ), 5 min at --1.0V with vigorous N2 bubbling; d( . . . .  ), 
10 min at --1.0V with vigorous N2 bubbling; e ( - - ' - - ) ,  1 hr at - -1.0V with moderate N2 bubbling. All potentials quoted in this paper are 
referred to the Hg2SO4 electrode (-I-0.665V with respect to the standard reversible hydrogen electrode), b, As in (a) above but after 20 
rain at - -1.0V with vigorous N~ bubbling. 
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namic sweep behavior, of electropolished nickel [see 
Ref. (8)] in a 0.15N Na2SO4 (certified ACS)-H2SO4 
solution of pH 3.0. Longer times of cathodic t rea tment  
in  st irred acid solution or more rapid solution stirring 
at constant time increases the potential  range over 
which nickel dissolves anodically and, as seen in Fig. 
lb, another current  peak (i.e., II) is clearly resolved. 1 
Figure la shows peak II growing from a slight shoulder 
on peak I in curve (a) to become the predominant  
peak in curve (e) with peak I now only a shoulder 
in this latter case. Analysis of the solutions for nickel 
showed that  the charge under  both anodic peaks is due 
to nickel dissolution. An increase in the time and bub-  
bling rate during cathodic t rea tment  shifts the poten-  
tial of passive film formation to more anodic values 
with a corresponding increase in the area of peak II. 
In the absence of N~ bubbl ing  dur ing the cathodic 
treatment,  the anodic sweep profile displays only a 
very small peak II, as shown in Fig. la  (curve a), and 
is found to be independent  of the cathodic reduction 
potential (even up to --1.6V) and time of cathodic 
polarization. The increased activity of the electrode 

: t  The appearance and size of peak II  is, however ,  independent  of  
solution st irr ing dur ing  the a n o d i c  s w e e p  itself ,  

and growth of peak II is therefore not due to more 
complete reduction of the prior oxide on electropol- 
ished nickel [c5., Ref. (8)]. 

Reflection electron diffraction was used to investigate 
the state of a nickel single crystal surface after the 
various prior cathodic t reatments  which gave rise to 
the subsequent anodic profiles in Fig. la. Anodic sweep 
experiments  on the Ni (111) after these cathodic t reat-  
ments  give results similar to those in Fig. la  for poly- 
crystall ine nickel. Figure 2(a-d)  shows the diffraction 
pat terns from an electropolished nickel (111) elec- 
trode before and after cathodic reduction for 1 hr in 
a pH 3.0 Na2SO4 (certified ACS) solution with no N2 
bubbling.  Cathodic reduction of electropolished nickel 
in this solution at --1.0V leaves the surface oxide-free, 
and upon exposure to the air during transfer to the 
diffraction apparatus an oxide film forms which has 
the same diffraction characteristics as the film on 
electropolished nickel (8). This is also the case for 
cathodic reduction with light N2 bubbl ing  for short 
time periods ( ~  15 min) or in the absence of N2 bub-  
bling for extended periods of time (e.g., several hours).  
With more vigorous N~ bubbl ing  dur ing the cathodic 
treatment,  the result ing diffraction pat tern  depends 

Fig. 2. Reflection electron dif- 
Fraction patterns from a (111) 
nickel single crystal, in both the 
~ 1 1 2 ~  and ~ 1 1 0 ~  directions, 
after various electrochemical 
treatments: (a and b), electro- 
polished in H~,S04; (c and d), 
cathodic reduction in an un- 
stirred pH 3.0 Na2S04 solution 
at --1.0V with the results being 
independent of time of polariza- 
tion; (e and f), cathodic reduc- 
tion in a vigorously stirred pH 
3.0 Na2S04 solution (certified 
ACS) at --1.0V for 1 hr. 
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on the t ime but not on the cathodic polarization poten-  
tial. The increased rate of N2 bubbl ing  in conjunct ion 
with long reduct ion periods results in a diminishing of 
intensi ty of the NiO reflections so that there is an al- 
most complete loss of these reflections after ca. 1 hr 
of cathodic polarization with vigorous N2 bubbling,  as 
shown in Fig. 2 (e and f). 

The electron diffraction results in Fig. 2(e and f) 
indicate that there has been a substantial  decrease in 
the amount  of highly epitaxed NiO after cathodic re-  
duction in rapidly stirred solutions and air exposure, 
and the possibility exists that the oxide has still 
formed on the surface but  in an amorphous configura- 
tion. However, oxygen Ks, x - r ay  emission spectroscopy 
shows that the amount  of surface oxide represented by 
the diffraction pat tern  of Fig. 2(e and f) was ca. 65% 
lower than that  on electropolished n icke l  It would 
therefore appear that  both the nature  and extent of 
peak II during the anodic sweep and the amount  of 
oxide formed by air exposure after cathodic t reatment  
are related to and controlled by the surface coverage 
of some impur i ty  acting as a blocking agent. Indeed 
impur i ty  adsorption from solution onto the oxide-free 
nickel surface is a diffusion controlled process which 
would be accelerated by N2 bubbl ing  dur ing cathodic 
reduction, as is the case here. During a series of po- 
tent iodynamic sweeps on a contaminated nickel sur-  
face, the effects of the impur i ty  diminish dur ing each 
successive anodic sweep, i.e., peak II diminishes and 
peak I becomes predominant,  the impur i ty  being re-  
moved as Ni dissolves. The time involved dur ing  the 
cathodic sweep at 4 mV/sec - l  (ca. 4 rain for the range 
in Fig. la)  is not sufficient to allow large amounts  of 
impur i ty  to diffuse from the solution to the surface 
again. Although it has previously been shown (9) that 
large amounts of impurit ies in the metal itself may 
extend the potential  range of metal  dissolution, the 
present problem is one of adsorption from solution on 
a high pur i ty  nickel metal. 

Possible sources of impur i ty  in solution would be the 
water, acid (H2SO4), or salt (Na2SO4). The water used 
in these experiments  was prepared by  disti l lation of 
distilled water from a Coming  Still 2 which employs a 
quartz heat ing tube. The same results were obtained 
with water  distilled from alkaline permanganate  or 
passed through a series of ion and carbon exchange 
cartridges. When a pH 3.0 H2SO4 solution was used 
without  any added Na2SO4 or a pH 3.0 HC104 solu- 
t ion with 0.15N NaC104 (ACS grade), cathodic reduc- 
tion with vigorous N2 bubbl ing  even for several hours 
did not affect the oxide reflections on subsequent  air-  
exposure. Impuri t ies  in the ACS grac~e Na2SO4 would 
thus appear to be responsible for contaminat ion of the 
nickel electrodes. Indeed, electron diffraction Showed 
that when ul t rapure  Na2SO4 was used there was no 
detectable diminishing of oxide reflections even after 
cathodic reduction for several hours with vigorous N2 
bubbling.  Anodic sweeps in the u l t rapure  Na2SO4 solu- 
tion, after a cathodic t rea tment  which would have 
given a greatly enhanced peak II in certified ACS 
Na~SO4, instead gave an approximately 30% decrease 
in peak I but  no corresponding increase in peak II, i.e., 
the potential  of passivation was not shifted. The d imin-  
ishing of peak I in this case is probably associated with 
what  one might call the "ordinary" solution impur i ty  
which adsorbs dur ing long time reduction with vigor- 
ous N2 bubbling,  even in the pure solutions, and which 

2 Corn ing  Glass Works,  Wate r  Disti l lat ion Appara tus  Model AG-2. 

acts as a surface blocking agent. This lat ter  impur i ty  
does not prevent  formation of either the highly epi- 
taxed air-formed film on air exposure nor the passive 
film on nickel during anodic po.arization and is there-  
fore different from the more specific impur i ty  in certi- 
fied ACS Na2SO4. Cathodic reduction for shorter times 
(--~ 1/2 hr) with N2 bubbl ing  in the u l t rapure  Na2SO4 
solution results in a decrease of peak I of less than 5% 
and this t rea tment  can therefore be used to produce 
uncontaminated  start ing surfaces. 

X-ray  emission was used to analyze the various 
nickel surfaces and their films in an at tempt to identify 
the impurity.  No significant impurit ies were detected 
by the technique on any of the nickel surfaces. No sul- 
fur was detected on either clean or contaminated sur- 
faces (limit of detection is 0.005 ~g/cm-e)  and the 
carbon content was < 0.01 ~g/em -2 (i.e., close to the 
l imit  of detection) on all surfaces. 

An anodic sweep such as that in Fig. lb  can be ob- 
tained with the certified ACS Na2SO4 where there is 
good separation between the two peaks, even after 
peak II has grown considerably. From this sweep pro- 
file the Tafel slope for nickel dissolution dur ing peak 
I is ca. 60 mV, i.e., nickel is dissolving from a film-free 
surface region. However, the Tafel slope of peak II is 
ca. 180 mV and this may be due to nickel dissolution 
through a bar r ie r - layer  film, e.g., the impur i ty  and/or  
oxide which has begun to grow. A true passive film 
forms at higher anodic potentials and nickel dissolution 
practically ceases. Replica electron microscopy of the 
nickel specimens after considerable nickel dissolution 
via peak II shows a general roughening of the surface 
but no pitting is detected. This shows that the specific 
impurity from the ACS Na2SO4 does not act like 
chloride ion to give localized corrosion and supports 
the view of nickel dissolution in peak II through a 
modified barrier-layer type film. This work indicates 
that the anodic polarization curve of clean nickel has 
a single sharp dissolution peak and that the extension 
of the potential range of active nickel dissolution with 
possible resolution of multiple peaks is probably due to 
adsorbed impurities. 

Manuscript submitted Sept. 19, 1974; revised manu- 
script received Nov. 4, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. I, 1975. 
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In  previous work, we measured the IRRS of the 
anodic oxide film of Ta formed in dilute nitr ic acid and 
suggested that the growth of the oxide phases was de- 
pendent  on the forming voltage and that the chemical 
s tructure of the film might be changed at around 100V 
(1). No ni trate  anion was incorporated. 

When, however, the anodic oxide film is formed in 
phosphoric acid, the incorporation of phosphorus atoms 
in the oxide film has been reported by several authors 
(2-4). Randall  et al. showed that the content of phos- 
phorus was dependent  on both the phosphoric acid 
concentrat ion of the electrolyte and the current  den-  
sity of anodization (2, 5). 

If the amount  of incorporated phosphate anion is not 
low, we can detect it by IRRS. One of the purposes of 
the present study is to determine the amount  of phos- 
phorus incorporated as functions of the forming volt-  
age, the film thickness, and the phosphoric acid con- 
centrat ion of the electrolyte, which will  be the aid of 
the analysis of the formation mechanism. 

The authors '  purpose, is to ascertain the previous 
findings that both the growth rates of the oxide phases 
and the chemical s tructure of the film were dependent  
on the forming voltage or the film thickness irrespec- 
tive of the electrolyte and the concentrat ion of the 
solution. 

A th in  Ta rolled plate of 99.97% puri ty  was polished 
chemically with a mixture  of concentrated hydro-  
fluoric acid, sulfuric acid, and nitric acid and anodized 
at a constant current  density of 1.0 mA/cm 2 in various 
concentrations of phosphoric acid aqueous solution. 
When the voltage reached a desired value, the elec- 
trolysis circuit was tu rned  off. The specimens were 
rinsed with distilled water  carefully and dried at room 
temperature  in vacuo. IRRS were r#corded on a Nihon 
Bunko (JASCO) IR spectrophotometer in connection 
with equipment  specially designed for the reflection 
measurement  ( 1 ) i n  dried air with an incident  angle 
of 45 ~ . The number  of reflections were six. 

IRRS of the anodic oxide films on Ta obtained at 
various forming voltages are shown in Fig. 1. The 
anodic films gave rise to an intense and very broad 
absorption band  in  the region around 900 cm -1, which, 
by a Gaussian band  decomposition (6), could be re-  
solved into three components as seen in Fig. 1. The 
three components, i.e., 925, 860, and 80,0 cm -1 were 
always observed for all the oxides irrespective of elec- 
trolyte composition, but  the 1110 cm -1 band was ob- 
served only with phosphate, phosphonate, or phos- 
phinate present. In  general, inorganic phosphate gives 
rise to a band due to ~ PO4 in the 1120-1080 cm -1 
region (7, 8). Accordingly, the band at 1110 cm -1 will 
be assigned to be v PO4 of PO4 -a group. Of the three 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
K e y  words: anodic f i lm,  c h e m i c a l  s t r u c t u r e ,  infrared spectra, 

phosphate inclusion, tantalum oxides. 

bands in  the 10,00-750 cm -1 region, there are two pos- 
sibilities of the assignment, i.e., due to the deformation 
of Ta-OH bond or the stretching of Ta-O band. The 
former is not probable since no evidence of the pres- 
ence of O-H group was found in the 3 ~m region. On 
the other hand, the three bands were always observed 
with a number  of Ta anodic oxide films formed in 
various electrolytes. Therefore, the three bands in the 
region were assigned to the stretching vibrat ion mode 
of Ta-O bond. Of course, no band  due to the Ta-O de- 
formation mode is expected in  these wave number  
regions (9). 

Figure 2 shows how the optical densi ty of each re-  
solved band  changes depending on forming voltage or 
film thickness of the film. As clearly seen in the figure, 
intensities of the two bands, i.e., 925 and 800 cm -1 
bands increase l inear ly  with the increase of the ano- 
dization voltage, and accordingly, of the film thickness. 
The rates of their increase, however, change in the 
70-90V region where the rates become slow, which 
were already seen on the anodic oxide formed in 
dilute nitr ic acid (1). The intensities of b o t h  bands 
were independent  of the concentrat ion of phosphoric 
acid. 

Several causes may be considered for the explana-  
t ion of these changes in the rates of intensi ty  increase: 
(i) the change of the chemical s tructure of the film, 
(ii) the slowing down of the growth rates of the oxide 
phases in the film, (iii) the change of complex dielec- 
tric constant of the film due to the variat ion of s t ra in 
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Fig. 1. IRRS and four component absorption bands appearing in 
the wave number region of 700-1200 cm -1 for the anodJc oxide 
films formed on pure tantalum plate which were anodized at 1.0 
mA/cm ~ to 300 V in 1.0 X 10-2N H3P04 aqueous solution at 
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band on the forming voltage and the film thickness of the tantalum 
anodic oxide film. Three components (925, 860, and 800 c m - D  
were examined. The intensity was dependent on [H3PO4] of ano- 
dizing bath. Higher concentration bath gave higher intensity. 
Therefore three lines were obtained for one absorption. 

in the  film (10, 11). F u r t h e r  invest igat ion is necessary 
to de te rmine  which cause given above is ac tual ly  
working.  

The 1110 cm -1 band  was intensified more  r ap id ly  
when the forming vol tage was increased (Fig. 3). The 
band in tens i ty  increased l inear ly  against  the  square of 
the forming vol tage or  the film thickness.  At  constant  
voltage, it  increased logar i thmica l ly  against  the phos-  
phate  concentrat ion.  At  the same time, the 610 cm -1 
band increased in a s imi lar  manne r  to the  1110 cm -1 
band. Consequently,  these bands wil l  indicate  the  
corresponding phase  wi l l  contain phosphate.  

Manuscr ip t  submi t ted  Aug. 7, 1974; rev ised  manu-  
script  received ca. Oct. 18, 1974. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1975 
JOURNAL. Al l  discussions for the December  1975 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1975. 
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ABSTRACT 

Polycrystal l ine zirconium samples were oxidized in pure oxygen under  
atmospheric pressure at temperatures ranging from 700 ~ to 845~ and for times 
up to 400 hr. The diffusion of oxygen in the metal, beneath the oxide layer  
formed, was studied using a direct quant i ta t ive  method of analysis based on 
the observation of the nuclear  reaction O16(d,p)O 17x. It was found that  at a 
given temperature  the oxygen concentrat ion profiles, referred to the oxide- 
metal  interface, may be superimposed after scaling by a factor k/~. The results 
may be fitted assuming a concentrat ion independent  diffusion coefficient D, the 
oxygen concentrat ion at the oxide-metal  interface being constant and near ly  
equal to the saturat ion value, around 30 atom per cent. An activation energy 
Q : (49 _ 1) kcal /mole was found for the process. Identical results were 
obtained in air, showing that, at atmospheric pressure, n i t rogen in the air plays 
a negligible role in the dry corrosion of zirconium. 

Zirconium, l ike other metals such as t i tan ium and 
hafnium, can form interst i t ial  solid solutions contain-  
ing large amounts of oxygen (1). Hence, in addition to 
the formation of an oxide layer  (zirconia), the thermal  
oxidation of zirconium also gives rise to a simultaneous 
diffusion of oxygen into the metal  matr ix  beneath  the 
oxide. A complete study of the oxidation of zirconium 
requires these two phenomena to be separated. For 
the full unders tanding of the phenomena on the atomic 
scale, one has to know the profile of the oxygen con- 
centrat ion wi th in  the metal  as a function of both time 
and temperature.  It is the purpose of this paper to 
study with a direct method these concentration profiles 
and the corresponding diffusion process. 

Several authors have at tempted to establish oxygen 
profiles in zirconium. Most of the early investigations 
were based on an indirect determinat ion of the oxy- 
gen contents obtained by measur ing the microhardness 
(2-6), or the parameters of the hexagonal Zr lattice 
(7). However, recent measurements  have shown that 
the relationships between oxygen concentrat ion and 
both microhardness (8-1.0) and lattice parameters  (11- 
12) are strongly nonl inear  and for the first case not 
even one to one; thus, the results obtained by these 
methods have a quali tat ive character only. In  some 
works the concentrat ion profiles were determined by 
using morequan t i t a t i ve  methods. Thus, Ericsson et al. 
(8) have measured the concentrat ion of zirconium 
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in the Zr-O solid solution by means of an electron 
probe analyzer and obtained, by difference, the con- 
centrat ion profile of oxygen. Their precision was --+2 
atom per cent (a /o) ;  hence amounts  of oxygen below 
2 a/o could not be detected. More recently Quataert  
and Coen-Porisini  (13) have studied directly the oxy- 
gen concentrations by means of an ion probe analyzer. 
In  order to convert their data into depth profiles they 
had to assume the sputter ing rate and ionization prob-  
abili ty to be independent  of oxygen concentration; 
moreover they did not at tempt an absolute concentra-  
t ion calibration, in terpret ing only normalized pro- 
files to extract the diffusion coefficient D; finally, due 
to nonuni form erosion across the ion beam spot their 
sensitivity for low oxygen contents at depths larger 
than about 2N/Dr, i.e., 2 a/o, was very poor. However, 
Ref. [8] and [13] contain the first reliable data from 
direct measurements  of oxygen in the metal  matrix, in 
the 6,00~176 temperature  range. 

Resorting to an ingenious method Pemsler  (14) 
measured oxygen profiles by observing the rate of dis- 
solution, during an anneal  under  vacuum at 510~ of 
anodic oxide layers deposited on polished sections of 
specimens, previously oxidized at 850~ He has as- 
sumed that the quant i ty  of oxygen diffused during the 
anneal  under  vacuum was, at each point, proportional 
to Cs -- C, where Cs represents the saturat ion concen- 
t rat ion of the Zr-O solid solution and C the oxygen 
concentration to be measured. The quant i ty  of oxygen 
diffused at each point was deduced from the decrease 
in the thickness of the anodic layer during the anneal  
under  vacuum, which could be estimated from the 
change in color of this layer. The concentrat ion pro- 
files so obtained were of the error  function type. In  
interpret ing his results, Femsler  must  assume that, 

388 
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after an anneal  of 145 rain at 510~ the solid solution 
Zr-O is saturated at the anodic oxide-meta l  interface, 
and that  the coefficient of diffusion at this tempera ture  
is known and does not depend on oxygen concentra-  
tion. This method therefore  cannot give profiles wi th-  
out a priori assumptions; moreover  it lacks sensit ivi ty 
at low concentrations, below about 8 a/o. It gives 
hence semiquant i ta t ive  results in terms of the value of 
C~ which is not measured  .directly. As will  be shown 
below, several  of Pemsler ' s  assumptions are confirmed 
by the present work:  his simple method might  hence 
prove very  useful, the more so that  it allows one to 
observe, under  the microscope, single grains and to 
est imate crystal  or ientat ion effects on diffusion. 

In the f rame of a study, using 017 as a tracer, of the 
self-diffusion of oxygen in zirconia growing on zirco- 
nium, Cox and Roy (15) have est imated the diffusion 
coefficient of oxygen in the metal  beneath at 409 ~ and 
500~ They used the nuclear  reaction O~7(He3,~)O~6 
to detect and locate O ~7 as a function depth. It  appears 
that  such nuclear  techniques are best suited for direct 
and absolute concentrat ion measurements  for depth 
profile determinations.  For  heterodiffusion there  is no 
need to use oxsrgen isotopes, as O 18 (99.758% natural  
abundance) may be readi ly  detected. We resorted to 
such a method in this work. 

The general  principles of microanalysis by the di- 
rect observat ion of nuclear  reactions have been de- 
scribed in Ref. (16) as applied to O ~6 and 0 is and more 
recent ly  in Ref. (17), which contains most of the ex-  
per imenta l  detai ls  on the techniques used  here. Specific 
applications to the study of diffusion processes in zir- 
conium were  described in Ref. (18), to which we shall 
refer  here systematically, and which contains the first 
typical results on oxygen diffusion profiles in zirco- 
nium obtained by our group. The O16(d,p)O 17~ reac-  
tion was used. This reaction presents high cross sec- 
tions below 1 MeV bombarding energies and a low 
energy accelerator may be used, thus simplifying the 
exper imenta l  setup to some extent. These techniques 
have been applied also to a study of the physical prop- 
erties of the. Zr -O solid solution, l ike microhardness 
(9, 19), la t t ice  parameters  (12, 19), and density. 

Experimental 
Specimen preparation.--Specimens of rolled Krol l  

zirconium containing 60'0 ppm of oxygen have been 
used. The precise analysis of the impurit ies is given 
in Ref. (18). As the initial state of the metal  surface 
has a considerable influence on the kinetics of oxida- 
tion (20, 21), a detailed study of various methods of 
surface preparat ion was carried out (22). The standard 
t r ea tment  chosen according to this work  is briefly de-  
scribed. 

Specimens measur ing 15 • 10 • 2 m m  were  pol-  
ished mechanical ly  under  water  and then polished 
chemical ly in a fluonitric bath (ttNO8 60%, HF 5%, 
H20 35%) for 20 sec. They were  then annealed at 
800~ for 2 hr  in a vacuum of 10 -6 Torr;  a second 
chemical polishing, similar to the previous one, was 
then applied, its aim being the el imination of the metal  
layer  contaminated by the diffusion of oxygen during 
the anneal (22). It must be noticed that  such a polish- 
ing t rea tment  leaves a superficial oxide layer  of about 
60A (22). The  oxygen concentrat ion in the bulk of the 
metal  is then the same as the concentrat ion before the 
t rea tment  (600 ppm),  while  the grain size is well  de- 
fined and of the order of 25 ~m. 

The specimens so prepared were  oxidized in pure  
oxygen under  atmospheric pressure, at temperatures  
of 700 ~ 750 ~ 810 ~ and 845~ for times up to 400 hr. 
The t reatments  were  carried out wi th  an automatical ly 
stabilized ADAMEL furnace of type Chevenard-  
Joumie r  in a 5 cm internal  diameter  quartz tube. 
Tempera ture  uni formi ty  in the vicini ty of the sample 
was bet ter  than • 2~ in a 5 cm long zone. The t em-  
pera ture  was measured with  a precision of the order 
of one degree using a Chromel -Alumel  thermocouple 

placed near the sample and a MECI pyromete r -po ten-  
t iometer  Type ESPM. Periodic readings indicated 
~_: 1~ long te rm stability. Ten identical specimens 
were  prepared for each t rea tment  condition: they 
were ground off to various depths, as in Ref. (18). 
The depths thus reached were  characterized by mea-  
suring the decrease of weight  of the sample, AM, per 
unit surface, af ter  each grinding operat ion (see below). 

Nuclear analysis.--The general  features of the 
method may be found in Ref. (16-18). We shall sum- 
marize here briefly the exper imenta l  conditions and 
describe in more detail a procedure which improves 
the precision for high oxygen concentrations. 

The ground off specimens were  bombarded by a 
900 keV, 1 ~A, beam of deuterons from the 2 MeV 
Van de Graaff accelerator of the Ecole Normale  
Sup6rieure. The beam spo t size was 1 ram. The energy 
spectra of the protons f rom the  reaction O16(d,p)O 17x 
were  regis tered at 165 ~ by means of a 3 cm '~ surface 
barr ier  detector at 10 cm. Elast ically scattered deu-  
terons were  stopped with  a 12 ~m thick Mylar  ab- 
sorber. 

As shown in Ref. (17), the protons contributing to 
the spectrum originate f rom the first microns of the 
sample; the decrease wi th  depth of the oxygen con- 
centrat ion iS practically negligible over  this surface 
region for the re la t ively  deep diffusions considered 
here. Hence the spectra are characterist ic of the sur-  
face concentration C of the sample under  study. Thus 
one may obtain a series of couples of values (Cj, AMj) 
for each treatment,  f rom which the profile C(x)  may 
be deduced for the values xj corresponding to A~/j. 

The first step consists in calculating C from the 
spectra. C is convenient ly expressed as the oxygen to 
zirconium atomic ratio O/Zr. If/~ ---- O / ( Z r  -t- O) is the 
usual "atom per cent" concentration, we have 

O ~ O C 
C = - -  _ - - .  and / 3 - - - - . - - _  - -  [1] 

Zr 1 - - ~  Z r + O  I §  

Figure 1 shows a typica I proton spectrum from a 
Zr-O solution; it represents  the number  of counts 
Ni in channel i which corresponds to a fixed energy 
interval  ~E around the energy Ei; It may be shown 
(17), that if the statistical spread involved in the 
proton detection process is neglected, we have 

Ni = CAxnzr~[~,Ed (xi) ]K [2a] 

where  xi is the mean depth corresponding t o  Ei, Ax the 
mean depth in terval  corresponding to AE, nzr is the 
number  of Zr atoms per cm a, Ed(xi) the mean energy 
of the incident deuterons at depth xi, [Ed(O) is the 
bombarding energy],  ~(~,Ed) the differential  cross sec- 
tion at detection angle 6 and energy Ed, and K a con= 
stant depending on the counting conditions. The spec- 
t rum presents a plateau near  its peak, which corre-  
sponds, according to Eq. [2a] to 800 < Ed < 9~00 keV, 
where  r is pract ical ly constant (16); the fall 
of the spectrum is due to the decrease of ~(e, Ed) at 
lower energies. In the plateau region 

Ni : CAxnzrK' [2b] 

K' being constant. In fact nzr depends on C due to 
the expansion of the Zr-O solution with  increasing 
oxygen content. Ax is related to the energy loss of 
deuterons and protons produced by the zirconium and 
oxygen atoms on their  path: it depends hence on C. 
We may wri te  Eq. [2b] in the form 

Ni : CAx (o) nzr (o) K ' f  (C) [2c] 
wi th  

~x (C) nzr (C) 
I (C)  = 

~x(o)  nzr(O) 

For  low values of C, f (C)  : 1 and C may  be deduced 
direct ly from the "plateau height"  H (i.e., the mean 
value of the Ni in the pla teau region).  For  high C 



390 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY March 1975 

2.10 4 

Z 

10 ~ 

I 1 I 

+ Z r - O  , C = 0 , 3 6  
o Z r O  2 

10,9 KeV/  channel 

o 

/ 

50 

@ 

i %. 
100 

CHANNELS 
Fig. 1. Normalized experimental spectra obtained for thick 

thermally grown zirconia (10 /~m) and for a Zr-O solid solution, 
respectively. Conditions: 10.9 keV/channel, the maximum energy 
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82. 

values Eq. [2c] yields an uncorrected value C, = 
C](C),  which corresponds to neglecting the effect 
of oxygen on the slowing down of the particles. C is 
then found by solving this equation, according to C = 
g(Cu). The corresponding calculations are shown in 
Appendix A. Figure 2 shows this correction curve; t h e  
correction is appreciable for C > 0.15, i.e., ~ > 0.14. 

I I I 

_ _ m _ _  

0 ~ -  
o | 
Z 
_o 
}-- 
<z 0~ 
rv- 
}... 
z 
L I . J  

CD 
Z R2 
O 
(D 

<I ku 
r'r 

I J I 
o,i 0,2 o,3 o,4 

UNCORRECTED CONCENTRATION Cu 

Fig. 2. Curve C ---- g(Cu) relatin~j the real concentration (oxygen 
to zirconium atomic ratio), corrected for the stopping power of 
oxygen, to the uncorrected concentration (curve 2). Curve 1 is the 
bisectrix of the quadrant, traced for the sake of comparison. 

Absolute calibration was achieved by using a refer-  
ence standard prepared by anodic oxidation of tanta-  
lum in well-defined conditions (17, 23). The oxygen 
content ns of such an oxide layer  is known to within 
about 2% (24). The s tandard used here, about l l00A 
thick, contained 6"1017 oxygen atoms per cm 2. The 
total counting corresponding to the standard is, the. 
energy loss in the film being small  

Ns = nsK~[% Ed(o)] =- risK' [3] 

Hence dividing [2c] by [3] and insert ing the plateau 
height H for N] 

H Cu 
- -  -- i x ( o )  nzr(O) [4] 
Ns ns 

This equation allows one to calculate Cu with a preci- 
sion depending on statistics (for H and Ns) and on t h e  
knawledge of i x  (o) nzr (o). The lat ter  is calculated in 
Appendix B. Appendix C contains an improved cali- 
brat ion method. It was estimated that the relative 
error on the absolute, concentrations C is about 3%. 
Relative values of C may be compared to wi th in  about 
1%, not including statistics. 

It should be emphasized that this oxygen analysis 
technique is background free [except for possible con- 
taminat ions by light nuclei  like F 19, N14; see Ref. (16 
and 17)]. The sensitivity l imi ta t ion is physical: it is due 
to the presence of a 60A thick spontaneous oxide on 
t h e  samples, whatever  their oxygen content. This fixes 
t h e  lower l imit  of sensitivity for oxygen concentrat ion 
measurements  in zirconium to the order of 50 ppm; 
1000 ppm concentrations may already be measured to 
wi thin  3%, as stated above. Counting rate is hardly  
a problem: most of the measurements  require some 
minutes only. 

Final ly  it should be noted that the tow energy part  
of spectra like that  of Fig. 1 may depend on C, if t h e  
energy loss parameters  for O and Zr do not vary with 
energy in constant proportion. This was investigated 
exper imental ly  by recording a spectrum from a thick 
zirconia target: the result, represented in Fig. 1, shows 
that the spectrum is near ly  identical to that  from a 
Zr-O solution, a l t h o u g h  the O/Zr ratio varied from 
0.36 to 2. This shows that the shape of the spectra 
does not depend on C. Hence the area as well as t h e  
plateau height of the spectra may be used as a rela-  
tive measure of C; this improves statistics and simpli-  
fies the measurements.  

Depth scales.--The depths will  be measured from 
t h e  metal-oxide interface. Let i Ms  be the total mass 
per cm 2 of the Zr-O solution ground off from a sam- 
ple, X ( t , T ) t h e  thickness of the oxide after a t reat-  
ment  time t at temperature  T~ Mx the weight of this 
oxide per cm% We have IM ---- Mx + hMs. We shall 
first take as a measure of depth the mass m of zirco- 
n ium per cm 2 of the Zr-O solution ground off. ~n is 
independent  of the Zr-O density, which varies with 
C. Let C(m) be the corresponding profile; we have 

f IMs = o [1 + aC(m)]dm [5a] 

^ 
with a ---- 16/91.22 ---- 0.175 (mass ratio).  Let C ( i M )  be 

^ 
t h e  experimental  profile in the AM coordinate, C(AM) 
= C (m).  By differentiation 

dims  = 1 + aC(m) = 1 + a'~'(hM) = dAM 
dm dm 

Integrat ing 
~AM dim 

m---- MX I + a~'(AM) 
[5,b] 

Equation [5b] was integrated numerical ly  by summa-  
^ 

tion using the measured values Cj, AMj for C(AM). 
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X(t,T) was measured for each t,T value with a 
microscope and Mx calculated using, the  density 5.6 for 
zirconia. 

Let us suppose that a curve C~ (mi)  may be deduced 
from a curve Co(m) by s imply mul ip ly ing  m by a, 

i . e . ,ms  = ~ m .  Then C l ( m l ) =  Co ~"~-~--1). The cor - 

responding ~Ms I is, from [Sa] 

hMs I - -  f o  ~1 [1 + aCi(mi)]dmi 

[i  + aCo(m)]dm 

Thus 

~Ms I = ~ M s  ~ [6] 

Hence for profiles having the same shape a single 
integration of Eq. [5b] yields a universal  new depth 
scale. This simplifies the calculations as wi l l  be seen. 

The relation between the geometrical depth x and 
m i s  

s m = / ~ z r  nzr[C(x)]dx 

~zr being the mean mass of the zirconium atom. In 
what follows the dependence of •zr on C wi l l  be neg-  
lected. In fact it was shown (12, 19) that the vo lume 
associated to each Zr atom in the Zr-O solution varies 
only by 1.9% for O --~ C ~ Cs. Hence we shall  deduce 
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x from m simply by using the density 6.5 for zircon- 
ium. In fact the only reason to introduce the x scale 
explicit ly is for giving diffusion coefficients in the 
usual  units  of cm2/sec. 

C(x ) ,  expressed in atom per cm 3, may be calculated 
similarly. It should be noted that an advantage of ex- 
pressing C in O/Zr units  is that the lat ter  are inde-  
pendent  of the depth scale chosen. 

It may be noted at this stage that the quant i ty  
Ax(C)nzr(C) in Eq. [2c] is just  equal to Am/ffZr and 
is hence independent  of nzr(C).  The calibration does 
not  depend on densities: from the nuclear  point of 
view the physical state of the target  has no influence; 
the density fixes only the geometrical depth scale. This 
again shows that m is the na tura l  depth scale for pro- 
files obtained by nuclear  methods. 

Results and Discussion 
Figure 3 shows the experimental  results as a func-  

tion of the ground off mass ~Ms. Except at 700 ~ the 
penetrat ions are large with respect to the grain size 
(0.1 g /cm 2 of zirconium content being equivalent  to 
154 ~m). All curves decrease toward the init ial  con- 
centrat ion Co of 600 ppm, i.e., 3 • 10 -8 atom oxygen 
per zirconium. A scaling of the mass scale by ~/t-leads 
to well superimposed profiles at all temperatures as 
i l lustrated in  Fig. 4 for one set of curves. One single 
depth correction for oxygen content was hence made 
at each temperature,  according to the remark  above. 
The result ing profiles (C -- Co) as a function of m / ~  
are shown in Fig. 5. These curves i l lustrate clearly a 
first important  result: the diffusion process under 
study has a parabolic character. 

It was next  investigated whether  these reduced pro- 
files may be fitted with a single calculated curve ac- 
cording to the classical expression of the concentra-  
t ion profile 

x +  Xo 
erfc 

C -- Co 2~/Dt 
- -  - -  [7] 
Cs - Co Xo 

erfc  
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This equation is derived assuming a constant diffusion 
coefficient in  the metal  and that  the thickness of metal 
xo incorporated into the oxide developing from the 
surface varies like ~/t- at each temperature  [see Jest 
(25) and Ref. (18)]. The lat ter  assumption is known 
not to hold in the case of zirconium as the early stage 
of the oxidation process is not parabolic (6). From the 
measurements  of the oxide thicknesses X(t ,  T) per- 
formed as mentioned above it was established that the 
variations with t ime of the corresponding oxide mass 
per cm 2 Mx(t ,  T) may be fitted by an expression of the 
form 

Mx(t, T) -- Me(T)  + r ( T )  ~/T [8] 

for large enough t. We shall postulate in  what  follows 
that Eq. [7] may be applied to our results with 

Xo = 7 (T) ~/{ [9] 

where 7(T) is relative to the mass per cm 2 of zircon- 
ium corresponding to Y(T) (which relates to the mass 
per cm 2 of oxide). 7(T) is expressed in g/sec 1/2 • cm 2 
of zirconium. This postulate implies that, at that start 
of the oxidation, a th in  oxide layer is quickly formed, 
with thickness around Me(T) ,  while li t t le oxygen dif- 
fuses into the metal  beneath. Typical values of Me(T) 
are around 4 ~m. While we cannot state that this as- 
sumption is precisely valid, it appeared to be consistent 
with our results. 

Using Eq. [9], Eq. [7] may be written,  at a given 
temperature  T 

erfc + 
C -- Co 

- -  - -  [ i 0 ]  
Cs -- Co "Y 

erfc 2 ~  

This equation was used to fit the profiles of Fig. 5, 
using the experimental  values of 7 listed in Table I. 
The values of Cs and D corresponding to the best fit 
are also listed in this table. It appears that Eq. [10] is 
well obeyed. The following comments may be made: 

(i) A constant diffusion coefficient, for concentra-  
tions up to saturation, is compatible with the results. 
It seems, according to these detailed measurements,  
that the departures from the erfc behavior reported in 
the previous publications of Ref. (9, 18, and 19) are not 
confirmed. This is due mainly  to the detailed correc- 
tions applied here for the oxygen stopping power in 
the Zr-O solution. 

(ii) The concentrat ion at the metal-oxide interface 
is near ly independent  of t ime and temperature,  Cs 
ranging from 0.421 to 0.429. It  is most probable that  Cs 

i s  a constant, the spread be ing  within  experimental  
errors, The corresponding mean  value is Cs ~ 0.424, 
i.e., 29.8 a/o. This is in good agreement  with the zir- 
conium-oxygen equi l ibr ium diagram (26, 27); this 
shows in turn, that  during oxidation near -equi l ib r ium 
prevails at the metal-oxide interface. 

(iii) The quant i ty  ~ -- 7/2~/D decreases with T 
from 1.9 to 0.8: hence there is no universal  curve de- 
scribing the profiles at various temperatures.  The total 

Table I. Parameters used in Eq. [10] to fit the concentration 
profiles in Fig. 5* 

3' X 10 Is, 
Temper- g/seel/2 D(a) x 10 TM, D(b) • 10 m, 
a t u r e ,  ~ cm~ Cs cm~/sec  cm~/sec  

YO0 11.7 0 .423 9.2 7.2 
750 18.2 0.421 37 39 
810 20.2 0 .423 125 140(c) 
8 4 5  2 5 . 8  0 . 4 2 9  2 5 6  300(' : ' )  

* W i t h  6'o = 3 .10  -8. 
(=) P r e s e n t  m e a s u r e m e n t s .  
(~) Resu l t s  of  Q u a t a e r t  a n d  C o e n - P o r i s i n i  (13) .  
(c) C o r r e c t e d  fo r  810 ~ a n d  845~ f r o m  800 ~ a n d  850~ 
D is  g i v e n  in  t h e  u s u a l  em~/sec  u n i t s  fo r  e a s y  c o m p a r i s o n ;  x w a s  

d e d u c e d  f r o m  m u s i n g  t h e  d e n s i t y  6.5 f o r  z i r c o n i u m .  
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mass M (t) of oxygen  which is present  in the metal l ic  
phase is readily calculated to be 

M(t)  --2k/D-t'(Cs Co) ierfc-I- - ~ [1 : ]  
erfc -I~ 

The last factor is due to the growth of the oxide and 
varies here f rom about 0.4 k / ~  to .0.6 %/n_ the value 
%/~corresponds to ~ ---- 0, i.e., no oxide growth (simple 
diffusion with  constant surface concentrat ion) .  

(iv) Taking into account the various sources of 
errors, the values of D given in Table I are known 
with  a re la t ive  precision of ~ 10%. The values of D 
are plotted as a function of 1/T in Fig. 6. The result ing 
straight line indicates that  a single mechanism of dif-  
fusion predominates in the tempera ture  range con- 
sidered; this is wi th  high probabil i ty  bulk diffusion, 
as grain boundary diffusion was shown to predominate  
mainly  below 650~ (2, 6). 
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The tempera ture  dependence of D was fitted with  
the expression 

D ( T )  ~- Doe -•/RT [12] 

The best fit yields 

Q -- 49 kcal /mole,  Do ---- 1 cm2/sec 

The errors on Q and Do may be conveniently dis- 
cussed as follows. Let  AQ be the error  on Q and Q be 
its true value, Q -- Q -+- AQ and D be the t rue va lue  
of D, D = (1 _ ~)D, e being the re la t ive  precision on 
D. From Eq. [12] 

D-(1 • e) : Do e• --~/RT 

If the range of T around its central  value To is narrow 
enough, which is the case here, we may wri te  

Do = D e +a/RT (1 • e) e -+aQ/RTo [13] 

We see that  the e r ror  on Do is very  large and domi- 
nated by the factor eAQ/RTo, which may easily be of the 
order of 3 (in our case RTo N 2.1 kca l /mole ) .  Hence 
the ex t reme values of Do may often differ by one order 
of magnitude, al though D is known with reasonable 
accuracy. This is due to the fact that Do is obtained by 
a long range extrapolat ion on the logari thmic scale. 

In the present  work it has been estimated, consider- 
ing the 10% precision on D (T), that  AQ ---- 1 kcal /mole.  
Hence the final result  is 

Q -- (49 • 1) kca l /mole  

Do = 1 • (1.8) -+1 cm2/sec 
i.e. 

0.55 < Do < 1.8 cm2/sec 

It should be emphasized that  the errors on Q and Do 
are by no means independent  but  re la ted by Eq. [13]. 

Equat ion [13] explains why  the spread of the pub-  
lished data on Do is so huge, from 0.2 to 200, as re-  
ported by Quataer t  and Coen-Poris ini  (13). When 
examining the published data, large values of Do ap- 
pear  to be associated with  large values of Q. As an ex-  
ample let us analyze the data f rom Ref. (13) 

Do ---- 15 cm2/sec, Q _- 54.7 kca l /mole  

If we assume that the t rue value of Q is 49 ' kcal /mole,  
so as to compare to our result, Do must be divided by 
e 2,7 : 14.9. ~[his yields Do. ---- 1, exact ly  our value. It  
appears hence that  the measured values of D should 
be compared, ra ther  than Do and Q, the la t ter  contain- 
ing often large errors, depending much on the analysis 
of the data  per formed by the authors. A similar re-  
mark  has been made by Kidson (28) in his excel lent  
review of diffusion process in zirconium, who observed 
that  published Do and Q values may differ consider- 
ably, while  "individual  D values are in close agree-  
ment." The D values of Ref (13) are listed in Table I, 
for sake of comparison. The agreement  is good, ex-  
cept for a somewhat  smaller  value at 700~ and some- 
what  larger  at 845~ this explains the higher value 
of Q reported in this reference. Taking into account 
that  the result  of Ref (13) was obtained by a direct 
method, but  with some problems for precise calibra- 
t ion (as discussed above),  we may conclude that  our  
results are in satisfactory agreement  with recent  l i tera-  
ture, while the precision is l ikely to be higher. The 
comparison with  the values rev iewed by Kidson (28) 
is also satisfactory, the various Do values reported be- 
ing wi th in  a factor of 2 equal to ours, when the cor- 
rection for Q is made as above. 

It should be recal led at this point that many authors 
found a plateau in the microhardness-depth  curve 
measured on such oxygen diffused zirconium samples 
(3, 4, 8, 14). In Ref. (9 and 19) the authors have 
shown that these plateaus do not correspond to any 
accident in the concentra t ion-depth curve. This was 
confirmed again in the present measurements  in great  
detail, the effect being due to a nonlinear  relationship 
be tween the O/Zr  ratio and microhardness (9). 

tt should be noted, that according to Pemsler  (29) D 
depends markedly  on the crystal lographic orientat ion 
of the zirconium sample. In our case the samples were  
polycrystalline, but  with a recrystal l izat ion texture  
after  roll ing which is characterized by a preferent ial  

orientat ion of the {1,0, ~,0} planes at 32 ~ with  respect 
to the plane of rolling, the <1,1, 2,0> direction being 
parallel  to the roll ing direction (3,0). The results re-  
ported here are hence associated wi th  this texture.  

From practical point of view, when studying thermal  
oxidation of zirconium as a corrosion process, it is 
most important  to know what  happens when the heat -  
t rea tment  is performed in air instead of pure oxygen. 
Figure 7 displays a typica l  result  for samples treated 
for 24 hr  at 810~ in air and in pure oxygen at at- 
mospheric pressure. THe concentrat ion profiles of oxy- 
gen appear  to be identical wi thin  exper imenta l  error. 
It appears hence that  ni t rogen plays no role in the 
oxidation of zirconium in the above-ment ioned  con- 
ditions. This was fur ther  confirmed by analyzing both 
the oxides formed and the metal  beneath for nitrogen 
contamination, using the highly sensitive N14(d,~)C 12 
nuclear  reaction (31). No detectable N 14 was observed 
in the bulk of the samples, a surface contamination 
of about 0.05 ~g/cm 2 being measured on all samples 
whether  hea t - t rea ted  or not. It should be noticed that  
this result  was by no means trivial,  as according to 
Croset and Velasco (32), large amounts of ni t rogen 
may be dissolved in tanta lum thin films heated in 
ni trogen containing traces of oxygen. After  an initial 
strong dissolution of nitrogen the latter is rejected 
and is replaced by oxygen from the traces in the gas, 
even if the latter represent only 1 ppm nitrogen may 
hence play an important role when zirconium under- 
goes corrosion in nitrogen gas containing low concen- 
trations of oxygen. This point merits further investiga- 
tion. 

In conclusion it appears that  nuclear  microanalysis 
proves to be a highly powerful  method for measuring 
oxygen depth profiles in metals like zirconium. The 
technique may  be readi ly  extended to depth profiles 
of other  light elements like ni trogen or fluorine. Work 



Vol. 122, No. 3 D I F F U S I O N  OF O X Y G E N  IN A L P H A - Z I R C O N I U M  395 

I ! I 

2 4  h, 8 1 0  " C  
W I  

G,4 ~ x o x i d a t i o n  i n  o x y g e n  - 

I\ 0 " " CI { r' 

Z 
o 

0,3 

fX: 
i - -  
Z 
U. I  c_~ %2 
Z 
0 
( D  

0,1 _ 

i I ^ ,., 

0 I 2 3 

m / V T  (9/so2 x cm2)x 10 ~' 

Fig. 7. Compariso. of oxygen diffusion profiles represented as in 
Fig. 5 in zirconium oxidized in identical conditions in pure oxygen 
and in air. 

is in progress for s tudying oxygen diffusion phenomena 
in t i tanium. 

Acknowledgments 
The authors wish to thank Professor P. Lacombe 

for f rui t ful  discussions during the ear ly  stage of this 
work. This work  was supported by the Centre National 
de la Recherche Scientifique (RCP No. 157), the DRME, 
and the DGRST. 

Manuscript  submit ted Ju ly  15, 19.74; revised manu-  
script received Sept. 27, 1974. 

Any  discussion of this paper  wilt  appear  in a Discus- 
sion Section to be published in the December  1975 
JOURNAL. All discussions for the December  1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 

PubIication costs of this a~icIe were partially as- 
sisted by Centre National de la Recherche Scienti1~que. 

A P P E N D I X  

A. Calculation of C = g(Cu} 
From Eq. [2c] it is seen that ] (C)  is independent  

of the absolute value of the channel width AE, as it 
is a ratio of quantit ies proport ional  to AE. Hence the 
energy calibration (amplifier gain, influence of Mylar  
absorber, etc.) has no influence. Let  r d and Co, be the 
atomic stopping powers of oxygen for deuterons and 
protons in the vicini ty of the energies involved (bom- 
barding energy for d, energy at emission for p),  ~z d and 
�9 z p similar  quanti t ies for zirconium. T h e e  will  be 
considered as energy independent  for the plateau re-  
gion. The ene rgy  loss for the incident deuterons up 
to depth x is (applying Bragg's  rule  for compounds) 

AEd ~-- X nZr (ez d -'F Coo d) [A-A-1]  

A deuteron  reacting at energy  Ed gives rise, toward 
the angle e, to a proton with  energy E,, Ep = k (Ed), 
according to the kinematics  of the reaction, k is nearly 
linear, so E, = AEd + B and the incoming deuteron 
energy loss gives rise to a loss AEp ia : AaEa. The 
outgoing proton undergoes a fu r the r  Ioss 

x 
hEp ~ -- - -  nZr(eZ p -~- Coo p) [A-A-2]  

Icos 81 
where  x / icos  el is the outgoing proton path length, 
assuming the sample to be perpendicular  to the beam 
(17). The over -a l l  loss is 

AEp : AEp in ~- AEp ~ ~- Xnzr[ A (~z d --~ Coo d) 

+ leos01 (~zP + Coop) = xnzrS(C) [A-A-3]  

As this relat ion is l inear  in x, we may substi tute Ax 
to x 

AEp 
ax (C) nz~ (C) _ - -  [A-A-4]  

S(C)  

As AE, is proport ional  to the channel width AE 

S(O)  1 
f ( C )  - -  _ -  [ A - A - 5 ]  

S(C)  1 + kC 

where  k depends on a ratio of the stopping powers 
for 0 and Zr. k may be calculated using published 
stopping powers. We used the values of Will iamson 
et aL (33). We get k ----- 0.42. 

Thus, from [A-A-5] 

and 

Cu= cj(c)  - - -  

C 

I+ kC 

C~ 
C ---- g (Cu) -- - -  [A-A-6] 

1 - -  ~Cu  

An error  dk on k leads to an error  dC on C according 
to 

dC 1 @C kC d~ 
- -  -- d~ -- - -  [A-A-7] 
C C @~ (1 + ~C) ~ 

For  C ---- 0.4 this gives dC/C = .0.12 dk/~, i.e., less than 
1% even for d>./k :- 8%. Hence the e r ror  due to the 
correction itself ia negligible. 

B. Calculation of Ax(o)nzr(O) 
From Eq. [A-A-4]  this quant i ty  is A E J S ( o ) .  The 

AE, corresFonding to the channel width nE may be 
measured  direct ly by vary ing  the accelerator energy 
(i.e., changing physically E, )  and observing the cor- 
responding change in channels for the proton peak 
f rom a thin anodic oxide target. S (o)  is calculated 
f rom the data of R e i  (33). The  la t ter  cannot be taken 
a priori to be known to within less than 8%. This 
uncer ta in ty  dominates all others and the absolute 
calibration for C is precise to within at least  8%. 

C. Improving Absolute Calibration 
As shown in Fig. 1 the spectra for a Zr-O solution 

near saturat ion and for ZrO2 have the same shape; 
this indicates that  k is pract ical ly constant in a wide 
energy domain, a l though the individual  values of 
vary  with energy. In addition it is found from Fig. 1 
that  the ratio of the plateau heights of the two spectra 
is in a good agreement  with the values calculated using 
the above ~. and concentrations determined as de- 
scribed. This suggests that. Eq. [A-A-6]  is val id up 
to C ---- 2, i.e., for zirconia. If this assumption is made, 
zireonia may be taken as a s tandard reference, known 
to wi thin  a negligible error. The error  on C is then 
only clue to an error  on k. For  calculating the corre-  
sponding formula  let  us call Ho the plateau height  for 
ZrO2, H that for an unknown sample. F rom Eq. [4] 

Cu H 
= h  

Cu o Ho 
We have, as C = 2 

2 
C u  o - -  

l + 2 k  

and as Cu : Cu~ we get 
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2h 
C = [ A - C - l ]  

1 + 2~(1 - -  h) 

Let  us examine  the effect of an error  on K One cal-  
culates read i ly  

dC 2 -- C d~ 
- -  = ~ , - -  [ A - C - 2 ]  

C 1+2)~  

For  C around 0.4 this yields  dC/C:0.44 dk/k. An 8% 
error  on ~ yields 3.5% on C. In fact k, being a ratio, 
is be t te r  known than  that.  We m a y  conclude that  a 
3 % precision on C is sure ly  achieved. This is the p re -  
cision we  shall  assume in this paper .  It should be 
emphasized that  this ca l ibra t ion technique is un iver -  
sal, and allows one to achieve absolute measurements  
wi thout  the  need for thin film oxygen  standards.  The 
resul ts  obta ined here  wi th  the  la t te r  confirm our con- 
fidence in this technique. The method may  be read i ly  
ex tended  to other  meta ls  l ike hafnium, tanta lum,  t i -  
tanium, etc. 
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Preparation and Stabilization of Anodic Oxides on GaAs 
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ABSTRACT 

Anodic oxidation of GaAs is examined and a technique for growing full 
surface oxides ~ 86G,0A thick is reported. Anodization in a hot, concentrated 
(30%) H202 electrolyte of pH ~- 2 using self-anodizing metal  contacts is found 
to yield uni form oxides with a refractive index of 1.8 and a growth rate rang-  
ing from 22 to 50 A/V.  The as-grown oxide will etch in  HC1 and H20. Chemical 
stabili ty of this oxide is enhanced with baking in  dry ni t rogen and after 2 
hr  at 250~ H20 will no longer etch the oxide; after 1 hr at 600~ HC1, HF, 
HNO3, NI-I4OH will not etch the oxide but  hot HsPO4 will etch the oxide. The 
oxide is an amorphous, vitreous film which crystallizes to ~-Ga20~ after sev- 
eral hours at 800~ A th in  (<100A) graded, oxide-GaAs interface was found 
to grow at anodization potentials >100V and for hea t - t rea tment  at tempera-  
tures greater than 400~ for 1 hr. The oxide exhibits excellent adherence to 
the substrate, has good match with the thermal  coefficient of expansion of 
GaAs, and forms a relat ively s t ra in-free interface. Since GaAs is consumed 
during anodization, this provides a technique for surface cleaning using an 
oxide growth-st r ip  step. Enhanced device rel iabil i ty is expected to result  by 
uti l ization of the oxide growth-s t r ip- regrowth cycle during device fabrication, 
since this will remove contaminat ion from the surface. The findings here 
enumerated,  coupled with ease of oxide growth, suggest ready implementa-  
t ion to a GaAs p lanar  technology. 

The growth of amorphous native oxides on com- 
pound semiconductors has recently been demonstrated 
(1, 2), and has been shown to have beneficial passiva- 
tion effects (3, 4). It has therefore become necessary 
to expand both our unders tanding and our technologi- 
cal capabilities to determine the extent  to which we 
can apply these oxide growth concepts to device fabri-  
cation techniques. In a recent paper (5), the anodiza- 
tion of GaAs in aqueous H202 solutions was discussed 
and application to mesa formation for waveguides and 
double heterostructure lasers were described. In  this 
paper, we show the results of addit ional studies on a 
similar anodization system. We describe how the range 
of oxide thickness has been extended from the 3000A 
previously reported, to greater than 8000A. We also 
describe how both the physical and chemical charac- 
teristics change with heat- t reatment .  In  addition, a 
technology is presented which permits full  surface 
anodization, and uti l i ty of this oxide as both a surface 
evaluation tool and a surface cleaning and protection 
method. Potent ia l  device applications of this emerging 
anodic oxide technology are also discussed. 

Experimental Procedure 
The anodization process used here is similar to the 

technique described earlier (2), but  has been extended 
to allow: (i) anodization with either a constant voltage 
source (max imum current  l imit)  or a constant current  
source (maximum voltage limit):; (ii) variat ion of the 
tempera ture  of the anodization bath from room tem- 
perature to the boil ing point of 30% H202 ( ~  106~ 
and (iii) use of self-anodizing A1-Ni wire or A1 tweez- 
ers ra ther  than Pt to contact the anode (semiconduc- 
tor) sample. 

The anodization bath consisted of an aqueous solu- 
t ion of 30% 1-1202, which was buffered to a pH of 2.0 
• 0.5 with HsPO4 for s tandard oxide growth conditions. 

Anodization studies were performed on (100)- and 
( l l l ) - o r i e n t e d  GaAs wafers, which were p- type with 
a net  Zn acceptor concentrat ion in the 1-5 • 101S/cm 8 
range or n - type  with a net Si donor concentration in 
the 0.5-5 • 1017/cm3 range. The samples were lapped 
with 0.3 ~m a lumina  in H~O and 75 ~m was then etched 
[the arsenic face for ( l l l ) - o r i e n t e d  samples] with a 
bromine methanol  solution for a final wafer thickness 
of 0.3 mm. 

* Electrochemical  Society Active Member .  
K ey  words:  oxidation., compound semiconductors,  device tech- 

nology. 

The wafers were thoroughly degreased using t r i -  
chlorethylene and acetone soxhlet cycles, followed by 
a water and methanol  rinse prior to anodization. At 
this point  oxides were grown in a hot peroxide solu- 
tion under  constant voltage or constant current  con- 
ditions. Room temperature  oxides were also grown to 
provide reference samples. A drying procedure, that of 
heating in dry ni trogen for 2 hr at 250~ was estab- 
lished to stabilize the oxide films. 

Oxide thickness and index of refraction were mea-  
sured with an ell ipsometer at 6328A using procedures 
described for similar studies of the oxidation of GaP 
(2). Oxide thickness was also measured with a Taly-  
step 1 by comparing the step height of photoresist pro-  
tected oxide stripes (6) with respect to the GaAs sur-  
face, thus producing an independent  thickness mea-  
surement.  

Sample anodization.--During the early anodization 
studies only partial  oxidation of the surface area was 
possible because the GaAs sample was clamped in Pt  
tweezers and the sample was immersed in the bath to 
a depth such that the Pt did not contact the solution. 
When considering the effects of surface tension and 
vibrat ion of the solution, a significant portion of the 
semiconductor sample did not anodize. This problem 
became part icular ly severe when small samples were 
used, such as 6 mm square double-heterostructure  laser 
slices. Furthermore,  the effects of high electric field and 
uncontrol lable pH at the a i r - l iquid interface generate 
a nonuni form oxide band parallel  to this interface. 
Thus the unanodized and nofiuniform portions of the 
wafer were wasted. One of the first problems solved 
was the development of a means of achieving "full sur-  
face" sample anodization, using a metal  to contact the 
semiconductor which itself can be immersed in the elec- 
trolytic bath and will self-anodize. In  (3% A1), Ni, A1- 
Ni, and A1 were found to anodize quickly, forming a 
high resistivity oxide which eliminates any shunt  path 
to the solution, thus permit t ing semiconductor anodiza- 
tion. Silver was found to be unsui table  because the 
Ag203 so formed is soluble in the anodization bath and 
the silver contact dissolves before the semiconductor 
is anodized to any appreciable thickness. The results on 
a luminum were part icular ly interest ing because this 
self-passivating effect stops oxide growth leaving a 
thin brit t le oxide on the A1. This oxide then 
cracks easily under  slight mechanical  pressure, thus 

I Taylor-Hobson Company. 
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allowing good electrical contact to be made to the un-  
derlying metal. Such a self-anodizing metal  can be af- 
fixed to the back of a sample with wax, as shown in 
Fig. 1. In the case of higher resistivity samples, where 
current  spreading can be a problem or where a full  
surface back contact is desired (as in MOS samples),  
a full back surface a luminum or a luminum overlay 
metall ization can be evaporated to act as a sealant for 
the anodization. For rapid processing, however, the 
technique used predominant ly  throughout  this series of 
experiments was to hold the sample with Al- t ipped 
tweezers and then immerse the sample and tweezer tip 
in the bath as shown schematically in Fig. 2. In  this 
manner,  all but  about 2 mm 2 of the surface was anod- 
ized, and problems associated with the a i r - l iquid in ter -  
face were eliminated. 

O x i d a t i o n  
The mechanism of anodization of GaAs is thought to 

involve an ionic drift  process, wherein the ionic oxi- 

WAX 

.................................. ~ CROSS SECTION 

SELF-ANODIZING SEMICONDUCTOR 
WIRE CONTACT WAFER 

TOP V I E ~  WAX 

Fig. 1. Technique for full surface oxide growth using a self- 
anodizing metal contact. 

CLAMP 

ANODIZABLE METAL 

SEMICONDUCTOR 
SAMPLE 

H20  
(30%) 

QUARTZ 
SEPARATOR / ,Pt 

CATHODE 

ENCASED QUARTZ 
STIRRER BEAKER 

Fig. 2. Schematic of an~dizatlon system using self-anodizing 
contact for full surface oxide growth at room temperature and at 
100~ 

dant  drifts through the oxide to reach the oxide-semi- 
conductor interface where the oxidation actually takes 
place. The part ial ly oxidized gall ium (e.g., Ga +1) is 
now influenced by the electric field in the oxide and 
starts to drift toward the oxide-electrolyte interface. 
During its migration, or at least soon after it reaches 
the oxide-electrolyte interface, the gall ium is oxidized 
further  to the Ga +3 state, where it finally stabilizes. 2 
Therefore, under  steady-state conditions, there is 
charged oxidant moving inward from the electrolyte 
and charged reductant  moving outward from the semi- 
conductor. The assumption is also made that  the ar-  
senic oxidizes to its fully stable state (probably As +8) 
and becomes stationary, being bonded to its neighbor-  
ing oxygen atoms. 

Since ionic conductivity is known to be strongly tem-  
perature dependent,  the logical step in an at tempt to 
increase the ul t imate oxide thickness was to raise the 
temperature  of the anodization bath  (9). The effect of 
temperature  on the "ult imate" oxide thickness is in -  
terpreted as being related pr imari ly  to two factors: in -  
creased ionization in solution and enhanced drift mo- 
bility. The influence of temperature  on ionization in 
solution is well known and for most inorganic acids, 
the ionization constant increases with increasing tem-  
perature;  hydrogen peroxide as an inorganic acid 
shows this property (10), and therefore the concentra-  
tion of ionic oxidant is increased in solution. 

Drift mobil i ty of the ionic  oxidant  is strongly tem- 
perature  dependent;  the ionic drift rate follows an 
exp ( - - E / k T ) / T  dependence (11), a rapidly increasing 
function between room temperature  and 100~ One 
might also expect enhanced diffusion of species in solu- 
tion at elevated temperature,  but  this effect is not be-  
lieved to be an impor tant  contr ibutor to the increased 
oxide thicknesses. Sample conductivity also has a role 
in the ionic processes required for anodization. In -  
trinsic (undoped) samples exhibit  a strong tempera-  
ture-conduct ivi ty  dependence and oxide growth is en-  
hanced at elevated tempera ture  due to this effect. The 
conductivity of extrinsic samples (>  1016/cm 8) how- 
ever, is temperature  insensit ive from room tempera-  
ture to 100~ and thus would not contribute to in-  
creased oxide growth. 

An increase in oxide growth was indeed observed for 
this hot-peroxide system, and the dependence of oxide 
thickness on anodization voltage for boi l ing-peroxide 
growth is shown in Fig. 3; also included are data for 
room tempera ture  growth (5). Note that for biases less 
than 100V the hot-peroxide thickness dependence is 
l inear at approximately 22 A/V,  20% greater than the 
room temperature  growth. However, at higher volt-  
ages, the growth becomes superl inear  with voltage ap- 
proaching 50 A / V  at 180V, more than 21/2 times the 
room temperature  growth. The thickest as-grown ox- 
ide prepared to date has been 8600A at ~lSOV. 

Oxide thickness was measured with both the Taly-  
step and ellipsometer because of the interpretat ional  
problems reported with the ell ipsometry data for room 
temperature  anodizations at biases greater than 150V 
(5). For the high temperature  anodizations at biases 
less than 100V, agreement  was found between the two 
measurement  techniques. The index of refraction of 
the oxide was measured as n = 1.8, identical with the 
value obtained for room temperature  anodization. How- 
ever, analysis of ellipsometric data for the high tem- 
perature oxides, grown at biases greater than 100V, 
yielded an apparent  index of refraction which in-  
creased with anodization voltage, up to n ~ 3.2 at 190V. 
Thus, the calculated oxide thickness appeared to de- 
crease with increasing voltage. Because these were 
clearly anomalous results, Talystep measurements  were 
made which showed that the oxide thickness monotoni-  
cally increased with applied bias. These results clearly 
show that the model of a uniform oxide and abrupt  in-  

Stud ie s  on the  compos i t i on  of the  g r o w n  ox ide  (7) show non-  
u n i f o r m i t i e s  of compos i t i on  s i m i l a r  to those  f o u n d  in  anod ized  G a P  
(8). 
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Fig. 3. Oxide thickness produced vs. anodization potential for 
room temperature and boiled anodization. 

terface used in the ellipsometric analysis is no longer 
valid. 

It is postulated that a grading of composition at the 
semiconductor-oxide interface occurs at high bias con- 
ditions. Some addit ional corroborating evidence for the 
existence of such an interface region is presented be-  
low. 

Oxidized samples were examined using a phase-con-  
trast  microscope at 160• and the two interfaces (i .e. ,  
semiconductor-oxide and oxide-air)  could be brought  
into focus separately. Oxides produced by hot-anodiza-  
tion at t40V were smooth and shiny and of apparent  
uni form color throughout  (Fig. 4a); oxides formed at 
higher voltages exhibited a dull  and /or  grainy texture  
as seen in Fig. 4b. Careful microscopic examinat ion of 
the dull  and of the grainy oxides showed a grainy re-  
gion forming deep within  the oxide; although the 
oxide-air  surface still appears to be smooth in both 
cases. This gra iny region deep in the oxide film, shown 
clearly in Fig. 4b, grows and becomes more clearly 
defined with increasing bias, unt i l  the entire film be- 
comes very hazy and nonuni form in color with the 

Fig. 4a. Microphotograph of semiconductor-oxide interface of 
2200~, thick oxide produced by hot anodization at 140V. Note 
uniform texture. (Original magnification 160 X.) 

Fig. 4b. Microphotograph of semiconductor-oxide interface of 
oxide > 8600~, thick produced by hot anodization at 190V. Grainy 
detail is readily apparent. (Original magnification 160X.) 

appearance of patches of color randomly  distributed. 
Since this s t ructure is voltage dependent  and the 

surface looks as though it may have been decorated 
by electrical breakdown, an at tempt to increase anod- 
ization voltage while main ta in ing  shiny, high qual i ty 
oxides was made by increasing the voltage in step in-  
crements dur ing anodization. The reasoning behind this 
approach was to prestress the oxide with bias less than 
140V, then to slowly increase the bias as the oxide 
thickness increases. A typical step cycle was to anodize 
for 5 rain each at 120, 140, and 160V, and this approach 
was indeed successful: oxides produced at biases up to 
160V were shiny and uni form in color, at biases up to 
180V were shiny but  gray, and at bias greater than 
190V the oxides were again dull and grainy. It should 
be noted that this voltage s tep- increment  technique is 
actually a l inear  piece-wise approximation to a con- 
stant current  anodization process. Samples have been 
anodized using both a constant  current  and constant 
voltage source, and the following similarities have been 
observed. In both cases final oxide thickness seems to 
depend only on the applied bias. In  the constant volt-  
age mode, oxide thickness is predetermined by the ap- 
plied voltage and if the series resistance between the 
anode and cathode is not exceedingly high, the oxide 
grows quickly (5-10 min)  (5) and is reasonably un -  
changed if left in the anodic cell for longer times. In 
the constant current  density mode, power must  be cut 
~ff at some predetermined voltage, otherwise oxide 
growth will continue as long as the bias continues to 
be applied to main ta in  .the current  level in the system. 

Oxide Properties 
It was reported that for anodization of GaP a bake-  

dry cycle was necessary to remove waters of hydrat ion 
incorporated dur ing oxide growth (2). Oxide layers on 
GaAs show no change in thickness after oxide growth 
and after bake cycles up to 400~ It was thus deter-  
mined that the procedure used for GaP does not neces- 
sarily apply for GaAs. It was observed, however, that 
when wafers were rinsed in water subsequent  to anod- 
ization, the water would l ightly etch the oxides. How- 
ever, a dry-bake  cycle was found to completely stabil-  
ize the oxide with respect to water  etching. Thus, for 
all data presented here unless otherwise indicated, the 
oxides have been baked for 2 hr in a dry ni trogen am-  
bient  immediate ly  following anodization. 

The anodic oxide on GaAs is readily etched in HC1 
solutions; the oxide etch rate vs .  HC1 concentrat ion in 
H20 is shown in Fig. 5 for room-tempera ture  anodized 
oxides; oxides anodically grown in boi l ing-peroxide 
exhibited similar etch rates. These data were obtained 
by first de termining the oxide step height with the 
Talystep, and then measur ing the time required to etch 
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Fig. 5. Oxide etch rate determined by complete removal of a 
2000,~ room temperature oxide as a function of HCI concentration. 
Samples were heat-treated at 250~ for 2 hr and at 250~ for 2 
hr and 400~ for 1 hr to evaluate chemical stability. 

to the GaAs surface. The etch rate for oxides baked at 
250~ range from approximately 100.0 A/sec in concen- 
trated HC1 to 3 A/sec in 1:100 concentrated HC1 to 
water. 

In anticipation of possible high temperature  use of 
these nat ive oxides on GaAs, several physical proper-  
ties have been examined at elevated temperatures.  The 
etch rate following a 400~ hr bake is also plotted on 
Fig. 5; note the enhanced chemical stabili ty of the 
oxide as evidenced by the decreased etch rates. Fu r -  
thermore, after baking at 600~ the observed etch rate 
is less than 1 A/sec, i.e., below measurable limits even 
in concentrated HC1. Oxides baked at high temperature  
do not seem to etch in HC1, HNO3, HF, NH4OH, or 
NaOH; only hot, concentrated H3PO4 seems to remove 
the oxide. The oxide thickness of a room temperature  
grown, 2000A thick film was measured after growth, 
and after sequential  bake cycles each at 1 hr at tem- 
peratures up to 650~ These data, plotted in  Fig. 6, 
show vi r tua l ly  no thickness change up to 400~ but 
above 450~ the oxide thickness decreased unt i l  only 
approximately 50% of original thickness remained at 
650~ At 550~ and above, some graininess was ob- 
served in the oxide, analogous to the grainy appear-  
ance at the interface observed under  high bias condi- 
tions. Etching studies have also shown that after bak-  
ing at 400~ the last 10,0A of oxide (i.e., at the semi- 
conductor-oxide interface) has a granular  appearance 
and does not etch easily. Thus, the interface region 
develops both at high anodization bias and after a bak-  
ing cycle at 400~ and above. The thickness of this 
interface region appears to be less than 100A, and is 
extremely difficult to remove via etching. 

The data showing change in oxide thickness with 
hea t - t rea tment  might suggest s tructural  changes in the 
native oxide. X- ray  diffraction studies on the as-grown 
oxide as well as after sequential ly heating it in dry Ne 
for 2 hr at 250~ 2 hr at 600~ 2 hr at 700~ and 10 
rain at 800~ showed no detectable crystallization, i.e., 
the film remained amorphous. However, after 1 hr at 
800~ a pat tern started to devel~op indicating the pres- 
ence of p-Ga2Os in small  quantities in the glass film. 
Following 2 hr at 800~ transmission electron micros- 
copy identified the presence of small  grains (200-500A) 
of p-Ga203 dis,tribu,ted in between large grains (2000A) 
of an unidentifiable crystall ine phase, all encased in 
an amorphous medium. Whiskers growing from the 
semiconductor-oxide interface up through the oxide 
were also observed. After  4 hr at 890~ the entire film 
crystallized and flaked off the surface of the GaAs. 

225C 

f l  0 
2 0 0 0  - -  

E 750 - -  

z 1500 - -  

~- 1250 - -  

1 0 0 0  - -  

75O 
150 

I I I I 
250 350 4 5 0  550 650 

TEME IN ~ 

Fig. 6. Oxide thickness as a function of heat-treatment after 
1 hr at each given temperature. Oxide originally .grown at room 
temperature and 100V. 

Clearly this crystallization is a dynamic process depen- 
dent  on time and temperature.  

Another  important  physical property is oxide ad- 
herence to the substrate. As-grown oxides and oxides 
heat- t reated up to 700~ for 1 hr all passed the "Scotch 
tape test." Only  when crystallization occurred, after 
exposure to 8.00~ for several hours, did the film be- 
come brit t le and lift from the semiconductor. A pre-  
l iminary  study was made to determine if oxide growth 
would induce strain in the GaAs substrate, or if poten-  
tial mismatch in the thermal  coefficients of expansion 
would induce strain after temperature  cycling. A piece 
of GaAs was cleaved and viewed through crossed po- 
larizers under  an infrared microscope before and after 
oxide growth, and again after hea t - t rea tment  to 6.00~ 
fop 1 hr; no stra~in induced birefr ingence was observed, 
indicating at lease no gross strain to be present. How- 
ever, a more sensitive measurement  using the tech- 
nique of automatic Bragg angle control must  be made 
before these strain results are conclusive. 

Device Appl ica t ion  
The native anodic oxide can be used as a mask for 

chemical etching, previously described for the forma- 
tion of passive optical waveguides and mesas suitable 
for double-heterostructure  (DH) lasers (5). There are, 
of course, many  other potential  uses and in this section 
we describe some applications of the oxide in terms 
of general  processing schemes as well as several par-  
t icular device applications. 

Since oxide growth rates are dependent  on the anodic 
current  density, oxide uniformity  is dependent  on sam- 
ple conductivity or carrier concentration. Thus, an ox- 
ide grown on a semiconductor with nonuni form lateral 
doping (Fig. 7a) will exhibit  color bands or fringes 
(as shown in Fig. 7b) with the thicker oxides growing 
on more highly doped areas. Oxide growth is also a 
sensitive function of crystall ine perfection, so that 
some epitaxial growth defects are clearly delineated 
during oxide growth (seen in Fig. 7b) (9). This is 
proving to be a simple, yet valuable, surface evaluation 
technique in the DH laser fabrication technology. 

During anodization, approximately 2/3 of the oxide 
thickness represents GaAs material  consumed (5). This 
provides a controllable technique for sectioning thin 
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Fig. 7a. Photomicrograph of as-grown p-type LPE layer on GaAs 
substrate. (Original magnification 160X.) 

Fig. 7b. Photomicrograph of same area of p-LPE layer after 
anodic oxidation at 100V. Striated regions indicate non-niformities 
in carrier concentration, while ring-like, splotchy areas decorate 
epi-layer defects. (Original magnification 160• 

parallel  layers for material  analysis and semiconductor 
profiling. This technique also provides an excellent 
scheme for semiconductor surface cleaning: a prede-  
termined semiconductor surface layer up to approxi- 
mately  5000/k thick can be removed by oxidation fol- 
lowed by an HC1 strip. Aside from being a superior 
cleaning technique to that of organic solvent cleaning, 
this technique will remove surface damage which may 
have been caused dur ing prior processing s~eps if this 
damage penetrates less than the thickness of GaAs 
consumed dur ing anodization. Such cleaning is useful 
in device fabrication to keep contaminat ion from active 
regions, to minimize surface leakage, and to provide 
more reliable low resistance contacts. This technique 
can be ex~tended to provide surface protection as well 
as cleaning. If an anodization step is performed after 
certain processing steps, including the init ial  materials 
preparat ion seep of epitaxial layer growth or diffused 
layer formation, the oxide will keep the semiconductor 
surface clean from contaminat ion unt i l  the next  proc- 
essing step. Measurements of oxides on GaP (12) in -  
dicate this oxide does act as an effective mask against 
mobile ionic species ( including Na + ) and on GaAs 
(13) against the d,iffusion of atomic Zn. Thus, a fur ther  
advantage may be obtained in that the na.tive oxide 
should passivate the semiconductor surface and offer 
improved device reliability. 

One class of devices that may become feasible ut i l -  
izing this anodization process is the MOS family. In  
particular,  the p- and n-channe l  insulated gate field 
effect transistor (IGFET) could be fabricated using 
the anodic oxide as the gate insulator. An exper iment  
is now in progress to explore these possibilities. An-  
other class, diffused junct ion devices, can be optimized 
using well-con.trolled selective area diffusion (13) 
along with a diffusion damage buffer (13) as a result  
of the anodically grown oxides. The sectioning tech- 
nique provides a fabrication technology for yet another 
class, mesa or quasi-planar.  This mesa geometry can 
be part icular ly useful for lasers and LED diode arrays 
especially where junct ion isolation and current  con- 
finement are required. 

The technology of anodic oxidation of GaAs may be 
very useful in the GaAs-GaA1As double heterostruc- 
ture laser technology. The oxidation process seems well 
suited to the design of new laser structures and the 
improvement of laser reliability and lifetime. However, 
discussions of these details will be covered in future 
efforts. 

Summary 
1. A technique has been developed permit t ing the 

growth of a nat ive oxide on GaAs to an as-grown 
thickness of up to 8600A. The oxides formed by anod- 
ization with biases to 180V in a boiling H2Of-aqueous 
solution have an index of refraction, n -~ 1.8, and ex- 
hibit excellent adherence to the substrate. The growth- 
bias dependence of such oxides has been measured and 
found to range from 22 to 50 A/V. 

2. A method for obtaining full surface anodization 
has been described which allows for more economical 
use of the semiconductor material, more uni form and 
repeatable anodizations, as well as e l iminat ing prob- 
lems at the surface of the solution and of premature 
oxide breakdown at the air-liquid interface. 

3. The anodic oxide was found to exhibit enhanced 
chemical stability with heat-treatment. The as-grown 
oxide etches in HCI, and also etches slowly in H~O. 
After being baked in dry Nf, the HCI etch rate was 
unchanged, but HfO would no longer etch the oxide. 
Following a bake at 400~ the observed HCI etch rate 
decreased, and after a high temperature bake, IICI 
would no longer etch the oxide st any appreciable 
rate. A "standard" bake cycle of 250~ for 2 hr was 
incorporated to prevent water etching; no oxide thick- 
ness change was observed following this bake. 

4. Gallium arsenide is consumed during anodization 
at a rate of 2/3 of the oxide thickness growth rate. This 
technique can be utilized for lateral sectioning and to 
profile the material, as well as to clean the semicon- 
ductor surface via a growth-strip step. 

5. A region at the semiconductor-oxide interface 
with optical and chemical properties differing from 
both the semiconductor and oxide has been identified 
using the e11ipsometer and chemical etching. This in- 
terface is produced when anodizing at biases greater 
than 150V and can also be produced by heat-treatment 
at 400~ for 1 hr. 

Clearly the most important outcome of this study is 
the recognition of the potential of this oxide to develop 
a planar GaAs technology, and the multitude of new 
device structures such a technology implies. 

It has been found that this native oxide acts as a 
diffusion mask against Zn (13). It is also a barrier 
against moisture and may act as a barrier to many 
different atomic species. This oxide is compatible with 
standard photolithographic processing, will serve as an 
etching mask, has good adherence, and forms a rela- 
tively strain free, high integrity interface with the 
semiconductor. The ease of oxide formation, coupled 
with the technology developed here, suggest an inter- 
esting and aotive future for the GaAs-native oxide 
system. 
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Vapor Deposition of GaP for High-Efficiency 
Yellow Solid-State Lamps 

Bruce W. Wessels* 
General Electric Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Ni t rogen-doped  gal l ium phosphide has been epi tax ia l ly  deposi ted on GaP 
subst ra tes  by  Chemical vapor  deposi t ion using phosphine, hydrogen  chloride, 
and gal l ium as reactants.  The morphology  of the epi taxia l  layers  and the elec-  
t ro luminescence of the Zn-diffused diodes were  ~nvestigated as a function of 
subs t ra te  tempera ture ,  Ga source tempera ture ,  and reac tant  concentrat ion.  I t  
was found that  by  decreasing the P H J G a C 1  rat io at which the ma te r i a l  was 
grown, the e lectroluminescence of the diodes p repared  f rom the mate r ia l  
shif ted to longer  wavelengths  as a resul t  of increased ni t rogen incorporat ion.  
Minor i ty  car r ie r  l i fe t ime for the n - type  epi tax ia l  mate r ia l  was measured  
by  the diode reve r se - recovery  technique. For  diffused diodes, the reciprocal  
of the  minor i ty  car r ie r  l i fe t ime is d i rec t ly  propor t iona l  to the  P H J G a C 1  ra t io  
at  which the mate r ia l  was prepared.  Possible recombinat ion  centers consistent 
wi th  l i f e t ime-ambien t  composit ion behavior  are the Si-O complex or Ga 
vacancy complex. Quantum efficiencies for the encapsula ted  ye l low l ight  
emit t ing diodes wi th  a mesa s t ructure  were  as high as 0.15% at 20 A / c m  2 
and ,0.24% under  pulsed opera t ion  at 100 A / c m  2, 

One of the most impor tan t  mate r ia l s  for the  fabr ica-  
t ion of efficient so l id-s ta te  lamps is GaP. By sui tably  
doping GaP grown by  l iquid phase ep i txay  (LPE) ,  
lamps which emit  r ed  (Zn-O doped) and green (N- 
doped) l ight  have been made. Recently,  it  has been 
observed that  by  increasing the n i t rogen doping level  
in GaP to grea ter  than 1 X 1019 a toms/cm 3, ye l low 
electroluminescence can be obta ined  (1). Efficient 
ye l low lamps,  however ,  are not easi ly p repa red  f rom 
GaP LPE mate r ia l  because of format ion  of GaN in the 
mel t  at high N concentrat ions (2). A growth tech-  
nique that  al lows the  p repara t ion  of GaP with  efficient 
ye l low and ye l low-o range  .emission is vapor  phase 
ep i taxy  (VPE).  

Al though quan tum efficiencies of 0.1% have been 
observed for ye l low Zn-diffused GaP VPE devices, 
fu r ther  improvements  are required.  One area  where  
advances can be made is in the epi tax ia l  growth.  In  
the present  work,  g rowth  conditions, including re -  
actant  par t ia l  pressure,  growth  and source t empera -  
tures, have been s tudied for the Ga-HC1-PI~-H2 

* Electrochemical Society A c t i v e  Member .  
K e y  w o r d s :  g a l l i u m  phosphide, vapor phase ep i t axy ,  e lec t ro lu -  

minescence, minority carrier lifetime. 

vapor -g rowth  sys tem and re la ted  to the  morphology 
of the epi tax ia l  mater ia l  as wel l  as to its e lec t ro lumi-  
nescent  propert ies.  In  addition, the dependence  of the 
space charge current  for diffused diodes, the  minor i ty  
carr ier  l ifetime, and quan tum efficiency were  invest i -  
gated as a function of the P H J G a C 1  rat io at which the 
epi tax ia l  mate r ia l  was grown. As a resul t  of this study, 
yel low l ight  emi t t ing  diodes wi th  the highest  quan tum 
efficiency ye t  repor ted  for GaP VPE devices have 
been prepared.  

Experimental 
AppaTatus.--The sys tem used for  vapor  phase GaP 

epi taxia l  growth  was s imilar  to that  descr ibed by  
Tie t jen  and Amick (3) for the deposi t ion of I I I -V 
compounds f rom Group V hydrides ,  Group II I  metals,  
and HC1. A schematic d iagram of the reactor  is given 
in Fig. 1. The reactor  chamber  consists of a h igh -pur i ty  
synthet ic  quar tz  tube,  wi th  s ta inless-s teel  piping lead-  
ing to it. The quartz  reactor  was placed in a th ree -  
zone resistance heated furnace.  

Reactant  gases included electronic grade  HC1, a 5% 
mix ture  of electronic grade phosphine in UHP hyd ro -  
gen, and pa l lad ium-di f fused  hydrogen  as the carr ier  
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Fig. I. Schematic diagram of vapor deposition apparatus 

gas. A mixture  of 10 ppm hydrogen sulfide in hydrogen 
was used to dope the epitaxial layers n-tyl~e to a 
level of 3 • 1016/cm 3. Nitrogen doping of the layers 
was achieved by incorporating electronic grade am- 
monia  into the gas stream. Elemental  Ga of 6 nines '  
pur i ty  was the metallic source. Epitaxial layers were 
grown on LEC grown gall ium phosphide wafers, ori- 
ented 10 ~ off the (100) plane. Before deposition the 
wafers were lapped, chemically polished, and then 
etched in 3: 1: 1, H2SO4:H20:H202. Subsequently,  the 
wafers were r insed in deionized water  and inserted 
into the reaction chamber after drying in N2. 

Typical growth conditions consisted of a gall ium 
source tempera ture  of 880~176 and a substrate 
temperature  of 780~176 The phosphine and hydro-  
gen chloride flow rate~ were 1.5 and 3.0-7.5 cm3/min, 
respectively, with a total hydrogen flow rate of 650 
craB/rain. The furnace was profiled so that there were 
two regions of differing temperature  gradients: a flat 
zone at which the Ga source was placed, and a region 
with an 8~ temperature  gradient  where the sub- 
strafe was placed. Growth rates for a HC1 input  con- 
centrat ion of 4.0 cm3/min, a source temperature  of 
890~ and substrate tempera ture  of 800~ were of the 
order of 0.3 ~/min.  

The following reactions have been found to occur for 
a similar vapor-hydr ide  system (4). Gaseous HC1 re-  
acts completely (~98%) with the gal l ium source in 
the metal  zone to form gal l ium monochloride. Phos- 
phine part ial ly decomposes near  the deposition zone 
to form the species P2 and P4. Subsequently,  at the 
deposition zone gal l ium monochloride reacts with 
phosphorus and hydrogen to form GaP and the by-  
product HC1. An impor tant  feature of the present sys- 
tem as compared to the Ga-PCI~-H2 system (5) is that  
the relat ive amount  of Ga to P in the ambient  can be 
readily varied making it possible to s tudy the effects 
of stoichiometry on the properties of epitaxial GaP. 

Diodes were prepared from the VPE material  by 
diffusing zinc from a saturated source of ZnP2 in  a 
closed tube. Diffusions were done at 775~ for 3 hr, 
which yielded junc t ion  depths of about 5~. The diffused 
mater ial  was scribed into chips 1.45 • 10 -8 cm2 in 
area, which were then bonded to gold headers with 
tin. Direct contact was made to the diffused p-side 
with a 1-mil gold wire. Mesa diodes were constructed 
by the method described by Logan et al. (2). 

Measurements.--Electroluminescent spectra for the 
diodes were obtained using a Spex monochrometer  
with an RCA C31034 photomult ipl ier  tube. The ni t ro-  
gen concentration, N, of the epitaxial  layers was deter-  
mined by measur ing the room temperature  absorption 
coefficient at 5540A (A line) and relat ing it to the ni -  
t rogen concentrat ion with the expression ~ ~ CN 
where  ~, the absorption cross section, equals 5 • 10 -17 
cm 2 (2). The absorption cross section has been cor- 
rected in keeping with the work of Lightowlers et al. 

(6). The external  quan tum efficiencies of the solid- 
state lamps were determined using an integrat ing 
sphere. Minority carrier l ifetime was measured using 
the diode reverse-recovery technique of Kingston (7). 
For the Zn-diffused p + - n  structure the l ifetime mea-  
sured by this method is essentially the minor i ty  car- 
rier hole lifetime. 

Results 
It was found that the morphology, electrolumines-  

cent spectral characteristics, and minor i ty  carrier life- 
t ime were affected by a number  of growth parameters.  
These parameters included the part ial  pressures of the 
reactants, dopant concentrations, source and substrate 
temperatures,  and substrate orientation. 

Temperature ef]ects.--The morphology of the epi- 
taxial layers was extremely sensitive to the gall ium 
source temperature.  Figure 2 shows the morphology of 
the epitaxial layers grown at a gal l ium source tem- 
perature of 930~ A stacking fault  density of the order 
of 10'6/cm 2 was observed at the surface of the as-grown 
layers. Upon lowering the source temperature  30~ 
the density of the stacking faults decreased to less 
than 10Z/cm 2. 

The electroluminescent  spectra of diodes prepared 
from material  grown at various source temperatures  
also differed as shown in Fig. 3. Spectrum 1 was ob- 
served for diodes fabricated from mater ia l  grown at 

Fig. 2. Morphology of GaP epitaxial layer grown at a gallium 
source temperature of 930~ 

I I I I I I I I I 
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PHOTON ENERGY (eV) 

Fig. 3. Electrolumlnescent emission spectra at 300~ of GaP 
diodes prepared from material grown with o Ga source tempera- 
ture of 930~ (spectrum ]) and a Ga source temperature of 
900~ (spectrum 2). 
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a gall ium source temperature  of 930~ and a high stack- 
ing fault  density. A relat ively large red emission 
quan tum efficiency of 4.4 • 19 -5 re~ulting from zinc- 
oxygen pair recombinat ion was noted for these diodes. 
However, for diodes fabricated from material  pre-  
pared with a Ga source temperature  of 900~ and low 
stacking fault  densities (spectrum 2 in Fig. 3) a sub-  
stantial ly reduced red emission efficiency of 1.6 • 
10 -5 was observed. This result  suggests that oxygen 
may play a role in the formation of stacking faults in 
GaP vapor epitaxial material.  The oxygen contamina-  
t ion probably results from the decomposition of the 
SiC2 reaction chamber whose decomposition rate in-  
creases with increasing source tempera ture  (8). 

In  addition to the source temperature,  the GaP sub- 
strate temperature  also affected epitaxial morphology. 
At a substrate temperature  of 840~ and a PHJGaC1 
ratio of 0.3 an essentially featureless morphology was 
observed for the epitaxial layers. But, as the sub- 
strate temperature  decreased, hillocks began to form 
as shown in Fig. 4, with hillock concentrations as high 
as 50/cm~ having been observed. The hillocks in 
themselves are not  deleterious to the luminescent  effi- 
ciency of the material ;  but  it was noted that the leak-  
age current  of diodes fabricated from material  with a 
high hillock density is large. 

Orientation and layer thickness e~ects.--Substrate 
orientation was found to be a critical parameter  for 
achieving high ni t rogen incorporation without deg- 
radation of epitaxial layer morphology. High ni trogen 
concentration could not be obtained for growth on the 
(111) orientation without severe hillock formation. 
However, when growth was performed upon crystals 
which were 10 ~ off the (100) plane, high concentra:  
tions of ni t rogen could be incorporated into the. GaP 
without excessive morphological changes. In  fact, ni-  
trogen concentration as high as 4 • 1019 atoms/cm~ 
could be obtained with this orientation. 

In  contrast to previous work (9), it was observed 
that the quan tum efficiency of the grown material  was 
relat ively insensit ive to the thickness of the layers. 
Layers as thin as 17~ have been prepared in this study 
with the result ing diodes having quan tum efficiencies 
similar to those prepared from layers with a thickness 
of ten  times that amount.  

Reactant concentration.~It was observed that by 
changing the molar ratio of PHJGaC1 in  the reactor 
ambient  for a constant phosphine input, both the 
morphology and luminescent  characteristics of the 
epitaxial layers could be altered. For PHJGaC1 ratios 
of 0.5 or less it was noted that when the PHJGaC1 
ratio was decreased, the concentration of hillocks 
increased. This finding agrees with observations in 

Table I. Effect of PHJGaCI ambient ratio on nitrogen 
concentration epitaxiol layer 

S a m p l e  E m i s s i o n  
N o .  P I ~ : G a C 1  N c o n c  i n  l a y e r  p e a k ,  e V  

1 1 : 1 . 3  8 x 1017 c m - ~  2 . 2 1  
2 1 : 3 , 5  4 . 4  X 1 0  i s  c m ~  2 . 1 6  
3 1 : 7 . 1  1 . 1  x 1019 c m  -~ 2 . 1 0  

other hydride growth systems, since similar increases 
in hillock density with increased I I I /V gaseous species 
ratio have been observed in the epitaxial growth of 
GaAs (10) and GaAsxPI-z (11). 

More significantly, it was found that by varying the 
PHJGaC1 for a constant ammonia  input, the amount  
of ni t rogen incorporated into the epitaxial layers could 
be varied. A low PI-IJGaC1 ratio gave layers with 
large ni trogen concentration, as reported in Table I. 
Consequently, the spectral characteristics of diodes 
prepared from grown material  could be modified by 
changing the PH3/HC1 ratio. Figure 5 shows that the 
electroluminescent spectra of diodes shifted to longer 
wavelengths due to increased ni t rogen content  as the 
PHJGaC1 ratio was decreased. 

The minori ty  carrier lifetime, a quant i ty  that  is di- 
rectly proportional to the quan tum efficiency, was 
measured by the reverse-recovery technique on diodes 
prepared from n- type  mater ial  grown at different 
PHJGaC1 ratios. As shown in Fig. 6, it was found that 
the reciprocal of the minori ty  carrier lifetime �9 was 
proportional to the PHJGaC1 ratio. Moreover, the 
diode current  at a forward bias of 1.5V was investi-  
gated as a function of PHJGaC1 ratio at which the 
n-type material was grown, and was also found to be 
proportional to the PHJGaC1 ratio as shown in Fig. 6. 
To insure that the changes in the diode current re- 
sulted from bulk generation-recombination of carriers 
and not surface leakage, diodes of different areas were 
fabricated. It was observed that the current density 
was essentially independent of area, thus indicating a 
bulk recombination effect. 

For forward biases up to 1.7V, the current-voltage 
characteristics of the diodes could be fitted with the 
expression for pure space-charge current, Isc, given by 
(12) 

nikTW eV 
I ~ Isc = - -  e x p - -  [1] 

2 ~s(Vd-- V) 2kT 

where nl is the intrinsic carrier concentration, Vd the 
bu i l t - in  potential, W the space charge width, and ~s 
the effective carrier lifetime in  the space charge re-  
gion. For a constant dopant concentration, the only 

Fig. 4. Morphology of GaP epitaxial layer grown at a substrate 
temperature of 800~ 
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Fig. 5. Electroluminescent emission spectra at 300~ of GaP 
diodes prepared from material grown with different PHJGaCI 
ratios in the ambient, but at a constant ammonia partial pressure. 
PHJGaCI ratios are given in Table I. 
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Fig. 6. Dependence of space charge current, Isc, at a forward 
bias of 1.5V and the reciprocal of the minority carrier lifetime 
on PH3/GaC/ ratio at which the vapor epitaxial material was 
prepared. 

l ineari ty indicates that in  addition to the decrease in 
minori ty  carrier l ifetime with increased PHdGaC1 
there is also an increase in the radiative lifetime. The 
observed increase in radiative lifetime is consistent 
with the dependence of ni t rogen recombinat ion center  
concentrat ion on PHs/GaC1 ratio reported in  Table I. 

Electronic properties.--With the VPE technique, net  
donor concentrations, N D - • A ,  Of 2 • 10:15/cm s have 
been obtained for un in ten t iona l ly  doped epitaxial  ma-  
terial. Minority carrier hole lifetimes of 70 nsec have 
been observed in heavily ni t rogen-doped mater ial  with 
a net donor concentrat ion of 3 • 10Z6/cm3. Quantum 
efficiencies for encapsulated mesa yellow light emit-  
t ing diodes with a characteristic spectrum of Fig. 8 are 
0.15% at 20 A/cm 2. With pulsed operation, efficiencies 
of 0.24% have been obtained at 100 A/cm~ in the bet ter  
diodes, as shown in  Fig. 9. 

Discuss ion  
For a single dominant  recombinat ion center, the 

reciprocal of the low-level  recombinat ion lifetime is 
given by (13) 

T-z = CNnr [2] 

where Nm. is the number of recombination centers 
and C the capture constant. Thus the increase in the 
reciprocal of the minority carrier lifetime and the 
space charge current with PHs/GaCI ratio or P/Ga 
ratio results from an increase in the genera t ion-re-  
combination center density. The ident i ty  of these pre-  
dominant ly  nonradiat ive centers Nnr is not known;  
however, there are several possible candidates. 

parameter  in Eq. [1] which is dependent  on mater ial  
pi~eparation conditions is the lifetime. Thus the ob- 
served changes in the diode current  with PHJGaC1 
ambient  ratio are also due to the dependence of life- 
time on the growth ambient.  

In  support of the increase of the nonradiat ive life- 
time with decreasing PHJGaC1 ratio, the reciprocal of 
the electroluminescent  quan tum efficiency was found 
to increase with increasing PH-s/GaC1 ratio as shown 
in Fig. 7. However, instead of a simple monotonic 
relationship between ~1-1 and the Pt-~/GaCl ratio, a 
superl inear  dependence was observed. This super-  
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Fig. 7. The reciprocal of electroluminescent quantum efficiency 
as a function of PHJGaCI ratio at which the n-type epltaxlal 
mater~al was grown. The quantum efficiency was measured at 
13 A /cm ~. 
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Fig. 8. Electroluminescent spectra at 300~ of a yellow solid- 
state lamp prepared from VPE material. Current density was 6.9 
A/cm% 
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One type of recombinat ion center previously found 
to be important  in l iquid-encapsulated Czochralski 
GaP (14) and LPE GaP (15) is the gall ium vacancy. 
The concentration of gall ium monovacancies is directly 
proportional to the P / G a  growth ambient  ratio, which 
is the same concentrat ion dependence noted for the un-  
known recombinat ion center observed in this study. 
This concentrat ion dependence, however, does not 
uniquely  define the center involved, inasmuch as other 
centers associated with the gall ium vacancy, such as 
gallii~m vacancy complexes or substi.tutional im-  
purities on Ga sites, are also consistent with the ob- 
served l i fe t ime-ambient  behavior. 

Two other possible recombinat ion centers in VPE 
GaP are Si and Si-O complexes, since both of these 
species are inadver ten t ly  present  in the ambient  as a 
result of decomposition of the quartz reactor. Fu r -  
thermore, both have been cited as effective recombi- 
nat ion centers in LPE GaP (16, 17). Evidence in sup- 
port of Si being impor tant  in  VPE mater ial  is given 
by the findings of Okamoto et al. (18) on the Ga-As-  
HC1-He system for the growth of GaAs, where they 
observed that  by increasing the As /Ga ratio, the un i n -  
tent ional  silicon donor concentrat ion increases in the 
epitaxial layer. 

To fur ther  support silicon or silicon complexes acting 
as the pr imary  (nonradiat ive)  recombinat ion center 
in  GaP, the work of Smith and Abbott  (16) on mi-  
nori ty carrier lifetimes in LPE GaP can be cited. In  
their studies, Smith and Abbott  noted that the life- 
times decreased for increasing Si dopant concentration 
(16). They at t r ibuted this decrease in l ifetime to the 
acceptor Si (silicon on the phosphorus site) acting as 
a recombinat ion center. Their  conclusion, however, is 
inconsistent with that  of Bachrach et al. (17) who 
found, on studies of del iberately sil icon-doped GaP  
LPE layers, that  even at relat ively high concentration 
(101S/cm 8) of silicon in the layers, minori ty  carrier 
lifetimes of 29,0 nsec could be obtained. Bachrach et aI. 
observed that  only when GaP layers were s imul tane-  
ously doped with silicon and oxygen were marked de- 
creases in  the lifetimes noted. Consequently, they at- 
t r ibuted the decreased l ifet ime to Si-O complexes. 

The present  study also suggests that silicon as an 
acceptor is not the major  generat ion-recombinat ion 
center insofar as it was observed that  the number  of 
centers increased with increasing P / G a  ratio in the 
ambient.  On the other hand, the concentrat ion of sili- 
con acceptors should decrease with increasing P / G a  
ratio, as a result  of the incorporat ion of silicon ac- 
ceptors being dependent  on the concentrat ion of phos- 
phorus vacancies. Therefore, a center involving Si on a 
gall ium site such as the Si donor-O complex rather  
than a silicon acceptor is more likely to be a major  
recombinat ion center in VPE material.  

In  view of the exper imental  evidence, it is not yet 
possible to resolve which specific impur i ty  is the 
pr imary  genera t ion-recombinat ion center responsible 
for decreased lifetime and increased space charge cur-  
rent  in diodes fabricated from VPE material  grown at 
high P /Ga  ratios. However, it can be concluded from 
this study that the recombinat ion center involves the 
Ga site. 

Summary 
1. A high gall ium source temperature  resulted in 

epitaxial GaP with a high stacking fault  density and 

an increased red emission in the electroluminescent 
spectra. 

2. Decreasing the P / G a  ratio in the ambient  or de- 
creasing the substrate temperature  resulted in epi- 
taxial layers with large hillock densities. 

3. By varying the P / G a  ratio in  the ambient  the 
amount  of ni t rogen incorporated in  the epitaxial lay-  
ers could be controlled. It was found that the lower 
the P / G a  ratio the greater the ni t rogen concentration. 

4. Relatively long minor i ty  carrier lifetimes of 70 
nsec and decreased space charge current  could be ob- 
tained by fabricating diodes from epitaxial material  
grown at low P/Ga ratios in the ambient.  The decrease 
in the space charge current  and the increase in the 
lifetimes are probably associated with a decrease in 
the number  of Si-O complexes or gall ium vacancy 
complexes incorporated into the layers. 
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Very High Efficiency GaP Green Light 
Emitting Diodes 

0. G. Lorimor, P. D. Dapkus, and W. H. Hackett, Jr. 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

GaP green light emit t ing p -n  junct ion mater ia l  wi th  an average  quantum 
efficiency for uncontacted diced diodes in air at 7 A / c m  2 of 0.101% has been 
reproducibly grown in a vert ical  dipping system using a modified overcom- 
pensation process. This value corresponds to an average efficiency of 0.16% 
for epoxy encapsulated mesa diodes, which is 60% higher  than previously 
obtained. Mesa diode efficiencies as high as 0.230% at 5 A / c m  2 and 0.67% at 
~3'0:0 A / c m  2 were  obtained. The low current  value is the highest reported 
to date while  the high current  value is equal  to the highest previously re-  
ported. These efficiencies were  obtained through the introduction of several  
modifications in the previous overcompensat ion growth procedure. It was 
determined that  a large cooling interval,  f rom 900 ~ to 700~ with  a corre-  
sponding decrease in the t empera tu re  at which the p -n  junct ion is formed 
(850~ was the most important  modification that  resulted in the efficiency 
improvement .  Minori ty  carrier  l i fe t ime measurements  revealed spatial var i -  
ations of the l ifet imes in both n-  and p-layers.  The l ifet imes increased with  
decreasing growth temperature ,  indicating that  LPE growth tempera tures  as 
low as possible should be used. Typical values were  Th ---- 200 nsec and Xe ~ 100 
nsec at the junction. An analysis of the exi t  gas f rom the LPE growth system 
lets one est imate that  as much as ~5  ppm 02 could typically be present in the 
LPE growth system. Deliberate additions of small oxygen concentrations 
>10 ppm to the inlet  gas produced a pronounced reduct ion in the quantum 
efficiency and minor i ty  carr ier  l i fet imes while  oxygen additions < 10 ppm had 

no effect on the efficiency or lifetimes. 

A considerable effort has been devoted over  the 
past three years to improving the quantum efficiency 
of GaP green l ight emit t ing diodes (LED's) and to 
unders tand the operat ion of the device (1, 2). As a re-  
sult of this work  p -n  junct ion mater ia l  has been re-  
producibly grown with  e lectroluminescent  (EL) quan-  
tum efficiencies of encapsulated mesa diodes averaging 
0.1% at 5 A / c m  2 (1). This mater ia l  has been exten-  
sively characterized with respect to doping levels, N 
concentrations, minor i ty  carr ier  l i fet imes (~e, ~h), dif- 
fusion lengths (L~,Lh), and bulk luminescent  effi- 
ciency. For  example,  in 0.1% p -n  junct ion mater ia l  
typical values of Te and Th are 40 and 100 nsec, respec-  
tively, with corresponding bulk efficiencies of 0.3 and 
0.0'6% (2). These l ifet imes and efficiencies are  l imi ted 
by nonradiat ive  recombinat ion w h i c h  competes in 
paral le l  wi th  bound exci ton recombinat ion on the N 
site. 

In order  to achieve these efficiencies and l ifet imes in 
our ver t ical  "dipping" l iquid phase epitaxial  (LPE) 
growth system (3), it was essential to e l iminate  oxy-  
gen f rom the system (4). The inlet  gas lines were  care-  
ful ly constructed to be as leak free as possible. Be- 
cause of this l eak- f ree  gas system, the efficiencies were  
independent  of whe ther  or not a sodium trap (4) 
(oxygen getter)  was used. The growth system itself 
was designed to contain no "dead" air spaces which 
could act as v i r tual  leaks. To minimize oxygen con- 
taminat ion resul t ing f rom loading, the growth system 
was flushed overnight  with H2 after  loading and prior 
to growth. 

The overcompensat ion procedure used to obtain 
these efficiencies (1) was one where  both the n- and 
p- layers  were  grown in a single run. A Te,N doped n-  
layer  was first grown by cooling the mel t  f rom 900 ~ 
to 880 ~ or 870~ After  n-growth,  wi thout  removing 
the seed f rom the melt, Zn was added to the mel t  to 
overcompensate  the Te. The Zn,N layer  was then 
grown by fur ther  cooling to 830 ~ or 820~ 

Recent ly  wi th  the dipping system some very  long 
minor i ty  carr ier  l i fet imes have been obtained; values 

Key words:  GaP, LED, GaP-oxygen .  

of Th ranged f rom 30,0-80'0 nsee for net donor concen- 
trations f rom 1-3 • 1017 cm -8. By varying the growth 
procedure (5), l ifet imes up to 1000 nsec were  obtained 
in undoped, but n - type  layers. The cause for these 
longer  l ifet imes was unknown but it was speculated 
that  they were  due, at least partly, to a general  im- 
provement  in the growth technique which presumably 
resulted in a lowering of the 02 contamination. The 
re la t ive  contribution of each of the variat ions in the 
growth procedure (5) was also unknown. The work 
described herein  was ini t ia ted with  two objectives; to 
determine, if possible, the origin of the longer  l ifet imes 
and to grow p-n  junct ion mater ia l  incorporat ing these 
l i fet imes which should be reflected in higher  EL effi- 
ciencies. 

Experimental 
The LPE layers were  grown in an open flow dipping 

system which has been in continual use in the GaP 
green LED optimization program (1-3). The new 
growth cycle (5), hereaf te r  t e rmed "modified," adopted 
for this work incorporates a number  of procedural  
changes f rom the "overcompensat ion"  procedure (1) 
used previously. Table I enumerates  the differences in 
these two growth procedures. In the present work, the 
G a S P  mel t  is placed in a Si3N4 coated quartz  crucible 
which in turn is located at the bot tom of a freshly 
cleaned furnace tube. Both the seed and source holders 
were  graphite wi th  the seed holder  tube being hol low 
as previously described. The Si3N4 coating of the 
quartz crucible was used to el iminate oxygen  con- 
taminat ion result ing f rom the reduction of the qUartz 
by the Ga. The graphi te  holders were  to accelerate the 
loss of oxygen from the mel t  through the formation of 
CO. The first grown layer, which is a low doped n-  
layer, is grown by cooling a mel t  intent ional ly  doped 
only with N from 9'00 o to 850~ at a rate  of 30~ 
Upon reaching 850~ 0.14 atom per cent (a /o)  Zn is 
dropped into the mel t  through the hollow seed holder 
tube while  the furnace is held at constant t empera -  
ture for 1/2 hr  to uni formly  distribute the  Zn in the melt. 
The p - layer  is then grown by cooling f rom 850 ~ to 
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Table I. Comparison of the "overcompensation" growth procedure with the "modified" procedure 
adopted for this work. Growth parameters other than these remained un:hanged 

G r o w t h  parameter  O v e r e o m p e n s a t i o n  M o d i f i e d  

C r u c i b l e  m a t e r i a l  Q u a r t z  S igN4  c o a t e d  q u a r t z  
Seed and source holders Q u a r t z  G r a p h i t e  
Cooling interval:  n - l a y e r  900  ~ ~ 880  ~ o r  8 7 0 ~  900  ~ -> 8 5 0 ~  

p- layer  880  ~ o r  870  ~ ~ 8 3 0  ~ o r  8 2 0 ~  850  ~ -e  7 0 0 ~  
Overnight  anneal  N o n e  7 0 0 ~  
n-Layer:  dopants T e , N  - - , N  

N d - N a  1 -2  X 1017 c m  ~ < 1 X 1017 c m  4 

p-Layer:  dopants  Z n , N  Z n , N  
N~.-Na B-10 x i0  I~ em ~ 5-i0 x 1017 em ~ 

7,00~ at 3,0~ During the p -growth  (at ~775~ 
Zn is again dropped into the melt, this t ime with  no 
in terrupt ion in the cooling. This second Zn addition is 
to insure that the net acceptor concentration at the 
surface is high enough for good elecrical contacts. 1 
Upon reaching 70'0~ the LPE layers were  annealed in 
the Ga+P melt for ~14 hr (overnight). During the 
entire growth cycle, with the exception of the anneal, 
the seed was continually being stirred while in the 
melt to promote more uniform growth. The ambient 
gas consists of H2 plus 1.5 • 10 -~ arm of NH3 which 
is unchanged from that used previously. This am- 
monia addition to the gas s tream results in a N con- 
centrat ion in the GaP of 2 • 1,0 'is cm -a as measured 
by optical absorption (1, 4, 8). Since the n- layer  is 
not del iberately doped, the result ing net donor con- 
centrat ion varied considerably, viz., ~ 5 • 10 ,1~ < 

(Nd-Na) ~ 1 X 101~ cm -8. In the p-layer,  Na-Nd varied 

from 5 • 101~ to 1 • 10 TM cm-S at the p -n  junction. 
In order to evaluate  the re la t ive  importance of these 

changes in the growth cycle f rom the previous "over -  
compensation" procedure (1), the changes were  se- 
quent ial ly  eliminated. These include ei ther  a quartz or 
graphite crucible instead of the Si3N4 coated quartz 
crucible, quartz  seed and source holders instead of 
graphite, variations in the cooling intervals,  and the 
el imination of the anneal. Interspersed with these runs 
were  runs using the complete "modified" p,rocedure to 
insure the constancy of the system. The effect of each 
of these changes on the electroluminescent  efficiency 
and minori ty  carr ier  l i fet ime was assessed. From these 
exper iments  the re la t ive  importance of each change 
was determined.  

Most of the quantum efficiency measurements  were  
made on uncontacted diced diodes (9) in air at ~7 
A /cmk  Experience has shown that  efflciencies mea-  
sured in this manner  are ,-~60% of epoxy encapsulated 
mesa diodes operated at the same current  density (9). 
Equivalent  mesa diode efflciencies can be calculated by 
mult iplying the uncontacted diced diode efflciencies by 
~1.6. Epoxy encapsulated mesa diodes (10) were  fab- 
ricated only in the cases of a par t icular ly  high un-  
contacted die efficiency or when  measurements  at cur-  
rent  densities larger  than 7 A / c m  2 were  desired. 

All efficiencies were  measured on a pulsed basis in a 
close coupled cavity. At current  densities < 30 A / c m  2, 

15 ~sec pulses were  used; at current  densities > 30 

A / c m  2, 1 ~sec pulses. The nar rower  pulses were  used 
at the higher  current  densities to avoid heating during 
the pulse. Pulses nar rower  than 1 ~sec were  not used 
so as to keep the pulse width much larger  than the 
characteristic response t ime of the diode ( ~  largest  
minori ty  carrier  l i fe t ime),  thus insuring that a quasi-  
s teady-state  distr ibution of carriers would be. obtained 
during the pulse. 

The net donor or acceptor concentrations, ]Nd-Nal, 
were determined f rom capacitance measurements  of 

1 Z n  l o s s  i n  the open flow d ipping  sys tem and the relat ive  b e -  
h a v i o r  o f  n -  and p - type  d i s t r i b u t i o n  c o e f f i c i e n t s  (6,  7) h a s  a l w a y s  
resulted i n  a d e c r e a s e  i n  t h e  n e t  a c e e p t o r  c o n c e n t r a t i o n  f r o m  the 
p -n  junct ion toward the surface.  This decrease i n  N a - N d  i s  a l a r g e  
effect  in the  layers  grown over the w i d e  temperature  i n t e r v a l  u s e d  
in this work.  

Schottky barr ier  diodes on an angle- lapped surface 
(11). The minor i ty  carr ier  l ifet imes were  determined 
from a measurement  of the green photoluminescent  
decay t ime using the 4880A line f rom an argon ion 
laser for excitation (12). The laser power  was ad- 
justed so that  the generated minor i ty  carrier  density 
was comparable to that  produced by a diffusion cur-  
rent  of ~1-10 A / c m  2 through a p-n junction. The 
minori ty  carr ier  l i fet ime measurements  as a function 
of depth were  made on the same angle- lapped sample 
that was used for the ]Nd-Nal measurements.  

The diffusion length measurements  were  performed 
in a Cambridge "Stereoscan" scanning electron micro-  
scope. The measurements  are made by scanning a 
focused electron beam across a polished surface per-  
pendicular  to the junct ion on a 15 • 15 rail die. The 
diffusion lengths are determined f rom the functional 
dependence o f  the induced junct ion current  with scan 
distance across the junct ion (13). The electron beam 
excitation levels were  also adjusted to provide carrier 
densities equivalent  to diffusion current  densities of 
~1-10 A / c m  2 through a p -n  junction. 

A Varian Model 1532b gas chromatograph was u s e d  
to analyze the entrance and e x i t  gases of the LPE 
growth systems during the course of this study. Two 
molecular  sieve 5A columns, one 20 ft • % in. oper-  
ating at 50~ and the other  3 ft • % in. at --9O~ were  
used. With these two columns the concentrations of 
the commonly observed unintent ional ly  present  gases 
O2, N2, CH~, and CO could be simultaneously and 
quant i ta t ively  measured at sub-ppm levels in 1 atm of 
H2. The chromatograph was quant i ta t ive ly  calibrated 
for CO, 02, CH~ and N2 by the use of an exponential  
dilution flask (14). A known volume of sample gas is 
injected into the flask, also of known volume V, re-  
sulting in an initial concentration, Co. Af ter  injection, 
the concentrat ion of sample gas in the flask decays as 
Co exp (Ft/V) where  F is the flow rate through the 
flask of a carrier  gas. Periodical ly sampling the effluent 
gas with the chromatograph gives the quant i ta t ive  
calibration. For the four previously ment ioned gases, 
concentrations less than 1 ppm could easily be mea-  
sured under  the exper imenta l  conditions used in this 
study. Additional work on the application of chroma- 
tography to the analysis of LPE systems is given 
elsewhere (15). 

Results 
The quantum efficiencies of the r devices which were  

fabricated from this mater ial  are presented first fol- 
lowed by a more detai led characterizat ion yielding 
the minori ty  carrier l i fet imes and diffusion lengths. 
These parameters  were  studied as a function of the 
growth procedure to determine the critical growth 
parameters.  Finally, in an effort to determine the ef- 
fects on the efficiency of small amounts of 02 in the 
gas stream the results of a gas analysis study o3 oxy-  
gen contamination are presented. 

Quantum e~ciency.--Twenty-one p-n  junctions 
were  grown over  a 5 month  period using the modified 
overcompen~ation procedure described earlier. Figure 
1 compares the efflciencies of these junctions to those 
grown by the former  overcornpensation process (1). 
Each data point in Fig. 1 is the average efficiency of 
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Fig. 1. Comparison of electroluminescent quantum efficiencies 
of uncontacted die in air at 7 A/cm 2 for the former overcompen- 
sation procedure and the present modified overcempen3ation pro- 
cedure. Each data point is the average of ~ 6  diodes. The equiva- 
lent epoxy encapsulated mesa diode efficiency is higher by ,~60%. 

~6 uncontacted diced diodes fabricated from a single 
p -n  junct ion  sample. Prior  to this work, the overcom- 
pensation process most reproducibly yielded the high- 
est efficiencies we were able to obtain. The average 
efficiency of the overcompensated junct ions is 0.064% 
while that of the modified process is 0.101%. This is a 
~60% increase in average efficiency. Consequently, the 
modified procedure has resulted in a significant effi- 
ciency improvement.  

Mesa diodes were fabricated from a number  of the 
more efficient crystals and their efficiencies measured 
at higher currents. Figure 2 shows the efficiency for 
three of these epoxy encapsulated mesa diodes as a 
function of current. A value of 0.67% at ~300 A/cm 
was observed for 1-623 which is the highest value we 
achieved. This efficiency is essentially equal to the 
highest value (0.7%) reported to date by Ladany and 
Kressel (16). The doping density in the n - layer  of 
diode 1-623 is ,~6 X 1015 cm -a while that in 2-576 is 
9 X 1016 cm -8. For comparable diffusion lengths, con- 
ductivi ty modulat ion of the lower doped n- layer  in 
diode 1-623 is expected to result  in an enhanced cur- 
rent  dependence of the efficiency (17). 

For most device applications the low current  effi- 
ciency is a much more relevant  parameter  than  the 
high current  values. Figure 2 also shows the current  
dependence of the diode 1-628 with the highest efti- 

ciency measured at ,--5 A /cm 2 which was 0.230%. This 
is the highest efficiency at this low current  density re- 
ported to date. The average extrapolated mesa diode 
efficiency of the junct ions grown by the modified over-  
compensation process is ,~0.16% at 5 A /cm 2. 

The modified overcompensation process used to 
achieve these results utilizes several changes in the 
growth procedure from ~he former overcompensation 
process. However, since these changes were s imul tane-  
ously incorporated into the growth procedure, the rela-  
tive importance of each was unknown.  Consequently, 
a series of crystal growth runs were made where these 
changes were systematically el iminated in  order to 
study their relative importance. 

Table II presents a summary  of the efficiencies of 
uncontacted diodes for the combinations of quartz, 
graphite, and Si3N4 coated quartz which were used. 
None of the other growth parameters, e.g., doping 
levels, the cooling interval,  and the anneal ing cycle 
were changed. The efficiencies of the material  grown 
with these combinations of materials are judged to be 
essentially the same. Thus, the high efficiencies do not 
appear to be unique to only SigN4 coated quartz plus 
graphite in contact with the melt, but  can be achieved 
in an all quartz or graphite LPE system. 

Several growth runs were made using narrow cool- 
ing intervals as previously reported (1) or el iminat ing 
the anneal ing cycle, but using the Si31~4 coated quartz 
crucibles and graphite seed holder. Table III compares 
the quan tum efficiencies of these p -n  junct ions with 
those grown by the modified process. From this data 
we conclude that the anneal  did not appear to cause the 
increase in  efficiency but  increasing the cooling in ter-  
val did. Consequently, we conclude that the pr imary  
new factor in the present  growth cycle result ing in the 
higher efficiencies is the longer cooling intervals and 
the associated lower growth tempera ture  of the p -n  
junction. 

In  the early part of this work the LEC substrate dop- 
ing levels varied from 1.6-7 X 1017 cm -3. An interest-  
ing correlation was noted between the quan tum effi- 
ciency and doping density of the substrate for the 
modified overeompensation growths. This correlation is 
depicted in Fig. 3. The quan tum efficiency shows a 
general  decrease from ,-~0.1 to ,-~0.04% as the LEC 
doping level increases from 2 to 7 X 101~ c m -3. When 
this correlation was observed, the use of LEC wafers 
with Nd-Na > 3 X 1017 cm -3 was discontinued. Thus 
there are less data at these higher LEC doping levels. 
One should note that this effect was observed only 
for p -n  junct ions grown in one part icular  manne r  in 
our dipping system and on slices from a single ingot, 

Table I1. Quantum efficiencies of uncontacted diced diodes for 
p-n junctions grown with differing materials in contact with 

the melt while holding the growth cycle optimum 
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Fig. 2. Quantum efficiency as a function of current density for 
three high efficiency epoxy encapsulated mesa diodes. 

Seed  N u m b e r  of 
h o l d e r  g r o w t h /  A v g  Max  

Cruc ib le  m a t e r i a l  m a t e r i a l  r u n s  "Q 

Sin'S4 coated qua r t z  G r a p h i t e  21 0.101 ----- 0.018 0,136 
(modif ied  p rocedure )  

Sie_N4 coated qua r t z  Quar t z  6 0.082 "4- 0.034 0.147 
Quar tz  Quar tz  2 0.100 ---4_-_ 0.023 0.124 
G r a p h i t e  G r a p h i t e  7 0.088 ---- 0.033 0.129 

Table II1. Quantum efficiencies of uncontacted diced diodes for 
material grown by various growth cycles using Si3N4 coated 

crucibles and a graphite seed holder 

Cool ing  in-  N u m b e r  of  
t e r v a l  (~ g r o w t h /  A v g  Max 

n - l a y e r  p - l aye r  r u n s  "1/ 

Modif ied  50 ~ 
N a r r o w  

cool ing i n t e r v a l s  30 ~ 
Modified wi thout  

a n n e a l  50 ~ 

150 ~ 21 0.101 "4" 0 .018 0.136 

5 0  ~ 3 0.078 ~ 0.007 0.087 

1 5 0  o 2 0.109 ----- 0.007 0.116 
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Fig. 3. Average electroluminescent efficiency of uncontacted 
die in air at 7 A/cm for junctions grown by the modified over- 
compensation procedure as a function of substrate doping density. 

6Rd98. The general i ty  of this effect in other growth 
systems and for other ingots is not known. However, a 
survey of p -n  junct ions previously grown in the Mur-  
ray Hill crystal growth models laboratory uncovered 
a similar but  less pronounced effect (18). 

In  an effor~ to determine the cause for the low effi- 
ciencies at higher LEC doping densities, optical ab-  
sorption measurements  were made on the LEC slices. 
An enhanced absorption of a ,~10 cm -1, was found at 
the energy of the green emission in the higher doped 
slices. However, the work of Joyce et al. (19, 20) in-  
dicates that this additional absorption alone can ac- 
count for only part  of the observed efficiency decrease. 
The minor i ty  carrier lifetimes in the LPE layers were 
general ly found to be independent  of substrate doping 
densi ty} 

Minority carrier liletimes and di~usion Iengths.~A 
number  of these high efficiency p -n  junct ions were 
characterized by a measurement  of the minori ty  car- 
rier lifetimes and diffusion length. Table IV shows a 
summary  of these parameters  for four of these sam- 
ples which ranged in efficiency, from 0.136 to 0.077%. 
Typically the minor i ty  carrier lifetimes (Tb) and dif- 
fusion lengths (Lh) in the n- layer  near  the junct ion 
range from 2.00-250 nsec and 6.5-8~, respectively. These 
values are significantly larger than ~h ~ 10,0 nsec and 
Lh which was typically found previously at the lowest 
doping levels used in the overcompensated junct ions 
(1). Likewise in the p- layer  Te : 120-180 nsec at the 
p -n  junct ion  with Le : 5-6~. Previously these param-  
eters were ~40 nsec and 3.5-4~, respectively, at corn- 

In  an  L E C  ingot ,  t h e  d i s loca t ion  d e n s i t y  Often e x c e e d s  1 x 1O~ 
Cm -~ a n d  i n c r e a s e s  f r o m  s e e d - t o - t a i l  w h i c h  is t h e  s a m e  d i r e c t i o n  
as Nd-Na i n c r e a s e s  (21). R e c e n t l y  i t  h a s  b e e n  s h o w n  t h a t  t h e  
e f l lc iency  b e c o m e s  m a r k e d l y  r e d u c e d  as  t h e  d i s loca t ion  d e n s i t y  b e -  
c o m e s  > 2 x 10 ~ e m  -~ (22). C o n s e q u e n t l y  We m a y  s p e c u l a t e  t h a t  
this  e f f i c i ency  d e c r e a s e  is due  to the  e f f e c t s  of i n c r e a s i n g  d is loca-  
t i o n  dens i ty .  
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Fig. 4. Minority carrier lifetime and net donor concentration as 
a function of depth in a layer intentionally doped only with N. 

parable doping densities (1, 2). Thus the present  ma- 
terial has significantly longer lifetimes and diffusion 
lengths than the former material  which are reflected 
by higher bulk efficiencies. The present  increase in 
electroluminescent  efficiency is a direct result  of these 
longer lifetimes. 

The lifetime measurements  also revealed significant 
variations of r with depth in the LPE layers. Figure 4 
shows the spatial dependence of the minor i ty  carrier 
l ifetime and the net  donor concentrat ion for a n  n- layer  
grown over the tempera ture  interval  900~176 This 
layer  was grown with exactly the same growth pro- 
cedure as that used for the modified p - n  junctions 
except that no Zn was added to the melt. However, the 
in ter rupt ion  of the cooling at 850~ provided a doping 
discontinuity that was revealed by photoetching. Con- 
sequently, the location where the p - n  junct ion  would 
have been if Zn had been added was identifiable. In 
the first grown part  of the layer  near  the n-LPE:  
n-LEC interface, the lifetime is quite short, < 100 nsec. 

(Measurements of the minor i ty  carrier l ifetime cannot 
be made closer than 3 diffusion lengths from a junct ion 
clue to "surface" recombinat ion losses at a p -n  junct ion 
or a LPE-LEC interface.) At the normal  location of 
the p - n  junctions the lifetime has increased to (~150- 
20'0 nsec) which is close to that  typically measured on 
the n-side of a junc{ion. However the lifetime in-  
creases rapidly from the 850~ location toward the 
surface (700~ reaching a value of ~450 nsec at the 
surface. A similar spatial dependence of the lifetime 
was observed in all of the n- layers  which were ex- 
amined. Corresponding measurements  in p- type ma-  
terial were more difficult as the layers were general ly 
th inner  (-,30-40~). However several thick layers were 
examined and they also showed an increase in lifetime 
from the init ial  growth region (850~ toward the 
surface of the layer  (700~ The lifetimes were typi-  
cally ~100 nsec near the junct ion and 200-250 nsec at 
the surface. The increase in lifetime with decreasing 
temperature  most l ikely results from a general reduc- 
tion in impur i ty  incorporation or a decrease in the 
native defect, e.g., gall ium vacancy (23), concentra-  
tion. 

In  the former overcompensation process the p -n  
junct ion was formed at temperatures  varying from 
880 ~ to 870 ~ instead of the present  850~ From Fig. 4, 

Table IV. Representative minority carrier lifetimes and diffu'sion lengths 

N d - N .  N~-Nd 
S a m p l e  ~ ( % )  ( c m  -~ ) (c/n -~') Le (~) Lh (/~) u (nsee)  ~'~ (nsec)  

1-594 0.136 6.0 • 10~ 6 4.2 x 10~7 5.9 6.8 125 250 
1-603 0,097 1.7 x 10 ~~ 6.0 x 101~ 5.3 7.9 210 
1-617 0.129 7,6 x lO 16 1,1 >( '10 is 4.8 6.8 1-8-5 200 
1~600 0,077 3.3 • 10 TM 5.3 • 101~ 5.5 6.6 85 110 
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it can be deduced that  this 20~176 tempera ture  dif- 
ference can result  in lifetimes larger by as much as a 
factor of 2 for the 850~ junction.  Consequently, it 
appears tha t  the lower p -n  junc t ion  formation tem- 
perature present ly used is an important  factor in  the 
longer, near  junc t ion  lifetimes measured in the n-  
layers. Likewise we feel that the longer l ifetime in the 
p- layer  is also largely due to the lower growth tem- 
perature used for p-growth.  

Gas analysis.--A gas chromatograph has been used 
t o  monitor  the impur i ty  gases found in both the en-  
trance and exit gases of the LPE growth system. The 
entrance gas, H2 + NHs, was found to contain less 
than 1 ppm 02. However, our  gas chromatograph is 
unable  to measure small  concentrations of H20 vapor. 
A direct measurement  for H20 using other ins t ruments  
was not at tempted due to many  experimental  difficul- 
ties at low concentrations (24). Thus any oxygen pres- 
ent as  H20 in either the entrance or exit gases is n o t  
detected. 

Oxygen present in the LPE system during growth 
would be converted to H20 by  reacting with the HI  
a t m  of H2 in the hot growth system 

2H~ + 0~'-> 2H20 [1] 

making a measurement  of O2 in the exit gas meaning-  
less. However, the possibility of in te rna l ly  l iberated 
oxygen fzom high temperature  reactions such as 

Ga2Os-> Ga20 + 02  [2] 

4Ga + SiO2-> 2Ga20 + Si [3] 

4NHs + 3SIO2-> SisN4 4- 6H20 [4] 

SiO2 + H2 -> SiO + H20 [5] 
makes it desirable to obtain a measure of the oxygen 
in  the exit gas during growth and not before or after 
growth with the system cold. Consequently, it was 
decided to make use of the reaction 

H20 + C--> H2 + CO [6] 

and deduce the oxygen concentrat ion from a measure-  
ment  of the CO concentrationl Thus a measure of the 
oxygen both from in terna l ly  generated sources and 
02 + HeO in  the ent rance  gases would be obtained. 
The graphite  seed holder, which is dipped into the 
melt, was used as the source of C in reaction [6]. 

Using the free energies from the JANAF thermo-  
chernical tables (25), the ratio of equi l ibr ium CO to 
H20 part ial  pressures in 1 arm of H2 is 37 at 925~ and 
11 at 825~ Thus, for temperatures  > 800~ most of 

the H20 which is present would be converted to CO at 
equil ibrium. However, because of the relat ive small 
amount  of graphite (only the seed or source holder) 
which is present  in the hot zone of the LPE growth 
system, it may be expected that  much less than the 
equi l ibr ium concentrat ion of O2(H20) would be con- 
verted to CO, which in fact, is the case. When a much 
larger amount  of graphite and lower flow rates were 
used, more, but  still only a small  fraction, of the 
02 (H20) was converted to CO. It appears that a much 
larger surface area of the graphite and perhaps im-  
proved gas flow patterns in the system would be re-  
quired to approach equi l ibr ium. Consequently, a mea-  
surement  of the CO concentrat ion in the exit gas pro- 
vides a relat ive measure of the oxygen contaminat ion 
only  as long as the other exper imental  conditions are 
unchanged. 

Figure 5 shows the concentrat ion of CO in the exit 
gas as a funct ion of t ime for growth run  2-579 which 
was a "modified" growth. Also indicated on the figure 
is the approximate melt  tempera ture  dur ing the run. 
Data taken on several other modified LPE runs showed 
CO concentrations at corresponding times that  were 
the same within  a factor of 2. Thus, it is felt that these 
CO concentrat ion data are representat ive for a typical 
LPE growth run  in  this system. 

,oo  
L.~ _ GROWTH ,o 1 _I I \GROWT" 9oo 
I I  / . . . .  D,e SEED ADD Zn 

.,Co 

0 50 100 150 200 250 300 350 400 
TIME (MINUTES) 

Fig. 5. Carbon monoxide concentration in the exit gas from the 
LPE growth system and the melt temperature as a function of time 
for a typical LPE growth run. 

Immediate ly  after heating the melt  to the initial 
growth temperature,  the CO concentrat ion is quite 
high, over 100 ppm, and falls to less than 1 ppm in 
approximately a half hour. This large init ial  concen- 
t rat ion of CO is a t t r ibuted to outgassing of the melt  
and adsorbed O2 or H20 on the LPE system baking out 
and being part ial ly converted to CO. A smaller  in-  
crease in CO appears when  the seed is lowered into 
the hot zone of the growth system and dipped into the 
melt. However, by the t ime LPE growth is init iated 
the CO concentrat ion has dropped to ~0.2 to 0.3 ppm. 
As is discussed later, this CO concentrat ion could 
represent  up to several ppm of oxygen present  in the 
LPE growth system dur ing growth. The CO concentra-  
tion decreases still fur ther  to a level below the limit 
of detectabili ty (0.03 ppm) during growth. This con- 
t inual  decrease during growth is observed even when 
a constant oxygen concentrat ion is added to the inlet  
gas. Thus this continual  CO decrease during growth 
is a t t r ibuted to a decreasing percentage of the oxygen 
being converted to CO as the temperature  is lowered 
and not to a decreasing oxygen concentrat ion in the 
LPE system. 

Several s tandard LPE runs were made with small 
deliberate oxygen additions to the inlet  gas stream 
while keeping all other experimental  conditions the 
same. Figure 6 shows the resul tant  electro]uminescent 
efficiencies and CO concentrations in the exit gas as a 
function of the oxygen addition to the inlet  H2 ~ NH3 
gas. The two data points at zero oxygen addition are 
the first and fifth (last) crystal growth runs in this 
series. The minor i ty  carrier lifetimes of the junct ions 
grown with no and  ,-40 ppm 02 additions were typical 
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Fig. 6. Average efficiency of uncontacted die in air at 7 A/cm 2 
and carbon monoxide concentration in the exit gas from the LPE 
system as a function of the oxygen concentration added to the 
inlet gas. 
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of those found in high efficiency diodes. The lifetimes 
in the junct ions grown with > 10 ppm O2 additions are 
significantly lower. The efficiency is essentially un-  
affected for oxygen additions < 10 ppm. This behavior 

implies that  an effective oxygen level up to ,~10 ppm 
exists at all times in  the growth system or that another 
nonradiat ive center is present  in the GaP at levels 
such that  a reduction in  the oxygen below ,~10 ppm is 
ineffective in  increasing the efficiency. The CO con- 
centrations shown in  Fig. 6 are those measured during 
the early part  of n - layer  growth where the CO con- 
centration should be most representat ive of the oxy- 
gen addition. The low CO concentrations compared to 
that expected from the oxygen additions are at t r ibuted 
to a large departure from thermodynamic  equilibrium. 
For none and 12 ppm oxygen additions, 0.4 ppm of CO 
was observed in the exit gas which is wi th in  a fac.tor 
of two of the data shown in Fig. 5. This implies that 
several ppm of Oe may be present  during a modified 
growth run. At higher concentrations of oxygen the 
CO concentrat ion increases as expected. 

These estimated levels are significantly larger than 
the 02 concentrat ion (<  1 ppm) measured in the 
H2 ~ NH3 entrance gas. Thus it appears that efforts 
to further  improve the efficiency through reductions in 
the oxygen contaminat ion will involve the el iminat ion 
of small  (a few ppm at the most) oxygen concentra-  
tions. 

Conclusions 
GaP green light emit t ing p -n  junct ion  mater ial  with 

quan tum efficiencies for uncontacted diced diodes in 
air at 7 A /cm 2 of 0.101% has been reproducibly grown 
in a vertical dipping system using a modified over-  
compensation procedure. This represents a 60% effi- 
ciency increase from that previously obtained by over- 
compensation. Although the present  results were ob- 
tained through the introduct ion of several modifica- 
tions in  the growth procedure, it was determined that  
a large cooling interval,  990~176 with a correspond- 
ing decrease in the temperature  at which the p -n  junc-  
tion was formed, was the single, most important  modi- 
fication. Epoxy encapsulated mesa diodes fabricated 
from some of the bet ter  p -n  junct ion material  had 
quan tum efficiencies as high as 0.230% at ~5  A /cm 2 and 
0.67% at ,~30~} A/cm 2. This low current  efficiency is 
the highest observed to date while the high current  
value essentially equals the highest that  has been 
previously measured by Ladany and Kressel (16). 

A correlation between the EL quan tum efficiency 
and the LEC doping density for p -n  junctions grown 
on LEC ingot 6Rd98 was observed. The efficiency of 
uncontacted die decreased from ,~0.1 to ,-,0.04% as the 
substrate doping level increased from 2 to 7 • 10 ~ 
cm -3. This decrease is l ikely due to the increased dis- 
location density in  the LEC crystals which has been 
observed to accompany the increase in Nd-Na within 
an ingot. 

Minority carrier l ifetime measurements  as a function 
of depth revealed significant variations throughout  the 
layers. The lifetime of the n- layers  was typically 
,--200 nsec at the p - n  junct ion and decreased toward 
the n - L P E - n - L E C  junction.  N-layers  grown down in 
temperature  to 700~ typically had lifetimes on the 
surface of 400-500 nsec. P- layers  showed a similar 
l ifetime variat ion of from ~2{)0 nsec on the surface 
which decreased to ,-~100 nsec near  the p -n  junction.  
This general  behavior  of increasing lifetime with lower 
temperature  of LPE growth suggests that  one should 
form the p -n  junct ion at a temperature  even lower 
than the 850~ used in this study. Still longer near  
junct ion  lifetimes which should be found would be 
reflected in  a higher electroluminescent  efficiency. 
However, the low solubilty of P below 850~ makes 
LPE growth much below this temperature  difficult. 

An analysis of the exit gas from the LPE growth 
system showed that as much as ,-,5 ppm O2 levels 
could be present in the LPE growth system during 

growth. Deliberate additions of small oxygen concen- 
trations to the inlet  gas showed no change in efficiency 
or lifetimes for O2 concentrations < 10 ppm. For con- 

centrations ~ 10 ppm pronounced reductions in both 
the efficiency and lifetimes resulted. This is the first 
data that have shown quant i ta t ively  the effects of 
small 02 additions on the quan tum efficiency. 
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Oxide Growth on Etched Silicon in Air at Room Temperature 
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ABSTRACT 

Oxide growth on etched silicon wafers at room tempera ture  was studied 
as a function of etching procedure, wafer  orientation, dopant concentration, 
and exposure  to u l t raviole t  light. An impuri ty  film was rapidly deposited on 
the silicon surface after etching with  hydrofluoric acid. Impur i ty  adsorption 
was distinguished f rom oxide growth by x - r ay  photoelectron spectroscopy 
(E'SCA). The impur i ty  film great ly  reduced the initial oxide growth  ra te  when  
compared wi th  oxide, g rowth  on a c leaved silicon surface. The thickness of 
oxide films formed on etched surfaces was determined and compared using 
ESCA and ell ipsometry.  

The interact ion of silicon with  oxygen on atomical ly 
clean silicon surfaces has been described (1). The sili- 
con surface for these studies is general ly  prepared in 
u l t ra -h igh  vacuum at e levated temperatures.  A re la ted 
problem of practical importance in semiconductor 
processing is the growth of oxide films at room tem-  
pera ture  on etched silicon s ingle-crystal  substrates 
(2-4). Ellipsome,tric measurements  of film growth have 
been used to describe oxide growth kinetics on silicon 
after an initial film is rapidly formed (2, 4). Changes 
in u l t r a - th in  film thickness were  determined f rom el- 
l ipsometric data by employing the index of refract ion of 
silicon dioxide and t rea t ing the films as oxides. These 
films were  not characterized al though Archer  (2) 
noted that  an impur i ty  layer, which could be removed 
with organic solvents, was present in addition to an 
oxide film after  exposure to air for 24 hr. Recent  Auger  
studies of etched silicon surfaces also indicated the 
presence of both carbon and oxygen (5-8). The pres-  
ent work  describes the growth rate  of an oxide at room 
tempera ture  for a silicon surface prepared by e~ching 
in HF and covered with  adsorbates. 

X- r ay  photoelectron spectroscopy, or ESCA (elec- 
tron spectroscopy for chemical analysis),  is used here 
to complement  el l ipsometric measurements  of u l t ra-  
thin film format ion on etched silicon surfaces. ESCA 
is par t icular ly  well  suited as a technique for examina-  
tion of oxide films ~ 100A thick and can provide ana-  
lytical  and bonding data in terms of photoemit ted elec- 
t ron l ine intensities and binding energies. The basis 
of the ESCA technique is the excitat ion of t h e  elec- 
tronic s t ructure  of  an atom by x- rays  and the analysis 
of the kinetic energies of the photoemit ted electrons. 
The mean free paths of the monoenergetic,  inelas- 
t ically scattered photoelectrons are < 30A in the 1 keV 
energy range. Contributions to a photoelectron line 
intensi ty decrease exponent ia l ly  with distance from 
the film surface. Photoelectrons excited f rom core 
levels  are mainly  atomic in character  but  are subject 
to shifts in binding energy caused by the chemical 
envi ronment  of the atoms. By comparing ESCA and 
ell ipsometric data, the films formed on etched silicon 
at room tempera tu re  are characterized and those fac- 
tors which affect oxide growth are determined.  

Experimental 
Sample preparation.--Silicon dioxide films, 2000A 

thick, were  grown in dry oxygen at 1050~ on chem- 
mech polished silicon wafers. The substrates used were  
<100>, p-type,  2 ohm-cm, al though <111> orienta-  
tions, n - type  silicon and different resist ivi ty wafers 
were  also examined. The 2000A films were  general ly  
etched at 25r for 30 sec in freshly prepared HF di- 
luted with an e q u a l  volume of deionized water.  A 
var ie ty  of etching procedures were  used in at tempts to 

* Electrochemical  Society A c t i v e  Member .  
K e y  w o r d s :  n a t i v e  ox ide ,  x - r a y  p h o t o e l e c t r o n  spec t roscopy  

(ESCA), e l l ipsometry,  oxidation. 

reduce transfer  of contaminants to the silicon surface 
and for comparisons with reported results. Pendant  
HF was removed ei ther  by rinsing in deionized water  
for about 10 rain unti l  the water  resist ivi ty reached 16 
megohm-cm or by drying with ni t rogen gas without  
solvent rinsing or by other  procedures described be- 
low. 

Fi lm growth on etched silicon w a s  al lowed to occur 
in air in clean hoods in our oxidation laboratory..  The 
tempera ture  and re la t ive  humidi ty  in this area re-  
mained at 25 ~ • 2~ and 30-50%, respectively.  

Impuri t ies  were  adsorbed on sample surfaces ei ther 
during processing or during exposure to the laboratory  
environment.  At tempts  were  made to remove  the ad- 
sorbed contaminants by rinsing in solvents or by 
heating at different tempera tures  in ni t rogen gas. Oxi- 
dants in the ni t rogen gas caused some modification of 
the oxides. Heating with  quar tz- iodine lamps in vac-  
uum (10 -~ Tort)  reduced the level  of surface contami-  
nation wi thou t  modifying the  oxides. 

Oxide growth rates were  determined using groups of 
wafers exposed to similar environments  from which 
samples were  r a n d o m l y  selected for examinat ion by 
el l ipsometry and ESCA: Etched wafers  were  stored 
ei ther in metal  containers, in plastic containers, or in 
deionized water.  They w e r e  ei ther exposed to room 
fluorescent lighting, 2537A ul t raviole t  l ight (Minera- 
light, Ult raViolet  Products, Inc.), or were  kept  in the 
dark. Unless explici t ly stated, wafers were  exposed to 
air in the dark or in red filtered light. Etched wafers 
were  split into halves and comparisons were  made on 
the same wafer  in studies of the effect of l igh t  on film 
growth rates. Cleaved samples were  formed by frac-  
turing 2 ohm-cm, p-si l icon slugs, essentially along the 
<111> plane, ei ther in air, deionized water,  or de- 
ionized water  containing 1% isopropanol. 

ElIipsometry.--The thicknesses of films formed on 
silicon substrates were  determined using a Rudolf  
ellipsometer.  All data points were  measured in two 
zones wi th  the qua r t e r -wave  plate at 45.00 ~ at a wave-  
length of 5461A and with an angle of incidence of 
70.,0,0 ~ For u l t ra - th in  films on silicon substrates, the 
thicknesses were  evaluated using the measured value 
of A and by assuming an index of  refract ion (n) of 
1.47. A change in the imaginary  part  of the silicon re -  
f ract ive index [0.028 (9, 10)] affects the 5 value and, 
therefore, the el l ipsometric  film thickness value  for a 
very thin oxide film; the real  part of the index (4.076) 
will  almost exclusively shift the ~I, value and not al ter  
film thickness (11). An al ternate  value of 0.042 (12) 
has been assigned to the imaginary  part  of the silicon 
refract ive index. Use of this value would  decrease 
measured film thicknesses about 1.5A. 

Changes in el l ipsometric measurements  upon ex- 
posure of freshly prepared surfaces to air at 25~ in a 
darkened room indicated that  film formation was oc- 
curring. The rate of impur i ty  film growth on a 24.A 
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silicon dioxide film was about 0.05A/min (assuming 
n ----- 1.47) during the first hour, followed by a much 
slower subsequent  growth. Impur i ty  film growth on 
freshly etched silicon, which rapidly formed about 
7A of film prior to the first ellipsometric measurement,  
was about 0.03A/min dur ing  the first hour  of exposure 
to air. Ellipsometer measurements  were therefore 
made within  3 min  after the surfaces were prepared. 

ESCA.--ESCA has previously been described by 
Siegbahn et al. (13). An  AEI photoelectron spectrom- 
eter with a magnesium anode in  the x - ray  source 
(K~12 radiat ion -- 1253.6 eV) was employed in this 
work. About  10 to 20 rain were required for preparing 
and mount ing  a sample of appropriate size and for 
evacuating the spectrometer sample chamber. Spec- 
tral  data were obtained at a pressure of <10 -6 Torr 
from samples 0.2 • 0.5 in. A broad kinetic energy scan 
(130r0 eV) of the sample was first obtained at 2 eV/sec. 
The kinet ic  energies of the photoelectron lines of in-  
terest were then scanned at a rate of 0.02 eV/sec. A1] 
data were referenced to the Au 4f 7/2 line at 83.8 eV 
(14). The electron binding energies were determined 
to • eV by subtract ing the kinetic energies of the 
emitted photoelectrons and a spectrometer correction 
from the energy of the incident  x-rays;  i.e. 

Eb ---- E x - r a y  - -  E k i n e t i c  - -  E s p e c t r o m e t e r  c o r r e c t i o n  

The silicon dioxide binding energy data were cor- 
rected for a shift of ~0.3 eV which was presumably 
due to charging (15). The magni tude of this shift was 
found to be independent  of oxide thickness in the 
thickness range under  consideration. 

Estimates of the thickness of oxide films formed in 
air at room tempera ture  were made from comparisons 
of photoelectron l ine intensit ies with intensi ty  data 
extrapolations of O ls and Si 2p photoelectron lines 
in silicon dioxide films oxidized at 850~ (16). The 
detection l imit  for an element  decreases with film but 
is about 0.1 monolayer  at the film surface. Therefore, 
trace impurit ies which might  be observed in Auger and 
backscattering spectra after etching silicon are not 
detected by ESCA. 

The carbon line, C ls, was monitored on all samples 
examined. Wagner  (17) has reported that the specific 
intensities of the O ls  and C ls photoelectron lines are 
in the ratio of about 2: 1. The number  of carbon atoms 
in a given volume of amorphous carbon film is about 
twice the number  of oxygen atoms in a similar volume 
of silicon dioxide film. A 10A thick carbon impur i ty  
film, assumed to be amorphous carbon, contains 9.0- 
1.0.5 • 1'0 l~ carbon atoms/cm~ whereas a 10A thick 
silicon dioxide film contains about 4.5 • 10 l~ oxygen 
atoms/cm 8. A carbon impur i ty  film was therefore con- 
sidered to be equal in thickness to an oxygen film with 
the same photoelectron l ine intensity.  

Comparison oi ellipsometric and ESCA measure- 
ments .~Reference oxide thicknesses were obtained 
from ellipsometric measurements  of silicon dioxide 
films formed at 850~ by oxidation with 1% oxygen 
in  nitrogen. The precision of these ellipsometric mea-  
surements  is < •  

Changes in ellipsometric data of oxides or etched 
silicon exposed to atmospheric pressure occur rapidly 
relat ive to changes in the ESCA spectra obtained in 
vacuum. Therefore, ellipsometric measurements  of film 
thickness were made immediate ly  after sample prep- 
arat ion and were followed with E:SCA measurements  
on the same wafer. Discrepancies can exist with re-  
spect to the thickness of films and oxides formed on 
etched silicon at room temperature.  These may be re- 
lated to desorption of volatile surface contaminants  in 
the ESCA vacuum chamber which contribute to the 
film thickness measured by ell ipsometry and/or  ad- 
sorption of organic impurit ies in the  ESCA spectrom- 
eter. 

Both techniques provide average measurements  of 
macroscopic sample areas. Discontinuities in  u l t ra -  

thin oxide films formed a room temperature  in the 
presence of surface contaminants  generally cannot be 
discerned using these techniques. The consistency and 
reproducibil i ty of the ESCA and ellipsometrie data 
obtained, however, permit  conclusions to be reached 
concerning oxide growth at room temperature,  ~tespite 
the small differences in measured film thicknesses. 

Results and Discussion 
Freshly etched silicon wafers.--Typical ESCA spec- 

tra of the elements observed on a thermal ly  grown 
silicon dioxide film are shown in Fig. la  and are com- 
pared in  Fig. lb  with elements observed in the spec- 
t rum of a freshly etched 2 ohm-cm <100> silicon 
wafer. The spectra indicate the presence of oxygen 
(O ls) ,  carbon (C ls),  and silicon (St 2p) photoelec- 
t ron lines with binding energies of 532.5, 284.3, and 
99.3 eV, respectively. An addit ional Si 2p l ine found at 
103.7 eV, which corresponds to silicon in the silicon di- 
oxide film (Fig. la) ,  is not detected in  the etched 
silicon spectrum (Fig. lb ) .  

The contaminants  always found in ESCA spectra of 
etched silicon surfaces are carbon and oxygen. Fluorine 
is present in the ESCA spectrum only if a sample is 
etched and dried without  a deionized water rinse. No 
detectable difference in the ellipsometric film thick- 
ness 7-8A is observed when the etched sample is 
immediately dried or first r insed in deionized water  
for 10-15 rain. 

The O ls  and Si 2p oxide l ine intensities on etched 
silicon (Fig. lb) indicate that the film thickness of 
7.4A measured by ell ipsometry does not  correspond 
to an oxide film thickness. By extrapolat ion from 
thermal ly  grown silicon dioxide data to be described 
elsewhere (16), the O ls  line intensi ty in Fig. lb  cor- 
responds to an oxide film <2A thick or <10 z~ oxygen 
atoms/cm 2. This oxygen line may either be due to 
oxygen bound to silicon or is associated with oxygen 
in species adsorbed or incorporated in impurit ies on the 
etched surface. Little can be deduced from the oxygen 
binding energy since no significant O ls shift is ob- 
served for t h e  weak, broad line shown in  Fig. lb  from 
the O ls l ine in Fig. la. 

Significant differences in the concentrat ion of oxy- 
gen present on freshly etched silicon surfaces have 
been observed. Chang (8) has estimated, from Auger 
spectral l ine intensities, that 2-5 X 10 z5 oxygen a toms/  

101s C 1__...ss Si 2p 
a) Thermal I t B.E. = 532.5eV P-4,4eV-~ 

Si0226.8~ . ,= 1.SeV / f ~  / /~ 

7.4A 

/ ~ B.E. = 284 .3  / I e .E.  = ~ . 3  
�9 , =  . - . . , =  , 

103 c o u ' n t s / s e c ~  
1 

Kinetic Energy (eV} 

Fig. 1. Binding energies and relative line intensities for O ls, C 
ls, and Si 2p ESCA photoelectron lines (a) from silicon dioxide 
film grown at 850~ and (b) from a freshly etched silicon surface. 
Film thicknesses are determined by ellipsometry. 
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cm 2 are present  on his etched, unheated silicon sam- 
ples which is more oxygen than we observe with 
ESCA. Charig and Skinner  (5) have published an 
Auger spectrum of unheated, cleaned silicon which 
appears near ly  free of oxygen. We have repeated the 
etching procedure used by Charig and Skinner  but  no 
change was found in  the result  shown in Fig. lb  for 
the ESCA oxygen l ine intensity.  

Carbon contamination on the etched si~con sur- 
•ace.--Carbon was always identified on all ESCA spec- 
tra. Par t icular  at tent ion was therefore given in an at- 
tempt to determine its source and its influence on the 
room temperature  oxidation of etched silicon wafers. 

Carbonaceous contaminants  may be chemisorbed on 
our etched silicon samples, together with more volatile 
impurities,  prior to insert ion into the ESCA spectrom- 
eter. These contaminants  contribute to the ellipso- 
metric film thickness. Henderson (7) has observed that 
etching silicon with HF enhances carbon contaminat ion 
and has suggested that  the carbon impur i ty  is co-de- 
posited wi th in  the oxide phase during the etching step. 
Alternately,  organic impurit ies may be exchanged 
with adsorbed HF at the etched silicon surface during 
the deionized water  rinse. Other workers (8) have ob- 
served carbon contaminat ion on etched silicon, even in  
oil-free vacuum systems, which suggests that a part  
of the carbon film may be t ransferred to the etched 
silicon samples prior to insert ion into the ESCA spec- 
trometer.  In  addition, carbon contaminat ion may be 
at t r ibuted par t ly  to oil backstreaming from the spec- 
t rometer  vacuum pumps. 

In  order to reduce carbon contaminat ion prior to 
insert ion into the ESCA vacuum system, the silicon was 
etched in distilled HF solution, in distilled diluted 
(1:10) HF solution, in HF "solution pretreated with 
crushed silicon to getter carbon (18), and in gaseous 
HF. The etched samples were either r insed for 10 to 15 
rain in  deionized water  and then dried, immediate ly  
spun dry in a ni t rogen ambient,  immersed into distilled 
acetone to remove HF (2), or immediately rinsed in  a 
carbon tetrachIoride solution saturated with iodine. 
Very li t t le change from samples etched in nondisti l led 
HF, r insed in deionized water, and dried in ni t rogen 
gas was detected in most of the ESCA spectra. A small 
decrease in the carbon line intensi ty  was observed 
when using the distilled acetone rinse. A decrease 
in ellipsometric thickness was also noted after r insing 
in acetone (7.7-6.8A) which is consistent with Archer 's  
observations (2). Iodine was detected on the sample 
rinsed in carbon tetrachloride saturated with iodine 
in addition to the normal ly  observed oxygen and car- 
bon line intensities. The silicon bonding energy was 
unaffected by this rinse, but  the oxygen line was 
shifted to a lower binding energy (532.0 eV) and the 
carbon was shifted to a higher b inding energy (285.5 
eV). The eUipsometric thicknesses of these films 
ranged from 30 to 40A. 

The ellipsometric film thicknesses of etched silicon 
were general ly not changed by the different etching 
procedures used. It is not known whether  these t reat-  
ments  had any effect on the carbon contaminat ion 
present at the surface. Par t  of the nonvolati le carbon 
contaminat ion on an oxide surface appears to originate 
from inside the spectrometer after the ellipsometric 
measurement  is made. Transferr ing the sample in and 
out of the roughing pump insert ion lock section of the 
spectrometer increases the ellipsometric film thickness. 
In  addition, the sample is contaminated with carbon 
while in the ESCA vacuum chamber. On an etched 
silicon sample, an estimated carbon film thickness of 
4.5-5.5A (about 4-6 • 1015 carbon atoms/cm 2) is ini-  
t ial ly present, which increases to about 7A after sev- 
eral hours in the ESCA vacuum chamber. Chang (8) 
has observed less carbon (2-20 • 10 z4 carbon atoms/  
cm2) in Auger spectra of etched, unheated silicon sam- 
ples. Less carbon remains adsorbed under  vacuum 
once an oxide surface is formed than on freshly etched 
silicon surface. After insert ion into the ESCA spec- 

trometer, a carbon film on an oxide surface is esti- 
mated at be 2-3A thick ini t ia l ly and increases to about 
5A after 15 hr. The init ial  carbon film thickness can be 
reduced to about 1A by minimizing the sample time in 
the roughing pump section of the insert ion lock and 
by direct insert ion into the ESCA vacuum chamber. A 
decrease of only about 1A in  carbon impur i ty  level 
is detected by direct inser t ion of an etched silicon 
sample into t~ae ESCA vacuum chamber. The addi- 
tional carbon adsorbed dur ing insert ion into the spec- 
trometer compietely masked any improvements  which 
may have been achieved by purification of the etchant 
or modifications of the etching procedure. 

Oxidation and film growth on etched silicon sur- 
faces.--Film growth on etched silicon wafers in air at 
25~ exposed to room light was monitored both by 
ESCA and ellipsometry. Changes in the spectrum of 
the Si 2p l ine in the oxide with t ime are shown in Fig. 
2 together with the corresponding ellipsometric 
changes in film thickness. The baseline of the silicon 
spectra is the spectrum of a freshly etched silicon sur-  
face. For comparison, the Si 2p l ine from a thermal  
oxide spectrum is shown in Fig. 2. The magnitudes 
of the shifts in the oxide binding energies from that of 
the silicon substrate binding energy, designated by 5, 
are given in Fig. 2. These shifts ip b inding energy will 
be discussed in a subsequent  paper (19). The data for 
the increases in film thickness (ell ipsometry) as a 
function of t ime on an etched silicon surface are sum- 
marized in Fig. 3 together with the estimated oxide 
thicknesses (ESCA). The init ial  oxide growth process 
as determined from ESCA spectra extrapolates back 
to the origin and has an oxide thickness dependency 
proportional to the logari thm of the oxidation time. 
Upon increasing the exposure t ime of the etched silicon 
surface to air, the intensi ty of the Si 2p oxide l ine is 

Thermal 
SI02 

850~ N 2 6 § . , mm 

IBJ 

(D~ 24 Hrs 

(E) 4 Hrs ~ .  

IF) I Hr. 

1146 1150 1152 

K E ~eV~ 

o ~ dfd m {ellim.) doxld e (ESCA) 

44 eV 26.6 ,~ (26.8 ~,) 

3.SeV 134/~ 11.7 - 13/~ 

37eV 21.8 ,~ 9.7 - 11 ~, 

3.3eV 133.~ 72 7.6~, 

3.ZeV 11,4 ~, 3.9 S 2 ~  

3.2eV 9.2A 22 3.2~, 

Fig. 2. Changes in the Si 2p oxide ESCA llne as a function of 
exposure time to air at room temperature (samples C through E). 
The baselines correspond to the spectrum from a freshly etched 
silicon surface. Spectrum B is sample C exposed for 2 weeks to air 
followed by an anneal in nitrogen at 850~ for 5 min. Spectrum A 
is a silicon dioxide film 27.~ thick grown in oxygen at 850~ The 
difference in binding energies between the maxima of the Si 2p 
substrate and oxide lines are represented by 8 values. The range 
in oxide thickness is based on estimates using both the Si 2p and 
O ls line intensities. 
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Fig. 3. Ellipsometric and ESCA thickness data plotted as a func- 
tion of the logarithm of the time of exposure of etched samples to 
air at room temperature. 

increased and its binding energy is shifted toward that 
of thermal ly  grown oxide films. After  exposure to air 
for 2 weeks, both the binding energy and the line in-  
tensity were  still  significantly different f rom that of 
the thermal  oxide. Af te r  a 1 year  exposure to air at 
room temperature ,  negligible additional change in the 
oxide binding energy or line intensi ty was observed. 
From this data and the cleavage exper iments  described 
below, an equi l ibr ium oxide film thickness for oxide 
growth at room tempera ture  in air is est imated to be 
<14A. This value is considerably lower  than previous 
indications which were  based on ell ipsometric mea-  
surements  (2,4). 

Oxide growth and impuri ty  adsorption occur si- 
multaneously on etched silicon wafers during exposure 
to air at room temperature .  The difference be tween an 
ell ipsometric film thickness and est imated film thick- 
ness (ESCA) is often too large to be accounted for by 
nonstoichiometry or densification of the oxide film. 
Volatile contaminants are p resumably  adsorbed from 
air and desorbed in vacuum and contribute to increase 
the el l ipsometric  film thickness re la t ive  to the esti-  
mated ESCA film thickness. 

Heating an oxide to 850~ for 5 rain in ni t rogen at 1 
atm pressure was found to remove the adsorbed spe- 
cies f rom the oxide surface. Milder conditions were  
sought to remove  the adsorbed contaminants from 
oxide surfaces formed in air at 25~ Samples were  
rinsed in various solvents or heated to 200~ in ni t ro-  
gen for 5 min. Al though some scatter is observed, the 
results given in Table I are characteristic of the 
changes in el l ipsometric film thickness found on differ- 
ent quarters  of the same wafer  as a function of sample 
t reatment .  Solvent  rinses (aqueous, organic) reduce 
the film thickness. An additional decrease is observed 
by heating at 200~ However,  a significant additional 
decrease in adsorbed contaminants is obtained by 
heating the sample at 850~ It has been reported (8) 
that  a t empera ture  of >800~ is requi red  to remove  
the  carbon adsorbed on silicon. 

Table I. Effect of solvent rinses and heating on ellipsometric film 
thickness of films formed on etched silicon 

E t c h e d  Si, A SlOe ( the rma l ) ,  A 

to 7.2 27 
A i r ;  R.T. 18 (5 weeks)  33 (4 m on ths )  
S o l v e n t  r inse  17 30 
200~ N2, 5 mir~ 16 
850~C, N2, 5 ra in  12 27 

(ESCA:  doxtde = 12) (ESCA:  dsto 2 -- 27) 

Closer agreement  is obtained between ESCA and 
el l ipsometry with regard to oxide thickness after 
heating the exposed etched samples at 850~ in ni t ro-  
gen. For  example, when the etched sample left  in air 
for 5 weeks is heated at 850~ in ni t rogen at 1 a tm 
pressure for 5 rain, a decrease in el l ipsometric thick- 
ness f rom 18 to 12A is observed. A second example, 
shown in Fig. 2, indicates that the  oxide film thickness 
(ESCA) increased due to oxygen impuri t ies  in the 
ni t rogen gas s tream (1-5 ppm) f rom 10 to 12A and a 
small increase in the silicon binding energy of 0.1 eV 
was detected. Negligible changes in the ESCA spectra 
were observed for exposed samples after  heating at 
850~C in vacuum for i5-20 rain. The observed differ- 
ence in binding energies be tween  silicon dioxide and 
oxides formed in air at 25~ is not related to densifica- 
tion of the oxide film, since similar  binding energies 
are not obtained even after heating at 850~ 

Oxidation of cleaved silicon surfaces.~Silicon single 
crystals cleaved in air form oxide films more rapidly 
than do etched silicon wafers. For example,  the thin-  
nest oxide film observed on a cleaved silicon surface 
was 5-7A thick after 5-10 rain exposure  to air. This 
thickness was est imated f rom ESCA spectra taken 
15-20 rain after cleaving the sample. If exposure to 
air is increased about 10 min, the est imated oxide film 
thickness is 10-12A. For  comparison, etched silicon 
wafers with ei ther <1100> or <111> orientations 
possess oxide films only 2 - 3 / a f t e r  1 hr  exposure to air. 
Af ter  3 and 24 hr  of exposure of the cleaved sample to 
air, the estimated oxide thickness is 11-13/ .  Each of 
the cleaved samples exposed to air and then examined 
by ESCA contained carbon contaminat ion on the sili- 
con surface similar  in thickness to carbon on etched 
oxide surfaces. 

Cleavage of the silicon crystal e i ther  in deionized 
water  or in deionized wate r  containing an intent ion-  
ally added organic impur i ty  both significantly reduce 
the rate of oxidation on the clean surface even in the 
absence of HF. For  example,  a sample cleaved in de- 
ionized water  containing 1% isopropanol, dried, and 
then examined by ESCA about 5-10 rain after cleavage 
possessed an oxide film 1-2A thick. The cleaved silicon 
oxidation results are summarized in Table II. 

As is shown by the cleavage experiments,  an oxide 
can readily grow On a clean silicon surface in air at 
room temperature.  Etching in HF results ei ther in I-IF 
or other impurit ies to be adsorbed on the silicon sur-  
face and reduce the rate  of oxide growth. The ad- 
sorbed impuri t ies  provide a bar r ie r  to the initial oxi-  
dation of the etched silicon surfaces. Deionized water,  

Table II. Oxide growth on cleaved silicon samples 

Exposu re  t i m e  dox (esti-  
C leavage  a m b i e n t  (to a m b i e n t )  ma ted ) ,  A 

Ai r  5-10 ra in  5-7 
A i r  20 m i n  10r12 
A i r  S h r  11i12 
A i r  24 h r  11-13 
n l  H20 5-10 rain* 3-4 
i %  i sop ropano l  i n  5-10 min* 1-2 

DI  H20 

* A 0.5-1 ra in  exposure  to aqueous  m e d i a  (to s imu la t e  H F  e tch  
step) ~ol lowed by  d ry ing ,  m o u n t i n g  the  s a m p l e  o n  a ho lder ,  and  in-  
s er t ion  ~nto the  ~pec t romete r .  

T e m p e r a t u r e :  24~ 
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which contains organic impuri t ies  in the ppm range, 
reduces the rate  of oxide growth on cleaved samples 
with respect to air. Roikh et al. (20) have shown that 
wa te r  vapor  in air increases the rate  of oxidation of 
silicon at room tempera tu re  when compared with dry 
air. It  is the presence of impuri t ies  on the sample sur-  
face or in the deionized w a t e r  which limits the oxide 
growth rate  on silicon ra ther  than the react ivi ty  of 
water  with silicon at room temperature.  Isopropanol 
(1%) in the deionized wate r  fur ther  reduces, but  does 
not eliminate, oxide growth. 

Factors affecting oxide growth rates on etched sili- 
con.--Oxide growth rates on etched silicon wafers at 
room tempera ture  were  examined by el l ipsometry and 
ESCA as a function of  wafer  orientation, dopant type 
and concentration, exposure to ul t raviole t  light, and 
storage in deionized water.  Typical ell ipsometric data 
are shown in Fig. 4 for growth rates in air on p- 
type silicon surfaces. El l ipsometric  results indicate 
that  a freshly etched <111> oriented wafer  surface 
possesses ~-- 5A of film. The ESCA spectra of these 
surfaces are identical and indicate the presence of 
<2A of oxide. The C ls line intensities on <111> and 
<100> etched silicon surfaces are equal. Af ter  ex-  
posure to air in the dark (in a metal  container) ,  both 
e l l ipsometry and ESCA indicate that  an oxide is form-  
ing somewhat  more  rapidly on the <111> surface than 
on the <100> surface. This initial difference in oxida-  
tion rate  may  be related to the difference in thickness 
of the impur i ty  film adsorbed on the silicon surfaces in 
air. 

The dopant concentrat ion in the silicon substrate 
affects the oxidation of an etched silicon surface (21). 
Similar  el l ipsometric and ESCA results were  obtained 
for growth on p- type  (boron) and n- type  (phos- 
phorus) silicon wafers  as a function of dopant con- 
centration. Light ly  doped (-~5 X 1014/cm 3) silicon 
wafers appear to exhibi t  the same film growth rate 
as do the 2 ohm-cm (,--5 X 1015/cm 3) wafers. How-  
ever, heavi ly  doped 10 -3 ohm-cm silicon wafers wi th  
about 102o dopant a t o m s / c a  3 oxidize more readily 
than the 2 o h m - c a  wafers. For example,  freshly etched 
10 -3 o h m - c a  wafers  possess an el l ipsometrical ly mea-  
sured film 8.5-10A thick and an est imated (ESCA) 
initial oxide thickness of 2-4A. In contrast to the 
results of Rit ter  et al. (22) which indicated that  an 
anomalously thick oxide layer  formed in air on etched, 
p - type  10 -2 ohm-cm silicon, p - type  10 -2 o h m - c a  
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Fig. 4. Film growth rates on etched silicon wafers at room tem- 
perature measured by ellipsometry. 

(1019/cm 3) silicon wafers exhibi t  an in termediate  
growth rate between that of 2 and 10 -3 o h m - c a  
silicon. The rate of subsequent oxide growth in air 
is more rapid on the heavily doped silicon and is in- 
dicated by both ellipsometry and ESCA. It is sus- 
pected that differences in impurity adsorption on 
highly doped silicon surfaces and changes in the re- 
activity of the heavily doped silicon both contribute 
as causes for the enhanced oxidation. 

Immersion of freshly etched silicon wafers into non- 
agitated, deionized water at room temperature gen- 
erally reduced the rate of oxide growth when com- 
pared with growth in air. As previously indicated, 
oxidation of cleaved surfaces also occurs less readily 
in deionized water than in air. In a static system, the 
growth of an oxide film on an etched silicon wafer 
often proceeded at a normal rate only after an in- 
duction period. This induction period was occasionally 
observed for etched wafers immersed in deionized 
water or for rinsed wafers contained in a dosed plas- 
tic container. For example, no changes in ellipsometric 
film thickness from the to measurement were observed 
for a period of 6-10 hr for samples contained in a 
closed container. Once oxide growth was initiated, 
subsequent oxidation within the container occurred 
at a normal rate. When an etched wafer is rinsed in 
stirred deionized water, the rate of oxidation is in- 
creased, Bubbling nitrogen or oxygen gas through the 
deionized water also increased the rate of oxidation. 

The etched silicon surface is hydrophobie due to 
the presence of Si-F bonds (23) or adsorbed HF. Co- 
valent organic impurities, present in the deionized 
water in trace quantities, are preferentially adsorbed 
on the silicon as the HF goes into solution. These im- 
purities apparently form a barrier film which inhibits 
aqueous oxidation of the silicon. Water or oxygen 
permeation into this barrier is enhanced by agitation 
of the system. Modification of the adsorbed barrier 
film by coadsorption of water or ionic species from 
solution can make the surface of the sample appear 
hydrophilic. 

The frequency distribution of laboratory fluorescent 
lighting extends into the near ultraviolet. Exposure to 
this light accelerated the oxide growth rate on etched 
silicon when compared with oxide growth in the dark. 
The effect of ultraviolet light on oxide growth is 
shown in Fig. 4 using light with a wavelength of 2537A. 
Irradiated films were compared with films grown in 
the dark after 3 weeks by ellipsometry and ESCA 
when an oxide has nearly reached its equilibrium 
thickness in air in the dark. Results in Table III in- 
dicate that both the total film and estimated oxide 
thicknesses are greater after exposure to ultraviolet 
light than after growth in the dark. The extent to 
which oxidation is modified by ultraviolet irradiation 
is much less than is indicated by ell ipsometric mea-  
surements.  The ESCA spectrum indicated that  the ex-  
posed wafers  possessed a significant increase in the 
thickness of the carbon impur i ty  film on the oxide 
surface. Multiple carbon lines ra ther  than the single 
carbon line normal ly  observed suggested that  the ad- 
sorbed carbon film was modified due to photolysis at 
the silicon surface. This result  suggests that  an organic 
film is present  on the silicon surface prior to insertion 
into the ESCA spectrometer.  The presence of oZone or 
heating of the wafer  during exposure were  exper imen-  

Table ill. Effect of ultraviolet light on oxide growth in air 

UV (2537A), 
Technique Measurement of A Dark, A 

EllipsometrY Total film thick- 44.5 17,8 
ness 

ESCA Estimated oxide 15-16 11 
thickness 

Temperature, 25~ 
Exposure time: 3 weeks. 
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ta l ly  e l iminated  as possible causes for the increase in 
oxide thickness.  

Cabrera  (24) has r epor ted  that  u l t rav io le t  i r r ad ia -  
t ion enhances the  oxidat ion  of a luminum and Oren and 
Ghandhi  (25) have made s imilar  observat ions for oxi-  
dat ion of silicon at  e leva ted  tempera tures .  However ,  
Feh lner  (26) has recen t ly  noted that  u l t rav io le t  i r -  
rad ia t ion  of silicon under  clean, d ry  conditions does 
not  affect si l icon oxidation.  I t  remains  to be de te r -  
mined whe ther  our observat ions  of the enhanced oxi-  
dat ion of silicon are  re la ted  only to i r rad ia t ion  of si l i-  
con with  u l t rav io le t  l ight  or to i r rad ia t ion  in the pres -  
ence of impuri t ies .  

Summary 
Impur i t ies  are  r ap id ly  adsorbed on modera te ly  

doped substrates  af ter  etching in I-IF. The film present  
on a f reshly etched silicon surface and measured  by  
e l l ipsometry  is p r imar i l y  an impur i t y  film ra the r  than  
an oxide film. A Si 2p oxide photoelectron l ine is not 
detected on a f reshly  etched silicon surface. The in-  
tensi ty  of an oxygen photoelect ron l ine for  a substra te  
e tched and then  r insed  in  deionized wa te r  indicates 
tha t  < 2 A  of oxide is present.  A difference in surface 
behavior  is observed  be tween  a f reshly etched silicon 
wafer  and an oxidized wafer.  More carbon is in i t ia l ly  
adsorbed on an etched surface than  on a surface wi th  
oxide present .  I t  is l ike ly  tha t  ~0.1 monolayer  of s i l i -  
con dioxide  (detect ion l imi t  of ESCA) forms on a 
f reshly  etched sil icon surface r insed in deionized wa te r  
and exposed to a i r  and that  the oxygen detected in the 
ESCA spect ra  is l a rge ly  from absorbed  oxidized im-  
purit ies.  Oxide film thicknesses on etched sil icon sur -  
faces, a s  wel l  as oxide  growth  rates, a re  therefore  
overes t imated  by  e l l ipsometry.  

The ini t ia l  oxide growth  rates  on etched sil icon sur -  
faces in air  or wa te r  at room tempera tu re  are  lower  
than  on cleaved s~ilicon surfaces. HF etching enhances 
the  ra te  of impur i t y  adsorpt ion  on a silicon surface 
re la t ive  to the  ra te  of surface oxidat ion.  A n  induct ion 
per iod  is sometimes observed during which oxide 
growth  does not occur on etched silicon but  it is not 
observed once oxidat ion  is init iated.  The thickness of 
the impur i ty  l ayer  on etched sil icon is decreased af ter  
oxidat ion is in i t ia ted  and its effect on the ra te  of sub-  
sequent  oxidat ion  of silicon is also decreased.  

A number  of factors affect the  ra te  of oxide growth  
on etched si l icon at room tempera ture .  An  increased 
oxide growth  ra te  is observed if the subs t ra te  dopant  
(n-  or p - type )  concentrat ion is ~ 1019/cm 8. The oxide 
growth  ra te  in a i r  is g rea te r  on ~ 1 1 1 ~  or iented sub-  
strates than  on ~100~  surfaces. Ul t ravio le t  l ight  
(2537A) also increases the oxide g rowth  ra te  in air. 
However,  the ma jo r  effect of u l t rav io le t  i r rad ia t ion  is 
to increase the na ture  and film thickness of the carbon 
impur i t ies  at the  silicon surface p resumably  by  a 
mechanism different  f rom tha t  of adsorpt ion  in the 
dark.  The equi l ib r ium oxide thickness  in air  at  room 
tempera tu re  is less than  14A unless the subs t ra te  dop-  
ant  concentrat ion is g rea te r  than 1019/cm 3 or the  sub-  
s t ra te  is exposed to u.v. l ight  dur ing oxidation.  
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Simple Theoretical Estimates of the Schottky Constants 
and VirtuaI-Enthalpies of Single Vacancy Formation 

in Zinc-Blende and Wurtzite Type Semiconductors 
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ABSTRACT 

Phillips and Van Vechten have shown that, because of the high valence 
electron density in  diamond type semiconductors, their  vacancies may prop- 
erly be t reated as macroscopic cavities. With this model one may estimate 
the enthalpy of neutra l  vacancy formation, aH (Vx), as s imply the surface en-  
ergy of the cavity. Values of AH(Vx) are known for Si and Ge and are 10% 
less than the theoretical estimates. Here this model is extended to z inc-blende 
and wurtzi te  type crystals. The vir tual-enthalpies  of formation AH(VA x) and 
AH(VB x) are calculated for 17 common semiconductors. Difficulties in analyz- 
ing empirical data which arise from the ionization of the vacancies and their  
interact ion with other defects are noted. However, for CdS, where the data 
a r e  adequate, the empirical values are about 12% less than those calculated. 

Phillips and Van Vechten have noted (1; 2 2) that the 
Wigner-Sei tz  atomic radius, rw, is much greater than 
the inverse of the Thomas-Fermi  screening wave 
number ,  ks, in  the diamond type semiconductors 

ks(Si)rw(Si)  ---- 3.5, ks(Ge)rw(Ge) = 3.6 [1] 

Moreover, the surface energy of a metal, Es, results 
from the spilling of electronic charge density into the 
vacuum, where  it is not compensated by the positive 
charge of the ion cores, because the electronic wave 
functions cannot be abrupt ly  terminated by a finite 
potential  (3, 4). This spilled charge distr ibution de- 
cays as po exp( - - rks ) .  One expects the range of effects 
which produce the surface energy of a semiconductor 
to be similar  to or slightly shorter than in  the case of 
a metal  (1). Furthermore,  because all the lattice sites 
of a diamond type crystal may be treated as equivalent  
sites, the macroscopic volume to be associated with a 
single atomic vacancy is exactly one atomic volume, 

= a8/8 :- 4~rw3/3 [2] 

where a is the lattice constant. Therefore, if the single 
vacancy is regarded as a macroscopic cavity of volume 
~1, the range over which the surfaces of this cavity 
would seem poorly defined in a microscopic sense is 
small  compared with the total dimensions of the 
vacancy. Thus, it was concluded that a single atomic 
vacancy in a diamond type semiconductor may prop- 
erly be treated as a macroscopic cavity and the en-  
thalpy of neut ra l  vacancy formation, hH (Vx), may be 
estimated as its surface area times its surface energy 

~H(V x) = ~Es [3] 

To evaluate hH(Vx), one should note that the equi-  
l ibr ium shape: of a cavity in a diamond type crystal is 
not a sphere, but  an octahedron with only (111) sur-  
faces, and that Es is not isotropic (2, 5, 6). The en-  
thalpy or in ternal  energy per uni t  area of the (111) 
surfaces, E s ( l l l ) ,  is less than that of any other sur-  
face. Thus, if the vacancy has the same equi l ibr ium 
shape as a macroscopic cavity in the same material,  we 
have 

~H(V x) ~- ~ s E s ( l l l )  [4] 

* Electrochemical  Society A c t i v e  Member .  
1 P r e s e n t  addres s :  IBM T h o m a s  J.  W a t s o n  Resea rch  Center ,  York -  

t o ' a n  He igh t s ,  New York  10598. 
Note  that t h e  v a l u e s  q u o t e d  in  Ref.  (1) d i f fer  s l i g h t l y  f r o m  those  

in Eq. [13] because  p r o p e r  accoun t  was  no t  m a d e  for the sur face  
entropy. 

Key  words: defects,  stoichiometry,  n o n r a d i a t i v e  r e c o m b i n a t i o n ,  
GaP ,  CdS.  

where ~s is the surface area of an octahedron of vol- 
ume 

~s : 1.1826 ~ [5] 

and / l~  :- 4~rw 2 is the area of the Wigner-Sei tz  sphere. 
It has been noted (2) that  the observed Jahn-Tel le r  
distortion of Vsi x and Vsi + corroborates the assump- 
tion that its macroscopic shape is octahedral. 

Gi lman  obtained an empirical estimate for E s ( l l l )  
of Si from an irreversible crack-propagat ion experi-  
ment  (7). However, similar experiments  have not been 
reported for other semiconductors so it is necessary 
to make theoretical estimates. It was proposed (1, 2) 
that  

Es( i jk)  : Esm(ijk) Jr Esb(ijk) [6] 

where Esm(ijk) is the contr ibut ion from long-ranged,  
metallic forces (3, 4) and Esb(ijk) is the contr ibut ion 
from short-ranged, directional covalent forces (8). 
[Note that the energy of the covalent bond is here 
reckoned as the extra  cohesive energy of the covalent 
phase relat ive to the metallic phase of the same com- 
position rather  than as the total cohesive energy rela-  
tive to free atoms (8). This covalent energy is calcu- 
lated in  the manner  of Hume-Rothery  by comparing 
the electronic band structures of the semiconducting 
and metallic phases.] 

Because both theoretical and exper imental  values 
are available for the surface tension of l iquid metals 
(3, 4), it seems wise to relate Es m to the surface ten-  
sion and to test the proposed relat ion with the case of 
Si. It is assumed that E s m ( l l l )  is just  the surface en-  
thalpy per un i t  area, Hs 1, of the metallic l iquid phase 
of Si corrected for difference in density between the 
solid and liquid phases. The value of Hs 1 is obtained 
from measurements  of the surface !ension, Fs 1, of the 
liquid, which is indeed the surface free energy per 
uni t  area 

Fs 1 = Hs 1 -- TSs 1 [7] 

where T denotes temperature  and Ss 1 is the surface 
entropy per uni t  area, Ss 1 ---- --dFsl/dT. The general ly 
accepted values for Si at T y : 1685~ are Fs 1(Si,T F) 
: 734 erg /cm 2 and SsI(Si,T F) : 0.09 erg /cm 2 (9-11) 
so that HsI(Si,1685~ ---- 887 erg/cm 2. Taking the 
density of the l iquid phase to be 15.3% greater than 
the solid (8) and the theoretical result  that Hs 1 vary 
as the --5/6 power with density, one estimates 

Esm( l l l ,S i )  : Hsl/(1.153) 5/6 ---- 788 erg/cm ~ [8] 

The contr ibut ion from short-ranged, directional co- 
valent  forces, Esb(i jk) ,  to each of the two surfaces 
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formed as a crystal is cleaved is jus t  

Esb(ijk) = Ns b (i jk)Eb/2 [9] 

where Nsb(ijk) is the number  of broken bonds per 
uni t  area of (ijk) surface and Eb ----- Eb(T) is the 
energy of each covalent bond relative to the metallic 
phase. [A rather  complete discussion of Eb(T) is given 
in Ref. (8) where calculated values are successfully 
compared with experiments.]  For Si at 77~ one finds 

Es b ( l l l ,S i ,  77~ ---- 116 erg/cm g [10] 

so that the calculated value of the total (111) surface 
energy is 

Es (111) ---- 904 erg /cm 2 [11] 

This value may be compared with .Gilman's value, 
1240 erg/cm 2, which should be an overestimate of the 
t rue value because it was obtained from an i r rever-  
sible process (7). Because the source of this overesti- 
mate is the failure to allow for relaxat ion processes 
on the newly cleaved surfaces, a crude estimate of its 
magni tude  would be that  it is the same fraction of 
E s ( l l l )  as the Jahn-Te l l e r  relaxat ion is of AH(VsiX). 
The Jahn-Te l l e r  relaxat ion energy for Vsi x is roughly 
1 eV (2), and the net value of aH(Vsi x) ----- 2.4 eV so, 
by this criterion, the true empirical value is Es(111) 
: 2.4 • 1240/3.4 875 erg/cm 2. Therefore, the agree- 
ment  with theory is considered to be acce.ptable. 

From the above considerations, one may estimate 
AH (V) for diamond type crystals as 3 

AH(Vx, T) : ~ sEsm( l l l )  + 4Eb(T) [12] 

if empirical values for Es I are known as they are for 
Si and Ge (9-11). [Note that the factor 4 follows from 
the fact that there are four broken bonds about the 
vacancy and the full energy of the bonds must  be 
ascribed to AH (Vx). One should also note that Ss I does 
not vary greatly from one l iquid metal to another (10, 
11).] For Si and Ge at their respective melt ing points 
one calculates 

~tH(VsiX,T F) : 2.66 eV, AH(VGaX,T F) --~ 2.21 eV [13] 

Empirical values may be obtained from quenching 
experiments  (12-14). However, one should take pro~er 
account of the ionization state of the vacancies at high 
temperatures and of the finite quenching rate when 
these experiments  are analyzed (15-17). The empirical 
values are 

AH(Vsi x) ---- 2.4 • 0.2 eV, ~H(VGa x) ---- 2.0 __ 0.2 eV [14] 

so that this macroscopic model :seems to overestimate 
the t rue values of AH(V x) by about 10%. 4 One should 
expect such an overestimate to occur because the 
charge density spilling into the vacancy cavity will 
overlap along the edges and at the apexes. Thus, these 
portions of the surface should have a lower energy 
than the corresponding free surfaces at infinite sepa- 
ration. 

N o t e  t h a t  AH(V x) r e f e r s  to the  p roce s s  i n  w h i c h  one  l a t t i c e  s i t e  
is ad"ded to the  c r y s t a l  so t h a t  a n  a t o m  f r o m  the  b u l k  m o v e s  to t h e  
s u r f a c e  l e a v i n g  a n e u t r a l  v a c a n c y  in  the  b u l k  a n d  c a u s i n g  t h e  s a m -  
ple. to e x p a n d  by  one  a t o m i c  v o l u m e .  No a t o m  is r e m o v e d  to  t h e  
v a p o r  in  t h i s  p rocess ,  w h i c h  is c o m m o n l y  d e n o t e d  O = V x. [ S e e  
K r S g e r  (15) ,  p. 313.]  

As  t h e  c r e a t i o n  of a v a c a n c y  p r o d u c e s  f o u r  b r o k e n  b o n d s  a b o u t  
t he  v a c a n t  s i te  a n d  as t h e r e  a r e  t w i c e  as m a n y  b o n d s  as a t o m s  in  
t h e  Si  s t r u c t u r e ,  i t  is  o f t e n  n o t e d  t h a t  P a u l i n g ' s  n o t i o n  of t h e  a d d i -  
t i v i t y  of b o n d  e n e r g i e s  w o u l d  l e a d  one  to  e s t i m a t e  AH(V~) as t w i c e  
t h e  h e a t  of  a t o m i z a t i o n  or  f o r  St, 9.3 eV. T h i s  is  f a r  m o r e  t h a n  
the  o b s e r v e d  v a l u e s  w h i c h  g e n e r a l l y  r u n  b e t w e e n  0.5 a n d  1.0 t i m e s  
t h e  h e a t  of  a t o m i z a t i o n  f o r  m o s t  m a t e r i a l s .  In  t h e  p r e s e n t  d i s cus s ion  
t h e  b o n d  e n e r g y  Eb is f a r  less  t h a n  h a l f  t he  h e a t  of a t o m i z a t i o n  be -  
cause  i t  d e n o t e s  o n l y  t h e  e n e r g y  r e s u l t i n g  f r o m  the  s h o r t - r a n g e d ,  
d i r e c t i o n a l  c o v a l e n t  fo rces .  [See  Ref .  (8) . ]  Of course ,  t h e r e  is no  
d i r e c t  r e l a t i o n  b e t w e e n  A H ( V  x) a n d  t h e  h e a t  of  a t o m i z a t i o n  b e -  
cause  t h e  v a c a n c y  c r e a t i o n  p rocess  does  n o t  i n v o l v e  r e m o v i n g  an  
a t o m  f r o m  t h e  s a m p l e ,  b u t  i t  is  w o r t h  n o t i n g  t h a t  t he  r e ? a x a t i o n  of 
a t o m i c  pos i t i ons  c o n c o m i t a n t  w i t h  t h e  e s t a b l i s h m e n t  of  t h e  e q u i l i b -  
r i u m  s h a p e  of t h e  v a c a n c y  c a v i t y  c o r r e s p o n d s  to a s u b s t a n t i a l  r e -  
d u c t i o n  in  the  l o n g - r a n g e  c o n t r i b u t i o n s  to AH(V x) f r o m  t h e  v a l u e  
t h a t  w o u l d  o b t a i n  in a n  u n r e l a x e d  l a t t i c e .  See  t h e  d i s cus s ion  of  t h e  
J a h n - T e l l e r  d i s t o r t i o n  in  Ref .  (2) .  

Extension of Theory to Zinc-Blende and Wurtzite 
Crystals 

The lattice constants of GaAs, ZnSe, and CuBr are 
near ly the same as that of Ge because all these ele- 
ments  occur in the same row of the periodic table (18). 
For this reason they have near ly  the same valence 
electron density, bulk, and surface plasmon f requen-  
cies. Therefore, the use of the macroscopic model to 
treat vacancies in  z inc-blende or wurtzi te type crystals 
is as well justified as its use with diamond type crys- 
tals. 

Because zinc-blende and wurtzi te  crystals will con- 
tain both anion and cation vacancies, VB and VA, one 
must establish some criterion for the relative size of 
these two species. It is here assumed that the dimen-  
sions of a vacancy cavity are proportional to the te t ra-  
hedral  covalent radius, re, of the re levant  element  ac- 
cording to the table of Van Vechten and Phillips (18). 
Then by simple geometry, one finds the effective 
Wigner-Seitz  radius of A is 

rw(A):(16/x~/3)i /~rc(A) : 1.433 re(A) [15] 

Then the area of, for example, an octahedral cavity 
of appropriate size may be calculated using Eq. [5]. 

At this point we may make a quali tative observation 
about the agreement of theory with experiment.  Con- 
sider the relative energy of neutra l  cation and anion 
vacancies which may be discussed in  terms of their 
vi r tual-enthalpies  of formation, AH(VA x) and AH(VBX). 
[We recognize that only the Schottky constant en-  

thalpy 
Hs(AB) ---- AH(VA x) ~- AH(VB x) [16] 

is a true enthalpy defined in terms of a true chemical 
potential, but that it is both permissible and convenient  
to calculate the vir tual-enthalpies  of vacancies in these 
compound crystals in a manne r  analogous to that used 
with elemental  crystals. These vir tual-enthalpies  are 
then used in the proper s t ructure  element analysis of 
the thermodynamics of compounds developed by 
KrSger, Stieltjes, and Vink (19).] 5 Because there is only 
one type of bond in  these AB crystals, the short-range 
or broken bond contr ibut ion is the same to AH(VA x) 
as to AH(VBX). Therefore, the difference between the 
two is only in the long-range contribution, ~s Esm( l l l )  
of Eq. [12], which is proportional to rw 2. Thus, the 
present theory predicts that ~H(V x) will be larger 
for the component with the larger rc. 

If differences in the enthalpies of ionization, 
AHI(VA-) and ~HI(VB+), and of the activities in the 
l iquid or vapor phase are neglected, then the ionized 
vacancies of the smaller  e lement  should be more 
numerous at the max imum of the solidus. Thus, by 
considering only vacancy contributions to the defect 
induced extrinsic carrier concentrat ion of undoped 
material, one predicts the material  to be n- type  if 
re(A) ~ re(B) and to be p- type if re(A) ~ re(B). In  
Table I are listed the carrier types and radius ratios 
of the II-VI compounds. It is commonly believed that  
the carrier type that may be obtained in these com- 
pounds is l imited by a vacancy self-compensation 
mechanism, although ant is t ructure  defects, AB- or 
BA +, may also be important.  [See the accompanying 
paper (23).] In  any event, the comparison in Table I 
shows perfect agreement  between prediction and ob- 
servation. 6 The same correlation occurs in I I I -V crys- 
tals although most of these can be doped to either 
type with impurit ies;  undeped GaSb is p-type, while 
GaP and d a N  are n-type.  The author knows of no ex- 
ception to this rule. 

s No te  t h a t  r e a l  v a l u e s  h a v e  b e e n  m e a s u r e d  f o r  t h e  v i r t u a l -  
e n t h a l p i e s  in  s e v e r a l  v i r t u a l  r e a c t i o n s  in  some  a l k a l i - h a l i d e  a n d  
s i l v e r - h a l i d e  c rys t a l s .  See  Ref .  f20-22) .  

6 A s i m i l a r  c o r r e l a t i o n  w a s  o b s e r v e d  b y  M a n d e l  (24) w h o  u s e d  
P a u l i n g ' s  t a b l e  of c o v a l e n t  r a d i i  a n d  a s c r i b e d  t h e  cause  to  d i f f e r -  
ences  in  AHI fo r  VA a n d  VB. H o w e v e r ,  t h a t  h y p o t h e s i s  w a s  d i s -  
c r e d i t e d  by  K r S g e r  (25),  a n d  the  c o r r e l a t i o n  w a s  no t  exac t .  T h e  
l a t t e r  p o i n t  is f u r t h e r  e v i d e n c e  fo r  t h e  s u p e r i o r i t y  of  t h e  t a b l e  of  
c o v a l e n t  r a d i i  in  Ref .  (18) o v e r  t h e  e a r l i e r  t a b l e  of P a u l i n g  w h e n  
t h e s e  a r e  a p p l i e d  to s e m i c o n d u c t o r s .  
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Table I. 

C o m p o u n d  A B  re ( A ) / r c  (B) C o n d u c t i v i t y  t y p e  

Z n O  1.81 n o n l y  
CdS 1.25 n o n l y  
C d S e  1.15 n o n l y  
Z n S  1.09 n o n l y  
Z n S e  1.00 n + p 
C d T e  1.OO n + p 
M g T e  0.93 9 o n l y  
Z n T e  0.87 p o n l y  
B e T e  0.69 p o n l y  

In  order to make quant i ta t ive  estimates of AH(Vx), 
one must  determine the shape of the vacancy cavity 
and the value of the appropriate surface energy. In  
contrast to diamond, Si and Ge, the equi l ibr ium shape 
of zinc-blende t ype  crystals is in general  the rhombo- 
hedral-dodecahedron,  which has only (110) surfaces. 
It  is commonly assumed that this distinction results 
from the fact that the unreconstructed (110) surface 
has an equal number  of anion and cation surface atoms 
whereas unreconstructed (111) [and (100)] surfaces 
have only one type of surface atom. Therefore, it 
seems l ikely that the distinction between diamond and 
zinc-blende equi l ibr ium shapes results from Coulomb 
interactions across several un i t  cells of surface atoms 
that would not be operative on the surfaces of a neu-  
tral  vacancy. Furthermore,  the author is unaware  of 
any determinat ion of the Jahn-Te l le r  distortion about 
VA x or VB x in a z inc-blende crystal which could serve 
to settle the question of the shape of the cavity, but  the 
geometry of the lattice seems to favor the octahedral 
shape of vacancies in  Si and Ge (2). Finally,  there 
seems to be no measurements  of E s ( l l 0 )  for zinc- 
blende crystals like those of Gi lman for Si E s ( l l l )  
(7), so that it is not possible to test any proposed rela-  
t ion between Fs 1 and E s ( l l 0 )  as was done for Es(111) 
in Eq. [11]. Due to the above considerations, it is here 
assumed that VA x and VB x have the same octahedral 
shape as Vsi x and Voe x and that the same relat ion 
holds between the  surface tension of the stoichiometric 
liquid, Fs1(A0.sBo.5), and the effective E s ( l l l , A B )  on 
the surface of the VA x or VB x cavity. 

Thus, we have 

A H ( V A  x )  = ~ s ( A )  E s m ( l l l )  -~  4 E b ( A B )  

[17] 
AH(VB x) : ~ts(B) E s m ( l l l )  + 4Eh(AB) 

where  ~t~(A) and ~s(B)  are defined in terms of re(A) 
and rc(B) by Eq. [5] and [15]. Values of Es m are here 
calculated using the theory of Schmit and Lucas to 
calculate Hs t with the same parameters for the surface 
plasmon cutoff (3, 4) and of the change in density 
upon melt ing and Ss 1 as are observed for Si. (Schmit 
and Lucas calculated Hs 1 for 53 metals wi thin  15% of 
experiment.)  The result ing values are shown in Table 
II. 

In  Table II, calculated values are also shown for the 
surface tension of the stoichiometric l iquid at T F, 
Fs l(A0.sE0.5, TF). Although it would seem to be easilY 
possible to measure Fs I using the method of Sugden 
(26, 27), only a few measurements  have been reported 
(28, 29) and these general ly refer to a nonstoichiomet-  
tic l iquid which is in equi l ibr ium with the solid under  
some convenient  growth condition. Thus, for example, 
the calculated value for Fsl(A10.sSbo.5, 1353~ ---- 531 
erg /cm 2 cannot be compared with the reported value, 
480 erg/cm 2 (28), unt i l  more informat ion about the ex- 
per iment  is supplied. 

Although the values in Table II are appropriate for 
the crystal at T F, the variat ion of the calculated values 
with tempera ture  is not large. This is because lhe 
coefficients of thermal  expansion of these crystals are 
so small that the electron density varies less than  2%. 
Thus, the dominant  term, /t Es TM, varies less than  2%. 
The temperature  variat ion of the covalent term, 
4ED(T), is given in  Ref. (8). 

Comparison with Experiment 
The analysis required to determine AH(VA x) and 

aH(VB ~) from experimental  data is rather  more in-  
volved than that required to determine AH(V x) for 
elemental  semiconductors (15-17). As with Si and Ge, 
one must  take account of the ionization state of both 
types of vacancies at the high temperature,  Th, at 
which an equi l ibr ium is established and of the escape 
and agglomeration of these vacancies during the finite 
time required to cool the sample from Th to the tem- 
perature where measurements  are made. As with Vsi 
and Vce, both VA and VB may be expected to form 
complexes with impurities, CA and CB, during the 
quench so that any ionization energies observed at low 
temperature  must  be ascribed to CA and CB rather  than 
to VA and Vs. [The ionization energies AHI(VA-) and 
aH(VB+),  etc., can only be determined if simple, 
single vacancies can be produced near  T = 0~ as by 
electron irradiation.] 

The problem of analyzing the data for AB crystals 
is worse than that with elemental  semiconductors be- 
cause one should expect the vacancies to interact  with 
antisite defects , As and BA (23). If the crystal is grown 
off-stoichiometry, say with an excess of A, then the 
excess may be accommodated in the lattice as Vs or 
As or intersti t ial  A, At. I t  seems that  the concentrat ion 
of intersti t ials jAil is significant only for elements of 
valence ZA ---- 1, i.e., the alkali and noble metal  im-  
purities. Elements with ZA = 2 may occur as in ter-  
stitials in  a concentrat ion sufficient to affect atomic 
diffusion but  they are more commonly found on sub- 
sti tutional sites(30). Except for cases like O in  Si 
where a compound is formed, [Ai] is negligible when 
ZA > 2. However, the vir tual  enthalpies of formation 
of antisite defects, AH(AB x) or AH(BAX), are com- 
parable with AH(VB x) and AH(VA x) (23). Moreover, 

Table II. 

H s  1 (AB)  
C o m p o u n d  r w ( A ) ,  r w ( B ) ,  T ~', calc,  Fs l  (Ao.sBo.5,T F) ~ s ( A ) E s m ( l l l ) ,  ~ s ( B ) E s r a ( 1 1 1 ) ,  4Eb(TF) ,  AH(VAx),  AH(VBx),  

A B  A A ~  e r g / c m  ~ cole, e r g / c m ~  eV eV eV eV eV 

S i C  1.~80 1.109 2810 1546 1290 3.59 1.57 1.35 4.94 2.92 
A/As 1.762 1,755 2018 814 631 2.08 2.07 0.68 2.76 2.75 
A1Sb 1.762 2.013 1535 654 531 1.67 2.18 0.63 2.30 2.61 
GaiN" 1.765 1.030 2791" 1428 1174 3.62 1.25 1.46 5.10 2.73 
GaP 1.755 1 .616 1740 879 721 2.23 1.89 0,75 2.98 2.64 
G a A s  1.756 1.755 1511 802 664 2.03 2.03 0.56 2.59 2.59 
G a S h  1.756 2.013 985 659 569 1.67 2.20 0.36 2.03 2.56 
InP  2.013 1.616 1343 731 609 2.44 1.57 0.50 3.04 2.17 
InAs 2.013 1 .755 1216 681 570 2.27 1.73 0.34 2.61 2.07 
InSb 2.013 2.013 809 571 497 1.91 1.91 0.21 2.12 2.12 
ZnO 1,755 0 ,971  1976 1369 1189 3.47 1.06 1.94 5,41 3.00 
Z n S  1.765 1.615 2196 896 696 2.27 1.93 1.20 3.47 3.13 
Z n S e  1.766 1.755 1788 797 634 2.02 2.02 1.07 3.09 3.09 
Z n T e  1.755 2.013 1563 666 524 1.70 2.22 0.84 2.54 3.60 
C d S  2.G13 1.615 1825 738 672 2.46 1.59 1.10 3.56 2.69 
CdSe 2.013 1 .755 1512 669 531 2.23 1.70 0.95 3.18 2.65 
C d T e  2.013 2.013 1365 570 446 1.90 1.90 0.85 2.75 2,75 

* Calcu la ted  in  Ref .  (8). 
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while VB acts as a donor, AB will be an acceptor so 
that the two native defects result ing from an excess 
of A will compensate each other. 

The charge compensation of VB + with AB- or AB -e  
will occur not only at Th but  also as the sample cools. 
At Th the equi l ibr ium concentrat ions of neutra l  vacan-  
cies [VB x] and neut ra l  antisite defects [AB x] will be 
different functions of the part ial  vapor pressures, PA 
and PB, over the sample (31). However, as the sample 
is cooled the equi l ibr ium with the vapor is broken and 
vacancies and antisite defects may be. interchanged by 
reactions of the type 

AA x -t- VB + = AB -~ + VA- ~- 4e + [18] 

which will occur every t ime a vacancy migrates to a 
nearest neighbor site. 

[VB + ] and [AB-],  [AB-~], etc., will  always be af- 
fected by the position of the Fermi level, EF. They 
may interact  through the charge compensation mech- 
anism to keep the EF in the gap even though the devia- 
t ion from stoichiometry may be significant. The author 
proposes that this effect is the resolution of the para-  
dox that deviations from stoichiometry in GaP produce 
electrically active "shunt-path  kil ler  centers" although 
they have little effect on the carrier concentration 
either at Th or at room temperature  (32). 

To the author 's  knowledge, the only case for which 
adequate information has been obtained to determine 
hH(VA x) and aH(VB x) properly is that of CdS (33). 
Kumar  and Kr5ger have concluded that ~Hs(CdS) 
5.6 eV while an analysis of their data similar  to that 
i l lustrated for GaP in the following paper (23) im- 
plies ,~H(Vcd x) ~-- 3.15 eV and hH(Vs ~) ~ 2.45 eV. 
These values may  be compared with the present 
theory, Table II, ~Hs(CdS) = 6.25 eV, AH(Vcd x) = 
3.56 eV and ~H(Vs x) = 2.69 eV. We see that  the theo- 
retical values are about 12% greater than the empirical 
values in each case. This compares very favorably with 
the 10% theoretical overestimate found for hH(Vsi x) 
and AH(VGe x) in Eq. [13] and [14]. 

We should expect all the theoretical estimates in 
Table II to be comparably reliable, i.e., 5-2~)% over-  
estimates, and far more reliable than estimates made 
by fitting data with a naive van ' t  Hoff plot that ne-  
glects ionization states, escape, and interactions. 

Added Note 
After completion of this work the author was made 

aware of detailed studies of the surface tension of 
l iquid GaSb (34) and liquid InSb (35) as a function of 
composition and temperature.  For  the 50% Ga-50% 
Sb l iquid 10~ above T P, the apparent  values are: 
Fs 1 = 454 erg/cm2; Ss 1 ---- 0.112 erg /cm 2 deg.; Hs I = 566 
erg /cm 2. These values differ somewhat from those as- 
sumed in the present  calculation and would imply 
AH(VGa x) : 1.79 eV and AH(Vsb x) : 2.25 e~, which 
are 1,0% less than the values in Table II. 

Within  the Schmit-Lucas theory (3, 4), one may 
expect Hs 1 to be less for a par t ia l ly  ionized l iquid than 
for an elemental  l iquid of the same valence electron 
density because in te rband  transit ions would be more 
effective in cutt ing off the plasmons. However, the 
magni tude of this effect may not be as large (10%) 
as the apparent  experimental  values suggest. It  was 
found that Fs ~ varies a factor of 2 across the .Ga-Sb 
composition range so that one should expect the com- 
position of the surface to deviate from that  of the bulk 
in  such a way as to minimize the free energy of the 
system. Furthermore,  an unexpla ined peak in Fsl (x)  
is found at the 50% composition. 

The situation in l iquid InSb is similar to that in 
GaSb and the discrepancy between apparent  values of 
Fs 1 and Table II are somewhat less. However, the data 
on the temperature  variation, which is required to 
obtain Ss I and Hs 1, is not sufficiently accurate to discuss 
a correction. 

The author is indebted to Dr. A. S. Jordan for br ing-  
ing this data to his attention. 

Manuscript  submitted May 14, 1974; revised manu-  
script received Sept. 9, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by- Aug. I, i975. 

Publication costs of this article were partially as- 
sisted by Bell Laboratories. 
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ABSTRACT 

The few theoretical t reatments  which have been successful in predicting 
the thermodynamic  parameters  of subst i tut ional  impurit ies are examined for 
their  implications regarding antisite defects, BA or An, and ant is t ructure  
pairs, BAAB in AB semiconductors. All such theories predict a large concen- 
t rat ion of BAAs x, especially in III-V's. All predict that BA + or BA +2 and 
A s -  or As -2 should be important  to the properties of III-V's. Results of the 
Phi l l ips-Van Vechten dielectric two-band  model are presented for 23 common 
semiconductors. These are combined with results for vacancies in the. accom- 
panying paper to give a detailed account of nat ive defects in GaP both during 
crystal growth and as the sample cools. The existence curve is calculated and 
compared with experiment.  The interact ion between vacancies and antisite 
defects is invoked to explain why deviations from stoichiometry have slight 
effects on carrier concentrat ion but  large effects on luminescent  efficiency. 

An  antisite defect in  a compound crystal, AB, may 
be an atom of element  A which occupies an anion 
(B-type) lattice site, As, or a B-atom which occupies 
a cation (A-type)  lattice site, BA. (It seems that the 
terms "antisite" and "ant is t ructure" are used in ter-  
changeably in  the l i terature.)  An ant is t ructure  pair, 
BAAm would result  from interchanging two nearest  
neighboring atoms in the perfect zinc-blende or wurtz-  
ite structure. 

Although these defects have always been enu-  
merated among the varieties of nat ive defects in the 
s tandard text books (1, 2), the author has been unable  
to find any previous estimates of the enthalpy changes 
in the crystal concomitant with their formation. 

However, AB and BA may be viewed as special cases 
of subst i tut ional  impurit ies in the AB crystal. A few 
theoretical t reatments  of the thermodynamics of sub-  
st i tut ional  impurit ies and of their  dis t r ibut ion coeffi- 
cients have been presented which achieve reasonable 
success in semiconductors (3-.6). Therefore, the author 
here applies preexist ing theory for impurities, part icu-  
lar ly  that  of the dielectric two-band  model developed 
by Phill ips and Van Vechten (7-9), to the ant is t ruc-  
ture  defect problem. 

Despite the fact that appreciable concentrations of 
antisite defects (10, 11) and, in  particular,  ant is truc-  
ture  pairs (12, 13) have been reported in several ma-  
terials, it seems that  they are often ignored when ex-  
perimental is ts  seek to analyze their  data. It is shown 
that  there is no basis in theory for the assumption that  
ant is t ructure  defects may be neglected in I I I -V and SiC 
crystals. Moreover, the insensi t ivi ty of carrier con- 
centrat ion to significant deviations from stoichiometry 
(14, 15) may be explained in terms of compensation 
be tween vacancies and antisite defects which may oc- 
cur both at the growth temperature,  Th, and during 
the cooling of the sample. It is noted that vacancies 
may be converted to antisite defect-vacancy complexes 
by reactions of the type 

AA x + VB + -- AB -2 + VA-- + 4e + [1] 

which will  occur every t ime a vacancy migrates to a 
nearest neighbor site. (The superscript x denotes the 
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neut ra l  state of the species.) Such an explanat ion 
resolves some paradoxes that arise if one assumes that  
deviations from stoichiometry may result  only from 
differences in the concentrations of anion and cation 
vacancies, [VB] and [VA]. An example of this would 
be the case of the "shunt-path  killer centers" in  GaP 
(14, 15). 

Neutral Antistructure Pairs 
The enthalpy and entropy of formation of a neutral  

ant is t ructure  pair, AH(BAAB x) and AS (BAABX), are 
defined by the reaction 

AAB~ x : BAABX; AH (BAABX), AS (BAAB x) [2] 

corresponding to the interchange of the two atoms in a 
uni t  cell of the crystal. Obviously, AH(BAAs x) and 
AS(BAAB X) are bo th  zero for e lemental  crystals like 
Si and Ge. One would expect their  values to be 
roughly proportional to the ionicity of the compound 
or the electronegativity difference between A and B 
(4, 7-9, 16). Thus one should expect, for example 

AH (BrcuCUBr x) ~ AH (SeznZnse x) 

> AH(ASGaGaAs x) > 0 [3] 

It is easy to estimate AH(BAAB X) using Paul ing 's  
table of elemental  electronegativities, XA and Xs, 
and his rules for the heat of formation of covalent 
bonds (16). The formula for either the zinc-blende or 
the wurtzi te s tructure is 

A H ( B A A s  x)  -~ 6 ( X A  - -  XB)2Z(A)/4  eV [4] 

where Z(A)  is the valence of the cation. The factor 
Z ( A ) / 4  appears because, according to Pauling, there 
are Z(A)  bonds "resonating" among 4 ligands to the 
nearest neighboring atoms. The factor 6 appears be-  
cause 6 of the 7 A-B ligands attached to these two 
atoms are replaced by 3 A-A ligands and 3 B-B 
ligands. 

The values obtained from Eq. [4] are presented in 
Table I, where they are compared with values calcu- 
lated using the dielectric two-band  model (4, 7-9) and 
treating BAAB x as a pair of impurities, BA and AB. In 
this model one considers two contributions to the 
excess heat of mixing, ~H(IzAI-xB) ,  of a subst i tu-  
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Table I. 

AH(B~ABx) AH(BAAB x) AH(BAAB x) AH(BAAB x) 
Crys ta l  Pau l ing ,  Van  Vech-  Crys ta l  Pau l ing ,  Van  Vech-  

AB eV ten, eV A ~ i  eV ten,  eV 

SiC 2.21 0.89 InI~ 7.61 5.53 
BN 4.50 1.98 I n P  0.72 1.30 
t~P 0.05 0.24 I r ~ s  0.41 0.90 
B A s  0.00 0:1'2 InSb 0.18 0.64 
tklN 10.13 5.06 ZnO 10.83 11.40 
AlP  1.62 1.11 ZnS 2.43 3.19 
AlAs 1.13 0.74 ZnSe 1,92 2.51 
A1Sb 0.72 0.38 ZnTe 0.75 1.74 
GaN 8.82 4.77 CdS 1.92 ,3~34 
G a P  1.13 1.06 CdSe 1.47 2.67 
GaAs  0.72 0.70 CdTe 0.48 1.87 
GaSb  0.41 0.40 

tional impurity,  I, on the A sub!~attice of the AB host 
crystal at a mole-fract ion concentration x (4) 

AH(IxA1.-xB) ---- AHo(IxAI-xB) + AHe(IxAI-xB) [5] 

The contr ibut ion hH0 is that  produced by the reduction 
of the various optical bandgap~, which results from 
the disorder o~ the crystal potential concomitant with 
alloying. These bandgaps are a measure  of the separa- 
t ion of valence electron wave ft~nctions into bonding 
(valence band) states and ant ibonding (conduction 
band) states so that their reduction reduces the co- 
valent  bonding contr ibut ion to the cohesive energy of 
the material. A predictive theory for this effect has 
been published and compared with optical data for a 
wide range of pseudobinary alloys (17, 18). The com- 
parison of this theory with empirical l iquidus and 
solidus curves is given in Ref. (4-6). 

The second term in Eq. [5], ~He(IzAI-~B), is the 
contr ibution produced by the effect of the excess or 
deficit of electrons contr ibuted to the crystal due to 
the difference in valence between I and the atom it 
replaces, A in this case. Thus 

AHe(I~A~-xB) -- [!] (EF -- Hv) (Z(I)  -- Z ( A ) )  [6] 

for donor impurities, Z( I )  ~ Z(A) ,  or 

AHe(IzAI-xB) = [I] (He -- EF) (Z(A)  -- Z ( I ) )  [7] 

for acceptor impurities, Z(I )  < Z(A)  and with cor- 
responding formulas for AHe(ABI-xIx). In  Eq. [6] and 
[7], EF -- Hv and Hc -- EF denote the enthalpy differ- 
ences between the Fermi  level 'and the valence and 
conduction bands, respectively. In obtaining Eq. [6] 
and [7], it was assumed (4) that, under  the conditions 
for which equi l ibr ium is obtained while growing the 
crystal, the dominate ionization state of the impuri ty  
had charge - -e(Z (I) -- Z (A)) .  Thus, the distr ibution 
coefficients calculated in this way were those of the 
fully ionized specir if the neutra l  state is the dotal,  
nate species during growth, then AH(!xAI-xB) will 
not contain this contr ibut ion and the distr ibution co- 
efficient for the neut ra l  species would be calculated 
(4). 

Because the nearest  neighbor an t i s t ru t tu re  pair  
BAAB • is neutra l  within the uni t  cell, it clearly should 
be treated as a neut ra l  complex with the correspond- 
ing AHe : O. Thus, for the dielectric two-band  model 

AH (BAAB x) = l im ( (all0 (BzAI-xB) 
x.-)0 

+ aH0(ABI-xA~)) /x)  [8] 

Comparing the value calculated with Eq. [8] with 
those of Pauling 's  theory, Eq. [4], in Table I, we see 
that there are significant differences in the estimates 
for several compounds, but  general  agreement  as to the 
over-all  magni tude  of AH(BAABX). For SiC, all the 
III-V's  except GaN, and several II-VI's, both estimates 
of AH(BAAB x) are substant ial ly less than the Schottky 
constant enthalpy for vacancy pairs or even the v i r -  
tua l -entha!py of single vacancy formation (19,29). 
Therefore, both theories predict that the ant is tructure 
pair will be the most common native defect in stoi- 
chiometric material.  

One may ask if there is any viable theory which 
predicts substant ial ly larger values for ~H (BAAB x) in 
these materials. The answer seems to be no. The theory 
of Stringfellow (5, 6) makes the same separation as 
that at Eq. [5] for the separation of the excess heat 
of mixing into one contribution, 5He, due to the excess 
or deficit of electrons provided by I and one other 
contribution, all0, due to other effects. Str ingiel low 
treats ~He, in effectively the same manner  as Ref. (4) 
so his AHe ---- 0 for BAAB x also. Rather than calculating 
the optical spectrum of the alloy and deducing ~H0 
therefrom, Stringfellow estimates this contr ibution 
from the lattice s t ra in result ing from the difference 
in  covalent radius between I and the atom it replaces. 
(He uses Pauling's  table of te trahedral  covalent radii.) 
Under  those assumptions the estimates of dH(BAAB x) 
are much less than either of those in Table I. For 
example, one obtains AH(ASGaGaAs x) ---- 0.008 eV and 
AH(CsiSic) ---- 0.16. As such values are implausibly 
small, one concludes that Stringfellow's t rea tment  
should be restricted to pseudobinary alloys and single 
donor or acceptors, as he has done (6, 7). 

Weiser also separated the excess heat of mixing into 
two contributions (3), AHs and AHb. The term AHs is 
a lattice strain term of the same general  magni tude as 
Stringfellow's AH0, al though it is calculated differ- 
ent]y. The term AHD resulted from the difference be- 
tween the unst ra ined bond energies of A-B bonds and 
either I-B or B-I bonds. Thus, when  applied to the 
ant is t ructure  pairs, this term should be the heat of 
formation of the A-B bonds, just  as with Pauling 's  
theory, Eq. [4]. Therefore, Weiser's theory yields 
values only slightly larger than those listed for Paul ing 
in Table I. 

Having concluded that  all reasonable estimates of 
~H(BAAB ~) are small, let us take the case of GaAs, 
for which both the dielectric theory and Paul ing 's  
theory agree that ~H(AscaGaAs x) ~_ 030 eV, and con- 
sider the experimental  evidence. If we assume that 

AS(BAAB x) ---- 0 [9] 

then the equi l ibr ium concentrat ion of these ant is truc-  
ture defects would be 2 • 1019/cm 3 at ll0O~ and 
2 • 1015 at 500~ However, because they are neut ra l  
wi thin  the uni t  cell, they should not be prominent  in 
the luminescence or absorption spectra and will not 
effect the carrier concentration. It seems that the first 
report and tentat ive identification of a concentration, 
[AsGaGaAs] ~ 5 • 10~9/cm 3, was made by Goldstein 
and A!meleh in 1963 on the basis of electron para-  
magnetic resonance (EPR) studies (12). Blanc, Bube, 
and Weisberg made a very good case for this identifi- 
cation and magni tude of concentrat ion with a series 
of thermal ly  st imulated current,  photo- and dark-Hall  
effect, thermal  conductivity, absolute density, and 
lattice constant experiments  in i964 (13). Fur ther -  
more, it is observed that the mobil i ty of high re- 
sistivity GaAs is about an order of magni tude less than  
can be accounted from analysis (21, 22) of the known 
impuri ty  concentrations and the band structure, which 
is firmly established. The ASGaGaAs X defect should be 
expected to have a small  cross section for electron 
scattering so that [ASGaGaAs x] ~ 2 • 1019/cm 3 would 
easily account for this discrepancy. Indeed, the theory 
of van Roosbroeck and Casey for t ransport  in the re-  
laxation regime (23) requires a large concentrat ion of 
neutral  defects to successfully account for observations 
on high resistivity GaAs (23, 24). 

Because the masses of Ga and As are so similar, one 
should not expect AsaaGaAs x to produce a local phonon 
mode, which would be observed in the infrared spec- 
trum. However, for GaP one would expect PGaGap x to 
produce three local modes, one about 24 cm -1 above 
the optic modes and two in the gap between optic and 
acoustic modes (25). The infrared spectrum of GaP 
contains several such features which have never  been 
firmly identified. 
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Isolated Antisite Defects 
One would expect the isolated antisite defects BA 

and AB to act as donors and acceptors, respectively. 
While they might  be fairly deep in SiC, in I l I -V and 
I I -VI  compounds they will  probably be mul t ip ly  ioniz- 
able with the first level comparable with the effective 
mass value. Therefore, in intr insic GaAs the dominant  
charge states of the isolated antisite defects are most 
l ikely As +2 and Ga -2. 

The neut ra l  ant is t ructure  pair AsoaGaAs x, which was 
discussed in  the previous section, may be thought of 
as the nearest  neighbor bound pair  of AsGa +2 and 
GaAs -2. The binding energy of such a pair, AHBA as 
defined by the reaction BA +~z + AB -•z ---- BAAB x, 
AHBA, where AZ ---- Z(B) -- Z(A), might be approxi- 
mated as the electrostatic energy of the ions on the 
unperturbed lattice 

AHBA ----- --5Z2e2/ro'~ (ro) [10] 

where e is the charge of the electron, r0 is the normal  

bond length (nearest  neighbor distance),  and'~ (r0) is 
value of the spacial dielectric funct ion at r0. Calcula- 

tions of "/(r)  find that  it  is approaching the optical di- 
electric constant (the square of the index of refrac- 
t ion),  e(oc), as r approaChes the normal  bond length, 
r0, but  its value is changing rapidly with r at this point 
(26, 27). Therefore, al though 4e2/r~(oo) = 2.2 eV for 
GaAs would be a firm lower l imit  for the magni tude 
of --~HBA, substant ia l ly  larger values are also quite 
plausible. 

Because of the Uncertainty involved in the evalua-  
t ion of Eq. [10], as well as the question of the ade- 
quacy of the approximation that there is no lattice 
distortion or central  cell correction, it seems wise to 
cont inue to rely on the theory for subst i tut ional  im- 
purities which was found successful in predicting alloy 
phase diagrams and distr ibution coefficients (4-6). Ac- 
cording to the theories of Stringfellow and of Van 
Vechten 

--AHBA -~ AHe(BA +Az) + AHe(AB -az) [ii] 

where AHe (BA +~z) and ~He (AB -az) are just the elec- 
tronic contributions to the excess heat of mixing, Eq. 
[6] and [7], per defect 

hHe (BA+ ~z) _-- AZ (EF -- Hv) [12] 

AHe ( A B  - ~ z )  ---- A Z  ( H c  - -  E F )  [13] 

(It appears that the quant i t ies  AHe in Eq. [12] and [13] 
are contr ibut ions to the vi r tual -enthalpies  of the cor- 
responding s tructural  uni ts  ra ther  than  to t rue en-  
thalpies defined by t rue  chemical potentials. However, 
as shown by Krhger, Stieltjes, and Vink, this procedure 
is both permissible and convenient  as long as they are 
always used in combinations corresponding to real 
processes (28)2.) With. Eq. [12] and [13], Eq. [11] 
reduces to 

--AHBA -- &ZHcv [14] 

where Hcv is the enthalpy of the forbidden bandgap at 
the appropriate temperature. For GaAs at high tem- 
peratures, one estimates --AHAsGa(ASGaGaAs) = 3.0 eV 
in this way as compared with 2.2 eV obtained by using 

e(oo) for "~(r) in Eq. [10]. 
Now the total virtual-entha]py of an isolated anti- 

site defect will be 

AH(BA +~z) = AHo(BA) + AHe(BA +~z) 

AH (AB -Az) = Z~Ho (AB) + AHe (AB -az)  [15] 

B e c a u s e  AHe is general ly much larger  than  all0, one 
predicts that ant is t ructure  pairs, BAAB, will be much 
more numerous than either isolated defect BA or As 
in  stoichiometric material.  

Note  t h a t  r ea l  v a l u e s  h a v e  been  m e a s u r e d  for  the  v i r t u a l - e n t h a l -  
p ies  in  s eve ra l  v i r t u a l  r eac t i ons  i n  some a l k a l i - h a l i d e  a n d  s i l ve r -  
h a l i d e  crystals .  See  ReL (29-31). 

The values of ~H0(BA) and AH0(AB) calculated 
with the dielectric two-band  model are given in Table 
II. In order to obtain •He, one must  know AHoy and EF. 
The value of aHcv at Th, the tempera ture  of the equili-  
bration, may be deduced from the values (9) of the 
forbidden bandgap at T : -  0, 5Ecv(0), and the varia-  
tion with temperature  of this free energy (32, 33). 
The value of EF must  be deduced from the condition of 
neutra l i ty  and by considering the ionization of all spe- 
cies present. 

Comporison with Experiment 
One will  note in Table II that  the v i r tua l -en tha lpy  

to place an atom on the site of a larger atom is found 
to be less than  the v i r tua l -en tha lpy  to place the larger 
atom on the site of the smaller  atom. Thus, 5Ho (Szn) 
< AH0(Zns) and AH0(Tezn) > &H0(ZnTe), for ex- 
ample. Because Szn and Tezn are donors while Zns 
and ZnTe are aceeptors, this effect will produce a tend- 
ency toward n-type conductivity in cases for which 
rc(A) > rc(B) and toward p-type conductivity in 
case for which rc(A) < rc(B). (Here, rc is the tetra- 
hedral covalent radius.) It is shown in the accompany- 
ing paper (20) that the virtual-enthalpies of single 
vacancy formation produce the same tendency to cor- 
relate anion to cation radius ratio with normal (un- 
doped) conductivity type and that, if the Van Vechten- 
Phillips table of tetrahedral Covalent radii (34) is 
used, the agreement with experiment is exact. 

However, one may distinguish the effect of differ- 
ences between AH (VA-) and ~H (VB +) from those re- 
sulting from a difference between &H(BA +) and 
AH(AB-) if one can determine the deviation from 
stoichiometry at the maximum of the solidus. For 
example, in normal, n-type GaP and ZnO, the material 
is found to be deficient in P and O respectively (15, 35) 
so that Vp + and Vo + must be more numerous than 
P G a  +2 and Ozn +4. Oil the other hand, for normal,  
p- type GaSb, the mater ia l  is found to be deficient in 
Sb so that Gasb -2 must  be more numerous  than VGa- 
(10, 11). By comparing Eq. [15] and Table II with the 

values of aH(VA) and AH(VB) given in  Table II of the 
accompanying paper (2.0), we see that  these three em- 
pirical conclusions are in agreement with the predic- 
tions of the present theory because under intrinsic 
growth conditions: for ZnO, AH(Vo x) ---- 3.0 eV 
< AH(Ozn +4) ___ 13.8 eV; for GaP, hH(Vp x) ---- 2.6 eV 
< AH(PGa -2) ---- 2.9 eV; for GaSb, ~H(VGa x) ---- 2.0 eV 
> ~H(Gesb -:2) ---- 0.9 eV. 8 In general, the theory pre- 
dicts that vacancies will be more important in wide 
bandgap semiconductors and isolated antisite defects 
will be more important in small bandgap semiconduc- 
tors. 

In order to compare theory and experiment quan- 
titatively, let us consider the particular case of GaP. 
The virtual-enthalpies of neutral vacancy formation 
are given in Table II of Ref. (20) as 

O ~ VoaX; AH(VGa x) ~- 2.98 eV 

O ----- VpX; 5H(Vp x) ---- 2.64eV [16] 

S i n  genera l ,  AH(V x) is  g rea t e r  t h a n  t he  r e l e v a n t  en tha lpy ,  t h a t  
of the  ion ized  vacancy ,  but ,  as v a l u e s  f o r  the  e n t h a l p y  of  i o n i z a t i o n  
are l ack ing ,  the  p o i n t  can be m a d e  w i t h  AH(Vx). 

Table II. 

Crys ta l  AHo(BA),. AHo(AB), C rys t a l  AHo(BA), AHo (AB), 
AB eV eV AB eV eV 

SiC -- 0.06 0.96 InN  2.53 3.00 
B N  1.37 0.61 In]? 0.42 0.89 
BP 0.49 -- 0.25 I n A s  0.33 0.57 
BAs  0.57 --0.46 I n S b  0.27 0.27 
A1N 2.38 2.68 ZnO 5.98 5.43 
A l P  0.50 0~60 ZnS  1.45 1.74 
A lAs  0.45 0.30 ZnSe  1.25 1.25 
A1Sb 0.36 0.02 ZnTe  0.96 0.78 
GaN 2.07 2.71 CdS 1.48 1.86 
G a P  0.38 0.68 CdSe 1.25 1.42 
G a A s  0.35 0.35 CdTe 0.94 0.94 
GaSh 0,08 0.32 
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These may be combined with the vir tual-enthalpies  in 
the present  Table II 

AH(Gap -2) = 0.38 eV + 2(Hc -- EF) ---~ 2.9 eV [17] 

for EF -- Hv ---- H~ -- EF ~ 1.25 eV under  intrinsic 
growth conditions, and similarly 

~H(PGa +2) = 0.68 eV -t- 2(EF -- Hv) ~ 3.2 [18] 

With these one can estimate the real enthalpies of the 
real reactions 

ppx _[_ VGa x = Poa+2 .~_ VpX .j_ 2e - ;  

AH = 0.44 eV -}- 2 AHcv [19] 

where the e - ' s  are taken to be in  the conduction band, 
and 

GaGa x -[- VP x =- Gap -2 + VGa x -t- 2e+; 

hH -- 0.72 eV -]- 2 hHcv [20] 

However, in order to estimate the solidus curve of 
GaP (14, 15), it is necessary to determine the v i r tual -  
enthalpies of the vir tual  processes 

Ga(1) = Gaaa; AHf ~ [21] 

P(1) = Pp; AHf~ [22] 

where Ga(1) and P(1) denote the pure, elemental  
(liquid) Ga and P at the same temperature,  Th, as the 
sample. Of course, the en tha lpy  of formation of GaP 
at Th, AHf~ is a real enthalpy related to Eq. 
[21] and [22] by 

~Hf~ = AHf~ -t- Hf~ [23] 

By combining Eq. [21] and [22] with Eq. [16], we may 
complete defect incorporation equations 

Ga(1) = GaGa ~-Vpx; AH(Vp x) -{-AH~~ GaP) [24] 

P ( 1 )  = V G a  x + Pp; 

GaG) =- VG~ x + Gap -~ 

+ aHf ~ (Ga, GaP) 

AH(VGa x) + AHf ~ (P,GaP) [25] 

+ 2e+; z~H(Vaa x) 

+ ~,H(Gap -2) + 2H(e +) [26] 

P(1) = Pea +2 + Vp x + 2e - ;  

AH(Vp x) -{- AHf0(p,GaP) + AH(PGa +2) -[- 2 H ( e - )  [-27] 

In  [26] and [27] the enthalpy per carrier would be 
H ( e  +) -= EF -- Hv and H ( e - )  = Hc -- EF if the car- 
riers are taken to be in the bands. 

In  order to determine the values of AHf~ GaP) 
and AHf0(p,GaP) for a given set of equi l ibr ium condi- 
tions, i.e., to apportion AHf~ between the anion 
and cation lattice sites, let us consider the process by 
which one atom of Ga and one atom of P are removed 
from the pure elements to infinity and then placed on 
the proper lattice sites of the crystal. As is well known, 
the part ial  pressures of the elemental  vapors over 
their pure liquids, p ( G a  ~ and p(p0),  are related to 
the enthalpy and entropy of vaporization, AHv and 
ASv, as 

In (pGa0/pr) -= --AHv (Ga ~ -t- ASv (Ga ~  [28] 

In (pp~ = - - A H v ( P ~  + a S v ( P ~  [29] 

where Pr is a reference pressure and the superscript 
zero denotes the pure element. Let us simply extend 
these formulas to the partial  pressures and single ad- 
sorption reactions over the stoichiometric l iquid 

in  (PGaGaP~/pr) ~--- --AHv (Ga GAP1)/kTh -}- AZv (Ga GaP) [k  
[30] 

in  (ppGaP1/pr) =- --AHv (pGaP~)/kTh + AS~ (pGaP)/k 
[31] 

Thus subtract ing [28] from [30] and [29] from [31] 

kTh in  (p GaGap1/PGa0 ) = AH v (Ga ~ -- AHv (Ga GAP1) 

- -  T11(hSv(Ga o) -- ASv(GaGaP')) [32] 

kTh In (ppGaP'/pp0) __= AHv(P0) _ AHv(pGaP,) 

- -  Th(ASv(P 0) -- ASv(P eaP')) [33] 

Obviously the sum of [32] and [33] must  be the free 
energy of formation of l iquid GaP, AHf~ I) -- 
ThASf~ because this combinat ion of these vir-  
tual processes is the formation process. Now, in the 
practical exper iment  (14, 15) one has the GaP crystal 
in contact with a Ga-P  l iquid of variable composition 
and the vapors are in contact with this liquid. Thus, 
the prevail ing partial  pressures vary with the l iq- 
uid composition pr imari ly  because of the entropy fac- 
tor in  the l iquid chemical potentials. Therefore, in 
order to make a meaningful  separation of AHf~ 
and ASf~ for the crystal, we postulate that the 
apport ionment  of AHf 0 for the crystal is the same as 
that of the stoichiometric liquid. Then, we may reduce 
Eq. [32] and [33] to 

AHt ~ ( Ga, GaP)/AHf ~ (P, GaP) 

= In (POaO/PGa GaP)/ln (ppO/ppGaP) 

= In (aI(Ga, xp = 0 .5 ) ) / l n  (al(P,xp ----0.5)) [34] 

where al(Ga,x~, = 0.5) and al(P,xp = 0.5) are the ac- 
tivities of Ga and P in this liquid. The formula to sepa- 
rate ASf ~ is ent irely analogous. [As usual, for Ga 

a I (Ga) -- x 1 (Ga)-yl (Ga) [35] 

where x 1 (Ga) is the atom fraction of Ga in the liquid 
and ~I(Ga) is its activity coefficient, and the cor- 
responding equation holds for P.] 

Let us accept Thurmond 's  evaluat ion of the activity 
coefficients throughout the Ga-P  l iquid system (36) 
and Jordan et al.'s (14) values AHf~ = --1.34 
eV and ~Sf ~ ---- --7.19k at Th ~-~ 1400~ At the 50-5,0 
liquid composition Thurmond found ,~I(Ga) = 0.68 and 
.yi(p) _-- 1.00 so that a (Ga)  ----= 0.34 and a (P)  = 0.50. 
Thus, from Eq. [34] we conclude 

AHf ~ (Ga, GaP) ----- --0.82 eV, ASf ~ (Ga, GaP) ---- --4.38k 
[36] 

hHf0(P,GaP) = - - 0 . 5 2  eV, ASf~ G a P ) = - - 2 . 8 1 k  [37] 

In  order to estimate the entropy of the real reac- 
tions [24]-[27], it is assumed that  the vir tual  en-  
tropies of both Vca x and Vp x, Eq. [16], are the same 
as the best estimates (37, 38) of AS(Vsi x) and AS(VGe X) 

AS(VGa x) = ~S(Vp x) = k l n 3  = 1.10k [38] 

This value corresponds to an assumption that the 
Jahn-Tel le r  distortion about VGa x and Vp x is 3-fold 
degenerate, as it is for Vsi x, and that any contr ibution 
to AS(V x) due to a shift in lattice mode frequencies 
(37-39) is negligible. The lat ter  point is supported by 
recent infrared and Raman studies of lattice modes 
in defect z inc-blende structure crystals like In~Te3 
(40). The entropy of the fully ionized antisite defect 
will be taken to be 

AS(BA +az) = AS(AB -az)  ---- AZAScv(AB) [39] 

where AScv is the entropy of the forbidden gap corre- 
sponding to the enthalpy AHcv (33). Thus, the entropy 
of the antisite defect is treated in exact analogy to the 
t reatment  of its enthalpy at Eq. [15] and as previously 
assumed by Stringfellow and by Van Vechten (4-6). 
For GaP one finds (32-33) 

AS(PGa +2) = AS(Gap -D) ----- 2AScv(GaP) = 12.9k [40] 

Therefore, we calculate the enthalpies and entropies 
of the real reactions [24]-[27] to be 

Ga(1) = G a ~ a + V p x ;  ~ H m l . 8 e V  AS------3.3k [41] 

P(1) =VGa x + P P ;  AH-----2.5eV A S = - - l . 7 k  [42] 

Ga(1) = VGa x -t- Gap -2 + 2e+; 

AH = 2.5 eV-t- 2AHcv, AS = 9.6k [43] 
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P(1) - -  P G a  +2  ~- V p  x n u 2e - ;  

hH = 2.8 eV + 2hHev, aS = l l .2k [44] 

The above reactions are not adequate to describe 
the data obtained by measur ing the deviations from 
stoichiometry (14, 15). Indeed, one should not expect 
them to be adequate because it  seems unl ike ly  that 
the vacancies are predominate ly  in their neut ra l  state 
during the growth process. Consideration of both the 
enthalpy and the entropy of ionization argue for this U 
point. It  is known  that vacancies in  Si and Ge have 5 
both acceptor and donor states wi th in  the gap (38, 41). ~ 1 3 o o  

Near T = '0~ these levels are deeper than half the gap 
and, for Si, the values are established within  about <~ 
0.2 eV; expressing the ionization enthalpy,  AHI (Vsi), in ,, 
terms of ~Hev (38-41) ~ 12oo 

w 
F- 

~H~ (Vsi- )  : 0.52 ~Hcv; ~H~ (Vsi -~) : 0.9 ~Hcv; 

~Hi(Vsi +) : 0.7 AHev [45] I lOO 

Therefore, if EF is at midgap near  T ---- 0~ the pre-  
dominate charge state is Vsi x. However, at high tem-  
peratures at least one charged state is more numerous  iooo 

than Vsi x for any value of EF (38). This is evidenced 
by numerous  charge state effects in impur i ty  diffusion 
and defect anneal ing experiments  (42-44). This results 
from the entropy of ionization, ~S~ (Vsi), which causes 9 0 0  
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Ga 
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the free energy of the levels to vary with tempera-  
ture so that they become progressively shallower and 
actually cross at about 800~ to a good approximation 

~ S I ( V - )  ---- ASI(V -~) -- ASI(V +) = hScv [46] 

for Si and Ge (38) and should also hold for VA x : V n -  
+ e + and VB x ----- VB + + e -  in the AB semiconductors. 

Although, for reasons to be discussed, it is difficult 
to identify and measure the vacancy ionization levels 
in most I I I -V crystals, including GaP, various levels 
have been measured in several I I -Vi ' s  especially CdS 
(45-47). In  CdS the two Vs donor levels are rather  
shallower than the two Vcd acceptor levels 

/~HI(Vs +) = 0.07 ~Hcv; ~HI(Vs +2) = 0.10 AHcv 

AHI(Vcd-) ~ 0.2 AHcv; AHI(Vcd -2) ~ 0.7 AHcv [47] 

Comparing Eq. [47] with [45] it is evident  that  the 
values of AHI, relat ive to AHcv, decrease with increas- 
ing ionicity of the materials  considered and seem to 
show an asymmetry  between VA and VB, which may 
be related to the sizes of the atoms (48). Because P, 
like S, is smaller than  the cation, one may expect the 
decrease in  the AHI's for Vp + to be greater than  for 
VGa-. However, in the absence of such size effects, one 
would expect the acceptor states to be shallower than 
the donor states, as in Si, because vacancies increase 
the number  of lattice sites and thus the number  of 
band states without  increasing the number  of elec- 
trons. In  view of the 'above, the author 's  present  best 
guess is 4 

AH~(Vca-) ----0.2 AHoy, AHI(Vp +) = 0.2 AHcv [48] 

w i t h  A H I ( V G a  - 2 )  and AHI(Vp +2) equal to or greater 
than AHcv. 

In  Fig. 1 we see the existence curve for GaP cal- 
culated with the thermodynamic  parameters  for both 
vacancies and antisite defects 5 compared with experi-  

The only w a y  to obtain a detectable concentrat ion of simple,  
single vacancies  at law t empera tu re  f rom which  the AHFs could be 
de t e rmined  is by electron i r rad ia t ion  at l iquid n i t rogen  t empera tu re s  
or below. Such exper iments ,  Esposito and Lofe r sk i  (49}, show that  
the vacancies  produced act  as nonrad ia t ive  recombina t ion  centers  
a n d  do not produce luminescence .  One migh t  conclude tha t  they  are  
shal lower than  the ~1  eV deep luminescence  centers  which  they  
quench.  I t  seems tha t  photocapaci tance measu remen t s  immed ia t e ly  
af t er  low t empera tu re  i r rad ia t ion  will  yield the  best  es t imates  of 
AHI(Voa-} and AHI(Vp+). 

This  problem m a y  be t rea ted  wi th  an approx imate ,  graphical  
t r ea tmen t  [Kr6ger  and  Vink  (50)]. However ,  because both types  
of ionized defects m a y  be presen t  in comparable  concentra t ions  in  
the reg ion  of interest ,  a computer  p r o g r a m  which  obtains con- 
s is tency be tween  the  assumed  F e r m i  level  and the condit ion of 
n e u t r a l i t y  by i tera t ion w a s  e m p l o y e d ,  

0 4 9 9 7  0A998  0.4999 0.5000 0.5001 0.5002 

S (olom fract ion) Xp 

Fig. 1. The existence curve of GaP as calculated and according to 
the data of Jordan et al. (14). LEC and SG denote the data points 
of samples grown by liquid-encapsulation Czochralski and solu- 
tion methods. The dotted curve was obtained in Ref. (14) by as- 
suming that only simple, neutral vacancies are present and fitting 
the resulting four parameters to the data. It is noted that the 
Schottky entropy thus inferred is implausibly large. The dashed 
curve is calculated from theory considering vacancies and antisite 
defects in several ionization states without any adjustment except 
a reasonable estimate of the defect ionization levels. The full 
curve results from adjusting only the calculated virtual enthalples 
of neutral vacancy form by 10% in accord with empirical results 
for Si, Ge, and CdS and with the expected theoretical overestimate 
noted in Ref, (20). 

merit (14). It  is noted that  this nonadjus ted curve is 
substant ia l ly  narrower  than  the exper imenta l  data in-  
dicate. However if the assumed values for AH(VGa x) 
and A H ( V p  x) a r e  each reduced by 10%, so that Eq. 
[41] and [42] become 

Ga(1) == GaGa + VpX; A H  ~--- 1.5 eV, AS ---- --3.3k [41a] 

P(1) = Vca x -{- Pp; AH ---- 2.2 eV, AS -- --1.Tk [42a] 

while the parameters of the antisite defects remain 
unchanged, then an excellent fit to the data is obtained. 
(The parameters and results of this existence curve 
are listed in Table III) .  We recall that it was neces- 
sary to .reduce the values of AH(Vsi x) and AH(VGe x) 
by 10% and those of Vcd and Vs in CdS by 12% in 
order to a t ta in  agreement with experiment  and that 
this order of an overestimate should be expected of 
the macroscopic cavity model (20, 38). 

The fit to exper iment  obtained with this choice of 
parameters  is certainly not unique. One could invoke 
Vca -2 and Vp +2 and vary the ant is t ructure  and neutra l  
vacancy parameters  in a number  of ways to obtain 
curves that fit the data wi thin  experimental  accuracy. 
Indeed, Jordan et al. obtained (14) the dotted curve in 
Fig. 1 by assuming that the only defects present were 
neutra l  vacancies and fitting the parameters  to the 
data. The Schottky enthalpy and entropy that they 
inferred in this way were AHs(GaP) : 3.84 eV and 
ASs(GaP) ---- 10.1k as contrasted with the present  (ad- 
justed) estimates, AHs(GaP) ---- 5.06 eV, ASs(GaP) :-  
2.2k. While it may be argued that Jordan et al.'s esti- 
mate of AHs(GaP) is plausible, their estimate of AS 
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Table I I I .  

xoa ~, Temp,  [VG,-], [Vp+], [GaP-c], [Poa+e], 
a / o  ~  aGa ap As, * 10 -~ 101v/cm8 10XT/em ~ 1017/cnl 8 10X~/cm ~ 

6 1433 0.020 0.984 0,1 3.8 4.8 0.0 11.1 
10 1475 0.036 0.987 0.3 6.3 8.1 0.0 12.7 
20 1600 0.080 0.940 1.1 19.4 27.2 0.1 33.3 
30 1675 0.144 0.842 2.7 35.7 53.8 0.5 38.5 
40 1730 0.225 0.705 5.4 50.5 81.3 2.1 32.6 
45 1736 0.271 0.617 6,8 50.4 97.9 3,7 21.6 
50 1738 0.340 0.500 9.2 46.3. 111.0 7.3 11.7 
55 1735 0,437 0.374 13.I 36.5 129.0 14.9 5.2 
58 1730 0.471 0.341 14.4 32.8 132.0 17.8 3.9 
60 1725 0,535 0.~97 16.9 28.0 142.0 23.9 2.6 
64 1711 0.625 0.227 20.8 I9.5 154.0 34.0 1.3 
70 1675 0,750 0.161 23.6 11.0 155.0 43.6 0.4 
80 1600 0.919 0.087 23.3 3.5 137.0 48.1 0.1 
90 1480 0.964 0.037 14.6 0.6 81.4 31.7 0.0 
94 1433 1.000 0.0203 13.6 0.2 73.3 30.2 0.0 

�9 h" -- (xa~" - 0.5). 

seems to be much too great to be assigned neut ra l  
vacancies (37-39) and may be taken as evidence that 
the defects present are mostly ionized under  growth 
conditions. 6 It would seem that one must  assume this 
in order to unders tand  why the defects are electrically 
active "shunt-path  kil ler  centers" at room temperature.  

Defect Reactions as the Crystal Cools 
The calculation just  described estimates the concen- 

trations of simple defects in  equi l ibr ium with the l iq- 
uid under  growth conditions. (See Table III.) These 
concentrations of defects will not be in equi l ibr ium 
amongst each other, let alone with the exterior of the 
crystal, at room temperature.  Because the defects will 
migrate about the sample as the crystal cools, one 
must expect their concentrations to tend toward a new 
equi l ibr ium at a lower temperature.  

To appreciate the prevalence of defect redis tr ibut ion 
processes, let us make the conservative estimate that 
the enthalpy of single vacancy migrat ion in GaP is 
about 2.,0 eV, as compared with 1.3 and 1:0 eV for Si 
and Ge (38, 39, 52) and about 1.6 eV for GaAs (53), 
and let us take the entropy of vacancy migrat ion to 
be 4.1k, as in  Si and Ge (38, 39). Then, taking the jump 
attempt frequency (approximately the Debye fre- 
quency) to be 10~3/sec, one estimates the jump rate 
to be 4 X I07/sec at 1400~ and 5 X 104/sec at I000~ 
As a typical crystal cools from 1050 ~ to 950~ in 600 
sec (54), a simple vacancy would pass through more 
than l0 s lattice sites in that period. Because, according 
to the present analysis, most of the vacancies are ion- 
ized and the concentrat ion of charged impuri t ies  is at 
least 1014/cm 3 while the concentrations [Gap -~] and 
[PGa +2] were typically l0 is and 1014/cm a during 
growth and [Gap -~ PGa +2] dipolar pairs were 1019/ 
cm 3, simple vacancies will constantly be encounter ing 
other defects with which they may form bound com- 
plexes. It seems certain that the in terna l  equiI ibrium 
between the various point defects and their complexes 
is closely mainta ined down to temperatures  well  be-  
low 1000~ Therefore, relative concentrations of sim- 
ple point defects and defect complexes will be gov- 
erned by the appropriate law of mass action relations 
down to quite moderate temperatures.  At room tem- 
perature, almost all the vacancies present shouId be 
tied up in complexes. 

To determine the ul t imate fate of the simple point 
defects introduced during growth, several types of 
complexes amongst them should be considered. It  
seems l ikely that the most common complexes will  be 
those which have no net  charge because these would 
have the greatest binding energy. In  addition to the 
formation of the nearest  neighbor complex 

V G a - -  ~- V p  + = V G a - V P  + [49] 

second neighbor complexes such as 

In  the  e x p e r i m e n t s  d i scussed  in  Ref. (14) t he re  was  no w a y  to  
d e t e r m i n e  w h e t h e r  the  defects  i n t r o d u c e d  were  n e u t r a l  or i on ized  
b u t  c o m p e n s a t e d  (51). 

2Vp + -{- Gap -2 _-- Vp + Gap-2  Vp + [50] 
and 

2Voa- --}- PGa +2 ----- VGa-- PGa +2 Voa-- [51] 

may be important.  Indeed, a simple point charge mode] 
predicts that the binding energy of reactions [50] and 
[51] would be 2.0'2 times that of [49], e2/rs. Because 
Gap -2 is l ikely to be the most common double acceptor 
present, Eq. [50] is probably the most impor tant  
processes t rapping Vp +. The interact ion of Vp + with 
a single acceptor impurity,  A -  

A -  + Vp + ---- A - V p  + [52] 

should have about the same binding energy as [49] 
and thus would not be competitive with [50]. 

Now, the concentrations of positively charged and 
negatively charged simple point defects introduced 
during growth are in general, not equal. Therefore, the 
concentrations of some type of simple point defect 
would be exhausted as reactions [49]-[52] proceed 
during the cooling unless other reactions occur which 
interchange one type of point defect for another. Con- 
sider the reactions 

VGa-- -'~ PP ---- PGa +2 -}- VP + -}- 4 e -  [53] 
and 

Gaoa + Vp + = V~a- + Gap - 2 / -  4e + [54] 

which will  occur every t ime a vacancy migrates to a 
nearest  neighbor site. Obviously, such reactions act to 
compensate the sample and prevent  the Fermi  level 
from approaching either band edge during the cooling. 

It seems most unl ike ly  that the activation energy for 
[53] and [54] could be so large that they would not 
occur during cooling at a rate sufficient to prevent  
[PGa +2] and [Gap -2] from being depleted while 
[VCa-] and [Vp +] are still large. One may estimate 
the rate of this process by considering one channel  for 
single vacancy migrat ion 

GacaVP + Ga~aPp --> GaGaGapXVGaXPp 

---> GaGaGapXPGaXVp x'-~ GacaPP + GaGaVp + [55] 

(The requisite electronic reactions are assumed to 
occur instantaneously on the scale of atomic motion 
and are neglected here.) 2:~e activation enthalpy for 
this process would be 

~Hm* (Vp,GaP) : AHm(V,IV) --~ AHo(Gap) ~-~ 2.0 eV 
E563 

where the asterisk denotes the specific channel  [55] 
and AHm (V, IV) denotes the enthalpy of single vacancy 
migrat ion in a hypothetical group IV elemental  crystal 
equivalent  to GaP with respect to the homopolar (co- 
valent)  portions of the crystal potential. [Presumably,  
AHm(V, IV) ~ aHm(VX, Si) ~-~ 1.3 eV for GaP (52).] 
This crude estimate corresponds with the value as- 
sumed above and also corresponds with Lang and 
Kimerl ing 's  empirical estimate for vacancy migrat ion 
in GaAs (53). Although the entropy of this channel 
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may  be too low for i t  to domina te  the atomic diffusion, 
i t  is obviously  r ap id  enough to ma in ta in  the  equi l ib-  
r ium among [VGa-], [Pca+2], [Vp+],  and [Gap-2] .  

Consequently,  one would  expect  react ions such as 
[50], [51], [53], and [54] to proceed as the  crysta l  
cools unt i l  a lmost  al l  the vacancies tha t  were  in t ro-  
duced dur ing g rowth  are  t ied up in neu t ra l  complexes 
such as  VGa-- PGa +2 VGa-  and  Vp + .Gap - z  Vp +, and 
perhaps  VGa- PGa +2 Gap -~  Vp + and more  complex 
species. The tendency  of the vacancies and ant is i te  de-  
fects to produce such complexes amongst  themselves  
r a the r  than  to compensate  impuri t ies ,  e.g., Eq. [52], 
would  expla in  the re la t ive  insensi t iv i ty  of room tem-  
pe ra tu re  car r ie r  concentra t ion to deviat ions f rom 
s to ichiometry  (14) as wel l  as the  propens i ty  of such 
deviat ions to produce e lect r ica l ly  active "shunt  pa th  
k i l l e r  centers." 

Summary 
It  has been shown tha t  all  v iable  theories (3-6, 16) 

which may  be appl ied  to predic t  the concentrat ions of 
an t i s t ruc ture  pairs,  BAAB x, and of ant is i te  defects, BA + 
and AB- ,  imply  tha t  these should be significant in zinc- 
b lende  and wur tz i t e  semiconductors.  I t  is concluded 
that  a p rope r  account of the antis i te  defects is crucial  
to an unders tand ing  of the proper t ies  of I I I -V  semi-  
conductors.  The theoret ica l  est imates of the  dielectr ic  
t w o - b a n d  model  (7-9) for ant is i te  defects have been 
combined wi th  those of the macroscopic cavi ty  model  
for  vacancies (2.0) to show tha t  the  avai lable  data  on 
the existence curve and electr ical  p roper t ies  of GaP 
can be successfully accounted for wi th  phys ica l ly  and 
chemical ly  reasonable  pa ramete r s  by  taking account 
of the  in terac t ion  be tween these defects. 
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Note added in proof: The vacancy-an t i s i t e  defect 
c o m p l e x  VGa-Poa+2VGa - proposed above as the  "shunt  
pa th  k i l l e r  center"  in GaP would  consti tute a cy l indr i -  
cal defect  or ien ted  in a <110> direct ion one atom in 
d iameter  and having a length  corresponding to 3 sec- 
ond neares t  ne ighbor  sites, i.e., 3 a / ~ ,  where  a is the 
usual  la t t ice  constant.  I t  appears  tha t  such defects 
have been observed d i rec t ly  in LEC GaAs by  a direct  
la t t ice imaging e lec t ron microscopy technique (5~5). 
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Epitaxial Growth by Solid-State Diffusion 
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ABSTRACT 

It  was demonstrated that  CdS can be grown epitaxially by exposing op- 
posite faces of a CdS wafer to cadmium and sulfur  vapors, respectively, and 
thus causing countercurrent  diffusion of the cadmium and su l fu r  to the op- 
posite faces where they form CdS by reaction with the vapor. The effects 
of subst i tut ing zinc for the cadmium vapor, and in another  exper iment  
selenium for the sulfur  vapor, were also investigated. In  the two-component  
system, good quali ty single crystal was o.btained while in the three-component  
system void formation was prevalent.  

In conventional  crystal growth the reactants are 
brought to the substrate either in a gas or in a l iquid 
phase. Some disadvantages inheren t  in this approach 
may be overcome by br inging the reactants to the sur-  
face by solid-state diffusion through the substrate it- 
self. One can visualize the driving force being a tem- 
perature gradient  and /or  concentrat ion gradients. Due 
to the widespread interest  in CdS and to its ready 
availabil i ty in single crystal l ine form, this compound 
was selected as a model crystal for the experiments;  
cadmium and sulfur  were diffused countercurrent ly  
through CdS. The above-described growth by counter-  
current  diffusion was also combined with exchange re-  
actions. In one exper iment  zinc was substi tuted for the 
cadmium, and in another selenium for the sulfur, thus 
leading to the CdS --> ZnS and CdS --> CdSe reactions. 

Experimental 
The substrates were obtained by wafering a 19 mm 

diameter  cylinder of CdS. To allow opt imum util ization 
with the given shape of the boule, the axis of the cylin-  
der was selected to coincide with the <101-3> direction. 
After etching in concentrated HC1 for 4 rain, the final 
thickness was 1.4-1.6 ram. On some of the wafers, cir- 
cular-shaped tan ta lum markers  were deposifed by 
sputtering. The wafers were placed, as shown in Fig. 
1, sandwiched between two reservoirs; one containing 
the Group II, the other the Group VI element. 

To decrease the rate of vapor transport  of the sub- 
strate CdS components to the cool ends, the cross-sec- 
tions of the reservoirs were decreased by sealing capil- 
lary tubes with an about 0.5 mm diameter bore into the 
neck of each reservoir. 

Evacuation was performed at room temperature  and 
the ampules were sealed at 1.0-45 ~ .  

A typical temperature  profile is shown in Fig. 1. The 
experimental  conditions and thermodynamic data are 

* Electrochemical Society Active Member. 
Key words: crystal growth, cadmium-sulfur system, zinc-cad- 

mium-sulfur  system, cadmium-sulfur-selenium system. 

listed in Table I. The temperature  range as recorded 
over the reservoirs (columns 3 and 6), and the corre- 
sponding vapor pressures of the elements (columns 4 
and 7) calculated by the formulas of Shiozawa and Jost 
(1) are listed. Table I also lists the substrate tempera-  
ture (column 8), the corresponding equi l ibr ium con- 
stants (column 9), and the durat ion of the experiments  
(column 11). Columns 10, 12, and 13 are discussed be-  
low. 

Inspection of the system after cooling to room tem- 
perature  revealed that in all cases a tight seal formed 
between the substrate and the metal  reservoir. How- 
ever, the chalcogen reservoir was never  altogether 
tight and some sulfur or selenium was found after the 
experiments between the reservoirs and the outer tube 
at the cold ends. However, sufficient chalcogen re- 
mained in the reservoir throughout  the experiments to 
insure the desired chalcogen vapor pressure. 

Results 
Some characteristics of the specimens are collected 

in Table II, while fur ther  details are given in the fol- 
lowing. 

In  experiment  I, the section of the wafer between the 
two reservoirs became curved, the cadmium-exposed 
face being convex and the sulfur-exposed face concave. 
The data given in columns 2 and 3 of Table II were 
obtained by measuring the curvature  with a t ravel ing 
microscope along four parallel  lines on the polished 
cross section. The measurements  showed that the 
thickness wi thin  the reservoir varied from 1.7 to 1.9 
mm, while the original wafer was 1.61 mm thick. The 
wafer outside the reservoirs retained its original thick- 
ness. Reflection x - ray  diffraction indicated plastic de- 
formation with a max imum angle of 7 ~ 

In experiment  II both the substrate temperature  and 
the sulfur pressure were lowered. Under  these condi- 
tions, the p lane-para l le l i ty  of the wafer was retained. 
One segment of the cadmium exposed surface after 
experiment  II is shown in Fig. 2. The rough surface on 
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Fig. 1. Schematic drawing of 
experimental apparatus and 
temperature profile. The vertical 
and horizontal dimensions are on 
a different scale. The wafer 
diameter was 19 ram. 
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Table I. Experimental conditions and corresponding thermodynamic data 

( I )  (2) (3) (4) (5) (6) (7) 
Vapor sources 

Group II Group %rl 

Expt ~ Atm. ~ Atm. 

I Cd 993-903 0.59-0.18 S 993-843 11.0-4.8 
II Cd 973-873 0.46-0.11 S 813-688 3.4-0.6 
III Zn I043-933 0.21-0.04 S 923-783 i0.2-2.4 
IV Cd 963-923 0.43-0.24 Se 1083-963 4.0-1.1 

(I) (8) (9) (10) (11) (12) (18) 

Substrate Real  pressure (arm) 

Time PI I  Pvi 
Expt. ~ Kp PII (atm) fmin) (on VI-side) (on II-side) 

I 1223 2.4 x 104 4.8 X 10 4 9,600 7.2 x 104-1.1 X 10 -~ 1.6 • 10-7-1.8 x 194 
II 1173 6.1 • 10 -5 2.0 x 10 -~ 24,000 3.3 x 104-7.7 x 10 4 1.8 x 194"8-3.0 x 10 -7 
I I I  1223 1.7 X 10 -~ 1.8 • 10 4 12,000 5.2 x 10-7-1.1 x 10 -e 6.2 x i0-I~--1.5 • 10 -9 
I V  1233 3.2 x 1(> "-~ 5,9 x 10 4 17,400 1.6 x 104-3.0 . x 10 -~ 5.6 x 10-7-1.8 x 10 -e 

Table II. Growth characteristics 

(1) (2) (3) (4) (5) (6) (7) 
Exp. Growth (ram) Mtls. Crystallinity Morphology Consistency 

II-side VI-side 

I 0 to + 0.9 0 to --0.7 CdS Single Curved Bulk 
II + 0.008 -- O.1 CdS Single Straight Bulk 
III +0.04 +0.2 ZnS Poly (growth into S-tea- Straight Porous except growth 

ervoir single) on S-side 
IV 0 + 0.3 CdSe Single (few large grains) Straight; protrusions at Porous 

wall of Cd reservoir 

t he  l e f t  is w h e r e  a t a n t a l u m  m a r k e r  w a s  depos i ted .  
B o t h  t h e  s m o o t h  su r f ace  on the  r i g h t  and  the  r e c t a n g u -  
l a r  c rys t a l l i t e s  w i t h i n  t h e  t a n t a l u m - m a r k e d  a rea  are  
8 ~m h igher .  The  s u l f u r - e x p o s e d  face  was  0.1 m m  l o w e r  
t h a n  the  r ing  w h i c h  w a s  in con tac t  w i t h  t he  r e s e r v o i r  
wal l .  

In  e x p e r i m e n t  III  one  s ide  of t he  w a f e r  was  e x p o s e d  
to zinc i n s t e a d  of c a d m i u m  vapor .  This  l ed  to a con-  
s i d e r a b l e  c h a n g e  in  t he  s h a p e  of  t he  spec imen .  The  
faces  w i t h i n  t he  r e s e r v o i r s  w e r e  r e l a t i v e l y  flat, b u t  
t h e y  a d v a n c e d  0.04 m m  in to  the  zinc r e s e r v o i r  and  0.19 
mm into the sulfur reservoir. This latter growth is visi- 
ble at the top right of the polished cross section shown 
in, Fig. 3a and at a higher magnification in Fig. 4. To 
r e v e a l  d i f f e r en t  cha rac te r i s t i c s ,  t he  t w o  m i c r o g r a p h s  
of  Fig. 3 w e r e  t a k e n  w i t h  v a r y i n g  ang les  of r e f l ec t ed  
l ight .  The  t w o  t r aces  of t h e  p l a n a r  su r f aces  on each  
s ide  of t he  w a f e r  i n d i c a t e  a reas  w h e r e  t h e  o r ig ina l  
g e o m e t r y  of t h e  w a f e r  was  r e t a i n e d  due  to con tac t  w i t h  
t h e  r e s e r v o i r  wal ls .  The  v o l u m e  of the  w a f e r  ou t s ide  
t h e  r e s e r v o i r s  ( b e l o w  the  ve r t i ca l  t r aces  in  t he  m i c r o -  

g r ap h s )  i n c r e a s e d  cons ide rab ly ,  g r o w i n g  f r o m  t h e  o r ig -  
inal  1.53 m m  th i cknes s  to a m a x i m u m  of 1.93 mm.  The  
pos i t ion  of the  r e s e r v o i r s  was  no t  cen te red ,  h e n c e  the  
d i f f e ren t  l eve l s  at  w h i c h  the  s t r a i g h t  t r aces  on the  op-  
pos i te  faces  a re  found.  

As i nd i ca t ed  by  t h e  w h i t e  color, m o s t  of t he  s p e c i m e n  
was  t r a n s f o r m e d  into  ZnS.  T h e r e  r e m a i n e d  a w e a k  
y e l l o w  t inge  on t h e  face  e x p o s e d  to t he  s u l fu r  r e s e r -  
voir .  This  l a y e r  was  too t h i n  to be  r e v e a l e d  in  t he  
cross section., H o w e v e r ,  s igni f icant  a m o u n t s  of s i ng l e -  
c ry s t a l l i ne  CdS w e r e  p r e s e n t  in a n a r r o w  l a y e r  a long  
the  faces  of t he  w a f e r  ou t s ide  the  r e se rvo i r s ,  and  the  

Fig. 2. Smooth surface (right) and tantalum-marked area 
(left) on cadmium-exposed face after experiment II. 

Fig. 3. Polished cross section of part of wafer after experiment 
III. Photographed at two different illuminations. At the top right 
of (a), the growth into the sulfur reservoir can be seen. The dark 
color in (b) indicates CdS, while the ZnS is white. 
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Fig. 4. The tap right of Fig. 3 at a Mgher magn[ficatlon. T|le 
growth on the sulfur-exposed face is single crystalline. The black 
areas are due to voids. 

original CdS was retained at the rim, as is shown by 
the dark contrast  in Fig. 3b. The Cd:Zn atomic ratio 
was determined by an electron probe and was found 
to be 1.5 on the face exposed to the sulfur reservoir,  
0.003 in the area which was in contact with the reser-  
voir  wall  and 58.3 on the surface of the wafer  outside 
the reservoirs.  

Crystal l ini ty of the ZnS was studied in the cross 
section by opti~cal microscopy (oriented facets on chem- 
icaI polishing) and by Laue back reflection measure-  
ments. Pronounced single crysta!linity was revealed 
in the mater ia l  which grew into the sulfur reservoir  
(Fig. 4) and in narrow layers paral lel ing the CdS on 
the surface of the wafer  outside the reservoirs.  Single 
crystal l ini ty improved as the measurements  were  taken 
closer to the r im (fur ther  away from the reservoirs) .  
Even where  not single crystalline, the mater ia l  was 
found to be textured.  

In exper iment  IV, the sulfur in the reservoir  was 
replaced by selenium. By observing the polished cross 
section (Fig. 5) of the wafer, one is led to believe that  
a contour similar  to the one shown in Fig. 3 would 
have formed had sublimation not taken place prefer -  
entially on the side facing the hotter of the two reser- 
voirs (selenium). The uniform dark color of the speci- 
men shows that transformation into CdSe has taken 
place. 

A large void runs across the whole wafer roughly 
parallel to the exposed faces within the reservoirs and 
bends toward the cadmium reservoir outside the reser- 
voirs. Numerous smaller  voids and channels, most of 
which are perpendicular  to the traces of the exposed 
faces, are also present as is i l lustrated in the composite 
micrograph of Fig. 6. In a layer start ing somewhat  be- 
low the original se lenium-exposed surface and continu- 
ing up to the final surface on that side, the mater ia l  is 
spongy and contains pores of i r regular  shape and size. 

Fig. 5. Polished cross section of wafer after experiment IV. The 
convex-appearing side (top) was exposed to the selenium vapors. 

Fig. 6. Selected area of Fig. 5 at higher magnification. The pores 
in the layer grown on the selenium-exposed face are irregularly 
shaped while in the original wafer they are perpendicular to the 
faces. 

Etching of the cross section revealed that  the wafe r  
consisted of one large crystal  and a few grains. 

Discussion 
As diffusion rates increase with increasing wafer  

temperatures,  it is advantageous to work  at high tem- 
peratures.  However,  the sublimation rate  also increases 
with temperature,  as the equi l ibr ium constant, K,,  in 
the equation Kp =- Pn X PVI 1/2 is t empera ture  depen- 
dent. The values of PH calculated for the theoretical  
case of congruent  vaporizat ion when PlI : 2 Pvi are 
listed in column 10 of Table I. However,  the group II 
and group VI reservoirs  established high PlI and Pvi 
values, and thereby decreased sublimation due to a 
decrease in the equi l ibr ium pressures of Pvi and Pn, 
respectively. Due to the square root relationship, an 
increase in Pvi led to a smaller  decrease in PlI (Table I, 
column 12) than did the reverse, (column 13), hence 
the net growth on the cadmium-exposed faces in ex-  
periments I and II. The high tempera ture  and sulfur 
pressure in exper iment  I led to plastic deformation. 
This deformation and possible sublimation from the 
wafer  precluded the accurate determinat ion of the 
solid-state flux. However,  one can calculate that  the 
minimum 0.2 mm growth corresponded to a flux of 
2 X 1014 sulfur a toms/cm 2 sec. 

In  exper iment  II, growth is indicated not only by the 
8 ~m height difference between the t an ta lum-marked  
area and the rest of the surface, but  also by the 
smoothness of the surface. The original etched wafer,  
and also the sulfur-exposed face (where sublimation 
exceeded growth by solid-state diffusion) were  both 
strongly faceted. Assuming that no mater ia l  was lost 
by sublimation on the cadmium-exposed face and that, 
except  for the rectangular  crystallites, no growth oc- 
curred over  the t an ta lum-marked  area, one may  calcu- 
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late that the solid-state flux of sulfur  was 10 TM atoms/  
cm2 sec. The rectangular  crystalli tes probably  grew 
through local discontinuities (e.g., cracks) in the tan-  
ta lum film. 

Numerous studies have been performed on the diffu- 
sion in  CdS of one of the const i tuent  elements at a 
time. Still, the mechanism is not yet completely un-  
derstood (2, 3). When the crystal is in equi l ibr ium with 
high sulfur  pressures, cadmium is thought to be t rans-  
ported as Vcd" and sulfur  as Si x (2). However, in case 
of high cadmium pressures, there is disagreement on 
whether  the mobile species is Cdi" or Cdi x and whether  
the dominant  defect is Vs" or Cdi'" (2-4). Also, suffi- 
cient informat ion is not available on the interact ion 
between various defects and their  effect on concentra-  
tions and mobilities. The present  case is even more 
complex, as diffusion mechanisms must  cont inuously 
change across the specimen, reaching the l imit ing cases 
at the two surfaces where the wafer is in equi l ibr ium 
with high cadmium and high sulfur  pressures, respec- 
tively. Thus, in case of cadmium transport,  there  must  
be a region within  the  wafer where the mobile sl~ecies 
change from Vcd to Cdi. In  this region one would ex- 
pect to find mater ia l  with relat ively low cadmium 
defect concentrat ion and thus this region may l imit  
the magni tude  of the flux (i.e., the rate of crystal 
growth on the sulfur  exposed face). Similar  a rgument  
may be applied to the sulfur  flux. 

Exchange reactions in I I -VI compounds have been 
studied by several authors (5-7). Just  as in the case 
of b inary  compounds, the si tuation in the present  work 
was again made more complex by the exposure of op- 
posite faces to Pn and Pw vapors. Also, in addition to 
having to consider the numerous  defect species and 
mobile species as in the case of the b inary  system, one 
also has to consider the fact that  while the exchange 
reaction is taking place, one of the elements has to 
diffuse to the surface and either form a compound 
there with the vapor or sublime off. For  example, at 
the beginning of exper iment  III, the cadmium is ex- 
pected to have sublimed into the zinc reservoir when 
it was replaced by zinc. However, as the ZnS-CdS in-  
terface advanced into the wafer, an ever larger  frac- 
tion of the cadmium diffused toward the sulfur  exposed 
surfaces, "uphill" along a cadmium concentrat ion 
gradient  in the direction of  a decreasing chemical po- 
tent ial  (8), as the chemical potential  of cadmium had 
its lowest value where the CdS was in contact with the 
sulfur vapors. Par t  of the cadmium reacted with the 
sulfur  forming an epitaxial CdS deposit. One may 
speculate that  cadmium, zinc, and sulfur  all  moved 
both as intersti t ials and as vacancies depending on the 
existing local activities of zinc and sulfur. 

In  exper iment  III, zinc diffused not only toward the 
sulfur reservoir  but  also toward the r im of the wafer. 
As both faces of the wafer outside the reservoirs were 
exposed to sulfur  vapors, zinc displaced cadmium in-  
ternal ly  and deposited the Cd ions as CdS on both 
faces. Hence the increase in thickness outside the reser-  
voirs (0.4 mm) was twice that  of the increase wi th in  
the reservoirs (0.2 ram).  As ZnS and CdS are mutua l ly  
soluble in all proportions (9), it is expected that  the 
interface during the exchange reaction was diffuse. 
Once a critical ZnS concentrat ion was reached, the 
volume decrease (20% on complete t ransformation)  
must  have led to the nucleat ion of voids and the for- 
mat ion of a microcrystal l ine phase. The varying  de- 
grees of crystal l ini ty  found makes one believe that  the 
or ientat ion and size" of the ZnS crystallites depended on 
their  rate of growth, rapid growth leading to finer grain 
size. Hence the best crystal l ini ty appeared furthest  
away from the zinc reservoir. The higher crystal logra- 
phic quali ty of the material  grown outside the volume 
of the original wafer makes one believe that the diffu- 

sion of zinc through ZnS was a slower process than the 
diffusion accompanying the CdS --> ZnS transformation. 

In  exper iment  IV, the CdS ~ CdSe t ransformation 
should lead to a 10% increase in  volume. The 
formation of voids shows that the out-diffusion of sul-  
fur and cadmium took place faster than the in-diffusion 
of cadmium and selenium from their  respective reser-  
voirs. As the presence of a larger ion on a lattice site 
is known to favor association with a vacancy (10), one 
may postulate that Ses x was associated with Vcd. Thus, 
movement  of the interface toward the  cadmium reser-  
voir facilitated the out-diffusion of cadmium toward 
the selenium reservoir via a vacancy flux. If the sulfur  
vacancy flux moving toward the cadmium reservoir 
was larger than the flux due to the "uphill" diffusion 
of sulfur  (see argument  advanced for experiment  III) 
which was displaced by selenium, then the agglomera- 
tion of vacancies can account for the formation of 
voids. A significant fraction of the voids must  have ag- 
glomerated along a plane parallel  to the faces of the 
wafer; however, numerous  other voids, most of them 
elongated in the direction perpendicular  to the faces 
(thus favoring vapor transport)  also formed. As con- 
tact with the walls of the reservoirs locally prevented 
the in-diffusion of vacancies (i.e., the out-diffusion of 
material) ,  void formation was less pronounced be-  
tween the opposite walls of the reservoirs. 

The present  work proved the feasibili ty of epitaxial 
growth in case of compound semiconductors by solid- 
state diffusion. The slow rate of growth in case of a 
b inary  system and void formation in case of exchange 
reactions may l imit  the practicality of the approach. 
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Technkall Notes 

Gallium Migration Through Contact Metallizations on GaP 
W. A. Brantley, ~ B. Schwartz,* V. G. Keramidas, G. W. Kammlott, and A. K. Sinha 

Bell Laboratories, Murray Hill, New Jersey 07974 

The thickness of the nat ive oxide film which can be 
grown on GaP is increased considerably if the semi- 
conductor has a chemically nonreactive, ohmic contact 
to provide a site for the cathodic component of the 
oxidat ion-reduct ion reaction (1). However, the con- 
tacts to GaP cannot be characterized as nonreactive 
with respect to the oxidation process. Formation of 
gall ium and phosphorus oxides on the gold-based 
ohmic contacts (2, 3) to GaP during galvanic oxidation 
(1) has been established from electron microprobe 
analysis (4). It is believed that the presence of oxides 
on the surfaces of the contacts could be the cause of 
subsequent bonding difficulties. 

There are several possible mechanisms by which 
gall ium and phosphorus might arrive at the surfaces 
of the ohmic contacts: (i) .migrat ion through the 
metall izations during the contact alloying or during 
the gaIvanic oxidation process, (it) surface diffusion, 
(iii) t ransport  through the oxidizing solution, and (iv) 
as a consequence of the dicing process or subsequent 
etching. Of these possibilities, it is suspected that (it) 
is not a major  t ransport  mechanism, and (iii) was 
demonstrated not to be significant by a controlled ex- 
per iment  in which there was no gal l ium transport  to 
a gold wire immersed adjacent  to the semiconductor in 
the oxidizing solution. Support  for mechanism (i) is 
available from several experiments.  An SiO2 layer  was 
found on gold films evaporated on silicon substrates, 
after heating at relat ively low temperatures ( <  300 ~ 
in an oxidizing ambient;  during the heating, silicon 
atoms were assumed to migrate through the gold film 
(5). Rapid dissolution of gallium into thin platinum 
films on .GaP at 250~ has recently been detected by 
x-ray diffraction (6), and evidence for gallium migra- 
tion through thin gold and platinum films on GaAs 
at temperatures above 250~ has been obtained by 
2 MeV 4He+ ion backscattering experiments (7). 
Nakatsuka et al. (8) observed that evaporated gold 
films on GaAs and GaP melted at temperatures con- 
siderably below the known (9) Au-GaAs eutectic tem- 
perature and proposed that this melting occurs at a 
gallium-rich composition; the unknown Au-GaP eu- 
tectie temperature is expected to be greater than the 
Au-GaAs eutectic temperature since the melting point 
of GaP exceeds that of GaAs by 200~ 

These collective results suggest that the metall iza- 
t ion-semiconductor interface can be metal lurgical ly 
reactive at temperatures  considerably below b inary  
eutectic values. Nevertheless, even if GaP melts to 
yield a gal l ium-rich l iquid at the gold film interface, 
it is not evident  how much of the contact film partici-  
pates in the al loying process. Furthermore,  because 
the GaP contacts are relat ively thick ( ~  1.5 ~m), it 
was considered unlikely that gallium and phosphorus 
would migrate through the entire contacts. 

In  this work, the origin of the gall ium and phos- 
phorus on the surfaces of the contacts to GaP has been 
investigated by means of secondary ion mass spec- 
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i o n  m a s s  spect rometry .  

t rometry ~ (SIMS). This technique can provide (i) in-  
depth mass spectrometric analyses and (it) ion image 
displays of sputtered secondary ions generated by a 
high energy pr imary  ion beam impinging on the speci- 
men (1,0-12). With these options, a relative chemical 
composition profile with depth can be obtained (pro- 
vided no artifacts are introduced due to relative sput-  
tering yields of the various components of the metal-  
lizations) or the area uniformity  for a part icular  
species at a given depth can be observed. For the pres- 
ent experiments, the pr imary  sputtering beam con- 
sisted of ~5.5 keV O2 + ions, and the secondary ion 
beam was apertured so that  only the sign.al from the 

central  ~70 ~m region of the ~ 20,0 ~m diameter 
"burn" was detected. A rapid sputtering rate of ~90 
A/sec through the gold films was employed; this bu rn  
rate was subsequent ly  established from determinat ion 
of crater depths by both interference fringe and Ta]y- 
surf measurements.  

Contact metallizations (2, 3) were deposited by elec- 
t ron gun evaporation on < l l l > - o r i e n t e d  GaP wafers. 
The p-contact consisted of a Be-Au alloy, and these 
films were deposited on p- type  GaP having NA -- ND 

5 • 1017 cm-3. The n-contact  consisted of a Si-Au 
alloy, and these films were deposited on n - type  GaP 

having ND -- NA ~ 3 • 1017 cm -s. The films were 
nominal ly  ~1.5 sm thick, and some specimens were 
subsequently alloyed for 5 rain at 600~ in a forming 
gas atmosphere to obtain ohmic contacts. In addition, 
a reference specimen consisting of a pure  gold film ~1  
sm in thickness on a quartz substrate was prepared. 

Examinat ion  of 69Ga+ profiles through numerous 
alloyed metallizations indicates that extensive gall ium 
migrat ion does occur through the ohmic contacts. Al-  
though 81p+ profiles indicate that some phosphorus 
migrat ion through the contacts also occurs, the SIMS 
apparatus has much lower sensitivity for phosphorus 
than gall ium (as positive secondary ions), and only 
the gallium migration has been investigated in detail. 
Absolute gallium concentrations within the metalliza- 
tions cannot be established by secondary ion mass 
spectrometry due to lack of appropriate chemical 
standards for comparison and possible different sput- 
tering rates for the various gold matrices. Only the 
presence of gold was detected in the alloyed contacts 
by x-ray diffraction (13). However, the E-phase (14) 
between gold .and gallium [~21 atomic per cent (a/o) 
Ga] has been detected near the metallization-GaP 
interface by transmission electron microscopy (15). 
For thinner (~0.5 ~m thick) Be-Au films alloyed with 
GaP at 600~ preliminary x-ray diffraction analyses 
suggest that compounds between beryllium and gold 
(possibly Au3Be and Au2Be) also form (13). 
Although absolute gallium concentrations cannot be 

established, relative comparisons of the extent of gal- 
lium migration can be obtained. The gallium signals 
from the various specimens are compared at some 
arbitrary depth such as 1000A, where the metallization 

2 SlYII 300, Caraeca Ins t ruments ,  Incorporated,  Elmsford,  N e w  York  
10523. 

434 



Vol. 122, No. 3 G A L L I U M  M I G R A T I O N  435 

ma t r ix  is s t i l l  gold bu t  the  nea r - su r face  signal  en-  
hancement  (12, 16) ar is ing f rom the presence of a 
surface ga l l ium oxide is no longer  significant. The 
6SGa+ signals at  an es t imated 1000A depth, normal ized 
to a value  of un i ty  for the  reference  specimen, a re  
summar ized  in Table I. Al though the da ta  a re  not 
sufficiently precise  to wa r r an t  comparisons among the 
severa l  member s  of each GaP specimen group, the 
grea t  differences be tween  the groups do pe rmi t  o rde r  
of magni tude  comparisons.  Accordingly,  Table I is p re -  
sented in a decade format  where  each en t ry  is the 
logar i thm of the upper  l imi t  for the decade; for ex-  
ample,  an en t ry  of 2 corresponds to a normal ized  gal-  
l ium signal  ly ing  be tween  values of 11 and 100. 

Considerably  lower  ga l l ium signals from the re fe r -  
ence gold film on quar tz  and from the  una l loyed  films, 
compared  to the  a l loyed films, prove that  the source 
of the g a l l i u m  near  the  surface of  the ohmic contacts 
is the  under ly ing  GaP and that  the  overwhelming  por -  
t ion of the migra t ion  takes  place dur ing  the a l loying 
process for the contacts. Some ga l l ium migra t ion  evi-  
den t ly  also occurs dur ing  the  contact  deposit ion.  (The 
reference  specimen was inves t iga ted  subsequent  to 
severa l  meta l l iza t ions  on GaP to al low ample  oppor-  
tuni ty  for ga l l ium contaminat ion  of the  SIMS speci-  
men chamber . )  Var ia t ion  over  half  an order  of magn i -  
tude in deposi t ion rate,  whi le  inducing considerable  
changes in micros t ruc ture  of the films, did  not signifi- 
can t ly  a l t e r  the  extent  of the ga l l ium migrat ion.  
Excessive ga l l ium signals ~hroughout the  a l loyed films 
prec luded  de te rmina t ion  of a rea  un i formi ty  of the gal-  
l ium migrat ion.  However,  examina t ion  of Ga + ion im- 
ages from a spec imen where  an addi t ional  una l loyed  
gold film was deposi ted over  an under ly ing  a l loyed film 
indicates  that  the  migra t ion  p robab ly  is not uniform. 
In  addition, p re l imina ry  exper iments  suggest that  the 
near - sur face  ga l l ium level  in contact  metal l izat ions  
may  be increased an order  of magni tude  by  the  dicing 
process. Extens ive  ga l l ium migra t ion  through gold-  
based ohmic contacts to GaAs also has been found 
during the present  SIMS investigation.  

I t  is possible that  gal l ium migra t ion  dur ing the a l -  
loying h e a t - t r e a t m e n t  is beneficial to the format ion of 
ohmic contacts to GaP. The be ry l l i um or  silicon con- 
tact  dopants  used to provide  degenera te  doping of GaP 

Table I. Gallium migration through metallizations on GaP 

Relative 69Ga+ signal 
Meta l l i za t ion*  a t  1000A d e p t h t  

G o l d  on q u a r t z  subs t r a t e  ( re ference  spec imen)  0 
A s - d e p o s i t e d  n-  or p - con t ac t  2 
A l l o y e d  n- or  p - con t ac t  5-6 

* Each  G a P  m e t a l l i z a t i o n  g r o u p  cons is t s  of s eve ra l  spec imens .  
t These  v a l u e s  are l o g a r i t h m s  of the  u p p e r  l i m i t  of t he  decade(s)  

w i t h i n  w h i c h  t he  r e l a t i v e  Ga+ s igna l  v a l u e s  lie. Fo r  example ,  a 
v a l u e  of 2 co r responds  to a r e l a t i v e  s i g n a l  b e t w e e n  11 and  100. 
A l l  the  r e l a t i v e  Ga+ s igna l s  are  n o r m a l i z e d  to the  r e fe rence  speci -  
m e n  w h o s e  nea r - su r f ace  Ga+ signal has been assigned a v a l u e  of 
unity (and thus a logarithm of 0). 

are  both Ga-s i te  subst i tu t ional  impur i t ies  whose in-  
corporat ion should be favored  by  an excess of gal l ium 
vacancies in GaP at  the meta l - semiconduc to r  in te r -  
face. The role of phosphorus  vacancies in the  GaP 
arising f rom the phosphorus  migra t ion  is not known 
al though compet i t ion be tween  phosphorus  and gal l ium 
vacancies might  be expected for the amphotexic silicon 
dopant.  (Analogous considerat ions would  be appl icable  
for contacts to GaAs.)  On the o ther  hand, i t  is recog-  
nized that  the presence of ga l l ium and phosphorus 
oxides at  the  surface of the  contacts can cause p rob-  
lems with  device bonding. 
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Some Effects of "Trichloroethylene Oxidation" 
on the Characteristics of MOS Devices 

Gilbert J. Declerck, l Takeshi Hattori, 2 Gerald A. May, Jacques Beaudouin, and 
James D. Meindl* 

Stanford Integrated Circuits Laboratory, Stanford, California 94305 

The use of phosphosilicate glass (PSG) as a stabiliz- 
ing film on top of thermal ly  grown SiO2 has become 
almost a universal  step in integrated circuit processing 
(1). It is well  known that  PSG getters sodium ions and 
acts as a barr ier  against sodium ion drift  through sili- 
con dioxide, thereby stabilizing the threshold voltage 
of MOS transistors. It is also well  known that  PSG has 
several  undesirable effects, among which are polariz-  
ability and phosphorus penetra t ion through the oxide 
to the silicon-SiO2 interface. The PSG stabilization is 
also thought  to bring about an increase in surface-state  
density, render ing it object ionable for CCD and related 
processes. 

In an effort to c i rcumvent  the need for PS,G, it has 
been found that  the use of a chlor ine-bear ing species 
(C12, HC1, or C~HCI3) in an oxidizing ambient  can have 
both the get ter ing and passivating effects of PSG, 
without  its more insidious side effects. The get ter ing 
effect is due to the chlorine in the oxidizing atmo- 
sphere prevent ing posit ive alkaline ions from being 
introduced into the growing oxide through the forma-  
tion of volati le chloride compounds (2). Chlorine in- 
corporated into the oxide also has a passivating effect 
against sodium drift. One possible explanat ion is that  
sodium ions are immobil ized by the chlorine ions (3). 
Another  explanat ion is that  the sodium ions are still 
penetra t ing through the oxide but have  no effect on the 
silicon surface potent ia l  because they become neut ra l -  
ized in an interact ion wi th  a chlorine-associated 
species near  the interface (4). In any event, proper  
introduction of chlorine into the oxidizing atmosphere 
eliminates the necessity of postoxidation PSG stabili-  
zation. 

Unti l  recently, most procedures have  introduced 
chlorine into the oxidizing atmosphere in the form of 
HC1. This method has several  drawbacks associated 
with it. HC1 is a very  dangerous acid and cannot be 
handled easily. In addition, it can be very  corrosive 
in the. presence of small  amounts of water  vapor, 
causing etching of the quar tz  and stainless steel cham- 
bers associated with  the usual oxidation furnace and 
exhaust  systems. Because of these deleterious effects, 
a more manageable  chlorine source has been sought. 
Lately, the use of t r ichloroethylene (TCE) has been 
reported to be an effe.ctive agent for reducing positive 
ion instabili t ies (5). It has some distinct advantages 
over  HC1 in that  it is much easier to handle  and is far 
less corrosive. 

The purpose of this work  is to fur ther  investigate 
the use of TCE for improving MOS structures. HC1 
grown oxides have not only shown improved electrical 
stability, but also high minor i ty  carr ier  l i fe t ime (6, 7) 
and very low surface-state  densities (8). Because these 
effects are also assumed to be related to the get ter ing 
action of the chlorine, measurements  of these quan-  
tities were  per formed on TCE oxide samples as well, 
and the results are presented in this work. Beside an 
increase of minor i ty  carr ier  l ifetime, as already re-  
ported before (6), we also found long storage times, 
low surface-state  densities, and low noise character-  
istics. It may be expected that TCE oxides have great  

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
1 P e r m a n e n t  a d d r e s s :  L a b o r a t o r y  F y s i c a  cn  E l e k t r o n i c a  v a n  de  

H a l f g e l e i d e r s ,  K a t h o l i e k c  U n i v c r s i t e i t  L e u v e n ,  B e l g i u m .  
P e r m a n e n t  a d d r e s s :  S o n y  C o r p o r a t i o n  R e s e a r c h  Cen te r ,  J a p a n .  

K e y  w o r d s :  s u r f a c e - s t a t e  dens i t y ,  s t o r a g e  t i m e ,  l o w - f r e q u e n c y  
( I / f ) ,  noise ,  e l ec t r i ca l  s t ab i l i ty ,  g e t t e r i n g .  

potential  for high t ransfer  efficiency CCD's requir ing 
low surface-state  densities and high storage times. In 
addition, it can also be very  useful for MOS circuits, 
and par t icular ly  for low noise transistors. 

Experimental Procedure 
MOS capacitors wi th  and wi thout  TCE were  fab- 

r icated on n- type  (100)-substrates. As a comparat ive  
standard, oxides were  grown at 1200~ for 14 min in 
a dry oxygen  flow of 1500 cm3/min in a 50 mm quartz  
tube. TCE oxides were  grown under  the same condi- 
tions, but  with varying flows of dry ni trogen through 
a bubbler  filled with  TCE. To insure good reproducibi l -  
ity, this flow was established 30 rain prior to actual 
oxidation. The tempera ture  of the bubbler  was con- 
stant at 34~ within a few degrees. All  wafers were  
given a 2 rain ni t rogen anneal  before pull ing them 
from the oxidation furnace. To avoid interface and 
latt ice stresses, the pul] ra te  was approximate ly  1 
rain. The wafers were  then metal l ized on both sides 
by means of a tan ta lum filament evapo,ration system 
and capacitors were  made: using s tandard photol i thog- 
raphy. Portions of each sample were  annealed at 450~ 
in forming gas for 30 min  or  at 500~ in wet  ni trogen 
for 10 min. Our results showed no difference be tween 
the two low tempera ture  annealing steps. 

Several  samples of MOS capacitors using the pro-  
cedure described above were  prepared. Measurements  
of flatband vol tage yielded the fixed oxide charge 
which was in the low 10 t0 cm-~  range for all TCE 
samples. Bias t empera tu re  stress was performed at 
200~ for 10 rain wi th  a field of 2 X 106 V / c m  and 
the result ing flatband voltage shift was measured. Stor-  
age times were  found by pulsing the capacitors from 
accumulation into deep depletion (9-12). Fast surface-  
state densities were  measured by the quasistatic C-V 
method (13, 14). All  of the measurements  were  per-  
formed on both the s tandard oxide samples and the 
TCE oxide samples. 

Next, MOS transistors were  fabricated using a stan- 
dard p-channe l  process. The run  was divided into three 
groups according to the type of gate oxidation. The 
first group had a TCE oxide. The second had a stan- 
dard thermal  oxide with  no phosphorus stabilization. 
The third group had a standard oxide, wi th  the usual 
phosphorus stabilization. All  of these samples were  
metal l ized by e lec t ron-gun evaporation. The noise 
performance of each of the  three, groups was then 
compared. 

Results 
Oxidation rate.--It has been reported that in the 

presence of HC1 or C12 the oxidation rate of silicon 
is increased (15). The principal reasons are an en- 
hanced diffusion of 0.2 and H20 in these oxides and 
an enhanced react ion at the silicon-SiO2 interface (16). 
We have found that in the presence of TCE the oxida- 
tion rate is also increased, as shown in Fig. i. Oxide 
thickness is plotted vs. the amount of N2 flow thJcough 
the TCE bubbler. The data show the same parabolic 
dependence on TCE flow that has been previously 
seen for HCI (15). The same graph has been repro- 
duced through several runs, so that it may be con- 
cluded that the TCE oxide thickness is predictable 
when the oxidation parameters are known. It should 
be ment ioned that  a TCE-N2 flow over  150 cm ~ is 
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Fig. i. Oxide thickness vs. TCE flow 

probably too high because these oxides were very 
leaky and no oxide thickness or other parameters  
could be measured. 

Stability.--The effect of TCE on the change in flat- 
band voltage after bias tempera ture  stress is shown 
in Fig. 2. As the oxide thickness of each sample is 
different, the measured shift provides the actual mobile 
oxide charge from the relat ion Qmobile ~--- CoxAVFB �9 The 
results are also plotted in Fig. 2. This figure shows 
that the magni tude  of the mobile charge is strongly 
dependent  on the amount  of TCE in the oxidizing 
atmosphere. 
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Fig. 2. Flatband shift (AVFB) and mobile oxide charge (Qmobile/ 
q) vs. TCE flow. 

Sample A is typical for a wafer contaminated with 
about 1 • 1,0 ~12 mobile ions per cm 2. The contamina-  
t ion probably occurred dur ing  metal l izat ion (evapora- 
t ion from tan ta lum filament).  The AVFB exhibits a 
strong thresholdlike behavior vs. TCE flow (15). About 
60 cm 3 N•-TCE is necessary to reduce AVFB to a min i -  
mum of 0.5V. 

Sample B was measured on wafers metallized after 
the metall ization system had been cleaned. The total 
amount  of mobile ions is reduced to about 1 X 10 '11 
per cm 2 in the s tandard sample. However, at the 60 
cm 3 N2-TCE flow there remains a AVFB of 0.5V. It is 
unl ikely  that  this shift is due to mobile sodium ions, 
because the same shift is also seen on very clean 
e lect ron-gun metallized samples. Furthermore,  if the 
temperature  of the B-T exper iment  is lowered to 
150~ the shift is negligible (less than 0.1V). 

Storage time.--Another noteworthy effect of TCE 
is the increase in capacitor storage t ime over that of 
the s tandard thermal  oxide. This effect is shown in 
Fig. 3. It should be noted that the substrate doping 
was 1-2 X 1015/cm 3, the oxide thickness was about 
100,0A, and the capacitors were pulsed f rom accumula-  
tion (+2V)  to deep depletion (- -7V).  These param-  
eters influence the storage time, so that it is impor tant  
to keep them in mind when  comparing different ex- 
periments.  Storage times for our s tandard oxides are 
less than a few seconds, while for moderate flows of 
TCE the storage t ime was consistently above 1 rain. 
For large TCE flows the storage t ime decreases. No 
at tempt is made here to derive bulk lifetime in a 
quant i ta t ive  fashion, since recent reports (12) have 
shown that l ifetime is not so easily predictable from 
storage time, as previously thought ('9-11). How- 
ever, it is still t rue that longer storage times give a 
quali tat ive indication that  the combined effect of bulk  
generat ion rate ( inversely proport ional  to bu lk  life- 
t ime) and of surface generat ion rate (proportional 
to surface-state density and to surface-state  capture 
cross section) is slower. 

SurSace states.--Fast surface-state densities were 
measured by the quasistatic C-V method (13, 14). 
A plot of the fast surface-state density vs. TCE flow 
is shown in Fig. 4. It  should be brought  to mind  that  
these samples were metallized by evaporation from a 
t an ta lum filament. The figure shows that the surface- 
state density for the s tandard oxide, without  any form 
of stabilization, is about 2-3 • 1010 eV - I  cm -2. This 
low value can be a t t r ibuted to the high temperature  
ni t rogen step after oxidation and to the wet ni t rogen 
or forming gas anneal  after metallization. However, 
by the use of moderate flows of TCE, surface-state 
densities can be reduced below l0 I~ eV - I  cm -2. Exact 
measurements  below this value are l imited by the 
sensitivity of the quasistatic C-V method (14). Fur ther  
experiments using, e.g., the Nicoll ian-Goetzberger con- 
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ductance technique are needed to accurately deter- 
mine these values. 

Samples made without TCE but  metallized with 
e lect ron-gun evaporation had measured surface-state 
densities in the same range as the best TCE samples, io' 
At the same time these "electron-gun" samples show 
very little sodium contaminat ion in our bias tempera-  
ture stress measurements.  It is known that very clean 
samples having l i t t le sodium contaminat ion will have 
a correspondingly small surface-state density when 
using appropriate anneal ing techniques. This could 
explain the fact that the surface-state densities in 
samples with electron beam evaporated metal were 
as low as in TCE samples with filament evaporated 
metal. 

MOS transistor fabrication.--As mentioned in the 
experimental  procedure, p-channel  transistors using 
TCE oxides were fabricated. The gate oxides of these 
t r a n s i s t o r s  were g.rown using an N2-TCE flow of 50 
cm s. This flow was chosen because previous measure-  
ments  on the MOS capacitors had shown that it was 
near ly the opt imum value for small flatband shift, 
long storage times, and low surface-state densities. 
The gate oxide thickness of both the standard and 
the TCE transistors was kept equal by adjusting the 
oxidation time for the s tandard transistors. The metal -  ~~ 
lization was pe+rformed by an e lect ron-gun evaporation. 

Measurements of the low-frequency (l /f)  noise in 
the saturat ion region of the MOS transistor were com- 
pared between the TCE samples and the standard sam- ~o ~, 
ples. Some of the s tandard devices were carried 
through the s tandard phosphorus stabilization (1050~ 
f o r  10 min in the phosphorus deposition furnace, but  
with the POC18 source off). Noise measurements  were 
interpreted in terms of the input - refer red  noise volt-  ~o' 
age en which has been shown by many authors (17) 
to have a frequency dependence in  the saturat ion 
region given by 

N s s ~ x  a 
en ~ - -  F ( V G s  - -  VT) [ I ]  

A] 

where Nss = surface-state density; eV -1 cm-2; $ox : 

gate oxide thickness; A ---- WL of the device, where 
W is the channel width and L is the channel  length; 
and 1 < a < 2. F(VGs -- VT) is a function describing 
a weak (l inear or logarithmical) dependence of en on 
the effective gate voltage Vas -- VT (17). en has the 
dimensions of V/~/Hz. 

Figure 5 gives a plot of the input - refer red  noise 
voltage vs. frequency for the TCE sample, the P2Os- 
stabilized sample, and the s tandard sample without 
P205. The drain current  was 1 mA at VDS ---- 1,0V. All 
the samples show the characteristic 1/f dependence 
up to about 1.0 ~ Hz. Beyond this point, the channel  
current  noise predominates. The noise voltage for the 
TCE and standard samples without  P205 was the 
same, while the P20~-stabilized sample has a noise 
voltage between 4 and 10 times greater. It must  be 
mentioned that this comparison is only true for the 
s tandard P20~ stabilization employed here. Using lower 
temperatures and shorter times for the stabilization 
yields lower surface-state densities (18). However, 
these stabilization techniques are much mo~e difficult 
to apply than  the TCE method described here. 

Referring to the noise voltage equation, we may 
conclude that the difference in surface-state densities 
between the devices is at least one and maybe two 
orders of magnitude. By a quasistatic C-V measure-  
ment  Nss was proven to vary on the P~Os-stabilized 
samples between 5 • 1020 eV -2 cm -2 and a few 
1021 eV -1 cm -2. Consequently, the noise measure-  
ments given here also indicate that on the other sam- 
ples (TCE and s tandard without P2Os), the density 
is significantly less than 1020 eV -2 cm -~. 

Figure 6 shows the dependence of noise voltage on 
drain current  for, the TCE sample. Figure 7 gives 
the variat ion of noise voltage with current  at 1 kHz 
measuring frequency. The rise of the 1/f noise at higher 
current  levels can be explained by the function F(Vcs  

e 
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Fig. 5. Input-noise voltage (en) vs. frequency at ID = 1 mA 
and VDS = 10V. 
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Fig. 6. Input-noise voltage (en) vs. frequency for TCE 
different bias currents. 
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- -  VT) in Eq. [1] or  can be  due to an increase in 
st~rface-state densi ty  near  the bandedges.  I t  is seen 
that  the increase  in 1/f noise is less pronounced on 
the TCE and s tandard  samples  wi thout  P20~. The 
smal l  r ise at lower  currents  is due to an increase  in 
channel  resis tance the rma l  noise. 

As a las t  point, we would  l ike  to compare our noise 
results  wi th  publ i shed  low noise data. L o o k i n g  at 
Fig. 6 and 7 we see tha t  the 1 m A  bias cur rent  used 
in Fig. 5 was not ly ing in the  op t imum low noise re-  
gion. A noise vol tage  of 15-20 nV/h/Hz,  found by 
Ronen (17) at  1 kHz and at 1 m A  on specia l ly  de-  
signed t ransis tors  wi th  W = 1600 ~m is regarded  to 
be an e x t r e m e l y  low noise result .  This value  mus t  be 
compared  wi th  the  60 nV/~ /Hz  tha t  we found at 150 
~A on our t rans is tors  wi th  W ---- 250 ~m (because of 
the  change in current  levels wi th  smal ler  W / L  and 
assuming about  the same channel  length) .  When the 
a rea  factor  is considered in Eq. [1], i t  is clear  that  
the 60 nV/~ /Hz  must  be d ivided by  a factor  of two 
or  three,  which br ings  us to a va lue  comparab le  to 
Ronen's  figure. Using the TCE technology, and op-  
t imizing the geometry,  ve ry  good low noise t ransis tors  
can be made.  

Conclusion 
The TCE capaci tors  we fabr ica ted  showed good 

stabil i ty,  long s torage t imes (>1 min) ,  and low sur-  
face-s ta te  densit ies (a few 10 9 eV -1 cm-2) .  A strong 
indicat ion tha t  these character is t ics  are  main ta ined  
through a complete  processing schedule  has been given 
by  the successful fabr icat ion of low noise MOS t rans is-  
tors. Fu r the r  work  should be done in evaluat ing  s tor-  
age times, t ransfer  efficiency and dark  currents  on 

charge coupled devices, and MOS image sensors p roc-  
essed using the TCE technology. 

In  addition, the increased oxidat ion vale is he lpfu l  
in keeping the ~/Dt  products  small ,  by  a l lowing oxides 
to be grown at lower  tempera tures .  A careful  s tudy 
of TCE oxides g rown by  a w e t / d r y  oxida t ion  schedule 
at lower  t empera tu res  (,~900~ would  be in teres t ing 
for DMOS and re la ted  devices, in which high t empera -  
ture oxidat ions may  not be desirable.  
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On the Technique and Evaluation of Angle-Beveling 
Silicon Epitaxial Layers 

P. J. Severin, H. Bulle, G. Poodt, and J. D. Wasscher 

Philips Research Laboratories, Eindhoven, Netherlands 

For advanced applications of epitaxial ly grown struc-  
tures the dope concentrat ion profile and the extent  of 
the concentrat ion gradient  between substrate and epi- 
taxial layer are of paramount  importance. In  order to 
study these properties with surface probing techniques 
the interior should be exposed by beveling the slice. 
The method this paper is focused on, is the spreading 
resistance technique (1), which is accepted now as a 
very powerful tool for investigating epitaxially grown 
structures. Recently also the electroreflectance method 
was reported (2) to yield promising results when  ap- 
plied to an angle-polished junction.  Also the capaci- 
tance-voltage (3) and the voltage breakdown methods 
(4) can be used on beveled structures to profile the 
junction.  

Any technique integrates over a certain length and 
for obtaining a large resolving power in-depth  the 
bevel angle should be as small as possible. This implies, 
however, that  for precise correlation between horizon- 
tal position and depth below the original surface the 
departure  from ideal flatness of the slice is taken into 
account. This note deals with the preparat ion and eval-  
uat ion of small  bevel angles down to 1/2000. I t  is con- 
cerned with basically known tools and techniques: lap- 
ping jigs, polishing procedures, the interference micro- 
scope and interferometers.  However, in order to fully 
and correctly exploit  the possibilities of the spreading 
resistance and other methods, on a bevel these tech- 
niques should be very critically and carefully applied: 

The preparat ion and evaluat ion procedures are in t i -  
mately connected. The use of the polishing jig is de- 
scribed in the next  section. In  semiconductor device 
technology pat terns are optically imaged~ on a slice 
which therefore should be sufficiently flat. A laser-  
operated interferometer  developed originally to study 
this surface topography of a silicon slice, is briefly 
sketched in the third section. Its use in conjunctio~ 
with the polishing jig for evaluat ing the local bevel 
angle, taking into account any departures from perfect 
flatness of the slice, is explained in the fourth section. 
It is also shown that  by t i l t ing the slice differences in 
height as low as 60A can be measured. 

Preparation of the Bevel 
Conventional  angle- lapping jigs have been used for 

bevel and stain measurements  at relat ively large angles 
by Bond and Smits (5, 12), Ful le r  and Ditzenberger 
(6), Gutsche (7), Kane  and Larrabee (8), and Herff 
and Roeder (9). The rel iabil i ty of these ins t ruments  
is l imited by mechanical  tolerances: the play increases 
with use because it cannot  be avoided that  powder 
penetrates between inner  and outer cylinders dur ing  
the lapping process. Moreover, the angle can be mea-  
sured on the interferometer  only before lapping. Here 
we first describe a more stable and versati le tool, 
shown schematically in Fig. 1, which matches well the 
interferometer  to be described later. 

The piston A to which the slice S is attached can 
slide without  play in the holder B and can be fixed at 
any height and position by screw C. This assembly 
rests on three balls on the support r ing D and can be 
moved with respect to the support by two screws E. 
With one screw the assembly can be tilted about the 
axis between the other screw and the third ball. In  
this way the angle between the axes of B and D can 
be varied in  a simple and precise way. The holder B 

Key words: angle-beveling, silicon, th in  layer,  interferometer. 

S 

Fig. 1. Schematic view of the angle-polishing jig. The slice S is 
waxed to the piston A, which fits tightly into holder B and can be 
clamped with screw C. With the screws E the slice can be tilted 
with respect to the support D, which rests on pieces of silicon G. 

and the support  D are held in  position by three resil-  
ient  clamps F. A basically similar device used for pol- 
ishing parallel  optical flats is described by Bennet t  and 
Wilson (10). The jig rests on a number  of pieces of 
silicon G glued to the support  D. Hence dur ing lapping 
and polishing no foreign particles are produced and 
because their total surface area of about 10 cm 2 is 
much larger than the area to be beveled, the pressure 
and rates are constant dur ing the process. The slice is 
mounted on the piston A in a thick layer of beeswax 
by heating. When it is allowed to cool slowly, the slice 
assumes its equi l ibr ium position. 

The lapping and polishing is done on a machine 1 on 
which the slice is subjected to three different motions. 
The slice is lapped on a glass plate through a s lur ry  of 
water and AI2Os 2 for a few minutes  under  a load of 
I500g and then thoroughly rinsed with water. The 
subsequent  polishing is done on a disk s into which dia- 
mond paste 4 can be embedded under  supply of water. 
After polishing, which takes about 2 rain, at a few 
times higher speed the roughness is reduced suffi- 
ciently to make the surface mirror- l ike.  At this stage 
the surface shows some pits and scratches due to deep 
lapping damage, but  usual ly the polishing process is 
not continued. It has been found that  there is about a 
20% difference in spreading resis,tance between 
touched and nontouched parts. Because profiles are 
measured general ly  on a logarithmic scale, this differ- 
ence in calibration is unimportant .  

The Inferferometer 
A bevel of relat ively steep slope and mir ror  surface 

quali ty can easily be evaluated with an interference 
microscope which typical ly covers under  100 • magni -  
fication a field of view of 1500 ~m .diameter. In  order to 
obtain a reliable value for the slope at least a dozen 
contour lines should be visible, which implies that  the 
slope should be steeper than 1/250 if the reference 
plane covers half the field of view. It  has been found 
that  for very steep angles reliable results can be ob- 
tained. However, for smaller angles the slice turns out 
not to be fiat enough to unambiguously  define its slope 
with respect to the reference flat. Moreover, the method 

1 K e n t  Mk2, Engis  Limited,  Mailstone, England.  
303,5 size 12-28 ~zm. 

s Hyproeel  Pa-W*,  Slough Products ,  BruxeIIes .  
41Type C, size 0-3 /~m, H. S t ruers  Chemiska  Lab., Copenhagen,  

D e n m a r k .  
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is t ime consuming and it is impossible to obtain an 
over-al l  impression. In  this section an ins t rument  of 
greater field of view is described with which {he u n -  
touched part  of the surface of a beveled slice can be 
seen and  used as a horizontal reference in determining 
the slope of the bevel. 

The optical layout  of this interferometric ins t rument  
which is not at all critical, is shown in Fig. 2. A HeNe 
laser (1) operating at 6328A at about 2 mW power level 
provides an extremely monochromatic, coherent, rela-  
t ively intense, and narrow light beam. The light is inci- 
dent  on a diffuser (3), which serves as an intense and 
monochromatic light source. Via a semireflecting mir -  
ror (5) the enlarged-diameter  parallel  beam is in-  
cident on the polished side of the silicon slice (7) 
which is positioned face to face with a semireflecting 
optical flat (8), about 1 cm thick. The fringe system 
arising from mul t ip le  interference at the positions of 
appropriate  slice-flat distance is imaged by a lens (9) 
onto a screen, a television camera, or a photographic 
camera (10). As the light turns out to be still so co- 
herent  that speckles can be seen, ~the diffuser (3) is 
mounted  on a motor axis which revolves sufficiently 
fast that  they disappear. In  Fig. 2 the slice is shown 
resting on the back side with an optical flat at a few 
mill imeters  distance, adjusted with three screws to be 
more or less parallel  to the polished side of the slice. 
The ins t rument  can also be used with the, polished side 
down and the support G resting on the optical flat. The 
angle with the optical flat is adjus,ted with the screws 
E. 

The distance between two contour lines corresponds 
to a height difference equal to k/2 ~- 0.316 ~m and the 
resolving power is about  one fifth of this difference. 
In  the next  section it will  be shown how this can be 
improved by an order of magni tude to be about 60A. 

Evaluation of Bevel Angle 
In  general  a slice is not fiat and, al though the bevel 

as produced may be flat, local thickness of a beveled 
epitaxial layer plotted vs. horizontal position may not 
be a straight line. Typical surface topographs of silicon 
slices can be seen in Fig. 3. Usually the contour l ines 
show a max imum or a minimum, manifested by 
closed lines, and sometimes saddle points. 5 The radius 
of curvature  of an ex t remum is roughly between 2 and 
20m for 250 #m thick Si slices. Hence the slope may 
change over 5 mm by an angle 1/500. However, with 
the procedure described such variations in slope do 

This  i m p l i e s  t h a t  c o n c a v i t y  m e a s u r e d  as a s t a n d a r d  r o u t i n e  (11) 
and c o m m o n l y  ca l led  b o w i n g  or d i sh ing ,  does no t  a d e q u a t e l y  de-  
sc r ibe  the  t o p o g r a p h y  of s i l i con  slice. Th i s  has  been  neg l ec t ed  in  the  
A S T M  tes t  for th ickness  of e p i t a x i a l  l ayers  in  s i l i con  by  angle beve l  
and stain t echn ique  (12). 

2 4. 

r - m ,  I 

9 

I//////~//4 
Fig. 2. The layout of the interferometer with the slice placed 

polished side up: laser (1), mirror (5), diffuser (3), lenses (2, 4, 
9), optical flat (8), slice (7), (television) camera (10). With the 
slice fixed to the jig, the jig rests on the optical flat and the light 
is incident from below. 

Fig. 3. Typical topographs of silicon slices. On the right-hand 
side of the reference flat the aluminum support is visible, which 
also reflects. 

not present  a real problem because the profiles of both 
the original surface and the polished beveled surface 
can be measured accurately.6 To produce a bevel the 
slice is mounted on the jig of Fig. 1 and the mirror  
(8) of Fig. 2 is placed on top of the silicon pieces G 
of the jig. Using the screws E the piston A is adjusted 
such that on the television moni tor  a pat tern  arises 
with easily recognizable features. This pat tern  is pho- 
tographed. Then the desired angle is adjusted with 

6 S o m e t i m e s  the  c u r v a t u r e  is so s t r o n g  t h a t  t he  c a m e r a  does not  
r e so lve  the  con tour  l i ne s  a t  a f ew  m i l l i m e t e r s  f r o m  the  center .  Such  
sl ices canno t  success fu l ly  be  b e v e l e d  and  s h o u l d  be  r e j e c t e d  ~or IC 
p rocess ing  as wel l .  
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Fig. 4. Profiles of the original surface (A), of the beveled sur- 
face (B) and the depth below the surface (D). The auxiliary line C 
is the difference between the left-hand sides of A and B. When the 
right-hand side of B is corrected by the difference C, the line A2 is 
found. The difference between A1 and A2 yields curve D which rep- 
resents the true depth below the original surface. In the inset the 
scratch mark A, the patch of paper B and the spreading resistance 
track C are shown. 

screws E and the piston is lowered unt i l  the slice 
touches the optical flat and is fixed again with screw C. 
After lapping and polishing, the slice is positioned 
again such that the pa t te rn  on the nontouched part  of 
the slice compares well to the photograph made earlier 
and photographed again. Then the bevel angle is de- 
termined from the two photographs under  the micro- 
scope as described in detail below. Of course, the pat-  
tern on the slice before beveling is arbitrary,  because 
it only serves the purpose of providing a reference to 
the position of the beveled surface by means of the 
nontouched part  adjusted to show identical pat terns in 
both situations. 

In practice the procedure runs as follows. A mark, 
labeled A in the inset of Fig. 4, is scratched on the 
slice. In  arder  to see this mark  on the photograph a 
small rectangular  patch of paper, noted B in Fig. 4, is 
glued to the slice. The slice is adjusted to such an angle 
with the optical flat that  a number  of closely spaced 
interference fringes perpendicular  to the track C is visi- 
ble, and photographed (Fig. 5a). This slope may  cor- 
respond to the desired angle, otherwise the desired 
angle is adjusted~ the patch of paper is removed, and 

the slice is beveled. As before, a patch of paper is glued 
on the slice and the slice is adjusted as well as possible 
in the same position as before beveling and photo- 
graphed (Fig. 5b). Then, from the photographs the 
profiles along the track to be made, are measured and 
plotted. Of course it will  not be possible to reproduce 
precisely the pat tern  on the nontouched part. This is 
shown clearly in Fig. 4, where curve A represents the 
profile as measured on the original photograph. After 
beveling, the profile labeled B is measured, which is 
different from the original one, though the lef t -hand 
side nontouched parts should be identical. This arises 
from the fact that the angles with respect to the optical 
flat in the two cases were slightly different. This can 
be corrected by pivoting curve B around the origin so 
that A and B are coincident. The difference between 
curve A and the first part  of curve B turns out to be, 
as expected, a straight line, labeled C. Extrapolat ing 
this correction, due to a slightly different tilt  of the 
slice, over the range where the slice has been beveled, 
the true surface profile curve A2 is obtained from the 
measured curve B. The difference between curve A1 
and A2, plotted as a curve labeled D, is the true depth 
below the original surface. Due to the surface topogra- 
phy and the nature  of the polishing process, there is no 
l inear re!ation between depth and horizontal position. 
Therefore some method to obtain a curve like curve D 
of Fig. 4 is definitely indispensable for precise and ac- 
curate work, in which the local thickness should be 
precisely and accurately known. 

A part icular ly interest ing application of this tech- 
nique in which tilt  is used to increase the resolving 
power of details in height, runs as follows. The slice is 
positioned almost parallel  to the optical flat (Fig. 6a) 
and the positions of the fringes are plotted as curve A 
in Fig. 7. Thereupon the slice is tilted (Fig. 6b) and 
the positions of the fringes are plotted again. From 
this plot a vertical distance increasing l inearly with 
horizontal position corresponding to the tilt  angle 
should be subtracted, yielding curve B in Fig. 7. The 
number  of observation points has been increased with 
the slope. In  this way details in  height s t ructure are 
revealed which cannot be obtained with the conven- 
tional interference contrast microscope. In  the example 
shown the slice has been tilted by about 1/1000 and 
vertical details as small as 6OA can be resolved. This 
can be decreased further. Of course, there is no reduc- 
tion of the horizontal scale so that this technique could 
be considered to be a nontouching version of the mov- 
ing stylus method. 

Manuscript  submit ted March 15, 1974; revised manu-  
script received Nov. 26, 1974. 

Fig. 5. Topograph of a slice adjusted betore beveling (a, left) and after beveling (b, right). A small rectangular patch of paper glued 
on the slice, serves as a starting point for the photographic analysis and spreading resistance measurements. 
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Fig. 6. Topograph of a silicon slice adjust6d to be almost parallel (a, left), and under an angle of about 1/1000 (b, right) to the optical 
flat. 
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Fig. 7. The position of the 
fringes measured on the topo- 
graph shown in Fig. 6a yields 
curve A ( O ) .  The position of 
the fringes measured on the topo- 
graph shown in Fig. 6b yields 
curve B ( e )  after a vertical 
distance linearly related to the 
horizontal position has been sub- 
tracted. The closed circles have 
been drawn in curve A after curve 
B had been obtained. Note that 
the vertical scales for curves A 
and B differ by a factor 10. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1975 
JOURNAr.. Al l  discussions for the December  1975 Dis-  
cussion Section should be submi t ted  by. Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by Philips Research Laboratories. 
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The Use of Metalorganics in the Preparation of 
Semiconductor Materials 

VI. Formation of IV-VI Lead and Tin Salts 

H. M. Manasevit* and W. I. Simpson 

Rockweff Internationa~ Corporation, EIectronics Research Division, Anaheim, Ca~iSornia 92803 

The ever- increasing interest  in the use of IV-VI 
compounds, par t icular ly PbTe and Pbl-~SnxTe,  for IR 
detectors and the success demonstrated in the use of 
metalorganics in preparing I I I -V and I I -VI  compounds 
and alloys (1) prompted a study to extend the metal-  
organic chemical vapor depos i t ion  (CVD) technique 
to the preparat ion of IV-VI compounds also. Growth 
studies were performed on PbTe and on single-crystal  
insulat ing substrates t ransparent  in the visible part  
of the spectrum. The t ransparent  substrates were used 
in order to help in determining the onset of crystal 
growth as evidenced by a darkening of the substrate 
and to facilitate optical studies and microprobe anal-  
yses of the crystals formed. These substrates included 
mechanically polished A1203, MgA1204, and BaF2, and 
freshly cleaved (in air) MgO, NaC1, CaF2, and BaF2, 
BaF2 was the pr imary  insulator  used in these investi-  
gations since in thin wafer form it is t ransparent  to 
11-1'2 #m radiation, is more stable than NaC1 at tem- 
peratures ,~625~ and matches the thermal  expansion 
of the IV-VI's relat ively closely (2). 

The metalorganic compounds used in this study, 
some of their  per t inent  properties, and the suppliers 
are listed in Table I. 

The Pb, Sn, and Te compounds were used as re- 
ceived in stainless steel bubblers  except for purging 
with tI2 carrier gas prior to use in film growth ex- 
periments. The bubblers  were mainta ined at room 
temperatuze during film growth. Pd-purif ied It2 at a 
total flow of about 10 l i t e r s /min  was used as the 
carrier gas in the deposition experiments.  HeS and 
H2Se were at a m in imum puri ty  of 99.5 and 98.0%, 
respectively (Matheson Gas Products, East Ruther-  
ford, New Jersey).  

BaF2 and CaF2 were purchased from the Harshaw 
Chemical Company (Solon, Ohio). Rockwell polished 
single-crystal  BaF2 windows and BaF2 and CaF2 wafers 
cleaved from 1 in. diameter  rods were used as sub- 
strates. Cleaving into ( l l l ) - o r i e n t e d  substrate blanks 
was performed just  prior to use in a film growth ex- 
periment.  The a-A1203 was Czochralski mater ial  from 
Union  Carbide Corporation (San Diego, California) 
and polished by Insaco (Quakertown, Pennsylvania) .  
The MgA1204 was produced and polished by Union 
Carbide Corporation. The NaC1 and MgO were single 
crystals that were cleaved just  before use. 

The PbTe substrates were all wafers sawed from 
crystals obtained from Electronic Materials Corpora- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  heteroepitaxy, IV-VI compounds, PbTe, PbSnTe, 

CVD. 

tion (Pasadena, California) and polished in our lab- 
oratory (3). A slice of Pbo.s0Sn0.2.0Te was also ob- 
tained from this vendor for use as a s tandard for 
electron microprobe (EM) analysis of film composi- 
tion. The probable accuracy of the composition was 
quoted by the supplier as _1  mole per cent (m/o) as 
measured by the x - ray  lattice parameter  method. 

Elemental  scans by the EM were used to determine 
that the films formed were free of major  impurit ies 
and consisted of the desired elemental  constituents. 
Electrical measurements  ranged from conductivi ty-  
type determinations with a thermoelectric probe to 
measurements  of the carrier mobil i ty and concentra- 
t ion in the films by the van  der Pauw technique (4) 
at both room temperature  and 77~ Ohmic contact 
was made to the film usual ly  by pressing small  beads 
of In  metal  onto the film surface. Optical data to 
provide bandgap (and thus composition) information 
were obtained from transmit tance scans made with a 
Beckman Model IR-5A infrared double-beam spec- 
trophotometer.  

The reactor used for this work was similar to the 
vertical quartz tube used in previous studies at Rock- 
well of I I I -V and II -VI film growth by the metal-  
organic CVD process (5-7). Measurements of the tem- 
perature of film deposition were accomplished by 
means of an infrared radiat ion thermometer  (Infrared 
Industr ies  Model TD-6B) used to sense the temperature  
of the SiC-coated pedestal through the wall  of the 
quartz reactor tube. 

Because it was noticed early in the studies that  
DMTe reacted with a hot BaF2 surface, presumably 
forming BaTe, most of the subsequent  compound 
growth studies involved premixing the reactants prior 
to their introduction into the reactor (except as noted).  
bifter film growth, the Group IV metalorganic react- 
ant flows were stopFed, and the film was mainta ined 
at the growth temperature  in  flowing I-I2 and the 
Group VI containing gas for 1 rain. The DMTe or 
hydride flow was then stopped, and the rf field was 
switched off. 

PbTe Growth using Tetraethyllead (TEPb) or 
Tetramethyllead (TMPb) and 

Dimethyltellurium (DMTe) 
Both TEPb and TMPb when mixed with DMTe and 

pyrolyzed in H2 at temperatures as low as 475~ led 
to the formation of PbTe. The initial experiments were 
performed with TEPb, which was more readily avail- 
able than the reportedly "unstable" TMPb (8), and 

Table I. Metalorganic compounds used for CVD experiments 

M e l t i n g  B o i l i n g  R e p o r t e d  
Compound F o r m u l a  Supp l i e r*  po in t  (~ p o i n t  (~ v a p o r  pressure** 

Tetramethyl]ead (CHz)4Pb A.P.  and  S.C. --27.5 110 10 m m  at  4.4~ 
Tetraethyllead (C2I-IJ)4Pb A.P.  --135 198-202 10 m m  a t  78~ 
T e t r a m e t h y l t i n  (CI-Is)~Sn A.P.  --53 78 l 0  m m  at  --20.6~ 
Tetraethyltin (C~I-I~)4Sn Org.  --112 179.5-181.5 10 m m  at  73~ 
D i m e t h y l t e l l u r i u m  (CH~) aTe A.P.  and  S.C. -- l 0  82 - -  

(--150) 

* A.P.  = A l f a  P roduc t s ,  B e v e r l y ,  Massachuse t t s ;  S.C, = S t r e m  Chemica l ,  Inc. ,  Danver s ,  Massachuse t t s ;  Org. = Orgme t ,  Inc. ,  Eas t  I- iamp- 
stead, New Hampshire. 

** D. R. S tu l l ,  Ind. Eng. Chem., 89, 517 (1947) ; see also " H a n d b o o k  of O r g a n o m e t a l l i e  C o m p o u n d s , "  H. C. K a u f m a n ,  Edi tor ,  D. Van  No-  
s t r and  Co., New Jersey (1961). 

444 
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Fig. 1. Ordered growth of PbTe on cleaved (a) (100)MgO, (b) (I001NaC1, and (c) (I11)BaF2 

conditions were established for growth of PbTe on 
BaF2, MgO, NaC1, (0001)A1203, and (111) MgA1204. 

The crystallographic ordering of the overgrowths 
shown in  Fig. 1 suggested that epitaxy of PbTe had 
been obtained on cleaved (100)-oriented MgO, (100)- 
oriented NaC1, and ( l l l ) - o r i e n t e d  BaF2 at film growth 
temperatures  of 500~176 Cleavage steps on the 
NaC1 surface tended to act as scavengers for the film 
nuclei. The PbTe film on NaC1 also displayed a "worm- 
like" structure, perhaps caused by an erosion of the 
NaC1 surface in H2 prior to being completely covered 
with PbTe. A 7.5 ~m thick overgrowth on BaF2 (Fig. 
lc) displayed the tr igonal s t ructure usual ly  associated 
with (11t) growth. 

Growth phenomena on A1203 and MgA1204 were 
different from those obtained on the other substrates. 
Crystalli te growth was obtained on (0001)A12Q and 
(111)MgA1204 under  film growth conditions which 
led to continuous film growth on BaF2. Most of the 
crystallites were highly ordered on (0001)A120.~ sur-  
faces (see Fig. 2). They displayed a threefold specular 
reflection during rotation while the film was growing. 
By changing the deposition procedure slightly, that 
is, introducing TEPb into the reactor first, DMTe 
next, and then the TEPb-DMTe mixture,  a continuous 
film on both (0001)A1203 and ( l l l )MgA1204 was 
formed, as shown in  Fig. 3. It  was assumed that  a 
first deposit, p resumably  of Pb, was converted to PbTe 
by the DMTe, and that  subsequent  growth of PbTe 
took place preferent ial ly  at nucelat ion sites produced 
in the previous steps. The true na ture  of this growth 
process has not yet been determined. Films at least 
5 ~m thick did not peel or pop off the substrates, in 
spite of the considerable tension generated by the large 
differences in  thermal  expansion coefficients 

[~PbWe : ~27 • 10-s/~ aA1203 = ~ 8  X 10 -6 /0C;  
CCMgA12O 4 = 7.5 X 1 0 - 6 / ~  [Ref.  (2 ) ]  

Fig. 2. Highly ordered PbTe crystollite growth on (0001)AI203 
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Fig 3. PbTe growth on {a) (0001)A1~O3 and (b) (111)MgAI204, after nucleating the film growth with Pb deposit. (Film thickness ,~3 #m) 

X-ray  measurements  established the relationships 
shown in Table II. Al though the ( l l l ) P b T e  and BaF2 
planes are parallel, 60 ~ azimuthal  rotation in the (111) 
plane is observed for these cubic materials.  A 30 ~ 
azimuthal  rotat ion is noted for ~ . ( l l l ) P b T e  on 
(111) MgA1204. 

Optical t ransmit tance scans made on the PbTe films 
indicated a bandgap energy of ...0.33 e ~  at room tem-  
perature,  which is in agreement  wi th  other  published 
values (9, 10). 

Studies using the lower  boiling te t ramethyl lead  
(T1VIPb) in place of TEPb as the source of Pb were  
found to be quite beneficial; PbTe g~:owth rates at 
~575~ increased f rom .~4-5 ~m/hr  (when the flow 
through the TEPb was 1 l i t e r /min)  to values up to 
about 60 ~m/hr (when the flow through the TMPb was 
400 cm3/min) .  When the I-I2 flow rates through TMPb 
and DMTe were  adjusted to provide a flow ratio of 
about 1.3: 1, a high qual i ty  p- type  film of PbTe  was 
grown at 625~ on a cleaved ( l l l ) B a F 2  substrate. 
The 13.8 /~m thick film displayed the following elec- 
trical properties at room temperature :  mobil i ty (#) = 
632 cm2/V-sec; hole concentrat ion (p) = 1.7 • 10 TM 
cm -:3. For  a flow ratio of  about 3:1 and a growth ra te  
of ~32 ~m/hr,  an n - type  film was grown. At room 
temperature,  a mobi l i ty  of 900 cm2/V-sec was mea-  
sured for the 16 ~m thick film with  a carr ier  concen- 
t rat ion (n) of 5.3 • 1016 cm-3;  at 77~ ~ ---- 22,500 
cm2/V-sec and n ~ 4.3 • 1016 cm -3. At higher  TMPb-  
DMTe flow ratios (6: 1) deposi'cs on BaF2 w e r e  formed 
with  meshl ike  s t ructures  which appeared to be com- 
posed of needles and mol ten  meta l  intermixed.  

Table II. Epitaxlal relationships for PbTe growth on 
A[203, MgAI204, and BaF2 

Parallel planes Parallel directions 

( l l l )PbTe / / (0001 )  Al208 
~ ( l l l ) P b T e / / ( l l l ) M g A I = O ~  

( l l l ) P b T e / / ( l l l ) B a F ~  

illO]PbTe//~2-10]A12C~ 
[2"11 ] PbTe/ / [~01 ]MgA120~ 
[ l l0 ]PbTe / / [0~I ]BaF2  

Growth of Pb~-xSnxTe Films using TEPb or TMPb,  
D M T e ,  and Tetraethylt in (TESn) 

By py~'olyzing three-component  mixtures  of  TEPb 
or TMPb, DMTe, .and TESn in H2, epitaxial  films of 

Fig. 4. Thick Pbo.sSno~Te film on substrate of cleaved ( I l l ) -  
oriented BaF2 (substrate is resting on SiC-covered C pedestal). 



Vol. 122, No. 3 M E T A L O R G A N I C S  IN SEMICONDUCTOR M A T E R I A L S  447 

Pbl -zSnxTe  were readily formed at ~550~176 on 
(1.00) PbTe and cleaved (111) BaF2 substrates. In  these 
experiments,  films with values of x up to 0.4 were 
produced. Growth rates of 6-8 ~m/hr  were realized at 
55,0~ for Pb0.sSno.2Te when flows of 1 l i t e r /min  were 
used to t ransport  the TEPb or flows of 50 cm3/min 
were used for the TMPb, with the concentrat ion of 
TESn essentially constant at a H2 flow of 3 l i ters/rain.  
At 625~ the growth rate of the alloy was ,~20 ~ n / h r  
with the TESn flow at 2 I i ters/min.  

Polished ( l l l ) B a F 2  surfaces, which were found to 
be general ly  not amenable  to the growth of good qual-  
ity PbTe nor Pbl-xSnzTe,  also seemed to suffer from 
the same type of atmospheric contaminat ion that pre-  
vented good film growth on cleaved ( l l l ) B a F 2  sur-  
faces that were exposed to the laboratory atmosphere 
for a few minutes.  However, polished (100)BaF2 was 
sufficient in many  cases for the growth of almost fea- 
tureless (100)-oriented PbTe and Pbl-xSnxTe films. 

Films with x ~ 0.2 on cleaved ( l l l ) B a F 2  were 
p- type  as grown, with room tempera ture  resistivities 
(p) ~ 2 • 10 -,3 ohm-cm, hole concentrations (p) 
5 • 1018 cm -3, and mobilities (~,) ~ 570 cm2/V-sec; 
at 77~ p ~ 2.5 • 10 -4 ohm-cm, p ~ 7 • is cm -z, 
and # ~ 3500 cm2/V-sec, properties consistent with 
those measured in some films of this composition 
grown by a two-source vacuum deposition method 
(11)o Addit ional  electrical and device properties of 
these films will appear elsewhere (12). 

The growth o~ very thick (~100 ~m) epitaxial 
Pb0.sSn0.2Te films on cleaved (111)BaF2 substrates re- 
sulted in spike formation at the per iphery of the sub- 
strate, and cleavage steps on the surface were clearly 
revealed (Fig. 4). Figure 5 il lustrates the na ture  of 
some of the crystal spikes that emanated from the 
edges. The "shingled" effect was common on these 
growth spikes. Many of the crystals seemed to grow 
in  a helix form and to possess a hollow interior. The 
growth habit  of these crystals could be the basis of an 
interest ing study. 

A film of Pb0.sSn0.~Te grown to a thickness of ,~10,0 
~m on polished (100)PbTe possessed a heavily tex- 
tured surface. It  was characterized by a number  of 
prominent  crystallographic "out-croppings" similar to 
those occurring in thick films grown on BaF2. A photo- 
micrograph of the surface of such a thick (100)-ori-  
ented film is shown in Fig. 6. 

Studies using Tetramethyltin (TMSn) as a Source of Sn 

Tetramethyl t in  (TMSn) was evaluated as a possible 
source of Sn in place of TESn, in order to determine 
if films of composition Pb0.sSn0.2Te could be grown at 
high growth rates using the lower boiling (more 
volatile) TMSn. Several experiments  using the TMSn, 
however, demonstrated that  at 550~176 the effi- 
ciency of Sn formation from TMSn is inferior to that  
from TESn; even at relat ively high flow rates of car- 

Fig 5, Various crystol[ite growth forms found around periphery 
of Pbo,sSno.2Te deposit on BaF2 shown in Fig. 4. 
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Fig. 6. Surface of (100)-oriented p-type Pbo.sSno.2Te film (,-,100 
Fm thick) grown on polished (100)PbTe substrate. 

rier gas through the TMSn (20.0 cm~/min) alloys with 
x > 0A did not readily form. 

Growth of PbS and PbSe 
Single-crystal  continuous films of PbS and PbSe 

were grown on cleaved (111) BaF2, cleaved (111) CaF~, 
and (0001)A1203 by pyrolyzing TMPb-H2S and TMPb- 
H~Se mixtures, respectively, at ,~550~ Fi lm growth 
and coverage on A12Os was much more uni form and 
extensive than  that obtained for PbTe growth on 
A1203. For growth rates of 0.1-0.3 ~m/min  films as 
thick as 25 ~m possessed a purple cast. Scanning elec- 

t ron microscope (SEM) photographs taken  normal  to 
the surface revealed the na ture  of the surface of a few 
films that were grown during these pre l iminary 
studies. Pyramidal  growth is displayed (Fig. 7) by 
these PbS and PbSe films on (0001)A120~ and 
( l l l )BaF2 .  Needle growth was observed on the edges 
of BaF2 substrates when thick films were grown, as 
occurred for PbTe and Pbl-zSnzTe.  

PbS and PbSe showed the same epitaxial relat ion-  
ships toward (0001)A1203 and ( l l l )  BaF2 as did PbTe, 
and  growth on (111)CaF2 paralleled that obtained for 
PbTe on (II1)BaF.2, including the 6fl ~ azimuthal  ro- 
tat ion in the ( l l l )  plane. 

Growth of Sn-Vl Films 
Some pre l iminary  experiments  were also made to 

determine if reaction of TESn with DMTe, I-I2S, and 
H2Se would lead to Sn-VI  compound formation. In  all 
experiments,  the H2 flow through the TESn was kept 
constant at 2 l i ters /min.  The flow through DMTe and 
the H2S and H2Se flows were arbi t rar i ly  set at 75, 25, 
and 50 cmS/min, respectively. 

At 625~ some ordered growth of SnTe was ob- 
tained on the substrates examined, cleaved (111) BaF~, 
and polished (100)PbTe. Considerable trigonal struc- 
ture usual ly associated with (111) growth was obtained 
on the BaF2, par t icular ly  near the edges of the sub- 
strate (see Fig. 8a). Growth on (100)PbTe produced 
the array of islands shown in Fig. 8b. Large crystallites 
with parallel  faces and, in some cases, p rominent  
hollow centers grew at the edges of the PbTe sub- 
strafes under  these less - than-opt imum growth con- 
ditions (Fig. 8c). 

The nature  of the growth of the S and Se chalco- 
genides of Sn, which possess an orthorhombic struc- 
ture, was not like that  of cubic SnTe. Tin sulfide films, 
~3 ~m thick, grown at 550~ simultaneously on 
cleaved (111)BaF2 and (111)CaF2 tended to peel from 
the BaF2 but  adhered to the CaF2. At 500~ tin sele- 
nide grew as crystallites on BaF2. An orienting in-  
fluence of the substrate is suggested by the parallel ism 
and 60 ~ symmetry  displayed by many  of the crystal- 
lites (Fig. 9). In  the early growth stages the films 
possessed a yel low-orange color; thicker films were 
gray (13). Both compounds nucleated poorly on 
(000,1)A1~O3. It  was not determined if the Sn was in 
the divalent or quadr ivalent  state. It was presumably 
in the former because of the reducing atmosphere used. 
Fur ther  studies in the growth of the Sn chalcogenides 
are contemplated. 

Fig. 7. SEM photographs of (a) PbS/(0001)AI2Oe (7.4 ~m thick film); (b) PbSe/(0001)AI20~ (,-~32 ~m thick film); (c) PhS/ 
(lll)BaF~ (,~20/~m thick film); (d) PbSe/(111}BaF2 (,-~25 #m thick film). 
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Fig. 8. SnTe growth (a) near top edge of cleaved (111) BaF~; and 
(b) near the center and (c) at the top edge of a (lO0)-oriented 
PbTe substrate, 

Conclusion 

The metalorganic CVD process has been extended 
to include the formation of films of a number  of Pb 
and Sn-Group VI compounds and alloys. Epitaxial  
films of PbTe, Pbl-zSnxTe,  PbS, and PbSe have been 
grown to date on substrates such as PbTe, BaF2, AN_O3, 
and MgA1204. Tin chalcogenides were  also formed. 
Tet rae thyl lead  or te t ramethyl lead  was used as the 
source of Pb, te t rae thyl t in  for Sn, d imethyl te l lu r ium 
for Te, and H2S and H2Se as the sources of S and Se, 
respectively.  

The as-grown Pbl -xSnxTe films were  p- type;  PbTe 
films could be grown ei ther p- or n - type  by control-  
l ing the ratio of the reactants in the gas phase and 
the growth  temperature .  For  the same carr ier  concen- 

t rat ion range, the Hall  mobilit ies of the films are com- 
parable to those grown by vacuum deposition proc- 
esses. 

Acknowledgments 
The authors are grateful  to their  associates in the 

Rockwell  Electronics Group for assistance wi th  these 
investigations: J. P. Wendt  for measurement  of the 
electrical properties of the films; R. F. Cunningham 
for the electron microprobe analyses; J. E. Coker and 
G. W. Johnson for sawing and polishing the PbTe 
substrates; and L. A. MoUdy, Dr. J. L. Kenty, and R. E. 
Johnson for x - r ay  and scanning electron microscope 
examinat ion of some of the films. We also acknowledge 
the support  of Dr. J. L. W. Poh lmann  of the Night  
Vision Labora tory  who moni tored the cited contract 
and Dr. R. P. Ruth for reviewing the manuscript.  



450 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY March I9 75 

This work was supported in part  by the Night Vision 
Laboratory US,AECOM, Fort  Belvoir, Virginia, under  
Contract No. DAAK02-73-C-0080. 

Fig, 9. Tin selenide growth on cleaved (111)BaF~ ($EM photo- 
graph). 

Manuscript  submit ted Ju ly  30, 1974; revised manu-  
script received Nov. 5, 1974. This was Paper  12RNP 
presented at the San Francisco, California, Meeting of 
the Society, May 12-17, 1974. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. 1, 1975. 

Publication costs o~ this article were partially as- 
sisted by Rockwell International. 

REFERENCES 
1. H. M. Manasevit, J. Crystal Growth, 1~/14, 306 

(1972). 
2. H. M. Manasevit, ibid., 22, 125 (1974). 
3. J. E. Coker, This Journal, 116, 1352 (1969). 
4. L. J. van der Pauw, Philips Res. Rept., 13, 1 (1958). 
5. H. M. Manasevit  and W. I. Simpson, This Journal. 

116, 1725 (1969). 
6. H. M. Manasevit  and W. I. Simpson, ibid., 118, 644 

(1971). 
7. H. M. Manasevit, F. M. Erdmann,  and W. I. Simp- 

son, ibid., 118, 1864 (1971). 
8. S. E. Cook, Pr ivate  communication, Ethyl Corp., 

Baton Rouge, La. 
9. J. N. Zemel, J. D. Jensen, and R. B. Schoolar, Phys. 

Rev., 140, A330 (1965). 
10. W. W. Scanlon, J. Phys. Chem. Solids, 8, 423 (1959). 
11. H. Holloway, E. M. Logothetis, and E. Wilkes, 

J. Appl. Phys., 41, 3543 (1970). 
12. H. M. Manasevit, F. A. Pizzarello, R. P. Ruth, and 

W. I. Simpson, Submit ted to J. Electron. Mater. 
13. A. G. Mikolaichuk, Ya I. Dutchak, and D. M. Freik, 

Sov. Phys. Cryst., 13, 490 (1968). 

Brief Cornrnun cadons 

Ohmic Contacts to Al-lmplanted ZnSe 
B. K. Shin, I D. C. Look, 2 and Y. S. Park 

Aerospace Research Laboratories, Wright-Patterson Air Force Base, Ohio 45433 

The production and characterization of ohmic con- 
tacts is an impor tant  part  of semiconductor technology. 
In this paper we report  the formation of ohmic contacts 
on ZnSe, by evaporat ing or sput ter ing Au or Pt  onto 
the Al- implanted,  n - type  substrate. Although these 
metals normal ly  form rectifying Schottky barriers on 
n - type  ZnSe, such barr iers  are precluded if the im- 
planted layer is degenerate. An advantage of Au or Pt  
contacts is that much higher operating temperatures  
are possible than with the commonly used In or Ga. 

The A1 implanta t ion was carried out at 90 keV to 
a dose of 1015 ions/cm 2 at room temperature.8 The sub-  
strate was a high-resist ivi ty (,-~109 ohm-cm) crystal 
cut to expose the (110) face. Before implantat ion,  the 
surface was mechanically polished and chemically 

1 Permanent  address: Sys tems  Research Laboratories,  Incorpo- 
rated,  Dayton,  Ohio 45440. 

P e r m a n e n t  address: Depa r tmen t  of Physics, Univers i ty  of Day-  
ton, Dayton, Ohio 45469. 

Key words:  metal -semiconductor  contacts,  contact resistance, ion 
implantation.  

The ion implantation was  done at NASA Langley  Research 
Center. 

etched at 90~ for 1 min  in a mixture  of 2 parts H 2 S O 4  
and 3 parts saturated aqueous solution of K2Cr2OT, 
followed by a 20 sec rinse in a boiling 25% solution of 
NaOH. In  a previous paper (1) it was reported that 
crystals implanted in such a manner  and annealed in  
evacuated fused-silica ampuls for 4 hr at 900~ 
showed near ly  degenerate electrical characteristics, 
with an effective electron mobil i ty of about 4 cme/V - 
sec and an effective sheet carrier concentrat ion of 
about 101~ cm -2. When unimplanted  samples and sam- 
ples implanted with Ar ions were annealed under  the 
same conditions, they remained highly resistive. This 
showed that the A1 implanta t ion was essential for the 
production of the conductive layer, i.e., nei ther  the an-  
neal ing alone nor the radiat ion damage produced by 
Ar ions were sufficient to appreciably change the con- 
ductivity of the original substrate. The thickness of the 
implanted and annealed conductive layer  was roughly 
checked by the use of the etch described above. This 
etch removes about 50 A/sec from unimplanted  ZnSe 
at room temperature  and the rate for implanted ZnSe 
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Fig. 1. I -V  characteristics of Au and Pt contacts on AI-implanted, 
annealed ZnSe at 77 ~ and 300~ 

is probably about the same. It  was found that etchin~ 
for about 1000 sec was necessary to reduce the conduc- 
t ivi ty to that of the original substrate. This suggests 
that the implanted layer, after annealing,  was about 
5 ~m thick, giving an average doping concentrat ion of 
about I01S-i019 cm -3. Such a concentrat ion is consistent 
with the observed near ly  degenerate electrical charac- 
teristics. 

Two Au (or Pt) contacts, of 0.1 cm diameter, were 
evaporated (or sputtered) 0.35 cm apart  on the im-  
planted, annealed  surface. Current  vs. voltage mea-  
surements  were carried out at 77 ~ and 300~ over a 
voltage range of 4 • 10-4-40V. The magni tude of the 
current  was the same for both voltage polarities. The 
results are plotted in Fig. 1. Both Au and Pt  contacts 
were found to be ohmic over five decades of voltage; 
however, the Pt did show some departure  from ohmic 
behavior below 1 mV. The contact resistance, Rc, was 
determined from the relationship 

1 
Rc = .~- (R -- R n L / W )  [1] 

where R - V/I, R is the sheet resistivity [denoted [] 
by p' in Ref. (1)], L is the contact spacing, and W is 
the sample width. The results of this calculation are 
presented in Table I, but  it must  be emphasized that 
Eq. [1] is only approximate with our contact geometry. 
For comparative purposes we also list the contact re-  

Table I. Contact properties of M-implanted annealed ZnSe 

Contact Temper- R n R Rc ~e 
metal ature  (~ (kohr~7[]) (kohm) (kohm) (ohm-crm) 

300 8.76 10.40 2.13 16,72 
Au 

77 14.10 16.10 3.10 24.33 

300 13.70 12.60 0.95 7.45 
Pt  

77 28,50 25.40 1.60 12.56 

sistivity (2), pc - RcAc, where Ac is the effective con- 
tact area, taken in this case to be just  the actual con- 
tact area. It  is seen that pc --~ 10-20 ohm-cm 2 for con- 
tacts produced in  the manne r  described above. 

The small  temperature  dependence of pc suggests that  
a tunne l ing  mechanism dominates the thermionic emis-  
sion. For t u n n e l i n g  in a Schottky bar r ie r  at low tem-  
peratures and low bias voltages (V << Eb/q), p~ is 
dominated by (3, 4) exp (E~/Eoo) where  Eb is the ef-  
fective barr ier  height, and Eoo = (hq/2) (N/fro*) 1/2. 
Here N is the doping density (assumed equal to the 
carrier concentrat ion),  e is the specific permitt ivi ty,  
and m* is the effective mass. If N _~ 1018-1020 cm -~, 
then Eb must  be about 0.1-1 eV, a reasonable range, to 
give the right order of magni tude for pc. However, this 
model would predict l inear  I-V characteristics only for 
V < Eoo/q, and since Eoo ---- 20-200 meV for N -- 10 ls- 
1020 cm-~ we would not expect l inear  behavior above 
about 100 mV. The fact that such behavior  is observed 
even at 10V suggests that  the bar r ie r  becomes com- 
pletely t ransparent  in both forward and reverse bias 
conditions when a highly doped shallow layer  having 
a surface carrier concentrat ion of N 1015 cm-2  is 
formed. 
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The Semiconductive Property of Gamma-Ferric Oxyhydroxide 
Katsumi Kaneko and Katsuya Inouye 

Department of Chemistry, Faculty of Science, Chiba University, Chiba, Japan 

The recent  investigations by  Cohen et al. on the pas- 
sive films deposited upon iron or p la t inum from neutra l  
ferrous sulfate solution (1) or ferrous perchlorate so- 
lut ion (2) s trongly suggest that the composition of 
these films corresponds to crystall ine 7-FeOOH. It ap-  
pears that the electrical properties of FeOOH-type ox- 
ides have not been studied extensively, although the 

Key words: passive film on iron, 7 -FeOOH,  electrical  conduct ivi ty .  

ul t imate  characteristics of such substances should have 
pregnant  implications for the function of surface films. 

In  the preceding study on the electrical properties of 
ferric oxyhydroxides (3), the present  authors found 
that  a-, /3-, and 7-FeOOtt  are semiconductors which 
show d-c conductivi ty in the order of 10 -9 ohm -1 cm-~ 
and high-frequency (7 MHz) conductivity of 10 -6-  
10-~ ohm-1 cm-1 and which probably  have negative 
carriers. The appropriate value of conductivity ob- 
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tained for each ferric oxyhydroxide was in the order: 
7-FeOOH > #-FeOOH > ~-FeOOH. These facts were 
fur ther  utilized to discuss the conduction mechanism 
based on the crystallographic s tructure of each com- 
pound. 

In  the course of fur ther  study, part icular  changes in 
the conductivity were observed with respect to the 
temperature  and the oxygen pressure, more markedly  
for ,y-FeOOH than for ~-FeOOH and #-FeOOH. Pure 
~- and #-FeOOH crystals were prepared as described 
in the preceding report (3) by the hydrolysis of ferric 
sulfate and ferric chloride solutions respectively at 
suitable pH ranges. ,y-FeOOH was obtained by warm-  
ing at 60~ for 50 min a solution of 500 ml 0.2M ferrous 
chloride, 100 ml 2M hexamethylenetetramine,  13.5 ml  
concentrated HC1, and 100 ml 1M sodium nitrite. The 
result ing precipitate was washed thoroughly and dried 
at 100~ for 3 hr for ~- and #-FeOOH, and at 6,0~ for 
10 hr  for 7-FeOOH. Specimens formed a~s disks of crys- 
tals under  a pressure of 150 kg/cm2 were set between 
electrodes in a glass cell, evacuated at 10 -5 Torr, and 
thus held for 14 hr at the different temperatures of 
100 ~ 110 ~ 125 ~ and 140~ After this pretreatment ,  
the conductivity was determined over the temperature  
range from -- 170 ~ to 140~ and various frequencies. 
For the samples pretreated at 125 ~ and 140~ the effect 
of oxygen on the conductivity was examined at 30~ 
and various total pressures over the range 10-2-10 +2 
Torr. 

It  was found that the logarithm of conductivi ty is 
proportional to the reciprocal of experimental  tem- 
perature for each oxyhydroxide. The dependence of 
log ~ on 1/T was almost identical for a- and fl-FeOOH 
irrespective of the pretreat ing temperature,  whereas 
that for 7-FeOOH varied with the pre t rea t ing  tempera-  
ture. Moreover, 7-FeOOH pretreated at 125 ~ and 140~ 
revealed two different slopes of the temperature  de- 
pendence of d-c conductivity, as shown in Fig. 1, which 
gave the activation energies of ca. 0.1 eV at the lower 
temperature  region and 0.3-0.4 eV at the higher tem- 
perature region. It  may thus well be that  7-FeOOtt  
has two conduction mechanisms depending on the tem- 
perature. The dividing temperature  between the two 
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mechanisms is higher for the 140~ pre t rea tment  than 
for the 125~ one. The activation energy for the low 
pre t rea tment  temperature  appears to decrease with in-  
creasing pre t rea tment  temperature;  it could not be de- 
termined whether  a change in mechanism occurs at 
these temperatures (100 ~ ,-, l l0~  because the con- 
ductivi ty was too low to measure. 

The conductivi ty decreased general ly with the oxy- 
gen pressure for each oxyhydroxide, but  the relat ion-  
ship was most noticeable for ~-FeOOH as shown in 
Fig. 2, which shows the relationship between the log- 
ari thms of conductivity and oxygen pressure for ~- 
FeOOH pretreated at 125~ In  this figure, two differ- 
ent  slopes are observed in both the d-c conductivity 
and the high-frequency conductivity with a borderl ine 
at approximately 0.1 Torr. 

These observations may testify that the baking and 
evacuation of 7-FeOOH in part icular  result  in the for- 
mat ion of oxygen defects in crystals, making the move- 
ment  of electrons more facile presumably  by the in -  
crease in mobility. It is interest ing that the changes in 
Fig. 1 were almost reversible with increasing and de- 
creasing temperatures.  By i r radiat ing 7-FeOOH with 
electron beam at 50 kV for not less than 10 rain in the 
vacuum of 10 -5 Torr, the electron diffraction pa t te rn  
corresponding to (200) became diffuse and faint, in-  
dicating possibly the destruction of in t ra - lamel la r  la t -  
tices of ~-FeOOH crystals. The sharpness of diffraction 
pat tern  was recovered by cooling the sample. 

It is very l ikely therefore that ~,-FeOOH has a par-  
t icular ly sensitive and mobile structure and the charac- 
teristics recognized may be per t inent  to the stat ionary 
stabili ty of the passive state of i ron surfaces. 

The detailed results of this experiment  will be pub-  
lished elsewhere. 

Manuscript  submitted Sept. 5, 1974; revised m a n u -  
script received Oct. 17, 1974. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. 1, 1975. 
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REFERENCES 
1. J.-L. Leibenguth and M. Cohen, This Journal, 119, 

987 (1972). 
2. M. Cohen and K. Hashimoto, ibid., 121, 42 (1974). 
3. K. Kaneko and K. Inouye, Bul l  Chem. Soc. Japan, 

47, 1139 (1974). 



J O U R N A L  l-IF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

E L E C T R O C H E M I C A L  S C I E N C E  

- - - -  A N D  T E C H N O L O G Y  
APRIL 

1975 

A Polarization Cell for Organic Electrolytes 

G. A. Capuano* 
Department of Chemistry, University of Quebec in Montreal, Montreal, Quebec, Canada 

and W. G. Davenport 
Department o] Mining and Metallurgical Engineering, McGilL University, Montreal, Quebec, Canada 

ABSTRACT 

An all-glass cell for s tudying the polarization behavior of organic electro- 
lytes has been developed. The cell is completely enclosed so that  the tests 
can be carried out  in isolation from atmospheric moisture. Cathode over-  
voltages are measured by means of a metal  vs. ion reference electrode situated 
behind the cathode and a 0.8 mm diameter Luggin capillary drilled through 
the cathode to its working face. Two side reference electrodes are also affixed 
into the cell. The cell has been tested using a CuSO4, HzSO4 aqueous elec- 
trolyte and an ethyl benzene- to luene  1:1 (50 weight per cent A1Br3) organic 
electrolyte. The aqueous tests indicated that the cathode overvoltage can be 
determined and reproduced by three independent  measurement  techniques. 
Tests with the organic electrolyte have led to consistent Tafel plots which 
indicate that  the cell can be successfully used for corrosive, high viscosity 
organic electrolytes. 

A number  of alkyl benzene-A1Br~ electrolytes have 
been developed for the plat ing of a luminum onto metal  
substrates (1-4). The mechanisms of plat ing from 
these electrolytes are not well known, and as a first 
step in  unders tanding the plating process, an investiga- 
t ion into cathode overvoltages was under taken.  A 
polarization cell with which overvoltages can be mea-  
sured while the electrolyte is isolated from the a tmo- 
sphere was developed specifically for this purpose. 

�9 Electrochemical Society Active Member .  
Key words: alkyl benzene electrolytes, a l u m i n u m  plating, organic 

electrolytes, overvoltages, polarization cell. 

The cell was constructed from glass ra ther  than  an 
organic polymer (plastic) so that  it can be used for a 
wide range of organic electrolytes without  fear of con- 
taminat ing the solution with the container material.  I t  
is the object of this paper to describe the design of the 
polarization cell and its testing and  use. 

The Cel l  
The polarization cell is described in Fig. 1, 2, 3, and 4. 

It consists of a cylindrical glass body with the working 
electrodes occupying the cross section of the cell, at 
each end. A reference electrode is situated behind the 

lO 

16 

1 

8 13 

Fig. I. Section of the polariza- 
tion cell. 1, Metallic anode; 2, 
cathode; 3, cell body; 4, water 
cooling chamber; 5, water inlet; 
6, water outlet; 7, inert gas in- 
let; 8, inert gas outlet; 9, empty- 
ing tube; 10, filling tube; 11, 
back reference electrode; 12, 
reference electrode electrical 
connection; 13, cathode electri- 
cal connection; 14, gas escape 
tube to permit filling reference 
electrode; 15, Luggin capillary 
behind active cathode; 16, elec- 
trolyte; 17, lateral reference 
electrodes. 
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1 

3 

Fig. 2. Spacial view of the polarization cell (see Fig. 1 legend 
for details). 

A C 

Rf4 H ~'-~Rf3 

R f2 Rfl 
Fig. 3. Sketch showing the positions of the electrodes in the 

polarization cell. 

the working face of the cathode. In  the case of the 
reference electrode used in  the present  cell thi~ mani -  
fests itself in an electrolyte resistance which is roughly 
equivalent  to the thickness of the glass l ining of the 
hole through the cathode (0.01 ram).  

This resistance problem has been attacked in several 
ways by other workers, pr incipal ly Eisenberg (7), and 
Cahan (8), who also reviews the criteria of good 
polarization cell design. Eisenberg (7) studied cathode 
polarization for LiC1-A1Cl~-propylene electrolytes 
using side reference electrodes in a polypropylene cell. 
However, this method is subject  to concentrat ion po- 
larization errors if the electrolyte is not  evenly st irred 
throughout  the cell. It must, therefore, be regarded 
only as an indirect measurement  technique. 

Cahan (8) employed a Teflon cell with a th in  conical 
or horizontal slot around the circumference of the 
cathode surface in  place of a Luggin capillary. This 
design eliminates current  distortion at the cathode 
surface due to the reference electrode and it permits 
est imation of the resistance error be tween the cathode 
and the reference electrode. Cahan's measurements  
show that the error in this cell is equivalent  to about 
a 0.02 mm column of l iquid which is of the same order 
as that in  the present cell (~0.01 mm) .  The thickness 
of the horizontal slot can be varied in  the Cahan cell, 
a facility which can be impor tant  when  .stable po- 
tentiostatic control is required. Thus the Cahan celt 
has a number  of desirable features. Unfor tuna te ly  it 
requires machining during its fabrication which means 
that its container material  is restricted to Teflon or 
other polymer materials. 

Many organic electrolytes will attack polymers so 
that prior to the development  of the present  cell it was 
decided that  glass is the only completely satisfactory 
material.  As it turned out this was a propitious choice 
because Teflon is slowly attacked by the alkyl benzene 
electrolytes. With an all-glass construction, a back 
reference electrode connected to the cathode surface 
via a glass-walled capillary through the cathode, ap- 
pea red to  be the best system of measurement  from the 
points of view of minimizing current  distortion and the 
resistance error. 

Fig. 4. Photograph of polarization cell with electrical and cool- 
ing connections made. 

cathode, and it penetrates to the front through a 0.8 
mm glass-l ined hole (Luggin capillary).  The reference 
electrode is the metal  vs. ion type, in  which the me~al 
is that being plated and the ions are those in the 
electrolyte. Since the back reference electrode and the 
working electrode (cathode) are the same material,  
the dynamic potential  difference between them (as- 
suming no IR drop or concentration polarization) rep- 
resents the cathode polarization for any given plat ing 
condition. 

Comparison with previous cells.--The back electrode 
design of the present  cell is similar to that used by 
Piontell i  (5, 6) for aqueous electrolytes. Piontell i  sug- 
gests that of all the capillary systems, this configura- 
t ion provides a m in imum of electrical field distortion 
at the cathode surface. One problem with the Luggin 
capillary technique is, however, that  it introduces a 
resistance error between the tip of the capillary and 

Exper imental  
The components of the exper imental  cell are pre-  

sented in detail in Fig. 1. The cell consists of a cyl indri-  
cal gla~ss body, 2 cm in  diameter  and 7.5 cm long, bui l t  
wi thin  a thermostatically controlled (_0.1~ water  
chamber. The anode is a rod of the metal  under  study, 
machined to fit the 24/40 T glass jo int  of the cell. The 

electrolyte is stirred by means of a micromagnetic 
Teflon-covered bar. Grease is avoided in  all joints and 
connections of the cell, and Teflon leaves are em- 
ployed where necessary. 

The cathode is a p la t inum disk, 0.5 m m  thick (Fig. 
!) and 1.8 cm diameter, affixed by melted glass onto a 
24/40 T glass joint. The electrical connection to the 

power supply is through a p la t inum wire  welded to 
the back of the cathode. 

A 0.8 mm hole was drilled through the p la t inum 
disk and its support ing glass joint  half  way between 
the center and the border of the disk. This hole (2-3 
mm long) provides the connection between the refer-  
ence electrode and the front of the cathode. It  is the 
actual Luggin capillary of the reference electrode. The 
side of the hole was insulated by mel t ing a drop of 
glass into the hole followed by forcing a 0.8 mm diam- 
eter needle through it. Microscopic examinat ion 
showed that the walls were 0.01-0.015 m m  thick after 
this operation. The final step in  completing the cathode 
and back reference electrode system was to weld a 
receptacle for the reference electrode into the hollow 
24/40 T joint  (Fig. 1). 

The metallic part  of the back reference electrode is 
either a 1 mm diameter p la t inum wire freshly plated 
with the metal  under  study or a 1 m m  wire of the 



Vol. 122, No. 4 P O L A R I Z A T I O N  CELL 455 

metal  unde r  study. It  is placed 0.75 cm from the main  
body of the electrolyte (Fig. 1). Moving the electrode 
tip ___0.25 cm from this point was found to have no 
effect on the polarization measurements .  Two auxi l iary 
side reference electrodes are equispaced be tween 
anode and the cathode. 

The auxil iary apparatus for the cell consists of a po- 
tentiostat  Type 20 PRT-10X which is used to supply 
constant  current,  and a high impedance digital mil l i -  
voltmeter  Type ARIES 1000 with an accuracy of 0.1% 
of the full  scale reading which is used to measure the 
potential  across the electrodes. An ammeter  Type MAR 
298 with an accuracy of 0.1% of the full  scale reading 
is used for the measurement  of current  density. These 
ins t ruments  are all  "Tacussel" design (TechnEurope, 
Montreal) .  

Testing the ceiL--The usefulness and accuracy of the 
cell were tested with (i) an aqueous solution 1N in 
CuSO4, 1N in H2SO4 using a copper anode and copper- 
plated p la t inum reference electrodes; and (ii) an or- 
ganic electrolyte, ethyl  benzene- toluene 1:1 by volume 
with 50 weight per cent (w/o)  A1Br3, using an a lumi-  
num anode and a luminum reference electrodes. 

The copper sulfate electrolyte was used to evaluate 
the consistency of the back and side reference elec- 
trodes in  determining cathode overvoltages. This elec- 
trolyte is much more easily prepared and handled than 
the organic electrolyte and it was, therefore, the first 
electrolyte studied in  the cell. The subsequent  organic 
electrolyte tests used only the back reference electrode 
and the performance of the cell was evaluated for this 
system on the basis of the consistency and reproduci-  
bi l i ty  of the measured overvoltages. The results were 
also compared on the basis of a s tandard Tafel plot. 

Procedures.--The basic experiments  for both the 
aqueous and organic tests were started by filling the 
cell with prepared electrolyte (an outl ine of the 
preparat ion is appended at the end of the paper) ,  fol- 
lowed by a brief  period of plat ing the par t icular  metal  
onto the cathode and the back and side electrodes. 
This was accomplished by connecting the cathode and 
reference electrodes in t u rn  as the cathode. Once this 
procedure was complete, the electrodes were connected 
in their proper working and measuring circuits and 
normal  plat ing was begun under  controlled current  
density conditions. The potential  measurements  were 
made after 1 min  of plat ing at each preset current  
density. 

Measurements and interpre~ation.--The measure-  
ments  taken for the copper sulfate electrolyte were 
(Fig. 3): E(C-R~3), E(c-Rfl), E ( R f 3 - R f l ) ,  E ( R f l - R f 2 ) ,  where 
the E values represent  the difference in potential  be-  
tween the respective electrodes as indicated in Fig. 3. 

The results were interpreted on the basis of the 
following considerations. 

(i) Since for each system all the electrodes are of 
the same metal  and since the electrolyte composition 
is uni form throughout  the cell due to its st irr ing sys- 
tem; then the static potential  of each electrode is the 
same, i.e. 

e A  = e c  = e R f l  = -  e R f 2  = e r r 3  [ I ]  

(iO Ec, the dynamic potential  of the cathode during 
current  flow is ec q- ~c where ~Ic is the cathode over- 
voltage. In  the absence, of concentrat ion gradients in  
the cell, as is assumed here, TIc is due ent i rely to the 
electrode reactions themselves. 

(iii) Thus the potent ial  difference between C and 
Rf3 (the back reference electrode) during current  
flow is given by 

E<c-R~) : (ec + ~c) - ec : TIc [2] 

which means that the overvoltage is measured directly, 
assuming there is no IR drop between the cathode 
surface and the Luggin capillary. 

(iv) Similar ly  

E ( C - R f l )  - -  E ( R f 3 - R f l )  ---- e c  ~ -  TIC - -  e R f l  --~ I R e / ( C - R f l )  

- -  leaf3 -- earl + IRel(af3.Rfl)] [3] 

where  IRel(c.Rfl) and IRel(Rf3-Rfl) are the IR voltage 
drops in  the electrolyte between C and Rfl  and be-  
tween Rf3 and Rfl, respectively. In  this case the cath- 
ode C, and Rf3 are essentially at the same position so 
that  the two IR drops cancel and 

E ( C - R f l )  - -  E ( R f 3 - R f l )  - - -  ~IC [4] 

It  can be seen that  measurements  (iii) and (iv) pro- 
vide two independent  methods of determining nc. In  
addition, ~c can be obtained from measurements  of 
E(c-Rn), E(Rfl-Rf2), and 5, the ratio of the electrolyte 
resistances between C and Rfl  and between Rf l  a n d  

Rf2. From these measurements  

E(c-Rfl) -- E(R(1-Rf2) �9 f : ec -[- ~IC -- eat1 ~ IRel(c-Rfl) 

- -  [eRfl -- e ~  W IRelcRfl.Rf2)Jf [5] 
from which 

E(c-afll -- E(afl.~2) �9 $ = ~C [6] 

:f was determined in pre l iminary  experiments  during 
which a few mill iamperes of current  were passed 
through the cell between the anode and Rf3. The re-  
sistances were determined from the current  flow and 
the measured voltages between the per t inent  elec- 
trodes. For our specific cell, f has the value of 1.10. 

In  summary  then, measurements  of four potential  
differences and a pre l iminary  determinat ion of the 
relative resistances be tween electrodes provides three 
independent  methods of determining the cathode over-  
voltage. In  testing the cell, these three determinations 
were employed to check the reproducibil i ty and in-  
ternal  consistency of the polarization measurements.  

Test Results 
Cathode overvo~tage, copper sulfate system.--The 

cathode overvoltages for the aqueous electrolyte as 
determined I by Eq. [2], [4], and [6] are presented 
in Table I. It can be seen that  the values are in good 
agreement  (within ___3%) for the three independent  
determinations.  It can be noticed that the overvoltages 
obtained by Eq. [6] become slightly larger  than those 
of Eq. [2] at the high current  densities. This may be 
the result  of a slight concentrat ion gradient  in  the cell 
due to imperfect stirring. If such a concentrat ion 
gradient  exists, then Eq. [1] becomes 

ec : e r r 3  : e R f l  --~ TIC, : e r r 2  + wG [7] 

where ~G is the concentrat ion polarization due to the 
difference in  cation concentrat ion between the elec- 
trodes C, Rf3 and Rfl, Rf2 (assuming the lat ter  are 
at the same concentrat ion as a result  of the s t i rr ing 
system). Equat ion [6] then becomes 

E ( C - R f l )  - -  E ( R f l - R f 2 )  " f ~--- ~ lc  -~- "r [ 8 ]  

and since 
~c : E(c-ar3) [2] 

then 

?lG = E ( C - R f l )  - -  E ( R f l - R f 2 )  " f - -  E ( C - R f 3 I  [9] 

1 S m a l l  residual  static potent ials  w e r e  o b s e r v e d  before and after 
e a c h  t e s t .  F o r  p u r p o s e s  o f  c a l c u l a t i o n  t h e s e  w e r e  s u b t r a c t e d  f r o m  
t h e i r  e q u i v a l e n t  d y n a m i c  p o t e n t i a l .  T h e y  w e r e  not  s ignif icant at 
c u r r e n t  d e n s i t i e s  a b o v e  2 m A c m  -2. 

Table I. Ca|cu|ated cathode overvoltages, aqueous electrolytes 
300~ 

Current  
C u r r e n t ,  d e n s i t y ,  ~c  ( m Y )  ~o ( m Y )  

m A  m A / c m  $ E q .  [2]  Eel.  [4]  Eel.  [6 ]  Eel .  [ 9 ]  

1 .0  0 .4  --  9 .4  --  8 ,7  - -  8 .8  + 0 .6  
2 . 0  0 .8  - - 3 0 . 7  - - 3 0 . 2  - - 3 1 . 3  - - 0 . 6  
4 .0  1.6 - -  7 7 . 8  - -  77 .8  - -  7 8 . 0  - -  0 . 2  
8 .0  3 .2  --  9 0 . 4  --  9 0 . 2  - -  8 9 . 4  + 1 .0  

16 .0  6 .4  --  116 .1  --  1 1 7 . 0  - - 1 1 4 . 9  + 1 .2  
2 0 . 0  8 .0  - -  1 1 7 . 4  - -  1 1 7 . 4  - -  1 2 0 . 3  - - 2 . 9  
2 4 . 0  9 .6  --  1 1 7 . 8  - -  1 1 7 . 9  - -  1 2 3 . 0  - -  S.Z 
3 0 . 0  1 2 . 0  - -  119 .1  - -  1 1 9 . 6  - -  1 2 5 . 1  - -  6 .1  
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Table I shows this effect and it indicates that vr 
never  became more than 5% of ~c during the testing. 
The factor ~a does not come into Eq. [2] and [4]. 

Table I indicates, therefore, that the overvoltage 
determinations in  the cell are reproducible by three 
independent  measurement  techniques, and that the 
cell can be used with confidence. Calculations using 
Eq. [6] are not, however, as satisfactory as those using 
Eq. [2] and [4] because a concentration polarization 
error may be introduced. 

Cathode overvoltage, organic system.--The applica- 
bili ty of the cell for use with organic electrolytes was 
tested by determining cathode ovevvoltages for the 
ethyl benzene-toluene-A1Br8 system at several tem- 
peratures and current  densities. The measured variable 
was E(c.Rr~) which directly gives ~c (Eq. [2]). The po- 
larization behavior of the ethyl benzene-toluene-A1Br8 
system had not been studied prior to this work so that 
the only method of testing the consistency of the ex- 
per imental  data was by means of a Tafel plot of vc vs. 
log ic (cathode current  density).  

This plot (Fig. 5) gave a series of parallel  lines in 
which ~c consistently decreases with increasing tem- 
perature. The lines also appear to straighten above vc 
values of 20 inV. This would be expected if the Tafel 
equation 

~c ---- A -- B log ic [10] 

is obeyed, i.e., if the controlling electrode mechanism 
is charge transfer. 

The organic electrolyte data are, therefore, inter-  
nal ly consistent leading to the conclusion that the cell 
is suitable for organic polarization studies. It has sub- 
sequently been used to examine a number  of alkyl 
benzene-A1Br3 electrolytes. 

Discussion 
The cell was found to be specifically suitable for 

electrolytes which must  be protected from the atmo- 
sphere and which tend to be contaminated by polymer 
container materials. High viscosity electrolytes such as 
ethyl benzene-toluene-A1Br~ solutions can also be 
hand led  quite readily. 

As was pointed out at the beginning of this paper, 
the main  defect of the cell design is the IR voltage 
drop between the tip of the Luggin capillary of the 
back reference electrode and the working face of the 
cathode. This has not been taken into consideration in 
Table I or Fig. 5. 

The distance between the capillary tip and the cath- 
ode surface is the thickness of the glass wall. The 
magni tude  of the IR voltage error can be estimated by 
the equation 

ic8 
E I R  - -  [11] 

K 

where ic is the current  density, ~ is the glass wall  
thickness, and K is the specific conductance of the 
electrolytes. This calculation is equivalent  to consider- 
ing that  the Luggin tip is at a distance ~ in  front of 
the cathode (9). 

Thus with an ethyl benzene-toluene-A1Br3 electro- 
lyte (K = 4 X 10 -8 ohm -z cm - I )  and a g l a s s  thick- 
ness of 0.00'1 cm, the values of EIR from Eq. [11] are 
1.25, 2.5. and 4 mV at current  densities of 5, 10, and 
15 mA / c m -2, respectively. The actual values of EIR 
are likely to be considerably less than  these calculated 
values because the capillary tip is displaced horizon- 
tally rather  than  in front of the cathode, and because 
of the edge effect which tends to slightly increase the 
potential  around the cathode hole due to field dis- 
tort ion (10, 11). In  any case the error does not sig- 
nificantly alter the results shown in Fig. 5. 

The cell can also be used for anode polarization but  
this aspect of its operation has not been tested. 

Conclusions 
1. A cell has been developed for s tudying the po- 

larization characteristics of organic electrolytes. The 
cell is specifically useful for electrolytes which must  
be protected from the atmosphere and which should 
not be exposed to organic materials of construction. 

2. The cell employs a back reference metal  vs. metal  
ion electrode, and two side electrodes. By this ar range-  
ment  cathode overvoltages can be measured by three 
independent  techniques to check the consistency of the 
cell operation. 

3. The cell has been tested successfully with an aque- 
ous copper sulfate solution and with an organic ethyl 
benzene-toluene-A1Br~ electrolyte. 
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Fig. 5. Tafel plot, cathode 
charge transfer overvoltage as a 
function of log cathode current 
density, for the system ethyl 
benzene-toluene 1:1, 50 w/o 
AIBr3. 
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Manuscr ip t  submi t t ed  Ju ly  30, 1973; revised m a n u -  
script  received Sept. 18, 1974. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the  December  1975 
JOURNAL. Al l  discussions for the December  1975 Dis-  
cussion Section should be submi t ted  by Aug. 1, 1975. 

A P P E N D I X  

Electrolyte Preparation 
1. Aqueous  electrolyte ,  copper sulfate,  sulfuric  acid: 

reagent  grade. Copper  anode: e lectrolyt ic  copper 
99.994% Cu, Canadian  Copper  Refiners Company,  
Limited,  Montreal .  The e lect rolyte  was p repa red  f rom 
t r ip le  dis t i l led wa te r  and it was deoxygena ted  by  
bubbl ing  wi th  d ry  n i t rogen for 15 rain, in situ. 

2. Organic e lectrolyte .  A1Brs: p repa red  f rom high 
pur i ty  a luminum and bromine  (2). Ethyl  benzene:  
pract ical  grade,  Eas tman  Organic Chemicals,  Roches-  
ter, New York. Toluene: commercial  grade, Esso Im-  
per ia l  Oil Company,  Montreal .  A l u m i n u m  anode: 
ALCAN 1S 99.9% A1. The conduct ivi ty  of the e lect ro-  

ly te  was ad jus ted  up to 4 • 10 -~ ohm -1  cm -1 by  
bubbl ing  HBr th rough  the solut ion (2). 
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Primary Sodium Batteries with Beta-Alumina 
Solid Electrolyte 
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ABSTRACT 

The pr incipal  character is t ics  of a new class of h igh -ene rgy  densi ty  p r ima ry  
ba t te r ies  are  described.  These ba t te r ies  employ  sodium be t a - a lumina  as a 
solid e lec t ro ly te  membrane  that  separates  the  reactants,  sod ium-mercu ry  
amalgam as the  anode, and  halogens, water ,  or air  as the oxidants.  The ba t -  
ter ies  opera te  at or  nea r  ambient  t empera tu res  and produce ve ry  high cell 
voltages and energy densities. They have an essent ia l ly  nondetectable  ra te  of 
self-discharge,  and  shelf  and opera t ing  t imes of ten years  appea r  feasible. A 
present  l imi ta t ion  is the i r  low power  dra in  capabi l i ty .  The operat ing fea tures  
of the  sod ium-mercu ry  amalgam anode, the cell polar izat ion characterist ics,  
and the discharge behavior  of cells employing various l iquid  cathodes a r e  
described.  

In  cer ta in  appl icat ions of p r i m a r y  bat ter ies ,  such as 
in hea r t  pacemakers ,  electronic watches,  automat ic  ex-  
posure cameras,  etc., ve ry  long l ife as wel l  as smal l  
size and weight  a re  the  over r id ing  considerat ions whi le  
the  a t ta inable  power  levels  are  on ly  of secondary  im-  
portance.  

The useful  l ife of convent ional  p r i m a r y  bat ter ies ,  
for example ,  s i lver-zinc,  mercury-z inc ,  and d ry  cells, 
is l imi ted  by  sys temat ic  se l f -d ischarge  mechanisms,  
pass ivat ion phenomena,  or spontaneous  events, such as 
in te rna l  e lectrode shorting. Se l f -d ischarge  mechanisms 
inc lude  ma in ly  the  diffusion of soluble active mate r ia l  
f rom one e lect rode to the  other  and electrode dissolu- 
t ion accompanied by  gas evolution. Typical  values  for  
the  specific energy and energy densi ty  of aqueous- type  
p r i m a r y  ba t te r ies  are 90-130 W - h r / k g  (40-60 W - h r / l b )  
and 350-600 W - h r / d m  s (6-1.0 W-hr / in .8) .  

Bat ter ies  employing  organic e lectrolytes  a t ta in  con- 
s ide rab ly  h igher  energy  densit ies  than  these. However ,  
they  share  wi th  ba t te r ies  using aqueous electrodes a 
not iceable  ra te  of se l f -d ischarge  which is usua l ly  
caused by  a finite so lubi l i ty  of t he  cathode. 

P r i m a r y  ba t te r ies  wi th  be t a - a lumina  solid e lec t ro-  
l y t e  offer a combinat ion  of unique fea tures  not r ead i ly  
a t ta inable  wi th  l iqui  d e lec t ro ly te  bat ter ies .  Most s ig-  
nificant among these are. ve ry  low se l f -d ischarge  rate,  
h igh cell voltage, and ve ry  smal l  size and weight.  The 

* Electrochemical Society Act ive  ~r 
K e y  words :  p r i m a r y  bat ter ies ,  solid electrolyte bat ter ies ,  sod ium-  

halogen batteries, sodium ama lgam,  be ta -a lumina .  

essent ia l ly  nondetec tab le  ra te  of se l f -d ischarge  results  
f rom using a solid ionic conductor,  sodium be ta -  
a lumina  (1, 2). This solid e lec t ro ly te  acts as an ideal  
membrane ,  permi t t ing  only the  migra t ion  of sodium 
ions and certain o ther  monovalen t  cations (3) whi le  
comple te ly  prevent ing  the pe rmea t ion  of anions and 
neu t ra l  reactants.  Fur the rmore ,  there  is no e lec t rode  
dissolution or e lectrode short ing s imi lar  to that  often 
encountered  in aqueous electrolytes.  Since the  elec-  
tronic conduct ivi ty  of sodium b e t a - a l u m i n a  is also very  
low (4), the usual  se l f -d ischarge  mechanisms are  v i r -  
tua l ly  absent  and p r i m a r y  ba t te r ies  wi th  be t a - a l umina  
as the e lect rolyte  inheren t ly  have  the potent ia l  of 
achieving ve ry  long life. A d isadvantage  of such ba t -  
teries is the  compara t ive ly  low ionic conduct ivi ty  of 
the solid e lec t ro ly te  at or near  ambien t  tempera ture .  
Typical ly,  the  room t e m p e r a t u r e  conduct ivi ty  of so- 
dium be t a - a lumina  is two to three  orders  of magni tude  
lower  than  that  of the  best  aqueous electrolytes.  As a 
result,  the  power  densities a t ta inable  at room tem-  
pe ra tu re  wi th  p r ima ry  ba t te r ies  employing be t a - a lu -  
mina  are  significantly lower  than  those common for 
aqueous- type  bat ter ies .  

In  this paper,  considerat ion wil l  be given to the gen-  
era l  character is t ics  of p r i m a r y  sodium cells wi th  be ta -  
a lumina  as the solid e lec t ro ly te  and halogens, oxygen,  
or wa te r  as the oxidants.  Af te r  descr ibing some gen-  
eral  aspects of cell operation,  the  sod ium-mercu ry  
amalgam anode, common to all  of the p r i m a r y  ba t -  
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teries considered here, is discussed in some detail. The 
polarization curves of cells employing cathodes of bro- 
mine, iodine, oxygen, and water  are presented and, 
lastly, the discharge behavior of cells with bromine 
and iodine cathodes is discussed. 

Experimental 
The experiments  were carried out  in  simple glass 

cells. Figure 1 shows a schematic of the cell design. 
The anode consists of a disk of sodium be ta -a lumina  
ceramic sealed into a closed-end glass tube containing 
a sodium-mercury  amalgam for room temperature  
operation. A Kovar  alloy wire is sealed into the glass 
tube and contacts the reductant.  The cathode half-cell  
design depends upon the oxidant used. Shown in Fig. 1 
is the design for use with halogens or water  as the 
oxidant. In  these cases, the reactants are l iquid and a 
metal  screen or graphite felt serves as a current  col- 
lector. Suitable metals include tantalum, niobium, and 
p la t inum for use with the halogens and nickel, iron, or 
p la t inum for use with water. The halogens are dis- 
solved in suitable solvents, such as water  or organic 
solvents. When water  is used as the oxidant, small  
amounts of solutes are added, such as NaOH or Na2CO~, 
to establish ini t ial  conductivity. The catholyte is con- 
tained in a vented glass vessel. For experiments  with 
sodium/ai r  cells, a polypropylene felt was used to con- 
tain the electrolyte between the be ta -a lumina  disk and 
a Teflon-polymer bonded p la t inum electrode. Aqueous 
solutions of NaOH or Na2CO3 served as the electrolyte. 

The sodium be ta -a lumina  disks have the chemical 
composition Na20 �9 9A1203 with 1% MgO and 0.5% 
Y203 as additives. They are prepared by pressing the 
blended be ta -a lumina  and oxide powders at room tem- 
perature and sintering in air at 1830~ Fur ther  details 
on the preparat ion can be found in Ref. (2). The sin-  
tered disks have a diameter  of 1 cm and thickness of 
0.1 cm. Their density is 3.18 g/cm~ or 98% of theoret i-  
cal, they are nonpermeable  to hel ium and have a con- 
duct ivi ty of 10 -8 ohm -1 cm-1 at 25~ 

The anodes were prepared by vacuum-dis t i l la t ion of 
sodium into the anode half-cell  and sealing under  vac- 
uum. In  those cases where sodium-mercury  amalgams 
were prepared, the sodium was distilled into the ap- 
propr ia te  amount  of mercury  in  the half-cell. All re-  
actants used were reagent-grade.  

Results and Discussion 
General aspects of cell operation.--During cell dis- 

charge, the following reactions take place at the elec- 
trodes 

anode: N a ~  Na + -~ e -  [1] 

cathode: ~ Br2 -I- e -  --> B r -  [2a] 

1/2 I2 + e - ~  I -  [2b]  

1/2 02 + H=O -t- 2e -  --> 2 O H -  [2c] 

H20 + e -  --> O H -  -t- �89 H2 [2d] 

ANOLYTE 

BETA ALUMINA _ . ~  

G ANODE 

CATHODE 

Fig. 1. Cell schematic 

Sodium ions, generated at the sodium amalgam/be ta -  
a lumina interface, migrate through the solid electro- 
lyte into the catholyte. As anions cannot permeate 
through the solid electrolyte, the solute concentrat ion 
in the catholyte increases in accordance with the cell 
reactions 

1/2 Br2 -F Na--> NaBr [3a] 

1/2 I2 -~ Na--> N a I  [3b]  

~ O2 ~- H20 + 2Na -> 2NaOH [3c] 

H20 + Na --> NaOH -t- ~/~ H2 [3d] 

During cell discharge, there is a major  volume de- 
crease in the anode compartment  due to sodium leav-  
ing the anode, but  only relat ively minor  volume 
changes occur in the cathode compartment  due to salt 
formation. Typically, the volume of the catholyte in-  
creases for reactions [3a]-[3c] by 5-15% and de- 
creases for reaction [3d] by 3-5%, owing to hydrogen 
evolution. The precise numbers  depend upon the de- 
sired concentration range of the solute or whether  
precipitation of solid reaction products, such as NaBr, 
is allowed to occur. 

Sodium-mercury amalgam anode.--For cell opera- 
tion at or near  room temperature,  pure sodium is un -  
suitable for all bu t  very small  power densities. Sodium 
is solid below 97.5~ and the diffusion of sodium in 
the solid state is very slow. The self-diffusion coeffi- 
cient at 25~ is only 5 �9 10 -9 cm2/sec (5). The problem 
of slow diffusion is c ircumvented by using sodium-rich 
mercury amalgams as the anode. These amalgams are 
at least par t ly  l iquid at the cell operating temperature.  
The diffusion coefficient of sodium in  l iquid mercury  
is more than three orders of magni tude larger than in 
solid sodium, that is 8 �9 10 -6 cm2/sec at 22~ (6). 

The phase diagram of the sodium-mercury  system is 
shown in  Fig. 2. The init ial  amalgam composition in 
the fully charged condition of the cell preferably lies 
in the range Of 7.0-90% sodium by weight. At  these 
high sodium concentrations, the fraction of l iquid 
phase becomes very small; at lower concentrations, the 
weight and volume penal ty  due to the mercury  be- 
comes very noticeable. Cell operation is not feasible at 
temperatures  below 21.5~ which corresponds to the 
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Fig. 2. Phase diagram of sodlum-mercury system [from C. J. 
Smithells, "Metal Reference Book," Vol. I, p. 399, Interscience 
Publishers, New York (1955)]. 
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freezing poin t  of the eutect ic  composi t ion at 39.8% 
sodium. Dur ing  cell discharge at  constant  t empera tu res  
above 21.5~ one proceeds in the phase d iagram on 
a hor izonta l  l ine f rom r ight  to lef t  as sodium is ionized 
and leaves the anode compar tment .  The propor t ion  of 
l iquid to so l id-phase  increases unt i l  the a l l - l iqu id  par t  
of the  d i ag ram is reached.  The end of useful  cell dis-  
charge is de te rmined  by  that  sodium content  which 
corresponds to the  fo rmat ion  of solid in te rmeta l l ic  
compounds as ev ident  f rom the phase diagram. For  ex-  
ample,  a t  an opera t ing  t e m p e r a t u r e  of 37~ the end 
of discharge corresponds to a final sodium content  of 
38%. 

The effect of ini t ia l  sodium content  ( ful ly  charged 
condit ion) on the e lect rode capaci ty  pe r  uni t  weight  
and volume is shown in Fig. 3 for opera t ion  at 37~ 
The capaci ty  values decrease f rom the theoret ical  
l imits  1.16 A - h r / g  and 1.13 A - h r / c m  3, ca lcula ted for 
pure  sodium assuming 100% util ization, to zero in the  
t r iv ia l  case where  the  ini t ia l  sodium content  in the 
a ma lgam is equal  to the  final content  of 38%. For  a 
s tar t ing composit ion of 90% sodium, the capaci ty  va l -  
ues are  0.97 A - h r / g  and 1..04 A - h r / c m  3, whi le  for  a 
70% Na/30% Hg amalgam,  the  values a re  0.60 A - h r / g  
and 0.81 A - h r / c m  ~. Thus, for equal  e lectrode capacity, 
the  weight  pena l ty  due to the use of amalgams instead 
of pure  sodium amounts  to be tween  20 and 94% and 
the volume pena l ty  to be tween  9 and 40%. 

The sodium content  and the fract ion of l iquid phase 
in the sod ium-mercu ry  ama lgam as a function of the 
depth  of discharge are  p lot ted  in Fig. 4. The curves 
refer  to 37~ operat ion and ini t ia l  ama lgam composi-  
t ions of 90, 89, and 70% Na by  weight,  respect ively.  
Complete  discharge corresponds to an amalgam com- 
posi t ion of 38% Na. The fract ion of l iquid phase at the  
beginning of discharge amounts  to 18, 36, and 54% for 
ini t ia l  composit ion of 90, 80, and 70% Na. The fract ion 
of l iquid  phase  increases s teeply  dur ing  cell discharge,  
and the amalgams become comple te ly  l iquid  at 96, 92, 
and 85% depth  of discharge.  

Cathode operation.--The kinetics  of halogen reduc-  
t ion (Eq. [2a] and [2b]) and, in par t icular ,  oxygen re-  
duct ion (Eq. [2c]) and hydrogen  evolut ion in aqueous 
solutions have  been the  subjec t  of numerous  studies. 
Compara t ive ly  l i t t le  informat ion  is publ i shed  on ha lo-  
gen reduct ion in nonaqueous solutions. This applies 
especial ly  to the s tudy of ve ry  concentra ted  halogen 
solutions. Highly  concentra ted  ha logen solutions are 
des i rable  f rom a s tandpoin t  of opt imizing the energy 
dens i ty  of the  cell. However ,  the  use of high ha logen 
concentrat ions leads to prec ip i ta t ion  of solid react ion 
products  (NaBr, NaI)  as the  salt  solubi l i ty  is exceeded 
dur ing  discharge. 

Sal t  prec ip i ta t ion  has been observed on both the  
graphi te  cur rent  collector and the be t a - a lumina  sur -  
face. Different  c rys ta l  morphologies  have  been ident i -  
fied, depending upon the na ture  and amount  of solvent,  
the  na ture  of the substrate,  and the current  density.  
Condit ions have been identif ied under  which the effect 
of crysta l  fo rmat ion  on cathode polar iza t ion  is small  
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Fig. 3. Effect of initial sodium content in amalgam on electrode 
capacity per unit weight (A-hr/g) and unit volume (A-hr/cm 3) for 
37~ operation. 
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compared  to other  sources of polar izat ion.  More de-  
ta i ls  about  crys ta l  format ion  wi l l  be  publ i shed  in a 
subsequent  paper  (7). 

By far  the  larges t  contr ibut ion to cathode polar iza-  
t ion derives f rom the polar izat ion of the interface 
be ta -a lumina /ca tho ly te .  A s tudy of this in ter fac ia l  
polar izat ion has been  unde r t a ke n  (7, 8) and wil l  be 
publ i shed  separate ly .  

Cell polarization.--Current-voltage curves for  four  
different sod ium-mercu ry  ama lgam p r i m a r y  cells at  
25~ are  shown in Fig. 5. The anode in all  of these 
cases consists of a 710% Na/30% Hg amalgam by  weight.  
The catholytes  consist of I g-a tom Br2 dissolved in an  
aqueous solution of 1N NaBr  (curve a) ,  1 g -a tom I2 
dissolved in a solut ion of 1 mole NaI pe r  l i te r  of p ro -  
pylene carbonate  (curve b) ,  an a i r - s a tu ra t ed  1N 
NaHCO3 solution (curve c), and a 1N NaOH solution 
(curve d).  Current  collectors consist of P t  screens or  
TFE-bonded  porous P t  (curve. c).  

The observed open-c i rcu i t  vol tages for the Na/Br2 
and N a /N a O H  cells correspond wi th in  30 mV to the 
the rmodynamica l ly  expected  values  of 3.78 and  1.89V. 
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Fig. 5. Current-voltage curves for sodium-mercury amalgam 
primary cells with various cathodes at 25~ 
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The open-circuit  voltage, for the Na/I2, P.C. (propylene 
carbonate) cell is 2.83V or 0.52V lower than  calculated 
for an aqueous solution. This reflects the different en-  
ergy of solvation in the organic as compared to the 
aqueous solvent (9). The open-circui t  voltage of the 
Na/a i r  cell is 3.18V which is approximately 0.3V lower 
than the calculated value for the pH of 1N NaHCO3 
solution. This discrepancy is caused by the oxygen 
electrode and is usual ly interpreted in terms of mixed 
potentials involving couples such as O2/H20, 02/H202, 
and P t -O/H20  (10). 

At low current  densities, all four cells show the 
effects of an activation-controlled process. Indepen-  
dent investigations (7, 8), using a reference electrode 
in the beta-alumi~a,  have shown tha t  the interface 
be ta-a lumina/ca tholy te  is the source of this polariza- 
tion. Its magnitude depends upon the pre t reatment  of 
the be ta -a lumina  and the na ture  of the solvent. 

At higher current  densities, the curves in Fig. 5 be- 
come straight lines with slopes which are near ly  iden-  
tical for all four cells. The discharge behavior in this 
range of currents is determined by the ohmic resist- 
ance of the be ta -a lumina  solid electrolyte. The slopes 
correspond to a uni t  area resistance of 30,0 ohm-cm 2 
which translates into a resistivity of 300r ohm-cm for 
the be ta -a lumina  thickness of 0.1 cm. This value for 
the resistivity is three times larger than resistivities 
calculated from four-probe a l ternat ing current  mea-  
surements made at a frequency of 10 kHz. Part  of this 
discrepancy is due to in te rgranular  resistances in the 
polycrystall ine solid electrolyte which are shunted by 
capacitances (11). 

Another  part  has been found to derive from the dif- 
fusion of small amounts of water into the surface 
layers of the beta-a lumina.  This effect exists even 
when propylene carbonate is used as a solvent in an 
open cathode half-cell  such as shown in Fig. 1 since 
propylene carbonate absorbs water  from the environ-  
ment. 

In all cases reported in this paper, water  was present  
only in the cathode compartment  of pr imary  cells. 
Under  these conditions, the be ta -a lumina  used in this 
study (2) undergoes only slow changes in electrical 
resistivity, but  the mechanical  integri ty remains un-  
affected. Some cells have now been operating for 3 
years and continue to discharge. If, on the other hand, 
water  is present in the anode compartment,  the ce- 
ramic electrolyte fails mechanical ly wi thin  a few hours 
or weeks, depending upon the magni tude of the cur-  
rent  density. Increasing current  density enhances the 
rate of failure. While it is known that hydronium ions 
enter  beta a lumina  (12), the detailed effects of this 
process are as yet unknown.  

Ceil discharge as a ~unction o] t ime.--The curves in 
Fig. 5 are init ial  polarization curves, obtained at low 
depths of discharge. At larger depths of discharge, the 
effect of crystal formation often becomes evident in 
increased cell polarization, especially in the case of 
very concentrated halogen solutions. Figure 6 shows 
the cell voltage as a function of discharge time at a 
constant current  density of 0.1 mA/cm 2 and 25~ for 
various halogen cells. The discharge voltages are 
smaller than those shown in Fig. 5 for the same cur- 
rent  density. This is due to the use of be ta -a lumina  of 
slightly different composition and pretreatment ,  re-  
sult ing in higher ohmic and interracial losses. The dis- 
charge times are expressed as depth of discharge on the 
abscissa of Fig. 6 to accommodate all curves with quite 
different discharge times on a single graph. Cell dis- 
charge was l imited by the exceedingly small volume 
of catholyte, only 6 �9 10 -3 cmS, used in these cells. By 
choosing such small amounts of catholyte, a full cell 
discharge could be accomplished in times varying from 
2 to 24 hr. 

Curves 1 and 2 in Fig. 6 refer to 1 g-atom Br2 per 
l i ter of a saturated solution of NaBr in water  (curve 1) 
and in propylene carbonate (curve 2). For the aqueous 
solution, about 65% of the Br2 originally present  is 
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reduced, whereas near ly  100% is reduced in propylene 
carbonate solution. The balance of the Br2 in the aque- 
ous solution has been lost by evaporation. Losses by 
evaporation are less significant in  the propylene car- 
bonate solution due to the lower vapor pressure of 
Br2 above such solutions. The actual discharge times 
were 121 and 144 min  for the aqueous and propylene 
carbonate solutions, respectively. The discharge volt-  
age is consistently smaller  in the propylene carbonate 
solution due to the different solvation energy as com- 
pared to aqueous solutions and decreases visibly during 
cell discharge, whereas the voltage for the aqueous 
solution remains relat ively constant. Microscopic ex- 
aminat ion reveals that this different behavior is caused 
by different morphologies of the crystal layers growing 
on the be ta -a lumina  surface. 

Curves 3 and 4 in Fig. 6 refer to catholytes prepared 
from 2 g-atoms I2 per l i ter of a saturated solution of 
NaI in water (curve 3) and propylene carbonate. These 
cathodes discharged for near ly  3 hr to yield essentially 
theoretical capacity. The finding that, in fact, more 
than 10,0% depth of discharge appears to be obtained 
is explained by the difficulty in determining the min-  
ute amount  of catholyte, only 6 �9 10 -8 cm 8, to a bet ter  
accuracy than 20-25%. The discharge curve in aqueous 
solution is remarkably  flat while a continuously de- 
creasing discharge voltage is observed in  propylene 
carbonate solution. This behavior is s imilar  to that 
found in the Br2-containing solutions, and different 
crystal morphologies are again the reason for the 
observed behavior. 

Curve 5 in Fig. 6 is obtained with a catholyte con- 
sisting of a mixture  of 80% I2 and 2,0% I-I20 by weight. 
The mixture  contains solid I2 and I2 dissolved in H20. 
This catholyte discharged for near ly  24 hr, yielding 
about 65% depth of discharge. Ti trat ion for undis-  
charged I2 yielded less than 2 % of the originally pres-  
ent I2. The balance was lost by evaporation. 

The foregoing cell discharge tests establish the feasi- 
bil i ty of discharging halogen cathodes containing very 
concentrated halogen solutions to large depths of dis- 
charge. However, only very small solution volumes 
were used in these experiments to achieve reasonably 
short discharge times. These studies lead to the forma- 
tion of only very thin crystal layers and cannot be ex- 
pected to represent  the discharge behavior  of cells with 
many  years life. The long- term discharge performance 
and other detailed characteristics of sod ium-amalgam/  
bromine cells, with 10 yr design life, are described 
in Ref. (7). 

Cell perSormance characteristics.--A summary  of the 
more significant performance characteristics of pr i -  
mary  cells employing cathodes of bromine, iodine, air, 
and water is presented in  Table I. 
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Table I. Summary of cell performance characteristics at 25~ 

Voltage at Specific energy Energy density 
Open-circui t  0.1 m A / c m  ~ W - h r / k g  W - h r / k g  W - h r / d m  s W-hr /dm~ 

Cell couple voltage (V) (V) theor, practical  theor,  practical  

Na-Hg/Br~, I-I~O 3.77 3.5 1026 330-440 557 240-330 
Na-Hg/Br2, P.C. 3.34 3.1 910 330-440 492 150-200 
Na-Hg/I~, I-I~O 3.25 3.0 579 220-330 
Na-Hg/I~, P.C. 2.82 2.8 502 170-260 
Na-Hg/O~, NaHCOs 2.90 2.8 1563 660 
Na-Hg/H20,  NaOH 1.85 1.7 991 440 

The theore t ica l  values  for specific energy  and energy 
densi ty  were  calcula ted on the basis of an ini t ial  amal -  
gam composit ion 90% Na/10% Hg and 90% by weight  
ha logen in the  catholyte.  The "pract ical"  values  a re  
computed  op t imum values for current  densit ies not 
exceeding 0.1 m A / c m  2. These values  t ake  into account 
all  cell components  such as the  be t a - a lumina  e lect ro-  
lyte,  cell casing, and current  collectors. Sodium amal -  
g a m / b r o m i n e  cells wi th  a s tored energy corresponding 
to 350 W - h r / k g  and 295 W-hr /dm~ have ac tua l ly  been 
opera ted  to depths  of discharge up to 45%, s imula t ing  
4u y r  opera t ing  life. 

Conclusions 
P r i m a r y  ba t te r ies  employing  sodium be t a - a lumina  

as a solid e lec t ro ly te  membrane ,  sod ium-mercu ry  
ama lgam as the anode, and  halogens, air, or wa te r  as 
the cathodes are  feasible  for opera t ion  at or  near  room 
t empera tu re  wi th  a combinat ion of unique features:  
Essent ia l ly  nondetec table  ra te  of self-discharge,  long 
shelf  and opera t ing  life, and  ve ry  high cell vol tages 
and energy  density. Limi ta t ions  of these cells are  the i r  
inab i l i ty  to pe r fo rm at large  power  levels and at  t em-  
pera tu res  below 21~ For  sodium a m a l g a m / b r o m i n e  
cells, open-c i rcu i t  vol tages of 3.8V and opera t ing  
voltages of 3.5V at 0.1 mA/cm2 have been obtained.  
Cells have  been bui l t  wi th  a s tored energy correspond-  
ing to 350 W - h r / k g  and 295 W - h r / d m  3 and opera ted  
to depths of discharge up to 45%, s imulat ing 41/2 y r  
opera t ing  life. 
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Structural Transformations of the PbO2 
Active Material during Cycling 

A. C. Simon,* S. M. Caulder, *,1 and J. T. Stemmle 1 

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

ABSTRACT 

A combined optical  and scanning electron microscope s tudy of the  PbSO4/  
PbO2 electrode has revea led  changes in the  PbSO4 c rys ta l lography  and the  
tendency  of PbO2 to form a ne twork  during life cycle tests. I t  was found that  
dur ing cycling a definite coral loid s t ructure  developed.  T~e mode of dep-  
osition and crys ta l  form of the PbSO4 crystals  changed wi th  increasing cycle 
life. 

In  a previous  pape r  (1) cer ta in  observat ions  were  
made  concerning the  s t ruc tura l  changes tha t  occurred 
in the PbO2 electrode dur ing cycling. These changes 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
1 I n t e r n a t i o n a l  L e a d  Z inc  Resea rch  O r g a n i z a t i o n  Research Assoc i -  

ate  at  N a v a l  Resea rch  Labo ra to ry .  
K e y  w o r d s :  l e ad  d iox ide ,  l e ad -ac id  ba t t e ry ,  co ra l lo id  m i c r o s t r u c -  

ture ,  p o r o u s  e lec t rode  s t ruc tu re ,  l ead  su l fa te ,  anod ic  f i lm m i c r o -  
s t ruc tu re .  

were  observed wi th  the optical  microscope. Samples  of 
the  positive, or PbO2/PbSO4 electrode, of the l ead -ac id  
ba t t e ry  were  examined,  in both the charged and dis-  
charged state, at  var ious  points  in the  cycle life. P r o p -  
e r ly  p repared  samples (2) were  sect ioned and pol ished 
so that  the  micros t ruc ture  could be examined  in the 
section. I t  was found that  plates  having rad ica l ly  dif-  
ferent  micros t ruc tures  af ter  cur ing and forming were  
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all t ransformed into almost identical s tructures in  less 
than 50 cycles. This led to the conclusion that the 
s tructure developed during cycling was independent  
of either the method used to cure the plates, or to 
accomplish their  formation. 

While the microstructure of the formed electrode 
was usual ly rather  dense and contained only very 
small voids, after a few cycles the voids became much 
larger and the mater ial  sur rounding the voids at first 
became more dense and compact, but  la ter  disinte- 
grated into very loosely joined particles. From this it 
was concluded that gas bubbles, formed during the 
last stages of the charge process, forced apart  the ac- 
tive material  to form channels during their escape to 
the surface. In  the early cycles it was assumed that 
this pressure pushed the active mater ial  that  formed 
the walls of these channels into the more dense than 
original state that was found with microscopy. At a 
later stage, when  the walls became th inner  due to the 
considerable loss of active mater ial  that was washed 
away as sediment, the gas escaped by breaking through 
the existing walls into adjacent channels. 

More recently, examinat ions made with the scanning 
electron microscope, SEM, together with reevaluat ion 
of some of the earlier optical microscope observations, 
and consideration of other recent ly discovered proper-  
ties of the PbO2 active material,  has led to a consider- 
ably different concept of the active mater ial  s t ructure 
and the manne r  of its formation. 

Compilation of Various Observations and Their 
Significance 

Observations with the SEM.--Samples for the SEM 
examinat ion were obtained by subjecting positive elec- 
trodes to capacity charge-discharge operat ion for a 
total of 56 cycles, at which point failure was complete. 
Discharges were made at 35.9 m A / c m  2, charges at 14 
m A / c m  2 in an excess of 1.28 sp gr acid. The system was 
positive l imited so that  both charge and discharge of 
the positive electrode was complete. The positive plate 
voltages were checked by means of a PbO2/PbSO4 ref- 
erence electrode. Samples were obtained for examina-  
t ion at the end of formation and after 10, 20, 30, 40, 
and 50 cycles. To avoid the artifacts occurring at the 
plate surface, examinat ion was made upon the rough 
cross sections obtained by breaking the plate into small  
portions. The accuracy of the observations made on the 
above samples was checked by addit ional examinat ion 
of commercial plates which had received various n u m -  
bers of SAE type cycles. 

The SEM observation revealed the same uniform 
closely packed active mater ial  s t ructure  after forma- 
t ion that had been seen in  the optical microscope 
studies. The exposed surfaces were smooth and ex- 
hibited very li t t le detail, other than  an  occasional basic 
sulfate crystal that  had not  been completely converted 
to PbO2 (Fig. 1). 

With an increasing number  of cycles it was apparent  
that  larger voids were being formed but  the s tructure 
that  was being developed was not clearly revealed in  
the charged electrode unt i l  after 30 deep cycles (Fig. 
2). 

In  the case of examinat ion  of the discharged, or re-  
duced, plate, the s tructure was even more evident, 
main ly  because of the manner  in  which the lead sul- 
fate crystals clustered along the branches of the in ter-  
dependent  parts (Fig. 3). It was clear that this coral- 
loid s tructure was the three-dimensional  counterpart  
of the void-filled structures observed, after cycling, 
with the optical microscope (Fig. 4). The connected but  
involuted na ture  of the s t ructure  was not evident in  
cross sections taken for optical microscopy, nor was 
the extensive surface porosity that  was revealed by 
SEM examination. The three-dimensional  s t ructure  
seen in Fig. 2 is definitely not the result  of gas action. 
Study of many  such areas has made it clear that the 
s t ructure  is an interconnected and continuous ent i ty  
of a very extensive nature. The voids are incidental  to 

Fig. 1. Interior section of a formed positive plate. As seen with 
the SEM. Scale length - -  20 ~m. 

Fig. 2. Corallold structure developed in the charged Pb02 active 
material after 40 capacity discharges. As seen with the SEM. Scale 
length ~ 20 #m. 

its formation and are not the cause. The porous and 
detailed fine s tructure that is shown along the branches 
indicates that no extensive and violent turbulence  of 
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Fig. 3. Ceralloid structure in the discharged active material 
(PbS04 crystals) after 40 dischar.ges. As seen with the SEM. Scale 
length ~ 20 Fm. 

Fig. 4. Coralloid structure as seen in polished cross section of 
positive plate, using optical microscopy. Light material is Pb02, 
dark spaces represent voids in the plate. Scale length ~ 40 ~m. 

the electrolyte has occurred in the vicinity, as would 
be the case if gas bubbles had been generated that  
were sufficiently violent to cause channeling. 

Although operating conditions had been different, 
there was a paral lel ism in  the s t ructural  changes that 
occurred in  the above capacity discharge experiments.  
and those that  took place in plates that had received 
SAE type cycling. It  was evident  that the same struc- 
tural  changes had taken place in  both cases but  that  
these changes had occurred much more rapidly under  
the conditions where the cell was completely dis- 
charged at each cycle. 

Evidence for the presence of electrochemically active 
and inactive forms of PbOz.--It has been found that 
electrochemically active and inactive forms of PbO~ 
coexist in the positive active mater ia l  of the lead acid 
bat tery (3, 4). Studies with nuclear  magnetic  reson- 
ance (NMR) have shown that electrochemically pre-  
pared samples of PbO2 have. hydrogen present in  at 
least two configurations, while chemically prepared 
samples showed only one hydrogen-conta in ing species. 
The chemical nature  of the hydrogen species common 
to both the chemical and electrochemical preparations 
is not yet  clear. The hydrogen-conta in ing species found 
in the electrochemically prepared samples was deter-  
mined not to be present as water. Its exact chemical 
makeup is also not clear. The relaxat ion curves resul t-  
ing from perturbat ions of this hydrogen bonding are 
different for the chemically and electrochemically pre-  
pared PbO~. It  has. been found that  the re laxat ion 
curves of the electrochemically prepared material  
more and more resemble that of the chemically pre-  
pared form as the electrochemical type is cycled (4). 
Since it is well  known that chemically prepared PbO2 
is unsui ted for the manufacture, of active material  be- 
cause it does not develop capacity and cycle properly, 
it can be assumed to be relat ively iner t  to electro- 
chemical action. It  is significant that  the electrochemi- 
cally prepared PbO2, after considerable cycling, ap- 
parent ly  develops the NMR curves of the chemically 
prepared form, with an accompanying loss of capacity. 

Relevant observations from optical microscopy.--In 
studies with the optical microscope (5) residual par-  
ticles of PbO2 were always found wi th in  the crystals 
of lead sulfate formed during discharge (Fig. 5). The 
reason for this residue was puzzling. Before the knowl-  
edge was available that an active and inactive form 
of PbO2 were both present in the active material,  it 
could only be assumed that PbOa was somehow en-  
capsulated wi th in  the growing PbSO4 crystals before 
dissolution of the PbO2 structure could be completed. 
Most logically this could occur as some parts of the 
PbO2 structure became electrically isolated by prior 
dissolution of its connecting network with other por- 
tions. However, it was realized that  this explanat ion 
was not ent irely satisfactory because the PbO2 par-  
ticles wi thin  the PbSO4 crystals appeared to have 
fairly uniform distribution, both throughout  the active 
material  and wi th in  the PbSO4 crystals as well  (Fig. 
5). Moreover, the particles were relat ively isolated 
from one  another and did not occur as agglomerates, 
as one would expect if portions of the PbO2 structure 
became isolated. It is now evident  that these embedded 
particles are the inactive form of PbO2. 

Another  observation result ing from optical micros- 
copy was that  the recharge process, the oxidation of 
PbO2, began with the growth of the residual encap- 
sulated PbO2 particles. Many observations were made 
of electrode sections in  various stages of recharge and 
it was found that  a significantly large number  of the 
embedded PbO2 particles were surrounded by void 
areas wi thin  the PbSO4 crystal, indicating dissolution 
of the surrounding PbSO4 during the growth of the 
PbO2 particle. In  periods of discharge similar voids 
surrounding the PbO2 particles were never  found 
within  the PbSO4 crystals. Moreover it was very fre- 
quent ly  observed that dissolution of PbSO4 crystals 
during charge resulted in a splitt ing into smaller  
crystals. Such split t ing was the result  of preferential  
dissolution around PbO2 particles of such a l ignment  
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Fig. 5. Discharged plate, cress-sectioned PbS04 crystals contain. 
ing large amounts of unreocted Pb02 particles. Light gray Pb$04 
crystals, ef regular outline, contain bright particles of Pb02 en- 
capsulated within their structure. Darkest areas ore voids in the 
active material. As seen with the optical microscope. Scale length 
- -  lO#m. 

as to cause separation of a large PbSO4 crystal into 
several smaller ones, each surrounded by a chain of 
PbO2 particles that  were growing and merging into 
one another. 

It could not be determined if this was the only 
mechanism of growth, since it was also possible that  
the dissolution of PbSO4 crystals in a given area might 
also contribute to growth of PbO2 at a more distant 
point. However, it was indicated that the embedded 
residual particles of PbO2 init iated the growth of the 
PbO2 result ing from the next  charge cycle, by provid- 
ing nuclei  for the crystallization process of the PbO2. 

One further  point of observation was that  these 
nucleat ing PbO2 particles were not always at what  ap- 
peared to be the surface of the PbSO4 crystal. Often 
the embedded particle, with its significant surrounding 
void space, appeared to occur deep within  the crystal, 
as judged from the cross section. The possibility exists 
that the PbSO~ crystal allowed migrat ion of the re- 
acting ions to the deeply embedded site, but  it seems 
more likely that what  appeared in section to be one 
crystal might  in  actuality have been two or more, 
joined along faces not visible in the section, or that 
the apparent ly  deeply buried PbO2 particle might have 
acually been at the surface in a plane either above or 
below that which was sectioned. 

Conclusions 
It can therefore be reasonably concluded that  these 

embedded PbO2 particles that remain at the end 
of discharge are the inactive form of PbO2 that  is re-  
sistive to reduction to PbSO4, although still fully ca- 
pable of acting as nuclei for the crystallization of the 
active form. 

Examinat ion  of discharged plates show that, even at 
the first discharge, there is a large amount  of residual 
PbO2 embedded in  the lead sulfate crystals, even 

though this is the first reduction of the Pb02 that was 
created in the forming process. It  seems safe to as- 
sume that the electrolytic formation has not resulted 
in  PbO2 that is 100% in the active form. 

The clearly defined coralloid s tructure that  develops 
after a period of cycling can therefore be explained 
upon the basis of a "memory" pa t te rn  that  remains 
from cycle to cycle and that originates in  the presence 
of inactive particles of PbO2. 

Assuming the init ial  presence of inactive PbO~ 
particles, uni formly distr ibuted throughout  the active 
material  matrix, it is possible to imagine the release 
of these inactive particles as the surrounding active 
form of PbO2 is dissolved dur ing the discharge process. 
These particles will then settle upon all available sur-  
faces and, while a small  port ion may be lost from the 
plate, a larger portion will settle upon the surfaces of 
growing PbSO4 crystals, to be subsequent ly  encapsu- 
lated. Other of the inactive particles so released will 
settle upon remaining PbO2, to be again released as 
this substrate is fur ther  dissolved. The cont inuat ion 
of this process will tend to concentrate the major i ty  
of the inactive particles in  or on the lead sulfate crys- 
tals and there will, of course, be none left in the voids 
created by the dissolution of the active PbO2. 

On the ini t iat ion of the next  charge cycle the in-  
active particles in the surface of the lead sulfate act 
as nuclei for the growth of the active PbO2 and, as 
these PbO2 particles enlarge and PbSO4 dissolves, 
fur ther  particles are uncovered which will  also enlarge 
and grow together in  the sites where PbSO4 crystals 
had been formed. There is no tendency for the PbO2 
to extend for any great distance into the spaces left 
void in the previous discharge, so that these remain  
defined. With the next  cycle of discharge the PbSO4 
crystals will tend to congregate more closely on the 
existing PbO2 structure and as the active portion of 
the PbO2 dissolves, the inactive port ion will tend to be 
concentrated even more in  the areas where the PbO2 
structure of the previous charge was located. The void 
areas surrounding this network will therefore slightly 
enlarge. 

By a cont inuat ion of this charge-discharge cycling 
a well-defined PbO2 coralloid structure eventual ly  
emerges, which can be repeti t ively reproduced on each 
charge cycle, by reason of the residual inactive PbO2 
particles which it contains. 

The observed coraUoid PbO2 structure appears to 
be of an ideal construction for a porous electrode. 
From optical microscopy of sections it was learned that 
its convolutions have a very  dense PbO2 core, which 
should provide the max imum of s trength and electri-  
cal conductivity in such an in terwoven structure. At 
the same t ime the surfaces of the convolutions are 
found to consist of many  small joined particles that 
present an enormous surface area, of great porosity. 
The much larger voids that occur between the con- 
volutions of the PbO2 structure would seem able to 
provide free flow of electrolyte and to insure that an 
adequate amount  is present  at the reacting surfaces. 

However, the loss of capacity is already in an ad- 
vanced stage when  the coralloid structure reaches its 
mosi perfect form. There are two possible explanations 
for this that  are immediately evident. It is noted that 
when a positive plate is cycled, par t icular ly  at higher 
discharge rates and to a low terminal  voltage, there 
is a continual  change in the method of PbSO4 crystal 
deposition as the cycling continues. On init ial  dis- 
charge cycles, the PbSO4 crystals deposit in consider- 
able disorder, with crystals of a considerable size 
range piled haphazardly upon one another. The result  
is a porous PbSO4 layer and one that probably  reaches 
a considerable thickness before it is able to passivate 
the remaining PbO2 (Fig. 6). As cycling continues, 
however, the crystals become more uniform in size 
and are arranged so that they appear to be tightly 
interlocked, with little or no porosity visible between 
the crystals (Fig. 7). It  is evident  that  such a struc- 
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Fig. 6. Appearance of PbSO4 crystals deposited on the coralloid 
structure after the 5th capacity discharge. As seen with the SEM. 
Scale length ~ 20 ~m. 

Fig. 8. Cross sections of convolutions of the coralloid structure 
of a discharged plate, as seen with optical microscope. Very bright 
areas are at the centers of the convolutions and show dense pack- 
ing of the remaining PbO2 within the PbSO4 crystal envelope. Cross 
section is made perpendicular to the long axis of convolution 
growth. Scale length ---- 10 #m. 

Fig. 7. Very closely packed and dense layer of PbSO4 crystals 
deposited on the coralloid structure after the 15th capacity dis- 
charge. As seen with the SEM. Scale length ~ 20 ~m. 

t u r e  c a n  p a s s i v a t e  t h e  u n d e r l y i n g  PbO2 m u c h  s o o n e r  
t h a n  was  t h e  case in  e a r l i e r  cycles.  C o r r e l a t i o n  b e -  
t w e e n  c a p a c i t y  loss a n d  t h e  o c c u r r e n c e  of  t h i s  o v e r -  

Fig. 9. Same area as Fig. 8, but with polarized illumination. Dark 
areas corresponding to bright areas of Fig. 8 are in reality slate 
gray or black, and, as can be seen, are surrounded by a layer of 
PbSO4 crystals. Scale length --~ 10 ~m. 
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lapped, t ightly packed PbSO4 film is good, which lends 
credibility to this explanation. 

Another  possibility is that  the occurrence of the 
coralloid s t ructure  is itself the cause of the loss of 
capacity. It  has been found that the individual  con- 
volutions of the coralloid structure, while porous on 
the outside, have a very dense core structure. This is 
i l lustrated in Fig. 8. This photomicrograph, of a dis- 
charged plate, shows a cross section of several coral- 
loid convolutions, at right angles to their long axis. 
The bright, near ly  featureless areas are the remaining 
densely packed P b Q  at the center of the convolutions. 
These are surrounded by light gray material  that con- 
sists of cross sections of PbSO4 crystals. These can be 
seen more clearly in Fig. 9, the same. area but  seen by 
polarized light. The bright  material  in Fig. 8, which 
looks black in Fig. 9, could be either electrochemi- 
cally active or inactive PbO2. The point to be made, 
however, is that  a relat ively large amount  of PbO2 
remains at the end of discharge, either because of the 
passivation by the PbSO4 crystals that surround it, or 
because the material  may be the inactive form of 
PbO2, or because the PbO2, although electrochemi- 
cally reactive, is so densely compacted that extensive 
reaction becomes difficult. This compacted condition 
seems to be directly related to the development of the 
coralloid structure. Unfor tunate ly  the centers of the 
coralloid convolutions appear to be dense at some por-  
tions of cycle life and porous at others, under  condi- 
tions not yet defined. For this reason correlation be- 
tween the dense s t ructure  and loss of capacity has not 
been found. 

It is also possible that the increasing amount  of the 
inactive form of PbO~ may be the sole cause of ca- 
pacity loss. This might also explain the gradual break 
up of the coralloid structure that is observed toward 

the end of cycle life. It may be that the increasing 
amount  of this inactive form provides s.o many  nuclea-  
tion centers that very small PbO2 crystals of the active 
species are formed, that are incapable of joining to 
form the aggregates responsible for the coralloid 
structure. 

In  any case, the observations recorded here are con- 
sidered of sufficient importance to warran t  fur ther  
investigation of the coralloid structure, and of the in-  
active form of P b Q ,  as these observations may lead 
to methods for increasing bat tery life, energy density, 
and capacity. 
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Conduction Characteristics of Polycrystalline Lead Fluoride 
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ABSTRACT 

The effect of the aliovalent cation dopants on the ionic conduction charac- 
teristics of the polycrystall ine lead fluoride was studied in the temperature  
range between 25 ~ and 350~ in order to determine the predominate  mobile 
species in both ~-PbF2 and fi-PbF2. It was found that the activation energy 
of motion was 11.6 ___ 0.6 kcal/mote for a-PbF2 and 14.3 +_ 0.6 kcal /mole  for 
~-PbF2. Doping with YF3 did not result  in a change in the value of thee ac- 
t ivation energy for either ~-PbFe or fl-PbF~. However, the activation energy 
of motion for the KF-doped ~-PbF2 was 8.9 _+ 0.3 kcal /mole and that for the 
KF-doped ~-PbF2 was 4.1 • 0.3 kcal/mole. It was concluded from these re-  
sults that Frenkel  disorder is predominate in the lead fluoride lattice. The 
intersti t ial  fluoride ions are the principal mobile species in  the nominal ly  
pure as well as the YF3-doped ~- and ~-PbF2 and the fluoride ion vacancies 
are the principal  mobile species in the KF-doped a- and ~-PbF2. 

The solid electrolyte, properties of lead fluoride in 
both orthorhombic form (~-PbF2) and cubic form 
(fl-PbF2) was investigated by Kennedy, Miles, and 
Hunter  ( i ) .  It was found as in the early work by 
Tubandt  (2) that the conductivity of lead fluoride is 
predominately  due to the fluoride ions. Furthermore,  
Kennedy  et al. (1) reported that the activation energy 
of movement  for the mobile species was about 0.5 eV 
in both forms. 

Although Kennedy  et al. (1) suggested a fluoride ion 
vacancy transport  mechanism in both ~-PbF2 and 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key w o r d s :  l e ad  f luor ide ,  ion ic  c o n d u c t i v i t y ,  ion ic  c o n d u c t i o n  

mechanism,  solid electrolyte.  

p-PbF2, the conduction mechanism has not been in-  
vestigated in detail. 

In  the present investigation the effect of aliovalent 
cation dopants on the conduction characteristics of 
lead fluoride were studied in order to elucidate a 
mechanism for the t ransport  process of the fluoride 
ions. 

Experimental 
Material preparation.--Alpha Inorganics lead fluo- 

ride (99.9-~ %) was used in this study without  further  
purification. Potassium fluoride and y t t r ium fluoride 
(ROC-RIC) were used as the dopants. They were 
dried before use by heating in an evacuated flask at 
about 130~ for several hours then  t ransferred to a 
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Vacuum Atmospheres dry box under  a hel ium atmo- 
sphere. The oxygen and moisture content in the dry 
box was always main ta ined  below 15 parts per mil l ion 
(ppm).  All the sample preparat ion and measurements  
were conducted in  the dry box. 

In  order to prepare the potassium- or y t t r ium-doped  
lead fluoride a stock solid solution was prepared by 
mel t ing a wel l -b lended powder mix ture  of PbF2 and 
KF  or YF~ in  a mole ratio of 98 to 2 at about 850~ 
The result ing clear melt  was quenched to ambient  
tempera ture  and pulverized by means of a Fisher 
mechanical  grinder. The dilution of the doped lead 
fluoride was accomplished by similar procedures. 

It was noted that the doped lead fluoride obtained 
by quenching the melt  to ambient  temperature  was in 
the cubic form. However, the orthorhombic form could 
be obtained by grinding the cubic form of the doped 
lead fluoride in the mechanical  gr inder  for about two 
hours or by  pressing the powder in  a steel die at 
t00,0:00 psi at room tempera ture  then pulverizing the 
pressed pellet using the mechanical  grinder. 

Conductivity measurement - -The  total .conductivity 
of the nominal ly  pure and doped PbF2 in both ortho- 
rhombic and cubic form was measured at various 
temperatures.  Lead electrode [containing 10 weight 
per cent (w/o) of electrolyte] or graphite electrodes 
were used in the conductivity cells. The Pb /PbF2 /Pb  
or graphi te /PbF2/graphi te  conductivity cells were 
fabricated according to the following procedures: 

A weighed amount  of lead fluoride powder was 
prepressed at 4000 psi in a 0.6 in. diameter  steel die. 
While the prepressed pellet remained in the steel die 
the electrode powder was placed on both sides of the 
pellet, the total assembly was pressed at 100,000 psi 
to form the conductivity cell. 

Inasmuch as the cubic form lead fluoride could be 
converted to the orthorhombic form at pressures above 
30,000 psi (1) a conductivity cell for the cubic form 
lead fluoride could not be fabricated by the pressing 
of the cubic lead fluoride powder. In  order to obtain 
a conductivity cell of lead fluoride in the cubic form 
the orthorhombic lead fluoride conductivity cell was 
heated to about 350~ Since the cubic lead fluoride 
has a lower density than the orthorhombic lead fluo- 
ride, the conversion of a-PbF2 to ~-PbF2 would result  
in a volume expansion of the pellet. This volume ex- 
pansion often caused cracking of the pellet as noted 
by Kennedy  et al. (1). Nonetheless, it was reported 
(1) that the rate of interconversion is highly tempera-  
ture dependent  and the temperature  where /he phase 
t ransi t ion is observed depends on the heating rate. It 
was found during our investigation that  in order to 
avoid cell cracking due to the volume expansion upon 
conversion of a-PbF2 to ~-PbF2 the temperature  of the 
sample must  be increased gradually. A rate of l ~  
was found to be sufficient to convert the lead fluoride 
from the orthorhombic form to the cubic form without  
fracturing the pellet. 

The geometric area of the lead fluoride pellet was 
calculated from the diameter and the thickness was 
determined by measur ing a lead fluoride pellet of the 
same weight formed under  similar  conditions but  
without  the electrodes. 

The conductivity of the pellet was determined from 
the resistance of the conductivity cell which was held 
in a lava cell holder and measured by means of a Gen-  
eral Radio conductance bridge at 1000 Hz. Resistance 
measurements  were also made with square wave ex-  
citation from 1,000 to 10,009 Hz of a bridge constructed 
from Helipot precision potentiometers. A Tektronix 
Type E differential preamplifier made possible the ap- 
plication of only 3 mV peak to peak to the sample. 
Same results were obtained using both techniciues. 

A Blue M Model M10A resistance furnace was used 
to main ta in  the temperature  of the conductivity cell 
above ambient.  

X-ray diffraction analysis.--The x- ray  diffraction 
pat terns of the nomina l ly  pure and doped lead fluoride 

were obtained at room temperature  using a Philips 
diffractometer with CuK~ radiat ion through a Ni filter. 

Transference number measurement - -The  t ransfer-  
ence numbers  of F -  in the YFs-doped a-PbF2 were 
determined at 110~ using the Tubandt  method. A 
Pb/~-PbF2//a-PbF2//a-PbF2/graphite cell was used 
for the measurement.  The weight change in  both 
the Pb/~-PbF2 and the ~ - P b F J C  pellets after the pas- 
sage of a current  was used to determine the t ransfer-  
ence number.  An Electronics Measurements M-621 con- 
stant current  supply was used to provide the current  
for electrolysis. The electrolysis was carried out at a 
constant curent of 1 mA for exactly 80 hr. A silver 
coulometer was used to measure the total number  of 
coulombs used for the electrolysis. The weights of 
the pellets in the cell were weighed using a Mettler 
H15 balance before and after the electrolysis. 

Results 
The x-ray  diffraction patterns showed that the lead 

fluoride pellet formed from the commercial powder 
material  was in the orthorhombic form (~-PbF2). No 
impur i ty  was found by the x - ray  diffraction analysis. 
Nonetheless, some impurit ies were found by spectro- 
photographic analyses. The impur i ty  contents are 
shown in Table I. The conversion to the cubic ~-PbF2 
was accomplished by heating the pellet gradual ly  to 
about 350~ Once the ~-PbF2 was formed it remained 
stable at room tempera ture  and pressure. Kennedy  
et al. (1) found that the room temperature  equi l ibr ium 
potential  of the Pb/.8-PbF2//KFaq.//a-PbF2/Pb cell 
was +1.7 mV and suggested that ~-PbF2 was in  fact 
more stable than  a-PbF2 at room tempera ture  and 
pressure. 

Figure 1 shows the temperature  dependence of 
the total conductivity for the nominal ly  pure lead 
fluoride in both , and ~ forms. Inasmuch as the elec- 
tronic conductivity is negligible compared with the 
ionic conductivity in lead fluoride (1,3) the data 
shown in Fig. 1 may be regarded as character-  
istic for ionic conduction. It was noted that the con- 
ductivity of lead fluoride was general ly independent  of 
the electrode material.  Similar  results were obtained 
when either graphite or lead was used as the electrodes 
in the conductivity cells. The conductivity of ~-PbF~ 
was higher than that of a-PbF2 at the same tempera-  
ture. However, similar activation energies for conduc- 
tion were found for both ~-PbF2 in the temperature 
range between 25 ~ and 300~ and /~-PbF2 in the tem- 
perature range between 25 ~ and 350~ It is noted that 
Kennedy et al. (1) concluded from their  conductivity 
measurements  that both forms of lead fluoride ex-  
hibited the same activation energy of movement.  
Nonetheless, the values of the activation energy cal- 
culated from the data shown in Fig. 1 were 11.6 _ 0.6 
kcal /mole for a-PbF2 and 14.3 • 0.6 kcal /mole for 
~-PbF2. It is most l ikely that these activation energies 
were for the mobil i ty  of the conducting species inas-  
much as the conductivity was measured at relat ively 
low temperatures  (1). No at tempt was made to study 
the conduction characteristics in the intr insic region. 

Table I. Results of spectrographic analysis of the commercial ~-PbF~ 

Concen t r a t ion ,  pa r t s  
I m p u r i t y  pe r  m i l l i o n  (ppm) 

A1 10.0 
A g  8.0 
B i  40.0 
Ca 10.0 
Cu 7.0 
Cr  0.5 
F e  75.0 
M g  1.0 
Mn 1.0 
Mo 5.0 
Ni 2.0 
Sn 6.0 
Si 20.0 
S r  0.7 
T i  5.0 



468 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY April 1975 

T 

I0 -  2 , 350,, 

j0-3 

A 

E 10-4 
I 

E 
e . -  

0 

~ 10 . 5  
> 
b-- 

a 
z I 0  - 6  
8 

io-z 

tO-8  L 
1.4 

TEMPERATURE, ~ 
2 5 0  150 I00 

I I I I 

5O 
I 

1 

1.8 2.2 2.6 3D 3.4 

I / T  x 10 3 ~ t 

Fig. 1. The temperature dependence of the total conductivity of 
polycrystalline lead fluoride, a, ~-PbF2; b, ~-PbF2. 

The conduction characteristics of both forms of lead 
fluoride were altered by doping with potassium fluo- 
ride. The conductivi ty was increased substant ial ly by 
the incorporation of potassium fluoride in the lead fluo- 
r ide lattice. Furthermore,  a substantial  decrease in 
activation energy was observed for both a-PbF2 and 
/~-PbF2 upon doping with KF. 

Figures 2 and 3 show that the conductivity of the 
doped lead fluoride at room temperature  increased 
l inear ly  with the potassium fluoride concentrat ion up 
to 1 mole per cent (m/o) .  Figures 4 and 5 show the 
temperature  dependence of the conductivity for the 
KF-doped lead fluoride in  comparison with that for 
the nominal ly  pure lead fluoride in both forms. These 
results showed that  the inclusion of potassium fluoride 

8 T.. 
E 
o 
I 

0 

o 

•  >.. 
I-- 

I.- 
0 2 
r ' ~  

Z 
o r~ 

0 
0 

I I I J 
0.2 0.4 0.6 0.8 1.0 

CONCENTRATION OF KF, m/0 

Fig. 2. The effect of KF dopant on the conductivity of c~-PbF2 at 
25 ~ • 2~ 

T 8 ~ I I I | 

E 
o 

e 6 -  r 

%- 
- x 4 -  o _ 

I--- 
o 2  

Z 
o 

0 
0 0.2 0.4 0.6 0.8 1.0 

CONCENTRATION' OF KF, m /o  

Fig. 3. The effect of KF dopant on the conductivity of ~-PbF~ at 
25 ~ _ 2~ 

TEMPERATURE ,~  
3 5 0  2 5 0  150 I 0 0  5 0  

"--tU2 t I t t t I I 

t 0 -3  _ 

10 - 4  _ 

r  

& 

~ ' 1 0 - 5  _ f 
z 
t -  
o 

z 10 -6 _ 
0 
o 

i 0 - z  _ 

10 -8 I I I I 
1.4 1.8 2.2 2.6 3.0 3.4 

I / T x l O 3 , ~  
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polycrystalline ~-PbF2. a, Nominally pure; b, 0.1 m/e KF; c, 0.3 
rn/o KF; d, 0.5 m/o KF; e, 0.8 m/o KF; f, 1 m/o KF. 

changed the activation energy of mobil i ty from 11.6 _ 
0.6 kcal /mole  to 8.9 + 0.3 kcal /mole for a-PbF2 and 
from 14.3 _ 0.6 kcal /mole to 4.1 • 0.3 kcal /mole for 
/~-PbF2. The change in the activation energy indicated 
a change in the conduction mechanism. It was known 
from the transference number  meausrements  (1, 2) 
that the ionic conductivity of lead fluoride was pre-  
dominately due to the fluoride ions. The transport  of 
fluoride ions are either via interstit ials or via va-  
cancies. The effect of doping on the t ransport  mech-  
anism was shown by the change in activation energy. 
In  order '  to determine whether  the interst i t ial  or the 
vacancy was the prevail ing mechanism, the effect of 
t r ivalent  cations on the conduction characteristics of 
lead fluoride was also investigated. It was found that  
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The transference number  of the fluoride ion in the 
y t t r ium-doped a-PbF2 was determined using the 
Tubandt  method at 110~ A value of 0.94 ~ 0.02 was 
obtained as shown in  Table II. 

Discussion 
Inasmuch as lead fluoride is an anionic conductor 

(1, 2), either the fluoride ion vacancy and interst i t ial  
fluoride ion pairs (Frenkel  disorder) or the lead ion 
and fluoride ion vacancies (Schottky disorder) are 
the predominate defects. In  the case of Frenkel  dis- 
order, the fluoride ion vacancies and/or  the interst i t ial  
fluori.de ions may be the mobile species; in  the case of 
Schottky disorder the fluoride ion vacancies are the 
mobile species. 

It  is known  (4) that the cubic lead fluoride has 
Frenkel  defects. Accordingly, the interst i t ial  fluoride 
ions and the fluoride ion vacancies are the intr insic 
point defects. Upon doping with KF and YFs, the fluo- 
ride ion vacancies and the interst i t ial  fluoride ions are 
generated respectively as shown by the following 
equations 

KF--> Kpb -~ FF + VF [1] 

Y F 3  --> YPb  "-~ 2 F F  -~- F i  [ 2 ]  

Where Kpb denotes the potassium ion at a lead ion 
site in  the lattice with an effective charge of --1, YPb 

Table II. Transference number measurement on the 0.3 m/o 
YF3-doped ~-PbF2 at 110~ 

Weight before Weight af ter  
electrolysis, g electrolysis, g 
(including the (including the Weight  

Electrode weighing bottle) weighing bottle) change 

~-PbF~/graphite  pellet 82,0883 82.0032 --0.0351 
Middle ce-PbF2 pellet 82.2547 82.2521 --0.0026 
Pb/a-PbF~ pellet 83.7969 83.8339 +0 .0370  

the conductivity of PbF2 was increased by doping with 
YF3. However, the activation energy for the conduc- 
t ion process remained the same as shown by Fig. 6 and 
7. These results indicated that the conduction mech-  
anism was not affected by the incorporat ion of the 
t r ivalent  y t t r ium ions. 

Current  = 1 mA.  
Total change = 283.0 cou]ombs. 
Transference  n u m b e r  of the fluoride ion, t~-- = 0.94 -~ 0.02. 
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the y t t r ium ion at a lead ion site with an effective 
charge of -}-1, FF, Vi~, and Fi represent  respectively 
the fluoride ion at a fluoride ion site, the fluoride ion 
vacancy with an effective charge of -}-1 and the  in ter -  
stitial fluoride ion with an effective charge of --1. 

Our experimental  results showed that upon doping 
with KF the conductivity of ~-PbF2 was increased 
substantially.  Furthermore,  Fig. 5 shows that the acti- 
vation energy of motion is decreased from 14.3 _ 0.6 
kcal/mole for the nominal ly  pure ~-PbF2 to 4.1 ___ 0.3 
kcal/mole for the KF doped ~-PbF2. These results in-  
dicate a difference in  conduction mechanisms. In view 
of Eq. [1] we conclude that the predominate mobile 
species in the KF-doped ~-PbF2 are fluoride ion va-  
cancies while that in the nominal ly  pure ~-PbF2 are 
interst i t ial  fluoride ions. 

These conclusions are also supported by the conduc- 
tion characteristics of the YFs-doped ~-PbF2. Upon 
doping with YF~ the concentrat ion of the interst i t ial  
fluoride ions was increased result ing in a conductivity 
increase for ~-PbFe. Nonetheless, the activation energy 
of motion remained unchanged indicating common 
mobile species which are interst i t ial  fluoride ions 
(Eq. [2]). Accordingly, in the cubic form for lead 
fluoride the activation energy for the mobil i ty of in-  
terstit ial  fluoride ion is 14.3 --+_ 0.6 kcal /mole and that 
of the fluoride ion vacancy is 4.1 _ 0.3 kcal/mole.  

For the orthorhombic ~-PbF2 we have considered 
both the Frenkel  and the Schottky disorders. In  the 
situation where Frenkel  disorder prevails it has been 
shown in Eq. [1] and [2] that fluoride ion vacancies 
and intersti t ial  fluoride ions are generated by doping 
with KF and YF3 respectively. In  the situation where 
Schottky disorder is the predominate  defect structure, 
doping with KF also results in an increase in the 
fluoride ion vacancy concentration as shown in Eq. [1]. 
The inclusion of YF3 in ~-PbF2 with Schottky disorder 
will generate the lead ion vacancies as shown in the 
following equation 

2YF8--> 2Y~b ~ 6FF ~ V~b (3) 

where Ybb and V~D represent respectively the y t t r ium 
ion at a lead ion site with an effective charge of 4 1  
and the lead ion vacancy with an effective charge of 

--2. However, results from the transference number  
measurements  (Table II) showed that the YFa-doped 
~-PbF2, same as the pure lead fluoride (1, 2) is an 
anion conductor. Furthermore,  from the activation en-  
ergy shown in Fig. 6 it is noted that the same trans-  
port mechanism prevails in the YF~-doped and the 
nominal ly  pure ~-PbF2. Therefore, we concluded that 
lead ion vacancies cannot be the principal conducting 
species. Furthermore,  if Schottky disorder were the 
predominate defect s tructure then the mobile species 
would be the fluoride ion vacancies in both the nomi-  
nally pure and the KF-doped  a-PbF2. However, Fig. 4 
shows that the activation energy of motion for the 
nominal ly  pure ~-PbF2 is different from that for the 
KF-doped ~-PbF2 indicating different mobile species 
in the two ~-PbF2 under  discussion. Therefore, it is 
unl ikely  that  Schottky disorder is predominate in 
~-PbFe. 

Our experimental  data would indicate that (i) two 
mobile species are present  in ~-PbF2 (Fig. 1, 4, and 6) 
and (it) both of the mobile species t ransport  fluoride 
ions (Table II) .  Therefore, we concluded that  Frenkel  
disorder is also predominate in ~-PbF2 as in ~-PbF2. 
Accordingly, in a-PbF2 the activation energy for the 
mobility of the interstitial fluoride ion is 11.6 • 0.6 
kcal/mole and that for the mobility of the fluoride ion 
vacancy is 8.9 ___ 0.3 kcal/mole. 

Manuscript submitted Oct. I, 1974; revised manu- 
script received Dec. 5, 1974. 

Any discussion of this paper will appear in a Dis- 
eussion Section to be published in the December 1975 
JOIJRNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. I, 1975. 

Publication costs of this article were partially as- 
sisted by P. R. Mallory and Company, Incorporated. 
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ABSTRACT 

Constant current  charging curves from 10 -6 to 10 -1 A-cm -2 are used to 
study the mechanism of growth of anodic oxide films at p la t inum in  H2SO4 
solutions. At any constant current  density the potential  ini t ial ly changes 
l inear ly  with time. In  this l inear  region no 02 is evolved. The l inear  region 
is followed by a region Jn which potential  changes logari thmically with t ime 
while oxygen evolution becomes the predominant  reaction. The thickness of 
the oxide films at which the transi t ion occurs depends on the applied current  
density but  for all current  densities it is less than 10A. Both in the l inear  and 
the logarithmic region the ellipsometric thickness-t ime relationships essen- 
t ial ly parallel  the V - t  relationships. The rate of growth is described by 
i ---- io exp [~(V -- Vo)/d] where d is the thickness and Vo the potential  at 
which oxide film starts to grow. From the transfer coefficient a, that is equal 
to 158 A-V -1, it was deduced that the oxide phase is composed of divalent  
p la t inum ions, i.e., the oxide phase is Pro.  It is suggested that the ra te-deter -  
mining  step is a process at the metal /oxide interface rather  than a process 
at the oxide/solut ion interface or a process wi thin  the bulk  of oxide. The 
distr ibution of the potential  between the oxide film and the double layer is 
discussed. It is shown that the potential  difference across the solution double 
layer is constant for the growth at current  densities examined here. This is 
possible if the electrochemical reaction in  the double layer  is fast. 

The na ture  of the "oxygen containing films" at 
p la t inum electrodes at potentials anodic to about 0.7V 
vs. hydrogen electrode has been the subject of numer -  
ous recent studies (1-20). Views of various workers 
range from " . . .  the film is all absorbed o x y g e n . . . "  
(13) - -even  at potentials as high as 2.2V and for cover- 
ages over 2.5 oxygen atoms per p la t inum atom in the 
surface,--to " . . .  it is a phase oxide . . . .  " - -par t icu lar ly  
above 1.0V. The lat ter  potential  was taken to repre-  
sent, somewhat arbitrari ly,  a border between potential  
regions of chemisorbed oxygen (from about 0.7-0.95), 
and oxide phase (9, 21) (above about 1.0V). Electro- 
chemical or chemical evidence alone was not sufficient 
to resolve the problem. It is only in  recent studies, 
par t icular ly those based on reflectance and ellipso- 
metric measurements  (3-6), low energy electron dif- 
fraction (22), and field ion spectroscopy (23) that 
conclusive evidence was provided favoring the view 
that above 1.0V " . . .  the film is made of an oxide of 
p la t inum forming a definite p h a s e . . . "  (6) while below 
about 1.0V " . . .  the film is composed of [reversibly 
(21) ] chemisorbed oxygen species" (4, 6). The latest 
evidence, both from the ellipsometric studies and 
Auger spectroscopy (24) indicated that divalent  plati-  
num constituted the oxide phase. This is in agreement  
with an early finding of Anson and Lingane (1) that 
the chemically stripped anodic oxide films correspond 
mostly to Pro.  

Due probably to this divergence of views regarding 
the "nature" of the oxygen-containing films, little at-  
tent ion has been paid to the analysis of the kinetics 
and mechanisms of the anodic film growth at platinum. 
This is sharply contrasted to the extensive work of 
anodic oxide formation on valve metals, or on metals 
"known to passivate," such as nickel or iron. Reddy, 
Genshaw, and Bockris (5) have concluded from their 
steady-state ellipsometric measurements  that the oxide 
films at p la t inum grow by "a place exchange mech- 
anism" leading to the direct logarithmic la~v of growth. 
Vetter and Schultze (15) examined the rate of growth 
as a function of t ime at various constant potentials;  
from their data it is evident  that the same law of 
growth holds for oxide film grown at constant poten- 
tials. For polarization at constant current  density, 

Key  words:  plat inum, chronoell ipsometry,  anodization. 

however, Vetter and Schultze (16) have observed a 
different law of growth; it can be described by the 
wel l -known Mott's equation for growth of oxide films 
in the presence of a high electric field wi thin  an oxide 
film. 

In  the present study we have examined the kinetics 
of oxide film growth at p la t inum anodes at the early 
stages of polarization with various constant current  
densities, and analyzed the mechanism of growth in 
the potential region in which no significant oxygen 
evolution occurs. 

Experimental 
An all-Pyrex,  two-compar tment  cell used in present 

experiments was similar to a cell previously described 
(25). A p la t inum wire test electrode (diameter -- 0.5 
mm) was "sealed" at one end into a soft glass tube 
that fitted a Beckman stopcock closing the main  com- 
partment.  Geometrical area of the electrode was 0.5 
cm 2. Stated pur i ty  of the metal  was better  than 
99.999%. The solution was made with tr iple-dist i l led 
water  (with two distillations in an all quartz system) 
and Analar  grade H2SO4. Final  cleaning of the cell and 
electrodes was made in situ with tr iple-dist i l led water  
and then acid solutions of the same concentrations as 
used in subsequent  experiments.  

Prior to any measurement  a test electrode was 
abraded with polishing papers (ending with 40), and 
then after extensive washing was subjected to a few 
high (~2.0V) anodic pulses (10-30 sec) followed by 
cathodic (0.0V) pulses (20-60 sec). The roughness 
factor of electrodes was determined by capacitance 
measurements  in the potential region close to 0.5V, and 
current  densities were corrected for the roughness of 
the electrodes. 

A potentiostat  (Tacussel PRT 40-1X) connected for 
a galvanostatic mode of operation was used. Potentials 
of the test electrode with respect to a hydrogen elec- 
trode in the same solution were measured with an 
electrometer (Keithley 610) and recorded with t ime 
on a s tr ip-chart  recorder (Mosley 1100). For high cur-  
rent  densities and fast rise of potentials, an oscillo- 
scope (Tektronix, Type 564 with 2A63 differential 
amplifier and 612 oscilloscope camera) was used. 

In  a few experiments, a rotat ing disk p la t inum elec- 
trode with a concentric r ing electrode was used to de- 
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tect the early stages of oxygen evolution. After  a con- 
s tant  current  was applied to the test electrode; first 
oxygen gas evolved at the disk electrode was quant i ta -  
t ively detected (as a funct ion of time) at the ring 
electrode kept at 0.5V. Solution in  these experiments  
was saturated with argon. 

Finally, in  as yet pre l iminary  experiments,  the early 
stages of oxide growth at p la t inum at a constant cur-  
rent  density were followed wi th  t ime by  an automatic 
ellipsometer (Rudolf Research Inc. Automatic Ell ip- 
someter).  The thickness of oxide film was determined 
in situ upon reflection of polarized light from a mir ror -  
polished p la t inum disk electrode (diameter ---- 12 mm) .  
The cell used in this work was similar to those de- 
scribed by other workers (26). All experiments  were 
performed at room temperature.  Potentials refer to 
h:~drogen electrode in  the same solution (HE). 

Results  
Preliminary experiments.--At prereduced electrodes 

in solutions saturated with oxygen under  1 atm pres- 
sure a potential  close to 0.98V was readily established 
in less than 1 min. In  argon-satura ted solutions an un -  
stable, slowly drif t ing potential  in  the region 0.3-0.7V 
was observed. When a constant current  is applied to 
an electrode at rest a l inear  V-t region is observed at 
potentials above 1.0V. This l inear  region is followed 
by a region in  which the potential  changes only very 
slowly with t ime (Fig. 1). This region does not, how- 
ever, represent  a steady state: in  this region too the 
potential  increases with time, bu t  now according to a 
direct logari thmic ra ther  than a l inear  law. The log- 
arithmic dependence extends to at least 2.104 sec (Fig. 
2). Irrespective of whether  a constant current  is ap- 
plied to an electrode in oxygen-  or argon-saturated 
solution the slopes of the charging curves in  the l inear  
region were the same above 1.0V. For this reason, only 
the data obtained in  oxygen-saturated solutions are 
presented here. 

Vigorous st irr ing of the solution by bubbling,  or 
rotat ion of a disk electrode, had no effect on the V-t  
curves. This result  shows that the mechanism of anodic 
film growth at p la t inum does not follow the dissolu- 
t ion-precipi tat ion path. Finally,  a test was made to 
ascertain whether  mechanical  damage of the electrode 
surface, which could result  from polishing, affected 
the polarization behavior  of the electrodes. No signifi- 
cant change in  the V-t curves was detected at me-  
chanically polished as compared to ini t ia l ly flamed 
(presumably annealed)  electrodes providing the elec- 
trodes were treated by al ternat ive anodic-cathodic 
pulses and the correction for roughness factor was 
made. Electrodes were always prereduced prior to an 
exper iment  by potentiostat ing in the potential  region 
0.4-0.5V for a few minutes.  When an electrode was not 
well reduced, the rate of change of potential  was high 
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Fig. 1. Change of potential with time of polarization with con- 
stant current density i ~ 1.82 �9 10 - 5  A-cm -2 .  Solution 2N H2SO4. 
The linear region is followed by a quasi steady state. 
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Fig. 2. Change of potential with time during the extended growth 
of oxide film. i - "  5 . 5  �9 10 - 4  A-cm -2 .  Solution 2N H2S04. 

and not reproducible. The electrolyte was f requent ly  
replaced with fresh solution to avoid possible con- 
taminat ion with H20~. 

Charging curves at constant current densities.--A 
series of charging curves for different constant current  
densities ranging from about 10-6-10 -1 A-cm-2  are 
plotted vs. total charge, q, in  Fig. 3. These curves are 
obtained in  2N H2SO4 solution. Identical  data with 
respect to HE are obtained in 0.1 and 0.01N solutions. 
A l inear  dependence of 9" on q is evident  in all charg- 
ing curves at or above 10-6 A-cm-2.  Charging curves 
below 10 -6 A-cm -2 f requent ly  exhibit  a shoulder 
around 1.2-1.39,, after which the potential  increases 
l inear ly  with time. 

The l inear V-t relationship has f requent ly  been re-  
ported (14, 16-18. 27, 28) and is interpreted to repre-  
sent the bui ldup of an oxygen-containing film at elec- 
trodes without oxygen evolution. The. rotat ing disk- 
r ing electrode assembly offers here an additional proof 
for this. When a constant current  is applied across the 
disk electrode no current  is detected at the r ing elec- 
trode for as long as the potential  of the disk remained 
in the l inear  V-t region (29). Accordingly, all, or at 
least the major  part  of the current  at the disk goes for 
formation of oxygen film. Only close to, or after the 
knee in the V-t curves (cf., N in Fig. 1) oxygen starts 
to evolve at the disk and is detected at the r ing elec- 
trode. At this point the ring current  increases rapidly 
and soon reaches the value that  corresponds almost 
completely to the current  at the disk electrode. Addi-  
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Rg. 3. Linear change of potential with oxygen coverage at initlal 
stages of oxide growth at different constant currents of polariza- 
tion. Z~, 3.6 �9 10-2;  [-/, 1.8 �9 10-~;  e ,  5.5 �9 10-4;  A ,  1.8 �9 10-~;  
and C), 7.3 �9 10 -T  A-cm -~ .  Solution 2N H2S04. 
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Fig. 4. Initial, linear change of potential with coulometric thick- 
ness at 1.8 �9 10 . 5  A-cm - 2  in: A ,  0.01; O, 0.1; and l'q, 2N H2504 
solutions, e ,  1.8 �9 10 - 4  A-cm - 2  in 0.1N H2S04. 

t ional experiments  verified that  the response of the 
r ing electrode was fast so that  the "delay" in  the r ing 
current  was due only to the "induction" period for 
oxygen evolution at the disk electrode. 

pH dependence.--The effect of pH is shown in Fig. 4, 
where the V-q curves at a given c u r r e n t d e n s i t y  in 
solutions of different pH are plotted. In  this figure the 
potentials refer to NHE. There  is a strong dependence 
of the position of the V-q lines on pH, but  the slopes 
of the charging curves at a given current  density are 
not affected by pH. For any constant  charge, q, and 
current  density, i, the potential  with respect to NHE 
changes by about --60 mV per un i t  of pH, i.e. 

( OV ) ~ - -2 .3RT/F  [I] 
q,i 

Ellipsometric determination o~ film thickness.--The 
changes in azimuth and ellipticity associated with the 
changes in the electrode surface from the initial, 
freshly reduced fi lm-free state 1 to the final anodically 
oxidized state were used to calculate the change 
(Ao -- h) in  the relative phase retardation, ~, be- 
tween components of the light polarized perpendicular  
and parallel  to the plane of incidence, respectively. 
This change was used to calculate the mean  film thick- 
ness, d, using Drude's approximation, 2 [ (ha -- A ) :  kd], 
a relationship valid for films th in  compared with the 
wavelength of light. 

The optical constants (nl  ---- 2.80; n~ ---- 1.94; K2 ---- 
4.36) used here to calculate thickness were taken from 
the work of Kim, Paik, and Bockris (6) who deter-  
mined  these parameters ent i re ly  from ellipsometric 
data. Here, n l  is the refractive index of the film, and 
n~ and ~2 are the refractive index and absorption con- 
stant, respectively, of the p la t inum substrate. With 
angle of incidence r ---- 75 ~ corrected for refraction 
through the cell windows and wavelength )~ ---- 5460A, 
the constant k in Drude's equation is calculated as 
0.263 A -1. The film thicknesses are then typically less 
than  10A, and the use of Drude's equation is justified. 

Ellipsometric data revealed a l inear  change of 
with time, t, during the init ial  stages of polarization 
at constant current  density. The variat ion of A or d 
vs. t at different applied current  density is somewhat 
obscured due to the scatter of data and the narrow 
region of accessible current  densities for ellipsometric 
work. However, the a-t ,  or d-t relationships essentially 

1 The  f i lm- f ree  cond i t i on  ex is t s  u n d e r  po t en t i o s t a t i c  c o n d i t i o n s  a t  
0.5V HE. A t  0.98V the  phase  r e t a r d a t i o n  was  s o m e w h a t  l ower  r e -  
f l ec t ing  the  p resence  of a d s o r b e d  species  on  t he  e lect rode.  

The  a s s u m p t i o n  i m p l i c i t  i n  D r u d e ' s  a p p r o x i m a t i o n  is t h a t  t he  
r e f r a c t i v e  i n d e x  of the  f i lm is i n d e p e n d e n t  of th ickness .  S ince  the  
a d s o r b e d  l aye r  and  the  f i lm u l t i m a t e l y  f o r m e d  m a y  no t  h a v e  s i m i l a r  
r e f r a c t i v e  i n d e x  t he  D r u d e  a s s u m p t i o n  w i l l  l ead  to  a s m a l l  b u t  c o n -  
s t a n t  e r r o r  in  ca l cu l a t ed  t h i c k n e s s e s .  
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Fig. 5. The dependence of potential on ellipsometric thickness in 
the initial linear (full symbols) and subsequent logarithmic growth 
(open symbols) of oxide films. �9 and [-I, 1 . 5 . 1 0 - 5 ;  �9 and O ,  
5 �9 10-5;  and �9 and Z~, 1.5" 10 - 4  &-cm -~ .  Solution 2N H2SO~. 

parallel  the V-t relationships both in  the l inear  V-t 
and the logarithmic growth region. When ~ or d is 
plotted against V, l inear  relationships appear for both 
growth regions as shown in  Fig. 5. Here, only the 
growth in the l inear  region is discussed; the discussion 
of the extended growth region is deferred to a subse- 
quent  paper. 

Discussion 
Since in  the l inear  V-q (or V-t) region all the cur-  

rent  is used to build up an oxide film (with no signif- 
icant losses to corrosion or oxygen evolution) the 
kinetic data in this region appear par t icular ly  suitable 
for the s tudy of the mechanism of ini t ia t ion and 
growth of the anodic oxide films at plat inum. Only 
in this region do oxides grow under  controlled and 
ideal conditions of constant current  density. Once oxy-  
gen starts to evolve, or becomes a major  product in  the 
over-al l  reaction, oxides continue to g~ow but  now at 
a much reduced and no longer constant rate. As is dis- 
cussed later, the observed l inear  change of the poten-  
tial with time represents the change of the potential  
across the oxide film only, the potential  across the 
double layer being constant for a constant current  
density. Once oxygen starts to evolve the total poten-  
tial difference across the electrode is expected to 
rearrange and redistr ibute across the oxide film and 
the double layer. The new distr ibution will now be 
controlled by the major  on-going reaction, the oxygen 
evolution reaction, and no longer directly by the 
growth of the oxide film. Though in  this region most 
of the current  is used for oxygen evolution, the ob- 
served potential  change still represents the change in  
the thickness of the oxide film (25). The analysis of 
the oxide growth, however, becomes more complex 
since both the current  for oxide growth and the po- 
tential  difference across the oxide film change with 
t ime (25, 30). Under  potentiostatic conditions too, the 
mechanistic analysis of oxide growth is ra ther  complex 
since again both the potential  difference across the 
oxide film and the current  density for oxide growth 
(or 02 evolution) change s imultaneously with time. In  
this paper the rate of growth is analyzed for the initial, 
l inear  region before the onset of oxygen evolution. 

The rate equation o] oxide growth.--The most sig- 
nificant aspect of the present  results, and the one 
which is characteristic for the mechanism of growth, 
is that  the (OV/Oq)~ slopes increase l inear ly  with 
logari thm of the applied current  density. The l inear  
relationship extends for over several decades of cur-  
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Fig. 6. The dependence of slopes in V-q diagrams on current 
density. @, Oscilloscope recording; Q, recording with a mechani- 
cal recorder. Solution 2N H2S04. /% Data of Vetter and Schultze 
(16) in IN H2SO4 solution. 

rent  density (Fig. 6). In  Fig. 6 in addit ion to many  
data obtained in the present work, data from the work 
of Vetter and Schultze (16) are included for compari-  
son. The lat ter  data are, however, scaled to the present 
data by a factor of 1.3 to compensate for the difference 
in electrode roughness. The fact that a single scaling 
factor brings both the position and slopes of (0V/aq)i  
vs. log i to overlap, justifies in itself the scaling pro- 
cedure. From Fig. 6 one obtains 

( O~q )i=clni_~ b [2] 

with c ---- 57 V-cmf-C -1, and b : 1280 V-cm2-C -1 
when i is in A-cm -2. Wri t ing b ~- --c l n i o  with io as 
a constant, [2] t ransforms to 

= c In ~ [3] 
io 

From Fig. 2, the dependence of potential  on loga- 
r i thm of current  density at any constant charge, q, is 
obtained (Fig. 7). From Fig. 7 it follows that 

( ov 5 [4] /q ~- aq 

With a equal to 62 V-cmf-C -1. It  is convenient  to con- 
vert  q into average thickness, d, of the oxide film ac- 
cording to d ---- rq where r is a conversion factor. 

At constant pH and temperature,  V is a function of 
in  i and d, only, i.e. 

V = V (ln i, d) [5] 

and from [3] and [4] one obtains 
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Fig. 7. "Tafel slopes" for oxide growth at constant thickness of 
oxide film. II,  800; Q ,  655; V1, 510; A ,  365; and @, 220 ~C- 
cm -2 .  Solution 2N H2SO4. 

dV = (ad/r) O In i + (c/r)  In (i/io) Od [6] 

Integrat ion of [6] yields 

i = i o e x p  [ ~ ( V - - V o )  [ ~AVof -~ ] = i o e x p L - - - ~ ]  [7] 

Here, Vo is the. potential  at d = 0, and AVof the poten- 
tial difference across the oxide film. Factor a ( =  r/a) 
is the t ransfer  or field coefficient as it is sometimes 
called. It follows that a -- c, in  fair agreement  with 
t h e  experimental  data. 3 Constant  to, the exchange 
current  density for oxide growth, is equal to 1.8 �9 10-10 
A-cm-~.~ Further ,  an inspection of Fig. 3, as well as of 
Fig. 1 in  the paper of Vetter and Schultze (16), shows 
that the intercepts increase slightly with current  den-  
sity. The l inear V-q lines intercept  at a negative value. 
of charge. This charge is associated with oxygen ad- 
sorption before the onset of oxide film formation 
[about 130 ~C-cm-2 (4) ]. Since the. coverage with ad- 
sorbed oxygen at oxide electrodes (38) is only 0.02- 
0.03 all the oxygen ions adsorbed on the oxide-free 
surface are used in  the very init ial  formation of the 
oxide film before the l inear  V-q relationship is estab- 
lished. 

TafeI slopes.--It has been the practice to call the 
V-log i lines in Fig. 7 the Tafel lines, and the (OV/O 
log i) slopes, the Tafel slopes. The slopes increase with 
increasing thickness in accordance with [4]. They ap- 
proach zero for d ---- zero. Ord and Ho (18) have deter-  
mined Tafel slopes for oxide growth over a range  of 
potentials (or thicknesses) by in ter rupt ing  the growth 
at a constant polarization current  (of 10 ~A-cm -2) at 
various times of polarization and analyzing the open- 
circuit self-discharge transients.  With this technique 
the Tafel slopes are found to be proport ional  to the 
(ellipsometric) thickness of the oxide film and to ex- 
trapolate to zero value at about 1.0V (or more pre- 
cisely at 0.9,8V), the potential  that corresponds to the 
onset of oxide growth. Vetter and Schultze (16) also 
have examined the kinetics of oxide growth under 
galvanostatic conditions. In their work, galvanostatic, 
anodie, or cathodic pulses of various current densities 
(all --~ 10 -4 A-cm-2) were superimposed over a basic 
anodic charging curve (of 2'0 ~A-cm -2) at different 
points on the curve, that is, at different thickness of 
the oxide film. From these superimposed pulses, they 
determined overvoltages for different superimposed 
current densities, and calculated both anodic and cath- 
odic Tafel relationships. Again, the anodic slopes in- 
crease linearly with the (coulometric) thickness of the 
oxide film. However, the slopes b ---- bo(1 -l- a+o), as- 
sume a constant value (b ~ -- 36 mV) when coverage 
(~) approaches zero. 

The constant b~ calculated with their data 
for a+(----l) and q ---- O'2qH2, where qH2 is coverage 
with hydrogen (:210 ~C-cm-2), is 86 V-cm2-C -I. 
This value should compare with 57 V-cm2-C -I  of the 
present work. In view of the different experimental 
procedures, the agreement appears satisfactory. 

Mechanism of oxide growth and transfer coeffi- 
cient.--Following Mott (31) and Cabrera and Mott 
(32), the rate of growth of oxide films in the presence 

of a high field is given by 

i - - - -kexp  [ Q--  ne-~E ] 
kT [8] 

where Q is the activation energy in the absence of the 
electric field, E, given by ~Vo~/d, n and k are valence 
and distance from init ial  position of an (intersti t ial)  
cation to its position in the activated state (the half-  
jump distance), respectively, and e -  is the uni t  charge. 

8 In contrast  to c, the a p a r ame te r  is affected by  parallel  dispIace- 
ment  of V-t curves. Consequently, the c pa rame te r  is more  a c c u r a t e .  
In the following we place a = c = 57 V-cme-C -1. 

Vetter and S:hultze (16) give io = 10 -~o A-cm--". The discrepancy 
is apparent ly  due to the different exper imenta l  procedure  (super- 
position of galvanostatie pulses) used by V e t t e r  a n d  S c h u l t z e  in  
o b t a i n i n g  to, 
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Other  symbols have their  usual significance. We use 
this Mott formal ism to analyze the exper imenta l  data. 
F rom [7] and [8] 

02Vof kT  1 [  a ]  
. . . .  --  - -  [9] 
0 In i ~d h e -  ~ a r 

This derivate is proport ional  to the slope of (aV/Oq)i 
vs. log i in Fig. 6, and is readily obtained if the con- 
version factor, r, is known. This factor can be calcu- 
lated for a given stoichiometry or s t ructure  of the sur-  
face oxide. Ear ly  chemical (1), as well  as the most 
recent  el l ipsometric (6, 7) and Auger  spectroscopy 
(24) evidence indicates that  the anodic layer  is made 
of divalent  Pt-oxide,  i.e., PtO. No data on crystal 
s t ructure  of PtO appears to be available. F rom the 
x-ray density of Pt304, which is probably close in 
density to PtO, the conversion factor is equal to 
9.10 ,3 A-cm2-C -I. With this factor, a is calculated as 
158 A-V -I. From [9] and with a = 158 A-V-% nk is 
equal  to 3.99A, and for n ---- 2, i.e., for Pt  2+ as the 
carr ier  of the ionic current, ~ is about 2.0A. This is 
a reasonable value for the ha l f - jump distance in plat i-  
num oxides. 5 If one assumes that  n ---- 4 (i.e., PtO~ 
structure) ,  and with  ~ ~ 90 A-V -1 calculated for PtO2, 
k becomes impossibly small  (,--0.6A). Similarly, if 
n = 1 (e.g., a kind of suboxide s t ructure) ,  ~ becomes 
too large to correspond to reality. The analysis of the 
transfer coefficient led, therefore, to the same conclu- 
sion as ellipsometry or Auger spectroscopy: the anodic 
oxide films at platinum above about 1.0V vs. HE are 
made of divalent Pt ions, i.e., the oxide phase is PtO. 

According to the original MoWs model of oxide 
growth, interstitial cations are formed in a rate-deter- 
mining step at the metal/oxide interface, and diffuse 
in the high field to the surface of oxide film. Other 
models or reaction steps besides the formation of inter- 
stitials at the metal/oxide interface may be assumed 
and are suggested in the literature to be rate deter- 
mining (16, 33, 34). For instance, a positive vacancy 
may be created at the oxide/solution interface by 
pull ing out a meta l  ion in the first layer  of the oxide 
and placing it over the surface where  it forms wi th  
O = or O H -  a new element  of the oxide phase. The 
posit ive vacancy then migrates  in the field toward the 
me ta l /ox ide  interface. At the interface it is filled by 
a metal  ion f rom the surface of the metal  whereby  a 
vacancy in the metal  surface is formed. If the surface 
vacancy is filled with an oxygen atom from the oxide 
phase a negat ive vacancy is created in the oxide which 
then diffuses toward the oxide/solut ion interface. In 
this simple example  both positive and negat ive vacan- 
cies in a cooperat ive way part icipate in the t ransport  
of charge and mat ter  through the oxide film (though 
not necessarily in equal proportions).6 If i+ ~ i - ,  the 
over-a l l  rate is given by Vet ter  and Schultze in a form 
that  is similar  to 

[ ( n + e - ~ + - k n - e - ~ - ) A V o f  ] 
i ---- ~ / i+ i -  ---- const exp 2kTd 

[10] 

Here, (+) and ( - )  stand for positive, and negat ive 
valencies, respectively.  Since ~+ ~ ~-,  the rate equa-  
tion reduces to [8] when  n+ ~ n - .  For  n+ ~ n - ,  
in Tafel  slopes (cf., Eq. [9]) will  be a mul t ip le  of 
e - ) J k T  only when n+ -k n -  is even. The same equa-  
tion as [8] is obtained also for diffusion across the 
oxide film as ra te -de te rmin ing  step. 

If the growth occurs along two paral lel  but inde-  
pendent  paths, it is expected that  the rates for these 
two paths are sufficiently different so that the over -  
alI rate  is still controlled by a single path and ra te-  
determining step. If the rates along the two paths 
are comparable then unless n ~ l  ----- n2~2 no l inear 

5 F o r  Pt~O4 the  d i s t ance  b e t w e e n  two  P t  or  two  O a toms  is  a b o u t  
3.9A. These are also d i s t ances  b e t w e e n  i n t e r s t i t i a l  pos i t ions .  Ha l f -  
j u m p  d is tance  is t h e n  a p p r o x i m a t e l y  1.95A. 

Vacancies  in  t he  sur face  of m e t a l  m a y  e i t h e r  d~ffuse in to  the  
h u l k  or u p o n  a c c u m u l a t i o n  cause the  i n t e r f ace  to col lapse.  

change of potential  with thickness is expected for a 
constant current  g rowth  of oxide films. The  observed 
l inear  V- t  relationships at plat inum, and the simple 

[ e - ~ ]  
factor for the field coefficient ~ = 2 ~  points, 

therefore, to a simple mechanism of growth with  a 
single react ion path. Moreover, since the observed law 
of growth holds f rom the earliest  stages of growth 
when the coverages with oxygen are less than 1 and 
therefore  the diffusion wi th in  the oxide film is not as 
yet operative, the ra te -de te rmin ing  step is a process 
at the metal /solut ion,  initially, and subsequent ly at 
the meta l /ox ide  interface. The process at the ox ide /  
solution interface is not expected to be the ra te -de te r -  
mining step. I.t would  require  a change in the act iva-  
tion energy (and hence in i ,)  as the oxide film grows 
from a monolayer  to a mult i layer .  No such change is 
observed. 

Finally, a comment  about the nature  of the oxide 
films and the relat ion of the nature  of the films to the 
type of the ionic current  in the oxide growth. The low 
angle electron diffraction revealed (22) that  the oxide 
films on plat inum have some degree of a r rangement  or 
crystallinity, though they still may be classified as 
"amorphous." Were the oxides crystalline, the ionic 
current  will  be due to the transport,  via point defects 
(intersti t ials or vacancies),  of cations only since their  
ionic radius is so much smaller  than that  of an oxygen 
ion. If oxides are, however,  amorphous the possibility 
may arise that  anions part icipate in the ionic current.  
It is now known that anionic current may even domi- 
nate in the anodic growth of oxides at tantalum, nio- 
bium, zirconium, and some other metals (35). With 
respect to structures, these oxides when amorphous 
are classified as glassy or ne twork  formers  (33). A 
network  of channels extends through these structures, 
so that  large anions can easily move  through these 
channels, and therefore  anionic current  is possible. 
Anodic oxides at p la t inum are not ne twork  formers  if 
for no other reason than because of their  stoichiometry, 
and the transport  through the oxides is expected to be 
by cations only. 

Potential distribution across the metal-solution in- 
ter~ace.--The kinetics of oxide growth according to the 
model discussed here depends on AVof rather than on 
the observed difference in potential AV. The potential 
difference AV between metal and solution is divided 
into the potential difference across the oxide film, 
AVof, and across the double layer, AVdl, i.e. 

A V  : A V o f  -~ A V d l  [11] 

Here, AV is l inearly re la ted to the measured potential, 
V. These partial  potential  differences adjust  themselves 
in such a way that  for any thickness of the oxide film, 
the (ionic) current  across the oxide film, tog, equals 
that  across the double layer, idl. The dependence of 
AVdl on current  density and thickness of oxide film 
is now discussed. 

It is reasonable to assume that  AVdl depends on cur-  
rent  density in a usual way as 

RT 
AVdl ~-- ]( i )  : -  In (idi/io,dl) [12] 

^r 

Here, ~ is the t ransfer  coefficient for a reaction across 
the double layer, e.g., for 

H20--> OH -]- H + -k e -  [13] 

and to,d1 is the exchange current  density for such a re-  
action. With [12] into [7] it follows that  

d RT 
- - i n  (log~to) ---- AV -- ~ l n  (idl/io,dl) [14] 

where  log is equal  to idl. Equat ion [14] requires  that  at 
any constant current  AV changes l inear ly  wi th  d and 
that  slopes dAV/dd increase wi th  applied current  den-  
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sity, as observed  in  present  exper iments .  However ,  i t  
requires  also that  the in tercepts  on the V-axis  increase 
wi th  increasing current  density. For  [13] as r a t e - d e -  
te rmining step, -y is ~ and the in tercept  should shift 
about  120 mV toward  h igher  potent ia ls  for  any  tenfold  
increase in cur ren t  density.  Such shift  is not observed.  
If  a step that  follows [13] is ra te  determining,  7 is 
l a rger  than  1/2, and smal ler  shifts would  be expected.  
Even then  the shift  wi l l  easi ly  be detected when  cur-  
rent  densi ty  changes by  few orders  of magni tude.  For  
instance, for 7 ---- 2 the shift  would  be 150 mV when  
cur ren t  densi ty  changes by  five orders  of magni tude  
as in present  exper iments .  Larger  values for 7 are  not 
reasonable  since only two electrons are  involved in 
charge t rans fe r  of the over -a l l  reac t ion  (I-I~O--> O 
2H + - ? 2 e - ) .  I t  is concluded, bear ing  in mind the 
qualif ication provided  by Eq. [12], tha t  AVdl is a con- 
s tant  independent  of appl ied  current  density, i.e. 

AVdl ---- constant  ~ i ( i )  [15] 

Now, if hVdl is a funct ion of d, for instance due to 
some cata ly t ic  effects, Eq. [7] would  read  

d 
- - l n  (ilio) = ~V -- f(d) [1~] 

and for a constant  current  densi ty  one obtains 

( OAV ~ 1 d,(d) 
,'~ = --ln~, ( i / io)  + ----~- [17] 

Since (aaVlad)~ = constant, dl (d)Idd is e i ther  a con- 
s tant  independent  of appl ied  current  densi ty  or zero, 
i.e. 

AVd I = ~ ( d )  ---- md + Vo' [18] 

With [18] the  ra te  equation, [7], reduces to an expres -  
sion of the same form as [7] but  wi th  different values 
for io and AVo, and no conclusion is possible regard ing  
the dependence of AVdl on d. However,  i r respect ive  of 
whe the r  AVdl is dependent  or independen t  on idl, since 
the l a t t e r  cur rent  dens i ty  was found (3'0) to be in-  
v a r i a n t  wi th  d, it  follows that  AVdl ~ f ( d ) .  The change 
of e lec t rode  potential ,  AV, wi th  t ime dur ing the con- 
s tant  ra te  of g rowth  reflects then the change in AVof. 
This is possible only if  the  react ion across the  double 
l ayer  is fast, i.e., io,dl >> idl. I t  may  be noted that  the 
first discharge step such as tha t  given by Eq. [13] was 
repor ted  to be fast  both in anodic oxida t ion  of h y d r o -  
carbons (36) and in oxygen evolut ion at p la t inum 
(30, 37). 

pH dependence.--The observed pH dependence ap-  
pa ren t ly  reflects the change wi th  pH of the potent ia l  
at which oxides s tar t  to grow. Only when  the field in 
the  double l ayer  of as ye t  unoxidized p la t inum surface 
reaches cer ta ih  cr i t ical  values, p l a t inum atoms are  
pu l led  out wi th  a significant ra te  f rom their  r egu la r  
posit ion in the la t t ice  of the metal .  The potent ia l  cor-  
responding to this field is then pH dependent .  I t  s imply  
fol lows the  change wi th  pH of  the  potent ia l  of zero 
charge. If  so, the  ra te  of g rowth  itself  is not (d i rect ly)  
dependent  on pH. This wi l l  be the  case if the react ion 
across the double l aye r  is fast  and the ra te  of oxide 
growth  is control led  by  a process at the  me ta l /ox ide  
in ter face  (or in i t ia l ly  before oxides are  formed at  the  
me ta l / so lu t ion  in ter face) ,  as it  is suggested in the 
present  study.  

Manuscr ip t  submi t ted  Aug. 20, 1974; revised manu-  
scr ipt  received Nov. 1, 1974. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1975 
JOURNAL. Al l  discussions for the December  1975 Dis- 
cussion Section should be submit ted  by  Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by Xerox Corporation. 
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The Codeposition of Copper and Arsenic from 
H SO,-CuSO,-As O  Solutions 

Electrochemical Formation of Copper Arsenides 
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Laboratory oi Inorganic Chemistry, University o~ Louvain, 37, Schapenstraat, 3000 Louvain, Belgium 

ABSTRACT 

The induced codeposition of copper and arsenic from H2SO4-CuSO4-As~O3 
solutions (5~]-500 g/ l i ter  H2SO4) leads to the formation of copper arsenides. 
The codeposition potential  at 50~ is 0.200 ~- 0.010V (NHE), almost inde-  
pendent  of electrolyte composition. Potentiostatic E-i curves exhibit  two waves 
for solutions with molar  ratios Cu/As > 2.25. This is explained by induced 
codeposition with max imum induction as a l imit ing factor by which is under -  
stood that deposition of one arsenic atom as copper arsenide requires neu-  
tral izat ion of at least two copper ions (corresponding to formation of Cu2As, 
the arsenic riehest phase observed).  The phases Cuh-~As2, ~-Cu~-xAs, Cu6As, 
and the a-phase (solid solution) are obtained as pure single phases. The phase 
~-Cus-=As which normal ly  can be obtained only by thermal  synthesis at hig.h 
pressures was also obtained pure. Cu2As, on the contrary, was found only m 
mixtures  with other phases, main ly  Cu~-zAs2. Some of the products formed 
could not be identified. 

The phase diagram of the copper-arsenic system has 
been recent ly reviewed (1) (Fig. 1). Copper arsenldes 
can be synthesized from copper and arsenic compounds 
by precipitat ion from aqueous solution (2) and from 
the elements by solid-state diffusion at high tempera-  
tures (3-5). In  this paper  some results on the codeposi- 
tion of copper and arsenic as copper arsenides from 
H2SO4-CuSO4-As20~ solutions are reported with spe- 
cial emphasis on the electrochemical factors governing 
the formation of the different phases present  in the 
deposits. This work originated from a study of the 
codeposition of copper and arsenic under  the conditions 
prevail ing dur ing certain stages of the electrorefining 
of copper. Although the principal  objective of this 
study was thus not the electrochemical synthesis of 
copper arsenides, the results presented here may very 
well  possess some preparat ive potentialities. It  is in-  
teresting to note that  copper arsenides are good elec- 
tronic conductors as was shown by electrical measure-  
ments  on thermal ly  prepared products (6). 

Experimental 
Reagents and solutions.--Solutions were prepared 

from analytical  grade As~O3 (Merck), As205 (Union 
Chimique Belge), CuSO4.5H20 (Union Chimique 
Belge), and H2SO4 (Merck). Solutions contained 500 
g/ l i ter  H2SO4 unless indicated otherwise. Deionized 
water  was used throughout.  Purified ni t rogen was 
passed through the solutions to remove dissolved oxy-  
gen. During the experiments  solutions were kept  under  
iner t  atmosphere by passing ni t rogen over the electro- 
lytes to avoid possible air oxidation of the products 
deposited on the cathode. All exper iments  were per-  
formed at 50~ unless indicated otherwise. 

Solubility of As20~ in sul]uric acid soIutions.--In a 
pre l iminary  series of experiments  the solubili ty of 
As203 in  concentrated sulfuric acid solutions, eventu-  
ally with addit ion of copper sulfate or As2Oh, was 
investigated. Solutions were prepared at about 90~ 
rapidly cooled down to the desired temperature,  and 
analyzed daily over a period of three weeks (see be-  
low).  From the results in Fig. 2, it is clear that  As203 
easily forms sursaturated solutions and part  of this 
work was performed with such solutions. 

X- ray  diffraction revealed that the precipitates in 
equi l ibr ium with the solutions consist of claudetite 

1 Present address: Laboratory of Radiochemistry, Katholieke Uni- 
versiteit Leuven, Celestijnenlaan 200F, 3030 Heverlee, Belgium. 

Key words: codeposition, copper, arsenic, copper arsenides. 

(monoclinic As203) for solutions containing sulfuric 
acid either with or without  addit ion of copper sulfate. 
Addit ion of As2Oh, however, increases the solubil i ty of 
As203 and leads to the precipi tat ion of arsenolite 
(cubic As203). 

It  must  be noted that  the solubilities of As~03 found 
in this work, about 4 g/ l i ter  As( I I I )  at 25.0~ and 7.5 
g/ l i ter  As(I I I )  at 50.0~ are somewhat lower than  
those reported previously by Anderson and Story (7) 
but  are in  good agreement  with recently determined 
values (8). 

Cell and electrodes.--Experiments were performed 
in a glass cell containing approximately 1000 mliters  of 
electrolyte. The electrode assembly consists of a 2 • 
2.5 cm 2 cathode flanked on either side by two 5 • 5 
cm 2 anodes. Either p la t inum or copper electrodes were 
used in this work, the anodes being made of the same 
mater ial  as the cathode. Just  prior to the measure-  
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Fig. 2. Solubility of As203 in concentrated sulfuric acid solutions; 
initial concentration 10 g/liter As(111) (26.4 g/liter As20~) 
. . . . . .  500 g/liter H2SO4; ~ 500 g/liter H2SO4, with addi- 
tion of 10 g/liter copper ions; . . . . . .  , 500 g/liter H2SO4, with 
addition of 15 g/liter As(Y). 

merits, cathodes of electrolytic copper sheet were 
dipped for 1 rain in 1:1 nitr ic acid, r insed with distilled 
water, and t ransferred immediately to the polarization 
cell. In  some cases, copper electrodes were prepared 
by depositing a th in  layer of copper on electrolytic 
copper sheet from a solution of the same composition 
as used for the measurements  but  without addition of 
As203. The results obtained with both types of copper 
electrodes were essentially the same but  electrode- 
posited electrodes gave a somewhat better  reproduci-  
bility. Most experiments were performed without 
st irring of the solution (natural  convection), otherwise 
solutions were  gently st irred with a Teflon-coated 
magnetic s t i rr ing bar. 

Electric circuit and measurements.--E-i curves were 
recorded using a conventional  galvanostatic or po- 
tentiostatic circuit. The most reliable results were 
obtained, however, by the potentiostatic method since 
very often stable potentials could net  be obtained at 
constant  current  density. Potentiostatic E- i  curves 
were recorded at a sweep rate of 34.4 m V / m i n  start ing 
from the rest potential  in the cathodic direction. Po- 
tentials were measured vs. SCE with a bridge filled 
with the test solution. Exper imental  potential  values 
are converted to normal  hydrogen scale (NHE). Elec- 
trolysis at constant potential  was performed wi th  a 
potentiostat provided with an integrat ing coulometer. 
For all experiments a constant charge, about 5 • 108 
coulombs, was passed through the polarization cell. 

Analytical methods.--The products formed on the 
cathode were stripped from the electrode and washed 
with deionized water, alcohol, and ether. Samples were 
dissolved in a mixture  of concentrated HNO3 and 
H2SO4 and this solution was evaporated unt i l  the ap- 
pearance of white fumes. Attempts to determine ar-  
senic in  the presence of copper by atomic absorption 
analysis were unsuccessful (9). Therefore, arsenic was 
separated from the solution by adding hydrazine sul- 
fate to a 5 mli ter  sample, distilling as AsCls after ad- 
dition of 50 mliters conc HC1, and collecting the gases 
in  250 mliters of a solution containing about 250 g/  
l i ter NaOH. This disti l lation was repeated twice and 
arsenic was determined in the distillate by iodometric 
titration. Copper was determined by EDTA titration. 

The formation of arsine, AsH~, was detected by plac- 
ing a filter paper moistened with a 5% alcoholic solu- 
tion of HgC12 in the gas stream (10). No at tempt was 

under taken  for quant i ta t ive  determinat ion of this 
(poisonous) compound. 

X-ray diffraction analysis.--X-ray diffraction pat- 
terns of the products formed on the cathode were 
taken with a Philips-Norelco uni t  using nickel filtered 
CuK~ radiation. Products were identified with respect 
to the X- ray  Diffraction Powder Data File  (11), ex- 
cept Cu2As which was recently described by Naud and 
Priest (1). 

Results 
E-i curves recorded for solutions containing different 

concentrations of As20~ in the absence of copper ions 
in the electrolyte for p la t inum or copper electrodes 
are shown in Fig. 3. The hydrogen evolution proceeds 
with considerable overvoltage at p la t inum electrodes 
in  solutions containing As203, the deposition potentials 
shifting toward more negative potentials with increas- 
ing concentration. The effect of arsenic compounds on 
the hydrogen evolution reaction has been reported 
earlier (12). The hydrogen evolution reaction is ac- 
companied by the formation of arsine. The s tandard 
free energy of formation of this compound has been 
reevaluated as ~G~ ~ 26.0 kcal /mole  (13), consider- 
ably lower than the value ~G~ ---= 42.0 kcal /mole pre-  
viously reported in  the l i terature (14). Taking this 
new value the formation of arsenic becomes possible 
at potentials about 0.23V more positive than  the values 
calculated by Pourbaix (15). On copper electrodes, the 
hydrogen evolution reaction for the base. solution, i.e., 
no As203 present in solution, proceeds with higher 
overvoltage than observed for p la t inum electrodes, as 
could be expected. Addit ion of  A-s20~ to the electrolyte, 
however, has relat ively l i t t le effect on hydrogen over- 
voltage in comparison with the effect found for plati-  
n u m  electrodes. Gas evolution is accompanied by the 
formation of a thin layer of copper arsenide on the 
electrode, the composition of which was not identi-  
fied with certainty. 

If electrolysis was cont inued over extended periods 
of time at constant current  density, at least 20 hr at 
10 mA / c m ~, the formation of a colloidal br ick-red  pre-  
cipitate in the solution was observed. This precipitate 
possibly consists of solid hydrogen arsenides such 
as As2H2 or As~t-~, the existence of which has been 
reported in the l i terature  (16). 

E-i curves were then recorded for solutions contain-  
ing either a constant concentrat ion of copper ions with 
various additions of copper ions. Some typical curves 
are shown in Fig. 4-5. Strong potential  oscillations were 

( m A / c m  2 ) ( e  ( b )  

2 0 2,5 ~5 

. / /  I // I 
-0.2 -0.4 -0.6 -0.2 -0.4 -0.6 

Fig. 3. (a) E-i curves for hydrogen evolution reaction on platinum 
electrode in presence of As(Ill); 500 g/liter H2SO4, 50~ arsenic 
concentration indicated for each curve. (b) Same as (a), copper 
electrode. 
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Fig. 4. Potentiostatic E-i curve for solution containing 500 g/liter 
H2SO4, 5 g/liter As(liD, 20 g/liter copper ions, copper electrode, 
50~ sweep rate 34.4 rnnY/min. 

0.3 0.2 fll 0 -0.1 -0.2 -0.3 

Fig. 5. Potentiostatic E-i curves at different temperatures for 
solution containing 500 g/liter H2SO4, 5 g/liter As(Ill), 5 g/liter 
copper ions, copper electrode, sweep rate 34.4 mV/rnin. 

observed during galvanostatJc measurements  in the 
potential  region of the second wave  and specially in 
the potential  region of the third wave. Therefore  the 
curves in Fig. 5 have been somewhat  idealized. The 
E-i curves exhibit  ei ther two or three waves, depend-  
ing on the exper imenta l  conditions. The  first wave  
corresponds to the deposition of copper meta l  but at 
potentials of about +0.200V (NHE) a second wave  
appears. In the potent ial  region of this second wave, 
copper and arsenic are codeposited with  formation of 
copper arsenides as was shown by x - r a y  diffraction 
studies, the composit ion of these compounds being 
discussed later. The exact  potential  at which the depo- 
sition of copper arsenides starts was determined by 
electrolysis at controlled potential  and x - ray  analysis 
of the cathodes. In this way the codeposition potential  
was found to be 0.200 • 0.010V (NHE),  independent  
of bath  compositions (copper ion concentrat ion was 
var ied be tween  0.5 and 20 g / l i t e r  and arsenic concen- 
trat ion be tween 2.5 and 10 g / l i t e r ) .  

The appearance of the third wave  depends on the 
bath composition, or, more specifically, on the molar  
copper /arsenic  ratio in the electrolyte. This is shown in 
Fig. 6 where  the heights of the first and second waves 
are plotted as a function of the copper ion concentra-  
tion for a constant arsenic content of the solution. For  
solutions wi th  a molar  ratio Cu/As  > 2.25 only two 
waves are observed and the height  of the second wave  

I 3 waves 2 w a v e s /  
20 - i ( m A / c m  z) 

/ - / r  molar  ,rQtio C u / A s  : 2 

k "  i I j i "m... 
5 10 15 20 

Copper ion concentration (g / I )  

Fig. 6. Height of first and second waves as a function of copper 
ion concentration for solutions containing 500 g/liter H2SO4 and 
5 g/liter As(Ill), copper electrode, 50~ 

becomes almost independent  of the copper ion concen- 
tration. For solutions wi th  a molar  ratio Cu/As  < 2.25 
three waves are observed and the height  of the second 
wave  increases l inear ly  with the copper ion concen- 
tration. F rom the t empera tu re  dependence of the 
height  of the different waves shown in Fig. 5, the 
activation energy was calculated as about 4.5 kca l /  
mole for all three waves, indicating the diffusional 
nature of the processes involved. 

Similar  results were  obtained for solutions contain- 
ing 50 or 20'0 g / l i t e r  ~-12SO4. The products formed on the 
cathode were  subjected to chemical  analysis allowing 
decomposition of the E-i curves as shown in Fig. 7. The 
results clearly indicate that  the second wave  is only 
due to deposition of arsenic, copper being deposited at 
the l imit ing current  of the first wave. Whereas arsine 
formation is almost negligible in solutions for which 
two waves only are observed, this process becomes 
much more important  in solutions wi th  a higher  re la-  
t ive arsenic concentration, thus solutions for which 
three waves are observed. In the lat ter  case the begin-  
ning of the third wave  coincides wi th  gas evolution at 
the electrode. Semiquant i ta t ive  tests have shown that  
the gas evolved at the electrode at the beginning of 

i ( r n A / c r ~  1) 

20 

3 0 - -  

2 

. . . . . . . . . . .  I 

/ i 
. /  As H 3 ~ E{ V.nhe) 

. - - t - "  I ,-I . . . . .  ?" [ I 
03 0.2 0.1 0 0.1 0.2 0.3 0.4 

Fig. 7. Decomposition of E-i curve into parHal curves for solution 
containing 500 g/liter H2SO4, 5 g/liter As(ill), 5 g/liter copper 
ions, 50~ 



480 J. E lec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY Apr i l  1975 

l Ji 
i 2 

i (mA/  icm ) 

I , "" \ ' \  4 / /  

V 

/I 
2 ~ AsH 3 ,' | I 

I 
,,, ' ! \ / I / ,,, t ~ ,V -- -- 

'" /'~ //~s (V 
dll i ,, 
K,J % / "  .~h?) 

*0.4 *0.2 0 -0.2 -0.4 -0.6 

Fig. 8. Potentiostafic E-i curve for As(ill) reduction on copper 
orsenide electrodes in absence of copper ions in the electrolyte; 
500 s/liter H2SO4 .5 s/liter As(Ill), 5O~ Curve 1, platinum; 
curve 2, Cus-zAs2(Cu2.4As); curve 3, fl-Cu3-zAs; curve 4, Cu6As; 
sweep rate 34.4 mV/min. 

the third wave consists main ly  of arsine. This was also 
confirmed by voltametric measurements  on arsenic 
reduction on copper arsenide electrodes prepared by 
electrolysis shown in  Fig. 8. Whereas hydrogen evolu- 
t ion starts at about --0.300V (NHE), the formation of 
arsine is already observed at much more negative po- 
tentials, about --0.100V (NHE). The two reduction 
peaks at more positive potentials cannot be explained 
with certainty but  are eventual ly  due to the deposition 
of amorphous elemental  arsenic or to the charging of 
the copper arsenide with arsenic, leading to the forma- 
t ion of a compound with a higher arsenic content. 

The results presented thus far na tura l ly  lead to the 
conclusion that  the codeposition of copper and arsenic 
is a case of induced codeposition in the terminology 
of Brenner  (17), i.e., codeposition under  such condi- 
tions where one of both elements (arsenic) cannot be 
deposited in  the absence of the other (copper). Indeed, 
in the presence of copper ions, t r ivalent  arsenic is 
reduced at +0.2'00V (NHE) with formation of copper 
arsenides, whereas in the absence of copper ions 
arsenic can be reduced only to arsine. This must  be 
coupled with the finding that the arsenic richest phase 
observed in the deposits by x - ray  diffraction is Cu2As. 
This fact necessitates the concept of a max imum in-  
duction, by which is understood, as applied to the 
present case, that at least two copper ions must  be 
discharged to make deposition of one arsenic atom as 
copper arsenide possible. In  this way it is easily 
understood that only two waves are observed for solu- 
tions containing excess copper ions, i.e., ratios Cu/As 
> 2. The second wave corresponds to a true diffusion 
l imit ing current  since all the arsenic arr iving at the 
electrode surface is reduced to copper arsenide and its 
concentrat ion at the electrode surface is zero, explain-  
ing also the formation of trace amounts  only of arsine. 
This is not the case however for solutions containing 
excess arsenic, i.e., ratios Cu/As < 2, for which three 
waves are observed. In this case the reduction of 
arsenic as arsenide is l imited by the slow mass t rans-  
fer of copper ions to the electrode and the concentra-  
tion of arsenic species at the electrode surface is not 
zero. The excess therefore can be reduced as arsine. 
The experimental  results clearly indicate that the ap- 
pearance of the third wave is associated with the pres- 
ence of excess arsenic in solution. It is well known 
that gas evolution leads to an increased mass t ransfer  
to the electrode (18, 19). Therefore, the evolution of 

arsine enhances the t ransport  of copper ions and 
arsenic species to the electrode and this explains the 
increase of the partial  curves for copper and arsenic in 
the potential  range of the third wave. The fact that the 
t ransi t ion from two to three waves does not occur 
exactly at the ratio Cu/As = 2 can be explained by 
the experimental  fact that  Cu2As is never  obtained 
pure but  always in mixtures  with the phase Cu~-xAs2. 

The composition of the deposits can be calculated 
from the partial  currents  of copper and arsenic. At the 
l imiting current  plateau of the second wave, the com- 
position of the deposits can be represented by Cu2.1~As 
as calculated from the left side of Fig. 6 (three waves) 
while the copper content of the deposits increases to a 
composition of about Cu6As at the extreme right side 
of Fig. 6 (two waves).  Of course, if working at current  
densities below the l imit ing current  of the second 
wave, the copper content can reach still higher values, 
as is clear also from the part ial  curves, of Fig. 7, spe- 
cially if the Cu/As ratio in the bath is high. 

With this discussion in mind, the formation of differ- 
ent phases in the deposits as observed by x - ray  diffrac- 
tion can be discussed more easily. In  the most general 
way it can be stated that the formation of different 
phases is determined main ly  by the concentration of 
copper ions and arsenic species at the electrode sur-  
face, i.e., by the bath composition. A survey of the 
various phases found in the deposits is given in Table 
I. Although often a mixture  of different phases was 
obtained, all the phases described in Table I could be 
obtained pure under  the proper experimental  condi- 
tions, with exception of Cu2As. The phase Cu2As, re-  
cently described by Naud and Priest (1), can be ob- 
tained by selective wet oxidation of phases with a 
higher metal content (1, 2) or by leaching of copper- 
rich arsenides in concentrated sulfuric acid (20) but  
could not be obtained either by precipitation methods 
or by direct synthesis from the elements. It must  be 
noted fur thermore that  not all the products formed 
on the electrode could be identified with respect to the 
ASTM Powder Diffraction Data File (10). At the be- 
ginning of the second wave~ i.e., at potentials +0.200V 
(NHE), the deposition of metallic copper is accom- 
panied by the formation of two unidentified phases 
containing arsenic, one phase (X) being obtained from 
solutions with relative, high copper ion concentrations, 
the other phase (Y) being obtained from solutions 
with relative low copper ion concentrations. At 
slightly more negative potentials, +0.190V (NHE), 
these products can be obtained without deposition of 

Table I. Summary of various phases obtained by codeposition of 
copper and arsenic from H2SO4-CuSO4-As203 solutions 

1. Cu~As 

2. Cus-~As2 

3. ~-Cus-~As 

4. ~-Cus-zAs 

5. X 

6. Y 

7. Cu6As 

8. Phase  

Arsenic  r ichest  phase obtained by codeposition; n e v e r  
obtained pure,  a lways  in mix tu re s  wi th  Cu~-~As2; 
previous ly  obtained by  selective we t  oxidat ion (1, 
2) or leaching (20) of meta l - r i ch  copper arsenides.  

Composit ion range  Cu.~.loAs-Cu2.45As; phase mos t  f re -  
quent ly  obtained f rom solutions wi th  high re la t ive  
arsenic concentrat ions (three waves ) ,  specially at 
l imi t ing  cur ren t  of second and th i rd  wave ;  accord-  
ing to Naud  and Pr ies t  (1), the domain  of ho- 
mogene i ty  of the or thorhombic  (low tempera tu re )  
form corresponds to Cu~.~• 

Composition range Cu~.sgAs-Cu3.10As; domain of ho- 
mogeneity at 300~ corresponds to Cu=.~As- 
Cu2.ssAs (1); domain of homogeneity at 25~ esti- 
mated as Cua.60As-Cu~.ToAs but phases with slightly 
higher copper content than Cus.0As can be obtained 
(21); obtained from solutions with excess arsenic 
(three waves) in potential region before reaching 
limiting current of second wave and from solutions 
with excess copper ions (two waves). 

Frequently obtained in mixtures with Cus-xAs~; oe- 
casional]y pure in conditions where normally 
~-Cu3-xAs would be expected; norlnally only pre- 
pared by thermal synthesis at high pressures (22). 

Not identified with respect to ASTM Powder Diffrac- 
tion File; solutions with eXcess copper ions (two 
waves); 0.200-0.190V (INHE); see text. 

Not identified with respect to ASTM Powder Diffrac- 
tion File; solutions with excess arsenic (f/tree 
waves); 0.200-0.199V (NHE); see text. 

Phase e(Cu,As-CudAs); this phase is not yet very 
well known, see Naud and Priest (i); composition 
range Cus.osAs-Cug.~oAs, 

Solid solution containing up to 7 a/o arsenic (23). 
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metallic copper. Both products are crystal l ine as is 
shown by their  x - r ay  spectra but  are not really stable, 
i.e., after removal from the electrode the x - ray  pat-  
te rn  is characteristic for a mix ture  of metall ic copper 
with a little ~-Cu~-xAs. This indicates that both prod- 
ucts must  be rich in copper as could be expected from 
the ratio of the part ial  currents  of copper and arsenic 
at their formation potential  al though precise deter-  
mina t ion  of the composition of these products has not 
been  possible. Deposition from solutions with high 
relative arsenic concentrations (three waves) at the 
l imit ing current  of the second wave and in the entire 
potential  range of the third wave almost always yields 
formation of the phase Cu~-xAs2, eventual ly  in mix-  
tures with some Cu2As and ~-Cu3-~As or a-Cu3-~As. 
This is easily understood since under  these conditions 
the effect of max imum induct ion is maximal.  The do- 
main  of homogeneity of the phase Cus-~As2 (ortho- 
rhombic low tempera ture  form) at room temperature  
was estimated by Naud and Priest  (1) as Cu2.40 _+ 0.0~As. 
I t  has not been possible by any means (x- ray  diffrac- 
t ion after thermal  t reatment ,  washing with organic 
solvents) to show the presence of elemental  arsenic 
in the deposits. Therefore it seems not unl ikely  that 
the domain of homogeneity of the phase Cus-~As2 can 
be extended to much higher arsenic contents by elec- 
trochemical synthesis, although the presence of amor-  
phous arsenic in the deposits cannot be totally ex- 
cluded. The phase ~-Cu3-xAs was obta ined by deposi- 
t ion from solutions with high relative arsenic con- 
centrations in the potential  range preceding the l imi t -  
ing current  of the second wave and also from solutions 
with high relat ive copper ion concentrations. The 
phase ~-Cu3-~As which was found f requent ly  in mix-  
tures with other phases, main ly  Cus-xAs2, was occa- 
sionally obtained pure under  such conditions where 
normal ly  fl-Cu.~-~As should be expected. It is interest-  
ing to note that normal ly  the phase ~-Cu3-xAs can be 
obtained only by  thermal  synthesis at high pressures 
(22). Deposition from solutions with high relative 
copper ion concentrations (two waves) always leads to 
the formation of copper-rich phases such as ~-Cu3-xAs, 
~-Cu3-xAs, Cu6As (phase e; composition range found 
in  th is  work Cu6.08As-Cug.10As) and even the ~-phase 
[solid solution containing up to 7 atom per cent (a/o) 
arsenic]. With the foregoing discussion in mind, it is 
obvious that there are no sharp changes in composition 
at the points corresponding to a compound of specific 
composition, but  ra ther  a gradual  t ransi t ion from one 
phase to another  and, intermediary,  the coexistence of 
several (general ly two) phases. 

Finally, some comparison can be made between the 
codeposition of copper and arsenic as described in this 
paper and some data on the codeposition of copper and 
ant imony reported by Raub (24, 25). The standard 
electrode potentials of arsenic and an t imony  

HAsO2 (aq) -6 3H + -6 3 e - ~  As -6 2H20 

E ~ ---- -60.2475V 

As203  -6 6H + -6 6 e -  ~ 2 A s  -6 3H20 

SbO + -6 2H + -6 3e -  --> ~b -6 H20 

Sb203 -6 6H + -6 6e-  --> 2Sb -6 3H20 

E ~ ---- -60.2340V 

E ~ ---- -6'0.212V 

E ~ ~- -60.152V 

are rather  close to the s tandard  electrode potential  of 
copper 

Cu ++ + 2e-  -~ Cu E ~ _-- +0.337V 

Raub (24) studied the codeposition of copper and ant i-  
mony from cyanide baths in  which copper is far less 
noble than ant imony,  being 0.7 to over 1V more nega-  
tive. The copper-ant imony system is then of the regu-  
lar type, characteristic for systems where the deposition 
potentials are far apart, the classic example of the 
regular  type being the copper-bismuth system de- 
scribed in detail by Brenner  (26). Raub (24) also 
studied the codeposition of copper and ant imony from 

ammoniacal  baths eventual ly  with addition of Ro- 
chelle salt, in which copper is more noble than  ant i -  
mony, the difference of deposition potentials being of 
the o rder  of 0.5V. Raub (24) found that  the copper 
content of the alloys deposited from such ammoniacal  
baths showed almost no variat ion with the metal  per-  
centage of copper in the bath al though the metal  per-  
centage varied by a factor of 2.5. Brenner  (25) calls 
this lack of a t rend unique  among alloy plat ing baths. 
The same lack of a t rend is now also observed for the 
copper-arsenic system. Indeed, taking again the data 
of the left side of Fig. 6, the composition of the de- 
posit, corresponding to Cu2.15As [68.5 weight per cent 
(w/o) copper], remains constant if the concentrat ion 
of copper in the bath is varied fourfold from 2.5 to 
about 10 g/li ter.  

Although the data of Fig. 6 are obtained for a con- 
stant  bath concentrat ion of arsenic, the composition of 
the deposit remains constant as the ratio copper/  
arsenic in the bath, Cu/As < 2. In  this paper, the 
phenomenon was explained by maximum induction. 
A comparison of the standard potential of copper 
and arsenic shows that codeposition should readily 
occur in acid solutions at the potentials where the 
formation of copper arsenides was observed. There- 
fore, the term induction refers to the kinetic impossi- 
bility of depositing elemental arsenic rather than to 
the thermodynamic impossibility. The free energy of 
formation of the copper arsenides is then not a prime 
factor governing the composition of the deposits and it 
is easily understood that the composition of the alloys 
is determined only by the bath composition for solu- 
tions with molar ratios Cu/As > 2, i.e., the. composi- 
tion of the alloys is diffusion controlled. 

In  sharp contrast however with the findings in this 
paper for the copper-arsenic system, Raub (24) ob- 
served that the copper content of the alloys with ant i -  
mony became independent  of the copper percentage in 
the bath for a composition at the copper-rich side of 
the phase diagram (about 5 w/o copper; a-phase).  The 
results of Raub (24) can be explained by an induced 
codeposition of copper and ant imony whereby, at least 
in principle, several reasons can be imagined why only 
the a-phase is obtained. The. most plausible explana-  
t ion seems to be that only the a-phase has a sufficiently 
large energy of formation to cause a sufficient shift of 
the deposition potential  of the alloy. 

Litt le information is available on the energy of 
formation of copper antimonides or arsenides: the heat 
of formation of CusSb, 2.5 kcal/mole,  is rather  low 
when compared with the heat of formation of Cu3As, 
25.6 kcal /mole (27). No information is available on the 
energy of formation of the o-phases although the ex-  
planat ion given here seems to be corroborated by the 
E-i  curves given by Raub (25), this point  being dis- 
cussed already by Brenner  (25) who supposed the 
formation of an intermetal l ic  compound. It would cer- 
ta inly be advisable to repeat at least part  of Raub's 
experiments  (24) at controlled potential  and, as al- 
ready noted by Brenner  (25); the codeposition of cop- 
per and ant imony probably would be easier from acid 
solutions. 
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Fabrication of Beta-Alumina Tubes by Electrophoretic Deposition 
from Suspensions in Dichloromethane 

John H. Kennedy* and Alain Foissy 
Department ol Chemistry, University ol California, Santa Barbara, California 93106 

ABSTRACT 

Thin-wa l l ed  tubes of E-alumina (.0.03-0.1 cm thick)  have been produced  
by e lect rophores is  using a suspension of 1~ E-alumina powder  in d ichloro-  
methane.  Trichloroacetic  acid was added to faci l i ta te  par t ic le  charging. The 
par t ic les  were  nega t ive ly  charged and were  deposi ted on graphi te  rod  m a n -  
drels.  Densi ty  of the mate r ia l  af ter  s inter ing ranged f rom 2.9 to 3.1 g / cm 3, and 
conductivi t ies  in good agreement  wi th  pressed powders  were  measured.  
Sodium-su l fur  cells were  constructed and opera ted  using e lec t rophoret ic  tubes  
as the  electrolyte .  

The phenomenon of electrophoresis  has been known 
since 18.09 wi th  the work  of F. F. Ruess a l though it was 
not unt i l  1879 that  H. yon Helmol tz  (1) in t roduced the 
concept of the double l aye r  to exp la in  e lect rophoret ic  
mobil i ty.  Electrophoresis  has since become an im-  
por tan t  tool in biochemis~try, physiology, and medicine.  
Elect rophoret ic  deposi t ion of ceramic powders  is of 
much more recent  origin. In  1962, Avgus t in ik  et aI. 
(2) and in 1969 Andrews  et al. (3) repor ted  on 
the deposi t ion of A1203 in various media  such as 
ethanol  and acetone. In  the last  few years  the use of 
e lectrophoresis  for  obta ining ceramic bodies has in-  
creased wi th  the  work  of Boncoeur  and Carpent ie r  
(4), and especial ly no tewor thy  is the  research on 
E-alumina depositions.  Lazennec and Fa l ly  (5) pa t -  
ented methods for forming th in -wa l l  tubes of zirconia 
and E-alumina using n i t romethane  and ace tone/  
e thanol  as solvent  media,  whi le  Powers  (6) repor ted  
on E-alumina deposi t ion f rom various alcohols. 

Basically, e lectrophoret ic  deposi t ion of a powder  sus- 
pended  in a solvent  depends on the powder ' s  abi l i ty  to 
become charged ei ther  posi t ively  or negat ively.  Three 
mechanisms for this genera t ion  of charge have been 
proposed:  (i) an unequal  t r ans fe r  of posi t ive or  nega-  
t ive ions f rom the surface, of the solid to the l iquid;  

* Electrochemical Society Active M e m b e r .  
Key words: beta-alumina, electrophoresis, ionic conductivity, so- 

dium/sulfur cell, solid electrolyte. 

(ii) a preferen t ia l  adsorpt ion of ions on the solid pa r -  
ticles from the l iquid medium;  and (iii) an or ienta t ion 
of dipolar  molecules present  on the surface of the  solid 
part icle.  These three  mechanisms give r ise to an elec- 
tr ic double l aye r  at the par t ic le  surface and to a po-  
tent ia l  difference across the  phase boundary .  S te rn  (7) 
proposed a model  in which the double l aye r  is d iv ided 
into two parts ;  the first pa r t  consists of counterions 
a t t rac ted  to the charged surface, and  these ions are 
located in the "Stern  layer"  which has the  thickness of 
about one solvent  molecule. The second pa r t  is mobile  
and  is cal led the  diffuse layer .  The potent ia l  difference 
be tween  the solid surface and the S te rn  layer  is cal led 
the "Stern  potent ia l"  while  the  potent ia l  difference 
be tween  the S te rn  layer  and the bu lk  solvent  is cal led 
the "zeta potential ."  

When an electric field is appl ied  the solid par t ic les  
move wi th  the i r  S te rn  layer ,  and thus, e lect rokinet ic  
s tudies are  d i rec t ly  re la ted  to the zeta potential .  If  we 
assume that  the double l aye r  acts as an electr ic ca-  
pacitor,  the e lect rophoret ic  veloci ty  is given by  

4 ~  

where  ~ is the zeta potential ,  E is the potent ia l  g rad i -  
ent, ~ is the dielectr ic  constant  of the medium, and ~i 
is the  viscosity of the medium. The deposi t ion ra te  is 
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basically the product of electrophoretic velocity and 
concentrat ion of the particles in  the suspension. 

Although ele ctrophoretic velocity is a p r imary  con- 
sideration, other variables play an impor tant  role and, 
for example, Powers reported that depositions of 
~-a lumina  could only be obtained from solvents hav-  
ing dielectric constants in the range 12-24 (6). 

Experimental  
Beta-a lumina  (Alcoa 825 mesh) was ground for 2 

weeks in an a luminum oxide ball  mil l  to achieve par-  
ticle sizes of about 1~. Ethylene glycol (10 drops in 
40'0g of E-alumina)  was employed as a grinding aid. No 
a-AltOs from wear  was detected in the final powder by 
x - r ay  diffraction. After gr inding the powder was kept 
in  an oven at l l0~ 

Dichloromethane (MC and B), analytical  reagent  
quality, was used without  fur ther  purification. All 
other chemicals were also analytical  reagent grade 
and used withour fur ther  purification. 

Suspensions of pure E-alumina were made by adding 
40g (unless otherwise stated) of the ground material  
to 500 ml of dichloromethane and 1-12g of trichloro- 
acetic acid. The mixture  was placed in a ball  mill  for 
about 12 hr. Other methods of mixing the materials  
were tried but  no change in  deposition rate was 
noted. 

Suspensions of doped #-a lumina  were prepared by 
first mixing z-alumina powder with 2 weight per cent 
(w/o) MgO and 2 w/o Na2CO3 in a ball  mil l  for 12 hr. 
The mixture  was heated for 10 hr at 1200~ and then 
used as above for preparing suspensions. 

Figure  1 shows the setup for electrophoretic deposi- 
tions. A 400 ml beaker served as a container, and a 
stainless steel screen basket served as the negative 
electrode. The basket geometry also helped to prevent  
s t ream lines. The positive electrode was a graphite 
(Union Carbide Corporation) rod (0.25 in. diameter) 
and was rotated at 60 rpm. The suspension itself was 
st irred cont inuously with a magnetic stirrer. During 
the deposition, the voltage was controlled with a vari-  
able power supply (100-500V), and the current  was 
monitored. Except for the study of yield with voltage, 
all depositions were carried out with an applied volt-  
age of 200V. Deposition t ime varied from 30 to 300 sac. 
A series of suspensions in which all variables were 
held fixed gave a deposit weight range of ___2% from 
the mean. 

After electrophoresis the tubes formed on the graph- 
ite rods were allowed to a i r -dry  for one day. The 
green density was not measured because the tubes 
were still on the graphite mandrel .  Qualitatively, the 
deposits made at high acid concentrat ion appeared 

IP Motor 

Electrode 
Holder 

- -  Graphite Electrode 

Stainless Screen 
and Electrode 

Magnetic 
Stirrer 

Fig. 1. Experimental setup for electrophoresis 

more porous than those obtained at low acid concen- 
trations. The rods were then placed in coarse B-alu- 
mina powder and heated at 800~ for 3 days to burn  
out the graphite. The tubes of B-alumina were cleaned 
with compressed air to remove ashes and were kept 
at l l0~ unt i l  sintered. The tubes were 3-4 cm long 
with an in ternal  diameter of 0.6 cm and a wall  thick- 
ness of 0.03-0.10 cm. 

Sinter ing of undoped mater ial  was carried out at  
1700~ for 1.5-2 hr while s intering of doped mater ial  
was accomplished at 1750~ for 5 hr. It  was reported 
previously (8) that  the presence of MgO decreased the 
rate of sintering. During sinter ing in an air atmosphere 
the tubes were completely covered with coarse 
p-a lumina  powder to provide a sodium oxide pressure 
and avoid any loss of sodium content. No a-a lumina  
or sodium aluminate  was detected by x - r ay  diffraction 
on the sintered materials. The average grain size was 
about 20~, and the highest density deposits exhibited 
some elongated grains about 10,0-200/~ in length. 

Sodium analysis was carried out using atomic ab- 
sorption after ion exchanging the E-alumina with 
molten silver ni t rate  as reported previously (8). 

Results 

Grinding.--Two suspensions were prepared contain-  
ing 40g B-alumina, lg trichloroacetic acid, and 500 ml  
of dichloromethane. One of the suspensions was mixed 
by grinding in the ball  mil l  for 12 hr and yielded 0.6 
g/cm2-min of B-alumina electrophoretic deposit. The 
second suspension was mixed merely by st irr ing and 
yielded only 0.1 g/cme-min. Thus, the gr ind ing /mix ing  
technique gave a suspension which deposited 6 times 
faster than the same suspension without  this pro- 
cedure. The process aided in generat ing the necessary 
charged particles, i.e., established a large zeta poten- 
tial which increased electrophoretic velocity. It  may 
have also affected the viscosity of the suspension to a 
small degree. 

Voltage.--The role of voltage on the rate of electro- 
phoretic deposition was studied using a suspension 
containing 40g B-alumina, 4g trichloroacetic acid, and 
500 ml of dichloromethane. The yield as a function of 
applied voltage is shown in Fig. 2. As expected from 
the equation for electrophoretic velocity, a straight 
line was obtained. The slope was 1.87 • 10 -8 g/cm 2- 
min-V. These results are consistent with those ob- 
tained with MgO (2). 

Deposition time.--It was observed that there was a 
small decrease in current  during deposition. However, 
the rate of deposition was essentially constant ( •  3%). 
Suspensions containing lg trichloroacetic acid de- 
posited at 0.59 g/cm2-min while suspensions contain-  
ing 6g trichloroacetic acid deposited at 0.96 g/cm2-min 
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Fig. 2. Electrophoretic yield as a function of voltage. Suspension 
contained 40g B-alumina, 4g trichloroacetic acid, and 500 ml di- 
chloromethane. 
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Fig. 3, Electrophoretic yield as a function of time. Suspension 
conta ined  4 ~  # - a l u m i n a ,  6g tr ich loraacet ic  ac id ,  a n d  500 ml di- 

chloromethane, 200V applied voltage. 

(Fig. 3). This again is consistent with the results ob- 
tained with MgO (2). 

Acid concentratio~.--With suspensions of #-a lumina  
in dichloromethane it was necessary to add an acid, 
and trichloroacetic acid gave the best results. When no 
acid was present  the suspensions tended to flocculate 
rapidly and settle. Addit ion of lg of acid to this sus- 
pension immediate ly  stabilized it. However, with this 
small  amount  of acid, deposition was slow (or did not 
occur at all in some cases). Benzoic acid did not stabilize 
the suspension near ly  as well  and deposits could not 
be made. Large amounts  of acid, > 10g trichloroacetic 
acid, again resulted in  little or no deposition. The best 
deposits were obtained when  2-6g of trichloroacetic 
acid were added to the suspension (Table I) .  

Presence o~ water.--To observe the influence of 
water  on the electrophoretic deposition a suspension 
containing 40g #-alumina,  6g trichloroacetic acid, 500 
ml  dichloromethane, and 1 ml  water  was prepared. The 
water  formed a new phase which disappeared after 
the gr ind ing /mix ing  procedure. A deposition using this 
suspension was flaky and adhered poorly to the graph-  
ite. The deposit also had a wet appearance and cracked 
during drying. Occasionally this type of behavior was 
c~bserved with supposedly dry suspensions and was at-  
t r ibuted to traces of moisture introduced inadver t -  
ently. 

Density of deposit--Densities were measured by the 
hydrostatic method using toluene. Weight /volume 
measurements,  used for pellets, were considered to be 
inaccurate here because of the uncer ta in ty  in measur-  

ing the tube thickness. The values ranged from 2.9 to 
3.1 g /cm ,~, but  no marked  correlation could be found 
between density variat ion and deposi t ion or sintering 
conditions. This density range was the same as that 
found for sintered pellets which gave high electrical 
conductivity (8). 

Conductivity of deposits.---Silver electrodes were 
vacuum deposited on the #-a lumina  tubes which were 
then placed in the apparatus shown in Fig. 4. Measure- 
ments  were made in a ni t rogen atmosphere to prevent  
oxidation of the silver electrodes, and measurements  
were made from 250-600~ Arrhenius  plots were made 
as shown in Fig. 5. Tubes sintered for 1.5 hr  had. acti- 
vat ion energies of about 4.9 kcal /mole while those 
sintered for 2 hr  exhibited activation energies of about 
4.3 kcal/mole.  These values are consistent with those 
obtained by Kennedy  and Sammells  for sintered pel- 
lets (8). The resistivity of the electrophoretic tubes at 
300~ was about 25 ohm-cm which agrees well with 
other data for polycrystal l ine material  (9). Doped 
#-a lumina  did not give appreciably different results 
which was surprising based on previous studies with 
pressed pellets and may reflect that additional sodium 
and magnesium did not deposit with the #-a lumina 
even though they were present in the suspension. So- 
dium analyses showed no increase over undoped #- 
a lumina  suspensions. Addit ional  doping studies will be 
pursued in the future. 

Results are summarized in Table I. It  can be seen 
that  high acid concentrations resulted in tubes of low 
density and very high resistivity. Otherwise no cor- 
relation was noted between electrophoresis conditions 
and the properties of the tubes obtained. The resistivi- 
ties at 25~ were unusua l ly  low for undoped mater ia l  
although the sodium contents were quite high and 

A B C D E 

FG B C D F G H 

Fig. 4. Experimental setup for conductivity measurements. A, 
Pyrex tube; B, connecting rods; C, transite holder; D, sample 
holder; E, #-alumina sample; F, thermocouple; G, electrical connec- 
tions; H, gas inlet and outlet. 

Table I. Properties of beta-alumina electrophoretic tubes 

7 Tri- Resis- 
chloro- tivityl "E 

Desig- acet ic  Dens i ty1  Na2OZ [ohm-cm o I.O 
nat ion  ac id  (g) (g/cmS) (w/o) (25~ ] ' 

E 

A2-826 2 2.96 6.44 314 
A~-630 2 3.0g 7.26 >..* 
A2-522  2 2.95 500 
A4-51 4 400 ~ 2.0 
A 4  4 3.05 8.63 -- 
A8-617 6 3.04 7.02 o A6-72  6 2.98 8.44 425 
A6-617  6 2.95 6.30 a 
A6-617 8 6.95 2,450 z 
A6-522  8 2.92 128 o o 
A-D-624 ! 6 2 .94 8 .60 570 
AD-817 ~ 6 2.94 7.25 578 ~ 5.0 
AD-6242 8 2.97 1,120 0 
A8-717  8 ~.85 5.37 7,518 
A 1 0 - 6 1 9 a  10 2.88 7.23 ~ 4 0 , 0 0 0  
A l O - 6 1 9 b  I0  2.85 4,520 

12  n o  deposit 

1 S i n c e  t h e  t u b e s  w e r e  u s e d  fo r  v a r i o u s  e x p e r i m e n t s  a ] l  m e a s u r e -  
m e n t s  c o u l d  n o t  be  m a d e  on  a l l  t u b e s .  T u b e s  w e r e  s i n t e r e d  f o r  2 
h r  a t  1700~ 

2 D o p e d  # - a l u m i n a  c o n t a i n i n g  2 w / o  MgO,  2 w / o  Na2COs. T u b e s  
w e r e  s i n t e r e d  f o r  5 h r  a t  1750~ 

I I I I 

[ I I I 
1.5 2.0 2.5 5.O 

IO00/T ~ 
Fig. 5. Conductivity of electrophoretic beta-alumina tube as a 

function of temperature. Suspension contained 40g #-alumina, 6g 
trichloroacetic acid, and 500 ml dichloromethane. Tube sintered 
for 2 hr at 1700~ 
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could account for the relat ively high conductivities 
found for the electrophoretic tubes. 

Sodium-sulfur cells.--Although the pr imary  objec- 
t ive of this project was the fabrication of high density, 
high conductivi ty E-alumina tubes, it was only na tura l  
to at tempt to use the tubes for sodium-sulfur  cells. 
The exper imental  setup is shown in Fig. 6 and was 
fabricated from Type 304 stainless steel. After  heating 
to 300~ in  a dry box the cathode chamber  was filled 
with a mixture  of 2.3g sulfur  and 1.Sg graphite, and 
the anode compartment  was filled with lg molten 
sodium. An open-circuit  voltage of 2.12V was observed 
and was stable for several  weeks in the dry box. A 
load curve is shown in Fig. 7. The apparent  in terna l  
resistance was 104 ohms which is considerably higher 
than the 1 ohm resistance of the electrolyte calculated 
from the a-c conductivity. This added resistance was 
a t t r ibuted to the graphi te-sul fur  mixture  and its con- 
tact with the r This resistance increased with 
t ime which supports the hypothesis of contact resist-  
ance since tube resistances were stable. In  any event 
the tubes appeared suitable for sodium-sulfur  cells, 
and, in fact, showed no visible damage after 2 weeks 
use at 300~ 

Discussion 
Powers (6) proposed two possible mechanisms for 

the generat ion of charged f l-alumina particles 

NaAlnO17 4- H + --> HNaAInO17 + [1] 

NaAlllOI~-+ AInOI~- 4- Na + [2] 

The first gives rise to positively charged particles 
which would migrate to the cathode. The presence of 
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Fig. 6. Experimental setup far sodium-sulfur cell operated in dry 
box. A, Sulfur and graphite compartment; B, sodium container; C, 
sulfur addition tube; D, bottom plate; E, aluminum a-ring; F, /3- 
alumina tube; G, nonconductive ceramic; H, Viton o-ring. 
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Fig. 7. Load curve for sodium-sulfur cell at 3OO~ 

acid would be necessary for this mechanism. This effect 
was observed by Lazennec and Fal ly  (5). The second 
mechanism requires no acid and yields negatively 
charged particles which would migrate  to the anode. 
This was the type of behavior reported by Powers. 

Our own studies showed that under  certain condi- 
tions positively or negatively charged particles could 
be obtained, and indeed in some cases no deposits were 
obtained. We found that  the presence of acid was 
necessary for electrophoretic depositions, and yet the 
particles were negatively charged. It should be kept 
in mind  that the solvent used in  these studies (di- 
chloromethane) has a dielectric constant of 9 which is 
at the low end of the range suggested by Powers (6). 
Our choice was made before Powers'  s tudy was avail-  
able, and was made on the basis of good suspension 
characteristics, i.e., the suspensions were stable for long 
periods of time. Thus, charge production in  the pure 
solvent may be margina l  and the presence of acid im- 
proved charge generation. 

It should also be remembered that  generat ion of 
charged particles is only part  of the story. The Stern 
layer moves with the particle, and thus, it is the zeta 
potential which is the determining factor. In  the usual  
case, the charge on the particle is par t ia l ly  neutralized, 
but  in special cases complete neutral izat ion or even 
reversal of charge can occur (10). Thus, it is conceiv- 
able that  even by mechanism [1] the particle with its 
Stern layer  could be negat ively charged if the acid 
anion is a surfactant  in the system. In  the case of t r i -  
chloroacetic acid this probably does not  occur, but  
cannot be overlooked. 

Another  explanat ion of our results which appears 
more plausible is that  the charging of E-alumina par-  
ticles is kinetical ly slow. This would help explain why 
long mix ing /gr ind ing  procedures were necessary. I t  
could also explain the need for acid by proposing a 
catalytic role for H + 

NaAlnOi7 + H + -~ HAlllOi7 4"- Na + [3a] 

HAlllO17--> A l n O 1 7 -  + H + [3b] 

In this proposed mechanism H + ion-exchanges with 
Na +, and it is the acid form which dissociates in  di- 
chloromethane to give negatively charged particles. The 
ion-exchange properties of E-alumina are well known 
(9). A min imum amount  of acid would be required to 
give charged particles, while too high an acid content 
would allow mechanism [1] to compete and also tend 
to decrease the zeta potential  by adsorption of H + in 
the Stern layer. The presence of proton-form ~-alu-  
mina  on the grain surface could also lead to the high 
resistivity results reported in  Table I for high acid 
concentrations. 

Obviously, one cannot prove or disprove these hy-  
potheses by comparing results obtained by three differ- 
ent research groups all working in different solvent 
systems. More work needs to be done in this area es- 
pecially since the product, r shapes by elec- 
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t rophore t ic  deposition, has excel lent  physical  and 
electrochemical  propert ies .  
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ABSTRACT 

The kinet ics  of the meta l  deposi t ion from electroless p la t ing  baths  has 
been studied. In  addition, t rans i t ion  meta l  doped nickel  electroless p la t ing 
baths  have been formula ted  which exhibi t  increased rates of meta l  deposition. 
Among all  dopants  examined,  copper proved to be most  effective. Addi t ion  of 
10-20 mole  per  cent copper  to a n i cke l -d ime thy lamineborane  electroless p la t -  
ing ba th  leads  to a considerable  increase in the ra te  of meta l  deposition. This 
increase is due to the deposi t ion of Ni-Cu alloys of a significantly improved  
cata lyt ic  ac t iv i ty  in comparison wi th  pure  nickel. X - r a y  photoelec t ron spec-  
t roscopy has been employed to demons t ra te  the autocata ly t ic  na ture  of the 
nickel  deposi t ion process. I t  is proposed tha t  this improvement  arises be -  
cause the  presence of copper leads to the  promot ion  of weak  chemisorpt ion of 
hydrogen  on the catalyt ic  surface. 

Nickel  electroless p la t ing  baths  have  found wide-  
spread  indust r ia l  applications.  Numerous  studies in-  
volving the use of addi t ives  such as stabilizers,  sur -  
factants,  and  br ighteners  have been repor ted  (1-3).  
Fe lds te in  has also s tudied the effect of complexing 
agents used in such baths  on plat ing rates (4). In add i -  
tion, nickel  electroless p la t ing solutions incorpora t ing  
other  meta l  ions which deposit  nickel  alloys have been 
fo rmula ted  (5, 6). Such mixed  electroless pla t ing baths  
have been employed  to a l te r  the physical  and chemical  
proper t ies  of the meta l  deposit.  The most  commonly  
employed  cata lys t  for the ini t ia t ion of deposi t ion of 
meta l  f rom electroless pla t ing baths  is pal ladium.  

Most of the work  deal ing wi th  these electroless p la t -  
ing processes has been  of an .empirical na ture  deal ing 
wi th  ba th  formulat ions  and measured  electr ical  and 
magnet ic  proper t ies  of  the meta l  deposits. The deta i led 
mechanism of the deposit ion process remains,  however ,  
uncertain.  I t  is genera l ly  accepted tha t  deposi t ion f rom 
these the rmodynamica l ly  unstable  but  k ine t ica l ly  
s table p la t ing baths  is an autocata ly t ic  process. An 
int r iguing quest ion in this respect  involves the possible 
role of the pa l l ad ium cata lys t  in advanced stages of 
the  pla t ing process. With  the deve lopment  of modern  
probes for surface analysis  such as Auger  and photo-  
e lec t ron spectroscopy it  is now possible to de te rmine  if  
pa l l ad ium diffusion to the surface of the  meta l  deposit  
occurs in these p la t ing processes. 

The present  paper  describes the use of x - r a y  photo-  
e lect ron spectroscopy to e lucidate  the autocata lyt ic  
na ture  of nickel  electroless p la t ing in i t ia ted  by  pa l la -  
d ium catalyst .  In  addition, the kinetics of meta l  dep-  
osition from nickel  electroless pla t ing solutions doped 

Key words: nickel, electroless, plating, amineboranes. 

with various t rans i t ion  meta l  ions have been studied. 
The amount  of dopant  ranged  f rom the ppm level  for 
the nobel metals  up to 50 mole per  cent (m/o)  for 
Group VIII  on 113 metals .  Deposi t ion of n ickel  al loys 
character ized by  different  electronic proper t ies  al lows 
the evaluat ion  of electronic effects on the  catalyt ic  
ac t iv i ty  of al loys in such plat ing processes. 

Experimental 
The pa l l ad ium cata lys t  used in this work  was p re -  

pa red  as thin me ta l  films deposi ted on microscope 
slides by  the vacuum evapora t ion  technique of Hami l -  
ton and Logel  (7). The ra te  of meta l  deposi t ion was 
de te rmined  using ground-glass  microscope slides (18.6 
cm e) wi th  a pa l l ad ium coverage of 1.4 • 10 -6 g / cm ~. 
Dopants were  added to the p la t ing ba th  as received 
from the suppl ie r  wi thout  fu r the r  purification. Pur i ty  
of the mater ia l s  used as dopants  ranged  f rom 99.9 to 
09.999%. Select ion of dopants  was based on thei r  
known behavior  as hydrogena t ion  catalysts,  as wel l  as 
on expected electronic effects due to the format ion of 
n icke l -dopant  alloys. An appropr ia te  amount  of a com- 
plexing agent  was added wi th  the dopant  in order  to 
keep the me ta l - t o - l i gand  rat io constant. A nickel  pyro -  
phosphate  electroless pla t ing ba th  of the following 
composition has been used for the majority of doping 
experiments 

NiC12 �9 6H20 25 g / l i t e r  

Na4P2Ov �9 10H20 50 g / l i t e r  

Adjus t  pH to 10.5 wi th  NH4OH 

Dimethy lamineborane  10 g / l i t e r  
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Compositions of the deposits, as well as amount  of 
deposited metal, were determined using atomic ab- 
sorption spectroscopy and neu t ron  activation analysis 
after dissolution of the deposits in aqua regia. The 
thickness of the Ni deposits were then calculated from 
these coverage values (mil l igrams per square centi-  
meter) .  The dis tr ibut ion of a dopant in the deposits 
was examined by Auger  spectroscopy. 

Results and Discussion 
Sur]ace examinations of nickel deposits.--In order to 

be able to interpret  the results of the doping ex- 
periments,  it was necessary to determine the role of 
the original pal ladium catalyst in an advanced stage of 
nickel electroless plating. Part icularly,  it seemed im- 
portant  to establish the autocatalytic character of the 
nickel deposition process. Although it is widely ac- 
cepted that deposited nickel is a catalyst for the con- 
t inuat ion of electroless plating, it is possible that 
pa l ladium diffuses through the nickel layer  and 
thereby participates in a catalytic surface reaction 
even in an advanced stage of plating. This would re- 
quire a completely different approach to the doping of 
the nickel electroless plat ing baths. Therefore, it was 
necessary to establish the behavior of the pal ladium 
catalyst during the course of nickel electroless plating. 
For this purpose nickel deposits of different thicknesses 
(10-250A) have been prepared using as a catalyst 
pal ladium nuclei  evaporated on ground-glass sub- 
strates. The amount  of pal ladium on the top surfaces 
of the deposits has been determined using photo- 
electron spectroscopy (ESCA, Fig. 1). 

The disappearance of the Pd-ESCA signal after 
deposition of a 200A thick layer  of nickel indicates that 
pa l ladium does not diffuse during the course of nickel 
electroless plating. I t  should be emphasized that the 
sensit ivity of the ESCA measurement  allows the de- 
te rminat ion  of as little as 3% of the original Pd cov- 
erage used in  the exper iment  described. Taking into 
account that the ESCA half- thickness layer of nickel 
for Pd-3d electrons is equal to approximately 30A, one 
would expect a noticeable Pd signal in the case of 
a 250A thick nickel sample if the pal ladium had dif- 
fused through the nickel layer. The distr ibution of 
pal ladium in the thick nickel coatings was also ex- 
amined using Auger spectroscopy. Results of the Auger 
examinat ions fully support  previous ESCA observa- 
tions. Results of surface examinations of nickel de- 
posits clearly indicate that  pal ladium does not diffuse 
through the nickel layer  and prove the autocatatytic 
character of nickel electroless plating. This implies 
that  the course of the nickel electroless plating de- 
pends to a great extent  on the catalytic properties of 
the deposit. 

Doping of nickel electroIess plating baths.JDopants 
used in  this work can be divided into two categories. 
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Fig. 1. ESCA examination of Ni deposits prepared by palladium- 
catalyzed nickel electroless plating. 

IOO 

75 ~ 

5O 

25 

N 

The first group constitutes the p la t inum-group  metals, 
as well as the IB-group metals that were added to the 
nickel electroless plating bath in  trace amounts  in re-  
lat ion to the concentrat ion of nickel (Table Ia).  The 
second group comprises other metals expected to affect 
the properties of nickel electroless plat ing baths that 
were added in an amount  considerably greater than 
the dopants listed in Table Ia (Table Ib) .  

Among the dopants listed in Tables Ia and Ib, copper 
seems to be most interesting. Addit ion of copper to the 
nickel electroless plating bath leads to a significant 
increase in the plating rate. Addit ion of copper to the 
nickel also leads to the considerable change of the elec- 
tronic properties of the deposits and allows one to 
interpret  the behavior  of nickel electroless plat ing 
baths on the basis of theory of catalysis. Therefore, 
copper was studied in considerable detail. 

Copper-doped nickel eIectroless plating baths.--The 
unexpected increase in  the activity of nickel electro- 
less plat ing baths caused by the addit ion of copper ions 
is reflected in  a considerable increase in the rate of 
metal  deposition. Figure 2 shows the rate effect as a 
function of composition of the bath, and Fig. 3 gives 
the rate effect in terms of the alloy composition caused 
by the baths depicted in Fig. 2. 

Figures 2 and 3 indicate that the increase in the ac- 
t ivity of nickel electroless plat ing baths caused by the 
addition of copper ions is not l imited to the one type 
of bath. Nickel solutions containing different complex- 
ing agents, such as organic amines (ethanolamine) ,  
carboxylic acids (gluconic acid or citric acid), as well 
as inorganic complexing agents (sodium pyrophos- 
phate-ammonia) ,  exhibit  similar change in activity 
after the addition of copper ions. 

The acceleration factor, defined as the ratio of the 
rate of deposition of Ni-Cu alloy to the rate of dep- 
osition of pure nickel, changes with the copper content 
in the solution. For room-tempera ture  plat ing it is a 
max imum at 15-20 (m/o)  of copper in  the nickel elec- 
troless plating bath. This corresponds to 30-50 m/o  

Table la. Effects of Group VII and IB dopants* 

D o p a n t  (X) 

Concen- 
tration Concen- Rate  
in  the  t r a t i o n  of the 

so lu t ion  in  the  (Ni + X ) "  
( m / o  depos i t  depos i -  S t ab i l -  

E l e m e n t  • 10 -~) (m/o)  t ion** ity*** 

P t -  (Na~PtCID 50-2000 0.30-1.22 $ G 
I r -  (IrBr4) 100-2000 0.14-1.41 $ G 
Rh-  (EhCla) 10-200 0.065-0.436 C o n s t a n t  G P  
R u -  (RuCIs) 100-2500 0.020-0.066 C o n s t a n t  G 
A u -  (KAuC1D 3-500 0.0006-0.00052 C o n s t a n t  G P  
Ag-  (AgNO3) 80-400 C o n s t a n t  P 

* (Ni + X) -- Na4P~OT -- 1% DMAB.  
** 1" = h i g h e r  t h a n  fo r  Ni  e lee t ro less  p l a t i n g :  ~ = lower  than 

for Ni e lec t ro less  p l a t i ng .  
*** G = good (above  30 ra in  at  r o o m  t e m p e r a t u r e ) ;  G P  = good 

to poor  (10-30 ra in  a t  r o o m  t e m p e r a t u r e ) ;  P = poor  (less than 10 
ra in  a t  r o o m  t e m p e r a t u r e ) .  

Table lb. Effects of Group VIII and Ig dopants 

D o p a n t  (X) 

Concen- Concen- Rate 
t r a t i o n  t r a t i o n  of  the  
in  t he  in  the  (Ni + X)* 

E le -  so lu t i on  depos i t  depos i -  S t ab i l -  
mer i t  (m/o )  (m/o )  t ion** ity*** 

Co 10-50 20.9-60.0 r G 
Z n  2.5-50 8.6-21.0 4, G 
W 10-50 - -  C o n s t a n t  G 
Fe  10-50 - -  $ G 
Cu 2.5-50 8.8-100 I' G 

* See Table Ia. 
** See Table Ia. 

*** See Table Ia. 
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Fig. 2. Activity of Cu-doped Ni electroless plating baths (2]~ 
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Fig. 3. Activity of Cu-doped Ni electroless plati,g baths as a 
function of deposit composition (21~ 10 rain plating). 

copper in the deposit.  The increase in the  ra te  of p la t -  
ing due to the  addi t ion of Cu( I I )  ions to the  nickel  
ba th  is more  pronounced in  the  advanced stage of the 
process (Fig. 4). 

These observat ions seem to indicate s t rongly  that  
the increased act ivi ty  of Ni -Cu electroless pla t ing 
baths  is due to the format ion  of more ca ta ly t ica l ly  ac-  
t ive deposits composed of n icke l -copper  alloys. This 
can be in te rp re ted  on the basis of the Dowden-Reyn-  
olds d -band  theory  for the act ivi ty  of hydrogenat ion  

catalysts  (8). This theory  takes into account the differ-  
ences in electronic proper t ies  of nickel  and nickel -  
copper alloys. I t  is wide ly  accepted that  molecular  or 
atomic hydrogen,  or hydr ide  ion bound to the cata-  
lyt ic  surface, is the act ive in te rmedia te  during the 
course of nickel  electroless plating. Fe lds te in  (9) has 
shown that  hydrogen  gas format ion  in a lkal ine  me-  
d ium is propor t iona l  to the ra te  of meta l  deposi t ion in 
such Ni electroless p la t ing  solutions. According to 
Brenner  (1'0) the ac tual  reduc tan t  for nickel  is hyd ro -  
gen act ing by  heterogeneous catalysis  at  the  catalyt ic  
surface as follows 

Ni +2 + H2 (or 2H) ) Ni o + 2H + [1] 
ca ta lys t  

Mechanisms suggesting hydr ide  ions as the reducing 
in te rmedia te  have been proposed by  Hersch (11) and 
la te r  modified by Lukes  (12) (Eq. [2]) 

Ni +2 + 2 H -  (cata lys t )  --> (Ni ~ -F 2H) ~ Ni o + H2 [2] 

Both these mechanisms imply  that  the in teract ion of 
one or another  form of hydrogen  wi th  a cata lyt ic  sur-  
face takes place during the course of nickel  e lec t ro-  
less plating. This would  indicate a cer ta in  s imi lar i ty  
be tween  cata lyt ic  hydrogena t ion  react ions and nickel  
electroless plating. This analogy al lows the in te rp re -  
ta t ion of the  catalyt ic  proper t ies  of the deposits formed 
during electroless p la t ing on the basis of the theory  
of catalysis  developed for hydrogena t ion  reactions.  The 
catalyt ic  act ivi ty  of t rans i t ion  metals  has been ascr ibed 
to thei r  d -band  holes. The technique of a l loying t rans i -  
tion metals  wi th  IB metals  to decrease thei r  d -band  
hole densi ty  and hence control  thei r  cata lyt ic  ac t iv i ty  
has been ut i l ized by  numerous  workers  (13-20). Thus, 
the  ac t iv i ty  of the t ransi t ion metals  for the hydrogena -  
tion react ion should diminish with  increasing IB meta l  
content, fa l l ing to zero wi th  the al loy composit ion cor-  
responding to the  filled d-band.  Magnet ic  suscept ib i l i ty  
measurements  of Ni -Cu  alloys indicate tha t  the num-  
ber  of d -band  holes decreases l inear ly  wi th  increasing 
copper content, fal l ing to zero at app rox ima te ly  60 
a tom per  cent (a /o)  copper (21). However,  the corre-  
la t ion be tween  d -band  holes and catalyt ic  activity,  in 
some cases, is not sat isfactory.  Sacht le r  has pa r t ly  ex-  
p la ined  this difficulty by  noting that  bu lk  and surface 
composition, as wel l  as electronic propert ies ,  can 
differ apprec iab ly  (14). 

The homogeneity of the Ni-Cu deposits formed by 
electroless plating has been examined using Auger 
spectroscopy. The sputtering profile of nickel in a 
,-,I.5~ thick (83 m/o Ni; 17 m/o Cu) nickel-copper 
deposit is shown in Fig. 5. No significant differences 
in the nickel content as a function of depth have been 
observed. This would indicate that there is no sub- 
stantial enrichment of the top surface with copper as 
has been observed by Sachtler (14) in the case of 
Ni-Cu films prepared by vacuum deposition. 
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Fig. 4. Effect of Cu dopont on activity of Ni electroless plating 
bath in different stages of the plating (Ni-Cu-pyrophosphate-am- 
monia, 21~ 90 m/o Hi-10 m/o Cu). 
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Boron is of ten present  in e lect roless ly  p la ted  nickel  
when  amine boranes or sodium borohydr ide  is used 
as the  reducing agent  (22). Auger  examinat ions  of Ni 
and Ni-Cu coatings revea led  no boron. Also, analysis  
of Ni and Ni-Cu deposits carr ied  out in these Labora -  
tories exc luded the poss ibi l i ty  of a boron content  
grea ter  t han  1% in these deposits.  Therefore,  i t  is not  
expected  that  change in the catalyt ic  ac t iv i ty  of the  
deposits is caused by  change in boron content.  How-  
ever, Auger  spectroscopy demons t ra ted  a carbon con- 
tent  of about  10 m/o  throughout  the Ni -Cu deposit. 
This can be in te rp re ted  as resul t ing f rom occluded di-  
methylamine .  A deta i led  descr ipt ion of the Auger  ana l -  
yses of such Ni deposits  is descr ibed e lsewhere  (23). 

Change in the  concentrat ion of reducing agent  
affects the ra te  of meta l  deposi t ion to the  same degree 
in Ni, as in Ni -Cu  electroless p la t ing ba ths  (Fig. 6). 

As is indica ted  in Fig. 6, the accelera t ion factor  A 
does not  change signif icantly in the range of DMAB 
concentrat ions most commonly used for nickel  e lect ro-  
less plat ing.  

Catalytic properties o5 Ni-Cu alloys.---A number  of 
invest igat ions have been unde r t aken  to e lucidate  the 
influence of the electronic s t ruc ture  of alloys, par t icu-  
l a r ly  n icke l -copper  systems, on cata lyt ic  ac t iv i ty  since 
the  proposal  of the  d - b a n d  theory  by  Dowden and 
Reynolds (8). There  have  been pronounced discrep-  
ancies be tween  act iv i ty  pa t t e rn  expected  on the basis 
of the  d -band  theory  and exper imenta l  resul ts  re -  
por ted  for  n icke l -copper  al loy catalysts.  The theory  
states tha t  the  cata lyt ic  ac t iv i ty  of t rans i t ion  meta l  IB-  
group meta l  catalysts  should decrease wi th  increased 
content  of IB-group  metal .  This decrease is expected 
on the basis of the decrease of d -band  holes wi th  the  
addi t ion  of IB-g roup  meta l  to the  t ransi t ion meta l  
catalyst .  However ,  Russell  (24), Emmet t  (25), and 
Takeuchi  (26) have repor ted  that  m a x i m u m  catalyt ic  
ac t iv i ty  of nickel  and n icke l -copper  catalysts  for hy -  
drogenat ion  react ions is found in some cases in the 
al loy region and tha t  it  is app rox ima te ly  ten  t imes as 
act ive as pure  nickel. Hal l  and Emmet t  (18) repor ted  
tha t  for  the hydrogena t ion  of e thylene over  a series of 
n icke l -copper  alloys a la rge  promot ing  effect of chemi-  
sorbed hydrogen  on the react ion ra te  in the copper-  
r ich range was observed.  These p romoted  alloys were  
more  active than  pure  nickel.  Recent ly  Rober t i  (15) 
pos tu la ted  tha t  the increased act iv i ty  of n icke l -copper  
al loys is caused by  weakening  of the me ta l - adso rba t e  
bond. Takeuchi  (17) repor ted  tha t  the heat  of ad-  
sorpt ion of hydrogen  on nickel  and n icke l -copper  
catalysts  changes monotonica l ly  wi th  the composit ion 
of a l loy f rom 27 kca l /mole  for pure  nickel  to 13 k c a l /  
mole  in the  case of 75 a /o  Cu alloy. This can be in te r -  
p re ted  on the basis of the complexi ty  of the hydrogen  
chemisorpt ion  processes. There  is definite evidence tha t  
more  than  one type  of chemisorpt ion of hydrogen  is 
possible, the difference being main ly  in the s t rength  of 
adso rban t - adso rben t  bond. The decrease in the  heat  of 
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Fig. 6. ActiYity of Cu-doped Ni electroless plating bath as a 
function of DMAB concentration (Ni-Cu-pyrophosphate-ammonla, 
21~ 90 m/o Ni-10 m/o Cu). 

H2 chemisorpt ion observed by  Takeuchi  can be ex-  
p la ined  by tak ing  this fact  into account. The chemi-  
sorpt ion of hydrogen  on the various n icke l -copper  
al loys was inves t iga ted  in detai l  by  Sinfel t  et al. (19). 
The presence of two forms of chemisorbed H2 (i.e., 
s t rongly  and weak ly  chemisorbed hydrogen)  was ob- 
served by  these workers .  They  repor ted  tha t  wi th  
nickel  cata lys t  the amount  of w e a k l y  adsorbed hy -  
drogen is small  compared  to the  to ta l  adsorption.  But 
the  fract ion of weak ly  adsorbed hydrogen  increases 
considerably  when  a smal l  amount  of copper is added 
to the nickel.  They concluded tha t  the  addi t ion of cop- 
per  to nickel  decreases m a r k e d l y  the  average s t rength  
of adsorpt ion of hydrogen  (i.e., s t rongly  adsorbed hy -  
drogen becomes a much smal ler  f ract ion of the  to ta l ) .  
The composit ion of the Ni-Cu alloys produces s imi lar  
effects on the  weak  chemisorpt ion  of hydrogen  and the 
catalyt ic  ac t iv i ty  of these al loys in electroless pla t ing 
processes (Fig. 7). Assuming that  hydrogen  or  hydr ide  
ion chemisorbed on the catalyt ic  surface is the active 
in te rmedia te  involved in the reduct ion of Ni and Cu 
ions in electroless p la t ing it is l ikeIy  tha t  the  kinet ics  
of meta l  deposi t ion depends on the s t rength  of the  
"hydrogen" -ca ta lys t  bond. The da ta  presented  in Fig. 7 
suggest  that  the  increase in the ra te  of electroless 
p la t ing observed for Ni-Cu alloys is r e la ted  to the  p ro-  
motion of weak  chemisorpt ion of hydrogen  by  in-  
corporat ion of copper in the  nickel  catalyst .  Al though 
the mechanism of the promot ion  of weak  chemisorp-  
t ion by the addi t ion of copper to the nickel  cata lys t  is 
not fu l ly  understood,  there  is a widespread  bel ief  tha t  
chemisorpt ion and catalysis  are not  de te rmined  by  col- 
lect ive (i.e., bulk)  proper t ies  of the  catalyst ,  such as 
the filling of its d-band,  but  by  the  chemical  p rop-  
ert ies of its surface atoms. These proper t ies  are af-  
fected to a g rea t  ex tent  by  the  neighbor ing atoms. In  
coordinat ion chemistry,  i t  is wel l  known  that  meta l  
l igand bond s t rength  is influenced in a ve ry  p ro-  
nounced way  by  the other  l igands in the coordinat ion 
sphere. This is a second-order  effect s imi lar  to that  
which  should be expected  for chemisorpt ion by  meta l s  
and meta l  alloys. Wise's (27) in te rp re ta t ion  of the 
fact tha t  the  cata lyt ic  proper t ies  of t rans i t ion  metals,  
as wel l  as the weak  adsorpt ion of hydrogen,  are  en-  
hanced by the addi t ion of IB-group  meta l  is based on 
the hypothesis  that  cata lyt ic  act ion is re la ted  to the  
promot ion  of an e lect ron to a localized band. Accord-  
ing to Wise, d orbi ta ls  of t ransi t ion meta ls  are  spli t  
into two groups, i.e., eg and t2g. For  the  in te rpre ta t ion  
of the catalyt ic  proper t ies  of Ni -Cu alloys, i t  is re le -  
vant  that  the na r row  Ni % band  wi th  its h igh densi ty  
of states will  be more  read i ly  filled than  the re la t ive ly  
broad  t2g band  by  the in t roduct ion of s e lectrons f rom 

0,2  

Weakly 
adsorbed  H i 4,0 

o,/'" ....... " <....... ...... ;:l  ol 
I,O 

20 40 60 80 
A tom % Cu 

Fig. 7. The effect of composition of Ni-Cu alloys on weak chemi- 
sorption of hydrogen and catalytic activity of these alloys in 
electroless plating. *Sinfelt et al. (19). 
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copper. The selective filling of one of these subbands 
at a cer ta in  al loy composit ion may  be responsible  for 
the observed change in the re la t ive  amounts  of 
s t rongly  and weak ly  chemisorbed intermediates ,  as 
well  as for the  m a x i m u m  catalyt ic  act ivi ty  observed 
at a fixed al loy composition. This would  s t rongly  imply  
the existence of a bond  for adsorbed in termedia tes  that  
energet ica l ly  is most favorable  for catalyt ic  reaction. 

Conclusions 
The observed increase in the ac t iv i ty  of nickel  elec-  

troless p la t ing baths  resul t ing f rom the addi t ion of 
copper ions manifes ted  by  an increased ra te  of meta l  
deposi t ion should be in te rp re ted  on the  basis of the 
genera l ly  accepted mechanism of nickel  electroless 
plating. The increased act ivi ty  of Ni-Cu electroless  
plat ing baths  is due to the increased catalyt ic  act ivi ty  
of the  deposi ted Ni-Cu alloys. I t  is proposed that  this 
increased catalyt ic  act ivi ty  is re la ted  to the promot ion  
of weak  chemisorpt ion of hydrogen  due to the  add i -  
t ion of copper to the nickel  deposit.  The role of h y -  
drogen in termedia tes  in the nickel  electroless pla t ing 
process, as wel l  as chemisorpt ion of hydrogen  on Ni 
and Ni -Cu surfaces, has been discussed. There  seems 
to be a corre la t ion be tween  the increased act ivi ty  of 
these baths  and the promotion of weak  chemisorpt ion 
of hydrogen  by  the deposi ted Ni-Cu alloys. This seems 
to imply  tha t  the ra te  of Ni and Ni -Cu eleetroless 
pla t ing is a function of the  s t rength  of the binding in 
the  weak  state of adsorpt ion state. 
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The Electrophoretic Forming of Beta-Alumina Ceramic 
R. W. Powers* 

General Electric Company, Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

The forming or shaping of be t a -a lumina  ceramic is usual ly  difficult wi th  
convent ional  ceramic processing. In this paper,  e lect rophoret ic  deposi t ion is 
shown to be an opera t iona l ly  simple, rapid,  and re l iable  technique for forming 
a wide range of be t a - a lumina  shapes requi red  in e lectrochemical  devices. 
The fol lowing topics are discussed in detai l :  the basis for selection of a sui t -  
able  vehicle for holding be t a - a lumina  par t ic les  in suspension, the control  of 
electr ic charge on the particles,  the mil l ing of s tar t ing powder  to provide  a 
smal l  par t ic le  size wi th  min imum contaminat ion by  wear  of the gr inding 
media, the deposi t ion procedure,  and the  removal  of e lect rophoret ic  deposits 
f rom forming mandrels .  Final ly ,  some proper t ies  are given for s intered ware  
formed by e lect rophoret ic  deposition. 

The high ionic conduct ivi ty  of be t a - a lumina  and the 
use of this ma te r i a l  as e lect rolyte  in sod ium-su l fur  
cells were  made known about 7 years  ago (1). The 
conduct ivi ty  arises from the rapid  migra t ion  of mono-  
valent  cations, e.g., sodium, in loosely packed  planes 

* Electrochemical  Society Active Member.  
Key words: beta-a lumina,  ceramic processing, electrophoretic 

deposition, electrophoretic forming.  

of oxygen atoms (2). These conducting planes  are 
sandwiched at approx imate Iy  11A in tervals  be tween  
spinel blocks consisting of four  closely packed layers  
of oxygen atoms wi th  a luminum in in ters t i t ia l  posi-  
tions. In  contrast  to the large  conduct ivi ty  in the  con- 
ducting planes, that  pe rpendicu la r  to these planes is 
very low. The mechanical  proper t ies  of be t a -a lumina  
are l ikewise  very  anisotropic.  Cleavage occurs readi ly  
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para l l e l  to the  conduct ing planes  but  not across such 
planes.  Consequently,  to obta in  s t rong isotropic ma te -  
r ia l  for  use in e lectrochemical  devices, f ine-gra ined  
po lycrys ta l l ine  ceramic is required.  The forming or  
shaping of po lycrys ta l l ine  be t a - a lumina  ware  is diffi- 
cult  wi th  most  convent ional  ceramic processing tech-  
niques. This paper  is ma in ly  concerned wi th  the use 
of e lec t rophoret ic  deposi t ion for  this purpose.  The 
background  considerat ions to an opera t iona l ly  simple, 
rel iable,  versa t i le  procedure  are  descr ibed  in some de-  
tail. 

Fabr ica t ion  of ceramic ware  usual ly  follows a th ree -  
s tep procedure.  The  first involves  p repa ra t ion  of pow-  
der  of the  composit ion requ i red  in the end product  or  
one which t ransforms to such a composit ion during 
subsequent  processing. The second step involves shap-  
ing or forming of the powder  into a shape s imilar  to 
that  requi red  in the end product .  Final ly ,  this "green" 
ware  is hea ted  to high tempera tures .  In  this s inter ing 
step, the  ma te r i a l  shrinks,  poros i ty  is g rea t ly  reduced,  
and mechanica l  s t rength  along wi th  other  requi red  
proper t ies  is developed. Al though the main  concern of 
this  pape r  is wi th  the second of these steps, that  of 
forming, cer ta in  aspects of powder  p repara t ion  and of 
s inter ing are  discussed, pa r t i cu la r ly  as they  per ta in  to 
e lec t rophoret ic  forming. 

Al though the phenomenon of electrophoresis--- the 
mot ion  of e lec t r ica l ly  charged par t ic les  in an electr ic  
f ie ld- -has  been known for over  160 years,  its use in 
the  forming of ceramic ware  is a deve lopment  of the 
past  few years.  Some highl ights  in the h is tory  of this 
development ,  which rea l ly  const i tute the  basis of our  
presen t  capabi l i ty ,  are  indicated in Table  I. 

A n  impor tan t  advantage  of e lect rophoret ic  deposi-  
t ion for ceramic forming  is tha t  of h igh th rowing  
power.  Another  is the ~hort  deposi t ion t imes required.  
Most of the  wa re  discussed in this paper  were  de-  
posi ted in about  1 min. A th i rd  impor t an t  advantage  
of e lec t rophoret ic  forming is its versat i l i ty .  A wide 
var ie ty  of shapes are  possible. "Tooling" is re la t ive ly  
simple. Only the  mandre l s  on which the deposit  is la id 
down requi re  precis ion machining.  

Two impor tan t  proper t ies  of b e t a - a l u m i n a  tha t  re -  
la te  to processing were  descr ibed above: the anisotropy 
of the  electr ical  conduct ivi ty  and of the  mechanical  
s trength.  Among its other  proper t ies  that  especial ly  
need to be t aken  into account for  e lec t rophoret ic  
forming is its l imi ted  s toichiometr ic  range. Sodium 
b e t a - a l u m i n a  a lways  contains sodium oxide in excess 
of that  corresponding to the  composit ion of the  ideal  
s tructure,  Na20 �9 11A1203. It  is r ea l ly  not a compound 
in the  s tr ict  chemical  sense, but  r a the r  a phase of 

Table I. Important previous events in the development of 
electrophoretic forming 

Refer-  
Contrib- once  

D a t e  u t o r  (s) C o n t r i b u t i o n  No. 

1809 F . F .  Ruess 

1879 H.  y o n  H e l m h o l t z  

1927 S . E .  Sheppard 

1939 J . H .  D e B o e r  
H.  C. H a m a k e r  
E. J .  W. V e r w e y  

1969 J .  NI. A n d r e w s  
A.  H.  Col l ins  
D.  C. C o r n i s h  
J .  Dracass 

1971 Y. L a z e n n e c  
J .  F a l l y  
J .  L e b o u c q  

Discovery  of phenomenon of e lec-  
trophoresis 

C o n c e p t  of  d o u b l e  l a y e r .  E q u a t i o n  
d e l i n e a t i n g  f a c t o r s  a f f e c t i n g  
electrophoretic  m o b i l i t y .  

R u b b e r  d e p o s i t i o n  f r o m  l a t ex .  (3) 
D e p o s i t i o n  in to  a n g l e d  recesses.  

U s e  of o r g a n i c  l i qu id s  as  veh ic l e s .  (4-5) 
D e p o s i t i o n  of  m i c r o n - s i z e  p a r t i -  
c les  f o r  coa t ings .  B a l l m i l l i n g  
used f o r  p a r t i c l e  s ize  r e d u c t i o n .  
Theory of electrophoretic  depo-  
sition. 

F o r m i n g  of  5 m m  t h i c k  a l p h a - a l u -  (6) 
mina radomes  

F o r m i n g  of  closed-end zirconia 
a n d  b e t a - a l u m i n a  t u b e s  b y  c o m -  
b i n a t i o n  of  e l c c t r o p h o r e t i e  dep- 
osition and hydrostatic  pressing 

(7} 

ra the r  na r row composit ional  range. According to Roth 
and Mitoff, the s ingle-phase  field at  1725~ extends 
f rom 1.2 Na20 �9 11A1208 to 1.4 Na20 �9 llA12Os (8). I ts  
hard  and abras ive  na ture  creates problems  in reduc-  
tion to sufficiently small  par t ic le  size wi thout  undue 
contaminat ion  from abras ion  of the  gr inding media.  
The thermal  shock resistance is high. Be ta -a lumina  
powders  absorb considerable  quanti t ies  of water .  
Concentrat ions in excess of 3 weight  per  cent (w/o)  
have been found by  the author  in powders  as received 
f rom the supplier .  

Experimental Procedures 
The forming opera t ion  in the fabr icat ion of be ta -  

a lumina  ware  by  e lect rophoret ic  deposi t ion can be 
subdivided into th ree  separa te  steps: (i) reduct ion of 
the par t ic le  size of the s tar t ing powder  and charging 
of the  individual  par t ic les  in suspension in a sui table 
organic l iquid;  (ii) deposi t ion of the be t a - a lumina  
par t ic les  onto a mandre l ;  and (iii) r emova l  of the de-  
posit  f rom the mandrel .  P rob lems  are  associated wi th  
each of these steps. They are discussed here  af te r  the 
exper imenta l  procedures  used in this work  have been 
described. 

Starting powders.--Most work  has been carr ied  out  
wi th  two commercia l ly  avai lable  be ta -a luminas :  
Monofrax  H be t a - a lumina  f rom the Carborundum 
Company and XB-2 b e t a - a l u m i n a  powder  f rom Alu -  
minum Company of America.  The nominal  composi-  
tions of these mater ia l s  are  given in Table  II. Mono- 
f l ax  H be ta -a lumina ,  a fused product ,  is genera l ly  
avai lab le  in the  form of bricks.  These were  j aw  
crushed, bal l  mi l led  d ry  wi th  a lpha -a lumina  balls,  
and then  screened to provide  powder  in the  range of 
44-105~. Alcoa XB-2 be ta -a lumina ,  a calcined product ,  
was obtained in the form of a fine powder.  Addit ives,  
of the  order  of 1 w/o,  were  often added  to the as- 
received material .  These included, for example,  add i -  
t ional  soda by  way  of anhydrous  sodium carbonate  as 
wel l  as magnesia  f rom basic magnes ium carbonate.  
Fu r the rmore  powders  wi th  soda contents cor respond-  
ing to those in ~"-a lumina  have  also been deposi ted 
satisfactori ly.  Appropr i a t e  quant i t ies  of the addi t ives  
in powder  form were  mixed  thorough ly  wi th  the be ta -  
a lumina  powder  by  tumble  mixing  for 24-48 hr. The 
resul t ing mix ture  of powders  was calcined in an oxy-  
gen a tmosphere  for 24 h r  at 1400~ Such calcined ma-  
te r ia l  served as the s tar t ing powder  for the deposi t ion 
work.  

Suspension preparation.--In this work, reduct ion in 
size of the s tar t ing powder  and electr ical  charging of 
the par t ic les  were  carr ied  out  s imul taneous ly  by  mi l l -  
ing under  the vehicle, i.e., the organic l iquid in which  
the be t a -a lumina  par t ic les  a re  suspended during dep-  
osition. Three  different  kinds of mi l l ing (ball,  v ib ra -  
tory, and  je t )  were  examined  in the  course of this  
work.  While  the greates t  effort was given to ba l l  mi l l -  
ing, some very  sat isfactory resul ts  have also been ob-  
ta ined with  v ib ra to ry  milling. Par t i c le  size reduct ion 
by  je t  milling, before  dispers ion in the vehicle, was 
not sat isfactory.  

Tuble |l. Typical chemica! analyses for commercially available 
beta-alumina 

D e s i g n a t i o n :  M o n o f r a x  H X B - 2  
S o u r c e :  C a r b o r u n d u m  Co. A lcoa  

w / o  N a 2 0  5.59 7.30 
L i f O  n. i .  0.01 
K 2 0  n.l .  0.01 
M g O  0.05 n. i .  
C a O  0.1G 0.03 
Fe2Os 0.08 0.03 
Ga2Os n. i .  0.01 
SiO2' 0.18 0.02 
TiO~ 0.03 n. i .  

n . i .  m e a n s  n o t  i n d i c a t e d  in  manufacturer's  l iterature. 
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Both ball and vibratory mil l ing have been carried 
out in  32 oz wide-mouth  polyethylene bottles as re-  
ceived from the supplier  without  use of special clean- 
ing procedures. Their  use as mil l  jars reduces con- 
taminat ion since any abraded material  is burned  out 
during sintering. These containers were half-filled with 
grinding media, either l l00g of a lumina  media or 1800g 
of zirconia. When suspensions were ball  milled, the 
volume of the vehicle was 20~ ml. However, for some 
experiments  with vibratory milling, the vehicle vol- 
ume was increased to 300 or 40.0 ml. The amount  of 
starting powder in  the charge ranged from 35 to 300g. 

Ball mil l ing was done on a Model 764 AV Norton 
jar  mill, while vibratory mil l ing was carried out with 
a Sweco Model M18L55 mill. 

Deposition.--Deposition in  electrophoretic forming is 
carried out by applying a d-c voltage between the 
mandre l  and a counterelectrode, both immersed in the 
be ta -a lumina  suspension. Following the initial  stages 
of this work, the containers for the suspension were 
made to serve also as counterelectrodes. They are usu-  
ally made of an 18-8 stainless steel. 

Photographs of several mandrels  with their corre- 
sponding suspension containers appear in  Fig. 1 and 2. 
In  Fig. 1, a mandre l  for forming open-end tubes up 
to 8 in. long is shown in  the foreground. Mandrels for 
forming cylindrically shaped objects must  be tapered 
slightly to facilitate removal  of the deposit after dry-  
ing. The other mandre l  shown is for forming closed- 
end tubes up to 4.5 in. long. Mandrels for forming 3 cm 
disks and a pocket-shaped article are shown in  Fig. 2. 
The Teflon polymer ring shown with the disk mandrel  
is used to shape the electric field. Its use permits a de- 
posit of uni form thickness over the face of the disk. 
Only relat ively scratch-resistant  materials have been 
used for mandre l  construction. Nickel, 18-8 stainless 
steel, and 36-Invar  have all proved satisfactory. Man-  
drels are usual ly  buffed to obtain smooth surfaces. 

Considerable at tent ion must  be given to the mate-  
rials allowed to contact the suspension in order that 
the charge on the be ta -a lumina  particles not be ad- 
versely affected. Difficulties were encountered with 
paper masking tape as well as silicone rubber.  Also 

Fig. 2. Apparatus for farming disks and pocket-shaped pieces 

polymethylmethacryla te  containers were found to af- 
fect adversely the charge on the particles. Borosilicate 
glass containers are innocuous, however. 

A d-c high-voltage supply has been used to apply 
voltages in the range 200-1000V between the mandre l  
and counterelectrode. Such voltages correspond to 
fields at the electrode surface between 280 and 1400 
V/cm for the tube mandrels as shown on Fig. i. At 
present, it is the practice to use the highest fields per- 
mitted by the power supply. This procedure usually 
reduces deposition times to about 1 rain and makes 
stirring of the suspension unnecessary during deposi- 
tion. However, were the deposition extended over 
several minutes, stirring would be needed to avoid 
excessive settling of the beta-alumina particles in sus- 
pension. Suspensions are vigorously stirred with a 
magnetic stirring bar before a deposition. 

The very simple electrical circuit used for electro- 
phoretic forming is shown in Fig. 3. In essence, the 
series combination of deposition cell, current meter, 
current  recorder, and charge integrator  is placed across 
the d-c power supply. A high impedance vol tmeter  
indicates the cell voltage. As a safety precaution, the 
suspension container which surrounds the forming 

Fig. 1. Mandrels and suspension container for forming tubes 

ELECTRONIC MEASUREMENTS CO. HIGH VOLTAGE] 
REGATRON MODEL 222A dc POWER / 

SUPPLY_ / 

ACROMAG INC ..... ,,~ , ~ - -  [ 

RUSD~RAK88 I CURRENT 
RECORDER ~ J ~  

WESTON ~ G ~ , - - ]  
MODEL 911 

PRECISION STANDARDS CORR I ~ F T ~ ' P ]  
DM42 DIGITAL MULTIMETER 

-I +l 
COUNTER MANDREL 
ELECT RODE 

Fig. 3. Circuit diagram for electrophoretic deposition 
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mandre l  is main ta ined  at or very near  ground poten-  
tial. 

Sintering.--Sintering of green be ta -a lumina  ware 
has been carried out on a lpha-a lumina  saggers in 
mo lybdenum-wound  furnaces. The saggers are heated 
inside a dense a lpha-a lumina  tube filled with either 
an oxygen or an air atmosphere. This protects the 
ware from the hydrogen atmosphere which needs to 
envelop the furnace muffle to prevent  oxidation of the 
molybdenum winding. Sinter ing has been done be- 
tween 1700 ~ and 1825~ 

Problem Areas  in E lect rophoret ic  Forming 
The first operation in electrophoretic forming, the 

preparat ion of a suitable suspension, is critical since it 
involves three problem areas all of which require con- 
siderable attention. They include selection of a suit-  
able organic l iquid in which the be ta -a lumina  par-  
ticles can be suspended during deposition, control of 
electric charge on the particles, and the techniques by 
which mil l ing of the particles is carried out. In  con- 
trast, the second operation, the deposition process 
itself, is more straightforward. Likewise, the final 
operation, the removal of the deposit from the form- 
ing mandrel ,  also involves relat ively simple consider- 
ations. 

Selection of a suitable vehicle ]or dispersion o] beta- 
alumina particles.--The electrical conductivity of a 
number  of suspensions is shown in Fig. 4 as a function 
of the dielectric constant of the vehicle with which the 
suspension was prepared. In  each case, the suspension 
contained 35g of fused be ta -a lumina  powder suspended 
in  200 ml of the vehicle. The suspensions had been ball  
mil led for 16 hr  with a lpha-a lumina  grinding media. 
The conductivities were measured in a concentric 
cylinder a r rangement  and were computed from the di- 
mensions of the deposition cell, the voltage drop, and 
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Fig, 4. The electrical conductivity of suspensions vs .  the dielectric 
constant of their vehicles. 

the initial  current  before any appreciable quant i ty  of 
deposit covered the forming electrode. 

Two features on Fig. 4 are noteworthy. The first is 
that, in general, t h e  conductivity increases rather  
sharply with the dielectric constant of the vehicle, 
approximately seven orders of magni tude  rise for a 
change in the dielectric constant from 2 to 40. The 
second and perhaps more surprising feature is that 
electrophoretic deposits were obtained only from ve- 
hicles with dielectric constants in the range from about 
12 to 25 as indicated by the filled circles on the figure. 

As discussed in  the following section, the predomi- 
nant  charging mode for the be ta -a lumina  particles is 
assumed to be dissociation of sodium cations. The a'b- 
sence of deposition from vehicles such as benzene or 
p-dioxane is consistent with this in terpre ta t ion as 
their low dissociating power would not l ikely give 
rise to effective particle charging. On the other hand. 
mainly  practical considerations l imit  use of vehicles of 
high dielectric constant. Their  high conductivity is 
further  enhanced by ohmic heating during the passage 
of current. Deposits formed from vehicles with di- 
electric constants slightly below 25 (for example, from 
ethanol) tended to be very fluid and to slide off the 
mandrels.  In  some instances, this si tuation made deter-  
minat ion of the existence of a deposit very difficult 
although usually this behavior was accompanied by a 
sudden large increase in  current  for constant applied 
cell potential. Anodic film formation on mandrels  was 
also noted with vehicles of high dielectric constant. 

The importance of the dielectric constant in  the se- 
lection of a vehicle was confirmed by the observation 
of be ta -a lumina  deposits from an equal volume mix-  
ture  of methanol  and p-dioxane al though deposition 
did not occur from these liquids separately. In  other 
experiments,  deposition was obtained from a technical 
grade methyl  acetate, containing approximately 15% 
methanol  but  not from the reagent grade ester. 

Following init ial  experiments with a large number  
of vehicles and mixtures  of vehicles, near ly  all subse- 
quent  work was carried out with n -amyl  alcohol 
(pentanol-1) .  Its dielectric constant, ~, is 13.9. With it, 
nei ther  the formation of anodic films on the mandrels  
nor that  of fluid deposits is observed. Since reagent 
grade material  is sold by a number  of manufacturers ,  
a reproducible vehicle is readily available. Finally,  
n - amyl  alcohol is relat ively nontoxic. It  has been used 
as an industr ial  solvent for many  years (9). 

Control of electric charge on beta-alumina parti- 
cles.--As indicated on Fig. 4, no electrophoretic de- 
posits were obtained with ethyl acetoacetate (e ~- 15.4). 
Nor were any found with ethylene diamine (e : 14.2) 
nor with water /p-d ioxane  mixtures  with compositions 
corresponding to dielectric constants in the range 12 to 
25. With pyridine (e ----- 16.3), a deposit was obtained 
with the mandrel  negative whereas with all the other 
vehicles used in the survey experiments,  results from 
which are shown in Fig. 4, deposits appeared on the 
positive electrode. Clearly, then, there are some com- 
plications in controlling the surface charge on  beta-  
a lumina particles. 

Charging modes for beta-alumina.--The results of 
many  experiments are consistent with the hypothesis 
that there are two very different charging modes for 
beta-a lumina.  One, as ment ioned above, is the dissoci- 
ation of sodium ions to give rise to a negatively 
charged particle. Thus, 

(E-alumina) -> ( E - a l u m i n a ) -  -t- Na + 
dissociation mode 

However, another mode is the adsorption of protons or 
conceivably other cations which lead to positively 
charged particles. Thus, 

(E-alumina) -t- HA --> (~-alumina H) + 
- t - A -  

adsorption mode 
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Proton donors might  be water  or organic acids such 
as benzoic or stearic acid. 

The two charging modes are competitive. For near ly  
all the work discussed in  this paper, dissociation was 
used as the predominant  mode. However, the negative 
charge on the be ta -a lumina  particles prepared from a 
fused block can be neutral ized by the addition of a few 
tenths of a per cent water  to the n - a m y l  alcohol ve- 
hicle, as made evident  by the absence of a deposit. 
And, usual ly with 1/2 % water  in the vehicle, the par-  
ticles are positively charged. The absence of a deposit 
with ethyl acetoacetate and  ethylene diamine and a 
deposit on the negative electrode with pyridine lil~ely 
resulted from the presence of small amounts  of water  
in these vehicles. The addition of about 1% benzoic 
or stearic acid (based on be ta -a lumina)  will also give 
rise to positively charged particles. The Marcoussis 
group of Compagnie Generale d'Electricit~ have, in 
fact, used proton adsorption as the predominant  charg- 
ing mode in their electrophoretic deposition work with 
both zirconia and be ta -a lumina  (7). The activator used 
was benzoic acid. Likewise, very recently Kennedy  and 
Foissy have used trichloracetic acid in a methylene 
chloride vehicle to obtain be ta -a lumina  particles with 
a positive charge (10). The existence of competing 
charging modes for electrophoretic particles is not 
un ique  to beta-a lumina.  Very similar phenomena are 
found with certain micas. For example, pyrophyll i te  
particles can be charged negatively by dissociation of 
potassium ions as well as by adsorption (11). 
Ef]ects o] water.--In addition to charge neutral izat ion 
and charge inversion described above, there are actu- 
ally a number  of other effects of water  on the behavior 
of b e t a - a l u m i n a / n - a m y l  alcohol suspensions. With sus- 
pensions which are "excessively dry" as defined more 
precisely below, very smooth, uni form deposits can be 
obtained which, however, undergo creep for several 
minutes  after removal  from the suspensions. In  ex- 
treme cases, 50-90% of the deposit may flow off the 
mandrels.  Fortunately,  there is a level of water  con- 
tent, not difficult to reproduce experimental ly,  over 
which very satisfactory, smooth, uniform deposits can 
be obtained. Charge neutral izat ion and inversion are 
obtained with larger additions, at concentrations of 
about 0.2 and 9.5%, respectively, using fused beta-  
a lumina  powder. With still larger amounts of water, 
e.g., 5%, charge neutral izat ion occurs a second time as 
deposits are not o,btained. Where there is but  a small 
amount  of deposition, near  the neutral izat ion point, 
the suspensions appear flocculated. Deposits are weak. 
The suspensions settle more rapidly and give rise to a 
sediment about twice as voluminous as from suspen- 
sions yielding good deposits. Most of these phenomena 
can be understood qual i tat ively in terms of a theory 
of electrophoretic deposition proposed by Hamaker  
and Verwey (5). A very clear review of this theory 
has been given by Troelstra (12). 

Suspensions of be ta -a lumina  appear ideally suited 
for i l lustrat ing the stabili ty aspects of suspensions. 
Since two opposing charging mechanisms are known, 
wide variations in the repulsive force between par-  
ticles are possible. For example, negatively charged 
particles with very  strongly repulsive interactions are 
available through the use of near ly  water-free  n -amyl  
alcohol suspensions. Such suspensions give rise to de- 
posits that  undergo viscous flow off the mandrels  as de- 
cribed above. Neutral  suspensions or those of particles 
with weakly repulsive interactions carrying either 
positive or negative charge can be obtained by addi- 
tion of appropriate quanti t ies of water. These lat ter  are 
examples of flocculating suspensions. Vehicles other 
than n -amyl  alcohol can also be used. It would appear 
that a be ta -a lumina  suspension of intermediate  sta- 
bility, i.e., one stable at larger interpart icle separation 
distances, are most desirable for electrophoretic dep- 
osition. 
Practical control o] water content.--The t rea tment  to 
be given a be ta -a lumina  powder to control the water  

concentrat ion depends strongly on its porosity. That 
of low porosity, such as obtained by crushing and 
grinding fused be ta -a lumina  bricks, does not require 
fur ther  drying if stored in dry, t ightly capped poly- 
ethylene containers. In  fact, if such powder is dried 
overnight  in a vacuum oven at 220~ deposits are 
obtained which undergo viscous flow. On the other 
hand, calcined be ta -a lumina  powder is a much more 
porous material.  Drying in  air at temperatures  some- 
what  in excess of 60'0~ is required to remove sufficient 
water so that a satisfactory negative charge is de- 
veloped on the particles. Normally, drying is accom- 
plished s imultaneously with the 1400~ calcination 
operation described above. Weight losses of 3.0-3.5% in 
excess of those a t t r ibutable  to additive decomposition 
are measured with this powder on calcination. These 
losses arise mostly from water contained in the as-re-  
ceived powder. Such dried calcined powders are stored 
in  t ightly capped polyethylene bottles and redried in 
a vacuum oven at 20~0~ overnight  immediately before 
use. Also, in order to achieve reproducible deposits, 
considerable care need be exercised to use clean, dry, 
grinding media. Most lack of reproducibil i ty in early 
work was traced subsequent ly  to insufficient at tent ion 
to this point. The n -amyl  alcohol is used as received 
without fur ther  drying. 

Milling problem.--The mill ing or grinding of beta-  
a l u m i n a / n - a m y l  alcohol suspensions is carried out for 
two very different purposes: to develop a suitable 
charge on the particle surfaces, and secondly, to fa- 
cilitate production of dense ware during sintering. 
Beta-a lumina  powders are charged positively when  
first placed in n - a m y l  alcohol, presumably as a re-  
sult of water  adsorption from the atmosphere. During 
milling, this charge is first neutralized, and subse- 
quently, a negative charge develops after 2-8 hr, de- 
pending on the powder, grinding media, and the 
method of milling. A l imitat ion of the dissociative 
charging mode is that be ta -a lumina  particles must  not 
be removed from the suspension before deposition, 
after mil l ing to small particle size. Otherwise, a posi- 
tive charge is acquired which then is most difficult to 
neutralize by fur ther  milling. Consequently, whatever  
contaminat ion is introduced into the suspension from 
media wear will l ikely be incorporated in the electro- 
phoretic deposit. 

The gist of the mil l ing problem is the need to de- 
velop techniques to produce an adequately small  par-  
ticle size in an exceedingly hard and abrasive sub- 
stance without incurr ing appreciable wear of the 
grinding media. There can be various deleterious 
effects from such wear. For example, silica, often 
present in  a lpha-a lumina  grinding media to improve 
the wear  resistance, will increase the electrical re- 
sistivity of beta-alumina (13). Moreover, the addition 
of alpha-alumina itself to the beta-alumina by grind- 
ing media wear effectively decreases the sodium oxide 
concentration. If such contamination is sufficient to 
lead to a second phase on sintering, the ware will often 
crack during cooling to room temperature. 

A more rational approach to the milling problem 
can be made from an understanding of the factors 
affecting the rate of grinding and the rate of media 
wear. Both were found to depend strongly on the na- 
ture of the powder undergoing grinding, the type of 
grinding, and the grinding media. The grinding rate 
is also markedly dependent on the size of the particles 
undergoing milling while the wear rate is also a sensi- 
tive function of the concentration of beta-alumina par- 
ticles in suspension. 

The fact that the milling rate of beta-alumina pow- 
der depends greatly on the method of preparation of 
that powder is illustrated with scanning electron mi- 
crographs shown in Fig. 5. Inspection indicates that 
calcined beta-alumina powder can be reduced to a 
smaller size in 4 hr of ballmilling than fused beta- 
alumina powder in 5 hr. 
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Fig. 5. Scanning electron micrographs of different powders, ball- 
milled with 91% AI203. 

The micrographs of Fig. 5 also i l lustrate the fact that  
bal lmil l ing to about 10~ size can be accomplished in 
only a few hours. However, more protracted mil l ing 
times are required to reduce the size to only a few 
microns. This fact is true for v ibratory mil l ing as well  
as for other media such as zirconia. On the other hand, 
the wear of the grinding media is near ly  proportional 
to the mil l ing time for both ball  and vibratory mil l -  
ing. This is shown for vibratory mil l ing with zirconia 
media in  Fig. 6. 

A comparison of micrographs also indicates the more 
rapid gr inding achieved by vibratory milling. This 
fact is confirmed by data on the degree of s intering at-  
tained on ceramic that had been mil led under  different 
conditions as indicated in Table IIL The density of 
completely sintered be ta -a lumina  lies be tween 3.25 
and 3.26 g/cm~. All  the specimens, on which data are 
given in this table, were deposited electrophoretically 
in the form of closed-end tubes and subsequently 
sintered at 1800~ Data are given for several speci- 
mens from suspensions similarly prepared in order to 
indicate the degree of reproducibil i ty in the density 
and wear  measurements.  Examples are 5H3-5 and 
5K1-2; 5G2-1 and 5H2-2; 5F3-3 and 5Ll-1. Wear of the 
gr inding media is expressed in Table III  as a fraction 
of the amount  of be ta -a lumina  present  in  suspension. 

An impor tant  point  with regard to particle size is 
also brought  out by data in this table. Specimens 5F3-3, 
5F3-4, and 5F3-5 were the third, fourth, and fifth 
tubes deposited respectively from suspension 5F3. 

Table Ill. Optimum density of sintered 

I I I I . I 

1 

J 
I I I I L 
5 I0 15 20 25 

DURATION OF VIBRATORY MILLING-HOURS 

Fig. 6. Wear of 1800g 0.5 in. zirconia cylinders in vibratory 
milling 150g modified calcined powder suspended in 300 ml n- 
amyl alcohol. 

Neither in this series, nor  in others, have systematic 
trends in sintered density been observed with the 
order in which tubes were deposited from a suspension. 
A t rend should be observed if there was any sub-  
stantial  preferent ial  deposition by particle size, as 
reported previously for a lpha-a lumina  (6). Such a 
preferential  deposition might  also be indicated by dif- 
ferences in  microstructure between the inner  and outer 
walls of electrophoretically deposited, sintered tubes. 
This has never  been observed. 

Data in Table III  also demonstrate the more rapid 
mil l ing and lower wear  rate of zirconia compared to 
a lpha-a lumina  media. This fact is also brought  out in 
Table IV in which wear data are collated for a n u m -  
ber of different a lpha-a lumina  media as well as for 
zirconia. Also shown is the need for some silica in  
a lpha-a lumina  grinding media in order to keep wear 
at tolerable levels. Alumina  balls containing 91% alu-  
mina  were selected over other a lumina  media as the 
best compromise between wear  rates and risk of con- 
taminat ion  by silica. 

Wear rates, unl ike mil l ing rates, depend rather  
strongly on the concentrat ion of the suspensions as 
indicated on Fig. 7. The reduced rates with more 
concentrated be ta -a lumina  suspensions should be 
noted. The advantages to mil l ing more concentrated 
suspensions are really twofold. Not only is the absolute 
amount  of wear product reduced, but  in addition, it is 
diluted with a larger amount  of beta-a lumina.  The 

beta-alumina for various milling conditions 

S p e c i m e n  
designation Suspensiort p r e p a r a t i o n  T y p e  

Milling conditions 

Time Density % wear 
M e d i a  (hr)  ( g / c m  s) o f  m e d i a  

5H3-5 

5K1-2  
5K2-4  
5K3-4  

5F2 -1  

5 G 2 - I  
5H2 -2 
5G1-3  
5F3-3 
5F3-4 

5F3-5 
5LI-I 

3RI-2 

4 P 3 - 1  

5 D 3 - 2  

20Og m o d i f i e d  c a l c i n e d  p o w d e r  + 0.25g V i b r o  
a l u m i n u m  s t e a r a t e  m i l l e d  in  200 m l  
n - a m y l  a lcohol .  A f t e r  m i l l i n g  s u s -  
p e n s i o n  d i l u t e d  w i t h  200 a d d i t i o n a l  
m l  of  v e h i c l e .  

S a m e  as  5H3-5 V i b r o  
S a m e  as  5H3-5 V i b r o  
S a m e  as  5H3-5  V i b r o  

150g m o d i f i e d  c a l c i n e d  p o w d e r  + 
0.188g a l u m i n u m  s t e a r a t e  m i l l e d  i n  
300 m l  n - a m y l  a lcohol .  V i b r o  [ 

S a m e  as  5 F 2 - I  V i b r o  l 
Same as 5F2-I Y i b r o  [ 
S a m e  a s  5H3-5  V i b r o  l 
S a m e  as  5 F 2 - I  V i b r o  <~ 
This specimen deposited from same Vibro| 

suspension as 5F3-3. I 
S a m e  as 5F3-4 V i b r o  | 
S a m e  as 5F2-1 V i b r 0  ~- 

110g m o d i f i e d  f u s e d  p o w d e r  + 0.138g Ba l l  
a l u m i n u m  s t e a r a t e  m i l l e d  i n  206 m l  
n - a m Y l  a lcohol .  

100g m o d i f i e d  c a l c i n e d  p o w d e r  + Bal l  
0.125g a l u m i n u m  s t e a r a t e  m i l l e d  in  
200 m l  n - a m y l  a lcohol .  

S a m e  as  6H3-6  Ba l l  

91% AlsOa bal ls  24 3.184 1.4 

91% Al~Os ba l l s  24 3.184 1.1 
91% Al2Os ba l l s  48 3.226 3.2 
91% A h O a  ba l l s  72 3.236 5.0 

6 3.143 0.6 
14 3.212 1.0 
14 3.234 0.9 
14 3.206 0.8 

Z i r c o n i a  c y l i n d e r s  18 3.252 1.2 
18 3.231 

18 3.250 
18 3.243 1.2 

91% Al.oOs ba l l s  16 3.000 2.8 

91% A1203 ba l l s  12 3.087 2.0 

ZrO2 c y l i n d e r s  63.5 3.175 1.4 
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Table IV. Wear data for various grinding media 

99.5% 
99.5% 
91% 
85% 

91% 
ZrO2 

Data set A 
Wear of l l00g  of media  in bal lgr inding 35g of fused  p o w d e r  

in 200 ml  r~-amyl alcohol  for 16 hr 

alpha-a lumina  balls % in. diam., supplier A 43g 
a lpha-a lumina  balls 1 em diam., supplier B 18g 
a lpha-a lumina  balls (6% SiO~) ]/2 in. diam. 10g 
a lpha-a lumina  cylinders */2 in. x V2 in. (11% SlOg) 9g 

Data  set B 
Wear  in bal lgrinding 100g calcined p o w d e r  

in 200 ml  n -amyl  alcohol  for 16 br  

a lpha-a lumina  balls (l l00g) 2.9g 
Cylinders  :/2 in. x V~ in. (1800g) 0.99 

highest concentrat ion milled was 200g of be ta-a lu-  
mina  per 200 ml n -amyl  alcohol. A "suspension" of 
this concentrat ion ,behaves as a wetted solid prior to 
mil l ing although it becomes fluid after several minutes  
o~ milling. It must  be diluted to about 100g/200 ml 
after mil l ing to avoid problems with viscous flow fol- 
lowing electrophoretic deposition. 

In  the course of s tudying the effect of additives on 
wear of gr inding media, a luminum tristearate was 
found to improve the smoothness of electrophoretic 
deposits. The effect is i l lustrated in  the photograph 
shown in Fig. 8. The center tube was deposited from 
a suspension without  a luminum stearate. Admittedly, 
the difference is more pronounced for deposits derived 
from fused powder than from calcined powder. The 
finding is of some importance. Wholly apart  from ap- 
pearance, a smooth surface on an electrophoretic de- 
posit facilitates inspection for flaws such as cracks or 
holes. 

Miscellaneous problems associated with deposition.-- 
A mixture  of topics falls wi thin  this heading including 
a discussion of the factors affecting the yield in elec- 
trophoretic deposition as well as practical methods 
for controlling the dimensions of ware, factors affecting 
the green density, and some specialized problems oc- 
curring with the forming of flatware. 

Factors in~uencing yield.--Hamaker showed sometime 
ago that  yield or amount  of electrophoretic deposition 
is given by the expression 

y _: af~FCAdt 

6 , I I I ' i ' I ' 
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CONCENTRATION - GRAMS BETA-ALUMINA IN 200 m l VEHICLE 

Fig. 7. Wear of 1100g 0.5 in. diameter 91% alumina balls in 
ballmilling various concentrations of modified fused powder for 16 
hr. 

Fig. 8. The effect of aluminum stearate on the smoothness of 
beta-alumina deposits. 

Here ~ is the electrophoretic mobility, the velocity of 
a particle in a uni t  field of 1 V/cm; F is the electric 
field; C is the concentrat ion of particles in grams per 
cubic centimeter;  A is the electrode area; and t is the 
time (14). The coefficient, a, takes account of the 
possibility that  not all particles which migrate to the 
electrode may deposit. Hamaker 's  expression has been 
confirmed by later  work (15). 

If a number  of depositions are carried out succes- 
sively from a suspension onto near ly  identical man-  
drels for equal times at constant cell voltage, the yield, 
and correspondingly the wall  thickness, decline be- 
cause of the drop in concentrat ion of beta-alumina.  
The simple technique used in this work to hold the 
thickness constant in successive depositions was to in -  
crease the time to main ta in  the product, Ct, invariant .  
Information on the measured masses of 18 closed-end 
tubes, six from each of three suspensions prepared in 
the same manne r  and deposited according to this 
scheme, is indicated in Table V below. It  should be 
noted in  these examples that  over 80% of the beta-  
a lumina had been deposited from the suspensions. 
However, there is usual ly noticeable degradation in the 
qual i ty of deposits for more than about 70% depletion. 

For deposition onto identical mandrels  using the 
same fields and deposition times, the mass of the first 
deposit from a suspension is a good measure of the 
electrophoretic mobil i ty of the suspended particles. The 
data presented in  Table V are i l lustrat ive of beta-  
a lumina powder containing 1% magnesia and 1% zir- 
conia as additives. Vibratory mil l ing of the suspensions 
had been carried out for 18 hr with zirconia grinding 
media. The deposit thickness was approximately 1.5 
mm after sintering. Since the electrophoretic mobil i ty 

Table V. Variations in mass of electrophoretically deposited 
tubes 

Depositions were  carr ied out at 990V from suspension containing 
100g calcined be ta -a lumina  powder  per  200 ems n -amyl  alcohol 

Suspension a b o 

Deposition 
Tube No. time, see Mass, g Mass, g Mass, g 

1 44 13.90 13.78 13.63 
2, 46 13.96 13.05 13,60 
3 54 13.61 13.89 13.71 
4 64 13.97 14.06 13.96 
5 77 14.05 13.90 14.05 
6 105 13.70 13.93 14.11 
Average  mass 13.87 13.77 13.84 
Standard  deviation 0.17 0.36 0.22 

Standard deviat ion 
as % of mass  1.2 2.6 1.6 
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does depend  somewhat  on the powder  composi t ion as 
wel l  as on the par t ic le  size, i.e., on the mi l l ing  time, 
cell vol tage and deposi t ion t imes would  requi re  ad-  
jus tmen t  for  powders  of o ther  composit ions and pa r -  
t icle sizes as wel l  as for other deposit  thicknesses.  

Green density.--An impor tan t  pa r ame te r  affecting the 
degree  of s inter ing is the densi ty  of ware  in the  green 
state. Two factors which exer t  a not iceable  influence 
on the green dens i ty  a re  the  concentra t ion of be ta -  
a lumina  and the concentra t ion of a luminum stearate.  
This is demons t ra ted  in Fig. 9 where  green densities 
a re  p lot ted  as a funct ion of the cell voltage. For  both 
fused and calcined be t a - a lumina  powder,  there  are  
clear  indicat ions of the  advan tage  of using higher  con- 
centra t ions  to obta in  l a rge r  green densities. The den-  
sities achieved wi th  calcined powder  were  s l ight ly  
grea ter  t han  wi th  the  fused s tar t ing mater ia l .  Deposi-  
tions are  not usua l ly  carr ied  out, however,  wi th  con- 
centra t ions  of be t a - a lumina  powder  much in excess of 
100g/200 ml vehicle because of problems wi th  viscous 
flow af ter  deposition. A l u m i n u m  t r i s teara te  concen- 
t ra t ions of 0.12%, based on the amount  of be t a - a lu -  
mina, are  no rma l ly  used since this concentrat ion is 
nea r ly  as effective as l a rger  ones in improving  the 
smoothness of deposits. Fur the rmore ,  green densities 
obta ined  wi th  this  concentra t ion are not  much less 
than  those obta ined in the absence of a luminum 
stearate.  Suspensions for which green densi ty  data  are  
p resen ted  in Fig. 9 were  mi l led  wi th  a lpha -a lumina  
media.  Somewhat  h igher  green densities, typ ica l ly  1.74 
g /cm 3, are  obtained wi th  zirconia media,  l ike ly  as a r e -  
sult  of finer grinding.  

Various deposit con~gurations.--The versa t i l i ty  of 
e lectrophoret ic  deposi t ion as a forming technique for 
be ta - a lumina  ceramic is i l lus t ra ted  in Fig. 10. Here are 
shown a number  of i tems of green ware:  c losed-end 
tubes of different  lengths, an open-end  tube 6 in. long 
and 0.75 in. d iameter ,  a 3 cm disk, and a pocke t - shaped  
piece. 

Some special problems with the 5orming of disks and 
other l~at ware.--When elect rophoret ic  deposit ion oc- 
curs on a pol ished disk mandrel ,  the  thickness of the 
deposit  is genera l ly  grea ter  at the  edge than  at the  
center.  For  example ,  one green disk was only 1.04 m m  
thick at the  center,  but  1.40 m m  near  the  edge. The 
var ia t ion  in deposit  thickness can be near ly  e l iminated  
by  the use of an insulat ing Teflon po lymer  sleeve 
which fits a round the edge of the  mandrel ,  as shown 
in Fig. 2. The sleeve shapes the  electr ic field and gives 
r ise to a nea r ly  uni form current  densi ty  over  the  elec-  
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Fig. 9. Dependence of green density on cell voltage 

Fig. 10. Green wore formed by electrophoretic deposition 

t rode face. The fact under ly ing  this design is that  the 
current  densi ty  over  a disk wil l  be uniform, regardless  
of the shape or  posi t ion of the counterelectrode,  if the  
insulat ing sleeve extends above the surface of the 
e lectrode a distance of at least  the  disk radius  (16). A 
green disk formed using the Teflon po lymer  s leeve 
was 1.70 mm thick at the center  and 1.72 m m  at the 
edge. Be ta -a lumina  disks, which are at  leas t  1.5 m m  
thick, warp  l i t t le  during sintering.  

Remova~ of electrophoretic deposits from mandrels. 
- - T h e  need for  removal  of deposits f rom mandre l s  
af ter  forming involves some problems not encountered 
in the use of e lectrophoret ic  deposi t ion for coating 
purposes. These problems have  been t rea ted  in ve ry  
different ways  in previous applicat ions of e lec t roform-  
ing. Andrews,  Collins, Cornish, and Dracass removed  
a lpha -a lumina  ogives f rom a luminum formers  wi th  
a po lyvinyl  chlor ide sheath meta l l ized  on its outer  

i 1  surface and dusted with  talc on its inner  surface (6). 
This sheath covered the former  dur ing deposi t ion and 
subsequently,  deposit  and sheath together  were  slid 
off the a luminum former.  On the other  hand, Lazennec, 
Fally,  and Leboucq removed  zirconia and be t a -a lu -  
mina  c losed-end tubes f rom a luminum mandre l s  af ter  
a i r -d ry ing  and isostat ic press ing (7). The work ing  
hypothesis  under ly ing  the work  descr ibed in this r e -  
por t  was tha t  sa t is factory  remova l  of deposits depends 

~ t  on the nea r ly  complete  e l iminat ion  of vehicle f rom 
the deposit. This hypothesis  or ig ina ted  f rom the com- 
monplace observat ion  that  soil, main ly  an aqueous 
suspension of aluminosil icates,  adheres to smooth 
meta l  surfaces much less tenaciously when  dry. Ex -  
per ience has indica ted  the need for only  sl ight  modi-  
fications in this hypothesis.  Two kinds of problems 

~J  are  encountered  in securing the  sat isfactory release of 
green  be t a - a lumina  deposits f rom mandre ls :  those re-  
la ted to st icking and those associated wi th  cracking. 

Release of green deposits  in the form of c losed-end 
Iooo tubes can usua l ly  be accomplished af te r  d ry ing  over -  

n ight  in air  at  room tempera ture .  At  most,  24 hr  are  
needed. However,  up to 3 days of dry ing  may be re -  
qui red for the 3 m m  thick deposits formed on l a rge r  
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mandrels  such as the one for forming pocket-shaped 
pieces. Despite careful drying, deposits from suspen- 
sions containing a luminum stearate in  excess of about 
0.25%, based on the amount  of beta-alumina,  often 
cannot be removed from mandrels  in one piece. These 
findings raise the question whether  the deposit ad- 
herence noted by previous groups may have been caused 
by the presence of binders  in the deposit. Andrews, 
Collins, Cornish, and Dracass in  their electroforming 
work with a lpha-a lumina  used 0.5% dewaxed shellac 
in their preferred formulat ion while Lazennec, Fally, 
and Leboucq used up to 2% of a polycarbonate in their 
work with zirconia. 

Comparison of present process with that developed 
previously.--It seems appropriate to conclude this dis- 
cussion of the problems in  the electrophoretic forming 
of be ta -a lumina  ware with a brief comparison of the 
features of the process described in this paper with 
o n e  described previously (7). This comparison is in-  
dicated in Table VI. 

The Properties of Sintered Beta-Alumina Deposits 

The properties of sintered be ta -a lumina  depend on 
details associated with each of the three major  fabrica- 
tion steps, the preparat ion of starting powders, the 
forming of green ware, and finally, the s inter ing pro- 
cedure. A brief description of this final operation used 
with be ta -a lumina  green ware formed by electro- 
phoretic deposition was given in a previous section of 
this paper. Only an indication of the range of proper-  
ties that  can be obtained will  be given here. 

When sintering is carried out at temperatures be- 
tween 1700 ~ and 1825~ for times ranging from a few 
m i n u t e s  to a few hours in ei ther an air or an oxygen 
atmosphere, densities ranging from 2.98 to 3.26 g/cm 8 
are obtained on single-phase material.  These values 
correspond to residual closed porosity from 10 to less 
than 1%. Microstructures of three different specimens, 
all based on calcined start ing powder, are shown on 
Fig. 11. A very coarse-grained structure from a speci- 
men  with a densJ~ty of 3.15 g/cm 3, appears in part  A. 
The more or less rounded dark spots on the photo- 
micrograph indicate pores while those with straight 
sides l ikely indicate the position of grains which were 
removed during mechanical polishing prior to etching 
in phosphoric acid. The micrograph for a specimen of 
high density (3.24 g/cm 3) and small grain size is 
shown in part B while one, also of small grain size but 
with high porosity, is shown in part C. The density of 
this third specimen was only 2.98 g/cm 3. While this 
specimen was not leak tight to helium, other speci- 
mens of this low density have been tight. 

D-c specific resistivities as low as 105 ohm-cm and 
as high as 26,000 ohm-cm have been measured at room 
temperature. While a small grain size is desirable for 
mechanical strength and uniformity of current dis- 

Table Vl. Comparative features of present process and that 
developed previously 

F e a t u r e  P r e v i o u s  w o r k  Th i s  p a p e r  

Charging m o d e  for par- Proton adsorption Dissociation of  Na§ 
t icles 
Activator used Benzoic acid None 
Charge or~ particles Posit ive  Negative 

Vehicle CH3NO~/CHC18 m i x -  N - a m y l  alcohol 
ture 

Binder I) iphenol  polycar- None 
honate 

Cell voltage 300-500V 300-1000V 

Hydrodynamic condi- Mandrel rotated and 17o stirring during 
tions during deposi- suspension stirred deposition 
t/on 

Method used to remove Drying followed by Drying 
deposits from man-  isostatic pressing 
drels 

tr ibution, the lowest specific resistivities are usually 
observed with specimens of large grain size. Conse- 
quently, a compromise must  be sought be tween these 
conflicting requirements.  A more rat ional  basis for this 
compromise is considered in  another paper (17). 

Summary 

In  this study, eleetrophoretic deposition was ex- 
amined as a method for forming green be ta -a lumina  
ware. Ceramic articles are often fabricated in a three- 
step procedure: (i) the preparat ion of s tar t ing pow- 
ders, (it) the forming of such powder into a compact 
shape similar to that required in  the final product, and 
(iii) the sintering of this green ware to reduce porosity 
and to develop other necessary properties. For  beta-  
alumina, the second step of this sequence is difficult 
with conventional  ceramic processing. Electrophoretic 
deposition offers the advantages of speed and versa- 
tility, making available a variety of shapes with a 
m i n i mum of precision tooling. Deposits are essentially 
without a preferred orientation. 

The electrophoretic forming operat ion in tu rn  is also 
comprised of three main  steps: (i) the preparat ion of 
a suitable suspension of powder dispersed in a vehicle, 
i.e., organic liquid; (it) the deposition of the powder 
from the suspension onto a mandre l  using an electric 
field; and (iii) removal of the green deposit from the 
mandrel.  The first of these steps is crucial. Three major  
problem areas were identified with it: (i) the selection 
of a suitable vehicle in which to suspend the be ta -a lu-  
mina  particles, (it) control of the charge on these par-  
ticles, and (iii) mill ing of the particle's to effect a 
suitable charge and to produce the fine size required 
for high densification on sintering. Problems associated 
with the other two steps were of a more straightfor-  
ward nature. 

Selection of vehicle ]or dispersing beta-alumina par- 
ticles.--With the predominant  charging mode used in 
this study, satisfactory electrophoretic deposits are ob- 
tained only with vehicles with dielectric constants in 
the range 12-25. Most work has been carried out using 
n -amyl  alcohol as the vehicle because its dielectric 
constant is 13.9 at 25~ Furthermore,  nei ther  the for- 
mat ion of anodic films nor that of fluid deposits is a 
problem with it. T3ais alcohol is available as reagent  
grade material  from a number  of manufacturers .  Fi-  
nally, this vehicle is relat ively nontoxic. 

Charge control o] beta-alumina suspensions.--Two dif- 
ferent  competing charging modes are known for beta-  
alumina. Negative charging, the predominant  mode 
used in this study, arises from dissociation of sodium 
ions from the particles. On the other hand, positively 
charged particles can be obtained by adsorption of 
protons from water or organic acids such as stearic or 
benzoic. Suitable charging is mainly  a mat ter  of con- 
troll ing the water content  of the suspension. A variety 
of phenomena have been encountered depending on 
this water  concentration. These can be general ly under -  
stood in terms of the Hamaker-Verwey theory of  elec- 
trophoretic deposition. 

Milling problem.--This problem comes about from the 
need to mill an exceedingly hard, abrasive substance 
to about 1~ size particles with very li t t le contamina-  
tion of the suspension by the wear products of the 
grinding media. The preferred practice at this time 
involves: (i) the use of a more friable beta-a lumina;  
(it) the use of a very high powder concentrat ion dur-  

ing milling, e.g., 100-200g be ta -a lumina  in  2,00 m L v e -  
hicle; (iii) vibratory mill ing being preferred over 
,ballmilling because of its speed and the somewhat 
lower wear of the grinding media; (iv) zirconia media 
being used in preference to those of a lpha-alumina.  If 
slight contaminat ion of the suspension by zirconia is 
intolerable, 91% a lpha-a lumina  grinding balls are 
used. Smoother electrophoretic deposits are obtained 
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Fig. 11. Various microstructures observed with ware formed elec- 
trophoretically. 

on mil l ing wi th  ca. 0.12% a luminum tr is tearate  in the 
suspension. 

Assorted problems with deposition.--More nearly con- 
stant ware  thicknesses can be obtained on successive 
deposition f rom a suspension if the deposition t ime is 
extended to maintain  the product of deposition t ime 
and beta-a lumina  concentrat ion a constant. Green 
densities were  found to increase wi th  the be ta-a lumina  
concentrat ion of the suspension and to decrease with 
the a luminum tr is tearate  concentration. Disks of uni-  
form thickness can be deposited eleetrophoret ical ly  

through the use of an insulating Teflon polymer  ring 
fitting about the face of the disk-mandrel .  

Removal of deposits from mandrels.--Deposits can be 
taken f rom slightly tapered mandrels  after thorough 
removal  of the vehicle ei ther by a i r -dry ing  or by ac- 
celerated drying in a vacuum oven. 

A wide var ie ty  of propert ies can be obtained with 
electrophoret ical ly deposited ware, depending mainly  
on the sintering conditions but also to some extent on 
the nature of the starting powders as well as on de- 
tails concerned with the forming operation. 
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Hydrophilic Porous Gas Diffusion Electrodes 

Christer Mor~n 
Department of Chemical Technology, Royal Institute of Technology, 100 44 Stockholm 70, Sweden 

ABSTRACT 

An apparatus, the dilactres cell, has been developed for determining 
structure parameters on operating porous gas diffusion electrodes. The ex- 
per imental  values of these parameters have been compared with the predic- 
tions of the thin-f i lm model where all forms of polarization are present. The 
exper imental ly  obtained polarization curves are wi thin  15% of the computed 
ones for Ni-electrodes operating on air in 5M KOH at 50~ with Ag as cata- 
lyst. 

Various models have been proposed for porous gas 
diffusion electrodes with different types of reactant  
and product t ransport  as well as different l iquid con- 
figurations. 

The simple pore model was developed by Aust in  
et al. (1), who proposed that reactant  gas dissolves 
in  the electrolyte and diffuses to the electrode surface 
near  the three-phase 'boundary of solid-liquid-gas. The 
simple pore model has also been studied by Srinivasan, 
Hurwitz, and Bockris (2). 

The thin-fi lm model was postulated by Will (3, 4). 
Will studied the mechanism of ionization of molecular 
hydrogen on part ial ly immersed Pt electrodes in acidic 
solutions. He exper imental ly  proved the existence of 
an electrochemically active electrolyte film. The effects 
of activation control were neglected and an arbi t rary  
film thickness parameter  was utilized for calculating 
the current.  Aust in  (5) and LindstrSm (6) postulated 
that  the walls of the gas filled pores in a gas diffusion 
electrode are covered by a thin electrolyte film. 

Grens et al. (7) as well as Bennion and Tobias (8, 9) 
took into account the activation polarization in their 
calculations. Iczkowski (10) formulated an electrolyte 
film mechanism for a hydrogen gas diffusion electrode. 
Rockett and Brown (11) made a theoretical analysis 
of a single pore coated with a thin film of electrolyte 

K e y  w o r d s :  p o r o u s  gas  e l e c t r o d e s ,  hydroph i l i c ,  t o r tuos i ty ,  f i lm r e -  
s i s tance ,  d i f f e r e n t i a l  p r e s s u r e .  

and compared it with data from nickel electrodes op- 
erating on oxygen in 80% KOH. Numerical  calcula- 
tions were carried out by Srinivasan and Hurwitz (12) 
for a thin-f i lm model in the case where all forms of 
polarization are present, varying the kinetic and physi-  
cal parameters.  LindstrSm (13) and Lindholm et al. 
(14) correlated the electrochemical activity with the 
electrolyte film resistance. 

A meniscus model was introduced by Bockris and 
Cahan (15) who observed a meniscus with a finite con- 
tact angle on Pt electrodes in H2SO4. 

Pshenichnikov (16) considered wide film-covered 
pores, the walls of which were penetrated by electro- 
lyte filled micropores. 

Katan and Grens II (17) studied the influence of 
differential pressure on electrode activity fc)r oxygen 
cathodes made up of beds of uniform silver spheres. 
The extent and nature of this dependence they ex- 
plained through use of the concept of pendular and 
funicular liquid configuration in the pore space of the 
electrode. 

The statistical concept of porous structure was 
adapted by Markin et al. (18) as well as by Micka 
(19-21), who considered a macrohomogeneous system 
on which he applied a statistical model based on the 
assumption that the electrode reaction proceeds on 
active centers, distributed statistically in a large num- 
ber over the entire volume of the operating layer. 
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According to the film model the walls in  the gas 
filled pores are covered by a thin electrolyte film. 
The reaction gas diffuses to the electrode surface and 
reacts there so that  electrons are t ransferred from, or 
to, the electrode. In  addition ionic current  t ransport  
must  proceed along these films. 

Mass t ransport  is often the pr imary  cause of polari-  
zation in air and oxygen cathodes. This polarization 
can be at t r ibuted to one or more of the transport  steps: 
diffusion of oxygen molecules in  the gas phase, diffu- 
sion of oxygen molecules in the l iquid phase, diffu- 
sion or migrat ion of hydroxyl  ions in the liquid, and 
diffusion of water  in the l iquid phase. 

LindstrSm (13) characterized the electrochemical 
s t ructure with the aid of certain parameters,  mainly  
the pore size distribution, film area, film perimeter, 
film thickness, interstice tortuosity, and film tortuosity. 
He determined these parameters on single porosity gas 
electrodes. The measurements  were performed in  sepa- 
rate stages with different sets of apparatus. The dila- 
tometry measurements  were not performed with the 
electrodes operating as cathodes. According to the film 
resistance measurements  he had to provide the coarse 
pore layer  with a fine pore layer on both sides, with 
the gas being supplied to a ring arranged around the 
periphery. The principal  disadvantages of these meth-  
ods are t h a t t h e  physical measurements  are carried out 
separately while there is no current  flow. 

Most theoretical t reatments  assume that  the concen- 
t rat ion of electrolyte is constant in  the l iquid films in 
porous electrodes. In  oxygen and air electrodes there 
is always a concentrat ion of the electrolyte in the films 
due to water  removal  and formation of hydroxyl  ions 
on account of the  react ion 

O~ + 2H20 + 4e-  --> 4 O H -  

The concentrat ion of electrolyte is counteracted by 
diffusion of water  in  the gas phase as well  as in the 
liquid, but  the water  vapor t ransport  is counteracted 
by convective diffusion of oxygen in  the gas phase 
toward the electrolyte side. 

Lindholm (23) investigated the di lut ion of electro- 
lyte with increasing current  density for hydrogen elec- 
trodes. For oxygen electrodes Micka (24) calculated 
the concentrat ion of KOH in the pores according to the 
model of porous electrodes of second order. His calcu- 
lations were based on approximate solutions yielding 
ra ther  high concentrations which at tained saturation. 
In  another  paper (25) he used more exact t ransport  
equations result ing in lower concentration gradients. 

The purpose of this paper was to determine certain 
s t ructure  parameters  and their  influence on the be- 
havior of operating air cathodes, i.e.. with current  
flow. For this purpose a special apparatus was devel- 
oped, the so-called dilactres cell, which stands for: 
DILatometry,  ACTivity, and film RESistance. In  the 
di latometry measurements,  the penetra t ion of gas into 
the electrode at varying differential pressures was 
investigated. F rom these data, the film area and film 
thickness were calculated. The activity measurements  
gave the polarization curve. In  the film resistance mea-  
surements,  the voltage drop in the electrolyte film was 
measured, when  an ionic current  was forced through 
the film network. After  necessary corrections the 
effective specific resistance (ohm-cm) in  the film was 
obtained, based on the current  per un i t  cross-sectional 
area of the electrode. This film resistance is a very im-  
portant  factor since together with the current  dis- 
t r ibut ion in the pore, it determines the ohmic poten-  
t ial  drop in  the electrolyte film. Even  the film tortuos- 
i ty was calculated from the resistance values. 

The exper imental  polarization curves have been 
compared wi th  the predictions of the thin-f i lm model, 
as proposed by Sr inivasan and Hurwitz  (12). 

General Experimental Arrangement 
The apparatus consisted of the dilactres cell, air 

pressure and flow regulat ion equipment,  and moni tor-  

ing instrumentat ion.  The ar rangement  is shown in Fig. 
1-3. Figure 1 is a schematic diagram of the apparatus 
with electrical connections. The probe is pulled out to 
make the drawing clearer. Figure  2 shows the elec- 
trical circuits. In  Fig. 3 the relations be tween the 
probe, working electrode, and reference electrodes 
during film resistance measurements  are shown. 

Dilactres cell.--The dilactres cell consisted of a 
turned out block of polymethylmethacrylate,  PMMA. 
The working and counterelectrodes were kept at a 
fixed distance by means of a distance element,  made 
from PMMA, so that  a definite volume of electrolyte 
was kept between the electrodes. At the top of the cell 
a riser, consisting of a th in  calibrated glass tube 
equipped with a movable graduated scale, was in-  
serted for di latometry measurements.  A canal was 
milled around the electrolyte compartment  and con- 

../ 
,~~ ~\ .. \ \ x \ .11 -- t 

Fig. 1. Schematic diagram of the dilactres cell. A, Main body; 
B, electr riser; C, counterelectrode; E, O-rings; F, gasketsl G, 
current collectors; H, venthole; I, gas inlets and outlets; K, refer- 
ence electrode capillaries; L, thermostated water; M, spring; O, 
separator; P, probe electrode; W, working electrode. 

I 
H G, 

G2 

C 

IPGI 
I 

Fig. 2. Diagram of the electrical circuits. A, Ammeters; C, 
counterelectrode; G, galvanostats; O, oscilloscope; P, probe elec- 
trode; PG, pulse generator; R, reference electrodes; S, electronic 
switch; V, digital voltmeters; W, working electrode. 
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K l m  _ _  

A 

Fig. 3. Relations between the probe, working electrode, and 
reference electrodes during film resistance measurements. A, Bulk 
electrolyte; B, fine pore layer of the working electrode; C, coarse 
pore layer of the working electrode; D, separator; E, probe elec- 
trode; K, reference electrode capillaries. 

nected to a thermosta t  controlled waterbath.  The 
whole cell assembly was inserted into a tempera ture  
controlled air bath. A thermocouple  was placed inside 
the cell in the electrolyte to check the settings of the 
tempera ture  regulators,  and data collection was never  
started unti l  the bulk electrolyte  at tained 50~  as- 
sure tempera ture  equil ibrium. 

Working and counterelectrodes.--The working elec- 
trodes, called A, B, and C, respectively,  were  hydro-  
philic double layer  gas diffusion electrodes. F rom each 
type of electrode, A, B, and C, three 20.5 • 11.7 cm 
electrodes were  manufactured.  F rom each of these 
plates two electrodes were  punched with  externa l  sur-  
face areas, exposed to the electrolyte, of 16 cm 2 and 1 
cm'2, respectively, so that a total of 18 electrodes were  
investigated. Three large electrodes were  chosen in 
order to study the s tructure homogenei ty  f rom plate 
to plate and two smaller  sizes were  invest igated in 
order to check a possible bulging of the electrode, 
when the differential  pressure was applied. It  was also 
a check on the functioning of the distance element.  

The fine pore layers were  identical for the three 
electrode types and consisted of a 0.02'9 cm thick 
sintered Ni- layer  wi th  a porosity of 0.43 and a mean 
pore radius, ?'mr, of 1.15 • 10 -4 cm. The fine pore 
layers contained no catalyst. The coarse pore layer  of 
electrode A was a s intered Ni - layer  wi th  a porosity, U, 
of 0.74 and a thickness, L, of 0.051 cm. The mean 
coarse pore radius, r2, was 5.84 • 10 -4 cm. Electrode 
B was a compressed version of electrode A with  a 
porosity of 0.63 and L equaling 0.034 cm. r2 was 2.11 
• 10 -4 cm. Electrode C was identical to A except  
for the coarse pore layer  thickness which was 0.0.68 cm. 
The si lver  catalyst content  in the coarse pore layers 
was 9.3% by weight. 

L was determined on electrode cross sections in a 
scanning electron microscope, r2 and rmf have been 
defined as the pore radii, when half  the fraction of 
the electrode void volume was displaced by Hg in the 
Hg-porosimeter .  The porosity was determined both by 
Hg-poros imet ry  and by weighing electrodes manufac-  
tured without  fine pore layers. 

Counterelectrodes identical to the working electrode 
were  not possible to use during the di la tometry mea-  
surements, because anodic gas evolut ion would arise 
when the electrodes were  loaded. Because of this diffi- 
culty a porous Fe-e lec t rode  was chosen as counterelec-  
trode. The thickness and external  surface area were  
0.26 cm and 16 cm 2, respectively.  It  was discharged ac- 
cording to 

Fe + 2 O H -  --> Fe(OH)2  + 2 e -  

Reference electrodes.--The capil lary Ki  in Fig. 1 
was inserted through the wall  of the cell and con- 
nected to a Hg /HgO reference electrode kept  at 50~ 
in the thermosta ted  air bath. The tip of the Luggin 
capillary was placed in the bulk electrolyte about 0.5 
mm from the working electrode. The very  fine capil- 
lary  K2 in Fig. 1 was inserted through the probe, see 

below, to the outer surface of the probe electrode and 
connected to another  Hg /HgO reference electrode in 
the air bath. The electrolyte  in the la t ter  reference 
electrode could be forced out into the capillary, when 
the probe was wi thdrawn from the working electrode 
surface, by means of an applied N2-pressure. 

Pressure and flow regulation.--The air was obtained 
from the laboratory air system. It  passed through an 
oil filter and was dried with Mg(C104)2 before use. 

The air pressure was kept  constant at the gas side 
of the working electrode by means of a precision re-  
ducing valve  f rom Dr~igerwerk Liibeck. The pressure 
was measured with  a mercury  manometer .  The differ- 
ential pressure read on the manomete r  was corrected 
with  the electrolyte  column pressure in the d i la tometry  
riser. 

A nitrogen differential  pressure of 40.9 cm of H20 
was applied to the counterelectrode in order to avoid 
electrolyte leakage out into the gas room. It was 
necessary to apply this pressure mere ly  because the 
electrode holder was designed to accept gas diffusion 
electrodes as c0unterelectrodes. 

Electrolyte.--Five molar KOH at 50~ was used as 
bulk electrolyte throughout  the whole investigation. It 
was prepared as 5.06M KOH at 20~ from reagent  
grade KOH-pel le ts  and distil led water.  

Experimental Procedure 

Dila~ometry measurements.--These w e r e  per formed 
in order  to determine the electrolyte film area and the 
film thickness. The circuit, as shown in Fig. 1, was used 
to measure the penetra t ion of gas into the working 
electrodes at varying differential pressures. The 
amount  of expel led electrolyte was read off to the 
nearest  half-scale division on the riser, which cor- 
responds to 2.7 X 10 -8  em ~ of l iquid for the large 
riser used with  the 16 cm 2 electrodes and 5.9 X 1'0 -4 
cm~ of l iquid for the small  r iser  used with  the 1 cm 2 
electrodes. 

In order to investigate the influence f rom the 
counterelectrode discharge on the d i la tometry  mea-  
surements,  the 16 cm 2 counterelectrode was discharged 
together  wi th  both 1 and 16 cm ~ air electrodes during a 
t ime equaling the d i la tometry  test time. The cathodic 
current  density was var ied  be tween  .0 and 0.2 A / c m  ~ 
and the differential air pressure was kept  constant at  
Pmax. The volume change by t ime in the riser was 
measured as a function of current  density on the cath- 
ode. For low current  densities, any change of the elec- 
t rolyte height  in the riser was not observed. For higher  
current  densities a very slow continuous rise of the 
electrolyte was noticeable. For  a cathodic current  
density of 0.2 A / c m  e the rising speed, on an average 
for the three electrode types, amounted to 1.1 • 10 -~ 
cm~/5 min (2 scale divisions/5 min) for the 16 cm e 
cathodes and 3.0 • 10 -4 cm3/5 rain (0.5 scale divi-  
sions/5 rain) for the 1 cm2 cathodes. This very  slow 
rising, which corresponds to density differences be-  
tween Fe and Fe (OH)~, remova l  of H20 from the elec-  
t rolyte due to cathodic reaction, removal  of H20 by 
the gas stream, and a possible t empera ture  increase 
were  easily separated f rom the rapid rise, when  the 
air pressure was changed in the d i la tometry  measure-  
ments. 

During the di la tometry measurements  the differ- 
ential air pressure was increased stepwise up to a 
pressure, Pmax, where  no fur ther  penetra t ion of gas 
was observed. 

With the aid of the equations der ived below it is 
possible to calculate the film area and the mean film 
thickness f rom the di la tometry  measurements .  The 
equations are essentially based on the model  for the 
interstice ne twork  as introduced by LindstrSm (13), 
An increase of dP for a differential  pressure, P, re -  
sults in a fur ther  gas penetration, dW, corresl~onding 
to a cross section with an area equal to dW/L �9 s and 
the film per imeter  dN. If the contact angle is denoted 
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e and the surface tension ~, the balance between the 
capillary force and the differential pressure can be 
expressed by 

dW 
d N  �9 ~ �9 cos e -- P �9 ~ [1] 

L . s  

where L is the thickness of the coarse pore layer and 
s is the interst ice tortuosity, see Eq. [6] below. Lind-  
strSm used L instead of L �9 s in  Eq. [1], but  the use of 
the lat ter  quant i ty  seems more plausible. Dilatometry 
experiments  give W = y(P) from which 

d W  = f ' ( P ) d P  [2] 

Combining Eq. [1] and [2] gives 
dP 

. . . .  [3] d N  a c o s e = P  f ( P )  L . s  

Integrat ion gives 

N �9 L �9 s = .  P .  f ( P ) d P  [4] 
�9 COS O 

The contact angle was supposed to be zero degrees. 
The surface tension was calculated from literature 
data (22) given at 25~ The temperature coefficient 
was supposed to equal the temperature coefficient for 
pure water. Neglecting the pressure influence, r was 
found to be 8.48 X 10 -2 cm of H20.cm (= 83 dyne/era) 
at 50~ for 5M KOH. 

The film area A* was calculated as 

A *  = N �9 L �9 s / a  [5] 

where a is the external  electrode area. A* equals the 
film area per un i t  of external  electrode area (cm2/ 
cm2). The mean  film thickness F T  was calculated as 
the volume of the electrolyte film at Pmax divided by 
the total film area. Figure 4 shows A* =:f(P) and in  
Table II the A* values at Pmax are tabulated. 

A c t i v i t y  m e a s u r e m e n t s . - - T h e  cell permit ted mea-  
surements  of the electrode activity, i.e., recording 
polarization curves. For  this purpose cur ren t  was sup- 
plied from a Wenking Potentiostat,  operated galvano- 
statically, and measured with an Unigor 1P ammeter.  
The working electrode potential  vs. the Hg/HgO refer-  
ence electrode was measured with a digital mul t imeter  
MN-124 from Schneider Electronique. The IR  drop be-  
tween the tip of the reference capillary and the elec- 
trode surface was recorded on an SS-5157 Synchro-  
scope oscilloscope, when  the current  was interrupted.  
A rapid electronic switch was bui l t  at our laboratory 
for this purpose. It  was triggered by a pulse generator  

I I I 

2 0 0  

' ~  100 

o i [ 
0 5 0 0  1 0 0 0  

P, cm of H20  

Fig. 4. Electrolyte film area as a function of the differential 
air pressure at 50~ O ,  electrode A; A ,  electrode B; e ,  electrode 
C. 

PG 5,6 from Advance Instruments .  All polarization 
curves were corrected for this I R  drop, which never  
exceeded 2% of the total polarization. 

Before recording the polarization curves the elec- 
trodes were activated during 10 cycles with a constant 
current  density of 0.025 A/cm 2 at a differential air 
pressure of 410 cm of H20. Each cycle consisted of 
2 hr of oxidation plus 1 hr  of reduction. 

The potential  vs. Hg/HgO as a function of the dif- 
ferential  air pressure was determined stepwise from 
40 cm of H20 to Pmax for a constant current  density of 
0.025 A/cm 2, see Fig. 5. Polarization curves were de- 
termined in the current  density range 0-0.2 A / c m  2, see 
Fig. 6. 

The electrode homogeneity was confirmed with the 
activity measurements,  in  that, no significant activity 
differences existed be tween the large and small  elec- 
trodes. 

F i l m  re s i s tance  m e a s u r e m e n t s . - - T o  get an idea of the 
ion t ransport  along the electrolyte film, the film re-  
sistance, Z'. see below, was measured. Together with 
the current  distr ibution the film resistance determines 
the ohmic potential drop in the film. The interstice 
and film tortuosities were also determined. The in ter -  
stice tortuosity, s, is the effective tortuous length for 
the current  to traverse through the coarse pore layer  
when this layer is completely soaked with electrolyte 
divided by the coarse pore layer  thickness. In  the same 
way the film tortuosity, 5, is the effective tortuous 
length for the current  to t raverse through the film 
network in the coarse pore layer divided by the coarse 
pore layer thickness. The expression for the interstice 
tortuosity is derived in  the following manner .  If an 
electric current  flows through an electrolyte path of 
uniform cross section, the resistance of the path is 
given by 

e �9 L' 
R' = [7] 

a '  

where e = the electrolyte resistivity (ohm-cm) ;  L' = 
the length of the electrolyte path (cm);  and a' = the 
cross sectional area of the electrolyte path (cm2). 

If the electrolyte resistance is measured through a 
completely drowned porous body with a thickness L' 
and an outer surface cross-sectional area of a', the re-  
sistance will be higher than  was R', the resistance of 
the electrolyte alone since (i) the mean  length of path 
traversed by the current  is longer and (ii) the cross- 
sectional area which is available to current  flow is 
smaller. Let the effective tortuous length through the 
porous body traversed by the current  by  L' ,  and the 
apparent  cross-sectional area of the electrolyte sa tu-  
rated porous ,body, available to current  flow be a", then  

e �9 L "  
R" = C8] 

a" 

Dividing Eq. [8 ]  by [7] 

~ - 1 0 0  

o. "r" 

I I I 

- 2 0 0  I I 
0 5 0 0  1000  

P, cm of H20  

Fig. 5. Potential of the working electrode vs. Hg/HgO as a 
function of the differential air pressure at a constant current 
density of 0.025 A/cm 2 at 50oc. O ,  Electrode A; 4, electrode B; 
o ,  electrode C. 
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Fig. 6. Experimental and theoretical polarization curves at 50~ 
[-1, Theoretical values; O,  4, and @, experimental values for the 
electrodes A, B, and C, respectively. 

R" L"/L' 
- -  = ~ [ 9 ]  

R' a"/a' 

The ratio L"/L' is defined as the interstice tortuosity 
s. The ratio a"/a' may be designated as ~. If the resis- 
t ivity factor R"/R' is called G, subst i tut ing in Eq. [9] 
gives 

G = s/T [10] 

If s �9 �9 = U, where U is the porosity, then subst i tut ion 
in Eq. [10] gives 

( Z  o )1/2 
G : s 2 / U  or s :  - - ' U  [11] 

e 
where 

AVs 
G = Ze/e and  Z e - - - -  (ohm-cm) [12] 

I . L  

AVs ---- potential  drop in the liquid, filling the coarse 
layer, with corrections made for the potential  drop in 
the separator, fine pore layer  (see below), and the IR 
drop in  the bulk electrolyte from the electrode surface 
to the Luggin capillary tip, (V); I = probe current  
density (A/cm2); L ---- thickness of the coarse pore 
layer  (cm). 

The film tortuosity factor is calculated in an ana-  
logous way as 

( Z' F T ' A *  ) ~/2 
f =  -~-., i: [13] 

where the effective specific film resistance is 

~vf 
Z' = - -  (ohm.cm) [14] 

I . L  

hV~ is measured in the same way as AVs, .'but P equals 
the ma x i mum differential pressure Pmax. 

U in  Eq. [11] is the fraction of the coarse pore layer  
volume occupied by electrolyte, when  the electrode is 
completely soaked. 

FT �9 A* 
in  Eq. [13] is the fraction of the coarse 

L 
pore layer  volume occupied by the electrolyte film at 
Pmax. The film resistance measurements  were carried 
out by means of a special probe, see Fig. 1-3. The main  
probe body was made of PMMA. A porous iron elec- 
trode with current  collector was attached to the front 
of the probe. The diameter  of the hole in the tip of the 
probe reference capillary (see above) was less than 
0.1 mm in order to diminish as far as possible the in-  
fluence from the capil lary on the current  dis t r ibut ion 
in the vicinity of the tip. The probe reference electrode 
(K2 in Fig. 1) was connected to the reference electrode 
(K1) in the bulk electrolyte via a digital vol tmeter  
from Schneider Electronique. To avoid electronic con- 
tact between the probe and the working electrode, a 
microporous separator, Dynel Acropor WA, covered the 
probe electrode surface. Before use the probe electrode 
was soaked with KOH and oxidized for 3 hr with a 
current  corresponding to 70% of the useful capacity. 
When the film resistance measurements  were per-  
formed the probe was pressed against the gas side of 
the working electrode and current  was allowed to pass 
between the probe electrode and the counterelectrode. 
The probe current  density was 0.015 A/cm2 and the 
potential  drop between Kt and IC2 was measured. After  
the necessary corrections, see below, for the potential  
drop in the separator, fine pore layer, and bulk elec- 
trolyte between K1 and the working electrode surface, 
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the film resistance was calculated according to Eq. [14]. 
Because of the low exchange current  density for the 2oo 
oxygen reduction on the working electrode, the re-  
sistance of the electrolyte film is much less than  the 
resistance of the charge- t ransfer  reaction so that  no 
electrode reaction occurs in the working electrode due 
to current  flow between the probe and the counter-  
electrode, i.e., only ionic current  f lows through t h e  
working electrode. Dur ing  the film resistance mea-  E 15c 
surements  the counterelectrode reaction was o 

E 
Fe ~ 2 O H -  -+ Fe (OH)2 ~ 2e-  -~ 

and the probe reaction was N 

Fe(OH)~ ~ 2e -  --> Fe ~ 2 O H -  loo 

For low differential air pressures the probe disturbed 
the activity of the working electrode, but  this dis turb-  
ance was el iminated wi th  increasing pressure and was 
below 1% for P ---- 410 cm of H20 and not detectable 
at Pmax. For differential pressures less than Pmax the 
gas filled pores were shunted with soaked pores, i.e., 5o 
the measured apparent  film resistance was a pure film 
resistance only for P ---- Pmax. The working electrode 
current  density was varied between 0 and 0.05 A /cm e 
during the film resistance measurements  with no sig- 
nificant change of the Z' values. Neither was any 
change observed when  the probe size was changed 
from 0.33 to 1.00 cm~. 

Corrections for the voltage drop in  the fine pore 
layer  of the working electrode and in the electrolyte 
filling the separator were made in  the following way. 
Three electrodes of different thicknesses solely con- 
sisting of fine pore layers without  any catalyst were 
prepared and tested with a probe current  density of 
0.'015 A/cm 2, s e e  Table III. The potential  drop in the 
electrolyte filling the fine pore layer was not changed 
when P was increased up to Pmax. This potential  drop 
is supposed to be a l inear  funct ion of the electrode 
thickness. This leads to finding the least squares solu- 
tion of an overdetermined system of three l inear  equa-  
tions 

AVI ~- 0.051 �9 AVs ---- 5.3 
AVz -}- 0.073 �9 AV2 -- 6.9 
AV1 W 0.087 �9 AV~ = 7.95 

AV~ -- the potential  drop in  the probe separator (mV) - - - I -  
and hV2 ---- the potential  drop/cm of the fine pore elec- 
trode thickness (mV/cm) .  

The equation system above is rewr i t ten  as / 

~ V l ~ 0 . 0 5 1 " ~ V 2 - - 5 . 3  ----rl 
hV1 -+- 0.0'?3 �9 hV~ -- 6.9 _-- r2 
AV1 -t- 0.087 �9 hV2 -- 7.95 _-- r3 

Minimizing (r~ ~ + r22 ~- r3 ~) gives the solution 

hV1 -= 1.54 mV 
hV2 -- 73.61 mV/cm 

with a root -mean-square  error of 9.16 X 10 -3.  This 
leads to a potential  drop of 3.7 mV in the 0.029 cm 
thick working electrode fine layer  plus probe separa- 
tor. Figure 7 shows the apparent  film resistance as a 
funct ion of the differential air pressure and Table II 
shows s and f for the three electrodes A, B, and C. 

T h e o r e t i c a l  M o d e l  
The experimental  results have been compared with 

the thin-f i lm model according to Sr inivasan and Hur -  
witz (11) where all forms of polarization are present. 

The basic assumption in the thin-f i lm model is that  
a thin film of l iquid is spread over and in contact with 
the solid phase in the pore (Fig. 8). It  is assumed that  
the thickness of the film is constant along the pore 
and small  compared with the radius of the pore. It is 
fur ther  a s s u m e d  that all the current  is generated on 
the electrode surface in the film region. 

A reaction sequence of the following type is as- 
sumed for this model: (i) diffusion of the reactant  

I I | 

I I I 
5 0 0  1 0 0 0  

P,  cm of H 2 0  

Fig. 7. The apparent film resistance as a function of the dif- 
ferential air pressure at 50~ O ,  Electrode A; 4, electrode B; O, 
electrode C. 

Vol. 122, No. 4 

? t ? ? 
Gas ( 0  2) Electrolyte - -  

:o / dz ~=]z 

Fig. 8. Schematic representation of a single pore of a porous 
gas diffusion electrode using the thin-film model. Thickness of 
film is largely exaggerated. 

gas from the outer end of the porous electrode to the 
gas/electrolyte interface; (ii) dissolution of reactant  
gas in the electrolyte at the gas/electrolyte interface; 
(iii) radial  diffusion of the dissolved gas through the 
electrolyte film; (iv) electrosorption of dissolved re-  
actant gas at the electrode (02)ads; (v) charge-transfer  
reaction of (O2)ads to give (O2-)ads; (vi) charge- 
t ransfer  reaction of (O2--)ads to give products; (vii) 
diffusion of products away from the electrode and 
migrat ion of ions through the film. 

It is assumed that step (v) is the activation control- 
l ing intermediate  step at the electrode. 

The rate of the electrode reaction in  an element  dz 
of the electrode is given by 

[15] 
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Table I. Physical parameters determined before the dilactres 
measurements were performed 

Elec-  
t rode  L x 10 ~, r~ x 104, rmf x 10 ~, Po res -  
t ype  c m  cm em i ty  U 

Making the subst i tut ions 

~lF 

2RT 
and 

-~. 5.1 5.84 1.15 0.74 Eq. [23] r e d u c e s  t o  
B 3.4 2.11 1.15 0.63 
C 6,8 5.65 1.15 0.74 d2y 

dx2 
where  io is the exchange cur ren t  densi ty  ( cu r r en t /  where  
in te rna l  surface area)  of the  e lectrode reac t ion  when  
the concentrat ion of the reac tan t  at the  e lectrode is 
Co. The cur ren t  i is cathodic, hence i < 0 and ~ < O. 

is the sum of ac t iva tmn and concentra t ion overpoten-  
tials. The s y m m e t r y  factor  is assumed to be ~/2. The 
average potent ia l  drop in  the element,  dz, is expressed 
by 

dz 
d ,  = i [16] 

Ka (?'~2 __ ?'12) 

where  a is the  specific conduct ivi ty  of the e lec t ro ly te  
(a = l / e ) .  In  o rde r  to ascer ta in  the concentra t ion C 
at the e lectrode surface in the s teady  state, Sr in ivasan  
and I tu rwi tz  assumed tha t  the  reac tan t  gas has a flux 
only in the  r d i rect ion and tha t  the reac tan t  is only 
consumed at the  e lectrode surface 

di = 2n?.dzDnF [17] 

In tegra t ing  Eq. [17] using the bounda ry  condit ion that  
at  

r = r l  C = Co [18] 
gives 

C --  Co 2nDnF 

Using Eq. [19] in  Eq. [15] 

dzdi = 2 ~ r 2 i o [ e x p  ( ~ F )  

{ 1 (d~)in (rl)} 
-- 1 - - .  2~DnFCo dz ~2  

ox (_ 
2RT 

Rear ranging  Eq. [20] 

di 
--= [21] 

2RT 
- -  (r2 ]exp(---- ?'2/o In ~-~-I s dz 1 + DnFCo 

Differentiat ing Eq. [16] wi th  respect  to z 

d% di i 
~ �9 

dz 2 dz an (re 2 -- n 2) 

Combining Eq. [22] and [21] gives 

[22] 

[23] 
d~l 

~F 
[4r2ie/K(?.22 -- r12) ] sinh (-~-~- ) 

- - = y  

dz 2 ?.2io ( 1+ DnFC------~ ln --~1 exp -- ~2RT 

Z 

L 

[24] 

[2.5] 

�9 s inh (y)  
[2,6] 

l+bexp (--y) 

2r2/o/2F 
.. . . . . .  [27] 

a =  ~RT(r~ 2 - r l  2) 

b = - - r 2 " / ~  l n / r ~  [28] 
\ r l /  DnFCo 

In terms of the dimensionless  pa ramete r s  x and y, 
the  current  genera ted  from z --  0 to z --  z is given by  

R T ( d y ) ~  
iz = 2 ~ ( r ~  --  ?'12) ~ ~ x  =x [29] 

and the to ta l  cur rent  genera ted  f rom z --  0 to z - -  l 
by 

R T ( d y ) x  
[ 3 0 ]  it = 2K~(rs ~ -- r l  2) - - ~  "~x =1 

Equat ion [26], which  is a second o rde r  different ia l  
equation, is not possible to solve ana ly t ica l ly  in the 
genera l  ease. I t  was rep laced  by  a system of two first 
order  equations and solved numer ica l ly  employing  the 
Runge Ku t t a  technique. The calculat ions were  con- 
ducted on an IBM 360/75 computer  wi th  FORTRAN IV 
programming.  

The only  unknown pa rame te r  was the exchange cur -  
ren t  density. The value  of io was curve fi t ted to 6 • 
10 -6 A / c m  ~ of  in te rna l  surface a rea  for all  the  tes ted 
electrodes.  

The physical  pa ramete r s  de te rmined  before  the  d i l -  
actres method was appl ied  are l i s ted  in Table  I and 
the pa rame te r s  de te rmined  wi th  the  di lact res  me thod  
are l is ted in Table  II. The effective pore length,  l, 
in the  model  was calcula ted at  f �9 L. 

The D, Co, and a-values for 5-9M KOH at 5~~ are  
l is ted in Table  IV. 

D, the diffusion coefficient of oxygen  in K O H  solu- 
t ion and Co, the solubi l i ty  of oxygen  in KOH, were  
calcula ted from data  given by  Davis, Horvath ,  and 
Tobias (26). D was calcula ted tak ing  into account the 
deviat ions in t e m p e r a t u r e  and viscosity f rom l i t e ra -  
ture  data. Co was calcula ted tak ing  into considerat ion 
the different  Pmax values,  the  va ry ing  a tmosphere  pres-  
sure, and the wa te r  vapor  pressure  var ia t ion  with  film 
e lec t ro ly te  concentrat ion.  T h e  e lec t ro ly te  conduct ivi ty  
was measured  in our l abo ra to ry  wi th  5-9M KOH. 

In  Fig. 6 the  theore t ica l  and exper imen ta l  polar iza-  
t ion curves are  compared.  The D, Co, and  a values are  
calcula ted for a constant  e lec t ro ly te  concentra t ion of 
5M KOH in the  film. The theoret ica l  cur rent  density,  I t  
( A / c m  ~ of ex te rna l  surface area)  was ca lcula ted  as 

A* 
It - -  i t  ~ [ 3 1 ]  

2r 
a n d ~ l - - - - ~ l ~ a t z = l  

Theoret ical  polar izat ion curves were  also calcula ted 
for a hypothet ica l  case where  the e lec t ro ly te  concen- 

Table II. Parameters determined with the dilactres method 

Elec t rode  A*, F T  X 10% Z '  • 10-% 
type  s c m 2 / c m  ~ c m  ohm-e ra  f 

A 1.12 ~ 0,02 143.9 - -  3,3 11.95 --4"_ 0.22 1.61-4- 0.05 2.23 "~ 0,05 
B 1.39 ~ 0.02 98.3 -- 2.7 22.94) "4" 0.30 1 . 7 ' / +  0.06 3.28 --  0.07 
C 1.21-4. 0.01 20,9.3 "+" 2.8 16.03 -~- 0.15 1.67 ~ 0.05 2.75 "+- 0.04 
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Table III. Values from the determination of the potential drop in 
the fine pore layer and probe separator. Probe current 

density - -  0.015 A/cm 2 

Single fine pore 
l a y e r  t h i c k n e s s  P o t e n t i a I  

x 102, c m  drop ,  m V  

5.1 5.3 
7.3 6.9 
8.7 7.95 

Table IV. D, Co, and K-values used in the theoretical model 

K O H  Co x 10 s, m o l e / c m  s 
eonc. ,  D • l0  s, K, Electrode type 

molarity cm-~ ohm-Z-cm -I A B C 

5.0 1.62 0.92 5.19 5.91 5.36 
5.5 1.53 0.93 4.43 5.01 4.53 
6.0 1.45 0.95 3.72 4.20 3.81 
6.5 1.37 0.99 3.10 3.52 3.20 
7.0 1.30 1.03 2,60 2.93 2.66 
7.5 1.22 1.04 2.18 2.48 2.25 
8.9 1.15 1.02 1.S3 2.08 1.89 
8.5 1.08 0.99 1.55 1.74 1.59 
9.0 1.00 0.96 1.37 1.45 1.32 

Table Y. Comparison between the experimental and theoretical 
film resistance values 

E l e c t r o d e  E x p e r i m e n t a l  T h e o r e t i c a l  
t y p e  v a l u e s  v a l u e s  

Z'mean, o h m - c m  Z' ,  o h m - c m  

A 161 155 
B 177 187 
C 167 169 

t ra t ion varied l inearly from 5M at the fine pore l ayer /  
coarse pore layer  intersection to ~M at the gas side of 
the coarse pore layer, but  the curves were almost iden-  
tical to the curves with constant electrolyte concen- 
tration. Maximally they differed a few millivolts for 
the largest current  density. 

In  Fig. 9 the theoretical current  distr ibution rela-  
tions for three different I t-values are shown for the 
electrodes A, B, and C. The theoretical AVf-values, 
AVft, used to calculate the theoretical Z'-values,  were 
calculated according to Eq. [16] as 

i d L  
A V f t  -~- [32,] 

K~ (r22 -- r l  2) 

Table V shows the experimental  Z ' -values  compared 
with the theoretical ones. 

Discussion 
In  this study measurements  were performed on po- 

rous gas diffusion electrodes in order to determine 

0 . 0 5  

0 . 2  

~o.5 

5 

0,5 %0 
x (= z/~ ) 

Fig. 9. Theoretical current distribution relations for three cur- 
rent densities. O ,  Electrode A; A, electrode B; @, electrode C. 

1.0 I I I 

- I t ,  A / c m  2 

| 0.005 

certain s tructure parameters  and their influence on the 
behavior of these electrodes. 

Regarding the absence of hysteresis when  the differ- 
ential air pressure was increased and decreased, re-  
spectively, indicates an "open structure" without ink-  
pot pores. The similari ty be tween  the dflatometry 
curves for the 16 and 1 cm 2 unloaded electrodes indi-  
cates ra ther  homogeneous structures of the working 
electrodes. The s imilar i ty  between the di latometry 
curves when the electrodes were loaded indicates that  
the influence from the counterelectrodes could be ne-  
glected, after correction of the very slow continuous 
rise in  the riser under  current  load, since the same 
counterelectrode size was used during all the experi-  
ments and consequently they were differently loaded 
without  influencing the dilatometry curves. 

The absence of differences in the di latometry curves 
when  the working electrodes were loaded from 0 to 0.2 
A/cm 2 also indicates that for P < Pmax the l iquid filled 
pores still have electrolyte concentrations near ly  
equaling the bulk  electrolyte concentration. If that 
were not the case the curves in Fig. 4 should be shifted 
toward higher P-values,  because the surface tension 
increases with increasing electrolyte concentration. 
The effect is certainly counteracted by increasing the 
differential pressure, but  this effect is much smaller 
than the former. Regarding the investigated coarse 
pore layer  thicknesses, the current  was found not to be 
proportional to the thickness of the coarse pore layer. 
An electrode with a th in  coarse pore layer (electrode 
A) generates more current  per centimeter  thickness 
than  an electrode with a thick coarse pore layer  (elec- 
trode C), which indicates that electrode C is utilized 
less effectively than electrode A despite the fact that 
electrode C has a much larger A*-value.  

The differential pressure required for funicular -  
pendular  t ransi t ion according to Katan  and Grens II 
(17) was calculated. This pressure is well  above the 
maximum differential pressure used in  this investiga- 
tion. This is confirmed by the fact that the activities 
in Fig. 5 do not decrease as the differential pressure 
is increased. However, it is hard to compare the highly 
regular  silver sphere beds used in Ref. (17) with the 
pressed and sintered electrodes used in this investiga- 
tion. 

The rather  low probe current  density, 0,.015 A/cm ~, 
used during the film resistance measurements  was 
chosen in order to make sure that the electrolyte re- 
sistivity did not change to any great extent  as a con- 
sequence of an increase in  electrolyte concentrat ion 
wi thin  the pores with increased probe current  density. 
The fact that probe current  densities of 0.00~5 and 0.0,10 
A/cm 2 resulted in the same film resistance, wi th in  the 
confidence limits, was taken as a proof of a ra ther  
constant electrolyte resistivity. However, the confi- 
dence interval  of Z' allows for a possible resistivity 
change corresponding to a concentrat ion increase from 
5 to about 6M KOH in the pores, because the changes 
in the resistivity with increased electrolyte concen- 
t rat ion in  this concentrat ion range are rather  small. 
A comparison between the interstice tortuosity values, 
s (Table II) ,  shows that  s is slightly increased when 
the thickness of the coarse layer  is increased, which 
indicates that  the average angle of the electrolyte filled 
interstices against the electrode surface increases, 
when  ionic current  is allowed to flow through the com- 
pletely soaked electrode (A vs. C). The average angle 
is also increased when  the coarse layer  is compressed 
(A vs. B). 

The relat ively high film tortuosity values, f (Table 
II) ,  can be at t r ibuted to the presence of narrow 
passages in the film network, the effect of which is more 
pronounced when the electrode is compressed. 

The film resistance was investigated in  order to esti- 
mate the resistance of the film network to hydroxyl  
ion transfer. The thin film of electrolyte has a rela-  
t ively high effective specific resistance main ly  due 
to its nar row cross section. This resistance directly in-  
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fluences the effective mass t ransport  of ion by making 
the lat ter  more difficult. 

The experimental  Z '-values are of about the same 
magni tude  as the resistance values predicted by the 
thin-fi lm model (Table V). Noticeably electrode B 
has the greatest Z ' -value  despite its thicker film. This 
depends to a large extent  on its relat ively large effec- 
t ive pore length, ] �9 L. 

Due to lack in  proport ional i ty between activity and 
coarse pore layer thickness, one might  expect that 
only a small portion of the pore length is utilized for 
generation of the main  part  of the current.  This is 
supported by the theoretical current  distr ibution rela-  
tions (Fig. 9) where approximately 50% of the current  
is generated in  10% of the pore length for a current  
density of 0.2 A/cm e. This effect is more pronounced 
the higher is the value of the current  density. Due to 
this mass transport  effect, expressed by the Z'-values, 
higher current  densities are supposed to concentrate 
the reaction toward the pore end, i.e., toward the 
bulk  electrolyte side of the pore. This also explains 
the small calculated activity differences mentioned 
above, when a l inear  concentrat ion gradient was sup- 
posed to exist along the pore. So the way a large Z ' -  
value influences the performance is not so much by 
increasing the ohmic polarization as by reducing the 
reaction zone. 

The differences between the experimental  and theo- 
retical polarization curves in  Fig. 6 at higher cur- 
rent  densities can be part ly explained by a possible 
blocking of the pores by ni t rogen and lowering of the 
oxygen partial  pressure inside the pore, which has not 
been accounted for in the model. This partial  pressure 
lowering has the effect of extending the region of ac- 
t ivi ty by lowering of the generated current  at every 
point along the pore. 

A higher KOH concentration than calculated in the 
reaction zone close to the fine pore layer  also results in 
higher polarization due to lowering of the D and Co- 
values. 

It is obvious that one way of improving the elec- 
trodes in  the high current  density range, due to bad 
utilization of the effective pore length, would be to 
make the electrodes thinner,  thereby reducing the in-  
ternal  mass transport.  By doing so A* is also reduced 
so these effects must  be optimally balanced. 

Conclusion 
The dilactres method as described here has proved 

to be a valuable tool for the characterization of hy-  
drophilic gas diffusion electrodes. The method allows 
determinat ion of the structure parameters:  interstice 
tortuosity, film tortuosity, effective specific film resist- 
ance, effective pore length, mean  film thickness, and 
film area on operating electrodes. 

These structure parameters were put into the equa- 
tions according to the thin-f i lm model. The experi- 
mental  and calculated polarization curves as well as 
the experimental  and calculated film resistance values 
are in relat ively good agreement, indicating that the 
thin-f i lm model rather  appropriately describes the 
operation of the investigated electrodes in  a practical 
current  density range. 

In conclusion, the structure parameters  determined 
with the dilactres method seem to form a good base 
for optimization of hydrophilic porous gas diffusion 
electrodes. 
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L~ST OF SYMBOLS 
A* film area, cm2/cm ~ of external  surface area 
a see Eq. [27] 
a' cross-sectional area in  Eq. [7], cm 2 
a" cross-sectional area in  Eq. [8], cm 2 
b see Eq. [28] 
C 02 concentrat ion at the electrode surface, g- 

mole /cm 3 
Co equil ibr ium O2 concentrat ion at the gas/electro- 

lyte interface, g-mole/cm ~ 
D diffusion coefficient of 02 in  KOH, cm2/sec 
e electrolyte resistivity, ohm-cm 
F Faraday 's  constant, 96,5'00 coulom, b /g -equ iv  
FT mean film thickness, cm 

film tortuosity 
G s/T in Eq. [10] 
I probe current  density, A / c m  2 
It current  density, A/cm2 
io exchange current  density, A/cm ~ of in ternal  

surface area 
it total current  generated from z -- O to z ---- l, A 
iz current  generated from z :-  0 to z ---- z, A 
L thickness of the coarse pore layer, cm 
L' length of electrolyte path in Eq. [7], cm 
L" length of electrolyte path in Eq. [8], cm 
l effective pore length ~_ ~-L, cm 
N film perimeter, cm 
n number  of electrons taking par t  in the electrode 

reaction, g -equiv /g-mole  
P differential air pressure, cm of H.20 
Pmax maximum differential air pressure, cm of HuO 
R gas constant, 8.314 joules /g-mole  ~ 
R' resistance in Eq. [7], ohm 
R" resistance in Eq. [8], ohm 
rl r2 -- FT, cm 
r2 mean  coarse pore layer radius, cm 
rmf mean fine pore layer  radius, cm 
s interstice tortuosity 
T temperature,  ~ 
U porosity of coarse pore layer  
W volume of gas in the coarse pore layer, cm 8 
AV1 potential drop in the probe separator, mV 
AV2 potential  drop/cm of the fine pore electrode 

thickness, mV / c m 
~V~ potential drop in  Eq. [14], V 
aVft potential drop in Eq. [32], V 
aVs potential drop in  Eq. [12], V 
x z/l, dimensionless 
y ~F/2RT, dimensionless 
Z apparent  film resistance (P < Pmax), ohm.cm 
Z' effective film resistance (P ---- Pmax), ohm.cm 
Z ~ see Eq. [12], ohm-cm 
z coordinate in Fig. 9, cm 

Greek Characters 
~] polarization, V 
~l polarization at z ----- I, V 
K specific conductivity of electrolyte (---- l / e ) ,  

o h m - l - c m - 1  
surface tension, cm of H20.cm 
a"la' 

0 contact angle 
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Low Temperature Studies of Electrochemical Kinetics 
II. Double Potential Step Chronocoulometry of Ethyl Cinnamate and 

Diethyl Fumarate 

Roman D. Grypa*'* and J. T. Maloy** 
Department of Chemistry, West Virginia University, Morgantown, West Virginia 26506 

ABSTRACT 

Low temperature studies of the double potential step chronocoulometry 
(DPCC) behavior of ethyl cinnamate (EC) and diethylfurnarate (DEF) have 
been conducted. The results have been compared with working curves ob- 
tained using digital simulation. At fixed concentration, both EC and DEF 
appear to undergo electrohydrodimerization through a radical anion dimeriza- 
tion mechanism at all temperatures employed (203~176 Comparisons at 
different concentrations (CB) reveal that the Q (2ti)/Q (tl) behavior of DEF is 
a smooth function of tfCs, while that of EC is a smooth function of tfCB I/$. 
Since the gross low temperature cyclic voltammetry of EC and DEF is identi- 
cal, an ecc mechanism is proposed to account for this discrepancy in behavior 
with changes in CB. On the basis of a radical ion dimerization mechanism, the 
rate constants for DEF and EC at 25 ~ are 45 and 225 liters/mole-see, respec- 
tively; activation energies are 4.6 and 6.2 kcal/mole. 

In a previous paper (1), low temperature  studies of 
the cyclic vol tammetry  of diethyl fumarate  (DEF) 
were presented in an at tempt  to form some generaliza- 
tions about the temperature  dependence of the electro- 
chemical processes associated wi th  the electrohydro- 
dimerization (EHD) reactions of diactivated olefins 

Ri / H  
x C  

H / = C \ R ~  " 

In  that paper, it was observed that either two or three 
reduction processes occur, depending on the tempera-  
ture: at high temperature  only the reduct ion of the 
parent  olefin and a duneric product are observed, even 
though the second one-electron reduction of the olefin 
occurs at a potential  in termediate  to that of the two 
processes observed; at low temperature  both one-elec- 
t ron reductions of the parent  olefin may be observed 
because the temperature  reduct ion has inhibited the 
dimerization reaction; at intermediate temperatures  all 
three processes occur. 

Extensive mechanistic studies have been conducted 
with DEF (R1 ---- R2 ---- --CO2Et) using a variety of 
techniques. Double potential  step chronoamperometry 
studies (2) have established that the EHD reaction of 
DEF probably proceeds through the dimerization of 
two radical ions; this judgment  has been rendered on 
the basis of a comparison of experimental  cur ren t - t ime  
data with working curves generated for a variety of 

* Elect rochemical  Society S tudent  Member .  
** Elect rochemical  Society Act ive  Member .  
1 Presen t  address :  Fer t i l izer  and  Chemical  Divis ion,  Agway ,  Inc., 

I thaca,  New York  14850. 
K e y  words :  low t empera tu re  e lec t rochemis t ry ,  e l ec t rohydrod imer -  

ization, cyclic v o l t ammet ry ,  r educ t ive  coupling,  digi tal  s imuIat ton.  

proposed mechanisms using digital s imulat ion tech- 
niques. The rate constant for the dimerization reaction 
at 25~ has been found to be 37 l i ters /mole-see and the 
energy of activation has been estimated to be 4.5 keal /  
mole using a two-point  fit. Thus, DEF has been exten-  
sively characterized by vol tammetr ic  and chrono- 
amperometric techniques; it is well  suited as a model 
compound with which others may be compared. 

Early room temperature  vol tammetr ic  studies (3) of 
ethyl c innamate (EC; above structure with R1 = 
--CdH~ and R2 ---- --CO2Et) revealed the possibility of 
an additional chemical complication not observed in 
the DEF system. While DEF exhibits the characteristic 
15-18% decrease in  ip/v 1/2 with increasing scan rate as 
predicted for a dimerization mechanism (4), EC ex-  
hibits a marked increase in ip/v 1/2 ratio at slow scan 
rates. Since this behavior would be characteristic of a 
first-order ece mechanism, it was suggested that the 
dimerization of EC was influenced by this second 
kinetic per turbat ion;  thus, two processes have been 
assumed to be in direct competition for the electro- 
generated radical ion of EC. These differences have 
been discussed previously (1). Low temperature  elec- 
trochemistry (5) appeared to offer some hope of re-  
solving this mixed mechanism so that  one of the pro- 
posed reaction routes could be enhanced at the expense 
of the other. This study was initiated, then, in  the 
hope that the activation energies of these two pur -  
ported processes were sufficiently different to permit  
their resolution. This objective was not attained. How- 
ever, extensive double potential  step chronocoulometry 
(DPCC) studies performed on the DEF and the EC 
system at several different temperatures  and concen- 
trations reveal that there is a significant difference be-  
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Fig. I. Complete potential 
scan cyclic voltammograms for 
a 3.63 mM solution of EC at 
various temperatures and scan 
rates. 
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tween the two systems, while low temperature  cyclic 
vol tammetry  (CV) studies indicate that some aspects 
of the two systems are very similar. These experiments 
and a discussion of their  implications constitute the 
remainder  of this work. 

Experimental  
Reagents, apparatus, and procedure have been dis- 

cussed previously (1). Reagent grade ethyl c innamate 
was supplied by Eastman Organic Chemicals; it was 
vacuum distilled at 123~ and 4 Torr and the middle 
80% was stored in a desiccator prior to use. All elec- 
trochemical experiments  were performed with a 
Pr inceton Applied Research Model 170 Electrochemical 
System using a positive feedback voltage to compen- 
sate for cell resistance at all temperatures.  DPCC ex- 
periments were run  at a variety of temperatures  using 
init ial  and final potentials selected on the basis of CV 
experiments  so that the electrode reaction proceeded 
under  diffusion l imit ing conditions at all times. The 
durat ion of the in terval  between the init ial  and final 
potential  step, tf, was varied be tween 0.25 and 50 sec. 

Vol tammetry  of Ethyl C innamate  
Low temperature  CV studies were performed on 

several dimethylformamide (DMF) solutions contain-  
ing EC and using t e t r a -n -bu ty l  ammonium iodide 

(TBAI) as the support ing electrolyte. Figure 1 shows 
a series of complete CV scans obtained for the EC sys- 
tem at various temperatures  and scan rates. As in  the 
case of DEF, as many  as three reduct ion processes oc- 
cur depending on the scan rate and the temperature.  
At 295~ these three reduction processes occurred at 
--1.24, --1.86, and --2.05V vs. Ag-QRE. (The silver 
wire quasi-reference electrode was immersed in the 
DMF-TBAI solution at the temperature  of the run.)  
Decreasing the exper imental  tempera ture  to 203~ 
el iminated the third reduction peak and shifted the 
first two reduction peaks to --1.35 and --2.05V vs. 
Ag-QRE, respectively; the second reduction peak grew 
to become almost identical to the first reduction peak 
at low temperatures.  If the exper imental  temperature  
was increased to 316~ a decrease in  the scan rate 
increased the size of the third reduction peak so that 
it approached one-half  the height of the first reduct ion 
peak. At the same time, a decrease in scan rate de-  
creased the size of the second reduction peak. This 
behavior is analogous to that of DEF. 

Table I shows the dependence of the three reduction 
processes for the EC system upon the scan rate and 
temperature.  A decrease in  temperature  increases the 
anodic to cathodic peak current  ratio obtained for the 
first reduction wave from CV scanning just  past the 
first reduction wave; at low temperatures,  this ratio 

Table I. Cyclic voltammetry data for a 3.63 mM solution of EC showing the effect of temperature and 
scan rate variation on the peak current heights Ca> 

ipal (b) ipal (4) ipe~ ipes ~,pcs/~,p cX 
T e m p e r a t u r e ,  scan  ra te ,  

T (~ v (V/see)  ipez tc (see)(c) ~pcl ipcz ipel t 'e (sec) (e) 1 -- (ipai/ipcl) (b) 

316 0.05 0.28 of> m (g) 0.19 0.29 15.8 0.43 
0.10 0.39r - -  co} 0.24 0.20 8.3 0.33 
0.20 0.~8<?> - -  (o) 0.24 0.12 4.3 0.23 

295 0.05 0.36 21.2 0.28 0.23 0.13 16.2 0.20 
0.10 0.47 10.6 0.30 0.28 0.08 8.3 0.18 
0.20 0.54 6.3 0.33 0.35 0.04 4.2 0.09 

253 0.05 0.82 20.4 0.40 0.39 O.O1 16.6 0.02 
0.10 0.67 10.1 0.37 0.80 (~> ~ (~> 
0.20 0.75 5.1 0.35 0.65 (~) m (~) 

203 0 . 0 5  0 .85  20.2 0.44 0 . 8 6  (~) ~ (~> 
0 . 1 0  0 . 9 1  9 .4  0 . 3 8  0 . 8 5  (k) ~ (k)  
0 . 2 0  0 . 9 5  4 .7  0 . 3 4  0 . 8 3  (h) _ _  (~) 

(~> The  so lven t  was  0.26M T B A I  in  DMF. A 0.008 cm~ p l a t i n u m  w o r k i n g  e lec t rode  area  was  used.  
(b> P e a k  c u r r e n t  r a t ios  for  the  f i rs t  r e d u c t i o n  w a v e '  f r o m  cycl ic  v o l t a m m o g r a m s  s c a n n i n g  j u s t  pa s t  t he  f irst  r e d u c t i o n  w a v e ;  c o n c e n t r a t i o n  

of e t h y l  c i n n a m a t e  was  4.16 raM. 
(c> P e a k - t o - p e a k  t i m e  fo r  cycl ic  v o l t a m m e t r y  scans  p a s t  t he  f i rs t  r e d u c t i o n  w a v e .  
(~> P e a k  c u r r e n t  r a t io s  ~or the  f i rs t  r e d u c t i o n  w a v e  ~rom cycl ic  v o ' ~ a m m o g r a m s  s c a n n i n g  to  backgrour~d. 
co) P e a k - t o - p e a k  t i m e  fo r  l i n e a r  sweep  v e l t a m m e t r y  b e t w e e n  p e a k  1 and  peak  3, 

~,p az( b ) 
<r) E s t i m a t e d  p e a k  cu r r en t  r a t io s  fo r  the  f i rs t  r e d u c t i o n  w a v e  f r o m  a p lo t  of  ~ vs .  1iT, 

ipel 
r Base l ine  ca thod ic  cu r r en t s  g rea t e r  t h a n  those  o b s e r v e d  on  the  f o r w a r d  scan  were  o b s e r v e d  o n  t h e  r e v e r s e  s c a n .  
~> No peak  w a s  o b s e r v e d  i n  cycl ic  v o l t a m m o g r a m .  
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approaches a max imum value of 1.0, indicating that  the 
kinetic per turbat ion is inhibi ted at reduced tempera-  
ture. However, anodic to cathodic peak current  ratios 
obtained from CV scanning the entire potential  range 
do not approach this maximum. At low temperatures,  
the height of the second reduction peak approaches 
that of the first reduct ion peak. If one goes to high 
temperatures,  the ratio of the height of the third re-  
duction peak to that  of the first reduct ion peak in-  
creases as the scan rate is decreased. This ratio never  
exceeds 0.5 at high temperatures  and slow scan rates. 
The arguments  applied previously (1) to the DEF sys- 
tem can be applied to the EC system also; therefore, 
the (ipcs/ipcl)/(1- (ipal/ipcl)) ratio should be an ap- 
proximate measure of the relative concentrat ion of the 
species involved in  the third reduction with respect 
to its radical anion precursor. This ratio should not 
exceed 0.5 (even in the absence of the second peak) 
if the  third wave is due to the one-electron reduction 
of a dimeric product;  that  this is t rue is even more 
obvious in  the case of EC than  it was with DEF. 

A summary  of the CV data for the first reduction 
wave of EC at various temperatures  is shown in Table 
II. Since resistance compensation was employed 
throughout,  most of the increase in peak separation as 
the temperature  is lowered may be at t r ibuted to the 
quasi-reversibi l i ty  of the EC reduction (5). I t  may also 
be due to incomplete iR compensation because a QRE 
was employed (1). This effect with EC is not as pro- 
nounced as it is with DEF. The (ipc/C)(T/v) 1/2 be- 
havior shown is not unl ike  what  one would expect for 
a dimerization mechanism; at scan rates lower than 
those in  Table II, however, higher (ipJC) (T/v) 1/2 
ratios were obtained at 295~ than would be expected 
in a simple dimerization. 

Digi ta l  Simulat ions 
Three different types of EHD mechanisms were con- 

sidered possible in  this study. The first was a second- 
order ece mechanism 

R + e -  >R ~ 

k2 
R ~ + R  >R2 ~ 

R 2 ~ + e  - >R2 = 

where the parent  olefin is reduced at the electrode 
surface to form the radical anion, which reacts with 
incoming olefin in the ra te -de termining  step to form 
a mononegat ive dimer which undergoes subsequent  
reduction at the ini t ial ly applied potential  to form the 
dimer dianion. The second was a second-order ec 
mechanism 

R + 2 e -  > R  = 

R= + R  k2 >R2 = 

Table II. Typical cyclic vohammetry data for the first reduction 
wave for a 4.15 mM solution of EC at various temperatures (a) 

(,oo,](,],,, 
Temperature, Scan  ra te ,  - x - - ' ~ - / \ v /  

T (~ v (Vlsec)  ( R T / F )  

295 0.10 1.4 108 
0.20 1.4 106 
0.50 1.5 95 
1.00 1.9 105 

253 0.10 1.7 80 
0.20 2.2 76 
0.50 2.5 70 
1.00 3.2 70 

223 0.10 2.5 49 
0,20 3.4 46 
0.50 4,7 51 
1.00 5,9 43 

203 0,10 4.9 28 
0.20 6.1 26 
0.50 7.4 24 
1.00 9.0 23 

(a) The  s o l v e n t  was  0.26.M T B A I  in  DMF.  The  p l a t i n u m  working  
electrode area was  0.008 c m  s. 

where the olefin undergoes an init ial  two-electron re-  
duction to form the monomer  dianion; this is followed 
by reaction with incoming olefin to produce the dimer 
dianion. The third was a second-order dimerization 
mechanism 

R + e -  , >R ~ 

k2 
2R - > R2 = 

in  which the olefin undergoes an  init ial  one-electron 
t ransfer  to form the radical anion; this is followed by 
reaction with another  radical anion to produce the 
dimer dianion. In  each of these mechanisms, only the 
radical anion is regarded as electroactive after the 
second potential  step. 

Working curves for the kinet ical ly per turbed  DPCC 
experiment  have been obtained through previously 
published digital s imulat ion techniques (2). The simu- 
lat ion employed predicts the effect of both diffusion 
and chemical reactions on the measured current  and 
charge parameters;  it is general ly accurate wi th in  or- 
d inary electrochemical uncer ta in ty  (,~1%). Figure 2 
illustrates the working curves obtained for the three, 
second-order EHD reactions considered. Each of these 
working curves shows the var iat ion of the ratio of the 
charge at t ime 2tf to that at  time t I as a function of the 
logari thm of the product of the init ial  electrolysis 
time and the bulk  concentrat ion of olefin in solution, 
CB. Variations in the shape of these curves are due to 
the mechanistic per turbat ion  experienced by the for- 
mat ion of the radical anion of the diactivated olefin. 
The top curve represents the DPCC results expected 
in the second-order ece mechanism; the middle curve 
is that expected for the second-order ec mechanism; 
the bottom curve shows that  expected for the dimeri-  
zation mechanism. These working curves may be com- 
pared with data obtained experimentalIy to elucidate 
the reaction mechanism. The shape of best fit deter-  
mines the preferred mechanism; thus the radical amon 
dimerization mechanism is indicated by lower experi-  
mental  charge ratios at longer times. The dotted lines 
in Fig. 2 show the co-ordinates when  k2tsCB is 1.0. 
Thus, the second-order rate constant may be obtained 
convenient ly from the reciprocal of the tjCB product  
at the part icular  charge ratio indicated for each mech-  
anism. For the second-order radical anion dimerization 
mechanism, the rate constant is the reciprocal of that  
t~CB product which gives a charge ratio of 0.69. 

Double Potent ial  Step Chronocoulornetry Studies 
Variable tempera ture  DPCC experiments  were r u n  

on different concentrations of DEF and EC to deter-  

1.0 

0.9- 

0.8" 

Q (2 t  F) 
Q ( t F )  

0 . 6  

0 . 5  

0.4 

i 

~ ~- ~ ,~ ~,.G y~v'~" : "  = ' ~  

_ _  I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  /'~'i I 1.0 I 

L O G  k 2 t F C  B 

Fig. 2. Workin,g curves obtained for double potential step 
chronocoulometric experiments from digital simulations. ( - - - - - - )  
second-order ece mechanism; ( . . . .  ) second-order ec mechanism; 
( ) second-order dimerization mechanism. Dotted lines 
show Q(2tf)/Q(tf) when k2tfC - -  1.0 for each mechanism. The 
dashed llne indicates the behavior expected in the absence of 
kinetic perturbation. 
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Fig. 3. Fitting experimental 
data for DEF to a second-order 
dimerization working curve. 
( ) Anhydrous DMF so- 
lution; ( . . . . . .  ) DMF contained 
53 mM solution of water. Experi- 
mental temperature: (A O I-I) 
295~ (A ID IFI) 253~ 
(A �9 I )  223~ (anhydrous 
DMF), 218~ (in DMF-H20); 
(A (]t Ill) 203~ DEF concen- 
tration: ( I  [ ]  I-I F-l) 3.84 raM; 
(e  ~ ~ O )  4.19 mM; 
(A A ~k A)  12.19 raM. 
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mine rate constants for each sample at different tem- 
peratures. Rate constants were determined by com- 
parison of experimental  charge ratios with theoretical 
working curves obtained from digital simulations. 

Figure 3 il lustrates fitting experimental  data ob- 
tained at different temperatures  to the simulated radical 
anion dimerization working curves for various concen- 
trations of DEF. Attempts to fit the experimental  
charge ratios to either the second-order ec or ece 
working curves were unsuccessful because neither of 
these mechanisms agreed with the experimental  data 
at both large and small charge ratios. At room tem- 
perature the rate constants obtained in this study 
agreed remarkably  with previously reported kinetic 
data for the DEF system obtained using chronoamper-  
ometry (2). A reduct ion in temperature  did not result  
in any observable change of the radical anion dimeri-  
zation mechanism, as shown by the smooth fit of the 
experimental  data to the simulated working curve. 
Only a decrease in the rate constant was obtained, as 
noted by the positive shift of the experimental  points 
as the temperature  was lowered�9 

The addition of a proton source to the DEF system 
caused no observable change in the apparent  radical 
anion dimerization mechanism. This is shown on the 
left side of Fig. 3. These points give reasonable agree- 
ment  with the dimerization working curve at all tem- 
peratures. Moreover, the addition of a proton source 
increases the rate constants for this system. 

The decrease in rate constants with decreasing tem- 
perature is shown in Table III. A 100-fold decrease is 
obtained by reducing the experimental  temperature  
from 295 ~ to 203~ The presence of 53 mM water in-  
creases the rate constant for DEF from 45 to 58 l i ters /  

Table Ill. Summary of second-order rate constants obtained from 
double potential step chronocoulometry experiments run at 

different temperatures 

mole-see at 295~ However, these rate constants also 
decrease as the experimental  temperature  is lowered. 

Rate constants obtained from the DPCC experiments  
provide a valid method to determine the activation 
energy, Ea, of this radical anion dimerization reaction. 
Figure 4 shows a plot of log k2 vs. 1 /T  used to deter-  
mine the activation energy of these systems. A l inear 
relationship is obtained by plott ing the temperature  
dependence of experimental  rate constants in  this man-  
ner. Curve C represents the plot obtained for the DEF 
system. Curve B, that for DEF-H20, also exhibits a 
l inear  relationship. That  these two lines are parallel  
indicates that these two systems have identical activa- 
t ion energies. The relat ively small activation energies 
determined in  this m a n n e r  are shown in Table III; 
these agree well  with that reported previously (2). 

A somewhat different behavior  can be observed 
when one compares the experimental  data obtained for 

* 3 . 0 .  ,,~ I I 
A 

*2 0--  V 
C~J 

o + I . 0 , -  
_I  

T e m p e r a t u r e ,  k2 ( l i t e r s /  E~ 
Compound T (~  m o l e - s e e )  ( k c a l / m o l e )  

DEF 295 45 4.6 
273 30 
253 13 
223 3.6 
203 0�9 

DEF-H~O (~ 295 58 4.7 
273 40 
253 24 
218 4.7 

EC(b) 295 225 6.2 
273 100 
253 41 
223 8.3 
203 1.8 

(~I S o l u t i o n  c o n t a i n e d  53 m M  w a t e r .  
(b) D a t a  o b t a i n e d  u s i n g  4 , 1 5  ndV/ s o l u t i o n .  

O.0. 

I I I i 
3 . 0  4 .0  5 . 0  

I 0  3 

1" 

Fig�9 4. Variation of rate constant with temperature. Curve A ( e l  
EC in DMF; curve B (A) DEF in DMF-H20; curve C ( I )  DEF in 
DMF. 
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Fig. 5. Fitting experimental 
" 0 . 9  data for EC to simulated work- 

ing curves. ( ) Second- 
"0.8 order working curve; ( . . . . . .  ) 

3/2-order working curve. Experi- 
"0.7 9 ( 2 t F )  mental temperature: (A 0 I-I) 

Q( t F) 295~ ( ~  ~ IE) 253~ 
( k  �9 I I )223~ (A ~ I~) 
203~ EC concentration: 
(11 []  [ ]  [-1) 1.43 mM; 
(A A & A) 4.15 raM; 
(e  �9 ~ O)14.89mM. 

t F C B 

the EC system with that  obtained for the DEF system. 
The r igh t -hand  side of Fig. 5 i l lustrates that  it is much 
more difficult to fit a radical anion dimerization work-  
ing curve to this data. Charge ratios obtained from 
solutions having different bulk  olefin concentrations 
do not appear to be the same smooth function of the 
tfCB product as the charge ratios obtained for the DEF 
system appear to be. That  is, one can fit a radical anion 
dimerization working curve through experimental  data 
for a specific concentration, bu t  no one l ine can be fit 
through the exper imental  data for a variety of con- 
centrations. This effect does not appear to be due to 
the expected scatter of the exper imental  data. Close 
scrut iny of the data reveals that  there is a regular  
var iat ion in these plots with increasing bulk  EC con- 
centration. (This was not observed in the case of DEF.) 
This suggests that the charge ratio for EC might be 
shown as a smooth funct ion of tICB ~ (where j ~ 1) ; of 
course, this would have mechanistic implications be-  
cause the over-al l  order of the reaction could be ex- 
pressed (2) as j i -  1. 

Several  different values of j were tried in an at tempt 
to show the charge ratio for EC as a smooth function 
of tsCBJ. The best agreement  of different concentrations 
at all temperatures  was obtained by  plott ing these ex- 
per imental  points as a funct ion of tICB I/2, (This implies 
that  the ra te -de termining  sequence is of 3/2 order 
over-all .)  The curves to the left in  Fig. 5 represent  this. 
The dotted curves represent  working curves for the 
3/2-order  reaction obtained t h r o u g h  digital s imula- 
tion. In  these simulations, it was merely  assumed that  
the conversion of R ~ to electroinactive product oc- 
curred by a 3/2-order  step 

d[R ~] 
_ _  -- _k iRk]Z/2  

dt 

The agreement  in  shape with the 3/2-order reaction is 
reasonable at all temperatures.  The effect seems gen- 
uine;  its meaning  is open to interpretat ion.  

Although low temperature  DPCC studies were done 
with the hope of resolving a reported mixed mechan-  
ism, this expectation was not realized. Rate constants 
obtained by fitting the EC system to a second-order 
dimerization mechanism, therefore, are not strictly 
reliable. The rate constants measured at fixed concen- 
t ra t ion are probably proport ional  to the actual rate 
constants so that the activation energies determined in 
this manner  are valid. For EC, curve A in Fig. 4 ex- 
hibits a greater slope than that  for DEF and conse- 
quently,  EC has a higher activation energy associated 
with it. 

If one ( improperly) assumes that EC reacts accord- 
ing to a second-order dimerization mechanism, it may 
be shown that  the reaction of the anion of EC proceeds 
more rapidly than  that  of DEF. This may be seen in  
Table III; at room temperature,  EC has a rate constant 
of 225 l i ters /mole-sec compared to one of 45 l i ters /  
mole-sec for DEF. As in  the studies involving DEF, 
these rate constants decrease about 10~-fold by lower-  
ing the exper imental  tempera ture  to 203~ 

Discussion 
Even though it was not possible to resolve any mixed 

mechanism for the EC system by temperature  reduc- 
tion, sufficient informat ion has been obtained by com- 
paring DEF and EC to raise some fundamenta l  ques- 
tions about the mechanism of EHD reactions. The 
DPCC experiments outl ined above indicate clearly that  
the dimerization of EC does not exhibit  the same con- 
centrat ion dependence as that of DEF, which is be-  
lieved to proceed through radical anion coupling. On 
the other hand, low tempera ture  CV experiments  have 
established that  the two compounds exhibit  similar 
gross voltammetric  behavior. There is reason to sus- 
pect that a cyclic product  like that recently reported 
by Klemm and Olson (7) for E C results when  DEF 
undergoes an EHD reaction also (1). Thus, whatever  
mechanism is invoked, it must  account both for differ- 
ences and similarities be tween the two compounds. In  
addition, it should account for the fact that the bu lky  
EC radical ion reacts faster than  the more compact 
DEF radical ion while experiencing a greater barr ier  
to activation than  the DEF ion experiences. 

An  appealing compromise exists in the invocation of 
an ecc mechanism not unl ike  that recently discussed 
by King (8). This mechanism would suggest that  the 
init ial  step in  the EHD reaction is a rapidly established 
equi l ibr ium between two radical anions and a dimer 
dianion 

Keq 

2R= ~ 1%2= 

Profanat ion of 1%2 = would result  in 1%2H- which then 
could undergo a first-order cyclization reaction in  the 
ra te-determining step 

kl 
R2H- > cyclic product 

This mechanism has the distinct advantage of appear-  
ing to be first order if Keq is large while appearing to 
be second order if Keq is small. An intermediate  equi-  
l ib r ium constant results in an apparent  reaction order 
somewhere between first and second order as observed 
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in the case of EC. [The necessary conditions for this 
a re  discussed in detai l  in Ref. (8).] Those mechanisms 
a l r eady  repor ted  as proceeding th rough  a second-order  
d imerizat ion pa thway  may  only  appear  to do so be-  
cause Keq is small.  

This l ine of reasoning has some intui t ive  appeal.  The 
subst i tut ion of a C6H5 group in EC for a CO2Et group 
in DEF would  p robab ly  increase  the  delocal izat ion of 
the unpa i red  e lect ron in the radical  anion. This would  
tend to minimize the repuls ive  forces inhibi t ing d imer-  
ization, so tha t  one would  expect  a l a rger  equi l ibr ium 
constant for EC than  for DEF. Thus, the over -a l l  ra te  
of dimerizat ion for EC m a y  be faster  than  that  of DEF 
and need not  be of second order.  If  one bel ieves that  
the r a t e -de te rmin ing  step is the  cyclization reaction, 
this a rgument  may  also be appl ied  to aid in the  unde r -  
s tanding of the difference in act ivat ion energies ob-  
tained. If  this scheme is operative,  the ba r r i e r  to r ing 
closure would  be expected to be less in a CO2Et-sub- 
s t i tu ted  compound l ike DEF than  in a C6Hs-substi tuted 
compound l ike  EC, due to the added steric h indrance  
offered by  the phenyl  r ings in the la t te r  compound. 

Of course, at this point, any  discussion of an ecc 
mechanism of this sort is speculat ive.  Other  ecc mech-  
anisms involving some sort  of equi l ibr ium step could 
exhibi t  the same 3 /2-order  dependence.  Examples  of 
these include:  (i) the react ion of R and R ~ in the  
equi l ibr ium step, fol lowed by  the catalyt ic  r egenera -  
t ion of R through  the react ion of R2 ~ wi th  more  R ~ to 
produce R=; and (ii) the  para l le l  trans dimerizat ion of 
R ~ occurring s imul taneous ly  wi th  cis-trans i someriza-  
t ion (the equi l ibr ium step) fol lowed by  cis-trans 
dimerization.  Nei ther  of these mechanisms lead  to the 
format ion  of the cyclic compound observed by Klemm 
and Olson in the r a t e -de te rmin ing  step, however.  Re-  
gardless of the mechanism, none of the work ing  curves 
s imula ted  for this paper  t ake  the ini t ia l  equi l ib r ium 

into account. This step is, nevertheless ,  eminent ly  
amenable  to t r ea tmen t  using digi tal  s imula t ion  tech-  
niques. These s imulat ions are present ly  unde rway  and 
it is expected that  thei r  resul ts  wi l l  be the  topic of a 
fu ture  communicat ion.  
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Theory of Dilute Solutions 
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ABSTRACT 

The thermodynamic properties of dilute solutions of MnC12 in the ternary 
system MnCI2-NaCl-CsCI have been investigated by the measurement of the 
reversible emf of the formation cell 

Mn(s) I MnCI2 (X1) -- NaCI(X2) -- CsCI (Xa) [ Cl2.(g, I atm), C (graphite.) 
(liquid) 

The partial molar properties of MnCI2 have been found to be in good agree- 
ment with values predicted by the complex-ion model reported in previous pub- 
lications from this laboratory (1-3). In the present paper it is: shown that 
these rather involved expressions reduce to useful, simple equations of the 
form 

(~Z)1~3 = (1 -- t) (AZ)12 + t(~Z)13 

where Z represents either an integral or a part ial  molar property. The ternary 
solution is denoted by the subscripts 1,2,3, while the two binaries, each 
containing the reactive-metal  chloride, are denoted by 1,2 and 1,3; t is a con- 
centration variable. It is also shown that the following expression applies to 
the activity of the reactive-metal  chloride (component 1) in solution 

( a l )  12~3 - "  ( a l )  12 l - t "  ( a l )  13 t 

For dilute solutions obeying Henry's law, the activity coefficients are given 
by 

(71)123 = ('y01)12Xs " (~01)13 X4~" 

w h e r e  (70) i ,k  is the Henrian activity coefficient in the binary i,k and Xk is 
the mole fraction of k present in the ternary solution, providing that X1 in 
the ternary 1,2,3 is the same as that in the two binary solutions 1,2 and 1,3. 

Previous work in this laboratory has shown that the 
thermodynamic (1-3) and transport  (4) properties of 
molten salt solutions consisting of a divalent-metal  
chloride and an alkal i -metal  chloride may be ex- 
plained by a thermodynamic model which is based 
on the existence of tetrahedral ly coordinated complex 
ions. 

The complex ions are thought to form by reactions 
of the type 

]VIX2 + 2 X -  --> M X 4  2 -  [ I ]  

The present treatment of complexing in fused salts 
follows postulates previously cited (1-4). 

The process of mixing Xmca moles of MC12 with XAcl 
moles of AC1 in a binary system MC12-AC1, where 
XMC12 + XACi ---- 1 and 0.33 > XMCl2 > 0, may be rep-  
resented by the following two-step mechanism 

XMCl2MC12(1) -[- XAclACI(1) 

-+ XMcI2A2MC14(D + (XAcl -- 2XMci2)ACI(1) 

-* { (A2MC14) xMc12 (AC1) XACl-2XMCl2 }solution [2]  

The first of these reactions represents the formation 
of the pure complex compound, while the second 
represents the mixing process. 

The detailed derivation of the expressions which de- 
scribe the concentration dependence.of the enthalpy 
of mixing and of the entropy of mixing in the MC12- 
AC1 binary systems has been given elsewhere (2). The 

expressions have been found to represent to a high 
degree of accuracy the concentration dependence of 
the calorimetrieally determined enthalpies of mixing 
reported by Papatheodorou and Kleppa (5-7) and by 
McCarty and Kleppa (8) in the reactive-metal  chlo- 
rides MnC12-AC1, FeC12-AC1, CoC12-AC1, NiC12-ACI, 
MgC12-AC1, and CdC12-AC1, where A represents Li, 
Na, K, Rb, and Cs. 

The corresponding mixing reactions and the relevant 
expressions for the concentration range 1.0 > XMcl2 
> 0.33 also may be found elsewhere (1-3). These 
equations are not required for the purposes of the 
present study. 

The partial  molar properties of the MnC12-AC1 sys- 
tems were investigated in this laboratory (2) by an 
emf method, and their concentration dependence was 
found to be in excellent agreement with that predicted 
by the model. The expressions include a num'ber of 
interaction parameters which have been shown (1, 2) 
to depend on the ionic radii of the species present in 
the various systems. 

Further  development of the model (3) has shown 
that the expressions for two binary systems such as 
MC12-AC1 and MC12-BC1, where A and B are two dif- 
ferent alkali-metal  cations, may be expanded to pre-  
dict the enthalpy of mixing of the combined ternary 
system MC12-AC1-BC1. In this case the process of mix-  
ing XMC12 moles of MC12 with XAcl moles of AC1 and 
XBCl moles of BC1, where 0.33 > XMCI2 > 0 and XMCl2 
+ XACl + Xscl = 1, may also be represented by a two- 
step mechanism 

XMc12MC12(1) + XAclACIr + XBclBCI(1) ~ NA2MCl4A2MCLt(1) + NB2MC14B2MC14(1) + NAclACI(D + NBclBCl(1) 

-> { (A2MC14) NA2MCt4 (B21VIC14) NB2MC14(AC1) NACl (BC1) NBCi}solution [3] 

* Electrochemical  Society Student Member. 
** Electrochemical  Society Active Member .  
Key words: manganese chloride, complex formation, electromotive 

potential, thermodynamic properties. 

The important thing to note is that the over-al l  
solution reaction is split into two steps. The first in- 
volves the formation of pure complex species, while 
the second represents the mixing process. 
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In  the Appendix the expressions which describe the 
concentrat ion dependence of the integral  enthalpy and 
entropy of mixing are given. I t  should be noted that  
the interaction parameters which appear in these 
equations are those represent ing the consti tuent bi-  
nary  systems MC12-AC1 and MC12-BC1. 

The model for te rnary  solutions, so far, has been 
tested with respect to only a few available calorimetric 
data on integral  enthalpies of mixing (3) for concen- 
trated solutions. 

In  the present  investigation the partial  molar  prop- 
erties of dilute solutions composed of MnCI~ and va- 
rious proportions of NaC1 and CsC1 have been invest i-  
gated by an emf method involving the use of man-  
ganese chloride formation cells. 

The mathematical  expressions which describe the 
concentrat ion dependence of the part ial  molar  prop- 
erties, and, particularly,  their  behavior in dilute solu- 
tions have been derived. The experimental  results for 
partial  molar  enthalpies of mixing and activities of 
MnC12 are in excellent agreement  with the theory even 
in the dilute concentrat ion range where all the partial  
molar properties acquire l imit ing values. The te rnary  
system MnC12-NaC1-CsC1 was chosen as a test system 
because the MnC12-NaC1 b inary  system shows only 
moderate deviations from ideality, while the MnC12- 
CsC1 system is a highly reactive system with pro- 
nounced negative deviations from ideality. For ex- 
ample, the min imum integral  molar  enthalpy of mix-  
ing in  the former is --1.8 kcal, compared to --5.3 kcal 
in the lat ter  (5). Accordingly, the prediction of the be- 
havior of such a t e rnary  system should represent  a 
severe test of any significant thermodynamic model. 

Experimental 
The electromotive force was measured for the cell 

represented schematically as 

found. A grounded lnconel  sheath was placed between 
the cell wall  and the furnace tube to el iminate induced 
emfs  from the a-c field of the furnace windings. Cell 
potential did not vary as power to the furnace was 
switched on and off. 

In  order to test for reversibility, all cells were sub- 
jected to a polarization test using an external  dry 
cell. About 1 mA was passed through the experimental  
cell for approximately 60 sec. Cell voltages re turned 
to wi thin  0.5 mV of their values before per turbat ion 
less than 15 sec after the external  dry cell had been 
disconnected. This observation was the same regardless 
of the polarity of the applied voltage. 

The fact that voltages were reproducible over a 
period of 24 hr  was also a demonstrat ion of the cell's 
reversibility. 

Results 
Table I displays measured cell emfs  which have 

been expressed as least squares lines of the form 
E = a -- bt, where E is the cell potential  in  volts and 
T is temperature  in Kelvins. Melt compositions are 
expressed in terms of both principal mole fractions, 
X~, and the corresponding t e rnary  concentrat ion vari-  
ables, y and t, defined as 

t --" XCsCI/(XNacl 4- XCsCI) [6] 

y = XNaCl + Xcscl = 1 -- XMnCI2 [7] 

Plots of cell potential  vs. temperature  are shown in 
Fig. 1 a-c. The concentrations of the solutions studied 
are shown on the inset composition triangle. An  in -  
crease in the value of t f rom zero to uni ty  at constant y 
represents a change in  the composition of the solvent 
from NaCl-rich to CsCl-rich. The plots are l inear  and 
demonstrate that at a given concentrat ion level of 

MnCs) MnC12 (Xl) lasbesto s MnCI~ (Xl)] 
( - - )  NaC1 (X2) .. . l~aCl (X~) 

CsC1 (Xs) a lapnragm CsC1 (Xs) 

In  order both to establish electrical contact and to pre-  
vent the diffusion of chlorine gas to the manganese 
electrode, the cell consisted of two compartments 
joined by an asbestos diaphragm. Its fabrication is 
described elsewhere (15). 

The cell reaction may be wr i t ten  as 

Mn<s> + C12 (g, 1 atm) 4- [(MnC12)nl(NaC1)n2(CsC1)n3] 

[ (MnC12) nl + I(NaC1) n2 (CsC1) ns] [4] 

where the n's denote mole number.  
The cell emf is related to the activity of manganese 

dichloride by the Nernst  equation 

R T  
E = E ~ -- In amnc12 [5] 

2F 

where R is the ideal gas constant, equal to 1.987 cal/  
mole-~ T is the temperature  in  Kelvins, F is. the 
Faraday constant, equal  to 23,0.6.0 cal /vol t -equivalent ,  
and E ~ is the s tandard formation cell potential of pure 
liquid MnC12 in volts at the same temperature  T. The 
values of E ~ used in this study were previously deter- 
mined in  this laboratory (2). 

The preparat ion of materials and cell design have 
been described elsewhere (2). The main  improvement  
in the present apparatus was the use of vacuum-cast  
manganese  rods as electrodes. These were 40 mm long 
and 6 mm in diameter  connected to either p la t inum or 
tungsten  leads. All emf's reported in the present work 
have been corrected for thermoelectric voltages deter-  
mined experimentally.  

The tube furnace used was wound with Kanthal  
wire. It  had a 2 in. zone over which the temperature  
varied by I~ Melt depths never  exceeded ] in. Ac- 
tually, temperature  profiles were measured in several 
melts, and variations of the order of only 0.5r were 

C12 (g, atm),  C(graphite)  (4-) 

MnCI2, as the CsC1 concentration of the melt  in-  
creases, the cell potential  also increases. 

Figure 2 shows emf isotherms at 810~ displayed on 
a plot of celt potential  vs. log~o XMnC12 at various values 
of t. Experimental  data are plotted, and the l ines 
drawn through these points represent  the best straight 
lines having a "two-electron" slope of - - R T / 2 F .  Also 
included in the figure are measurements  performed 
previously in this laboratory (2) on concentrated bi-  
nary  solutions of MnC12-NaC1 and MnC12-CsC1. It  may 
be seen that the results of the present study are con- 
sistent with those of Kucharski  and Flengas (2) and 
reveal the anticipated extension to dilute solutions. 

Table II displays partial  molar enthalpies of mix-  
ing, partial  molar  entropies of mixing, activities, and 
activity coefficients of MnC12 calculated from the ex- 
perimental  results. The per t inent  formulas are also 
given in the table. 

Discussion 
The Appendix traces the method by which the pre-  

viously derived expressions [1]-[3], which describe the 
concentration dependence of an integral  or a part ial  
molar property in b inary  and te rnary  fused salt sys- 
tems, may be reduced to useful simple equations of 
the form 

(~Z)12~ = (1 -- t) (~Z)~2 + t(~Z)18 [8] 

where Z represents any such property. The t e rnary  
solution is denoted by the subscripts 1, 2, 3, while the 
two consti tuent b inary  solutions are denoted by the 
subscripts 1, 2 and 1, 3. Component 1 is always the 
divalent  metal  chloride, and t is the concentrat ion 
variable  defined by Eq. [6]. 

It  is worth noting that  although the general  ex-  
pression, Eq. [8], was derived on the assumption of 
tetrahedral ly coordinated complexes of the type 
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Table I. Summary of experimental results 

E = a -- bT (V) 

a b (• 10 8 r 
XM.Cl 2 XNaCi Xe,m y t (V) V/~ (X 10 a V) 

0.01 0 .99  0.00 0 .99 0.00 2 .4102  0 .2244 0.S 
0.0293* 0 .9707 0 .00 0 .9707  0.0O 2.4057 0 .2720 0.7  
0.0981" 0 .9019  0 .00  0 .9019  0.00 2 .4078  0 .3309  0 .4  
0.01 0 .7425  0 .2475  0 .99 0.25 2 .4694  0 .2421 0.2 
0 .03 0.7275 0 .2425 0 .97 0.25 2 .4560 0.2713 0.6 
0 .05 0.7125 0 .2375 0 .95 0.25 2 .4823 0 .3310  0 .6  
0.01 0.495 0 .495 0 .99  0 .50 2 .5288 0 .2473  0.4  
0.03 0 .485 0 .485 0 .97 0.50 2 .5095  0.2771 1.4 
0.05 0.475 0 .475 0 .95  0.50 2.5381 0 .3327  0.3  
0.01 0 .2475 0 .7425 0 .99 0 .75 2 .5808 0 .2600 0 .4  
0 .03  0 .2425  0 .7275  0 .97 0.75 2 .6036 0.3354 0.8  
0.05 0 .2375  0 .7125 0.95 0.75 2.5982 0 .3568  1.3 
0.01 O.O0 0.99 0 .99 1.00 2.6435 0 .2697 0.4  
0.0319" 0.00 0 .9681 0 .9681 1,00 2.6428 0 .3198 0.7  
0.0981" O.O0 0 .9019  0 .9019  1.00 2 .6193  0.3662 0.8  

* E ~ = 2 3 9 1 . 7  + 0 .4043T Iog~eT --  0 .3729  x 10-4T -~ - -  1 .138 X 10aT  -1 --  1 .7308T m V  w h e r e  9 2 3 ~  < T < 990,~ 
* E  ~ = 2 3 7 6 . 6  + 0 .2721T lOgloT --  0 .78  x 1 0 - ~ T  ~ + 7.32 x 10~T -a  - 1,3510T m V  w h e r e  9 9 0 ~  < T < 1 2 0 0 ~  
* R e f e r e n c e  ( 2 ) .  
** S t a n d a r d  error  of  e s t i m a t e ,  

A2MC14, the corresponding treatment for complexes  of 
the type  AMC12 and A2MCI6 yields Eq. [8]. The com-  
pounds K A g ( C N ) 2  (9) and K2ZrCI6 (10) are examples  
of nontetrahedrally coordinated complexes .  In addi- 
tion, similar treatment of the previously derived ther-  
modynamic  relationships in the concentration range 
1.0 > XMC*2 > 0.33 also yields Eq. [8]. Hence, Eq. [8] 
appears to be of general  applicability in expressing the 
relationship be tween  the thermodynamic  properties of 
binary and ternary fused salt systems containing a re-  
active component.  

If Z is taken to represent the partial molar  enthalpy 
and entropy of component 1, H1 and St, the relation- 
ship R T  in a ,  = h H 1  - -  T A S 1  and Eq. 8 yield the fol-  
lowing express ion for the activity of MC12 in a ternary 
sys tem 

(aMC12) 123 : (aMCl2) 12 ( l - t )  (aMcI2) 13 t [9] 
Equation [9] is valid when XMC]2 has the same value in 
the ternary solution 1, 2, 3, as in the binary solutions 
i, 2 and I, 3. Equation [9] may be written in terms of 
activity coefficients as 

( 7 M C 1 2 )  123 ~---- ( ~ / M C l 2 )  12 ( l - t )  ( 7MC12)  13 t [ 1 0 ]  

In very  dilute solutions ~/MC]2 becomes independent 
of composition. As XMcl2 approaches zero in a ternary 

solution, (1 -- t) -~ XAcl, t --> XBC* and Eq. [10] may 
be written as 

( 7 M C 1 2 )  123 = ( ~ f ~  12 XAc i  " ( 7 ~  laXBO1 [II] 

where (7~ and (7~ represent the limiting 
values of 7MC]2 at infinite dilution in the MCl2-ACl 
and MCI2-BCI binary systems, respectively, and XACl 
and XBC, represent the mole fraction of AC] and BC], 
respectively, in the ternary solution. Thus, with values 
of only the Henrian activity coefficient of MCI2 in the 
two appropriate binary systems, Eq. [II] is able to 
estimate values of the activity coefficient of MCI2 
anywhere in the dilute region of the ternary system. 

Table II shows a comparison between values of vMCt2 
determined experimentally in the present study and 
values of -/Me12 calculated by Eq. [11]. For these cal- 
culations the values of "/MC]~ at XMC]2 ----- 0.01 in the ap- 
propriate binary solutions served as values for 
(TOMCl2)ik . Good agreement is obtained between ob- 
served and predicted values. 

Figures 3a and b show plots of log 7MCIn VS. t in the 
systems NiC12-NaC1-KCl (12) and CoC12-NaC1-KC1 
(13), studied by Ham'by and Scott, and MnC12-NaC1- 
CsC1, studied in the present investigation. The l inear- 
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Table II. Partial molar properties of MnCI2 in the ternary system MnCI~-NaC[-CsCI 

April 1975 

XMnCI 2 

-- AH~inCl s 
AH~ncls* (kca l )  AS~nC Is* * a~nc I s 7Mnels ( ~ )  

(kcal) (calculated (cal/mole-~ a*~nms*** (calculated "~nCts*** (calculated) 
t ( o b s e r v e d )  Eq.  [ A - 6 ] )  ( o b s e r v e d )  ( o b s e r v e d )  Eq.  [9] )  ( o b s e r v e d )  Eq.  [11])  

0.01 0 .00 - -7 .2  - -7 .0  9.06 3.99 x 10-4 3.76 X 10-4 
0.0293(X) 0.00 - -6 .9  - -7 .0  6.87 1.25 x l o s  1.26 x 10 -~ 
0 .0981(x )  0.00 - - 6 . 9  - -6 .7  4 .27 4.70 x 10 -~ 4.72 x 10 -~ 
0.01 0.25 --9.6 --9.6 8.47 1.48 x los 1.60 x 10 -4 
0.03 0.25 --9.2 --9.6 7.13 5.00 x 10-~ 3.88 x 10-4 
0.05 0.25 --10.3 --9.5 4.35 9.48 • 10-4 9.54 X 1D -~ 
0.01 0.50 - -12 .3  - -12 .3  8.26 5.47 x 10 -~ 5.06 x 10 -~ 
0,03 0.50 - -11 .4  - -12 .2  6.93 1.87 x l o s  1.53 x 10 4 
0.05 0.50 - -12 .7  - -12 .1  4.39 3.60 x 10-~ 3.00 x 10-4 
0.01 0.75 - - 1 4 . 5  - -14 ,9  7.65 2 .04 x l o s  2.24 x I0  -~ 
0.03 0.75 - -15 .7  - -14 .8  4,25 7.03 X 10 -~ 7.86 X 10 -~ 
0.05 0.75 - -15 .5  - -14 .6  3.30 1.37 x 10 ~ 1.45 x 10 4 
0.01 1.00 --17.6 --17.5 7.24 7.55 x 1G -~ 7,30 x i0  -s 
0 .0319(x )  t : 00  - -17 .5  - -19 .4  4 .99 2 .37 X 10--5 2.37 X 1O -~ 
0 , 0 9 8 7 1 ( x )  1 .00 - - 16 .4  --16~7 2.88 1.15 x 10 ~ 1.15 X l o s  

3.99 X 10 -a 
4.25 X 10 ~ 
4.79 x 1O --s 
1,48 x 10 ~ 1.54 x l 0  s 
1.67 x 10 -e 1,68 x 10 -~ 
1 . 9 0  x 1 0  4 1 . 8 3  x 1 0  ''s 
5.47 X l o s  5.78 x 10 "-s 
6.23 x I0 ~ 6,42 x I0 -s 
7.20 x l o s  7.12 x l 0  -~ 
2 .04  X 10 -~ 2.17 x 10 "~ 
2 .34  x 10 -~ 2.45 • 10 -a 
2.74 x 10 ~ 2 ,77 x I0 ~ 
7.55 x 10 -4 
7.42 x 10-4 
1.17 x 10 4 

- -  (a(E-Eo)/T)potu~, 
" ~ " . ~ , s  = -2F . :=T=-, " 

, nNaOl, nO|el 
_ (o.-.,) 

$$ ~MnCI 2 ~ 2F  " ~ P'nNaCI'RC|C i ,  

2 F  
eS$ in  GMn(]I 2 ---- -- - -  (E -- E ' ) ,  w h e r e  a~.cl s --- 7Knol s XMnOl s. 

RT 
(x) Reference (2). 
(~) Values of 7~ in the two binary systems: 

(7~ = 3.99 X i0-~; (~/*Maeta)~ = 7,55 X i0-s 

ity of these curves demonstrates the validity of Eq. 
[10] even for concentrated solutions. Figure 3b also 
includes data from the study by Pelton and Flengas 
(14) of the AgC1-NaC1-RbC1 system. As expected, Eq. 
[10] is obeyed in this system, although AgC1 is 
not a divalent transition-metal chloride and is not 
known to form tetrahedrally coordinated complexes�9 

The integral enthalpies of mixing in the binary sys- 
tems, MnC12-NaC1 and NInCI2-CsC1, as well as those in 
the ternary system, MnC12-NaC1,CsC1, have been mea- 
sured calorimetrically in this laboratory (12). Figure 
4 shows plots of AHintmix VS. t at various fixed concen- 
trations of MnC12. The linearity of these curves demon- 
strates the validity of the "t-fraction average" rule 
proposed herein. 

The least squares analysis of these data revealed 
linearity to 99.9% confidence limits. It should be noted 
that Eq. [A-5] is observed in solutions highly concen- 
trated in MnCls. 
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Fig. lc. Temperature dependence of emf in the system MnCI2- 
NoCI-CsCI at XMnCl 2 -" 0.05. 

The partial molar enthalpies of MnCl2 in the binary 
systems MnC12-NaC1 and MnC12-CsC1 have been mea- 
sured in this laboratory by an emf method (2). In the 
present study AHMnC12 has been determined for dilute 
solutions in the ternary system, MnC12-NaC1-CsCl. 
Figure 5 shows a plot o f  A/~MnCl2 VS. t for XM,cl2 = 
0.01. By statistical analysis this curve is found to be 
linear within 99.9% confidence limits, as expected from 
the theoretical treatment. 

Thus, by the use of Eq. [A-5], [A-6], [10], and [11] 
the thermodynamic behavior of MC12 in the ternary 
solution, MC12-AC1-BC1, is completely characterized by 
expressions which contain thermodynamic quantities 
representing only the binary solutions, MC12-ACl and 
MC12-BCI. Table II aIso includes partial molar en- 
thalpies and activities predicted by the theory. The 
binary data used for these calculations, with the ex- 
ception of values for ASR, were those determined by 
Kucharski and Flengas (2) in their emf study of the 
binary systems, MnCI~-NaC1 and MnCle-CsC1. Values 
for ASR in the present study were determined from 
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the  slope of a plot  of log -v~ vs. 1/T in the  appro-  
pr ia te  b ina ry  systems. 

Conclusions 
The t rea tment  of b ina ry  and t e r n a r y  fused sal t  solu- 

tions in t e rms  of a the rmodynamic  model  has led  to the  
der iva t ion  of s imple expressions which re la te  the  
the rmodynamic  proper t ies  of t e rna ry  fused sal t  solu-  

tions to the proper t ies  of  const i tuent  b ina ry  solutions. 
The re la t ionship  in genera l ized  fo rm is summar ized  by  
Eq. [8] which contains on ly  expe r imen ta l l y  de te rmin-  
ab le  quant i t ies  and  which m a y  be used wi thout  de-  
ta i led knowledge  of the  the rmodynamic  model.  

Limit ing laws for di lute  solutions have  also been 
derived.  The expressions have been verif ied by  the  re -  
sults of the present  inves t igat ion of the  system MnC12- 
NaC1-CsC1, as wel l  as by  the resul ts  of severa l  o ther  
t e rna ry  systems in the l i tera ture .  The appl icabi l i ty  of 
these expressions to a range  of systems suggests tha t  
the s t ruc tura l  model  on which the der ivat ions  are  based 
is phys ica l ly  meaningful .  
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A P P E N D I X  

Expressions for the Thermodynamic Properties of Ternary Solutions 
of the Type MCI2-ACI-BCI Derived from the Complex Ion Model (3) 

For  a mel t  having the p r i m a r y  composit ion X~c12, 
XACZ, and XBC], where  0 < XMCZ2 < 0.33, the react ions 

MC12 + 2AC1 ~ A2 MC14 [ A - l ]  

MC12 + 2BC1--> B2 MC14 [A-2] 

produce new species. 
The expression which describes the  concentrat ion 

dependence of the en tha lpy  of mixing  in the t e rna ry  
system MCI.,-AC1-BC1 has been der ived  e lsewhere  (3). 
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ASintmix = (1 - y )  [(1 -- t) (5Sa)12 + t (~Sa)la] 

- - R [ ( 1 - - t )  l n ( 1 - - t )  + t i n t  

( l - - y )  in ( l - - y )  ( 3 y - - 2 )  In ( 3 y - - 2 )  ] 
+ (2y -- 1) (2y -- 1) + (2y -- 1) (-~y'--- 1"~ 

[A-9] 

Rearrangement of terms, substitution of y = 1 -- 
XMC12, and comparison of the expression for the binary 
systems yields tim much simpler expression 

{ASintmix(XMc12 , t )  }123 - -  (1 - -  t) '{ASintmix(ZMcl2) }12 

+ t(hSratmix(XMc12)}13 [A-10] 

Partial  differentiation of Eq. [A-10] followed by 
substitution of y = 1 -- XMc12 gives 

aSMC22 = (1 -- t) (aSa),~ + t ( aSa) l a  

XMc12 (I -- 2XMcI2) 
-- R in  [A-11] 

i -- 3XMcI2 

The logarithmic term may be factored to give 

--  [ XMCI2(1--2XMcl2) ] 
ASMcI2 = ( I  -- t) (5SR) 22 -- R ln  ~ - - -  ~ - ~  

- -  2XMcl2) ] 
t [ ( h S R ) I S - - R l n  XM:;2 (13XMc12)2_ [A-12] 

J 

Comparison of Eq. [A-12] with equation 47 of Ref. 
(2) gives 

{5SMc]2 (XMc12, t) }128 = (1 -- t) {ASMc12 (XMc12) }22 

27 t{ASMC12 (XMc12) }23 [A-13] 

These equations demonstrate that the values of the 
integral and partial molar  enthalpies and the integral 
and partial molar  entropies of  mixing in a ternary 
solution are the "t-fraction average" of the corre- 
sponding properties in the two constituent binary solu- 
tions having the same MC12 concentration as the 
ternary solution. 
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For a solution of composition 0 < X•c12 < 0.33 the 
molar  integral enthalpy os mixing is given by 

5Hintmix = (1 -- y)  [(1 -- t) (bR) 12 + t(bR)13] 

(1 -- y )~(2  -- 3y) 
+ [(1 -- t) (2bl + b2)12 

(2y -- 1) 2 
2(3y -- 2)2(1 -- y) 

+ t(2bl  + b2)18] + 
(2y -- 1) ~ 

[(1 -- t) (261 + b2)12 + t(2bl + b2)lS] 

(1 -- y)  (3y -- 2) ~ 
[(1 -- t) (3bl + b2)12 

(2y -- 1) 2 
2(1 -- y ) 2 ( 3 y - -  2) 

+ t(3bl + b2)18] + 
( 2 y -  1) 2 

[(I  -- t) (bl + b2)12 + t(bl + b2),s] [A-3] 

By a rearrangement of terms Eq. [A-3] is further re- 
duced to 

~Hintmix = (i -- y) [(I  -- t) (bR) 22 + t(bR)la] 

(3y -- 2) (I -- y) 
+ .{(3y -- 2) [(1 -- t) (b2)22 

(2y -- 1) 3 

+ t(bl) la]  + (2y -- 1) [(1 -- t) (b2)22 + t(b2)la]} 

[A-4] 

where the interaction parameters bR, bl, and b2 are de- 
fined by equations 14 and 18 of Ref. (2) and have val-  
ues determined in the appropriate binary system. 

The substitution of y by its equivalent, 1 - -  XMC12, in 
Eq. [A-4j followed by factoring and comparison of the 
resulting expression with the corresponding expres- 
sions for the binary systems yields the much simpler 
relationship 

{AHintmix (XMcI2, t) }123 = (I -- t) {AHintmix (XMcI2) }12 
+ t{AHintmix(ZMc12}13 [A-5] 

which is valid when the concentration of MC12 in the 
ternary solution 1, 2, 3 is the same as that of the two 
constituent binary solutions, 1, 2 and 1, 3. The expres- 
sions for AHintmix22 and AHintmixl 3 a r e  given by equa- 
tion 19 of Ref. (2). 

Partial differentiation of Eq. [A-4] followed by re- 
arrangement  of terms yields the result 

{AHMcI2 (XMcI2, t) }223 = ( 1 -- t) {AH'McI2 (XMc12) }12 

+ t{AHMc12(XMc12) }23 [A-6] 

The integral entropy of mixing may also be treated 
as the sum of two terms: an internal entropy change 
associated with reactions [A- l ]  and [A-2] and a con- 
figurational entropy change due to the mixing of the 
products of these reactions. Since it is assumed that 
there is no interaction between A2MC14 and B~MC14, 
the internal entropy change is given by 

ASinternal = (1 -- y) [(1 - -  t)(-~SR)12 "~- t (ASR)  13] 
[A-7] 

where (~SR)22 and (~SR)2s are the molar  entropies of 
formation of pure A2MC14 and B2MC14, respectively. 
The configurational te rm is given by 

AS c~176 = - - R  [Ni ~ In Ni] [A-8]  

where Ni is the ionic fraction of species i and the 
summation is extended over all ionic s,pecies present in 
the reacted system. 

Accordingly, the molar  integral entropy of mixing in 
the ternary system MC12-AC1-BC1 for the composition 
range 0.33 > XMCI2 > 0.0 is given by 
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ABSTRACT 

Tr iangular  sweep vol tammetry  data for a number  of commercially avail-  
able carbons in  31 weight per cent KOH are discussed. A capacity m i n i m u m  of 
10 ~f/cm 2 was observed about 0V vs .  Hg/HgO for five carbon blacks. Results 
indicated that  the carbon blacks with in terna l  s t ructure were completely 
wetted; results with one activated carbon having fine micropores (<25A) in-  
dicated partial  wetting. Exper imental  methods for minimizing faradaic current 
and distr ibuted capacity effects are discussed. 

Many electrochemical processes involve porous elec- 
trodes. To optimize porous electrode design for specific 
applications, it is necessary to know how much of the 
in te rna l  s t ructure of the porous electrode is actually 
used during the reaction. Al though the BET surface 
area method is often used for this purpose, it does not 
always give a reliable estimate of the surface area 
available for electrochemical reaction. One method of 
determining the wet ted surface area available for 
electrochemical reactions involves a measurement  of 
the double- layer  capacity (DLC) of the electrode- 
electrolyte interface using the t r iangular  voltage sweep 
(TVS) technique (1). However, complicating effects 
may  arise with porous electrodes due to distr ibuted 
capacity (i.e., nonuni form reactions through the elec- 
trode) and faradalc current  (2). These effects must  be 
e l iminated or at least minimized. This paper shows 
how the TVS technique was used to determine the 
wetted surface area of several commercially available 
carbons in  KOH. 

Theory 
Faradaic currents are often caused by processes 

which are complex and difficult to describe mathemat i -  
cally (e.g.,  removal  of impurit ies on the electrode 
surface or the adsorption of species present in the 
solution).  Distr ibuted capacity effects arise when  the 
exterior surface of the porous electrode charges or dis- 
charges faster than  the interior. An increase in the re-  
sistance of the electrolyte in the pores of the electrode 
enhances this effect. Four  cases of interest  have been 
previously discussed (2) for the TVS method and some 
of the essential features per t inent  to this study are 
summarized in Fig. 1. The t r iangular  sweep vol tam- 
met ry  data for the cases discussed apply to potential  
regions where the capacity is constant. 

It has been demonstrated (2) that faradaic currents 
can be eliminated,  or  at least minimized, by testing at 
lower temperatures.  [A precise definition of what  is 
meant  by low temperature  depends upon the physical 
properties of the porous electrode and the electrolyte 
(3).] At lower temperatures,  distr ibuted capacity 
effects can become quite serious. Likewise, the use of 
high surface area materials can give rise to severe dis- 
t r ibuted  capacity effects, even at room temperature.  
The principal  equations describing this effect are sum- 
marized below. In  the absence of faradaic current,  the  
cur ren t - t ime  curve in  region abc (Fig. 1C) can be pre-  
dicted from 

i ( L )  ----/hkC' [1] 

f~1 = ~I (4, t/peC'L ) 0 ~-- ~ ~-- 1 

@ = Lk/d 

* Electrochemical Society Active Member. 
Key words: double-layer capacity, triangular voltage sweep, 

p o r o u s  e l e c t r o d e s ,  c a r b o n  s t r u c t u r e s .  

and the cur ren t - t ime  curve is region cde (Fig. 1C) can 
be predicted (3) from 

i (L)  = ~kC' [2] 

= ~2 (4, t/peC'L) 1 ~ "t ~-- -- 1 

where i(L) is the current density at the face of the 
porous electrode; k is the sweep rate; C' is capacity 
based upon the geometric area of the electrode thick- 
ness, L; k is the labyrinth factor; d is the distance be- 
tween the tip of the Luggin capillary and the surface 
of the test electrode; t is time; pe is the effective 
specific resistance of the electrolyte in the pores of the 
electrode. 

Predicted and experimental results (2,3) have 
shown that as time decreases, or as the specific re- 
sistance of the electrolyte increases, distributed ca- 
pacity effects become more severe. 

The electrical double-layer at the electrode-electro- 
lyte interface has a thickness of only a few angstroms 
in concentrated electrolytes and therefore follows the 
microcontours of the surface. Thus the DLC of the 
electrode is proportional to surface area at least in po- 
tential regions where capacity is constant and faradalc 
current and distributed capacity effects are negligible. 
With high surface area materials, severe distributed 
capacity effects can arise (see Eq. [1] and [2]), but  
the effects can often be minimized experimental ly.  

Experimental 

Materials.--Five commercially available carbon 
blacks and one activated carbon were used. Table I 
gives the specific BET surface area of each carbon and 
the percentage of in ternal  surface estimated using 

C 

b c 

e 

DISTRIBUTED FARADIC 
CASE CAPACIP( CURRENT 

A Negligible Negligible 
B Negligible Significant 

C Significant Negligible 
D Significant Significant 

TIME, t 

Fig. 1. TVS results illustrating distributed capacity and/or 
faradaic current effects in potential regions where capacity is 
constant. 
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Table I. Properties of carbon types 

A v g .  p a r t i c l e  S u r f a c e  a r e a  
d i a m e t e r  B E T ,  I n t e r n a l  

Sample  M a t e r i a l  (m~)  m ~ / g  % 

A Co l lo idex -5  29 85 0 
B C o n d u c t e x  SC 17 145 0 
C C o n d u c t e x  950 21 245 45 
D R a v e n  30 27 82 0 
E V u l c a n  XC-72  30 230 56 
F N o r i t - A  U n k n o w n  910 U n k n o w n  

75 

50 

A B E T  - -  Ad 
X I00 

A B E T  

w h e r e  A B E T  is the BET surface area and Ad is the sur-  
face area calculated from the average particle size 
dimensions and a volume- to-area  ratio of (4/3xr3)/ 
4nr 2 -- r/3 where r is the average particle radius. 
Table 1I gives the source of the carbons used and the 
heat - t rea tments  used to stabilize the carbon prop- 
erties by removing impurit ies and increasing the elec- 
trical conductivity. Each carbon was supported on un -  
pressed porous nickel MetNet (4) disks having a geo- 
metric area of 9.6 cm 2. The MetNet disks were dipped 
for several minutes  into suspensions of carbon and re-  
agent grade isopropyl alcohol (10g carbon/400 ml 
IPA).  The electrodes were then a i r -dr ied  at 100~ 

Procedures.--Details of the electrochemical cell, the 
Teflon test electrode holder, and preparat ion of the 
solutions are given elsewhere (5). An Hg/HgO [31 
weight per cent (w/o) KOH] reference electrode with 
a Luggin capillary was used. The complete cell and 
the reference electrode were assembled in  a constant-  
temperature  cabinet. Prior  to all testing, the electro- 
lyte was equil ibrated at the test temperature  for pe- 
riods of at least 18 hr. After the electrodes were im-  
mersed in the KOH, they were potentiostated at 
--0.50V vs. Hg/HgO for several hours to consume the 
dissolved oxygen in  the pores of the electrode; no other 
precautions were taken to deaerate the KOH. 

Tr iangular  voltage sweeps (TVS) were performed 
using a potentiostat in  conjunct ion with a signal 
generator; an X-Y recorder plotted current  as a func-  
t ion of potential, from which capacities were calcu- 
lated. In  all of the tests, small  voltage excursions of 140 
mV were used to minimize t ransient  faradaic currents  
in order to determine capacity solely as a function of 
potential. Exper imental  conditions were selected to 
allow the individual  vol tammetry  sweeps to superim- 
pose, giving an envelope of potential  vs. current.  Ca- 
pacities were calculated from 

C = i l k  

where C is capacity (farads), i is current  (mA),  and k 
is sweep rate (mV/sec).  

Results and Discussion 
Carbon blacks.--Proper experimental  conditions had 

to be determined for each carbon black. For example, 
Fig. 2 shows a composite of three single TVS curves 
for 82 mg of sample E (Table III) supported on Met- 
Net in 31 w/o KOH at 21~ Each sweep begins at a 
different potential, covers a voltage excursion of 140 

Table II. Identification of commercially available carbons 

H e a t - t r e a t m e n t  

Temp. Time Environ- 
Sample Type Source Process (~ (hr)  merit 

A B l a c k  C o l u m b i a n  F u r n a c e  1000 2.5 H2 
B B l a c k  C o l u m b i a n  F u r n a c e  1200 2.5 He 
C B l a c k  C o l u m b i a n  F u r n a c e  I000 2.5 N~ 
D B l a c k  C o l u m b i a n  F u r n a c e  1200 2.5 He 
E B l a c k  Cabo t  F u r n a c e  1000 2.5 He 
F Ae t i -  A m e r i c a n  S t e a m  a n d  1200. 2.5 H2 

v a t e d  N o r i t  Co. CO~ ac-  
t i v a t i o n  

25 

0 A 
< 
E 

v 

z 
" '  -25 

-50 

-75 

-I00 

-125 

0 -0.1 -0.2 -0.3 
POTENTIAL vs. Hg / I-I gO (V) 

Fig. 2. TVS results for sample E at 21 ~ k = 60 mV/sec 

mV, and has the same sweep rate of 60 mV/sec. The 
results show severe distributed capacity effects (Fig. 
1C) with perhaps some additional contr ibut ions of 
faradaic current  (Fig. 1D). Decreasing the sweep rate 
by an order of magni tude  to 6 mV/sec (Fig. 3) mark -  
edly reduces the distr ibuted capacity and faradaic 
current  effects. Only a small faradaic current  effect is 

Table III. Capacity data for carbon types 1 

Temper -  Min imum 
W e i g h t  a t u r e  capacity,  Cml .  t 

S a m p l e  ( m g )  (~ ( f a r ads )  

A 6 5 , 5  21 0.78 
65.5 - -46 0.75 

B 61.6 21 0.81 
C 131.9 21 3.12 
D 122.1 21 0.81 

77.3 21 0.62 
77.3 - -46  0.59 

E 82.1 21 1.87 
82.1 - -46  1.70 
30.6 21 0.72 
30.6 -- 46 0.75 

F 7 6 . 5  21 3 , 4 2 2  
40.5 21 1.56 ~ 

Al l  c a p a c i t y  v a l u e s  w e r e  d e t e r m i n e d  u s i n g  a s w e e p  r a t e  of  
6 m V / s e c  e x c e p t  fo r  s a m p l e  F w h i c h  r e q u i r e d  a sweep  rate of  0.6 
m V / s e c .  

= A f t e r  s o a k i n g  in  K O H  fo r  2 days. 
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Fig. 3. TVS results for sample E at 21 ~ k " -  6 mV/sec 

seen in  the cathodic direction. The vol tammetry  data 
superimpose to form an envelope of potential  vs. cur-  
rent  where  the min imum in the vicini ty of 0V vs.  
Hg/HgO (anodic direction) corresponds to a capacity, 
Cmin a of 1.87f or C* -- 9.9 ~f/cm 2, based upon the BET 
surface area of the carbon. The effect of lowering the 
tempera ture  to --46~ while keeping the sweep rate 
at 6 mV/sec is seen in  Fig. 4. At the lower temperature  
faradaic current  is markedly  reduced (compared to the 
21~ data, Fig. 3), but  distr ibuted capacity effects are 
slightly enhanced;  the capacity minimum, Cmin a is 1.70f 
or C* ---- 9.3 ~f/cm 2 and are slightly lower than the 
21~ values. 

To determine the rel iabil i ty of the capacity data, a 
different loading of sample E was tested. If capacity 
is constant and both faradaic current  and distributed 
capacity effects are negligible, a plot of capacity vs.  

15.0 

7.5 

E 
v 0 
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z 
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POTENTIAL vs. Hg / HgO (V) 

Fig. 4. TVS results for sample E at --46~ k = 6 raM/see 
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Fig. 5. Capacity vs. weight of sample E at 21~ and --46~ 
k = 6 mV/sec 

sample weight should be linear. Figure  5 shows such a 
plot to be l inear  giving an average capacity, C*, of 
9.8 ~f/cmZ (based upon the BET surface area of 280 
mS/g). 

Figure 6 shows a near  parabolic dependency of cur-  
rent  (hence capacity) wi th  potential  for sample E at 
--46~ similar results were also observed for the 
other carbons tested. 

Table III gives a compilation of capacity values ob- 
tained for all of the carbons tested; included are values 
obtained at 21 ~ and --46~ and for different loadings 
wherever  possible. Figure 7 shows that  the plot of 
Cram a vs. BET surface area using all of the carbon 
black data is l inear  with a slope of 9.6 ~f/cm ~. This 
average value is in  good agreement  with results by 
Softer and Folman (6) where integral  capacities of 
10.7 and 9.5 ~f/cm 2 were found for blocks of porous 
carbon. 

Two of the carbon blacks had in ternal  s tructure 
(samples C and E), whereas the others did not (Table 
I) .  Results in Fig. 7 suggest that  the in ternal  s tructures 
of samples C and E were completely wetted by the 
KOH, and that the technique gives a reliable estimate 
of the wetted surface area available for electrochemi- 
cal reaction. 

The capacity-potential  curves in  the region of the 
mi n i mum (Fig. 6) take the form of a shallow parabola 
and  are similar in  shape to results reported by Randin  
and Yeager (7) using stress annealed pyrolytic graph-  
ite. The capacity at the min imum (,~10 ~f/cm 2) is also 
lower than that  of metallic electrodes under  similar  
conditions [i.e., approximately 30 ~f/cm 2 (1, 2) for 

7.5 

o 

-7.5 

0.1 0 -0J -0.2 -0.3 -0.4 -0.5 -0.6 -0.7. 

POTENTIAL vs. Hg I HgO (V) 

F~g. 6. Effect of potential with sample E at --46~ k = 6 
mV/sec. 
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Fig. 7. Minimum capacity vs. BET surface area for commercially 
available carbon blacks. A Sample A at 21~ �9 sample A at 
--46~ V sample B at 21~ 0 sample C at 21~ []  sample D 
at 21~ �9 sample D at --46~ 0 sample E at 21~ �9 
sample E at --46~ 

silver and nickel in 31 w/o  KOH]. Since carbon is a 
semiconductor and has a space charge region, the ob- 
served capacity at an electrode-electrolyte interface 
should reflect this property. Thus, in concentrated 
electrolytes where diffuse double- layer  effects can be 
considered negligible, one would expect that  

1 I 1 
= .... + C3] 

C* CDL Csc 

w h e r e  CDL is the ionic double- layer  capacity and Csc 
is the space charge layer  capacity. A rough estimate 
of Csc for the carbon blacks is 15/~f/cm 2 using CDL = 
30 ~f/cm 2 and C* = 10 ;d/cm 2. The Csc value is higher 
than  that reported by Randin  and Yeager (7) for stress 
annealed pyrolytic graphite and is subject  to some 
question. On the other hand, one would not expect 
carbon blacks to behave the same as pyrolytic graph- 
ite. Bauer et at. (8) have reported vast differences in 
capacity data for pyrolytic graphites as a function of 
electrode preparation.  Csc is known  to vary in a hyper-  
bolic cosine m a n n e r  with potential  (9) which would 
explain the parabolic shape observed in the vicini ty 
of the capacity m in imum (Fig. 6). Therefore, regard-  
less of the precise value of Csc, it does appear to con- 
t r ibute to the capacity of the carbon-electrolyte  in ter -  
face as suggested in Eq. [3], tending to give a lower 
apparent  capacity than  that  normal ly  seen with me- 
tallic electrodes. 

Activated carbon.--The capacity of sample F (Table 
III) ,  an activated carbon with a specific BET surface 
area of about 910 m2/g (after heat- t reatment ,  Table 
II) increased with soak time and leveled off at a steady 
value after 2 days of immersion;  a different loading 
showed the same type of behavior. (In general, with 
the carbon blacks a steady value was achieved within  
hours of immersion and in  some cases wi thin  minutes.)  
Capacitites at the m i n i m u m  (Table III) were about 
45% of the values expected assuming that  activated 
carbon has the same specific double- layer  capacity as 
carbon blacks. This indicates that  the in ternal  s tructure 
of the activated carbon may not have been completely 
wetted by the KOH. A pore size distr ibution for sample 
F shows that about 42% of the mater ial  has pore sizes 
less than 25A, whereas for the carbon blacks, most of 
the pores are in the range of 20-60A. It would appear 
that  below a certain critical pore size, the internal  
microporous s tructure of the activated carbon is not 
readily accessible to the KOH. This might  also account 
for the slower rate of wett ing experienced with the 
activated carbon than with the carbon blacks. 

Conclusions 
Capacity data determined using the t r iangular  volt-  

age sweep technique were used to estimate the wetted 

surface area of a variety of commercially available 
carbons. 

A capacity min imum of 10 ~f/cm 2 was observed in 
the vicinity of 0V vs. Hg/HgO for all of the five carbon 
blacks. The low value compared to metallic electrodes 
was explained in terms of a contr ibut ion due to a space 
charge layer which exists in semiconductors. Likewise, 
semiconductor theory was used to explain a near-  
parabolic dependence of capacity on potential. 

Results indicated that the carbon blacks which had 
some in ternal  s t ructure were completely wetted by the 
KOH. 

Severe distr ibuted capacity effects were observed 
especially with some of the higher surface area mate-  
rials. The effects were consistent with that  predicted 
using a previously developed model (3) and there-  
fore could be minimized using sui table  experimental  
techniques. 

Capacity data for the one high surface area activated 
carbon tested indicated that about 45% of the internal  
structure of the mater ial  was not accessible to the 
KOH. This was presumably due to the presence of 
very fine micropores which exist in some activated 
carbons (<25A).  
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LIST OF SYMBOLS 
ABET BET surface area, m2/g 
Ad surface area calculated from the average size 

dimensions of the carbon particles, m2/g 
C capacity, farads 
C' capacity based upon the geometric area of the 

electrode, ~f/cm 2 
Groin a anodic capacity minimum, farads 
C* capacity per BET surface area, ~f/cm 2 
CDL ionic double- layer  capacity, ~f/cm 2 
Csc space charge layer capacity, ~f/cm 2 
d distance between the tip of the Luggin capillary 

and the surface of the electrode, cm 
i current, mA 
i (L)  current  density at the face of the electrode, 

m A / c m  2 
k sweep rate, mV/sec 
L electrode thickness, cm 
r average particle radius, m 
t time, sec 
~1 dimensionless parameter  between 0 and 1, 

which is a function of (~, t/peC'L) 
7 dimensionless parameter  between -51 and --1, 

which is a function of (r t/peC'L) 
dimensionless parameter  (L~/d) 
l abyr in th  factor 

pe effective specific resistance of the electrolyte 
in the pores of the electrode, ohm-cm 

REFERENCES 
1. E. G. Gagnon, This Journal, 120, 1052 (1973). 
2. E. G. Gagnon, ibid., 121 512 (1974). 
3. L. G. Aust in  and E. G. Gagnon, ibid., 120, 251 

(1973). 
4. S. Katz, U.S. Pat. 3,694,325, Sept. 26, 1972 
5. E. G. Gagnon, Abstract 354, p. 845, Electrochemical 

Society Extended Abstracts, Spring Meeting, San 
Francisco, California, May 12-17, 1974. To be pub-  
lished in This Journal. 



Vol. 122, No. 4 T R I A N G U L A R  V O LTA G E S W E E P  METHOD 525 

6. A. Softer and M. Folman, J. Electroanal. Chem., 38, 
25 (1972). 

7. J. P. Randin  and E. Yeager, ibid., 36, 257 (1972). 
8. H. B. Bauer, M. S. Spritzer, and P. J. Elving, ibid., 

17, 299 (1968). 
9. J. O'M. Bockris and A. K. N. Reddy, "Modern Elec- 

trochemistry," Vol. 2, p. 816, P lenum Press, New 
York (1970). 

Brief Communications 

Accelerated Corrosion Test to Determine the 
Continuity of Thin Oxide Films on Aluminum 

Neil T. McDevitt and William L. Baun 
Air Force Materials Laboratory, Mechanics and Suriace Interaction~ Branch, 

Wright-Patterson Air Force Base, Ohio 45433 

Over the past year the aircraft  indus t ry  has been 
s tudying more closely the anodization of a luminum 
alloys as a surface prepara t ion  of s t ructural  adhesive 
bonding. The technical application of the anodization 
of a luminum that  produces a thick (~2.5 #m) surface 
oxide, that resists weather ing and deterioration, are 
well known (1). However, in  order  for an adhesive 
to form an integral  bond with the metal  adherend, the 
surface oxide layer  has to be th in  compared to films 
formed by present  day procedures. Consequently, very 
l i t t le informat ion has been generated on thin (~0.2 
sm) anodic oxide films on a luminum.  The qual i ty of 
this th in  oxide film will  determine the amount  of cor- 
rosion protection the a luminum metal  will  receive and, 
therefore, add to the durabi l i ty  of the formed adhesive 
bond. In  this case, qual i ty will  be determined by the 
cont inui ty  of the surface oxide film over the area 
anodized. Present  day test methods usual ly  rely on salt 
spray exposure or immersion in sodium chloride solu- 
t ion to determine the protection offered by a surface 
oxide film. These tests normal ly  require  some 16-50 hr 
to perform (2). In  order to study a large number  of 
different electrolytes with varying anodization param-  
eters, it would be essential to have a test that  would 
require less t ime and equipment  than  the above pro- 
cedures. 

This paper describes the use of the iodine-methanol  
technique (3) and its abil i ty to determine the con- 
t inui ty  of th in  anodic oxide films. This technique has 
been used extensively for isolating oxide films from 
aluminum.  The chemistry of the pr imary  reaction in-  
volves the attack of iodine-methanol  solution on a lu-  
minum and its alloys, with no quant i ta t ive indication 
of any attack on the surface a luminum oxide hydroxide 
(A1OOH). Ideally then, this solution may be used to 
determine cracks, flaws, or porosity of th in  oxides 
generated by various methods. Utilizing the above re- 
action, a solution containing 5g iodine/100 ml absolute 
methanol,  in  a covered petri  dish, can determine the 
cont inui ty  of a film within  1-8 hr, which we define 
here as an accelerated corrosion test (ACT). With this 
method, a number  of electrolytes, along with various 
anodization parameters, may be studied in  a relat ively 
short period of t ime in  order to achieve a th in  oxide 
film having max imum continuity.  Two drawbacks of 
the ACT solution are: (i) the main  product of the re-  
action (a luminum methoxide)  is insoluble in  anhy-  
drous methanol,  and (ii) trace amounts of water sig- 

K e y  words :  a l u m i n u m ,  corrosion, oxide. 

nificantly slow the rate of reaction of the solution 
with a luminum.  The first drawback mus t  be avoided 
since the insoluble product  wil l  precipitate on the 
sample surface and hinder  the attack of the solution 
on the aluminum. In  the second case, small  amounts of 
water al low the a luminum methoxide to be soluble, 
but  the different trace amounts  of water  picked up by 
atmospheric contaminat ion vary the reaction rate 
enough so as to make time studies for two different 
sets of samples uncorrelatable.  

One inch square specimens of 2024 a luminum 0.063 
in. thick are used for the experimental  anodization 
studies. After  anodization, the specimens are placed 
flat in  a 5.5 in. diameter  petri  dish with 200 ml  of ACT 
solution. When test specimens are placed in  the same 
20'0 ml solution, and oxide films are of the same com- 
parable thickness, informat ion concerning the cont inu-  
ity of the different films is readily obtained and corre- 
latable. Figure 1 shows the results of an  ACT solution 
on various surface preparations. The specimens A, C, 
and D are 2024 clad a luminum.  The specimens B, E, 
and F are 2024 bare a luminum.  A and B were treated 
with an FPL etch solution for 10 min  at 62~ C and E 
were anodized in a 0.01M phosphoric acid electrolyte 
while D and F were anodized in a 0.03M phthalic acid 
electrolyte. These specimens were anodized at 25V at 
room temperature.  Barrier  layer  oxides were formed in  
both cases. The oxide thickness for the specimens 
shown in Fig. 1 is between 0.03 and 0.04 #m. Specimens 
A and B were in the solution for 1 hr. It is quite ap- 
parent  that the discontinuities in  B are so large that 
the entire oxide film has been lost due to the attack 
on the a luminum metal. The cont inui ty of the anodic 
oxide on C and D appears to be good, while E is mod-  
erate and F is only fair. These specimens were in the 
ACT solution for a period of 2 hr. Some pre l iminary  
results on the comparison of the ACT solution with 
outdoor exposure studies are shown in Fig. 2. All  speci- 
mens are 2024 clad a luminum. A and C were anodized 
at 50V in  an 0.2M ammonium oxalate electrolyte, while 
B and D were anodized at 20V in an oxalic-sulfuric 
acid mixture  each in 0.1M concentrations. A and B 
were exposed to the ACT solution for 2 hr. The A 
specimen showed poor oxide film cont inui ty  and the B 
specimen can be rated as moderate. The C and D speci- 
mens were exposed to atmospheric conditions on the 
North Florida Gulf  Coast for 60 days. It  is apparent  
that  the same ratings assigned to A and B can be given 
to C and D. The area below the dotted l ine on  C and D 
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Fig. 2. Comparison of ACT with outdoor exposure. A and C, 
0.2M ammonium oxalate anodize; B and D, 0.1M mixture oxalic. 
sulfuric anodize. ACT exposure for 2 hr; outdoor exposure 60 days. 

Fig. 1. Accelerated corrosion test comparison of various surface 
oxide preparations. A and B, FPL etch, exposed 1 hr. C and E, 
0.01M H3PO4 anodize; D and F, 0.03M phthalic acid anodize, ex- 
posed for 2 hr. 

was unexposed due to the clamp holding the specimens 
to a board. 

The results of these experiments show that the 
iodine-methanol  solution will determine the cont inui ty 
of thin oxide films in  a short period of time. The pre-  
l iminary  investigation of the comparison of ACT with 
outdoor exposure indicates there may be some corre- 

lation, however, many  more data points will  have to 
be obtained to reach a firmer conclusion. The authors 
emphasize that  the chemistry of this solution must  be 
understood so that the te rm corrosion, as used in this 
paper, pertains only  to an attack on the unexposed 
a luminum metal  due to cracks, flaws, or porosity in  the 
surface oxide film. 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Mechanism of Reduction of the Fluorographite Cathode 
M. Stanley Whittingham* 

Corporate Research Laboratories, Exxon Research and Engineering Company, Linden, New Jersey 07036 

Graphite has a layered structure which on reaction 
with fluorine at elevated temperatures gives the com- 
pound (CF)~ in which the graphite lattice looses its 

" E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  t e r n a r y  phase, high e n e r g y  d e n s i t y  battery, carbon 

f luor ide ,  cathode. 

aromatic character and electronic conductivi ty (1). 
Ebert  (2) has shown that the six membered  carbon 
rings take up the boat configuration with the fluorine 
atoms between the carbon layers. The spacing between 
these layers expands from 3.35 to ~5.8A on reaction. 
This carbon monofluoride is used as the cathode of 



VoI. I22, No. 4 F L U O R O G R A P H I T E  C A T H O D E  527 

l i th ium high ene rgy  densi ty  bat ter ies  ut i l iz ing organic 
e lec t ro ly te  systems (3-6).  The pos tu la ted  react ion 
dur ing  discharge is 

1 1 
u (CF), + Li-~ -- (C), + LiF [I] 
n 7~ 

for which the calculated voltage obtained from the 
free energy of formation of LiF, --139.2 kcal/mo~e (7), 
and the heat of formation of (CF)n, --46.7 kcal/mole 
(8), is around 4.0V. However, in use the open circuit 
voltage (OCV), ,-~2.8V (5), is markedly less than this 
theoretical value. Tiedemann recently proposed (5) 
that the OCV of this electrode can be interpreted as a 
mixed potential resulting from the anodic reaction of 
the solvent coupled with the cathodic reaction of the 
fluorographite. The object of this paper is to suggest an 
alternative hypothesis in which the open circuit volt- 
age is determined not by the formation of lithium 
fluoride and graphite but rather by an intermediate 
product of the reaction. 
Wood et ai (8) determined that the C-F bond en- 

ergy in (CF)n is 115 kcal/mole. This high energy of 
the covalent bond dictates an extremely small diffu- 
sion coefficient for the fluorine; this is borne out in 
the need of high temperatures, ,~450~ for its forma- 
tion from carbon and fluorine (9). This can be con- 
trasted with the small energy of formation of the 
bromine compound, CsBr, and its ready preparation at 
ambient temperatures (I0). It is thus unlikely that the 
fluorine will be able to diffuse to the edges of the basal 
planes rapidly enough to maintain the observed dis- 
charge currents. It is therefore proposed that the 
lithium ion diffuses between the layers of the graphite 
la t t ice  to react  wi th  the  fluorine forming a t e rna ry  
compound of composit ion (CLixF) where  x < 1. This 
in te rmedia te  then d ispropor t ionates  to give l i th ium 
fluoride and graphite.  

To tes t  this  hypothes is  f luorographi tes  of composi-  
t ion CF0.s5 and CFI.1 obtained f rom Marchem, Incorpo-  
r a t ed  were  reac ted  wi th  1M solutions of l i th ium and 
sodium naphthal ides  in t e t r ahyd ro fu ran  for 24 hr. 
The samples  tu rned  almost  immedia te Iy  from the i r  
whi te  to a b lack  color showing tha t  e lect rons  are 
being r e tu rned  to the  graphi te  la t t ice  on reduct ion 
of the naph tha l ide  to naphthalene .  X - r a y  analysis  of 
the  products  of reac t ion  was pe r fo rmed  on a Phi l ips  
di f f ractometer  using Cu Ks  radiat ion.  For  the  l i th ium 
product  diffraction lines were  found for d values of 
9.35, 4.69, and  3.12A. These can be  associated with  a 
la t t ice  spacing be tween  the graphi te  p lanes  of 9.35A. 
For  sodium the  spacing was 9.45A. That  this  ex-  
pansion of the  la t t ice  was not  due to the  in terca la t ion  
or  o ther  react ions of the po la r  solvent  or naphtha lene  
was shown fol lowing Armand ' s  p rocedure  (11) using 
n - b u t y l  l i th ium dissolved in  a nonpolar  solvent,  
hexane.  Ident ical  x - r a y  data  were  obta ined  and octane 
was the organic react ion product .  Backt i t ra t ion  of the 
residual  naphtha l ide  or n - b u t y l  l i th ium indicated a 
s toichiometr ic  react ion of the  a lkal i  wi th  the  fluorine. 
Thus CFo.s5 and CF~.I reac ted  wi th  0.89 and 1.07 moles  
of n - b u t y l  l i thium, respect ively.  

The  expansion of the  crys ta l l ine  la t t ice  from the 
5.8A spacing of the  (CF)~ s t ruc ture  to the 9.35A of 
the react ion produc t  can possibly  be re la ted  to the 
ionici ty  of the fluorine. In  carbon fluoride the bonding 
is covalent,  whereas  in the  presence of the  a lka l i  me ta l  
the  fluorine wi l l  be p redominan t ly  ionic wi th  its asso- 
ciated l a rge r  size. F u r t h e r  evidence for the  format ion  
of a nonstoichiometr ic  t e r n a r y  phase is the  shape of 

the  open circuit  vol tage curve observed  on discharge 
(5), which is typical  of tha t  expected for  such phase 
format ion (12). A react ion where  graphi te  and  l i th ium 
fluoride are  in equi l ibr ium wi th  carbon fluoride would  
yie ld  a curve whose potent ia l  is independent  of s tate of 
discharge. 

The observed vol tage  is then  the  l i th ium par t i a l  
mola r  free energy  of the  reac t ion  

i 1 
Li + CF),-~ -- (CLixF) [2] 

9%X X 

ra the r  than  for react ion [1]. The ra te  at  which the 
l i th ium fluoride in te rca la ted  graphi te  decomposes to 
graphi te  and l i th ium fluoride, which is often observed 
in the x - r a y  pat tern ,  is l ike ly  to be a complex funct ion 
of the  e lect rolyte  used, the  current  density, and tem-  
perature .  I t  is thus proposed tha t  the format ion  of an 
in te rmedia te  t e r n a r y  nonstoichiometr ic  phase is one 
explana t ion  for the lower  than ca lcula ted  voltages ob-  
served dur ing the discharge of the  f luorographi te  
cathode. Such t e rna ry  phase formation,  e i ther  as an 
in te rmedia te  or the  final product  of discharge, is p r o b -  
ab ly  more  common than  has here tofore  been realized. 
Thus t rans i t ion  meta l  oxides such as V205 and MoO3 
react  this way  (13) and a number  of t e rna ry  phases 
have been found in the high t empera tu re  Li-FeS2 ba t -  
t e ry  system (14). 
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ABSTRACT 

The two- and four-probe conductivities of s ingle-crystal  sodium beta- 
alumina (Na20-8Al~Oz) were investigated over the range of 25~176 
After pretreat ing with l iquid sodium at 300~ the two-probe conductivity, 
above 140~ was given by KT ---- 3300 exp (--3650/RT). The conductivity 
at 180~ remained essentially constant up to about 140 m A / c m  ~. 

To date, conductivi ty measurements  on sodium beta- 
a lumina single crystals have been restricted to a-c 
measurements  on relat ively small samples since large 
specimens have not been available. Conductivities 
have been reported for crystals occurring na tura l ly  in 
Monofrax-H fire brick (1) and for crystals (NeO. 
9.SA12Os) obtained from the Carborundum Company 
(2). 

Recently, two cylindrical  boules of single-crystal  
sodium be ta -a lumina  (nominal  composition of Na20. 
8A1203) of about 2 cm diameter were prepared and 
made available to NASA-Lewis Research Center by 
the Crystal Products Depar tment  of Union Carbide 
Corporation. The present  study provides the first a-c 
and d-c conductivity measurements  made on such 
large, s ingle-crystal  material.  

Experimental 
The two boules of sodium beta-a lumina,  each ob- 

tained from separate s ingle-crystal  growths, were 
colorless. One boule was opaque and cleaved readily 
into many  fragments while attempts were made to cut 
it with a diamond string saw using an  organic coolant. 
The other boule, however, was relat ively clear and 
remained uncleaved dur ing cutting, producing samples 
A, B, and C. After  cleaning with benzene and acetone, 
samples A and B were dried in a vacuum oven at 125~ 
and then main ta ined  under  an argon atmosphere. Sam- 
ple C, being representat ive of this boule, was then 
analyzed in duplicate. The results were as follows: 
Na, 5.31 and 5.11%; A1, 49.15 and 49.15%; in agreement  
with the composition Na20.8A12Os. Five parts per 
mill ion of l i th ium was also found. 

Conductivi ty measurements  were made using both 
ion-blocking and reversible electrodes. Ion-blocking 
contacts of p la t inum were sputtered on the faces of 
sample A and a three- lead coaxial probe was con- 
nected to the contacts with conducting silver epoxy 
cement. Capacitance and conductance measurements  
were made over the range of --170~176 using a 
commercial automatic balancing bridge which pro- 
vided frequencies of 103, 104, 105, and 106 Hz, as de- 
scribed previously (3). 

Reversible electrodes of sodium were used on sam- 
ple B by placing it between two stainless steel blocks 

* Electrochemical  Society Active Member,  
Key  words:  beta-a lumina,  solid electrolyte, sodium transport .  

which contained sodium electrode reservoirs and posi- 
tioned so that proper contact was main ta ined  between 
the sample and the sodium during preheating and dur -  
ing subsequent  conductivity measurements.  Spring 
tension against  the steel blocks pressing on the sample 
were adequate to ma in ta in  a leak-proof  seal for the 
liquid sodium. The surfaces of both faces of the sample 
were pretreated with the sodium electrodes in place by 
preheating to 300~ for about 1 hr. After  pretreating, 
two-pro'be conductances were measured at three fre-  
quencies (102, 1.0 's, and 104 Hz) over the temperature  
range of 35~176 using an impedance comparator 
bridge with s tandard resistors and capacitors. 

Using the same apparatus, two-probe d-c conduct- 
ances were obtained over the same tempera ture  range. 
A current  density of about 30 ~A/cm~ was main ta ined  
by means of a variable s tandard resistor in series with 
the sample. In  addition, at 180~ two probe d-c con- 
ductances were measured at larger current  densities 
ranging between 1 and 140 mA/cm% To minimize lo- 
calized heating at these higher currents, the conduct- 
ances were determined within  10 sec of ini t iat ion of 
current  flow. Finally,  a four-probe d-c conductance 
was obtained at 40~ For this measurement ,  a current  
density of about 5 m_A/cm 2 was main ta ined  and  the 
measurements  were made after about 1 rain. The con- 
ductances for both the two- and four-probe measure-  
ments were calculated from the corresponding volt-  
ages across the sample and the s tandard resistors in 
series. 

Results and Discussion 
The a-c conductivities of sample A, using ion- 

blocking pla t inum electrodes, are shown in Fig. 1. 
The condition of resonance, assumed to be due to po- 
larization of the sodium ions at the ion-blocking 
electrodes, occurs when  ~ is equal to uni ty  and is a 
function of both frequency and temperature  given by 
the relat ion 

~,'~ = (~s -.~| [1 ]  

where ~ is the angular  f requency ( s ee - l ) ;  K is the 
conductivity ( o h m - l - c m - 1 ) ;  es is the low frequency 
limit of the real part  of the dielectric constant; and 
e~ is the high frequency l imit  (3-5). For  103 and 104 
Hz, the conductivities started to deviate from the 
straight l ine due to the onset of sodium ion polariza- 
tion at about --70 ~ and --50~ respectively. For 105 
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Fig. 1. A-C conductivities of sodium beta-alumina sample A using 

Pt electrodes. 

and 106 Hz, resonance was not observed at the highest 
temperatures  investigated. The cohductivity of sample 
A at 106 Hz, therefore, was assumed to be polarization- 
free and could be fitted by a straight line over the tem- 
perature  range --150~176 given by 

K T  .= 4000 exp (--37~O/RT) o h m - l - c m  - i  ~ [2] 

At 25~ this conductivi ty at 10 ~ Hz is about 3 • 10 -2 
o h m - l - c m  - i  (cf. Table I) .  

The reversible electrode results on sample B for the 
two-probe a-c measurements  at 104 Hz are shown in  
Fig. 2 and are compared with the four-probe d-c con- 
ductivity at 40~ An extrapolat ion of this two-probe 
data to 40~ from the tempera ture  region above 140~ 
where the sodium is liquid, is i n g o o d  agreement  with 
the four-probe d-c value at 40~ of 2.8 • 10 -2 ohm -i- 
cm - i  (cf. Table I) .  This suggests that  the higher tem- 
perature region and its extrapolat ion represent  the 
polarization-free conductivity for the single crystal. 
The following results support this assumption: (i) the 
a-e conductances for the higher tempera ture  region 
were essentially independent  of frequency and (ii) the 
d-c conductances were essentially independent  of time 
and also were in  good agreement with the correspond- 
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Fig. 2. Conductivities of sodium beta-alumina sample B using 
Ha electrodes. 

ing a-c values. The polarizat ion-free conductivity for 
sample B can be expressed by 

KT = 3300 exp (--3650/RT) o h m - l - c m  - i  ~ [3] 

This activation energy of 3.65 kcal /mole  and the con- 
ductivity at 25~ of 2.4 • 10 -2 ohlTt-l-cm - I  (of. Table 
I) for sample B are in  reasonable agreement  with the 
data obtained for sample A using the p la t inum ion-  
blocking electrodes where an activation energy of 3.79 
kcal /mole and a conductivity of 3 • 10 -2 ohm - i -  
em - i  was obtained. Furthermore,  these results for 
sample B show good agreement  with published values. 
For example, an activation energy of 3.8 keal /mole 
was reported for crystals obtained from Monofrax-H 
(I) and 3.79 kcal /mole for crystals obtained from the 
Carborundum Company (2). The respective condue- 
tivities were about 3 X 10 -2 and 1.4 X i0 -~ ohm -i- 
cm -i (cf. Table I). 

Pretreating the surfaces of sample B by preheating 
in contact with liquid sodium at 300~ did reduce 
most of the interracial polarization. However, even 
after pretreating, some interfacial polarization was still 
present in the two-probe data for temperatures where 
the sodium is solid. This is shown by a comparison 
of the two-probe data at 104 Hz with the extrapolated 
four-probe data (cf. Fig. 2 and Table I), by a decrease 
in the a-c conductivity with decreasing frequency, 
and by a decrease in d-c conductivity with increasing 
time. For example, at 25~ the interracial resistance 
at 104 Hz was about twice the resistance of the po- 
larization-free single crystal. 

Finally, to study the behavior of single-crystal mate- 
rial at current densities of practical interest, two- 
probe d-c measurements were made on sample B up to 
140 mA/cm 2 at 180~ As shown in Fig. 3, the conduc- 
tivity remained essentially constant at about 0.127 
ohm-l-cm -i. This shows that with liquid sodium elec- 
trodes, the conductivity (after pretreating with liquid 

Table I. Conductivities of sodium beta-alumina crystals 

2-Probe a-c conduc- 2-Probe a-c conduc- 4-Probe d-c 
T e m p e r a t u r e  t i v i t y  a t  106 H z ,  t i v i t y  a t  104 H z ,  c o n d u c t i v i t y  

S a m p l e  ( ~  E l e c t r o d e  ( o h m - i - c m  - i  ) ( o h m - i - c m  -1 ) ( o h m - l - c m - 1 )  

A 25 Pt 3 x 10 ~ -- 
B 25 Na -- 8.I X--10 -~ 2,4 x i0 "~(") 
B 4 0  N a  - -  - -  2 .8  x 10  -~ 

Crystals o b t a i n e d  f r o m  
Monofrax-H (i) 25 In 3 x 10 -~(~) -- -- 

Crystals obtained from 
Carborundum Co. (2) 25 Nao.~WO~ -- 1.4 X I0-= -- 

(G) Extrapolated to 2YC. 
(b) Average of 6 crystals at 5 • 10 ~ Hr. 
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Fig. 3. D-C conductivities of sodium beta-alumina sample B at 
180~ with current density. 

sodium at 30~)~ was essent ia l ly  ohmic even up to 
these re la t ive ly  la rge  current  densities. 

The resul ts  suggest  tha t  s imi lar  (or improved)  large,  
synthet ic  boules of this type  of sodium be ta -a lumina  
might  be developed as a su i tab le  sodium ion solid elec-  
t ro ly te  opera t ing  at cur ren t  densit ies of pract ical  in-  
terest .  The mate r i a l  is potent ia l ly  impor tan t  for lower  
t empera tu re  applications.  However ,  the polar izat ion 
noted in this work  wi th  sodium as i t  solidifies suggests 
that  l iquid  electrodes m a y  be preferred.  Below 100~ 
sodium amalgams may  be appl icable  for this purpose 
(6, 7). The main  l imi ta t ion  of this ma te r i a l  in pract ical  
appl ica t ion  as exemplif ied by  one of the  boules appears  
to be its re la t ive  ease of cleavage. Fu r the r  develop-  

mrent of the crysta l  g rowth  technique might  be ex-  
pected to improve  this si tuation. 

Manuscr ip t  submi t ted  June  24, 1974; revised manu-  
scr ipt  received Oct. 1, 1974. This was Pape r  157 p r e -  
sented at  the  San Francisco, California,  Meeting of the 
Society, May 12-17, 1974. 

Any  discussion of this paper  wil l  appear  i n  a Discus- 
sion Section to be publ ished in the December  1975 
JOURNAL. Al l  discussions for the December  1975 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by the National Aeronautics and Space Adminis- 
tration. 
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The Lattice Misfit and Its Compensation in the Si-Epitaxial 
Layer by Doping with Germanium and Carbon 

Yao Ting Lee, Nobuo Miyamoto, and Jun-ichi Hishizawa 

Research Institute of Electrical Communication, Tohoku University, Sendal, Japan 

ABSTRACT 

When germanium and carbon are doped into silicon, the silicon la t t ice  is 
expanded  or  contracted depending on the t e t r ahedra l  covalent  radius  of 
ge rmanium or carbon, respect ively.  But this effect of e lectr ical ly  nonact ive 
e lements  can be of considerable  use for compensat ing the  la t t ice  s t ra in  caused 
by  o ther  in-~purities, which  are  e lect r ica l ly  active, elemer~ts in  silicon. F rom the  
invest igat ion of the electr ical  character is t ics  and la t t ice  defects of ep i tax ia l  
layers  doped wi th  germanium,  it was found that  doping of germanium in si l i-  
con up to 1 • 10 ~~ a toms/cm 8 does not change the electr ical  character is t ics  of 
silicon and also that  ge rmanium is an e lement  sui table  for s t ra in  compensat ion 
in silicon. By the single doping of carbon over  its solubil i ty,  many  defects 
were  generated.  However,  when  carbon and an t imony are s imul taneous ly  
doped into the epi taxia l  layers,  the  layers  become free from la t t ice  defects 
and  the  sa tura t ion  solubi l i ty  of carbon in sil icon changes f rom a solubi l i ty  
concentra t ion of 3 • 10 is a toms/cm 3 to 7.6 X 10 TM a toms /cm 3 wi th  an in-  
crease in the concentrat ion of ant imony.  These results  show that  the  sa tura t ion  
solubi l i ty  of carbon depends l a rge ly  on the lat t ice s t ra in  or the existence of 
an impur i ty .  

Dislocations and other defects in silicon crystal 
generated by heavy doping of impurity have been re- 
ported by a number of authors (1-9). When impuri- 
ties such as boron, phosphorus, and antimony, having 
different covalent radii from that of silicon, are doped 
into silicon, the lattice constant of the doped layer 
shows a value different from that of intrinsic silicon. 
The lattice expansion or contraction of silicon causes 
strain in the crystal and also in some cases results in 
defects such as dislocations (10, 11), which have a 
great influence on the characteristics of semicon- 
ductor devices. In order to avoid the generation of 
strains or defects due to this effect, a method, called 
the compensation of strain, has been used. For ex- 

Key words: effect lattice constant o~ silicon, doping o~ carbon 
and germanium, strain compensation, silicon vapor epitaxy, change 
of saturation solubility by lattice stress. 

ample, a s imultaneous doping of more  than  two im-  
puri t ies  such as phosphorus  and t in  having  different  
covalent  radi i  has been pe r fo rmed  and the s t ra in  com- 
pensat ion in epi tax ia l  growth  of silicon has been 
achieved (10). Because germanium is h ighly  soluble 
in silicon, the compensat ion of the lat t ice s t ra in  by  
germanium can be effected over  a wide range of con- 
cent ra t ion  of some other  impur i ty .  On the other  hand, 
the  solid solubi l i ty  of carbon (18-20) is so low that  
addi t ion of carbon above the concentrat ion of 3 X 10 TM 

a tom/cm 3 results  in prec ip i ta t ion  in silicon. G e r m a -  
nium arid carbon not only belong to the  same column 
of the Group IV in the periodic table  as t in and silicon, 
but  also have be t te r  semiconductor  character is t ics  than  
tin. Consequently,  they are  considered as the elements  
appropr ia te  to compensate  the la t t ice  strain.  In  this 
paper,  the physical  proper t ies  of ge rmanium and the 



Vol. 122, No. 4 L A T T I C E  M I S F I T  IN S i - E P I T A X I A L  LAYER 531 

behavior of carbon doped in silicon dur ing epitaxial 
growth are investigated. 

Exper imental  Procedure 
The epitaxial layers were grown by vapor deposition 

through the hydrogen reduction of SIC14. Germanium 
and carbon were doped using GeC14 and CC14 vapor-  
ized in  a usual  manner .  Puri t ies of GeC14 and CC14 
were 99.999999% for GeC14 and 99.99% for CC14. The 
growth condition was as follows. The mole fraction of 
SIC14 in H2, 1.5%; the l ine velocity of the gas mixture,  
5 cm/sec in the reactor heated by the resistance fur-  
nace; the growth temperature;  1200~ and the growth 
rate, about 0.7 ~/min. The concentrations of the dopant 
germanium and carbon were controlled by varying the 
flow rate  of hydrogen gas carrying doping sources. 

The substrates used were dislocation-free silicon 
crystals grown by the F.Z. method, which contain less 
carbon impurit ies than those grown by the C.Z. 
method, and were doped with phosphorus with a 
concentrat ion of about 3.5 • 10 TM atom/cma; the im-  
pur i ty  concentrat ion was about 3.5 • 10 TM atom/cm~. 
The impur i ty  concentrat ion of the substrates is so low 
that  the lattice constar~t is almost the same as that of 
pure silicon (a ---- 5.43018A). Substrates were cut in 
parallel  to the (111) plane. The shape of the sub-  
strates was rectangular  with a size of 5 • 10 mm;  their 
directions being <112> for the short side and <110> 
for the long side. 

Substra te  surfaces were cleaned and then etched 
chemically to a thickness of about 3-5~ under  a 
H2-HBr gas mixture  at 1200~ in order to remove 
damaged surface layers and contaminants.  

Measurements and Results 
Lattice strain vs. impur i ty  con t en t .~The  doping of 

impurit ies in silicon causes a lattice expansion or con- 
traction. When the lattice constant of the epitaxial 
layer  doped with impur i ty  is different from that  of the 
silicon substrate, the Bragg angles of x - ray  reflected 
from the substrate and the epitaxial layer will differ 
by a small angle of Ae. The difference in the lattice 
constant ~ao can be obtained from A0, i.e., the lattice 
strain ~, ~ is expressed by the equation 

Aao 
e = ---- ~C = - - co t  OB'aO [1]  

a o  

where ao is the lattice constant for silicon, /~ is the 
solute lattice expansion ( - - )  or the contraction ( + )  
coefficient, C is the concentration of an impur i ty  doped 
in silicon, eB is the Bragg reflection angle for the sub-  
strate of pure silicon (13). To measure Ae, an x - r ay  
double crystal spectrometer was used, where the x - r ay  
source was CuK~I radiation. The diffractometer was 
arranged as {(511)% --(333) s} (14), that  is, x - ray  dif- 
fraction was fiZst made upon a perfect and pure silicon 
crystal fixed tb the low glancing angle position of 
(511) ~ for the incident  beam to obtain a nondivergent  
monochromatic beam and then diffracted by the sam- 
ple crystal fixed to the symmetric  position of (333) s. 
The rocking curves of the diffraction lines were re-  
corded at a scanning speed of 1/256~ Since the 
Bragg angle eB is 47.482 ~ for the silicon (333) plane, 
Eq. [1] yields 

e -- ~C = 4.445 • 10 -6 Aeaa~ [2] 

For example, Fig. 1 shows the rocking curve for 
germanium-doped silicon epitaxial layers. The peak 
designated "epi" is separated from the main  silicon 
substrate peak. If the impur i ty  atoms occupy the sub-  
st i tut ional  sites in the silicon lattice, the solute lattice 
expansion (contraction) coefficient (12) is derived as 

1 ( Rso~ ) ~ 

where Rsi is the covalent radius of s'ilicon, Rso~ is the 
covalent radius of the solute atom, and N is the con- 
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Fig. 1. X-ray rocking curve for germanium diffused layer in 
silicon. 

centrat ion of silicon atom sites (5 X 1022 atom/cma).  
The covalent radii of some other elements are Ge ----- 
1.22A, C ---- 0.77A, B -- 0.88A, P _-- 1.10A, Si ---- 1.17.&, 
and Sb ---- 1.36A. The values of ~ of those impurit ies 
doped in silicon are given as follows: ~Ge = --8.91 X 
10 -25 cm3/atom, /3c = 4.77 • 10 -24 cma/atom, /~p = 
1.13 • 10 -24 cmafatom, /~B ---- 3.83 • 10-24 cm~/atom, 
/3SD ---- --3.8 • 10 -24 cm~/atom. 

Using these coefficients of ~, the relat ion between 
the change in lattice constant and the concentrat ion of 
dopant impurities in silicon were calculated as shown 
in Fig. 2. Hence, one can determine the concentrat ion 
of the dopant germanium necessary to compensate the 
lattice strain introduced by a certain amount  of im- 
purities such as boron and phosphorus. Similarly, this 
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Fig. 2. Curves of lattice constant of concentration of impurity vs. 
(C, Sb, B, P, Ge)-doped silicon. 
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Fig. 3. X-ray projection tel)o- 
graphs of (111) oriented speci- 
mens [MoKal(220) reflection]. 
The impurity concentration of 
Ge-dol)ed Si and the thickness of 
epitaxial grown layers are: (a, 
left) 1.6 X 102~ atom/cm 3, 22~ 
and (b, right) 6.3 X 1029 atom/ 
cm a, 21#. 

can be applied to carbon to compensate the strain in-  
duced by antimony.  

Germanium doping.--As detailed above, the concen- 
tr.ation of germanium in epitaxial silicon films was 
measured by using the x - ray  double crystal method. It 
is shown in Fig. 1. X- ray  projection topography (15, 
16) was used to investigate misfit dislocations and 
other defects caused in  epitaxial  films, where MoKal 
was applied as the x - r ay  source. 

The x - r ay  projection topographs are shown in Fig. 3. 
Misfit dislocations are generated in the crystal when 
the impur i ty  concentrat ion exceeds a certain value in  
the epitaxial layer  of a pure silicon substrate,  and the 
critical concentrat ion level also depends on the thick- 
ness of the epitaxially grown layer  which contains the 
impurity.  In this experiment,  the critical level is found 
to be 5 X 10 TM atom/cm8 for germanium when the 
thickness of the film is about 20~. 

Van der Pauw's  method (17) was used to measure 
Hall coefficients and the bandgap of .the epitaxial sil i-  
con film doped with germanium. 

The measured carrier concentrations were about 
5 X 1024 cm-8 for 35-5,0~ n- type  films deposited on 
p- type substrates of 100 ohm-cm. The source of elec- 
trons of 5 • 1.01~ cm-~ is believed to be impurit ies 
in GeC14, because the epitaxial layers of ~1013 elec- 
t rons /cm 3 can be grown from nondoped SIC14. 

Table I shows the measured values of the electron 
Hall mobil i ty and the bandgap for the epitaxial layers 
doped with about 0.02-0.2 atomic per cent (a/o) ger- 
manium:  The values are not different from those of 
nondoped epitaxial layers. It is shown that the epi- 
taxial silicon will not undergo any changes in its elec- 
trical properties even if germ,anium of 1 X 10 ~~ a tom/  
cm 3 is doped into silicon. 

Carbon doping.--The concentrat ion of carbon doped 
into epitaxial layers was measured by the same method 
as that for silicon doped with germanium. Figure 4 
shows the rocking curve and Fig. 5 shows the observed 
surfaces of the epitaxial  layer  doped with carbon. 
When the concentrat ion of the dopant carbon is below 
3 X l02s a tom/cm ~, silicon layers free from defects can 
be ob:tained as shown in  Fig. 5a. At a higher concen- 
t rat ion of carbon (3 X 10 TM atom/cm~), hexagonal 
defects are observed in  the layers as shown in Fig. 5b. 
An electron microscope was used to examine these de- 

Table I. Hall mobility and energy gap of silicon el)itaxial layers 
doped with germanium 

S a m p l e  E l ec t ron  H a l l  E n e r g y  
G e  a / o  in  Si  m o b i l i t y  (#.n) g a p  (eV) 

1 x 10~ G e / c m ~  
0.02% in Si 1440 1.12 

6 x 10 TM G e / c m  s 
0.12% in Si 1365 1.14 

1 x 10 "~o G e / c m  s 
0.2% in  S i  1390 1.09 

G e  0% in  Si  1400" i.ii* 

fects and it was found that  those hexagonal  defects 
are of polycrystall ine structure, where  the lattice con- 
stant  of these defects is 4.378A within  an error of 0.5% 
and is near ly  consistent with that for #-SIC. Figure 6 
shows a cross-sectional view of one of defects cleaved 
at its center. The defects are formed both at the epi- 
taxial-substrate  interface and in  the epitaxial layer  
as seen from the different sizes of the hexagonal  de- 
fects. From the above considerations, it seems likely 
that the mechanism of formation of the hexagonal pits 
is as follows. The presence of grown SiC polycrystals 
inhibits fur ther  growth of silicon; this causes SiC to 
locate at the bottom of the pits. An x - ray  projection 
topograph of the epitaxial layer doped wi th  carbon is 
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* These va lues  are  t a k e n  f r o m  data  o f  W o l f  (23). F o r  m e a s u r i n g  Fig. 4. X-roy rocking curve of the carbon diffused layer in sili- 

t h e  Hal l  e f f ec t s  5 x 10 z4 a t o m / c m ~  n - t y p e  w a s  d o p e d  i n t o  t h e  ep i -  
t a x i a l  l aye r s .  H a l l  m o b i l i t y  w a s  m e a s u r e d  a t  25~ con. 
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Fig. 5. Morphology of epitaxial 
layers doped with carbon. (a, 
left) Carbon concentration is be- 
low 3 • 10 TM atom/cm 3. (b, 
right) Carbon concentration is 
over 3 • 10 TM atom/cm 3. 

Fig. 6. The side-view of a cleaved tripyramid 

Fig. 7. X-ray projection topograph of an epitaxial layer doped 
with carbon. 

shown in Fig. 7. The b r igh t  points  correspond to these 
defects formed in the layer .  

I t  was found tha t  the  solid solubi l i ty  of carbon in 
silicon, when  carbon alone is doped into silicon, is too 

low to expect  effective compensat ion of la t t ice  s t ra in  
caused by  other  dopants  such as ant imony.  However ,  
when  carbon and an t imony were  s imul taneous ly  doped 
into silicon, a nea r ly  perfect  crys ta l  was obta ined even 
if  the  concentra t ion of carbon exceeded its sa tura t ion  
solubi l i ty  limit,  and  at  the  same time, the  compensa-  
t ion of the  la t t ice  s t ra in  induced by  an t imony was suc-  
cessfully achieved. An t imony  was doped into the si l i-  
con epi taxia l  l aye r  by  a convent ional  me thod  using 
SbC15. In  order  to check the effect of la t t ice  s t ra in  
compensat ion on an epi tax ia l  layer,  the  resul ts  ob-  
ta ined  when  carbon and an t imony were  together  doped 
into an e,pitaxial l ayer  were  compared  wi th  those ob-  
ta ined  when  e i ther  carbon or an t imony  were  s ingly  
doped into an epi tax ia l  layer .  The an t imony concen- 
t ra t ion  was checked by  measur ing  its res is t iv i ty  arid by  
the x - r a y  double crys ta l  method.  

The surface of ep i tax ia l  film shown in Fig. 8a was 
the one doped wi th  carbon of h igher  concentra t ion 
than  its solid solubi l i ty  at  1200~ I t  appears  tha t  the  
rough surface of  silicon was caused by  the format ion  
of many  E-SiC polycrystals ,  the  carbon concentrat ion 
cannot be measured  by  the x - r a y  double  crys ta l  
method. When  an t imony was doped s imul taneous ly  
wi th  carbon, however ,  the  ep i tax ia l  films had fine sur -  
faces as shown in Fig. 8b, indicat ing tha t  the  c rys ta l -  
l in i ty  is much be t te r  than  the ep i tax ia l  l aye r  in Fig. 8a. 
An  x - r a y  pro jec t ion  topograph  of this sample  of Fig. 
8b is shown in Fig. 9b. The presence of E-SiC po lycrys -  
tals is scarce in the topograph,  as dist inct  from the  
s ingular ly  ca rbon-doped  film in Fig. 7; no dislocations 
result .  These resul ts  indicate  tha t  the  doping of carbon 
wil l  not genera te  defects in ep i tax ia l  layers  even if the 
carbon concentrat ion is h igher  than  the  solid solubi l i ty  
of carbon in silicon when doped s imul taneous ly  wi th  
ant imony.  In  Fig. 9a, the x - r a y  topograph  of the  an-  
t imony-doped  sample is shown in comparison wi th  
tha t  in Fig. 9b and confirmed tha t  the  dislocation de-  
fects genera ted  by  an t imony are  e l iminated  by  the 
s imultaneous doping of an t imony and carbon. 

Rocking curves are shown in Fig. 10a for the  sample  
doped only wi th  ant imony.  This suggests tha t  the  dop-  
ing wi th  an t imony  has the  effect of increasing the l a t -  
tice constant  of silicon and is effective in compensat ing 
the s t ra in  induced by  the doping of phosphorus as an 
n - t y p e  impur i ty .  F igure  10b and c show the rocking of 
the  specimens doped s imul taneous ly  wi th  ant imony 

Fig. 8. (a, left) The morphology 
of an epitaxial layer doped with 
carbon, 7.6 X 10 TM atom/cm 3. 
(b, right) The morphology of an 
epitaxial layer doped simultane- 
ously with carbon (7.6 X 10 TM 

atom/cm 8) and antimony (9.5 X 
10 TM atom/cmS). 
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Fig. 9. (a, left) X-ray trans- 
mitted topograph of a Si epi- 
taxial layer doped with antimony, 
9.5 X 10 TM atom/cm 3. MoKel 
(220) reflection. (b, right) X-ray 
projection topograph of a Si 
epitaxial layer. This sample is 
the same as used in Fig. 8b. 

and carbon; the former represents the case where the 
lattice constants of the substrate and the epitaxial 
layer are equal, and the la t ter  indicates the case 
where the two are not completely equal. In  these 
samples, the ant imony concentrat ion was controlled to 
be 9.5 • 10 TM atom/cm 3. Therefore, the carbon concen- 
trat ion can be estimated from the result  of Fig. 2 to be 
about 7.6 • 10 TM atom/cruZ as shown in Fig. 10b. This 
value is about 2.5 times as much as the saturat ion 
solubility of carbon in silicon at 1200~ 

Conclusion 
From the results obtained in this work, the use of 

germanium for the compensation of the lattice strain 
appears to be feasible as is the case with tin. It should 
be noted that the epitaxial growth can be more readily 
achieved by doping of germanium than  that of tin. 
The solid solubili ty of t in  is about 5 • 1019 a tom/cm ~ 
in silicon (1200~ This value can concentrate the 
strain induced by doping of phosphorus of about 1.6 • 
1020 atom/cm~ or boron of 6 • 1019 in  silicon. Above 
the concentrat ion of phosphorus or boron impurity,  it 
is not preferable to use t in  for s t ra in compensation, 
although a phenomenon similar to the simultaneous 
doping of carbon and ant imony can be expected. In 
contrast to tin, germanium can be used for a higher 
impur i ty  level. Braunstein  (21, 22) has shown that 
near ly  perfect single crystals containing as high as 5 
a/o germanium in silicon can be obtained (about 2.5 • 
1021 atom/cm 8 germanium) .  According to their  experi-  
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Fig. 10. X-ray rocking curves of Si epitaxial layers doped with 
(a) Sb-9.5 • 10 is atom/cm :3, (b) Sb-9.5 • 10 TM atom/cm 3 and 
C-7.6 • 1018 atem/cm 3, (c) Sb-9.5 X 10 TM atam/cm 3 and C- 
6 • 10 TM atom/cm 8. 

mental  data, the characteristics of silicon doped with 
5 a/o germanium are not changed. 

The results of the present study show that  the use 
of germanium is more effective than  t in for perform- 
ing the compensation of lattice s t ra in induced by the 
doping of boron and phosphorus into silicon. Electronic 
properties of silicon doped with germanium, a higher 
concentration of germanium, need to be investigated 
further. 

Carbon is the only element  having a smaller co- 
valent  radius than  that of silicon in IV-group of the 
periodic table and also carbon is the only element that  
can be used for the compensation of the lattice strain 
introduced by doping of the impurit ies such as ant i -  
mony which have larger covalent radii than  silicon. 
Although the saturat ion solubili ty of carbon in silicon 
is known to be low, carbon of higher concentrat ion 
(for example 7.6 • 1018 a tom/cm ~ in  this experiment)  
are soluble in  silicon in the presence of antimony. 
Thus, it appears that the solubili ty of carbon and ant i -  
mony depends on the in ternal  stress of crystals and 
effective lattice spacing of the bulk  crystal. The highest 
concentration of ant imony doped s imultaneously with 
carbon in this exper iment  is 9.5 • 10 TM atom/cm 8. Ant i -  
mony  of higher concentrat ion than  the value in this 
experiment  may be soluble in  silicon. The solubili ty 
phenomena mentioned above would be very interesting 
in the field of solid-state physics and technology. 
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Epitaxial Growth and Structure of CdSe Evaporated 
in Vacuum onto Ge 

F. H. Gejji and D. B. Holt 
Department of Metallurgy and Materials Science, Imperial College o5 Science and Technology, London, England 

ABSTRACT 

Films of CdSe were grown by focused electron beam evaporation in vacua 
in the 10 -6 Torr range on the three singular  faces of Ge. The structures of the 
films were examined by transmission electron microscopy. On (100) oriented 
substrates, epitaxy was obtained throughout  the range of substrate tempera-  
tures from 35() ~ to 450~ and the films had the sphalerite s tructure in  parallel  
a l ignment  with the Ge. The diffraction patterns contained no satellite spots 
but  <111> streaks were present. On (110) oriented substrates the epitaxial  
growth range of temperatures  was 300~176 The films again had basically 
the sphaleri te s t ructure  in  (110) orientat ion but  the domain- form faulted 
structure was found in all the films. On (111) Ge surfaces, CdSe grew epi- 
taxial ly at all temperatures  from 350 ~ to 450~ and had the sphalerite s truc-  
ture in  (111) orientation.  Streaks but  no satellite spots were observed in the 
electron diffraction patterns. Well-defined rosettes of Moire spots were ob- 
served in the t ransmission electron diffraction patterns of areas where com- 
parable thicknesses of CdSe and Ge were present in  the cases of both (100) 
and (111) substrates. These Moire diffraction pat terns confirmed the parallel  
a l ignment  of the films on (100) substrates but  showed that  on (111) sub-  
strates the films were azimuthal ly  rotated through a small angle from the 
parallel  orientation. 

This work forms part  of a program of study of the 
epitaxial  growth of films of the Cd and Zn chalco- 
genides (II-VI compounds) evaporated in  vacuum on 
to diamond-ss semiconductor substrates. P re -  
vious work in this program has dealt with the growth 
and structure of films of CdS on Ge (1, 2), ZnTe on 
Ge (3), and CdTe on Ge (4). It  was found that on the 
(100) and (110) faces of Ge these compounds all grew 
with the sphalerite s tructure (5). A domain-form {111} 
faulted structure was found in  the CdTe films grown 
on (110) surfaces (2, 4). The films were grown with 
relat ively high levels of s t ructural  perfection. In  this 
work and in  all the other published work in  the l i tera-  
ture only two epitaxial or ientat ion relationships were 
reported. These were the parallel  orientat ion relat ion 
for sphalerite s t ructure  films grown on any face of 
diamond or  sphalerite or NaC1 structure substrates and 
the relat ionship (0001) film paral lel  to (111) sub-  
strate with [112-0] film parallel  to [110] substrate for 
wurtzi te  s t ructure films grown on diamond or sphaler-  
i te-s t ructure  substrates (6). The significance of these 
facts in  relat ion to nucleat ion theory and misfit dis- 
location theories of the heterojunct ion interface be-  
tween II-VI films and semiconductor substrates was 
discussed in a recent review (6). 

This paper reports the results of an investigation of 
the epitaxial  growth and structure of films of CdSe 
evaporated in  vacuum onto (100), (110), and (111) 
faces of Ge and discusses them in  relat ion to the gen-  
eral conclusions that have emerged from similar pre-  
vious work. 

Experimental Techniques 
The films were grown by evaporation in  a conven- 

tional, off-pumped high vacuum system using a fo- 

Key words: epitaxy, electron microscopy, heterojunction. 

cused electron beam furnace as described previously 
(1). Depositions were carried out in  pressures of a 
few times 10 -6 Torr. 

The CdSe employed was in  powder form. I t  was ob- 
tained from Koch-Light  Laboratories Limited and 
stated by them to be of 99.999% purity.  The germa- 
n ium was obtained in the form of (100), (110), and 
(111) oriented p- type slices from the Electronic Mate- 
rials Unit  of the Royal Radar Establishment.  The sub- 
strates were 3 mm diameter disks ul trasonical ly cut 
from the slices, to fit the specimen holders of the AEI 
EM6G transmission electron microscope which was 
used to examine the film structures. The substrate 
surfaces were mechanical ly and then chemically pol- 
ished in a reagent consisting of 50 cm ~ of 70% nitr ic 
acid, 30 cm3-of 99% glacial acetic acid, 30 cm 3 of 40% 
hydrofluoric acid plus a drop of 79.92% bromine at 
about 60~ (2). After  film growth, the Ge disks were 
th inned by jet  electropolishing for t ransmission elec- 
t ron microscopy as in the previous studies (1). 

The following points were found vital  in order to 
obtain reproducible epitaxial growth of films of high 
structural  perfection: (i) The substrate surfaces must  
be free of pits, scratches, or other roughness on a 
transmission electron microscope scale. (ii) The sub- 
strate holder and heater assembly mus t  be outgassed 
by heating to about 900~ in vacuum between succes- 
sive growth runs  to prevent  contaminat ion of the sub-  
strates by mater ial  deposited in previous evaporations. 
(iii) The CdSe source mater ial  must  be long and care- 
fully outgassed using the de focused electron beam fur-  
nace to heat the whole volume of CdSe powder. Com- 
pletion of this process can be detected by moni tor ing 
the pressure in  the vacuum chamber. (iv) The sub-  
strates must  be thermal ly  cleaned by heating to 600~ 
and allowed to cool to the growth temperature  when  
deposition is immediate ly  commenced. The results re-  
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Fig. 1. The variation with substrate temperature of the degree 
of orientation R of films of CdSe evaporated on to Ge surfaces 
R - -  I00 indicates epitaxy ~ :  (100), ~ :  (110), and A:  (111) 
oriented substrates. 

ported in this paper were only at tainable when all 
these requirements were satisfied. 

The electron beam evaporator was focused each time 
to produce a 2 mm diameter hot spot on the CdSe 
charge during evaporation. The evaporator input  
power was kept constant and continuously monitored. 
All  the films were deposited for 1~/2 min. The film 
thicknesses were measured using a Nomarski in ter -  
ferometer at tachment  on a Reichert metallographic 
microscope. The values were found to range from 1200 
to 2000A. Thus the combined effect of any variations 
in evaporation rate and sticking coefficient was a vari-  
ation of only ___25% in film thickness. 

Results 
Epitaxial ranges o5 growth temperature.--Films of 

CdSe were deposited in vacua in the 10 -5 to 10 -6 Torr  
range of Ge substrates with (100), (110), and (111) 
orientations with the results shown in Fig. 1. The film 
structures are represented in this figure by means of 
the degree of orientat ion parameter  R which has the 
values 100 f o r  epitaxial films giving wel l -or iented 
electron diffraction spot patterns, R ---- 0 for randomly 
oriented polycrystall ine films giving r ing patterns and 
intermediate values for par t ia l ly  oriented films giving 
superposed spot and ring patterns (7, 8). These results 
show that epitaxial growth was invar iably  obtained for 
all substrate temperatures  from 350 ~ to 450~ on (100) 
and (111) oriented surfaces of Ge. On (110) surfaces 
the min imum epitaxial growth temperature  was 50~ 
lower than on the other two singular  surfaces. In  this 
case the epitaxial growth range of substrate tempera-  
tures was 300~176 

The max imum possible growth temperature,  450~ 
in all three surface orientations, was limited by the 
cessation of deposition. Similar  deposition cut-off tem- 
peratures were observed to occur in  all previously in-  
vestigated I I -VI / IV combinations (1-4, 6). In  the pres- 
ent case as in those previously reported, the deposition 
cut-off temperature  appeared to be set by the com- 
mencement  of some form of chemical attack. Sub-  
strates which were held at temperatures  above 450~ 
while CdSe was evaporated had etched surfaces. 

Structure o5 CdSe films deposited on (100) Ge sub- 
strates.--Films deposited on (10.0) surfaces of Ge held 
at a l l  temperatures  in the epitaxial range, 350~176 
grew with the cubic sphaleri te (i.e., zincblende) struc-  
ture  in (100) or ientat ion as shown in  Fig. 2(a) and 
(b). When the epitaxial (100) films were tilted 
slightly away from the exact (100) orientat ion in the 
electron microscope the diffraction pat terns changed to 
the form shown in  Fig. 2(c).  Similar  pat terns have 
been observed in  a number  of other cases of II-VI 
films grown on (100) surfaces of cubic system crystal 
substrates. The sets of four intensi ty  maxima occur- 

r ing arour~d the positions of the CdSe spots occur 
where the Ewald sphere intersects <111> streaks in 
reciprocal space (9). That  this was the correct in te r -  
pretat ion was established by ti lt ing the films and ob- 
serving that  the pseudo spots move in and out relative 
to the CdSe crystal diffraction spot positions and 
by noting that the pseudo spots have the characteristic 
elliptical form arising from the intersection of the ap- 
proximately planar  Ewald sphere with the r ight-cir-  
cular-cyl indrical  <111> streaks. No satellite spots 
were ever seen in the diffraction pat terns of the (100) 
CdSe films. Satellite spots would arise if any  three- 
dimensional defects such as twins or included grains of 
CdSe with the hexagonal wurtzi te s tructure were pres- 
ent. It may therefore be deduced that such three-di -  
mensional  defects were absent. The <111> streaks 
arise from {111} planar  defects present  in  high densi-  
ties. The observation of the satellite pseudo spots there-  
fore shows that numerous  {111} p lanar  defects were 
present in  the films. At these high densities the planar  
defects can be seen in dark field electron micrographs 
(1, 9), but  are not sufficiently large or well separated 
for diffraction contrast analysis to be possible. 

The best method to determine the epitaxial or ienta-  
tion relationship between the films and substrates is 
to observe the superimposed diffraction pat terns that  
arise in areas of specimen in which both CdSe and Ge 
are present in comparable thicknesses. The patterns 
reported in Fig. 2 are those that arise from the CdSe 
alone, i.e., in areas of the specimen whence the th in-  
ning process has removed all the Ge. The diffraction 
patterns arising in  overlapping CdSe and Ge  will be 
referred to as Moire pat terns since they arise from the 
diffraction effects which give rise to Moire fringes in 
the transmission electron micrographs. 

The Moire electron diffraction pat tern  arising from 
overlapping epitaxial CdSe on (100) Ge is shown in 
Fig. 3 (a). The neighboring pairs of spots arising from 
220 type reflections in  CdSe and Ge, give rise to addi- 
tional spots by double diffraction. The result  of double-  
diffraction replication of the 022 Ge spots round each 
of the CdSe spots is the square "Moire arrays" of spots 
shown in Fig. 3 (b). These are the arrays seen in prac-  
tice as shown in Fig. 3 (a) and as previously reported 
in the case of CdTe grown on (100) Ge (4). The dif- 
fraction vectors involved in  producing these Moire 
diffraction patterns lie in the (109) plane in  reciprocal 
space. These diffraction conditions therefore are ex- 
actly satisfied without  taking the effects of the buckling 
of the specimen into account and these arrays are 
readily obtained. 

The Moire fringes result ing from the overlapping of 
crystals of differing lattice parameter  but  in parallel  
a l ignment  are known as parallel  Moire fringes. Their 
spacing is given (10) by 

d~d2 
/)parallel -- [1] 

dl -- d~ 

where dl and d2 are the spacings of the Bragg reflect- 
ing planes in the two crystals which give rise to the 
interfering Moire beams. Subst i tut ing for dl and d2 the 
spacings of the 022 planes in  CdSe and Ge we obtain as 
the calculated value: Dpara l le l  : 29.1A. The measured 
value for the Moire fringes in  CdSe/(100) Ge speci- 
mens was 29.2A. This excellent agreement  confirms the 
interpreta t ion given above for the diffraction pat terns 
of the form shown in Fig. 3 (a).  

Structure o] CdSe films grown on (110) Ge surSaces. 
- - The  diffraction patterns obtained from areas from 
which the Ge had been removed, when  the film was 
tilted to the exact (110) orientation, were as shown in 
Fig. 4(a) .  These pat terns were indexed and found to 
arise from the sphalerite s tructure in  (110) orientat ion 
as shown in Fig. 4(b) .  When the films were tilted 
slightly off the exact (110) orientation, the spots ap- 
peared to split into pairs separated along the [002] 
direction as shown in Fig. 5(a) .  The characteristic 
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Fig. 2. (a, above left) Selected area transmission electron dif- 
fraction pattern from a film of CdSe grown on a (100) surface of 
Ge at 390~ (b, above right) Indexed plot of the diffraction 
pattern shown in (a). (c, left) Diffraction pattern of the same film 
as shown in (a) but now tilted slightly off the exact [100] beam 
direction. 

appearance of the micrographs of the (11'0) epitaxial 
films is shown in  Fig. 5(b) .  This form of contrast in 
dark and bright  areas of j ig-saw-puzzle  shape, led to 
this type of s tructure being termed a domain-form 
faulted s tructure in previous cases (2, 4). The structure 
arises from faul t ing on the two {111} planes inclined 
35o16 ' on either side of the normal  to the films. One 
type of domain faults or transforms on the one plane 
and the second type of domain on the other plane. The 
two faulted planes give rise to streaks in reciprocal 
space in  the ~111> directions normal  to the faults. 
The two types of streak run  through every reciprocal 
lattice point and give rise to the pairs of "split" pseudo 
spots. The contrast shown in Fig. 5(b) arises because 
the one type of domain diffracts into the one pseudo 
spot of each pair while the second type of domain 
diffracts into the o.ther pseudo spot and these are gen- 
erally unequal  in intensity.  

The domain-form faulted s tructure was found in the 
CdSe films grown on (110) surfaces of Ge substrates at 
all temperatures  throughout  the epitaxial range, 300 ~ 
450~ 

Structure of CdSe f~lms grown on (111) Ge surfaces. 
- - T h e  diffraction pat terns of epitaxial films of CdSe 
grown on (111) oriented Ge substrates showed the 

films to have the sphaleri te s t ructure in  (111) or ienta-  
tion. This was confirmed by the form of the Moire 
diffraction pat tern  shown in Fig. 6 (a) which were ob- 
tained in areas of comparable thicknesses of overlap- 
ping CdSe and Ge. The diffraction patterns of the dia- 
mond structure of Ge and of the sphalerite s t ructure 
in  the (111) orientat ion contain the same set of per-  
mit ted reflections. The pairs of spots with the same 
indices arising from the two structures are closely 
spaced. Double diffraction results in the production 
of hexagonal arrays of Moire spots at each permit ted 
reflection site. If the CdSe however, had the other 
s tructure that is l ikely when  epitaxial ly grown on 
(111) surfaces, namely  the hexagonal wurtzi te  s truc-  
ture  in  (0.001) orientation, the si tuat ion would be str ik-  
ingly different. There is a set of six spots of the form 
10-10 in the (00Ol) diffraction pat tern  of wurtzi te which 
occur at only half the distance from the undeviated 
beam (center spot, 000) of the first hexagon of spots 
in the (111) diamond pattern,  the 220 spots. The inner  
hexagon of 10~'0 spots therefore have no near  neighbors 
and no strong array of Moire spots occurs at such 
positions. The occurrence of arrays of Moire spots at 
the innermost  set of spots in Fig. 7 (a) indicates that 
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Fig. 3. (a, above left) Transmission electron diffraction pattern from an area in which the CdSe and Ge were of comparable thickness. 
The CdSe was epitaxially grown at 370~ on (100) Ge. (b, above right) The complete arrays of double diffraction Moire spots (open circles) 
about the CdSe spots (large solid circles) and Ge spots (small solid circles) in the (100) reciprocal lattice plane. This is the explanation 
of the experimental transmission electron diffraction pattern shown in (a). 
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Fig. 4. (a, above left) Diffraction pattern of a CdSe film grown on a (110) oriented Ge substrate. This is the pattern obtained with the 
electron beam incident on the film in the exact [110"1 direction. (b, above right) The pattern in (a) is that of the sphalerite structure in 
(110) orientation and indexes as shown. 

these films have the sphalerite s t ructure in (111) 
orientation. 

The detailed form of the Moire pat tern of Fig. 6 (a) 
was unexpected. In  all previous cases the epitaxial 
or ientat ion relat ion between sphalerite s t ructure films 
of II-VI compounds and cubic structure substrates had 
been that of parallel  a l ignment  (6). The Moire diffrac- 
tion pa t te rn  in such cases for (111) substrates would 
have the form shown in Fig. 6(b) .  The actual form 
however, is that of Fig. 6 (c), which will be referred to 
as the near ly parallel, rotation pat tern for reasons 
that are more fully explained in Fig. 7. In  the present 
case this type of pat tern arises from the na tura l ly  oc- 
curring epitaxial orientation relation. No previous ob- 
servation of this type of orientat ion relat ion is known 
to us. Previous instances of patterns of this type were 

artifacts produced by attempts to lay one film on an-  
other in parallel  orientat ion (11). 

The reciprocal lattice "diffraction" vector g from the 
center spot to any part icular  diffraction spot has a 
length 1/dhkl where dhkl is the spacing of the hkl Bragg 
reflecting planes giving rise to the spot. The spacings 
of the Moire fringes which are produced in  the micro- 
graphs by the interference between electron beams 
arising from the closely spaced spots are given by the 
reciprocals of the vectors joining the spots in reciprocal 
space. This leads (10, 11) to the Moire fringe spacing 
of Eq. [1]. When in addition to a difference in lattice 
parameter  and hence in terp lanar  spacings, dhkh be- 
tween the overlapping crystals, there is an azimuthal 
rotation of the one crystal relative to the other  through 
an angle = as shown in Fig. 6 (c) and 7 and we have the 
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Fig. 5. (a, above left) Diffraction pattern of a film of CdSe grown on (110) Ge at 440~ This is the pattern obtained when the film is 
tilted slightly off the exact (110) orientation. (b, above right) Bright field transmission electron micrograph of the same film. 

nearly parallel, rotation pattern. Inspection of the 
actual Moire diffraction pattern of Fig. 6(a) together 
with the diagrams of Fig. 6(b) and (c) shows that the 

azimuthal rotation ~ is such as to rotate the hexagonal 
array of Moire spots around each CdSe spot through 
30 ~ relative to their positions in the parallel Moire 

Fig. 6. (a, above left) Moire diffraction pattern obtained from an 
area of overlapping CdSe and Ge in (111) orientation. The film was 
grown at 400~ (b, above right) The parallel Moire pattern for the 
(111) or|entation. The CdSe and Ge single diffraction spots repre- 
sented by large and small solid circles lie along common directions 
(radii) from the center 000 spot. (c, left) The nearly parallel, ro- 
tation Moire pattern for the (111) orientation. The diffraction 
vectors g to the corresponding CdSe and Ge spots are not parallel 
as in (b) (see the enlargements of a portion of these diffraction 
patterns in Fig. 7). The open circles represent double diffraction 
spots. The actual diffraction pattern in (a) is of the form (c) and 
not of the parallel form (b). 
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~-Gr 02-2 

~000  ~v~ Cd~ 022 

Fig. 7. In the nearly parallel, rotation Moire diffraction pattern 
the 02"2 diffraction vectors for CdSe and Ge differ in direction by 
an angle, a. The enlarged drawing shows the triangle, two of the 
apices of which are the CdSe and Ge 022 diffraction spots. 

array, as indicated in Fig. 7. The spacing of the Moire 
fringes arising from the 022 type of CdSe and Ge 
single diffraction beams in the near ly  parallel, rota-  
t ion case can be found as follows (see Fig. 7) 

Ign_p , r l  2 : Igdiffl 2 -~- ]grot[ 2 [2]  

or, since a is small, (see Fig. 7) 

( d l -  d2 )2  -~ - a2dld~ 
] g n - p , r l  2 ~- [3 ]  

dlfd22 

Therefore the near ly parallel,  rotat ion Moire fringe 
spacing is given by 

1 d~d2 
Dn-p,r -- Ig.-p,rl- { (dl -- d2) 2 + afdldf} 1/2 [4] 

This is the expression quoted in Ref. (10) but  not that 
originally quoted by Bassett et al. (11). In  the present 
case this type of pat tern  arises from the na tura l ly  
occurring epitaxial or ientat ion relat ion whereas pre-  
viously such patterns were only known  from laying 
films one on top of the other in near ly  parallel  orien- 
tation. 

The azimuthal  rotation, a, can be obtained for the 
general case as follows 

]grot[ 
t an  O ---- 

lgdi~f] 
i.e. 

sin a 
-- ]gdif~] tan  0 

dl 
o r  

s i n a i _  ( dl -- df ) tan  0 [5] 

In  the present  case wi th in  exper imental  error, e ---- 30 ~ 
Calculating the spacings of the 022 planes in CdSe and 
Ge using the expression dhkl : a / (h  2 -~ k 2 ~- le) 1/2 
where the lattice parameters,  a, for CdSe and Ge are 
6.077A and 5.658A, respectively, and subst i tut ing into 
Eq. [5] gives ~ ---- 2024 '. This angle does not appear to 
have any simple crystallographic significance, despite 
the crystallographic appearance of the ,-~ 30 ~ angle of 
rotation of the Moire spot arrays from their positions 
in a parallel  epitaxial a l ignment  pattern.  

Recently Matthews (12) pointed out that in many  
cases misfit at epitaxial interfaces could be accom- 
modated by arrays of misfit dislocations of screw type 
as well as by the conventional ly considered edge type 

networks. He gave expressions for the energy of the 
arrays which indicated that in some cases the min i -  
mum energy occurred for epitaxial  or ientat ion rela-  
tionships azimuthally rotated from parallel  al ignment.  
This may be the explanat ion of the "nearly parallel, 
rotation" orientation relationship found here. Similarly 
small deviations from a quasi-paral lel  orientation 
which occurs between wurtzi te  s t ructure  films of CdS 
epitaxially grown on substrates of cubic system crys- 
tals were found by Igarashi (13). This too was quan-  
t i tat ively accounted for by a misfit dislocation model 
(13). This phenomenon of small  deviations from paral-  
lel a l ignment  therefore may  occur f requent ly  and be 
explicable in general  in  terms of misfit dislocations. 
Detailed studies of the actual misfit dislocations in  the 
CdSe/(111) Ge interfaces will have to be carried out to 
test this hypothesis. Work on this problem is cont inu-  
ing. The small  spacings of the misfit dislocations and 
the considerable densities of other defects present  ex- 
per imental  difficulties. 

Discussion 
Similarities to previous observations.--As ment ioned 

in the introduction, three general  features had been 
found in all previous detailed studies of the epitaxial  
growth of vacuum evaporated films of I I -VI compounds 
on Ge: These were: (i) the universal  occurrence of 
the parallel  epitaxial or ientat ion relationship, (ii) the 
fact that only the sphalerite s tructure was found in 
films grown on (100) and (110) substrate surfaces, 
and (iii) the occurrence in the films of all the com- 
pounds when grown on (110) surfaces of the charac- 
teristic domain-form, faulted structure. A first ob- 
jective of the work reported here was to discover 
whether  the same structures and orientat ion relat ion- 
ships also occur in the case of CdSe grown on Ge. The 
results reported above show that generalizations (ii) 
and (iii) still hold good for all the materials so far 
examined. The parallel  epitaxial or ientat ion relat ion-  
ships are however, not accurately of universal  oc- 
currence. On (111) Ge, CdSe grows with a small  azi- 
muthal  rotation, ~ ---- 2~ ', from the exact parallel  
alignment.  The reason for this deviation from parallel  
a l ignment  may be that rotations minimize the energy 
of arrays of screw-type misfit dislocations (12). 

The epitaxial growth ranges of temperature.--The 
epitaxial growth ranges of substrate temperature  for 
the (100), (110), and (111) surfaces of Ge have a com- 
mon upper limit, 450~ This is a deposition cut-off 
temperature  above which no CdSe can be made to 
deposit by evaporation in  a pressure of a few times 
10 -6 Torr. This l imit appears to be set by the onset of 
some vapor phase chemical attack reaction. The simi- 
larities in the deposition cut-offs in all cases investi-  
gated (6) were that (i) the cut-off tempera ture  was 
well defined to wi th in  the accuracy of measurement  of 
substrate temperatures (___5 ~ to 10~ (ii) it was 
unaffected by growth conditions such as contamination, 
rate of evaporation of the I I -VI compound (or only 
slightly affected by the lat ter) ,  substrate surface ori-  
entation, etc., (iii) above the cut-off temperature  
evidence of chemical attack on the substrate surfaces 
in  the form of pit t ing or tarnishing was observed. 

The min imum epitaxial growth temperatures  in  con- 
trast  to the cut-off temperatures  are s t rongly affected 
by the growth conditions. The mi n i mum epitaxial 
growth temperatures are reduced as contaminat ion 
from all sources is reduced. The mi n i mum epitaxial 
growth temperature  is sometimes dependent  on sub-  
strate surface orientation. In  the case of ZnTe on Ge 
the mi n i mum growth temperature  was 300~ for both 
(111) and (100) substrates, and it was 300~ for CdS 
grown on (10,0), (110), and (111) surfaces of Ge. For 
CdTe on Ge the mi n i mum epitaxial growth tempera-  
ture was 250~ for (100) substrates but  only 200~ 
for (110) and (111) substrates and in the present case 
it was found to be 350~ on (100) and (111) substrates, 
but  only 300~ on (110) surfaces. Thus in  the four 
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combinat ions of mater ia l s  s tudied thus far, two, 
namely  ZnTe /Ge  and CdS/Ge,  showed no or ienta t ion  
dependence  of the  min imum epi taxia l  g rowth  t empera -  
ture, whi le  the o ther  two did show an or ienta t ion  de-  
pendence but  the form of the dependence  in the two 
cases was different. For  CdTe /Ge  the min imu m epi-  
t ax ia l  growth  t empera tu re  was h igher  for  (100) than 
for the  other  two s ingular  surfaces whereas  for 
CdSe/Ge,  i t  was lower  for  (110) than  for  the  o ther  two 
s ingular  surfaces. 

The structural perSection oS the CdSe l~lms.PLittle 
work  has been publ i shed  on the epi tax ia l  growth  of 
CdSe films. Ear ly  Russian work  concerned CdSe films 
evapora ted  on to ionic crys ta l  substrates.  Electron 
diffraction showed the best  films to be polycrys ta l l ine  
or to contain both wur tz i t e -  and spha le r i t e - s t ruc tu re  
mate r ia l  (14, 15). Epi taxia l  films were  grown on mica 
but  the i r  s t ruc tura l  perfect ion was not  de te rmined  
(16). A s tudy  of the nucleat ion and growth  of CdSe 
films evapora ted  onto cleavage surfaces of NaC1 also 
provided  l i t t le  informat ion  on the perfect ion of the 
best  films produced  (17). 

The present  paper  thus is the  first r epor t  of CdSe 
films grown free of bo~h twins  and wur tz i t e - s t ruc tu re  
mate r ia l  so that  the  films gave rise to diffraction 
pa t te rns  that  were  free of sa te l l i te  or i r ra t iona l  spots. 
The level  of perfec t ion  of these films is s imilar  to that  
of the  other  I I -VI  compound films s tudied previous ly  
in this  l abo ra to ry  (1-4, 6, 8, 9). I t  is also s imi lar  to the  
best  levels  repor ted  for o ther  he te roep i tax ia l  films. 
The s t ruc ture  of the  films is sufficiently good to jus t i fy  
the  use of ep i tax ia l  CdSe /Ge  heterojunct ions  p repa red  
by  the  present  methods for physical  p rope r ty  measure -  
ments.  
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The Preparation and Characterization of a New, 
Highly Sensitive, Crosslinking Electron Resist 

J. L. Bartelt and E. D. Feit 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The feas ibi l i ty  of cur rent  proposals  for e lec t ron beam exposure  systems de-  
pends heavi ly  on the ava i lab i l i ty  of e lectron resists  of high sensi t iv i ty  (grea ter  
than  100 mS/coulomb) in which rel ief  images wi th  submicron features  can be 
made.  An  ac ry l a t e -based  po lymer  sys tem (a t e rpo lymer  of g lycidyl  me th -  
acrylate ,  e thyl  acrylate ,  and methy l  me thac ry l a t e  pa r t i a l ly  esterified wi th  
methacry l ic  acid) containing epoxy and v inyl  react ive  sites has been  found to 
be a promis ing negat ive  e lect ron resist  system, cal led CER, whose charac te r -  
istics include high sensi t iv i ty  (125 m2/coulomb),  good adhesion to SiO2 and 
metals,  and good chemical  resis tance to etchants  for these mater ia ls .  The 
composition, characterist ics,  and processing of CER are  p resen ted  here  in  
detail .  

Electron Sensitive Polymers and E-Beam 
Microfabrication 

The fabr icat ion of microelect ronic  devices by  means  
of e lec t ron exposure  of specia l ly  p r epa red  resists  has 
severa l  advantages  over  convent ional  photoresis t  tech-  
nology. These advantages  include h igher  theoret ical  
resolution, l a rge r  depth  of field, and the conveniences 
and economies of direct  "on the wafer"  exposures  US- 

Key words: electron resist, crosslinking. 

ing automat ic  computer  contro l led  pa t t e rn  genera t ion  
systems. The technology cur ren t ly  avai lab le  for  such 
exposure  systems, however,  places a great  demand on  
the sensi t ivi ty  of resists  (1). Fo r  scanning systems 
wi th  submicron beam sizes high sens i t iv i ty  is r equ i red  
to al low rap id  deflection of beams wi th  re la t ive ly  low 
current  density. Deflection and b lanking  systems c a n  

operate  at ra tes  of about 107 bi ts /sec  so tha t  wi th  a 
ras ter  of 200,0 l i ne s /mm (0.5 ~m spot size) an area  of 
25 cm e can be covered in about  17 min. In  o rde r  to 
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operate  at these rates  wi th  the currents  avai lable  for 
0.1 ~m beam sizes (2.5 X 10-SA for a tungsten fila- 
ment )  resist  sensit ivit ies must  be in excess of 100 
m2/coulomb.1 

While  sensi t ivi ty  is of cri t ical  importance,  contrast,  
adhesion, etch resistance, and defect  densi ty  are  
equal ly  vi ta l  character is t ics  that  influence electron re-  
sist selection. Molecular  weight  d is t r ibut ion  and glass 
t ransi t ion t empera tu re  are  significant resis t  proper t ies  
also (4), but  we have concentra ted on sensi t ivi ty  and 
processing in this work. The adhesion, etch resistance, 
and resolut ion capabil i t ies  of this ma te r i a l  wil l  be 
presented in detai l  e lsewhere  (5). 

In  Fig. 1 we  show the  sensit ivit ies of a number  of 
e lectron sensi t ive crossl inking mater ia l s  which have 
been repor ted  in the l i t e ra tu re  (6), all  of which have 
the potent ia l  of being negat ive  electron resists. The 
three  epoxy-based  po lymers  [epoxid ized-po lybuta -  
diene, epoxidized-polyisoprene,  and po lyg lyc idy lme th -  
acryla te  (7)] and the po lymer  sys tem marked  CER 
which we have formula ted  are sufficiently sensit ive to 
meet  the cr i ter ion establ ished above. As a pract ical  
mat ter ,  however,  note tha t  sensi t ivi ty  can only be 
de termined re la t ive  to the specific processing or  end 
use for which it is intended.  Factors  such as film 
thickness, accelerat ing voltage, chemical  developers,  
baking temperatures ,  etc. have an effect on sensi t ivi ty  
and thus one must  be pa r t i cu la r ly  careful  in the  use 
and comparison of these l i t e ra tu re  values. We have 
not been able to reproduce  the exact  sensit ivi ty,  for 
example,  that  was or ig inal ly  repor ted  for the  th ree  
epoxy-based  po lymers  (5, 7). Moreover,  we have found 
that  CER responds more  sharp ly  to changes in dose 
(has h igher  contrast)  than do the epoxy  rubbers  [see 
Fig. 4 and Ref. (5) ]. 

Our  approach to the deve lopment  of a sensi t ive 
e lect ron resis t  was an extension of the  work  on epoxy-  

There  h a v e  been  a l t e r n a t e  p r o p o s a l s  (2, S) in  w h i c h  the  res is t  
is  s i m u l t a n e o u s l y  expos e d  o v e r  an ent ire  pattern and the  b e a m  is 
shaped  by  m a s k s  or pat terned cathodes.  S ince  m u c h  m o r e  current  
can be p r o d u c e d  in  such  a beam,  s e n s i t i v i t y  is  no  l o n g e r  a critical 
fac to r .  The success fu l  d e v e l o p m e n t  of these  sys tems  wi l l  probably  
t ake  s eve ra l  more  years.  
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Fig. I. Electron sensitivity of crosslinking polymers 

based resists (7) in a direct ion a l ready  taken  by  
Schoenthaler  (8). In  the la t te r ' s  work, the epoxy 
groups of the  po lymer  are esterif ied wi th  acryl ic  and 
methacryl ic  acid. Some commercial  photoresists  in the 
Riston (du Pont)  fami ly  are  be l ieved to have react ive  
binders  based on this type of po lymer  (9). 

The po lymer  system that  we call CER is a mate r ia l  
descr ibed by  Bur lan t  and Taylor  as a rad ia t ion  sensi-  
t ive binder (I0, II). This material is a terpolymer of 
glycidyl methacrylate, methyl methacrylate, and ethyl 
acrylate. The epoxy groups in this terpolymer, pro- 
vided by the glycidyl methacrylate, are partially es- 
terified with methacrylic acid to introduce unsatura- 
tion. F igure  2 outlines this process and shows a com- 
posite of final components  of CER. 

Preparation and Characterization of CER 
Synthesis.--CER was p repared  according to the p ro-  

cedure of Bur lant  and Taylor  (10). Benzoyl peroxide  
(1.00g, 4.1 mmol)  was dissolved in a mix tu re  of me thy l  
methacryla~e (26.0g, 260 mmol) ,  e thyl  acryla te  (50.0g, 
500 mmol) ,  and glycidyl  me thac ry la t e  (23.7g, 167 
mmol) .  The vinyl  monomers  were  used as supplied,  
wi thout  removal  of stabilizers.  This mix tu re  was added 
over  a 3 hr  per iod wi th  s t i r r ing to refluxing xylene  
(250 ml)  in a n i t rogen atmosphere.  The mix ture  
was refluxed for an addi t ional  3 hr, cooled at 50~ 
and stabil ized wi th  hydroquinone  (0.02,03g, 0.18 mmol) .  
Methacryl ic  acid (14.7g, 171 mmol)  was added. The re -  
action mix ture  was then  g radua l ly  w a r m e d  to reflux 
and held at that  t empera tu re  unt i l  the concentrat ion 
of methacryl ic  acid was decreased to 30.8% of its 
original  value as measured  by  t i t ra t ion  of 2 ml 
aliquots of the react ion mix tu re  wi th  0.05N KOH. 

We purif ied the CER by solvent  prec ip i ta t ion  before 
use to e l iminate  low molecular  weight  mate r ia l  which 
affects the ra te  at which deve loper  swells  the  film. 
Samples  of crude, oily CER were  di lu ted  to about  2% 
solids wi th  xylene  and prec ip i ta ted  in an ice-cooled, 
10:2:1 mix ture  of pe t ro leum ether,  isopropanol,  and 
water .  The resul t ing white,  solid prec ip i ta te  was 
fi l tered and dried. 

Film preparation.--Films used to character ize CER 
were  produced by  spin coating on a Headway  Research 
EC-101 Spinner  f rom a 4% solut ion in xylene.  Fo r  the  
metal  and oxide substrates  (Si, SIO2, W, Cr) that  were  
used in this s tudy good adhesion was obta ined wi thout  
the  need for surface adhesion promotors  or  t rea tments .  
The film thickness depends on the spinning speed and 
on the concentra t ion or viscosi ty of the resist. A con- 
venient  re la t ion be tween  thickness (T) in microns and 
spinning speed (S) in rpm for the  4% solut ion de-  
scr ibed above is 

(A) Methyl Methacrylate 
(B) Ethyl Acrylate 
(C) Glycidyl Methacrylate 

Benzoyl Peroxide 
D, Terpolymer 

Xylene, A 

(D) 
Hydroquinone 

Terpolymer + Methacrylic Acid 
Xylene, 

CH 3 H CH3 CH 3 

r- c-1' [. 
C----O C----O C----O C----O 
I I I I 
OCH 3 OCH2CH 3 OCH 2 C.H --,CH 2 

NO/ ? 
(A) (B) (C) CH2 

CHOH 0 CH 3 
I II I 
CH2--O--C--C=CH 2 

(c) + (D) 

Fig. 2. Synthesis of CER 
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T : 13.4S -1/2 

We typically used the film in the range 0.2-.0.4 ;m% the 
thicker  films being pre fe r red  to minimize pinhole 
problems. About  40 pinholes/cme are found in 0.2 ~m 
films of CER while 0.4 ~m films have about 15 pin-  
ho les /cm 2. 

Pr ior  to use the films were  prebaked in a vacuum 
oven at 90~ for 15 rain. This serves to remove  the 
solvent and by raising the CER above its glass transi-  
t ion temperature ,  to anneal any coating strain. Af te r  
cooling, the mater ia l  was exposed as soon as possible. 
If the mater ia l  stood for long periods in a thin film 
af ter  baking, it tended to spontaneously crosslink. The 
l i fet ime of the prepared films was on the order  of 12-18 
hr  in room light. If  the solution is kept  cool and dark, 
its shelf  l ife exceeds nine months. 

Exposure and sensitivity.--Films of CER which were  
prepared according to the preceding steps were  first 
tested for sensit ivi ty to electron crosslinking by ex-  
posure in a flood gun system. A stat ionary beam is 
projected through a metal  screen which forms a mask 
in contact wi th  the sample. The beam voltage, current,  
and exposure t ime are controlled independently.  Fig-  
ure 3 shows a developed pat te rn  in CER from just  such 
an exposure. The exposure was made wi th  an ac- 
celerat ing voltage of 10 kV and the dose was 3 • 10 -7 
cou lomb/cm ~. It was later  found that  this exposure 
was less than  optimum, but sufficient to define an im-  
age of the mask. 

The technique which we prefer  to use to measure  
the sensit ivi ty of CER is one which can be used for 
any electron sensit ive mater ia l :  Using an SEM, 1 mm 
squares are exposed with  a raster  scan of at least 2500 
lines at the required voltage, adjust ing the current  and 
exposure  t ime so as to va ry  the dose over  the required 
range. Af ter  develaping and baking the • of 
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Fig. 4. Sensitivity of CER (thickness = 0.35 Fm, accelerating 
voltage = 10 kV). 

Fi~. 3. Mesh pattern in CER produced by flood gun exposure 

Fig. 5. (a) 6 ~m windows etched into 0.2 ~m of Si02 using CER 
as a mask, (b) 4 ~m line and space patterns etched into W using 
CER as a mask. 



544 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  April  19 75 

each exposure  square is measured  wi th  a ca l ibra ted  
stylus prof i lometer  (Dektak,  Sloan Technology Cor-  
pora t ion) .  The per  cent thickness remaining  af ter  
deve lopment  is then p lo t ted  as a function of dosage. 
F igure  4 shows a typical  plot  for  0.35 ~m of CER ex-  
posed art 5 kV. 

Development, postbaking, and stripping.--Initially 
the  development  for CER consisted of a 60 sec soak 
in xylene  fol lowed by  a 30 sec spray  of xy lene  and 
then blowing dry  wi th  air. While  many  of our ini t ia l  
pa t te rns  were  developed in this manner ,  it  was de-  
cided to switch to a spray  development  technique 
which has been successfully used wi th  photoresis ts  to 
improve  edge acui ty  and resolut ion and to decrease 
pinhol ing due to ext rac t ion  by progress ively  changing 
f rom solvent  to nonsolvent  as development  proceeds. 
We also used an automat ic  sp ray  developer  (K & S 
Model 693 Photo Resist Spray  Developer)  to improve  
un i formi ty  and reproducibi l i ty .  A spray  sequence of 
7.5 sec of methyl  e thyl  ke tone  (ME.K), 20 sec of 1:1 
MEK:2-propanol ,  15 sec of 2-propanol ,  and 30 sec of 
dry  ni t rogen was found to be quite effective. 

Af te r  deve lopment  a 20 rain bake  at 120~ is recom-  
mended  before etching. 

CER, pa t t e rned  according to the  process given above, 
has been used successfully to etch SiO2 in buffered H F  
and to etch W in an a lkal ine  fer r icyanide  solut ion (5). 
Fea tures  in the size range  4-6~ are shown in Fig. 5. The 
u l t imate  resolut ion wi th  this mate r ia l  can only be 
obtained with  careful  selection of film thickness,  vol t -  
age, contrast, and exposure  as deta i led in Ref. (5). 

Exposed CER is most convenient ly  removed  b y  a 
d ichromate-su l fur ic  acid cleaning solution, but  ozone 
or p lasma s t r ipping as well  as other  s trong oxidizing 
agents have also been used successfully. 

Conclusions 
The electron resist  which we have  documented here 

represents  a significant improvement  over  many  of 
the  electron resists previous ly  described in the l i t e ra -  
ture  (Fig. 1) and is a viable  a l te rna t ive  to the others  
(7) wi th  respect  to the sensit ivity,  contrast,  and reso-  

lut ion requi red  for e lectron beam fabr icat ion of semi-  
conductor devices. In  addi t ion we have demonst ra ted  
the  pa t t e rnab i l i ty  of CER and its usefulness as an etch 
mask for SiO2 and W. 
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Optimization of the Hydrazine-Water Solution 
for Anisotropic Etching of Silicon 
in Integrated Circuit Technology 
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ABSTRACT 

Anisotropic etching of silicon with the hydraz ine-water  mixture  is studied 
and characterized for its practical use in integrated circuit technology. The 
solution is applied to {100} wafers where  the etch presents a v-shaped cross 
section l imited at the side-walls by {111} planes and at the bottom by a 
{100} plane. The etching process is evaluated in terms of the etch rate of the 
{100} plane, quali ty of side-walls and bottom surface, and corner rounding. 
It is shown that  the results are both concentrat ion and temperature  dependent.  
The optimal tempera ture  for the etching process is found to be 100~ for both 
simple temperature  control and high qual i ty etching. It is also shown that  t h e  
optimal mixture  concentrat ion must  be choesn according to the part icular  
use of the anisotropic etching. The optimal volume concentrations of hydra-  
zine for the various applications are: 65% for VMOS devices and for 
v-groove isolation rings, 70-80% for two-level  structures with flat bottom sur-  
face, and for electrode and sensor fabrication. 

The anisotropic etching of silicon has been studied 
with increased interest  in recent years (1-7) and is on 
the way to becoming a s tandard processing step in  sili- 
con technology (8-12). 

Anisotropic etchants are usual ly 3-component solu- 
tions. They contain a base such as hydrazine, ethylene 
diamine, or potassium hydroxide, a complexing agent 
such as isopropyl alcohol or catechol, and water. The 
etching reaction involves the formation of hydrous silica 
which is dissolved through the formation of a complex 
(1). Some compounds such as hydrazine can act both 
as oxidant  and complexing agent (2) and can therefore 
be mixed with water  only. Another  etching method 
based on an electrochemical displacement reaction has 
also been proposed recent ly (5). 

All these solutions have the common property that  
they etch the silicon crystal with a higher rate along 
the 4100> direction than along the ~111> direction. 
When used on {100} oriented slices covered by an oxide 
mask, these etchants produce a pyramidal-shaped etch, 
l imited at the side-walls by {111} surfaces and at the 
bottom by a {100} plane (Fig. 1). An interest ing prop- 
erty of the anisotropic etching of {100} surfaces is that 
the etch is "self-stopping" at the point where the {111} 
planes intersect and the {100} bottom surface reduces 
to zero. 

Among the most significant applications published 
for the anisotropic etching of the silicon are the 
v-groove or dielectric isolation of integrated circuits 
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* *  Electrochemical Society Active Member. 
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Key words: semiconductor technology, preferential etching, hy-  
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(8-10), the VMOS s~ructures (11-14), and the etching 
of microelectrodes and sensors (15, 16). Each of these 
applications has been concerned main ly  with the qual i ty 
of the groove side-walls, since the {100} bottom sur-  
face has completely disappeared either due to the 
"self-stopping" property or to the complete etching 
through of the entire wafer thickness. However, no 
optimization of the etching parameters  has been re-  
ported for these applications. 

On the other hand, many  new applications may be 
anticipated if the etch is terminated before reaching 
its "self-stopping" point. For example, the resul t ing 
{100} bottom surface may be used for two-level  s truc-  
tures, for direct contact to a lower layer  of an in te-  
grated circuit, for the fabrication of pressure sensors 
and other devices for which a flat surface is required, 
etc. The anisotropic etch offers a un ique  possibility for 
two-level  structures by its clean cut, nonvert ical  walls, 
which avoid breaking the photoresist or the metal  
strips on the step between the two levels. 

The purpose of this study is to characterize the hy-  
drazine-water  mixture  and to find the opt imum etch- 
ing parameters according to the part icular  application. 

< I00> SiO z MAS/K,) 

<,,,> / 
Fig. 1. Anisotropic etching of a {100} slice 

Fig. 2. The mask used for the evaluation of the anisotropic etch- 
ing. 
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Fig. 4. Typical defects of the {100} bottom surface; left, pyri- 
midal hillocks and right, waveshaped surface. 

Exper imenta l  Procedure 
A glass refiuxing system was used to prevent  com- 

position change by loss of volatile matter.  The tem- 
perature  was controlled wi th in  + I ~  by a constant 
temperature  bath. N-type {100} wafers of 3-5 ohm-cm 
resistivity were used throughout  the experiment.  An 
oxide layer  of about 2000A was grown on the wafers at 
a temperature  of 1000~ The mask was aligned on 
the <110> wafer flat with a precision of _1  ~ or better, 
in order to get straight s ide-wall  lines as explained 
later. A standard cleaning procedure (17) was per-  
formed just  before etching. The results of the aniso- 
tropic etching were evaluated in terms of the etch rate 
of the {100} plane, qual i ty of side-walls and corners, 

Fig. 5. 200 X 200 (~m) ~ squares etched 5/~ deep at 100~ in 
solutions of various concentrations, a, above left H20/N2H4 - -  
50/50 (volume ratio); b, above right H20/N~H4 ~ 40/60 (volume 
ratio); c, left H20/N~H4 = 20/80 (volume ratio). 
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and qual i ty of bottom surface. These parameters  were 
examined for several concentrations of water  and 
hydrazine at 20 ~ 75 ~ 100~ and at the boiling tem- 
peratures of the solutions. All  the proportions of hy-  
drazine and water  were measured in  volume per cent. 
The etched bottom surface was examined across both 
small area (~16 mil  2) and large area (N400 rail 2) 
structures. The side-walls were checked around these 
etched areas and in v-groove isolation type structures. 
A t r iangular  area with a top angle of 7 ~ was placed 
on the mask in order to evaluate the effect of a +_3.5 ~ 
misal ignment  on the qual i ty of the side-walls (Fig. 2). 
The depth of the groove was measured microscopically 
using a focusing stage calibrated to one micron per  
scale division. Each exper iment  was repeated several 
times on differer~t samples in order to el iminate angle 
and depth measuremen~ errors. 

Results 
Etch rate.--The etch rate of the {100) plane as a 

function of water  percentage in  the solution is shown 
in Fig. 3 for several temperatures.  These results are in  
good agreement  with the results reported by Lee (2). 
It is obvious from Fig. 3 that the etch rate can be tem- 
perature or concentrat ion controlled. The etch rate 
increases with temperature,  and in  the high tempera-  
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ture  range it reaches its max imum value when  an 
equivolume solution of water  and hydrazine is used. 
At 20~ the etch rate has a m i n i m u m  value which 
occurs for a 40% water-60% hydrazine solution. 

Quality of bottom surSace and side-walls.--It has 
been observed that  the qual i ty of the bottom surface 
may be affected in  two ways: by the formation of 
pyramidal  hillocks and by the formation of wave-  
shaped structures (Fig. 4). 

The quali ty of the bottom surface was found to be 
dependent  on both the temperature  and the solution 
concentration as demonstrated in  Fig. 5 and Fig. 6. 
For an equivolume solution of water  and hydrazine, 
both pyramids and a waveshaped bottom appear at any 
temperature.  A~t 100~ less water  gives higher bottom 
surface quality, and for 30% water  or less there are no 
pyramids or waves on the bottom at all. The effect of 
temperature  on the bottom surface qual i ty is seen in  
Fig. 6 in which a solution of 20% water  and 80% hy-  
drazine was used at various temperatures.  Etching at 
temperatures below or above 1G0~ caused a wave-  
shaped bottom surface. At room temperature,  pyramids  
also appeared. 

The qual i ty of the bottom surface was measured in  
terms of the percentage of etched 100 >< 100 (~n)~ 

Fig. 6. 200 X 200 (#m) 2 squares etched 5~ deep in solutions of 20% H20-80% N2H4 at various temperatures, a, 119~ b, 100~ c, 
75~ d, 20~ 



548 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY April 19 75 

areas, free of waves or pyramids, which can be used 
for device fabrication. The measured quali ty funct ion 
is plotted in Fig. 7. The qual i ty of the side-walls was 
measured in terms of the side-wall  edge formed by the 
intersection of the {100} and {111} planes. Walls with 
straight edges were considered to be of high quality. 
The best s ide-wall  edges were obtained at 100~ It 
has been observed that for this temperature,  the side- 
wall lines become more straight as the percentage of 
water in  the solution is increased. The observed qual i ty 
of the side-wall  edges for various temperatures  as a 
function of the solution concentrat ion is given in Fig. 
7. An example of poor side-wall  qual i ty is given in 
Fig. 6c for etching with a solution of 20% water-80% 
hydrazine at 75~ 

From these results it can be inferred that  straight 
walls can be obtained at 100~ and with 20-50% of 
water  in  the solution. However, the usable range of 
concentrat ion for v-groove etching has to be l imited 
by a max imum of 40% water, due to the pyramidal  
defects that may appear in  the groove when higher 
percentage of water  is used. When high quali ty of bot-  
tom surface is also required, the amount  of water  
should not exceed 30%. 

Quality oy corners.--The quali ty of corners was ex- 
amined in concave (90 ~ and convex (270~ corners. 
Concave corners, similar to those in rectangular  etched 
surfaces, had very little corner rounding (Fig. 5, 6). 
Convex corners, like those existing in  v-groove iso- 
lated structures, have more significant beveling (un-  
dercutting) due to etching in other crystallographic 
directions. The mean value measured for the angle 
made on the (100) surface by the bevel l ine and the 
trace of the {111} plane was 18 ~ 41'. This confirms the 
observations made by Lee (2) and indicates that  the 
planes being etched are the (112} planes which gener-  
ate the theoretical angle of 18 ~ 26' on the top surface. 
To get a quant i ta t ive estimate of this convex corner 
underetching, let U be a normalized factor defined by 

8 
U = - -  [1] 

H 

with 8, the distance between a {112} plane intersection 
line and a parallel  l ine traced from the corner of the 
oxide l imit  (Fig. 8) and H, the groove depth. 

With a constant temperature  of 100~ the under -  
etching factor decreases un i formly  for an increased 
amount  of water  in the solution, as shown in Fig. 9a. 
At 20~ the underetching factor has a m in im um at 
3.0% H20-70% NeI-I4 and increases sharply for higher 
amounts  of water  in the solution. It is therefore ob- 
vious that  U is also temperature  depender~t for a given 
concentration. This effect is i l lustrated in Fig. 9b for a 
solution of 20% H~O-80 % N~r-Ia. 
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An example of the effect of the solution concentra-  
t ion on the corner underetch at 100~ is given in  Fig. 
10a, b. Both grooves have the same depth of t5#, but  
the groove of Fig. 10a was etched with a 20% H20-80% 
N2H4 mixture,  while the groove of Fig. 10b was etched 
with a 50% H20-50% N2H4 mixture.  This effect plays 
an important  role in the design of a v-groove isolated 
bipolar transistor since it can reduce drastically the 
original surface. Underetching can be minimized by 
carefully choosing the parameters  of the etching solu- 
tion. 

Self-correction of unstraight lines.--An interest ing 
proper ty  due to the selectivity of the hydraz ine-water  
solution is the fact that s ide-wall  edges will come out 
straight after etching, even with small ripples in the 
oxide mask (Fig. 11). On the other hand, a large mis-  
a l ignment  of the mask will give as a result  a sawtooth- 
shaped line, even for straight mask edges (Fig. 12). 

Discussion of the Results 
In  the experimental  results previously described, 

two kinds of defects have been observed: pyramids 
and waves on the bottom surface. The appearance of 
pyramids is explained by the following reasons: 

1. Square pyramidal  hillocks may be formed from 
defects on the surface of the start ing material  or at 
deeper points in the bulk  (Fig. 4 and Fig. 5). 

2. The chemical reaction of the etching process is in-  
volved with the formation and dissolution of hydrous 
silica. In  some cases, this oxide is l~cally not dissolved 
fast enough and gives rise to the development  of new 
pyramids. 

The effect of the formation of a large number  of 
pyramids can easily be seen when using room tem- 
pera ture  solutions. An  example of the result  obtained 
after 3 hr  in a solution of 3.0% water  and 70% hydra-  
zine at 20~ is shown in Fig. 13. 

It has been reported that  the presence of an alcohol 
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Fig. 11. Straightening out of silicon edges covered with a ragged 
oxide mask. 

in the etching solution helps in the dissolution of the 
oxide, appearing during the reaction, by the formation 
of a complex (1,2). Although hydrazine itself is 
able to act both as oxidant  and complexing agent (2), 
an attempt was made to add catechol in  the solution 
to help the reaction. The result  of this test compared 
to the result  obtained with a solution containing water  
and hydrazine only is presented in Fig. 14. It can be 
seen that the opposite effect is obtained, and that  many  
new pyramids were grown on the surface in the pres- 
ence of alcohol. A suggested explanat ion for this be- 
havior is the strong effect of alcohol on the relative 
etch rate along the different crystallographic direc- 

Fig. 10. Effect of the solution concentration on the corner underetching at 100~ (15~, depth), a, Solution of 80% hydrazine; b, solution 
of 50% hydrazine. 
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Fig. 13. Appearance of pyramids on the surface during a long 
etching at low temperature. 

Fig. 12. Effect of the anisotropic etch on misaligned lines. The 
side-lines of the triangle are •  ~ out of alignment with the 
< 1 1 0 >  flat. 

tions (2, 6) which will affect the surface qual i ty as 
explained later. 

3. The fact that the qual i ty of the bottom surface 
and side-walls is affected by temperature,  solution 
concentrat ion or the presence of an alcohol is also re-  
lated to the selectivity of the etching solution. 

When the selectivity of the solution is high (i.e., 
high etch rate along <100> and low along the other 
directions), every defect or contaminat ion may be the 
origin of a pyramid. The side-walls, however, will be 
very well defined in  this case by {111} planes, and 
therefore will be very straight. 

In  solutions with low selectivity, pyramids that  
start growing are etched from the sides in the <111> 
and <112> directions and therefore wil l  not exist at 

Fig. 14. Effect of the presence of an alcohol in the etching solution, a, Room temperature etch (20~ with 20% water, 80% hydrazine, 
5~ deep. b, Room temperature etch when 12g of catechol is added to 150 ml of the solution of Fig. 14a. The depth is 5~. 
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Fig. 15. Scanning electron microscope views of v-groove etches obtained with a solution of 30% H20-70% N~H4 at 100~ (15~ deep). 
a (above left), V-groove isolation ring (magnification 1000•  and b (above right), V-MOS structure (magnification 2000x). 

the  end of the  etching process.  Fo r  the  same reason, 
the p rope r ty  of the  se l f -correc t ion  of  the mask  edges 
(Fig. 11) is reduced,  and therefore  more  wal l  defects 
m a y  appear .  W a v e - t y p e  dis turbances  on the bot tom 
surface m a y  appear  if care  is not t aken  to avoid local 
nonuniformit ies  in the  etching solution. This effect 
usua l ly  happens  when  the wafer  is not  carefu l ly  dr ied  
before immersed  in the  etching solution, or when  the 
solut ion is not wel l  s t irred.  However,  even wi th  such 
care, some unexp la ined  waviness  appea red  for  pa r t i cu -  
l a r  t empera tu res  and concentrat ions (Fig. 6). 

Conclusions 
The h y d r a z i n e - w a t e r  mix tu re  etches the silicon 

crys ta l  anisot ropica l ly  wi th  a h igher  etch ra te  along 
the ~ 1 0 0 ~  direct ion than  along the  <111~  direction.  

~t has been  shown that  t empera tu re  and solut ion 
concentrat ion s t rongly  influence the  results.  Besides 
the  e tch ra te  measurements ,  the  etch qual i ty  has been 
examined  in terms of wal l  and bot tom surface quali ty,  
corner  undercut t ing,  and  se l f -correc t ion  of uns t ra igh t  
mask  edges. The conclusions m a y  be summar ized  as 
follows: 

1. The opt imal  t empera tu re  for  the hyd raz ine -wa t e r  
anisotropic  etch is found to be 100~ for both  s imple 
t empe ra tu r e  control  and high qua l i ty  etching. 

2. The percentage  of wa te r  in the  mix tu re  must  be 
chosen according to the  pa r t i cu la r  use of the  aniso-  
tropic etching:  (i) For  v -groove  r ings l ike  those used 
for b ipolar  t rans i s tor  isolation, the solut ion which 
gives the  best  wal l  quali ty,  low undercut t ing,  and an 
accel~table yie ld  at the same t ime should contain about 
65% hydraz ine  (Fig. 15a). Fo r  these concentrations,  
typical  values of the  undere tch ing  factor  U are  a round 
0.25. The same range of concentra t ion can be used for 
VMOS devices where  {111} wal l  qual i ty  is the  only im-  
por tan t  pa r ame te r  (11) (see Fig. 15b). (ii) For  use in 
two- leve l  s t ructures  where  both good wal ls  and high 
qual i ty  bot tom surface are  required,  the  best  concen- 
t ra t ion  range is be tween  70 and 80% hydrazine .  The 
same rat io is recommended  for the  etching of elec-  
t rodes and sensors where  a la rge  etched area  wi th  a 
high degree of smoothness is required.  An  example  of 
the  resul ts  obta ined in this range of concentra t ion is 
shown in Fig. 16. 

3. The wafe r  should  be careful ly  cleaned and dr ied  
jus t  before  etching. 

4. In  order  to ensure constant  solut ion concentration,  
the solution, whi le  in use, should be kep t  in a reflux 
system to avoid excessive evaporat ion.  

Fig. 15. Scanning electron microscope views of a 100 X 100 
(~m) 2 square etched in a solution of 20% H20-80% N2H4 at 
100~ a (upper), Complete square and b (lower) a corner view. 
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8 distance be tween the {112} p lane  intersect ion 

l ine and a para l le l  l ine  t r aced  from the corner  of 
the oxide  l imit ,  micrometer  

REFERENCES 
1. R. M. Finne,  and D. L. Klein,  This Journal, 114, 965 

(1967). 
2. D. B. Lee, J. Appl. Phys., 40, 4569 (1969). 
3. J. C. Greenwood,  This Journal, 116, 1325 (1969). 
4. A. Bohg, ibid., 118, 401 (1971). 

5. W. K. Zwicker,  and S. K. Kurtz,  in "Semiconduc-  
tor  Silicon 1973," Howard  R. Huff and Ronald  R. 
Burgess, Editors, pp. 315-326, The Elec t rochemi-  
cal Society Softbound Sympos ium Series, P r ince-  
ton, N. J. (1973). 

6. J. B. Price, in "Semiconductor  Silicon 1973," 
Howard  R. Huff and Ronald R. Burgess, Editors, 
pp. 339-353, The Electrochemical  Society Soft-  
bound Sympos ium Series, Princeton,  N. J. (1973). 

7. K. E. Bean, R. L. Yeakley,  and T. K. Powell ,  Ab-  
s t ract  No. 23, p. 68, The Electrochemical  Society 
Extended  Abstracts ,  Spr ing  Meeting, San F r a n -  
cisco, California,  May 12-17, 1974. 

8. D. F. Allison, A. P. Youmans, and T. H. Wong, 
Electronics, 42, 112 (1969). 

9. J. M. Mudge, and K. Taft, ibid., p. 65 ( Ju ly  17, 
1972). 

10. T. J. Rodgers and J. D. Meindl, IEEE Trans. Elec- 
tron. Dev., ED-20, 226 (1973). 

11. T. J. Rodgers and J. D. Meindl, ISSCC Conference, 
Phi ladelphia ,  Feb.  1974. 

12. Electronics, 46,31 (1973). 
13. F. E. Holmes, and C. A. T. Salama,  Electronics Let- 

ters, 9, 457 (1973). 
14. C. M. Parks  and C. A. T. Salama,  ibid., 9, 593 

(1973). 
15. K. Wise, Ph.D. Dissertat ion,  Stanford  Univers i ty  

(1969). 
16. Samaun, Ph.D. Dissertation,  S tanford  Univers i ty  

(1971). 
17. W. Kern  and D. A. Puotinen,  RCA Rev., 31, 187 

(1970). 

Accurate Theoretical Arsenic Diffusion Profiles in 
Silicon from Processing Data 

R. K. Jain and R. J. Van Overstraeten 
Departement Elektrotechniek, Laboratorium Fysica en Elektronica van de HalJgeleiders, 

Katholieke Universiteit Leuven, Kardinaal Mercierlaan 94, 3030 Heverlee, Belgium 

ABSTRACT 
An accurate  knowledge  of the impur i ty  d is t r ibut ion  in a semiconductor  

device is essential  for i ts p roper  character izat ion.  This task  can be made  s im- 
p ler  if one knows p rope r ly  the concentrat ion dependent  impur i t y  diffusion 
coefficient. In  recent  years  various arsenic diffusion models  were  developed 
to expla in  the exper imenta l  results,  but  i t  seems that  a be t te r  physical  model  
is required.  The present  work  gives the arsenic concentra t ion dependent  dif-  
fus ivi ty  in silicon considering different mechanisms involved dur ing the diffu- 
sion process. The effects of heavy  doping and high t empera tu re  have been 
successful ly included in the present  work. At tempts  a re  made to calculate  
theoret ica l  arsenic diffusion profiles only  f rom the knowledge  of the process-  
ing data. I t  is found that  our physical  model  gives qui te  good resul ts  which 
are in reasonable  agreement  wi th  the exper imenta l  profiles. 

Accura te  knowledge  of the  impur i ty  d is t r ibut ion  
into a semiconductor  device is essential  for  its p roper  
characterizat ion.  The calculat ion of a d is t r ibut ion can 
be made if  one knows the concentra t ion dependent  im-  
pur i ty  diffusion coefficient. The present  work  is an a t -  
tempt  to calculate the arsenic concentrat ion dependent  
diffusivity. Use of these  resul ts  is to calculate nu-  
mer ica l ly  the arsenic diffusion profiles from the 
knowledge  of the processing data. 

I t  is now wel l  known tha t  the diffusion coefficient 
of the impur i t ies  in semiconductors  is not only a func-  
t ion of the  t empera tu re  but  also depends on the im-  
pur i ty  concentrat ion.  There  are  various phenomena  
which are  responsible  for this impur i ty  concentrat ion 
dependent  diffusivity. In  recent  years  various workers  
(1-6) have presented  different models  of arsenic dif-  
fusion in silicon. The first th ree  models  (1-3) expla in  
the concentrat ion dependent  arsenic diffusivi ty in 
terms of the  change in the e lect ron concentrat ion due 
to the  impur i ty  concentrat ion.  The mathemat ica l  ap-  
proach by  Kennedy  and Mur ley  (4) makes  use of the 

Key words: arsenic diffusion profiles, silicon, heavy doping and 
high temperature effects, concentration dependent diffusion coeffi- 
cient, processing data, 

Bol tzmann-Matano analysis  on severa l  exper imen ta l ly  
de te rmined  arsenic profiles into silicon, to give a con- 
centra t ion dependent  diffusion coefficient. The arsenic 
diffusion model  developed by  Chiu and Ghosh (5) is 
an improvement  over  Hu's (2) model  and  defines the 
concentrat ion dependent  diffusion coefficient tak ing  
into account the effects of two vacancy acceptor levels, 
effects of the  in terna l  electr ic field, and effects of a r -  
senic clustering. Recent ly  Fa i r  and Weber  (6) pub-  
l ished an arsenic diffusion model  based on an arsenic 
complex format ion  phenomena,  which differs from the 
model  of Chiu and Ghosh (5). The arsenic complex 
considered by  Fa i r  and Weber  consists of two arsenic 
atoms; the  model  of Chiu and Ghosh assumes tha t  each 
cluster  consists of four  arsenic atoms, af ter  Hu (7). 

Recent ly  Van Overstraeten,  De Man, and Mertens 
(8) have developed a new t ranspor t  theory  in heavi ly  
doped silicon and more recent ly  Ja in  and Van Over-  
s t raeten (9) have ex tended  this theory  to high t em-  
peratures .  In  the present  paper  use of these results  is 
made  to calculate the  concentrat ion dependence of the 
arsenic diffusion coefficient by  considering quan t i t a -  
t ive ly  the various mechanisms affecting the diffusion 
mechanism. Based on our data  we also present  some 
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arsenic  diffusion profiles. I t  is found tha t  our numer i -  
cal ly  ca lcula ted  arsenic profiles are  in be t te r  agreement  
wi th  the exper imen ta l  arsenic profiles than  the ear l ie r  
theoret ica l  results.  In  the  present  work  we consider 
the  diffusion of arsenic into a boron doped  silicon crys-  
tal. 

Brief Summary of the Basic Approach 
The purpose  of this  section is to descr ibe  phys ica l ly  

and ma themat i ca l ly  the high doping and high t em-  
peraCure effects. More detai ls  are  found in recent  r e fe r -  
ences (8, 9) and are  omi t ted  here  for  brevi ty .  

Heavy doping eJIects.--Heavy doping effects are  
ma in ly  charac ter ized  by  the format ion  of band  ta i l s  
and of  an impur i ty  band  as i l lus t ra ted  in Fig. 1. The 
scheme presented  in Fig. 1 shows the densi ty  of states 
vs. electron energy  for a heav i ly  arsenic and l igh t ly  
boron doped silicon. According to classical theory  two 
parabol ic  densi ty  of states functions exist  wi th  we l l -  
defined band  edges (Eci for the  conduct ion band and 
Evz for the  valence band ) ;  EG is the intr insic  sil icon 
bandgap  energy.  In  the l igh t ly  arsenic (donor)  and 
boron (acceptor)  doped mate r i a l  there  also exists a 
discrete arsenic (donor)  energy level, EAs, and a boron 
(acceptor)  energy level, EB. However ,  when  the  dop-  

ing level  increases, the  classical ly pred ic ted  pic ture  is 
no longer  val id  because of the fol lowing two facts. 

(i) Kane  (10) has shown tha t  the  s ta t is t ical  dis-  
t r ibu t ion  of the impur i ty  atoms resul ts  in the  fo rma-  
t ion of a Gauss ian  band  tail, ins tead of a wel l -def ined 
band  edge and tha t  this ta i l  can be descr ibed ma the -  
mat ica l ly  by  (10, 8) 

Pcond(E) ---- me*312(r [1] 
whe re  

1 
y(E/~v/2) = 

~i/2 

F EI~ (E1r m) 1/2 exp ( - - m  2) dm 

Simi la r ly  an express ion for Pvale(E) can  also be wri t ten.  
(ii) Morgan  (11) has shown tha t  the  i m p u r i t y - i m -  

pu r i ty  in terac t ion  causes the  over lapping  of the elec- 
t ron  wave  functions, so that  the  discrete impur i ty  
level  spli ts  into a continuous Gaussian impur i ty  band, 
which is centered around the nondegenera te  impur i ty  
level  and can be descr ibed mathemat ica l ly  as (8, 11, 
12) 

[ (E - EAs)2 ] 
pAs(E) ----2NAs(2n)-1/2Veff-I exp  - - -  2~eff ~ [2] 

"i ___EAsFECI EG 

u.I 
-EB EVZ 

Density of States, P (E )  = 

Fig. ]. Illustration of the heavy doping effects. Plots of the den- 
sit'/ of states functions vs. electron energy for a heavily arsenic 
doped silicon. 

High temperature el~ects.--To per fo rm theoret ica l  
calculations at diffusion t empera tu re s  (which are nor -  
ma l ly  in the range 900~176 for silicon) it  is also 
necessary to incorpora te  the t empe ra tu r e  dependence 
of the  var ious  physical  pa rame te r s  encountered  in the  
calculations. F igure  2 i l lus t ra tes  quan t i t a t ive ly  the 
high t empe ra tu r e  effects. In  Fig. 2a we have shown, 
respect ively,  the t e m p e r a t u r e  dependence of the  in-  
tr insic si l icon energy  bandgap  and of the various im-  
pur i ty  and defect levels.  The change in the posi t ion of 
the various impur i ty  and defect levels from the middle  
of the bandgap  has been  assumed to be propor t iona l  
to the change in the  sil icon bandgap.  The mathemat ica l  
equations in Fig. 2a descr ibe the  posit ion of the  va r i -  
ous impur i ty  and defect levels f rom the band edges. 
In  Fig. 2b we have shown, respect ively,  the t empera -  
ture  dependence of the e lect ron and of the  hole den-  
s i ty -of -s ta tes  effective mass af ter  a semi-empir ica l  
approach proposed by  the authors  (9). 

Calculation of the Fermi leveL--The Fermi  energy,  
EF, is the most impor tan t  basic p a r a m e t e r  which oc- 
curs in the various definitions exp la ined  in semicon-  
ductor  physics. To develop a physical  model  for the  
impur i ty  diffusion an accurate  knowledge  of the  Fe rmi  
level  as a funct ion of the concentra t ion is necessary.  
The deta i led calculat ion of EF t ak ing  into account a 
posit ion dependent  band s t ructure  and high t empera -  
ture  effects has been pe r fo rmed  recent ly  (8, 9) and  is 
not considered here. The Fe rmi  energy, EF, is ca lcula ted  
numer ica l ly  by solving the usual  charge balance equa-  
tion considering the effects ment ioned earl ier .  Here  it 
must  be r e m a r k e d  that  in the  present  analysis  we have 
considered ~eff for r appear ing  in Eq. [1] because of the  
fact tha t  the  same physical  effect (fluctuations in the  
crysta l  potent ia l )  is responMble for  band ta i l ing as 
wel l  as for the impur i ty  band  formation.  I t  mus t  also 
be noted that  in the  present  work  we do not consider 
the numer ica l  factor  2 [due to spin degeneracy  (15)] 
appear ing  in Eq. [2], because of the fact that  the  donor 
states become par t  of the conduct ion band. I t  should 
be emphasized that  the  exact  value  of some heavy  
doping pa ramete r s  is s t i l l  questioned.  

Calculation of the Total Arsenic Diffusion Coefficient 
in Silicon 

For  character iz ing the impur i ty  diffusion process  
quant i ta t ive ly ,  the knowledge  of the  impur i t y  diffu-  
sion coefficient is a necessity. This p a r a m e t e r  essen- 
t ia l ly  gives an idea about  the mot ion  of the  impur i ty  
atoms into the semiconductor  mate r ia l  and is a func-  
t ion of the  t e m p e r a t u r e  as wel l  as of the impur i ty  con- 
centrat ion.  There  a re  var ious  physical  mechanisms 
which p lay  an impor tan t  role dur ing the diffusion 
process, Fo r  arsenic diffusion into sil icon ma in ly  the 
effects of the  bu i l t - in  electr ic  field, excess vacancy 
generat ion,  and cluster  format ion  are im.portanr and  
are  discussed here  separate ly ,  t ak ing  the high doping 
and high t empera tu re  effects into account. 

Effect of the built-in electric field.--It is now wel l  
known tha t  the arsenic a toms diffuse into the  sil icon 
crys ta l  la t t ice  subs t i tu t ional ly  which  means  tha t  they  
move into t he  semiconductor  ma te r i a l  in the  ionized 
state. I t  is also pointed out  and considered by  various 
authors  that  the diffusion of the  charged atoms sets up 
an impur i ty  gradient  into the  semiconductor  mater ia l ,  
which results  in the genera t ion  of the in te rna l  electr ic  
field which enhances the mot ion of the  impur i ty  atoms 
at high concentrations.  This effect can be accounted for 
quan t i t a t ive ly  by  defining a "bu i l t - in  electr ic  field 
diffusion enhancement  factor," Def, defined by  (13) 

NAs dEF 
D e f  = 1 + - -  [3] 

kT dNAs 

From the knowledege  of the  F e r m i  level  as a funcs 
of the  impur i ty  concentra t ion for a des i red  diffusion 
t e m p e r a t u r e  (9), Def can be  eva lua ted  accurate ly .  
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Fig. 2. Illustration of the high temperature effects, a, Temperature dependence of the various impurity and defect levels situated in the 
forbidden energy bandgop, b, Temperature dependence of the electron and hole density of states effective masses in terms of free elec- 
tron rest mass. 

Effect of the excess vacancy generation.--Since the 
diffusion of arsenic atoms into the silicon crystal lattice 
proceeds dominant ly  by the vacancy mechanism, any 
excess generat ion in the concentrat ion of the vacancies 
will give rise to an increase in  the motion of the im-  
pur i ty  atoms into the semiconductor material.  The 
arsenic diffusion induced vacancies produce two va-  
cancy acceptor levels which lie in  the upper  half of the 
silicon bandgap. The effect of the extra vacancies gen-  
erated on the diffusion mechanism can be accounted 
for quant i ta t ively  by defining an "excess vacancy dif- 
fusion enhancement  factor," Dev. Dev is nothing else 
than the ratio of the concentrat ion of the total number  
of vacancies in  the doped and in the intrinsic silicon 
crystal. This factor in terms of the Fermi  and defect 
energies can be wr i t ten  after (14, 15) as 

Dev -- 
EF -- EVA1 

1 + gl exp ~- g~ exp 
kT 

EFI  -- EVA1 
1 + gl exp + g2 exp 

kT 

2EF -- EVA1 -- EVA2 

kT 

2EFI -- EVA1 "~ EVA2 

kT 
[4] 

normal  silicon vacancy. For chemical reasons only one 
complex structure dominates in  a certain temperature  
range (17), therefore the tetratomic arsenic cluster 
(SiAs~) (7) will exist in the vapor phase. On the other 
hand the formation energy (~1.8 eV) of the diatomie 
arsenic cluster (SiAs2) (6) is larger than the forma- 
t ion energy (1.3 eV) of the tetratomie arsenic cluster 
(SiAs4) (7), which suggests that the probabil i ty  of 
formation of the lat ter  complex is larger. At the mo- 
ment  the validity of these arguments  can be ques- 
tioned because of the uncertaint ies  existing in  the 
arsenic cluster models. It seems that  fur ther  funda-  
menta l  research about impur i ty  clustering is required 
to make sure about the number  of impur i ty  atoms in-  
volved and about their  configuration. Anyhow it is 
certain that the effect of the cluster formation will  be 
to retard the motion of the impur i ty  atoms into the 
semiconductor material.  Hu (7) has claimed that his 
model is strongly supported by its good fit with the 
vapor pressure data. The effect of the arsenic cluster- 
ing on the diffusion mechanism can be accounted for 
quant i ta t ively  by defining a "cluster diffusion re tarda-  
tion factor," Dcf, after (7) as 

Dc f - -  

1 - t - 4 M e x p  ( ~ - ~ - ) f '  EAs -- EF Nsi 
1 + 0.5 exp | 

CB] 

Effect of the arsenic clustering.--It has been shown 
that at very high arsenic concentrations, arsenic cluster 
formation takes place; but  due to their  small size 
(~25A) attempts made to find their s tructure by using 
electron or x - r a y  diffraction techniques have not been 
successful (16). Hu (7) has developed a model of ar-  
senic clustering into silicon which is largely based on 
the vapor pressure data of Sandhu and Reuter (17). 
Hu's proposed arsenic cluster consists of four arsenic 
atoms forming a te t rahedron either with a normal  
interst i t ial  site or with a silicon atom at its center. 
Al ternate ly  the recent arsenic complex proposed by 
Fair  and Weber (6) consists of two arsenic atoms 
situated on the second nearest neighbor sites around a 

The factor Dcf can be evaluated accurately if we know 
the various cluster formation parameters and the 
Fermi energy. 

Total arsenic diffusion coefficient and its concen- 
tration dependence.--The diffusion coefficient is the 
basic parameter  in a diffusion process and its knowl-  
edge is highly essential for characterizing quant i ta-  
t ively the diffusion mechanism. As discussed earlier in  
this section various mechanisms affect the diffusion 
coefficient and must  be considered simultaneously for 
defining the total diffusion coefficient. The diffusion 
coefficient can be wr i t ten  as 

DAs : DiAs " Def �9 Dev " Dcf [6] 
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where  Def, Dev, and D~f a re  discussed ea r l i e r  and  are  
given by  Eq. [3], [4], and [5], respect ively .  DAs is the  
total  arsenic diffusion coefficient and  Dins is the  a r -  
senic diffusion coefficient in the  intr insic  silicon. Var i -  
ous (3-5) empir ica l  re la t ions  have been given for the  
t empera tu re  dependence  of the  intr insic  arsenic dif-  
fusivity, DiAs, but  we wil l  consider  the recent  results  
(5) which can be descr ibed by  

( 94070X4.1868 ) 
DiAs ---- 24 exp --  8.3143T [7] 

where  T is the  diffusion t empe ra tu r e  in degrees Kelvin.  
Equat ion [7] is p lo t ted  in Fig. 3 for s implici ty.  

For  de te rmining  the  concer~tration dependence  of the  
to ta l  arsenic diffusion coefficient, DAs, for  a des i red  
diffusion tempera ture ,  Eq. [6] mus t  be solved by  
eva lua t ing  Eq. [3], [4], [5], and [7]. F igure  4 shows 
such results  for various typical  diffusion t empera tu res  
taking into account the high doping and high t empera -  
tu re  effects. F rom Fig. 4 it  is quite clear  that  DAs ap-  
proaches  DiAs for low arsenic concentrat ions due to the  
fact that  the  last  t h r ee  te rms  in Eq. [6] are  unity,  i.e., 
the diffusion is normal.  Now as the arsenic concent ra-  
t ion increases, DAs also s tar ts  increasing (up to cer ta in  
arsenic concentrat ion)  because the  effects due to the 
bu i l t - i n  electr ic field and due to the excess vacancy 
genera t ion  are  dominant  as compared  to the effects 
due to cluster  formation.  At  h igher  arsenic concentra-  
t ions DAs star ts  decreasing,  because c luster  format ion 
becomes dominant .  

C a l c u l a t i o n  of the  Arsen ic  Profi les and  Compar ison  
with Exper imenta l  Results 

The purpose  of the  present  section is to calculate 
the  total  arsenic diffusion profiles using the approach 
descr ibed in the ear l ie r  sections. F igures  5 and 6 show 
such profiles af ter  present  work  from the knowledge  
of the diffusion t empe ra tu r e  and t ime for a given 
surface concentrat ion.  These profiles have been com- 
pu ted  using a computer  p rog ram DASI  ~ special ly  

~DASI (diffusion of arsenic in silicon) is a special computer 
program written in Fortran IV for calculating arsenic diffusion pro- 
files in silicon which makes use of the physical diffusion model 
developed. 
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Fig. 5. Plots of the experimental and theoretical arsenic diffusion 
profiles. Diffusion temperature = 1050~ diffusion time = 1 hr. 

~vritten for the  calcula t ion of arsenic profiles, by  means  
of solving the diffusion equation. This p rogram re -  
quires  only processing da ta  as its input  informat ion  
and does the  rest  by  tak ing  the  high doping and high 
t empera tu re  effects into account. For  comparison we 
also consider the  exper imenta l  arsenic profiles mea -  
sured by  neut ron  act ivat ion analysis  af ter  Chiu and 
Ghosh (5) and Fig. 5 and 6. F u r t h e r  we  also consider 
the theoret ica l  arsenic profiles ca lcula ted  by  Chiu and 
Ghosh (5') af ter  the i r  empir ica l  model  in Fig. 5 and 6. 
Chiu and Ghosh (5) obta ined  the i r  theoret ica l  arsenic 
profiles by  using four empir ica l  constants.  They  found 
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these four empirical constants by matching the theo- 
retical results with various experimental  profiles in  a 
wide range of temperature  and surface concentrations 
and are independent  of the diffusion temperature.  Now 
if we look to Fig. 5 and 6 we observe that our calcu- 
lated profiles are in very good agreement with the ex- 
per imental  profiles which strongly supports the ac- 
curacy of our physical model based on high doping and 
high temperature  calculations. Figures 5 and 6 are, re- 
spectively, for shorter and longer diffusion times, and 
for both cases the agreement  is improved which sug- 
gests the validity of .our results in general. Anyhow, 
slight disagreement at lower concentrations may  be 
viewed as the consequence of the approximations in-  
volved in the theoretical calculations as well  as in 
the measured results. However, our model gives quite 
good results and we hope that it will  be possible for a 
device designer to know the impur i ty  distr ibution be- 
fore performing all the experiments.  Here it must  be 
remarked that the use of the arsenic cluster model 
by Fair  and Weber, (6) along with heavy doping and 
high temperature  effects may also yield better results 
and this work must  also be carried out. It  must  also be 
remembered here that the accuracy of the present  
work is l imited because of the uncertaint ies involved 
in the use of heavy doping effects at high temperatures 
and also in the present knowledge about the effects 
of the electric field, vacancy generation, and clustering. 
It  is felt that  more rigorous research is needed so that 
the discrepancies among different models can be un-  
derstood and minimized. 

Conclus ions  
By incorporating the high doping and high tempera-  

~ure effects a quant i ta t ive theoretical model of the ar-  
senic diffusion into silicon has been developed by con- 
sidering the various important  mechanisms occurring 
during the diffusion process. The total arsenic diffusion 
coefficient has been calculated as a function of the im-  
pur i ty  concentrat ion for typical common diffusion tem- 
peratures. Attempts have been made to calculate the 
arsenic diffusion profiles in silicon from processing 
data by using a computer program DASI based on our 
model. Good agreement  has been found with the avail-  
able experimental  results. It is hoped that fur ther  re- 
search along these lines will be useful to unders tand 

some mechanisms not at present clearly understood 
and known. 
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LIST OF SYMBOLS 
DAs total arsenic diffusion coefficient 
DiAs intrinsic arsenic diffusion coefficient 
Dcf cluster diffusion re tardat ion factor 
Def bu i l t - in  electric field diffusion enhancement  

factor 
Dev excess vacancy diffusion enhancement  factor 
E general  energy 
EAs arsenic energy level 
/ ~ B  boron energy level 
Ecl intrinsic silicon conduction band edge 
~ F  Fermi level 
EFI intrinsic Fermi level 
EG intrinsic silicon forbidden energy bandgap 
EGO intrinsic silicon forbidden energy bandgap at 

0OK 
EvAI first arsenic vacancy acceptor level 
EVA2 second arsenic vacancy acceptor level 
Ev~ intrinsic silicon valence band edge 

Planck's  constant  divided by 2~ 
k Boltzmann's  constant 
M configuration mult ipl ic i ty  of the arsenic com- 

plex 
mo free electron rest mass 
me* electron density of states effective mass 
mh* hole density of states effective mass 
NAs arsenic concentrat ion 
NB boron concentrat ion 
Nsi concentratior~ of the silicon lattice sites 
T absolute temperature  
nH energy of formation of the arsenic complex 
creff effective value of 

s tandard deviation of the impur i ty  band  
PAs arsenic impur i ty  band density of states 
Pcond conduction band density of states 
pvale valence band density of states 
1/1 spin degeneracy weighting factor of the first 

vacancy acceptor level  
g2 spin degeneracy weighting factor of the second 

vacancy acceptor level 

APPENDIX 
Following is the list of numerical  values of various 

quantit ies used in  the calculations: 

EAs 0.049 eV from EcI at 300~ 
EB 0.045 eV from Evi at 300~ 
EG 1.121 eV at 300~ 
EGo 1.205 eV 
EvA1 0.44 eV from Eci at 300~ 
EVA2 0.21 eV from Eci at 300~ 
M 24 
me*/~no 1.18 at 300~ 
ma*/mo 0.81 at 300~ 
Nsi 5 • 10 ~2 cm -s 
nH 1.3 eV 
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Characteristics of Si-SiO  Interfaces Beneath Thin 
Silicon Films Defined by Electrochemical Etching 

T. I. Kamins 1 and B. E. Deal* 

Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, California 94304 

ABSTRACT 
Capacitance-voltage measurements on thin silicon films defined by elec- 

trochemical etching have indica ted  that  fixed surface charge (Qss) and fast  
surface states (Nat) located at  the Si-SiO2 interface beneath  the silicon film 
can be affected by  oxygen,  nitrogen, or  hydrogen  hea t - t r ea tments .  Both Qss 
and Nat can be minimized by anneal ing  in hydrogen  at  high t empera tu res  (900 ~ 
1200~ whi le  n i t rogen or  oxygen  anneal ing  in this  same t empe ra tu r e  range  
tends to increase Qss. At  low tempera tu res  (450~ the convent ional  hydrogen  
anneal  is not  sufficient to e l iminate  fast  surface states, p robab ly  because of 
mask ing  of the hydrogen  by  the 7 ~m thick films used in  this s tudy.  

Dur ing previous  measurements  of the  Hal l  mobi l i ty  
in th in  si l icon films defined by  electrochemical  e tch-  
ing (1), evidence of an accumulat ion  layer  near  the  
bot tom si l icon-si l icon dioxide  interface  was found on 
n - t y p e  samples  (Fig. 1). Such an accumulat ion  l aye r  is 
not unexpec ted  since the  fixed charge Qss tends to ac-  
cumulate  the  surfaces of n - t y p e  samples, and n - t y p e  
dopant  impur i t ies  tend  to segregate  into the  silicon 
dur ing oxidat ion  (2), especial ly  dur ing  the l o w - t e m -  
perature ,  wet  oxida t ion  used in these exper iments .  
Since the presence and magni tude  of a surface layer  
wi l l  d i rec t ly  affect the  character is t ics  of devices fab-  
r ica ted  in the  sil icon films, the proper t ies  of the bo t tom 
Si-SiO2 interface  were  inves t iga ted  in more  detail .  
MOS capacitors  were  fabr ica ted  wi th  the  field pla te  
beneath  the  oxide which was covered by  the silicon 
film (Fig. 2). The MOS capac i tance-vol tage  charac-  
ter is t ics  were  measured  af ter  var ious  hea t - t r ea tments .  
I t  wi l l  be shown tha t  the  charges at the  back  Si-SiO~ 
interface of these s i l i con-on- insu la tor  s t ructures  can 
be contro l led  and minimized  by  hydrogen  anneal ing at  
e levated tempera tures .  

Experimental Structure and Measurements 
In  order  to invest igate  the  proper t ies  of the  Si-SiO2 

interface  beneath  the  th in  silicon film, a field pla te  was 
needed under  the oxide that  separa tes  the  thin film 
f rom the polycrys ta l l ine  suppor t  in the  normal  s t ruc-  
ture (1) (Fig. 1). Since the  f ie ld-pla te  mate r ia l  must  
be compat ib le  wi th  subsequent  h igh - t empera tu r e  
processing, a h ighly  doped layer  of polycrys ta l l ine  si l i -  
con was used. The fabr icat ion of the  expe r imen ta l  
s t ruc ture  is descr ibed below, and the comple ted  device 
is shown in Fig. 2. 

Af te r  deposi t ion of the  ini t ia l  p - t y p e  ep i tax ia l  l aye r  
(NA ---- 1-2 • 1015 cm-8) ,  which becomes the thin film, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
i Present address: Hewlett-Packard Laboratories, Palo Alto, Cali- 

fornia 94304. 
K e y  words:  s i l icon f i lms,  o x i d e  charge ,  S i -S iOs  interface.  

the  sample  was oxidized at  920~ in the  fol lowing se- 
quence: 5 min d ry  ni t rogen preheat ,  5 rain d ry  oxy -  
gen, 75 rain wet  oxygen, and 5 min  d ry  nitrogen.  The 
oxide thickness was app rox ima te ly  3000A for t he  
( l l l ) - o r i e n t e d  wafers  normal ly  used in these exper i -  
ments. A 0.6 ~m thick l aye r  of polycrys ta l l ine  sil icon 
was then  deposi ted in an r f -hea t ed  reac tor  at 950~ in 
a hydrogen  ambient .  2 Arsenic  dopant  impur i t ies  were  

s All temperatures cited are corrected for the emissivity of  silicon 
and absorption by the walls of the reaction chamber when the 
rf-heated reactor was used. 

Fig. 1. Thin-film structure used for monolithic dielectrically iso- 
lated integrated circuits. 

Fig. 2. Experimental structure used for capacitance-voltage 
measurements in this study. 
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added by ion implantat ion;  the dose of 2 X 10 '1~ cm -2 
produced a sheet resistance of about 225 ohms/E3 after 4 
activation. The polycrystaUine silicon was then oxi- 
dized to form a thin layer  of thermal  oxide for mask-  
ing, and a grid pa t te rn  was defined so that  the poly- 
crystall ine silicon remained only in squares 1 mm on 
a side. The structure was covered with 1 ~m of vapor-  3 
deposited oxide, and a 250 ~m thick layer  of poly- 
crystall ine silicon was deposited by the decomposition ,r 
of dichlorosilane at ll00~ Since this is the same sup- 'E 
porting layer that  is used in the normal  structure of 
Fig. 1, the experimental  s tructure differed from the O 
normal  structure only by the addit ion of the thin, field- --~ 2 
plate electrode. The heavily doped substrate wafer was ,~  
then removed by electrochemical etching, and the 
sample was vapor etched in an HBr-H2 ambient  for C~ 
5 min  at 1200~ to remove any residual n - type  layer 
above the p- type thin film. The sample was cooled be- 1 
low 400~ in hydrogen after the vapor etch in order to 
insure reproducible start ing conditions for all anneal -  
ing experiments.  The final film thickness was about 7 
/~m. 

Each wafer was then subjected to the desired an-  
nealing cycle in a nitrogen, oxygen, or hydrogen am.- 
bient  at a temperature  between 920 ~ and 1209~ The 
samples were cooled slowly by withdrawing them from 
the furnaces over a specified time period: 2 rain at 
920~ 6 min  at 110,0 ~ and 12.00~ Any oxide grown on 
the exposed silicon surface during these heat - t rea t -  
ments  was subsequent ly  removed in  HF, and the 
wafer  was theu covered with 1 ~zn of a luminum. The 
a luminum was deposited from a filament in most cases 
to avoid radiat ion damage. One exper iment  utilized 
electron-beam evaporated a luminum in order to study 
the effects of low-tempera ture  anneal ing on the radia- 4 - 
tion damage. After  the a luminum was defined by 
photomasking, it was used as an etch mask while 
the silicon film and under ly l ing  oxide were removed 
from the remainder  of the area, exposing the under -  
lying polycrystal l ine-si l icon field plate. A final low- 
temperature  (450~ anneal  in  a hydrogen-ni t rogen 
ambient  completed the fabrication process. The fin- 3 
ished exper imental  s tructure is shown in  Fig. 2. 

Capacitance-voltage characteristics were then  mea-  
sured at a f requency of I MHz. All samples were in i -  e 
t ial ly biased in inversion, and the voltage was changed o 
toward accumulat ion to avoid effects of the slow gen- 
erat ion of carriers in the inversion layer. The ratio O 2 
of the min imum to max imum capacitance and the 
oxide thickness were used to determine the capacitance , ~  
under  flatband conditions, and the corresponding flat- ~ _ 
band voltage was then found from the experimental  ca 
data. An effective value of Qss was determined by cot- CY 
recting for the work funct ion difference between the 
p- type  silicon film and the n + field-plate electrode 1 
and mul t ip ly ing by the oxide capacitance in the con- 
ventional  m a n n e r  (3). If the sample indicated any 
drift during a 300~ bias- tempera ture  test, the flat- 
band voltage was determined after a moderate  nega-  
tive bias (--25 V/~m) was applied on the field plate at 
300~ This bias moved the mobile ions to the oxide- 
field plate interface where they would not  influence 
the measured results. 

Experimental Results and Discussion 
The effective values of Qss found after various an-  

neal ing t reatments  are shown in Fig. 3 and 4 and are 
discussed below. Control samples were included in 
each series of experiments.  These control samples em- 
ployed the same thin-f i lm structure shown in Fig. 2 but  
received no hea t - t rea tment  between the 1200~ hydro-  
gen cycle during the vapor etch and the a luminum 
deposition. They indicated a consistently low value of 
Qss/q of about 1.5 X 10 zz cm -2. 

Annealing ambient.--Figure 3 shows that an 1100~ 
anneal  in  either ni t rogen or oxygen increases the effec- 
tive value of Qss. The charge appears to approach its 
equi l ibr ium value wi th in  30 rain, the shortest t ime in-  
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[] 0 2  

I I I I I l I I 
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Fig. 3. Effective Qss as a function of annealing time in an oxygen 
or nitrogen ambient at 1100~ The wafers were removed from the 
furnace in 6 rain. Corresponding values for a conventional MOS 
structure are 7-8 X 1011 cm - 2  after an oxygen anneal and 
2 X 1011 cm - 2  after a nitrogen anneal. 
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Fig. 4. Effective Qss as a function of annealing temperature in 
an oxygen or nitrogen ambient for 1 hr. 

vestigated. The effective Qss is consistently higher 
after the oxygen anneal  than  after the anneal  in n i t ro-  
gen. This greater increase of Qss in oxygen was ob- 
served in all experiments and is consistent with results 
found in  conventional  MOS structures for slow pulls in 
oxygen (4). However, the values obtained in the con- 
ventional  structures are normal ly  about 7-8 X 10 zl 
cm -2 for (111) silicon, approximately twice the values 
observed in  the present  study, where the Si-SiO2 in-  
terface is covered by a silicon film. The film apparent ly  
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provides a shielding effect against the oxygen. A simi- 
lar  phenomenon has also been observed in these lab-  
oratories for thermal ly  oxidized silicon structures cov- 
ered by a polycrystal l ine-si l icon film (5). 

The value of Qss shown in Fig. 3 for the ni trogen an- 
neal is sl ightly higher  than  for convent ional  structures, 
the la t ter  bein~g about 2 X 1011 cm -2 (4). However,  the 
present  results agree quite  closely wi th  data obtained 
in these laboratories for oxide structures covered by 
polycrystal l ine-si l icon films. The low value of Qss ob- 
tained after  a h igh- t empera tu re  hydrogen anneal is 
consistent with results obtained on conventional  struc- 
tures, where  Qss values were  found to be in the 
1 X 10 ~1 am -2 range after  h igh- t empera tu re  (10(}0~ 
hydrogen anneals (5). 

Annealing temperature.--The influence of the an-  
nealing tempera ture  is indicated in Fig. 4. The effective 
Qss is raised substantial ly from its initial value by an- 
nealing in oxygen or ni t rogen at any tempera ture  in 
the 920~176 range. The increase is greatest  at the 
lower  temperatures ,  al though the difference be tween 
920 ~ and 120,0~ is not large. The effective Qss is again 
appreciably higher  after an oxygen anneal than after  a 
ni t rogen anneal  at every  tempera ture  investigated. An 
impor tant  difference is seen when the data of Fig. 4 
are compared with  results f rom conventional  s truc- 
tures. Conventional  s tructures s low-pul led  in oxygen 
indicate significantly higher  Qs~ values for lower  an- 
nealing tempera tures  (4). This t rend is similar to that 
seen in the present  investigation, al though the Qss 
values obtained with  the thin-f i lm structure are mark -  
edly lower. In the  case of nitrogen, Q~s is not a function 
of annealing t empera tu re  in conventional  structures, 
wi th  values of 1.5-2 X 1011 cm -2 being obtained in 
all tempera tures  for ( l l l ) - o r i e n t e d  silicon. However,  
the value of Qs~ obtained after  annealing the thin-f i lm 
structure in ni t rogen was a function of annealing t em-  
pera ture  and was somewhat  higher  than that  seen on 
conventional  structures, especially at lower  annealing 
temperatures .  

One thin-fi lm sample was given an 110~0~ oxygen 
anneal to increase the effective Qs~ fol lowed by an 
l l00~ hydrogen anneal for 1 hr. The final value of Q~ 
was reduced to approximate ly  that  found on the con- 
trol sample, indicating that  the charges induced during 
anneal ing are revers ible  if the ambient  can penetra te  
to the Si-,SiO2 interface of interest, which is shielded 
by about 7 ~m of silicon in the present  structure.  

The t ime requi red  for this reduct ion of the effective 
Qss in a h igh - t empera tu re  hydrogen ambient  was briefly 
investigated. After  the surface layers were  removed 
from a set of silicon films by the H2-HBr vapor etch, 
which lowered the effective value  of Qss, the samples 
were  given a 2-hr, oxygen anneal at 920~ to in- 
crease Qss. A control sample that  received this oxygen 
anneal  indicated an effective Qss/q of about 3.2 X 
]011 cm -2. Each remaining sample was heated to 1100~ 
in an r f -hea ted  reactor  in a hydrogen ambient, held 
at l l00~ for a specified time, and then cooled in 
hydrogen. The holding t ime at l l00~ was var ied 
from 3 min  to 4 hr  in order  to s tudy the effect of a 
wide  range of times. In all cases the final value of 
Qss/q was found to be in the range of 1.4-1.8 X 1011 
cm -2, indicating that  the hydrogen ambient  reduced 
the effective Qss during the shortest cycle and prob- 
ably even while  the wafers were  being heated and 
cooled. 

Cooling ra te .p in  conventional  MOS structures the 
rate of removal  f rom the furnace in an oxygen am- 
bient can substantial ly influence the final value of 
Qss since a wafer  which is removed from the furnace 
slowly spends an appreciable t ime at in termediate  
temperatures.  Because higher  values of Qss are in-  
duced at lower  tempera tures  in oxygen, the effective 
Qss may be increased by slow removal  from the fur-  
nace. In one exper iment  during the present  study, 
wafers were  cooled f rom 120,0~ in an oxygen ambient  

both slowly and rapidly. The difference in the effec- 
tive value of Qss/q was only 0.2 x 10 .11 cm -2, which 
is wi th in  the exper imenta l  uncer ta in ty  of the measure-  
ments. Other exper iments  that  compared different 
cooling rates indicate that the difference between slow 
and rapid cooling is not marked.  For  both cooling 
rates, the effective value of Qss is lower  for higher  
annealing temperatures.  

Radiation-induced states.--Electron-beam evapora-  
tion, ra ther  than filament evaporation,  was used to 
deposit the a luminum on one set of wafers. Electron-  
beam evaporat ion induces appreciable charge and fast 
states in the s tructure;  the charge and radiat ion-  
induced fast states are general ly  removed from con- 
ventional  MOS structures by a subsequent  l ow- t em-  
perature  anneai  near ~o0~C in ni t rogen with a luminum 
present or in hydrogen. In the present  s t ructure the 
penetrat ion of hydrogen or other  active species through 
the 7 ~m thick silicon film at 450~ is questionable;  
if the presence of an act ive species is necessary, an- 
nealing may occur by la teral  movement  of the act ive 
species from the side of the pattern. The possibility 
of lateral  nonuniformity  in the final s t ruc ture  aris- 
ing f rom lateral  diffusion of the annealing species 
was invest igated by defining the pa t te rn  on the silicon 
film before the low- tempera tu re  (450~ hydrogen 
anneal on some wafers and after annealing on other 
wafers. The silicon films that  were  annealed at 450~ 
before being defined produced C-V curves more  char-  
acteristic of uniform unannealed structures while the 
wafers defined before annealing indicated very  non- 
uniform annealing of the radiat ion- induced states 
by the 450~ cycle. The C-V curve from the nonuni-  
form samples could almost be divided into two re-  
gions, each with  a different flatband voltage. The 
init ial ly uniform wafers also exhibi ted the nonuni-  
form characteristic after a second low- tempera tu re  
hydrogen anneal subsequent to silicon definition and 
the initial C-V measurements .  These results indicate 
that hydrogen or another  active species is necessary 
for adequate annealing of the radia t ion- induced states 
in the present s t ructure and that  this species is not 
able to penetrate  through the 7 ~m thick silicon film 
at 450~ to affect the interface. The anneal ing is effec- 
tive in reducing the radiat ion- induced states only 
near the edges of the pat tern  where  lateral  diffusion 
is possible. A similar masking effect observed in silicon 
nitr ide passivated iVIOS structures also indicates that  
the presence of an active species is necessary for the 
reduction of the radiat ion- induced states (6). 

Fast states.--Figure 5 shows a set of C-V character-  
istics for a control wafer  and several  different oxygen-  
annealed samples, which were  metal l ized with  alu- 
minum evaporated f rom a filament. In addition to 
the shift in the flatband voltage, the distortion of 
the curves increases wi th  increasing Qss or decreasing 
annealing temperature.  If we assume that  the mea-  
surement  f requency is high enough so that  surface 
states do not contr ibute to the capacitance, then the 
dispersion in the curve must  be a t t r ibuted ei ther to 
states which are charged or discharged as the Fermi  
level  is swept through the bandgap at the  surface or 
to lateral  nonuniformit ies  in the sample. In order to 
invest igate the lat ter  effect, measurements  were  taken 
on several  wafers both before and after the low- tem-  
pera ture  (450~ hydrogen anneal. In each case the 
shape of the curve was similar before and after the 
low- tempera tu re  anneal, al though the fiatband voltage 
was somewhat different. In addition, the shape of the 
C-V curve for samples with filament-evaporated alu- 
minum was markedly different from that seen on the 
nonuniform samples with electron-beam aluminum 
discussed above. During the high-temperature anneal, 
the silicon film was not defined into the final dot 
structure so lateral diffusion during this step cannot 
have led to the distortion in the C-V curves. These 
observations indicate that the dispersion seen in sam- 
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Fig. 5. Capacitance-voltage characteristics after hydrogen anneal 

and subsequent l-hr, oxygen heat-treatments at three different 
temperatures. The (111)-oriented, p-type silicon films had a 
dopant concentration of 1.1-1.6 X 1015 cm -3 ,  and the oxide 
thickness was approximately 3000.~. 

ples given n i t rogen or  oxygen hea t - t r ea tmen t s  is not 
re la ted  to macroscopic nonuniformit ies  near  the  edges 
of the samples. The possibi l i ty  of microscopic non-  
uniformit ies  which are  consistent across the  ent i re  
wafer  cannot be el iminated.  However,  the  presence of 
surface states wi th  energies in the  bandgap  is more  
l ikely.  This re la t ionship  be tween  Qss and Nst, wi th  
both increasing and decreasing oxygen anneal ing tem-  
peratures ,  has been noted previous ly  in these l abora -  
tories for convent ional  MOS structures,  as wel l  as 
by  Werne r  (7). 

Summary  
Capaci tance-vol tage  measurements  on thin silicon 

films defined by  electrochemical  etching have indicated 
tha t  f ixed surface charge (Qss) and surface states at  
the  Si-SiO2 interface beneath  the  silicon film can be 
affected by  various h igh - t empera tu re  hea t - t rea tments .  
Both oxygen and ni t rogen hea t - t r ea tmen t s  increase 
the  effective value  of Qss and p robab ly  the surface 

state density. While  the increase is g rea te r  for oxygen 
than for nitrogen,  it  is not as grea t  as in convent ional  
MOS structures  af ter  s imi lar  oxygen annealing.  The 
increase is greates t  at  the  lowest  anneal ing t empera -  
tures for both ambients.  The effective value  of Qss 
is minimized by  a h igh - t empera tu re  hydrogen  hea t -  
t r ea tment  af ter  the ini t ia l  film prepara t ion .  A h igh-  
t empera tu re  hydrogen  anneal  also reduces the effec- 
t ive value  of Qss af ter  it  has been increased by  a 
hea t - t r ea tmen t  in oxygen.  The t ow- t empera tu r e  
(450~ hydrogen  hea t - t r ea tmen t  is insufficient to re -  
duce the fast state densi ty  Nst. Radia t ion- induced  
states are  reduced  at 450~ by  l a te ra l  diffusion of an 
active species beneath  the  Silicon ~ m  al though the  
active species does not pene t ra te  th rough  the  7 ~m- 
th ick silicon films used in this investigation.  

I t  m a y  be concluded that  charges at the  back Si-  
SiO2 interface of s i l i con-on- insu la tor  s t ructures  can 
be control led  and minimized  by  hydrogen  anneal ing 
at e levated tempera tures .  On the other  hand, the  th ick  
silicon film re tards  the action of oxygen  or  n i t rogen 
on Qss at e levated t empera tu res  as wel l  as the  r e -  
duction of Nst by  hydrogen  at  low temperatures .  
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Parameters Controlling the Reactive Sputter 
Deposition of the Hafnium Tantalum Nitride Resistive Sea 
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ABSTRACT 

This paper presents a detailed discussion of the reactive sput ter ing of the 
hafnium tan ta lum ni t r ide resistive sea for the silicon diode-array camera tube 
target. The importance of precise control of the sputter ing parameters  is 
emphasized by analyzing their  effect on performance of the diode-array 
target. The resisitivity o~ the film is shown to be controlled by both the haf-  
n i u m / t a n t a l u m  ratio and the meta l /n i t rogen  ratio. These ratios in t u rn  are 
controlled by the sputter ing parameters.  The properties of the film are shown 
to be sensitive to impurit ies incorporated in  the film. Techniques used to 
keep these below an acceptable levei are discussed. The precautions necessary 
to prevent  degradation of the Si-SiO2 interface during sputter ing are also 
considered. 

A reactively sputtered thin film of hafn ium tan ta lum 
nitr ide has been developed as a resistive sea for coat- 
ing the silicon diode-array camera tube target  (1-3). 
The sea is deposited over the entire target by rf plus 
d-c reactive sput ter ing from a ha fn ium- tan ta lum com- 
posite cathode. During development  work on this sea 
it was observed that the electrical properties of the 
diode-array target depend critically on the conditions 
prior to and dur ing sputtering. The silicon target is 
therefore a sensitive probe for del ineating the param-  
eters of the reactive sput ter ing process that must  be 
controlled for reproducible deposition of the hafnium 
tan ta lum nitr ide film. This paper presents a detailed 
discussion of the reactive sput ter ing of hafnium tanta-  
lum ni t r ide for the resistive sea. The importance of 
precise control of the sput ter ing parameters  is empha-  
sized by analyzing their  effect on the performance of 
the diode-array target. 

Diode-Array Target  
The operation of the silicon diode-array target has 

already been described (1). Briefly, the target consists 
of an array of diodes on a thin silicon membrane.  A 
thin resistive film or resistive sea is deposited over the 
whole target  to provide a controlled discharge path 
which prevents  charge bui ldup on the oxide surface 
from the scanning electron beam. Without this film 
the silicon dioxide potential  would charge below 
cathode potential  and thus prevent  the electron beam 
from landing on the diodes. For targets where the 
electron beam can recharge the diode junct ion capaci- 
tance to the full reverse bias voltage, the max imum 
output  signal (saturat ion current  or /sat) for a given 
beam current  is a function of the resistivity of the sea 
and will general ly increase with decreasing resistivity. 
The dependence of/sat on resistive sea sheet resistance 
is shown in Fig. 1 (4). 

The target exhibits a background current  or dark 
current  which is independent  of i l luminat ion level. 
This dark  current  is due pr imar i ly  to surface-state 
regenerat ion of carriers at the silicon-silicon dioxide 
interface and to bulk  generat ion of carriers in the 
depletion region. The magni tude of the dark current  
depends on the surface-state density at the Si-SiO2 
interface and so variat ions in the dark current  are a 
sensitive indicator of changes in the Si-SiO2 interface. 

Sputtering Equipment 
Sputter ing was carried out in a rapid cycle station 

with provisions for both ion pumping and turbo-  
molecular pumping.  Gas composition in the system 

* Electrochen-~ical Society Act ive  Member .  
Key  words :  silicon d iode-a r ray  target ,  r f  sput ter ,  d-c sputter .  

was analyzed during sputter ing by means of a quadru- 
pole mass analyzer. 

The sputter ing apparatus was of the conventional  
diode type having two planar  electrodes. The sput ter-  
ing source was a hot pressed cathode with a composi- 
tion of 47 atom per cent (a/o) hafn ium and 53 a/o 
tantalum. The per imeter  of the cathode was sur-  
rounded by a ground shield placed wi th in  the dark 
space of the glow discharge at a separation of about 
0.5 cm. Cathode bias was d.c. plus rf after the tech- 
nique of Vra tny  et al. (3). A copper anode plate was 
used to hold the diode-array targets dur ing sputtering. 
The anode plate had raised pedestals which fit into 
the recessed back of the targets to insure good thermal  
contact. The anode plate in  t u r n  rested on the water -  
cooled anode of the sput ter ing system. The anode plate 
and electrodes are shown in Fig. 2. Pr ior  to its use the 
entire copper plate was coated with hafnium tan ta lum 
to reduce the chance of contaminat ing the resistive 
sea with copper. 

To conduct a typical sputter ing run  the anode plate 
was loaded with targets and the system evacuated to 
less than 5 • 10 - s  Torr using the ion pump. Then 
the system was switched to the turbomolecular  pump, 
the presputter  gas introduced, and presput ter ing was 
initiated on the closed shutter.  Typical sput ter ing pres- 
sure was ~60 X 10 -8 Torr at a ni t rogen throughput  
of ~400 cm3/min STP. Presput ter ing is described in 
some detail in the next  section. 
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Fig. 1. Calculated dependence of saturation current on sea 
resistance. Material resistivity is 10 ohm-cm. 

561 



562 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  April  1975 

Fig. 2. Details of the diode sputtering system 

When presput ter ing was completed the shut ter  was 
opened, the targets exposed to the plasma, and the 
hafn ium- tan ta lum nitr ide film deposited. After  depo- 
sition the system was backfilled very  slowly with  
ni trogen and the targets were  removed.  To help insure 
cleanliness the inter ior  of the system was exposed to 
the room ambient  for as short a t ime as possible dur-  
ing loading and unloading. 

C a t h o d e  C o n t a m i n a t i o n  
Ear ly  exper iments  showed that  targets wi th  repro-  

ducible saturat ion currents f rom run to run  were  not 
obtained unti l  a presput ter  (sputtering above the 
closed shutters) of 45 min in argon fol lowed by 30 
min in ni trogen was used. Without  an argon pre -  
sputter  a ni trogen presput ter  t ime of an hour or less 
yielded a sea whose resist ivity was not repeatable  
from run to run. This was reflected in the electrical 
behavior  of the sputter ing system. When presput ter ing 
was init iated the d-c cathode bias voltage showed an 
initial rapid decrease fol lowed by a slow increase to 
a final voltage which did not va ry  significantly during 
the remainder  of the presputter .  The magni tude  of 
the fluctuation and the t ime to achieve system sta- 
bil ization was dependent  on the t ime that  the system 
was under  high vacuum prior  to plasma initiation, as 
shown in Fig. 3. No pressure change was observed 
which accounts for the voltage change so the voltage 
fluctuation is in terpre ted  to be a consequence of con- 
ditions at the ha fn ium- tan ta lum cathode. The be-  
havior  of the system suggests that the cathode is 
contaminated with gases which are adsorbed when 
the system is exposed to the room ambient  and are 
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Fig. 3. Sputtering voltage vs. time from initiation of sputtering 

slowly desorbed when the system is under  vacuum. 
Alternat ively,  the gases are removed by presputtering.  

This var ia t ion of ion current  and d-c  vol tage at 
constant d-c power  agrees wi th  other  work  (5) where  
the stabilization of d-c current  was used as a cri terion 
for terminat ion of presput ter ing and the commence-  
ment  of sputtering. However ,  our results indicate 
that  al though the current  may  stabilize in a short 
time, all contaminants  are not necessari ly removed at 
that time. A shorter  presput ter  cycle (15 min in argon 
fol lowed by 30 rain in ni t rogen) yielded an increasing 
film resist ivity (decreasing target  saturation cur- 
rent)  f rom run to run. In these runs the d-c sput ter-  
ing voltage stabilized within 10 min, but  it is ap- 
parent  that  the entire system did not. 

The nature  of the contaminant  which is adsorbed on 
or absorbed in the hot-pressed cathode has not  been 
determined.  The resist ivi ty of the film has been shown 
to be very  sensitive to the presence of small  amounts  
of impurities,  par t icular ly  oxygen. An increase in re-  
sistivity wi th  increasing oxygen content  for sput tered 
tanta lum thin films is well  known (6). The efficiency 
of an argon presput ter  instead of a ni t rogen presput ter  
of similar durat ion in removing the contaminants is 
re la ted to the more rapid sput ter ing rate in the argon 
ambient.  This is in part  due to the fact that  in an 
argon atmosphere no ni tr ide may build up on the 
cathode whereas in a ni t rogen atmosphere the cathode 
is continuously being bombarded with react ive ni t ro-  
gen. The rate  of mater ia l  removal  f rom the cathode 
in an argon ambient  is about an order  of magni tude  
greater  than the rate in the ni t rogen ambient. 

It has been postulated that  significant amounts of 
gas may be trapped in the pores of hot-pressed cath- 
odes (7). The density of hot-pressed cathodes is gen-  
eral ly 75-85% of the theoret ical  density (8). We have 
observed that  without  an argon presput ter  of at least 
45 rain an insufficient amount  of cathode will  be sput-  
tered and hence trapped gases (i.e., 02) may be re-  
leased during sputter ing and affect the resist ivi ty of 
the deposited sea. Evident ly  ambient  gas penetrat ion 
into the cathode is several  micrometers .  

Elect r ica l  Propert ies of  the  Sea as a Funct ion  of  
Spu t te r ing  V a r i a b l e s  

Presented in this section are data which relate  the 
sputter ing variables to the electrical  characterist ics 
of the resistive sea. The measurement  of /sat  w a s  
made on the silicon target  (not sealed in a camera 
tube) in a mult iple  position demountable  tube system 
in a vacuum of 10 -~ Tor t  or less. The error  in an Isat 
measurement  is typical ly --+20 hA. 

D-C voltage, d-c current, and nitrogen pressure.-- 
Figure 4 shows the relat ionship be tween d-c sputter ing 
vol tage and current  obtained at various ni t rogen pres-  
sures at a constant rf power  level  of 150W. The satura-  
tion current  of the target  as a function of d-c sput ter -  
ing current  is presented in Fig. 5. At lower  pressures 
sea resist ivi ty and consequent ly the saturat ion current  
depends strongly on d-c sputtering current. The con- 
stant power  lines and isobars suggest that  v i r tua l ly  
any value of saturat ion current  (film resist ivity) is 
at tainable by s imply changing ni t rogen pressure and 
d-c sputter ing parameters.  

RF power.--The effect of rf power  was investigated 
at 150, 200, and 250W at a constant d-c power  of 225W. 
No significant difference was found be tween  the mean 
values of saturat ion current  at 150 and 200W rf. A 
small decrease in the mean at 250W rf (647 ___ 58 nA 
compared to 729 _+ 64 nA at 150W rf) was observed. 
Referr ing to Fig. 4 and 5, this decrease may be ex-  
plained by the somewhat  lower  d-c voltage (2100V) 
obtained at 250W rf  power  due to the increased plasma 
density at the higher  power  level. 

The sputter ing rate due to rf  power  alone is ex-  
t r emely  low. Addition of the d-c bias at the levels  used 
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Fig. 5. Target saturation current as a function of d-e sputtering 
current at various nitrogen pressures. 

in this work results in  about an order of magni tude  
increase in  deposition rate. The d-c sput ter ing alone 
cannot be used because a semi- insula t ing nitr ide layer  
builds up on the cathode, eventual ly  reaching a thick- 
ness where the potential  between the cathode and the 
plasma is reduced to the point  where sput ter ing can- 
not take place. A min imum of 150W rf power is neces- 
sary to prevent  the ni t r ide buildup. 

Nitrogen throughput and background contamina- 
tion.--The ni t rogen throughput  of the system was re-  
duced by about one-half  for one run  at 225W d.c. The 
targets produced in this run  exhibited /sat ,"150 nA 
lower than that  usual ly obtained at this power level. 
The decrease in  Isat is par t ia l ly  explainable in terms 
of a slight decrease in sput ter ing voltage 2165V in-  
stead of the normal  value of 2223V. However, this 
only accounts for about 70 nA. The remainder  of the 
decrease is due to an increase in sea resistivity caused 
by oxygen contamination.  The ni t rogen throughput  
was reduced by throt t l ing the turbo pump. This re- 
sulted in an increased background contaminat ion level 
and consequently in contaminat ion of the film. 

Early experiments  indicated that  the resist ivity of 
the films is sensitive to oxygen contamination.  Fi lms 
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produced in a diffusion-pumped system, which was 
not capable of the low background pressure and high 
throughput  of the turbomolecular -pumped system at 
the sputter ing pressure, contained between 7 and 20 
,a/o oxygen as analyzed by the electron microprobe. 
Films with 50 a/o oxygen were produced on one occa- 
sion. Typical background water and oxygen levels for 
that system were at least 10 -6 Torr during sputtering. 
The resistivity of films produced in that system varied 
uncontrol lably and many  were so highly resistive that  
the targets with these films charged during operation. 

Typical background pressures in the tu rbo-pumped  
system were on the order of 10 -9 Torr. The films pro-  
duced in this system reproducibly contained about 7 
a/o oxygen. See Table I for the electron microprobe 
analysis of diode-array targets with different satura-  
tion currents. However, since the electron microprobe 
samples to a depth of about a micrometer  and there-  
fore samples the under ly ing  SiO2 as well as the ni t r ide 
film, it is probable that the bulk  oxygen level in the 
film is much lower than that  shown in the analysis. 

Clearly, reactive sputtering must  be done in a sys- 
tem capable of very low background pressure. This 
can be at tained with good system bakeout  procedures 
and sufficient pumping  capacity to provide adequate 
throughput  during sputtering. 

Composit ion of the Sputtered Resistive Sea 
The composition of the hafnium tan ta lum nitr ide 

resistive sea on three targets with different saturat ion 
currents  (different resistivities) was determined by 
electron microprobe analysis, see Table I. The com- 
position of the film is Hf0.45Ta0.55N1.20 or, to the near -  
est whole numbers,  HfTaN2. Minor amounts  of carbon 
and oxygen were detected in each sample which did 
not correlate with the electrical properties of the 
targets and are considered to be surface contaminants  
of the sea for the most part. The meta l - to -n i t rogen  
ratio increased from 0.798 for a target  that  charged 
(high resistivity film) to 0.834 for a target with a 
saturat ion current  of 820 nA (low resistivity).  The 
resistivity of the HfTaN2 film should decrease at 
higher meta l - to-n i t rogen  ratios since the higher ratio 
favors formation of TaN which is known to have a 
low resistivity. A lower resist ivity sea means that  
the saturat ion current  of the target will be higher. 

The Ta- to-Hf  ratio increased from 1.16 for the target  
that charged to 1.21 for the target  with the high satu-  
rat ion current.  These results follow previous work 
(3) where resistivity of the film decreased as the Ta-  
to-Hf ratio increased; however, the observed shift in 
saturat ion current  is much larger than would have 
been expected for the small  change in Ta- to-Hf  ratio. 
For our results the meta l - to -n i t rogen  ratio is the con- 
troll ing factor. 

In terpretat ion of the Sputter ing Results 
The sput ter ing variables, namely,  d-c current,  d-c 

voltage, and ni t rogen pressure, are in terdependent  for 
the diode sputter ing system and at a constant rf power 
level cannot be varied independently.  Figure 4 shows 
the relationship among d-c voltage, current,  and ni t ro-  
gen pressure for the sputter ing module used in this 
work. 

Table I. Electron microprobe analysis of HfTaN2 resistive sea 

E l e m e n t  T a r g e t  A T a r g e t  B T a r g e t  C 
A t o m i c  pe r  cent  compos i t i on  

Ta 20.85 21.83 21.78 
Hf  18.02 18.66 18.07 
Z r  0.84 0.91 0.88 
N" 48.71 49.20 47.82 
0 7.22 7.08 7.38 
C 4.37 2.32 4.06 

C h a r g e d - L o w  230 825 
Isat Isat  N a n o a m p e r e s  N a n o a m p e r e s  
T a / H f  1.158 1.170 1,205 
H f T a / N  0.798 0.824 0.834 
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Figures 6 and 7 i l lustrate the effect of d-c sput ter ing 
parameters  on deposition rate. Varying the d-c voltage 
and current  affects the deposition rate of the film by 
al ter ing the conditions at the sput ter ing cathode. The 
d-c sputter ing current  reflects the rate at which ions 
strike the cathode and hence the rate at which mate-  
rial is sputtered. This is clearly shown in Fig. 6 which 
is a plot of deposition rate vs. d-c sputter ing current  
at various d-c powers and ni t rogen pressures. At con- 
stant pressure a higher d-c current  yields a greater 
deposition rate of HfTaN2. 

The d-c voltage affects the sputter ing yield and 
hence, at a constant  ion current,  an increase in voltage 
results in an increase in deposition rate. At lower 
ni trogen pressures (therefore higher d-c voltages; re-  
call Fig. 4) and constant  d-c power, the film deposi- 
t ion rate increased very l inear ly  from about 2000A/hr 
at 82 X 10 -3 Torr to 2400A/hr at 52 X 10 -8 Torr. 

With a fixed hafnium to t an ta lum ratio the film 
resistivity is controlled by the meta l - to -n i t rogen  ratio 
and the meta l - to -n i t rogen  ratio is controlled by the 
deposition rate of the film. Increasing the deposition 
rate at constant pressure increases the meta l - to -n i t ro -  
gen ratio in the film and therefore reduces the resist iv- 
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ity. This explains the results shown in  Fig. 5, and 
accounts for most of the previously described effects 
of sputtering parameters.  The effect is most pro-  
nounced at 52 X 10 -~ Torr  where a 10% increase in 
d-c sputter ing current  yielded a 250 nA increase in 
saturat ion current.  At 82 X 10 -3 Torr the effect is 
nonexistent.  Evident ly  at sufficiently high ni trogen 
pressures, the increase in deposition rate is matched 
by the ni t rogen available for incorporation into the 
film. Therefore the saturat ion current  does not change 
as drastically. This is in agreement with previous work 
in which the resistivity of the film was varied by vary-  
ing substrate tempera ture  (3). The effect of substrate 
temperature  is to vary the sticking coefficients of the 
various components of the sea. In particular,  decreas- 
ing resistivity with increasing substrate temperature  
can be explained by a relative decrease in  the sticking 
coefficient for nitrogen. 

Dark Current 
The diode-array target dark current-vol tage  char- 

acteristics are sens i t ive  to interface state densities in 
the high 10 i0 cm -~ range and oxide charge in the 1 X 
10 ii cm -2 range. 

Sputter  deposition of the films described above had 
no effect on the dark current  or flatband voltage ex-  
hibited by the targets .  This was confirmed by mea-  
sur ing the "dark" I -V characteristics of targets with 
an t imony trisulfide resistive seas (Sb2Ss is evaporated 
onto the target  surface), then str ipping the seas and 
depositing the hafnium tan ta lum nitr ide resistive sea 
on the same targets. The I -V characteristics with the 
hafn ium tan ta lum ni t r ide sea were identical to those 
with the ant imony trisulfide sea. 

During early experiments in  which films heavily 
contaminated with oxygen were produced a second- 
order effect was found. In  one r un  films were so highly 
resistive that their  surface charged during testing and 
they could not be characterized. Subsequently,  several 
runs were made to produce films of normal  composi- 
tion. The targets produced in these runs  were found 
to have ext remely  high dark currents.  The cause of 
the high dark current  was found to be the insulat ing 
film which had been deposited over the surface of 
the copper anode plate as well as the targets. Evident ly  
the presence of the insulat ing film on the anode re-  
sulted in  an  abnormal ly  high concentrat ion of electron 
current  through the targets and a consequent deterio- 
rat ion of the oxide interface. Etching the anode plate 
to remove the insulat ing film resulted in  normal  dark 
currents  for subsequent  runs. 

These experiments show that  rf plus d-c sput ter ing 
can be utilized to deposit the ha fn ium- t an t a lum nitr ide 
resistive sea without affecting high qual i ty Si-SiO~ 
interfaces provided a high ratio of conducting anode 
to substrate area is maintained.  

Conclusions 
The influence of sea resistivity on the performance 

of the silicon diode-array target  has been utilized to 
s tudy the effect of sput ter ing parameters  on the prop- 
erties of the ha fn ium tan ta lum ni t r ide resistive sea. 
The principal  effect of vary ing  the sput ter ing param-  
eters is to vary  the metal  arr ival  rate at the substrate 
and perhaps the substrate processes and thus the 
meta l -n i t rogen ratio in the film. 

The sensit ivity of the film resistivity to impurities,  
par t icular ly oxygen, demands that  the vacuum sys- 
tem used have a low background contaminat ion level. 
For reproducible results when  reactively sputter ing 
th in  resistive films from a ha fn ium- t an t a lum cathode 
a system capable of a t ta ining background pressures 
of 10 - s  Torr or lower is necessary. This requi rement  
together with high pumping speed to main ta in  an 
adequate throughput  necessitates a pump with high 
speed and a low background pressure capabili ty at 
the sput ter ing pressure such as a turbomolecular  
pump. 
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Even wi th  good bakeout  procedures  and adequate  
pumping  the p respu t t e r  condit ions are  cr i t ical  for  r e -  
producible  res is t ive films. A p respu t t e r  in argon was 
found necessary to p repa re  the  cathode;  n i t rogen alone 
was not sufficient. Severa l  micrometers  of cathode 
must  be sput te red  away  in o rder  to be cer ta in  that  
gases adsorbed in the  porous ho t -pressed  cathode are  
removed dur ing presput ter .  

With  the aforement ioned precaut ions  t aken  into 
account then the react ive  sput te r ing  gas pressure  and 
d -c  cur ren t  must  be control led precisely.  Evident ly  
sput te r  ra te  and sput te r  y ie ld  are  impor tan t  wi th  
sput te r  deposit ion ra te  being more impor tan t  at low 
ni t rogen pressures  where  the  d-c  vol tage is h igher  
and sput te r  y ie ld  is greatest .  A t  h igher  n i t rogen p res -  
sures  most  large  res is t iv i ty  changes in the  film wi th  
smal l  changes in d-c  cur ren t  and d-c  vol tage dis-  
appear .  

For  easi ly  achieved reproducib le  resul ts  when re -  
ac t ively  sput te r ing  hafn ium tan ta lum nitr ide,  the  
n i t rogen pressure  should be as high as possible. The 
me ta l - t o -n i t rogen  ra t io  in the film is then less re -  
sponsive to s l ight  var ia t ions  in d-c  cur ren t  and vol t -  
age. 
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Interface Effects in the Dissolution 
of Silicon into Thin Gold Films 

H. Sankur* and J. O. McCaldin** 
Cali]ornia Institute o~ Technology, Pasadena, California 91109 

ABSTRACT 

The dissolut ion of crys ta l l ine  Si and amorphous  Si substrates '  into th in  films 
of evapora ted  Au  was s tudied wi th  an e lect ron microprobe  and scanning elec-  
t ron  microscopy. The dissolution pa t t e rn  was found to be nonuni form along 
the p lane  of the surface and dependent  on the  crys ta l l ine  or ien ta t ion  of the  
Si substrate .  The dissolution is g rea t ly  faci l i ta ted when a very  thin l aye r  of 
Pd  is evapora ted  be tween  the Si subs t ra te  and  the Au  film. 

Gold is ex tens ive ly  used in microwave  power  de-  
vice metal l izat ions  and in beam lead  technology (1), 
because of its h igh conductivi ty,  resis tance to corro-  
sion, and low fa i lure  ra te  due to e lectromigrat ion.  In  
these systems the current  ca r ry ing  Au meta l l iza t ion  
is separa ted  from Si by  various meta l l ic  layers.  These 
in te rmedia te  layers  per form the  function of providing 
low-res i s t iv i ty  ohmic contact  to the device, good ad-  
hesion to the  sub s t ra te  SiO~, and also serve as diffu- 
sion bar r ie rs  be tween  var ious  layers.  The  occurrence 
of mechanical  damage dur ing handl ing  or  the rmal  ex-  
cursions in device manufac tu re  o r -chemica l  in te rac-  
tions (2) in in te rmedia te  layers  can cause direct  con- 
tact ing of Au  and Si; this l a t t e r  s i tuat ion is a possible 
source of catas t rophic  fa i lure  of the device due to 
l iquid  phase alloying, g iven the r e m a r k a b l y  low eutec-  
tic t empera tu re  of the S i -Au  system (3), or  due to 
excessive dissolution of Si into Au. In fact Si has been 
found to dissolve and diffuse r ap id ly  into thin Au  
films at t empera tu res  considerably  below the eutec-  
tic t empera tu re  of the S i -Au  b i n a r y  system (4). 

Hi rak i  e t a l .  had shown tha t  considerable t ranspor t  
of Si th rough  thin  (~1000A) Au  films vacuum depos-  
i ted  on Si subst ra tes  and g rowth  of a SiO~ l aye r  on 
the Au surface occurred when  the specimens were  

* Electrochemical  Society S tudent  Member .  
* *  Electrochemical  Society Act ive  Member .  
Key words: Au thin films, interface effects, Si-Au, dissolution. 

annealed  in an oxidizing ambien t  at t empera tu res  as 
low as 150~ Al though nonuni formi ty  of the  SiO2 
layer  was infer red  from the backsca t te r ing  analysis  
and the impor tance  of the  in terface  was pointed out  
(5, 6) by  the  same investigators,  no deta i led  work  
to unders tand  the effect of the in terface  was done. 
In  the present  investigation,  the dissolution react ion 
of Si in Au  has been s tudied by  means  of the e lec t ron 
microprobe  and SEM. The impor tance  of the  S i -Au  
interface in causing var ied  dissolution pa t te rns  is 
c lear ly  demonstra ted .  

A n  impor tan t  aspect  of the present  work  is the ob-  
servat ion and analysis  of the nonuniform na ture  of 
the in teract ion of the  S i -Au  system. The impor tance  
stems from the fact  that  other  th in  film systems m a y  
exhibi t  such nonuniform behavior  and that  invest iga-  
tions of these wi th  methods  l ike  x - r a y  diffraction, 
He + backscat ter ing,  Auger  or mass spect rographic  an-  
alysis coupled wi th  sput ter  e tching tha t  average sig- 
nal  from a re la t ive ly  large  area  wi l l  lead  to inval id  
conclusions. Therefore,  it  is impera t ive  to obta in  in-  
format ion  about un i formi ty  of the  in teract ion on a 
micron scale. Recent  developments  in the a b o v e - m e n -  
t ioned methods  can make  such an analysis  possible. 

Experimental 
The elect ron microprobe  has been used to detec~ 

the amount  and the locat ion of Si in thin films (7). 
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In  this analysis a 10 keY, 0.1 ~A electron beam, fo- 
cused to less than  1~ diameter is directed perpendicular  
to the surface, to induce x - r ay  emission. At these 
energies, the penetra t ion of the beam is only a frac- 
t ion of the Au film thickness, and hence does not 
excite the Si substrate (Fig. 1). With the detector sys- 
tem tuned for SiKa line radiation, either quali tative 
or quant i ta t ive analysis of Si can be performed. 

In  this investigation, the microprobe was used in 
scanning mode, where the electron beam scanned the 
surface like a raster sampling an area, dimensions of 
which can be controlled. The information was dis- 
played on a screen, by intensi ty modulat ion of the 
CRT with signal coming from the microprobe detec- 
tion system. In  this mode of operation, information 
about the local distr ibution of various elements can 
be quickly obtained (8). 

Quanti tat ive microprobe analysis showed that levels 
of SiK~ radiation of Si dissolved into Au was very 
small due to low solubili ty of Si in Au and relat ively 
high noise level of the Au matrix.  In  this case I# 
thick Au was evaporated onto polished Si substrates. 
These specimens vcere heat- t reated for various lengths 
of time at various temperatures between 200~176 
and then subjected to a brief dip in dilute HF solu- 
tion just  prior to microprobe analysis. This lat ter  pre-  
caution was taken in order to e l iminate  any SiO2 film 
that could have formed on the Au surface during heat-  
t reatment  or while the specimens were kept at room 
temperature  after hea t - t rea tment  (9). The microprobe 
anaIysis that was performed with a broad defoeused 
electron beam, showed that solubili ty of Si in Au was 
below the detection limit of the microprobe (2.00 ppm).  
Hence it was concluded that an accurate investigation 
eould not be done by probing Si dissolved into Au. 
Therefore for purposes of this investigation, a thin 
Pd layer was deposited on the Au film as a s ink ma-  
terial for Si. Si atoms that  migrated through the Au 
film, reacted with Pd to form stable Pd2Si (10). Thus 
compound clusters formed at the Au-Pd  interface, 
the amount  of which was proportional to the amount  
of Si t ransported through Au, since no detectable Si 
was retained in the Au film; the location of these 
clusters corresponded to locations where Si dissolved 
into and migrated through the Au film to reach Pd or 
Pd2Si (Fig. 1), as is explained later in detail. 

The preparat ion of typical specimens was as follows: 
Chemically polished Si wafers (p-type, 1-10 ohm-era) 1 
with K100~, Kl10~,  K l11~  orientations were used 
as substrates. Amorphous Si was obtained by evapora- 

1 The Si subs t r a t e s  we re  b lock  po l i shed  w i t h  Monsan to  p a t e n t e d  
Syton.  The r e p o r t e d  e tch  p i t  d e n s i t y  was  400/cm-". No sur face  
f ea tu r e s  cou ld  be  de t ec t ed  w i t h  op t i ca l  mic roscope  or  SEM on  these  
subs t ra tes .  

Pd2Si 

IOkeV 
e l e c t r o n s  

t 
S i K a  

Si t �9 Au 

kJ  k_/ 

Si 

Fig. 1. Cross section of a specimen schematized to illustrate the 
experiment. Note that the vertical dimensions are not to scale. 

tion of Si on thermal ly  oxidized Si wafer substrates. 
The crystalline substrates were cleaned with organic 
solver~ts, rinsed with deionized water, dipped in dilute 
HF solution, rinsed thoroughly for 4-5 rain, dried, 
and placed in  the vacuum evaporation system. The 
depositions were done sequential ly in a 3 crucible 
e -gun  system, at pressures --, 5 X 10 -7 Torr. Au was 
evaporated from a 99.999% puri ty  source to a thick- 
ness of 1~. The Pd film thickness was 600A and was 
deposited from 99.9% pur i ty  source. 

In  a l imited n u m b e r  of experiments  a 20OA thick 
Pd under lay  was evaporated before the Au and sink 
Pd layer at the top, with the intent ion of altering the 
Si-Au interface conditions. 

The specimens were thereafter either immediately 
heat- t reated in a tube furnace under  a pressure of 
less than 10 -5 Torr  at 220~ or briefly stored in a 
dessicator under  vacuum. 

A limited number  of specimens that consisted solely 
of evaporated Au on Si substrates were annealed in 
a tube furnace through which water  vapor laden ni t ro-  
gen flowed gently. The purpose of these lat ter  ex- 
periments was to use a different sink material  for Si, 
than  Pd overlay (5). 

The anneal ing times were ordinari ly  close to 1 hr, 
although longer anneal ing times were also tried. 

Another  parameter  that was varied in some experi-  
ments, was the thickness of the Au film. Au films 3 
and 10~ thick were .evaporated in addition to the 
major i ty  of the specimens which had 1~ thick Au film. 

In  one case Au films evaporated on Si were annealed 
in vacuo before the Pd evaporation, with the in ten-  
t ion of causing change in the microstructure of the 
Au films. 

After the microprobe analysis the Pd and Pd2Si 
layers were removed in  boiling (HNO3 + H2SO4) 
solution in order to study the Au surface under  SEM. 
Subsequently Au was removed in (KI + I~) solution 
for the SEM study of the Si surface. 

Results 
He + backscattering studies 2 showed that at ~he tem- 

perature  the specimens were heat-treated, the Au-Pd  
interdiffusion was negligible (11) and that  all Si re-  
sided at the Au-Pd  interface in the form of compound. 

In the present investigation it was in general found 
tha.t Si migrated through the Au film and reacted with 
Pd, only in random spots ,and along lines, 1-5~ wide. 
that form closed curves from the top view. The re- 
gions between these were found to contain no silicide 
by quant i ta t ive microprobe measurements.  However 
the degree of nonuni formi ty  or the density of loca- 
tions where Si dissolution took place depends on the 
orientat ion of the Si substrate as well as Si-Au infer-  
face conditions and surface preparation. Microprobe 
studies (Fig. 2a, 3-5) clearly show that Pd2Si is de- 
tected only in  some line or band  shaped boundaries 
and that regions between these do not contain any Si. 
However the distance between these boundaries mea-  
sure 30-100~ in the case of < l l l > - S i ,  whereas the 
areas formed by these lines have diameters 5-10~ on 
<100>-Si  (Fig. 4). The average diameter is slightly 
larger on < l l 0 > - S i  (Fig. 5). In the case .of amorphous 
Si, Si dissolution is also localized and the pa t te rn  of 
silicide growth bears a resemblance to the case of 
<100>-Si .  

The < l l l > - S i  substrate showed a host of features. 
Figure 3 shows part  of a jagged boundary,  while 
others run  smooth. Occasionally short broken lines 
wi thin  an area enclosed by long lines were seen. 
A rare feature was formation of very dense pointl ike 
growth of silicide in a certain area, whereas neigh- 
boring regions separated by lines showed no silicide 
in them. 

The dissolution behavior of <111> substrate changed 
drastically upon introduction of a Pd under lay  be-  
tween Si and Au. A Pd film of 100-2,00A thickness 

2 This  pa r t  of the  s tudy  was  done  by D. S i g u r d  and  I-I. S a n k u r .  
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Fig. 3. Microprobe photograph of another location of specimen 
in Fig. 2 where again white areas represent silicida within the 
metallization. 

Fig. 2. A section of the complete specimen (o) as exhibited by 
the electron microprobe tuned to SiK fluorescence. Si in the Pd2Si 
layer appears as white in this photograph. (b) SEM photo of the 
same section of the specimen after the microprobe analysis. (c) 
SEM photograph of the Si surface of the same area after removal 
of all metal and silicide. The substrate was <111>-S i .  

Fig. 4. Microprobe photograph of a specimen with < l O 0 > - S i  
substrate. Heat-treatment time, 1 hr. 

evaporated on Si, before the Au and s ink -Pd  depo- 
sition caused upon anneal ing an increase in  the den-  
sity of si l icide-rich boundaries at the A u - P d  interface 
or equivalent ly  the density of dissolution locations at 
the Si surface, as is clarified later  in  this part. Figure 
6 shows an electron microprobe micrograph of such 
a specimen. The silicide growth pa t te rn  al though bear-  
ing some resemblance to the case of <100>,  has a 
higher density of compound clusters. 

The above-ment ioned point  or l inel ike regions of 
Pd-Si  reaction become evident under  optical micro-  
scopic investigation or SEM analysis (Fig. 2b), after 
about the first hour of hea t - t rea tment  for reasons that 
are explained in  the Discussion section. After  pro- 
longed heat - t rea tment ,  the lines could be identified 
as brown-colored Pd~Si, with respect to the white 
Pd overlay, implying that  almost all Pd along these 
regions was consumed in the compound layer. In  gen-  
eral a one to one correspondence was found between Fig. 5. Same as in Fig. 4, except the substrate is <110>-S i  
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Fig. 6. Microprobe. photograph of a specimen with ~111~-S i  
substrate and a very thin layer of Pd between Au and Si. Note the 
increased density of silicide clusters compared to Fig. 2. 

visible surface features and compound regions as re-  
vealed with the microprobe analysis. 

The amount  of Si in or the thickness of the silicide 
in the prement ioned regions of PdaSi formation, as 
well as the ~ width of the latter, increased with anneal -  
ing time. This caused coalescence of boundaries to 
form continuous areas or bands of silicide growth when 
hea t - t rea tment  times were as long as 9 hr. 

A replica of the above-ment ioned geometrical fea- 
tures is seen in Au, after removal  of the overlying 
Pd and Pd2Si layers. However, a closer look with 
SEM reveals depressions in  Au film, where Pd2Si pre-  
viously existed, attesting to ,the displacement of Au 
during Pd~Si formation. 

Figures 2c and 7 show ,the Si surface after removal  
of the Au layer. The previously described pa t te rn  is 
replicated in the form of canyonlike trenches or a 
series of elongated depressions in Si. These are re-  
gions where  Si dissolved into Au and migrated 

through, to react with the Pd overlay. The trenches 
are 0.1-0.3~ deep and 1-5~ wide. The flat regions be-  
tween these correspond to areas where no silicide was 
detected in microprobe analysis and hence contain no 
dissolution features. SEM analysis showed that  a 1-5~ 
wide depression formed in  the middle of the 10-20~ 
wide silicide-rich band, in  specimens annealed at tem- 
peratures as high as 360~ This and the fact that  
raised features were seen on the back side of Au-Pd  
metallic film, after e tch-removing Si substrate (Fig. 8) 
led to the conclusion that Au moved in  and possibly 
filled the trenches as Si dissolved and  diffused out 
into Au. 

The dissolution cavities on <100~  (Fig. 7) and 
~110> surfaces do not form a continuous t rench but  
are rather  in the form of separated square or elon- 
gated rectangular  cavities. These often show an al ign- 
ment  that reflects the crystal l ine orientat ion of the 
substrate. 

The specimens that consisted solely of Au films on 
Si, and that  were annealed in  an oxidizing ambient,  
showed formation of a SiO~ layer  on Au which was 
lateral ly nonuniform. In fact the geometrical pat tern  
of SiO~ formation and its dependence on crystall ine 
orientat ion resembled the silicide growth patterr~ men-  
tioned in  the first part  of this section. 

These results were also general ly reproduced when 
the Au film thickness and anneal ing temperatures  
were varied. Specimens with 3 and 10w thick Au films 
showed identical behavior  at 220~ and anneal ing 
time of 1 hr  as specimens with 1~ thick Au film. Higher 
temperature  anneals at temperatures  between 220 ~ and 
360~ of specimens with 1~ thick Au film and Pd over-  
lays exhibited a more rapid growth of the compound 
structure. The effect of the lat ter  was to cause blend-  
ing of silicide lines or points into an almost cont inu-  
ous compound layer  in the case of ~100~  and ~ l l 0 ~ -  
Si substrate, after brief anneal ing  times. However, 
the specimens with ~ l l l ~ - S i  substrate  showed only 
widening of compound boundaries  and no blending 
due to much larger separation of the boundaries.  

Discussion 
The results show that  migrat ion of Si through th in  

evaporated Au films occurs along lines or occasionally 
in  some spots, the density of which depends on the 
substrate Si surface condition or crystall ine or ienta-  
tion. The relationship be tween these t ranspor t  routes 
of Si and grain boundaries of the Au film are at pres-  
ent unknown.  Microscopic analysis showed that  Au 
grains were on the average 1-2u in diameter. Similar ly 
the effect of thermal  stresses is not yet  known. How- 
ever, anneal ing of Au at 250~ for 3 hr  dur ing which 

Fig. 7. SEM photograph of the Si surface after removal of Au, 
Pd, and compound layers. The substrata was ~100~-Si .  The areas 
enclosed by trenches are somewhat larger than average size, in this 
particular section. 

Fig. 8. The back side of the metallization after removal of the 
Si substrate. The raised features correspond to trenches in the 
substrate ~111~-S i ,  and reflect the crystalline nature of the 
substrate. 
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substant ia l  gra in  g rowth  and recrys ta l l iza t ion  might  
be  expec ted  (12) before  Pd over lay  deposi t ion did 
not  make  any not iceable  change in Si dissolution pa t -  
tern.  

The fact  that  silicide boundar ies  can be seen opt i -  
cally, before  all  the Pd l aye r  is consumed in the  com- 
pound and the boundar ies  assume a brownish  color, 
can be a t t r ibu ted  to the  deformat ion  of A u - P d  metal  
l aye r  due to volumetr ic  changes accompanying the 
compound format ion  and due to "sinking" of meta l  
layers  in the  dissolution t renches on the Si substrate.  

The increase in thickness and wid th  of Pd2Si-r ich 
l ines wi th  t ime is p robab ly  due to Si diffusion in 
the Pd~Si cluster  a f te r  Si atoms reach the Au-Pd2Si  
interface.  This is also borne  out by  the  fact that  Si 
can diffuse th rough  the Pd2Si l aye r  that  forms at  S i -Au  
in ter face  when  a th in  Pd  unde r l ay  is evapora ted  on 
Si before  Au  deposition. However  some "fanning" or 
diffusion of Si away  from the p lane  of assumed Si 
migra t ion  also occurs, as evidenced by  the l a rge r  size 
of si l icide bounda ry  width  compared  to that  of t renches 
on the Si surface even for small  anneal ing times. In 
fact given the  ver t ica l  dimension of Pd  over lay  (600A), 
the  fact  that  g rowth  of 1-5~ wide  silicide region occurs 
before  compound f ront  ar r ives  at  the top surface, 
s t rongly  suggests Si fanning out  as wel l  as migra t ing  
d i rec t ly  perpendicu la r  to the surface. 

Al though the cause of localized dissolution react ion 
is at p resen t  unknown,  i t  can be s ta ted  tha t  difference 
of dissolution behavior  for  subs t ra tes  of different 
or ienta t ions  is ne i the r  due to Pd - s ink  l a y e r  nor  to 
Au  film. In  fact  cleaning, meta l  film depositions,  an-  
neal ing of specimens wi th  ~111~,  ~ l l O ~ ,  ~100~  Si 
subs t ra tes  were  done s imul taneous ly  in a batch. 

The localized dissolution behavior  is p redominan t ly  
an interface  effect. L ike ly  causes of this  nonuni form 
behavior  are  discussed below. Chemical  residues f rom 
polishing or  cleaning of Si substrates,  f rom absorbed 
species, or from nat ive  oxide  can prevent  Au from 
coming in in t imate  contact  wi th  Si, and hence al low 
Si to migra te  in th rough  few locations where  coher-  
ency of the  oxide  o r  absorbed l aye r  is disrupted.  A 
s imi lar  behavior  was observed in the  case of the  r e -  
act ion of th in  W-fi lms evapora ted  onto Si surfaces 
(13). The difference be tween  ~ l l l ~ - S i  and sub-  
s t ra tes  wi th  o ther  or ientat ions  can be expla ined  on 
this basis also. The h igher  densi ty  of atoms on the 
<111>  surface  m a y  br ing  about  a more  impervious  
oxide (14) or a l aye r  of adsorbed chemicals  that  has 
sparser  faults.  

The th in  oxide  l aye r  that  forms on the Si surface 
by  boil ing the  wafer  in I.INO3 or H202 or exposing 
to a i r  for a few days suppressed  the react ion total ly.  
I t  was also observed that  a l lowing methanol ,  which 
is one of the organic cleaning agents used, to d ry  on 
Si wafe r  before  deposi t ion had  a s imilar  effect as 
na t ive  oxide  in suppress ing the  reaction. 

The effect of the  in te rmedia te  Pd  l aye r  m a y  be to 
d is rupt  this surface "dir t"  layer ,  thanks  to its h igher  
reac t iv i ty  wi th  Si, thus paving w a y  for  Si to come in 
contact  w i th  Au  at  a l a rge r  number  of  locations. This 
resul t  bears  ana logy to facts observed by  Hi rak i  et al. 

(6), where  migra t ion  of Si in A u / A g  sandwiches was 
seen at low tempera tu res  only when  A u  was in  con- 
tact  wi th  Si, and not  when  Ag waa  in contact  wi th  Si. 

Conclusion 
In terac t ion  of crys ta l l ine  and amorphous  Si wi th  

thin Au films was s tudied wi th  SEM and electron mi -  
croprobe. Si was found to migra te  th rough  the Au film 
at  t empera tu res  190~176 in isolated l ines or points. 
Var ia t ion  of the separa t ion  of these lines was seen 
to depend on the subs t ra te  crys ta l l ine  or ienta t ion and 
was a t t r ibu ted  to surface adsorbed impur i ty  or oxide 
layer.  A drast ic  change in the dissolution behavior  
of ~ l l l ~ - S i  sub s trates  especially,  was brought  about  
by  evapora t ion  of a very  thin  l aye r  of Pd  before  the  
Au deposition. L ike ly  causes of these resul ts  wflI be 
the  subject  of fu r the r  deta i led  invest igat ions.  
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Crystalline Nickel Oxide Between 1061 ~ and 1241~ 
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ABSTRACT 

The capabili ty of an x - ray  dispersive microanalyzer a t tachment  on a 
scanning electron microscope to determine concentrat ion profiles of i ron in  
single crystal l ine NiO was studied. The technique is less precise but  much less 
time consuming than radiotracer methods. The data support  a model involving 
diffusion of i ron via vacant  nickel sites. The activation energies varied be-  
tween 18 and 26 kcal /mole  for diffusion under  constant oxygen pressures be-  
tween {kOl i and 1 atm. The diffusion was impur i ty  controlled. 

The purpose of this research was to s tudy the rate 
and mechanism of diffusion of i ron in nickel oxide. The 
x - ray  wavelength dispersive analyzer of the JEOL- 
SMU-3 scanning electron microscope was used to de- 
tect the concentrat ion of i ron and thus provide a test 
for the capability of this ins t rument  for studies of im-  
pur i ty  diffusion in oxides. This study is par t  of a 
program to study impur i ty  diffusion in oxides with 
special reference to high temperature  corrosion prob-  
lems. 

Exper imental  
Single crystals of NiO were obtained from Dr. 

W. Clark of the Oak Ridge National  Laboratory, Oak 
Ridge, Tennessee. The chemical analysis of an as- 
received crystal is shown in Table I. The boule was 
cleaved into rectangular  parallelopipeds bounded by 
(1O0) crystal planes. Most crystals were first given 
a prediffusion anneal  at the specified temperature  
( _  2~ under  an oxygen, air, or a rgon-oxygen gas 
mixture  flowing past the sample at a l inear  flow veloc- 
i ty of about 0.9 cm/sec. The chemical diffusivity data 
of Price and Wagner  (1) were used to determine the 
t ime for equilibration. Several crystals were heated 
in preevacuated, closed tubes containing excess nickel 
so the part ial  pressure of oxygen corresponded to the 
Ni-NiO phase boundary  (2, 3). The samples were 
quenched by wi thdrawing from the hot zone to room 
temperature  in approximately 10 sec for crystals under  
a flowing gas atmosphere and 30 sec for the crystal 
in closed, quartz ampuls. The crystals were mounted  
in a JEOL evaporator and approximately 300A of iron 
was deposited onto one face of the crystal so as to 
act as a thin source of i ron into a semi-infinite NiO 
crystal. T-he crystals were then given a diffusion an-  
neal for times from 5 to 9 days under  the same con- 
ditions ( temperature and oxygen pressure) as the pre-  
diffusion anneal. The crystals were then quenched as 
described previously and cleaved parallel  to a (100) 
plane along the diffusion axes. The crystals were 
mounted  on a stub, coated with carbon (about 100A 
thick),  and placed in a specimen stage. This assembly 
was introduced into the JEOL-SMU-3 SEM. A LiF 
crystal was used for the detection of iron. A typical 
concentrat ion gradient  is shown in Fig. 1 and the log 
of the concentrat ion vs. distance squared is shown in 
Fig. 2. The error bars denote the errors due to the 
instrument ,  counting statistics, geometry, and sample 
preparation. The results were calculated using the thin 
source solution to Fick's second law 

0 log C 1 
- -  - -  [1] 

8x 2 9.21 Dt 
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Key words ' ,  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  

where C is the activity in counts per  minute  observed 
at a penetra t ion distance x (cm), t is the diffusion 
anneal  time (sec), and D is the impur i ty  diffusion 
coefficient of iron in NiO (cm2/sec). A large number  
of determinat ions (a m i n i mum of five) of penetrat ion 
vs. distance were made on a single cleaved surface. 
The diffusion coefficients determined from repeated 
sets of measurements  on the same cleaved crystal were 
general ly wi thin  5% of each other using the l ine of 
best fit to the data for each exper imental  de te rmina-  
tion. Figure 3 shows Arrhenius  plots for constant  oxy- 
gen pressures. The higher the oxygen pressure, the 
more rapid the diffusivity of iron. This suggests that  
i ron migrates via a vacancy mechanism inasmuch as 
the deviations from stoichiometry in NiO are due to 
cation vacancies according to 

l~O~(g~ = Oo + Vm'Ni + m | [2] 

where the notat ion of KrSger and Vink (4) is used 
and the m denotes the degree of ionization of the 
vacancies. In very pure NiO, m _--= 2. The crystals used 
in the present studies were previously shown (5) to 
contain predominant ly  singly ionized vacancies, m = 
1. This may be understood in view of the large con- 
centrat ion of aliovalent impurit ies as has been shown, 

Table I. Impurity concentrations in nickel oxide 
(in parts per million atomic) 

D e t e c t i o n  
Element (a) l i m i t  (NiO)  NiO(b) 

L i  0.01 0.03 
B 
C 1 4 2 0  
N 0.1 7.2 
F 0.1 42 
N a  0.01 26 
M g  0.2 13 
A1 0.3 42 
Si  3 140 
S I0 820 
CI 0.07 L7 
K 0.01 3.1 
Ca 7 19 
V 0.3 N.D.  
Cr  0.3 11 
Mn 0.3 N.D.  
F e  0.3 42{) 
N i  
cu ~- ? 
Z n  2 N.D.  
G a  0.7 36 
Ge 3 N.D. 
Se 3 N.D.  
Y 
A r  ~ ' -  54 
A g  1 26 

(=) No analysis was made for hydrogen. Analyses for tantalum and 
gold are not given since tantalum slits are used in the mass spec- 
trometer a n d  t h e  s a m p l e s  w e r e  s p a r k e d  a g a i n s t  h i g h  p u r i t y  gold.  
A n a l y s e s  w e r e  b y  the  Bel l  a n d  H o w e l l  R e s e a r c h  L a b o r a t o r i e s ,  P a s a -  
d e n a ,  Ca l i fo rn i a .  

<b) T h e  n i c k e l o u s  o x i d e  c r y s t a l  w a s  o b t a i n e d  c o u r t e s y  of  Dr .  W.  
C l a r k  of  t he  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  O a k  R i d g e ,  T e n n e s s e e .  

570 



Vo~. 122, No. 4 D I F F U S I O N  OF IRON IN N I C K E L  OXIDE 571 

0 
L )  

"rJ 
Q~ 

4 ;  

0 

2 

distance (~o-~m) 
Fig. 1, Typical plot of the intensity (in terms of the corrected 

counts per minute) vs. penetration distance for a nickel oxide 
crystal heated at 1241~ under 1 atm oxygen for 5.21 X 105 sec. 
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Fig. 2. Plot of the data shown in Fig. 1 as log C vs. X 2 in accord 
with Eq. ]1] .  

e.g., by Tretyakov and Rapp (6). If iron migrates via 
singly ionized vacancies 

D (Fe --> NiO) oc V'Ni [3] 

then one should expect the diffusivity to be propor- 
tional to the one-quarter power of the oxygen pres- 
sure. Figure 4 shows the data plotted as log D vs. log 
Po2 at 1060 ~ and 1241~ Based on only three data 
points, the slopes are 0.19 and 0.23, respectively. Be- 
cause of the high concentration of impurities, the 
slopes are less than would be predicted as also has 
been observed by Crow (7). 

The temperature dependences are given in Table IL 
The activation energies represent primarily the migra- 
tion energy (enthalpy) .  

In the case of the Arrhenius  plot for crystals heated 
under  oxygen pressures corresponding to the phase 

o 

o 

[0-1( 

I0-" 

%2 (a{'m) 
o 0011 
�9 0.21 

0 t.O (W.CROW) 

o z'o i /To k (x I0 4 ) d.o 

Fig. 3. Temperature dependence for the diffusion of iron in single 
crystalline NiO. The data of Crow (7) was obtained using radio- 
tracers. 

J 

J f 

1241 eC 

o io61 ~ 

-2 -I O 

log P02 

Fig. 4. Dependence of diffusivity of iron on oxygen partial pres- 
sure coexisting with single crystalline NiO. 

boundary,  Ni/NiO, the results are: D (Fe --> NiO coex. 
with Ni) _-- 1,67 • 10 -5 exp (--38,040/RT). The data 
obtained for these crystals presumably  equil ibrated 
at the Ni/NiO phase boundary  were not consistent 
with the data obtained at the higher  pressures and 
were orders of magni tude  larger. It  may have hap-  
pened that the crystals did not equilibrate. The avail-  
able data for comparison at the higher pressures has 
been carried out by Crow (7). His data for crystals 
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Table II. Temperature dependences 

Act ivat ion  e n e r g y  
Po~ ( a tm)  Do (cm~/sec)  Q.  k c a l / m o l e  

0.011 1.6 X 10 -4 18.24 
0.21 5.92 • 10-7 25.90 
1.0 6,74 • 10-7 25.83 

heated under  1 atm of oxygen are shown in  Fig. 3. 
In  order to make a direct comparison, Crow kindly  
furnished us with a single crystal used in his study 
(7). We carried out a prediffusion and diffusion an-  
neal followed by a probe trace as described above. 
The result  was D -- 5.4 • 10 -11 cm2/sec at 1050~ and 
Po2 : 0.21 atm. This value, obtained on Crow's crystal, 
is almost identical to that  obtained on our crystals. 
Crow's da tum on his crystal amounted to about  9 X 
10 -11 cm2/sec at ll00~ The data from both these 
studies are consistent at this one pressure and approxi-  
mately the same temperature.  Moreover, arguments  
advanced to the effect that our study may have in-  
volved interdiffusion owing to the thick layer  of iron 2 
(300 A) or that sulfur  (So') ,  as well as the metallic 
impurities, acts as a dopant, all suggest our diffusion 
coefficients should be larger than those of Crow. The 
converse was found. But  the values of our act ivation 
energies, although consistent, were low. As a com- 
parison, the diffusion of nickel in  nickel oxide has 
been studied by a number  of workers. The results for 
crystals heated in air are 

D (Ni--> NiO) -- 4.4 X 10-4 exp (--44,200/RT) [5] 

from Ref. (8) 

D (Ni--> NiO) ---- 1.83 • 10 -8 exp (--45,600/RT) [6] 

from Ref. (9) 

D (Ni-> NiO) ---- 1.72 • 10 -3 exp (--56,000/RT) [7] 

from Ref. (10) 

and in 1 arm of oxygen 

D(Ni-> NiO) = 4.77 • 10-2exp (60,800/RT) [8] 

from Ref. (11) 

The data expressed by Eq. [8] were repeated by Volpe, 
Peterson, and Reddy (12). Chen and Peterson (13) 
found for cobalt diffusing into NiO heated in air 

D(Co-> NiO) ----9.12 • 10 -3 exp (--54,160/RT) [9] 

Richards and Wagstaff (14) reported for diffusion of 
i ron in nickel oxide heated in air 

D(Fe--> NiO) -- 1.81 X 10 -3 exp (--44,500/RT) [10] 

Crow (7) studied the diffusion of iron in  nickel oxide 
crystals cut from the same boule as that  of Richards 
and Wagstaff. Crow found 

D (Fe-+ NiO) ---- 2.2 • 10 -8 exp (46,200/RT) [11] 

for crystals heated under  1 atm of oxygen. All these 
data show much higher activation energies than we 
find. Crow's crystals contained about 275 ppm weight 
and he analyzed his diffusivity data in terms of im-  
pur i ty  control. The crystals used in the present  in -  
vestigation contained orders of magni tude more im- 
purities (see Table I) .  Therefore the data reported 
here are also impur i ty  controlled and the activation 
energy is smaller than those of Crow (7) or of Rich- 
ards and Wagstaff (14). Because the ionic radii of 
ferrous iron and nickel are approximately the same, 
one would expect similar activation energies for the 

F o r  e a c h  s q u a r e  c e n t i m e t e r  of  a r ea ,  300A of  i r o n  w o u l d  a m o u n t  
to  2.5 x 10 § a t o m s  of  i ron .  T h i s  a m o u n t  of  i r o n  s h o u l d  be  less  
than the c o n c e n t r a t i o n  of  l a t t i ce  d e f e c t s  i n i t i a l l y  p r e s e n t  i n  an  u n -  
d o p e d  N i O  c rys t a l .  H o w e v e r ,  t h e  concentrat ion of  i m p u r i t i e s  w a s  
m u c h  g r e a t e r  t h a n  t h i s  a n d  hence  the  diffusion w a s  i m p u r i t y  con-  
trol led (see later t e x t ) .  

diffusion of i ron and of nickel in  NiO provided both 
migrated via the same mechanism. Both appear to 
migrate via cation vacancies. We have no explanat ion 
at this t ime for our unusua l ly  low activation energies 
for iron diffusion except to note the very high concen- 
t ra t ion of impurit ies in the crystals. 3 

Final  remarks concerning the use of the JSM-U-3 
SEM with the x - r ay  wavelength dispersive analyzer 
are as follows. The peak to background ratio for the 
iron K~ line is the major  l imita t ion of the SEM micro- 
probe. The JSM-U-3 ful ly focusing wavelength dis- 
persive spectrometer has a 670:1 peak to background 
ratio, which would result  in  a m i n i m u m  detectable 
l imit of 80 ppm for the background encountered. How- 
ever, the precision of the analysis is a function of 
both the peak intensi ty and the background intensity,  
and, as shown in Fig. 2 the high background signal 
results in a relative error as great as 80% at the tail  
end of the diffusion profile. 

The beam stabili ty is very critical when long count-  
ing times are used. The SEM is not specifically de- 
signed for microprobe analysis, and the beam in ten-  
sity will not  remain constant  for long periods of time. 
Counting periods in excess of 200 sec resulted in an 
error greater than the exper imental  error determined 
by mult iple  10 sec counts, followed by beam al ign-  
ment.  The beam instabi l i ty  was par t icular ly  noticeable 
when re turn ing  to a previously counted area and re-  
counting without  having cont inuously realigned the 
beam. An SEM equipped with a beam stabilizer would 
reduce the problem of beam intensity, as would using 
a conventional  microprobe, where long term stabili ty 
is a design feature. Our results suggest that the tech- 
nique is much more rapid than the use of radiotracers 
but  the scatter in the data inherent  in this type of 
microprobe (see, e.g., Fig. 1) is much larger than that  
usual ly encountered in radiotracer determinations.  

8 N o t e  a d d e d  in  p r o o f :  T h e  iron in the N i O  m a y  be  t r i v a l e n t  under  
t h e  h i g h  o x y g e n  p r e s s u r e s .  G.  W. W e b e r  [Ph .D .  Thes i s ,  T h e  P e n n -  
sylvania Sta te  U n i v e r s i t y  ( M a r c h  1975)] found  for c h r o m i u m  diffus-  
ing i n to  M g O ,  t h e  a c t i v a t i o n  e n e r g y  under  constant Po~ i s  reduced  
f r o m  70 ( u n d o p e d )  to 29.8 k c a l / m n l e  for Cu-doped  MgO.  
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ABSTRACT 

The react ion of s i lane wi th  carbon dioxide to form sil ica on sil icon in the  
t empe ra tu r e  range  700~176 has been studied. The resul ts  of surface charge 
densi ty  (Qss) and b reakdown  vol tage (EBb) measurements  on the sil ica film 
are  discussed. Etch rates,  weight  density,  and in f ra red  spect ra  obta ined  for  
these films are  compared  with  those  exhib i ted  by  oxide films t he rma l ly  g rown 
wi th  steam. The dependence  of the  react ion y ie ld  on reactor  design is briefly 
discussed. 

In  the manufac tu re  of  p l ana r  semioonductor  de -  
vices, si l icon crysta ls  wi th  homogeneous and un i -  
fo rmly  th ick  oxide  layers  are  uti l ized. These layers  
a re  usua l ly  produced  by  oxidizing the si l icon e i ther  
in  a moist  oxygen  or in a pure  wa te r  vapor  (s team) 
a tmosphere  at t empera tu res  be tween  1000 ~ and 1200~ 
(1). The subs t ra te  is a high puri ty ,  pol ished semicon-  
ductor  c rys ta l  wafer  app rox ima te ly  0.014 in. thick, 
doped to the  des i red  conduct ivi ty  and car r ie r  type.  
Af te r  product ion  of the semiconductor  crysta l  or di -  
electr ic  layers  (e.g., ep i tax ia l  silicon, polycrys ta] l ine  
silicon, si l icon ni tr ide,  or  a lumina) ,  it  is des i rable  to 
deposi t  the oxide layer  on the  surface immedia te ly ,  
t he reby  avoiding the l eng thy  and expensive  etching 
and pur i fy ing  processes which precede convent ional  
oxidat ion  techniques. The advantages  of  this method  
have been demons t ra ted  for react ions  involving a 
meta l  ha l ide  such as silicon te t rachlor ide  (2, 3). 

S t anda rd  methods  do not  pe rmi t  deposi t ion of the  
silicon dioxide l aye r  immedia te ly  fol lowing si lane epi-  
tax ia l  growth,  vapor  phase etching, or dielectr ic  film 
growth.  When  ut i l iz ing oxygen-conta in ing  gases, a 
lengthy,  in te rmedia te  flushing wi th  iner t  gas is r e -  
qu i red  in order  to purge the  sys tem and e l iminate  un -  
wan ted  reactions.  When  gases containing wa te r  vapor  
a re  employed,  react ions  wi th  the sil icon hal ide  or  
hydr ide  residues remain ing  in the  gas chamber  or  
adsorbed on the  appara tus  wal ls  a r e  difficult to avoid 
even af ter  p ro longed  flushing. The solid hydrolys is  
products  of  such reactions, p r i m a r i l y  silicic acid, a re  
carr ied  by  the  gas cur ren t  as a fine dust  and set t le  on 
the  b lank  silicon surfaces. I t  is impossible  to produce 
an und i s tu rbed  oxide  l aye r  under  such conditions. 
Therefore,  the silica deposi t ion is genera l ly  carr ied  
out in a separa te  reactor.  Consequently,  the  sil icon 
wafers  must  be chemical ly  c leaned pr ior  to inser t ion 
into the  deposi t ion appara tus ;  the  complicat ions as-  
soc ia ted  with  this  two-s tep  process are  wel l  known. 

In  contras t  to exper iments  carr ied  out in o ther  types  
of reactors  (4), the deposi t ion method  in the  ver t ica l  
"Pancake"  product ion reac tor  shown in Fig. 1 permi ts  
deposi t ion of silicon dioxide immedia te ly  af ter  ep i tax ia l  
growth,  polycrys ta l l ine  growth,  silicon removal  
th rough  a gaseous phase etch, or sequent ia l  dielectr ic  
film depositions. I t  is unnecessary  to change the reac-  
tor  or to ca r ry  out the cumbersome in te rmedia te  
purging  of the  car r ie r  gas since ne i ther  gas- forming  
mater ia ls  nor mater ia l s  hydro lyz ing  outs ide the high 
t empera tu re  zone are present.  The immedia te  deposi-  
t ion of the silica on f reshly  formed, clean surfaces re -  

* EIectrochemical  Society  Act ive  Member .  
K e y  words :  densi ty ,  e tching,  b r e a k d o w n  vol tage,  chemical  vapor  

deposition. 
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sults in a very  homogeneous, nonporous film of sil icon 
dioxide. A silica l aye r  thus ly  formed is ve ry  com- 
pat ib le  wi th  p lanar  processing techniques. 

At  low temperatures ,  the carbon d ioxide-s i lane  mix -  
ture  which ini t iates  the  deposi t ion process is a dry, 
nonoxidizng gas. I t  is only  in the  high t empera tu re  
zone of the chamber  tha t  the  mix tu re  r e a c ~  to form 
silica, which is in t u rn  deposi ted  on the  subs t ra te ;  the  
CO2-SiH4 mix tu re  does not  contr ibute  to the direct  
oxidat ion  of the silicon or to react ion of the  silicon 
with  the  car r ie r  gas. Because it e l iminates  the  in te r -  
media te  steps, this me thod  is wel l  su i ted  to the produc-  
t ion of semiconductor  devices, e.g., s i l icon p lanar  t r an -  
sistors, diodes, and in tegra ted  circuits, pa r t i cu l a r ly  
where  electr ical  proper t ies  must  be control led  wi th in  
close tolerances.  The same method  can be appl ied  to 
the product ion of semiconductor  s t ruc tura l  components  
where  the  p -n  junctions,  which have been  exposed 
through gaseous phase etching, are provided  wi th  a 
protect ive  oxide l aye r  to stabil ize the i r  character is t ic  
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Fig. 1. Schematic drawing of the vertical reactor 
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parameters, e.g., in the production of semiconductor 
s t ructural  components with mesa structures. The pur -  
pose of the present  work was to s tudy the formation 
of silica using silane and carbon dioxide and to compare 
the properties of the CVD silica with those of ther-  
mally grown silica. 

Experimental  
An Applied Materials Technology AMV 5,0,0 vertical 

epitaxial reactor was employed for the deposition. It 
holds six 1V~ in. diameter silicon wafers on a silicon 
carbide coated graphite susceptor which rotates at 9 
rpm and is inductively heated (Fig. 1); a 20 kW 450 
kHz power supply provided the rf power. Substrate 
temperatures were measured with an infrared ther-  
mometer  mounted  at 45 ~ with respect to the plane of 
the substrates. All temperatures  cited are based on an 
emissivity correction factor of 0.70. The materials u t i -  
lized inside the reactor head were ei ther  quartz, Teflon, 
or 316 stainless steel. 

The silicon substrates were <111> oriented and 
d~ped with phosphorus to produce a resistivity of 3.5- 
7.0 ohm-cm. Fol[owing degreasing, the wafers were 
etched in hydrofluoric acid, scrubbed in a nonionic 
detergent, r insed with 18 megohm water, and dried in  
a ni trogen stream. They were then loaded into the re- 
actor and the temperature  raised to l l00~ in a hy-  
drogen atmosphere to remove contaminants  remaining  
on the surface. After 5 rain, the temperature  was 
l~wered to that  desired for deposition and the silane 
and carbon dioxide introduced in a hydrogen carrier. 
All the gases were 4N pur i ty  or better. Flow rates 
were measured with mass flow meters. The gases were 
piped to the reactor head in  316 stainless steel lines. 
The hydrogen was purified and dried, and all gases 
were filtered through 0.45~ line filters prior to inject ion 
into the reactor. The carbon dioxide was injected con- 
centrically with the s i lane-hydrogen mains t ream 
(Fig. 1). 

The oxide thicknesses on the silicon were measured 
by two methods: (i) ul t raviolet-vis ible  interference 
using a spectrophotometer with a specular reflectance 
at tachment (5), and (ii) ellipsometry. The ins t rument  
used in  the lat ter  case also measured the index of re-  
fraction. 

Results 
Deposifion rates.--The deposition rate of silica was 

studied as a funct ion of the percentage of silane in 
the s i lane-hydrogen mixture,  substrate temperature,  
reactor configuration, and carbon dioxide concentra-  
tion. The first objective was to determine the flow rate 
at which the reaction ceased to be gas t ransport  con- 
trolled. This flow rate was then used in all subsequent  
experiments.  Figure 2 shows the results of these init ial  
experiments at 900~ in which the carbon dioxide to 
silane ratio was mainta ined at 100,: 1. At low total flow 
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Fig. 2. Deposition rate of silica (,~/m) vs .  total flow 
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Fig, 3, Deposition rote of silica (~/min) vs. silane percentage in 
the gas phase. The total gas flow in liters per minute (LPMTF) 
amounted to 24. 

rates, the deposition rate is a function of the flow rate, 
while at flow rates ~22 l i t e r s /min  the reaction is inde-  
pendent  of flow rate (Fig. 3). A total flow rate of 24 
l i t e r s /min  was therefore chosen for all subsequent 
experiments 1 to insure that  the reaction was not gas 
t ransport  limited. A family of curves was then gen- 
erated for deposition rate as a funct ion of silane per-  
centage. With the carbon dioxide to silane ratio fixed 
at 100:1, the temperature  was varied frora 700 ~ to 
110,0~ arid deposition rates ranging from 50 to 3000 
A/ra in  were observed. While  the deposition rate was 
markedly  dependent  on temperature  in the range be- 
tween 700 ~ and 90'0~ considerably less dependence 
was observed between 900 ~ and 1000~ These data 
appear to agree quite well with those of Swann and 
Pyne  (4), bu,t if deposition rate is plotted as a func-  
t ion of l/T, differences between the two sets of data 
become apparent, as is discussed later. 

The deposition rate was also determined as a func-  
tion of carbon dioxide to silane ratio. At a given tem- 
perature with the percentage of silane constant, in-  
creasing amounts of carbon dioxide were added with-  
out achieving saturat ion with respect to the deposi- 
t ion rate. This is the same effect observed by  Swarm 
and Pyne,  arid our  data are in  good agreemen~ with 
theirs. 

Infrared spectra.--In order to investigate the densi- 
fication effects reported by Pl iskin and Lehman (6), 
the Si-O stretching bond at 1090 cm -1 was observed 
for ratio.us values of tempera ture  and silane percent-  
age using a b lank silicon wafer from the same ingot as 
the sample in the reference beam. The intensi ty  of this 
absorption band is a function of the bonding character, 
stoichiometry, density, a~d porosity of the films, 
whereas the band position is a function of porosity 
(density) and strain. The wave numbers  are shifted to 
lower values for films of higher porosity and strain. 
The normalized bandwidth  at ha l f -maximum for the 
Si-O stretching band at various silane percentages as 
a function of tempera ture  is shown in  Fig. 4. Higher 

1 W i t h  the  v e r t i c a l  " P a n c a k e "  r e a c t o r  a c a l c u l a t i o n  0s t h e  l i n e a r  
f low r a t e  o v e r  t h e  s a m p l e  w a s  n o t  poss ib l e .  



VoL 122, No. 4 FORMATIO N  OF SILICA FILMS ON SILICON 575 

NORMALIZED BANDWIDTH 
AT ~ MAX.  FOR Bi-O 

STRETCHING BAND 

C O 2 / S i  H4= 1 0 0 / 1  
H2 C A R R I E R  
2 4  L . P . M ,  T . F .  

BDW. a t  
"/2 MAX.  

.02% si  H. 
�9 Oo 

700 S()O SO0 10()O 1100 
T in  ~ 

�9 (;o sGo BOO ,ooo ,,oo ,~60 

T E M P E R A T U R E  in  ~ 

Fig. 4. Normalized bandwidth at one-half maximum of the Si-O 
stretching band as determined by infrared spectra vs. temperature 
of deposition, The insert shows similar data for the smaller concen- 
trations of silane. 

deposition temperatures  consistently yielded narrower  
bandwidths  implying the formation of denser and more 
St~oichiometric films. Furthermore,  as the silane per-  
centage is in,creased, the silica film appears to become 
denser. For depositions carried out at the higher tem- 
peratures the normalized bandwidths  at l l00~ are 
almost identical to those of a s team-grown thermal  
oxide sample measured at the same time (Fig. 5). Not 
only does the absorption band  for Si-O stretching be- 
come more pronounced as the deposition temperature  
its increased, but  it is also shifted to larger wave n u m -  
bers. These data confirm the existence of the densifi- 
cation effects reported by Pl iskin and Lehman (6). 

Density.---Since the data obtained by infrared spec- 
t ral  analysis on ly  permit  qual i tat ive determinat ions of 
the densification and stoichiometric effects, density was 
determined gravimetr ical ly so that  it could be corre- 
lated with deposition parameters. A second objective 
of this aspect of the work was to correlate the gravi-  
metric results with those obtained from the infrared 
studies in  the hope of quant i fy ing the lat ter  results 
sir~ce the ir~frared method is more readily applicable to 
semiconductor production processing. Both the gravi-  
metric density and  the infrared studies were per-  
formed on the same wafers, the gravimetric studies 
being carried out first. The diameters of the wafers 
were measured ~o a thousandth of an inch with a mi-  
crometer. The wafers were then cleaned as previously 
described and immediately weighed on an electro- 
ba}ance situated in  a dry box. They were then loaded 
into the reactor for deposition. Following the deposi- 
t ion process, the wafers were again weighed. An aver-  
age weight change of approximately 37 mg was ob- 
served following deposition of a 16,00,0A thick film, the 
weight change being measured to wi th in  1%. The 
thickness of the film was measured to wi th in  1% by a 
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Fig. 5. Comparison of the infrared spectra for the silica deposited 
from silane and carbon dioxide (curves A and 8) compared to that 
for a thermally grown oxide (1000~ in steam). 

u.v. spectr~,photometer. The density values should be 
accurate to wi thin  2%. No allowance has been made 
for back side deposition which could conceivably re- 
sult in an error on the order of 10-20%. Such back 
side oxidation of the wafer  can occur because the con- 
tact between the wafer and the susceptor (holder) is 
not gastight; this has been observed by many  investi-  
gators. However, in the present work adequate .pre- 
cautions were taken, and careful examinat ion  revealed 
no back side deposition. Some density values reported 
by other workers for thermally grown steam oxide are 
i1.5% higher than  that for bulk silica. This increase 
may in 'part be a t t r ibuted to this effect. Figure 6 shows 
the density as a function of the silane percentage at 
various temperatures.  The values for fused silica (ap- 
proximately 2.27 g/cm ~) and thermal ly  grown steam 
oxide have been inserted to permit  direct comparison 
with those of the CVD oxides. As was predicted qual i -  
tatively by the infrared spectral data, the density in-  
creases as both deposition temperature and silane per- 
cen~age are increased. Note that the slopes change at 
higher silane percentages and converge toward the 
bulk values. This effect is similar to that observed 
with the infrared data, in which the graph of the 
normalized bandwidth at half maximum vs. silane 
percentage exhibited nearly zero slope at high tem- 
perature and silane values. Densities of the deposited 
silica which are greater than the bulk density may be 
due to the presence of free silicon in the film. Infrared 
spectral studies revealed absorption peaks that could 
be attributed to the presence either of silicon or of 
water vapor. Free silicon could conceivably be present 
since polycrystal l ine or epitaxial silicon depositions 
can occur as low as 5O0~ (9). Electron microprobe 
studies on the film were at tempted to determine if 
there were indeed traces of carbon or silicon; how- 
ever, they were unsuccessful owing to the low concen- 
trations and poor signal to noise ratio in such thin 
layers. 
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Fig. 6. Density of deposited silica films as o function of silane 
percentage as determined in the present study compared to values 
reported for thermally grown silica on silicon (1000~ in steam) by 
this laboratory and for fused silica. The higher values observed in 
the films may be due to the presence of free silicon. See text. 

Etch rates.~The deposited silica used in  deposition 
rate studies was subsequent ly  used for the de termina-  
t ion of etch rates. Etching was carried out in a poly- 
propylene beaker with a 10:1 buffered hydrofluoric 
acid solution. The solution was mainta ined at 23~ 
and the wafers were held in Teflon carriers. The etch 
rate vs. silane percentage (with the CO2-SiH4 ratio 
fixed at 10:0:I) was studied for various deposition 
temperatures.  Some of these data are presented in Fig. 
7. The data for 700~ were not  plotted because they 
exhibited considerable scatter, and most  of the etch 
rates were above 25 A/sec. 

For the higher temperatures  and silane percentages, 
the etching characteristics of the CVD oxide approach 

E T C H  R A T E  v s . % S i l l ,  
E T C H  RoATE o f  

S i O  2 (A/sec,}  

those of thermal ly  grown steam oxides [the etch rate 
of the thermal ly  grown oxide is 12.5 A/sec (7) in  buf-  
fered HF]. The etch rates are slightly shifted from the 
values given for thermal  oxide just  as the density data 
was shifted. The slower etch rates observed for CVD 
silica may be at t r ibuted to the presence of small 
amounts of free silicon in the vapor phase deposited 
silica, as was previously noted in the infrared observa- 
tions. In  the etch rate experiments,  the oxide was 
considered to be completely removed when the wafer 
surface became completely hydrophobic. Our etching 
results do not agree with those published by Swann  
and Pyne (4). Their CVD etch rates are all greater 
than those of thermal ly  grown oxide, with the maxi-  
mum etch rate occurring for films deposited at 900~ 
This discrepancy may be a result  of their reactor de- 
sign since upstream decomposition of the, gases may 
have occurred and/or  their films may have been less 
dense. Our reactor with its concer~tric inject ion was 
specifically designed to prevent  premature  reaction 
and deco.m, position. 

Electrical properties.--The electrical properties of 
the CVD silica which were measured were breakdown 
voltage (EBD) and surface-state charge density (Qss). 
These two parameters  were chosen in preference to 
others because they yield important  init ial  information 
concerning the electrical properties of a given dielec- 
tri.c material  (8). The method used to obtain Qss was 
the conventional  capacitance-voltage plot of a metal -  
oxide-semiconductor s tructure (MOS) (9, 10). Silica 
on the order of 1800A was deposited on the test wafers 
and the film thickness measured. The wafers were 
masked with a metal  mask containing 0.025 in. diam- 
eter holes and a 15,000A layer  of a luminum deposited 
utilizing an electron beam gun. After  deposition of 
the aluminum, the wafers were annealed in a ni t rogen 
atmosphere at 460~ to minimize damage due to the 
electron beam (11) and the diameters of the A1 dots 
were measured. Capacitance as a function of voltage 
was then determined; these data are presented in 
Table I. It is interest ing that 63 % of the values of Qss 
lie below 2 • 1011/cm2; this compares favorably with 
the average value of 2.5 • 1011/cm 2 determined at 
the same t ime for thermal ly  grown steam oxides. Qss 
never  exceeded 4.35 • 1011/cm s, nor  did the wafers ex- 
hibit  any room tempera ture  hysteresis when  biased 
from +50 to --50 VDC. Values of Qs~ were also 
plotted as a function of si lane percentage to determine 
whether  Qss changes with deposition temperature  and 
silane percentage (CO2/SiH4 = 100/1). No t rend was 
discerned. 

Table I. Frequency distribution of Qss* 

U p  t o  but Per cent 
From no t  i n c l u d i n g  F f r e q u e n c y  

2s CO2/SiH4 =1OO/1 
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Is ~ A  8aooc 
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Fig. 7. Etch rate of $i02 (/~/sec) vs.  silone percentage for the 
deposited films. 

1.0 X 10 l~ 1.50 X 10 l~ 0 0 
1.5 X 10 ~o 3 .50 X 10 ~o 3 6.52 
3.50 X 10 ~~ 6.00 • 10 t~ 1 2 .17 
6.00 x 10 ~o 8 .50  x 10 ~o 5 10.87 
8.50 X 10 ~~ 1.10 x 10 n 11 23.91 
1.10 x 10 ~ 1.35 • 10 ~ 6 13.04 
1.35 • 10 ~ 1.60 x 10 ~ 4 8.70 
1.60 x 10 ~ 1.85 • 10 u 3 6.52 
1.85 X l 0  B 2 .10 x 10 n 0 0 
2.10 x 10 ~ 2.35 x 10  u 2 4 .35 
2.35 • l 0  B 2 .80 x 10 ~ 2 4 .35 
2.60  • 10 z~ 2.85 • 10 ~ 0 0 
2.85 • 10 ~ 3.10 x 1(> u 4 8 .70 
3.10 x 10 ~ 3.35 x 10~  2 4.35 
3.35 x I (P  1 3.60 x 10 n 2 4,35 
3,60 X 10 ~ 3.85 • 10 ~- 0 0 
3.85 • l 0  ~z 4.10 • 10 ~1 0 0 
4.10 x l 0  TM 4.35 x 10 u 1 2.17 
4.35 • 10 ~ 4.60 • 10 ~ 0 0 

N u m b e r  of  varlates 46 
A r i t h m e t i c  m e a n  of Qss 1.576 x 10 ~ 
S t a n d a r d  d e v i a t i o n  0 .994 

* Ores is  de f i ned  as  t h e  c h a r g e  p e r  s q u a r e  c e n t i m e t e r .  I t  is the 
n u m b e r  of c o u l o m b s  p e r  s q u a r e  c e n t i m e t e r  d i v i d e d  by the electronic  
c h a r g e  p e r  particle. 
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Fig. 8. Plot of breakdown voltage (EBD) VS. temperature for de- 
posited films. Also shown are average values for thermally grown 
silica films determined in the present study. 

The breakdown voltage, EBD, for the CVD grown 
silica wafers was measured next  along with that  of the 
thermal ly  grown steam oxides (Fig. 8). EBD is very 
sensitive to the deposition temperature;  as the tem- 
perature increases, the breakdown voltage approaches 
that  of the thermal  oxide. When this effect is cor- 
related with the density increase observed with in-  
creasing deposition temperature,  one can predict that  
if the infrared spectra is intense and skewed toward 
10,9,0 cm -1 and the etch rate is low, the film will have 
good breakdown properties (i.e., large values of EBD). 
Breakdown voltages greater than 107 V/cm could not 
be measured because of power supply l imitations;  
however, results indicate that most of the films de- 
posited at temperatures above 1000~ and silane per-  
centages greater  than 0.06% could have EBD > 107 
V/cm. 

Mechanical properties.--All  silica films deposited 
showed good adhesion with little or no surface i r regu-  
larity. The films deposited from the reaction of carbon 
dioxide and silane showed no cracking in the 20,00,0- 
40,000A thickness range, whereas films prepared using 
oxygen and silane crack quite badly at thicknesses ap- 
proaching 20,000A (12). 

The silica films CVD deposited from carbon dioxide 
were also heat cycled at temperatures up to 1200~ 
without snapping the silicon substrate;  many  of the 
silica films prepared from oxygen and silane crack 
under  these conditions. These slices were also sub-  
jected to scratch tests and demonstrated good film 
adhesion without  cracking. 

The pinhole density in oxide films with thicknesses 
of 1500-2000A was also measured for silica films de- 
posited at silane percentages from 0.02 to 0.14% and 
temperatures  ranging from 700 ~ to ll0,0~ These mea-  
surements util ized the electrophoresis effect in which 
copper deposits at the pinholes. These deposits can be 
counted and a defect density calculated. In  practice, 
the defect density was measured by counting the 
sites where hydrogen bubbles were l iberated from the 
plat ing reaction. No meaningful  relationships between 
defect density and silane percentage or tempera ture  
could be ascertained. It is conjectured that defect 

density is a function of deposition thickness ra ther  
than of the deposition parameters. For  a given set of 
deposition parameters,  a total of th i r ty  wafers was 
deposited with varying thicknesses of silica and the 
resul tant  data curve fitted by computer  to yield the 
following equation: Y = A + ( B / X ) ,  where Y ---- de- 
fects/cm s, X = silica thickness in angstroms, A = 
0.571548, and B ---- 13,377.6. Typical values of the defect 
density range from 24-30 defects/cm s for a film of 500A 
thickness to 2-3 defects/cm 2 for CVD films measur ing 
5000-6000A. This compares with defect densities for 
the thermal  oxide films ranging from 30 defects/cm 2 
for a 500A film to 4-5 defects/era 2 for films of 5000- 
6000A thickness. 

The refractive index of the CVD silica films was 
found to be 1.450 +- 0.005. Thermal ly  grown and silaneo 
oxygen deposited silica films exhibited refractive in -  
dexes of 1.460 and 1.450, respectively. 

Thermodynamics and Reactor Design 
The reaction of CO2, SIC14, and H2 to form silica has 

been proposed by Tung and Caffrey (2), Steinmaier  
and Bloem (3), and others as proceeding in two steps 

H2 + COs = H~O + CO [I] 

SIC14 + 2H~O = SiO2 + 4HCl [2] 

The silica is therefore formed by hydrolysis of the 
halide. These authors realized that intermediate re- 
action steps must exist. 

From thermodynamic considerations (13), CO2 and 
silane should react to form SiO2 and CO according to 
the reaction 

Sill4 + 4CO2 -- SiO2 + 4CO + 2H~O [3] 

AF o = --115.019 kcal/mole (13) 

The water formed during the reaction may hydrolize 
further silane and thus speed deposition rates. Tests 
conducted with monocrystaUine silicon, however, in- 
dicate that in a hydrogen carrier the reaction may pro- 
ceed in two steps, i.e. 

HS + COs -- H20 + CO [4] 
and 

Sill4 + 2H20 -- SiO2 + 4H2 [5] 

S w a n n  and Pyne (4) used argon as a carrier gas 
to demonstrate that the reaction does not proceed by 
the water-gas reaction alone. Their results showed an 
even greater deposition rate with argon as the carrier 
gas rather  than hydrogen. The higher deposition rates 
in argon may be due to the fact that  the hydrogen 
carrier may act to inhibi t  either decomposition or 
hydrolysis of the silane as would be expected from 
mass action principles. This suggest ion is consister~ 
with the obervation that the films formed by S w a n n  
and Pyne in an argon carrier gas contained free silicon 
which affec.ted the dielectric loss and etch rates of the 
film. It may therefore be advantageous to use hydro-  
gen des.pite the slower deposition rates achievable in 
order to minimize the decomposition of silane and sub- 
sequent formation of free silicon. The one-step reac- 
t ion of silane and carbon dioxide is thought to be rea-  
sonable by S w a n n  and Pyne;  however, future  studies 
should be carried out with silane and steam to deter-  
mine the rate of hydrolysis of the silane. 

In the present reactor design, it is desirable for the 
carrier gas and oxidizing agent to flow in  an umbre l la -  
type circular flow as shown in Fig. 1. Concentric in-  
jection of the oxidizing agent into the carr ier  gas flow 
is also importar~t for control of both film uni formi ty  
and deposition rate. Typically, film thickness was un i -  
form to +--5% from wafer to wafer  and ___7% from run  
to run. When the injec.tion nozzle was chan,ged in 
either orifice size or in height, the deposition rate 
changed drastically; therefore, the nozzle was set for 
the maximum deposition rate in all experiments.  Re- 
ducing the orifice size minimized bell  jar  deposition 
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Fig. 9. Arrhenius plot of deposition rates vs. 1 /T for data ob- 
tained both in the, present study and by Swann and Pyne (4). 

C O = / S i l l 4  =10011 

H =  C A R R I E R  G A S  

2 4  L . P . M .  T O T A L  F L O W  

- - - - - -  D A T A  o f  S W A N N  
a n d  P V N E  

but  also reduced the deposition rate at the substrates. 
Concentric inject ion of the gas was employed to min i -  
mize the upstream, decomposition encountered by pre-  
vious authors; the results shown in  Fig. 9 refie.ct the 
success of this technique. The dashed lines in Fig. 9 
represent  the data of Swarm and Pyne  (4), and the 
solid lines represent data taken on films deposited in 
the vertical reactor previously described. The reac- 
tions in the concentric inject ion reactor yield normal  
Arrhenius  plots from which meaningful  activation 
energies can be calculated. The deposition rates ob- 
ta ined with the concentric inject ion converge at low 
temperatures.  These results indicate that there may be 
more than one ra te -de termining  step in the reaction, 
all of which are temperature  dependent.  However, this 
question has not yet  been resolved. The data of Swann 
and Pyne which yield curved lines on the Arrhenius  
plot may be at t r ibuted to their  reactor design because 
the gases were free to mix at a considerable distance 
from the substr.ates and to travel in almost l aminar  
fashion past the heated substrates. This long path 
length probably enhances the upstream decomposition 
effects those authors observed. 

Summary and Conclusions 
The ra te -de termining  step for the reaction between 

silane and carbon dioxide depends on temperature.  
The reactor design is important  in controlling the re- 
action rate and deposition characteristics of the films. 
The deposited films exhibit  excellent adhesive and 
mechanical pro loerties, much the same as thermal ly  
grown steam oxides. 

The MOS capacitance-voltage plots for all cases 
studied indicate that the films have properties adequate 
for gate passivation ,or deposited field oxide usage. 

The surface charge density, Qss, was equal to or less 
than  1.0 X 10 ll cm-~; therefore, the oxide may  be 
used in composite deposited gate structures for MOS. 
Furthermore,  there are strong correlations between 
the increased EBD and the deposition temperature,  
silane percentage, and film density. 

Oxides deposited by this reaction exhibit  etch rates, 
indices of refraction, and densities almost ider~tical 
to those of thermal ly  grown steam oxide. Therefore, 
an oxide deposited by this technique can be subst i tuted 
for thermally grown steam oxide without compromis- 
ing the pro,perties. In  addition, the technique achieves 
a significant saving in  processing time due to the high 
deposition .rate of 10,00 A / m i n  obtainable with the 
reaction of silane and carbon dioxide. Thus, the time 
required to deposit a 15,000A MOS field oxide by this 
technique would be 7-15 rain while that  required for 
thermal  oxidation in steam at ll,00"C would be 7-8 hr. 

The chemical compatibil i ty of this reaction with 
polycrystal l ine silicon depositions, s i lane-ammonia  re-  
actions, epitaxial silicon deposition, and a luminum 
tr ichloride-carbon dioxide reactions permits sequen- 
tial depositions in one reactor without  the tedious 
intermediate cleaning and purging steps, thus e l imin-  
ating the chance of contaminat ion occurring between 
layers. These sequential  depositions could be utilized 
to obtain film combinations for device applications, e.g., 
silicon dioxide on silicon nitr ide (or vice versa),  sil- 
icon dioxide on polycrystall ine silicon for use as an 
etch mask or protective layer, silieon dioxide on epi- 
taxial silicon for use as a diffusion mask, and silicon 
dioxide on a lumina for use as an etch mask or com- 
posite gate structure. 
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Kinetics of the Thermal Oxidation 
of Silicon in OJN  Mixtures at 1200~ 

D. W. Hess* and B. E. Deal* 
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ABSTRACT 

The thermal  oxidation kinetics of (100) and (111) oriented silicon in sev-  
eral oxygen /n i t rogen  mixtures  ranging in oxygen part ial  pressure from 
0.02 to 1.0 at 1200~ have been investigated. The parabolic rate  constant B 
and the l inear  rate  constant B / A  varied l inear ly  wi th  respect to the oxygen 
part ial  pressure, whi le  T, a factor which accounts for an initial accelerated 
oxidat ion rate  during dry oxidat ion of silicon, var ied  inversely  wi th  the oxy-  
gen part ial  pressure. 

During the past ten years, numerous investigations 
have been reported concerning the thermal  oxidation 
of silicon under  dry ,oxidation conditions (1-9). How-  
ever,  only three  of these studies have dealt  wi th  oxida-  
tion in oxygen /n i t rogen  mixtures  under  flow condi- 
tions (6-8), and none of these three have uti l ized a 
t empera tu re  above 1000~ where  the silicon oxida- 
tion kinetics should be pr imar i ly  a diffusion-controlled 
reaction. Consequently,  this study was under taken  to 
invest igate the thermal  oxidation of silicon in several  
oxygen /n i t rogen  mixtures  .at 1200~ 

According to the theory of silicon oxidation as de- 
veloped by Deal and Grove (1), the thermal  oxidation 
kinetics may be expressed in the general  form 

Xo 2 + Axo = B ( t  + T) [1] 

where  Xo = oxide thickness in ~, A = constant in ~, 
B = parabolic rate  constant in ~2/hr, B / A  = l inear 
rate constant in ~/hr, t =- oxidation t ime in hr, T = 
correction factor which accounts for an observed in- 
itial accelerated growth rate in dry oxygen, in hr. 
B is fu r the r  defined by Ref  (1) 

B =-- 2DeffC*/N1 

where  Deft -w_ effective diffusion coefficient of the ox-  
idizing species in the oxide, C* = equi l ibr ium con- 
centrat ion of oxidant in the oxide, which, according 
to Henry 's  law, is directly proport ional  to the oxidant  
part ial  pressure, Ni = number  of ,oxidant molecules 
incorporated into a unit  volume of the oxide, and T by 

-- (xi 2 + A x i ) / B  

where  xi is the effective oxide thickness ini t ial ly pres-  
ent on the silicon surface. From these definitions, it 
can be seen that  B should vary  directly, and �9 in-  
versely, wi th  the oxygen  par t ia l  pressure, i.e. 

1 1 
B cc P a n d ~  oc ~ a : - -  

B P 

Also, the constant A should be independent  of oxygen 
par t ia l  pressure, since it depends only .on the diffu- 
sion coefficient of the oxidizing species and the rate  
constants of the reactions occurring at the gas-oxide 
and oxide-si l icon interfaces (1). 

Experimental Procedure 
The silicon wafers  used in this invest igat ion were  

4-6 ohm-cm, phosphorus doped, with (100) and (111) 
orientation. They were  cleaned using sulfuric-peroxide,  
aqua regia, a hydro fuor i c  acid -dip, and several  de- 
ionized water  rinses. Oxidations were  carried out at 
1200~ in a res is tance-heated furnace containing an 
ul.trahigh puri ty Mulli te l iner  and a fused quartz  tube. 
The wafers  were  pushed into the furnace in the oxy-  

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  ox ida t ion ,  s i l i con  k ine t i cs ,  o x y g e n  p a r t i a l  p ressure .  

gen-ni t rogen atmosphere and after  various times were  
slow pulled (2 min)  out of the furnace where  they 
were  al lowed to cool in the O2/N2 mix ture  in which 
they had been oxidized. It should be noted that  this 
procedure differs f rom the one uti l ized in Ref. (1), 
where  the oxidations were  stopped after  the allotted 
oxidation t ime by pull ing the samples very  rapidly 
f rom the oxidat ion furnace tube. 

The flow meters  uti l ized in this study were  cali- 
brated using a Matheson Electronic Mass F lowmete r  
and a Por te r -Vol -U-Mete r .  The  total flow rate was 
1 l i ter /rain,  which corresponded to a gas veloci ty  of 
~ l  cm/sec. The oxygen and ni t rogen used were  f rom 
a l iquid ~ource and were  fur ther  dried and filtered 
by passage through a Matheson Model 451 gas purifier. 

The oxide thicknesses were  measured with  an Ap-  
plied Materials (AME-500) ell ipsometer.  The repro-  
ducibil i ty of the oxide thickn, esses over  the range in-  
vest igated was +--4%. 

The contamination level  present  was determined for 
each oxidation by fabricat ion of MOS capacitors, and 
b ias - tempera ture  stressing them under  a field of ___5 
X 105 V/cm at 300~ for 3 rain. The mobile  ion con- 
centrat ion ranged from less than 3 • 1,0 l~ cm -2 for 
short (under  4 hr)  oxidation times to 8 X 10 i~ cm -2 
for 16 hr  oxidation in the various O2/N2 mixtures.  

Results and Discussion 
A log-log plot of thickness vs. t ime for the thermal  

oxidation of silicon in several  O2/N2 mixtures  at 1200~ 
is shown in Fig. 1. The 1.00% curve agrees wel l  wi th  
that  reported in Ref. (1), except  for the shortes~t oxida-  
tion times, where  the present  oxide thicknesses are 
approximately  50A greater  than the previous work  
(1). This discrepancy is probably due to the different 
techniques uti l ized to remove the samples from the 
furnace after  oxidation, i.e., slow pull ing in the oxida-  
tion ambient  vs. rapid cooling. The plots in Fig. 1 are 
for (100) orientation, however ,  the thickness of the 
oxides grown on (100) and (111) silicon wafers dif- 
fered by less than 2% over  all oxidation times and 
mixtures.  This, along wi th  the fact that  the slopes 
of the lines for the thicker  oxides in Fig. 1 are ve ry  
close to 0.5, indicates that  dry oxidation of silicon 
is controlled mainly  by diffusion of the oxidant  across 
the oxide. It  should be noted that  the 2% mix tu re  
shows some scatter due to the  fact that  it was difficult 
to mainta in  the exact flow settings for such a small 
flow rate over  long periods of time. 

As indicated previously, an initial increased oxida-  
tion rate  is observed during the dry oxidation of 
silicon. To obtain the correction factor T, which ac- 
counts for this initial oxidation, a l inear  plot was 
made of oxide thicknesses vs. time, and the curves 
extrapola ted back to zero oxide thickness (1). The 
extrapola ted curves crossed the oxide thickness axis 
at 150 +- 30.A for each oxidation mix ture  investigated. 
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Fig. 1. Oxide thickness vs. time for the oxidation of (I00) and 
(111) oriented n-type silicon in 02/N~ mixtures at 1200~ 

The resul t ing T values a re  shown in Table I, along 
wi th  the values obta ined by  using the numbers  given 
by Deal and Grove (1) for 100% O2 oxidation,  and  
assuming tha t  T cc 1/P. The agreement  is qui te  good 
wi th  the  possible except ion of the  2% value, which, 
as s ta ted previously,  is p robab ly  due to a var ia t ion  
in the composit ion of the  2% mixture .  

If  xo is p lo t ted  vs. (t + ~)/Xo for  each oxygen pa r -  
t ia l  pressure,  the slope and in tercept  of the  resul t ing 
l ines g i v e  B and - -A,  respect ive ly  (1). These values, 
obta ined from a least  squares analysis  of the  present  
data, are  given in Table I. Each of the measured  values 
of B agrees  qui te  closely wi th  the  values  predic ted  
by  the theory.  The values  of A should be independent  
of the  oxygen  par t i a l  pressure,  and  indeed, no t r end  
is observed, a l though there  is a reasonable  amount  
of scatter.  The larges t  devia t ion  f rom the va lue  of 
0.04;~ obta ined f rom the theory  (o ther  than  the 2% 
mix tu re )  is observed for  02 par t i a l  pressures  of 0.50 
and 1.0. This is p robab ly  due to the fact that  the p res -  
ent  oxidat ions were  pushed (1 min) and pu l led  (2 
min) in the  oxidizing mixture ,  r a the r  than  quenched 
af te r  oxidat ion  as in Ref. (1). The present  procedure  
would  cause the  shor ter  oxidat ion  t imes to y ie ld  
th icker  oxides than  if the  oxidat ion  was t e rmina ted  
immedia te ly  af ter  the  a l lo t ted  oxidat ion  t ime by  rap id  
cooling. This effect would  be most  impor tan t  for la rge  
O j N 2  ratios.  In  o rder  to de te rmine  the effect a smal l  
decrease in oxide thickness would  have on the va lue  
of A, a 5% change in the oxide thickness obta ined 
af ter  15 min oxidat ion  in 50% OJN~ was incorpora ted  
into the  least  squares da ta  in place of the previous  

Table I. Comparison of calculated and measured values of constants 
T, B, and A from oxidation at 1200~ in O.k./N2 mixtures 

r (hr) B (~/hr) A (~) 
Oxygen 
partial Mea- Mea- Mea- 

pressure Cale* sured Calc* sured Calc* sured 

1 0.027 0.03 0.045 0 . 0 4 3  0.04 0.025 
0.50 0.054 0.06 0.0225 0.0213 0.04 0.019 
0.10 0.27 0.29 0.0045 0.0045 0.04 0.049 
0,0fi 0.54 0. i l l  0.00225 0.0022 0.04 0.038 
0.02 1.35 1,09 0.0009 0.0010 0.04 0.076 

April 1975 

* These  v a l u e s  we re  ca lcu la t ed  b y  a s s u m i n g  r ec l / P ,  B or P ,  and 
A ~,& ~ ( l ~ ) ,  and  u s i n g  t he  v a l u e s  of r ,  B, a n d  A o b t a i n e d  f r o m  Ref.  
(1) fo r  a n  o x y g e n  partial  pressure  of  1 (100% O~) a t  I200~ 

value. This genera ted  values for A and B of 0.024~ and 
0.0216 ~ / h r ,  respect ively.  Thus a smal l  change in the 
oxide thickness has l i t t le  effect on B, but  a subs tant ia l  
effect on A for short  oxidat ion  t imes and thin  oxides. 

A log- log  ptot  of B and r vs. oxygen  par t ia l  pressure  
is shown in Fig. 2. The slopes of the  l ines for B and 
are  1 and --1, respect ively,  which is in agreement  wi th  
the  theoret ical  oxygen par t i a l  pressure  dependence of 
these quanti t ies.  The values of B de te rmined  in this 
invest igat ion agree  qui te  closely wi th  those repor ted  
by  Fl in t  (10), who de te rmined  the oxygen  par t i a l  
pressure  dependence of B at  1200~ above a pa r t i a l  
pressure  of 0.25, using oxygen /a rgon  mixtures .  Also, 
i t  should be ment ioned that  since the  l inear  ra te  con- 
s tant  is defined as B/A ,  it  is apparen t  tha t  it wil l  
show the same pressure  dependence  as B. There  is 
some scat ter  observed,  however,  due to the  var ia t ion  
in A. 

S u m m a r y  
The the rmal  oxidat ion kinet ics  of sil icon in several  

O2/N2 mixtures  at 1200~ has been invest igated.  Li t t le  
or no difference in oxidat ion  ra te  was observed be-  
tween  (100) and (111) or iented silicon wafers,  in-  
dicat ing that  the  oxidat ion  of sil icon at  1200~ under  
various oxygen par t ia l  pressures  is p r imar i l y  a diffu- 
sion control led reaction. I t  was also observed that  the 
parabol ic  ra te  constant  B and the  l inea r  ra te  constant  
B / A ,  va ry  p ropor t iona te ly  wi th  the oxygen par t i a l  
pressure,  while  z, a factor  which  accounts for an 
ini t ia l  accelera ted oxidat ion  ra te  dur ing d ry  ox ida-  
t ion of silicon, varies  inverse ly  wi th  the  oxygen pres-  
sure. These resul ts  agree wi th  the pressure  dependence  
pred ic ted  by  the theory  of sil icon oxida t ion  as re -  
por ted  by  Deal and Grove. 
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Techn call 

A Comparative Study of Microwave and Radiofrequency Plasma 
Polymerization of Benzene 

M. Duval* and A. Th~or~t* 
Hydro-Quebec Institute of Research, Varennes, Quebec, Canada 

Chemical reactions in electrical discharges have 
been studied extensively over the past 15 years. The 
very thin polymer films that can thus be prepared 
have been given a number  of new applications. For 
example, such films have been used as optical light 
guides (1). Several  books and review articles cover- 
ing all or part  of the subject have been published re-  
cently (2-5). They contain many  references to earlier 
work, which is abundant ,  par t icular ly  that  concern-  
ing the reaction of aromatic hydrocarbons. However, 
the specific influence of the various reaction param-  
eters, par t icular ly  discharge frequency, is not yet  
quite elucidated. In  the case of aromatic hydrocarbons, 
some authors have tried to differentiate between radio- 
frequency and microwave discharges, by comparing 
published results obtained in radiofrequency dis- 
charges to those obtained in microwave discharges 
(6-9). The conclusions thus given are uncer ta in  be-  
cause reactor designs were not the same in the com- 
pared systems. For instance, in a work where the same 
reactor design was used with toluene as monomer,  
pressure was not kept constant, and no clear differ- 
ences between radiofrequency and microwave could 
be evidenced (10). In another work with the same re- 
actor design and benzene, the formation of diphenyl  
was shown to be more impor tant  in radiofrequency 
discharges than in microwave discharges, but  the 
formation of the other reaction products, including 
polymers, was not studied (11). 

In the present  work, the same reactor design and 
controlled values of the other reaction parameters  
(pressure, flow rate, and power),  have been used with 
benzene as monomer. Attent ion has been given to the 
formation of oligomers and polymers rather  than to 
the formation of smaUer molecular  weight compounds, 
which is general ly much less impor tant  and repro- 
ducible (12). And in order to unders tand the mecha- 
nism of the chemical reactions leading to polymer 
formation, the na ture  and the amount  of the reactive 

* Electrochemical  Society Act ive  Member .  
Key words: thin films, electrical  discharge,  plasma emission, f r ag -  

menta t ion .  

species formed in the discharge have been investigated. 
Such information has been obtained so far main ly  
from indirect identification methods, such as those 
relat ing electrical discharge reactions to the more 
wel l -known radiolysis or photochemical reactions (6, 
13), or those deducing the na ture  of the intermediate  
species from the composition of the final products 
(7-9). Direct identification methods s u c h  as ESR, 
mass, or emission spectroscopy, are more reliable. 
However, on ly  small  plasma radicals have been studied 
by ESR spectroscopy (14), and the identification of 
some plasma species may be difficult with mass spec- 
troscopy because of f ragmentat ion processes (5). 
Emission spectroscopy has therefore been chosen in 
the present  study. 

Experimental 
A schematic representat ion of the experimental  

setup used is shown in  Fig. 1. Monomer vapor was 
admit ted at regulated pressure and flow rate in the 
small, vert ical ly mounted (9 m m  inner  diameter)  
quartz tube. Plasma was mainta ined in the upper  end 
of the tube by means of a microwave cavity or radio- 
frequency fed copper sleeve electrodes. The Raytheon 
microwave generator and the Tracerlab radiofrequency 
generator  used operated at 2540 and 13.56 MHz, re-  
spectively. Plasma emission spectra were observed 
through a quartz window and recorded from 7000 to 
2000A by means of a Cary 17 spectrophotometer 
equipped with a RCA 1P28 photomultiplier.  Rearrange-  
ment  products of the monomer  molecules were de- 
posited on a fixed circular target placed above the 
discharge zone and the films thus obtained were char- 
acterized by the ATR technique, with a Perk in  Elmer 
Model 180 infrared spectrophotometer. Infrared and 
emission spectra obtained with similar reaction con- 
ditions were quite reproducible. Films soluble in te t ra-  
hydrofuran solvent were analyzed by gel permeat ion 
chromatography with a set of low porosity styragel 
columns, as described before (12). Products in the 
cold traps were analyzed by gas chromatography on 
SE 30 columns. 
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Fig. I .  Schematic representation of glow discharge reaction sys- 
tem. RF, radiofrequeacy; MW, microwave. 

Several combinations of pressure and power were 
studied, from those below which the discharges can-  
not be sustained up to those above which carboniza- 
tion of films occurs. Typical values of pressure and 
power range were from 0.2 to 2.0 Torr and from 15 
to 100W, respectively. It was found convenient,  as is 
usual ly done in plasma chemistry, to combine the 
values of monomer  pressure P and power W supplied 
by the generators, and to consider the power- to-pres-  
sure ratio (W/P)  as an indication of the energy given 
to the plasma. The greater the value of the W/P 
ratio, the more energetic is the plasma. 

Results and Discussion 
Films obtained with values of the W/P ratio larger  

than  200 are insoluble in most solvents, indicat ing a 
high degree of cross-linking. The compounds contained 
in soluble films cover a broad range of molecular 
weights, the amount  of high molecular weight mate-  
rials and compounds with sizes related to those of 
terphenyl  and substi tuted benzenes being more im-  
portant  in the case of microwave discharges, as shown 
in Fig. 2. Large quanti t ies of unreacted benzene and 
only small  quanti t ies of biphenyl,  toluene, phenyl  
acetylene, indene, and styrene were found in the cold 
traps. The relative amounts of the cold-trapped prod- 
ucts change only slightly with the W/P ratio, and 
biphenyl  is the main  cold-trapped product  in the case 
of radiofrequency discharges. 

I I I I I I 

Terphenyl Water 
,: ,ioh0o,,.... ooi. .e,heo,, 

I I , 
25 50 55 40 ~j~45 50 

Elut ion volume (coun ts )  

Fig. 2. GPC spectra of plasma produced polymers: , MW; 
. . . .  , RF; W/P ~ 100; concentration, 0.2% THF. The elution vol- 
umes of model compounds have been given as a reference of 
molecular size. 

The infrared spectra represented in Fig. 3 are typical 
spectra of plasma-produced polymer films, containing 
the prominent  features of all the obtained spectra. 
There are several differences among these spectra. 
The main  one is the variable intensi ty of the main  
aromatic bands at 3020, 1600, and 1460 cm -1 and of the 
main  aliphatic bands at 2920, 1450, and 1370 cm -1. 
The ratios of the heights of these aromatic and ali-  
phatic bands are independent  of film thickness, and 
are a semiquant i ta t ive indication of the aromatic 
character of the polymers. Such ratios have been rep- 
resented in Fig. 4, in  the case of the bands at 3020 and 

a 
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# 

5000 2000 t600 1200 800 
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Fig. 3. Infrared spectra of polymer films produced in radiofre- 
quency and microwave discharges with typical values of the W/P 
ratio. 
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Fig. 4. Infrared band height ratio as a function of the WIP ratio: 

�9 MW; - - -  RF. (a), 3020/2920 cm-1; (b), 1640/2920 
cm-t ;  (c), 3300/2920 cm -1.  These ratios are independent of 
film thickness and indicative of the relative amounts of carbon- 
carbon aromatic bonds (a), double bonds (b), and triple bonds (c) 
in the polymer structure. 
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2920 cm -1, as a funct ion of the W / P  ratio. Curves 
obtained in the case of the bands at 1600 and 1370 
cm -1 are quite similar and have not been represented 
in the figure. It can be seen that the aromatic character 
of plasma-produced polymer is closely related to reac- 
tion conditions used and, more precisely, that it de- 
creases cont inuously as the discharges become more 
energetic, and that  it is lower in microwave than in 
radiofrequency discharges. The aromatic character of 
polymers obtained in low-energy  radiofrequency dis- 
charges is close to that  of conventional  polystyrene. 
Previous authors had already reported a gas-phase 
formation of aromatic polymers in radiofrequency 
discharges (16, 9) and of aliphatic polymers in micro- 
wave discharges (15). The present  results show that  
polymers wi th  large differences of aromatic character 
may be obtained in microwave and radiofrequency dis- 
charges, simply by using different W / P  ratios. 

When the main  aromatic bands are present, strong 
bands at 690 and 750 cm -1 are present, indicating that  
the aromatic rings are mostly monosubsti tuted,  i.e., 
are pendant  from an aliphatic or alicyclic polymer 
chain (17, 18). There are also weaker  bands at 690, 
1620, and 1071 cm -~, which had been assigned once 
to a poly-benzyl  cyclopentene s tructure (18), but  
could indicate a polystyrene s tructure as well. At last, 
especially in low-energy discharges, there are rela-  
t ively strong bands at 3300 cm -1, which had previously 
been observed in a-c discharges (17). They are indica- 
tive of a carbon-carbon tr iple bond structure.  The 
relative in tensi ty  of these bands, as can be seen in 
Fig. 4, decreases as discharges become more energetic. 

When the main  aromatic bands are weak or missing, 
i.e., mainly  in the case of h igh-energy microwave dis- 
charges, there are moderately strong bands in the 
1620-1660 cm -1 region, and weaker ones in the 1300, 
1150, and 960 cm -1 regions, indicating a carbon-carbon 
double bond structure, which had previously been ob- 
served in a-c (19) and microwave (15) discharges. 
The relat ive intensi ty  of these bands decreases as dis- 
charges become more energetic, as can be seen in Fig. 
4. Bands in  the 1700-1750 cm -1 region are weak or 
missing in all the spectra. Oxygen contaminat ion of the 
films, if any, is therefore very small. This was not the 
case in a-c discharges (19). 

Plasma emission spectra represented in Fig. 5 are 
typical spectra which contain the prominent  features 
of all the obtained spectra. Only l imited parts of these 
spectra have been reported in previous plasma chem- 
istry studies with aromatic hydrocarbons (7, 15-17, 
20). Mono-, di,- and polyatomic radicals or ions, and 
excited molecules, are responsible for these emission 
spectra. They are gas-phase, unstable  species, and 
s]hould not be confused with the more stable radicals 
which may be trapped in the polymer films and that 
have been detected in some cases by ESR spectroscopy 
(9, 21). A number  of these species have been identi-  
fied in the present spectra. For instance, the bands at 
4350, 4860, and 6580A are the main  Balmer  lines of 
the hydrogen atom. The bands at 3900 and 4310A are 
due to the (A2a--> x~=) and (B2~- -~ x2;~) transit ions 
of the CH radical. The bands at 4310, 5160, and 5630A 
are the Swan bands due to the (A3=g --> x3=u) t ransi t ion 
of the C2 radical (22). The band system in the 2400- 
3300A region is due to the (1B% ~ ~AI~) t ransi t ion of 
the benzene molecule (23). Schhler 's "T spectrum," 
which can be observed in the 4673-6500A region, is due 
to the emission of C4H2 + or of the C2H radical (24). 
Schiiler's "V spectrum" in the 4456-5900A region, and 
"W spectrum" in the 3400-4400A region, when present, 
are weak. They were assigned to the emission of the 
C6HsCH2 and C6H4 radicals (25). Some bands in the 
3300-4400A could not be identified, although emission 
in this region has once been at t r ibuted to the C6HsCH 
radical (26). The par t  of the cont inuum background 
which is located in the 2400-3300A region is due to the 
fluorescence resonance spectrum of the benzene mole- 
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Fig. 5. Emission spectra of radiofrequency and microwave dis- 

charges for several typical values of the W/P ratio. 

cule (27). That in the 3400-4400A region had been 
assigned to the C6H4 radical (25), or the C6H~C radical 
(26), but  this is controversial  (28). We believe that  
the large cont inuum between 3400 and 6500A could 
rather  be due to the fluorescence resonance spectra 
of aromatic molecules larger than benzene (29, 30), 
possibly some of the reaction products themselves. 

The following mechanisms of polymer formation, 
accounting for the observed polymer structures and 
plasma compositions, may therefore be postulated. 

(i) In  the case of h igh-energy microwave discharges, 
the main  emission comes from CH radicals and, to a 
lower extent, from C2, and C2H radicals. These radicals 
are formed from breakdown reactions of the benzene 
molecule, such as for example 

C6H6 --> 6CH 
C6H6---> 3C2H -5 3/2 Ha 

The formation of the observed olefinic polymers 
could therefore be explained by recombinat ion reac- 
tions of these radicals, such as for example 

n CH --> -[CH ---- CHin 
n C2H -> ~:C ---- CH 

Li 

Polymer  cross-l inking would then be brought  about 
by combination of free valences on neighboring chains. 

(it) In the case of h igh-energy  radiofrequency dis- 
charges, the main  reactive species are H, C2H, and to a 
lower extent  C~H5 CH2 and C~H4 radicals. They are 
also formed from breakdown reactions of benzene, 
such as for example 

C6H6--> 3C2H -5 3H 

Again the formation of the observed, par t ly  aromatic, 
monosubstituted, saturated polymers would be con- 
sistent with recombinat ion reactions of these radicals, 
such as for example 
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F 
nC~H-~ 75 C 

L ] 
:[ c= CH~- 

n 

CH2C6H~ 

= o H  

I n 
CH2--C6H5 

+ 2nH-~ -~ CH -- CH2 ~- 

CH2C6H5 

(iii) In the  case of l ow-ene rgy  discharges, in agree-  
ment  wi th  previous  observat ions  (31,32), r ing f rag-  
menta t ion  is replaced by  r ing excitation,  pa r t i cu la r ly  
in the case of rad iof requency  discharges, where  the 
spec t rum s imply  consists of the  2600A system of ben-  
zene. However,  the  fo rmat ion  of polymers  wi th  mono-  
subst i tuted aromat ic  r ing s t ructures  cannot be ex-  
p la ined by  condensat ion react ions of these exci ted 
molecules. A possible mechanism, which has a l ready  
been proposed (9), could involve the in termedia te  for -  
mat ion  of acetylene,  which actual ly  forms from ben-  
zene in electr ical  discharges (6, 18) and would  give no 
emission spectrum, fol lowed by  its react ion with ex-  
cited benzene molecules to form styrene, and then by  
format ion  of po lys tyrene  

C6H6" + C2H~-* C6H~ -- CH 

= C H 2 - > - ~  C H - -  CH2 ~ -  

C6H~ 

The same mechanism, or a s imi lar  one involving the 
react ion of acetylene with  exci ted molecules other  
than benzene, would apply  to the case of l ow-ene rgy  
microwave discharges.  The format ion  of ca rbon-ca r -  
bon t r ip le  bond s t ructures  could not be expla ined  sat -  
isfactorily.  

(iv) In the  case of discharges of in te rmedia te  en-  
ergy, there  is a continuous variat ion,  as a function of 
the  W/P ratio, of the amount  of CH and H radicals  
formed in the discharges,  as can be seen in Fig. 6. This 
was also the case for the re la t ive  amounts of aromatic,  
olefinic, and acetylenic s t ructures  in the polymers  (Fig. 
5). Therefore  it m a y  be assumed rea l i s t ica l ly  that  the 
react ion mechanism which applies to discharges of 
in te rmedia te  energy is a combinat ion  of those which 
app ly  to h igh -ene rgy  and to tow-ene rgy  discharges. In  
addition, the results  we have obtained with  toluene, 
ethylbenzene,  and s tyrene  suggest that  the react ion 
mechanisms which apply  to these monomers  are  not 
ve ry  different from those which apply  to benzene. 

Summary 
The polymer iza t ion  of benzene in microwave and 

rad iof requency  discharges has been invest igated with  
pressure  and power  as var iable  parameters .  The in-  
f ra red  s t ructures  of the obtained polymers  could be re-  
la ted sat isfactor i ly  to the degree and na ture  of f rag-  
menta t ion  of benzene, as detected by  p lasma emission 
spectra. Po lymer  s tructures  and p lasma composit ion 
are  significantly influenced by  p lasma energy level  and 
discharge frequency.  The influence of discharge f re-  
quency is pa r t i cu la r ly  significant at high energy- levels. 
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Chemical  Vapor  Deposition a t  Low Tempera tures  

J. C. Vigui~ and J. Spitz 

Commissariat ~ l'Energie Atomique-DMG-LEMM CENG, 38041 Grenoble, Cedex, France 

Because of the potential  industr ial  importance of 
chemical vapor deposition (CVD) at atmospheric pres-  
sure and at temperatures  below 500~ deposition of 
metals and oxides from the acetylacetonates was s tud-  
ied. The best way of t ranspor t ing the materials  is to 
expose the substrate to an aerosol of the chelate in a 
solvent. A distinction is made between t rue vapor dep- 
osition and splashing of droplets on the surface fol.- 
lowed by condensed-phase reaction. With aerosol 
droplets small enough to ensure t rue vapor deposi- 
tion, 500-5000A films are of the same optical qual i ty 
as those obtained by vacuum techniques. Suitable 
conditions have been defined for deposition of ferric 
oxide on glass. 

Although the spraying of two or more liquids which 
react on mixing (e.g., to form epoxy resins) has been 
used in painting, the investigation of the pyrolysis 
of solution droplets has been l imited (1). However, 
the method is of great practical interest, since, in 
certain cases, coatings can be formed on large sur-  
faces (2, 3) without  cumbersome protection against 
air, and at temperatures  general ly below 500~ where 
a great variety of substrates may be used. 

Basic Considerations 
When the operation takes place in air, the method 

is l imited to compounds that are as stable or more 
stable than oxides (4). The salient feature of the proc- 
ess is that the metallic s tar t ing compound is t rans-  
ported in solution; droplets are carried at or near  
room temperature  to wi th in  a few mill imeters  of the 
substrate surface. 

Whether  or not the process may be classified as 
chemical vapor deposition (CVD) depends upon two 
factors. (i, chemical) Only those compounds that va-  
porize without decomposition will undergo true CVD. 
Among the useful compounds, few react below 500~ 
eog., some chlorides and chelates. (ii, physical) The 
most important  physical factor is the temperature  of 
the env i ronment  which relates to the substrate tem- 
perature  and gas temperature.  

For  clarity, we propose the classification of proc- 
esses that occur with increasing temperature  as shown 
in Fig. 1. 

In  process A, Fig. 1, the droplet splashes on the sub-  
slLrate, vaporizes, and leaves a dry precipitate in  which 
decomposition occurs. 

In  process B, the solvent evaporates before the 
droplet reaches the surface and the precipitate im- 
pinges upon the surface where decomposition occurs. 

In  process C, the solvent vaporizes as the droplet 
approaches the substrate, then the solid melts and va-  
porizes (or sublimes) and the vapor diffuses to the 
substrate to undergo a heterogeneous reaction there. 
This is t rue CVD. 

In  process D, at the highest temperatures,  the metal -  
lic compound vaporizes before it reaches the sub-  
strate and the chemical reaction takes place in the 
vapor phase. 

Key words: aerosol, atomization, pulverization, pyrolysis ,  spray. 
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Fig. 1. Description of the deposition processes initiated with 
increasing substrate temperature. 

Experimental 
A chemical spray deposition process can be de- 

scribed with six parameters  as depicted in Fig. 2. 
Typical values for these are listed in Table I. 

For the purpose of relat ing our observations to con- 
tinous processes, we provide for substrate t ranslat ion 
and describe the motion of the substrate inside the 
heated volume by velocity, v. 

Records of temperature,  Ts, during transi t  of the 
substrate through the heated zone were taken from a 
thermocouple set behind the substrate, as shown in 
Fig. 3. 

The coatings were deposited on glass substrates, 50 
• 50 ram, from solutions of chlorides and acetylace- 

Solution 

q Qo . ~  Carrier gas 

[_~ ; Fogging system 

Nozzte t ........ ( 
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I ;~,rj111t~, ~. d I .I/ r l l i11U.  
I I I  l l t l | l  

T I I  I i , . I ~I 

I Furnace 

TE 
Fig. 2. Schematic diagram of equipment for chemical spray deposi- 

tion. 
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Table I. Parameters of chemical spray deposition 

Piezo- 
electric Pneumatic 

Solution flow Symbol transducer transducer Units 

Table II. Chemical conditions of deposition 

Start ing Temperature  Carrier 
Layer  compound  So lvent  T~, ~ gas 

Temperature  of  t h e  T s  400-550  5 0 0 - 5 5 0  " C  
g a s e o u s  environ-  
m e n t  

Flow of  carrier gas Q~ 3-6  3 -6  l i t e r / m i n  
Distance b e t w e e n  d 3-15 40 m m  

nozzle  and sub-  
strate 

Droplet  radius r 1-4 5 -50  microns  
Solut ion concentra- C 0.1-0.4 0.1-0.4 moles/liter 

tlon 
Solut ion f low q 30-60  500-800 cmS/hr 
Speed  of  substrate v 10-40 10-40 ram/rain 

through  the  fur-  
nace  

tonates. Solvents  were  water, butylacetate,  butanol, 
and toluene. 

The fogging sys tem can be of different types (6, 7) : 
pneumatic atomizer, resonant cavity, or piezoelectric 
transducer. We favor the last which  has the fol lowing 
advantages: the carrier gas flow can be set at very  
low values, thus minimiz ing  the cooling effect on the 
substrate; moreover,  at a frequency of 1 MHz, the 
droplet diameter lies between 2 and 8~ (8).  Table I 
gives typical values of the parameters for a pneumatic 
and a piezoelectric  generator. 

Results and Discussion 
Adherent layers of both metals  and oxides were  

obtained by chemical  spray deposition. As shown in 
Table II, the only metals  that can be prepared are 
the precious metals  that do not form oxides. Their 
quality, as evaluated by reflectance, is at least equal 
to that of a film prepared by a vacuum technique, 
as shown in Fig. 4. 

The deposition of ferric oxide from a solution of 
ferric acetylacetonate was  investigated most  thor-  
oughly. The values of the experimental  parameters  
listed in Table I lead to layers 1800-2600A thick. 

Because of the extreme temperature gradient in the 
vicinity of the substrate (est imated as 50~  it 
is difficult to k n o w  the temperature which truly 
characterizes the layer growth. An additional difficulty 
arises from the motion of the substrate, which destroys 
its equil ibrium with  the environment.  

Three temperatures are available from the measure-  
ments  (Fig. 3) : (i) the temperature  TE of the gaseous 
environment  which is close to the regulation tempera-  
ture of the furnace; (ii) the temperature of the sub- 
strafe facing the spray, Ts; (iii) the temperature of 
the substrate out of the spray. With the assumption 

. . . . . . .  T E 
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L e n g t h  crn 

Fig. 3. Temperature of substrate passing through the heated 
zone. Speed 30 ram/rain. A, Infrared heated zone; B, electric fur- 
nace at temperature TE. 

FeeO8 (AA) 3 Fe Butanol  400-550 Air  
SnO2 SnC14 H 2 0  + HC1 480-500 Air  
In~Os (AA)s  In A c e t y l a c e t o n e  470-520 Air  
Cr2Os (AA)s Cr Butanol 520-560 Argon 
V~Oz (AA) 3 V Butanol 450-510 Oxygen 
Pd (AA) ~ Pd Butanol 3 0 0 - 3 5 0  N2 + I-Is 
R u  (AA)s  R u  Butanol  380-400 Na + H~ 

A A  = acetylacetonate .  

that these  va lues  are g e n e r a l l y  proport ional  to each 
other, w e  decided to observe the layer structure as 
a function of the temperature of the substrate facing 
the nozzle,  which constitutes a convenient reference 
for characterizing the coating behavior during heat-  
treatment.  

The linear variation of growth rate with  solution 
concentration (Fig. 5) suggests that the process is 
diffusion controlled rather than kinet ical ly  controlled. 
Growth rate, G, is related to the other parameters by 

e~ 
G = - -  

a 

where  e is the layer thickness,  v is the translational 
velocity  of the substrate, and a is the effective width 
of the spray in the direction of motion; under our 
c o n d i t i o n s ,  = 3 cm. 

In Fig. 6, the layer thickness  is plotted against v -1 
(proportional to the dwel l  t ime  of the substrate in 
the spray),  which gives a line of slope G. Except for 
the points corresponding to higher substrate velocity,  
for which the temperature is lower,  the growth rate 
is independent of layer thickness.  
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Fig. 4. Reflectance of palladium films prepared by CVD and by 
electron beam vaporization. 
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Fig. 5. Growth rate of Fe208 layers as a function of concentra- 
tion of ferric acetylacetonate in toluene. 
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Fig. 7. Growth rate of Fe:O8 layers as a function of temperature. 
A, 0.1 mole/liter ferric acetylacetonate in butanol; B', 0.1 mole/ 
liter ferric acetylocetonote in toluene. 

The l aye r  s t ruc ture  and the  g rowth  ra te  were  ob-  
served as functions of the  t empera tu re  of the  sub-  
s t ra te  when facing the spray  nozzle. As shown in Fig. 
7, the growth  ra te  reaches a point  at  Te beyond which 
the dependence  of g rowth  ra te  on. t empe ra tu r e  de ,  
creases marked ly .  At  the  same t ime the deposit  de-  
velops a c rys ta l l ine  s t ruc ture  beyond Tc. These factors 
suggest  the opera t ion  of different  mechanisms above 
and below To. 

On the other  hand, we found tha t  the  oven t empera -  
ture  TE has a s t ronger  influence on the s t ruc ture  of 
the coating than  do t empera tu res  measured  on the 
substrates.  The difference in Tc's wi th  to luene and bu -  
tanol  suggests that  evapora t ion  of the  solvent  is in-  
volved in one or both mechanisms.  

As expected, the  physical  p roper t ies  of the  coat ing 
change rap id ly  in the ne ighborhood of the t rans i t ion  
t empera tu re  T~. In the  case of a 180,0A ferr ic  oxide 
film, grown from ferr ic  acety lacetonate  in butanol ,  
t ransmission increases wi th  a decrease in tempera ture ,  
whereas  resistance to abras ion r ap id ly  decreases as the  
crys ta l l ine  s t ructure  vanishes. 

We observed tha t  the  size of crys ta l l i tes  obta ined 
from sprayed  solut ion of ferr ic  chlor ide  is independent  
of solution concentrat ion.  On the o ther  hand, the 
average crys ta l l i te  size can be increased by  rais ing 
the t empe ra tu r e  f rom 400 ~ to 800~ This supports  
the idea of format ion  f rom the vapor  phase via  p roc-  
ess C, Fig. 1. 

Expla in ing  the  growth  of an amorphous  l aye r  is 
more  of a problem.  Some authors  descr ibe adherent ,  
noncrys ta l l ized layers  obta ined f rom the  acetates (9). 
The noncrys ta l l ized  state appears  to cor re la te  wi th  
the  lack  of vola t i l i ty  of the s tar t ing compound, sug- 
gesting that  process B is operat ive.  

The photographs  of Fig. 8 show films p repa red  under  
condit ions suggest ive of opera t ion  of the  different  
processes. Processes A and D are  be l ieved to be of l i t t le  
pract ical  interest  because they  lead  to rough or  non-  
adheren t  layers .  

Fig. 8. Surface of Fe2Os deposited from hydrochloric solution of FeCh. (a, left), Low temperature processes, A and B/ (b, right), high 
temperature process, C. 
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Conclusions 
The different processes in chemical  spray  deposi t ion 

depend not only  on t empera tu re ;  the coating morpho l -  
ogy is influenced also by  flow of car r ie r  gas, distance 
be tween subs t ra te  and nozzle, drople t  radius, solution 
concentration, and solut ion flow rate.  

When droplets  of different sizes are presen t  in the 
aerosol, two of the possible processes can proceed con- 
current ly.  Use of piezoelectr ic  t ransducers  which pro-  
duce droplets  of a r a the r  na r row size range faci l i ta ted 
identification of the  processes. 

These observat ions  were  va luable  in choosing op-  
t imum conditions for  the  p repa ra t ion  of semi t rans-  
paren t  photomasks.  

Manuscr ip t  submi t ted  Oct. 19, 1973; revised m a n u -  
script  received Sept.  25, 1974. This was Pape r  306RNP 
presented  at the Boston, Massachusetts,  Meet ing of 
the Society, Oct. 7-11, 1973. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the December  1975 
JOURNAL. Al l  discussions for  the  December  1975 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by the Commissariat h l'Energie Atomique, 
France. 

REFERENCES 
1. J. C. Withers  and L. C. McCandless,  in "Proceed-  

ings of the Second In te rna t iona l  Conference on 
Chemical  Vapor  Deposit ion," J. C. Withers  and 
J. M. Blocher, Jr.,  Editors,  p. 393, The Elec t ro-  
chemical  Society  Sof tbound Sympos ium Series, 
Princeton,  N. J. (1970). 

2. O. V. Vorob 'eva  and T. F. Polurotova,  Izv. Akad. 
Nauk SSSR Neorgan. Materialy, 7, 266 (1971). 

3. O. V. Vorob 'eva  and E. S. Bessonova, Steklo i 
Keram., 21, 9 (1964). 

4. R. R. Chamber l in  and J. S. Skarman,  This Journal, 
113, 86 (1966). 

5. B. F r a n c k  and R. Groth,  Thin Solid Films, 3, 35 
(I969). 

6. 'M. N. Topp and P. Eisenldam, Ultrasonics, 127, 
(1972). 

7. D. Ensminger,  "Ultrasonics,  the  Low and the High 
Intensi t ies  Appl icat ions ,"  pp. 467-471, Marcel  Dek-  
ker, Inc., New York  (1973). 

8. J. Spitz and J. C. Vigui~, French  Pat.  2,110,622. 
9. J. W. Gi l l i land and M. S. Hall, Electrochem. Tech- 

nol., 5, 303 (1967). 



J O U R N A L  O F  

R E V I  EWS 

T H E  

A N D  NEWS,, 

E L E C T R O C H E M I C A L  S O C I E T Y  

1975 

A Critical Review of Solderability Testing 
Joseph B. Long 

Tin Research Institute, Incorporated, Columbus, Ohio 43201 

Join ing  by  solder ing is essent ia l ly  the  pene t ra t ion  
and filling of a pa r t i cu la r  c learance be tween  two com- 
ponents wi th  solder  to provide  for integr i ty ,  e lectr ical  
continuity,  or heat  t ransfer  in the assembly.  In  add i -  
tion, solder  joints  form l iquid and gas t ight  seals and 
provide  some s t rength  to the assembly  at  a va r ie ty  of 
service tempera tures .  To fulfill  the  functions of a sol-  
dered joint,  mol ten  solder  must  wet  ma t ing  surfaces at 
a t empe ra tu r e  usua l ly  below 800~ (427~ and the 
solder  a l loy must  be d is t r ibu ted  to all  jo in t  spaces by  
capi l la ry  action. F luxes  are  n o r m a l l y  requi red  to aid 
the wet t ing  and pene t ra t ion  of the  solder  by  chemical  
dissolution of oxides and s imilar  films on the compo- 
nent  surfaces and on the advancing so lder  meniscus. 
Even though the physical  geomet ry  of a solder  jo int  
is sat isfactory,  there  are  wide differences in the  ease 
wi th  which a joint  is made,  and these differences are  
wi th in  the r ea lm of so lderab i l i ty  testing, which seeks 
to de te rmine  the faci l i ty  wi th  which a solder  can wet  
surfaces. Secondly, so lderab i l i ty  tests are  designed to 
provide  informat ion  on the solder ing character is t ics  of 
the solder  in re la t ion to the chemical  and physical  na -  
ture of the surfaces being joined. The composit ion and 
the efficacy of both  solder  and flux systems and t em-  
pe r a tu r e - t ime  cycles employed  dur ing  the solder ing 
opera t ion  can also be ascer,tained b y  appropr ia t e  sol-  
de rab i l i ty  tests. 

Many invest igators  have developed different  p ro -  
cedures and equipment  to assess solderabi l i ty .  Dete r -  
mina t ion  of so lde rab i l i ty  falls  into one or more  of the  
fol lowing categories,  (i) cap i l la ry  pene t ra t ion  tests, 
(ii) spreading  tests, (iii) dip tests, and (iv) wet t ing  
t ime tests. A cri t ical  eva lua t ion  of the various tes t ing 
methods  and the significance of da ta  der ived  f rom sol-  
de rab i l i ty  test ing p rograms  wil l  pe rmi t  users of sol-  
dered joints  to select mater ia l s  to provide  re l i ab i l i ty  
and to evaluate  op t imum product ion schedules for the 
solder ing process (Table  I ) .  

Capillary Penetration Tests 
Capi l la ry  pene t ra t ion  tests are used to evalua te  the 

effects of jo in t  clearance, flux activity,  or  solder  com- 
posi t ion (1). In  test ing by  this method, a cap i l la ry  
s p a c e  is p rov ided  be tween  two flat meta l  sheets (Fig. 
1). The jo in t  surfaces of the  sheets a re  fluxed, p re -  
heated,  and brought  into contact wi th  a mol ten  solder  

Key words: solders, fluxes, coatings, j o in t s ,  r e l i a b i l i t y .  

Table I. Tests for solderability 

Materials tested 

Tests commonly used 
Capillary WettlnE 

p e n e t r a t i o n  Spread Dip t i m e  

Solders X X X X 
F l u x e s  X X X X 
Bas is  m e t a l s  X X X X 
Coatings X X X X 
P r i n t e d  c i r cu i t  c o n d u c t o r s  X X 
P l a t e d  t h r o u g h  ho le s  X X X 
Wire  and  c o m p o n e n t  l eads  X X X 

bath  for a specific t ime in te rva l  (2). Af te r  the  sheets  
are removed from the solder  and cooled, the  capi l la ry  
rise is measured  on the wet ted  surfaces. Data f rom this 
type  of test  often show anomalous  resul ts  due to non-  
uniform oxidat ion of meta l  surfaces or changes in the 
act ivi ty  of fluxes dur ing  preheat ing.  

Despite the anomalies  associated wi th  the capi l la ry  
pene t ra t ion  tests, one of the qual i ty  control  tests for  
e lect rolyt ic  t inpla te  (Fig. 2) is made  wi th  samples  of 
t inpla te  which are folded over  to form a capi l la ry  
space (3). The test samples  are  at  ambien t  t e m p e r a -  
ture, and af ter  fluxing, are immersed  ver t i ca l ly  in the  
ba th  for 1 min. The sample  is then removed,  cooled, 
and the folded edge is sheared off. The sample  is pee led  
apar t  and the height  of the  solder  r ise in the  jo in t  is  
measured.  The sens i t iv i ty  of this  qual i ty  control  check 
is low since i t  has been demons t ra ted  that  the differ-  
ence in cap i l la ry  rise be tween  "good" and "poor" t in -  
plate  may  be only 0.1-0.2 in. in a total  cap i l la ry  r ise 
of 1 in. 

The measuremen t  of cap i l l a ry  r ise of solders has also 
been made wi th  e lec t roformed meta l  tubes (Fig. 3), 
twis ted  wires, and in te r locked  joints  (Fig. 4) (4-6). 
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Fig. 1. Capillary penetration test using flat metal surfaces 
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Fig. 2. Testing tinplate for solderability 

25C 



26C 

SOLDER RISE 

J. Electrochem. Soc,: REVIEWS AND NEWS 

CAPILLARY TUBE 

_ /  

Fig. 3. Solder penetration test using a electroformed metal tube 
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Fig. 4. Interlocked metal joints used in the solder penetration 
test. 

In the case of twisted wire samples, it was shown that 
the expansion of the wires when dipped in  the molten 
solder bath, caused an uncontrol lable change in the 
dimensions of the capillary clearances. It should be 
pointed out that  in all capillary penetrat ion tests 
using b inary  t in- lead solders, the amount  of rise of 
the solder will greatly depend upon the avai labi l i ty of 
eutectic in the solder alloy. In solders where there is  
a high percentage of eutectic, capil lary rise will  be at 
a higher level than when solders of lower eutectic 
content are used. 

It is recognized that capillary action will  not occur 
in solder joints unless the molten solder is in contact 
with the capillary space. Therefore, it is necessary for 
solder to spread over surfaces to be in the best position 
to fill capillary spaces. The area of spread tests were 
developed to meet this requirement.  

Area of Spread Tests 
The area of spread tests have been used by both re-  

searchers and production personnel to compare solder- 
abil i ty of coated surfaces (7) and evaluate the effec- 
tiveness of fluxes (8) and solders (9). In  testing by 
this method, fixed volumes of solder and flux are placed 
o n  test coupons which are hea ted  to a specific tem- 
perature. Various means are employed to heat the sam- 
ples and electrical resistance heating or hot plates have 
been used. Some investigators have floated test coupons 
on a liquid solder or flux bath or employed oven heat-  
ing as a heat source. However, oven heat ing is not 
recommended since the t ime required to br ing a sample 
to temperature  is often too long, and without a pro- 
tective, nonoxidizing atmosphere, the sample surface 
can be oxidized sufficiently to affect test results. In 
addition, oven heating for long heat cycles is not rep- 
resentative of the conditions for the major i ty  of sol- 
dering operations. 

During heating of the test coupons, the solder melts 
and spreads over the surface. The extent  of the solder 
spread pat tern is influenced by the type of flux, metal  
surface condition, and solder composition. Variables 
such as the volume of either flux or solder are con- 
trolled by using flux cored solder wire of a specific 
diameter  and core size. Alternately,  solder preforms 
or constant size pellets are punched from solder s h e e t  
of known thickness and accurate quanti t ies of flux are 
applied to the test specimens, usual ly  with a graduated 
pipette or hypodermic syringe? 

After the melted solder spreads over the surface to 
be tested, the sample is cooled and the area of spread 
can be measured with a planimeter.  Alternately,  the 
spots are photographed and enlargement  is made for 
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direct measurement  with a planimeter  gauge. Often 
the solder spread is displayed on the screen of a pro- 
jection microscope and standard charts are used to de- 
termine the spread area. 

Figure 5 shows the relat ive spread of a 60 tin-40 lead 
solder on various coatings fluxed with a mixture  of 
rosin and alcohol. The coating thickness in each case is 
0.0003 in. (7.5 ~m) thick, and it is clear that hot dipped 
tin, and electrodeposited alloys of t in-zinc provide high 
levels of solderability. Stannate  tin, t in -cadmium alloy, 
and cadmium show intermediate  solderability. Tin-  
nickel and silver are inferior, but  nevertheless may be 
soldered satisfactorily under  industr ia l  conditions. 
Chromium is nonsolderable. 

If the area of spread is determined and the volume 
of solder is known, the value of the theoretical contact 
angle of the solder drop with the basis metal can be 
determined by the equation 

o - - 7 . 1 2 (  V ) 
square root AS 

where 0 is the contact angle in degrees, V is the volume 
of solder in cubic centimeters, and A is the area of 
spread in square centimeters. This equation a s s u m e s  
that the volume of solder is small  and therefore, gravi-  
tational effects are minimized. The value provided by 
the equation gives a numerical  value for solderability, 
and small values of ~ indicate good solderability. 

Variations of the area of spread test were made by 
other investigators. In one test the max imum height of 
the melted solder above the test coupon surface was 
regarded as an index of solderability. However, this 
test is usual ly only appropriate for areas of spread 
which are approximately circular. Solder spread is 
more often i rregular  due to the chemical and physical 
properties of the test surfaces. In  order to minimize 
the difficulties of testing associated with the shape of 
the solder spot, a solderabili ty test was devised which 
employs solder wire samples with a diameter of 0.0625 
in. For each solder sample, a three inch portion of wire 
solder is bent  into the form of a figure 4. The vertical 
part of the 4 is about 1 in. long and is crossed by the 
horizontal portion of the wire sample in the middle. 
The end of the horizontal portion is looped under  and 
then over the vertical portion and the loop pulled 
tight. The edges of the loop are then cut away. Thus, 
solder pellets of consistent weight are formed. The test 
is performed similarly as the spread test and both the 
height and area of spread are measured after the sol- 
der pellets are melted. Spread factors for a part icular  
test surface are calculated by using the equation 

D - - H  
Spread factor : - -  X 100 

D 

where D equals the diameter  of the sphere having a 
volume equal to that of the solder used, and H is the 
height of the solder spot. If there were no effect from 
gravity, surface tension or wett ing (alloying) of the 
solder, the solder drop would assume the shape of a 
sphere where D would equal H and the spread factor 
would be zero. This would indicate nonsolderabil i ty of 
the surfaces tested. As solderabili ty increases, the 
height of the solder spot decreases and the value of 
the spread factor increases. A percentage rat ing of the 
solderabili ty of surfaces is thereby established and 
coatings are rated as follows: 

Spread factor Solderabil i ty 

Approximate contact 
angle calculated 

from area of spread 

60 Very poor 50 ~ 
60-70 Poor to fair 50~ ~ 
70-80 Fair  to good 34~ ~ 
80-90 
90 

Good to very good 12 ~ 3 ~ 
Excellent 3 ~ 

A.S.T.M. tests were concerned with the effect of a 
variety of thicknesses of t in  on brass and copper and 
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Fig. 5. Relative solder spread 
on various coatings, 0.0003 in. 
thick. 

the spread factor was employed as a measure of sol- 
derabi l i ty  (11, 12). Samples were tested in  the as- 
plated condition and after exposure of up to 1 yr  at 
100~ (38~ and 85% humidity.  Under  prolonged 
tempera ture  and high humidi ty  conditions, substant ial  
oxide films developed on the t in  coatings and it was 
shown that the solder broke through and flowed under  
the oxide films on some of the test disks. This type of 
rup tur ing  of surface films is more l ikely to occur where 
the film is least supported when the under ly ing  coating 
melts, that is, on the thickest t in coatings. It  would ap- 
pear from these test results, that  the area of spread 
test is not appropriate when aged, thick coatings are 
tested. 

Reflection of incident  light from the surface of a 
spreading solder drop has been used to s tudy solder- 
abil i ty of surfaces (13). The contact angle that a solder 
d rop  makes with the basis metal  was measured by 
taking motion pictures of the solder as it spreads (Fig. 
6). The advancing solder was i l luminated from directly 
above and the camera was mounted  at a known angle 
to the vertical l ight source. As the solder spread, the 
reflected light moved out from the surface to the edge 
of the drop and finally disappeared when the contact 
angle reached a value which was one-half  the angle 
of separation of the light and camera. The method is 
probably best for testing the rate of spreading of a sol- 
der which has a low contact angle, bu t  a dip test would 
be simpler to use. Dip tests are discussed later  in this 
paper. 

LIGHT SOURCE 

~ __,.J CAMERA 
= \ ,. \ 

Fig. 6. Reflection of incident light from surface of spreading 
solder as an index of solderability. 

Another  spread test is part  of Mil i tary Specification 
MIL-P-55110 (14). This test has been named the Men- 
iscus Test and utilizes a test pa t te rn  on a pr inted cir- 
cuit board which has a series of parallel  conductor 
paths. The test board is placed in a test fixture which 
has three holes at its center and counter weights are 
used to hold the board to the fixture. When the test 
fixture and board are pressed into the solder bath, the 
solder rises through the holes in  the fixture and forms 
meniscuses (Fig. 7). Since the pr in ted wiring board is 
held at a measured distance above the holes, only the 
solder meniscuses contact the test board. 

Three circular spots of solder are produced on the 
specially designed test pattern. After the sample is re-  
moved from the fixture, the spots are measured diago- 
na l ly  to the nearest  hundred th  of an inch. The average 
of 12 such spots made on two double-sided test boards 
is a measure of the board solderability. In  addition, if 
any of the spots show unwet ted  or dewetted areas ex- 
ceeding 25% of the total area of the board, the board 
is considered to have unsatisfactory solderability. 

The test has shown little acceptance by the pr in ted 
circuit manufac tur ing  indus t ry  because the test equip- 
ment  is unwieldy,  and sensi t ivi ty of the test is not  ade- 
quate. The over-al l  range of solder spots was shown 
to be 0.60-0.99 in. for a full range of nonsolderable 
surfaces. Natural  aging data showed that  a m i n i m u m  

GONTAGT DIAMETER OF GLASS PLATE OR PRINTED 
WIRING BOARD MENISGUS 
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~ / ~  jGOUNTER WEIGHT 

tlJ,~',Y'. J , /  ' /~/ ,  / / t / 1 / , ' / / /  

SOLDER ? ' / ' ~ 'SOLDER MENISCUS 
Fig. 7. Schematic of the Meniscus Test 
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value of 0.84 in. in the diagonal measurement  of the 
wetted test paths was the point at which boards could 
be rejected for lack of solderability. It  would appear 
that a spread difference of only 0.15 in. is too nar row 
to be an acceptable criterion for determinat ion of good 
solderability. 

Dip Tests 
Dip tests are probably one of the easiest forms of 

solderabili ty test to apply since the specimen to be 
tested is immersed in solder and the degree of coverage 
by the solder  is noted as an index of solderability. One 
of the dip tests involves the use of unfiuxed leads onto 
which is wound a loop of solid wire solder (15). After  
making the solder loop around the lead to be tested, 
the solder ends are cut away and the specimen is im-  
mersed into a bath of polyethylene glycol which is 
heated to about 392~ (200~ above the mel t ing point  
of the solder. The lead is held in the glycol bath  2 sec 
after the solder melts, then removed from the bath, 
cooled, and cleaned with alcohol. Examinat ion  of the 
lead is made and an even, continuous distr ibution of 
solder along the length of the lead demonstrates excel- 
lent solderabili ty of the surface, but  formation of sol- 
der globules with high contact angles is indicative of 
poor solderabil i ty (Fig. 8). 

Mili tary Standard 202C, Method 208 defines a sol- 
derabil i ty test for component lead materials (16). This 
test was also published by the Electronic Industr ies 
Association as their Standard RS178A (17). A lead is 
dipped into a rosin-alcohol flux and attached to an arm 
of a device which lowers the lead into a solder bath 
heated to 450~ (232~ The arm of the apparatus  is 
actuated by a motor  dr iven cam and the ent ry  into the 
bath, dwell time, and exit time from the solder are ac- 
curately controlled (Fig. 9). After the solder dip, the 
solder-coated lead is cooled, and flux residues are re- 
moved wi th  isopropyl alcohol. The lead is considered to 
have acceptable solderabili ty if surfaces are 95% cov- 
ered with a continuous solder coating. The remaining  
5% of the surface may contain pinholes or voids pro- 
vided they are not concentrated in any one area. Eva lu-  
ation of test results are difficult since the test does not 
readily distinguish between smooth and rough coat- 
ings. It  has been suggested that  a Microcard Viewer be 
used to determine surface imperfections, but this tech- 
nique is slow and cumbersome. 

The Inst i tute  of Pr in ted  Circuits utilizes an edge dip 
test in their s tandard IPC-S-801 (18) to determine 
solderabili ty of pr inted circuit boards, laminated stock, 
and similar fiat materials.  The equipment  and proce- 
dures are similar  to the Mili tary Standard 202C. Tested 
pieces are compared against standard samples or pho- 
tographs showing various degrees of wet t ing of solder 
on copper coupons. The test has proven its importance 
to the manufacturers  of pr inted circuit boards since 
they are able to determine the effectiveness of their 
board preparat ion steps and any processed boards 
which are found to be unsatisfactory by this solder- 

EXCELLENT GOOD POOR 

Fig. 8. Wire samples showing solder spread 
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~] ~% / ~  -CAM FOR 5SEC 
~ L ) ~  DWELL TIME 

M tGR~OSWr TCH 

I 

Fig. 9. Edge dip testing for solderability 

ability test, can be corrected prior to assembly and 
final soldering. 

The float test is considered a modification of the dip 
test and is used to check the soldering quali ty of plated 
through-holes (19). The boards are fluxed and then 
floated on a solder bath for about 5 sec. They are re-  
moved from the bath and the holes are examined visu- 
ally. Uniform wett ing along the sides of the holes as 
well as the lands is indicative of acceptable solder- 
ability. 

In this age of complicated electronic circuitry, there 
is an increasing dem, and for opt imum reliability. In  ad- 
dition, production requirements  are such that several 
hundred joints may be made simultaneously on circuit 
assemblies by mass soldering methods. The t ime of 
contact of any given joint  with molten solder is often 
as l i t t le as 2 sec and therefore, the t ime and perfection 
of wett ing of the surfaces of components by solder is 
of pr imary  importance to producers of electronic pack- 
ages. It was this philosophy that led researchers and 
production engineers to design sotderabili ty tests which 
would demonstrate the effects of surface preparat ion 
techniques, compare the solderabili ty of different coat- 
ings, and also indicate the merits of different fluxes for 
a given surface. 

Wett ing Time Tests 
Wetting time tests for solderabili ty have the virtues 

of s imulat ing fairlY closely mass soldering processes 
as well  as simplicity of operation. The tests can be used 
to determine the soldering quali ty of component  ter-  
minat ions or flat laminates  ,as used in printed circuitry 
aDplications. 

Solderabil i ty of pigtail leads is difficult to ascertain 
visually, and even though these lead materials may 
exhibit  good solderability when  new, experience has 
shown that coatings can become unsatisfactory after 
storage for extended periods. Gradual  diffusion of cop- 
per into t in  or solder plated coatings produces in ter-  
metall ic compounds which, if reaching the surface of a 
joint to be soldered, can be cause for unwet  or dewet 
conditions. It  is therefore desirable for manufacturers  
and users of these components to check the solderabil-  
ity of surfaces at all stages of manufacture  and storage 
to ensure ma x i mum productivi ty and rel iabil i ty dur ing  
soldering operations. 

A test has been devised for checking lead materials 
(20, 21). This test is commonly known as the Globule 
Test. A specific volume of solder (depending on the 
gauge of the wire tested) is melted on a heated man-  
drel and prefiuxed wire is lowered horizontal ly into 
the solder globule, splitt ing it in  two (Fig. 10, 11). The 
time for the solder to flow around and finally cover 
the top of the wire is a measure of the wett ing time. 
In order to detect any tendency for dewetting, it is 
necessary to remove the wire from the solder globule, 
wipe off the excess solder, and retest in the same posi- 
tion. Artificial aging of wires for 16 hr  at 311~ (155~ 
in air can be u s e d  to simulate prolonged na tura l  stor- 
age conditions. Figure 12 shows the results of solder- 
abili ty tests on copper wires plated with 0.0001 in. of 
30 tin-TO lead alloy. The wires were tested using SnG0 
solder and a 25% rosin-isopropanol  flux mixture.  The 
aging test was used to s imulate industr ia l  s torage be-  
fore soldering. However, the correlation of such aging 
t reatments  with na tura l  storage is a subject  under  
active discussion. 

It is difficult to apply the Globule Test to very short 
terminat ions and o n l y  round wires can be tested. In  
spite of these difficulties, the test has been included in  
IEC Standard 68-2-20, Par t  2T, British Standard 2011, 
and the German and Swedish Standards. 

BEFORE TEST DURING TEST AFTER TEST 

Fig 10. Globule testing round wire leads 
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Fig. 11. Testing wire terminations for solderability 

Wett ing  of a surface by  mol ten  solder  involves the  
progress ive  reduct ion in the contact  angle  as wel l  as 
a change in surface tension forces due to in terac t ion  of 
t in in the solder  and the base metal .  Thus, moni tor ing  
of surface tension may  be considered to be a funda-  
menta l  approach to the  measuremen t  of so lderab i l i ty  
(22, 23). Commercia l  appara tus  is ava i lab le  for making  
such tests and  s tandards  have  been p repa red  to provide  
for a quant i ta t ive  evaluat ion  of solders, fluxes, and 
surface solderabi l i ty .  

The appara tus  for pe r fo rming  the test  has three  basic 
par ts :  a l oad :measu r ing  sys tem and readout  circuit, 
a motor  dr ive  for moving the solder  ba th  ver t ical ly ,  
and a solder  hea t ing  and t empera tu re  control  sys tem 
(Fig. 13, 14). A test piece is suspended f rom a t r ans -  
duce r -mon i to red  spr ing  system, and the solder  ba th  is 
raised unt i l  the  specimen is immersed  to a p r e d e t e r -  
mined depth.  Buoyancy  f rom the displaced solder  p ro -  
vides a t ransducer  genera ted  signal  which is fed to an 
oscilloscope or high speed pen recorder .  This condit ion 
is main ta ined  unt i l  the solder  wets  the  test  specimen. 
The solder  meniscus then rises, producing  a downward  

force on the specimen, and a signal of opposite polarity 
is developed by the transducer. These first and second 
stages permit  measurement  of the t ime to start wett ing  

. . . .  ~,- SPRING ARM 

~ - TRANSDUGER 

i" SPRING ARM 

~j- -CLAMP 
~ - - -  TEST SAMPLE 

MOVEMENT I I - -  SOLDER BATH 

7/ / /,/ /-// //'/// / /,// 

Fig. 13. Schematic of the surface tension apparatus 

Fig. 14. Commercial apparatus for determination of the wetting 
Fig. 12. The effect of artificial aging on solderabillty t~ne of materials. 
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Fig. 15. Typical recorder 
traces from the surface tension 
apparatus. 

and the rate at which wett ing occurs. Eventual ly  equi-  
l ibr ium is reached and the magni tude of the signal mea-  
sures the ul t imate  extent  of wetting. Figure 15 shows 
a typical recorder trace obtained from a solderabili ty 
test using the surface tension apparatus. Curve A rep- 
resents a material  of high solderabili ty while B has a 
much slower rate of wetting. Curve C represents mate-  
rial where there was no wett ing by the solder. The 
fluctuating wi thdrawal  force shown at the end of the 
curves is due to dewett ing and the breakdown of the 
sold er meniscus. 

The interpretat ion of the wett ing force curve is not 
understood fully. Maximum wet t ing force relates 
loosely wi th  solderabili ty in practice. Wett ing t ime 
(viz., time to cross the zero force axis) often gives 
anomalous results on certain materials. 

It has been demonstrated that deviations from the 
normal  curve shape can occur wi th  very  small compo- 
nents of good solderability. These components usual ly 
have low thermal  capacity and their surfaces may be-  
gin to wet before a full  upthrust  signal has developed, 
result ing in a loss of the init ial  stages of the curve. 

A dip tester has been developed to provide for sol- 
derabil i ty inspection of materials before assembly and 
soldering (24). This equipment  has an adjustable frame 
mounted above a solder bath. The frame holds the test 
piece in such a way that it is dipped into the solder for 
a predetermined depth. A microscope mounted  on a 
micrometer head allows the gauge to be set at zero, 
which corresponds to the level of the solder surface. 
The test piece is fluxed, warmed, and dipped into the 
solder. Solder wets and rises along the exposed side 
of the test piece, and the micrometer  is adjusted to 
measure the height of the solder flow to the top of the 
meniscus. Solderabil i ty is determined by the height of 
the meniscus and the contact angle on the wetted sur-  
faces in a given time of immersion can be derived. This 
test appears to be a combination of the spread test and 
the dip test and it can be used to make quant i ta t ive 
determinat ion of the effects of different soldering pa-  
rameters on the degree of wetting. 

Equipment  for assessing the min imum wett ing time 
has been made available to industry  (Fig. 16). The ap- 
paratus consists of a radial  arm which carries the test 
piece over the solder bath surface and is dr iven in a 
circular path through the solder by a motor and gear 

box (Fig. 17). The test technique involves a succession 
of test pieces which are exposed to progressively longer 
times of contact with the solder bath (25, 26). By visual 
examination, it is possible to ascertain the mi n imum 
time at which wett ing is achieved and also the time at 
which dewetting may start to occur. 

Fig. 16. The minimum wetting time apparatus 

TO DRIVE MECHANISM AXiS OF ROTATION 

TIMING NEEDLE ETAINING SPRING 

T,F OF NEEDLE ~-- - - - -~-- - - -% F L ~ - - ~ - -  =- 
IN SAME PLANE AS SAMPLE SOLDER BATH 
LOWER SURFACE OF 

SPEOIMEN 

Fig. 17. Sketch of the rotary dip solderobility tester. Ri,ght: front 
view; left: side view. 
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Fig 18. Progressive wetting of solder on test pieces 

A typical series of test pieces is seen in Fig. 18. It 
may be seen that the re  is increasing coverage by the 
solder as contact t ime increases. The last specimens on 
the right in each series represents the wet t ing t ime for 
the specific mater ial  tested. Usual ly there is a nar row 
range in t ime at which wet t ing occurs. Shorter periods 
give rise to nonwetted surfaces. After  full wett ing is 
achieved, longer immersion times result  in progres- 
sively poorer distr ibution of the solder. Often this la t -  
ter effect is noted on test samples of copper clad lam-  
inates which have received inadequate or incorrect 
surface treatments.  

The rotary dip solderabil i ty test is probably the sim- 
plest and most versatile method for quickly and inex-  
pensively assessing solderabili ty of pr inted circuit 
boards as well as p la ted- through holes in boards. With 
materials of good solderabil i ty there is little difficulty 
in obtaining capillary rise of solder plated through 
holes when the lower face of board samples is brought  
into contact with molten solder. Usually, solderabili ty 
of the holes in circuit boards is based on the t ime and 
dis tr ibut ion of the solder rise to the top of the holes. 

T h e  rotary method of testing can be employed to 
check the suit 'abillty of different coatings and the opti- 
mum flux-solder-basis metal  parameters  for mass sol- 
dering operations. This wett ing t ime test has been ac- 
cepted by the In terna t ional  Electrotechnical Commis- 
sion and published as their  recommendat ion 68-2-20C, 
Par t  2, Test T. The Rotary dip test is also in BS 4025 
and the Swedish Production Engineer ing Standard. 
Tests conducted for the Inst i tute  of Pr in ted Circuits 
have shown that this m i n i m u m  wett ing t ime test ap- 
pears to be more sensitive to t ime in the bath than  the 
edge dip test (27). 

Summary 
It would appear that  soldering requirements  for the 

future  will be even more complex than for today's elec- 
tronic circuitry. Consideration must  be given to the 
mass joining of thousands of connections and soldering 
has proven to be a reliable and economical means for 
achieving this end. Solderabil i ty tests allow for a pre-  
cise and objective method for assessing the abil i ty of 
components to be soldered satisfactorily in the t ime 
and at the temperature  appropriate to the assembly. 

For the major i ty  of qual i ty assurance work, it is con- 
venient  to employ the rotary dip solderabil i ty test to 
evaluate solder-f lux-metal  systems and m i n i m u m  wet-  
t ing t ime of solders on coatings and basis metals. In  
addition, the Globule Test has shown to be a valuable 
tool in assessing the solderabili ty of round terminat ion  
wires. The use of these two tests will  assure that all 
components  and assemblies presented to the production 
line will have the highest solderabil i ty and ensure a 
m i n i m u m  of repair  work after soldering. 

Manuscript  submit ted  April  19, 1974; revised m a n u -  
script received Ju ly  29, 1974. This was Paper  111 pre-  
sented at the New York, New York, Meeting of the 
Society, Oct. 13-17, 1974. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. I, 1975. 

LIST OF SYMBOLS 
0 contact angle in degrees 
V volume in cubic centimeters 
A area in square centimeters 
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D diameter of sphere 
H height of solder spot 
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ABSTRACT 

Corrosion tests were conducted on 18Cr-2Mo t i tanium-stabi l ized ferritic 
stainless steel aged at 620~ for various t ime periods. Sensi t ivi ty to in ter -  
granular  corrosion was detected in the Streicher test but not in  the Strauss or 
Warren  tests. The corrosion resistance in 45% boiling formic acid and in  di- 
lute chloride solution (600 ppm C1- -t- 20 ppm Cu +*, 9,0~ was unaffected 
by aging at 620~ Pit t ing potentials in molars NaC1 at 25~ were also un -  
affected by the 620~ heat- t reatment .  Corrosion tests were also performed 
with the same 18Cr-2MoTi stainless steel aged at 475~ for 240, 2400, and 
4800 hr (18Cr-2MoTi steel is embri t t led after 240 hr at 475~ The 475~ 
hea t - t rea tment  affected corrosion resistance to boiling formic acid. Corrosion 
resistance started to deteriorate after 2400 hr aging and was seriously im-  
paired after 4800 hr aging. Pi t t ing potentials were rendered less noble by the 
475~ treatment.  The 475~ embri t t lement  did not result  in sensitization to 
in te rgranular  corrosion in  any envi ronment  as contrasted to the 620~ t reat-  
ment  which did sensitize the steel to in te rgranular  corrosion in  the Streicher 
test .  

The ferritic stainless steels, even at high pur i ty  
levels, are known to be sensitized to in te rgranular  cor- 
rosion by exposure to temperatures  in the range 600 r 
650~ (1-2). This type of sensitization general ly has 
been detected either in Streicher or Huey tests, both of 
which involve highly oxidizing conditions. The mecha- 
nism invoked to explain the low-tempera ture  sensi- 
t ization usual ly is chromium carbide precipitation at 
the grain boundaries  with resul t ing chromium deple- 
t ion along the grain boundaries. However, a prel imi-  
nary investigation disclosed that, while t i tan ium-s ta-  
bilized 18Cr-2Mo stainless steel was sensitized to in ter-  
granular  corrosion in the Streicher test, the pit t ing po- 
tent ial  of the steel was not affected by the 600~176 
exposure, a finding inconsistent with the chromium 
depletion theory. 

Prolonged exposure of ferritic stainless steel to still 
lower temperatures,  near  475~ causes a loss of duc- 
tility at room temperature.  While the 475~ embri t t le-  
ment  phenomenon is well  known, there is a definite 
lack of published information concerning the corrosion 
resistance of the embri t t led ferritic stainless steels. 

�9 E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  words: intergranular corrosion, pitting potential, e rnbr i t t l e -  

ment, formic acid, chloride resistance. 

Similarly, very little is known  of the over-al l  corrosion 
resistance of ferritic stainless steel sensitized by low- 
temperature  exposure. Therefore, an investigation was 
under taken  at Climax Laboratory to study the effect of 
low temperature  aging on the over-al l  corrosion re-  
sistance of ferritic stainless,; steel. 

Experimental Procedures 
Materials and heat-treatment.--The material  se- 

lected for this study was commercially produced, t i-  
tanium-stabi l ized 18Cr-2Mo steel. Chemical composi- 
tion of the stainless steel is given in Table I. The steel 
was exposed to the following heat - t rea tments :  (i) 2 hr  
at 870~ water  quenched; ( i0 1 hr at 785~ water  
quenched; (iii) 1 hr at 785~ followed by 4 hr at 705~ 
and water quenched; (iv) 1 hr at 815~ water  
quenched; (v) 1 hr at 815~ water quenched, followed 
by 240 hr at 475~ water quenched; (vi) 1 hr at 815~ 
water quenched, followed by 2400 hr at 475~ water  
quenched; (vii) 1 hr at 815~ water quenched, fol- 
lowed by 480.0 hr at 475~ water  quenched. 

Samples from each of the base heat - t rea tments  ( i ) -  
(iii) were further  subjected to 1/4 , lz~, 1, 4, and 
10 hr exposures at 620~ The 620~ temperature  
was known from prel iminary experiments  to cause the 

Table I. Chemical composition of 18Cr-2MoTi ferritic stainless steel 

Chemical composition, weight per cent 

C Si  M n  S 1 ~ Cr Mo Ti  N C u  Ni  Sn  Pb Ag A1 0 

0.007 0.37 0.40 0.007 0.008 18.05 2.00 0.17 0.010 <0 .01  <0.01  0.02 0.002 0.0002 0.02 0.0059 

589 
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most severe sensitization to in tergranular  corrosion in 
the Stretcher test. Some samples from hea t - t rea tment  
(iii) were also subjected to 64 hr  aging at 620~ 

Immersion tests.--Intergranular corrosion resistance 
of the sensitized samples was determined by the 
Strauss, Stretcher, and Warren tests (ASTM Designa- 
tion A262-70) and of embri t t led  materials  by the 
Strauss and Stretcher tests, The Strauss test consists of 
exposing a sample for 24 hr in contact with metallic 
copper in boiling 16% sulfuric acid containing 6% cop- 
per sulfate. After the exposure, the test samples are 
bent to determine whether or not they will open at 
grain boundaries. The Stretcher test consists of deter- 
mining the corrosion rate over a 5 day period in boil- 
ing 50% sulfuric acid containing 25g of ferric sulfate 
per 600 ml of solution. The Warren test consists of ex- 
posing the test specimen to a solution containing 10% 
nitric and 3% hydrofluoric acid for 2 hr at 70~ In 
view of high corrosion rates sustained by ferritic 
stainless steels in the Warren test, only one exposure 
period was employed. 

The over-all corrosion resistance was evaluated in 
boiling formic acid and in dilute chloride solution. 
Formic acid tests were run for 24 h r  and samples were  
act ivated by touching them with a magnesium rod 
immediate ly  after  immersion in acid. The tests were 
performed in 45 and 10 % acid for embri t t led  materials  
and in 45% acid only for sensitized materials.  

The dilute chloride test consisted of exposing test 
coupons from 1 to 2 weeks to an oxygenated solution 
containing 600 ppm C1- and 20 ppm Cu + + at 90~ 
Corrosion coupons for all immersion tests, with the 
exception of the samples embri t t led  for 2400 and 4800 
hr, were approximate ly  2.5 by 1.5 by 0.2 cm. Samples 
for 2400 and 480,0 hr aging were  prepared from tensile 
specimens and were  2.7 by 1 by 0.4 cm. All corrosion 
coupons were polished through No. 60.0 SiC paper. 
Prior  to exposure, the corrosion coupons were washed 
with soap and water  and rinsed in distilled water. 
After  the exposure, the samples were  r insed and 
cleaned in an ultrasonic cleaner. 

Pitting potentials.--Pitting potentials were deter-  
mined in molar  NaC1 at 25~ using the potent iody- 
namic polarization technique. Potent ial  scanning rate 
was 260 mV/hr .  Electrode surfaces were polished 
through No. 600 SiC paper. Electrodes were  masked 
with Glyptal  to prevent  interference by crevice corro- 
sion (3). All  potentials were  measured against SCE 
and reported as volts vs. SCE. 

Results 
The results f rom the Stretcher  tests for the 18Cr- 

2MoTi steel exposed to the sensitizing hea t - t rea tment  
at 620~ are summarized in Table II. The corrosion 
rates for the three basic hea t - t rea tments  [(i)-(~ii)] 
were approximate ly  the same. Metal lographic exami-  
nation indicated some in tergranular  attack for each of 
the three basic conditions. Each increment  in sensitiza- 
tion t ime increased corrosion rates for each of the 
three basic heat- t reatments .  Increases in corrosion 

rates were already evident after 15 rain of sensitizing 
heat-treatment, especially for the 785~176 basic 
heat-treatment. After 4 hr of sensitizing treatment, 
corrosion rates were high for all three conditions. Me- 
tallographic examination showed extensive inter- 
granular corrosion. No reductions in corrosion rates 
were observed after I0 hr of sensitization, nor after 64 
hr. If anything, corrosion rates continued to increase 
with increased sensitization time. After sensitization 
for 64 hr, the corrosion rate was so high that tests 
could be run for 2 days instead of the normal 5 days. 

The results from the Strauss test were completely 
different from those of the Stretcher test. None of the 
sensitized samples, including the one sensitized for 64 
hr, showed any intergranular corrosion. There was no 
visual evidence of any corrosion, and all samples could 
be bent without cracking. Hence, the low-temperature 
sensitization was not detectable by the Strauss test. 

Corrosion rates in the Warren tests were high 
(Table III). The sensitization heat-treatment, how- 
ever, did not increase these rates. Metallographic in- 
vestigation showed that no significant intergranular 
corrosion occurred in this test for any samples sensi- 
tized up to i0 hr. After a sensitizing heat-treatment of 
64 hr, some preferential grain boundary attack oc- 
curred: however, no grain dropping was observed. 
Thus, the Warren test did not reveal the low-tem- 
perature sensitization to intergranular corrosion, at 
least not up to I0 hr of sensitizing treatment. 

The results from the formic acid exposure are shown 
in Table IV. While there were differences in corro- 
sion rates, there was no definite pattern. It can be 
concluded that a sensitizing heat-treatment of up to i0 
hr at 620~ had no effect on corrosion rates in boiling 
45% formic acid. The differences in corrosion rates 
presumably resulted from differences in repassivation 
times. After activation, the sample will corrode for a 
given period of time, it then repassivates and no fur- 
ther corrosion takes place. If 18Cr-2MoTi steel con- 
tinued to corrode actively, corrosion rates would be 
expected to be around 3%000 mg.dm-2/day (Table 
VII). Experiments involving an exposure for 1 week 
of a specimen sensitized for I0 hr at 620~ following a 
preliminary heat-treatment of 1 hr at 785=C plus 4 hr 
at 705~ confirmed that the specimen indeed repassi- 
vates after some corrosion following the activation. 
The corrosion rate after an exposure time of 1 week 
was 130 mg.dm-2/day. If all of the weight loss had 
been sustained within the first 24 hr, the corrosion rate 
then would be 130 • 7 ~ 910 mg.dm-2/day, which is 
within the range of corrosion rates obtained after 24 
hr. 

Table III. Corrosion rates for 18Cr-2MoTi stainless steel 
in 10% HNO3 ~- 3% HF at 70~ (Warren test) 

Corrosion rate,  mff -cm-e/day  

Basic heat - t rea tment  
Holding 
t ime at 870~ 785~ 785~C, 1 hr 
620 ~ hr  2 hr, WQ 1 hr, WQ 705~ 4 hr, WQ 

Table II. Corrosion rates for 18Cr-2MoTi ferritic stainless steel 
in the Stretcher test 

0 40,500 34,000 19,800 
I0 22,000 21,800 19,000 
64 - -  - -  23,300 

Corrosion rate ,  m g . d m - 2 / d a y  

Basic  heat - t rea tment  
Holding 
time at 870~ 785~C 785~ 1 hr 

620~ hr 2 hr, WQ 1 hr, WQ 705~ 4 hr, WQ 

0 327 358 337 
I/4 608 579 723 
I/2 520 849 911 
I 958 1282 1270 
4 2075 3024 2580 

10 3740 4860 3430 
64 - -  ~ 4380 a 

a Two-day  exposure  (all other  samples  expos ed  ~or 5 days) .  

Table IV. Corrosion rates for 18Cr-2MoTi stainless steel 
in 45% boiling formic acid (24 hr exposure) 

Corrosion rate, mg.dm-~/day 

Basic heat-treatment 
I-Iolding 
t ime at 870~ 785~ 

620~ hr  2 hr, WQ 1 hr, WQ 
785~ 1 hr  
705~ 4 hr, WQ 

0 1245 891 979 
I/4 394 745 1161 
~ 1100 622 991 
I 826 943 503 
4 724 813 683 

10 937 690 498 



Vol. I22, No. 5 L O W - T E M P E R A T U R E  A G I N G  591 

Table V. Corrosion rates for 18Cr-2MuTi ferritic and T304 and 
T316 austeaitic stainless steels in 600 ppm C I -  -1- 20 ppm Cu + + 

at 90~ (1 week exposure) 

Ferritic stainless steels  

Corrosion rate,  m g . d m - ~ / d a y  

Basic heat - treatment  

H o l d i n g  785~ i hr 
t ime  at 870~ 7850C 705~ 4 hr, 

620~ h r  2 hr ,  W Q  I h r ,  W Q  W Q  

Austenit ic  
stainless 

steels  

T304 T316 

0 0.7 0.4 0 
i.i 0.4 1.7 
0.7 1.8 1.2 
0 0.5 5.1 
3.0 1.6 0 
0.9 0.3 1.9 
0.2 4.2 3.5 
6.0 0.7 0,3 
0.4 0.5 0.6 

1 0 4.1 0.9 
0.5 0.5 2.0 
0.1 1.3 0.4 

4 1.1 1.2 1.7 
5.9 0.3 0.4 
0 2.7 1.5 

10 0 1.2 0.7 
0.4 0.3 0.1 
0 0.8 -- 

64 1.0 
0.8 

Table VI. Pitting potentials in molar NaCI at 25~ for 
18Cr-2MoTi stainless steel 

31.5 21.7 

H o l d i n g  P i t t i n g  
Basic t ime  at po t en t i a l ,  

heat - treatment  620~ hr V vs.  SCE 

2 h r ,  870~ W Q  0 + 0.400 + 0.450 
~/4 + 0.43O 
1 + 0.465 

10 + 0.425 
1 b_r, 785~ WQ 0 + 0.370 

1 + 0.440 
I0  + 0.456 

i h r ,  785~ 0 + 0.420 
4 h r ,  705~ W Q  1 + U.410 

10 + 0.460 
64 + 0.430 

Corrosion rates at 90~ in an oxygen-saturated 
solution containing 600 ppm C1- and 20 ppm Cu ++ 
are shown in  Table V. Corrosion attack in  this medium 
was localized in the form of small pits. Corrosion 
rates varied from 0 to 6 mdd, but no correlation with 
various heat - t rea tments  was evident. Hence, the low 
tempera ture  sensitization did not affect the corrosion 
resistance of 18Cr-2MoTi stainless steel to dilute chlo- 
rides. For comparison, the corrosion rates for solution- 
annealed samples of T304 and T316 stainless steel are 
also included in the table. Both of these standard 
austenitic grades of stainless steel suffered consider- 
ably more extensive corrosion damage than any of the 
18Cr-2MoTi samples. Pi t t ing potentials for the samples 
from the three basic hea t - t rea tments  and for the sen- 
sitized samples are given in Table VI. Pi t t ing poten-  
tials for the samples from the 870 ~ and 785~176 

Fig. I. Microstructure of 18Cr-2MoTi specimen after Streicher 
test (prior to test sample treated for 2 hr at 870~ then sensitized 
for 10 hr at 620~ Magnification 250X. 

basic heat - t rea tments  were of comparable magnitude,  
while the sample from the 785~ t rea tment  had slightly 
lower pit t ing potential. The 620~ sensitizing heat-  
t reatment  did not result in any deterioration of pi t t ing 
potentials; if anything, pi t t ing potentials for sensitized 
samples tended to be somewhat more noble than for 
the basic heat- t reatment .  The pit t ing potentials for all 
sensitized samples were of comparable magnitude.  

Results from the tests with samples aged at 475~ 
from 2~0 to 4800 hr.  were quite different from the 
results for samples exposed to 620~ sensitizing heat-  
t reatment.  It should be noted here that a marked 
drop of impact s trength is already noticeable after 240 
hr of exposure. Results from various corrosion tests are 
summarized in Table VII. The 18Cr-2MoTi steel passed 
the Strauss test after 240 hr of aging at 475~ and the 
corrosion rates in the Stretcher test were the same as 
for the basic hea t - t rea tment  (iv) above. After 2400 hr 
at 475~ corrosion rates in the Stretcher test were 
about an order of magni tude higher than for the basic 
heat- t reatment .  However, the mode of attack in the 
Stretcher test was different for the embri t t led sample 
than for the sample sensitized at 620~ Metallographic 
investigation showed that while the sample exposed to 
620~C suffered severe in te rgranular  attack in the 
Stretcher test, the sample aged for 2400 hr at 475~ 
suffered general corrosion (Fig. 1 and 2). Thus the 
embri t t led samples were not sensitive to in te rgranular  
corrosion either in the Strauss or the Stretcher tests. 

Corrosion rates in boiling formic acid were quite 
sensitive to 475~ aging. The samples embri t t led for 240 
hr failed to repassivate in most cases in boiling 45% 
acid, and consequently much higher corrosion rates 
were obtained with embri t t led than  with standard 
specimens. In 10% acid, samples embri t t led for 240 hr 
did repassivate and corrode at a negligible rate, but  
after 2400 hr of aging the samples failed to repassivate. 

The deterioration of corrosion resistance in dilute 
chlorides was less dramatic than  in formic acid. After  

Table VII. Corrosion rates for 18Cr-2MoTi ferritic stainless steel after prior 475~ aging (2 week exposure) 

Corrosion rate, r n g . d m - ~ / d a y  after 
i n d i c a t e d  t h e r m a l  t r e a t m e n t  

Sample  
Type of test  No. 1 hr ,  815~ W Q  240 hr ,  475~ W Q  2400 hr ,  475~ W Q  4800 hr ,  475~ V~rQ 

Strauss test  1 P a s s  P a s s  N o t  t e s t e d  N o t  t e s t e d  
Streicher test  1 324 335 2,800 N o t  t e s t ed  

2 366 434 3,610 
Formic  acid: 10% 1 3.2 2.'/ 23,000 No t  t e s t e d  

(boiling) 2 n i l  n i l  
4B% 1 873 38,100 ~ o t  t e s t e d  N o t  t e s t e d  

2 123 808 
3 967 30,300 

600 ppm C1- 1 0.2 0.1 1.7 55.6 a 
20 p p m  CU ++ 2 n i l  0.7 1.5 99.6 a 
90"C, O= 3 2-7~" 

4 4.2a 

�9 Samples  exposed  for i w e e k  only. 
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Fig. 2. Microstructure of 18Cr-2MoTi specimen after Streicher 
test (prier to test sample heated for 1 hr at 815~ then embrittled 
for 2400 hr at 475~ Magnification 500X. 

240 hr  of aging, there was no evidence of any loss of 
corrosion resistance. Some tendency of the corrosion 
rate to increase was first manifested after aging for 
2400 hr. However, after aging for 4800 hr, severe loss of 
corrosion resistance in dilute chlorides was observable. 

The pit t ing potentials for the s tandard heat - t rea t -  
ment  and after 240 and 2400 hr  aging at 475~ are 
summarized in Table VIII. As can be seen from the 
data in this table, the pit t ing potentials became more 
active as the aging time at 475~ increased. Compari-  
son of pit t ing potentials in  Tables VI and VIII dis- 
closes that the basic hea t - t rea tment  which resulted in 
the lowest pi t t ing potential, 0.338V, SCE average, was 
815~ The differences in  pi t t ing potentials for various 
basic heat- t reatments ,  however, are relat ively small. 

Discussion 
The 620~ aging and the 475~ aging evidently affect 

the corrosion properties of 18Cr-2MoTi terrific s tain-  
less steel by different mechanisms. The effect of aging 
at 475~C on the corrosion behavior can be rationalized 
considering the ~' precipitation reaction. The embri t t le-  
ment,  as established by the work of Fisher, Dulis, and 
Carroll (5) is caused by the precipitat ion of a' phase, 
which has been identified as an Fe-Cr phase with 60- 
80% Cr. According to an earlier investigation (4) the 
a' precipitate becomes just  visible, pr imari ly  at dis- 
locations, after 240 hr at 900~ (480~ exposure. 
After a 2400 hr exposure, ~' particles are not only 
larger in size but  are also present  on grain boundaries 
and in the matrix. Since ~' phase is rich in chromium, 
some depletion of Cr from the matr ix  accompanies the 
precipitation reaction. Lowering of chromium in  the 
matr ix  would lead to a failure to repassivate in  formic 
acid and to the loss of passivity in the Stretcher test. 
Since the Stretcher test involves highly oxidizing con- 
ditions, loss of passivity requires more severe chro- 
mium depletion than is achieved after a 240 hr  heat-  
treatment.  Since a' precipitation involves rather mild 
chromium depletion, especially in the initial  stages, no 

Table VIII. Pitting potential in molar NaCI at 250C for 
18Cr-2MoTi stainless steel 

Pit t ing  po ten t i a l ,  
H e a t - t r e a t m e n t  V vs .  S C E  

1 hr  at 815~ W Q  +0.355 
+ 0.320 

+ 0.338"Avg 
240 hr  a t  475~ W Q  +0 .263  

+ 0.305 
+ 0.265 

+ 0.278 Avg 
2400 hr at 475~ W Q  + 0.155 

+ 0.150 

+ 0.153 A v g  

in tergranular  attack is observable in the Stretcher test 
for samples treated for only 240 hr. After  2400 hr, 
chromium depletion apparent ly is sufficient to cause 
general loss of passivity. The depletion of chromium 
from the matr ix  also would lead to a shift of pitt ing 
potentials to more active values. 

The effects of the 620~ aging are more difficult to 
rationalize. It is known that the max imum temperature 
for the occurrence of ~' precipitation in 18Cr-2Mo 
stems is less than 540~ (4). On the other hand, the 
results of this investigation are not in accord with 
the carbide precipitation and chromium depletion 
theory proposed to explain the mechanism of low- 
temperature  sensitization of terrific stainless steels. 
Since the corrosion resistance in formic acid and in the 
Strauss test and the pit t ing potential  were unaffected, 
most probably chromium depletion is not the main  
factor in low-tempera ture  sensitization. It has been 
demonstrated that pi t t ing potentials are greatly af- 
fected by sensitization of unstabil ized terrific stainless 
steels to in te rgranular  corrosion (6, 7). It  is possible 
that some precursor of a chromium-r ich  intermetall ic  
phase is formed along grain boundaries during heat-  
t reatment  around 620~ and is preferential ly attacked 
in highly oxidizing media. A similar phenomena is 
thought to occur in  T316L austenitic stainless steel 
which can suffer in te rgranular  attack in nitric acid 
because of submicroscopic sigma phase (8). This hy-  
pothesis is further  s t rengthened by the observation 
that the attack is more severe in the Stretcher solution 
after a holding time of 64 hr at 620~ than after short 
holding times. If chromium depletion occurred because 
of precipitation of chromium carbonitrides, chromium 
back-diffusion from the matr ix  would be expected 
after long sensitization times, and consequently, in the 
Stretcher test there would be a reduction in corrosion 
rate. 

Another  indication that chromium carbonitride pre-  
cipitation at 620~ was not the only cause of loss of 
corrosion resistance is given by the lack of significant 
differences in aging behavior after the three different 
initial treatments.  It was intended that these initial  
t reatments  would modify the amounts of carbon and 
ni t rogen in solid solution and available for precipita-  
tion during aging. In  particular,  it was thought that a 
4 hr  hold at 705~ would cause a greater amount  of 
the carbon and ni trogen to be precipitated as t i tan ium 
carbonitr ide than would be the case for material  
quenched from 870~ Unfortunately,  quant i ta t ive in-  
formation on the solubili ty of t i tan ium carbides or 
nitrides at these temperatures is not available. 

Failure to find evidence of chromium carbonitride 
precipitation leading to chromium depletion in this 
t i tanium-stabi l ized steel does not imply that  chromium 
depletion may not occur in unstabil ized steels. In fact, 
Rarey and Aronson (6) have reported work on sensi- 
tization at 620~ of unstabil ized 25% Cr alloys contain-  
ing 0-3% Mo that  is consistent with the occurrence of 
chromium depletion because of chromium carbonitride 
precipitation. They found that  the max imum loss in 
resistance to pit t ing and in tergranular  corrosion oc- 
curred after 15-60 rain at 620~ and that corrosion 
resistance equivalent  to that  of the unaged alloy was 
recovered after about 4 hr at 620~ 

Another  possible explanat ion of the effect of aging 
involves direct attack of highly oxidizing media on 
t i tanium carbonitrides. B~iumel (9) has demonstrated 
that bu lk  t i tan ium carbide is attacked at highly oxidiz- 
ing potentials and direct attack on t i t an ium carboni-  
trides is thought to occur in boiling 65% HNO8 in some 
t i tanium stabilized steels (10, 11). However, for this 
sort of attack to explain the in tergranular  corrosion 
observed in boiling Fe2 (SO4)s-50% H2SO4 a continuous 
or near ly continuous grain boundary  film of t i t an ium 
carbonitride would be required. Since most of the 
available carbon and ni t rogen are thought to be pre-  
cipitated as massive t i t an ium carbonitrides during the 
initial  anneal  it is not clear how such continuous films 
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could form on aging. It also seems l ikely that the dif- 
ferent init ial  hea t - t rea tments  would have had a larger 
effect on the subsequent  formation of t i tan ium carbo- 
ni tr ide films than was observed. Finally,  no metal lo-  
graphic evidence of such a grain boundary  film w a s  
obtained. 

The results of this invest igat ion clearly demonstrate 
that the low-tempera ture  sensitization of 18Cr-2Mo 
t i tanium-stabi l ized ferritic stainless steel affects cor- 
rosion resistance only under  highly oxidizing condi- 
tions, such as the Streicher test and the Huey test (1). 
Other corrosion properties, such as resistance to boiling 
organic acids, resistance to chlorides, and resistance to 
in te rgranu la r  corrosion under  moderate oxidizing con- 
ditions (Strauss test) are not adversely affected, and 
therefore, the exposure to temperatures  around 60O~ 
should not, for most cases, be detr imental  to corrosion 
resistance of 18Cr-2MoTi stainless steel. Fur ther  work 
with both stabilized and unstabil ized h igh-pur i ty  fer- 
ritic stainless steels is needed to demonstrate to what  
extent  the above conclusions can be generalized or if 
they aPply specifically to 18Cr-2MoTi steel. 

Conclusions 
1. The corrosion resistance of 18Cr-2MoTi ferritic 

stainless steel in most envi ronments  in  unaffected by 
aging at 620~ for up to 10 hr. Low-tempera ture  sensi- 
t ization to in te rgranula r  corrosion is revealed only 
under  highly oxidizing conditions, such as the Streicher 
or Huey tests. No sensit ivity to in te rgranular  corrosion 
is revealed either in  Strauss or Warren  (HNO3-HF) 
tests. 

2. The 475~ embri t t lement  t rea tment  affects the cor- 
rosion resistance of 18Cr-2MoTi stainless steel in all 

test media. While detr imental  effects on corrosion 
properties were evident after a 240 hr  t rea tment  at 
475~ fur ther  gradual  deterioration of corrosion re- 
sistance was observable after a 2400 and 4800 hr  ex- 
posure. Corrosion properties adversely affected were 
resistance to boiling formic acid, pi t t ing potential, and 
resistance to chlorides. The 475~ t rea tment  does not 
lead to in te rgranular  corrosion in the Streicher test. 

Manuscript  submit ted Ju ly  8, 1974; revised manu-  
script received Jan. 10, 1975. This was Paper  114 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Initial Anodic Growth of Oxide Film on Platinum in 2N H:SO4 
under Galvanostatic, Potentiostatic, 

and Potentiodynamic Conditions: The Question of Mechanism 
Lee B. Harris* and A. Damjanovic 

Xerox Corporation, Webster Research Center, Webster, New York 14580 

ABSTRACT 

Potentiodynamic,  galvanostatic, and hybr id  galvano-potentiostat ic experi-  
ments  were conducted in  O2 saturated 2N H2SO4 on a polished p la t inum disk 
electrode. The results show conclusively that for coverage between one and 
three monolayers the law of anodic growth of oxide film on p la t inum is pre-  
cisely the same regardless of the mode of growth (i.e., potentiostatic, gal- 
vanostatic, or potent iodynamic) .  A correspondence is analyt ical ly  established 
between galvanostatic and potentiodynamic data, and this correspondence is 
verified experimental ly.  Galvanostatic and potent iodynamic data both show 
t h a t  the growth of the oxide film cannot be explained by any mechanism for 
which (OV/Oq)i is independent  of i (e.g., adsorption).  The high-field ionic 
conduction model accounts for the major  features of all the data. A com- 
parison of galvanostatic and hybr id  galvano-potentiostatic experiments  shows 
t h a t  there is no aging of the film over a time interval,  ~t, comparable to the 
durat ion of the experiments (20 sec ----- At _~ 150 sec). The effect of "holding" 
(i.e., in te r rupt ing  the potential  sweep and main ta in ing  a constant potential  
for a time) during potent iodynamic experiments  is explained ent i rely in  terms 
of the potentiostatic growth of the oxide film during the holding period. 

It hag been suggested by Ord and Ho (1) and others 
(2, 3) that the formation of anodic oxide film on plati-  
num is controlled by high-field ionic conduction even 
in the earliest stages of growth. This model is contro- 
versial, however, and to settle the controversy one 

* Electrochemical Society Active Member. 
K e y  w o r d s :  p l a t i n u m ,  anodization, potentiodynamie, galvano- 

potentlostatic, mechanism. 

must answer the following two questions: (a) Is the 
growth rate (i.e., the current  density, i, associated with 
oxide growth) uniquely  determined by the potential, 
V, and the thickness of the oxide film already formed 
(i.e., the charge q : fot idt) ? and (b) If so, what  is the 
dependence of i on V and q, and is this dependence 
more satisfactorily explained by the high-field con- 
duction model thar~ by other proposed mechanisms? 
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The growth of the anodic film on p la t inum has been 
investigated by galvanostatic ( I -3) ,  potentiostatic (4, 
5), and potentiodynamic (i.e., potential  sweep) experi- 
ments (6-8) with conflicting results and conclusions. 

Experimental  galvanostatic charging curves can be 
fitted (2, 3) by an equation of the form 

l n i  ---- a + (V  -- V ' ) / b ( q )  [1] 

where a and V" are constants, b (q) is a l inear  function 
of q, and V is the anode potential with respect to a 
reference electrode. If the q-scale is shifted so that 
b (q) becomes cq, and if V' is associated with electric 
fields outside the oxide film (e.g., in the double l~_yer) 
then Eq. [1] may be interpreted in terms of the 
Cabrera-Mott  model of oxide growth in which metal 
ions are assumed to be injected and to migrate by field- 
assisted thermal  hopping over a potential  barrier.  
(The electric field per ta ining to this process is 
( V -  V ' ) / cq . )  

Equation [1] implies that under  potentiostatic con- 
ditions in  i is inversely proportional to q; but  this re- 
lationship has not been satisfactorily established in 
potentiostatic experiments with platinum. For ex- 
ample, Gilman's  potentiostatic measurements  (4) ap- 
pear to show that near monolayer  coverage 

l n i = A - - q / B  [2] 

where A and B are constants at any part icular  poten- 
tial. Integrat ion of Eq. [2] yields 

i = B / ( t  + to) [3] 
and 

q = q' + B l n  (t + to) [4] 

where q' is a constant of integrat ion and to is deter- 
mined by A and B. The results of potentiostatic ex- 
periments by Vetter and Schultze (5) fit Eq. [3] and 
[4], which imply [2] ra ther  than [1]. Potentiostatic 
data on pla t inum oxidation has not provided evidence 
for the Cabrera-Mott  model. 

The potentiodynamic method has been used by BSId 
and Breiter (6), and more recently by Conway and 
co-workers (7, 8), among others. However, the use- 
fulness of potentiodynamic data has been l imited to 
some extent by the lack of a quant i ta t ive an~lyMs 
relating it to galvanostatic and potentiostatic data, 
which are more easily interpreted than potentiody- 
namic data. 

We initiated a series of experiments designed spe- 
cifically to determine whether under otherwise identi- 
cal conditions galvanostatic and potentiostatic data 
yield the same results, and to relate the results to 
potentiodynamie experiments conducted under the 
same conditions. Potentiodynamic, galvanostatic, and 
"hybrid" experiments were performed. The latter are 
initiated galvanostatically and continued potentio- 
statically at a preselected potential without interrup- 
tion. 

An especially important objective of this study is a 
better understanding of the results of the potentiody- 
namic experiments and their connection with galvano- 
static and potentiostatic experiments on the growth of 
the oxide film. 

Experimental 
The a l l -Pyrex electrochemical cell is of conventional 

design. It has three compartments with separate gas 
bubblers  in the main  compartment  and the compart-  
ment  containing the counterelectrode (Pt foil, 2 cm2). 
A stopcock connects the reference electrode (saturated 
calomel, SCE) compartment  to the main  compartment  
containing the working electrode. 

The working electrode, which is diamond-polished 
to a mirror  finish, is the disk portion of a p la t inum 
r ing-disk  electrode. The disk diameter is 5 mm, the 
r ing outer diameter is 7 ram, and the r ing-disk spacing 
is approximately 0.2 mm. The electrode enters the cell 
from above through a closefitting, stat ionary Teflon 
washer that protects the interior of the cell from lab-  
oratory atmosphere. 

In order to insure near ly  cylindrical electrode geom- 
etry, the electrical path from the counterelectrode 
compartment  is constrained by a glass tube (4.1 cm 
diam) the open end of which faces the disk at a dis- 
tance of about 1 cm. To reduce the fringe field at the 
edge of the disk, the ring is mainta ined at the same 
potential as the disk. 

Control of potential  or current  at the disk is effected 
by conventional  circuitry. The disk is kept at vir tual  
ground potential  by means of a chopper-stabilized 
current- to-vol tage converter, and the r ing is hard-  
grounded. For potential  measurements  a Luggin capri- 
la ry  (about 1 mm diam) is centered below the ring 
about 1/4 mm from it. 

For some experiments  the circuitry is comprised 
of operational amplifiers (Analog Devices Inc. Models 
234J or 184K). For other experiments a commercial 
potentiostat (Princeton Applied Research (PAR) 
Model 173) is used, but  the circuitry functions in es- 
sentially the same way in both cases. A PAR Model 
175 Universal  Programmer  was used for potentiody- 
namic experiments. All measurements  were made us- 
ing a Tektronix Model 7623 storage oscilloscope in the 
X-Y mode. 

Solutions were prepared from Baker Reagent Grade 
sulfuric acid and t r iply distilled water. The cell and 
all glassware used in preparing the solutions were 
washed with a hot mixture  of concentrated nitr ic and 
sulfuric acids and thoroughly rinsed with distilled 
water. Prior  to each series of experiments  the electrode 
was anodically oxidized and cathodically reduced sev- 
eral times and the solution then replaced. For all ex- 
periments the 2N H2SO4 solution was saturated with 
oxygen (Linde Ultra  High Pur i ty  Grade).  Except for 
about 1 in. of Tygon, only glass, metal, and Teflon are 
used in the gas line. 

Results and Discussion 
Potent iostat ic  vs. galvanostatic experiments . - - -Figure 

1 shows a reproduction of the oscilloscope storage 
screen 1 after recording galvanostatic transients at four 
different current  densities, 2 start ing with 5 mA/cm 2 
and decreasing by an order of magnitude for each sub- 
sequent test. Just  prior to each test, any oxide film on 
the electrode was cathodically reduced. The electrode 
was then held for a few seconds at a potential just 
short of hydrogen evolution (~O.OV vs. SCE) and then 
a11owed to drift at zero current to its "rest potential," 

This and subsequent figures are carefully traced from the orig- 
inal photographs. All features, including the width of the trace and 
a n y  n o i s e  o n  i t  a r e  r e p r o d u c e d .  

-~ C u r r e n t  d e n s i t i e s  a r e  b a s e d  o n  t h e  g e o m e t r i c a l  a r e a  o f  t h e  w o r k -  
i n g  e l e c t r o d e  (0 .20  c m  2) a n d  a r e  n o t  c o r r e c t e d  f o r  r o u g h n e s s  f a c t o r .  
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Fig. 1. Galvanostetic charging curves. Conditions are described 
in text. 
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in this case +0.735V v s .  SCE. The oscilloscope beam 
intensi ty  was then tu rned  up, an electronic integrator  
(connected to the output  of the current - to-vol tage  
converter)  was started (by disconnecting with a toggle 
switch a small resistor across the integrat ing capaci- 
tor),  and the current  control then immediately 
switched ~ from zero to a preset value. The potential  of 
the working electrode is recorded in  the vertical di- 
rection. For the sake of resolution a portion of the 
potential  is (very precisely) suppressed. The output  of 
the integrator  is recorded horizontally. Following each 
run  the electron beam was tu rned  off and the inte-  
grating capacitor was discharged through a small re- 
sistor. The results shown in  Fig. 1 are highly repro- 
ducible; two sets of tests conducted a week apart  agree 
to wi th in  the width of the oscilloscope trace. Curves 
similar to those shown in  Fig. 1 have been reported 
before and have recently been quant i ta t ively  analyzed 
to elucidate the mechanism of film growth (2, 3). In  
the present  study, the curves in Fig. 1 may be con- 
sidered to represent  the relationship between potential  
(V), cur rent  density (i), and charge density (q), the 
la t ter  being a measure of the thickness of the film 
formed during the experiment  (assuming that no cur-  
rent  is taken by any competitive reaction such as metal  
dissolution or oxygen evolution).  If a un ique  relat ion-  
ship exists between these three variables; i.e., if 

i = i(V,q) [5] 

then each point of the V,q diagram, no matter  how it is 
reached, should correspond to a part icular  value of i. 
Conversely, if the current  at each point (V,q) is in-  
dependent  of the manne r  in which the point is reached, 
this is evidence in support of Eq. [5]. 

Each measured point  in  Fig. 1 is reached along a 
path for which the current  is constant. A part icularly 
simple al ternat ive to this is a hybr id  "galvano-poten-  
tiostatic" path such as that  shown in  Fig. 2. The hybr id  
exper iment  shown in Fig. 2 was started galvanostat i-  
cally (at 5 mA/cm 2) and switched from the galvano- 
static mode to the potentiostatic mode at a part icular  
potential. The switching 4 is accomplished by a relay 
that closes when the potential  reaches the desired 
value; e.g., 1.2V (SCE) in Fig. 2. The broken trace in 
Fig. 2 is a record of the current,  the break being the 
point  at which scope sensit ivity is increased by a factor 
of twenty.  The potential  overshoots the mark  by about 
20 rnV, probably due to an overload during the switch- 

s T h i s  s w i t c h i n g  w a s  s o m e t i m e s  done  e l e c t r o n i c a l l y  ( w h e n  using 
the P A R  p o t e n t i o s t a t )  b u t  a m a n u a l l y  o p e r a t e d  toggle switch is 
satisfactory and w a s  u s e d  for the tests s h o w n  in  F ig .  1. 

T h e  c i r c u i t r y  for this is described b y  B r u c k e n s t e i n  a n d  Mi l l e r  
(10).  I n  the present  exper iments  the s w i t c h  S-1  [ in  F ig .  1 of  R e f .  
(10) ] is  a m e r c u r y - w e t t e d  relay driven by a e o m p a r a t o r .  
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Fig. 2. Hybrid experiment. Continuous trace is potential. Current 
trace is broken where scope sensitivity was increased. Galvanostatic 
segment: 5 mA/cm 2. Potentiostatic segment: 1.2V. Other condi- 
tions described in text. Dots at lower right are starting positions of 
the two traces. 
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Fig. 3. Hybrid experiment. Galvanostatic segment: 500 /~A/cm "2. 
Potentiostatic segment: 1.0V. See caption Fig. 2. 

ing transient.  This overshoot does not occur at lower 
currents, as shown in Fig. 3, which is a record of an 
experiment  that  was started at 500 ~A/cm"- and was 
switched to constant potential  at 1.0V. In  Fig. 2 the 
current  sensitivity is ini t ial ly set at the highest value 
that  will  permit  a record of the current  just  after the 
switching transient;  for this reason the initial, constant 
current  is not seen as it is in Fig. 3. Figure 2 represents 
the first of a series of galvano-potentiostat ic experi-  
ments starting at 5 mA/cm2 and switching to constant 
potential at 1.2, 1.1, 1.0, and 0.9V (SCE). In  Fig. 4 the 
potentiostatic portions of these hybr id  experiments are 
compared with the galvanostatic data of Fig. 1 by 
plott ing the logari thm of the current  density vs. the 
charge density at each potential  for both sets of data 
(see caption, Fig. 4). The good agreement  of the gal-  
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Fig. 4. Comparison of results of galvanostatic and hybrid experi- 
ments. Boldface symbols ([~, ~ )  are golvanostatic data; each 
horizontal row of symbols represents data from two repetitions at 
the same current. [ ]  and ~ are two weeks apart. Smaller symbols 
are from potentiostatic portion of hybrid experiments starting at 
5 mA/cm 2 and continuing at the potential indicated at the bottom 
of each of the four strings of points (vs. SCE). 
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vanostatic and the hybrid data shows that Eq. [5] 
holds for both experimental  modes. This further  in-  
dicates that those properties of the film that affect film 
growth (e.g., the injection and transport  of metal ions) 
do not change over a time period comparable to the 
durat ion of these experiments.  For example, referr ing 
to Fig. 2, the time required to transfer 750 ~coulombs/ 
cm 2 (at which point i ---- 5 ~A/cm 2) is about 19 sec as 
can be calculated from the formula t ---- .to q dq/i. The 
same charge is t ransferred in  150 sec galvanostatically 
at 5 gA/cm2; yet in both cases the potential  corre- 
sponding to i ---- 5 ~A/cm "~ and q ---- 750 ~coulombs/cm 2 
is 1.20V (SCE). This is strong evidence against any 
aging effects in these experiments.  

Potent iodynamic vs. gaIvanostatic e x p e r i m e n t s . ~ T h e  
potentiodynamic method is not as simple conceptually 
as either the galvanostatic or potentiostatic method, 
and when applied to a system governed by an equation 
such as [1] the following analysis is helpful in under -  
standing the behavior of the system. 

Figure 5 shows a schematic representat ion of gal- 
vanostatic curves (labeled i~, i2, is) for a system gov- 
erned by Eq. [5]. The heavy curve T that crosses the 
galvanostatic curve i.~ at (Vo,qo) represents the locus 
of successive states (V,q) traversed by the system (in 
the direction of the arrow) during a hypothetical 
anodic potential  sweep. In an anodic potential  sweep 
experiment  

dV 
- -  const. -- S > 0 [6] 

dt 

and the slope at each point (V,q) on curve T is 

dV dV I dq 
- -  - I - -  =- S / i ( V , q )  [7] 
dq dt t dt 

If at any  point on T it~ slope dV/dq  is not equal to the 
slope of the galvanostatic curve passing through the 
same point, then the current  is changing as the system 
passes through that point. For example, at (Vo,qo) 
the slope of T is greater than that of the galvanostatic 
curve i.~; so T crosses i., and in passing through (Vo, qo) 
in the direction of the arrow the system therefore 
moves from currents less than i-~ to currents  greater 
than i2. Likewise if at any point on T its slope is less 
than that of the galvanostatic curve passing through 
that point, the current  is decreasing. To formalize this 
argument,  take V as the independent  variable and, 
using Eq. [5], write 

- -  ---- + - -  [ 8 ]  
dV q . dV 

Using the ident i ty  

t 
V 

i3 

q -----.>- 

Fig.  5. Schematic diagram showing potentiodynamic response of a 
system governed by Eq. [5]. 

7q )~ [0] 

Eq. [8] can be rewri t ten 

Equat ion [10] shows that as the potential  increases, the 
current  Will increase or decrease depending on 
whether the ratio (OV/Oq);/dV/dq is less than  or 
greater than one [since (0i/aV)q, (OV/Oq)~ > 0 for 
usual electrochemical systems]. 

Returning to the discussion of curve T in  Fig. 5, as 
the current  increases, its rate of increase diminishes 
(cf. Eq. [10]) because dV/dq  becomes smaller due to 
the relationship [7]. Thus, the current  changes less and 
less rapidly and the system approaches a "steady 
state" in which dV/dq  is equal to (0V/Oq)i; i.e., curve 
T becomes parallel  to a galvanostatic curve. By sub- 
st i tuting Eq. [7] into [10] we obtain 

(.) [ ( ' ) /  ] 
d--'V= - ~  q 1 - - i  ~ i S [11] 

from which it is clear that  the steady-state current, is 
(i.e., the current  such that its rate of change is zero) 
satisfies the condition 

S/is  = [12] 
is 

If the t ransient  process shown in Fig. 5 takes place 
very quickly, it will be completed early in the poten- 
t iodynamic experiment,  which then rapidly becomes 
nearly indist inguishable from a galvanostatic experi- 
ment. This is t rue  of the potentiodynamic experiments 
to be discussed in  this section. Before going on to these 
experiments, however, let us briefly examine (within 
the framework of the preceding discussion) the differ- 
ences between steady-state potentiodynamic oxidation 
and adsorption. 

Equation [5] sometimes has the special form 

i : ](q,~]) [13] 
where 

n : V -- Ve(q) [14] 

Ve(q) may be called the "adsorption isotherm" (e.g., 
for the Temkin  isotherm, Ve(q)  - const. X q). Using 
Eq. [9j, it can then easily be shown that 

( T )  / d y e  dV 0f 0~ - t - _  [15] 
i = - - ~ q  0--~- dq 

A part icular  special case, one that is often used in  the 
l i terature (6, 7, 11), is that for which • ----- l (q)  exp 
O]/E) where l (q)  is a l inear  function of q and E is 
constant. For this case 

OV ~ = eonst. • E / l ( q )  + ~ d q  [16] 

which does not depend on V and hence is independent  
of i. 5 It follows from Eq. [12] that  in this ease the 
steady-state potentiodynamic current  would be strictly 
proportional to S. 

In contrast to this case, for the anodic oxidation of 
p la t inum (below ~1.3V vs. SCE), (8V/Oq)~ increases 
with i (cf., Fig. i). Therefore, according to Eq. [12] is 
must increase less rapidly with S than would be re- 
quired by strict proportionality. 

From Fig. 1 it can be determined that (~V/aq)j in- 
creases (linearly with log i) by 50% as i increases 
from 5 /~A/cm 2 to 5 mA/cm2; this is shown graphi- 
cally in Fig. 6. Using these data and Eq. [12] one may 
determine for various values of S, the steady-state cur- 

Another  somewhat  more general  case of i n t e r e s t  is t h a t  for 
which  the current  depends much  more s t rongly  on "~ than on q; i.e., 
0f/Oq <:<: O]/~  (or, more precisely (c�~/(�q)r ~ <  d V J d q ) .  In this  
case ,  (0V/~q)l ~ d V J d q ,  which  is also independent  of i. 
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Fig. 6. Slopes of galvanostatic charging curves in Fig. 1, plotted 
vs. current density. 
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Fig. 8. Potentiodynamic and galvanostatic experiments. Noisy 
trace is current during potential sweep at 10 mV sec -1. Horizontal 
trace is current during galvanostatic experiment. Other two traces 
show potential. Sweep arrested at 1.2V. Conditions given in text. 
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Fig. 7. Ratio of sweep rate S to steady-state potentiodynamic 
current is. X, calculated from galvanostatic data using Eq. [12:]; 
O, measured. 

rent  Ss and the quant i ty  S/is - (OV/aq)~s (which 
would have to be constant if is were proportional to 
S). In  Fig. 7, values of S/is determined in this way are 
plotted (points marked X) as a funct ion of S. Also 
plotted irL the figure are values of S/is (points marked 
O ) from potent iodynamic experiments  (vide inSra). 
The agreement  between the potent iodynamic data and 
the results derived from galvanostatic data is good, the 
largest discrepancy being less than 5%. This verifies 
the val idi ty of Eq. [12] and shows that the deviation 
from l inear i ty  (i.e., about 50%) as measured by the 
variat ion of S/is is very close to the prediction based 
on the variat ion of (OV/aq)i in the galvanostatic ex- 
periments.  Thus, the potent iodynamic and the galvano- 
static data both show that the formation of the oxide 
film cannot be explained by any mechanism (e.g., ad- 
sorption) for which (~V/Oq)i is independent of i. 

Examples of potentiodynamic experiments at 10 -2, 
10 -I , and I0 V/sec are shown in Fig. 8, 9, and I0, re- 
spectively. The conditions are the same as for the 
galvanostatic experiments shown in Fig. I. Figures 
8 and 9 each also include traces showing i and V vs. q 
for a galvanostatic experiment conducted at a current 
density chosen to be approximately the same as the 
steady-state current in the potentiodynamie experi- 
ment. The V,q traces for the potent iodynamic and the 

120 

J / ~eo 

40 J -~ 
. /  \ 

1.3 

1.2 

(D 
(D 

0.9 > 

0.8 

0.7 

600  400  200 0 
q (/~C/CM z ) 

Fig. 9. Potentiodynamlc and galvanostatic experiments. Sweep 
rate: 100 mV sec -1. See caption Fig. 8. 
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Fig. 10. Potentiodynamic experiment. Sweep rate: 10 V sec - t .  
Noisy trace is current. Sweep arrested at ~1.3V. Slight switching 
transient on the potential may have caused break in current trace. 
Conditions same as Fig. 8 and 9.'See text. 

galvanostatic experiments  are indist inguishable except 
at the end, when the potential  sweep is arbi t rar i ly  ar-  
rested at 1.2V. These data show very graphically the 
connection between the galvanostatic and potentiody- 
namic experiments;  namely, that the potent iodynamic 
steady-state current  is given by Eq. [12] and varies 
only if (~V/aq)i  varies with q. In Fig. 8-10 this var ia-  
tion is quite small. 
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Fig. I I. Potentiodynamic experiment starting at 0.6V. Other 
conditions same as Fig, 10. 

After the sweep is arrested (at 1.2V in Fig. 8 and 9, 
and 1.3V in Fig. 10) the current  falls in the same way 
as in the hybrid experiments of Fig. 2 and 3. Plots of 
i vs. q during the potentiostatic segments of these ex- 
periments are indist inguishable from the other data 
of Fig. 4. This il lustrates thai  the arrested potential  
sweep is essentially the same as hybrid experiment,  
and that the fall in current  is due to the growth of the 
oxide at constant potential.6 

Figure 11 is the record of an experiment  similar to 
those previously described except that the electrode is 
held at 0.6V (SCE) prior to start ing the ~weep at 
10 V/sec. Because of the lower starting potential  the 
oxygen coverage is less to begin with; so subsequent  
bui ldup of the oxygen film 7 at first takes place with 
a smaller value of OV/6q than  in Fig. 8-10. The easily 
perceptible change in slope has been observed before 
(7), and by comparison with hydrogen adsorption (7) 
it was associated with monolayer coverage during the 
formation of the oxygen film. We emphasize here that 
this change in slope is quant i ta t ively  related through 
Eq. [12] to the concurrent  step in the potentiodynamic 
i ,V profile. 

The constant current  "plateaus" seen in Fig. 8-11 are 
f requent ly  observed during the potentiodynamic 
anodic oxidation of p la t inum in acid solution. Because 
of Eq. [12] we can see that the flatness of these 
plateaus is equivalent  to the straightness of galvano- 
static charging curves such as are shown in Fig. 1. In 
exactly the same sense, the nonl inear  sweep rate de- 
pendence of plateau height is equivalent  to the de- 
pendence on current  of the slopes of the galvanostatic 
charging curves. Any model for the growth of the 
oxide film that satisfactorily explains the galvanostatic 
characteristics will automatically explain the equiva-  
lent  potentiodynamic characteristics and vice versm 
Therefore, in choosing a model one may use either po- 
tent iodynamic or galvanostatic data as a basis. Histori- 
cally, the interpreta t ion of potentiodynamic data has 
usually been based on some var iant  of the adsorption 
isotherm which is considerably more complex [e.g., see 
Ref. (11)] than the model used to explain galvano- 
static data (i.e., Eq. [1]). As we have seen, simple ad- 
sorption models cannot explain the nonl inear  sweep 
rate dependence of the plateau current. Therefore, it 
appears that Eq. [1] is the preferable al ternat ive and 
that high-field ionic t ransport  (e.~., the Cabrera-Mott  
model) is the simplest and in fact the only model that 
presently explains the data. 

Potentiodynamic approach to steady s ta te . - -A poten- 
t iodynamic characteristic of any system such as that 
i l lustrated schematically in Fig. 5 is the asymptotic 
approach to steady state. For  the oxidation of plati-  
num, it is possible to analyze this characteristic in  a 

e Aga in ,  t he re  is no e v i d e n c e  for  ag ing .  
As ye t  no t  neces sa r i l y  an  " o x i d e "  fi lm. 

simple quant i ta t ive manner  and to compare the ana-  
lytical results with experimental  data. Consider a rela-  
t ively small disturbance that changes the potentiody- 
namic steady-state current.  Such a disturbance would 
be caused, for instance, by a small  discontinuity in  
(aV/aq)i;  (i.e., a more abrupt  version of what occurs 
in Fig. 11) or by an abrupt  change in sweep rate. Im-  
mediately after the disturbance, the new steady-state 
current  is different from the actual current,  which will 
then approach the new steady-state value required 
by Eq. [12]. Using [7], Eq. [8] can be rewr i t ten  

= + i S [17] 

If we restrict ourselves to a relat ively small deviation 
from the steady-state current  and a l imited excursion 
of q, then both the part ial  derivatives in [17] can be 
approximated by constants representing their average 
values. The approximate solution to [17] is then an 
exponential  approach to the new steady-state current,  
i.e. 

•  o ---- exp ( - - a V / v )  [18] 

where _~i is the deviation of the current  from the new 
steady-state value; (Ai) o is the init ial  value of this 
deviation; -xV is the change in V from its initial  value; 
and the "time constant" for the approach to steady 
state is equal to S/v ,  where 

An experimental  test of Eq. [18] and [19] is shown in  
Fig. 12, which was obtained under  the same conditions 
as Fig. 9 except that  the sweep was momentar i ly  
in ter rupted  and then resumed. Following the resump-  
t ion of the sweep, the current  re turns  toward the 
steady state from which it had fallen during the in-  
terruption. Examining the later  par t  of this r e tu rn  
("a" in Fig. 12) we see, for example, that the current  
rises from 91 to 112 ~A/cm 2 as the potential  changes 
by about 33 inV. Since the steady-state current  is 
about 122 ~A/cm 2, (cf. Fig. 9), this represents a de- 
crease of the deviation from steady state to about 32% 
of the initial  deviation. Using these data (i.e., 
-~i/(-~i)e ---- 0.32, _XV ---- 33 mV),  the experimental  value 
of v, calculated from Eq. [18], is 30 inV. From Fig. 1, 
for ~ ~ 125 ~A/cm 2, q ~ 250 ~coulombs/cm 2, (Oi/aq)v 

3.4 sec-1; so for S ---- 0.1 V/sec, Eq. [19] yields 
v ~_ 30 mV which agrees with the value estimated 
from Fig. 12. 

The later  part  of the initial  t ransient  ("b") in Fig. 
12 is similar to the subsequent recovery ("a") from 
the in ter rupt ion  of the sweep. Since both transients  
are governed by Eq. [18] this is understandable.  How- 
ever, in view of the fact that S appears explicitly in 
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Fig. 12. Interrupted potential sweep. Same as Fig. 9 except for 
interruption. 
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Eq. [19], one may wonder  why the init ial  t ransients  in 
Fig. 8 and 9 are so similar  in  spite of the tenfold ratio 
of sweep rates. To investigate this point, Eq. [19] can 
be rewr i t ten  (with the help of Eq. [9] and [12]) in 
the form 

v = is [2.0] 

which brings out an interest ing feature of the poten- 
t iodynamic growth of oxide on plat inum. Since i de- 
pends exponent ia l ly  on V (cf. Eq. [1]), (3 i /~V)q / i  
depends only on q; so from Eq. [20], as i approaches is, 
v depends only on q. Furthermore,  from the lowest to 
the highest coverage in Fig. 1, the ratio of i to 
(Oi/OV) o increases only by a factor of two; so that the 

value of ~) calculated from Eq. [20] increases by a 
factor of two over this wide range of coverage. This 
implies that in potent iodynamic recovery from small 
perturbations,  the growth rate of oxide film on plati-  
num returns  to its steady-state value during a sweep 
excursion of 20-40 mV depending on coverage, but  
practically independent  of sweep rate. 

Relat ionship  of  po ten t iodynamic  transients  to a-c 
i m p e d a n c e . - - A - C  impedance measurements  are some- 
times carried out dur ing  potent ial  sweep experiments,  s 
Here we analyze the relationship between the a-c 
impedance and the potent iodynamic t ransient  response 
of the rate of oxide growth. 

Suppose that  a small  periodic var iat ion in  potential, 
-~V ---- (• j~t is superimposed on the potential  
sweep. Changing the independent  variable from V to t 
in  Eq. [8], and adding the periodic var iat ion of V, we 
get 

i ---- iS -5 j~AV] [21] 
dt v o 

The solution to this equation can be separated into two 
parts corresponding to the two terms in  the bracket. 
The solution corresponding to the first term, S, is what  
we have already discussed. The solution corresponding 
to the second term is the component of the current  due 
to the superimposed a-c potential. The steady-state a-c 
component  of the current  is 

j~aV 
ai -- [22] 

0V 

From Eq. [22] (using Eq. [9]) it can be shown that  if 
~o < <  ~r, where 

~T = 11~ - S l y  = [23] 
V 

(cf. Eq. [19]) then the a-c response is exactly the same 
as the steady-state potent iodynamic response discussed 
previously. In  other words, if the period of the super-  
imposed a-c potential  is long compared to the potent[o- 
dynamic "time constant," T ------ v /S ,  its effect is merely  
to cause a slight periodic change in the sweep rate and 
hence a corresponding periodic change in the potent[o- 
dynamic steady-state current.  However, if ~ > >  ~ 
(i.e., the period of the superimposed a-c potential  is 
short compared to v / S ) ,  then the conductance obtained 
from Eq. [22] is 

Equat ion [24] is expected intui t ively when the period 
of the a-c disturbance is much shorter than  T. The ap- 
proach to potent iodynamic steady state involves the 
growth of the oxide film, and if as the potential  
fluctuates there is not sufficient t ime for growth to 
occur, the response is the same as it would be at con- 
stant  coverage. Using the data of Fig. 1 to calculate 

s See, e.g., l ~ f .  (8). 

(Oi/3q) v it can be shown that for current  densities less 
than 150 ~A/cm 2 and intermediate  values of coverage 
(i.e., q > 200 ~coulombs/cm2), ~r is less than  2x sec -1. 
Therefore the a-c response at superimposed frequencies 
of several cycles per second is essentially at constant 
coverage. 

These results can now be applied to data of Conway 
and Gottesfeld (8), who measured (at 32.5 Hz) the 
a-c conductance of the p la t inum oxide system during 
potential  sweep at 26 and 104 mV/sec. For each of 
these sweep rates the current  density can be calculated 
from Fig. 7, and since at this frequency ~ > >  ~r the 
conductance can be calculated using [24] and the data 
of Fig. 1. The results of such calculations are shown in 
Table I. At the top of the table the calculated current  
density is shown for each sweep rate, and in the body 
of the table are shown the four conductances calcu- 
lated for each sweep rate at each of the two potentials 
shown at the left. Since (Oi/OV) o is proport ional  to i 
and varies slowly with q, Eq. [24] predicts a fourfold 
ratio of the a-c conductances corresponding to the 
fourfold ratio of the two sweep rates, and predicts a 
d iminut ion by roughly a factor of two as the potential  
rises from 0.85 to 1.15V (vs. SCE). The data of Conway 
and Gottesfeld deviate significantly from the data in 
Table I. Their measured values of conductance are 
higher than the calculated values (by factors of five 
and two at 26 and 104 mV/sec, respectively) and, more 
significantly, the measured conductances differ by only 
about 20% at the two sweep rates ra ther  than  by a 
factor of four as predicted by Eq. [24]. The dependence 
of measured conductance on potential  is comparable to 
that  shown in the table, but  this is probably fortuitous 
in view of the other discrepancies. Their data there-  
fore indicate that  the a-c conductance does not reflect 
Eq. [24]. Rather, it is l ikely that even at this relatively 
low frequency (32.5 Hz) the resistance of the oxide 
film is shorted by its capacitance and the measured 
a-c conductance reflects the lower effective resistance 
of other steps in the oxidation process; i.e., steps other 
than ion t ransport  across the oxide film (e.g., charge 
transfer processes in the double layer) .  

Summary 
The present experiments  and analysis show conclu- 

sively that for the range of coverage between one and 
three monolayers the law of anodic growth of oxide 
film on p la t inum is precisely the same whether  the film 
is grown potentiostatically, galvanostatically, or poten-  
t iodynamically.  

A comparison of galvanostatic and hybr id  galvano- 
potentiostatic experiments shows that  there is no aging 
of the film over a time interval,  At, comparable to the 
durat ion of the experiments  (20 sec ~-- ~t ~-- 150 sec). 
The effect of "holding" (i.e., in ter rupt ing  the potential  
sweep and mainta in ing a constant potential  for a time) 
during potentiodynamic experiments  is explained en-  
t irely in  terms of the potentiostatic growth of the oxide 
film during the holding period. 

A correspondence is analytical ly established between 
galvanostatic and potent iodynamic data, and this cor- 
respondence is verified experimental ly.  Galvanostatic 
and potent iodynamic data both show that  the growth 
of the oxide film cannot be explained by any mech- 
anism for which (3V/3q)~ is independent  of i (e.g., 
adsorption).  The high-field ionic conduction model 
accounts for the major  features of all the data. 

Table I 

S (mY sec -1) 26 104 
i ( ~ / c m  ~-) 33 lSO 

0 . 8 s v  (SCE) 2 S 
P o t e n t i a l  1.15V (SCE) 1 4 

The four entries in lower right section of fable show the con- 
duetanees (mrnho cm -2) (calculated from ]~q. [24]) for the condi- 
tions shown above and to the left. 
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Transient  deviat ions from the potent iodynamic  
"s teady state" are analyzed in terms of a "t ime con- 
s tant"  that  can be calculated f rom galvanosta t ic  data. 
The calculat ion is verified by exper imenta l  potent io-  
dynamic  t rans ient  measurements ,  and it is shown that  
the in te rpre ta t ion  of a -c  conductance measurements  
depends on whe the r  the per iod  of the a-c  exci tat ion is 
la rger  or smal le r  t han  the potent iodynamic  t ime con- 
stant.  
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The Electrochemical Oxidation of N,N,N',N'- 
Tetramethylbenzidine in Molten Sodium Tetrachloroaluminate 

D. E. Bartak* and R. A. Osteryoung* 
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

The electrochemical oxidation of N,N,N',N'-tetramethylbenzidine (TMB) 
in molten sodium tetrachloroaluminate at 175 ~ was investigated as a function 
of pC1- The predominant species in these media was identified by ultraviolet 
spectroscopic and potentiometric techniques to be an aluminum chloride-TMB 
dicomplex in the pCl- range of one to four. A chemical transformation of the 
dicomplexed amine to a monocomplexed amine precedes electron transfer. A 
kf'kl value of 5 X 106 liters mole -I sec -I for the reaction TMB(AICI3)2 + 

k( k~' 
C1- ~ TMB (A1CI~) + A1C14- with K1 ---- - was found using normal  pulse 

kb' kb' 
vo l tammetr ic  and chronoamperometr ic  techniques. The dicomplexed amine is 
e lectroact ive at more posit ive potentials.  The product  of both electron t rans-  
fer processes is the orange dication of TMB. Cyclic vo l tammetr ic  and constant  
potent ia l  coulometr ic  techniques were used in obtaining diagnostic cr i ter ia  
for the e lucidat ion of the above react ion pathways.  

While  the  e lec t rochemis t ry  of a large number  of 
organic compounds has been s tudied in a var ie ty  of 
aprotic and protonic solvents, ve ry  l i t t le  organic elec-  
t rochemis t ry  has been repor ted  in mol ten  salt  media. 
A luminum chlor ide-a lka l i  metal  chloride melts  have 
proper t ies  which should make  electrochemical  studies 
of organic compounds both feasible and interesting,  
namely :  (i) low l iquidus tempera ture ,  (it) easi ly p re -  
pared  and purified, (iii) aprotic, ionic characterist ics,  
(iv) complete absence of water ,  and (v) acid-base  
proper t ies  which are  read i ly  manipula ted .  These melts  
also have possible appl icat ions in  ba t t e ry  and fuel cell 
systems (1, 2). 

Four  papers,  to date, have been publ ished concerning 
organic e lectrode react ions in molten a luminum chlo- 
r ide -a lka l i  metal  chloride mixtures.  F le ischmann and 
Ple tcher  (3) s tudied the oxidat ion of a series of a ro-  
matic  hydrocarbons  in 50-36-14 mole pe r  cent (m/o)  
A]C13-NaC1-KC1 at 150~ Jones, Boxall,  and Oster-  
young (4, 5) examined  the oxidat ion of t r ipheny lamine  
and N,N-dimethylan i l ine  in 50:50 m/o  A1C13-NaC1 at 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: o x i d a t i o n  of  t e t r a m e t h y l b c n z i d i n e ,  f u s e d  sal ts ,  a l u -  

m i n u m  c h l o r i d e  m e l t s ,  p u l s e  polarography. 

175~ They found unusual  s tabi l izat ion of the  amine 
radical  cations, via cyclic vo l tammet r ic  data, re la t ive  
to amine cation radical  behavior  in acetonitr i le.  Fung, 
Chambers,  and Mamantov  (6) have recent ly  repor ted  
on the electrochemical  oxidat ion of t e t ra th ioe thy lene  
and th ian threne  in mol ten  A1CI~-NaC1 mixtures .  The 
corresponding dications were  also more stable in 
mol ten  chloroaluminates  at 150 ~ than  in "dry" aceto-  
ni tr i le  at 25~ 

The sodium te t rachloroa]uminate  (50:50 m/o  A1Cls- 
NaC1) mel t  can be considered as a Lewis  ac id-base  
system by the following equilibrium 

/('~ [A12CI~- ] [C1- ] 
2A1CI~- ~ -  A12C17- + CI - ,  Km ---- 

[AICI~- ] 2 
[]] 

in which the heptachloroaluminate ion and the chloride 
ion are the Lewis acid and base, respectively. The 
equilibrium recently has been studied by a number of 
workers. Tremillion and Letisse (7) obtained a I(m 
value of 13.3 • i0 -s. Torsi and Mamantov (8) studied 
various aluminum chloride-alkali metal chloride mix- 
tures and found a /~r~ value of 8.8 X 10 - s  for sodium 
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te t rachloroaluminate  at 175~ Boxall et  al (9) re-  
cently reported on the above equi l ibr ium in relat ion to 
two additional equi l ibr ium reactions per t inent  to te t ra-  
chloroaluminate  media (Eq. [2] and [3]) 

Ko 
2A1C18(D ~ A/2C16(D [2] 

K~ 
A1C14- + A1CI~ ~--- A12CI~- [3] 

By using these three reactions to describe the A1C13- 
NaC1 system and a concentra t ion-dependent  A1C14- 
activity coefficient, Boxall and co-workers obtained a 
Kin value of 10.6 • 10 - s  at 175~ 

The electrode reaction on an a luminum surface in 
these melts can be wr i t ten  as 

A1C14- + Be- ~ .AA ~ + 4C1- [4] 

with the electrode potential  given by 

R T  (ac : - )  4 
EAlCl4-/AIo --  E ~ - -  ~ I n -  [5] 

3F aAlC14- 

Since the activity of A1CI~- ion remains approximately 
constant in the 50:50 m/o  A1C13-NaC1 region (7), the 
a luminum electrode can act as a chloride ion indicator 
electrode in these melts. 

In  this paper, we summarize the results of our in-  
vestigation of the electrochemical oxidation of 
N,N,N' ,N'- tetramethylbenzidine (TMB) in mol ten so- 
dium tetrachloroaluminate.  The acid-base behavior of 
the melt  in relat ion to that  of the amine determines the 
electroactive species and the chemical reactions that  
are important  in electron t ransfer  processes involving 
organic compounds in such media. 

Results and Discussion 
Cyclic v o l t a m m e t r y . - - T h e  cyclic voltammetric  be- 

havior of N,N,N' ,N'- tetramethylbenzidine (TMB) in 
sodium tetrachloroaluminate  melt  at 175~ with pC1- 
--- 1.1 (i.e., most basic condition possible, as the melt  
is saturated with sodium chloride) is shown in Fig. 1. 
Since ip,~ ---- ip,a, the electrochemistry of TMB com- 
prises a chemically reversible couple at this pC1- and 
scan rate. At a scan rate of 0.05 V/see, Ep,a -- Ep,c is 
approximately 55 mV, which is significantly less than 
that expected for a reversible one-electron process 
(86 m V / n  at 175~ (10) and more consistent with a 
quasireversible, two-electron process to form the TMB 
dication. 

The electrochemical oxidation of TMB was studied 
as a function of increasing pC1- of the melt  (Fig. 2). 

0 

I I l I I I I 

1.3 1.2 I.I 1.0 0.9 0.8 0.7 0.6 0.5 

E 

Fig. 1. Cyclic voltammogram of 5.2 X 10-3M N,N,N',N'-tetra- 
methylbenzidine (TMB) in NaAICIJ. melt at 175~ and pCI-  
1.1. Scan rate, 0.1 V/sec; tungsten planar electrode (A ~ 0.01 
r  2).  
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Fig. 2. Cyclic voltammograms of 3.6 X 10-3M TMB in NaAICI4 

melt at a s:an rate of 0.25 V/see on a tungsten planar electrode 
(A ~ 0.07 cm2). (A) pCI -  = 1.5; (B) pCI -  ~ 2.5; (C) pCI -  
3.5. 

At a constant scan rate of 0.25 V/see, the oxidation 
wave near 1.1V shifts positively as the pC1- is in-  
creased. At a pC1- of 2.5, a second wave emerges at 
more positive potentials (,--2.IV). As the pC1- is in-  
creased to 3.5, the second wave becomes even more 
predominant.  In  order to determine the processes re-  
sponsible for the two oxidation waves, the scan rate 
was varied at a constant pC1-. With increasing scan 
rate at acidic pCl-'s, ip/v'/2 for the first wave de- 
creased, while iJv I/2 for the second wave increased. 
These results indicate that both oxidations are kineti- 
cally controlled and the equilibrium, which character- 
izes the two electroactive species, is pCl- dependent. 

The peak current of the single reduction wave is 
dependent on whether the scan rate is reversed after 
the first oxidation wave (Ex ---- 1.6V) or after both 
oxidation waves (Ex ---- 2.2V) (Fig. 3). Since the re- 
duction peak current is increased when Ex = 2.2V vs. 
E~ = 1.6V, the cathodic wave near 1.IV includes the 
reduction of a product of both oxidation reactions. 
Furthermore, when E~ = 1.6V and pCl- > 2.0, the 
ratio of the peak cathodic to peak anodic current, de- 
termined by Nicholson's empirical method (II), was 
found to exceed one. This suggests that a chemical re- 
action precedes electron transfer for the first oxidation 
wave. 

The peak potential  of the single reduction wave is 
scan rate and pC1- dependent.  At constant, acidic 
pCl- ' s ,  the reduction peak potential  shifts in a nega-  
tive direction with increasing scan rate. The reduction 
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Fig. 3. Cyclic voltammograms of 29 X 10-3M TMB in NaAICI4 
melt at pCI -  = 3.4 and at a scan rate of 0.5 V/sec on a vitreous 
carbon planar electrode (A = 0.08 cm2). 

peak potential  shifts posi t ively wi th  increasing p C l - ,  
at a constant scan rate. These results are consistent 
with the theoretical  model  which involves electron 
transfer, fol lowed by a pC1- dependent  chemical re-  
action. 

CouIometry.--Exhaustive, control led-potent ial  elec- 
trolysis of TMB in basic (pC1- ---- 1.1), te t rachloroalu-  
minate  mel t  at a potential  of 1.SV gave an n value of 
2 (nexpt ---~ 1.85). The  melt  turned f rom almost colorless 
to bright  orange during the course of the electrolysis�9 
Cyclic vol tammetr ic  examinat ion  of the exhaust ively 
electrolyzed amine indicated the presence of a re-  
ducible species in the mel t  with Ep,c ----- 1.0V (i.e., the 
dication of TMB).  The bright orange color disappeared 
af ter  approximate ly  1 hr  wi th  a resul tant  decrease in 
the height of the reduct ion wave. Thus the dication of 
TMB in the te t rachloroaluminate  melt  at pC1- _-- 1.1 
is unstable for long times. 

Normal pulse voltammetry (12, 13).--Normal pulse 
vo l t ammet ry  was used to elucidate the electrode reac-  
tion for TMB in the sodium te t rachloroaluminate  melt. 
F igure  4A is a normal  pulse vo l tammogram at a pC1- 
of 1.1. At this basic pC l - ,  one well-defined, anodic 
wave  is observed and a plot of log (id -- i ) / i  VS. E 
(Fig. 4B) is l inear wi th  a slope of 48 mV and El~2 ---- 
1.012V. As the theoret ical  slope is 89/n mV for rever -  
sible electron t ransfer  at 175~ the vo l tammogram 
represents a quasireversible,  two-e lec t ron  process. 

The normal  pulse vol tammetr ic  behavior  of TMB 
was also studied as a function of pC1- of the melt.  The 
E1/2 for the  oxidat ion wave  shifts in a positive direc- 
tion as the pC1- is increased. A plot of E~/2 vs. pC1- 
for the initial oxidation wave  is shown in Fig. 5. The 
slope of 94 mV suggests that  the ratio of chloride ions 
to electrons involved in the electrode reaction is uni ty  
(14, 15). Concurrently,  as the pC1- is increased, a 
second wave  emerges at more posit ive potentials. The 
l imit ing current  of the second oxidation wave, at a 
constant pulse width, increases as the pC1- is in-  
creased. Simultaneously,  the ampli tude of the first 
wave decreases as the acidity of the melt  is increased. 
The sum of the two waves at acidic p C l - ' s  is approxi-  
mate ly  equal to the height  of the single wave at the  
most basic pC1- (Fig. 6). The ratio of the l imit ing cur-  
rent  for the first wave  to that  of the l imit ing current  
for the second wave  is a function of the pulse width 
(Fig. 7). These results again indicate that  both oxida-  
tion waves are kinet ical lv  controlled in an acidic 
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Fig. 4, (A) Normal pulse voltammogram of 5 X 10-~M TMB in 
NaAICI4 melt at 175~ and p C I -  ~ 1.1. Pulse width, 50 msec; 
delay time, 0.5 sec; tungsten planar electrode (A ~ 0.07 cm2). 
(B) Plot of log ict - -  i / i  vs. E from normal pulse voltammogram of 
5 X 10-3M TMB. Pulse width, 500 msec; delay time, 0.5 sec; 
tungsten planar electrode (A ~ 0.07 cm2). 

medium and that the species responsible for the  waves 
are in equi l ibr ium with  one another. 

The first oxidation wave is diffusion controlled for 
pulse widths of 10 msec to 1 sec and when pC1- is less 
than 1.5 (ilimt 1/~ is constant, where  t ---- pulse width) .  
At p C l - ' s  greater  than 1.5, the l imit ing current  for the 
first wave  is kinet ical ly controlled and pC1- dependent 
(Table I). The cyclic vol tammetr ic  and pulse vo l tam-  
metric data suggest that  the first wave includes a 
chemical reaction, which precedes electron transfer�9 
Rate constants for the preceding chemical reaction 
were  calculated from the pulse vol tammetr ic  data us- 
ing the following equation (16) 

ik 
---- .~I/2k exp (2~2) erfc ~ [6] 

where  k _-- (kfKt)~/2 and ik ---- kinetic current, id --- 
diffusion controlled current.  The above equation is 
based on the model  

k :  - - h e  

Y ~--- R ~  O [7] 
kb 

with K : [R] / [Y]  and t _-- pulse width. Consistent 
values of k/K1 (Table I) were  obtained as a function 
of pC1- and pulse width by defining the present sys- 
tem with the reactions 

kf '  

Y + CI- ~ R + A/CI4- [8] k" 
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Fig. 5. Plot of EI/2 vs. pCI-  for 5.1 X 10-SM TMB in NaAICI4 
melt at 175~ The slope is 94 mV. Pulse width, 100 msec; delay 
time, 1.0 sec; tungsten planar electrode (A = 0.07 cm2). 
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Fig. 6. Normal pulse voltammograms of 29 X 10-3M TMB in 
NaAICI4 melt at a pulse width of 100 msec and delay time of 1.0 
sec. (A) pCI -  = 1.1; (B) pCI- ~ 3.4. Vitreous carbon planar 
electrode (A = 0.08 cm2). 

R ~ 0 + 2e -  [9] 

with K1 ---- kf'/kb'. 1 

Chronoamperometry.--Single potential  step chrono- 
amperometry  was also used to study the kinetics of 
the preceding chemical reaction, which is associated 

[R] [AlCl4-] Mr 
I S i n c e  K I  a n d  k~' - - - ,  then k~K = 

[Y] [Cl-] [CI-] 
Mf'Kt[CI-]2/[AICL -] with [AIC]a-] = 8.8M in the 50:50 rn/o AlCls: 
NaCI m e l t .  
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Fig. 7. Normal pulse voltammograms of 29 X 1 0 - 3 M  TMB in 
NaAICI4  mel t  at  p C I -  ~ 3.4. (A) Pulse width, 200 msec; delay 
time, 2 sec; (B) pulse width, 50  m s e c ;  d e l a y  time, 0.5 sec. Vitreous 
carbon planar electrode (A = 0,08 cm2). 

with electron transfer  for the first oxidation wave of 
TMB. In  this technique the potential  is stepped from a 
potential  where no electrochemical reaction takes place 

TaMe 1. Summary of pulse vo[tammetrlc data for 
- - (a) as function of pCI- and N,N,N',N'-tetramethylbenzldme a 

pulse width 

Mr'K1 
loCI- ik(O) ik/id ( X I0 a) (d) 

A. P u l s e  w i d t h  = 10 m s e c  (b> 

2.0 450 0.69 5.5 
2.5 220 0.34 5.5 

B, P u l s e  w i d t h  = 100 msec(e)  

2.0 190 0.91 3.7 
2.5 122 0.58 2.7 
3.0 66 0.31 4.2 

C. P u l s e  w i d t h  = 200 rnsecCf) 

2 .0  140 0.95 8.8 
2.5 102 0.69 2.1 

D.  P u l s e  w i d t h  = 500 msec(a)  

2.5 70 0.78 2.1 
3.0 51 0.56 4.7 

E. P u l s e  w i d t h  = 1 seeC~) 

2.5 53 0.81 1.4 
3.0 43 0.65 4.3 

(a) C o n c e n t r a t i o n  of T ~ I B  is 5.1 • 10-sM; a r e a  of t u n g s t e n  e l e c -  
t r o d e  is 0.07 cm-L 

(b) D i f f u s i o n  l i m i t i n g  c u r r e n t  a t  10 m s e c  p u l s e  w i d t h  is  650 g A  
(pC1- = 1.1).  

r A l l  v a l u e s  for  c u r r e n t  e x p r e s s e d  in  m i c r o a m p e r e s .  
(dj L i t e r  m o l e  -1 sec -1. 
(e) D i f fu s ion  l i m i t i n g  c u r r e n t  a t  100 m s e c  p u l s e  w i d t h  i s  210 

(pC1- = 1. t ,  1.5) .  
cg~ Di f fu s ion  l i m i t i n g  c u r r e n t  a t  500 m s e c  p u l s e  w i d t h  is  90.5 /~A 

(pC1- 1.1, 2 .0) .  
r D i f f u s i o n  l i m i t i n g  c u r r e n t  a t  1.0 sec p u l s e  w i d t h  i s  66 /LA (loCI- 

= I,i, 2.0). 
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(0.7V) to a potential  beyond the first wave  (1.5V), but 
not into the second wave. The result ing constant i t  1/2 
values indicate diffusion-controI (5 msec < t < 2 sac) 
at p C l - ' s  of 1.1 and 1.5. However ,  the i t  1/2 values de- 
crease as a function of t ime at p C l - ' s  greater  than 1.5. 
The finite rate of the dissociation reaction for the 
amine-a luminum chloride complex is responsible for 
the decrease in i t  1/2 values with decreasing time. As 
the pC1- is increased to more acidic values, the equi-  
l ibrium, which governs the dissociation of the complex, 
is shifted to the left  (i.e., lower  bulk concentrat ion of 
electroactive species). 

Figure  8 is a plot of napp where  

-~- ( ( i t l / 2 ) k i n e t i c )  n [ 1 0 ]  

Ttapp (~,~1/2 ) diffusion 

as a function of t ime at p C l - ' s  f rom 1.1 to 3.7. Good 
agreement  be tween the exper imental  data and a theo- 
retical curve, obtained by compute r  simulating a CE 
mechanism (17, 18), is found at p C i -  of 2.0 (k f 'K1 = 
4 • 106 liters mole-1  sec-1) ,  pC1- of 2.5 ( k ( K 1  : 
4 • 106 liters mole -1 sec-1) ,  pC1- of 3.0 (kf 'K~ = 3 • 
106 liters mole -1 sec-1) ,  and pC1- of 3.6 (lcf'Kt = 5 • 
106 liters mole -1 sec -1) for reaction [8]. 2 Thus the  
data are consistent with a CE model  in which the 
formation of electroact ive species is first order in chlo- 
ride ion concentration. 

S p e c t r o s c o p y . - - S p e c t r o p h o t o m e t r i c  techniques were  
were  employed to determine, if possible, the  values for 
the amine-complex  equi l ibr ium constants. The sodium 
te t rachloroaluminate  mel t  at 175 ~ has an excel lent  
optical window with  a 200 nm cutoff. Since amines 
have been shown to absorb in the ul t raviole t  region, 
the u.v. spectrum of TMB was studied as a function of 
pC1-. N,N,N' ,N'- te t ramethylbenzidine in the NaA1C14 
melt  revealed a ) ,max at 256 nm with an ext inct ion co- 
efficient of greater  than 103. However ,  the TMB spec- 
t rum was pC1- independent  over  the pC1- range of 

2 C o m p u t e r  s imulat ion of CE m e c h a n i s m  was  based  on the  model :  
k~ - - h e  

Y ~- R ~ O, w h e r e  [Y] > >  [R].  V a l u e s  of  k~'K1 f o r  r e a c t i o n  [8] 
kb 

w e r e  calculated from kFKz = k~K[A1Ch- ] / (C1- )~ .  

2.0 - " - %  ~ - _ 

I , , I ~ i I I ' " ' I  
o.og o.i 05  i.o 

t Va ( secVa ) 
Fig. 8. Single potential step chronoamperometric data for 

5.2 X 10 -'~M TME as a function of pCI - .  (x) p C l -  = 1.1; (O)  
pCi -  = 1.5; (&)  pCI -  = 2.0; (11) pCI -  = 2.5; ( Q )  pCI -  
3.0; (IV) pCI -  = 3.6. The solid line was obtained by digital 
simulation of Eq. [7] with Y > >  P,. 
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1-4. Diprotonated TMB (via perchloric acid) in ace- 
tonitr i le has been shown by Saget and Pl ichon (19) to 
have a ?,max of 250 rim, while  the monoprotonated  and 
the unprotonated form of the diamine exhibit  ~max 
values of 320 and 310 nm, respectively. The u.v. spec- 
t rum of biphenyl  was also obtained in the NaA1C14 
melt  at 175~ and exhibi ted a )~max at 253 nm with an 
extinction coefficient greater  than 103 . The l i terature 
kmax value for the ~ --* ~* transi t ion of biphenyl  in a 
solvent such as cyclohexane is 252 nm with  an ext inc-  
tion coefficient of 19,000 (20). An interest ing analogy 
is the case of benzene ( ~ m a x  : 255 rim, e = 230) and 
aniline (?.max = 280 rim, ~ = 1430), the lat ter  of which 
has :~ ~ ~* transi t ion energy requi rements  reduced due 
to n-:~ conjugation. However,  the anil inium ion, which 
does not have  any nonbonding electrons for n-:~ con- 
jugat ion shows ~.max of 254 nm with  e : 160 (20). 

Since the apparent  .~ -> ~* transi t ion for TMB in 
NaA1C14 is independent  of pC1- and resembles that  for 
biphenyl  in the same medium the predominant  TMB 
species in even the most basic melt  is thought  to be an 
acid-base adduct ~ with the nonbonding electrons on 
the amino group being shared with a Lewis acid, in 
this case, a luminum chloride, i.e. 

E l ec t rode  reac t ion  p a t h w a y s . - - T h e  spectroscopic and 
potent iometr ic  evidence indicates that N,N,N' ,N'- te tra-  
methylbenzidine  forms a Lewis acid-base complex in 
the sodium te t rachloroaluminate  melt. The predomi-  
nant species present in the melt  at the most basic pC1- 
is the a luminum chIoride dicomplex of the amine, i.e., 
TMB(A1C13)2. The equil ibria  which best describe this 
chemical system can be wr i t ten  as 

K1 
TMB(A1C13)2 § C1- ~-TMB(A1C18) -F A1CI~- [11] 

K 2  
TMB (AICIa) ~- CI- ~---TMB ~- AICI~- [12] 

Since the electrochemical  data indicate the presence 
of a precursor chemical  react ion accompanying elec- 
t ron transfer, the first anodic wave at E1/2 = + (0.922 
-t- 0.094 pC1- )V  includes the two-e lec t ron  oxidation of 
ei ther the uncomplexed or monocomplexed species to 
a dication. Fur thermore  the El~2 vs.  pC1- plot for the 
first wave  indicates that  the ratio of chloride ions to 
electrons involved in the total electrode react ion is 
unity. Since the exhaust ive electrolysis data demon-  
strate unequivocal ly  that  the first anodic wave  in-  
volves two electrons, the s toichiometry of chloride 
ions in the electrode react ion must also be two. 

Three reaction schemes can readily be postulated to 
account for the oxidation of a diamine (ei ther  free or 
monocomplexed)  and which includes the same number  
of chloride ions and electrons (two) in the total elec- 
trode reaction. In the first scheme the dicomplex dis- 
sociates via two discrete reactions to the free diamine, 
which is then oxidized to its dication 

Scheme I 

s P o t e n t i o m e t r i e  s tud ies ,  w h e r e b y  AI*~ (v ia  A1 ~ a nod i z a t i on )  was  
added to  a bas ic  m e l t  c o n t a i n i n g  the  a m i n e ,  also i n d i c a t e d  t h a t  the  
a m i n e  w a s  c o m p l e t e l y  c o m p l e x e d  at  pC1- = 1.1, s ince  t h e  t itration 
c u r v e  s h o w s  no  b r e a k  o t h e r  t h a n  t h a t  f o r  t he  s o l v e n t  t e t r a c h l o r o a l u -  
m i n a t e  e q u i l i b r i u m  (gJ. A d d i t i o n  of  Tg~B to a ba s i c  m e l t  {pC1- = 
1.1) p r e c i p i t a t e s  s o d i u m  ch lo r ide  f r o m  s u c h  a mel t .  P o t e n t i o m e t r i e  
t i t r a t i o n  of T ~ B  w i t h  sol id  A1C13 i n d i c a t e d  s t o i c h i o m e t r y  fo r  all- 
c o m p l e x  f o r m a t i o n .  I n  t h i s  e x p e r i m e n t ,  t he  PC1- of  t h e  m e l t  i s  
i n i t i a l l y  a d j u s t e d  to  2.5 ( leas t  b u f f e r e d  pC'l- r e g i o n ) .  A l u m i n u m  
c h l o r i d e  (127 mg~ is t h e n  a d d e d  to t h e  m e l t  (--10 ml i t e r s~ ,  w i t h  a 
r e s u l t a n t  i n c r e a s e  in  pC1- to v a l u e s  g r e a t e r  t h a n  4. T h e  a m i n e  
(TMB) is t h e n  added  s lowly  w i t h  s t i r r i n g  un t i l  t h e  p C l -  is  a d j u s t e d  
b a c k  to 2.5. F r o m  t h e  w e i g h t  of  t he  a m i n e  a d d e d  (112 rag)  t he  r a t i o  
of  A1CI~ to T M B  is  2:1.  
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kf'(fast) 
TMB(A1CI3)2 + C1- < > TMB(A1CI~) + A1C14-, 

kb' 
kf' 

K1 = ~ [13] 
kb' 

~r 
TMB(A1C13) + C1- < ~ TMB + A1C14-, 

kb" 
k f" 

K2 = - [14] 
kb" 

TMB ~ TMB + '  + 2e - [15] 

Format ion of the electroact ive diamine in scheme I 
would be second order  in chloride ion concentration. 
In the second scheme, the free diamine is again the 
electroactive species, however,  its formation is first 
order in chloride ion concentrat ion 

Scheme II 

TMB (A1C1D 2 + C1- 

TMB (A1C13) + C I -  

kf'(slow) 
< ~ TMB (A1C1D + A1C14-, 

kb" 
kf '  

K1 ----- [16] 
kb' 

kf~'(fast) 
< ~ TMB + A1C14-, 

kb" 
kf" 

K2 = [17] 
kb" 

TMB ~ TMB +e + 2e- [18] 

In scheme III the electroactive species is the mono- 
complexed diamine and its formation is first order in 
chloride ion concentration 

Scheme III 

TMB (A1CI~).~ + C1 
kf'(slow) 
< ~ TMB (A1CI~), 

kb' 
k f" 

K1 ---- [19] 
kb' 

TMB(AICI~) ~ TMB(A1C13) +. + e - , E l  [20] 

fast 
TMB(A1C13) +. + C1- > TMB +. + AICI4- [21] 

TMB +. ~ TMB +2 + e - ,  E2 [22] 

where  E1 > E2. 
The normal  pulse vol tammetr ic  and chronoampero-  

metr ic  data indicate that  the electroact ive species for 
the first wave is formed by a chemical reaction which 
is kinet ical ly first order in chloride ion concentration. 
Thus, both schemes II and III are valid possibilities 
that  could represent  the total electrode process de- 
scribing the anodic wave  at E1/2 ---- + (0.922 + 0.094 
pC1-)V.  In scheme II, kf' is less than ~f". If one as- 
sumes that kb' ~ k~" (diffusion controlled),  then K~ 
is less than K2. The acid dissociation constants for 
common diprotic acids are usual ly such that K~ is 
greater  than K2 (e.g., dissociation of protonated TMB 
in acetonitr i le  (19). Therefore,  scheme III is the more 
acceptable model  and the total electrode reaction for 
the initial anodic wave  includes the oxidation of the 
monocomplex of the diamine with Klkf '  : 5 X 106 
liters mole-~  s ec -L  Since the value for K1 must  be 
less than 10, (at pC1- ---- 1.1, predominant  species is di- 
complexed amine) a kf' value of 5 • 105 liters mole -1 
sec-~ represents a lower  l imit  for this second order 
reaction. 

The dicomplexed form of the amine can be assumed 
to be difficult to oxidize, because both unshared pairs 
of electrons on the amino groups are no longer  avai l-  
able for e lectron transfer.  One might  expect, therefore,  
the oxidation potential  of the dicomplex (TMB(A1C13).~) 
to be similar  to that  of biphenyl.  The electrochemical  
oxidation of biphenyl  was invest igated briefly in the 
sodium te t rachloroaluminate  mel t  at 175~ Cyclic 

vol tammetr ic  evidence indicates that  biphenyl  is oxi-  
dizable in this medium with  Ep/2 -=-- 1.8 and 2.0V on a 
vitreous carbon electrode vs. the saturated sodium 
te t rach]oroa lumina te-a luminum reference electrode. 
Fleischmann and Ple tcher  (6) have reported Ep/2 
values for the oxidation of biphenyl  in 50:36:14 m / o  
A1C13:NaCI:KC1 mel t  at 150 ~ . The two waves ob- 
served for the oxidation of biphenyl  were  at Ep/2 
1.66 and 2.03V on a pyrolyt ic  graphite electrode vs. 
an a luminum reference electrode. Thus, as the pre-  
dominant  species in the melt  is a dicomplex and the less 
positive anodic wave  involves the oxidation of a mono-  
complex, we have concluded that  the wave  at E1/2 = 
1.95V involves the oxidation of a dicomplex of the 
amine, e.g., TMB(A1C13)2. Fur thermore ,  the cyclic 
vol tammetr ic  data at an acidic pC1- (Fig. 3) reveal  
that the product of the more posit ive wave  (El/2 
1.95V) is identical to the oxidation product  of the less 
positive wave  (E1/2 = (0.922 + 0.094 p C 1 - ) V ) .  The re-  
action for the second oxidation wave  can be wr i t ten  

TMB(A1C13)2 ~---TMB +2 + 2A1C13 + 2e-  [23] 

The normal  pulse vol tammetr ic  data indicate that  
the l imiting current  for the more positive wave is 
pC1 and pulse width  dependent, however  the El~2 value 
for this wave is pC1- independent.  The oxidation of a 
dicomplex as written in Eq. [23] would be expected to 
be pCl- dependent if electron transfer were reversible 
(i.e., Nernstian). If, however, electron transfer is slow 
or irreversible, the EI/2 values are determined solely 
by the kinetics of the charge-transfer process. 

A plot of log (id -- i)/i VS. E for the second anodic 
wave at a pCl- of 4.0 reveals a slope of 105 ___ 5 mV 
over a tenfold increase in concentration, and using 
either a tungsten or vitreous carbon electrode. Since 
the Nernstian value for a reversible two-electron 
process at 175~ is 45 mV, the second wave is clearly 
not reversible. The cyclic voltammetry data indicate 
the presence of an EC mechanism since no reverse 
current for the reduction of the product of the second 
anodic wave is observed on the cathodic sweep until 
one reaches potentials at which the product of the first 
oxidation wave is reduced (i.e., the dication of TMB). 
An EC mechanism, in which reversible electron trans- 
fer precedes a rapid follow-up reaction, requires that 
Ep:a --  Ep/2.a : 72/n mV and that  Ep shifts anodically 
45/n mV for each tenfold increase in scan rate (at 
175~ (10). We observe Ep.a -- Ep/2,a for the second 
wave  to vary  f rom 80 to 90 mV depending on scan ra te  
for TMB in acidic melts (i.e., pC1- > 3.5). Fur the r -  
more, E1/2 (as determined from normal  pulse vol t -  
ammetry)  shifts anodically approximate ly  70 mV for 
every tenfold decrease in the pulse width. Thus, we 
conclude that electron transfer, even though relatively 
rapid, must be slow relative to the rates of the fol- 
low-up reactions (I0, 21) (i.e., loss of AICh from the 
oxidized form of the dicomplex). Therefore, the prob- 
able electrode reaction for the second wave can be 
wri t ten  as 

slow 
TMB (A1CI~) 2 > TMB (A1C13).2 +- + e - ,  E1 

fast 
TMB(A1CI~)2 +. + 2C1- > TMB +. ~ 2A1C14- 

TMB +- ~ TMB +2 + e - ,  E~ 

where  E1 > E2. 
Cyclic vol tammetr ic  data indicate that  the peak po- 

tent ial  for the single cathodic wave  is scan rate  and 
pC1- dependent. The reduct ion peak potential  shifts 
posi t ively wi th  increasing pC1- and decreasing scan 
rate. As these results are consistent wi th  an EC model, 
one can wri te  the reactions for the reduction wave as 

TMB +2 + 2e -  +~-TMB 

fast 
TMB § 2A1C14- > TMB (A!C13)2 + 2C1- 
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Lithium tetrachloroaluminate system.--A 50:50 m/o 
LiC1-A1C13 melt system was also used in the study of 
these amine -a luminum chloride complexes. It was 
init ial ly hoped that since the pKm' for the LiC1-A1CI~ 
system was 2.46 (22) as compared to 5.08 for the NaCI- 
A1C13 system, 4 one could obtain melts of lower acidity 
with the l i th ium tetrachloroaluminate system and thus 
obtain accurate equi l ibr ium constants via spectroscopic 
methods for the amine -a luminum chloride complexes. 
However, due to the l imited solubili ty of LiC1 in 
LiA1C14 at 175~ the pC1- of a saturated LiC1 melt  
at 175 ~ is 0.3. Figure 9A is a cyclic vol tammogram of 
TMB in the LiA1CI4 melt  (saturated with LiC1) (i.e., 
pA12C17- ---- 2.2), while Fig. 9,B is a cyclic vol tammo- 
gram of TMB in a NaA1C14 melt  adjusted by A1 anod- 
ization to a pC1- of 2.2 (i.e., pA1.2Cb- ---- 2.9). The gen- 
eral shape of the wave and the _~Ep value are quali ta-  
t ively the same for the TMB in the two melt  systems. 
Since the electrochemistry of TMB in the two melt  
systems is heptachloroaluminate ion concentrat ion de- 
pendent  in the same quali tat ive relationship, it is rea- 
sonable to assume that the amine is complexed with 
the AI.~C17- or A1C13 species. The formation of alu- 
minum chloride-amine complexes in organic solvents 
have been previously reported in the l i terature  (23, 
24). Eley and co-workers (25-27) have reported heats 
of reaction for several aliphatic and aromatic amine-  
a luminum chloride complexes. They found that the 
greater the electron density on the ni t rogen atom, the 
higher the heat of mixing or the stronger the bond 
formed between the donor-acceptor moieties. 

Drahowzahl (28) found that  complexes of aromatic 
ter t iary amines with a luminum chloride, such as 
C6HsN(CH3)~-A1C13 are useful catalysts for the al- 
kylation of aromatics with alkyl halides. 

~Km' is defined: Kin' = [AI~C17-][C1-] = KmIA1CI~-]~ where 
[AICI~-] = 8.8NI in NaAICI4 and [AICI4-] = 9.3M in LiAlCh. 

~ O ~ A  
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Fig. 9. (A) Cyclic voltammogram of 7 X 10-3M TMB in lithium 

tetraehloroaluminate at 175~ and p C I -  ~ 0.3. Scan rate, 0.1 
V/sec; tungsten planar electrode (A ~ 0.07 cm2). (B) Cyclic 
voltammogram of 5.2 X 10-3M TMB in sodium tetrachloroalum- 
inate at 175~ and pCI -  ~ 2.2. Scan rate, 0.1 V/sec; tungsten 
planar electrode (0.07 cm2). 

Experimental  Section 
ELectrochemicaL instrumentation.--The cyclic volt-  

ammetric, chronoamperometric,  and pulse vol tam- 
metric studies were performed on a mult ipurpose in- 
s t rument  utilizing operational amplifier circuitry 
described previously (29). The above ins t rument  was 
interfaced (30) to Digital Equipment  Corporation 
Models PDP-12 and PDP-8/e  computers for the pulse 
voltammetric and chronoamperometric studies. Read- 
out of the data was by either Houston Model 2090 X-Y 
recorder or a Hewlett-Packard Model 7039-Am X-Y 
recorder with point plotting capabilities. 

Potentiometric studies were performed using a Leeds 
and Northrup Student Potentiometer and a Keithley 
Model 160 Multimeter. A Sargent Coulometric Con- 
stant Current Source was used during melt composi- 
tion determinations, and to adjust the acidity of the 
rnelt to the required pCl-. 

Mel~ preparation and purifica~ion.--Ai1 of the ex- 
perimental  work was carried out under  a purified 
argon atmosphere in a Vacuum Atmospheres Company 
dry box equipped with a Model HE-493 Dr i -Tra in  for 
constant recirculation of the argon gas through a 
column consisting of activated copper and molecular 
sieves. In  an at tempt to quali tat ively assess the oxygen 
content of the dry box atmosphere (31), 25W light bulb 
filaments using line voltage were burned  inside the 
box. Satisfactory results were obtained in that the 
filaments' l ifetime was from 7-10 days. To insure that 
the water content of the box atmosphere was low, 
P205 in evaporating dishes was also placed inside the 
box. Melt preparat ion and purification was carried out 
in a cell which has been previously described (32). The 
fusion of 2 moles of a luminum chloride (Fluka, A. G., 
i ron-free)  and 2 moles of sodium chloride (Fisher, 
certified ACS grade) produced a faintly yellow colored 
melt at 175~ Purification of the molten mixture  was 
accomplished by means of pre-electrolysis with an 
a luminum rod anode (Johnson Matthey Specpure 
grade),  coiled a luminum wire cathode (Alfa Inor-  
ganics, m5N), and the Sargent Coulometric Constant 
Current  Source. After ten days of electrolysis at a cur- 
rent  density of about 0.5 mA cm -2, the resul tant  melt 
was clear and colorless. 

Electrodes.--Two planar  working electrodes were 
used in pulse voltammetric and chronoamperometric 
studies: (i) a % in. diameter tungsten rod (Alfa In-  
organics, m3N8) and (i~) 3 mm diameter vitreous 
carbon rod electrode (Atomergic Chemetals, V25). The 
tungsten  rod was sealed into Pyrex using a bead of 
u ran ium glass, ground fiat on an emery wheel, and 
polished, successively, with 600 grit silicon carbide 
powder and Type B a lumina powder (Fisher) to a 
mirror- l ike  finish. The vitreous carbon electrode was 
sealed in a Pyrex glass tube using the procedure de- 
scribed by Gupta (33) and polished in the same man-  
ner as the planar  tungsten  electrode. 

The reference electrode was isolated for all experi-  
ments from the bulk of the melt with a fine glass frit. 
The reference electrode was a coiled aluminum wire in 
the sodium tetrachloroaluminate melt saturated with 
sodium chloride at 175~ The potential of this stable 
reference electrode system was 175 mV negative of the 
aluminum electrode in a 50:50 m/o AICI3-NaCI melt. 

The auxiliary electrode for all experiments was a 
coiled aluminum wire, which was isolated by means of 
a fine glass frit for the controlled potential electrolysis 
experiments. The working electrode for the controlled 
potential coulometry experiments was a tungsten 
gauze basket, fabricated from i00 mesh tungsten wire 
cloth (Research Inorganics). A Pyrex glass stirring bar 
was used to facilitate mass transfer for the exhaustive 
electrolysis experiments. 

Spectrophotometric stl~dies.--Spectra were recorded 
with a Cary Model 17 Spectrophotometer equipped 
with a water-cooled sample compartment  to protect the 
rest of the optics during high temperature  experiments. 
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The furnace  was an a luminum block (10 • 10 • 10 
cm),  fi t ted di rec t ly  into the Cary  sample  compar tment .  
The furnace  was hea ted  by  four Chromalox  car t r idge 
heaters,  placed symmet r i ca l ly  about  the  cell holder  
(12.7 • 12.7 mm) and control led  wi th  a Thermo Elec-  
tr ic Model 32422 t empe ra tu r e  control ler ,  which was 
also used for e lectrochemical  studies. The cells used 
were  10 m m  path l ight  Supras i l  (12.5 • 12.5 • 45 mm) 
rec tangu la r  type  fi t ted wi th  an a i r - t igh t  Teflon cover. 

The melt,  to which the organic compound had been 
added,  was t r ans fe r red  di rec t ly  in the  dry  box to the 
heated optical  cell wi th  a heated pipette.  The por tab le  
furnace containing the closed cell and its contents was 
then t aken  d i rec t ly  out of the  d ry  box and placed in 
the sample  compar tmen t  of the spectrophotometer .  To 
fu r the r  insure  that  wate r  or a i r  would  not enter  into 
the  closed cell, the  sample  compar tment  of the spect ro-  
photometer  was purged  wi th  prepur i f ied  nitrogen.  
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ABSTRACT 

The electrochemistry of trithiocarbonates and trithiocarbenium ions has 
been studied in nonaqueous solvents, mainly in acetonitrile. Trithiocarbonates 
are reduced to the corresponding radical anions which undergo further chemi- 
cal reactions. Anodic oxidation of trithiocarbonates leads to coupling products, 
but does not provide synthetic entry into the tetrathioethylenes. The latter 
class of compounds is available by a procedure which involves reductive 
coupling of trithiocarbenium cations, followed by pyrolysis of the resulting 
orthothiooxalates. The mechanism of the dimerization reaction appears to in- 
volve a simple radical-radical coupling (DIM/ mechanism). Details of the 
synthetic procedure are given along with voltammetric data for six trithio- 
carbonates and eighteen trithiocarbenium ions. 

As part  of a cont inuing study on the electrochemistry 
of mul t isul fur  heterocycles (1-4), a series of tr i thiocar-  
bonates and their monoalkylated derivatives have been 
studied in nonaqueous solvents. The investigation was 
directed to the possibility of a convenient  synthetic en- 
try into tetrathioethylenes and, specifically, into deriv-  
atives of the highly interest ing tetrathiofulvalenes.  

The electrical properties of charge transfer com- 
plexes formed from acceptor molecules such as te t ra-  
cyanoquinodimethane (TCNQ) and donor molecules 
such as te trathiofulvalene (TTF) are current ly  of con- 
siderable interest  (5, 6). The crystall ine charge t rans-  

+ 

fer complex, TTF" T C N Q ' ,  exhibits extremely high 
electronic conductivity which also has a negative tem- 
perature coefficient. The conductivi ty of this compound 
has been at t r ibuted to a metallic chain in which elec- 
t ron delocalization occurs through an infinite stack 
of TTF radical cations (7). These properties are char-  
acteristic of metals and the salts have been termed 
"organic metals" or "unidimensional  metals" in the 
l i terature.  

Recently, s tructural  modifications of one of the par t -  
ners in the charge-transfer  complexes have been 
achieved in an effort to discover more highly conduct-  
ing materials. The te t ramethyl  (8) and te t rathiometh-  
oxy tetrathiofulvalenes (4) have been reported. TCNQ 
salts of the former donor molecule are insulators at 
low temperature,  but  electronic conductors at room 
temperature.  The tetraselenofulvalene (TSeF) has 
been synthesized and pre l iminary  results indicate that 

+ 

TSeF �9 TCNQ �9 complexes have greater electronic con- 
+ 

ductivity than the TTF �9 salt (9). 
A need exists for synthetic methods for the prepara-  

tion of good electron donor molecules which can be 
used to form new charge transfer  complexes. Previous 
synthetic pathways to tetrathioethylenes involve oxi- 
dative el iminat ion of sulfur  from the appropriate t r i -  
thiocarbonate followed by coupling of the 1,3-dithioly- 
l ium ion with base (10, 11) or by t reatment  of the 
thione with a phosphorous(III)  compound (12-14). 
During the course of this study anodic el iminat ion of 
the thiocarbonyl sulfur  was observed in acetonitrile 
(2), but  no evidence for the formation of a tetrathio- 
ethylene was noted. However, ent ry  into the tetrathio- 
ethylenes was achieved under  relatively mild electroly- 
sis conditions by reduction of monoalkylated tr i thio- 

K e y  words: cyclic voltammetry,  radical a n i o n s ,  r a d i c a l  c a t i o n s ,  
eleetrodimerization. 

carbenium ions (15, 16) followed by pyrolysis of the 
result ing dimer (17). The electrochemical route is at- 
tractive for the formation of substi tuted TTF deriva- 
tives since the s t r ingent  oxidizing conditions of the 
above methods are avoided. 

Results and Discussion 
Trithiocarbonates, reduction.--Trithiocarbonates are 

readily reduced at mercury and p la t inum electrodes in 
nonaqueous solvents. Voltammetric data for compounds 
1-3 are given in Table I. At the fastest sweep rates em- 
ployed 

\S/- S = S S 
1 2 3 4 

in this study (ca. 200 V/sec) compounds 2-4 gave re- 
versible one-electron cyclic vol tammograms which in-  
dicates formation of the respective radical anions. 

k S > =  S + e -  ~ S -  [1] 

This conclusion is supported by the weak electron spin 
resonance (ESR) signals which were obtained by cath- 
odic electrolysis of compounds 2, 3, and 4 in the cavity 
of an ESR spectrometer. The signals which were pre-  
sumably due to the respective radical anions exhibited 
no hyperfine structure. 

At slower sweep rates the ratio of anodic to cathodic 
peak currents decreased to zero and the cathodic cur-  
rent  function increased to a value roughly twice the 

Table I. Voltammetric properties of trithiocarbonates, reduction 
at a hanging mercury drop electrode (area ~ 0.0628 cm2); CH3CN, 

0.1M TEAP 

Corn- v Ep/2 -- Ep 
p o u n d  ( V / s e e )  En  (V) ~)  ( m Y )  CF(b) i~a / ipc  

1 0 .06  -- 1.5 (c) 1O (c) 1 .34  (c) O 
32 .9  -- 1 .72 80 1 .04 0 

2 0 .06  -- 1 .73 52 2 .39  0 .21  
77 .4  -- 1 .76 81 1 ,44  0 ,93  

3 0 .06  -- 1 .59  4 9  2 .20  0 .08  
58 .4  -- 1.61 62 1.31 0 .63  

(~) V vs. SCE. 
(b) Current function; units: A cm -~ M -I (V/see) -a/-~ 
(c} Wave distorted by a sharp current maximum; see text. 
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e ~  .a 
Ip 

C.E ip 

2 < e ~  S 1.0 

�9 0.8 

0.6 
I 

0.4 

0.2 

I I I I I 
- 2  - I  0 I 2 

log (V /s )  

Fig. 1. Variation of the cathodic current function (CF) and the 
ratio of anodic to cathodic peak currents (ipa/ip c) of 2 with sweep 
rate CF ~- ip/AC ",v/~, units: A cm -2 M -1 V -~';~ secv=. Hanging 
mercury drop electrode. Dotted circles: 1.78 X 10-~M, solid 
circles: 1.17 X 10 -SM, square: platinum electrode. 

fast sweep rate value. This behavior  is shown in Fig. 1 
for 2 in wet  acetonitrile,  0.1M TEAP solution. These 
variat ions and the ESR results are characterist ic of an 
ECE mechanism al though the qual i ty  of the data did 
not al low a distinction be tween  various ECE pathways 
to be made. The peak potential  data were  also con- 
sistent wi th  an ECE mechanism. For  2 the plot of Ep v s .  

log (sweep rate) exhibi ted two s t ra ight- l ine  segments 
which intersected at vi ~ 0.2 V/sec. 

Addi t ion of the proton donors phenol or additional 
water  to the solution had only minimal  effect on the 
cyclic vo l tammograms of 2. Thus profanation of the 
radical anion is probably  not the ra te -de te rmin ing  
chemical step in the ECE mechanism. Other reactions 
of the radical anion, e.g., dimerizat ion or dispropor-  
tionation, are possible, but the present results do not 
permit  fur ther  mechanist ic analysis. 

Cyclic vo l tammograms of 1 at hanging mercury  drop 
electrodes featured a large max imum in the region of 
the peak potential.  The data reported in Table I are ap-  
proximations of the diffusion control led current  af ter  
the spike was subtracted f rom the vol tammograms.  
Chronoamperometr ic  exper iments  in which the poten-  
tial was stepped into the region of the max imum  re-  

Table II. Cyclic voltammetric parameters for the oxidation of 
sweep rate 

B = C  

T 

A 

I I I I 
1.0 0 .5  0 . 0  - 0 .5  

Ept  vs. S C E  

Fig. 2. Cyclic voltommogram of 2 in acetonitrile. Conditions: 
1.0 X 10-3M 9_ O.IM TEAP, 0.080 V/see, Pt electrode. 

sulted in a constant current  instead of the usual Cot- 
trell  ~t:~ decay. For  a 0.063 cm 2 Hg drop electrode, the 
current  was 64 ~A at --1.60V vs.  SCE and 190 #A at 
--1.70V vs. SCE. At --1.80V vs.  SCE, which was more 
negat ive than the spike potential  region, a normal  it'/= 
decay was observed. Cyclic vo l tammograms of 1 at 
p la t inum electrodes did not exhibi t  the current  max i -  
mum on the reduct ion waves. 

Tri thLocarbonates ,  o x i d a t L o n . - - E x t e n s i v e  cyclic vol-  
tammetr ic  exper iments  were  carr ied out on the oxida-  
tion of the tr i thiocarbonates.  An oxidation wave  at ca. 
1.0V vs. SCE was present  for all of the t r i th iocarbon-  
ares studied. F igure  2 shows a cyclic vo l t ammogram of 
2 which exhibits this oxidation wave  (A) and two 
cathodic waves (B and C) due to the reduct ion of oxi-  
dation products. The two product reduct ion waves, B 
and C, were  not present  to the same extent  for all of 
the tri thiocarbonates.  Wave B was absent at sweep 
rates less than 5 V/sec for 4 and was absent at all 
sweep rates for 1. Also wave  A in the vo l tammograms 
of 1 was split into two peaks. The vo l tammetr ic  pa ram-  
eters for the oxidat ion of t r i thiocarbonates 1-6 are 
given in Table II. 

trithiocorbonates in acetonitrile, O.1M TEAP: Pt electrode, 
0.060 V/see 

Wave A Wave B Wave C 

Compound EpoxLr Ep -- Ep/~ CF Ep redn CF Ep redn CF 

1 1.165(=) 80(b) (c) 

2 1 .075 89  1.03 (~) 

8 0 .992 86 0.98 

4 1.157 106 0.61 

5 0.948 62 1.08 

6 1.21 108 1.34 

(4) (4) - -  O , 3 ( a )  0 . 2 ( e )  

0,'/8 (~) 0.27 (e) --  0.30 0.2 

0.61 0.37 --0.15 0.1 

(~) (~) - -  0.25 0.20 

0.79 0.47 --0.20 0.2 

0.97 0.46 - -0 .24 (0  

(=) Volts vs .  SCE.  
(b) Millivolts. 
(c) Double peak. 
ca) Absent. 
(e) A crn~ M-1 (V/see)-l/~; current function. 
(t) Absent on first cycle, present in multicycle voltaramogtams. 
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= S  = S  

MeS S 
5 6 

The cyclic vol tammetr ic  parameters  were  dependent  
on the choice of solvent and support ing electrolyte.  In 
addition to acetonitrile, which was the main solvent 
used in this study, vo l tammograms were  obtained for 
solutions in benzonitrile, methylene  chloride, and ni t ro-  
methane. In methylene  chloride at p la t inum electrodes, 
wave B showed maxima which are characterist ic of 
adsorption of the electroactive species (18), while in 
n i t romethane solutions wave  B was absent at all sweep 
rates for all of the tr i thiocarbonates studied. 

The current  functions, ip/ACk/v, where  ip is the peak 
current, A is the electrode area, C is the concentration, 
and v is the sweep rate (19), of waves A, B, and C for 
2 in acetonitri le are given in Fig. 3 as a function of 
sweep rate. The current  function of wave A decreases 
as the sweep rate increases and approaches a value of 
0.6 A cm -2 M -1 V -2/2 sec V~ which is one-half  the slow 
sweep rate value. This current  function is less than half  
of the reversible one-e lec t ron  value (1.4 cm-2  M-1 
V- ' / ,  sec',~) which is found for the formation of the 
radical anion, Fig. 1. The slow sweep rate current  func-  
tion for wave  A (1.1 A cm -2 M -1 V-',~ sec V2) is con- 
sistent wi th  an i r revers ible  one-elect ron oxidation 
process and a diffusion coefficient of 2.7 • 10 - s  cm 2 
sec -1. The results are consistent with a mechanism in 
which a dimer radical cation is formed in the initial 
oxidation process, Eq. [2]. This would result  in an 
n -va lue  of 0.5 at t imes less than the l i fet ime of the 
dimer radical cation. 

S - e -  _ 
~---- S > (Dimer) [2] 2 

S 

Concurrent  with the decrease in the current  function 
of wave A, the current  function of wave  C decreases to 
zero at fast sweep rates, Fig. 3. Assignment of wave C 
to the reduction of a decomposition product of the 
dimer cation radical would account for this behavior.  
Similar  behavior  was observed for the other  t r i thiocar-  
bonates investigated. 

The variations of the current  functions of waves A, 
B, and C for 2 with concentration are shown in Fig. 4 
and 5. At sweep rates greater  than ca. 2 V/sec -1 the 
current  function of wave  A became almost independent  
of the concentrat ion of 2. Similarly, the ratio of the 
peak currents  of waves B and A was only slightly de- 
pendent  on the concentrat ion (Fig. 5). These results 
suggest the rapid formation of the dimer cation radical 
in an electrochemical ly  i r revers ible  step, Eq. [2], fol-  
lowed by a f irs t-order decomposition of the dimer ca- 
tion radical. 

C.F. 

0.2 

0.0 

< c : :  

~ -O.8 

, ~ -I-'.o I 

- 2.0 - I.O 0.0 
I o g (V/s) 

Fig. 3. Variation of the current functions for waves A, B, and C 
in the cyclic voltammograms of 2 with sweep rate. Units: see Fig. 
1. Platinum electrode. 

- I . 2  

- I . O  

-0 .8  

I I I I 

I 

- - c - -  o 

~ I i ! I 
0.O 0.5 1.0 

log (mrnole / l i ter )  

Fig. 4. Variation of the anodic current function of wave A for 2 
with concentration. Units: see Fig. 1. Platinum electrode. Curve 1, 
0.056 V/see; curve 2, 0.199 V/sec; curve 3, 1.99 V/sec. 

0.6 
.B 
'_E.P 
i A 0.4 

0.2 

~ 

~ - -  o I 
O I 

o 

I I I I 
0 . 0  0 . 5  1.0 

I og ( r n m o l e / l i t e r )  

Fig. 5. Variation of the peak current ratio for wave B to wave A 
with concentration of compound 2. Curve 1, 0.056 V/sec; curve 2, 
0.199 V/sec; curve 3, 1.99 V/sec. 

Exhaust ive electrolysis of the t r i thiocarbonate 2 in 
wet acetonitri le gave a coulometric  n-va lue  of 1.9 • 
0.3. Isolation and identification of the dithiocarbonate 7 
from the electrolysis solutions has been described pre-  
viously (2). In addition a gummy yel low precipi tate  of 
elemental  sulfur, which was not ful ly  characterized, 
was obtained. 

-- 2 e -  / S  

H..O 
2 7 

0 ~ 2H + t S [3] 

Exhaust ive electrolysis in very  dry acetonitr i le  took 
place very  slowly and did not lead to tractable products 
in our hands. Addit ion of water  to the solutions great ly  
increased the rate of electrolysis. 

A possible structure for the d imer  cation radical is 
shown in Eq. [4]. 

~ S  S e  

8 

+ S 
[4] 
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This proposed structure is consistent with the known 
nucleophilic properties of t r i th iocarbenium ions (20, 
21). Wave B could arise from the one-electron reduc-  
tion of 8; however, these results do not permit  a dis- 
t inction to be made between structure 8 and others 
such as a disulfide radical cation. 

Several attempts were made to detect traces of tetra-  
thioethylene in the cyclic vol tammograms of 2. The 
tetrathioethylene which corresponds to 2 gives charac- 
teristic reversible one-electron waves at 0.68 and 1.12u 
vs. SCE (1) which could readily be detected in the 
cyclic voltammograms. Square wave electrolyses were 
carried out between potentials positive of wave A and 
less than wave B. No trace of any waves which could 
be assigned to a tetrathioethylene wave were detected. 

This electrochemical behavior can be contrasted with 
the oxidation of tr i thiocarbonates in A1C13-nitrometh- 
ane solutions which leads to radical cations of tetra-  
thioethylenes. Oxidation of 2 under  these conditions 
produced a n ine- l ine  ESR spectrum which had a split- 
ting pat tern  consistent with eight equivalent  protons 
(all : 2.41 • 0.03 gauss, g-value = 2.0079 • 0.0005). 

S ~ =  AICIs/CHsNO2 / S /S ~- 
s ' 

9 

The spectrum closely resembled the one obtained by 
electrochemical oxidation of the parent  tetrathioeth-  
ylene in acetonitri le (1) and was identical to the spec- 
t rum produced by A1Cla oxidation ol 9. This conclusion 
was corroborated by thin layer chromatographic (TLC) 
isolation of the tetrathioethylene 9 from the reaction 
mixture.  The reaction mixture  and an authentic sample 
of 9 were seen to yield identical spots on a TLC plate. 

The tr i thiocarbonates 1, 3, and 4 were investigated in 
the same manne r  and similar results were obtained for 
3 and 4. For 1 no ESR signal was detectable in the 
A1C13 oxidation mixture.  This, together with the ab- 
sence of any  coloration, indicates that 1 does not yield 
a stable odd-electron species under  these conditions. 
Compound 3, on the other hand, yielded an ESR spec- 
t rum which consisted of nine lines (all ~--- 3.16 • 0.02 
gauss, g = 2.0097 • 0.0005) and was identical with that  
obtained by A1CI~ oxidation of the tetrathioethylene 
11. The split t ing pa t te rn  suggests that only the protons 
on carbon atoms adjacent to sulfur  cause hyperfine 
splitting. 

Oxidation of 4 under  t h e  s a m e  conditions gives a 
green soIution which on s tanding turns  br ight  orange. 
The ESR spectrum recorded with the green solution 
consisted of a nar row unresolved line (line width : 
1.4 gauss, g : 2.0078 • 0.0005) which was also ident i-  
cal with that obtained from 12. 

Quenching of the colored solutions produced by A1CI~ 
oxidation with water  followed by methylene chloride 
extraction gives back mostly the start ing materials  as  
determined by TLC analysis. Evidently, the amount  of 
material  oxidized is quite small in these experiments.  
In  the TLC analysis of the products from the quenched 
reaction of 4, the presence of the tetrathioethylene U 
w a s  established by comparison with authentic material.  

The view which emerges from these studies is that 
both chemical and electrochemical oxidation of t r i -  
thiocarbonates 1cads to e l iminat ion of sulfur  and dimer-  
ization products. The electrochemical reaction appears 
to be more selective than the chemical procedures with 
A1Cls or t r iva lent  phosphorous (12-14) in that con- 

densation to the tetrathioethylenes does not occur. 
However, an electrochemical pathway to the tetrathio- 
ethylenes is afforded by reduct ion of alkylated tr i thio- 
carbonates. 

T r i t h i o c a r b e n i u m  ions,  r e d u c t i o n . - - D e r i v a t i v e s  of the 
tri thiocarbonates 1-6 are readily alkylated (see Experi-  
mental  Section) to give the corresponding carbenium 
cations. These species may be easily electrodimerized 
under  very mild electrochemical conditions. 

Cyclic vol tammograms of all of the cations studied 
exhibited a single irreversible reduction wave at ca. 
--0.4V vs. SCE. On the reverse scan a single oxidation 
wave was general ly observed at ca. 1.0V vs. SCE. Fig- 
ure 6 shows a cyclic vol tammogram of 25, a carbenium 
ion derived from 4. Table III contains the vol tammetr ic  
parameters and the structures of the carbenium ions 
examined in this study. Tetrafluoroborate, fluorosul- 
fonate, hexafluorophosphate, and perchlorate anions 
were the counterions. There was no appreciabIe de- 
pendence of the voltammetric  parameters  on the coun- 
terion. 

A reverse wave was never observed for the initial 
reduction wave under the conditions of this study. 
These included voltage sweep rates up to ca. 100-200 
V/see and several low temperature studies (--24~ 
Since analysis of the wave shape, concentration, and 
sweep rate dependence of the reduction wave indicated 
Nernstian one-electron transfer, this suggests that the 
radical species has a lifetime much less than the time 
scale of these electrochemical measurements which was 
ca. 1 msec at the fast limit. 

An extensive sweep rate and concentration study 
was undertaken to determine the mechanism of the 
ele2trode process. The results are given in Table IV. 
The results are consistent with a rapid dimerization 
of the radical species, the DIM1 mechanism of Saveant 
and co-workers (22), Eq. [6]. 

e -  fast 

(S~- > SR ~ ( : , >  SR >(Ss~x~2.SR 

[6] 

The electrodimerization product, an orthothiooxalate, is 
electroactive and oxidation waves for these species are 
seen at ca. 0.9-1.4V vs. SCE in the cyclic voltammo- 
grams. 

The experimental diagnostic parameters in Table IV 
also support a dimerization mechanism in which the 
orthothiooxa:ate is formed by a rate-determining elec- 
tron transfer reaction between the dimer radical cation 
and the parent carbenium ion in the diffusion layer. 

i i i i | 

Iffl 

I I I I I 

i.o 0.5 0.0 - 0.5 -LO 

Ept vs. AcJIAg + 

Fig. 6. Cyclic voltammogram of 25 in acetonitrile. Conditions: 
1.0 X 10-3M 25, 0.1M TEAP, 0.1 V/sec, Pt electrode. 
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Table III. Voltammetric peak potentials of trithiocarbenium ions in 
aeetonitrile, 0.1,%4 TEAP, Pt electrode 

C a t i o n  RI (a) OXl(") OX2(a) 

S 

18 < ~ S M e  --0.57 (b) 1.37 1.57 

S 
S / -  "x. 

14 [ ~-x~--SMe -0.52(c} 1.44 - -  

S 

15 ~ + k ~  SEt  --0.50 (e, 0.90 1.39 

S 

k 

16 [ ~-/'~-.- SMe --0.53 ~c) 1.37 - -  
/ 

S / 
C~H5 S - -  

17 ~ + / / k  SE~ -- 0.49(~ 1.37 - -  

S 
C~Hs S 

18 y ~ SMe --0.41 (b' 1.52 - -  

CeH~/ "~  S / 
C~H5 / S .  

19 CeH~S +~-- SEt -0.39 (c' 1.46 -- 

C~H~ S x, 
[ +~-- SMe -- 0.40 (~, 1.42 -- 

/ 
C~Hs S-- 

C~H5 ~ S + ~ . _  . .  SEt  - 0 . 4 3  (~' 1.35 1.46 

? 1 C~Hs~,, s 

o,) T SMe - 0 . 5 6  ' ~  0.90 - -  

""  % S  
S k 

23 [I ~ SEt - 0.55 ~I 0.94 -- 
/ 

S 

24 SMe -- 0.44 (c) 1.09 - -  

S 
S 

~5 ~ - -  ~ /  • --0.43 (c) I.Ii 

\ 
26 c +; SIV[e %-----/~S~/- --0.41 co' 0.81 1.29 

/----S ,, 

27 / *~-- SEt --0.50 <~' 1.30 

\ ,---s 
MeS S 

38 /~ ~--SEt --0.47 (e, 1.06 1.80 

M e S  S 
S 

29 ~ SEt --0.52 ~a' 0.99 - -  

Se 
O 

30 ( + ~ - - -  SEt  --0.51 (e~ - -  -- 

O 

be increased either by uncompensated resistance or by 
ra te-de termining heterogeneous electron transfer, the 
radical-radical  coupling shown in Eq. [6] is indicated. 

Coulometric n-values  were 1.00 _ 0.05 for cations 13 
to 28. (Coulometric and product  isolation studies were 
not carried out on 29 and 30.) The electrolyses at a 
p la t inum cathode proceeded rapid]y with no indication 
of electrode filming. Isolation of the reduction products 
confirmed the formation of orthothiooxalates in all 
cases except the reduction of 16. The orthothiooxalates 
were obtained in near ly  quant i ta t ive yields in most 
cases. After isolation, the orthothiooxalates were pyro-  
lyzed under  mild conditions (ca. 100~ sealed tube or 
refluxing bromobenzene) to yield the expected tetra-  
thioethylene and dialkyldisuIfides (17) in moderate 
yields, up to 60-70%. The ease of the el iminat ion reac- 
tion was evident by the detection of the characteristic 
oxidation waves of tetrathioethylenes in cyclic vol tam- 
mograms of room temperature  electrolysis solutions of 
many of the f ive-membered r ing cations. 

An orthothiooxalate was not isolated from the elec- 
trolysis solutions of 15. Only the corresponding te t ra-  
thioethylene and diethyldisulfide were recovered from 
the solutions. Comparison of room temperature  and 
low temperature  cyclic vol tammograms of 15 suggests 
that the orthothiooxalate is formed initially, but  un -  
dergoes fur ther  chemical reactions. Cyclic vol tammo- 
grams recorded at room temperature  and slow sweep 
rates (see Fig. 7) show several poorly defined product 
oxidation waves at ca. 1.0V vs. SCE. At faster sweep 
rates (e.g., 30 V/sec -1) or at lower temperatures  (see 
Fig. 7) the product oxidation waves sharpen consider- 
ably and two reversible waves appear after the product 
oxidation wave is passed. These reversible waves can 
be assigned to the tetrathioethylene, 9, and this behav-  
ior is characteristic of orthothiooxalate oxidation (3, 
23). 

In  addition, cyclic voltammograms of electrolysis 
solutions carried out at --25~ showed a single prod- 
uct oxidation wave which corresponded to the ortho- 
thiooxalate. When the solution was worked up at room 
temperature  only tetrathioethylene and disulfide were 
recovered. Other unidentified products were also pres- 
ent. No explanat ion is readily apparent  for the relative 
instabil i ty of the dimer derived from 15 at room tem- 
perature. 

Trithiocarbenium ions, oxidat ion.--The unsaturated 
t r i thiocarbenium ions, 22-25 and 28, could be oxidized 
at p la t inum in acetonitrile solutions. Table V lists the 
peak potentials of the oxidation waves and the reduc- 
tion waves which result  from oxidation products. No 
well-defined product waves were present  when the 
scan was reversed. 

Comparison of the peak currents  of the oxidation 
waves at slow sweep rates to the corresponding one- 
electron reduction waves indicates that two electrons 
are involved in the oxidation process. Cation 28 gave 
the most straightforward behavior. At slow sweep rates 
two irreversible oxidation waves were present  in  the 

Table IV. Linear sweep parameters for the reduction of some 
trithiocarbenium ions 

a E= 0 Ep 

Cat ion  a log  v 0 log  c CF  hE  

(~) Volts  vs.  SCE. 
(b) 100 m V  sec-1; 2 raM. 
(r 1 Volt see-l; 1 m2//. 
(d, i00 m V  sec-1; 1 raM. 
(') 258 m V  sec -I. 

This is the DIM2-DISP2 mechanism (22). The experi-  
mental  dist inction between the diagnostic criteria for 
the two mechanisms is the peak width which is 39 mV 
for the DIMI mechanism and 45 mV for the lat ter  
mechanism at room temperature.  Since the exper imen-  
tal peak widths, which fall between these values, may 

14 --19.5 ~ 1.9 (a) 18,0 _ 4.0(a) 0.84 (~) 41 (~) 
15 --15.4 --~ 1.9 21.2 ~ 2.7 1.23 46 
16 --21.5 ~ 2.0 19.8 ~ 2.3 0.94 44 
23 --17.9 • 2.1 23.8 • 1.5 1.26 41 
24 --23.5 ~+ 1.6 15.0 ~ 2.8 1.25 44 
25 --28 ~ 2 1.39 42 
26 --17.0 -~ 0.5 28.4 • 4.0 1.23 41 
27 -- 18.7 --  0.9 24,7 -~- 2.0 1.15 43 
2S -- 19.8 "~ 1.1 17.8 + 5.2 1.11 44 
29 1.1O 46 

r Mi l l i vo l t s /decade .  
(b' A cm-~ M-i  (V/see)-1/% 
~o) Mill ivolts .  
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RI 

RI 

Oxl 

' ' ' I �9 �9 �9 ; I : I ; I 

i , i I I I I I I I 

1.6 0.0 -1.6 

Ept vs. SCE 
Fig. 7. Cyclic voltammograms of 15 in acetonitrile. Conditions: 

2.0 X 10 -~'M 15, 0.1M TEAP, 0.104 V/sec, Pt electrode. Upper, 
room temperature; lower, - -24~ 

cyclic voltammograms. As the sweep rate was in-  
creased, the first wave split into two waves, the first 
of which appeared to be a reversible couple. Figure 8 
shows this behavior. Final  products are probably de- 
rived from fragmentat ion of the highly reactive dica- 
t ion and tr ication species. An unsuccessful at tempt was 
made to observe an ESR signal for 28. 2+ by anod,ic 
electrolysis in the cavity of an ESR spectrometer. 

S u m m a r y  
Anodic oxidation of tr i thiocarbonates is not a viable 

synthetic entry  into tetrathioethylenes.  Anodic e l imina-  
tion of sulfur  and condensation does occur in nonaque-  
ous solvents, but  the dimer radical cation which is 
formed does not yield the tetrathioethylene. 

Cathodic reduction of t r i th iocarbenium cations, on 
the other hand, does provide a convenient  method of 
synthesizing orthothiooxalates which can be readily 

Table V. Voltammetric peak potentials of oxidation waves of 
some trithiocarbenium cations ~a) 

C a t i o n  O X l  (b) 0 x 2 ( b )  R l ( b )  

2 2  2 .3  ( e )  - -  - -  0 .4  
23  2 . 4 9  - -  - -  0 .2  
24L 1 . 8 3  - -  - -  

2 5  1 .7 1  - -  - -  

2 8  1 .70  2 . 0 3  - -  

ca) C o n c e n t r a t i o n  = ca.  1 m/Y/. S w e e p  r a t e  = ca.  100 m Y / s e e .  
':~> V o l t s  v s .  S C E .  
~o) S h o u l d e r  o n  b a c k g r o u n d .  

! "r 

l 
1.8 1.4 1.0 

Ept vs. Ag/Ag + 
Fig. 8. Cyclic voltammogram of 28  in ocetonitrile. Conditions: 

0.3 X 10-3M 28, 0.1M TEAP, 30 V/sec, Pt electrode, Ag/Ag + 
reference electrode, 0.1 mA/div. 

pyrolyzed to tetrathioethylenes.  This preparat ion of 
orthothiooxalates takes place under  milder  conditions 
and higher yields than the free radical addition reac- 
tions or organo- l i th ium complex dimerizations carried 
out by Uneyama et al. (24) and Seebach and co-work-  
ers (25-27). The str ingent  nonaqueous and oxygen free 
conditions necessary for these chemical methods are 
not required for the cathodic reduction of the cations 
which occurs between --0.40 and --0.60V vs. SCE. The 
method also seems to be more general than the action 
of diazomethane on tri thiocarbonates as used by Coffen 
and co-workers (1) and Runge and co-workers (28) to 
prepare cyclic orthothiooxalates. 

Exper imenta l  Sect ion 
In s t rumen ta t i on . - -E l ec t rochemica l  experiments were 

performed with conventional  three-electrode potentio-  
stats. The ins t rument  used for the sweep rate and con- 
centrat ion studies was equipped with positive feedback 
to minimize uncompensated iR  drop between the tip of 
the reference electrode and the working electrode (29). 

A Digital Equipment  Corporation PDP-12 twelve bit 
minicomputer  was used to record and evaluate cyclic 
voltammetric data. An assembly language program was 
wri t ten which recorded a vol tammogram into core by 
convert ing fifteen current  data points and then one po- 
tential  data point. Linear interpolat ion between poten-  
tial data points was performed to complete the cur ren t -  
potential voltammogram. The vol tammogram in core 
could be displayed and the data manipula ted and eval- 
uated by operator controlled cursors. Sweep rates up to 
75 V/sec -1 were accessible with this program. 

Electrochemical experiments  were carried out in a 
Vacuum Atmospheres Company Model HE-43-2 inert  
atmosphere enclosure filled with ni trogen except in 
the cases where "wet" acetonitrile is specified. The iner t  
atmosphere was continuously regenerated by an HE- 
493 Dr i -Tra in  (Vacuum Atmospheres Company) which 
kept oxygen and water at ca. 1 ppm. No oxygen reduc- 
tion wave was observed in the cyclic vol tammograms 
of solvent-support ing electrolyte using 0.22 cm 2 plat i-  
num electrodes. 

Nonaqueous reference electrodes were constructed 
by dipping a cleaned silver wire into a solution which 
was 0.01M in AgNO~ and 0.1M in support ing electrolyte 
in acetonitrile. The potential  of these electrodes were 
ca. 0.30V vs. SCE. The potential  of the reference elec- 
trode was measured prior to each days work and po- 
tentials in this paper are referred to aqueous SCE 
unless specified otherwise. 
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Procedures.--Large scale electrolyses were  carr ied 
out in a t h r ee -compar tmen t  cell in which the counter-  
electrode was separa ted  f rom the working  electrode by  
two 20 m m  fine poros i ty  glass f l i ts .  Electrolysis  solu-  
tions were  ca. 0.03M in e lect roact ive  compound and 
near ly  sa tura ted  wi th  suppor t ing  electrolyte.  The cell 
cur rent  was in tegra ted  electronical ly.  Products  were  
ext rac ted  from the electrolysis  solution by  evapora t ing  
the solut ion nea r ly  to dryness  and ext rac t ing  wi th  
ei ther  e ther  or chloroform. 

ESR spectra  of radical  cations in A1C13-CHaNO2 so- 
lutions were  obtained fol lowing the procedure  of 
Forbes  and Sul l ivan  (30). 

ChemicaIs.--Acetonitrile, the pr incipal  solvent  used 
in this investigation, was purified by  the abbrev ia ted  
method of O'Donnel, Ayres,  and Mann (31, 32). The 
final dis t i l la te  was collected over  ni t rogen and im-  
media te ly  t rans fe r red  into the iner t  a tmosphere  en-  
closure. Methylene chlor ide was dist i l led once f rom 
calcium hydr ide  and s tored in an iner t  a tmosphere.  
N ,N-d imethy l fo rmamide  (DMF) was purified by  the 
procedure  of Fau lkne r  and Bard  (33). 

Suppor t ing  electrolytes  were p repa red  by  s tandard  
methods (34), recrys ta l l ized  at least  three  t imes from 
water -a lcohol  solutions, and dr ied at e levated t empera -  
tures in vacuum. 

Ethylene t r i th iocarbona te  was purchased from Aldr ich  
Chemical  Company and recrys ta l l ized  f rom acetonitr i le.  
All  of the  remain ing  t r i th iocarbonates  were  p repared  
by  l i t e ra ture  methods:  1 ,3-di thiole-2-thione (35), 5; 
1 ,3-di thiane-2-thione (36), 3; 1 ,3-di thie tane-2- thione 
(37), 1; benzo- l ,3 -d i th io le -2 - th ione  (38), 4; 4,5-thio- 
me thoxy- l ,3 -d i th io l e -2 - th ione  (4, 39), 6; 4 -pheny l - l , 3 -  
d i th io lane-2- th ione  (40) ; c i s -4 ,5-d iphenyl - l ,3 -d i th io-  
lane-2- th ione  (40) ; trans-4,5-diphenyl-l,3-dithiolane- 
2-thione (41, 42). 

Al l  of the t r i th iocarbenium cations s tudied are s im- 
ple a lky la ted  der ivat ives  of t r i th iocarbonates .  They 
were  synthesized by  the action of e i ther  t r i e thy loxo-  
nium ion, d imethylsulfa te ,  or me thy l  fluorosulfonic acid 
on the appropr ia te  thione in  methy lene  chlor ide solu- 
t ion (15, 16). A slight excess of t r i th iocarbonate  was 
used in the reaction. The solid products  were  mode r -  
a te ly  sensit ive to a tmospheric  mois ture  and oxygen 
and were  handled  in the iner t  a tmosphere  enclosure 
whenever  possible. The solid products  were  genera l ly  
washed wi th  d ry  carbon te t rachlor ide  unt i l  the wash-  
ings were  colorless, dr ied in vacuum at room t empera -  
ture, and s tored under  nitrogen.  Yields were  nea r ly  
quant i ta t ive  in all  cases. 

2 - th iomethy l - l , 3 -d i th i e t an ium fluorosulfonate, 13; 
oil; NMR: 5 ---- 4.13 (s) 2IK, 2.00 (s) 3H. 

2 - th iomethy l - l , 3 -d i th io l an ium perchlorate ,  14; rap: 
101"-103~ NMR: 5 = 4.31 (s) 4H, 3.18 (s) 3H. 

2- th ioe thyl -  1,3-di thiolanium hexafiuorophosphate,  
15; rap: 46.5~176 NMR: 5 ---- 4.30 (s) 4H, 3.7 (q) 2H, 
1.54 (t) 3H. 

2 - th iomethyI -4 -pheny l -  1,3-di thiolanium fiuorosulfo- 
nate, 16; mp: 100.5~176 NMR 4.6 (d) 2H, 7.6 (m) 
5H, 6.2 (m) 1H, 3.17 (s) 3H. 

2 - th ioe thy l -4 -pheny l -  1,3-dithiolanium hexafluoro-  
phosphate,  17; oil; NMR: 4.6 (d) 2H, 7.6 (m) 5H, 6.2 
(m) 1H, 3.70 (q) 2H, 1.55 (t) 3H. 

trans - 4,5 - d iphenyl  - 2 - th iomethyl  - 1,3 - d i th io lanium 
fluorosulfonate, 18; rap: 48~176 NMR: 6.36 (d) 2H, 
7.53 (s) 10H, 3.18 (s) 3H. 

trans-4,5-diphen yl- 2-thi oethyl- l,3-dithiolanium hex-  
afluorophosphate,  19; mp 55~176 NMR: 6.38 (d) 2H, 
7.55 (s) 10H, 3.71 (q) 2H, 1.58 (t) 3H. 

cis-4,5-diphenyl-2-thiomethyl- l,3-dithiolanium fluo- 
rosulfonate,  20; mp: 159~176 NMR: 6.42 (d) 2H, 7.55 
(s) 10H, 3.30 (s) 3H. 

c / s -4 ,5-d iphenyl -2- th ioe thyl -  1,3-dithiolanium hexa-  
fluorophosphate,  21; oil; NMR: 6.32 (d) 2H, 7.3 (m) 
10H, 3.7 (q) 2H, 1.62 (t) 3H. 

2 - th iome thy l - l , 3 -d i th io l ium fluorosulfonate, 22; mp:  
165~176 NMR: 8.66 (s) 2H, 3.18 (s) 3H. 

2 - th ioe thy l - l ,3 -d i th io l ium hexafluorophospbate,  23; 
mp: 99~176 NMR: 8.62 (s) 2H, 3.6 (q) 2H, 1.60 (t) 
3H. 

2 - th iomethy lbenzo- l ,3 -d i th io l ium fluorosulfonate,  24; 
rap: 165~176 NMR: 7.8 (m) 4H, 2.90 (s) 3H. 

2- th ioe thylbenzo-  1,3-dithiolium hexafluorophosphate,  
25; mp: 112~176 NMR: 8.2 (m) 4H, 2.7 (q) 2H, 1.63 
(t) 3H. 

2 - th iomethy l - l , 3 -d i th i an ium perchlorate ,  26; mp: 
91.0~176 NMR: 2.5 (m) 2H, 3.7 (m) 4H, 3.0 (s) 3H. 

2 - th ioe thy l - l , 3 -d i th i an ium hexafluorophosphate,  27; 
mp: 81.4~176 NMR: 3.7 (m) 4H, 2.5 (m) 2H, 3.0 (q) 
2H, 1.50 (t) 3H. 

Compounds 29 and 30 were p repared  from the re-  
spective thiones (43) which were  obtained as gifts from 
E. M. Engler  and V. V. Patel .  
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Rotating Ring-Disk Electrode Studies of the Electrochemistry of 
Aromatic Carbonyl Compounds in the Solvent Sulfolane 
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ABSTRACT 

The method  of ro ta t ing r ing-d i sk  vo l t ammet ry  has been appl ied  to the 
s tudy  of the reduct ion of benzaldehyde  and pa ra - subs t i tu t ed  benzaldehydes  in 
sulfolane. Benzaldehyde  undergoes  an EC reduct ion mechanism wi th  an 
anion d imer iza t ion  as the fol lowing reaction. Digi tal  s imulat ion techniques 
give values of the  second order  ra te  coefficients of k2 = 2.4 • 103 l i t e r s /mole -  
sec. Pa ra - cyanobenza ldehyde  undergoes  a mixed  reduct ion mechanism. At  low 
disk currents  the  reduct ion in te rmedia te  is proposed to be a pa ren t -an ion  
complex. At  h igher  fluxes, d imerizat ion becomes the  significant fol lowing proc-  
ess; k2 = 45 l i te rs /mole-sec .  A single electroact ive in te rmedia te  is observed 
for the first one-e lec t ron  reduct ion of p -n i t robenza ldehyde .  The single, chemi-  
cally, revers ib le  redox mechanism for this compound in sulfolane agrees wi th  
our spect roelect rochemical  results.  

The cyclic vo l tammet r ic  behavior  of para-substituted 
benzaldehydes  and ni t robenzene in the  solvent  sulfo- 
lane has been descr ibed in a recent  communicat ion 
(1). These da ta  show an enhanced l i fe t ime of the one-  
e lec t ron-ca rbony l  adduct  f rom tha t  found in prot ic  
solutions. I t  was of in teres t  to explore  these chemical  
systems using the technique of r ing -d i sk  e lec t rochem- 
istry. 

Benzaldehyde  reduct ions  have been  thorough ly  in-  
ves t iga ted  in aqueous solutions (2-12). Saveant  and 
co-workers  have  used l inear  sweep and cyclic vo l t am-  
m e r r y  techniques for  this  purpose  (2-6).  They  propose  
a mechanism that  involves pro tonat ion  and coupling of 
the  reduct ion in te rmedia te  to form the pinacol  dimer.  
This does not disagree wi th  our  cyclic vo l tammetr ic  
studies in sulfolane (1). However ,  in situ spect ro-  
photometr ic  observat ions  for the  reduct ion process 
suggest  that  addi t ional  r ad ica l -an ion  reactions,  besides 
d imer iza t ion  and protonat ion,  are  impor tan t  in these 
systems (13). 

The method of r ing -d i sk  vo l t ammet ry  has been used 
wi th  success in s tudying  organic e lectrode processes 
(8-12, 14, 15). Nekrasov  and Korsun have used this 
technique to s tudy benza ldehyde  and other  carbonyl  
reduct ions  in aqueous-e thanol  media  over  a wide pH 
range (8-11). Thei r  resul ts  demons t ra te  the presence 
of a shor t - l ived  radical  anion in termedia te .  They also 
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show the existence of a second r ing electrode oxidat ion 
wave  at potent ia ls  several  hundred  mil l ivol ts  anodic of 
the  oxidat ion of the radical  anion. This second process 
was a t t r ibu ted  to the oxidat ion of a charge t ransfer  
complex formed be tween the radical  anion and the 
pa ren t  molecule. 

Ring-disk  kinetic  studies or ig ina l ly  were  done using 
cur ren t  t ransients  at the disk electrode (16-23). This 
approach is l imi ted  in appl icab i l i ty  to the  s tudy of 
first order  homogeneous fol lowing reactions.  More re-  
cent ly  digital  s imula t ion  techniques have been appl ied  
to de te rmine  ra te  pa rame te r s  for  more  complicated 
processes (14, 15, 24). Puglis i  and Bard  have shown 
that  digi tal  s imulat ions al low the discr iminat ion be- 
tween second order  EC and ECE react ions as well  as 
o ther  mixed  coupling react ions (14, 15). In  this paper  
we make use of digi tal  s imula t ion  techniques to de te r -  
mine the magni tude  of second order  kinetic  p a r a m -  
eters  of the fol lowing chemical  react ions undergone by 
the one-e lec t ron  product  of these aromat ic  carbonyl  
reductions.  

Experimental 
The electrochemical  cell design has been repor ted  

previous ly  (1). The reference electrode used in this 
work  was a large  s i lver  p la te  (Ag pseudoreference  
electrode)  immersed  into the  electrolysis  solution. 
Drif t  in the  potent ia l  of this e lectrode was negligible.  
The working  electrode (RRDE) was a p la t inum r ing-  
disk electrode (Pine Ins t rument  Corporat ion,  Mode] 
TB 18). The significant dimensions are disk radius : 
0.239 cm, r ing  inner  radius  = 0.270 cm, r ing  outer  
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radius = 0.320 cm. This electrode was modified to ex- 
tend the ring electrode contact up the electrode shaft 
and outside the electrolysis cell. Two spring-pressured, 
graphite brushes were used to make independent  elec- 
trical contact to the ring and disk. Contact resistance 
in this configuration was less than 5 ohms. The elec- 
trode was coupled to a controlled d-c motor (Moto- 
matic Model 550) using a chuck constructed in  these 
laboratories. Less than  1% eccentricity was noted in 
rotation rates up to 500 radians/sec. 

The three-electrode potentiostat was one described 
previously (1). The r ing-disk experiment  requires 
simultaneous, independent  potential  control of the ring 
and disk electrodes. The potentiostat  was modified 
using the design of Miller (25) and Napp et al. (26). 
A Chemtrix Potentiostatic Waveform Source was used 
as the potential  source for the r ing electrode; a Burr -  
Brown 3312-I2C operational amplifier was used as the 
ring control amplifier. Current  at the two elec- 
trodes can be measured simultaneously. Periodic cali- 
brat ion of the ring current- to-vol tage converter 
(Bur r -Brown 3308-12C operational amplifier) was 
necessary. 

Purification procedures have been described previ-  
ously (1). The benzaldehyde was chromatographed on 
an activated a lumina column before use. Residual oxy- 
gen was removed by extensive deaeration with a puri-  
fied argon stream. Electrolysis using a massive plati-  
num cathode poised at a potential corresponding to the 
foot of the benzaldehyde reduction wave was used to 
pretreat  the solution before beginning an experiment.  
Residual currents after this step permit ted a potential 
scan of greater than 4V. This cathodic pret reatment  
el iminated the reduction prewave described previously 
(1). 
The theoretical collection efficiency for this electrode 

was estimated using the procedure of A1bery et aL 
(18) as No ---- 0.30?5. This was checked using a chemical 
model system, the ferrocene oxidation. The disk elec- 
trode was poised at a potential to cause the oxidation 
of a ferrocene solution while the ring was poised at the 
reduction potential of the species produced at the disk. 
The ratio of the ring to disk currents (irA/id,l = No) 
was evaluated at a variety of angular velocities. The 
collection efficiency was unaffected by rotation velocity 
and found to be No = 0.305. 

The procedure for generating ring-disk voltammo- 
grams was to first determine the rotating disk voltam- 
mogram for a particular compound at a fixed rotation 
rate. The potential of the disk electrode was then 
poised near the foot of the carbonyl reduction and the 
ring electrode potential was scanned positively from 
this point. This trace determined the residual current 
at the ring. Then the disk potential was set to corre- 
spond to the diffusion limited plateau (id ---- /d,l) and 
the ring electrode again scanned positively. The dif- 
ference in current corresponds to the ring current re- 
ported here. 

Data used for the determination of the homogeneous 
kinetic parameters were taken at constant potentials by 
measuring the steady-state currents at various applied 
potentials along the voltammogram. The current pa- 
rameter used in the digital simulation (see below), 
CONI (id/id,i), was computed at each of these poten- 
tials. Ring currents were measured at each value of 
CONI and then values of the collection efficiency were 
determined. This technique is similar to that described 
by Puglisi and Bard (14, 15) although procedures of 
constant potential are described here. 

Results and Discussion 
A ring-disk vol tammogram for the benzaldehyde 

reduction is shown in Fig. 1. The support ing electro- 
lyte here was 0.1M te t rabu ty lammonium perchlorate. 
When the disk is poised at a potential  corresponding to 
the l imiting current  plateau (point A) the ring volt-  
ammogram shows two anodic waves. The half-wave 
potential  of the first r ing wave (point 1) occurs at 

4O,ua, 

O. 2 volts 

I i i 

0.0 - i ,  0 

Spa 

(A) 

/ 
-2.0 

Fig. 1. Rotating ring-disk voltammogram of 5.02 rnM benzalde- 
hyde in 0.1M TBAP/sulfolane solution. ~ ~ 105 radians/sec. Upper 
curve is the disk trace. Lower trace is the anodic behavior shown by 
the ring electrode while the disk electrode is maintained at poten- 
tial shown by (A). Note different current sensitivities for cathodic 
(disk) and anodic (ring) trace. 

potentials that represent a reoxidation of the one- 
electron product produced at the disk (1). The second 
oxidation wave (point 2) occurs at potentials near ly 
1.0V positive of the first wave. A second anodic wave 
was also seen by Nekrasov et al. (8). It was of interest 
to determine the nature  of this wave. 

The benzaldehyde reduction wave occurs at poten- 
tials close to the cathodic l imit in this solvent system. 
Experiments were performed to explore the nature  of 
the more positive ring wave and see if it involves re- 
activity of the carbonyl  compounds. A solution of 
TBAP in sulfolane was prepared and was electrolyzed 
by mainta ining the disk at a potential  corresponding 
to the potential  of the l imit ing current  for the alde- 
hyde reduction. Scanning the ring electrode anodically 
produced a ring wave even though no carbonyl com- 
pound was present. This wave occurred at potentials 
similar to those for the second wave (point 2) shown 
in Fig. i. This behavior could also be observed by 
mainta in ing the ring electrode at a fixed potential  (on 
the l imiting current  plateau of the second wave) and 
then scanning the disk to more negative potentials. 
The ring current  increased as the disk approached the 
potential of solvent decomposition. We conclude that  
the second ring wave results from the oxidation of an 
electrode product formed during the steps of the 
cathodic solvent electrolysis. There appears no way 
that this can be assigned to a reaction involving the 
carbonyl  compound. 

The collection efficiency of the carbonyl reduction 
process was found to vary as a function of angular 
velocity. As ~ increased, Nk also increased suggesting a 
chemical reaction which consumes the disk product to 
form a product that is not electroactive at the ring. 
The collection efficiency at fixed rotation rates de- 
creases with increasing bulk concentration of the alde- 
hyde. These data are consistent with a second order 
following chemical reaction such as the dimerization 
of the one-electron adduct suggested previously from 
cyclic voltarnmetric studies (i, 2). 

The collection efficiency was studied as a function of 
applied potential. Therefore the currents are obtained 
under constant potential conditions for various bulk 
concentrations. Plots of collection efficiency, Nk, Vs. the 
disk current function, (I -- id/id.1 ~ 1 -- CONI) (14, 
15) are shown in Fig. 2 for the benzaldehyde reduc- 
tion. The collection efficiency for the oxidation process 
increases with decreasing disk current. The flux of the 
intermediate decreases with decreasing disk current 
and appears to slow the over-all rate of the following 
chemical reaction. Puglisi and Bard (14, 15) and 
hTekrasov and co-workers (8-12) have shown that this 
type of behavior results from the dimerization of the 
reduction intermediate 
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Fig. 2. Collection efficiency, h/k, vs. 1 - -  CONI for the first ring 
wave of the benzaldehyde reduction in 0.1M TBAP/sulfolane solu- 
tion. w ~ 105 radians/sec. (a) Cb~,_CHO ~ 2.51 mM and (b) 
Cb~.cHo ~ 5.02 mM. Solid lines are theoretical curves for (a) 
XKTC ~ 2.6 and (b) XKTC ~ 4.7. 

A + e -  ~- B [1] 

k2 
2B -> D [2] 

Figure  3 shows the results of the addition of mil l i -  
molar  amounts  of water  to the solvent system. Water  
can be considered as a proton source in this solvent. 
Adding water  decreases the l i fe t ime of the disk prod-  
uct and suggests that  protonat ion or perhaps solvation 
promotes the fol lowing reaction. These data depict a 
l inear  decrease in Nk with  the square root of added 
water  concentration. This suggests a 2:1 stoichiometry 
for the reaction, a]though one must  consider that  the 
mechanism might  change as the proton activity of the 
solvent increases. 

Exper imenta l  r ing-disk  data were  in terpreted using 
working curves of Nk vs. (1 -- CONI) generated using 
digital s imulat ion techniques (14, 15, 24). The s imula-  
tions require  dimensionless parameters  for the ring 
and disk radii, the diffusion coefficients for the parent  
molecule  (A) and the in termediate  (B), the disk cur-  
rent  function, CONI, and the rate parameter ,  XKTC. 
For the electrode system used here, the radii  are IR1 ---- 

I I I 

N 

O. 05 -- 

ool ] I I 
1 2 3 

1, 
(H201 "2 

Fig. 3. C o H e c f f o n  e f f i c i e n c y ,  N k  vs. a d d e d  w a t e r  c o n c e n t r a t i o n ,  
[H20] ~,'~ in units of (mM);'~ for the first ring oxidation wove of 
benzaldehyde in 0.1M TBAP/sulfolane solution. ~ ~- 105 radians/ 
sec and C~.CHO bum ~ 7.53 mM. 

0.2~ 

N k 

0. i 

0.0 i I I I L I I I I I 
0.0 1 - CONI 0.5 1.0 

Fig. 4. Simulated plots of collection efficiency, h/k, vs. 1 -- CONI 
for a dimerizat[on reaction following electronation at various values 
of XKTC, (A) 0.1, (B) 0.5, (C) 1.0, (D) 2.0, (E) 5.0, and (F) 10.0. 
The parameter XKTC is equal to (0.51)2/3~,l/3D-1/3~-lk2C bum. 

120, IR2 ---- 136, IR3 ---- 161 (24). The dimensionless dif-  
fusion coefficients for species A, DMA, and species B, 
DMB, were both chosen as DMA -- DMB = 0.45. XKTC 
is selected to represent  a dimensionless form of the 
rate parameters :  XKTC ---- (0.51)-8/2pl/~D-1/~-~k2C b 
where  v is the kinematic viscosity of sulfolane at 50~ 
[---- 4.9 centistokes (27)], D is the diffusion coefficient 
of the parent  molecule ( :  1.29 • 10 -6 cm2/sec) (1), 
w is the radial  veloci ty  (rad/sec),  k2 is the second order  
rate  coefficient ( l i te rs /mole-sec) ,  and C b the bulk con- 
centration. 

Sets of working curves are shown in Fig. 4 for sev- 
eral values of XKTC. These were computer simulated 
curves calculated for a dimerization reaction. The ex- 
perimentally determined data, Nk vs. (I -- CONI), 
were fit to these simulated working curves. From the 
simulated values of XKTC which most closely repre- 
sented the experimental cases, values for the second 
order (dimerization) rate coefficient, k2, were esti- 
mated. These are given in Table I. 

Data is also included for p-eyanobenzaldehyde. This 
compound shows a single anodic ring wave when the 
disk electrode is poised at the limiting current of the 
aldehyde reduction. The absence of the second wave 
correlates well with the reduction potential being con- 
siderably less negative than that of benzaldehyde (i). 
The collection efficiency, Nk, was larger at the same 
rotation rate and bulk concentration than that found 
for the benzaldehyde system. 

Plots of Nk vs. (1 -- CONI) for the p-eyanobenzal -  
dehyde system show two regions of interest  (Fig. 5). 
At high values of disk current,  Nk decreases as ex-  

Table I. Values of k2 determined by digital simulation methods 
for benzaldehyde and p-cyanobenzaldehyde 

C~-CHO~"~k (nulr 

a .  B e n z a l d e h y d e  Qb-CHO) 
---- 105 r a d i a n s / s e c  

X K T C  ke ( l i t e r s / m o l e - s e c )  

2.51 2,6 2.07 • 10 s 
2.51 4.8 3.80 • 10 s 
3.52 4,0* 2.28 • I08 
5.02 4.7 1.79 x 108 

A v e r a g e  = 2.40 x 108 
* F i t  up to 1 ~ CONI = 0.350. 

b. P - C y a n o b e n z a l d e h y d e  ( P C N B )  
co = 105 r a d i a n s / s e c  

CPCNB bulk (ITI~) X K T C  k2 ( l i t e r s / m o l e - s e c )  

5,50 0.14 48.6  
8.10 0.18 42.4  

A v e r a g e  = 45,2 
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Fig. 5. Collection efficiency, Nk, vs. I - -  CONI for the p-cyano- 
benzaldehyde reduction in 0.1M TBAP/sulfolane solution with ~ ---- 
105 radians/sec. (a) CPCNB bulk ~ 5.50 mM and (b) CpCNB buIk ~--- 

8.81 mM. Solid lines are theoretical curves far (a) XKTC ---- 0.14 
and (b) XKTC = 0.18. 

pected for the dimerization of the reduction inter-  
mediate. At lower values of current,  however, values 
of Nk become constant or decrease with increasing 
(1 -- CONI). Constant  values of Nk with increasing 
(1 -- CONI) are consistent with a first order following 
reaction. Decreasing values of Nk with increasing (1 -- 
CONI) suggests a second-order ECE mechanism (16) 

A + e - , ~  B [3] 

k~ 
A + B ~ C  [4] 

kb 

where C is electroactive at potentials which produce B 

C + e -  ~ Z [5] 

Simulated data for the dimerization model fit the ex- 
perimental  Nk vs. (1 -- CONI) data up to values of 
(1 -- CONI) = 0.600. Values are shown in Table I for 
dimerization rates obtained from this region. 

These p-cyanobenzaldehyde data show that two 
types of reaction consume the reduction intermediate.  
At small fluxes, the intermediate  is present at rela-  
t ively low concentration. Here a pseudo first order 
mechanism predominates. This reaction may be with 
solvent impurit ies or complexation with the parent  
(scheme 4). At higher fluxes and corresponding higher 
concentrations of the radical anion, dimerization be- 
comes the significant following process. The data sug- 
gest a mixed mechanism, one that favors the first order 
process at low fluxes and then switches to anion 
dimerization as the concentrat ion increases. This mech- 
anism explains much of the data we have seen in these 
systems (1, 13). 

Data were also taken for the one-electron reduction 
of p-ni t robenzaldehyde.  The reduction process pro- 
duces a single electroactive intermediate  at the disk 
electrode that can be oxidized at the ring. This species 
shows a collection efficiency that  remains constant as 
the velocity of the electrode is varied and has a value 
(0.306) close to that predicted by theory. This repre-  
sents behavior of a single chemically reversible redox 
system. 

Conclusions 
Ring-disk electrode investigations indicate an EC 

mechanism for the reduction of benzaldehyde in sul-  
folane. Digital s imulat ion methods allow the evaluat ion 

of second order rate coefficients for the dimerization 
following reactions. These values agree well with pre-  
viously determined values in this solvent (1, 13). The 
data again show the higher stabili ty of the aldehyde 
reduction, one-electron intermediates in this solvent. 

The study of the reduction of benzaldehyde is com- 
plicated since the solvent reduces at potentials close to 
the carbonyl  reduction energy. Recent work suggests 
that the cathodic l imit  in sulfolane might be due to 
reduction of trace quanti t ies of water (28). This in-  
terpretat ion may apply to this study. The second anodic 
wave seen during the benzaldehyde reduction appears 
to be the result  of this process. The result ing disk cur- 
rent  due to this coreduction process would contribute 
a small positive error in the determinat ion of the 
dimerization reaction rate coefficient, k2. 

The data for p-cyanobenzaldehyde show a mixed re- 
duction mechanism. Pre l iminary  spectroelectrochemi- 
cal studies have indicated two reduction intermediates 
(13). One of these compounds is the expected one- 
electron adduct while the second was identified as a 
complex of the one-electron adduct with other species, 
perhaps with the parent  molecule. Ring-disk vo!tam- 
mograms do not show unique electrochemical behavior 
for this complex species. Evidence presented here for 
EC behavior at tow concentrations of the reduction 
intermediate  corroborates the spectroelectrochemical 
information. 
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Electrogenerated Chemiluminescence and the 

Redox Potentials of Rubrene in Various Solvents 
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ABSTRACT 

The effect of solvent  on the quan tum efficiency of e lec t rogenera ted  chemi-  
luminescence (EGCL) was s tudied by measur ing  the coulombic efficiency 
(r of rubrene  EGCL in eleven different solvents. r was found to va ry  
significantly amongst  the solvents employed.  Various a t tempts  were  made  to 
corre la te  r wi th  some p rope r ty  of the solutions. A corre la t ion be tween  
~coul and the difference between the oxidat ion and reduct ion potent ia l  was ob- 
tained, ~coui increasing with  increasing potent ia l  difference. The corre la t ion is 
exp la ined  in terms of changes in solvat ion with  the solvent  affecting the de-  
gree of ion radical  quenching of the  lowest  exci ted  t r ip le t  s tate th rough  which 
rubrene  EGCL is produced.  

Rubrene  has been wide ly  s tudied as an e lec t rochemi-  
luminescent  mate r ia l  in aprot ic  solvents (1-3). Its 
e lec t rogenera ted  chemiluminescence (EGCL) has use-  
ful potent ia l  appl icat ions in d isplay devices (4). The 
quan tum efficiency of the l igh t -produc ing  process is 
both of fundamenta l  in teres t  in regard  to energy 
t ransfe r  mechanisms and of pract ical  concern in device 
applications.  

The emit t ing species of rubrene  EGCL is the  lowest  
exci ted singlet  state. Recent invest igat ions of rubrene  
EGCL have es tabl ished that  the fluorescence is indi -  
rec t ly  produced  via t r ip l e t - t r ip l e t  annihi la t ion in each 
of the  severa l  solvents s tudied:  (i) Bezman and F a u l k -  
ner  (5) concluded from Fe ldberg  plots of the  EGCL 
intens i ty  vs. t ime that  the luminescence arose from the 
t r ip le t  route, (it) Tachikawa and Bard (6) observed a 
magnet ic  field enhancement  of the  in tensi ty  of the 
EGCL and suggested tha t  this  was an indicat ion of an 
impor tan t  involvement  of t r iplets  in the react ion pa th -  
way, and (iii) Pighin  (7) ca lcula ted  from expe r imen-  
tal  t he rmodynamic  data  that  the change in en tha lpy  
of the an ion-ca t ion- rad ica l  charge neut ra l iza t ion  re-  

K e y  words: electrogenerated c h e m i l u m i n e s c e n c e ,  r u b r e n e ,  q u a n -  
t u m  efficiency. 

action was less than  the energy of the  lowest  exci ted 
singlet  state. Thus, the singlet  state must  be produced 
through  t r ip l e t - t r ip l e t  annihilat ion.  

The mechanism for rubrene  EGCL is, therefore,  as 
shown in Table I. The products  of the reactions are 
produced in the propor t ions  shown because of s ta t is t i -  
cal factors, assuming that  these react ions are not in-  
fluenced by  the solvent  (8). I t  can be calcula ted f rom 
this mechanism that  the theoret ical  m a x i m u m  quan-  
tum efficiency of rubrene  EGCL is 0.075 photons /  
electron. 

Al though "quantum efficiency" is s imple to define, 
e.g. 

quantum efficiency --- 

No. of photons of EGCL genera ted  sec -1 
[1] 

faradaic current (in electrons see -I) transferred 

its actual measurement is not trivial. The most difficult 
problem in this measurement arises from the low light 
intensities which originate from EGCL. Other ob- 
stacles to be overcome with the light measurements are 
the uncertainties inherent in such factors as reflection 
losses at the electrode, absorption losses in the solu- 

Table I. Rubrene EGCL mechanism 
(R = r u b r e n e )  

E q u a t i o n  
F o r m u l a  M e c h a n i s m  No.  

R-~ "R ~ + e ~Oxidation of rubrene at electrode) [2] 
R + e ~ "1~- q 'Reduction of r u b r e n e  a t  e l e c t r o d e )  [3] 
�9 R* + "R- -~ 3 / 4  ~R* + 5 / 4  R CHomogeneous  e l e c t r o n  t r a n s f e r / t r i p l e t  f o r m a t i o n )  [4] 
~R* + SR* ~ 1 / 4  1R* + 3 / 4  sR" + R ( T r i p l e t - t r i p l e t  a n n i h i l a t i o n / s i n g l e t  f o r m a t i o n )  [5] 
~R* ~ R + h~ ( R a d i a t i v e  decay of e x c i t e d  s ing le t )  [6] 
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tion, collection efficiency of the detector, and spectral  
response of the detector.  

The electrolyt ic  cur ren t  consists of faradaic  and 
capaci t ive components.  Only the faradaic  component  
of the  total  cur rent  is used to produce light, the capaci-  
t ive component  being involved in charging and dis- 
charging the double l aye r  at the electrode. Conse- 
quently,  in order  to obta in  t rue  quan tum efficiency 
data, it  is necessary to separa te  the e lectrolyt ic  cur rent  
into its faradaic  and capaci t ive components.  Of the ion 
radicals  produced,  some could diffuse away  from the 
react ion zone wi thout  being neut ra l ized  whi le  others  
can be lost to side reactions. The faradaic  current  em-  
p loyed to calculate the quantum efficiency should not 
include these losses since they  do not contr ibute  to the 
generat ion of e lec t ronical ly  exci ted molecules. 

The presence of all  of these factors l imits  the ac-  
curacy with  which the quan tum efficiency of E,GCL 
can be determined.  

The l ight  f rom EGCL has been measured  using cal i-  
b ra ted  photon detectors  (9), ac t inomet ry  (10), and 
in tegra t ing  spheres (11), while  the electr ical  current  
was, or was assumed, to be ent i re ly  faradaic.  Previous  
results  in the l i t e ra tu re  for the quan tum efficiency of 
the same system ( rubrene  in t e t r a - n - b u t y l a m m o n i u m  
perchlora te  in benzoni t r i le)  range from a low value of 
0.1% (corrected for both photon and current  losses) 
to a high one of 8.7% (without  any  corrections) (12). 
These var ia t ions in the values of the publ ished quan-  
tum efficiency of the  same EGCL system have led us 
to develop another  independent  method for evaluat ing  
the quan tum efficiency which has been descr ibed re-  
cent ly  (7). This method provides  the basis for the  ex-  
per iments  repor ted  in the present  paper.  

Bezman and Fau lkne r  (5) measured  the quantum 
efficiency of rubrene  EGCL in both DMF and benzo- 
ni t r i le  and found it to be  twice as large in benzo- 
ni t r i le  in comparison wi th  DMF. They es t imated higher  
t r ip le t  yields in the solvent  in which the EGCL was 
more efficient. Tach ikawa  and Bard  (6) r epor ted  that  
the magnet ic  field enhancement  of the in tens i ty  of 
rubrene  EGCL decreased wi th  decreasing dielectr ic  
constant  of the solvent. This was expla ined  by  suggest-  
ing that  the  degree of direct  singlet format ion  in-  
creased wi th  decreasing dielectr ic constant  of the sol-  
vent.  In  our previous work  (7), it  was shown in a pre-  
l iminary  way  tha t  the quan tum efficiency of rubrene  
EGCL was solvent  dependent  a l though the EGCL was 
produced exclus ively  by  the t r ip le t  route  in both solu- 
tions studied, decreased with  increasing f requency of 
the  a-c  potent ia l  used to electrolyze the fluorescor solu-  
tions, and was independent  of the e lect rolyte  ( t e t r a -n -  
bu ty lammonium perchlora te)  concentrat ion.  The ab-  
sence of an e lec t ro ly te  effect was in te rpre ted  as an in-  
dicat ion of the lack of impor tance  of ion pa i r ing  in the  
solvents s tudied (DMF and equivolume benzene-DMF)  
while the f requency dependence was expla ined  by  sug- 
gest ing that  the  t r ip le ts  could be quenched by  the elec- 
trode. I t  was specula ted that  the  effect of solvents on 
the coulombic efficiency (r of rubrene  EGCL could 
resul t  f rom pre fe ren t ia l  solvat ion of the ion radicals  by  
the polar,  aprotic component  of the  mixed  solvent  
while  the  nonpolar ,  a romat ic  component  of the mixed  
solvent  p re fe ren t ia l ly  solvated the neu t ra l  rubrene,  in-  
c luding that  in the exci ted  t r ip le t  state. The different 
solvat ion shells h indered  (kinet ica l ly)  the  quenching 
of the  exci ted t r ip le ts  b y  the pa ren t  ion radicals,  a 
we l l -known  process (13). 

In  the  present  paper ,  fu r the r  evaluat ion  of the  effect 
of the solvent  on ~coul of rubrene  EGCL is reported.  
The results  p resented  here  corrobora te  the tenta t ive  
exp lana t ion  proposed  earlier.  

Method  for Determinat ion  .of Q u a n t u m  Eff iciency 
In the method developed (7) for measur ing the 

quan tum efficiency of EGCL, the  EGCL solut ion is 
e lect rolyzed at  a pa i r  of equa l - a rea  electrodes wi th  a 
modera te ly  high f requency  (20-1000 Hz) symmetr ica l  

square wave  voltage. This stimulus,  because of its 
re la t ive ly  high frequency, provides  a periodic EGCL 
signal of constant ampl i tude  and reproducib le  wave -  
form for at least  the  dura t ion  of the  measurements ,  
about  15 min. Cyclic vo l tammetr ic  inspection of the 
e lectrolyzed solutions did not indicate  any composi-  
t ional  changes as a resul t  of the  electrolysis.  Therefore,  
it was concluded that  the  quan tum efficiency of the 
EGCL was being de te rmined  in the absence of side 
reactions. 

The average rectified a-c  electrolysis  cur rent  and 
average photon "current"  are measured  at selected 
voltages. F rom a plot  of the average electrolysis  cur -  
rent  vs. appl ied  voltage, the cur ren t -vo l t age  line pr ior  
to the appearance  of EGCL (a l inear  re la t ionship 
caused by  the pure ly  capacit ive na ture  of this current )  
is ex t rapo la ted  into the  vol tage region which produces 
EGCL and subt rac ted  from the total  cur rent  to obtain 
the faradaic  component  of the '  total  cur ren t  at that  
voltage. An  example  of this procedure  is shown in 
Fig. 1. 

The measured  photon current  was mul t ip l ied  by 1.7 
to obta in  the actual, corrected photon current  which 
emerged f rom the electrolysis  cell. The correct ion fac-  
tor  employed compensates only for the spectral  re -  
sponse of the solar  cell mater ia l  (0.7 e lec t rons /photon)  
and the collection efficiency of the  solar  cell box (5 
electrons/6 photons) .  The corrected photon  current  is 
then plot ted against  the faradaic  current  f rom which 
twice the quantum efficiency can be obtained f rom the 
slope of the plot. This plot  yields twice the quantum 
efficiency because both electrodes emit  the same 
amount  of l ight  and the total  l ight output  was mea-  
sured. F igure  2 i l lus t ra tes  a typical  p lot  of corrected 
photon current  vs. faradaic  current .  

This method for de te rmining  the quantum efficiency 
of EGCL yields the apparen t  coulombic efficiency, r162 

Experimental  
All  of the  solutions s tudied contained rubrene  as the 

fiuorescor and t e t r a - n - b u t y l a m m o n i u m  perchlora te  
(TBAP) as the electrolyte .  Both of these solutes were  
purified first by  repeated  recrysta l l iza t ion and then by 
vacuum drying.  The rubrene  (obtained from Aldr ich)  
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Fig. 1. Typical current-voltage p]ot used to calculate the fore- 
daic component of the total electrolysis current. Solution: 1.00 mM 
rubrene in O.]OOM TBAP in equivolume benzene-DMF. 
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Fig. 2. Typical plot of photon current vs. faradaic current from 
whose slope ~coul can be calculated. Solution: 1.05 mM rubrene in 
0.100M TBAP in equivolume benzene-acetonitrile. 

was recrystallized from xylene-methanol  and the 
TBAP [obtained from Matheson, Coleman and Bell 
(MC&B) ] from ethanol. 

In  this investigation, N,N-dimethylformamide 
(DMF), benzonitri le (PhCN), acetonitrile (ACN), and 
propylene carbonate (PC) were employed as aprotic 
solvents and benzene was added to each to produce 
solvents of mixed polarity. Fisher D-133 DMF was 
found to be sufficiently pure to require only drying 
with Linde Type 5A molecular  sieves for its solutions 
to exhibit  constant EGCL intensi ty  with t ime on con- 
tmuous generation. The pur i ty  of the solvents was as- 
certained with a Hewlet t -Packard  5754B Research Gas 
Chromatograph, using suitable chromatographic col- 
umns. Spectroquality grade PhCN was obtained from 
MC&B and it too had only to be dried with the sieves 
for the required electrochemical stabilities of rubrene  
to be achieved in its solutions. Commercial  ACN was 
found to contain troublesome impurit ies which were 
difficult to remove. It was possible, however, to purify 
some lots of MC&B and Aldrich ACN by passing them 
through an activated a lumina  column followed by 
vacuum disti l lation of the eluent. The Eas tman No. 
7050 PC had first to be vacuum distilled and then pre-  
electrolyzed (with TBAP as the electrolyte).  The dis- 
t i l late from the electrolyzed solution was found to be 
sufficiently pure for the EGCL experiments.  The ben-  
zene, Fisher B-414, did not contain significant quant i -  
ties of undesirable impurit ies but  was nevertheless 
dried with sieves before being used in  the preparat ion 
of solutions for EGCL experiments.  

All of the solutions studied were prepared from 
purifie d components in a dry box filled with nitrogen. 
T h e  electrolysis cell used for the quan tum efficiency 
measurements  and the three-electrode electrochemical 
cell were charged with solution and all measurements  
were carried out in  the dry box. The temperature  in the 
dry box was 25 ~ • 2~ 

A Pr inceton Applied Research Model 170 Electro- 
chemistry System and a three-electrode electrochemi- 
cal cell were used to record cyclic vol tammograms of 
the oxidation and reduction of the rubrene  in each 
solution studied. A silver wire immersed in  the test 
solution was used as the reference electrode (14); it 
was contained inside a compartment  whose L~ggin tip 
extended to wi thin  2 mm of the p la t inum bead work-  
ing electrode. In  taking the recordings, iR compensa- 
tion was employed to el iminate the fanning out of the 
vol tammetr ic  waves due to the electrolytic resistance 
of the solutions. It  was estimated that the residual, un -  

compensated iR drop was at the most several mill ivolts  
(7). The cyclic vol tammograms were obtained at a scan 
rate of 100 mV sec -1. At lower scan rates, the oxida- 
t ion of the rubrene  began to exhibit  i rreversibi l i ty 
while at higher scan rates the recorder response be-  
came a l imitation. 

Results and  Discussion 
In  the previous work, it was found that r of ru-  

brene EGCL decreased with increasing frequency of 
the electrolysis voltage used to generate the EGCL. 
Consequently, in  these experiments,  the frequency em- 
ployed was always 100 Hz, square wave. 

Since it was found that 4)coui also decreased with in-  
creasing fluorescor concentrat ion (Fig. 3), a fluorescor 
concentration of 1 mM was used in all cases so that  the 
individual  values of ~coul could be compared. Bezman 
and Fau lkner  (5) did not obtain a concentrat ion de- 
pendence of ~coul of rubrene  EGCL in both DMF and 
benzonitrile.  Fleet et aL (I5),  in s tudying the analyt i -  
cal usefulness of EGCL, found that the max imum in-  
tensity from rubrene  EGCL was directly proportional 
to the rubrene  concentration. This indicates that  the 
quan tum efficiency was independent  of concentration. 
A notable difference exists between our work and that 
of Bezman and Fau lkner  and Fleet et al. Relatively 
more concentrated solutions were employed in the 
present work. Other EGCL systems investigated by 
Fleet et aL exhibited deviations from nonl inear i ty  at 
high concentrations which were ascribed to quenching. 
It is interesting to note that  the present ~coui results 
decrease l inearly with log ( rubrene  concentrat ion).  
Such a variat ion in r with rubrene  concentrat ion 
could be explained by the self-absorption of rubrene 
EGCL. 

The reproducibil i ty of the r data was such that  
the results for the same system, using solutions pre-  
pared nine  months apart, were wi th in  10% of each 
other. A number  of equivalent  solutions prepared 
simultaneously yielded ecou] values which had a s tan-  
dard deviation of better  than  5% 

In Table II are shown the values of r of rubrene  
EGCL in the various solutions studied. These results 
are the average of several determinations using the 
same and equivalent  solutions and have a precision 
of ~5%.  Bard et al. have made a tabulat ion of the 
available quan tum efficiencies of EGCL (12). In  that 
summary,  values of the quan tum efficiency of EGCL of 
1 mM rubrene in 0.1M TBAP in DMF and benzonitr i le  
solvents are given. Our results, in these solvents, when 
compared with those reported by others, agree best 
with the values obtained by Bezman and Faulkner .  
Their  results are consistently lower than  ours but we 
both obtained greater efficiency in benzonitr i le  than  in 
DMF. Bezman and Faulkner  generated their EGCL with 
t r iple-potent ial  steps, each step 1 sec in duration, 
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Fig. 3. Decrease in ~coul with increasing rubrene concentration 
in 0.100M TBAP in equivolume benzene-DMF. 
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Table II. r of I mM rubrene EGCL in the 0.100M TBAP 
solutions studied at 25~ 

Solut ion No. S o l v e n t  r % 

1 1:1" b e n z e n e : A C N  0.91 
2 P h C N  0.90 
3 1:1 b e n z e n e : P h C N  1,02 
4 D M F  0,65 
5 1:99 benzene:DMF 0.70 
6 1:19 b e n z e n e : D M F  0,69 
7 1:4 benzene :DMF 0.80 
8 1:1 b e n z e n e : D M F  0.96 
9 3:1 benzene: DMF 1.01 

10 1:1 b e n z e n e : D M F  0.68 
II DMF (0.020M TBAP) 0.64 

* For  the  m i x e d  solvents ,  the vo lume  ratios are shown.  

while we employed a symmetrical  100 Hz square wave 
voltage to produce our EGCL. In our pre l iminary  re-  
port of this work (7), we showed that r162 increased 
with decreasing frequency. The t r iple-potent ial  step 
used by Bezman and Fau lkner  to generate the EGCL is 
equivalent  to a relat ively lower frequency than  ours. If 
we were to extrapolate our frequency dependence of 
~coul of rubrene  E GCL down to the equivalent  fre- 
quency of their  t r iple-potent ial  step, then on the basis 
of our results, Bezman and Faulkner  should have mea-  
sured relat ively greater efficiencies. Since, in  fact, 
their  r values are lower than ours, then it must  
be concluded that the near agreement  with the mag- 
nitudes of our results was accidental. 

It is clearly evident from the data in  Table II that 
r of rubrene  EGCL is dependent  on the solvent. 
Various attempts were made to correlate the data in 
Table II with some property of the solution and the 
procedures used are reported below. 

Since different solvents containing the same elec- 
trolyte concentrat ion (0.100M TBAP) were used to 
prepare the solutions for the present  study, then the 
solution conductivity was a potential ly significant var i -  
able in this work. The importance of iR  effects was 
evaluated by also measuring ~coul of 1 mM rubrene  
EGCL in 0.020M TBAP in DMF. Reducing the electro- 
lyte concentration in DMF solvent from 0.100 to 0.020M 
TBAP had no measurable effect on r of rubrene  
(Table II). Consequently, iR  effects are un impor tan t  
in  the interpretat ion of the r data in  Table II. 

It is already known from earlier work that the 
changes in enthalpies of the anion-cat ion-radical  
charge neutral izat ion reactions in DMF and equi-  
volume benzene-DMF are near ly  the same and are 
significantly less than  the energy of the emit t ing state, 
i.e., the lowest excited singlet state of rubrene.  The 
emit t ing state has the same energy in both of these 
solutions and the fluorescence efficiencies are also the 
same in both solutions. Depite the similar thermo- 
dynamic and spectroscopic properties of rubrene  in  
these solutions, the r of rubrene in the mixed sol- 
vent  solution is, however, near ly 50% greater than  that  
of the purely polar solvent. Therefore, the solvent de- 
pendence of r of rubrene  EGCL cannot be explained 
by significant solvent effects on either the type of EGCL 
mechanism or on the fluorescence efficiency of the ru-  
brene. Tachikawa and Bard (6) have suggested an 
al ternat ive explanat ion for the effect of solvent on the 
quan tum efficiency of rubrene  EGCL which is in  con- 
flict with our above conclusion of a so lvent - indepen-  
dent rubrene  EGCL mechanism. They assume that 
rubrene  excited singlets are produced both directly by 
the ion-radical  charge neutral izat ion reaction and in-  
directly via the tr iplet  route. According to their 
explanation, the degree of direct singlet formation in- 
creases with decreasing dielectric constant of the sol- 
vent. It will be shown later  in the discussion that our 
values of r do increase with decreasing dielectric 
constant of the solvent. However, from our thermody-  
namic measurements  in DMF and equivolume ben-  
zene-DNiF, rubrene  EGCL is produced exclusively via 

the triplet route in both solutions and yet r in the 
mixed solvent is 150% that in DMF alone. 

The t r iple t - t r iple t  annihi la t ion reaction and both the 
homogeneous and heterogeneous electron transfer  re- 
actions are essentially diffusion controlled (16, 17). 
Addition of benzene [~ _-- 0.61 centipoise (cp) (18)] 
to DMF [~ ---- 0.80 cp (19)] decreased the solution vis- 
cosity and, in this case, ~cout i nc reasedwi th  decreasing 
solution viscosity. However, the viscosity of benzo- 
nitr i le [~1 = 1.24 (18)] is much greater than  that of 
DMF and yet r is much greater in the more viscous 
solution. Thus, the r data in Table II do not show 
a consistent t rend with solution viscosity (regardless 
of the composition of the solvent) .  It therefore appears 
that r of rubrene  EGCL is independent  of the rates 
of these diffusion-controlled reactions. 

Although the exact dielectric constants of the solu- 
tions used in this r study are not known, it is never-  
theless possible to conclude that r increases with 
decreasing dielectric constant of the solution. As the 
fraction of benzene [~ : 2 (18)] added to DMF [c ---- 37 
(19)] is increased, r increases. Similarly, addition 
of benzene to benzonitri le [e _-- 26 (6)] also results in 
an increase in r Hoyt ink (13) has shown from 
theoretical considerations that  the rate of t ransfer  of 
an electron from an anion to a cation radical should 
increase with decreasing dielectric constant. A larger 
homogeneous rate constant in a medium of lower di- 
electric could affect the extent of quenching of the ex- 
cited triplets by the parent  ion radicals. However, the 
effective dielectric constant at a molecular level can 
be significantly different from the bu lk  dielectric con- 
stant so that the former should be preferent ial ly  em- 
ployed in establishing a correlation with r espe- 
cially for mixed solvent solutions as employed in this 
study, where preferential  solvation can prevail. Be- 
sides assuming a dielectric continuum, the Hoyt ink 
model also pertains to spherical particles, a condition 
which is not realized with rubrene  which has a flat 
r ing structure for a backbone. It is to be appreciated, 
then, that it is both difficult and risky to at tempt to 
correlate r data with the dielectric constant of the 
solution. Hence, it was decided to at tempt to correlate 
r with a more readily determinable property of the 
solution, the relative change in solvation energy with 
solvent, which is related to the dielectric constant of 
the solution by the Born equation (16). 

It was not possible to dissolve the rubrene  in either 
conducting ACN or PC to the extent of 1 mM and only 
slightly more than 1 rnM rubrene  could be dissolved 
in conducting DMF. The solubili ty of rubrene  in con- 
ducting benzonitri le solution was about 2 raM. By 
adding benzene to all of the polar, aprotic solvents, the 
solubility of rubrene in the resul tant  mixed solvent 
solutions was, in  each case, much greater than in the 
polar solvent alone. For example, 8 mM rubrene  could 
be dissolved in conducting equivolume benzene-DMF. 

Inspection of the ~eoul data in Table II reveals that 
addition of benzene to both PhCN and DMF caused an 
increase in r Furthermore,  with reference to the 
DMF data, it is noted that *coul increased as the ben-  
zene fraction of the mixed solvent solution was in-  
creased. Thus, the addition of an aromatic solvent to 
the polar solvents not only increased the solubili ty of 
the fluorescor but  it also increased r 

The solvation of rubrene  must  follow its saturat ion 
solubility in the various solvents. It  therefore became 
apparent  that r increases with increasing solvation 
of the neutra l  rubrene. In  order to establish this cor- 
relation, it was necessary to determine differences in 
the solvation energy of rubrene  in the various solu- 
tions. 

The half -wave potential  of a redox process is given 
by the following equation in which the symbols have 
their usual significance (16) 

R T  f,'ed R T  / bred ~ I/2 
Ell2 : E ~ -- --nF In ]ox + nF In | ) \ - - ~ o x  [7] 
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For an oxidation 

E~ = I + AG~ -- AG~ -}- C [8] 

and for a reduct ion 

E~ ---~ A + AG~ - -- hG~ -{- C [9] 

�9 where I and A are the gas-phase ionization potential  
and electron affinity, respectively, of the substance 
being electrolyzed, G~ are the s tandard free energies 
of solvation, and C is a constant. Since the solvation 
terms are the only contributions to the electrochemical 
potentials which are dependent  on the solvent, then 
the electrochemical potentials of rubrene  in the vari-  
ous solutions can be used as a measure of the relative 
,energies of solvation of the rubrene.  

It is known from the rubrene  solubili ty data in these 
solutions that the solvation of rubrene  increases with 
increasing benzene fraction in  all mixed solvent solu- 
tions. The solutions actually studied each contained 
about 1 mM of rubrene.  Since benzene is a nonpolar  
solvent while the aprotic solvents are all polar, then 
the addition of benzene to the aprotic solvent lowers 
�9 the dielectric constant of the result ing solution. The 
Born theory predicts that the solvation of the ion radi-  
cals would become more difficult (less negative) with 
decreasing dielectric constant. Thus, the addition of 
benzene to an aprotic solvent would normal ly  tend to 
increase AG~ and decrease both ,AG~ and 
_XG~ - .  Consequently, since the changes in solva- 
t ion energies of the neutra l  and charged species of the 
redox couple are reinforcing, E~ will become more 
positive and E~ more negative with the addition of 
benzene. 

When benzene was added to an aprotic solvent there 
always remained a large excess of polar component in 
the solvent relative to the rubrene  concentration. 
Hence, the probabil i ty  that the radical ions are, in fact, 
preferent ial ly  solvated by the polar component of the 
mixed solvent must  be recognized; then the solvation 
energy of the ion radicals would not be expected to 
significantly change relative to the change in solvation 
energy of the neutra l  rubrene,  when benzene was 
added to the aprotic solvent. This leaves changes of 
AG~ as the main contr ibut ion to changes of E ~ 
which are found to be solvent dependent  (for a given 
polar solvent with various amounts  of benzene).  

The peak oxidation and reduction potentials (E~,ox 
and Ep , r ed ,  respectively) of rubrene  in various solu- 
tions were determined by means of cyclic vol tam- 
merry. A typical  cyclic vol tammogram is shown in 
Fig. 4. The vol tammograms were recorded on a poten- 
tial scale of 0.2V in . -L  This allowed (Ep,ox - -  E p , r e d )  tO 
be resolved wi th in  •  mV. The measured values of 
(Ep,ox -- Ep,red) are given in Table III together with 
the corresponding differences between the forward and 
reverse peak potentials for the cathodic processes. At 
25~ the lat ter  difference should be 58 mV (21). Any 
measured excess was assumed to have resulted from 
residual uncompensated iR drops and was subtracted 
from the measured (Ep,ox -- Ep,red) to obtain the cor- 
rect (ed) (Ep,ox -- Ep,red). The largest correction made, 
20 mV, was to the data for the 0.020M TBAP in DMF 
solution. 

+50 

< 

z= o % 
I I •50 -11.0 0 +1.0 

E, V vs Ag 

Fig. 4. Cyclic voltammogram of 1.01 mM rubrene in 0.100M 
TBAP in benzonitrile. 

Table III. Electrochemical data for red.ox processes involving rubrene 

Measured (EmR/'R- -- Corrected 
S o l u t i o n  (Ep,o~ -- Ep,red),  Ep,'R-/R), (Ep,ox -- Ep,red), 

No.  V m V  V 

1 2.450 70 2 .440 
2 2.405 65 2 .400 
3 2.510 65 2.505 
4 2.380 70 2 .370 
5 2.380 65 2.375 
6 2.385 65 2.380 
7 2.400 65 2.395 
8 2.455 65 2.450 
9 2.540 70 2.530 

10 2.400 70 2.390 
I i  2.395 80 2.375 

Figure 5 shows the plot of ~coui vs. the corresponding 
value of (Ep,o_~ -- Ep,red). The variat ion in  the differ- 
ence between the redox potentials of rubrene  with 
change in solvent is twice the magnitude of the change 
in solvation energy of the neutral  rubrene  for the 
reasons previously discussed. A clear correlation be- 
tween r and ( E p , o x  - -  Ep , re f l )  is obtained, ecoul being 
found to increase with increasing (Ep,ox - -  E p , r e d ) .  
Since the increases in (Ep,ox -- Ep,red) result from 
relatively greater solvation of the neut ra l  rubrene  
than of the conjugate ion radicals, then the correlation 
between r162 and (Ep,o• -- Ep,r~d) can be interpreted 
as an indication that the increase of r162 is mainly  due 
to increasing solvation of the neut ra l  rubrene.  

The excited triplets which lead to the emission of 
light are also neutral  species of rubrene. It is thus rea-  
sonable to assume that the solvation of the excited 
triplets also increases with increasing (Epoox -- Ep,red). 
The excited triplets are susceptible to quenching by 
the parent  ion radicals (13). A more strongly solvated 
triplet is, however, less l ikely to be quenched by the 
rubrene ion radicals because the solvation cage will 
tend to shield (kinetically) the triplets from energy 
exchange with the radical ions. In a solvent of mixed 
polarity, it is assumed that the triplets will be prefer-  
ential ly solvated by the less polar component, i.e., 
benzene, and the ion radicals by the more polar com- 
ponent, the aprotic solvent, thereby fur ther  reducing 
the efficiency of the quenching mechanism. 

The rate of increase in r with increasing (Ep,ox 
-- Ep.red) decreases with increasing (Ep~ox -- Ep.red). 
This is to be expected because the solvent component 

1.1 I I 
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/ 2. benzonitrile 

7 ~ 3. 1 .'1 benzene:benzonitrile _ 
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6. 1:19 benzene:DMF 
7. 1:4 benzene:DMF 

10 8. 1:1 benzene:DMF 
~ 1 1  9. 3:1 benzene:DMF 

4 10. 1:1 benzene:PC 
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I I 
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Fig. 5. Correlation between r and (Ep,ox -- Ep,rea) of 1 mM 
rubrene in various solvents containing 0.100M TBAP. The EGCL 
was generated with a symmetrical, 100 Hz square wave voltage. 
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(benzene) which tends to produce relat ively high 
(Ep,ox -- Ep,red) will also then tend to solvate the radi-  
cal ions. When both the rubrene  in its excited triplet 
state and its ion radical form are similarly solvated, 
the identical solvation shells will tend to offer less re- 
sistance to the quenching process than if they were 
different. 

The four aprotic solvents employed, viz., DMF 
PhCN, ACN, and PC, are physically very different and 
yet r of rubrene  EGCL in their solutions correlates 
very well with (Ep,ox - -  E p , r e d ) .  It is therefore con- 
cluded that  the degree of solvation of the neutra l  ru-  
brene is the dominant  factor in determining ~cou] of 
its EGCL. 
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Thermodynamic Properties of the Alkali Metals in 
Aluminum Chloride-Propylene Carbonate Solution 

Jacob Jorn~ *,i and Charles W. Tobias* 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and Department of ChemLcal Engineering, 
University o] California, Berkeley, Cali]ornLa 94720 

ABSTRACT 

EMF measurements  were performed at 25 ~ and 35~ on the general cell 
M(S)/MC1 [solution in A1C13 ( lm)  in PC] /T ICI ( s ) /T I (Hg) ,  where M repre-  
sents Li, Na, K, Rb, and Cs. The standard electrode potentials of the alkali 
metals in A1C13 ( lm)  -- PC solution evaluated by extrapolation to infinite 
di lut ion follow the order: Cs < Rb < K < Li < Na which is different than the 
order in water. Activity coefficients of the alkali metal chlorides were cal- 
culated for a wide range of molalities. The partial  molal Gibbs free en-  
ergies, entropies, and enthalpies of the cell reactions have been evaluated 
and compared to those in other solvents. 

The feasibility of the deposition of all the alkali 
metals from their chlorides in A1C13-propylene car- 
bonate solution has been demonstrated (1). Lithium, 
sodium, potassium, rubidium, and cesium were de- 
posited at ambient  temperature  showing stable and 
reversible behavior. The alkali metal chlorides are 
practically insoluble in PC, however in  the presence of 
AIC13 a complex is formed between the chloride and 
AlCl3 according to the reaction 

* Electrochemical Society Active Member.  
P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g  a n d  M a t e -  

r i a l  Sc iences ,  W a y n e  S ta te  U n i v e r s i t y ,  De t ro i t ,  M i c h i g a n  48202. 
K e y  w o r d s :  a l k a l i  metals, propylene carbonate, a l u m i n u m  chlo-  

r ide ,  standard potentials. 

MC1 + A1C13 ---- M + + A1CL~- 

This reaction proceeds for all the alkali metals and is 
the only combinat ion that gives high solubility and 
conductivity for all the alkali metals. The electrodepo- 
sition of the alkali metals from their chloride solutions 
in AICI~-PC is proposed as a new process for the elec- 
trodeposition and refining of the alkali metals at am-  
bient temperature  (2). In order to characterize such a 
process, thermodynamic,  kinetic, and transport  data 
are needed. With this goal in mind, emf measurements  
of the alkali metals in their chloride solutions in 
A1Cls( lm)-PC were performed on the cell 
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M (s)/MC1 (m),  A1C13 ( lm)  in  PC/TIC1 (s)/T1 (Hg) 

The measurements  were performed in order to estab- 
lish a scale of s tandard electrode potentials in 
A1C13(lm)-PC solution, and to obtain activity coeffi- 
cients data; both are needed for the design of an elec- 
trorefining cell, and for the prediction of the separation 
and purification of the alkali metals in such a cell (2). 
In  addition, kinetic (3), conductance, and specific vol- 
ume measurements  (4) are reported elsewhere. 

The thermodynamics  of some of the alkali metals in 
various solutions in  PC were investigated by Salomon 
(5-7) using the emf method. The thermodynamics  of 
LiC1 and LiBr (5), NaI (6), LiI and KI (7), were 
measured using the cell- type 

M/MX in PC/T lX ( s ) /TI  (Hg) 

where M represents Li, Na, and K, and  X represents 
CI- ,  B r - ,  and I - .  In  the case of the potassium system, 
potassium amalgam replaced the metallic potassium, 
and the data were corrected for the free energy of 
formation of the amalgam. The s tandard  potentials 
were obtained by extrapolat ion to infinite dilution fol- 
lowing the Guggenheim equation (8). The thermody-  
namics of single ion solvation in PC and water is sum- 
marized by Salomon (9). 

The extensive work of Salomon did not include 
rub id ium and cesium and in addition, iodide was the 
only common anion which shows high solubili ty for 
Li, Na, and K. With the exception of l i thium, the chlo- 
rides of the alkali  metals are highly insoluble in pure 
PC. In  the present work, emf measurements  were per-  
formed for all the alkali  metals, and the fact that the 
same common anion was used enabled the establish- 
men t  of a scale of s tandard  potentials for the alkali  
metals series. 

Experimental 
Solvent purification.--Propylene carbonate (Jeffer- 

son Chemical Company, Houston, Texas) was distilled 
at 0.5 m m  Hg in a commercially available distil lation 
column (Semi-CAL Series 3650, Podbielniak, F rank l in  
Park, illinois) packed with stainless steel helices. The 
reflux ratio was 60 to 100 and the head temperature  
65~ The first 10% and last 25% of the solvent were 
discarded. Argon gas was bubbled through the solvent 
dur ing distillation. The collection vessel was not de- 
tached from the column; the solvent was discharged 
directly into the dispensing vessel. The t ransfer  was 
done under  an argon atmosphere. The dispensing ves- 
sel was evacuated on the vacuum line to approximately 
50~ Hg, closed t ightly and t ransferred into the glove 
box. 

The "as received" solvent contains a few tenths of a 
per  cent of the following impurities:  water, propylene 
glycol, propion aldehyde, propylene oxide (10). Gas 
chromatographic analysis of the product performed in 
this laboratory showed the water  content to be always 
below 50 ppm. The presence of a second impuri ty  at 
a very low concentrat ion was identified as propylene 
oxide; its concentrat ion was estimated below 1 ppm 
(1). Molecular sieves (Linde 4A) were ineffective in 
removing propylene oxide from PC. 

The glove box (Lawrence Livermore Laboratory de- 
sign) was mainta ined under  dry and oxygen-free  ar-  
gon (1). The water  content  of the inlet  argon stream 
was measured by a moisture monitor  (Consolidated 
Electrodynamics Corporation, Model 26-303 ME) and 
was always below 1 ppm. 

Electrolytic solutions.--All solutions of the alkali  
metal  chlorides in A1C18(lm)-PC were prepared by 
weighing the salts and the solvent inside the glove box. 
The 1.0 molaI (m) solutions of A1CI3 in PC were made 
by adding the salt very slowly to the solvent, since the 
heat of solution is very high. The A1CI3 in PC solutions 
were prepared inside the box under  argon and were 
cooled with chloroform-carbon te t rachlor ide-dry ice 
bath mixture.  Careless addition of A1C13 to PC resulted 

in a brown solution; this occurred par t icular ly  when 
the salt was not a fine powder, but  ra ther  in  small 
granules, which upon addition to PC resulted in local 
heating and darkening of the solution. 

The alkali metal  chlorides were dried inside a vac- 
uum oven (Hotpack, Philadelphia)  at 200~ and ap- 
proximately 50~ Hg for at least 24 hr. The amounts  
needed for the specific molalities were calculated each 
time from the weights of the solvent. St irr ing for a 
few hours was required in order to achieve complete 
dissolution of the alkali metal  chlorides. The final solu- 
tions were treated with molecular  sieves (Linde 4A) 
in order to remove traces of water introduced by the 
salts. The molecular sieves were treated before use 
by heating (300~ high vacuum, and several flashes 
with argon. This procedure was found effective in  fur-  
ther  removing traces of water  and therefore increased 
the stabili ty of the alkali  metals dur ing the potential  
measurements.  

Re]erence electrode.--Earlier investigations in this 
laboratory revealed the excellent nature  of tha l l ium 
amalgam-thal lous  halide electrodes in PC (11) and 
DMSO (12, 13). Thallous chloride was found to be only 
slightly soluble in PC and does not dissolve in excess 
of chloride. This reference electrode has been applied 
to the cell L i / L i X ( D M S O ) / T I X ( s ) / T 1  (Hg) in order to 
determine the standard potential  of the cell and the 
activity coefficients of LiX in DMSO. Salomon (5-7) 
used this reference electrode to measure s tandard po- 
tentials and activity coefficients of alkali metal  halides 
in  PC. The TI(Hg) solidus T1C1 electrode was found 
to be stable and reversible in DMF (12). 

The performance of TI(Hg)/T1C1 electrode in PC 
was reversible with good stability. The solubili ty prod- 
uct of TIC1 in PC is Ks~ ---- 10 -12"~ (II), extremely low 
even when compared with other aprotic solvents (e.g., 
for DMSO Ksp ---- 10 -6"26) (14). 

The thallium wire used for preparation of the amal- 
gam was 99.999% pure (United Mineral and Chemical 
Corporation, New York). The oxide coating on the 
metal  was removed by successive washing with oxy- 
gen-free distilled water  under  argon atmosphere. The 
shining T1 was t ransferred directly into the glove box 
without exposure to air. The result ing silvery white 
metal  dissolved readily in  mercury.  The mercury used 
was triple distilled. The amalgam concentrat ion was 
prepared by weight. The thal l ium amalgam was then 
placed inside the electrode cups containing about 5 ml 
of the amalgam, exposing around 1 cm 2 of shiny sur- 
face (see Fig. 1). The amalgam surface was then cov- 
ered with a th in  adherent  layer of fine T1C1. The elec- 
trode was gently shaken in order to get a complete and 
uniform coverage of the surface. 

The electrical connection to the amalgam was 
through a p la t inum lead which was connected to a 
tungsten wire. All the connections and leads were 
overlaid with u ran ium glass for a vacuum-t ight  seal. 
The pla t inum tip was immersed well  beneath the sur-  
face of the amalgam to prevent  creeping of the solvent 
between the amalgam and the glass. 

Cell for potential measurements.--The cell used for 
potential  measurements,  shown in Fig. 1, was devel- 
oped earlier by Smyrl  (13, 15). In  this s ix-compart-  
ment  cell each compartment  is connected to the cen- 
tral  one by a narrow pipe. The cup electrode for the 
thal l ium amalgam-thal lous  chloride reference elec- 
trode is shown in Fig. 1. A detailed description of the 
cell is given by Smyrl  and Tobias (15). The electrode 
holder for the solid alkali metals (Li, Na, K) is shown 
in  Fig. 1. The alkali  metal  wire was attached to the 
p la t inum wire by a stainless steel connector. Alkali  
metal amalgam electrodes were prepared by pouring 
the amalgams into cup electrodes similar to those used 
for the reference electrodes. 

Rubidium and cesium electrodes were prepared by 
heating the capsules in which these metals had been 
received, and the electrode's cups, and then pouring the 
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Fig. 1. Six-compartment cell for potential measurements (only 
three compartments are shown). A, Reference electrode; B, alkali 
metal electrode; C, alkali metal amalgam electrode. 

l iquid metals  into the cups well  above the p la t inum 
leads. Li th ium was obtained as 1/6 in. wire  and was 
rinsed with  the  pure solvent. Sodium and potassium 
obtained in the form of ribbons were  ext ruded through 
a stainless steel ex t ruder  of 1.13 cm diameter,  and then 
were  washed with  the pure solvent. All the alkali  
metal  electrodes kept their  shining surfaces during the 
measurements.  Electrodes which turned gray or black 
after  being immersed in the solution, consequently 
giving erratic potentials, were  discarded. 

The ar rangement  of the electrodes was the fol low- 
ing: For every  measurement  there were  two reference 
electrodes, two alkali  metal  electrodes, and two alkali 
meta l  amalgam electrodes of identical composition. The 
cell, the electrode holders, and the cup electrode, be- 
sides all volumetr ic  flasks and glassware, were  cleaned 
prior to each exper iment  by concentrated nitric acid 
and were  rinsed several  t imes with distilled water.  
Periodically the cells were  cleaned with concentrated 
sodium hydroxide, dilute sulfuric acid, and distilled 
water. Occasionally the cells and the cup electrodes 
were  cleaned with an ultrasonic vibrator  to remove  
solids from the glass. All  glassware was dried in a 
vacuum oven at 50~ and 20O~ for at least 24 hr  and 
then  t ransferred quickly into the glove box. 

Assembly of cell.--The s ix-compar tment  cell was 
filled with approximate ly  100 cm 3 solution of a specific 
concentration of the alkali metal  chloride in A1C13 
( l m ) - P C .  Thal l ium amalgam was dispensed into the 
cup of each of the two reference electrodes, a small 
amount  of T1C1 was spread on the surface, the ground 
joints  were  lubricated, and the reference electrodes 
were  inser ted into the cell. The alkali metal  amalgam 
was then  disper~sed into the cups of each of the two-  
cup electrodes and was inserted into the cell. The 
alkali metal  wire was cut, connected to the stainless 
steel holders, and inserted into the cell. The cell was 
then closed and removed from the glove box. The cell 
was next  suspended in a constant t empera ture  water  
bath for equi l ibr ium and micropolarizat ion measure-  
ments (3). The measurements  were  done at 25 ~ and 
35~ ~O.OI~ 

Cell potential measurements.--Measurements of the 
cell potentials were taken with a John  Fluke Model 
887--A differential vol tmeter  (accuracy +_0.005 mV) 
which was calibrated against an Eppley Laboratory,  
low tempera ture  coefficient s tandard cell. 

The measurements  began 15 rain after the suspen- 
sion of the cell in the  bath. Measurements  included: 
(i) Cell potentials be tween  the alkali  metal  electrodes 
and the reference electrodes. (ii) Cell potentials be- 
tween the alkali  meta l  amalgam electrodes and the 
reference electrodes. (iii) Potentials  between the alkali  
metals and their  amalgams. (iv) Bias potentials be- 
tween the two alkali  metal  electrodes, the two alkali  
metal  amalgam electrodes, and the two TI(Hg)/T1C1 
reference electrodes. The potent ial  measurements  were  
repeated each 30 min for the first few hours and then 
were  recorded several  times each day for at least one 
week. The cell was then t ransferred to the 35~ bath 
and identical measurements  were  taken. The cell then 
was t ransferred back to the 25~ bath and the first 
series repeated. 

Micropolarization measurements  were  conducted 
during the potential  measurement  period. The alkali 
metal  electrodes were  polarized in both cathodic and 
anodic directions and the reversibi l i ty  of the electrodes 
was checked. 

Results 
Tables I -V contain the results of the exper imenta l  

measurements  of the general  cell 

M (s) /MC] (m),  A1C13 ( lm)  in PC/T1C1 (s)/T1 (Hg) 

at 25 ~ and 35~ where  M represents Li, Na, K, Rb, and 
Cs. The measurements  were  repeated for each metal  
at different alkali  metal  chloride molalities. The con- 
centrat ion of the thal l ium amalgam, the same in all 
experiments,  was 4.749% by weight. 

The first column in each table gives the  concentra-  
t ion of the alkali  metal  chloride in molal i ty  units 
(moles of MC1 per 1000g of pure  PC).  The measured 
cell potential  in volts is l isted in the second column. 

Table I. Results of cell potent[at measurements, lithium system 

25~ 35oc 
r~ E El E~ E El E2 

l.O 2.3571 2 .2621 2.2621 2.3594 2 .2614  2.2614 
0.5 2.3848 2 .2898 2.2542 2.3891 2 .2911 2.2543 
0.25 2.40-44 2 .3094  2,2382 2.4075 2 .3095 2.2359 
0.25 2.4179 2 .3229 2.2517 2.4210 2 .3230 2.2494 
0.10 2.4160 2 .3210 2.2027 2.4193 2 .3213 2.1991 
0.I0 2.4090 2 .3140 2.1957 2.4123 2 .3153 2.1931 
0.10 2.4199 2 .3249 2.2066 2.4233 2 .3253 2.2031 
0.05 2.4371 2 .3421 2.1882 2.4404 2 .3424 2.1833 
0.01 2.4601 2.3651 2.1255 2.4641 2 .3661 2.1216 
0.005 2.4707 2 .3757 2.1035 2.4769 2 .3789 2.0976 
0.005 2.4740 2 .3790 2.1068 2.4800 2 .3820 2.1007 
0.002 2.4591 2.3641 2.0449 2.4693 2 .3713  2.0413 

Table II. Results of cell potential measurements, sodium system 

25~ 35oc 
m E El E~ E Ez E~ 

0.5 2.1790 2 .0840 2.0484 2.1874 2 .0894 2.0526 
0.25 2.1875 2.0925 2,0213 2.1986 2.1006 2.0270 
O.10 2.1863 2.0913 1.9730 2.2037 2.1057 1.9834 
0.01 2.2440 2.1490 1.9124 2.2621 2.1641 1.9196 
0.01 2.2446 2 .1496  1,9130 2.2607 2 ,1627  1.9182 

Table III. Results of cell potential measurements, potassium system 

25~ 3 5 o c  
~ E Ez E~ E El E2 

1.0 2.404 2.309 2,309 2.422 2.324 2.324 
1.0 2.413 2.318 2.318 2.430 2.332 2.332 
0.5 2.436 2.341 2.306 2.452 2.354 2.317 
0.5 2.433 2,338 2.303 2.449 2.351 2 .314 
0.25 2.473 2.378 2.306 2~516 2.418 2 .344 
0.25 2.468 2.373 2.302 2.511 2.413 2.340 
0.1 2.507 2.412 2.294 2.526 2.428 2,306 
0.01 2.511 2.416 2.179 2.536 2.438 2.193 
0.0025 2.551 2.456 2.148 2.572 2.474 2.156 
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Table IV. Results of cell potential measurements, rubidium system 

25~ 35~ 
m E Ez E2 E Ez E~ 

1.0 2.353 2.258 2.258 2.354 2.256 2.256 
0.5 2.452 2.357 2.321 -- -- -- 
0.25 2.487 2.392 2.320 -- -- -- 
C,.10 2.479 2.384 2.266 2.489 2.391 2.269 
0.10 2.476 2.381 2.263 2.487 2.389 2.267 
0.05 2.475 2.380 2.226 2.491 2.394 2.234 
0.01 2.497 2.402 2.165 2.524 2.426 2.181 
0.0025 2,540 2.445 2.137 2,595 2.497 2.179 

Table V. Results of cell potential measurements, cesium system 

25~ 35~ 
r~ E El E~ E Ez Es 

1.0 2.403 2.308 2.308 2.416 2.318 2.318 
1 . O  2.403 2.308 2,308 2.414 2.316 2.316 
1.0 2.397 2.302 2.302 2.412 2.314 2.314 
0.5 2.475 2.380 2.345 2.496 2.398 2.361 
0.25 2.508 2.413 2.342 2.539 2.441 2.368 
0,10 2.490 2.395 2.277 2.526 2.428 2.305 
0.10 2.505 2.410 2.291 2.537 2.439 2.316 
0,01 2.515 2.420 2.183 2.556 2,458 2.213 
0.01 2.510 2.415 2.178 2.551 2.453 2.209 
0.0025 2.555 2.460 2.152 2.606 2.508 2.189 
O.O01O 2.529 2.435 2.080 2.581 2.483 2,116 

This value for each concentrat ion is the average value 
of the potential  of the two alkali metal  electrodes vs. 
the two reference electrodes. The potential  difference 
between two thal l ium amalgam-thal lous  chloride ref- 
erence electrodes was always smaller than  1 mV. The 
bias potential  between the two alkali metal  electrodes 
was different for the various metals. The bias poten- 
tial was smaller than  1, 1, 10, 5, 5 mV for the Li, Na, 
K, Rb, and Cs systems, respectively. 

The potential  Ez is tabulated in the third column and 
represents the corrected value of E for the thal l ium 
amalgam concentration. The correction was taken from 
the work of Richards, and Darfiels (16), who mea-  
sured the potentials between different tha l l ium amal-  
gam concentrations and pure thall ium. 

The funct ion E2 is listed in  the fourth column and 
the method used to obtain this funct ion is given below. 
The potential  of the cell 

M (s)/MC1 (m),  A1C13 ( lm)  in PC/T1C1 (s) /Tl(s)  

is given by 

E1 ----  E~ -- RT/F ln (mc l -mM+TCl -TM + ) [1] 

where m is the molali ty and 7 the activity coefficient 
of a part icular  ion. Since the molali ty of A1Cls is held 
constant, it is convenient  to choose the reference state 
as A1C13 ( lm)  in PC. By this convention, the solvent is 
considered to be a un i t  molali ty solution of A1CI.~ in 
PC and not pure PC as usual. The cell potential  ac- 
cording to this convention is given by 

El = E~ -- 2 R T / F  in  (mMCl 7MCl) [2] 

where E~ is the s tandard oxidation potential  of the 
cell in A1CI~(lm)-PC solution. The standard state of 
the solute is taken at infinite dilution of the alkali 
metal chloride in A1C18(lm)-PC solution where the 
activity coefficient of the alkali metal  chloride ap- 
proaches unity. The problem of determining E~ and 
thus the activity coefficients at different concentrations 
of MC1 involves extrapolat ion to infinite dilution. The 
method of extrapolat ion to infinite dilution using the 
Guggenheim equation (8) cannot be employed here 
since the ionic s t rength is very high. Instead, rear rang-  
ing Eq. [2] gives 

E2 ---- (Ez + 2 R T / F  in  mMc1) : E~ -- 2RT/F  In 7MC1 [3] 

Following the method presented by Lewis, Randall ,  
Pitzer, and Brewer (17) (pp. 315-316), if we plot the 
lef t -hand side of Eq. [3] as ordinate against some 
funct ion of mMCl as abscissa, the l imit  approached by 
the ordinate at infinite dilution is equal to E~ It is 
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Fig. 2. EMF measurements of the cell: M/MCI(m), AICla(lm)- 
PC/TICI(s), Tl(s) at 25~ 

2.4 

~ 2 2  

E 

? 

- 2D 
O 

+ 

I I J ' I ' | 

J 

o ~ 

AI Cl~(Im)- PC 
SOLUs E~ 

0 LIILmCI 2045 
v ~Jo/NoCl 1885 

K/KCL 2 I I S  
Rb/RDCt 2.1[6 

D Cs/Cs el 2 12~ 
~8 

o' z ' o~4 ' o'e ' o.s ' , o 
(mMCl) 't2 , [rnoles/kg PC] vz 

Fig. 3. EMF measurements of the ceil: M/MCI(m), AICI3(lm)- 
PC/TICI(s), Tl(s) at 35~ 

common to extrapolate with (mMcL)i/2 as abscissa since 
such a choice should give a curve approximating l in-  
earity at high dilution following the Debye-Hiickel 
l imit ing law. However, here this dependence is used to 
expand the low concentrat ion range. Figures 2 and 3 
show the plot of E2 vs. (mMc1) 1/2 for all the alkali 
metals at 25 ~ and 35~C, respectively. The intercepts at 
zero molalities give E~ the s tandard potentials at 
A1CI~(lm)-PC solution. The difference between the 
extrapolated values at 25 ~ and 35~ gives the tempera-  
ture dependence of the s tandard potential  at constant 
pressure. The results of the extrapolations are given 
in Table VI. 

From the standard cell potentials and their var ia-  
tion with temperature,  the s tandard free energy AG~ 
entropy .~S~ and enthalpy AH~ can be calculated 

AG~ ---- -- n F E~ [4] 

•176 = n F(OE~ [5] 

AH~ _-- -- r iF lE~ -- T(~E~ [6] 

These functions are related to the following cell re-  
action 

Table VI. Standard cell potentials at 25 ~ and 3 Y C  

Meta l  E~ 25~C E~ 35~ (c~E~ 

L i  2,045 • 0.010 2.037 -+- 0.010 --0.8 10 -3 
Na  1.885 • 0,010 1.878 • 0.010 --0.7 10 -3 
K 2.116 -+- 0.02{) 2.123 -'~ 0.020 +0.4  10 -3 
Rb 2.116 ----- 0.020 2.140 ~ 0.020 +2.4 i0 -3 
Cs 2.122 - -  0.020 2.165 + 0,020 + 4.3 10 ~ 
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Table VII. Standard free energies, entropies, and enthalpies for 
reaction [7] for all the alkali metals I I I I 

AG~ k c a l / m o l  AS%, e.u, AH~ k c a l / m o l  
M e t a l  25~ 35~ 25~ 25~ 3 6 ~  

Li - 47.2 -- 47.0 -- 18.4 -- 52.7 -- 52.7 
Na -- 45.5 -- 43.3 - 16.1 -- 48.3 -- 48.3 
K - 4 8 . 8  --48,9 +9.2 --46.0 --46.1 
R b  -- 48,8 -- 49.3 + 55,3 --32,3 -- 32.3 
C s  - 4 8 . 9  - 4 9 . 9  + 6 4 . 7  - -  2 9 . 6  - -  2 9 . 6  

0 LiCI  
~7 NaCI 
A KCI 
0 RbCl 
[3 C s CI 

M (s) T1CI (s) + 1 mole AlCls + 9.8 mole PC .~ 

MC1 ( i n A 1 C l s ( l m ) - P C  solution, aMCl = 1) + TI(s)  [7] 

Table VII presents AG~ AS~ and 5H~ on the molal 
scale for the above cell reaction at 25 ~ and 35~ The 
uncer ta inty  in ~S~ and -~H~ is quite high because 
they were calculated from the difference between ex- 
trapolated values. 

EMF of the alkali metal-alkali metal amalgam cells. 
- - I n  addition, emf's of the cell M ( s ) / M C I ( m ) ,  
AICl s ( lm) ,PC/M(Hg)  were also measured. The con- 
centrations of the Na, K, and Rb amalgams were ad- 
justed to the exact concentrations of the amalgams 
used by Lewis and his co-workers (18-21). This was 
done in order to be able to make comparison with emf 
data for the single amalgam concentrations listed in 
the li terature. In  the case of l i th ium amalgam, the 
activity coefficient data of l i th ium was obtained from 
the work of Cogley and Butler (22). The cesium amal-  
gam concentrat ion did not match the concentrat ion 
used by Bent et al. (23). The agreement between the 
present measurements  and those in the l i terature is in 
all cases better than  4.2 inV. 

Activity coe~cients of the alkali metal chlorides in 
AICt3(lm)-PC so~ution.--Mean molal  activity coeffi- 
cients of the alkali  metal  chlorides in A1C13 ( lm)  solu- 
t ion in  PC were calculated from 

In 7MCl (F/2RT) ( E ~  - -  E 2 )  - -  In mMcl [8] 

where E ~ is the extrapolated value of the s tandard 
cell potential  given in Table VI. The calculated ac- 
t ivity coefficients at 25~ are given in Table VIII. Fig-  
ure 4 presents the plots of In ~'MCi VS. (mMcl)1/2 for all 
the alkali metal  chlorides. It  should be mentioned 
again that the reference state is A1C18 ( lm)  in  PC and 
not the pure solvent. 

Discussion 
EMF measurements  of the cell without t ransfer-  

ence: M (s)/MC1 (m), A1C13 ( lm)-PC/TIC1 (s ) /TI  (Hg) 
gave reproducible results. Potent ial  measurements  in-  
volving the l i th ium and sodium systems were espe- 
cially reproducible. The greatest scattering of data 
points was experienced with the potassium system. 
Potassium electrodes were less stable in PC and in 
some cases turned purple  after a few days of repeated 
measurements.  This was probably due to the high sen- 
sitivity of K electrodes to small traces of water. Li th-  
ium and sodium gave reproducible results wi thin  
+_ 1 mV, while rub id ium and cesium were somewhat 
less reproducible, and their  bias potentials varied 
wi thin  • 5 mV, probably because of difficulties ex- 

Table VIII. Activity coefficients of the alkali metal chlorides in 
AICI3 (lm)-PC solution at 25~ 

--In "yMCl 
n% LiCI NaCI KCI RbCI CsCl 

1.0 4.051 3.808 2.768 3.738 
0.5 3.892 3.181 3.623 3.990 4.455 
0.25 3.719 2.652 3.626 3.970 4,398 
0.1O 2.863 1.713 3.423 2.885 3.273 
0.05 2.604 2.143 
0.Ol 1.427 0.442 1.193 0.961 1.263 
0.005 0.962 
6.0025 0.989 0.631 0.412 0.872 

e- 

i 3 

4 

I I I I 
0 0.2 0.4 0.6 0.8 1.0 

(mMCt) I/2 

Fig. 4. Activity coefficients of the alkali metal chlorides in 
AICI3(lm)-PC solution at 25~ 

perienced in preparing the electrodes in  the molten 
state. 

The change in cell potential with time was followed 
by measuring the potentials every 30 rain for the first 
few hours. The potentials were measured then for at 
least one week before the cell was disassembled. For 
the first half-hour,  especially for solutions having a 
low concentrat ion of alkali metal chloride, changes in 
potentials were observed, The potential was then 
steady within •  mV for a few hours, followed by a 
steady decrease in the cell potential, during the next 
day. In every case the potential  drifted toward the 
discharge of the cell. The decrease in potential  was 
faster for low alkali metal  chloride concentrations, and 
was minimal when the molality of IVICI approached 
unity or I: 1 ratio with respect to AIC13 molality in PC. 
Figure 5 presents the time dependence of the potential 
for two lithium cells. The lower curve represents the 
change in potential of a cell containing LiCI (l.0m) 
in AICI~ (ira)-PC. The upper curve shows the behavior 
of a cell containing LiCI (0.01m) in AICI3(Im)-PC. 

Similar behavior of cell discharge was observed by 
Salomon (5) for the alkali metal halides in PC. A 
steady decrease in cell potentials was observed for 
lithium halides in DMSO (24, 25), dimethylformamide 
(12), and N-methylformamide (26). A strong decrease 
of cell potential with time was observed in the cell 
Pt, H2/HC](m)/AgCI, Ag in formamide (27-29); the 
true cell potentials were obtained by extrapolating the 
observed potentials to zero time. Here a decrease of 
approximately 20 mV was observed during a period of 
2 hr (27-29). 

The reasons for the steady decrease in cell potentials 
have been at t r ibuted to either solubility and diffusion 
of the thallous halide and subsequent  reaction with the 
alkali metal (24, 25), or the reaction of the alkali 
metal  with the solvent or with solvent impurit ies such 
as water  (5). Solomon at t r ibuted the phenomena to the 
reactivity of the alkali metals with impurit ies rather 
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Fig. 5. Time dependence of lithiam cell potential at 25~ O ,  
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than to T1C1 diffusion across the cell, because the solu- 
bi l i ty of T1C1 in pure PC is extremely low (K~p = 
10-n.4).  In  addition, fr i t ted glass was used to slow the 
diffusion of the tha l l ium species across the cell. How- 
ever in the present  work T1C1 is probably somewhat 
more soluble in the presence of an excess of A1C13. The 
behavior  of the cell potentials in  the present work was 
similar to the one reported by Smyrl  and Tobias for 
LiC1 in  DMSO (13), where, after a period of several 
hours of relat ively constant potential, the potential  
started to decrease steadily due to the reaction 

Li (s) -5 T1C1 (solution) ~ T1 (s) -5 LiC1 (solution) 

The s tandard cell potentials of the alkali metals in 
AICI3( lm) -PC solution, relat ive to T1/T1C1, are pre-  
sented in Table VI along with the cell potential  tem-  
perature coefficients. These results were obtained by 
extrapolat ion to infinite dilution with respect to the 
alkali metal  chloride molalities. The order of the 
s tandard potentials in the alkali metal  series does not 
follow that in  aqueous solution, where l i th ium has the 
highest s tandard potential. The standard potentials of 
the alkali metals in water and in several other solvents 
are presented in Table IX, along with the present  re-  
sults. The present results, as well as Salomon's data 
assign a noticeably higher s tandard potential  to potas- 
sium than  to l i thium. Since the work of Salomon does 

not include measurements  of the rub id ium and cesium 
cells, fur ther  comparison cannot be made. Cesium, fol- 
lowed by rub id ium shows the highest oxidation poten- 
tials in A1CI~(lm)-PC. This is not the case in  aceto- 
nitrile, N-MF, and water, where l i th ium has the high- 
est oxidation potential  (see Table IX).  It  may be 
proper to quote the prediction made by Lewis and 
Argo in  1915 (21) concerning the peculiari ty of the 
order of the s tandard potentials in the alkali metal  
series: "The potentials of the alkali metals follow a 
curious order, namely, l i thium, rubidium, potassium, 
and sodium. It is interesting, however, to observe that  
this is the order of the heats of formation of the several 
ions in aqueous solution. In order to i l lustrate this 
fact, the heat of formation of the chlorides of the four 
metals in aqueous solution are: 102, 101, 101, 96 kcal /  
mole for LiC1, RbC1, KC1, and NaC1, respectively. The 
heat of formation of aqueous cesium chloride is given 
as 105 kcal/mole, and if this figure is correct, we might  
predict the potential  of cesium to be higher than  any 
of the other alkali metals" (21). However, this pre-  
diction did not materialize when  14 years later  Bent, 
Forbes, and Forziani  (23) obtained the normal  elec- 
trode potential  of cesium, E ~ ----- 2.923 volts, " . . . ve ry  
close to the corresponding value for rubidium, but  still 
34 millivolts below that  for l i thium." 

Figures 2 and 3 present the potential  measurements  
and the extrapolat ion to infinite dilution. The fact that  
almost l inear  behavior is obtained by plott ing the po- 
tential  E2 v s .  (T/2MCI) 1/2 is very helpful in obtaining 
the s tandard potentials, al though it should be remem-  
bered that this behavior is not well  described by the 
Debye-Hi~ckel l imit ing law, because the reference sol- 
vent  was a solution of A1Cls in PC, in which the ionic 
s t rength is very high. The plott ing of the results vs. 
the square root of the molali ty was adopted to expand 
the dilute region and to obtain a bet ter  accuracy in the 
extrapolation. 

The extrapolat ion procedure of the emf measure-  
ments does not involve any assumption concerning the 
nature  of the complexes and ionic species in  solution. 
The predominant  ions in a solution of MC1 in  A1C13-PC 
solution are M +, AI (PC)n  8+, and A1C14-. Keller  et al. 
(30) studied directly the ionic equil ibria  of A1C13 in  
PC using NMR technique. From the 27A1 spectra it was 
concluded that the main  species are AI (PC)n  3+ and 
A1CI~-, similar to the species present  in acetonitrile. 
High resolution 1H spectra of 1M A1C18 in PC indicates 
peaks due to coordinated PC as well as bu lk  PC. From 
the 1H and the 27A1 spectra, Keller  et aL (30) showed 
that the AV + coordination number  (~) is six. There-  
fore the dissociation of A1Cls in PC proceeds accord- 
ing to 

A1C18 -5 6 / 4 P C ~  1/4AI(PC)63+ -5 3/4A1C14- [9] 

Fur thermore  it was observed that  the addition of 
LiC1 to an A1C13-PC solution reduces the concentrat ion 
of the coordinated A1 species, and at the saturat ion 
point where the LiCh A1C13 ratio is 1:1 the coordinated 
A1 species disappears. Such observation can be ex- 
plained by the reaction between LiC1 and 1%1(PC)63+ 
to give main ly  AtC14- 

Table IX. Standard oxidation potentlals in nonaqueous solvents 

A c e t o -  E t h y l e n e  
n i t r i l e  N - M F  F o r m a m i d e  g lyco l  P r o p y l e n e  c a r b o n a t e  PC-AICI~ ( l m )  H~O 

L i  3.23 3.124 - -  2.996 1.85080" 1.84223" 1.8452 2 .045 3.045 
N a  2.87 2 .807 - -  2 .686 - -  ~ 1.6188 1.885 2 .714 
K 3.16 3.021 2.872 2.897 - -  - -  1.934 2.116 2.925 
R b  3 . 1 7  - -  2.855 . . . .  2 .116 2.925 
Cs 3.16 2.987 . . . .  2 .122 2.923 
Ref .  e lec .  H~/H+ A g / A g C I  He/H+ A g / A g B r  T1/T1C1 T I / T 1 B r  T1) 'TII T1/T1C1 He/H+ 
R e f e r e n c e  (33, 34) (35) (36) (38) (5) (5) (6, 7) ( p r e s e n t  w o r k )  (37) 

* S a l o m o n  m a d e  an  e r r o r  in  the  t h a l l i u m  a m a l g a m  c o r r e c t i o n s  in h i s  w o r k  w i t h  L i C l  a n d  L i B r  in  PC.  T h e  c o r r e c t i o n s  a t  25~  f o r  t h a l -  
l i u m  a m a l g a m  c o m p o s i t i o n s  of 3.147 a n d  7.76% w t  a r e  112.5 a n d  78.6 m Y ,  r e s p e c t i v e l y ,  as  i s  e v i d e n t  f r o m  t h e  w o r k  of  R i e h a r d s  a n d  D a n -  
iels (16),  a n d  n o t  135.34 a n d  94.6 m V  as r e p o r t e d  by  S a l o m o n  (5).  T h e  r e s u l t s  o b t a i n e d  f o r  t h e  o t h e r  s y s t e m s  s t u d i e d  by  S a l o m o n  c a n n o t  b e  

c h e c k e d ,  a s  d e t a i l e d  d a t a  a r e  n o t  a v a i l a b l e  (6, 7). 
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xLiC1 + ~/dAI(PC)63+ + ~$A/Cld- 

xLi + + (1 -- ~:)/dAI(PC)63§ 

+ (3 + x)/dA1CId- + 3x/2PC [10] 

At the saturat ion point where x -- 1, all the coordi- 
nated AI(PC)68+ converted to A1C14- and the pre-  
dominant  species present are Li + and A1C14-. Keller  
et al. (30) summarizes the results for solutions of 
A1CI3 in  DMF, AN, and PC. The complexing s trength 
of AP + toward C1- is stronger than  toward PC, AN, 
and water, but  weaker than toward DMF where the 
dominant  species are AI[DMF]63+ and C1-. Movius 
and Matwiyoff (31) report PMR data for a luminum 
halides (AlXa) in DMF which can be interpreted in 
terms of second coordination sphere interact ion be- 
tween a well-defined A1 (DMF) 63 + ion and X - .  

The potentials for l i th ium cells in  which the mo- 
lality of LiCI was less than  0.005m showed a substan-  
t ial  drift  to lower values. This can be observed in Fig. 
2 and 3 by the tail ing off at the very low LiC1 concen- 
tration. The potential  at 0.002m LiC1 was not included 
in the extrapolation. Tail ing off at low concentration 
was observed by others, especially for l i th ium cells in 
DMSO (13,24), N-methyl  formamide (26), and in 
dimethyl  formamide (12). Deviations were not ob- 
served in  LiI solution in PC (7), nor in Lil  solution in 
DMSO (32). Deviations were not observed in sodium 
and potassium cells in  PC (6, 7), nor in sodium, po-  
tassium, and rub id ium cells in  N-methyl  formamide 
(26). 

The standard potentials in the present work are 
given on a molal basis. The molal basis has been chosen 
because the molecular  weight of PC is more than 5 
times larger than  that  of water. Since many  authors 
present  their results on a molar basis, it should be re-  
membered that the s tandard potential, on a molal 
basis, can be converted into a molar  basis, according 
to the following relation 

2RT 
E~ : E~ + --inp~ [ii] 

F 

where E~ and E~ are the standard potentials on a 
molar and molal basis, respectively, and po is the den- 
sity of the solvent. The solvent in the present case is an 
AICI3(Im)-PC solution, and its density is reported 
as 1.2628 and 1.2530 g/cm 3 at 25 ~ and 35~ respectively 
(1). The s tandard potentials of the alkali  metals, on a 
molar basis are presented in Table X. In  addition, the 
s tandard potentials on a mole fraction basis are pre-  
sented as well. The mole fraction basis is probably the 
most suitable way to present  thermodynamic data, 
where the solute mole fraction is comparable with the 
solvent mole fraction. The s tandard potential  on a 
mole fraction basis can be obtained from the following 
equation 

2RT ln ( 10~00 ) 
E~ : E~ F ~M.----~. + I [12] 

where E~ is the standard potential on a mole fraction 
basis, and M.W. is the molecular weight of the solvent. 
In the present case, the reference state is a Im solution 
of AICI3 in PC. 

The behavior of the sodium curves in Fig. 2 and 3 is 
different from the rest of the alkali metals. The solu- 
bility of NaCI in AICIs(Im)-PC solution was around 
0.Sm, in contrast to the rest of the alkali metal chlo- 

Table X. Standard oxidation potentiMs on a molar and a mole 
fraction basis for AICI3 (lm)-PC cells 

Ee2,e E~ 
25~ 35~ 25~ 35~ 

Li 2.054 2,046 2.162 2.158 
Na 1.894 1.887 2.002 1.998 
K 2.125 2.127 2.233 2.241 
iRb 2.125 2.149 2.116 2.261 
CS 2.131 2.174 2.239 2.288 

rides, which dissolved corresponding to a 1:1 ratio 
with respect to A1C13. There is no explanat ion for this 
unexpected behavior, although there are indications 
that the solubilitites of RbC1 and CsC1 in A1C13 ( l m ) -  
PC are not exactly 1.0m but  drop slightly upon stand- 
ing. The decrease in the potentials at high concentra- 
tions for the rub id ium and cesium systems, given in 
Fig. 2, indicates probable solvate formation. 

The activity coefficients of the alkali metal chlo- 
rides in AtC13-PC solution are shown in Fig. 4. The 
sharp decrease in the activity coefficients at low con- 
centrations is due to the reaction between the chlo- 
ride ions and A13 + species yielding A1C14-. Since A1C13 
is part  of the solvent, this decrease in  the activity co- 
efficients is equivalent  to systems where the solute 
reacts with the solvent, e.g., NH3 in water or hydrate 
formation in aqueous solution. 

Estimation o] the standard potentials o~ the a~kali 
metals in pure PC.---The s tandard potentials obtained 
were calculated with respect to the cell M(s) /MCI,  
A1C13(lm)-PC/T1CI(s),  Tl(s)  where the standard 
state was chosen as infinite di lut ion of MCI in 
A1CI.~(lm)-PC solution. The standard potentials of 
the alkali metals in pure PC can be measured from the 
cell M (s)/MC1, PC/TIC1 (s), Ti (s). However, the solu- 
bilities of the alkali metal  chlorides in PC are very low, 
and only LiC1 is soluble enough to permit  accurate po- 
tential  measurements.  Salomon measured the s tandard 
potential  of l i th ium in LiCI solution in PC; however, 
in order to establish a scale of s tandard potentials in 
PC for the rest of the alkali metals, he switched to the 
alkali metal iodides which are soluble in PC. Salomon 
did not measure the standard potentials of rub id ium 
and cesium. 

An estimation of the s tandard potentials of cells of 
the alkali metal chlorides in pure PC can be made on 
the basis of the results of the present  work and the 
s tandard potential  of the LiCl cell as reported by 
Salomon (5). The s tandarad potential  of the ce l l  
Li (s)/LiC1 (m), A1C18 ( lm)  ,PC/T1C1 (s), T1 (s) is given 
by 

RT 
E1 " -  E ~  - -  i n  ( m L i + ' ~ L i + ~ n C l - ' Y C l - )  [13] 

F 

where E~ is the s tandard potential  at infinite dilution. 
The cell potential on the basis of A1Cla( lm)-PC as a 
reference state is given by 

2RT 
E1 -- E~ -- in  (mLiCl7LiCl)  [14] 

F 
As mLiCl --> 0 

RT 
E~ -- E~ -- In ( m L i + T L i + m C 1 - - T C l  - )  [15] 

F 

The lef t -hand side of Eq. [13] can be calculated, since 
E~ was measured in the present  work, and E~ for 
l i th ium is reported by Salomon as, E~ ---- 1.85080V. 
(This value is the corrected one, since Salomon made 
an error in the thal l ium amalgam correction, see Table 
IX) 

RT 
- -  ~ l n  ( m L i  -~- 7Li  "Jc m C l - ~ / d i - )  mL~Cl~0 ----- 

F 
2.045 -- 1.851 ---- 0.194V 

If we assume that this value does not change much 
going through the alkali  metal  series, we can estimate 
the standard potentials E~ for the rest of the alkali 
metals 

E~ ---- E~ -- 0.194 

Table XI summarizes the approximated standard po- 
tentials of the cell M(s)/MCI, PC/TICI(s), Tl(s). 

On the basis of these estimated standard oxidation 
potentials, it is expected that even in pure PC the 
standard oxidation potential of Cs will be the highest, 
followed by lib, K, Li and Na. 
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Table XI. Estimated standard oxidation potentials for the alkali 
metals in pure PC 

Cell E~ volt kcal/mole 

Li /L iC1 ,PC/T1C1 ,T1  1.85080" -- 42.9" 
Na /NaC1 ,PC/T1C1 ,T1  1.691 -- 39.0  
K /KC1 ,PC/T1C1 ,T1  1.922 - -44 .3  
Rb/RbCl,PC/T1C1,T1 1.922 - -44 .3  
Cs/CsCI,PC/TICI,TI 1.928 -- 44.5 

Table XII. Instability constant K'4 and free chloride molality 

I0 9 x l 0  s X 
rn a,.~cl P/~ (K '4 / [C1- ]  ~ ) [C1]-  

0.005 I . I  1.223 "/.29 239.4 • (K'DI/s  
O.01 1.8 1.222 5.92 256.6 
0.05 4.6 1.219 2.87 326.6 
O.10 11.1 1.204 3.22 314.3 
0.25 13.1 1.173 1.21 435.6 
0.50 17.8 1.118 1.02 461.1 
1.00 105,3 1.000 ~ - -  

* M e a s u r e d  b y  Salomon (5) .  

Ionic equilibria considerations.--The predominant  
ions in a solution of MC1 in  A1C18-PC solution are 
M +, AI(PC)63+, and AiC14-. A rough calculation was 
made of the equi l ibr ium constant of the reaction 

K4 
AiCI~- ~ Al~+ + 4C1- [16] 

on the assumption that  this equi l ibr ium accounts for 
all the difference between the activity of MC1 and that 
of a typical un iva len t  salt. The calculations were per-  
formed only in the case of LiC1 because its s tandard 
potential  on the pure solvent basis was obtained by 
Salomon (5) 

The fourth ionization constant /4:4 is given by 

(AI~+) (CI-)4 
K4 = [17] 

(A1C14-) 

Mult iplying and dividing by (Li +) results in  

7%-1 [A13 + ] [C1- ]s aaicl 
K4 = [18] 

7"~1.1 [A1CI~- ] [Li + ] 

where brackets indicate molali ty and parentheses ac- 
tivity. 

For  a constant  ionic s t rength we can define a new 
constant  

721.1 (1 -- m) aLiCl 
/<4' = /(4 = [C1-] 3 [19] 

743.1 (3 + m ) m  

where m is the molali ty of the added LiC1. The activity 
of LiC1 based on pure  PC as a s tandard state, alice, 
can be estimated from the present emf measurements  
and the s tandard potential  E ~ = 1.8508V obtained by 
Salomon (5) for the cell: Li/LiC1 in  PC/T1C1/T1 

E ~- 1.8508 -- (RT/F)  In aticl [20] 

The ionic s trength is fairly constant over most of the 
experimental  range and can be evaluated for the gen- 
eral case of adding m moles of LiC1 to lm  solution 
of A1C13 in PC (see Eq. [10]) according to 

1 e 1 [ ( 3 + m )  
I = - -  ~mizf ------ (-- 1) 2 

2 i  2 t 4 

(1 - -  m )  -] ( 1 2  - -  4 m )  
-~ 4 (-}- 3)2 -}- m(+ 1)2 J -- 8 [21] 

When m ---- 0 the ionic s trength is I ---- 1.5 and drops to 
I = 1.0 when m ---- 1.0. The ionic s trength is fairly 
constant up to m = 0.25 and over this range we can 
assume the ratio ~21.1/743.1 is fairly constant. 

Table XII presents the calculations of K4' / [C1-]  3 as 
a function of the added molality of LiCI, m, and the 
total ionic strength, I. As can be seen from Table XII 
the chloride concentration [C1-] increases very slightly 
as we add LiC1. Although we increase the LiC1 con- 
centration up to 50 times, the free chloride concentra- 
tion increases by a factor of merely 1.8. Also, it should 
be kept in mind that K4' depends on the ionic strength 
since it includes the ratio of the activity coefficients. 
lqbwever, as has been mentioned earlier, the ionic 
strength remains fair ly constant  up to 0.25m of added 
LiCL 
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Electrogenerated Chemiluminescence 
XXIII. On the Operation and Lifetime of ECL Devices 

Daniel Laser and Allen J. Bard* 
Department o~ Chemistry, The University oJ Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Factors affecting the lifetime of ECL devices, including decomposition of 
start ing materials, formation of side products which react with radical ions 
or quench excited states, and filming of the electrodes are discussed. The 
mode of operation of the ECL device is shown to be important  in determin-  
ing its behavior and lifetime; operation of. (i) three-electrode pulsed poten- 
tiostatic, (ii) two-electrode pulsed voltage, (iii) two-electrode pulsed con- 
stant  current,  and (iv) th in - layer  cells is discussed and illustrated, in  studies 
of the Ru(bip)8  ~+ system in acetonitrile and the rubrene system in benzo- 
nitrile. 

Electrogenerated chemiluminescence (ECL) involves 
the production of excited state species and ul t imately  
light from the reaction of electrogenerated oxidants 
and reductants (1-7). Since several ECL systems are 
capable of producing fairly bright  light at reasonable 
electrical efficiencies, several applications of practical 
devices based on the ECL phenomenon,  e.g., lasers, dis- 
play devices, image convertors, etc. (8-12), have been 
suggested. For these devices to be practical, however, 
good lifetimes of the systems are required. In  princi-  
ple an ideal ECL system involving stable electrogen- 

erated reactants (e.g., a radical anion, A V, and radical 
+ 

cation, D ' )  should show a very long lifetime, since 
the ECL cycle (e.g., Eq. [1]-[4])  involve no net  chem- 
ical change in the system. In fact most ECL systems 
show a decay in emission with 

A + e --> A-: [1] 

+ 
D -- e-> D �9 [2] 

A 7 + D + A* �9 "+ + D [3 ]  

A* --> A + h~ [4] 

time (minutes to hundreds of hours) under  continuous 
electrical excitation. The rate of this decay depends on 
the nature  and pur i ty  of the ECL system as well as 
the design of the ECL cell and the form of the electri- 
cal excitation. It is the purpose of this paper to discuss 
the factors affecting the lifetime of ECL cells and give 
examples of the behavior of these devices under  differ- 
ent experimental  conditions. 

Experimental 
Purification of the solvents, acetonitrile (ACN) and 

benzonitr i le  (BZN), the support ing e.~ectrolyte, tetra-  
n - b u t y l a m m o n i u m  perchlorate (TBAP),  and the re-  
actants followed previous practice (7, 11). All experi-  
ments were conducted in a Vacuum Atmospheres (Los 
Angeles, California) Glove Box equipped with a Model 
MO 40-1 Dri-Train.  

�9 Electrochemical  Society Act ive  Member .  
K e y  words: electrochemiluminescence, nonaqueous solvents, th in-  

l ayer  electrochemistry, radical ions, cyclic vo l t ammet ry .  

The macro-cell  had a solution volume of 30 mliters 
with an optically flat Pyrex glass window. The work-  
ing electrode was a polished p la t inum disk (0.25 cm 2) 
sealed flush into soft glass and aligned parallel  to, and 
about 1 cm away from, the window. The large auxil i-  
ary electrode was a p la t inum foil (ca. 5 • 2 cm) sur-  
rounding the working electrode and immersed directly 
in the test solution. The reference electrode was a 
silver wire immersed in 10-2M A g N Q  in ACN, con- 
tained in a 6 mm glass tube closed at the bottom by a 
plug of porous Vycor (Corning Type 7930 "thirsty 
glass"), which was held to the glass tube by a piece of 
shrinkable Teflon tubing. For experiments  with work-  
ing and auxil iary electrodes of equal size, two matched 
Pt wires were employed. 

The th in- layer  ECL cells were constructed with two 
pieces of t ransparent  Cu-doped SnO2 glass (Corning),  
ca. 20 ohm/square,  spaced apart  by a thin Teflon spacer, 
and clamped by spring clamps. The active electrode 
area in these cells was ca. 0.5 cm% 

All electrochemical measurements  were made with a 
Princeton Applied Research Corporation Model 176 in-  
strument,  with a Wavetek Model 114 function gen- 
erator, a Mosley Model 7005A XY recorder, and a Tek- 
tronix Model 564 dual beam oscilloscope. Relative l ight 
intensities were measured with a Centralab Semicon- 
ductor solar cell attached to the ECL cell window. 

Results and Discussion 
Failure modes.--There are several modes by which 

an ECL system will undergo changes which will u l t i -  
mately cause a substantial  decrease in l ight emission. 
These are: 

]. Loss of the electroactive substances A and/or  D, 
leading to a decrease in the concentrat ion of the react-  

ing ions A Y and D '+, and thus of the emit t ing species. 

This f requent ly  occurs when the radical ion species A -  
+ 

or D ' decay by reaction with solvent or impurit ies;  in 
this case the rate of decay of in tensi ty  is related to the 
kinetics of the decomposition reaction (13, 14). In  sev- 
eral systems, e.g., A = D _-- rubrene  (in BZN or DMF),  
A ----- D -" tris-bipyridylruthenium(II) (in ACN), A -- 
9,10-diphenylanthracene (DPA), D _--- th ianthrene (in 
ACN), the radical ion species are very stable, and ECL 
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systems which have failed show no or only a very small  
change in the A and D concentrations as determined 
by cyclic vol tammetry  or spectroscopy before and after 
the ECL experiment.  However if the electrode potential  
is not closely controlled and is allowed to move to re-  
gions where later  waves (e.g., production of A 2- or 
D 2+) or electrolysis of solvent or support ing electrolyte 
occurs, then loss of A and D can be significant. This 
occurs because of instabi l i ty  of the dianion and dica- 
tions of most organic species employed in ECL. This 
can happen even in three-electrode potentiostatic ex-  
per iments  if the reference electrode potential  drifts 
dur ing the l ifetime test or if the system goes into large 
oscillations dur ing adjus tment  of the positive feedback 
iR-compensat ion circuit. When this occurs the solution 
often turns a brownish color and it cannot be restored 
to a l ight-emit t ing condition. 

2. Product ion of small  amounts  of side products from 

slow reactions of A -  or D + �9 with other system compo- 
nents or impurit ies;  these side products can react with 

A -  or D "+ decreasing their  life or they may act as 
quenchers of the excited states. These decomposition 
reactions could involve reactions of A 2- (formed on 

disproport ionation of A T) or D ~+ (formed on dispro- 
+ 

port ionat ion of D ' ) .  Although the equi l ibr ium con- 
stants for these disproportionation reactions are small  
(e.g., 10 -8 for a ca. 0.5V separation between E ~ values 
of radical ion and doubly charged ion half-react ion) ,  
the dianions and dications are usual ly  very reactive 
species; this disproport ionation decay of radical ions, 
in  connection with much faster reactions, however, has 
been discussed extensively (15-17). A useful estimate 
of the max imum rate of bui ldup of side-product (or 
rate of loss of reactant)  can be derived as follows: As- 
suming that the electrolysis of the reacting component 
(e.g., A) is diffusion controlled, the moles of species A 
electrolyzed per pulse is 

moles electrolyzed per  pulse ---- i d t / F  

-~ 2AC (Dtf/~)'/2 [5] 

where C and D are the concentrat ion and diffusion co- 
efficient of A, tf is the pulse length, and A the electrode 

area. If A-: decomposes by a first-order or a pseudo- 
first-order reaction with a rate constant, k, the fraction 

of A -  converted to product, Q, is 1 - e -kf~. Thus the 
max imum number  of moles of Q produced per pulse is 

moles Q produced per pulse 
= 2(1 -- e - k t OAC(Dt f / ~ ) ' / 2  [6] 

The concentrat ion of Q produced in  the total solution 
volume, V, after N pulses is 

[Q] -_ 2 (1 - e -kt~) C N ( A / V )  (Dtf /~)  v, [7] 

The total system lifetime, T, is 2Ntf. Moreover, in any 
practical system ktf is small, so that 1 -- exp (--  ktf) is 
essentially ktf. With these substi tutions the lifetime can 
be approximated by 

T =- ( [Q] /C)  ( V / A )  (x /Dt f )  'J;/k [8] 

The t ime required to bui ld up a significant concentra-  
tion of side product for a given k, depends on the pulse 
length and V / A  ratio. For  example, for the typical 
values, D ---- 5 X 10 -6 cm'~/sec and tf ---- 0.01 sec, and 
assuming the device lifetime is at tained when the im-  
pur i ty  level builds up to 1% of start ing substance 
( [ Q ] / C  --- 0.01), the lifetime expression is 

T(hr )  _~ 0.02 ( V / A )  ( c m ) / k  (sec - I )  [9] 

Thus a 1000 hr lifetime requires k < 2 X 10 -3 sec -1 
for a V / A  ratio of 100 cm, characteristic of a large scale 
cell, while a k < 2 • 10 -7 sec-~ is required for a V / A  
ratio of 10 -2 cm, typical of a th in - layer  cell. 

The decreased lifetime of the radical ion species is 
signaled by decreased reversal  currents  in cyclic vol- 
t ammetry  over those originally observed. These side 
products can also behave as quenchers of the generated 
excited states. The radiat ive lifetime of singlet states is 
short (about 10 -8 sec) so that small  concentrations of 
generated quenchers should not be of importance in 
ECL systems where singlet excited states are produced 

directly on reaction of A -  and D + [i.e., S-route  sys- 
tems, e.g., DPA ( -- ) / D P A  ( + )  in DMF]. However t r ip-  
let states have longer radiat ive lifetimes (10 -8 to sev- 
eral seconds) and can be quenched by low concentra-  
tions of side products. Thus systems which involve 
direct formation of triplets followed by t r iple t - t r iple t  
annihi la t ion to produce emit t ing singlets [T-route sys- 
tems, e.g., rubrene  ( -- ) / r u b r e n e  ( + )  in DMF and many  
energy deficient mixed systems] may be susceptible to 
this decay mode. In certain special cases photochemical- 
type reactions of the excited state species ( rearrange-  
ments, cycloadditions, etc.) could also occur. 

The applied excitation signal also affects this decay 
mode. The assumption has been made that the anodic 
and cathodic coulombs were equal, so that  no excess 

+ 
of either A -  or D" is produced over long, repeated 
pulsing. However this condition is only obtained by 
careful control and appropriate relative electrode areas. 
In the absence of this condition one of the reactants 
builds up in the bulk  solution and can show more ex- 
tensive decomposition to side products. 

3. Production of side products from the electrolysis 
of impurit ies in the solvent, support ing electrolyte, or 

radical ion precursors, which can react with A- and/ 
or D + or quench the excited states. For example traces 
of water, which are difficult to remove from solvents 
such as DMF and ACN, could be oxidized on anodic 

pulses to oxygen, which in turn could be reduced to 027 

on cathodic pulses. Electrogenerated O2 U has been 
shown to react as a nucleophile and as a base (18). In 
the process free radicals such as HO2' and HO' are 
produced, which may initiate chain reaction decomposi- 
tion of system components. Since 2 ppm water repre- 
sents 0.1 mM water, or 1-10% of the A and D species, 
very high puri t ies  of system components are required. 
If electrolysis of the solvent or support ing electrolyte 
occurs, either because of lack of control of the applied 
signal or because the radical ion generation processes 
occur on the foot of background discharge, deleterious 
substances can also be generated. For example, it is 
known that the light level of the DPA ( - - ) / D P A  ( + )  
in the DMF system decreases sharply when the poten-  
tial of the Pt generat ing electrode reaches those where 
cathodic background currents  become appreciable (19). 

4. F i lming of the electrode by production of insolu-  
ble products (e.g., polymers) from side reactions of 
the radical ions, or by electrolysis of impurities, sol- 
vent, or support ing electrolyte. These films can cause 
progressive blockage of the electrode or by bui ldup 
of a layer which can catalyze side reactions. When this 
form of decay is important,  removing and polishing the 
electrode and re turn ing  it to the ECL system will at 
least part ial ly restore the emission. This behavior  was 

noticed upon generat ion of DPA ? in ACN (19); other 
examples of filming are discussed below. 

Electrical exci tat ion of ECL.--The discussion of fail-  
ure modes points to the importance of the mode of elec- 
trical excitation to long term stability. In  general a de- 
sirable mode of excitation will (a) main ta in  the elec- 
trode potentials of both working and auxil iary elec- 

- -  + 

trodes in regions where only A and D �9 can be pro-  
duced; (b) be coulometrically symmetric, i.e., have 
equal anodic and cathodic (faradaic) coulombs on 

al ternate pulses; (c) maximize reaction between A :  
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and D +, i.e., cause the direct oxidation of A T and re- 
+ 

duction of D �9 at the electrode to be minimal.  For  ex- 
ample the square wave potentiostatic mode causes very 
little loss of the radical ions by direct electrolysis, 
while appreciable losses occur with the sinusoidal or 
t r iangular  wave potentiostatic or constant current  
modes.  

Potentiostatic (three-electrode) puZsed mode.--This 
method is that employed in most recent experimental  
ECL studies and has been treated theoretically (13, 14, 
20). With regard to operation of a long-durat ion cell 
the design of the reference and auxi l iary electrodes be- 
comes important.  The reference electrodes f requent ly  
employed in ECL are silver or p la t inum wire  quasi- 
reference electrodes which show reasonable stabili ty 
over experiments of a few hours durat ion but  which 
show much too large drifts in potential  with continuous 
pulsing over long time periods to be reliable. Other, 
more poised, reference electrodes, like the aqueous 
saturated calomel electrode (SCE) can leak undesi r -  
able amounts of water  or alkali metal ion into the ECL 
solution on prolonged immersion, even when separated 
with double s intered-disk salt bridges. We have found 
that  the Ag/Ag + (ACN) contained in a porous Vycor 
tube, as described in the Exper imental  section, main-  
tained a reproducible and constant  potential, and 
showed no detectable leakage of Ag + into the main 
body of solution after many  tens of hours of use. The 
auxil iary electrode design is also of importance, since 
uncontrol led electrochemical processes occur there and 
these may lead to solution contamination. The usual  
electrochemical technique of isolating the auxi l iary 
electrode in a separate chamber separated from the 
working electrode chamber  by sintered glass disks, salt 
bridges, etc., is not desirable in ECL since this greatly 
increases the power necessary to drive the cell, and may 
prevent  potentiostatic control of the working electrode 
in the early stages of pulse reversal when large cur-  
rents flow. An auxi l iary electrode which is somewhat 
larger than the working electrode and  immersed di-  
rectly into the ECL solution compartment  in a geome- 
t ry  where the current  density across its surface is fairly 
uniform can be employed. The current  density at its 
surface will be smaller  than that at the working elec- 
trode, and hence it will  at tain less negative and less 
positive potentials (with respect to the adjacent solu- 
tion) than those of the working electrode. Certainly a 
small  auxil iary electrode is to be avoided, since it will  
be forced to more negative and positive potentials caus- 
ing undesired electrode reactions to supply the current  
required for potentiostatic control of the working elec- 
trode. The role of the auxi l iary  electrode is i l lustrated 
in a discussion of two-electrode cells in the next  sec- 
tion. 

To i l lustrate the necessity of potential  control and 
the behavior of an ECL system under  continuous long- 
term pulsing we consider the tris-bipyridylruthe- 
n ium( I I )  (Ru(bip)82+) system in ACN. The electro- 
chemistry and ECL of this system have been described 
(21, 22). Briefly, Ru (bip) 32 + undergo es three reversible 
reduction steps (to the +1, 0, and --1 species) and a 
reversible oxidation (to the +3  species) in dry, deoxy- 
genated ACN (Fig. 1). Controlled potential  coulometry 
experiments have demonstrated that the +3  species is 
very stable, but  that the + 1  species, although appar-  
ent ly stable on the cyclic voltammetric  t ime scale, un -  
dergoes a very slow decomposition reaction (22). ECL 
results from reaction of the +3  species with either the 
+1, 0, or --1 generated on the cathodic cycle. The ap- 
plication of al ternate potential  steps between ~-1.200 
and --1.900V vs. Ag/Ag + with 95% iR compensation, 
i.e., from oxidation to second reduction wave, with a 
frequency of 100 Hz (i.e., tf : 5 msec) in a cell with 
V ---- 20 cm 8 and A ---- 0.25 cm 2 produced intense ECL 
with a half-life, Tz/2, (the t ime for the ECL intensi ty  
to decrease to one-half  its initial  value),  of about 5 hr. 
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Fig. 1. Cyclic voltammetry of 0.6 mM Ru(bip)3(CIO4)J0.1M 
TBAP/ACN solution at Pt electrode with a scan rate of 100 mV/ 
sec. - - - - ,  Original solution; - - - ,  the same solution after 5 hr 
of ECL production by pulsing between -I-1.20 and --1.90V at 
100 Hz after which no further ECL emission is observed. 

The cyclic vol tammogram at this t ime taken at the 
same working electrode in the ECL cell is noticeably 
different than the original one (Fig. 1). The height of 
the reduction peaks ( + 2  -* +1, +1  --> 0, 0 --> --1) de- 
pend on the positive potential  the electrode has at-  
tained during the anodic scan; they are larger (and 
anomalous) when the anodic scan includes the + 2 / + 3  
wave than when the scan stops at the foot of this wave. 
Similar ly the + 2 / + 3  wave is anomalous when the 
cathodic scan includes the +2/-t-1 wave. This behavior 
is evidence of surface changes at the electrode causing 
changes in electrochemical reaction. Fur thermore  a 
ye l low-brown precipitate covers the electrode surface. 
If the electrode is removed from the ECL cell in an 
inert  atmosphere box, polished with 0.03~ a lumina and 
replaced, both the original cyclic voltammetric  be- 
havior and the original ECL intensi ty  is restored. 

The nature  of the interfer ing precipitate was eluci- 
dated by some experiments at the RRDE. As shown 
previously (22) when the disk potential  is held at the 
second reduction wave (production of Ru (bip) 3 ~ and 
the ring potential  held at the foot of the first reduction 
(corresponding to oxidation 0 --> +2 ) ,  the disk cur- 
rent, after a short time of constancy equal to twice the 
current  of the first reduction wave, begins to increase 
with time (up to a one order of magnitude increase) 
without a corresponding increase in the ring current.  
This lack of increase in the r ing current  demonstrates 
that the increasing disk current  cannot be at t r ibuted to 
formation of soluble Ru(bip)8 ~ If the disk potential  
is scanned back toward more positive potentials a large 
oxidation disk current  peak is observed at potentials 
corresponding to the +1  --> + 2  wave. A similar large 
oxidation current  peak is seen at the ring at this t ime 
(ER -:-- 0.0V). These results can be explained by the 

formation of a deposit on the disk electrode. This de- 
posit catalyzes the reduction of solvent or electrolyte 
(giving rise to the enhanced disk current)  and is oxi- 
dat ively stripped off during the positive potential  
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sweep. The na ture  of the deposit has not been e s t a b -  
l i shed .  It could be some form of Ru (bip)3 ~ itself or Ru-  
metal  formed by its decomposition. Attempts to repro- 
duce this effect on a s tat ionary Pt  electrode by electro- 
deposition of finally divided Ru-meta l  were unsuccess- 
ful. A deposit of a zero-valent  Ru-species would ex-  
plain the str ipping experiment,  if the disk oxidation 
peak represented the oxidation of this deposit to the 
-5 1 species while the r ing current  represented the fur-  
ther oxidation of -5 1 --> -52. An al ternate explanat ion 
would require fall ing away of some of the zero-valent  
species dur ing the oxidation scan producing -5 1 species 
(upon reaction with -52 in the gap region) which is 
oxidized at the  ring. Thus for the long durat ion ECL 
with the Ru (bip)8 + 2 system the second reduction wave 
must  be avoided; pulsing to the second reduction wave 
is also undesirable,  because of lack of coulombic sym- 
metry  and the consequent slow bui ldup of reduced spe- 
cies in the bulk  solution. Since the first and second 
reduction waves are separated by only about 200 mV, 
close potential  control (better than --+50 mV) is r e -  
quired,  with the negative potential  l imit  adjusted b e -  
t w e e n  Ep/2 and Ep of the first reduction wave. The posi- 
tive potential  l imit  was at or beyond that peak for th e  
oxidation to the -53 species. Under  these conditions, 
with pulsing between --1.650 and -51.100V at 100 Hz 
for a 2.5 mM Ru(bip)32+, 0.1M TBAP solution in ACN, 
the ECL emission increased slightly from its ini t ial  
value and main ta ined  this level for 50 hr. The in ten-  
s i ty- t ime behavior in this system is shown in Fig. 2; 
the  exper iment  was terminated at 112 hr. Cyclic vol- 
t ammet ry  after this period shows no change in 
Ru(bip)  32 + concentration, but  evidence for production 
of a small amount  of an unidentified electroactive spe- 
cies is found (Fig. 3). 

Voltage (two-electrode) pulsed mode.--Practical ECL 
devices will probably be based on two-electrode sys- 
tems. The way in which the potentials of the working 
electrode and the counterelectrode vary during pulsing 
with a low impedance function generator depend on 
the  cell geometry and relative electrode areas. In this 
mode the technique of applying a symmetrical  square 
wave to the cell and increasing the voltage unt i l  maxi-  
mum emission is observed or a l ternat ively applying a 
signal of • (the peak potential  separation) can re-  
sult in  overdriving the cell and degraded device life. 

Before the system is per turbed both electrodes are at 
their open-circuit  or rest potentials, which will be es- 
sential ly identical, if both electrodes are composed of 
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Fig. 2. ECL intensity vs. time behavior for a 2.5 mM 
Ru(bip)3(CIO4)2/0.1M TBAP/ACN solution with pulsing between 
-I-1.200 and --1.550V vs. Ag/Ag + (ACN) electrode at 100 Hz. 
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Fig. 3. Cyclic voltammetry of the system of Fig. 2 at a scan rate 
of 100 mV/sec. (a) Original solution; (b) after 120 hr of ECL pro- 
duction. 

the same material  and have been subjected to similar 
pretreatments;  this rest potential  will general ly be 

- -  4 -  

s o m e w h e r e  between the A / A  and D/D �9 half-react ion 
potentials. When the voltage step, V, is applied be- 
tween the working and counterelectrodes the potentials 
of the electrodes move in opposite directions such that  
their difference plus the solution /R-drop equals V, 
with the current  in one electrode being equal in magni-  
tude and opposite in direction from that in the other. 
When the pulse is reversed the electrode potentials 
switch to new values which again satisfy the aforemen- 
tioned conditions, but  in general  they do not simply 
interchange the potentials observed during the first 
pulse. Let us consider two possible cases when (a) the 
auxil iary electrode is much larger than the working 
electrode and (b) both electrodes are the same size and 
the rest potential  lies about midway between the peaks. 

In case (a) the current  at the auxi l iary electrode 
during the pulse will be largely (or even completely) 
nonfaradaic and will be consumed in charging the elec- 
trical double layer (dl) i.e., most of the current  will be 
consumed in moving the electrode potential  of the aux-  
il iary from its rest potential, but  the potential  of this 
electrode will not at tain a value where a faradaic reac- 
tion can occur. The shift in the auxi l iary electrode po- 
tential  is thus inversely proportional to its dl capacity 
and hence its area; if the area is large enough (com- 
pared to the coulombs passed during the pulse),  its 
potential  will only shift very slightly from the rest 
potential. For the small area working electrode how- 
ever, the electrode rapidly charges its dl and then car- 
ries out a faradaic oxidation or reduction. Under  these 
conditions the small working electrode shifts by almost 
the total of the applied pulse, V. For example, if the 
working electrode moved immediately to the diffusion- 
l imited plateau region, the faradaic current  in the sys- 
tem would be governed by the Cottrell equation and 
the total coulombs passed during the pulse would be  
given by [5] plus the coulombs needed to charge the 
working electrode Qdlw. The large auxi l iary electrode, 
of area Aaux, will only shift by an amount  AEaux, given 
by 

2AwF(Dtf) '/2 ~-'/2 -5 Qdlw 
~Eau~ ----  [103 

AauxCdl 

where Cd, is the dl capacity per uni t  area of the auxil i -  
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ary electrode. For example, for Aw/Aaux -- 100, con- 
centrations in the mM range, and Cdt of 10 #f/cm 2, AEaux 
will be about 100 mV for a 100 msec pulse. To i l lustrate 
this effect, we describe an ECL exper iment  with a so- 
lution of 2 mM rubrene  and 0.1M TBAP in benzonitrile, 
with two p la t inum electrodes of ratio 80: 1. An Ag/Ag + 
reference electrode was employed to monitor  the po- 
tentials of both electrodes as a voltage pulse of • 
was applied across the Pt  electrodes at a frequency of 
10 Hz. The results, shown in Fig. 4, demonstrate that 
the large auxil iary electrode stays within • mV of 
its rest potential  (+0.6V vs. reference electrode), while 
the small electrode moves • from its rest potential  
to potential  regions where secondary electrode reac- 
tions occur. (The slightly larger shift of the auxil iary 
electrode potential  immediately after pulse reversal 
is caused by the large /R-drop at this t ime which is 
included mainly  in the measured auxil iary electrode 
potential, because the reference electrode was located 
near  the small  working electrode). Thus, for this con- 
figuration, the large auxil iary electrode behaves as a 
practical reference electrode and the proper potential  
program can only be achieved by knowing the system 
rest potential  and applying an unsymmetr ica l  voltage 
program derived from the cyclic vol tammetry  of the 
system. If the rest potential  does not lie exactly mid-  
way between the redox potentials for reduction a n d  
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Fig. 4. Potentials of working and auxiliary electrodes (area ratio 
ca. 1:80) in the two-electrode voltage pulsed mode of operation. 
The solution was 2 mM rubrene/0.1M TBAP/BZN. (a) Applied 
voltage; (b) potential displacement of small electrode; (c) potential 
displacement of large electrode. 
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oxidation, an applied symmetrical  (square) wave equal 
to one-half  the peak separation either may not produce 
efficient ECL or may lead to "overpulsing" and short- 
ened lifetime. Certainly a square wave of ampli tude 
equal to the peak separation will lead to rapid system 
deterioration. 

Case (b) involves two electrodes of the same size 
with the rest potential  lying approximately midway 
between the peak potentials. In this case both elec- 
trodes will shift about the same amount  in potential  in 
opposite directions from the rest potential, i.e., the ap- 
plied potential  is shared between the electrodes. This 
effect is i l lustrated in Fig. 5, where the conditions are 
the same as case (a) (Fig. 4), except that the elec- 
trodes are of equal size. Here both of the working 
electrodes shift by about _ I V  vs. the reference e~[ec- 
trode for the • applied; the slight asymmetry  in 
the shifts is caused by the rest potential  not lying ex- 
actly midway between the peak potentials, but, in fact, 
lying about 50 mV toward Epa. Thus the desired poten- 
tial program for two equal size electrodes involves ap- 
plied voltages essentially twice as large as for the very 
smal l -very  large case, but  both electrodes produce 
light. If the rest potential  does not lie midway between 
the peaks, the general  behavior wi]I be the same, but  
the unequal  extent of charging of the two electrodes 
will make behavior more complicated when the amount  
of nonfaradaic charge per pulse is appreciable. 

For the general case of two electrodes of unequal,  
but not very disproportionate, size, the behavior  will 
be intermediate  to cases (a) and (b) above, and a 
carefully selected and controlled potential  program is 
required; a symmetrical  square wave will, in general, 
not be suitable. 

Constant current pulsed mode. - -A two-electrode mode 
in which al ternate anodic and cathodic constant  current  
pulses are applied has been suggested (23). This mode 
has the advantage of precise coulombic symmetry  with 
simple control circuitry. However, the coulombic ECL 
efficiency is smaller  in this mode and the applied cur-  
rent  density, to, and pulse duration, fr, must  be main-  
tained in a ra ther  nar row range to obtain ECL yet pre-  
vent  overdriving. The applied current  again is dis- 
t r ibuted between dl charging and the faradaic process; 
in this case the rate of dl charging is controlled by io, 
with appreciable charging occurring before any fara-  
daic process begins. Thus iotr must  be larger than the 
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Fig. 5. Potentials of working and auxiliary electrodes (area ratio 
1:1) in the two-electrode voltage pulsed mode. Solution as in Fig. 4. 
(a) Applied voltage; (b) potential displacement of electrodes. 
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number  of coulombs requi red  to charge  the dl, app rox i -  
ma te ly  CdI-~E (i.e., about  2 )< 10 -~ coulombs /cm 2 for 
10 ~f/cm 2 dl capaci ty  and 2V s tep) .  However  iotf'/2 must  
be main ta ined  be low io'~ 1/2, where  v, the  chronopotent io-  
metr ic  t ransi t ion time, is given by  (24) 

to.d/2 = ~'/2FnD~/2C/2 ---- 85.5 nD'/2C (mA-sec'/2) [11] 

if the e lect rode potent ia l  is to be main ta ined  at  values  
where  secondary  electrode react ions do not occur. Ac-  
tua l ly  Eq. [11] per ta ins  to a single constant  cur ren t  
step; the t rans i t ion  t ime under  constant  puls ing condi-  
tions wi th  continuous regenera t ion  of pa ren t  wil l  be 
close to this value.  The useful work ing  range of io and 
tf in ECL based on these cr i te r ia  is shown in Fig. 6, 
under  the simplif ied assumption that  dl charging is 
separable  f rom the faradaic  process. 

With  constant  cur ren t  ECL, upon reversal ,  the cur-  
rent  first is consumed to ta l ly  in revers ing  the process 
of the  preceding pulse, wi thout  generat ion of a r eac t -  
ing species requ i red  for l ight  emission. For  example ,  if 
the first cur ren t  pulse  was cathodic and led to p roduc-  

tion of A -  (Eq. [1]) ,  then  dur ing  the t ime per iod  up 
to (1/3)tf ,  the  nex t  anodic pulse would  to ta l ly  involve 

the oxidat ion  of A -  to A, as is usual  for  reversa l  chro-  
nopoten t iomet ry  (25). Af te r  this t ime the potent ia l  
jumps  in a posi t ive direction, at  a ra te  p r i m a r i l y  de te r -  
mined by  dl charging,  to values  where  oxidat ion  of D 
occurs (Eq. [3]).  Dur ing  this t rans i t ion  per iod  ox ida-  

+ 
tJon of A -  to A continues. However  once D " produc-  
t ion begins at  the electrode,  direct  e lec t rode  oxidat ion  

of A -  becomes negl igible  and ECL commences. The 
observed exper imenta l  behavior  (Fig. 7) shows the de-  
lay  in emission in tens i ty  on reversal ,  fol lowed by  a 
sharp  increase, a maximum,  and slow decay, in agree-  
ment  wi th  the  resul ts  obta ined by  a digi tal  s imulat ion 
for this mode of operat ion.  

The max imum s teady-s ta te  ECL efficiency under  
these conditions,  neglect ing dl charging,  is 0.62 tha t  for 
the po ten t ia l - s tep  mode. The s imulat ion results  also 
predic t  an in tensi ty  propor t iona l  to the  current ,  inde-  
pendent  of cycling frequency.  Moreover  the total  num-  
ber  of photons emi t ted  per  pulse is p ropor t iona l  to io 
at  fixed frequency,  is p ropor t iona l  to tf at fixed io, and 

~otf, . In practice,  is inverse ly  propor t iona l  to io at fixed " "~ 
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Fig. 7. Pulsed constant current ECL for a 2 mM rubrene/0.1M 
TBAP/BZN solution. (a) Applied current; (b) working electrode 
potential; (c) light intensity. 

however,  dl charging is not  negligible,  so tha t  a l though 
the propor t iona l i ty  to io at fixed tf is observed (Fig. 
8A), the in tensi ty  is r e l a t ive ly  smal le r  at  h igher  f r e -  
quencies because of the re la t ive ly  grea te r  impor tance  
of the nonfaradaic  processes at smal l  tf values  (Fig. 
8B). Within  the l imita t ions  of the method, however,  
this operation mode may be preferred to a controlled 
voltage mode for long lifetime operation. 

Special controlled current modes which conserve the 
desirable features of constant current operation but 
overcome some of its problems, are also possible at the 
expense of greater driver complexity. For example a 
double pulse current mode, similar to that used in 
galvanostatic studies of fast electrode reactions (26) 
could be employed. This would involve a short, very 
large current pulse to charge the dl and, in ECL, also 
rapidly drive the electrode potential into the region 
where ECL begins, followed by a lower current of 
magni tude  sufficient to main ta in  ECL (if the  second 
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Fig. 6. Useful working region for pulsed constant current ECL. 
(a) Double layer charging limit, assuming itp = 20 ~coulombs/cm2; 
(b) upper (transition time) limit for /'r 1'~" = 0.2 mA �9 sec/cm 2 (i.e., 
for n = 1, D = 5 X 10 - 6  cm2/sec and C = 1 mM); . . . .  , upper 
limit for i as in (b), except for C = 2 mM. 
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Fig. 8. Light intensity profiles in pulsed constant current ECL 
(conditions as in Fig. 7) with (a) pulsing at 1 Hz for currents of 
a-g 100, 90, 80, 70, 60, 50, 40 ~A; (b) constant current of 100 ~A 
for pulsing at 1, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2 Hz, respectively. 
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current  were too low the potential  would drop back to 

the region where only reversal, e.g., A -  --> A, oc- 
curred).  This double pulse, constant current  mode 
would require very careful adjus tment  and control to 
prevent  overdriving, however. 

Thin-layer cel~, d-c mode.--Thin- layer  ECL involves 
the use of two closely spaced electrodes (at least one 
of which is t ransparent)  in which, during d-c electrol- 
ysis, the oxidized and reduced forms produced at the 
different electrodes diffuse (and migrate) together, near  
the middle of the interelectrode spacing, to annihilate,  
and produce light, and regenerate start ing materials. 
The basic principles of th in- layer  electrochemistry 
have been reviewed (27-29) and some th in- layer  ECL 
experiments have been at tempted (30-32). Thin- layer  
ECL has the advantage of producing a continuous and 
steady-state light with a low voltage d-c excitation. 
Only the rotat ing r ing-disk electrode (RRDE) has been 
capable of producing t rue steady-state ECL previously 
(19). Moreover the close spacing minimizes the iR 
drop between the electrodes and the d-c operation 
eliminates charging current  contributions, except dur-  
ing the initial  switching on of the cell. However the 
very small cell volume places severe requirements  on 
solution pur i ty  and reactant  stabili ty if long-life opera- 
t ion is to be attained. 

The behavior of a th in- layer  ECL cell follows that of 
the usual  twin-electrode th in- layer  cell (27-29), except 
that the concentrat ion profiles of the electrogenerated 

+ 
reactants ( A -  and D ' ) are such that, assuming equal 
diffusion coefficients and equal concentrations of A and 
D, both will have zero concentrat ion in the middle of 
the cell at steady state. Thus, the l imit ing steady-state 
current  will  be 

i~s lira = nFADC/0.5I [12] 

where I is the interelectrode spacing (cavity thick- 

ness);  the concentrat ion profiles of A -  and D + will  
be linear. The steady-state current-appl ied voltage be-  
havior of the cell, assuming reversible electrode reac- 
tions, will be given by 

2RT ln ( issma ) 
AV -- ~E1/2 -F nF \ - 1 -~ iss Rcell [13] 

"/'ss 

where .~V is the applied cell voltage, AE1/2 is the dif- 

ference in half-wave potentials between the A / A :  and 
+ 

D / D '  reactions, and iss lira is the l imit ing steady-state 
current  which obtains when the parent  concentrations 
at the electrode surface are essentially zero. The ECL 

intensity, I, is proportional to the flux of A -  and D + 
at the middle of the cavity and hence is proportional to 
the current  

I = ~bEC L iss/nF [14] 

just as in RRDE experiments  (19). 
The behavior of th in- layer  ECL cells was tested 

using the rubrene  in benzonitr i le  and Ru(bip)32+ in 
ACN systems. Satisfactory lifetimes could only be ob- 
tained when no supporting electrolyte (TBAP) was 
added to the cell solution. For the Ru(bip)~ 2+ system 
this cation and the C104- counterion served as electro- 
lyte. For the rubrene  system, small amounts of impur i -  
ties, perhaps introduced in the drying stages, probably 
served as electrolyte unt i l  the concentrat ion of electro- 
generated ions buil t  up to aid in the conduction. The 
results, shown in Fig. 9 and 10, fit the predicted be- 
havior quite well. The lack of proportionali ty of I and 
iss at low iss values shown in Fig. 10, is reminiscent  of 
the "foot" observed in I vs. disk current  in RRDE ECL 
studies (19), ascribed there to reaction of low levels 
of impurities with the excited states. 

The rise time in a th in - layer  ECL cell depends upon 
+ 

the t ime required for A -  and D '  to diffuse together 

T ECL 
8.u 

] I [ i I L 
AE  / VOLT ~ 2.s 2,4 2 

Fig 9. Thin-layer ECL for 4 rnM rubrene/BZN for 50/~ spacing 
and scan r a t e  of 2 mV/see. (a) Current vs. applied voltage; (b) 
light intensity vs. applied voltage. 
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Fig. 10. Light intensity vs. applied d.c. in thin-layer ECL (eondi- 
tions as in Fig. 9). 

after the current  flow commences and for the current  
to decay to its l imiting value. To a first approximation 
then, light emission should commence at ts = 12/16D, 
(or for l = 100 and 20 ~m, ts is of the order of one and 
0.04 sec, respectively).  A more sluggish response sug- 
gests the occurrence of some slow chemical step or 
quenching of the excited state species. In the absence of 
complications the intensi ty should then level off at the 
value given by Eq. [14] (Fig. 11). In  all cases we have 
observed a decay in  signal level with time, probably 
indicative of the processes which l imit  the lifetime of 
the large cells but  which are greatly accelerated be-  
cause of the small cell volume. We should note that 
while half-l ifetimes of about 10 min  can be obtained in 
cells that contain no added TBAp, those that contain 
the usual 0.1M levels of TBAP have considerably 
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O 5 lO 

Fig. 11. Transients in thin-layer ECL. (a) Light intensity; (b) 
current cell. Spacing, 30/~ (other conditions as in Fig. 9). 

shorter lifetimes (maximum of about 3 min) ,  suggest- 
ing that the support ing electrolyte may be an impor-  
tant  source of impurit ies or quencher progenitors in 
ECL systems. 

The th in- layer  cell can also be operated in the pulsed 
cyclic mode. For pulse lengths small  with respect to the 
t ime to diffuse half the cell thickness, the previous two- 
electrode t reatments  apply. For pulse lengths of the 
order of t~, when the electrode polari ty is reversed a 
sharp l ight  spike is observed, because of the new an-  
nihi la t ion reactions occurring near  the electrodes; the 
l ight then decays unt i l  the mid-cel l  reaction becomes 
impor tant  and the light increases again toward its 
s teady-state value (Fig. 12). In both the d.c. and pulsed 
mode th in - layer  ECL cells will be useful in  s tudying 
decay mechanisms in ECL cells and in accelerated life 
testing. 

The small  interelectrode spacing of the thin layer  
ECL cell makes possible the use of solvent systems 
which would be too resistive for conventional  electro- 
chemical cells. For example a solution of 105 ohm-cm 
specific resistance will only produce a 50 mV iR drop 

O -  ! ! 

o.s sec. 

Fig. 12. Effect of reversal of electrode polarity in thin-layer cell. 
(a) Current; (b) light intensity (cell and solution as in Fig. 11). 

for l = 20 #m and a current  density of 250 #A/cm% 
In the presence of low electrolyte concentrations very 
high fields can be produced inside the cell by using 
external  high voltage sources. These would lead to ap- 
preciable migrat ion of the electrogenerated species, i.e., 

+ 
in effect the D" and A -  would be "fired" at one an-  
other by the large field gradient. The study of ECL and 
electrochemical reactions under  these conditions is po- 
tential ly of interest  and is cur rent ly  under  study. 

Steady-state efficiency of ECL cells.--The measure-  
ment  and kinds of efficiency in ECL have been dis- 
cussed (14, 19, 33). What is of interest  in ECL devices 
is r ss, the number  of photons emitted per number  
of faradaic electrons passed, per pulse, after sufficient 
repetit ive cycles that  steady-state electrochemical be- 
havior is observed 

l t IdtN 

r ~ -- [15] 
#~' idtN 

The max imum value of this parameter,  which applies 
when ~bECL ~ 1, i.e., when every radical ion encounter  
produces an emitted photon, depends on the mode of 
electrical excitation and cell geometry. This can be 
estimated by digital s imulat ion (13, 14, 20) of repeti t ive 
pulses with the appropriate boundary  conditions. The 
efficiencies quoted here are based on simulations in 
which only a single species (e.g., species A) is the par-  

- + 
ent of both radical ions (A and A" ) and all species 
have equal diffusion coefficients. It is assumed that the 
radical annihi la t ion reaction is diffusion, controlled and 
leads directly to an emit t ing species which emits with 
uni t  efficiency (luminescence quan tum yield of one). 
The simulat ion employed 2000 simulat ion t ime units  
(L) per pulse. 

For the pulse potentiostatic (three-electrode) mode, 
assuming that only the working electrode emits, the 
following values of r obtained by counting the total 
number  of annihilat ions per pulse and dividing by the 
total electric charge required in that  pulse, were ob- 

+ 
tained beginning with pulse 1 (production of A " : pulse 
1, 0; 2, 0.549; 3, 0.462; 4, 0.507; 5, 0.484; 6, 0.494; 7, 0.491; 
8, 0.489. Thus the l imit ing value of r ~ 0.49. For 
example, during a cathodic pulse, N, 49% of the cur-  

rent  produces A - w h i c h  reacts with the A + produced 
dur ing the previous pulse ( N -  1) and the remainder  

produces excess A -7 which will  react wi th  A + �9 in the 
pulse N + 1. Only about 2% of the current  is consumed 

+ 
by direct reduction of A ' (in the two-electron reaction 

to form A - )  at the electrode and very little of the A -  
produced in this pulse will eventual ly  diffuse into bu lk  
solution. Steady state is at tained after about 7 or 8 
pulses, and at steady state the concentrat ion profiles of 

the electrogenerated species (A T in pulse N) and the 
+ 

reacting previously generated species (A - in pluse N -- 
1) are essentially the same from pulse to pulse except 
for a small diminishing tail  of the species first produced 

+ 
(A " in the example) spreading out into the bulk  solu- 
tion. The value r = 0.49 implies that under  ideal 
conditions, the coulombic efficiency approaches the 
max imum possible value for pulsed ECL efficiency 
(0.50) and that  few faradaic electrons are lost in the 
process. For two-electrode cells in the voltage pulsed 
mode, for case (a) (large auxil iary electrode), the 
max imum value of q~cou~ ss is the same as in the potentio-  
static case. For ease (b) (electrodes of equal size), both 
electrodes will emit, so the over-al l  cell efficiency can 
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approach a m a x i m u m  value  of 98%. In  the constant  
cur rent  mode, because of the  grea ter  extent  of non-  
radia t ive  radical  ion loss by  direct  e lectrode reaction, 
the  max imum efficiency pe r  e lec t rode  is only 30% (or 
60% for emission at both e lectrodes) .  The t h in - l aye r  
d-c  cell  wil l  show a m a x i m u m  efficiency of 100%, since 
every  radical  ion produced should u l t ima te ly  annihi la te  
in the middle  of the cell. The prac t ica l  efficiencies of 
cells wil l  depend on the actual  value of ~bECL (for the 
most efficient systems, this lies in the range of 0.01 to 
0.1), the magni tude  of the nonfaradaic  cur ren t  and the 
cell resistance. 
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Technical Notes ~ J 

Penetration of Hydrogen into Aluminum on 
Exposure to Water 

Henry Leidheiser, Jr.* and Narayan Das 
Center for  Surface and Coatings Research, Lehigh University, Bethlehem, Pennsylvania 18015 

Data in the l i t e ra tu re  indicate that  hydrogen  has 
l imi ted  solubi l i ty  in a luminum (1, 2) equi l ibra ted  wi th  
gaseous hydrogen.  For  example ,  the solubi l i ty  of h y -  
drogen in pure  a luminum at 300~ is repor ted  to be of 
the order  of 0.001 ml/100g. The solubi l i ty  increases to 
app rox ima te ly  0.04 ml/100g at 660~ Our immedia te  
in teres t  was to de te rmine  the amount  of hydrogen  that  
penet ra tes  into a luminum as a consequence of exposure  
of the meta l  to water .  

* Electrochemical  Society A c t i v e  M e m b e r .  
K e y  words:  hydrogen, a l u m i n u m ,  a q u e o u s  corrosion. 

Aluminum samples were in the form of fiat plates, 
approximately ]2 X 1 • 0.I cm. The composition was 
99.994% aluminum, 0.003% copper, 0.002% iron, and 
0.001% si]icon. The samples were metallographically 
polished, washed with ethanol and acetone, dried in 
vacuum for 6 hr, and annealed at 600~ for 4 hr at a 
pressure of 1,0 -8 Torr. The samples were then cooled 
in vacuum .and exposed to liquid water at 60~176 for 
varying periods of time. After exposure to water, the 
corrosion product was removed by heating in a mix- 
ture of 2% CrO3 and 5% H3PO4 at 95~ for 60 rain. 
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Table I. Hydrogen extracted from pure aluminum after exposure to liquid water 

Temperature 
o~water,  ~ 

Penet ra ted  hydrogen  in ml  at STP/100 of aluminum 

Exposure Average 
t ime Individual  expt.  values value 

Pene t ra ted  hydrogen 
in te rms of mI at 

S T P / c m  2 of a luminum 

60 
I00 
I00 
I00 
I00 

100 (3.5% NaCI) 
lid (99.8% D=O) 

24 hr  0.146, 0.090, 0.132, 0.105, 0.097, 0.150 0.12 
10 rain 0.159, 0.155, 0.138, 0.136, 0.201, 0.148 0.156 
30 min 0.156, 0.167, 0.201, 0.135, 0.140, 0.161 0.160 

6 h r  0.130, 0.144, 0.192, 0.202, 0.]68, 0.154 0.165 
24 hr  0.172, 0.155, 0.162, 0.156, 0.170, 0.205 0.170 
24 hr  0.442, 0,378, 0.540, 0.480, 0,385, 0.315 0,42 
24 hr  0.056 (Ho + I~) (8) 

0.00018 
0.00023 
0.00023 
0.00024 
0.00025 
0.00062 
0,00008 

Informat ion generated by Lewis and P lumb (3) indi-  
cates that this medium dissolves the oxide on the sur-  
face and reacts very slowly with the metal. The sample 
was again washed in ethanol and acetone, dried in vac- 
uum, and inserted into the gas extraction system. After 
extract ion of the hydrogen, the degassed sample was 
again immersed in the CrO3-H~PO4 electrolyte for 60 
rnin at 95~ washed in ethanol and acetone, and the 
extraction process repeated. The penetrated hydrogen 
introduced by exposure to water  was taken to be the 
difference between the hydrogen values obtained in 
these two experiments.  

The extraction apparatus consisted of a Vycor r e :  
action vessel, a pa l ladium thimble main ta ined  at 400~ 
through which the hydrogen diffused, an automatic 
Toepler pump, and associated valves and auxi l iary dif- 
fusion pumps. After pumping  the system to 10 -6 Tort, 
the sample was heated to 150~ and main ta ined  at this 
tempera ture  for 1 hr under  vacuum conditions. Any  
gas evolved in this step was pumped to waste and was 
not collected. The purpose of this intermediate  tem- 
perature  t rea tment  was to remove the major i ty  of 
water  from the sample surface to minimize the amount  
of hydrogen formed in the reactor as a consequence of 
the reaction, A1 + HfO = AI.208 + Hf. The aluminum 
was heated rapidly to 600~ and maintained at this 
temperature for 3 hr. The evolved gas was collected 
and its volume measured. In selected experiments, por- 
tions of the gas were removed for mass spectrometric 
analysis. In all cases it was found to be essentially 
pure hydrogen with traces of oxygen, water, and nitro- 
gen. 

As a test of the method, degassed samples were re- 
moved from the extraction vessel, exposed to room air 
for 5 rain, and reinserted into the extraction vessel. No 
hydrogen was extracted under  the same experimental  
conditions normal ly  used. 

The data summarized in  Table I indicate that the 
amount  of hydrogen penetrated into a luminum ap- 
proaches a saturat ion value in less than  10 rain. Corro- 
sion rate data at 100~ are given in  Fig. 1, along with 
three data points taken from the paper by Vedder and 

;r 

V I I o ,'o 'o ;o ~'o ~ . . . .  ;o 'o ,oo 
T,ME or EXPOSURE TO BOlU~ WATER. mNUTES 

Fig. 1. The rate of corrosion of aluminum in boiling water as 
determined gravimetrically. 

Vermilyea (4). It will  be noted that the reaction rate 
is very rapid in the first 10 rain. The weight gain data 
are in accord with the visual observation that gas 
evolves copiously during the first 30-60 sec, suggestive 
of an init ial ly high rate of reaction involving hydrogen 
as a product, and then decreases to the point where the 
surface is only mildly active in catalyzing the forma- 
tion of vapor bubbles. 

The values shown in Table I are not inconsistent 
with the observations of Draley and Ruther  (5) that  
samples of 1100 a luminum exposed to water  at 290~ 
for 2 days contained 0.304 ml of hydrogen/100g of 
a luminum. 

It is l ikely that the observed hydrogen is confined to 
the region close to the surface since etching the sam- 
ples in the CrQ-HsPO4 electrolyte for t imes longer 
than  2 hr resulted in a decrease in the amount  of hy-  
drogen obtained upon extraction. Pro ton-pro ton  scat- 
ter ing exper iments  (6) k indly  carried out on our sam- 
ples by Professor B. L. Cohen of the Univers i ty  of 
Pi t tsburgh provided additional confirmation that the 
hydrogen is concentrated near  the surface. It  is recog- 
nized that a luminum of this pur i ty  is subject to in ter-  
granular  attack (7). In  fact, such in te rgranular  attack 
was observed on samples exposed repeatedly or ex- 
posed for very long periods of time. I t  is not felt that 
hydrogen trapped at the grain boundaries  or oxide 
unremoved at the grain boundaries by the CrO3-HsPO4 
electrolyte is responsible for a major  portion of the 
experimental ly  determined hydrogen. The evidence for 
this viewpoint is that samples used for the first time, 
where in te rgranula r  attack was insignificant, yielded 
similar values for penetrated hydrogen as samples 
used many  times previously. 
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Thermal Oxidation and Electrolytic Etching of Silicon Carbide 
W .  yon Mi inch  and I. P fa f feneder  

Institut A f~r Werksto~kunde, Technische Universit~it, D-3 Hannover, Germany 

Silicon carbide can be oxidized in a manne r  similar 
to that used for the growth of silicon dioxide layers on 
silicon (1, i ) .  The oxide layers on silicon carbide may 
be utilized for various purposes in the technology of 
SiC devices, including junct ion delineation, masking 
for preferential  etching by C12/O2, passivation of p -n  
junctions, and identification of the surface polarity (3). 
Junct ion  delineation is also accomplished by electro- 
lytic etching in HF solution, since this etch is specific 
for p- type material  (4). It is the purpose of this com- 
municat ion to point out that  the oxidation and electro- 
lytic etching techniques are also most useful for the 
discrimination of the polytypes of SiC and the detec- 
tion of doping inhomogeneities in SiC. 

Silicon carbide exists in several different modifica- 
tions (polytypes).  These polytypes can be described in 
terms of different stacking orders of the Si-C double 
layers. Among the most abundan t  types of silicon car- 
bide are the 6 H crystals with a uni t  cell of six Si-C 
layers and hexagonal symmetry  and the 15 R crystals 
(unit  cell with fifteen layers and trigonal symmetry) .  
For technical applications of silicon carbide, therefore, 
it is desirable to have a simple method to discriminate 
between these polytypes. 

A series of oxidation experiments  has been carried 
out with the following experimental  conditions: tem- 
perature, 1070~ time, 6 hr; gas stream, 45 l i t e r /h r  02, 
saturated with H20 at 90~ 

Silicon carbide crystals of the 6 H and 15 R poly- 
types of both conduction types and different doping 
levels were oxidized on the following faces: (0001), 
(11-20), (11"00), and (0001). The position of the low 
index faces of silicon carbide crystals is shown in Fig. 
1. These faces were polished with diamond powder in 
three steps (15, 6, and 1 ~m grain size) prior to the 
oxidation. The surface quali ty was checked by elec- 
t ron diffraction (pat tern of Kikuchil ines) .  

Table I gives the averaged results of about 15 mea-  
surements  taken on each face of the n- type  crystals. 
The oxide thickness was measured with an interferom- 
eter after a s tep-etching and metal l izat ion process. By 
comparison with the interference of nonmetal l ized 
oxide steps it was found that  the refractive index of 
the oxide on silicon carbide is slightly higher than that  
of silicon dioxide; the etch rate is lower by a factor of 
0.6, as compared with silicon dioxide on silicon. 

K e y  w o r d s :  polytypes, junct ion del ineat ion ,  d o p i n g  i n h o m o g e n e -  
ittes.  

Table I. Oxide thickness (in ~) on different faces of n-type SiC 

(O001) (1120) [1100) (0001) 

6 H,n-tyDe 2680 4- 80 1940-4-130 16204-210 310-4-30 
15R, n-type 28104-160 1550-4-420 15904-4-440 3504-60 
All n-type 27404-150  17504-370 1600-4-350 330-4-50 

crystals 

Table II. Oxide thickness (in .~) on different faces of p-type SiC 

(0001) (11"20) (1100) (0001) 

6H,  p-type 2420 1100 1000 450 
15 R, m-type 2200 1360 1270 420 

Table I confirms the we l l -known fact that the oxida- 
tion rate on the carbon (0001) face is about 10 times 
higher than on the opposite basal plane (silicon face). 
An intermediate  oxidation rate is found for the (1120) 
and (1100) planes, as may be expected from the even 
distr ibution of silicon and carbon atoms on such faces. 
There are slight differences of the oxidation behavior 
for 6 H and I5 R material :  the oxidation of the 15 R 
polytype is faster on the <0001> planes but  slower on 
the other two planes. It has to be pointed out that the 
large spread of the experimental  values in Table I is 
not entirely due to experimental  errors, but  also re- 
flects the influence of the doping level of the crystals 
used in this investigation. 

A different oxidation behavior has been found for 
p- type material  (Table I I ) :  for 15 R crystals the oxi- 
dation rate is higher (with respect to 6 H) on the 
(1130) and (1-100) faces, but  lower on the {0001} 
faces. Except for the (0001) faces, all SiO2 layers on 
p- type material  were th inner  than those on corre- 
sponding crystal faces of n - type  ma te r i a l  

Figure 2 gives an example of polytype discrimination 
M 

by the oxidation technique. The (110.0) face of a p- type  
crystal was cut and polished prior to an oxidation 
t rea tment  as described above. Under  these circum- 
stances the interference color of the oxide on the 15 R 
part  of the crystal is light blue, whereas a deep blue 
is seen on the 6 H part. This interpretat ion was con- 
firmed by electron diffraction studies. 

The influence of the donor concentrat ion on the oxi- 
dation rate of 6 H silicon carbide is seen from Table III. 

c 

a3~ 

(1i'00) 

J a2 

7 

a 1 
Fig. 1. Low index faces of silicon carbide crystals 

Fig. 2. Oxidized (1100) face of a p-type silicon carbide crystal 
containing 6 H and 15 R regions. 

642 
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Table III. Oxide thickness (in s on different faces of 
n- and p-type SiC 

(ooo~) (i~o) (~oo) (OOOl) 

6 H. n-tYPe. 
heav i ly  doped 2730 1980 1720 310 

6 H, n- type .  
l ight ly  doped 2560 1830 1330 300 

6 H, p- tyPe  2420 I000 1000 450 

A high donor concentrat ion (n  > 10 is cm -3) obviously 
enhances the thermal  oxidation. The p- type SiC oxida- 
tion data are added in  Table III for comparison. 

Electrolytic etching in a 2:1 mixture  of alcohol and 
40% HF is mainly  used for the delineation of p+p-  and 
n+n- junc t ions  and for those p -n  junct ions where both 
sides are very l ightly doped. The delineation which is 
accomplished par t ly  by surface attack and par t ly  by 
sLaining may be markedly  enhanced by a subsequent 
oxidation. Thus, the combinat ion of electrolytic etch- 
ing and oxidation has been found to be successful for 
the delineation of all junct ions of practical interest. 
Furthermore,  the existence of doping inhomogeneities 
can be revealed by this technique. Figure 3 shows an 
angle lap of an n- type  epitaxial SiC layer on an n- type  
substrate. It is clearly seen that there are impur i ty  
striations in the substrate whereas the doping of the 
epitaxial layer is uniform. 

In  conclusion, it can be stated that the thermal  
oxidation of silicon carbide is a useful tool for polytype 
discrimination. An  unambiguous  determinat ion of the 
polytype (6 H or 15 R), however, is possible only in 
those cases where the dependence of the oxidation rate 
on the conductivity type and the doping level is neg- 
ligible or can be taken into account properly. The 
electrolytic etching technique serves for the delineation 
of impur i ty  concentrat ion gradients. A combination of 
both methods often provides an enhanced contrast. 

Fig. 3. Angle lap of n-type epitaxlal layer on n-type substrate 
(etched and oxidized). 

Manuscript  submit ted Sept. 16, 1974; revised manu-  
script received Dec. 23, 1974. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
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Publication costs of this article were partially as- 
sisted by the Technische Universitiit Hannover. 

REFERENCES 
1. J. A. Dillon, in "Silicon Carbide," p. 235, Pergamon 

Press, New York (1960). 
2. P. J. Jorgensen, M. E. Wadsworth, and I. B. Cutler, 

ibid., p. 241. 
3. R. B. Campbell  and H.-C. Chang, in "Semiconduc- 

tors and Semimetals," R. K. Willardson and A. C. 
Beer, Editors, Vol. 7B, p. 625, Academic Press, 
New York and London (1971). 

4. R. W. Brander  and A. L. Boughey, Brit. J. Appl. 
Phys., 18, 905 (1967). 

Mass Transfer to a Continuous Moving Sheet Electrode 

Der -Tau  Chin *,~ 

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

This article presents a theoretical study of mass 
t ransfer  to a continuous flat sheet moving at high 
speed. Such a system has long been used in the electro- 
t inning  of steel sheets (1) and copper wires (2). It is 
also widely used in other manufac tur ing  industries. 
Typical examples are continuous coming in the fab- 
rication of sheet glass (3) and steel plates (4), and 
the drying process in the paper (5) and the polymer 
film (6) manufac tur ing  industries. 

Despite its wide applications, few studies have been 
reported on this geometry. Sakiadis (7-9) and Kolden-  
hof (10) calculated the laminar  and the tu rbu len t  flow 
boundary  layers on continuous flat and cylindrical 
surfaces. Exper imental  investigations of the flow field 
were made by Tsou, Sparrow, and Goldstein (11) and 
by Griffith (12). Numerical  solutions of the thermal  
boundary  layers on the continuous flat surface have 
been obtained by Tsou et al. (11), Erickson, Cha, and 
Fan  (13), and Rhodes and Kaminer  (14). Erickson 
et  al. also derived an approximate solution for heat 
t ransfer  at larger Prandt l  numbers.  Griffin and Throne 
(15) reported an experimental  s tudy of heat t ransfer  
from a continuous moving belt to air. 

In  this study, an asymptotic solution is derived for 
mass t ransfer  to the continuous moving fiat sheet under  

Electrochemical  Society Act ive  Member .  
i Presen t  address :  Depa r tmen t  of Chemical  Engineer ing ,  Clarkson 

College of Technology,  Potsdam, New York  13676. 
K e y  words: asymptot ic  theory of convect ive  diffusion, l imi t ing  

current.  

laminar  conditions. A curve fitting of Sakiadis's flow 
results is used in the analysis. The solution covers a 
range 0.7 ~ Sc < ~ ;  wi thin  this range, the max imum 
error which occurs at Sc ~ 0.7 is less than  1%. 

Analysis 
Consider a continuous semi-infinite flat sheet elec- 

trode moving with a constant velocity, Us, through a 
stationary electrochemical cell. The sheet enters the cell 
through a watertight slot at one end of the cell and 
leaves the cell at the opposite side through a second slot 
as shown in Fig. I. The motion of the solid surface in- 
duces a flow of the adjacent electrolyte along the di- 

1 
~ x U s L I 

Electrochemical Cell "~ 

Fig. I. The continuous moving sheet electrode and the fixed 
space coordinates x and z. The electrode is moving through a cell 
of length /- with a constant velocity Us. The induced flow boundary 
layers are designated by the dashed curves. 
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rection of the sheet movement.  This creates a flow 
boundary  layer that originates at the inlet  slot and 
grows in thickness along the direction of the sheet 
movement,  To analyze mass t ransfer  in such a system, 
we shall make the following assumptions: (i) the 
sheet is moving at a sufficiently high speed to permit  
application of the boundary  layer  solutions; (it) the 
electrolyte flow in  the vicinity of the moving sheet 
electrode is laminar  in  nature;  (iii) the cell is long 
and deep enough so that  the effect of the cell wall 
on the flow boundary  layer is negligible; (iv) sufficient 
inert  salt is present in the electrolyte so that the mi-  
gration flux of the diffusing ion in the electric field 
can be neglected (this assumption also applies to 
b inary  electrolytes);  (v) physical properties of the 
electrolyte are constant;  (vi) the effect of gravita-  
tional force on the diffusion field is negligible. 
Under the steady-state conditions, the system can 
be described with a set of fixed coordinates, x and z. 
Here x is the l inear  distance from the inlet slot and 
points toward the direction of the sheet movement ;  z 
is the perpendicular  distance from the sheet surface. 
The equation of convective diffusion to the moving 
electrode then takes the form 

OC OC 0"C 
u--+v--=D [i] 

Ox Oz ~z 2 

Here u and v are the velocity components of the elec- 
trolyte along the x- and the z-directions, respectively; 
C and D are the concentrat ion and the diffusivity of 
the diffusing ion. The boundary  conditions are 

at  z----O, C- - - -Co  

a t z - ~  co, C=C~ I [2] 
at x-:O, C = C~ 

Equations [1] and [2] imply that under  the steady- 
state conditions, the diffusion layer in  the electrolyte 
can be regarded as a funct ion of fixed-space coordi- 
nates only, even though it is adjacent to a moving solid 
boundary. An observer fixed in space would note that 
the concentrat ion of the diffusing ion at every point in  
the surrounding electrolyte is not changing with time 
regardless of an ever-changing electrolyte/electrode 
interface because of the sheet movement.  This condi- 
tion is analogous to those occurring on a rotat ing disk 
(16) and rotat ing sphere (17). 

Introducing a similari ty transformation,  ~l, and a 
stream function, f (n) ,  defined as (9) 

n = z ~ [3] 
y x  

u = u J '  (n) [4] 

V ~U~ [~f'(n) - / ( ~ ) ]  [5] 
1 

V - -  - -~  X 

the equation of convective diffusion may be reduced 
to a l inear  second-order ordinary differential equation 

d~@ 1 d@ 
- -- " - "  0 [6]  d ~  + 2 -  So f dn 

where v is a dimensionless concentrat ion defined as 

C - - C .  
r - -  [7]  

Co -- C~ 

and Sc is the Schmidt number  defined as the ratio 
of the kinematic viscosity of the electrolyte, ~, to the 
diffusivity of the diffusing ion, D. The boundary  con- 
ditions are now changed to 

a t ~ l = O ,  r  
[8] 

a t ~  oo, ,~ = O, 

Curve fitting for the stream ]unction.--To solve Eq. 
[6] analytically, one needs a mathematical  expression 
for the stream function, f(~l). The flow boundary  layer 
on a continuous moving flat surface has been calculated 
numerical ly  by Sakiadis (9). In this analysis we have 
found that his tabulated values of the stream function 
can be represented by the following relat ion 

f ---- 1.6160511 -- e - , ( 1  ~- 0.381207~1 + 0.0185019~12 

- -  0.00543507~] z) ] [9] 

Figure 2 shows the close agreement  between Eq. [9] 
and Sakiadis's calculations. In  the next  section, Eq. 
[9] is used in the integrat ion of Eq. [6]. 

Asymptotic soIutions.--To find a simple solution for 
the convective diffusion equation, we follow the pro- 
cedures i l lustrated by Chin (18-20), and assume that r 
can be represented by an asymptotic series in the de- 
scending powers of Sc 

1 1 1 

= r + ~ r  + --~c ~2 + S--TVr + . . . .  ; 

(for Sc >> i) [I0'] 

Here r ~i, ~2, and ~3 are called the zeroth, the first, 
the second, and the third order solutions, respectively, 
of the convective diffusion equation. They are func- 
tions of a stretched coordinate, ~, defined as 

V Us [II] 
~- Scl/2rl -- z Dx 

Subst i tut ing Eq. [9]-[11] into Eq. [6], expanding the 
exponential  function in the stream function, f, into a 
power series of Sc, and then equating the terms having 
the like powers of Sc in the resulting equation, we 
have 

d2r 1 de0 
- -  -i- ~-- ----- 0 [12] 

d~ 2 2 d~ 

d2r 1 dr de0 
+ f ~  = 0.110937 f2 [13] 

d------Tz d ~  df 

d2r + ~ ~ dr 0.110937~ d~l [14] 
dC d$ d~ 

~0 

. . . . . . . .  

0 1 2 3 4 5 6 7 
7/ 

Fig. 2. The stream f u . c t i o ,  t anti its deriv~tiYe t '  

i 
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d2~3 1 dr d~2 
. _ _  _ _  =0.110937} 2 -  

d}~ + 2  ~ d} d} 
de0 

--0.00580312 (4.._~__ [15] 

Equations [12]-[15] are subject  to the following 
boundary  conditions in accordance with Eq. [8] 

at ~ = 0 ,  ~0----1 1 

r : r  : '~3 : 0 i [16] 

Equations [12]-[16] can be integrated analyt ical ly to 
give the following solutions 

~ 0 - - e r f c  ( ~ )  [17] 

~ 2  - _ o :0 00000 

r  ( ~ 2 )  

- -  e 4 (0.0278576 -- 0.0462903~ + 0.00696441~ 2 

r -- -- 0.00747613 erfc ( ~ - )  

~2 

+ e 4 (0.0.0,747613 -- 0.00772613~ -~ 0.00186903~ 2 

- -  0.00128769~3 + 0.000516273~ 4 

- -  0.000128769~ 5 + 0.000152158~ 6 + 0.00000950988~ s) [20] 

Here erfc designates the complementary error  func-  
tion; its numerica l  values and related properties are 
tabulated in Abramowitz  and Stegun (21). Thus the 
concentrat ion profile in  the diffusion layer  can be 
calculated for systems with Sc > >  1. 

The local mass flux at the electrode surface is re- 
lated to the concentrat ion gradient  by 

j = -- D : k ( C o - -  C~) [21] 
;g~0 

where k is the local mass t ransfer  coefficient. The con- 
centrat ion gradient  at the surface can be obtained by 
differentiating Eq. [10] and Eq. [17]-[20]. The local 
Sherwood number ,  Shx, defined as kx /D,  can now be 
calculated from the following equat ion 

( Sh= ---- = Rzz/zSc 1/2 0.56419 Sc 1/2 

0.03'0573 0.0035082 ) 
S-----~ + Sc 3/2 -]- - - -  [22] 

where Rx is the local Reynolds number  defined as 
U~x/v. For a cell of length L, the average Sherwood 
number  can be obtained by integrat ing k over the 
electrode surface. The result  is 

( Sh = = Rel/2Sc 1/2 1.12838 Sc 1/2 

0.061147 . . . .  0.070164 ) 
- -  S-'---~ ~- Sc8/~ " W [23] 

Here K is the geometrical average of k, and Re is the 
Reynolds number  defined as U~L/,. 

Discussion 
For a uni form surface temperature,  Tsou, Sparrow, 

and Goldstein (11) have made numerical  calculations 

Table I. Comparison of the present analysis with previous 
numerical solutions 

Sh~/x/R=Sc 

T s o u  et  al., E r i c k s o n  et  al. ,  
P r e s e n t  r e su l t ,  n u m e r i c a l  a p p r o x i m a t e  

S c  Eq.  [223 so lu t i on  s o l u t i o n  

0.7 0.4140 0.4174 
1.0 0.4430 0.4438 

10 0.5315 0.5314 
100 0.5545 0.5545 

0.5642 0.53 

at several Prandt l  numbers  for the rate of heat t ransfer  
from a continuous moving flat surface. A n  approxi-  
mate solution was derived by Erickson, Cha, and Fan  
for large Prandt l  numbers.  Since the Prandt l  number  
is equivalent  to the Schmidt number  used in mass 
transfer, we may use these point solutions to estimate 
the accuracy of the present analysis. The comparison 
is given in Table I, where values of Shz / \ /R xSc  ob- 
tained from the three analyses are tabula ted for Sc 
(or Pr)  at 0.7, 1, 10, 100, and oo. It  is seen that  for Sc --~ 
10, there is essentially no difference between the pres- 
ent results and those of Tsou et at. The present  asymp- 
totic solution is based on Sc > >  1; however, at Sc ---- 
0.7, the value computed from Eq. [22] agrees with the 
numerical  calculation to wi thin  0.8%. At Sc ---- 1, the 
agreement  between the two sets of values is within 
0.2%. Thus, we may say the rate expressions given in 
the forms of Eq. [22] and [23] are valid for the 
Schmidt number  greater than  0.7; wi thin  this range the 
accuracy is better  than 99%. For large Schmidt n u m -  
bers, the approximate solution of Erickson et at. is 
about 5% smaller  than the asymptotic results. 

At large Schmidt numbers,  Eq. [22] can be simplified 
to 

Shx ---- 0.5642 Rxl/2Sc 1/2 [24] 

This equation states that  the local Sherwood number  
is proportional to the square root of the Schmidt n u m -  
ber. This is the most significant result in the present 
analysis. For most other known flowing systems, such 
as pipe flow, flat plate, or rotating disk, the rate of 
laminar  mass transfer is invar iably  proportional to the 
cube root of the Schmidt number.  The square root 
relation gives the continuous moving sheet an ad- 
vantage on the t ransfer  rate at high Schmidt numbers.  
Although there has been little experimental  investiga- 
t ion of the continuous moving sheet electrode, this ad- 
vantage in the mass t ransfer  rate shows a great prom- 
ise for potential  applications in electrochemical as well 
as other industr ial  processes. 

Conclusions 
In  conclusion, we have obtained an asymptotic 

theory for mass t ransfer  on a continuous moving sheet 
electrode. The theory is vaild for Sc ~-- 0.7; within this 
range the accuracy is better  than 99%. It is shown that 
at large Schmidt numbers,  the Sherwood number  is 
proportional to the square root of the Schmidt number,  
ra ther  than the usual  cube root relations. 
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LIST OF SYMBOLS 
C concentrat ion of the diffusing ion, g-mole/cmS 
Co concentration of the diffusing ion at the electrode 

surface, g-mole /cm 3 
Ca bulk concentrat ion of the diffusing ion, g -mole /  

cm a 
D diffusivity of the diffusing ion, cm2/sec 
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f dimensionless stream function defined in Eq. [4] 
and [5] 

j local rate of mass flux at the electrode surface, 
g -mole /cm 2 sec 

k local mass t ransfer  coefficient defined in Eq. [21], 
cm/sec 

K geometric average mass t ransfer  coefficient, cm/  
see  

L length of the continuous moving sheet exposed to 
the electrolyte in the cell, cm 

Rx local Reynolds number  based upon the surface 
distance measured from the leading edge of the 
flow boundary  layer. For the continuous moving 
sheet electrode, it is defined as Usx/~, dimension-  
less 

Re Reynolds number  based upon the electrode 
length L, UsL/v, dimensionless 

Sc Schmidt number  defined as p/D, dimensionless 
Sh average Sherwood number  defined as KL/D, di- 

mensionless 
Shz local Sherwood number  based upon the surface 

distance measured from the leading edge of the 
flow boundary  layer. For the continuous moving 
sheet electrode, it is defined as kx/D, dimension-  
less 

u velocity component of the electrolyte along the 
direction of the sheet movement,  x, cm/sec 

Us velocity of the continuous sheet moving through 
the electrolyte, cm/sec 

v velocity component of the electrolyte normal  to 
the electrode surface, cm/sec 

x a fixed space coordinate measured from the point 
where the continuous sheet electrode enters the 
electrolyte, and points toward the direction of 
the sheet movement,  cm 

z a fixed space coordinate measured perpendicular  
to the surface of the continuous sheet electrode 
a similari ty coordinate defined as z ~/Us/~X~ di- 
mensionless 
kinematic viscosity of the electrolyte, cm2/sec 
a stretched coordinate for the diffusion boundary  
layer defined as Sc~/2~ or z ~/Us/Dx, dimension-  
less 

dimensionless concentrat ion defined as (C -- C| 
(Co -- C~) 

r r r r the zeroth, the 1st, the 2nd, and the 3rd 
order solutions of ~, as defined in Eq. [10], di- 
mensionless 
differentiation with respect to 
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Com un ca, ons 

An Investigation of a Nickel-Tin Electroplating 
Solution by Laser-Raman Spectroscopy 

B. E. Wynne, z J. M. Sykes, 2 and G. P. Rothwell 

Cambridge University, Department of Metallurgy and Materials Science, Cambridge, England 

Nickel- t in  alloys can be electrodeposited from solu- 
tions containing nickel chloride, stannous chloride, and 
ammonium bifluoride (1). These solutions are unusua l  
in that over a wide range of solution compositions and 
plat ing conditions, the deposit contains approximately 
equiatomic proportions of nickel and tin. Unlike cast 
alloys, which at equiatomic composition contain equal 
mole fractions of NisSn2 and Ni3Sn4, the electrode- 
posited alloy is composed of a single intermetal l ic  com- 
pound NiSn (2). Anomalous behavior  is also observed 
in the deposition process: the alloy is deposited at low 

1 Present  address: Lancas ter  Universi ty,  Depar tmen t  of Sociology, 
Lancaster, England. 
2Present address: Sunderland Polytechnic, Sunderland, County 

Durham,  England, 
K ey  words:  alloy deposition, nickel-tin,  solution analysis, mech-  

anism, complex ions. 

overpotential  and with very high current  efficiency, 
whereas Ni and Sn deposited alone show quite differ- 
ent behavior. 

Because the nickel and t in ions tend to deposit in a 
1:1 ratio, it has been suggested (3) that  they might be 
associated in the plat ing solution, possibly as an un -  
charged complex species NiSnF4. Brook, Davies, and 
Price (4) have found very low transport  numbers  for 
nickel ions in this solution and suggest that  this result  
supports such an idea. 

Rau and Bailar (5) measured the refractive index 
of solutions containing Ni ++ and Sn ++, using the 
method of continuous variations, and found a max imum 
deviation from ideal behavior at a Ni + + :Sn  + + ratio of 
1:1 provided that at least one fluoride ion per Ni + +- 
Sn + + pair was present. They suggest that the Ni + + 
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and Sn + + ions are associated by means of at least one 
fluoride bridge. However, measurements  of absorption 
by the Ni ++ ions at 2500 cm-1 in similar solutions, 
using a Pye-Unicam SP800 ul traviolet  spectrophotome- 
ter failed to detect any such deviation or any shift in  
the absorption peak (6). 

In  solutions containing SnC12 and excess chloride, the 
complex ions SnC13- (and possibly SnC]4 =) are pro- 
duced. These have been shown to be powerful ligands, 
which form stable complexes with organometallic com- 
pounds and with plat inum, iridium, rhodium, and rhe-  
n ium (7-9). The p l a t i num- t in  complexes have been 
isolated in the solid state and the crystals are believed 
to contain p l a t i num- t in  bonding. If, as might be ex- 
pected, similar complexes were formed with Ni + + ions, 
this would radically al ter  the electrodeposition process 
and could well explain the abnormal  stabil i ty of the 
1:1 intermetall ic  compound. 

Experimental 
In laser -Raman spectroscopy the solutions are i r-  

radiated with a coherent monochromatic light beam 
which will  excite vibrat ions or rotations in  the bonds 
between the atoms or ions in solution. Energy is lost 
from the quanta  of incident radiat ion and new quanta  
of lower frequency are found in the scattered radiation. 
The frequency shift is a characteristic of the vibrat ional  
mode which is absorbing energy. 

For the present  tests, solutions were prepared con- 
taining nickel, tin, or mixtures of both, together with 
40 g/ l i ter  of ammonium bifluoride (Table I).  pH was 
adjusted in all cases to 2.5 by the addition of small 
quanti t ies of concentrated hydrochloric acid. The solu- 
tions were irradiated in an 8 cm capil lary with an 
argon-ion laser (wavelength 5145A), and Raman spec- 
tra plotted at least 6 times on a Cary Laser -Raman 
Spectrophotometer at a scan rate of 50 cm-1 /min .  

The frequencies of the characteristic peaks observed 
for solutions of Ni ++ or Sn ++ alone were found to 
shift in solutions containing mixtures  of Ni and Sn 
(Table II) .  The peaks at 270 and 390 cm -1 due to 7ar i -  
ations in the bonds between Ni 2+ and H20 in the 
hexaquo-cat ion were shifted by about 25 cm -1 when 
t in was added (although this was masked with an ex-  
cess of nickel present) .  Similar ly  the peaks due to 
Sn + + - F -  bonding were shifted by  10-25 cm-~ by the 
addition of Ni 2+. However, no new peaks were ob- 
served. 

Table I. Solutions for laser-Raman spectroscopy 

Concentrations 

Solution 
No. SnCl2 (M) NiCls (M) 

1 0 2 
2 2 0 
3 0.5 2 
4 0.5 0.5 

Table II. Characteristic peaks observed by laser-Raman 
spectroscopy 

F r e q u e n c y  
( c m - )  

S o l u t i o n  
No.  1 2 3 4 5 6 

1 270 390 -- -- -- -- 
2 - -  - -  310 260 140 120 
3 275 390 320 - -  145 
4 295 415 325 285 150 140 

Ni++-H~O bonding Sn++-F - bonding 

Discussion 
From the absence of new peaks characteristic of 

meta l -metal  bonding in the Raman spectra for Ni -Sn  
solutions, we infer that  such bonding is absent in these 
solutions. The shifts in frequencies associated with met-  
a l - l igand bonding suggest that there is some interaction 
between the nickel and fluostannite ions, possibly by 
the type of fluoride bridging discussed above (5). Had 
strong meta l -meta l  bonding been observed, this would 
have provided an attractive explanat ion for the forma- 
tion of the equiatomic NiSn intermetall ic  compound; 
however, it seems improbable that  the observed weak 
metal - l igand association would be an overriding factor 
in controlling the electrodeposition process. 
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Electrochemical Current Balance with the 
Hydrogen-Palladium System 

M. A.  F u l l e n w i d e r *  

R.K.P.  Industr ies ,  Incorporated,  A l l e n t o w n ,  Pennsy l van ia  18103 

The hydrogen-pal ladium system has attracted much 
at tention in the past because of its unique  properties. 
Pal ladium diffuses larger quanti t ies of hydrogen than 
any other metal and when hydrogen loaded has a rest 
potential 50 mV anodic to the reversible hydrogen po- 
tential. The system was the subject of the first applica- 
tion of the bi-electrode technique (1). The present  
paper describes novel, current  balance experiments 
with the system allowing a rigorous check on some of 
the assumptions and conclusions of previous investiga- 
tors. Previously it was assumed, for one thing, that the 
diffusion coefficient was independent  of concentration. 
Nanis and Namboodhiri  (2) recently reported the de- 
pendence of the diffusion coefficient upon concentration 
for the hydrogen- i ron  system where such behavior 
had, previously been unsuspected. This paper describes 
a new technique for the detection of this type of be- 
havior and its use with the hydrogen-pal ladium sys- 
tem. The method also allows a direct determinat ion of 
surface coverage to be made. Unti l  now, surface cover- 
age with the hydrogen-pal ladium system was only 
accessible through anodic stripping, and it was never 
certain whether  or how much the equi l ibr ium between 
adsorbed and absorbed hydrogen was affected during 
the anodic str ipping time interval.  

Exper imenta l  T e c h n i q u e  
The method employed was the bi-electrode tech- 

nique, which has been described elsewhere (1). Pre-  
vious to the present study, current  balance had not 
been attained, that is, the cathodic steady-state current  
was always larger than  the anodic current.  Current  
balance was obtained here by simply modifying the 
gasket holding the pal ladium membrane  so that there 
was a l ine seal about the aperture on the two sides 
of the membrane.  All membranes  were annealed at 
900~ in an atmosphere of purified argon for 2 hr  prior 
to experiment  and were 7 X 10 -3 cm in thickness. Po- 
tential  control was effected with two de Ford type 
electronic potentiostats. 

Analys is  
The rat ional  of the method can be understood by 

referr ing to Fig. 1-3. In Fig. 1 and 2 typical anodic 
and cathodic traces are shown. Prior  to t ---- 0 both 
sides of the membrane  are at 300 mV anodic to the 
reversible hydrogen potential, and no hydrogen is 
present;  at t ----- 0 the cathodic side of the membrane  is 
brought to, in  this case, a potential  o f  136 mY, in t ro-  
ducing hydrogen at this side; at h, some time after 
equi l ibr ium has been established, the anodic side is 
raised to the same potential  as the cathodic side, pro- 
ducing a uniform concentration profile; and at t2 both 
sides are again taken to 300 mV, extracting all of the 
hydrogen. 

Now assuming a steady-state profile at tz of the type 
shown in Fig. 3, in the event that material  balance is 
attained, it is possible to define some quantities. Again 
referr ing to Fig. 1 and 2 we have 

S S: o Jcd t  -- JAdt -: ~z = r ~- Co5' -+- C0b/2 [1] 

and 

~ Jcdt -- S:=JAdt -~ h2 ---- 2r -}- Co(b" ~- 5) [2] 

�9 Electrochemical Society Active Member. 
Key words: hydrogen diffusion, concentration dependent diffusion, 

rate limitation. 
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o r  

A2 -- 2hz = -- CoS' [3] 

where 8' is some undefined distance into the mem-  
brane, 6 is the thickness of the membrane,  Jc is the 
cathodic current,  JA is the anodic current,  r is the 
surface coverage, and Co is the max imum hydrogen 
concentrat ion wi thin  the membrane.  Also we have a 
quant i ty  

I ~ I ;  ~8 = Jcdt + JAdt [4] 
t2 2 

which should be equal to ,~2, the total amount of hy- 
drogen in the membrane at saturation. 

If the quantity 22 -- 2~i is negative the profile is of 
the type shown in Fig. 3 (D increases with increasing 
concentration), if it is zero the profile is linear (D is 
independent of concentration), and if it is positive 
the profile is concave upward (D decreases with in- 
creasing concentration). 

In the case that the diffusion coefficient is inde- 
pendent of concentration the following relation holds 
for t < h (4) 

Jcdt  -- JAdt = r + ~2JA/2ID --1- (~4/4!D2)ddA/dt 

+ (86/6!D3)d2JA/dt2 -t- . . . . .  [5] 
or at t~ 

Jcdt -- JAdt = r -}- ~JA/2D [6] 

where D is to be determined from the shape of the 
anodic transient by suitable mathematical analysis. 
There are two possibilities for the quantity Jt/J,, the 
fractional attainment of steady-state anodic current. 
If it is the case that there is no rate limitation at the 
cathodic surface, that is, that there is a step funcion 
in concentration at this side at t ---- 0, the result is 
(3, 4) 

Jt/J= -- Oo(O,Dt/52) [7] 
o r  

Jr~J| [26 / (~Dt)  1/2] ~ ( - -1)  TM 

r~ =O 

exp [-- (2m + 1)'252/4Dt] [8] 

where 0o is one of the theta functions listed by 
Doetsch (5). If, on the other hand, there is rate l imi-  
tat ion at this surface, then there will be a flux step 
function at t = 0, and we will  have for the same 
quant i ty  (4) 

1' Jt/J= -~ 1 --  81 (u/2 ,Dt /52)  du [9] 

o r  

Jr~J= ---- 1 -- (4/=) ~ [ ( - - 1 ) m / ( 2 m - F  1)] 
m = 0  

exp [--=~-(2m + 1)2Dt/452] [10] 

The two expressions can best be compared according 
to the value of Dt/52 corresponding to Jt/J| =- 0.5. We 
will call this quant i ty  Dt~/2/52, and we have from 
Eq. [8] 

Dtl/2/5 2 = 0.14 [11] 

and from Eq. [10] 
Dtl/2/82 ---- 0.38 [12] 

Results and Discussion 
Figure 4 shows plots of Eq. [8] and [10], normalized 

about tl/2, together with a typical experimental  anodic 
transient.  The exper imental  data can be seen to fit Eq. 
[10]. Equat ion [10] predicts a slower diffusion rate 
than Eq. [8], the equation normal ly  used, and this im-  
plies the presence of a "rate l imitat ion" at the cathodic 
surface of a slightly different na ture  but  in the same 

8 

1.0: 

0.8 

0,6 O ~  
0.4 

Eq.(I 

o.z / ~  Eq. (8) 

/ /  
o ~ ~ I I I I 0 0.4 0.8 1.2 1.6 2.0 

Time (h/2) 
Fig. 4. Fractional attainment of steady-state current as a func- 

tion of half rise time (JJJ| vs. time). 

sense as Smits (7). On the other hand, previous in-  
vestigators (1, 6) used a concentrat ion step function 
mode], in the analysis of their data. This would result  
in an underest imat ion of the value of the diffusion 
coefficient. 

In  Table I are listed a typical set of values of the 
quanti t ies al, 42, and ~:3 at various potentials. The 
difference -~2 -- 2-~t is positive for all but  the most 
anodic of potentials where it is zero, i.e., the diffusion 
coefficient decreases with increasing concentration. Also 
-x2 agrees fairly well with -%. The decrease of the diffu- 
sion coefficient can easily be rationalized as being 
due to the blocking of diffusional pathways at higher 
concentrations. It is interest ing that the results of Nanis 
and Namboodhiri  (2) showed an increase of the dif- 
fusion coefficient of hydrogen in iron with concen- 
tration. 

Also listed in Table I are values of r calculated from 
the relation, following from Eq. [1] and [6] 

r = ,-11 - 52JA/2D [13] 

where the difference ~2 -- 2• is zero and the rela-  
tions hold. It  is not possible to obtain r by simple anal-  
ysis at more cathodic potentials, r can be seen to be 
approaching a monolayer  at about 210 inV. Previously 
(6), a much lower value for Y was reported in this po- 
tential  region, and thus it would appear that  the value 
of the anodic str ipping time used here was not long 
enough, i.e., a large part  of the hydrogen on the sur-  
face at this potential  was missed. 

The diffusion coefficient in the l inear  region was 
calculated from Eq. [12] to be 4.5 X 10 -7 cm 2 sec -1, 
slightly larger than values previously reported which 
were in the range (1.3-3.1) X 10 -7 cm2 sec-1. We can 
only conclude that all previous determinations of the 
diffusion coefficient were either made ]n the concen- 
t rat ion dependent  region, or involved an incorrect 
mathematical  model. 

Table I. Various integrals and surface coverages at different 
potentials 

E, mV, At, cou- A3, eou- A3, coU- 1 ~, cou- 
RI-IE lombs cm -2 lombs cm -2 lombs cm -e lombs cm -3 

74  1.8  x 10 -2 6 .8  x 10  -3 7 .4  x 10  -~ 
93  7 .5  x 10 -s  2 . 9  x 10  ~ 3 .5  x 10 "r 

117  4 .0  • 10  ~ 1.1 x 10 -2 1.3 • 10  -3 
133  2 .4  x 10 -s  7 .6  • 10 "~ 7 .7  • 10  -3 
154 1.6 • 10 -3 3.5 • 10 ~ 3.4 • 10 -~ 
174 8.9 x 10 -4 1.9 x I0 -a 1.7 • 10 -~ 
197  4 .7  X 10 -4 9 .7  X 10 -4 8 .0  • 10 -4 
2 1 2  2 .1  X 10 ,4  4 . 2  X 10 -~ 5 .0  X 10 ~ 
2 3 7  8 .5  X 10 -5 1 .9  X 10 4 1.8 X 10  -~ 

1.3 x 10 ~ 
6.0 x 10 -~ 



650 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  May I975 

Acknowledgments 
The author  would  l ike  to thank  Professor  E. Schmidt  

for helpful  discussions dur ing the course of the work  
and Dr. H. S iegentha ler  for help wi th  the electronic 
ar rangements .  

Manuscr ip t  submi t ted  Ju ly  26, 1974; revised manu-  
script  received Dec. 16, 1974. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Sect ion to be publ ished in the December  1975 
JOURNAL. All  discussions for the  December  1975 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1975. 

Publication costs o] this article were partially as- 
sisted by R.K.P. Industries, Incorporated. 

REFERENCES 
1. M. A. V. Devanathan  and Z. Stachursky,  Proc. Roy. 

Soc., A270, 90 (1962). 
2. L. Nanis and T. K. G. Namboodhir i ,  This Journal, 

119, 691 (1972). 
3. J. McBreen, L. Nanis, and W. Beck, ibid., 113, 1218 

(1966). 
4. E. Schmidt  and H. Siegenthaler ,  Helv. Chim. Acta, 

53, 321 (1970). 
5. G. Doetsch, "Tabl len  zur Laplace-Transformat ion ,"  

Spr inger  Verlag, Ber l in  (1947). 
6. V. Breger  and E. Gileadi,  Electrochim. Acta, 16, 177 

(1971). 
7. F. M. Smits, Proc. I.R.E., 46, 1049 (1958). 

Erratum 
In  the paper  "German ium-Doped  GaAs  for P - T y p e  

Ohmic Contacts" by  D. R. Ketchow which appeared  on 
pp. 1237-1239 in the  September  1974 JOURNAL, VO1. 121, 
NO. 9, Ketchow has publ ished data  on the hole concen- 
t ra t ion p in degenera te  Ge-doped  LPE GaAs (p < 

5 X 1019 cm-3) .  D. L. Rode, R. L. Brown, and D. I~ 
Ketchow have rede te rmined  p for s imilar  g rowth  con- 
ditions (800~ 6~ to s tudy the apparen t  var ia t ion  
wi th  or ienta t ion of the d is t r ibut ion  coefficient be tween  
(100) and ( l l l ) B  substrates.  The la rger  values of hole 
concentrat ion repor ted  ear l ie r  (see sample No. Bl13 
and Bl15 of Ketchow in the art icle ment ioned above) 
for degenerate  ( l l l ) B  subst ra tes  compared  to (100) 
substrates  are  in e r ror  due to inaccurate  de te rmina t ion  
of the Hall  coefficient. At  the l iquidus concentra t ion 
44.5 a /o  Ge, Rode, Brown, and Ketchow obtain p ~- 
5.09 (___0.27) • 1019 cm -3 for ( l l l ) B  GaAs (p : 

8.2 • 1019 cm -~ repor ted  previously  by  Ketchow in the  
above-ment ioned  ar t ic le) .  Previous  values  for Hall  
mobi l i ty  remain  unaffected wi th in  exper imenta l  e r ror  
(see Table I) .  The present  values of hole concentrat ion 
for (111)B substrates  are essent ia l ly  equal  to those for 
(100) substrates  wi th in  exper imenta l  error.  

Table I. Composition and electrical data of semi-insulating 
substrate samples 

S s m -  
ple  
NO. 

Ge con- 
een t r a -  Hole  con- Ha l l  L a y e r  
t i on  in  c e n t r a t i o n  m o b i l i t y  t h i ck -  

Or ien-  so lu t ion  a t  25~ at  25r ness  
ra t ion  (a/o)  (cm - - s )  (cm2/V sec) (um) 

B114 (111) 44.5 5.33 • 10 I~ 16.8 1.00 
B l 1 5  (111) 44.5 5.12 • 10 ~9 16.6 1.25 
Bl17 (111) 44.5 4.82 x 10~9 16.9 1.43 
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Anodic Oxidation of GaAs as a Technique to Evaluate 

Electrical Carrier Concentration Profiles 

H. Miiller, *'l F. H. Eisen} and J. W. Mayer':: 
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ABSTRACT 

An anodic oxidation process of p-  and n- type  GaAs, using a constant cur-  
rent  source, is described. Homogeneous and reproducible oxide layers were  ob- 
tained using N-methylace tamide  adjusted to a pH value of 8.3 by NH4OH. For 
chemically polished and etched surfaces, oxide growth was found to be 20.2 
A / V  and the amount  of GaAs consumed in the oxide was 13.4 A/V.  This 
technique has been successfully applied to differential sheet resist ivi ty and 
Hall  measurements  on ion- implanted  semi- insulat ing GaAs. 

The anodic oxidation of GaAs offers several  interest-  
ing applications wi th  respect  to planar  device technol-  
ogy, e.g., masking, surface passivation, and removal  of 
surface damage. Successive, control led layer  removal  
can be applied to the determinat ion of electrical carr ier  
concentrat ion profiles in ei ther thin epitaxial  layers or 
in ion- implanted  GaAs. Recent ly several  publications 
have reported the possibility of nat ive oxide growth on 
n-  and p- type  GaAs. Logan et al. (1) used a concen- 
t rated (30%) H202 electrolyte,  which was adjusted to 
a pH value of 2 using I-~PO4. A constant voltage source 
applied for a t ime period of 10 min produced oxide 
thicknesses proport ional  to the applied voltage. Com- 
position analysis by Fe ldman et al. (2) combining He 
backscattering and He- induced x- rays  showed the films 
to be deficient in As wi th in  200A of the surface and 
with a Ga :As  of approximate ly  1:1 for the rest of the 
oxide. 

Dell 'Oca et al. (3) reported on anodic oxidation in 
a di lute aqueous ammonium pentaborate  solution using 
a constant current  source. They found that  oxide for-  
mation at constant vol tage will  in general  lead to films 
of nonuniform thickness. Revesz and Zaininger  (4) 
reported on anodization in acetic anhydride saturated 
with  KNO~ and observed severe pit t ing owing to s imul-  
taneous dissolution of the films. Simultaneous growth 
and dissolution of anodic oxide films were  found by 
Harvey  and Kruger  (5) in their  studies of the mech-  
anism of layer  formation. Dissolution of the anodic ox-  
ide film was shown to be rapid in strongly acidic solu- 
tions. However ,  to use anodic oxidation for reproduci-  
ble layer  removal,  it is necessary to minimize oxide 
film dissolution during the anodization process. This 
is important ,  for example,  in de termining electrical 
profiles in diffused or implanted GaAs samples. 

The application of a constant voltage source in an 
anodization process in general  has some disadvantages. 
Since the cell vol tage is used as a reference  for the 
oxide thickness, vol tage drops across the electrolyte  
arid contact resistance have to be small  compared to 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P e r m a n e n t  a d d r e s s :  L e h r s t u h l  Fuer  In tegr ier te  Schal tungen 

T e c h n i s c h e  D'n ivers i tae t ,  M u n i c h ,  Germany .  
~-Science Center ,  R o c k W e U  I n t e r n a t i o n a l ,  Thousand Oaks, Califor- 

nia, 91360. 
K e y  words:  ga l l ium arsenide,  anodie oxidation, implanted  carr ier  

c o n c e n t r a t i o n  prof i l es ,  

the voltage drop across the oxide layer. This will  be 
satisfied if the final current  flowing through the l ayer  
is small enough not to cause significant voltage drops. 
The resist ivity of the electrolyte  can be determined 
independently,  but contact resistance may depend on 
substrate doping and may  not be reproducible f rom 
sample to sample for a par t icular  alloy process. As a 
second parameter  either the anodization time, in Ref. 
(1), 10 rain, or the final current  has to be used to 
define a cutoff condition. These difficulties do not arise 
with a constant current  source, since the initial vol tage 
is a measure both for voltage drops across the electro-  
lyte and contact resistance and the difference be tween  
initial voltage and cell vol tage can be direct ly  used as 
a reference for the oxide thickness. 

In this paper we describe a procedure, which allows 
the use of a constant current  source. N-methy lace ta -  
mide, which is a common electrolyte  for silicon (6-8) 
was found to be applicable to GaAs. Details of the 
anodization process are given. The influence of various 
adjusted pH values of the solution on oxide growth or 
etching will  be described. The main emphasis in de- 
veloping the anodic oxidation technique was put on 
the application to successive layer  removal  on ion im-  
planted GaAs. Sheet  resist ivi ty and Hall-effect  mea-  
surements  and layer  removal  were  performed in situ 
and will  be demonstrated for su l fur - implanted  semi-  
insulating GaAs. 

Experimental Techniques 
The mater ia l  used for evaluat ion of the anodic oxi-  

dation process was general ly  <111> oriented, n- type  
GaAs, silicon doped with a net donor concentrat ion of 
1018 cm -~. Usually the anodizations were  carried out 
on a chemically polished A face. Other samples were  
etched in a solution of 3H2SO4:lH202:2H20 at 0~ 
(etch rate ~ 1000 A/sec)  and about 1 ~m was removed.  
Growth rates were  compared on a few samples of p- 
type mater ia l  of <100> orientat ion with a net acceptor 
concentrat ion of 3 • 101~ cm -3. 

The anodizations were  carr ied out in a Teflon beaker,  
described in detail  e lsewhere (9). Its main features are 
a vinyl  plate with a 5 mm in diameter  opening which 
exposes part  of the sample surface to the solution and 
acts as a seal be tween  the sample and the Teflon 
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beaker. A pla t inum cathode,was used, and anode con- 
tact was achieved by a gold plate undernea th  the sam- 
ple. General ly  the backsides of the samples were only 
lapped and no effort was taken with respect to back- 
contact preparation. For large area anodizations, sam- 
ples were held by a stainless steel clamp and dipped 
into the solution close to the clamp. In these cases, both 
sides of the samples could be anodized. 

The solution was N-methylacetamide (CH3CONHCH3 
--J .  T. Baker Chemical Company) adjusted to various 
pH values as described below in detail. A constant 
current  source with a max imum open-circuit  voltage 
of 300V was applied. The voltage increase as a func- 
tion of t ime was monitored on a recorder. General ly  
the cell voltage was used as a thickness reference and 
corrections were made by subtract ing init ial  voltage 
drops. 

Determinat ion of the oxide thickness as a function 
of the forming voltage (i.e., cell voltage minus  ini t ial  
voltage drop) was done by ellipsometry, in terferome-  
try, and by use of a Talystep. The amount  of GaAs con- 
sumed in the oxide layer was determined by interfer-  
ometry, Talystep measurements,  and He backscattering. 
In  the latter case a Te implant  was used as a marker  
(10), and the shift of the peak of the profile towards 
higher energies was used for calibration of the amount  
of GaAs removed. 

Successive anodization and layer removal were used 
to evaluate electrical carrier concentrat ion profiles by 
sheet resistivity and Hall measurements.  Semi- insula t -  
ing, Cr-doped material  was implanted with sulfur  and 
tel lurium, with implanta t ion energies of 100 and 400 
keV, respectively. The sample preparat ion for in situ 
stripping and electrical measurements  was done by the 
following procedure. First, four Au-Ge-Ni  contacts 
were evaporated (diameter -~ 1.5 ram) and alloyed at 
450~ for 45 sec in forming gas. In  a photoresist step 
(KMER) a van  der Pauw type pat tern  was defined 
and mesa etched to 3.3 #m. A sample holder described 
elsewhere in detail (11) was used to both perform 
Hall and sheet resistivity measurements  and anodiza- 
l ion of the exposed area. The main  feature of this 
sample holder is a spring-loaded Teflon insert  which 
seals the mesa pat tern  along the dashed l ine shown 
in the schematic of Fig. 1 and protects the electrical 
contacts against the solution. A p la t inum wire was 
used as cathode, and connection of the four contacts 
served as the anode during oxide growth. After each 
anodization the oxide was removed in diluted H3PO4 
(1:1 with H20),  and the sample was rinsed in deion- 
ized H20 and methanol  and then dried in dry N2 flow. 

Results and Discussion 
Oxide growth in N-m~,thyZacetam~de.--Several as- 

pects were considered when using N-methylacetamide 
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(NMA) as an electrolyte for anodization. A pure solu- 
tion has a melt ing point of 27~ and it is common 
practice (7) to add small  amounts  of H20 (5-10%) to 
lower the melting point. The specific resistance is also 
known to be high (6). Therefore, in silicon anodization, 
oxygen-containing electrolytes such as KNO~ are 
added to increase the conductivity. It was found that  
these compounds are not involved in the mechanism of 
oxide growth (6). 

On the other hand, it is known (1) that in contrast 
to silicon, native oxides on GaAs are soluble in all 
common .acids (like HsPO4, HC1, H2SO4) and that  the 
oxide growth in  case of I-{202 is sensitive to the pH 
value of the solution; a similar behavior may be an-  
ticipated for N-methylacetamide.  Therefore, in our ap- 
plication of N-methylacetamide to the anodization of 
GaAs, the pH value of the solution was considered as 
an additional parameter  when t rying to obtain a 
proper low resistivity solution. 

In Fig. 2 the influence of H20 on the bath resistance 
for a given geometry, and on the pH value are shown. 
For small amounts of H20 (sufficient to prevent  crys- 
tallization) the pH value is close to neutral  and the 
resistance was found to be 23.8 kohm. Resistance values 
were measured using two p la t inum electrodes with 

20 mm 2 each separated by ~ 1.5 cm. With increasing 
content of H20 the resistance can be lowered by almost 
a factor of two but  s imultaneously the pH value of the 
solution decreases to an acidic character. Anodizations 
carried out on n- type  GaAs at a current  density of 
0.5 mA/cm 2 resulted in an oxide growth for a ratio of 
H20 to NMA less than one but  showed severe pitting. 
Worm-l ike craters about 50 #m deep were formed; 
areas between these showed homogeneous oxide 
growth. No relation to crystal orientat ion (preferential  
oxidation) or surface preparat ion of the samples could 
be found. The density of the defects increased with 
increasing amounts  of H20. For H20 to NMA ratios 
above one the anodization turned into an etching proc- 
ess. 

The results of Fig. 2 indicate that  two competing 
mechanisms are involved at pH values below 7. Oxide 
growth and thickness for a given reference voltage 
were found to be enhanced at increased current  densi- 
ties, but simultaneous dissolution, presumably due to 
the acidic character of the solution, could not be sup- 
pressed. No reproducible thickness vs. voltage relation- 
ship could be achieved. 

Further experiments were performed at pH values 
above 7. Figure 3 shows the bath resistance as a func- 
tion of pH value adjusted by NH~OH. 3 A decrease in 
resistance by a factor of 6 is observed when the pH is 

~ B e c a u s e  of t h e  h y g r o s c o p i c  n a t u r e  of iNMA, u n k n o w n  i n i t i a l  
a m o u n t s  of HeO can  cause  s i gn i f i can t  c h a n g e s  in  r e s i s t a n c e  v a l u e s .  
In  some cases  of a s - p u c h a s e d  N M A  u p  to 20% H~O h a d  to be  a d d e d  
b e f o r e  a d j u s t m e n t s  w i t h  NH4Ot t ,  

Fig. 1. Schematics of mesa-etched van der Pauw pattern em- 
ployed for layer removal by anodic oxidation. 
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adjusted to 8.8. At this value very  homogeneous lay-  
ers could be obtained and no fur ther  influence of oxide 
thickness on current  density was found, which suggests 
that dissolution of the oxide was suppressed to a ve ry  
small  amount. At  pH values above 10 a slight depen- 
dence of oxide thickness on current  density was found 
due to the fact that  the layers are soluble in NH4Ot-I. 

Conditions for oxide growth.--For a pH value of 8.3 
the current  density was chosen to be 0.5 m A / c m  2 which 
results in a cell vol tage increase of 9.5 V/rain.  A typi-  
cal cell voltage vs. t ime plot is shown in Fig. 4. 
The initial voltage drop is 3.5V and represents  the 
total vol tage drop across electrolyte, semiconductor 
bulk, and back contact. Generally,  for the first anodiza- 
tion of a polished surface, a sl ightly higher  voltage 
drop was observed than for following anodizations 
after  layer  removal .  A light source was found not to 
be necessary for voltages up to 40V. In order to re-  
producibly approach a certain voltage, the reference 
voltage was chosen to be la rger  than the desired vol t -  
age and as soon as the desired vol tage was reached, 
the current  source was switched off. This determined 
the applied current  density, which should al low a rea -  
sonably slow approach to a desired vol tage value. For  
voltages above 40V, a slight nonl inear i ty  in the vol tage-  
t ime plot is observed, as can be seen in Fig. 4. The 
nature of this effect was not careful ly  investigated; 
however ,  it was found that  using a l ight source and 
increasing the current  density by a factor of 3, the de- 
viat ion from a l inear  cell vol tage vs. t ime relationship 
occurs at about 80V. Since the main emphasis of this 
paper  is to demonstrate  a technique which allows suc- 
cessive removal  of thin layers (100-300A) the voltage 
range above 40V was not investigated in detail. 

Oxide thickness and amount of GaAs consumed.--A 
series of oxides were  prepared on chemical ly polished 
n- type  surfaces, the cell vol tage was used as a re fe r -  
ence, and the voltages were  chosen between 20 and 
60V. In all cases, an init ial  vol tage drop of about 3V 
was observed and subtracted from the cell vol tage to 
give the forming voltage which defines the x-axis  in 
Fig. 5. The solid line in Fig. 5 represents the average 
oxide thickness vs. forming voltage for different tech- 
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Fig. 4. Cell voltage vs. time plot for anodization in NMA ad- 
justed to pH = 8.3. 

niques. The open circles were  obtained f rom el l ipsome- 
t ry  measurements .  The ref rac t ive  index of the oxide 
layers was found to be n =_ 1.815 ~ 0.005 over  the en- 
tire voltage range similar  to what  Dell 'Oca et al. (3) 
found. From the slope an oxide growth rate  of 20.2 A / V  
was obtained. For comparison, Talystep and in te r fe r -  
ometer  measurements  were  performed on some of the 
samples. Photoresist  processing was used to remove 
part  of the oxide and to create a wel l-defined step. In 
the case of in te r fe rometer  measurements ,  A1 was evap-  
orated on the samples to create a highly reflecting sur-  
face. The observed growth rate agrees very  well  wi th  
results by Logan et aI. (1) obtained on abras ively  
polished surfaces. For  comparison, p - type  mater ia l  
with a carr ier  concentrat ion of 3 • 1017 cm -3 was 
anodized. In a first approach the colors of the oxide 
layers appeared identical  to the colors obtained on 
n- type  material.  El l ipsometry  measurement  confirmed 
an identical 20.2 A / V  thickness to voltage re la t ion-  
ship. The refract ive  index also turned out to be ident i -  
cal. 

Identical  growth rates were  obtained for both chemi-  
cally polished and etched surfaces on n-  and p- type  
material.  General ly  for the first anodization a some- 
what  higher  initial vol tage was found compared to 
fol lowing anodizations. This difference may be indica- 
t ive of changes in surface appearance. Since the nature  
of this difference is not known, it is difficult to deduce 
a change in growth rates. Using the forming vol tage as 
a reference for the oxide thickness, no change in 
growth rate was found on successively anodized sam- 
ples. No preferent ia l  oxidation ei ther  due to surface 
roughness or changes in surface homogenei ty  was 
found for as many as 27 successive anodizations (~0.7 
~m of GaAs removed) .  

The amount  of GaAs consumed in the oxide layer  
was pr imar i ly  measured by Talystep. For  comparison 
in ter ferometer  measurements  were  taken. In order to 
develop a step in the mater ia l  which corresponds to the 
amount  of GaAs consumed in the oxide, a first oxide 
was grown; then par t  of this oxide was removed by 
photomasking, and a second oxide was g rown on this 
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a r e a .  The oxide thickness was measured on both areas 
after first and second anodization by ell ipsometry in 
order to ensure that no further  growth took place on 
the original first oxide. Thus, the difference in oxide 
heights corresponds to the amount  of GaAs consumed. 
From the dotted line in Fig. 5 the average amount  of 
GaAs consumed in the oxide layer  corresponds to 13.4 
A/V.  

A slightly lower amount  of material  consumed was 
found by backscattering measurements  as indicated in 
Fig. 5. A dose of 2 > 101~ cm -2 Te was implanted at 
350~ into n- type  GaAs at an energy of 400 keV. 2.5 
MeV He + backscattering was used to determine the 
implanted Te profile. Energy- to-depth  conversion (12) 
of the backscattered spectrum allows the determinat ion 
of the mean projected range of Te. After  anodization 
and layer removal the Te peak is closer to the surface, 
and the shift corresponds to the amount  of GaAs con- 
sumed in the oxide, i t  was found that  the Te profile is 
not changed by the oxide growth, which is a basic as- 
sumption for electrical profile determinat ion by suc- 
cessive layer removal. 

Application of anodic oxidation to profile determina- 
tion in ion-implanted GaAs.--To demonstrate the ap-  
plication of anodic oxidation a typical profile of sulfur  
implanted into semi- insulat ing GaAs is shown in Fig. 
6. The energy of the implanta t ion was 100 keV at 350~ 
target temperature  and the dose was 1014 cm -2. Reac- 
t ively sputtered (13) Si3N4 was used as an encapsula-  
tion for anneal ing at 850~ for 10 min  in H2 atmo- 
sphere. Anodization was carried out at 20V (which 
corresponds to 268A removal of GaAs) and after each 
layer removal sheet resistivity and Hall measurements  
were performed. From these data the profile of electri- 
cal carriers was evaluated using equations described 
for example in Ref. (14). The electrical activity of the 
implant  was found to be 13%. The arrow in Fig. 6 
indicates the mean  projected range according to LSS 
theory (15). A strong deviation from the predicted 
gaussian distr ibution is apparent.  The circles and t r i -  
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angles in Fig. 6 show results obtained on two diEerent 
samples treated under  identical conditions, but  ano- 
dized at different voltages. There is significant scatter 
in the data close to the surface (l inear plot),  but  in the 
tail region excellent reproducibil i ty is observed. Hall 
mobil i ty data are also included in Fig. 6. Detailed re- 
sults on sulfur and Te implants  with respect to electri- 
cal activity of the implanted species and carrier mobil i-  
ties will be presented in Ref. (16). 

From a series of profile measurements a lower limit 
of this technique with our experimental setup was 
found when sheet resistivity values approached 100 
kohm/E]. These sheet resistivity values correspond to 
carrier concentrations between 2 X 10 TM and 8 X 10 TM 
cm -8 depending on the mobility and the gradient of 
the profile. In order to obtain information on the con- 
tinuation of the profiles towards lower concentration 
values, Schottky-barrier C-V techniques were em- 
ployed. 

Summary  
An anodic oxidation technique for both p- and n- type  

GaAs (net carrier concentrat ion 1017-10 Is cm -3) was 
developed which allows the use of a constant current  
source. The electrolyte was N-methylacetamide ad- 
justed to a pH value of 8.3 by NH~OH. The current  
density was 0.5 mA / c m 2 which resulted in a forming 
voltage increase of 9.5 V/min.  Large areas could be 
homogeneously and reproducibly anodized. A l inear 
dependence between forming voltage and anodization 
time was found up to 40V; using a l ight source and 
increased current  density this l inear  dependence could 
be extended to 80V. 

Measurements of oxide thicknesses and the amount  
of GaAs consumed in the oxide were done by ell ip- 
sometry, Talystep, and interferometry.  An oxide 
growth rate of 20.2 A/V was found and the amount  of 
GaAs consumed in the oxide was 13.4 A/V. 

The application of this technique to evaluate electri- 
cal carrier concentrations in ion- implanted  semi- in-  
sulat ing GaAs was demonstrated in case of a 100 keV 
sulfur implant  successively anodized and analyzed by 
differential Hail effect and sheet resistivity measure-  
ments. 
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Fig. 6. Electrical carrier concentration profile for sulfurIimplanted 
semi-insulating GaAs obtained by differential Hall and sheet re- 
sistivity measurements. 
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The anodizat ion technique is p resen t ly  used for  a 
deta i led s tudy of sulfur  and t e l lu r ium implan ted  p ro -  
files in semi- insula t ing  and p - t y p e  GaAs wi th  respect  
to implan t  and anneal  condit ions (18). Oxide layers  
wil l  be inves t iga ted  wi th  respect  to thei r  appl icat ion 
of MOS structures.  
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Use of a ZnS:Er, Cu Cathodoluminescent Phosphor 
with Spectral Filtering for Contrast Enhancement 

E. Schlam, J. J. Pucilowski, and I. Reingold 
United States Army Electronics Technology and Devices Laboratory, 

United States Army Electronics Command, Fort Monmouth, New Jersey 07703 

ABSTRACT 

It  is shown that  the contrast  of a na r row- l ine  emi t t ing  cathodolumines-  
cent ZnS:Er ,Cu  phosphor  may  be considerably  improved  through  the use of a 
spectral  filter whose bandpass  is coincident  wi th  the phosphor  emission spec-  
trum. Such enhancement  is due to the selective exclusion of ambien t  l ight  not 
in the  spectral  region of the phosphor  emission. The e rb ium-ac t iva ted  zinc 
sulfide phosphor  repor ted  here  has a p r ima ry  emission from the 2Hn/2 
4115/2 t ransi t ion.  The contras t  enhancement  of the rare  ear th  phosphor  
achieved th rough  the ut i l izat ion of this method is reported,  i t  is compared  
with  the contrast  enhancement  of P-2, a b roadband  emit t ing phosphor.  I t  is 
shown that  the efficiency requi rement  for the rare  ear th  phosphor  is con- 
s iderab ly  less than  that  of the  b roadband  emi t t ing  phosphor,  for  the  same 
degree of viewabi l i ty .  

The need for displays  which are effective in high-  
ambien t  l ight ing is becoming more  widespread.  Si-  
mul taneous  wi th  this need is the re luctance to accept 
displays which must  be heavi ly  shielded from intense 
ambient  l ight  in order  to be readable .  This re luctance 
stems from the need for more  mobile, versati le ,  and 
useful  d isplays  and the expecta t ion  that  the present  
level  of technology should be able to provide  a solution 
to this  problem.  The most impor tan t  informat ion  dis-  
play, the  ca thode - ray  tube (CRT),  in its e l emen ta ry  
form has severe problems with  regard  to v iewabi l i ty  
in high ambient  because of the high degree of refiec- 
t iv i ty  of its phosphor  surface. There  are two general  
approaches  which a t tempt  to a l levia te  this problem. 
The first approach involves increasing the in tensi ty  of 
the phosphor  emission in order  to overcome the effect 
of the  ambient  light.  To get an effective resul t  requires  

K e y  w o r d s :  r a re  e a r t h  phosphors, bandpass fi l ters,  d i s p l a y  con-  
t ras t ,  ca thodo lu ra inescence .  

large increases in phosphor  output  and is accomplished 
by means of a direct  view storage tube (DVST) or by 
a CRT incorporat ing a thick phosphor  screen and high 
beam power  density, such as a p ro jec t ion - type  tube. 
However,  these tubes suffer f rom systems or iented dis-  
advantages  such as a lack of selective erase in the 
former  and a short  opera t ing  life in the  lat ter .  

More elegant  means to increase the v iewabi l i ty  of 
CRT's in high ambien t  l ight  involve the  increase of 
contrast  by  reducing the amount  of ambien t  l ight  r e -  
flected into the v iewer ' s  eyes. This m a y  be accom- 
pl ished by  incorpora t ing  a t r anspa ren t  phosphor  
screen, the reby  reducing its reflectivity,  or by  the  use 
of filtering. The former  approach can be made par -  
t icu lar ly  effective th rough  the use of high efficiency 
t ransparen t  phosphors  (1) and by  the use of a b lack 
absorbing layer  on the back of the  phosphor  screen 
(2). Unfor tunate ly ,  at  present,  CRT's incorpora t ing  
these features  requi re  special processing techniques 
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which are costly and l imit  their use. The filtering ap- 
proaches are general ly external  to the CRT and there-  10C 
fore do not require special CRT manufac tur ing  tech- 
niques. The simplest filtering approach utilizes a neu-  
tral density filter over the phosphor screen. This en-  
hances contrast since the ambient  light passes through 
the filter twice and is therefore a t tenuated more than 
the CRT emission which passes through the filter once. 
A more effective approach will utilize a spectral filter 
which takes advantage of the spectral emission of the 7~ 
phosphor. In  this case, ideally, the filter has a band-  
pass which passes all of the phosphor emission and 
absorbs the ambient  in the remaining portion of the 
visible spectrum (3). In  essence such a filter has the 
advantages of a neutral  density filter in doubly a t tenu-  -~ 
ating the ambient  light, but  completely passing the 
phosphor emission. Clearly such a technique is most ~ 50 
effective when two conditions are present:  (i) the 
phosphor emission must  be as spectrally narrow as 
possible with the filter providing max imum transmis-  
sion l imited to the phosphor spectral range; (it) the 
remaining portion of the ambient  light must  be ef- 
fectively eliminated. This is a part icular  problem with 
an interference filter because of its high reflectivity. 
One way consideration (it) may be effected is by the 25 
use of circular polarizers, and this technique was re- 
cently successfully applied to red and green l ight-  
emitt ing diodes (4). Consideration (i) is the subject 
of this paper which describes the application of spec- 
tral filtering for contrast enhancement  of a rare earth 
activated cathodoluminescent  phosphor. 

E x p e r i m e n t a l  
Ir~ this study, phosphors were synthesized by activa- 

tion of a pure, presynthesized commercially available 
ZnS host material. Proper amounts  of ErCI~ and CuC12 
are mixed with water and NH4OH, respectively. The 
ErC18 solution is added to the ZnS host material  to 
form a slurry, and the CuC12 solution is added to the 
s lurry and agitated. This mixture  is then oven-dried 
result ing in a fine powder which is ground with mortar  
and pestle. The mixture  is placed in a graphite crucible 
which in t u rn  is placed in a quartz tube. The crucible 
is plugged with quartz wool to prevent  loss of sample 
by thermal agitation. H2S is introduced to the sample 
through a quartz tube, and the gas is exhausted 
through an absorbent material. Firing temperature is 
carefully controlled as the sample is fired in a saturated 
atmosphere of H2S. The entire assembly is rapidly re- 
moved from the oven in order that the wurtzite phase 
be preserved. The sample is then allowed to cool in 
the H2S atmosphere. A detailed study and description 
of the phosphor synthesis has previously been reported 
(5). 

In order to obtain its photoluminescent spectrum, a 
small amount  of the phosphor is mixed with amyl-  
acetate and placed on an a luminum slide suitable for 
introduction into a spectrophotofluorometer with cor- 
rected spectra attachment.  The sample is i l luminated 
by radiat ion of proper wavelength to afford peak 
photoluminescent  output, and that output spectrum is 
recorded on an x-y  recorder. 

To obtain the cathodoluminescent data, a portion of 
the sample is deposited on a glass slide using standard 
settling techniques with suitable binders. This slide is 
affixed in a specially designed demountable  cathode- 
ray tube which is capable of holding nine such samples. 
Cathodoluminescent output  is measured at various 
anode voltages (5-30 kV) and beam currents (1-5 pA). 
Spot size is variable from 10 to over 100 mils but  is 
usual ly adjusted to yield no greater than 3 W/cm 2 of 
electron beam energy impinging on the phosphor sur-  
face. This is due to the fact that the samples were not 
aluminized and higher power densities would bu rn  the 
phosphors. During the phosphor development  stages 
all samples were screened using the photoluminescent 
equipment  described. Samples which exhibited little 
or no rare earth emission under  photoluminescent  ex- 
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Fig. 1. Emission spectrum of ZnS:Er,Cu phosphor 

450 500 

citation did not exhibit  this emission under  cathodo- 
luminescent  excitation. Unfor tunate ly  however, high 
rare earth photoluminescent output  does not guaran-  
tee such emission under  cathodoluminescence. 

The final developed phosphor exhibits both efficient 
photoluminescent and cathodoluminescent rare earth 
emission. These samples are placed in the demountable 
CRT. The anode voltage is raised from 10 to 30 kV in  
steps of 5 kV. Current  is varied from 1 to 5 ~A for 
each anode voltage level, and the corresponding catho- 
doluminescent  data is taken. A predetermined spot size 
is held constant throughout. Spectral output was taken 
on a Jarre l l -Ash ~ - m e t e r  monochromator,  while 
luminance levels were measured with a Photo Research 
Spectra Spot Brightness Meter. A sun gun was used to 
i l luminate  the samples to the required ambient  light 
levels. A narrow band optical filter chosen for its 
spectral overlap with the rare earth emission of ZnS: 
Er, Cu was employed during this study. 1 Measurements 
were made with and without  the filter so that the 
degree of contrast enhancement  achieved could be de- 
termined. 

Resul ts  
A typical cathodoluminescent spectrum of the 

ZnS:Er,  Cu phosphor as seen in Fig. 1, is basically 
identical to that of the photoluminescent  spectrum. The 
pr imary  rare earth t ransi t ion is that of the 2Hll/2 
excited state to the 4115/2 ground state of the tr iply 
ionized erbium ion. It is noted that a slight broadband 
component peaking at a wavelength somewhat shorter 
than that of the rare earth line is present. The nature  
of this broadband has been previously discussed (5). 
It may be seen graphically in Fig. 2 where the ampli-  
tude ratio of the pr imary rare earth peak and the 
broadband peak are plotted as a function of electron 
beam energy. The ratio of the amplitudes is relat ively 
insensitive to electron beam current  var iat ion as may 
be seen i n  Fig. 3. The over-al l  radiant  efficiency of this 

1 F i l t e r  w a s  o b t a i n e d  f r o m  B a r r  Assoc ia t e s .  W e s t  Conco rd ,  M a s s a -  
chuse t t s .  
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Fig. 3. Ratio of the amplitude of the primary narrow-line emis- 
sion of ZnS:Er, Cu phosphor to the broadband emission of that 
phosphor as a function of beam current, at 20 kV. 

phosphor is 0.25 times that  of the Sylvania  Electric 
Products Incorporated P-2 sample used in this ex-  
per iment  as a control. P-2 is a high efficiency broad- 
band emit t ing phosphor of the ZnS family. The lumi-  
nous efficiency of the rare ear th  phosphor is 0.32 times 
that  of the P-2 phosphor since the rare ear th  emis-  
sion has more of its energy concentrated closer to the 
peak of the spectral  photopic response. Figure  4 is a 
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Fig. 4. Ratio of the amplitude of the primary narrow-line emission 
of ZnS:Er, Cu to the amplitude of the P-2 emission as a function of 
electron beam energy. 

plot of the ratio of the peak ampli tude of the rare 
ear th  emission to the peak ampli tude of P-2 emission 
as a function of anode potential.  As may be seen, the 
plot is l inear and the ratio reaches a value of 2.3 at 
30 kV. This value of anode potent ial  was used for all 
the contrast determinations.  

The transmission spectrum of the nar row band filter 
and the rare ear th  emission spectrum are shown in Fig. 
5. The ha l f -wid th  of the filter is 8.6 nm. The corre-  
sponding spectra for P-2 and a Wrat ten  55 filter chosen 
for overlap with  the P-2 emission spectrum, are shown 
in Fig. 6. 

The contrast of the phosphor emission is defined as 

L1 
C --- [1] 

1"2 
and with  the appropriate  spectral filter, this contrast 
becomes 

TpL1 
CF = ~ [2] 

TbL2 

where  L1 is the luminance of the excited phosphor 
wi th  no ambient  and L2 is the luminance of the un-  
excited phosphor due to reflection of the ambient.  Tp 
is the per cent transmission of the filter to the phos- 
phor  emission and Tb is the per cent transmission of 
the filter to ambient  l ight which passes through the 
filter and is reflected f rom the phosphor surface. When 
the filter is placed over  the phosphor, contrast  is in-  
creased since Tp is greater  than Tb and the luminance 
seen by the v iewer  is decreased since Tp is less than 
unity. To proper ly  analyze the effect of the contrast 
enhancement,  the output  luminance should be speci- 
fied. Figure  7 depicts a family  of curves represent ing 
the contrast  CF as a function of phosphor luminance 
L1 according to Eq. [2], for  an assumed ambient  
i l luminance of 4500 ft-c which results in a reflected 
ambient  luminance of 250'0 f t -L  for the 55% refiec- 
t iv i ty  of the faceplate-phosphor  configuration in the 
demountable  system used in this experiment .  The pa-  
rameter  determining the different curves is an as- 
sumed set of different peak filter transmissions, T, for 
the filters used in this experiment .  Loci of points cor-  
responding to a net output  luminance through the 
filter of 20 f t -L  is shown in the figure. These loci rep-  
resent  the best fil tering that  can be performed for 
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the specified output  luminance.  In the absence of fil- 
ters, the contrasts would vary  from 0.04 at 100 f t -L  
phosphor output  to 0.2 at 500 f t -L  phosphor output, 
neglecting front  surface reflections. 

Discussion 
In referr ing to Fig. 7 it is seen that  at a phosphor 

luminance of approximate ly  400 ft-L, the contrast of 
the rare earth act ivated phosphor is enhanced from 
0.16 to 12.6 wi th  the use of a 0.105 peak transmission 
filter at a 4500 ft-c incident i l lumination. This is an 
enhancement  of 78 times. The P-2 contrast is en-  
hanced to 3.4 with a 0.072 peak transmission filter for 
an enhancement  of 21 times. Al though the contrast 
of the rare ear th  phosphor is enhanced 3.7 times more 
than that of the wide banded P-2, it should be realized 
that  the rare ear th  phosphor is being driven with  a 
higher  input power  to achieve the 400 f t -L  starting 
luminance due to the fact that  P-2 has approximately  
3 times the luminous efficiency of this exper imental  
ZnS:Er,  Cu phosphor at its present  stage of develop- 
ment. Therefore  if one were  to choose a desired con- 
trast ratio, it could be achieved with 1/3 less power 
wi th  the use of P-2 as compared to the present rare 
ear th  phosphor. Using this consideration as a quality 
determination,  it is seen that  with the filter used in 
this exper iment  an equivalent  rare earth phosphor 

with an efficiency only greater  than 1/2 that  of P-2 
would be preferable  to P-2. 

The effect of a neutral  density filter in enhancing the 
contrast of these phosphors may be compared to the 
spectral filter results by choosing an imaginary neutral  
density filter of a density such that  the luminance of 
the phosphor through the filter would be identical to 
the luminance through the spectral  filter. The con- 
trast with a neutral  density filter is 

TNL1 LI 
C = - -  = - - .  [3] 

TN2L2 TNL2 

where  TN is the transmission of the filter. To achieve 
the same luminance through the neutral  density filter 
as with the spectral  filter used here, a transmission 
of 36% is required. Using this value of TN for the 4500 
ft-c ambient and 400 f t -L  phosphor output gives an ex-  
pected contrast of 0.44. It is seen therefore,  that  in the 
case at hand, the use of the 0.8 peak transmission 
spectral filter results in a 3.6 times contrast enhance-  
ment  as compared to the use of a neutral  density filter. 
The spectral filter itself results in a 10 times contrast  
enhancement  over  no filter at all under  these condi- 
tions. It is clear from Fig. 5 that  the part icular  spectral 
filter used does not have a perfect overlap with the 
emission spectrum of the rare earth phosphor, and if 
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Fig. 7. Contrast of ZnS:Er,Cu and P-2 as a function of phosphor 
luminance. Peak transmission of the appropriate spectral filter T, 
is a parameter. The locus of points representing luminance through 
the filter of 20 ft-L is depicted. Ambient intensity is 4500 ft-c. 

such an over lap  were  approached,  the  contras t  en-  
hancement  would be fu r the r  improved,  and luminous 
efficiency less than  1/2 that  of P-2 would  resul t  in con- 
t ras t  rat ios h igher  than  those achievable  wi th  P-2. 

Conclusions 
It has been demons t ra ted  tha t  expected contrast  en- 

hancement  f rom spectra l  f i l tering is achievable  in ac-  
tual  phosphors.  The pa r t i cu la r  exper iments  in this  
paper  indicate  tha t  the greates t  improvement  in con- 
t rast  for the  combinat ion of phosphor  and filters 
s tudied occurs at vol tages  in the 20-30 kV region. I t  is 
a s t r a igh t fo rward  engineer ing procedure  to design and 
uti l ize the  necessary equipment  for the opera t ion  of 
CRT's at these vol tage  levels.  

In  par t icular ,  the na r row- l ine  emi t t ing  ZnS:Er ,  Cu 
phosphor  developed here  shows a 10 t imes contras t  
enhancement  wi th  the  use of a commercia l ly  avai lable  
spectral  filter wi th  a peak  t ransmission of 0.8 which is 
essent ia l ly  matched  to the spectra l  output  of this ra re  
ea r th  phosphor.  Even in this case, the filter does not 
provide  a perfect  over lap  to the phosphor  emission and 

therefore  fur ther  improvement  is achievable.  Such 
contrast  enhancement  is super ior  to that  achieved by  
neut ra l  densi ty  filtering. One pa r t i cu la r  d isadvantage  
of such narrow filtering is the need for an interference 
filter to achieve the desired spectral properties. Such 
filters are by nature highly reflecting in their non- 
bandpass region; however, these reflections can be 
eliminated, for example, through the use of circular 
polarizers. 

Clearly, the narrower the emission band of the phos- 
phor, the better the expected contrast enhancement. 
Further consideration in regard to phosphor spectral 
bandwidth, luminous efficiency and spectral region and 
in regard to filter spectral match, transmission, and 
absorption properties can undoubtedly result in greater 
contrast enhancement than reported here. It is recog- 
nized that the results of this study are largely em- 
pirical, and for a specific phosphor. However, the con- 
cept can provide a stimulus to others to carry on fur- 
ther work which will result in a better understanding 
of the phosphor physics involved; and in the synthesis 
of new phosphors, and the application of rare earth 
phosphors with narrow-line width and controlled 
characteristics. The technique discussed in this paper, 
in conjunction with proper attention to phosphor char- 
acteristics such as spectral bandwidth, luminous effi- 
ciency, and spectral region, can result in the design of 
CRT's with significantly enhanced luminance and con- 
trast ratios, fea tures  tha t  are  most  impor tan t  where  
high ambien t  i l luminat ion  levels are present.  
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On the Efficiency of Yb +-Er Activated Up-Conversion Phosphors 
A. Bril, J. L. Sommerdijk, and A. W.  de Jager 

Philips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

Efficiencies of yb3§  ~* activated up-convers ion phosphors are deter-  
mined by the efficiency of the exci tat ion process and by that  of the final 
emission process in the E r  ~+ ion. The former  process is dependent on the in-  
f rared excitat ion density. We measured the efficiency of the emission process 
by exci tat ion to selected Er ~+ levels  for various host lattices and as a func- 
tion of Yb -~ + and Er a + concentrations. For  one of the best up-convers ion phos-  
phors known at present, a-NaYF~-0.20 Yb-0.03 Er, the efficiency of the green 
emission, is about 6 %. 

The light output  of inf rared- to-v is ib le  up-conver -  
sion phosphors act ivated with t r ivalent  rare  ear th  ions 
w a s  very  much increased as a consequence of the ob- 
servation of Auzel (1) and of Ovsyankin and Feofilov 
(2) that coactivation with  a large amount  of Yb s+ 
was very  effective due to its re la t ively strong absorp- 
t ion of the infrared radiation and its efficient transfer 
of the absorbed energy to the other rare earth ions 
like Er 3+, Tm 3+, and Ho 8+ in various host lattices. 
Hewes and Sarver (3) found that LaF3-Yb-Er was a 
good phosphor of this type, giving green emission with 
infrared excitation. Other good Yb-Er activated fluo- 
rides subsequently found were YF3 (4), BaYF5 (5), 
and a-NaYF4 (6). 

Nevertheless rather low values were obtained for the 
infrared-to-green conversion efficiency even for the 
brightest phosphors mentioned above. This efficiency is 
dependent on the excitation density of the infr.ared 
radiation. Since two infrared quanta are involved in 
the excitation, the light output increases as the square 
of the excitation density. For about 1 mW/cm 2 ab- 
sorbed exciting radiation at a wavelength k = 0.97 ~m 
a quantum efficiency between 10 -4 and I0-~ is found 
for the best phosphors [see, e.g., Ref. (7) and below]. 

In the mechanism of the infrared-to-visible conver- 
sion we can distinguish between an excitation process 
in which infrared energy absorbed by the Yb 3+ ions 
excites the Era + ions to the visible-emitting levels, and 
an emission process in which the excited Er 3+ ions 
luminesce. The lat ter  is independent  of the excitat ion 
density. 

To understand the inf rared- to-vis ib le  conversion it 
is important  to know how efficient this emission proc- 
ess is and whether  it l imits the total efficiency of the 
inf rared- to-vis ib le  conversion. Up to now the efficiency 
of the luminescence process has not been determined in 
a direct way. Part  of the energy level  scheme of Er 3 + is 
given in Fig. 1. In the following we describe exper i -  
ments designed to determine the efficiencies of both 
Er 8+ and Yb 3 +-Er~+ act ivated phosphors when ex-  
cited in the characterist ic 4F5/~_, 4F3/2 levels which are 
located just  above the 4S8/.~ level  from which the green 
emission takes place. The exper iments  were  carried out 
for various host lattices, both fluorides and oxides. 

Experimental 
The method of measurement  used for determining 

the efficiency of the Er  3+ luminescence with  excitation 
in the characterist ic 4F5/_9, 4F3/.~ levels of the Er ~+ ion 
is similar  to that  described ear l ier  by Bril, Blasse, and 
Bertens (8) for the Eu 3+ luminescence. A schematic 
diagram of the setup is given in Fig. 2. The phosphor 
was irradiated monochromat ical ly  through a grating 
monochromator .  The ins t rument  used is a modified 
Pe rk in -E lmer  Model 13 spectrophotometer,  equipped 
with a Bausch and Lomb grating with  600 g rooves /mm 
blazed at 500 nm. The Nernst  source with mir ror  was 

Key  words: luminescence, quantum efficiency, infrared phosphors, 
NaYF4-Yb-Er.  

replaced by an exchangeable  tungsten-halogen and a 
deuter ium radiation source, respectively, in combina- 
tion with a quartz lens. 

Two measurements  were carried out for the selected 
Er 3+ absorption region: (i) The exci tat ion spectrum 
of the green Er 3+ emission was measured, i.e., the 
luminescent  radiat ion collected by a photomult ip l ier  
(EMI 9558QA with $20 photocathode) was determined 
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tm .  

monochromdfor 

Fig. 2. Schematic diagram of the experimental setup: ph - -  
phosphor sample, f = filter combination, pm = photomultiplier. 

as a function of wavelength.  In front of the photo- 
mul t ip l ier  a filter combination Schott B G 18 (2 mm)  
and GG 14 (2 ram) was used to pass only the lumines-  
cence. (ii) The diffuse reflection spect rum was mea-  
sured. The only difference f rom the previous measure-  
ment  was that the filter combination was replaced 
by a BG12 (2 ram), t ransmit t ing only the excit ing 
radiat ion (L ~ 450 nm).  As has been discussed in Ref. 
(8), the quantum efficiency can easily be calculated 
f rom the ratio of the peaks found in the two measure-  
ments. Examples  of the measurements  are given in 
Fig. 3 for LaNbO~-3% Er and in Fig. 4 for ~-NaYF~- 
3% Er. The calculation of the efficiencies from these 
two measurements  is summarized in the following. The 
radiant  efficiency is the ratio of the emit ted power  E 
to the absorbed excit ing power  A. The la t ter  is deter-  
mined by the area under  the absorption curve of a cer-  
tain peak with correction for the transmission -c A of the 
filter used and for the photomul t ip l ier  response G(~,~,) 
in the absorption region. The emit ted power E is deter-  
mined by the corresponding area under  the excitation 
curve with correction for the transmission -ca of the 
filter used in this case and the response G(~,~.) in the 
emission region. 

For single nar row peaks we can take the ratio of 
the ordinate maxima in the absorption and excitat ion 
spectra UA and U~, respectively,  instead of the area. 
We find then for the emit ted  power 

f p(~J d~ 
e i n  

E :  UE.  
f p(~.) G(~.E)-cE(X) d~. 
e m  

where  p (k)d~, is the re la t ive  emi t ted  power  in a region 
dk ( integrat ion extended over the total spectral region 
of the emission). The absorbed power  is g iven by 

u~ 
A :  

G ( ~ ) ~  

Then the radiant  efficiency ~1 is 

E UETAG(),A) f p(),)d~. 
em 

A UA f p(L~)G('/.)-c~(~,)dk 
e m  

The quantum efficiency q is der ived from the radiant  
efficiency by 
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Fig. 3. The excitation spectrum of the green Er 3§ emission and 
the diffuse reflection spectrum of LaNbO~-3% Er in the ~ ~ 450 
nm region. The ordinate scale of the excitation curve is magnified 
2 5 •  with respect to that of the diffuse reflection curve. The 
dashed lines are lines of constant reflection. 
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Fig. 4. Similar curves as in Fig. 3 for ~-NaYF4-3% Er. The ordi- 
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to that of the diffuse reflection curve. For the dashed lines see 
Fig. 3. 
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.r kP (~.) d~. 
em 

),A f p(k)dk 
e m  

The error  in this type of measurement  will  be of the 
order of 10-25% depending on the value of the ab- 
sorption. This large er ror  is caused by the low value 
of the absorption in the Er 3+-ion. 

For the inf rared- to-vis ib le  up-conversion process the 
radiant efficiency of the green luminescence of 
a-NaYF4-Yb-Er  was determined with  exci tat ion in the 
infrared region near  ~. ---- 0.97 #m. This was done in the 
following way: The phosphor was irradiated via a 
monochromator  at ~. -- 0.97 #m with  a bandwidth of 
_~?~ = 5 nm. As a detector a Philips photomult ipl ier  
150 CVP (Cs-O-Ag photocathode) was used, the re -  
sponse of which was determined in amperes /wat t  for 
both the green and the infrared regions with the aid 
of a photocell  (15.0 CV). This photocell  had been cali- 
bra ted by the National Physical  Laboratory in Ted- 
dington (Great  Bri tain) .  The green luminescence was 
measured with  a 4 mm Schott BG18 filter in front of 
the photomultiplier ,  and the exciting infrared power 
was measured without  filter via bar ium sulfate under  
exact ly  the same conditions. 

The ratio of the two values gives the radiant  ef-  
ficiency after  correction for the response of the photo- 
mult ipl ier  and the transmission of the filter. The i r -  
radiation density of the exciting infrared radiation was 
determined directly at the exi t  slit of the monochroma-  
tor with the aid of the cal ibrated photocell. 

All optical measurements  were  performed at room 
temperature.  

The samples were  prepared as described previously 
(9, 10). Their  l ight  output was not optimized except 
for ~-NaYF4-Yb-Er.  

Results and Discussion 
We start wi th  the efficiency of an up-convers ion 

phosphor when excited with  infrared radiation. It  was 
measured for a-NaYF~-Yb-Er,  which is known to be 
the best system for up-convers ion at the moment  (6). 
For exci tat ion at k = 0.97 ~m with a bandwidth of 5 
nm in the max imum of the exci tat ion peak the radiant  
efficiency was found to be 3 • 10 -4 for ~ 1 m W / c m  2 
absorbed irradiat ion density of the infrared. This fig- 
ure is of the same order of magni tude as Auzel and 
Pecile found for some phosphors (7). 

Now we direct our at tention to wha t  can be called 
the emission process wi thin  the Er  s + ion. The quantum 
efficiency q of the green luminescence of a-NaYF4-Er 
was measured as a function of the Er-concentra t ion  
CEr for excitat ion in the 4Fs/2,a/2 levels (~exr ~- 450 
nm).  The results are given in Fig. 5. We see that ve ry  
strong concentrat ion quenching is present, which is due 
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Fig. 5. Curve 1, quantum efficiency q of the green emission of 
~-NQYF4-Er as a function of the Er concentration CEr. Curve 2, 
qCEr as a function of C~r. 

to interaction be tween neighboring Er 3+ ions. We see 
also that  for low Er concentrations a reasonably high 
quantum efficiency (q ---- 35%) is found. When both 
Yb 8+ and ErS* are present in the lattice, as they are in 
the up-convers ion phosphors normal ly  used, the infra-  
red exci tat ion energy is t ransferred from the yb3+ 
to the Er 3 + ions. The number  of excited Er 3 + ions is 
proport ional  to CEr. Therefore  the l ight output from 
infrared excitat ion of the Yb3+-Er 3+ activated phos- 
phors is proport ional  to qCF~r. In Fig. 5 the dependence 
of qCEr on VEt is also given. We see that the opt imum 
light output  is reached at CEr ~ t -3%. This concentra-  
tion is in good agreement  with the Er concentration 
used in practice in order to obtain the highest output 
of the green luminescence (6). 

We found that  the quantum efficiency of a-NaYF4- 
3% Er is 12% for excitat ion in the 4F5/2 level. ~Nhen 
Yb 3+ is added as coactivator, the efficiency decreases. 
For  ~-NaYF4-20%Yb-3%Er the efficiency is only 6%. 
This decrease is due to interaction between neighbor-  
ing Er s+ and Yb ~+ ions, result ing fn an increase of 
nonradiat ive  transitions f rom the 4Sa/2 level  (11). The 
addition of Yb is nevertheless necessary for the infra-  
red- to-vis ib le  conversion in order to obtain sufficient 
absorption of infrared radiation, as has already been 
mentioned in the introduction. The oscillator s trength 
of the transit ion involved in Yb 3 + is about ten times 
stronger than that of Er 3+. Moreover  up about 20% Yb 
can be built into the latt ice before the Era+-Yb ~+ 
interaction limits fur ther  increase of the light output 
(6). In fact ~-NaYF4-20%Yb-3%Er is one of the best 
systems for up-convers ion known at the moment  (6, 
9). 

Concentration quenching of the Er a+ emission is 
also observed in YF~, the efficiencies being comparable 
to those for ~-NaYF~. The intensity of the green emis- 
sion upon infrared excitation of YFa-Yb,Er is also 
re la t ively high (4), al though not as high as for 
~-NaYF4-Yb;Er (6, 9). 

The quantum efficiency of ~-NaYF4-Er is comparable 
to that of =-NaYF~-Er and YF~-Er. On the other hand, 
the green l ight output of /~-NaYF~-Yb-Er as an up- 
conversion phosphor is re la t ively  low (9). This is to 
some extent  also reflected in the present measurement  
on the Yb3+-Er a+ activated sample. 

For the oxidic lattices L a G a Q  and LaNbO4 quench-  
ing of the green emission is also found with increas- 
ing Er concentrat ion and /or  at addition of Yb. The 
quantum efficiencies of these systems are quite com- 
parable to those for ~-NaYF~ and YFa. However ,  at 
infrared excitation of the Yb-Er  doped compounds the 
green light output is much weaker  in oxides than in 
these fluorides by a factor of at least ten (10). This 
loss in efficiency is a consequence of the difference in 
properties of the 0 2 -  and the F -  ion, the former  being 
much less stable than the latter. Therefore  part  of the 
charge of the O 2- ions is more readily t ransferred to 
neighboring ions. Interact ion between the activator and 
the host latt ice is therefore  much stronger in oxides 
than in fluorides, introducing a high probabil i ty of 
radiationless transitions f rom the inf rared-emi t t ing  
levels and thus a loss in light output  (10). 

Oxides are therefore  general ly  less suitable as up-  
conversion phosphors. This is contrary to the case of 
phosphors used for ul t raviole t  excitat ion or cathode- 
ray excitat ion (12). In the lat ter  applications strong 
interaction with  the latt ice is favorable  for the exci ta-  
t ion of the act ivator ions. 

The green Er a + emission of the NaYOf-Er  phosphor 
shows a low quantum efficiency. The Yba+-Er a+ acti- 
vated lattice, when excited with  infrared radiation, 
shows a green emission which is about a thousand 
times weaker  than that  of ~-NaYF4-Yb-Er (10). Par t  
of the weakening can be ascribed to losses from the 
inf rared-emit t ing  levels, as is the case wi th  the other 
oxides. Another  part, however,  must be ascribed to the 
lower  quantum efficiency of the green emission in the 
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TaMe I. Quantum effidencies of the green Er 3+ luminescence for 
~e~c ~ 450 nm 

Phosphor  q (%) 

a -NaYF~- -  1% Er 35 
- -  3% E r  12 
- -  5% E r  6 
- -10% Er 2 
- -20% Yb-3% Er 6 

B-NaYF~-- 3% Er 9 
- -20% Yb-3% Er ~1  

Y F a - -  1% Er 23 
- -  3% E r  6 

LaGaOs-- 1% E r  43 
- -20% Yb- l% Er 4 
- -  3% E r  18 

LaNbO~-- 3% Er 6 
- -20% Yb-3% Er  2 

NaYO2-- 3% Er <0.2 

luminescence process, which is smaller than 0.2% for 
C E r  : 3 %  (see Table I) .  

It  is interest ing to compare these efficiency mea-  
surements  with decay measurements  of the green 
luminescence. As is well known, the quan tum effi- 
ciency is equal  to the ratio of the radiative probabil i ty 
Ar to the sum of the probabilit ies of all t ransit ions from 
the excited level Ar ~ Anr (radiative and the com- 
petitive nonradiat ive transi t ions ment ioned earlier).  
Weber (13) calculated that  the probabil i ty  of the green 
emission (4Sa/.~ --> 4115/2) in LaF3-Er had a value of 
Ar -- 662 sec -1. Chamberlain,  Paxman,  and Page (14) 
found for this probabil i ty  in Y3Ga~O12-Er a value of 
around 850 sec -1 at room temperature.  The value of 
Ar for E r  3+ in a-NaYF~ will not differ much from that  
in LaF3, so that  Ar ~ 700 sec -1 seems to be a reason- 
able estimate. We found for the decay time of 
a-NaYF4-20%Yb-3%Er with cathode-ray excitation 
(15 kV) a value of about 100 #sec, corresponding to a 
total t ransi t ion probabi l i ty  Ar -{- Ant ~ 104 sec -1 [see 
also Ref. (11)]. We then find for the quan tum effi- 
ciency a value of q ~ 700/104 ~ 7%, which agrees 
reasonably with the value obtained from direct mea-  
surement  (see Table t ) .  
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ABSTRACT 

Investigations have been made of the compensation effect of lattice strain 
on silicon epitaxially grown by the simultaneous doping of tin and phos- 
phorus. The stress induced by doping of phosphorus with a concentrat ion of 
4.0 X 1019 a tom/cm 3 is compensated by the simultaneous doping of phos- 
phorus and t in (2 • 10 TM atom/cmS). The generation of misfit dislocations is 
also restrained by the simultaneous doping of phosphorus and tin. The differ- 
ence in the effective lattice constants of epitaxial films and substrates is mea-  
sured by an x - ray  double crystal spectrometer using the asymmetric  Bragg 
reflection. The difference can be el iminated by proper doping of t in  and nearly 
perfect, highly doped crystal films can be grown on high-resist ivi ty silicon. 

Perfect silicon crystal is of great importance in in-  
creasing the reliability, reproducibility, and packing 
density, because crystal defects affect the characteris- 
tics of semiconductor devices, anomalous diffusion, de- 
vice yield, etc. In  1953 we reported that doping of 
Group IV elements was effective in producing perfect 
crystals (1). Later, Dash (2) obtained perfect silicon 
crystals by the floating zone method using a rapid 
growth technique. 

More recently it has been observed that wafers bend 
after epitaxial deposition, forming heterojunctions or 
homojunctions (3-9), and that  misfit dislocations fre- 
quent ly  appear near  the heterojunctions or homojunc-  
tions. These phenomena have been at t r ibuted to the 
differences in lattice constant and thermal expansion 
coefficient between the substrates and  the grown films. 
Schwuttke (7) and Sugita (8) reported the bending 
phenomena and the generation of interracial misfit dis- 
locations in homojunctions of the si l icon-boron doped 
silicon system. In  this system, the difference in thermal  
expansion coefficient between the epitaxially grown 
film and the substrate can be ignored; instead, the 
lattice misfit between the film and the substrate should 
be taken into consideration. The  generation of disloca- 
tions has also been observed (9-11) in the case of dif- 
fusion of impur i ty  such as boron or phosphorus into 
silicon. 

In  a previous paper (12), lattice strains induced by 
diffusions of phosphorus, arsenic, antimony, and t in 
into silicon were measured. The amounts  of lattice 
stress induced by the diffusion of those impurities were 
considered to be dependent  on both the size of impuri ty  
atoms diffused into silicon and the impur i ty  concentra- 
tion. It was also established that the lattice stress 
induced by phosphorus diffusion was compensated by 
prediffusion of t in  or a simultaneous diffusion of tin 
and some other impurity into silicon. 

The purpose of this paper is to investigate the com- 
pensation effect of lattice stress in the case of the epi- 
taxially grown silicon. 

In the case of phosphorus- or boron-doped epitaxial 
growth, the bending of the specimens is concave 
toward the epitaxially grown surface. On the contrary, 
the bending of the tin- or antimony-doped one is con- 
vex. On the basis of these results, the simultaneous 
doping of tin and phosphorus, tin and boron, or anti- 
mony and phosphorus is applied to epitaxial growth. 

K e y  words:  epi taxia l  growth  free f rom misfit dislocation, compen-  
sation of lattice strain, control  of lattice constant.  

Experimental Procedures 
Preparation of specimens.--Wafers used in  this ex- 

periment  were l ightly boron-doped silicon single crys- 
tals grown by the pul l ing method. They were cut into 
slices in  the (111) plane. Since the concentrat ion of the 
dopant boron in  the wafers was about  1.7 • t01~ 
a tom/cm 3, the lattice constants of the wafers were al- 
most equal to that of pure silicon crystal. The original 
etch pit density of the wafers was of the order of less 
than 500 pit/cm% The wafers were lapped and chemi- 
cally etched to remove completely the surface damage. 
They were then cut into a rectangular  shape 1 cm long 
and 0.5 cm wide, the direction of the long side of the 
rectangular  specimens lying on <110>. The final 
thickness of the specimens was about 200~. 

EpitaxiaL growth procedure.--Prior to chemical dep- 
osition, the surface of the specimen was etched to a 
depth of 5~ using a gas mixture  of H2 and HBr at 
1200~ 

The apparatus of epitaxial deposition used for the 
compensation of lattice strain is schematically shown in 
Fig. 1. The experimental  condition of epitaxial deposi- 
tion was as follows: growth temperature,  1200~ flow 
velocity of gas, 0.5 m/sec through the reactor tube; 
and mole fraction, SiC1JH2 ---- 0.005 ~ 0.02. Impur i ty  
dopants used in the experiment were liquidus halide 
such as PCIs, BBr3, SnCb, and AsCl3 being kept in 
vessels at constant temperature, and only PCls and 
BBr3 were diluted into solution with SiCl4 for the close 
control of the doping levels of phosphorus and boron 
impurities in the silicon layers. 

X-ray measurement o~ bending and x-ray projection 
topography.--Bending of specimens result ing from the 
lattice misfit between the epitaxial films and substrates 
were measured using the Lang camera. The x - ray  
beam was collimated through a receiving vertical slit 
0.05 mm wide. The MoK, I (220) reflection was used in 
this experiment. The variation in the angle of the 
Bragg reflection with the position of the curved speci- 
mens was obtained. From these results the curvature 
of the specimen was calculated. Prior to the bending 
measurement of the epitaxially deposited specimens, it 
was found that bending did not occur either in the 
original substrate or in the specimen subjected to the 
same heat-treatment as that undertaken for the epi- 
taxial growth. 

Misfit dislocations and other crystalline defects were 
observed by x-ray projection topography. 

664 
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Fig. I .  Schematic representa- 
tion of apparatus for vapor 
deposition. 

Measurement oy the change in lattice constant.--In 
order to measure the effective difference between the 
lattice constants of the epitaxial film and the substrate, 
an x - r ay  double-crystal  spectrometer was used and the 
asymmetric Bragg reflection (13, 14) was applied to 
the first crystal. CuKal radiat ion was used throughout  
the present  experiment.  As the first crystal, a disloca- 
t ion-free single crystal of silicon cut parallel  to the 
(111) plane was used. This crystal was positioned to 
the (511) reflection. The specimen to be measured as 
the second crystal was arranged in a (333) symmetric 
reflection. According to Renninger  (13), this "parallel" 
double-crystal  spectrometer a r rangement  is described 
as {(511) v, --(333)s}. To record the rocking curve, the 
speed of rotat ion of the second crystal was fixed at 
1/256~ 

When the pure silicon substrate was positioned as 
the second crystal, the width at half  of the max imum 
intensi ty  (half-width)  of the rocking curve was mea-  
sured to be 3.0 sec of arc. 

Results and Discussion 
Simple theoretical analysis o] the bending and the 

lattice strain.--If there is difference between the la t -  
tice constants of the substrate and the layer, such phe- 
nomena  as bending, lattice strain, and misfit disloca- 
tions can be observed and calculated under  the condi- 
t ion where the impur i ty  atoms have different sizes 
from that of silicon atoms and occupy the subst i tu-  
t ional sites in the silicon lattice. 

Applying the we l l -known  relationship between the 
curvature  of the specimens and the film thickness of 
bimetallic strip with respect to the elastic bending of 
bicrystals (16), the difference in the thermal  expansion 
•aAT is replaced by the lattice misfit ]. Hence, we 
obtain 

1 6 t f  �9 t s  �9 J 
[1] 

R ( t s  -'~ t f )  3 

where R is the radius of curvature,  tf and ts are the 
thickness of the epitaxial  film and the substrate, re- 
spectively, and ] is equal to , as is demonstrated later. 
The relationship be tween the curvature  result ing from 
the elastic bending and the thickness of the epitaxial 
films is considered to satisfy Eq. [1]. Therefore, the 
convexity or concavity in the epitaxial surface side 
due to the bending depends on the lattice contraction 
or expansion in  the epitaxial layer. 

The difference between the lattice constant of the 
layer  and the substrate was measured from the rock- 
ing curve by an x - r ay  double-crystal  spectrometer. In  

this case, the rocking curve has a ma in  peak and a sec- 
ondary peak; these correspond to the diffraction lines 
satisfying the Bragg condition for the substrate and the 
epitaxial layer, respectively. 1 The average lattice strain 
�9 is obtained from angular  difference between the two 
peaks, .~e 

ha 
�9 -- : -  -- cot eB " • [2] 

a 

where a is the lattice constant for silicon (5.430'18A) 
and os is the Bragg angle [47.476 ~ for the (333) reflec- 
tion in silicon using CuK~I]. The change in the lattice 
crystal aa is evaluated from Eq. [2]. 

A simple model for the lattice s t ra in  due to the 
difference in atomic size has been proposed in the pre- 
vious paper (12): When impur i ty  atoms having an 
atomic size different from that of silicon occupy sub- 
st i tut ional  sites in silicon, the lattice stress is induced 
around the impur i ty  atoms. The amount  of the stress 
depends on the degree of the lattice misfit, /%/Rsi (the 
ratio of the covalent radius of the impur i ty  atom to 
that of the silicon atom) and the concentrat ion of the 
dopant impur i ty  in silicon. It is assumed that  the solute 
lattice contraction (expansion) coefficient, ~, is given 
by a relation of the form 

1 
fl _-- -~- [1 -- (Ri/Rsi)3JN -1 [3] 

where N is the atomic density for silicon (5 X 10 "2") 
atom/cm~). The calculated values of ~ for some im- 
pur i ty  atoms are listed in Table I. For the epitaxially 
grown film within  the l imit  of elasticity and of the 
dopant impur i ty  concentrat ion of Ni, the lattice strain 
is given by 

�9 ---- t iNt [4] 

Since , is Aa/a, the values of Aa are calculated from 
the above equation. 

I Effective lattice constant by the strain varies gradually and not 
abruptly, so that it cannot be considered to be established in simple 
form. Further details concerning this implication will be reported 
in a separate article. 

Table I. Calculated ~ values for some impurity atoms 

Doped  A t o m i c  ~, 
i m p u r i t y  r ad ius ,  A R I /Rs  i cm3/a tom 

P 1.10 0.94 + 1.03 x 10 -e~ 
Sn  1.40 1.193 --4.7 x 10 -~  
Sb  1.36 1.162 - 3 . 8  x 10 ~4 
St  1.1I - -  - -  
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Bending of the phosphorus-doped epitaxially grown 
wafer.--The bending of the phosphorus-doped silicon 
deposited on the l ightly boron-doped substrate, was 
concave toward the epitaxially grown side. Figure 2 
shows a plot of the values of the exper imental ly  deter-  
mined curvature  of the specimens having different 
phosphorus doping levels as a function of the thick- 
ness of the epitaxial  film. These results indicate that  
the amount  of bending depends on the doping concen- 
t rat ion of phosphorus and the thickness of the epitaxial 
film. In  this experiment,  the curvature of bending in-  
creases with an increase in phosphorus concentration 
and also increases almost l inearly with an increase in 
epitaxial layer thickness and in the concentration of 
phosphorus. Figure 3 shows x- ray  projection topo- 
graphs of specimens different in the thickness of epi- 
taxial films (concentrat ion of the dopant phosphorus 
was fixed at 4 X 1019 atom/cmS). Misfit dislocations 
along the <110> direction can be seen clearly in  Fig. 
3(b) and (c). It can be considered that these misfit 
dislocations generate when  the lattice stress exceeds a 
certain critical value at high temperatures of 700 ~ ,~ 
80,0~ and increases with an increase in the concen- 
t rat ion of the dopant impur i ty  and in the thickness 
of the grown layer. 

The x- ray  projection topographs for the various 
impurit ies and layer thicknesses show that the critical 
value of the curvature  required to induce dislocations 
by misfit is 1/R = 10 X 10 -4 cm -1, which agrees well 
with Sugita's result  (8). Some examples of the rocking 
curves are shown in Fig. 4. The diffraction intensi ty  of 
the secondary peak which appeared on the high angle 
side of the main  peak increased with increasing thick- 
ness of the epitaxial film. The fact that the main  peak 
corresponded to the reflection from the substrate and 
the secondary peak to the reflection from the epitaxial 
film was also confirmed exper imental ly  by gradually 
etching the epitaxial film from its surface. The differ- 
ence in the angle between this secondary peak and the 
main  peak, • increases almost l inear ly  with increas- 
ing concentration of the dopant phosphorus; it also in-  
creases with increasing epitaxial layer thickness at 
a constant doping level of the impurity.  In the present 
measurements,  the density of dislocations is zero or 
less than 102 cm 2 as observed in the x- ray  projec- 
t ion topographs and the change of the lattice constant 
due to bending is within •  of the true value. 
Therefore, among the effects of dislocations, other de- 
fects, and the bending of bicrystals due to lattice 

30 . . . . . .  

G " / / ~ ~  4 X 1 019 otoms/cm 3 

2 0 L 3.5 x 1019 otoms/cm 3 

'E 1 b =_.. 
c 2.5xl 019atoms/cm 3 

2 

o ,'o 3; 5'o 6o ?o 

THICKNESS OF EPITAXIAL FILM tf ( P )  

Fig. 2. Curvature vs. thickness of the phosphorus-doped epitaxial 
film. Curve a, concentration of phosphorus Ni ~-- 4 X 1019 atom/ 
cm3; curve b, Ni ---- 3.5 )< 1019 atom/cm3; curve c, Ni ---- 2.5 >< 
1019 atom/em3; curve d, Ni ~ 1 X 1019 atom/cm3; curve e, Ni ---- 
7 • 10 TM atom/cm 3. 

strain, it appears that the lattice strain affects most 
strongly the lattice constant due to the doping of phos- 
phorus. These considerations are also applicable to 
other impurities. The change in  the lattice constant of 
the Sn-, P-, Sb-, and B-doped epitaxial films, -~a, is 
plotted against the concentrat ion of each dopant in 
Fig. 5 using the experimental  data on ae defined by 
Eq. [2]. The lattice constant of the phosphorus-doped 

Fig. 3. X-ray projection topographs of phosphorus-doped speci- 
mens having various thicknesses. (Concentration of phosphorus: 
4 • 1019 atom/cm~). (a) tf ~ 4/~. (b) tf ---- 10.5/~ (c) tt ---- 14~. 
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Fig. 4. X-ray rocking curves of {(511) v, - -  (333)s)} reflection for 
various concentrations of the dopant phosphorus. (a) Silicon sub- 
strote. (b) Concentration of the dopant phosphorus Ni ~ 7 X 10 TM 
atom/cm 3, thickness of the epitaxial film tf ---- 13/~. (c) Ni ---- 
2.2 • 1010atom/cm 3, t f  ~ 13#.(d) Ni ~ 3.5 X 1019atom/cm 3, 
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epitaxial film is smaller  than  that of the substrate 
silicon crystal, and increases l inear ly  with increasing 
concentrat ion of the dopant phosphorus impuri ty.  The 
values of ._%a calculated from Eq. [3] and [4] are also 
plotted by solid lines in Fig. 5. The exper imental  
values coincide with the calculated l ine of our model, 
but  shifts slightly from the l ine on the higher side of 
I~al. 

The value of about 6 X 10,-5 for the misfit f can be 
obtained from Eq. [1] using the experimental  curve b 
of Fig. 2. This value is in approximate agreement  
with the value of 7.3 X 10 -5 obtained at the same 
phosphorus concentrat ion of 3.5 X 101~ atom/cruZ in 
Fig. 5. This result  also indicates that  the bending of 
the specimens depends on the lattice misfit between the 
epitaxially grown film and the substrate silicon crystal. 

Bending oy the tin-doped epitaxiaHy grown waJer .~ 
The bending of epitaxial slices having layers doped 
only with t in  on l ightly boron-doped silicon sub- 
strates was completely opposite to that of phosphorus- 
doped ones. Namely, the bending of these specimens 
was convex toward the epitaxially grown side. The 
values of curvature  obtained are minus, which are 
plotted in Fig. 6. In  this figure, the curves b and e are 
obtained by changing the amount  of gas flow of SnC14 
mixed with SiCI~. For determinat ion of the concen- 
t ra t ion of t in  as a neutra l  impur i ty  in the epitaxial 
film, only the x - r ay  double-crystal  spectrometer was 
used. Some examples of the rocking curves of these 
t in-doped specimens are shown in  Fig. 7. The sec- 
ondary peak designated "epi" appeared on the low 
angle side of the main  peak, which is opposite to that  
of the phosphorus-doped ones. The calculation of ha 
for t in  was performed in a way similar to phosphorus. 
Calculated values are also shown in Fig. 5. The maxi-  
mum concentrat ion of t in obtained in the present work 
was 3 X 1019 a tom/cm z. Dislocations caused by the 
lattice misfit were also observed in the t in-doped epi- 
taxial ly grown specimens as shown in Fig. 8; the dis- 
locations increase also with increasing concentrat ion of 
t in  and epitaxial  thickness. The phenomena of t in  
doping was almost similar  to that of phosphorus dop- 
ing. 

Doping of other {mpurities in the epitaxially grown 
/~Im.--Other impurit ies such as boron, arsenic, and 
ant imony were also added to the epitaxialty grown 
films and the changes in the lattice constants of these 
specimens were measured. The values obtained are 
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plotted against the impur i ty  concentrat ion as shown in 
Fig. 5. The lattice constant  of the boron-doped epi- 
taxial ly grown film is smaller than  that of the sub-  
strate silicon crystal, whereas that of the an t imony-  
doped film is larger than the substrate. The lattice con- 
traction or expansion by impur i ty  doping can be ex- 
pected and calculated from the covalent radius of the 
impur i ty  atoms. The change in the lattice constant of 
the arsenic-doped epitaxially grown films was barely 
detectable even at its concentrat ion of 4 X 1019 a tom/  
cm 3, because the covalent radius of arsenic (1.18A) 
was near ly  identical with that of Si 1.17A). In the 
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taneous doping of tin and phosphorus; concentrations of phosphorus 
and tin are 7 X 10 is atom/cm 3 and 3.5 X 10 is atom/cm 3, re- 
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Lattice strain compensation was also achieved by the 
simultaneous doping of t in  and boron whose concen- 
trations were 3 • 10 ~9 a tom/cm 8 and 2 • 1019 a tom/  
cm~, respectively. In  the case of the simultaneous dop- 
ing of an t imony and phosphorus, the max imum con- 
centrat ion of ant imony in the epitaxial silicon film ob- 
tained in the present work was less 1 • 10 ~9 a tom/cm s, 
indicating that the lattice strain compensation was less 
effective than the simultaneous doping of t in and phos- 
phorus. Germanium can also be applied to the com- 
pensation of lattice strain. 

Conclusions 
It has been established exper imental ly  that  in the 

case of simultaneous doping of t in and phosphorus, t in 
and boron, or an t imony and phosphorus, the strain 
compensation can be made in the epitaxially deposited 
silicon on silicon substrates. The magni tude of bend.- 

Fig. 8. X-ray projection topograph of tin-doped specimen: con- 
centration of tin 1 X 10 TM atom/cm3; tf : 43#. 

case of diffusion of arsenic into silicon by the sealed, 
evacuated capsule method using metallic arsenic as 
the diffusion source, the lattice constant of the diffused 
layer with a surface concentrat ion of 5 ~ 10 • 10 ~0 
a tom/cm 3 was found to be slightly smaller (1 • 10-4A) 
than  that of the substrate silicon crystal after quench-  
ing from its diffusion temperature  (1200~ It was in -  
teresting to note that the lattice constant became much 
larger than that  of the substrate after subsequent  low 
tempera ture  hea t - t rea tment  of the arsenic-diffused 
specimen (17). 

Compensation of lattice strain in epitaxiaI growth.-  
On the basis of the experiments  under  consideration, 
the simultaneous doping of t in and phosphorus was ap- 
plied to the epitaxial growth. In  Fig. 6, curve c was 
obtained from a combinat ion of curves a and b and 
the curve f, which coincides with the abscissa (namely, 
no bending occurs), and from a combinat ion of curves 
d and e. It is apparent  from Fig. 6 that  s imultaneous 
doping of t in  and phosphorus reduces the bending 
strain. This was confirmed by measurement  of the 
change in lattice constant between the epitaxial film 
and the substrate silicon crystal. Some examples of the 
rocking curves of the s imultaneously doped specimens 
are shown in Fig. 9 and 10. It is evident  from Fig. 9 
and 10 that one of the two peaks present in the case 
of doping with a single impur i ty  such as t in  or phos- 
phorus disappears and the ha l f -width  of the rocking 
curve approaches the value obtained in the substrate 
silicon crystal (3 sec of arc). It  is ascertained from 
these results that the difference in lattice constants be- 
tween the epitaxially grown film and the substrate is 
small  or zero. 

Figure 11 shows x - ray  projection topographs of the 
phosphorus-doped specimens and the t in-  and phos- 
phorus-doped ones. In  the phosphorus-doped speci- 
mens (concentrat ion 3.5 ~ 4 • 10 TM atom/cm~) misfit 
dislocations are observed in epitaxial films for the 
thickness over 15~. On the contrary, misfit dislocations 
are hardly observable in the specimens doped simul-  
taneously with t in  and phosphorus at approximately 
the same concentrat ion and even with a film thick- 
ness of 43~. Since the max imum concentrat ion of t in  in 
the present  work was 3 • 101~ a tom/cm 3, the lattice 
strain induced by doping of phosphorus of which con- 
centrat ion is 8 X i0 TM atom/cm~ can be compensated 
by the simultaneous doping of t in  and phosphorus. 

xt04! 

"~ 2,5 

Z 

(a) (b) 
P-dope Sn-dope 

suk 

/ 
o 

.=pi. epi. / 

lO -lO o -lO 
Ae (sec of arc ) 

[c) 
p&sn 
dope 

lO 

Fig. 9. X-ray rocking curves of {(511) v, - -  (333) s} for compen- 
sated specimens by simultaneous doping of tin and phosphorus. 
(a) Phosphorus doping; Ni ---- 7 XI018 atom/cm~; tf ---- 13#. (b) 
Tin doping; Ni = 3.5 X 10 is atom/cm3; tf ---- 15#. (c) Simultane- 
ous doping of tin and phosphorus; concentrations of phosphorus 
and tin are 7 X 1018 atom/cm 3 and 3..5 X 10 Is atom/cm 3, re- 
spectively; tf ---- 15/~. 

xlO 4 

_2,5 

v 

>___ 
U3 
Z 
UJ 

Z 
o 
I- 

LL 

0 

(a) (b) 

P-dope Sn-dope 

~ , ~ j /  ~ sub. . l epi' 

10 20 30 -30 -20 -10 
ag (sec of arc 

sub. 

(c) 
P&Sn 
dope 

-10 0 10 

Fig. 10. X-ray rocking curves of {(511) v, --(333) s} for compen- 
sated specimens by simultaneous doping of tin and phosphorus. (a) 
Phosphorus doping; Nt ---- 4 X 1019 atom/cm3; tf ~ 10F. (b) 
Tin doping; Ni ~ 2 • 1019 atom/cm3; tf ---- 11.5~. (c) Simultane- 
ous doping of tin with phosphorus, concentrations of phosphorus 
and tin are 4 X 1019 atom/era a and 2 X 10 ~'9 atom]era 3, respec- 
tively; t~ ~ 16/~. 



VoI. I22, No. 5 C R Y S T A L  G R O W T H  O F  S I L I C O N  669 

la t t ice  constant  of the ep i t ax ia l ly  grown film can be 
fitted to that  of the subs t ra te  silicon crys ta l  and ~hick 
epi taxia l  films can be deposi ted on the subs t ra te  wi th-  
out generat ion of misfit dislocations. 
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Fig. 11. X-ray transmitted diffraction topographs. (a) Phosphorus 
c]Loping; Ni  ~ 3.5 X 1019 atom/cm~; tf ~ 16~. ~b) Phosphorus 
doping; Ni ~ 3.5 X 1019 atom/cm~; tf ~ 40/x. (c) Simultaneous 
doping of tin with phosphorus; concentrations of phosphorus and 
tin are 3.5 X 10 TM atom/cm 8 and 1 X 1019 atom/cm 8, respectively; 
tf ~ 43#. (d) Simultaneous doping of tin with phosphorus; concen- 
trations of phosphorus and tin are 4 X 1019 atom/cm 3 and 2 • 
10 TM atom/cm 3, respectively; tf ~- 20~. 

ing or the amount  of la t t ice s t ra in  induced by  the 
doped impur i t ies  are  affected r e m a r k a b l y  by  the size 
of impur i ty  atoms and the concentrat ion of impur i ty  
atoms which occupy the subst i tu t ional  la t t ice  sites 
of silicon. Using the  technique of the s imul taneous  
doping of the  impur i ty  atoms which are  smal ler  and 
l a rge r  in atomic radius  than  the silicon atoms, the 
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Effects of Illumination on Preferential Etching 
of N-Type GaAs in a CrO -HF-AgNO  Solution 

Tadashi Saitoh, Sunao Matsubara, and Shigekazu Minagawa* 
Central Research Laboratory, Hitachi Limited, Kokubunji, Tokyo, Japan 

ABSTRACT 

Photoetching using a CrO~-HF-AgNO3 aqueous solution was studied in  an 
at tempt to reveal inhomogeneities of n - type  GaAs. This method enabled us to 
obtain etch patterns of striations and alslocations with high resolution. In  
addition, an  etch depth for revealing dislocations was only about 0.I ~m and 
striations were delineated with an etch depth of about 0.6 ~m. The method was 
applied to the examinat ion of defects in-aepth,  and it was possible to iaentify 
independent  dislocations and dislocation networks. The activation energy for 
etching in the dark was 7.5 kcal/mol, which is for the diffusion controlled 
process. The etch rate increased linearly with illumination intenslty anct the 
increases of etch rate under illumination were almost independent of etch tem- 
peratures and the concentrations of Ag + ions. Photoetched patterns were 
ridged at defects, in contrast to recessed patterns revealed in the dark. This 
result suggests that the distribution of charges on the surface, including mi- 
nority carriers (holes) and/or light-induced electron-hole pmrs, plays an 
important role in revealing defects. 

The inhomogeneities in semiconductor crystals have 
been characterized using chemical etching techniques 
because of their simplicity and their high resolution. 
For GaAs crystals, Schell (1) used a nitric acid solu- 
t ion and White and Roth (2) a dilute aqua regia to 
reveal crystal defects. However, their etchants pro- 
duced etch pits only on the { l l l }A  face of GaAs. By 
using a dilute nitric acid containing a silver ion, 
Richard and Crocker (3) were able to produce etch 
pits on both the {111}A and {111}B faces. An ordinary 
etchant containing CrO3, AgNOs, and HF was applied 
by Abrahams and Buiocchi (4) to the low index faces 
of ( I l l}A,  { l l l}B,  {110}, and {10'0}. However, the 
depth of etching in  the case of the etchant reported 
by Abrahams and Buiocchi (AB etchant) was about 
100 ~m in order to obtain etch patterns with high 
resolution. Hence, conventional  etching techniques 
were not suitable for examining crystal defects in 
thin layers as prepared by a vapor-phase or l iquid- 
phase epitaxial growth. 

Recently, Kuhn-Kuhnen fe ld  (5) reported that etch- 
ing in a H2SO~-H202 aqueous solution under  intense 
i l luminat ion revealed striations and dislocation lines 
on the low index faces of Czochralski-grown GaAs. A 
photoetching using a modified AB etchant, as de- 
scribed in this paper, is also useful for obtaining highly 
resolved patterns relat ing to the inhomogeneities, viz. 
striations and dislocations. It, however, has the ad- 
vantage of a shallow etch depth less than 1 ~m. 

Experimental 
Sample preparation.--Samples used in this study were 

n- type  GaAs with carrier concentrations in the range 
of 1017-101s cm -3, grown by the horizontal Br idgmann 
technique. The crystal surfaces were {100), {110}, 
{ l l l }A and { l l l ) B  in the case of St-doped GaAs and 
{10,0} in the case of Te-doped or Cr-doped GaAs. The 
samples were mechanically polished using Al2Oa abra-  
sives with a particle size of 0.2 ~m and chemically 
etch-polished in a 4H2SO4-1H202-1H20 solution at 
65~ for 10 rain prior to preferential  etching. 

Etching procedure.--The etchant used was a modified 
AB solution as the etching was performed at 300~ or 
at lower temperatures.  The etchant was prepared by 
dissolving 80 mg AgNOs, 10g CrO3, and 10 ml HF in 20 
ml H20, successively. Then, the solution was decanted 
to obtain a t ransparent  solution free of any precipitates 
such as Ag2CrO4 or CrO3. The concentrations of Ag + 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: photoetching,  striations, dislocations, defects  in-depth, 

etching rates, 

ions and CrO42- ions in the clear etchant analyzed by 
atomic absorption spectroscopy were 2.0 • 10 -3 g - ion /  
liter and 2.7 g-ion/l i ter ,  respectively. In addition, this 
etchant, diluted 8 to 1, was also used for revealing de- 
fects in a very shallow depth of etching. 

In  the photoetching, the i l luminat ion  was provided 
by an ordinary tungsten lamp. The light intensi ty was 
about 5000 ft-c measured by a 50 A Opto-Meter 
(United Detector Technology).  The etchant was pro- 
tected from heat by locating a water  vessel between 
the etchant containing the sample and the lamp. This 
held the temperature  rise of the etchant wi thin  I~ 
during etching time. Etch pat terns were examined us- 
ing the Nomarski technique. 

Photoetched Patterns 
In  typical etch patterns revealed under  i l lumination,  

dot-l ike defects, i r regular  l inear  defects, arid growth 
striations are observed. The patterns have excellent 
resolution and are ridged as opposed to the recessed 
pat terns produced by the Abraham's  method or the 
etching in the dark. Photoetched patterns were also 
found to vary in shape or length with orientation, 
dopant, and etch depth. 

ElYect of illumination on etch patterns.--In order to 
examine the effect of i l luminat ion  on preferential  
etching, { l l l}B surfaces were etched under  i l lumina-  
t ion or in the dark. In  the photoetched pat terns of 
{111}B surfaces, one can see dot-l ike defects, l inear  
defects, and growth striations. The dot-like defects 
denoted by arrows D in Fig. 1 consist of an elevated 
pyramidal structure. The pyramidal defects are more 
abundant than the linear defects denoted by arrows L 
on the {III}B surfaces. Growth striations indicated by 
arrows S in Fig. l(a), which were difficult to observe 
in the other etching method performed under room 
light, were delineated. Also shown in Fig. l(b) are 
minute irregularities with very shallow etch depths, 
which could not be observed using the usual micros- 
copy except for the Nomarski technique. However, 
the origin of this type of defects is uncertain. 

On the other hand, etch patterns produced in the 
dark consisted of independent etch pits, chains of 
smaller etch pits, and striations, as shown in Fig. 2. 
Independent etch pits correspond to the pyramidal 
etch hillocks indicated in Fig. l(b), and chained pits 
to the dislocation lines in Fig. l(a). Furthermore, the 
recessed lines of striations in Fig. 2 correspond to the 
ridged lines in Fig. I. The etch patterns revealed 
in the dark closely resemble those in the conventional 
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Fig. I. Photoetched patterns of Si-doped GaAs. (a) {111} surface 
(n = 5 X 101~ cm-~);  (b), magnification of (a). The etch depth 
is obout 6 p.m at etch temperature of 23~ and etch time of 2 
rain. 

defects were found to exist as shown in  Fig. 3, al- 
though l inear defects were more abundan t  than  dot- 
like defects. The l inear defects are considered to be 
dislocation lines because they develop with etching 
time as shown later in  Fig. 4. Furthermore,  these lira- 
ear defects are quite similar to the lines reported 
by Huber and Champier  (6), who indicated that  the 
l ines are dislocation lines due to the correlation be-  
tween the etch pat terns and the x - ray  topograph. This 
is in contrast with the aforementioned pat terns of 
{ l l l}B surfaces on which dot-like defects main ly  
existed. This is considered to be due to the existence of 
dislocations comparatively normal  to { l l l }B  surfaces 
and inclined to {100} or {110} faces. 

Growth striations were delineated on { l l l}B sur-  
faces as well as { l l l}A,  {100}, and {110} surfaces, al- 
though striations on {110} faces with low resolution 
are also observed. Striations, especially for {100} and 
{110} of GaAs crystals, have been difficult to observe 
and so, this photoetching method is superior to other 
etching methods in revealing them. This is quite simi- 
lar  to the result  that intense i l luminat ion is essential 
for revealing growth striations in the ease of selective 
etching using a H2SO4-H20~ aqueous solution (5). As 
shown in Fig. 2, however, one can see striations in  the 
etch pat tern  revealed in the dark, which are more 
highly resolved than that  produced in an etching under  
room light using the same AB etchant. Therefore, the 
distr ibution of charges on the surface is considered to 
play an important  part  in revealing striations. 

It is possible to examine defects in-depth  by compar-  
ing two photomicrographs of adjacent regions on the 
{100} surface and {110} cleaved face. Note that  dis- 
location lines, designated by arrows A in Fig. 3, are 
observed on both the {100} and {110} surfaces. This 
result  suggests that dislocation lines are connected. On 
the other hand, arrows B and C are revealed on either 
the {110} face or the {100} surface. The dislocation l ine 
shown by arrow B appeared on the {100} surface dur-  
ing fur ther  etching. On the other hand, the disloca- 
tion l ine shown by C was a "memory" of dissolved 
dislocation because no pat tern relat ing to C, is ob- 
served on the {110} face. 

Variation o] etch patterns with etch depth.--This 
photoetching technique is also effective in observing 
how etch pat terns vary with etch depth because the 
technique requires a shallow etch depth to obtain 
highly resolved patterns. A typical variat ion of etch 
patterns for {100} surfaces of GaAs is shown in Fig. 4, 
in which arrows E to G are typical examples of de- 
fects. Arrow E is a dot-l ike defect in Fig. 4(a) .  Then, 
it changes into a l inear  defect as indicated in  Fig. 4(b) .  
In  Fig. 4(c), the length of the l inear  defect remains 
constant during prolonged etching. Therefore, this 
defect is a short one independent  of other defects, and 

Fig. 2. {111}B surface of Si-doped GaAs (n = 5 X I017 cm -~  
etched in the dark. The etch depth is 14 ~m at etch temperature 
of 23~ and etch time of 7 min. 

method under  room light, a l though the former are 
clearer than  the latter. However, the photoetching 
method is superior to other etching methods, including 
the etching in  the dark, especially for obtaining etch 
pat terns of {100} and {110} surfaces. The density of 
dot-l ike and l inear  defects in the photoetched pat terns 
was found to be in the ranges of 8-11 X 10 ~ cm -2. 

Thus, inverse pat terns can be obtained by etching 
unde r  i l luminat ion  or in  the dark. This result  suggests 
that  the distr ibution of charges on the GaAs surface, 
including minor i ty  carriers (holes), ionized donors, 
surface states and /o r  l ight- induced carriers, plays an 
impor tant  role in  obtaining etch pat terns with high 
resolution. 

El~ect ol surface orientation.--As for {100} surfaces 
and {110} cleaved faces, l inear  defects and dot- l ike 

Fig. 3. Photoetched surfaces of adjacent {100} surface and 
{110} cleaved face for Si-doped GaAs (n ~ 2 X 10 TM cm-~). 
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Fig. 5. Photoetched ~100} surfaces of Si-doped GaAs using the 
etchant diluted 8 to 1. Etch depths in (a) and (b) are 0.1 ~m and 
0.7 Fm, respectively. 

Fig. 4. Variation of photoetched (100}) surfaces with the depth 
of etching for Si-doped GaAs (n ~ 2 • 1018 cm-3). 

it also exists more or less on the {100} surface. 
The shape of the dot- l ike  defect denoted by arrow F 

does not vary with  etch depth. Hence, this defect is 
considered to be a dislocation lying in the <100> di- 
rection. 

Also observable in Fig. 4 is a defect which exists 
three-dimensional ly  in .GaAs as depicted by arrows G. 
Arrows G shown in Fig. 4(a) consist of independent  
l inear defects. As the depth of the etching increases, 
the defects are connected to form a network, as shown 
in Fig. 4,(b) and (c). 

The etch depth in the decanted AB solution is about 
6 ~m for m a x i m u m  resolution at an etch tempera ture  
of 23~ and l ight intensi ty of 4000 ft-c. However,  the 
defects should be revealed with  an etch depth less 
than 1 ~m when the etching was performed at lower 
tempera tures  or when  more intense lights were  used. 
Consequently,  (100} surfaces of GaAs were  photo- 
etched at 7~ for 15 sec, so that the inhomogeneit ies 
such as striations and etch hillocks were  revealed in 
an etch depth of about 0.6 ~m. Fur thermore ,  the etch- 
ant di luted 8 to 1 was also used at 23~ to decrease 
etch rates and to increase l ight intensity as the CrO42- 
containing solution absorbs lights. As a result, stria- 
tions as well  as dot- l ike and l inear  defects were  de- 
l ineated in an etch depth of about 0.7 ~m and an etch 
depth for reveal ing dot- l ike and l inear  defects was 
only about 0.1 #m, as shown in Fig. 5. These values 

were  remarkably  lower than those obtained by con- 
ventional  preferent ia l  etching. 

Effect of dopant.--Photoetched patterns of Si-doped 
GaAs have already been shown in Fig. 1-3. As for the 
Te-doped GaAs indicated in Fig. 6(a) ,  striations, as 
well  as dislocation lines surrounded by slightly con- 
cave and rugged regions were  observed. These regions 
were  not observed in Si-doped or Cr-doped GaAs. The 
regions were examined using cathodoluminescence so 
that they were  found to be br ighter  in the cathodo- 
luminescent  image than the dislocation lines or the 
regions where  no dislocation lines existed. This result  
is consistent with that reported by Casey (7) who said 
that  the precipi tat ion of a Te-r ich solid solution may 
account for the inhomogeneous cathodoluminescent  
images associated with  dislocations. 

Photoetched patterns of Cr-doped GaAs shown in 
Fig. 6 (b) consist of ridged dislocation lines surrounded 
by slightly hol lowed regions and defects wi th  a pecu- 
liar cell structure. However,  striations were  difficult 
to observe in Cr-doped semi- insulat ing GaAs, in con- 
trast to photoetched patterns of Si-doped and Te-doped 
GaAs. The cell s t ructure observed in the peripheral  
region of me l t -g rown  GaAs wafers  is considered to 
relate to precipitates due to the low solubili ty of Cr in 
GaAs. 

In order to examine the effect of carr ier  concentra-  
tions on the photoetched patterns, Si-doped GaAs with 
carr ier  concentrations of 4 • 1017 cm-3 and 2 X 10 is 
cm -~ were etched simultaneously.  Photoetched pat-  
terns were  similar in spite of the difference of carr ier  
concentrations. However,  an etch rate of GaAs with 
the carr ier  concentrat ion of 4 X 101~ cm -3 was about 
10% higher  than that  of GaAs with  2 X 10 Is cm -~. 
This result  seems to indicate that  r idged lines corre-  
spond to higher carr ier  concentrations than recessed 
bands in the striations. 



Vol. 122, No. 5 EF F EC TS  OF ILLUMINATION 673 

/~ r 
EM 

e~ 

z 1 
U 
I - -  

w 5 

6sOc 3o~ loOc 
! i ! 

~ m i n  ~ .~ .  a t e d  

D a r k e n e d  

I I I I 

2.8 3.2  3 .6  
I O ~ T  ( O K " )  

Fig. 7. Effect of illumination on the etching rate of {100} sur- 
face of Si-doped GaAs as a function of temperature. The light 
intensity is 4 X 103 ft-c. 

Fig. 6. Photoetched {100} surfaces. (a), Te-doped GaAs; (b), 
C,r-doped GaAs. The etch depths are about 6 ~m. 

Etching Rates 
In  photoetching using the modified AB solution, 

etching rates depended main ly  on concentrations of 
CrO3 and HF, light intensity,  and etching temperature.  
This paper describes only the effects of light intensi ty  
and etching temperature  on etching rates of GaAs. 
First, we examined the relationship between etch 
depth and etch t ime as a function of etch temperature.  
The etch depth was found to be proportional to the 
etch time. This l inear  relationship differs from the 
result  reported by Abrahams et al. (4) who indicated 
that the etch rate shows a saturat ion with time. It was 
considered to be due to the formation of AgfCrO4 pre-  
cipitate dur ing etching which occurred more easily at 
the high etch temperature  of 65~ 

Figure 7 shows the Arrhenius  plot of etch rates for 
i l luminated or dark condition. Etch rate decreases l in-  
early with the increase of the reciprocal temperature  
for etching in the dark condition but  nonl inear ly  for 
etching under  i l luminat ion.  Furthermore,  the differ- 
ences of etch rates for i l luminated and dark conditions 
are almost equal irrespective of etch temperatures.  
Therefore, photoetching rates (V) should be depicted 
as the following equat ion 

( ~E ) 
V = A e x p  - - - -  -}-BL [1] 

RT 

where A is a constant relat ing to the concentrations of 
reagents in  the etchant and ~E is an activation energy 
for etching in the dark. B is a constant and L is an 
incident  light flux. From Fig. 7, one can obtain A ---- 
7.1 X 105 # m / m i n  and .~E ---- 7.5 kcal/mol,  typical for 
the diffusion controlled process. In  order to obtain the 
value of B, we examined the relationship between the 
etch rate and the light intensity.  Figure 8 shows the 
relationship from which we obtained the value of 
B ---- 1.5 X 10 -4 #m/min . f t -c .  
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Fig. 8. Etching rate of {100} surface as a function of light 
intensity for $i-doped GaAs etched at 23~ for 10 rain. 

The effect of Ag + ion concentrations up to 2 X 10 -~ 
g- ion / l i t e r  on the etch rates was examined for {100} 
surfaces of Si-dol=ed GaAs (n : 2 • 10 is cm -3) at 
23~ and 4 X 10 ~ ft-c. However, Ag + ions were found 
not to influence the etch rate of n - type  GaAs, although 
effective in obtaining etch pat terns with a little higher 
resolution. The reason positive ions such as Ag e do 
not effect etch rates is considered to be due to the 
anodic behavior of n - type  GaAs surfaces in the etch- 
ing solution. 

Discussion 
At the interface between an  n - type  semiconductor 

and an etchant, there exists a space-charge layer on 
the semiconductor surface near the etchant as well as 
a Helmholtz layer and a Gouy layer in the electrolyte 
close to the semiconductor (8). It has been shown that 
interracial holes are required for anodic reactions at 
an n- type  semiconductor surface (9, 10). 

Generally, the preferential  etching of defects has 
been at t r ibuted to the differences of chemical energies 
of the dislocation cores, or the local s train field around 
a dislocation. So, the higher concentrat ion of holes, 
t rapped at the dislocation combined with chemical 
energies or with the local s train field, increases the 
etch rate, causing etch pits. This explains why in the 
case of { l l l}B face, etch pat terns revealed in the dark 
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have a higher resolution than those produced by etch- 
ing under  room light. 

Next, consider the effect of i l luminat ion for the 
chemical etching of n - type  GaAs. The concentrat ion of 
positive charges on the surface generated by photon 
absorption increases with the i l lumination,  causing an 
increase of the etching rate as indicated in  Fig. 7. Al-  
though Kuhn-Kuhnenfe ld  (5) has applied photoetch- 
ing techniques in revealing defects of GaAs, no ex- 
planat ion was included in his paper on why the defects 
have ridged structures. The following is a possible 
model, based on the difference of positive charge dis- 
t r ibut ion between the dislocation sites and the regions 
without dislocations. Defects, such as dislocations, are 
general ly expected to be an effective recombination 
site of l ight- induced electron-hole pairs due to poten- 
tial deformation. In  photoetching, both electrons and 
holes generated by light recombine instantaneously at 
the dislocation rather  than separate in the bu i l t - in  
electric field in the surface space charge layer. Thus, 
the concentrations of positive charges at dislocation 
sites become lower than those in the regions without 
dislocations. As a result, the etching rate at a disloca- 
tion decreases relat ively so that an etch hillock is 
formed at the dislocation. This mechanism is consist- 
ent with the result of Ellis (11) who showed that the 
anodic etching of Ge is not uniform if dislocations are 
present at the surface and that this is presumably re-  
lated to the t rapping of electron-hole pairs at the dis- 
locations. 

In  addition to the formation of etch hillocks, it 
should be pointed out that  the bu i l t - in  electric field 
decreases due to the generation of photovoltage in the 
photoetching. This decrease causes a relative increase 
in the deformation potential of the dislocation. Con- 
sequently, a dislocation becomes a more effective site 
to recombine l ight- induced carriers in contrast to the 
etching in the dark. 

After an etch hillock has appeared under  i l lumina-  
tion, whether  the hillock will remain or not depends 
on etch rates of various planes around the hillock. 

Let us call the etch rate for a side of the hillock Vs 
and that for a surface plane Vp. The condition for the 
stability of the hillock is Vp ----- Vs. If the condition is 
not fulfilled, the hillock etches away faster than the 
surface plane and disappears. On the other hand, the 

condition for developing etch pits revealed in the dark 
is Vp < Vs. 

As shown in Fig. 7, the etching rate for the modi- 
fied AB solution near room temperature is diffusion- 
controlled and the concentrations of light-induced car- 
riers on various planes are expected to be independent 
of orientation. This suggests that the etch rates do not 
vary with orientation. In fact, the photoetching rate 
of a {100} surface was only about 10% larger than that 
of a {I11}B surface. Therefore, the "memory" effect 
of etching patterns becomes more noticeable in photo- 
etching than with other etching methods. 
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ABSTRACT 

Auger electron spectroscopy has been used to evaluate the chemical state of 
silicon (111) surfaces cleaned by various l iquid reagents, ion sputtering, and 
plasma treatment .  The two most common impurit ies observed were carbon 
and oxygen. Results indicated that l iquid reagent cleaning produced surfaces 
which were heavily contaminated with carbon, and that when oxidizing re-  
agents were used, carbon contaminat ion could be kept to a minimum. Sputter-  
ing was toured to be an  unsatisfactory method of cleaning because slices be-  
came activated after sputter ing and adsorbed impurit ies from the atmosphere 
when  removed from the vacuum system. Plasma t rea tment  was the most effec- 
t ive of the three types of cleanups used, producing surfaces with the lowest 
carbon concentrations. One exception was CF4 plasma which was shown to 
deposit carbon on the surface. 

A large number  of processes are used by the semi- 
conductor indust ry  for the cleaning of silicon prior to 
process steps such as oxidation, diffusion, and metal  
deposition. The chemical state of the surface after 
cleanup has not been systematically investigated, re- 
suiting in wasteful consumption of chemicals and the 
use of "overkill" in slice cleanup. We have investigated 
the effect of eight liquid reagent cleaning sequences, 
six plasma cleanups, argon sputtering, and deionized 
water rinsing on silicon surfaces. 

Auger electron spectroscopy (AES) has been shown 
to be a useful and highly sensitive tool for the study 
of etched silicon (i) and chemically cleaned germa- 
nium surfaces (2), particularly for the determination 
of the effects of carbon contamination (3), and has 
been chosen for this study. The principles of AES have 
been described in the literature (4-6). 

In this work carbon was found to be one of the 
major contaminants, along with oxygen, on chemically 
cleaned silicon surfaces and the effectiveness of vari- 
ous chemicals, plasma, and sputtering for the removal 
of carbon have been examined. 

Experimental 
The samples used were 0.76 m m  thick mechanically 

polished 10 ohm-cm boron-doped silicon (111) slices. 
The slices were cut from the same boule in order to 
minimize the effect of the bulk mater ial  on the surface 
contamination. Strips from the slices were then sub- 
jected to liquid cleaning, argon ion bombardment, or 
plasma cleaning All reagents used were (ACS) Low 
Mobile Ion Grade and the deionized water used for 
rinsing had a resistivity of 18 megohms. Details of the 
process sequences used to prepare the samples are 
given in Tables I (liquid reagent), II (argon ion sput- 
ter), and III (plasma). 

Argon ion bombardment was performed with a 
Varian ion gun (Model 981-1045) at 5 X 10 -5 Torr 
argon (Matheson, Research Grade) pressure, which 
produced a 12 mm diameter ion beam at 600 eV en- 
ergy. Samples could be heated inside the Varian Cy- 
lindrical Mirror Analyzer system (Model 981-2607) by 
conduction from radlatively heated stainless steel 
blocks on which they were mounted for analysis. 
Chromel-Alumel thermocouples, spot welded on stain- 
less steel retaining strips used to press the samples to 

P r e s e n t  a d d r e s s :  R e p u b l i c  S tee l  C o r p o r a t i o n ,  R e s e a r c h  a n d  D e -  
v e l o p m e n t  C e n t e r ,  I n d e p e n d e n c e ,  Ohio  44131. 

K e y  w o r d s :  A u g e r ,  surface,  e lectron spectroscopy,  c leanup.  

the heated blocks, were used to measure the tempera-  
ture of the samples. 

To minimize contaminat ion due to post-cleanup 
handling; all treated samples were t ransported in 
clean, covered Pyrex containers and loaded into the 

TaMe I. Liquid reagent cleanup sequences (a) 

A T r i c h l o r o e t h y l e n e  
M e t h y l  a lcohol  
D e i o n i z e d  w a t e r  r i n s e  
P i r a n h a  (b) 
D e i o n i z e d  w a t e r  rinse 
I-IF, concer~tra ted,  d i p  
D e i o n i z e d  w a t e r  r inse ,  100~ 
Deionized  water  rinse 
S p i n  d r y  

B P i r a n h a  
D e i o n i z e d  w a t e r  rinse 
H F ,  I 0 % ,  (c) d ip  
D e i o n i z e d  w a t e r  rinse 
I s o p r o p a n o l  
Freon vapor dry  

C P i r a n h a  
D e i o n i z e d  w a t e r  r i n se ,  100~ 
HF, concentrated,  dip 
D e i o n i z e d  w a t e r  r i n s e  
HNO~, c o n c e n t r a t e d ,  90~C 
D e i o n i z e d  w a t e r  rinse 
S p i n  d r y  

D D e i o n i z e d  w a t e r  r i n s e  
P i r a n h a  
Deion ized  water  rinse 
H F ,  10%, d ip  
Deion ized  water  rinse 
S p i n  dry 

E P i r a n h a  
D e i o n i z e d  w a t e r  rinse 
HF,  c o n c e n t r a t e d ,  dip 
D e i o n i z e d  w a t e r  r i n s e  
HNO3, c o n c e n t r a t e d ,  90~ 
n e i o n i z e d  w a t e r  rinse 
S p i n  d r y  

F T r i c h l o r o e t h y l e n e  
M e t h y l  alcohol  
D e i o n i z e d  w a t e r  rinse 
S p i n  d r y  

G H F ,  c o n c e n t r a t e d  
D e i o n i z e d  w a t e r  r i n s e  
B l o w  d r y  w i t h  n i t r o g e n  

H HeSO~ 60%-HNO3 40% solut ion 
D e i o n i z e d  w a t e r  rinse 
n e l l  No.  2 (d~ 
D e i o n i z e d  w a t e r  r i n s e  
B l o w  d r y  w i t h  nitrogen 

(a~ Al l  l i qu id  t r e a t m e n t s  a r e  1 m i n  in  d u r a t i o n  w i t h  reagents  at 
r o o m  t e m p e r a t u r e  u n l e s s  o t h e r w i s e  s t a ted .  Al l  d e i o n i z e d  water  
r i n s e s  a re  10 m i n  in  d u r a t i o n ,  u n l e s s  spec i f i ed  as  a d ip .  

~b~ T h e  c o m p o s i t i o n  of  P i r a n h a  is as fo l l ows :  70% H2SO~, 30% 
H~O~. 

(c~ Al l  p e r c e n t a g e s  i n d i c a t e d  a r e  v o l u m e  p e r  cent .  
r Be l l  No.  2 is  f o r m u l a t e d  as  fo l l ows :  200 m l  H20,  200g NH~F, 

45 m l  I-IF. 

675 
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Table II. Argon ion bombardment sequences Table IV. Per cent surface coverage, liquid reagent cleanup 

Si (78 Si 
Cleanup eV)Ca) (91 eV) 13/Cl (b~ S C N O Fe Ni 

U n t r e a t e d  17.2 11.3 TrCo~ 0.14 55.4 1.2 14.7 
A 37.4 32.1 Tr 10.5 20.0 
B 75.4 21.3 8.3 
C 35.4 16.2 15.3 2.4 24.0 1.9 4.9 
D 36.4 17.1 14.3 2.4 25.6 1.0 3.3 
E 22.5 22.6 37.4 1.6 16.0 
F 27.0 17.6 34.1 1.9 19.3 
G 25.7 72.0 0.5 1.8 
H 51.~ 0.12 45.1 0.4 2.9 

D.I. r inse  3"/.4 82.1 10.5 20.0 

A1 At+ s p u t t e r e d  for  45 ra in  
A2 Ar+ s p u t t e r e d  for  45 ra in  

A n n e a l e d  a t  770~ fo r  30 rain,  e x a m i n e d  a t  t e m p e r a t u r e  
A3 A r  § spu t t e r ed  fo r  46 ra in  

A n n e a l e d  a t  770~ for  30 r a in  
C o o l e d  to r o o m  t e m p e r a t u r e  a n d  e x a m i n e d  

A4 Ar§ s p u t t e r e d  for  45 ra in  
R e m o v e d  f r o m  v a c u u m  sys t em a nd  exposed  to r o o m  a i r  for  20 

m l n  
R e i n t r o d u c e d  i n to  v a c u u m  s y s t e m  and  e x a m i n e d  a f t e r  s t a n d a r d  

p u m p d o w n  
AS Ar  + s p u t t e r e d  for  45 rain 

R e m o v e d  f r o m  v a c u u m  s y s t e m  and  expos e d  to r o o m  air f o r  24 
h r  

R e i n t r o d u c e d  i n t o  v a c u u m  s y s t e m  a n d  e x a m i n e d  a f t er  s t a n d a r d  
p u m p d o w n  

A6 At* s p u t t e r e d  for  45 ra in  
A n n e a l e d  a t  770~ fo r  30 ra in  
Cooled to  r o o m  t e m p e r a t u r e  
R e m o v e d  f r o m  v a c u u m  s y s t e m  a n d  e x p o s e d  to room air for  80 

ra in  
R e i n t r o d u c e d  i n to  v a c u u m  s y s t e m  a n d  e x a m i n e d  af te r  s t a n d a r d  

p u m p d o w n  

Table III. Plasma cleaning sequences ca~ 

B1 02 p l a s m a  t r e a t m e n t ,  10 ra in  
B2 N2 p l a s m a  t r e a t m e n t  10 ra in  
B3 A r  p l a s m a  t r e a t m e n t ,  10 rain 
B4 CF4 p l a s m a  t r e a t m e n t ,  10 rain  
BS CF4 p l a s m a  t r e a t m e n t ,  5 m i n  f o l l o w e d  by  O~ p l a s m a  t r e a t m e n t ,  

5 ra in  
B6 02 p l a s m a  t r e a t m e n t ,  5 ra in  f o l l o w e d  b y  1%[s p l a s m a  t r e a t m e n t ,  

5 ra in  

<,~ T y p i c a l  o p e r a t i n g  cond i t i ons  are  as  f o l l o w s :  gas  pre s su re  = 1 
Torr ,  f low ra te  = 100 cm3/min ,  R F  p o w e r  = 300W, subs t r a t e  t em-  
pe ra tu r e  = 373~ 

vacuum system after a max imum of 90 rain storage. A 
base pressure of 10 -9 Torr was at tained without bake-  
out, after overnight  pumping,  before Auger analysis 
was performed. 

Results 
Due to the large number  of AES spectra ( d N ( E ) /  

d(E) vs. E) obtained, it is cumbersome to present the 
actual data. Instead, relative surface coverage values, 
obtained by a normalizat ion method explained below 
are given. 

The per cent coverage was computed using the fol- 
lowing equation 

Per cent coverage -:  ( (ai/ai ~ X 100)/Z (a/aj  ~ 

where ai is the Auger peak- to-peak intensi ty  from the 
ith element and ai ~ is the "standard" peak- to-peak in-  
tensity obtained from the pure element. The "stand- 
ard" peak- to-peak intensities were taken from the 
"Handbook of Auger Spectroscopy" (7). In  the case of 
a compound standard, the measured s tandard peak-to-  
peak intensi ty was first divided by the mole fraction 
of the element of interest  in the compound. The AES 
spectra shown in the Handbook were of course taken 
under  fixed conditions. 

The ai o for the Si (78 eV) transition, which is char-  
acteristic of clean SiO2 surfaces but  does not appear in 
the Handbook (7), was calculated in the following 
manner.  Auger spectra were obtained from a 1000/ 
thick thermal ly  grown SiO2 film using our Auger sys- 
tem. The ratio of the peak- to-peak intensities of the 
O (510 eV) t ransi t ion (from the MgO sample) ob- 
tained from Ref. (7) to that  of the O (510 eV) t ransi-  
tion of the SiO2 sample was then mult ipl ied by the 
peak- to-peak intensi ty  of the Si (78 eV) transi t ion 
from the SiO2 sample and corrected for the mole frac- 
t ion to yield the required at% 

The reduced data for each type of cleanup are tabu-  
lated in Tables IV, V, and VI. It should be noted that 
the numbers  shown in the tables are for comparison of 
the effects of the different surface t reatments  only and 
do not represent  accurate surface coverages. 

Liquid reagent cleanup.--Table IV summarizes the 
Auger data obtained for slices subjected to various 
l iquid chemical treatments.  

ca) In the change of chemical state from Si to SiO~ a shift in the 
ene rgy  of the  Si  peak  f r o m  91 to 78 eV i n  the  l ow  e n e r g y  A u g e r  
s p e c t r u m  occurs.  The  76 and  91 eV t r a n s i t i o n s  m a y  be eas i ly  d is -  
t i n g u i s h e d  even  w h e n  p r e sen t  in  the  same  s p e c t r u m  and  the  ra t io  
of the  two  peaks  m a y  be used  to  e s t ima te  the  S i /S iO~ con ten t  of 
the  surface.  

(b~ The  A u g e r  t r a n s i t i o n s  of b o r o n  (179 eV) and  ch lo r ine  (181 eV) 
occur w i t h i n  the  same n a r r o w  e n e r g y  r ange  so t ha t  fo r  p r a c t i c a l  
purposes  t h e y  are i n d i s t i n g u i s h a b l e  by  AES.  Howeve r ,  one m a y  use  
the  A u g e r  a p p a r a t u s  to  d i s t i n g u i s h  bo ron  f r o m  ch lo r ine  by  an  e lee-  
Zron loss t echn ique .  The h i g h  e n e r g y  C1 (2400 eV) t r a n s i t i o n  c o u l d  
not  be o b s e r v e d  u s i n g  our  s y s t e m  since the  e lec t ron  gun  had  a m a x -  
i m u m  e n e r g y  of 2000 eV. 

(r Trace  leve l .  

A salient feature is the presence of carbon in  rela- 
t ively high concentrations on every sample analyzed. 
In  conjunct ion with this observation, it is of interest  
that the degree of oxidation of the surface apparent ly 
has an effect on the surface carbon contamination,  i.e., 
the higher the oxygen concentrat ion at the surface, the 
lower is the carbon concentrat ion observed. This is 
not surpris ing since an oxidized surface is expected to 
be much more stable chemically than a bare silicon 
surface. Fur thermore  we have observed that an oxi- 
dized silicon surface that  has been sputtered with 
positive argon ions to produce an atomically clean 
surface adsorbs only an insignificant amount  of car- 
bonaceous mater ial  when exposed to room air. This 
result is quite different from that found after exposing 
a sputtered silicon surface to air whereupon, as will be 
shown below, the surface acts as a very  effective getter 
of carbon-bear ing species from the ambient.  

The cleanups which produced the surfaces with the 
highest carbon contents are G and H. Cleanup G was a 
concentrated HF dip followed by deionized water  
r insing and in cleanup H, the last reagent used, was 
Bell No. 2 which consists of an HF-NH4F solution 
(see footnote in Table I). The indication is that con- 

centrated hydrofluoric acid t rea tment  increases the 
propensity of the silicon surface for adsorption of hy-  
drocarbons. This effect, which has also been observed 
by Henderson (9), is due to the fact that HF removes 
the native oxide from the surface and leaves behind a 
very active bare surface as described above. 

Cleanup D, which consisted of a 10 volume per cent 
HF dip followed by deionized water rinsing, was not 
expected to produce a completely oxide-free surface 
since in the presence of water a steady state is at-  
tained such that  removal of oxide and reoxidation in 
the aqueous medium occur simultaneously.  Thus when  
the slice was t ransferred ( through air) into the water 
rinse it presented an oxidized surface unfavorable  for 
adsorption of carbon-containing gaseous species. The 
results shown in Table IV bear this out. 

With the exception of cleanups C and D, no metal  
contaminat ion was found on the samples examined. 
Since the same techniques and chemical sources were 
used in preparing all the chemically cleaned samples, 
it appears that the traces of Ni and Fe found in sam- 
ples C and D were introduced by accident either into 
the solutions or directly onto the slices by  the operator 
rather  than  from an inherent  defect in the cleaning 
processes. 

Ion bombardment cleanup and contamination by 
cir.--The effect of positive argon ion bombardment ,  
anneal ing in u l t ra -h igh  vacuum, and exposure to 
room air are presented in Table V. Extremely clean 
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Table V. Per cent surface coverage, argon ion bombarded 

Si  Si  
Cleanup (78 eV) ( 9 l e e )  B/C1 At(a) S C N O 

Untreated  17.2 11.3 Tr(~) Tr  0.1 55.4 1.2 14.7 
A I  94.3 Tr 5.7 
A2 88.9 Tr 10.8 0.1 
A3 75.9 Tr 22.5 1.5 
A4 2.5 12.0 Tr Tr 72.5 2.4 10.6 
A5 7.8 Tr 78.6 3.0 10.6 
A6 8.2 Tr  89.0 0.3 4.4 

(a> The effect  of l ow e n e r g y  (600 eV) argon ion b o m b a r d m e n t  of a 
surface is the removal  of material  w i t h  a small  amount  of the 
bombard ing  gas being implan ted  in  the first severa l  monolayers .  
Argon has  a distinct A u g e r  transit ion and does not  interfere  wi th  
the identif ication of other species.  It does  occupy a f ract ion of the 
detectable vo lume and m u s t  be considered w h e n  de t e rmin ing  the 
n u m b e r  of detected a toms for each e lemen t  w h e n  p resen t  in sig- 
nif icant  quanti t ies .  

(b} Trace  level, 

silicon surfaces can be generated by this technique, as 
shown by the AES data, and the same technique has 
been used by Farnsworth  et al. (10) and by Schlier and 
Farnswor th  (11) to produce atomically clean silicon 
surfaces for adsorption studies. 

Anneal ing  of the sputtered samples at 770~ for 30 
rain resulted in an increase in  the carbon concentra- 
t ion at the surface. This may have been caused by 
either out-diffusion from the bulk or by beam assisted 
decomposition of adsorbed carbon compounds. The 
former mechanism is believed to be the one which 
was operative since carbon segregation to the surface 
dur ing anneal ing was also found when the vacuum 
conditions were such that the time for a monolayer  
of carbon compounds to adsorb on the surface was 
much greater than  the total t ime of the AES experi-  
ment. 

In order for sputter  cleaning to be a useful process 
for integrated circuit manufacture,  it is necessary to 
be able to anneal  out the surface damage (and simul-  
taneously to el iminate the active adsorbent layer) .  
The anneal ing time and temperature  sufficient to re- 
store surface order on silicon was found to be (10) 
a few minutes at 1170~ An al ternat ive to anneal ing 
out damage would be to perform the next  process step 
without  exposing the slice to contaminat ing atmo- 
spheres, such as is possible in some metal  sput ter-  
deposition machines. 

Plasma cleaning.--The silicon samples subjected to 
plasma cleaning were by far the least contaminated 
of those prepared by s tandard processing methods 
(see Table VI). All of the surfaces cleaned by  this 
technique showed very low carbon levels, the only 
exception being the sample treated for 10 rain in a CF4 
plasma. The lat ter  is due to deposition of carbon from 
plasma-decomposed source gas (12). It is interest ing 
to note that the surfaces are all (excepting the CF4 
case) heavily oxidized and thus reduce the degree of 
hydrocarbon adsorption when exposed to the atmo- 
sphere. The presence of fluorine is believed to have 
resulted from the decomposition of CF4 which is used 
to clean the plasma system and is expected to be 
heavily adsorbed on the system walls. The presence of 
ni t rogen in the Auger spectra has not yet been fully 
understood. 

Table VI. Per cent surface coverage, plasma treated 

S i  S i  
Cleanup (78 eV) ( 9 l e e )  B/C1 S C N 0 F 

Untreated 17.2 11.3 TrCa~ 0.1 55.4 1.2 14.7 
B1 55,5 6.4 0.46 2.1 0,3 33.8 1.4 
B2 54.4 3.8 2.2 Tr  38.2 1.0 
B3 64.7 4.8 6.6 0.3 24.3 0.3 
B4  3.0 16.9 76.1 0,6 3.4 0.9 
B5 57.0 3.2 34.9 1.4 
B5 50.0 0,23 0.2 2.9 1.3 44,8 

(~) Trace level. 
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Fig. 1. Typical Auger spectra after various surface cleaning pro- 
cedures. 

Summary 
The effects of l iquid reagent, sputtering, and plasma 

cleaning on the chemical state of bare silicon (111) 
surfaces have been characterized and significant dif- 
ferences in carbon and oxygen contaminat ion have 
been found. The Auger spectra for three of the most 
effectively cleaned samples (one from each group of 
cleanups) are shown in Fig. 1, together with the spec- 
t rum from an uncleaned sample for comparison. Liq- 
uid methods were found least effective in removing 
surface carbon. In  particular, hydrofluoric acid formu-  
lations appeared to enhance hydrocarbon adsorption 
and actually increased the degree of carbon contami-  
nation. Rinsing in deionized water was an effective 
method for removing much of the carbonaceous ma-  
teriaI from the start ing (untreated)  material.  Sput ter-  
ing with argon ions can result in atomically clean 
surfaces but  has the major  drawback of leaving an 
active (for adsorption) and damaged surface. Plasma 
methods constituted the most encouraging techniques 
both in terms of surface cleanliness and practicability. 
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Effect of Substrate Microdefects Due to Thermal Etching on the 
Near-Junction Properties of GaP:Zn,O Grown by 

Liquid Phase Epitaxy 
C. Michel  

Philips Laboratories, Briarcliff Manor, New York 10510 

ABSTRACT 

The effect of ind iv idua l  in terfacia l  microdefects  due to the rmal  etching on 
the cathodoluminescence (CL) and minor i ty  car r ie r  diffusion length  (Le) 
have been inves t iga ted  with  a scanning electron microscope for p - t y p e  GaP:  
Zn,O layers  grown by l iquid phase ep i t axy  (LPE) on n - type  GaP substrates.  
Fo r  layers  g rown by convent ional  t i l t ing or s l iding techniques, both  CL and 
Le are  significantly reduced in the vicini ty  of a defect, p robab ly  because 
of the s trong growth  anisot ropy generated there.  However  no degradat ion  
was observed for layers  grown by an LPE technique that  employs  control led 
subst ra te  mel tback  and a Te-compensa ted  growth  solution. This difference 
may  account for the improvement  of about  15% in e lect roluminescent  effi- 
ciency that  has been repor ted  for l igh t -emi t t ing  diodes p repared  f rom layers  
grown by a mel tback  technique. 

Efficient GaP l igh t -emi t t ing  diodes (LED's)  can be 
obtained (1, 2) by  l iqu id -phase  ep i t axy  (LPE).  Since 
the l aye r - subs t r a t e  interface in these devices is close 
to the active region, the qual i ty  of the subs t ra te  sur-  
face is expected to influence the i r  performance.  How- 
ever  the electr ical  and optical  effects associated with  
indiv idual  in terfacia l  microdefects  have not been 
c lear ly  demonstra ted .  The difficulty is usual ly  of an 
exper imenta l  na ture  in that  the  microscopic in terac-  
t ion be tween a pa r t i cu la r  defect  and the nea r - junc t ion  
character is t ic  cannot be observed d i rec t ly  by any of 
the  convent ional  low-reso lu t ion  techniques, e.g., x - r a y  
topography.  

In this investigation,  a scanning e lec t ron micro-  
scope (SEM) opera ted in the cathodoluminescence 
(CL) and beam- induced  current  (BIC) modes has 

been used to s tudy  the nea r - junc t ion  proper t ies  of 
diode s t ructures  p repared  by  growing LPE layers  of 
p - t ype  GaP:Zn,O on n - type  GaP subst ra tes  cut from 
crystals  grown by the l iqu id-encapsu la ted  Czochralski  
(LEC) technique. Three  different LPE growth  p ro -  
cedures, based on the ti l t ing, sliding, and dipping 
techniques, were  used. In  all  cases, in terfacia l  micro-  
defects resul ted  f rom the the rmal  etching of the sub-  
s t rates  tha t  occurred pr io r  to LPE growth.  The SEM 
measurements  showed that  the cathodoluminescence 
and mino r i t y - ca r r i e r  diffusion lengths  were  reduced 
in the  vic ini ty  of these microdefects  for layers  grown 
by the t i l t ing and sl iding procedures,  but  not for  those 
p repa red  by  the d ipping method.  

Thermal Etching of GaP Substrates 
The GaP subs t ra tes  used in this  invest igat ion were  

( l l l ) B  wafers  cut f rom LEC crysta ls  doped wi th  Te 
or S(ND-NA : 2-5 • 1017 cm-3) .  P - t y p e  GaP:Zn ,O 
layers  were  grown on these subs t ra tes  by  three  differ-  
ent LPE processes described in the  next  section. In  
each process the  LPE growth  t empera tu re  is 1040~ 
which yields  (3) the m a x i m u m  concentrat ion of the  
Zn, O centers  responsible  for red  emission, and the sub-  

K e y  words :  GaP,  j unc t ion  proper t ies ,  subs t ra t e  microdefec ts ,  ~her- 
real  etching, cathodoluminescence. 

strafe is kept  at this t empera tu re  for  5-10 rain pr ior  
to LPE growth.  Even during this short  t ime a con- 
s iderable  amount  of P is lost f rom the subs t ra te  b y  
preferen t ia l  evaporat ion,  since the P pressure  over  
GaP at 1040~ is about  0.2 Torr,  much higher  than  the 
Ga pressure.  

To invest igate  the  surface defects resul t ing f rom P 
evaporat ion,  an SEM was used to examine  ( l l l ) B  
GaP wafers  that  had  been the rma l ly  etched under  
condit ions s imilar  to those encountered  pr ior  to LPE 
growth. Such wafers  typ ica l ly  exhibi t  a roughly  un i -  
form dis t r ibut ion  of deep etch pits  a few micrometers  
in size, as shown in Fig. 1. In  some cases, t r i angu la r  
etch pits, shown in Fig. 2, wi th  wel l -def ined edges 
al igned along preferen t ia l  c rys ta l lographic  direct ions 

Fig. i. SEM photomicrograph of thermal etch pits on the surface 
of a (111)B GaP substrate. The experiment was performed at 
1020~ for 3 hr in a sealed ampul. 
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Fig. 2. SEM photomicrograph of triangular etch pits on the sur- 
face of a thermally etched GaP substrate (same experimental con- 
ditions as Fig. 1). 

Fig. 4. SEM photomicrograph of Ga droplets located at the bot- 
tom of a typical conical etch pit. 

Fig. 3. SEM photomicrograph of typical Ga droplets on the sur- 
face of a thermally etched GaP substrate (same experimental con- 
ditions as Fig. 1). 

are also obtained. In addition, droplets of Ga are fre- 
quently observed on the etched surfaces, as shown in 
Fig. 3 and 4. It can be seen in these figures that the 
droplets are generally located at the bottom of etch 
pits, consistent with the conclusion of Solomon and 
DeFevere (2) that the thermal etching is due to 
straightforward thermal decomposition. 

The P evaporation rate was found to be strongly de- 
pendent on the quality of the substrates, particularly 
on their dislocation densities. Table I gives the evap- 
oration rate at I040~ measured for one LPE and two 
LEC samples that were sealed in evacuated fused 
quartz ampuls. Furthermore, a strong difference was 
observed in the etch pattern and the thermal etch-pit 
density, depending on the type of material. This 
difference is well illustrated in Fig. 5, a photomicro- 
graph taken along a metallurgical junction of an LPE 
layer grown on an LEC crystal. 

Our experiments showed that in an open-tube sys- 
tem the thermal etch rate is independent of the carrier 
gas (N, He,A_r) but strongly dependent on the gas flow 
rate. It is also known (5) that changes in surface 
morphology are markedly dependent on the degree of 
undersaturation maintained during heating, on the 
temperature range, and on the crystal orientation. 

Fig. 5. SEM photomicrograph of a junction composed of a p-type 
L.PE layer (low density of thermal etch pits) an an n-type LEC 
substrate (high density of thermal etch pits). 

Procedures for LPE Growth and SEM C h a r a c t e r i z a t i o n  
P-type, GaP:Zn,O layers were grown at 1040~ 

from saturated Ga-rich solutions on various n- type  
substrates. The growth solutions were also saturated 
with oxygen (from Ga203) and doped with Zn to give 
carrier concentrations in the layers of 3-4 • 1017 cm -3. 
Three different LPE techniques were used: (i) A t i l t -  
ing, closed-tube system similar to the one described 
by Saul, Armstrong, and Hackett (1). (ii) A hori- 
zontal, open- tube system with a modified sliding boat 
based on the design of Panish, Sumski, and Hayashi 
(6). (ill) A vertical, open- tube  dipping system (5) 
similar to the one reported by Solomon and DeFevere 
(2), that is designed to minimize thermal etching of 
the substrate. 

The growth conditions for techniques (i) and (ii) 
were such that substrate meltback did not occur at 

Table I. Thermal etch rate for various GaP crystals at 1040~ 

Net carrier Thermal 
T y p e  o f  c o n c e n t r a -  D i s l o c a t i o n  e t c h  r a t e ,  
c r y s t a l  t i o n / c m  3 c o u n t / c m  ~- m g / c m ~ - s e c  

LEC Te 
5 • 10  ~7 1 .5  • 10  5 9 • 10  .4 

LEC Te 
4 x 1017 2 X i0~ 3-5 x 10 -4 

LPE Zn 
3-5 X 1017 1-7 X I0 "~ 
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the beginning of LPE growth. (With these techniques, 
the edge Qf the substrate where the LPE layer  did not 
grow was taken as a reference.) With technique 
(iii), however, the substrate was strongly solution- 
etched prior to LPE growth. The growth solution used 
for technique (iii) contains an excess of Zn dopant, 
which is largely compensated by adding Te. The LPE 
layers grown by this technique therefore have a Zn 
concentrat ion exceeding 10 ~s cm -3, but the measured 
carrier concentrat ion is still about 3-4 X 10 ~7 cm -~. 

Measurements of the near - junc t ion  properties of 
red-emit t ing p -n  junct ion structures grown by LPE 
were made with an AMR-900 scanning electron mi-  
croscope (SEM), using the secondary-emission (SE), 
cathodoluminescence (CL), deflection-modulation 
(DM), beam- induced-cur ren t  (BIC), and voltage con- 
trast (VC) modes of detection (7). A lens and light 
pipe were inserted to t ransmit  the CL recombination 
radiat ion through the exit port of the specimen cham- 
ber for detection with an $20 photomultiplier.  Details 
of the electron beam excitation system and emission 
detection system have been given previously (7). 

The position of the p -n  junct ion on a cleaved section 
of the sample was observed on the CRT screen using 
the BIC or the VC mode. Simultaneously,  the spatial 
distr ibution of the CL intensi ty in the p-region was 
also displayed. 

Effect of Thermal  Etching on Near-Junct ion Properties 
The SEM measurements  performed on cleaved p -n  

junct ion structures show that thermal etching has a 
detr imental  effect on the near - junc t ion  properties of 
samples prepared by the LPE techniques (i) and (it) 
listed above. Typical results for such a sample in the 
vicinity of a thermal  etch pit are shown in Fig. 6, 
which consists of four SEM photomicrographs of the 
cleaved surface that were obtained by using (from top 
to bottom) the direct CL, DM, VC, and BIC modes of 
detection. The lower portion of each photomicrograph 
corresponds to the GaP substrate, and the upper  por- 
tion to the LPE layer. The location of the electronic 
p-n  junct ion is shown by the BIC (bottom) pattern.  
The etch pit has a flat bottom parallel  to the original 
substrate surface [i.e., to the (111) plane] and sharp, 
well-defined edges. All the pits examined have this 
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shape, although their size and spacing vary consider- 
ably. The CL(top) pat tern  shows that cathodolumi- 
nescence is emitted only by the LPE layer and that a 
dark ring of decreased intensi ty is formed around the 
etch pit. Such a decrease in CL intensi ty around etch 
pits and microsteps was observed for all samples that 
had been grown by LPE techniques (i) and (i~). 

To obtain quanti tat ive data on the variat ion of BIC 
and CL in the vicinity of a thermal  etch pit, SEM 
line scans using these two detection modes were 
made across the p - n  junct ion of the sample of Fig. 6 at 
the three positions indicated by arrows in that figure. 
Scan a, taken outside of the thermal  etch pit, is shown 
in Fig. 7 with a CL profile that is the complementary 
function of the BIC profile normal ly  characteristic of 
a p - n  junct ion behavior with no "dead layers" (8, 9). 
For the scans made at the edge (scan b) and center 
(scan c) of the etch pit, the CL intensi ty has a mini -  
mum at the position of the dark ring shown in Fig. 6. 

For each scan of Fig. 7, the minor i ty  carrier diffu- 
sion lengths were calculated from the logarithmic 
plot of the BIC intensi ty vs. the distance from the 
junct ion as shown in Fig. 8. The hole diffusion length 
(Ln) on the n- type  side of the junc t ion  is about 0.5 ~m 
for all three scans, but the electron diffusion length 
(Le) is significantly reduced for the scans that pass 
through the etch pit. Thus the values of Le for scans 
a, b, and c are 1.0, 0.75, and 0.65 ~m, respectively. 
Similar measurements  made on other thermally etched 
substrates show a systematic degradation of the CL 
intensi ty around an etch pit or microstep. This effect 
is visualized by a typical "dark" ring on the CL dis- 
play as shown in Fig. 6. In  addition, an appreciable de- 
crease of Le in the p-region was measured in all these 
samples at the edge of the pit. 

Recent studies of the vapor-phase epitaxial growth 
of GaAs within chemically etched windows on 
GaAs (111) B substrates suggest a possible explanation 
for the effect of thermal  etch pits on the near - junc t ion  
properties of GaP LPE layers. A strong growth anisot- 
ropy in the vicinity of the window edges has been 
clearly demonstrated by impur i ty  striation (10, 1I) 
and Peltier-effect (12) studies. A similar growth per-  
turbat ion could take place during the initial  stage of 
LPE growth at a thermal  etch pit on the GaP sub- 

F|g. 6. YEM phatomlcrograph of the p-n junction of a cleaved GaP wafer in the vicinity of a thermal etch pit, generated in different 
modes of detection: 1, BIC mode; 2, VC mode; 3, CL intensity in deflection modulation mode; 4, CI. intensity. 
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Fig. 7. Line scans of CL intensity and BIC signal taken across 
the p-n junction of the sample of Fig. 6. Scan (a) was taken out- 
side the thermal etch pit, scan (b) at the corner edge of the pit, 
and scan (c) at the center of the pit. 

strate surface. Hence, a growth direction different 
from the substrate orientat ion wouId be favored at the 
corner edge of the pit, causing a variat ion in the 
growth rate and dopant incorporation along the junc-  
tion. Furthermore,  such a local growth per turbat ion 
can induce a highly stressed region (13). In our case, 
the sbarp corner edge of a thermal  etch pit- could be a 
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Fig. 8. BIC signal as a function of distance from the p-n junction, 

evaluated from the scans of Fig. 7. Scan (a) is off the pit, scan (b) 
is at the corner, and scan (c) at the center of the pit. 

region of high density of dislocations, thereby acting 
(14-16) as a sink for nonradia t ive  "killer" centers that 
could decrease the CL efficiency and degrade the 
minor i ty-carr ier  lifetime. 

In GaP LED's with p-n junction structures like 
those studied in this investigation, radiative recom- 
bination of injected carriers occurs within a few mi- 
crometers of the junction. Therefore a reduction in the 
electroluminescence (EL) efficiency of these devices 
can be expected to occur when there is a degradation 
in CL efficiency and Le in the active region due to 
thermal etch pits. Since the reduction in EL efficiency 
should increase as the density of these pits increases, 
our observation that this density depends on substrate 
quality and growth conditions could account for the 
broadened distribution of LED efficiencies reported by 
Solomon and DeFevere (2) as resulting from thermal 
etching. However, any direct correlation between the 
near-junction properties and LED device performance 
should be treated with caution. It is quite clear that 
the growth conditions also have to be examined in 
order to determine, unambiguously, the validity of 
such correlations; for materials grown with a tilting 
or sliding system, the substrate is in the hot zone dur- 
ing the entire LPE cycle. Hence, thermal etching of 
the subsirate prior to the LPE growth inevitably oc- 
curs (but in various degrees) at these high tempera- 
tures. It should be noted that an intentional or non- 
intentional solution-etch during the initial stage of the 
epitaxy tends to reduce the surface roughness of the 
substrate. In this case, a wavy but smooth interface 
is observed by conventional etching, VC or BIC modes 
of detection. 

The dipping technique differs from techniques (i) 
and (it) namely, 

minimum exposure of the substrate to the thermal 
etch action 

meltback of the substrate prior to the final LPE 
p-type Zn,O doped layer. 

Furthermore, in this particular technique the vari- 
ation of the doping concentration due to the dissolu- 
tion of the n-type substrate in the p-type growth solu- 
tion should be minimized because the solution is al- 
ready highly counterdoped with To. 

In general, meltback prior to the epitaxial growth 
tends to smooth out the substrate roughness and re- 
duce considerably the influence of the surface micro- 
defects induced by thermal etching. Under these con- 
ditions, a microstep as shown in Fig. 9 apparently does 
not influence the near-junction properties. A close 
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Fig. 9. SEM photomicrograph of the p-n junction of a cleaved 
GaP sample in which the LPE layer was grown by dipping with 
substrate meltback (technique i i i) .  (a) CL mode, (b) BIC mode. 

examinat ion of these compensated materials showed 
no measurable degradation of either CL or Le sug- 
gesting that  the meltback process has el iminated the 
local degradation observed in LPE layers grown by 
techniques (i) and (it). 

It has previously been found (17) that GaP layers 
grown by the mel tback technique lead to diodes with 
better electroluminescence efficiency. An increase of 
about 15% in average EL efficiency of red GaP diodes 
due to meltback has also been recently reported (18). 
This improvement  is consistent with our SEM study. 

Conclusions 
In the fabrication of GaP:Zn, O red-emitting LED's 

by LPE, thermal etching at the optimum growth tem- 
perature seriously degrades the smoothness of the sub- 
strafe surface. Imperfections present at the surface of 
the substrate, such as thermal etch pits or microsteps, 
affect the near-junction properties of the materials. 

For p-n junctions obtained by using conventional 
tipping and sliding LPE techniques without substrate 
meltback, SEM examination shows that the CL effi- 
ciency and Le in the p-type layers are reduced in the 
vicinity of each thermal etch pit. This reduction is 
probably due to the strong anisotropy of the initial 

LPE growth at the corners of the pits. Since the etch 
pit density depends on the quali ty of the substrate and 
on the growth conditions, this degradation of near-  
junct ion properties could account for the increased 
variat ion in EL efficiency that has been reported for 
LED's prepared by growth on thermal ly  etched sub- 
strates. No such degradation was observed when LPE 
layers were grown by a dipping technique that em- 
ploys a Te-compensated growth solution and substrate 
meltback. This difference may account for the im- 
provement [n EL efficiency that has been observed for 
LED's prepared by meltback techniques. 
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ABSTRACT 

Heteroepitaxial films of GaInAs have been grown on GaAs substrates by 
the reaction of t r ie thyl indium and t r imethylgal l ium with arsine gas. Specular 
films have been obtained over the entire composition range at a substrate 
temperature  of 600~ The observed mobilities of 1-2 ~m thick films are about 
one- th i rd  of the reported bulk  values in l i terature and show a min imum at 
a composition of approximately 20 mole per cent InAs. The mobil i ty  of such 
films decreases sharply with decreasing temperature.  

Interest  has been focused on GaInAs alloys because 
of promising applications in coherent light emission 
in the wavelength range extending from 0.84 to 3.1 
#m. Lasers have been fabricated with spontaneous 
emission at 2.07 and 1.77 ~m with a half-width of 
500A at a current  of 600 A/cm 2 (1). Another  potential  
application of these alloys is for negative electron 
affinity photocathodes. GaInAs photocathodes have 
been shown to be ideal for detecting radiation from 
GaAs LED's and lasers (2, 3), and represent  an in-  
crease in sensitivity by two to three orders of magni-  
tude over S-1 and S-20 phosphors. Interest  in these 
materials has also arisen from their  potential  applica- 
tions in high frequency devices (4). The alloys can be 
designed to have much larger bandgaps than  InAs and 
higher mobilities than  GaAs. This makes them better 
suited for high frequency, field effect transistors. 

Epitaxial  layers of GalnAs alloys have been grown 
by l iquid phase epitaxy (5, 6), by chloride t ransport  
(3, 7), and by using organometallic sources of gall ium 
and ind ium (8). Synthesis by l iquid phase epitaxy, 
with either InAs (5) or GaAs (6) as sources of arsenic, 
have yielded alloy films with only up to 23 mole per 
cent (m/o)  InAs. Further ,  these films have been ob- 
served to have terraced surfaces at best. Mobilities of 
between 4000 and 50.00 cm2/V-sec have been reported 
for alloys in this range of composition. Better results 
have been reported for alloys grown by chloride t rans-  
port of gall ium and ind ium from elemental  sources 
(3, 7). In  this case, alloys were obtained over the en-  
tire composition range. When elemental  arsenic was 
used as a source, carrier concentrations of 1 X 1016 
cm -3 were achieved in the alloys deposited on GaAs 
substrates. Mobilities of 20,000 cm2/V-sec were ob- 
served in In_As layers and 7000 cm2/V-sec in GaAs 
layers. Alloys with compositions of 60 m/o  GaAs ex- 
hibited lower mobilit ies of 3000 cm'~/V-sec. Vapor 
phase epitaxial growth of GaInAs alloys using organo- 
metallic sources of gall ium and indium was achieved 
by Manasevit and Simpson on GaAs and Al~O3 sub- 
strates (8), but their work was confined to alloys of 
composition midway between GaAs and InAs. 

In  this paper we describe the growth and electrical 
properties of GalnAs alloys, grown on {100} gall ium 
arsenide substrates, using organometall ic sources of 
gall ium and indium. It is demonstrated that organo- 
metallic source t ransport  can be used to obtain alloys 
over the entire composition range, 0 --~ x ~ 1. Further,  
electrical properties of thin epitaxial layers, ranging 
from 1 to 2 ~m in thickness, which are part icularly 
suited for device applications, are reported on for the 
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' P r e s e n t  addres s :  C o r p o r a t e  R e s e a r c h  a n d  D e v e l o p m e n t  Center ,  
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first time. The mobil i ty of these films is found to fol- 
low the same composition dependence as in  bulk 
single-crystal  alloys. Temperature  dependence of mo- 
bili ty in the alloys is found to follow a To" law with 
n close to unity, in contradiction to Brooks' theory of 
disorder scattering (9). 

Experimental Conditions 
The growth of InAs, GaAs, and their alloys was car- 

ried out in a horizontal tube epitaxial reactor whose 
schematic is shown in Fig. 1. The system consists of a 
50 mm ID quartz tube, 45 cm long, containing a molyb-  
denum susceptor heated by infrared radiat ion from a 
set of eight, 500.W quartz-halogen lamps. Vapors of 
t r ie thyl indium 2 (TEI) and t r imethylgal l ium 2 (TMG) 
were transported to the substrate by bubbl ing hydro- 
gen through the liquids. TE[ was mainta ined at room 
temperature  (25~ and TMG at 0~ Arsine gas, di- 
luted to 2% in hydrogen, 3 was mixed with the organo- 
metallic vapors just before entering the quartz tube. 
Due to the reaction between the organometallic com- 
pounds and arsine at room temperature, they were not 
premixed before entry to the hot zone. In addition, a 
separate source of ultra high purity hydrogen at a flow 
rate of i0 liters/min was used as a carrier gas in all 
the experiments. This carrier gas flow served to trans- 
port the reactants down the quartz tube and to mini- 
mize the formation of reaction products upstream from 
the susceptor. Stainless-steel tubing was used through- 
out in order to minimize system contamination. 

Substrate.--Epitaxial growth was carried out on 
{100} chromium-doped semi- insula t ing GaAs sub- 

-" Alfa Products  Division, Beverly,  Massachuset ts  01915. 
Matheson Gas Products, East Rutherford,  :New Jersey 07073. All  

arsine flows given in t h e  p a p e r  r e f e r  to actual  arsine c o n t e n t ,  
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strafes to facilitate subsequent  electrical evaluation. 
The substrates were obtained commercially with one 
face polished. 4 No fur ther  attempts were made to 
polish the wafers. Before epitaxy, however, the sub- 
strates were cleaned in methanol  5 and checked to en-  
sure the absence of dust particles. Substrates were 
placed perpendicular  to the gas flow to obtain uni form 
growth over the ent i re  surface. 

Procedure.--Substrates were heated to 500~ in hy-  
drogen, at which point  arsine was introduced into the 
reaction tube. Arsine flows greater than 0.5 ml i te rs /  
rain were sufficient to prevent  substrate dissociation 
from occurring up to temperatures of 750~ After 
stabilizing the arsine flow for 2 rain, the substrate 
temperature  was raised to 600~ and mainta ined for 
an additional 2 min  before the introduction of the 
organometallic compounds, o.oe 

Growth rate determination.--It was established that 
no loss in weight of the substrate took place up to 
substrate temperatures of 750~ in the presence of 
more than 0.5 ml i t e r s /min  arsine flow rate. Since the 
reactions involved in the system do not generate any -~ 
etchant species, the thickness of the layers could be .~ o.o~ 
directly measured from the increase in mass after 
epitaxy. Angle lapping and staining techniques were ~= 
ini t ia l ly used to measure the thickness of the epitaxial 
layers. However, etching of the surface by the stain-  
ing and plating solutions and the presence of large ,,, 

~- 0.04 depletion layer widths at the interface resulted in con- < 
siderable error in  determining layer thickness. " 

In  the gravimetric measurements,  the density used 
to  determine the epitaxial layer  thickness was calcu- • i-- 
lated as 

O 

Dx = 6.68(145 + 45x)/(5.654 + 0.404x)~ ~ 0.02 

where x is the mole fraction InAs in  the alloy. This 
equation was obtained by using Vegard's law and the 
zinc blende structure of these alloys (10). 

Growth Charac ter is t ics  
In  order to s tudy the growth of GaInAs alloys it is 

helpful to independent ly  grow both the end compo- 
nents, GaAs and InAs. In  addition, it is useful to 
achieve comparable growth rates for both these com- 
ponents under  identical reactor conditions (substrate 
temperature,  arsine concentration, and carrier gas flow 
rate).  It was found that high qual i ty GaAs films (11, 
12) could be grown over a wide range of substrate o.16 
temperatures  (600~176 whereas InAs films of i 
comparable qual i ty were restricted to substrate tem- 
peratures of 580~176 (13, 14). It was also found 
that, at a substrate temperature  of 600~ good quali ty 
GaAs and InAs films could be grown with arsine flows 
in excess of 1 and 1.4 mliters/min, respectively. Fin- 0.,2 
ally, low hydrogen carrier gas flows (i liter/rnin) 
through the reactor resulted in InAs film growth rates 
of less than 0.01 ~m/min.  Increasing the hydrogen car- ~ I 
rier gas flow to 10 l i ters / ra in  increased the growth e=. 
rate to 0.1 ~m/min,  indicating that significant depletion ~ 
of the TEI occurred due to reaction upstream of the " O.0B 
susceptor for low carrier gas flows. For GaAs, growth 
rates 6 in  excess of 1 ~m/min  were obtained at hydro-  
gen carrier gas flows of i l i ter /min,  decreasing to 0.1 Q: 
n m / m i n  when the carrier gas flow was raised to 10 
l i ters /min,  indicating that  the di lut ion effect of the 
higher carrier gas flow was dominant  in this case. As 
a consequence of these observations, we were able t o  o 0.04 ~9 
achieve high qual i ty films of GaAs and InAs with 
comparable growth rates under  the following reactor 
conditions: (a) substrate temperature  of 600~ (b) 
arsine flow of 2 mli ters /min,  and (c) hydrogen carrier 
gas flow of 10 l i ters /min.  

E l e c t r o n i c  M a t e r i a l s  C o r p o r a t i o n ,  P a s a d e n a ,  C a l i f o r n i a  91107. 
S u b s t i t u t i o n  of  m e t h a n o l  w i t h  m o r e  s o p h i s t i c a t e d  c l e a n i n g  solu-  

t ions  a n d  p r o c e d u r e s  d id  no t  p r o d u c e  a n y  s ign i f i can t  c h a n g e  i n  the  
g r o w t h  rate  or  s u r f a c e  q u a l i t y  of  t he  e p i t a x i a l  f i lms.  

e T h e s e  g r o w t h  rates  c o r r e s p o n d  to a h y d r o g e n  f low of  6 m l i t e r s /  
rain t h r o u g h  the  T M G  b u b b l e r .  

Under  the above conditions, the growth of InAs 
could be controlled by varying the hydrogen flow 
through the TEI bubbler,  as shown in Fig. 2. Growth 
rate was found to increase l inear ly  with increasing 
hydrogen flow through the TEl  bubbler,  over the 
range of 0.02-0.07 ,~m/min. Under  the same reactor 
conditions, the growth rate of GaAs films could be 
controlled by varying the hydrogen flow through the 
TMG bubbler,  as shown in Fig. 3. Again, a l inear  de- 
pendence of growth rate on the hydrogen flow through 
the bubbler  was observed. 

I I 

lnAs 
$UBSTRATE TEMPERATURE = 6 0 0 ~  
ARSINE FLOW = 2ml /m in  
CARRIER HYDROGEN FLOW =tO 2/rnin 

0,~' I I 
O J 2 

H 2 FLOW IN TEl BUBBLER , (~/rnin) 

Fig. 2. Variation of InAs growth rate with hydrogen flow through 
the TEl bubbler. 
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Fig. 3. Variation of GaAs growth rate with hydrogen flow through 
the TMG bubbler. 
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Having achieved comparable growth rates for the end 
components under  identical reactor condition, growth 
of the alloys could now be achieved by simultaneous 
introduction of TEI and TMG into the reactor. Fu r -  
ther, the growth rate of either component could be in-  
dependent ly controlled by adjust ing the hydrogen flow 
through the respective source liquids, thus allowing 
the growth of the alloys over the entire composition 
range. 

The effect of varying the TEI and TMG flows on the 
alloy composition was examined by keeping one com- 
ponent  fixed and changing the other. Arsine flow was 
mainta ined at 2 ml i t e r s /min  in all these experiments.  
The alloy composition was measured by x- ray  energy 
dispersal analysis in a scanning electron microscope. 
Figure 4 shows the variatior~ of the InAs mole fraction 
in the epitaxial  layers as the mote fraction of TEI in  
the gas phase (TE,I/(TEI 4- TMG))  is ehanged. This 
fraction was determined using a vapor pressure of 66 
mm Hg at 0~ for TMG, and 0.4 mm Hg at 25~ for 
TEI, and assuming saturated conditions. A strong one- 
to-one correlation between the mole fraction of InAs 
in the layers and TEI in the gas phase is observed 
when the TMG flow is kept constant and the TEI flow 
is varied. A somewhat weaker correlation is observed 
when the TEI flow is kept constant and the TMG flow 
is varied. This is due to the extremely small  hydrogen 
flows through the TMG bubbler,  required to obtain the 
low growth rates of GaAs necessary for the growth of 
the alloys. The one- to-one correlation between the 
mole fraction of InAs in  the layers and of TEI in  the 
gas phase indicates that  ind ium and gall ium are in -  
dependent ly incorporated into the lattice and that the 
reactions between TEI and arsine and between TMG 
and arsine occur without  significant interaction. 

We have also observed that arsine flow has only a 
small effect on the composition of the alloys. Figure 5 
shows the extent  of this effect for layers grown at 
600~ using a hydrogen flow of 6 ml i t e r s /min  through 
the TMG bubble r  and 2.5 l i ters / ra in  through the TEI 
bubbler.  Changes in arsine flow of one order of mag- 
ni tude produced only small  changes in composition. 
Thus, good control over the concentrations of TEI and 
TMG in the reactor was adequate for controlling the 
composition of the layers. 

GaAs layers grown under  the conditions described 
in this paper had featureless surfaces under  Nomarski  
interference phase contrast microscopy up to magnifi- 
cations of 400 •  On the addition of 4 m/o  InAs to the 
layers, a cross-hatched pat tern appeared on the epi- 
taxial layer, as shown in Fig. 6a. Such pat terns have 
been observed in the growth of heteroepitaxial  layers 
by other workers when the composition of the epi- 
taxial  layer  is near ly that of the substrate or when  
the composition of the epitaxial layer is graded (3, 15), 

and has been ascribed to grading dislocations. \Vith the 
addit ion of larger amounts  of InAs, the large difference 
in lattice constant between the layer  and the substrate  
(InAs has a lattice constant  of 6.058A while GaAs has 
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Fig. 6. Nomarski interference phase contrast photomicrographs 
of surfaces of I to 2 #m thick GalnAs layers grown on GaAs sub- 
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a lattice constant  of 5.654A) results in terraced sur-  
faces as shown in Fig. 6b and c. All these surfaces have 
a specular appearance to the unaided eye. 

Electr ica l  Propert ies 
Hall measurements  were used to determine the car- 

rier concentrat ion and the mobil i ty of alloy films 
grown on semi- insula t ing GaAs substrates. Conven-  
tional bridge-shaped samples were delineated in the 
epitaxial layers, and ohmic contacts made to the arms 
of the sample by alloying indium spheres at 400~ for 
30 sec in  a reducing gas ambient.  

Mobility variation with composition.--The effect of 
composition on the Hall mobil i ty of the alloys was ex-  
amined for layers of between 1 and 2 ~m in thickness. 
The carrier  concentrat ion in  the layers was in  the 
lower 10 TM cm -3 range. 

The observed variat ion in mobil i ty with composition 
is shown in Fig. 7, and compared with results of other 
workers (7, 16-18). The mobil i ty of our thin films 
(1-2 ~m) were general ly one-third of the observed 
bulk values. Published data on thick films ( >  15 #m) 
have been correspondingly scaled for comparison. The 
mobil i ty was found to exhibit  a min imum at a com- 
position of approximately 20 m/o  InAs in layers 
grown in this study. In  bulk material  the min imum in 
mobil i ty has been observed at x between 0.1 and 0.2 
(1% 18); for epitaxial layers grown on GaAs by chlo- 
ride transport,  the min imum has been observed at x 
between 0.4 and 0.5 (7). One author (16) has claimed 
to have observed a monotonic variat ion in mobil i ty 
with composition. However, his work did not involve 
any measurement  on layers in the composition range 
0 < x < 0.7 where the minimum occurs. 

The observed shape of the mobility vs. composition 
characteristic follows Brooks' theory (9) for materials 
in which disorder (alloy) scattering is the dominant 
limitation on mobility. Using this theory and a linear 
variation of electron effective mass between InAs and 
GaAs (19, 20) results in a mobility minimum for ap- 
proximately 30 m/o InAs (I0). Actual values of mo- 
bility, calculated on the basis of this theory, were 
found to be several orders of magnitude greater than 
the measured values in our films, as well as those of 
other workers. 

Hall mobility variation with sample temperature . -  
Hall measurements  were conducted to determine the 
var iat ion in the mobil i ty of the layers over a tempera-  
ture range from 300 ~ to 77~ The mobil i ty variat ion 
with temperature  of GaAs films of 7 ~m and greater in 
thickness was found to be the same as that for polar 
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optical scattering in bulk crystals. The variat ion of 
mobili ty with temperature  for InAs layers is shown 
in Fig. 8 for samples with different thicknesses. The 
mobil i ty of the thicker films (e.g., 7.2 ~m) is seen to 
increase with decreasing temperature,  consistent with 
the behavior of bulk InAs where the dominant  scat- 
ter ing mechanism in this temperature  range is polar 
optical scattering. However, the mobil i ty of thin sam- 
ples (--~ 1.5 nm) decreased with decreasing tempera-  
ture, with the slope of this curve becoming steeper 
with decreasing layer thickness. It is proposed that the 
dominant  scattering in  these layers is dislocation 
scattering. Although there is no established theory for 
dislocation scattering in polar semiconductors, this 
mechanism has been analyzed (21) for nonpolar  semi- 
conductors using the deformation potential  approach. 
It has been shown that mobil i ty dominated by dis- 
location scattering should vary as T +1, and that  this 
scattering effect becomes comparable to lattice scat- 
tering at room temperature  when the dislocation den- 
sity exceeds 1011 cm -2. The calculated dislocation den- 
sity (22) at the InAs-GaAs interface is 4 (aGaAs -2 -- 
ah,.as -2) = 1.61 • 1014 cm -2 for {100} surfaces, if an  
abrupt  t ransi t ion is assumed. Thus, dislocation scatter- 
ing is expected to be significant in thin layers and can 
produce the observed flattening in the temperature  
dependence of the mobil i ty characteristic. 

The detailed nature  of the variat ion in  mobil i ty of 
GalnAs alloys with temperature  has not been reported 
in the li terature. This variat ion was measured for 
alloy films with thicknesses between 1 and 2 #m, over 
a temperature  range of 300~176 In  every alloy layer 
(see Fig. 9), for 0.41 ~ x ~ 0.8, the mobil i ty fell 
sharply with decreasing temperature.  The mobil i ty  is 
observed to decrease according to a T +n law, with n 
close to unity. Other authors (7, 17, 18), who have ob- 
served the temperature  variat ion of mobil i ty for 
GalnAs alloys in bu lk  and epitaxial form have also 
reported that mobil i ty decreases with decreasing tem- 
perature. These results for alloy layers are in variance 
with Brooks' theory, which predicts an increase in 
mobil i ty due to disorder scattering when the tempera-  
ture decreases, with a coefficient n = 1,/2. This dis- 
agreement again points to the inadequacy of the pres- 
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Fig. 9. Variation of Hall mobility with sample temperature for 
epitaxial GalnAs layers on GaAs substrates, with composition as 
parameter. 

ent theory. A theory of disorder scattering which does 
explain all the observed effects is yet to be developed. 

Conclusions 
Epitaxial  layers of GaInAs alloys can be grown 

using organometall ic sources of indium and gal l ium in  
combinat ion with arsine gas to obtain specular films 
over the entire composition range at a substrate tem- 
perature of 600~ The composition of the alloys can 
be controlled by adjust ing the relative flows of TEI 
and TMG in the reactor and is relat ively insensitive to 
arsine flow. 

The mobil i ty of layers with thicknesses between 1 
and 2 ~m shows a m in imum at an alloy composition of 
approximately 20 m/o  InAs. Mobilities of these thin 
films are found to be about a third of that  measured 
in  bu lk  single-crystal  material.  Although the mobil i ty 
of layers of pure InAs and GaAs in this thickness 
range increases on cooling to 100~ the mobil i ty of 
the alloys decreases sharply with a temperature  de- 

pendence of T +n, n --- 1. This is in variance with 
Brooks' theory but  in agreement  with observations on 
bulk samples by other workers. This points to the need 
to develop an improved disorder scattering theory. 
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The Direct Bonding of Metals to Ceramics by 
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ABSTRACT 

The direct bonding of metals to ceramics is possible uti l izing a gas-metal  
eutectic. The mechamsm of direct bonding of copper foil to ceramics in a 
slightly oxidizing atmosphere is presented. It involves the formation of eu- 
tectic melt  between copper and oxygen at a temperature  slightly below 
the mel t ing point of copper, which serves to br ing the foil into int imate con- 
tact with the substrate. A brief review of other metal-ceramic bonding tech- 
niques is given for comparison. Metals to which this technique is applicable 
include Cu, Fe, Ni, Co, Ag, Cr, Mo, and AI. 

Strong bonding of metals to ceramics generally does 
not take place unless an in termediary  layer is present, 
or forms due to diffusion or reaction. The adhesion of 
the metal  to this in termediary  layer  is better  than to 
the ceramic directly. However, an in termediary  layer 
is undesirable  in  many  applications. This is true, for 
instance, where high heat conductivity is required. 
The presence of an in termediary  layer  general ly re- 
duces heat conductivity, especially if the layer is non-  
metallic. Further,  in high frequency applications, 
where the current  flows in a thin skin at the metal -  
ceramic boundary,  in termediary  layers are undesirable 
because they are general ly more resistive than the 
metal  to be bonded. Finally, in termediary layers are 
often less corrosion resistant and lead to premature  
failure. 

Unfortunately,  strong direct metal  to ceramic bonds 
a r e  not common, either because the bond is inherent ly  
weak, or because of the difficulty of br inging the metal 
into int imate contact with the ceramic. In  this paper, a 
new method of direct bonding of metals to ceramics is 
given. For a better  perspective, a short summary  of 
the mechanisms of present ly used metal-ceramic 
bonding techniques is also included. 

Bonding Mechanisms Involving Intermediary Layers 
Some of the more per t inent  l i terature in this area 

has been reviewed by Helgesson (1), and a short re- 
view was recently given by Loasby et al. (2). Com- 
monly  used in termediary  layers are glass layers, 
where the glass is in tent ional ly  added or is originally 
present in the ceramic itself, or polycrystall ine semi- 
conducting compounds formed by the reaction between 
the metal  or metal  oxide and the ceramic itself. 

Glassy intermediary layers.--Glassy phases are usu-  
ally present in  the grain boundaries of impure 
(<99.8%) ceramics. Thus, A120~ or BeO ceramics 
usual ly contain glassy mixtures  of MgO, SIO2, and 
CaO concentrated in the grain boundaries. When a 
metall izing mixture  is applied to such a ceramic, and 
the temperature  is raised to sintering temperatures,  
the glass from the ceramic penetrates into the (porous) 
metal layer and locks it to the ceramic after cooling 
by mechanical  forces. 

More commonly, glass is intent ional ly  added to the 
metallizing mixture  to form the intermediate layer. 
This is par t icular ly  true if the ceramic is pure. For 
example, to take advantage of the high thermal  con- 
ductivity of BeO ceramic, glass must  be kept out of 
the grain boundaries. Therefore, the common metal-  
lizing mixtures, such as Mo-Mn, when  used on beryl-  

* Electrochemical  Society Act ive  Member.  
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lia, contain up to 20% SiO2. Thus the composition of 
a typical mixture is 71.5% Mo, 10.7% Mn, and 17.8% 
SiO2, fired on BeO at 1300~ There is an interdiffusion 
of manganese cations with other cations in the glass. 

Another commonly practiced method of bonding 
through an intermediary glass phase involves glass frit 
additions to the finely divided metal in the metallizing 
mixture. Thus, the majority of the so-called "thick 
film" conductor pastes contain a glass frit, generally 
chosen for low melting point and thermal expansion 
match, in addition to dispersed metal (normally noble 
metals) in an organic carrier. After screening the 
paste on the ceramic, it is fired in air. The glass h'it 
melts and reacts with the ceramic (usually A1203), 
and it also forms a network within the metal conduc- 
tor. Thus, the bond between the metal and the ceramic 
is due to mechanical locking by the reacted glass, 
although some chemical bonding undoubtedly also 
OccurS. 

Polycrystall~ne intermediary layers.--Such layers 
are usual ly compounds formed between the metalIizing 
mixture and the ceramic. In  one method, the metal 
oxide is applied to the ceramic and sintered with the 
ceramic to form a mixed oxide compound. For in-  
stance, such a compound is formed between copper 
oxide and alumina, possibly CuA102, when they are 
sintered together at 1150~ in air. Subsequent  reduc- 
tion gives an adherent metal  layer bonded on the 
mixed oxide phase. This method is also applicable to 
cobalt, nickel, iron, and silver. 

The widely used moly-manganese  process also falls 
into this category. In this process, a mixture  of molyb-  
denum and manganese oxide is fired on a lumina  (not 
beryll ia)  at 1400~C in an atmosphere of wet hydrogen. 
The manganese oxide reacts with the a lumina to form 
the intermediate layer compound MnO-A1203. Molyb- 
denum ions, which have been formed by the part ial  
oxidation of the metal, are unable  to diffuse deeply 
into pure A12Q, but will diffuse readily into the man-  
ganese a luminate  spinel. This leads to good adhesion 
of the Mo layer. When MoO8 alone is used, some pene-  
tration of a lumina by MoO3 occurs, especially in hy-  
drogen atmospheres at high humidities. A compound 
between Mo and A1203, perhaps A12(MoO4)3 (3, 4), 
is formed to provide the in termediary  bonding layer. 

Direct Bonding 
Direct bonding here implies the absence of a readily 

identifiable intermediate phase between the metal  and 
the ceramic. It does not exclude, however, the presence 
of a t ransi t ion layer  one or two monolayers thick, such 
as perhaps oxygen bridges between the metal  and 
ceramic. 
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A method of direct bonding which does not depend 
on any kind of int imate bond between metal  and 
ceramic is that  involving mechanical  locking or key-  
ing. 

In this process the meta l  is screened on the ceramic 
in the form of an organometal l ic  paste. The paste de- 
composes on heat ing in air, wi th  the result  that  metal  
particles are now locked in pores in the ceramic sur-  
face to give a mechanical  bond. Fi lms of noble metals, 
such as platinum, are typical ly  applied in this way. 
However,  poor adhesion is obtained in the mechanical  
locking process. Clearly, in order to get good adhesion 
by direct bonding it is requi red  that  (i) the metal  
must be brought  into in t imate  contact wi th  the ceramic 
over  the ent ire  area on an atom to atom basis, and 
(it) the metal  must  form a strong bond with the 
ceramic, be it by Van der Waal 's or chemical bonding, 
without  extensive reaction or diffusion of the two 
phases into each other. 

To get in t imate  contact between metal  and a ceramic 
surface, the meta l  could be brought  into the l iquid 
state by melting. The l iquid will  replicate the ceramic 
surface where  it wets  it, and if a strong bond is 
formed, good adhesion is obtained after cool-down. 
For  instance, when copper is mel ted in hydrogen on 
an alumina substrate, a mol ten  droplet  is formed with 
a mel t ing angle of approximate ly  120 ~ which after 
cool-down to room tempera ture  adheres s t rongly to 
the ceramic. The problem with  simply mel t ing the 
metal, of course, is that  one or more droplets are 
formed, and the metal  member  to be bonded ent i rely 
loses its shape. This can be avoided by the gas-metal  
eutectic method. 

Direct bonding by the gas-me~a~ eutectic m e t h o d . -  
The basic idea here is to form a l iquid skin around the 
metal l ic  member  to be bonded. The l iquid must wet 
both the metal l ic  member  and the ceramic and form a 
strong bond after  cool-down. The mel t ing  point of this 
l iquid should be near  the meIt ing point of the metal  
member  itself, say within 50 ~ so that  the metal  m e m -  
ber becomes soft and pliant and conforms easily to 
the shape of the substrate surface. Further ,  the pre-  
dominant  consti tuent of this l iquid should be the same 
element  as makes up the rnetallic member,  and any 
additional const i tuent  should be present  in onIy small  
amounts or be easily removable  af ter  bonding. The 
thickness of the mol ten skin must be kept small in 
comparison to the thickness of the member  to be 
bonded. 

Ideal for use as the skin mater ia l  are eutectics 
formed by the flow gas in a bonding system with the 
metal  member  itself. Such a eutectic exists, for in-  
stance, be tween  copper and oxygen, at 0.39 weight  per  
cent (w/o)  oxygen (5). The melt ing point of this 
eutectic is 1065~ as compared to 1083~ for pure 
copper. Thus, if the oxidizing conditions in the flow 
gas are chosen properly,  one may have the mol ten  
copper-oxygen eutectic mix ture  and solid copper (con- 
taining a small amount  of dissolved oxygen) coexist 
together, in the tempera ture  interval  1065 ~ < T < 
1083~ It is this copper-oxygen eutectic skin which 
is in effect used as a glue to bond the solid copper 
member  to the ceramic, wi thout  the Cu member  losing 
its shape. Thus, in order to bond copper foil to ceramic, 
the process is as follows. 

The Cu foil is laid on top of the ceramic in a fur -  
nace containing a flow gas a tmosphere  consisting 
pr imar i ly  of an inert  gas, such as argon or nitrogen, 
wi th  a small addition of oxygen, typical ly of the order  
of a few hundredth  of a per cent. Copper init ial ly 
reacts during the heat -up  period with the oxygen in 
the flow gas, A small  amount  of oxygen dissolves in 
the copper, but  most of it reacts to form Cu20 around 
the foil. When 1065~ or above is reached, a l iquid 
phase of or near the eutectic composition forms a skin 
around the copper. The thickness of this mol ten skin 
depends on the O~ part ial  pressure and the oxidation 
time. If the part ial  O2 pressure in the flow gas is less 

than 1.5-10 --~ arm (the equi l ibr ium part ia l  pressure 
over CueO at 1065~ Cu20 will  not form and the 
eutectic phase also will  not form. The format ion of a 
mol ten layer between the Cu foil and the substrate 
serves to bring the copper in int imate  contact wi th  the 
ceramic by wet t ing it over  the entire interface. Once 
in int imate contact wi th  the ceramic, copper forms a 
strong bond with  it. The tempera ture  must  remain  
below 1083 ~ , the mel t ing point of copper, since o ther-  
wise the foil loses its s t ructural  in tegr i ty  and liquid 
drops are formed. Similarly,  if the part ial  pressure of 
oxygen is too high, all copper present  is conver ted into 
eutectic melt. Thus, an intermediate  O2 part ial  pres-  
sure is required where  both phases are present s imul-  
taneously. On cool-down below 1065 ~ the eutectic 
segregates into Cu and Cu20. Evidence of this is shown 
in Fig. 1, which is a micrograph through a section of 
bonded copper foil, and indicates the presence of a 
second phase. This oxide phase may  now be reduced 
in hydrogen at low tempera ture  without  loss of ad- 
hesion. The bonding process is schematical ly i l lus- 
t rated in Fig. 2. 

The possibility exists, of course, that  one or more  
monolayers  of copper oxide still exist at the copper-  
ceramic interface, even  after reduction, perhaps com- 
bined with alumina to give a spinel such as CuA102. 
This has recent ly been suggested by O'Brien and 
Chaklader  (6). However,  removal  of the copper by 
etching in nitric acid or ferric chloride solution leaves 
no copper-containing residues, thus rul ing out in ter-  
mediate layers consisting of copper compounds in-  
soluble in these etchants. 

Copper has been bonded successfully by the gas- 
meta l  eutectic methods on alumina, beryllia,  silica, 
various other spinels, other  metals, and to itself. It  
does not bond, however ,  to boron nitr ide or carbon. The 
bond s trength to oxygen-conta in ing ceramics can be in 
excess of 20,000 psi. Since the copper itself does not 
mel t  during bonding, precut  or s tamped foils of copper 
of the desired shapes can be bonded. In addition, holes 
previously cut into ceramic substrates can be covered 
hermetically,  and the copper can overhang the ceramic. 
Bonds be tween copper and other  metals, and between 
two copper members,  can also be made by this method. 
A photograph of various direct bonded copper struc- 
tures prepared  in this laboratory are shown in Fig. 3. 

Application to other metal-ceramic systems.--For 
the direct bonding of metal  by the gas-meta l  eutectic 
method, the following prerequisi tes  must  be fulfilled: 
(a) a eutectic must  exist be tween the metal  and the 
flow gas, (b) the percentage of the gas component  in 
the eutectic must be low and /or  easily removable  after 
bonding, (c) the eutectic t empera ture  must be at least 

Fig. 1. Micrograph of section through direct copper bond to 
alumina, showing precipitated Cu20 from the eutectic. 
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Fig. 2. Eutectic phase diagram 
and schematic of bonding proc- 
ess. 
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Fig. 3. Direct bonded copper structures 

10 ~ or so below the mel t ing point  of the metal  to give 
a realistic temperature  range for bonding, and (d) the 
metal must  be pliant  at the bonding temperature  so 
that it conforms to the substrate shape. 

Inspection of phase diagrams of metals with the 
more common gases reveals a number  of possibilities. 
In  particular,  oxygen, sulfur, and phosphorous form 
eutectics with several metals. These are listed in Table 
I, in addition to the eutectic temperature,  the mel t ing 
point of the metal, and the percentage of the gas 
component in the eutectic. 

Table I. Metal-gas eutectics for direct bonding 

Eutectic Weigh t  Mel t ing  
t emper -  per cent of point  of 

Eutect ic  ature,  ~ nonmeta l  metal ,  ~ 

Copper -oxygen  1065 0.39 1083 
I ron-oxygen  1523 0,16 1535 
Nicke l -oxygen  1438 0,24 1452 
Cobal t -oxygen 1451 0.23 1480 
Copper-su l fur  1067 0.77 1083 
Silver-suLfur 906 1.8 960 
Chromium-suLfur  1550 2.2 1615 
Si lver-phosphorous  876 1.0 980 
Nickel -phosphorous  880 11~0 1452 
Copper -phosphorous 714 8.4 1083 
Molybdenum-silicon 2070 5.5 2625 
Aluminum-silicon 577 11.7 660 

The flow gas would contain small  amounts of oxy- 
gen, hydrogen disulfide, phosphine, or silane, as ap- 
propriate. However, silicon would not be easily re- 
movable, and the bond in such a case could not, 
strictly speaking, be called "direct." 

Manuscript  submit ted June  24, 1974; revised manu-  
script received Sept. 23, 1974. This was Paper 38 pres- 
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ABSTRACT 

The thermodynamic properties of l iquid dilute zinc solutions at a lead 
concentrat ion of Xpb ---- 0.01-0.7 molar fraction were determined by means of 
emf measurements  of concentrat ion cells. These investigations combined with 
previous analogical experiments  at a t in  concentrat ion ot Xsn ---- 0.01-0.1 molar  
fraction enabled the calculation of te rnary  interaction parameters  czn Pb and 
eznS~ from plots ( in ~zn)xz,r~o vs. Xpb. For the b inary  end-points  on the plots 

in  7 vs. X and (In ~ ) vs. X separate measurements  were carried 
Zn Pb Zn XZ n---> 0 Pb 

out for Zn -Sn  and Zn -Pb  systems at concentrations up to 0.1 molar  fraction 
of zinc. Exper imental  results were interpreted by means of Krupkowski 's  
formalism and attempts were made to calculate eZn Pb and ezn sn On the basis 
of l imit ing values of activity coefficients of components of b inary systems 
Zn-Sn, Zn-Pb,  and Pb-Sn.  

Ini t ia ted several years ago, exper imental  investiga- 
tions on dilute b inary  and te rnary  l iquid metal  solu- 
tions by the emf method of concentrat ion ceils have 
several aims. First  of all, from the experimental  point 
of view it was necessary to adjust  the concentrat ion 
range where the emf method of concentrat ion cells 
gives satisfactory results. It was shown that experi- 
ments on zinc alloys at a concentrat ion of Xz, ---- 0.01- 
0.1 molar  fraction give results associated with con- 
siderable error, in the case of alloys like Zn-Cd (1), 
Z n - I n  (2), and Zn-Ga  (3) with components which are 
close in position to zinc in  the electromotive series. 
This is the result  of side reactions between ZnC12 from 
the electrolyte and cadmium, indium, gall ium from the 
alloy electrode, respectively. As a result, when  com- 
posite binaries show side reactions, experiments  in the 
t e rnary  systems (4) were not carried out at the lowest 
concentration, Xzn = 0.01 mole fraction. The b inary  
systems influence the thermodynamic behavior in ter-  
na ry  systems, especially when  they show considerable 
deviations from Raoult 's law. For example the Zn-Pb  
system with marked positive deviations, plays a de- 
cisive role in investigations on te rnary  systems when 
small amounts of a third component (Bi,Sb,In, and 
Cd) are added (4). The present measurements  on the 
Z n - P b - S n  te rnary  system fit this pattern.  The analysis 
of the plots (In Vzn)xz,.~0 vs. X i (where i is compo- 

nent  2 or 3 of the investigated ternary)  have shown that  
the direction and magni tude  of deviation from l inear  
dependence is directly connected with properties of 
the 2-3 system without  zinc (4). The aim of the pres- 
ent paper is the determinat ion of t e rnary  interact ion 
p a r a m e t e r s  eZn Pb and Ezn sn from experimental  data 
from plots ( ln 7z )Xz,_~0 v s .  Xpb. These plots were 

obtained by combining the results from a previous 
paper (5) at Xsn ~ 0.01-0.1 with the data presented 
in  this paper at XVD ---- 0.01-0.7 mole fraction. Some 
attempts were carried out also to calculate both ezn rb 
and ,za sn from the l imit ing values of the activity co- 
efficients of the composite binaries. 

Experimental 
Experiments  were carried out over the temperature  

range 714~176 by means of concentrat ion cells 
with liquid electrodes and l iquid electrolyte according 
to the following scheme 

Zn(1)  IZnC1._, in (LiC1-KC1) (1) l Z n - P b - S n  (1) [1] 

�9 Electrochemical  Society Active Member.  
Present  address: Iowa State Universi ty ,  Ames  Laboratory ,  

USAEC, Ames, Iowa  50010. 
Key words: interaction parameter ,  concentrat ion cells, dilute zinc 

solution, Krupkowski ' s  Iormal ism,  Wagner ' s  l inear equations. 

The details of exper imental  ar rangements  were given 
in preceding papers (6) and (7). Emf measurements  
were carried out at concentrations 0.03 ~ Xzn ~ 0.1 
and when 0.01 L Xpb --  0.7 mole fraction. Emfs were 
measured against a zinc reference electrode and si- 
multaneously against b inary solutions of Zn - Sn  or 
Zn-Pb  of the same zinc concentration as for the ter-  
nary  alloys. Such a procedure has been carried out to 
test whether  the results for b inary  alloys are similar 
to those previously obtained in separate measurements  
for Zn-Sn(1)  and Zn-Pb(7 )  systems with 0.01 --~ Xzn 

0.1 mole fraction. 
At the temperature  range 714~176 both for bi-  

nary  and te rnary  alloys a l inear  dependence of emf vs. 
temperature  was obtained. In  Fig. 1, for example, the 
emf data at Xzn ---- 0.05 are given. It is clear from this 
plot that the measurements  for some alloys were re-  
peated as shown by open and filled points. The least 
squares fit was applied to average the data and re- 
sul tant  l inear  equations of the type Emv ~--- a --~ bT~K 
for Xzn = 0.05 are presented in Table I. The data at 
0.01 --~ Xsn --~ 0.1 as well as for other zinc concentra-  
tions are taken from previous measurements  (5). This 
table also contains the values of correlation coeffi- 
cients and s tandard deviations of slopes and emf data. 
Next, from l inear equations the emf data at chosen 
temperatures 714 ~ 757 ~ 805 ~ 842 ~ and 877~ were 
obtained and recalculated into In "Yz, acccording to the 
relat ion 

1 
7Zn ~ e - -nEF/RT [2 ]  

X z n  

where ~zn, Xzn are zinc activity coefficients and its 
concentrat ion in mole fraction; F is Faraday 's  constant 
23,062 cal-V-1;  R, gas constant 1987 cal .deg-1;  E, 
measured emf value in volts, n, valence of zinc equal 2. 

The very small solubili ty of zinc in the liquid elec- 
trolyte does not change the composition of the tested 
alloys as was shown by chemical analysis after the 
prolonged time of measurements.  The last column of 
Table I shows the errors in  In ~'zn at 805~ They are 
more pronounced at the range of low lead content as 
the high emf data are recalculated into small values 
of In 7zn- The errors in  in  "Yzn are especially important  
as they are used for evaluat ing the interaction pa- 
rameters, and it may be assumed that similar errors 
will be associated with both interact ion parameters 
eZn TM and eZn sn. 

The interact ion parameters  in dilute solutions were 
introduced by Wagner  (8). For t e rnary  alloys the re- 
lat ion of In 71, excluding the higher terms in Taylor 's  
series, is as follows 

691 
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in  ,n / in  solvent k l  - -  in  "yi ~ -~- eiiX[ -~- XjEi j [3] 

where %~ is the l imit ing value of activity coefficient of 
component  i when Xi ~ Xj = 0 and ei i, ei j are defined 
a s  

. ( l n ' n  ~ self- interaction parameter  in 
ei~ = \ ~ / x~=o the b inary  system i - k  

I i /  

J 
j 

1 

68 

68 

68 

and 

. (Oln~i) te rnary  interact ion parameter  
eiJ -:  OX----~ xi=0 in the te rnary  system i - j - k  

X j = 0  

The range of applicabili ty of Eq. [3] is normally ex- 
per imental ly  determined and generally this relation 
is valid up to the concentrat ion Xi ---- Xj ---- 0.1 molar 
fraction. 

Values of In "PZn~Pb~, In '~OZn(Sn) and both self- inter-  
action parameters ~z, zn in b inary  systems Zn-Pb  and 
Zn - S n  were obtained from Fig. 2 and 3. In  Fig. 2 the 
relat ion of In 7z. vs. Xzn in l iquid Zn-Sn  solutions is 
plotted. It is seen from this plot that the slopes of 
the curves drawn through the data are zero, or ~zn zn 
= 0, however, the data for 842 ~ and 877~ show ap- 
preciable scatter. A zero slope o r  eZn Zn ~ 0 was as- 
sumed for these two temperatures  because similar re- 
sults were obtained from previous separate measure-  
ments for this system. Besides eznZn : 0 satisfies Eq. 
[3] in the calculation of In "Yz~ at high t in  concentra- 
tions. The obtained deviations in Fig. 2 may be in- 
fluenced by the proximity of t in  and zinc in the elec- 
tromotive series. The calculated difference between 
standard free energy of formation, AG~176 
equals near ly  --7000 cal in which case according to 
Wagner  and Werner  (9) the possibility of side reac- 
tions may be expected. Extrapolated values of in  ~z, 
to Xzn --> 0 enabled the obtaining of the relation of in  
-,,Ozn vs. temperature  in the form 

(10390.74)  [4] 
in ~~  - "  7 

In  Fig. 3, the experimental  data of In ~zn vs. Xzn in  the 
system Zn-Pb  are plotted. They result  in  negative 
values of eZn zn and in the relat ion of in  ~~ vs. tem- 
perature of the form 

( 2 9 2 4 0 . 9 6 5 )  [5] 
In 'y~ ~ T 

66 

58 

16 

12 

12 
10 

XZr~=O.05 

714 757 805 8~2 877 =ToK~ 

Fig. 1. ReJatlon of Emv vs. T~ in liquid Zn-Pb-Sn system at 
Xz .  - -  0.05, 

In  Fig. 3, deviations from l inear  dependence are ob- 
served at Xz,l ---- 0.1. These may result from the prox- 
imity of the immiscibil i ty gap in the liquid state. The 
dashed line extrapolation for the temperatures of 714 ~ 
and 757~ refers to this immiscibility region. 

The results obtained from both Fig. 2 and 3 for both 
systems Zn-Pb and Zn-Sn examined simultaneously 
with ternary alloys Zn-Pb-Sn are similar to previous 
separate measurements (l, 7). In Table II the data 
from both sets of measurements for ez~ zn are sum- 
marized. Some slight differences in ezn zn for the Zn-Pb 
system appear at the higher temperatures. Both rela- 
tions for limiting activity coefficients from Ref. (i) and 
(7) are very similar to Eq. [4] and [5], namely in 
7~ ---- (III9/T -- 0.84) and In ^PZnCPb) -- (2798/T 
-- 0.96). 

The interaction parameters eZn Pb and ezn sn were ob- 
tained in the following manner. The data of in "~zn vs. 
Xpb for ternary alloys were plotted in Fig. 4-7. From 
these figures the values of in "~Zn at constant XPb/Xsn 
ratios were considered. The thirteen ratios chosen as 
shown in Table Ill approximately correspond to the 
concentrations of the particular alloys as given in 
Table I. The values obtained at zinc concentrations 
Xzn -- 0.03-0.1 were used for plots in "}'zn vs. Xzn at 
constant ratio Xpb/Xsn, and then the respective curves 
were extrapolated to Xzn --> 0. In Table Ill the values 
of (In 7zn)xz~_~0 obtained in this manner are re- 

ported, and were used to plot (in -iz~ )xz,_~0 vs. XF~ in 

Fig. 8. From Fig. 8 both data of ezn Pb and ez~ sn were 
determined as the slopes of the respective lines over 
the range up to 0.1 mole fraction of both tin and lead. 

In Table II the values of both ternary interaction 
parameters are given. In the case of ezn sa the data from 
a previous paper (5) are also included showing nearly 
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Table !. Experimental data for Xzn -- 0.05 in the Zn-Sn-Pb liquid alloys 

693 

In qz. 
:ESu XPb Emv = a + b T ~  714~K 8OS~ 877~ r s (b)  s ( -~  

P e r  c e n t  
e r r o r  of 
In ~z. at 

8 0 5 ~  

0.0100 0.9400 Emv = -- ]09.84 + 0.1595T 2.863 2.459 2.199 0,9989 0.00333 0.1744 
0.0300 0.9200 = --107,22 + 0.1595T 2.779 2.385 2.131 0.9957 0.00492 0.2737 
0.0500 0.8999 = --100.78 + 0.1552T 2.667 2.296 2.058 0.9994 0,00179 0.1032 
0.0700 0.8799 = --102.45 + 0.1600T 2.609 2.233 1.990 0.9995 0.00261 0.1450 
0.1000 0.8500 = --97.83 + 0.1598T 2.466 2.107 1.875 0.9999 0.00082 0.0561 
0.3000 0.6500 = --76.00 + 0.1558T 1.850 1.570 1.390 0.9994 0.00263 0.1463 
0.5000 0.4499 = --62.92 + 0.1569T 1.397 1.166 1.017 0.9994 0,00263 0.1461 
0.7000 0.2499 = --51.96 + 0.1556T 1.070 0.879 0.756 0.9999 0.00121 0.0717 
0.8500 0.1000 = --45.31 + 0.1563T 0.339 0.673 0.565 0.9994 0.00274 0,1559 
0.8800 0.0700 = --45.31 + 0.1583T 0.792 0.625 0.518 0.9972 0.00533 0,2901 
0.9000 0.0500 = --46.36 + 0.1s03T 0.780 0.610 0.500 0.9993 0.00243 0.1553 
0.9280 0.0300 = --46.69 + 0.1filST 0.756 0.584 0,474 0.9987 0.00312 0.1753 
0.9399 0.0100 = --45.69 + 0.1614T 0.732 0.504 0.456 0.9985 0.00445 0.2734 

--'~--0.50 
-----0.75 
+ 0 . 2 9  
- -0 .48 
----.0.18 
-----0.69 
-----0.93 
"4-0.66 
~-1.72 
-----3.28 
~-1.73 
~-1 .99  
~-3.60 

" Errors  were  calculated for  95~ confidence r a n g e  o f  emf  v a l u e s  as obtained f rom least squares fit. 
a, intercept  in the l inear  equation. 
b, slope of the l i n e  Emv vs .  t empera ture ,  m V / E  ~ 
r, the correlation coefficient. 
s(b) ,  s tandard deviat ion of the slope. 
8 ( y ) ,  s tandard deviation of the electromotive force. 
Xzn,  Xpb, Xsn, mole fractions weighed- in  basis, For repea ted  measurements ,  the mean  values of al l  a l l o y s  for  the same composition. 

ln~zn 

0.5 

0 . 6 -  

I 
r 

0.4 

0 0.01 

714~ 

T 
757o K 

c' ~ 805~ 

I 842o K 

877o K 

fl03 0.05 ~07 010 
--Xz~.-- 

Fig. 2. InTzn vs. Xzn in the Zn-Sn liquid solutions at tempera- 
tures 714~ ~ K. 
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" - , . , , ~ 8 0 5 o  K " ~  

0.03 005 
, 

0.07 0.10 
- xz~.- 

Fig. 3. InTzn vs. Xzn in the Zn-Pb  liquid solutions at tempera- 
tures 714"-877 ~ K. 

identical  values.  In Ref. (5) the  values of eZn Sn w e r e  

obta ined f rom the plots of In 7zn v s .  Xsn and [(0 In 
7 Z n ) / ( c g X s n )  ]Xzn=cons t  VS.  X z n  using t h e  r e s u l t s  only a t  

Xsn=0 
0.01 --~ Xsn ---~ 0.1 mole fraction. 

The binary end points in Fig. 4-8 were taken from 
Fig. 2 and 3 for Zn-Pb and Zn-Sn systems, respec- 
tively. In general, it may be assumed that the ex- 
trapolation from ternary data is in good agreement 
with the binary data. Some differences appear when 
Xzn = 0.07 and 0.i when Xsn ~- 0 as a result of devi- 
ations from linearity in Fig. 3, when Xzn ~ 0.1 mole 
fraction. 

Application of Krupkowski's Method in the 
Thermodynamic  Analysis of Binary and Ternary  Systems 

For b ina ry  solutions Krupkowsk i  (10) presented  re -  
lat ions of the  form 

lnTj  --  ~jk(T) [ (1 --  Xk) mjk 
L 

, ]  mjk (1 X ~ ) m ~ - l + - -  [6] 
mjk --  1 m j k  - -  1 

lnTk ---- ~jk (T) (1 - - X k ) m '  ~ [7] 

Equat ion [6] is der ived from Eq. [7] using the Gibbs-  
Duhem equation. As results  f rom Eq. [6] and [7] the  
function ~(T) and m should be de te rmined  f rom ex-  
per imenta l  results.  Usual ly  for this purpose  the  data  
at concentrat ions Xk ---- 0.1-0.9 mole  f ract ion are  used. 
Analysis  of such a procedure  has been demonst ra ted  
in Ref. (11). 

F rom previous papers  Eq. [6] and [7] in the  b ina ry  
systems take  the fol lowing forms:  f rom Ref. (12) in 
the Zn-Sn  l iquid solutions 

2489 
lnTzn---- ~ + 1 . 8 2 4 ( l n T - - 1 )  

- -  1 2 . 9 2 9  ] ( 1  - -  Xzn) 1"1 [8] 
J 

[ 2480 
inTsn = [ ' - ~ +  1 . 8 2 4 ( i n T -  1) 

- -  12.929 I [ ( I  --  Xzn) 1"1 --  l l ( l  --  Xzn) O .1 + 10] [9] 

from Ref. (4) in the  Zn-Pb  l iquid solutions 

( 3000 1.059) (I -- Xzn)L53 [I0] I n  7Zn ---- ~ - -  
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Table II. Experimental values of binary and ternary interaction parameters at temperatures 714~176 

T ' K  

eZn zn  s y s t e m  ezn  z a  s y s t e m  
eZn sn eZ. Pb Zn-Sn Zn-Pb 

T h i s  s t u d y  t h i s  s t u d y  f r o m  f r o m  
R e f .  (5) f r o m  F i g .  8 f r o m  F i g .  8 F i g .  2 R e f .  (1) F i g .  3 R e f ,  (7) 

714 -- 4.65 -- 4.65 1.27 O O -- 4.95 -- 4.87 
757 -- 4.47 -- 4.47 1.25 O O -- 4.33 -- 4.16 
8 0 5  -- 4 .21  -- 4 . 2 0  1 .20  O O -- 3 .71  -- 3 .51  
842 --  3.93 -- 3.92 1.15 O 0 -- 3.29 -- 3,09 
8 7 7  -- 3 . 6 0  -- 3 .62  1 .07  O O -- 2 . 9 2  -- 2 .68  

3000 1.059 ) [(1 - - X z n )  I.~ In 7Pb -- ~ -- 

-- 2.887(i -- Xzn) ~ + 1.887] [ii] 

and finally for the Pb-Sn liquid solutions, Ref. (13) 

638 
In 7 P b  ~-- - -  ( l  - -  X P b )  1.9 [12] 

T 

638 
InTsn -~ --~ [(i -- Xeb) 1.9 

-- 2.111(i - -  Xpb) 0.9 -~- 1.111] [13] 

From Eq. [7] it is clear that when Xk ~ 0, In 7% ---- 
C~jk~(T), and from Eq. 6, when Xj --> 0, in 7oj ~ ~jk(T) 
X [1/(mjk -- i)]. In the case of Zn-Pb, Zn-Sn, and 
Pb-Sn binary systems Eq. [7] has been used for zinc 
and lead, respectively. As a result In 7~ and 
In 7~ are equal directly to respective o~(T) func-  
tions in Zn-Pb  and Zn -Sn  systems. In  this manner  
determinat ion of the ~(T) function from concentra-  
tions Xk -- 0.1-0.9 may be addit ionally tested by means 
of experiments  in dilute solutions. It is interest ing to 
note that the numerical  results from Eq. [4] and [5] 

and as o~(T) from relations [8]-[9] and [10]-[11] at 
considered temperatures  714~176 are very similar. 
It is also true in the case of the Zn-Sn  system when 
the form of the ~(T) relat ion is different in  compari-  
son with Eq. [4]. The l imit ing activity coefficients are 
readily calculated from Eq. [6] and [7] for both com- 
ponents and will be used in the next  part  of the 
paper in calculations of eZn Pb and eZn Sn. 

Krupkowski 's  method for obtaining the relations of 
activity coefficients in mul t icomponent  systems re- 
quires only the data of composite b inary systems in 
the form of Eq. [6] and [7]. The details of such pro- 
cedure were given in a previous paper, Hef. (14). As- 
suming this procedure and Eq. [8]-[13] the In 7zn in 
Z n - P b - S n  system has the fo]lowing form 

In 7z.  ---- -- WZnPb ( 1 - -  Xzn) m z n e b - - 2 X z n X P b  

+ ~z,,eb (1 -- Xzn) mz"Pb-2Xpb 

-- ~z,~sn ( i  -- Xz . )  m z , , s n - 2 X z n X s n  

-~ WZnSn (1 -- Xzn) mz"s"-2Xsn 

-- ~PDS. (1 -- Xpb) mP,,s.-2XpbXsn [14] 

From Eq. [14] when Xzn -> 0, In 7z, takes the form 

[n~'zo 
I 
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o.s: 

q 
0.4 

Q01 0.05 0,10 027 0.47 0,67 0.87 0.90 094 0.97 
0.03 Q07 X p b  0.92 096 

r 

Fig. 4. In'rzn vs. Xpb in the Zn-Pb-$n liquld solutions at temperatures 714~176 when Xzn z 0.03. ~ ,  Obtained from Fig. 2 and G ,  
obtained from Fig. 3. 
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Fig. 5. ln'~zn ys. Xpb in the Zn-Pb-Sn liquid solutions at temperatures 714~176 when Xza = 0.05. ~ ,  Obtained from Fig. 2 and O,  
obtained from Fig. 3, 
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Fig. 6. In3'zn vs. Xpb in the Zn-Pb-Sn liquid solutions at temperatures 714~176 when Xzn ~ 0.07. ~ ,  Obtained from Fig. 2 and Q,  
obtained from Fig. 3. 
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Fig. 7. lnTzn vs.  XPb in the Zn-Pb-Sn liquid solutions at temperatures 714~176 when Xzn ~ 0.1. ~ ,  Obtained from Fig. 2, and C), 
obtained from Fig. 3. 

(In 7z)xz , - ,0  --  ~ZnPbXpb + Wzns~Xsn 

- -  COPbSn(1 - -  Xpb)mpbsn-2XpbXsn [ 1 5 ]  

In  both Eq. [14] and [15] the  las t  t e rm corresponds 
to the  the rmodynamic  proper t ies  of the P b - S n  system. 
Values of in ~z~ at Xzn -~ 0.05 were calcula ted from 
Eq. [14] and values  of (ln-yz)Xz,_~0 were  calcula ted 

f rom Eq. [15], in both cases at 714% 805 ~ and 877~ 
It  is seen when comparing these calculated values 
summar ized  in Table  III, wi th  exper imenta l  values  in 
Tables I and III  that  the agreement  is sat isfactory,  
except  for the centra l  region where  the concentrat ion 
of l ead  is 0.3 ~ Xpb ~-- 0.7. I t  is p robab ly  the resul t  of 
inaccurate  de te rmina t ion  of ~(T) and m in the P b - S n  
system. 

It  is in teres t ing to note tha t  by  differentiat ing Eq. 
[14] it  is possible to obtain formulas  for calculat ion 
of both eZn Pb and ,zn sn in which the ~(T) functions for 
binary systems appear. Similar formulas with the 

relat ions for l imit ing act ivi ty  coefficients were  p ro-  
posed by Alcock and Richardson (15, 16) and by  Lupis  
and  El l iot t  (17, 18) assuming a r andom dis t r ibut ion  of 
a toms in solution 

eZn Pb = In 7~ -- In 7~ -- in 7~ [16] 

ezn s~- ---- in 7~ -- In 7~ -- in 7~ [17] 

By appl icat ion of Eq. [6] and [7] the l imit ing act ivi ty  
coefficients may  be easi ly calcula ted f rom ~ (T) and m 
of b ina ry  systems as was previous ly  ment ioned.  
Therefore,  subst i tut ing appropr ia te  ~(T) and m from 
Eq. [8]-[13] into Eq. [16] the values  of ezn TM at t em-  
pera tu res  714 ~ 805 ~ and 877~ were  ca lcula ted  wi th  
numer ica l  values of 1.53, 1.43, and 1.33. Analogica l ly  
f rom Eq. [17] at the  same t empera tu res  the  resul t ing 
values of ezu sa are --3.42, --3.21, and --3.00. The values 
of both t e rna ry  in teract ion pa ramete r s  differ s l ight ly  
f rom those obta ined  f rom exper iments ,  bu t  they  e x -  
hibi t  the same sign and dependence upon tempera ture .  

Table III. Experimental and calculated values of In ~zr~ when Xzn -> 0 and In "vz~ at temperatures 714 ~ 805 ~ and 877~ 

X~b E x p e r i m e n t a l  da ta  Calcula ted  f r o m  Eel. [15] Ca lcu la ted  f rom Eq.  [14] 
(in 7Zn)Xzn -~ 0 (In ~zn)Xza -~ 0 in 7zn* at XZn = 0.05 

Xs'--~ 714~ 805~ 877~14~ 714 ~K 805 ~ 877~ 714~ 805~ 877~ 

94.000 3.067 2.632 2.297 3.103 2.633 2.330 2.870 2.435 2.155 
30.667 2.967 2.540 2,217 3,032 2.570 2.273 2,802 2,376 2.101 
18.000 2.870 2.452 2,140 2.963 2.510 2.218 2.736 2.318 2.048 
12.571 2.772 2,365 2.065 2.896 2.451 2,165 2.672 2.261 1.997 
8.500 2.627 2.235 1.952 2.798 2.365 2.087 2.578 2.179 1.022 
2.800 1.967 1.675 1,462 2.314 1.940 1.702 2.008 1.677 1.468 
1.111 1.462 1.240 1,050 1,762 1,455 1,265 1.519 1.248 1.081 
0.461 I. 122 0,952 0.800 1.291 1.043 0,893 1.103 0.884 0.753 
0.118 0.852 0.675 0.560 0.895 0.697 0.583 0.836 0.650 6.543 
0.079 0.810 0.635 0.525 0.828 0.639 0.531 0.787 0,607 0.505 
0.065 0.785 0,610 0.505 0,796 0.611 0.506 0.755 0.579 0.480 
0.033 0.760 0,585 0.480 0.764 0.583 0.481 0,724 0.552 0.456 
0.011 0,735 0,560 0.460 0,733 0,556 0,456 0.693 0.525 0,432 

* Values of in. ~/Zn at Xz, = 0.05 were calculated tar the same concentrations as alloys from Table I. 
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Fig. 8. In'tzn vs. Xpb obtained from the experimental data for Xzn "-> 0 at temperatures 714~176 in the Zn-Pb-Sn liquid solutions. 
~ ,  Obtained from Fig. 2 and 0 ,  obtained from Fig. 3. 

Discussion 
The experimental  data permit ted the determinat ion 

of both te rnary  interaction parameters  eZu  Pb  and ~zn sn 
from plots (ln~z)Xz,_,0 vs. Xpb. Both values of eZn  TM 

and ~zn sn were also compared with calculated data on 
the basis of l imit ing activity coefficients obtained 
from ~(T) and m of respective b inary  systems inter-  
preted by  Krupkowski 's  method. 

Okajima and Pehlke (19) as well as Cleveland, 
Okajima, and Pehlke (20) also reported from emf mea-  
surements  the data of ezn Pb and eZn sn but  they l imited 
the experiments  only to 0.1 mole fraction of t in  and 
lead, respectively. At the temperature  of 823~K they 
f o u n d  eZn TM ~ 2.2 and ezn sn -~ --3.6 which compare 
with values of about 1.17 and --4.0, respectively, as 
interpolated from our data in Table II. In  the next  
reference, Gluck and Pehlke (21) also presented the 
plot of ( ln  ~zn)xz,_.0 vs. XPb for Z n - S n - P b  system 

combining their results for dilute solutions to Xpb = 
Xsn -- 0.1 mole fraction with extrapolated data for the 
central region. However, their plots using l i terature 
data (22) differ from the results presented in Fig. 8. 
This disagreement is believed to be the result  of their  
less precise extrapolat ion of In '7zn to Xzn --> 0 for 
Xzn ~ 0.1. 

The magni tude of the deviation from a straight l ine 
obtained by connecting In -r~ and In "}'~ in Fig. 
8 is influenced by the thermodynamic  properties of 
the P b - S n  system. Positive departure from Raoult 's 
law in this system results in negative deviations from 
l inear i ty  (23). The data in Fig. 8 at X p b  = 0.53 and 
Xsa ---- 0.47 result  in the experimental  deviation in 
In ~'zn at temperatures  714 ~ 805 ~ and 877~ of the 
magnitude 0.54, 0.41, and 0.38. These data may be 
compared using Eq. [15] and assuming that deviation 
from l inear i ty  is governed by the term --C~PbSn(1- 
Xpb)  mz'~Sn-2XpbXsn. However, such calculations exhibit  

the deviations of the order 0.24, 0.21, and 0.19 at the 
mentioned temperatures.  It is probably the result  of 
inaccuracy in the ~(T) and m in Eq. [12] and [13] for 
the P b - S n  system. These parameters were calculated 
by Ptak (13) using the P b - S n  phase diagram and 
probably are subject to appreciable uncertainty.  The 
close position of lead and t in  in  the electromotive 
series excludes however the use of concentrat ion cells 
and obtaining more precise data. 

The deviation from l inear i ty  may also be calculated 
according to Richardson (24) and is characterized ap- 
proximately by the term --AG*Pbs~/RT where -hG*PbSn 
is the molar excess free energy in the P b - S n  system. 
Using the data for AG*PbSn from the Hul tgren et al. 
monograph, (25) at 823~ XT'D ~- Xsn the value of 
0.32 for the deviation was obtained which corre- 
sponds to some extent to the results shown in Fig. 8. 

Error analysis of the exper imental  data at the 
chosen concentrat ion Xzn - :  0.05 molar  fraction re-  
sults in maximal  errors in in  7zn of about ___4%. Next, 
the In 7zn data are the start ing point for determina-  
tion of both ~zn sn and eZn Pb, and therefore one may 
assume that te rnary  interaction parameters  will be 
associated with similar errors. 

It is assumed that in investigations on dilute l iquid 
solutions the most important  phenomena are con- 
nected with reciprocal interactions of a respective 
group of atoms. The simpler cases are those in which 
the composite b inary  alloys show positive deviations 
from Raoult 's law. Then, the attractive forces be- 
tween the same species of atoms are greater than those 
between different species of atoms. In such a case the 
te rnary  interact ion parameters  of the type el 2 and ~z 3 
from Eq. [16] and [17] result  in comparatively good 
agreement with experimental  data. When one of the 
binaries shows marked deviations from Raoult 's  law, 
as for instance Zn-Pb,  in comparison to other systems 
such as Zn-Sn  and P b - S n  in  the investigated Z n - P b -  
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Sn te rnary  system, then the properties of such a bi-  
nary  system play a decisive role. This system has a 
ra ther  dominant  value of In  "7~ in relat ion to 
In ~~ and In 7~ which strongly influences 
both ezn TM and ezn sn when calculated from Eq. [16] and 
[17]. Future  experimental  research in  te rnary  sys- 
tems in dilute solutions will be directed toward 
verification of Eq. [16] and [17] and also to the com- 
binations of the interact ion parameters thus obtained 
with the energy of interact ion of respective groups of 
different atoms. 
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Micro Weighing Study of Iodinations of Thin 
Metal Films with Quartz Crystal Oscillators 

M. Shiojiri 
Department of Physics, Kyoto Technical University, Matsugasaki, Sakyo-ku, Kyoto 606, Japan 

ABSTRACT 

The reactions of iodine vapor with vacuum-deposi ted copper and lead films 
have been investigated in the temperature  range 25~176 Below 150~ 
the iodination of copper films obeys the parabolic rate relationship, and its 
act ivation energy is est imated to be 3.9 kcal/mole.  Above 150~ the iodina-  
tion obeys the linear rate relationship, and the iodination rate decreases with 
increasing temperature. The chemisorption of iodine gas is the rate-determin- 
ing factor of the linear reaction and leads to the observed temperature depen- 
dence of the reaction. The iodination of lead films approximately obeys the 
parabolic rate relationship, and its activation energy is 13.9 kcM/mole. 

T a m m a n n  and KSster (1, 2) found in the early 
studies of the reactions of various gases with metals 
that the reaction rates for the iodination of silver, 
copper, and lead were independent  of temperature.  
There have been very few studies of the halogenation 
of such metals since (3-6), and such peculiar reactions 
which do not obey an Arrhenius  equation are still un -  
clear (7) and await  explanat ion (8). The method 
for measuring the film thickness based on interference 
colors as used in their experiments was not very ac- 
curate, and much more accurate experimentat ion is 
required for a clear unders tanding  of the halogenation 
mechanism. 

Weight gains due to the reaction of iodine vapor 
with vacuum-deposi ted copper films were previously 
measured in the temperature  range from 25 ~ to 300~ 
with quartz crystal oscillators (9). It is the object of 

Key words: tarnishing, vacuum-deposited film, diffusion, copper, 
lead,  

the present paper to discuss in  detail the iodination 
of copper films. The results are also given of invest i-  
gations concerning the reaction of iodine vapor with 
vacuum-deposi ted lead films in the temperature  range 
25~176 The reactions of iodine vapor with silver 
films have been discussed in previous papers (10-12). 

Experimental 
The weight gains due to the iodination of copper 

and lead films were continuously measured by using a 
quartz crystal oscillator microbalance with a counting 
ratemeter  and a pen recorder (13). Quartz plates with 
3.58 MHz resonance frequency, whose sensit ivity for 
mass determinat ion is 2.89 X 107 Hz/(g/cm2) ,  were 
used. The quartz plates were vibrated at an exciting 
power of about 5 roW, and the vibrat ion had no ap- 
preciable influence on the reactions of iodine with the 
metal films (14). 
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About 5000A thick copper (99.999%) films were  pre-  
pared by vacuum-deposi t ion onto one of the gold elec- 
trodes of the water -cooled  quartz  plates in a vacuum 
of 5 • 10 -7 Torr. The quartz plate was placed in a 
reaction chamber  for the iodination. Specimen lead 
(99.99%) was vacuum-deposi ted  onto the quartz plate 
in the reaction chamber  evacuated to a pressure of 
2 • 10 -7 Torr  or less, so as to minimize the surface 
oxidation. The iodine vapor  was immedia te ly  intro-  
duced into the chamber, without  exposing the speci- 
men to the air. The gold electrodes, when in contact 
and alloyed with copper or lead, were  appreciably 
at tacked by iodine vapor  at higher  temperatures.  
Therefore,  in the exper iments  at t empera tures  above 
150~ the specimen films were  directly deposited onto 
one side of the plates and were  simultaneously used 
as one of the electrodes. Both of copper and lead films 
were  polycrystall ine,  preferably  oriented with the 
(111) planes paral lel  to their  surfaces. The steps in the 
exper imenta l  procedure were  the same as described in 
the previous papers (10, 12). 

Results 
Iodination of copper f i lms.--Various exper iments  

were  repeated at a given tempera ture  and pressure, 
and the reproducibi l i ty  was usually good. Some rate 
curves are presented in Fig. 1. The iodination was per-  
formed at an iodine pressure of 0.032 Torr. The reac- 
tion product was the 7-form (zinc blende type) of 
cuprous iodide crystals. The mean thickness of the 
grown cuprous iodide layer can be est imated by as- 
suming that  the film was uni formly  attacked by iodine 
and the product was the stoichiometric compound. The 
scales of micrometers  for the mean thickness of the 
cuprous iodide layer, and of mil l igrams per square 
cent imeter  for the weight  gain, are also presented. The 
results showed a clear t empera ture  dependence of the 
iodination of copper which is in disagreement wi th  the 
conclusion of Tammann and KSster (2); be tween 25 ~ 
and 150~ the reaction rate increases with increasing 
temperature,  but above 150~ it decreases wi th  t em-  
perature.  Squares of the weight  gains plotted against 
t ime fell on straight lines below 150~ This shows 
that  the reaction of iodine with copper be tween 25 ~ 
and 150~ approximate ly  obeys the parabolic rate re-  
lationship. However,  square plots of the data above 
150~ did not lie on straight lines; rather, the curves 
shown in Fig. 1 lie on straight lines after about 10 sec. 
Therefore,  the react ion above 150~ seems to obey the 
l inear rate relat ionship ra ther  than parabolic rate re-  
lationship. 

The logari thms of the reaction rates at a reaction 
t ime of 30 sec are plotted against the inverse of reac-  
t ion tempera ture  in Fig. 2. Black and whi te  circles 
show the corresponding reaction rates for the para-  

F i~0~c /2 -~  F - ~  
'51- /+25:c/oo~ o 1 Jo.5 

i 1 

5 oo~ o 2 

% 0 10 20 ~0 40 50 60 l0 80 gO 

Time sec 

Fig. 1. Weight gain data for iodination of copper films at iodine 
pressure of 0.032 Tarr. 

Temperature ~ 

300 250 200 175 150 125 100 75 50 25 

I J I I I r I I I I I I I I I r I I 
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Fig. 2. Temperature dependence of parabolic (black) and linear 
reaction rates (white) at a reaction time of 30 sec, at iodine pres- 
sure of 0.032 Torr. 

E 

bolic and l inear  iodinations, respectively. The  diameter  
of the circles is almost equal  to the probable error  of 
the reaction rates. It is clear that the rates are at a 
max imum near 150~ The rate constant kp was deter-  
mined for each rate curve represented by the para-  
bolie relationship (dr) 2 ---- kpt, where  dS is f requency 
change and t is time. Arrhenius  plots of kp lie on a 
straight line, l ike the react ion rates below 150~ lie on 
a straight line in Fig. 2. Thus, the activation energy for 
the parabolic reaction has been est imated to be 3.9 
kcal /mole,  and kp for the react ion at an iodine pres-  
sure of 0.032 Torr  is represented as 

kp = 7.1 • 104 exp (--3900/RT) kHz2/min 

---- 85.5 exp(--3900/RT) (mg/cm2)2/min  

where R is the gas constant and T is absolute tempera-  
ture. 

lodination of lead films.--Double logari thmic plots 
of weight  gain data for the iodinations of lead films 
are presented in Fig. 3. The reproducibi l i ty  was usu- 
ally good under  the exper imenta l  condition that  the 
specimen lead surface was never  exposed to the air 
and the residual gas pressure was less than 2 X 10 -7 
Torr  during the deposition of lead and the iodination. 
Lead iodide (PbI2, hexagonal)  crystals were  formed. 
Since the data fall on straight lines with a gradient of 
about i/2, the reaction of iodine wi th  lead films ap- 
proximate ly  obeys the parabolic relationship, which 
has been reported by Tammann and KSster (2). The 
reaction ra te  evident ly  increases wi th  increase of t em-  
perature, in disagreement  with thei r  conclusion that  
the reaction rate was independent  of temperature .  The 
experiments  were  per formed at iodine pressures of 
0.08, 0.13, 0.21, and 0.41 Torr, and a definite difference 
could not be recognized among the data for the reac-  
tions at the same temperature.  

The reactions below 100"C were  complicated. The 
reproducibi l i ty of exper iments  was not ve ry  good. The 
reaction rates slowed down, especially for an initial 
few minutes, and thus the reaction could not be repre-  
sented by a simple equation. The react ion rate was 
apt to decrease with decreasing iodine pressure. Dotted 
curves in Fig. 3 are the data for the reaction of the 
lead films, which were  once exposed to the air for a 
short time, with iodine at 300 ~ 200 ~ and 150~ The 
curves show that  the retardat ion of reaction by a sur-  
face oxidation was larger  wi th  decreasing tempera-  
ture. Thus, it is reasonable to assume that  the iodina- 
tion below 100~ was influenced by a li t t le surface 
oxidation owing to the residual gas and showed the 
poor reproducibil i ty.  
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Fig. 3. Double logarithmic 
plots of weight gain data for 
iodination of lead films at iodine 
pressure of 0.21 Torr. 
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Figure 4 shows an Arrhenius  plot that applies to this 
reaction. The probable errors of the rate constants are 
equal  to or less than the d iameter  of the circles. The 
rate constant k~ for this parabolic iodination is repre-  
sented as 

kp = 6.4 X 106 exp(--13,9OO/RT)kHz2/min 

= 77 X 102 exp (--  13,900/RT) (mg /cm "2) 2/rain 

Discussion 
The present results for the iodination of copper are 

not in agreement  with the early measurements  of 
Tammann  and KSster (2), who reported the independ-  
ence of reaction rate  f rom temperature,  as described 
above. Nagel and Wagner  (5) reported that  a tarnish 
constant of copper in iodine vapor  is 3.4 X 10 -1~ equi-  
valents cm -1 sec -1 at 195~ and at 46 Torr. Weiss (6) 
also reported the tarnish constants in the tempera ture  
range 105~176 at pressure of 1-500 Torr. The con- 
stants increase wi th  increase of tempera ture  or pres-  
sure. He concluded f rom his results that  in the ~- and 
#-CuI phase region above 420~ the electron defect 
conduction was rate determining and in the 7-CuI 
phase region, ionic conduction was rate determining. 
The present results for the reactions below 150~ are 
not contradictory to his conclusion, al though our ex-  
periments were  per formed at lower  pressure than his 
experiments,  and our accurate weight  measurements  
through the course of the reaction with t ime confirm 
the applicabili ty of the parabolic rate relationship. 

A very  small act ivation energy of 3.9 kca l /mole  was 
observed for the parabolic iodination of copper below 
150~ According to Wagner theory  (5, 6), the absorp-  
tion of iodine causes cuprous ions and electrons to 
migrate to the surface and the CuI lattice to extend, 
leaving the vacancies in the cuprous ion lattice and a 
defect of electrons. The weight  changes due to the 
absorption of iodine were  est imated for the CuI films, 
which were  produced from the 5000A thick Cu films, 
by using the results of Maurer  (15) who measured the 
concentrat ion of absorbed iodine by CuI. The weight  
changes are 1.235 and 0.080 #g/cm 2 at 25 ~ and 150~ 
respectively, when the iodine pressure is 0.032 Torr. 
The concentrat ion of vacancies of the cuprous ions, 
whose diffusion is rate determining for the parabolic 
reaction, definitely decreases with increasing tempera-  
ture. Thus, the decrease of the vacancy concentrat ion 

acts on the reaction rate to slow down with increase 
of tempera ture  and may lead to the very  small  activa- 
tion energy. 

The decrease of react ion rate wi th  increasing tem-  
perature  above 150~ cannot be ascribed to the de- 
crease of the vacancy concentrat ion because the para-  
bolic reaction no longer  prevails  in this t empera ture  
range. A phase boundary react ion can be assumed to 

Tsmper~ r t u  r e  ~  

I00 300 250 200 175 150 125 
I i I [ i i 

E 

N 

I 

0.1 

0.0 I I [ I I i I I I I I I t i t [ 
O. 0020 O, 0025 

VT K-i 

10 " l  

10 -2 

E 

0 - i  

0-4 

Fig. 4. Temperature dependence of rate constant for iodination of 
lead films. 
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be the ra te -de termining  factor in the l inear reaction. 
The most probable mechanism is the chemisorption of 
iodine atoms and the introduction of chemisorbed ions 
in the gas/iodide interface. The number  of adsorbed 
iodine atoms staying at the interface is proport ional  to 
the number  of impinging iodine molecules on the sur-  
face and the time of adsorption during which the ad- 
sorbed molecules stay at the surface before reevapora- 
t ion (20). If we assume a heat of adsorption of 9 kcal /  
mote which is a possible value for the gas consisting of 
heavy molecules, then the decrease of the adsorbed 
atoms is about 5-fold between 200 ~ and 300~C, and is 
in good agreement with the observed decrease of the 
reaction rate. The effect of adsorption on the l inear  
reaction has been observed between the reactions 
performed at different iodine pressures. That  is, the 
reaction rate changed from 2.32 to 28.8 (~g/cm2)/sec 
as the iodine pressure was raised from 0.032 to 0.16 
Torr at 300~ while it was little changed at 25~ in 
the parabolic reaction, as shown in a previous note (9). 
The increase of the reaction rate, however, is much 
larger in comparison with the increase of the im-  
pinging molecules, which is 5 times between pressures 
of 0.032 and 0.16 Torr. The result  may be ascribed to 
the increase of a condensation coefficient (the prob- 
abili ty that an impinging molecule is adsorbed at the 
surface) with increasing temperature;  the coefficient 
may increase about 2.5 times between 0.032 and 0.16 
Torr. 

Since the diffusion rate decreases with increasing 
layer thickness, the l inear  rate is applicable only to the 
point where the diffusion rate becomes comparable 
with the rate of the phase boundary  reaction. With 
fur ther  growth of the protective layer, the diffusion 
ra~e becomes the ra te -de termining  factor (12, 16-19), 
and the parabolic rate relationship prevails. The tar -  
nish constants above 150~ which were shown by 
Nagel and Wagner  (5) Weiss (6), can be assumed to 
be those corresponding to this parabolic reaction. 

The iodination of lead films followed the parabolic 
relationship, although in the experiments  below 100~ 
the definite parabolic relationship was not observed 
because of the tarnishing of the surface by the residual 
gas. The conduction mechanism of the lead iodide is 
very complicated because both lead and iodine ions 
participate in conduction (21). Since the ionic con- 
duction is predominant  in any case and since parabolic 

rate behavior was observed, it can be concluded that 
electronic conduction through the lead iodide layers is 
the ra te-determining step of the iodination process. 

Manuscript  submit ted March 19, 1974; revised m a n u -  
script received Oct. 7, 1974. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOtrRNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. i, 1975. 
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Deposition of Polycrystalline Silicon by 
Pyrolysis of Silane in Argon 

John Y. W. Seto 
Electronics Department, General Motors Research Laboratories, Warren, Michigan 48090 

ABSTRACT 

Deposition of silicon on thermal ly  grown silicon dioxide substrates by 
pyrolysis of silane in argon is postulated as a three-step process involving 
adsorption and decomposition of silane on, and desorption of hydrogen from 
the substrate  surface. This postulate was verified by exper imental  data. The 
morphology of the polysilicon films was strongly affecled by the cleaning 
process employed before the silicon dioxide was grown. To obtain an optically 
smooth surface, it was mandatory that the silicon subtrate be cleaned by a 
strong oxidizing agent. The grains of the polysilicon film were randomly 
oriented and the grain size increased as the deposition temperature was in- 
creased. 

Polycrystal l ine silicon (polysilicon) is extensively 
used in silicon technology. Polysi]icon films have been 
used in silicon gate MOS devices (1), as dielectric 

Key  words:  polycrystall lne silicon, chemical  vapor deposition, 
chemical kinetics, thin films, silane. 

isolation Jn high power integrated circuits (2, 3), in 
stacking gate nonvolati le memory devices (4), and in 
charge couple devices (5). In  some of these applica- 
tions, it is desirable to be able to deposit polysilicon at 
a low temperature  so as to preserve the doping pro- 
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files. In  other applications the surface texture of the 
polysilicon has a detr imental  effect on the device per-  
formance. Therefore, it is desirable to be able to de- 
posit optically smooth polysilicon films at low tem- 
peratures. Deposition of polysilicon by thermal  decom- 
position of silane in argon was reported by Yasuda 
et al. (6). They showed that the polysilicon deposition 
rate was higher and the grain  size was smaller if 
argon rather  than  hydrogen was used as the carrier  
gas. We report  here the study of the kinetics of the 
polysilicon growth rate as a funct ion of silane con- 
centrat ion in argon and temperature  of deposition, and 
the morphological and crystallographical s tructure of 
the polysilicon films prepared. 

Film Preparation 
The polysilicon films were deposited in  a radiant  

heated horizontal reactor. The walls of the quartz re-  
actor tube were cooled by a flow of 14,000 SLM of air. 
Both polysilicon-coated and silicon carbide-coated 
susceptors were used in  this study. The susceptor was 
supported by a horizontal quartz sled. The tempera-  
ture of the susceptor was measured using a Type S 
(P t /P t  + 10% Rh) thermocouple fitted in a hole in the 
susceptor such that the thermocouple was in thermal  
contact with the center of the susceptor. The output of 
the thermocouple controlled the power supplied to the 
quartzl ine heating lamps to main ta in  a preset tem- 
perature. The substrates were in thermal  contact with 
the susceptor, therefore, the temperature  of the sub-  
strates was approximated to be that measured by the 
thermocouple. The actual substrate temperature  could 
be as much as 30~ cooler than  that  measured by the 
thermocouple. This approximation was taken because 
the reactor was radiant  heated and a direct measure-  
ment  of the substrate temperature  by a pyrometer  was 
difficult. However, by making sure that the substrates 
were in good thermal  contact this error could be re-  
duced. Argon was used as the carrier gas. The argon 
gas source was nominal ly  99.99% pure; it was passed 
through a 0.45 nm particle filter and a three-stage 
(ti tanium, copper oxide, and molecular sieve) rare 
gas purifier. The silane used for this work came from 
a 100% silane source. The carrier gas and silane were 
mixed before entering the reactor tube. All the gas 
lines were hel ium leak checked to ensure no gas con- 
taminat ion  due to leakage. The argon flow rate was 
usually 12.6 SLM (2.7 cm/sec).  Deposition tempera-  
tures of 650~176 and silane flow rates ranging 
from 0.1 to 1.2% of the total flow rate were studied. 

The substrates were 10 ohm-cm, boron-doped, 
<111> oriented, polished silicon wafers. These wafers 
were cleaned in a boiling l : h l  mixture  of methyl  
alcohol, acetone, and tr ichloroethylene with ultrasonic 
agitation. The wafers were then cleaned in  acetone 
and rinsed with deionized water. They were finally 
cleaned in hot (75~ HNO~ for 10 rain, spin rinsed, 
and dried in hot nitrogen. The wafers were immedi- 
ately transferred to a dry or wet oxygen atmosphere 
oxidation furnace to grow a silicon dioxide layer of 
about 1500 or 3000A thick. Immediately after the oxi- 
dation step and as soon as the wafers were cooled 
down to room temperature, the wafers were trans- 
ferred to the reactor and polysilicon was deposited to 
a thickness in the range of 0.5-3 #m. The thickness of 
the polysilicon films was measured by an infrared in- 
terference technique (7) ; the accuracy of the measure- 
ment was periodically checked with a surface pro- 
filer. 

Growth Rate 
In  Fig. 1 the growth rate of polysilicon is plotted 

as a function of 1/T~ for various silane flow rates. 
The deposition rate could be varied from 0.01 ~m/min  
at 650~ for 0.1% silane to about 0.5 pm/min  at 800~ 
for a flow of 1.2% silane. It was observed that a 
straight l ine could be drawn to pass through points at 
temperatures  higher than  700~ However, if such a 
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Fig. 1. Experimental and calculated deposition rates vs. 1/T~ 
Dashed line was calculated using all data points. Solid line was 
calculated by neglecting data points at 800~ 

straight l ine was drawn it would not pass through the 
data point at 650~ The same result  was apparent ly  
obtained by Yasuda et at., although those authors as -  
s u m e d  a straight l ine and obtained an activation en-  
ergy of 1.0-1.1 eV. If the same process was done to our 
data, the slope gave a value of about 1.02 eV. 

The kinetics of the decomposition of silane in an 
inert  gas at temperatures  lower than 850~ has not 
been reported. It was shown in the deposition of single 
crystalline silicon that the decomposition of silane in 
hydrogen at 1050~ was a diffusion l imited process (8) 
Our experimental  results cannot be satisfactorily ex- 
plained by such a reaction process. We propose an 
al ternat ive reaction process consising of the following 
steps: 

(a) chemisorption of silane on the nucleat ion sites, 
*, on the surface of the substrate 

kl 
* + Sill4 ~ Sill4(*) [I] 

k - 1  

(b) decomposition of silane into silicon and hydro-  
gen, assuming this process to be the ra te-control l ing 
step 

k2 
Sill4(*) --> Si(*) + 2H2(*) [2] 

(c) desorption of hydrogen gas formed by the de- 
composition of silane over the substrate surface 

k3 
H2(*) ~ H2 + (*) [3] 

k - s  

Solving Eq. [1] to [3] by chemical kinetic analysis, for 
a substrate of finite surface, the deposition rate of 
silicon is given as 

dx Msi 

dt 5sl 

where 

k2K1 [SiH4] 
[41 

[H2] 1 ) + K1 [SiI-A] + 

k2 ~---- k2o e - E / R T  [5] 
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KI : k l /k -1  = Kloe -AH/RT 

Ks ~ ks /k -s  " -  K3oe -AH"/rLT 

In  Eq. [4], dx/dt  is the growth rate of silicon in 
sec, and Msi, 5si are the molecular  weight and  
density of silicon, respectively. [SiI-I4] and [He] 

[6] 

[7] 

cm/  
the 
are 

the silane and  hydrogen concentrations in  the gas 
phase in  moles/cm3. E, ~H, AHH, •, and T have the 
usual  meanings and definitions. There was no hydro-  
gen present  in our incoming gas. If the silane con- 
version efficiency is low, we can assume that the hydro-  
gen gas produced by the decomposition of silane is im-  
mediately carried away by the gas stream, and the hy-  
drogen concentrat ion at the substrate surface is essen- 
t ial ly zero. Then Eq. [4] can be approximated by 

dx Msi kfK1 [SiH4] 
- -  _ - -  [ 8 ]  

dt 8si (Kl[Sit-t4] + 1) 

The consequence of Eq. [8] is that  if K l [S i I~ ]  > >  1 
the growth rate is independent  of the silane concentra-  
t ion and the reaction is zero-order. The deposition 
rate is an exponential  funct ion of 1/T. Under  this 
condition all the available surface sites on the sub- 
strate are saturated by sflane so that any fur ther  in -  
crease in  silane concentrat ion will not change the rate 
by which silane molecules are absorbed on the sub-  
strate surface. On the other hand, when  KI[SiH4] 
< <  1 the deposition rate is proport ional  to the silane 
concentrat ion and the decomposition is a first-order 
reaction. Equat ion [8] shows that if the reciprocal of 
the deposition rate at a fixed temperature  is plotted as 
a funct ion of the reciprocal of silane concentration, 
a straight l ine should be obtained. The slope of such a 
plot yields 1/(Klkf)  and the intercept  gives 1/k2. If 
k2 and K1 are determined over a range of tempera-  
tures, hH, E, kf0, and K10 can be obtained and the dep- 
osition rate can be determined theoretically for aI1 
temperatures  and silane concentrations. 

This theory is a steady-state calculation so that the 
theory is applicable only after a monolayer  of poly- 
silicon has grown on the substrate and the deposition 
rate is not a function of time. Our deposition rates 
were derived from polysilicon films deposited for a 
sufficiently long time such that  the above condition 
was satisfied. If the reaction step (b) is to be the rate-  
controll ing step, as postulated, the reaction rate must  
not be a mass t ransport  l imited process. The fiow rate 
of the gases should be so high that the deposition rate 
is not a funct ion of the flow rate. This condition was 
verified in our exper iment  by doubling the flow rate 
and the deposition rate was found to be increased by 
less than  10%. Since the reactor had a r u n - t o - r u n  
reproducibil i ty of _+10%, it was concluded that the re-  
action was not mass t ransport  limited. 

In  Fig. 2, the exper imental  data are plotted for 
1/(deposi t ion rate) vs. 1/(s i lane concentration) at 
constant  temperatures.  The averages of the experi-  
mental  values in Fig. 1 were taken as the deposition 
rates. Straight lines are obtained for all the tempera-  
tures studied in our experiments.  This implies that 
Eq. [8] can be used to describe the reaction and that  
the hydrogen produced in the decomposition of silane 
is not affecting the decomposition rate. The hydrogen 
gas result ing from the decomposition changed by a 
factor of at least four between the m i n i m u m  and 
max imum silane concentrat ion used in our  experi-  
ments. If the hydrogen concentrat ion is high enough 
to affect the deposition rate, Fig. 2 would not yield 
straight lines. Using the data in Fig. 2, a l inear  regres- 
sion is performed by a computer to find the slopes and 
intercepts of the curves. From the slopes and inter-  
cepts, Kt and k2 at each tempera ture  are found. From 
Eq. [5] and [6], if In K1 and In k~ are plotted as a 
function of 1/T~ straight lines should be obtained 
and the slopes give aH/R and E/R. The intercepts 
yield K~0 and k~0, respectively. The values of In K~ 
and In k2 are plotted as a funct ion of 1/T in Fig. 3. All 
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the points fall into two straight lines with the excep- 
tion of the 800~ values. With the values in Fig. 3 
l inear  regression is again performed to find K10, kfo, 
E/R, and 2H/R. The values obtained for E and ~H 
are 15.3.2 and 19.45 kcal/mole, respectively. The dep- 
osition rate as a function of 1/T~ for different silane 
concentrations calculated using the values of K10, k20, 
E, and hH derived is shown as the dashed curve in 
Fig. 1. 

It was observed that  for 0.2 and 0.4% silane at 
800~ the deposition rate was higher at the incoming 
gas stream end of the susceptor than the exhaust end. 
We concluded that for those deposition conditions the 
gas stream might have a lower concentrat ion of silane 
when  it reached the substrates. Therefore, the dep- 
osition rates measured did not represent  the true dep- 
osition rates for the silane concentrations calculated 
from the flow rates. A more accurate value of E, /,H 
and, consequently, the prediction of the deposition 
rate could be obtained by neglecting the points at 
800~ When the slopes and intercepts were found by 
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l inear  regression, E and ~H were given as 11.86 and 
30.28 kcal/mole, respectively. The deposition rates 
calculated using the K~0, kf0, E, and AH obtained are 
plotted as the solid lines in Fig. 1. The agreement be-  
tween experimental  and theoretical values is ex- 
t remely good. This activation energy is only about 
half of that obtained by fitting a straight l ine to the 
data points in Fig. 1. The activation energy for the 
decomposition of silane in reduced pressure ranged 
from 10.1 to 37.1 kcal /mole (9-11) was reported. Our 
activation energy of 11.86 kcal /mole is in close agree- 
ment  with the value of 10.1 kcal /mole obtained by 
Farrow and Fi lby (9). 

Morphological and Crystallographical Structures 
If the deposition temperature  was kept at 650~C or 

below, the surface of the polysilicon film was always 
shiny as long as the surface of the substrate was de- 
greased and cleaned. However, when the substrate was 
cleaned in hot HNO~ a better  microscopic surface was 
obtained. As the deposition temperature  was raised 
above 700~ the surface texture of the polysilicon 
film was strongly affected by the cleaning process 
before the silicon wafer was oxidized. Figure 4 shows 
examples of polysilicon films deposited in identical 
conditions on properly and improperly cleaned sub- 
strates. The film grown on the improperly cleaned 
substrate has a very rough and nonuni form surface; 
and many hillocks are as high as 1 pro. The surface of 
the film grown on the substrate cleaned in hot HNOz 
is optically smooth and shiny. The cleaning steps he- 
come more critical as the temperature  is raised. Cow- 
her and Sedgwick (12) also found that the substrate 
cleaning was critical to obtaining smooth polysilicon 
surfaces using hydrogen as carrier gas in the deposi- 
tion of polysilicon. They employed an "aqueous oxi- 
dation" step, using a mixture of H20.~ and H20 at 90~C. 
This cleaning step was tested and no improvement 
over that of hot nitric acid was observed. A combina- 
tion of nitric acid and "aqueous oxidation" steps did 
not produce any higher quality polysilicon films. Both 
H~O,~ and hot nitric acid are strong oxidizing agents. It 
is then concluded that to obtain a smooth polysilicon 
surface the last cleaning step in substrate preparation 
should be in a strong oxidizing agent, It was shown 
that silicon dioxide grown on a dirty silicon surface 
has many imperfections and small crystallites (13, 14). 
By heating silicon wafers in hot nitric acid the surface 
of the silicon becomes uniformly hydrophilic and sili- 
con dioxide can be grown with fewer imperfections 
(15). It appears that either imperfections or small 
crystallites of silicon dioxide or both can nucleate 
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polysilicon growth more effectively than an amor-  
phous silicon dioxide surface. Once silicon is deposited 
on a nucleation site, the growth of silicon is acceler- 
ated, possibly by autocatalytic effect. Since the growth 
rate of silicon is higher at higher temperature,  the 
difference in the amount  of silicon deposited on sites 
nucleated at different times is larger, so that  for the 
same amount  of imperfection on the silicon dioxide 
substrate, the hillock size increases as the temperature  
of deposition increases. Another  possible explanat ion 
is that the difference in the nucleation rates between 
the imperfections and the amorphous substrate be-  
comes larger as the temperature  of deposition is in-  
creased. We believe that the former explanat ion is 
more plausible in  this study. In  either case, one ob- 
vious way to minimize the hillock growth is to pro- 
vide as uni form a substrate surface as possible so that  
nucleat ion occurs uni formly  on the substrate and a 
uniform growth is obtained. This is accomplished by 
cleaning the silicon substrate in  a strong oxidizing 
agent to grow a more perfect silicon dioxide film. For 
substrates prepared this way the polysilicon films 
were obtained with an optically shiny surface. The 
results are consistently reproducible. Figure 5 is a 
transmission electron microscope picture of a tungsten  
oxide shadowed carbon replica of a typical surface of 
polysilicon film approximately 1 ~m thick. The surface 
was very smooth. 

There was no evidence that the silane concentrat ion 
affects the surface s tructure of the polysilicon film as 
long as the concentrat ion was high enough to prevent  
premature  decomposition. When  argon is used as the 
carrier gas in the thermal  decomposition of silane, 
premature  decomposition can take place result ing in a 
blackish gray deposit of amorphous silicon (12). Pre-  
mature decomposition occurs when  the gas mixture  is 
hot enough for homogeneous decomposition to take 
place before it reaches the substrate surface. The 
amorphous silicon rains down onto the substrate in 
the form of small particles. The temperature  at which 
premature  decomposition takes place depends on the 
concentration of silane in the gas and the experimental  
apparatus. For the apparatus used in this study a silane 
concentrat ion of 0.1% gave premature  decomposition 
when the susceptor was at about 750~ As the silane 
concentration was increased to 0.2% or higher, no 
premature  decomposition occurred up to 800~ No at-  

Fig. 4. Polysilicon films deposited on properly and improperly Fig. 5. Tungsten oxide shadowed replica picture of polysilicon 
cleaned substrates, deposited at 650~ 
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tempts  were  made to find the tempera tures  at which 
premature  decomposition occurred for different silane 
concentrations. 

It is interest ing to note that  our result  is in contrast  
to that  of Eversteign (17) who made a detailed study 
of the gas phase decomposition of silane in hydrogen. 
He found that  as the tempera ture  is increased the 
gas phase decomposit ion star ted at a lower  silane con- 
centration. We do not know the cause of this dis- 
crepancy, a l though one might  suspect that  the causes 
might  be related to the difference in the carr ier  gas 
used and the difference in the gas dynamics in the re-  
actor systems. 

Transmission electron microscope (TEM) was used 
to study the grain s tructure of the polysilicon films. 
The samples for TEM study were  prepared by the 
fol lowing method. An oxide of about 3000A thick was 
grown on the polysilicon film. The silicon dioxide on 
the s ingle-crystal  silicon substrate surface was re-  
moved by an oxide etch and then the s ingle-crystal  
silicon substrate was etched away by chlorine gas at 
800~ Since chlorine does not etch silicon dioxide the 
polysilicon was left  behind with  a silicon dioxide coat- 
ing. The silicon dioxide was removed by an oxide etch. 
The polysilicon was fur ther  thinned by floating the 
polysilicon film on a potassium hydrooxide solution, 
unti l  a film of a few thousand angstroms thick was 
obtained. There  was some question if the oxidation 
and the high tempera ture  etch could have changed the 
crystal  s t ructure of the films. Samples prepared by 
other  etchants and without  the oxidation step did not 
show any change in the results observed. The TEM 
study consisted of electron diffractions and TEM mi-  
crographs. Figures 6a and b are the electron diffrac- 
tion pat terns for polysil icon films deposited at 650 ~ 
and 750~ respectively.  From the diffraction pa t te rn  it 
can be seen that  both films consist of polycrystal l ine 
materials  with randomly oriented grains (18). Figures 
7a and b are the bright  field TEM micrographs of the 
same films. The micrographs were  analyzed by image 
analysis, yielding an average grain size of 183 and 
700A, respectively, for the films deposited at 650 ~ and 
750~ At high magnification, it was observed that  
there  were structures inside the small crystallites. 
Most of these s tructures were  lines and it was assumed 
that  these were  dislocation lines. Numerous  disloca- 
tions are to be expected since the films were  grown 
on amorphous substrates. 

Fig. 6a. Electron diffraction pattern of a 650~ deposited poly- 
silicon film. 

Fig. 6b. Electron diffraction pattern of a 750~ deposited poly- 
silicon film. 

The vert ical  growth of the polysil icon films was 
studied by breaking the substrate. The edge of the 
substrate with polysilicon film was observed with  a 
scanning electron microscope, Fig. 8. There was no 
columnar  growth visible. 

Conclusion 
The deposition rate of polysilicon films on silicon di- 

oxide substrates by thermal decomposition of silane in 
an argon atmosphere can be varied from less than 0.01 
to about 0.5 pm/min by changing the concentration of 
silane between 0.I and 1.2%, and the deposition tem- 
perature from 650 ~ to 800~C. It is proposed that the 
deposition process consists of three steps: chemisorp- 
tion and decomposition of silane on and desorption of 
hydrogen from the substrate surface. The deposition 
rate equation was derived based on a kinetic anal- 
ysis of the postulated reaction sequence. The experi- 
mental results confirmed the postulated mechanism. 

It was found that optically smooth polysilicon films 
could be obtained without any special cleaning process 
if the deposition temperature was about 650~ and 
lower. However, if the deposition temperature was 
above 700~ the surface texture of the polysilicon 
film depended strongly on the substrate preparation 
procedure. To obtain optically smooth surfaces, it was 
necessary to clean the silicon substrate in a strong 
oxidizing solution such as hot. HNO3 or H202. It was 
important  that the silane concentrat ion and the dep- 
osition tempera ture  be adjusted so that  no gas phase 
premature  decomposition of silane occurred. With the 
proper substrate preparation, optically smooth sur-  
faces were  obtained consistently. The grain size of the 
polysilicon films was a function of the deposition 
tempera ture  and increased from about 200A at 650~ 
to 700A at 750~ The grains were  found to be ran-  
domly oriented in the range of the deposition t em-  
peratures investigated. 
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Fig. 7a. Bright field electron micrograph of a 650~ deposited 
polysilicon film. 

Fig. 7b. Electron micrograph of a 750~ deposited polysilicon film 

Manuscr ip t  submi t ted  March 4, 1974; revised m a n u -  
script  received Dec. 19, 1974. 

Fig. 8. Section of broken polysilicon film on silicon substrate 
with a layer of Si02. Polysilicon film was about 3 ~m thick. 

Any  discussion of this  paper  wil l  appea r  in a Discus- 
sion Section to be publ ished in the December  1975 
JOURNAL. All  discussions for the December  1975 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1975. 
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ABSTRACT 

The oxidation kinetics of a single crystal  of SrTiO3 were  measured wi th  a 
tensivolumetr ic  system over  the tempera ture  range 700~ ~ at 0.03 atm 
oxygen pressure. The oxidation was found to be oxygen diffusion l imited with  
an act ivation energy of 14.9 _ 1.3 kcal /mole.  Combining the kinetic data with 
relat ive defect concentrat ion data yielded an activation energy for oxygen 
self-diffusion of 57 • 16 kcal /mole .  The enthalpy of formation of doubly 
ionized oxygen vacancies was calculated to be 126 _ 13 kcal /mol .  

Recently, BaTiO3 was investigated in the tempera-  
ture  range of 300~176 and at oxygen part ial  pres-  
sures as low as 10 -8 arm with  a capacitance manom-  
eter  (1, 2). Calibration shows the sensit ivity of this 
ins t rument  to be 10-100 t imes greater  than that  of a 
microbalance. As has been reported, changes in oxygen 
stoichiometry as small as 10 -s  moles were easily de- 
tected on approximate ly  10g BaTiO3 samples. 

The l imit  of sensit ivity of this par t icular  system was 
about 3 • 10 -9 moles oxygen gas or a 10-Tg change in 
total  sample weight. On a smaller  vo lume system, 
Turcot te  et aI  (3, 4) repor t  an even higher  sensit ivi ty 
of 2 • 10-9g. 

In another  study, Greskovich and Schmalzried (5) 
invest igated nonstoichiometry in Co2SiO4 and in 
CoA1204-MgA120~ crystal l ine solutions and determined 
changes in cobalt vacancy concentrations as low as 
10 -2 atom per cent (a /o) .  

In addition to being useful in determining changes 
in stoichiometry, the initial work on BaTiO3 and that  
of Greskovich and Schmalzr ied indicates that  the 
kinetics of oxygen exchange are easily measurable  so 
chemical diffusion coefficients can be calculated by 
solving Fick's second law for the appropriate bound- 
ary conditions of the system (6). 

The tensivolumetr ic  technique of measuring the 
gaseous exchange with  a solid is both very  rapid and 
sensitive, so an evaluat ion of this technique for the 
determinat ion of chemical  diffusion coefficients is of 
practical value. Since both the oxygen diffusion co- 
efficients and the l imit  of oxygen nonstoichiometry of 
SrTiO3 have been measured (7-10), this oxide was 
chosen to make this evaluation. 

In previous exper iments  wi th  0.1 ~m crystal l i te-size 
BaTiOs and SrTiO3 (1), a t tempts  to use the exchange 
kinetics to calculate chemical  diffusion coefficients 
were  not successful. Evidently,  the exchange was nbt 
ent i re ly  diffusion limited. As a result  of the small 
part icle size, the exchange can be expected to be de- 
pendent upon the surface exchange reaction as well  
as upon diffusion (11). Thus, to l imit  control by the 
surface exchange reaction in this study, oxygen ex-  
change with  large single crystal SrTiO3 was measured. 

Experimental 
The apparatus used is similar  to that  described by 

Conger (1) and Meurer  (12). It consists of two sym- 
metr ical  chambers, separate and vacuum-t ight ,  but  
with provision for interconnection. The oxide sample 
is sealed into one side with the other  being left  empty 
as a reference. An atmosphere of known oxygen pres-  
sure is admit ted to both sides and al lowed to equil-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Me mber .  
1 P r e s e n t  address :  D o w  C h e m i c a l  Company ,  Mid land ,  M i c h i g a n  

48640. 
Key  w o r d s :  ox ida t ion ,  o x y g e n  v a c a n c y  concentrat ion ,  o x y g e n  sel f -  

d i f fus ion .  

ibrate. After  rapidly changing both the sample and 
reference sides to a new value of oxygen pressure, the 
two sides are separated. The at ta inment  of a new equi-  
l ibr ium with  the sample is fol lowed with  a sensor 
head by monitor ing the pressure change (caused by an 
oxygen loss or uptake)  in the sample side of the sys- 
tem relat ive to the reference side. 

The sensor head is an open loop, taut  metal  m e m -  
brane capacitance manometer  2 wi th  a range of 1.3 • 
10 - s  to 1.3 • 10 -3 atm. 

The sample and reference tubes were  heated in a 
wi re -wound  furnace whose max imum tempera ture  was 
1000~ At tempera tures  up to 1000~ the furnace 
tempera ture  was controlled to approximate ly  _3~  
with both l inear and radial  gradients of less than 2~ 
in the region where  the sample was contained. 

If the tempera ture  of the entire apparatus is main-  
tained at constant temperature,  the measured pressure 
change, ~p due to evolut ion or uptake of gas is related 
to the change in the number  of moles of gas, hn by the 
relat ion ~p = :~n R T / V  where  V is the volume of the 
sample side, R is the gas constant, and T is the t em-  
perature.  

In actual practice, the expression for the observed 
pressure change is not so simple since the tempera ture  
of the system is not uni form (that is, the gauge and 
the sample chamber  are at different tempera tures) .  
The expression will, instead, involve a correct ion fac- 
tor arising from tempera ture  gradient  effects. 

The measured pressure change is thus described as 
-~p : K ( T )  =~n where ~p is the sample- induced pres-  
sure change and K ( T )  is a t empera ture  dependent  
correction factor containing the gas constant R, the 
sample side volume V, and some function of gauge and 
furnace temperatures .  

An empir ical  calibration was necessary in order  to 
relate measured pressure changes to oxygen concen- 
t rat ion changes in a sample. This was accomplished by 
measuring t h e  pressure changes occurring for known 
changes in gas concentrat ion at a series of furnace 
temperatures  (20~176 The correction factor was 
found to be independent  of oxygen pressure and to 
be only a function of furnace and gauge temperature .  
With the system thermosta ted at 38 ~ _ 0.01~ and the 
head tempera ture  constant, the calibration constant 
varied from 31.0 -+- 0.20 a rm/mole  to 33.8 • 0.28 a t m /  
mole with the furnace at 20 ~ and 950~ respectively. 

For the min imum detectable pressure change of 
1.3 X 10 - s a t m ,  the m ax im um  sensit ivity at tainable is 
An = 4 • 10 -10 moles which corresponds to a weight  
change of 1.3 X 10-Sg of oxygen. Interact ion between 
the gas and the system was found to place a practical 
limit on detectabil i ty of 4 X 10 -9 moles oxygen. 

2 MKS I n s t r u m e n t s ,  I nco rpo ra t ed ,  B u r l i n g t o n ,  Massachuse t t s  01803. 
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Due to the l imited range of nonstoichiometI;y of 
SrTiOa, it was found that the apparatus could not de- 
tect the exchange kinetics by stepping the oxygen 
pressure in the range 10-6-1 atm at temperatures  be- 
low 1000~ To achieve a detectable pressure change 
within the temperature  and pressure range of the ap- 
paratus it was necessary to reduce the sample in either 
forming gas (8% I-I.~ in N.~) or CO. The oxidation ki-  
netics were then measured when the reducing gas was 
replaced by 02. 

The crystal was cut from 99.9 weight per cent ( w / o )  
pure SrTiO3 boule, s Prior  to use, the crystal was pol- 
ished and annealed to remove surface roughness and 
internal  strain. The final dimensions of the rectangu-  
lar ly shaped crystal were 1.24 cm • 1.33 cm • 2.04 
cm • 0.02 cm. The weight of the crystal was deter- 
mined to be 16.9903 • 0.0002g, with a density of 5.121 
• g/cm 3. No attempt was made to orient the crys- 
tal so any effects of crystallographic directions could 
not be observed. 

Mathematical Analysis 
DifJusion c o e f f i c i e n t - - W h e n  a sample re-equi l i -  

brates from an init ial ly homogeneous nonstoichiometric 
condition, diffusion occurs under  the influence of a 
chemical potential  or concentrat ion gradient. This type 
of diffusion is commonly referred to as chemical dif- 
fusion and the diffusion coefficient result ing from it is 

termed as the chemical diffusion coefficient, ~. The re~ 
lationship between the chemical diffusion coefficient 
and self-diffusion coefficient have been extensively 
treated elsewhere, so will not be discussed here (11, 
13, 14). 

For a brick-shaped geometry, the solution to Fick's 
second law which applied to the change in stoichiometry 
resulting from the oxide crystal re-establishing ther- 
modynamic equilibrium due to changes in oxygen ac- 
tivity was originally derived by Newman (15). Later 
it was used by Price and Wagner (16) in determining 
chemical diffusion coefficients for single crystals of 
NiO and CoO by electrical conductivity techniques. 
The format presented here is similar to that of Price 
and Wagner, with the exception of incorporating the 
measurable parameters of the tensivolumetric tech- 
nique. 

For long times the relative defect concentration, 
(i -- Q), is given by 

Awt 512 
I - Q - ~ I -  

AW~ ~:6 

1 1 exp [ n ~ D t ( l +  + _ ~ _ ) ]  [1] 
4 

where ~wt is the weight change at t ime t, _~w~ is the 
total weight change measured between the initial  and 

final equi l ibr ium states, /~ is the chemical diffusion co- 
efficient and 2a, 2b, and 2c are the sample dimensions. 
This solution assumes as boundary  conditions that the 
crystal is init ial ly in equi l ibr ium with a certain partial  
pressure of oxygen, and at time ~ 0, the surface of 
the crystal is in immediate equi l ibr ium with another 
oxygen partial  pressure, The re-equi l ibrat ion is as- 
sumed to be l imited by diffusion ra ther  than surface 
reaction and the observed weight change is then just 
an integrated measure of the adjustment  of the defect 
concentrat ion to the new equ i l ib r iums ta te .  

The changes in defect concentration may be ex- 
pressed either as weight changes in the sample or as 
changes in the pressure in  the tensivolumetric ap- 
paratus. Therefore, from Eq. [1], weight changes may 
be equated to the induced pressure changes as follows 

AWt AW~ - -  AWt AP~' - -  APt '  
1 -- Q : 1 _ ~-. [2] 

AW~ Aw~ AP~' 

NL Industries, South Amboy, New J'ersey 08879. 

where the total induced pressure change, -~P~' equals 
-~P~ + .~P~ and the total induced pressure change at 
time t, APt' equals APt + APi. The terms APt and AP~ 
represent, respectively, the measured differential oxy- 
gen pressure as a function of time, and the final mea-  
sured differential oxygen pressure. The quant i ty  APj 
is a correction factor that would be zero if the mea-  
surement  of --kPt began at the instant  that the system 
pressure was changed (that is at t : 0, exchange _ 
0). Since this cannot be the case, APi will always be 
greater than zero. 

Therefore for use with the tensivolumetric system, 
Eq. [1] is rearranged to read 

1 -- Q -: (AP~ - A P t ) / ( A P ~  -]- APt) ~ 512/,'r 

exp [- -a2~) t /4(1/a  ~- + 1/b 2 + 1/c2)] [3] 
or  

log (AP~ -- APt) ~- log (AP~ + APi) + log (512/~ 8) 

- -  (Dt~2/9.21) X (1/a 2 + 1/b 2 + 1/c 2) [4] 

Defect  concen t ra t ion . - -As  previously described, the 
the calibration factor K ( T )  relates the defect-asso- 
ciated change in the number  of moles of oxygen in 
the sample, to the change in pressure in the system. 
From this relationship and the total induced pres- 
sure change, AP~', changes in stoichiometry can be in-  
vestigated. 

The oxidation (or reduction) kinetics for this type 
of experiment  will be determined by the most rapid 
diffusing cation-hole or anion-electron complex. If the 
material  is predominant ly  an electronic conductor, then 
the diffusivity of the ionic defects will control the ki- 
netics. For a b inary  compound, the most rapid diffus- 
ing ionic defect is the major i ty  defect. Due to the addi- 
tional component in a te rnary  compound, this is not 
necessarily true. However, for the case of nonstoichio- 
metric SrTiO3-a, the major i ty  defect and the fast dif- 
fusing ionic defect are the same and have been shown 
to be oxygen vacancies (7-10). Thus, for SrTiOz-~, 
this experiment  can determine both the concentrat ion 
of oxygen vacancies, 5, and the chemical diffusion 

coefficient, D. Changes in the parameter  8, (AS) can 
be related to changes in the gas concentration, An by 

A~ = 2 •  : 2 A P ~ ' M / K ( T ) m  [5] 

where M is the molecular weight of stoichiometric 
SrT'iOa, m is the mass of the sample. 

The defect concentrat ion can be related to the pa- 
rameter  5 by 

[defect] = 5p/M [6] 

where [defect] represents the mole concentration 
(moles/cm a) of some atomic defect and p is the density 
of S rT iQ.  Changes in  defect concentrat ion can be 
represented as 

a[defect] -~ ASp/M [7] 
o r  

A [defect] = [2p/m] [ A P , ' / K  (T) ] [8] 

Results and Discussion 
An il lustrat ion of a typical oxidation curve is shown 

in Fig. 1. If a plot of log -~Pt vs. log t of the initial  
part of these data is made, a slope of ,1/2 is obtained 
which indicates bulk diffusion controls the process 
(11). Such a plot is not included since it is essentially 

redundant .  
From the oxidation data, -%Pt vs. time, and Eq. [4], 

a plot of --log (~P, -- APt) VS. time can be generated. 
Figure 2 is an example of this relationship. From the 
intercept of these curves APt can be obtained which 
allows the relative defect concentration (1 -- Q) to 
be calculated. If the assumptions leading to Eq. [4] are 
correct, then a plot of --log (1 -- Q) vs. t ime will be 
linear. Figure 3 is an example of such a plot for five 
different isothermal exchanges from 700 ~ to 975~ The 
excellent adaptabil i ty of the experimental  data to Eq. 
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Fig. 2. Plot of Eq. [4] to obtain chemical diffusion coefficients 
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Fig. 3. Plot of log of relative defect concentration vs. time 

[4] suggests that the sample oxidation proceeds by a 
process of homogeneous volume diffusion. The oxygen 
chemical diffusion coefficient obtained from the slopes 
of the plots of Eq. [4] can be represented by 

D : 10-1.3• e x p (  14,900 ~ 1,300 ca l /mo le )  cm.~/se c 
RT 

[9] 

in the temperature  range 700~176 at an oxygen 
pressure of 0.03 atm. 

Figure 4 compares the results of this study with pre-  
vious investigators. The two points at the lower r ight-  
hand side of this figure are diffusion coefficients cal- 
culated from vacancy mobil i ty data of Blanc and 
Staebler (17) using the Einstein relation (18). 

Paladino (7) measured oxidation kinetics of reduced 
single crystal SrTiO3 by a thermogravimetr ic  tech- 
nique. The calculated oxygen chemical diffusion coeffi- 
cients in the tempera ture  range 850 ~ and 1460~ can be 
represented by 

( 2 2 , 5 0 0 _ 5 , 0 0 0 c a l / m o l e )  
= 0.33 exp �9 R T  

5 

4 

5 

6 
I r ' ,  

I B 

9 

I0 

J I I 1 

- T p A  L A D ~ N  O ' ~ T I ~ I  S STUDY 

WALTE~S " - - : "  
- AND GRACE 

l I I I 

o 

BLANC AND 
STAEBLER 

I I I I I I I I 
6 B I0 [2 14 16 IB 20 

104/T (~ 

Fig. 4. Compilation of oxygen chemical 
SrTiO~. 

diffusion data for 

cm2/sec. The calculated diffusion c o e f f i c i e n t s  o f  this 
study are close to those obtained by Paladino. This is 
an important  point since both studies measured oxida- 
tion kinetics of reduced single crystal SrTiO3, so the 
results of the two techniques should correspond. The 
enthalpy of motion te rm also compares reasonably 
well. 

An extrapolat ion of Blanc and Staebler  data into the 
higher temperature  region correlates favorably with 
both this study and the work of Paladino. 

The measurements  of Walters and Grace (9) were 
made by an electrical conductivity technique. They 
observed an activation energy of only about 6 kcal /  
mole which is much less than  either the results of this 
study or of Paladino. The reasons for this difference 
are not understood. However, they did note a differ- 
ence between samples (as shown by the two lines) 
which possibly could account for some of the observed 
differences. 

The difference in defect concentrations existing in  
the crystal in equil ibriurn with the reducing atmosphere 
and at 0.03 atm oxygen pressure can be calculated 
from the values of ~Pi obtained from Eq. [4]. Table I 
lists the average change in defect concentrations. The 
large deviations were due to interactions be tween the 
gas and the system. These interactions resulted from 
the use of reducing gases and are much larger than 
the detectability l imit  of the system (4 • 10 -9 moles 
oxygen).  

The results obtained from making exchanges with 
no sample in the apparatus showed that  the pressure 
change occurring with the system alone amounted to 
as much as 20% of that occurring with the sample; 
however, this interact ion ceased in less than  15 rain 
which is short compared to the total exchange times 
of 2-24 hr. Since only the lat ter  part  of the exchange 
data was used to make diffusion coefficient calcula- 
tions, this interact ion did not influence diffusion mea-  
surements.  However, since the defect concentrat ion 
calculation is dependent  upon the total induced pres-  
sure change, it is greatly influenced by any gas-system 
interaction. In fact at the lowest temperature,  700~ 
measurements  could not be made. At the higher tem- 
peratures the interaction places about a 50% scatter in 
the data. This interact ion is a systematic problem 
whieh will have to be corrected before precise defect 
concentrat ion determinat ions can be made if reducing 
gases need to be used. 

Table I. Oxygen vacancy concentrations in SrTi03 single crystal 
after reduction in CO 

T e m p e r a t u r e  (~  V a c a n c y  c o n c e n t r a t i o n  ( c m  -~) 

775  3 .5  ~ 2 . 0  • 10  ~ 
8 5 0  7 .8  ~ 1.5 • 10  ~7 
9 5 0  5 ,6  ~ 4 .5  • 10  ~s 
975 7.6 +--- 3.5 • I0 zs 
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The determinat ion of the chemical diffusion coeffi- 

cient D, and the oxygen vacancy concentrat ion [Vo"], 
makes it possible to calculate the oxygen self.-diffu- 
sion coefficient from the relat ion (19) 

[Vo"]Dvo" 
D [10] 

O"> S r T i O 3  - -  N 

where N is the total number  of oxygen ions in the 
lattice per cubic centimeter. ~i~e oxygen vacancy dif- 
fusion coefficient, Dvo", can be calculated directly from 
the oxygen chemical diffusion coefficient by the rela-  
t ion (11,14) 

D = (1 -~ Iz[)Dvo'. [11] 

where z is the charge on the diffusing ion which in 
this case is two. This relationship is valid only when 
electronic conductivi ty predominates which is the case 
for SrTiOz (10). 

The result ing calculated oxygen self-diffusion co- 
efficient is given by 

D 
O->SrTiO 3 

( 57 'O00- -16 'O00ca l /mole )cm2/sec  [12] ---- 60 exp -- 
RT 

If the assumption is made that the diffusion is via 
intrinsic defects rather than impurity generated de- 
fects, then the activation energy is composed of two 
separate enthalpy terms according to the relation 

( AHm + AHvo "'/3 ) 
Do~srWiO3 -=-- Do exp -- [13] RT 

where AHm is the enthalpy of motion of a doubly 
ionized oxygen vacancy plus two electrons, and ~Hvo" 
is the enthalpy of formation of this defect. From the 
above relation, the energy of formation of doubly 
ionized oxygen vacancies result ing from the reaction 

Oo ~ ~ Vo'" ~ 2e' ~- 1/2 O2 [14] 

under  the condition 
[e'] = 2 [ V o " ]  [15] 

can be calculated to be 126 -+- 13 kcal/mole. Within  
the range of the experimental  error, this value is com- 
parable to 133 kcal /mole which was found  by Yamada 
and Miller (10). 

The validity of such a calculation is questionable 
since it requires that the acceptor impur i ty  content be 
low enough that it does not exceed the native defect 
concentration. For the specimen used in this study, the 
total acceptor impur i ty  concentrat ion is reported to 
be less than  10 ~s a toms/cm 3. The measured oxygen 
vacancy concentrations exceed this level at teml~era- 
tures above 900~ however the values obtained at 
temperatures as low as 775~ did not show any sys- 
tematic variat ion which would suggest a shift to ex- 
trinsic behavior. Thus, perhaps the actual acceptor 
impur i ty  might be less than  that  reported by chemical 
analysis. 

Summary 
The correlation between the oxygen vacancy diffu- 

sion coefficients obtained in this study and those found 
in previous determinations adequately demonstrates 
the applicabili ty of the capacitance manometer  system 
to the measurement  of the diffusion coefficient of the 
rate controlling species. Interactions of the reducing 

gas with the system caused a rather  large variat ion in 
the calculated defect concentration. Even with this 
difficulty, the calculated enthalpy of formation for the 
oxygen vacancy was very close to the best value in  
the l i terature.  This suggests that when  this systematic 
problem has been removed from the system, it should 
be possible to obtain defect concentrat ion data which 
are compatible to those obtained by other techniques. 

It should also be noted that the apparatus, even 
when operating in a very insensit ive manner  as was 
done here, is capable of determining changes in oxy- 
gen content of less than 10 -5 moles which corresponds 
to weight changes of less than  10 #g. 
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Technical Note 

On the Interpretation of Mott-Schottky Plots Determined at 
Semiconductor/Electrolyte Systems 

R. De Gryse, W. P. Gomes, F. Cardon, and J. Vennik 
Ri j k sun ive r s i t e i t  GenL Labora to r ium  voor KristaIlografie en Studio van de Vaste  Stof ,  

Kr i jgs laan  271, B-9000 Gent ,  B e l g i u m  

In  this note we want  to comment  on the in terpre ta-  
tion which has to be given, in semiconductor electro- 
chemistry, to the relationship between C -2 and V, 
measured under  circumstances where a depletion layer  
exists at the semiconductor surface. Here, C represents 
the differential capacitance of the electrochemical cell 
which contains a semiconductor electrode and a metal  
counterelectrode, the surface area of the lat ter  being 
sufficiently large to make its contr ibut ion to the ca- 
pacitance negligible (C is expressed per cm 2 of semi- 
conductor/electrolyte contact area) ;  V represents the 
voltage, applied to the semiconductor electrode and 
expressed with respect to a reference electrode. From 
an observed l inear  relationship between C -2 and V, it 
is often concluded [see, e.g., the references (1,2) deal- 
ing with highly doped SnO2] that the following in-  
equalities hold 

Cs < <  CH [1] 

I,sl > >  I,p~l [~] 
in which Cs and CH are the differential capacitances 
per square cent imeter  of the depletion layer  of the 
semiconductor and of the Helmholtz layer at the semi- 
conductor surface, respectively, t s  is the potential  
drop over the depletion layer, and tH the change in 
Helmholtz potential  drop caused by the applied volt-  
age (it is assumed here that the electrolyte solution 
is sufficiently concentrated so that  the Gouy layer can 
be left out of consideration).  Assuming the inequal i -  
ties [1] and [2] to be valid, and considering, e.g., an 
n- type  semiconductor, the donor density No and the 
flatband potential  Vfb are then deduced from the ex- 
per imental  C -2 vs. V plots by using the Mott-Schottky 
relationship 

C -2 : (8;t/eqND) (V  -- Vfb -- k T / q )  [3] 

which describes the behavior of the depletion region 
(r is the dielectric constant  of the semiconductor, q 
the absolute value of the e lementary charge, and the 
other symbols have their  usual meaning) .  

Reversing the argument,  C -2 vs. V data which are 
in disagreement with Eq. [3] are not seldom ascribed 
to effects of the Helmholtz layer. It  has been, e.g., sug- 
gested (3) that a discrepancy between predicted and 
observed Mott-Schottky slopes in the case of NiO 
might  follow from the inval idi ty  of inequal i ty  [2]. 
Deviations from l inear i ty  of the C -2 vs. V plots mea-  
sured at TiO2 electrodes have been interpreted (4) 
by assuming that inequal i ty  [1] does not hold in the 
given case. On the other hand, with NiO and in a 
voltage range where calculation shows that inequal i ty  
[2] is not valid, a l inear  C -2 vs. V relationship was 
found experimentally,  a result  which was felt to be a 
discrepancy (5). 

It should be noted that in all cases mentioned, semi- 
conductor electrodes are involved in which the con- 

Key words :  s emiconduc to r  e lec t rochemis t ry ,  M o t t - S c h o t t k y  plots, 
Helmhol tz  layer .  

centration of ionized donors or acceptors is high ( typi-  
cally several times 10 is to several times 1020 cm-3) ,  so 
that  in principle the possibility must  be considered 
that  inequalit ies [1] and [2] do not hold. It  is our 
purpose here to derive the relationship between C -2 
and V for this case. The derivat ion will be made for 
an n- type  semiconductor. Our reasoning is analogous 
to that used in Ref. (6) for the case of an MOS system. 

The applied voltage (with respect to the flatband 
situation) divides itself par t ly  over the depletion re-  
gion, par t ly  over the Helmholtz layer  at the semi- 
conductor/electrolyte interface 

V -- Vfb ---- t s  + r [4] 

In the case considered, one has V > Vrb, t s  > 0, and 
tH > 0. The measured capacitance can be wri t ten  as 

C -1 ---- Cs -~ + CH -1 [5] 

We will assume that the variat ion of CH as a func-  
tion of r is negligible. This is reasonable if the ionic 
part  of the double layer  at the semiconductor/electro-  
lyte interface is located in the outer Helmholtz plane 
exclusively, which, in the case of concentrated electro- 
lyte solutions, implies the absence of ion adsorption 
(7). It has been suggested that adsorption on semi- 
conductor electrodes is main ly  restricted to radical 
species (8). Experimental  data, such as ion-insensis 
values of the fiatband potential  (9, 10), and  electron- 
t ransfer  rates being first order in the solved ionic re- 
actant over a large concentrat ion range (11), indeed 
indicate that ion adsorption on compound semicon- 
ductor electrodes is rather  uncommon. Under  the 
above assumption, the potential  change tH can be ex- 
pressed as 

r = Qs/CH [6] 

where Qs is the space charge in the semiconductor 
(for simplicity, it will  be assumed that  no charge is 
present in surface states). Solving the Poisson equa-  
tion for a depletion layer in an n- type  semiconductor 
by using the Mott-Schottky approximation, the fol- 
lowing relationship is found between Qs and t s  

Qs = (~qND/2~) ,A (r -- k T / q )  1/2 [7] 

From Eq. [6] and [7], the following relationship is 
deduced between tH and t s  

where 
tH -- 2a(r -- kT/q)V~ 

a -~ (eqND/8~CH 2) i,~ 

[8] 

[9] 

Equation [8] is analogous to the expression, used in  
Ref. (5) to calculate the contributions of the depletion 
region and of the Helmholtz layer to the potential  
drop at the semiconductor/electrolyte interface. In -  
sert ing Eq. [8] into Eq. [4] and subtract ing ~r from 
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both terms, the following quadratic equation in (r -- 
kT /q )  ;'2 is obtained 

V -- Vfb -- k T / q  _-- (r -- kT /q )  + 2a(r -- kT/q)'"~ 

Hence 

(r -- k T / q ) ~  = -- a + [a 2 -5 (V -- Vfb -- k T / q ) ]  l'~ 

[10] 

By differentiation of Eq. [7] with respect to Cs, the 
wel l -known expression for Cs is obtained 

Cs : (,qND/8~-)*/2 (r -- kT/q)-Y2 [Ii] 

From Eq. [9], [10], and [ii], it follows then that 

CH/Cs : -- 1 ~- [I -]- (V -- Vfb -- kT/q).a-2] I/; 

Hence, taking into account Eq. [5] 

(C~/Cs) + 1 = C~/C 
---- [I-5 (V-- Vfb-- kT/q).a-2] I/2 

and, substituting a by its value (Eq. [9] ) 

C -:~- ---- CH -2 [i -5 (8aCH2/eqND) (V -- Vfb -- kT/q)] 

[12] 

As can be seen from Eq. [12], the relationship be-  
tween C -e and V is linear, the slope _%(C-2)/•V ---- 
8.7/eqND being the same as in the simple Mott-Schottky 
relationship (Eq. [3]). However, the intersection with 
the V axm which follows from Eq. [12] corresponds to 
a voltage Vo equal to 

Vo : Vfb + k T / q  -- eqND/8~CH 2 [13] 

and is thus characterized by a shift of - -  eqND/8aCH 2 
with respect to the value deduced from Eq. [3]. For 
instance, for the (001) face of a TiO2 electrode (e : 
173) with ND ---- 1019 cm -3, assuming CH ---- 10-~ 
f-cm--", this shift would be approximately --0.12V. 

Several conclusions can be drawn from the above 
calculation: 

(i) It  does not necessarily follow from an experi-  
menta l ly  found l inear relationship between C -'~ and V 
that inequalit ies [1] and [2] hold. Therefore, one can 
hardly decide unambiguously  from the observed C -2 
vs. V dependence whether  or not the energy levels at 
the semiconductor surface can be considered as being 
fixed, when the applied voltage is varied, with re- 
spect to the energy level in the reference electrode and 
hence to the levels of a redox system in the electrolyte. 
In  the experiments with highly doped SnO2, e.g., Ref. 
(2), the potential  dependence of the anodic current  
in the presence of certain reducing agents may be at 
least par t ly  due to a change of ~bH with applied voltage. 
Therefore also, the determinat ion of Vfb by extrapola-  
tion of C -2 vs. V plots in the case of semiconductor 
electrodes characterized by a relatively high density 
of ionized donors or acceptors is subject to a certain 
error, since the denominator  in the last term of the 
expression for Vo (Eq. [13]) contains the square of 
CH, a quant i ty  the value of which is not known exactly 
in  most cases. 

(it) Since the slope • has the same value 
whether  inequalities [1] and [2] are valid or not, a 
discrepancy between predicted and measured slopes, 
such as, e.g., the one ment ioned in Ref. (3), cannot 
be at t r ibuted to a shift in the Helmholtz potential  
with applied voltage. The confusion apparent ly  origi- 
nates here from the fact that  the effect of the Helm- 
holtz layer was considered on the depletion layer 
capacitance Cs only, and not on the total capacitance 
C. The same reasoning is presumably  followed in Ref. 
(12) where it is claimed to be necessary in order to 
have C -'~ varying l inear ly  with V, the Helmholtz po- 
tential  being voltage-dependent,  that  the change in 
the Helmholtz potential  is a constant fraction of V" -- 
Vfb. 

(iii) According to our derivation, nonl inear i ty  of 
the C -2 vs. V plot is not a t t r ibutable  to the fact that  
the conditions [1] and [2] are not fulfilled. Therefore, 
we think that  al ternat ive reasons have to be sought 
for the observed curvatures in Ref. (4), such as in-  
homogenous donor distribution, e.g. Therefore also, 
we see no contradiction between the l inear i ty  of the 
C -2 vs. V plots and the fact that a considerable frac- 
t ion of the applied voltage changes occur over the 
Helmholtz layer, as was observed at the NiO electrode 
(5). 

For future  research in the field of semiconductor 
electrochemistry, it seems important  in connection 
with the above remarks to collect more detailed in -  
formation concerning the structure and properties of 
the Helmholtz layer at the semiconductor/electrolyte 
interface. 

Manuscript received July  24, 1974. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Discus- 
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Free Energy of Formation of 
Sodium Tungsten Bronzes, Na WO  
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The sodium tungs ten  bronzes, Na~WO3, are highly 
nonstoichiometric compounds which are metallic con- 
ductors (1) and have therefore been used as electrodes 
for both fuel cells (2) and conductivity cells (3); yet 
unt i l  recently nothing quant i ta t ive was known about 
their thermodynamic properties. This paper reports 
some electrochemical studies of the sodium activity in 
these materials for 0.3 < x < 0.8 at ambient  tempera-  
tures. 

Single crystal samples were prepared by the elec- 
trolytic decomposition of sodium polytungstates (4) 
and powder samples by the solid-state reaction of 
Na2WO4, WO3, and W in the appropriate proportions 
(5). Analysis of phase and composition was performed 
by x - r ay  diffractometry, the lattice constant of the 
cubic perovskite phase being a l inear  funct ion of com- 
position (6). The partial  molar free energy of sodium 
was measured using an electrochemical cell comprising 
a sodium electrode and a tungsten  bronze electrode, 
and as electrolyte a solution of sodium iodide in 
propylene carbonate. The use of sodium hexafluoro- 
phosphate as the electrolyte salt gave consistently high 
emf's (e.g., 2.78V at x ---- 0.4) presumably  due to re~ 
action with the oxide matr ix  giving an oxyfluoride 
salt. The tungsten  bronze crystal was held in the end 
of a glass tube by epoxy cement, electrical contact 
being made through a mercury  pool (7). Powders 
were packed into a capillary tube around a p la t inum 
wire. 

The emf results are shown in Table I; these were 
stable over several weeks to wi thin  -+- 5 inV. The var i -  
ation between different compositions was confirmed by 
measuring the potential  difference between two 
bronzes immersed in the above electrolyte and in  an 
aqueous sodium chloride solution. The sodium partial  
molar free energy, A G N a ,  and the free energy of re-  
action [1], AG, calculated using the graphical tech- 
nique (8), are also listed in Table I 

Na(S)  -b 1 /xWO3(S)  -- 1/xNaxWO3(S) [1] 

In  Fig. 1 the free energy of formation per mole of 
sodium tungsten bronze obtained here is compared 
with the enthalpy of formation measured by Dickens 

* E l e c t r o c h e m i c a l  S o c i e t y  Act ive  Member.  
Key words:  t h e r m o d y n a m i c s ,  t u n g s t e n  bronzes, battery cathode, 

oxides .  

Table I. Thermodynamic properties of NazW03 

- -AO~a,  - -AG,  - - l o g  [O~] 
x E,  vo l t s  k J / m o l e  k J / m o l e  a t m o s ,  

0.273 p 2.600 250.9 250.9 12.0 
0.400 c 2.598 250.7 250.8 13,7 
0.597 c 2.570 248.0 250.6 17.9 
0.695 p 2.500 241.2 249.8 19.0 
0.755 p 2.470 238.4 249.2 20.9 
0.790 e 2.430 234.5 248.4 22.8 

c = s i n g l e  c r y s t a l ;  p = p o w d e r  s a m p l e .  

and Nield (9) using solution calorimetry. The error 
introduced by using the enthalpy rather  than the free 
energy in this comparison is about 5 kJ/mole, as- 
suming a partial  molar entropy change of 23.0 J / K  
mole as calculated (9) from the data of Gerstein, 
Klein, and Shanks (10) for x ~ 0.68. These data com- 
pare well with the emf's obtained by Steele (11) using 
be ta -a lumina  as the electrolyte. It should be noted, 
however, that the sodium activity will  be a function of 
the oxygen activity, and may therefore vary from 
sample to sample; the oxygen activities of the speci- 
mens used here have been determined (4, 12), and are 
given in Table I. 

At all but the highest sodium concentrations the in -  
tegral molar free energy of solution, AG, of sodium 
into the WO3 matr ix  is almost independent  of sodium 
content indicating that interactions between the so- 
dium ions only become significant at high x values. 
In addition _xG is independent  of the phase, the 0.4 
sample being a pure single crystal of the complex 
tetragonal  II tunne l  s tructure (1), all higher x values 
having the perovskite structure, and the x ~ 0.3 speci- 
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Fig. 1. Free energy of formation per mole of sodium tungsten 
bronze. 0 ,  This work; @, calorimetric enthalpies of formation of 
Ref. (9). 
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men is a mixture  of the two. This is in agreement with 
the measurements  of oxygen activity (12) which, al- 
though they showed a marked composition depen- 
dence, exhibited no measurable phase dependence. 
This explains why it has been easy to obtain the cubic 
phase at very low sodium concentrations (13) in the 
domain of the tetragonal  phases. 

Diffusion of the sodium ions in the cubic s tructure 
is very low (14), ~10 -15 cm2/sec for the cubic perov- 
skite phase, --10 -9 cm2/sec for the ammonium ion in 
the hexagonal tunne l  structure, and intermediate  for 
the tetragonal  tunnel  structure. Although these values 
in the tungsten bronzes are insufficient for their  use as 
cathodes in bat tery systems at ambient  temperatures,  
such is not the case for the layer- l ike  compounds of 
V205 and MoO3 which have been successfully used 
(15, 16). The potentials, measured as above, are shown 
in Fig. 2; they compare well with previous data (15- 
17). As expected from the increase in stabili ty of the 
highest oxidation states in going down the periodic 
table the emf is higher for V205 than for either MoO3 
or WO~. In  these cases alkali metal  ions, in part icular  
l i thium, can be readily intercalated wi thin  the oxide 
matrices without  any appreciable change in their  
structures forming a te rnary  phase, LixV20~ or 
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Fig. 2. Thermodynamics of sodium tungsten bronze compared 
with the ternary phases LizV205 and LizMo03 and the graphite 
intercalation compound CzK (18). 

LixMoOs. It is this t e rnary  phase formation that  is re- 
sponsible for the voltage found being higher than that  
expected for the simple disproportionation reaction, 
i.e., to Li20 and VO2 or MOO2. The importance of this 
inser t ion-type reaction in determining the cathodic 
properties of materials will be discussed in  detail in  a 
future paper. For contrast the emf characteristics of 
the potassium intercalat ion compounds of graphite 
(18) are also shown in Fig. 2; these are much more 
akin to metallic alloys than  to the salt- l ike oxide 
phases discussed above and could conceivably be used 
as the anode of a bat tery system. 

Manuscript  submit ted Oct. 7, 1974; revised manu-  
s~ i p t  received Dec. 11, 1974. This was Paper  160 pre-  
sented at the San Francisco, California, Meeting of the 
Society, May 12-17, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submitted by Aug. 1, 1975. 
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ABSTRACT 

The heat produced as a result  of the inefficiency of magnes ium ]VInO2 dry 
cells can be an advantage on high rate application in that it results in a higher 
cell temperature.  The higher the temperature  the better  the cell performs. 
Multicell batteries magnify  this effect. Experimental  BA-4840 mil i tary  batteries 
discharged in a 70~ room show internal  temperatures  of over 130~ and yield 
33 W-hr / lb .  Insulat ion can be employed to enhance this effect. 

A wel l -known characteristic of the magnes ium-  
MnO2 dry cell is the large amount  of heat formed upon 
discharge, result ing from a low operating voltage rela-  
tive to the theoretical and a high wasteful corrosion 
of the magnesium anode on discharge. For example, 
with a 70% anode efficiency and on moderate loads, 
1.60 kcal of heat are produced per ampere hour of 
useful discharge of the cell. This is over 3 times that  
produced by other conventional  dry cell systems such 
as the Leclanch6 or alkaline MnO2. This high heat - to-  
output ratio is usual ly just  accepted as an undesirable 
shortcoming of the system with the liabilities of wasted 
energy, the need to design additional water  and mag- 
nesium into the cell to compensate for discharge cor- 
rosion loss, and the need for special closures to vent 
the considerable quanti t ies of hydrogen gas result ing 
from the corrosion. 

In this paper we have at tempted to show that  the 
high heat output of the magnesium cell can be utilized 
to render  the system an excellent high rate performer 
superior to most of the presently available aqueous 
systems, especially at low temperatures.  It also il lus- 
trates that  magnesium cell hea t -up  should be taken 
into account when testing to consider new bat tery ap- 
plications. 

Discussion 
The magnesium MnO2 dry cell system has three 

physical properties that render  it especially efficient 
when used in multicell  batteries on high rate dis- 
charge. They are: 

(i) It is sensitive to temperature  over a broad range. 
The higher the temperature  the bet ter  the perform- 
ance. 

(it) For every ampere hour of output  there is a sig- 
nificant quant i ty  of heat produced. For example, with 
a 70% anode efficiency, and on moderate to heavy 
loads, 1.60 kcal of heat are produced per ampere hour 
of output. 

(lit) The system will function well at temperatures  
higher than  can be tolerated with most conventional, 
aqueous, dry cell, systems. 

These three properties are demonstrated as follows. 

Sensitivity to heat.--Single, long "C" size, magne-  
sium, round cells were cycled on loads representat ive 

K e y  w o r d s :  m a g n e s i u m  c e l l s ,  b a t t e r y  h e a t - u p ,  i n s u l a t e d  bat ter ies .  

of the t ransmit- receive cycling of cells in a BA-4386 
magnesium mil i tary  battery, on the PRC-25 t rans-  
ceiver application, at various temperatures.  

The voltage at the end of each heavy drain pulse 
(the t ransmit  portion) vs. t ime on test are shown in 
Fig. 1. It can be seen that the higher the temperature,  
the more the hours service and the higher the average 
voltage. 

The cells at 130~ gave over 3 t imes the service of 
the cells at 40~ The efficiency of the uti l ization of the 
available manganese dioxide assuming a reduction 
from MnO2 to Mn203 vs. temperature  is shown in 
Fig. 2. 

There is a steady increase in efficiency with tem- 
perature, going from 20% at 40~ to 73% at 130~ The 
cutoff of these cells is 1.28V and the average current  
per cell on the t ransmit  load is over 400 mA on a cell 
smaller in volume than  the s tandard "D" size cell. This 
is a high efficiency for such conditions. 

Another  experiment  demonstrates the quant i ty  of 
heat formed on discharge, and also the effect of the 
temperature  rise, resul t ing from this heat, on the per-  
formance of the magnesium MnO2 dry cell. Cells were 
tested on short circuit, noting the temperature  and the 
current  of the cell vs. time. Cells were tested in open 

. 7  L ~  T r a n s m i t :  3 . 5 5  O h m s ,  2 Minutes 
o �9 : . , �9 - 

1 . 5  
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Fig. 1. Effect of temperature on the hours service of single "C" 
size magnesium cells. 
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Fig. 2. Effect of temperature on the Mn02 utilization of single 
"C" size magnesium cells. 

air and compared with cells where the temperature  
rise was minimized by holding them in a 70~ water  
bath during testing. 

As shown in Fig. 3, the cell shorted in the air and 
exhibited a steady rise in  the temperature  of the can 
to a high of 224r where apparent ly  the heat loss 
matches the heat gained and the tempera ture  peaks. 
The current  at first dropped as is the conventional  be- 
havior of cells on a short circuit, bu t  it soon rose to a 
value higher than  the init ial  amperage. Eventual ly  
both the temperature  and the current  fell off, but  by 
the time the current  had dropped to 1A the output in 
ampere hours was 45% of the theoretical based on 
MnO2 to Mn2Os. This is a high efficiency for a short 
circuit drain to such a high amperage cutoff. 

The tempera ture  rise of the cell, shorted while in 
the 70oF waterba th  was low and the amperage did not 
increase after the init ial  drop. The ampere hour out- 
put to the 1A cutoff was only 21% of that  of the cell 
shorted in the air. The conclusion is that  much heat 
was produced on short circuit, and the difference in 
temperature  resulted in a significant improvement  in 
output. 

Relationship of heat produced to output.--The heat 
which is produced during discharge of the magnesium 
MnO.~ dry cell is from two causes: (i) the difference 
between the operating voltage and the theoretical 
voltage, and (if) the wasteful corrosion of the mag- 
nesium which always accompanies discharge. 

The former is essentially calculated by convert ing 
to heat the power obtained by mul t ip ly ing the voltage 

5.0 

June I975 

4 . 0 ~ 1  I I I 

~3. , 

Table I. Calculations, heat produced per cell per ampere hour of 
output 

1 A - h r  x (2.7 -- 1.6V) • 860 c a l / W - h r  = 946 eal  
C o r r o s i o n  a t  a n o d e  = M g  + 2H20 --> M g  (OH)~ + Ha + 82.1 k e a l / g  
(4) 
Hea t  of c o r r o s i o n  p e r  a m p e r e  h o u r  o f  c e l l  o u t p u t  f o r  a 70% m a g n e -  
s i u m  e f f i c i e n c y  i s  

0.30 1 
1 A - h r  x - -  X 82. f  k c a l / g - m o l e  x = 656 

0.70 2 x 26.8 A - h r / g - m o l e  
cal 
T o t a l  h e a t / c e l l / a m p e r e  h o u r  ---- 946 + 656 ea l  = 1.602 kea l  
Hea t  o f  c o r r o s i o n  = 41%; h e a t  o f  i n e f f i c i e n c y  = 59% 

I 
10 

difference times the current .  The magnesium cell on 
moderate drains operates at an average voltage of 
1.6V vs. a theoretical voltage of approximately 2.7V 
(1, 2). The heat produced when 1 A-hr  is wi thdrawn 
from the cell is therefore 946 cal as shown in Table I. 

The magnesium anode suffers very little corrosion 
on storage because of the effectiveness of the inhibitor  
system. However, on discharge the protective film 
must  be broken down in order for the cell to function. 
Corrosion of the anode can then occur. The corrosion 
on discharge seems to be directly proportional to the 
discharge current.  The corrosion rate, or to express it 
another way, the efficiency of the magnesium for a 
given set of physical conditions in a cell, seems to be 
constant over a wide range of tempera ture  and load 
conditions. The magnes ium MnO2 round cell using a 
magnesium perchlorate electrolyte and AZ21XlF mag-  
nesium alloy has an anode efficiency of approximately 
70% (3). 

The corrosion reaction appears to be 

Mg -5 2H20-> Mg (OH)2 -5 H~ -5 heat 

The heat produced is 82.1 kcal /g-mole  of magnesium 
corroded, which for a 70% magnes ium efficiency works 
out to be 656 ca l /A-h r  output  per cell (4). 

The total heat output  per cell at a 70% anode effi- 
ciency is 946 ~ 656 cal ---- 1.60 kcal /A-hr /ce l l .  

With a 70% magnesium efficiency, therefore, ap- 
proximately 59% of the heat formed on discharge is 
due to the low operating voltage of the cell and 41% 
is due to the wasteful corrosion of the anode which oc- 
curs s imultaneously with discharge. 

The relationship of heat output, with magnesium 
efficiency for the magnes ium MnO2 dry cell is shown 
in Fig. 4. 

An increase in the anode efficiency from the 70% 
level will not result  in  a major  change in  the amount  
of heat formed on discharge per ampere hour of out-  
put, however, a lower anode efficiency will. This is the 
principle used in  high alt i tude meteorological batteries 
(6). A low efficiency magnesium alloy is used to in-  
crease the heat of discharge corrosion, and thus offset 
the extreme cold of the high altitudes. In  addition the 
inhibi t ion is reduced, thereby fur ther  increasing the 
corrosion on discharge, and also causing significant 
corrosion on open circuit stand. The lat ter  results in 
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Fig. 4. Heat produced by the magnesium cell at different anode 
efficiencies (6). 

cell hea t -up  immediate ly  upon activation. Because of 
the poor shelf life of such batteries in  the activated 
state, they are usual ly  made as reserve batteries. 

Other conventional  systems such as the alkaline 
MnO2 and the Leclanch~ have practically no wasteful 
corrosion of the anode associated with discharge, and 
the operating voltages are much closer to the theoreti-  
cal so that  the heat per ampere hour with these sys- 
tems is less than one- th i rd  of that of the magnesium 
MnO.2 for moderate drains (3). The magnesium cell 
will therefore have a greater hea t -up  on discharge. 

The behavior of the BA-4840 magnesium battery, a 
high rate bat tery developed for the U.S. Army  Elec- 
tronics Command under  a Research and Development 
contract, demonstrates the practical use of this heat -up 
effect. The BA-4840 bat tery contains 64 long "C" 
round cells made up of 16 strings of four paralleled 
cells connected in  series. The light load, heavy load 
cycling application ( receive- t ransmit) ,  averages 578 
mA. 

The specific heat of a magnes ium bat tery has been 
calculated to be approximately 0.30 cal/~ The 
BA-4840 bat tery weighs 10 lb. The temperature  rise in 
1 hr of test if there is no heat loss should be 

0.578 A-h r  • 1610 ca l /A-hr  • 16 cells in  series 

10 lb • 453.6 g / lb  • 0.3 cal/g 

_--10.9~ or 19.7~ 

The rise in temperature  at the center of a BA-4840 
bat tery is shown in  Fig. 5. The tempera ture  rise in the 
early part  of the discharge is approximately 20~ 
with a gradual  fall off in rate as the heat loss ap- 
proaches the rate of heat generation. The MnO2 effi- 
ciency vs. voltage discharge curve is shown in Fig. 6. 
The MnO., efficiency to 1.25V/cell is 65% which is high 
for a test where the high rate ( t ransmit)  drain is 
1.16A for a cell which is approximately the same vol- 
ume as a s tandard "D" size cell. The output is 33 W- 
h r / lb  of complete battery. It is unl ikely  that such a 
high energy density could have been achieved without 
the hea t -up  effect. Single cells discharge on the same 
loads per cell had less tempera ture  rise due to a higher 
rate of heat loss, and the output  per  cell to cutoff was 
lower. 

Abi l i t y  of the magnes ium cell to wi ths tand high 
t empera tures . - -The  high heat in relationship to output  
characteristic of the magnes ium MnO.2 dry cell could 
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Fig. 5. Temperature in center of battery and voltage on transmit 
for BA-4840 battery tested in 75~ room. 
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Fig. 6. Efficiency of utilization of available MnO2 of BA-4840 
battery tested in 75~ room. 

be a detr iment  under  certain conditions if the system 
were unstable at high temperatures.  Situations where 
such high internal  temperatures  might  occur in bat-  
teries are: when discharging on high rate drains in 
high envi ronmenta l  temperature  or under  extremely 
high rate discharge, especially if insulated. 

Fortunately,  the magnesium MnO2 dry cell, as now 
general ly made, will withstand temperatures  much 
higher than those that are detr imental  to other con- 
ventional  aqueous dry cell systems. A major  factor is 
that the magnes ium cell uses plain paper as the sepa- 
rator instead of decomposable gels. 

As an example of this abili ty to perform well  at 
high temperatures,  short "A" size magnes ium cells 
were made with special closures that would remain 
stable at high temperatures.  These cells were dis- 
charged on a 20 mA constant current  load while held 
immersed in oil at 240~ The results are shown in 
Fig. 7. The voltage on load was exceptionally high 
averaging 1.8V and the efficiency of utilization of the 
MnO2 was 73% to a 1.7V cutoff with an energy density 
of 47 W-hr/Ib of cell. 

Since the magnesium cell (i) does produce a sig- 
nificant amount of heat on discharge, (ii) improves in 
performance with increasing temperature, and (i~i) 
can withstand high temperatures, special provisions to 
minimize the heat loss, thus increasing still farther 
the battery internal temperature, should yield addi- 
tional improvement. Insulated batteries have shown 
significant improvement over uninsulated batteries (7). 
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Fig. 7. Short "A" size magnesium cells on 20 mA, 8 hr/day while 
in oil at 240~ 

The BA-4840 battery mentioned earlier would not 
even rise to cutoff when tested at 20~ but  when en- 
cased in styrofoam, the hours service at 20~ equaled 
that of the uninsula ted bat tery at 70~ The advantage 
was not just  at low temperature.  Smaller cells in ~he 
same size battery, but  also including insulation, re- 
sulted in the same service at room temperature  as had 
been obtained with larger cells in the uninsuIated 
version of the battery. 

This response of the magnesium cell to temperature 
has implications beyond just service application in that 
it must also be taken into account in testing. Cells 
tested individually, but in close proximity in a con- 
fined space, will give much better service than cells 
spread out in circulating air, especially on heavy con- 
tinuous drains. This could lead to false conclusions, if 
the variable being considered was something other 
than test conditions, for instance if one lot was tested 
individually and the other as part of a clustered group. 

Also, in predicting the service of a proposed battery 
involving the combination of many cells, it is often 
the practice, for convenience, to do the actual testing 
on single cells. In the case of magnesium cells this 
could lead to false conclusions and the rejection of a 
combination which might actually meet the require- 

20 i i i 1 
Ambient Temperature 76~ Avg. Complete Battery 

18 - 130~ Constant Tempera ture  - - - - - -S ing le  Cell 
~ ~ Ambient Temperature, 76~ A v g . - - - . ~ S i n g l e  Cell 

~ 

O : : o  - 
~utoff Voltag, e 10 V per battery, l .  0 V per  ~ell 

8 , I 
5 I'0 15 20 25 

Hours on Dischm'ge 

Fig. 8. Single cells at elevated temperature to simulate condi- 
tions in a multicell battery. *, Rest on open circuit overnight. 

ment when tested as a complete battery. This is dem- 
onstrated in  Fig. 8. 

While working under  a USAECOM Research and 
Development contract, to develop a high rate bat tery 
to power an experimental  transceiver, an at tempt was 
made to predict bat tery service from the results of 
testing single cells. The load per cell was approxi- 
mately the same as on the cells of the aforementioned 
BA-4840 battery. The single cells tested at room tem- 
perature (approx. 76~ gave only 16 hr, whereas the 
complete bat tery in the same room gave 21 hr. The 
average in ternal  temperature  of the bat tery during 
discharge was found to be 130~ So single cells were 
then tested in a 130~F oven. The service then equaled 
that of the battery. Single cell testing at 130~ was 
then used to evaluate a group of design variables, and 
the best combination was selected while keeping the 
number of cells manufactured to a minimum. The 
results of the single cell testing were then validated 
by building and testing actual batteries (8). 

The conclusion here is that if single cell testing is 
desirable to predict the performance of a multicell 
battery, a way to accomplish this is to determine the 
average internal temperature of the battery and test 
individual cells at this temperature. 

In summary, the magnesium MnO2 dry cell is some- 
what unique among aqueous primary cells in the 
amount of heat which accompanies discharge, the im- 
provement with high temperatures, and the stability 
at high temperatures. These properties can be ex- 
ploited to advantage, in high rate multicell batteries, 
carl be abetted by insulation, and  should be taken into 
account in testing. 

Manuscript  received Dec. 20, 1974. This was Paper 7 
presented at the New York, New York, Meeting of the 
Society, Oct. 13-17, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the Decmber 1975 Discus- 
sion Section should be sumitted by Aug. 1, 1975. 
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Anodic Polarization Behavior of High-Purity 
13 and 18% Cr Stainless Steels 

E. A. Lizlovs* and A. P. Bond* 
I~esearch Laboratory Climax Molybdenum Company of Michigan, Ann Arbor, Michigan 48106 

ABSTRACT 

Potent iodynamic polarization curves were obtained in N H2SO4 and in  N 
HC1 for 13 and 18% Cr ferritic stainless steels containing 0-5% Mo. The crit i-  
cal current  density for passivation was decreased by molybdenum additions 
in both acids, the decrease being more pronounced for the 18% Cr steels than  
for the 13% Cr steels. No complete passivity was obtained for the 13% Cr 
steels, even with the 5% Mo addition, in N HC1. The addition of 1% Mo to 
18% Cr steels resulted in complete passivity in N HC1. Pi t t ing potentials in  
M NaC1 at 25~ increased l inearly with molybdenum content. Pi t t ing poten-  
tials increased more rapidly for the 18% Cr steels than  for the 13% Cr steels. 
All alloys suffered pit t ing corrosion in 10% FeCI~; however, alloys of higher 
Cr-Mo content  were the least pitted and showed the smallest weight losses. 

Earl ier  work at the Climax Laboratory and other 
laboratories has clearly demonstrated the excellent 
corrosion resistance of h igh-pur i ty  ferritic stainless 
steels (1-6). However, more informat ion is needed to 
establish the effect of molybdenum on polarization be- 
havior at various chromium levels. In  cont inuat ion of 
previous work with 25% Cr steels, the investigations 
were carried out with 13 and 18% Cr steels alloyed 
with up to 5% Mo. 

Experimental Procedures 
Materials.--The exper imental  ferritic stainless steels 

were produced by induct ion mel t ing and casting in 
vacuum. The compositions are given in Table I. The 
ingots were hot forged at 2000~ (1080~ to {~ in. 
(1.90 cm) thick plates, which were then hot rolled to 
0.30 in. (0.76 cm) thick plate and then cold rolled to 
0.15 in. (0.38 cm) thickness. Materials containing 0, 1, 
and 2% Mo were heat- t reated for 1 hr at 1500~ 
(815~ followed by water  quenching. Materials con- 
taining 3.5 and 5% Mo were heat- t reated for 1 hr at 
1800~ (980~ followed by water  quenching. Metal-  
lographic examinat ions did not show the presence of 
intermetal l ic  phases in any of the materials.  The com- 
position and hea t - t rea tment  of alloys were such that 
they were immune  to in te rgranula r  corrosion. 

Polarization experiments.--Potentiodynamic polari- 
zation experiments  were performed in n i t rogen-sa tu-  
rated N H2SO4 and N HC1 at 29.8 ~ _ 0.1~ using s tand-  
ard equipment  and techniques. The potential  scanning 
rate was 520 mV.h r  -1. The electrodes were mounted  
in epoxy, the exposed surface, approximately 0.6 by 
0.5 cm, always being a longi tudinal  section parallel  to 
the rolled surface. Electrodes were mechanical ly pol- 
ished, using s tandard metallographic techniques; the 
final polish was with 0.3~ alumina. 

Pi t t ing potentials were determined for all experi-  
menta l  stainless steels in M NaC1 at 25 ~ ___ 0.1~ Elec- 
trodes for the determinat ion of pi t t ing potentials were 
the same as described above, except that polishing was 
only through 600-grit SiC metallographic paper. Fu r -  
thermore, the fine crevices between the epoxy mount  
and the stainless steel sample were masked with Glyp- 
tal to prevent  crevice corrosion of the electrode. The 
"scratch" technique, introduced by Pessall and Liu 
(7), was employed for the determinat ion of pit t ing po- 
tentials. The electrode was first polarized potentio- 
statically to some potential  well below the expected 
pit t ing potential. The polarization current  and poten-  
tial were continuously recorded by a two-pen str ip-  
chart recorder. The polarization current  was allowed 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  iV~ember. 
K e y  w o r d s :  co r ros ion ,  p o t e n t i o d y n a m i c  po l a r i z a t i on ,  m o l y b d e n u m ,  

p i t t i n g ,  s u l f u r i c  ac id ,  hydrochlor ic  acid. 

to stabilize and then the electrode s u r f a c e  w a s  
scratched with a sharp sil icon-carbide crystal mounted  
on the end of a glass tube. The scratching of the elec- 
trode surface resulted in a sharp polarization current  
"blip." The electrode potential  was manua l ly  adjusted 
by 20 mV steps to more and more noble potential  
values, unt i l  the scratch failed to repassivate, a failure 
which was indicated by a gradual  current  rise after the 
electrode was scratched. The pit was allowed to develop 
for 10 min, and then the electrode was examined visu-  
ally. Only those results were considered to be valid 
where pits actually developed at the scratched site. 

Some potentiostatic experiments  with selected alloys 
were also performed in  N HC1. In  these experiments,  
a preset potential, corresponding to the mi n i mum cur-  
rent  in the passive state in  hydrochloric acid, was im-  
mediately applied after the masked electrode was im- 
mersed in acid. The electrode was kept at this poten-  
tial for several hours and current  was recorded as a 
function of time. These experiments  were designed to 
determine whether  a part icular  alloy would suffer 
general  corrosion in hydrochloric acid at passive po- 
tentials. 

All potentials were measured and reported with re-  
spect to the saturated calomel electrode. 

Immersion tests.--All of the alloys were tested in 
acidified 0.33M FeC13 (pH 1). Test dura t ion was 24 hr. 
Selected alloys were also tested in N H2SO4, saturated 
with oxygen at 25~ and in  N HC1, saturated with 
nitrogen, also at 25~ Test duration, unless other-  
wise noted, was 24 hr. Test coupons were 2.5 by 2 cm, 
polished through No. 600 SiC paper. In  all immersion 
tests, except for the ferric chloride test, samples were 
activated by touching with a magnesium rod immedi-  
ately after immersion in  acid. 

Results 
Polarization experiments.--Characteristic potentio- 

dynamic polarization curves for the 13% Cr ferritic 

Table I. Chemical composition of the alloys studied 

S t a i n l e s s  
steel  t y p e  

E l e m e n t ,  % 

C Cr Mo N 

13Cr 0.003 13.68 0.08 0.004 
13Cr-1Mo 0.005 13.14 1.04 0.0035 
13Cr-2Mo 0.002 13.60 1.88 0.004 
13Cr-3.5Mo 0.003 12.94 3.48 0.0039 
13Cr-5Mo 0.003 13.04 4.77 0.0032 
18Cr 0.002 17.35 <0 .01  0.003 
18Cr-11%,Io 0.003 17.53 1.14 0.0036 
18Cr-2Mo 0.004 17.61 2.02 0.004 
18Cr-3.5Mo 0.005 17.58 3.52 0.0034 
18Cr-5Mo 0.004 17.38 4.75 0.0037 

719 
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Fig. 1. Anodic potentiodynamic polarization curves for 13% Cr 
high-purity stainless steels in N HCI at 29.8~ A, 0% Mo; B, 1% 
Me; C, 2% Me; D, 3.5% Mo; E, 5% Me 

stainless steels in N HC1 are shown in Fig. 1. A similar 
set of curves, except for much more pronounced critical 
peaks, was also obtained for 18% Cr steels in N HC1. 
Critical current  density decreased with an increase in 
molybdenum content for all materials  (Fig. 2). Beyond 
the critical peak, current  for unmasked  electrodes fell 
to some min imum value and then increased again, so 
that no well-defined passive region was obtained for 
any of the materials. In  general, the relatively high 
and increasing polarization current  beyond the crit i-  
cal peak for the unmasked electrodes in hydrochloric 
acid is caused either by crevice corrosion along the 
metal -epoxy mount  boundary  or by general corrosion 
because of incomplete passivation. Visual inspection of 
the 13Cr-5Mo electrode after the potentiostatic expo- 
sure to N HC1 (29.8 C) at --0.220V for approximately 
11/2 hr showed that the electrode surface was uni formly  
etched. Furthermore,  the polarization current  density 
remained constant, after the rapid initial  rise, at about 
0.9 mA/cm 2, which was approximately the same cur-  
rent  density as recorded under  potent iodynamic con- 
ditions at --0.220V (Fig. 1). In  view of the fact that 
all of the other 13% Cr alloys exhibited, higher mini -  
mum current  densities, it can be assumed that  all of 
the 13% Cr ferritic stainless steels suffered general 
corrosion at potentials beyond the critical peak. 

The masked 18Cr-lMo and 18Cr-2Mo alloys were 
exposed to N HC1 at --0.080 and --0.100V, respectively. 
The current  density, at first, was of the order of 10 -6 
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~i0 -2 

10 -3 I I I I I 
1 2 3 4 5 

% Mo 

Fig. 2. Dependence of critical current density on molybdenum con- 
tent for high-purity ferritic stainless steels in N HCI at 29.8~ A, 
13% Cr; B, 18% Cr; C, 25% Cr [data from Ref. (4)]. 

A/cm 2, as expected for complete passivity; however, 
it increased in an i r regular  manne r  to the order of 
10 -5 A /cm 2. Examinat ion  of the electrode surface 
showed no general  corrosion. The corrosion damage 
was localized at places along and under  the Glyptal  
masking. Hence, these materials  did passivate com- 
pletely in 1N HC1, but  were very sensitive to crevice 
corrosion, which could be ini t ia ted quite readily 
at the Glypta l -meta l  boundary.  The 18% Cr steel was 
not investigated in these experiments,  but  18 and 25% 
Cr steels have been previously shown to sustain gen- 
eral corrosion at passive potentials (3, 4). Besides, 
current  density at the m i n i m u m  is more than 10 -3 
A/cm 2, which also indicates that this material  should 
suffer general corrosion in N HC1 at passive potentials. 

Polarization curves in  N HzSO4 were normal;  that is, 
they showed a critical peak and a complete passive 
region up to normal  transpassive t ransi t ion potentials 
with passive current  densities in the order of 10 -6 A /  
cm 2. Critical current  densities decreased with an in-  
crease in molybdenum content  (Fig. 3). Results on 25Cr 
alloys are included from a previous s tudy (4). 

In contrast to a strong and wel l -pronounced effect 
on critical current  densities the effect of molybdenum 
on pr imary  passivation potential  was only slight and 
possibly without practical significance. Nevertheless 
some trends were observable. P r imary  passivation po- 
tentials in hydrochloric acid became more active as 
the molybdenum was increased, and 18% Cr steels 
had more active pr imary  passivation potentials than  
corresponding 13% Cr steels (Table II) .  In  sulfuric 

Table II. Primary passivation potentials for the 13 and 18% Cr 
ferritic stainless steels 

Primary passivation p o t e n t i a l ,  
V ( S C E )  

S t e e l  t y p e  N H 2 S O 4  N H C 1  

1 3 C r  - - 0 . 3 8 3  - - 0 . 2 5 0  
1 3 C r - l M o  - -  0 . 4 1 3  - -  0 . 2 9 5  
1 3 C r - 2 M o  - -  0 . 4 5 0  - -  0 . 3 0 5  
1 3 C r - 3 . 5 M o  - -  0 . 4 1 3  - -  0 . 3 1 8  
1 3 C r - 5 M o  - -  0 . 4 4 5  - -  0 . 3 2 2  
1 8 C r  - -  0 . 4 3 3  - -  0 . 3 1 0  
1 8 C r - l M o  - - 0 . 4 5 2  - - 0 . 3 2 0  
1 8 C r - f M o  - -  0 . 4 6 1  - 0 . 3 4 5  
1 8 C r - 3 . S M o  - -  0 . 4 4 5  - -  0 . 3 5 3  

1 5 C r - 5 M o  - -  0 . 4 4 2  - -  0 . 3 5 1  
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Fig. 3. Dependence of critical current density on molybdenum 
content for the high-purity ferritic stainless steels in N H2SO4 at 
29.8~ A, 13% Cr; B, 18% Cr; C, 25% Cr [data from Ref. (4)]. 

acid pr imary  passivation potentials first became more 
active then tended to become more noble as the mo- 
l ybdenum content  was increased. The 18% Cr steels in 
sulfuric acid showed a tendency to have somewhat 
more active pr imary  passivation potentials than cor- 
responding 13% Cr steels. 

Pi t t ing potentials became more noble for both series 
of stainless steels with an increase in molybdenum 
content, the increase being more pronounced for the 
18% Cr series (Fig. 4). In  both cases, the relationship 
between the pit t ing potential  and molybdenum content 
appeared to be linear. Pi t t ing potentials for the 13Cr- 
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Fig. 4. Pitting potentials for the 13 and 18% Cr ferritic stainless 
steels in M NaCI at 25~ 

2Mo alloy were approximately 20-40 mV more noble 
than predicted by the l inear  relationship. The chro- 
mium content, however, for this alloy was 13.60% 
(Table I),  as compared to an average close to 13% for 
other molybdenum-conta in ing  steels in the series, and 
this higher chromium content  probably accounts for 
most of the deviation. 

Immersion tests.--Corrosion rates in  acidified 0.33M 
FeCI~ (pH 1) are given in Table III. The 13Cr- and 
1Mo steels suffered severe general  corrosion in ferric 
chloride, while the remaining materials were pitted. 
No beneficial effect of molybdenum on the rate of pi t-  
t ing corrosion was evident  for the 13% Cr steels. On 
the 18% Cr base, higher molybdenum concentrations 
do result  in a decrease in pi t t ing rate; however, the 
effect becomes evident above a molybdenum content  of 
1%. 

Corrosion rates in  oxygen-satura ted N H2SO4 and 
ni t rogen-sa tura ted  N HC1, both at 25~ are given in 
Table IV. Data for the 25% Cr ferritic stainless steels 
from a previous investigation (4) are also included in 
Table IV for comparison. 

Discussion 
The effect of molybdenum on the active-passive 

t ransi t ion and on the abil i ty to develop a passive film 
under  severe exper imental  conditions is dramatically 
i l lustrated by families of polarization curves in  N HC1 
(Fig. 1); at the 13% Cr level, no complete passivity 
(characterized by current  densities on the order of 
10-6 A/cm 2 or less for masked electrodes and absence 
of general corrosion) in 1N HC1 was achieved even at 
5% Mo content. The current  maxima were displayed 
for all 13% Cr materials at potentials where the crit i-  
cal current  density peaks were expected, and, there-  
fore, these peaks were considered to be critical current  
densities, even if no complete and pronounced passive 
region was present. Beyond the critical peak, the cur-  
rent  dropped to some min imum value and then rose 
again sharply. The critical current  densities and cur-  

Table Ill. Corrosion rates in 0.33M FeCI3 solution (pH 1) 
at 25~ 24-hr exposure 

Corrosion rate,  
Steel type m g . d m ~ / d a y  

13CY 1,260 
(generaI  corrosion) 

13Cr~lMo 3,690 
(general  corrosion} 

13Cr-2Mo 119 
13Cr-3.5Mo 228 
13Cr-SNIo 197 
18Cr 214 
18Cr-lMo 352 
18Cr-2Mo 177 
18Cr-3.5Mo 78 
18Cr-5Mo 41 

Table IV. Corrosion rates of high-purity alloys at 25~ 

Steel type 

Corrosion rate,  m g . d m ' ~ / d a y .  
af ter  24 hr  exposure  

O x y g e n - s a t u r a t e d  Ni t rogen-sa tu ra t ed  
Run 1N HzSO~ at 25~ 1N HC1 at 25~ 

13Cr 1 1,820 227 
2 1,280 106 

13Cr-2Mo 1 1,010 231 
2 1,160 104 

lSCr-SMo 1 1,730 113 
2 1,300 110 

18Cr 1 4,600 1,020 
2 4,060 645 

18Cr-2IY[o 1 1.400 281 
2 1,400 253 

18Cr-SMo 1 1,280 145 
2 1,770 130 

25Cra 1 20,000 39,000 
25Cr-2Mo a 1 2,450 1,260 
25Cr.3.SMo a 1 nil  556 
25Cr-5Mo a 1 nil 307 

a Data  f r o m  Ref. (4). 
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rent  density min ima decreased and became more pro- 
nounced as the molybdenum content increased. This 
can be interpreted as a decrease in  active and passive 
dissolution rates with an increase in molybdenum con- 
tent. Especially interest ing is the sharp decrease in 
dissolution rate beyond the pr imary  passivation po- 
tential. It can be assumed that a decrease in dissolution 
rate of a metal beyond its pr imary  passivation poten- 
tial results from the hinder ing effect of the formation 
of the passive film; instead of direct dissolution, the 
alloy forms a passive film first, which then dissolves. 
Apparently,  as molybdenum content increases, the film 
formation reaction is greatly enhanced result ing in 
more pronounced current  min ima for alloys of higher 
molybdenum content. 

The effect of molybdenum additions to 18% Cr steels 
is similar to that for 13% Cr steels. At the 18% Cr 
level, however, the addition of 1% Mo is enough to 
permit development of complete passivity, as evidenced 
by decreased values of current  minima;  however, even 
at 5% Mo content, materials still remain quite sensi- 
tive to crevice corrosion in N HC1. As shown in earlier 
work, increasing the chromium content to 25% does 
allow molybdenum-bear ing  alloys to develop a passive 
film that completely resists crevice corrosion in N tIC1 
(4, 6, 8). 

In  a less-severe medium, N H2SO4, all materials de- 
veloped complete passivity and a full passive range. 
Active corrosion rates decreased and ease of active- 
passive transi t ion was enhanced by the increase in 
molybdenum content, as evidenced by decreasing criti- 
cal current  densities with increasing molybdenum con- 
tent (Fig. 3). 

The analysis of the critical current  density data 
showed an interesting correlation with the molyb- 
denum content. The plots of the critical current den- 
sity vs. molybdenum content at 13, 18, and 25% Cr in 
N H.~SO4 and N HCI acid are shown in Fig. 2 and 3. 
Data for 25% Cr steels are taken from previous work 
(4), supplemented by the results from trial experi- 
ments with 26Cr-IMo alloy in N H2SO4. As shown in 
Fig. 2 and 3, the increase in molybdenum content from 
0 to i% results in a sharp decrease in critical current 
density peak in N H.~SO4 and N HCI. This decrease 
becomes more pronounced with an increase in chro- 
mium level. At 25% Cr level even small additions of 
molybdenum should result in a very sharp decrease in 
critical current density. Further increases in molyb- 
denum content from 1 to 5% for 18 and 25% Cr steels 
and from 2 to 5% for 13% Cr steels were semilogarith- 
mic (exponential) for HCI. Again, the effect of molyb- 
denum on the critical current density became more 
pronounced with an increase in chromium level. 

Families of curves given in Fig. 2 and 3 should be 
very useful in predicting the magnitude of critical cur- 
rent densities for 13-25% Cr steels in N H2SO4 and N 
HCI. These curves should also allow predictions of 
relative critical behavior in other media. 

The effects of molybdenum on pitting potentials 
were strongly dependent on the chromium level of 
ferritic stainless steels. The pitting potentials for 18% 
Cr steels were more noble than for corresponding 13% 
Cr steels. Furthermore, the shift of pitting potentials 
to more noble values with increasing molybdenum 
content was more pronounced at 18% Cr than at the 
13% Cr level. Previous work has shown that at the 25% 
Cr level molybdenum-containing steels are not only 
highly resistant to pitting but are also resistant to 
crevice corrosion, even under severe oxidizing condi- 
tions (4, 6, 8). 

According to pit t ing potentials, the 18% Cr ferritic 
stainless steels containing 2% or more molybdenum 

and 13% Cr steels containing over 3% Mo should be 
quite resistant to pitt ing corrosion in chloride environ-  
ments under  moderately oxidizing conditions. None of 
these materials, however, is expected to be resistant 
under  strong oxidizing conditions, and, indeed, all 
alloys are subject to pitt ing corrosion in ferric chloride 
at room temperature.  

While crevice corrosion was not specifically studied 
for 13 and 18% Cr steels, they are all expected to be 
very sensitive to this type of corrosion, as predicted 
by polarization curves in 1N HC1. Also, in general, any 
materials that are subject to pit t ing corrosion will be 
subject to crevice corrosion. 

Data presented in Table IV show some interest ing 
correlations between corrosion rates and chromium 
and molybdenum contents. The steels of lower chro- 
mium content corroded at lesser active rates in sul- 
furic and hydrochloric acid than corresponding steels 
of higher chromium content. An increase in molyb-  
denum content from 0 to 5% at the 13% Cr level had 
no significant effect on active corrosion rates in sul- 
furic and hydrochloric acids; at the 18% Cr level there 
was a pronounced decrease, while at 25% Cr there 
was a very sharp decrease. The 25% Cr-3.5% Mo and 
25% Cr-5% Mo steels actually repassivated after being 
activated in oxygenated N H2SO4 (4). 

Summary 
The effect of molybdenum on the decrease of critical 

current  density in N H2SO4 and N HC1 acids is de- 
pendent on the chromium level; the higher the chro- 
mium level, the more pronounced was the effect of 
molybdenum, especially in the 0-2% range. The effect 
of molybdenum on the formation and stabili ty of the 
passive film is also dependent  on the chromium level; 
no complete passivity was at tained for any of the 13% 
Cr steels in N HC1; at the 18% Cr level the addition 
of 1% Mo allowed achievement of complete passivity 
in N HC1. 

Pit t ing potentials in M NaC1 at 25~ increased l in-  
early with an increase in molybdenum content. The 
pitt ing potentials increased more rapidly for the 18% 
Cr steels than for the 13% Cr steels. All alloys suf- 
fered pitt ing corrosion in 10% FeC13 solution; however, 
steels of higher Cr-Mo content were the least pitted 
and showed the smallest weight losses. 

Manuscript submit ted Oct. 24, 1974; revised manu-  
script received Jan. 20. 1975. This was Paper  80 pre-  
sented at the Miami Beach, Florida, Meeting of the 
Society, Oct. 8-13, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Effect of Arsenic on the Composition and 
Optical Constants of Iron Passive Film 
Reduced at 100% Current Efficiency 
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ABSTRACT 

Nuclear  reaction microanalysis, Rutherford  backscattering of 1.8 MeV 
4He+ ions, and etl ipsometric techniques have been used to invest igate  cathodic 
reduct ion of iron passivated in O TM enriched neutra l  solutions containing 
arsenic. Arsenic inhibit ion allows the reduction to take place at -- 3~ with  
100% current  efficiency. Thus reduction of iron f rom Fe ~+ to Fe ~ and of hydro-  
gen was completely  inhibited. It was found that  arsenic could only adsorb if 
the surface was oxide free. During cathodic reduction, the composition and 
optical constants of the film remain  constant (n*o~ ---- 1.47 -- 0.80i for a layer  
wi th  initial thickness of 30A), but during passivation of the film they vary  
with  the oxidation potential.  

The cathodic reduction of iron passivated in a solu- 
t ion of 0.15N sodium borate and 0.15N boric acid is 
reported to take place fol lowing ei ther  the mechanism 

Fe208 -6 6H + -6 2e -  --> 2Fe 2+ -6 3H20 [A] 

which associates an electronic charge of n = 2e/3 wi th  
each oxygen ion passing into the solution, or the mech-  
anism 

Fe203 -6 6H + -6 6e -  --> 2Fe ~ -6 3H20 [B] 

which yields a value of n ---- 2e. Previous work on this 
subject has used a wide var ie ty  of measurement  tech-  
niques: coulometry  (1), e l l ipsometry (2, 3), spectro- 
photometry  (1-3), and nuclear  microanalysis  (4). 
More specifically, the current  efficiency of the cathodic 
reduct ion assuming mechanism [A] was measured  by 
Sato and Kudo (2) to be 50% and by Nagayama and 
Cohen (1) to be 70%. With most methods n can only 
be deduced f rom changes of electrical or optical pa- 
rameters  of the oxide film. Nuclear  microanalysis  of 
stable oxygen isotopes, permits  direct measurement  of 
the quant i ty  of oxygen fixed at the sample surface 
thus providing direct calculation of the electronic 
charge n associated with each oxygen atom going into 
the solution. In a previous work  (4) determinat ions 
of oxygen loss gave a current  efficiency of the cathodic 
reduction of 48% at 23~ calculated according to 
mechanism [A]. The current  efficiency varies with the 
t empera tu re  and reaches 64% at --3~ and 35% at 
50~ (4). This difference in faradaic yield might  be 
a t t r ibuted to hydrogen  evolution, to the reduction of 
Fe 3+ to Fe ~ (1), or to the presence of Fe 6+ cations 
(1). All  these assumptions are both possible and prob-  
able, and they demonstra te  the difficulty of del ineat-  
ing passivation phenomena.  

To clear up this problem, we have sought a system 
in which the cathodic reduct ion would take place only 
according to mechanism [A], where  2/3 electronic 
charge would  be associated with each oxygen atom 
going into solution. In fact, given such a system we can 
be cer ta in  of its s toichiometry (Fe203), of its s t ructure 
(compact and homogeneous) ,  and of the absence of 
any parasitic reaction. Use of el l ipsometry together 
wi th  our method of oxygen analysis would permit  de- 
te rmining the optical parameters  of the film. 

We have therefore  worked in this direction, taking 
account of our previous work  at low tempera ture  (4) 
as well  as of Sato's conclusions f rom his study of cor- 
rosion inhibit ion (5). The present  article is the first 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words:  current  efficiency, a rsenic ,  i n h i b i t o r ,  i ron ,  O ~s t r ac ing ,  

cathodic polarization, nuc lear  mieroanalys is ,  e l l ipsometry .  

in a series of general  discussions of passivation; pre-  
vious articles (6, 7) were  devoted to nickel passiva- 
tion. Here we will  deal with iron passivated in a buf-  
fered solution of 0.15N sodium borate and 0.15N boric 
acid in O Is enriched water  in the presence of 4 • 10 -4 
M/ l i t e r  of As20~ and mainta ined at --3~ For  such a 
system there is in fact excel lent  agreement  between 
the theoret ical  mechanism [A] of cathodic reduction 
and the exper imenta l  results obtained by nuclear  
microanalysis. 

Experimental 
Measurement of 016 and OIS.---The nuclear  micro-  

analysis method used for this study is based on the 
determinat ion of the number  of particles result ing 
from the following nuclear reactions 

O18(d,p)O 17. and OlS(p,a)N 1~ 

It yields a number  No~6 or NolS of oxygen atoms per 
square centimeter fixed on the specimen surface. The 
general technical principles of this method have been 
described elsewhere by members of our laboratory (8, 
9), and the general principles of its application to vari- 
ous fields are described by Amsel et al. (10-12). The 
number of oxygen atoms coming from the solution, 
A 
NolS, can be obtained by dividing Nols by the solution 
enrichment (ratio of O Is to the total oxygen in the 
solution), i.e., by normalizing the results. 

Measurement of arsenic.--When a sample is bom- 
barded with charged particles of mass m and energy 
Eo, the energy E of the particles backscat tered by 
nuclei of mass M is given, at an angle of 180 ~ by the 
Rutherford formula 

E=Eo 
n% 

The energy spectrum of the backscattered particles de- 
pends on the masses of the nuclei present in the target. 
This analysis method, described elsewhere (12), is of 
special interest when traces as low as i/i000 of a 
monatomic layer of high-Z elements are observed on 
a low-Z matrix (13). A 1.8 MeV 4He+ beam was used 
in the present experiments to determine the inclusion 
of arsenic inhibitor in passive films. 

Preparatio~ of solutions and specimens.--The speci- 
men used was a pure iron electrode (99.99% pure, ob- 
ta ined f rom the National Research Corporation) with a 
surface area of 10 X 10 ram; an iron wire  electro-  
welded to the specimen provided electrical contact. 

723 
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Polishing and preparat ion of the specimen surface 
were  the same as described in Ref. (4). 

A buffered solution (pH ---- 8.42) of 0.15N sodium 
borate and 0.15N boric acid in deaerated water, 10% 
enriched ~ in O is, was used. Owing to the high cost of 
the enriched solution, a special smal l -capaci ty  cell was 
used, with the volume of the electrolyte being 10 cm 3. 
For the inhibitor study, As203 was added at 4 X 10 4 
M/li ter .  The isotopic exchange of oxygen between 
BO~S-, AsO2-, and H20 was found to be fast (14). 

All potentials are expressed with respect to the 
standard hydrogen scale. Most of the exper iments  
were carried out at -- 3 ~ __ I~ 

Ellipsometric measurements . - -A  commercia l ly  man-  
ufactured manual  el l ipsometer  measuring angles to 
wi th in  0.01 ~ was used. The light source was a 250W 
tungsten lamp with a photomultiplier as the detector. 
The measurements were made in a dark room to pre- 
vent stray light from producing spurious signals in the 
detector. All el l ipsometric  measurements  were made at 
5461A, at an angle of incidence r ---- 70 ~ 54', wi th  a 
qua r t e r -wave  plate as compensator. The el l ipsometer 
was aligned with respect to the iron specimen by the 
procedure described by McCrackin e~ aI. (15), and the 
relat ive phase re tardat ion (h) and relat ive ampli tude 
reduction (tan r caused by reflection of light from 
the specimen were determined for the components of 
the electric vector  paral lel  and normal  to the plane 
of incidence. 

All our measurements  were made in situ, general ly  
on samples passivated in O TM enriched solutions. As 
noted previously,  we used a low-vo lume  oxidation cell 
(10 cm ~) (16). The light beam entered and left through 

two optically flat glass windows. Measurements  on 
the same specimen, dry inside and outside the cell, 
gave agreeing results: the cell does not influence the 
polarization state of the light. 

A computer  program developed by McCrackin (17) 
was used to compute values of the real (n) and imagi-  
nary (--in~) parts of the complex index of refract ion 
n* of the specimen itself which was assumed to be 
bare or covered by a film of given thickness grown on 
its surface. 

Experimental  procedure.--The exper imenta l  proced- 
ure is essentially the same as that  used previously 
(4). First  the sample was cathodically cleaned, then 
the el l ipsometer  was set at its extinction point. Optical 
parameters  of the bare surface were measured. After  
this cathodic pre t rea tment  the polarization was stop- 
ped for 5 rain; the potential  increased from r ---- -- 650 
mV to a final value of stabilization of ~s'~ ---- -- 510 inV. 

There is a very  small change in P and A during this 
step of sample pret reatment .  This change is only ob- 
servable when the measurement  is very  sensitive 
(_~P ---- _~A ---- 0.03~ This effect will  be discussed fur-  
ther in another  article (18) and related to the nuclear  
method (4). 

After  the pre t rea tment  (and change in P and A),  
the anodic films were  formed in the same solution by 
potentiostatie oxidation at § 940 inV. As with our 
previous work, we stopped the oxidation at a constant 
final current (5 pA/cm 2) and at this time remeasured 
P and A. The film was then reduced cathodically, again 
in the same solution, at a constant current density of 
I0 ~A/cm z. 

Measurements of O ~s losses were carried out by nu- 
clear microanalysis on a series of six samples; each 

A 
point of the curve NolS ---- f(Qmcoulombs/cm2) was ob- 
tained on a new sample. Two kinds of ellipsometric ex- 
periments were made: the first on the same series of 
samples used to study O Is losses and the second on a 
single sample from the beginning to the final reduction 
state. 

Ferrous ion conce~trat~on.--Since each step of our 
exper imenta l  procedure can place a certain number  of 

1 N o r m a l i z e d  O ~s e n r i c h e d  w a t e r  p r o d u c e d  a t  t h e  W e i z m a n n  I n s t i -  
t u t e ,  R e h o v o t ,  I s r ae l .  T h e  n a t u r a l  a b u n d a n c e  of (3 as is  0 .204%.  

ferrous ions in the electrolyte solution, which could 
conceivably interfere  wi th  the measurements  of film 
growth, we have calculated the m ax im um  possible 
number  of ions which might  be released by (i) cath- 
odic pretreatment ,  (it) the act ive-passive transition, 
and (iii) cathodic reduct ion of the passive film. 

({) Cathodic pre treatment . - -Af ter  electropolishing, the 
specimen surface was covered by a natura l  oxide 
which contains 1026 oxygen atoms per square centi-  
meter  (4). During cathodic pretreatment ,  ferrous ions 
from the reduct ion of this oxide go into solution. As- 
suming a Fe203 oxide, at most 1.3 X 1026 ferrous ions 
should be found in the solution. 

(it) Active-passive transition.--An i ron electrode pas- 
sivated f rom its initial bare surface condition must  
pass through the active state. During this transition, 
some Fe 2+ ions are released into the electrolyte.  Their  
concentrat ion (upper l imit)  can be est imated from the 
charge passed through the circuit  during the formation 
of the passive film at its lower potential, i.e., -- 260 
mV. This charge is equivalent  to about 3 mcoulombs, 
or 1.5 mcoulombs /cm 2. This value is of the same order 
of magni tude (1.8 mcoulombs /cm 2) as that  found by 
Nagayama and Cohen (1) in the absence of arsenic 
and at 27~ This quant i ty  of charge corresponds to 
the oxidation (Fe --> Fe 2+) of 1016 iron atoms. Thus, 
at the t ime the sample is passivated, the concentration 
of iron ions in the electrolyte  is no greater  than 3.6 X 
t0 -6 M/li ter ,  i.e., 2.3 X 1016 ions in all. 

(iii) Cathodic reduction.--During cathodic reduction 
the number  of ferrous ions in the solution will  in- 
crease if the cathodic reduction takes place according 
to mechanism [A]. In this case the concentration of 
the ferrous ions added to the electrolyte for the total 
reduction of a film passivated at ~- 940 mV, is directly 
proport ional  to the total charge passed through the 
circuit. In Fig. 1 the total charge is 4 mcoulombs, equiv-  
alent to 2.5 X 10 TM Fe -~+ ions (Fe ~+ ~ Fe2+). 

The total quant i ty  of ferrous ions placed in solution 
by all three exper imenta l  procedures is at most 4.8 X 
1016 atoms, or 7 • 10 -6 M/li ter .  According to the l i te r -  
ature (19, 20), the current  densities and optical con- 
stants of the passive film are not affected by the pres-  
ence of iron ions in the solution when their concentra- 
tion does not exceed 5 • 10 -5 M/liter. Hence, seven 
successive oxidation-reduction cycles of passive films 
formed at + 940 mV could be performed in the same 
solution without exceeding a ferrous-ion concen- 
tration of 5 • 10 -5 M/liter. Moreover, to minimize 
the possible influence of a deposition of iron oxide re- 
sulting from the oxidation of ferrous ions from the 
solution, some experiments were carried out with the 
solution being changed after each oxidation-reduction 
cyele. Essential ellipsometric measurements were per- 
formed in these conditions. No difference was detected 
when the concentration of ferrous ions did not exceed 
5 • 10 -5 M/liter. 

We have also noted that the formation time of the 
passive film was rather short, 150 sec at + 940 mV 
(4) rather than the 3600 sec usual in other studies 
(l, 2, 19). This minimizes the possible formation of a 
deposited oxide film. 

Finally, we checked the concentration of iron in the 
solution by observing the decrease in current density 
during the potentiostatic oxidation of the iron. It is 
well known (19) that the final current density in- 
creases as a function of the iron concentration in the 
electrolyte. 

All these observations permit the conclusion that the 
possible deposition of an iron oxide film from the 
oxidation of ions in solution is not important in the 
present work. Therefore  in subsequent exper iments  
the electrolyte was not changed after  the cathodic 
pret reatment .  It should be noted that  in our apparatus 
it is very  difficult to change the OlS-enriched solution 
without  exposing the sample to the atmosphere.  
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Evaluation o] the optical parameters from ellipso- 
metric and nuclear rnicroanalysis.~Nuclear micro-  
analysis yields the number  No of oxygen atoms per  
square centimeter  fixed on the specimen surface. From 
No an equivalent  geometric thickness Lnuc~ can be de- 
duced if the roughness of the metal -oxide  interface 
and the density of the layer  covering the sample sur-  
face are known or approximated. Ell ipsometry is very 
sensitive to changes of state [adsorption of quanti t ies 
equal to or less than  a monolayer  (21)];  it is never-  
theless purely  qualitative. From the two measurements  

and ~ it is not possible to deduce the three physical 
parameters  (the equivalent  thickness d, the refraction 
index n, and the coefficient of adsorption k) charac- 
terizing the film which changes the state of the surface 
of the sample. Clearly, only in the case of a very flat 
surface, should the var iat ion of the angle of incidence 
permit  the el l ipsometry to be self-consistent. Variation 
in the wavelength would only resolve this problem of 
quant i ta t iv i ty  if n and k were independent  of L which 
is hard ly  the case with passive films (22). For homo- 
geneous growth of a film (n and k constant) ,  measure-  
ments  made at two different thicknesses could make 
el l ipsometry quant i ta t ive if one were sure of this 
homogenei ty  of the film wi th in  a tolerable l imit  of 
error. 

It  seems rather  imprudent ,  par t icular ly  in the case 
of absorbing films, to assume a value for either the 
refractive index or the absorption coefficient when  the 
s tudy involves thicknesses equivalent  to several mono-  
layers which in  the s tudy of i ron passivity corresponds 
to something less than  15~. Fur thermore,  for a film of 
wel l -de termined stoichiometry, a change in structure 
from compact to porous or vice versa involves a var ia-  
t ion in  optical index [related, for the case k ---- 0, to 
the density of the film by Clausius Mosotti's equation 
(23) ]. Variat ion in the index observed by ellipsometry, 
par t icular ly  in  the s tudy of thin absorbing films, should 
be interpreted physically as a change either in stoi- 
chiometry or in electron structure of the film studied, 
or a combinat ion of the two. The association with 
el l ipsometry of another method just  as sensitive, but 
more quanti tat ive,  permits  resolution for the third 
u n k n o w n  quanti ty.  In  nuclear  microanalysis, if Lnucl 
is known  precisely, then  the s imultaneous use of the 
two methods would permit  choosing the pair  n, k 
which fits the values of d and L~uci. Only under  these 
conditions can the measurements  be free of the specific 
indeterminat ion  of el l ipsometry (two exper imental  
measurements  to determine three unknowns) .  

Results and Interpretation 
Cathodic reduction behavior.--O 18 content in passive 

layers formed and reduced in 0 is labeled solutions 
containing AseO~.--Figure 1 shows the number  of oxy- 
gen-18 atoms fixed on the sample surface and the 
corresponding drop in potential  as a funct ion of the 
charge Q which has passed through the circuit during 
the cathodic reduction. All these samples were oxi- 
dized potentiostatically at W 940 mV and then  reduced 
at I ---- 10 ~A/cm 2 for various times. The oxidation- 
reduct ion cycles were run  at constant  temperatures:  
+23 ~ and --3~ Let us notice immediately that this 
oxidation potential  ( +  940 mV) is higher than the 
oxidation potential  As s+ --> As ~+ (r ---- -}- 330 mV 
in our solution).  Thus we assume that, if there is 
some incorporat ion of arsenic into the film dur ing the 
oxidation of the sample, that  arsenic is included as 
As ~ +. The solid lines are the curves calculated for the 
reductive dissolution of ferric oxide at 100% current  
efficiency according to reactions [A] and [B]. How- 
ever, for a borate system in the presence of arsenic 
pentoxide the over-al l  theoretical slope 

AQmcoulombsl.cm2 
] according to the mechanism 

hl~o18 
[A] can vary  from 0.66e for pure FezO3 to 0.8e corre- 
sponding to the reduct ion of the film containing only 
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Fig. 1. Change of No18 and in potential (E) of iron during gal- 
vanostatic cathodic reduction at 10 #A/cm 2 of passive films formed 
potentiostatically at + 940 mV in 0.15N boric-borate buffer solu- 
tion at pH 8.42, with and without 4 • 10 - 4  M/liter As203. 

a, n : 2/3e (theoretical value). 

b, n = 2e (theoretical value). 

-A~20s 
As20~ + 4e- + 4H + + H20-~ 2HsAsO3 [C] 

Experimentally, from the reciprocal of the slope of 
A 
Nols ---- f (Qmcoulombs/cm2) we have found n ---- 0.70 
• 0.07e for -- 3~ in presence of arsenic. Thus to de- 
termine the stoichiometry of the film we have mea- 
sured the quantity of arsenic incorporated in the layer. 

Determination of the stoichiometry of the passive 
fiIm.--For incident  4He+ ions at 1.8 MeV, Fig. 2 shows 
typical backscattering ampli tude spectra obtained from 
iron passivated at + 940 mV in the presence or absence 
of arsenic. The neat ly  resolved peak at 1.46 MeV con- 
firms the presence of arsenic. Calculations based on the 
Rutherford formula for elastic scattering cross sections 
lead to the value of 2 X 1015 arsenic a toms/square  
centimeter  with an accuracy of 10%. As shown on Fig. 
1, this film contains 19 X 1015 oxygen atoms/square  
centimeter. With the quanti t ies of oxygen and arsenic 
present in the film known, the stoichiometry of this 
oxide can be calculated. At this passive potential  most 
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Fig. 2. Backscattering signal amplitude spectra for 4He+ ions at 

1.8 MeV obtained on iron pass~ at + 9 4 0  mV in 0.15N boric- 
borate buffer solution of pH 8.42 with and without 4 • 10 - 4  
M/liter As203. 
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authors agree on the v-ferric oxide structure.  For  the 
compound formed at ~ = -t- 940 mV this implies the 
over-al l  stoichiometry (As205). (Fe2Oz)4.66. 

During oxidation, arsenic might  become localized at 
the interface between the passive film and the solution, 
be distr ibuted in  the passive film, or be placed at the 
metal-oxide interface. F i g u r e  3 shows the arsenic 
loss during cathodic reduction of the film as a function 
of time, i.e., as a funct ion of the number  of O ~s atoms. 
This indicates that  all arsenic atoms fixed during the 
oxidation of the film are embedded in  the bulk  of the 
oxide and, in particular,  the arsenic result ing from the 
oxidation can be assumed to be dis tr ibuted homogene- 
ously in the film rather  than being accumulated at the 
metal-passive film interface. 

Let us now calculate the e lementary  charge associ- 
ated with each oxygen atom going into solution dur ing 
reduction of the system (As20~). (Fe203)4.66. We have 
shown that for each arsenic atom there are nine oxy- 
gen atoms present in  the oxide. But, according to 
mechanism [C], 0.8 e lementary  charge is associated 
with each oxygen atom going into solution from the 
As205 reduction. On the other hand, 0.66 electronic 
charge is required for each oxygen atom from the 
Fe.~O~ reduction. The average total charge associated 
with each oxygen atom going into solution would be 

0.8 X 5 -t- 0.66 X 14 
_ 0.7 electronic charge 

19 

This is represented by curve "A" on Figures 4, 5, and 
6a. 

This theoretical value, avaiIabIe only after a deter-  
minat ion of the arsenic in the film, agrees very well 
with the exper imental  value. We therefore conclude 
that the cathodic reduction of iron passivated in neu-  
tral  solution containing 5 X 10 -4 M/l i ter  of arsenic 
and main ta ined  at --3~ proceeds at a current  effi- 
ciency of 100%, according to mechanism [A]. 

Equivalent film thickness L, ,~ . - -The  thickness equi-  
valent  to the number  of oxygen atoms has been cal- 
culated as a function of the charge Q passed during 
the cathodic reduction. The density of the passive film, 
whose stoichiometry has been determined [(As20~). 
(Fe203)4.66], the roughness coefficient of the meta l -  
oxide interface, and its s tructure (which is compact, as 
we shall show later) must  be known. We assume for 
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Fig. 3. Change of arsenic content during galvanostatic cathodic 
reduction at 10/~A/cm 2 for the passive films formed potentiostati- 
tally at - -3~ and ~- 940 mV in 0.15N boric-borate buffer solution 
of pH 8.42 containing 4 X 10 -4  M/liter As,~03 as inhibitor. 
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Fig. 5. Effect of the roughness foctor (r) on the ellipsometric 
data from Fig. 4. 

the sake of the calculation that  the density of the 
passive film follows a simple additive law and that the 
densities are 5.24 g/cm 3 for Fe203 and 4.32 g/cm~ for 
As205 (24). The result  is a density p --= 5.0 g /cm 3. For 
this density, the thickness of a layer  containing 1015 
oxygen atoms/cm 2 is equivalent  to 1.7A. It is clear 
that, whatever  the roughness value of the sample be- 
ing studied, the slope giving the e lementary charge 
associated with each oxygen atom going into solution 
is always n --= 0.7e. This is impor tant  for unders tand-  
ing what  follows. 

Determination of the optical constant of pure iron.-- 
In  ellipsometric determinat ion of surface films, the 
bare metal surface is used as optical reference. The 
iron sample is given cathodic pre t rea tment  before 
being anodized. We showed previously (4) that  our 
specimen under  cathodic polarization was free of oxy- 
gen coming from the solution. We thus assume that 
the cathodically cleaned sample is free of any oxygen, 
and the optical constants of the bare i ron sample are 
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Table I. Comparison of the optical constants n and k of iron 
obtained in the present study with values in the literature 

(x = 5461.L) 

n k 

MacBee  and  K r u g e r  (1969) (22) 3.35 3.84 
Sa to  a n d  K u d o  (1971) (2) 3.18 3.85 
Bockr i s  et aL (1971) (23) 3.24 ----- 0.16 3.98 +-- 0.28 
P r e s e n t  w o r k  3.30 ---- 0.2 3.70 ---- 0.2 

measured  in terms of A and r F rom the measured 
values of -~ and r we calculated the refract ive  index 
n*s of iron applying the theory  to film free surfaces. 
The result  is 

n*s = ns -- iks: = (3.3 • 0.2) - -  (3.7 • 0.2)i 

the mean of 20 measurements .  Owing to spread among 
the samples, the measurements  va ry  within  5% for 
both n and k. As shown in Table I, our values are 
fair ly close to the complex refract ive  index for iron 
repor ted  in the l i terature.  

Estimation o] the film parameters from etlipsometric 
Tes~lts.--Determination o~ the l~lm parameters.--For 
each pair  of exper imenta l ly  measured values P and A, 
we can calculate many different values of the ref rac-  
t ive index and thickness of the passive film, provided 
that  the refract ive  indexes of the iron substrate (~s = 
3.30-3.70i) and solution (n = 1.332) are known. 

Fol lowing a customari ly  used procedure, we calcu- 
late the thickness and the optical constants 

"n.*ox -- r~ox -- i/%x 

of the film assuming no~ to be in the range 1-3.5 and 
kox in the range 0-1. For a given pair  of exper imenta l  
values P and A, calculat ion produces a number  of 
values of n*ox and d, all of which fit the  measured P 
and A within  a given error  l imit  (0.05~ It  should be 
emphasized that  the sensit ivi ty of our  measurements  
corresponds to uncertaint ies of 0.03 ~ for P and A, 
which induce errors  of 0.008 for n and 0.004 ~or k. 
Besides, the var ia t ion among samples would  produce 
a deviat ion no greater  thon 0.03 of n and k. There-  
fore all points whose optical constants differ by less 
than 0.06 would represent  a homogeneous growth of 
the film. All opt ical-constant  values given hereaf ter  
are understood to be subject  to these error  limits. 

We have represented all our el l ipsometric results in 
the shaded zone of Fig. 4. F rom among the wide range 
of possible solutions, we have shown in the figure the 
var ia t ion in thickness corresponding to an optical in-  

dex close to that  general ly  used in the l i te ra ture  2 for 
pure compact Fe203:n*ox = 2.65 -- 0.65i. These results 
have been drawn as functions of the number  of cou- 
lombs per unit  of apparent  surface (i.e., for r = 1). 
The results for r : 2 are also shown (Fig. 5), con- 
sidering the assumptions general ly  accepted in the 
l i tera ture  (3, 25) of the independence of the ell ipso- 
metr ic  parameters  r and -~ with  respect to roughness. 
This is discussed in the next  section. 

Note that  the roughness var ia t ion alters the slopes 
of the various curves d = ] (Q . . . .  lombs/cm2). To char-  
acterize the reduct ion of the passive film and under -  
stand its mechanism we must know at least one other  
magni tude characterizing this film, for example,  its 
thickness. 

Ellipsometric resuZts with a known film th ickness . -  
We have t ransformed the number  of oxygen-18 atoms, 
directly measured, into equivalent  nuclear  thickness 
(see Fig. 1). This is not possible except  when  the stoi- 
chiometry of the film is known [ (Fe2Os)~.66" (As205) ]. 
We have simply assumed a roughness factor of 1 for 
the initial calculation. In thus combining the ell ipso- 
metric and nuclear  studies, we can then choose among 
all the possible el l ipsometric solutions whose pairs t~x 
and kox give the same thickness as equivalent  nu-  
clear thickness. We have thus obtained the fol lowing 
values of n*ox for the optical constant of this film 

n*ox = (1.47 • 0.03) -- (0.80 • 0.03)i [1] 

This differs from the value general ly  g iven for the 
ferrous oxide -~-Fe203 (n*ox = 2.55 -- 0.4i). To expla in  
this low value of the index of refraction, we can con- 
sider two hypotheses. The first involves  the formation 
of a deposited film; the second, the presence of arsenic 
in the passive film. Using an el l ipsometric method, 
Ord and De Smet  (20) studied deposited films of iron 
oxide on different substrates and found a real re f rac-  
t ive index of 1.7 at a wavelength  of 6328A and an 
angle of incidence of 60 ~ . To avoid the format ion of 
such a deposited film, we chose exper imenta l  condi- 
tions which permit  very  low ferrous ion concentra-  
tions: 3.6 • 10 -6 M/ l i t e r  (see exper imenta l  proced-  
ure) .  The first hypothesis can therefore be discarded. 
One might  then imagine that  the presence of arsenic 
inside the film could influence this optical constant. 
This will  be discussed later, but  meanwhi le  let  us study 
the effect of roughness on the optical index of the 
film. Figure  6a summarizes the preceding discussion of 
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(b, right) Calculations for r = 1 and r ---- 1.1. 
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dized potentiostatically (Ifinal ~- S ~A/cm 2) as a function of 
potential. Solution the same as for Fig. 3. 

the influence of the roughness factor on all the nuclear  
and ellipsometric data. Let us recall that the slope of 

A 
the reduction curve NO is : ~(Q) (Fig. 1), which 
gives the value of the e lementary  charge associated 
with each oxygen atom going into solution, was inde-  
pendent  of the roughness coefficient. Thus, if A and 
are supposed to be independent  of roughness (3, 25), 
clearly the optical and nuclear- thickness data are in-  
consistent for all values of r, except for a roughness of 
1. This inconsistency is marked for a roughness of 2 
(Fig. 6a) but  exists all the same for a roughness r ----- 
1.1 very close to the ideal surface (Fig. 6b). So the 
fact that there is inconsistency (except for r ---- 1) 
between optical and nuclear thickness seems to indi-  
cate that  ~ and r vary with roughness. How could this 
happen? For the moment  a precise answer would be 
difficult. However, if their var iat ion is linear, as in  
coulometry, which appears to be plausible, then noth-  
ing would be changed in our deductions, since the opti- 

cal thickness would diminish in the same proportion 
as r would increase. We are currently trying to verify 
this by studying the influence of the incident angle r 
on such a system, r being the only parameter capable 
of carrying this information. 

If ellipsometry does depend on roughness but differ- 
ently than coulometry does, the presence of arsenic 
would still influence the value of the optical index. 
The curves obtained for n*ox (7-Fe203) ---- 2.55 -- 0.4i 
never coincide with the theoretical curve A assuming 
the cathodic reduction mechanism of the (As2Os). 
(Fe.~O~)~.66 system with a current efficiency of 100%. At 
the worst, if ellipsometry does not vary with rough- 
ness as coulometry does, it would mean a slight varia- 
tion of ~ox around n*ox ---- 1.47 -- 0.80L In what follows, 
as a working assumption, we assume that r = I. 

We previously hypothesized that the presence of 
arsenic in the passive film might explain the value 
which was suggested for its optical index and which 
is small compared to that generally accepted for a pure 
stoichiometric film of Fe.~O3. To verify this hypothesis, 
we have studied the passive film prepared in the same 
solution but by another procedure, namely, at different 
oxidation potentials. 

Anodic oxLdation.--After the cathodic pre t reatment  
the iron surface was oxidized potentiostatically as pre-  
viously described above. Figure 7 shows the number  of 
oxygen-18 atoms fixed on the sample surface as a 
function of the potential  and the corresponding arsenic 
content  of the passive films. Note that  the quant i ty  of 
arsenic is constant whatever  the thickness of the film 
considered. This means that the stoichiometry of the 
film varies from (As2Os)' (Fe.~O8)4.66 for @ ---- ~ 940 mV 
to (As2Os).(Fe203) at ~ 140 mV. However, even 
though the stoichiometry varies with potential, the 
thickness equivalent  to the number  of oxygen atoms is 
always 1.7~_ per 10 ~s atoms of measured oxygen-18, 
no matter  what oxidation potential  is used, assuming 
the addit ivity of densities (see above). We have thus 
translated the preceding results into equivalent  nu -  
clear thickness and have also shown (Fig. 8a, b) on 
the same figure the ellipsometric measurements  made 
under  the same conditions. Among the ellipsometric 
thicknesses possible, the one which would agree with 
the equivalent  nuclear  thickness would have for its 
index (Fig. 8b) 
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n*ox ---- (1.47 • 0.03) -- (0.7 • 0.03)i 

and this in a potent ial  region be tween  + 550 and 
+ 950 mV/HE~ that  is, for  thicknesses grea ter  than 
20A. For  "nuclear  thicknesses" th inner  than 20A, 
there  is no agreement  be tween  these thicknesses and 
the el l ipsometric  thicknesses chosen for the same in- 
dex. This could be explained by a s t ructural  change 
direct ly  re la ted to a var ia t ion in optical index of the 
film. However ,  taking the nuclear  measurements  as 
references independent  of the applied passivation po- 
tential,  the  el l ipsometric  thickness agrees wi th  the 
nuclear  thickness for the indexes whose values are 

n*ox = 1.66 -- 0.15i 
o r  

n*ox = 2.83 -- 0.95i 
ra ther  than 

n*ox ---- 1.47 -- 0.70i 

for thicknesses greater  than  20A. 
The second value of the index should not be ac- 

cepted, for if the var ia t ion  of n* is related to the 
presence of arsenic in the film, this increase would 
mean a diminut ion of the quant i ty  of arsenic with the 
thickness of the passive film. But we have seen that  
there  is nothing of the sort. In contrast, if n*o~ = 
1.66 -- 0.15i effectively defines the optical propert ies of 
the film for thicknesses less than 20A, this would mean 
that  for these thicknesses the conductivi ty is much 
lower, that  is, that  the s t ructure  of the layer  is not 
yet  perfect  and that  only for films th icker  than 20A 
wil l  it tend towards  a spinel s t ructure and be a good 
conductor (k -- 0.7). 

Discussion 
Mechanism of cathodic reduction.--From previous 

and present  results, it is now possible to establish in 
detail  the mechanism of the cathodic reduct ion of a 
passive film formed on iron in a sodium borate-boric  
acid solution of pH 8.42 containing 4 • 10 -4 M/ l i t e r  
arsenic t r ioxide as inhibitor  and maintained at about 
-- 3~ Detai led study of the cathodic reduct ion was 
made for  the film (As.~Os)-(Fe203)4.66 but the resul t -  
ing conclusions can reasonably be considered as pos- 
sible to generalize to any stoichiometry. Thus, in these 
exper imenta l  conditions the reduct ive dissolution of 
the film takes place at 100% current  efficiency, fol-  
lowing the mechanism corresponding to i ron reduction 

Fe203 ~- 2 e -  ~ 6H + : 2Fe2+(soD ~- 3H20 

This would  then (in the presence of arsenic) exclude 
the possibility that  iron would re tu rn  to its metall ic 
state 

Fe20~ -F 6H + + 6e -  ---- 2Fe ~ -t- 3H20 

and also excludes the possibility that  protons would 
be t ransformed into H ~ by captur ing an electron f rom 
the metal.  

During the passive-fi lm reduction, the reduction of 
protons is blocked e i ther  at the oxide-solut ion in ter -  
face or at the meta l -oxide  interface if hydrogen is 
t ransported across the passive film. The fact that  
arsenic inhibits the en t ry  of hydrogen has recent ly  
been observed by McCright  and Staehle (26). None of 
these conclusions contradicts the curve  of potential  
var ia t ion which shows a plateau at -- 510 mV corre-  
sponding to the electrochemical  react ion mechanism 
[A]. Af te r  the reduction of Fe203 is complete, a poten-  
tial characterist ic of hydrogen evolut ion on i ron (a 
second plateau) is reached which can be expected at 
about -- 750 mV at the pH used. 

In addition, the fact that  the faradaic yield of cath-  
odic reduct ion equals 100% means that  the number  of 
coulombs of current  passed during the cathodic reduc-  
t ion is exact ly  equal  to the theoret ical  quant i ty  re-  
quired for the product ion of Fe 2 + f rom Fe.20~. If there  
had been an excess difference be tween  exper imenta l  
and theoret ical  charges, that  difference would  be at-  

t r ibuted to the presence of some cat ion-vacant  (high-  
i ron-valence)  oxide. This is not the case, which con- 
tradicts the findings of Nagayama and Cohen ( 1 ) -  
under  admit tedly  different exper imenta l  conditions, 
par t icular ly  the absence of a r sen ic - -who proposed a 
different mechanism for the reduct ion of Fe20~ formed 
in neutral  sodium borate-boric  acid solutions. 

Finally, while it is not possible by direct passivation 
to obtain homogeneous layers of 5-20A, it is possible, 
by cathodic reduct ion start ing with  a thickness of 40A, 
to at tain these homogeneous layers  by step dissolutions 
of 5A. 

The data in the l i tera ture  (27) permits us to con- 
sider that  the iron oxide consti tuent of the passive 
film formed at high potential  ( ~  940 mV) has a ~- 
ferric oxide structure, i.e., a s t ructure  formed by a 
rear rangement  of oxygen and iron ions in which the 
oxygen forms a face-centered cubic latt ice wi th  iron 
atoms fitted into octahedral  and te t rahedral  sites. What  
place has arsenic in such a structure? We have  deter-  
mined the presence of one atom of arsenic per  six 
atoms of iron and nine of oxygen at ~ ---- W 940 mV, 
but in the spinel s t ructure  there  is one free octahedral  
position for each oxygen atom. Thus, for nine oxygen 
atoms there are nine octahedral  spaces available, and 
these would  be occupied by six iron atoms and one 
arsenic. In the spinel s t ructure  arsenic atoms could 
occupy the free substi tution positions that  exist, and 
without  deforming the structure,  since the ionic radii 
of Fe 3+ (R ---- 0.64A), As 3+ (R ---- 0.58A), and As s+ 
(R ---- 0.46A) are close enough to one another. Note 
that  the order  of magni tude  of the ionic radii of As 3+ 
and As 5+ make it unl ikely that  these cations take 
te t rahedral  positions, since this requires  radii  of 0.22- 
0.41A, smaller  than the ionic radii corresponding to the 
two possible arsenic valences. 

In which oxidizing form should the arsenic be 
found? If we recall  that  the cation in the octahedral  
position should have an ionic radius be tween 0.41 and 
0.73A, both oxidizing forms are allowed. To differ- 
entiate between them, we must take account of the 
potential of the reaction As 8+ --> As 5e which is 580 mV 
at pH zero and becomes 330 mV/I-IE under our ex- 
perimental conditions. This means, then, that arsenic 
incorporated in the form As 3 + is immediately oxidized 
to As s* and takes an octahedral  position inside the 
Fe203 structure which we already suggested in deter-  
mining the average charge associated with each oxy-  
gen atom in the system (AszO~)" (FeeO3)4.66 cathod- 
ically reduced. 

What is the microscopic role of arsenic? It should 
be observed that  the adsorption of arsenic takes place 
on a metal  devoid of oxide and solely on such a metal, 
and otherwise that  even in the presence of arsenic 
when the tempera ture  is increased, the faradaic yield 
on cathodic reduction diminishes though arsenic has 
an inhibiting effect. This will  be discussed fur ther  in 
another  article. 

We can now propose a cathodic reduct ion mechan-  
ism by which ~-Fe203 may be reduced to form a cation 
vacancy ([]) s t ructure  which is still in the cubic sys- 
tem by the reactions 

2Fe 3+ ~- 2e -  --> 2Fe+2--> 2Fe+2(H20) ~ 2[~ 3+ Fe 
H.,O 

3 0 2 -  ~ 3H § --> 3 O H -  ~ 3H20 ~- 3[] 2- O 
sol 3H + 

2[] 3+ Fe ~ 3D 2- O -> anneal ing 

Whereas for arsenic it is possible to envisage the fol- 
lowing reduct ion mechanism 

2As +~ -~ 4e -  --> 2As 3+ -> 2As +3 (H~O) -~ 2[~+'5 As 
H.,O 

5 0 2 -  § 5H + --) 5 O H -  ~ 5H20 -t- 5K] 2-  O 
sol 5H + 

2[~ ~+ As Jr 5[~ "~- O -~ annealing. 
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A Study of the Anodization of Niobium Using 
the Method of Open-Circuit Transients in 

Aqueous and Nonaqueous Solutions 
C. M. Daly and R. G. Keil* 

Department of Chemistry, University of Dayton, Dayton, Ohio 45469 

ABSTRACT 

The anodic oxidat ion of n iobium in glacial  acetic ac id-sodium te t r abora te  
solut ion and in aqueous boric ac id-sodium te t rabora te  solut ion has been 
s tudied over  a potent ia l  range of 74V using the open-c i rcui t  t rans ient  analysis  
technique. The resul ts  indicate that  the re la t ionship  be tween  the format ion  
current  density,  i, and the format ion  potential ,  V, is of the form i ~- io exp 
(V/Vo) where  io and Vo are  pa rame te r s  resul t ing f rom data  analysis.  Vo was 
found to be a l inear  function of the format ion  voltage. The quanti ty,  e, was 
found to be essent ia l ly  equal  to zero, a resul t  which agrees wi th  resul ts  p re -  
viously repor ted  for vanad ium and molybdenum.  At t empt s  were  made to cor-  
re la te  the  resul ts  with film structure.  

I t  is known that  the analyt ica l  chemis t ry  of n iobium 
in aqueous solutions is complicated by the tendency  of 
n iob ium(V)  to hydrolyze  and by  the ins tabi l i ty  of the 
lower  oxidat ion states of the e lement  (1). Previous  
studies (2-4) have shown that  anodic oxide films may  
be grown successfully on valve  metals  if a nonaque-  
ous solution is employed.  The intent ion of the present  
s tudy  was to uti l ize the open-c i rcui t  t rans ient  method  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  anodic  oxidat ion,  n iob ium,  transients ,  aqueous ,  n o n -  

aqueous.  

in a compara t ive  s tudy to de te rmine  the electr ical  
p roper t ies  of niobium oxide films in aqueous and non-  
aqueous solutions. 

In  an ear l ier  work  on niobium, Young (5) de ter -  
mined cer ta in  electr ical  p roper t ies  of the  niobium 
oxide by  specular  reflectivi ty studies. In  tha t  work  
he concluded that  the evidence is consistent  wi th  a 
uni form film apar t  from the preexis t ing  film. In  1960, 
Young (6) also repor ted  exper imenta l  resul ts  on the 
oxidat ion  of t an ta lum which showed tha t  the re la t ion 
be tween  In i and E was not l inear  and tha t  a be t te r  fit 
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of the data could be obtained by replacing the te rm 
qaE by a(a -- #E)E. This result  was confirmed by the 
results of Young and Zobel (7) who, in addition, 
showed the necessity for including the nonl inear  term 
in the fit of data for n iobium oxide. 

Recently, using in si tu ellipsometric measurements  
on niobium, tantalum, and tungsten, O r d e t  at. (8) 
have found that  the thicknesses of all three metals 
were found to increase l inear ly  with the electric field. 
They also showed that  the inclusion of the l inear  de- 
pendence of the dielectric constant upon the field into 
an effective model of the ionic conduction process to be 
a possible explanat ion of the curvature  in the plot of 
in  i vs. E for the anodic oxidation process. These re- 
sults have been disputed, more recently, by Cornish 
and Young (9) who in an ellipsometric study of tan ta-  
lum found that  anodic t an ta lum oxide films are opti- 
cally isotropic and homogeneous in the absence of an 
applied field and that  the dependence of both the index 
and thickness upon the field is quadratic. 

To date, several theories (6, 10-14) and methods of 
study of anodic oxidation have been proposed. Open- 
circuit t ransient  analysis has been used in the study 
of the anodic oxidation of several metals (3, 14-17). Its 
use in the study of the anodic niobium oxide film 
under these conditions and comparison with previous 
results (6-9) may help establish the na ture  of the 
anodic n iobium oxide film and the general  mechanism 
of film growth. 

Exper imental  
Anodizations were performed (i) in a glacial acetic 

acid solution 2.0M in water  and 0.02M in sodium 
tetraborate  and (ii) in  an aqueous solution 0.1M in 
HsBO3 and 0.018M in sodium tetraborate.  High-pur i ty  
(99.99%) niobium rods, 0.314 cm ~ in surface area pur -  
chased from Materials Research Corporation were 
used for this work. The electrode was mounted  and 
prepared for anodization by methods previously de- 
scribed (2). Fi lm growth was accomplished both 
potentiostatically and galvanostatically.  The acetic 
ac id-borax-water  solution had a conductivity of 79 
m i c r o - ( o h m - c m ) - l .  These studies were all performed 
at 25~ An inert  ambient  of ni t rogen was main ta ined  
in  the reaction flask and the anodizing solutions were 
degassed prior to use. 

Under  galvanostatic conditions current  densities not 
less than 15.9 #A/cm 2 were used. For the open-circuit  
t ransient  studies a pair  of Phi lbr ick SP102 operational 
amplifiers were used for galvanostat  and voltage fol- 
lower. The potentials and open-circuit  t ransients  were 
recorded on an oscillographic recorder (Sanborn  
7701 B). All potentials were recorded relative to the 
saturated calomel reference electrode. Overpotentials 
were calculated from observed voltages by subtract ing 
the value of the open-circuit  potential. Apparent  cur-  
rent  densities were obtained by dividing the applied 
current  by the macroscopic surface area of the niobium 
anode. 

Results 
The oxide film on the niobium surface may be con- 

sidered to be equivalent  to a capacitor with a dielectric 
medium located between the capacitor plates (sub- 
strate metal and anodizing solution).  The differential 
equation describing this circuit is given by 

i Jr C dV /d t  = ie [1] 

where ~ is the current  density through the film, ie is 
the external ly  applied current  density, V is the over- 
potential, and C is the capacitance per uni t  area of film. 

For niobium, the exper imental  voltage t ransients  fit 
an  expression of the form 

V =  k -- Vo In (t Jr 0) [2] 

Here Vo, k, and e are parameters  which depend on the 
par t icular  t rans ient  and its init ial  conditions. It  fol- 
lows, by differentiating Eq. [2] and subst i tut ing into 

Eq. [1], with ie ---- 0, that  the expression for the cur- 
rent  density through the film becomes 

i _- io exp (V/Vo)  [3] 

This expression includes certain assumptions which 
have been discussed previously (3). For niobium, the 
voltage-t ime transients  fit an equation of the form of 
Eq. [2]. Analysis of the vol tage-t ime transients  were 
performed with the aid of a UNIVAC series 70/7 digi- 
tal computer. The computer  was fed voltage vs. time 
data in  increments  no larger than  one-hundred th  volt. 
The following functions were then performed (i) the 
computer chose from a large selection the value of 6 
which produced a m i n i mum standard deviation of all 
data points when  the data were subjected to a l inear  
least squares analysis, and (it) a pr in t -ou t  of the val-  
ues k, 8, Vo, and s tandard deviation was obtained. The 
parameter  So is equivalent  to 

io = C Voexp ( - - k / V o )  [4] 

An equat ion of this form is the mathematical  conse- 
quence of the differential equation describing the sys- 
tem and the exper imental  vol tage-t ime profile. Here 
io and Vo are exper imenta l ly  determined parameters  
whose dimensions are the same as i and V, respec- 
tively. If time zero equals the commencement  of the 
transient,  the t ransients  fit Eq. [2] for t imes corre- 
sponding to 80% of the potential  decay at a current  
density of 159 #A/cm 2 and 60% of the potent ial  decay 
at 79.5 and 15.9 #A/cm 2. Figures 1 and 2 show the re- 
lationship between the parameter  Vo and the forma- 
t ion potential  in aqueous and acetic acid solutions, re-  
spectively. For a given formation current  density Vo 
is a l inear  funct ion of the formation potential  and all 
lines near ly pass through the origin. The slope of each 
line is obviously a funct ion of the formation current  
density and decreases with increasing current  density. 

From data analysis, we learned that  the value of 
required to fit the t ransient  data to Eq. [2] is quite 
small, with values ranging from essentially zero to 
0.05. Small values are not unexpected because of the 
relatively large init ial  formation current  densities and 
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Fig. 1. Dependence of Vo on formation potential for niobium in 
boric acid-borax-water solution. The formation current density was 
15.9 #A/cm ~ for the data represented by V1, 79.5 ~A/cm 2 for the 
dota represented by O ,  and 159 ~A/cm 2 for the data represented 
by A .  
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Fig. 2. Dependence of Vo on formation potential for niobium in 
acetic acid-borax-water solution. The formation current density was 
15.9 #A/cm 2 for the data represented by V], 79.5 #A/cm 2 for the 
data represented by O ,  and 159 #A/cm 2 for the data represented 
by A .  

e ~- C Vo/ ie .  A typical value in both aqueous and non-  
aqueous anodizing solutions at 159 ffA/cm 2 is 0.001. 
Generally, e increased both with increasing current  
densities and formation potentials of the film. Tables 
I and II show the relationship between the reciprocal 
capacitance and the formation potential. The reciprocal 
capacitance is related to o by the equation 1 / C  = 
Vo/ieO. Evidence of the variat ion of reciprocal capaci- 
tance with Vo and o can be demonstrated by Tables I 
and II and also by Fig. 3 and 4. It will be noted that 
at high current  density (159 ~A/cm 2) a l inear  re lat ion-  
ship is definitely established. The apparent  shifts in 
slopes as shown in Table I and Fig. 3 indicate that the 
initial  film on the niobium is chemically different from 
the anodic film. A similar  conclusion was drawn by 

Table I. Relationship between reciprocal capacitance and formation 
potentials in 0.1M H3BO3-borax-H20 anodizing solution 

C,D. 1/C 
Vt (V) (~/cm 2) O (~F -i cm~) 

15 15.9 0.06 1.65 
15 79.5 O.OOl 21.55 
15 159.0 O.OOl 10.29 
30 15.9 0.059 3.69 
30 79.5 0.001 38.57 
30 159.0 0,001 18,86 
45 15.9 0.082 4.38 
45 79.5 0.001 63.19 
45 159.0 0.001 29.34 

Table II. Relationship between reciprocal capacitance and 
formation potentials in HOAc-borax-H20 solution 

4 8  / 
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Fig. 3. Dependence of the reciprocal capacitance on formation 
potential in boric acid-borax-water solution. The formation current 
density was 15.9 #A/cm 2 for the data represented by ~ ,  79.5 
#A/cm 2 for the data represented by � 9  and 159 /cA/cm 2 for the 
data represented bye. 
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Fig. 4. Dependence of the reciprocal capacitance on formation 
potential in acetic acid-borax-water solution. The formation current 
density was 15.9 #A/cm 2 for the data represented by I~, 79.5 
#A/cm 2 for the data represented by O ,  and 159 #A/cm 2 for the 
data represented by A.  

C.D. i/C 
Vt (V) (~A./cm ~) 8 (#,F-~ cmS) 

15 15,9 0.044 1.92 
15 79.5 0.008 2.95 
15 159.0 0,001 12.15 
30 79.5 0.016 3.85 
30 159.0 O.O01 25.19 
45 79.5 0.026 5.07 
45 159.0 0.001 35.36 

Young (18) in explaining the shift in intercept for his 
work on tantalum, a metal quite similar to niobium. 

Discussion 
An exponential  dependence of the current  density 

through the oxide film on the overpotential  can be in-  
terpreted in terms of an act ivat ion-energy-control led 
process (18). The theoretical description for such a 
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process, in  the high-field case, is given in its simplest 
form by 

i -~ 2any exp -- (U/kT)  exp (qaE/kT)  [5] 

where a is the ha l f - jump distance, n is the density of 
the charge carriers, v is the frequency of the oscillating 
ions, U is the activation energy for the process, q is 
the effective charge on the mobile ions, and E is the 
electric field at the activation barrier.  The other sym- 
bols have their usual  meanings.  Ord et al. have con- 
cluded (8) that  an effective field model merits serious 
consideration when examining the ionic conduction 
process for niobium. These workers found that the 
thickness change depends l inear ly  on the field change, 
the thickness increasing with increasing field. It has 
been shown in previous studies (3, 14) that if an as- 
sumpt ion is m a d e  that  the field at the activation bar-  
rier is equal to the average electric field, a comparison 
of Eq. [3] and [5] yields the relationship 

Vo = ( k T / q a ) D  [6] 

Thus, Vo is proportional to the thickness of oxide 
layer, D. 

The exper imental  data verified a model of this type. 
Figure 1 (aqueous solution) shows that the values of 
Vo are l inear ly  proport ional  to the formation potential  
for a given formation current  density over a wide 
range of values and that the lines intersect the origin. 
In  Fig. 2 which is a plot of Vo vs. formation potential  
in  a nonaqueous anodizing solution, we again see a 
l inear  relationship and the lines near ly  intersect the 
origin. These results indicate that a high-field conduc- 
t ion process l imits the current  through the layer. Lee 
et al. reported (19) results for the plasma anodization 
of niobium, demonstrat ing that the most acceptable 
model is one in which ionic conduction is controlled by 
an effective field, e.g., the Lorentz field 1/3 (er -~- 2)E. 
Earlier studies (20) used the Lorentz field as the effec- 
tive field, which was able to obtain reasonable esti- 
mates of jump distance and was independent  of tem- 
perature, at least up to 70~ 

Data taken for different formation current  densities 
fall on lines of differing slopes. In  buffer solution (Fig. 
1) at a current  density of 15.9 ~A/cm 2 the slope is 
0.127, at 79.5 ~A/cm 2 the slope is 0.107, and at 159 ~A/ 
cm 2 the slope is 0.101. These varying slopes indicate 
that the field in the layer and io may both depend on 
the formation current  density. An  analogous si tuation 
occurs in Fig. 2, the slope at 79.5 #A/cm 2 is 0.26 and 
the slope at 159 ~A/cm 2 is 0.14. The field in the dielec- 
tric may increase with increasing formation current  
densities because of an increase in the ion jump dis- 
tance at higher formation current  densities. 

The values of e required to linearize Eq. [3] are un -  
usual ly  small. It will  also be noted that the 0 values 
for films formed in glacial acetic acid solutions con- 
taining 0.02M Na2B~O7 and 2.0M H20 are lower than  
for films formed in aqueous 0.1M H3BO3 containing 
0.018M Na2B40~. We interpret  low values of e in either 
case to indicate that  n iobium films formed in acetic 
acid are relat ively porous compared to those formed in 
aqueous solution. The film is relat ively porous com- 
pared to tantalum. This hypothesis is fur ther  sup- 
ported by the relat ively large value of the final leak- 
age current  on niobium. Lilienfeld and Miller (21) 
used boric acid plus borate electrolyte in forming films 
on a luminum. The buffer used gave comparat ively high 
leakage currents  so that  the possibility of cracks and 
pores cannot be ruled out as an explanat ion for their  
results or for ours. We have reported this porosity 
effect on vanadium (3) and also on molybdenum (22) 
films formed in acetic acid. In  addition, inspection of 
the reciprocal capacitance plots, Fig. 3 and 4, suggests 
the existence of a channel- type "porous" film struc- 
ture. The changes in slope at 15.9 and 79.2 ~A/cm 2 may 

be accounted for by field effects. At 159 and 79.5 ~A/ 
cm2 a l inear  relationship is observed. At the lowest 
current  density the fluctuations in  1/C values with 
formation potential  are most l ikely due to the raising 
of the oxidation state of the layer  (23). 

The results of this investigation on n iobium are simi- 
lar  to those obtained in  earlier works on vanad ium (3) 
and molybdenum (22). The three metals when  sub-  
jected to anodic polarization in the acetic acid-water-  
sodium tetraborate solution do form films exhibi t ing 
intense interference colors. A number  of ellipsometer 
studies to determine the na ture  of anodic oxide films 
formed in a plasma (8, 19, 24, 25) have not as yet 
shown definitively whether  a single or mul t i layer  an-  
odic film is formed. The unders tanding of the na ture  of 
wet films is consistent with several (26-28) authors re- 
porting two layers being formed. The behavior of nio-  
b ium in nonaqueous anodizing solutions leads us to 
the conclusion that  the films are probably a mix ture  
of barr ier  and porous layers. The similarities of our 
results with molybdenum (22), vanadium (3), and nio-  
b ium as well as those of others (5-8) lead us to agree 
with Ord and Ho (29) that  any meaningful  theory of 
anodic oxidation must  not be overly sensitive to either 
the chemistry of the metal or the structure of the oxide. 

Manuscript  submit ted Aug. 12, 1974; revised manu-  
script received Jan. 14, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Factors Influencing the Lifetime of Pure 
Beta-Alumina Electrolyte 

Y. Lazennec, C. Lasne, P. Margotin, and J. Fally 
Laboratoires de Marcoussis, Centre de Recherches de Za Compagnie G~n~raIe d'Electricitd, Marcoussis, France 

ABSTRACT 

The influence of some impurit ies on the aging and the lifetime of sodium- 
sulfur  and sodium-sodium exper imental  cells is studied. The aging mechanism 
involves an  ion exchange between impurit ies of the reactants and the sodium 
ions of the E-alumina lattice. In  particular,  in t roduct ion of potassium changes 
lattice parameters  of ;~-alumina and Na* mobility. An important  conclusion 
of this work is that pure E-alumina does allow the transfer  of large amounts  
of total charge (i.e., of sodium ions) before failure. The present  figures are 
in excess of 1700 A - h r / c m  2. These results have enabled the authors to con- 
struct  Na-S cells which have given in  excess of 4,000 cycles or 16,000 hr of 
continuous operation. 

The sodium-sulfur  battery, based on the sodium ;~- 
a lumina electrolyte, was first described by Weber and 
Kummer  (1) and is to date the most promising high-  
temperature,  h igh-energy density battery. The rea-  
sons for this developmental  success depend on the use 
of the solid sodium-conduct ing E-alumina between the 
mol ten sodium anode and mol ten sulfide-polysulfide 
electrolyte in  contact with the sulfur  cathode. This 
solves immediate ly  the self-discharge and construc- 
t ional problems involving the use of matr ix  or pastes 
to retain molten components (either l iquid alkali, 
metal, or molten salt electrolyte) in a l l - l iquid high- 
temperature  systems (2). 

Development  of the system so that  a wide range of 
practical applications will result  requires the solution 
of two major  difficulties, both economic. The first is 
clearly one of init ial  investment  cost per kW-hr  of 
capacity or kW of power. This depends on many  fac- 
tors, the most impor tant  being: 

(i) The cost of the E-alumina used, which depends 
not only on precise conditions of manufac ture  and sin- 
tering, but  also on the pur i ty  of the a -a lumina  used. 

(ii) The cost of the current  collector mater ial  at 
the sulfur electrode (graphite or carbon felt) .  

(iii) The total cost of manufacture,  which depends 
on the development of efficient sealing techniques. 

The second factor is bat tery lifetime. Economic con- 
siderations dictate that a m in imum lifetime of 2-3 years 
should be aimed at for u rban  electric vehicles, and 
of about 5 years for u rban  mass t ransi t  (buses). On ~he 
off-peak power storage application, for which the 
sodium-sulfur  system seems eminent ly  suitable pro- 
vided that its cost-lifetime ratio is sufficiently low, a 
l ifetime at the order of 10 years should be aimed at. 

In  the present  paper, some factors influencing cell 
lifetime will be discussed. 

Lifetime of fl-Alumina Electrolyte 
In an earlier paper (2) we demonstrated that  mag- 

nesia additives used as stabilizers for certain ~-a lumina 
compositions had a detr imental  influence on electrolyte 
lifetime in sodium-sulfur  exper imental  cells. At the 
same time, it was shown that impurit ies present in the 
reactants could enter  the p-a lumina  lattice during 
electrochemical cycling (2, 3). Because of this knowl-  
edge of impurities, work carried out in this laboratory 
has concentrated on two aspects of the aging problem, 
namely  (i) the effect of the init ial  pur i ty  of the p- 
a lumina  used; (ii) the effect of introduct ion of im-  
purities into the lattice of pure E-alumina during elec- 
trochemical cycling. The present publicat ion considers 

K e y  words :  sod ium-su l fu r  cells, be ta -a lumina ,  high-temperature 
cells, be t a -a lumina  aging, effect of irapuri t ies.  
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the lat ter  effect on lifetime of the ceramic under  elec- 
trochemical conditions and represents an  updat ing of 
work previously described (2, 3). 

Na-S Cells 
Na-S cells used in our experiments  general ly have a 

glass or stainless steel outer envelope (S-Na polysul-  
fide reservoir) and a glass sodium reservoir. Sodium 
filling is effected by electrolysis of mol ten  NaNO8 
through a membrane.  In  consequence, the major  source 
of impurit ies is corrosion of the reservoirs by the cell 
reactants. 

We have in  general  detected two types of impur i ty :  
(i) t ransi t ion metals (Fe, Ni, Co, Cr) which result  
from attack of steels or alloys used, and (ii) alkali  
metals ( in part icular  potassium) released by etching of 
glass reservoirs by mol ten  sodium. 

Experimental 
In  the present  work, experiments  were conducted 

using sodium-sodium and polysulfide-polysulfide cells, 
similar to the sodium-sul fur  cells used normal ly  for 
life-testing. Their  construction is shown in Fig. 1. 

The solid electrolyte membranes  used were a pure 
t~-alumina of two-block composition containing no ad- 
ditives or stabilizers (3, 4), in the form of closed-end 
tubes 45 mm long and 8 mm external  diameter, and 
wall  thickness 0.6 ram. The reservoirs were constructed 
of Sovirel 1 S 74701 glass. 

Cells were either electrically cycled between Na2S~ 
and Na2S~ or left on open circuit. In  general, for cycled 
cells, the current  density was 0.2 A /cm 2 at a tempera-  
ture of 330~ 

Aging of the cells was checked by (i) in terna l  re-  
sistance measurements  as a funct ion of time; (ii) 
chemical analysis of E-alumina before and after opera- 
tion, using spark source mass spectrometry for puri ty  
control and atomic absorption spectrometry for Na + 
and K + ion determinat ion;  and (iii) electrolyte resis- 
t ivity was measured using a s tandard four-probe a-c 
method at 1000 Hz. 

Results and Discussion 
Sodium-sodium and sodium-sul fur  exper iments . - -  

Figure 2 indicates the aging characteristics of sodium- 
sodium cells at various temperatures  as a function of 
time, in terms of in ternal  resistance changes. The life- 
time is closely temperature  dependent:  cells operating 
at 250 ~ and 200~ invar iably  function beyond 14,000 hr, 
whereas only 300 hr is observed at 330~ A steep rise 
in resistance is noted before failure. 

Comparable results are observed with Na-S cells, at 
longer lifetimes (see Fig. 3). 

1 Sovirel,  92-Leval lois-Perret ,  France. 
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Fig. 3. Comparison of the evolution of the resistance of Na-Na 
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Fig. I .  Schematic of an experimental cell 
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Fig. 2. Time dependence of the resistance of Na-Na cells 
operating at verious temperatures. 

The resul ts  of chemical  analysis  a re  indica ted  in 
Table  I for  Na-Na  and Na-S  cells before and af ter  
operat ion.  The most impor t an t  resul t  is a considerable  
contaminat ion  by  potassium, wi th  the  presence of 
smal ler  quant i t ies  of silicon. 

The potass ium is accounted for by  a t t ack  of the  
glass reservoirs  of the cells by  mol ten  sodium; p re -  
sumably  by  ion exchange.  The potass ium enters  the  /~- 
a lumina  la t t ice  and is immobi l ized  at  Na - f r e e  sites. 

Table I 

E l e m e n t s ,  w t  p p m  M g  S i  K Ca Cr  F e  N i  G a  

Initial 1.5 20 I2  1 1.5 7 $ 3 
A f t e r  Na-Na* 1 390 8.10 ~ 2 3 6 0.5 Y 
A f t e r  Na-S** 8 190 2.10 s 1 2 9 1 4 

* 7500 h r  a t  250~ 
** 5600 hr  at 300~ 

Both the ra te  of dissolut ion of potassium, and its ra te  
of en t ry  into the ~-a lumina  lattice,  a re  s t rongly  t em-  
pera tu re  dependent .  In t roduct ion  of potass ium into the  
lat t ice would  be expected to be mani fes ted  by  changes 
in its physical  propert ies ,  due to the  l a rge r  ionic radius  
(1.33A for K +, 0.95A for Na+) .  In  par t icu lar ,  site 
blockage, changes in la t t ice parameters ,  and  changes in 
Na + mobi l i ty  (hence res is t iv i ty)  would  be expected.  
The res is t iv i ty  of ~-a lumina  before  and af ter  e lec t ro-  
chemical  opera t ion  in Na-Na  cells is p lo t ted  in Fig, 4. 
A marked  increase is shown at each tempera ture ,  cor-  
responding to the changes noted in Fig. 2. In  our view, 
the  most p robable  exp lana t ion  of this  phenomenon  is 
the  incorpora t ion  of K + ion into the  lattice.  We have 
es tabl ished that, for example ,  incorpora t ion  of 0.5 
weight  per  cent (w/o)  K + ion into the  E-alumina 
la t t ice  increases res is t iv i ty  f rom 15 to 39 ohm-cm at 
330~ This de ter iora t ion  mechanism also receives con- 
f i rmation f rom measurements  of E-a lumina la t t ice  
pa ramete r s  af ter  K + ion contaminat ion.  We have de-  

t e rmined  tha t  the  c p a r a m e t e r  increases  subs tan t ia l ly  
when the E-alumina la t t ice  is contamina ted  wi th  po-  
tassium, the corresponding figures being 22.76A (potas-  

-- I I I I i I 
- 380 340 3 0 0  
- p Q.cm 

20  

m 
m 
m 

- �9 initial resist iv i ty  

�9 res i t iv i ty  a f ter  N a _ N a  opera t ion  

tl.5 11.6 1.7 
I I 
lOOO/T 

Fig. 4. Resistivity of a E-alumina electrolyte before and after 
operation in a Na-Na cell at 330~ 
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Fig. 5. Analysis of ~'-alumina tubes after Na-Na and Na-$ opera- 
tion. 

s lum-contaminated)  and 22.16A (pure E-alumina) .  

The a parameter  of the lattice is, however, not af- 
fected. This ion exchange property of E-alumina has 
been studied by Yao and Kummer  (6). 

An interest ing phenomenon is shown in Fig. 5; it 
appears that potassium contaminat ion of the electro- 
lyte (as indicated by resistance changes) is not wholly 
dependent  on the total charge passed through the ;~- 
alumina. The lifetime before catastrophic breakdown 
of the electrolyte membrane  at 330~ is of the same 
order for electrochemically cycled and uncycled cells. 
In the part icular  case reported, the magnitude of the 
resistance change is different for the cycled and un-  
cycled cells, but this shows considerable dispersion 
and is related to the total glass area wetted by the 
molten sodium. 

No interpreta t ion can be done today to explain how 
Si enters the crystal. 

Polysulfide-polysuZ#de ceIls.--It is evident that one 
possible method of avoiding contaminat ion of #-alu-  
mina  by K + ion would be to use potassium-free glasses 
as bat tery reservoirs. Practically, however, all-glass 
systems seem out of the question for nonsta t ionary ap- 
plications especially in  transportation,  hence metal 
reservoirs will be required. Corrosion will be a con- 
t inual  problem, especially at the polysulfide-metal 
interface. 

In  view of the above results concerning physical 
property changes in ~-a lumina after contaminat ion 
with K +, eventual ly  leading to failure, we decided to 
examine the effect of t ransi t ion metal ions. Five weight 
per cent (w/o) of Fe, Ni, Co, and Cr were dissolved 
in mol ten sodium polysulfide of commercial pur i ty  
( ~  99% Na2S~) which was then subsequent ly  used in 
Na polysulf ide-~-alumina-Na polysulfide cells. Even at 
this very high concentrat ion these metals  were com- 
pletely dissolved in polysulfide. The cells were electro- 
chemically cycled at 330~ at 0.150 A/cm 2 so that the 
polysulfide compositions varied continuously between 
Na2S3 and Na2Ss. After operation ~or 300 hr, the ~- 
a lumina tubes were analyzed. 

In  addition, tubes that had been simply immersed in 
molten Na2S4 containing the same quanti t ies of t ransi-  
tion metal  contaminants,  under  the same time and 
temperature  conditions, were also analyzed. Results 
are given in Table II. It is apparent  that no contamina-  
tion of the solid electrolyte has occurred, under  either 
cycled or uncycled conditions. It would be interest ing 
to explain why metal ions do not enter  the E-alumina 
lattice in these conditions. 

Conclus ions  
In  this paper, we have studied the influence of im-  

purities introduced in  the reactants on the behavior of 

Table II 

Elements, wt ppm Cr lee Ni Co 

Initial 1.5 7 2 0.5 
A f t e r  cycling* 3 13 2.5 0.4 
Without c y c l i n g * *  0 . 4  3 0 .4  - -  

* B e t w e e n  N a ~ 5  a n d  Na~Ss. 
** I n  Na~S4. 

init ial ly pure E-alumina electrolytes of two-block com- 
position, under  the conditions of operation of sodium- 
sulfur cells. 

The addition of potassium has a marked  influence on 
the aging and ul t imate lifetime of the ~-alumina,  
whereas by contrast, t ransi t ion metal  ions are not in-  
corporated into the lattice and appear to have no in-  
fluence on aging. 

In  previous work we have shown the effect of ce- 
ramic thickness, as well  as of operating temperature  
and ul t imate purity, on lifetime (3). As we have 
pointed out above, operation at a somewhat lower 
temperature  reduces attack on glass hardware.  Simi- 
larly, tubes of slightly greater thickness show the ef- 
fect of K + contaminat ion to a lesser degree as they 
contain a greater amount  of material.  

These results have enabled us to construct Na-S 
cells, using 1 mm thick electrolyte, which have given 
in excess of 4,000 cycles or 16,000 hr  of continuous 
operation at 285~ in all-glass hardware (0.067 A/cm 2 
charge, 0.2 A / c m  2 discharge). These cells are still 
operating. 

In addition, we have also shown that, at higher 
operating temperatures,  stable resistances and long 
lifetimes may be obtained by using ceramic or metal  
hardware (Fig. 6 for Na-Na cells). 

An important  conclusion of this work is that  pure 
/3-alumina does allow the t ransfer  of large amounts  of 
total charge (i.e., of sodium ion) before failure. The 
present figures are in excess of 1700 A - h r / c m  2. As far 
as our work is concerned, lifetime and aging seem only 
to be related to incorporation of impurities,  especially 
K +. The work is at present being extended toward the 
influence of the initial puri ty  of E-alumina on lifetime. 

We are confident that  with our present  E-alumina, 
cells of very long lifetimes will  be obtainable (i) by 
the use of corrosion-resistant  reservoirs, and (ii) by 
the use of efficient ceramic or glass- to-metal  seals (of 
min imum area and low potassium content) between 
~-a lumina and the anodic reservoir, and between the 
anodic and cathodic compartments.  

We think that such addit ive-free ceramics can be 
economically interesting, especially for use in  offpeak 
power storage batteries and even for the electric car if 
their wall thickness is 1 mm or less. 

R 

CERAMIC AND METAL RESERVOIRS 

L 2(pO 14~ 16~)0 8]00 hours 

Fig. 6. Aging of Na-Na ceils at 330~ 
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In general ,  E-alumina composit ions containing s ta-  
bi l izing addi t ives  a re  used tha t  a re  opt imized  for  con-  
duct iv i ty  r a the r  than  l i fet ime.  In  addition, commercia l  
or r eagen t -g rade  sodium, containing metal l ic  impur i -  
ties, are employed  in Na -S  cells. Repor ted  l i fe t imes are 
genera l ly  much shor ter  than  those indica ted  here. 

In  v iew of our previous  work  (3) on the effect of 
magnes ia  addi t ives  on l ifet ime, we feel that  the B- 
a luminas  used in Ref. (4) and  (5) have in t r ins ica l ly  
weakened  surfaces and show a tendency  to easy Gr i f -  
fith c rack  propagat ion,  due to the microscopical ly  un-  
even d is t r ibut ion  of addit ive,  and consequent local 
s tressing of the  mater ia l .  This occurs in pure  B-alu- 
mina  to a significant degree only af ter  sufficient K + 
ion has been incorporated.  The surface condit ion of our 
e lec t rophore t ica l ly  formed mate r i a l  may  also be di f -  
ferent .  

The K + ion, incorpora ted  main ly  (due to diffusion 
l imita t ions)  at the surface of the  B-alumina, stresses, 

the ma te r i a l  local ly  by  changing its c parameter .  In-  
corporat ion main ly  at  the B-alumina surface is indi-  
cated by  the s imi la r i ty  of l i fe t ime under  cycled and 
uncycled  conditions as shown in Fig. 5. When  crack 
p ropaga t ion  fol lowing the mechanism out l ined in Ref. 
(4) and (5) progresses,  resis tance suddenly  falls  just  
before  fai lure,  as indica ted  in Fig. 2. I t  would  therefore  
appear  that  long l i fe t imes can be expected,  if  ~-a lu-  
mina  containing only sodium ions are used in sod ium-  
sul fur  cells. 

The above resul ts  were  obta ined  using hexagonal  
two-b lock  E-a lumina  f ree  of addit ives.  Recent  resul ts  
obta ined  at  Fo rd  (7) indicate  tha t  long l i fe t ime can 
be obta ined wi th  th ree -b lock  ~"-a lumina  type  ceramic 
containing Li20, as addit ive,  but  free of MgO. S imi la r  
l i fe t ime seems also obta ined at the  Elec t r ic i ty  Council 
wi th  ceramics containing 8- and ~"-alumina.  I t  could 
be in teres t ing to compare  the behavior  of such elec-  

t rolytes,  in respect  to thei r  composition, wi th  the  in-  
t roduct ion of impur i t ies  in the i r  lat t ice.  
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Brief Cemmun ca, ens 

The Total Reduction of Carbon Tetrachloride 
at the Glassy Carbon Electrode 

Frank L. Lambert, Bruce L. Hasslinger, and Robert N. Franz, I I I  

Department of Chemistry, Occidental College, Los Angeles, CaliJornia 90041 

In  the i r  classic po la rographic  s tudy Kolthoff  and co- 
workers  (1) a qua r t e r  century  ago showed that  carbon 
te t rachlor ide  gave two waves  when it was reduced at 
the  dropping  mercu ry  electrode (DME) in methano l -  
wa te r  solut ion wi th  t e t r a m e t h y l a m m o n i u m  bromide  as 
the  suppor t ing  electrolyte .  The first wave involved the 
reduct ion  of carbon te t rachlor ide  to chloroform be-  
cause the second wave was shown to be ident ical  to 
that  g iven by  pure  chloroform. Von S tacke lberg  and 
Stracke  publ i shed  s imi lar  results,  using d ioxane-wate r ,  
in a survey of the  vo l t ammet ry  of organic compounds 
at the  DME (2).1 

Key words:  polarography, chloroform, m e th y l e n e  chloride, m e t h y l  
chloride. 

1 I n  b u t a n o l - w a t e r ,  w h e n  m e t h y l e n e  ch lo r ide  a n d  m e t h y l  ch lo r ide  
w e r e  m i x e d  w i t h  c a r b o n  t e t r a c h l o r i d e  a nd  c h l o r o f o r m  (during an 
e x p e r i m e n t  to  p r o v e  t he  u t i l i t y  of q u a n t i t a t i v e l y  d e t e r m i n i n g  CC14 
and CHCl~ in  such a f o u r - c o m p o n e n t  m i x t u r e ) ,  yon  S t a c ke lb~ rg  a n d  
Stracke (2) detected three w a v e s ,  w i t h  t he  t h i r d  w a v e  corresponding 
to the combined meth y l e n e  and m e t h y l  chlorides, 

As reported some I0 years later, Wawzonek and 
Duty (3) in their thorough investigation of the mech- 
anism of the carbon tetrachloride reduction used N,N- 
dimethylformamide (DMF) as a solvent and were able 
to demonstrate three waves in the reduction at the 
DME: the third wave, not present in earlier work in 
methanol- or dioxane-water, was attributed to the re- 
duction of methylene chloride, presumably to methyl 
chloride. 

After  our discovery tha t  a lky l  monochlorides,  a class 
genera l ly  found to be i r reducible  at  the dropping  mer -  
cury  electrode (with the except ion of methyl  or ac-  
t iva ted  a lky l  chlor ides  such as a l ly l ) ,  could all be 
readi ly  reduced at the glassy carbon elect rode (GCE) 
in DMF (4) we were led to look at the behavior of 
carbon tetrachloride at the GCE. We are reporting our 
results now because of the possible practical and theo- 
retical implications of the behavior of many polyhalo 
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Fig. 1. Voltammogram of CC14 in DMF at the GCE ~ 

c o m p o u n d s  a t  t h e  G C E  a n d  b e c a u s e  w e  do n o t  i n t e n d  
to p r o c e e d  f u r t h e r  w i t h  w o r k  i n v o l v i n g  s u c h  p o l y h a l o  
s u b s t a n c e s .  

I n  D M F  w i t h  t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  as  
t h e  s u p p o r t i n g  e l e c t r o l y t e ,  2 c a r b o n  t e t r a c h l o r i d e  a t  t h e  
G C E  y i e l d s  t h e  r a t h e r  r e m a r k a b l e  v o l t a m m e t r i c  c u r v e  
s h o w n  in  Fig .  1, w h e r e  f o u r  w a v e s  d e l i n e a t e  t h e  t o t a l  
r e d u c t i o n  of  c a r b o n  t e t r a c h l o r i d e  to  m e t h a n e :  f irst ,  A, 
t h e  r e d u c t i o n  of  CCL~ i t se l f ;  t h e n ,  B, of  c h l o r o f o r m ;  
C, of  m e t h y l e n e  c h l o r i d e ;  a n d  f ina l ly ,  D, of  m e t h y l  
c h l o r i d e .  3 T h e  h a l f - p e a k  p o t e n t i a l s ,  Ep/2 c o r r e s p o n d  to  
t h o s e  of  t h e  i n d i v i d u a l  p u r e  s u b s t a n c e s  in  i n d e p e n d e n t  
e x p e r i m e n t s  a t  t h e  GCE,  a s  s h o w n  in  T a b l e  I, a n d  a r e  
" r a t i o n a l "  in  t h e  s e n s e  t h a t  t h e  d i f f e r e n c e s  b e t w e e n  
t h e  s u c c e e d i n g  h a l f - p e a k  p o t e n t i a l s  i n  t h e  s e r i e s  a r e  
of  c o m p a r a b l e  m a g n i t u d e ,  ca. 0.44 _ 0.14V w i t h  t h e  
Ep/2 of  CC14 a t  - -1 .33V vs .  t h e  s a t u r a t e d  c a l o m e l  e l e c -  
t rode .  A t  t h e  DME,  t h e  h a l f - w a v e  p o t e n t i a l s  of  c h l o r o -  
f o r m  a n d  m e t h y l e n e  c h l o r i d e  i n c r e a s e  b y  --0 .12 a n d  
- -0 .08V,  r e s p e c t i v e l y ,  w h e n  w a t e r  is a d d e d  to  t h e  
D M F  (3) .  T h i s  is n o t  t h e  ca se  a t  t h e  g l a s s y  c a r b o n  
e l e c t r o d e ;  t h e  h a l f - p e a k  v a l u e s  do  n o t  c h a n g e  b y  m o r e  
t h a n  0.02V i n  10% a q u e o u s  D M F .  4 

= All experimental conditions as described in Table I, except that 
in Fig. 1 and 2 the voltage was applied at the rate of 50 mV/scc 
over a chart span of 500 mV/in. (rather than 1/5 those values) for 
more compact visual presentation. 

The source of hydrogen in the reduction of an alkyl halide when 
tetraethylammonium salts are used as supporting electrolytes has 
been thought to be the ~-H of an ethyl group in the (CH~CH_o)4N+ 
[see, for example, the works of Fry and Reed (5)]. However, the 
work of Jensen and Parker (6) indicates that Et4N+ is a less effec- 
tive protonation agent for aromatic anions than are traces of water. 

4 The DMF was dry as that used by Wawzonck and Duty (3), but 
not dried as was that of Jensen and Parker (6). 

Table I. Half-peak potentials, Ep/2, a at the glassy carbon 
electrode (GCE) 

Compound 1st wave 2nd wave 3rd wave 4th w a v e  

In N,N-dimethylformamide (DMF) 
CCl~ -- 1.33 -- 1.91 - 2.43 

CHCI8 -- 1.90 -- 2.42 --2.78 

CH2CI~ -- 2.44 -- 2.78 

CHsC1 --2,76 

In acetonitrile 
CCl4 -- 1.40 -- 1.93 -- 2.41 

CHCIs -- 1.91 -- 2.43 

CI-I~CI~ --2.44 

- 2 . 7 7  

a In volts us. the saturated calomel electrode. Halide concentra- 
tions of 1-3 • 10-3M in purified anhydrous N,N-dimethylformamide 
(9) with O.01M tetraethylammonium perchlorate as supporting e lec -  
trolyte.  Curves recorded on a Beckman Electroscan 30 with satu- 
rated calomel electrode (SCE) as reference, platinum wire as auxili- 
ary, and glassy carbon disk of 7.9 mm ~ area (Tokai Electrode Manu- 
facturing Company, Tokyo, Japan) as working electrode at 25~ 
Light polishing of the working electrode surface with Linde 0.05/L 
alumina, wet with DMF, between runs was essential for reproduci- 
bility of (typically) 3 mV standard deviation. Rate of scan was  10 
mV/sec and normal voltage span of an experiment was lV. 

W a w z o n e k  a n d  D u t y  a l so  d i s c o v e r e d  t h a t  m e t h y l e n e  
c h l o r i d e  c o u l d  n o t  be  r e d u c e d  i n  a c e t o n i t r i l e  a t  t h e  
D M E .  H e r e ,  too,  t h e  g l a s s y  c a r b o n  e l e c t r o d e  is u s e -  
f u l l y  d i f f e r e n t  f r o m  t h e  D M E :  c a r b o n  t e t r a c h l o r i d e  
g i v e s  t h r e e  w a v e s  in  a c e t o n i t r i l e  a t  t h e  G C E  a n d  t h e  
t h i r d  w a v e  is t h a t  of  m e t h y l e n e  c h l o r i d e  as  s h o w n  b y  
i t s  c o i n c i d e n c e  w i t h  t h e  w a v e  f o r  p u r e  m e t h y l e n e  
c h l o r i d e  in  s e p a r a t e  e x p e r i m e n t s  (F ig .  2 a n d  T a b l e  I ) .  

I0 vA 
C~l 

B 

A 

- I. 0 -I.5 -2.0 -2.5 

E / V  vs SCE at 2 5 ~  
Fig. 2. Voltammogram of CCI~ in acetonitrile at the GCE 2 
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In v iew of the o f t en - repea ted  (and genera l ly  t rue)  
s ta tement  about  the easier  reduct ion  of polyhal ides  
than  monohal ides  (7), the  or iginal  repor t  of von S tack-  
e lberg  and S t racke  (2) tha t  me thy lene  chloride, 
CH2CI2, at  the  DME in d ioxane -wa te r  is reduced  at  
--2.33V whereas  me thy l  chloride, CHsC1, wi th  its sin- 
gle chlor ine  is easier  to reduce,  at  --2.23V, is some-  
wha t  surpris ing.  We have found tha t  this unusual  
o rder  of reduct ion  is also t rue  in anhydrous  DMF at 
the  DME. ,5 Consider ing the order  of the  ha l f -wave  po-  
tent ia ls  of CH3C1 and CH2C12 at the  DME, and the 
c lear ly  discrete  reduct ion  of me thy lene  chlor ide  pr io r  
to methyl  chloride that  we have discovered at the  
carbon electrode,  i t  seems highly  possible that  me rc u ry  
is chemical ly  involved  before  or dur ing the po ten t ia l -  
de te rmin ing  step at the DME in the e lec t roreduct ion  of 
me thy l  and methy lene  chlorides. This suggestion is in 
accord with  a number  of repor ts  of chemical  in terac-  
t ion of m e r c u r y  wi th  organic bromides  (8).  
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Semiconductor Electrodes 
I. The Chemical Vapor Deposition and Application of Polycrystalline 

N-Type Titanium Dioxide Electrodes to the Photosensitized Electrolysis 
of Water 

Kenneth L. Hardee* and Allen J. Bard** 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

A number  of invest igat ions on photoeffects on semi-  
conductor  electrodes have been repor ted  (1, 2). Most 
studies have been concerned wi th  single c rys ta l  semi-  
conductor  ma t e r i a l s ,  a l though some polycrys ta l l ine  
semiconductors,  e.g., SnO2 (3-6),  have also been used. 
Recent ly  the photosensi t ized e lec t ro ly t ic  oxida t ion  of 
wate r  on n - t y p e  TiO2 single crys ta l  e lectrodes has 
been descr ibed (7-9). In the absence of i l lumina t ion  
the hole concentra t ion in the valence band of n - t ype  
TiO2 is ve ry  small, so that  no apprec iable  anodic cu r -  
rent  flows for the oxidat ion of water,  even at ve ry  
posi t ive potent ia ls  (9). When  the electrode is i r r ad i -  
a ted wi th  l ight  wi th  energy grea ter  than  the bandgap  
energy (ca. 3.2 eV), holes are formed in the valence 
band (VB) by  exci ta t ion of e lectrons to the conduc-  
t ion band (CB). Under  anodic polar iza t ion  the bands 
in the semiconductor  are bent  in such a direct ion tha t  
the CB electrons migrate in the external circuit to the 
counterelectrode while the VB holes move to the sur- 
face where they combine with water' molecules pro- 
ducing oxygen 

H.~O + p+ (VB) -> ~ 02 ~ H + [1] 

* E l ec t rochemica l  Soc ie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  s e m i c o n d u c t o r  e lec t rodes ,  o x y g e n  e v o l u t i o n ,  photo-  

e lectrochemistry.  

Unlike  many  o ther  semiconductor  mate r ia l s  (e.g., ZnO, 
GaAs) ,  TiO2 is s table  wi th  respect  to dissolut ion under  
these conditions. These photoass is ted  e lectrolyt ic  p roc -  
esses are  obviously  of in teres t  wi th  respect  to the con- 
version of l ight  to chemical  and e lect r ica l  energy.  For  
pract ical  applications,  however,  low cost po lyc rys ta l -  
l ine electrode mater ia l s  wil l  p robab ly  be requ i red  for  
large area  electrodes.  Moreover,  var ia t ion  of the com-  
posi t ion of the semiconductor  (e.g., to change the 
bandgap  or the donor or acceptor  levels or to a l te r  the  
surface states) leading to changes in spect ra l  sens i t iv-  
i ty  or e lectrochemical  behavior,  can be accomplished 
more easi ly dur ing the p repa ra t ion  of such po lyc rys -  
tal] ine mater ials .  Mollers, Tolle, and  Memming (10) 
have recent ly  repor ted  measurements  of photocata ly t ic  
deposi t ion on po lycrys ta l l ine  TiO2 in 1M H2SO4 solu- 
tions. We repor t  here  detai ls  of the  p repa ra t ion  of n -  
type  TiO2 electrodes by  chemical  vapor  deposi t ion 
(CVD) onto t i t an ium meta l  subst ra tes  and a compar i -  
son of the photoassis ted anodic oxida t ion  of wa te r  on 
CVD and single crys ta l  n - t y p e  TiO2. 

The CVD technique employed  was based on the 
method of Fitzgibbons,  Sladek,  and Har twig  (11), who 
studied dielectr ic  thin films of TiO2 for so l id-s ta te  
devices and in tegra ted  circuit  applicat ions.  This tech-  
nique involves the  react ion of a t i t an ium a lkoxide  and 
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water to produce TiO2 and an alcohol. By util izing 
vapors generated in a flask and delivered to the reac- 
tion site by a carrier gas, the reaction can be con- 
trolled in both rate and location. An alkoxide that pro- 
duces a low boiling alcohol permits a low temperature  
of deposition; the only requi rement  is that  the tem-  
perature is sufficient to boil off the resul t ing alcohol 
so that it will  not be incorporated into the film. The 
reaction can be directed toward any suitable substrate 
simply by positioning the delivery tubes. 

Experimental 
The n- type  TiO2 on a Ti substrate was produced in 

the following manner  (Fig. 1). Tetra- isopropyl  ortho- 
t i tanate from Eastman Organic Chemicals was heated 
in a flask in a water  bath mainta ined at 80~176 Dry 
ni t rogen (passed through CaC1.2 and molecular  sieves) 
was used as a carrier gas; it was passed over the 
t i tanate and then through a delivery tube to the sub- 
strate. The tip of the del ivery tube was located about 
2.5 cm above the Ti substrate. Pure  Ti was used as the 
substrate and was heated to about 150~ on a hot plate. 
The water vapor source also used ni t rogen as the car- 
rier gas. The water  vapor was carried to the substrate 
through a tube parallel  to the t i tanate delivery tube. 
Similar results could be obtained employing only 
water  vapor from the air; however, an auxil iary water  
vapor source allowed shielding of the substrate from 
air currents  which disrupt uni form film growth. To 
allow the development of a full space charge region 
in the semiconductor electrode, which can be as large 
as 10,000A, depending upon carrier density, fairly thick 
TiO2 films are required. Fitzgibbons et al. (11) re-  
ported that  attempts to use continuous CVD to pro- 
duce films thicker than 4000-5000A resulted in  crack- 
ing of the films, but  that  heating the films between 
deposition allowed thicker films to be produced. The 
following CVD procedure was thus adopted. 

The Ti substrate was cut into 1 • 1 cm squares, 
polished using very fine emery paper, and finally buf-  
fed to a mirror  finish with a polishing wheel and 
rouge. This step was necessary to achieve good ad- 
herence of the TiO2 and to promote growth of thicker 
layers. Unbuffed Ti (although polished with emery 
paper or etched in HF) gave films that  were dull  and 
nonuni form in appearance and which yielded much 
lower photocurrents.  It was also difficult to achieve 
thicker films on unpolished mater ial  since flaking or 
formation of white powdered TiO2 occurred when re- 
peated depositions were attempted. A convenient  film 
growth rate was established by adjust ing the flow rates 
of the ni t rogen over the t i t an ium isopropoxide and 
water while watching the growth of interference rings 
on glass with white light. The polished Ti substrate 
was then placed under  the nozzles and growth allowed 
for a given time period (typically about 2 min  for the 
formation of two complete sets of interference r ings).  
The substrate was then  held in a bunsen  burne r  flame 
for 3-4 min  during which time the Ti tu rned  red hot, 
the interference rings disappeared, and the surface 
took on a uniform, shiny, b lue-gray  appearance. After  
the flame treatment ,  the substrate was cooled in air 
briefly, then  re tu rned  to the deposition apparatus for 

TJ~0C3HT~ ~ - -  

W ~  
B , t h - - - - +  

H e , I  

further  CVD. Electrodes with between two and nine 
2-min coatings were produced. The TiO2 film thick- 
nesses for these electrodes ranged from about 1.4 to 
7~, respectively. 

The electrodes obtained by the above procedure 
showed a high resistance. They were placed in 10 -5 
Torr  vacuum at 600~ for 11/2 hr. This t rea tment  
causes oxygen vacancies in the TiO2 structure and 
produces n- type  mater ial  with a much lower resist- 
ance. A copper wire was attached to the cleaned back 
of the Ti piece with silver epoxy cement (Epoxy 
Products Company),  and the piece was mounted in a 
glass tube with silicone rubber  cement (Dow Corning 
Corporation) so that only the surface covered by the 
T i Q  was exposed to the solution. 

The single crystal n - type  TiO2 was produced by 
National Lead Company and was given a similar vac- 
uum- t rea tment .  Ohmic contact was made with indium 
by ultrasonic welding, and it was mounted  in glass 
using silicone rubber  cement. 

Some experiments  were also at tempted with TiO2 
produced anodically by oxidation of Ti substrates in  
15% H2804, 2% Na3PO4, 5% Na2HPO4, saturated 
H~BO3, or 50:50 ethylene glycol saturated oxalic acid 
solutions (12)~ A 1 X 1 cm Ti piece was anodized for 
several hours in the electrolyte with greater than 10V 
applied. A metallic blue coating appeared immediately,  
but  it changed little with time. These deposits are 
probably very thin, since production of the insulat ing 
TiO2 film slows down or stops the anodization process. 

All electrochemical measurements  were performed 
with a mult ipurpose ins t rument  constructed from 
solid-state operational amplifiers previously described 
(13-15). Current -potent ia l  curves were recorded with 
a Moseley Model 7005A X-Y Recorder. The electrode 
was i l luminated through a quartz window in the cell 
wall. The counterelectrode was Pt  and the reference 
electrode was a saturated calomel electrode (SCE). 

I l luminat ion  was accomplished with a 200W mer-  
cury lamp (PEK-I l lumina t ion  Industr ies) .  Either the 
full polychromatic output  of the lamp was used, or the 
light was passed through a circular graded filter. 

Results and Discussion 
Current -potent ia l  curves for both single crystal and 

CVD TiO., (n- type)  in  the dark and under  i l luminat ion 
in a 0.5M potassium chloride solution buffered at pH 6 
are shown in Fig. 2 Curves at other pH's, from 1N 
NaOH to 1N H2SO~ are very similar to these on both 
the single crystal and CVD material,  but are shifted in 
the negative direction 58 mV per uni t  increase in pH. 
The anodic region in the dark is characterized by a 
very low current  unt i l  a certain breakdown potential  
when a marked current  rise occurs. For the CVD TiO2 
this current  rise occurs at potentials of about 2V vs. 
SCE and probably represents tunne l ing  or film break-  

0 

~ 2 

~ '~ ~ 

E { v v s s C E }  

Fig. 2. Current density vs.  potential for (a) single crystal Ti02, 
Fig. I. Diagram of deposition apparatus and (b) CVD Ti02 in 0.SM KCI solution buffered to pH 6. 
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down; this region was not investigated further.  A sim- 
i lar  current  rise, at somewhat less positive potentials, 
was noted by MSllers et al. (10). This effect appears 
similar to that observed when Ti is anodized, where 
the TiO2 formation and passivation region is followed 
by breakdown. The single crystal TiO2 shows no such 
current  rise unt i l  potentials beyond 10V. On the re-  
verse scan, or a cathodic scan from the open-circui t  
potential, in  the dark, the potential  rise occurs when 
hydrogen evolution commences, as evidenced by the 
appearance of gas bubbles on the electrode. 

When the electrodes are i l luminated with either 
polychromatic l ight or wavelengths corresponding to 
energies greater than  the bandgap (e.g., 370 rim), 
anodic current  and bubble  format ion on the electrodes 
is observed. The saturat ion oxidation current  density 
under  i l luminat ion  is a function of l ight intensi ty and 
is somewhat smaller  for the CVD TiO2 than  for the 
single crystal material.  The higher C.D. observed with 
the single crystal mater ial  probably reflects the dif- 
ferences in structure between the CVD TiO2, which is 
a mixture  of polycrystal l ine anatase and ruti le (11), 
and the rut i le  single crystal. Thus, there may be better  
efficiency in light absorption, and hence generat ion of 
holes, as well as fewer hole-electron recombinations 
in the single crystal material.  On the reverse scan into 
the negative potential  region following oxidation under  
i l luminat ion  a cathodic current  larger than  that  ob- 
served in  the dark is observed. This is a t t r ibuted to 
the reduct ion of oxygen formed dur ing  the anodic 
scan, and is absent in  scans into the cathodic region 
alone in the presence of light in deaerated solutions. 
In solutions containing dissolved air, a small  cathodic 
wave is observed in this region on an init ial  cathodic 
scan. The wave observed on reversal  from a photo- 
sensitized oxidation is about 4 times larger, suggesting 
that  some of the oxygen produced anodically is ad- 
sorbed at the TiO2 surface or that  a saturated solution 
of oxygen is formed near  the electrode surface. 

The shift in the location of the photosensitized oxi- 
dation wave with pH is the same for both single crys- 
tal and CVD TiO2. A plot of EL, the potential  where 
the photocurrent  commences vs. pH  (Fig. 3), shows 
that  both electrode materials fit the same l inear  cor- 
relation, with ~ E L / ~ p H  -- 58 m V / p H  unit .  The spectral 
sensitivities of both materials, shown by photocurrent  
vs. wavelength plots (Fig. 4), are also vi r tual ly  ident i -  
cal. 

The CVD TiO2 is very stable at open circuit, to solu- 
tions ranging in pH from 0 to 14 (1N HeSO4 to 1N 
NaOH), as is the single crystal material ;  no noticeable 
decreases in saturat ion current  densities occurred with 
prolonged immersion. The CVD TiO2 is also mechani-  
cally stable, and withstands gentle polishing with very 
fine emery paper, al though scraping the surface will 
destroy the film. Prolonged exposure of the CVD TiO2 
to positive potentials, with and without light, showed 
no noticeable changes in  the appearance of the coating 
or max imum current  density. Prolonged cathodic 
evolution of hydrogen occasionally produced small  
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Fig. 3. EL vs. pH for single crystal and CVD Ti02 
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Fig. 4. Photocurrent vs. wavelength at potential of -]-0.775V 
(vs. SCE) for (a) single crystal Ti02, and (b) CVD Ti02. Curves are 
uncorrected for mercury lamp emission and transmittance varia- 
tions of circular graded fiher. 

blisters or flakes on scattered portions of the surface. 
This may indicate poor adhesion of the TiO2 film to 
the Ti substrate in these areas, perhaps because of 
some contaminant  on the substrate prior to deposition. 

A brief study of the photosensitized oxidation of 
water on a TiO2 film produced by anodization of Ti 
was under taken  to compare its behavior to that  of the 
CVD material.  Small photocurrents  were observed on 
the anodized Ti, but  the current  densities were about 
30-40 times lower than that of CVD TiO~. The shift in 
potential of the anodized Ti at open circuit upon ex- 
posure to light (ca. --0.10V in 1M KC1) was also 
smaller  than that  observed for CVD or single crystal 
TiO2 (ca. --0.50V in 1M KC1). This behavior suggests 
that the T i Q  film formed on anodization of Ti is of 
insufficient thickness to support a full space charge, 
and it may also differ s t ructural ly  from that  of CVD 
TiO2. 

The CVD deposition technique can also be used to 
deposit TiO2 upon glass [see also Ref. (10)], suggest- 
ing possible applications as a t ransparen t  electrode 
material,  par t icular ly  in the region of negative poten-  
tials where SnO2 electrodes sometimes are not useful. 
Moreover, the good stabili ty of these CVD TiO2 elec- 
trodes may make them useful in other electrolytic 
processes, for example, for photoassisted oxidations or 
reductions of organic materials in nonaqueous solvents. 
These applications are cur rent ly  under  investigation. 
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D I S C U S S I O N  

- S s  

This  Discuss ion  Sec t ion  inc ludes  discussion of papers  appearing  in  
the Journal of The Electrochemical Society,  Vol. 121, No. 8 and  12; 
A u g u s t  a n d  D e c e m b e r  1974. 

The Electroreduction of Oxygen and Hydrogen 
Peroxide on Sodium-Tungsten Bronzes 
J.-P. Randin (pp. 1029-1033, Vol. 121, No. 8) 

J. McHardy: 1 The paper under  discussion largely 
bears out the findings of earlier workers 2 but  two ob- 
servations do call for comment. The first is that the 
presence of p la t inum in a bronze crystal did not in-  
crease its electrocatalytic activity for oxygen reduction 
and the second is that the log i vs. E curve for hydro-  
gen peroxide reduction passed through a maximum. 

In  the 8 years since Sepa et al. 3 first reported sodium 
tungsten bronze to be an electrocatalyst for oxygen re- 
duction, many  publications have appeared on this and 
related subjects. 2 Several workers 4-7 were able to 
reproduce Sepa's results, but  only by incorporating 
p la t inum in the bronze crystals. Other papers also re- 
ported beneficial effects of p la t inum upon electrocatal- 
ysis although Randin  cites two of them s,9 as evidence 
that p la t inum had no effect. Detection of the electro- 
catalysis is not a simple mat ter  because the l imit ing 
current  density for oxygen reduct ion is quite low (10- 
100 times lower than the diffusion controlled current  
observed at large overpotentials) and can easily be 
masked, e.g., by corrosion currents. 

Comparison of Randin 's  data with these of workers 
who did reproduce Sepa's results reveals differences 
both in condition and technique. Most significantly, 
Randin used more concentrated acid ( tending to ag- 

z P r a t t  & W h i t n e y  Ai rc ra f t ,  Ma te r i a l s  E n g i n e e r i n g  and  Resea rch  
Labo ra to ry ,  M i d d l e t o w n ,  Connec t i c u t  06457. 

For  a r e v i e w  of the  r e l e v a n t  l i t e r a t u r e  t h r o u g h  1973 see J .  Mc- 
H a r d y  and  P. S toneha r t ,  in "M.T.P.  I n t e r n a t i o n a l  R e v i e w  of Sci-  
ence, P h y s i c a l  C h e m i s t r y , "  Ser ies  2, B u t t e r w o r t h s ,  L o n d o n  (In 
Press) .  

3 D. B. Sepa,  A. D a m j a n o v i c ,  and  J.  O'M. Bockr is ,  Elcctrochim. 
Acta, 12, 746 11967). 

4 A. J. A p p l e b y  and  N. Van  Drune n ,  To be p u b l i s h e d .  
6 L. W. N i e d r a c h  and  G. J.  H a w o r t h ,  in  " H y d r o c a r b o n - A i r  Fue l  

Cel l s , "  R e p o r t  No. 12, J u l y - D e c e m b e r  1967. Con t r ac t  D A A K  02-S7-C- 
0080. U.S. A r r a y  Mob i l i t y  E q u i p m e n t  R&D Center ,  Ft .  BeIvoi r ,  Va. 

R. A. F r e d l e i n ,  P e r s o n a l  c o m m u n i c a t i o n .  
7 j .  O'M. Bockr i s  and  J. McHardy ,  This Journal, 120, 61 f1973). 
s j .  M. F i s h m a n ,  J.  F. Henry ,  and  S. Tessore,  Elcctrochim. Acta,  

14, 1314 (1969). 
0 B. Broyde ,  J. Catalysis, 19, 13 (1968). 

gravate corrosion problems) and l imited his measure-  
ments  to relatively high current  densities (--~10 -5 A /  
cm-2) .  In my own work, 7 p la t inum-induced  electro- 
catalytic activity was observed only after reducing 
corrosion currents to 10 -6 A/cm -2 or less and even 
then it was confined to current  densities below 10 -5 
A / c m -  2. 

Turn ing  to the second point, I would draw at ten-  
t ion to the work of Voinov and Tannenberger  TM who 
also examined the reduction of hydrogen peroxide on 
tungsten bronzes. Despite differences in the interst i t ial  
element (they used CexW03 and Yb~W03) kinetic 
data at the rotating electrode were quite similar. Un-  
like Randin, however, Voinov and Tannenberger  re- 
ported no maximum in the log i -E curve. The dis- 
agreement  casts some doubt on Randin 's  in terpre ta-  
tion of the max imum and raises the possibility that 
it may have been an exper imental  artifact. 

J.-P. Randin91 Among the various published inves-  
tigations in which oxygen reduction reaction on so- 
d ium-tungs ten  bronzes was studied, only McHardy's 
work 7 and the paper under  discussion include a de- 
tailed quant i ta t ive evaluation of the effect of p la t inum 
incorporated by using a p la t inum anode (or crucible) 
during the preparation of the bronzes by electrolysis 
of a polytungstate melt. Other workers also reported 
various effects of platinum incorporated by extended 
potential cycling in acid solutions containing Pt metal 
ions 8 or by electrodeposition from chloroplatinic acid. TM 
The latter methods gave relatively high surface con- 
centrations of Pt as compared to the low bulk con- 
centrations (in the ppm range) involved in the study 
under discussion. These studiesS,t2 are therefore not 
relevant to the specific criticisms of McHardy. 

It is evident from both McHardy's work 13 and from 
our own 14 that a significant corrosion current is ex- 

lo M. V o i n o v  and  H. T a n n e n b e r g e r ,  in  " F r o m  Elec t roca ta lys i s  to  
Fue l  Cel l s , "  G. Sands tede ,  Edi tor ,  p. 101, U n i v e r s i t y  of W a s h i n g t o n  
Press,  Seat t le ,  W a s h i n g t o n  (1972~. 

U P r e s e n t  addres s :  Ebauches  S.A.,  D ~ p a r l e m e n t  T e c h n i q u e ,  C H  
200l Neuch~te l ,  Swi t ze r l and .  

1~ j .  Heftier  and  H. BShm,  Metalloberfl~che-Angew. Electrochem.,  
27, 77 (1973). 

13 j .  McHardy  and  J.  O'M. Bockr is ,  This Journal,, 120, 53 (1973). 
1~ j . . p .  Rand in ,  A. K. Vi jh ,  and  A. B. C h u g h t a i ,  ibid., 120, 1174 

t 1973). 
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hibited by the bronze electrode. The background cur-  
rent  in  hel ium saturated solutions was determined in 
a previous publ icat ion 14 and found to be in  the range 
10-6-10 -5 A/cm -2. McHardy has presented no figure 
on this point and hence his claim that he could "re- 
duce" the corrosion current  down to 10-6 A / c m - ~  
is not supported by actual data. Steady-state  current -  
potential  curves for the oxygen reduction will be 
influenced by parasitic current  as long as the applied 
current  density is not significantly higher than the 
corrosion current.  It is our experience that  reproduc-  
ible results for the oxygen reduction reaction, i.e., 
cur rent -potent ia l  curves free of hysteresis between 
the ascending (potential  acquiring more negative val-  
ues) and descending curves, were obtained only by 
working at cur rent  densities higher than  about 10 -5 
A / c m  -2. In  our experiments  (see Fig. 1), the con- 
centrat ion of sulfuric acid from 1 down to 0.01N d~d 
not significantly influence the shape of the cur ren t -  
potential  curve nor the current  density at a given 
potential  (except in the hydrogen evolution region).  
It  is therefore unl ike ly  that  the acid concentrat ion 
might be the cause of the discrepancy between Mc- 
Hardy's results arid ours. 

Figure 1 also shows that the l imit ing current  den-  
sity is much higher than that reported by McHardy.," 
The range of potential  of the l imit ing current  in-  
creases as the pH and, consequently, the hydrogen 
overvoltage increases. This behavior  enables us to 
s tudy the dependence of the current  density on the 
rotat ion rate of the electrode in the l imit ing current  
region without  interference from the hydrogen evolu- 
tion reaction. At pH 2.7, the l inear  plot 1/i vs. ~-1/'~ (f 
= rotat ion rate of the electrode) given in Fig. 2 in -  
dicates that  the oxygen reduction reaction is first 
order with respect to dissolved oxygen and is purely  
diffusion controlled at E = --0.4V since the extrap-  
olation to f-1/2 = 0 yields a zero intercept. The dif- 
fusion l imit ing current  is obtained a,t i ---- 10 -2.v A /  
cm -2 as is also found at noble metal  electrodes, where-  
as Brockris and McHardy found a value of about 10 -5 
A/cm-2..7 Furthermore,  the data in Fig. 1 indicate 
roughly a zero-order reaction with respect to hydro-  
gen ion concentration, as compared to a reaction order 
of --1/2 found by Brockris and McHardy. ~ 

The data reported in Fig. 2 show that the rotation 
of the electrode raised the l imit ing current  as ex- 
pected for a diffusion-controlled current.  Bockris and 
McHardy 7 took their low l imit ing currents  as evidence 
that only a small  fraction of the surface actively cat- 
alyzed oxygen reduction. The lat ter  authors did not 
report on the effect of the rotat ion of the electrode 
on the l imit ing current  and therefore did not support  
their claim by actual data. 
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Fig. 1. Steady-state current-potentlal relationship on Noo.83WO:] 
(1 ppm Pt) in O.~-saturated 1N H2SO~ [pH --~ 0.3, ( •  0.1N 
H_~SO4 + 0.45M Na2SO4 [pH --~ 1.7, ( C ) ) ] ,  and 0.01N H2SO4 + 
0.495M Na2SO4 [pH ~-- 2.8, ( e ) ]  at 900 rpm. Measurements per- 
formed with potentials increasing in the cathodic direction. 
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Fig. 2. A plot of 1/i vs. f - v2  (f _-- rotation rote of the electrode) 
for the reduction of oxygen on Nao.65WOa in 02-saturated 0.01N 
H2S04 + 0.495M Na2SO~ (pH ---- 2.8) at E --~ - -0 .4V.  

Another  serious objection concerning the electro- 
catalytic effect ascribed to traces of p la t inum is the 
kinetics of hydrogen evolution and dissolution reac- 
tions at tungsten bronzes. If p la t inum can participate 
in a process of spillover of adsorbed intermediates  
to the bronze in the oxygen reduct ion reaction, the 
same enhancing effect would also be expected for the 
hydrogen evolution and dissolu,tion reactions. Such 
an effect has not been observed, however.15,16 

Concerning the second point of McHardy's discus- 
sion, i.e., the max imum in the steady-state current -  
potential  curve for hydrogen peroxide reduction, I 
would refer to a recent publication 17 in which the 
electrocatalytic activities of Na=WO3, ]'qixWO3, 
COxWO3, and WO3 were studied and compared to 
that of CexWQ and YbxWO3 examined by Voinov 
and Tannenberger .  10 The l inear part  of the current -  
potential  curve for hydrogen peroxide reduction, from 
about 0.5 to 0.2V, was not found to depend significantly 
on the nature  of the electrode mater ial  for Nao.ssWOs- 
Nao.s9WQ, C00.03WO3, Nio.o3WOs, and w a s ,  17 as well 
as for Ceo.lWOa and Ybo.lWO3. TM At potentials more 
cathodic than about 0.2V, however, the cur rent -po-  
tential curves differ from one mater ial  to the other J7 

The current-potent ia l  curves reported by Voinov 
and Tannenberger  10 were restricted to potentials less 
cathodic than 0V. In  the potential  range 0.5-0V, 
Na=WQ is the only electrode which exhibited an in-  
hibi t ion inflexion. The other electrodes studied by 
Voinov and Tannenberger  10 as well  as by us :7 ex- 
hibited a change in the slope of the current -potent ia l  
curve around 0.15V. A closer comparison of the in-  
hibi t ion region, i.e., the second part  of the curve be- 
tween 0.2 and 0V, for CoxWO3, Ni~WO3, Ce~WOs, and 
Yb~WO3, under  the same exper imental  conditions, in-  
dicates a very similar behavior for the four electrodes. 

The results obtained by Voinov and Tannenberger  10 
for the hydrogen peroxide reduction on Co=Was and 
YbxWO3 are, consequently, in good agreement  with 
our own results on NixWO3 and CoxWO3. The differ- 
ent behavior of NaxWO3 for hydrogen peroxide reduc- 
t ion in the inhibi t ion region, as compared to other 
tungsten bronzes, may be due to the different charge 
of the interst i t ial  cation and /or  crystallographic dif- 
ferences. 17 

~ D. B. Sepa ,  D. S. O v c i n ,  a n d  M. V. V o j n o v i c ,  ibid., 119,  1285 
11972). 

1c j . _p .  R a n d i n  a n d  A . - K .  V i jh ,  Electrochim. Acta, 29, 37 (1975). 
17 3".-P. R a n d i n ,  J. Electroanal. Chem., 51, 471 q1974). 
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Effect of Gaseous Pretreatment on Oxidation of Iron 
A. W. Swanson and H. H. Uhlig (pp. 1551-15.54, Vol. 121, No. 12) 

D. Chatterjee:  is The importance of surface-state 
charge in Uhlig's theory for the so-called first stage 
of logarithmic oxidation 19 has been emphasized in 
recent works. 20-22 The theory has been modified 2122 
for p- type  oxide formation by using Bardeen's  con- 
cept on the rectifier theory of the metal /semiconductor  
junction.  2~ The modified theory has been successfully 
applied to elucidate the logarithmic oxidation beha-  
vior of polycrystal l ine metals. 22 We would like to 
apply this theory to the present  case of i ron and also 
to the recent results on a single crystal of copper. 24 

The modified theory 22 applies to p- type  oxide con- 
ta ining a uniform density space charge layer. The 
various estimated data are given in  Tables I and II 
for i ron (at 250~ and copper (at 200~ respec- 
tively. The energy (eV~) and density (ns) due to 
the surface-state charge of the oxide are considered 
to be confined within  the metal /oxide interfacial  layer, 
and is equivalent  to the average length of individual  
surface dipole (about 3A). 22 The estimated values for 
ferrous are thus 2.34 eV and 6 • 1014 cm -2 for eVs 
and ns, respectively. These are calculated using the 

~s T h e  B r i t i s h  A l u m i n u m  C o m p a n y ,  L td . ,  C h a l f o n t  P a r k ,  Gerrards 
Cross ,  B u c k i n g h a m s h i r e  S L 9 0 Q B ,  E n g l a n d .  

19 H.  H.  U h l i g ,  Acta  Met. ,  4, 541 (1956). 
'-~ A.  T.  F r o m h o l d ,  This Journal,  115, 883 (1968). 
-~ B. C h a t t o p a d h y a y ,  P h . D .  Thes i s ,  L o n d o n  U n i v e r s i t y  (1967). 
~'-' H. C h a t t o p a d h y a y ,  Thin  Sol~d Fi lms,  16, 117 (1973). 

J .  H a r d e e n ,  Phys.  Rev . ,  71, 717 (1947). 
A.  W. S w a n s o n  a n d  H.  H.  U h l i g ,  This Journal,  118, 1325 (1971). 

Table I. Some critical parameters of ferrous oxide at 250~ 

M a x i -  
R a t e  m u m  E n e r g y  d u e  

P r e t r e a t m e n t  con-  S p a c e  c h a r g e  t h i c k -  to s p a c e  
c o n d i t i o n  a t  s tan t*  d e n s i t y ,  nv** hess*  c h a r g e ,  

800~ * (A) (cm ~ • I0 Is) (A) eVp** (eV) 

PC0/PCO 2 = 2.3 103 11.29 265 0.184 
N2, H2 or  A r  129 9.01 297 0.164 
p~2o/pH~ = 10-o.5 140 8.3 360 0.184 
pH20/pH 2 i0 -I 175 6.6 380 0.155 

'* F r o m  t h e  p a p e r  u n d e r  discussion. 
"* A s  estimated.  

Table II. Some estimated critical parameters of cuprous 
oxide at 200~ 

P l a n e  

S u r f a c e - s t a t e  c h a r g e  S p a c e  charge 

E n e r g y ,  Energy,  
eVs D e n s i t y ,  ~s  eVp D e n s i t y ,  nv  
(eV) ( cm -~) (eV) ( cm -8) 

(100) 0.012 2.32 • 10 ~ 0.06 8.67 • 1017 
(110) 0,083 1.60 • 1913 0.09 3.94 • 10 TM 

work funct ion (~m) of i ron as 4.7 eV, 25 2.2 eV as the 
electron affinity of oxygen (Va), 26 0.155 eV as the ac- 
t ivat ion energy of oxidation (AE) of iron, 27 and 14 as 
the dielectric constant  of ferrous oxide. 28 The various 
parameters  of Table II have been estimated by using 
the data given by Swanson and Uhl ig~ for the first 
stage of logarithmic oxidation of a single crystal of 
copper. 

The different p re t rea tment  conditions of iron altered 
the rate constant as well as the space charge density 
(nv) with little effect on the energy increase (eVp) 
due to the space charge (Table I).  The estimated nv- 
values of Table I and II are reasonable figures for 
the density of t rapping centers in the oxide.21, 22 It is 
noted that  there is negligible difference in  nv-values 
of the cuprous oxide formed on the single crystal 
(Table II) and the polycrysta122 (nv ---- 3 • 10 ~s cm-~) .  
However, eVp of the oxide formed on the single crys- 
tal is much lower than that  on a polycrystal l ine cop- 
per 2'~ (eVp = 0.15 eV using Uhlig's data 19) or i ron 
(Table I).  The results showing eVs >> eVp for poly-  
crystall ine iron with any  pre t rea tment  (Table I) and 
copper 22 obviously indicate the importance and pre-  
dominant  contr ibut ion of surface-state charge over 
the space charge to the potential  across the oxide. 
This kind of behavior  is expected. 20"22 However, in  
the case of oxidation of a single crystal of copper 
there is no definite relat ion between eVs and eVp of 
cuprous oxide formed on the various crystal faces 
(Table II) .  Furthermore,  a negative eV~-value is ob- 
tained for the oxide on the (111) face when  the de- 
rived relat ion 22 eVs = ( e c r u  - -  e v a )  - -  A E  i s  u s e d .  

It is believed that the work function of the (111) face 
of the metal  in contact with oxide, given by Swanson 
and Uhlig, 24 is somewhat lower than  expected. 

The effect of metal  properties on the double layer 
of surface-state charge and space charge, has been 
ignored in our theory 22 by assuming a high ns-value. 
According to Bardeen, 23 there will  be no effect of the 
metal  on the double layer  of the semiconductor if ns 
is sufficiently high, e.g., ns > 1018 cm -2. The high ns- 
values of oxides on polycrystal l ine iron (as shown 
here to be 6 • 1014 cm -2) and copper 22 (3.8 X 1014 
cm -2) point  out the justification of adopting the mod- 
ified theory 21,22 in  these cases to explain the logari th-  
mic oxidation kinetics. However, the value of ns is 
less than or just  about equal to 1018 cm -2 for oxide 
formed on a single crystal (Table II) .  Thus the k in-  
etic results of the first stage of logarithmic oxidation 
of polycrystal l ine metals cannot be compared with 
those of single crystals; the lat ter  would involve a 
different mechanism with low ns and anomalous re-  
lat ion between eVs and eVp of the oxide formed on 
the various crystal faces. 

."5 A.  B.  C a r d w e l l ,  Phys .  Rev. ,  92, 554 (1953). 
"~ N.  C a b r e r a  a n d  N.  F.  M a t t ,  Rept .  Progr. Phys. ,  12, 163 (1949). 

P.  B. N e e d h a m ,  H.  W.  L e a v e n w o r t h ,  a n d  T. J .  Dr i sco l l ,  This 
Journal,  120, 778 (1973). 

" H a n d b o o k  of Chemistry  and P h y s i c s , "  49th ed. ,  C h e m i c a l  R u b -  
b e r  Co. ,  C l e v e l a n d ,  O h i o  (1968-69). 
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The oxygen permeabil i ty  of solid electrolytes 85.0 mole per cent (m/o)  
ZrO~ -]- 15.0 m/o  CaO (I), 90.0 m/o  ZrO2 -p 10.0 m/o  Y208 (II) ,  89.0 m/o  
ZrO2 -t- 8.0 m/o  Y203 -}- 3.0 m/o  A120,~ (II1), 90.0 m/o ZrO2 + 10.0 m/o  Sc203 
(IV) is invest igated at temperature  range 900~176 and part ial  pressures 
of oxygen 0.01-1.0 arm. The oxygen permeabi l i ty  in this range of oxygen pres-  
sures is proportional to Po21/4. It is shown that  the diffusion coefficient of 
oxygen does not depend on its pressure in a gas atmosphere. Transpor t  n u m -  
bers of electron boles, which were found to be in limits 1.7 . 10 -a + 5 �9 10 -5, 
were determined from the experimental  data. The parameter  p i/4 (H e = 
Ho~-) is also calculated. 

The oxygen permeabi l i ty  of solid electrolytes with 
zirconia base, play a big role in the funct ioning of 
certain electrochemical devices. However, there are 
only few investigations on this subject (1-4), and 
permeabi l i ty  of y t t r ia-  and scandia-stabilized zirconia 
is still not investigated. 

We investigated the permeabi l i ty  to oxygen of sev- 
eral solid electrolytes: 85.0 mole per cent (m/o)  ZrO2 
+ 15.0 m/o  CaO(I) ,  90.0 m/o  ZrO2 -}- 10.0 m/o  Y208 
(II) ,  89.0 m/o  ZrO2 -t- 8.0 m/o  Y203 -t- 3.0 m/o  A1203 
(III) ,  and 90.0 m/o  ZrO2 -I- 10.0 m/o  Sc203 (IV). 

The measurements  were made by using a cell sche- 
matical ly shown in Fig. 1. We use the principle that 
the rate J of penetrat ion of gas through a plate dia- 
phragm of area S cm 2 is connected directly with a rate 
of pressure rise (2P/ t )  in a calibrated volume (5). 
The expression which shows this principle is 

Iz~ AP cm 
J = [1] 

RTSp t sec 

Where ~, V, p, R, and T are molecular  weight, volume, 
and density of gas at the s tandard conditions, un i -  
versal gas constant, and working tempera ture  in ~ 
respectively. 

The permeabi l i ty  constant (~l) is given by 

V~I AP cm 2 
= [2] 

RTSpAPo21/4 t sec �9 atm 1/4 

where I is the thickness of diaphragm and -~Po2 is the 
difference of oxygen pressures on the opposite sides of 
the diaphragm. 

The specimens were of oxide solid electrolyte tubes 
closed at one end. They were placed in an electric re-  
sistance furnace in which tempera ture  was precisely 
controlled and was constant  (with accuracy _ 2 ~ along 
the working length. The tubes were prepared by com- 
mon technology (a shlicker method).  They were 200 
mm long, with 9.6 mm outside diameter  and about 
8.0 m m  inside diameter. Porosity was about 5%. Water  

Key words: stabilized zirconia, oxygen permeability, solid elec- 
trolyte. 

absorption of the ceramics was close to zero, and per-  
mitted us to consider the porosity to be essentially 
closed. Chemical analysis of the specimens is given in 
Table I. 

Before every measurement,  the tubes were outgassed 
for a period of 8 or 10 times the t ime for the gas flow 
to establish a s tat ionary state. The exper imental  data 
are processed by the least squares method. Permeabi l i ty  
of the tubes to hydrogen, nitrogen, and argon at a gas 
pressure difference on the diaphragm equal to 1 arm 

11 IE 
TO I'tE ASUREPIENT ~ySTEPI 

Fig. 1. Scheme of the measuring cell: 1, electric resistance fur- 
nace; 2, thermacauple; 3, specimen; 4, quartz tube. 
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Table [ 

I m p u r i t y  c o n t e n t  ( w / o )  

S a m p l e  S iOa  Fe~Os  AL-Os Cr~Oa T i O a  M n O e  N i e O s  M g O  CaO 

I 0 .23  0 . 1 8  0 . 1 0  0 .03  0 . 0 4 8  0 . 0 1 0  0 . 0 0 9  0 . 0 7 5  - -  
I I  0 .65  0 . 1 7  0 . 0 0 7  - -  0 . 0 9 5  - -  - -  0 . 0 8  0 .07  

I I I  1 .0 0 .6  - -  - -  0 .01  - -  - -  0 . 0 0 2  0 .05  
I V  0 .26  0 .21  0 . 4 5  0 .01  0 . 0 3 3  0 . 0 1 9  - -  0 . 5 3  - -  

was preliminarily investigated. The permeabilities to 
these gases were lower than the lowest limit of ac- 
curacy of our experimental cell (3.10 -9 cm2/atm �9 
that is, the permeation to l~ydrogen, nitrogen and 
argon was practically negligible. This shows that pores 
did not extend through the tube. 

Figure 2 shows the curve of the typical oxygen pres- 
sure change in calibrated volume in the period of 
time after the oxygen was admitted into the evacuated 
solid electrolyte tube. The section BC on the curve 
corresponds to the establishment of stationary gas 
flow. The section OA which is cut off by the BC curve 
on the abscissa, determines the time of diffusion proc- 
ess delay. After Barrer (6) this value, L, is equal to 

b 2 
L - [3] 

6D 

The dependencies of the oxygen permeability con- 
stant of the investigated specimens upon temperature 
are shown in Fig. 3. They are given below in units of 
cm2/sec �9 arm for the temperature  range 900~176 

~(I) ----3.8210-~exp ( 37,200___400) 
RT 

~] (II) ---- 1.55 exp ( 

~](III) ---- 1.52 exp ( 

~](IV) ---- 1.93 exp ( 

43,100 _ 300./  

RT 
42,700 _+ 500 

/ RT 
38,900 _+ 600 

/ RT 

The obtained values of the activation energy and 
pre-exponent  factors of the permeabil i ty constant lie 
within the values, which were obtained for other com- 
positions of zirconia-based solid electrolytes (2, 4, 7-9). 
The values of permeabili ty are different, whereas the 
activation energy differ negligibly since they are 
mainly determined by diffusion process. 

The process of oxygen permeation through a dense 
diaphragm with oxygen ion conductivity and a small 
part  of electronic conductivity consists of several stages. 

Oxygen diffuses f rom gaseous phase to a surface of the 
diaphragm, adsorbs and dissolves there. Oxygen ions 
diffuse through the crystal lattice of an oxide electro- 
lyte. Simultaneously electron holes move in the op- 
posite direction. At the other side of the diaphragm 
oxygen ions turn  into atoms and, after forming into 
molecules, desorb to diffuse into a gas phase. 

Gas permeation is determined by two processes: dif- 
fusion of oxygen through ceramics and of oxygen 
solubility in it. If the values of the diffusion coefficients 
in different electrolytes are close to each other, the 
greater oxygen permeability may be explained by a 
greater solubility of oxygen. 

As is seen in Fig. 4, permeation is proportional 
to Po2 ~/~ for all the specimens in the investigated range 
of oxygen pressure (0.01-I.0 atm). The same depend- 
ence is reported by others (2, 4). That fact is an evi- 
dence of controlling the oxygen permeability by diffu- 

-60 

6. 

  -6.6 

-6.g 

-7,1 

Fig. 3. The temperature dependence of oxygen permeability 
constant. Specimens: 1, I; 2, II; 3, Ill; 4, IV. 

8 

E 
E 

,., .t[ 

0 2 
Fig. 2. The curve of oxygen pressure change in the calibrated 

volume (specimen Ill at temperature 1240~ 

o o 

c~ 

1~Ar ~ 

Fig. 4. The dependence of oxygen permeability upon oxygen 
pressure in a gas phase for specimens: I, IV at 1150~ and 2, ] at 
1200~ 
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sion of the electron holes. But  in  our  case at the small  
values of oxygen pressures, the dependence changes. 

If a diaphragm is thick enough, the rate of adsorp- 
t ion and desorption of oxygen on the surface of oxide 
is faster than the rate of diffusion, therefore surface 
layers of the oxygen electrolyte must  be in a state 
near to an equi l ibr ium with the gas phase. Probably  
the rate of oxygen adsorption and desorption proc- 
esses at small  pressures (Poe < <  4.10 -5 atm) becomes 
comparable with diffusion rate, and the process of 
permeabi l i ty  begins to be controlled by the adsorption 
and desorption processes. 

Diffusion coefficients of oxygen were calculated from 
the exper imental  data. Values L were determined by 
graphic method from the curves of type shown in  Fig. 
2. Then using Eq. [3] the diffusion coefficients were 
calculated. Tempera ture  dependences of diffusion co- 
efficients for some electrolytes are shown in Fig. 5. 
They are given in terms of square centimeters per 
second by the expressions 

D(I) - -1 .07exp  ( 3 6 ' 4 0 0 - 8 0 0 )  

o Ii, _- 

= 0 0exo 
RT 

Values of the pre-exponent  factor and activation 
energy lie dose  to each other, so that  the dependence 
upon the kind of stabilizing addition used is slight. 

Dependence of diffusion coefficients upon oxygen 
pressure is also shown in Fig. 5. It is seen that  the dif- 
fusion coefficient does not depend on oxygen pressure. 
Therefore the mobil i ty of electron holes in the invest i-  
gated electrolytes practically does not depend on their  
concentrat ion (in a range oxygen pressures 0.01-1.0 
atm).  But at the same time, the data obtained for the 
permeabi l ty  and diffusion coefficients, show that the 
hole concentrat ion depends on part ial  oxygen pres-  
sure in power 1/4. 

Since for our solid electrolytes, D~C~ is much smaller 
than  D C , diffusion coefficient of oxygen will  

O - -  o - -  
b e  determined by flow of holes (10). The hole con- 
centrat ion in a surface layer of the diaphragm is de- 
termined by an oxygen exchange reaction between 
the gas phase and the solid electrolyte 

O2-~20 ~ 2 0  * - t -4  
0+§ o ~ [I] 

Here 0 is the oxygen vacancy, 0 *, the oxygen 
[~*§ o 

atom in a normal position of a crystal lattice. 

-I1 

\ ' ,< ; 

F 

Fig. 5. The temperature dependence of diffusion coefficient for 
specimens: 1, IV; 2, I; 3, dependence of diffusion coefficient upon 
oxygen pressure for specimen IV at temperature 1200~ 

Using the law of mass action to reaction (1) the 
dependence of the hole concentration in surface layer 
on the oxygen pressure is derived. 

C e = Ks'Po21/4 [4] 

Where the solubili ty constant, Ks, is equal to the 
hole concentrat ion at 1 atm oxygen pressure. 

Using the Nerns t -Eins te in  equation, the electric con- 
duetivity value, caused by migrat ion of holes (H.)  
in an electrolyte, can be obtained 

H~. (Po2 = 1 atm) = 4F271~ exp -- [5] R---7 

Here En is the activation energy of oxygen permeabi l -  
ity, no is the pre-exponent ia t  factor, and F, Faraday 's  
constant. 

Transference number  of the electron holes at Po2 
= 1 arm is equal to 

4F2~1o (En--Eo--) 
= exp [6] 

t~ RTHo -RT 

where Eo is the activation energy of oxygen conduc- 
t ivity and Ho is the pre-exponent ia l  factor. 

Table II. Ionic and electronic parts of conductivity and transference numbers of electron holes 
in some electrolytes on the zlrconia basis 

H$ 

T ~  ( o h m  - I '  cm-D 

85,0 m/o ZrO= + 15.0 m/o Can 90,0 m / o  Z r O :  + 10.0 m / o  Y203 

H O- - HO__ 
( ~ cm-i) t H $ (ohm-~- cm -~) t 

( I I )  �9 ( o h m - ~ . c m - i )  (12) $ 

1050 4 .0 .10  -~ 3 . 1 0  -~ 
I I00  6.4.10-~ 4 .5 .10  --~ 
1150 1.0.10-4 6 .8 .10  --~ 
1200 1.6.10-~ 9.6. i0 -~ 
1250 2.3' 10 -~ 1.3' 10-4 

1.4.10 -~ 1.9.10-5 1.8.10-I 1.0.I0-r 
1.4.10 -3 3.3' i0 -~ 2.4.10 -I 1.4" 10-4 
1.5.10 -3 5.5.10 -a 3.1-10 -i 1.8.10-4 
1.6-10 -3 8.9.  i 0  -5 3 .9 .10  - i  2 .3 .10-4  
1 .7 .10  -~ 1.4" 10-4 4.9" 10 -1 2 .8 .10-4  

89.0 m / o  ZrO2 + 8.0 m l o  Y~Os + 3.0 m / o  A],~Os 

HO-- 
H �9 ( o h m - i ,  cm- i )  

(ohm-~.  c m  - i )  (13) 
t 

90.0 m/o ZrO~ + I0.0 m/o scans 

HO-- 

H �9 ( ~ cm-1 t 
(ohm-;.crn-i) (14) �9 

1050 2.0.10 -3 1.4. I0 -I 1.5.10 -4 1.6, I0 -~ 3.2.10 -1 5.1- I0 -~ 
1100 3.5.10 -s 1.8.10-4 1.9.10-4 2.6.10 -5 3.7.10 -I 7.2.10 -s 
1150 5.9.10-~ 2.4.10-4 2.4.10 -4 4.2.10 -~ 4.3.10t 9.8- I0 -~ 
1200 9.6. i0 -s 3. I. I0 -i 3. I. 10-4 6.3- I0 -5 4.9-10 -i I. 3.10-4 
1250 1.5.10-4 4.0' 10 -i 3,7' 10-4 9,3' 10 -~ 5.5' 10-4 1.7.10 4 
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Table Ill. Parameter p1/4 for solid electrolytes on the zirconia basis in temperature range 1050~176 

Electrolyte H e  (ohm-t ' cm -1) HO__ (ohm-l-cm -1) pel /~  (H e = HO__ ~ (atm) 

85.0 m/o  ZrO~ + 15.0 m/o  CaO 

90.0 m/o  ZrO~ + 10.0 m/o  Y203 

89.0 m/o ZrOs + S.O m/o Y20a + 
3.0 m/o  AI~O~ 

90.0 m/o  ZrO2 + 10.0 m/o  Sc208 

o x o (  r ~ , .  Po=-' 8.3~.10- ~ ~xp ( ~ ,  1.0910-- ~ , ~ ,  

oxo , ~ .  ' P~ 3'89"102 ( - -  ~ z  1.25.10 4 .  �9 exp \ ~ /  
T 

3.04"10 ~ . exp ( _ 42,700 / 21,600 ~ (21,100 ~ 
~ .  �9 Po$1/' 4.9"10 ~ '  exp ( -- ~ /  1.61.10 -~. T .  exp \ ~ /  

T 
3"86'10~ . e x p ( - - 3 8 , 9 0 0 )  19,900~ exp (20 ,000)  

r " ~ , .  P o ~ ,  1.9810. exp ( -  - q ~ ,  5.1~.10-, �9 r .  \ ~ .  

Table II gives the results of calculations of the 
transference numbers  of electron holes in investigated 
electrolytes at the oxygen pressure 1 arm. The tem- 
perature dependence of electrical conductivity used 
in calculations was taken from l i terature (11-14). It 
can be seen that the transference numbers  of holes 
are within the limits 5.10 -5 -- 1.7.10 -8 . It is seen 
that  the electrolyte with a scandia addition has the 
smallest part  of electronic conductivity. 

The dependence of hole conductivi ty upon the pres- 
sure of oxygen in a gas phase and analytical  expres- 
sions for the temperature  dependence of parameter  
p1/4  (the oxygen pressure in a gas phase, when  the 
values of electronic p- type and ionic conductivities 
are equal) are also calculated. The results are given 
in Table III. 

Manuscript  submitted May 30, 1974; revised ma nu-  
script received Dec. 24, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. I, 1975. 
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Heterogeneous Halide-Silica Phosphors 
Willi I.ehmann* 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Efficient photoluminescence in phosphors containing about 90% SiO2 and 
10% CaC12 or other halides is observed after activation with Eu +e (violet 
to blue colors) or Eu 2+ plus Mn 2. (yellow to red).  The materials are hetero- 
geneous, consisting of luminescent  halides dispersed in small segregations 
inside of bigger and nonluminescent  SiO2 particles. The phosphors are stable 
in  water and acids (except HF) because the hygroscopic halides are pro- 
tected by surrounding SiO2. 

Quartz containers used to prepare red emit t ing 
CaS:Eu 2+ phosphors f requent ly  show blue lumines-  
cence which is easily excited by irradiat ion with 
ultraviolet.  The optical properties of the luminescence 
and the absence of a corresponding effect on quartz 
containers used to prepare CaS-phosphors with any 
of the many  other impurit ies active in CaS (1) 
clearly indicate that  Eu 2+ is the responsible activator. 
The blue luminescence appears to be a property of 

* Electrochemical  Society Active Member.  
Key words: luminescence, phosphors, halide, silica, europium, 

manganese. 

the solid quartz container, i.e., it cannot be mechani-  
cally removed without destroying the quartz and the 
only chemical means to remove it is strong hydro-  
fluoric acid. An investigation was started to find the 
origin of this very striking luminescence, and we 
discovered a peculiar class of heterogeneous mate-  
rials which appear not to be reported before. 

SiO2 obviously is involved since the blue lumines-  
cence is restricted to the walls of the containers and 
does not appear in its content of CaS:Eu 2+. Attempts 
to reproduce it in calcium silicates were not success- 
ful; Eu 2+ does not show this blue luminescence in 
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any of the known calcium silicates (2). However, the 
blue luminescence does appear in preparat ions con- 
taining also CaC12 besides CaO and SiO2. Since sev- 
eral calcium and s t ront ium halo-silicates have been 
reported already (3, 4), a calcium halo-silicate, per-  
haps of a still u n k n o w n  composition, became suspect 
and the investigation was broadened to include vari-  
ous ratios of CaO:CaC12:SiO2. Surprisingly,  the op- 
t imum ratio tu rned  out to be about 90 mole per cent 
(m/o)  SiO2 and 10 m/o CaC12 with little or no 
CaO at all (Fig. 1). The following describes prepara-  
t ional details and results of the investigation. 

Preparat ion 
Heterogeneous phosphors of this kind are easily 

prepared by firing a uni form mixture  of silicic acid, 
CaO, Eu203, and an excess of NH4C1 at about 950 ~ 
1000~ in slightly reducing atmosphere (e.g., N2 + 1% 
H2). The preferred molar  ratio of SiO2:CaO:Eu203 
is about 95:4.5:0.5 to 80:19.5:0.5. The NH4C1 reacts 
with CaO and Eu203 to form the ha]ides in situ, all 
excess of NH4C1 not used in this conversion sublimes 
out of the container  during firing. After firing and 
cooling, the phosphors are washed in water to remove 
any free halide. When dry, they are free flowing pow- 
ders, stable in air, water, alkaline solutions, and acids 
with the only exception of strong hydrofluoric acid. 

Calcium in the above formation may be replaced by 
Sr, Li, or La (but not by Mg, Ba, Na, K, Zn, Cd, Y). 
The chloride may be replaced by bromide or by iodide 
(but  not by fluoride). Europium may not be replaced 
by any other activator but  can be combined with 
manganese in which case the emission of Eu 2+ sensi- 
tizes Mn 2 + for excitation by ultraviolet.  Depending on 
composition, emission ranging from violet to blue (for 
Eu 2+) and from yellow to red and infrared (for Mn 2+ ) 
may thus be obtained. 

Results 
Chemical analysis of a sample (CaCl2-SiO2):Eu 2+, 

Mn 2 + made with the addition of 1% EuC12, 1% 
MnC12, and 8% CaC12 (rest SiO2) showed approxi-  
mately half  of the added amounts  of Eu, Mn, and 
Ca still present after firing and washing, the other 
half  mainly  lost into the washing water. 

X- ray  diffraction spectra of the phosphor samples 
normal ly  show only lines corresponding to the o- 
cristobalite modification of SiO2. Whatever  else is 
present  must  be either amorphous or in amounts  too 
small to be detected by rout ine x - ray  analysis (de- 
tectabili ty limit: several %). 

Microscopic examinat ion  shows mainly  i r regular ly  
shaped particles roughly 5-20 ~m in size. Some are 
relat ively clear. Others contain so many  small in-  

clusions (0.1-0.3~) that the particles appear almost 
opaque against  white background i l lumination.  Only 
these inclusions are visibly luminescent  under  u l t ra -  
violet irradiation, the clear parts of the inclusion 
carrying particles and all of the completely clear 
particles remain  dead (Fig. 2). Particles with many  
luminescent  inclusions dominate in a material  made 
to opt imum performance, fired at about 950~176 
Too low ( ~  800~ and too high ( ~  1200~ firing 
temperatures result  mainly,  or only, in clear particles 
(Fig. 3) and correspondingly poor luminescence. 

Emission spectra of phosphors made with various 
halides and activated with Eu 2+ and Mn ~+ are shown 
in Fig. 4-6. Approximate peak positions of the emis- 
sion bands, at room temperature,  are given in Table 
I. Eu 2+ produces violet to blue emissions; it responds 
to near-ul t raviole t  because of its strong and broad 
optical absorption next  to the emission (Fig. 7). Mn 2+ 
emission does not appear in the s t ront ium halides 
(Fig. 5). In  the other halides, it can optically be ex- 
cited if Eu ~+ is present  as a sensitizer. The efficiency 
of the energy transfer Eu 2+ --> Mn 2+ depends on the 
concentrations of both; it may be fairly high (ap- 
proaching uni ty)  but  is never  complete. Several per 
cent of the Eu 2+ emission usual ly are left uncon-  
verted even in phosphors designed to have strong 
Mn 2+ emission. 

The over-alI  quan tum efficiency (Eu 2+ plus Mn ~+) 
is surpris ingly high (80-90% have repeatedly been 
measured) if one considers the fact that  most of the 
materials consist of nonluminescent  SiO2. 

Figure 8 compares the emission of heterogeneous 
(CaCI2-SiO2) :Eu -~+ to that of plain CaC12:Eu 2+ with-  

CaO 

CaCl 2 SiO 2 

Fig. 1. Optimum compositions of blue-violet Eu2+-emission in the 
ternary system CaO-CaCI2-Si02 (shaded areas). Points (3) and (4) 
correspond to the halo-silicates reported in Ref. (3) and (4). 

Fig. 2. Photomicrograph of Cal2:Eu 2 +,M,n 2 +-St02 particles (92% 
St02) illuminated by white light from the rear (top) and in their 
own luminescence excited by ultraviolet irradiation. 
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Table I. Emission peak positions (in nm) of halides dispersed in 
Si02 

Eu2+ MrI~+ 

CaCI~ 426 590 
CaBr~ 433 590 
CaI.~ 463 634 
S r C b  405 - -  
SrBr~ 411 
SrI~ 431 
LiCI 424 63g 
LaCh 4 0 9  581 + ~I~ 

out addition of any oxide�9 ~.xcept for the low-energy 
tail ( f requent ly  observed in heterogeneous phosphors) 
of the former, the spectra are sufficiently alike to in-  
dicate common origin. Emission spectra of Mn 2+ are 
given in Fig. 9 of heterogeneous (CaC12-SiO2)Eu 2+, 
Mn 2+, of several similar preparations where SiO~ 
was replaced by MgO, A12Oa, or Y20~, and of plain 
CaC12: Eu 2+, Mn 2 + made without  addition of an oxide. 
Again, the spectra are alike enough to indicate corn- 

Fig. 3. Photomicrograph of heterogeneous CaCl2:Eu2+-SiO.~ (92%) 
after firing 1 hr at (top to bottom) 800 ~ 1000 ~ and 1200~ 
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Fig. 4. Emission spectra of Eu 2+ and Mn ~+ in CaCI2, CaSr2, and 
Col=. 
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Fig. 7. Optical absorption spectra of CaCI2 (top) and Cal2 (bot- 
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mon origin. The main  difference between all these ma-  
terials is the chemical stability. Heterogeneous SiO2- 
containing phosphors are insensit ive to water;  all 
others are hygroscopic and their luminescence is im-  
mediately destroyed if they come into contact with 
water. This observation is t r ivial  for the case of CaCI., 
(no SiO2) which is well known to be hygroscopic and 
soluble in water. Microscopic inspection of the par-  
ticles of materials made with addit ion of MgO, A120~, 
or Y203 does not reveal the sort of luminescent  in-  
clusions as they are observed in SiO2. Obviously, the 
luminescent  CaCI., phase in these materials is present  
not in, bu t  outside of, the oxide particles where it 
easily can alI be removed by washing in water. 

Figures 9 and 10 show the tempera ture  dependence 
of the luminescence of several materials (plaques, ex- 
cited by 365 nm u.v.). The data represent  quan tum 
densities, arbi t rar i ly  normalized to 100 units  at room 
temperature.  Simul taneously  with a decreasing ef- 
ficiency, the emission of Mn 2+ shifts appreciably to 
shorter wavelengths with increasing temperature.  A 
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similar  shift of the emission of Eu 2§ is much less 
pronounced. 

Discussion 
In  view of the inabi l i ty  of pure SiO2 (without 

halides) to show the observed luminescence in pres- 
ence of Eu 2+ or Mn 2+, of all other observations de- 
scribed above, and of the known blue luminescence 
of SrC12:Eu 2+ reported before (3), we conclude het-  
erogeneous halide-si l ica phosphors to consist of two 
separate phases. One phase (roughly 9/10 of the en-  
tire material)  is SiO2 either present  as a-cristobali te 
or amorphous. It is not visibly luminescent ,  but  it  is 
very t ransparent  for ul traviolet  or visible radiation. 
The other, smaller phase is luminescent  metal  halide 
containing Eu 2+ or Eu 2+ + Mn 2+. After firing, bu t  
before washing the phosphor, part  of the halide is 
present  in small  segregations inside, another  par t  ap- 
parent ly  is condensed on the surfaces outside, of big-  
ger SiO2 particles. Washing in water  dissolves the la t -  
ter but not the former. The luminescent  segregations 
inside of the particles are protected by surrounding 
SiO2 against about anything but  strong hydrofluoric 
acid. This permits s tudying and uti l izing the lumines-  
cence of metal  halides which otherwise would be too 
hygroscopic to be handled unprotected in open air. 

A somewhat similar heterogeneous phosphor system 
has been reported by Wachtel (5) for the composi- 
tion x �9 SiO2 -- (1 -- x) �9 A12Os:Eu 2+ where x : 0.9- 
0.95. Wachtel at tr ibutes the luminescence of this ma-  
terial to 3A1203 �9 2SiO2:Eu 2+ dispersed in  SiO2. The 
luminescent  halides dispersed in  SiO.~ described above 
appear to be another  example of the same phenom-  
enon. 

Heterogeneous halide-silica phosphors made by re- 
action of La203 with NH~C1 in presence of an excess 
of SiO2 niight be open to dispute whether  the lumi -  
nescent phase is LaOC1 or LaC13. We believe it to be 
the lat ter  since LaOCI:Eu, even if especially prepared 
in reducing atmosphere, invar iably  shows the typi -  
cal red line emssion of Eu 8+ which is completely 
absent in the heterogeneous phosphors described here 
(Fig. 6). 

The question comes up how the halide segregations 
end up inside of solid SiO2 particles dur ing prepara-  
tion. Obviously, this must involve a transport of mat- 
ter. We suggest a reversible reaction of the kind 

SiO2 + 2CaCl.~ ~ SiCl4 + 2CaO 

to be involved. The equilibrium of this reaction dur- 
ing firing apparently is heavily, but not entirely, on 
the left side. Little or no formation of SiCl4 + 2CaO 
as intermediate products could not explain the growth 
of SiO2 particles, with or without inclusions, at the 
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relatively low temperature  of 950~176 On the 
other hand, if the equi l ibr ium would be heavily on 
the right side, volatile SIC14 should escape and CaO 
should remain  either as a separate phase or reacted 
with the rest of the SiO2 as calcium silicate. Neither 
is actually observed. This necessary balance of the 
reaction equation favoring the left side without  en-  
tire exclusion of the right, may not be present if 
CaC12 is replaced by a halide of Mg, Ba, Na, etc., and 
this appears to be the reason why these combinations 
do not work to form heterogeneous silica phosphors 
of the described sort. 

Systems analogous to heterogeneous silica phosphors 
appear to be possible also with other glass-forming 
oxides like GeO% P205, and B203 although the con- 
ditions of preparat ion are somewhat different from 
those involving SiO~_. Details of these cases are not 
yet available. Such materials containing luminescent  
halides suspended in optically inert  glass-forming ox- 
ides may-easi ly  be mistaken by superficial examina-  

t ion as uniform phosphor compounds. We warn  against 
this misinterpretat ion.  

Manuscript  submit ted Nov. 15, 1974; revised manu-  
script received Feb. 7, 1975. This was Paper  197 pre-  
sented at the Toronto, Canada, Meeting of the Society, 
May 11-16, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by Westinghouse Electric Corporation. 
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ABSTRACT 

Calcium fluorophosphate powders containing various amounts  of cadmium 
and ant imony and single crystals containing ant imony were subjected to u.v. 
i r radiat ion and thermal  anneal ing treatments.  The color centers formed by the 
irradiations were studied by electron spin resonance and by optical techniques. 
Two previously unreported color centers were observed, one associated with 
the presence of antimony and the other with the presence of cadmium. Growth 
dynamics and models for these two centers are given and their importance in 
phosphors is discussed. A simple model for phosphor depreciation is proposed 
in which these centers play crucial roles. 

Calcium fiuorophosphate CaI0(PO4)6F.2 is a com- 
mon mineral  called apatite which has attracted scien- 
tific interest  in three widely diverse fields. Powdered 
calcium fluorophosphate modified by the substi tut ion 
of chlorine and cadmium and activated by the addi- 
tion of manganese and ant imony is used as the phos- 
phor in most fluorescent lamps. Single crystals of cal- 
cium fiuorophosphate and many  chemically modified 
forms of this prototype may be activated with neo- 
dymium to provide an excellent laser material (I). Ir- 
radiated samples of calcium fluorophosphate and its 
modifications provide a host of color centers whose 
relationships and interactions can 'be observed (2, 3) 
with unusual clarity. 

In each of these fields of interest a major effort has 
been exerted to obtain information on an atomic scale 
of the site at which the substituted ion or color center 
sits, as well as a description of its surroundings,  for 
instance, whether or not a charge-compensat ing defect 
is nearby. The major  tools used have been optical spec- 
troscopy and both electron and nuclear resonance spec- 
troscopy. If the defect to be studied is paramagnetic,  
and part icular ly if single crystals are available, the 
resonance techniques have several advantages over the 

* Electrochemical  Society Act ive  Member .  
K e y  words :  halophosphate ,  depreciat ion,  color centers,  an t imony,  

cadmium.  

optical measurements.  These include the abil i ty to 
positively identify the spectra with a part icular  atom 
because of its distinctive hyperfine structure, the ease 
with which the symmetry  of the center may be de- 
termined, and the high resolution at ta inable which may 
be a crucial factor in unravel ing  complicated spectra 
to which several different centers are contributing.  Op- 
tical spectroscopy on the other hand is the only tool 
available with nonmagnet ic  defects and can be useful  
in combination with resonance spectroscopy, par t icu-  
larly when samples are available only in powder form. 

Accordingly, in reviewing our knowledge of defects 
in calcium fluorophosphate, we find that highly specific 
information is available about paramagnetic  color cen- 
ters formed by irradiation, but  that much less is known 
about the much more numerous  nonmagnet ic  defects 
from which the color centers were formed. In  the same 
way, detailed information is only available about para-  
magnetic impurities. For example, we know of at least 
four different ways in which Mn +2 can enter fiuoro- 
phosphate samples (4-5), but little is known about 
diamagnetic ant imony or cadmium. The information 
which is available is derived from optical measure-  
ments and often depends upon questionable assump- 
tions, for example that the atom in question is present 
in the crystal at only one kind of site. Measurements 
show that this is often not the case, for instance, the 
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measurements  made on manganese that are referred 
to above and unpubl ished measurements  of our own 
which show that Nd can occupy at least nine different 
sites in  apatite. 

Recently optical and ESR measurements  have been 
made before and after u.v. i r radiat ion on samples of 
single crystal and powdered calcium fluorophosphate 
containing an t imony or cadmium. New resonances and 
optical spectra were observed which are caused by 
complex centers which include both an impur i ty  ion 
and a color center. These spectra and a description of 
the centers involved are of normal  interest  in them-  
selves, but  they are important  for two other reasons: 
the detailed information we can infer  about the s ta te  
of the impur i ty  ions before the irradiation,  and the 
implication which the description of the new centers 
has  with  regard to the deteriorat ion of phosphors dur-  
ing the u.v. i r radiat ion which normal ly  occurs in fluo- 
rescent lamps. The purpose of this paper is to present  
the optical and ESR measurements  made of the new 
centers and to discuss their  s tructures and their  im-  
plications. 

E x p e r i m e n t a l  P r o c e d u r e s  

Sample preparatio~.--Powdered samples were pre-  
pared in a manner  consistent with techniques used for 
lamp phosphors, i.e., raw materials were weighed out, 
mixed, and fired to about 1175~ for 1 hr  in a n i t ro-  
gen atmosphere in covered ceramic trays. The resul t ing 
material,  s intered into a loosely bound cake, was then 
broken apart  into a powder whose individual  particles 
averaged about 7 ~m in diameter. The composition of 
the s tar t ing material  for samples containing cadmium 
was as follows 

CaHPO4 3.00 mole 
CaCO~ 1.35-2.30 mole 
CaF2 0.45 mole 
CdCO3 0-0.05 mole 

These mixtures  deviate slightly from stoichiometry 
and  therefore contain small  amounts  of second phases. 
While highly efficient halophosphate phosphors may 
be prepared from a stoichiometric mix of s tar t ing ma-  
terials, the preparat ion is very critical. A slight excess 
of C a C Q  will lower the efficiency disastrously while 
a slight deficiency of CaCOs has only a small effect 
on the efficiency. This bias occurs because the forma-  
tion of X centers (3) (and thus color centers) is en-  
hanced by any excess oxygen in the s tar t ing mix. The 
easiest way to insure that no excess of oxygen is pres-  
ent  is to del iberately create a deficiency by using a l e s s  
than stoichiometric amount  of CaCOs. A slight de- 
ficiency of CaF2 content  produces a less vitreous cake 
which can be more easily broken up into a powder. No 
complications were observed in the ESR or optical 
spectra due to the presence of the small  amounts  of 
second phases. 

Powdered samples containing ant imony were also 
prepared but  are not reported here because single 
crystal samples were also available. These were pre-  
pared by conventional  Czochralski crystal growing 
methods (1) except that heroic measures were taken 
to insure that some an t imony was main ta ined  in the 
melt  at the elevated growth tempera ture  (N1600~ 
in spite of its high vapor pressure. Measures that were 
tr ied included the addition of grossly excessive amounts  
of an t imony to the original charge, the continuous ad- 
dition of an t imony to the melt  dur ing growth, very 
fast growth, and Bridgman growth inside an i r id ium 
"bomb." Using these techniques a crystal could oc- 
casionally be grown which contained a useful amount  
of antimony.  Such samples appeared to behave op- 
tically in exactly the same way as powdered samples, 
i.e., the same absorption and emission spectra. Similar 
techniques were applied to the growth of crystals con- 
taining cadmium but  no success was achieved pre-  
sumably  because of the even higher vapor pressure of 
the evaporat ing cadmium compounds. 

Sample irradiation and annealing.--In most cases  
color centers were produced in the samples by u.v. i r -  
radiat ion in flowing ni t rogen at room tempera ture  us- 
ing the unfiltered emission from a low pressure mer-  
cury discharge in a "Suprasil" quartz envelope. To 
achieve a more uni form irradiation, the single crystal 
samples containing an t imony were cut in the form of 
th in  slabs, ~0.1 mm thick, and were irradiated equal ly 
from both sides. The absorption of these slabs before 
irradiation, shown in Fig. 1, was so high at 185 rim, the 
important  wavelength, that the u.v. dose still varied 
about 10% within  the slab. The powder samp!es were 
irradiated uniformly by being dusted into a layer  about 
one particle (7 ~m) thick on a quartz plate and by be-  
ing irradiated -from both sides. After i r radiat ion the 
powder was collected and packed into a small plastic 
cup for ESR and optical measurements.  Samples were 
sometimes irradiated at low temperatures  and mea-  
sured without warming.  Special ESR and optical cells 
were available for this purpose. 

Color centers can be converted into different kinds 
of centers or be destroyed by  irradiat ion with light of 
special wavelengths and by anneal ing at a sufficiently 
high temperature  (2). This conversion is sometimes 
achieved by the transfer  of an electron, other times by 
the diffusion of a vacancy or other defect, and oc- 
casionally by both processes occurring together. These 
optical and thermal  conversion techniques can be very 
useful exper imental ly  for a var ie ty  of purposes such 
as the following: (i) to destroy most of the centers 
when a spectrum is a superposition of many  parts, so 
that the remaining ones display spectra simple enough 
to be understood; (ii) to relate ESR and optical spectra 
to the same center by showing that they disappear 
under  the same optical or thermal  t reatment ;  and  
(iii) to relate two different centers by showing that  one 
grows at the expense of the other under  some par-  
t icular  t reatment .  Annealing,  in particular,  has been 
used extensively for these purposes in the work to be 
described. 

ESR procedures.--The X band apparatus used is 
largely conventional.  Most of the measurements  were 
carried out at 77~ although runs  at 4.2~ were also 
sometimes made to increase resolution when necessary 
to resolve closely spaced lines. An impor tant  par t  of 
the apparatus was a device which allowed rotations of 
the crystal sample in the external  field to allow a pre-  
cise determinat ion of the symmetry  of each defect site. 
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Fig. 1. The optical absorption of a single crystal of calcium 
fluorophosphate containing 0.03 atomic per cent antimony. 
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Optical procedures.--Two different optical techniques 
were  used to invest igate  samples. With single crystal 
samples, polarized transmission measurements  were  
made using a Cary 14 spectrometer  throughout  the 
visible and near  IR regions and a McPherson Model 
218 spectrometer  in the u.v. out to 150 nm. Diffuse re- 
flectance measurements  were  made on powder  sam- 
ples using a Cary 14 spectrometer  and an integrat ing 
sphere a t tachment  cover ing the range 250-2000 nm. 
Diffuse reflectance measurements  for wavelengths  
shorter  than 250 nm were per formed with  the McPher-  
son spectrometer.  An integrat ing sphere was not used 
for these measurements .  Instead, the reflectance was 
measured at an angle of 45 degrees re la t ive  to the in-  
cident beam. An Eastman Kodak bar ium sulfate white  
reflectance standard was used. No published data could 
be found on the reflectance of Eastman Kodak bar ium 
sulfate at wavelengths  shorter  than 200 nm. We found 
its reflectance to be considerably higher  than high 
pur i ty  l i th ium fluoride and undoped calcium fluoro- 
phosphate over  the range of 150-200 nm. As a result, 
we used the Eastman Kodak reflectance standard down 
to 150 nm with some introduction of er ror  due to a lack 
of knowledge of its absorption in this range. 

Results 
ESR spectra of samples containing Sb.--ESR mea-  

surements  of undoped uni r radia ted  crystal  or powder  
samples usual ly show only the spectra of the HII  cen- 
ter, identified (2) as a paramagnet ic  O -  center  sub- 
st i tuted at an F -  site. Optical spectra of such samples 
usual ly show a strong absorption due to the X center, 
identified (3) as the defect (VOV) + substi tuted on 
three adjacent  fluorine sites. The nomencla ture  used in 
this paper  to discuss the color centers follows the con- 
ventions presented in Ref. (3). The symbol V repre-  
sents a vacancy, O an 0 -2 ion, and the + sign signifies 
that  the complex composed of these adjacent parts 
has a posit ive charge compared to the three F -  ions 
it replaces. These defects, the HII and X centers, are 
closely related to each other  and are both normal ly  
present because of the loss of fluorine and its replace-  
ment  by oxygen during crystal  growth. Unir radia ted  
samples grown with ant imony doping show a strong 
reduct ion in the X center absorption and a reduct ion 
in the HII center  concentration. A scavenging of oxy-  
gen by ant imony appears to be occurring, and the 
existence of an Sb-O center  in the crystal  appears to 
be likely. The existence of such a center  has been dis- 
cussed by Davis et al. (6). We have noticed that  the 
same kind of coupling with  oxygen appears to occur 
for another  t r iva lent  ion, Nd .3, substituted in this 
host. No interaction of this kind be tween Cd +2 and 
oxygen has been noticed. 

I r radiat ion produces several  kinds of E centers 
(2, 3) in undoped crystals all involving a fluorine 
vacancy and an ext ra  electron. The i r radiated samples 
containing ~ t i m o n y  show unusual E center  ESR spec- 
tra. An example  of this is shown in Fig. 2, where  the 
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Fig. 2. The ESR derivative spectrum of an irradiated crystal of 
calcium fluoraphosphate containing antimony. 

t empera ture  is 77~ the crystal  has an ant imony con- 
centrat ion Sb /Ca  ---- 0.03%, it is oriented wi th  its crys-  
tal l ine c axis perpendicular  to the magnet ic  field, and 
the der ivat ive  of the ESR absorption is shown. The 
ESR spectrum normal ly  observed in undoped but ir- 
radiated samples of fluorophosphate is three narrow 
lines of intensities 1:2:1 separated from each other by 
about 17g. It is caused by the EII  center, and is iden-  
tified (2) as a fluorine vacancy containing one electron. 
This center  has two neighboring fluorine ions which 
contr ibute a local magnet ic  field which splits the reso- 
nance into three hyperfine lines. Addit ional  couplings 
to more remote  fluorine ions and to other  magnetic 
ions contr ibute to the line width of about one gauss. 
The new spectrum, shown in Fig. 2, satisfies all of 
these descriptions, but in addition, each line is fur ther  
split into several  components. If  ESR measurements  
are made at other orientat ions of the crystal  re la t ive  
to the external  magnetic field, the new structure 
rapidly washes out and the spectrum becomes indis- 
t inguishable from that  of an ordinary EII center. To 
deduce the symmet ry  of the new center, measurements  
of the spectrum were  made as the crystal  was rotated 
while keeping its c axis perpendicular  to the externa l  
field. As expected the threefold crystal l ine symmet ry  
was evident  in the spectrum, i.e., the clear split t ing 
shown in Fig. 2 was most evident  at six symmetr ical  
positions but  disappeared in be tween these positions. 
As a result  of the symmet ry  of the crystal, the spectrum 
observed must be ei ther the superposit ion of three 
spectra f rom equivalent  centers wi th  reflection sym- 
met ry  or the superposit ion of six spectra f rom equiva-  
lent  centers with no symmetry.  The blurr ing and 
sharpening with  rotat ion is a result  of the var iable  
overlap of their  individual  spectra. In an at tempt  to 
distinguish between these possibilities, a "rocking" 
measurement  was per formed in which the crystal was 
slowly rotated so that the magnet ic  field moved away 
from the plane perpendicular  to the crystal l ine c axis. 
The spectrum of a center  with reflection symmet ry  
behaves differently under these conditions than one 
without  this symmetry.  The split t ing was observable 
over  a considerable range (~40 ~ away from this 
plane, but  unfor tunate ly  it was too small, and the 
over-a l l  resolution was inadequate  to realize our aims. 
To show how small the splitt ing effect is, a powdered 
sample was made by crushing a crystal  which con- 
tained ant imony and only the modified EII center. The 
ESR powder  spectrum showed what  appeared to be 
a normal  E l i  spectrum with  no evidence of the new 
fine lines. Thus the new fine s tructure is barely  ob- 
servable in a single crystal, and then only when the 
field is aligned in one of a few special directions. 

The new E center is identical  to the E l i  center  except  
that it has been very  slightly modified by the presence 
of an Sb ion. We will  call this new center the EH (Sb) 
center. Its concentration, EII  ( S b ) / C a  _-- 0.003%. Fig-  
ure 3A shows an en largement  of the central  "l ine" of 
Fig. 2 and also shows our analysis of this l ine in terms 
of the hyperfine split t ing of the EII spectrum which 
would occur if an ant imony ion with its characterist ic 
nuclear  moment  were  near each EII center. The theo- 
retical curve was calculated by taking into account the 
re la t ive  abundance of the two ant imony isotopes and 
the relat ive values of their  nuclear  magnetic moments  
(shown in Table I).  The contr ibution f rom all three 

Table I 

A b u n d a n c e ,  N M R  f r e q .  
I s o t o p e  % S p i n  x l 0  s Hz  

Sb L~I 57.25 S / 7  10.2 
Sb  L'a 42.75 7 /2  5.5 
Cd  ~~  12.9 1 / 2  9.03 
C d  evem V4.8 0 
C d  ns  12.3 1 / 2  9.44 
F ~~ 100 1 /2  40,1 

P r o p e r t i e s  of  t he  v a r i o u s  m a g n e t i c  i so topes  w h i c h  cause  a s p l i t t i n g  
of the  E I I  c e n t e r .  
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Fig. 3. Features of the central "line" in the ESR derivative 
spectrum of an irradiated crystal of calcium fluorophosphate con- 
taining antimony. Analysis of the "line" is given in terms of the 
expected hyperfine splitting of the direct Ell spectrum by a 
nearby antimony ion. 

(or six) equivalent  centers was included and reason- 
able assumptions were made about the a l ignment  of 
these centers with the magnetic field, the relative 
strengths of their coupling to the EII center and their 
l ine widths. In particular,  we assumed that the angle 
which gives the best resolution of the fine structure 
shown in Fig. 2 and 3A corresponds to the crystal 
or ientat ion which gives the hyperfine splitt ing of two 
of the equivalent  centers the same value. To fit the 
data we picked the magni tude  of the coupling for these 
two centers so that they alone would produce the spec- 
t r um shown by the solid line diagram in Fig. 3B. The 
remaining  center was assigned the spectrum shown by 
the dotted line diagram in Fig. 3B. It necessarily has 
one-half  the intensi ty of the solid line diagram and, for 
fitting purposes, about one-half  its coupling strength. 
The number  of lines resolved in the theoretical curve 
agrees with the exper imentai  curve, and its over-al l  
shape is approximately correct. An even better  agree- 
ment  between experiment  and theory could be at-  
tained by fur ther  adjust ing the many parameters  which 
are at our disposal. We have not done this because the 
resolution of the spectra is not sufficient to make the 
fit unique, because the new information would not be 
very useful to us, and because the main purpose of 
the fit, to show that the cause of the perturbation to 
the Eli center is a nearby Sb +3 ion, has been clearly 
demonstrated. In some cases various amounts of un- 
altered EII center (i.e., the Eli center with no nearby 
Sb ion) must also be included in the calculation to 
achieve a reasonable fit. For long irradiation times, 
essentially no unaltered EII center is required in this 
way. Thus in these samples essentially all of the EII 
centers are near antimony ions. 

Some samples were irradiated and observed at low 
temperatures. The production of the Ell and Eli (Sb) 
centers was very low. In accordance with our under- 
standing of the dynamics of color center growth (3), 
E centers are produced from a precursor center which 
traps an electron. If a particular E center is produced 
at room temperature but not at .low temperatures, this 
means that the precursor for that center was not 

formed at low temperatures.  Applied specifically to 
the EII (Sb) center, this implies that  the vacancy from 
which this E center was produced was not present  near  
the ant imony ion before i rradiat ion but  moved" up to 
it dur ing the irradiat ion at room temperature.  

ESR spectra of samples containing Cd.---The pow- 
dered samples containing Cd were all irradiated at 
room temperature  and measured at 77~ No samples 
were irradiated at 77~ because the complicated 
powder-handl ing  steps could not easily be accom- 
plished at low temperatures.  Figure 4B is an example of 
the resonance pat tern  obtained on a sample with 
Cd/Ca ---- 1%. Figure 4C shows the resonance spectrum 
of the normal  El i  center in a powder. Clearly the addi- 
tion of cadmium has caused the generat ion of another 
new E center. Its concentrat ion relative to calcium 
is about 0.01%. From the negative value of the g shift 
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Fig. 4. A schematic direct spectrum for an Eli center perturbed 
by a n~.arby cadmium ion (4A), the ESR derivative spectrum of 
irradiated calcium fluorophosphate powders containing cadmium 
(4B), and the derivative spectrum of the normal Ell center (4C). 
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for this center  we identify it as an E- type  center  and 
note that  the shift is unusual ly  large. The s t ructure  on 
this resonance can have several  causes. Like that of the 
EII  center, it may contain components due to the nu-  
clear moment  of nearby fluorine ions. In addition the 
various isotopes of Cd, some of which have nuclear  
moments, may contribute.  Final ly  the spectrum will  be 
changed from that  of the E l i  center by the crystall ine 
fieids and the lowered point symmet ry  caused by the 
presence of Cd. It  is difficult to unravel  these dif-  
ferent  contributions from a powder  pat tern;  the exist-  
ence of a single crystal specimen would have been 
very helpful. Before we discuss our analysis of this 
spectrum, we should point out that  this center, which 
we call the EII  (Cd) center, shows a much greater  dif-  
ference f rom the EII  center  than the EII  (Sb) center  
does. In part icular  the shift and split t ing and broaden-  
ing are of the order  of 10g ra ther  than lg. A reason-  
able explanat ion for this is that  the Cd ion is much 
closer to the EII  center  than the Sb ion is. 

The most obvious s t ructure  in the EII (Cd) line is 
the three largest  lines in the center  whose heights are 
roughly in the ratio 1:2: 1. The EII center  is the only 
known E center  which has this same structure. It is 
because of this s imilar i ty  that  we identify this center  
as basically an EI I - type  center. Fol lowing this line of 
reasoning, the other  s t ructure shown in Fig. 4B must 
be due to the hyperfine splitt ing caused by the mag-  
netic nuclei of Cd. We show in Fig. 4A the simplest  
kind of spectrum which can be assigned to an E l i  cen- 
ter  which is interact ing with  the nuclear  field of a 
cadmium ion. We have assumed that the couplings to 
the cadmium and fluorine nuclei are isotropic, have 
included the effect of all isotopic components of cad- 
mium in their  observed abundance, and have picked 
values for the couplings of the EII  center  to the F -  
and Cd +2 ions which best fit the exper imenta l  curve. 
The resul t ing structure, if sufficiently broadened by 
other kinds of magnetic coupling, agrees reasonably 
well  with the observed spectra both in the approxi-  
mate  strengths of the individual  lines and their  num- 
ber and re la t ive  spacing. We have so far ignored the 
fact that  hyperfine coupling is general ly  not isotropic 
and that  this lack of symmetry  great ly alters the 
spectrum. An example of this is the simple Eli center 
shown in Fig. 4C where the shape of the powder spec- 
trum differs considerably from the expected three 
lines, and their strengths from the expected 1: 2:1 ratio. 
The better agreement found for the Eli (Cd) center 
is puzzling. Either the coupling is more isotropic for 
this center or our identification of the structure is in- 
correct and part of it is due to the nonisotropic nature 
of the coupling or g value. 

Following this alternative approach we can achieve 
a reasonable fit by ignoring the hyperfine coupling to 
Cd and emphasizing the contribution of an anisotropic 
g value. Accordingly, if we assume that the Eli (Cd) 
site is approximately axial and that the g shift for 
orientations where the magnetic field is perpendicular 
to the axis of symmetry is much greater than for the 
parallel orientation (which is a likely situation and is 
observed to hold for all of the H centers), we would 
expect a spectrum crudely like Fig. 4B. In particular, 
the three dominant lines are caused by the F hyper- 
fine splitting and are generated by those powder par- 
ticles oriented with their axes perpendicular to the 
field. The three smaller peaks to the left are produced 
by the particles with parallel orientation. The other 
minor peaks to the right side of Fig. 4B must be ex- 
plained by other perturbations such as deviations from 
our approximation of axial symmetry. 

We have been able to generate two different models 
which approximately fit the observed spectrum. Work- 
ing solely with powdered specimens we have little 
hope of choosing between them. Their most important 
features, however, the proximity of cadmium and the 
reduced coupling to the fluorine ions, are common to 
both models. 

Fur the r  observations were  made on the anneal ing 
behavior  of the EII (Cd) center. It was much more 
tolerant  of high tempera tures  than the EII  center. A 
100~ anneal for 1 hr  destroys the EII center  com- 
pletely (2) while even a 300~ anneal fails to com- 
pletely destroy the EII  (Cd) center. Af ter  irradiat ion 
at room tempera ture  a mix ture  of different E centers 
is present but for sufficiently long irradiations the 
EII (Cd) center  dominates the others by roughly an 
order  of magnitude.  The spectrum shown in Fig. 4B 
was made on a sample annealed to 200~ for an hour 
to el iminate the other  E centers. 

Optical measurements on crystals containing Sb.--  
Figure 1 shows a measurement  of the optical absorp- 
tion of a fluorophosphate crystal  made with polarized 
light on a crystal about 0.03 cm thick containing Sb 
ions at a measured Sb/Ca concentration of 0.03%. 
Excitation within these absorption bands leads to the 
typical blue fluorescence which is essentially unpolar- 
ized and indistinguishable from the emission from 
powder samples. This and other similar samples were 
irradiated with u.v. light and the absorption and 
fluorescence examined for evidence of the presence of 
a new color center which could be identified with the 
Eli (Sb) center. No optical evidence for a new center 
of this sort could be found between 150 and 700 nm. 
The usual absorption bands near 360 and 450 nm 
ascribed to the EII and EIII centers were seen and an 
accompanying reduction in the fluorescent intensity 
was easily observable as shown on Fig. 8. These ob- 
servations are not conclusive evidence against the 
existence of a new E center, however, for the Ell and 
EIII bands are sufficiently broad and featureless to 
hide small changes which might have been brought 
about by the presence of a nearby Sb ion. 

Optical measurements on powders containing cad- 
mium.--Measurements were made of the diffuse re-  
flectance of powdered samples of fluorophosphate con- 
taining various amounts of cadmium. Strong absorp- 
tion was found in the ul t raviolet  region which is in 
general  agreement  wi th  that  presented previously by 
Apple (7). Af ter  u.v. irradiation, new bands were  seen 
by Apple and by us. We call these the E l i  (Cd) bands. 
These are shown in Fig. 5 for a sample containing 
cadmium whose concentrat ion re la t ive  to Ca is 1%. No 
polarization information could be obtained from these 
powder  measurements.  A similar  sample wi th  Cd/Ca = 
0.1% developed both the EII (Cd) bands and the nor- 
mal E bands, and in approximate ly  the same strength. 
Under  this same u.v. exposure, a powder  sample con- 
taining Cd and an appreciable concentrat ion of anti-  
mony develops no observable color center  band of any 
kind. This low growth rate is probably caused by the 
strong absorption of Sb at 185 nm and the shielding it 
affords to the X center, prevent ing the conversion of 
X centers to color centers (3). 
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Fig. 5. Optical absorption bands produced by u.v. irradiation in 
calcium fluoraphosphate powders containing cadmium. 
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In terpreta t ion  of  Results 
A model of the EII (Cd) cen~er.--Our model of the 

EII (Cd) center is shown in Fig. 6, and a description of 
its formation is given below. Figure 6 shows schemati-  
cally the part  of the crystal exposed by a cut made 
through the a-c plane and the chains of fluorine ions. 
The Ca and PO4 ions have been left out tor clarity. 
The threefold c axes are arranged vert ical ly and pass 
through the chains of F -  ions and a fluorine vacancy 
(represented by the square symbol) .  One of the three 
CaII ions next  to the vacancy has been replaced by a 
Cd ion. A reflection plane passes through the Cd ion 
and the vacancy and the two unmodified CaII ions 
(not shown) on the right side of the vacancy. An elec- 
t ron is bound to this complex. This center is identical 
to the EII center except that the Cd ion has replaced a 
Ca ion. 

Energetically the subst i tut ion of Cd for Ca is rea- 
sonable, for Cd +2 has the same charge as Ca +2 and 
has almost the same ionic size. It can subst i tute for 
calcium at either the CaI or CaII site and should per-  
tu rb  the normal  lattice hardly at all. When color cen- 
ters are produced, however, the special properties of 
Cd becomes more important.  This can be seen by 
examining a model of the EII center used by Piper, 
Kravitz, and Swank (2) to calculate g values. It in-  
volves a Ca3F2 +4 molecular  ion with an attached elec- 
t ron and fluorine vacancy. In  this model, the electron 
can be bound to any of the Ca +2 ions with an energy 
of roughly 12 eV, i.e., the second ionization potential  
of calcium. Our model of the EII  (Cd) center  can be 
described by the same kind of molecular model, but  
one of the Ca +2 ions in the Ca.~F2 +4 molecular ion is 
replaced by Cd +2. The electron in the new center will 
be preferent ia l ly  bound to the Cd +2 ion by 17 eV, its 
second ionization potential.  This increase in b inding 
energy of 5 eV is a driving force which causes the EII 
center [which readily migrates at room tempera ture  
in the dark (3)] to preferent ia l ly  sit next  to one of 
those Cd +2 ions which has replaced Ca +.' at a Ca(II)  
site. Since the electron is more strongly bound to the 
Cd +2 ion than  the Ca +2 ion it replaces, the electronic 
wave funct ion will  concentrate there and will  overlap 
the fluorine ions less. This will  cause less F -  hyper-  
fine coupling in agreement  with our analysis of the 
observed spectra. Being largely centered on the Cd +2 
ion, the electron's coupling to the Cd nucleus may 
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Fig. 6. Proposed model for the configuration 
center. 

of the Ell (Cd) 

involve mainly  a contact term and display a near ly  
isotropic splitting. This could help to explain the re la-  
t ively sharp unb l u r r e d  powder pattern.  An explana-  
tion of the relat ively isotropic coupling to the fluorine 
ions also depends upon the importance of the contact 
term. The arguments  are more speculative and will  
not be dealt with here. 

The g shift observed for the EIT (Cd) center ( •  
_2 --0.01) is much larger than is observed for any of 
the common E centers (2). This must  be caused (8) 
either by the stronger spin orbit  coupling of the cad- 
mium i()n or by the existence of excited states of 
Cd +1 of the right character which have par t icular ly  
low energy. The spin orbit coupling parameter  of 
Cd +1 can be estimated from the split t ing of its ex- 
cited states (9) and is found to be much larger (~10 
times) than that  of Ca +1 explaining this g shift and 
lending support to our model. 

Other models for the EII (Cd) center can be pro- 
posed which satisfy the observed data reasonably well. 
The special virtues of the one proposed are that  it is 
simple and it is consistent with our unders tanding  of 
the energetic and dynamic properties of the fluoro- 
phosphate lattice and color centers. 

A model of the EII (Sb) center.--A most s t r iking 
observation about the EII (Sb) center is the small  
change that the presence of an t imony has had on the 
normal  EII center. If the Sb +3 ions were sit t ing right  
next  to a normal  EII center, however, as in our model 
for EII (Cd), a highly per turbed E center should re-  
sult. The impor tant  conclusion is that the Sb and the 
EII center must  be separated far ther  than  Cd and EII 
are, and yet the only possible reason for this is that  the 
Sb and EII parts are somehow blocked from assuming 
their closest and lowest energy configuration. A logi- 
cal explanat ion is that the Sb +s ion is located at t h e  
CaIT site and is indeed blocked, being charge-com- 
pensated with an O -2 ion subst i tuted at the nearest  
fluorine site. Assuming that this compensation still 
holds as an EII center approaches, the possible ar-  
rangements  of the three parts of this complex center 
can rapidly be narrowed down. Figure 7 shows those 
that we have considered. Figures 7 and 6 have been 
prepared in the same way except in Fig. 7 the F ions 
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Fig. 7. Possible models for the configuration of the Ell (Sb) center 
Model 7C is the favored model as discussed in the text. 
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have been left  out for clarity. In Fig. 7 the crystall ine 
c axes are aligned vertically,  the Sb +3 ion has been 
substi tuted at a CaII site, and a horizontal line through 
the Sb + 3 ion is in a reflection plane unless the nearby 
E center  has destroyed this symmet ry  as in Fig. 7A 
and 7B. The vert ical  column containing fluorine and 
oxygen ions is on the c axis. It normal ly  contains only 
fluorine ions and is the channel along which color cen- 
ters readily migrate.  An ar rangement  like that  shown 
in Fig. 6 with no blocking 0 -2 ion, has already been 
ruled out because it would radically per turb  the EII  
center  and its spectra. Figure  7A, represent ing the 
closest spacing of the E center  and the Sb-O complex, 
is ruled out because this E center  is l ike the EI (not 
EII)  center  and should show only a two- l ine  ESR 
spectra (and be thermal ly  unstable at room tempera-  
ture) .  Figure 7B represents  the next  larger  Sb+3-E 
center spacing. This configuration should also be re-  
jected, for the ESR spectra of the EII center  will  dis- 
play the inequivalence of its two neighboring fluorine 
ions by a split t ing of the central  line. We expect  this 
effect to be observable but  it could not be detected in 
our measurements .  The Sb-vacancy spacing for this 
configuration is about 7A; if the E center  is moved 
away along the fluorine chain one more step the spac- 
ing is about llA.. Other more l ikely ar rangements  can 
be found with spacings less than this. For example,  as 
shown in Fig. 7C, the EII  center  can be moved to the 
nearest  spot on one of the next  fluorine chains. There 
are six different ways to do this corresponding to the 
six nearest  chains. That with the closest spacing gives 
a Sb-vacancy spacing of about 7A. An even closer 
(,-~6A) but less l ikely a r rangement  involves an Sb +8 
ion located on a nearest  CaI site. Some of these pos- 
sibilities could be ruled out if the symmet ry  of the EII 
(Sb) center  could be extracted from the ESR data, but  
unfor tunate ly  the resolution is insufficient to allow 
this. 

We have considered which of the arrangements  
should have the lowest  electrostatic energy. There is 
no difference on a point charge model because the E 
center  has a net charge of --1 which equals that of the 
F -  ion it has replaced. On the next  level  of approxi-  
mation, that  which considers the dipole moment  of 
the E center, we find differences. The Sb+3-O -2 
couple generates a dipole field which polarizes the E 
center  and lowers its energy. We expect  that the 
polarizabil i ty of the E center  is much smaller  paral lel  
to the c axis than perpendicular  to it. Comparing 
models 7B and 7C, the a r rangement  shown in 7C gen- 
erates a s tronger dipole field at the E center, and the 
direction of the field is such as to polarize the E center  
in the favorable  direction, perpendicular  to the c axis. 
Thus, our choice for the most l ikely model  of the EII 
(Sb) center  is one of the six described by Fig. 7C 
which has the smallest  Sb-vacancy spacing. The ex-  
periments  clearly show that  essentially all of the E 
centers are bound to ant imony and that their  thermal  
stabili ty is essentially the same as that of the normal  
EII center, support ing this choice and ruling out, for 
example, model  7A. We have ruled out a model in-  
volving the Sb ion at the CaI site because existing 
calculations (10) and measurements  indicate that  this 
is unlikely. 

The optical measurements  made on the two new 
kinds of E centers are in general  agreement  with the 
models that  we have chosen. The EII (Sb) absorption 
bands are indist inguishable from the EII bands be- 
cause these centers differ so little. The EII (Cd) cen- 
ter  has quite different bands because the center  is 
strongly per turbed by the nearby Cd .2 ion. The an- 
nealing results are also in agreement  with our model. 
The EII (Sb) center  is destroyed at the same low 
(~100~ tempera ture  as the normal  EII  center that 
allows it to migrate  to and be annihilated by an op- 
positely charged H center. The EII (Cd) center, on the 
other  hand, can tolerate a much higher  anneal tem-  
pera ture  which implies that the strong binding of the 
EII center  to the Cd +'~ ion restricts its wanderings and 

keeps it separated from the re la t ively  immobile  H 
centers. 

Models for the Sb and Cd centers as they exist be- 
fore u.v. irradiation.--Evidence has been presen,ted 
previously  (3) that  EII  centers are produced in un- 
doped samples largely by an indirect  process. Complex 
precursor  defect centers, X or Y, bind a free electron to 
produce, respectively, an EI or EIV center. These E 
centers are thermal ly  unstable at room tempera ture  and 
decompose by the separat ion and migrat ion of the EII 
center  away from the oxygen-conta ining residue. ESR 
measurements  were  made on samples containing anti-  
mony which had been i rradiated at low temperatures .  
These measurements  show that  this indirect  phe-  
nomenon is also occurring in this doped crystal, i.e., 
most of the E centers produced at low tempera tures  
are other than E l i  or EII  (Sb) centers while  those 
produced at room tempera tu re  are essentially all EII  
(Sb) centers. If a complex including Sb-O and a nearby 
vacancy existed before irradiation, we would expect, 
in contrast, that  the EII  (Sb) center  would be gen-  
erated in large concentrations by the low tempera ture  
irradiation. Our conclusion from these observations is 
as follows: before irradiat ion the Sb-O complex is well  
separated from other defects. The i rradiat ion produces 
remote ly  situated EI and EIV centers which decompose 
as usual into EII centers. The EII centers migrate  to 
the Sb-O complexes and are bound there  in the special 
configuration we call and EII (Sb) center. 

We have no exper imenta l  evidence support ing the 
same conclusions for the Cd center. It appears un-  
likely, however,  that  a Cd-vacancy complex would 
be stable, and more l ikely that  the vacancy would 
prefer  energet ical ly to be bound to oxygen  ions in an 
X or Y center. Thus we propose that  an isolated Cd 
center  exists before i rradiat ion and that  the EII  (Cd) 
center  is produced by a remote ly  formed EII center  
which migrates to the Cd ion and is bound there. 

Depreciation of Phosphors 
The result  of this work is of two different kinds. 

First, we have presented models and support ing argu-  
ments for two new color centers in fluorophosphate 
and have made inferences which lead to information 
about the Sb +3 and Cd +2 ions which are present  in 
the samples before becoming associated with color 
centers. On a different level, we can use the results of 
this work to help our understanding of the deprecia-  
tion of fluorophosphate phosphors and the role played 
in depreciat ion by color centers and ant imony and 
cadmium ions. We will  discuss this aspect of deprecia-  
tion below. 

Role of .ant~mony.--Depreciat ion of ant imony-ac-  
t ivated halophosphate phosphors has always been 
loosely associated with the generat ion of color centers 
for it has long been recognized that  both the degree 
of depreciat ion and the concentrat ion of color centers 
depend upon irradiat ion and other t rea tments  in 
roughly the some way. For example,  both grow with 
185 nm u.v. irradiation, fall with 254 nm irradiation, 
and fall with thermal  annealing (11). No clear picture 
has been formed, however,  of the details of the interac-  
tion between the color centers and the ant imony center  
which causes the reduct ion in the intensi ty of its 
fluorescence. A l ikely model involves energy t ransfer  
from ant imony through its emission band centered at 
480 nm. This t ransfer  can occur by several  different 
mechanisms. Exper iments  with our single crystal sam- 
ples containing ant imony i l lustrate one form, direct 
absorption of the emission by the two EII absorption 
bands. This is evident in Fig. 8 where 8A is the fluo- 
rescent envelope measured before u.v. i rradiat ion and 
8C afterwards.  Curve 8B is the same as 8A except  that 
it has been reduced in ampli tude by about 20% so as 
to coincide with curve 8C at long wavelengths.  Curve 
8C shows a characteris t ical ly distorted ant imony emis- 
sion band, i.e., two "holes" have been "dug" in the nor- 
mal Sb band at the two EII center  wavelengths,  360 
and 450 nm, by a direct absorption process. 
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Fig. 8. The fluorescent envelope of a single crystal of calcium 
fluorophosphate containing antimony before (A) and after (C) u.v. 
irradiation. Absorptions due to the Ell and EIII centers are evident 
by the dips in curve C at 360 and 450 nm. 

Now the same distorted emission is not observed in 
normal  phosphors. This is because the much lower 
ratio of color center to ant imony concentrat ions makes 
the direct absorption of the color centers much less 
important .  How then do we explain the depreciation in 
normal  phosphors and the 20% or so of the deprecia- 
tion shown in Fig. 8 not associated with the direct ab-  
sorption by the EII center? We would like to invoke 
an energy t ransfer  and quench process, but  we need 
some reason to expect an unusual ly  close spacing be- 
tween the color centers and the ant imony ions. A con- 
clusion of the present  work, stated above, is that this 
close coupling indeed occurs. Because of this our in-  
terpreta t ion of the dynamics of the depreciation proc- 
ess is easy. As the EII centers are produced they dif- 
fuse through the crystal unt i l  they find an an t imony 
ion to which they stick, stopping perhaps 7A away. 
The 7A separation of the EII center and Sb is suf- 
ficiently small  that  the energy of ant imony in its ex- 
cited state is preferent ia l ly  t ransferred to the EII cen- 
ter  before normal  radiat ion occurs. The EII center is 
then quenched and t ransmits  the energy directly to the 
lattice, for its fluorescent efficiency is known to be low 
(2). This t ransfer  process will not cause a distorted 
an t imony  emission line shape but  will reduce its in -  
tensity. For the sample that  we have examined, ESR 
measurements  show that about 10% of the ant imony 
ions have EII centers nearby. This is in  crude agree- 
men t  with the observed 20% drop in efficiency not  
explained by direct absorption. The lifetime of the 
excited an t imony will probably not be shortened to a 
measurable  degree as the time scale for the t ransfer  
to the EII center would be ~10 sec -1~ while the 
radiat ive l ifetime of Sb is ~10 - s  sec. 

Discussions and calculations can be found in the l i t-  
erature  (12) which confirms the s ta tement  made above 
about the speed of energy transfer  from ant imony to 
the EII center. This t ransfer  over about 7A is not 
restricted by selection rules. It is most l ikely to occur 
by a dipole-dipole process although dipole-quadrupole 
and exchange process are also strong enough to domi- 
nate over fluorescence. Soules et al. (13) have in-  
vestigated the analogous si tuation where an Sb +3 ion 
in  apatite transfers to a Mn +2 ion. Although dipole- 
dipole transit ions are not allowed in this system due 
to the forbidden na ture  of the Mn transition, exchange 
transit ions are still s tronger than fluorescent for sep- 
arations up to about 13A. 

The model described above for the t ransfer  and 
quenching of the energy originally absorbed by the 

ant imony ion is in agreement with many  other ob- 
servations made on this system. Most impor tant  of 
these, perhaps are the beneficial effects of heat and 
254 nm irradiat ion on depreciated samples. Both can 
be explained by the destruction of the El i  center. As 
described elsewhere (2) heating the EII centers above 
about 100~ either destroys it or causes its migrat ion 
to other sites. On our model this should restore the 
original efficiency of a phosphor. Similarly it has been 
shown (3) that 254 nm irradiat ion is absorbed by the 
HII center and frees a hole which, in turn, recombines 
with the electron contained in the EII center. The r e -  
s u l t i n g  centers are not expected to interfere with the 
Sb ion in its normal  emission process, thus much of the 
original efficiency of the phosphor should be restored. 

In deriving this model we have assumed that mech- 
anisms active in a crystal containing 0.03% ant imony 
are  important  in commercial phosphors where the 
ant imony concentrat ion is over an order of magni tude  
greater. While this is felt to be the case, we can offer 
no proof of the validity of this assumption. 

Role of cadmium.--Cadmium reduces depreciation 
in phosphors, but  how it accomplishes this has not been 
clear. One way has been described by Apple (7) and 
has been confirmed by the measurements  of this 
paper, i.e., the Cd 2+ center in fluorophosphate ab-  
sorbs u.v. light at 185 nm and so reduces the intensi ty  
of this damaging mercury  radiat ion in the phosphor. 
Since this radiat ion is also needed to produce fluo- 
rescence, only a moderate amount  of cadmium can be 
added to the phosphor before the init ial  brightness of 
the phosphor suffers. 

The results of this paper imply a second mode of pro- 
tection by cadmium, i.e., while the EII center produced 
by u.v. i r radiat ion wanders  through the crystal look- 
ing for an ant imony ion to damage, the cadmium ion 
acts as a scavenger. If the EII center finds the cad- 
mium ion before the ant imony ion, it sticks to the cad- 
mium ion and the ant imony is spared. For the samples 
examined in this paper about 1% of the Cd ions are 
modified in this way. Since the cadmium ion concen- 
t rat ion is normal ly  larger than that of the ant imony 
ion and since its b inding energy for the EII center is 
larger, the protection afforded by cadmium by this 
mode is probably important.  
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Growth of Epitaxial GaAs Structures 
for High Efficiency IMPATT's 

L. C. Luther and J. V. DiLorenzo* 

Bell Laboratories, Murray Hill, New Jersey, 07974 

ABSTRACT 

The development of the modified Read Lo-Hi-Lo high efficiency GaAs 
IMPATT requires special growth techniques permitting controlled growth of 
thin (100-10O0A) layers containing specified amounts of n-type impurities with 
high accuracy. To meet this need a gas dopant injection system compatible 
with standard CVD apparatus was constructed. An accurately measured total 
amount of H2S for doping the n + layer is instantaneously released into the gas 
stream passing over the growing epitaxial layer and is partially incorporated 
in that layer. The control exercised over parameters of the n + layers was: the 
width, -+-8%; the position, --+10%; and the impur i ty  content, __.18%. It is shown 
that the width of a sulfur-doped layer is determined by (i) the exper imental  
geometry, ( i0 gas flow rates, (iii) gaseous diffusion, and (iv) growth rate. 
']:he incorporation of sulfur is shown to be proportional to the number  of moles 
of H2S injected and varies as the (growth rate) ~.6. Studies of postgrowth dif- 
fusion in the solid indicate that the widths of the high-doped layers broaden 
by amounts  consistent with a value for the diffusion coefficient of sulfur in 
GaAs of 

DSGaAs(750~ ~- 2 X 10 -15 cm2/sec 

The doping technique has yielded the first experimental  measurement  of a 
dis t r ibut ion coefficient of sulfur between the gas and the solid phases. This 
distr ibution coefficient is defined as 

[ s+ ] P~2 
k---- 

NsPH2s 

and has a value ranging between 13 and 26 for our experimental conditions. 
This study has shown that the injection doping system allows control of the 
concentrat ion of impurit ies via the ideal gas law in layers as thin as 150A. It 
has fur thermore been demonstrated that growth rate control is of p r imary  im- 
portance for doping control and that future studies to improve doping control 
should focus on the variables affecting growth rates. 

Recent experimental  and theoretical work toward 
high efficiency, high power GaAs Schottky barr ier  
IMPATT microwave diodes has established the superior 
performance of Read-prof le  structures over uni formly 
doped layers (1-4). As a result  the demands on repro- 
ducibili ty and control of the crystal growth process 
have increased steeply. There have been two Read- 
prof le  structures which have received the greatest at-  
tention: the Lo-Hi-Lo doping profile and the Hi-Lo 
doping profile. This report  is concerned with the Lo- 
Hi-Lo structure which consists of a uni formly low- 
doped layer on top of which a very narrow, high-doped 
layer is grown, followed in tu rn  by another low-doped 
layer. Salmer e~ al. (5) in discussing this s tructure 
have described the critical dependence of the device 
efficiency on the parameters  of the n + layer. In our 
initial efforts, the material grown for device develop- 
ment was grown in a standard vapor phase reactor 
which accomplished the doping of the n + layer by tem- 
porarily opening a fine valve, which admitted a flow 
of dilute H2S (I000 ppm H2S in H2) at flow rates on the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  words :  G a A s  CVD, s u l f u r - d o p e d  GaAs ,  d i f fus ion  (S in  G a A s ) ,  

d i s t r i b u t i o n  coefficient,  

order of 0.1 ml i ter /min .  Since the valve operation re- 
quires about 30 sec, the desired control could not be 
achieved. The idea was advanced that in order to ira- 
prove doping control a reproducible amount  of gas 
should be discharged into the carrier gas stream at the 
exact time required. The injected gas would be carried 
to the deposition site within a predictable t ime span 
( ~  1 rain). While the injected gas "cloud" was t ravel-  
ing from the injection site to the substrate, gaseous dif- 
fusion would spread the cloud sufficiently to allow 
growth of a layer of requisite thickness (100-500A) 
during its passage over the substrate. The exper imental  
realization of this idea was aided by the availabil i ty 
of high quali ty injection valves used in gas chromatog- 
raphy and available commercially. Using this type of 
valve in a standard AsC13 vapor deposition reactor we 
have grown about 50 GaAs structures, some of which 
have yielded IMPATT diodes of high efficiency and 
power. 

This report describes the experimental apparatus and 
procedures used to grow GaAs epitaxial layers contain- 
ing narrow doping spikes with characteristics designed 
to yield IMPATT diodes operating between 5 and Ii 
GHz. The experimental section is followed by a discus- 
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Table I. 

Bore  of reactor 
Total gas f low 
Gas ve loc i ty  in deposit ion zone 

Mole f r ac t i on  A s C h  (p* AsCls,  arm} 
Ga  surface area (3.3 x 7.5 cm) 
Ga source t emperature  
Substrate  t emperature  
Substrate  t emperature  gradient  
D o p a n t  gas (H=S_in H~-) 

40-41 m m  
650-700 m l i t e r s / m i n  
55 c m / m i n  at R T  
190 c m / m i n  a t  800~ 
2-7 • 10-~ 
25 cm 
760o.810oc 
725~176 
1 .5~176  
100-1000 p p m  

sion of doping profile measurements  and their  in terpre-  
tation. Typical Lo-Hi -Lo  doping profiles are described 
and the characterist ics of the nar row doping spike or 
Hi - layer  are explained in terms of growth conditions. 
Sulfur  incorporat ion is correlated with growth  rates 
and the implications of this result  for  doping control 
and future  work  are discussed. Device results wi l l  be 
reported separately (6). 

Experimental Crystal Growth 
GeneraL--The Ga/AsC1JH.~ vapor  deposition reactor  

used in this s tudy was similar  to one described by 
DiLorenzo (7). The dimensions of the reactor  were  
scaled up to accommodate  1 in. square wafers in up-  
r ight  position. For  convenience the various exper imen-  
tal conditions which can easily be identified by the 
reader  famil iar  wi th  s imilar  reactors are described in 
Table I. The epi taxial  deposition is preceded by an in 
situ etch in AsC1JHe  (8) and growth of a 4~ thick n + 
buffer layer.  Deplet ion of the As content of the large 
area (see Table I) Ga source was often observed, es-  
pecially at low (760~ source tempera ture  and is dis- 
cussed in more detail  fur ther  on. To avoid the uncon- 
t rol led growth condition associated with  As depletion 
( incomplete GaAs crust) each run was preceded by a 
source saturat ion cycle, the end of which was identified 
by the appearance of e lemental  As at the exit  of the 
furnace tube. Af te r  each deposition run the furnace was 
moved downst ream to vapor  etch the substrate region 
of the furnace. All substrates were  B r J M e O H  polished 
(9) on a plane 3~/~ ~ off a (100) plane. Substrate  clean- 
ing included boiling in organic solvents, etching in 
5:1:1 H.~SO4:H202:H20 fol lowed by DI H.,O rinses, 
soaking in conc HCI, and centr ifuge spin-off f rom 
MeOH 

Injection doping system.--The injection valve  (Va- 
r ian Aerograph)  has 8 ports for two exchangeable 
sample loops, Fig. 1. The carr ier  gas (solid line) is 
passed through one loop (A) into the system while  
the doping gas (broken line) passes through the other  
loop (B) into the exhaust  as shown for position I. 
Turning the valve  handle results in an interchange of 

LOOP A 

HI~~s. '~ II TEM 

H2SIHz I 
I 
I 
I 

LOOP B 

LOOP A 

/ , ; \ 
I I 

I 1 
II EXHAUST i 

LOOP B 
POSITION [ POSITION ]E 

Fig. 1. Gas flow diagram for the dopant injection valve. In order 
to show the .gas flow paths more clearly the 8-port cylinder has 
been separated into two levels with 4 ports each. Operation of the 
valve rotates both levels simultaneously by 90 ~ in the same direc- 
tion. The path of the carrier (solid line) and the dopant gas 
(broken line) are shown before (position I) and after operation 
(position II) of the valve. 

the two loops, position IL The volume of dopant gas 
t rapped in loop B, which is now in the system line, is 
flushed out by the carr ier  gas into the system. A few 
seconds are needed to replace the H2 by doping gas in 
loop A, which now is in the exhaust  line. Af ter  this 
t ime the  valve  may be operated again. We have injected 
up to six volumes at 10 sec intervals  without  loss of 
doping control. 

Source saturation.--Shaw (10) has called at tent ion 
to the necessity of establishing an unbroken GaAs crust  
over  the Ga source in a H j G a / A s C I 8  reactor. The pri-  
mary  effect on the gas composition in chemical  equi l ib-  
r ium with a crusted Ga source is the maintenance of 
the high As part ial  pressure. The presence of free Ga 
reduces the As part ial  pressure by orders of magni tude  
(10). It  is, therefore,  not surprising that  a correlat ion 
can be established between the deposition of e lementa l  
As at the furnace exi t  and effective control of growth 
rates and doping levels. When no special precautions 
were  taken it was often observed that  par t  or all of 
the growth cycle proceeded without  any deposition of 
e lemental  As at the furnace exit. In some of the runs 
the As appeared during growth of the first layer, the 
n + buffer. In these cases the t ime of appearance of the 
first As was noted and correlated with the position of 
an etch line in the buffer layer  as seen on a cleaved and 
stained (110) plane. It was found that  the first par t  of 
the buffer layer, deposited before excess As appeared, 
grew at a rate about 2-3 times the rate observed la ter  
in the process when excess As was present. The first 
grown part of the buffer layer was doped about 4 times 
higher  than the second part.  Likewise, active layers  
grown without  excess As showed prominent  doping 
ramps, always with  a decreasing doping level  wi th  
time. By del iberate ly  growing from a 75% saturated Ga 
source, growth rates as high as 0.7 ~/min were  obtained. 
Upon complet ion of the saturat ion process the rates fell 
to 0.2 ~/min. A source with  exposed free Ga is expected 
to react more completely  with HC1 than a GaAs crusted 
source on the basis of equi l ibr ium thermodynamics  
(10). Thus in the absence of a GaAs crust the part ial  
pressure of HC1 downstream from the source is lower  
than it is under  normal, controlled growth conditions. 
Since HC1 favors the dissolution react ion of GaAs we 
have a mechanism for increased growth rates in the 
presence of free Ga. However ,  the As pressure also de-  
creases under  these circumstances and this would be 
expected to reduce the rate of the deposition reaction. 
The resul tant  growth rate  is a balance of opposing 
tendencies, the details of which we cannot predict.  
Nevertheless,  the exper imenta l  conditions for ensuring 
a high As4 part ial  pressure are readily and reproduci-  
bly established with  the presaturat ion cycle. 

Exper imenta l  M e a s u r e m e n t  

Growth rates.--The thickness of the epitaxial  layer  
was measured by taking photographs of cleaved and 
stained sample at 640• using a phase contrast  micro-  
scope. The etchant used is alkal ine K3Fe(CN)e (11) 
which delineates abrupt  concentrat ion changes in 5-10 
sec at room temperature .  The precision of this method 
is equivalent  to fr inge count methods on angle lapped 
and stained sample with a resolut ion of 0.3~. This was 
established by direction comparison before adopting 
the cleave and stain method, which was considered to 
be faster and easier. Average  growth rates were  then 
obtained by dividing layer  thickness by growth time. 
Since two layers were  ahvays grown, this yields two 
measurements.  In each sample the very  nar row high- 
doped layer  served as a marke r  permit t ing an addi- 
tional independent  measurement  of growth rate at the 
time of dopant introduction. The distance of the center  
of this layer  from the surface (0.5-1.5~) was measured 
using a capacitance profiler. This distance was divided 
by the time between dopant injection and termination 
of growth by withdrawal from the furnace. A small 
correction amounting to 0.7 rain was made to allow 
for the time of passage of the dopant gas from injec- 
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tion site to the substrate. In most instances this growth 
rate established for the last 5-10 rain of growth was 
in good agreement  with the average growth rate. Ex-  
ceptions were noted in cases where the Ga source w a s  
significantly depleted and growth rates decreased rap-  
idly. 

C-V profiles.--The doping profile of the layers, that  
is the doping level as a function of distance from the 
surface of the crystal, was measured by means of a 
feedback profiler designed by Miller (12). This profiler 
processes differential capacitance measurements  and 
plots doping level vs. distance from the surface. 
Schottky barr ier  diodes are formed by depositing 10 
and 20 mil  Au dots on a step-etched sample. Step etch- 
ing is accomplished by dipping a sample strip into a 
stirred mixture  of 5: 1:1 H~SO4: H202:H20 at room tem- 
perature. Several steps are usual ly needed to establish 
a complete profile. Occasionally "punch through" de- 
vices were obtained which allowed depletion and hence 
profiling of the ent i re  active layer. As a check on possi- 
ble fringe field effects on the capacitance voltage pro-  
files, mesa Schottky diodes were prepared by ion mil l -  
ing through an evaporated 3000A gold layer and about 
1~ of one GaAs epitaxial  layer. The mesas were d e -  
f ined with Photoresist. The n + layer  was located at a 
depth of 0.4~, i.e., within the mesa. No difference was 
seen between the profiles of the n + layer as obtained 
from the p lanar  and the mesa Schottky diodes. 

The interpreta t ion of differential capacitance (C-V) 
profiles containing abrupt  transit ions in impur i ty  con- 
centrat ion requires some care. A distinction must  be 
made between the impur i ty  profile, N(x ) ,  and the 
major i ty  carrier  profile, n ( x ) .  Electrons in n- type  
material  with large concentrat ion gradients diffuse 
away from the impur i ty  donor atoms. Balance is re-  
stored by drift currents  in the resul t ing field. The 
situation is similar to that prevai l ing near  a p -n  junc-  
tion. To first order the C-V profiler measures the ma-  
jor i ty  carrier profile and all the abrupt  features of the 
under ly ing  impur i ty  profile are washed out. A step 
function impur i ty  profile is "rounded off" with shoul-  
ders extending several Debye lengths to either side of 
the function (13). 

An additional correction must  be made for the in-  
fluence of the electrical measurement  (application of 
d-c bias) on the thermal  equi l ibr ium of the major i ty  
carriers. Johnson and Panousis (14) have obtained esti- 
mates for this effect from computer  s imulat ion studies. 
They showed how the differential capacitance profile, 
N* (x), differs from the equi l ibr ium major i ty  carrier 
profile, n (x), and how the deviation depends upon the 
geometry of measurement .  The C-V profile of a step 
function is an S-curve intersecting the vertical branch 
of the step function at about one- thi rd  of its height 
and reaching full height only after 3-4 Debye lengths. 
We have synthesized a two-step function impur i ty  dis- 
t r ibut ion from two step functions of opposite sign and 
approximated the corresponding C-V profile from the 
computer s imulat ion curves, Fig. 2. The asymmetry  is 
due to the experimental  geometry: the contact is either 
on the high- or the low-doped side of the step func-  
tion. We considered on Fig. 2 two l imit ing cases. The 
width of the two-step function is expressed in uni ts  
of Debye lengths appropriate to the high doping level. 
If the two-step function is equal to or more than 7 
Debye lengths (;-D) the peak of the C-V profile, N'max, 
is near ly  equal to the impur i ty  doping level, Nmax. The 
width at the 0.6 Nmax level, which is the 2~r level if 
the profile is approximated by a Gaussian curve, is 
about 2)~D narrower  than the width of the impur i ty  
distribution. If, on the other hand, the two-step func-  
tion is only two ?.D wide, the C-V profile peak will 
approach two-thirds of the impuri ty  doping peak while 
the 2~ width is near ly  equal to the true width. This sec- 
ond case is the delta function model in tui t ively  applied 
to Hi-layers.  As we shall see, our Hi- layers  are typi-  
cally 3-5~.D wide at the 2~ level, or somewhere between 
the two extremes considered. Their C-V profiles are 
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Fig. 2. Simple models of Hi-layer impurity distrlbutions, N(x), 
and the corresponding C-V profile, N*(x). The models were con- 
structed using the computer shnulation studies of step functions 
described by Johnson and Ponousis (14). 

probably 1-2 Debye lengths nar rower  than the width 
of the impur i ty  profile. Although the above considera- 
tions are of a quali tat ive na ture  only they will be help-  
ful in the discussion of dopant incorporation. 

Imp~Lrity content of Hi-layers.--We have used two 
different methods to estimate the amount  of impur i ty  
in Hi-layers.  One method, profile integration, yields 
the amount  of charge per uni t  surface area by in te-  
grat ing the Miller profile N*(x)  over the distance, 
where N* (x) is significantly above the background. 
This assumes that N* (x) = n ( x ) ,  which is a reason- 
ab~-e approximation. According to the Johnson-Panousis  
analysis N* (x) < n (x )  at the edge of a step function 
profiled from the low doping side, and N* (x) > n (x) 
if profiled from the high doping side. The deviations 
are small and in opposite directions and so tend to 
cancel. 

The other method (15) utilizes 

to obtain 

~Q 
C---- and a Q -  q N ( x ) d x  

Q= q f~N(x)dz= favC(V)dV 

The capacitance as a funct ion of voltage for a typical 
doping "spike" is shown in Fig. 3. Integrat ion was done 
numerical ly  or by use of a planimeter.  The voltage 
differential was established by noting the d-c bias on 
the C-V profiler before and after passing the depletion 
zone through the high-doped region. Al terna t ive ly  a 
separate N(V) plot was made using the profiler to de- 
fine N(V) .  The agreement  between the two methods 
of est imating impur i ty  content  was checked on a un i -  
formly doped layer. For such a layer the gross distor- 
tions of the profile associated with abrupt  changes in 
doping level do not exist, and agreement  was within 
--+10%. The same level of precision was observed on 
200A wide n + layers. 
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Fig. 3. C(V) and N(V) profiles of an impurity spike from which 
the impurity density is obtained by integration. 

Results 
Profiles.--Typical differential capacitance (C-V) pro- 

files of Lo-Hi-Lo structures grown by inject ion doping 
are reproduced on Fig. 4 and 5. Often these profiles 
exhibit  a more or less pronounced decrease in apparent  
doping after the high region. This "dip" we believe to 
be an artifact of the measurement  technique for the 
following reasons. Empirically, it has been established 
that the following conditions favor the appearance of 
dips: (i) large amounts  of charge in the high-doped 
layer, (ii) low background doping, and (iii) small dis- 
tance from the surface of the crystal. 

In  Fig. 5 the top profile shows no dip in an experi-  
menta l  profile with a Hi- layer  containing an integrated 
impur i ty  concentrat ion of 0.6 X 10 TM cm -'z. The second 
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distribution. The dip in the background doping is probably an 
artifact; its depth is a function of the position of the spike rela- 
tive to the surface. The marker at 2.6# indicates the depth at  
which the Schottky diode on the unetched surface broke down and 
where the profile was patched together using a second diode on 
the taper-etched portion of the test strip. 

profile shows a pronounced dip for a total impur i ty  
concentration of 2 X 1012 cm -2 in the Hi-layer.  The 
bottom profile i l lustrates how the dip dominates the 
profile if the background doping level falls to 1 X 1015 
cm -~. Figure 6 i l lustrates the effect of distance from 
the surface of the crystal on the severity of the dip. 
The test strip was step etched to remove mater ial  above 
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Fig. 6. C-V profile of a "deep" Hi-layer as measured with and 
without step etching. Material  above the Hi-layer is removed in 
two steps. The three profiles obtained show how the dip in the 
background doping level is intensified with decreasing distance 
from the surface. Breakdown of the unetched surface Schottky 
diode is marked at  4#. 
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the Hi-layer.  As the Hi- layer  moves to the surface the 
dip becomes more pronounced. The accumulated in -  
direct evidence together with the geometrical asym- 
metry  (the dip appears only on the far side of a Hi- 
layer as seen from the Schottky barr ier)  supports the 
view that the dip is a profiling artifact and does not 
reflect either a sudden drop in a background doping 
level or an impur i ty  segregation caused by the larger 
concentration gradient  near  a Hi-layer.  

In Fig. 7 we show a high resolution C-V profile of 
a Hi- layer  and compare the thickness at high and low 
concentration levels with the corresponding Debye 
lengths which provide a measure of the distortion of 
the impur i ty  profile. A curve of the form N'max 
exp(x"/2~) was found to approximate the free carrier 
concentrat ion reasonably well, except that the decay of 
the lat ter  is less rapid than the Gaussian below 0.3 
N'max. Identification of the carrier distr ibution with a 
Gaussian distr ibution simplifies the discusson of the 
Hi-layers by providing a s tandard measure of the width 
of Hi-layers. This width will be defined as the width 
at 0.607 times the peak height, N'max. The Gaussian 
approximation should not be used to estimate the im-  
pur i ty  content of a Hi-layer.  The area under  a Gaussian 
distr ibution is given by CNr~x k/27r. This formula was 
found to underest imate the impur i ty  content by ,-40 %. 

Width of Hi-layers.--The widths of Hi-layers grown 
under  different conditions and annealed for varying 
times after growth exhibit  regularit ies which indicate 
that both growth rate and solid-state diffusion after 
growth must  be considered in an analysis. Figure 8 
shows the variat ion of the square of the Hi- layer  width 
(2r with growth rate squared. Only Hi- layers  with 
postgrowth anneal  times between 4 and 5 min  are in-  
cluded. These samples have undergone a m in im um of 
diffusion broadening (having been held at temperature  
for only 5 min) while still yielding Hi-layers  that can 
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be fully profiled. A correlation between the width and 
the growth rate is inferred from the data. If the widths 
were dominated by diffusion broadening no dependence 
on growth rate would have been observed. The reason 
for plott ing the squares of the variables are discussed 
in the following. Diffusion broadening is best studied on 
structures exposed to long postgrowth anneals. Several 
deeply buried Hi-layers were grown and evaluated. In  
addition, one wafer was re turned to the furnace and 
annealed for 16 hr at growth temperature  after removal 
of a test piece. Following the discussion of a model for 
the growth process we show that the final width of 
long time annealed structures as well as the diffusion 
broadening of minimal ly  annealed layers is in accord 
with the ideal diffusion law. 

In  the following a simple model for the growth of 
Hi- layers  is developed. Figure 9 is a schematic diagram 
of the experimental  si tuation dur ing layer  growth. The 
dopant gas is injected into the reactor tube from a 
small bore quartz tube passing over the Ga source. We 
disregard any mixing that  may occur due to interdiffu- 
sion and turbulence between carrier gas and dopant gas 
during the travel  from the injection valve to the in-  
jection point in the reactor. After injection the dopant  
gas cloud travels a distance, d, unt i l  it passes over the 
substrate. During this passage it diffuses rapidly and 

/SUBSTRATE SOURCE 
/ "~. HzS/H2 

r f AsC13/H2 
I 

2O- G 

2CTG= 2%/~ ~ ~ G} "V ? 

20-S= 20- G ( l /V )  G R 

Fig. 9. Diagram of the sulfur injection tube and the sulfur 
cloud as it travels toward the substrate, The sulfur cloud is 
modeled by a plane source 

PH2s(x,t) = �9 
2~/:~Dat 

where x is the distance from the injection point and t is the time 
since injection. The original partial pressure, Po, falls as the 
cloud spreads by gaseous interdiffuslon characterized by a diffu- 
sion coefficient Do. 
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we will assume that  the concentrat ion of dopant in  the 
carrier gas is given by a plane source model 

Co (x - vt)~ 
C(x , t )  - 2 ~ e x p - "  

4DGt 

where x is the distance measured from the inject ion 
point, DG is the gaseous interdiffusion coefficient, and t 
the time elapsed since the injection. 

It is impor tant  to take into account the fact that the 
carrier gas velocity, v, at growth temperatures  is much 
higher than the room temperature  velocity obtained by 
dividing the flow rate by the cross-section area. Due 
to thermal  expansion of the gas volume the velocity 
increases by a factor given by the ratio of the init ial  
and final temperatures  

1050 
, or 3.5 

3O0 

The progress of the doping gas cloud is d rawn sche- 
matical ly in Fig. 9. When the dopant  gas cloud passes 
over the substrate its width is given by 

2r = 2~/ 2Do(d -- ~G) [i] 
V 

We assume that the doping level in the growing layer 
is directly proport ional  to the dopant  gas concentra-  
tion which results in an impur i ty  concentrat ion profile 
of width 2~s, given by 

2#G 
2~S = G.R. [2] 

V 

where G.R. is the growth rate. Subsequently,  a layer  of 
low-doped material  is grown over a t ime span tu. Al-  
ternately, the grown layer  may be annealed without  
additional growth. During such periods solid-state dif- 
fusion of the incorporated impur i ty  will broaden the 
Hi-layer.  The theoretical amount  of diffusion broaden-  
ing can be obtained from the we l l -known delta func-  
tion solution of the ideal diffusion equation (16) by 
simply adding an imaginary  prediffusion process in the 
mathematical  model. If the diffusion broadening is de- 
noted by 2r 

2~D = 2k/2D (t -I- to) -- 2k/2Dto 

where to is the t ime required to broaden a delta func-  
tion (in the imaginary  prediffusion process) to the 
width of the init ial  (as grown) Gaussian dis tr ibut ion 
and t is the t ime of the actual diffusion. With the 
initial  width as given by Eq. [2] 

2k/2Dt ~ = 2r G.R. 
?/ 

We find that  the total width 2~ of the n + layer  after 
diffusion broadening is 

~G2 
2~ = 2k/2D(t-t-  to) = 2  2 D t - t - - - ~  (G.R.) 2 

which gives us the rationale for plott ing the data 
(2r 2 vs. (G.R.) 2 as was done on Fig. 8. Extrapolat ion 
to zero growth rate yields 

8Dr - "  2 X 1 0 - 4 #  2 

from which with t = 240 sec, we find a value for the 
diffusion coefficient, D _-- 1 • 10 -15 cm2/sec. 

Table II shows per t inent  data for a n u m b e r  of rep-  
resentative Hi- layers  grown under  different conditions 
and annealed for different lengths of time. The gaseous 
interdiffusion coefficient was estimated from 

(1100  / '.-~ 
DG(ll00~ = DG(300~ \ - - ~ /  

using DG(300~ : 0.7 cm2/sec (17). To obtain agree- 
ment  for the long term diffusions a diffusion coefficient 
of 2 • 10 -15 cm2/sec was used. This value is in te r -  
mediate between that  obtained by extrapolat ion of 
published data (18) to the growth temperature  
(750~ : 5 • 10 -15 cm'~/sec, and the value obtained by  
extrapolat ion to zero growth rate. With some excep- 
tions for very nar row Hi- layers  the agreement  between 
estimate and experiment  is wi th in  one Debye length. 
The quali tat ive considerations of the free carrier dif- 
fusion and the distortions of the C-V profile discussed 
earlier may be applicable and explain the tendency of 
the profile widths to be nar rower  than  the estimated 
widths. Alternatively,  various shortcomings of the 
model may be responsible for the discrepancies. The 
assumption of a plane source gaseous dopant is clearly 
an oversimplification. The dopant gas is injected from 
a small bore tube (0.4 mm ID) with a nozzle velocity 
about 10-20 times the carrier  ~as velocity. It is possible 
that gas mixing takes place closer to the substrate and 
is due to turbulence rather  than diffusion. A more seri- 
ous difficulty is the assumption that  the solid-state dif- 
fusion after growth can be adequately described by  a 
concentrat ion independent  diffusion process. 

We have found that  for steady-state S-doping in  
GaAs grown by CVD, saturat ion of free carriers occurs 
at 4-5 • 10 ~s cm -3. This l imit  agrees we~l with that  
obtained by Mil 'vidskii  and Pelevin  (19) for melt  
growth of GaAs. According to their  data the difference 
between the total amount  of S and the electrically ac- 

Table II. 

G r o w t h  ra te ,  t v , ( ">  Qc-r,(~) N m ,  Theor .  P rof i l e  
R u n  No. g / m i n  rnin • 10 t2 • 1017 2o's,r A 20"D (d), A width,<e> A width,(r>, A XD, (g) A 

A 0.070 4.3 2.1 8 55 160 215 160 65 
B 0.10 4.3 1,5 4 80 140 220 200 85 
C 0.12 5.3 1.8 5 I00 145 245 230 77 
R 0.17 4.3 3.0 7 135 110 245 250 70 
K 0.083 10.3 2.4 6 65 260 325 200 55 
U 0.065 30 1.1 I.i 50 500 550 470 170 
T 0.10 70 0.7 0.6 80 800 880 1150 350 
TA 0.10 960 - -  0.07 80 3000 3100 3000 700 

(a) tD = t i m e  a f t e r  g r o w t h  of H i - l a y e r  d u r i n g  w h i c h  the  e p t t a x i a l  l a y e r  was  he ld  a t  730~176 
(b} Q = to ta l  a m o u n t  of i m p u r i t y  in  t he  H i - l a y e r  ( a toms /cm~L 
<o~ 2as = w i d t h  of the  i m p u r i t y  d i s t r i b u t i o n  a t  0.6 • p e a k  d o p i n g  l e v e l  p r io r  to so l id - s t a t e  d i f fus ion .  

2~rG 
= ~ G.R.  

w h e r e  2~rG = w i d t h  of su l fu r  d i s t r i b u t i o n  i n  t he  ca r r i e r  gas 
~ /  2 D a ( d  -- ~o) 

2 y .  
v 

whe re  v = ca r r i e r  gas v e l o c i t y  at  g r o w t h  t e m p e r a t u r e ,  190 c m / m i n ;  DG = d i f fus ion  coeff ic ient  in gas phase  at  800~ 5 cm*/sec;  a n d  d = 
d i s t ance  t r a v e l e d  by  d o p a n t  b e t w e e n  i n j e c t i o n  si te and  subs t r a t e ,  25 cm. 

<d~ 2~v = d i f fus ion  b r o a d e n i n g  of I-IX-layer. 
(e~ Theo re t i c a l  w i d t h :  2~s + 2fib. 
(r) Prof i le  w i d t h :  w i d t h  of f ree  ca r r i e r  d i s t r i b u t i o n  as g i v e n  by  C-V profi les.  
cg> XD = Debye  l e n g t h  a t  0.6 N m .  



766 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY June 1975 

tive S becomes significant when the free carrier con- 
centrat ion exceeds 2 X 10 TM cm -3. We conclude from 
this comparison that  for CVD GaAs the component of 
neut ra l  S will probably  also become significant when 
the free carrier concentrat ion exceeds 2 • 10 TM cm -~. 

For an impur i ty  density of 2 • 1012 cm -2 in a typical 
n + layer this l imit  is exceeded when 2z < 100A. If the 
layer were narrower  than 100A the initial  stage of the 
diffusion process, lasting unt i l  the peak concentrat ion 
is reduced to 2 X 10 TM cm -3, is complicated by the 
presence of at least two species. The serious discrepancy 
seen for sample K which is representat ive of several 
similar layers, may be due to such an effect. 

Sulfur incorporat~on.--The distr ibution coefficient for 
an impur i ty  incorporated into a solid in  equi l ibr ium 
with the gas phase is 

xs 
k - -  

XG 
This is the definition for dilute solutions (k = XS/XL) 
given by Thurmond  and Struthers (20), where the 
mole fraction in  the l iquid (XL) is replaced by the 
mole fraction in  the gas phase. We shall apply this 
definition to the case of sulfur-doped GaAs. The mole 
fraction of the almost completely ionized sulfur  in  the 
solid (for low doping levels) is given by 

[S + ] [S + ] 
XS m - ~ -  

hrs d 
L 

F.W. 

where IS + ] is the number  of ionized sulfur  a toms/cm s, 
Ns is the number  of available lattice sites, L is Avo- 
gadro's number ,  d is the density of GaAs (5.35 g/cm3), 
and F.W. is the formula weight of GaAs (144 g/mole) .  
For the dilute gas we have 

PHgS [S + ] PHs 
X G - - " - -  " " k - -  [ 3 ]  

PH2 NsPH2s 

Simple estimates using JANAF (21) data show that  
H2S is by far the most stable sulfur  species at 1100~ 
with PH2 : 1 atm and very low total sulfur  concentra-  
tion. Since we cannot measure the instantaneous sulfur 
doping level corresponding to an instantaneous sulfur  
part ial  pressure we integrate over the t ime interval,  At, 
needed to grow the Hi- layer  

f~  k dr--  F ' W ' P H 2 I .  ~ [S+] dt 
t Ld t PH2S 

It  is known from the diffusion studies of Young and 
Pearson (18) that the solid solubil i ty of sulfur  in GaAs 
is a l inear  funct ion of the sulfur  vapor density. De- 
pending on the diffusivity of the dopant the equi l ibr ium 
incorporation behavior may or may not be reflected in 
the doping level of a crystal grown at finite growth 
rates. For S-doped GaAs l inear i ty  between dopant gas 
(H.,S) concentrations and doping level was observed by 
Goldsmith and Oshinsky (22) in the range 4 • 1017-4 
• 10 ~u cm -3 at growth rates comparable to ours. 

The first-order doping dependence allows us to in te-  
grate over the two sulfur concentrations separately 

1 YA k d t = k - - - -  
At t 

The upper integral  is 

F.W. PH2 
Ld 

f~t [S+] dt 

YAt PH2s dt 

IS +] t 0  d x : ~ l  Q 
0x G.R. 

where G.R. is the growth rate and Q is the charge den-  
s i ty /cm 2 of the Hi-layers.  For the gas phase we have 

y~ RT y F PH2s dr:-  RT 
PH2S d t =  - -  - -  n 

t F t RT F 

where n is the total number  of moles of hydrogen sul-  
fide injected, R is the gas constant, T the tempera ture  
at which the flow rate, F, in the reactor is measured. 
The distr ibution coefficient is now given by 

F.W. PH2 F Q 
k _  

RT d G.R. N 

where we have converted the number  of moles of H2S 
injected to atoms: L n = N. If the growth rate, G.R., 
is expressed in cm/min,  and F, the flow rate, in l i ters /  
rain at room temperature  we find for typical experi-  
menta l  growth conditions 

Q/N 
k -- 0.75 ~ [4] 

G.R. 

The amount  of H2S injected dur ing epitaxial  growth 
to produce the high-doped layer  of the Lo-Hi-Lo 
structure can be varied by changes in the pressure, and 
the concentrat ion of the gas flowing through the in -  
jection loop and by changing the volume of the loop. 
All three parameters  have been varied in the course of 
the study. Addit ional ly the number  of injections can 
be varied to increase the volume. The amount  of dopant 
gas is convenient ly  measured in moles according to 

m . V . C . P  

RT 

where m is the n u m b e r  of injections, IT, C, and P the 
volume, concentration, and pressure of the injected gas. 
The gas constant R is 0.082 l i ter  a t m / ~  and T the room 
temperature  is in ~ 

Typically, a volume of 0.7 mli ter  at a concentrat ion 
of 300 ppm and 2 atm pressure was injected (m _-- 1) 
corresponding to n = 1.7 • 10 - s  moles and containing 
1 • 1016 S atoms. At a growth rate of 0.08 #/min this 
amount  of HzS yielded a Hi- layer  containing 2 • 10 TM 

cm -2. Insert ing these numbers  into Eq. [3] gives 

Q/N ---- 2 X 10 -4 
k - - 2 0  

The doping efficiency, Q/N, was found to be inde-  
pendent  of the total amount  of sulfur  injected, N, for a 
fixed growth rate. For 13 layers grown at rates between 
0.65 and 0.75 # /min  the ratio Q/N remained constant  
with an average value of 2.05 X 10 -4 and a s tandard 
deviation of 19% as N was varied by a factor of 4. This 
result  supports the assumption discussed earlier that 
sulfur  doping in the 1017-1018 cm -8 range is l inear  with 
H2S partial  pressure. 

On Fig. 10 we show similar  data obtained for other 
growth rates. The growth rate was varied in tent ional ly  
by changing the source and the substrate temperatures  
and also un in ten t iona l ly  by  depletion of the Ga source. 
Thus for a source temperature  of 765~ and substrate 
temperature  of 725~ the growth rates fell from 0.11 
to 0.04 ~/min as the source was depleted. The reason 
for this decrease is presumably  that  the HC1 to GaC1 
conversion efficiency decreased. By increasing the 
source temperature  to 805~ and by varying the sub-  
strate temperature  between 750 ~ and 735~ the growth 
rate could be varied from 0.04 to 0.18 ~/min. The 
straight l ine drawn through the combined data on Fig. 
11 using least squares fitting has a slope of 1.6 rather  
than uni ty  as given by Eq. [4]. This implies that  the 
exper imental ly  measured distr ibution coefficient is not 
an equi l ibr ium value as required by theory. It  is rea-  
sonable to propose that the departure is due to kinetic 
effects. If this is true, then the slowest exper imenta l ly  
realized growth rates would yield the best estimate of 
k. The lowest value of k obtained in this s tudy is 

kmin ---- 13 

A value of k larger than uni ty  does not imply deple- 
tion of the gas phase dopant concentrat ion which would 
invalidate the simple model used to estimate Hi- layer  
widths. This is readily seen from the experimental  
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ratio Q/N, which is of the order 10-4-10 -8. The wafer 
area is 4 cm 2 and there is no wall  nucleat ion near  the 
substrate. Thus at most 2.5% of the injected sulfur is 
taken up by the solid. 

It is realized that  the exper imental  values for the 
dis tr ibut ion coefficient obtained in this study are prob-  
ably influenced by factors not recognized specifically, 
i.e., they are probably  system dependent.  System de- 

pendent  data should not be modeled, but  summarized 
as simply as possible, e.g., as a coefficient of l inearity.  
The relat ively complex approach taken here is not a 
model and attempts only to remove the t ime depen- 
dence of the growth process to isolate a coefficient of 
l inear i ty  which may be compared to more conventional  
steady-state doping coefficients obtained with other 
crystal growth systems. 

The S-doping data given by Goldsmith and Oshinsky 
(22) can be applied to the formula given in Eq. [3] to 
yield an exper imental  dis t r ibut ion coefficient for their 
system 

k ---- 140 

This value represents an order of magni tude more effi- 
cient sulfur  incorporation. Among major  differences be- 
tween the two systems compared is the nature  of the 
Ga and As sources. Goldsmith and Oshinsky used GaC13 
and As. The gas flow data and source temperatures  
given in their report  lead to the estimate that  the Ga /  
As ratio in  their  system was ~1, taking into account 
that GaC18 vapor is dimeric. For  a typical Ga/AsCla 
system the Ga/As ratio is ~-2 (23). In  conflict with 
experimental  results, the more As-rich system would 
be expected to incorporate the As-subst i tu t ing impur-  
ity less efficiently. Another  effect is to be expected from 
the partial  pressure of free HC1 which must  be higher 
in the G a C i J A s  system. However, the range of St- 
background doping governed by PHCl is negligible com- 
pared with 101T-10 TM cm -3 S-doping levels. 

Steady-State S-Doping 
The observation that the exper imental ly  determined 

dis tr ibut ion coefficients vary super l inear ly  with growth 
rate suggests that s teady-state doping might  show 
growth rate dependence too. For this case the analysis 
would not involve the time integrat ion required for a 
t ransient  phenomenon and, therefore, no growth rate 
dependence would be predicted. But the additional 
fractional (0.6) growth rate dependence suggested by 
the data on Fig. 10 may be expected to be reflected 
in the steady-state case too. Exper imenta l ly  (10) this 
is indeed observed. We used the s tandard method of 
doping with dilute (1000 ppm) H2S admitted through a 
variable leak. Figure 11 shows that doping data for a 
l imited range of growth rates are qual i tat ively in 
agreement  with the t ransient  doping data. The straight 
lines drawn through the data points suggest a l inear  
relationship, i.e., larger than the 0.6 power dependence 
suggested by the t ransient  experiments.  However, the 
data cover too narrow a range to allow discrimination 
between a 0.6 and a uni ty  power dependence. The 
scatter is probably due to the difficulty of setting the 
leak reproducibly to a given opening. 

Returning to the definition of k we can calculate the 
partial  pressure of H2S in equi l ibr ium with a given 
doping level in the solid, e.g., 2 • 1017 cm -8. With k = 
20 we obtain 

PH2 2 • I0 IT 
PH2S = -- 5 • 10 -7 atm 

20 2 • 1022 

Thus for steady-state doping using 1000 ppm H2S with 
a carrier gas velocity of 0.7 l i t e r /min  we find that  the 
leak flow rate of dopant should be 0.35 ml i te r /min .  
This estimate agrees well with leak doping experience 
and with extrapolat ion of leak flow rates measured at 
higher leak settings. 

The positive growth rate dependence of steady-state 
S-doping can be compared with the results obtained by 
Wolfe et.al, on Sn-doping of GaAs (24). For this sys- 
tem at low growth rates comparable to ours, a negative 
growth rate dependence was found. For growth rates 
higher than 0.2 ~/min the dependence changed sign and 
became first order. The explanat ion advanced by Wolfe 
et el. was based on the suggestion that higher growth 
rates lead to increasing roughness of the growing sur-  
face, thereby creating more surface area available for 
dopant  adsorption. But since at all growth rates there 
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Table II1. Reproducibility of sulfur doping and n+-Iayer width 

G r o w t h  
Run n x I0 -s rate ,  
No. mole  IL/min Qo-Vav~ AQ W i d t h ,  A 

E 1.54 0.064 1.7 -- 0.8 150 
F 1,54 0.076 2.5 -- 150 
G 1.85 0.096 2.8 + 0.3 170 
H 1.46 0,065 1.7 -- 0.8 180 
K 1.89 0.082 2,4 --0,I 200 
L 1.93 0.077 2.5 -- 160 
M 1.89 0 . 0 8 6  2.4 -- 0.i 1 5 0  
N 1.98 0.074 2.V + 0.2 140 
P 1.89 0.064 2.0 --0.5 150 

r = 0.46 166 - -  20 

Q - - T a r g e t  2.5 x 10 ~ 
0.46 

a = = 18% 
2.5 

N o t e :  T h e  s t a n d a r d  d e v i a t i o n  is h e r e  t a k e n  w i t h  r e s p e c t  to t h e  
t a rge t ,  2,5 x 10 TM, r a t h e r  t h a n  the  e x p e r i m e n t a l  m e a n  of  2.3 + 10 ~.  
U s i n g  t h e  la t t er ,  ~r b e c o m e s  0.4 x 10 m or  17%, 

is competition between dopant and host atoms for sites, 
this mechanism seems unl ikely  to produce the observed 
effects unless the proportion of surface area of different 
facets changes with growth rate. If so, the growth rate 
dependence of the sulfur  incorporation would actually 
be due to an orientation effect. We found no correlation 
between surface roughness, growth rate, and doping. 
One layer  grown at the rate of 0,04 ~ /min  had a fish 
scale pat tern with features registering between 500 and 
1500A high on the Talysurf. Another  grew at a rate of 
0.I8 , / m i n  and exhibited features less than 300A high. 

The observed growth rate dependence of the sulfur 
incorporation is undesirable as it magnifies the diffi- 
cur ies  of doping control. The inherent  dependence 
might be e l iminated by changing to a different dopant 
or by increasing the growth rate. If a dopant were 
found with a higher distr ibution coefficient, the basic 
idea of injection doping would offer better  control than 
was realized with sulfur. Alternatively,  a dopant with 
a negative inherent  growth rate dependence should be 
employed. For such a dopant the two observed growth 
rate dependences would cancel  The results of Wolfe 
et M. suggest the use of t in  which, however, for appli- 
cation in the present  system would have to be available 
in gaseous form (metal lorganie) .  

As a result  of the strong growth rate dependence 
(1.6 power) of the sulfur incorporation the reproduci-  
bil i ty of doping was not improved by employing injec- 
tion doping. Using the manua l ly  operated valve in a 
series of consecutive runs we aimed at a target  im-  
puri ty density of 1.25 X 10 n cm-% The slice-averaged 
impur i ty  density ranged from 0.95 to 1.56 • 1012 cm -~ 
with a s tandard deviation of 0.20 • 10 n cm -'2, or 16%. 
In a similar series of 9 injection doping runs the target 
of 2,5 X 1012 cm -2 was obtained with a s tandard devia- 
tion of 0.45 X 1012 cm -2, or 18%, and a range of 1.7-2.8 
X 10 l~ cm-~, Table IlL These results show that improv-  
ing the control over the amount  of dopant added does 
not solve the problem, An idea of the uni formi ty  across 
a 1 X 1 in. wafer grown by S-inject ion may be ob- 
tained by referr ing to Fig. 12. The level of uniformity  
is comparable to that of wafers produced by conven- 
tional steady-state doping. The table also contains data 
on the reproducibil i ty of the width of the Hi-layers.  
Addit ional  data on reproducibi l i ty  and uni formi ty  will 
be published as a separate report (6). Two useful 
results have been obtained using injection doping. The 
min imum practicable width of Hi-layers has been re- 
duced by a factor of five. Using the manua l ly  operated 
variable leak the narrowest Hi-layers achieved were 
about 700A wide. With the injection valve Hi- layers  
only 150A wide (uncorrected C-V profile) could be 
reproducibly grown. Although no improvements in the 
performance of 6-ii GHz devices have been attribut- 
able to the reduction in layer width, it is possible that 
such improvements may be realized for higher fre- 
quency devices. This suggestion is based on the fact 
that higher frequency devices have Xe --~ 1000A and 
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Fig. 12, Doping parameters at various points on a I X 1 in, 
Lo-Hi-Lo wafer, 

therefore, layers of widths approaching 1000A are not 
feasible for this type of device. 

Secondly, the injection doping technique has been 
useful in demonstrat ing that doping control is p r imar-  
ily dependent  on growth rate control. Fu ture  work will  
have to aim at improvements  in the reproducibil i ty of 
growth rates. 

Conclusions 
An experimental  approach to investigate the repro- 

ducibil i ty of growing 100-200A thin epitaxial layers 
with a predictable impur i ty  content is described. This 
system has been utilized to grow Lo-Hi-Lo (modified 
Read profile) structures for GaAs ]MPATT diodes. The 
dopant system is very flexible, allowing control of the 
amount  of dopant through three easily manipula ted 
variables: pressure, volume, and concentrat ion of the 
doping gas. The position, width, and impur i ty  density 
of the Hi-layers could be explained in terms of the 
experimental  conditions and known material  parame-  
ters. A dis t r ibut ion coefficient of ~20 for S-doping from 
the gas phase was extracted from the data. A strong 
growth rate dependence of the total amount  of incorpo- 
rated impur i ty  was observed. It is, in part, due to the 
t ransient  nature  of the doping procedure. In  addition 
there appears to be a positive, inherent  growth rate 
dependence of sulfur  incorporation. As a result  of the 
growth rate dependence no improvement  in doping 
control was achieved compared with previously used 
methods. The value of injection doping lies in the 
achievement of sufficient precision in the control of 
amount  of dopant added to obtain reliable data on sul- 
fur incorporation. These data just ify the conclusion 
that improved growth rate control will lead to im-  
proved doping control. 
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Reactions Between the Ta-Pt-Ta-Au Metallization 
and PtSi Ohmic Contacts 

H. M. Day,* A. Christou, W. H. Weisenberger, and J. K. Hirvonen 
Naval Research Laboratory, Washington, D.C. 20375 

ABSTRACT 

The purpose of this work was to determine processing and /or  operat ing 
l imitat ions of the proposed microwave power transistor  metal l izat ion scheme 
consisting of S i /P tS i -Ta -P t -Ta -Au .  Typical Si-PtSi  ohmic contacts were proc- 
essed and metallized along with larger area wafers and annealed at tempera-  
tures from 400 ~ to 785~ Small area contacts were checked for variat ion of 
contact resistivity and the large area metallizations were examined by Auger 
electron spectroscopy (AES), Rutherford backscatter (RBS) analysis, and 
x - ray  diffraction at a 5 ~ glancing angle. Evidence of significant interdiffusion 
and chemical interact ion at 400~ was absent. Above 600~ tan ta lum was found 
to react with gold and PtSi  to form various compounds. Consumption of silicon 
from the substrate accompanied the formation of TaSi2 with the formation of 
PtSi  as an intermediate  step. These thermochemical  reactions with the accom- 
panying diffusions which take place at temperatures in the range sometimes 
used for device processing could significantly alter device geometry and, there-  
fore, device performance. At normal  operating temperatures and temperatures  
up to 400~ the P t S i - T a - P t - T a - A u  system appears to be adequately stable. 

Gold has been found to be less susceptible than alu-  
m i n u m  to electromigration (1) and metal  res t ructur ing 
effects (2). It is, therefore, a strong candidate for a 
more rel iable metall ization system for microwave 
power transistors. However, due to the lower eutectic 
tempera ture  of the Au-Si  system (377~ a diffusion 
barr ier  between gold and silicon is necessary to pre-  
vent  alloying and shorting of the device. Several re-  
fractory metals have been used for this purpose as well 
as for bet ter  adhesion. In previous work (3, 4) the au-  
thors found that  a Ta -P t -Ta  sandwich is an effective 
barr ier  to the interdiffusion of gold and silicon and 
provides satisfactory adhesion to the PtSi coated sili- 
con substrate as well as to SiO2 coated areas. 

The reliability of composite contact metallizations is 
expected to be affected by diffusion controlled proc- 
esses which take place at the various interfaces. Pre- 
vious investigations (5-7) have indicated that while 
providing satisfactory adhesion in most cases the re- 
fractory metals tend to form silicides themselves. More 

* Electrochemical Society Active Member. 
Key words:  contacts, metalllzations, reliability, transistors.  

recent work (8) indicates that  the presence of PtSi  
between tungsten and silicon actually enhanced the 
rate of WSi2 formation. In  the case of a Si-PtSi-A1 
contact a reaction between A1 and PtSi was also ob- 
served to take place, significantly al tering the charac- 
teristics of the contact (9). 

Thus, an evaluat ion of  t an ta lum films on PtSi is 
necessary in order to determine processing and /or  op- 
erat ing l imitat ions of the proposed microwave power 
transistor metal l izat ion scheme consisting of S i /P tSi -  
Ta-P t -Ta-Au.  

The present investigation concentrates upon the sta- 
bil i ty and contact resistance of the S i /P tS i -Ta -P t -  
Ta-Au metall ization system in which interracial reac- 
tions and diffusion under  extreme conditions can re-  
sult in the formation of a number  of additional com- 
pounds such as TajSi3, TaSi2, TaPt, and TaAu. We 
report on the interdiffusion of the various consti tuents 
of the system, the various compounds actually formed 
as a function of anneal ing temperatures  up to 785~ 
and the variat ion or stabili ty of the contact resistance 
at anneal ing temperatures  up to 400~ The tech- 
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niques and procedures used in the formation of small 
area contacts are presented along with the methods 
used to obtain compositional data. These methods in-  
clude Auger electron spectroscopy (AES), Rutherford 
backscattering (RBS) analysis, and 5 ~ glancing angle 
x- ray  diffraction. 

Experimental Techniques 
Ohmic contact processing.--The substrate used for 

ohmic contact processing and evaluat ion consisted of 
an n- type  single-crystal  silicon wafer with localized 
(oxide window, boron diffused) regions of p- type ma-  
terial of approximately 0.05 ohm-cm resistivity or 180 
ohms per square sheet resistance. This resistivity was 
selected as being typical of the npn  L-band  microwave 
power transistor  base region. The test pat tern  consisted 
of six parallel  contacts 125 • 10# defined by oxide 
windows spaced 35~ on center  within the base area dif- 
fusion window. Contacting pads were extended onto 
the sur rounding  oxide which was typically 5000A 
thick. The contact resistivity was measured according 
to the method outl ined by Terry and Wilson (10). 

P la t inum silicide was formed in the contact windows 
by sputter  deposition of 600A of Pt at a substrate tem- 
perature of l l0~ followed by a 10 rain sinter in vac- 
uum at 475r The excess Pt  was removed by etching 
in aqua regia or by sputter  etching. For many  applica- 
tions, sput ter  etching produces excessive ion bombard-  
men t  damage to the surrounding oxide. P la t inum sili- 
cide exposed to aqua regia is also etched and left with 
a very roughened texture. To avoid the above prob-  
lems, the PtSi reaction was dr iven to completion by 
fur ther  s inter ing in air at 475~ for 10 min. A layer  
of SiO2, grown dur ing sintering effectively masked the 
PtSi from attack by aqua regia during the removal  of 
the excess p la t inum (11). The SiO2 was subsequent ly  
removed by etching in buffered hydrofluoric acid be- 
fore metal  deposition. 

Thin film deposition.--Layers of Ta, Pt, Ta, and Au 
were sputter deposited in sequence to thicknesses of 
approximately 1000, 300, 1000, and 3000A, respectively, 
at 200W rf power, 5 ~m argon pressure, and 110 ~ 
112~ substrate temperature.  Conventional  photoli tho- 
graphic techniques were used to define the resistivity 
test pa t te rn  in  the Au. Using the Au layer  as a mask, 
the top layer  of Ta was etched away in a solution of 9 
parts saturated KOH (heated in a boiling water  bath) 
and one part  H202, added just before etching (12). 
The top layer of Ta was removed wi th in  20 to 30 sec, 
whereupon the Pt  layer  prevented fur ther  etching. 
Fur ther  etching of the Ta was accomplished only after 
the Pt  layer was removed by sputter etching at 100W 
rf power and 5 ~m argon pressure. An al ternat ive to 
the above procedure is to use low power reactive 
plasma etching techniques, followed by a chemical 
etch for the final Ta layer. 

Two centimeter  diameter wafers of silicon and PtSi 
coated silicon were metallized simultaneously with the 
small area contact substrates. The larger wafers were 
used for compositional analysis and profile studies. The 
sputtered fi:ms were annealed in vacuum at pressures 
less than 10 -4 Torr. 

Compositional anaIysis.--Metallization diffusion pro- 
files were obtained by AES (13) analysis as a function 
of argon ion sputter  etching times and by RBS analy-  
sis (14, 15). Compositional data after the various heat-  
t reatments  were obtained by x - ray  diffraction (16). 

The AES profiles were made in a Physical Electron- 
ics, Model 1300 Auger electron spectrometer. Mult i-  
plexing and a peak- to-peak detection capability were 
used permit t ing variations in Auger signal amplitudes 
to be read out directly while sputter etching. The AES 
data were taken with a 50 ~A beam currerit at a 3 kV 
beam voltage. A 2 kV, 30 mA argon ion beam was 
used for sputter  etching. The AES depth-composit ion 
profiles are normalized so that the ampli tude of the 
Auger signal for each element is compared to the sig- 
nal ampli tude obtained for 100% surface coverage by 
that element. The normalized peak ampli tude corre- 

sponds to the per cent coverage of a par t icular  e lement  
assuming that  the signal is unaffected by the presence 
of other elements or compounds on the surface. How- 
ever, ion bombardment  dur ing sputter  etching is 
known to produce chemical and topographical changes 
(13). Therefore, the correspondence of the depth com- 
position profile to actual atomic per cent dis t r ibut ion 
of the elements in the samples can only be approxi-  
mately determined. Robinson and Jarvis (17) have 
estimated that, at a given depth, in the specific case of 
a gold metall ization on gal l ium arsenide, the per cent 
composition for any of the consti tuents is correct to 
within 15%. 

With RBS analysis (18) 4He+ ions which penetrate  
the sample are backscattered from within the sample 
to give information on interdiffusion withoui the con- 
ventional sectioning by sputter etching during AES 
profile analysis. RBS analysis in this case was per- 
formed on the metallization specimens Si-PtSi and 
Si-PtSi-Ta-Pt after a sequence of annealing treat- 
ments up to 785~ These measurements were per- 
formed using a 2.0 or 4.0 MeV 4He+ beam from the 
NRL 5 MV Van de Graaff accelerator. The backscat- 
tered ions were detected at an angle of 165 ~ in a sili- 
con surface barrier detector with a system resolution 
of approximately 12 keV FWHM. 

Results and Discussion 
Preanneal film structure and contact res i s t iv i ty . -  

The grain size of the sputter  deposited t an t a lum and 
gold films measured by electron diffraction was 100- 
300 and 300-600A, respectively. Likewise, the grain 
size of the p la t inum film was 200-400A. The gold was 
strongly (111) textured while the tan ta lum and plati-  
num did not show any observable texture. The elec- 
trical resistivity of the gold films after deposition was 
measured to be 1.25 times the bulk resistivity. The 
sputtered tan ta lum films had a resistivity of 2.1 times 
that of bulk tantalum. The tan ta lum films were de- 
posited as ~-Ta as verified by electron diffraction ex-  
aminat ion (19). 

The contact resistivity before anneal ing was found 
to be typically less than 8 ~ohm-cm 2 and did not vary 
with anneal ing temperatures  up to 400~ for 24 hr. 
As a result  of the par t icular  measurement  technique 
used, this value contains a component of resistance 
due to nonuni form fields and, therefore, represents an 
upper  limit. In  comparison, an average value computed 
from the Terry and Wilson data (10) for PtSi  contacts 
on approximately equal resistivity mater ial  was 110 
~ohm-cm2. This is an average of contact resistivity 
values for A1, Mo, Ni, Cr, and Ti on PtSi with a sub- 
strate resistivity of 0.04 ohm-cm. However, the PtSi-AI 
contact resistivity was consistently an order of magni-  
tude below the average value. A value of approxi-  
mately  15 ~ohm-cm 2 for a P tS i -W contact on p- type 
material  doped to 2 • 1019/cm3 (or 0.05 ohm-cm) was 
obtained by Sinha (7). 

Metallurgical stability.--Figure 1 compares the Au-  
ger depth-composit ion profiles of the T a - P t - T a - A u  
metaliizations on silicon substrates as-deposited and 
after anneal ing at 550~ and 10 -7 Torr. The fact 
that the interfaces in general appear slightly diffused 
ini t ial ly may be at t r ibuted to differential sput ter ing 
(17). After anneal ing at 550~ interdiffusion is evi- 
dent by a slight decrease in the slope of each peak 
with extensive tailing at each interface. Tanta lum has 
diffused completely through the thin p la t inum layer 
while gold has not completely penetrated the thicker 
tan ta lum layer. A comparison of the RBS spectra of 
the S i -P tS i -Ta-P t  metall ization taken on samples as- 
deposited and after being annealed at 785~ is shown 
in Fig. 2. The verticle arrows indicate the energy of 
the backscattered ~He + ions which would be obtained 
for a part icular  species if it were on the outer surface. 
The width of a peak is a measure of the thickness of 
that par t icular  layer, while the slope of the edge of a 
part icular  peak after taking energy straggling into 
account is a measure of the diffusion at that part icular  
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interface. The increase in signal at the silicon edge and 
the decrease in the low energy edge of the Ta -P t  mix -  
ture after  annealing at 785~C indicates that  consid- 
erable in te rmixing  and movement  of the S i -P tSi  in ter-  
face has taken place with  silicon penetra t ing to the 
outer  surface. This is fur ther  corroborated by Auger  
spectra of identical  specimens shown in Fig. 3 along 
wi th  the spectrum of another  specimen annealed at 
550~ The spectrum of the 550~ specimen shows 
significantly less interdiffusion or reaction of P t -Ta  as 
compared to the spectrum of the 785~ specimen. The 
la t ter  c lear ly  indicates that  TaSi~_ has formed while 
the PtSi  layer  between the TaSi2 and the silicon sub- 
strate remains essentially unchanged. Similar  spectra 
(Fig. 1) of the T a - P t - T a  system direct ly on silicon 
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Fig. 3. Auger electron spectra of the PtSi-Ta-Pt metallization on 
(100) Si wafer; as-deposited and after annealing at 550~ for 
24 hr and 785~ for 60 min. 

likewise show less interdiffusion or reaction of Ta and 
Si when annealed at 550~ Finally, x-ray diffraction 
data on three Si-PtSi-Ta-Pt specimens (the control 
and specimens annealed at 600 ~ and 785~ are shown 
in Fig. 4. After annealing at 600~ tantalum-rich 
silicides are predominant though the Auger spectra 
showed little interdiffusion at 5500C. After annealing 
at 785~ the x-ray spectra, in agreement with the 
Auger spectra, show that TaSi.~ is dominant with the 
(i 12) PtSi line increasing in intensity. 

The reaction of tantalum with PtSi in this ease is 
exactly analogous to the reaction of tungsten with 
PtSi to form the more stable WSi2 as observed by 
Sinha (6). Similar observations have been made for 
other refractory metals according to reports by Tu 
and Mayer (18). In the case of the Si-PtSi-Ta reaction, 
movement  of the Si -PtSi  interface at tempera tures  
above approximate ly  600~ takes place by a complex 



772 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY June 1975 

2500 [-.. 
U 

2000  - 

1500 - 

I 0 0 0  - 

5 0 0  ~r 

29 

OJ 
o 

AS DEPOSITED~ ~ 
~ S i -P tS i -Ta -P t  
b5 ~- 
z- 

54 40 

28 ,, 

v 

E 

I I I 
50 55 

2500 
03 

Z 

D 2000  
>- 

~7 1500 
bJ 
I--- 

Z 

>_ I000  
r r  

r~ 
~-- 500 

r r  

600~ 
6 HOURS 

- S i - P t S i - T a - P t  

~, 0 

E_ 

L 

29 

.m 
O3 
@ 

o 
.~ o 
O3 

T_ 

o 

I 

59 

20 ,, 

I ~ ] i I I 

42 50 60 

2 5 0 0  - 
0 
~. 785oc 

2000 - 60MIN 
r 

D.. 
S i - P t S i - T a - P t  

1500 - _~ 
o 

K ~  
I 000! ub3 

500 \ 

28 50 

g 

K 
O9 
LL 

i %510 i 
39 42  60 

28 - - -~  

I 
7O 

Fig. 4. X-ray diffraction spectra of the PtSi-Ta-Pt metallization 
on (100) Si wafer; as-deposited and after annealing at 600~ for 
6 hr and 785~ for 60 min. 

reaction (between PtSi and tanta lum) in which silicon 
is the diffusing species. Thus, from a combination of 
the data it can be inferred that at excessively high 
temperatures tantalum displaces silicon from PtSi to 
form the various tantalum silicides until the most sta- 
ble one, TaSim is formed. As platinum is displaced it 
is free to react further with the silicon substrate to 
form more platinum silicide. During and upon comple- 
tion of these reactions, silicon diffuses through the 

result ing films or layers at a rate which depends on 
the temperature  and the part icular  layer. 

Conclusions 
Reactions between silicon substrates and a stabilized 

t an ta lum gold metall ization with and without an inter-  
vening PtSi  layer have been studied as a funct ion of 
anneal ing temperatures up to 785~ A complex re- 
action between PtSi and tan ta lum results in the for- 
mat ion of TaSi2 at excessively high temperatures re- 
sult ing further  in the uptake or consumption of silicon 
of the substrate at the higher temperatures.  The con- 
tact resistance of small area PtSi ohmic contacts with 
geometries representat ive of microwave power t ran-  
sistors overlaid with the T a - P t - T a - A u  system re- 
mained constant during anneals up to 400~ for 24 
hr. This indicates that thermochemical reactions and 
diffusion observed to take place at higher temperatures 
are probably not significant at normal  operating tem- 
peratures but  could be significant at some processing 
temperatures.  

In view of the fact that enhanced reactions take 
place in this system at elevated temperatures,  addi- 
t ional work should be done in order to completely 
characterize the system. The energies of formation of 
the compounds TasSi3 and TaSi~ should be determined 
along with those of the intermetal l ic  compounds TaPt, 
Ta2Pt, and TaAu. 

Manuscript  submit ted Sept. 30, 1974; revised manu-  
script received Jan. 2, 1975. This Paper  75 presented at 
the San Francisco, California, Meeting of the Society, 
May 12-17, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 

Publication costs of this article were partially as- 
sisted by the Naval Research Laboratory. 
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ABSTRACT 

In  this paper, we discuss the preparat ion of GaAs crystal surfaces by me-  
chanical and chemical techniques. A comparative study of the surface in the 
course of consecutive polishing by various chemical etchants is made. The 
surface is assessed quali tat ively by microscopy and quant i ta t ively  by the 
Rutherford backscat ter ing/channel l ing technique. The concentrat ion of gal- 
l ium and arsenic at the surface is reported, and it is found that the surface 
is general ly arsenic rich, the excess depending on the chemical polish used. 
Low concentrat ions of surface impuri t ies  (e.g., Te > 2.1013 atoms cm -2) are 
measured and the variat ion monitored between the chemica l  polishing stages. 
No systematic behavior in the variat ion of impur i ty  concentrations is observed. 

The advent  of GaAs as a new mater ial  for fabricat-  
ing semiconductor devices has demanded a new tech- 
nology different from that used for silicon devices. An 
impor tant  part  of this technology is the fabrication of 
electrical contacts to the completed device. Trans-  
ferred electron devices, for example, are thought to 
require two low resistance ohmic contacts whereas 
Barri t t  diodes need high quali ty Schottky barriers. A 
prerequisi te for fabricating reproducible electrical 
contacts, is the development  of analytical  techniques 
to study the semiconductor surface prior to the deposi- 
tion of the metal  contacts. In  this way it should be 
possible to relate any variations in the electrical be-  
havior of the contact to the physical nature  of the 
crystal surface. In  this paper, we consider the physical 
characteristics of GaAs surfaces result ing from a wide 
variety of surface preparations.  

The techniques which we used to study GaAs sur-  
faces fall into two groups, quali tat ive and quant i ta -  
tive. In the first group we have the techniques of opti- 
cal and scanning electron microscopy which give in-  
formation about the topography of the surface. 
However, microscopy when combined with surface 
decoration techniques can yield quant i ta t ive informa-  
tion on the dislocation density and hence the surface 
damage present. Optical in terferometry  was also used 
to investigate surface irregularities. The second group 
comprises the technique of Rutherford scattering and 
channelling.  This technique is now well established as 
a versatile tool suitable for lattice site location (1), 
thin film analysis (2), impur i ty  detection (3), and 
more recently for surface studies (4). The lat ter  tech- 
nique has been described in detail in an earlier 
paper (5). 

Surface Preparation 
For the major i ty  of the work described in this paper, 

the mater ial  used was Czochralski grown, Te-doped 
n- type  gall ium arsenide. The samples were approxi-  
mately 8 • 8 mme in area, and in order to obtain the 
best channel l ing results, the (110) orientat ion was 
used. The surface preparat ion consists of two stages; 
(i) mechanical  lapping/pol ishing to obtain a flat 
smooth surface and (ii) a chemical polish to remove 
the surface damage left by the mechanical  polish. 

The mechanical  preparat ion was carried out in two 
stages, mechanical  lapping followed by vibratory pol- 
ishing, (Table I). First, the samples were lapped with 
diamond abrasive to remove the gross damage and 
produce an optically fiat surface. In  order to minimize 
damage, two grades of abrasive were used; 1.0-5.0 ~m 
grit followed by 0.5-2.0 ~m grit. After washing in t r i -  
chloroethylene to remove contaminat ion due to the 
abrasive, the samples were vibratory polished (6). 
Four  samples were polished s imultaneously in the 

K e y  w o r d s :  g a l l i u m  a r s e n i d e  po l i sh ing ,  R u t h e r f o r d  b a c k s c a t t e r -  
i n g / c h a n n e l l i n g .  

polisher bowl in order to encourage the samples to 
spin around and hence reduce directional polishing. 
The abrasive was a lumina  dispersed in water  and again 
two grit sizes were used, 1.0 followed by 0.05 ~m. 

The samples were then cleaned using "Analar" 
grade organic solvents in an ultrasonic bath. Par t icular  
at tent ion was paid to this cleaning procedure since the 
presence of grease, dirt, or any impur i ty  can drasti-  
cally affect any subsequent  chemical etching (11). The 
chemical etchants examined in this paper are described 
in Table II and were chosen because of their  extensive 
use in the preparat ion of GaAs crystals. Most of the 
work concentrated on the first four, polishes A-D, 
since these are the ones most commonly used. 

Polish E was included so that  our results could be 
compared with those of Hvalg~rd et al. (3) who used 
Rutherford backscattering to study changes in surface 
impur i ty  concentrat ion on GaAs caused by chemical 
etching. 

The mechanical /chemical  etching procedure, used 
with polish D, was carried out on an apparatus similar 
to that described by Dyment  and Rozgonyi (12). Here, 
the sample was mounted onto the bottom of a small  
stainless steel holder which was then placed on the 
tu rn  table which was covered with a microcloth. The 
microcloth was ini t ia l ly soaked in 0.1% bromine -me th -  
anol and then while the table rotated at 60 rpm fresh 

Table I 

Thickness Removed 
removed, rate, 

I n i t i a l  p r e p a r a t i o n  ~ m  ~ m / m i n  C o m m e n t s  

M e c h a n i c a l  l a p p i n g  D a m a g e d  c a u s e d  b y  abra-  
1-5 /Lm 9.0 0.6 s i r e  a n d  e s p e c i a l l y  loose 
0.5-2 n m  2.5 0.06 m a t e r i a l .  O p t i c a l l y  fiat 

s u r f a c e .  
V i b r a t o r y  p o l i s h i n g  

1.0 ~ m  16.0 0.04 S m o o t h  f e a t u r e l e s s  surface 
0.05 z m  4.0 0.01 w i t h  r o u n d i n g  of  s a m p l e  

e d g e s .  

Table I I  

Rate ,**  
E t c h a n t  C o m p o s i t i o n *  ~ t m / m i n  C o m m e n t s  and references  

P o l i s h  A H F : H N O s : H ~ O  24 Po l i sh ,  f a s t  r e a c t i o n  produc-  
1:3:2 i n g  r o u g h  s u r f a c e .  (7) 

Po l i sh  B Br~:CH~OH 9 P o l i s h  (8) 
4:100 

P o l i s h  C HeSO4:H~O2:H20 20 Pol i sh ,  con t ro l l ab le  reaction.  
3:1:1  (9) 

P o l i s h  D B r 2 : C H z O H  0.3 C h e m i c a l / m e c h a n i c a l  po l i sh .  
0.1:100 (8) 

P o l i s h  E H F : H N O 3 : H , O  - -  Pol i sh ,  v e r y  f a s t  reac%ien 
1:9:5 p r o d u c i n g  rough surface,  

(3) 

* R e a g e n t  a s s a y s :  t t F ( 4 0 % ) ,  H N O 8 ( 6 3 % ) ,  H2SO4(98%),  H20~(40%) .  
** M e a s u r e d  on  (110) T o - d o p e d  G a A s .  

773 
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etchant  was dripped onto the cloth at about  15 ml /min .  
In  every case, the etchant was freshly made up from 
Analar  grade reagents which were mixed together in 
the same order. The polishing was carried out under  
normal  i l luminat ion with slight agitation and at room 
temperature.  The etchants had been previously cali- 
brated for similar material,  so that  the thickness of 
material  removed by the etchants was known to wi thin  
•  

Results and Discussion 
Mechanical polishing.--After lapping with the 1-5 ~m 

diamond grit, there are numerous  straight shallow 
scratches across the surface caused by the abrasive. 
More serious is the presence of jagged and deeper 
scratches and areas of damage caused by mater ia l  
chipped from the sample edges scoring the surface. 
The use of interference microscopy (~, --_ 547 rim) con- 
firms that the surface is optically flat. When a fur ther  
4 ~m is removed by the 0.5-2.0 ~m abrasive, there is a 
marked improvement  in the condition of the surface. 
Some scratches from the abrasive are present  but  in 
general  these are less than  2~ deep. In  addition, some 
of the severe damage of the previous lapping remains. 

After v ibratory polishing in 1.0 ~m alumina, no 
l inear  damage from the lapping process is visible, al- 
though there are some curved scratches caused by this 
polishing. In  contrast  with the even polishing produced 
by the p lane tary  motion of the previous lapping, a 
tendency for directional polishing is seen. This is 
caused by the shape of the sample having a preferred 
orientation to the direction of t ravel  as it moves across 
the microcloth. 

Furthermore,  since the holder is not r igidly held 
parallel  to the plane of the abrasive surface during 
polishing, the surface becomes less fiat especially near  
the edges. It should be noted that, al though the abra-  
sive particles used in this v ibratory polish are similar 
in  size to those used in the previous lapping stage, the 
rate of removal  and, hence, the depth of damage, is 
considerably less. After the final mechanical  polish 
with 0.05 gm abrasive, the crystal surface is very 
smooth. This is confirmed by optical and scanning elec- 
tron microscopy, which reveals no visible surface 
damage. In ter ferometry  pat terns show a slight degra- 
dation in  flatness, with a variat ion of 1% across the 
surface. 

Consider now the results obtained by the Rutherford 
scat ter ing/channel l ing technique. A typical energy 
spectrum is i l lustrated in Fig. l ( a )  which shows the 
scattering yield as a function of the energy of the 
backscattered alpha particles. The energy axis can be 
converted into either a mass scale or a depth scale 
(5, 13). The depth resolution for the exper imental  
configuration used is also shown in  Fig. 1 (a).  
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This energy spectrum is obtained when  a 2.2 MeV 
beam of alpha particles is scattered through 135 ~ from 
a (110) GaAs crystal which has been vibra tory  pol- 
ished. The inset shows the surface peak after the ran-  
dom l ine-shape background correction (5) (shown as 
a dotted line in the figure). This correction procedure 
is used throughout the results presented in this paper. 
For a good qual i ty crystal, two surface peaks are ob- 
served corresponding to the Ga and As sublattices. 
However, because of the surface damage result ing from 
the vibratory polishing, two peaks cannot be resolved. 
This is a result  of mult iple  scattering by unscreened 
Ga and As atoms in the thick disordered layer which 
causes the two surface peaks to overlap. From the area, 
A, under  this surface peak, the total concentrat ion of 
atoms, NT, is calculated using the expression 

t 
NT ------" N(llO) [1] 

1 

In  this expression, l is the monolayer  separation; Non0) 
---- 1.77 - 101~ atoms �9 cm -2 is the concentrat ion of 
atoms in  one monolayer  of G a A s ( l l 0 ) ;  and t is the 
disordered layer thickness obtained from [Eq. 7, Ref. 
(5)] 

A 
t = [21 

y[k2S (Eo) -- S (El)/cose] 

where Y is the random yield; k 2 is the kinematic  fac- 
tor; S(Eo) and S(E1) are the stopping powers of the 
ion in GaAs at the energies Eo and El, respectively; 
and e is the scattering angle. For the vibratory pol- 
ished surface shown in Fig. l ( a ) ,  NT ---- (3.51 • 
0.5) 1016 a toms,  cm -2. By comparing NT with Non0), 
the extent  of the surface disorder can be assessed. 

An al ternat ive quali tat ive measure of the perfection 
of the crystal at the surface is the mi n i mum yield, 
X,,,~n. where 

Aligned Yield 
Xmin = [ ~ ]  

Random Yield 

measured just  behind the surface peak [i.e., at X in  
Fig. l ( a ) ] .  For a high qual i ty damage free crystal, at 
room tempera ture  Xmin ~--- 0.03 while for the vibratory 
polished crystal Xmin ---- 0.13, indicating that  there is 
a large amount  of damage present  at the surface. 

The peak beyond the leading edge of the host 
spectrum corresponds to the impur i ty  te l lur ium. By 
comparing the area of this impur i ty  peak, with the 
yield from the host crystal the concentrat ion is calcu- 
lated to be (3.4 • 0.5)10 TM atoms �9 cm -2. Although it 
is convenient  to express impur i ty  concentrations a s  
(a toms.  cm-2) ,  it must  be remembered that  this is 
the total concentrat ion of unscreened impur i ty  a t o m s  
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Fig. I. The energy spectra for 2.2 MeV alpha particles scattered through 135 ~ by (110) GaAs. (a, Jeff) For the surface vibratory polished 
in 0.05 ~m alumina. The inset shows the surface peaks after the removal of the background (broken line). Also shown in (a) is the detection 
resolution and at X, the position of the measurement of Xmin. (h, rlght) The same crystal after 10 #m has been removed by polish A. The re- 
duction in damage enables the contributions to the surface peak of the Ga and As atoms to be separated as shown by the dashed line in 
the inset. In (a) and (b), small peaks produced by surface tellurium are seen beyond the leading edge of the host spectra. 
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distr ibuted throughout  the whole of the disordered 
layer. 

Chemical pol ishing. - -The effect of subsequent  
chemical polishing is i l lustrated in Fig. 2. There is a 
loss of surface flatness as polishing continues due to 
a var iat ion in the rate of attack over the crystal sur-  
face. The na ture  of the surface also varies with the 
actual etchant  used and the crystal face being pol- 
ished, e.g., the production of etch pits on the (111) 
Ga face of GaAs by the b romine-methanol  etchant 
(7). Af te~  the first etch, which removes 5 ~m, the 
surface becomes uneven,  and as fur ther  polishing is 
carried out, this i r regular i ty  increases. I n  the worst 
case, polish A, the surface is covered with hillocks. 
In  Fig. 2, we show typical areas of the sample sur-  
faces after the removal  of 20 ~m b y  the various 
etchants. The rough surface produced by polish A is 
caused by the adhesion of gas bubbles which passi- 
r a t e  varying  areas on the surface. The optical micro- 
graph shows that  after the removal  of all the damage 
(i.e. > 10 ~m of mater ia l ) ,  polish A produces no 
preferential  etch pits. 

Similar  changes in appearance are observed for 
polishes B and C, al though both these etchants pro- 
duce smoother surfaces than polish A. Before using 
polish C, it is important  to ensure that the surface is 
completely scratch free, since any  areas of localized 
damage are attacked preferential ly,  and are not re- 
moved by the etchants. It  was because of the degra- 
dation in surface flatness that  the mechanical /chemi-  
cal technique was developed. In  Fig. 2(d) ,  we i l lus- 
trate the improvement  in  flatness obtained by this 
procedure. Furthermore,  the surface retains its flat- 
ness even after a short "free" etch in  polish B, neces- 
sary to ensure a damage free surface. 

With the removal  of 5 ~m of damaged material,  the 
Ga and As surface peaks of the Rutherford scattering 
spectrum, are resolved. From the areas of these indi-  
vidual  Ga and As peaks, we can calculate the absolute 
concentrat ion of unscreened Ga and As and hence the 
surface stoichiometry (5). In  this case the values ob- 
tained are NAs ---- (1.2 • 0.2) �9 1016 atoms cm -~-, NGa : 
(7.3 • 0.1) �9 1015 atoms cm -2 and hence NAs/NGa : 1.7. 
It  should be noted that this ratio is for the surface re- 
gion only ( ~  4 nm) and that  any departure from bulk  
stoichiometry is caused ent i rely by the selective action 
of the chemical etchant. The removal  of 5 ~m of dam- 
aged mater ial  also produces a corresponding decrease 
in xmln to ,-'0.057. A te l lur ium surface impur i ty  peak is 
visible again but  in this case it corresponds to a con- 
centrat ion of (7.4 • 1.0) �9 1012 atoms cm -2. 

When a fur ther  5 ~m of mater ial  is removed, Xmin 
decreases to 0.030 and the surface peaks are more 
clearly resolved [Fig. 1 (b) ], and their  separation de- 
pends only on the resolution of the detector. Etching of 
the crystal by polish A is continued in stages unt i l  a 
total of 60 ~m is removed. Two energy spectra from 
the final surface are taken with beam energies of 
2.2 and 4.0 MeV. The results from the 4.0 MeV analy-  
sis are more accurate (5) and are used as a check on 
the 2.2 MeV results. 1 

Similar  measurements  are made on identical ma-  
terial but  with the crystals etched in polishes B and 
C, unt i l  a total of 45 and 30 ~,m, respectively, had 
been removed. A summary  of the results obtained at 
the various stages of chemical t rea tment  is given in 
Table IIL The variat ion of Xmin with thickness re- 
moved is similar for all three polishes and illustrates 
that in order to obtain a damage-free surface it is 
necessary to remove > I0 #m of GaAs. Although the 
theoretical value of Xmin is 0.01 for a perfect crystal 
surface, this ignores the effect of oxides and hydro-  
carbons on the surface so that Xmin ~0.03 (with a 
l iquid ni t rogen cold shield) is typical of a good qual-  
ity crystal surface (14). The ratio, Xmin, is extremely 
sensitive to disorder and Table III shows that al-  
though NT for the v ibra tory  polished surface indi-  
cates a disordered surface of only ,~9 nm, the crystal 
s tructure immediately below the surface is badly 
strained and ~10 ~m has to be removed before a dam- 
age free crystal is obtained. This is confirmed by the 
use of the Abrahams and Buiocchi dislocation etch 
(10) which reveals a steady dislocation density of 
,,104 cm -2 for all the surfaces after 10 #m has been 
removed. 

In  Table III, we see that, initially, the total con- 
centrat ion of unscreened atoms, consti tuting the dis- 
ordered surface region, NT, shows the same variat ion 
as Xmin. However. after 10 ~m is removed, NT depends 

1 A l l  t h e  r e s u l t s  p r e s e n t e d  in  this  p a p e r  w e r e  o b t a i n e d  w i t h  a n  i n -  
c i d e n t  e n e r g y  of  2.2 M e V  w h i c h  i s  t h e  l i m i t  of  t h e  A a r h u s  a n d  S a l -  
f o r d  V a n  de G r a a f f  a c c e l e r a t o r s ,  

Table III 

T h i c k n e s s  r e m o v e d  b y  
P o l i s h i n g  p o l i s h i n g  s o l u t i o n  (/Lm) 
s o l u t i o n  O 5 I 0  20  45 

Fig. 2. Optical micrographs (left) and interference micrographs 
(right) of n-type (110) GaAs. The photographs show typical random 
areas of the surface after removal of 20 #m by (a) polish A, (b) 
palish B, (c) polish C, and (d) polish D. (~ ~ 547 nm for the in- 
terference pictures). 

P o l i s h  A 0,128 0 .057 0.030 0,021 0 ,023 
Xml,  P o l i s h  B 0.090 0.060 0.020 0.033 0.036 

P o l i s h  C 0.116 - -  0.045 0.041 0.026" 

NT - 10 ~5 a toms  A 26.9 18.9 10.3 7.9, 8.0 
c m  -2 B 45.6 15.5 5.9 10.4 9.8 

C 34.0 - -  9.75 7.7 8.3* 

N~,~/NGa A - -  1,6 1.7 1.5 1.7 
B - -  1.1 1.1 1.1 1.3 
C - -  - -  1.0 1.2 1.4" 

N~e �9 10 ~ a t o m s  A 33.7 17.0 14.4 1.6 25.6 
cm-2 B 27.6 1.3 0 .29 1.2 0 .68 

C 47.6  - -  0.58 2.6 2.45* 

NBr �9 1013 a t o m s  B - -  20.3 8.57 21.6  35.1 
cm-2 

* A f t e r  30 g m  h a s  b e e n  r e m o v e d  b y  p o l i s h  C. 
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Fig. 3. The energy spectra for 2.2 MeV alpha particles scattered through 135 ~ by (110) GaAs. (a, left) After the removal of 10 #m by 
polish D and (b, right) the same sample after a further 2 #m has been removed by polish B. The insets show the surface peaks after the back- 
ground correction. In (b), the impurity symbols are used to indicate where the peaks would occur if those impurities were detectable. 

only on the chemical nature  of the surface produced 
by the etchant and is the result  of natural  oxides and 
other  impuri t ies  at the surface.2 The values of NAs 
and /'VGa, and their  ratio (Table III) are closely de- 
pendent  on the actual etchant used. All the etchants 
produce arsenic-r ich surfaces and the excess arsenic 
varies with polish as 

[NAs/NGa]A > [NAs/NGa]C > [NAs/NGa]B(orD) [4] 

In order to invest igate  the consistency of the ratio 
(NAs/Nca) across the surface of a sample, three en- 
ergy spectra were  taken f rom different positions on 
the same surface for samples in polishes A and B. 
For  both of these polishes, there  is no var ia t ion in 
s toichiometry within exper imenta l  error. However ,  
this does not rule out microscopic variations since 
these results are averaged over  the area of the ana-  
lyzing beam (i.e., 1.0 mmf) .  

The var ia t ion of the main surface impuri t ies  wi th  
etching is presented in Table III. The amount  of Te 
present  on the surface at all stages is larger  than 
would correspond to the bulk doping, 8 • 10 ~0 atoms 
cm -2 monolayer  -1. Fur thermore ,  al though there  are 
large variations, the concentrat ion of Te is general ly  
l a rger  for polish A than for polish B with  the effects 
of polish C somewhere  in between. We also note the 
presence of impuri t ies  deposited f rom the etchant 
such as bromine and gold f rom polishes B and D 
(Fig. 3) and occasionally zinc from polish C. In Fig. 
3(a), the energy spectrum for the sample prepared 
by the removal  of 10 #m by polish D is shown. This 
energy spectrum has two interest ing features: 

(i). The large impur i ty  peak corresponding to In or 
Sn on the surface. The samples used to obtain the 
results presented here were  cleaved f rom the same 
(110), GaAs wafer,  and the presence of small  con- 
centrat ions (,~1018 atoms cm -2) of Sn or In is oc- 
casionally observed in all of them. However,  the 
large concentration, (2.0 ___ 0 .2) .  10 ~4 atoms cm -2, 
seen here  appears to be a direct result  of the dilute 
solution (0.1%) of bromine in methanol  used to 
prepare this crystal. 

(it) The large gold peak corresponding to (1.9 
-4- 0.2) �9 1014 atoms cm -2. Small  concentrations 
(~2  �9 10 ~2 atoms cm -2) of gold have been observed 
(4) occasionally after  using polish B and are 
thought  to arise f rom the organic solvent, methanol.  
Thus, the large gold peak present after the etch in 
polish D is consistent with the large volume of 
methanol  used during the polishing. However,  af ter  
a short free etch in polish B to ensure a damage 
free surface [Fig. 3(b)] ,  no gold peak is observed 

S B e c a u s e  o f  t h e  d e p e n d e n c e  of  t h e  col l i s ion  c ross  sec t ion  fo r  
R u t h e r f o r d  s c a t t e r i n g  on  t h e  ( a t o m i c  n u m b e r )  (2) a n d  t h e  l a r g e  
b a c k g r o u n d  f r o m  t h e  G a A s ,  i t  is  no t  poss ib le  to de t ec t  s m a l l  con-  
c e n t r a t i o n s  of  t he  l i gh t  e l e m e n t s ,  e spec i a l l y  c a r b o n  a n d  o x y g e n  
t h a t  a r e  k n o w n  to be  t h e r e  f r o m  A u g e r  e l e c t r o n  s p e c t r o s c o p y  m e a -  
s u r e m e n t s  (15). 

indicating that  the bromine concentrat ion is also im-  
portant  in determining the gold impuri ty  concentra-  
tion. This second chemical polish also reduces the Sn 
or In concentrat ion to (2.3 __+ 1.0) �9 1013 atoms cm -2. 
(Because of the poor statistics of the impur i ty  counts, 
dashed lines are used to position the peaks.) The effect 
of polish D on the host lattice of Ga and As, is similar 
to that  of polish B and the above qual i ta t ive remarks  
concerning polish B apply equally to polish D. 

It is clear f rom these results, that  it is impossible to 
make exact predictions about the behavior  of a dopant 
impur i ty  in a par t icular  etchant  with time. The te l -  
lu r ium concentrat ion shows no consistent behavior  
with etching t ime but varies randomly with consecu- 
t ive etches. This is in contrast  wi th  the results of 
Hvalg~rd et al. (3) who observed, wi th  polish E, a 
definite increase in dopant concentrat ion with time. 
Now polish A acts very rapidly removing 0.4 #m see -1 
and leaves a rough finish (see Fig. 2). For these rea-  
sons, at tempts were  made to produce a more con- 
trol lable etchant and at the same t ime repeat  the work 
of Hvalg~rd ct at. Thus, the ratios of HF:HNO3:HfO 
listed in Table IV, together  with their  effects, were 
investigated. The main problem with polish A, is the 
release of a gas which together  wi th  the fast rate of 
attack produces a rough finished surface. The 1:3:5 
etehant is slow and controllable but  produces a poor 
dull surface covered with  a white  reaction product. As 
the nitric acid concentration is increased, the reaction 
rate increases correspondingly and produces a finished 
surface similar to that  of polish A. The final etchant, 
polish E, is even less controllable than polish A and 
produces a rougher  surface. As seen in Table IV, the 
Te concentration at the surface actually decreases with 
the consecutive polishes. These results conform to the 
unpredictable nature of chemical polishing discussed 
above. 

The effect of the chemical  etchants on other crystal 
planes and with  different impur i ty  dopants was in- 
vestigated. In part icular  results were  obtained for the 

(111)Ga and the ( l l l ) A s  faces etched in polishes A, 
B, and C. From these we conclude that there  are no 
measurable  differences between the two faces. There 
are two reasons for this result: (i) The surface peaks 
are produced by unscreened atoms, and there  are equal  
Ga and As atoms visible to the analyzing beam even 

for a perfect  (111) or (111) crystal surface. (it) The 

Table IV 

Etchant 

c o m p o s i t i o n  NT X 10 aQ N~:e, • 101~ P o l i s h i n g  
H F : H N O 3 : H ~ O  "N~s/Noa a t o m s  �9 cm-~ a t o m s  . c m  -2 t ime ,  sec  

1:3:5 3.3 2.92 1.5 40 
1:6:5  3.4 2.16 7.1 40 
1:9:5  1.4 2.05 1.3 15 
1:9:5 1.1 7.15 0.54 30 
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rear rangement  of the surface atoms caused by oxida- 
tion and absorption of impuri t ies  results in a loss of 
the original Ga and As surface structure.  The results 
obtained are consistent with those obtained for the 
(110) planes, i.e., arsenic-rich surfaces were produced 
in  all  cases, and the degree of nonstoichiometry in -  
creased in the order B, C, A. 

The effect of using mater ial  with different doping 
species was examined by s tudying the surfaces of Zn-  
doped (p-type) and semi- insula t ing Cr-doped material.  
These results are in agreement  with those from the 
n- type  material.  The p- type GaAs has arsenic rich 
surfaces, NAs/NGa : 1.23 and_ 2.53 after 30 and 90 sec 
in polish A, respectively. 

However, because the Zn is l ighter  than the host 
material, it is much more difficult to detect than a 
heavier dopant such as Te and, in fact, none is 
detected (indicating an upper  l imit  of ~5.1014 zinc 
atoms �9 cm-2) .  Similarly, no chromium impur i ty  peak 
is observed for the semi- insula t ing case. However, the 
famil iar  excess arsenic surfaces are produced by both 
etchants, the values being NAs/NGa : 2.3 and 1.1 and 
NA~ ----- 9.9 �9 1015 and 5.3 �9 1012 atoms �9 cm -2 for polish A 
and polish B, respectively. For all these etchants, there 
is no measurable  difference in etch rate for the differ- 
ent materials, and it is probable that the reactions are 
diffusion l imited with photogenerat ion providing suffi- 
cient carriers for the reaction (11). 

Conclusions 
In this paper, we have tried to characterize the qual-  

ity and the chemical state of the surface of GaAs. We 
have shown that great care must  be exercised dur ing 
the mechanical  handl ing of the material,  in order to 
minimize the extent  of damage at the crystal surface. 
For the procedure described above, at ]east 10 ~m of 
mater ial  had to be removed chemically in order to 
ensure a damage free surface. 

The chemically prepared surface was investigated 
qual i ta t ively using microscopy techniques and quant i -  
tat ively using the Rutherford backscat ter ing/channel-  
l ing technique for a var ie ty  of chemical etchants. It  
was found that the surface consisted of a disordered 
layer of GaAs ,-, 3 nm thick and that its stoichiometry 
could vary appreciably from the-equal i ty  of the bulk. 
Absolute measurements  of the concentrations of gal- 
l ium and arsenic showed that the surface was always 
arsenic rich, the degree of nonstoichiometry increasing 
in  the order polish B (polish D), polish C, and polish 
A. In  all cases, the impur i ty  dopant te l lur ium accumu- 

lated at the surface al though no predictable behavior 
with etching time was observed. 
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Thermochemical Analyses and Optimum Conditions for 
Vapor Epitaxy of GaAs _,Px (0.7 x <0.9) 
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ABSTRACT 

The gas-solid relationships for the vapor phase epitaxy of GaAsl-~Px (0.7 
x < 0.9) at a temperature  of 840~ have been established. The GaCI-AsH3- 

PH3-H2 process and <100> oriented GaP substrates were employed. Experi-  
mental  data were obtained and then a semiempirical calculation was carried 
out to give accurate relationships between gas concentrations and solid com- 
position. Furthermore,  effects of vapor pressures on surface morphology have 
been investigated and certain opt imum conditions were determined. Such con- 
clusions, together with the above relationships, have been used to determine 
opt imum flow rates for specific growth compositions. 

In recent years, the observation of efficient radiative 
processes in  indirect-gap GaAs~-:Pz due to ni t rogen 
isoelectronic traps (1-3) has made such materials  at- 
tractive for use in amber and yellow l ight-emit t ing 
diodes. Compositions with GaP content between 70 and 
90% are of par t icular  interest. However, accurate and 
detailed relationships between the input  gas concentra-  
tions and the result ing crystal composition for the 
vapor epitaxy process, as well as the opt imum growth 
conditions, have not been available in the li terature. 
Previous papers (4-6) by the author have reported 
such relationships and conditions in the composition 
range of 0.3 < x < 0.5, which is par t icular ly  important  
for applications in red emission, microwave switching 
(7), high speed current  l imit ing (8), and superlattice 
structures (9). The present  report extends such results 
to  the composition range of 0.7 < x < 0.9. 

Experimental 
Figure 1 shows a schematic diagram of the epitaxial 

reactor, together with the temperature  profile. The ap- 
paratus is the same as that used previously in this 
study for 0.3 < x < 0.5 (4), except that GaP was used 
as the substrate, and higher temperatures  were used in 
the reactor. A total flow rate of 1000 m l / m i n  was al- 
ways mainta ined during the growth process. Similar 
designs have been adopted by other people (10-12). 
P re l iminary  experiments  here established that such 
conditions yielded good growth for 0.7 < x < 0.9. 

The experimental  procedure described in (4) was 
also used here except that GaP was grown initially, 
and the taper layer was produced by increasing AsH~ 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  I B M  C o r p o r a t i o n ,  S a n  Jose ,  C a l i f o r n i a  95193.  
K e y  w o r d s :  GaAsl -xP~,  v a p o r  p h a s e  e p i t a x y ,  t h e r m o d y n a m i c s ,  

computer calculations, optimum g r o w t h  cond i t i ons .  
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Fig. I. Schematic diagram of the epitaxial reactor with tbe tem- 
perature profile used in this study. 

flow and decreasing PH3 flow. Under  such growth con- 
ditions, the input  HC1 is almost completely converted 
into GaC1 and no deposition occurs upstream of the 
substrates. This allows one to accurately relate the in-  
put flow rates to the gas concentrations in the substrate 
region. The input  flow rates were varied from run  to 
run  to determine the effect of the growth atmosphere 
and the gas-solid relationships. 

The same effects of the growth atmosphere observed 
previously for 0.3 < x < 0.5 were found to be true in 
the present case. The gas-solid relationships were de- 
termined by measuring the flow rates with precision 
flowmeters and the crystal composition with electron 
microprobe analysis. 

The results are listed in Table I as a function of the 
input  flow rate ratios, f~ ~~176 and f~PH3/ 
:~ All these data were found to be reproducible. It 
was estimated that Xo is accurate to • and various 
flow rate ratios to be within ___5%. 

Semiempirical Calculations 
The same model used for 0.3 < x < 0.5 (4) was 

adopted in the present case. With this model, one can 
calculate the crystal composition together with all the 
partial  pressures at any given incoming gas concentra-  
tions, once all the equi l ibr ium constants and the in ter-  
action parameter  are evaluated. 

Using Kirwan 's  results (13), all the equi l ibr ium con- 
stants were evaluated, and are given in Table II, at the 

Table I. Relationships between the input flow rates and the 
grown crystal composition obtained in the present experiments 

f~176 f~AsH3/fCH2 f~176 :~ pHS/fCAsH8 X 

1.0 • I 0  -2 0.5 • 10 -~ 0.5 x 10 -2 i 72 • 10 -~ 
2.0 1.0 1,0 1 71 
1.0 2,0 2.0 1 81 
2.0 2.0 2.0 1 7B 
3.0 2.0 2.0 1 75 
2.5 3.0 3.0 1 80 
l ,S  0,5 1.0 2 82 
2,0 0.5 1.0 2 80 
3.0 0.5 1.0 2 75 
1,5 1.0 2.0 2 85 
3.0 1.0 2.0 2 81 
3.3 2.0 4.0 2 85 
1.0 0 . I  0,3 3 80 
3.0 0.1 0.3 3 74 
1.0 0.3 0.9 3 85 
1.0 0.5 1.5 3 87 
2.0 0.5 1.5 3 86 
2.8 0.6 1.8 3 85 
3.0 1.0 3.0 3 87 
1.0 0.1 0.4 4 85 
3.0 0.i 0.4 4 80 
2.9 0.3 1.2 4 85 
1.3 0.5 2.0 4 89 
2.0 0.5 2.0 4 88 
4.0 0.5 2.0 4 85 
3.0 1.0 4.0 4 89 
3.0 0.1 0.5 5 84 
1.8 0.5 2,5 5 90 
3.0 0.5 2.5 5 89 

778 
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Table II. Thermochemical constants used in the present 
calculation 

Kx = 4 x 10 ~ (a) 
K: = 40 (a) 
Ks = 2.4 x I0 -~ (a) 
K4 : 1.4 x I0 -s (atm units) (a) 
KB = 9.6 X 10 xe (a) 
K8 = 9.9 x 10 ~ (a) 
(x = --1.9 + 4.8x kcal /mole  (b) 

(a) Af ter  Kirwan.  
(b) By fitting the exper imenta l  data to t h e  t h e o r e t i c a l  e q u a t i o n s .  

t empera tu re  of interest  here, 840~ Also given in the 
table is the interact ion parameter ,  which was evaluated 
by fitting some of the measured data in Table T into the 
above equations wi th  the above constants. Finally, a 
computer  calculat ion based on all the equations and 
constants was carried out and the fol lowing results for 
the crystal composition as a function of the input  flow 
rates were  obtained. 

Results and Discussions 
Figures 2 and 3 give the calculated x as a function 

o f  f~176 f~176  and f~176 together  wi th  
the measured data. The solid lines are calculated re-  
sults. They agree with  all the exper imenta l  data to a 
precision in x of __.0.02. Based on these two figures, the 
flow relationships to achieve x _-- 0.85 at 840~ were  
obtained as is shown in Fig. 4. Similar  figures can be 
plotted for any other  0.7 < x < 0.9. Al though wide 
ranges of flow rates can be used to achieve a specific 
x, only one set of flow rates will  yield opt imum crystal 
morphology.  

As mentioned above, the opt imum flow rate condition 
obtained previously for 0.3 < x < 0.5 (5, 6) was found 
to be valid in the present case, i.e., f~176 = ( ]~  
-~- f ~ 1 7 6  : 0.02. This means the growth atmo- 
sphere must be stoichiometric.  If it is rich in Ga, pyra -  
mids were  developed;  if r ich in P + A s ,  pits were  al-  
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Fig. 2. Crystal composition x as a function of input flow rate 
ratios f~176 f~176 and f~176 (---- 1 and 2) 
at a growth temperature of 840~ Solid linas are calculated re- 
sults. The values of f~176 for various measured data are: 
0.005 ( , ) ,  0.010 (1~), 0.020 (O) ,  and 0.030 (/X). 
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f~176 for various measured data are: 2 ( I ) ,  3 (&) ,  4 ( e ) ,  
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ways observed. A model  has been proposed to explain 
such behavior  in this study (5). Now, applying such a 
condition to Fig. 4, one can obtain an opt imum flow 
rate condition to grow x ---- 0.85 at 840~ namely, f~ 
f~  : 0.02, f~1 7 6  : 0 .005,  and f~176 2 • 0.015. 
Similar  conditions, of course, can be obtained for other  
values of x. 

In a previous paper  (4), the author  explained the 
var ia t ion in x due to f~176 o r  f~176 while  
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keeping  the o ther  two flow ra te  ra t ios  constant,  in 
te rms of the combined effects of pressure  and reac t iv i -  
ties. Such an exp lana t ion  is also val id  in the present  
case. Fur the rmore ,  the  same a rgument  can be used to 
expla in  the increase  in x and decrease in [dx/d(]~ 
1~ [ as ]~176 increases, whi le  keeping ]~176 
and S~176 constant  in the range of in teres t  here. 

The semiempir ica l  approach  used here  has been 
found to be a good technique to de te rmine  accurate  
phase re la t ionships  in a r e la t ive ly  s imple way  (4, 14). 
The present  results  fu r the r  confirm such observations.  
Since the object ive  here  is to es tabl ish accurate  and 
pract ical  gas-sol id  re la t ionships  ra the r  than  a theore t i -  
cal mode], the  empir ica l  ad jus tment  is necessary.  Shaw 
(12, 13) has repor ted ,  af ter  all,  tha t  kinet ic  effects 
cannot  be ignored in ac tual  cases. 

In  conclusion, accurate  re la t ionships  be tween  input  
flow ra te  condit ions and the grown crys ta l  composi t ion 
have been obtained for 0.7 ~ x < 0.9 at a sa t is factory  
growth  t empera tu re  of 840~ In addition, flow ra te  
conditions which  y ie ld  op t imum growth  morpho logy  
have also been determined.  Such re la t ionships  and 
condit ions can be appl ied  to any systems sat isfying the 
present,  prac t ica l  design cri ter ia .  
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ABSTRACT 

High-resist ivi ty epitaxial layers with carrier concentrat ions of the order 
of 1012-1013 a toms/cm 8 have been reproducibly grown on heavily Sb- or B- 
doped substrates. The epitaxial layers so obtained have been used to observe 
the behavior  of impurit ies during epitaxial growth. When the epitaxial  growth 
is performed using an as-grown surface as the substrate, an abnormal  peak in 
the impur i ty  distr ibution appears near  the substrate-epi taxial  interface. The 
resistivity of the layers is found to increase by hea t - t rea tment  in a hydrogen 
atmosphere, which is probably due to the effect of defects. Similar  epitaxial 
layers have also been obtained by pyrolysis of Sill4 and the carrier concentra-  
tions of these layers are found to have a considerably larger temperature  
dependence than  the layers from SiCI~. It has been established that the 
carrier concentrat ion of the epitaxial layer  is a function of the contaminat ion 
from the substrate and the exper imental  apparatus. However, from the re- 
sults of the present  investigation, it appears that the impurit ies adsorbed on 
the substrate surface and defects introduced during epitaxial growth also 
play a role in determining the impur i ty  distr ibution of such a h igh-pur i ty  
epitaxial  layer. 

High power silicon devices and high frequency sili- 
con devices have required h igh-pur i ty  epitaxial layers 
deposited on heavily doped substrates. The method for 
the vapor growth of silicon epitaxial layers by hydro-  
gen reduct ion of SIC14 and pyrolysis of Sill4 has been 
the subject of many  studies. Some phenomena relat ing 
to the behavior of impuri t ies  such as the autodoping 
process, have been reported only for epitaxial  layers 
containing carrier concentrations higher than 1014-1015 
atoms/cm 3 (1-10). 

In  the present  investigation, reproducible, highly 
pure epitaxial  layers with carrier concentrat ions as 
10w as 1012-1013 atoms/cm 3 have been grown success- 
fully on heavily Sb-doped substrates, and the use of 
these epitaxial layers has been ins t rumenta l  to a better  
unders tanding  of impur i ty  behavior during epitaxial 
growth. This paper deals mainly  with abnormal  impur -  
i ty profiles observed at the interface between the high- 
resist ivity layers. The difference between the tempera-  
ture  dependences of the impur i ty  distr ibution by hy-  
drogen reduction of SIC14 and pyrolysis of Sill4 is also 
briefly discussed. 

Experimental 
The epitaxial growth was carried out by means of 

hydrogen reduction of SIC14 and pyrolysis of SiH~ in a 
conventional  horizontal reactor. In  fabricating the epi- 
taxial deposition system, however, scrupulous precau- 
tions were taken to minimize background contamina-  
tion, and the susceptor was made of h igh-pur i ty  
quartz. Commercial ly available nondoped SIC14 was 
used without fur ther  purification. 

Silicon substrate wafers were prepared by either 
the floating zone or Czochralski techniques and doped 
with impuri t ies  such as P, As, Sb, or B in the concen- 
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t ra t ion range of 1013-1019 a toms/cm 3. The wafer ori- 
entat ion was (111). Dislocation densities of wafers 
were in the range of 0-10~ cm -2. The substrates were 
mechanical ly or chemically mirror  polished and 
cleaned by the usual  semiconductor process before 
loading into the reactor. 

Normally, the growth conditions were as follows: 
The growth temperature  was 1200 ~ • 5~ in resist- 
ance heating; the ratio of mole fraction SiC14/H2, 
0.01-0.015; the gas flow rate in the reactor, 5-10 cm/  
sec; the growth rate, in the range of 0.2-1.5 ~/min;  
and HBr vapor etching was performed at the same 
temperature  as the growth tempera ture  just  before 
the epitaxial growth. 

Impur i ty  profiles of the epitaxial layers were cal- 
culated from capacitance measurements  of mesa 
diodes formed on the grown surface by shallow dif- 
fusion of B or P at 1000~ for 10 rain. Surface carrier 
concentrations after the diffusion were 1019-102~ 
atoms/cm 3, and the junct ion depth was about 0.3~. 
The thickness of the epitaxial layer was determined 
from the size of stacking faults on the as-grown sur-  
face. The error in the measurements  was less than 
0.5~. 

The conduction types of the epitaxial layers were 
detected by hot probe methods and I-V characteris-  
tics of the diodes made after B or P diffusion. In the 
case of p -  substrates, Hall effect measurements  were 
made to determine the carrier concentrat ion and con- 
ductivity of the epitaxial layers. 

Results and Discussion 
The epitaxial layers deposited on various sub- 

strates.--The conduction types and the carrier con- 
centrations of the epitaxial layers on various sub-  
strates by resistance heating are listed in Table I. Us- 
ing high-resist ivi ty n -  (P-doped) or p -  (B-doped) 
substrates with carrier concentrations less than 1014 
a toms/cm ~, the epitaxial layers are always of the n -  
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Table I. The conduction type and the carrier concentration of 
nandoped epitaxial layers on various substrates. Thickness of the 

layer about 15~, 

Substrate {111} 

C a r r i e r  concentration 
( a t o m / c m  ~) (5/z a w a y  

C o n d u c -  f r o m  t h e  s u b s t r a t e  
t i o n  t y p e  l a y e r  i n t e r f a c e }  

n § 0.01 ohm-cm P-doped n 8 x 10 ~4 ~ 4 x I0 TM 
n+ 0.015 ohm-cm As-doped n 5 X I0 m ~ 1 X l0 ts 
n + 0.01 ohm-cm Sb-doped n 4 x 10 TM ~ 3 X i0 TM 
p+ 0.015 o h m - c m  B - d o p e d  p ~ 3 x 10 TM 

n -  300 o h m - e m  P - d o p e d  n 3 x 10 TM ~ 6 x i 0  ~ 
p- 3000 ohm-cm B-doped n* 4 x i0 a~* 

* Determined  by Hall effect  measurements .  

type in conductivi ty and  are less than 101~ atoms/cm~ 
in carrier concentration. From this, it is obvious that  
the obtained high resistivity is not caused by the 
contaminat ion of p- type  impurities.  In  the Hall effect 
measurements  from liquid ni t rogen temperature  to 
room temperature,  no deep impur i ty  levels were ob- 
served. 

As can be seen from Table I, carrier concentrations 
in the range of 1012-10~ atoms/cm3 were reproducibly 
obtained on heavily Sb-doped substrates. However, in 
the case of P-  and As-doped substrates, the concen- 
trations in the layers were higher. 

In  general, the carrier concentrat ion and the con- 
duction type depend strongly on the characteristics of 
the substrate impur i ty  and  are significantly affected by 
the back surface of the substrate (6-8). It  must  be 
noted that the effect of the substrate on the epitaxial 
layer can be clearly seen only if the intrinsic system 
contaminat ion is low. Since the concentrat ion in the 
epitaxial layer  due to the deposition system has been 
as low as 1012 atoms/cm 3, the influence of the sub-  
strate would be detectable with high sensitivity. It is 
well known that in a multislice system the epitaxial 
layer  concentrat ion far from the interface, or the 
impur i ty  doping level as it is general ly termed, of 
samples which are placed downstream on the suscep- 
tor is much higher than that of samples placed up-  
stream (8). This effect has also been ascertained and 
and is discussed below. 

The n -  (P-doped, 300 ohm-cm) substrates and the 
n + (0.01 ohm-cm) substrates were al ternately placed 
on the susceptor along the gas stream. The epitaxial 
growth was performed without  vapor etching. These 
results are shown in Fig. 2 and 3 for Sb-doped n + sub- 
strafes, and in Fig. 4 for As-doped n + substrates. 
Figure 1 i l lustrates the exper imental  conditions pre-  
sented in Fig. 2 and 3. In  Fig. 2 and 3, the horizontal 
axis is the growing time. In Fig. 4, curves (a) and (b) 
are the impur i ty  profiles when only a single n -  (P- 
doped) substrate and a single n + (As-doped) sub- 
strate, respectively, were used at position 1. 

It should be noticed that the growth rate is a func-  
t ion of the position and decreases in the downstream 
port ion of a reactor (I1, 12). However, the increase 
of the carrier concentrat ion of the epitaxial layer  in 
the downstream portion cannot be explained by the 
decrease of the growth rate. This is because the car- 
rier concentrat ion of the layer deposited only on the 
n -  substrate was in the order of 1012 atoms/cm 3 for 
growth rates in the range 0.2-1.5 # /min  as depicted 
in Table I. 

From these experiments,  it was confirmed that  the 
transfer ratio of Sb is very small in comparison with 
that of P and As (8, 13), and that the autodoping effect 
is more pronounced in the case of As and. P than Sb 
(7, 8). It is general ly believed that the impurit ies are 
evaporated out of the n + substrates, and are t rans-  
ferred along the gas stream to make the gas impurity- 
rich in the downstream portion. Cave el; aL (8) have 
reported that the increase in downstream doping is 
caused by the reaction of the quartz with silicon which 
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Fig. i. The experimental conditions. Before the epitaxial growth, 
heat-treatment at the growth temperature was performed for 20 
min. Growth time 40 min. 
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Fig. 2. The impurity profile of the epitaxial layers deposited on 
the n -  substrates in the experimental conditions presented in Fig. 
1. (a) No. 1, (b) No. 3, (c) No. 5. 

liberates the substrate dopant. On the other hand, 
Shepherd (4) proposed an autodoping model based on 
impurity liberation from the back surface. However, 
this model is not adequate when the growth rate is a 
function of the position for a large substrate. 

It appears that the impurity liberated out of the 
back surface of the substrate by means of the etch 
back mechanism and etching reaction with HCI is a 
dominant factor in the present high-purity epitaxial 
growth. Hence, a model based on a detailed analysis of 
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Fig. 4. The impurity profile of the epitaxial layers. Curves 1, 2, 
and 3 represent the carrier concentrations corresponding to the 
experimental conditions shown in Fig. 1, but n + substrates are As- 
doped (0.01 ohm-cm). (a) and (b) are the carrier concentrations 
when the growth was performed individually using the n -  (P- 
doped, 300 ohm-cm) substrote and the n + (As-doped, 0.01 ohm-cm) 
substrate, respectively. 

the gas composition in the reactor is necessary to ful ly 
explain the impur i ty  l iberat ion from the substrate. 
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Abnormal impurity distribution phenomena.--In in-  
vestigation of the mechanism of the impur i ty  dis t r ibu-  
t ion and the autodoping phenomena during the epi- 
taxial growth using the h igh-pur i ty  epitaxial growth 
technique, an abnormal  impur i ty  distr ibution has been 
observed at or near the interface between the high-  
pur i ty  epitaxial layers. To specifically unders tand  the 
origin of this abnormal  impur i ty  distribution, the fol- 
lowing experiments were performed. 

After the epitaxial growth of the high-resist ivi ty 
layer  from the n + (Sb-doped, 0.01 ohm-cm, 104 cm -2 
in dislocation density) substrate (it is called hereafter 
the first epitaxial layer) ,  the sample is taken out of 
the reactor and exposed to the atmosphere for a vary-  
ing time in the as-grown surface condition, loaded into 
the reactor again, and the epitaxial growth is per-  
formed under  the same growing conditions without 
prevapor etching (this layer is called hereafter the 
second epitaxial layer) .  In  this case an abnormal  peak 
of the carrier concentrat ion can always be observed at 
or near the interface between the first epitaxial layer  
and the second epitaxial layer. The peak value of the 
abnormal  impur i ty  profile is in the range of 1013-1015 
atoms/cmS. A typical impur i ty  profile thus obtained is 
shown in Fig. 5. 

The phenomenon does not depend on the growth 
conditions such as the mole fraction SiC14/H2, the flow 
rate, and growth rate. The abnormal  i m p u r i t y  dis- 
t r ibut ion can be observed to have the same order of 
the carrier concentrat ion even on the n -  (P-doped) 
substrates with a carrier concentrat ion of 10 t~ a toms/  
cm 8 and a dislocation density of 104 cm -2. Moreover, 
there is no significant difference in the peak value of 
the abnormal  impur i ty  profile between the n -  sub-  
strates with and without dislocations as shown in  Fig. 
6. 

The peak is not observed when light chemical etch- 
ing is applied to remove the surface layer  of the first 
epitaxial layer before the second growth. The absence 
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Fig. 5. The impurity distribution of the epitaxial layer deposited 
on the n + (Sb-doped) substrate. After the first epitaxial growth, 
the sample was exposed to the atmosphere for 24 hr. The first 
epitaxial layer is deposited to a thickness of 14.8# for 20 mln, and 
the second epitaxial layer to 15.2# for 30 min. 
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of the peak is also observed when vapor  etching is 
per formed before the second growth in the case of a 
n -  substrate. Further ,  the peak is not present  when  a 
n -  substrate exposed to the atmosphere is used for 
epitaxial  growth. 

The phenomenon is not due to the transient  behavior  
at the initial stages of the second epitaxial  growth. 
To ascertain this, the fol lowing exper iment  was per-  u E 
formed. First, af ter  the first epitaxial  layer is deposited ~ 1 (]5_ 
on the n + (Sb-doped) substrate, the sample is kept in E 
the low tempera ture  region of the reactor for about 10 o 
min, the second epitaxial  growth is performed.  In this 
case, the abnormal  peak of the impuri ty  distribution 
cannot be observed as shown in Fig. 7. 

From these observations, the abnormal  impuri ty  dis- 
t r ibution is caused by the interact ion between the as- o~- 
grown surface and the atmosphere.  The abnormal  peak "~ J4. 
is not related to the dislocation density of the sub- .~ 1 
strate, but it seems to appear depending on the surface 
conditions of the first epitaxial  layer, such as the 
existence of defects on the surface, o u 

By hea t - t rea t ing  in a hydrogen atmosphere at the 
same tempera ture  as the growth temperature,  a var ia-  
tion of the carrier  concentrat ion of the high-res is t iv i ty  .~- 
layer  occurs in the n + (Sb-doped)  substrate as shown ~ 13 
in Fig. 8. The deviat ion of the impur i ty  profile near  u 1 0 -  
the interface by hea t - t r ea tment  can be explained by 
the normal  diffusion of impur i ty  from the substrate. 
On the other  hand, the var ia t ion of the impur i ty  dop- 
ing level  cannot be explained by such a diffusion proc-  
ess. Further ,  a s imilar  variat ion is also observed for 
the epitaxial  layer  deposited on a n -  substrate. From 
these results, the var ia t ion of this type seems to be ]2 
caused mainly  by defects involved in the layer and 1 0 
activated by heat - t rea tment .  

It is ve ry  l ikely that the as -grown surface of the epi-  
taxial  layer  is act ivated and exists in an unstable con- 
dition, because the surface is ex t remely  clean and ap- 
pears to have many steps and kinks. Therefore,  during 
its exposure to the atmosphere, impurities, oxides, 
and other contaminants would be adsorbed on the 
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Fig. 7. The impurity profile of the epitaxial layer deposited on 
the n + substrate (Sb-doped, 0.01 ohm-cm). After the epitaxial 
growth was suspended, the sample was not exposed to the atmo- 
sphere and the second epitaxial growth was started. Growth rate 
0.75 ~/min. Total .growth time 40 min. 
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Fig. 8. The variation of the impurity profile by the heat-treatment 
at 1200~ in hydrogen atmosphere. Epitaxial layers, about 35/z. 
Growth time 30 min. (a) The sample without heat-treatment. Heat- 
treating times: (b) 1 hr, (c) 3 hr, (d) 6 hr, (e) 10 hr, (f) 16 hr. 
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act ive a s -g rown surface. These adsorbents  are  ex-  
pected to induce defects at  the  in terface  be tween  the 
first and second epi tax ia l  l ayers  and  consequent ly  to 
increase n - type  car r ie r  concentrat ions.  However ,  the 
mechanism remains  unresolved.  

Temperature dependence of impur{ty distribution.-- 
In these exper iments ,  the  same r f  hea ted  deposi t ion 
system was used to obtain the  ep i tax ia l  layers  f rom 
SIC14 and SiI-I4. The susceptor  was a heav i ly  Sb-doped  
silicon which was coated sufficiently wi th  the  h igh-  
pur i ty  ep i tax ia l  l ayer  g rown by  the hydrogen  reduc-  
t ion of SiCh. 

The  impur i t y  profiles of h igh- res i s t iv i ty  layers,  
grown at  1200 ~ 1100 ~ and 1000~ b y  the hydrogen  
reduct ion of SIC14, are  shown in Fig. 9. No significant 
difference be tween  the impur i t y  doping levels can be 
observed for the  different  g rowth  t empera tu re s  for a 
subs t ra te  size of 1 • 1 cm. But, for a r e l a t ive ly  large  
substrate ,  the  ca r r i e r  concentra t ion grown at 1000~ is 
about  one order  lower  than  tha t  g rown at  1200~ 
(3, 5). 

Exper imen t s  were  also pe r fo rmed  by  the  pyrolys is  
of Sill4 to compare  wi th  the  resul ts  f rom SIC14 on 
smal l  substrates .  The t empe ra tu r e  dependence  of im-  
pu r i ty  doping levels  is observed c lear ly  as shown in 
Fig. 10. To ascer ta in  this, the  ep i tax ia l  g rowth  is pe r -  
fo rmed in steps at  different  t empera tu re s  (1200 ~ 1100 ~ 
1000~ on the smal l  substrate.  The exper imen ta l  con- 
dit ions of the  g rowth  t empe ra tu r e  and the growing 
t ime and resul ts  are  shown in Fig. 11, f rom which it is 
evident  that  the  impur i ty  doping level  decreases wi th  
increasing t empera tu re  as in the  case of Fig. 10, and  
tha t  the  t e m p e r a t u r e  dependence  cannot  be expla ined  
in  t e rms  of outdif~usion of the  impur i ty  of the  substrate.  
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These resul ts  show the epi tax ia l  l aye r  grown by the 
pyrolysis  of Sill4 seems to be independent  of the sur -  
face condit ion of the p regrown layer  or the substrate,  
and is influenced by defects in t roduced dur ing the 
epi tax ia l  growth, or by the growth  mechanism where  
obviously no chlor ine can be present  (14-16). In the 
case of the hydrogen  reduct ion of SIC14, the  incorpora-  
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tion of the dopant in the epitaxial layer  of the small 
substrate does not change with temperature.  Further,  
the number  of defects in the epitaxial layer and the 
surface morphology influencing the carrier concentra-  
tion, if present, would not vary significantly with tem- 
perature. 

Conclusions 
In  the epitaxial growth of high-resist ivi ty layers 

(10~2-10 ~3 atoms/cm a concentrat ion) it has been found 
that the intrinsic impurit ies in the deposition system 
are n- type  and give rise to a concentrat ion of about 
10 ~2 atoms/cm 3 in the epitaxial  layers. An abnormal  
peak in the impur i ty  dis t r ibut ion is found to appear 
when the active as-grown surface exposed to the 
atmosphere is used as the substrate. 

The carrier concentrat ion of high-resist ivi ty epi- 
taxial layers obtained varies wi thin  the range of 10 ~'~ 
atoms/cm z by hea t - t rea tment  at 1200~ in a hydrogen 
atmosphere. The epitaxial layer  concentrat ion obtained 
by the hydrogen reduction of SIC14 does not depend 
on the growth temperature  for a small substrate, but  
that obtained from Sill4 strongly depends on the tem- 
perature. 

It  has been considered that defects involved in such 
a h igh-pur i ty  epitaxial  layer  influencing the carrier 
concentrat ion originate from defects to be induced by 
materials adsorbed on the active silicon surface. 
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Diffusion Gettering of Au and Cu in Silicon 
R. L. Meek,* T. E. Seidel, and A. G. Cullis* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The gettering of Au and Cu by phosphorus diffused from PBr3 and POCI3 
sources and by boron diffused from a BBr~ source has been studied. Samples 
were in tent ional ly  contaminated with moderate to large amounts  of Au and Cu 
to obtain impur i ty  levels above the background level, then gettered and finally 
examined by ion backscattering. The solubilities of Au and Cu were experi-  
menta l ly  measured for phosphorus diffusions at various temperatures.  The get- 
tering, using either phosphorus source, was found to take place in the silicon 
and not in the source glass and the Cu and Au atoms were on lattice sites. Dif- 
ferences in the shapes of the profiles of gettered Au for POCI~ and PBr3 dif-  
fused sources were found and these are discussed in terms of vacancy enhance-  
ment  effects. In general, phosphorus diffusion gettering appears to operate by 
solubili ty enhancement  and ion pair ing of subst i tut ional  metal  acceptors. Boron 
diffusion gettering is less effective than phosphorus, a result  which is consistent 
with solubili ty calculations and physical arguments.  When the solubili ty is ex- 
ceeded new phases are formed. The formation of precipitates for boron diffu- 
sions has been studied by electron microscopy. 

Recent studies of diffusion (1, 2) and ion damage (1, 
3) gettering have greatly increased our unders tanding 
of gettering. However, when the recent diffusion results 
are compared with older studies (4-6) many  un-  
answered questions remain. For example, recently it 
was shown by the use of backscattering that phos- 
phorus (PBr3) diffusion gettering of Au takes place 
ent irely in the phosphorus-diffused layer (1) (900 ~ 
1100~ while Lambert  and Reese (5) reported a non-  
negligible fraction of the gettered Au to.be in the dif- 
fusion-source glass. Hence the conditions under  which 
a significant amount  of Au will be in the glass appears 
to be an open question. In this paper we show that the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  l~'lember. 
K e y  w o r d s :  g e t t e r i n g ,  d i f fus ion ,  so lub i l i t y  e n h a n c e m e n t ,  ion  p a i r -  

ing,  ion s c a t t e r i n g .  

gettering takes place in the silicon for PBrs, POCI3, a s  

well as BBr3 diffusions, all of which have different glass 
compositions. In  all our samples, the Au impur i ty  con- 
tent of the glass is, at most, a few per cent of that of 
the silicon and, as shown with control samples, this c a n  

always be a t t r ibuted to furnace contamination.  
Another  question concerns the nature  of the gettering 

mechanism. Recently it was shown that Cu and Au 
were gettered onto subst i tut ional  sites by phosphorus 
diffusion, while these impurit ies were gettered onto 
nonsubst i tut ional  sites by boron diffusion (1). This 
pointed to an association mechanism: namely  that Cu 
and Au, which are acceptors on subst i tut ional  sites, are 
paired with phosphorus donors (1, 2). However, in the 
case of boron diffusion, which produces a high density 
of acceptors, the solubili ty of Cu and Au donors would 
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be enhanced so that  Cu and Au would be on nonsubst i -  
tut ional  sites. This complementary  behavior  involving 
Cu and Au on subst i tut ional  sites under  a diffused 
donor profile and on nonsubst i tu t ional  sites under  a 
diffused acceptor profile was exper imental ly  verified 
(1). These results gave a quali tat ive unders tanding  

a n d  formed the basis for detailed solubil i ty calcula- 
tions (2). More exper imental  results are reported here 
which supplement  the earlier work (1, 7). The princi-  
pal concern is to obtain meaningful  experimental  val-  
ues for the saturated solubil i ty of Au and Cu by phos- 
phorus diffusions. Solubilities of Cu and Au in P-  or 
B-doped silicon have previously been studied, main ly  
for low P and B concentrat ions (8, 9). In the present 
work, the impur i ty  content  in the samples is progres- 
sively increased unt i l  precipitation is observed in the 
gettering layer. The procedure for this is described in 
the exper imental  section on determinat ion of solubil i ty 
l imit  below. Our earlier work (1) used only a fixed 
impur i ty  content. 

Another  question regarding the mechanism is the 
role of vacancies in the get tering process. Differences 
in  the Au profile under  POCI~ and PBr~ diffusions have 
been observed in this study. The peak concentrat ion of 
Au is buried for POC13 diffusion and is at the surface 
for PBr3 diffusion. This result  is interpreted in terms 
of a vacancy assisted gettering for the POCI.~ process. 
The PBr3 and POC13 diffusion processes have different 
gas flow conditions. Hence the different physical effects 
observed and reported here are not necessarily due to 
the different chemical species in the bubbler .  Our early 
work (1, 3) was done with PBr3 sources, and we found 
a qual i ta t ively different dislocation structure with TEM 
than that found by Dash and 3oshi (10), who used a 
POC13 source. This led us to suspect that PBr3 and 
POC13 diffusions result  in different dislocation con- 
figurations and to make comparisons of gettering be-  
havior. 

The solubil i ty calculations (2) for Au and Cu in the 
case of boron diffusion led to the conclusion that if 
interst i t ial  donor Au and Cu were ion paired to the 
boron atoms then the Au and Cu would be very well 
gettered, which is contrary to experience and leads to 
a several order of magni tude discrepancy with existing 
soIubili ty data. This led to physical arguments  for the 
absence of ion pair ing between interst i t ial  Au and Cu 
and subst i tut ional  boron (2). The experiments  pre-  
sented here show that boron diffusion getters Au by 
the formation of precipitates at moderate to heavy Au 
contaminat ion levels. It may well be that dislocations 
extract  Cu and Au into their cores thereby promoting 
the formation of small  precipitates (11). These precipi-  
tates are not found for more dilute Au contaminat ion 
levels. Transmission and scanning electron microscopy 
were used to study the precipitates in the boron-dif -  
fused layers. 

Exper imenta l  
Sample preparation.---Sample wafers, approximately 

10 mils thick, were prepared from 10 ohm-cm, <111>,  
n-type,  low dislocation silicon. One side of the sample 
was covered by evaporat ion of 1000A of Au or Cu, 
equil ibrated with the metal  at temperatures  typically 

1100~ in a ni t rogen ambient  and quenched to 
,- 100~ in ~ 3 sec. The wafers were lapped and etched 
so  that ,-, 1 mil of each surface was removed. It has 
been shown that this is more than sufficient to remove 
metal  pi le-up at the surface and that all surface dam-  
age is removed. The samples were diffusion gettered 
and examined by Rutherford backscattering. 

Backscattering.--Rutherford backscattering of 1.8-2.0 
MeV He ions, which has been reviewed by others in 
detail elsewhere (12, 13), was used to determine the 
number ,  distribution, and lattice location of the get- 
tered impurities. The details of the technique as utilized 
in this laboratory may be found in Ref. (7) and (14); 
here we only give a brief summary.  The energy of the 
backscattered ion identifies the mass of the atom from 
which it is scattered, and the number  of backscattered 

ions determines the number  of scattering atoms. For 
scattering from target atoms of a given mass, the scat- 
tered ion energy scale may be converted to a substrate 
depth scale through knowledge of the kinematics and 
the stopping power. The channel ing effect is used to 
determine impur i ty  atom lattice location (13). 

Electron microscopy and x-ray microa~alysis.--Cer- 
fain samples were examined in the scanning electron 
microscope (SEM) and, in addition, x-rays excited by 
the electron beam were monitored using an energy dis- 
persive spectrometer to provide elemental  analyses. 
Furthermore,  samples were th inned from the side op- 
posite the diffused layer  of interest  (3) so that  
the region adjacent to the diffusion gettered surface 
could be examined using the transmission electron mi-  
croscope (TEM). 

DetermLnation oy solubility Zimit.--We have calcu- 
lated the solubili ty of Cu and Au in silicon for heavy 
dopings and high temperatures  taking into account 
solubil i ty enhancement  (Fermi level effect) and pair-  
ing of metal and dopant ions (2). It is possible to ob- 
tain concentrat ions of impurit ies in excess of the solu- 
bili ty l imit by sample preparat ion with infinite sources. 
For this reason an effort has been made to carry out 
experiments with both "limited" and "infinite" sources 
of impurities. Quanti ta t ive effects are rather  difficult 
to assess unless some intent ional  contaminat ion is in-  
troduced. The background Au and Cu levels can vary 
by a factor of ten, but  with added Au and Cu the total 
impur i ty  levels can always be controlled at a level 
which is well above the background variations (1). 
Hence the generic study of PBra and POC13 diffusions 
and solubility is best carried out using moderate im- 
pur i ty  levels. 

The meta l -St -dopant  te rnary  phase diagram is doubt-  
less very complex. A quali tat ive cross section, for con- 
stant Si /P  ratio, for the M-P-St  system might appear 
as in Fig. 1. In region 1 one has the metal  in solution 
in phosphorus-doped silicon. Line a-b represents the 
metal solubility and line c-d a new phase, which, as 
we will show, is general ly a meta l -dopant  compound 
or the metal itself which precipitates out of solid solu- 
tion. In zone 2, then, one has a two-phase equil ib-  
rium. For comparison with the above-ment ioned cal- 
culations (2), it is necessary to determine the point B 
along A-B-C. This is done exper imental ly  by provid-  
ing various amounts of metal in the wafer, by equili-  
brat ing at different temperatures,  and then gettering 
at the same temperature  and for the same time, and 
by eventual ly  going to an "infinite" source of metal. 

Infinite source samples are prepared by providing a 
diffused layer in an uncontaminated  sample, evaporat-  
ing metal onto the opposite side, and diffusing the 
metal  across the wafer to the diffused layer (15). The 
occurrence of new phases is determined by backscatter-  
ing, SEM and TEM. In this way we obtain an estimate 
of the point B on the phase diagram for comparison to 
the calculated values. 

t 

z 

(MxPy) 
C Q 

M ~ iNCREASING METAL CONCENTRATION Sl[P) 

Fig. I .  Cross section of qualitative phase diagram for the system 
metal-phosphorus-silicon along a constant P/Si ratio surface. 
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Results  

PBrs dif]usion.--Figure 2 is a typical backscattered 
ion spectrum obtained f rom a Au-equi l ibra ted  a n d  
PBrs-get tered  sample. The pl~osphosilicate glass re-  
mained on the sample during measurement.  Note that  
most (,~90%) of the Au is found in the phosphorus-  
diffused silicon layer.  In fact, s imultaneous phosphorus 
diffusion of a control sample, containing no Au, yielded 
the same amount  of Au in the glass (see Fig. 2) so it 
is clear that  the Au in the glass came from furnace 
contamination. Generally,  when precautions were  taken 
to preserve furnace cleanliness, no Au (or Cu) w a s  
detected in the glass on ei ther intent ional ly  contam- 
inated or control samples. The detection l imit  w a s  
-~ 101~ cm -2 for Cu and ,-, 10 TM cm-S for Au (14). 

Figure 3 shows random <110> axial  channeled 
spectra for a similar sample after  the glass had been 
removed. The large reduct ion in yield in the channeling 
direction shows essentially all of the Au ( ~ 9 0 % )  to 
be substitutional. Similar  results are obtained for Cu 
in agreement  wi th  ear l ier  results (1). Also, it is ap- 
parent  that  the Au profile is at its max imum at the sur-  
face and decreases with increasing depth into the sili- 
con as the phosphorus concentrat ion decreases. 

Figures 4 and 5 are detailed angular  scans across t h e  
<110> axis for get tered Au and Cu, respectively.  The 
energy windows were  set so that counts from the metal  
or Si f rom 200 to 3000A. below the surface were  a c -  
c e p t e d .  This eliminates counts corresponding to metal  
or Si at the surface so that  the results are representa-  
tive of the diffused layer  in the silicon. For undiffused 
silicon we typically find that the silicon min imum yield 
is 0.03 and the channeling angle 2r (St) is 1.0 degrees. 
Here we see that  the silicon minimum yield is ~0.05 
and that  2r is ~0.8 degrees. This indicates 
the presence of a small amount of latt ice disorder 
or strain. The channeling angle for the metal  atoms 
is approximate ly  equal  to that  for silicon, the mini -  
mum yield is somewhat  greater  and no structure 
is observed in the angular  scan. From Fig. 4 the 
Au is found to be 90% substi tutional and from Fig. 
5 the Cu is found to be 80% substi tutional for these 
part icular  samples. In general, substi tutional fractions 
of f rom 75 to 100% are observed. In summary,  most of 
the Au and Cu atoms reside on substi tutional sites, a 
result  that is accounted for by enhanced solubili ty and 
ion pair ing considerations (2). The fact that ~20% of 
the atoms are not substi tutional suggests an occasional 
clustering of impurit ies or the formation of small pre-  
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Fig. 3. Backscattered ion spectrum for phosphorus-gettered, Au- 
centamlnated sample with glass removed. The arrows labeled Si and 
Au denote the scattered ion energies for scattering from Si and 
Au at the sample surface. 

cipitates. The solubili ty at saturat ion is essentially the 
max imum value that appears substi tut ionally (2). The 
nonsubsti tutional component  is fur ther  discussed be-  
low. 

Figure 6 i l lustrates the result  of increasing the dif-  
fusion time. For 900~ 30 rain diffusion and this Au 
equil ibrat ion level, not all the Au is get tered (4), so 
we expect that increasing the diffusion time will  cause 
more get ter ing of the Au. Figure  6 shows that  increas- 
ing the get ter ing t ime by a factor of four  does not 
change the Au concentrat ion at the surface but does 
increase the depth of the gold profile by a factor of two 
in agreement  wi th  the factor of two increase in phos- 
phorus diffusion length. The lack of change in the peak 
Au concentrat ion indicates near  saturat ion of the pro-  
file with Au. The total amount  of Au get tered is, of 
course, a factor of two greater  for the 2 hr than for t h e  
~,~ hr diffusion. 

Figures 7 and 8 for Au and Cu respectively,  show the 
result  of increasing the contaminat ion level  by raising 
the metal  equil ibrat ion tempera ture  in the case of 
1000~ 30 rain P diffusion. In each case, metal  is get-  
tered from the sample and it remains mainly  substi tu- 
tional in the diffused layer. There is no evidence of 
the appearance of a second phase. The increased Au 
concentrat ion for the higher equi l ibrat ion tempera ture  
suggests the higher  Au concentrat ion is closer to satu- 
ration, while the constant Cu concentrat ion suggests 
that  saturat ion has been reached. At the surface, for 
the higher  t empera ture  equilibration, the Au concen- 
trat ion is 1019 cm -3 and the copper concentrat ion is 
5(10)20 cm-3. 

Figure 9 shows the quite different result  when an 
"infinite" source of Cu is provided. The anneal ing t ime 
was 30 rain. During this time, Cu atoms are diffused 
from a 1000A thick evaporated Cu film across the sam- 
ple to the already phosphorus diffused layer. Clearly 
the copper concentration at and near the surface has 
increased significantly and is found to be completely off 
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latt ice sites. Fur thermore ,  at and near  the surface the 
phosphorus is also completely  off lattice sites, and it is 
possible that  a second phase has precipitated. Compar-  
ing off latt ice site phosphorus and Cu indicates that  
there is an over-a l l  Cu to P ratio of approximate ly  
2:3 and a volume concentrat ion of ~1021 cm -3. Note 
that  much of the Cu is substi tutional at a depth ~0.4-  
0.5# (corresponding to channel 120-140). The phase 
Au2P3 is found (16) when  the Au solubil i ty is ex-  
ceeded in heavi ly  P doped silicon. 

POCI3 diffusion.--POC13 diffusions yield silicon lat-  
tice defects which are significantly different, as deter-  
mined by both backscat ter ing and by TEM, from those 
associated with  PBr3 diffusions. (As noted above, the 
flow rates are different as well  as the phosphorus 
sources.) Briefly, when examined using the TE~, PBr3 
diffusions produce only relatively few very small dis- 
location loops, whereas the POCI3 diffusions produce 
larger loops together with a more deep and dense net- 
work of dislocations. In backscattering, the aligned ion 
beam is dechanneled at a greater rate in passing 
through a POCI3 diffused zone than in passing through 
a PBr3 diffused one. 

Figure I0 shows a typical spectrum from a Au-con- 
taminated sample gettered by POCI3 diffusion. Com- 
parison to Fig. 3 shows that the shape of the Au dis- 
tribution in the diffused layer is considerably different 
from that obtained after a PBr3 diffusion. That this is, 
in fact, an Au distribution has been confirmed by etch- 
ing off ~ 500A of silicon and redetermining the spec- 
trum. We emphasize, however, that the Au is almost all 
(in this case 95%) substitutional. Different parts of the 
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(120~)~ phosphorus-gettered (PBr3, 1000~ 30 min) sample. 

same Au-equi l ibra ted  sample have been PBr3 and 
POC13 diffused. The observed Au profiles are shown in 
Fig. 11. The curves are the predictions of theoret ical  
calculations (2) to which we shall re turn  in the next  
section. The total amount  of Au get tered by PBr~ and 
POC13 is the same within exper imenta l  error. 

BBr3 d~ffusions.--It is a ra ther  general  observation 
that boron diffusion provides a re la t ive ly  poor get ter -  
ing system. We have at tempted to expla in  (2) this in 
terms of the enhanced solubility and ion pairing theory 
of metal solubility. Essentially, the argument relies 
upon configurational and vibrational entropy effects 
which indicate that ion pairing of interstitial metal 
donors and substitutional acceptors is not important at 
these temperatures and doping levels, so that the total 
metal solubility in a heavily doped p-type region is 
much less than that in a similar n-type region. 

Figure 12 is a typical spectrum obtained when a Au- 
contaminated wafer is boron diffused. The only gold 
detected is a surface peak. Similar surface peaks are 
often obtained when an Au-contaminated sample is 
prepared in the usual manner and then annealed, but 
not gettered. This is simply another type of control, see 
e.g., Fig. 4 of Ref. (i). Similar results are obtained for 
Cu. Again, it should be mentioned that boron glasses 
are impurity free if the furnace is not contaminated. 

If the metal contamination level is increased by rais- 
ing the initial equilibration temperature, the experi- 
mental observations change in a characteristic manner, 
as shown in Fig. 13 for Au. Now a large amount of Au 
is present and <Ii0> and <III> axial channeled spec- 
tra show the same yield from Au atoms as does the 
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random spectrum, showing that the Au is dist inctly off 
matr ix  lattice sites. Figure 14 is an angular  scan across 
the <110> axis. Note that for silicon the mi n i mum 
yield and channel ing angle are those of undiffused sili- 
con; thus any precipitates formed do not appear to in-  
troduce significant strain or disorder into the silicon 

matrix. For scattering from Au, no structure is appar-  
ent in the angular  scan for the <110> or <111> axes. 
(The <111> scan is not shown.) This lat ter  observa- 
t ion suggests the presence of precipitates rather  than 
intersti t ial  metal  atoms because of the absence of any 
flux-peaking effects. 

We have used the boron (p, a) nuclear  resonance 
(17) in an at tempt to detect differences in, on, and off 

lattice site boron fraction for layers which either did 
or did not contain precipitates. However, 15 • 5% of 
the boron is found off lattice sites in all cases, including 
a boron diffused, uncontaminated sample. 

Electron microscopy.--In order to resolve this prob-  
lem, the surfaces of boron-diffused samples were ex-  
amined using the SEM. The sample which had been 
equil ibrated with Au at the highest temperature  was 
observed to have many  precipi tate-l ike islands dis- 
t r ibuted over its surface. These varied in size over a 
range, the largest being present  in number  densities of 

106 cm -2 and often having t r iangular  shapes with 
edge dimensions of ~ 5000A (Fig. 15a). Correlation of 
images with crystallographically oriented electron 
channel ing contours showed that  the edges of such 
features were sometimes aligned near  < I I 0 >  type 
matr ix  directions. Furthermore,  the t r iangular  islands 
were often located in shallow depressions in the matr ix  
surface. 

In order to determine whether  the islands contained 
an impur i ty  element they were subjected to electron 
probe x - ray  microanalysis. Selected regions of the 
specimen surface were scanned with a 3000A • 3000/k 
electron raster and the x-rays  produced showed that 
the islands alone contained substantial  quanti t ies of 
Au. To confirm that the Au impur i ty  was contained 
within the island structures, scanning x - r ay  images 
were generated using only x- ray  photons which con- 
t r ibuted to one of the Au x- ray  peaks (2.14 keV). Such 
an image is given in Fig. 15b, which shows the same 
specimen area as the electron image of Fig. 15a, and it 
is clearly seen that Au-produced x-rays  have emanated 
from the regular ly  shaped island. Photon counts regis- 
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tered from the sur rounding  matr ix  were contr ibutions 
from the random x- ray  background and do not indicate 
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the presence of a detectable Au concentration. A typi -  
cal impur i ty  x- ray  spectrum is given in Fig. 16 where 
it will  be seen that the Au peak at 2.14 keV has an 
ampli tude ~ 25% of that of the mat r ix  Si peak at 1.74 
keV. 

The Au-conta in ing  precipitates described above were 
also studied using the TEM. A typical island is shown 
in Fig. 17, and the depression in which it is si tuated is 
clearly evident�9 Such islands were composed of a well-  
defined precipitate phase, and by analysis of t ransmis-  
sion electron diffraction pat terns containing precipitate 
Bragg reflections it has been found that the phase was 
elemental  Au (18). The islands did not appear to have 
a unique orientat ion relat ionship with the Si matr ix  
and they often showed evidence for the presence of 
in ternal  defect structures. The l inear features wi th in  
the precipitate of Fig. 17 may be dislocations or micro- 
twin lamellae. 

For comparison with the above observations, the sur-  
faces of other boron-diffused Si samples which had 
originally contained the lower Au impur i ty  concentra-  
tions were also studied. In such cases, no Au-conta in ing  
precipitates were found to be present  and Au impur i ty  
levels were below the l imit  of detection. It should also 
be noted that  the presence of the boron diffused layer  is 
apparent ly  necessary for formation of the precipitates, 
since an Au contaminated sample which was annealed 
but  not diffused, did not yield precipitates. 

C o n c l u d i n g  D i s c u s s i o n  
Our results clearly show that metal  impuri t ies  are  

gettered into the diffused layer  in the Si, not into the 
diffusion source glass�9 This result  is contrary  to some 
previous results (5, 6), but  we emphasize that the 
backscattering measurement  plus the use of control 
samples gives a clearly unambiguous  result. Others (19, 
20) have arrived at similar conclusions, using some- 
what different exper imental  methods, bu t  there still 
exists considerable confusion in the l i terature (21). 
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For phosphorus diffused layers, the gettered metal 
atoms are found to be on lattice sites. In general, Cu 
and Au can exist in sil icon as a substitutional acceptor 
and as an interstitial donor [see Ref. (2) and references 
quoted therein].  We propose that the gettering mecha- 

nism for P diffusion is solubil i ty enhancement  and ion 
pairing (22) of the substitutional metal acceptor. This 
is especial ly convincing for the case of Cu, where at 
1000~ the intrinsic interstitial solubil i ty is ~ 1017 cm -8 
and the intrinsic substitutional solubil i ty is ,,~ 10 TM 

cm -a, but yet one finds up to 5(10) 20 cm -3 Cu on sub- 
stitutional sites in heavi ly  doped n layers. The experi-  
ments [see also Ref. (1)]  show 75-100% substitutional 
character whi le  the calculations (2) predict 100% sub- 
stitutional at the highest  P concentrations. However,  
we note that as the sample is cooled from the diffusion 
temperature, it becomes supersaturated at some lower 
temperature, so that some of the dissolved metal may 
be able to redistribute s l ightly  or cluster to appear off 
lattice sites. 

POCla diffusion yields a somewhat  different Au  or 
Cu profile than does PBr~ diffusion (see Fig. 11). A l -  
though the dislocation structure is more closely spaced 
and extends deeper into the matrix for the POC13 dif-  
fusion, the fact that the impurity is still essential ly all 
substitutional throughout the diffused layer implies  
that the impurity atoms are not directly associated with 
the dislocation network. 

Rather, we postulate that the POC18 result is caused 
by vacancy enhancement due to the c l imbing disloca- 
tion network as proposed by Hu and Yeh (23) for an 
explanation of the emitter push effect. In Fig. 11 the 
calculated curves are: m ---- 0, no vacancy enhancement; 
m ---- 2.5, vacancy enhancement predicted by the quasi- 
static approximation to Hu and Yeh's (23) theory. The 
solid and dashed lines are for two different values of 
the activity coefficient for electrons [see Ref. (2) ]. The 
data for PBra diffusions [and other data in Ref. (2)]  
indicate little or no vacancy enhancement.  For POC13 
diffusions, however,  the Au profile is much flatter, and 
in fact peaks at a significant distance from the surface 
in fairly good agreement with the vacancy enhance-  
ment predictions. 

In the l inearized approximation (2) to Hu and Yeh's 
(23) quasi-steady-state theory, the vacancy enhance-  
ment is g iven by 

Table I. Solubility of Cu and Au in heavily doped Si 

D o p a n t  

T e m p e r -  
a t u r e  
U C )  

D o p a n t  s u r f a c e  
c o n c e n t r a t i o n  

( c m - a )  

Cu s o l u b i l i t y  ( c m  -~) A u  s o l u b i l i t y  ( c m  -~) 

E x p .  T h e o r y  E x p .  T h e o r y  

2 .5  -F- 1 (10)co 2 -~ 0 , 5 ( 1 0 )  -~ 9 ~ 3 ( 1 0 )  TM 5 ~--- 2 ( 1 0 )  i s  
5 - -  2 ( 1 0 )  2~ 5 -+" 2 ( 1 0 )  ~ 1 .5  "+" 0 . 5 ( 1 0 )  x9 3 -~- 2 ( 1 0 )  19 

< 1 0  TM 9 --~ 3 ( 1 0 )  is  < 1 0  TM 7,5  -~- 2 . 5 ( 1 0 )  le 

P 900 6(10) ~ 
P I000 1.1(I0) ~ 
B I000 4(10) ~ 
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V 
= t +  7r~xl(Dt) 1/~ 

V'eq 

for x -< 2 (Dr) 1/2, where  

m = 2 < R > t D / N o D *  

In the above formulas, x is distance into the crystal, t 
is diffusion time, D is the effective phosphorus diffusiv- 
ity, < R >  is the mean rate  of vacancy generat ion per 
unit volume, D* is the intrinsic silicon self-diffusivity,  
and No is the number  of latt ice sites per unit  volume. 
Using our TEM results to est imate < R > ,  we find that  
for POC18 diffusions m ~ 1 and for PBr3 diffusions m < 
0.1. Thus theory and exper iment  are in agreement  with 
the hypothesis that vacancy enhancement  is significant 
for POCI~ but not for PBr~ diffusions�9 However ,  it 
should also be pointed out that  the shape of the P pro-  
file itself may be quite different for the two diffusion 
sources. 

Our estimates of the saturat ion solubilities are given 
in Table I. We compare theory and exper iment  near  
the surface where  the dopant should be at its solubil i ty 
limit (24) and where  vacancy enhancement  should not 
be significant (23). Detailed examinat ion of the leading 
edge of the Si spectrum shows a small shoulder cor-  
responding to scattering f rom 31p at the surface which 
is separated f rom the 3.12% abundant  30Si isotope by 
about 20 keV. The magni tude of this shoulder indicates 
that assuming the surface phosphorus concentrat ion to 
be equal to the solubil i ty is reasonable, and the chan- 
neled spectrum indicates that  ~ 10% of the phosphorus 
atoms are off latt ice sites at the surface�9 Similarly,  the 
boron (p, ~) nuclear resonance exper iment  indicates 
that  it is reasonable to take the boron surface concen- 
t rat ion to be equal to the boron solubility. In Table I, 
the range of exper imenta l  values is due to the fact 
that  we cannot de termine  that  we have passed point B 
on Fig. 1 until  a detectable amount  of the new phase 
has formed. The range of theoret ical  values is due to 
the range of possible electron act ivi ty coefficients (2). 
The agreement  be tween theory and exper iment  is 
wi thin  the uncer ta in ty  in ei ther  value�9 
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Fig. 15. (a) Scanning electron micrograph of partially truncated 
triangular island in boron diffused sample. (b) Scanning x-ray 
micrograph obtained using photons with energies near to 2.14 keV. 
Same specimen area as shown in part (a). 

I n  t h e  case  of B di f fus ion ,  e x c e p t  f o r  a s u r f a c e  p e a k  
a l r e a d y  d iscussed,  t he  g e t t e r e d  Cu or  A u  is a t  or  n e a r  
t h e  d e t e c t i o n  l i m i t  u n t i l  t h e  s o l u b i l i t y  l i m i t  has  b e e n  
exceeded ,  a n d  a n e w  p h a s e  p r e c i p i t a t e s .  W e  conc lude ,  
t h e r e f o r e ,  t h a t  t h e  s o l u b i l i t y  is less  t h a n  or  n e a r l y  e q u a l  
to t h e  d e t e c t i o n  s e n s i t i v i t y  of o u r  m e a s u r e m e n t s  w h i c h  
is ~ i0 TM em -3  for  A u  a n d  ~ (10) 19 e m  - a  for  Cu. A g a i n  
t h i s  c o n c l u s i o n  is in  a g r e e m e n t  w i t h  s o l u b i l i t y  c a l c u l a -  
t ions  (2) ,  

A c k n o w l e d g m e n t s  
W e  w o u l d  l ike  to  t h a n k  J.  M. P o a t e  fo r  h i s  p a r t i c i p a -  

t i on  i a  t h e  e a r l y  a n g u l a r  s c a n  e x p e r i m e n t s ,  W. M. A u -  
g u s t y n i a k  fo r  h is  i n v a l u a b l e  a s s i s t a n c e  i n  t he  (p, a) 
r e s o n a n c e  e x p e r i m e n t ,  a n d  F. L. W o r t h i n g  for  h is  c a p a -  
b l e  s a m p l e  p r e p a r a t i o n .  

M a n u s c r i p t  s u b m i t t e d  Aug.  1, 1974; r e v i s e d  m a n u -  
s c r i p t  r e c e i v e d  J a n .  17, 1975. 

A n y  d i s c u s s i o n  of th i s  p a p e r  wi l l  a p p e a r  in  a D i scus -  
s ion  S ec t i on  to b e  p u b l i s h e d  in t h e  D e c e m b e r  1975 
JOURNAL. Al l  d i s cus s ions  for  t h e  D e c e m b e r  1975 Dis -  
cus s ion  S e c t i o n  s h o u l d  be  s u b m i t t e d  b y  Aug.  1, 1975. 

Fig. 16. X-roy spectrum given by island (a) general spectrum 
showing M and L Au peaks, (b) expanded spectrum showing Au 
peak at 2.14 keV for comparison with matrix Si peak at 1.74 keV. 

P u b l i c a t i o n  costs  of  th i s  ar t ic le  w e r e  p a r t i a l l y  as- 
s i s t ed  by  Be l l  Labora tor i e s .  

A P P E N D I X  
The  e q u i l i b r i u m  so lub i l i t i e s  for  Cu  a n d  A u  in  s i l i con  

h a v e  b e e n  c a l c u l a t e d  fo r  h i g h  t e m p e r a t u r e s  (900 ~ - 
1100~ a n d  h e a v y  d o p i n g s  (1019-10~1/cm3). F o r  
strongly n-type material a large solubility enhance- 
ment is calculated (about 10 3 times the intrinsic solu- 
bility) due to ion pairing of substitutional metal ac- 
ceptors with substitutional donors. The equilibrium 
pairing is described by 

M D  ~ K~airMSD + [ A - l ]  

w h e r e  M D  is t h e  m e t a l - d o n o r  p a i r  dens i ty ,  M s is t he  
s u b s t i t u t i o n a l  c o n c e n t r a t i o n  of t h e  m e t a l  in  t h e  p r e s -  
ence  of donors ,  D*  is t h e  ion ized  d o n o r  c o n c e n t r a t i o n .  
M ~ is g i v e n  b y  M s : MiS'ren/ni w h e r e  Mi s is for  t he  
u n d o p e d - i n t r i n s i c  case,  ~te is t h e  a c t i v i t y  coeff icient  de -  
p e n d i n g  on  d o p i n g  d e g e n e r a c y ,  n t h e  f r e e  e l e c t r o n  con -  
c e n t r a t i o n ,  a n d  ni t h e  i n t r i n s i c  e l e c t r o n  c o n c e n t r a t i o n .  
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Fig. 17. Transmission electron micrograph (bright-field) showing geometrically shaped precipitate island situated in matrix surface de- 
pression. 

The pair ing constant is estimated from Coulomb con- 
siderations (25, 26) 

KDair ---- (Z/N) exp (nq2/eakT) [A-2] 

where (Z/N) is the ratio of nearest neighbor sites to 
the atom lattice site densi ty and n is the charge or~ the 
subst i tut ional  metal  atom, ~ is the bu lk  dielectric con- 
stant, and a is the nearest  neighbor distance of the pair. 
Typical ly the coulomb energy is 0.4 eV (n _-- 1) so for 
mul t ip ly  charged acceptors like Cu (n ---- 3) the cou- 
lomb energy is N 1.2 eV and the pair ing constant  is 

10 ~ more than for Au with phosphorus donors. Hence 
the pair ing model predicts that the gettering is more 
thermal ly  stable for Cu than for Au. 

When considering the pair ing probabi l i ty  for in ter -  
stitial donors (metal) and subst i tut ional  acceptors such 
as boron, the influence of the changed vibrat ional  fre- 
quencies and configurational possibilities on entropy 
must be taken into account. The effect is to decrease the 
pair ing constant. This a rgument  has been used to ex- 
plain the relatively weak solubility enhancement of 
metal donors under boron diffused layers. 
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Rotating Scan for Ion Implantation 
G. I. Robertson 

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

ABSTRACT 

With the development  of 1-2 mA beam current  ion sources, production 
implanta t ion systems became l imited by scanning techniques. In  particular,  
high beam currents  could not be used efficiently for low and moderate dose 
implants.  To overcome this deficiency, a mul t iwafer  rotat ing mechanical  
scan technique was developed. Combining the high speed advantage of low 
current  electrical scan and the high current  capabili ty of mechanical  scan, 
the rotat ing scan technique can achieve implanta t ion times of less than 1 s e c  
per 2 in. wafer at full  beam current  with better  than 99% uniformity.  

The rotat ing mechanical  scan described in this paper 
is a mechanism that  permits  the implant  time of high 
current  ion. implanta t ion machines to be reduced by up 
to two orders of magnitude.  Although ion sources can 
produce over 1 mA of analyzed beam, the scanning sys- 
tem often limits the usable current,  especially for low 
or medium dose implants. A production implanta t ion 
system must  make full use of the available beam cur-  
rent:  a reduced beam current  directly affects the 
throughput  of the system, thereby increasing the cost 
of the implant.  Rotat ing mechanical  scan enables a 
wide range of ion doses to be implanted using the full 
available beam current.  

The two principal  methods of uni formly implant ing  
an ion beam into a wafer are electrical scanning of 
the beam and mechanical  scanning of the wafer 
through the beam. Electrical scanning has been in gen- 
eral use since the start  of ion implanta t ion  technology 
as it is simple and effective. However, with the advent  
of analyzed beam currents of 1-2 mA, space charge 
spreading in the drift  space between the deflection 
plates and target increase the beam to unacceptable di- 
mensions. The beam diameter  must  be kept small  to 
avoid large overscan losses, and this limits the usable 
current  to a few hundred  microamperes. Mechanical 
scanning techniques overcome this disadvantage. Since 
the beam is stationary, a shorter machine is possible, 
minimizing space charge effects at high currents. 
Moreover, there are addit ional advantages to mechani-  
cal scanning. By moving the wafer parallel  to its sur-  
face, the angle of the beam with respect to the crystal-  
l ine lattice remains constant, so there is no channel ing 
nonuni formi ty  across the wafer. Also, neutral ized par-  
ticles are scanned with ions, thus avoiding a hot spot, 
but  instead causing a small  dose measur ing error. 
Finally,  mechanical  scan is conducive to batch implan-  
tat ion and the number  of wafers handled in one batch 
is l imited only by  the mechanical  requirements  of the 
target chamber. 

Conventional  X-Y mechanical  scanning systems suf- 
fer from one disadvantage which has outweighed all 
their advantages in most cases; they are slow. To 
achieve the required uniformity  of implant,  many  
overlapping scans must  be made. Taking the Harwel l -  
Lintott  X-Y mechanical  scan as an example, the min i -  
mum time required to implant  at 1% uniformity  is 
about 1 rain per wafer (1). The X-Y mechanical  scan 
is thus only efficient when the implant  time is 1 rain 

Key words: beams, semiconductors, scanning, production. 

or more per wafer: that is, at high doses or low beam 
currents. In other cases the system is scan limited. 

There have been several attempts to combine elec- 
trical and mechanical  scans into a system in which the 
fast axis is scanned electrically and the slow axis me- 
chanically (2). This technique permits large batches 
to be implanted and improves the throughput  over a 
purely  electrical scan system. The principle disadvan-  
tage of electrical scan remains however, so hybrid 
scan is classified with electrical scan for the purpose of 
this paper. 

Considering the relative l imitations of the two types 
of scan, it is apparent  that the single advantage of 
electrical scan is the abil i ty to scan the beam rapidly. 
This is not possible in the case of X-Y mechanical  
scanning because of inertia. 

The rotat ing mechanical  scan described in this paper 
is not l imited by inertia, so rapid scanning is possible. 
The uni formi ty  limited m i n i m u m  implant  time is about 
1 sec per wafer, depending on dose, and high beam 
currents may be used. The rapid throughput  of rotat ing 
scan makes it a suitable technique for high capacity 
production l ine machines. 

Concept of Rotating Scan 
The wafers to be implanted are mounted on a disk 

which is rotated about an axis parallel  to the ion beam 
at approximately 1000 rpm, providing the first direc- 
tion, or rapid scan. Typical ly the disk is 50 cm diam- 
eter, and holds 50-60 wafers. The disk is slightly 
dished, which holds the wafers in position centrifugally 
thereby avoiding hold-down clips. The second direction 
of scan is provided by translating the entire rotating 
disk back and forth in the plane of the disk and per- 
pendicular to the beam as is depicted in Fig. I. The 
speed of the fast scan is about two orders of magnitude 
higher than is possible with an X-Y mechanical scan, 
so the minimum implant time is similarly reduced. 

The dose uniformity is controlled only by the lateral 
translation velocity of the disk. This velocity must vary 
inversely with the radial position of the beam on the 
disk, and directly with the beam current, as is shown 
below. 

Comparison of Rotary and X-Y Scans 
The uniformity  of a mechanical  scan system is de- 

termined largely by the step size y of the slow speed 
scan. If the beam is assumed to have a pillbox intensi ty 
profile for the present purpose, and its width in the 
direction of the slow scan is a, then the uniformity  
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Fig. I. Fast and slaw scan motions of the rotating scan target 

may be wr i t ten  a s  
hD y 

___ - -  -- - -  [i] 

D 2ha 

where  D represents the dose, y is the increment  in the 
slow scan direction, and n is the number  of passes 
made for one implant.  This is a crude representat ion of 
the uni formity  and assumes the worst  case when the 
beam is ext inguished during a constant speed scan. In 
practice, the speed of the scan may be made dependent  
on the beam current  as will  be shown later, but Eq. [1] 
is suitable for the present comparison. 

The max imum speed at which the slow scan may be 
incremented  is de termined by the t ime taken for a fast 
scan. The min imum t ime for a complete pass of the 
wafer  holder is then 

Y X 
train = -- " -- [2] 

y V z  

where  X and Y are the dimensions of the plate in the 
fast and slow scan directions respectively,  and Vz is 
the max imum x-veloci ty.  Combining [1] and [2] gives 

X Y  
train -- [3] 

hD 
V z  �9 2 n a -  

D 

If there  are N wafers  on the holder the min imum 
implant  t ime per wafer  t'min is 

X Y  
t'min ~ [4] 

'~D 
V z  " 2ha N 

D 

But since N is roughly proport ional  to the wafer  holder 
area X Y  

1 
t'mi~ r162 -- [51 

V~ 
for a given uniformity.  

If the veloci ty l imited implantat ion t ime for a re-  
quired uni formi ty  occurs at a high beam current  and 
dose, then the only way  to achieve lower doses is to 
lower the beam current.  

In Fig. 2 the relationship between dose, implanta-  
tion time, and beam current  is plotted. The diagonal 
lines are lines of constant scanned beam current,  and 
are common to all scanning methods. For reference, the 
max imum practical  beam current  for electrical scan- 
ning is shown as the solid diagonal line at 200 ~A. This 
limit is appropriate for present day implantation 
equipment. 

The Harwe11-Lintott system is again taken as the 
example of a typical X-Y scan. For a _+1% uniformity 
using a beam i in. high, the minimum implant time is 
50 sec/2 in. wafer. This is shown as the upper solid line 
in Fig. 2. In contrast, for the same uniformity and 

Fig. 2. Implant time for 1% uniformity as a function of ion 
dose. The limits for the three scan methods are shown. 

beam size, the minimum implant time for a rotating 
scan of the type described is 0.3 sec/2 in. wafer, due 
solely to the increased velocity V~ of the fast scan 
(Eq. [5] ). This limit is shown as the lower solid line in 
Fig. 2. The shaded area enclosed by these three solid 
lines is that region particularly suited to rotating me- 
chanical scan. It can be seen that it includes doses of 
2.10 Is ions/cm 2 and over, using ion beams of 200 ~,A 
and over. 

The principal henefit of rotating scan over X-Y me- 
chanical scan is the ability to use high beam currents 
efficiently for low or moderate dose implants, as 
well as for high dose implants. Thereare two other 
benefits of lesser importance. Firstly, the current loss 
due to overscan is reduced. The ion beam should be 
overscanned by at least one radius in each direction to 
assure edge uniformity. In the case of a typical N-Y 
scan, the loss is approximate ly  i5%. With rotat ing scan, 
overscan occurs only in the radial  direction and many 
more wafers are implanted in each batch, so a typical  
overscan loss is 5%. Secondly, the average power ap- 
plied to each wafer  by the ion beam is reduced because 
of the increased batch size. Present  machines are cap- 
able of beam currents of up to 1 mA at 300 kV acceler-  
ation, which represents a beam power of 300W. The 
instantaneous heating of the surface of the wafer is a 
complex subject (3), but to first order it is a function 
of the number of wafers in each batch. To dissipate 
300W, the six wafers of the Harwe11-Lintott X-Y scan 
must dissipate an average of 50W each, whereas the 60 
wafers on a rotating scan disk need dissipate only 5W 
each. In this context it should be noted that a pure 
electrical scanning system cannot put 3O0W into a sin- 
gle wafer  for more than 1 sec or so, a l though the AI 
hybrid scan (2) can absorb this power. 

Dose Uniformity 
The circumferent ia l  uni formi ty  of the implanted 

dose is guaranteed if the rotation of the disk is suffi- 
ciently rapid to average out all the beam fluctuations. 
The possibility of stroboscopic effects can be avoided 
by rotat ing the disk at a speed not synchronous with 
harmonics of the line frequency. Radial uniformity,  
however,  requires  a precise control of the radial  veloc-  
ity which must vary as a function of disk position and 
beam current.  The theoretical  t ranslat ional  veloci ty is 
derived below, first for a small dimension ion beam and 
then for the general  case. 

Ini t ial ly it is assumed that  the beam has a small, 
rectangular  cross section L~ • L2 as shown in Fig. 3. 
The center of the disk is R from the beam, and the disk 
is t ranslat ing at a veloci ty V(r,R).  The current  density 
of the beam is j (t),  so the average current  density seen 
by the annulus that passes through the beam is 
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]'1 

Fig. 3. Section of the target disk showing the small ion beam 
approximation. 

I 

S (t) L~ 
[6] 

2=R 

The average current density is received on this annulus 
for a time L2/V(t, R) before it has passed through the 
beam, so the total ion dose D at a point R from the 
disk center  is 

L~ L2 j (t) 
D -- [7] 

2~RqV (t, R)  

where  q is the ion charge. But L1L2 �9 j ( t )  is the total 
beam cur ren t  I (t) .  Therefore  the dose is 

Z(t) 
D = [8] 

2:~RqV (t, R) 

and to achieve a uniform dose over  the target  disk, the 
veloci ty V(t ,  R) must  be 

1 I ( t )  
V ( t , R )  ='2~Dq R [9] 

Now consider the case shown in Fig. 4. An ion beam 
with i r regular  current  distr ibution is shown divided 
into n annuli  of constant width  5r. The total current  in 
each annulus is I1, I2 . . . . .  In, (t).  An arc passes through 
the current  weighted average of the ion beam, at radius 
R from the center  of the disk, such that  the distance 
to each annulus of the ion beam is dl, d% . . . ,  dn, and 

~ I j ( t )d j  :. O. 
~=1 

To determine the total dose implanted,  consider the 
annulus on the disk, at radius Ra, which is just  about 
to enter  the ion beam. Assuming that  it spends times 
5tl, 5t2 . . . . .  5tn in each section of the ion beam, the 
total dose received by the annulus will  be 

1 
Ij (t)St] [i0] 

D a -  q2aRaS-------~ j=l  

We now show that  the same translat ion velocity de- 
r ived for the small  beam case in Eq. [9] will  make D~ 
constant, independent  of the radius Ra. From Eq. [9] 

5r 1 I ( t )  
V ( t , R )  _ 5tj --  2~Dq R [11] 

But 
R -~ Ra ~ dj 

so 
q2=D (Ra + dj) 8r 

5tj = 
I ( t )  

Combining with  [10] 

'•"""• R -- ~ CURRENT WEIGHTED 
AVERAGE RADIUS 

Fig. 4. Diagram of large ion beam divided into n sections 

o r  

D ~ Ij (t) (Ra -t- dj) 
D a -  I ( t )  R-----~ ~=1 

D I j ( t )  1 + 
Da ---- I ( t )  

j = l  

D a = D  1 +  RaI ( t )  Ijdj [12] 

Control Methods 
Equation [9] shows that  the la teral  translat ion ve-  

locity of the disk should be an inverse function of the 
distance R between the disk center  and beam, and a 
direct function of the beam current I. The ion dose will 
then be uniform across the disk. Unfortunately it is 
not easy to generate an exact drive velocity, and any 
errors will be accumulated. A more suitable form of 
the control equation can be derived. 

From Eq. [9], V and I may be rewritten 

dQ 

dR 1 dt  
- -  - -  [13] 

dt 2~Dq R 
Integrat ing 

Q _~ :rDq R 2 + C [14] 

where Q is the total charge received since some time to. 
The constant of integration is found by assuming that 
Q ~ 0 when the beam is at the start ing radius Ro. 

j = l  
? l  

But by definition ~ Ijdj = O, so Da : D ---- constant. 

j = l  
Thus a finite size beam may be treated as a small beam 
if its effective radius R is the radius to the weighted 
current  average point. 

The above der ivat ion neglects the changing curva-  
ture of the annuli, and breaks down if the beam is 
comparable  in size with its radial  position R. However,  
for all reasonable beam sizes and radii, the results are 
accurate to bet ter  than 0.5%. 
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Equat ion [14] is now in a more suitable form for 
control. The total charge received may convenient ly  be 
measured by a current  integrator,  and the value of R 
can be found either by using a l inear  potent iometer  at-  
tached to the disk carriage, or by counting the steps of 
a digital stepping motor. Of course, Eq. [14] refers only 
to a single pass of the disk through the beam. While it 
is possible to obtain the correct dose in this manner ,  it 
is preferable to make several more rapid passes. Travel  
in the reverse direction is readi ly accomplished by 
t reat ing each uni t  of charge as a negative quanti ty,  in -  
stead of a positive quanti ty.  

The control system may be either analog or digital. 
Each has advantages, and the principles of each are 
outl ined below. In general  analog control is simpler to 
construct, but  it is not as flexible as digital  control. 

Figure 5 shows a block diagram of an analog control 
system. The ion current  is measured by a current  in-  
tegrator, which generates a pulse every time a certain 
charge is accumulated. The pulses are summed in a 
counter, which is connected to a d /a  converter  (dac). 
The voltage output  from the dac is then a measure of 
the accumulated charge. The required dose per sweep 
is set on the potent iometer  at the output  of the dac, and 
in tu rn  is connected to one input  of the servo amplifier. 

The second input  to the servo amplifier is taken from 
a precision square- law potent iometer  attached to the 
disk carriage. The servo motor drives the carriage and 
satisfies Eq. [14] by keeping the two amplifier inputs  
balanced. 

When the limits of the scan are reached, a micro- 
switch triggers a bistable latch. The latch is connected 
to the coun t -up / coun t -down  input  of the counter, and 
causes it to change the direction of its count on receipt 
of each integrator  pulse. In this manner ,  the incoming 
current  causes an increase in the dac output  if the mo- 
tor is to move forward, and a reduction in the dac out- 
put if the motor is to move in reverse. The limit switch 
at one end of the scan also increments  a second counter  
which terminates  the implant  when the correct number  
of scans has been completed. 

This type of analog control is easy and relat ively 
cheap to construct. Its main  disadvantage lies in its 
accuracy, which is affected by two potentiometers and 
one digital to analog converter. It is suitable for dose 
reproducibil i t ies of approximately  2%. 

A higher degree of precision may be obtained at the 
expense of increased complexity by using digital con- 
trol. The ion beam current  is measured using a current  

CURRENT 
INTEGRATOR 

�9 D I 
I U P-  DOWN 

COUNTER 

I 
I D/A CONVERTER I PRECISION SQUARE-LAW 

POT. 

k ( R 2- RO 2) I SET 
DOSE /SWEEP 

Fig. 5. Simple circuit block diagram suitable for analog control 
of rotating scan. 

integrator  as before, but  the disk t ransla t ion is by a 
stepping, ra ther  than a servo motor. A stepping motor 
eliminates the requi rement  for a feedback potent iom- 
eter, since the position of the carriage is known at all 
times by counting the stepping motor pulses. A small 
computer  is programmed to solve Eq. [14] in real t ime 
as the integrator  pulses are received. A disadvantage 
of using a stepping motor is that it must  either be run  
slowly, or provision must  be made to accelerate and 
decelerate it at the ends of each sweep. 

A significant advantage of a digital system is that the 
control computer may be used to perform many  pe-  
r ipheral  tasks. Prior  to the implant ,  the various param-  
eters that determine the dose may be calculated. P r in t -  
ers may be used to provide a log of all implants,  and 
the system can be made se l f -moni tor ing to some de-  
gree. In a complex system like a high energy implan-  
tat ion machine, there are sequences of events to be 
followed, and emergency conditions to be recognized 
and acted upon. All of these are easily implemented 
once there is a small  computer on line. 

Conclusion 
A rotat ing mechanical  scan is par t icular ly  suited to 

production l ine equipment,  since it combines the high 
speed of electrical scan with a high current  handl ing  
capacity. Uniformity  l imited m i n i m u m  implant  times 
are about 1 sec per wafer at 1% uniformity.  

The prototype system uses digital control with a 
small  computer  controll ing the implant,  al though an 
analog system could also be used. Sixty wafers may  
be implanted in 1 or 2 min, excluding pumpdown time, 
so currents as high as 1 mA may be used to implant  
doses of 1 X 1015 ions/cm 2. 

Figure 6 is a histogram of the dose nonuni formi ty  
wi thin  each batch of 60 wafers, measured using the 
van der Pauw technique. Each point in the his togram 
represents the mean dose on one wafer, and the per 
cent dose deviations have been calculated relative to 
the average dose of all wafers implanted dur ing  a run. 
The uni formi ty  across the target disk is bet ter  than  
0.9% (1~). When different runs are included the ab- 
solute dose accuracy and batch to batch reproducibi l i ty  
together are measured as 1.5% (hr).  

Manuscript  submit ted May 16, 1974; revised m a n u -  
script received Feb. 5, 1975. This was Paper  223 pre-  
sented at the San Francisco, California, Meeting of the 
Society, May 12-17, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the December 1975 
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LIST OF SYMBOLS 

a width of pi l l -box ion beam 
D ion dose ions/cm 2 
d distance from beam center to beam element, cm 
I ion beam current,  A 
j ion beam current  density, A/cm 2 
Lt, L., dimensions of small  ion beam, cm 
n number  of passes made per implant  
N number  of wafers implanted together 
q ion charge, cb 
Q total charge received since t ime 0, cb 

R 
t 
V 
X 
Y 
Y 

radius between ion beam and disk center, cm 
time required for implant,  s e c  
scanning velocity, cm/sec 
dimension of scan, em 
scanning increment  in the slow direction, cm 
dimension of scan, cm 
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Boron Diffusion in Silicon-Concentration and Orientation 
Dependence, Background Effects, and Profile Estimation 

Richard B. Fair* 
Bell Laboratories, Reading, Pennsylvania 19603 

ABSTRACT 

Boron is almost universally used as a p-type dopant in Si devices. Since 
this dopant is introduced into the Si lattice under a wide range of diffusion 
conditions, effects are often observed which appear anomalous because the 
mechanism of B diffusion is not completely understood. Anomalous effects 
that have been observed include a concentration-dependent diffusion co- 
efficient, orientation-dependent diffusion under oxidizing conditions, and re- 
tarded or accelerated diffusion in the presence of n-type impurities. This 
paper discusses a model of B diffusion which can be used to explain these 
observed effects. Data and arguments are presented which show that B diffuses 
via a monovacancy mechanism when the diffusion is performed in a non- 
oxidizing ambient. A donor-type vacancy is responsible which has a presumed 
energy level of --Ev + 0.37 eV as suggested from the quenching experiments 
of Elstner and Kamprath. High concentration (>2 X I019 cm -a) B diffusions 
into Si over a 550~ temperature range in neutral ambients result in profile 
data that fit a normalized universal curve which is a polynomial approximation 
to the solution of the diffusion equation with concentration-dependent dif- 
fusivity. From this result, useful curves of surface concentration vs. resistivity 
and junction depth are presented. 

For high concentration (>1019 cm-~) single com- 

ponent  diffusions of Group HI and V dopants in sili- 
con (St) it is known that simple complementary error 
functions and gaussian functions do not correctly de- 
scribe the resul t ing diffusion profiles. At lower con- 
centrations (<101~ cm-3)  the diffusivity is essentially 

constant, and these simplified analytical  expressions 
can be used. However, at high doping densities or 
when mult iple  component  dii~usions are performed, 
the diffusion coefficients of these elements in Si ex- 
hibit  a dependence on the local concentrations of the 
diffusing species. For the case of boron (B) in Si it 
has been suggested that the cause of this dependence 
is either related to plastic deformation and degeneracy 
of the highly doped Si (1, 2) or to interactions of 
the B -  ions with positively charged defects (3-6). 
It  is the purpose of this paper to present  data and 
arguments  which give support  to the model that B 
general ly diffuses by interact ing with donor- type 
monovacancies with an electronic energy level at ~Ev 
+ 0.37 eV. Support  for the existence of this level 
comes from the quenching experiments of Etstner and 
Kampra th  (7) and the thermodynamic arguments  of 
Van Vechten and Thurmond  (8). It  will  be shown that 

* Electrochemical Society Active Member. 
Key words: ion implantation,  vacancies,  cooperative diffusion. 

this model predicts the l inear  dependence of B dif- 
fusivity on B concentration, and also explains why 
the diffusion of B is retarded in a heavily As-doped 
substrate. 

In the first section, data will be presented which 
describe the concentrat ion-dependence of B diffusivity 
and the general shape of high concentrat ion B diffu- 
sion profiles in Si when diffusions are performed in 
nonoxidizing ambients.  Then it will be shown that  
the profile data fit a normalized universal  curve which 
is not an exact solution to the diffusion equation. How- 
ever, an approximate result  is used to generate useful 
curves of surface concentrat ion vs. resistivity and 
junct ion depth. Following a discussion of the mono-  
vacancy diffusion model for B, the diffusion of B in 
an oxidizing ambient  will be discussed. 

Experimental Results 
Co~centrat~on-depe~dent difIusivity.--In order to 

obtain information on the concentrat ion-dependence 
of B diffusivity, Bol tzmann-Matano analysis was per-  
formed on several B diffusion profiles obtained by 
Tsai(9) using the differential conductivity method. 
Tsai's data, which represent BN disk and B203 box 
source diffusions into (Ill) oriented Si in N2 ambients, 
were combined with previously reported results (10, 
ii), and are shown plotted in Fig. la and b. In Fig. 
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here, but  may be important  for large values of CsB. 
Values of ni used in Fig. lb  are shown in Fig. 2 along 
with the Di vs. tempera ture  curve. F rom Fig. lb  it 
can be seen that  the diffusion data are approximately 
described by the equation 

D CB 
[2] 

Di ni 

over the entire tempera ture  range studied. This re-  
sult agrees with previous observations (3). 

Profile shape.--In Fig. 3, B concentrat ion profiles 
normalized with respect to surface concentration, CsB, 
and junct ion  depth, xj, are plotted. All of the diffu- 
sions, which had CsB > 2 • 10 TM cm -S, were per-  
formed in nonoxidizing ambients,  and the junct ion  
depth was measured at N0.01 CsB (typically ,-~10 TM 

cm-3) .  Also shown are the erfc curve and two curves 
of the general  form 

CB 
: 1 - - y n ,  0 ~ Y L 1  [3]  

CSB 
where 

Y = Y ( x .  t, T) [4] 

The polynomial  approximation to the solution of the 
diffusion equation that  describes the arsenic profile 
shape in Si 12 is also shown. It can be seen that over a 
550~ temperature  range the high concentrat ion pro- 
file data follow neither the erfc curve nor the As pro- 
file curve. However, the profile data do follow approx-  
imately a universal  curve of the form 

CB 
= 1 - -  y2/3 [5] 

CSB 

In the next  section the functional  form of Y will 
be determined for the general  Eq. [3] so that  an ex-  
pression for junct ion  depth as a funct ion of Csm Di, 
and t can be determined for n : 213. 

A n a l y s i s  
Dig~sion equation solut iom--In order to find the 

functional  form of Y in  Eq. [3] for concentra t ion-de-  
pendent  B diffusion expressed by Eq. [2], Eq [2] and 

TEMPERATURE ffC) 
i200 II00 1000950 e7o i0-1 IE ' i ' I ' I i I =1 

Fig. lb. Normalized B diffusivhy vs .  B concentration normalized 
to the intrinsic electron concentration at the diffusion temperature. ,o-"~ \ -J,o 2~ 

la  normalized diffusivity is plotted vs. normalized B 
concentration, where Di is the intrinsic diffusivity and 
Co is Thai 's characteristic concentrat ion parameter  (1, 
2) which gives the solute density necessary to cause 
anomalous diffusion to occur. The Co values used are 
those corrected values reported by Ja in  and Van Over-  
s traeten (11), and it is assumed that p ~ CB, where 
CB is the B concentration. 

It can be seen that  for diffusions performed at tem- 
peratures greater than  --1050~ the data approxi-  
mately agree with Thai 's theoretical curve which is 
the equat ion 

D ---- DF(I -5 (CB/Co) 2) [i] 
where DF iS a factor that  carries the effects of elec- 
tric-field enhancement  and degeneracy. Since Eq. [1] 
cannot be completely normalized with respect to tem- 
perature, two curves are shown, one for 1200 ~ and 
one for 900~ 

The data obtained from lower temperature  diffusion 
profiles do not agree with Thai 's theory. In  Fig. lb  
these same data are plotted with CB normalized to nl 
(intrinsic electron concentrat ion at the diffusion tem- 
peratures) .  Heavy doping effects on ni are neglected 

6 
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Fig. 2. Intrinsic B diffusivity, Di and intrinsic electron concen- 
tration, ni vs.  temperature. 
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Fig. 3. B diffusion profiles normalized with surface concentra- 
tion and junction depth. All data have CsB > 2 • 1019 cm -3  
and xj is taken at CB "~ 0.01 CSB. 

[3] will  be subst i tuted into the diffusion equat ion 
given by 

OCB = D s  0 _ _ (  CB OCB ) [6] 

at Ox l C s s  OX 
where  

Thus 

8Y 

8t 

CSB D, 
Ds -- �9 [7] 

Tti 

y - 1  [yn(2 n _ 1) 

+ l -- n] -- Ds (1--  yn) 02Y [8] 
ax 2 

Since Y is dimensionless it will  have the general  form 
(12) ( X$ ~ 1/m 

Y = ~ K - - - ~ /  [9] 

where  K1 is a d imensionless constant tha t  must  be 
determined.  Subs t i t u t i on  of  Eq. [9] in to  Eq. [8] y ie lds  

1 

+ 1 

Y = [i0] 
4n 

7~ 

In order for Eq. [10] to have a similar functional  form 
in x and t as Eq. [9], then n ---- m and 

1 

x 2 1 m 

Equat ion [11] is not a val id form for Y since at the 
surface (x = 0), Y must equal zero according to Eq. 
[3]. This result  indicates that  the empir ical  Eq. [3] 
( o r  [5]) wi th  Y defined as it is in Eq. [9] is not an 

exact solution to the diffusion equation, since no 
functional form of Y can be der ived f rom it that  
satisfies all the requi rements  on Y. However,  near  
the junct ion as x --> xj, the first t e rm on the r ight  
hand side of Eq. [11] becomes N10 times larger  than 
the 1/3 term, and Eq. [11] approximates  Eq. [9] with 
K1 ---- 6. Sett ing Y ---- 1, Eq. [11] becomes at the junc-  
tion 

T,z __ 2.45 ( CsBDit ) 1/2 
[12] 

o r  

- -  --  1.225 ~/CsB/nl [13] 
2 \  D/~t 

Equation [13] is shown plotted in Fig. 4a along with 
data of normalized surface concentrat ion vs. normal-  
ized junct ion depth. All of the data referenced on the 
figure were  taken f rom measured diffusion profiles 
(usually obtained by the differential  conductivi ty 
method),  and the junct ion depths were  taken as the 
distance f rom the surface at which CB had fal len to 
,~10 Is cm -3. Good agreement  between data and the 
theoretical  curve is obtained. These same data are 
shown plotted in Fig. 4b with  CsB normalized to CB 
---- 1 • 10 TM cm -3. By comparing these data wi th  the 
complementary  error  function curve plotted in the 
figure, the significance of neglecting the concentrat ion 
dependence of B diffusivity can be seen. 

Resistivity vs. surface concentration.--The sheet re-  
sistance of a diffused layer  is given by the equat ion 

1 
Rs -- [14] 

where  ~-is the effective bulk carr ier  mobil i ty  (era2/ 
Vsee). For CB > 5 • 1019 cm -3, the hole mobil i ty in 

silicon becomes approx imate ly  independent  of CB (~ ~ 
55 em2/Vsec) (15). If it is assumed that  ~ is essentially 
that value of # corresponding to the doping near the 
surface, and if Eq. [5] is integrated to give 

Q = CBdx = 0.4 CSBXJ [15] 
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Fig. 4a. B diffusion profile surface doping normalized to ni vs. 

normalized junction depth (xj -~ CB ~ 10 TM cm-3). The solid 
curve is Eq. [13]. 
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then Eq. [14] becomes 

2.78 • 1017 
C S B  - -  [16] 

R s x j  

An estimate of the accuracy of Eq. [16] can be ob- 
ta ined by referr ing to Fig. 5 where Csn(Xj, Rs) data 
are plotted along with Eq. [16]. All of the data shown 
fall wi thin  20% of the theoretical curve for CSB > ml. 

Again, xj  corresponds to the distance from the su~ace  
at which CB falls to ~10 TM cm -3. 

Discussion 
Boron diffusion modeL--The l inear  relationship be- 

tween the apparent  diffusivity of boron in silicon and 
the boron concentrat ion suggests several possible dif- 

5 x 1020 22 
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t~ 
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Fig. 5. B surface concentration vs. diffused layer resistivity 

fusion mechanisms: the interst i t ialcy mechanism, the 
vacancy mechanism, and the divacancy mechanism. In  
the interst i t ialcy mode of diffusion, it would be neces- 
sary for Si self-intersti t ials to have a donor level in  
the lower half of the bandgap. Thus, the donor- type 
Si interst i t ial  concentrat ion would be enhanced by the 
Fermi- level  lowering effect of the B dopant. It seems 
plausible that some form of the interst i t ialcy mode of 
diffusion will occur when  there exists an extrinsic 
source of interst i t ial  Si atoms (such as dur ing oxida- 
tion, see later  discussion). However, the donor prop- 
erties of Si intersti t ials have not been confirmed, since 
it has not yet been possible to identify intr insic in te r -  
stitials definitely. Recently, Van Vechten (26) has 
presented experimental  and theoretical arguments  
which show that the enthalpy of formation of the in -  
tersti t ial  component of a Frenkel  pair  is ~8  eV in  Si 
(as compared to 2.8 eV for the vacancy).  Thus, the 
ratio of the concentrat ion of intersti t ials to vacancies 
in equi l ibr ium in Si near  the mel t ing point  would be 
of the order of 10 -1~ or less. 

With regard to the divacancy mechanism of impur i ty  
diffusion discussed by Kendal l  and DeVries (6), Hu 
(4) has pointed out that  since the monovacancy c o n -  
c e n t r a t i o n s  are <10 TM cm -3 in Si at high temperatures,  
thermal  equi l ibr ium should favor the formation of 
monovacancies, and divacancies will dissociate rapidly 
after their  creation. In  addition, it is apparent  that  
monovacancies rather  than divacancies are involved in 
the extrinsically created vacancy t ransients  described 
in the present cooperative diffusion theories (27, 28), 
since the activation energy of monovacancy migra t ion  
is much lower than that of divacancies. 1 

Watkins (5) discussed the coulombic interactions 
between positively charged monovacancies and ionized 
acceptor-type dopants in Si. Crowder et al. (3) showed 
that a positively charged defect model could be used 
to explain the diffusion results of B in Si. It is k n o w n  
from the experiments of Elstner and Kampra th  (7) 
that an energy level exists at Ev H- 0.37 eV associated 
with donor- type complexes in quenched p- type Si 
samples. Van Vechten (26) and Thurmond  (8) have 
argued that these complexes will contain vacancies of 
the dominant  charge state that existed at the tempera-  
ture from which the quenching occurred. While the 
observed ionization spectrum of the complexes is n o t  
necessarily the same as that for the individual  vacan-  
ices, 2 Van Vechten and Thurmond  have shown that  by 
assigning the Ev H- 0.37 eV level to donor- type va-  
cancies yields reasonable estimates of the entropy and 
enthalpy of vacancy formation at low temperature.  

Assigning the Ev -F 0.37 eV level to a V + vacancy 
means that  above 800~ V* is the dominant  charge 
state of the monovacancy in p- type  Si. Consequently, 
the hypothesis that B -  ions diffuse by interact ing with 
1/+ vacancies becomes very reasonable, and will, 
therefore, form the basis of the B diffusion model 
presented here. 

The ionization reaction of a neut ra l  vacancy is given 
by 

VOsi  ~ V + s i  -~- e -  [17] 

and the equi l ibr ium relat ion is 

[V+] 
K1 (T) = n [18] 

[Vo] 

where n is the electron concentration. Evaluat ing [18] 
under  intrinsic conditions and using the electron-hole 
mass-action relat ion gives 

For  more  comple t e  a r g u m e n t s  aga in s t  the  f o r m a t i o n  of  d i v a c a n -  
cies at h i g h  t e m p e r a t u r e s ,  see Van Vech ten  [Ref. (26) ] and  A. Seeger  
and  K. P. Chik,  Phys .  Ssa tus  Solidi. 29, 455 (1968). 

2 In  q u e n c h i n g  e x p e r i m e n t s  i t  is l i k e l y  t ha t  mos t  vacanc ies  h a v e  
assoc ia ted  w i t h  o x y g e n  or o the r  i m p u r i t i e s  by  the  t i m e  the  sample  
has cooled. Howeve r ,  the  effect  of assoc ia t ion  is on ly  to  sh i f t  the  
ion iza t ion  ene rgy  of 1:he donor  l eve l  by a sma l l  a m o u n t  [see H. 5. 
S te in  in  " R a d i a t i o n  Effects  in  S e m i c o n d u c t o r s , "  J .  W. Corbe t t  
and G. D. Wa tk in s ,  Edi tors ,  p. 125, G o r d o n  and  Breach,  L o n d o n  
(1971) ]. 
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iV + ] p 
[Z9] 

[Vi +] - ni 

where [Vj + ] is the ionized monovacancy concentra-  
t ion under  intrinsic conditions. The diffusing B will be 
an ionized acceptor and will control the hole concen- 
tration, p. If the diffusivity of B in intrinsic Si is Di 
and is proport ional  to the ionized vacancy concentra-  
tion, then at high B concentrat ions iV +] is enhanced 
and the diffusivity is given by 

D p 
- -  = - -  [20] 
D~ n~ 

which is just  Eq. [2]. In  a similar  manner ,  if the iV + ] 
concentrat ion is decreased below [Vt + ] which would 
occur if B were diffusing in  heavily doped n- type  Si, 
then the diffusivity would decrease accordingly. In  
terms of the Fermi level, EF, and  V + energy level, Ev +, 
Eq. [19] can be wr i t ten  as 

iV +] 1 + exp[ (EFi- E~+)/kT] 

[Vi +] -- 1 + exp[(Ev + -- EFi)/kT] 

1 4- exp[ (Ev + -- EF)/kT] 
[21] 

1 4- exp[ (EF -- Ev + ) / k T ]  

where spin-degeneracy factors have been neglected. 
Equation [21] is shown plotted in Fig. 6 as a function 
of the Fermi level. Also shown are values of D/Di --- 
iV + ] / [Vi  + ] for several values of donor concentrat ions 
with CB ---- 5 X 1019 cm-~ boron calculated from the 
curves of Ja in  and Van Overstraeten (29) in which 
heavy doping effects on band structure are taken into 
account. For EF < EFi it can be seen that values of 
D/Di > 10 can be obtained at high B concentrat ion at 
1000~ in agreement  with the data of Fig. lb. For  
EF > EFI, values of D/Di < 0.1 are possible. 

As an example of a profile calculation using Eq. 
[21], the results of Crowder et aL (3) will be s imu-  
lated. They implanted B into intr insic Si and into Si 
doped with ~ 1-2 • 10 '~0 cm -s  As (assumed to be 
the electrically active As concentration).  Both kinds 
of samples were subsequent ly  diffused at 1000~176 
for 30-120 min. The resul t ing profile data are shown 
in Fig. 7 for a 40 keV, 1.15 X 1015 cm -2 implant  (30). 
It  can be seen from Fig. 7 that  the B diffusion was 
retarded in the As-doped sample. This retardat ion 
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Fig. 6. Normalized concentration of positively charged vacancies 
vs. Fermi energy. 
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Fig. 7. Calculated B profiles in heavily As-doped Si and in 
intrinsic Si. The data are from Ziegler et al. (30).  

cannot be a t t r ibuted to As-vacancy complexing since 
a diffusion source for As was not  used during the B 
dr ive- in  (31) (As + -complex equi l ibr ium probably  
had been established already).  Therefore, in order to 
determine whether  the B re tardat ion was due to a 
depletion of positively charged vacancies as described 
by Eq. [21], the diffusion equat ion for B in  the pres- 
ence of As was solved wi th  values of D determined 
from Fig. 2 and 6. Thus 

[ 0 C B ]  0CB = D ~  hz [221 
Ot ax Ox 

where OC/Ox (As) ~ 0 (uniformly As-doped Si) and 
hi is the field enhancement  factor described in Re f  
(28). Since no data was published on the as- implanted 

B profile, the straggle and range were extrapolated 
from a 50 keV, 1 X 1015 cm -2 B implanta t ion profile 
obtained by Tsai (9) using the secondary ion mass 
spectrometry technique (SIMS). The parameters  used 
for 40 keV B in Si were Rp ----- 0.19 ~m and ARp = 
0.062 ~m. Excellent agreement  between the calculated 
and measured profiles resulted with D ---- 3.7 X 10 -15 
cm2/sec, [compares to 2 X 10-t5 cm2/sec as deter-  
mined by Crowder et al. (3)] corresponding to a 
background As doping of ~ 1.5 X 102o cm-S (EF ---- 
--0.19 eV). The B redis tr ibut ion in  intrinsic Si was 
calculated with D~ _= 2.1 X 10 -14 cm2/sec, and  the con- 
centrat ion dependence of D was accounted for by using 
Eq. [21] and the calculated local Fermi  level. Good 
agreement  with the data also is obtained. Addit ional  
data and calculations are published elsewhere in  sup- 
port of the vacancy model (32). 

Orientatio~z-depende~t diffusion during oxidat ion.-  
Up to this point, consideration in this s tudy has been 
given only to the diffusion of B in nonoxidizing am- 
bients. However, a considerable amount  of informat ion 
has been reported on the enhanced diffusion of B dur-  
ing oxidation and the orientation dependence of this 
enhancement.  Recently, Hu (33) presented a quant i -  
tative model of B diffusion during oxidation in  which 
he combined the observations of stacking fault  growth 
and B diffusion characteristics. Briefly, it is known  
that  the rate of growth of stacking faults is dependent  
upon the crystal orientat ion of surface planes, and in-  
creases in the order (11I), (110), and (100). The B 
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diffusivi ty is also dependent  upon orientat ion,  and in-  
creases in the same order.  

Sanders  and Dobson (34) have pointed out that  mass 
t ransfe r  in Si is responsible  for ox ida t ion- induced  
faul t  g rowth  which could resul t  f rom the  flow of Si 
se l f - in ters t i t ia l s  from the in terface  into the Si sub-  
s t ra te  bulk.  Hu's  model  for the format ion  of faults  is 
based upon this observation.  

In  o rder  to corre la te  enhanced B diffusivity wi th  
enhanced Si in ters t i t ia l  density, Hu assumed tha t  B 
diffused (at least  pa r t i a l ly )  by  the in ters t i t ia lcy  
mechanism. This observat ion  is consistent  wi th  the 
fact that  the Si in ters t i t ia l  prefers  to replace  Group I, 
II, and II I  subs t i tu t ional  impur i t ies  (but  not  Group V 
subst i tu t ional  impur i t ies )  (35, 36). Thus, one can en-  
visage the  ox ida t ion- induced  flux of Si inters t i t ia ls  
in te rchanging  with  B atoms and creat ing B inters t i t ia ls  
which migra te  th rough  the lat t ice unt i l  they  interact  
wi th  a vacancy,  and then  cont inue to diffuse via  a 
vacancy mechanism. The fact tha t  Si in ters t i t ia ls  do 
not r ead i ly  replace Group V subst i tu t ional  impur i t ies  
(p resumab ly  because the en tha lpy  of Group V in te r -  
s t i t ia l  format ion  is l a rger )  expla ins  why  the enhanced 
diffusion of As (but  somet imes P)  dur ing oxidat ion is 
not observed (37, 38). 

Summary and Conclusions 
The apparen t  diffusion coefficient of B in Si increases 

l inea r ly  wi th  ionized B concentra t ion for CB ~ hi. 
Consequently,  the  erfc impur i t y  d is t r ibut ion  function 
may  only be used with  confidence when CSB is ~ 1019 

cm -8. When  B diffuses into heavi ly  As-doped  S~, the 
diffusion is re ta rded .  In  this  paper  the  model  invoked  
to exp la in  these resul ts  assumes tha t  in p - t ype  Si the  
dominant  charge state of monovacancies  is V + at typ i -  
cal diffusion tempera tures .  The concentrat ion of V + 
increases l inea r ly  wi th  ionized boron concentra t ion 
from [Vi+], where  [Vi +] is the concentrat ion of V + 
in intr insic  Si. For  the  s i tuat ion in which the back-  
g round  n - t y p e  doping is g rea te r  than  the local B 
concentrat ion,  [V +] decreases as the background  dop-  
ing increases, thus affecting a decrease i n ' t he  B diffu- 
sivity.  I t  should be pointed out tha t  the V + deplet ion 
effect is a "local" effect, and does not contr ibute  sig- 
nif icantly to the  " long- range"  interact ions that  have 
been observed be tween  B and in-diffusing P and As 
regions in Si. These interact ions  have been a t t r ibu ted  
to extr insic  vacancy t ransients  (27, 28). 

The diffusivi ty of B can also be enhanced by  Si 
se l f - in ters t i t ia l s  which are  known to replace the sub-  
s t i tu t ional  B atoms, making  them in ters t i t ia l  B atoms. 
These B atoms then migra te  to a vacancy where in  
normal  diffusion (monovacancy mechanism) continues 
unt i l  in terac t ion  wi th  another  Si se l f - in te rs t i t i a l  oc- 
curs. Since the  concentra t ion of Si inters t i t ia ls  is ex-  
t r eme ly  smal l  under  equ i l ib r ium conditions, this  type  
of diffusion enhancement  will  only occur when Si 
in ters t i t ia ls  are  ex t r ins ica l ly  genera ted  (such as during 
oxida t ion) .  Since dur ing oxidat ion  the concentrat ion 
of Si in ters t i t ia ls  is so much grea ter  in (100) or iented 
Si than in (111) Si, enhanced B diffusivi ty and s tack-  
ing faul t  g rowth  in (I00) Si should be, and  are, ob-  
served. 
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ABSTRACT 

The increasing demand for finely powdered boron carbide together with 
the rapidly rising cost of this material  has s t imulated research into al ternat ive 
methods for its production. When boron trichloride is reacted with methane-  
hydrogen mixtures  in a radio frequency argon plasma, boron carbides of var i -  
able B/C ratios are obtained as submicron powders, the product stoichiometry 
depending on the reactant  composition. This reaction has been studied over a 
range of reactant  compositions and flow rates to obtain information about the  
reaction mechanism involved and the growth of particles from the gas phase. 
The amount  of reaction taking place and the product stoichiometry have b e e n  
determined as functions of the reactant stolchiometry ann flow rate using a fac- 
torial exper imental  design. The products obtained were studied by x - ray  dif- 
fraction analysis to determine any changes in crystal s tructure with composi- 
tion. It was found that the B/C molar ratio of the products varied l inearly with 
the B/C molar ratio of the reactants, was unaffected by the H2/BC13 molar  ratio 
(for H2/BC13 > 1) and aecreased as the reactant flow rate increasea. X-ray  dif- 
fraction analysis of the products revealed that the lattice parameters  of the 
crystall ine material  decreased l inearly as the carbon content increased up to 
the composition B4C. Samples containing excess carbon over the composition 
B4C showed the presence of free graphite, while most of the samples with a 
carbon content of less than 13.6% (corresponding to BTC) also showed the pres-  
ence of ~-rhombohedral  boron, the product obtained in the absence of methane. 
Line broadening measurements  suggest that the crystallite sizes of both the 
boron carbide and ~-rhombohedral  boron lie in the 200-300A range. 

Boron carbide has a combinat ion of physical, electri- 
cal, mechanical, and nuclear  properties which have re-  
sulted in its being used in such diverse applications as 
control rods for nuclear  reactors, armor plating, elec- 
trodes, and shot-blast  nozzles. In most cases the boron 
carbide is fabricated by being hot-pressed in a mold. 
The process requires careful control over the particle 
size range in the powder. Where the max imum density, 
hardness, and surface finish are important,  the use of 
fine powder (< 5 ~m) reduces processing costs and im- 
proves product quality. Because boron carbide is so 
hard, its comminution by conventional techniques e.g., 
ball-milling, is expensive and usually leads to a prod- 
uct contaminated with iron from the grinding process. 
Figure 1 shows how the cost of commercially available 
boron carbide varies with particle size. 

An rf plasma torch has recently been used in this 
laboratory to produce pure boron (1, 2) and the tech- 
nique has now been extended to boron carbide. The re- 
sults of some early experiments have already been 
published (3). In this paper we describe fur ther  work 
on the reaction between boron trichloride, methane, 
and hydrogen and the nature  of the product obtained. 
The reaction, represented by the equation 

4BC13 + CH4 + 4H2"-* B4C + 12HC1 

has been studied over a range of reactant  compositions 
and flow rates in order to obtain information about the 
reaction mechanism and the growth of particles from 
the gas phase. 

The production of boron carbide by reaction of boron 
trichloride with a hydrocarbon or hydrogen/hydrocar-  
bon mixture  is well known. Where the interest has been 
in the preparat ion of protective coatings, chemical 
vapor deposition techniques have been used to produce 
boron carbide films on a variety of substrates including 
graphite, tungsten, tantalum, mullite,  silica, molyb-  
denum, and boron nitride. 

Key  words :  boron,  carbide ,  Dlasma, mechan i sm,  s t ruc tu re .  

Boron carbide films have been produced by the reac-  
t ion between boron trichloride and methane on an in-  
duction-heated graphite substrate (4) and by the re- 
action between BC1JH2 (1: 1) mixtures  containing 2 
volume per cent (v/o) toluene (5). The use of BC1J 
CHJH~ mixtures has been widely investigated (6-10) 
and B B r J C H j H 2  mixtures  have been used to deposit 
B13C2 crystals onto a boron nitr ide substrate (11). Pat -  
ents have been issued covering the deposition of boron 
carbide films from B C 1JQ H s  mixtures  in an electrical 
discharge (12), BC1JCH4 mixtures  (13) and BC1J 
CH4/H~ mixtures  (14, 15). The preparat ion of boron 
carbide powder by reaction of BC13/CH4 mixtures  in a 
hydrogen plasma jet  is covered by one patent  (16). 
The product formed is said to have a mean  particle 
diameter  of 0.02 ~m. 
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Fig. 1. Boron carbide selling price as a function of particle size 
(U.K. prices, 1974). 
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Apparatus and Procedure 
A diagram of the apparatus is shown in Fig. 2. The 

plasma torch consisted of a water- jacketed silica tube 
50 mm ID • 70 mm OD •  mm long fitted with a 
tangential  inlet  at one end for the p lasma-forming gas. 
The torch was sealed to a water-cooled brass tail r ing  
through which reactants were introduced to the plasma 
tail-flame. The products were passed down a water-  
cooled brass quench tube 50 mm ID • 1500 mm long 
and through a glass-fiber bag-filter which retained the 
boron carbide powder. The waste gases were passed up 
a scrubbing tower to remove acid by-products  before 
being released to the atmosphere. Power  for the plasma 
was supplied by a Radyne RD 300 0-30 kW rf generator 
operating at a frequency of 2-5 MHz. 

Boron trichloride was produced on site by the in ter-  
action of chlorine with commercial grade boron car- 
bide, its pur i ty  being determined by IR spectroscopy 
and observations of its color. The main  impur i ty  de- 
tected spectroscopically was hydrogen chloride [<  0.5 
weight per  cent ( w / o ) ] ;  the absence of any color in 
the liquid indicated that it was free from iron and 
lower boron chlorides. Methane (C.P. grade) was sup- 
plied by British Oxygen Limited, argon and hydrogen 
(commercial grades) were supplied by Air  Products 
Limited. 

The plasma was ini t iated in  argon but  could be r u n  
on boron trichloride or a rgon/boron trichloride mix-  
tures as required. To main ta in  the max imum coupling 
efficiency of the generator to the plasma adjustments  to 
the size of the inductance coils were made to match 
the resistive load of the different plasma gases used. 
Boron trichloride (bp 12.5~ was vaporized in a s im- 
ple coil heat exchanger immersed in a water bath at 
80~ before being mixed with the other reactants. 

After each run  a sample of the product formed was 
degassed in vacua to remove adsorbed BC18 which 
would otherwise have hydrolyzed on exposure to the 
atmosphere and contaminated the product with boric 
acid. The upgraded products were analyzed for total 
boron, carbon, and water-soluble  boric oxide contents. 
The x- ray  diffraction pat tern  of each sample was deter-  
mined on a Philips 1050 goniometer using CuK a radia-  
tion. 

Experimental Results 
The reaction between boron trichloride and methane  

was carried out in the absence of argon and hydrogen 
by addition of methane  to the tail-flame of a boron tr i-  
chloride plasma. A plasma power of 28 kW with a 
boron trichloride flow rate of 100 g / ram was used 
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Reactants 
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~ I 1 ~  Water out 

E) 
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Plasma torch 

RF coit 

___r~.__ Tail feed ring 

- - -  Quench tube 

- -  Gas exit  

Bag f i l ter 

Col lect ion pot  

Figure 2 

throughout  this section of the work, with methane be-  
ing added in amounts  giving CH4/BC13 molar  ratios of 
0.125-0.750. In all cases it was found that  the product 
contained a higher proport ion of carbon than indicated 
by the equation 

4BCI3 + 3CH~ ~ [B~C~] + 12HCI 

the stoichiometry of which predicts a carbon content of 
45.4 w/o. Equations of other stoichiometries predict the 
formation as by-products of either chlorinated hydro- 
carbons or chloroboranes for products that are boron- 
rich or carbon-rich respectively relative to [B4C~]. The 
gaseous reaction products were analyzed by IR spec- 
troscopy and gas chromatography and found to con- 
tain appreciable amounts of hydrogen and dichloro- 
borane, BHC12, in addition to hydrogen chloride and 
unreacted boron trichloride. When boron trichloride 
was reduced with hydrogen alone, i.e., in the absence 
of methane, dichloroborane was not formed. 

In  Fig. 3 and 4 the conversions of boron trichloride 
and methane respectively io solid product are plotted 
as functions of the reactant  composition. It was found 
that the boron trichloride conversion was proport ional  
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Fig. 3, BCI~ conversion vs, (CHJBCI3) molar ratio. Reaction car- 
ried out in the absence of argon and hydrogen, Plasma power, 
28 kW; BCI 3 flow rate, 100 g/min. 
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28 kW, BCI3 flow rate 100 9/rain. 
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to the CI-I~/BCI~ molar  ratio for CH4/BC13 < 0.35 and 
tended to a max imum of about 35% at higher methane 
concentrations. The methane  conversion decreased 
l inear ly  with the BClJCH~ molar  ratio over the range 
of experimental  conditions investigated. 

The reduction of boron trichloride by CH4/H2 mix-  
tures was carried out under  constant  reactor conditions 
by feeding a mixture  of the reactants into the tail-flame 
of a 20 kW argon plasma (argon flow rate 40 l i ters /  
min) .  The effect of vary ing  the composition and 
throughput  of the reactants was investigated by means 
of a 3 X 3 X 6 factorial exper iment  in  which the three 
variables and their values were: 

BC13 flow rate (g /min)  : 20, 60, 100 
H2/BCI~ molar  ratio : 1, 4, 8 
CH4/BC13 molar  ratio : 0, 0.05, 0.063, 0.083, 0.125, 0.25 

Thus eighteen different compositions were each re-  
acted at three different flow rates. The upper  l imit  to 
the CHjBCI~ molar  ratio was chosen as that  value 
which yielded a product containing carbon in excess of 
B4C; x - ray  analysis showed that such products usual ly  
contained free graphite. 

The product from each run  appeared as a light fluffy 
powder containing small  compacted flakes. These flakes 
broke up readily on passage through a coarse mesh 
sieve (250 ~m aperture)  to give a free-flowing powder. 
The products ranged in color from brown for plasma 
boron through gray to black for products with a high 
carbon content. The product was usual ly found to con- 
tain a small amount  (1-2 w/o)  of boric oxide. This was 
believed to be due either to hydrolysis of boron t r i -  
chloride which the upgrading process had failed to re-  
move, or to the presence of air remain ing  after the ap- 
paratus had been flushed with argon before each run. 
The boron carbides prepared by the reaction of boron 
trichloride and methane alone also contained boric 
oxide, indicating that the argon and hydrogen were not 
sources of oxygen. The amount  of boron present  as 
boric oxide was subtracted from the total boron con- 
tent  before calculation of product stoichiometry. 

In  Fig. 5 the boron- to-carbon ratio in the product, 
(B/C)p is shown as a function of the boron- to-carbon 
ratio of the reactants, (B/C)R. Over 'the range of ex- 
per imental  conditions investigated, a l inear  dependence 
was observed except when the reactant  flow rates, 
BC13/H.~ ratios and (B/C)R ratios were all high. Under  
these conditions the products contained a substant ial  
excess of carbon over B4C. Provided hydrogen was 
present in excess, the (B/C)p  ratio was largely inde-  
pendent  of the H.ffBCls ratio. The (B/C)p ratio in -  
creased as the reactant  flow rate decreased, i.e., as the 
residence time increased. 

The exper imental  data on the conversions of boron 
trichloride and methane to boron carbide show con- 
siderable scatter when plotted against reactant  com- 
position. This scatter is probably due to inefficient re-  
tent ion of the product  by the bag-filter dur ing the 
early stages of each run. This would cause the calcu- 
lated conversions of boron trichloride and methane to 
appear too low. A finer grade of filter tended to block 

causing premature  te rminat ion  of the run. Significant 
effects were identified by a Yates analysis of the origi- 
nal  data (17). Yates analyses were carried out for the 
conversions of boron trichloride and methane sepa- 
ra tely and also the (B/C)p ratio. The significant effects 
are listed below in terms of the HffBC13 ratio (a), the 
boron trichloride flow rate (i.e., total reactant  flow 
rate) (b) and the CH4/BC18 molar  ratio (c), in order 
of significance: 

1. BC18 conversion : --b,  --ab, a 
2. CH4conversion : --ab, --bc, --rb 
3. (B/C)p  : --c, a, - -b  

The negative sign indicates that  the measured quant i ty  
decreases as that factor or interact ion increases. Varia-  
tions in H2/BCI3 molar  ratio had as much effect on the  
residence t ime of the reaction as had variat ions in total 
flow rate. This leads to possible ambiguities in in te r -  
pretat ion of the results. 

In general terms it was found that at high boron tri- 
chloride flow rates (i00 g/min) the boron trichloride 
conversion remained approximately constant at about 
25% over the whole range of reactant  compositions, 
while the methane conversion decreased both with in -  
creasing methane concentrat ion and increasing hydro-  
gen concentrations. At low boron trichloride flow ra te s  
(20 g /min) ,  however, the reverse effect occurred with 
both the boron trichloride and methane  conversions in -  
creasing as both the methane and hydrogen concentra-  
tions increased (Fig. 6). 

When the flow rates of each reactant  composition 
were varied, it was found that for hydrogen-deficient  
compositions (H2/BC13 ---- 1) the amount  of reaction 
taking place was approximately independent  of the 
residence time. When the hydrogen was present  in ex- 
cess, the amount  of reaction increased with time, the 
increase becoming more pronounced as both the Ctt4/ 
t~C13 and HJBC13 ratios increased. 

Product ion rates varied with reaction conditions and 
no at tempt has yet been made to optimize this process  
for the production of boron carbide. Product ion ra te s  
of about 250 g /hr  were achieved dur ing  the course of 
this exper imental  work. 

Crystallographic Results 
When boron trichloride is reduced with hydrogen in 

a thermal  rf plasma, ~-rhombohedral  boron (the high 
tempera ture  form) is obtained (18, 19). The addit ion of 
small amounts of methane  to the system yielded a 
product shown by x - ray  diffraction analysis to contain 
both ~-rhombohedral  boron and boron carbide (a- 
rhombohedral  boron s t ructure) .  The presence of 8- 
rhombohedral  boron was detected in all samples with 
carbon contents from 6.2 w/o (the lowest prepared) 
to 10.9 w/o and in some other samples with carbon con- 
tents up to 13.9 w/o. Free graphite  was detected in  
all but  one of the samples with carbon contents in 
excess of 21.5 w/o. 

The position of the boron carbide peak correspond- 
ing to the (021) reflection was determined as a function 
of the carbon content of each product (Fig. 7). During 

Fig. 5. B/C molar ratio in 
products vs.  B/C molar ratio in 
reactants. Argon flow rate, 40 
llters/min; plasma power, 20 
kW. 
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these measurements  it was found that, for thick layer  
samples of each product (N 1.5 mm),  the diffraction 
peak was distorted and the apparent  peak position was 
too low. This was explained (20) as being due to ab- 
sorption and mult iple  reflection of the incident radia-  
tion by elements of low atomic number  in samples 
thicker than about 50 ~m. The boron carbide peak posi- 
t ion was remeasured using th in  layer  samples obtained 
by paint ing a s lurry of each product in acetone onto a 
glass slide. This method led to greatly reduced sensit iv- 
ity, but  produced symmetrical  peaks whose position 
could be measured with an accuracy of ___ 0.02 ~ 2e. 

The displacement of the boron carbide peak position 
in samples with low carbon contents towards higher 
values of the diffraction angle is consistent with the 
evidence that these samples also show the presence of 
free boron. Thus the boron carbide peak in these sam- 
ples will have arisen from crystalli tes with a higher 
carbon content  than  the sample as a whole. 

Line broadening measurements  carried out on five 
samples indicated that  the crystall i te sizes of both 
boron carbide and /3-rhombohedral boron lay in the 
range 200-300A. 

Figure 8 shows an electron micrograph of a typical 
product with the composition B4C. 

Discussion of Plasma Results 

At this stage in the work, any mechanism for this 
reaction would be speculative. A number  of interest ing 
features, however, deserve comment.  

1. Work on the BC1JH2 reaction (1) has suggested 
that boron trichloride dissociates completely and re-  
versibly under  plasma conditions yielding main ly  BC1 
and chlorine but  also BC12 and B atoms. Hydrogen, in 
contrast, is known not to dissociate more than a few 
per cent in the plasma. Methane is assumed to give 
CH.3' as a pr imary  product (21) which then combines 
to give C2 compounds. These lose hydrogen, and the 
main product is acetylene formed via C2H'. 

2. The thermal  dissociation of methane is inhibi ted 
by hydrogen (22) and the effect is said to be propor-  
tional to [HI 4. Presumably  it acts by displacing to the 
left the equil ibria involved in the hydrogen loss proc- 
esses. If the thermal  decomposition of methane and the 
formation of such species as C2H' were impor tant  in 
the reaction, then addition of hydrogen to the CH4/ 
BCI~ reaction mixture  should suppress C2H" formation 
and hence increase the (B/C)p  ratio. Figure 5 shows 
that this is quali tat ively true at low proportions of hy-  
drogen, al though the effect is not as large as one wo~ld 
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Fig. 7. XRD study of plasma B4C. 2e values of the (021) reflection vs. carbon content. �9 Boron carbide, �9 boron carbide containing 
free graphite, ~ boron carbide containing tree boron, - - - Ref. (23). 
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Fig. 8. Electron micrograph of B4C. (X40,O00). 

expect, and that in the presence of excess hydrogen 
additional hydrogen has vir tual ly  no effect. It is possi- 
ble that removal of C2H" by a reaction to give a boron 
carbide might swing the equil ibria back to the right, 
but it is unl ikely  that this would balance the contrary 
effect of hydrogen. Examinat ion  of the reaction by-  
products for traces of acetylene etc. should provide a 
crude test of this. 

3. The formation of dichloroborane is difficult to ex- 
plain simply. The reaction 

BCla + H2 ~ BHC12 + HC1 

is at tractive but  does not explain why dichloroborane 
is formed in BC13/CH4 plasmas and in B C 1 J C H j H 2  
plasmas but not in BCIJH2 plasmas. As the chlorina-  
tion of methane would require several steps, it is rea-  
sonable to suppose that dichloroborane is formed from 
a boron compound which already contains two atoms 
of chlorine, i.e., BClz or BC12. Exchange reactions of 
the type 

BCI3 + CHx~ BHC12 ~- CHx-1 C1 

are prima ~acie unl ike ly  and would lead to chlorinated 
hydrocarbons in the reaction products which we have 
been unable  to detect. However, processes of the type 

BC12 + CHx~  BHCI2 -{-CHx-I 

are much more likely. Hamblyn  et aL (18) considered 
that BC]2 was only a minor  product of the dissociation 
of boron trichloride, but  this view was based on the 
intensi ty of BCI2 lines in the emission spectrum. The 
formation of ground-s ta te  BC12 would have been over- 
looked by this technique. 

4. The greatest conversion of boron trichloride to 
boron carbide (93%) was obtained at a low boron t r i -  
chloride flow rate (20 g /min) ,  a high HJBC13 ratio 
(8: 1), and stoichiometric CH4/BCI3 ratio (1: 4). In gen- 
eral the amount  of reaction taking place increased with 
residence time except under  hydrogen-deficient con- 
ditions. In the BC13/H2 work, it appeared that after the 
boron trichloride has dissociated, the hydrogen acted 
merely as a scavenger for the chlorine. It is possible 
that in the present  work, hydrogen is again scavenging 
chlorine and the B, BC1, and BC12 fragments are react- 
ing with the CHz species. The idea is supported by the 
observation (Fig. 5) that as the residence time of any 
given reaction mixture  increases, so does the (B/C)p 
ratio of the product obtained. This implies that an ini-  
tial boron-carbon compound is formed which subse- 

quent ly  reacts slowly with fur ther  boron-conta ining 
species. It may well be the reverse of the process by 
which, when boron carbide is heated, boron evaporates 
from the lattice. 

Discussion of Crystallographic Results 
The results of the x - ray  work are in quali tative 

agreement  with the results of Glaser, Moskowitz, and 
Post (23) who found that  the lattice constant  of the 
boron carbide uni t  cell decreased as the carbon content 
increased. However, the amount  of variat ion was 
greater than they found, and the l imit ing carbon con- 
tent was found to be 21.6 w/o  as compared with their  
figure of 30 w/o. We at t r ibute the discrepancy to dif- 
ferences in exper imental  technique ment ioned in the 
results section. The change in the d spacing of the lat-  
tice corresponded to a change in the b axis from 5.43 
to 5.35A and in the c axis from 12.31 to 12.12A as the 
carbon content increased from 6.2 to 21.6 w/o. 

The figure of 21.6 w/o is significant because it implies 
a compound of formula B4C (carbon content  21.7 w/o) .  
The structure of this compound was originally deter-  
mined by x - ray  diffraction analysis (24, 25) and was 
reported to consist of B12 icosahedra and l inear C-C-C 
chains. It was subsequently shown by nmr  investiga- 
tions (26) that  the central  atom of the triatomic chain 
was in  fact a boron atom, and two distinct phases have 
since been identified; B13C2, otherwise B12(CBC) and 
B12C3, in which one icosahedral boron atom is replaced 
by a carbon atom to give Bl lC(CBC).  Of these two, 
B13C2 is the more thermal ly  stable and is the only con- 
gruent ly  melt ing phase. 

It has recently been suggested (27) that the phase 
B~IC(CBC) is not formed at temperatures  below 
1800~C, and possibly below 2500~ but  that a phase of 
composition B13C3, i.e., (B~2(CBC)C), containing one 
intersti t ial  carbon atom per uni t  cell is formed instead. 
This composition has a carbon content of 20.4 w/o, and 
it was stated that all samples with carbon contents 
> 21.0 w/o contained free graphite. Our results do not 
support this conclusion. Figure 7 includes five points 
obtained from samples containing more than 20.4 w/o 
carbon (four of them containing more than 21.0 w/o 
carbon) none of which show the presence of free 
graphite. The point of intersection between the rising 
curve and the horizontal line in Fig. 7 represents the 
point at which the lattice ceases to change. It appears 
to come at a carbon content  of 21.7 w/o corresponding 
to B4C, and to move this point to a carbon content of 
20.4% would not fit so welt with the exper imental  data. 
The difference between 21.7 w/o carbon and 20.4 w/o 
carbon is not large but  we feel that the balance of 
probabil i ty in this work favors the more conventional  
formula B4C. 
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I-V Characteristics of PtSi-Si Contacts 
Made from CVD Platinum 

Myron J. Rand* 
Bell Laboratories, Allentown, PennsyLvania 18103 

ABSTRACT 

Small amounts  of phosphorus codeposit during the chemical vapor deposition 
of thin-f i lm p la t inum from Pt (PF~)4. Because of the possibility that the P may 
dope a nar row zone of adjacent  Si during silicide formation, the room tem-  
perature  I-V characteristics of such PtSi contacts made at 450~176 to 
various Si types were investigated. CVD Pt readily forms PtSi in a few 
minutes  at temperatures  as low as 450~ Contacts to n + or p+ Si made at 
450~176 are ohmic. Contacts formed at 450~ to l ightly doped n-St  are good 
qual i ty Schottky barr ier  diodes with a barr ier  height of 0.84 eV and an 
"ideality factor" n : 1.02. At higher sintering temperatures  the reverse current  
increases, and with sintering at 650~176 the contact becomes ohmic. In  the 
case of l ightly doped p-St, PtSi contacts made at 450~ from CVD Pt have an 
ohmic room-tempera ture  characteristic, as expected. If the silicide is made at 
700~ a p -n  junct ion is created in the p-St. PtSi contacts made from CVD Pt  
at 450~ are thus electrically equivalent  to those made from sputtered Pt  at 

600~ At higher formation temperatures,  deviations from expected behavior  
are observed, all of which are consistent with diffusion of phosphorus from the 
PtSi into the Si to a depth in the range 10-100A. 

The chemical vapor deposition (CVD) of thin-f i lm 
p la t inum by Pt (PF3) 4 pyrolysis was developed to pro- 
vide a simple and radiat ion-free Pt  deposition for 
high-rel iabi l i ty  PtSi contacts to silicon and for beam- 
lead metall izat ion (1). It  was soon discovered that 
small  amounts  of phosphorus codeposit with the plat i-  
num, and that this phosphorus is not uni formly  dis- 
t r ibuted in depth but  instead concentrates at in ter-  
faces (2). Depending on what  happens when Pt on Si 
is heated to form the silicide, the phosphorus, if it has 
any detectable effect at all, might  be either helpful, 
e.g., in gettering impurit ies or harmful,  e.g., by chang- 
ing Si doping levels and therefore current-vol tage 
characteristics. It was the purpose of the work reported 
here to see in  at least a p re l iminary  way if there are 
any restrictions on the use of CVD Pt in contacting 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  c h e m i c a l  v a p o r  depos i t i on ,  p l a t i n u m ,  p l a t i n u m  s i l ic ide ,  

contacts  to Si, S c h o t t k y  barrier diodes.  

Si, or any phenomena different from those seen with 
sputtered or e -gun  Pt. 

Some aspects of the interdiffusion of CVD Pt and 
single-crystal  Si have already been reported (2, 3). 
With the usual Pt thicknesses of 500-1000A the reac- 
tion to PtSi is complete in 10 min at 450~ The PtSi  
grain size, as seen by transmission electron micro- 
scopy, is about 600A, or about 900A if formed at 625~ 
in 10 rain. A low-vol tage-sput tered Pt  sample diffused 
at the same time gave PtSi grain sizes about twice 
these values. The phosphorus profiles have been in-  
vestigated by sput ter ing-Auger  and ion-probe meth-  
ods. At present these cannot give accurate quant i ta t ive 
analyses, but the si tuation is believed to be as shown 
schematically in Fig. i. After Pt deposition at 225~ 
there is a high P concentration in the outer ~ 50A of 
the Pt, perhaps ~ 0.i atom per cent P in the bulk of 
the film, and a broad peak of 1% or so coincident with 
the Pt-Si interdiffusion zone. When PtSi is formed, 
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doped < i 0 0 >  Si, as deposited and after sintering to 1800.~ PtSi. 
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this lat ter  P moves to the outer surface, and no ac- 
cumulat ion can then be detected at the PtSi-Si  in ter -  
face. 

This behavior would seem to be harmless to the 
electrical properties of PtSi contacts, but  the analytical  
methods lack both adequate sensit ivi ty and depth 
resolution to assure that there is no phosphorus doping 
of the St. The contacts themselves are the best tool for 
this. We report here room-tempera ture  cur ren t -vo l t -  
age characteristics and other diagnostic experiments  on 
both Schottky barr ier  and ohmic PtSi  contacts to var i -  
ous Si types where the PtSi was formed from CVD Pt 
at varying temperatures.  

Both conventional  and guard-r inged structures were 
studied. In the lat ter  a diffused diode, e.g., p+ Si in 
n-St, underl ies  the per iphery of the silicide and blocks 
leakage caused by edge effects such as diffusion spikes, 
stress concentrations, small  radii of curvature,  etc. Re- 
sults using guard rings characterize the best a t ta in-  
able contact interfaces. Those from unguarded  contacts 
have practical usefulness because integrated circuit 
designers may choose to avoid the extra processing and 
chip space guard rings require if some leakage can be 
tolerated. 

Experimental  
Test arrays were fabricated in 3~ thick epitaxial St, 

2-6 ohm-cm As or B doped, on heavily doped <100> 
or <111> substrates, in order to minimize series re- 
sistance which would mask the contact characteristics. 
Square windows ranging in size from 0.5 to 20 mils 
were opened in 6000A thermal  SiO2. Some windows 
were enclosed by heavily diffused rings of the opposite 
type and some left unguarded.  (The SiO~ mask ex-  
tended to the middle of the guard ring.) In  each array 
a heavily diffused (P or B) ohmic contact was in-  
cluded, and also a heavily diffused contact of opposite 
conductivity type, to provide a p -n  diode. The lat ter  
was made in the same diffusion step as the guard rings 
and thus served as a control for their characteristics. 
With the processing sequence used, diffusions were 

l~ deep. 
Test slices were given a 45 sec dip in  3% HF before 

loading into the CVD apparatus, but  no other cleaning 
or surface treatment.  P la t inum was deposited in 1 atm 
hydrogen at 225~176 at 40-80 A / m i n  to a thickness 
of 500-800A. Sintering was done in u l t rah igh-pur i ty  
grade (99.999%) hydrogen (Matheson Gas Products) 
in a tube furnace, temperatures and times as given. 
Some samples received an additional a i r -bake to in -  
crease resistance to aqua regia (3). P la t inum was strip- 
ped in 50% 7:1 HChI-INO3 at 85~ the clearing time 
was 1-2 min. After 1 rain in 3% HF the pat terns were 
metall ized with 0.7-1.0~ f i lament-evaporated AI, con- 

tact pads for the probes being provided some distance 
removed from the silicide contacts. The A1 was not 
further  sintered, since here it serves only to contac t  
PtSi and not to form contacts to St. 

Current-vol tage curves were displayed using a Tek- 
t ronix 576 Curve Tracer, and currents  were measured 
by s tandard electrometer techniques. The diffused 
ohmic contact, ra ther  than the back of the slice, was 
always used as one contact. The result  of probing two 
ohmic contacts was checked in several locations on 
each slice. In  the case of Schottky barr ier  contacts, 
the effect of contact dimension was observed by mea-  
suring reverse currents of 1, 3, 8, and 20 mil  contacts 
and plott ing current  vs. dimension on a log-log scale. 
On all occasions the slope of this plot was 2, showing 
leakage current  proport ional  to contact area. If  leakage 
were occurring chiefly at edges the slope would have 
been close to unity.  

An additional test of ohmic contact integri ty  was 
provided by a test pat tern  devised by Bindell  (4), 
which contains arrays of 600 contacts series-connected 
al ternately by p+ diffusions and by metallization. A 
single high-resistance or rectifying contact in the en-  
tire chain is easily detected. Statistics are provided by 
four window sizes and 55 chips per wafer. 

One determinat ion was made of the resistivity of 
the PtSi, a quant i ty  for which most existing reports 
are estimates only. For this purpose Pt  was deposited 
on a !4 • 1/z in. strip of 50 ohm-cm B-doped <111> Si 
and sintered at 525~ 30 rain. After  sheet-resistance 
measurement  by four-point  probe, part  of the silicide 
was wax-masked and the exposed remainder  removed 
by etching in buffered HF, 1 min, followed by 85 ~ aqua 
regia and then another BHF t rea tment  (3). The step 
height, after wax removal and A1 evaporation, was 
determined by mul t ip le -beam interferometry,  thereby 
establishing the silicide thickness. 

Results 

PtSi Resistivity.--A 2000 __ 50A thick PtSi film gave 
a sheet resistance of 1.87 ohm/[ ]  or a resistivity of 37 
~ohm-cm. Using the product of electron density (5) ---- 
1.5 • ]0'~2/cm ~, mobil i ty ---- 13 cm 2 V -1 sec -1, and 
electronic charge ---- 1.60 • 10 -29 coulomb, a conduc- 
t ivity of 3.1 • 104 cm -1 ohm -1 may be calculated, or 
a resistivity of 32 ~ohm-cm. For single-crystal  PtSi a 
value of 27 ~ohm-cm has been reported (6). 

Ohmic contact.--The work reported here involved 
examinat ion of several hundred  PtSi  contacts made 
from CVD Pt and single-crystal  Si at temperatures 
from 4500 to 700~ No case of failure to silicide was 
seen. Reaction invar iab ly  occurred over the entire 
window area and produced a smooth, characteristically 
pear l -gray contact. When two ohmic contacts were 
probed using the curve tracer the I-V curve was linear, 
on either side of the origin, to current  densities beyond 
400 A/cm 2. Observed resistances were wi thin  less than 
a factor of 2 of those calculated from a knowledge of 
the test s tructure geometry and epitaxial layer  resis- 
tivity. 

Table I gives results of a test employing the arrays 
of 600 series-connected contacts. Here the CVD Pt 

Table I. Test of ohmic contact to 1019 B-doped Si 

Percentage of 600-contact strings testing <'30 k o h m s  
(55 strings measured in each case) 

Silicide source 

Window size 

10 • 7p, 7 x 7.~ 7 x 5/~ 5 x 5/~ 

500A CVD Ft  
sintered 525~ 30 min, I~  100 100 98 84 

500A e-gun Pt 
sintered 525~C, 30 rain, He 89 82 75 80 

1000A filament-evaporated Pd 
sintered 450r 10 rain, form- 
ing gas 100  98 98 80 
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emerges superior to e -gun  Pt sintered in  identical 
fashion, and at least the equal of typical Pd2Si contacts. 

Schottky barrier contacts.---Figures 2 and 3 show 
results of reverse leakage current  measurements  at 5V, 
for guard- r inged  (Fig. 2) and unguarded  (Fig. 3) 
Schottky barr ier  contacts. Sinter  temperatures,  as 
shown, are in the range 450~176 Most of the data 
are from 1 to 8 rail square contacts. Different sizes 
have been normalized by plott ing current  densities. 
In these log-normal  probabi l i ty  plots, showing the dis- 
t r ibut ion  of the results, no data have been arbi t rar i ly  
discarded. Table II summarizes the conditions and me-  
dian values of J -sv .  Two other numbers  included in 

Table II. Reverse leakage currents of Schottky barrier contacts 

S i n t e r  
G u a r d  N u m b e r  M e d i a n  v a l u e  

R u n  r i n g  ~ M i n  t e s t e d  J(-~v) A / e m  a 

71 Yes  450 10 15 8 • 10 -e 
74 Yes  450 10 31 1.2 x 10 -6 
79 No  450 10 12 1.0 x 10 -2 
81 No  450 10 10 1.8 X 10-~ 
46-I No 500 30 24 8 x I0 -~ 
46-2 No 500 30 17 6.3 X 10 -2 
47-2 Yes 500 30 48 4.0 X 10-r 
47-2 No  500 30 50 2.9 X 10 -= 
T h e o r e t i c a l "  1 • 10 -7 
U s e f u l ,  a l l o w i n g  1 # A / m i l  e 1.5 x 10 -1 

" S e e R e f .  (5). 

the table represent  the leakage of an ideal theoretical 
Schottky barr ier  and the leakage at which the contact 
becomes of marginal  usefulness in  circuit design. For 
this lat ter  cr i ter ion a 1 ~A/mil  2 ru le  of thumb has 
been chosen. 

The guard- r inged  contacts made at 450~ are very 
good, approaching within  one or two orders of magni -  
tude of ideality. Contacts made at 500~ are about two 
orders of magni tude  more leaky; this is still quite ac- 
ceptable. 

Without  guard rings the leakage increases roughly 
another  two orders of magni tude  in each case. The 
450~ contacts are still safely below the 1 #A/mi l  ~ 
l imit but  the 500~ contacts are now within  one order 
of magni tude of it. 

After  measurement ,  the contacts of r u n  71 (Fig. 2) 
including their A1 metallization, were baked in air at 
325~ for 8 hr. Leakage currents  changed less than 
10% in all cases, and most decreased. 

A representat ive guard- r inged  contact made at 
450~ ( run 74) has also been characterized by its 
room-tempera ture  forward-bias  characteristic, as 
shown in Fig. 4. A voltage change of 61 mV changes 
the current  one decade; the 100 A/cm 2 t u r n - o n  voltage 
is 0.56V. These results are in close accord with the 
predict ion of the s tandard forward-bias  diode equation 
with T ---- 300~ if cB, the barr ier  height, : 0.843 eV. 
CB is determined most simply by extrapolat ing to zero 
voltage to obtain the "saturation" current  density 

Js ~ A **w2e-q~B/kT 

where A** is the Richardson constant. Our "ideality 
parameter"  

q OVF 
3 - - "  

kT 0 ( ln IF) 

is 1.02. Barrier  heights for P t S i : n - S i  have been re-  
ported (5, 7) in the range 0.83-0.85 eV. 

Thus PtSi contacts made by interdiffusing CVD Pt 
and Si at 450~ are of good quali ty and have all the 
expected properties; there is no hint  of ~he presence of 
electrically active phosphorus. There is no obvious 
reason for higher leakage in  Schottky barr ier  contacts 
made at 500~ unless a nar row diffusion zone of more 
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Fig. 4. Room temperature forward-bias characteristic of PtSi:n-Si 
Schottky barrier contact (run 74). 
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heavily doped Si has formed at the P~Si-Si interface. 
If this occurs, sintering at yet higher temperatures 
should have an even greater effect. This is indeed the 
case. In  the formation range 500~176 the contacts 
become progressively more leaky, and a gamut of soft 
rectifying characteristics has been seen. Figure 5, 
showing the I -V  curve for a contact to 3 ohm-cm n-Si  
made at 525~ for 60 rain, is typical. 

Finally, at formation temperatures  of 650~176 the 
process reaches its logical conclusion: ohmic contact is 
made to l ightly doped n-Si  without  a separate n + dif- 
fusion step. Such a contact, made at 700~ 10 rain, to 
5 ohm-em n-,Si, is shown in  Fig. 6, along with the con- 
vent ional ly  diffused ohmic contact. (A factor of 2 in 
apparent  contact resistance results from difference in 
contact size and a greater diffusion depth for the n + 
contact, leaving a shorter current  path in the epi layer. 
The change in slope at -p IV in curve B is a contr ibu-  
tion from the forward current  of the guard- r ing  di- 
ode.) An ohmic contact made this way in device proc- 
essing cuts out one photoli thography step and one 
diffusion step. Requirements  for practical use would 
appear to be that  the device be able to tolerate 650 ~ 
700~ at this stage, that a larger n + area than contact 
area is not required, and that one cannot make ohmic 
and Schottky contacts in the same siliciding step. 

If the phosphorus in CVD Pt can dope Si, the con- 
sequences should be evident  in working with p- type 
material  also. With heavily boron-diffused Si the con- 
tact characteristic is unaffected (see Table I).  It re-  

Fig. 5. Soft rectifyin.g contact to 3 ohm-cm n-Si produced by 
sintering CVD Pt at 525~ 60 min. 

Fig. 6. Ohmic contact to 5 ohm-cm n-Si produced by sintering 
CVD Pt at 700~ 10 min (curve B). The diffused (n -~) contacts 
(curve A) are 50% larger in area than the test contacts. Above 
~ I V  there is a contribution from the forward current of the 
guard-ring diode in curve B. 

Fig. 7. p-n diode created in 3 ohm-cm p-Si produced by sintering 
CVD Pt at 700~ 10 min. 

mains so even at 700~ since in the n - type  test slice 
described in the preceding paragraph the forward cur-  
rent  of the diffused p - n  diode was normal  when 
contacted with PtSi. If the series s t ructure  P t S i / n / p / n  
had been developed, the I -V characteristics would have 
been those of back- to-back diodes. 

With lightly doped p-St contacted by PtSi made at 
450~ the room-tempera ture  I-V plot appears strictly 
ohmic, and essentially indist inguishable from that for 
the p + diffused contact. This is what  would be expected 
for PtSi :p-Si ,  where the barr ier  height is only 0.25 
eV (5). Thus no phosphorus impur i ty  effect is evident, 
just  as in the case of 450~ PtSi :n-Si .  Judging by what  
happens with 700~ PtSi :n-Si ,  however, there should 
be more than enough phosphorus diffusion to convert 
1016/cm3 p-St and produce an n- type  layer at the 
PtSi-Si  interface at this temperature.  In  other words, 
a p -n  diode could be created in  the p-St. Figure 7 
shows a rectifying characteristic for CVD Pt sintered 
with 3 ohm-cm B-doped Si at 700~ 10 rain. (We have 
not yet thoroughly analyzed this characteristic.) 

Even though we have not been able to detect by 
analytical  techniques ----- 0.1% P in the vicini ty of the 
PtSi-Si  interface, all the effects we have described are 
consistent with phosphorus doping of the Si adjacent 
to the "interface," wherever  that might be. If the high- 
temperature  diffusion constant for phosphorus in 
single-crystal  Si is accepted for ~ 600~ it may be 
calculated that in 15 min, movement  of the order of 
10A could occur. Of course, the Si near  PtSi is highly 
stressed, and the crystal structure is undoubtedly  
highly disturbed also. Since 1019 B-doped Si was not 
compensated by the phosphorus, an upper  l imit of 
101S/cm3 P can be assigned. It may then be calculated 
that a p - n  junct ion to 3 ohm-cm p-St would require of 
the order of 30A phosphorus diffusion depth. Thus it 
appears ent irely reasonable that  diffusion of phos- 
phorus into l ightly doped silicon at > 500~ could be 
detectable in the I -V  characteristics of what  was in-  
tended to be a Schottky barr ier  contact. 

A qualitative summary  of the results of using CVD 
Pt to make PtSi contacts appears in Table III. In  brief, 
with heavily doped Si and sintering at 450~176 no 
electrical anomalies appear. The contacts behave like 
those from the vacuum-deposi ted Pt  that  represents 
present practice. With light doping, there still is no 
problem provided a relat ively low ( ~  450~ inter-  

Table III. PtSi-Si room temperature I-V characteristics 

10Zs-lO~O/cm 3 

n + n p p+ 

S p u t t e r e d  P t ,  s i n t e r  
600~ O h m i c  S c h o t t k y  O h m i c  O h m i c  

CVD Pt ,  s i n t e r  450~ O h m i c  S c h o t t k y  O h m i c  O h m i c  
CVD Pt ,  s i n t e r  700~ O h m i c  O h m i c  p - n  d iode  O h m i c  
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diffusion temperature  is used. CVD Pt rel iably forms 
PtSi at this temperature.  With higher contact forma- 
tion temperature,  changes in the I-V characteristics 
set in; these effects apparent ly  result  from phosphorus 
out-diffusion from the PtSi. At PtSi formation tem-  
perature ~ 700~ contact behavior  is altered to such 
a degree that PtSi  formation from CVD Pt may be 
considered as contacting and phosphorus-doping in a 
single operation. 
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Effect of Reactant Nitrogen Pressure on the Microstructure 
and Properties of Reactively Sputtered Silicon Nitride Films 

C. J. Mogab, P. M. Petroff,* and T. T. Sheng 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The quality of silicon nitride films deposited by rf reactive sputtering of 
silicon in a nitrogen discharge is found to be strongly dependent on the dis- 
charge nitrogen pressure. For a given substrate to target spacing there is a 
"critical" sputtering pressure which, if exceeded, results in deposition of 
films with noticeably inferior properties. The properties of silicon nitride films 
deposited both above and below this critical pressure are compared. The 
degradation of film properties accompanying an increase in the nitrogen dis- 
charge pressure is correlated with the presence of microvoids (~50A), re- 
vealed by transmission electron microscopy. It is suggested that the micro- 
voids result from a reduction in the reemission of deposited material as the 
discharge pressure is increased. 

Amorphous silicon nitride films have found wide- 
spread use in silicon integrated circuit processing, pri- 
marily as a junction seal against penetration by unde- 
sirable contaminants. Certain processing schemes re- 
quire that the nitride film be deposited at low tem- 
perature ( <~ 350~ thus making sputtering a poten- 
tially useful deposition technique. In the course of 
evaluating rf reactively sputtered silicon nitride films 
for integrated circuit applications we have found that 
the nitrogen pressure used during sputtering has a 
pronounced effect on film properties. Hu and Gregor 
(i) observed a similar effect, although they offered no 
explanat ion for it. 

This paper describes some of the observed effects 
and correlates them with changes in film microstruc-  
ture determined by transmission electron microscopy. 

Experimental 
Silicon ni tr ide films were formed by  the rf reactive 

sput ter ing of an 8 in. diameter  silicon (99.999%) target 
in a research grade (<1 ppm total impuri t ies)  ni t rogen 
discharge. A Varian sput ter ing module (Model No. 
980-2097) and matching network mounted on an all 

* E lec t rochemica l '  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  insu la tor  fi lms, t r a n s m i s s i o n  e l ec t ron  microscopy ,  ion  

b o m b a r d m e n t .  

metal, turbomolecular pumped vacuum chamber were 
used for deposition. Gas pressure was measured with 
a capacitance manometer and controlled with a servo- 
driven leak valve. 

Substrates for deposition were Si or thermally ,oxi- 
dized Si wafers which were supported on a grounded, 
stainless steel, water-cooled anode. Film thickness and 
refractive index were measured by ellipsometry at 
5461A. In certain cases, film thickness was determined 
by Talystep measurement on a step created by etching 
in 7:1 buffered HF (BHF) solution. Infrared spectra 
were obtained with a Perkin-Elmer Model 621 spec- 
trophotometer. Film stresses were determined by com- 
paring wafer curvature before and after deposition. 
The curvature was measured by an optically levered 
laser technique. 

Sodium penetration was measured by standard 22Na 
tracer techniques. This involved deposition of a NaCI 
film containing 22Na on nitride coated, thermally oxi- 
dized silicon wafers followed by annealing at 400~ 
for 22 hr in forming gas. 22Na profiling was then done 
by repetitive etching and counting of the coincident 
0.51 MeV gamma rays emitted at 180 ~ to each other 
upon positron decay. BHF was used for etching except 
near the nitride-oxide interface where refiuxed boiling 
phosphoric acid was employed to selectively etch the 
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nitr ide film. Autoradiographs were also made, using 
fast x - ray  film, after various etch steps to reveal the 
spatial distr ibution of the remaining  22Na. 

Current-vol tage and breakdown characteristics were 
measured using 10, 15, and 25 rail diameter  a luminum 
field plates 'over  ni tr ide films deposited on 0.1 ohm-cm 
N-type wafers. 

The microstructure of the silicon nitr ide films de- 
posited on SiO2 and Si substrates was investigated by 
transmission electron microscopy (TEM). Samples 
suitable for TEM observations were prepared by chem- 
ical etching of the substrate in a s tandard Si etch solu- 
tion; the nitr ide film was protected by a wax coating 
dur ing the th inn ing  of the substrate. Carbon surface 
replicas were also made on several films which had 
been etched in BHF for various times. The th inned 
specimens and the carbon replicas were examined by 
TEM with a microscope operated at 200 keY in an at-  
tempt to correlate the film etching rate with its micro- 
structure. In addition to the silicon nitride films de- 
posited by sputtering, a few films deposited by chemi- 
cal vapor deposition (CVD) using Sill4 and NHs at 
720~ were examined for comparison purposes. 

Results 
For a target  to substrate spacing of 5 cm, the deposi- 

tion rate for sput ter ing in pure N2 was found to be 
near]y independent  of pressure over the range 2-40 
mTorr  N2. The deposition rate increased near ly  l in-  
early with power densi ty from 65 A / m i n  at 1 W/cm 2 
to 215 A / m i n  at 4.8 W/cm '~. In addition, the infrared 
spectra for films deposited within this pressure range 
were indistinguishable.  An example of one such spec- 
t rum is shown in Fig. 1 for a 6400A thick film deposited 
at 8 mTorr  and at a power density of 4.8 W/cm ~ Fig- 
ure 1 exhibits the prominent  Si-N bands at ~11.5 and 
21 nm (2) and is representat ive of all sputtered films. 
No additional bands were observed in the range 2.5- 
50 ~m. 

In contrast to the relative insensi t ivi ty of infrared 
spectra to N2 pressure, the BHF etch rate showed a 
marked dependence on pressure as seen in Fig. 2. These 
data are similar, although not identical, to those pre-  
sented by Hu and Gregor (1) for rf reactively sput-  
tered silicon nitr ide films. Hu and Gregor found an etch 
rate near ly  independent  of pressure between ~2-13 
mTorr  with a sudden steep rise beginning at about 20 
mTorr. They also noted that film density decreased by 
about 7% over the range of deposition pressure from 5 
to 30 mTorr. However, they suggested that the in-  
creased etch rate could not be at t r ibuted solely to a 
lowering of the film densi ty and proposed that the 
change might be due to an increase in the content of 
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trapped impurit ies in the films formed at higher pres-  
sure. As will be shown, the increased etch rate and 
reduced density are both explainable  in terms of the 
marked change in film microstructure which occurs 
above a certain "critical" deposition pressure whose 
magnitude depends on the substra te- target  spacing. 

It will be convenient  to refer to films formed at 
pressures below this critical pressure as "good" films 
and those formed above it as "bad" films. The de- 
pendence of critical pressure on subst ra te- target  spac- 
ing is shown in Fig. 3. The dashed line in Fig. 3 c o r -  
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Fig. 3. The dependence of critical pressure on the substrate-tar- 
get spacing. The dashed line corresponds to ten mean free paths 
for N2 at 100~ 
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responds to ten mean  free paths for N2 at 100~ Its 
significance is discussed later. The critical pressure at 
a fixed spacing is relat ively insensit ive to power den-  
sity al though films formed at low power (<2.5 W / c m  2) 
and just  below the critical pressure often exhibit  some 
features of bad films. That  is, the demarcat ion pres- 
sure separat ing good and bad films is somewhat more 
diffuse than is implied by stating a single value for the 
critical pressure. In  any case, films deposited at 1 
mTorr  or more in excess of the critical pressure are 
reproducibly bad. Fi lms deposited by sput ter ing in 
mixtures  of argon and ni t rogen exhibit  the same 
microstructural  dependence on total pressure as those 
deposited in pure N.2. In this case the N2 content of the 
mix ture  must  exceed ~10% in order to produce a n i -  
tr ide film. 

It is worthwhile  to present some differences in prop- 
erties between good and bad films before considering 
their  microstructures.  Figure 4 indicates the BHF etch 
behavior  of a good film, and shows that the etch rate 
and refractive index are constant  through the film 
thickness, wi thin  the accuracy of the measurements.  In  
contrast, bad films etch at a nonuni form rate and have 
an apparent  refractive index which varies errat ical ly 
through the film. An example of the results of etching 
a bad film are given in Table I. Note that  the refrac- 
tive index and thickness as determined by ell ipsometry 
show inconsistencies. The ellipsometric measurements  
were made after removal of the film from the etchant  
followed by a DI H20 rinse and spin drying. Mea- 
surement  of etch rate and refractive index has proved 
to be a reasonably sensitive method of dist inguishing 
good and bad films. 

Figure 5 i l lustrates typical I - V  characteristics for 
good and bad films. Good films always exhibit  l inear  

Table I. Etch behavior of a bad film; etchant, 7:1 buffered HF 
solution 

Ellipsometric 
Etch pa ramete r s  Apparen t  Apparen t  
t ime, ref rac t ive  thick-  
min  h ~ index ness, A 

0 187.85 12.35 -- 1750" 
1 226.20 12.46 2.60 986 
2 258.50 16,40 2.26 1082 
3 286.88 28.26 1.84 1238 
4 305.79 62.00 1.64 1120 
5 74.18 45.25 1.54 846 
6 81.58 21.81 2.06 360 
7 94.14 27.74 1.48 456 
8 109.22 19.29 1.51 299 

* Actual  as-deposited thickness as measured  on an etched step 
using a Talystep. 

In I vs. V 1/2 plots indicative of a Poole-Frenkel  con- 
duction mechanism, 1 whereas I - V  data for bad films 

1 Other conduction mechanisms can yield the same functional  de-  
pendence of cur ren t  on voltage. The slope of the s t ra ight  line in 
Fig. 5 yields a dielectric constant  for silicon nitr ide films of 4 when  
the Poole-Frenkel  mechan i sm is assumed,  
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invar iably  exhibi t  curvature  when plotted in the same 
manner.  Moreover,  bad films break down on the aver -  
age at approximate ly  half  the field needed to cause 
breakdown in good films. 

Figure  6 shows Na penetrat ion profiles for good and 
bad films following a 400~ 22 hr anneal. Autoradio-  
graphs taken at selected depths indicate that  penet ra-  
tion is nearly uni form over  the bad film and not just a 
result  of a few large, isolated de~ects in the film. In 
contrast, for good films, penetrat ion occurs only at iso- 
lated defects (e.g., pinholes).  

Stress measurements  indicate l i t t le or no difference 
in the stresses in good and bad films deposited at the 
same power density. For  example,  films deposited at 
3 W / c m  2 exhibit  a compressive stress of about 8 • 109 
dynes/cm2 independent  of the discharge N-~ pressure. 

TEM analysis of the films shows them to be com- 
pletely amorphous. A phase contrast technique (3) 
was used to image possible microdefects which might  
be present in the bad films. A series of electron micro-  
graphs of the films taken under "overfocused," "in 

focus," and "'underfocused" conditions indicate the 
presence of microcavit ies in the bad films. As shown in 
Fig. 7, the contrast of the cavities is reversed when 
imaged in under-  or overiocused conditions. No cavity 
contrast is visible in the "in focus" condition indicating 
that the strain field of these defects is small. The den-  
sity and size of the cavities is dependent  on the pres- 
sure and power of deposition. As seen in Fig. 8, the 
density of cavities as a function of pressure (at a 
power density of 2.54 W / c m  2) varies f rom 0 to 1012 X 
cm -2. The size of the cavities (see Fig. 7) ranges from 
~10 to ~50A. From stereoelectron micrograph pairs 
the cavities are found to be more numerous at the side 
of the silicon nitr ide film close to the substrate. The 
good films and CVD films imaged with the same con- 
trast technique do not show any cavities. 

The etched silicon ni tr ide surfaces are also different 
for the good and bad films. The TEM micrographs of 
carbon surface replicas for the bad films show that  a 
very i r regular  and rough surface develops near the 
f i lm-substrate interface subsequent to etching (see Fig. 

Fig. 7. Bright field transmis- 
sion electron micrographs of 
sputtered silicon nitride films 
deposited under various power 
and N2 pressure conditions. The 
micrographs in the left and 
right columns correspond, re- 
spectively, to underfocused and 
overfocused imaging conditions. 



Vol. I22, No. 6 SPUTTER ED  SILICON NITRIDE FILMS 819 

DEPOSITION POWER 
2.54 Watts/era z 

1012- j t / /  /'I 
~= / 
o / 
x / 

~ 1011 

0 
> I 

I 

1010 I 

I 

I 
I 
I 

OT ~ _ _ A _ _  _ i g  L [ [ 
4 8 10 16 20 

DEPOSITION PRESSURE (rnTorr) 

Fig. 8. Void density as a function of deposition pressure for 
silicon nitride films deposited at 2.54 W/cm ~. 

9). The etched surface of a good film is smooth and 
regular  through the entire film thickness, as shown in 
Fig. 10. 

Discussion 
The TEM structural  analyses s trongly suggest that  

the marked increase in etch rate and sodium penet ra-  
t ion in films formed above the critical pressure arises 
from the large amount  of in ternal  surface area asso- 
ciated with the microvoids present  in these films. It 
should be pointed out that good and bad films (of 
equivalent  thickness) are indis t inguishable by  visual 
inspection. The microvoids are too small  to produce 
detectable scattering of visible light and thus as-de-  
posited bad films are quite specular and uniform in 
appearance. Extended etching of bad films general ly 
leads to a less specular, nonun i fo rm appearance due 
to surface roughening (see Fig. 9), whereas good films 
remain specular and uniform on etching (Fig. 10). Sur-  
face roughening evidently results f rom penetra t ion of 
the etchant into the microvoids. The roughened sur-  
face and the possibility of t rapped etchant or rinse in  
the voids probably account for the anomalous var ia-  
tion of measured refractive index following step etch- 
ing (see Table I).  

The extent  and uniformity  of sodium penetra t ion 
over the entire slice in the case of bad films would in-  
dicate that the microvoids are distr ibuted throughout  
the film and form an interconnected network. As 
noted before, however, there is evidence from TEM 
stereo pairs and surface replicas of etched films (see 
Fig. 9) that the microvoids are more concentrated 
near  the substrate-f i lm interface. 2 In the presence of 
a void network sodium can migrate by surface diffu- 

W h e n  pressure  is  c h a n g e d  in  the  m i d d l e  of  a run from less than  
to g rea t e r  t han  t he  c r i t i ca l  p r e s su re  f i lms  c o n t a i n i n g  m i e r o v o i d s  
r e s u l t  i n d i c a t i n g  t h a t  these  defects  are not  due  to some  nuc leat ion  
p h e n o m e n o n .  

Fig. 9. Transmission electron 
micrographs of surface carbon 
replicas of a bad silicon nitride 
film as a function of increasing 
etching time. 
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Fig. 10. Transmission electron 
micrographs of surface replicas 
of a good silicon nitride film as 
a function of increasing etching 
time. 

sion which is expected to be considerably faster than 
diffusion through bulk regions of a dense nitr ide film. 
P inhole - f ree  regions of good films exhibi t  excel lent  
resistance to the penetrat ion of sodium and are com- 
parable in this respect to high tempera ture  CVD sili-  
con ni tr ide films. 

Whereas, the microvoids are clearly responsible for 
the marked  differences be tween good and bad films, 
the reason for the existence of the voids is less evident. 
Possible explanations include impuri ty  effects, change 
in react ion site, gas trapping, and the effects of ener-  
getic particle bombardment  on film growth. 

Impur i ty  effects should be considered since an in- 
crease in pressure which produces the transit ion f rom 
good to bad films can result  in an increased impur i ty  
content of the film. This can occur as a result  of an in- 
creased part ial  pressure of impur i ty  gases introduced 
with the sput ter ing gas or because of an increase in 
discharge- induced heat ing and outgassing effects. Ac-  
cordingly, the impur i ty  content of good and bad films 
was compared, semiquant i ta t ively,  by ion scattering 
and by combining ion mil l ing with  Auger  spectroscopy. 
No pronounced differences in impur i ty  content of good 
vs. bad films were  found. For  both types of films oxy-  
gen was the only detectable impur i ty  (<  1% ) ; the oxy-  

gen content was highest at the free surface of the films 
and decreased rapidly with depth. On the average, bad 
films had a higher  oxygen content than good films but 
never  by more than a factor of two. It .seems l ikely 
that the enhanced oxygen content of bad films is a 
result  of adsorption, both during and after deposition, 
within microvoids rather  than their  cause. This con- 
clusion is supported by the fact that  oxynitr ide films 
intent ional ly  "doped" with substantial  amounts of oxy-  
gen do not contain microvoids. Thus, impuri ty  effects 

do not provide a reasonable explanat ion for void for-  
mation. 

Mixtures  of argon and ni t rogen where in  the ni t ro-  
gen pressure is held below the critical value but the 
total pressure is above the critical value also result  in 
microvoids. This observat ion would seem to rule out 
any void format ion mechanism dependent  on a change 
in react ion site f rom substrate to cathode as the N2 
pressure is increased. Addit ional  evidence in support  
of this contention comes from the invar iance of deposi- 
tion rate and film stress as ni t rogen pressure is in-  
creased. Both of these parameters  might  reasonably be 
expected to change if the reaction site shifted within a 
small range of pressure. 

Trapping of the discharge gas in the film can also 
be considered as a possible mechanism for mierovoid 
generation. Gas en t rapment  presumably  must  occur in 
conjunction with sorption of the gas at or near  the sur-  
face of a growing film. Molecular  ni t rogen (N2) in the 
ground state, which is the predominant  species im-  
pinging on the film during growth,~ is not chemi-  
sorbed (4) and thus, cannot be trapped. There are sev-  
eral  species in the discharge, however,  which presum-  
ably bombard the film and can be chemisorbed. In this 
regard the work of Shahin (5) is of interest.  He studied 
the ions present in the cathode region of a ni t rogen 
discharge and found that  1~2 + and N + were  the dora- 
inant species, with N + being formed pr imar i ly  in the 
dark space according to N2 + + N 2 ~  N + + N -4- N2. 
Thus, 1~2 +, N +, and N are present  in the discharge. 
Atomic ni trogen impacting the film should be readi ly  
chemisorbed. Since the insulat ing nitr ide film prob-  
ably floats at a negat ive potential  wi th  respect to the 

A c c o r d i n g  to W i n t e r s  a n d  K a y  (4) t h e  r a t i o  of  e x c i t e d  to  g r o u n d -  
s ta te  spec ies  in  a t y p i c a l  s p u t t e r i n g  d i s c h a r g e  is  l ess  t h a n  10 -~. 
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plasma during deposition some bombardment  by N2 + 
and N + must  also occur. Either  of these species can 
be sorbed; the N + being highly active and the ener-  
getic N2 + (>8 eV) having a high probabi l i ty  of dis- 
sociation upon impact with the film surface (4, 6). 
Therefore, the sorbed species in every case is atomic 
nitrogen. It is reasonable to assume that these sorbed 
atoms are converted to silicon ni tr ide "molecules," 
i.e., that  the reaction be tween silicon and ni t rogen 
occurs at the substrate via these sorption events (7). 
Such a highly active sorbate would be unl ike ly  to 
revert  to N2 and become trapped in  the film. There 
is, of course, the possibility that energetic neut ra l  
N2 molecules are dr iven into film and trapped as sug- 
gested by Cordes (8). [Trapping of energetic Ar in 
sputtered Ni films has been observed by Winters  and 
Kay (6).] However, this effect should be reduced by 
an increase in pressure [as is the case for Ar ent rap-  
ment  (6)] and would thus not explain the formation 
of microvoids at higher pressure. In  short, gas en-  
t rapment  does not seem to afford a viable explanation. 

In an at tempt to confirm this expectation several 
samples of good and bad films deposited under  ident i-  
cal conditions (5 cm spacing, 3.2 W/cm 2) except for 
the discharge pressure were analyzed by Rutherford 
backscattering (9) of 1.8 MeV 4He+ ions. From these 
measurements  one can determine the ratio of silicon 
to ni trogen atoms at a part icular  depth in the film, with 
a depth resolution of the order of 200A. Films deposited 
below the critical pressure had a silicon to ni t rogen 
ratio of ~0.6 while those deposited above it had a ratio 
of _~0.76. In both cases this ratio was constant  with 
depth into the film. Thus, good films are ni t rogen rich 
(based on a comparison to the compound Si.~N4) while 
bad films are more near ly  stoichiometric. This result  
is obviously inconsistent with the hypothesis of gas 
en t rapment  being the cause of microvoid formation. 
Moreover, as already mentioned,  films formed in mix-  
tures of argon and nitrogen, such that the ni t rogen 
partial  pressure was well below the critical pressure 
but  the total pressure was just  above it, still con- 
tained microvoids. The probabi l i ty  for t rapping argon 
is much smaller than for ni t rogen (4) ; thus, suggesting 
again that gas en t rapment  is not responsible for micro- 
void formation. 

A more plausible mechanism for microvoid genera-  
tion can be inferred from the functional  form of the 
dependence of critical pressure on substrate-cathode 
spacing. Figure 3 shows that  the critical pressure is 
raised in inverse proportion to the spacing. An ident i -  
cal relationship exists between the N2 molecular  mean 
free path and pressure as indicated by the dashed line 
in Fig. 3. This suggests that the existence of micro- 
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voids is related to the extent  to which energetic par-  
ticle (atoms, ions, molecules) bombardment  of the 
growing film is suppressed. For a given substrate-  
cathode spacing the number  of energy dissipative col- 
lisions suffered by the average particle (ion, atom, 
molecule) increases rapidly with pressure so that the 
energy of the particle at the instant  of impact with the 
growing film is s trongly dependent  on pressure. The 
higher the pressure the less the energy, on the average, 
of the particles bombard ing  the film. Energetic particle 
bombardment  can lead to densification in at least two 
ways: (i) enhancement  of surface mobil i ty  of deposit- 
ing atoms and (it) reemission of weakly bound atoms 
or clusters which are in unfavorable  positions for 
achieving opt imum density. Both of these effects will 
be a t tenuated due to scattering collisions as pressure 
is increased. 

Reemission of deposited mater ia l  has been shown 
to be necessary for obtaining high qual i ty  rf sputtered 
SiO2 films (10-12), formed by sput ter ing of an SiO2 
target. The work on SiO2 films can be summarized as 
follows. The reemission coefficient (a measure of the 
fraction of deposited material  reemitted from the film 
surface dur ing deposition) decreases when  either pres-  
sure or cathode to substrate spacing is increased (10- 
11). For a fixed spacing and pressure the reemission 
coefficient is increased by an increase in negative bias 
at the surface of the growing film, indicat ing that  
energetic positive ion bombardment  is a major  con- 
t r ibutor  to reemission. However, reemission can still 
occur at zero bias due to bombardment  by energetic 
neutrals  (11, 12). 

Assuming that a high reemission coefficient is neces- 
sary to the a t ta inment  of defect-free films, one would 
expect that the onset of microvoid generat ion would be 
dependent  on power (or cathode self-bias) as well as 
pressure since the former parameter  determines the 
energy spectrum of excited species in the discharge. 
This is consistent with our observations. Deposition at 
lower power (<2.5 W/era 2) can result in microvoids 
even at pressures slightly below the critical pressure 
for higher power deposition. We had also anticipated, 
on the basis of the reemission model and consideration 
of the results on sput ter ing of SiO2 (10-12), that depo- 
sition in the presence of an rf bias on the substrate 
would lead to high quality, void-free films even at 
pressures somewhat above the critical pressure. This 
follows from the fact that use of an rf bias results in a 
d-c self-bias on the depositing film which is negative 
with respect to the plasma and should therefore pro- 
mote positive ion bombardment .  To our surprise, the 
application of rf biases resul t ing in d-c self-bias va lues  
ranging from --150 to --300V yielded films having 

Fig. i l .  Transmission electron micrographs of an rf bias sputtered silicon nitride film. The micrographs in A (left) and B (right) corre- 
spond, respectively, to underfocused and overfocused imaging conditions. 
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BHF e tch  rates  from 300-600 A/min.  This was true 
even at total discharge pressures well below the criti- 
cal pressure for a given spacing. TEM examinat ion re- 
vealed that  films formed under  rf bias, both above and 
below the nominal  critical pressure, did not  contain 
microvoids. However, as shown in Fig. 11 for a film 
deposited with a 10% rf bias, the microstructure of 
t h e s e  films was different than that for good films 
formed in the absence of applied bias. In addition, 
Rutherford backscattering studies revealed that bias- 
sputtered films were substant ia l ly  more n i t rogen-r ich  
than  films deposited without bias. The silicon to n i t ro-  
gen ratio for rf  bias sputtered films was ~0.5. The 
higher ni t rogen content is consistent with an increased 
positive ion bombardment  as expected. 

The absence of voids at pressures greater than the 
critical value in the bias sputtered case is consistent 
with the reemission model. The change in microstruc-  
ture and marked increase in etch rate of bias sput-  
tered films suggest that the reaction does, in fact, occur 
at the substrate and that these parameters may be very 
sensitive to the film stoichiometry in  the ni t rogen-r ich 
regime. More work is needed to clarify this. 

Conclusions 
The microstructure of silicon nitr ide films deposited 

on electrically grounded or isolated substrates and 
formed by rf sput ter ing of a silicon target in a ni t rogen 
discharge is strongly influenced by the ni t rogen pres- 
sure. An increase of pressure beyond a certain critical 
value results in the incorporat ion of microscopic 
(~50A) void-l ike defects which can be observed di-  
rectly by a through-focus TEM technique and which 
are responsible for marked degradation of film prop- 
erties. The interdependence of critical pressure and 
the  substra te- target  separation has a functional  form 
which suggests that the voids arise from the reduction 
of energetic particle bombardment  of the growing film 
at higher pressure. This results in a reduction in the 
mobil i ty  of adsorbed atoms or molecules at the surface 

of the film and/or  a decrease in the reemission of con- 
densed material.  
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Technical Note 

The Relative Dielectric Constant of Two 
Semiconductor Passivation Glasses 
Alvin M. Goodman, Kenneth W. Hang, and James M. Breece 

RCA Laboratories, Princeton, New Jersey 08540 

A variety of glasses is commercial ly available for 
hermetical ly sealing and thereby passivating silicon 
devices against the effects of hostile ambient  envi ron-  
ments. The glass is often used in direct contact with 
the silicon at or near p - n  junctions.  The operating 
characteristics of the devices may for this reason de- 
pend strongly upon the relative dielectric constant  K of 
the glass. This is par t icular ly true when large reverse 
bias is applied to the junctions.  This note describes the 
measurement  of K for two widely used commercial 
glasses, Innotech IP760 and IP820.1 To our knowledge, 
no previous measurement  of K for these glasses has 
been reported. 

K e y  words :  glass properties, silicon-passivation glass, dielectric 
measurement. 

Fu r t h e r  L~formation avai lable  f r o m  Innotech Corporation,  Nor-  
walk ,  Connect icut  06851. 

The usual methods of forming layers of this type of 
glass (i)i may, under some conditions of preparation, 
lead to bubble formation thereby rendering the mate- 
rial unsuitable for a measurement of K. We chose to 
circumvent this problem by using a long glass fusion 
time to allow bubble dissipation. This is treated below 
wherein we describe the preparation of "bubble-free" 
glass samples and appropriate electrode structures. 
The electrical measurements and results are also pre- 
sented. 

Sample Preparation 
Glass fusion.--The glass samples were prepared by 

powder fusion of the commercial glass. Due to the 
high fraction of glass particles in a size range below 
2~, a long fusion time was necessary to remove the 
small bubbles. A covered p la t inum + 40% rhodium 
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crucible of 80 cm3 capacity was used to fuse the pow- 
der in an air ambient  for 20 hr  at 1200~ The cru-  
cible was then  quickly cooled in air to facilitate re-  
moval of the solidified glass from the crucible. The 
IP820 glass was annealed at 650~ for 1 hr and slow- 
cooled in the furnace. T h e  IP760 glass was annealed 
at 540~ for 1 hr and slow-cooled in  the furnace. 

Glass analysis.--By physical proper ty  and  wet chem- 
ical analysis the glasses were found to have the com- 
position shown in Table I. 

Shaping and polishing.--A disk (r ight-circular  cyl- 
inder)  with nominal  dimensions of 2.1 cm diameter 
and 0.1 cm thick was cut from each fused boule. The 
two large faces of the disk were made fiat, parallel,  
and smooth by polishing with progressively finer abra-  
sive, finishing with 0.5# diamond paste. The surfaces 
were fiat to better  than  ~/4 of the green line of mer -  
cury and paral lel  wi th in  25 sec of arc. A microscopic 
examinat ion  of the disk showed that  it was "bubble-  
free." That  is, the bubble  volume was less than  one 
part  il~ 106 of the volume of the glass. 

Electrodes.--Evaporated a luminum was used to pro-  
duce a "three-electrode system" (2) on the faces of 
each disk. A single solid layer  (unguarded electrode) 
was used on one side while the pa t te rn  on the other 
side consisted of a center area (guarded electrode) of 
circular geometry surrounded by an annu la r  layer  
(guard electrode). 

Dimensions.--Multiple observation measurements  
were carried out to determine the average values and 
probable errors of the diameter, 2rl, of the guarded 
electrode, the gap, g, be tween the guarded and guard 
electrodes, and, t, the thickness of the disk. An optical 
comparator  (Nikon Shadowgraph) was used for the 
measurements  of 2ri and g; a d ia l - indicator- type me-  
chanical height comparator was used for the t mea-  
surements.  The accuracy of each comparator was 
checked against gauge blocks (dimensions certified 
to 5 X 10 -6 in.).  The resul tant  values and their prob-  
able errors (3) are given in  Table II. 

Electrical Measurements and Results 
Three terminal  grounded-guard  capacitance mea-  

surements  were carried out in the frequency range 
102-100 Hz. Three capacitance bridges were used to 
cover this range: a General  Radio Model 1615A (102- 
105 Hz), a Boonton Electronics Model 75C (5 • 103 
to 5 X 10 ~ Hz) and a Boonton Electronics Model 75B- 
$8 (106 tIz).  All of the measurements  were performed 
with the sample at room temperature.  The results 
are shown for IP760 in  Fig. 1 and for IP820 in Fig. 2. 
The agreement  between the results obtained using 
different bridges is excellent and well wi thin  the maxi-  
mum expected inaccuracy for any data /~oint (0.25%). 
There is a small but  clearly observable decrease in 
capacitance with increasing frequency for each sam- 
ple. Within  the frequency range measured this de- 
crease is approximately l inear  with the logari thm of 
frequency. 

Table I. Composition in mole per cent of major constituents of 
IP760 and IP820 

P b O  S i O 2  B.oOa A12Oa 

I P 7 6 0  18 .3  6 5 . 3  1 4 .0  2 .4  
I P 8 2 0  2 3 . 7  6 9 , 8  ~ 6 .5  

Table II. The average values and probable errors of the sample 
dimensions 

~ ,  m ~, c m  g,, c m  

I P 7 6 0  0 . 4 0 4 9 5  -~ 0 . 0 0 0 8 3  0 . 0 9 2 2 3  • 0 . 0 0 0 0 4  0 . 0 4 2 2 2  + 0 . 0 0 1 2 2  
I P 8 2 0  0 . 4 0 4 2 3  + 0 . 0 0 0 9 4  0 . 1 0 1 2 7  ~ 0 . 0 0 0 4 9  0 . 0 4 3 5 3  ~ 0 . 0 0 1 3 3  
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Fig. 1. Capacitance vs. frequency of a sample of IP-760 glass 
using a three-electrode, grounded-guard system. The data symbols 
indicate the manufacturer and model of the capacitance bridge 
used for each measurement (see text). The flags on the data points 
at 100 and 200 Hz indicate the approximate width of the null 
paint determinations; at higher frequencies the null points could 
be determined within ___0.001 pF. 
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Fig. 2. Capacitance vs. frequency of a sample of IP-820 glass 
using a three-electrode, grounded-guard system. The data symbols 
indicate the manufacturer and model of the capacitance bridge 
used for each measurement (see text). The flags on the data 
points at 100 and 200 Hz indicate the approximate width of the 
null point determinations; at higher frequencies the null points 
could be determined within •  pF. 

The capacitance C and the relative dielectric con- 
stant  K are l inear ly  related by the formula 

t 
K ~ SC = - -  C [1] 

xr2eo 

where S is a constant  that is determined by the s t ruc-  
ture (geometry) of the sample and r is the effective 
radius of the guarded electrode. The value of r is 
given by (2, 4) 

r = ri + g/2 - -  - -  In cosh [2] 
gZ 

The value of S and its probable  error limits (3) have 
been computed from the sample dimensions 

S(IP760) = (1.859 ~-0.004) • 10i2F -1 
S(IP820) = (2.040 ~ 0.011) • 10i2F -1 

Since the capacitance varies with frequency, K is, in 
fact, not a constant. As a practical matter,  however, 
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we can say that  in the range 102-106 Hz, K(IP760) = 
6.98 and K(IP820) = 8.28 wi th in  1%. 
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Selective Removal of BP from Si Substrate 
M. Takigawa, T. Satoh, and K. Shohno 

Department oJ Electronics, SophLa University, Chiyoda-ku, Tokyo, Japan 

Boron monophosphide (BP) can be epi taxial ly  
grown on Si substrates by the thermal  reaction of 
B2H6 and PH3 in the presence of H2 (1-3). The crys- 
ta l lographic orientat ion of the BP is the same as that  
of the Si substrate. BP is chemical ly stable and is not 
attacked by normal  chemical etchants. BP has a for-  
bidden energy gap of 2.0 eV (4) and may be useful as 
an optoelectronic material .  For optoelectronic applica- 
tions a technique must be found for removing  the BP 
selectively f rom the Si substrate. 

The exper imenta l  apparatus for epitaxial  g rowth  of 
BP has been reported in a previous paper (3). A BP 
thin film of n - type  with a thickness of 0.5-5 #m was 
grown at a substrate t empera ture  of 950~ The Si 
(100) substrates used had a thickness of 180 ~m and a 
resist ivi ty of 5-8 ohm-cm (p- type) .  The BP obtained 
had an electron concentrat ion of 5 • 10 Is cm -8 and a 
Hall  mobil i ty  of 40-60 cm2/V-sec. When the thickness 
of the BP grown on the Si (100) substrate was less 
than 7 #m, the surface of the BP was as smooth as the 
Si substrate, and no bending of the wafers could be 
detected. However ,  when the thickness of the BP film 
was more than 7 ,~m, crack lines along <011> direc-  
tions in the BP, and bending of the wafers were  ob- 
served. 

After  the epitaxial  growth of the BP on the Si sub- 
strates, the water  was spin-coated with l iquid photore-  
sist and then baked to dr ive off the resist solvents. It 
was then exposed with a standard test mask. The re-  
sists used in this exper iment  were of posit ive type 
(AZ 1350) and negat ive type (KTFR).  The mask pat-  
tern was oriented to the fiat edge of the wafer, which 
is paral lel  to a <011> direction. Subsequent  develop-  
ing of the photoresist  removed the resist f rom the un-  
necessary areas. Af ter  a second bake to complete the 
polymerizat ion of the photoresist, the wafer  was ready 
for electrolytic removal .  

The exper imenta l  apparatus for removing the BP, 
shown schematical ly in Fig. 1, is the same as that  used 
for anodic oxidat ion of Si wafers. The solution con- 
sisted of 4N aqueous sodium hydroxide The Si wafer  
was placed at the anode side, and a p la t inum plate was 
used as the cathode. A d-c pulse voltage was repeat-  
edly impressed. The durat ion of the d-c pulse voltage 
was adjusted to 1 sec in this experiment .  Af ter  all the 
BP was removed from those areas that were  free of 
photoresist, the remaining photoresist  was removed in 
a suitable str ipping solution. 

When the first vol tage pulse of 30-50V was applied, 
crack lines in the BP film along the edge of the resist 
were  clearly visible with an optical microscope. This is 

Key words: selective removing,  boron monophosphide,  optoelec- 
tronie device technology. 

an initial change observed in the BP. Af te r  a few more 
pulses, the BP areas free from resist changed to a 
yellowish color. At this stage, exposure to ultrasonic 
vibrat ions in an organic solvent was found to be the 
easiest way to remove the BP from the Si substrate. 
The bare Si surface areas were  not oxidized. An exam-  
ple of the process, using a resist of the positive type 
and one of the negat ive type is shown in Fig. 2 (a) and 
(b). Minimum BP l ine-widths  and spacing are 4 #m 
for AZ 1350 and 2 ~m for KTFR. The l imit ing d imen-  
sions are determined by the size l imitat ion of the 
photoresist. 

By repeat ing the voltage pulse, the BP can also be 
removed from the Si substrate without  the use of 
ultrasonic agitation. The BP film removed floated on 
the solution and the bare Si surfaces were  anodically 
oxidized. When a voltage pulse of more than 50V was 
applied, the BP could be removed from the Si sub- 
strate with only one or two pulses. 

When a constant d-c  voltage was applied, the resist 
curled up at the edges and eventual ly  came off. 

Several  alkaline and acid solutions were  used, but  
almost any kind of ionic solution can be used success- 
ful ly  for this purpose. The number  of voltage pulse 
repeti t ions needed for the complete removal  of the BP 
did not depend on the solution used. 

However,  the total number  of voltage pulse repet i -  
tions needed for the complete removal  of the BP de- 
pended on the thickness of the BP. For a thin BP film 
(0.5 #m), two or three voltage pulses of 30V were  
sufficient. On the other hand, for a thick BP film (5 

D-C pulse 
v o l t a g e  

supply 

 o- o vrl 
1 sec 

f 
Si Substrate 

| 

h o t o r e s i s t  
d 

(4N NaOH 

i -Pt 

Fig. 1. Schematic diagram of the experimental apparatus for the 
selective removal of BP from Si substrates by the electrolytic 
process. 
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Fig. 2. Microscopic photographs of selectively removed BP by the 
electrolytic process. (a) BP areas removed using positive type resist 
(AZ 1350). (b) BP areas remained using negative type resist (KTFR). 
The thickness of the BP is 0.85 ~m. 

~,m), 7 or 8 pulses of 50V were necessary for complete 
removal. 

The BP films obtained by removal of the Si substrate 
by chemical etching with HF-HNO3 solution were 
smooth and flat. However, the BP films removed elec- 
trolytical ly had m a n y  small cracks. This difference can 
be seen in Fig. 3 (a) and (b). The cracked features of 
the BP films depend on the conditions of the electroly- 
tic process, main ly  on the voltage applied between the 
cathode and the anode. These differences in the BP 
films suggest that  strong forces are applied to the BP 

Fig. 3. Microscopic photographs of BP films with thicknesses of 
5.0 ~m. (a) BP film obtained by chemical etching of the Si sub- 
strate. (b) BP film obtained by the electrolytic process; it has 
many small cracks. 

when removed from the Si substrates by the electro- 
lytic process. 

Manuscript  submit ted Nov. 4, 1974; revised m a n u -  
script received Feb. 24, 1975. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1975 
JOURNAL. All discussions for the December 1975 Dis- 
cussion Section should be submit ted by Aug. 1, 1975. 
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Beveling Aluminum in Multilayer Metal Circuitry 
T. Agatsuma,*  A. Kikuchi, K. Nakada, and A. Tomozawa 

Semiconductor and Integrated Circuits Division, Hitachi Limited, Kodaira, Tokyo, Japan 

Fabricat ion of semiconductor mul t i layer  metal  IC's 
and LSr s  involves a number  of photoengraving steps, 
and the surface topography becomes increasingly more 
complex as the processing proceeds. The exact proc- 
essing conditions and materials used determine the 
contour of the edge of photoli thographically delineated 
structures.  If the device s tructure involves steep steps, 
sharp corners, or mult i level  metals, improper coverage 
of the surface topography can lead to a variety of re- 
l iabil i ty and yield problems. 

Two processing techniques have been developed for 
improving mul t i layer  metallization. The first involves 
optimizing substrate topography by application of bev-  
el ing techniques; conventional  deposition techniques 
serve to cover the modified topography. The second in-  
volves improvement  of the qual i ty of deposited oxide 
contours, taking advantage of several types of special- 
ized film deposition techniques. 

Regarding oxide deposition, effects of rates of gas 
flow in the system (1), rate of deposition of the oxide, 
and ratio of oxide/metal  layer  thickness (2) on oxide 

* E l e c t r o c h e m i c a l  Society  Act ive  Member.  
Key words:  mult i layer  circuit, a luminum,  anodic oxidation.  

contours have been shown to be significant; however, 
when a thick metal  layer is used, its step becomes 
steep and optimization of its step coverage by oxide 
will be limited. A technique for producing good oxide 
coverage over steep metal  steps is to deposit phospho- 
silicate glass (PSG) or borosilicate glass (BSG) at 
temperatures  of 700~ or more (3), or to fuse the 
glass at a tempera ture  above its softening point (4) 
which depends on the phosphorus content of the glass. 
However, applicabili ty of these methods is l imited to 
devices such as Si Gate MOSLSI's, where higher mel t -  
ing point materials  are used as gate electrodes or first 
level conductors. 

In  the case of two level a luminum metallization, such 
as bipolar IC's or LSI's, higher temperature  deposition 
or oxide fusion cannot be used. The qual i ty of step cov- 
erage by a C~:D oxide layer over an a luminum pat tern 
can be almost ent i rely determined by the contour of 
the a luminum;  hence the importance of beveling the 
edge of the first level a luminum. 

Two approaches to beveling a luminum have been 
studied. The first is photoresist undercut t ing  (5) which 
achieves lateral attack at the p o l y m e r / a l u m i n u m  in ter -  
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face, using a suitable etchant so as to produce under-  
cutt ing of the photoresist  due to loss of its adhesion 
during photoetching. However,  practical  use will  be 
difficult because of lack of reproducibi l i ty  as a result  
of the many process parameters  involved. 

The second is to deposit or form an additional faster  
etching layer over the a luminum prior to coating with  
photoresists. In this technique, formation of the upper 
layer  and composition of the etchant become predomi-  
nant factors in determining bevel angle. The use of 
phosphosilicate glass (6) or an anodic oxide film (7) 
have already been presented as means for bevel ing 
aluminum. This paper discusses a bevel ing technique 
for a luminum using an anodic oxide film of a luminum 
as a bevel  control layer, and discussses the effects of 
process variables  on reproducibi l i ty  of the results. 

Experiments 
Silicon dioxide layers were  grown on Si slices by 

thermal  oxidation, and the a luminum of 1.0 ,,~ 1.2# 
thickness was evaporated by a res is tance-heated fila- 
ment  or electron beam. Subsequently,  anodic oxidation 
of the a luminum was performed in diluted oxalic acid, 
forming a porous anodic oxide film on the evaporated 
aluminum. 

Anodizing current  was observed to rise rapidly just  
after applying voltage, and then decrease slowly until  
it was saturated (8). The saturated value of current  
for anodization of 1.0V and 25~ in 5% oxalic acid 
was 0.14 m A / c m  2. Oxide film thickness was determined 
by etching the oxide film select ively in chromic acid 
and measur ing the steps with a talystep. Dividing step 
height  by the t ime required for anodization, growth 
rate of the oxide film per unit voltage was est imated 
as 33 ~ 38 A / m i n  for 5% oxalic acid at 25~ in the 
range 0.5 to 3.0V. 

Photoresist  coating followed a precoating bake of the 
anodized wafer  at 200~ for 20 rain in N2 ambient.  
Negat ive- type  resists used were  OMR81-PL, OMR83, 
and KTFR. After  defining the patterns, the photoetch-  
ing was performed using a conventional  a luminum 
etchant (HaPO4: 76, CH3COOH: 15, HNO3: 3, H 2 0 : 5  
by volume) containing a small amount  of ammonium 
fluoride, NH4F. 

To express the degree of bevel  or taper angle prefer-  
entially, the bevel  etch factor was defined in Eq. [1], 
which is the reciprocal of the usual definition of etch 
factor. In this way the value of bevel  etch factor better  
expresses the degree of beveling a luminum at its edge 
during etching 

Bevel  etch factor ---- d/t [1] 

where t is the thickness of evaporated a luminum and 
d is the extent  of bevel ing measured f rom the bottom 
edge of the aluminum. 

Bevel  etch factor was measured by a microscope at 
400X "magnification. When the bevel  etch factor is 
smaller  than unity, l ight reflected from the bevel sur-  
face will  be scattered and not reach the microscope 
field of view. In this case the measured bevel  etch 
factor is smaller  than its actual value. As a correction 
for the effect of l ight in this case, a value of t/2 (t is 
the a luminum thickness in micrometers)  must be 
added to the measured value of bevel  etch factor, be- 
cause the actual value of bevel  etch factor measured at 
zero or near zero was observed equal to t/2. 

Results and Discussion 
Figure  1 shows how the bevel  etch factor varies 

when changing oxide film thickness with anodizing 
t ime for a fixed value of anodizing voltage at 1.0V. 
Etchant  used was 3/100 or 4/100; these are the volume 
ratios of ammonium fluoride to the a luminum etchant. 
This figure may be roughly divided into two regions on 
either side of a 1000A film thickness. When the oxide 
film is in the range 0-400A. both the value of bevel 
etch factor and its var iabi l i ty  were  ex t remely  large; 
they both decreased sharply with increasing oxide film 
thickness, reaching min imum values at a thickness near 

4/~00 

ku ~ I 

N 

\ T 

0 ;000 2000 3000 

THICKNESS OF ANODIC OXIDE FILM (A)  

Fig. 1. Variations of bevel etch factor with thickness of anodic 
oxide film formed at an anodizing voltage of 1.0V. Content of am- 
monium fluoride in aluminum etchant and types of photoresist are 
taken as parameters. 

1000A. The first region is defined by a thickness range 
0 to near  1000A, where  the bevel etch factor decreased 
f rom its initial value to a minimum. Oxide film thick- 
ness in the region of the min imum was in the range 
500-1000A, depending on type of resist and composition 
of the etchant. 

The second region, as seen in Fig. 1, defines a range 
of oxide film thickness in which the bevel  etch factor 
tends to increase gradual ly  f rom its min imum value; 
the rate of increase differs with type of resist and 
composition of the etchant. With OMR81PL resists, 
the rate of increase in the bevel  etch factor wi th  thick-  
ness was ex t remely  large, and varies appreciably with 
composition of the etchant. Bevel  etch factor for 
OMR83 and KTFR resists maintained almost constant 
values of 0.5 ~1.5 over the range 700-2500A. The bevel 
profile of a luminum obtained using the conventional  
a luminum etchant without  forming the anodic oxide 
film exhibi ted a near ver t ical  slope at the top edge 
and curved cyl indrical ly towards the bottom edge. In 
this case, the value of bevel etch factor was measured 
at zero or near zero. 

Figure 2(a) top shows beveled a luminum patterns 
for the first and second regions of Fig. 1. In the first 
region, part ial  etch undercut  is seen to occur, thereby 
result ing in large values of bevel etch factor. This may 
be caused by preferent ia l  attack at the photores is t /  
oxide film interface due to loss of adhesion between 
photoresist and the oxide film during etching. In this 
region, controlled beveling could not be attained. 

A bevel with constant slope was obtained in the 
second region, as seen in the bot tom of Fig. 2(a) ,  and 
Fig. 2(b) ,  where  SiO2 was deposited to del ineate  the 
beveled a luminum surface. Bevel  etch factor depends 
on etch rates of the interface layer  which relates to 
adhesion between photoresist  and the oxide film, the 
oxide film and the a luminum itself. It wil l  be impos- 
sible to control etch rates of the interface layer  and 
the oxide film separately. Thus, bevel  etch factor is 
considered to be determined by etch rates of the com- 
posite layer consisting of the interface layer  and the 
oxide film, as shown in Fig. 3, and the aluminum. 
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Fig. 2(a) Beveled aluminum patterns for the first and second 
regions shown in Fig. 1. 

Expressing etch rate of the composite layer and the  
a luminum as U1 and U2 respectively, the angle e of 
the etched edge slope of a luminum is given by Eq. [2], 
as shown in Fig. 3 

e - '-" arc sin (UJU1) [2] 

Here, it is assumed that etch rate of the composite 
layer is that of lateral  attack, and etching in a luminum 
proceeds isotropically. The cross section in Fig. 2(b) 
corresponds to the case of Ut/U2 = 2 ,~ 2.4, giving 
0 = 30 ~ 25 ~ from Eq. [2]. 

,Figure 4 shows how etch rates for OMR81PL resist 
of the composite layer  Ut and a l u m i n u m  U2 change 
with content of ammonium fluoride in the a l u m i n u m  
etchant; a 1500A oxide film and an anodizing voltage 
of 1.0V are used. Etch rate of the a luminum decreased 
gradual ly  with increasing ammonium fluoride, and be- 
came constant at an ammonium fluoride content ex- 
ceeding 3/100. On the other hand, etch rate of the com- 
posite layer is smaller than that of the a luminum when 
the content of ammonium fluoride is low, and increases 
with NH~F content. Etch rate of the composite layer is 
seen to be identical with that of the a luminum at an 
NH~F content of near 1.7/100, where Ut and U2 curves 
in Fig. 4 intersect. Under  this condition, bevel etch 
factor becomes uni ty  for an a luminum thickness of 
1.0# from Eq. [1] because ~ becomes 45 ~ by put t ing  
U2/U~ ---- 1 into Eq. [2]. When the content  of am- 
monium fluoride exceeds 1.7/100, etch rate of the com- 
posite layer becomes larger than that  of the a luminum.  
This results in an increase in the bevel etch factor, as 
shown in the second region for OMR81PL of Fig. 1. 

Figure 5 il lustrates how the film thickness of 
OMR81PL resist and its corresponding bevel etch fac- 
tor vary  with oxide film thickness, when exposure 
t ime to light was varied from 2 to I6 sec at a constant 
value of light intensity.  Resist film thickness is a slowly 
decreasing function of oxide film thickness, with expo- 
sure t ime as a parameter.  But, its corresponding bevel 
etch factor shows different behavior  in the first and 
second regions. In the first region, bevel etch factor 
decreases appreciably with oxide film thickness, and 
displ.ays a larger value for shorter exposure t ime cor- 
responding to thin resist film. That  is, the value of 
bevel etch factor is seen to be related to resist film 
thickness as a function of exposure time. This may in-  
dicate that etch rate of the interface layer, which de- 
pends on adhesion between photoresist and the oxide 
film, becomes an influencing factor in de termining  
bevel etch factor. 

In  the second region bevel etch factor increases with 
oxide film thickness, although resist film thickness 
varies according to exposure t ime and decreased slowly 
with film thickness as in the first region. This is a r e -  

Fig. 2(b). Beveled aluminum for the second region showing a con- 
stant slope of e = 25 ~ at the beveled surface. 
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Fig. 3. Schematic illustration of etching for a composite layer 
consisting of interface layer and anodic oxide film. 
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aluminum U2 with content of ammonium fluoride, OMR81 resist. 
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verse tendency to tha t  of the  first region. Thus, be-  
havior  of bevel  etch factor  in the second region cannot  
be expla ined  in te rms of the  etch ra te  of the in ter face  
layer  vs. the resis t  film thickness  which is control led  by  
exposure  time. 

The anodic oxide film consists of a porous l aye r  
which grows wi th  anodizing time, and a ba r r i e r  l aye r  
de te rmined  by  the anodizing vol tage  (10). Var ia t ions  
of the  composite l ayer  s t ruc ture  wi th  oxide film th ick-  
ness are shown schemat ica l ly  in Fig. 6(a) ,  (b) ,  and 
(c). When oxide film thickness is far  be low 1000A, the 
porous layer  is also so thin that  adhesion be tween  
photoresis t  and the oxide film wil l  be poor. This wil l  
resul t  in a la rge  value  of bevel  etch factor  as in the  
first region. At  a round  1000A, the porous layer  becomes 
th icker  and photores is t  adhesion wil l  be enhanced giv-  
ing a slow etch ra te  of the interface layer .  Thus, etch 
ra te  of the composi te  layer  will  be de te rmined  by  the 
ba r r i e r  l ayer  wi th  a slow etch rate,  resul t ing  in a 
smal ler  value of the bevel  etch factor. 

When oxide film thickness is fu r the r  increased be-  
yond  1000A, porous layer thickness will be increased 
although the barrier layer does not change with oxide 
film thickness. As a result, the porous layer will exert 
a predominant influence on etching characteristics, and 
etch rate of the composite layer will be increased, giv- 
ing rise to a larger value of bevel etch factor. Thus, as 
shown in Fig. i, there appears a minimum value of 
bevel etch factor at a thickness near 1000A. 

In the case of OMR83 and KTFR resists, as shown in 
Fig. I, bevel etch factor in the second region is not 
largely altered by oxide film thickness. This cannot be 
explained by the processes as stated above, but dif- 
ferences in chemical composition of photoresist mate- 
rials may be involved in connection with the anodic 
oxide structure as illustrated in Fig. 7 (a) and (b). 

Since the polymetric composition of OMRSIPL is 
natural cisrubber, it is believed that the high polymers 
such as proteins and similar types are included in the 
rubber (9). The size of the polymer molecule after 
polymerization is, therefore, considered to be of the 
same order of magnitude as the diameter of the pore 
of the porous layer, ~ITOA (i0). Thus, the resist may 
not flow completely into the pores, but covers the 
pores as seen in Fig. 7(a). Then, the etch rate of the 
composite layer for OMR81PL will be determined pre- 
dominantly by the etch rate of the porous layer which 
increases with oxide layer thickness as stated previ- 
ously. 

In the case of OMR83 and KTFR resists, on the 
other hand, the polymer molecule will be sufficiently 
small compared to the pore diameter because these 
resists are said to be synthetic rubber (9), and the 
pores will be completely filled with resist as seen in 
Fig. 7(b), eliminating effects of the porous layer on 
etch rate. Thus, etch rate of the composite layer asso- 
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Fig. 6. Schematic illustration of changes in structure of com- 
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oxide film thickness. 
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sists. 
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ciated with OMR83 or KTFR resist will not be pre-  
dominant ly  influenced by the etch rate of the porous 
layer, although it increases with oxide film thickness, 
but  by that of the barr ier  layer determined by the 
anodizing voltage. This will explain the small de- 
pendence of bevel  etch factor for O~.~.83 or KTFR in  
the second region on the oxide film thickness for an 
anodizing voltage of 1.0V as shown in Fig. 1. But, when 
the anodizing voltage becomes lower, it was observed 
that etch rate of the porous layer, ra ther  than the bar-  
rier layer l imited over-al l  etch rate. 

Figure 8 shows the variat ion of bevel etch factor for 
OMR83 resist when changing the anodizing voltage 
from 0.5 to 3.0V with oxide film thickness as a pa ram-  
eter. When the anodizing voltage is above 1.0V, the 
thickness dependence of bevel etch factor and its var i -  
ation with anodizing voltage are seen to be small. On 
the other hand, when the anodizing voltage drops 
below 1.0V, the bevel etch factor increases with de- 
creasing voltage, and its dependence on thickness of 
the oxide film becomes pronounced par t icular ly  for 
increasing oxide film thickness. When comparing oxide 
films having the same film thickness but  different 
anodizing voltages, the film anodized at a lower voltage 
has a larger porous layer thickness than the film pro- 
duced with a higher anodizing voltage. This may be 
explained by considering that with decreasing anodiz- 
ing voltage, etch rate of the porous layer  becomes a 
l imit ing factor for the composite layer  ra ther  than 
etch rate of the barr ier  layer. 

S u m m a r y  
Beveling of an a luminum edge for mul t i layer  metal  

circuitry was performed by forming a porous anodic 
oxide film on a luminum during conventional  photore- 
sist and a luminum etch processing. The a luminum 
etchant employed contained a small amount  of am- 
mon ium fluoride. The bevel etch factor was found to 
vary  largely with anodic oxide film thickness, content 
of ammonium fluoride, and type of photoresist. 

Bevel etch factor vs. oxide film thickness curves 
were divided into two regions on either side of a thick- 
ness near  1000A. In  the first region, with the oxide 
thickness in the range 0 to near 1000A, the value of 
bevel etch factor and its variat ion were so large the 
controlled beveling could not be attained. This may be 
due to partial  undercut  at the interface between photo- 
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Fig. 8. Variations of bevel etch factor for OMR83 resist with an- 
odizing voltage with anodic oxide film thickness as a parameter. 

resist and the oxide film. As the oxide film approached 
1000A in thickness, the bevel etch factor declined to a 
m i n i mum value. 

In the second region above 1000A, the bevel etch 
factor tended to increase from its m i n i mum value with 
oxide film thickness; the rate of increase differed with 
types of resist and composition of etchant. The beveled 
surface in this region varied l inearly at a constant 
slope determined by etch rate of the composite layer 
U1 and that of the a luminum U2. Etch rates were 
found to be controlled by the content of ammonium 
fluoride. 

The increase in bevel etch factor with oxide film 
thickness was observed predominant ly  for OMR81PL 
resist. This can be explained by assuming that the l im-  
it ing factor of etch rate of the composite layer  U1 
changes from etch rate of the barr ier  layer  to that of 
the porous layer with increasing oxide layer thickness 
at a constant anodizing voltage. For OMR83 and KTFR 
resists, however, the variat ion of bevel etch factor 
with oxide film thickness was not  so pronounced. The 
results were explained by assuming that etch rate of 
the composite layer may be influenced by its structure, 
which is determined by the chemical composition of 
resists and the pore diameter  of the anodic oxide film. 
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Ion implanta t ion  has become established as a useful 
process for MOS device manufacture.  In  this use the 
implanta t ion process determines the positioning of the 
electrically active atoms. Fur ther  processing consists 
of low temperature  anneal ing whose pr imary  function 
is to r e tu rn  the implanted atoms to full  electrical ac- 
tivity. 

For processing bipolar IC's, ion implanta t ion is used 
pr imar i ly  as a means of obtaining the uniform and 
reproducible deposition of electrically active impur i ty  
atoms. This is usual ly  followed by high temperature  
heat - t rea tments  which result  in the redistr ibution of 
these deposited atoms. Such heat - t rea tments  include 
the oxidation of the surface silicon as well as the in-  
diffusion of additional chemical species. The interaction 
of these hea t - t rea tments  with the radiat ion defects in-  
troduced by the prior ion implanta t ion  has been shown 
to result  in the generat ion of stacking faults and dis- 
location loops capable of affecting device performance 
(1). 

Uniformity of Ion-Implanted Impurity Deposition 
The interest  in applying ion implanta t ion as a depo- 

sition technique in the processing of bipolar integrated 
circuits stems from two sources, the inherent  un i form-  
ity obtainable over an entire wafer surface and the 
reproducibil i ty from wafer to wafer. This uniformity  
was evaluated by measur ing the resistance of identical 
10[~ resistors for 82 IC's which fitted over a 2 in. 
diameter wafer. The resistors were generated by im- 
p lant ing a fluence of 2.5 • 1013 p3~ cm-2 at an energy 
of 100 keV. The background was a p-well  similar to 
that used in CMOS construction. Implanta t ion was 
carried out at room temperature  using commercially 
available equipment.  The coefficient of variation, i.e., 
the s tandard deviat ion divided by the average resistor 
value was 1.0%. This uniformity  is reflected in the un i -  
formity of electrical parameters  when ion implanta t ion 
is used as a processing technique. 

Experimental Study 
This s tudy was based on a specific IC design which 

had been successfully produced for several years by a 
triple diffusion technique for which a detailed per- 
formance record was available. The three chemical 
diffusions begin with an arsine collector deposition and 
drive. The base is formed by a BN deposition and a 
two-stage drive, first in wet N2 and then in dry N2. h 
PH3 emit ter  diffusion completes the diffusions. Test 
diodes permit ted easy evaluat ion of aIt the following 
pn junctions:  the n - p -  collector-substrate junction. 
the p + n -  base collector junction,  the n+p  + emit ter-  
base junct ion and the n+p  - emit ter  substrate junction. 

Experience indicated that the base deposition was 
the most critical diffusion operation and it was chosen 
for replacement with an implanta t ion of 1.2 • 101~ B n 
cm -2 at 30 keV. The chemical emitter  diffusion and 
other steps were main ta ined  without change with one 
exception. Unless special precautions were taken with 
the base drive, heavy stacking fault  concentrations re-  
sulted. These were found to correlate with excess leak-  
age in the n+p  + junctions. 

* Electrochemical  Society Active Member.  
Key  words:  t e rna ry  defects, s tacking faults, leakage currents .  

Ternary Defect Generation 
Anneal ing processes which result  in complete re tu rn  

of implanted ions to electrically active subst i tut ional  
positions usual ly leave a concentrat ion of microdefects 
of a size requir ing transmission electron microscopy 
for their  individual  dist inction (2). These have been 
referred to as secondary defects (3). Ini t ial  studies 
have shown that the thermal  oxidation of silicon sur-  
faces containing B atoms implanted at room tempera-  
ture causes the small extrinsic dislocation loops to ex- 
pand by several orders of magni tude into dislocation 
loops large enough to be easily detected by chemical 
etching and optical microscopy (1). These are referred 
to as te rnary  defects. 

The combinat ion of wet oxidation for 1 hr at 1100~ 
with Sirtl  etching was found to result  in easily dis- 
cernable te rnary  defects when applied to ion implanted 
surfaces. Figures 1 and 2 i l lustrate the defects found 
for implantat ions of 101~ and 1015 B cm -2. The upper  
le f t -hand corner of the i l lustrat ion was shielded from 
implanta t ion by the re ta in ing chip which held the sili- 
con wafer in position during the implantation.  The 
te rnary  defects associated with the 101~ B cm -2 im- 
plantat ion appear to be an array of individual  stacking 
faults, those associated with the 1015 B cm-~ implanta-  
t ion contain stacking faults superimposed over a back- 
ground of fine substructures.  This is i l lustrated in Fig. 
3, where the fine substructure appears to consist of 
short defects, 0.5-1# in length, grouped in radial arrays. 
High temperature  anneal ing t reatments  in dry N2 were 
found effective in prevent ing the generat ion of te rnary  
defects (1). 

Diffusion into Ion Implanted Surfaces 
The all-chemically diffused process utilizied a BN 

deposition followed by a two-step drive consisting of 
15 rain wet N2 followed by 30 rain dry N2, both at 
I140~ Windows were opened in the oxide and the 
emitters were indiffused with PH3. When ion implanta- 
tion of B was substituted for BN deposition, the test 
diodes for the n-p-, p+n-, n+p -, and n+p + junctions 

Fig. 1. Ion implant boundary, 101~ B cm -2, 30 keV, (100) wet 
oxidized at 1100r for 1 hr, Sirtl etched 30 sec. Magnification 
405X. 

830 
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Fig. 2. Ion implant boundary, 1015 B cm -2,  30 keV, (100) wet 
oxidized at 1100~ for 1 hr Sirtl etched 15 sec. Magnification 
405X. 

Fig. 4. Ion implant boundary, base deposition 1.2 • 1015 B cm -2 ,  
30 keV, base drive 15 min wet N2, 30 min dry N2, both at 1140~ 
standard PH~ emitter, Sirtl etched 15 sec, Nomarski phase contrast. 
Magnification 476X. 

Fig. 3. Scanning electron micrograph, 1015 B cm -2,  30 keV (100) 
wet oxidized at 1100~ for 1 hr, Sirtl etched 15 sec. Magnification 
6000X. 

were evaluated.  Similar  characterist ics were  found for 
chemical ly  deposited and ion implanted bases except 
for the n+p + diodes. Here the leakage at reverse  bias 
was much greater  for the ion implanted  diodes. 

To reduce the generat ion of te rnary  defects without  
substant ial ly changing the processing procedure, the 
base dr ive was changed from 15 min wet, 30 min dry, 
to a 15 rain dry, 15 min wet, and 15 min  dry sequence. 
The leakage current  for three sizes of n+p + test diodes 
for these two dr iving conditions is g iven in Table I. 
The introduct ion of a dry N2 anneal  at the beginning of 
the drive results in a leakage that  is kept  at, or below, 
the level  associated with  the a l l -chemical  process. 

Figures 4 and 5 i l lustrate emit ter  and base areas 
subjected to Sirt l  etching to bring out defect s truc- 
tures. They represent  structures that  are identical ex-  
cept for being subject to different annealing cycles. 
The difference in their  electrical  propert ies  is described 

Table I. Correlation of base drive with leakage 

Average leakage current in pA, VR ---- 3V 

D r i v e  t r e a t m e n t  0.1 sq, m i l s  0.5 sq. m i l s  2.0 sq. m i l s  
15 m i n  w e t  N2 
30 rn in  d r y  N~ 2.3 • 10 ~ I0  • 103 47 x 1{} ~ 

at I140~ 
15 m i n  dr:," N2 
15 m i n  w e t  N.- 1.1 2.1 7.0 
15 rn in  d r y  N= 

a t  1140~ 

Fig. 5. IC surface, base deposition 1.2 • 1015 B cm -2 ,  30 keV, 
base drive 15 min dry N2, 15 wet N2, 15 min dry N2, all at 
1140~ standard PH3 emitter, Sirtl etched 15 sec. Magnification 
405X. 

in Table I. The upper  area in Fig. 4 was shielded f rom 
ion implantation. The darkened cross-hatched areas, 
characterist ic of s t ructural  defects appear in the emit -  
ter  areas only where  they are superimposed over  the 
ion implanted base areas. For  Fig. 5, where  the base 
drive included an initial anneal  in dry N2, no such 
s tructural  defects appeared in any of the diffused emit-  
ter  areas. 

The presence of stacking faults and edge dislocations 
has been associated with soft junctions and emi t te r -  
collector pipes in a l l -chemical ly  diffused npn struc- 
tures (4, 5). Such pipes were  found only under  the 
phosphorus-diffused emit ter  areas and not in the re-  
mainder  of the base area. This suggested a model  that  
the pipes are a result  of enhanced phosphorus diffusion 
along crystal l ine defects (4). The addition of gold in-  
creases the junct ion leakage suggesting that  the pre-  
cipitation of gold or other  fast diffusers on the defects 
passing through the collector-base junct ion may  also 
play a significant role (5). 

P a r a m e t e r  Cont ro l  Compar ison  
Table II compares the parameter  distr ibution found 

for a lot of wafers  processed with  chemical diffusion 
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Table II. Parameter control comparison of typical lots 

(Approximately 640 devices of each type represented) 

Average  value  
Parameter  Chem Ion 

Coefficient Average  
of  variation coefficient of  
% w a f e r  to  v a r i a t i o n  % 
w a f e r  a r r ay  w i t h i n  a wa fer  

8 w a f e r s  80 samples  
wi th in  lo t  pe r  w a f e r  

C h e m  Ion  C h e m  Ion 

Pinched resistor 
(K) 4.64 6.83 14 7.9 14.5 7.6 

N P N  transistor 
B e t a  26.9 34.0 18.8 10.2 25,5 15.3 
VB~mv~ 692 774 0.6 0.5 0.9 0.7 
VSAT(mV) 22.6 43.8 20.7 2.9 26.0 8.2 

P N P  transistor 
Beta 15.4 15.0 16.9 6.9 8.5 4.1 
VBE~mV) 713 723 0.2 0.4 0.25 0.3 

Points outside of  computed 3# have been deleted in final calcula- 
tion. 

only with the parameter  distr ibution found when an 
ion- implanted  base is subst i tuted for BN deposition. 
The average electrical parameters  for both production 
techniques were very  close with the exception of the 
VSAT values. This is a t t r ibuted to the fact that the Q 
value for the collector deposition was chosen to be 
substant ia l ly  less for the case where the base was ion 
implanted than for the case where the base was chemi- 

cally deposited. It  is noted that the ion- implan ted  
group exhibits significantly greater uni formi ty  over 
individual  wafers and greater reproducibil i ty from lot 
to lot. 
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Using a Scanning Electron Microscope 
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Presently,  layer thickness measurements  of mul t i -  
layered GaAs-GaA1As mater ia l  are usual ly made by 
optically viewing samples that  have been mechanical ly 
lapped at a shallow angle and etched to reveal  the in-  
terfaces of thin layers. This technique suffers from two 
major  defects: (i) it is inheren t ly  destructive and 
wastes material ;  and (ii) polishing-induced scratches 
obscure micron-size defects. An al ternate method of 
layer thickness measurement  requires cleaving a facet 
perpendicular  to the epitaxial  layers, etching to 
achieve topographic dist inction among the layers, and 
then observing wi th  a scanning electron microscope 
(SEM). This method also has drawbacks which are 
often important :  (i) the etching (part ial  destruction) 
of the laser mirror  surface makes the method unsui t -  
able for s tudying a device which is subsequent ly  to be 
used; (ii) cleaving faults, often produced in as-grown 
wafers, can parallel  and be indist inguishable from the 
etch-revealed layer  interfaces; (iii) "highlights" and 
shadows associated with etch-revealed edges can often 
make the thickness determinat ion of thin layers some- 
what  uncer ta in;  and (iv) some etchants have the effect 
of producing sloping facets at interfaces so that sub- 
sequent viewing with the SEM can misleadingly reveal 
addit ional layers (1). 

This paper discusses a third method of layer thick- 
ness measurement  which allows a sample without prior 
t rea tment  to be measured quickly using the SEM. 
Since no etching of the cleaved face is required, this 
technique is appropriate for observations of micron-  
size defects, for layer thickness or taper de termina-  

Key words: SEM, GaAs, semiconductor,  laser, epilayer.  

tions, etc., in devices that  are to be subsequent ly  used. 
An acronym which serves as a convenient  shorthand 
notat ion and which describes our technique is 
ACABOB (Adjus lment  of Contrast, Amplifier type, 
Brightness, Orientat ion and Beam current ) .  The en-  
hanced contrast in our case is related to signal proc- 
essing and should be distinguished from what is com- 
monly  known (2) as the voltage-contrast  technique. 
In the lat ter  case, contrast at a p -n  junct ion is achieved 
by applying an external  d-c voltage across the speci- 
men; this is unnecessary in our case. It should be 
noted that scanning electron micrographs somewhat  
similar  to our Fig. 2-4 have appeared in the l i terature 
(3) but  no discussion of the techniques employed has 
been given. 

When one attempts to accurately measure the spatial 
variations in thicknesses of epitaxially grown layers of 
GaAs-GaAIAs laser material,  it is convenient  to view 
these layers in an end-on  fashion. If a smooth and 
clean surface, as would be obtained by properly cleav- 
ing this material,  is oriented normal ly  to the pr imary  
beam, the variations in the image formed by Second- 
ary Electron Emission (SEE) can be at t r ibuted ent i rely 
to changes in work function caused by changes in im- 
pur i ty  doping and material  composition of the various 
layers. Under  normal  operating conditions, these vari-  
ations are extremely small compared with the over-al l  
image intensi ty and meaningful  determinat ions are dif- 
ficult to make. The purpose of this paper is to describe 
a technique for greatly enhancing these variat ions and 
to i l lustrate the application of this technique for char- 
acterization of epitaxially grown GaAs-GaA1As laser 
material.  



VoL 122, No. 6 GaAs-GaA1As H E T E R O S T R U C T U R E  M A T E R I A L  833 

A major  component  of the image formed by SEE is 
noise. Noise can be detected as backscattered electrons 
(those electrons emerging from deeper regions of the 
pr imary  beam interact ion volume and hence from a 
larger region of surface area) or as unwanted,  self- 
generated signals in the electron detection and imaging 
system. Unfor tunately ,  under  normal  operat ing condi- 
tions the noise fluctuations are often larger than the 
variat ions due to the specimen's compositional differ- 
ences. In  an effort to improve the s ignal- to-noise  ratio 
it has been found that the number  of electrons reach- 
ing the sample can be increased by decreasing the cur-  
rent  in the first condenser lens. This results in an in -  
creased pr imary  beam diameter  at the sample surface 
and thus decreases the resolution of SEE. The major i ty  
of SEM's present ly  in use have an absolute resolution 
of 100A in  the SEE mode. Since the layer  thicknesses 
of interest  are usual ly  greater than 0.1~, we can toler-  
ate some degradat ion in resolution. In  practice we find 
the improvement  in s ignal- to-noise (which is p r imar-  
ily a function of the beam area) is greater than the 
loss of resolution (which is pr imar i ly  a funct ion of the 
beam diameter) ,  and we can usual ly  find a point  at 
which both parameters  are satisfactory. The resul t ing 
improvement  in the discr iminat ion of in tensi ty  var ia-  
tions of the image formed by SEE is still often insuf-  
ficient to allow easy identification of layer  interfaces .  
Therefore, several addit ional electronic image process- 
ing techniques are employed to maximize these var ia-  
tions. 

The image from SEE (or any other mode) is typi-  
cally amplified, electronically processed, and then dis- 

played on a cathode ray tube (CRT). Since the CRT 
phosphor has a l imited dynamic range, the image pro-  
duced by  SEE must  be conf ined  within that  range  
through video image processing. The a-c (contrast) 
and the d-c (dark level) portions of the video signal 
can be separately controlled. Small  variat ions in am-  
pli tude in an image can be maximized by increasing 
the contrast unt i l  the ma x i mum signal variat ions are 
as large as the useful range of the CRT and then by 
decreasing the dark level unt i l  the signal variat ions 
fall wi th in  that range of the CRT (4). In  addition, it  
has also been suggested (4) that the use of a logari th-  
mic circuit e lement  (7-control)  will reduce the con- 
trast  variat ion when one region of the image has a 
much greater ampli tude than  the remainder  of the im-  
age. Without the 7-control, contrast  would be l imited 
by the need to keep the largest  ampl i tude wi th in  the 
range of the CRT. Figure  1 i l lustrates these techniques. 

Figure la  is a schematic of double heterostructure 
gal l ium arsenide laser mater ia l  and the other figures 
are single line waveforms of SEE from this material .  
Figure lb  displays the waveform which would result  
from the use of the l inear  video amplifier and the 
"normal"  sett ing of the dark  level for our SEM. The 
useful range of the CRT is bracketed at the left. The 
ampli tude of the image from SEE for the metal  con- 
tact is much greater  than  the ampli tude of the image 
from SEE for GaAs and appears above the useful 
range of the CRT. Figure lc shows the result  when a 
logarithmic video amplifier is introduced. The signal 
from the metal  contact is now wi th in  the range of the 
CRT but notice that the contrast differences of the 
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Fig. 1. (a) A schematic of 
double heterostructure GaAs- 
GaAIAs laser material with an 
.-tpye GaAs substrate, an N- 
type GaAIAs ternary layer, a 
p-type GaAs active layer, a P- 
type GaAIAs ternary layer, a 
p-type GaAs cap layer and a 
metal contact. (b) A single line 
scan of secondary electron emis- 
sion (SEE) of the material in (a). 
Normal settings of dark level 
and contrast, and linear amp- 
lification are used. (c) Same 
line scan as (h) with the same 
settings of dark level and con- 
trast, but using logarithmic r  
plification. (d) Same line scan a~ 
(c) with the dark level reduced 
and the contrast increased to 
utilize the maximum dynamic 
range of the cathode ray display 
tube, 
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Fig. 2. Scanning electron micrograph of an untreated, cleaved 
mirror face of a double-heterostructure laser with a metal contact. Fig. 4. Scanning electron micrograph of an untreated, cleaved 

mirror face of a separate confinement heterostructure laser with 
adjacent ternary layers and a thin active layer. 

Fig. 3. Scanning electron micrograph of an untreated, cleaved 
face of a thick optical cavity laser without metallization. 

layers  have  been reduced  to a smal l  por t ion of the use-  
ful CRT dynamic  range.  F igure  ld  uti l izes the ent i re  
dynamic  range  of the CRT to d i sp lay  informat ion  f rom 
layer  differences. As shown, the contras t  has been in-  
creased and the da rk  level  decreased to place the sig- 
nal  wi th in  the useful  range  of the CRT. These tech-  
niques were  employed to make  the scanning e lect ron 
micrograph  of a meta l l ized  double  he te ros t ruc ture  
laser  (5) shown in Fig. 2. 

One fur ther  technique proved useful when examin -  
ing layers  of ma te r i a l  wi th  no metal l izat ion,  such as 

port ions of as -grown wafers.  When  a p r i m a r y  beam 
str ikes a sha rp ly  curving surface such as the  edge of a 
specimen, more  secondary  electrons are  generated.  In  
order  to p reven t  the  edge f rom appear ing  over ly  br igh t  
and "washing out" the in terface  be tween  the first two 
layers,  the normal  to the sample  face is placed at  a 
sl ight  angle wi th  respect  to the p r i m a r y  beam axis 
with the t roublesome edge far thes t  f rom the detector .  
This puts the edge in "shadow" and e l iminates  in te r -  
fer ing "highlights".  With  no metal l izat ion,  a l inear  
amplifier,  r a the r  t han  a logar i thmic  ampli f ier  can be 
employed.  F igure  3 i l lus t ra tes  this technique. Shown 
is a scanning electron mic rograph  of an unmeta l l ized  
thick optical  cav i ty  laser  (6). The br igh t  spots a long 
the edge are d i r t  par t ic les  ex tend ing  over  the  cleaved 
face. 

A severe test  of the resolut ion of the  ACABOB tech-  
nique is the separa te  confinement he te ros t ruc ture  laser  
(7) shown in Fig. 4. This configuration differs f rom 
the double  he te ros t ruc ture  configuration in that  the 
GaAs active l aye r  is sandwiched be tween  four  GaA1As 
layers  r a the r  than jus t  two. The two t e rna ry  layers  
on each side have differing a luminum concentrat ions:  
the outer  l ayer  has 36 a tom per  cent (a /o)  A1; and the 
inner  l aye r  has only 10 a /o  A1. In addition, the active 
l aye r  is only  850A thick. Whi le  al l  in terfaces  can be 
seen, the interfaces be tween  the 10 a /o  t e rna ry  layers  
and the active layer  are less clear  than the interfaces 
in the first two micrographs.  The var iance  in mea-  

Fig. 5. Scanning electron micrograph of an untreated, cleaved face of double-heterostructure laser material, revealing two defects in the 
layers. 
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surements  of the thin active layer using this and other 
micrographs of the same sample is • suggesting 
an abil i ty to detect layers as th in  as 500A. 

The ACABOB technique can also be used to examine 
micron-size defects appearing at the cleaved surface. 
Figure 5 is a scanning electron micrograph of a DH 
structure showing defects in the layers which would 
adversely affect laser operation. These defects are three 
dimensional,  and the cleaved face is a cross section in 
one plane. It appears that the bottom defect has been 
cleaved near  its diameter, while the upper  defect cen- 
ter is either into or out of the paper. The locations of 
the cleave must  be known to properly analyze the 
nature  of the revealed defects. No lapping procedure 
could reveal defects of this magnitude.  

Sample contaminat ion due to. the presence of hydro-  
carbons in the vacuum space of the specimen chamber  
is inherent  in all scanning electron microscopes using a 
hydrocarbon-based diffusion pump fluid. Such con- 
taminat ion  will act as a mask if the sample is subse- 
quent ly  exposed to one of the s tandard etchants (8). 
The increase in rate of contaminat ion with increasing 
pr imary  electron beam current  might seem to be a 
drawback of the ACABOB technique. We do not find 
this to be the case since the contaminat ion can be re- 
moved by cleaning and no evidence of permanent  
specimen damage can be found. 
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D I S C U S S I O N  

S s  

T h i s  D i s c u s s i o n  S e c t i o n  i n c l u d e s  d i s c u s s i o n  of papers  appearing in 
the Journal of The Electrochemical Society,  Vol.  121, No.  8, 9, 10, 
a n d  12; A u g u s t ,  S e p t e m b e r ,  O c t o b e r ,  a n d  D e c e m b e r  1974. 

Thermodynamics and Kinetics of Pack Aluminide 
Coating Formation on IN-100 

S. R. Levine and R. M. Caves (pp. 1051-1064, Vol. 121, No. 8) 
3. M. Trenouth: '  In the paper under  discussion, the 

authors reported that the variat ion in coating weights 
and thicknesses of specimens within a pack was gen- 
erally small whereas there was more variat ion in these 
measurements  between packs. It was noted that this 
lat ter  variat ion influenced coating composition and 
microstructure but  no satisfactory explanat ion for its 
occurrence could be found. 

Such behavior  has been observed in some of the ex- 
per imental  coating work conducted in this laboratory 
(and also noted in other coating results reported in the 
l i tera ture) .  While a number  of coating variables such 
as activator carry-over  and pack permeabi l i ty  as well 
as those mentioned by Levine and Caves in the paper 
under  discussion were considered, it was concluded 
that, in our coating experiments,  the pr imary  variable 
responsible for such coating variat ion was pack tem- 
perature. In  these experiments  it was calculated that 
a 10~ variat ion in coating temperature  would result  in 
a 10% change in coating weight dur ing  deposition of a 
ch romium- t i t an ium alloy coating using processing 
times of 2, 4, or 8 hr at 1300~ Based on their re- 
ported level of temperature  control for the box furnace 
used for coating formation (•176 and their  sub-  
sequently determined tempera ture  dependence of coat- 

N a t i o n a l  R e s e a r c h  Counc i l  of C a n a d a ,  S t r u c t u r e s  a n d  M a t e r i a l s  
L a b o r a t o r y ,  O t t a w a ,  O n t a r i o ,  C a n a d a  K 1 A  ORS. 

ing formation (a +15~C var ia t ion in tempera ture  
giving an 18% increase in coating thickness),  it  is sug- 
gested that  pack temperature  var iabi l i ty  may  ade- 
quately explain the variat ion in coating weights and 
thicknesses between packs noted in the paper being 
discussed. 

S. R. L e v i n e  and  R. M. Caves: We agree that  tem- 
perature control was pr imar i ly  responsible for the 
var iabi l i ty  between packs run  under  the same nomi-  
nal conditions. 

Hall Effect, Schottky Barrier Capacitance, and 
Photoluminescence Spectra Measurements for 

GaAs Epitaxial Layer and Their Correlation 
T. Kotodo and T. Sugano (pp. 1066-1073, Vol. 121, No. 8) 

R. Bhat: 2 With regards to the paper under  discussion 
we wish to point out that when the Fermi  level goes 
below the donor level (Fig. 7 of that  paper) the donors 
will be positively ionized but the acceptors will remain 
neutral.  This can be seen from the following expres- 
sion obtained using detailed balance 

N a -  1 

Na 1 + 2 exp (EA -- E F ) / k T  

where N a -  is the number  of ionized acceptors and Na 
is the total number  of acceptors. Since (EA -- EF) is 
positive for the case being considered, it follows that  
( N a - / N a )  is very small, i.e., most of the acceptors are 
un-ionized. 

e R e n s s e l a e r  P o l y t e c h n i c  I n s t i t u t e ,  School  of Eng ineer ing ,  Troy,  
N e w  Y o r k  12181. 
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The difference they obtain between the var ia t ion of 
the number  of mobile  carriers wi th  tempera ture  and 
the variation of the number  of ionized impuri t ies  with 
tempera ture  is probably due to inaccuracies in their  
theory ra ther  than the presence of impurit ies which 
are undetectable by Schot tky barr ier  capacitance and 
photoluminescence methods. 

T. Katoda and T. Sugano: We thank the above author  
for his discussion of our work. Here  we would like 
to direct his at tention to the change of the shape of the 
distr ibution function as well  as to the shift of the 
Fermi  level  with increase of tempera ture ,  with regards 
to the change of ionized acceptor density as shown in 
Fig. 7 in the paper being discussed. 

For example,  assuming that  the acceptor level  is 
located 0.07 eV above the Fermi  level, that  is EA -- Er  
= 0.07 eV at l l8~ where  the carr ier  density of the 
sample No. 213 begins to increase abrupt ly  as shown in 
Fig. 5 of the paper  under  discussion, we find out that  
electrons t rapped at the acceptor level  increase by 
more than a factor of 50 even if the Fermi  level  goes 
down by 0.01 eV, i.e., EA --  EF = 0.08 eV, with an in- 
crease of tempera ture  to 300~ 

Figure  7, of the paper  under  present consideration, 
which shows the shift of Fermi  level  to a value lower 
than that  of the donor level, ra ther  exaggerates  the 
shift of Fermi  level, but the above numerical  example  
indicates that acceptors can be negat ively ionized at 
room tempera ture  even if the Fermi  level  is below the 
acceptor level.  

Reexamination of Some Aspects of Thermal Oxidation 
of Silicon 

Y. Ota and S. R. Butler (pp 1107-1111, Vol. 121, Na. 8) 
R. It. Doremus:~ The authors of the paper  under  

discussion have concluded that  " there is no acceptable 
model for the processes going on at the gas-oxide 
interface." However,  their  exper iments  do not measure 
processes at the gas-oxide interface, but ra ther  the 
rate of t ransport  of water  through the silica film. A 
model  of molecular  diffusion of water  through the 
oxide film 4 can explain their  results  and those of Deal 
and Grove.~ In this model  water  molecules diffuse 
through the film to the si l icon-oxide interface, where  
they react to form more oxide 

2H20 -}- Si -- SiO2 -}- 2H2 [i] 

The hydrogen formed in this reaction diffuses rapidly 
out of the film. 

Gas molecules dissolve and diffuse in the open struc- 
ture of amorphous silica. 6 Molecules as large as kryp- 
ton and xenon dissolve and diffuse in silica, as well as 
argon, oxygen, water, and smaller molecules. The dif- 
fusion coefficient of water molecules in amorphous 
silica is about 3(10) -9 cm2/sec at 1000~ so the mea- 
sured rates of oxidation of silica by water can readily 
be explained by molecular  diffusion of water.  

In this model  the parabolic rate coefficient B in the 
paper under  discussion should be directly proport ional  
to the water  vapor  pressure, as found in the above-  
ment ioned work  and by Deal and Grove, 5 since the 
molecular  solubil i ty of water  is proport ional  to the 
gas pressure. There  is no conflict with the results of 
Moulson and Roberts, 7 since they measured the con- 
centrat ion of water  that  had reacted with the silicon- 
oxygen lattice to form SiGH groups, not the concen- 

3 M a t e r i a l s  Div i s ion ,  R e n s s e l a e r  P o l y t e c h n i c  I n s t i t u t e ,  Troy,  New 
York  12181. 

~R. It .  Doremus ,  in  " R e a c t i v i t y  of So l ids , "  Mi tche l l ,  DeVries ,  
Rober t s ,  and  Cannon ,  Ed i to r s ,  p. 667, J o h n  W i l e y  a nd  Sons,  Inc.,  
N ew Y o r k  (1969}. 

s B .  E. Dea l  a n d  A. S. G r o v e ,  J. AppL  Phys . ,  36, 3770 (1965). 
6 R. I t .  D o r e m u s ,  " G l a s s  Sc ience , "  p. 121 if, J o h n  W i l e y  a n d  Sons,  

Inc. ,  New Y o r k  (1973). 
v A. M. M o u l s o n  a n d  J.  P. Rober t s ,  Trans. Faraday Soc., 57, 1208 

(1961). 

t rat ion of molecular ly  dissolved water.  The concentra-  
tion of reacted wate r  should be proport ional  to the 
square root of the water  vapor  pressure, as found by 
Moulson and Roberts, because of the react ion 

H~O + St-O-St ---- 2SiOH [2] 

The hydrogen formed in reaction [I] diffuses rapidly 
from the oxide because of the small size of the hydro- 
gen molecule. Addition of external hydrogen pressure 
does not affect the rate of water diffusion or oxidation 
because these molecules diffuse independently in the 
silica lattice. 6 Only if the hydrogen pressure is high 
enough to suppress reaction [i] and make its rate the 
controlling step in the oxidation process would one 
expect to find an influence of hydrogen. Thus the simi- 
larity of oxidation rates with and without hydrogen, as 
found in the paper  being discussed, is consistent wi th  
the molecular  diffusion model. 

Y. Ota and S, R. But ler :  We are grateful  to Doremus 
for pointing out his molecular  diffusion model  for 
H20 transport  in SiO2. 6 This model  is consistent wi th  
the l inear pressure dependence for the oxidation rate 
equat ion coefficient B 5 as he asserts. Further ,  he sup- 
plies a logical rat ionale for the inapplicabil i ty of the 
data of Moulson and Roberts 7 to the analysis of silicon 
oxidation rates of Deal and Grove. 5 Doremus also as- 
serts that  the diffusion coefficient of 3 • 10 -9 cm2/sec 6 
will  account for the observed oxidation rates. 

However,  if we take this value for the concentrat ion 
of dissolved H20, 2.9 X I0 -7 moles/cm ~ 6 (which con- 
verts to 1.7 X 1017 cm -s) and calculate the coefficient 
B we obtain ~2 • I0 -14 cm2/sec, which is nearly 2 
orders of magnitude less than the measured value of 
Deal and Grove 5 at I000~ We cannot therefore agree 
that the oxidation rates can be "readily" explained by 
the molecular solution and diffusion model. In addi- 
tion, if we apply the model of diffusion with chemical 
reaction which Doremus has proposed for H20 trans- 
port in SiO2, 6 we obtain a further reduction in the 
effective diffusion coefficient by two orders of magni- 
tude. We must still conclude that there is no adequate 
model of the process of silicon oxidation. 

The Temperature and Oxygen Pressure Dependence 
of the Ionic Transference Number of Nonstoichiometric 

CeO.2-= 

G. J. VanHandel and R. N. Blumenthal 
(pp. 1198-1202, Vol. 121, No. 9) 

H. L. Tuller s and A. S. Nowick: 9 In the paper under 
discussion VanHandel  and Blumenthal  reported results 
for the ionic t ransference number,  ti, of "pure" CeO2-x 
as a function of Po2 and temperature .  Because these 
results showed maxima in the plot of ti vs.  Po2 at 
590 ~ and 702~ they concluded that  electron holes 
become the dominant  charge carriers at high Poe and 
low T. 

The question of electronic contributions to the con- 
duct ivi ty  of ceria has become part icular ly important  
of late because of interest  in ceria doped with  lower 
valent  cations (e.g. ,  Ca 2+ and y 3 .  ions) as a possible 
solid oxide- ion electrolyte for application in fuel 
cells. 10-12 In recent papers,13, I4 the present authors 
presented results for the system CeO2: 5% Y203 from 

D e p a r t m e n t  of Phys ics ,  Techn ion ,  I-Iaifa, Israel .  
9 H e n r y  K r u m b  School  of Mines,  C o l u m b i a  U n i v e r s i t y ,  New York,  

New York  10027. 
lo T. Takahash i ,  K. I to,  and  H. I w a h a r a ,  in  "Proc .  J o u r n e e s  Int .  

d ' E t u d e  des P i l es  a C o m b u s t i b l e  I I I , "  p. 42, S.E.R.A.I. ,  B r u x e l l e s  
1965). 
1~ M. V. Per f i lov  and  S. F. P a l g u e v ,  in  " E l e c t r o c h e m i s t r y  of M o l t e n  

and  So l id  E lec t ro ly t e s , "  Vol. 4, p. 153, C o n s u l t a n t s  Bu reau ,  N.Y. 
( 19671. 

12 T. T a k a h a s h i .  in  " 'Physics  of E l ec t ro ly t e s , "  Vol. 2, J .  :Hladik, 
Edi tor ,  p. 989, A c a d e m i c  Press ,  L o n d o n  (1972). 

1~ H. L. Tu l l e r  and  A. S. Nowick ,  This Journal,  122, 255 (1975). 
~ H. L. T u l l e r  and  A. S. Nowick ,  in  "Proc .  9th U n i v e r s i t y  Conf.  

on Ceramic  Sc ience ,"  P l e n u m  Press ,  To be p u b l i s h e d .  
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which the electrolyt ic  domain (T-p~  2 region for which 
ti ~-- 0.99) was determined.  It was concluded that  doped 
ceria looked par t icular ly  a t t ract ive as a solid oxide 
electrolyte  at tempera tures  below 800~ In such ap- 
plications it is impor tant  that  electronic contributions 
be kept ve ry  small. Accordingly, it is essential that  all 
sources of electronic carriers be established in this 
range of prospective application. 

In this discussion, we will  demonstrate  that  the 
m a x i m u m  in ti reported in the paper under  discussion 
which led VanI-Iandel and Blumentha l  to propose an 
electron hole contribution, is inconsistent with elec- 
trical conductivi ty measurements  which we have 
made, 15 and we will  a t tempt  to explain the discrepancy. 

Since the reported max imum in ti is a value whose 
magni tude is ~0.5, and since the mobil i ty  of the oxy-  
gen- ion vacancies V"o  is much smaller  than that  of 
electrons and holes, it follows that  the max imum must  
occur in the range where  [V"o] > >  n, p and therefore  
where  the vacancies are pr imar i ly  compensated by im- 
purit ies (mainly Cace) so that  

[Ca"ce] = [V"o] [1] 

In this range, the total conductivi ty may be expressed 
the form16 

trtotal ---- Ci#i -]- Ch#hP02 ~'~ -]- CetzePo 2- ~/4 [2] 

where  the ~'s are mobili t ies and the C's are constants, 
the subscripts i, h, and e refer r ing  to ions (i.e., vacan-  
cies), holes, and electrons, respectively.  The ionic 
t ransference number  is then 

t i  : Ci,ui/O'Lotal [3] 

since Ci~i - ~i is the ionic conductivity. 
One can therefore  invest igate the question of a hole 

contr ibution in this range of Po2 by observing the Po2 
dependence of ei ther  ~ or ti. If the hole contribution is 
significant, Eq. [2] predicts a min imum in r as a func- 
tion of Po2 while Eq. [3] predicts a max imum  in tl, 
such as reported in the paper being discussed. On the 
other  hand, if the hole contr ibution is negligible, 
should decrease with increasing Po2 until  a plateau in 

is reached, the magni tude  of which is determined by 
the constant contribution of r In that case, ti should 
increase toward a saturat ion value close to unity wi th-  
out passing through any maximum.  

A dependence of conductivi ty of the second sort has 
in fact been observed by the present authors '5 in single 
crystal  CeO2 at 635~ Figure  1 shows a plot of ~total 
(normalized with respect to the constant ~i term) as a 

function of Po2 both for the exper imenta l ly  obtained 
values at 635~ and for values der ived from the ti data 
in the work under  consideration at 590~ ~7 While the 
increase in ~totai at low Po2 has been widely  observed 
(and is known to be due to the electronic contribution 
which appears when CeO2 is reduced to CeO.,-~), there  
is no evidence for the increase in Ctotal for p > 10 -4 
atm predicted f rom the data for ti in VanHandel 's  and 
Blumenthal ' s  paper. Rather  the conduct ivi ty  shows a 
slow decrease toward a po2-independent saturat ion 
value. Such a discrepancy between the two sets of data 
would be explained if our sample were  substantial ly 
less pure than that in the paper being discussed. How- 
ever, f rom the absolute conductivi ty values as well  as 
the analysis published by Blumenthal  et M. is in com- 
parison with an analysis of our own material,  it ap- 
pears that, if anything, the al iovalent  cation impur i ty  
content of the mater ia l  in the paper under  discussion 
is sl ightly higher than that of ours. 

15 H. L. T u l l e r  a n d  A. S. Igowick ,  To  be  p u b l i s h e d .  
�9 '; R. A. R a p p  a n d  D. A. Shores ,  in  " T e c h n i q u e s  of Me~:als l:te- 

s e a r c h , "  Vol .  4, B o o k  2, J o h n  W i l e y  a n d  Sons ,  Inc . ,  N e w  Y o r k  
~1970). 

17 A c o r r e c t i o n  fo r  t h e  t e m p e r a t u r e  d i f f e r e n c e  w o u l d  m a k e  t h e  r i s e  
in  the  c u r v e  of Fig .  1 f r o m  the  p a p e r  u n d e r  d i scuss ion  s l i g h t l y  less  
s teep ,  bu t  n e v e r t h e l e s s  i t  w o u I d  be  c l e a r l y  p r e s e n t .  

is R. N. B l u m e n t h a l ,  F .  S. B r u g n e r ,  a n d  J .  E. G a r n i e r ,  This Jour-  
nal, 120, 1230 /1973).  

16 I I I I I 

1 4 -  

1 2 -  

6 - -  

4 -  

2 - -  

A 

10 _o 
e- 
o 

"_e 
o 

0 % 
\ 

A 

# 

/ 
s 

/ 

j .  
% 

% 

s 
~ - 

A A 

I I I I I 
0 2 4 6 8 10 12 

- log Po z 

Fig. 1. Isothermal plots of ~total/~i vs .  log po 2 from direct mea- 
surements and as calculated from ti data in paper under discussion 
by VanHandel and Blumenthal. � 9  Calculated from the work of 
VanHandel and Blumenthal at 590~ A ,  measured by Tuller 
and Nowick 15 at 635~ 

In seeking the cause of this discrepancy, we wish to 
note the possibility that the exper imenta l  apparatus 
used in the work  being discussed is subject to errors in 
the determinat ion of ti due to possible leakage and 
mixing of gases between the cathodic and anodic 
chambers. From the equat ion relat ing the measured 
emf of the cell to ti 

Emeas : (RT/4F)  ti ln(po2'/P02) [4] 

it is clear than any unaccounted-for  mixing of gases 
between the two chambers will  always result  in a 
calculated value of t~ which is less than the t rue  value. 
Such leakage would be expected to be a more serious 
problem at the lower tempera tures  of this exper iment  
due to a decrease in viscosity of the Py rex  "O"- r ing  
used. This, in addition to possible polarizat ion prob-  
lems at these lower temperatures,  could explain the 
apparent  maxima obtained in the paper being dis- 
cussed. In fact, pre l iminary  cell measurements  in our 
laboratories, in which a calcia-stabil ized zirconia ref-  
erence electrolyte was employed to avoid the problem 
of gas leakage, do not indicate the appearance of a 
max imum in ti at low tempera ture  and high P02. 

In summary,  it can be said that  the suggestion that  
the electron hole is a significant contr ibutor  to the con- 
duct ivi ty in the range close to s toichiometry is not 
supported by the observed part ial  pressure dependence 
of the conductivi ty in this range. Rather,  a model  in-  
volving impur i ty  compensating oxygen vacancies, 
which give rise pr imar i ly  to ionic conductivity, ap- 
pears to be consistent with the results. Such posi t ively 
charged vacancies also serve to explain the "p- type"  
thermoelectr ic  power  observed in this range. 19 It  ap-  
pears that  the decreasing values of ti at high P02 and 
low temperatures  reported in the paper  under  con- 

19 y .  W i l b e r t ,  J .  J .  Oehlig, and A. D u q u e s n o y ,  C.R.  Acad. Sci. 
Paris, C2~'~ 1960 (1971). 
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sideration may be explained by the occurrence of gas 
mixing and /or  polarization effects. 
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G. J. VanHandel  and R. N. Blumenthal:  In  the pape:  
under  discussion we reported the results of a study 
employing an electrochemical cell technique to mea-  
sure the ionic t ransference number,  ti, of sintered 
specimens of "pure" CeO2-x as a function of P02 and 
temperature.  The results were described in terms of a 
high and low oxygen pressure region. At high oxygen 
pressures ti is controlled by impurities. In  this region 
the electronic conductivity was p- type at lower tem- 
peratures and n - type  at higher temperatures.  No at-  
tempt was made to quant i ta t ively  analyze the data in 
this Po2 region, because the electrical conductivity has 
been reported to be influenced by impurities, e~ In  the 
low oxygen pressure region ti ~ 0.05 when both the 
electronic and ionic conduction is controlled by the 
nonstoichiometric defects. 

The above comments by Tuller  and Nowick suggest 
that  the electron hole conduction in "pure" CeO2-x is 
negligible. They base their a rgument  on the use of the 
following expression (i.e., Eq. [2] in the above discus- 
sion) for the total electrical conductivi ty 

O'total ~ Ci#i  -~- Ch/xhPo2 ~ -~ Ce/zePo2 -1!1~ [1 ]  

and the P02 dependence of a single crystal of CeO2 at 
635~ 

It is difficult to compare directly the transference 
numbers  calculated by the above-ment ioned authors 
with the ti data we obtained using an electrochemical 
cell technique at high Poe and low temperatures,  be- 
cause the departure from stoichiometry 21 is small  in 
this region and thus the electrical conductivity is very 
sensitive to impurities.  We have found, for example, 
the dependence of ~ on Poe is different for sintered 
CeO2 specimens prepared from the same grade of CeO2 
powder. 

'Since we cannot make a direct comparison of the 
results of these two studies, we will demonstrate some 
of the problems associated with calculation of ionic 
t ransference numbers  from Eq. [1] and the P02 de- 
pendence of the electrical conductivity of "pure" 
CeO2-~. 

As an example consider the results of Tul ler  and 
Nowick (see their Fig. 1 above) where the plot of 
1/ti  vs. log Poe would suggest that  ti approaches zero 
asymptotically with decreasing Poe below approxi-  
mately 10 -~2 atm. In  contrast to their  results, our 
direct measurements  of ti at low oxygen pressures 
(in the work being discussed) show that  ti approaches 
a value of approximately 0.05 over a wide range of 
oxygen pressures and temperatures  and thus the non-  
stoichiometric defects (i.e., V"o  and Ce'e~ 21) control 
both the ionic and electronic conduction. Using the 
value of ti ~-~ 0.05 an estimate of the diffusion coeffi- 
cient for doubly ionized oxygen vacancies, Dv"o _~ 
3.5 X 10 -5 cm2/sec, at 1000~ was calculated by com- 
bining recently obtained thermodynamic  x ---- x (Po2,T) 
and conductivity ~ _-- ~(Poe,T) data with the Nernst-  
Einstein relation. Within experimental  error the re- 
sult was in good agreement  with Dv"o ~-- 1.1 X 10 -5 
cm2/sec calculated at 1000~ from the expression for 
Dv"o obtained from a recent electrical conductivity 
study is on CaO-doped CeO2. Informat ion of this type 
could not be obtained from the analysis used by Tul ler  
and Nowick above. In  fact at low oxygen pressures 
(i.e., 10-.~ < x < 10 -2) the electronic conductivity is 
proportional to Po2 -1/5 and Eq. [1] would not be ap- 
plicable.20.21 

~? R. N. Blumenthal ,  P. %V. Lee, and IR. J. Panlener ,  This Journal, 
118, 123 (1971). 

'-~ R. J. Panlener ,  R. N. Blumenthal ,  and J. E. Ga mie r .  J. Phys. 
Chem, Solids, To be published. 

At high oxygen pressures Tul ler  and Nowick report  
that r approaches a plateau with increasing P02 and as 
shown in  Fig. 1 above, ti ~- 1 at P02 ---~ 1 arm. Thus 
according to these authors there is no evidence from 
their s tudy to suggest the presence of any p- type con- 
duction. In contrast to these results of Tul ler  and 
Nowick an invest igat ion of ionic t ransference of CaO- 
doped CeO2 [i.e., ti = t i (CaO,Po2,T)]  using an oxygen 
concentrat ion type cell 22-24 shows that ti ~__ 0.9 (the 
exact value depending on T, P02, and CaO content) at 
high oxygen pressures (i.e., 1 < P02 < 10-4 atm).  The 
absolute value of the ti measurements  has also been 
confirmed in this laboratory using a novel new method 
based on a coulometric type t i t rat ion technique. The 
ti = t i(CaO,Po2,T) data was combined with recently 
reported electrical conductivity data ~ = r 
T )  1s'22:24 and thermodynamic  data x : x(CaO,Po2 ,T)  ~ 
to determine the dependence of the ionic and electronic 
conductivities on CaO content, oxygen nonstoichiom- 
etry, and temperature.  The results of this study show 
that the electronic conductivi ty at high oxygen pres- 
sures (i.e., 1 < P02 < 10 -4 arm) is much larger in  
magni tude than would be expected assuming n- type  
electronic conduction only (i.e., ~e oc Po2-V4). These 
observations can be more easily explained by assuming 
the presence of some p- type conduction. It  is interest-  
ing to note that r is essentially independent  of P02 in 
this oxygen pressure region is and thus according to 
Eq. [1], the calculated value of ti should be equal to 
unity. This calculated value of ti, however, is incon- 
sistent with the above exper imenta l ly  measured value 
o f  ti. 

There may be some question about the presence of 
some p- type  conduction in "pure" CeO.2 at high oxygen 
pressures because of (i) the influence of impurit ies in  
the region near stoichiometry and (ii) the effect of 
possible leaks in the Pyrex seal at lower temperatures  
on the oxygen concentrat ion ti measurements.  How- 
ever, in CaO-doped CeO2-x ' there appears to be some 
evidence for the presence of p- type conduction. 

In  summary  it is the authors '  opinion that analysis 
of the electronic and ionic conduction based only on 
the dependence o f ,  on P02 provides information only 
about the predominant  type of conduction mechanisms. 
A more reliable determinat ion of the ionic and elec- 
tronic conductivities requires a combined anatysis of 
data obtained from measurements  of ti, ~, and de- 
partures from stoichiometry over a wide range of P02 
and temperature.  

A Simplified Method of Measuring Lifetime Using 
Steady-State Back Illumination of an MOS Capacitor 

c. st. L. Rhodes and C. A. T. Salama 
(pp. 1219-1222, Vol. 121, No. 9) 

W. Zeehnall:26 In  the above-cited work the authors 
reported about a simplified method for de termining 
minor i ty  carrier l ifetime from the t ransient  response 
of a back- i l luminated  MOS capacitor. 

If this method is applied for measur ing lifetime on 
thin silicon slices, the measured lifetime values usu-  
ally are very small and there is but  l i t t le scatter in 
their spatial distribution. This result  does not agree 
with results obtained by the f requent ly  used pulsed 
MOS capacitance method without back i l lumination.  
In this case the measured lifetime values usual ly  are 

~-" G. J. VanHandel ,  Ph.D. Dissertation, Marquet te  Universi ty ,  Mil- 
waukee,  Wisconsin (1972). 

R. N. Blumenthal ,  S. Reddy, and G. J. VanHandel ,  Paper  161 
presented at Electrochemical  Society Meeting, San Francisco, Calif., 
May 12-17, 1974. 

~ S. Reddy and IR. N. Blurnenthal.  This Journal ,  To be published. 
-"~ J. E. Garnier ,  R. N. Blumenthal ,  R. J. Panlener  and  IR. K.  

Sbarma,  J. Phys.  Chem. Solids, To be published. 
.0o Insti tut  ffir Theoret ische Elektrotechnik,  Technisehe H o c h s c h u l e  

Aachen,  51 Aachen,  West Ge rmany .  



Vol. 122, No. 6 DISCUSSION SECTION 839 

much larger and there is a large scatter in  their spatial 
distribution.27-29 

In  order to unders tand  the reason of this disagree- 
ment, a numerical  analysis of the t rans ient  response of 
a back- i l lumina ted  MOS capacitor on n - type  substrate 
was carried out by solving the following differential 
equat ion 

f w(t) p~,  _ ~i  2 

Jge~ = q ~ o  T~o(p + hi) + Tpo(n + hi) dx 

+ q V Dp (pw - 2Cl) 
Tpo 

where 

[i] 

pwVDPexp(~d)--g 
Tpo 

C1 = [2] 

Jgen is the current  flowing normal  to the interface of 
the MOS system, Dp the diffusion coefficient of holes, 
n and p the concentrat ions of electrons and holes, 
w (t) the width of the space charge region, Tno and Zpo 
the low-level  lifetimes of electrons and holes, ld the 
diffusion length of holes, d the thickness of the silicon 
slice, g the optical generat ion rate, and Pw the hole 
concentrat ion at the edge of the space charge region. 

The differential equation consists of a first term 
which considers thermal  carrier generat ion in the space 
charge region according to Shockley, Read, and Hall  30,31 
and a diffusion term which considers diffusion of car- 
riers optically generated on the back of the specimen. 
This current  component causes the interface charge in 
the MOS-system to increase much faster than in the 
case of thermal  generat ion only. 

From the numerical  solution of this equat ion we 
calculated capacitance-t ime plots for an n- type  sub-  
strafe impur i ty  concentrat ion of 3 • 1015 cm -~, a slice 
thickness of 0.2 mm, a gate voltage step from 0 to 
--20V, an oxide thickness of 0.12~, an optical genera-  
t ion rate of 101~ cm -2 sec -1 and various values of gen- 
eration lifetime ~gen ---- Tno -~ ~po. From these theo- 
retical plots we determined lifetime Tph by applying 
Eq. [2], [5], [6], and [7] of the paper under  discussion. 
The result  of this evaluat ion is plotted in our Fig. 1. 

~, G. H. Schwut tke ,  IBM System Product  Div., East Fishkill Labo-  
ratories,  Tech. Rept. No. 1, {Jan. 1973). 

--s D. R. Young and C. M. Osburn,  This Journal, 120, 1578 flg73). 
29W. Zechnall,  Paper  61 presented at Electrochemical Society 

Meeting, Chicago, Ill. May 13-18, 1973. 
roW. Shockley and W. T. Read, Phys.  Rev.,  87, 835 (1952). 
~ R .  N. Hall, ibid., 87, 387 (1952). 
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Fig. i. Lifetime values ~Ph as dependence on generation life- 
time. 

Firstly, the plot shows that  l ifetime values ~Ph are 
much smaller  than generat ion lifetime Tgen. Secondly, a 
change of generat ion lifetime does not cause a change 
of l ifetime 1;ph by the same percentage. For instance, a 
variat ion of generat ion lifetime from 5.5 • 10 -4 to 
5.5 • 10 -3 sec only yields a change of l ifetime Tph from 
1.4 to 4.0 ~sec. Therefore we can conclude that  l ifetime 
values Tph are main ly  controlled by diffusion of car- 
riers optically generated on the back of the specimen. 
This effect causes the values Tph to be much less de- 
pendent  on the actual values Zno and Zpo of low-level  
lifetime in the th in  silicon slice. Therefore the method 
described in the paper under  discussion cannot be ap- 
plied for mater ial  characterization on th in  silicon 
slices. 

C. St. L. Rhodes and C. A. T. Salama: Zechnall's 
comments on the back i l luminat ion  method 82 of mea-  
suring lifetime imply a mis interpreta t ion on his part  of 
the basic principles under ly ing  the method of mea-  
surement.  Zechnall  claims that  the values of l ifetime 
measured using our method are usual ly  very small  
(and exhibit  but  l i t t le scatter in their  spatial dis tr ibu-  
tion) as compared to the measured values using Zerbst 's  
method. 83 Our exper imental  data, 32 however, indicate 
that  when properly implemented  the back i l luminat ion 
method and Zerbst 's method yield almost identical 
values of lifetime. Zevbst's method, as commonly im-  
plemented without  taking into account the position of 
the t rapping level in  the energy gap, yields large 
values of l ifetime par t icular ly  if the dominant  trap is 
not at midgap. ~2 

Equations [1] and [2] in Zechnall 's  comments above 
do not represent the physical s i tuat ion dur ing proper 
implementat ion of the back i l luminat ion  method. 82 
These equations appear (Zechnall, above, has not 
clarified his boundary  conditions) to represent  the case 
of back i l luminat ion using short wavelength light 
which does not significantly penetrate  the silicon, thus 
causing most of the generat ion to occur at the back 
surface. For proper implementa t ion of the back il- 
luminat ion  method, a red or near infrared, l ight -emit -  
ting diode source must  be used to ensure that l ight 
penetrates deeply into the silicon. The back i l lumina-  
tion method requires that, under  steady-state condi- 
tions, the diffusion flux be sufficiently large to ensure 
that the excess carrier density r at the edge of the 
space charge region in the semiconductor is much 
larger than the minor i ty  carrier density under  thermal  
equi l ibr ium conditions. The back i l luminat ion method 
derives the lifetime from an indirect measurement  of 
the steady-state recombinat ion rate in the space charge 
region and from a measurement  of the excess carrier  
density in the space charge region. The lifetime is not 
obtained from measurement  of the diffusion param-  
eters of the silicon slice. 

Furthermore,  the exper imental  implementa t ion  of 
the back i l luminat ion  method requires that the device 
be init ial ly biased in the inversion region. Zechnall 's  
calculations, above, assume an init ial  bias of 0V; as 
well as assuming an optical generat ion rate which is 
insufficient to meet the requi rement  on r ment ioned 
above. Thus, his use of Eq. [2], [5], [6], and [7] in our 
paper under  discussion is not justified. 

One final comment should be made on the order of 
magni tude of the generat ion lifetime quoted by Zech- 
nall. These values appear to be at least one order of 
magni tude  larger than values commonly referred to 
in the l i terature ~4 for high qual i ty  silicon slices. 

C. St. L. Rhodes and C. A. T. Salama,  J. Phys.  D: AppL Phys.,  
6, 1798 [1973) 

D. K. Schroeder and H. C. Nathanson,  Solid State  Electron., 18, 
577 (1970). 

s~ D. K. Sehroeder  and J. Guldberg,  ibid., 14, 1285 (1971). 
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The Incorporation of Phosphorus in Silicon Epitaxial 
Layer Growth 

J. Bloem, L. J. Gilling, and M. W. M. Graef 
(pp. 1354-1357, Vol. 121, No. 10) 

S. E. Craig, Sr.: a~ In  the paper under  discussion 
J. Bloom e t a l .  present  informative data on the elec- 
trically active phosphorus concentrat ion in silicon de- 
posited from a feed gas mix ture  of H2, Sill4, and PHi. 
In addition they present  an original and correct con- 
cept of how the intr insic-extr insic  behavior of silicon 
influences the chemical equil ibrium. However, their  
analysis of the results is misleading because it is based 
upon an assumption which logically contradicts itself, 
i.e., "It is assumed, because of the low growth rate 
which is being used, that equi l ibr ium in the gas phase 
is attained near  the silicon surface, and that  the t rans-  
port effects are of minor  importance." 

In reality, if equi l ibr ium is obtained at the solid-gas 
interface, then the rate of reaction must  be mass t rans-  
fer controlled. The logic is that for equi l ibr ium to be 
obtained, the rates of the various chemical reactions 
must  be extremely fast compared to other possible 
ra te- l imi t ing steps and the only other possible rate-  
l imiting step is mass t ransfer  in the gas phase. 

In this experiment,  the argument  that mass t ransfer  
is un impor tan t  because the rate is small  cannot be 
accepted. The true fact is that the rate is small be- 
cause the feed gas concentrations are very small. 
Concentrat ion gradients must  exist in the gas phase 
to cause the active species to migrate  to the solid 
where the major  deposition reactions occur. Since the 
feed gas concentrations are so small, it is necessary 
that the concentrat ion gradients be exceedingly small. 
Therefore, the rate of reaction must  be small even for 
a mass t ransfer  controlled reaction. 

In the work under  present consideration the authors 
also err  in the use of this assumption. That is, equi l ib-  
r ium involving phosphorus in the solid phase was not 
included in the calculations. Rather, it appears that 
Bloom et ak assumed equi l ibr ium between the solid 
silicon and the gas phase species containing silicon but 
then assumed that  the various phosphorus species in 
the gas phase were in equi l ibr ium with each other, but  
not with the phosphorus in the solid phase. [Bloem's 
et al.'s unnumbered  chemical equation representing 
this equil ibrium, P(g)  ~-- P (S i ) ,  was not included in 
the equi l ibr ium calculations.] Bloom e t a l .  treated the 
phosphorus as if its rate of incorporat ion into the solid 
was l imited by some step other than mass t ransfer  
control. The only remaining possi,bility is that the rate 
of incorporation is l imited by some activated chemical 
step. If this were true we would have an equation of 
the form 

JD ---- kal[P] -'~ 2 ka2[P2] -~ ka3[PH3] 4- . . . . . .  

where JD is the flux of dope being incorporated into 
the solid and the bracketed quantit ies would represent 
the chemical activities or part ial  pressures of the in-  
dicated gas phase species as given by the authors '  
calculations. The various ka'S are reaction velocity 
constants for the chemical reactions. An equation of 
this form seems to fit their results until it is noted 
that these ka's are strong exponential functions of tem- 
perature (i.e., they must fit the Arrhenius equation). 
Therefore, if this model were correct, the rate of in- 
corporation of dope at 1600~ would be much greater 
than the rate at 1400~ Since this is contrary to the 
exper iment  we must  reject this model. It appears that  
Bloom et al. assigned no ra te- l imi t ing  step to the in-  
corporation of phosphorus into the solid.. 

In the following paragraphs, we shall show that 
gas phase mass t ransfer  controlled kinetics fully ex- 
plains the results in the paper being discussed pro- 

D e p a r t m e n t  of Chemica l  Engineer ing ,  Ar i zona  Sta te  Univers i ty ,  
Tempe,  Ar izona ,  85281. 

vided that the solid-gas equi l ibr ium calculations are 
complete. 

To simplify the analysis, we shall neglect the follow- 
ing minor  points: (i) the increase in  number  of gas 
phase moles caused by the reaction; (it) the change in 
hydrogen part ial  pressure caused by the reaction; and 
(iii) differences between the mole ratio and mole 
fraction of phosphorus in the solid. We shall also neg- 
lect differences in the gas phase mass t ransfer  co- 
efficients for the various chemical species. This as- 
sumption greatly simplifies the mathematical  develop- 
ment  and the errors that it causes should be less than 

20%. 
The model we propose consists of three steps. (i) 

Diffusion of the gas phase species from the bulk  gas 
phase to the solid-gas interface. (it) Very rapid ki- 
netics for the inclusion of the silicon and phosphorus 
into the solid at the solid-gas interface. Step (iii) is a 
direct result of these very rapid reactions. (iii) Chemi- 
cal equi l ibr ium between all gas phase species and the 
solid at the solid-gas interface. 

Bloom has identified the important  gas phase species. 
Each of these species containing phosphorus will diffuse 
toward the solid-gas surface because of concentrat ion 
gradients. The total flux of phosphorus toward the 
surface is 

D~ 0[P] D2 0[PHi Z)~ ~[PH2] 
-- Jp -- ~- - -  

RT az R T  az ~-RT ~z 

~)~ 0[PHil  ~)5 0[P2] ~)s 0[P4] 
-}- {-2 - - - } - 4 -  

RT Oz RT  Oz RT  Oz 

where z is the direction normal  to the surface, R is 
the ideal gas constant, T the absolute temperature,  and 
~)i's are the gas phase diffusion coefficients. The 
bracketed quanti t ies are the chemical activities or par-  
tial pressures of the indicated species. When all the 
D~'s have the same value the equation reduces to 

D 0[D] 
Jo -- [1] 

R T  Oz 

where [D] is the pseudo total chemical activity of 
phosphorus in the gas phase defined by the equation 

[D] _.: [P] + [PH] + [PH2] 
+ [PH3] -~ 2[P2] -}- 4[P4] [2] 

An important  consideration concerning Eq. [1] and 
[2] is that the gas phase chemical reactions given by 
Bloom et al. in their  Eq. [1] through [6] in the paper 
under  discussion cannot change the value of [D] and 
therefore cannot  affect the rate of mass t ransfer  in the 
bulk  gas phase. In  other words, to a first approxima- 
tion, it makes no difference whether  or not chemical 
equi l ibr ium is obtained in  the bu lk  gas phase. 

The only way [D] can be changed is by adding or 
removing phosphorus atoms from the gas phase. This 
is accomplished at the feed point  where phosphorus 
is added and at the solid-gas interface where i t  is re- 
moved. 

At the feed, or in the bulk  gas phase, the total 
phosphorus activity is [D ~ ---- [PH~~ At  the solid- 
gas interface, phosphorus is removed from the gas 
phase so that the total phosphorus activity is reduced 
to [D*]. The phosphorus atoms are t ransported from 
the feed to the gas-solid interface by flow and by dif- 
fusion. The effective gas phase diffusion length is ap- 
proximately the same for each species. Therefore, Eq. 
[1] integrates into 

J D  ---- k m ( ~ D ~  - [ D * ] )  [ 3 ]  

where km is the mass t ransport  coefficient and includes 
the combined effects of flow, diffusivity, and effective 
diffusion length. 

In  all cases, [D*] is equal to or greater than  the 
value given by chemical equi l ibr ium at the surface. 
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For mass t ransfer  controlled kinetics, [D*] is equal to 
the equi l ibr ium value. Hereafter, all quanti t ies fol- 
lowed "*" will indicate the value at equi l ibr ium at the 
solid-gas interface. 

A similar t rea tment  ~ gives the flux of silicon as 

Jsi = km([Si ~ -- [St*l)  [4] 

The ratio of the flux of phosphorus to the flux of 
silicon gives the atomic fraction of phosphorus in the 
solid. For silicon, this is the concentrat ion of phos- 
phorus atoms, Np*, divided by 5 (1022) 

Np + [D ~ ] -- [D*] 
- -  - [ 5 ]  
5(1022) [Si~ ] -- [St * ] 

Again we have neglected the minor  differences in 
mass t ransport  coefficients between the various species. 

Figure 2 in the paper under  discussion shows that  
the equi l ibr ium activity of silicon in the gas at the 
solid interface is much smaller than  the feed gas ac- 
t ivi ty  of silicon, [Si~ Therefore 

[St ~ ] - -  [Si*] = [St ~ ] = 2.2 (10 -~) 

The chemical reaction and equi l ibr ium equations 
which dictate the value of [D*] are 

P (ss) ~ P 
K1K7 = [P*]/(Np +n) [6] 

P (ss) + 1/2 H2 ~ PH 

K2K7 = [PH*]/  (Np+n[H2] 1/2) [71 

P(ss)  + H 2 ~ P H 2  

K3K7 ~ - -  [PH2*]/(N,+n[H2]) [8] 

P(ss)  + 3/2 H2 ~ PH~ 

K~KT = [PH3*]/(Np+n[H2] 3/2) 

2P (ss) ~ P 2  

4P (ss) ~-----P4 

KsK72 = [P2 *]/ (Np+n) 2 

[9] 

[10] 

[11] KsK74 = [P4*]/(Np+n) 4 

P+ (ss) + e -  ~ P ( s s )  

K7 : [P(ss) ] / (Np+n)  [121 

Electron hole generat ion in  solid silicon 

ki - -  np [13] 

where P(ss)  is neut ra l  phosphorus in  solid solution 
and [P(ss) ]  is its chemical activity, n, p, and N, + are 
the concentrations of electrons, holes, and ionized 
phosphorus in the solid silicon, respectively. 

Equat ion [12] is necessary because at the reaction 
tempera ture  essentially all the phosphorus in the solid 
is ionized. However, the available thermodynamic data 
for solids pertains only to neut ra l  solid silicon. 

The values of the equi l ibr ium constants K1 through 
K6 reported in Table I were computed from the 
JANAF Tables 87 using a hypothetical  s tandard state 
of pure, solid red phosphorus at the reaction tempera-  

~ S. E. C r a i g ,  J r . ,  This JournaZ, 112, 1257 (1965). 
~," J A N A F  T h e r m o c h e m i c a l  Tables, 2nd ed. ,  N S R D S - N B S  37 (1971).  

Table I. 

T, ~  1400 1500 1800 

l og  Kz -- 5 .312 -- 4 .407  -- 3 .797 
l o g  Kz -- 3.980 -- 3.401 -- 2 .898 
log Ks - -2 .208  -- 1.938 -- 1.706 
l o g  K4 - -2 .123  ~ 2 . 1 1 3  - -2 .107  
log  Ks 1.704 2 .082 2.402 
l o g  K 6 .  4 .028 4.237 4 .400 

log  x /k  L 19.278 19.491 19.683 
l o g  K7 -- 42,389 -- 42 .292  -- 42.248 

tures. The values of ki were obtained from Morin's 
equation, ss 

The total electron concentrat ion wi th in  the silicon is 
equal to that from the ionized phosphorus plus that  
from the silicon lattice, n ---- Np + Jr- P. When this is 
combined with Eq. [13], the electron concentrat ion is 
found to be 

n : (Np+ + \ / ( N p + ) 2  + 4 ki)/2 [14] 

The solutions to Eq. [14] are plotted in Fig. 1. Three 
features of these solutions should be noted. First, for 
NI,+ < 10 Is the silicon is intr insic and n is a constant. 
Next, in this intrinsic range, n increases sharply with 
temperature.  Finally,  for Np + > 102~ the silicon be- 
comes extrinsic and n = Np +. In  this region there is 
no temperature  effect upon n. 

The value of KT is not directly known. However, the 
Np + vs. [PH:3 ~ data in the work being discussed for 
the intrinsic region was used in  Eq. [2], [4], and [6] 
through [13] to calculate the values of KT for each 
temperature.  This is the only parameter  in  the analysis 
that must  be determined from the exper imental  data. 
Now that  it has been determined, it can be used for 
any other Si-P system. 

The equi l ibr ium concentrations shown in  Fig. 1 were 
calculated from Eq. [6] through [14] and the values in 
Table I. These equi l ibr ium values are far below those 
calculated by Bloem et aL in the paper under  considera- 
tion because these values include the effect of the 
phosphorus in the solid. A unique  feature of these equi-  
l ibr ium curves is the manner  in which they all deflect 
upward  near Np : 1019 cm -3. This is a direct result  
of the increase in the number  of electrons as the sili- 
con shifts toward extrinsic. These additional electrons 
force all the chemical reactions toward the right. The 
value of [D*] computed from Eq. [2] is also included 
in Fig. 1. 

These values of [D*] were used in Eq. [5] to com- 
pute the theoretical Np + vs. [PH3 ~ curves shown in 
Fig. 2. At low values of Np +, the silicon is intrinsic, n 
is a constant, PH2 and PH3 are the major  gas phase 
species, and [D*] is a l inear  funct ion of Np +. This 

a~ F.  J, M o r i n  a n d  J. P.  M a l t a ,  Phys. Rev., 06, 28 (1954).  
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Fig. 2. I comparison of the theoretically and experimentally de- 
termined concentration of phosphorus donor centers in silicon as a 
function of the partial pressure of phosphine in the feed gas. The 
reaction gas mixture is SiH4-PH3-H.~. 

led to Np + being directly proport ional  to [PH3~ At 
very high values of Np +, the silicon is extrinsic and 
n is equal to Np +. Also P2 is the major  gas phase 
species. These two facts cause Np + to be proport ional  
to [PH.~ ~ ] lZ4 at high values. 

The decrease in Np + with  increasing t empera tu re  is 
caused by two phenomena.  First, silicon is more  vola-  
tile at higher temperatures  as shown by the increases 
in K1 to Ks with temperature.  Secondly, the concen- 
trat ion of intrinsic electrons increases with tempera-  
ture. Both of these phenomena cause [D*] to increase 
with tempera ture  and this reduces the rate at which 
phosphorus is t ransported to the solid-gas interface. 

The exper imenta l  data from the paper under  dis- 
cussion are also shown on Fig. 2. The excel lent  fit be- 
tween theory and data attests to the val idi ty  of the 
theory as well  as to the accuracy of the data. 

In summation, the data of Bloem et al. in the work 
being discussed not only fit a kinetic model  based on 
gas phase mass transport,  but in addition, their  data 
allow the determination of thermodynamic data not 
previously available. 

The analysis presented here is totally general and 
can be applied to all epitaxial, chemical vapor deposi- 
tion systems now in use. 

J .  B l o e m ,  L .  J .  G i l i n g ,  a n d  M .  W .  M .  G r a e f :  In the 
above discussion by Craig three points emerge:  (i) 
the model, based on gas-phase diffusion; (it) inclusion 
of electron concentrat ion and ionized P in the solid; 
and (iii) determinat ion of equi l ibr ium constant for 
the ionization of P. 

As regards point (i) the discussion given by Craig 
above on the incorporation of P in Si is interest ing but 
the suggestion that the amount of P incorporated in 
the growing Si is mass transfer controlled is not ap- 
plicable in our case. 

Mass transfer control is evidently present for the 
growth of silicon itself, but not for P. This is shown 
by the experimental evidence that the concentration 
of P in the layer is independent of the Si growth rate, 
as already indicated in Ref. (7) of the original article. 
Equation [5] in the above discussion shows that fol- 

lowing his assumption of mass transfer control an in- 
crease in silicon growth rate (with constant input of 
PH3) would give a decrease in the amount of P in- 
corporated in the silicon. This is not the case; the use 
of much higher growth rates than the one used here 
firstly gives an increase and later a decrease in the 
donor concentration. This shows that  at low growth 
rates the t ransfer  of P to the surface is not rate  l imit -  
ing, that only a small  part  of the P present is in- 

corporated in the growing layer, and that  a direct re-  
lation exists be tween the phosphorus concentrat ion in 
the gas phase and in the solid, described by the equi -  
l ibr ium segregation coefficient. 

Concerning point (it) the ionization of P in the solid 
and the intrinsic or extrinsic origin of e lectron con- 
centrat ion is adequately covered in the article under  
discussion and no new points emerge  from Craig's 
analysis above. 

It is interest ing that in the paper being discussed the 
gas phase equil ibria and the equi l ibr ium in the solid 
are kept separated, in order to be able to discuss the 
segregation of P be tween gas and solid in a subsequent 
article. This link has been laid by Craig in combining 
the equil ibria in gas and solid by the introduction of 
a segregation coefficient kt in which it is implici t ly 
assumed that  the evaporat ion of P f rom the silicon 
matr ix  is equal to the evaporat ion of P f rom a hypo-  
thetical solid P source at the same temperature.  This, 
of course, is an oversimplification and an analysis 
based on the work of Thurmond and Struthers  39 and 
Weiser 40 using the exper imenta l  data then can give 
more information on the energy of incorporat ion of P 
in solid silicon. 

As regards point (iii), according to Craig, the ioni-  
zation of P in the solid is the only unknown in the 
series of equilibria;  the equi l ibr ium constant, k7 in the 
above discussion, however,  is readily calculated. 

For the ionization of P 

P--~P+ 4- e- 
l [ P + ]  �9 n 

- -  = Nc exp ( - -ED/kT)  
k7 [P] 

where Nc is the density of states in the conduction 
band of silicon, equal to 2(2=mkTh-2)  ~/2 and ED is 
the distance of the donor level  from the conduction 
band (~0.04 eV). The value of 1/k7 is of the order of 
102~ cm -~ in the range of temperatures  considered. 

The real unknown is the segregation coefficient of 
phosphorus be tween gas phase and solid, (k l ) ;  know-  
ing the value of k:, kt can then be determined from 
the exper imenta l  data giving information on the in-  
corporation of P in Si as indicated in our comments 
here on point (it). 

It is interest ing to note how the use of the simplified 
value of kt leads to such a good correlat ion between 
theory and experiment.  In the theory of Craig above 
the difference in input (PPH3 ~ = D ~ and the weighted 
sum of the result ing equi l ibr ium values of the phos- 
phorus components (D*) has to be great in order to 
conclude to a mass t ransfer  controlled reaction. As this 
is not the case (D ~ ~ D*) the model  of Craig con- 
verts to the equi l ibr ium model  with D ~ ---- D* proposed 
in the article under discussion. 

A New Generation of "Deluxe" Fluorescent Lamps, 
Combining an Efficacy of 80 Lumens/W or More with a 

Color Rendering Index of Approximately 85 

J. M. P. J. Verstegen, D. RadielovK, and L. E. Vrenken 
(pp. 1627-1631, Vol. 121, No. 12) 

W.  A .  T h o r n t o n :  41 In the tradit ion of "the mouse 
that roared," the United States is being invaded by one 
of her small friends f rom across the water,  who lays 
claim to a most interest ing and unexpected develop-  
ment  in practical i l luminants.  But this development  
occurred on the home ground of This Journal. The 
pr ime reference 42 includes the results of a conference 
in 1966 in New Jersey  at which sixty experts  witnessed 
the remarkable  propert ies of the new illuminant.  The 

s~ C. D. T h u r r a o n d  a n d  5. D. S t r u t h e r s ,  Y. Phys.  Chem..  57, 831. 
( iS53 ) .  

~o K. %Veiser, J. Phys.  Chem. Solids, 7, 3.18 (1958). 
41 W e s t i n g h o u s e  E lec t r i c  Corpora t ion ,  Bloomfie ld ,  N e w  Jersey 

07003. 
4~ W. A. T h o r n t o n ,  J. Opt. Soc. Am. ,  61, 1155 (1971). 
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new fluorescent lamps were demonstrated and dis- 
cussed in  1972 at the Tulsa conference of the I l l umina t -  
ing Engineer ing Society, 4~ and the general  phenome-  
non  was the keynote of the May 1972 Electrochemical 
Society Meeting in  Houston, Texas ( luminescence).  
The essential discovery 42 was that both luminous  
efficiency and color render ing capabil i ty are astonish- 
ingly high when the white light is composed predomi- 
nan t ly  of three very specific colors, near  450, 540, and 
610 rim, since called the prime colors; the luminous  
efficiency-color rendering index, in combination, excels 
all other possible spectral power distributions. ~2 It has 
become clearer that both characteristics are due to 
strongly peaked visual  response at these three wave-  
lengths. 44 

What the authors of the paper under  discussion call 
the "Koedam-Opstel ten principle" is in  itself imprac-  
tical, since lamps of considerably higher color render-  
ing index have long been commercially available. Only 
when  it is shown that  efficacy is also high, or that 
color preference 45 is pronounced, are three-spectral  
color i l luminants  recognized to be of profound interest. 
In  regard to color preference, I th ink  that the above 
authors will  find that the new lamps have an appeal 
far beyond that  indicated by the color render ing index. 
Two-hundred  observers preferred daylight-color 
prime-color  lamps well above real daylight itself for 
i l luminat ing  foods, 46 and the s tandard daylight lamp 
was much lower still in  preference. 

Possibly the performance of the new aluminate  
phosphors will  in the long run  just i fy their  cost, but  
at present  the performance improvement  over more 
famil iar  phosphors appears to be marginal .  Prior use 
of b lue-emi t t ing  Eu 2+ phosphors, green-emi t t ing  Tb 3+ 
phosphors, and red-emit t ing Eu s+ phosphors, all in 
lamps, might well have been referenced. 

The proposed new high-efficacy fluorescent lamps, 47 

~ H .  H. H a f t  a n d  W. A. T h o r n t o n ,  J. I[lum. Eng. Soe., 2, 29 (1972}. 
~ W .  A.  T h o r n t o n ,  J. Opt. Soe. A m . ,  65, 457 (1972) ; J. l l lum.  Eng. 

Soc., 3, 99 (1973) ; J. Color Appearance,  I I ,  23 (1973). 
4~W. A.  T h o r n t o n ,  Light ing Design Appl . ,  2, 51 (1972). 
~sW. A.  T h o r n t o n ,  J. IUum. Eng. Soe.,  4, 48 (1974). 
47 H.  F. I v e y ,  J .  O~ot. Boc. A m . ,  53, 1185 (1963). 

with essentially only blue and yellow emission, cer- 
ta inly  do have disastrously poor color rendering.  We 
use these  lamps in demonstrat ions to show how bad 
color rendering can get without  changing the white 
color of the lamplight.  Their  commercial promise we 
consider to be negligible. 

Some additional background references dealing with 
optimization of the spectral power distr ibutions of 
lamps include Ivey, ~7 the Einhorns, 4s and Walter#9 

J. M. P. J. Verstegen, D. Radielovi~, and L. E. Vren- 
ken: It is unfor tuna te  if a technical discussion is 
clouded by arguments  of essentially nontechnical  na-  
ture. We will refrain  from that  and stay with the paper 
under  discussion. 

Dr. Thornton 's  claim that  our three-spectral  color 
lamp has an appeal far beyond that  of the color r en -  
dering index, is i r re levant  as long as the CRI is the 
uni t  agreed upon internat ional ly.  

Apart  from that, his claim has proven to be basically 
untrue.  Comparison of our conventional  "deluxe" lamp 
of 4000 K with the new aluminate  lamp, does not re-  
sult in  overwhelming preference for the latter. Com- 
parison of the s tandard halophosphate 4000 K lamp 
and the a luminate  lamp, however, does but  this is to 
be expected from the higher CRI of the latter. 

We were and are unaware  of any efficient green-  
emit t ing Tb 3+ phosphor with acceptable lamp per-  
formance before our a luminate  was developed. How- 
ever, we referred to the use of (Sr, Eu) chloroapatite 
[our 1Ref. (6) in  the paper  under  discussion]. 

The performance improvement  of the alum(nares 
might be marginal  in the eyes of a United States citi- 
zen, but the 10 l m / W  increase over the Haft and 
Thornton  lamp is a respectable gain for a "small 
friend." 

The proposed new high-efficacy fluorescent lamp 
with 100 l m / W  would certainly outgrow Dr. Thornton 's  
demonstrat ion kit and develop into a useful outdoor 
i l luminant .  

4s H.  D.  E i n h o r n  a n d  F.  D.  E i n h o r n ,  I l lum.  Eng.,  62, 154 (1967}. 
~D W. W a l t e r ,  AppL  Opt., 10, 1108 (1971). 
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ABSTRACT 

L o w - r a t e  (~-, 0.5 mV/sec)  cathodic l inear  sweep v o l t a m m e t r y  (LSV) ex-  
per iments  were  conducted on preanodized  ant imonia l  and nonant imonia l  lead. 
The sweeps were  supp lemented  by  cu r ren t - t ime  traces obta ined dur ing  the 
shor t  t e rm ( ~  1 hr)  anodic t r ea tmen t  above the P b O J P b S O 4  revers ib le  po ten-  
t ia l  in H2SO4 electrolytes .  Despite complicat ions f rom addi t ional  subs t ra te  cor-  
rosion dur ing  the sweeps, semiquant i ta t ive  observat ions  were  possible and the 
cathodic discharge could be resolved into ~- and fl-PbO2 components.  A ma jo r  
finding was that  an t imony in the lead re tards  the  format ion  of fl-PbO2 in the  
p r e l i m i n a r y  anodic t rea tment .  Impl icat ions  f rom the resul ts  wi th  regard  to the  
behavior  of the  Pb-ac id  ba t t e ry  posi t ive pla te  are  briefly discussed. 

In  view of the  fundamen ta l  informat ion  gained in 
recent  years  on the behavior  of PbO2 th rough  the 
use of l inear  sweep vo l t ammet ry  (LSV) (1-3),  it 
would  appear  tha t  such a technique might  be useful  
for  s tudying  the differences in behavior  of specific 
lead  al loys used as grids for l ead -ac id  ba t t e ry  posi-  
t ive plates.  Al though  Panesa r  (4) has repor ted  anodic 
and cathodic LSV studies on both ant imonia l  and non-  
ant imonia l  lead, many  detai ls  concerning the  PbO2 
reduct ion  step were  not  considered.  In his studies, 
anodizat ion was effected by  a l ow- ra t e  (0.5 mV/sec)  
sweep ex tend ing  f rom the poten t ia l  for hydrogen  evo-  
lu t ion up to tha t  for  oxygen evolution.  Under  these 
conditions, the  t ime above the PbO2/PbSO4 revers ib le  
potent ia l  was ve ry  short  and the va lue  of the  po ten-  
t ia l  was cont inuously  changing,  t he reby  making  i t  
impossible  to re la te  the  PbO2 discharge phenomena  
to the  potent ia l  of anodic t rea tment .  

Fo r  Panesar ' s  anodic t rea tment ,  only  one cathodic 
cur ren t  peak  was resolved  that  could be ascr ibed to 
PbO2 reduct ion in the  subsequent  cathodic scan. I t  
is known, however ,  that  two po lymorphs  of PbO2 
(~ and ~) exist ,  and tha t  each m a y  exhib i t  a different  
d ischarge  overpoten t ia l  (5-7) .  Depending upon the 
t ime  and poten t ia l  of anodic t rea tment ,  both  po ly -  
morphs  m a y  be presen t  in the  corrosion film (8, 9). 
F rom x - r a y  diffraction, i t  has been es tabl ished that  
~-PbO2 resides p r i m a r i l y  in the  outer  por t ion  of the  
film and tha t  ~-PbO2 exists, along wi th  te t ragona l  
PbO (PbOt) in the  inner  por t ion  of the  film closer 
to the  metal .  The l a t t e r  species are  t he rmodynamica l ly  
uns tab le  in acid medium,  but  it  is be l ieved tha t  they  
are  fo rmed  in a local ized high pH envi ronment  tha t  
is p ro tec ted  f rom the bu lk  acid by  a PbSO4 laye r  
h igh ly  impermeab le  to tt2SO4 (10). 

In  the  presen t  work,  a t tempts  a re  made  to resolve 
in grea te r  detai l  the  PbO2 discharge products  using 
l o w - r a t e  cathodic LSV fol lowing specified conditions 
of anodization.  The sweeps were  supp lemented  by  
cu r r en t - t ime  t rans ients  tha t  were  ob ta ined  dur ing  the 

* Electrochemical  Society A c t i v e  Member .  
K e y  words:  lead electrode,  lead dioxide e lec t rode ,  l e ad  corrosion, 

lead-acid battery. 

anodizat ion at constant  potent ia ls  above the PbO2/ 
PbSO4 revers ib le  potential .  I t  was of pa r t i cu la r  in te r -  
est to compare  ant imonia l  and nonant imonia l  lead be-  
cause of the w e l l - k n o w n  fact tha t  an t imonia l  grids 
prolong posi t ive p la te  cycle life. 

Experimental 
The alloys chosen for this s tudy  were  Pb/4.5% Sb 

and Pb/0.05% Ca. Both alloys contained the same 
level  of concentra t ion of  Sn (0.6%) and were  essen- 
t ia l ly  free of o ther  a l loying consti tuents;  therefore ,  
the difference in behavior  be tween  the al loys in this 
s tudy is ascr ibed to the  effect of ant imony.  Test elec- 
t rodes were  current  collector  tabs  cut f rom ba t t e ry  
grids and the por t ion exposed  to the  e lec t ro ly te  had  
a geometr ic  a rea  of 5 cm 2. The test  e lectrodes were  
wiped wi th  cot ton wet wi th  acetone, a i r -dr ied ,  and 
then given a 1 m A / c m  2 cathodic t r ea tmen t  for 5 rain 
in the  test  cell pr ior  to anodic t rea tment .  The counter -  
e lectrode was sheet  lead  of 99.99-1-% pur i ty  and the 
reference e lect rode was Hg/Hg2SO4. The e lec t ro ly te  
was e i ther  1.16 (2.7M) or 1.26 sp gr  (4.5M) H2SO4 
p repa red  f rom reagent  grade  chemical  and dist i l led 
water .  Al l  exper iments  were  conducted  at  ambien t  
t empe ra tu r e  (,~25~ 

The PbO2/PbSO4 revers ib le  potent ia l  values in each 
acid were  de te rmined  b y  measur ing  (wi th  a h igh-  
impedance  e lec tometer)  the  s t eady-s ta te  rest  po ten-  
t ials  of anodic films formed on P b / C a  al loy for  2 h r  
at oxygen evolut ion potent ials .  These were  1142 • 5 
mV in 1.26 sp gr H~SO4 and 1067 • 5 mV in 1.16 sp 
gr H2SO4. 

For  the  potent ia l  sweeps, the  10 t u rn  po ten t iomete r  
of a commercia l  potent ios ta t  was d r iven  by  an electr ic 
motor  whose speed could be changed to give the  de -  
sired l inear  sweep rate.  Al l  cur ren ts  and  potent ia ls  
were  cont inuously moni to red  wi th  a s t r ip  char t  re -  
corder.  Fol lowing p re l im ina ry  work,  grea ter  sensi t iv-  
i ty  on the potent ia l  scale was achieved by  synchro-  
nizing the speed of the  recorder  to the  chosen sweep 
ra te  so that  each majo r  division (2.54 cm) of the  
s t r ip  chart  cor responded to 12 mY. 

845 
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Results and Discussion 
Lead preanodized at constant c u r r e n t ~ I n  prel imin-  

ary work, cathodic potential  sweeps were obtained on 
test electrodes after they were anodized at constant 
current, and typical results are shown in Fig. 1. The 
sweeps were started immediately after switching off 
the current  and covered a potential  range of about 
200 mV on each side of the PbO2/PbSO4 reversible 
potential. The cathodic current  peaks, just  below that  
potential, correspond to the reduct ion of PbO~ to 
PbSO4. Two peaks were observed; a major  peak b 
and a minor  peak b'. For the P b / S b  alloy the minor  
peak became well defined after anodization at the 
higher current.  

Just  following the reduction of PbO2, Panesar  (4) 
reported an anodic current  peak which he correlated 
to a cathodic current  peak appearing at more nega-  
tive potentials. From thermodynamic  considerations 
these must  be assigned 1 respectively, to the formation 
and  reduction of PbOt in the interior  of the corrosion 

1 S e e  t h e  discussion of Panesar's  paper i n  l ~ f .  ( 1 0 ) .  
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film. In  the present  work, a n u m b e r  of anodic c u r r e n t  
constituents were present in the scans, and it is shown 
subsequently that  these are portions of an anodic cur-  
rent  peak that extends throughout  much of the PbO2 
discharge potential  range. I t  has been demonstrated 
(6, 10) that in the vicinity of the PbO2/PbSO4 rever-  
sible potential, oxidation and reduction processes can 
occur at near ly  the same potential. As a result, if 
the oxidation process gives rise to sufficient anodic 
current,  the net current  will  exhibit  anodic values, 
even though a reduct ion (cathodic) reaction (e.g., 
PbO2 ~ PbSO4) is occurring. This is believed to ac- 
count for the rather  peculiar voltammetric  behavior 
observed in Fig. I and subsequent  figures. 

Lead preanodized at constant potentiaL--To gain 
greater insight, the shape of the sweeps was followed 
as a function of preanodizat ion potential  in  increments 
at least as small as 50 mV above the PbO2/PbSO4 re-  
versible value. During potentiostatic control, a con- 
t inuous cur ren t - t ime  (i-t)  trace was obtained. The 
i- t  traces for Pb /Ca  alloy are similar to those pre-  
viously reported by Ruetschi and Angstadt  ( i1) .  Cur-  
ren t - t ime  traces at constant potential  for P b / S b  alloys 
have not been reported previously. 

Results ~or Pb/Ca alloy.--Current-time traces obtained 
from 1150 to 1400 mV and corresponding selected 
cathodic sweeps in 1.26 sp gr H~SO4 are given in  Fig. 
2. After the 1 hr potentiostatic t reatment ,  the po- 

6 ~ tentials of the test electrodes were immediately de- 
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Fig. 1. Cathodic sweeps on Pb electrodes that were preanodized 
at (A) 5 mA and (B) 25 mA for 3 hr. Electrode area ~_ 5 cm2; 
H2SO4 ~ 1.16 sp gr; sweep rate ---- 0.28 mV/sec. 

Fig. 2. Current-time curves (A) and subsequent cathodic sweeps 
(B) for Pb/Ca electrodes in 1.26 sp gr H2SO4. Numbers on curves 
indicate potential of anodic treatment. Electrode area = 5 cm2; 
sweep rate = 0.42 mV/sec. 
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creased to the  PbO2/PbSO4 revers ib le  potential ,  and  
then  the sweeps were  star ted.  

Fol lowing  control  at 1225 mV (about  75 mV above 
P b O J P b S O D  the cur ren t  in the  scans was en t i re ly  
anodic, as emphas ized  by  the heavy  l ine in Fig. 2B. 
At  1275 mV a cur ren t  peak  in  the  cathodic direct ion 
emerged,  indica t ing  the reduct ion  of some t e t r ava len t  
Pb  compound.  Up to tha t  potential ,  the  i - t  t races  in-  
d ica ted  only the fo rmat ion  of PbSO4 (11). I t  is as-  
sumed tha t  the t e t r ava len t  compound corresponds to 
~-PbO~ tha t  fo rmed by  the oxidat ion  of PbOt beneath  
the  pa r t i a l l y  pass iva t ing  PbSO4 layer .  

Af te r  control  at successively h igher  potentials ,  the  
onset of the  cathodic cur ren t  peak  shif ted to h igher  
potent ia ls  along the anodic cur ren t  profile and  in -  
creased subs tan t ia l ly  in  capacity.  This t r end  is i l lus-  
t r a t ed  in grea te r  detai l  in Fig. 3 af ter  control  at 50 
mV increments  and at a s lower sweep rate.  The shift  
and bu i ldup  in capaci ty  can be cor re la ted  to the 
bui ldup of a pronounced  peak  in the  i - t  t rans ients  
(Fig. 2A) that  has been ascr ibed (11) to the  ox ida-  
t ion of PbSO4 to ~-PbO~ in the outer  pa r t  of the 
corrosion layer .  I t  appears,  therefore,  tha t  the  1325- 
1375 mV in te rva l  marks  the t rans i t ion  at  which the 
cathodic peak  in the  scans becomes affected p r imar i l y  
by  the discharge of fl-PbO2. 

At  or above 1475 mV, the  cur ren t  increase in the 
i - t  t ransient ,  af ter  the  first few minutes  (Fig. 2A and 
Fig. 4A) signifies the onset of oxygen evolut ion and 
pronounced  base meta l  corrosion. The corresponding 
sweeps (Fig. 4B) indicate  a shoulder  emerging on 
the nega t ive -po ten t i a l  side of the growing fl-PbO2 dis-  
charge peak.  This is ascr ibed to the bu i ldup  of add i -  
t ional  d ischargeable  a-PbO2 tha t  is expected to form 
by  the direct  oxidat ion  of base meta l  at these high 
potentials .  

A complicat ing issue in the  cathodic scans is a 
background  anodic cur ren t  that  extends  th roughout  
much of the  PbO2/PbSO4 revers ib le  potent ia l  region. 
As a result ,  net  currents  are  involved and as men-  
t ioned above, despi te  the presence of d ischargeable  
PbO~, the net  cur rent  m a y  show an anodic value.  This 
is especia l ly  exemplif ied in Fig. 5 where  the  effect 
of increas ing t ime at high potent ia l  (1575 mV) is con- 
sidered. At  first, the cur ren t  is s l ight ly  anodic which 
m a y  be due to the fu r the r  format ion  of PbSO4. As 
the a lka l in i ty  benea th  the PbSO4 film becomes es- 
tab l i shed  (and as the e lect rode becomes progress ive ly  
roughened  by  fu r the r  anodic t r ea tmen t ) ,  the  anodic 
cur ren t  would  be expected to increase th rough  the 
fu r the r  anodic genera t ion  of Pb 2+ to form PbOt. At  
the  same time, the  bui ldup of P b Q  also occurs (as 
confirmed on repl ica te  e lectrodes by  increasing t ime 
arres ts  at the  P b O J P b S O 4  revers ib le  po ten t ia l  af ter  
30 sec anodic t r ea tmen t )  but  not  in sufficient quant i ty  
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Fig. 3. Cathodic sweeps for Pb/Ca electrodes following 1 hr 
control at potential values indicated on sweeps. H2S04 = !.26 
sp gr; electrode area = 5 cm2; sweep rate = 0.21 mV/sec. 
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Fig. 4. Current-time curves at 1545 and 1575 mV (A) and subse- 
quent cathodic sweeps [B) for Pb/Ca electrodes in 1.26 sp gr 
H2SO4. Electrode area 5 cm2; sweep rate 0.42 mV/sec. 
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Fig. 5. Cathodic sweeps for Pb/Ca electrodes after control at 
1575 mV for various times in 1.26 sp gr H2S04. Electrode area ----- 
5 cm2; sweep rate = 0.42 mV/sec. 

to compensate  for that  effect so the net  cur ren t  in-  
creases in the anodic direction. However ,  as the  amount  
(and therefore  the discharge capaci ty)  of the PbO~ 
increases, the net  cur ren t  bui lds  in the cathodic di-  
rection. 

Al though  the exact  anodic current  profile is a lways  
obscured by  dischargeable  PbO2, there  is seen in Fig. 
5 a t endency  toward  a peak  value at about  1.08V. 
This is in agreement  wi th  resul ts  obta ined af ter  con- 
t rol  at lower  potent ials ,  where  ascending and descend-  
ing por t ions  of the anodic current  profile are  well  
defined and can be ex t rapo la ted  (cf., b roken  lines, 
Fig. 3). S imi la r  m a x i m a  (Era) have been observed 
based on s t eady-s ta te  corrosion cur ren t  (11) and 
weight  loss (12, 13) measurements .  Lander  (12) es- 
tabl ished that  the  Em (on the Hg/Hg2SO4 scale) is a 
function of acid concentration,  and the value  in te r -  
pola ted  f rom his data  is in good agreement  wi th  the  
present  observations.  

It is also observed f rom Fig. 5 that  the  peak  as-  
cr ibed to ~-PbO2 reduct ion continues to grow beyond 
the t ime observed for PbSO4 oxidat ion in the i - t  curve. 
X - r a y  diffraction has indica ted  (9) that  the amount  
of ~-PbO2 in the  corrosion film is subs tan t ia l ly  l a rge r  
than tha t  provided  by  the oxidized PbSO4. This has 
been ascr ibed (9) to an ionic cur ren t  of Pb 4+ passing 
th rough  the corrosion film at high potent ia ls  to give 
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addi t ional  #-PbO2 at the  solution/co.rrosion film in-  
terface.  

Selected i - t  t rans ients  and  subsequent  cathodic 
sweeps obta ined in 1.16 sp gr H2504 are  shown in 
Fig. 6, and the bu i ldup  of d ischargeable  PbO2 as a 
function of t ime at  high potent ia ls  (1515 mV) are  
shown in Fig. 7. The discharge occurs ,.-,75 mV below 
that  observed in 1.26 sp gr which is, of course, ex -  
pected f rom the difference in PbO2/PbSO4 rest  po-  
ten t ia l  values.  The shape of the  sweeps, however ,  is 
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Fig. 6. Current-tlme curves (A) and subsequent cathodic sweeps 
(B) for Pb/Ca electrodes in 1.16 sp gr H2S04. Numbers on curves 
indicate potential of anadic treatment. Electrode area = 5 cm2; 
sweep rate = 0.42 mV/sec. 
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Fig. 7. Cathodic sweeps for Pb/Co electrodes after control at 
1515 mV for various times in 1.16 sp gr H2504. Electrode area 
5 cm2; sweep rate = 0.42 mV/soc. 

somewhat  different, which  can be exp}ained p r i m a r i l y  
on the basis of increased subs t ra te  corrosion dur ing 
the sweeps. A comparison be tween  the sweeps in Fig. 
7 and Fig. 5, obta ined  af ter  the  ear l ies t  stages of an-  
odizat ion under  conditions where  the  i - t  curves can 
be superimposed,  indicates a g rea te r  t endency  in the  
more  di lute  acid toward  net  currents  in the anodic 
direction.  Al though this could be the resul t  of a k i -  
netic l imi ta t ion  on the PbO2 discharge brought  about  
by  decreasing the acid s trength,  such an effect is not 
expected to be significant at  these  slow sweep rates. 
However,  by  decreasing the bu lk  concentra t ion of acid, 
the pH in the  in ter ior  of the  film would  be fu r the r  
increased,  t he reby  favor ing a grea te r  anodic cur ren t  
flow. This is in agreement  wi th  Lander ' s  observat ion  
(12) tha t  weight  loss at the potent ia l  of m a x i m u m  an-  
odic cur ren t  increases wi th  decrease in  ac id  concen- 
tration. 

Results for Pb/Sb alloy.--Current-time t races and cor-  
responding cathodic sweeps in 1.26 sp gr  H2504 are  
shown in Fig. 8. A notable  fea ture  is tha t  the  current  
peak  for  PbSO4 oxidat ion  to #-PbO~ does not  occur 
be low 1375 mV, a significantly h igher  overvol tage  
than  requi red  to effect tha t  reac t ion  on P b / C a  alloy. 
Af te r  control  at  or  be low tha t  potent ial ,  the  cur ren t  
is only  s l ight ly  anodic in the  sweeps. Above tha t  po-  
ten t ia l  an anodic cur ren t  profile develops which g rad -  
ua l ly  becomes masked  af ter  control  at  successively 
h igher  potent ia l s  by  the  bu i ldup  of two cathodic cur -  
rent  peaks.  The bu i ldup  of the  cathodic peaks  along 
the ascending and descending branches  of the  anodic 
cur ren t  profile is also shown in Fig. 9, which  gives 
the effect of anodizat ion t ime  at  h igh poten t ia l  (1575 
mV) .  

The same exper iments  were  repea ted  in 1.16 sp gr  
H2504, but  for b rev i ty  only tha t  series showing the  
effect of t ime at a h igh poten t ia l  (1515 mV) is shown 
(Fig. 10). As in the  case for the  P b / C a  alloy, the  
difference in  sweep profiles as the  acid s t reng th  is 
decreased appears  to be the resul t  of increased sub-  
s t ra te  corrosion dur ing the sweeps. F r o m  the  resul ts  
in Fig. 9 and 10, a reasonable  es t imat ion of the  peak  
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Fig. 8. Current-time curves (A) and subsequent cathodic sweeps 
(B) for Pb/Sb electrodes in 1.26 sp gr H2$O4. Numbers indicate po- 
tential of anodic treatment. Electrode area = 5 cm2; sweep rate 
= 0.42 mV/sec. 
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Fig. 9. Cathodic sweeps for Pb/Sb ~ after control at 
1575 mV for various times in 1.26 sp gr H2SO4. Electrode area 
5 cm2; sweep rate = 0.4: ~ mV/ser 
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Fig. 10. Cathodic sweeps for Pb/Sb electrodes after control at 
1515 mV for various times in 1.16 sp gr H2SO4. Electrode area 
5 cm~; sweep rate - -  0.42 mV/sec. 

anodic cur ren t  potent ia ls  (Era'S) a re  1050 and 990 mV, 
respect ively.  These are  s l ight ly  lower  than  the corres-  
ponding indicat ions on P b / C a  a l loy (1075 and 1003 
mV).  

The two cathodic discharge peaks  emerg ing  af te r  
control  at high potentials ,  as well  as the peaks ob-  
served af te r  constant- cur rent  anodic t r ea tmen t  (Fig. 
1) appear  to cor respond to the two p la teaus  observed 
by  Ruetschi  (6) dur ing  the constant  cur rent  discharge 
of P b / S b  al loy that  had  been anodized at constant  
current .  In  that  work, however ,  an unambiguous  as-  
s ignment  of each p la teau  to a specific PbO2 po lymorph  
could not be made. By analogy to the  resul ts  for P b /  
Ca al loy in the present  work, the  peak  discharging 
at the h igher  potent ia l  would  be assigned to #-PbO2. 
A fu r the r  indicat ion that  this  is the  correct  choice is 
shown in Fig. 11, where  an e lect rode that  was dis-  
charged in the course of anodic t r ea tmen t  exhib i ted  
a g rowth  of the  peak  at the h igher  potential .  Such 
an in te rmi t t en t  discharge would provide  addi t ional  
PbSO4 for oxidat ion,  the reby  enhancing the #-PbO2 
discharge peak.  

Summary and Conclusions 
Cathodic potent ia l  sweeps were  obta ined on an an-  

t imonia l  (Pb/4.5% Sb) and a nonant imonia l  ( P b /  
0.05% Ca) al loy af ter  specific condit ions of sho r t - t e rm  
anodizat ion above the PbO2-PbSO4 revers ib le  po-  
tential .  The s i tuat ion is compl ica ted  by  addi t ional  
subs t ra te  corrosion dur ing  the sweeps which gives 
rise to a subs tant ia l  background  anodic current  that  
extends  throughout  much of the  PbO2 discharge po- 
ten t ia l  range. As a result ,  net currents  are  a lways  
obtained,  and the sweep profiles m a y  exhibi t  the 
ex t remes  shown schemat ica l ly  by  the solid l ines in 
Fig. 12. Af te r  control  near  the PbO2/PbSO4 revers ib le  
potential ,  or at h igher  potent ia ls  for ve ry  shor t  pe r -  
iods of time, the  current  m a y  be en t i re ly  anodic (a) .  
I t  is be l ieved that  at the  low-sweep  rates  employed  
the m a x i m u m  anodic cur ren t  in the scans (observed 
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Fig. 11. Cathodic sweeps for Pb/Sb electrodes in i.16 sp gr H2S04 

after control at 1525 mV for (A) i.5 hr, (B) and (C) 3 hr. In (C), 
electrode was given intermittent discharge to 925 mV after 1.5 hr. 
Electrode area ~ 5 cm2; sweep rate ~ 0.28 mV/sec. 

prior  to the bui ldup of apprec iab le  discharge p rod-  
uct) can be re la ted  reasonably  wel l  to the  potent ia l  
at which m a x i m u m  corrosion would  o c c u r  (Era) un-  
der  s t eady-s ta te  condit ions near  the  PbO2/PbSO4 re -  
vers ible  potent ia l .  
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Fig. 12. Schematic showing possible cathodic sweeps for pre- 
anodized lead (see text). 

As dischargeable  PbO2 is bui l t  up, the anodic cur-  
rent  (broken lines, Fig. 12) may  become pa r t i a l ly  
or to ta l ly  obscured. The sweep profile m a y  then be 
influenced p r imar i ly  by the discharge of ~-PbO2 (Fig. 
12b), ;3-PbO2 (Fig. 12c) or a composite of the  two 
(Fig. 12d). The cathodic cur ren t  peak  intensi t ies  de-  

pend upon  potent ia l  and  t ime of anodic t r ea tmen t  a n d  
are s t rongly  influenced by  an t imony in the  lead. 

Comparisons between nonantimonial and antimo- 
nial lead.--For nonant imonia l  (Pb /Ca)  lead, the  ca th-  
odic sweeps essent ia l ly  fol low the series of profiles 
in Fig. 12 af ter  anodic control  at p rogress ive ly  h igher  
overvoltages.  F rom the i - t  curves obta ined dur ing 
the anodic t rea tment ,  the  conversion of PbSO4 to 
~-PbO2 became evident  at overvol tages  of no more  
than  175 mV (vs. P b O J P b S O 4 ) .  

A s t r ik ing fea ture  of the P b / S b  al loy was tha t  
subs tan t ia l ly  h igher  overvol tages  (~ = 375 mV) were  
requ i red  before  effects due to oxidat ion  of PbSO4 
to ~-PbO~ were  observed in the  i - t  curves. A low rate  
of bui ldup of ~-PbO2 on ant imonia l  a l loy has also 
been observed by  x - r a y  diffraction fol lowing anodic 
t r ea tment  at constant  cur rent  (14). This may  s tem 
from paras i t ic  oxidat ion  of the ant imony,  occurr ing 
p re fe ren t ia l ly  to the oxidat ion  of PbSO4 in the  cor-  
rosion film. The difficulty in forming PbO~ on ant i -  
monia l  lead has also been recognized in cathodic 
protect ion appl icat ions  (15). 

Af te r  control  at  h igh potent ia ls  (~ -~ 425 mV) 
the concommitant  g rowth  of ~- and ~-PbO2 discharge 
peaks was observed, but  the  ~-PbO2 discharge peak  
was subs tan t ia l ly  lower  in capaci ty  than  that  ob-  
served  on the nonant imonia l  lead  af ter  comparable  
anodic t rea tment .  

Antimony in positive plate grids.--Proposals as to 
why  an t imony prolongs posi t ive pla te  cycle life have  
been based p r imar i l y  on the observed effects of an-  
t imony on morphology  and o ther  proper t ies  of the 
PbO2 active ma te r i a l  (16). An t imony  has also been 
shown to affect gr id  growth  (17). A n  es t imat ion of 
the impor tance  of the  numerous  factors involved 
would  indeed be a formidable  task. However ,  it  has 
been genera l ly  observed  tha t  corrosion films on non-  
ant imonial  lead, which, in view of the  presen t  work,  
contain subs tant ia l  quant i t ies  of /~-PbO2, are  more  
powdery  and loosely adheren t  than  those found on 
ant imonial  lead. The desi rable  effect f rom ant imony,  
therefore,  may  be to inhibi t  the bu i ldup  of excess 
~-PbO2 during the format ion  step, t he reby  provid ing  
a thinner,  and p re sumab ly  more tenacious film on 
which the active ma te r i a l  of the  p la te  can be formed.  
If this  mechanism is operable,  then  i t  would  appear  
that  o ther  effects that  have been observed af ter  for -  
mat ion  and cycling would  be of a secondary  nature .  

At  the  ra the r  modest  level  of an t imony concentra-  
t ion considered here  (4.5%), there  was also an in-  
dicat ion that  Sb shifts the Em to more  negat ive  values.  
Al though the t rend  was marginal ,  it was in a d i rec-  
t ion tha t  would  ex tend  posi t ive pla te  cycle life. I t  
may  be of in teres t  to examine  tha t  trend,  as wel l  as 
the other  findings of this study, as a function of an-  
t imony concentra t ion in the  alloy. 

Manuscr ip t  submi t ted  Nov. 6, 1974; revised manu-  
script  received March 6, 1975. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  June  1976 JOURNAL. 
All  discussions for the June  1976 Discussion Section 
should be submi t ted  by  Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by General Motors Corporation. 
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Anodic Passivation by "CdO" Studied by ESR 
E. J. Casey* and C. L. Gardner 

De~ence Research Establishment Ottawa, Ottawa, Ontario, Canada K I A  OZ4 

ABSTRACT 

The appearance  of superoxide  0 2 -  and ozonide O8- ions in s t rong KOH 
elec t ro ly te  at  t empera tu res  25 ~ to - 4 0 ~  dur ing  the anodic oxidat ion  of cad-  
mium and oxygen evolut ion has been invest igated using the e lect ron spin reso-  
nance technique.  The fact tha t  0 2 -  forms at the h igher  t empera tu res  and O s -  
p redomina tes  at  --40~ correlates  wi th  the appearance  of f l -Cd(OH)2 at  h igher  
and ~-Cd(OH)2  at  lower  tempera tures ,  but  i t  is argued that  this cor re la t ion  is 
coincidental  and tha t  it  is the charac te r  of the surface states of the elusive and 
dynamic  "CdO" unde r l aye r  beneath  the  Cd(OH)~ tha t  de te rmines  which p a r a -  
magnet ic  species is produced.  These new facts and the in te rpre ta t ion  are  dis-  
cussed wi th in  the  f r a m e w o r k  of the  solid s t a te / so lu t ion-prec ip i t a t ion  mecha-  
nism. 

In  this paper  the  evidence for a form of cadmium ox-  
ide  as the ins t rument  of anodic passivat ion of cadmium 
in aqueous KOH from 33 ~ to --40~ is reviewed,  and 
some new evidence obta ined via  ESR is added and in-  
te rpre ted .  The mechanism by  which the meta l  ceases to 
be anodica l ly  oxidizable  af ter  a per iod  of act ive ox ida-  
t ion is one impor t an t  e lement  of the informat ion  needed 
if more  efficient ut i l izat ion of the  meta l  in negat ive  
plates  of a lka l ine  ba t te r ies  is to be achieved. Other  im-  
por tan t  elements,  such as those re la ted  to surface ex -  
posed and to pore  s t ruc ture  (1), are  not r ev iewed  here.  

Review of Evidence for CdO as an intermediate 
Product 

Since 1950, Epelboin  (2) has wr i t t en  extens ive ly  
about  the  p robab i l i ty  of the exis tence of monovalen t  
in te rmedia tes  such as Cd + resul t ing  f rom anodic, one-  
e lect ron cha rge - t r ans fe r  steps, especial ly  dur ing  elec-  
t ropol ishing of metals.  The evidence is st i l l  equivocal,  
d i rec t  proof  st i l l  lacking in the  case of cadmium. By 
1950 Huber  (3) and Ersh le r  et al. (4) had found CdO 
by x - r a y  diffract ion of samples  taken  from the surface 
of Cd anodized at  high potent ials .  Lake  and Casey (5) 
s tudied the  e lect r ica l  behavior  of cadmium before, du r -  
ing, and af ter  passivation,  and in fe r red  that  a sol id-f i lm 
in te rmedia te ,  "CdO," must  be a subs tant ia l  i n t e rme d i -  
ate in the react ions  which even tua l ly  lead  to Cd (OH)2 
in KOH and to CdCO3 in K2COs solutions, and which 
u l t ima te ly  causes the passivation.  

Many  workers  have  sought  CdO, wi thout  finding it, 
in the  pass iva t ing  layer .  Fa lk  (6a) found none at  room 
t empera tu r e  in Sweden  (20~ Sanghi  et  at. (6b) 
found none at  room t empera tu r e  in Ind ia  (33~ Nor 
did Croft  (6c), nor  Thi rsk  et at. (6d). Nor did  others  
(7). The hexagonal  p la te le ts  of p-Cd (OH) 2 are  usua l ly  
identif ied as the product ,  e i ther  by  x - r a y  diffraction of 
moist  or d ry  pa r t i cu la te  samples,  or by  e lect ron dif -  
f ract ion of dried, anodica l ly  formed, ve ry  thin films. 
However ,  Bre i te r  and Vedder  (8), and la te r  Okinaka  
and Whi tehurs t  (9a),  found the more  recent ly  identif ied 
(10) needle l ike  monoclinic ~ -Cd(OH)2  as the  m a j o r  
product :  the  fo rmer  authors  dur ing  exper imen t s  a t  

* Electrochem2cal Society Active Member .  
Key words: CdO, cadmium,  anodic passivation, ozonide O r .  

room t empera tu re  and the l a t t e r  group dur ing  experi-  
ments  at low tempera tures .  The ~-Cd(OH)2  seems to 
be more  r ead i ly  reducib le  to metal l ic  cadmium than 
is the ~-form, especia l ly  at  low tempera tures ,  dur ing  
the electrochemical  charging react ion (9a).  More re -  
cent ly  (9b), the-needles  have been shown by the scan-  
ning electron microscope technique at 25 o and possibly 
[note the  authors '  uncer ta in ty ,  Ref. (9b)]  up to 40~ 
in porous electrodes.  

No a t tempts  were  made by  the authors  of any  of the 
quoted work  to f reeze-dry ,  or o therwise  to stop any 
hydrolysis ,  hydra t ion ,  or  pro tona t ion  of CdO which  
could occur a f te r  anodic t r ea tment  ceases and dur ing  
manipu la t ion  of the  wet sample. 

Yoshizawa and Takehara  ( l l a ) ,  however,  did find 
CdO by x - r a y  diffraction of samples  bur ied  wi th in  th ick  
plates. Ohse found it  also ( l l b ) ,  and concluded tha t  i t  
formed undernea th  the Cd (OH)2. The resul ts  found by  
Devanathan  et at. ( l l c )  suggested to those workers  tha t  
the CdO and Cd (OH)2 form at the same time. Okinaka  
(12) also found CdO, fol lowing a per iod of vigorous 
oxygen evolut ion in solutions of low KOH concent ra-  
t ion [condit ions much l ike  Huber ' s  (3)] .  Galushko 
et aL (13) recen t ly  repor ted  fu r the r  exper imen ta l  con- 
dit ions (low concentra t ion of KOH, mi ld  anodic t r ea t -  
ment )  under  which CdO could accumulate ,  be  ident i -  
fied, and its e lect rochemical  reduct ion  studied.  

Indirect  evidence also exists  tha t  CdO forms as an 
in termediate .  Thus Brei ter  and  Wein inger  (8b), using 
t r i angu la r  vol tage sweeps for anodic oxidat ion  and 
cathodic reduction,  found a reduct ion peak  jus t  about  
where  one would expect  the polar ized  Cd/CdO po ten -  
t ia l  on an e lect rode which had  not been heav i ly  pass i -  
r a t e d  anodical ly;  they  concluded tha t  CdO was indeed 
formed and then remained  s table  long enough to be 
e lec t rochemical ly  reduced.  Okinaka  (12) showed tha t  
the CdO reduct ion  peak  occurs also fol lowing anodic 
oxidat ion during r ing -d i sk  exper iments .  

On Mechanisms 
Throughout  the  pas t  fifteen years  there  have  been 

severa l  papers  conta ining discussion of the  r e l a t ive  
mer i ts  of and the role of two proposed  mechanisms of 
the  anodic oxidat ion:  (i) the  "sol id-s ta te  mechanism" 
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(Cd ++ pene t ra t ing  an unde r l aye r  [CdO? Cd(OH)2?]  
to the so l id /so lu t ion  interface and react ing with  elec-  
t ro ly te  the re ) ;  (ii) the "so lu t ion-prec ip i ta t ion  mech-  
anism" (Cd + + ions dissolving d i rec t ly  f rom Cd metal ,  
as C d ( O H ) 8 - ,  perhaps ,  to prec ip i ta te  as Cd(OH)2.  

Ei ther  one offers a good first approx imat ion  (6a, 6b) 
over  a na r row range  of exper imen ta l  conditions.  
Neither ,  however ,  can descr ibe polar iza t ion  data  t aken  
on cadmium over  a wide  range  of cur ren t  density,  t em-  
perature ,  and e lec t ro ly te  composition, both  before  and 
af ter  passivation,  but  especial ly dur ing  passivation.  As 
far  as we are  aware,  only  the combined so l id -phase /  
so lu t ion-prec ip i ta t ion  mechanism (see Fig. 1) has the  
f lexibi l i ty  needed. Thus an unde r l aye r  which is difficult 
to detect  is p ic tured  as being covered by  the x - r a y -  
de tec table  final react ion product :  cadmium ions pene-  
t ra te  the nonstoichiometr ic  "CdO," the outer  surface of 
which is cont inual ly  dissolving (i.e., complexing)  and 
prec ip i ta t ing  out again  as the final product ,  Cd(OH)2.  
At  pass ivat ion  this dynamica l ly  se l f - re furb ish ing  glassy 
unde r l aye r  seals over, dissolves only slowly, and is con- 
t inuously  being replaced.  

A mechanism for the  escape of the  soluble complexes 
f rom the "CdO" surface has been proposed (15). I t  
has a l r eady  been shown tha t  when this pa r t  of the  
process is s ignif icantly s lowed down by conduct ing the 
exper iments  at --40 ~ the  to ta l  anodic film need be 
only about  6 CdO- layers  th ick to effect pass ivat ion 
(15). I t  was ear ly  argued [see Fig. 5, Ref. (5b)]  tha t  
the unde r l aye r  must  be nonstoichiometr ic  eve rywhere  
except  a t  one in ter ior  p lane:  r ich in  O = near  the  CdO/  
e lec t ro ly te  interface,  r ich in Cd + + near  the  Cd/CdO 
interface;  thin and glassy, nonstoichiometric ,  cont inu-  
ous; of the  var iab le  composi t ion so e legant ly  demon-  
s t ra ted  d i rec t ly  by  Hoar  quite recen t ly  on i ron- t in  
using Auger  techniques (16). 

No direct  physical  identif icat ion of CdO as an in te r -  
media te  dur ing  act ive oxida t ion  of cadmium or even 
af ter  pass ivat ion of cadmium at low oxygen over -  
potentials ,  has been acquired,  p re sumab ly  because it is 
(a) bur ied  benea th  the final hydrolys is  product ,  and 
(b) rap id ly  conver ted  to final product  under  all  bu t  
except ional  conditions.  The final react ion products  m a y  
be formed through soluble in te rmedia tes  such as 
C d ( O H ) ~ -  or Cd(OH)4 = in KOH, Cd~(CO3)4 = in 
K2CO3, or th rough  poor ly  charac ter ized  h y d r o x y - c a r -  
bonates  in mixed  electrolytes  (14a and b) .  The quest ion 

of what soluble complexes exist  in high concentrat ions  
of KOH has not been conclusively answered,  some evi -  
dence favor ing C d ( O H ) ~ -  and other  favor ing 
Cd(OH)4 =. Gi lman and Sangermano (17a) recen t ly  
wres t led  with  this difficulty, as had others  ear l ie r  (17b, 
17c). 

Such invest igat ions have e labora ted  the complexi ty  
of the anodic oxidat ion  of cadmium.  The search con- 
t inues for new evidence.  

Detection of Anodically formed Oa-  and 0 2 -  
By the la te  1960s, we were  apply ing  ESR techniques 

to the anodic oxidat ion  of cadmium and silver, and to 
other  s imi lar  basic problems.  I t  was found (18) tha t  
0 8 -  and other  pa ramagne t ic  species such as O2-, and 
CuO2 =, produced anodica l ly  on some meta ls  in aqueous 
KOH, at t empera tu res  wel l  be low 0~ were  s table  
enough to be identified, and tha t  the i r  concentrat ions  
could be measured.  Concerning cadmium we have r e -  
por ted  (18a) tha t  O~- is the  de tec table  product  of 
anodic oxidat ion  in aqueous KOH at the h igher  t em-  
pera tu res  (--10 ~ to --20~ whi le  0 8 -  is the observ-  
able product  at  the rea l ly  low tempera tu res  (down to 
--40~ Tempera tu re  invers ion f rom one species to the  
other  was sought but  not  observed (18b). The tech-  
nique has been improved,  and 0 2 -  has been detected 
in the  anolyte  dur ing oxygen  evolut ion off Cd even at  
room tempera ture ,  both  in this  work  and e lsewhere  
(18c). 

F igure  2 shows the d is t inc t ly  different  spect ra  of 0 2 -  
and  O~-. The 0 2 -  was produced  chemical ly  by  the de-  
composi t ion of H20~ in KOH solutions. The O3- w a s  

produced e lec t rochemical ly  dur ing  02 evolut ion on oxi-  
dized silver,  as before  (19). In  each case e lec t ro ly te  
samples  were  quick-f rozen in l iquid n i t rogen and spec-  
t ra  recorded on the frozen samples  at  77~ as de -  
scr ibed in Ref. (19). Character is t ic  g -va lues  are  given 
for each. The gz for Oz- shifts much more  wi th  the 
electrostat ic  env i ronment  to which i t  is bound than  do 
gx and gy. [See Lunsford ' s  Table  2 (20).] 

Measurements  t aken  wi th  an e lectrochemical  cell  
p laced d i rec t ly  in  the  microwave  cavi ty  were  insensi-  
tive, as the  cav i ty  was de tuned  by  gas bubbles .  A f t e r  
anodic oxidat ion  for ,.-5 min  at  ~100 mA/cm2 at the  
t empera tu re  shown, samples  of e lec t ro ly te  f rom near  
the cadmium anode were  w i thd rawn  into thin quar tz  
tubes and quick-f rozen  in l iquid  nitrogen.  Spect ra  of 

Fig. I. Schematic indicating 
solid-state/solution- precipitation 
mechanism for anodic oxidation 
of cadmium. After passivation by 
the underlayer and the onset of 
oxygen evolution, the radicals 
O2- and O3- can be detected 
in the electrolyte at low tem- 
peratures. The underlayer con- 
tinues to dissolve and be re- 
formed during oxygen evolution. 
This seems to correlate with 
radical formation. 
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Fig. 2. ESR spectra taken at 77~ of 0 2 -  and 0 3 - .  Hate dis- 
tinctly different line shapes as expressed by the g-values. The gzz 
peak of 0 2 -  is shown amplified IOX  for clarity. 

these samples  were  then  taken  at  77~ F r o m  Fig. 3 i t  
can be seen that  the  superoxide  ion O~- is the  ma in  
paramagne t ic  product  de tec ted  f rom +25  ~ to --25~ 
whi le  at  --35 ~ the  0 3 -  predominates .  At  --40 ~ in 45% 
KOH the spec t rum is tha t  of O3- only, there  being no 
evidence at  al l  for 0 2 - .  Careful  inspect ion reveals  tha t  
the  absorpt ion  by  species "X," at  g = 2.00, which  wil l  
be discussed below, appears  f rom under  tha t  of O2-  as 
the spec t rum of 0 2 -  fades out a t  lower  tempera tures .  

So far  no evidence has been obta ined wi th  the ESR 
technique for  the  anodic fo rmat ion  of f r ee - r ad ica l  in-  
te rmedia tes  f rom Cd except  dur ing  oxygen  evolution,  
i.e., af ter  passivat ion.  The quest ion of whe ther  any  f ree-  
rad ica l  in te rmedia tes  which might  be formed before  
a n d / o r  dur ing  pass ivat ion  can somehow be detected by  
this method is s t i l l  an open one: it  wil l  be necessary  
to find condit ions under  which the in te rmedia tes  can 
desorb into the  e lectrolyte ,  accumula te  there,  and then  
be s table  whi le  a sample  of the  anoly te  is be ing  quick-  
frozen and examined  in the  ESR cavity.  The fol lowing 
discussion, therefore,  refers  only  to the  s i tuat ion af te r  
passivat ion,  a f te r  comple t ion  of the  "CdO" under layer .  

Discussion 
Of the severa l  meta ls  s tudied so far  cadmium is the  

on ly  one f rom which both 0 2 -  and Oa-  have  been de-  
tec ted  having  been produced  dur ing  anodic oxygen  
evolution.  F r o m  the fact  tha t  0 2 -  is fo rmed at  the  
higher  t empera tu res  inves t iga ted  and 0 3 -  at  the  lower,  
one can infer  tha t  the  pass iva t ing  glassy unde r l a ye r  is 
different  at  different  t empera tures .  Pe rhaps  i t  is more  
h igh ly  p ro tona ted  at  --10 ~ than  at  --40 ~ and the p r i -  
m a r y  produc t  of the  discharge of OHads-, n a m e l y  
Oads--, is more  w e a k l y  bound  at  --10 ~ than  at --40 ~ 
The mechanism could change as follows. Since the  sec- 
ond discharge  event  produces  Oads in both cases, the  
O a ~ -  can r ap id ly  combine wi th  one Oads to evolve  0 2 -  
f rom the surface of the  u n d e r l a y e r  at  --10 ~ whi le  a t  

25"  

-13 ~ 

lOOG 

- 3 5 "  

I 

-25 Q 

g-2.0O 

-40" 

\ 

Fig. 3. Spectra of strong KOH anolyte samples extracted in a 
capillary and quick-frozen to 77~ following anodic oxygen evolu- 
tion off cadmium at temperatures shown. Clear spectra of 0 2 -  for 
25 ~ and 0 3 -  for - -40~ "X" is just perceptible near g = 2 at 
- -35 ~ and - -40  ~ 

--40 ~ it gets away  more  s lowly  and then only b y  com- 
bining wi th  two Oads to evolve  O8-.  In  summary ,  the  
discharJe  react ions  

OHads-- "-> Gads-- "-~ e -~- H + and Oads- "-> Oad, -t" �9 

fol lowed b y  

Oads-- -k Oads--> O2-- at - -10  ~ 
and 

Oads-- + 20a~s'-> 08-- a t  - -40  ~ 

produce  the pa ramagne t i c  species detected.  
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These mechanisms seem s impler  than  those proposed 
in our ear l ie r  work  (18, 19), namely  

20Hads --> H202 -+ 1~ 02 -~- H20 

H202 -~- OH- -> HO2- -~ H20 

HO2- + OH-> 02- + H~O 
and 

Oads- + 02-* 08- 

although there is no experimental reason to favor one 
over the other at this juncture. 

A cautionary note is introduced by the possibility 
that 03- is not observed at the higher temperatures 
from Cd simply because it decays too fast (in the cad- 
mium-saturated electrolyte) and not that it never was 
formed in the first place, as we have implied above. 
This will be a hard point to prove experimentally. 

In addition to the oxygen species the elusive species 
"X," which gives a sharp ESR absorption peak at g = 
2.0023, is produced as a second anodic reaction product 
of cadmium [and several Other metals (18)] in strong 
KOH at low temperatures. The nature of species X is 
still uncertain. Its decay rate varies markedly (minutes 
to less than seconds) (19). In the case of cadmium oxi- 
dation this sharp absorption line (Fig. 2, --35 ~ and 
--40 ~ ) could be due to conduction electrons in colloidal 
metal which has been undermined during anodic dis- 
solution, a manifes ta t ion  of the  classical "chunk effect" 
(21). Or, it might  be due to complexed electrons ar i s -  
ing from oxidat ion  of Cd + by  electrolyte .  Al though it 
is un l ike ly  to be due to Cd + i tself  [whose magnet ic  
pa ramete r s  (22) are  g = 1.992 to 2.001, and a la rge  
hyperf ine spl i t t ing for the isotope 114, none for the  
more abundant  isotope 112], it  could be due to the elec-  
t ron which has jus t  been ejected f rom anodical ly  
formed Cd + and which is t empora r i l y  res t ing in the  
m e t a l - i o n / h y d r o x y l - i o n / w a t e r  complex,  M ( O H ) n  2-n �9 
xH20. The analogy wi th  Epelboin 's  recent  work  (23) 
on Be + produced anodica l ly  in an aprotic solvent  elicits 
fur ther  thought  along these lines. However ,  since the 
absorpt ion peak  at 2.0023 is devoid of fine structure,  
ESR work  to date cannot dis t inguish unambiguous ly  
between colloidal  meta l  or complexed  electron. 

The e lements  of the so l id -phase / so lu t ion -p rec ip i t a -  
t ion mechanism given in this paper  seem able to ac-  
commodate  the new facts obta ined by ESR as wel l  as 
many  seemingly  incompat ib le  observat ions ear l ie r  r e -  
ported.  New techniques which can pe rmi t  in situ ex-  
aminat ion  of composition, s tructure,  and electr ical  
proper t ies  are  stil l  needed, however,  as is a quant i ta t ive  
theory  which can describe the  discontinuit ies of the  
pass ivat ion process. To de lay  the onset of pass ivat ion 
dur ing  anodic oxidat ion  of the metal  remains  the p r i -  
m a r y  pract ica l  objec t ive  of work  of this kind. 

The ESR resul ts  repor ted  in this  paper  can be con- 
s idered as re levan t  to the mechanisms opera t ing  at  the 
cadmium electrode of a cadmium-a lka l i  cell which has 
been dr iven into cell reversa l  (i.e., forced discharge)  at  
low tempera tures .  At tack  of cell components  by  anodi -  
cal ly  produced free radicals,  which are mobile  in the 
electrolyte,  can be ant icipated.  

Acknowledgment 
This was issued as DREO Report  No. 721. 

Manuscr ipt  submi t ted  Sept. 3, 1974; revised manu-  
script  received Feb. 13, 1975. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the  June 1976 JOUmNAL. 

Al l  discussions for  the 3une 1976 Discussion Sect ion 
should be submi t ted  by  Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Defense Research Establishment Ottawa. 

REFERENCES 
1. E. S. Carr, "Proceedings of 25th Power  Sources 

Symposium,"  p. 57, PSC, Red Bank, N. 3. (1972) ; 
E. J. Casey and B. E. Vergette,  EIectrochim. Acta, 
14, 897 (1970), and reference  there  in. 

2. I. Epelboin, Mdtaux, 32, 55 (1975); Z. Electrochem., 
59, 689 (1955), e.g. 

3. K. Huber,  This Journal, 100, 376 (1953); Z. Physi- 
kal., 62, 675 (1958); K. Huber  and S. Stuck.i, Helv. 
Chim. Acta, 51, 1343 (1968). 

4. S. A. Rozentsveig, B. V. Ershler ,  E. L. Shtrum, and 
M. M. Ostanina, Tr. Soveshch. ELecktrokhim. 
Akad. Nauk SSSR, 1950, p. 571 (1953). 

5a. P. E. Lake  and E. 3. Casey, This Journal, 105, 
52 (1958); b. P. E. Lake  and E. J. Casey, ibid., 
106, 913 (1959). 

6a. S. U. Falk,  ibid., 107, 661 (1960); b. T. Sanghi, S. 
Visvanathan,  and S. Anan thanarayanan ,  Elek- 
trochim. Acta, 3, 65 (1960); c. G. T. Croft, This 
Journal, 106, 278 (1959); G. T. Croft  and D. 
Tuomi, ibid., 108, 915 (1961); d. R. D. Armstrong,  
E. H. Boult, D. F. Porter ,  and H. R. Thirsk,  Elec- 
trochim. Acta, 12, 1245 (1967). 

7a. 3. P. G. F a r r  and N. A. Hampson,  EIectrochem. 
Technol., 6, 10 (19.59); b. H. Y. Kar~g, This Jour- 
nal, 118, 462 (1970). 

8a. M. Brei ter  and W. Vedder,  Trans. Faraday Soc., 
63, 1042 (1967) ; b. M. Brei ter  and 3. L. Weininger ,  
This Journal, 113, 651 (1966); M. Bre i te r  and 
J. L. Weininger ,  in "Power  Sources 1966," D. H. 
Collins, Editor,  p. 269, Pe rgamon  Press, London 
(1967). 

9a. Y. Okinaka  and C. M. Whitehurs t ,  This Journal, 
117, 583 (1970); b. D. Chua and R. J. Diefen-  
doff, "Proceedings 25th Power  Sources Conf. 
1972," p. 52. 

10a. P. M. de Wolff, Acta Cryst., 21, 432 (1966); b. 
O. Glemser,  U. Hauschild,  and H. Reichert ,  Z. 
Anorg. A~lgem. Chem., 29'0, 58 (1957). See how-  
ever  Fe i tknecht  et al., Heir. Chim. Acta, 34, 2266 
(1951) and Chimia, 11, 166 (1957) concerning 
s tabi l izat ion b y  C1-. 

11a. S. Yoshizawa and Z. Takehara ,  Electrochim. Acta, 
5, 240 (1961) ; b. R. W. Ohse, Z. Elecktrochim., 64, 
1171 (1960); c. M. A. V. Devana than  and S. L a k -  
shmann, Electrochim. Acta, 13, 667 (1968). 

12. Y. Okinaka,  This Journal, 117,289 (1970). 
13. V. P. Galushko, E. F. Zavgorodnyaya ,  R. V. Podol-  

skaya,  and u  P. Rodak, Elecktrokhim., 8, 1216 
(1972). 

14a. E. J. Casey, A. R. Dubois, P. E. Lake, and W. J. 
Moroz, This Journal, 112, 371 (1965); b. W. F e i t -  
knecht,  Fortschr. Chem. Forsch., 2, 670 (1953), 
AERE Harwel l  Translat ion,  p. 622. 

15. E. J. Casey, Chem. Can., 12, 49 (1980). 
16. T. P. Hoar, M. Talerman,  and E. Trad,  Nature, 

244, 41 (1973). 
17a. S. Gi lman and L. D. Sangermano,  This Journal, 

118, 1953 (1971); b. P. C. Mi lner  and U. B. 
Thomas, Advan. Electrochem. Electrochem. Eng., 
5, 1 (1967); c. W. Fe i tknecht  and P. Schindler ,  
Pure Appl. Chem., 6, 130 (1963). 

18a. C . L .  Gardner  and E. J. Casey, Can. J. Chem., 
49, 1782 (1971); b. C. L. Gardne r  and E. J. 
Casey, Faraday Discussions No. 56, Sept.  1973; 
c. R. L. Deming, P r iva te  communicat ion,  1974. 

19. C. L. G a rdne r  and E. J. Casey, Can. J. Chem., 5~, 
93O (1974). 

20. J. H. Lunsford,  Catalysis Rev., 8, 135 (1973). 
21. W. J. J ames  and M. E. St raumanis ,  This Journal, 

118, 1960 (1971), e.g. 
22. R. S. Eachus, M. C. R. Symons, and J. K. Yandell ,  

Chem. Comm. 1969, p. 979. 
23. H. Aida,  I. Epelboin, and M. Garreau,  This Journal, 

118, 1961 (1973). 



Behavior of Salicylaldoxime and 8-Hydroxyquinoline 
at a Copper Electrode 
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ABSTRACT 

Effects of sa l icy la ldoxime (SAO) and of 8 -hydroxyquino l ine  (HQ) on the 
anodic dissolut ion of copper  were  s tudied by  using a potent iokine t ic  po lar iza-  
t ion method  and phase-se lec t ive  a-c  po la rog raphy  at a ro ta t ing  copper  d isk  
e lect rode at  var ious  pH values.  At  pH 1.5, where  cupric  ions do not  prec ip i ta te  
as the  chelates of SAO and HQ, the  anodic dissolution of copper  was r e t a rded  
s l ight ly  by  these addit ives.  At  pH 2.8 and 5.0, where  SAO precipi ta tes  cupric  
ions quant i ta t ive ly ,  the  anodic dissolution of copper  was m a r k e d l y  r e t a rded  by  
SAO, especial ly  f rom the ro ta t ing  disk electrode.  The anodic polar izat ion curves  
of copper  in the  SAO solut ions were  s imi lar  to those obta ined in the pass iva t ion  
of iron. A thin pro tec t ive  chelate  film was formed on the copper  electrode.  At  
ve ry  posi t ive potentials ,  the  chelate  film rup tu red  and the anodic dissolut ion of 
copper s tar ted.  On the other  hand, HQ chemisorbed s t rongly  on the copper  
e lect rode f rom pH 2.8-5.0, where  HQ also prec ip i ta tes  cupric  ions, and the cop-  
pe r  dissolut ion was r e t a rded  marked ly .  The Cu-HQ chelate  did not act as a 
ba r r i e r  for the copper  dissolut ion in this pH range.  

Numerous  studies have  been made  to e lucidate  the  
mechanism of corrosion inhib i t ion  by  organic sub-  
stances. Inhibi tors  of the  first class are  phys ica l ly  
adsorbed  on the meta l  surfaces. This adsorpt ion  is 
nonspecific and reversible .  On the other  hand, for  
inhibi tors  of the  second class the  adsorp t ion  is chem-  
ical in na tu re  and is specific to the  metal .  For  in-  
stance, as a genera l  rule, organic inhibi tors  are  more  
effective wi th  fer rous  meta ls  than  wi th  nonferrous  
metals.  I t  can be p red ic ted  that  for a given inhib i tor  
the o rder  of increasing effectiveness is l ike ly  to be: 
Zn < Cu < Ni < F e .  I t  is interest ing,  also, tha t  the  
series cited above is a fami l ia r  one in te rms of the  
s tab i l i ty  of chelate  complexes.  

H a y a k a w a  and Ida  (1) es t imated  the s tabi l i ty  con- 
s tants  for a series of hydroxyazo  compounds of a lumin-  
um and they  sugges ted  tha t  inhibi t ion of a luminum 
corrosion in  a lka l ine  solutions b y  these compounds 
should be increas ing ly  effective wi th  increasing s tab i l -  
i ty  of  the  complex.  These chelat ing agents  were  con- 
s idered  to form pro tec t ive  films of  a luminum chelates 
on the a luminum surface. 

Benzotr iazole forms a wa te r - inso lub le  prec ip i ta te  
wi th  both  cuprous and cupric  ions and  has been  used 
as an efficient corrosion inh ib i tor  for  copper  in a 
wide  va r i e ty  of  env i ronments  (2-7).  Cotton (2-4) 
concluded tha t  benzotr iazole  inhibi ts  the  corrosion of 
copper  b y  forming a C u ( I ) - b e n z o t r i a z o l e  compound 
on the  copper  surface. Pol ing  (8) showed from in-  
f r a r ed  reflectance spec t ra  tha t  the pro tec t ive  film 
was h igh ly  iner t  Cu ( I ) -benzo t r i a zo l e  complex po ly -  
mer.  2 Wal l  and Davis (9) suggested that  benzot r ia -  
zole reacts  to form an  invis ible  insoluble  chelate  on 
the  copper  surface. On the o ther  hand, Mansfeld  
et aL (7) suggested, on the  basis  of e l l ipsometr ic  
studies, tha t  benzotr iazole  is chemisorbed on the cop- 
pe r  surface. 

Ushenina and Klyuchn ikov  (10) s tudied  the  influ- 
ence of var ious  chela t ing agents  on the  corrosion 
ra tes  of iron, cobalt,  zinc, and copper. Both benzo-  
t r iazole  and 8 -hydroxyqu ino l ine  r e t a rded  the  corro-  
sion of copper  cons iderab ly  in ammoniaca l  buffer. 
Inh ib i tor  efficiencies of these  chela t ing agents  were  
90.2 and 44.3%, respect ively .  On the o ther  hand, the  
inhib i tor  efficiency of sa l icy ladoxime in ammoniaca l  
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buffer was only 6.2%. They  s ta ted  tha t  when  the  
chelate  is fo rmed d i rec t ly  on the surface as a com- 
pact  film having good adhesion to the  meta l  (dis-  
charge and nucleat ion mechanism) ,  i t  re ta rds  corro-  
sion. When  the chelate  is fo rmed in the  bu lk  of the  
solut ion and is then deposi ted (d i sso lu t ion-prec ip i ta -  
t ion mechanism) ,  the  film has only a sl ight  r e ta rd ing  
effect on corrosion. 

In  the present  work  we have inves t iga ted  the  an-  
odic dissolution of copper in the  presence of sa l icy la l -  
doxime (SAO) and 8 -hydroxyqu ino l ine  (HQ).  Cu 2+ 
is p rec ip i t a ted  quan t i t a t ive ly  by  SAO at  pH values  
h igher  than  2.6 (12), and b y  HQ at pH values  be -  
tween  5.3 and 14.5 ( incomplete  prec ip i ta t ion  begins  
at pH 3.5) (11), according to the  fol lowing reactions:  

SAO HOk 
O, ..N:==, 

Cu2* ~- 2 O H - -  ( ~ ' N ~ C O 0 _ ~  
~ N  

\ OH 
OH 

C u  ~+ + 2 ) l  " " .... 
OH 

Solutions of pH 1.5, 2.8, and 5.0 were chosen so that 
the re la t ion  be tween  the s tab i l i ty  a n d / o r  so lubi l i ty  
of the  chelates and the inhib i t ion  efficiency could be 
studied. 

Experimental 
All  chemicals  except  SAO (Eas tman)  were  ana -  

ly t ica l  grade  and were  used wi thout  fu r the r  purif ica-  
tion. Al l  solut ions were  p repa red  using doubly  dis-  
t i l led  wa te r  (deionized and then  dis t i l led) .  The com-  
posi t ion of the  buffer  solut ions was as follows: pH 
1.5, 0.05M H2SO4; pH 2.8, 0.2M monochloroacet ic  acid, 
0.1M NaOH; and, pH 5.0, 0.1M sodium acetate,  0.033M 
acetic acid. 

The ionic s t rength  of these solutions was ad jus ted  
to 0.5 by  the addi t ion  of sodium sulfate. Al l  solu-  
t ions were  deaera ted  using purif ied ni trogen.  A s ingle-  
c rys ta l  copper  rod  (6.0 m m  in d iameter )  wi th  the  

Benzo t r i azo le  (BTA) f o r m s  a water- insoluble  stoichiometric  com-  
pound Cu(I )  (BTA) w i t h  c u p r o u s  ions,  whereas  it precipitates a 
nonstoichiometric  Cu( I I )  (BTA)~ (x = 1.4-2.0) w i t h  cupric ions, 
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(100) plane as the electrode surface was sheathed 
in  a Teflon cylinder. The electrode surface was pol- 
ished mechanical ly with No. 600 emery paper and then 
electropolished in concentrated phosphoric acid. After  
washing with distilled water, the electrode was at-  
tached to a Beckman rotat ing electrode assembly 
with variable  drive. A potentiostat  with a l inear-  
sweep voltage source (constructed locally with Tele- 
dyne-Phi lb r ick  operational  amplifiers) was used. The 
phase-selective a-c polarograph was bui l t  according 
to the circuit given by  Matsuda et aL (13). Unless 
otherwise stated, all polarization curves were obtained 
potentiokinetical ly with a sweep rate of 50 mV/min ,  
after polarizing the rotat ing copper electrode to a pre-  
determined potential  in  the region of hydrogen evo- 
lution. All measurements  were carried out at 25 o _ 
I~ and potentials were measured against a saturated 
calomel electrode. 

Results 
pH 1.5.--The polarization curves for the rotat ing 

copper disk electrode in  the solutions of pH 1.5 con- 
taining the chelating agents are shown in Fig. l a  
and lb. Both SAO and HQ retarded the dissolution 
rate of copper. The Tafel slope for the copper dissolu- 
t ion was not altered by the addit ion of either SAO or 
ttQ. The polarization curve shifted to more cathodic 
potentials with an increase in  the rate of rotation. At 
high anodic polarizations the current  tends to be dif- 
fusion controlled, as reported by Leckie (14). The 
effect of additives on the polarization of copper at high 
anodic polarization was significantly decreased but  
did not disappear. However, the effect of rotat ion 
disappeared. 

Salicylaldoxime.~The polarization curves in  the 
presence of SAO at pH 2.8 are shown in Fig. 2a and 
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Fig. la. Tafel plots in SAO solution at pH 1.5. In the base solu- 
tion with stationary disk electrode (SDE) (curve a), and with rotat- 
ing disk electrode (6000 rpm) (RDE) (curve b). In 5.0 rnM SAO 
solution with SDE (curve c), and with RDE (6000 rpm) (curve d). 
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Fig. lb. Tafel plots in HQ solution at pH 1.5. In the base solu- 
tion with SDE (curve a), and with RDE (60•0 rpm) (curve b). In 
5.0 mM HQ solution with SDE (carve c), and with RDE (6000 rpm) 
(curve d). 

2b: A current  ma x i mum and  m i n i m u m  were observed, 
followed by a current  increase at more anodic po- 
tentials. The polarization curves shifted slightly to- 
ward cathodic potentials as the rate of rotat ion was 
increased at lower current  densities (in the poten-  
tial region of the current  peak).  The peak current  
was higher and the peak potential  more anodic at 
the lower concentrat ion of SAO and lower rotat ion 
rate. The current  in the passive region which fol- 
lowed the current  peak decreased with increasing 
concentrat ion of SAO. At higher anodic polarizations 
( trans-passive potential, region),  a white precipitate 
of Cu(SAO)2 was seen to fall from the stat ionary 
disk electrode. The curves corresponding to increas- 
ing and decreasing polarization did not coincide. The 
current  at decreasing polarization was higher than 
that  observed during increasing polarization in  the 
passive region and the current  peak was not ob- 
served, as shown in Fig. 2a. 

In  the steady-state potentiostatic polarization 
curves from cathodic to anodic direction, the cur-  
rent  peak was not observed. 

In  the acetate buffer solution at pH 5.0 (Fig. 3a 
and b),  the effect of SAO on the copper dissolution 
was qual i ta t ively similar  to that at lower pH values, 
but  was more pronounced. The cur ren t  peak oc- 
curred at about --0.05V, which is more cathodic than  
at pH 2.8. The current  peak was also observed with 
the stat ionary electrode when the concentrat ion of 
SAO was more than 10 mM at pH 5.0 and 20 miVf 
at pH 2.8, respectively. The polarization curves in  
the t rans-passive region were not influenced signifi- 
cantly by the rotat ion rate (600-6000 rpm) (Fig. 3a), 
and depended slightly on the concentrat ion of SAO 
(Fig. 3b);  the electrode surface showed local corro- 
sion on a shiny background after polarizat ion in  this 
region. However, it remained shiny when  the anodic 
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Fig. 2a. Tafel plots in 5 mM SAO solution at pH 2.8 with various 
rotation rates. In the base solution with SDE (curve a), and RDE 
(6000 rpm) (curve b). In 5 mM SAO solution with SDE (curve c), 
600 rpm (curve d), 1200 rpm (curve e), 3000 rpm (curve f), and 
with RDE (1200 rpm) polarized from anodic to cathodic direction 
(curve g). 

polarization was stopped at potentials more cathodic 
than  the second increase in current  rise. 

Cyclic vol tammetry  at the copper electrode in the 
SAO solution (Fig. 4) showed that  the surface film 
formation was irreversible. The chelate film was par -  
t ial ly reduced at potentials more cathodic than  about 
--0.6V. Successive anodic sweeps started from poten-  
tials more cathodic than  --0.6V gave a larger anodic 
current  peak at --0.1V; the chelate film formed dur -  
ing the anodic process was almost completely reduced 
at -- 1.0V. 

The total amount  of electrical charge involved in 
the Cu-SAO chelate film formation in the potential  
region of the current  peak depended on the pH of 
the solution, the concentrat ion of SAO, and the rate 
of rotat ion of the electrode (Table I) .  With increase 
in the rotat ion rate, the amount  of electrical charge 
involved in  the chelate film formation decreased 
slightly. 

The impedance of the copper electrode in the pres-  
ence of SAO at pH 5.0 was measured by  using the 
phase-selective a-c polarograph and was represented 

Table I. Effect of concentration 
The a m o u n t  o~ charge  ( m e o u l o m b / c m  2) r e q u i r e d  to  f o r m  the  

p r o t e c t i v e  f i lm b y  s a l i c y i a l d o x i m e  

Concen- 
tration, mM PH 2.8 pH 5.0 

2.5 18,1 
5.0 30-.8 11.4 

10.0 28.5 7.3 
20.0 17.2 1 

R o t a t i o n  speed  3000 r p m .  
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Fig. 2b. Tafel plats in SAO solutions at pH 2.8 with RDE (3000 
rpm). In the base solution (curve a), 2.5 mM SAO (curve b), 5.0 
mM SAO (curve c), and 10 mM SAO (curve d). 
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Fig. 4. Cyclic voltammograms of RDE (3000 rpm) in 5.0 mM SAO 
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anodic. Arrows indicate the points where the direction of potential 
scan was reversed. The peaks are labeled with respect to the corre- 
sponding reversal of potential. Scan rate is 0.5 Y/min. 

as a series combined of a capacitance, C~, and  a re-  
sistance, R~ (Fig. 5). In  the double layer  region, Cs 
decreased markedly  on addition of SAO. On the other 
hand, Rs remained constant regardless of the con- 
centrat ion of SAO. In  the region of the d-c peak, Cs 
increased slightly, and then decreased to a very small 
value in the passive region, whereas Rs increased 
steeply to a very large value. 

8-Hydroxyquinoline.--In a solution of 5.0 mM HQ 
at pH 2.8 (Fig. 6), the dissolution rate increased mono-  
tonically as the potential  became more anodic, and 
no current  peak was observed. With the rotat ing disk 
electrode, a shoulder was observed in the anodic 
polarization curves at about 2 • 10-r A/cm 2. At 
curz'ent densities smaller  than  2 • 10-4 A/cm 2, the 
polarization curve shifted slightly to the more cath- 
odic region and above this current  density it shifted 
toward the anodic side on rotat ing the electrode. The 
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Fig. 5. The resistive and capacitive components (Rs and Cs are 
in series) of the copper electrode in 5.0 mM SAO solution at pH 
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effect of rotat ion rate on the polarization curve was 
small in a 5 mh/I HQ solution at pH 5.0 (Fig. 7). With 
an increase in the rotat ion rate the polarization curve 
shifted slightly to more anodic potentials. 

Figure 8 shows Cs and Rs for the coppe.r electrode in 
a 5 mM HQ solution (pH 5). HQ depressed Cs mark -  
edly in the double layer  region as in the case of the 
SAO solution and Cs showed a considerable increase 
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in the potential  region where the d.c. started to in-  
crease. 

Discussion 
At pH 1.5.--About one-half  of SAO and most of HQ 

molecules are protonated in  the solution at pH 1.5 
(15, 16). According to earl ier  work (17, 18), SAO 

would therefore be expected to be a bet ter  corrosion 
inhibitor.  If we assume that  the deceleration of the 
copper dissolution is only due to a blocking effect 
and that  the surface coverage is independent  of the 
electrode potential, the Tafel slope should not be 
affected by organic additives because the mass t rans-  
port  to or from the electrode is not  dis turbed by 
the additives (19). The shift of the Tafel plots with 
rotat ion in the absence of SAO was comparable with 
that in the presence of SAO; this suggests that  the 
adsorption of SAO did not disturb the diffusion of 
products from the electrode. Capacity measurements  
indicated that the potential  dependence of the SAO 
adsorption was very  small  in  this potent ial  region. 
Although the solubil i ty of HQ is smaller  than that 
of SAO at pH 1.5, the inhibi tor  efficiency of SAO was 
slightly bet ter  than  that  of HQ. The adsorption of 
SAO on the copper electrode is probably  chemical 
in nature.  

Sa~icy~Mdoxivne.--In the pH range where  Cu + + pre-  
cipitates as a chelate with SAO, the polarization curves 
are similar in  shape to those observed for the passi- 
ra t ion  of iron. In  this case, however, the current  peak 
corresponds to the faradaic process for the formation 
of an insoluble Cu-SAO chelate film at the electrode 
surface. After  the copper electrode surface was cov- 
ered by the insoluble film the dissolution of copper 
was completely inhibited. The protective film of Cu- 
SAO chelate may be very similar to that  formed by 
benzotriazole which reacts at the copper surface to 
form benzotriazole complexes. Poling (8) identified 
these complexes as a near  stoichiometric C u ( I ) - b e n -  
zotriazole polymer. With increasing anodic polariza- 
t ion beyond the potential  of the current  peak, the 
anodic current  reached a m i n i m u m  (which corres- 
ponds to the passivation region of iron) and then 
started to increase again. The current  increase in 
the transpassive potential  region was caused by a 
rupture  of the protective chelate film. This is evi-  
denced by a visible localized corrosion of the copper 
surface. 

Hysteresis of the polarization curve also suggests 
chelate film formation and rup ture  of the film at very 
anodic potentials, as in  the case of passivation of iron. 

In  the pH range where SAO precipitates Cu 2+ as 
Cu-SAO chelate, the formation of Cu-SAO chelate 
at the copper electrode is thermodynamical ly  more 
favorable than  the dissolution of copper as Cu 2+. 
At pH 2.8, however, the rate of chelate film forma- 
t ion at the copper electrode is slow, and  the SAO 
film chemisorbed on the copper electrode, suggested 
by the data of Fig. 5, inhibi ted the dissolution of 
copper. With increase in  the electrode potential, the 
faradaic process took place for the formation of Cu- 
SAO chelate as a first step. The chelate film forma- 
t ion is probably due to the reaction between the 
chemisorbed SAO and copper at the copper electrode 
surface. This mechanism was supported by the fact 
that the effect of rotat ion of the electrode on the 
polarization curves was insignificant at lower current  
densities. The mass t ransport  of SAO to the electrode 
surface was so slow with the stat ionary electrode that 
the dissolution of copper as Cu 2+ became predomi-  
nant  at higher current  densities and the effect of SAO 
disappeared at very positive potentials. 

With the rotat ing disk electrode the mass t ranspor t  
of SAO to the electrode was sufficient to form the 
chelate film on the electrode and the chelate film for- 
mation was a predominant  reaction at the copper elec- 
trode in  the current  peak region. With increase in the 
rotat ion rate of the electrode the mass t ransport  of 
SAO to the electrode was enhanced and the height 
of the current  peak became smaller because the dis- 
solution of copper was completely inhibited and the 
peak potential  shifted cathodically. This behavior  was 
very similar to the dependency of the polarization 
curves on the concentrat ion of SAO as shown in Fig. 
2b. 



860 J. Electrochem. Soc.: ELECTROCH EMI C A L SCIENCE AND TECHNOLOGY July 1975 

At pH 5.0, SAO also accelerates the faradaic process 
for format ion of the chelate film on the electrode in 
the potential  region of the current  peak. The polari-  
zation curves shifted toward the cathodic region with 
increase in  pH values of the solution. This is due to 
the formation of a more stable chelate film at pH 5.0 
than  that  at pH 2.8. 

The anodic process for the chelate film formation on 
the copper electrode in  the presence of SAO can be 
considered to be due to: (i) the chelate film formation 
taking place at the electrode covered by the chemi- 
sorbed SAO, Sad (1 - -  6 f i l m ) ,  where Sad iS the fraction 
of the electrode surface covered by  the chemisorbed 
SAO and 0ram is the fraction of the electrode surface 
covered by the chelate film; Cu %2(SAO)ad --> 
Cu (SAO)~, and (ii) copper dissolution taking place at 
the uncovered electrode surface and Cu 2+ formed by  
the anodic process reacting with SAO in the diffusion 
layer  at the electrode interface and this Cu-chelate 
diffusing away from the electrode. 

The mathemat ical  solution of this process was very  
complicated and hence impractical  for the analysis 
of  the exper imental  data. 

We made the fur ther  simplification that  the elec- 
trode surface covered by the chemisorbed SAO was 
considered to be appreciably high on the basis of the 
differential capacity measurements  so that  the dis- 
solution of copper as Cu 2+ from the uncovered surface 
was ignored. The fraction of the electrode surface 
covered by SAO, 0ad, was assumed to be a constant be-  
cause the peak currents  shown in Fig. 3a were far less 
than  the flux of the l imit ing diffusion of SAO to the 
electrode surface under  the present  condition. The 
current -potent ia l  relat ion in the potentiokinetic mea-  
surement  can be easily calculated by using Eq. [1] and 
[2] 

i ---- 2Fk ead2 (1 -- Ofilm)exp(2~FE/RT) [1] 

i -- SdSmm/dt [2] 

E : Ei + vt [3] 

where  i (A/cm2) is the faradaic current  for the chelate 
film formation; k the rate constant  for the chelate 
formation at E : 0, ~ the anodic t ransfer  coefficient; 
0film and Sad (%) the fraction of the electrode surface 
covered by the chelate film and  chemisorbed SAO, re-  
spectively; S (coulombs/cm 2) the amount  charge re-  
quired to cover the electrode surface by the chelate 
film; v (V/sec) the scan rate, and t (sec) time. A 
solution of Eq. [1] is easily obtained as follows: (i) 
Subst i tute  i and E into Eq. [1], and then integrate Eq. 
[1] to get 8film as a funct ion of time. (it) Substi tute 
8film(t) into Eq. [1] and then  set its t ime derivative 
equal to zero to get tmax, the t ime required to reach 
the current  peak potential  f rom E : El. 

One can obtain 

tmax = K1 -- K~ In Sad [4] 

where  

and 

RT ( S~v ~ Ei 
KI -- - -  In -- 
- -  2sFv \ RTk / v 

Kz = RT/pFv  

Then one can easily obtain the peak current  

/max ---- In (2~Fv/RT) -- 1 + (RTkead2/S~v) 

• exp ( 2 # F E J R T )  = K3 + ~4 ead 2 [5] 

The peak potential  shifts l inear ly  toward cathodic val-  
ues with log 0ad and the peak height increases l inear ly  
w i t h  0ad% 

The shift of the peak potential  with respect to the 
SAO concentrat ion is shown in Fig. 9. Since 0ad is a 
function of concentrat ion of SAO, the steeper the slope 
of plots, the stronger is the adsorption of SAO on the 
copper electrode. Qualitatively, the adsorption of SAO 
onto the copper electrode becomes stronger with in -  
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.< 
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0.1 0 -0.1 

P o t e n t i a l  ( v o l t s )  

Fig. 9. Shift of peak potential with the concentration of SAO at 
pH 2.8 (carve a) and pH 5.0 (curve b). 

creasing pH of the solution. Similar  behavior  was ob- 
served with EDTA, adsorbed on a mercury  electrode 
(2O). 

The marked  decrease in  the capacitive component, 
Cs, of the copper electrode in the presence of SAO 
(Fig. 5) suggested that  SAO adsorbed strongly on the 
electrode in the pH range where the Cu-SAO chelate 
is stable. In  the current  peak region of the above con- 
dition, the capacitive component became very small  
and the resistive component  reached several thousands 
ohms. These changes strongly sUggested the chelate 
film formation on the electrode surface. With the sta- 
t ionary disk electrode in the 5 mM SAO solution at 
pH 5.0, both Cs and Rs started to increase from the 
values in the double layer  region at about +0.05V 
which is 75 mV more anodic than those in  the base 
solution. This is probably due to the dissolution of 
copper as Cu 2+ because of the insufficient supply of 
SAO onto the electrode to form a compact chelate film. 

If we assume that the chelate film is formed through 
the dissolution-precipitat ion mechanism (21) the peak 
current  in the cyclic vol tammogram with a rotat ing 
disk electrode should increase with increasing rotat ion 
rate such as in  the passive film formation on copper 
(22). In  the present  case, however, the peak current  
decreased with an increase in the rotat ion rate. This 
behavior  indicates a discharge-nucleat ion mechanism 
for the formation of the Cu-SAO chelate on the copper 
electrode (21). 

Assuming the density to be 2 g /cm 8, the thickness of 
the surface film calculated from the amount  of charge 
required for its format ion ranged from 100A, in  20 toNI 
SAO solution at pH 5.0, to 1000A, in 5.0 mM SAO solu- 
t ion at pH 5.0. These thicknesses are comparable with 
those reported by Poling (8) for the Cu-benzotriazole 
film on copper electrode. 

8-Hydroxyquinoline.--In the HQ solution at pH 2.8, 
a shoulder was observed in  the polarization curves 
with the rotat ing disk electrode (Fig. 6). The cathodic 
shift of the polarization curve at lower cur ren t  den-  
sities (2 X 10 -4 A /cm 2) would be explained from the 
analogy of the copper electrode in the HQ solution to 
that in  the SAO solution. The effect of HQ in the pH 
5.0 solution is more pronounced than that  in the pH 2.8 
solution and the polarization curves were not influ- 
enced by the rotat ion rate (Fig. 7). 

A strong adsorption of HQ on the copper electrode 
in the pH range where HQ precipitates cupric ions was 
evidenced by the capacitance curve in the double layer  
region (Fig. 8). Both capacitive and resistive compo- 
nents  of the copper electrode in the pH 5.0 solution 
remained at atmost the same value up to about -F0.1V 
which corresponded to the potential  at which the 
anodic dissolution of copper started. No decrease of the 
capacitive component was observed in the HQ solution. 
This result  suggests that  the inhibi t ion of copper dis- 
solution by HQ is not due to the chelate film on the 
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elect rode but  ma in ly  to the  chemisorbed film. This 
mechanism is also suppor ted  by  the evidence tha t  the  
ro ta t ion ra te  did  not show any significant influence on 
the anodic polar iza t ion  curves.  The fo rmat ion  of a 
Cu-HQ chelate  film on the e lect rode was evidenced by  
the resul t  tha t  the decreasing polar iza t ion  curve (from 
anodic to cathodic) was h igher  than  tha t  of the  in-  
creasing ones. However ,  the  adhesion of the film on 
the  e lect rode was not  so s t rong as to decrease the  ca-  
paci t ive component  of the  electrode, in contrast  to the 
case of the SAO solution. 

Conclusion 
I t  was shown tha t  the  adsorp t ion  of both  SAO and 

HQ on the copper  e lect rode became s t ronger  wi th  in-  
crease in pH of the solution. This t endency  is para l le l  
to the  s tab i l i ty  of the  copper  chelates of SAO and HQ. 
In the pH range  where  SAO and HQ prec ip i ta te  cupric  
ions as a chelate,  the adsorbabi l i ty  of these chelat ing 
agents  inc reased  m a r k e d l y  and the anodic dissolution 
ra te  of copper was r e t a rded  to a considerable  extent .  
In  the  SAO solutions the  anodic polar iza t ion  curves of 
copper were  s imi lar  in shape to those for  the  pass iva-  
t ion of iron. The Cu-SAO chelate  film was fo rmed  in 
the ac t ive - to -pass ive  t rans i t ion  region and the copper  
e lectrode became passive af ter  the  surface was covered 
by  the chelate  film. In  the  HQ solutions, on the  other  
hand, the  chemisorbed film re t a rded  the dissolution of 
copper. The Cu-HQ chelate  did  not adhere  to the  cop-  
pe r  electrode.  
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The Mechanism of Metallic Chromium Electrodeposition 
in the Cathodic Dichromate Treatment of Tinplate 

Ph. Aubrun and P. Rocquet 
Centre de Recherches du Fer Blanc, B. P. 135, 57100 ThionviIle, France 

ABSTRACT 

The pass ivat ion film deposi ted on t inpla te  b y  a cathodic t r ea tment  in a d i -  
chromate  solut ion pa r t ly  consists of meta l l ic  chromium. In  order  to c la r i fy  this  
r a the r  surpr is ing  e lect rodeposi t ion of metal l ic  chromium, the successive reac-  
tions tak ing  place  were  character ized.  As a consequence, i t  is expla ined  w h y  
the metal l ic  chromium elect rodeposi t ion is made  possible, and for  wha t  reason 
the deposi t  is of l imi ted  amount.  The role p l ayed  by  the high hydrogen  over -  
vol tage  on t in  is emphasized.  

At  the end of i ts manufac tur ing  process, e lec t ro ly te  
t inp la te  is subjec ted  to a pass ivat ion  t r ea tmen t  which  
improves  its propert ies .  Genera l ly ,  this t r ea tmen t  con-  
sists of making  the  s t r ip  cathodic in a low-acid ,  sodium 

Key words: tinplate passivation films, mechanism of chromium 
electrodeposition. 

dichromate  solut ion (CDC t r ea tmen t ) .  Tinpla te  is thus 
coated wi th  a th in  film containing metal l ic  chromium 
(1, 2). This has been es tabl ished by  means  of anodic 
dissolutions of the  film, pa r t  of which  involves six elec-  
t rons  per  a t o m - g r a m  of chromium.  One cannot  fai l  to 
be surpr ised  by  the fol lowing two i tems:  Fi rs t ,  how 
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Table I. Conditions of metallic chromium deposition 

Conventional 
CDC treatment chromium plating 

Electrolyte: con- 
centration 0.09M Na~Cr207 �9 2HiO 0.SM Cr08 
Acidity PH 3-8 PH 1 
Catalyzer None Yes 

Current density 1 A/dm= 20 A/din= 

can metallic chromium be deposited under  conditions 
so different from those under  which this metal  is gen-  
eral ly deposited ('Table I )?  Second, why does the 
amount  of metallic chromium obtained through t inplate 
CDC t rea tment  rapidly reach a limit, dependent  on the 
experimental  factors, whereas it increases proport ion-  
ally to the t ime with conventional  chromium plat ing 
of i ron (Fig. 1) ? 

A good unders tanding  of the mechanism of metall ic 
chromium electrodeposition dur ing CDC t rea tment  is 
required to explain these two facts. This is the subject 
of the first part  of the present  paper;  then the two 
characteristics of this electrodeposition are explained in 
the last parts. 

Successive Steps Lead ing  to the  M e t a l l i c  C h r o m i u m  
Electrodeposi t ion dur ing  CDC T r e a t m e n t  

In  the case of convent ional  chromium plat ing of iron, 
the potentiokinetic cathodic polarization curve indi-  
cates the reaching of successive reactions (3). Prior  to 
metallic chromium deposition, the bui lding up of two 
films of chromium oxides and hydrogen evolution are 
noted (Fig. 2). It  is noteworthy that if one substi tutes 
the conventional  chromium electrolyte with a dilute 
sodium dichromate solution, the successive waves of 
Fig. 2 disappear; at the same time, there is no metallic 
chromium electrodeposition. 

Now, if we plot a curve of the same type, but  re la t -  
ing to a t in  electrode and a di lute sodium dichromate 
solution, we note (Fig. 3) the same features as those 
shown in  Fig. 2, but  only if we have used rolled t in  or 
hot-dipped tinplate, cathodically cleaned in a Na2CO3 
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Fig. 1. Comparison between the rates of metallic chromium elec- 
trodeposition in the CDC treatment (A) and the conventional 
chromium plating of iron (B). (A) Cathode of electrolytic tinplate 
flow-melted and alkaline-cleaned. Na2Cr207" 2H20 25 g/liter 
(0.083M); pH 5.1; temperature 47~176 2 A/dm ~. (B) Cathode of 
mild steel cold-rolled, annealed, and alkaline-cleaned. CrO3 50 
g/llter (0.SM); H2504 0.5 g/liter; 20 A/rim 2. 
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Fig. 2. Cathodic polarization curve of iron in a chromium plating 
bath (CrO3-H2SO4) plotted potentiokinetically. Published by A. T. 
Vagramyan and D. N. Usachev, Zhur. Fiz. Khim., 32, 1900 (1958); 
after (3). 
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Fig. 3. Cathodic polarization curve plotted potentiokinetically 
with pure tin in an aqueous solution of Na2Cr207 �9 2H20, 0.085M; 
pH 5.2; temperature 55~ sweep rate 6 V/hr. Carve shape remains 
unchanged in the range of: Na2Cr207" 2H20, 0.02-0.25M; tem- 
perature 25 ~ 70~ sweep rate 0.166-60 V/hr. 

aqueous solution (5 g / l i te r ) .  Under  the same condi-  
tions, peak II does not appear with electrolytic t inplate  
as flow-melted, al though we still notice the final 
deposition of metallic chromium. This part icular  be-  
havior of electrolytic t inplate is probably  due to an  
absorption of phenolsulfonic acid in the t in  coating, as 
revealed by experiments  which are not  reported in this 
paper. 

Comparison between Fig. 2 and 3 provides informa-  
t ion on the studied mechanism. Thus, peak I (or the 
group of peaks I) would correspond to the bui lding up 
of a p r imary  chromium oxide film after the reduct ion 
of the t in  oxides, peak II to the bui lding up of a sec- 
ondary  chromium oxide film which changes at peak III. 
The final slope C results from a visible hydrogen evolu- 
t ion and from a chromium deposit under  the metall ic 
and oxide forms as indicated by chemical analysis. 

The above propositions were investigated by repeti-  
tive potentiokinetic oxidation and reduction to specific 
potentials. 

Electrochemical oxidations and reductions which do 
not reach the A slope (Fig. 3) show how the shape of 
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the group of peaks  I depends  on the potent ia l  of the 
oxidat ion  tak ing  place  p r io r  to the  reduction.  When  
this oxidat ion  potent ia l  is increased,  the  group first con- 
sists of a single peak  I, to which  a second peak  wi th  a 
more cathodic po ten t ia l  is added,  then again  a single 
peak  but  wi th  an even more  cathodic potent ia l  (Fig. 4). 
Addi t iona l  exper iments  (4) a l low us to assign the  
reduct ions  of S n ( I I ) ,  Sn ( IV) ,  and SnOx (1) to these 
successive peaks.  P r io r  to peak  I, the  e lect rode was 
a l r eady  coated wi th  chromium due to immers ion  in the  
electrolyte ,  as a subsequent  oxida t ion  (around + 0.8 
V/SCE)  reveals  the  peak  where  oxida t ion  of metal l ic  
chromium and chromium oxide gene ra l ly  takes place 
(4-6).  Chemical  analysis  (1) al lows us to specify tha t  
only  chromium oxide is present .  However ,  i t  is to be 
noted tha t  t in oxide  reduct ion  at  peak  I increases  this 
deposi t  of chromium oxide (which  wil l  be  qualified as 
p r imary )  as it  raises the height  of the oxida t ion  peak  
which is located at + 0.8 V/SCE. 

Peak  II  ve ry  l ike ly  corresponds to a film of chromium 
oxide as, a f te r  the dissolut ion of the p r i m a r y  chromium 
oxide th rough  electrochemical  oxidat ion  at + 0.8 V /  
SCE, a t in polar izat ion up to the A slope is sufficient 
to recover  subsequent ly  an oxida t ion  peak  at  + 0.8 V /  
SCE (Fig. 5). Therefore,  this new film wi l l  be cal led 
"secondary."  The react ion which  originates  i t  is ap-  
pa ren t ly  revers ib le  as indicated in Fig. 6. I t  is thought  
that  chromium oxide m a y  have  va lency I I I  in the  sec- 
ondary  film. 

As long as the cathodic scanning end remains  in the  
B slope, the  secondary  film of chromium oxide re ta ins  
its so lubi l i ty  and the or ig inat ing  react ion re ta ins  its 
r evers ib i l i ty  (Fig. 7). As soon as the m a x i m u m  of peak  
II I  has been passed, peak  II  d isappears  wha teve r  the 
scanning direct ion m a y  be. This d isappearance  is p ro -  
gressive as long as the cathodic end remains  be tween  
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peak  III  and the val ley  which separa tes  i t  f rom the C 
slope (Fig. 8);  i t  occurs suddenly  when the cathodic 
end is in the  C slope (Fig. 9). Peak  I I I  corresponds  to 
a change in chromium oxide film, but  not  to i ts de -  
s truct ion:  in fact, oxida t ion  of the  sample  at + 0.8 V/  
SCE is sufficient to obtain the peak  of chromium oxi -  
dat ion (Fig. 9) and to regenera te  the  e lec t rode  as a 
subsequent  reduct ion wil l  revea l  the peak  II  again. 
(In order  to avoid any possible in ter ference  of the  
p r i m a r y  chromium oxide film, the sample  was oxidized 
at + 0.8 V/SCE pr ior  to the first scanning in the  ca th-  
odic direct ion of Fig. 8.) 

As prev ious ly  indicated,  deposi ts  of meta l l ic  chro-  
mium and of t r iva len t  chromium oxide bui ld  up and a 
hydrogen  evolut ion occurs in the C slope. I t  is note-  
wor thy  that  we regenera te  the  e lectrode which reaches 
the C slope th rough  a s imple oxidat ion at  + 0.8 V /  
SCE: a subsequent  cathodic polar iza t ion  res tores  peaks  
I, II, and II I  (Fig. 10). 

The react ion sequence of t in CDC t r ea tmen t  is r em-  
iniscent of the  one of convent ional  chromium pla t ing  
of iron. Using tin, we have pointed out the successive 
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Fig. 9. Repetitive potentiokinetic oxidation and reduction. See 
text. The first sweep begins after the last one drawn in Fig. 8. 
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Fig. 10. Repetitive petentiokinetic oxidation and reduction. See 
text. The start point is in the slope C. 

steps: (i) bui ld ing  up of a chromium oxide p r i m a r y  
film; (it) reduct ion of t in oxides and s t rengthening of 
the p r i m a r y  film; (iii) bui ld ing  up of a secondary  film 
of chromium oxide; (iv) al te ra t ion  of this film at  the 
t ime of a hydrogen  evolut ion;  and (v) hydrogen  evolu-  
tion, deposi t ion of metal l ic  chromium and chromium 
oxide. 

Limited Amount  of Metal l ic  Chromium Deposition 
As s ta ted  above, the amount  of metal l ic  chromium 

deposi ted through CDC t rea tment  reaches a l imi t  (4, 8) 
(see first d i ag ram of Fig. 1). 

I t  has been shown tha t  this  l imi ted  amount  can be 
deposi ted at  severa l  t imes as long as the surface film 
is not damaged  by  wate r  rinsing. This is c lear ly  re -  
flected in a galvanokinet ic  cathodic polar izat ion exper i -  
ment  (Fig. 11, in which the various features  of Fig. 3 
are easi ly t raced) ,  the resul ts  of which are  shown in 
Table II. 

This l imi ted  amount  of metal l ic  chromium which 
may  be deposi ted depends on exper imen ta l  factors (8) 
( temperature ,  acidity, foreign ion content  of the elec-  
t ro ly te )  which also a l te r  the magni tude  of peaks  I I  and 
III  on the potent iokinet ic  curve of the cathodic po la r -  
ization. Comparison of the effects of these factors on 
the l imi ted  meta l l ic  chromium deposi t ion and on the 
polar izat ion curve (Table  I I I )  shows tha t  an intensi -  
fication of peaks  II  and I I I  increases the  l imi ted  
amount  of metal l ic  chromium. We can say tha t  the  
l imited amount  of metal l ic  chromium is d i rec t ly  depen-  
dent  on the amount  of chromium oxide of the secondary  
film (and poss ibly  the p r i m a r y  film) which is modified 
by the react ion of peak  III. 

Consequently,  the  m a x i m u m  amount  of metal l ic  
chromium to be deposi ted is de te rmined  when the elec-  
t rode reaches the C slope. 
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Fig. i l .  Cathodic polarization cu~rve plotted galvanokinetically. 
Pure tin. Na2Cr207" 2H20, 0.085M; pH 5.2; temperature 55~ 
sweep rate 0.25 A/cm2/mn. Encircled numbers refer to the text 
and to Table II. 

Let  us now consider  the shape of the C slope when 
increasing amounts  of metal l ic  chromium are  deposi ted 
th rough  CDC t rea tment  on a t in electrode.  F igure  12 
shows tha t  it  r ises progress ively,  moves toward  less 
cathodic potentials ,  and finally stabilizes. This matches  
the cathodic polar iza t ion  curve of a chromium electrode 
dipped in this d ichromate  electrolyte .  

To conclude, metal l ic  chromium which is deposi ted 
on t in dur ing  CDC t rea tment  originates from the film 
or films of chromium oxides bui l t  up dur ing  the p rev i -  
ous steps and its amount  is l imited.  Af te r  deposition, 
the e lectrode changes and becomes a chromium elec-  
trode. 

Reason for Metal l ic  Chromium Deposition during 
CDC Treatment  

We have shown in the previous  pa r t  that  d ichromate  
solution is unable  to continue the metal l ic  chromium 
deposi t ion once the electrode becomes a chromium 
electrode. We can therefore  assume that  this deposi t ion 
is due to the na ture  of the t in electrode.  

Table II. Possibility for a two-step deposition of the limited amount of metallic chromium 

Cathode  Meta l l i c  Ca thod ic  
r e d u c t i o n  - - - ~  c h r o m i u m  r e d u c t i o n  
up to (a) level (b) up to (a) 

Cathod ic  Meta l l i c  
Wate r  r e d u c t i o n  ,-~ c h r o m i u m  
r ins ing  + u p  to  (a) level(b) 

1 0.23 1 No  4 2.7 
1 0,23 1 Yes 4 1.6 
2 0.29 2 No 4 2.4 
3 1.31 3 No  4 2.6 
4 2.5 4 No 4 2.5 

(a) N u m b e r s  in  th i s  c o l u m n  refer  to c irc led  n u m b e r s  in  Fig ,  11. 
(b) Meta l l i c  c h r o m i u m  l e v e l s  are  g i v e n  for  g u i d a n c e  a n d  are  e x p r e s s e d  in  /~g/cm$. 

Table III. 

Factor  In f luence  on the  peaks  of  the  po l a r i z a t i on  c u r v e  

In f luence  on the  m a x i m u m  a m o u n t  
of m e t a l l i c  c h r o m i u m  depos i t ed  
d u r i n g  fu l l - sca le  or  l a b o r a t o r y  

p a s s i v a t i o n  tr ia l s  

D i c h r o m a t e  c o n c e n t r a t i o n  
p H  i n c r e a s e  
Rise  in t e m p e r a t u r e  
Additions of C1- or  SO~- 

Phosphate addi t ion  
I n c r e a s e  o f  the  a m o u n t  o f  

t in  o x i d e  

None  b e t w e e n  13 and  74 g / l i t e r  Na2CreOv �9 2H~O 
Reduces  peaks  I I  and  I I I  
In tens i f ies  p e a k s  I I  and  I I I  
At  h i g h  c on t en t  levels ,  l i g h t l y  r e d u c e  p e a k s  II a n d  I I I  

L i t t l e  effect on peak  II,  b u t  lessens  p e a k  I I I  
L i t t l e  in f luence  on peaks  I I  and  I I I  f r o m  w h i c h  p e a k  I 

e l e m e n t  h a s  b e e n  s u b t r a c t e d  

None  
Decrease  
Inc rease  
No t  o b v i o u s  a t  l ow  i n d u s t r i a l  c o n -  

tents  
Delays  the  d e p o s i t i o n  
N e g l i g i b l e  if  a n y  
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Fig. 12. Repetitive potentiokinetic oxidation and reduction. See 
text. * * *  refers to the cathodic polarization curve plotted in the 
same conditions but with a metallic chromium electrode. 

As one of the  proper t ies  of t in is a ve ry  high hyd ro -  
gen overvol tage,  which  is not  t rue  for  meta l l ic  chro-  
mium, we m a y  ask ourselves if  this is ac tua l ly  the  de -  
t e rmina t ive  factor.  

In  o rder  to answer  this question, we have  s tudied the 
potent iokinet ic  curve of cathodic polar iza t ion  of some 
other  common metals .  Lead  is the  only meta l  to presen t  
the  same peaks  as those of t in (Fig. 13). The o ther  
meta ls  (plat inum, iron, copper,  nickel,  cadmium, chro-  
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Fig. 13. Cathodic polarization curves plotted potentiokinetically 
with man)' metals; Na2Cr~O? �9 2H20, 0.085M; pH 5.2; temperature 
55~ sweep rate 6 V]hr. 

mium, silver, and zinc) p resen t  normal  curve sections. 
Among the metals  invest igated,  t in  and lead are  the 
only two to possess the  h igher  hydrogen  overvol tage  
in the i r  final curve sections. 

As a result ,  CDC t r ea tmen t  deposits  metal l ic  chro-  
mium due to the high hydrogen  overvol tage  on tin. We 
are  thus in compliance with  the resul t  given in the  last  
par t :  Deposi t ion is only possible when t in is not coated 
with  a metal l ic  chromium film, the  thickness of which 
has therefore  to be very  uniform. 

Conclusions 
The points  developed in this r epor t  a l low us to s ta te  

that :  

1. CDC t rea tment  includes the  fol lowing successive 
reactions:  (i) bui ld ing  up of a chromium oxide p r i -  
m a r y  film; (ii) reduct ion of t in oxides and s t reng then-  
ing of the p r i m a r y  film; (iii) bui ld ing  up of a chro-  
mium oxide secondary  film; (iv) a l te ra t ion  of this film 
(or films) at the t ime of hydrogen  evolut ion;  and (v) 
hydrogen  evolution, deposi t ion of metal l ic  chromium 
and chromium oxide. 

2. Metall ic  chromium deposition, under  condit ions 
ve ry  different  compared  wi th  those of convent ional  
chromium pla t ing of iron, is made  possible by  the high 
overvol tage of hydrogen  on tin. 

3. Metal l ic  chromium deposi t ion stops when  the elec-  
t rode changes to become a metal l ic  chromium electrode.  
The amount  which can be deposi ted is l imi ted  by  the 
amount  of chromium oxide which has bui l t  up dur ing  
the previous  steps: I t  is therefore  dependen t  on the 
exper imenta l  conditions.  

Manuscr ip t  submi t ted  Dec. 28, 1973; revised m a n u -  
scr ipt  received Feb.  12, 1975. This was Pape r  76 p re -  
sented at  the Boston, Massachusetts ,  Meeting of the  
Society, Oct. 7-11, 1973. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the  June  1976 JOUI~NAL. 
Al l  discussions for the  June  1976 Discussion Section 
should be submi t ted  by  Feb.  1, 1976. 

Publication costs of this article were partially as- 
sisted by Centre de Recherches du Fer Blanc. 
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On the Structure and Electrical Properties 
of Electroless Ni-B Films 
N. Hedgecock, P. Tung, and M.  Schlesinger* 

Department of Physics, University of Windsor, Windsor, Ontario, Canada NgB 3P4 

ABSTRACT 

An elect ron microscope s tudy and measurements  of e lectr ical  res is t iv i ty  
have been pe r fo rmed  on electrolessly  deposi ted Ni-B thin films. In  contras t  to 
Ni -P  films, the islands of Ni-B films show a marked  in terna l  s t ructure.  Ni -B 
films have higher  e lectr ical  res is t iv i ty  than equa l ly  th ick N i -P  films. 

Electroless deposi t ion of the  n icke l -boron  sys tem is 
possible using e i ther  a lka l i  borohydr ides  or  amine 
boranes as reducing agents. A survey  of ea r ly  work  
has been given by  Goldie (1). More recent  studies 
have been made  by  Fl~chon et a~. (2-4),  Pe t rov  et al. 
(5), and Gorbunova  et at. (6, 7). 

The as -depos i ted  state of both  Ni -P  and Ni-B is 
h ighly  disordered,  and metas tab le  in that  h e a t - t r e a t -  
ment  i r r eve r s ib ly  induces a state of h igher  c rys ta l l in -  
ity. In  both systems, the ini t ia l  s tate is a solid solution 
of phosphorus  (8) or boron (4, 6) in nickel.  For  the  
deposi ts  s tudied  in this  work  the phosphorus  and 
boron contents  were  about  20 and 25 per  cent atomic, 
respect ively.  

Hea t - t r ea tmen t  of N i -P  above 325~ produces  two 
components,  fcc n ickel  and t e t ragona l  Ni~P. The l a t t e r  
in b u l k  form has an e lect r ica l  conduct iv i ty  close to 
tha t  of nickel, and indeed has an electronic band s t ruc-  
ture  r e m a r k a b l y  s imi lar  to that  of nickel  (9). 

X - r a y  and the rmal  studies of Ni-B (3-7) have re -  
vealed analogous format ion  of nickel  borides af ter  
anneal ing in vacuum. The fo rmat ion  of Ni3B occurs 
a round  300~ accompanied by  an abrup t  change in 

* Electrochemical  Society Act ive  Member .  
Key  words :  electroless, th in  film, nickel-boron.  

electr ical  proper t ies  (3, 4). Above 400~ Ni2B and 
possibly  other  bor ides  are  formed. 

The presen t  work  describes fur ther  studies of e lec-  
troless Ni-B films, involving electron microscopy and 
measurements  of e lect r ica l  resis t ivi ty.  Results  are  
presented  for  both  f reshly  deposi ted and hea t - t r ea t ed  
films p repa red  under  different  conditions. Some re -  
sults are also compared  wi th  those obta ined f rom our 
ear l ie r  work  on the n icke l -phosphorus  sys tem (8). 

Experimental 
Electron microscopy.--A Hitachi  HU-12 elect ron 

microscope opera ted  at  100 kV was employed  for ob-  
ta ining t ransmiss ion micrographs  and selected area  
diffraction pat terns.  A n  a luminum foil  s t andard  was 
used to ca l ibra te  measurements  of diffract ion pat terns .  
In  many  cases, the diffract ion r ings obta ined were  
broad,  indicat ing smal l  c rys ta l l i te  size, and l imi t ing 
the accuracy of measurement  to about  1%. 

The Ni-B films were  grown on glass microscope 
slides coated wi th  F o r m v a r  (4g po lyv iny l  formal  in 
1 l i ter  e thylene  d ichlor ide) .  The F o r m v a r  l aye r  was 
subsequent ly  floated off in d is t i l led  water ,  and  sam-  
ples were  deposi ted on copper  grids for inser t ion into 
the microscope. 

Fig !. Transmission electron micrographs of thin films of (a, left) Ni-P deposited at room temperature from acidic (pH ~ 5.3) solution, 
(b, right) Ni-B deposited at 60~ using conventional SnCI2/HCI sensitizer. 

866 
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Fig. 2. Transmission electron micrograph of a thin film of Ni-B 
deposited at 60~ using improved (SnCI2/HCI with additional aged 
SnCI4) sensitizer. 

Three different sensitizers were employed in  pre-  
paring the substrates for deposition: fresh SnC12/HC1 
with and without  addit ional  aged SnC14, and aged 
(4-6 days) SnC1JHC1. All were used in conjunct ion 
with the usual  PdC12/HC1 activator. The properties of 
these solutions have been investigated previously (10) 
and (11). The metal l iz ing bath was that  given as "B" 
by Gorbunova et al. (7). It  employs borohydride as 
the reducing agent, has a pH of 14, and contains no 
stabilizer. This solution was main ta ined  at 60~ depo- 

sit ion times ranged from 40 see for the th in  samples 
prepared for electron microscopy to 100 sec for the 
thickest samples used in the electrical measurements.  

Samples were examined in the electron microscope 
before and after hea t - t rea tment  at 400~ The heating 
was carried out in an e,vacuated glass tube which was 
flushed with dry ni t rogen prior to evacuation. The 
pressure in the tube dur ing heating was about 10 .5  
Torr. The heating sequence was as follows: 45 min  
heating from room tempera ture  to 400~ 45 rain at 
400~ 45 rain cooling back to room temperature.  

E~ectrica~ resistivity.--The four-probe  method of 
van de Pauw (12) was used to determine the resistiv- 
ity of films of various thicknesses. For these measure-  
ments, deposition was made directly onto microscope 
slide glasses. Circular samples of 1 in. diameter were 
subsequent ly  made by placing the deposited glasses in 
a Teflon mask, and etching away the unwan ted  Ni-B 
with a solution of HC1 and HNO3. Spring-loaded s tain-  
less steel contacts were located symmetr ical ly  on the 
per iphery of the circular samples for the measure-  
ments. The resistivity was determined both before and 
after the same hea t - t rea tment  as described above. The 
current  in the samples was restricted to 100 #A during 
the measurements.  For comparison, similar samples of 
Ni-P films of various thicknesses were made and their  
resistivity measured before and after the hea t - t rea t -  
ment. For both Ni-B and Ni-P samples, the improved 
sensitizer was used. Fi lm thicknesses were determined 
using the Tolansky interferometric method. 

Results and Discussion 
Electron microscopy.--Electron micrographs reveal 

both similarities and differences between Ni-P  and 
Ni-B deposits. Figure 1 shows (a) Ni-P deposited at 
room tempera ture  from acidic (pH = 5.3) solution and 
(b) Ni-B deposited at 60~ using conventional  sensi- 
tizer. In  both cases the deposit is composed of islands, 
typical of the ini t ial  stage of th in  film growth in  gen- 
eral. Moreover the islands are circular in shape and of 
ra ther  uni form size. For Ni-P, these islands resemble 
l iquid drops and have no discernible in terna l  features. 
In  contrast, the Ni-B islands usual ly  show a charac- 
teristic "flowerlike" in terna l  structure. The diffraction 

Fig. 3. Transmission electron micrographs of a thin film of Ni-B (a, left) freshly deposited (b, right) atter heat-treatment at 400~ 
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Fig. 4. Transmission electron micrograph of a thin film of Ni-B after heat-treatment at 400~ in (a, left) bright field mode (b, right) clark 
field (i 11) mode. 

patterns obtained in the two cases are indis t inguish-  
able; they consist of a few very  broad rings, charac- 
teristic of l iquidlike or fine polycrystal l ine structures 
having essentially no long- range  order. 

A typical result  obtained with improved sensitizer is 
shown in  Fig. 2. The higher is land density and un i -  
formity of the deposit is evident, as is the tendency of 
the islands to join in  clusters (10). The diffraction pat-  
tern obtained in this case shows sharper rings, some of 
which can be identified with a face-centered cubic 
structure. 

The result  of hea t - t rea tment  of Ni-B is a deposit 
consisting of small  crystals. Diffraction pat terns re-  
veal clearly fcc s tructure with a lattice constant 
matching that of bulk  nickel wi th in  our exper imental  
error. No conclusive evidence for the presence of Ni~B 
was found. This is p resumably  due to the fact that the 
diffraction in tensi ty  of the fcc nickel component  is 
much greater than  that  of the small  amount  of boride 
formed in our anneal ing procedure. Electron diffrac- 
tion studies of heat- t reated Ni-P only revealed Ni3P 
after anneal ing above 500~ (13), al though the phos- 
phide starts to form at 325~ Figure 3 shows (a) 
freshly deposited Ni-B and (b) the same sample after 
heat- t reatment .  It appears that  the cells wi th in  the 
islands have been replaced by crystallites of approxi-  
mately  the same size (typically 50A) as the original 
cells. This t rend has been seen in many  other samples. 
Dark field microscopy shows even more clearly the 
presence of crystals ranging in size from 30 to 300A. 
This can be readi ly seen by comparison of the bright  
and dark field micrographs shown in  Fig. 4. 

Electrical resistivity.--The results of measurements  
of the electrical resist ivity of Ni-B and Ni-P films of 
various thicknesses are shown in Fig. 5. They are in 
general  agreement  with previous work on Ni-B (4) 
and Ni-P (14). The following observations can be 
made: (i) With in  each system, the effect of hea t - t rea t -  
ment  appears to be a shift in resistivity which roughly 
preserves the shape of a curve drawn through the 
experimental  points. This shift amounts  to about 2 
orders of magni tude  for Ni-B over the thickness range 
studied, and 3-4 orders of magni tude  for Ni-P. For 
thicknesses greater than  600A, the resist ivity of a Ni-B 

film is about one order of magni tude  greater than  that  
of an equally thick Ni -P  film. (ii) The transi t ion from 
continuous films, indicated by the sharp rise in  resis- 
t ivi ty with decreasing thickness, occurs at about 500A 
for Ni-B compared with about 250A for Ni -P  (14). The 
island size is comparable in  the two systems under  
the same sensitization conditions, and it seems there-  
fore likely that this effect is a t t r ibutable  to the in-  
ternal  s tructure of the Ni-B islands. If the islands are 
f ragmented into cells, then a larger, number  of contacts 
between cells would be required to produce a drop in  
resistivity. 

"E t08[ 
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Fig. 5. Resistivity of films as a function of thickness: NiB O 
freshly deposited; �9 heat-treated at 400~ Ni-P [ ]  freshly de- 
posited; �9 heat-treated at 400~ 
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Catalytic Decomposition of Nitric Oxide on 
Zirconia by Electrolytic Removal of Oxygen 
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Stan]ord, California 94305 

ABSTRACT 

Zirconia s tabi l ized wi th  8 mole  per  cent of scandia has a ve ry  high oxygen  
ion conduct iv i ty  and can "pump" oxygen f rom oxygen-bea r ing  gases thus de -  
composing them. In this s tudy the ra te  of decomposi t ion of the  a i r - pohu t a n t  
species, mtr ic  oxide, to harmless  species (via the reaction:  2NO --> I~2 -]- 02) 
was found to be m a r k e d l y  ca ta lyzed when a potent ia l  above 1V was appl ied  
across a z irconia  d isk  coated wi th  e i ther  a porous p l a t inum or porous gold 
electrode.  I t  is known tha t  p l a t inum can both  form oxides and cata lyze  the  
decomposi t ion of NO; whereas,  gold does neither.  The cata lyt ic  decomposi t ion 
of NO on p la t inum meta l  is inhibi ted by  O2, such behavior  being a t t r ibu ted  to 
p re fe ren t ia l  chemisorpt ion  of 02 over  NO as wel l  as the  possible format ion  of 
an inhibi t ing p l a t inum oxide surface. The original  ra t ionale  for this inves t iga-  
t ion was the  poss ibi l i ty  that  the  decomposi t ion of NO might  be enhanced if 
02 were  e lec t ro ly t ica l ly  "pumped"  away  from a p l a t inum electrode deposi ted  
on zirconia, keeping the p la t inum oxygen-f ree .  However  it  was not ant ic ipated  
that  at high potent ia ls  dissociation rates  a thousandfold  tha t  on nonporous 
p la t inum electrodes occur in the presence of e i ther  a p la t inum or gold porous 
electrode.  No reac t iv i ty  at al l  was observed on a nonporous gold electrode. 
These resul ts  suggest  that  catalysis  occurs main ly  on a surface other  than  the  
p l a t i num or gold, namely,  on the  zirconia surface itself. I t  is proposed tha t  
F -cen te r s  on the zirconia surface formed by  the appl ied potent ia l  are  p r i m a r i l y  
responsible  for the observed enhanced catalysis .  

A n u m b e r  of s tudies (1-4) have  shown tha t  the  
cata lyt ic  decomposi t ion of ni t r ic  oxide  (NO) on p la t i -  
num is m a r k e d l y  inhibi ted  by  oxygen.  This behavior  
has been a t t r ibu ted  to p re fe ren t i a l  chemisorpt ion of 
02 over  NO as wel l  as possible format ion  of a surface 
oxide (3, 4). Recent  deve lopment  of solid oxide elec-  
t ro ly tes  possessing high oxygen ion mobi l i ty  and re l a -  
t ive ly  low electronic conduct iv i ty  has made i t  possible 
to "pump"  oxygen at ve ry  low concentrat ions (~10 -2~ 
atm) by  the appl ica t ion  of an electr ical  potential .  
Therefore  i t  was suggested and tes ted in a p re l imina ry  
measuremen t  (5), tha t  by  using p l a t inum as the  elec-  
t rode  mate r i a l  deposi ted on s tabi l ized zirconia, O2 
might  be removed  e lec t rochemical ly  f rom the Pt  sur -  
face leading to subs tant ia l  enhancement  of  the  ra te  of 

* Elect rochemical  Society  Act ive  Member .  
Key words: nitric oxide, solid electrolyte zirconia,  a i r  pollution, 

catalytic muffler.  

NO decomposit ion.  The purpose  of this  paper  is to 
present  the results  of more  extensive exper iments  (6, 
7) confirming the pumping  of oxygen  from NO along 
with  some pos tu la ted  react ion mechanisms.  The weal th  
of informat ion concerning the prepara t ion ,  propert ies ,  
and appl icat ions of sol id e lec t ro ly tes  has  been  re -  
v iewed in numerous  places (8, 9). Al though the z i r -  
conia pump has been prev ious ly  employed  for the  
decomposit ion of oxygen-bea r ing  gaseous compounds 
such as CO, CO2, and H20 (11-13) it is be l ieved tha t  
the  present  appl ica t ion  re la t ing  to the  enhancement  of 
the catalyt ic  ac t iv i ty  of the  zirconia i tself  by  imposing 
an electr ical  potent ia l  and forming F-cen te r s  as active 
sites has not been  repor ted .  

Experimental Procedures 
The appara tus  used consisted of a h igh  vacuum 

source (10 -6 Torr)  for purif icat ion of NO by  dis t i l -  
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Fig. 1. Zirconia reactor as- 
sembly. 
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lat ion with subsequent  condensation and storage. The 
reactor-gas dis tr ibut ion system contained a gas-phase 
chromatograph for analyzing the product  ni t rogen 
formed by the decomposition of NO and details of 
design of this system are given elsewhere (7). The 
chromatograph used was a single column Varian Model 
A90-P3 with a thermal  conductivi ty detector. The 
column was made of 1/4 in. OD X 8 ft long stainless 
steel tubing hand-packed with 60-80 mesh Linde mo-  
lecular sieve 13X. The column was preactivated at 
250~ for 5 min  with a rapid purge of hel ium at a 
flow rate of 120 m l / m i n  and the optimal operating 
conditions were found to be as follows: the carrier 
gas hel ium was introduced at a flow rate of 30 ml /  
min  while the reference flow rate was 6 ml /m i n ;  the 
filament current  was main ta ined  at 180 mA; the vol- 
ume of samples was 0.75 ml;  the temperatures  of 
the dist i l lat ion column, injector, and detector were 75 ~ 
55 ~ and 100~ respectively. A resolution of 50 ppm 
N2 in 100% NO was possible, which set the lower 
acceptable l imit  on the conversion of NO, viz., 0.01% 
for pure NO and 1% for a mix ture  of 1% NO in helium. 

The exper imental  observations consisted of mea-  
suring current-vol tage  characteristics at 600~176 
for various concentrat ions of NO in the feed and for 
various gas flow rates. All electrical measurements  
were made on a Fluke 8200A digital voltmeter  with 
an input  impedance of 1014 ohm. 

The reactor assembly is shown in  Fig. 1. The work-  
ing electrode consisted of a zirconia disk electrolyte 
with either p la t inum or gold deposited as electrode 
material.  The moni tor  electrode system consisted of 
another  zirconia disk with gold electrodes for mea-  
suring oxygen formed at the working electrode. The 
disks consisted of 8 mole per  cent (m/o)  scandia- 
stabilized zirconia of dimensions: 1 mm thick X 12 mm 
diameter  with a superficial area of 0.713 cm ~. The 
disk was cemented to one end of a calcia-stabilized 
zirconia support ing tube of dimensions 12.5 mm OD X 
300 m m  long. This disk construction permit ted easy 
application of electrode materials and facilitated in-  
spection and characterization of the surface morphol-  
ogy by photomicrography prior to and after the ex-  
per imenta l  runs. Also by approaching the conditions 
of a continuous-flow differential reactor with uni form 
accessibility of reactants to the surface with negligible 
resistance to gas-phase mass transport,  this disk-con- 
figuration allowed unambiguous  chemical rate data 
to be obtained directly. In  a practical system however 
such a configuration consisting of a series of r ing-  
shaped electrode-electrolyte cells deposited on the out-  
side of a porous zirconia tube with electrical in ter -  
connectors might  more appropriately be employed. 
This design has been used for solid-state fuel cells 
for "burning" coal gases (14). Simplified kinetics and 
diffusion models for such tubular  reactor systems u n -  
der both laminar  and tu rbu len t  flow regimes are avai l -  
able (7). 

The extent  of decomposition of NO on the cathode 
surface was determined coulometrically as well  as 
by measur ing the concentrat ion of Ne in the exit gas 
by chromatographic techniques. The polarization 
studies were restricted to currents  less than  50 m A /  

cm 2 and overpotentials less than  2V to avoid i rrevers-  
ible electrolysis of the zirconia. The influence on the 
over-al l  current-vol tage  characteristics of rate proc- 
esses at the anode, with air being used as the refer-  
ence oxygen-bear ing gas, was negligible under  the 
conditions of these experiments  (7, 11). 

Results 
Nonporous platinum l~lm cathode.--The cathodic 

polarization behavior  for a 0.4 ~m thick nonporous 
sputtered p la t inum film electrode is shown in Fig. 2 
for 700~ where current  vs. overpotential,  (E-E~ is 
plotted. (E ~ is the open-circui t  voltage, E the closed- 
circuit voltage.) The behavior at 600 ~ and 800~ was 
qual i ta t ively similar and complete exper imental  data 
are presented elsewhere (7). The straight th in  l ine 
through the origin represents the measured ohmic cell 
resistance of 11 ohms at an a l ternat ing current  :fre- 
quency of 1000 Hz. 

The current  is simply related to the reaction rate 
by the relationship 

I : 2ApFr [1] 

where A = superficial electrode area, p = roughness 
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Fig. 2. NO decomposition on zirconia with a nonporous platinum 
cathode at 700~ 100 Hz (a.c.), - - - -  current 
equivalent based on nitrogen produced at open circuit, 
. . . . . .  current equivalent based on maximum constant 
nitrogen produced at overvoltages greater than~ 1.5V. 
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factor, and F ---- Faraday 's  constant. The number  two 
is the equivalence for oxygen ion formation. The re- 
action rate (r) is given in mols NO/sec-cm2. 

Two sets of horizontal lines intersecting the curves 
have been included in  Fig. 2. The le f t -hand  set of 
lines intersecting the curves near the point of inflec- 
tion represents the current  calculated from Eq. [1] 
from the chromatographical ly measured rate of n i t ro-  
gen produced by NO decomposition at open circuit. 
The r igh t -hand  set of horizontal lines represents the 
current  equivalent  to the observed rate of N2 gen- 
erated for overpotentials a round 1.5V. It should be 
noted that these lat ter  lines are below the plateaus of 
current  observed in Fig. 2. It  is evident  that  there 
are two react ion-rate  l imit ing processes represented 
by the two sets of lines. The l imit ing current  at the 
lower overpotentials and high NO concentrat ion was 
general ly il l-defined resul t ing in a point  of inflection, 
though definite plateaus occurred at lower NO con- 
centrations. Plateaus at the higher overpotentials are 
evident  for all concentrations. The fractional conver-  
sion of NO was general ly less than 1% and the in -  
fluence of gas flow rate (50-100 m l / m i n )  on the I vs. 
E - E  ~ behavior  was inappreciable, demonstrat ing that  
the process is not affected by gas phase mass- t ransfer  
rates. The O2 concentrat ion measured by the down-  
stream gold electrodes varied between 10-~-10 -4 arm 
at zero current  and  10-~-10 -6 a tm at potentials greater  
than  1V. 

The relationship between the measured N2 produc-  
t ion rate and the measured electrical current  (or its 
equivalent  in terms of O2 pumped)  calculated from 
Eq. [1] for the data in  Fig. 2 is shown in  Fig. 3, 
which is typical of all runs. The line of un i t  slope 
represents the equivalence, in accordance with Eq. [1] 
between coulombs passing through the electrolyte and 
02 (or N2) produced at the surface. The deviations 
to the left of this l ine which can be seen at low 
currents  (and potentials) and high NO concentrations 
indicate a condition where not all of the 02 formed 
by the decomposition of NO is electrochemically re-  
moved. The rate of production of O2 (or N2) rises 
slightly in approaching the equivalence line. This 
behavior  is depicted in a different fashion by the left-  
hand  set of horizontal  lines in Fig. 2. 

The deviations to the right of the equivalence l ine 
in Fig. 3 occur at the lower NO concentrations with 

CALCULATED 0 2 EQUIVALENT OF 
CURRENT ( Mol/sec xlO 7) 
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Fig. 3. Test of the equivalence of N2 produced on nonporous 
platinum on zirconia v s .  current at 700~ Mole per cent NO in 
feed: G ,  100; A ,  51; ~ ,  8; G ,  6; and O ,4 .  

high currents (and potentials) .  This behavior is prob-  
ably due to the contr ibut ion of a measurable  amount  
of electronic current  added to the Q - p u m p i n g  cur-  
rent. In  Fig. 2 this behavior  is seen in the deviation 
of the r igh t -hand  set of horizontal  lines from the 
plateaus. These lines represent  a process l imited by 
the ma x i mum inherent  rate of reaction of NO decom- 
position on oxygen-free plat inum. These two current  
l imit ing phenomena will now be fur ther  analyzed. 

B e h a v i o r  at l ow  o v e r p o t e n t i a l s . - - S i n c e  the low volt-  
age saturat ion current  shows a good correlation with 
the rate of NO decomposition at zero potential  (and 
current ) ,  the rate has been plotted in Fig. 4 vs.  the 
concentrat ion of NO in the feed. Owing to the in-  
sensitivity of the chromatographic analysis of N2, the 
rate of decomposition could be precisely determined 
only for NO concentrations of the order of 10 m/o  
or greater. The straight lines drawn through the ori- 
gin in Fig. 4 represent  the reaction rate calculated 
from the rate expression given in  (3) with Po2 -> 0 

k[NO] 
ri -- [2] 

1 -4- KPo2  
where 

and 

--17,100) 
k = 8.1 exp cm sec -1 [2a] 

R T  

/ 6600 \ 1 
K -- 13.9 exp | - - }  a r m -  [2b] 

\ R T  / 

The points represent  the open-circuit  decomposition 
rates de termined by the chromatographic measured 
rate of formation of N~. 

Because of the small  superficial area of the disk 
electrodes it was impossible to determine the surface 
area by any conventional  means such as BET adsorp- 
tion measurements.  Thus the NO rate data from (3) 
with known  surface areas were used for the oxygen 
saturated electrodes in this study. The surface rough-  
ness factor (p) for the present  data was used as an 
adjustable parameter  to give agreement  wi th  (3) 
and a value of p --~ 3 fits the data well. 
B e h a v i o r  at h igh  o v e r v o l t a g e s . - - T h e  high overvoltage 
l imit ing current  plateaus displayed in Fig. 2 are rep-  
resented on a log-log scale in  Fig. 5 where  l imit ing 
current,  I1 is plotted vs. NO concentrat ion in  the exit 
gas which was approximately equal to that in feed 
gas owing to the low conversions that occurred. The 
data are well  approximated by straight lines of slope 
2 which indicates that the ra te -de te rmin ing  step has 
a second order dependence on NO. Except for the de- 
viations from this behavior  at high concentrat ions of 
NO, a rate expression of the form 

o 

o 
~D 
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w 4 - u) 
o (3_ 
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t) 
w 
c~ 
o 
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50 I00 
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Fig. 4. Rate of decomposition of NO on nonporous platinum- 
coated zirconia for open circuit, O 600~ ~ 700~ Q 800~ 
(roughness factor of 3 assumed). - - Data from Ref. (3). 



872 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY Ju ly  1975 

E 

p~o:- 
z 
LIJ 
I:1:: 

:D 
(D 
',-9 
7 

.../ 

I r 

I I I i I I l l  I 

I J I I 1 1 1 1  
IO 

M O L  % NO 

I 

i 

i 

i 

I 

i 

Fig. 5. Limiting current equivalent to maximum N2 produced on 
zirconia with nonporous platinum electrode at overpotentlal 
l.SV. O 600~ O 700~ G 800~ 

rii  = k~[NO]~ [3] 

may be used. An Arrhenius  plot of log kz vs. 1/T 
shown in Fig. 6 yields the following expression for k2 

(cm ) (  000) 
k2 mol/sec -~ 5.05 X l0 sexp RT [4] 

Since diffusion of oxygen through p la t inum has been 
shown to have an activation energy of 35-60 kcal /mol  
(14), the low activation energy for k2 rules out a 
~iiffusion-controlling mechanism. It will be shown sub- 
sequent ly that the high voltage behavior corresponds 
to the dissociation of NO on oxygen-free plat inum. 

Porous platinum electrodes.--The cathodic current  
overvoltage characteristics shown in Fig. 7 were typ-  
ical for temperatures  of 700~ and greater. The l imi t -  
ing current  shown as the lef t -hand set of horizontal 
dashed lines are equivalent  to the open current  N2 
product ion rate. As was the case of the nonporous 
film electrode data (Fig. 2), the low-potent ia l  current  
saturat ion is again noticeable either as points of in -  
flection at high NO concentrat ions or as plateaus at 
low NO concentrations. However (as seen by  corn- 
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Fig. 6. Second order NO decomposition rate coefficient on zir- 
conia with nonporous Pt electrode vs. 1/T. (Roughness factor ~ 3.) 
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Fig. 7. NO decomposition on zirconia coated with porous plat- 
inum at 800~ (Shaded area represents influence of flow rate, 
80-100 ml/min.) ~ (1000 Hz a.c.), - . . . . .  current equiva- 
lent based on nitrogen produced at open circuit, . . . . .  current 
equivalent based on nitrogen produced at high overvoltages. 

paring Fig. 2 and 7) in contrast with the case of the 
nonporous p la t inum electrode, the current  at high 
overvoltages increases continuously with increasing 
overvoltage and merges with the electronic t ransport  
curve ire without  exhibi t ing a plateau. From the mea-  
sured rate of N9 generation, the current  equivalents  
for high overpotentials are shown in  the r igh t -hand  
set of horizontal lines in  Fig. 7. The str iking feature 
of the porous electrode is the extremely low concen- 
t ra t ion of NO in the feed gas at which extremely high 
decomposition rates have been observed. The effect 
of gas flow rate (80-100 m l / m i n )  evidenced in Fig. 
7 is p redominant ly  due to the high rates of decompo- 
sition and high conversions of NO ranging from 40- 
70%. It is believed that under  these conditions the 
cathode no longer behaves as a differential reactor 
and also mass t ransfer  in  the gas phase may  be in -  
fluencing the process, result ing in the observed in -  
crease in  current  with increasing flow rate. 

Porous Pt electrode at low overpotentiMs.--The low 
potential  l imit ing behavior was analyzed by compar-  
ing the zero-current  rate of decomposition of NO with 
the rate expression given in  Eq. [2]. As in  the case 
of nonporous Pt, the agreement  was found to be 
satisfactory when a roughness factor of about  6 was 
employed. 

Porous Pt electrode at high potentials.mA plot of the 
equivalent  high potential  l imit ing current  vs. con- 
centrat ion of NO in  exit gas is shown in  Fig. 8. Despite 
the scatter in  the data, a first order dependence of 
I~ on [NO] is indicated over the exper imental  range 
of NO concentrations. The corresponding value of 
the first order rate constant  k, has been shown in 
Fig. 9 as a funct ion of 1/T which gives an approxi-  
mate expression for kl 

( - - 2 5 , 5 0 0 )  
kl (cm sec -~) ,-~ 4.7 • 105 exp RT [5] 
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The exper imental  difficulties associated with the reIa- 
t ively high rates of reaction and poor sensit ivity of 
chromatographic analysis for low concentrations of NO 
and N2 have resulted in a ra ther  small operating 
range of temperatures  and NO concentration. 

Nonporous and porous gold electrodes.--The cath- 
odic behavior  of porous gold at 800~ is shown in  Fig. 
10. No l imit ing current  or l imit ing decomposition rates 
were observed in  the whole range of overpotentials 
investigated. The current  was found to be essentially 
ionic over the range shown and decomposition of NO 
at open circuit was negligible, indicating neither the 
gold nor zirconia is catalytic. No ionic current or NO 
decomposition was observed at any potential for a 
nonporous gold electrode, confirming the noncatalytic 
nature of gold with respect to NO decomposition. Ap- 
preciable ionic current was, however, obtained when 
the originally nonporous electrode surface was scored 
to expose the zirconia, thus strongly supporting the 
hypothesis that an enhanced catalytic decomposition 
of NO occurs on the zirconia surface itself. 

Discussion of Results 
NO decomposition on nonporous Pt . - - I t  is speculated 

that the high potential  l imit ing process represents 
the decomposition of NO on a clean p la t inum surface, 
uncontaminated  with oxygen, obeying the following 
Rideal-Eiley mechanism found to apply to nonelectro-  
chemical catalysis (4) 

NO + (*) ~-- (NO -- *) [6a] 
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Fig. 10. NO decomposition on zirconia with a porous gold elec- 
trode. (Flow rates varied between 40 and 80 ml/min.) 

NO + (NO -- *) -> - - - N~ + O~ [6b] 

02 + 2(*) ~--2(O- *) [6c] 

where (*) denotes an adsorption site on the Pt  sur-  
face and (NO -- *) and (O -- *) represent  respective 
species adsorbed on a site. Steps [6a] and [6c] are 
assumed to be at equi l ibr ium and step [6b] is rate 
determining.  The exact na ture  of all  the processes in -  
volved in step [6b] cannot be determined from these 
experiments,  but  some speculation will  be subsequent ly  
made. The rate expression for the above reaction 
scheme with a constant  number  of total  sites [* + 
( N O - - * )  + ( O - - * ) ] i s  

k2[NO]~ 
rli  = [7] 

1 + KI[NO] + K2[O2] 112 

Equation [7] reduces to Eq. [3] for low fractional cov- 
erage of active sites by NO, i.e., ( K I [ N O ] < <  1) and 
for [02] -* 0. 

The rates of decomposition of NO on Pt observed by 
various techniques are compared in Fig. 11 in  terms 
of " turnover  number ,"  (molecules of NO reacting per 
surface site per second) based on a nomina l  value of 
1015 sites/cm~. For comparison with Ref. (3) the data 
of various batch studies have been extrapolated to 48 
Torr using first order kinetics. This assumption is rea-  
sonable because at the high concentrations of NO 
actually used in the batch studies (400-2000 Tort)  first 
order kinetics were closely obeyed (e.g., 1 < <  KI [NO] 
in Eq. [7]). Two sets of results were reported in  Ref. 
(3); the lower rates (curve 6 with rate expression 
Eq. [2]) were observed when 02 was fed along with 
NO, and the higher rates (curve 7) correspond to O~- 
free gas feeds, but  with 0.1-0.3% 02 generated by the 
decomposition of NO. Both of these rates had been 
extrapolated to zero O2 concentration. The following 
mechanism was proposed in  Ref. (3) for the case of 
O2-free gas feeds 

NO + (*) ~ (NO --  *) [8a] 

NO + (NO -- *) -~ N20 + (O-- *) [8b] 

N20 + (*) -* N2 + ( O  - -  *) [8c]  

2 ( 0  -- *) ~ O2 q- 2(*) [8d] 

Steps [8a] and [8d] were assumed to be in equi l ib-  
r ium; step [8b] was assumed to be rate determining.  
For total  sites equal to [* + ( N O - - * )  + ( O - - * ) ]  
this mechanism leads to a rate expression identical to 
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Fig. 11. Summary of data on turnover for NO decomposition on 
platinum at 48 Tort. I% porous Pt, open circuit; 2% nonporous Pt, 
open circuit. Curve 1, porous Pt maximum rate of N2 formation 
corresponding to clean platinum and F-center catalysis. Curve 2, 
nonporous Pt maximum rate N2 formation corresponding to clean 
platinum surface. Curve 3, heated Pt wire [Ref. (4)]. Curve 4, 
heated Pt wire [Ref. (2)]. Curve 5, Heated Pt wire [Ref. (1)]. 
Curve 6, [Ref. (3)] Pt foil with 02 in feed extrapolated to zero 
(02). Curve 7, [Ref. (3)] Pt foil without 02 in feed extrapolated to 
zero (02). 

Eq. [7]. If the assumption is made that  (NO -- *), 
(O -- *) > >  (*) or the total sites are equal to (NO -- 
*) + (O -- *), the resul t ing rate expression is 

k[NO] 
n i  = [9] 

1 + K[O211/2/[NO] 

For (O2) ~ 0 this rate expression leads to first order 
kinetics with respect to NO. The agreement  between 
the results of electrochemical studies with Pt  and the 
various batch studies is quite good. The lower rates 
observed in  the study of Ref. (3) even for O2-free gas 
feeds may be at t r ibuted to appreciable coverage of 
the active sites by oxygen owing to the relat ively large 
conversion of NO to 02 in the region of the catalyst. 
This hypothesis is supported by the reported na ture  of 
chemisorption of O2 on Pt (16-18). 

NO decomposition with porous Pt . - -The  high rate of 
decomposition of NO observed at high overpotential  
which characterizes porous Pt  leads one to believe that 
an ent i rely different mechanism of NO decomposition 
occurs than in the case of nonporous Pt. 

The decomposition of NO on metal  oxides has been 
studied extensively (3) and a catalytic sequence of 
five steps with s imilari ty to Eq. [Sa]-[Sd] for oxygen 
free feed can be speculated 

NO -5 (*) ~ (NO -- *) [10a] 

NO + (NO -- *) -~ N20 + (O -- *) [10b] 

N20--> N2 + Oa [10c] 

(O -- *) - 5 0 a ~ O 2 - 5  (*) [10d] 

2 0 a  "-> 02 [10e] 

where Oa represents a mobile surface-O atom. The rate 
expression found exper imental ly  was unimolecular  in 
NO, identical to Eq. [2], which may be obtained from 
the above reaction sequence along with the assump- 
tions that: step [10a] is irreversible;  step [10d] is in 

quasi-equi l ibr ium; the concentrat ion of mobile oxygen 
Oa is constant;  and [*], [O -- *] > >  [NO -- *], or 
the total site concentrat ion equals [*] -5 [O -- *]. The 
activation energy for k (Eq. [2]) ranged from 20 to 30 
kcal /mol  with a value of 28 kcal /mol  being reported 
for pure zirconia, which was also reported by Fraser  
and Daniels (18). From the dissociation energies of 
NO (151 kcal /mol)  and N O -  (112 kcal /mol)  it was 
argued (3) that the active site (*) is probably  an  oxy- 
gen ion vacancy with at least one t rapped electron, 
i.e., an "F-center." 

Taking into consideration the inject ion of electrons 
from the cathode and t ransport  of vacancies from the 
anode, the following modified electrocatalytic sequence 
is proposed 

Vo..(s) W 2e'(cathode) ~-----Vox (F-center)  [ l l a ]  

NO -5 Vox-+ N - 5 0 o x  [ l l b ]  

NO + N -- Oox-~ N~O + Oox (s) [llc] 

N~O -5 VoX ~ N~ - 5 0 o x  cs) [ l l d ]  

from 
Oox(S) + Vo..(b) ~ Vo..(s) + OoX (b) [ l l e ]  

anode 

where Vo.. ---- a vacant  oxygen ion; e' -- an electron; 
Vox : -  an oxygen ion vacancy with two trapped elec- 
trons; Oox ---- a normal  oxygen ion; and the super-  
scripts (s) and (b) denote lattice positions in the sur-  
face and in the bu lk  of the electrolyte, respectively. 
Under  the influence of an impressed potential,  the ex-  
change step [ l l e ]  would be dr iven  toward the right, 
thus leading to an acceleration of the steps [ l l c ]  and 
[ l ld ] .  Hence as in the case of a nonelectrochemical 
reaction, step [ l l b ]  would be the ra te -de termining  
step for the over-al l  decomposition. Assuming a high 
concentrat ion of F-centers  sustained by an applied 
potential, the surface average concentrat ion of (NO) 
and (O) may be neglected with total sites equal to 
Vox and the following rate expression result ing 

r l l !  = k'[VoX] [NO] = k"[NO] [12] 

The rate is proport ional  to the surface concentrat ion of 
F-centers  which would increase with increasing cath- 
odic applied overpotential.  From Eq. [1] and [12] one 
would expect a continuous increase of current  with 
overpotential  unt i l  all of the NO in  the feed has been 
decomposed. In  real i ty migrat ion of electrons and F-  
centers to the anode can occur before this l imit  is 
reached and thus set an apparent  upper  l imit  on the 
value of k". The activation energy for k" observed in 
the current  experiments  (25.5 _ 5 kcal /mol)  shows a 
fair agreement  with that  found in (3) support ing the 
belief that  the na ture  of active sites and the rate-  
controll ing step are probably  the same in  both the 
studies. 

An interest ing study of the nonsta t ionary state be-  
havior of metal  oxides was made in (3). In  the ab-  
sence of oxygen presaturation,  init ial  decomposition 
rates 6-10 times greater than  the steady-state  values 
were reported. This behavior was explained by postu-  
lat ing higher concentrat ion of F-centers  generated on 
the surface when the catalyst was flushed with pure 
helium. In  other words a part ial ly reduced surface 
seems to result  at very low concentrat ion of O2 in the 
gas. The turnover  numbers  (Fig. 12) reported in  (3) 
for zirconia at 400-1000~ seem to be lower than  the 
values in the current  study by 6-8 orders of magnitude.  
The reaction rates observed in the electrochemical ex-  
periments  can be satisfactorily explained by assuming 
that only 1% of the surface sites have been converted 
to F-centers  and the sticking probabil i ty  for the ad- 
sorption of NO on an F-center  is about 0.01. Associa- 
t ion of catalytic activity with surface defects has been 
confirmed in recent studies on ZnO (20) and d -band  
perovskites (21). The hypothesis that  the surface of 
zirconia can be made active to NO decomposition by 
applying an electrical potential is also confirmed quali- 
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tat ively by the studies on a gold cathode. The results 
of the gold experiments, however, could not directly 
be compared quantitatively with those on porous Pt 
because of the lack of identical electrode morphology 
and due to the catalytic action of Pt which dominates 
the current-potential  behavior at high NO concentra- 
tions and low potentials. 

Conclusion 
Decomposition of NO on nonporous Pt with electro- 

lytic removal of O2 reinforces the previous observation 
that the presence of O2 not only inhibits the decompo- 
sition of NO but also alters the kinetic behavior. A 
second order rate mechanism observed in the present 
study is in agreement with the previous findings from 
batch as well as continuous flow experiments. 

The feasibility of altering the catalytic activity by 
controlling the oxygen concentration has been estab- 
lished in another way. The tremendous enhancement 
of the rate of NO decomposition in the case of either 
porous platinum or gold demonstrates a convenient 
and powerful technique of reducing oxygen bearing 
species, viz., the injection of F-centers on the surface 
of the electrolyte at sufficiently high overpotentials. 
This mechanism is supported by the following facts: 
(i) catalytic enhancement for zirconia covered with 
a nonporous layer of platinum is that typical for pure 
platinum in a nonelectrolytic system and (ii) with 
nonporous gold electrodes no decomposition occurs at 
all, typical of gold in a nonelectrolytic system. From 
these observations it may be concluded that any non- 
noble metal porous electrode could be chosen for dis- 
sociating NO on zirconia in the presence of F-centers. 

A summary of the general behavior of the zirconia 
electrochemical system is as follows: 

1. For low potentials (0-0.JV) the rate of decompo- 
sition of NO with both porous and nonporous plat inum 
electrodes is found to be first order with respect to NO 
consistent with the reported rate data for "O2-satu- 
rated" platinum metal catalysts. 

2. For nonporous Pt films the limiting current at 
higher potentials (1.3-1.6V) corresponds to the second 
order rate of decomposition of NO mixtures containing 
5-10 m/o NO reported for O2-free platinum. These 
rates are about fiftyfold higher than on oxygen satu- 
rated platinum surfaces. 

3. On either porous platinum or porous gold sur- 
faces, at potentials around 1.5V, first order rates of the 
order of a thousandfold that in case 1. are obtained, 
owing to the presence of highly catalytic F-centers on 
the zirconia surface. 

Remaining to be studied systematically is the porous 
electrode configuration with carefully controlled elec- 
trode morphology and surface areas. Also to permit  
unambiguous kinetics data the disk electrode system 
should be redesigned so that reactant gases strike the 
electrode surface head-on, thus increasing mass-trans-  
fer rates and insuring at high reaction rates that the 
reactor behaves differentially with uniform accessibil- 
ity to reactant species. 
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Cation Radicals 

III. Reaction Pathways of Carbazolium Radical Ions 
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ABSTRACT 

Previous  work  had e lucidated  the anodic oxidat ion  pa thways  of carbazole  
and severa l  N-subs t i tu ted  derivat ives.  These studies have now been ex tended  
to seven ty - s ix  r ing-subs t i tu ted  carbazoles using electrochemical  and spect ro-  
scopic techniques to s tudy the reac t iv i ty  of the  various subst i tu ted carbazole  
cat ion radicals.  General ly ,  i t  was found tha t  3, 6, and 9 (N) posit ions are  ex-  
t r emely  react ive;  if these sites are  not blocked by  iner t  subst i tuents  the cat ion 
radicals  genera ted  by  electrolyt ic  oxidat ion  react  r ap id ly  via  coup l ing-depro -  
tonation. In some cases, subst i tuents  are e l iminated  from the 3 and 6 posit ions 
in the  cation radicals  fol lowed by  coupling to form subst i tu ted  bicarbazyls .  In  
other  cases, r e l a t ive ly  s table cation radicals  were  obtained and the i r  EPR and 
visible absorpt ion  spect ra  were  recorded.  I t  was found that  the react ivi t ies  of 
subs t i tu ted  carbazole cation radicals  are  considerably  grea te r  than  those of 
analogous d i -  and t r i pheny lamin ium ions due to the p l ana r i ty  of the  carbazole  
aromat ic  rings. 

Carbazole,  a r e la t ive ly  un impor tan t  molecule  in the 
past, is of considerable  in teres t  at present  due to the 
uses of subs t i tu ted  carbazoles in po lymer iza t ion  studies 
and as inhibi tors  of zoxazolamine- induced  para lys is  
(1). In  addition, polycycl ic  carbazoles  have been estab-  
l ished as carcinogenic agents by  a number  of workers  
(2-4) and me thy l - subs t i tu t ed  carbazoles have been iso- 
la ted from cigaret te  smoke (5, 6). Since the carcino-  
genic ac t iv i ty  of these molecules  m a y  be associated 
with  thei r  redox proper t ies ,  and considering that  p res -  
ent  and fu tu re  studies m a y  ver i fy  the presence of o ther  
subst i tu ted carbazoles  in our  environment ,  i t  was 
deemed des i rable  to c a r r y  out a b road  su rvey  of the  
anodic oxidat ion  pa thways  of a number  of va r ious ly  
subst i tu ted carbazoles.  Due to solubi l i ty  problems,  
these studies were  l imi ted  to nonaqueous media,  
namely  acetonitr i le .  This work  is also designed to 
serve as a basis for inves t iga t ing  the oxidat ion  be-  
havior  of s imple  and biological ly  impor tan t  indoles. 
P r e l i m i n a r y  work  has shown that  indole and its de r iva -  
t ives a re  ex t r eme ly  reac t ive  upon anodic oxidat ion,  so 
i t  was hoped tha t  a good deal  of background  knowledge  
could be obta ined f rom studies of the  less react ive  car -  
bazoles. Due to the  la rge  number  of compounds in-  
volved, subs t i tu t ion  pa t t e rns  as wel l  as subs t i tuent  ef-  
fects upon the react ion pa thways  of the carbazole  
cation radicals  were  genera l ly  elucidated;  however,  
severa l  compounds have been incomple te ly  charac te r -  
ized and so full  disclosure must  awai t  fur ther ,  more  
deta i led  invest igat ions.  Because of this survey nature,  
considerable  license has been taken  with  regard  to 
speculat ion on the mechanisms and products  involved;  
on-going studies wil l  hopeful ly  refute  or ver i fy  these 
speculat ions but  in any case i t  is fel t  that  the  ideas 
fo rwarded  are  at least  p laus ib le  and often l ikely.  

Previous  work  had es tabl ished that  carbazole,  upon 
anodic oxidation,  forms a ve ry  unstable  cation radical  
that  reacts via coupl ing-depro tona t ion  to 9,9'- and 3,3'- 
bicarbazyls ;  8 h igher  po lymers  were  thought  to form 
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radicals.  
We are  employ ing  the  tradit ional  carbazole nomenc la tu re  whe re  

the  ni t rogen is n u m b e r e d  "9"  as opposed to the s tandard  hetero-  
cyclic n u m b e r i n g  w h e r e  N is "1".  The r i n g  carbons are  n u m b e r e d  
clockwise,  w i t h  the  br idge -head  carbons omitted.  
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upon prolonged electrolysis  (8). When a lky l  or phenyl  
groups were  placed on the carbazole  n i t rogen only the 
corresponding 3,3 ' -bicarbazyls  formed, in quant i ta t ive  
yields, and they appeared  to be quite s table  under  elec-  
t rolyt ic  conditions. These findings were  in agreement  
wi th  previous work  on the chemical  oxidat ions of car-  
bazole and its der ivat ives  (8-13). 

There is a pauc i ty  of da ta  avai lable  in the l i t e ra tu re  
on the chemical  oxidat ion pa thways  of r ing-subs t i tu ted  
carbazoles;  however,  chemical  subst i tu t ion react ions 
indicate that  the  active r ing sites are  the two posit ions 
para to the  n i t rogen (3 and 6) and, to a lesser  extent,  
those ortho to i t  (l and 8). I t  was ant ic ipated  that  by  
blocking the 3, 6, and 9 posi t ions r e l a t ive ly  s table  
cation radicals  would be formed;  these could then  be 
s tudied using EPR as a probe  to e lucidate  the e lect ron 
d is t r ibut ion  in the cation radicals.  It was found that  the 
carbazole  nucleus is so reactive,  in fact, tha t  upon oxi-  
dat ion no rma l ly  iner t  subst i tuents  undergo unusual  de -  
composit ion react ions in several  cases. Some success 
was achieved in the  EPR and visible absorpt ion spectra l  
studies of the p r i m a r y  cation radicals,  however ,  and the 
p r e l im ina ry  resul ts  a re  repor ted  herein, along wi th  the  
electrochemical  da ta  on these in teres t ing  and some-  
t imes p iquant  molecules.  

Experimental 
All  of the e lectrochemical  studies were  car r ied  out in 

acetoni t r i le  (MeCN) using t e t r ae thy l ammon ium pe r -  
chlorate  (TEAP)  as suppor t ing  electrolyte .  Purif ica-  
tions of these mater ials ,  as wel l  as the genera l  ins t ru-  
menta t ion  employed,  have been prev ious ly  descr ibed 
(7). 

Throughout  this paper  radical  s tabi l i t ies  are cited as 
hal f - l ives ;  these are  es t imates  f rom cyclic vo l t ammo-  
grams tak ing  into account vol tage sweep rates  and 
cathodic to anodic peak  cur ren t  ratios. The uncer ta in ty  
in the  values is es t imated at _ 10-20%. 

Rotat ing disk studies were  pe r fo rmed  wi th  a 10,000 
rpm Motomatic  E-550 motor  and E-550M mas te r  con- 
t rol  unit  using the ro toamperomet r ic  technique for  
rap id  data  collection (14). Evaluat ion  of coupling ra te  
constants were  carr ied  out at low concentrat ions (10 -4 
to 10-~ F) ,  so all  ro toamperograms  were  corrected for  
background  currents.  A prev ious ly  publ ished work ing  
curve was employed for the de te rmina t ion  of numer ica l  
values for the coupling ra te  constants  (15). 

Electrochemical  n values were  obtained using a 
Wenking 61RH potent iosta t  and a digi ta l  coulomet ry  
assembly  employing  two counters, one for  gating, and 
one for  total izing (16). The gat ing counter  was found 
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to be very  useful  for fol lowing the course of the  de-  
caying electrolysis  current ;  chemical  complicat ions in 
the e lect rochemical  processes were  immedia t e ly  appa r -  
ent  using this sensi t ive technique.  Most of the  n -va lue  
de te rmina t ions  were  car r ied  out at  pa ren t  concentra-  
tions of 10 -8 to 10 -5 F. At  these levels the e lectrolyses  
were  found to be e x t r e m e l y  sensi t ive to impur i t ies  in 
the  MeCN and TEAP. Therefore,  both  solvent  and  sup-  
por t ing e lec t ro ly te  were  f reshly  p repa red  before  cou- 
lomet ry  exper iments .  If  these precaut ions  were  not  
taken,  n values that  were  found to be about  2.0 under  
p roper  condit ions var ied  up to values  as high as 5 to 7 
and even then low s teady-s ta te  cur rents  were  of ten ob-  
tained. 

Preparative electrolyses.--Preparative electrolyses  
were  effected using a home-bu i l t  potent ios ta t  designed 
to de l iver  __. 70V, _ 3A. Typical ly,  100 mg of the 
carbazole der iva t ive  was dissolved in 150 ml MeCN/  
0.1F TEAP and exhaus t ive ly  e lect rolyzed at a large 
p l a t inum gauze at a potent ia l  200 mV past  the anodic 
peak  cur ren t  voltage.  The reference e lect rode was a 
SCE and the aux i l i a ry  was a carbon rod contained 
wi thin  a porous ceramic cup. The solut ion was then 
re reduced  at --0.7V to conver t  any  products  to the  neu-  
t ra l  form and reduce off protons l ibera ted  in the cou- 
pl ing reactions.  Electrolysis  solutions were  then  taken  
to dryness  by  evapora t ion  of the solvent  (ambien t  con- 
di t ions)  and the res idue was par t i t ioned  wi th  benzene /  
hot wate r  mixtures .  The benzene layer  was concen- 
t ra ted  by  evapora t ion  and chromatographed  on Woelm 
neut ra l  alumina.  The products  were  then recrystaUized 
f rom the appropr i a t e  solvent  mix ture .  

Electrolyses  were  car r ied  out on compounds f rom 
each majo r  group where  radical  react ion pa thways  
were  detected. For  the 3- and 3,6-disubst i tuted car-  
bazoles in t rac tab le  mix tu res  were  obta ined fol lowing 
electrolysis  in unbuffered MeCN, but  in the  presence 
of the  organic base 2 ,4 ,6- t r imethylpyr id ine  good yields 
of the corresponding N,N' -coupled products  could be 
isolated. Pe r t inen t  da ta  a re  given be low for the  va r i -  
ous classes of compounds.  

3-Methylcarbazole.--lO0 mg was oxidized in the pres -  
ence of 2 ,4 ,6- t r imethylpyr id ine  ( threefold  molar  ex-  
cess) at  1.3V to 3 ,3 ' -d imethyl -9 ,9 ' -b icarbazyl  (87% 
yie ld) ,  recrys ta l l ized  from benzene /E tOH as off-white  
crystals ,  mp 176~ ~ Calcula ted for C26H20N2: C, 86.7; 
H, 5.55; N, 7.78. Found:  C, 86.5; H, 5.62; N, 7.74. 

3-Fluoro-N-Ethylcarbazole.--lOO mg was oxidized in 
MeCN/0.1F TEAP at 1.4V to 3 ,3 ' -d i f luoro-N,N' -d ie thyl -  
6 ,6 ' -bicarbazyl  (86% y ie ld ) ,  recrys ta l l ized  f rom ben-  
zene /EtOH as pale  ye l low flakes, mp 201~ ~ Calcu-  
la ted for C2sH22N2F: C, 79.2; H, 5.24; N, 6.60. Found:  C, 
79.2; H, 5.26; N, 6.63. 

3,6-Dibromocarbazole.--lO0 mg was oxidized in the  
presence of a th reefo ld  molar  excess of 2 ,4,6- t r imethyl-  
pyr id ine  in M e C N / T E A P  at 1.SV to 3,3 ' ,6,6 ' - tetrabromo- 
N,N ' -b icarbazy l  (93% yie ld) ,  recrys ta l l ized  f rom ben-  
zene /EtOH as small  whi te  cubes, mp 2480-250 ~ [Ref. 
(9) 248~176 

N-(p-Methoxyphenyl)carbazole.--lO0 mg was oxidized 
in MeCN/TEAP at 1.4V to N,N'-bis  ( p - m e t h o x y -  
pheny l ) -3 ,3 ' -b i ca rbazy l  (88% y ie ld ) ,  recrys ta l l ized  
f rom benzene /hexane  as a c ream colored amorphous  
solid, mp > 275 ~ Calcula ted for C3sH2sN202: C, 83.7; 
H, 5.17; N, 5.14. Found:  C, 83.5; H, 5.15; N, 5.09. 

N-(p-nitrophenyl)carbazole.--lO0 mg was oxidized in 
MeCN/TEAP at 1.6V to N,N'-bis  (p -n i t ropheny l ) -3 ,3 ' -  
b icarbazyl  (72% yie ld) ,  recrys ta l l ized  f rom benzene /  
hexane  as a ye l low amorphous  solid, mp 240~ ~ (de-  
comp.) .  Calcula ted for  C86H~2N404: C, 75.2; H, 3.86; N, 
9.74. Found:  C, 75.3; H, 3.82; N, 9.77. 

Preparation and characterization of carbazole deriva- 
tives.--Many of the  compounds s tudied have been pre -  
viously repor ted  in the l i te ra ture .  These synthet ic  
routes  were  fol lowed with  some modifications in w o r k -  

ups; s t ructures  were  verified by  comparison of mel t ing  
points wi th  l i t e ra tu re  values,  where  possible, and by  
spectroscopic da ta  in all  cases. New compounds were  
verified by  the i r  CHN analyses.  

In f ra red  spectra,  obta ined on a P e r k i n - E l m e r  621 
spectrometer ,  proved very  useful  in s t ruc ture  and 
pur i ty  determinat ions .  Carbazoles  subst i tu ted at  the 
n i t rogen a tom do not  show the  s t rong N-H s t re tching 
peak  at  about  3400 cm -1 present  in carbazole  and its 
r ing-subs t i tu ted  derivat ives.  The d i sappearance  of this 
peak  was used to char t  the progress  of Ul lmann reac-  
tions when a carbazole was reac ted  wi th  a para-sub- 
s t i tu ted iodobenzene to produce  subst i tu ted  N-pheny l -  
carbazoles.  Carbazoles wi th  e i ther  one or both  r ings 
unsubst i tu ted  show two strong ou t -o f -p lane  bending 
(ortho-disubstituted r ing)  peaks  at  about  725 and 750 
cm-1;  these peaks  were  used to ascer ta in  the 6omptete-  
ness of 3,6-disubst i tut ion reactions.  N-phenylcarbazole ,  
N-p-b iphenylcarbazo le ,  and r ing-subs t i tu ted  N - p h e n y l -  
carbazoles show a weak  ou t -o f -p lane  bending  (mono-  
subst i tu ted r ing) peak  at  760 cm -1. If  the compound 
has an unsubs t i tu ted  carbazole  r ing  the 760 cm -1 peak  
will  appear  as a shoulder  on the 750 cm -1 peak.  The 
para-substituted N-phenylca rbazo les  show a s t rong 
ou t -o f -p lane  bending  (para-disubstituted r ing)  peak  
be tween  825 and 850 cm -1, the  posi t ion depending upon 
the e lec t ron-donat ing  ab i l i ty  of the para-substituent. 
A rough H a m m e t t - t y p e  corre la t ion was obta ined  
whereby  the peak  f requency was found to shift  to 
lower  values wi th  increasing e lec t ron-donat ing  abil i ty.  
Carbazoles subst i tu ted at  the 3-posi t ion show a s trong 
ou t -o f -p lane  bending  peak  a round  810 cm -1  and a me-  
d ium intensi ty  peak  be tween 840 and 905 cm -1, both in-  
dicat ive of a 1,2,4-trisubsti tuted a ry l  ring. 

The posi t ion of this l a t t e r  peak  was found to depend 
upon the e lec t ron-donat ing  effect of the subs t i tuent  in 
much the same way  as does the  725-750 cm -1 peak  
found in para-substituted N-phenylcarbazoles .  

Carbazoles d isubst i tu ted  at the 3 and 6 posit ions also 
show both the  1,2,4-tr isubsti tution peaks  bu t  the me-  
dium in tens i ty  peak  is usua l ly  5-15 cm -1 lower  than  in 
the corresponding 3-subs t i tu ted  carbazoles.  The fact  
that  this lower ing occurs for subst i tuents  such as NHa 
and NMe2 is reasonable  but  why  it also is observed 
wi th  e l ec t ron-wi thdrawing  groups is not  unders tood at 
present.  This l a t t e r  peak  was found to be wel l  sui ted 
for de te rmining  the ex ten t  of synthet ic  react ions such 
as halogenat ions  and acylat ions where  both 3- and 3,6- 
subst i tu ted products  could be formed.  Fo r  mixtures ,  
two peaks are  read i ly  discernable.  

The pur i ty  and s t ruc ture  of some of the  3,6-disubsti-  
tu ted  N - e t h y l -  and N-phenylcarbazo les  were  confirmed 
by  nmr  spectroscopy using a P e r k i n - E l m e r  R20 spec- 
t rometer ;  an ABX spl i t t ing pa t t e rn  in the  aromat ic  re -  
gion is r ead i ly  observed.  Many others  could not be ana-  
lyzed via nmr  due to e i ther  l imi ted  solubi l i ty  or spec-  
t ra l  complexi ty.  

Column chromatography  using benzene, hexane,  or 
heptane as the solvent  and ei ther  basic or neu t ra l  a lu-  
mina  (Woelm) as the suppor t  was inva luab le  in pu r i -  
fication of all  bu t  the ca rboxy l - subs t i tu t ed  carbazoles.  
Also, the 3 ,6-dini t ro-subst i tu ted  carbazoles were  chro-  
matographed  wi th  acetone or n i t robenzene on neut ra l  
alumina.  

The carbazole -3-carboxyl ic  acids were  purif ied by  
subl imat ion  and the carbazole-3 ,6-dicarboxyl ic  acids 
by repeated  format ion  of the  salt  in aqueous base and 
reprec ip i ta t ion  of the free acid wi th  s t rongly  acidic 
solutions. 

In halogenat ion and acyla t ion  reactions,  separa t ion  of 
the mono-  and d i - subs t i tu ted  products  was often a 
problem.  In  these cases, recrys ta l l iza t ion  f rom re f r ig -  
era ted  methanol  solutions was used to separa te  the 
mixtures .  In  the cold solutions the d isubs t i tu ted  ca rba -  
zoles prec ip i ta ted  first and were  collected before  crys-  
ta l l izat ion of the monosubs t i tu ted  der iva t ives  began. 

Brief  descript ions of the compound prepara t ions  are 
given below. Al though some of i t  is repe t i t ive  of l i t e ra -  
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ture  methods,  modifications in w o r k - u p  were  effected 
in every  case. 

3-Substituted carbazoles.--3-Aminocarbazole was ob-  
ta ined f rom Aldr ich  Chemical  Company and was pu r i -  
fied by  recrys ta l l iza t ion  three  t imes f rom ethanol,  mp 
255~ [Ref. (17) 254~ Methyla t ion  wi th  t r ime thy l -  
phosphate  gave 3-d imethylaminocarbazole ,  which was 
recrys ta l l ized  twice f rom heptane,  mp 114~ ~ [Ref. 
(18) 114~176 Diazotizat ion of the hydroch lo r ide  sal t  
of 3-aminocarbazole ,  fol lowed by  t r ea tment  wi th  so- 
dium tetraf luoborate,  heat ing in xylene  and ex t rac t ion  
with  benzene gave 3-fluorocarbazole.  The crude mate -  
r ia l  was chromatographed  on neut ra l  a lumina  and re -  
crysta l l ized twice f rom benzene /hexane ,  mp 208"-209 ~ 
[Ref. (19) 202~176 3-Chlorocarbazole  was p repa red  
by t rea t ing  carbazole wi th  an equimolar  amount  of 
sul furyl  chlor ide  in chloroform, fol lowed by  chroma-  
tography  with  benzene on basic alumina.  Two rec rys -  
tal l izat ions f rom cold methanol  and one from ethanol  
(charcoal)  y ie lded  the product ,  mp 197~ ~ [Ref. 
(20) 196~176 3-Bromocarbazole  was p repa red  by  
react ing carbazole  wi th  an equimolar  amount  of N- 
bromosuccinimide in carbon te t rachlor ide  containing a 
small  amount  of benzoyl  peroxide.  Chromatography  
with  benzene on basic alumina,  fol lowed by  two re-  
crystal l izat ions f rom cold methanol  and one f rom e th-  
anol (charcoal)  y ie lded  whi te  flakes, mp 195~ ~ 
[Ref. (21) 194~176 Heat ing  of 3-bromocarbazole  
wi th  cuprous cyanide  in pyr id ine  at  215~ ~ for 24 hr  
p roduced  a solid react ion mass which was chromato-  
g raphed  twice wi th  benzene on basic a lumina;  r ec rys -  
ta l l izat ion from e thano l /hep tane  yie lded 3 -cyanocarba-  
zole, mp 18'3~ ~ [Ref. (22) 184~176 Trea tment  of 
carbazole  wi th  an equimolar  iod ide- ioda te  solut ion 
(23) y ie lded  3-iodocarbazole,  which was purif ied by  
chromatography  on basic a lumina  with  benzene and 
two recrysta l l iza t ions  f rom cold methanol  and one f rom 
ethanol  (charcoal)  to y ie ld  the product ,  mp 195~ ~ 
[Ref. (23) 192~176 3-Ni t rocarbazole  was p repa red  
by n i t ra t ion  of N-ni t rosocarbazole  and subsequent  re -  
moval  of the n i t ro s ,  group (24). Chromatography  with  
benzene on neu t ra l  a lumina  and recrys ta l l iza t ion  f rom 
benzene y ie lded  a ye l low powder,  mp 213~ ~ [Ref. 
(21) 212~176 3-Methylcarbazole  was synthesized by  
formyla t ion  of carbazole fol lowed by  a Wolf f -Kishner  
reduct ion (25) ; the product  was chromatographed  twice 
on neut ra l  a lumina  wi th  benzene and recrys ta l l ized  
from methanol ,  mp 205~ ~ [Ref. (26) 206~176 N-  
Benzoylcarbazole  was obta ined commerc ia l ly  and con- 
ver ted  to 3-benzoylcarbazole  by  a Fr ies  rea r rangement ,  
mp 206 ~ [Ref. (27) 206~ 

3-Substituted-N-ethylcarbazoles. - -  3 - N i t r o - N - e t h y l -  
carbazole  and 3 -amino-N-e thy lca rbazo le  were  dona ted  
by  Southern  Dyestuffs Company and were  purified by  
chromatography  with  benzene on basic alumina.  Re-  
crystal l izat ions f rom benzene /e thano l  y ie lded  the p rod -  
ucts, mp 128~ [Ref. (28) 128 ~ and 111~ ~ [Ref. 
(28) 113~176 respect ively.  Methyla t ion  analogous to 
that  for 3-aminocarbazole  y ie lded  3 -d ime thy l amino -N-  
e thylcarbazole ,  which was recrys ta l l ized  once f rom 
heptane,  mp 62 ~ Calcula ted for C16H~sN2: C, 80.7; H, 
7.60; N, 11.7. Found:  C, 80.8; H, 7.67; N, 11.7. Ace ty l a -  
t ion of the amino der iva t ive  yielded,  af ter  recrys ta l l i za -  
t ion f rom ethanol,  3 -ace tamido-N-e thy lca rbazo le ,  mp  
194~ ~ [Ref. (29) 203~176 Diazotizat ion of the  
3 -amino-N-e thy lca rbazo le  hydrochlor ide  salt  and 
work -up  s imi lar  to tha t  for 3-f luorocarbazole y ie lded  
3-f iuoro-N-ethylcarbazole ,  which was chromatographed  
on basic a lumina  to yie ld  a colorless oil which solidified 
af ter  severa l  months '  s tanding,  mp 44~ ~ Calculated 
for C14H12NF: C, 78.9; H, 5.67; N, 6.57. Found:  C, 79.2; 
H, 5.63; N, 6.52. 3 - F o r m y l - N - e t h y l c a r b a z o l e  was ob-  
ta ined  f rom Aldr ich  Chemical  Company and purif ied 
by  benzene chromatography  on basic a lumina  fol lowed 
b y  recrys ta l l iza t ion  f rom benzene /hexane ,  mp 88~ ~ 
[Ref. (30) 92~176 Wolf f -Kishner  reduct ion  (25) and 
two recrys ta l l iza t ions  f rom methanol  y ie lded  3 -me thy l -  
N-e thylcarbazole ,  mp  43~ ~ [Ref. (25) 45"]. Methods 

s imi lar  to those descr ibed for the 3-subs t i tu ted  ca rba -  
zoles were  employed to obtain 3 -ch lo ro -N-e thy l ca rba -  
zole, mp 66~ ~ f rom cold methanol  [Ref. (31) 81 ~ 
82"]; 3 -b romo-N-e thy lca rbazo le ,  mp 78~ from e th-  
anol [Ref. (30) 81~ ~ 3- iodo-N-e thylcarbazole ,  mp 
78~ from methanol  [Ref. (30) 82"-83~ Trea tment  
of the bromo der iva t ive  wi th  cuprous cyanide in py r i -  
dine produced 3 -cyano-N-e thy lca rbazo le  which was 
purified in the same fashion as the  3-cyanocarbazole  to 
yield the product  mp 113~ from benzene/hexane .  
Calculated for Cl~H12N2: C, 81.8; H, 5.49; N, 12.7. 
Found:  C, 81.8; H, 5.55; N, 12.7. 3 - A c e t y l - N - e t h y l c a r b a -  
zole was p repared  by  Fr i ede l -Cra f t s  acyla t ion of N-  
e thylcarbazole ;  the product  was recrys ta l l ized  twice 
f rom ethanol,  mp 112~ ~ [Ref. (31) 115~ Simi lar ly ,  
3 -benzoyl -N-e thy lca rbazo le  was synthesized f rom N-  
e thylcarbazole  and benzoyl  chloride and chromato-  
graphed  with  benzene on basic alumina,  fol lowed by  
recrys ta l l iza t ion  twice from ethanol  to y ie ld  mp 90 ~ 
92% Calcula ted for C21H~TNO: C, 84.3; H, 5.72; N, 4.68. 
Found:  C, 84.2; H, 5.72; N, 4.59. The N-e thy lca rbazo le -  
3-carboxyl ic  acid was p repa red  by  l i th ia t ion of the  3- 
bromo der iva t ive  fol lowed by  addi t ion of CO2 to y ie ld  
the product ,  mp 2320-2340 [Ref. (32) 224~176 Es ter -  
ification of the  la t te r  p roduc t  wi th  ethanol  gave e thy l -  
N-e thy lca rbazo le -3 -ca rboxy la te ,  which was purified by  
benzene chromatography  on basic a lumina  to yie ld  a 
colorless, viscous oil. Calculated for  Cl~Hl~NO2: C, 76.4; 
H, 6.40; N, 5.24. Found:  C, 76.3; H, 6.38; N, 5.25. 

3,6-Disubstituted carbazoles.--3,6-Dinitrocarbazole 
was dona ted  by  Southern  Dyestuffs Company mixed  
wi th  the 1,6 isomer. They were  separa ted  by  selective 
solubil i t ies of the potass ium salts (33) fol lowed by  
chromatography  wi th  acetone on neut ra l  a lumina  and 
recrys ta l l iza t ion  f rom acetone, mp > 350" [Ref. (33) 
3860-387"]. 3,6-Dichlorocarbazole,  mp 2040-2.05 ~ from 
methanol  [Ref. (31) 201~176 3,6-dibromocarbazole,  
mp 211~ ~ from methanol  [Ref. (9) 211~176 and 
3,6-diiodocarbazole,  mp 205~ ~ from methanol  [Ref. 
(9) 2040-206 ~ ] were  synthesized in manners  s imi lar  to 
the monohalogenated  der ivat ives  except  tha t  two moles 
of ha logenat ing  reagent  was used per  mole  of ca rba -  
zole. Purif icat ion methods  were  identical .  3 ,6-Diacetyl-  
carbazole  was p repa red  by  Fr i ede l -Cra f t s  acyla t ion and 
recrys ta l l iza t ion  twice f rom ethanol,  mp 236~ ~ [Ref. 
(32) 233~ The 3,6-dicyanocarbazole  was synthesized 
by heat ing 3,6-dibromocarbazole  wi th  an excess of 
cuprous cyanide in pyr id ine  at 220~ ~ for 48 hr. The 
product  was ex t rac ted  f rom the hot react ion mass wi th  
benzene and chromatographed  on neu t ra l  a lumina;  re -  
crys ta l l iza t ion was effected f rom benzene, mp > 300 ~ 
[Ref. (22) > 360~ Photolysis  of bis (p -an i sy lamine)  
in cyclohexane at  300 nm for 24 h r  y ie lded  3 ,6-dimeth-  
oxycarbazole.  The crude produc t  was purif ied b y  ben-  
zene chromatography  twice on basic a lumina  fol lowed 
by  recrys ta l l iza t ion  f rom benzene/e thanol ,  mp 175 ~ 
177 ~ Due to the presence of large  amounts  of unreac ted  
parent ,  grea t  care must  be taken  in the chromato-  
graphic  separat ion;  the carbazole comes off the  column 
af ter  the pa ren t  d iphenylamine.  Calculated for 
C~4Hl~NO2: C, 74.0; H, 5.94; N, 6.16. Found:  C, 74.2, H, 
5.89; N, 6.13. 

Severa l  t - b u t y l a t e d  carbazoles  were  k ind ly  donated  
by  F. A. Neugebauer  of the M a x - P l a n c k  Inst i tute,  
Heidelberg,  Germany,  namely  the  3 ,6 -d i - t -bu ty l ca rba -  
zole, 1 ,8-di - t -butylcarbazole ,  1 ,3 ,6- t r i - t -butylcarbazole ,  
1 ,3,8- tr i - t -butylcarbazole,  and  1 ,3 ,6 ,8- te t ra- t -butylcar-  
bazole. 

3,6-Disubstituted-N-ethyIcarbazoIes.--Treatment of 
3 -n i t ro -N-e thy lca rbazo le  wi th  1.2 equivalents  of ni t r ic  
acid in refluxing acetic acid produced 3 ,6-d in i t ro-N-  
e thylcarbazole  as a precipi ta te .  The crude mate r i a l  was 
chromatographed  on neut ra l  a lumina  with  acetone and 
recrys ta l l ized  twice f rom ni trobenzene,  mp > 300 ~ 
Calculated for C14HllN304: C, 59.0; H, 3.90; N, 14.7. 
Found:  C, 58.8; H, 3.86; N, 14.7. Reduct ion of this  com-  
pound wi th  t in /HCI  in ethanol,  fo l lowed b y  neu t ra l iza -  
t ion gave 3 ,6 -d iamino-N-e thy lcarbazo le  which  was 
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purif ied by  repea ted  ac id-base  recrysta l l izat ion,  mp 
188~ ~ Thi~ compound air  oxidizes ve ry  read i ly  and 
darkens  r ap id ly  upon standing.  Calcula ted for  
C14H15N3: C, 74.6; H, 6.71; N, 18.7. Found:  C, 74.5; H, 
6.75; N, 18.6. Methyla t ion  of the diamino der iva t ive  
wi th  t r imethy lphospha te ,  fol lowed b y  benzene/bas ic  
a lumina  ch romatography  ( twice)  and recrys ta l l iza t ion  
f rom benzene /hep tane  y ie lded  3 ,6 -b i s (d ime thy lamino) -  
N-e thylcarbazole ,  rnp i20~ ~ Calcula ted for 
C~sH23N3: C, 76.8; H, 8.23; N, 14.9. Found: C, 76.5; H, 
8.27; N, 15.0. Photolys is  of N - e t h y l b i s - ( p - a n i s y l ) a m i n e  
in cyclohexane at  300 nm for 24 hr, fol lowed by  chro-  
m a tog raphy  wi th  benzene on basic a lumina  and re -  
crys ta l l iza t ion  f rom ethanol  produced 3 ,6-d imethoxy-  
N-ethylcarba~ole ,  mp 178~ ~ Calculated for 
C16H17NO2: C, 75.3; H, 6.71; N, 5.49. Found:  C, 75.1; H, 
6.58; N, 5.62. 3 ,6-Dichloro-N-ethylcarbazole ,  mp 117 ~ 
118 ~ f rom methanol  [Ref. (31) 113~ 3 ,6-d ibromo-N-  
e thylcarbazole ,  mp 137~ ~ f rom ethanol  [Ref. (31) 
136~ 3 ,6-di iodo-N-ethylcarbazole ,  mp 152~ ~ f rom 
ethanol  [Ref. (32) 154~ 3 ,6 -d ime thy l -N-e thy lca rba -  
zole, mp 62~ ~ f rom benzene /hep tane  [Ref. (25) 67 ~ 
and 3 ,6-d iace ty l -N-e thylcarbazole ,  mp 182~ ~ f rom 
benzene [Ref. (31) 182 ~ were  all  p repa red  in manners  
s imi lar  to those for the  monosubs t i tu ted  analogs wi th  
the except ion that  the subst i tu t ing reagents  were  dou-  
b led  in concentra t ion (or, in the  case of the methy l  de-  
r iva t ive  the subs t i tu t ion  react ion was car r ied  out 
twice) .  3 ,6 -Diprop iony l -N-e thy lca rbazo le  was p repa red  
s imi la r ly  to the  d iacetyl  compound to yie ld  mp 133 ~ 
[Ref. (31) 132~ Wolf f -Kishner  reduct ion of the di-  
acetyl  der iva t ive  fol lowed by  ch romatography  wi th  
benzene twice on basic a lumina  genera ted  the 3,6,N- 
t r ie thylcarbazole .  Recrys ta l l iza t ion twice f rom cold 
methanol  y ie lded  the pure  product ,  mp 81~ ~ [Ref. 
(29) oil]. 3 ,6 -Di - t -bu ty l -N-e thy lca rbazo le  was p re -  
pa red  by  a F r i ede l -Cra f t s  a lky la t ion  of N-e thy l c a rba -  
zole wi th  t -bu ty tch lor ide .  Chromatography  wi th  ben-  
zene on basic  a lumina  and recrys ta l l iza t ion  from ben-  
zene /hep tane  y ie lded  the product ,  mp 151~ ~ Calcu-  
la ted  for C22H29N: C, 85.9'; H, 9.53; N, 4.55. Found:  C, 
85.5; H, 9.47; N, 4.56. N-Ethy lcarbazo le -3 ,6 -d ica rboxyl ic  
acid was p repa red  by  a hypobromi te  oxidat ion  of 3,6- 
d i ace ty l -N-e thy lca rbazo le  according to the  method of 
Buu-Hoi  (29), mp > 300 ~ [Ref. (29) > 300~ Dimeth -  
y l -N-e thy lca rbazo le -3 ,6 -d i ca rboxy la t e  was synthesized 
by  esterif ication of the  diacid wi th  methanol  and was 
purif ied by  recrys ta l l iza t ion  twice f rom m e t h a n o l / b e n -  
zene/pet ,  ether, mp 187~ ~ [Ref. (36) 187~ Trea t -  
ment  of 3 ,6 -d ib romo-N-e thy lca rbazo le  wi th  excess 
cuprous cyanide according to the  prev ious ly  ment ioned 
procedure  for cyanations,  fol lowed by  benzene ex t rac -  
tion, ch romatography  on neu t ra l  a lumina  and recrys-  
ta l l iza t ion  f rom benzene gave 3 ,6 -d icyano-N-e thy lca r -  
bazole, mp 230~ ~ Calculated for  C16HnN3: C, 78.3; 
H, 4.54; N, 17.1. Found:  C, 78.1; H, 4.52; N, 17.1. 3- 
A c e t y l - 6 - m e t h y l - N - e t h y l c a r b a z o l e  and 3-ace ty l -6 ,N-  
d ie thylcarbazole  were  ob ta ined  f rom N. P. Buu-Hoi  
and were  used wi thou t  fu r the r  purification.  

Substituted N-phenylcarbazoles.--The purif icat ion of 
N-pheny lca rbazo le  has been prev ious ly  descr ibed (7). 
N - ( p - n i t r o p h e n y l ) c a r b a z o l e  was p repa red  f rom car-  
bazole and n i t robenzene  by  the method of de Montmol-  
l in (37) and was recrys ta l l ized  once f rom toluene and 
then  once f rom benzene, mp 211~ ~ [Ref. (37) 212~ 
Reduct ion of this  compound wi th  t in/HC1 in e thanol  
p roduced  N-  (p -aminopheny l )  carbazole,  which prec ip i -  
ta ted  out af ter  severa l  hours '  ref luxing as the hydro -  
chlor ide salt. The f ree  base can be obta ined f rom the 
sal t  by  neut ra l iza t ion  but  i t  is difficult to purify,  ap -  
pa ren t ly  forming a ma t r i x  wi th  m a n y  solvents. Chro-  
ma tog raphy  using benzene on a basic a lumina  column 
fol lowed by  evapora t ion  of the  solvent  f rom the e luent  
gave an oil [Ref. (38) resin] .  Af te r  severa l  hours '  hea t -  
ing An vacuo a brown,  g lass - l ike  solid was obta ined 
which possessed a large  var iab le  mel t ing  point  range. 
Methyla t ion  of the amino der iva t ive  wi th  t r ime thy l -  
phosphate  (careful  heat ing requ i red! ) ,  fol lowed by  

chromatography  wi th  benzene on basic a lumina  and 
recrys ta l l iza t ion  f rom benzene /hexane  y ie lded  N - ( p -  
d ime thy laminopheny l )ca rbazo le ,  mp 213~ ~ [Ref. 
(39) 210~176 Acety la t ion  of the amino der iva t ive  
gave N - ( p - a c e t a m i d o p h e n y l ) c a r b a z o l e ;  recrys ta l l i za -  
t ion twice f rom ethanol  y ie lded  the des i red  compound, 
mp 258~ ~ [Ref. (38) 260~ Severa l  of these N-para 
subst i tu ted phenylcarbazoles  were  obta ined using a 
modified Ullmann reaction in which an appropriately 
para-substituted iodobenzene is allowed to react mole- 
pe r -mo le  wi th  carbazole in the  presence of copper  
powder  and potass ium carbonate.  The mix tu re  is heated 
for 12-24 hr  at  about  200 ~ wi thout  solvent  (the iodo-  
benzenes mel t  and serve as the solvent;  in some cases 
a few ml of xylene  was added to keep the mix tu re  
fluid). The hot react ion mix tu re  is ex t rac ted  wi th  ben-  
zene (in which unreac ted  carbazole  is almost  to ta l ly  
insoluble) ,  and the benzene solut ion is chromato-  
graphed  on basic alumina.  The first f ract ion contains 
the subst i tu ted phenylcarbazole ;  all  were  then rec rys -  
ta l l ized f rom benzene /hexane  or benzene/e thanol .  P e r -  
t inent  data  on these compounds,  many  of which are  be -  
l ieved to be new, are  given below: 

N - ( p - a n i s y l ) c a r b a z o l e ,  f rom benzene/e thanol ,  mp 
154~ ~ [Ref. (40) 149~176 

N - ( p - m e t h y l t h i o p h e n y l ) c a r b a z o l e ,  f rom benzene /  
ethanol,  mp 153~ ~ Calculated for C19H15NS: C, 
78.9; H, 5.22; N, 4.84. Found:  C, 78.7; H, 5.18; N, 4.76. 

N- (p -b ipheny l )  carbazole,  f rom benzene/e thanol ,  mp 
225~ ~ [Ref. (42) 224~176 

N - ( p - t o l y l )  carbazole,  f rom benzene/e thanol ,  mp 
106~ ~ [Ref. (42) 105~176 

N - ( p - t - b u t y l p h e n y l )  carbazole,  f rom benzene /e tha -  
nol, mp 191~ ~ Calculated for C22H2~N: C, 88.2; H, 
7.06; N, 4.68. Found:  C, 88.2; H, 7.12; N, 4.62. 

N- (p - f luo ropheny l )ca rbazo le ,  f rom benzene/e thanol ,  
mp 120~ ~ Calcula ted for  C18H12NF: C, 82.7; H, 4.63; 
N, 5.36. Found: C, 82.6; H, 4.69; N, 5.29. 

N- (p-chlorophenyl) carbazole, from benzene/ethanol 
(charcoal), mp 141~ ~ [Ref. (37) 146~ 
N- (p-bromophenyl) carbazole, from benzene/ethanol, 

mp 142~ ~ [Ref. (43) 146~176 
N-(p-iodophenyl)carbazole, from benzene/ethanol 

then benzene/hexane, mp 139~ ~ Calculated for 
CIsHI2NI: C, 58.6; H, 3.28; N, 3.80. Found: C, 59.0; H, 
3.30; N, 3.74. 

N- (p-carbomethoxyphenyl) carbazole, from benzene/ 
ethanol, mp i16~ ~ Calculated for C20HI5NO2: C, 
79.7; H, 5.01; N, 4.65. Found: C, 79.5; H, 5.03; N, 4.57. 

N- (p-cyanophenyl) carbazole, from benzene/ethanol, 
mp 180~ ~ [Ref. (37) 165~ 

Several other 3,6-disubstituted N-phenylcarbazoles 
were synthesized by methods similar to the N-ethyl 
analogs; below the crystallization media and physical 
data are given for these compounds: 

3,6-Di-t-butyl-N-phenylcarbazole, from benzene/ 
heptane (twice), mp 144~ ~ Calculated for C2~H2~N: 
C, 87.8; H, 8.21; N, 3.94. Found: C, 87.7; H, 8.24; N, 3.95. 

3,6-Diiodo-N-phenylcarbazole, from heptane (twice), 
mp 179~ ~ Calculated for C18HnNI2: C, 43.7; H, 2.24; 
N, 2.83. Found: C, 43.9; H, 2.30; N, 2.79. 

3,6-Dibromo-N-phenylcarbazole, from benzene, mp 
159~ ~ Calculated for CIsHnNBr2: C, 53.9; H, 2.76; 
N, 3.49. Found:  C, 53.9; H, 2.75; N, 3.53. 

3 ,6-Dichloro-N-phenylcarbazole ,  f rom benzene /hep -  
tane, mp 140~ ~ Calcula ted for  ClsHn C12: C, 69.2; 
i-I, 3.55; N, 4.49. Found:  69.4; H, 3.59; N, 4.43. 

3 ,6 -Dich lo ro -N- (p -ch lo ropheny l ) ca rbazo le  was p re -  
pared  via  an Ul lmann  react ion involving 3,6-dichloro-  
carbazole and p-chloroiodobenzene.  I t  was twice chro-  
ma tographed  wi th  benzene on basic a lumina  and re -  
crys ta l l ized f rom benzene/e thanol ,  mp 174~ ~ Cal-  
culated for ClsH10NCI3: C, 62.4; H, 2.91; N, 4.04. Found:  
C, 62.8; H, 3.02; N, 3.93. Photolysis  of t r i s ( p - t o l y l ) a m i n e  
at 300 nm in cyclohexane for 24 hr, fol lowed by  chro-  
ma tography  with benzene on neu t ra l  a lumina  and re-  
crys ta l l iza t ion f rom benzene /hep tane  y ie lded  3,6-di- 
m e t h y l - N - ( p - t o l y l )  carbazole,  mp 105~ ~ Calcula ted 
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for C~IH19N: C, 88.4; H, 6.71; N, 4.91. Found:  C, 88.2; H, 
6.72; N, 4.90. 

Spectroscopic studies.--Visible absorpt ion  spectra  
were  obtained on a Cary  14 spec t rometer  by  ex te rna l  
electrolysis  of the  carbazole  solution and immedia te  
t ransfer  to a s tandard  cuvette.  Only those carbazoles 
whose cation radicals  were  known from elec t rochemi-  
cal da ta  to be qui te  s table were  s tudied in this manner .  

The EPR spect ra  were  recorded on a Var ian  E-3 
spec t rometer  using e i ther  ex te rna l  e lectrolyt ic  genera -  
tion or  by  chemical  oxidat ion  wi th  iod ine /p ropy lene  
carbonate.  Al though  in te rpre ta t ions  are  incompIete  at  
present,  we are confident that  the spect ra  obta ined are  
those of the p r i m a r y  carbazole  cat ion radicals,  based on 
the s tabi l i t ies  of the compounds as de te rmined  by  elec-  
t rochemical  methods.  

HMO calculations.--HMO calculat ions were  carr ied  
out using a s imple Hfickel p rogram modified for  cation 
radical  systems; the he te roa tom pa ramete r s  were  those 
shown below: 

carbazole ni t rogen:  h N  = 1 .0  k c - N  = 0 . 8  

(same for N - - H  or  N - - E t )  

% 
C - - N R 2  h N  ---- 1.0 kC-N = 0.8 

R _ H,  Me 

"~C- -OMe hc = 2.0 k c - c  = 0.8 
.-~/ (methyl  carbon 

neglected)  
"~C- -Me  hc = -- 0.3 ( induct ive  model,  
~z ~ neglect ing me thy l  
"~C carbon)  
,/6 --F h F  = 3.0 kC-F ---- 0 . 7  

~C--CI ---- k c - c i  ----0.4 hcl 2.0 

"~C- -Br  h B r  = 1.5  k c - B r  = 0 . 3  
~Y 
% 
~ ; C - - C = N  h c  (cyano) ~-~ 0 .0 ,  k c - c  = 0 .9 ,  

hN = 1.0, kc= N = 2.0 

"~C--NO2 hN = 2,2, ko-N = 1.2, ho = 1.4, 
kN-o  = 1.67 

The "front ier  orb i ta l"  approach  was employed,  in  
which one assumes tha t  the  reac t iv i ty  of the  cat ion 
radical  is best  descr ibed by  the c 9' coefficients in the  
highest  filled orb i ta l  (HFMO).  

Results and Discussion 
Due to the large  number  of compounds studied, the 

e lectrochemical  da ta  are  broken  down into compound 
classes according to the  mode of substi tution.  I t  was 
found that  there  are  character is t ic  react ion pa thways  
for the cation radicals  in each group but  there  are  also 
var ia t ions  and so each subst i tu t ion group is discussed 
in some detail .  

Since spectra l  da ta  have only been obtained on those 
molecules possessing stable radicals  all  compound 
classes are considered together  in these sections. 

Electrochemical Data 
Carbazoles and N-substituted derivatives.--Although 

the e lec t rochemis t ry  of these molecules has been p r e -  
sented in detai l  p rev ious ly  (7), a br ief  rev iew at this 
point  wil l  serve as a useful  basis for discussing the 
r ing-subs t i tu ted  derivat ives.  

When carbazole is oxidized in MeCN/TEAP at p l a t i -  
num, the ini t ial  s tep is a (proposed)  remova l  of one 
e lect ron to form a ve ry  unstable  cat ion radical .  This 
cation radical  reacts by  depro tona t ion-coupl ing  (the 
sequence is not known)  to form the 9,9'- and 3,3 ' -bi-  
carbazyls .  Both b icarbazyls  were  chemical ly  syn the-  
sized and were  thus avai lab le  for comparison.  The 3,3'- 
b icarbazyl  is more  easi ly oxidized than  carbazole i tself  
and so the former  loses two electrons in two revers ib le  
one-e lec t ron  steps to y ie ld  a modera te ly  s table  dicat ion 
wi th  extensive conjugation.  The 9,9 ' -bicarbazyl  is only  
formed in i t ia l ly  under  cyclic vo l tammet r ic  condit ions 
and could not be isolated f rom cont ro l led-po ten t ia l  
e lectrolyses in unbuffered MeCN; the 3,8 ' -bicarbazyl  
was isolated in modera te  yields.  The 9,9 ' -bicarbazyl  was 
found to form quant i ta t ive ly ,  however,  when e lec t ro ly-  
ses were  car r ied  out in the  presence of an organic  base 
such as pyr idine.  This fact  led  to the conclusion tha t  
the carbazole cation radical  forms the 9,9 ' -bicarbazyl  
by  diffusing out into solution, fol lowed by  depro tona-  
t ion of the centra l  n i t rogen and subsequent  coupling 
of the resul tan t  free radicals  in solut ion before  they  
can diffuse back to the e lect rode to be fur ther  oxidized.  

Interes t ingly ,  the 9 ,9 ' -bicarbazyl  was found to oxi -  
dize cons iderably  more anodic than  carbazole  (Ep's of 
1.85 and 1.20V, respect ively)  in a mult ie lectron,  i r -  
revers ib le  process accompanied by  severe fi lming t o  
form unknown products .  

In  accordance wi th  this scheme, N - a l k y l -  and N-  
phenylcarbazoles  were  found to form only the  corre-  
sponding 9 ,9 ' -d isubst i tu ted-3,3 ' -b icarbazyls  c leanly  in 
quant i ta t ive  yields.  Due to the steric h indrance  afforded 
by  the a lky l  and phenyl  groups no 1,1'- or 3,1 '-coupling 
products  were  detected.  

3-Substituted carbazoles.--The electrochemical  da ta  
for these compounds are  presented  in Table I. In  gen-  
eral,  the e lec t rochemis t ry  of this class is s imi la r  to tha t  

Table I. Electrochemical data for 3-substituted carbazoles 

~ R 

No. H Ev/~ a it~/~/C n value P r o d u c t ( s )  (% y ie ld ) ,  comments  

I R = NH~ 0.47 44 0.99 

II NiYle2 0.38 46 0.98 

I I I  M e  1.12 133 2.S b 
IV  F 1.23 132 3.4 b 
V e l  1.27 115-121 a 3.4 b 
VI  B r  1.26 107-115 d 3.2 b 
V I I  I 1.25 102 3.0 b 
V I I I  C O P h  1.35 100 2.8 b 
I X  CN 1.43 106-123 d 4.0 
X NO~ 1.51 I13-122 d 4.0 

I r r e v e r s i b l e  o n e - e l e c t r o n  oxidation, coupled prod- 
uct a p p e a r s  to f o r m  

S tab le  ca t ion  rad ica l ,  second reversible  process  at 
Ep/2 = 1.00V, moderate ly  stable dication, no  
b i ca rbazy l s  a p p e a r  to f o r m  

Bica rbazy lc  f o r m s  in p o o r  y i e ld  
B ica rbazy lc  f o r m s  in poo r  y i e ld  
Bica rbazy lc  f o r m s  in poor  yield 
B i c a r b a z y l  c f o r m s  in poor  y i e ld  
Bica rbazy le  f o r m s  in poo r  yield 
Bicarbazy le  f o r m s  in poo r  yield 
B i c a r b a z y l  c f o r m s  in poor yield 
P r o d u c t ( s )  u n k n o w n  

a I n  vo l t s  v s .  SCE, t a k e n  from l inear scan vo l tammograms;  values shift anod ic  w i t h  i n c r e a s i n g  scan  rate. 
b LOW steady-state  currents are observed at these  n va lues ;  t he  cut -of f  po in t  is no t  u n i f o r m  for  all  c o m p o u n d s  a n d  so on ly  the trend in the  

n values is m e a n i n g f u l .  
e From control led-potential  e leetrolyses  in M ~ C N / T E A P ;  in  all cases the bicarbazyl is  th~ 3 ,3 ' - d i subs t i t u t ed -6 ,6 ' - b i ea rbazy l  in  y ie lds  of  

20-40%. 
Chronoamperometrtc  value  increases w i th  increasing electrolysis  t ime  (1-8 sec) .  
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of carbazole  itself. Since both the  N (9) and 6 sites are  
open in these molecules  one has the poss ibi l i ty  for 
N-N, N-r ing,  and r ing - r ing  couplings. Cyclic vo l t am-  
mograms  show the presence of 6,6'- and N,N ' -d i subs t i -  
tu ted  b icarbazyls  as in the  case of carbazole  wi th  the  
except ion of the  fluoro der ivat ive,  which shows only 
6,6 ' -bicarbazyl  formed.  However ,  cont ro l led-poten t ia l  
e lectrolyses  in MeCN/TEAP yie ld  only the 3,3 ' -disub- 
s t i tu ted-6 ,6 ' -b icarbazyts  in poor  y ie lds ;  this  has also 
been repor ted  for carbazole  (7). In  addition, when the 
electrolyses  are  conducted wi th  2 ,4 ,6- t r imethylpyr id ine  
added to the  solut ion one obtains only N-N coupling; 
this is observed on both  cyclic vo l t ammograms  and in 
cont ro l led-poten t ia l  electrolyses.  This was also repor ted  
for  carbazole  and seems to poin t  to a genera l  rule  tha t  
N-N coupling can only occur if the  cat ion radical  is de-  
p ro tona ted  (7). This is shown graphica l ly  in Fig. 1 for  
3-methylcarbazole ;  the  curves are  not  wel l  defined, but  
it is apparen t  that  addi t ion  of the pyr id ine  der iva t ive  
wipes out  fo rmat ion  of the  r ing - r ing  coupled product  
and gives essent ia l ly  a quant i ta t ive  yie ld  of the 9,9'- 
b icarbazyl .  In accordance wi th  this, the  peak  cur ren t  
of the  ini t ia l  oxidat ion  wave  on curve B is about  half  
tha t  in curve A and the 3 ,3 ' -d isubs t i tu ted-6 ,6 ' -b icarb-  
azyl  couple seen on curve A is absent  in the  presence 
of the  re la t ive ly  s t rong pyr id ine  base on curve B. The 
oxidat ion  process for the  subs t i tu ted  9,9 ' -bicarbazyl  is 
a mul t ie lec t ron  process (7) and so the b icarbazy l  wave  
height  on curve B is quite large  re la t ive  to the p r i m a r y  
oxidat ion  wave.  Forma t ion  of the 9,9 ' -bicarbazyl  was 
verified by  ca r ry ing  out a p repa ra t ive - sca l e  e lectrolysis  
af ter  which it was isolated in high y ie ld  (see Expe r i -  
menta l  sect ion) .  

This reac t iv i ty  pa t t e rn  was found to be genera l  for  
all  of the 3-subs t i tu ted  carbazoles  except  for the amino 
and d imethy lamino  der iva t ives  and is ident ica l  to the 
scheme presented  prev ious ly  for carbazole i tself  (7);  
the R group denotes all  the subst i tuents  shown in Table 
I except  amino and d imethy lamino  

H 11) 

Z 

2'r ~, 2H + + 

I PYR 
R 

+ 2 PYRH + 

X 

H H 

t2 )  

~ R 

2 U ' I (31 

The ra the r  high n values observed as one goes to 
more  e Iec t ron-wi thdrawing  subst i tuents  is indicat ive 
of significant secondary  chemical  react ions in  these 
systems. The d ime thy lamino  der iva t ive  is comple te ly  
different  in tha t  i t  has a s table  cat ion radical ,  as ver i -  
fied by  a compl ica ted  but  we l l - reso lved  EPR spec t rum 
(vide infra). Fur the r  one-e lec t ron  oxidat ion  to the  di-  
cat ion quinonedi imine  occurs and this couple is also 
reversible .  This is to be ant ic ipated  due to the h igh ly  
conjuga ted  species tha t  can be genera ted  by  loss of two 
electrons 

~ - ~ N M e  2 . '  le ~. NM ~ NMe214 ~ 

H H 

The dicat ion does react  slowly,  and the cat ion radical  
more  s lowly sti l l  (ha l f - l ives  of about  30-40 sec and 20- 
30 min, respec t ive ly) ,  but  ne i ther  appears  to form a 

b icarbazyl  in e i ther  the  6 or 9 (N) positions. This is not  
surprising,  since the charge dens i ty  at  the open 6-r ing 
posi t ion is ve ry  low in this molecule. Simple  HMO cal-  
culat ions show tha t  the 6-posi t ion wil l  not  be  a center  
of reac t iv i ty  and thus the 6,6 ' -bicarbazyl  is not  l ike ly  
to form. The react ive  site is ins tead pred ic ted  by  HMO 
calculat ions to be the  d ime thy lamino  group and its 
ortho r ing carbons and so the react ion pa thw a y  m a y  
be s imilar  to tha t  for N,N-dimethylani l ine ,  where  cou-  
pl ing has been shown to take  place th rough  the N-  
methy l  groups and, possibly, the r ing  posit ions ortho to 
it (44). 

3-Aminocarbazole  undergoes  a different  oxidat ion  
pa thway  in that  the first step, also a one-e lec t ron  proc-  
ess, is i r revers ible .  The cyclic vo l t ammograms  and n 
value of un i ty  suggest fo rmat ion  of a product  genera ted  
by in te rmolecula r  coupling and subsequent  oxidat ion 
wi th  concomitant  pro tonat ion  of pa ren t  ma te r i a l  ( thus 
render ing  it e lectroinact ive at  the  pa ren t  oxidat ion  po-  
tent ia l )  according to the  genera l  mechanism 

2e coupling 
2 C ~ 2 C  "+ ) C2 + 2H + [5 ]  

fast  

2e 
C2 ~ C~ + + [6] 

2C + 2H + ~ 2CH + (e lect roinact ive)  [7] 

Thus, a total  of four  electrons is taken  up and four  
paren t  molecules are removed  f rom the sys tem ei ther  
by  electrolysis  or protonat ion.  F r o m  known react ivi t ies  
of ani l ine der ivat ives  and the observed ins tab i l i ty  of 
the 3-aminocarbazole  cation radical  compared  to that  
of the d imethy lamino  der ivat ive,  one would  ant ic ipate  
that  the NH2 group is d i rec t ly  involved  in the  coupling 
reaction; however ,  it  is not  cer ta in  at  this  t ime whe the r  
N-N or  N-r ing  compounds are  being generated.  

Considering all  the potent ia l  act ive sites, a large  
number  of coupled products  are  possible. Al though  the 
6-posi t ion is open, s imple HMO calculat ions again  p re -  
dict a reac t iv i ty  pa t t e rn  character is t ic  of a subs t i tu ted  
aniline, analogous to .the d ime thy lamino  der ivat ive ;  
thus, 6,6' coupling is not  l ikely.  The numbers  shown 
below are  c 2 values  4 for the highest  filled orbi ta ls  occu- 
pied by  a single electron for carbazole  and 3-amino-  
carbazole  (the pic ture  for the  d imethy lamino  com- 
pound would  be very  close to the  la t te r )  ; one sees tha t  
these crude calculat ions predic t  a drast ic  change in 
react ivi ty ,  a change tha t  is qua l i t a t ive ly  confirmed by  
the exper imen ta l  da ta  

0 . 0 7 ~  

. . . . .  

H 

O , O 2 '  0 .114 0 . 2 ~ 7  ~ NH 2 
0.016 0,124 

o,oo,~ o.072 

In  the  3-amino compound,  the  charge dens i ty  is ve ry  
low in the unsubs t i tu ted  r ing  and is l a rge ly  res t r ic ted  
to the amino group and the r ing  posit ions ortho and 
para to it. Of al l  the possible coupled products ,  the  two 
shown below seem most l ike ly  based on these calcula-  
tions 

H 

H H H 
H 

Studies  are  now under  w a y  to de te rmine  the s t ruc-  
t u r e ( s )  of the coupled p roduc t ( s )  de r ived  from both 
3 -amino-  and 3 -amino-N-e thy lca rbazo le .  

3-Substituted-N-ethylcarbazoles.--It was ant ic ipated  
tha t  blocking of the carbazole  n i t rogen  wi th  an e thyl  

4 T h e  c~ v a l u e s  ( s q u a r e s  of  a t o m i c  o r b i t a l  coeff ic ients )  a r e  r o u g h l y  
p r o p o r t i o n a l  to  t h e  u n p a i r e d  e l e c t r o n  dens i t i e s ,  a n d  i t  h a s  b e e n  e m -  
p i r i c a l l y  o b s e r v e d  t h a t  t h e  v a l u e s  fo r  e a c h  a t o m  t a k e n  o n l y  f r o m  
the  h i g h e s t  f i l led o rb i t a l ,  r a t h e r  t h a n  s u m m i n g  t h e  v a l u e s  f o r  al l  
t h e  o c c u p i e d  o rb i ta l s ,  g i v e  r e l i a b l e  r e a c t i v i t y  p a t t e r n s  f o r  a r o m a t i c  
ca t i on  r ad i ca l s .  
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Fig. I. Curve A: Cyclic voltam- 
mogram of 1.2 X 10-8F 3- 
methylcarbazole in MeCN/TEAP, 
sweep rate - -  150 mV/sec. 
Curve B: Cyclic voltammogram 
of the same solution with excess 
2,4,6-trimethylpyridine added, 
sweep rate = 50 mV/sec. 
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group would  r ende r  the  previous  systems somewhat  
less complicated,  in a s imi lar  fashion to the previous  
studies on carbazole  and N-e thy lca rbazo le  (7). With  
the ni t rogen blocked, N-N and N- r ing  coupling cannot  
occur and one should obta in  only the 3 ,3 ' -d isubst i tu ted-  
N,N ' -d ie thyl -6 ,6 ' -b icarbazyls  by  bond format ion  
th rough  the only ava i lab le  active site (excluding the 
amino and d ime thy lamino  der ivat ives)  

~ R anode �9 R ~  R 

Et ~ E~ [8 ]  

This is observed for  most  of these compounds,  as 
shown in Table II  and Fig. 2. By and large, the b ica rb-  
azyls are  the  ma jo r  products  in these systems, but  most  
of the  coupled products  are  somewhat  unstable  and re -  
act fur ther ,  pa r t i cu l a r ly  in the presence of impur i t ies  in 

the solvent  or suppor t ing  electrolyte .  As for the  3-sub-  
s t i tu ted  carbazoles,  the n values  ci ted in Table II  
were  taken  at pa ren t  concentrat ions of 10-8 to 
10-4F and the amounts  of b icarbazyl  cited were  

es t imated f rom peak  currents  on cyclic vo l t ammo-  
grams of exhaus t ive ly  e lect rolyzed 10-SF solutions. 
Very  good product  yields were  only obtained at low 
concentrat ions and in very  pure  solvent, so the num-  
bers  cited in Table II  are  p robab ly  near  the  opt i -  
mum values  to be expected.  At  h igher  concentra-  
t ions fu r the r  react ions ensue in many  cases and 
te lomers  or o ther  unident if ied products  are  obtained.  
As wi th  the  3-subs t i tu ted  carbazoles,  low s teady-  
state currents  were  encountered  in exhaust ive  elec- 
trolyses,  but  they  were  genera l ly  quite a bi t  lower,  
indicat ing tha t  the  3 - subs t i tu ted-N-e thy lca rbazo les  are 
considerably  "cleaner."  Cyclic vo l t ammograms  of ex -  
haus t ive ly  e lect rolyzed solutions suggest  tha t  p r e p a r a -  

Table II. Electrochemical data for 3-substituted-N-ethylcarbazoles 

~ R 

No. F:t Ep/s it~/~IC n value P r o d u c t ( s )  ( ~  y i e ld ) ,  c o m m e n t s  

X I  R = ~ 0.48 45 0.75 

X I I  NMes 0.36 47 0.96 

X I I I  NI-ICOMe 0.96 48-52 a 2.12b 
X I V  Me 1.09 103-110 a 2.08 b 
X V  F 1.20 95 2.03 
X VI  C1 1.28 93 1.93b, c 
X V I I  B r  1.25 91 2.13b, c 
X V I I I  I 1.24 88 2.20 b, c 
X I X  C l i O  1.34 103-60 e 2.09 b,c 
X X  COMe 1.30 87 2.12 b 
X X I  C O P h  1.30 91 2.12 b 
X X I I  COOH 1.32 74-81 e 2.11 b 
X X I I I  COOEr 1.35 93 2.22b 
X X I V  CN 1.44 g4-118a 2.24b,e 
X X V  NOs 1.46 102-110 a 2.26b, e 

U n s t a b l e  ca t ion  rad ica l ,  coup l ed  p r o d u c t  a p p e a r s  
to  f o r m  

S t a b l e  ca t ion  radica l ,  second  r e v e r s i b l e  process  a t  
Ep/s = 0.98V, s t ab le  d ica t ion ,  no  d i ca rbazy l s  ap -  
pea r  to f o r m  

6 ,6 ' -b icarbazyl ,  c o the r  p r o d u c t s  
6 ,6 ' -b ica rbazy l  (40), o t h e r  p r o d u c t s  
6 ,6 ' -b iea rbazy l  (100) 
6 ,6 ' -b icarbazyl  (60) d 
6 ,6 ' -b ica rbazy l  (50) d 
6 ,6 ' -b ica rbazy l  (60) 
6 ,6 ' -b ica rbazy l ;  f i lms  b a d l y  and  is l a r g e l y  i n s o l u b l e  
6 ,6 ' -b ica rbazy l  (90) 
6 ,6 ' -b ica rbazy l  (85) 
6 ,6 ' -b ica rbazy l  (90) t o t a l l y  i n s o l u b l e  
6,6*-bicarbazyl  (70) d 
6~6'-bicarbazyl  (60) 
6 ,6 ' -b iea rbazy l  (50) 

a C h r o n o a m p e r o m e t r i c  v a l u e  inc reases  w i t h  i n c r e a s i n g  e l ec t ro lys i s  t i m e  (1-3 see). 
b L o w  s t eady - s t a t e  c u r r e n t s  are  o b s e r v e d  a t  these  n v a l u e s ;  h o w e v e r ,  t h e y  are c o n s i d e r a b l y  l ower  t h a n  in  the  case of t he  3 - s u b s t i t u t e d  

c a r b a z o l e s  (see t ex t ) .  
c n v a l u e  is v e r y  s e n s i t i v e  to  s o l v e n t / s u p p o r t i n g  e l ec t ro ly t e  i m p u r i t i e s .  
d Yie lds  a r e  l o w e r  a t  h i g h e r  ea rbazole  concen t ra t ions .  
�9 C u r r e n t - t i m e  c u r v e s  are  d i s t o r t e d  due  to  seve re  f i lming .  
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Fig. 2. Curve A: Cyclic voltam- 
mogram of 9.6 • 10-4/:  3- 
fluoro-N-ethylcarbazole in 
MeCN/TEAP, sweep rate -" 
100 mV/sec. Curve B: Cyclic 
voltammogram of the same solu- 
tion following exhaustive elec- 
trolysis at 1.4V, sweep rate - -  
67 mV/sec. 

t ive s tudies  on these systems would  be difficult at  best. 
However ,  severa l  der iva t ives  can be e lec t ro lyzed on a 
p r e p a r a t i v e  scale (N 0.Sg) to give modera te  yields  of 
bicarbazyls ,  among them the fluoro, iodo, acetyl ,  
benzoyl,  e thy lcarboxyla te ,  cyano, and ni t ro  compounds 
(see Expe r imen ta l  sect ion) .  

A t  shor t  e lectrolysis  t imes, these systems are  model  
two-e lec t ron  over -a l l  ECE processes and so severa l  a t -  
t empts  were  made  to measure  the coupling ra te  con-  
s tants  for  b icarbazy l  fo rmat ion  using ro ta t ing  disk 
v o l t a m m e t r y  and d ig i ta l  s imula t ion  methods  (14). In  
al l  cases, the  coupl ing ra tes  were  too fast  to measure,  
which  indicates  tha t  a lower  l imi t  for  the  second-order  
k's would  be a va lue  of about  108 mole  -1 sec -1. This is 
not  surpr is ing  since the carbazole  r ing system is p l ana r  
and thus the charge densit ies  at the 6-posit ions are  
qui te  high for the  molecules  in this series compared  to, 
say, 4 -subs t i tu ted  t r iphenylamines ,  which have second- 
o rder  coupl ing ra te  constants  ranging  f rom 0.6 to 104 
mole  -1 sec -1 (45). Thus, the p r i m a r y  react ion pa thw a y  
of these cation radicals  is in t e rmolecu la r  coupling to 
form the corresponding bicarbazyls ;  these l a t t e r  species 
then  fu r the r  decompose in a va r ie ty  of secondary  fol-  
l ow-up  reactions.  

In  some cases, these secondary  react ions fol lowing 
b icarbazy l  format ion  can be speculated upon. The acet -  
amido de r iva t ive  y ie lded  an apprec iab le  amount  of 
b icarbazyl  but  also a second product  that  appears  to 
be a hyd raz ine - type  der iva t ive  formed by  deacety la t ion  
of the  acetamido group and coupling th rough  the 3- 
amino subst i tuents .  The me thy l  der iva t ive  also exh ib -  
i ted secondary  react ions and cyclic vo l t ammograms  of 
exhaus t ive ly  e lec t ro lyzed solutions indica ted  tha t  f u r -  
ther  coupl ing th rough  the me thy l  groups might  be  t ak -  
ing place  in  a s imi la r  fashion to the  behav ior  p r ev i -  
ously  r epor ted  for N ,N-d ime thy l -p - to lu id ine  (46). 

In  severa l  instances, the  b icarbazy ls  fo rmed  were  
found to be only  spa r ing ly  soluble  and tended to film 
the  e lect rode severely.  In  these cases, the  product  was 
collected b y  f i l t rat ion of the  e lectrolysis  solution; the  
tR spect ra  indica ted  tha t  these were  perch lora te  salts, 
p robab ly  of the  b ica rbazy l  dication. This phenomenon 
was very  m a r k e d  for the  a ldehyde  and carboxyl ic  acid 
derivat ives,  a l though the e thy l  ester  was r e l a t ive ly  un-  
compl ica ted  and exh ib i ted  no filming. 

In  other  cases, the  na ture  of the secondary  react ions 
could not  be ascer ta ined but  previous  chemical  ox ida-  
t ion studies have shown that  the  1 and 8 r ing  positions, 

denoted by  a r rows  below, a re  act ive and can be read i ly  
subst i tu ted in the  absence of steric inhibi t ion.  These 

Et t 
r ing  sites could also be suscept ible  to a t tack  in the  b i -  
carbazyls  and so fur ther  couplings pas t  the l a t t e r  can-  
not be ru led  out. This is also consistent  wi th  the  ob-  
served fact that  the s tabi l i t ies  of the  b icarbazyls  in-  
crease m a r k e d l y  as the  carbazole  n i t rogen is subs t i tu ted  
with first e thyl  and then. phenyl  groups (vide infra). 
However ,  whereas  fu r the r  couplings past  the b ica rb-  
azyl may  be occurring, it  should be pointed out tha t  
these react ions would  never  yield an n value  grea ter  
than two, since the format ion  of successive te lomers  
introduces increas ingly  grea te r  possibi l i t ies  for more 
conjugated  systems genera ted  by remova l  of electrons, 
but  at the same t ime involves the consumpt ion of more  
paren t  molecules. Thus, the secondary  react ions leading 
to h igher  n values are  more  l ike ly  degrada t ion  of the 
b icarbazyl  skele ton or the a t tached substi tuents .  If  fu r -  
ther  coupl ing react ions were  involved,  they  would have 
to be in t ramolecu la r  in nature.  

Again,  different  behav ior  is observed for the amino 
and d ime thy lamino  der ivat ives ,  tlaese being quite s imi -  
la r  to the  3-subs t i tu ted  analogs in not  undergoing  the  
s t andard  b icarbazy l  couplings.  The m a j o r  except ion is 
tha t  the  N -e thy l  compounds have more  s table  cat ion 
radica l  and d i imine  forms; in fact, 3 -d ime thy lamino-  
N-e thy tca rbazo le  exhibi ts  two nicely  revers ib le  redox  
steps, as shown in Fig. 3. Compar ison of the  cu r ren t -  
vol tage curves for compounds I, II, XI, and XII  con- 
firms a genera l  character is t ic  of p - p h e n y l e n e d i a m i n e -  
type  molecules in tha t  protec t ion  of the n i t rogen wi th  
a lky l  or  phenyl  groups lends  considerable  s tab i l i ty  to 
both the  cat ion radica l  and di imine species. As wi th  
compound II, however ,  both  the cation radica l  and d i -  
imine of compound XII  s lowly react  to form unknown  
products.  

When the 3-amino group is not  me thy la t ed  (No. XI)  
the cat ion radical  is much less stable,  a l though reve r s i -  
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Fig. 3. Cyclic voltammagram of 1.0 • 10-8F 3-dimethylamlno- 
N-ethylcarbazo[e in MeCN/TEAP, sweep r a t e  ~ 150 mV/sec. 

bility can still be observed on both the first and second 
anodic waves even at sweep rates as low as 200 mV/sec. 
At sweep rates of about 2 V/sec and above the first 
process is completely reversible, and a half-l ife of 
about 0.5 sec for the pr imary  cation radical can be esti- 
mated. As with compound I, however, little is known 
about the process taking place and the n value of 0.7- 
0.8 (average value ---- 0.75), which was obtained re-  
peatedly and appears to be genuine, is quite perplexing. 
This is, of course, different than for 3-aminocarbazole, 
which had an n value of unity. It  is difficult to propose 
a mechanism involving 0.75 electrons per molecule with 
simple coupling as the only pathway. If the oxidized 
form of the bicarbazyl were to lose one or two protons 
this would generate n values of 0.80 or 0.67, respec- 
t ively; it is conceivable that a mixture  of these two 
processes is taking place, but  it seems more l ikely that  
a completely different mechanistic pathway yet to be 
considered is operative here. 

It is interest ing to note that the pr imary  radical of 
the acetamido derivative, No. XIII, is moderately 
stable, having a half-l ife of about 30 sec. As mentioned 
above, the reaction pathways of this radical are com- 
plex but again they are different than for No. XI and 
XII and are more characteristic of the other derivatives 
in  this series in that an appreciable amount  of the 6,6'- 
bicarbazyl is formed. It appears that the acetamido 
group is wi thdrawing electron density from the un-  
substi tuted ring, but  not to the extent that the --NH2 
and --NMe2 groups do; these lat ter  substi tuents stabil-  
ize the pr imary  radicals by markedly  decreasing elec- 
t ron density at the reactive 6-position. The result  is 
that for these two compounds the electrochemistry is 
more characteristic of p -phenylened iamine- type  mole- 
cules. There is probably also a steric factor for the 
acetamido derivative in that any coupling reactions in -  
volving the 3-subst i tuent  will be hindered by the acetyl 
group. 

In  all of the other compounds, No. XIV-XXV, simple 
HMO calculations indicate that the 3-subst i tuents  
either have little effect on the 6-position electron dens- 
ity or actually increase it (relative to N-e thylcarba-  
zole) making coupling more likely. The result  is that 
in all cases the pr imary  cation radicals are extremely 
short lived. 

Thus, radical stabilities in this series can be in te r -  
preted in terms of the electron density at the reactive 
6-position. Subst i tuents  such as --NH2,--NMe2, and 
- -NHCOMe (and presumably  - -OR and - -SR)  can ac- 
commodate the unpaired electron density in the cation 
radicals and thus remove electron (and charge) density 
from the open ring. The others from - -Me  through 
--NO2 do not and in fact enhance coupling at the 6- 
position. 

H 

3,6-Disubstituted carbazotes.--For this series, it is ap- 
parent  that barr ing subst i tuent  elimination, the only 
likely coupling sites would be the 1, 8, and 9 (N) posi- 
tions. Thus, only the 1,1- l-N, and N-N coupled prod- 
ucts should, in principle, be possible 

1,1 ~, H H 

N 
R 

I,N R ~ R  

R~____~R 

I N,N ~ N 

~ " ~ " ~ R  [91 
As with the other systems previously mentioned, the 

feasibility of these products forming depends upon the 
status of the carbazole ni trogen (protonated or unpro-  
tonated) and the electron densities at the remaining 
reactive coupling sites. In addition, since all of the 
above reactions would be expected to be rapid and the 
carbazole ni t rogen and 1 and 8 r ing positions are un-  
protected cation radicals in this series would be pre-  
dicted to be quite unstable.  

Cyclic voltammetric data for these compounds are 
varied, as is seen in Fig. 4, and the electroanalytical 
data in Table III fur ther  indicate the diverse and gen- 
erally poorly defined behavior  in MeCN/TEAP. Cur-  
rent-vol tage and cur ren t - t ime  curves for a number  of 
the derivatives in this series were markedly affected by 
adsorption of either parent  mater ial  or electrolysis 
products and cyclic vol tammograms run  after exhaus-  
tive electrolyses were very poorly defined and showed 
little in the way of discernable products. 

Only the methoxy derivative, No. XXVI, shows re- 
versibil i ty at low sweep rates and in  fact the cation 
radical is quite stable, having a half-l ife (tl/2) of sev- 
eral minutes.  The pr imary  radicals for the other com- 
pounds in this group are quite unstable, having h/2's of 
0.1-1.0 sec, but  all of these radicals are much more 
stable than those of previously mentioned compounds 
with open 3 or 6 positions, with the exception of the 
aminocarbazoles. This marked stabilizing effect of 
methoxy groups has been noted previously (45, 47, 48) 
and is due to delocalization of charge and electron 
density out onto the methoxy's,  with a resul tant  de- 
crease at reactive sites in the carbazole nucleus. This 
is shown below, where electron densities are again rep- 
resented by c 2 values for the HFMO; with the 3 and 6 
positions blocked activity would be expected to shift to 
the 1, 8, and 9 sites, but  as can be seen the lat ter  are 
considerably deactivated 

,OS9 .O36 . . . .  

H H 
Of the other functional  groups, only the t -bu ty l  is 

predicted to have a similar effect, but  to a much lesser 
extent. The others actually increase the e!ectron density 
at the active sites and so fur ther  destabilize the pr i -  
mary  cation radicals in a regular  fashion, the stabili ty 
decreasing from chloro to nitro. 

It is interest ing to note that  the HMO calculations 
show an appreciable enhancement  in  eIectron density 
at the 4 and 5 ring carbons ortho to the methoxy groups 
(similar to the 3-aminocarbazole systems) to a point  
where these positions must  be considered as possible 
coupling sites. Since methoxy is classically an ortho- 
para director this is not total ly unexpected, but  it will  



Vol. 122, No. 7 P R O P E R T I E S  O F  C A T I O N  R A D I C A L S  885 

i 
H 

I 2 

1.6 1.2 0.8 0.4 0.0 1.6 1.2 0.8 0.4 0.0 

A 
H 

2 

I , I , I , I , I , i I i I , I , I , I r I 
1.6 1.2 0.8 0.4 0.0 2.0 1.6 1.2 0,8 0.4 0.0 

Fig. 4. Cyclic voltammograms of 3,6-disubstituted carbazoles in MeCN/TEAP. Abscissa is in volts vs. SCE and for all curves the 
solutions were 1.0 • 10-8F in the carbazoles and the sweep rate was 150 mV/sec. In some cases, scans are numbered sequentially. 

be indeed in teres t ing  if fu r the r  work  on the react ion 
pa thways  of these molecules verifies the  HMO pred ic -  
tion. I t  is pa r t i cu l a r l y  germane,  since EPR studies have 
indica ted  tha t  the  spin dens i ty  at  the 4 and 5 posit ions 
is qui te  low in some subs t i tu ted  carbazoles  (vide in]ra) 
(49). 

Li t t le  has ac tua l ly  been de te rmined  concerning the r e -  
ac t iv i ty  routes  of No. X X V I I - X X X I I I  in MeCN/TEAP.  
Some subs t i tuent  e l iminat ion  does occur for the  ha lo-  
gen der ivat ives ,  leading  to 6 ,6 ' -d isubst i tu ted-3 ,3 ' -b i -  
carbazyls ;  this can read i ly  be seen in Fig. 4 for 3,6-di- 
iodocarbazole.  The fo l low-up  peaks  in the region be-  
tween 1.0 and 1.4V match  per fec t ly  wi th  those for  the 
6 ,6 ' -bicarbazyl  fo rmed  f rom 3-iodocarbazole.  Of the  
o ther  der ivat ives ,  i t  has only  been  de te rmined  that  the 

p r ima ry  cat ion radicals  are  ve ry  unstable  (tl/2 --- I sec) 
and the decay pa thways  do not  appear  to involve sub-  
s t i tuent  e l iminat ion.  

In  the  presence of 2 ,4 ,6- t r imethylpyridine,  a s t rong 
organic base, e lectrolysis  again  produces  only the sub-  
s t i tu ted 9,9 ' -bicarbazyls  in near  quant i t a t ive  yields.  
They are  easi ly isolated,  since they  are  in some cases 
insoluble  and can be f i l tered off fol lowing electrolysis;  
a l te rna t ive ly ,  they  are  easi ly  separa ted  f rom the sol-  
vent  and suppor t ing  e lec t ro ly te  by  column chromatog-  
r aphy  (see Exper imen ta l  sect ion) .  Such electrolyses  in 
basic med ium exac t ly  para l l e l  s imi lar  chemical  work  
involving pe rmangana t e  oxidat ions  in acetone of the 
bromo (9) and t - b u t y l  (49) der ivat ives ,  and it appears  
that  near  quant i ta t ive  yields  of the  9,9 ' -bicarbazyls  

Table III. Electrochemical characteristics of 3,6-disubstituted carbazoles 

No. H Epl~ it~ISlC ~t value l~roduct(s) (~ yield) 

X X V I  R = OMe 0.78 48-83 1.76 d S tab le  ca t ion  rad ica l ,  d e c o m p o s i t i o n  p a t h w a y  u n -  
k n o w n  

X X V I I  t - B u  1.07 106-115 2.91, 1.87 a C o r r e s p o n d i n g  9 ,9 ' -b icarbazyla  (90-100) 
X X V I I I  C1 1.38 120-146 3.60 3,3'- a n d  9 ,9 ' -b ica rbazy l s  e 
X X I X  Br  1.37 120-143 b 2.87, 1.93 a 9 ,9 ' -h i ca rbazy l  a (90-100) 
X X X  I 1.34 104 1.88 3,3'-  and  9 ,9 ' -b iea rbazy l s  e 
X X X I  COMe 1.50 170-217 e 3.10 U n k n o w n  
X X X I I  CN 1.71 120-138 b 3.04 U n k n o w n  
X X X I I I  NO~ 1.84 134-170 2.68 U n k n o w n  

�9 E lec t ro lyses  in  M e C N / T E A P  w i t h  a d d e d  excess  2 , 4 , 6 - t r i m e t h y l p y r i d i n e .  
b D a t a  are  d i s t o r t e d  by  s t r o n g  a d s o r p t i o n  of p a r e n t  m a t e r i a l  or  e l ec t ro lys i s  p roduc t .  
c O b s e r v e d  on cycl ic  v o l t a m m o g r a m s  i n  M e C N / T E A P ,  no  2 , 4 , 6 - t r i m e t h y l p y r i d i n e  added .  T h e  3 ,3 ' -b ica rbazy l s  are f o r m e d  b y  s u b s t i t u e n t  

e l i m i n a t i o n  a n d  s u b s e q u e n t  coup l ing .  
a C u r r e n t  decays  r a p i d l y  to  a b o u t  n = 1 w h ~ r e  a l ow  s t eady - s t a t e  c u r r e n t  ensues ,  t h e  latt_~r s l o w l y  d r o p p i n g  f u r t h e r  to  n e a r  z e r o .  
e P r i m a r y  o x i d a t i o n  w a v e  o v e r l a p s  s u b s t a n t i a l l y  w i t h  a second  w a v e  w h i c h  is also i n c l u d e d  in  t he  p o t e n t i a l  step. 
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Table IV. Radical stabilities of t-butylated carbazoles 

Radical Decomposition 
No. Compound Ep/~ half-life product 

XXVII ~ 1.07 ~1 sec 1,1'-bicarbazyl ? 

H 

XXXIV ~ 1.17 <<I sec 3,3'-bicarbazyl 

1 [ " 1  

XXXV ~ 1,15 <<I sec 3,3'-bicarbazyla 

XXXVI ~ 1.08 ~1 min 1,1'-bicarbazyl ? 

XXXVII ~ 1.09 ~30 rain ? 

a Verified with an authentic 3,3'-bicarbazyl sample. 

from any  of the 3,6-disubstituted derivatives can be 
readily obtained by either chemical or electrochemical 
means. 

In  the case of 3,6-di-t-butylcarbazole,  authentic  sam- 
ples of the corresponding 1,9'- and 9,9'-bicarbazyls were 
available to aid in  product identification. Cyclic vol tam- 
metric and optical spectra indicate that  these are not 
the major  product(s)  in  MeCN/TEAP electrolyses, 
however, and so it appears by  a process of e l iminat ion 
that the most l ikely reaction pathway is r ing- r ing  
coupl ing-deprotonat ion to form the 1,1'-bicarbazyl. 

In  the pathways above, it appears that there is a re-  
action selectivity order that  is highly contingent upon 
the acidity of the solution near  the electrode similar 
to the d iphenylamine  system previously reported by 
Cauquis (50). That is, in acid solution, which is the 
case in  unbuffered MeCN after coupling is init iated 
and protons are released into solution, only C-C cou- 
pling occurs, while the presence of a weak base would 
be expected to promote mixed C-C and C-N coupling. 
Strong bases in solution then lead exclusively to for- 
mat ion of the N-N coupled products. 

The series of t -bu ty la ted  carbazoles shown in Table 
IV provide fur ther  valuable  informat ion on the possi- 
bilities of various coupling modes and the importance 
of steric factors in stabilizing the pr imary  cation radi-  
cals. It is apparent  from the radical stabilities shown 
that the 3 and 6 positions are far more reactive than 
the 1, 8, and 9 sites. Steric blocking of the 8 and 9 
positions by a 1- t -buty l  group (No. XXXVI) stabilizes 
the pr imary  cation radical substant ia l ly  compared to 
No. XXVII and int roduct ion of another t -bu ty l  sub- 
s t i tuent  on the 8-carbon leads to a very stable cation 
radical for No. XXXVII. Stabilization through elec- 
tronic effects would be min imal  with t -bu ty l  groups 
and so this is clearly an example of h inder ing reaction 
pathways by  blocking reactive r ing positions with iner t  
functional  groups. 

The informat ion provided by the molecules in this 
series is that simple blockage of the highly reactive 3 
and 6 carbons does stabilize the pr imary  cation radicals 
to a substant ial  degree, but  the half- l ives are still in 
the 0.1-1.0 sec region. An exception is the methoxy 
derivative which stabilizes by a delocalization mecha- 
nism similar  to that operative for No. I, II and XI-XIII .  
When a reaction does take place, it appears to occur 
through the ni t rogen in the presence of a strong organic 

base and through the 1 and 8 ring carbons in unbuffered 
MeCN; this last assertion is speculative at present. In -  
troduction of blocking groups at these lat ter  sites leads 
to substant ial ly more stable pr imary  cation radicals. 

3,6-Disubstituted-N-ethyIcarbazoles.--With the ni -  
trogen alkylated (and the 1 and 8 r ing positions thus 
somewhat sterically hindered)  and both the 3 and 6 
ring carbons substituted, one might anticipate that the 
pr imary  cation radicals of such molecules would be 
quite stable. To some degree this was found to be t rue 
and as a result  the electrochemistry of this series of 
molecules is centered about detectably stable cation 
radicals with tl/2 values ranging from about 1 sec up to 
several days; the electroanalytical data are given in 
Table V. 

Even at that, the lifetimes of these radicals are less 
than what  might  have been expected, since previous 
studies have shown that s t ructural ly  similar 4,4'-disub- 
s t i tu ted-N-alkyld iphenylamines  possess very stable 
pr imary  cation radical species (51, 52). In  general, the 
carbazole radicals are at least two orders of magni tude 
less stable than the correspondingly substi tuted di- 
phenylamines;  this phenomenon appears to be largely 
due to the fact that  the carbazoles have a very planar  
pi system whereas the d iphenylamine  rings are skewed. 
This leads to marked differences in electron dis t r ibu-  
tions, as shown below for the alkyl derivatives (these 
calculations do not include the alkyl substituents,  all 
of which are considered equivalent,  but  their  electron 
densities will be proport ional  to the r ing carbons to 
which they are attached) 

I ' .... I 
Et Et 

The major  change is that  electron density in the car-  
bazole system is, relat ive to the diphenylamine skele- 
ton, distr ibuted more into the aromatic rings and less 
on the central  ni trogen;  this assertion has been quan-  
t i tat ively substant iated by EPR data (49). It is nor-  
mal ly  the case that  increased delocalization leads to 
enhanced cation radical stability, but  it appears at first 
glance that  here the opposite is the case, i.e., the more 
highly delocalized carbazoles are the less stable radi-  
cals. The al ternate viewpoint  however, is that at the 
same time decreased localization takes place in the 
carbazoles relative to the d iphenylamines  at the un re -  
active central  ni t rogen with an a t tendant  increase in 
electron density in the more reactive aromatic rings. 
Interestingly,  the same result  can be qual i tat ively 
achieved in the HMO calculations by increasing the pi 
overlap between the central  ni t rogen and the aromatic 
rings in  the d iphenylamine  systems by increasing the 
value for the resonance integrals  for the central n i t ro-  
gen and the adjacent r ing carbons. The net effect is to 
generate a more p lanar  diphenylamine.  As expected, 
electron density is drained away from the central  ni t ro-  
gen into the aromatic rings more and more as the kcN 
value is increased. 

The same effect is seen in a comparison of the calcu- 
lated orbital energies with the exper imenta l ly  obtained 
oxidation potentials. The calculations indicate that the 
carbazole HOMO's are lower (more positive) in energy 
than the correspondingly subst i tuted diphenylamines  
and in accordance with this the oxidation potentials of 
the carbazoles are consistently more anodic by 0.2-0.3V. 
This is reasonable if one considers that  the carbazoles 
are more "hydrocarbon-l ike" than "amine-l ike" rela-  
tive to the diphenylamines  (because of enhanced de- 
localization into the aromatic rings) and thus would be 
more difficult to oxidize. 

The net result  of all this is that the r ing positions in 
the carbazoles are more reactive, par t icular ly  the 3 and 
6 carbons, and so even though the rings are heavily 
substi tuted and sterically protected radical stabil i ty is 
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Table Y. Electrochemical characteristics of 3,6-disubstituted-N-ethylcarbazoles 

887 

R I " ~ ~ ]  SR2 

~o. E t z~/~ it~/~/c ~ value Product (s )  (% yield) ,  c o m m e n t s  

X X X V I I I  R1 = R2 = ~ 0.32 47 1.09 

X X X I X  NMe2 0.22 45 1.03 

X L  OMe 0.80 48 1.01 a 

X L I  Me 1.04 59-103 b 2.2. 

X L I I  Et 1.06 119-184 b 3 .1 .  

X L H I  t -Bu 1.04 43 1.07 a 

X L I V  C1 1.~8 53-67 b 1.3 ~ 

X L V  Br  1.40 43-48 b 1.2 a 

X L V I  I 1.34 78-88 b 2.0 a 

X L V I I  COMe 1.50 79-13S b 3.2. 

X L V I I I  COEt 1.50 86-144 b 3.4 a 

X L I X  COPh 1.49 76-105b 2.9" 

L COOMe 1.56 --e __e 
LI  CN 1.74 81-133b,d 3.4 a 

L I I  NO~ 1.81 l16-211b,d 8.Sa,d 

LIII RI = Me, R2 = COMe 1.26 124-165 2.7 

LIV R~ = Et, R~ = COMe 1,25 166-188 2.9 

Unstable  cation radical ,  s t ruc ture  of coupled prod-  
uct  is u n k n o w n  

High ly  stable cation radical ,  stable dicat ion f o r m e d  
at Ep/2 ---- 0.60V, unstable  t r ica t ion radica l  gen-  
era ted  at  Ep/2 = 1.41V 

Stable cation radical ,  uns tab le  dieation;  mode  of  
decomposi t ion appears  to be hydro lys i s  

Moderate ly  stable cation radical ,  decomposi t ion aP- 
pears  to be v ia  coupl ing  t h rough  me thy l  g r o u p s  

Unstable  cation radical ,  decomposi t ion appears  to 
be v ia  coupling th rough  e thy l  groups  

Stable cation radical ,  s lowly decomposes probably  
v ia  1,1 '-coupling 

Moderate ly  stable cation radical ,  d e c o m p o s i t i o n  
p a t h w a y  u n k n o w n  

Moderate ly  stable cation radical ,  decomposi t ion  
p a t h w a y  u n k n o w n  

Unstable  cation radical ,  e l iminates  iodine, f o rms  
corresponding 3,3 ' -bicarhazyl  (60-70) e 

Unstable  cation radical ,  some deacety la t ion  occUrs  
to f o r m  the cor responding  3,3 ' -bicarbazyl  

Unstable  cat ion radical ,  e l imina tes  propionyl  
group,  f o r m s  cor responding  3,3 ' -bicarbazyl  

Unstable  cation radical ,  e l imina tes  benzoyl  group,  
f o rms  cor responding  3,3 ' -bicarbazyl  

Unstable  cat ion radical ,  products  u n k n o w n  
Moderate ly  stable cat ion radical ,  products  u n -  

k n o w n  
Moderate ly  stable cation radical ,  p r o d u c t s  u n -  

k n o w n  
Unstable  cation radical ,  a lkyl  coupling p redom-  

inates,  small  amoun t  o~ deacetyla t ion 
Unstable  cation radical ,  a lkyl  coupl ing p r edom-  

inates,  small  amoun t  of deacetyla t ion 

a n v a l u e  at  t h e  o n s e t  of low s teady-s ta te  current .  
b Taken  f r o m  t = 1-8 sec; va lue  increases  wi th  i nc reas ing  t ime.  
c P r i m a r y  w a v e  is v e r y  obscure,  m e r g e s  wi th  m o r e  anodic  waves ;  
d Data  are  affected by  p r o x i m i t y  to background ;  res idual  cur ren ts  

diminished relat ive to systems such as the d iphenyl-  
amines. Of course, the cation radicals in  this series are 
enormously  more stable than those previously dis- 
cussed herein, but  even so very few could be called 
t ru ly  stable (half-l ife of 30-60 min) .  Interest ingly,  
it was general ly  found that  protecting the area around 
the carbazole ni t rogen (with N-a lkyl  or N-phenyl  sub-  
st i tut ion) shielded the moderately  reactive 1- and 8- 
carbons and led to greatly enhanced activity at the 
nomina l ly  blocked 3 and 6 r ing sites; the decay reac- 
tions of the less stable radicals in this series were thus 
found to take place at these lat ter  positions. 

In  all cases in this series, the init ial  process involves 
removal  of one electron to generate the cation radical. 
Of those which are reasonably stable, the d imethyl-  
amino derivative, No. XXXIX, is by far the longest 
lived. Not only is the p r imary  radical stable for days, 
bu t  the dication quinonedi imine  also appears to have a 
negligible decomposition rate. In  fact, a third redox 
process can be observed which is reversible even at 
moderately  low voltage scan rates, as shown in  Fig. 5. 
One readi ly sees that switching past the first two waves 
(dotted lines) yields substant ia l  reverse current  and a 
lesser amount  is observed on the third anodic wave; 
however, oscilloscope traces show that  this lat ter  proc- 
ess is completely reversible above sweep rates of about 
2 V/sec. Chronoamperometr ic  data  yield constant  
i t l / s / C  quotients for the first two anodic processes (45 
and 91, respectively) and coulometric measurements  
indicate n values of 1.03 past the first wave and 2.05 
past the second. This third anodic wave, then, is appar-  
ent ly  due to fur ther  oxidation of the stable dication and 
so the reversibi l i ty  seen at high sweep rates indicates 
that  this molecule has a moderately  stable tr ication 
radical with t~/2 ~ 1 sec. This is an ext remely  rare 
species, of which few examples are available (53); it 
offers the very exciting possibility of matching of 
spectral data for the cation and and tr ication radicals 
of a single species. 

The amino derivat ive exhibits behavior  similar  to the 
previously discussed 3-aminocarbazoles except that the 

me a n ing fu l  data  could not  be obtained.  
are qui te  high.  

electrolysis product is much more in  evidence on cyclic 
voltammograms. Since this same general  electrochemi- 
cal behavior  was noted for 3-amino-  and 3-amino-N-  
ethylcarbazole this would imply  that the carbazole n i -  
trogen is not implicated and the common reaction path-  
way, if it is indeed common, is N-N or N-r ing  coupling 
involving the amino groups and the 1, 4, 5, or 8 ring 
carbons. Again, the p r imary  cation radical is short-  
l ived (tl/2 _~ 1 sec), but  its existence was verified by 
rapid-sweep cyclic vol tammetry.  

Of the other derivatives in this series, both the 
methoxy and t -bu ty l  compounds were found to have 
stable pr imary  radicals with half- l ives of 1 hr or more. 
The 3,6-dimethoxy-N-ethylcarbazole cation radical is 
exceptionally stable, probably  due to the low charge 
density at the 1 and 8 r ing sites and the blocking action 

M~N~NM~ 
b 

/ " . .  / - .  j 

J 

1~, ,'.~ o!, o!~ o!o 
E, volts vs scs 

Fig. 5. Cyclic voltammogram of 1.0 X |O-3F 3,6-bis(dlmethyl- 
amino)-N-ethylcarbazole in MeCN/TEAP,  sweep rote = 667 mV/ 
sec. 
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of the N-ethyl  group. The cation radical is oxidized to 
the dication in a second anodic process at Ep/2 = 1.36V; 
no reverse current  was observed even at a swep rate 
of 10 V/sec. The dication of this molecule would have MeO OMe 

Et 
several resonance forms but  the one shown above would 
be very susceptible to nucleophilic attack by trace 
amounts of water  in  the MeCN to generate the cor- 
responding hydroxy derivative, 3 -hydroxy-6-methoxy-  
N-ethylcarbazole.  This is suggested by the cyclic vol t-  
ammetric curves for this compound which are very 
similar  in  shape to other aromatic amine systems where 
a similar hydrolysis mechanism has been shown to oc- 
cur (54, 55). The p r imary  cation radical probably re-  
acts via this same route, but  at a markedly  slower rate. 

The 3 ,6-di - t -butyl -N-ethylcarbazole  cation radical 
was also found to be quite stable, but  slow decomposi- 
t ion was evident. Reaction probably  occurs via 1-1 r ing 
coupling, as was speculated for the t -bu ty la ted  carba- 
zoles No. XXVII and XXXIV-XXXVII .  Nevertheless, 
a half-l ife of 30-40 min  (stabil i ty for this compound, 
as for many  of the others, is dependent  upon concen- 
t rat ion and solvent pur i ty)  ensures that  this radical can 
be easily studied. 

The methyl  and ethyl derivatives, No. XLI and XLII, 
have cation radicals that are considerably more reac- 
tive than the t -bu ty l  analog and beyond this the ethyl 
is much less stable than the methyl.  This assertion is 
graphical ly i l lustrated in Fig. 6, where cyclic vol tam- 
mograms for the three alkyl derivatives are shown. 
The t -bu ty l  curve is seen to be perfectly reversible 
with no sign of decomposition products (however, 
holding the potential  at the anodic l imit  for about 1 
rain and then sweeping back to more cathodic poten- 
tials yields a ratio of cathodic to anodic peak currents  
of about 0.92, indicating that  the p r imary  radical is in 
fact reacting very slowly).  The methyl  compound also 
shows considerable reverse current,  but  a small  cath- 
odic wave near  --0.2V corresponding to reduction of 
protons indicates that  the cation radical is not excep- 
t ional ly stable (tl/2 ---- 1-2 min)  ; the ethyl curve shows 
extensive reaction and reversal  just  past the pr imary  
wave (dotted l ine) shows very  l imited stabil i ty for the 
cation radical (h/2 ~ 0.8 sec). 

These data  are consistent with a mechanism whereby 
the electrogenerated cation radical diffuses away from 
the electrode surface and a proton is lost from the alkyl 
carbon alpha to the carbazole skeleton, thus generat ing 
a benzyl ic- type free radical. Coupling of the result ing 
free radicals out in solution would ensue to generate a 
bridged bicarbazyl in  a fashion similar  to that proposed 
for No. XIV and previously published systems (46, 56). 
The relat ive stabilities of the methyl,  ethyl and t -bu ty l  
compounds are thus explained by r ing alkyl proton loss 
from the cation radical; a proton will  el iminate more 
readily from a secondary carbon (ethyl) than  from a 
p r imary  (methyl)  and when no alpha hydrogens are 
present  ( t -buty l )  e l iminat ion cannot occur and en-  
hanced stabil i ty is to be anticipated, as well as slow 
reaction via a different pathway. These relative stabil i-  
ties are also nicely mirrored in  the chronoamperometric 
data in Table V, which show the t -bu ty l  derivative 
having a fairly constant  one-electron value, and the 
others having much higher, and rapidly increasing, 
iti/2/C quotients. The n value data also point  up the 
same disparity. The general  mechanism is shown below 
for No. XLI but  would also apply to No. XLII  

~ M  ~ M Me e l e- �9 e e 

Et L-- Et . J  
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M e ~  M e  

Ft  

E , I , r , I , I P I 
1,6 1.2 0.8 0.4 0.0 -0.4 

I , I [ ~ I , I , [ 
2.0 1.6 1.2 0.8 0,4 0.0 
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Fig. 6. Cyclic voltammograms of 3,6-dialkyI-N-ethylcarbazoles in 
MeCN/TEAP. Abscissa is in volts vs. SCE and for all curves the 
solutions were 1.0 • 10-3F and the sweep rate was 150 mV/sec. 

: I I  

I t  

[11] 

.... .. , uN~o~ PRODucTs [12] 

The halogen derivatives, No. XLIV-XLVI,  offer an 
interest ing contrast in that the iodo compound elim- 
inates iodine from the p r imary  cation radical quite 
rapidly (tl/2 ___ 0.5 sec) with subsequent  coupling to 
form 6,6'-diiodo-N,N'-diethyl-3,3'-bicarbazyl,  the same 
compound that is generated by oxidation of 3-iodo-N- 
ethylcarbazole. The products from electrolysis of the 
mono-  and diiodo-N-ethylcarbazoles were found to be 
identical by matching of cyclic vol tammetr ic  curves 
and visible absorption spectra run  on exhaust ively 
electrolyzed solutions; in  both cases the match-up  is 
perfect. 

The bromo and chloro analogs (No. XLIV and X L u  
however, have reasonably stable p r imary  cation radi-  
cals with half-l ives of several minutes.  In  addition, it 
does not appear in our as yet cursory studies of these 
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lat ter  two compounds that  the radicals decompose by 
halogen e l iminat ion and subsequent  coupling; the pr i -  
mary  reaction route may instead be some form of r ing-  
r ing coupling. This observation is also in marked con- 
trast to the data on the 3,6-dihalocarbazoles, No. 
XXVIII  and XXIX, for which appreciable halogen 
el iminat ion and subsequent  3,3'-coupling was noted, 
even though the cation radicals were much less stable 
than  for the N-e thyl  analogs and the 1, 8, and 9 posi- 
tions are less protected. 

As a group, No. XLVII -XLIX are characterized by 
unstable  cation radicals which appear to react via el im- 
inat ion and subsequent  3,3'-coupling as the dominant,  
but  not exclusive, pathway. Acetyl and benzoyl group 
el iminations are indicated by the fact that as with the 
3-iodo- and 3,6-diiodo-N-ethylcarbazoles above ident i -  
cal cyclic vol tammetr ic  curves and visible absorption 
spectra were obtained from exhaust ively electrolyzed 
solutions of the mono-  and diacetyl-N-ethylcarbazoles 
(No. XX and XLVII) and the mono-  and dibenzoyl-N-  
ethylcarbazoles. Of the cation radicals here, the acetyl 
derivative is least stable (tl/2 ~-~ 0.6 sec), followed by 
the propionyl  ( t l / 2  ~ -  0 .9  s e c )  and the benzoyl (tl/2 ~_ 
1.5 sec) compounds. The enhanced stabil i ty of the lat ter  
compound may be due in small  par t  to increased de- 
localization afforded by the phenyl  rings of the benzoyl 
groups by a mechanism other than  direct conjugation, 
since this cannot be invoked here. This mode of cation 
radical reaction is quite un ique  and so we are at present  
pursuing kinetic and mechanistic studies of this novel 
pathway. 

Little has been determined for No. L, the methyl  
ester, beyond the facts that  the pr imary  cation radical 
is unstable  (tlz~ ___ 0.5 sec) but  detectable and it ap- 
pears to react by direct r ing coupling rather  than by 
e l iminat ion and subsequent  3,3'-coupling; cyclic vol- 
tammograms of electrolyzed solutions show no 3,3'- 
bicarbazyl present. 

The carboxylic acid derivative, N-ethylcarbazole-3,6- 
dicarboxylic acid, was prepared but  its electrochemis- 
t ry could not be investigated due to its complete lack 
of solubil i ty in MeCN/TEAP. 

The ni tro and cyano derivatives, No. LII  and LI, re-  
spectively, were also only l ightly studied, but  it ap- 
pears here that  r ing coupling is the mode of cation 
radical reaction. In  addition, the pr imary  radicals have 
surpr is ingly long half-l ives;  tl/2 for the cyano com- 
pound is 5-7 sec and that  for the nitro derivat ive is 
2-3 sec. 

Compounds LIII  and LIV offer a fascinating compari-  
son be tween alkyl coupling and acetyl group el imina-  
t ion as competitive pathways. Cyclic vol tammetr ic  data 
indicate that  alkyl  coupling is the dominant  pathway, 
with a small  amount  of acetyl e l iminat ion observed. 
Thus, the radical for No. LIII  is considerably more 
stable (tl/2 ~ 1 sec) than  for No. LIV (tl/2 ~ 0.1 sec) 
but  both are much shorter lived than their  dialkyl  ana-  
logs due to the destabilizing influence of the acetyl 
group. This is indicative of a fairly drastic change in 
electron dis tr ibut ion which makes the alkyI groups 
much more acidic in  No. LIII  and LIV than  in No. XLI 
and XLII. 

Whereas in the previous section we saw that blockage 
of the highly reactive 3 and 6 r ing carbons largely 
forced the radical reactions to the area around the 
carbazole nitrogen, the data presented in this section 
indicate that N-a lkyl  subst i tut ion in many  cases shifts 
the center of react ivi ty back to the 3 and 6 sites. The 
p r imary  radicals are much more stable than if either 
of these positions is open and so in  all cases they can 
be readi ly detected. These data clearly show that rela-  
t ively few subst i tuents  can be considered "inert" as 
possible agents for blocking reactive sites in  cation 
radicals. For  intr insic  inertness to react ivi ty and for 
having the addit ional  proper ty  of affecting as l i t t le as 
possible the electron dis tr ibut ion in the molecular  skel- 
eton, the t -bu ty l  group seems to be most satisfactory, 

a view previously forwarded by Neugebauer  in his 
EPR spectral work on carbazole derivatives (49). 

Subst i tu ted N-phenyZcarbazoles . - -Subst i tut ion of a 
phenyl  group on the carbazole ni t rogen would be ex- 
pected to have at least two beneficial effects with re-  
gard to radical stability. The phenyl  r ing extends the 
pi system of the carbazole skeleton and thus contr ib-  
utes to radical stabilization through enhanced delocal- 
ization. In  addition, the bu lky  phenyl  group acts as an 
efficient blocking agent for the 1 and 8 ring sites, more 
so than an N-alkyl  group. On the other hand, the 
phenyl  r ing introduces the possibility of another  cou- 
pling site, namely  the phenyl  carbon para to the carba-  
zole nitrogen. Since these molecules are s t ructural ly  
quite similar to t r iphenylamines  such a reaction is not 
unlikely,  but  it was not detected in the previous study 
on the anodic oxidation of N-phenylcarbazole  (7). 

With the above stabil izing factors in  mind, we might  
expect that 3,6-disubstituted N-phenylcarbazoles such 
as No. LXXI-LXXIV should have p r imary  radicals 
more stable than their  N-e thyl  analogs, No. XLII I -  
XLVI. In  fact, this was found to be the case, although 
it is not apparent  in the chronoamperometr ic  or n value 
data. The iodo derivatives are probably the easiest to 
compare, since for these there is rapid reaction via 
iodine elimination, a reaction cont ingent  upon the elec- 
t ron density at the 3 and 6 r ing positions. Whereas the 
3,6-diiodo-N-ethylcarbazole cation radical was ob- 
served to have a half- l i fe  of roughly 0.5 sec, the phenyl  
analog has tl/2 ~-~ 1 sec. This twofold gain in stabil i ty 
appears to be due to the extended delocalizing influ- 
ence of the N-phenyi  ring. 

The other three compounds in this series (No. LXXI-  
LXXIII)  appear to have a common mode of radical re- 
action that is different from the N-ethyl  analogs. All 
exhibit  a quasi-reversible  (anodic to cathodic peak 
separation of about 250 mV) redox couple about 0.2- 
0.4V less anodic than the p r imary  oxidation waves. It 
is not altogether unl ike ly  that  these radicals may 
slowly undergo a t r ipheny lamine- type  coupling to gen-  
erate something akin to a te t raphenylbenzidine,  as 
shown below. 

R R 
p 

R R 
This species would be more easily oxidized than the 
parent  carbazole and the twisted na ture  of the N- r ing-  
r ing-N port ion would lead to irreversible redox behav-  
ior (57, 58). Fur the r  support  for this view is afforded 
by  the observation that  no such fol low-up couple is 
seen in the current-vol tage  curves for No. LXXV and 
LXXVI, compounds in  which the para position of the 
N-phenyl  group is substituted. In  addition, the cation 
radical for No. LXXV was qual i tat ively observed to 
be more stable than  that for No. LXXII  by about a 
factor of three. 

The major  factor mit igat ing against this mode of 
reaction is the rather  low electron densi ty that would 
be predicted for the potential  coupling site assuming 
a moderate amount  of twist ing of the N-phenyl  r ing 
due to steric interact ion with the 1 and 8 r ing protons. 
HMO calculations show that  as the twist angle is in-  
creased from a nominal  value of about 45 ~ (that as- 
sumed for a freely rotat ing t r ipheny lamine- type  sys- 
tem) the electron density at the para site on the N- 
phenyl  r ing drops dramatically.  Unfortunately,  we 
have no data on the twist  angles in cation radicals of 
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this type, but  molecular  models show that such twisting 
would be expected to be substantial.  Obviously, the 
question can best be answered by isolation and charac- 
terization of the electrolysis product;  we are at present 
a t tempting to carry this out. 

Stabilization through enhanced delocalization is also 
indicated by the somewhat greater stabil i ty of  No. 
LXXVI as compared to No. XLI, N-subst i tuted-3,6-di-  
methylcarbazoles. Though both radicals appear to react 
by alkyl coupling through the 3 or 6 methyl  groups, the 
radical half-l ife of the N-phenyl  derivat ive is 4-5 miu, 
as compared to 1-2 min  for the N-ethyl  analog. The 
disparity is seen even more clearly in the chronoam- 
perometry and n value data in Tables V and VI. 

Other effects of the N-phenyl  group upon the carba-  
zole skeleton were detected in the electrochemcial be- 
havior of No. LV-LXX. These are all N- (p - subs t i -  
tuted) phenylcarbazoles with both the 3 and 6 carba- 
bole ring positions open for coupling. Not surprisingly,  
then, it was found that  the 3,3'-coupling mode domi-  
nates this series, as can be seen in Table VI; the bi-  
carbazyls are generated in high yields and can be 
readily isolated following control led-potent ial  prepara-  
tive-scale electrolyses (see Exper imental  section). 

Two exceptions to this are the amino and dimethy!-  
amino derivatives, No. LV and LVI, whose anodic 
oxidation pathways are more characteristic of para- 
substi tuted anilines and N,N-dimethylanil ines,  respec- 
tively. In  both cases, the carbazole skeleton functions as 
a ra ther  iner t  subst i tuent  and HMO calculations show 
most of the electron density residing in the amino-  
phenyl  rings; thus, it  is not surpris ing that 3,3'-coupling 
is not observed. The electrochemical behavior for these 
compounds appears to be similar  to that discussed pre-  
viously for carbazole derivatives with an amino or 
d imethylamino group para to the carbazole nitrogen, 
i.e., the N- (p -d ime thy laminopheny l )  carbazole shows 
two reversible one-electron redox processes; the first 
leads to a stable cation radical and the second to a 
moderately stable quinonedi imine  form that slowly de- 

composes to a product  other than a 3,3'-bicarbazyl. The 
amino derivat ive has an irreversible one-electron wave 
(the cation radical was, however, detected by rapid-  
sweep cyclic vol tammetry) ,  and it appears that again 
some sort of N-r ing  or N-N (amino ni trogen) coupled 
product is generated in a fashion similar  to the other 
amino-subst i tu ted carbazoles. 

Interestingly,  if the amino group is deactivated by 
acetylation (No. LVIII) the redis t r ibut ion of electron 
density is such that the radical reacts predominately  
via the 3,3 ' -coupling-deprotonation route. 

Another  exception to the 3,3'-coupling mode is the 
methylthio derivative, No. LVIX. This compound has a 
very unstable  cation radical that  decomposes to an un-  
known  product, probably  involving oxidation of the 
methylthio substi tuent.  As can be seen in Table VI, 
the over-al l  process involves a one-electron transfer, 
but  no radical species could be detected using EPR 
spectroscopy with intra muros electrochemical genera-  
tion. 

All of the other compounds in this series undergo an 
init ial  one-electron oxidation to generate a very reac- 
tive cation radical (tl/2 ~ 1 msec) ; two of these then 
couple at the 3 positions to yield a N,N'-bis (p-subst i t -  
tuted phenyl)-3,3 ' -bicarbazyl .  This species is then oxi- 
dized more easily than the corresponding carbazole to 
a stable dication, so over-al l  one has a classic two- 
electron ECE mechanism identical to that previously 
characterized for para-substituted t r iphenylamines  
(45). The reaction is quant i ta t ive and these systems 
are extremely "clean," as is seen in Fig. 7 for the t-  
butyl  derivative. On the time scale of chronoamper-  
ometry or rotat ing disk experiments  this reaction ap- 
pears to be quant i ta t ive for all the derivatives studied 
with the exceptions ment ioned above. This group thus 
constitutes an unusual  series of organic molecules in 
that one has a single, quant i ta t ive  homogeneous chem- 
ical reaction following the ini t ial  electron t ransfer  
process in a classic ECE pathway for a wide var ie ty  of 
substi tuents.  

Table VI. Electrochemical characteristics of substituted N-phenylcarbazoles 

R 2 ~  R2 

�9 
No. R 1 Epl~ itz/~/C n v a l u e  P roduc t ( s )  (% y ie ld ) ,  c o m m e n t s  

LV Re = H, Rz = NH2 0.84 46 1.01 
LV I  NMe2 0.71 49-50 a 1.03 b 

L V I I  OMe 1.19 84 1.98 
L V I I I  NHCOMe 1.19 68 d 1.93 
L V I X  SMe 1.13 50 1.05 
L X  P h  1.24 85 2.11 
L X I  Me 1.24 89 1.98 
LXII t - B u  1.22 92 2.04 
L X I I I  F 1.26 90-93 a 2.08 
L X I V  C1 1.28 91-93 a 2.14 
L X V  Br  1.30 90-95 a 2.12 
L X V I  I 1.31 89 2.04 
L X V I I  COOMe 1.31 84-66 d 1.96 
L X V I I I  CN 1.33 8g-92a 2.05 
L X I X  NO~ 1.36 86-94a 2.36 
L X X  H 1.24 88 2.03 
LXXI Rz = H, Re = t-Bu 1.12 47-49 a 1.10,f 

LXXII C1 1.38 47-53 a 1.07f 

LXXIII Br 1.38 52-58 a 1.10f 

L X X I V  I 1.40 76-111 a 1.94 

LXXV Rz = Rs = C1 1,42 48-50 a 1.06~ 

LXXVI Me 1.08 56-61 a 1.09f 

U n s t a b l e  ca t ion  radica l ,  p r o d u c t  u n k n o w n  
S tab le  ca t ion  rad ica l ,  second  r e v e r s i b l e  w a v e  a t  

Ep/2 = 1.18V, f o r m s  m o d e r a t e l y  s tab le  q u i n o n e -  
d i i m i n e  

B i c a r b a z y l  (100) c,e 
Bica rbazy l ,  e i n so lub le ,  f o r m s  b l a c k  perchlorate  salt  
No b ica rbazy l  fo rmed ,  p r o d u c t  u n k n o w n  
B i c a r b a z y l  (80-90) c, e 
B i c a r b a z y l  (100) c,e 
B i c a r b a z y l  (100) c,e 
B i c a r b a z y l  (90-100) c,e 
B i c a r b a z y l  (80-90)c, e 
B i c a r b a z y l  (80-90) c. e 
B i c a r b a z y l  (90-100) e, e 
Bicarbazyl ,e  in so lub le ,  f o r m s  black perchlorate  sa l t  
B i c a r b a z y l  (90-100) c, e 
B i c a r b a z y l  (80-70) e, e 
B i c a r b a z y l  (100) e, e 
S t ab le  ca t ion  radica l ,  s l o w l y  decomposes  to  a n  u n -  

k n o w n  p r o d u c t  
S t ab le  ca t ion  radica l ,  s l o w l y  decomposes  to  a n  u n -  

k n o w n  p r o d u c t  
S tab le  ca t ion  radica l ,  s l o w l y  decomposes  t o  an  u n -  

k n o w n  p r o d u c t  
U n s t a b l e  ca t ion  rad ica l ,  e l i m i n a t e s  i od ine  to  f o r m  

6 , 6 ' - d i i o d o - N , N ' - d i p h e n y l - 3 , 3 ' - b i c a r b a z y l  
S tab le  ca t ion  rad ica l ,  s lowly  decomposes  t o  an  u n -  

k n o w n  p r o d u c t  
S t ab le  ca t ion  radica l ,  s l o w l y  decomposes  to  a n  u n -  

k n o w n  product  

a T a k e n  f r o m  t = 1-8 see; va lue  increases  w i t h  i n c r e a s i n g  t ime.  
b L o w  s teady-s tate  current  at the  end  o f  t he  e lec t ro lys is .  
* E s t i m a t e d  f r o m  p e a k  cu r r en t s  of cycl ic  v o l t a m m o g r a m s  r u n  on e x h a u s t i v e l y  e l ec t ro lyzed  so lu t ions .  
d Da ta  are distorted b y  strong f i l m i n g  of t he  e lec t rode  surface .  
e Cation radicals are v e r y  unstable  (t~/2 < i msec) ;  6 , 6 ' - d i s u b s t i t u t e d - N , N ' - d i p h e n y l - 3 , 3 ' - b i : a r b a z y l s  are  f o r m e d  in  a l l  cases. 
f D r i f t s  s l o w l y  to n = 2. 
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t-Bu 

l , I , I , I , 
2,0 1.6 1.2 0.8 

E |  volts vs SCE 

Unfor tunate ly ,  the ra te  constants  for the  coupling 
react ions  are  e x t r e m e l y  rap id  and as such are  difficult 
to measure .  However ,  some p r e l i m i n a r y  da ta  have been 
ob ta ined  f rom ro ta t ing  d isk  exper imen t s  at  ve ry  low 
(10 -4  to 10-SF) pa ren t  concentrat ions  and these num-  
bers  are  presented  in  Table VII, along wi th  s imi lar  da ta  
for  a series of cor respondingly  subs t i tu ted  t r i pheny l -  
amines;  these da ta  provide  some in teres t ing  compar i -  
sons concerning the react ivi t ies  of organic cat ion rad i -  
cals as a funct ion of geometry .  

The basic difference be tween  these compounds is that  
the  carbazoles  are  p l a n a r  across two r ings  whi le  the  
t r ipheny lamines  have  al l  th ree  r ings at angles to one 
another .  Also, as ment ioned,  the  subs t i tu ted  r ing  in the 
carbazole  is h igh ly  twis ted  because of steric in terac t ion  
wi th  the  1 and 8 r ing hydrogens  

is ted planar 

,~r-~ coup ling..__~, slte ~ 

~ d~_S-- highly twisted 

Thus, two effects a re  to be ant icipated,  namely  tha t  due 
to the  p l ana r i t y  of the  carbazole  sys tem and the a t ten-  
dant  h igh e lect ron densi ty  at the  react ive  sites (cf. the  
compar ison  of d ipheny lamine  and carbazole  HMO cal-  
culat ions)  the  coupling ra tes  wil l  be much fas ter  than 
for the  t r iphenylamines .  Also, there  wi l l  be a dimin- 

Table VII. Comparative electrochemical and kinetic data for 
triphenylamine and carb.zole derivatives 

E~/2, V ka Epic, V ki  

R = O M e  0 . 7 6  6 •  x 10 -1 1 .1 9  
M e  0 . 8 7  9 .0  • 1.O • 101 1 . 2 4  

0.89 6.0 + 0.6 x 10 ~ 1 . 2 4  
H 0.97 1.2 ----- 0.4 x 108 1.24 
C1 1 .02  6 .5  ~ 1 .3  • 1 0  ~ 1 . 2 8  
Br 1.02 1.4 +--- 0.3 x i0 ~ 1.30 
N O ~  1 .22  1 .4  ----- 0 . 4  x 1 0  ~ 1 .3 6  

7-----4 • i0 ~ 
8~__4 • 10 ~ 

9__-6 X I0 ~ 

a B i m o l e c u l a r  coupling rate constant in r e a l  -~ sec -~. 

50/~ A 

I , I 
0.4 0 .0  

Fig. 7. Curve A: Cyclic voltam- 
mogram of 8.0 X 10-4F N-(p-t- 
butylphenyl)carbazole in MeCN/ 
TEAP, sweep rate = 100 mV/ 
sec. Curve B: Cyclic valtammo- 
gram of the same solution fol- 
lowing exhaustive electrolysis at 
1.4V, sweep rate = 67 mV/sec. 

ished subs t i tuent  effect on the coupling ra te  constants  
for the  carbazoles  due to the  lesser  in terac t ion  of the  
subs t i tu ted  r ings wi th  the  rest  of the system. The much 
enhanced carbazole  coupling ra te  constants  can read i ly  
be seen even in the rough  da ta  in  Table VII;  g rea te r  
reac t iv i ty  for the carbazole  systems re la t ive  to the car -  
responding t r ipheny lamines  is also p red ic ted  by  HMO 
calculations.  

The lessened subst i tuent  effects cannot  be  c lear ly  
seen in the ra te  constant  da ta  due to the i r  unce r t a in -  
ties, but  it  is ev ident  in the ha l f -peak  potent ia l  data;  
the  change in Ep/2 going f rom OMe to NO2 is cons ider -  
ab ly  grea te r  for the t r ipheny lamines  (0.46V) than  for 
the  carbazoles  (0.17V). These da ta  must  be t empered  
wi th  the facts that  the t r i pheny lamine  values were  
taken  f rom rota t ing disk curves  and are  for revers ib le  
processes, i.e., the re  is no shift  in the  h a l f - p e a k  po ten -  
t ials  wi th  var ia t ion  of the  t ime gate  due to associated 
homogeneous chemical  reactions,  whereas  the carbazole  
da ta  were  obta ined f rom l inear  scan vo l t ammograms  
and the Ep/2 values  are  m a r k e d l y  affected by  the as-  
sociated chemical  react ions  and the i r  a t t endan t  peak  
potent ia l  shifts. Still ,  it  is fel t  tha t  the da ta  are  qua l i -  
t a t ive ly  va l id  in indica t ing  a subs tant ia l  difference in 
subs t i tuent  effects for  the  two series. 

ConcIusions.--The foregoing da ta  al low us to fo rmu-  
la te  a series oi  "selection rules" for the var iou  s rad ica l  
react ion pa thways .  I t  appears  tha t  in many  organic  
systems there  is a series of possible reac t ion  pa thways  
for the e lec t rogenera ted  cat ion radicals,  one being most  
favorable  wi th  the o thers  then  occurr ing in a given 
sequence as the  molecu la r  s t ruc ture  is changed b y  in-  
t roduct ion of var ious  subs t i tuents  at  different  sites. The 
fol lowing select ion rules app ly  to carbazole  der ivat ives :  

1. The cation radica l  of the  pa ren t  molecule, ca rba -  
zole, reacts  by  both  3,3'- and  9,9'-couplings, the  former  
taking place in acidic unbuffered MeCN and the l a t t e r  
dominat ing  in basic solut ion;  the  same applies  for 3- 
subs t i tu ted  carbazoles  wi th  the  except ion of the  amino 
and d imethy lamino  der ivat ives .  

2. Blockage of the  9-ni t rogen wi th  a lky l  or pheny l  
groups resul ts  in  exclusive  fo rmat ion  of 3 ,3 ' -b icarb-  
azyls; the same holds t rue  if the 3 posi t ion is subst i -  
tu t ed  but  the 0 carbon le f t  open, as in the  3-subs t i -  
tu ted-N-e thy lca rbazo les ,  again wi th  the  except ion of 
the amino and d ime thy lamino  compounds.  
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3. Subs t i tu t ion  of the 3 and 6 sites wi th  the 9 n i t ro-  
gen lef t  open resul ts  in unstable,  bu t  detectable,  cation 
radicals  which decompose by  subst i tuent  e l iminat ion 
(I, Br, C1) or (p resumably )  r i ng - r ing  coupling (OMe, 
t-Bu,  OAc, CN, NO2); the systems are  poor ly  behaved.  
Electrolysis  in basic MeCN leads smoothly  in al l  cases 
to the 9,9 '-bicarbazyls.  F u r t h e r  subst i tut ion of the 1 
and 8 r ing posi t ions protects  the 9 n i t rogen and leads to 
cons iderab ly  more  s table  cat ion radicals .  

4. Blockage of the  3, 6, and 9 sites, as in the 3,6-di- 
subs t i tu ted-N-e thy lcarbazo les ,  p red ic tab ly  yields quite 
s table cat ion radicals  ( re la t ive  to the  other  series of 
subst i tu ted earbazoles)  since all  the active coupling 
posi t ions are  subst i tuted.  Many  of the der ivat ives  react  
re la t ive ly  s lowly  by  as ye t  unde te rmined  r ing - r ing  
coupl ing modes.  A number  of compounds in this  series 
show unusual  react ions th rough  the 3 and 6 subs t i tu-  
ents such as a lky l  coupling (Me, Et) and group e l imi-  
nat ion (I, COMe, COEt, COPh) .  Analogous N - p h e n y l  
der ivat ives  appear  to have more  s table  cat ion radicals  
because of enhanced delocal izat ion and more  efficient 
b lockage of the 1 and 8 r ing sites; an addi t ional  com- 
plicat ion,  however ,  is the poss ib i l i ty  of coupling 
th rough  the N - p h e n y l  rings. 

5. Compounds wi th  NH2 or NMe2 groups (and pre -  
sumably  OR- type  subst i tuents)  para to the carbazo!e 
n i t rogen behave  very  much l ike p -pheny lened i amine  
der ivat ives .  The e lec t ron  d is t r ibut ions  in  these com- 
pounds are  changed so much  tha t  they  no longer  are 
character is t ic  of carbazole systems;  thus, the cat ion 
radicals  are  quite s table  re la t ive  to others in the same 
series and in the cases of the  d ime thy lamino- subs t i -  
tu ted  molecules r easonab ly  s table  d ica t ion di imines 
are  genera ted  by  a second one-e lec t ron  process. In  all  
cases, the react ion pa thways  appear  to be more  r ep re -  
senta t ive  of an i l ine - type  molecules than  of carbazoles.  

Spectroscopic Studies 
The spectroscopic s tudies  were  underta.ken in order  

to obta in  informat ion  concerning e lect ron d is t r ibut ions  
in carbazole  cat ion radicals  and  corre la te  these data  
wi th  the  chemical  react iv i t ies  moni to red  e lec t rochemi-  
cally. In  addit ion,  it  was deemed desi rable  to provide  
some basic spect ra l  da ta  on these types  of radicals  since 
l i t t le  is ava i lab le  in the l i te ra ture .  I t  was hoped tha t  
optical  spect ra  would provide  an idea of the  degree of 
deloeal izat ion of the  unpa i r ed  e lec t ron  in the  cation 
radicals  and the EPR spect ra  would  give a concrete 
p ic ture  of e lect ron dis t r ibut ions  f rom coupling constant  
data. The da ta  collected thus far, along wi th  those f rom 
other  sources, are  genera l ly  consistent  wi th  the  e lect ro-  
chemical  studies in  the  previous  sections. 

Optical spectra.--Ledwith first r epor ted  optical  da ta  
on the carbazole  and N-me thy lca rbazo le  cat ion radicals  
(59), which were  proposed  to arise th rough  charge-  
t ransfer  in terac t ion  wi th  t r opy l ium te t raf luoborate  and 
exhib i ted  absorpt ion  m a x i m a  at  506 and 520 nm, respec-  
t ively.  N- i sopropylcarbazo le  was also shown to form 
cha rge - t r ans fe r  complexes wi th  a number  of acceptors 
(60), and i t  was subsequent ly  c la imed tha t  the  optical  
spec t rum of the  N- i sopropy lca rbazo le  cat ion rad ica l  
had been obtained by  e lec t ro ly t ic  oxida t ion  in MeCN 
(61). However ,  for  the l a t t e r  two studies the da ta  re -  
por ted  correspond quite closely to optical  and EPR 
spect ra  p rev ious ly  publ i shed  for  s imi lar  carbazole sys-  
tems where  ass ignments  were  made  to oxidized forms 
of the  corresponding 3,3 ' -bicarbazyls  (7, 62), the opt i -  
cal spect ra  having two b road  m a x i m a  posi t ioned at  
roughly  400 and 800 nm. More recently,  cat ion radical  
optical  spect ra  for carbazole (63) and N-v iny lca rbazo le  
(64) have  been  repor ted ,  the  former  having  an ab-  
sorpt ion m a x i m u m  of 610 rim, the l a t t e r  a series of 
bands ranging  f rom 508-780 nm. 

F r o m  this a r r ay  of conflicting da ta  and the e lect ro-  
chemical  da ta  in the previous sections of this paper ,  
i t  is obvious tha t  optical  spect ra  of carbazole and its 
N - a l k y l  der iva t ives  must  be considered wi th  caution. 
Al though  we have  not as ye t  measured  ra te  constants  

for the decomposi t ion react ions of these radicals,  it  is 
clear  f rom the e lectrochemical  studies that  thei r  ha l f -  
l ives are, at  best, in the  microsecond region. As we 
have  seen, though, by  p rope r  subst i tu t ion these  radicals  
can be s tabi l ized and more  re l iab le  spectral  data  should 
then be obtainable .  Thus, Neugebauer  has repor ted  ).max 
values for 1 ,3 ,6 ,8- te t ra- t -butylcarbazole  cat ion radical  
wi th  the p r i m a r y  absorpt ion  band being at  925 nm and 
lesser  peaks  at 583 and 547 n m  (49). We have also ob-  
ta ined spect ra l  da ta  for a numbr  of carbazole  der iva-  
t ives and these data,  as shown in Table  VIII,  ver i fy  the  
fact tha t  carbazole  cation radicals  have p r i m a r y  ab-  
sorpt ion bands in the 750-850 nm region, wi th  the ex-  
ception of the d ime thy lamino  derivat ives,  which have  
absorpt ion  spectra  more  character is t ic  of p - subs t i tu t ed -  
N,N-d imethy lan i l ines  (65). I t  is no tewor thy  tha t  these  
p r i m a r y  electronic t ransi t ions  are  at qui te  long wave -  
lengths compared  to o ther  known cat ion radicals.  Such 
facile t ransi t ions  are  suggest ive of a very  "loose" pi 
system in which there  is extens ive  delocal izat ion of the 
unpa i red  electron, assuming that  these p r i m a r y  bands  
correspond to a t rans i t ion  of the unpa i red  e lect ron f rom 
the highest  filled to the  lowest  unfil led molecular  orb i -  
tals. 

In  addition, these da ta  cast considerable  doubt  on 
many  of the prev ious ly  repor ted  ~-m~x values  for the  
carbazole and N-a lky lca rbazo le  cat ion radicals .  F rom 
the absorpt ion m a x i m a  shown in Table  VII I  for the  
series of 3 ,6-disubs t i tu ted-N-ethylcarbazoles ,  we feel 
that  we can safe ly  predic t  that  the  carbazole  and N-  
a lkylcarbazole  cat ion radicals  wi l l  have  absorpt ion 
m a x i m a  for the longest  wave leng th  p r i m a r y  electronic 
t ransi t ions  in the 750-790 n m  region (58). This asser-  
t ion wil l  be expanded  upon and repor ted  in ful l  in the 
near  future.  

EPR studies.--The degree  of delocal izat ion can be 
more  quan t i t a t ive ly  ascer ta ined  f rom EPR coupling 
constants,  since these l a t t e r  pa rame te r s  are genera l ly  
analogous to unpa i red  e lec t ron densit ies at  the var ious  
atoms in a cation radical .  

We have obta ined modera t e ly  we l l - reso lved  EPR 
spect ra  for a l l  of the  radicals  shown in Table  VIII,  bu t  
in te rpre ta t ions  at  this t ime have not been realized.  
Neugebauer  has, however,  obta ined in te rp re ted  EPR 
spect ra  for the subs t i tu ted  carbazole  radicals  shown 
below (49, 66), and these can be used as indicators  of 
the  degree  and direct ion of delocal izat ion in the ca rba -  
zole nucleus. These molecules are  pa r t i cu l a r ly  wel l  
suited, since the  a lky l  subs t i tuents  w i n  not pe r tu rb  the  

Table VIII. Wavelengths of principal absorption bands of 
carbazole cation radicals 

Compound Xraax, nm Compound ~max, nm 

[ • - •  NMe2 611 C l ~ C l  800 (780) a 
H 

Et 

Et Ph 

H Et 

M e 2 N ~  NMe2 715, 664 Sr~Sr 811 (738) a 

Et Ph 

M e O . ~ . . ~ O M e E t  758 (682) a M e ~ . ~ e  787 a 

Me~_~_.fi~e 787 (707)" 
Et 

798 (716) a CI~_.~CI 
809 (728)a cl 

Ph 

a P r inc ipa l  b a n d  is a t  left;  a b r o a d  shou lder  to the  b lue  is  present ,  
w i t h  a s econda ry  p e a k  in  pa ren theses  in s o m e  cases .  
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elect ron d is t r ibu t ion  g rea t ly  re la t ive  to the  pa ren t  car -  
bazole nucleus 

H3( :~CH3H 

a~ ---- 6.89G aH(NH) ---- 8.09G aN ~-- 6.6G 
aHi --" 3.84G all2 : 0.80G aH(NH) ---- 7.8G 
all4 ---- 0.80G aH(CH~) ---- 6.57G all1 ---- 3.4G 

These coupl ing constants  corre la te  n ice ly  wi th  the 
qua l i t a t ive  reac t iv i ty  da ta  de te rmined  e lec t rochemi-  
ca l ly  in showing tha t  la rge  spin densit ies  exis t  at the 
centra l  n i t rogen and the r ing posit ions ortho and para 
to i t  ( the 1,3,6,8 s i tes) .  Thus, these are  shown quan-  
t i t a t ive ly  to be the  centers  of r eac t iv i ty  in these mole-  
cules and so the re la t ive ly  shor t  rad ica l  l i fe t imes en-  
countered  are  not  unexpected  wi th  so many  active sites. 

The r a the r  large  coupling constant  for the  methyl  
groups in 3 ,6-dimethylcarbazole  is also consistent  wi th  
the  proposal  of a lky l  coupl ing th rough  the subs t i tuent  
groups in No. XIV, XLI, and XLII,  since the a lky l  
group depro tona t ion  is cont ingent  upon a high un-  
pa i red  e lect ron spin densi ty  at  the benzylic  position. 

The spect ra  of the  3 -d ime thy lamino  der iva t ives  (No. 
I I  and XII )  have  not  been  fu l ly  in te rpre ted ,  bu t  it  is 
apparen t  tha t  the  coupling constant  pa t t e rn  is much 
more  l ike  tha t  of p - subs t i t u t ed -N,N-d ime thy lan i l i nes  
than  subst i tu ted carbazoles  in showing large  spin den-  
si t ies on the d ime thy lamino  group and the r ing  posi-  
t ions ortho and para to it  and  v i r t ua l ly  none in the  un-  
subs t i tu ted  ring. Again,  this is compat ib le  wi th  the 
e lect rochemical  data. 
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Electrohyd rodimerization Reactions 
V. Liquid Ammonia as a Solvent for Reductive Coupling of 

Diethyl Fumarate, Cinnamonitrile, and Acrylonitrile 

luliana Vartires, 1 Wayne H. Smith, and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Cyclic vo l tammet r ic  (CV) and control led potent ia l  coulometr ic  inves t iga-  
tions of the reduct ion of severa l  ac t iva ted  olefins in anhydrous  l iquid ammonia  
containing e i ther  0.1M m e t h y l - t r i - n - b u t y l a m m o n i u m  iodide or 0.1M potass ium 
iodide as suppor t ing  electrolytes  are  reported.  Fo r  d ie thyl  fumara te  and cin-  
namoni t r i l e  the  studies provide  evidence for format ion  of a rad ica l  anion, 
which undergoes  d imer iza t ion  and polymer iza t ion  reactions,  and of dianion 
format ion  at  more  negat ive  potentials .  The effect of adding isopropanol  and 
glacial  acetic acid was also invest igated.  

The reduct ion of ac t iva ted  olefins in aprot ic  media  
has been the subject  of numerous  invest igat ions  [see 
(1, 2) and references  there in] .  Diact ivated olefins (R) 
react  via format ion  of the  radical  anion and produce, 
depending upon the ac idi ty  of the  medium, hyd ro -  
d imer  (R2H2), reduced  monomer  (RH2), and polymer .  
At  more  negat ive  potent ials ,  where  dianion is p ro -  
duced, extens ive  po lymer iza t ion  appa ren t ly  occurs, so 
tha t  the  second reduct ion waves  observed in vo l t am-  
m e t r y  are f requen t ly  much smal ler  t han  the f i r s t  
waves. We have prev ious ly  shown tha t  anhydrous  
l iquid ammonia  is a useful  med ium for studies of the 
e lec t roreduct ion  of organic  compounds (3, 4) and tha t  
s table dianions of benzophenone and ni t robenzene 
could be p repa red  in this solvent.  This s tab i l i ty  of 
radical  anions and dianions in ammonia  can be a t -  
t r ibu ted  to the  low acidi ty  of the solvent, the  possi-  
b i l i ty  of p repar ing  h igh ly  pure  solutions th rough  the 
use of vacuum l ine techniques and solvent  t r ea tmen t  
wi th  sodium, and the  fact  tha t  these studies are  car-  
r ied  out at low tempera tures ,  decreasing the ra te  of 
homogeneous chemical  react ions  fol lowing the e lec t ron 
t ransfe r  steps. Previous  studies of ama lgam reduct ions 
leading to hydrod imer iza t ion  in l iquid  ammonia  have 
also been descr ibed (5). In  this  paper  we descr ibe p re -  
l imina ry  cyclic vo l tammet r ic  and coulometr ic  exper i -  
ments  on the reduct ion of severa l  ac t iva ted  olefins in 
l iquid  ammonia ;  the  s t ructures  of the  substances 
s tudied are  shown be low 

RI.. /H  
/C=C~ 

H R2 

Diethyl fumarate (DEF) 0 
rl 

R, ---- 1%2 = --C--O--CH2CHs 

Cinnamonitrile (CN) RI ---- --C8H5 R2 = --CN 

Acrylonitrile RI ---- H l~z ---- --CN 

* Electrochemical  Society  Act ive  Member. 
Permanent  address: Research Center for Phys ica l  Chemistry,  

Bucharest ,  Roumania. 
Key  words:  cycl ic  vo l tammetry ,  coulometry,  e lectrochemical  di- 

merizat ions,  organic e lectrochemistry .  

Experimental 
Genera l  exper imen ta l  techniques were  the same as 

those r epor t ed  prev ious ly  (2-4) ;  a deta i led descr ipt ion 
is avai lable  (6). The fou r - compar tmen t  cell, conta in-  
ing separa te  chambers  for the  working,  reference,  and 
aux i l i a ry  electrodes,  and an in te rmedia te  chamber  be -  
tween  the working  and aux i l i a ry  compar tments  was 
employed.  A gold work ing  microelectrode,  pol ished 
wi th  AB A L P H A  pol ishing a lumina  (Buehler  Limited,  
Evanston, I l l inois)  before  each exper iment ,  was em-  
p loyed  in cyclic vo l tammet r ic  exper iments  and a 3 cm 
by 8 cm p la t inum elec t rode  was used in coulometry.  A 
s i lver  wire  (Ag. R.E.) isolated in a separa te  compar t -  
ment  closed wi th  a s in te red-g lass  disk was used as 
reference electrode. Al l  exper iments  were  car r ied  out  
wi th  a Pr ince ton  Appl ied  Research Corpora t ion  Model 
170 e lec t rochemis t ry  sys t em using posi t ive feedback  
resistance compensation.  Al l  exper iments  were  con- 
ducted on a high vacuum line (10 -5 Torr)  at  --43~ 

Results and Discussion 
Diethyl $umarate.--The cyclic vo i t ammet r i c  (CV) 

reduct ion of DEF in DMF solut ion shows a fa i r ly  r e -  
vers ible  first reduct ion  wave  at  fast  scan rates  and  
has been character ized by  revers ib le  reduct ion  to the 
radical  anion fol lowed by  a coupl ing  reac t ion  (2). The 
second reduct ion wave  is ve ry  smal l  or even charac-  
ter ized by  a cur ren t  decrease in  po la rog raphy  or RDE 
vol tammetry ,  which has been  ascr ibed to product ion  
of the  dianion which ini t ia tes  a r ap id  po lymer iza t ion  
react ion removing pa ren t  f rom the  vic ini ty  of the  elec-  
trode. In  l iquid  ammonia ,  the  CV reduct ion occurs in 
two revers ib le  waves  at  fast scan ra tes  (Fig. l a )  wi th  
the  reversa l  wave  heights  decreasing at  s lower  scan 
rates  (Fig. lb)  indicat ing decomposi t ion react ions of 
the  e lec t rogenera ted  species. Typical  da ta  for CV ex-  
pe r iments  for DEF are  shown in Table  I. The theory  
of CV for e lectrode react ions wi th  fol lowing d imer iza-  
t ion react ions has been presented  (7, 8) ; appl ica t ion  of 
this  theory  in es t imat ing the  ra te  constant  for the  
d imer iza t ion  step f rom the var ia t ion  of ipa/ipc for the  
first redu.ction wave  yields  a value  of about  0.1 M-1 
see-1. 
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Table I. Cyclic voltammetric data for reduction of diethyl fumarate in liquid ammonia a 

First wave Second wave 
Concentra- Scan rate v 
ton, C (raM) (mV/sec) ipe (//~k) ~pa/ipe -Epc b (V) ipc (/LA) ipa/ipc --Epcb (V) 

A. 0.1M iViethyl-tri-butylammonium iodide 

1,5 50 28 0.41 0.87 10 0.42 1.40 
I00 36 0.48 0.88 16 0.87 1.41 
200 49 0.64 0.89 24 0.86 1.42 
500 71 0.87 0.91 52 0.96 1.45 

20,000 620 1.0 0.94 450 1.0 1.50 
f~c(1)/vz]~C = 1.95 

3 60 49 0,64 0.87 13 0.66 1.40 
100 63 0.54 0.88 24  0.33 1.41 
200 84 0.60 0.90 41 0.68 1.44 
500 123 0.78 0.92 82 0.9 1.48 

~,p~ (1)/vl/~C = 2.0  

4.6 50 65 0.50 0.85 15 0.46 1.42 
100 90 0.53 0.86 29 0.43 1.39 
200 128 0.53 0.87 56 0.70 1.40 
SO0 200 0,67 0.88 120 0.80 1.42 

tDc(1) /vZ/ '~C = 2 . 4  

2.3 

B. 0.1M KIo 
50 12,5 0.74 1.33 

100 22.5 0.75 1.34 
200 29 0.76 1.35 
SO0 38 0.77 1.37 

ipe ( I ) / v Z l ~  = 0.98 

a S o l u t i o n  conta ined  indicated  support ing  e lec tro lyte  in anhydrous  l i q u i d  a m m o n i a .  
b VS.  A g - w i r e  r e f e r e n c e  e l ec t rode .  
c Second  reduct ion  w a v e  and reversal  w a v e s  w e r e  to  i l l - d e f i n e d  f o r  p r e c i s e  c u r r e n t  m e a s u r e m e n t s .  

The addi t ion  of a lka l i  meta l  ions has been  shown to 
increase the  ra te  of the  coupl ing react ion in DMF, 
p r o b a b l y  by  fo rmat ion  of ion pai rs  wi th  the  radica l  
anions (2). The CV reduct ion  of DEF is s imi la r ly  af-  
fec ted  by  the addi t ion  of KI  in l iquid  ammonia  (Fig.  

I.M 

= 
=D 

ooV- L/ 

I  ooA 

I ~ooA 

•/• I 40uA 

> 

-E, volt,vs.Ag 

Fig. !. Cyclic vo[tammograms of diethyl fumarate in liquid am- 
monia: (a) 1.75 mM DEF, 0.1M MTBAI, v = 20 V/see; (b) 3 mM 
DEF, 0.1M MTBAI, v = 0.2 V/see; (c) 3.5 mM DEF, 0.1M KI, v = 
0.2 V/sec. 

lc ) ,  a l though the kinet ics  of the  react ions were  not  
s tudied in this case. The addi t ion  of a th ree fo ld  excess 
of a proton donor, e i ther  the weak  acid, i sopropanol  
( i -P rOH) ,  or the s trong acid, acetic acid (HOAc) to 
the  DEF/MTBAI /NH8 system has essent ia l ly  no effect 
on the  first reduct ion  wave,  bu t  decreases the  reversa l  
cur rent  of the  second wave  and shifts the  second wave  
to more  posi t ive potent ials .  The ex ten t  of the  shift  in-  
creases l inear ly  wi th  the  log of the  p ro ton  donor  con- 
centrat ion;  for  acetic acid AEp/Alog[HOAc] ---- 39 mV; 
and for i -PrOH,  AEp/hlog[ i -PrOH] = 57 mV. These 
resul ts  suggest  tha t  p ro tona t ion  of the  radica l  anion 
species does not  occur, even  wi th  the  s t rong acid 
HOAc, whi le  the  d ianion reacts  wi th  acid. This scheme 
is reminiscent  of tha t  found  wi th  benzophenone (3), 
and the CV react ion order  t r e a tmen t  of Savdant  and  
Vianello (8) p robab ly  applies  here  as well.  F rom the 
l imi t ing slopes of the peak  shift  wi th  log pro ton  donor  
concentrat ion we find a react ion order  of dianion (m) 
and pro ton  donor  (mz) of 0.5 and 1.9, respect ively ,  for  
i - P r O H  and 0.4 and 1.2 for  HOAc. This ha l f -o rde r  de-  
pendence on dianion is the  same as tha t  observed for 
benzophenone dianion and p r o b a b l y  indicates  kinet ic  
complicat ions in the  e lec t ron t ransfe r  react ion or  in-  
ter ferences  due to the d ianion po lymer iza t ion  reaction. 

Control led  potent ia l  coulomet ry  of DEF in the pres -  
ence'  of e i ther  MTBAI or KI  as suppor t ing  e lec t ro ly te  
(Table  I I )  at potent ia ls  beyond  the first reduct ion  
peak  show 7~app values  less than  one, even in  the  p re s -  
ence of pro ton  donor. This resul t  suggests, as do the 
s imi la r ly  low values  of napp in DMF, that  a s low po ly -  
mer iza t ion  reac t ion  of the radical  anion occurs on the  
coulometr ic  t ime  scale. CV exper iments  a f te r  coulo-  

Table II. Controlled potential coulometry results 

Concen- 
Corn- tration 
pound (raM) Conditions r~avp 

D E F  4.3 0.1M M T B A I  0.6 
i0 0.1M M T B A I  0.6 
20 0.1M M T B A I  + 40 mlVI i - P r O H  0,5 

D E F  7 0 .1M K I  0.4 
D E F  3 0.1M K I  + 14 r a m  H O A e  0.5 

10.4 O.IM M T B A I  0.16 
13.6 0.1M M T B A I  0.04 

C N  20 O.IM M T B A I  + 40 r a m  i - P r O H  0.27 
A N  3 O.IM M T B A I  0.05 

14 O.IM M T B A I  0.17 
10 0.1M K I  + 10 m M  i - P r O H  0.96 

A N  20 O.1M KI  + 20 mlVl i - P r O H  0.88 
AN 20 0.1M KI + i0 mM HOAe 2 
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metric reduct ion showed no reduct ion or oxidation 
peaks. 

i,M 
Ir 

1400 uA 

20.A 

�9 . 

> 

-E,velt,vs.Ag 

Fig. 2. Cyclic voltammograms of 3.2 mM cinnamonitrile in liquid 
ammonia containing O�9 MTBAI with a v of (a) 20 and (b) 0.2 
V/sec. 

Cinnamonitrile.--The CV reduct ion of CN at high 
scan rates (Fig. 2) also shows two reduct ion waves 
with appreciable anodic currents  on reversal. Typical 
CV data for CN are shown in  Table III. At slower scan 
rates the second reduction peak decreases in size and 
the reversal  currents decrease. For CN, as opposed to 
DEF, the value of ip/vl/2C decreases significantly with 

Table III. Cyclic voltammetric data for reduction of cinnamonitrile 
in liquid ammonia a 

C o n c e n -  S c a n  
t r a t i o n ,  C r a t e ,  v /pc --Epc b --E~c c (2) 

( raM) ( m Y / s e e )  (~a) (V) (V) 

1.6 50 38 1.27 
100 55 1.28 
200 73 1.28 
500 105 1.33 

ipclv~/sC = 3.3 

3.2 80 52. 1.26 
100 88 1.27 
200 120 1.28 
500 140 1.36 

ipdvl/sC = 3.1 
7.2 50 82 1.27 

100 133 1.27 
200 195 1.28 
500 260 1.83 

ipclvl/~C = 2.2 

10 50 127 1.25 
100 175 1.27 
200 240 1.28 
500 300 1.34 

~p�9 = 1.6 
20 50 170 1.24 

1O0 212 1.25 
200 280 1.27 
500 395 1.35 

ipclv~l~-C = 0.8 

1.90 
1.86 
1.88 
1.90 

1 . 9 0  r 

1.90 
1.90 
1.83 

a S o l u t i o n  c o n t a i n e d  O.IM M T B A L  
b F i r s t  w a v e ,  V v s .  A g - w i r e  r e f e r e n c e  e l e c t r o d e .  
c S e c o n d  w a v e .  P e a k  too  i l l - d e f i n e d  a t  h i g h e r  c o n c e n t r a t i o n s  f o r  

p r e c i s e  m e a s u r e m e n t .  

increasing concentrat ion of CN, suggesting that the 
polymerizat ion reaction of the radical anion is impor-  
tant, even on the CV time scale. Trea tment  of the 
ipa/ipc data for the first reduction wave, assuming a 
following coupling reaction of the radical anion, yields 
a dimerization rate constant of about 5.7 M -1 sec -1. 
The CV behavior  in the presence of proton donor re-  
sembles that of DEF: the first wave is unaffected by 
additions of i -PrOH or HOAc, while the second wave 
is shifted to more positive potentials. The l imit ing Ep 
vs. log proton donor concentrat ion plots for the second 
wave yield reaction orders m and mz of 0.4 and 2, re-  
spectively, for i -PrOH and 0.7 and 1 for HOAc. Con- 
trolled potential  coulometry of CN (Table II) in the 
absence of proton donor or with i -PrOH showed very 
low napp values suggesting abundan t  polymerization�9 

Acrylonitrile.--The CV reduction of AN at all scan 
rates up to 20 V/sec in both MTBAI and KI electro- 
lytes occurs in  a single i rreversible wave (Fig. 3); 
typical CV data are shown in Table IV. The very low 
ip/vl/2C values observed with MTBAI as electrolyte 
are evidence of a very rapid polymerizat ion of AN, as 
is also observed in aprotic solvents in the absence of 
proton donor. In  the KI electrolyte however the 
ip/vl/2C values are larger and closer to those of DEF 
and CN. Controlled potential  coulometric reduction of 
AN (Table II) also shows evidence of polymerizat ion 
in MTBAI. In  a KI  ~ i -PrOH medium, however, napp 
values close to one are obtained, suggesting significant 
formation of the hydrodimer  product. Product  analysis 

Table IV. Cyclic voltammetrlc data for reduction of acrylonitrile 
in liquid ammonia 

C o n c e n t r a -  S c a n  r a t e ,  v ipc --Epc (V vs .  
t i on ,  C (raM) ( m V / s e c )  (/~A} A g  R.E.)  

A.  0 .1M M e t h y l - t r i b u t y l  a m m o n i u m  iod ide  

4.3 

5.8 

8.6 

11.5 

14.6 

23.2 

50 
100 
200 
500 

~pc/vl/2C ~ 0,55 

60 
100 
200 
5O0 

Zpc/Vl/~C = 0.25 

60 
100 
200 
500 

~pclV~l~C = 0.07 

50 
100 
200 
500 

zpc/vll2C = 0.13 

50 
100 
2OO 
500 

~pclv~l~C = 0.06 

50 
100 
200 
500 

~pc/vll2C = 0.11 

12 1.86 
20 1.86 
24 1.91 
27 1.96 

5 1.78 
9 1.83 

15 1.86 
23 1.98 

10 1.84 
12 1.66 
16: 1.86 
19 1.96 

6 1.86 
10 1.86 
18 1.90 
29 2.05 

18 1.91 
20 1.90 
24 1.91 
37 1.96 

16 1.93 
21 1.99 
28 2.00 
49 2.06 

B. 0.1M Potassium iodide 

5.8 50 65 1.61 
100 120 1.62 
200 205 1.64 
500 288 1.67 

ipclv~i2C = 1.7 

10.3 rio 70 1.62 
i00 130 1.64 
200 220 1.63 
500 340 1,70 

ipc/Vll2C = 1.8 
11.,5 50 55 1.62 

i00 9~ 1.64 
200 225 1,68 
500 430 1.70 

ipclvl/2C = 2.1 
20.12 60 98 1.62 

I00 135 1.63 
200 195 1.64 
500 835 1,67 

i~,c/v~/~C = i 
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I 1 

j /  
I I I 

1.6 1.8 2.0 

-E,volt,vs Ag 

Fig. 3. Cyclic voltammograms of aerylonitrile in liquid ammonia; 
(a) 5.75 mM acrylonitrile, 0.1M MTBAI, v ~ 0.2 V/sec; (b) 5.16 
mM acrylonitrile, 0.1M KI, v ---- 0.2 V/sec Curves are of same form 
at higher scan rates. 

of these solutions by  gas ch romatography  was a t -  
tempted,  bu t  unambiguous  analyses  were  not  obtained.  
The addi t ion of HOAc yields  napp values  near  2, p rob -  
ab ly  s ignal l ing the  product ion  of some of the  two-  
e lec t ron p ro tona ted  product ,  propioni t r i le ,  in  the  p res -  
ence of s t rong acid. 

The p re l im ina ry  resul ts  show the  format ion  of r ad i -  
cal anions and dianions of the  d iac t iva ted  olefins DEF 
and CN and  suggest  tha t  wi th  the  addi t ion  of sui table  
amounts  of proton donor, hydrod imer iza t ion  react ions  
can be car r ied  out in  l iquid ammonia .  Af t e r  this paper  
was submit ted,  a communicat ion  by  Chiba et al. (9) 
appeared,  in which the e lec t ro ly t ic  reduct ion  of acry lo-  
n i t r i le  in l iquid ammonia  containing ammonium pe r -  
chlorate  as suppor t ing  e lec t ro ly te  at  a me rc u ry  ca th-  
ode was described.  These authors  found a high y ie ld  
of adiponi t r i le  wi th  some format ion  of propioni t r i l e  
under  these condit ions wi th  constant  cur ren t  e l ec t ro ly -  
sis. 
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ABSTRACT 

Electrochemical oxidation of iminobibenzyl  and several related compounds 
has been investigated in acetonitrile. The mechanism of the oxidation is best 
described by an ECE process with coupling of the product of an ini t ial  one- 
electron oxidation in a subsequent  but  very fast reaction to form a dimeric 
compound that is fur ther  oxidized by an over-al l  two-electron process at po- 
tentials more negative than those required for oxidation of the parent  com- 
pounds. The electrochemistry of these compounds is complicated by the release 
of protons dur ing  the oxidation which protonate the s tar t ing materials and the 
neut ra l  dimerized products render ing them electrochemically inactive. Differ- 
ences in  the electrochemistries of the various coupled products are discussed in 
terms of s t ructural  variations. 

In  recent years considerable effort has been ex- 
pended in elucidating the mechanisms of electrolytic 
oxidation of heterocyclic n i t rogen and amine com- 
pounds as well as other ni.trogen containing species. 
[See Ref. (1) and (2) for reviews of the work in this 
area.] One of the prominent  characteristics of aromatic 
amines is oxidative coupling to form a variety of 
dimerized derivatives of the original parent  com- 
pounds. Certain heterocyclic n i t rogen compounds such 
as carbazole which may be considered as being de- 
r ived from diphenylamine  also undergo a similar 
coupling process on oxidation (3). 

The present  invest igat ion was ini t ia l ly  unde r t aken  
to compare the electrochemistry of imipramine  hy-  
drochloride, a widely prescribed ant idepressant  drug, 
with the electrochemical behavior  of the s t ructura l ly  
similar but  physiologically less active iminobibenzyl  
and 5-methyl iminobibenzyl .  We also felt it worthwhile  
to compare the electrochemistry of these compounds 
with that  of the related carbazoles(I)  whose p r imary  
s tructural  difference with the above compounds is the 
na ture  of the b iphenyl  linkage. 

The homogeneous oxidation of most of the present  
compounds along with a number  of carbazoles with 
chemical oxidants (e.g., 2,3-dichloro-5,6-dicyano-p- 
benzoquinone) has shown recent ly (4) that  all of the 
compounds undergo oxidative coupling with ul t imate  
formation o~ the cation radical salt of the coupled 
product. The electrochemical coupling of the carbazoles 
has been previously investigated by Ambrose and Nel-  
son (3) who showed that  the neut ra l  coupled products 
can be oxidized to corresponding cation radicals and 
dications at potentials negative of those for the oxida- 
t ion of the parent  compounds. The electrochemical 
behavior  of the carbazoles was consistent with an 
ECE mechanism with oxidative peak heights of the 
potential  sweep vol tammograms being twice those ex-  
pected for a 1-electron process (3). Controlled poten-  
tial electrolysis also gave an n value of 2. Ambrose 
and Nelson (3) proposed the following mechanism for 
the oxidative coupling of the carbazoles (3). 

RH. - -  e ~ RH + [1] 

kl 
2RH + --> R2 + 2H + [2] 

Rz -- e --~ R~ + [3] 

R~+ -- e ~--~ 1%2+ [4] 

* Elect rochemical  Society Ac t ive  Member .  
Key words: cyclic vo l t ammet ry ,  coulometry,  ox ida t ive  coupling. 

imipramine ,  5-methyl iminost i lbene.  

The chemical reaction in  Eq. [2] is undoubtedly  very 
rapid, since under  no circumstances was it possible to 
observe the reduction of the radical cation of the oxi- 
dized parent  (RH+).  In  nei ther  study (3, 4) were the 
investigators able to determine if the protons are lost 
before or after coupling. 

We report here the electrochemical oxidation of 
iminobibenzy l ( I I ) ,  5-methyl iminobibenzyl  (HI),  imi-  
pramine.HC104(IV) and 5-methyl iminos t i lbene(V) ,  
and the electrochemical behavior  of the products of 
the oxidation 

H 

I Carbazole 

R 

II R = H, iminobibenzyl  
III  R ---- CH~, 5-methyl iminobibenzyl  

H 
I 

IV R---- (CH2)3N(CI-I~)2+C104 - 
imipramine-  HC104 

cN 8 
V 5 -methyl iminos t i lbene  

Experimental 
The preparat ion of the compounds used in  this study 

has been described (4). Te t r abu ty l ammonium per-  
chlorate (TBAP),  the support ing electrolyte in  all 
experiments,  was of polarographic grade and pur -  
chased from Southwestern  Analyt ical  Chemicals. The 
TBAP which is contaminated with water  was dried 
under  vacuum at about  100~ for 24 hr. All  other 
chemicals were of reagent grade qual i ty and used 
without  fur ther  purification. 

Acetonitri le used as the solvent in these experiments  
was prepared from spectrograde acetonitr i le  by vac- 
uum distillation from P205 at room temperature.  The 
disti l lation was repeated at least three t imes with 
periodic f reeze-pump- thawing  to remove air. 

898 
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Table I. ip /Cv ~/~ ratios and oxidation and reduction peak 
potentials for parent and product of the oxidation of parent 

a 
ip/Cvl/'J Ep oxb Ep oxb Ep redb 

Compound Parent Product 

C a r b a z o l e  s +0 .86  0.86, 0.56 0.6, 0.5 
I m i n o b i b e n z y l  17.9 + 0.48 0.42, 0.24 0.36, 0.18 
5 - M e t h y l i m i n o b i b e n z y l  18.3 + 0.61 0.48 0.40 
I m i p r a m i n e  HCIO~ c 17.7 + 0.75 0.61 0.55 
5 - M e t h y l i m i n o s t i l b e n e  17.9 + 0.58 -- 0.27 -- 0.30 
l O - M e t h y l p h e n o t h i a z e n e  a 16.1 

a ip  in  ~A,  C in  m M ,  v i n  V / s e c ,  W i t h i n  e x p e r i m e n t a l  e r r o r  t h e  
ip/Cvl/~ v a l u e s  w e r e  i n d e p e n d e n t  of  s w e e p  r a t e  b e t w e e n  0.2 a n d  
i0 V / s e c .  

b S w e e p  r a t e  = 0.2 V / s e c .  Ep v$. A g / 0 . 1 M  A g N O s .  
c I m i p r a m i n e  h y d r o c h l o r i d e  w a s  c o n v e r t e d  to  t h e  p e r e h l o r a t e  

b y  p a s s i n g  a n  a q u e o u s  s o l u t i o n  t h r o u g h  a n  a n i o n  e x c h a n g e  col-  
u m n  in  t h e  p e r c h l o r a t e  f o r m  a n d  f r e e z e  d r y i n g  t h e  e luen t .  

a A s t a n d a r d  o n e - e l e c t r o n  o x i d a n t  of s i m i l a r  g e o m e t r i c  s ize  to  
t h e  c o m p o u n d s  u n d e r  i n v e s t i g a t i o n .  D u e  to  t h e  s i m i l a r i t y  i n  s ize  
t h e  d i f f u s i o n  coe f f i c i en t s  s h o u l d  b e  n e a r l y  t h e  s a m e  f o r  a l l  c o m -  
p o u n d s .  

The cell used in this s tudy for coulometric and  
electrochemical characterizations was of conventional  
design (5). The working electrode for coulometry was 
a p la t inum gauze. The working electrode for cyclic 
vol tammetry  was a small  p la t inum disk electrode 
sealed in glass (~0.013 cm 2) and was polished before 
each use with 0.5# a lumina  polishing powder. The 
auxi l iary  electrode was a p la t inum wire and t h e  refer-  
ence electrode a silver wire  which for certain experi-  
ments  was in  contact wi th  a solution of 0.1M AgNO~ 
in acetonitrile; the potential  of this electrode was 
+0.333V vs. an  aqueous SCE. All  potentials are re- 
ported vs. this Ag/Ag + electrode. 

All  electrochemical experiments  were carried out 
under  an iner t  hel ium atmosphere in a Vacuum/At -  
mospheres Corporation (Hawthorne,  California) dry 
box. A PAR Model 170 electrochemical system (Prince-  
ton Applied Research Corporation, Princeton,  New 
Jersey) was used for the electrochemical experiments.  

Inf rared measurements  were made with a Beckman 
Model IR5A spectrophotometer (KBr pellets).  Mass 
spectra were obtained on a Bell & Howell Model 21- 
491 low resolut ion mass spectrometer. 

Results 
Iminobibenzyl . - -At  a vol tammetr ic  sweep rate of 

0.2 V/sec iminobibenzyl  shows an oxidation wave 
with Epa at +0.48V vs. the Ag/0.1M Ag + electrode. 
The height of this peak corresponded to that  for a 
one-electron process by calibration against the peak 
height for the known one-electron oxidation of 10- 
methylphenothiazene (Table I) .  This result  contrasts 
with the two-elect ron peak height previously observed 
for the carbazoles (3). On sweep reversal  two reduc-  
t ion peaks were observed with Epc'S at +0.36 and 
+0.18V (Fig. 1). Upon repeated cycling two new oxi- 
dat ion peaks were evident  at +0.42 and +0.24V. The 
peak potentials for iminobibenzyl  and the other com- 
pounds in this s tudy are summarized in  Table  I. 

Table II. Coulometric napp values for parent compounds and the 
products of a controlled potential oxidation of the parent 

compounds 

T~app OX 
Ttapp OX T~app r e d  of r ed  napp r e d  

Compound a Parent Product product of H+ 

I m i n o b i b e n z y l  2.02 0.96 0.94 0.95 
5 - M e t h y l i m i n o b i b e n z y l b  1.0 0.5 0,5 0.5 

2.2 0.93 0.9 0.98 
I m i p r a m i n e  HC10~ 0.92 0.45 0.44 1.5 
5 - M e t h y l i m i n o s t i l b e n e  0.95 0.45 0.43 0.47 

a The  c o n c e n t r a t i o n  of 
e x p e r i m e n t s .  

b The  t w o  v a l u e s  l i s t ed  
in  t he  O- t  curve .  

c o m p o u n d  N1 m M  i n  a l l  c o u l o m e t r i c  

c o r r e s p o n d  to  t he  t w o  b r e a k s  o b s e r v e d  

0.6 

2.~ I 

Fig. 1. Cyclic voltammogram of 1.25 mM iminobibenzyl. Condi- 
tions: sweep rate = 0.2 V/sec; 0.1M TBAP supporting electrolyte; 
X-axis is E, V, vs. Ag/0.1M Ag + reference electrode. 

Controlled potential  electrolysis at +0.85V gave an 
napp value of 2 (where napp represents the coulombs 
of electricity per mole of electroactive compound) 
(Table II) which is twice the value indicated by the 
vol tammetry  results. The oxidized solution had an 
intense blue color. Cyclic vol tammetry  of the solu- 
tion following oxidation showed a redox couple cen- 
tered at about +0.5V (Fig. 2) and a hydrogen ion 
reduction wave commencing at about --0.5V. Con- 
trolled potential  coulometry of this solution indicated 
that the product of the ini t ial  oxidation could be 
reduced (at E ~- +0.2V) and then  reoxidized again 
(at E ---- +0.85V) with an na~p ---- 1. Controlled poten-  
tial reduct ion at --I .3V (following the oxidation at 
+0.85V) showed the release of one H + per parent 
molecule oxidized (i.e., napp ---- 1.0) during the initial 
oxidation at +0.85V. After the reduction of the pro- 
tons only the two redox couples observed after re- 
peated cycling of a solution of unoxidized parent 
were present  (Fig. 3). There was no evidence of any  

Fig. 2. Cyclic voltammogram of 1.25 mM imlnoblbenzyl after 
oxidative electrolysis at +0.85V. Conditions: Same as Fig. 1. 
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2 p<l I A 

�9 - 0 . 4  
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Fig. 3. Cyclic voltammogram of 1.25 mM iminobibenzyl follow- 
ing electrolysis at -~0.85 and at --1.3V. Conditions: Same as 
Fig. 1. 

remaining parent  or the couple observed at -~0.5V 
following the init ial  oxidation at +0.85V. The separa- 
tion between Epa and Epc for each couple was 60 mV 
and indicates that  each couple corresponds to a one- 
electron process. Coulometry demonstrated that  a total 
of one electron was necessary to oxidize and then 
reduce both couples. In  the absence of protons the 
product of the oxidation of parent  at -t-0.85V behaved 
electrochemically in an ent i rely analogous m a n n e r  to 
the carbazole products where two one-elect ron couples 
were also seen. In  fact, except for the anomalous vol t-  
ammetric peak height observed for the parent  and 
the electrochemical behavior  of the product  of the 
oxidation of iminobibenzyl  in the presence of protons, 
the electrochemistry is similar to that for the car- 
bazoles. It seems l ikely therefore that  a similar mech- 
anism is operative in the case of iminobibenzyl  with 
ul t imate formation of a product  (YI) which, by anal-  
ogy with homogenous studies (4), probably  arises by 
coupling at the 2-position 

H H 

V1 

The rate of the coupling reaction is fast because no 
evidence was obtained for reduct ion of the parent  
radical cation during the vo l tammetry  experiments.  

In  order to confirm that VI is indeed the major  
product of the oxidation at +0.85V, an at tempt  was 
made to isolate the neut ra l  analog of V1 prepared 
by a controlled potent ial  reduct ion of a solution of ~ l .  
At the relat ively high solution concentrat ions neces- 
sary to isolate a reasonable quant i ty  of mater ial  (~-- 
20 mM), the electrochemistry of iminobibenzyl  was 
not as clean as observed at lower concentrations (~, 
1 mM). This is probably  because of precipi tat ion of 
the electrolysis products onto the working electrode. 
At these concentrat ions it was not possible to carry 
the oxidations or reductions to theoretical completion 
before the electrolysis currents  decayed to very small  
values. The solutions that  resulted upon  reduction 
of an oxidized solution of iminobibenzyl  contained 
significant quanti t ies  of unreduced mater ia l  as indi-  
cated by an intense b lu ish-green  color. Removing 
the acetonitrile solvent after reduction on a vacuum 
line followed by  dissolution of the solid in  benzene to 
separate the neut ra l  f rom most of the charged prod-  
ucts and extraction ,of the benzene solution with water  
to remove most of the remaining  charged species re-  

sulted on freeze-drying in a b rown solid with a 
slight violet tinge. Inf rared  spectra of this mater ia l  
showed a strong absorption at 805 cm -1. This is the 
same absorption expected for the iminobibenzyl  dimer 
with coupling at the 2-position (4), The parent  peak 
of a mass spectrum of this compound occurred at a 
molecular weight of 388 the same as the bibenzyl  
dimer. The mass spectrum also indicated the presence 
of minor  amounts  of higher molecular  weight ma-  
terials. 

Possible complications due to the presence of H + 
that may explain the anomalous behavior  of the 
coupled product and one electron peak height of the 
parent  will be discussed later. 

5-Methyliminobibenzyl.--Investigations of the homo- 
geneous oxidation of 5-methyl iminobibenzyl  have 
demonstrated a similar  coupling process as was found 
for iminobibenzyl  with coupling also taking place at 
the 2-position (4). In  view of this and the strong 
support ing evidence presented above demonstrat ing 
that the homogeneous and electrochemical oxidations 
of iminobibenzyl  result  in the same reaction product, 
it is assumed that the product of the electrolytic oxi- 
dation of 5-methyl iminobibenzyl  is s t ructural ly  sim- 
ilar to YI. 

5-Methyl iminobibenzyl  also had a vol tammetr ic  peak 
height on oxidation the same as that  expected for a 
1-electron process (See Table I).  On sweep reversal, 
a reduction peak approximately one-half  the height 
of the oxidation peak was observed (Fig. 4). The 
ratio of the two peak heights was independent  of 
sweep rate up to 10 V/sec. At a sweep rate of 0.2 
V/sec Epa and Epc were 0.61 and 0.40V, respectively. 
If cycling was continued, a new oxidation peak de- 
velops at about ~-0.48V. 

A number  of controlled potential  electrolysis ex- 
periments were performed with 5-methyl iminobiben-  
zyl. Q-t curves for electrolysis at ~-0.8V showed a 
sharp break at an napp value of 1. The oxidized solu- 
tions were an intense blue color. The slope of the Q-t  
curves after this break was small  but  definitely larger 
than  the slope usual ly  found after complete elec- 
trolysis. On cont inuing the electrolysis, another break 
in the Q-t curves was observed at an napp value of 
2-2.2. If the electrolysis was stopped after the first 
break (n  ---- 1) and a cyclic vol tammogram obtained, 
a redox couple was seen centered at +0.44V (Fig. 5). 
There was no evidence for the original peak at -t-0.61V. 
When the scan was continued to negative enough po- 
tentials, a number  of i rreversible and distorted peaks 
corresponding to proton reduct ion was seen between 
--0.3 and --1.2V. When the electrolysis was continued 
unt i l  napp ---- 2, cyclic vol tammetry  (with the ini t ial  
potential  at the potential  of the electrolysis) showed 
only the reduction peak at ~-0.4V. There were no 
oxidation peaks at -~0.48 or 0.61V. Stopping the elec- 
trolysis at -~-0.SV at any stage and electrolyzing at 

Fig. 4. Cyclic voltammogram of 0.85 mM 5-methylimlnobibenzyl. 
Conditions: Same as in Fig. 1. 
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0.8 

Fig. 5. Cyclic voltammagram of 0'.85 mM 5-methyliminobibenzyl 
after one electron of electrolysis at +0.SV. After two electrons of 
electrolysis the oxidation peak is nat observed. Conditions: Same 
as in Fig. I. 

+0.2V always resul ted in half  of the n u m b e r  of cou- 
lombs for reduct ion as had been passed dur ing oxida- 
t ion at +0.8V. The number  of electrons obtained in 
reduction at --1.3V after electrolysis at +0.2V was 
the same as the n u m b e r  that  had been obtained at 
+0.2V. Cyclic vo l tammetry  following this reduction 
at --1.3V showed oxidation waves at +0.48 and +0.61V 
(Fig. 6), unless a complete electrolysis had been 
carried out at +0.8V (napp ~ 2) at which time the 
+0.61V peak was absent. 

A mechanism consistent wi th  the above results is 
+ 

RH -- e ~ RH �9 [5] 
+ 

2RH" + 2RH-> R2 + 2RH2 + [6] 
+ 

Re -- e <-~-- Rz '  --  e ~ R2 +2 [7] 

K1 
RH2 + ~ R H  + H + [8] 

Ks 
R2 + H + ~----- R2H + [9] 

and /o r  
Ks" 

R2 + 2H + ~ R~H~ +2 [10] 

Equat ion [6] above implies no mechanistic in te r -  
pre ta t ion since it cannot be ascertained whether  cou- 
pl ing occurs before or after loss of a proton from the 

I 
0.8 ~ 0.0 t 

Fig. 6. Cyclic voltammogram of 0.85 mM 5-methyliminobibenzyl 
after one electron of electrolysis at +0 .SV followed by electrolysis 
at --1.3V. After two electrons of electrolysis, the oxidation peak 
at 0.61V is nat observed. Conditions: Same as in Fig. 1. 

cation radical. The proposed mechanism is the same 
as that  for carbazole except for the protonations of 
the neutra l  parent  and coupled product. The chemical 
reactions in  Eq. [6] are undoubted ly  very rapid as 
demonstrated by the absence of a reverse reduction 
peak accompanying the oxidation peak at +0.61V. 
The reduction peak at +0.40V and the oxidation peak 
at +0.48V correspond to the redox processes of Eq. 
[7]. Both redox processes occur at s imilar  potentials 
since only one peak is observed. The apparent  total 
one-electron oxidation of the 5-methyl  parent  plus 
coupled product;  whereas two would be expected by 
analogy to carbazole, comes about because of the 
protonat ion of the parent  molecule in Eq. [6] which 
renders the parent  molecule electrochemically inac- 
tive. By the time half the parent  has become oxidized 
the remaining  parent  is protonated. The small  residual 
slope of the Q-t curves after one electron of oxida- 
tion is due to the oxidation of the small amount  of 
parent  that  can remain  in  equi l ibr ium with protons 
and protonated parent, Eq. [8]. If the resul t ing dica- 
t ion is now reduced, the neut ra l  dimer itself can be 
protonated and rendered inactive to oxidation, Eq. [9]. 
This mechanism is consistent with the fact that  5- 
methyl iminobibenzyl  is a stronger base than  the re-  
lated carbazoles (vide infra) where protonat ion of 
parent  introduced no complications. 

In  an at tempt to ver i fy the role of protons, several 
experiments  were carried out in the presence of the 
nucleophile pyridine in the hope of scavenging pro-  
tons. When a large excess of pyr id ine  was present  
(~10:1) ,  cyclic vol tammograms indicated that  two 
electrons were transferred.  Controlled potential  elec- 
trolysis, however, showed that  eventual ly  in excess 
of four electrons were transferred.  Pyr id ine  apparent ly  
attacks the dication dimer forming a species that  is 
oxidized further.  The rate of the attack cannot be 
too rapid or else the vo l tammetry  and electrolysis 
would have indicated the same n u m b e r  of electrons. 
Cyclic vol tammetry  showed no evidence of the couple 
at +0.44 following an oxidation with a large excess 
of pyridine.  Also, the solution did not at tain the in -  
tense blue color found after electrolysis performed 
without  pyridine. If the electrolysis was carried out 
unt i l  the first break in the Q-t curves with a some- 
what  less than stoichiometric amount  of pyr id ine  fol- 
lowed by a reductive electrolysis at +0.2, the yield 
of the neutra l  dimerized product was 30% greater  
than was found in  the absence of pyr id ine  (napp : 
0.65 vs. 0.5, the t ime of the oxidative electrolysis was 
about the same).  Some proton scavenging is apparent ly  
taking place. Interest ingly,  pyr idine acted only as a 
proton scavenger in  the electrolysis of carbazoles (3). 

Experiments  were also performed with added acid. 
According to the proposed mechanism, the acid should 
protonate the parent  and no oxidation should be ob- 
served. Addit ion of equivalent  amounts  of acetic acid 
resulted in no change in the electrochemical behavior. 
However, when  acetic acid was in large excess (100: 1), 
the peak height of the +0.61V oxidation was some- 
what  diminished. At these concentrations of acetic 
acid a new smaller  peak approximately  100 mV posi- 
tive of the main  oxidation appeared. With equivalent  
amounts  of H2SO4, the +0.61V peak was absent  and 
the new peak at ~ +0.7V at tained its ma x i mum de- 
velopment,  about one- th i rd  the peak height of the 
original oxidation. Fur the r  addit ion of H2SO4 resulted 
in the disappearance of this peak also. The results 
suggest that  acetic acid is too weak an acid to pro-  
tonate the 5-methyl iminobibenzyl  parent .  Blank ex.- 
periments  where only support ing electrolyte and acid 
were present showed oxidative currents  in  the re-  
gion of the peak observed above at +0.TV. These 
currents  are probably due to added impuri t ies  such 
as water  which undergoes a pH dependent  oxidation 
in this region. 

Imipramine �9 HCIO4.--A number  of electrochemical 
experiments  were also performed on the HC104 salt of 
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Fig. 7. Cyclic voltammogram of 1.0 mM imipramine HCI01. Con- 
ditions: Same as in Fig. 1. 

imipramine. After  reduction of the proton of the 
ter t iary amine group, the ter t iary amine probably 
serves as a base for scavenging protons. The electro- 
chemistry of the protonated imipramine was in all 
ways similar to 5-methyliminobibenzyl. An apparent 
one-electron oxidation was observed at +0.75V and 
an apparent  one-half electron reduction at +0.55V 
(Fig. 7). These ratios and numbers were confirmed 
with controlled potential oxidations and reductions. 
Reduction of the amine proton (--1.2V) apparently 
activated the amine group which was oxidized before  
0.75V. Controlled potential electrolysis at -t-0.9V in- 
dicated that  considerably more than two electrons 
were necessary for complete oxidation. The mech- 
anism, however, appeared to be complicated and was 
not pursued further. 

5-Methyliminostilbene.--Homogeneous oxidations of 
5-methyliminostilbene (4) have shown that the cou- 
pling process may be more complicated than with the 
related bibenzyl compounds. A possibility of coupling 
at both the 2 and 10 positions was postulated (4). 
Electrochemical oxidation might then be expected to 
result in a more complex product distribution than ~as  
observed with the above compounds. 

Cyclic voltammograms of 5-methyliminostilbene 
w e r e  characterized by two oxidation peaks at ~0.58 
and +I .0V at 0.2 V/sec (Fig. 8). The height of the 
0.58V peak corresponded to 1 electron (Table I) .  The 
peak at § 1.0V was more rounded and corresponded to 
about  0.2 electrons. On sweep reversal  a new redox 
couple was observed at --0.28V (peak separation ---- 
30 mV). There was no evidence for reduction of the 
oxidized parent (radical cation). Coulometry at W0.7V 
resulted in an initial napp ---- 1. The oxidized solution 
(with a yellow color) had a reduction peak at --0.30 
and an accompanying oxidation peak at --0.27 (Fig. 9). 
No evidence was seen of the original oxidation peaks at 
~-0.58 and + 1.0V suggesting that the -~I.0V peak may 
be oxidation of the parent or a species formed at 
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~-0.58V. Close inspection of the region around --0.28V 
showed evidence of another redox couple at somewhat 
more positive potentials suggesting that  at least two 
products may result from the oxidation at ~0.7V. Con- 
trolled potential reductions and oxidations of the 
couples-in the --0.28V region showed that one-half the 
number of electrons are required as are init ially con- 
sumed at ~-0.7V. Reduction of protons at --1.3 suggest 
that one proton is l iberated per parent  molecule oxi- 
dized. Reduction of protons results in the reappearance 
of the -~0.58 and ~-I.0V peaks (Fig. I0) which are 
about one-half of their original height. The mechanism 
of oxidative coupling of 5-methyliminostilbene at 
-~0.7V appears similar to 5-methyliminobibenzyl ex- 
cept more coupling positions are available. 

An apparent change in mechanism occurs when the 
oxidation is performed at a potential positive of the 
-pI.0V peak. Performing such an electrolysis resulted 
in an napp of about 1.85 and the product distribution 
appears to be much more complicated. The resulting 
products are reduced with one-half of the number of 
electrons required for the oxidation. Electrolysis at 
-- l .3V requires the same number of electrons as re-  
quired for reduction of the products of the oxidation. 

Discussion 
The general oxidative behavior of all of the above 

compounds is probably similar. The likely initial step 
in the oxidation is the formation of a cation radical of 
the parent compound. In a very fast follow-up reaction 
the cation radicals couple at the 2-position (except 
possibly for iminostilbene where more coupling modes 
are possible) with the loss of one proton per parent. 
The proposed mechanism now deviates from the car- 
bazole mechanism in that the parent and neutral 
coupled product may be protonated by the protons 
released during coupling and become electrochemically 
inactivated. A similar inactivation by released protons 
has been proposed for the anodic oxidation of N-a lkyl -  
anilines (6). 

Differences in electrochemical behavior between the 
compounds may in part  be explained by differences in 
basicity of the parents. A relat ively minor decrease in 
basicity of iminobibenzyl as compared to 5-methyl- 
iminobibenzyl would probably not increase the con- 
centration of unprotonated parent  that can remain in 
equilibrium with protons enough to have an easily 
measurable effect on the height of the oxidation wave. 
Because of the difference in time scale between poten- 
tial sweep and coulometric experiments, this relat ively 
small increase in unprotonated parent could have a 
significant effect on the shape of the Q-t curve. What 
might be expected would be a more drawn out Q-t 
curve with a less well-defined break. This is in fact 
the case with iminobibenzyl and supports the conten- 
tion that iminobibenzyl is less basic than the 5-methyl 
analogue. Protonation of the neutral  iminobibenzyl 
dimer might well be responsible for the merging and 
shifting of the two product couples observed in cyclic 

Fig. 8. Cyclic voltammogram 
of 1.0 mM 5-methyliminostilbene. 
1, 1st sweep; 2, 2nd sweep. Con- 
ditions: Same as in Fig. 1. 

�9 i 
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Fig. 9. Cyclic voltammogram of 1.0 mM 5-methyliminostilbene 
after electrolysis at +0.7V. Conditions: Same as in Fig. 1. 

1.2 {3.0 

Fig. 10. Cyclic voltammogram of 1.0 mM 5-methyliminostilbene 
after electrolysis at +0 .7V followed by electrolysis at --1.3V. 

vo l t ammet ry  of the pa ren t  compound as indica ted  by  
the reappearance  of these couples upon reduct ion  of 
protons.  

The difference in basici t ies  be tween  the present  com- 
pounds and the carbazoles  can be  exp la ined  in te rms of 
s t ruc tu ra l  considerat ions.  The p lana r  s t ruc ture  of the  
carbazoles  pe rmi t s  the  in te rac t ion  of the  lone pair  of 
e lect rons  on the n i t rogen  wi th  the  p i -e lec t rons  of the  
benzene r ings  mak ing  the lone pa i r  less nucleophi l ic  
and ve ry  much less basic. X - r a y  s t ructures  of imino-  
b ibenzy l - t ype  compounds of in teres t  in this s tudy  have 
not been obtained.  However ,  x - r a y  s tudies  of re la ted  
compounds (7) and other  considerat ions  (8) indicate  
that  the  e thylene  br idge  of iminobibenzyl ,  5 -methy l -  
iminobibenzyl ,  and imip ramine  prevents  easy a t t a in -  
ment  of a p l ana r  s t ruc ture  thus mak ing  the n i t rogen 
lone pa i r  more  avai lable .  Al though  some increase  in 
p l ana r i t y  is expected for 5 -methyl iminos t i lbene  due to 
the  unsa tu ra t ed  na tu re  of the  ethylefie l inkage,  con- 
s idera t ion  of molecular  models  indicates  tha t  this 
br idge  is h igh ly  s t ra ined  and some rota t ion out of the  
p lane  is expected  wi th  a subsequent  increase  in bas ic-  
i ty  as compared  to carbazole.  

The subt le  var ia t ion  in basici t ies  among the s tudied 
compounds is not  as easi ly  expla ined.  The grea te r  
basici t ies  of the  N-subs t i tu ted  iminobibenzyls  may  
pa r t l y  resul t  f rom the e lec t ron-dona t ing  proper t ies  of 
the a l iphat ic  subs t i tuents  on the nitrogens.  Compar i -  
sons of the changes in bas ic i ty  tha t  resul t  f rom sub-  
s t i tu t ing  an a l iphat ic  chain for hydrogen  in a va r i e ty  
of amine  compounds [e.g., pKa's  for an i l in ium and 
N ,N-d ime thy lan i l i n ium are  4.63 and 5.15, respec t ive ly  
(9)]  indicate  that  the  effect may  not be large.  1 How- 
ever, i t  m a y  be that  only  small  effects are  necessary to 
expla in  the  observed differences. An  a t t rac t ive  aspect  
of this exp lana t ion  is that  i t  m a y  exp la in  why  5- 
methy l iminos t i lbene  is appa ren t ly  a s t ronger  base than  
iminobibenzyl  even though it should be more planar .  
Argumen t s  a re  presented  be low tha t  suggest  tha t  
iminobibenzyl  is more planar ,  and therefore  less basic, 
than  5-methyl iminobibenzyl ,  pe rhaps  because of some 
nonbonding  in terac t ion  be tween  the n i t rogen methy l  
group and the benzene r ings  (9). Ster ic  h indrance  
a round  the n i t rogen a tom of iminobibenzyl  is wel l  
es tabl i shed  f rom N-a lky l a t i on  studies (10). Severa l  
a t tempts  were  made  at de te rmin ing  the pKa's for these 
compounds by  t i t ra t ion  of the  base - fo rms  in aceto-  
n i t r i le  wi th  perchlor ic  acid (made anhydrous  by  addi -  
t ion of an excess of acetic anhydr ide ) .  However ,  the  
bas ic i ty  of these compounds (less than  tha t  of acetate  

1 M o s t  P K a ' s  d e t e r m i n e d  a r e  f o r  a q u e o u s  so lu t i ons  w h e r e  as  pE:~'s 
f o r  n o n a q u e o u s  s o l v e n t s  w o u l d  be  m o r e  a p p r o p r i a t e .  F o r  c e r t a i n  
n o n a q u e o u s  s o l v e n t s  s u c h  as a c e t o n i t r i l e  ioK, ' s  a n d  the  d i !~erences  
b e t w e e n  p K a ' s  m a y  w e l l  be  m u c h  l a r g e r  t h a n  f o u n d  in  a q u e o u s  
sys t ems .  

ion) was too smal l  to show glass e lectrode responses 
l a rge r  than  the dr i f t s  we observed for this e lec t rode  
in changing f rom one ca l ib ra t ion  solut ion to another  
(up to 100 mV).  Moreover,  to account quant i ta t ive ly  
for the differences in these compounds,  differences in 
the ac id i ty  of the  ve ry  uns table  radica l  cations would  
also have to be considered. 

Differences in p l ana r i t y  should also have some effect 
on the  redox  potent ia ls  of these compounds.  Unfor-  
tunately,  the  i r revers ib le  na ture  of the fol lowing 
chemical  reac t ion  prevents  using peak  potent ia ls  as a 
re l iab le  guide  as to the  ease of oxida t ion  of the  paren t  
compounds a l though where  known the differences in 
potent ia ls  corre la te  wi th  the  differences in ionizat ion 
potent ia ls  (11). For  the most  pa r t  the  r edox  processes 
of the coupled products  are  revers ib le  or  n e a r l y  so. 
Inspect ion  of Table  I shows tha t  no rea l  t rend  exists  
for  the redox  potent ia ls  of t he  coupled products ,  and 
it is l ike ly  tha t  a number  of effects such as the re la t ive  
s tabi l iza t ion of reduced and oxidized forms by  de-  
local izat ion and conformat ional  effects may  p lay  im-  
por t an t  roles. Rela ted  subs t i tuent  effects are apparen t  
in the  anodic oxidat ion of N - a k y l  anil ines (6). 

Deserving special  note, though, is the unusual  ease 
wi th  which the 5-methyl iminos t i lbene  d imer  may  be 
oxidized. A reasonable  exp lana t ion  is that  the  ma jo r  
product  of the 5 -methyl iminos t i lbene  oxidat ion  is a 
d imer  coupled at the 10-position ra the r  than  the 2- 
posi t ion as is the case for the  other  compounds.  A 
s t ructure  VI i  reminiscent  of a 

M e  

V l l  

d iamiminobutad iene  resul ts  (dot ted  l ine outl ines the 
butadiene  backbone) .  Compounds such as this  a re  
known to be exceedingly  easy to oxidize (12). One 
might  also consider V l i  to be re la ted  to the d ihydro  
forms of b ipy r idy l ium dicat ions which  are ve ry  eas i ly  
oxidized (13). V l l  cannot  be isolated in the  presence 
of a tmospher ic  oxygen because of its low oxida t ion  
potential .  A t t empt s  at isolat ing the d iea t ion salt  of 
VII  af ter  bu lk  e lectrolysis  were  unsuccessful.  

If  the paren t  molecules are  sufficiently nonplanar ,  
the two paren t  moiet ies  of the  d imers  a re  effect ively 
e lec t ronica l ly  decoupled.  Removing an e lec t ron  resul ts  
in most of the  posi t ive  charge res id ing on one of the  
paren t  moieties.  Removing the second e lec t ron should 
then not  be much more  difficult than  the first. The 
oxida t ion  peaks for  the two processes would  then ap-  
pea r  close togethe?. This appears  to be the  case for 
5 -methyl iminobibenzyl  and imipramine.  The two oxi-  
dat ion peaks  observed for iminobibenzyl  suggests on 
the basis of the above a rgument  that  iminobibenzyl  is 
more p l ana r  than  the 5 -methy l  analogue.  

Since the coupled 5-methyl iminos t i lbene  also has 
only one oxida t ion  peak, one might  be t empted  to 
suggest  that  a reac t ion  scheme analogous to that  of 
5-methyl i rn inobibenzyl  was occurring.  However ,  the 
peak  separa t ion  be tween  the oxida t ion  is 30 mY and it  
is, therefore,  not  possible to ascer ta in  whe the r  these 
peaks correspond to two 1-electron processes occurr ing 
at the same potent ia l  or one 2-e lec t ron process. 
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A nuance of the 800 mV separa t ion  be tween  the two 
oxidat ions  of bicarbazoIes is tha t  any  neu t ra l  b ica r -  
bazole  formed as a t rans ien t  in the  oxida t ion  of car-  
bazole  can react  wi th  d ica t ion  to yie ld  the radical  
cation. A measurab le  ESR signal  might  be expected 
dur ing  electrolysis.  Such an ESR signal  was observed 
for carbazole  (8). The closeness of the two oxidat ions 
for the  d imer ic  5 -methy l iminob ibenzy l  make  the d r iv -  
ing force for such a react ion sequence much smaller .  
Accordingly,  the p robab i l i ty  of producing  a sufficient 
number  of free radicals  to observe dur ing  an e lec t ro ly-  
sis in an ESR cavi ty  is much less. In  l ine wi th  this 
reasoning,  an in situ elect rolys is  of 5 -methy l iminob i -  
benzyl  in an ESR (14) cavi ty  resul ted  in no ESR signal. 
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ABSTRACT 

Emf measurements  have been made  on cells wi th  CdI2-Cd212 m i x e d -  
valence e lect rolytes  (a) to es tabl ish s t ruc tura l  and the rmodynamic  proper t ies  
for mol ten  A u - C d  alloys and (b) to s tudy  the source and behavior  of some un-  
expected vol tages associated wi th  bare  W electrodes d ipping  into these e lec t ro-  
lytes. Changes wi th  t empe ra tu r e  and composit ion of the  pa r t i a l  molal  entropies,  
enthalpies ,  and free energies of the Cd component  in the A u - C d  mel ts  point  out  
the  existence of p remon i to ry  changes a few degrees above  the l iquidus  as wel l  
as of l iquid s t ruc tura l  changes far  f rom the l iquidus;  these changes corre la te  
wi th  ear l ie r  studies by  vapor  pressure  and by  electr ical  conduct iv i ty  in the Au-  
Cd sys tem at h igher  tempera tures ,  n = 1.87 + 0.001 (773T) is used to evalua te  
the  effective valence for these e lect rolytes  when sa tura ted  with  Cd; this n ap-  
pears  in calculat ion of hF = --  nFc. A p p a r e n t l y  the mixed-va lence  electrolyte ,  
plus p robab le  oxide impuri t ies ,  reacts  wi th  the  bare  e lectrode (in this case W) 
surfaces by  d i rec t  chemical  action to form surface films which protect  the  meta l  
be low against  d i rec t  chemical  at tack.  These films are  in equ i l ib r ium wi th  the  
electrolytes .  When, however ,  e lect rochemical  a t tack  is permi t ted ,  as when an 
emf measuremen t  is made,  then  the under ly ing  meta l  becomes subject  to a t tack  
and another  reac tan t  enters  the  reaction. This effect leads to anomalous  vol tages 
in electrodes which are  no rma l ly  considered to be iner t  in mol ten  salts, e.g., W, 
Mo, and graphite .  If these sources of vol tage are recognized, then p roper  de te r -  
minat ions  of act ivi t ies and phase boundar ies  can be made;  some ear l ie r  mea -  
surements  of this type  which neglected these voltages, however,  must  be re -  
evaluated.  Appl ica t ion  of these p roper  techniques to the Cd-CdI2 sys tem is 
made .  

In  aqueous sys tems the usual  " iner t"  e lectrodes are 
pla t inum,  gold, silver,  etc. These e lec t rodes  are un-  
sa t i s fac tory  in many  mol ten  sal t  sys tems ,  however ,  be-  
cause of the i r  t endency  to form alloys wi th  many  
metals .  A t t ack  can occur e i ther  b y  di rec t  contact  wi th  
t h e s e  metals  or by  secondary  reac t ion  wi th  the p rod-  
ucts formed by  dissolution of the  meta ls  in the i r  mol ten  
salts. Thus p l a t i n u m  dipping  into pu re  mol ten  CdI2 is 
stable,  but  if  the  CdI2 is in contact  wi th  a mol ten  Cd 
phase below, then  the p l a t i num is a t tacked  by  the 
CdI2-Cd212 mix tu r e  formed by  the dissolut ion of Cd 
in CdI~, and a P t - C d  a l loy is formed.  

In  o rde r  to avoid a l loying a t tack  in mol ten  sal t  sys- 
tems it is cus tomary  to tu rn  to " iner t"  electrodes,  i.e., 
tungsten,  molybdenum,  graphi te ,  etc. I t  is the thesis 
of this pape r  tha t  such electrodes are  often not iner t  
and  that  a number  of apparen t  t he rmodynamic  con- 
flicts in  the  l i t e r a tu re  can be resolved if  this fact is 
recognized. As corol la ry  we offer a t he rmodyna mic a l l y  
acceptable  i n t e rp re t a t ion  of these  anomal ies  and of 
the  e lect rode behavior .  

* Electrochemical Society Active Member. 
P r e s e n t  a d d r e s s :  IMRD, Lawrence Berkeley Laboratory, Berk- 

eley, California 94720. 
= P r e s e n t  a d d r e s s :  CNC-2, LASL, Los Alamos, New Mexico 87544. 
K e y  w o r d s :  mixed valence electrolytes, alloy activities, surface 

r e a c t i o n s .  

To s tudy  this p rob lem we have used cells of the 
types  

W, Cd/CdI2(cd satd)/W [i] 

W, Cd-Au/CdI2cca.Au sata)/W [2] 

W, Cd/CdtI2(cd satd)//CdI2(Cd unsatd)/W [3] 

W, Cd-Au/CdI2<cd.Au satd)//CdI2(cd-Au unsatd)/W [4] 

Here all  phases are mol ten  except  W, and one mus t  
recognize that  the shiny, c leaned W wil l  be coated wi th  
t races  of oxides. These cells have been s tudied as func-  
tions of composition, t empera ture ,  and t ime. 

In addi t ion usual  [e.g., Ref. (1-3)]  s t i r red  H-ce l l  
measurements  were  made  be tween  mol ten  Cd and 
mol ten  Cd-Au  alloy. There  the  cell is r epresen ted  
exac t ly  as 

W, Cd-Au/CdI2(cd-Au satd)//CdI2(Cd satd)/Cd, W [ba] 

but  it  can be represen ted  to a close approx imat ion  b y  

W, Cd-Au/CdI2(cd satd)/Cd, W [bb] 

as long as the  Cd ac t iv i ty  in Cd-Au  is close to unity,  
thus making  the  CdI2/Cd212 rat io  essent ia l ly  identical  
at both  electrodes,  as set by  the equi l ib r ium constant  

K = (acd212)/(acdi2) (acd) [6] 

905 
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Experimental  Chemicals ,  Appara tus ,  and Operat ions 
Emf cells.--Two modifications of the usual  stirred 

H-ceils ment ioned above were used, These cells allow 
for composition changes in situ by additions of pre-  
weighed solids in the sidearms, for s t i rr ing and long 
equil ibrat ions to assure that  phases are homogeneous 
and at equil ibrium, and for ini t ial  cleanup operations 
such as the vacuum melt ing of CdI2 before it is melted 
and poured or vaporized into the H-cell  portior~ of the 
system. Temperatures  are very un i fo rm (to < 0.01~ 
because of the heat  dis t r ibut ion and heat ballast  from 
nesting copper cylinders. 

Type / . - -This  version differs f rom the usual  stirred 
H-cell  only in  that  a second W lead in  each cell leg is 
mounted oll the s t i rrer  so as to be exposed bare to the 
electrolyte. As is customary the exposed port ion of the 
other lead was completely immersed in  mol ten  cad- 
mium or alloy. (See Fig. 1.) 

This cell type was used for almost all the data pre-  
sented here. 

Type H . - - I n  this modification the bottoms of the H-cell  
legs were joined so that a single alloy touched the 
electrolyte in both legs. The electrolyte in  each leg 
was essential ly independent  of that  in the other, and 
s t i r r ing one side did not  agitate the other. (See Fig. 2.) 

Two types of electrodes dipped into the electrolyte, 
namely  (a) large current  collectors made by wrapping 
,~100 cm of 10 mil  W wire around each st irrer  but  not 
touching the alloy, and (b) small  potential  sensors ex- 
posing ~3  cm of 10 rail rod to the CdI2, there being 
two of these in  each cell leg. 

Chemicals and their purij~cation.--Commercial cad- 
m i u m  of pur i ty  reported as 99.999% was melted in 

CIRCUL 

ENLAIR~ 
BELOW 

)S 
RNACE 

Fig. 2. Multiple electrode cell for checking reproducibility of 
bare electrode emf's (reaction [2])  with time, with stirring, with 
composition, and with different sources of tungsten having different 
levels of initial oxidation on their surfaces. 

LEADS 

CIRCULATING WATER 

ENLARGEMENT 
BELOW HERE 

EVACUATION HOLES 

SEAL 

10/30 

�9 "f 19/38 

FROZEN FUSED CdI 2- 

o . . . .   tlll I III   /-- METAL SOLUTE 

El 

Cd 

W ELECTRODE z ' ~  

Fig. 1. Stirred H-cell for studying various usual reactions (e.g., 
reaction [5a]) as well as the bare electrode reactions (e.g., reac- 
tions [1 ] - [4 ] ) .  Sometimes the metal solute sidearm included a 
standard taper joint which could be turned to make sequential 
solute additions more easily as they were needed. Only the lower 
sections of the legs are involved in the emf measurements; the 
upper portions are outside the furnace and are used during loading. 
This is the type I cell design. 

vacuum and washed with boiling, mol ten  CdI2. Re- 
agent grade CdI2 was sometimes (cell type II) melted 
under  vacuum and washed wi th  molten Cd. Later  this 
mater ial  or new reagent  grade CdI2 (cell type I) was 
loaded into the sidearm of the cell and remelted re-  
peatedly under  vacuum, the final mel t ing being used to 
introduce the salt into the cell legs. Commercial  argon 
was condensed at l iquid ni t rogen temperatures,  flash 
frozen by evacuation to flush out the more volatile 
impurities,  then gently warmed and distilled into the 
cells at ~0.5 atm. 

For cells of type I the electrodes were cleaned by 
a-c e]ectrotysis in NaOH solution, then were water  
washed and dried by  touching tissue. With  cells of 
type II the working electrodes on the stirrers were 
made from commercial ly cleaned and still shiny 10 rail 
W wire. Addit ional  potential  sensors were made from 
a different commercial tungsten;  these electrodes were 
oxidized to a dark color dur ing  a Pyrex anneal  and 
were not cleaned further.  The electrodes represent  two 
commercial sources and two levels of p re l iminary  oxi- 
dation of the W surface. 

Gases adsorbed on the Pyrex or chemicals were re-  
moved by evacuation at 10-5-10-6 Torr  while the sys- 
tem was in  the furnace, and then the purified argon 
was added. 

Electrical equipment--Usual  measurements  with po- 
tentiometers having no connection to house current  
were employed (Wenner,  K-2, etc.). P t /P t -10% Rh 
thermocouples were used. 

For fur ther  discussion of these various techniques, 
see our earlier papers, e.g., Ref. (1-3). 

Cell operation.--Consistent with earlier observations 
(1), cadmium solutions required much st irr ing before 
equi l ibr ium was reached, as compared with Sn-SnC12 
solutions [e.g., (2)]. w h e n  a cell could be st irred with 
almost negligible effect on the voltage, and when it 
also re turned in a few minutes  to the original voltage, 
the system was accepted as being at  equil ibrium. (As 
must  always be faced, a system can often be in equi-  
l ib r ium with regard to one type of react ion while it is 



Vol. I22, No. 7 E M F ' S  A C R O S S  CdI2-Cd212 E L E C T R O L Y T E S  907 

far  off of equ i l ib r ium wi th  r ega rd  to other  react ions.)  
The equ i l ib r ium condi t ion was achieved in  about  2 h r  
a f te r  adding Cd to the  CdI2 electrolyte ,  if  s t i r r ing  
had  been  frequent .  F o r  gold addit ions,  equ i l ib r ium was 
achieved in 4 h r  or more, and  fu r the r  s t i r r ing  or long 
s tanding did not  a l te r  the  emf except  at  the highest  
t empera tu re s  studied, whe re  a smal l  amoun t  of Cd 
evapora ted .  For  t e m p e r a t u r e  changes at a single com- 
position, some measurements  were  t aken  about  one-  
half  hour  apart ,  bu t  most were  t aken  more  quickly.  

Solubility measurements.--The cell tha t  had been used 
for  the  s tudy  of A u - C d  al loys was he ld  in the  furnace  
at 773~ wi th  sufficient s t i r r ing  to ensure that  equi l ib-  
r ium had  been  achieved.  The  cell was then  t aken  
out  of the  furnace  at  773~ and cooled rapidly ,  con- 
s is tent  wi th  a technique  tha t  had  been used ear] ier  
(1). The cadmium tha t  had dissolved into the  e lect ro-  
ly te  over  the  reference  e lec t rode  was de te rmined  by  
b reak ing  open the cell, washing  away  the electrolyte ,  
and establishir~g the  weight  loss of the  cadmium elec-  
trode. 

Results, Me thods  of Ca lcu la t ion ,  and Conclusions 
The significant figures car r ied  reflect the  differences 

be tween  composit ions which  can be identified. The 
absolute  composi t ions va ry  s l igh t ly  because of the 
dissolut ion of some Cd into CdI2 to fo rm the equi l ib -  
r ium concentra t ion  of Cd212 which is uns tab le  as the 
pure  condensed phase  but  can be p resen t  in  solut ion 
in  the  sa l t  mel t .  

The effect of this so lubi l i ty  on n in • = --  nice mus t  
be considered in the  eva lua t ion  of the rmodynamic  
p roper t i e s  f rom the emf data. (Cont ra ry  to popula r  
assumption,  the  value  of n is se ldom w h o l e - n u m b e r e d  
for  mol ten  salt  systems, and the effect of so lubi l i ty  
equi l ib r ia  such as for  Eq. [6] mus t  be considered even 
if an iner t  ca r r ie r  solvent  such as LiC1-KC1 is being 
used.) For  CdI2 at 773~ the va lue  of n has been  r e -  
cent ly  de te rmined  by  th ree  independen t  expe r imen ta l  
checks. Firs t ,  and most  direct ly ,  Houseman and  Ell iot  t 
(1) have  shown tha t  the  va lue  of the  appa ren t  n is 
m a r k e d l y  dependen t  on the  charging rate,  and House-  
man  (4) has carr ied  out v e r y  s low conduct ion exper i -  
ments  which  can be ex t r apo la t ed  to zero currer~t. His 
va lue  of effective n, ref lect ing both  the  concentrat ions  
and mobi l i t ies  of the  Cd2 + + and Cd ++ species, is 1.87. 
Second, n = 1.87 is wha t  agrees wi th  the  vapor  pres-  
sure  measurements  for  severa l  systems as r epor ted  b y  
Conant  and El l iot t  (5). Third,  n ----- 1.87 is wha t  br ings  
a number  of d i lu te  solut ions into asymptot ic  approach  
to Raoul t ' s  l aw when  act ivi t ies  a re  ca lcula ted  f rom 
emf's, as shown b y  Conant  (6), by  Houseman  and 
Conant  (7), and by  Conant  and El l io t t  (5). 

Because Houseman  (4) has shown ~hat the  mobi l i t ies  
of Cd ++ and Cd~ + + are  nea r ly  the same a n d t h a t  the  
so lubi l i ty  measurements  by  Topol  and Landis  (8) and 
by  us here  can be used for  pred ic t ing  n at 773~ we 
wil l  use the t e m p e r a t u r e  dependence  of so lubi l i ty  f rom 
Topol  and  Land,is and wi l l  assume tha t  equal  mobi l i t ies  
continue to other  . temperatures  in o rde r  to make  our  
calculat ions of t he rmodynamic  proper t ies .  These solu-  
b i l i ty  va lues  f rom Topol and Landis  also agree  wi th  
our  so lubi l i ty  measurements  at 713~ as is discussed 
].ater. 

By using the assumpt ion  and solubi l i t ies  jus t  d is-  
cussed, we get  the  calculat ion of n by  the equa t ion  

n --  1.87 3- 0.001(773T) [7] 

(Al though  solubi l i t ies  often fol low a logar i thmic  de-  
pendence on T, Topol and Landis ' s  values  do not  ap -  
pear  to r equ i re  this  form.)  

To under s t and  the calculat ions using Eq. [7], recog-  
n/ze tha t  Topol and Landis ' s  so lubi l i ty  of Cd at  773~ 
is 0.065 mole  fraction, leading to 0.065 of the Cd having 
zero valence and 0.935 having  a valence of 2. Our  value  
for  this so lubi l i ty  is 0.0'63 in this p resen t  paper .  
Doubl ing  the 0.935 (or 0.937) leads  to a va lue  of n = 

1.87. This calculat ion is independen t  of wha t  species 
form as long as mobi l i t ies  ~f the  species and  the i r  
charges are equal.  

Results with Cell Type I 

Measurements  using cells as in Fig. 1 were  made  on 
two types  of emf's: (a) be tween the  cadmium re fe r -  
ence e lect rode and the a l loy whose composi t ion could 
be varied,  and (b) be tween  cadmium or  al loy and 
bare  e lectrodes made  of tungsten which d ipped into 
mol ten  CdI2, the  CdI2 being pa r t i a l l y  or comple te ly  
sa tura ted  wi th  Cd. As wil l  be developed,  the fo rmer  
were  of " the rmodynamica l ly"  expected form, but  the  
l a t t e r  did not conform to usual  expectat ions.  

Metal vs. alloy studies.--The exper imen ta l  emf va l -  
ues at  4 mole  f ract ions of the  solvent  t aken  over  a 
t e m p e r a t u r e  range  of 50~ are  represen ted  in Fig. 3-6. 
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Fig. 3. Reaction [be] for Cd vs. Au-Cd at Ncd ~ 0.91783. 
No phase boundary for liquid Au-Cd solution is detected ever the 
temperature range studied. 
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Fig. 4. Reaction rba] for Cd vs. Au-Cd at Ned = 0.88539. No 
phase boundary for liquid Au-Cd solution is detected over the 
temperature range studied. 
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Fig. 5. Reaction [5a] for Cd vs. Au-Cd at Ncd : 0.86210. The 
liqaidus is detected at 703~ and premonitory phenomen are 
detected about 4~ before the liquidus temperature is reached. 
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Fig. 6. Reaction [5a] for Cd vs. Au-Cd at Ncd = 0.85477. The 
liquidus is detected at 708~ and premonitory phenomena are 
detected for perhaps 4~ before the liquidus temperature is 
reached. 

Pure  s ing le-phase  region is observed at Ncd 
0.91783 and 0.88539 (Fig. 3 and 4), but  for NCd = 
0.86210 and 0.85477 (Fig. 5 and 6) there  are  phase 
changes as indicated by the slope shif t  in the emf-  

t empera tu re  data. In  the  t rans i t ion  region be tween  
pure  s ing le -phase  region l i nea r i t y  and the  two-phase  
region l inea r i ty  there  is in  each case a t rans i t ion  re -  
gion labe led  "p remoni to ry  phenomena."  

The the rmodynamic  quant i t ies  l is ted have been cal-  
culated using Eq. [7], but  we have  neglected the smal l  
changes of a l loy composi t ion as the  solubi l i ty  of Cd in 
CdI2 changes wi th  t empera ture .  

Note tha t  wi th  correct ion of n off the  usua l ly  ac- 
cepted 2, the  pa r t i a l  mola l  en t ropy  of the Cd falls  close 
to the  ideal  r andom solut ion value  for the  th ree  h igher  
concentrations.  If n were  accepted as 2, .the apparen t  
par t ia l  molal  entropies  would  be about  50% la rger  
than  the ideal  values.  

F igure  7 and Table I give the va r ia t ion  of emf  and 
ac t iv i ty  wi th  composi t ion for  a single t empe ra tu r e  
using n ---- 1.93 corresponding to the equat ion ,above. 
Table  I indicates both the  added al loy composit ion and 
the corrected composi t ion due  to Cd212 format ion  in 
the iodide. 

Conclusions f rom the Cd vs. Au-Cd emf  s tudies . - -The  
l iquidus  is detected at two composi t ions (Fig. 5 and 6) 
and occurs at t e mpe ra tu r e s  consis tent  wi th  the  ac-  
cepted phase d i a g ra m (9). 

P remon i to ry  phenomena  (depressions of the  cell 
vol tage)  are  observed s l ight ly  above the l iquidus  at  
these same compositions.  In  fur ther  suppor t  of this 
view, p remon i to ry  phenomena  near  phase boundar ies  
( including the l iquidus)  have a l r e a dy  been detected in 
this same sys tem b y  vapor  pressure-compos i t ion  
studies at  constant,  but  higher,  t empe ra tu r e  (939~ 
using an isopiestic balance  (10). 

Note that  these p remon i to ry  phenomena  show 
smal ler  voltages than  ex t rapo la t ion  would predict .  Of 
course, the total  ac t iv i ty  must  drop for any such r e -  
action to occur, so we conclude tha t  the  necessary 
component  ac t iv i ty  decrease and phase s tabi l iza t ion 
must  occur for the nonvola t i le  component.  This k ind  of 
act ivi ty  behavior  is not  uncommon:  For  example,  the 
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Fig. 7. Cadmium activity-mole fraction relations from emf's 
(reaction [Sa]) far various molten Au-Cd alloys at 713.5~ At 
least one liquid alloy structural change is probable at ~0 .9  mole 
fraction of Cd, consistent with a change detected earlier at this 
composition by vapor pressure at 939~ 
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Table I. Composition-emf data for the cell of: 
W, Cd, Au (liquid solution)/Cdl2 (I)/Cd(I), W 

at temperature 713.5~ 

C a d m i u m  mole Tern- 
Gold a d d e d ,  f r a c t i o n  pera tu re  Emf(~) 

total g A d d e d ( a )  C o r r e c t e d ( b )  (~ (mV) aca (~) 

0 O O 713.5 (0.0240) 
0.70255 0.98647 0.98624 713.2 0.4584r 0.98570 
1.55000 0.97055 0.97013 713.2 1.0400 0.96785 
2.35210 0.95609 0.95536 713.6 1.5571 0.95228 
3.02770 0.94418 0.94327 713.5 2.1572 0.93449 
3.93975 0.92857 0.92742 713.3 2.7480 0.91729 
4.58530 0.91783 0.91652 713.6 3.4178 0.89823 
5.27025 0.90670 0.90477 713,5 3.9637 0.88295 
5.97820 0.89547 0.89385 713.7 4.6829 0.86329 
6.62940 0.88539 0.88364 713.6 5.4602 0.84246 
7.13005 0.87780 0.87594 713.9 5.9759 0.82899 
7.67010 0.86975 0.86779 713.7 6.5903 0.81312 
8.19260 0.86210 0.86004 713.6 7.1122 0.79988 
8.70165 0.85477 0.85263 714.0 7.4418 0.79175 
9.14515 0.84849 0.84627 713.7 7.7597 0.78362 

(a) T h e  a m o u n t  o f  C d  a d d e d  w a s  29.2264g. 
(b) A ssu med  solubil i ty of Cd in CdI.~ f r o m  presen t  inves t iga t ion  

(same as Topol's and Landis's data): 713~ NCd = 0.0348. 
(o) Corrections have been added to the observed emf to give the 

listed readings. This correction, 0.0240 mV, was measured when no 
solute had been added to either cell leg. Those emf readings were 
t a k e n  a f t e r  sufficient s t i r r ing  and  did not change  a f te r  f u r t he r  
s t i r r i n g  o r  long s tanding .  

(a) Calculated for  1.93 electrons involved  per  c a d m i u m  a tom t rans-  
fer red .  

solid CeCd microphases  showed metas t ab le  ex ten -  
~4.5 

sions which include m a n y  examples  of both  too high 
and too low Cd component  ac t iv i ty  before  the  t r ans -  
fo rmat ion  took place (11). 

The change of ac t iv i ty -compos i t ion  behavior  at  Ned 
0.9 shown in Fig. 7 was noted also at  h igher  t em-  

pe ra tu res  in  the  ea r l i e r  vapor  p ressure  studies (10). 
Likewise,  compar ing  Fig. 3-5 vs. 6, there  is a sharp  
decrease  of the  ~ C d  f rom tha t  for  ideal  solutions ars we 
pass f rom 0.86210 to 0.85477 mole f ract ion of Cd. I t  
seems l ike ly  tha t  this change of en t ropy  behavior  cor-  
responds  wi th  the  l iqu id - l iqu id  t r ans format ion  at  
0.8620-0.8625 shown at 939~ in the  isopiestic balance  
s tudies  jus t  ment ioned.  

Metal  or alloy vs. 5are electrode studies using cell 
type  I and CdI2-CdzI2 e lec tro ly tes . - - In  the deve lop-  
men t  of the s t i r red  H-ce l l  des ign  (1, 2) i t  became clear  
that ,  if  the W or Mo cur ren t  leads  to meta l  and al loys 
were  not  insula ted  as they  passed th rough  the e lec t ro-  
lyte,  then  the cell behav ior  would  be er ra t ic  in the  ~V 
range.  I t  was impor t an t  somet ime to l ea rn  the causes 
and impl ica t ions  of this  behavior .  

P r e l i m i n a r y  s tudies  (to be presented  in pa r t  l a te r  
ur~der the  heading  cell  type  II)  had indica ted  that  W, 
Mo, and g r a p h i t e - a l l  showed pers is tent  vol tages in 
the  mi l l ivol t  r ange  when  bare  e lect rodes  d ipping in 
CdI2 were  compared  agains t  Cd or A u - C d  in contact  
wi th  the  bo t tom of the  e lectrolyte .  Fur the rmore ,  use 
of cell type  I wi th  Mo or W electrodes in SnC12-based 
e lec t ro ly tes  vs. A u - S n  mol ten  al loy shows s imi lar  be -  
havior .  [This l a t t e r  work  was carr ied  out  along wi th  
the  A u - S n  a l loy  l iquid s t ruc ture  work  (3) but  was 
not  included in the publ ica t ion  of tha t  a l r e ady  complex  
paper . ]  

Fo r  the  presen t  studies measurements  were  made  on 
both  sa tu ra t ed  and unsa tu ra ted  solut ions of Cd in CdI2 
(i.e., Cdl~-Cd212 solut ions) .  

Unsaturated solutions.--Cells  as in Fig. 1 were  oper -  
a ted  wi th  in i t ia l ly  no l iquid Cd phase on the r ight  side 
and  wi th  smal l  solid Cd pieces in the  s idearm. The 
e m f - t e m p e r a t u r e  re la t ionships  for  reac t ion  [4], i.e. 

W, Cd/CdI2-Cd(satd)//CdI2-Cd(unsatd)/W 

at  unsa tu ra ted  solut ion composit ions are  plot ted in 
Fig. 8-11. The compositions,  Ned --  0.0143 and 0.0348. 
do achieve sa tu ra t ion  at  the  lower  t empera tures ,  how-  
ever. 

For  the  first few days the  solutions in  one leg of the  
H-ce l l  were  not a l lowed to become saturated.  Firs t ,  
l imi ted  Cd was added  to the CdI2 to pa r t i a l l y  sa tura te  
it, and  the solut ion was s t i r red  per iod ica l ly  for  a day  
whi le  composit ion and t e m p e r a t u r e  equ i l ib r ium was 
being achieved. 

The next  day  more  Cd was added  and the solut ion 
was s t i r red  per iod ica l ly  for  4 hr.  Then the s t i r r ing  was 
stopped, and  the  sys tem was cooled slowly.  The emf  
changes were  sys temat ic  (Fig. 8) wi th  the  two elec-  
t rodes agreeing to about  1 mV. The sys tem was then 
rehea ted  and again s lowly cooled, this t ime over  a two 
day  per iod wi th  cooling by  increments  r a the r  than  
s teadi ly  (Fig. 9). By this t ime  the  two electrodes 
agreed wi th in  -~0.2 mV. A fur ther  heat ing and cooling 
cycle is shown on Fig. 10. 

Because we do not know how to handle  the  mixed  
n values  (the CdI2/Cd212 rat ios are different  in the  two 
cell legs) ,  we have ca lcula ted  apparen t  values  of aHcd 
and aScd as shown on Fig. 9 by  using n ---- 2. 

Al though the solutions fol lowed a single re la t ionship  
dur ing a heat ing or a cooling half-cycle ,  there  were  
s lower over -a l l  changes in the apparen t  values of both  
the magni tude  of the emf and of the  slope of the  emf-  
t empera tu re  relat ionships.  The magni tudes  of the  emf 
values  did not appear  to be approaching  zero, how-  
ever. Considering the emf at 740~ the  emf dropped  
f rom 82.5 mV on the second day, to 64 on the  th i rd  
day, to 56 on the fifth day, to 55 on the s ixth day. L ike -  
wise, the corresponding apparen t  ASC d fel l  f rom 25 to 
18 eu to 15 eu and remained  15 eu. Af te r  the ini t ia l  
changes, the ma jo r  changes of emf and slope seemed to 
be associated wi th  hysteres is  fol lowing e lec t ro ly te  
phase changes such as freezing. (Does the  e lec t rode  
surface crack  and s t ra in?)  For  example ,  in Fig. 9 the  
freezing of CdI2 is detected Jn the  in i t ia l  cooling, but  
the  emf's  a re  lowered  for  the  h igher  t empera tu re s  as 
wel l  (Fig. 10 vs. Fig. 9). 

Compar ing  Fig. 10 and 11 wil l  show the influence 
of e lect rolyte  composit ion upon the emf. Likewise,  
these data  pick off the  Cd-CdI2 phase bounda ry  both  
on cooling and on heating.  Final ly ,  they  show tha t  
shor t ing the  two " iner t"  electrodes together  al lows an 
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Fig. 8. Studies of the emf between o cadmium electrode in one 
leg of an H-cell and tungsten electrodes in an unsaturated Cd-Cdl2 
solution in the other leg. (Electrode | was high in the solution and 
electrode II was low.) 
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Fig. 10. Cell behavior for the cell in Fig. 8 and 9 as shown 3 and 
4 clays after freezing then remelting the electrolyte. 

elect rochemical  d ra in  which does change the e lect rode 
behavior  t emporar i ly .  

Saturated solutions.--These measurements  re fer  to the  
potent ia ls  observed in compar ing a mol ten  Cd re fe r -  
ence electrode wi th  a bare  tungs ten  e lect rode dipping 
into mol ten  CdI2-Cd212 solution. The Cd~I2 concent ra-  
t ion is set by  equi l ib ra t ion  wi th  e i ther  mol ten  Cd or 
mol ten  Au-Cd.  

F igure  12 shows tests of react ion [1]. Physical ly ,  re -  
fe r r ing  to Fig. 1, the reference  Cd was in the left  ]eg 
and the bare  electrodes were  over  a second Cd mel t  in 
the  r ight  side. Later ,  gold would  be added  to the  r igh t -  
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Fig. 11. Saturated and unsaturated electrolyte and effects of 
electrochemical drain at Ncd in CdI2 ~ 0.0348 on the emf of bare 
tungsten electrodes. 
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Fig. 12. The effect of temperature on the bare tungsten elec- 
trode emf in Cdl2 solutions saturated with Cd. The Cdl2 and Cd 
phases in contact were stirred intermittently during heating and 
cooling stages. Heating and cooling stages were separated by 3 
days. 

side mel t  to give the data  in Fig. 13, again wi th  re f -  
erence to the  same Cd in the  lef t  side. 

With  regard  to Fig. 12 note tha t  the  heat ing and 
cooling hal f -cycles  gave the same resul ts  even though 
the hal f -cycles  were  separa ted  by  three  days. S imi la r  
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temperature coefficients of emf are shown by the W vs. 
Cd couples where Au-Cd alloys supplied the Cd~I~. to 
the electrolyte in the W region (Fig. 13). 

These voltages were stable, reproducible, and (ac- 
cording to usual expectation) very large. The changes 
of voltage with alloy composition (-~3 mV on Fig. 13) 
were smaller than would have been expected from the 
changes of alloy activity (~7.5 mV on Fig. 6) and the 
temperature coefficients were different. Part  of the dif- 
ference in temperature coefficient is a consequence of 
carrying out the measurements for Fig. 13 without st ir-  
ring; the metal-electrolyte and the alloy-electrolyte 
interfaces adapt quickly to the changing n but the 
electrolyte CdIa-Cd~I2 mixture in the bulk of that 
phase readi ly supersaturates relative to metallic Cd. 
There are further differences, however, because the line 
for Ned = 0.85477 as the saturating solution does not 
follow the other trends of voltage. (Remember that the 
hScd at Ncd -~ 0.85477 was also anomalous, Fig. 6.) 

Apparent ly traces of impuri ty  (probably CdO) do 
influence the voltage significantly, since the long-term 
stabili ty was not achieved until after the cell had been 
at temperature with much stirring for a month. A few 
milligrams of material  had then vaporized to form a 
brown condensate ring. (This could, for example, have 
been volatile tungsten oxyiodides whose vaporization 
removed O = from the electrolyte solution.) 

In  this case the effect of stirring was not large. The 
data for Fig. 12 were taken with stirring during heat-  
ing and cooling while the alloy solutions were stirred 
extensively at the highest temperature before cooling 
but not during the cooling. 

Conclusion,s ]torn the unsaturated and saturated solu- 
t ion studies using type I cell s.--These emfs  are real, 
large, and roughly reproducible. They satisfy many 
usual tests of equilibrium. They vary with composi- 
tion. They react to phase changes. They vary repro- 
ducibly with temperature during tests over several 
hours. They react to and recover from drains and im- 
posed voltages. 
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Fig. 13. The effects of temperature and composition on the emf 
of cells in which bare tungsten electrodes dip into Cdlz equilibrated 
with Cd-Au alloys of various compositions. 

Considering that (for Henry's law solutions) 30 mV 
would correspond to about one-fourth of the satura-  
tion concentration at these temperatures, it  would be 
most difficult to write the voltages off as due to re-  
producible part ial  saturation of the CdI~ by Cd. Fur -  
thermore, the electrolyte phase is at least nearly 
homogeneous as shown by comparison between differ- 
ent electrodes in different parts of the electrolyte. This 
homogeneity is much more strongly emphasized by 
results from the type II cells to be discussed later. 
Finally, including information from our unpublished 
work, different electrode materials do show different 
voltages in the same electrolyte solutions. Another 
aspect of this difference in behavior is discussed later  
during analysis of published phase diagrams and solu- 
tion activity studies. 

Likewise, these voltages cannot be writ ten off as the 
"stray voltages which always occur when one dips 
metal into electrolyte." Here there is several per cent 
of Cd212 so that the activity of Cd as set by metal  or 
alloy is well  buffered even though metallic Cd is, of 
course, not an electrolyte species. This is not a. case 
where a tiny concentration of a species varies t re-  
mendously during any attempt to measure it. 

It is our interpretation that W (and at least most 
other potentially useful solid electrodes for these 
molten salt systems) will form a protective film 
(probably oxide) over the metal  surface. The surface 
comes into equilibrium fairly rapidly with the electro- 
lyte, and it reacts to changes in the electrolyte activity. 
Thus the chemical equilibria available involve elec- 
trolyte and surface. 

But the electrochemical equilibrium permits attack 
on the base W because the surface passes ions and the 
metal passes electrons. Thus it can reflect very 5Jffer- 
ent reactions from those which have come into equi- 
l ibrium during the long purely chemical equilibration. 

Because unit activities of the base W and the surface 
film are not involved, we see no way to predict the 
magnitudes of the emf effects superimposed on the 
usually expected voltages. 

Solubi l i ty  of  Cd in CdI2.--The cell which had been 
used for the unsaturated electrolyte studies was 
broken open after cooling rapidly from 773~ The 
remaining metallic Cd was found to contain 2.07055g 
less than initially had been added, the loss being due 
to saturating I00g of CdI2. The corresponding solubil- 
ity of Cd in CdI~ at 773~ is 0.063 mole fraction. 

The solubility from the temperature coefficient of 
emf (Fig. 11) is 0.0348 at 713~ 

Both of these solubilities are completely in agree- 
ment with Topol's and Landis's results (8). 

Results with Cell Type II 
This cell design is shown in Fig. 2. The cell was (a) 

loaded with 78.361g Cd, 18.573g Au, 183.5g Cdt2, and 
,~0.5 atm Ar, (b) heated at 773~ for nearly 3 months, 
(c) stirred occasionally, (d) electrically drained peri-  
odically, and (e) monitored for open circuit at six 
tungsten vs. alloy couples. 

The results of the emf measurements are indicated 
on Fig. 14. The following observations should be made. 

1. The plots are offset on the ordinate to avoid over- 
lap. 

2. On any part icular  day all six W vs. Au-Cd cou- 
ples showed nearly the same voltage. 

3. The st irrer voltages (electrodes made from W 
wire) were consistently slightly larger, by 1-2 mV, 
than those of the potential sensors (made from W 
rod). 

4. All voltages increased together with time. Appar-  
ently this change was associated with the change of 
alloy composition resulting from slow evaporation of 
Cd to cooler portions of the cell. Melting the evapo- 
rated Cd (,,~10% of the Cd) back into the alloy de- 
creased the voltage. 

5. Electrically shorting the large st irrer  leads to- 
gether and to the alloy caused the voltage to drop. 
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Fig. 14. Offset-scale plots for the open-circuit voltc~ges of W vs. Cd-Au couples (reaction [2]) in a type II cell. Six electrodes vs. Cd-Au 
are represented as identified beside the ordinate: three in left leg, three in right; upper and lower are potential sensors; indicated short- 
i.g is via outside connections between the stirrer electrodes and the alloy. See text. 

The potent ia l  sensors fol lowed the dra ined  electrodes.  
6. React ion of the  a l loy wi th  the  e lec t ro ly te  ap-  

peared  to create  nea r ly  ident ical  condit ions in the  two 
e lec t ro ly te  regions. 

7. Reaction of the e lec t ro ly te  wi th  the  oxidized po-  
ten t ia l  sensors and with  the  unoxidized current  collec- 
tors on the s t i r re rs  y ie lded  nea r ly  equiva lent  behavior  
in both (except  for the 1-2 mV difference which we 
associate wi th  composi t ional  and  s t ra in  differences be -  
tween W wire  and rod) .  

Conclusions from the type II cell measurements.-- 
With  adequate  s t i r r ing  and equi l ib ra t ion  time, the 
meta l  or  a l loy sets the Cd2I~ concentra t ion in the elec- 
t ro ly te  fol lowing K in reac t ion  [6 ] .  The chemical  r e -  
act ion of the e lec t ro ly te  w i t h  the  e l e c t r o d e  surfaces 
sets the  surface activities.  The e lect rochemical  react ion 
can involve the  base metal ,  not jus t  its surface coat, 
and can be ve ry  different  f rom the feasible pure ly  
chemical  reactions.  This difference can lead  to anoma-  
lous vol tages in wha t  have been t rea ted  as iner t  elec-  
t rodes in mol ten  salts. 

See also the  conclusions regard ing  type  I cells given 
ear l ie r  and the appl icat ions to publ i shed  data  to follow. 

Appl icat ions of These Conclusions to Published Data  
We have long be l ieved that  a ma jo r  source of i r r e -  

p roduc ib i l i ty  and scat ter  in the  publ i shed  da ta  for  
mol ten  salt  emf cells l ies wi th  imprope r  equi l ibra t ion  
with  the e lec t ro ly te  and wi th  fa i lure  to insula te  the 
" iner t"  leads which pass through the electrolyte .  These 
present  measurements  s t rongly  suppor t  tha t  belief.  

A number  of papers  have  been  publ i shed  in which 
the activi t ies of dissolved species have supposedly  been 
de te rmined  by  measur ing  the  vol tages of ba re  W, Mo, 
or graphi te  " iner t"  electrodes dipping into unsa tu ra ted  
solutions as compared  wi th  sa tu ra ted  solutions. In  
pr inciple  these are cells wi th  provis ion to ca r ry  out 
react ions l ike  react ion [3], but  many  systems can be 
used. In  physical  design the cells Can look much l ike 
cell type  I. 

As noted in this present  paper ,  one can de te rmine  
solubil i t ies  and activi t ies as long as he corrects  for  the  
resid~ua] '~inert" e lec t rode  vol tage  some way, e.g., note 
the correct  de te rmina t ion  of the  solubi l i ty  of Cd in 
CdI2 at 713~ by  the change of e mf - t e mpe ra tu r e  pa t -  
t e rn  in Fig. 11. However,  one would  be incorrect  to 
assume that  zero vol tage  difference be tween  bare  elec-  
t rode  and reference  meta l  gave the sa tura t ion  com- 
position. 

Figures  15 and 16 show data  where  people  have neg-  
lected the  bare  e lectrode voltage.  In  Fig. 15 Mashovets  
and Poddymov  (12) and Crawford  and Tomlinson (13) 
have a t t empted  to es tabl ish the  act ivi ty  of Cd in CdC12 
soiutions by  calculat ion f rom the emf's  of ba re  Mo, W, 
or g raphi te  vs. molten  Cd, assuming the electrodes are  
inert.  These voltages differ by  as much as 5 mV, cor-  
responding to a 15% difference in apparen t  act ivi ty.  
In Fig. 16 we see the  Cd-CdC12 Iiquidus as es tabl ished 
by s tandard  techniques and as "es tabl ished"  by  ex-  
t rapola t ing  to zero vol tage by  Mashovets  and  Pod-  
dymov. 
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Fig. 16. Cd-CdCI2 phase diagram measurements by different tech- 
niques with use of electrical conductors indicated. Hedger and 
Terry data are indicated by small circles. 

M e l t i n g ,  F r e e z i n g ,  a n d  P r e m o n i t o r y  P h e n o m e n a  
Both here in emf and earl ier  in vapor pressures 

(10), there has been evidence of unexpected variations 
of activity with composition near phase boundaries for 
molten Au-Cd alloys. Similar phenomena have often 
been reported in sensitive properties such as changes 

of viscosity with temperature; thus the phenomena are 
detectable whether the phase boundary is approached 
with changing composition or with changing tempera-  
ture. 

Changes in property near a phase boundary are 
often called "premonitory phenomena," and we accept 
the term even though our measurements indicate that 
these deviations in the trends of properties reflect the 
true, equilibrium condition rather than some phenom- 
enon akin to prescience. For molten alloys in this case, 
but also apparently for other kinds of solutions, e.g., 
molten salts, when a composition is close to the phase 
boundary there can sometimes exist significant quanti- 
ties of atoms in atomic groupings which are similar to 
the atomic groupings which will  be met when the ad-  
jacent phase becomes stable. These structures exist 
pr imari ly because a large entropy of mixing overcomes 
an unfavorable enthalpy, thus they are often inher- 
ently dilute, but the fact of their existence indicates 
the solution free energy is decreased by their  forma- 
tion. In the case of metallic bonds in alloys, the shift 
of expected activities is part icularly sharp; this sharp- 
ness reflects the fact that impurities weaken the metal-  
lic bond, and the new structures look like impurities 
to the resonance in the existing "metallic lattice." 

Melting and Ireezing.--Premonitory phenomena and 
clustering similar to those we observe have been ex- 
amined for pertinence to the relationship of solids to 
liquids, e.g., (14) and (15). This relationship has been 
subject to controversy. For example, Borelius (16) 
argues with experimental support that a continuous 
(but physically unattainable) curve joins the proper-  
ties of a liquid metal to those of its solid, Danilov and 
Neimark [see Neimark in Ref. (17)] show x- ray  cor- 
relations between solid and liquid mercury, and Sax- 
ton and Sherby (18) demonstrate good correlation be- 
tween solid and liquid properties. Turnbull (19) pre-  
sents the thermodynamic argument that melting oc- 
curs because of the crossing of the free energy-tem- 
perature curves, which for the solid and liquid, are 
"quite independent" of each other. He concludes that, 
"Therefore there should be no unusual changes in the 
properties of either the liquid or the crystal when they 
pass from their  stable to their  metastable condition." 
Also supercooling is sometimes used to conclude that 
the melting-freezing phenomena involve changes only 
in the solid, since the liquid may be unchanged at the 
melting point while the solid always does change. As- 
signing all the pretransformation effects to the solid 
leads to a further theoretical concern about the sharp- 
ness of the melting point and the absence of rapid 
changes in the solid properties close to the melting 
point as calculated by melting models related to that 
of Lennard-Jones and Devonshire. 

In our view prenuclei similar to those discussed in 
the previous section would be important to certain 
solid-liquid equilibria. Where the solid and liquid 
structures were very different, there would be two 
possible liquid structures at the melting point: (i) One 
form would be a simple continuation of the usual l iq- 
uid properties to lower temperatures;  this structure 
would be metastable (though otherwise showing equi- 
l ibrium behavior),  supercoolable, and unable to exis t  
in equilibrium with the solid. (ii) The second and 
stable liquid form would contain the solid precursors 
(prenuclei) at an equilibrium concentration. It is this 
lat ter  form that might pass along a continuous but 
hypothetical curve relating solid and liquid properties 
as Borelius proposes. Stabilizing the liquid by the 
presence of prenuclei would remove part  of the tem- 
perature region in which the solid was stable and 
would reduce the opportunity to observe premelting 
phenomena in such a system. 

Once a prenucleus happened to form it would pre-  
sumably act as a template for the formation of the 
equilibrium concentration of prenuclei. This is indi- 
cated in our systems by the absence of vapor pressure 
results intermediate between those for the presence or 
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absence of prenuclei ,  even in the  prenucle i  region the  
resul ts  are reproducible .  Likewise,  our  second phases 
appa ren t ly  form without  difficulty once thei r  equi l ib-  
r ium concentra t ion has exceeded the i r  solubi l i ty  in 
the  l iquid, as indica ted  by  the absence of metas tab le  
extensions ( supersa tura t ion)  into two-phase  regions 
by  solutions containing prenuclei .  

The per t inence  of this  work  to the freezing of pure  
substances seems to be as follows: I f  the  usual  solid 
and  l iquid  s t ructures  a re  r a the r  different  as empha -  
sized by  Turnbul l ,  then  the solid and  l iquid  cannot  be 
in equ i l ib r ium unt i l  the  l iquid becomes sa tu ra ted  wi th  
prenuclei .  The freezing poin t  is tha t  point  where  the  
cooling l iquid becomes sa tu ra t ed  wi th  prenuclei ,  i.e., 
where  the  equ i l ib r ium concentrat ion or size of p renu-  
clei becomes grea te r  than  the l iquid  can hold in solu-  
tion. In  this view the deviat ion in proper t ies  be tween  
the supercoolable  and nonsupercoolable  l iquids occurs 
not at the  freezing point  but  r a the r  at  some higher  
tempera ture .  

If the  solid and l iquid meta l  s t ructures  are  ve ry  
s imply  re la ted  as emphas ized  by  Borelius,  then  any 
supercool ing would  seem to resul t  l a rge ly  f rom the 
metal l ic  resonance energy  which would have to be 
overcome in the  region where  the  solid first fo rmed in 
the l iquid phase. In  this case there  would  be no pa r -  
t icular  reason to expect  tha t  a significant concentra-  
t ion of prenucle i  would  exist  in the l iquid at  equi l ib-  
r ium wi th  the  solid. 
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SYMBOLS 

AFed, AHcd, and AScd par t i a l  molal  free energy,  en-  
thalpy,  and  en t ropy  of the Cd component  of 
solut ion 

K equi l ib r ium constant  
n effective valence for the Cd2 + +-Cd + + mix tu re  

for use in calculat ion of  act ivi ty  and free en-  
e rgy  f rom emf; the calculat ions involve both 
concentrat ions and mobil i t ies  of species where  
mixed  valences are  involved  

F F a r a d a y  constant  (23,061 ca l /V  equiv) 
e cell potent ia l  
Ncd Cd mole f rac t ion 
a ac t iv i ty  
T degrees Ke lv in  
X C1, Br, or  I 
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ABSTRACT 

A s tudy  of sodium phosphate  so lubi l i ty  and phase re la t ions  was made in  
the t empe ra tu r e  region of 3u0~ A sharp re t rograde  t empera tu re  dependence  
of so lubi l i ty  was observed for d isodium phosphate  solutions. Solubi l i ty  at  con- 
s tant  t empera tu re  is s t rongly  dependent  on the composit ion of the solution. A 
low-Na /PO4- ra t io  solid prec ip i ta tes  incongruent ly  f rom solutions tha t  have 
Na/PO4 rat ios  f rom 2.13 to 1.6. A h igh- ra t io  solid phase prec ip i ta tes  incongru-  
en t ly  f rom solut ions wi th  Na/PO4 above 2.13, which  corresponds to an invar i -  
ant  or "d ry ing-up"  point  in the system. Both solid phases have a range  of va r i -  
able  composition, indicat ing tha t  they  are solid solutions. The effects of con- 
cent ra t ion  and d r y - u p  in localized zones are  discussed in te rms of this new in -  
formation.  The work  shows that  chemis t ry  var ia t ions  can be control led  by  
main ta in ing  solut ion composi t ion above the invar ian t  point  in the phase  d ia -  
gram. 

Sodium phosphate  has been used in boi ler  appl ica-  
tions to serve  as a pH buffer  for corrosion control  and 
for  p reven t ion  of scale by  prec ip i ta t ion  of hardness  
ions. Phosphate  concentrat ions  in the bu lk  solut ion 
usua l ly  are  ma in ta ined  at  low levels,  for example  in 
the  range  of 10 -4  M or  about  10 ppm or  less. However ,  
boil ing in regions of res t r ic ted  flow can lead to concen- 
t ra t ion  and prec ip i ta t ion  of sodium phosphate  salts. 
Thus, i t  is impor t an t  to know the composit ion and 
concentra t ion  of the  sa tu ra ted  solutions tha t  can be 
produced  and the effects of sal t  p rec ip i ta t ion  on the 
composi t ion of s a tu ra t ed  solutions as d r y - u p  p ro -  
gresses. 

The work  of  Ravich and Shcherbakova  (1) has p ro -  
v ided key  informat ion  on so lubi l i ty  and phase  re l a -  
t ions of sodium phosphate  salts  in the  30O~ region. 
These worke r s  de te rmined  that,  at  3OO~ t r i sodium 
phosphate  solut ions show re t rog rade  solubil i ty,  and 
solutions of Na/PO4 mole  ra t io  2.85 prec ip i ta te  a con- 
gruent  solid solut ion phase, whi le  solutions of grea ter  
than  2.85 mole  rat io  prec ip i ta te  a solid solut ion phase 
of lower  mole  ratio.  Thus, an increase  in solut ion mole  
ra t io  resul ts  when  prec ip i ta t ion  occurs. Significantly,  
solut ions of mole  rat io  grea te r  than  3 can be produced 
in this  manner  so tha t  a "free caustic" condit ion which 
m a y  be de t r imen ta l  to boi ler  mate r ia l s  can be p ro -  
duced. The  work  of Ravich and Shcherbakova  thus 
p rov ided  a basis for  control l ing chemis t ry  var ia t ions  
on prec ip i ta t ion  to p reven t  format ion  of "free caustic." 
By main ta in ing  boi ler  wa te r  solut ions at a mole  ra t io  
less than  the  congruent  rat io  of 2.85, fo rmat ion  of high 
mole  ra t io  solut ions can be prevented .  Prec ip i ta t ion  
f rom solutions of mole  rat io  less than  the congruent  
ratio,  2.85, leads to a decrease in solut ion mole  rat io  
since a solid solut ion of h igher  mole  rat io  precipi ta tes .  
This opera t ing  s t ra tegy  for sodium phosphate  solut ions 
is known  as congruent  control  (2). 

The w o r k  descr ibed in this  pape r  was unde r t a ke n  to 
provide  more  complete  in format ion  on so lubi l i ty  and 
phase re la t ions  of sodium phosphate  solutions. 

This work  has inves t iga ted  solubi l i ty  and phase re -  
la t ions in the sys tem Na~O-P~Os-I-I20 at Na/PO4 molar  
ra t ios  p r i m a r i l y  f rom 1.6 to 2.4 at 30O~ (572~ Some 
addi t ional  da ta  have been obta ined  at  275~ and 324~ 
and also at  some composit ions of h igher  mola r  ratios.  

* Electrochemical  Society Act ive  Member .  
Key words:  sodium phosphate,  solubility, phase,  precipitates,  

invariant point. 

Experimental 
The exper iments  were  car r ied  out in two- l i t e r  au to-  

claves of s tainless steel  (A.I.S.I. Type  316) and Inconel  
Al loy  600 fitted wi th  in terna l  sampl ing  tubes  and 
filters. Three  different  exper imen ta l  procedures  were  
fol lowed in obtaining the solubi l i ty  resul ts :  noniso-  
the rmal  procedures  wi th  slow, s teady heat ing and con- 
t inuous sampl ing  of the autoclave contents;  i so thermal  
exper iments  wi th  sa tura t ion  approached  f rom below 
by increasing the tempera ture ,  fol lowed by  equi l ib ra -  
t ion for per iods  ranging  f rom hours  to m a n y  days;  
and exper iments  in which sa tura t ion  was approached 
by  evapora t ion  at  app rox ima te ly  i so thermal  condi-  
tions. Samples  of solut ion were  per iod ica l ly  removed  
f rom the autoclaves and analyzed  by  potent iometr ic  
ac id-base  t i t rat ions.  The resul ts  f rom all  th ree  me th -  
ods were  essent ia l ly  in agreement  wi th in  exper imen ta l  
error.  

The composit ions of solids p rec ip i ta ted  f rom the 
sa tu ra ted  solutions were  calcula ted f rom differences 
be tween  successive solut ion samples.  In  some in-  
stances it was possible to recover  solids f rom the ves-  
sels for direct  de te rmina t ion  of sod ium- to -phospha te  
rat ios and comparison wi th  ca lcula ted  compositions.  
The agreement  was sat isfactory.  

Results 
Disodium phosphate solubility.raThe solubi l i ty  of 

Na2HPO4 hydra tes  has been shown to increase wi th  
t empe ra tu r e  (3, 4). Above the 95~ t empe ra tu r e  for  
t rans i t ion  f rom the  d ihydra t e  to anhydrous  Na2HPO4, 
the solubi l i ty  appears  to be nea r ly  independent  of t em-  
pe ra tu re  up to about  240~ The resul ts  of our  work  
show tha t  the  so lubi l i ty  becomes sha rp ly  r e t rograde  
above 240~ Figure  1 shows this informat ion  in the  
form of a b ina ry  mel t ing  point  phase  diagram.  The di-  
ag ram suggests tha t  a new solid is the s table  sa tura t ing  
phase  above 220~ at  pressures  close to the  vapor  
pressure  of the  sa tu ra ted  solution. 

We have found tha t  the  solids which  prec ip i ta te  
from disodium phosphate  solutions are  incongruent  as 
evidenced by  our observat ion  of a decrease in solut ion 
Na/PO4 mole  rat io  on precipi ta t ion.  Thus, the  solids 
prec ip i ta t ing  f rom solut ion have  Na/PO4 mole  ra t ios  
grea te r  than  2. At  300~ the prec ip i ta t ing  solid phase 
has a mole rat io  of 2.1. 

The solubi l i ty  of disodium phosphate  solutions 
shown in Fig. 1 was obta ined  by  s lowly heat ing unde r -  

915 
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Fig, 1. Solubility of Na2HP04 vs. temperature 

saturated solutions in a Type 316 stainless steel auto-  
clave and determining the tempera ture  at which pre-  
cipitation first occurred. Solution samples were  wi th-  
drawn at tempera tures  by means of an internal  sam- 
pling tube. The samples were  convenient ly  checked for 
onset of precipi tat ion by measur ing their  room tem-  
pera ture  conductivity.  F igure  2 presents these data. 
The solution compositions were  determined by a po- 
tent iometr ic  acid base t i tration. Tables I and II present  
the data of two exper iments  which show how the solu- 
tion composition of disodium phosphate solutions pro-  
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Table I. Precipitation from 0.5 molal solution initially Na/P04 = 2 

Temp. on 
sampling pH of sample m moles PO4 Na/PO4 in so ln  

(~ diluted fivefold in 5 ml (by titration) 

10O 9.08 2.41 2.00 
205 9.02 2.43 2.00 
310 9.00 2.43 2.00 
400 8.88 2.45 1.98 
495 8.46 2.42 1.97 
555 8.23 2.38 1.95 
600 7.98 1.29 1.86 
840 7.80 0.76 1.83 
645 7.73 0.54 1.87 
660 7.51 0.20 1.75 

Table II. Precipitation from 0.5 molal solution initially Na/P04 = 2 

T e m p .  on 
sampling p H  of  m moles PO~ Na/PO~ in soln 

(~ sample in 5 ml (by titration) 

Room temp. 9.06 2.41 2.01 
510 8.55 2.41 2.01 
617 8.25 1.61 1.93 
648 7.83 0.57 1.86 
677 7.3 0.16 1.69 
679 7,3 0.16 1.63 

teed to lower mo]e ratio as precipi tat ion proceeds on 
heating to higher temperatures .  Mole ratios as low as 
1.6 were  obtained. 

Retrograde solubil i ty and format ion of low ratio so- 
lutions on precipi tat ion f rom disodium phosphate  solu- 
tions were  not anticipated and were  considered to be 
undesirable in the steam generator  since corrosive re -  
actions could result  f rom the changed composition of 
the solutions. 

Invariant point determination.--Application of the 
phase rule provided a means to avoid solution compo- 
sition changes on precipitation. We anticipated that  if 
the disodium phosphate solubili ty curve intersection 
with the tr isodium phosphate solubili ty curve could 
be found then, at the point of intersection, two solid 
phases would be present, and the three component  sys- 
tem, Na20, P205, H20, would be invariant.  On evapora-  
tion, precipitat ion then would  proceed with no solution 
composition changes as long as the two equi l ibr ium 
solid phases were  present.  

A conceptual idea of the te rnary  phase diagram is 
provided in Fig. 3, which shows a solution invar iant  
composition at the intersection of two solubili ty curves 
and a congruent  composition. On this diagram, a solu- 
tion of composition to the left  of the congruent  compo- 
sition but to the r ight  of the invar iant  composit ion will  
precipitate higher  ratio solids and proceed in composi- 
tion toward the invar iant  ratio at which point a second 
solid will  precipi tate  and the system will  be invariant.  

f Solid Solutions" 

A 

c �9 Congruent Composition 
i �9 Invariant Composition 

~ �9 Direction of Solution 
Composition Change 
on Precipitation 

AB. xA2B 3 A2B 3. y AB B 

Fig. 2. Conductivity variations of disodium phosphate solutions Fig. 3. Isothermal solubility diagram illustrating series of solid 
on heating, solutions between two compounds. 
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The solution composition is fixed and the over-al l  
composition of the precipi tat ing solid solutions will  lie 
in  the range covered in  the gap between the two solids 
or in  compositions between the solid solution composi- 
t ion limits. The final over-al l  composition depends on 
the ini t ial  solution composition. 

A series of isothermal solubil i ty determinat ions were 
made and the results are presented in  Table III. The 
composition of the precipi tat ing solids was determined 
by a mass balance and also, in  some cases, by  direct 
analysis of the solids as a check. Good agreement  was 
found as shown in Table IV. 

Figure 4 shows a plot of solution compositions in 
equi l ibr ium with the various solid compositions formed 
at 300~ The horizontal  center section of the curve 
indicates that  two solid phases coexist along with a 

Table IlL Results of isothermal solubility measurements 
and phase relationship studies 

Na/PO~ 
r a t i o  i n  N a / P O ~  r a t i o  in  So lub i l i t y ,  

R u n  N o .  s o l u t i o n  p r e c i p i t a t e d  sol id  P O ,  m o l a l i t y  

275oc (527~ 

56 2.0  - -  >8.0 
58 2.10 - -  >2.5 
82 2.15 2.13 3.79 
85 2.15 2.23 3.26 
30 2.24 2.87 1.26 
31 2.25 2.86 0.64 
44 2.32 2.73 0.74 
57 2.57 2.64 0.42 
75 2.69 2.78 0.41 
72 3.24 2.83 0.26 

3OO~ (572~ 

25 1.56 1.62 5.73 
39 1.60 1.60 5.68 
42 1.65 1.65 6.95 
23 1.75 1.84 2.94 
76 1,81 1.91 0,94 
56 1.92 1.99 1.06 
18 1.97 2.04 0.85 
52 2.00 2.22 0.51 
90 2.10 2.37 0.64 
19 2.11 2.23 0.68 
91 2.13 2.56 0.33 
88 2.13 2.63 0.44 
26 2.14 2.28 0.47 
28 2.14 2.44 0.55 
21 2.14 2,35 0.66 
30 2.16 2.33 0.67 
44 2.18 2.55 0.38 
31 2.19 2.58 0.43 
87 2.48 2.82 0.25 
70 2.89 2.75 0.14 

324 ~ (615~ 

42 1.48 1.71 2.08 
22 1.55 1.79 0.70 
39 1.56 1.66 3.63 
46 1.63 1.70 3.86 
76 1.71 1.90 0.38 
83 1.89 2.03 0.28 
41 1.93 2.16 0.33 
85 1.97 2.01 0.34 
52 1.97 2.14 0.19 
90 1.98 2.27 0.28 
28 2.08 2.29 0.24 
30 2.13 2.37 0.26 
97 2.14 2.54 0.17 
31 2.18 2.44 0.20 
44 2.17 2.48 0.19 
91 2.32 2.42 0.07 
87 2.54 2.76 0.II 
78 3.04 2.74 0.08 
70 3.28 2.72 0.06 

Table IV. Comparison between solid phase composition 
determinations 

R u n  NO. 

- P r e c i p i t a t e  c o m p o s i t i o n s  
F i n a l  D i r e c t  a n a l y s i s  

t e m p e r a t u r e  of  r e c o v e r e d  R e s u l t  of m a s s  
~ (~  so l ids  b a l a n c e  c a l c u l a t i o n  

18 316 (600) 2.00 2.01 
Ig 300 (572) 2.22 2.15 
21 300 (572) 2.33 2.35 
22 321 (610) 1.80 1.79 
28 301 (574) 2.24 2.28 
27 321 (610) 1.77 1.72 
30 324 (615) 2.37 2,37 
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Fig. 4. Phase relationship in sodium phosphate precipitation 
equilibrium at 300~ 

solution of invar ian t  composition at Na/PO4 approxi-  
mately 2.13. The other segments of the curve show 
variable  composition for both solid and solution, indi-  
cating that  the solids are solid solution phases. An up-  
per congruent  composition of 2.85 Na/PO4 is indicated 
by the intersection with the dashed line. A lower con- 
gruent  composition appears to occur at 1.6 Na/PO4. 

Solubil i ty is plotted as a funct ion of solution mole 
ratio and tempera ture  in Fig. 5. The curves were 
drawn as an intersection of two solubil i ty curves as 
indicated by the plateau or two-phase region in  the 
phase relat ion plot. The intersection is the invar ian t  
point at which two solid phases precipitate. On both 
Fig. 4 and 5, the data of Ravich and Shcherbakova are 
seen to be consistent with this extension of their  work 
to lower Na/PO4 ratios. 

A test of the invar ian t  point  could now be made by 
heating undersa tura ted  solutions of composition greater 
than  the invar ian t  ratio to cause them to precipitate 
and proceed to the invar ian t  composition. Table V 
shows the results of experiments  in which solutions of 
init ial  ratio greater than  the invar ian t  ratio were 
heated to cause precipitation. No fur ther  compositional 
decrease was observed after an init ial  decrease to the 
invar ian t  ratio. The result  is in strong contrast to the 
behavior of disodium phosphate solutions in the ex- 
periments  described earlier in  which a significant ratio 
decrease below 2 was observed. These solutions were 
ini t ial ly at a composition lower than  the invar ian t  ratio 
so that they proceeded to decrease in ratio on pre-  
cipitation moving towards some lower invar ian t  ratio. 
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Fig. 5. Solubility of sodium phosphate solutions as a function of 
Na/P04 solution mole ratio. 
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Table V. Solution composition variation on precipitation of 
solids from solution initially close to and above invariant point 

P e r c e n t  d e p l e t i o n  S o l u t i o n  
T e m p e r a t u r e  of d i s s o l v e d  sa l t  N a / P O ~  

r a n g e  (~ b y  p r e c i p i t a t i o n  r a t i o  

A.  <541 0 2.31 
570-582 18 2.22 
591-005 45 2.15 
608-625 63 2.20 
633-653 76 2.18 
657-664 85 2.21 

B. <532  0 2.21 
570-590 14 2.17 
595-607 29 2.16 
612-627 66 2.15 
630-640 75 2,14 
649-667 89 2.14 

C. < 4 6 7  O 2.19 
478-518 1 2.18 
575-587 16 2.15 
593-594 36 2.13 
610-614 49 2.14 
628-636 65 2.13 
636-659 82 2.11 

Thus, solut ion mole rat io  decrease below 2 in an acid 
direct ion on prec ip i ta t ion  can be p reven ted  by  using 
solutions of mole  rat io  above the invar ian t  ratio.  

Discussion 
In this work,  we have found tha t  d isodium phos-  

phate  solutions have a sha rp ly  re t rograde  solubi l i ty  
above 240~ Incongruent  solids of h igher  mole  rat io 
than  2 prec ip i ta te  so tha t  p rec ip i ta t ion  causes the  solu-  
t ion mole  rat io  to proceed to lower  or  more  acid va l -  
ues. A n  invar ian t  composi t ion of 2.13 at 300~ was 
found. The solubi l i ty  increases sharp ly  wi th  decreasing 
mole  ra t io  f rom the  invar ian t  point  of 2.13 to 1.6. 

These resul ts  provide  a ra t ional  basis for control l ing 
the  composit ion of sodium phosphate  solutions in 
boilers.  As prev ious ly  recognized by  Marcy  and Hal -  
s tead (2), the  Na/PO4 rat io should be main ta ined  be-  
low the upper  congruent  composit ion to avoid exces-  
sive a lka l in i ty  caused by  incongruent  prec ip i ta t ion  
dur ing evapora t ive  concentrat ion.  This work  indicates 
that  the Na/PO4 rat io should also be main ta ined  above 
the invar ian t  composit ion to avoid composit ion shifts 
t oward  the lower  rat io compositions of ve ry  high solu- 
b i l i ty  as evapora t ive  concentra t ion and d r y - u p  proceed. 

Manuscr ip t  submi t ted  Oct. 17, 1974; revised m a n u -  
scr ipt  received March 12, 1975. This was Pape r  81 p re -  
sented at  the New York, New York, Meeting of the  
Society, Oct. 13-17, 1974. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the June  1976 JOURNAL. 
All  discussions for the  June  1976 Discussion Section 
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Chemisorption on Powdery Indium Amalgams: 
Catalysis of the Oxygen Reduction 

R. Barrue* and J. F. Rialland 
Laboratoire de Gdnie Electrique (LGEP-LCIE), 92260 Fontenay-Aux-Roses, France 

ABSTRACT 

A number  of works  have descr ibed the cata lyt ic  proper t ies  of powdery  
ind ium amalgams in the e lect rochemical  reduct ion of oxygen  in basic media.  
X - r a y  diffraction studies of these powders  exhibi t  tha t  the i r  surface ma in ly  
consists of the three  fol lowing compounds:  In(OH)8,  InOOH, and In203. The 
chemisorpt ion  isotherms, de te rmined  in the  pressure  range 0-1.5 atm, show 
tha t  only  In203 can take  a p redominan t  par t  in the  cata lyt ic  proper t ies  of the 
powdery  amalgams.  Elect rochemical  measurements  of oxygen cathodic reduc-  
t ion in aqueous basic solutions corrobora te  the previous  result .  

Ind ium amalgams  are  l iquid at  room t empera tu r e  for 
ind ium concentrat ions lower  than  69 atomic per  cent  
( a /o ) .  These l iquid  al loys m a y  y ie ld  a powdery  ma te -  
r ia l  th rough  s t rong mechanica l  shaking under  a tmo-  
sphere.  This phenomenon  seems to be a t t r ibu ted  to a 
superficial  enr ichment  in ind ium and an adsorpt ion  of 
gases. X - r a y  diffraction studies have led  us to suggest  
a gra in  model  which consists in a l iquid core sur-  
rounded  wi th  a quasi  solid superficial  l aye r  ( I ) .  

A number  of works  ( i -3 )  have  descr ibed the cata-  
lyt ic  p roper t ies  of those powdery  amalgams  in the 
electrochemical  reduct ion  of oxygen  in basic media.  
X - r a y  analyses  have es tabl i shed  that  the  superficial  

* Electrochemical  Society A c t i v e  M e m b e r .  
Key words:  e h e m i s o r p t i o n ,  ca t a ly s i s ,  i n d i u m  a m a l g a m s ,  i n d i u m  

oxide.  

l ayer  of grains  main ly  consists of the three  fol lowing 
compounds:  indium oxide (Tn203), ind ium oxyhydra t e  
( InOOH),  and ind ium hydrox ide  ( In (OH)3) .  

In  this paper ,  our  purpose  is to specify if the  cata-  
lyt ic  proper t ies  of the  powdery  ind ium amalgams  may  
be specifically a t t r i bu ted  to one of those three  com- 
pounds.  

Oxygen Chemisorption Isotherms 
In heterogeneous catalysis,  the  adsorpt ion  of the  re -  

active compounds is the  first s tep of the  cata lyt ic  proc-  
ess. This fact led us to de te rmine  the oxygen  chemi-  
sorpt ion isotherms on the powdery  amalgams and on 
the three  above-men t ioned  compounds.  The isotherms 
have been plot ted  for usual  pressures  in heterogeneous  
catalysis  and  at room tempera ture .  
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Experimental 
The powdery amalgam samples were obta ined from 

a l iquid alloy of 16 a/o In  through mechanical  shak- 
ing under  atmosphere (1). Ind ium oxide and ind ium 
hydroxide were made and then analyzed by means of 
x - r ay  diffraction, in our laboratory.  For InOOH, an 
u l t rapure  product  (Ventron U.S.A.) was used. The 
powdery samples consisted of particles of about 50 pm 
diameter. Oxygen and ni t rogen were high pur i ty  gases 
(02 ~ 99.995%; N2 ~ 99.998%). 

The diagram of the apparatus is shown in  Fig. 1. The 
volume of the cell is about 500 cm a. In  a first step, a 
10g sample was put  in  the cell. After  a 48 hr  long 
desorption in  a high vacuum (10 -6 Torr) ,  a mix ture  of 
oxygen and n i t rogen (an unchemisorbed gas) was 
introduced into the cell. The n u m b e r  of moles for 
each of the two gases contained in the cell was deter-  
mined  by means of the gas-chromatography analysis 
of a 1 cm~ gaseous sample. The change of the par t ia l  
pressures of the two gases as a funct ion of t ime was 
obtained in the same way. 

As an example, Fig. 2 shows the superposition of 
two chromatograms obtained at the start  (s) and the 
end (e) of adsorption on a powdery amalgam sample. 
The first peak is the one of oxygen, and the second 
peak is the one of nitrogen. The numbers  of moles 
for each gas are in  ratio to the corresponding peak 
areas. The examinat ion  of the chromatograms shows 
that  the N2 peak is unchanged,  while the 02 peak area 
is s t rongly reduced, exhibi t ing a large adsorption of 
this gas. 

Results 
No adsorption on I n ( O H ) s  and InOOH could be 

detected, while oxygen adsorption on In203 and on the 
powdered amalgam was measurable  by the exper imen-  
tal method. 

The specific surface areas were determined from the 
BET transforms (4) of the ni t rogen physical adsorp- 
t ion isotherms at 77~ The values deduced from these 
measures are: 115 m2/g for the powdery amalgam and 
74 m2/g for In2Oa. 

The times for establishing the adsorpt ion-desorpt ion 
equi l ibr ium were relat ively long. The t ime constants 
were related main ly  to diffusion phenomena through 
the powdery material .  Thus in order to quicken the 
rate of reaction, the powdery samples were shaken by 
using a magnetic  device. With this agitation, the equi-  
l ib r ium was reached after about  7 days for the pow- 
dery ind ium amalgam and after about 15 days for 
In203. In  Fig. 3 the amounts  of adsorbed oxygen are 
plotted vs. t ime for the two adsorbents. 

1 2 

| 

Fig. 1. Apparatus for chemisorption isotherms measurements. 1, 
To high vacuum; 2, to vacuum; 3, trap; 4, vacuum gauge; 5, 
pressure gauge; 6, adsorption cell; 7, gas supplies; 8, chromato- 
graph; 9, recorder; 10, digital integrator. 
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Fig. 2. Superposition of chromatograms. Adsorbent: powdery 
indium amalgams. Lasting of adsorption: 5 days; T ~ 25~ 
Po2 s ~ 0.2 arm; s ~ start; e ~ end. 
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Fig. 3. Kinetics of oxygen adsorption referred to unit surface 
area. Temperature: T ~ 25~ Initial pressure: Po2 s ~ 0.5 atm. 
Square, on powdery amalgams; triangle, on indium oxide 

The isotherms are plotted in  Fig. 4. For the two 
curves, a saturat ion quickly occurs in terms of pres-  
sure. For  oxygen part ial  pressures over 1 atm, the 
powdery amalgam isotherm increases again; in  addi-  
tion, the adsorbed oxygen could not be desorbed fully 
by the usual  ways. This behavior  may be a t t r ibuted  to 
the existence of a secondary chemical reaction, as in  
the oxidation of a metallic phase (mercury  or ind ium) .  

Oxygen Reduction on an Indium Oxide Electrode 
The catalytic effect of ind ium oxide in  the electro- 

chemical reduction of oxygen in  basic media has been 
specified by electrochemical measurements .  

Experimental 
Gas porous electrodes were made with ind ium oxide. 

Two grams of indium oxide and 2g of powdered meta l -  
lic ind ium were mixed and compressed in a cylindrical  
matrix.  The b inding mater ia l  was sintered at 150~ for 
24 hr. The powdered ind ium was included to ensure 
good cohesion and good electrical conductivi ty in the 
sintered material .  The area of the electrode was about 
1.5 cm 2. Electrolyte was an aqueous solution of sodium 
hydroxide (1M NaOH) ; the tempera ture  was 25~ The 
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Fig. 4. Oxygen chemisorption isotherms referred to unit surface 
area. Temperature: T = 25~ Square, on powdery amalgams; tri- 
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Fig. 5. Effect of 09 pressure on polarization curves. 1, In208-02 
pressure ---- O; 2, In208-02 pressure = 1 atm; 3, In20a-02 pres- 
sure = 2 arm; 4, powdery indium amalgams-02 pressure = 2 
atm. Temperature: T __- 25~ Electrolyte: 1M NaOH. Reference: 
Hg /HgO �9 1M NaOH. 

cathodic potent ia ls  were  recorded vs. the  Hg /HgO po-  
tential .  

Results 
Three react ions were  possible  

2 H20 -~ 02 -t- 4e ~ 4 O H -  [1] 

3 HfO -t- InfO8 -t- 6e ~ 2 In -t- 6 O H -  [2] 

2 H~O § 2e ~ 2 O H -  Jr H2 [3] 

Only  react ion [1] was associated wi th  the  cata lyt ic  
process. This react ion occurred wi th  the  reduct ion  of 
oxide to meta l  ( react ion [2]).  In  the  s tudied cur ren t  
densi ty  range,  react ion [3] was so slow tha t  the cur -  
rent  corresponding wi th  the  Hf- re lease  was negligible.  

The cur ren t  densi ty  po ten t ia l  curves are  p lo t ted  for  
different  pressures  of oxygen  in Fig. 5. The curves are  
typica l  of electrodes for which  the oxide capaci ty  is 
4160 coulombs (2g of In2Os). Curve 1 is associated 
with  the reduct ion  of oxide. The differences be tween  
this curve  and curves 2 and 3 show the effect of oxy-  
gen. Curve 4 was ob ta ined  wi th  a powdered  amalgam 
elec t rode  s tudied under  the  same conditions (1). 

Because of its slowness, the chemisorpt ion of oxygen  
is p robab ly  the  l imi t ing step of react ion [1]. In  Fig. 3, 
the  m a x i m u m  ra te  of adsorpt ion  is given by  the slope 
at origin; this ra te  is too slow to expla in  the  effect of 
oxygen in the  e lect rochemical  measurements .  In  fact, 
the  t ime constants  de te rmined  in chemisorpt ion were  
ma in ly  due to diffusion th rough  the pores  of the  
powde ry  bulk.  In  the  e lectrochemical  measurements  
there  is forced convection of oxygen  and thus an in-  
crease in adsorpt ion  rate.  Thus the  ra te  of adsorp t ion  
cannot  be de te rmined  f rom the curves of Fig. 3. 

C o n c l u s i o n  

Oxygen chemisorpt ion on In (OH) s and InOOH can-  
not be detected by  our  exper imen ta l  method.  With  re -  

ga rd  to In2Os and to the  powdery  indium amalgams,  
the  amounts  of adsorbed  oxygen  are  about  the  same 
order  of magni tude.  

The electrochemical  exper iments  exhibi t  the  cata-  
lyt ic  effect of In203 in oxygen  reduct ion  in basic media.  
The measured  cathodic potent ia ls  are  comparable  wi th  
those obta ined  for  a powdery  ind ium ama lgam elec-  
trode. 

These resul ts  lead  us to a t t r ibu te  the  ca ta ly t ic  p rop -  
er t ies  of the powdery  amalgams  to the  presence of 
In203 in the surface l aye r  of the  ind iv idua l  grains.  

At  the  presen t  time, invest igat ions  on the powdery  
indium amalgams are being made  to different iate  the  
kinetics of In203 reduct ion f rom tha t  of catalyt ic  oxy-  
gen reduction.  
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Undervoltage Deposition of Alkali Metal at Carbon 
Electrodes in the LiCI-KCI Eutectic Melt 

S. D. James* 
E~ectrochemistry Division, Naval Surface Weapons Center, White Oak, Maryland 20910 

ABSTRACT 

Voltammograms and charge-discharge curves are presented for carbon 
electrodes of vary ing  graphitic crystal l ini ty in  LiC1-KC1 eutectic melt  at 703~ 
(430~ For ro~s oK glassy carbon, graphite, and pyrolytic graphite there is a 
very  marked cathodic depolarization below about --2.5V vs. a chlorine elec- 
trode. Chemical analysis of the cathodized carbons shows that this depolariza- 
t ion is caused by undervol tage deposition of alkali  metal. The deposited metal  
normal ly  consists ent i re ly  of Li but  in two cases, dur ing potentiostatic cathodiz- 
ing, significant amounts  of K were codeposited. Cathodized graphite rods dis- 
integrate  before reaching the Li potential  but  glassy carbon rods do not and 
can survive about 25 charge-discharge cycles before breaking up. The u n i n -  
flected charging curves obtained for glassy carbon and graphite give no indica- 
t ion of distinct t ransi t ions between Li intercalat ion compounds of different 
stages. However, the relat ively low Li contents of cathodized carbons, their  
x - r ay  diffraction pat terns and the absence of acetylene in their  reaction with 
water  all favor the presence of intercalat ion compounds rather  than a carbide. 
Li th ium contents of glassy carbon rods cathodized toward the Li potential  range 
up to about 7 weight per cent compared with 8.9% for C6Li, the richest in ter -  
calation compound and 37% for Li2C2. Even quite brief  exposures of carbon 
electrodes in this melt  to potentials  below --2.5V have lasting effects on elec- 
trode behavior;  carbon loses its mel t - repel lency and the electrode suffers a 1-2V 
lowering of its open-circui t  voltage. 

Unexpectedly  high cathodic currents  were noticed 
when  carbon electrodes were dr iven below --2.5V vs. 
the chlorine electrode in  LiC1-KC1 melt  at 703~ 
(430~ This surprised us since it occurred more than  
a volt above the equi l ibr ium potential  of l i th ium in 
this melt, viz., --3.65V vs. the chlorine electrode (1). 
Since a l i te ra ture  search failed to unea r th  any ex- 
p lanat ion of this anomaly  we made tests to elucidate 
its cause. The present  paper  describes these tests and 
the conclusions arr ived at. 

Experimental 
Equipment.--The LiC1-KC1 eutectic melt  volume 

was 376 cm ~, occupying a 115 mm depth in a 210 m m  
tall, 70 m m  diameter  Pyrex  test tube. This inner  test 
tube  rested inside a 360 mm tall, 76 m m  diameter, 
f lange-topped Pyrex  pot (flange assemblies were of 3 
in. Conical Pipe System from the Coming  Glass Com- 
pany) .  A flanged Pyrex  lid with Teflon O-r ing gasket 
was bolted onto the pot. This lid has six short vertical 
glass tubes acting as ports through which a thermo-  
couple, a 4 mm Pyrex  gas-bubbl ing  tube and various 
electrodes can be fed down into the melt. Sliding seals 
at these ports were made using modified Teflon Tube 
Fi t t ings  (Beckman Ins t rumen t  Incorporated) .  A cyl in-  
drical electric furnace was used; its tempera ture  was 
controlled to __I~ (I~ by Versatherm Model 2157 
(Cole Palmer  Ins t rumen t  Incorporated).  A Chromel-  
Alumel  thermocouple inside a 6 m m  Pyrex tube ther-  
mowell  dipped into the melt. At 703~ the 110 m m  
deep, normal ly  uns t i r red  melt  was I~  hotter  at the 
top than  at the bottom. 

The Tacussel fast-rise potentiostat  PIT20-2X (plus 
GSTP2 funct ion generator)  was used in the potentio-  
static or galvanostatic mode giving rise to l inear  scan 
vol tammograms and constant  current  charge-discharge 
curves, respectively. The vol tammograms were dis- 
played on a Tekt ronix  X-Y oscilloscope model 561A 
with two, 2A63 differential amplifier plug-ins.  The two 
inputs  of the Y-plate  p lug- in  were connected across a 
s tandard  resistor (normal ly  one ohm) in  the counter-  

* Elect rochemical  Society Ac t ive  Member .  
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pounds,  cathode depolarization, high temperature  e lectrochemistry .  

electrode lead, thus registering cell current.  The other 
p lug- in  received the controlled voltage sweep (test 
electrode vs. reference) from a jack on  the potentio-  
star. The vol tammograms were photographed. In  the 
constant current  mode, the vol tage- t ime curves were 
recorded on a strip chart  recorder (Varian G-11A with 
B1 input  chassis). 

Materials.--Lithium chloride and potassium chloride 
powders were ACS certified reagents from Fisher Sci- 
entific Company. Chlorine gas (used both in  the refer-  
ence ,electrodes and for dehydrat ing the melt)  was 
Electronic Grade, 99.98% pure, from Precision Gas 
Products, Rahway, New Jersey. The usual  cell a tmo- 
sphere was high pur i ty  argon (water pumped, 
99.996%), passed through a drying t ra in  of  Drierite 
(anhydrous calcium sulfate).  Three types of carbon 
rods were used as electrode materials.  Glassy carbon 
rods, 1.5 or 3 m m  in diameter  (grade V25-99.99% car- 
bon) were obtained from the Carbone Company, of 
Boonton, New Jersey. Synthetic graphite rods of spec- 
troscopic pur i ty  (99.999% carbon) came from Ultra  
Carbon Corporation, Bay City, Michigan. Both % in. 
(3.0 ram) and 1/4 in. (6.1 mm) diameter  rods were 
used. In  one experiment,  graphite rods, 254 • 6.3 ram, 
covered with a 0.1 m m  thick coating of pyrolyt ic  
graphite were used. The graphite orientat ion is said to 
be such that  the a-b planes are paral lel  t o  the coated 
surface at all points. These rods, designated EC-2, were 
bought from the General  Electric Company, Detroit, 
Michigan. 

Electrodes.--Working electrodes of glassy carbon 
used in  getting the cyclic vo l tammetry  data of Fig. 2 
are i l lustrated in  Fig. 1A. These were made as follows. 
Firs t ly a 25 m m  length of 1.5 m m  diameter glassy 
carbon rod was carbon-cemented  6 m m  deep into the 
end of a 3 X 600 m m  spectroscopic graphite rod. The 
composite rod was then sealed into a Pyrex tube  and 
sawn off at 45 ~ . This angular  cut allows any chlorine 
bubbles,  anodically formed dur ing use, to escape from 
the electrode. A final polish was given to the Pyrex-  
carbon sawn surface on a 180 grit  diamond-coated 
wheel. The geometric area of the exposed glassy car- 
bon ellipse was 2.43 mm 2. The Carbone Company's  
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Fig. 1. Types of carbon electrode used: (A) working electrode of 
glassy carbon sealed in Pyrex, (B) working or counterelectrode of 
graphite sealed through Pyrex, (C) working electrode of glassy 
carbon held in chuck, (D) chlorine reference electrode. 

glassy carbon has a thermal  expansion coefficient of 
3.2 ~m/m.K at 373~ This is almost as big as that of 
the Pyrex glass (3.3 for Coming 7740) and thus the 
carbon-Pyrex  seal of Fig. 1A has li t t le or no tendency 
to leak. In  the early experiments  it was noticed that  
the Pyrex  t ips  of working electrodes like those of 
Fig. 1A and B cracked and admit ted melt  after pro- 
longed cathodic polarization (even at potentials well 
positive of the Li /Li  + equi l ibr ium) .  It became ap- 
parent  la ter  that  this was caused by swelling of the 
carbon tip due to its absorption of alkali  metal  de- 
posited at undervoltage.  In  subsequent  work designed 
to examine this undervol tage deposition, the Pyrex  
envelopes were dispensed with and the bare  carbon was 
dipped directly into the melt. A graphite working elec- 
trode used in  the ini t ial  cyclic vol tammetry  is shown 
in Fig. lB. The end of a 3 m m  diameter  graphite rod 
(Ultra 's  U7, a high density grade, 1.90 g /cm s) pro- 
t ruded 20 mm from the sealed Pyrex  tube. The geo- 
metric area of exposed graphite was 2.0 cm% Electrode 
(C) of Fig. 1 was used when  we wished to weigh the 
carbon before and after cathodic t reatment .  The car- 
bon rod was gripped in  a brass chuck ( taken from an 
electrical test prod).  The only carbon mater ia l  studied 
in this way was glassy carbon. Rods 1.5 m m  in d iam- 
eter slipped easily into the chuck whereas 3 m m  rods 
had to be tapered by filing. 

The counterelectrode was a 6 • 600 mm graphite 
rod (Ultra, U7) dipping about 75 mm undermelt .  
When acting as a cathode in pure LiC1-KC1 melt, 
graphite absorbs alkali metal  plated onto it. In  the 
anodic mode it reoxidizes this absorbed metal  and /  
or gasses chlorine. None of these reactions significantly 
contaminates the melt. A graphite rod of these wetted 
dimensions can absorb at least 1500 coulombs of cath- 
odic charge before there is any  danger of its disinte-  

grat ing under  the stress of the absorbed alkali metal  
(see below) 

The chlorine electrode was used as reference. It  is 
i l lustrated in  Fig. 1D. Ult ra  Carbon's  U120 grade of 
spectroscopic graphite rod was normal ly  used as the 
electrode substrate al though other grades of pure 
graphite worked just  as well. The chlorine flows by the 
carbon and over the melt  ra ther  than through the 
carbon and into the melt  as is more customary (2). 
This flow-by electrode has the advantage of relative 
ease of construction and safety from the danger of 
the melt  sucking back and freezing. I t  takes about 
10-15 hr of chlorine flow to equil ibrate the electrodes 
to wi th in  1 mV of the reversible chlorine potential. We 
always used a pair  of reference electrodes, regular ly  
monitor ing their  interelectrode or bias potential. After 
the init ial  equi l ibra t ion period the bias potential  never  
exceeded 1 mV during weeks of continuous use. All 
quoted potentials are vs. this chlorine electrode. 

Melt purification.--A charge of LiC1-KC1 salt pow- 
ders (mixed in the eutectic proportion) was outgassed 
at 2.66-6.65 N .m -2 (20-50~ Hg) while being heated 
up to about 703~ (430~ On melting, a br isk evolu- 
tion of water  vapor commenced and cont inued for 30- 
45 rain. Residual water  was then removed by  bubbl ing  
chlorine through the melt  for 60 min  (3). It  was then 
freed from platable impuri t ies  by preelectrolysis at an 
auxi l iary  a luminum cathode (vs. a graphite anode).  
The cathode was 80 cm2 in  area and held at --2.95V to 
the chlorine electrode. Preelectrolysis was continued 
for 24 hr  al though the residual  current  density (at the 
cathode) fell to a steady value of 10 ~A/cm 2 after 4 
hr, The A1 cathode which had become dark gray was 
wi thdrawn from the melt  at the end of the preelec- 
trolysis. 

X-ray examination o~ cathodized carbons.--After 
cathodizing in the melt  at constant  current  down to 
the l i th ium potential  (--3.65V vs. the chlorine elec- 
trode),  several different types of 3 mm carbon rod 
were x - rayed  to see if any s t ructural  change had oc- 
curred. After filing free from adherent  solidified melt  
the rods were laid in a Lucite x - r ay  sample holder 
and filed half round  so as to expose a 10 mm • 22 mm 
expanse of flat carbon surface. This was all done in an 
argon-fil led glove bag. Then each holder was securely 
enveloped with one layer  of cellulose acetate t rans-  
parent  adhesive tape (Magic Tape 3M Company) and 
placed in its own, argon filled, screw-cap bottle. The 
x - ray  diffraction pa t te rn  was recorded in air without  
removing the tape, immediate ly  after taking the 
holder from its bottle. The Standard  Phill ips x - ray  
powder diffractometer was used employing CuKa 
radiation. 

Chemical analysis o~ cathodized carbons.--Cathod- 
ized carbon rods were ground up and extracted with 
water which was then analyzed for Li +, K +, CI- ,  and 
OH- .  The rods were first freed from solidified melt  by 
a quick rinse with a jet  of distil led water  then dried, 
crushed in  a press and ground in  a mortar.  The pow- 
ders were then weighed; weights varied between 0.2 
and 0.8g. After 4 hr of refluxing with distilled water, 
the extracts were filtered and analyzed for Li + and K + 
by atomic absorption spectroscopy and for C1- and 
O H -  by conventional  t i t r imetry.  In  some cases, second 
extractions were done on the powder. The second ex- 
tracts contained the sought ions at no more than 
background levels. In  spite of this apparent ly  complete 
removal  of alkali metal, flame tests showed that  most 
of the extracted carbons still contained appreciable 
amounts  of Li. Hence the extracted powders were 
ashed to constant weight in silica crucibles at 1023~ 
(750~ then digested in water  which was analyzed to 
determine the residual alkali  metal.  

Results and Discussion 

Voltammograms.--Figure 2 shows current-vol tage  
curves obtained at a glassy carbon electrode of Fig. 1A 
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Fig. 2. Voltammograms at glassy carbon in LiCI-KCI at 430~ 
as a functian of the range of applied valtage. Sweep cycle time 
was 0.2 sec. 

type construction. The geometric area of the carbon 
ellipse was 0.0243 cm e, and the electrode was dipping 
in a purified melt  at 703~ (430~ Basically similar 
curves were obtained using a 2.0 cm 2 graphite electrode 
(Fig. 1B type).  The curves of Fig. 2 are the reproduc-  
ible ones obtained after a t ra in  of five or more voltage 
tr iangles had been applied to the working electrode. 
The nominal  voltage range of these tr iangles were: 
Curve A, --2.0 to 0.0V; B, --3.5 to +0.5V; C, --4.0 to 
0.0V vs. the chlorine electrode. However, after correc- 
t ion for substant ia l  iR drops the actual l imits of vol t-  
age excursion were --3.2 and 0.0V. In  the low ampli-  
tude sweeps of curve A the trace differs l i t t le from 
expected, except perhaps at --2V where cathodic cur-  
rent  is s tar t ing followed by a small  anodic peak after 
sweep reversal.  These effects are much more marked 
in  B which also has a pronounced cathodic peak at 
--2.1V. This lat ter  peak is p resumably  due to reduc-  
t ion of chlorine generated at positive voltages since it 
vanishes if the positive excursion of applied voltage is 
restricted to 0.0V. In  curve C the cathodic depolariza- 
t ion below --2.5V is very striking. Extremely  large 
cathodic current  densities are found and a big anodic 
peak appears after voltage sweep reversal  as species 
produced in  the cathodic sweep are reoxidized. 

These results were unexpected;  we did not look for 
significant cathodic current  till below about --3.65V, 
the l i th ium potential  in this melt  (1). Such big cath- 
odic currents  (10 A / c m  a, at 0.7V above the Li poten-  
tial) cannot arise from impuri t ies  at the level normal ly  
found in  reagent  grade salts. This is confirmed by the 
independence of the effect on the degree of melt  pur i -  
fication employed. 'So it seems that carbon electrodes 
are far from iner t  in  this metal.  The rest of this paper  
shows that  carbon rods of diverse types will, be tween 
--2.5 and --3.6V, absorb at undervoltage,  large quan-  
tities of alkali  metal  (mainly  Li).  Due to a compound 
formation between carbon and deposited metal  (prob- 
ably a laminar  or intercalat ion compound) deposition 
is energetical ly assisted, i.e., occurs at undervoltage.  

i j . ,~  4-J 

GLASSr / MELT PURITY 
/ O, �9 WET,DIRTY - ~ / ~ / /  GRAPHITE 

�9 '% DRIED,DIRTY 
[] DRIED,CLEANED 

I I J 
400 40 4 0.4 0.04 

SWEEP SPEED, V O L T S / S E C - -  

Fig. 3. Coulombic charge of anodic peaks in voltammograms at 
carbon electrodes. Applied voltage range: --3..5 to ~0.SV, vs. 
chlorine electrode. LiCI-KCI at 430~ 

Figure 3 shows the electrical charge used to reoxi-  
dize the mater ia l  plated out at undervoltage.  The 
coulombic content  of the anodic peaks in curves such 
as those of Fig. 2 is plotted against the voltage sweep 
rate. The glassy carbon was a Fig. 1A type and the 
graphite electrode a 1B type. There is no correlation 
of reoxidat ion charges with melt  pur i ty  which, to- 
gether with the very  high values of the cathodic cur-  
rents  in  Fig. 2 shows that  these currents  do not cor- 
respond to reduction of impuri t ies  in the melt. Thus 
these currents  must  arise from the cathodic reduct ion 
of the l i th ium or potassium cations. The deposited 
metal  is obviously qui t t ing the interface as fast as it  is 
formed there, otherwise the cathode voltage would 
fall immediate ly  to the potent ial  range of Li or K 
deposition (<--3 .6V) .  Thus the alkali  metal  is either 
soaking rapidly into the carbon rods or dissolving 
rapidly in the melt. Since an iron rod under  the same 
conditions cannot sustain even 8 mA/cm2 cathodic 
current  without  p lunging at once to the Li potential  
(see Fig. 4) it seems the carbon must  be soaking up 
the alkali metal  in some way. Undervol tage deposition 
of a metall ic monolayer  on various substrates is well  
known in aqueous solution (4) and even recent ly in 
fused salts (5). However, the charges of Fig. 3 at slow 
sweeps correspond to many  thousands of monolayers.  
Thus undervol tage deposition of a single superficial 
monolayer  cannot explain our data. The alkali  metal  
must  be cont inuously soaking into the carbon. The 
slower the voltage sweep speed, the more t ime is 
available in the anodic sweep to reoxidize this metal  
as it diffuses back to the melt  interface; hence the 
larger is the reoxidation charge. 

Charge-discharge curves.--Figure 4 shows first-cycle 
charge-discharge curves at a 1.5 m m  diameter  rod of 
glassy carbon. The 76 mm long rod was carbon- 
cemented into the end of a 600 mm long, z/4 in. d iam- 
eter graphite rod, serving as support  and electrical 
lead. The glassy carbon protruded 70 m m  from the 
graphite and dipped 25 mm undermel t  such that  its 
wetted area was 1.2 cm 2. On switching on cathodic 
current  at A, carbon voltage falls sharply to about 
--2.7V then more gradually,  leveling off when the 
wetted carbon whitens with a coating of t iny  white Li 
droplets. On current  reversal  at B, the discharge curve 
after a small  step due to iR drop, more or less mi r -  
rors the charging curve except that  (i) the discharge 
time to chlorine evolution, Ta, is only about 0.9 of the 
charging time, ~c, (ii) on switching off the anodic cur-  
rent  at C, carbon voltage falls almost to --3V, two 
volts lower than the original value of about --1V, the 
usual  voltage of un t rea ted  carbon in  these melts. The 
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Fig. 4. Charge-discharge curves for 1.5 mm glassy carbon rod in 
LiCI-KCI at 430~ Current switched on cathodically at A, reversed 
at B, and switched off at C. 

dot-dash-dot  curve depicts the behavior  of a pure iron 
rod cathodized at 8 mA/cm2; it was dr iven to the Li 
potential  in  less than 3 sec. This shows that  the de- 
polarization exhibited by carbon arises on the carbon 
side rather  than the melt  side of the interface. 

The data of Fig. 4 paral lel  those of Fig. 2 but  they 
go further,  showing the effects to be large ones rather  
than  merely a t ransi tory depolarization. Large amounts  
of charge are passing at undervoltage. Chemical analy-  
sis of various cathodized rods showed this charge to 
be wholly in the form of deposited Li absorbed in the 
carbon, to the extent  of about 5 weight per cent (w/o)  
Li. The rod whose first charge-discharge cycle is i l-  
lustrated in  Fig. 4 was subjected to 24 additional 
similar cycles at four successively higher current  den-  
sities (43, 83, 143, and 286 mA/cm2).  It was found that 
the coulombic charges Qc and Qa corresponding to 
times Tc and ~a had no significant dependence on cur-  
rent  density. Neither did the ratio Qc/Qa which re-  
mained at an average value of 0.90 __ 0.015. The first 
observation shows that Li permeates the glassy carbon 
structure quite easily. If this were not so, high current  
densities would soon effect, in the skin of the carbon 
rod, such Li enr ichment  on charge and Li depletion on 
discharge as to polarize the electrode quickly to the 
Li and C12 potentials, respectively. The Q's would then 
depend sharply on current  density which was not ob- 
served. The fact that  Qa/Qc -~ 0.90 suggests ei ther a 
low current  efficiency for Li deposition or that some of 
the absorbed Li is bound too t ightly to be  reoxidized 
anodically. The lack of var iat ion of Qa/Qc with current  
density favors the lat ter  explanation. 

'Graphite rods gave very similar charging curves to 
that  of Fig. 4. However, with graphite rods the charging 
curves could not be completed to the Li potential  as 
the rods broke prior to this point. Sometimes they 
snapped cleanly at the melt  meniscus but  more often, 
towards the end of the charge, fine carbon powder 
began to fall from the meniscus area of the rod which 
soon necked down till the wetted par t  of the rod fell 
off. Presumably  this is caused by high stresses arising 
at the demarcat ion between wetted carbon swollen 
with absorbed Li and relat ively unaffected mater ial  
above the meniscus. A few experiments  with graphite 
rods coated with a 0.1 m m  thick layer  of pyrolytic 
graphite also gave charging curves similarly shaped to 
that of Fig. 4. According to the manufacturer ,  the 
graphitic planes in  the pyrolytic graphite coating were 

parallel  to the coated substrate at all points. Thus 
either the Li atoms can permeate freely through the 
carbon hexagons of the pyrolytic coating or this coat- 
ing is highly imperfect. We suspect the lat ter  since 
Li, atomic radius 0.153 n m  (1.53A) would be grossly 
deformed in  passing through a carbon hexagon ( inner  
radius 0.071 nm) .  On the other hand, in  intercalat ion 
compounds, the alkali metal  atoms are believed to be 
substant ia l ly  ionized (6). In  this case the Li + ionic 
radius of 0.068 rim, would permit  it to pass through 
the sheets. 

A series of well-defined Li graphite intercalat ion 
compounds has been made in  other laboratories by re-  
acting Li directly with crystals of na tura l  graphite 
(6). These are: CxLi where x ---- 72, 36, 18, 12, 8, or 6. 
None of our charge-discharge curves ever showed any 
arrests in voltage corresponding to the formation of 
compounds successively richer in  Li. Arrests would 
have been seen in the charging curve of Fig. 4 a f t e r  
about 2.5, 5, and 10 rain corresponding to compounds 
with x = 72, 36, and 18. On the contrary, the smooth 
curves of Fig. 4 suggest a continuous spectrum of in-  
teraction energies of Li with the carbon structure. 
Perhaps this difference is related to the relat ively 
amorphous structure of glassy carbon and synthetic 
graphite used in  this work as opposed to na tura l  
graphite which is much more highly crystalline. 

Figure 5 shows data for five separate glassy carbon 
rods cathodized at different constant  current  densities 
between 9 and 144 m A / c m  2. The rods were 78 X 1.5 
mm, held in  a chuck as in Fig. 1C and dipped 60 mm 
undermelt .  The original charging curves were re-  
plotted as voltage vs. amount  of charge passed, to aid 
their comparison. The results show there is a small  
bu t  significant concentrat ion polarizat ion effect. At the 
same stage of charge there is a 0.1V spread in  voltage 
according to the charging rate. Thus at the higher 
current  density there is a perceptible backup of the 
permeat ing Li. The curves merge close to the Li 
potential  as all the rods approach saturat ion with Li. 

Composition of cathodized carbon rods.--Glassy car- 
bon. - -Figure  6 shows the Li uptake of glassy carbon 
rods (determined by chemical analysis) as a funct ion 
of potential. Seven, 3 m m  rods, supported in  chucks as 
in Fig. 1C were held for 60 rain at various constant 
potentials. They were then removed from the melt  
and analyzed chemically for Li and K. Their Li con- 
tents rise smoothly with falling voltage with a sharp 
rise close to the reversible Li potent ial  ( though osten- 
sibly from the same batch, the rod with the anoma-  
lously high L] content  at --3.0V was also anomalously 
hard; it was very difficult filing its end tapered 
to enter  the chuck).  No study was made of Li uptake 
vs. t ime at constant  potential  so it is not certain that 
the data points of Fig. 6 represent  t rue equi l ibr ium 
values. However, in getting the constant current  
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Fig. 5. Voltage vs.  amount of charge passed for glassy carbon 
rods cathodized at various rates in LiCI-KCI at 430~ 
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Fig. 6. Lithium uptake of glassy carbon rods as a function of 
potential in LiCI-KCI at 430~ A sepmate rod was held at each 
potential for 60 min then removed from melt for Li determination 
by chemical analysis. 

charging data of Fig. 7 we found that 1.5 mm diam- 
eter rods could be charged up to 3.6 w/o Li in  only 
8 min. Thus it is un l ike ly  that  the curve of Fig. 6 
would be significantly altered by longer potentio-  
stating. The smooth curve of Fig. 6 agrees with the 
smooth charging curves of Fig. 4 and 5. They both 
indicate continuous rise in Li content with falling 
voltage; there are no arrests in voltage as might occur 
during the t ransformat ion of one layer -compound to 
another  r icher in Li, e.g., C12Li to CsLi. This contrasts 
with the preparat ion of layer compounds from single- 
crystal graphite. Here at 673~176 (400~176 
steps were obtained in curves of composition vs. alkali  
metal  vapor pressure for both K and Cs (6, 7). The 
uninflected voltage-composit ion curves of the present 
work are probably  associated wi th  the relat ively 
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Fig. 7. Lithium uptake of glassy carbon rods cathodized at con- 
stant current toward the Li potential (LiCI-KCI, 430~ Broken 
line: Assumes carbon absorbs Li, equivalent to the total charge 
passed. Circles: Observed per cent gain in weight. Crosses: Li con- 
tents from chemical analysis. 

amorphous na ture  of the glassy carbon used. This 
agrees with the work of Herold et al. (8, 9). Using 
the same source and grade of glassy carbon as the 
present  work (V25 from Carbone Company) they got 
uninflected isotherms for the absorption of K vapor 
at 873~ (600~ Their  richest mater ia l  was 25.8 w/o  
K (CsK contains 29.0 w/o K).  They considered this 
mater ial  to be, at least part ial ly,  an intercalat ion com- 
pound. This work of Herold and a brief  note by Halpin 
(10) seem to be the only published data on the action 
of alkali metals on glassy carbon and is restricted to 
potassium. Recently (11) steps were obtained in  con- 
s tan t -cur ren t  charging curves using cathodes of syn-  
thetic graphite foil. In  these room-tempera ture  ex-  
periments,  Li, K, and NMe4 were cathodically im-  
pregnated into the graphite from salt solutions in di- 
methyl  sulfoxide. It would seem thus that  high crystal-  
l in i ty  of the carbon and low tempera ture  of impregna-  
tion favor the observation of steps in charging curves. 

In  the intermediate  potential  range of Fig. 6, signifi- 
cant amounts of K were found in the glassy carbon. 
For the rod at --3.0V, anomalously  rich in Li, K /  
(K -? Li) was 0.39 mole fraction and at --3.25V the 
fraction was 0.16. No chloride was found in  these rods 
so all their K came by electrodeposition ra ther  than  
by uptake of melt. These two rods were the only cases 
in  this work where K: was found to be codeposited at 
undervol tage with Li. It is not clear why K deposition 
was restricted to this intermediate  range of potential.  
At inert  i ron cathodes in LiC1-KC1 eutectic, highly 
pure Li with less than 0.1%, K is deposited (12). 

Figure 7 shows the Li uptake of eight glassy carbon 
rods cathodized at constant current  toward the Li 
potential. The exper imental  setup was the same as in 
the constant potential  work. The rods were 76 mm long, 
1.5 m m  diameter and dipped 60 m m  undermelt .  No 
K + or C1- were found in the extracts of these rods 
and wi th in  exper imental  error the extracts contained 
Li + and O H -  in equivalent  amounts.  Thus Li deposi- 
t ion was solely responsible for the observed depolari-  
zation in the charging curves, and no melt  is absorbed 
by glassy carbon rods. In  spite of the scatter of the 
data it can be seen that  the rods absorb Li propor-  
t ional to the cathodic charge passed. In  Fig. 7 the Li 
contents determined by chemical analysis (X) are 
almost all higher than the --3.6V value of Fig. 7. This 
is consistent with the open-circui t  voltages of the rods 
at the end of charging; these varied from --3.630 to 
--3.654V. The Li contents of Fig. 7 range up to about 
7 w/o. These relat ively low values plus the absence 
of acetylene on reacting cathodized carbons with water  
show no carbide is present  ( l i th ium carbide has 37 
w/o  Li).  The observed Li contents ta l ly much better  
with those of intercalat ion compounds, the richest of 
which, CsLi, has 8.9% Li. 

In  Fig. 7 it is clear that  Li contents obtained by 
chemically analyzing the carbon rods are systematic- 
ally less than those derived from weight gains, which 
in tu rn  are consistently below those calculated from 
the total cathodic charge passing. The analytical  fig- 
ures average 0.69 -4- 0.09 of those from weight gain 
which themselves average 0.67 +_ 0.10 of the calcu- 
lated values. During the electrolyses, the melt  was 
pale yellow from dissolved chlorine formed at the 
graphite counterelectrode. However, calculation based 
on chlorine's solubili ty and diffusivity in the melt  
(13) shows that, even in  chlor ine-saturated melt, the 
l imit ing current  for chlorine reduct ion should be be-  
low 1 mA / c m 2. Paral lel  reduction of chlorine can 
thus not account for the discrepancies of Fig. 7 as 
these data were secured at 9-144 m A / c m  2. Fur the r -  
more, there was no correlation at all be tween cur-  
rent  density and the magni tude  of deviat ion of mea-  
sured values below the broken line. Thus at this t ime 
we have no explanat ion for these deviations. More 
work is also needed to elucidate the systematically 
lower measured Li contents from chemical analysis 
as opposed to weight gain. 
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Graphite.--Much less work  was done wi th  g raph i t e  
rods because charging curves could not  be comple ted  
to the Li potent ia l  before  the  rods d is in tegra ted  at 
the mel t  meniscus level .  Also, at  these h igh ly  nega-  
t ive potentials ,  g raph i te  rods wicked up significant 
amounts  of the  melt .  This effect p rec luded  de te rmin -  
ing weight  gains and confused the  resul ts  of chem-  
ical analysis  by  in t roducing into the graphi te  an 
unknown propor t ion  of Li + and K + from the melt .  
Two grades of synthet ic  g raphi te  were  used, U7 and 
UF4S from Ul t ra  Carbon Company,  having densit ies 
of 1.90 and 1.76 g / cm 8, respect ively .  The glassy ca r -  
bon used, at  1.50 g/cm3 was more  porous than  both 
graphites .  Never theless  glassy carbon approaches  P y r e x  
glass in its resis tance to gas flow while  graphi te  is 
typ ica l ly  5-10 orders  of magni tude  more  permeable .  
A p p a r e n t l y  g lassy  carbon 's  pore  sys tem is l a rge ly  
b l ind  and inaccessible to the  mel t  whereas  graphi te ' s  
is open and in terconnected  (13). Thus it is unde r -  
s tandable  tha t  no chlor ide  was found in any cathodized 
glassy carbon whi le  significant amounts  were  found 
in each cathodized graphi te  rod. The wicking up of 
this  mel t  into porous carbon at  negat ive  potent ia ls  
was prev ious ly  observed and ut i l ized by  Adams  (15) 
wi th  ac t iva ted  carbon. 

Six 3 m m  diameter  g raph i te  rods were  cathodized 
to b reakage  in LiC1-KC1 at 703~ (430~ They 
averaged  590 -+- 290 coulombs /g  of carbon at  the  
b reak ing  point  (glassy carbon rods were  rou t ine ly  
charged wi thout  b reak ing  to 1200 coulombs/g  of car -  
bon where  Li  drople ts  covered the  carbon surface) .  
Aqueous extracts  of the cathodized graphi te  rods con- 
ta ined  main ly  Li+ and O H -  wi th  lesser  amounts  of 
K + and C1-. Ext rac ts  wi th  h igher  K + contents had 
p ropor t iona te ly  more  C1-. This indicates tha t  potas-  
s ium was enter ing  the  rods via  absorbed mel t  r a the r  
than  by  electrodeposi t ion.  So it seems that,  wi th  
graphi te  also, the observed depolar iza t ions  are  bas i -  
cal ly due to undervo l tage  deposi t ion of Li. F rom the 
O H -  content  of the  most h igh ly  charged rod we de-  
r ive a Li content  of 4.1 w/o.  This is in l ine wi th  the  
Li contents of Fig. 7 for glassy carbon. Thus the  
l imi ted  amount  of da ta  secured using graphi te  in-  
dicates its behavior  to be bas ica l ly  s imi lar  to tha t  
of glassy carbon wi th  the added  complicat ion of up -  
t ake  of mel t  into the  more  pe rmeab le  graphi te .  

X-ray  analysis of cathodized carbons.--Figures 8 
and 9 compare  the x - r a y  d iagrams of carbon rods 
before  and af te r  cathodizing toward  the Li  po ten-  
t ia l  in the mel t  at 700~ (427~ Figure  8 refers  to 
a 3 m m  diameter  glassy carbon rod whose Li con- 
ten t  by  chemical  analysis  was 4.4 w/o.  F igure  9 refers  
to the 3 m m  graphi te  rod  which  was analyzed  as 
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4.1 w/o  Li. The x - r a y  l ines of glassy carbon are  fewer  
and b roader  than those of graphite.  This reflects the 
more  disordered,  amorphous  s t ruc ture  of g lassy  car-  
bon (14). For  both types  of carbon, e lectrolysis  ef-  
fected m a r k e d  changes in the x - r a y  pa t te rns ;  new 
lines appeared  and old ones vanished  or  weakened.  
Al though the da ta  are  not accurate  enough to de-  
t e rmine  a-  and c-spacings it is c lear  tha t  the s t ruc-  
ture  of the  cathodized carbons is st i l l  bas ical ly  g r aph -  
itic. The intense reflection corresponding to the g raph-  
i te hexagonal  sheets is st i l l  p resent  though the in t e r -  
p lane  dis tance has s l ight ly  expanded  f rom the or ig-  
inal  0.336 nm (3.36A) to 0.343 nm for graphi te  and 
0.350 nm for glassy carbon. No lines corresponding 
to potass ium graphi te  or to l i th ium or potass ium car -  
bides are present .  Thus the  x - r a y  data  are  consistent 
wi th  the format ion  of Li in te rca la t ion  compounds.  

Some implications of undervoltage deposition o] 
alkali metal for the use of carbon electrodes.--Consid- 
er ing  the ve ry  m a r k e d  depolar iz ing effect tha t  unde r -  
vol tage deposi t ion causes (Fig. 2 and 4) and  the com- 
mon use of carbon electrodes in a lka l i  ha l ide  mel ts  
it is surpr is ing  tha t  the  phenomenon has not  p re -  
viously been studied. The most tha t  is apparen t  in 
the l i t e ra tu re  is some fleeting references  to the  effect 
e.g., by Lai t inen  (1) at  synthet ic  g raphi te  in LiC1- 
KC1 at 723~ (450~ by  Mamantov  (16) for p y r o -  
lyt ic  g raphi te  in L i F - N a F - K F  at 773~ (500~ and 
by  Thonstad (17) for Na deposi t ion in pyro ly t ic  g raph-  
i te from c ryo l i t e -a lumina  melts  at  1283~ (1010~ 
It  is v i r tua l ly  cer tain tha t  undervo l tage  deposi t ion 
of a lkal i  meta l  v i t ia ted  the  ea r ly  measurements  by 
Neumann  of decomposi t ion vol tages of meta l  hal ides  
be tween  graph i te  e lect rodes  (18). Fo r  fused chlorides 
of Li, Na, K, and Ca at 1073~ (800~ his values  
were  0.77, 0.59, 0.44, and 0.51V, respect ively,  less than 
those der ived f rom modern  thermochemica l  data  (19). 
This was cer ta in ly  due to some form of compound 
format ion  (a lkal i  me ta l  carbide  or in te rca la t ion  com- 
pound)  at the g raph i te  cathode. 

In  the present  work  i t  was found tha t  carbon elec-  
t rodes  exposed to undervo l tage  Li deposi t ion suffered 
a last ing negat ive  bias to the i r  open-c i rcu i t  vol tages 
which could be ve ry  mis leading in the i r  subsequent  
use as indicator  electrodes.  In  one case, glassy car -  
bon and graphi te  rods, af ter  cycl ing for an hour  be-  
tween --3.1 and 0.0V, vs. chlorine electrode,  were  lef t  
overnight  in A t - s a t u r a t e d  melt.  When  the mel t  was 
then sa tu ra ted  wi th  chlor ine for  an hour,  the  carbon 
vol tages var ied  e r ra t i ca l ly  be tween  --1.1 and --2.6V 
and showed no sign of approaching  the chlor ine po-  
tential.  Unelect rolyzed carbons are  no rma l ly  wi th in  
10 mV of the  chlor ine potent ia l  by  this time. Thus a 
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worke r  unaware  of the  easy e n t r y  of Li into carbon 
be low about  --2.5V could ser iously  contaminate  his 
carbon elect rode wi thout  real iz ing i t  dur ing  even a 
br ie f  excurs ion to negat ive  potent ia ls  (such as when  
obta in ing a background  vo l t ammogram of his me l t ) .  
The e lect rode would  then  be unable  for  some t ime 
to function as an inert ,  indica tor  electrode.  

Carbon is not  no rma l ly  wet ted  by  purif ied chlor ide 
mel ts  (20). However ,  l i th ia t ion  of the carbon causes 
i t  to effect ively contact  the  melt .  This was shown 
in the  present  w o r k  where  no chlor ide  was found in 
g raph i te  rods soaked in the  mel t  for  hours  at  open 
circuit  whereas  significant amounts  had  pene t ra t ed  
the  rods af te r  r e l a t ive ly  br ief  contact  at potent ia ls  
close to the revers ib le  Li value.  This wet t ing  effect 
was used by  Adams  (15) to flood ac t iva ted  carbon wi th  
fused LiCI-KC1 and create  a h igh -a r ea  carbon elec-  
trode. He did i t  by  cycl ing the  carbon be tween  0 
and  --3V vs. chlor ine  electrode.  The resul tan t  wet t ing  
was s table  even dur ing  pro longed  exposure  of the  
carbon to vol tages  wel l  above --2V. This emphasizes  
again  the impor tan t  and las t ing effects on the  car -  
b o n - m e l t  in terface  of qui te  br ie f  exposure  to nega-  
t ive potentials .  Whi le  v i ta l  to the  opera t ion  of a 
h igh -a r ea  electrode, the  s table  wet t ing  induced by  
l i th ia t ion  would  be of course fa ta l  to the per formance  
of a porous carbon gas-cathode.  Flooding of the  po r -  
ous carbon by  mel t  causes severe  cathode polar izat ion.  

The las t ing effects of l i th ia t ion  at  potent ia ls  where  
Li is t h e r m o d y n a m i c a l l y  qui te  uns table  m a y  be due 
to the presence of a Li res idue compound.  Graph i t e  
in te rca la t ion  compounds on ex t rac t ion  or evacuat ion 
are  known to re ta in  tenac ious ly  a minor  propor t ion  
of the i r  adduct  molecules forming the so-cal led res i -  
due compounds (21). There  is evidence tha t  this r e -  
s idual  adduct  is t igh t ly  bound at la t t ice  imperfect ions  
as dist inct  f rom normal  adduct  which can move f ree ly  
be tween  the g raph i te  sheets. 

In  recent  years,  undervo l t age  deposi t ion of Li has 
been repor ted  f rom organic  solvents  into a va r i e ty  
of meta ls  at room tempera ture ,  e.g., Sn, Pb, A1, Au, Zn, 
Cd (22), and Pt  (22, 23). In t e rme ta l l i c  Li compounds 
were  formed.  No such undervo l t age  deposi t ion of the 
o ther  a lka l i  meta ls  or  of a lky l  ammonium was ob- 
tained.  In  the pape r  ment ioned  ear l ie r  (11), Li, K, 
and t e t r a m e t h y l a m m o n i u m  were  impregna ted  at un-  
dervol tage  into g raph i te  foil cathodes f rom d imethy l  
sulfoxide solutions at room tempera ture .  In t e rca la -  
t ion compounds resulted.  However ,  cathodizing glassy 
carbon resul ted  in immedia te  deposi t ion of free a l -  
ka l i  meta l  at  this r e l a t ive ly  impe rmeab le  mater ia l .  
In  these room t e m p e r a t u r e  studies undervo l t age  de-  
posi t ion currents  were  l imi ted  to about  1 m A / c m  2 
by  the  re la t ive  slowness of so l id-s ta te  diffusion at 
this t empera tu re .  At  the  h igher  t empe ra tu r e  of the  
presen t  mol ten  sal t  s tudy  much  h igher  (hundreds  

of mi l l i amperes  pe r  square  cent imeter )  undervo l t age  
currents  were  possible.  
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ABSTRACT 

The mass t ransfe r  ra te  to a ro ta t ing disk electrode ro ta ted  about  an off- 
center  axis is ca lcula ted  for eccentr ici t ies  of f rom zero to 5 e lectrode radii .  An  
asymptot ic  form for the t ransfer  ra te  val id  for la rge  eccentr ici t ies  is also de -  
r ived  and compared  to two previous  analyses.  I t  is found that  mass t ransfer  is 
not affected unt i l  a cr i t ical  eccentr ic i ty  is reached and that  the  asymptot ic  ex -  
press ion provides  a good approx imat ion  to the ra te  of mass t rans fe r  even at  
modera te ly  smal l  eccentricit ies.  The analysis  is suppor ted  by  exper imen ta l  da t a  
on the deposi t ion of copper  on severa l  e lectrodes of eccentr ici t ies  be tween  0.66 
and 3.94. 

When  the act ive por t ion  of a ro ta t ing  disk e lect rode 
is offset f rom the axis of rotat ion,  the  Levich formula  
(1) for  the  mass t ransfe r  ra te  m a y  no longer  be ap-  
plicable.  Riddi ford  (2) implies  tha t  exact  center ing 
of the  active por t ion  is an impor tan t  design consid-  
erat ion for such electrodes but  does not es t imate  the  
change in mass t rans fe r  ra te  due to an  eccentrici ty.  
More recent ly  Chin and Li t t  (3) have t r ea ted  the  
effect of large  eccentricit ies,  where  the  smal l  active 
por t ion  is located at  least  severa l  d iameters  f rom the 
center  of rotat ion.  Also, Bardin  and Dikusar  (4) have  
a t t empted  an analysis  for modera te  eccentr ici t ies  (off- 
sets s l ight ly  grea te r  than  the e lect rode rad ius ) .  

Both of these works  are  l imi ted  in  the i r  app l i -  
cabil i ty.  Chin's  paper  is nea r ly  correct  for  l a rge  ec-  
centrici t ies but  is i nappropr i a t e  for  only  s l ight ly  off- 
center  electrodes.  Bard in  and Dikusar  e r red  ser iously 
in the i r  s impl i fy ing assumptions,  and  the i r  conclu-  
sions are incorrect  for all  eccentricit ies.  

We hope to provide  here  a more  r igorous  fo rmu-  
lat ion of the  p rob lem and, par t icu la r ly ,  to descr ibe 
the  behavior  a t  smal l  eccentr ici t ies  where  the  easi ly 
deve loped  asymptot ic  form (for la rge  eccentrici t ies)  
is not applicable.  The smal l  eccentr ic i ty  behavior  
should  be found useful  in assessing e r ror  l imits  due 
to machining tolerances  in the  manufac tu re  of ro ta t -  
ing disk electrodes.  At ten t ion  is given to la rge  ec-  
centrici t ies for  the  purpose  of completeness  only. I t  
seems un l ike ly  that  d isk  electrodes would  be oper-  
a ted  in this fashion since the  imbalance  could be 
dangerous  at  h igh rota t ion rates.  

A l i t t le  contempla t ion  suggests tha t  the  mass  t rans-  
fer  ra te  is s t r ic t ly  constant  unt i l  an eccentr ic i ty  is 
reached where  a fluid t r a j ec to ry  can spi ra l  off the  
disk e lec t rode  and then  back  onto it. We have  sought 
the  value  of the  eccentr ic i ty  at  this  l imi t  as wel l  
as the  behavior  of the mass t rans fe r  ra te  for  some-  
what  l a rge r  e c c e n t r i c i t i e s .  

Theory 
T h e  l amina r  flow pa t t e rn  nea r  a ro ta t ing  disk has 

been  descr ibed by  Von K~rm~n wi th  l a t e r  improve -  
men t  (in numer ica l  constants)  by  Cochran (5). Bas-  
ically,  a fluid par t ic le  d r a w n  toward  the disk near  
its center  spira ls  ou tward  whi le  approaching  the  disk 
and even tua l ly  leaves  the  region of interest .  For  
Schmidt  numbers  typica l  of e lect rolyt ic  solutions, the  
diffusion l aye r  is ve ry  near  the  disk, and  the rad ia l  
and tangent ia l  velocit ies of the  fluid re la t ive  to the  
disk m a y  be adequa te ly  expressed as l inear  func-  
tions of the  dis tance f rom the disk. Cochran found 
tha t  these veloci t ies  are  

vr "- 0.510r ( ~ / v )  1/~z 
vo --  r~ = --0.616r (~8/v) 1/~z [1] 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: convective d i f fus ion ,  d i f f u s i o n  coef f ic ien t  m e a s u r e -  

m e n t .  

where  ~ is the  k inemat ic  viscosi ty of the  solution 
and • is the  ro ta t ion  speed (sec-1) .  

A fluid par t ic le  near  the disk wi l l  be t rac ing a 
pa th  r (0), re la t ive  to the  disk, descr ibed by  

1 d r  Vr 
- -  --  - -  - -  --  0.828 [2] 

r dO Vo - -  r ~  

Note that  this is independent  of e i ther  r or z wi th in  
the range of va l id i ty  of the  l inear  approx imat ions  
in Eq. [1]. Thus the  pa th  fol lowed by  any fluid pa r -  
t icle near  the  disk is such that  its d i rect ion of t rave l  
is at an angle  a to a ray  d rawn  f rom the  center  of 
rota t ion (see Fig. 1) and 

= cot -1(0.828) = 50.38 ~ [3] 

Equat ion [2] can be in tegra ted  to y ie ld  the  equat ion 
for the t r a jec to ry  passing th rough  the point  (rl, el) 

r - -  r l  exp[  (e~ - -  0)cot a] [4] 

On the other  hand, a point  on the  edge of the  e lec-  
t rode is g iven by  

r = r0 ~/~2 + 1 --  2s cos 0' [5] 

The condi t ion of un i fo rm accessibili ty,  tha t  is, un i -  
form rate  of mass t ransfer ,  wi l l  be main ta ined  for 
nonzero eccentr ici t ies  as long as fluid par t ic les  sp i ra l -  
ing off t h e  e lectrode never  r e tu rn  to or pass over  
the e lectrode again. F lu id  begins to r e tu rn  to the  
electrode for an eccentr ic i ty  at which a t r a j ec to ry  
first becomes tangent  to the  edge of the  electrode.  
Tangency is g iven by  a --  8, where  ~ is the  angle  

Fi,g. 1. Nornenclature for offset disk electrode 

9 2 8  
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be tween  the edge of the  disk and the  r a y  d r a w n  f rom 
the center  of rotat ion.  

Geomet r ica l  considerat ions  then  lead  to the  re la t ion  

~ = ~ = o + o ' - - -  [6] 
2 

for  a t angent  poin t  on the  edge. Since the  re la t ion-  
ship be tween  0 and  0' is 

0 : t an  -1 [7] 
�9 -- COS 0' 

the condition for a tangent point reduces to 

Q COS a 
r = ~ + cos-1 T -  [8] 

a f te r  r e a r r angemen t  using t r ignomet r ic  identit ies.  This 
equat ion shows tha t  no point  of t angency  exists  for  
�9 < cos =. Thus, the  cri t ical  eccentr ic i ty  we seek is 

�9 c : cos a = 0.6377 [9] 

Fo r  e > cos ~, Eq. [8] gives two tangent  points  

( c o s a )  
8'tl ~ ~x-- COS--I --.7_ 

and 
/ cos ,, \ 

= o + cos-  t - -  ) [I0] 

where  the  p r inc ipa l  b ranch  of cos -1 is now to be used. 
As e -~ 1.0, it  even tua l ly  becomes possible  for the  

same t r a j ec to ry  to sp i ra l  off the  disk, re turn,  spi ra l  off 
again,  and then r e t u r n  once more.  Since in this  ana ly -  
sis we wil l  not  a t t empt  to t rea t  this  case, we must  de-  
t e rmine  at wha t  eccentr ic i ty  this  effect begins.  At  the  
onset of this behavior ,  the  cr i t ical  t r a j ec to ry  is one 
tha t  is t angent  to the  disk at  two points,~(r~, 8'tl) and  
(r2, r as shown in Fig. 2. To de te rmine  the eccen-  
t r i c i ty  at which  this occurs, we begin  wi th  5 equations 
in  5 unknowns  (rl, r2, 8'tl, 0't2, e). Equat ion [10] gives 
two re la t ions  for  the  angles at  the  tangent  points. 
Equat ion  [5] gives two re la t ions  for  points  on the edge 
of the  electrode.  Since the  two points  mus t  be on the  
same spiral ,  Eq. [4] can be wr i t t en  
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exo{ [,an-'( 
- -  COS '~ ' t l  ! 

- - t a n - l (  sino'm ~ 2n ] c o t a  - - - - +  [11] 
-- COS O't~ / J 

where  2~ appears  since the  t r a j ec to ry  completes  a full  
sp i ra l  before  the  second tangent  point  is reached.  These 
5 equations can be reduced  to one equat ion in  e 

- cos ( . 2 + 1  2, [ o + c o s - 1  )1= COS_____~ 

f , 2 ~ 1  2 ~ c o s [ a  /COSa, 

COS a 
e x p { [ ~ + c o s  -1 - , ) ] 4 c o t a }  [12] 

which has two solut ions 

�9 1 = 0.998476 

e 2 -  1.001523 [13] 

The second solut ion is significant for  calculat ions wi th  
e > 1, since i t  gives the  eccentr ic i ty  at  which fluid 
begins to pass over  the  disk only once. Eccentr ici t ies  
be tween  these two cri t ical  values  wi l l  not  be t r ea ted  
in this  analysis.  

The mass t ransfe r  ra te  to the  e lect rode m a y  now be 
determined.  I t  should be noted that  for  eccentr ic i t ies  
0.9985 > �9 > 0.6377, some of the  fluid exper iences  a 
s i tuat ion s imi lar  to wha t  would  occur in  a r i ng -d i sk  
system. That  is, it  spirals  off the  electrode, passes over  
an  insulat ing surface, and then  spira ls  over  an active 
surface once more, a f te r  which it leaves the  region of 
interest .  I t  seems then  tha t  we may  calculate  the  mass 
t ransfer  ra te  for fluid fol lowing such a t r a j ec to ry  by  
de te rmining  the radi i  (rl,  r2, rs) at  which  this fluid 
(i) leaves the e lect rode ini t ia l ly ,  (ii) re tu rns  to the  
electrode, and (iii) leaves the  e lect rode for the  las t  
t ime, and then use the  appropr ia t e  fo rmula  (6, 7) for  
mass  t ransfe r  to a r i ng -d i sk  e lect rode which  is oper-  
a ted at the  l imi t ing current  for the  same react ion on 
both the r ing and disk. Similar ly ,  for e > 1.0015 one 
could de te rmine  the  radi i  a t  which a t r a j e c to ry  enters  
and leaves the  e lec t rode  sur face  and use Levich 's  
fo rmula  (1) for mass t rans fe r  to a r ing electrode,  wi th  
inner  and outer  dimensions ident ical  to these, to de-  
t e rmine  the  t ransfe r  ra te  along tha t  t ra jec tory .  Since 
each t r a j ec to ry  would  have  a different  r ing -d i sk  (or 
r ing only, for  �9 > 1.0015) analogue,  i t  wou ld  be neces-  
sary  to section the surface of the  e lec t rode  into thin 
s tr ips  fol lowing the t ra jec tor ies  (shaded on Fig. 3) and 
determine,  via  the  above method,  the  t ransfe r  ra te  to 
each. In  the fol lowing discussion, detai ls  are  presented  
only for  the  case ~ > 1.0015, which  can be compared  
easi ly  to previous  t rea tments .  The analysis  for  0.6377 < 
e < 0.9985 is s imi lar  except  tha t  the  more  complicated 
express ion for mass t ransfe r  to a r i ng -d i sk  sys tem 
mus t  be subs t i tu ted  for  Levich 's  equat ion  for  t r ans fe r  
to a r ing e lect rode only. 

Fo r  a r ing  e lect rode wi th  the  act ive por t ion  be tween  
r l  and r~, the  Levich fo rmula  for  mass  t ransfe r  to a 
segment  of wid th  do is 

(,28- ris),/s ~)c. �9 ~"so 
[14] dj 

x / ~ J -  2r  (4/3) \ ~  

The to ta l  mass  t ransfe r  to the  disk wi l l  be given by  
this equat ion in t eg ra ted  be tween  the two tangent  
points  0tl and 8t2. Upon changing the independent  va r i -  
able  f rom 0 to e' and dividing by  the  ra te  of mass 
t ransfe r  to a centered  disk e lec t rode  of equal  area  
(jdisk), we find 

f ( 
3 / ~ d i s k  = ~ ~'O'tl \ r l  " - - ~  - -  COS a 

[15] 
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Given  0'1, the quant i ty  r2/rl can be determined by 
simultaneous solution of Eq. [4] and  [5]. This must  be 
done numerical ly  due to the complexity of these equa-  
tions. As a test of this numerica l  procedure, one can 
verify the ident i ty  

) [  co  o,_o  1],o, 
2~ = a.'e,tz \ T 1 2  e COS 

which results from calculating the area of the elec- 
trode. 

The asymptotic behavior  as e ~ ~ is of some interest  
since it shows clearly the differences between this 
analysis and those of Chin and Litt  and Bardin and 
Dikusar. As e ~ oo 

r l  
--> �9 -- COS 8' 

TO 
T~ 

e + cos (r - -  2a) 
T0 

trtl --* a -- 
2 

O'm~ a + -- [17] 
2 

and with x = sin (0' - -  a), Eq. [15] becomes 

j/Jdisk... ~ 1 (  36e ,~1/3F, 
" ~  \ C ~ ' ~ S  a / "/0 (1 - -  xS) I/3 d x  

1 ( 9e ) 1 /3 r (4 /3 )  : 1 . 0 2 7 e  1/~ [18] 
: ~ k ~ /  r (11/6-------) 

correct to the largest order in e. The method of Bardin 
and Dikusar leads to 

1 ( 9~ /1/3 r (4 /3 )  = 0.884el/3 [19] J/ida.k--' ~ --~.-/ r(11/8) 

while Chin and Litt  obtained an expression equivalent  
to 

~/Jdisk "~ ~ --- 0 .998d /a  [20] 

The differences arise from different schemes for seg- 
ment ing  the electrode before applying the r ing anal -  
ogy. Bardin and Dikusar took the streamlines to be 
radial ly outward from the center of rotat ion (Fig. 4). 
Chin and Litt  approximate the circular electrode by a 
square of equal area, but  with the proper angle given 
to the spiral streamlines. Thus we conclude that  the 
shape approximation used by Chin and  Litt  introduces 

of . 

930 

Rotation) 

(a) Bardin and D,kusar (b) Chin end Litt (c) This Paper 

Fig. 4. Comparison of partitioning schemes (e > 1) 

less than  a 3% error in  the asymptotic t ransfer  rate, 
but  the neglect of the fluid t rajectory by  Bardin  and 
Dikusar yields a 14% error. 

Experimental Technique 
The mass t ransfer  rates for centered and eccentric 

electrodes were determined for electrodeposition of 
copper onto copper electrodes. The solution used was 
0.008M CuSO4 in 1.5M H2SO4. The rotat ing disk elec- 
trodes were fabricated from Plexiglas, dri l led and 
fitted with short sections of 0.25 in. bopper rod. The 
over-al l  diameters of the disks were 1.5 in., except for 
the electrode with an eccentricity of 3.94, for which a 
2.0 in. disk was used~ The electrodes were polished 
with emery paper  and then wet crocus cloth prior to 
use. Limit ing current  curves were recorded at three 
rotat ion speeds, 405, 510, and 1590 rpm, at room tem-  
pera ture  (22~ for electrodes of eccentricities 0.00, 
0.66, 0.88, 2.13, 2.94, and 3.94. The ratios j/jdisk were 
then calculated for each electrode and rotat ion speed 
by dividing the total current  to the eccentric disk by 
that to the centered electrode at the same rotat ion 
speed. To minimize the effect of temperature  variations, 
the centered electrode was used for every thi rd  run,  
and these results used to calculate the t ransfer  ratios 
for the noncentered electrodes used in the immediate ly  
preceding and following runs. 

Results 
The expe r imen ta l  results are g iven  in  Fig. 5 a long 

with the numerical  results, the large eccentricity 
asymptote Eq. [18]), and the analyt ical  and experi-  
menta l  results of Bardin  and Dikusar. The data empha-  
size the importance of sectioning the electrodes along 
streamlines in  order to use the Levich equat ion for 
r ing electrodes to predict the mass t ransfer  rate. Our 
data disagree significantly with those of Bardin and 
Dikusar, due, perhaps, to their  use of quite small elec- 
trodes (,~ 1 mm in diameter) .  This small  size might  
make accurate determinat ion of the eccentricity diffi- 
cult and would tend to emphasize edge effects. The 
data gathered by Chin and Litt  support  this analysis 
also, since they correlated well  with their  theoretical 
analysis, which differs from the present  analysis by 
only 3% at the large eccentricities at which their ex- 
per imenta l  work was conducted (e > 9). 

Although, as previously noted, this analysis fails in 
a l imited region about �9 = 1, the curves for the results 
for e < 1 and �9 > 1 can be joined with no apparent  
discontinuity at e = 1, as shown on Fig. 5. 

The close agreement  between the numerica l  and 
asymptotic (analytic)  results is somewhat surpris ing 
in  view o f  the fact that  curvature  of the trajectories 
was ignored in the asymptotic analysis and becomes 
pronounced as �9 becomes small. It appears that  the 
formula 

J 
-- 1.027el/8 + 0.044e-~/a [21] 

~disk 

will be accurate to wi th in  1.0% for e > 0.8. The ex- 
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Fig. 5. Mass transfer ratio j / jdisk vs. eccentricity for an off-center 
rotating disk electrode. 

ponent  - 5 / 3  is just if ied by  an extens ion  of the  a symp-  
totic analysis.  
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LIST OF SYMBOLS 
c~ bu lk  concentra t ion of reac t ive  species (g / cm a) 
[) diffusion coefficient of react ive  species (cm2/sec) 
j mass t ransfe r  ra te  to e lec t rode  (g/sec)  
Jdisk m a s s  t ransfer  ra te  to a centered e lect rode (g /  

sec) 
O center  of ro ta t ion 
O' center  of e lec t rode  
r rad ia l  coordinate  f rom center  of ro ta t ion  (cm) 
r0 radius  of e lec t rode  (cm) 
vr, vo veloci ty  components  re la t ive  to the  disk ( cm/  

sec) 
z coordinate  normal  to disk (cm) 

angle  of fluid t ra jec tor ies  nea r  d isk  
angle  be tween  edge of disk and r a y  f rom O 

, offset of center  of ro ta t ion  
,c cr i t ical  offset for nonuni form accessibi l i ty  
8 angu la r  coodinate f rom center  of ro ta t ion  
e' angular  coordinate  f rom center  of disk 
v k inemat ic  viscosi ty of solut ion (cm2/sec) 

ro ta t ion speed of disk (sec -1)  
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An Electrochemical Study of Undercutting during 
Etching of Duplex Metal Films 

J. J. Kelly and C. H. de Minjer 

Philips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

For  var ious  technological  appl icat ions  pa t te rns  a re  chemical ly  etched in 
me ta l  films pa r t l y  covered wi th  a nobler  metal .  As a resul t  of the  b imeta l l ic  
contact,  accelera ted  etching may  occur, giving rise to considerable  undercu t -  
ting. F r o m  electrochemical  considerat ions  i t  was expected tha t  the  use of ce r -  
ta in  chemical  pol ishing solutions would  signif icantly reduce the degree  of such 
undercut t ing .  This was verif ied by  s tudying  the e lec t rochemical  proper t ies  of 
var ious  pol ishing and nonpol ishing etching agents. Su i tab le  solutions were  de -  
veloped for the  etching of A1, Mo, and Ni-P.  These etching agents, when  used 
to etch meta l  films pa r t l y  covered by  nobler  metals ,  gave m a r k e d l y  less unde r -  
cut t ing than  nonpol ishing etching agents.  

In  var ious  technologies  i t  is often necessary  to etch 
fine pa t t e rns  in  me ta l  films. I m p o r t a n t  factors  de te r -  
mining the  choice of a chemical  e tching agent  are  
genera l ly  the  etching rate,  the  degree  of undercut t ing,  
the  chemical  aggressiveness  of the  solut ion to other  
mate r i a l s  present ,  and the  definit ion of the  e tched pa t -  
terns.  One pa r t i cu la r  p rob l em arises wi th  duplex  sys-  
tems when pa t te rns  have  to be e tched in me ta l  films 

Key words: a luminum,  chemical  polishing, duplex me ta l  films, 
electropolishing, etching of metals. 

pa r t l y  covered by  a nobler  metal .  Because of galvanic  
action ar is ing f rom the  b imeta l l ic  contact, accelera ted  
etching m a y  occur, causing considerable  undercut t ing  
at the  in terface  be tween  the  two metals .  This pape r  
describes an e lect rochemical  s tudy  of such undercu t -  
t ing and suggests how the  effect m a y  be  avoided by  a 
sui table  choice of etching agent.  

The increase  in the  ra te  of dissolut ion of a meta l  
due to contact  wi th  a nobler  meta l  m a y  be exp la ined  
by  considering the  pa r t i a l  polar iza t ion  curves for the  
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Fig. 1. Partial polarization curves for dissolution of metal M1 
in a nonpolishing solution. 

process (1). A n  example  is shown in Fig. 1 for a meta l  
M1, of a g iven  area,  dissolving in acidic solution. 
Curves  (a) and (b) a re  the  pa r t i a l  anodic and cathodic 
polar iza t ion  curves for  me ta l  dissolut ion and hydrogen  
evolution, respect ively.  Under  open-c i rcu i t  condit ions 
(no ex te rna l  cur rent )  M1 dissolves at  a rest  potent ia l  
E1 (I1 a : I1 c) and at  a ra te  given by  I1 a. When  M1 
is connected to a second meta l  M2, which  does not  
dissolve in the  poten t ia l  region shown, only hydrogen  
evolut ion wil l  occur at  Me and the  cathodic po lar iza-  
t ion curve for MI + M~ may  be represen ted  by  curve 
(c).  The increase  in the  cathodic current  depends,  
among other  factors, on the area  of M2. Wi th  this  com-  
bined system, the rest  potent ia l  is shif ted to a more  
posi t ive va lue  E2 (/2 a ---- I2c). I t  is obvious that,  wi th  no 
ex te rna l  current ,  M1 dissolves more  r ap id ly  when 
connected to M2 (I2 a > I la) .  When  the cathode area  is 
fu r the r  increased by  increasing the area  of M2, then  M~ 
should dissolve even more  rapid ly .  

I t  seemed to us tha t  such accelera ted  etching might  
be p reven ted  by  choosing a solut ion for  which the 
anodic pa r t i a l  cur ren t  does not  increase  as a funct ion 
of potent ia l  in a sui table  potent ia l  range.  E lec t ropol -  
ishing solutions genera l ly  give such cu r ren t -po ten t i a l  
character is t ics  (2, 3) and a typ ica l  polar izat ion curve 
for  such a sys tem is shown in Fig. 2, curve (a) .  At  
lower  potent ia ls  the cur ren t  increases wi th  increas ing 
potent ia l  and  etching of the meta l  is observed.  At  
h igher  potent ia ls  a "polishing" film, consisting of 
e i ther  a viscous l aye r  or an oxide or salt  film, is p res -  
ent  on the  metal .  No increase in cur ren t  is obta ined 
despi te  an apprec iab le  increase  in po ten t ia l  and, as a 
rule, pol ishing is observed in this range.  When  an 
oxidizing agent  wi th  a cathodic polarizat ion,  curve 
(b) as shown in Fig. 2, is added  to the  e lectropol ishing 
solution, the  meta l  MI is "chemical ly  pol ished" at  an 
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Fig. 2. Partial polarization curves for dissolution of metal MI  in 
a polishing solution. 

open-c i rcui t  potent ia l  El and  at  a ra te  given b y  11 a. 
Enlarg ing  the cathodic surface by  combining M1 wi th  
a noble me ta l  M2 leads to an increase  in the  cathodic 
current  at  a given potent ia l  (curve c, Fig. 2). Despi te  
the  fact tha t  the  rest  po ten t ia l  increases to E2 the ra te  
of dissolution of the  meta l  should r ema in  the  same 
(Ii  a = 12a). When  such a solut ion is used as an etching 
agent  for Ml, the etching ra te  should not  be affected 
by  the presence of a noble metal .  The purpose  of this  
work  was to de te rmine  expe r imen ta l ly  i f  this  a ssump-  
t ion was correct  and in  this w a y  to develop sui table  
etching agents  for b imeta l l ic  systems. 

Our  invest igat ions  were  d i rec ted  main ly  to the  s tudy 
of etching agents  for  A1 and, to a lesser  extent ,  for  
Mo and Ni-P.  

Experimental 
Electrode mater ia l s . - -A luminum meta l  (9'9.99%) 

was suppl ied  by  Rebag (Grevenbroich,  West  G e r m a n y )  
in the  form of 8 m m  th ick  p la te  and mo lybdenum 
(99.9%) by  Phil ips  N.V. (Maarheeze,  Nether lands)  as 
cyl indr ical  rods wi th  a d iamete r  of 6 ram. Nickel -  
phosphorus  electrodes,  containing app rox ima te ly  10% 
P by  weight,  were  made  by  electroless deposi t ion of a 
100 ~m thick layer  onto Ni strips. 

The electrodes for the polar iza t ion  measurements  
were  first mechanica l ly  machined  and, a f te r  cleaning, 
were  e lectropol ished in the  same solutions as used for 
the e lectrochemical  exper iments  (Table  I ) .  Since cur-  
r en t -vo l t age  curves were  measured  in e lectropol ishing 
solutions, genera l ly  under  pol ishing conditions, essen-  
t i a l ly  no roughening of the  e lect rode surface occurred.  
The meta l  disks for the  chemical  dissolut ion exper i -  

Table I. Solutions used for etching metal films 

Corresponding 
Eleetropol ishing chemica l  pol ishing Nonpolishing 

Metal solution solution Solut ion 

AI 75g Na2COa 0.25M N a O H  
(i) 75g Na~COs 359 NasPO~ �9 12I~O 

35g Na.4904 �9 12I-I=O 169 I ~ F e  (CN) 8 
0.5 l i ter  H20 0.5 l i ter  HsO 

A1 (ii) 40 ml  I-I3PO~ (85%) 40 ml  I-IaPO4 (85%) 
40 ml  CH3COOH (100%) 40 ml  CI-i~COOH (100%) 
20 ml  H~O 10 ml  HNO3 (65%) 

10 ml  HsO 
Mo 50 ml  H3PO~ (85%) 50 ml  I-I.~PO~ (85%) 22% (wt) Ce (NHD ~ (NOa).  

50 ml  I-~O 30 ml  HNO8 (85%) in 1% HNOa 
20 ml  H~O 

N i - P  90 ml  I-I3PO~ (85%) (i) 90 ml  HsPO~ (85%) 50 ml  HNO8 (65%) 
10 ml  I-IaO 10 ml  HNO3 (65%) 50 ml  H.~O 

(i0 80 ml  H~SO~ (85%) 
15 ml  HNOa (65%) 
4 ml HC1 (37%) 
1 m l I ~ O  
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ments  were either chemically or electrolytically pol- 
ished, prior to use. 

Metal f i /ms.--For the etching exper iments  metal  
films were prepared on glass microscope slides (18 X 
18 X 0.12 mm~). A l u m i n u m  films (0.4 ~m thick) were 
made by  evaporation, Mo films (0.03 #m thick) by 
sputtering, and Ni-P films (10% P) (0.3 #m thick) by 
electroless deposition. The metal  films were then  par t ly  
covered either with photoresist or noble metal  pat-  
terns containing details of 5 #m and greater. 

The A1 was provided wi th  a noble meta l  pa t te rn  by 
first sput ter-e tching the metal  surface to remove the 
oxide film and then depositing a 0.1 #m Pt film on the 
clean A1 in the same apparatus. Through the windows 
of a resist pa t te rn  a 2 #m thick Au film was electro- 
deposited on the Pt. After  removal of the resist, the 
th in  P t  film, not protected by the thick Au film, was 
removed by  sputter-etching.  

In  a similar manne r  a thin Au film was sputtered 
onto the clean Mo film and a thicker Au film was 
electrodeposited through the windows of a photoresist 
pattern.  After  removal  of the resist the th in  Au film 
was chemically etched to expose the under ly ing  Mo. 
The Ni-P  films were also provided with a Au pat te rn  
by electrodeposition. 

In  all cases the area of the exposed metal  film was 
kept small  compared to the area covered by resist or 
noble metal. 

Composition of etching solutions.--Table I gives a 
list of the solutions used for the electrochemical and 
chemical etching experiments  with the different metals. 
All  chemicals used in  this work were of reagent  grade. 

Determination of dissolved Al. - -Etching rates were 
measured by  removing 1 ml  samples from the etching 
solution at regular  intervals  and determining the con- 
centrat ion of dissolved A1 spectrophotometrically us-  
ing 8-hydroxyquinol ine  (4). 

Measurements of the polarization curves.--Polariza- 
t ion curves were recorded at a scanning rate of 95 
m V / m i n  using a Wenking 61 TR potentiostat  and a 
Philips PM 8100 recorder. Because both the dissolu- 
t ion of metals in  a po ten t ia l - independent  current  re-  
gion and the electrolytic reduction of various oxidizing 
agents may be diffusion controlled, we used rotat ing 
disk electrodes (RDE) for the A1 study. The metal  
electrode (A1 or Pt)  in the form of a cylinder with a 
face area of 1 cm 2, was imbedded in a Teflon shaft, 
which was dr iven  by a motor  with an electronically 
regulated feedback system. 

The cell consisted of a Pyrex  vessel coated with a 
conducting t in  oxide layer  which acted as a heating 
element.  The reference s tandard calomel electrode 
(SCE) was placed in  a sidearm which was connected 
to the bot tom of the ma in  cell via an  inlet  fitted with 
a capil lary extending to just  below the center of the 
rotat ing disk. The counterelectrode was a Pt  r ing set at 
the bottom of the capil lary inlet. For certain experi-  
ments  a large area Pt  strip was placed against  the 
inner  wall  of the cell and connected to the rotat ing 
electrode via the mercury  contact. 

For  experiments  with Mo and Ni-P, only a s tat ion-  
ary test electrode in  the form of a flat metal  strip was 
used with a Pt  strip as counterelectrode. The SCE 
reference was placed in  a second vessel containing the 
same solution and was connected to the test electrode 
in the working cell via a salt bridge and a Luggin 
capillary. The solutions were not st irred in  this case. 

All potentials quoted either in the text or in the 
figures of this paper  are values with respect to SCE. 

Results and Discussion 
Aluminum 

Numerous electropolishing agents for A1 are de- 
scribed in  the l i te ra ture  (2, 3). From the various solu- 
tions investigated by us, cur rent -potent ia l  measure-  
ments  indicated that  two of these, an alkal ine and 

an acidic solution, had electrochemical properties suit-  
able for our purposes. 

Alkaline polishing solution.--Anodic polarization 
measurements.--The current -potent ia l  characteristics 
o][ a 1 cm 2 A1 RDE at 24~ in an  electropolishing so- 
lut ion containing Na2CO~ and NasPO4 (cf. Table I) 
are shown in Fig. 3, curve (a). For potentials greater 
than --0.8V the anodic current  is constant. In  this 
potential  range 3 faradays are required to dissolve 
1 mole of A1 in agreement  with Faraday 's  law. No 
cathodic reaction occurs in  this region. At potentials 
below --0.8V hydrogen is cathodically evolved at 
the A1 electrode. The current  voltage curves were 
reproducible to wi th in  approximately 5% for the scan 
rate shown. The difference between the l imit ing an-  
odic current  density measured potentiostatically and 
dur ing scanning at 95 m V / m i n  was <10%. 

The part ial  current  for A1 dissolution was calcu- 
lated from the dissolution rate of the metal  and is 
shown in  Fig. 3, curve b. The difference between 
this part ial  current  and the total current  (curve a) 
at lower potentials is due to the cathodic react ion- 
hydrogen evolution. 

The effect of a s tat ionary 15 cm~ Pt  electrode in  
contact with the 1 cm 2 A1 rotat ing electrode in  the 
same solution at the same tempera ture  and rotat ion 
rate is shown in Fig. 3, curve (c). The differences 
between the polarization curves (c) for A1 -t- Pt  and 
(a) for A1 alone are due to a lower hydrogen over-  
voltage on P t  than  on A1 and to oxygen evolut ion 
at the Pt  electrode as is shown in  curve (d), the polari-  
zation curve for the Pt  strip alone. It is obvious from 
Fig. 3 that  a relat ively wide potential  region exists in  
which the anodic current  of A1 is not affected by the 
presence of the noble metal. 

A plot of the l imit ing anodic current  density as a 
function of the square root of the rotat ion rate gave a 
straight line. This indicates, that  for the rotat ion range 
100-1000 rpm, the reaction is diffusion controlled (5). 
The l ine did not pass through the origin (intercept 
4 mA/cm2).  

Anodic current -potent ia l  measurements  performed at 
temperatures  be tween 25 ~ and 60~ and at the same 
rotat ion rate showed in each case a well-defined 
constant current  region. The activation energy for 
the electropolishing process, calculated from the l imi t -  
ing current  densities, was 9.8 • 0.2 kcal/mole, a 
value which is in good agreement  with that reported 
by Gabe (6) for a similar Bryta l - type  bath. This is 
higher than values reported for reactions in other 
diffusion-controlled electrochemical systems (5, 7, 8) 
( ~4  kcal /mole) .  In  the case of electropolishing a 
highly viscous film and /o r  an oxide layer  may be 
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Fig. 3. Polarization curves measured in PO4"g-/CO32- solution at 
24~ Curves (a), (c), and (d) are curves recorded using: (a) 
1 cm 2 AI RDE, 550 rpm; (c) 1 cm 2 AI RDE + 15 cm 2 stationary 
Pt electrode; (d) 15 cm ~ statEonary Pt electrode. Curve (b) is the 
partial anodic curve for case (a) calculated from AI dissolution 
rares. 
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present  on the electrode and this may be responsible 
for the higher act ivation energy. 2G 

For comparison we also measured the polarization 
curve for an A1 RDE in a nonpolishing solution, 0.25M 
NaOH. In  this case the anodic current  densi ty in -  ~ 10 
creased significantly with increasing potential. ~ ,  

Chemical  dissolut ion of A l . - - A s  an  oxidizing agent for ~ "  0 
the alkaline electropolishing solution we chose KsFe 
(CN)6 (0.092M). The solution shown in  Table I had ~ 10 
a pH of 12.6. The ferr icyanide/ ferrocyanide  system "~t- 
in 0.01M NaOH has a s tandard potential  of +0.22V .~ 
(9) which is in the region of constant anodic current  2 0  
of Fig. 3. ~ 

Curve (a) of Fig. 4 shows the amount  of A1 chem- ~ 30  
ically dissolved as a function of t ime at 24~ and 550 
rpm for a 1 cm 2 A1 RDE (circles) and for the same 
disk connected to a s tat ionary Pt  strip (15 cm 2) in ~ 
the same solution (squares).  No increase in  the A1 | 
dissolution rate due to the noble metal  was observed. 
If the rate of AI dissolution is expressed as current  50 
density, then this value agrees well  with the l imit ing 
anodic current  density observed in  Fig. 3. 

Results are also shown in  Fig. 4 for chemical dis- 
solution of A1 at 36~ (curve b) and at 48~ (curve 
c). For A1 alone (circles) the current  densities cal- 
culated from these rates are lower than  those ex- 
pected from the corresponding l imit ing anodic cur-  
rent  densities. This effect will  result  when  the cath-  
odic process, the reduction of ferricyanlde, is rate 
determining at the rest potential. When the A1 disk 
was in contact with a large area Pt  strip (squares),  
an increase in the rate of chemical dissolution was 
observed at these temperatures.  In  this case the mea-  
sured chemical dissolution rates agreed with the values 
calculated from the l imit ing anodic current  densities. 
This must  mean  that the anodic process is rate de- 
termining.  

Cathodic polarizat ion m e a s u r e m e n t s . - - I n  order to 
check the above explanation, polarization curves for 
the ferricyanide reduct ion in the PO43-/CO32- solu- 
tion were measured. Figure 5 shows such a curve 
for a Pt  RDE at 24~ and 550 rpm. A well-defined 
diffusion-controlled cathodic current  density (iK) was 
observed. The l imit ing current  density was directly 
proportional to the Fe(CN)6 ~- concentrat ion as can 
be seen in Fig. 5 and to the square root of the ro-  
tat ion rate (5, 8). 

The cathodic l imit ing current  was determined as a 
funct ion of tempera ture  between 20 ~ and 60~ and 
an activation energy of 3.9 kcal /mole was calculated 
from these results. This is in  the region expected for 
a process controlled by l aminar  flow (5, 7, 8). 

The anodic l imit ing current  density for A1 dissolu- 
t ion (curve a) and the cathodic l imit ing current  den-  
sity for the reduction of ferr icyanide (curve b) are 6G 
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Fig. 4. Chemical dissolution of AI as a function of time for an 
AI RDE alone (circles) and in contact with a 15 cm 2 Pt strip 
(squares) in pO43-/COs2-/Fe(CN)63 - solution, 550 rpm at (a) 
24~ (b) 36~ and (c) 48~ 
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Fig. 5. Cathodic polarization curve for a 1 cm 2 Pt RDE in 
PO43-/CO32-/Fe(CN)63- (0.092M) solution, 550 rpm, 24~ 
Limiting current densities are also shown for other concentrations. 

plotted as a funct ion of tempera ture  in Fig. 6. The 
measured chemical dissolution rates of A1, expressed 
as current  densities, are also plotted in Fig. 6, circles 
for A1 alone and crosses for A1 in contact with a 15 
cm 2 Pt  strip. It is clear that for the case of A1 alone 
at temperatures  below 32~ the l imit ing anodic cur-  
rent  density is less than the cathodic ( i l a <  il c) and 
in this range the chemical dissolution rate expected 
from il a is obtained. For temperatures  above 32~ 
il c < il a and the dissolution rate for A1 alone is de- 
termined by the magni tude  of il c. Hence the circles 
fall on the cathodic l ine (curve b).  Contacting the 
A1 with Pt  leads to an increase in cathodic current,  
therefore Fe(CN)~ 3- reduction is no longer rate de- 
termining and the crosses fall on the anodic curve. 
The chemical etching results shown in Fig. 4 can be 
explained in this way, using the part ial  polarization 
results. 

It is obvious from the electrochemical results shown 
in Fig. 6 that the etching of bimetall ic systems with-  
out the risk of undercut t ing  in  the PO4~-/CO82-/  
Fe(CN)6 a-  solution (Table I) is only guaranteed 
at or below 32~ i.e., where the etching rates of 
both A1 alone and of A1 in contact with Pt  are under  
anodic control. For temperatures  above 32~ the etch- 
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Fig. 6. Summary of electrochemical and chemical results: anodic 
(curve a) and cathodic (curve b) limiting current densities are 
plotted as a function of temperature; chemical dissolution rates of 
AI alone and of AI in contact with Pt are given by circles and 
crosses, respectively. 
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ant  can be modified by increasing the ferricyanide 
concentrat ion sufficiently (see Fig. 5) so that  the 
etching is no longer under  cathodic control. 

Rest potential of Al. - -The  value of the rest potential  
of A1 measured in the PO4~-/CO32- /Fe(CN)63-  solu- 
t ion was --1.05V. From the part ial  anodic A1 curve 
measured in  PO43-/CO32- solution (Fig. 3, curve b) 
and the cathodic curve measured on Pt  in  the PO43-/  
CO~2-/Fe(CN)63-  solution (Fig. 5) a much higher 
value of the rest potential  (+0.16V) was expected, 
i.e., 1.2V higher. The cathodic polarization curve for 
A1 in  aqueous Fe(CN)8 ~- solution, wi th  no PO4~-/  
CO32- present, showed that  ferr icyanide was reduced 
only at potentials much more cathodic ( > I V )  than  
on Pt. This was also found to be the case for cath- 
odic reduction of Fe(CN)8 ~- in  PO4~-/CO32- solu- 
tion. This considerable shift in  the cathodic curve 
for A1 with respect to that  for Pt  explains the dis- 
crepancy between measured and predicted values of 
rest potential. The value of the l imit ing cathodic 
current  density was the same for both metals. 

Petrocelli  has reported similar effects for A1 using 
Fe (CN)6S- /Fe (CN)64-  in  NaOH solution (10) and 
Ce4+/Ce 3+ in  H2SO4 solution (1). He suggests (1, 
11) that  a coherent oxide film, the thickness of which 
increases with increasing potential,  exists on A1 even 
at cathodic potentials. He at t r ibutes  the shift in the 
cathodic reduct ion curves to the fact that A1 ions 
may diffuse or migrate  through the oxide film while 
electrons may only pass through by quan tum me-  
chanical tunnel ing.  

Acidic polishing solution.--The acidic polishing solu- 
t ion was not as extensively studied as the alkal ine 
solution. However the same general  features were 
also observed in  this case. 

The anodic current -potent ia l  curve, measured us- 
ing an A1 RDE (1 cm 2) at 25~ in a solution con- 
ta ining HsPO4 and CH3COOH (Table I),  was similar 
in  form to that  found for the alkaline solution. At 
a rotat ion rate of 500 rpm, a rest potential  of --0.9V 
and a l imit ing anodic current  density of 3 m A / c m  2 
were observed. The l imit ing current  density depended 
on the rotat ion rate. Over a broad potential  range 
(+0.2 to +0.SV) the anodic polarization curve was 
essentially unaffected by contacting the A1 electrode 
with a large area Pt  strip. 

Nitric acid (Table I) was a suitable oxidizing agent 
for this system. During chemical dissolution of A1 
in  this solution a rest potent ial  in the required plateau 
region was observed. The cathodic current  was not 
a l imit ing factor for the A1 dissolution rate at 25~ 

Application of polishing solutions for Al  etching.~ 
In  order to test the applicabil i ty of these chemical 
polishing solutions as etching agents, A1 films were 
etched through the windows of a photoresist or a 
noble metal  pattern.  Because it was more convenient  
to electrodeposit thick layers of gold instead of pla t -  
inum, we used gold for the upper  noble metal  layer  
in  these experiments.  The electrochemical behavior 
of gold in  these solutions was the same as that  of 
plat inum. During etching the solutions were stirred. 
The degree of undercu t t ing  was studied by  observing 
the etched film through the glass substrate using a 
microscope. 

Etching A1/resist films with the PO4~-/CO32-/  
Fe(CN)68-  and HsPO4/CH3COOH/HNO8 solutions 
gave results s imilar  to those obtained with 0.25M 
NaOH, i.e., a controlled etching rate, good definition, 
and negligible undercut t ing.  

The etching rate of A1 in 0.25M NaOH for the A1/ 
noble metal  films was much greater  than  for the 
corresponding A1/resist films. In  Table II the times 
required to etch the two types of film are given. An 
increase in  etching rate by a factor of 7 was ob- 
served. Figure 7a shows the results of 3 min  etching 
of an A1 film par t ly  covered with Pt  + Au. Con- 
siderable undercut t ing  (~10 ~m) has occurred at the 

Table II. Etching of AI films 

Etching time 
S o l u t i o n  F i l m  (min)  

0.25M N a O H  A1/ res i s t  7 -~ 2 
A1 /P t  + A u  1 ~ 0.5 

PO,8-/COs~-/Fe (CN) @- A1/ res i s t  3 + 1 
A I / P t  + A u  3 ---+ 1 

HsPO~/CI-IsCOOH/HNOs A1/ res i s t  12 --~ 3 
A1 /P t  + A u  1 1 ' ~  2 

AI/Pt  + Au interface. For  comparison a photograph 
of an A1/resist interface is also included (Fig. 7b) 
in  which the A1 film has been etched for 7 min  under  
the same conditions. Only slight undercu t t ing  was 
observed. 

The A1 tracks, not covered by either noble metal  
or resist, were approximately 200 ~ wide. In  the 
NaOH solution, etching of the Al covered by noble 
metal  was considerably accelerated both at the con- 
tact area (Fig. 7a) and in  the nar row tracks (Table 
If). In  general  the effect of the noble metal  in such 
solutions will  always be greater near  the bimetall ic 
contact. Although the resistances of the metals are 
low and the metals have the same potential, the re-  
sistance of the solution is higher and the current  
density will therefore decrease with increasing dis- 
tance from the contact area. Besides this, complica- 
tions may also arise due to inadequate refreshing of 
the etching electrolyte in  nar row slits, local exces- 
sive stirring, or the formation of islands in  the etch- 
ing metal. 

The data given in  Table II show that no appreciable 
difference in  etching time was found for the Al/resist  
and AI /P t  + Au films using the two polishing solu- 
tions. Figure 7c shows the results of 4 rain etching 
of the A1/Pt + Au film in the alkal ine polishing solu- 
tion. Very li t t le undercut t ing  was observed. A similar 
result  was also found for the acidic solution. 

A higher etching rate in the alkaline solution can 
be obtained by either increasing the tempera ture  a n d /  
or replacing Na2CO3 by NaOH with equal ly favorable 
results. In  both cases the Fe(CN)6 ~- concentrat ion 
must  be increased to prevent  the cathodic reaction 
from becoming rate determining.  

Fig. 7. Undercutting in AI films: (a) AI/(Pt + Au) film etched 
3 mln in 0.25M NaOH; (b) AI/resist film etched 7 mln in 0.25M 
NaOH; (c) AI/(Pt + Au) film etched 4 rain in PO43- /CO32- /  
Fe(CN)63- solution. 
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Molybdenum 
For etching Mo a solution of Ce(NH4)z(NO3)a in 

I-INO3 is often used (Table I) .  With no noble metal  
present, this solution etches Mo at a rate of approx- 
imately 0.1 ~m/min.  Thus a 0.03 ~m Mo film par t ly  
covered by a photoresist film could be etched in 
20-30 sec without  significant undercut t ing.  When the 
Mo film was etched through the windows of a gold 
pat tern  for 15 sec using the same solution, enormous 
undercut t ing  (80 #m) was found (Fig. 8a). The etch- 
ing rate of Mo under  Au was more than three orders 
of magni tude greater  than that of Mo under  resist. 

The polarization curve measured using a stat ionary 
Mo electrode in the same solution showed that the 
anodic current  rose very steeply for very slight in-  
creases in  potential. The corresponding curve for a 
s tat ionary P t  electrode in  this solution showed a 
l imit ing cathodic current  due to reduct ion of Ce 4+, 
which in this case determined the etching rate. The 
fact that the anodic current  rises so rapidly means 
that very large acceleration factors in etching rate 
are possible when the cathode area is large relative 
to the exposed Mo area. 

Molybdenum may be electropolished in H3PO4 so- 
lut ion (2) (Table I).  The polarization curve shows 
a wide potential  region above ~-0.6V with an essen- 
t ial ly constant anodic current.  Nitric acid is a suit-  
able oxidizing agent giving a rest potential  of ap- 
proximately  ~-0.SV. This chemical polishing etching 
agent gave very little undercut t ing  (Fig. 8b), as 
expected from the electrochemical results. 

Nickel-Phosphorus 
An etching agent often used for Ni-P films is a 

diluted HNO3 solution (Table I).  The anodic polari-  
zation curve of Ni-P in this solution does not show 
a constant current  region and accordingly the etch- 
ing of Ni-P under  a gold pat tern  with this solution 
gives rise to undercut t ing.  

We did not succeed in finding an electropolishing 
solution for Ni-P. Various solutions which are used 
to electropolish pure Ni (2, 3) did not give favorable 
results with Ni-P. Our earlier experiments  had shown 
that the anodic behavior of Ni-P is quite different 
from that  of pure Ni. As an example Ni tends to 
passivate in H2SO4 solutions while Ni-P does not. 

Although no polishing effect was observed a con- 
centrated H~PO4 solution (Table I) gave polariza- 
t ion curves for Ni-P in which the anodic current  
did not increase appreciably between 0.8 and 1.7V. 

Fig. 8. Undercutting in Mo films: Mo/Au film etched using (a) 
Ce(NH4)2(NOs)JHNO~ solution, 15 sec, and (b) H3PO4/HNO3 
solution, 15 see. In photo (a) the result of etching of the Mo at a 
pinhole in the Au is also shown. 

Nitric acid was used as the oxidizing agent and the 
rest potential  of Ni-P in  this solution was 0.85V. 
Much less undercut t ing  of N i - P / A u  films was ob- 
served with this solution than with the diluted HNO~ 
solution. A solution containing HC1, HNO3, I.I2SO4, 
and H20 (Table I),  which is widely used to etch 
Ni-P films in the presence of Cu, also gives rise to 
very li t t le undercut t ing.  

Summary 
The aim of this work was to investigate whether  

it was possible from electrochemical considerations to 
develop etching agents with the property that the 
rate of dissolution of the metal  in the solution re- 
mains unaffected by contact of the metal  with a 
nobler  metal. The procedure for a given metal  was 
to choose a solution having a suitable potential  range 
in  which the anodic current  is constant and to add 
an oxidizing agent with a s tandard potential  in this 
range. Electropolishing solutions usual ly  fulfill the 
requi rement  of a constant current  range and addi-  
t ion of an oxidizing agent to such a solution gives 
a chemical polishing solution. 

As electropolishing agent for A1, a NasPO4/Na2CO3 
solution was investigated. To obtain a corresponding 
chemical polishing solution, K3Fe(CN)6 was added 
as oxidizing agent. Various aspects of the anodic and 
cathodic polarization curves for A1 in  these polish- 
ing solutions were studied, e.g., dependence of the 
l imit ing current  density on temperature,  concentra-  
tion, and rotat ion rate. The rates of dissolution of 
an A1 rotat ing disk alone and in  contact with a Pt  
strip were measured in the chemical polishing solu- 
tion. As expected from the electrochemical results 
no increase in the dissolution rate of A1 at 24~ due 
to the presence of the nobler  metal  was observed. 
This etching solution gave very little undercut t ing  of 
A1 films par t ly  covered by a Pt  -~ Au film, whereas 
considerable undercut t ing  was found with a nonpol-  
ishing solution. 

An acidic polishing solution for A1 gave equal ly 
favorable results. 

Suitable etching agents for duplex metal  systems 
with Mo or Ni-P films, in  combination with Au films, 
were also found. 

These results confirm the hypothesis that certain 
chemical polishing solutions, when  used to etch metals 
in the presence of nobler  metals, give much less 
undercut t ing  than nonpolishing solutions. 

Manuscript  submit ted Oct. 15, 1974; revised m a n u -  
script received Feb. 24,1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1976 JOURZ~AL. 
All discussions for the June  1976 Discussion Section 
should be submit ted by Feb. 1, 1976. 

Publication costs of this articZe were partially as- 
sisted by Philips Research Laboratories. 
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Technical Note 

Electrochemical Determination of Porosity in 
Nickel Electroplates on a Uranium Alloy 

L. J. Weirick* 
Metallurgy and Electroplating Division 8312, Sandia Laboratories, Livermore, California 94550 

Typical  chemical  and e lec t rographic  test p rocedures  
for  the  de te rmina t ion  of poros i ty  in e lect roplates  are  
usua l ly  des t ruc t ive  in na tu re  and not genera l ly  ap -  
p l icable  to process control  procedures .  E lec t rochem-  
ical techniques are  p re fe rab le  because they  offer good 
sens i t iv i ty  and r ap id  analysis  and  are  re la t ive ly  non-  
destruct ive.  A qua l i ty  control  technique having these 
character is t ics  was needed to de te rmine  the poros i ty  
in n ickel  e lec t ropla tes  on a u ran ium-3 /4  weight  pe r  
cent t i t an ium alloy.  

Mansfeld  (1) has de r ived  genera l  express ions  for  
the corrosion poten t ia l  Cg of galvanic  couples in te rms 
of the  anodic and cathodic areas. For  the  case of 
Tafel  behavior  or ac t iva t ion  control,  his express ion is 

ba~ c -4- b c ~  babc log i~ [1] 

Cg --  ba "4- bc "~- ba "~- b-----'-~ ioAA A 

If the  influence of a rea  var ia t ions  is inves t iga ted  whi le  
al l  o ther  pa rame te r s  a re  he ld  constant  and  the ca th-  
odic and anodic a rea  f ract ions  (AA, Ac) a re  in t ro -  
duced, Eq. [1] can be  wr i t t en  in the  form 

bcba ~ACA 
Cg - -  k -~- ba -4- bc log [2]  

For  base me ta l  specimens coated wi th  noble meta l  
e lec t ropla tes  of modera te  to low porosi ty,  Ac > >  AA. 
In  this case, Ac approaches  unity,  (log Ac)  approaches  
zero, and Eq. [2]" can be reduced  to the  fo rm 

babe 
@g - -  k - -  ~ l o g  A A  [3 ]  

ba + bc 

Sta r t ing  f rom a genera l  express ion b y  S te rn  (2) Mor-  
r issey (3) der ived  an  equat ion ident ica l  to Eq. [3], 
for  the  case of only  one meta l  undergoing  corrosion 
in  a b i n a r y  galvanic  couple cont ro l led  b y  ac t iva t ion  
polar izat ion.  

For  a second case, Mansfe ld  (1) assumed tha t  the  
corrosion ra te  of meta l  A is control led  by  the diffu- 
sion ra te  of the  oxidizer  to the  surface of me ta l  A 
and tha t  meta l  C is act ing only as an oxygen  elec-  
trode.  In  this  case, af ter  fol lowing a rgumen t s  and  
simplif icat ions s imi la r  to those used for  the  previous  
case, the  express ion  for  the  corrosion potent ia l  is 

Cg _ ~A _ ba log AA [4]  

In  summary ,  Eq. [3] and  [4] are  both  l inear  in 
form, and a plot  of corrosion potent ia l  vs. log AA 
wil l  y ie ld  a l inear  t race in e i ther  case. I f  the  cathodic 
and anodic react ions are  ac t iva t ion-cont ro l led ,  the  
slope wi l l  be (babc/ba % bc); if the  cathodic react ion 
is diffusion-control led,  the  slope wil l  be ba. 

* Elect rochemical  Society Act ive  M e m b e r .  
K e y  w o r d s :  ga lvan ic  couples, corrosion potentials ,  U-3~ Ti. 

Luborsky,  Breiter ,  and Drummond  (4) inves t iga ted  
go ld-copper  couples in ammonium chlor ide  solutions. 
They found that  these couples were  under  act ivat ion 
control  in 0.1M NH4C1, bu t  under  cathodic diffusion 
control  in 1.0M NH4C1. Morr issey  (3) also s tudied 
go ld-copper  couples in ammonium chloride solutions 
and found them to be ac t iva t ion-cont ro l led  in 0.1M 
NH4C1. He es tabl ished techniques for de te rmin ing  cal-  
ibra t ion curves of corrosion potent ia ls  as a function 
of base meta l  a rea  f rac t ion of ga lvanica l ly  connected 
noble -base  couples. These techniques were  appl ied  
in the  present  study, the  purpose  of which was to 
de te rmine  the amount  of poros i ty  in n ickel  e lec t ro-  
plates  on a u ran ium alloy. 

E x p e r i m e n t a l  
Exper iments  were  unde r t aken  to de te rmine  the 

change in corrosion potent ia l  as a funct ion of u r a -  
n ium al loy area  f ract ion in ga lvan ica l ly  connected 
n i cke l -u ran ium al loy couples. F igure  1 is a sche-  
matic  of the  exper imen ta l  a r rangement .  E lec t ropla ted  
nickel  sheet  ( s t r ipped f rom a steel  mandre l )  was cut 
to form a 7.62 cm (3 in.) square  having  a geometr ic  
gross surface area  of 116.13 cm 2 (18 in.2). This square  
was used as the  s t andard  nickel  specimen in al l  sub-  
sequent  de te rmina t ions  and was suspended in the  
e lec t ro ly te  by  means  of a p l a t i num wire  ( the p l a t -  
i num wire  caused no secondary  effects in  this  p a r -  
t icu lar  a r r angemen t ) .  

For  u ran ium al loy area  fract ions above  1%, coupons 
of u ran ium al loy were  cut f rom a 25 mi l  sheet  to 
the  dimensions necessary  to obta in  the  desired sur -  

Fig. 1. Schematic of electrochemical cell 
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face areas. These coupons were spot-welded to plat-  
inum wires for suspension in the electrolyte. For 
area fractions below 1%, wires of rectangu]ar  cross 
section were cut from the alloy sheet and mounted 
in plastic with the ends of the wires exposed. After 
these mounts  had been polished, the cross-sectional 
area of the alloy was determined and the area frac- 
t ion ratios were calculated. The potted wires were 
electrically connected on the back side of the mount  
to leads above the electrolyte surface. 

A saturated calomel electrode (SCE) was used as 
the reference electrode. A 0.1M KC1 solution was 
chosen as the electrolyte for the ini t ia l  calibration 
curve determination.  Subsequent  curves were gener-  
ated based on other concentrations of KC1 and a 0.1M 
solution of KBr. Electrolytes of nitric, sulfuric, acetic, 
and oxalic acids and sodium carbonate, oxalate, and 
thiocyanate were also tried. 

Corrosion potentials of u r an ium alloy specimens 
electroplated with various thicknesses of nickel were 
measured, and the area fraction of exposed alloy was 
determined from the cal ibrat ion curves. 

Results and Discussion 
Plots of measured corrosion potent ial  (vs. SCE) as 

a function of area fraction AA of u ran ium alloy for 
n icke l -u ran ium alloy couples in KC1 solutions are 
shown in Fig. 2. Deviations from l inear i ty  can be ob- 
served in Fig. 2 at large values of area fraction AA. 
This is in accordance with Eq. [2], for then log Ac 
can no longer be considered negligible. It  can also 
be seen that  the corrosion potent ial  for a given area 
fraction becomes more positive in  more dilute solu- 
tions, a point fur ther  expanded in the following. In  
addition, the slopes of the calibration curves in Fig. 
2 decreased when the solutions were more dilute. As 
outl ined previously, the analysis by Mansfeld sug- 
gests that the couple is under  activation control if 
the slope is equal  to babc/ba -~ bc and under  diffusion 
control if the slope is equal  to ha. From Fig. 2, the 
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Fig. 2. Corrosion potential as a function of uranium alloy area 
fraction in potassium chloride. 

slopes are approximately 90, 60, and 40 mV for 10 - 1 ,  
10 -2, and 10 -3 KC1, respectively. 

In  order to compare these values for the slopes 
to the values calculated from the Tafel constants, 
thus determining whether  the corrosion reaction was 
under  activation or diffusion control, anodic and cath- 
odic polarization curves were made for each solution, 
as shown in  Fig. 3. Ho~r the u r a n i u m  alloy under -  
goes severe pit t ing in these KC1 solutions, as indicated 
by the significant up tu rn  in  the anodic polarization 
curves. It was also observed that  the pit t ing became 
more severe with increased chloride concentration. 
Thus the anodic polarization curves and the anodic 
Tafel slopes are significantly affected by, and per-  
haps determined by, this pi t t ing reaction. The use 
of these anodic Tafel slopes to compare with the 
slopes of the calibration curves to determine whether  
the corrosion reaction is activation or diffusion con- 
trolled is thus not correct. However, indications of 
the type of control can be gotten from the intersec- 
tions of the anodic and cathodic polarization curves 
in  Fig. 3. These intersections occur in  the diffusion- 
controlled region for all three electrolyte concentra-  
tions. The intersect ion for the most concentrated so- 
lution, however, is close to an act ivat ion-control led 
region, that is, the discharge of water. Thus the re-  
sult ing exper imental ly  determined slopes are most 
l ikely a combinat ion of both activation and diffusion 
control, with diffusion control the more dominate at 
dilute concentrations. The change in  the slope of the 
calibration curves with concentrat ion may be simply 
a reflection of a change in  pi t t ing severi ty with con- 
centration. 

Figure 3 also shows why the galvanic corrosion 
potential  becomes more cathodic in  more dilute so- 
lutions for a given area fraction. This is shown by 
the more positive values of potential  at the in ter -  
section of the polarization curves (corrosion poten-  
tial) for more dilute solutions. 

Figure 4 is a plot of measured corrosion potent ial  
(vs. SCE) as a funct ion of area fraction of u r a n i u m  
alloy in 0.1M KBr solution. It is observed that  the 
corrosion potential  for a given area fraction is smaller 
in this solution than  it was in the comparable 0.1M 
KC1 solution. Since the bromide ion B r -  is known 
to be less aggressive towards u ran ium alloys than  
the chloride ion CI- ,  this result  is consistent with 
previous studies (5). The slope of the calibration 
curve measured in  0.1M KBr  is very  steep; in  fact, 
steeper than that measured in  10-3M KC1 solution. 
Therefore, if this solution were used in process con- 
trol  to monitor  porosity in nickel electroplates, the 
measurement  would be less accurate than  if the 0.1M 
KC1 solution were used. 

Solutions of 0.1M concentrations of nitric, sulfuric, 
acetic, and oxalic acids were tr ied as electrolytes to 
determine analogous cal ibrat ion curves. In  spite of 
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Fig. 3. Anodic (uranium alloy) and cathodic (nickel) polarization 
curves in potassium chloride. 
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Fig. 4. Corrosion potential as a function of uranium alloy area 
fraction in potassium bromide. 

reported abil i ty of these acids to dissolve u ran ium 
(6), the corrosion potential  did not change with vary-  
ing area fractions. The apparent  reason for this was 
that  the exchange current  density of nickel was high 
relat ive to the exchange current  density of u r a n i um 
in  these solutions. Thus, as outl ined by Mansfeld (7) 
in  his case of an active metal  imperfect ly coated by 
a noble metal,  when  the ratio of the exchange cur-  
rent  densities of the substrate  to the coating is small, 
the reaction kinetics of the coating, and not the 
area relationships of the couple, fix the potential  of 
the system. 

Solutions of 0.1M concentrat ions of sodium carbon-  
ate, oxalate, and thiocyanate were also tr ied as pos- 
sible electrolyte candidates .  However, in oxalate and 
carbonate solutions, insoluble compounds which sup- 
pressed the corrosion reactions were formed. Only the 
thiocyanate ion p r o d u c e d a n y  change in corrosion po- 
tent ial  with varying  area fractions of cathode, and 
these changes were very small. 

The ut i l i ty  of this electrochemical technique for 
de termining  the amount  of porosity in  nickel electro- 
plates on the u r a n i u m  alloy was demonstrated in  
fur ther  experiments.  Four  coupons of U-3/4 Ti of di- 
mensions 1.9 X 2.5 X 0.32 cm (3/4 X I X 1/8 in.) 
were electroplated with nickel in a nickel sulfamate 
bath to thicknesses of 0.25, 0.50, 0.75, and 1.0 n i l ,  
respectively. P l a t inum wires were spot-welded to the 
specimens for electrical connection. The measured cor- 
rosion potentials of the four specimens as compared 
to the calibration curve generated in 10 -8 M KC1 solu- 
t ion are shown in Fig. 5. Progressive reductions in 
porosity with increasing plat ing thickness were ob- 
served. The total  surface area of exposed u r a n i um 
alloy in  the specimen plated with 1 mil  of nickel was 
ext remely  low, i.e., porosity below 10-~%. 

Summary 
This study has shown that for u ran ium alloy speci- 

mens galvanical ly coupled to a nickel sheet in  KC1 
electrolytes, the corrosion potential  varies l inear ly  
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Fig. 5. Amount of porosity in nickel electroplates on a uranium 
alloy as a function of nickel thickness. 

with the logari thm of the exposed area fraction of 
u ran ium alloy according to expressions derived by 
Mansfeld (1, 7). It was possible to calibrate the 
technique so that  the exposed base metal  area frac- 
tions of u r a n i um alloy specimens plated with nickel 
could be estimated to a reasonable approximation. 
This technique is relat ively nondestruct ive and offers 
the advantages of simplicity and high sensitivity, 
par t icular ly  at low porosities. 
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ABSTRACT 

Lead is often found as a trace impur i ty  in fuels used in  gas turbines.  
In  addition, lead salts may form on hot superalloy parts during turb ine  opera- 
t ion in contaminated u rban  environments .  An exper imental  and thermody-  
namic study of Na2SO4-induced hot corrosion of nickel-base alloys at 900~ 
in the presence of small  concentrations of lead salts, has shown that these 
contaminants  can be very deleterious to alloy corrosion resistance. PbO re-  
duces the corrosion resistance of Ni-Cr and Ni-A1 alloys by complexing 
normal ly  protective scale to form PbCrO4 and PbO.A1208 which are solu- 
ble in the sulfate melt. PbO is a more aggressive contaminant  than  PbSO4, 
and PbO concentrat ions of 1 mole per cent in the salt condensate can result  
in catastrophic corrosion rates with Ni-Cr alloys. 

Accelerated corrosion of high temperature  super-  
alloys in the presence of ingested sodium salts and 
residual sulfur  is a problem of major  concern in 
mar ine  and industr ial  gas turbines  and is the subject 
of an extensive l i terature (1). The increased use of 
crude oil and residual fuels in these applications has 
led to the recognition that severe corrosion effects 
can also be induced by traces of metallic impurit ies 
present  in these low grade fuels. In  particular,  the 
deleterious effects of vanad ium have been well docu- 
mented  (2). Lead impuri t ies  may arise from various 
sources. Industr ia l  gas turbines  may ingest part iculate 
lead compounds during operation in  contaminated ur -  
ban atmospheres. Occasionally contaminat ion of tu r -  
bine fuels with lead tetraethyl  from gasoline resi- 
dues may occur in tankers  and storage vessels. Lead 
compounds have been detected occasionally in crude 
oils in  concentrat ions up to 2 ppm (3). However, in 
spite of these considerations, the effects of lead com- 
pounds on the hot corrosion behavior  of superalloys 
have not been previously reported. 

Thermodynamic  calculations have shown (4) that  
a level of 1-2 ppm of lead in the fuel can be expected 
to produce a salt condensate containing up to 1 mole 
per cent (m/o)  PbO + PbSO4 in  Na2SO4 at tempera-  
tures in the hot corrosion range of 850~ and above. 
Deposits on gas tu rb ine  blades formed during opera- 
t ion with aviation fuel containing lead have indeed 
been found to contain PbO (5), although the effects of 
lead on hot corrosion rates have not been studied. 
There are, however, reports that  lead deposits on 
Ni -Cr-Fe  alloy manifolds and af terburners  in gaso- 
l ine engines are associated with accelerated corrosion 
(6, 7). 

This paper describes the results of an exper imental  
investigation into the effects of low concentrat ions of 
lead salts on the Na2SO4-induced hot corrosion of 
nickel-base alloys and an at tempt to interpret  the ob- 
served effects from an equi l ibr ium thermodynamic  
standpoint.  

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
Key words:  su l f ida t ion ,  h i g h  t e m p e r a t u r e  a l loys ,  m o l t e n  sa l t  cor -  

ros ion .  

Experimental 
Binary Ni-Cr and Ni-A1 alloys used in  the corrosion 

experiments were prepared by induct ion mel t ing and 
casting in  argon. From bars of 1-in. round stock, rec- 
tangular  coupons of dimensions 5/8 • 1/4 • 1/16 in. 
were cut and polished through 600-grit silicon carbide 
paper. The nominal  and actual compositions of the 
alloy specimens are listed in Table I. 

Salts used in  the crucible experiments  were anhy-  
drous sodium sulfate (Mallinckrodt Analyt ical  Re- 
agent),  lead oxide (Matheson, Coleman and Bell Re- 
agent PbO),  and lead sulfate (Fisher Certified Re- 
agent) .  

Polished coupons of the alloys were placed in glazed 
porcelain crucibles containing lg quanti t ies of the 
powdered salt mixtures  which had previously been 
ground in  an agate mor tar  and blended in a Fisher 
Minimill.  On heating the crucible and contents to 
900~ the salt melted and wetted the alloy coupon to 
form a thin l iquid layer  with the excess salt forming 
a pool at the bottom of the crucible. Weight changes of 
the crucibles and contents were measured thermo- 
gravimetrical ly in the Chevenard balance described 
previously (8). Corrosion experiments  were carried 
out isothermally at 900~ in  both air and a 0.1% SOs- 
76% Q - b a l a n c e  N2 gas mixture,  using a constant gas 
flow rate of 250 ml /min .  Postexper imental  examinat ion 
of the corroded alloy specimens by means of conven- 
tional metallographic and electron microprobe tech- 
niques showed that the attack was general ly fairly 
uniform throughout  the length of the specimen and 

Table I. Composition of alloys, weight per cent 

N o m i n a l  c o m p o s i t i o n  A c t u a l  c o m p o s i t i o n  

N i  100 H i  
Ni -5  Cr  Ni-5 .0  Cr  
Ni-10 Cr  N i -9 .g  Cr  
Ni -15  Cr  Ni -14 .g  Cr  
Ni -20  Cr  Ni-19.8  Cr  
Ni -50  Cr  Ni-49.8 Cr  
Ni -30  A1 Ni-29 .3  A1 
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Fig. 1. Effect of 1 m/o PBO on the Na2SO4-induced corrosion of 
nickel at 900~ Weight changes vs. time in air and 0.1% S02- 
76% 02-N2 atmospheres. 

therefore the total sample geometrical area was used 
to compute kinetic data. A blank experiment  carried 
out in the absence of an alloy sample showed that the 
crucible gained less than 0.04 mg/cm 2 of in terna l  sur-  
face after exposure to a melt  of 1% PbO-Na2SO4 for 
6 hr  at 900~ Weight changes resul t ing from attack 
on the crucible were therefore considered to be neg- 
ligible under  the conditions of the experiments.  

Results 
Nickel.--Thermogravimetric data for the corrosion 

of pure nickel specimens by  Na2SO4 alone and by 1 
m/o  PbO-Na2SO4 mixtures  in atmospheres of air  and 
0.1% SO2-76% O2-balance Ne, are presented in Fig. 1. 
These experiments  were all carried out at 900~ using 
polished nickel coupons part ial ly immersed in lg of the 
powdered salt. In  Fig. 1, weight gains of the crucibles 
and contents are plotted as functions of time, the ex- 
tent  of corrosion being computed as weight gain in 
mil l igrams per square centimeter  of total alloy surface. 

Corrosion of nickel by Na2SO4 alone took place at 
a rapid rate at 900~ in both gaseous atmospheres, 
weight gains being essentially l inear  with t ime for the 
dura t ion of the experiments.  The rate of at tack in the 
0.1% SO2-76% O2-172 envi ronment  was substant ial ly 
greater than that  in  air, al though in  both cases the 
extent  of the corrosion could be characterized as 
catastrophic, 1 with weight gains that  exceeded 20 rag/  
cm 2 after a 5 hr exposure to the salt melt. By contrast, 
the experiments carried out with an init ial  1% PbO- 
Na2SO4 salt mixture  resul ted in  sharply reduced rates 
of corrosion, with weight gains of less than 4 mg/cm2 
during the 5 hr runs. Al though weight increases were 
again larger in the SO2-containing atmosphere than  
in air, in  both cases corrosion of the nickel specimens 
was minimal  in the presence of the lead salt. 

Postexper imental  metallographic examinat ion  of the 
metal  coupons showed marked differences in the mor-  
phology of the corrosion layers produced in the pres- 
ence and absence of the lead additive. As shown in 
Fig. 2 (a), corrosion experiments  with the PbO-NaaSO4 
salt mix ture  produced a protective oxide layer on the 
surface of the nickel, with no evidence of subscale sul-  
fide formation. Electron microprobe examinat ion of 
this sample, shown by the traverse in Fig. 2(b) ,  indi-  
cated that  the scale was dense NiO, the concentrat ion 
of Pb being too low to be detectable. Corrosion of 
nickel by Na2SO4 alone produced a thick porous scale, 
shown in section in  Fig. 3. In  this case, x - r ay  images 
of Ni and S for an area at the base of the scale (Fig. 
4) indicated that finely divided sulfides were distr ib- 
uted in a band beneath the outer oxide layer. 

Addit ional  experiments  carried out with nickel 
specimens immersed in salt mixtures  of composition 
1 m/o  PbSO4-Na2SO4 gave the same rapid weight gains 
and catastrophic corrosion rates as found with pure 
Na2SO4, indicating that  the inhibi tory  effect observed 
with PbO is not a general  effect associated with the 
presence of lead salts. No appreciable corrosion of 
nickel was observed with PbSO4 alone at 900~ 

Nickel-chromium alloys.--The most significant result  
found with b inary  Ni-Cr alloys was that the presence 
of PbO in  the salt condensate caused a considerable 

1Hot  corrosion ra tes  are genera l ly  r ega rded  as "ca tas t roph ic"  
when  they  amount  to 1-2 orders  of magn i tude  g rea te r  than  for 
normal  oxidat ion (9). 

I I I I t 
METAL "--]~ SCALE 

Ni 
I00 

80--  

60 

40 

20 
0 

0 
0 I0 20 30 40 50 60 

DISTANCE Fm 

Fig. 2. Transverse section through Ni sample after 6 hr exposure to 1 m/o PbO-Na~S04 at 900~ in air. (a, left) Optical micrograph 
showing uniform NiO scale. (b, right) Microprobe traverse along electron beam trace shown in (a). 
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Fig. 3. Section of Ni sample after 5 hr exposure to lg Na2SO4 at 
900~ in 0.1% S02-76% O2-N~ atmosphere. 

increase  in  the ra te  of Na2SO4-induced hot  corrosion 
at  900~ The magn i tude  of the  effect, however ,  de -  
pended  to a la rge  ex ten t  on the  chromium content  of 
the  alloy. 

Typical  the rmograv ime t r i c  resul ts  for  Ni-15 Cr 
specimens a re  summar ized  in  Fig. 5, which  shows 
weight  gain  da ta  obta ined in crucible  exper iments  wi th  
Na2SO4 and 1 m / o  PbO-Na2SO4 sal t  mix tures  in  both 
air  and 0.1% SO2-76% O2-N2 atmospheres .  When  cou- 
pons of Ni-15 Cr were  immersed  in pu re  Na2SO4 and 
hea ted  in flowing ai r  at  900~ a ve ry  smal l  weight  
gain  was observed  (~0.5  m g / c m  2) over  a per iod  of 
5 hr  and corrosion was ve ry  s l ight  as the resul t  of the 
fo rma t ion  of a pro tec t ive  Cr203 scale. Addi t ion  of 
1 m / o  PbO to the  in i t ia l  salt,  however ,  resu l ted  in  a 
m a r k e d  increase in corrosion ra te  and the specimen 
weight  cont inued to increase  dur ing  the course of the 
exper iment .  As wi th  nickel,  the  corrosion ra te  in the 
PbO-Na2SO4 exper iments  was st i l l  fu r the r  increased 
when  0.1% SO2 was presen t  in  the  ambien t  a tmo-  
sphere,  as shown in Fig. 5. 

NIetal lographic examina t ion  of the  corrosion layers  
p roduced  on this a l loy  by  the PbO-Na2SO4 sal t  mel t  

~showed (Fig. 6) a th ick  nonuni form Cr208 surface l aye r  
and  dispersed chromium sulfide globules  at  depths of 
40-50 ~m into the  bu lk  alloy, which are  not  c lear ly  
vis ible  in  the  micrograph.  This morpho logy  is charac-  
ter is t ic  of sulfidation under  condit ions of high sul fur  
potent ia l  (8). 

The resul ts  of an exper imen t  on the in terac t ion  of 
Ni-15 Cr a l loy wi th  PbSO4 alone are  shown in Fig. 7. 
In  this  case the  a l loy specimen was pa r t i a l l y  immersed  
in  lg  of the  powdered  sal t  and hea ted  at  900~ in the 
0.1% SO2-76% O~-N2 gas mix tu re  for  a per iod  of 5 hr. 
A modera te  (3 mg/cm2) weight  gain  was observed 
dur ing this per iod  and meta l lograph ic  examina t ion  of 
a sect ion of the  specimen at  the  end of the  exper imen t  
showed local ized areas  where  sulfide par t ic les  had  
fo rmed  benea th  the  surface oxide scale. Al though the 
ex ten t  of corrosion was g rea te r  wi th  PbSO4 than  wi th  
Na2SO4 alone, the  a t tack  was much less intense and 
less un i fo rm than  wi th  the  1% PbO-Na2SO4 sal t  mix -  
tu re  under  the  same conditions. As PbSO4 is solid at  
900~ a direct  compar ison of corrosion ra tes  is not  
possible. 

A series of exper iments  was car r ied  out wi th  Ni-50 
Cr a l loy coupons, immersed  in PbO-Na2SO4 mix tu res  
of var ious  composit ions and hea ted  at  900~ in the  
0.1% SO2-76% O2-N2 gas mixture .  This a l loy is ve ry  
res is tant  to both oxidat ion  and Na2SO4-induced hot  
corrosion and weight  changes in pure  Na2SO4 amounted  
to less than  1 mg/cm2 in  a 5 h r  per iod  at  900 ~ C. How-  
ever, as shown in Fig. 8, immers ion  in a 1 m/o  PbO-  
Na2SO4 mix tu re  resul ted  in an ini t ia l  r ap id  weight  
change, which amounted  to 3.6 m g / c m  2 in the first 
hour  of the  exper iment .  The corrosion ra te  then  d i -  
min ished  as the  lead  concentra t ion in  the  sal t  mel t  

Fig. 4. X-ray images of base of corrosion layer on Ni following 
5 hr exposure to Ig Na2SO4 at 900~ (a) Sack-scattered image, 
(b) NiK~ scan, (c) SK~ scan. 

became depleted.  The Nomarsk i  in te r fe rence  contras t  
mic rograph  of the corrosion l aye r  on this specimen, 
shown in Fig. 9, r evea led  a th ick Cr203 scale on the 
surface, par t ic les  of chromium sulfide in the  subscale 
region, and a zone about  20 ;~m th ick  near  the  surface 
which has become deple ted  in the  chromium-r ich  
eutectic, which is vis ible  as i r r egu la r  inclusions in the  
bulk  alloy. As shown in Fig. 8, increasing ini t ia l  PbO 
concentrat ions in the  salt  mix tu re  resul ted  in m a r k e d  
increases  in the  corrosion ra te  of the  Ni-50 Cr alloy, 
ini t ia l  weight  gains amount ing  to 5 and 10 mg/cm2-hr  
for ini t ia l  5 and 10% PbO-Na2SO4 salt  compositions, 
respect ively.  (The morpho logy  of the  corrosion l aye r  
fol lowing exposure  to the 5% PbO-Na2SO~ mix tu re  is 
shown in Fig. 10. Pene t ra t ion  of sulfides into the  bu lk  
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Fig. 5. Effect of 1 m/a PbO on Na2$O4-induced corrosion of Ni- 
l5 Cr at 900~ Weight changes vs. time in air and 0.1% SO2- 
76% O2-N2 atmospheres. 
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Fig. 8. Corrosion of Ni-50 Cr in PhO-Na2SO4 salt mixtures at 
900~ Weight changes vs. time for various initial PbO concen- 
trations. 

Fig. 6. Section of Ni-15 Cr sample showing corrosion morphology 
following exposure to 1 m/o PbO-Na2SOr salt mixture for 6 hr in 
air at 900~ 
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Fig. 7. Corrosion of Ni-15 Cr by PbSO4 at 900~ Weight 
changes vs. time in 0.1% SO2-76% O2-N2 gas mixture. 

alloy is obviously more marked than in  the exper iment  
with 1% PbO-Na2SO4.) In  each case the salt residue 
at the end of the exper iment  was colored bright  yel-  
low, which chemical analysis showed to be due to the 
presence of chromate. For example, analysis of the 
residue from the exper iment  with 5 m/o  PbO-Na2SO4 
gave a CrO4 = concentrat ion of 0.22 and 2.17 weight per 
cent (w/o)  in the case of the run  with 10 m/o  PbO-  
Na2SO4 initially. With Na2SO4 alone in contact with 
the Ni-50 Cr alloy, the concentrat ion of residual chro- 
mate after the 5 hr  experiment  at 900~ was 0.098 w/o. 
Apparent ly  the effect of PbO in  the salt was to pro-  
mote the formation of chromate as a result  of the 
reaction 

PbO + 1/2 Cr~O~ + 3/4 O2 --> PbCrO4 

A combined TGA-DTA experiment  with a 2:1 molar 
mix ture  of PbO and Cr~Oa heated at a rate of 10~ 

Fig. 9. Section of Ni-50 Cr sample showing corrosion morphology 
following exposure to 1 m/o PbO-Na2SO4 for 6 hr at 900~ in 
0.1% SO2-76% 02-N~ atmosphere. 

in an atmosphere of flowing 02 showed that this reac- 
tion began to occur at 400~ and was v i r tua l ly  com- 
plete at 750~ 

With the Ni-Cr b inary  alloys the corrosion rates 
were greatest during the first hour of the experiments,  
hence the measured weight gains for the ini t ial  1 hr  
of exposure could be used as a basis for quali tat ive 
comparison of the corrosion behavior  of the different 
alloy compositions. Figure 11 shows ini t ial  corrosion 
rates for the Ni-Cr alloy series computed in this m a n -  
ner; these are expressed in a rb i t ra ry  uni ts  because the 
kinetics in general  did not follow established rate 
laws. Postexperimental  metallographic observations of 
the extent  of corrosion confirmed the general  t r e n d s  
shown in Fig. 11. The lower curve shows that the rate 
of corrosion by Na2SO4 alone decreased rapidly as 
chromium was added to nickel and became very low 
~or Cr contents of 15 w/o or more, due to the forma- 
tion of a protective Cr2Oa scale. By contrast, corrosion 
rates in  the 1% PbO-Na2SO4 melt  were low for pure 
nickel but increased rapidly as the Cr content  of the 
alloy was increased and became very rapid for alloys 
containing 10-15 w/o Cr. In  these cases, complexing of 
the surface Cr203 by the lead component of the salt 
melt  produced a porous unprotected Cr-depleted 
matr ix  which was readily attacked by the Na2SO4 
melt. Fur ther  increases in chromium content resulted 
in some decrease 'in the rate of corrosion because of the 
high residual content of Cr in the alloy matr ix  even 
after removal of the surface layer  by lead complexing. 
However, even alloys containing 50 w/o  Cr were more 
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r ead i ly  a t tacked  in  the  presence of PbO than  by  
Na2SO4 alone. Typical  catas t rophic  a t tack  by  PbO-  
Na2SO4 on Ni -Cr  al loys in  the  in te rmedia te  Cr range  
is i l lus t ra ted  in Fig. 12 which shows the  corrosion 
l aye r  p roduced  on a Ni-10 Cr specimen fol lowing ex -  
posure to 1% PbO-Na2SO4 for 5 h r  at 900~ The sur -  
face of the  al loy is ex tens ive ly  degraded  to form a 
porous oxide l aye r  and  widespread  chromium sulfide 
globules wi th in  the  a l loy  inter ior .  

A t  h igher  chromium concentrat ions corrosion in the  
presence of PbO was less catastrophic,  a l though su l -  
fide par t ic les  were  formed at  considerable  depths be -  
nea th  the  surface scale. F igu re  13 shows a section of 
the corrosion l aye r  formed on a Ni-20 Cr specimen 
af ter  the  same t r ea tmen t  as tha t  descr ibed above. The  
ex ten t  of a t tack  m a y  be compared  wi th  tha t  shown in 

Fig. 10. Section of Ni-50 Cr sample showing corrosion morohology 
following exposure to 5 m/o PbO-Na2SO4 for S hr at 900~C in 
0.1% S02-76% O2-N2 atmosphere. 

Fig. 12. Section of Ni-10 Cr sample following exposure to 1 
m/o PbO-Na2SO4 for 5 hr at 900~ in 0.1% SO2-76% O2-N2 
atmosphere. Total salt concentration ~ lg. 

I Ni-Cr ALLOYS Ig. salt 900~ 

0.1% SO 2-76%02 -N  2 

I I 

<= 

z 

I% PbO-Na 2sO 4 

I I I 
0 iu zu 50 40 50 60 

w t  % Or IN ALLOY 

Fig. 11. Effect of PbO on initial corrosion rates of Ni-Cr alloys 
by Na2SO4. Corrosion rates after 1 hr (in arbitrary units) at 900~ 
in Na2SO4 and 1 m/o PbO-Na~SO4 as a function of Cr content. 

Fig. 13. Section of Ni-20 Cr sample following exposure to 1 
m/o PbO-Na2SO4 for S hr at 900~ in 0.1% SO2-76% O2-N2. 
Total salt concentration ~ lg. 
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Fig. 6 for  a Ni-15 Cr al loy and in  Fig. 9 for a Ni-50 Cr 
alloy. 

Nickel-aluminum alloys.--A series of crucible ex-  
per iments  was car r ied  out wi th  Ni-A1 al loy specimens, 
of composit ion 5-30 w / o  A1, which were  pa r t i a l l y  im-  
mersed  in lg  quant i t ies  of Na2SO4 and 1 m/o  PbO-  
Na~SO4 sal t  mix tures  and hea ted  at 900~ in the  0.1% 
SO2-76% O~-N2 gas mix ture .  Under  these conditions, 
al loys wi th  a luminum concentrat ions  in the  range  5-20 
w/o  were  v igorous ly  a t tacked by  Na2SO4 alone, the 
corrosion becoming catas t rophic  at  an a l loy composi-  
t ion of Ni-13 A1 (Ni3A1). Al loy  coupons of this com- 
posi t ion were  reduced  to a g ray  porous mass af te r  
exposure  to the  mol ten  salt  for  a per iod  of only  2 hr  
(10). The presence of PbO exer ted  very  l i t t le  influence 
on the very  high corrosion rates  of these alloys. By 
contrast ,  an al loy of composit ion Ni-30 A1 (the p-NiA1 
phase)  was ve ry  res is tant  to corrosion by  excess 
Na2SO4 because of the fo rmat ion  of a pro tec t ive  A120~ 
scale and gained only 0.5 m g / c m  2 dur ing  4 hr  contact  
wi th  mol ten  Na2SO4 at 900~ as shown by  the lower  
curve  in Fig. 14. Add i t ion  of 1% PbO to the  ini t ial  
sal t  m ix tu re  resul ted  in a m a r k e d  increase in the  ex-  
tent  of corrosion of this a l loy which  gained weight  in 
an almost  l inear  manner  dur ing the course of the  run, 
as shown by the uppe r  curve of Fig. 14. Al though  the 
magni tude  of the  enhanced corrosion induced by  the 
PbO was much less than  wi th  the  Ni -Cr  alloys, me ta l -  
lographic  examinat ion  of the  corroded specimen (Fig. 
15) showed tha t  a pro tec t ive  oxide scale was not  
formed in the presence of PbO, the  th ick  corrosion 
layer  showing a porous s t ruc ture  of finely dispersed 
par t ic les  identif ied by  e lec t ron microprobe  analysis  as 
oxides and sulfides. S imi la r  enhanced corrosion rates  
and  morpho logy  were  found wi th  a sa l t  m ix tu re  of 
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Fig. 14. Effect of 1 m/o PbO on the Na2SO4-induced corrosion of 
Ni-30 AI at 900~ Weight changes vs. time in air. 
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composit ion 1 m/o  PbSO4-Na2SO4. A n  exper iment  in 
which a coupon of Ni-30 A1 was immersed  in lg  of 
powdered  PbSO4 and hea ted  in the SO2-O2-N2 mixtu re  
for 5 hr  at 900~ resul ted  in localized a t tack  of the 
al loy coupon at points of contact  wi th  the  salt  pa r -  
ticles. Thick porous oxfdes were  formed in these re-  
gions, as shown in Fig. 16, in which ne tworks  of oxide 
par t ic les  could be identified. 

Discussion 
As far  as oxidat ion behavior  is concerned, the  al loys 

selected for the  present  s tudy  can be b road ly  classified 
as belonging to the  fol lowing groups:  (a) NiO formers 
(e.g., pure  Ni),  (b) Cr208 formers  (e.g., Ni-50 Cr) ,  
(c) A12Q formers  (e.g., Ni-30 A1), and (d) mixed  
oxide formers  (e.g., Ni-15 Cr, Ni-5 '  A1). Unl ike  the 
first th ree  classes of al loys where  only one type  of 
oxide is observed a t  s teady  state, the  mixed  oxide 
forming alloys m a y  exhib i t  a complex,  mul t iphase  
ex te rna l  scale plus extens ive  in te rna l  oxidation.  For  
example,  depending on t empera tu re  and t ime of ox ida -  
t ion and gra in  size, Ni-15 Cr can form a duplex  NiO 
scale wi th  a Cr203 subscale, a scale composed ent i re ly  
of Cr~O~ only, or a scale containing islands of Cr208 
or spinel sur rounded  by  NiO (11-14). 

Since the selected al loys depend  main ly  on NiO, 
Cr208, or A1203 for  protec t ion  in sa l t - f ree  oxidizing 
environments ,  an unders tand ing  of the  the rmodynamic  
reac t iv i ty  of these oxides to sal t  envi ronments  becomes 
essential  in in te rpre t ing  the sa l t - induced  hot  corrosion 
behavior  of these alloys. Thermochemica l  s tab i l i ty  d ia-  
grams (1, 15-18) a re  very  helpful  in ident i fy ing  and 
predic t ing  the products  formed in react ions involving 
gases and condensed phases. React ions l ike ly  to occur 
be tween  Na2SO4 and oxide scales are, therefore,  bes t  
discussed in terms of i so thermal  N a - S - O - M  (M --  Ni, 
Cr, or A1) s tab i l i ty  d iagrams (16) (Fig. 17a-d2). The 
solid l ines in these d iagrams out l ine the  s tabi l i ty  l imits  
of ind iv idua l  condensed phases and represen t  equi-  
l ib r i a  be tween  two coexis t ing compounds at  uni t  ac-  
t ivi t ies  and  the gas phase. The shaded regions out l ine 
the s tabi l i ty  l imits  of ind iv idua l  Na2SO4/metal  oxide 
react ion products,  e.g., NaNiO2 Na2CrO4, and NaA102. 

It  should be emphas ized  tha t  the  phase  boundar ies  
shown in Fig. 17a-d were  calcula ted assuming unit  
ac t iv i ty  for all  condensed phases and neglect ing mutua l  
so lubi l i ty  among them. In  real i ty ,  however ,  all  these 
compounds exist  over  a range  of s to ichiometry  and 
show finite mutua l  solubil i t ies.  Thus, for  example ,  
Na2SO4 has a finite Na20 ac t iv i ty  tha t  is de te rmined  by  
the exper imenta l  variables ,  i.e., t empera ture ,  pressure ,  
and oxygen and sulfur  potent ia ls  in the  gas  phase.  

Point  A in Fig. 17 refers  to the  gas phase composi-  
t ion ut i l ized in most of our exper iments ,  viz., 0.1% 
SOe-76% O2-N~. Calculat ions by  Spaci l  (16) indicate  
tha t  this  composi t ion closely simulates,  at least  as fa r  

2 Note  t h a t  the  d i a g r a m s  s h o w n  in  Fig ,  17 are f o r  1200~ w h e r e a s  
ou r  e x p e r i m e n t s  we re  done  a t  1173~ (900~ Th i s  t e m p e r a t u r e  d i f -  
f e rence  d o e s  no t  affect  our  d i s c u s s i o n s  to any  s ign i f i can t  ex ten t .  

Fig. 15. Section of Ni-30 AI coupon atter 5 hr exposure to 1 Fig. 16. Section of Ni-30 AI coupon after 5 hr immersion in lg 
m/o PbO-Na2SO4 in air at 900~ Total salt concentration - -  lg. PbSO4 at 900~ in 0.1% SO2-76% O2-N2 atmosphere. 
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Fig. 17. Stability diagrams for (a) Na-S-O, (b) Na-S-O-Cr, (c) 
Na-S-O-AI, and (d) Na-S-O-Ni systems at 1200~ 

as oxygen and sulfur  potentials are concerned, the 
nomina l  conditions prevai l ing in the first stage of a gas 
tu rb ine  operating at an average pressure of 5 arm with 
typical a i r / fue l  ratios. The Na20 activity in  a Na2SO4 
melt  equil ibr iated in  this env i ronment  can be cal- 
culated as follows 

Na20(soln)  + 1/2 S2(g) W 3/2 O2(g) = Na2SO4(1) [1] 

a (Na2SO4) 
K1 = = 1/[a(Na~O).Ps21/2P023/2] 

a (Na20) Ps21/2. P023/2 

aG~ = - - R T  In  KI 

= R T  [ln a (Na20) + In Ps21/2 -5 3 In Po21/~] 

= R T l n a ( N a 2 0 )  + ~ -}- 3#,  

In  a(Na~O) = [~G~ --  ~ s -  3~o]/(RT) 

For 120O~ and ~s = --81.4 kcal/mole,  ~ = --0.33 
kcal /mole  (point A in Fig. 17), AG~ = --155.5 kcal /  
mole, and a(Na20)  = 4.8 • 10 -~4. The "reactivity" of 
such a melt  to NiO: Cr20~, and AltOs scales can be 
est imated from considerations of the following type 

2NazO (soln) -}- CrzO~ (s) + 3/2 O2 (g) 

= 2Na2CrO4 (soln) [2] 

a ~ (Na~CrO4) 

a (Cr2Os). a 2 (NazO) "Po~ ~/s 

a 2 (Na2CrO4) 

a ~ (Na20) .  Po23/2 
In a (Na~CrO4) 

- -  [2RT  In  a (Na20) + 3~o -- hG~ 

a(Na2CrO4) = 9.7 • 10-5 

Results of s imilar  calculations for Al~O3 and NiO are 
summarized in  Table II. 

Table I1. Expected activity of Na-M-O reaction products, i, 
dissolved in Na2SO4 equilibrated with a 0.1% SO9.-76% 

O2-balance N~ atmosphere at 1200~ (t~s = --81.4 kcal, 
/~o = 0.33 kcal) 

O x i d e  A G  TM) 1 a l  % icb) 

C r 2 0 3  - - 1 0 3 , 6 0 0  N a e C r O 4  9 . ' /  • 1 0  -~ 0 . 0 0 9 7  
A b O 3  - - 4 2 , 9 0 0  N a A 1 0 ~  1 .8  • 10  - s  0 . 1 8  
N i O  - -  1 9 , 9 0 0  N a N i O ~  1 .3  • 10  -~ 0 . 0 0 1 3  

(a) R e f e r s  t o  n e t  ,~G ~ for dissolution reactions similar to  reaction 
[2]. 

(b) Assuming % i = i00/Vl --~ i00 al. 

It is obvious from Table II that among the oxides 
considered, only A1203 may be complexed to an ap-  
preciable extent  by  NauSO4; Cr203 and NiO are ex- 
pected to dissolve in  Na2SO4 only to l imited extents. 
Some caution must  be exercised, however, in directly 
extending this conclusion about the relat ive thermo- 
dynamic reactivities of these oxides to the actual  cor- 
rosion behavior  of the alloys. The above analysis does 
not take into account kinetic, morphological, and other 
nonthermodynamic  features of the corrosion phenome-  
non, and allows calculation of upper  l imits of activity 
provided all other factors are favorable. Sometimes 
the kinetics are slow, as in the case of Na2SO4 attack 
of Ni-30 A1 (Fig. 14), and the actual corrosion rate is 
less than that  expected from thermodynamic  reason- 
ings alone. In  some cases, the morphology of the oxide 
is such that  a number  of side processes may occur and 
confuse the over-al l  picture. Thus, the scale forming 
on Ni, for example, is not very dense and  cannot ef- 
fectively isolate the alloy from the salt. The extent  of 
corrosion as measured by weight change is conse- 
quent ly  quite high (Fig. 1) al though NiO is relat ively 
iner t  under  the exper imental  condition employed. Con- 
siderations of oxide stabil i ty in  Na2SO4, therefore, may  
play an important  role in  unders tanding  the corrosion 
behavior  of an alloy but  must  be supplemented by 
kinetic and morphological informat ion on the system. 
Before proceeding to a detailed discussion of corrosion 
features of the various alloys, an a t tempt  will  be made 
to compare the corrosive capabilities of PbSO4 as well  
as 1 m/o  PbO-Na2SO4 following the thermodynamic  
f ramework presented earlier. 

Figure 18 is a composite diagram shewing the sta- 
bil i ty l imits of re levant  compounds in the Pb-S-O sys- 
tem at 1200~ as well  as the products l ikely to be 
formed in  presence of Cr203 and A12Os. Considerable 
controversy exits in the l i terature  on the thermochem- 
istry of the Pb -S -O  system (19-21). Figure 18 is based 
on the data that  are in  the authors '  opinion, most 
acceptable. These are listed in Table III. Thermody-  
namic data for PbCrO4 are available (22) but  the same 
cannot be said for PbO-A1203 (23). In  view of what  is 
known about double oxides like PbO.WO~, PbO.MoOz, 

Table III. Thermochemical data used in the present investigation (e-} 

Compound State AG ~ (120D~ e a l  

N a 2 0  1 - - 5 8 , 1 0 0  
N a ~ S  1 - -  6 7 , 4 0 0  
N a ~ S O ~  1 - -  2 1 3 . 6 0 0  
A12Os s - -  3 0 8 , 8 0 0  
C r ~ O s  s - -  1 9 7 , 2 0 0  
N i O  s - -  3 2 , 0 0 0  
NaAIO~ 1 -- 204,900 
N a 2 C r O ~  1 - -  2 0 8 , 5 0 0  
NaNiO~ 1 -- 71,000 
PbO 1 -- 24,400 
P b S  s - -  1 5 , 3 0 0  
P b S O 4  s - -  1 0 9 . 2 0 0  
P b S O ~ . P b O  s - -  1 3 9 , 3 0 0  
P b S O 4 . 2 P b O  s - -  1 6 5 , 9 0 0  
PbO-Al208 s ---~(-- 343,000} 
PbCrO~ 1 -- 138,200 
S O ~  g --65,800 

(a) R e f e r e n c e  s t a t e s :  N a ( g ) ,  S = ( g ) ,  O 2 ( g ) ,  A I ( 1 ) ,  C r ( s ) ,  N i ( s ) ,  and 
P b ( 1 )  a t  1 2 0 0 ~  
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Fig. 18. Stability diagram for Pb-S-O-M system showing the 
regions of PbCr04 and PbO" AI203 stability. Effect of assuming 
different AG ~ values for the reaction PbO + AI203 ~ PbO �9 AI203 
is indicated by dash-dot lines. 

and the numerous  spinels that form exclusively 
through condensed phase reactions, it is un l ike ly  that  
�9 %G ~ for the reaction 

PbO (1) -}- A1~O3 (s) ~- PbO.Al203 (s) [3] 

will be more negative than  --10 kcaI. The boundaries 
of the PbO'A1203 stabili ty region in  Fig. 18 were cal- 
culated using the reasonable value of AG ~ (PbO.A1203) 
of --343 kcal. Figure  18 aIso shows how the stabil i ty 
region for PbO.A1203 would look if a value of --15 
kcal were chosen for AG~ i.e., --348 kcal for AG ~ 
(PbO.A12Os). It  is clear that  in  going from AG~ _-- 
--10 to --15 kcal, only the over-al l  size of the stabil i ty 
region has increased; no major  changes have occurred 
in the features of the diagram. 

As no Pb-Ni -O compound apparent ly  exists, the 
reactivity of NiO to PbSO4 or PbO cannot be discussed 
in  terms of a complexing capabili ty of the lead salt. 
The behavior of NiO formers in the presence of lead 
salts can nevertheless be rationalized if all the chemical 
and physical processes occurring in the vicinity of the 
alloy surface are taken into consideration. Discussion 
of actual corrosion processes for the individual  alloys 
will appear later  in  this section. 

As before, point  A on the stabil i ty diagram of the 
P b - S - O - M  system (Fig. 18) indicates the composition 
of the SO2-02-N2 gas phase used in the present  ex- 
periments.  The P b - S - O  phase that is stable in this 
env i ronment  is of the type PbSO4.nPbO (most l ikely 
PbSO4"PbO). In  other words, irrespective of whether  
PbO or PbSO4 is used at the beginning  of an experi-  
ment,  the phase l ikely to be found at equi l ibr ium is 
Pb-oxysulfate.  It  is obvious from Fig. 18 that  both 
Cr208 and A1203 are unstable  in  the presence of 
PbSO4-nPbO and will  react to form PbCrO4 and 
PbO.Al2Os, respectively. That  PbCrO4 is the only re- 
action product that  is l iquid under  these conditions 
should be noted at this point. Since formation of l iq-  
uid phases is usual ly  det r imenta l  to the corrosion re-  
sistance of an alloy, Cr203 formers are more l ikely to 
be at tacked by a PbSO4/PbO envi ronment  than  A1203 
formers. 

Since the presence of a pure PbSO4/PbO type con- 
densate in actual tu rb ine  practice is ruled out, the be- 

havior of the protective oxides in a Na2SO4 melt  con- 
ta ining minor  amounts  of Pb compounds must  be 
considered. Spacil (4), has carried out a p re l iminary  
thermochemical  analysis of the most l ikely reactions in  
a turbine  burn ing  Pb-contamina ted  fuels, and has con- 
cluded that the combined PbSO4 plus PbO content in 
a typical Na2SO4-base condensate is not  l ikely to ex- 
ceed l m/o. P re l iminary  experiments showed that  i% 
PbO-Na2SO4 melt  was more corrosive than  1% PbSO4- 
Na2SO4. All subsequent  work involved 1% PbO-Na2SO4 
as the corrosive medium. It is believed that  the results 
obtained provide an assessment of the effects of Pb 
contaminat ion on hot corrosion that  is somewhat over- 
pessimistic bu t  nevertheless realistic. 

A quant i ta t ive est imation of the reactivi ty of Cr208 
and A1203 to the PbO-Na2SO4 melt  is a ra ther  difficult 
task. The system, in either case, contains as many  as 
five components (Na, S, O, Pb, M) and involves mul t i -  
phase equilibria. Calculation of activities of individual  
reactive species in  the melt  therefore becomes a for- 
midable problem. A simple approach may nevertheless 
provide quali tat ive informat ion on the effect of PbO 
contaminat ion on the complexing of protective scales. 

Addit ion of I% PbO to Na2SO4 is l ikely to produce 
a homogeneous melt  free from second phases. The 
presence of PbO may or may not affect the activity of 
Na20 in the melt;  in view of the fact that  no Na-Pb-O 
compound is known, it is unl ike ly  that PbO will sub-  
s tant ial ly affect the 10 -14 value of a(Na20) in  the 
melt. The initial activity of PbO may be approximately 
equated to the concentration of PbO on the melt; i.e., 
initial a(PbO) ~_ N(PbO) _~ 10 -2. Although such an 
assumption is obviously speculative, as will be shown 
later, the qualitative conclusions to be derived here 
would remain unchanged even if a(PbO) were as low 
as 10 -4, i.e., even if substantial Na-Pb-O-S interac- 
tions took place. In any event, a(PbO) > >  a(Na20) 
and PbO is expected to be the most corrosive species 
in the melt. Exposure of CrsOs and A1208 to the PbO- 
NasSO4 melt should then promote the following re- 
actions 

2PbO(soln) -F Cr2Os(s) J-3/2 O2(g) ----2PbCrO4(soln) 

[4] 

PbO(soln) + A1203(s) -- PbO.A1203(soln) [5] 

For these reactions, the activities of the complex com- 
pounds are related to a(PbO) through the following 
relations (valid for 1200~ 

a(PbCrO4) ---- (587) .a(PbO) 

a(PbO-A1203) ---- (66) .a (PbO)  

These relationships over a broad activity range are 
graphically i l lustrated in Fig. 19. It is obvious from 
this figure that  even for a (PbO)  in the range of 10 -4-  
10 -5, a(PbCrO~) and a(PbO.A1203) would reach val-  
ues as high as 10 -2. In  pure Na2SO4, on the other hand, 
the equi l ibr ium activities of Na-chromate and Na- 
a luminate  are only about 10 -5 and 10 -3, respectively 
(Table II) .  The 1% PbO-Na2SO4 melt  is, therefore, 
expected to complex Cr208 and A1203 to a greater ex-  
tent  than Na2SO4 alone. ~ 

The above conclusion could also have been reached 
from an analysis of the type presented by Goebel, Pet -  
tit, and Goward (17, 18). In terms of their  model, addi- 
tion of PbO to Na2SO4 should increase oxide ion ac- 
tivity, a (O=),  in the melt. This increase should in t u rn  
cause an increased fluxing (i.e., increased a luminate  
and chromate ion concentrations) of the protective 
scales 

Al203 (s) + O = ---- 2A102- [6] 

a Compounds of the type PbCrO~-PbO are known to be volatile 
(24). Rapid volatilization of reaction products may occur for Cr}O3- 
forming alloys in PbO-Na.~SO4 melts leading to a further increase in 
corrosion. Although such vaporization processes might have influ- 
enced the observed weight gains in the corrosion experiments, cor- 
rections for such losses could not be applied owing to the lack of 
volatilization data for the complexes involved. Ix: any case this 
effect will not invalidate the basic conclusions reached in t}%is study. 
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Fig. 19. Equilibrium Pb-chromate and Pb-aluminate activity in 
Na2SO4-PbO for different a(PbO) values. 

Cr20~(s) + 3/2 O2(g) + 2 0  = ----- 2CrO4 = [7] 

The si tuat ion in the presence of PbO then roughly cor- 
responds to that referred to by Goebel et al. as "ac- 
celerated corrosion due to basic fluxing." 

Although the model proposed by Goebel and co- 
workers explains the effect of PbO on the corrosion 
of Cr203 and A1208, problems appear when  NiO reac- 
t ivi ty  is considered. According to their fluxing model, 
increased O = ion activity should lead to increased NiO 
dissolution through nickelate ion format ion 

NiO (s) + O = ---- NiO~ = [8] 

NiO(s) + 1/4 O2(g) + 1/2 O = ---- NiO~- [9] 

PbO should therefore induce accelerated corrosion of 
Ni. The present  experiments  (Fig. 1) indicate, how- 
ever, that  PbO causes a dramatic reduction in  the hot 
corrosion of Ni. The complexing model, on the other 
hand, does not predict what  the effect of PbO would 
be on corrosion of Ni. This di lemma demonstrates 
clearly that processes in  addition to simple fluxing or 
complexing may become impor tant  in par t icular  alloy 
systems. The physical and chemical processes which 
may occur s imultaneously or concurrent ly  in the im-  
mediate vicini ty of the individual  alloy surfaces will  
now be examined in  some detail. 

NickeL--In view of the work done by Goebel and 
Pet t i t  (17) and the kinetic and morphological results 
obtained dur ing the present  work, the important  stages 
involved in  the hot corrosion of Ni in pure Na2SO4 can 
be said to have been identified. When a specimen em- 
bedded in Na2SO4 is heated to the exper imental  tem- 
perature  of 900~ the salt melts almost ins tan tane-  
ously and screens the specimen from direct contact 
with oxygen in the gas phase. Consequently,  the metal  
oxidizes by consuming oxygen from the melt  in its 
immediate  vicinity. This locally raises the sulfur  po- 
tent ial  to such high levels that  l iquid Ni-S phases 
begin to form at (or immediate ly  undernea th)  the 

metal  surface. Occurrence of these two concurrent  re-  
actions and formation of a solid-l iquid phase mix ture  
results in  the development  of a porous nonprotective 
scale that  does not prevent  fur ther  Na2S04 infiltration. 
In  the presence of excess Na2SO4 (as in  our experi-  
ments but  not in  Pett i t ' s) ,  the sequence of oxidation- 
sulfidation can repeat many  times and accelerate the 
corrosion process. Figure 20 (a) schematically outl ines 
this model. 

It seems l ikely that  the presence of 1% PbO in 
N a~SO4 alters the corrosion mechanism for Ni in  the 
following way. Following mel t ing of the salt mix ture  
and the formation of homogeneous solution, Ni oxidizes 
by reducing PbO 

Ni(s)  + PbO(soln)  -- NiO(s)  -}- Pb(1) [10] 

A large thermodynamic  driving force exists for this 
reaction 

AG---- A G  ~ + R T l n a ( P b O )  

-- --7600 -t- RT in  a (PbO)  

< - -7600  ca]. 

Since the oxygen needed for NiO formation is ob- 
tained from PbO in  the melt, the stoichiometry of 
Na~SO4 (and the sulfur  potential  in  it) remains  vir-  
tual ly  unchanged, and no sulfides can form. In  the 
absence of sulfide formation, dense protective NiO 
scale can develop over the metal.  The scale formed 
over Ni exposed to the 1% PbO-Na2SO4 melt  (Fig. 2) 
is identical in  appearance to the scale observed in 
ordinary oxidation in a salt-free env i ronment  [Fig. 3a 
in Ref. (17)]. Figure 20(b) schematically summarizes 
the processes responsible for the development  of dense 
sulfide-free NiO scale on Ni in  the 1% PbO-Na2SO4 
melt. 

Nickel-chromium alIoys.--Corrosion processes oc- 
curring in Ni-Cr  alloys are more complex than  in  Ni 
because the na ture  of the scale on these alloys de- 
pends on alloy composition, grain  size, the surface 
condition, and time and tempera ture  of oxidation (11- 
14). All Ni-Cr alloys pass through an ini t ial  t ransi t ion 
stage during which nuclei  of NiO and Cr203 form on 
the surface, the amounts  of each main ly  depending on 

t = O  t > O  ~>>0 
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Fig. 20. Schematic summary of proposed reactions responsible for 
development of steady-state corrosion morphologies in (a) Ni in 
Na2SO4, (b) Ni in Na2SO4 -f- 1% PbO, (c) Ni-30 AI in Na2SO4, 
and (d) Ni-30 AI in Na2SO4 -]- I %  PbO. 
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the al loy composit ion (12). For  al loys such as Ni-5 Cr, 
NiO rap id ly  covers the surface isolat ing and encap-  
sula t ing the  in i t ia l ly  formed Cr203 part icles.  Some 
in te rna l  oxidat ion  of Cr m a y  also occur. Ni -Cr  al loys 
containing 20% or more  Cr, on the other  hand, form 
CroOn and NiO ini t ial ly,  the fo rmer  process is more 
rap id  however ,  so tha t  the s t eady-s ta te  scale is es-  
sent ia l ly  pu re  Cr208. Fo r  al loys in the  10-15% Cr 
range, exper imen ta l  and  micros t ruc tura l  var iables  de-  
t e rmine  whe the r  a duplex  NiO scale wil l  form over  a 
Cr~O~ subscale, or  a Cr203 scale wi l l  cover the  ent i re  
surface, or an in termedia te ,  m ixed  mode of oxidat ion  
wil l  ensue (11, 12, 14). Since ear l ie r  discussion has 
es tabl ished that  Cr2Oa is suscept ible  to complexing by 
PbO, the ex ten t  of corrosion in  Ni -Cr  al loys is ex-  
pected to be a funct ion of Cr-concent ra t ion  in the  a l -  
loy. F igure  11 shows tha t  indeed such a funct ional  
re la t ionship exists. The presence of a peak  in the 
ini t ia l  corrosion ra te  at about  10-15% Cr indicates  tha t  
s imul taneous  NiO and Cr203 format ion  on an al loy 
(i.e., a mixed  mode of oxidat ion)  makes  i t  pa r t i cu l a r ly  
vu lnerab le  to PbO attack.  I t  is in teres t ing  to note that  
a t t ack  by  Na2SO4 alone monotonica l ly  decreases wi th  
increasing Cr-conten t  and  does not show any peak  
throughout  the  ent i re  composit ion range.  

F igure  21(a) schemat ica l ly  outl ines the  impor tan t  
stages in the  morphologica l  deve lopment  of a reason-  
ab ly  dense NiO scale over  Ni-5 Cr in pure  Na2SO4. 
Corrosion processes occurr ing here  are  not ve ry  dif-  
ferent  f rom those occurr ing in pure  Ni [Fig. 20(a) ]  
except  tha t  solid Cr-sulf ides form in Ni-5 Cr ins tead of 
l iquid Ni-sulfides. P reven t ion  of l iquid  sulfide fo rma-  
t ion helps in forming a dense scale over  Ni-5 Cr and 
in reducing the corrosion ra te  in Na2SO4 (Fig. 11). 

F igure  21(b) schemat ica l ly  summarizes  the  proc-  
esses occurr ing on Ni-5 Cr in 1% PbO-Na2SO4. The 
processes are  s imi lar  to those occurr ing on Ni-5 Cr in 
Na2SO4 alone except  tha t  the  in i t ia l ly  formed Cr203 
is complexed  away  b y  PbO to form l iquid (and possi-  
b ly  volat i le)  (24) PbCrO4. Forma t ion  of l iquid or vola-  
t i le  react ion products  tends to make  the NiO scale de-  
veloping on Ni-5 Cr porous, at least  unt i l  no more  
Cr2Os forms. These factors toge ther  are  responsible  
for increasing the ini t ia l  PbO-Na2SO~ corrosion ra te  
of Ni when 5% Cr is added  to it. 

Unl ike  Ni-5 Cr where  NiO is the sole const i tuent  of 
the  s t eady-s ta te  scale, both  NiO and Cr20~ m a y  pers is t  
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Fig. 21. Schematic summary of proposed reactions responsible 
for development of steady-state corrosion morphologies in (a) Ni-5 
Cr in Na2S04, (b) Ni-5 Cr in Na2S04 -I- 1% PbO, (c) Ni-15 Cr in 
Na2S04 -{- 1% PbO, and (d) Ni-50 Cr in Na2S04 ~ 1% PbO. 

at s teady state on Ni -Cr  alloys containing 10-15% Cr. 
NiO is genera l ly  seen to cover grains  and forms the 
matr ix ,  and CrzO3 is found at sites where  gra in  bound-  
aries meet  the ex te rna l  surface (11). Often Cr203 
islands l ink up to form chainl ike  pa ths  in the  NiO 
ma t r i x  (11-13). Somet imes NiO and Cr208 react  to 
form spinels wi th in  the  scale, or  a Cr~O3 subscale de-  
velops under  a duplex  NiO scale (13, 14). In  any event,  
the presence of large amounts  of Cr203 on Ni - (10-  
15% ) Cr al loys makes  them suscept ible  to PbO com- 
plexing for longer  per iods  than  wi th  Ni-5 Cr. Removal  
of Cr f rom the al loy th rough  Cr2Oa complexing as well  
as Cr-sulf ide fo rmat ion  cause the Cr concentrat ion at 
the scale, a l loy / in te r face  to drop gradual ly .  Ni-15 Cr 
and Ni-10 Cr, however,  cannot sus ta in  severe  Cr de-  
plet ion wi thout  becoming a v i r tua l  NiO former.  Af te r  
a finite time, therefore,  these al loys begin  to behave  
l ike Ni-5 Cr. But the  scale developing at this la te  stage 
is not ve ry  pro tec t ive  because of al l  the  surface i r -  
regular i t ies  a l r eady  in t roduced by  processes such as 
sulfidation and complexing.  F igure  21(c) shows sche- 
mat ica l ly  how the scale m a y  develop on Ni-15 Cr in 
1% PbO-Na2SO4. Ni-15 Cr in pure  NazSO4 wil l  show 
a dense thin pro tec t ive  layer  of Cr2Os plus some in-  
te rna l  sulfide par t ic les  because Cr208 does not dissolve 
apprec iab ly  in Pb - f r e e  Na2SO4 (Table  I I ) .  

Ni-50 Cr wi ths tands  Na2SO4 a t tack  ve ry  wel l  (Fig. 
8) because it is a s t rong Cr2Oa former.  For  the  same 
reason, however,  i t  is expected  to be suscept ible  to 
a t tack  by  the PbO-Na2SO4 melt .  However,  Cr208 is 
the sole const i tuent  of the scale in this case and the 
protec t ive  scale develops qui te  rap id ly .  Subsequent  
complexing of Cr208 must  then proceed solely th rough  
dissolution at the  sca le /mel t  interface.  This is qui te  
unl ike  the  i r r egu la r  dissolut ion behavior  occurr ing in 
the  NiO/Cr203 scale over  Ni-15 Cr where~porous scales 
are  easy to form. Thus a l though Ni-50 Cr undergoes  
accelera ted  a t tack  in 1% PbO-Na2SO4 in comparison 
to Na2SO4 alone (Fig. 11), the  a t tack  is not  as severe  
as for Ni-15 Cr. 

As discussed in the  case of Ni-15 Cr, r emova l  of 
Cr th rough  sulfide and complex fo rmat ion  reduces 
the Cr -concent ra t ion  at the  sca le /a l loy  interface in 
Ni-50 Cr. This appears  as a band free f rom a-Cr  pa r -  
ticles in Fig. 9 and 10. In  the  case of Ni-50 Cr, how-  
ever,  the  al loy is so r ich in Cr in i t ia l ly  that  the  Cr 
deplet ion cannot reduce i t  to a NiO former.  In  Na2SO4 
alone, the  processes are  ident ical  to those shown in 
Fig. 21(d) for Ni-50 Cr in 1% PbO-Na2SO4, except  
that  no PbCrO4 forms in pu re  Na~SO4 and the corro-  
sion is lower  in magni tude.  

An  examina t ion  of the  kinet ic  curve for  Ni-50 Cr 
corrosion in 1% PbO-Na2SO4 (Fig. 8) reveals  tha t  the  
al loy undergoes  a r e la t ive ly  r ap id  corrosion ini t ia l ly ,  
bu t  the corrosion ra te  becomes negl igible  wi th in  a 
short  t ime. This suggests that  the  mel t  becomes fu l ly  
complexed and loses its potency qui te  quickly.  This is 
not surpr is ing  in  v iew of the  facts tha t  the  a l loy is 
ve ry  r ich in Cr and the mel t  in i t ia l ly  contains only 
1% PbO. The series of exper iments  wi th  5 and 10% 
PbO in Na2SO4 (Fig. 8) showed tha t  wi th  l a rge r  
amounts  of PbO added  to the  melt ,  longer  t imes were  
necessary for  mel t  sa tu ra t ion  and assumpt ion of 
"s teady-s ta te"  corrosion. In  fact, for the 10% PbO 
melt,  s teady  state was not reached dur ing  the course 
of the 4 h r  exper iment .  That  the amount  of Cr de-  
ple t ion and over -a l l  corrosion of the  al loy also in-  
creases wi th  increasing PbO content  of the mel t  is 
c l e a r  f rom Fig. 9 and 10. 

Nickel-aluminum al~oys.--Ni-30 (#-NiA1) is the  
only Ni-A1 al loy s tudied in depth  in the  present  in-  
vestigations.  Al loys  containing lower  amounts  of A1 
genera l ly  contained the  ~-NisA1 phase as wel l  and  
were  ca tas t rophica l ly  a t tacked  even in  pure  Na2SO4. 
Exper iments  involving these al loys and Na2SO4-PbO 
mel ts  were, therefore,  not a t tempted.  

F igure  14 shows tha t  PbO in the  mel t  increases the  
hot  corrosion of Ni-30 A1 but  not  as s ignif icant ly as in 
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the case of Ni -Cr  al loys (Fig. 5). (Note tha t  the  ve r t i -  
cal  scale in  Fig. 14 is expanded  by  a factor  of two 
f rom tha t  in Fig. 5.) This observat ion  is in genera l  
ag reement  wi th  the  the rmochemica l  analysis  p resen ted  
ea r l i e r  (Fig. 19). Kine t i c  factors  m a y  also be respon-  
s ible  for  the  r e l a t ive ly  smal l  effect of PbO in increas-  
ing corrosion of Ni-30 A1. Fo r  example ,  unl ike  PbCrO4 
which  forms a l iquid  at  900~ PbO.AI203 m a y  first 
appea r  as a sol id and then  dissolve in the  mel t  at  this  
t empera tu re .  Processes  such as these are  l ike ly  to place  
kinet ic  res t r ic t ion  on a system. 

F igure  20(c) and (d) a t t empt  to descr ibe schemat i -  
caUy how the  corrosion morphology  m a y  develop in 
Ni-30 A1 exposed  to Na2SO4 and 1% PbO-Na2SO4, r e -  
spect ively.  Ni-30 A1 is a s t rong A120~ former  and the 
sequence of react ions  occurr ing in Ni-30 A1 in PbO-  
Na~SO4 [Fig. 20(d) ]  is analogous to tha t  occurr ing in 
Ni-50 Cr [Fig. 21 (d ) ]  except  for the  obvious difference 
that  Ni-50 Cr  forms Cr203 on the surface. Both Ni-30 A1 
and Ni-50 Cr are  ve ry  r ich in  the protec t ive  element,  
and the  scale can cont inue to re fo rm in both cases 
despi te  pa r t i a l  d issolut ion in the  melt .  

Before concluding the discussion, some incidental  
observat ions  made  dur ing  this  s tudy  need  to be ex -  
amined  briefly. One of these involves  the  effect of SO2 
in the  env i ronment  and the  other  involves the  re la t ive  
complexing abi l i t ies  of PbSO4 and PbO. Corrosion ex-  
pe r iments  in SO2-O2-N~ envi ronments  a lways  p ro -  
duced more  extens ive  ma te r i a l  degrada t ion  (Fig. 1 and 
5, for example )  than  in air.  No s imple exp lana t ion  can 
be offered for this  observation.  I f  PbO complexing of 
oxide scales was the  only react ion de te rmin ing  the  ex-  
tent  of corrosion, air  should have  been  the more  ag-  
gressive env i ronment  for the  equ i l ib r ium a ( P b O )  
would  be h igher  under  those conditions. Obviously  the  
answer  to this apparen t  contradic t ion  must  l ie in the 
side react ions  accompanying the complexing processes. 
One such reac t ion  is the  s tabi l iza t ion  of PbO to P b -  
oxysul fa te  in presence of SOz 

2PbO(so ln)  + SO~.(g) + O(so ln)  - -  PbSO4-PbO(s )  

[111 
This reac t ion  would  consume O f rom the melt ,  increase 
the  sul fur  potent ia l  locally,  and the reby  enhance over -  
all  corrosion rates.  In  air,  on the  other  hand, the  ex ten t  
of PbO s tabi l iza t ion  is much  less, and the  ne t  effect 
on Na2SO4 s to ichiometry  and over -a l l  corrosion rates,  
etc., should be minimal .  This l ine of reasoning appears  
to expla in  the  expe r imen ta l  observat ion  but  is admi t -  
t ed ly  specula t ive  at  this  stage. 

No apparen t  cont radic t ion  arises in compar ing  ex-  
pe r imen ta l  observat ions  wi th  the rmochemica l  a rgu -  
ments  as far  as the  re la t ive  complexing capabi l i t ies  of 
Na~SO4-PbO and  Na2SO4-PbSO4 mel ts  a re  concerned.  
I f  the  the rmochemica l  analysis  l ead ing  to Fig. 19 were  
r epea ted  wi th  PbSO4 rep lac ing  PbO in the  p rope r  
manner ,  the  ca lcu la ted  act ivi t ies  of PbCrO4 and 
PbO.A1203 would  be  found  to be  smal le r  t han  %hose 
a l r eady  der ived  ( < 1 0 - 8 - 1 0 - 2 ) .  This r e l a t ive ly  low 
amount  of corrosion observed  in  PbSO4-Na2SO4 is 
the re fore  not  difficult to unders tand.  Moreover,  reac-  
t ions of t ype  [11] a re  not  expected to be  impor t an t  in  
the  PbSO4-Na2SO2 environment ,  and  less amounts  of 
sulfides are  l ike ly  to form. 

A few exper iments  were  conducted  in the course of 
the  presen t  w o r k  to de te rmine  the reac t iv i ty  of Ni -Cr  
and  Ni-A1 al loys to PbSO~ alone. F igure  7 shows the  
kinet ics  of PbSO4- induced  corrosion of Ni-15 Cr. A 
compar ison wi th  the  data  in Fig. 5 shows pure  PbSO4 
to be more  aggress ive  than  pure  Na2SO4 bu t  less so 
than  PbO-NazSO4 (or PbSO4-NazSO4). Moreover,  the  
corrosion morpho logy  in pure  PbSO4 is quite i r r egu la r  
and  is charac ter ized  by  r andom local ized .attack. These 
fea tures  a re  p robab ly  due to the  fact tha t  pure  PbSO4 
is solid at the  exper imen ta l  t e m p e r a t u r e  whereas  
Na2SO4 and Na2SO4-base mix tures  a re  l iquid. As far  
as AI203 formers  are  concerned, the  ne t  corrosion in  
PbSO4 was somewhat  more  than  in NazSO4, and  the 

a t tack  was again  localized. F igure  16 shows the  mor -  
phological  fea tures  of this  local ized corrosion. I t  is in -  
te res t ing  to note tha t  PbCrO4 is l iquid  at  900~ but  
PbO.A1203 is solid. This fact m a y  be  pa r t i a l l y  respon-  
sible for  the  fact  tha t  Cr~O3 formers  a re  genera l ly  
more  suscept ible  to pu re  PbSO4 a t t ack  than  AlaO3 
formers.  

Conclusions 
1. Addi t ion  of 1 m / o  PbO to the  sal t  me l t  reduces  

sharp ly  the  ra te  of corrosion of pu re  n ickel  b y  Na~SO4 
at  900~ 

2. Wi th  Ni -Cr  al loys a large  increase in the  ra te  of 
Na~SO4 hot  corrosion at 900~ resul ts  f rom addi t ion  of 
1% PbO to the  sal t  melt .  

3. This effect, which  is due to the format ion  of 
PbCrO4 which is soluble  in the  mol ten  NauSO4, be -  
comes more  significant wi th  increas ing Cr content  of 
the  .alloy and resul ts  in catas t rophic  corrosion ra tes  
wi th  al loys containing 10-15% Cr. 

4. The Na2SO~-induced hot  corrosion of Ni-30 A1 is 
also enhanced by  the addi t ion of PbO to the salt,  
p robab ly  as a resul t  of the  fo rmat ion  of the  soluble 
complex PbO-AleO3, a l though the effect is less d ramat ic  
than wi th  Ni -Cr  alloys.  

5. PbO is a more  deleter ious  condensate  than  PbSO4, 
a l though both are  l i ke ly  to form toge ther  dur ing  t u r -  
bine opera t ion  wi th  l ead -con tamina ted  fuels. 

6. In  general ,  hot  corrosion ra tes  are  h igher  in a 
s imula ted  tu rb ine  env i ronment  (0.1% SO2-76% O2-N2) 
than  in air. 
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SYMBOLS 
ai ac t iv i ty  of species i 
c condensed phase 
aG free energy of a reac t ion  
~G ~ s t anda rd  free energy  of a reac t ion  

gas 
g equi l ib r ium constant  at a g iven t empe ra tu r e  
1 I iquid 
~i chemical  potent ia l  of species i 
Ni mole  fract ion of species i 
R universa l  gas constant  
s solid 
soln solut ion 
T t empe ra tu r e  
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Efficiency of Dy +-Activated Phosphors 
J. L. Sommerdijk and A. Bril 

Philips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

The quan tum efficiency of DyS +-activated phosphors is reasonably high in  
lattices where a low activator concentrat ion ( <  1%) is already sufficient for 
effective energy transfer  from the lattice to the activator ions. When  more 
activator is needed for effective energy transfer, the quan tum efficiency is 
l imited due to concentrat ion quenching of the Dy ~+ emission. The results are 
compared with those of corresponding Eu~ +- and Tb 3 +-act ivated phosphors. 

The luminescence of Dy a+ is well known  (1-9). 
Emission spectra of Dy 3+ usual ly  consist of nar row 
lines in  the regions 470-500 and 570-600 n m  together 
with some weak lines at longer wavelengths.  Due to 
the location of the strong lines it is possible to get a 
near -whi te  emission if the intensit ies of these lines 
in the two regions are of the same order. Its lumines-  
cence has therefore become of some interest  in view 
of its possible application in low- and high-pressure 
mercury  vapor discharge lamps (6, 7, 9). The Dy ~+ 
ions cannot be excited effectively by these discharges 
which emit main ly  at ~ > 250 nm (corresponding to 
the wave number  region ~ < 40.000 cm-1) .  The lowest 
charge t ransfer  level of Dy 3+ in oxides is si tuated at 
energies corresponding to ~ > 50.000 cm -1 (10) and the 
same applies to the lowest 5d level of Dy ~+ (11). 
Excitat ion of Dy 3+ can therefore occur only by 4f-4f 
transitions.  These have a relat ively low oscillator 
s trength ( ~  10 -6) since they are in first order for- 
bidden by the par i ty  selection rule (12). The radia-  
tion of mercury  discharges is therefore only weakly 
absorbed by the Dy 3 + ions. 

The problem of low absorption can be ci rcumvented 
sometimes by using Dy~+-activated phosphors in 
which the lattice s trongly absorbs the mercury  radia-  
t ion and can t ransfer  the absorbed energy to the Dy~ + 
ions. Some examples of such phosphors reported in the 
l i terature are: YVO4-Dy (2, 5, 7-9), Y~WO6-Dy (4), 
and Ga203-Dy (6). To our knowledge, the efficiency of 
these and other Dy3+-activated phosphors has not yet 
been systematically studied, as has been done, for ex- 
ample, for Eu 3+- and TbS+-activated phosphors (13, 
14). I t  seemed, therefore, interest ing to determine the 
quan tum efficiencies of a n u m b e r  of Dy3+-activated 
phosphors. In  this paper we discuss the efficiencies of 

K e y  words :  q u a n t u m  efficiency, l uminescence  e n e r g y  t r ans fe r ,  
f luorescence  e n e r g y  transfer ,  rare  e a r t h s  f luorescence .  

the lattice emission and that of the Dy ~ + emission for 
various lattices and as a funct ion of the Dy 3+ concen- 
tration. We will  compare our results with those re-  
ported in the l i terature  (2, 4, 13-17) for corresponding 
Eu 3+- and  Tb 3 +-activated phosphors. 

Experimental 
Samples were prepared by the usual  techniques as 

described, for example, in  Ref. (2, 4, 13-17). Reaction 
products were checked by analysis of x - r ay  powder 
diagrams (Cu K~ radiat ion) .  Quan tum efficiencies of 
the Dy~+-activated phosphors were measured by com- 
parison with the s tandard phosphors issued by the 
National  Bureau of Standards as described in  Ref. (18, 
19). As excitation source, a high-pressure mercury  dis- 
charge lamp with a Clz/NiSO4/UG5 filter combinat ion 
was used, emit t ing main ly  in the 250-270 nm region. 
In  view of the dependence on the sample preparat ion 
(the output  of the samples was not optimized) and 
because of the l imited accuracy of the optical mea-  
surements,  only approximate values are given for the 
quan tum efficiencies. All  measurements  were per-  
formed at room temperature.  

Results and Discussion 
Table I contains the results for Dy~+-activated 

YNbO4, LaNbO4, and CeMgAlllO19. In  all cases the 
quan tum efficiency of the Dy 3+ emission is limited, 
both for low and high Dy ~+ concentrations. This can 
be explained in  the following way. For these phos- 
phors, a large amount  of Dy 8+ is needed in  order to 
have efficient energy t ransfer  from the lattice to the 
Dy 3+ ions. It  is known  that  energy t ransfer  through 
these lattices is not efficient (16, 20). For  the niobates 
this is due to the poor overlap between the NbO43- 
emission and absorption bands (20). For CeMgAlllO19 
the overlap between the Ce 3 + emission and absorption 



VoL I22,  No. 7 E F F I C I E N C Y  O F  D y Z + - A C T I V A T E D  P H O S P H O R S  953 

Table I. Quantum efficiencies (q) of lattice emission and 
Dy 3+ emission under 250-270 nm excitation of Dy~+-activated 

YNbO~, LaNb04, and CeMgAI~O19 

q,% 
Composit ion Lattice e m i s s i o n  D y  s+ e m i s s i o n  

YNbO~ 45 
YNbO~-0.5% Dy 35 i0 

1.5 30 15 
5 20 12 

15 10 10 
LaNbO~ 40 
LaNbO~-0.5% I)y 30 10 

1.5 25 15 
5 10 15 
15 <~ 9. 

C e M g A I n C ~  60 
C e M g A I u C ~ - 1 0 %  D y  20 10 

20 15 15 
35 5 10 

band  is also smal l  (16) and fu r the rmore  the  shortest  
Ce~+-Ce~+ dis tance is r a the r  l a rge  (5.6A). Since the  
energy  t rans fe r  th rough  the  lat t ices is not effective, 
the  t ransfe r  from exci ted  la t t ice  centers  (NbO48-, 
Ce ~+) to Dy ~+ ions can occur only  direct ly.  The p rob -  
ab i l i ty  of this  t ransfe r  decreases ve ry  s t rongly  with  
increas ing dis tance (21), so that  this  t ransfe r  in effect 
is res t r ic ted  to shor t  distances. This implies  tha t  a 
high Dy 3+ concentra t ion  ( >  10%) is needed for  com- 
p le te  t ransfe r  f rom la t t ice  to Dy ~+. The requ i red  Dy ~ + 
concentra t ion is so high tha t  considerable  quenching of 
the D~ ~+ emission occurs. This concentra t ion quench-  
ing is due  to mu tua l  Dy~+-Dy ~+ in terac t ions  (22) and  
s tar ts  generar ly  at  a concentra t ion of a few atomic per  
cent. In  conclusion, the  quan tum efficiency is l imi ted  
at low Dy ~+ concentrat ions  by  the  ineffective energy 
t rans fe r  to Dy  ~+ and at  h igh Dy 3+ concentrat ions  by  
the concentra t ion  quenching of the  Dy ~ + emission. 

Table  II  contains  the  resul ts  for Dy~+-ac t iva ted  
Y~WO6, Lu2WO6, CePO~, and CaWO~. In  these phos-  
phors, the  p robab i l i t y  of energy  t ransfe r  th rough  the 
la t t ice  is somewhat  h igher  than  for the  phosphors  of 
Table  I. This is ma in ly  due to the  s t ronger  energy 
over lap  of the  la t t ice  absorpt ion  and emission bands.  
In Ref. (23) the  t rans fe r  p robab i l i t y  in Y2Vv'O6 has 
been compared  quan t i t a t ive ly  wi th  tha t  in YNbO~. I t  
appeared  tha t  the  average  t ransfe r  distance th rough  
the la t t ice  is twice as g rea t  for the  tungs ta te  as for the  
niobate.  This expla ins  w h y  quenching of the  la t t ice  
emission by  Dy ~+ occurs more  effect ively (i.e., with 
less Dye+ ) in Y2WO6 than  in YNbO~. S imi la r  a rgu-  
ments  have  been used in Ref. (23) to expla in  the di f -  
ference be tween  YNbO~-Eu and Y2WO~-Eu. The com- 
pound  Lu~WO6 has the  same crys ta l  s t ruc ture  and 
about  the  same luminescence  proper t ies  as Y2WO6 
(24). The s i tuat ion of Lu2WO6-Dy wil l  the re fore  re -  
semble  tha t  of Y2WO6-Dy. Also in CePO~ energy  t r ans -  
fer  th rough  the la t t ice  occurs. This can be der ived  
f rom the concentra t ion  quenching of the  Ce ~ + emission 

Table II. Values of q (cf. Table I) for Dy~+-activated 
Y2WOe, Lu2WO6, CePO4, and CaWO4 

q , %  

Composit ion Lattice emiss ion Dye+ emiss ion 

observed for Lal-zCexPO4 (17). This quenching is due 
to energy  t ransfe r  f rom one Ce 8+ ion to another  unt i l  
an energy  sink is reached (17, 21). The efficiency of the  
Ce~+-Ce 8+ t rans fe r  is only  modera te ,  however ,  since 
the  m a x i m u m  quan tum efficiency of CePO4 is st i l l  40% 
(17). This expla ins  w h y  st i l l  some 5-10% Dy ~+ is 
necessary for complete  quenching of the  Ce ~ + emission 
of CePO4. Moderate  energy  t ransfe r  th rough  the 
CaWO4 lat t ice  has been  demons t r a t ed  in  Ref. (25) 
where  the phosphor  CaWO4-Sm was studied. Simi lar ly ,  
complete  quenching of the CaWO4 emission occurs at  
a Dy 8+ concentrat ion of about  5-10%. Since the  
amount  of Dy a+ r equ i r ed  for  complete  t ransfe r  f rom 
the la t t ice  is lower  than  for the  phosphors  of Table  I, 
the  effect of concentra t ion  quenching of the  D y  ~+ 
emission is less de t r imenta l .  As a resul t  somewhat  
h igher  quan tum efficiencies can be obtained.  

Table  I I I  contains the  resul ts  for Dy~+-ac t iva ted  
Ga~O3 and YVO4. Here  a small  Dy  3+ content  ( <  1%) 
is a l r eady  sufficient for effective t ransfer  f rom the  
lat t ice to Dy 3+. We found that  only  a l i t t le  amount  of 
Dy 3+ can be dissolved into Ga203. Efforts to dissolve 
more  than  1% D y 3+ into Ga203 were  not  successful. 
Ins tead  a second phase occurred which on analysis  of 
the  x - r a y  diffraction d iagrams was found to have  the 
composit ion Dy~Ga5012. This phase had  the garne t  
s t ruc ture  wi th  cubic cell p a r a m e t e r  a : 12.35A and it 
was nonluminescent .  In  Ref. (6) it  was r epor ted  that  
the op t imum Dy 3+ concentra t ion  for Ga203-Dy was 
5-10%. In our  opinion, the  ac tual  Dy 3+ concentra t ion 
in the  luminescent  phase  is much  lower  ( <  1%).  The  
x - r a y  diffraction d iagrams of our  samples  doped wi th  
5-10% Dy 8~ indica ted  tha t  nea r ly  all  the  Dy 3+ went  
into the  nonluminescent  Dy~Ga~O12 phase. In  spite of 
the sl ight  so lubi l i ty  of Dy 8+ in Ga203, the energy 
t ransfer  f rom GauO~ to Dy 3+ is nea r ly  complete.  This 
implies  tha t  this t r ans fe r  is ve ry  efficient. In  YVO4 ef-  
fect ive energy t rans fe r  occurs th rough  the la t t ice  (23). 
As a resul t  the Dy 3+ centers  can be easi ly  reached, 
c]. Ref. (2, 7), the la t t ice  emission being comple te ly  
quenched at a Dy 3 + concentra t ion as low as 0.3%. The 
r equ i r ed  amount  of Dy 3+ is so low tha t  concentra t ion 
quenching of the Dy ~+ emission is not  ye t  impor tant .  
As in other  Dy3+-ac t iva ted  phosphors,  concentra t ion 
quenching of YVO4-Dy sets in at about  1% Dy (Table  
I I I ) .  By choosing the appropr ia t e  Dy 8+ concentra t ion 
( <  1%), the  efficiency of this  t ype  of phosphors  is 
therefore  not l imi ted  by  the effect of concentra t ion 
quenching, so tha t  reasonably  high efficiencies can be 
obtained.  

I t  is in teres t ing  to compare  the  efficiencies of the  
Dy~+-ac t iva ted  phosphors  wi th  those of the  corre-  
sponding Eu 8+- and Tb~+-ac t iva ted  phosphors.  Table  
IV compares  the  m a x i m u m  quan tum efficiencies under  
250-270 nm exci ta t ion of some phosphors.  The da ta  for 
the  Eu 3+- and TbS+-ac t iva ted  phosphors  have been 
t aken  pa r t l y  from the l i t e ra tu re  (4, 14-17). Usually,  
lat t ices giving s t rong rare  ea r th  emissions when  act i -  
va ted  wi th  Eu '~+, do not do so when ac t iva ted  wi th  
Tb *+. Examples  of this a re  YNbO4, Y2WO6, and YVO4 
(4, 14, 15). This has been  ascr ibed to format ion  of 
Tb 4+-containing complexes,  which  is favored  in these 
lat t ices and which causes radia t ionless  r e l axa t ion  to 
the ground  s tate  before  Tb ~+ emission can take  place  

Y~WOe 12 
Y~WO~-1% D y  10 15 

3 5 20 
10 < 2  10 

Lu~WOe 12 
Lu2WOe-1% D y  10 15  

3 5 15 
10 <2 I0 

CePOt 35 
CePO~-1% D y  15 15 

3 5 10 
10 <"2 3 

CaWO~ 60 
I0 20 CaWO~-1% Dy ca) 

3 ,5 25 
10 <2 7 

Table III. Values of q (d. Table I) for Dy3+-activated 
Ga203 and YVO4 

q,% 
Composit ion L a t t i c e  e m i s s i o n  D y  +~ e m i s s i o n  

Ga~Ch 40 
Ga2Ch- <1% Dy 4 30 
YVO4 5 
YVO4-0.1% Dy 3 40 

0.3 <i 60 
0.5 <1 65 
1.0 <1  65 
2 <1 60 
4 <1 50 
5 <1 40 

�9 Charge compensat ion w i t h  Na+ according to 2 Ca 2+ ~ 1~Ta+ + 
Dya+. 
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Table IV. Comparison between the maximum quantum efficiencies 
(qm) of the rare earth emission under 250-270 nm excitation 

of Eu ~ +-, Tb~ +-, and Dy 3 +-activated lattices 

qm, % 
Eu~+ Tb~+ Dye+ 

Lattice emission emiss ion emiss ion 

YNbO~ 30 < 5  15 
CeMgAl~O~a < 5  65 15 
Y~WO~ 40 < 5  20 
CePO~ < 5  40 15 
Ga~Oz < 5  < 5  30 
YVO~ 70 < 5  65 

(14, 20). Such a quenching process does not occur for 
the  EuS+-ac t iva ted  phosphors  since the  four th  ioniza-  
t ion potent ia l  of Eu is much  h igher  than  tha t  of Tb. 
On the other  hand, the  compounds CeMgAlllO19-Tb 
and CePO4-Tb show s t rong Tb 3+ emission (16,17), 
whereas  the  Eu~+ emission of CeMgAl~lO19-Eu and 
CePO4-Eu is ve ry  weak  (16, 17). The low efficiencies of 
EuS+-act iva ted  Ce ~+ compounds have  been ,ascribed 
to fo rmat ion  of Ce4+-Eu 2+ containing complexes  caus-  
ing radia t ionless  losses ins tead of Eu 3+ emission. This 
type  of quenching does not  occur for  Tb 3+, since this  
ion has no tendency  to become divalent .  

Let  us now consider  the  Dy 3+-act iva ted  phosphors�9 
The tendency  of Dy 3+ to become t e t r ava len t  is much 
less than  tha t  of Tb 3+, and  its t endency  to become 
diva lent  is much less than  tha t  of Eu 3 +. We can there-  
fore expect  tha t  the fo rmat ion  of the  type  of k i l l e r  
complexes as fo rmed  wi th  Tb 4+ and  Eu 2§ is much 
less pronounced in the  case of Dy ~+. In  agreement  
wi th  this, in none of the  lat t ices s tudied was the  effi- 
ciency of the Dy 3 + emission ve ry  low. Dy  3 + is at  least  
the  second best  of the th ree  act ivators  due to the  low 
efficiency of e i ther  the  Eu ~§ emission (CeMgA111019, 
CePO4) or  the  Tb 3+ emission (YNbO4, YzWO6, YVO4) 
or  of both  (Ga2Oj).  On the  o ther  hand,  the  efficiency 
of the Dy  a+ emission is l imi ted  in those phosphors  
where  the  requ i red  amount  of DyZ+ is so high tha t  
considerable  concentra t ion quenching occurs (Tables  
I and I I ) .  Fo r  the Eu 3+ and Tb ~+ ac t iva ted  phosphors,  
concentra t ion quenching usual ly  occurs at much higher  
ac t iva tor  concentrat ions  (26). This expla ins  why  the 
m a x i m u m  efficiencies of YNbO4-Eu, CeMgAlllO~9-Tb, 
Y2WO6-Eu, and CePO4-Tb are  considerably  h igher  
than  those of the  corresponding DyJ+-ac t iva ted  phos-  
phors. For  YVO4-Dy and Ga2Oj-Dy, the Dy ~ + concen- 
t ra t ion  can be held  low enough to ensure tha t  concen- 
t ra t ion  quenching prac t ica l ly  does not  l imi t  the  effi- 
ciency. Correspondingly,  the  efficiency of YVO4-Dy is 
qui te  comparable  to tha t  of YVO4-Eu. The op t imum 
Dy s+ concentra t ion of YVO4-Dy ( ~  0.5%) is con- 
s ide rab ly  lower  than  that  of Eu ~+ in YVO4-Eu which 
amounts  to 3-10% (2). This suggests tha t  the  t rans fe r  
f rom the YVO4 la t t ice  occurs even more  effect ively to 
Dy 3+ than  to Eu 3§ F ina l ly  there  r emains  Ga~O~-Dy 
which shows Dy 3+ emission of med ium efficiency 
( ~  30%).  On the contrary,  ne i the r  Ga2Oj-Eu nor  
Ga~O~-Tb showed any  r a re  ea r th  emission. At  the 
moment  we can offer no sa t i s fac tory  explana t ion  for  
the except ional  behavior  of Ga~Os-Dy. The lumines-  
cence mechanism of Ga203 i tself  is not  known but  is 
p robab ly  signif icantly different  f rom tha t  of the  o ther  
lat t ices under  considera t ion (27). I t  has been ind ica ted  

that  the p roper t ies  of Ga208 are  s imi la r  to those of 
ZnS- type  phosphors  (27). P r o b a b l y  the  DyS+ lumines-  
cence of G a 2 Q - D y  resembles  that  of ra re  ea r th  act i -  
va ted  ZnS which has been  s tudied by  var ious  authors  
(28)�9 
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ABSTRACT 

Severa l  e lect rochemical  systems exhibi t  an intense color change when  an 
e lect rochemical  react ion is induced by  an  a p p l i e d  e lect r ica l  field or current .  
The  e lect rochemical  and e lec t ro-opt ica l  p roper t ies  of severa l  such systems have  
been invest igated.  These systems are  t e rmed  e lec t rochemichromic  and they  
can be classified into the  fol lowing categories:  (i) s imple  redox  react ion;  (ii) 
r edox  react ion coupled wi th  an independent  chemical  reaction, resul t ing  in  
var iab le  color persis tence;  (iii) redox react ion coupled wi th  a chemical  reac-  
t ion producing  an insoluble  colored species; (iv) redox reac t ion  where in  a 
solid film deposi ted  on one e lect rode is reduced  and exhibi ts  an intense color 
change. Ana ly t i ca l  models  which  can describe the  e lec t rochemichromic  be-  
hav ior  are  p resen ted  for the  different  categories.  

The spec t rum of in format ion  d isp lay  is ve ry  broad  
and fast  growing.  Funct ional ly ,  d isp lay  devices range 
f rom a s imple  s ta tus  indicator ,  such as a traffic l ight,  
to a complex a lphanumer ic  and graphic  in format ion  
presentat ion,  such as a compute r  d i sp lay  wi th  graphic  
and  in terac t ive  capabi l i ty .  Physica l ly ,  t hey  v a r y  f rom 
smal l  electronic wr i s t  watch  displays  for personal  use 
to la rge  screen displays  for mass en te r ta inment .  Dis-  
p l ay  devices a re  st i l l  f inding new appl ica t ions  in the  
areas  of au tomot ive  electronics,  medical  diagnosis, 
s u p e r m a r k e t  and depa r tmen t  store retai l ing,  bank ing  
terminals ,  etc. Not surpr is ingly ,  es tabl ished d i sp lay  
technologies cannot  cope wi th  the  g rowth  in appl ica-  
tions, and ce r ta in ly  no single technology can serve  al l  
d i sp lay  needs and requi rements .  Thus new d isp lay  
technologies are  constant ly  being pursued.  For  instance, 
l iquid  c rys ta l  displays,  d-c  p lasma  panels,  and  l ight  
emi t t ing  diodes have  a l r eady  made  the i r  en t ry  in the  
low end (smal l  n u m b e r  of characters)  d isp lay  marke t  
and there  is some hint  tha t  p l a sma  displays  may  ve ry  
wel l  pene t ra te  some of the  CRT s t rongholds  in the  near  
fu ture  (1). 

Very  recently,  severa l  new d isp lay  devices have 
been in t roduced  which are  based  on e lec t rochemis t ry  
or  some elect rochemical  effects (2-5).  One such device 
is des ignated an e lec t rophoret ic  (EP) display,  indica t -  
ing the  phenomenon  involved (2).  The others, t e rmed  
e lec t rochromic  (EC) [more  p rope r ly  e lec t rochemi-  
chromic (ECC)I]  (3), e lec t rochemiluminescent  (ECL) 
(4), and fluorescence quenching (FQ) displays  (5) are  
re la ted  to e lect rochemical  redox reactions.  The e lec t ro-  
phoret ic  d isp lay  employs  a dye suspension which 
changes color as a resul t  of e lec t rophoret ic  migra t ion  
of dye part ic les .  The e lec t rochemichromic  effect is the 
direct  resul t  of a color change induced by  an e lec t ro-  
chemical  redox reac t ion  t ak ing  place at  or near  an  
electrode.  Elec t rochemiluminescence  is p roduced  by  a 
recombina t ion  of two species reduced  and oxidized at  
a cathode or an anode, respect ively,  in  a chemical  solu-  
tion. F luorescence  quenching occurs when  a fluorescent 
ion or  molecule  is reduced  or oxidized ,at an e lect rode 
to a nonfluorescent  species. The l a t t e r  two devices are  
act ive displays,  that  is, l ight  is genera ted  by  the dis-  
p l ay  med ium whereas  the former  two are  passive de- 
vices which  modula te  the  reflected or t r ansmi t t ed  am-  
b ient  l ight.  The EP d isp lay  device has a ve ry  poor  
th reshold  characteris t ic ,  which  would  inhibi t  mu l t i -  
plexing,  and requires  high opera t ing  voltages (75- 
I00V). Compar ing  the other  th ree  redox systems, all 
have low threshold  vol tages  (0.5-2V) and genera l ly  
s imi lar  e lectr ical  behavior .  However ,  the ECC disp lay  

* Electrochemica l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  words:  e lectrochromic ,  e lectrochemical ,  disp lay ,  r edox ,  e lec -  

t rochemichromic .  
1 E l e c t r o c h r o m i s m  is m o r e  b r o a d l y  def ined  a n d  also covers  some 

so l id - s t a t e  p h e n o m e n a  such  as color  cen te r s  i n d u c e d  b y  an  app l i ed  
electrical  field in an i n o r g a n i c  solid.  F o r  e l e c t roc he mic a l  e lec t ro-  
c h r o m i c  s y s t e m s  w e  propose the nomenc l a ture  e lec trochemichromic .  

devices are  more  a t t rac t ive  because they  have  fewer  
chemical  sys tem constraints ,  s impler  device operat ion,  
and be t t e r  pe r fo rmance  in  t e rms  of memory  capabi l i ty  
and high contras t  under  b r igh t  ambient .  Therefore,  i t  
is technological ly  impor t an t  to make  a thorough inves-  
t igat ion of var ious  ECC systems, the i r  e lec t rochem-  
ical, e lectr ical  and e lec t ro-opt ica l  proper t ies .  I t  is also 
scientifically in teres t ing to s tudy the i r  phys ica l  mech-  
anisms, wi th  the  hope tha t  such s tudy can lead  to an  
evalua t ion  of the  potent ia l  in d isp lay  appl icat ions  for 
ECC systems. 

This paper  presents  a s tudy  of severa l  ECC systems 
wi th  d isp lay  appl icat ions in mind. The systems which 
are  descr ibed below in the  section on e lec t rochemi-  
chromic systems show a r e l a t ive ly  efficient e lec t ro-  
chemichromic effect. They  are  categorized into differ-  
ent  types  according to the  e lec t rochemis t ry  involved.  
Thei r  genera l  character is t ics  are  also presented.  In  the  
section on e lect rochemical  and e lec t ro-opt ica l  p rope r -  
ties of ECC systems, we descr ibe  the  expe r imen ta l  in-  
vest igat ion of the  electrochemical ,  electrical ,  and 
e lec t ro-opt ica l  proper t ies  of these systems. Po l a ro -  
graphic,  vol tammetr ic ,  and electrospectroscopic da ta  
are  presented.  In  o rder  to gain a be t t e r  unders tand ing  
of the ECC effect, we have devised some ana ly t ica l  
models  for descr ib ing var ious  types  of ECC systems. 
This is de ta i led  in the  sect ion on the ana ly t ica l  model  
for e lec t rochemichromic  behavior .  Al though  a different 
model  is der ived  for each type  of ECC system, the  ECC 
response of al l  systems can be expressed in terms of 
a common function which  represents  an opt imal  ECC 
response and which, therefore,  can be used to assess 
the u l t imate  potent ia l  of ECC systems for  d isp lay  ap -  
plication.  The final sect ion contains such an assessment,  
as wel l  as a compar ison of advantages  and d i sadvan-  
tages, for different  types  of ECC systems. 

Electrochemichromic Systems 
Electrochromism,  in the  t e rmino logy  of d i sp lay  tech-  

nology, is b road ly  defined as the product ion  of a color 
absorpt ion  band  in a d isp lay  med ium by  an appl ied  
electr ic field or current .  A number  of solid and l iquid  
mate r ia l s  exhib i t  an EC effect, a l though the  phys ica l  
mechanisms involved m a y  be different.  F o r  example ,  
there  are two mechanisms in solids tha t  can lead  to 
electrochromism, the w e l l - k n o w n  color center  absorp-  
t ion due to t r app ing  of an e lect ron in an anion vacancy 
site in a lka l i  hal ides  (6) or other  wide bandgap  ma te -  
r ials  (7-9), and the absorpt ion  induced by  charge 
t ransfer  among impur i t y  centers  in insula tors  (10). 

On the o ther  hand, there  are  cer ta in  e lec t rochemical  
effects (3, 11-13) occurr ing in l iquids which  also show 
a re la t ive ly  efficient EC effect. The color change in 
these systems can be due to one of th ree  different 
mechanisms:  The first is e lectroplat ing,  e i ther  of 
metals  (12) or of nonmeta l l ic  e lements  (13). The sec- 
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ond is based on a pH indicator effect, i.e., when  the pH 
value near  an electrode is changed by an electrochemi- 
cal reaction, certain chemicals in an aqueous solution 
may either change color or fluoresce (11). A thi rd  
mechanism depends upon the fact tha t  an ion or mole-  
cule can be reduced or oxidized at an electrode, chang- 
ing to a color absorbing species. The important  point is 
that all these effects are governed by the basic electro- 
chemical redox reaction. Thus, we designate all these 
liquids ECC systems. 

The exper imental  ECC systems investigated here are, 
by definition, all based on an electrochemical redox 
reaction; however, some of these systems couple a 
chemical reaction with the redox reaction, or they in-  
volve a solid film in the redox reaction. Therefore, we 
may classify them into different types as follows: 

Type I. Simple redox reaction. Ions or molecules in 
solution may be either reduced at the cathode or oxi- 
dized at the anode to become color absorbing species. 

Type II. Redox reaction coupled with an independent  
chemical reaction, resul t ing in variable  persistence. 
The chemical reaction controls the rate of reversal  of 
the colored species back to its uncolored state. 

Type III. Redox reaction coupled with a chemical 
reaction producing an insoluble colored species. The 
insoluble species exhibits excellent  persistence and 
can only be erased electrochemically. 

Type IV. Redox reaction in which a solid film de- 
posited on one electrode is reduced and exhibits an 
intense color change. The color formation is confined 
to the solid film. 

The exper imental  systems in  the present  work are 
listed in  Table I according to the above classification. 
Abbreviat ions for these systems are listed in the last 
column a n d  shall be used throughout  the paper. All 
systems are aqueous, al though some can be dissolved 
in a nonaqueous solvent such as dimethyl  formamide. 
General ly  the nonaqueous solutions show a relat ively 
weak ECC sensit ivi ty l imited by solubility. The electro- 
chemical reactions for these four different types can 
be described by the following formulas:  

Type I. A • ne --> B (colored species) 
Type II. A • ne --> B (colored species) ; B + Z --> A 

-t- Z', Z' ~ m e  ~ Z. The example listed in Table I is 
A : PTA, Z : H 2 0 2  -~ 2H +, B + n / 2  (H202 -~- 2H +) 
-+ A -t- nH20, nH20 -- no--> n /2  (H202 + 2H +). By 
varying the concentrat ion of Z, the persistence of the 
color absorbing species can be controlled. 

Type III. A • ne -* B; B + C ~ BC J, where BC is 
an insoluble compound. The example listed in Table I 
is A -- HV + + (diheptyl  viologen ion),  B -~ HV + (one- 
electron reduct ion) ,  C ---- B r -  (bromine ion).  In  this 
case, the electrochemical reaction, HV + + • e -> HV +, 
may very well  contain another  reaction as suggested 
by Schoot et al. (3), HV ++ + 2e-~ HV, HV ++ -t- HV 
--> 2HV +. However, so long as the reactions are fast, 
this series of reactions may be viewed as one step. 

Type IV. mWOs + 2ni l  + + 2ne --> W m O 3 m - n  (blue 
color) -t- nH20 where W~Osm-n signifies that  the ratio 
of oxygen vs. tungsten  is reduced to allow color 
centers to be created. A similar  equat ion applies to 
MoOs films. 

Electrochemical and Electro-Optical Properties of 
E C C  Systems 

The general  characteristics of an ECC system are out- 
l ined in  Appendix I where we compare them with 
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Fig. 1. Polarograph of ECC aqueous systems (a) DPDHC, 50 mg/ 
100 cm 3, pH 3.1, E1/2 .~ --0.75, --I.05V; (b) MVDC, 50 mg/100 
cm S, pH 5.3, El~2 ~ --0.68, --1.07V; (c) HVDB, 60 mg/100 cm ~, 
pH 5.5, Ez/2 ~- --0.65, --0.725V; (d) OTOL, 50 mg/100 cm ~, pH 
2.1, E1/2 ~ +0.58V; (e) PTA, Na2W04" 2H20 3 g/100 cm S, 
CICh2COOH 2 g/100 cm ~, pH 3.1, cathodic wave; (f) HVDB-KBr, 
0.02M HVDB, 0.02M KBr. 

those of ECL, FQ, and EP systems. In  this section we 
present  electrochemical, electrical, and electro-optical 
properties of each type of ECC system. Polarography 
and cyclic vol tammetry  were used to investigate their  
threshold behavior. Electrospectroscopy was employed 
to obtain their ECC sensit ivi ty and efficiency. These are 
the most significant performance parameters  of an 
ECC display device. 

PoZarography . - -A  Sargent  polarograph Model 21 
was used to measure the polarographs of each ECC 
system. The results are shown in  Fig. l ( a - f ) .  One 
notes that the viologen family [Fig. 1 (a-c)]  all show 
two cathodic waves, ( indicating a two-electron reduc-  
tion process). The DPDHC, MVDC, and HVDB have 
their first ha l f -wave potentials at --0.75, --0.68, and 
--0.65V and second half -wave potentials at --i.05, 
--1.075, and --0.725V, respectively. [All potentials are 
given with respect to a saturated calomel electrode 
(SCE).] The OTOL system with pH value of 2.1 [Fig. 
l (d)] shows only one clear anodic wave (one-electron 
oxidation) with half -wave potential  about 0.58V (vs. 
SCE). The polarograph for the PTA system [Fig. l ( e )  ] 
is ra ther  poorly defined. There seems to be another  
wave at lower potential ;  however, this is not observed 
in cyclic vol tammetry  measurement .  One does not see 
a clear one-electron reduction. This suggests that  one 
may have more than one type of polytungsten anion 
in the solution. When H202 is added to the solution no 
significant change in polarographie behavior is ob- 
served. Figure i f  shows the polarograph of HVDB 
when KBr is added as an electrolyte. The hal f -wave 
potentials are shifted to --0.52 and --0.8V (vs. SCE). 

Cycl ic  v o I t a m m e t r y . - - C y c l i c  vol tammetry  measure-  
ments  were performed using a circuit configuration de- 

Table I. Electrochemichromic systems 

Type Sample  F o r m u l a  Elec t ro ly te  Abbrev i a t i on  

I P o l y t u n g s t e n  an ion  NafWO~ + ClCH3COOH - -  P T A  
44'  D i p y r i d i n i u m  d ihydroch lo r ide  NfClcHloCl2 K C L  D P D H C  
D i m e t h y l  viologen d ich lor ide  N.C~H14C12 KCL MVDC 
O'Tol idine  [NfC~Hls] K C L  OTOL 

II PTA + H20~ Na~WO4 + ClCH~C0OH + H~O2 -- PTA2 
III Dihep ty l  v iologen d ib romide  NfC~-88Br2 K B r  or t e t r a m e t h y l  H V D B - K B r  

a m m o n i u m  bromide  
IV Tungs t en  t r iox ide  WOs H2SO4 WO~ 

Molybdenum MoOa H~S04 MoOs 
Trioxide  
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Fig. 2. Cyc|ic voltammetry measurements of ECC aqueous systems 
with gold electrode. (a) DPDHC, (b) MVDC, (c) HVDB, (d) OTOL, 
(e) PTA, if) HVDB-KBr. 
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Fig. 3. Cyclic voltammetry measurements of ECC aqueous systems 
with tin oxide coated glass electrode. (a) DPDHC, (b) MVDC, (c) 
HVDB, (d) OTOL, (e) PTA, (f) HVDB-KBr. 

scribed by Sehwarz and Sha in  (14). A low frequency 
(0.01 Hz) t r iangu]ar  wave was used in  all measure-  
ments. The results are shown in Fig. 2(a- f )  and Fig. 
3(a- f ) ,  where the working electrodes were gold and a 
t ransparent  conductor ( t in-oxide-coated glass2), re-  
spectively. In  these measurements  high concentrations 
of ECC materials  and electrolyte were used. This tends 
to wash out the dist inction be tween successive electron 
reductions. However, we were interested in  the cur-  
rent -vol tage  behavior  with solution impedance levels 
more appropriate to real device operating conditions. 

One notes that in  Fig. 2 (a-c) (data for the viologen 
family) one cannot  dist inguish the first electron reduc-  
t ion and the second electron reduction;  however, the 
two reduct ion steps are more noticeable in Fig. 3 (a-c) 
for the t in  oxide electrode cases. Since these scans were 
taken at high current  level with a rate about 80 m V /  
sec, it might  be expected that  the two-electron reduc- 
tions would not be as clearly dist inguished in  these 
scans as they were in the polarographs. On the other 
hand, for the PTA sample, the reduct ion with the gold 
electrode [Fig. 2 (e)]  shows more s tructure in  the I -V 
scan than  is the case with the t in  oxide electrode 
[Fig. 3 (e)] .  In  fact, Fig. 2(e) shows dist inctively two 
reduct ion steps which are not apparent  in  the polaro- 
graph shown in  Fig. 1 (e). The hal f -wave potentials for 
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these reductions may be approximately assigned as 
-0 .37  and --0.6V with respect to SCE potential.  Fig-  
ures 2(d) and 3(d) are the vo l tammetry  curves for 
OTOL. In  both cases, for gold and t in oxide electrodes, 
the oxidation step is clearly exhibited, the hal f -wave 
potential  being about +0.6V (vs. SCE), which is in 
close agreement  wi th  the value from the polarograph 
(+0.58V vs. SCE). However, one should point  out that 
Kuwana  and Strojek (15) have also observed one oxi- 
dat ion wave in  their  cyclic vol tammetr ic  trace in a 
pH 2.0 solution but  observed two oxidation waves in 
a solution of pH 4.0. This is consistent with results 
presented in Fig. 2(e) and 3(e) where the pH value 
is about 2. One recalls that  when  electrolyte (KBr) is 
added to the HVDB solution, the polarograms obtained 
show significant shifts of ha l f -wave potentials;  this is 
not observed in the cyclic vol tammetr ic  curves [com- 
par ing Fig. 2(f) and 3(f) with Fig. 2(c) and 3(c)] .  
The high currents  employed in  the cyclic vo l tammetry  
may have masked these shifts. 

Electrospectroscopy.--Color and contrast are two im-  
portant  parameters  for a display medium. Spectro- 
scopic data for an ECC system in  the colored state and 
noncolored state would be very useful  for performance 
evaluation. Unfortunately,  for most of the ECC sys- 
tems discussed here, there is no spectroscopic data 
available; therefore, it was necessary to carry out such 
characterizations. However, in  performing absorption 
measurements,  one problem is encountered in  the Type 
1 and Type 2 samples. The problem is that  the colored 
species electrochemically induced at the electrode 
tends to diffuse away from it. Due to this diffusion, a 
nonuni form optical density dis t r ibut ion and  a short 
color persistence result. The reduced (or oxidized) ab-  
sorbing ion species when  meeting an oxidizing (or re-  
ducing) ion in the bu lk  solution will  be restored to 
the uncolored original ion species. Because of this dif- 
ficulty, among all ECC systems of Type 1 and Type 2 
we have measured only the electrochemically induced 
absorption of the PTA system. Type 3 and Type 4 
ECC systems can be measured relat ively more easily. 

A special optical cell was constructed for the ab-  
sorption measurement.  The cell is O-r ing sealed with 
two windows, either of which can be a t ransparent  elec- 
trode serving as a cathode, or working electrode. In  
the case of measurements  of a WO3 film, the film is 
deposited on one of the windows. The central  vertical  
port  is for a reference electrode such as a SCE. A 
tilted port  next  to the central  port  is for the counter-  
electrode, which was general ly  a gold wire. In  this 
cell, one can use either a potentiostatic drive (three 
electrodes) or a two te rmina l  drive to induce the 
electrochemical reaction. One also notes that  two other 
side ports are provided for ni t rogen flushing, to min i -  
mize the oxygen content in the cell. 

The three terminal  drive is more advantageous than 
the two te rmina l  drive since it allows a convenient  
erasure procedure. However, one important  fact should 
be pointed out here: When a colored layer  is induced 
electrochemically on one electrode, an emf is also bui l t  
up at that electrode. This emf tends to supply through 
the circuit a reverse current  which reverses the redox 
reaction and erases the color layer. This is especially 
critical in .a three te rminal  potentiostatic drive circuit, 
since the back-emf  is amplified by the operational 
amplifier. One remedy for this s i tuat ion is to use a 
high off-impedance (,-~ 10 l~ ohms) FET switch in the 
drive circuit, so that  the reverse current  may be 
minimized. 

The absorption spectrum of the reduced PTA ions is 
shown in Fig. 4. This is derived from m a n y  repeated 
measurements .  One notes a broad absorption band  
p e a k e d a t  710 nm. Considerable asymmetry  suggests 
that a secondary absorption in the infrared around 
1000-1200 nm is perhaps superimposed on the main  
absorption. The result ing color for the reduced PTA 
ions is a deep blue. 
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Fig. 4. Absorption spectrum for PTA 

The absorpt ion  spect ra  for  Type  I I I  and Type  IV 
ECC systems are  more  re l iab le  since there  is no color 
dr i f t ing  or diffusion in the  bu lk  solution. F igure  5 
shows the induced absorp t ion  for  the  H V D B - K B r  sys-  
tem. The spec t rum exhibi ts  two absorpt ion  bands  
peaked  a round  515 and 550 rim. The reduced  l aye r  has  a 
deep purp le  color. The induced absorpt ion  for a solid 
WO.~ film is shown in Fig. 6. A ve ry  b road  absorpt ion  
band  centered a round  980 nm is observed.  The re -  

E3 
0 

] .4 I 
HVDB 

.... 4.8 mC/cm 2 

. . . .  7.6mC/cm 2 
1 . 2 -  

- - - - -  9.gmC/cm 2 

1 .0 -  

I I I 

/ \  
08 / i 

/-,,t 
i ." ' ;  
Jl // ", \ . / " - \ -  

'1  I /;' ,, "\, ./ \ 
0.4 // ' & "  / 

t / /  \ ' , .  

0 . 0  ~ i ~ f I 
400 500 600 700 800 900 

k(nm) 

Fig. 5. Absorption spectrum for heptyl viologen bromide 
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duced  WOs also exhibi ts  a deep b lue  color. In  al l  cases 
(Fig. 4-6),  the  induced optical  dens i ty  is p ropor t iona l  
to the  appl ied  charge  density.  

Analytical Model for Electrochemichromic Behavior 
In order  to assess the  feas ib i l i ty  and u l t ima te  poten-  

t ial  of an ECC system for d isp lay  device applicat ion,  i t  
is des i rable  to der ive  an  ana ly t ica l  model  for the  
ECC effect. The model  should consider  all  first order  
physical  mechanisms involved in the  ECC effect and  as 
a consequence should ident i fy  the  physical  pa rame te r s  
re levan t  to ECC behavior .  

In  analyzing the ECC effect, one finds tha t  there  are  
two majo r  factors  governing the ECC behavior ,  the 
e lectrochemical  react ion and diffusion. Other  mecha-  
nisms such as convect ion and ion migra t ion  can be 
neglected o r  min imized  in a prac t ica l  ECC solution. 
The first mechanism, the e lect rochemical  redox  reac-  
tion, can be character ized by  two constants,  the  for-  
w a r d  and backward  react ion ra tes  Kf and Kb (16). 
The second mechanism is the  diffusion process which 
is character ized by  the diffusion equation.  The solution 
of the  diffusion equat ion is governed by  the  b o u n d a r y  
and ini t ia l  condit ions of the  oxidant  or r educ tan t  con- 
centrat ion,  C (x, y, z, t ) .  The e lec t rochemical  react ion 
is coupled to the  diffusion mechanism th rough  the 
bounda ry  conditions.  

The complete  solut ion to a th ree -d imens iona l  diffu- 
sion equat ion is ve ry  compl ica ted  unless some s impl i fy-  
ing approx imat ions  are  made  to the problem.  Before 
we proceed to der ive models  for  each different  type  of 
ECC system, the  fol lowing assumptions  are  made:  The 
first assumption is that  the l iquid solution is of large  
volume and is bounded  by  pa ra l l e l  p l ane  electrodes 
having a separa t ion  much grea te r  than  a diffusion 
length  for any  species involved.  The assumpt ion is a 
real is t ic  one for  a typica l  expe r imen ta l  cell, a l though 
it  is cer ta in ly  possible to make  pract ica l  ceils which 
violate  it. Wi th  this assumpt ion one can descr ibe the  
p rob lem by a one-d imens ional  diffusion equation. F u r -  
thermore,  one m a y  consider  tha t  the l iquid  solut ion 
extends  to infini ty re la t ive  to the  e lec t rode  under  con- 
siderat ion,  thus imply ing  C ( x  = oo, y,  z, t )  _~ constant  
as one bounda ry  condition. The second assumpt ion  
which we make  in i t ia l ly  is tha t  the  speed of the  ECC 
effect is not l imi ted  by  the e lec t rochemical  react ion;  
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that  is, one deals only with fast electrochemical reac- 
tions. Again, this assumption is a reasonable one, since 
for display application one na tura l ly  searches for an 
ECC with a fast reaction rate. Fur thermore,  in  display 
device operation a sufficiently high voltage is always 
applied to the device [for instance, one may use E ---- 
2Eo or 3Eo in  half-select or three- to-one  mat r ix  ad- 
dress schemes (17)] such that  a fast reaction occurs. 
For  such an operat ing condition, the most significant 
l imit ing mechanism governing the ECC behavior  would 
be the diffusion process. Thus, the analytical  model 
describing ECC systems of practical interest  is just  
a l inear  diffusion model with appropriate boundary  
conditions. Analyt ical  models for the four types of 
ECC systems are presented below. 

Type  I ECC sy s t ems . - -B a s e d  on the ini t ial  and 
boundary  conditions given in  Appendix  II, the func- 
tions Co and  CR can be determined by the use of La-  
place t ransforms with the result  

Co(x ,  t)  = CO[hS-5  er f (x /2  DoZl2t 1/2) ] / ( 1  -5 hS)  [1] 

CR(X, t) = C~  erfc(x /2  Dall2tZ/2) ] /  (1 -5 hS)  [2] 

where  C o, Do, DR, and S are defined in  Appendix  II, 
h = (Do~DR) 1/2, erf and erfc are error funct ion and 
complementary  error function, respectively. The cur-  
rent  flowing through the cell is g iven by  

0Co I : ia/(1 -5 hS)  [3] -- nFADo Ox x=o 

where F is Faraday 's  constant, A is the electrode area, 
and  n is the n u m b e r  of electrons involved in the re-  
duction, ia is the l imit ing current  when the electro- 
chemical react ion rate is so high that  the concentra-  
t ion of oxidant  at the electrode surface is zero, i.e. 

ia : i ( S  = O) : n F A  Dol/2CO~-l/2t -1/2 [4] 

The optical density change induced by the electro- 
chemical reaction is proport ional  to the density of the 
colored species produced, which in t u r n  is proport ional  
to the charge supplied by the electrode. Thus, we have 

a S I  idt ~ 
OD : - -  CRdX -- -- - -  : ODa/(l -5 hS) 

2.3 2.3 n F A  
[5] 

where a is the absorptivi ty in terms of l i ters/M cm, 
and the numerica l  factor 1/2.3 implies that  the contrast 
ratio for a given optical densi ty is 10 ~ ra ther  than  
e ~ and 

2 
ODa : O D ( S  : O) : aDol/2CO~-l/2t 1/2 [6] 

2.3 

Again the significance of S -- 0 is that  the reaction is 
very fast due to either Kf being very large or E < <  
Eo. Under  this condition, Co(0, t) : 0, CR(O,t) : hC ~ 
i : ia, and OD : ODa. This is the optimal condit ion for 
the ECC effect in  Type I systems. 

T y p e  II  ECC s y s t e m s . - - I n  this type of system, a 
catalytic chemical reaction is coupled with the electro- 
chemical redox reaction�9 Therefore we have two 
coupled diffusion equations 

0CA 02CA 
---- D A ~ - -  -5 kCzCs 

Ot Ox2 

8CB 0~C~ 
�9 , = D s - - - - k C z C B  

8t 8x 2 

[7] 

where k is the rate of the catalytic chemical reaction 
and C~ is the concentrat ion of the catalyst. The prob-  
lem can be simplified considerably if we assume that  
C~ is constant  throughout  the solution cell at all t imes 
and the diffusion constants DA and DB are equal, say 

D. Applying the same boundary  conditions given by 
Eq. [A-2]-[A-4] and setting S = 0 [i:e., CA(0, t) -- 0], 
one obtains the following solutions 

1 
C B  (X ,  t )  - -  - -  e - x / cDT) l /~  erfc[x/2 (Dr) z/2 _ (t/T) 1/2] 

2 

1 
~- - -  e x/(DT)l/2 erfc [x /2  (Dr) 112 ~ ( t iT)  1/2] [8] 

2 

a ~ a - -  

OD = J 0  CB dx  = - -  CA ~ A/D~ err[ (t /T) 1/2] 
2.3 2.3 

: ODa 1 -- - {  ( t iT) + 7.2, .  ( t iT)2 . . . . .  [91 

i : n F A  D 1/2 CA o { ( l /T) I/2 erf[  ( t /T) 1/2] 

-5 (nt) - z n  exp (-- t /T)  } [10] 

where T : 1/kCz is the oxidizing t ime constant. The 
more oxidizing agent is added, the smaller  the t ime 
constant. As kCz -~ O, T -~ oo (i.e., no oxidizing agent 
added),  i -> ia and OD --> ODa. Equations [9] and [10] 
indicate that  the ECC response is reduced from the 
optimal response due to the catalytic action. The re- 
duction is directly related to the chemical reaction 
rate and the concentrat ion of catalyst. 

Type  IH ECC sy s t ems . - -For  this type of system, 
modeling of its ECC response is more complicated. It  
is par t icular ly  so if one considers all possible in ter -  
mediate reactions involving both one-electron and 
two-electron reductions as well  as the final chemical 
reaction. However, based on the assumption that  we 
are only dealing with fast reactions, i.e., if both elec- 
trochemical and chemical reaction rates are high, then 
the ECC response of such a system may still be re-  
garded as diffusion limited. The system would then  
be equivalent  to the s traightforward electrolytic depo- 
sition of an insoluble substance on an electrode. This 
is cer tainly a reasonable assumption for the HVDB- 
KBr system which exhibits very fast reactions. 

The corresponding boundary  conditions for this case 
are similar to those of the Type I ECC system, but  
they are complicated by the fact that  the activity of 
the deposit, ]RCR, is not known  unt i l  the electrode is 
completely covered with at least one monolayer  of 
deposit at which point it becomes equal to one. In  view 
of the fact that the ECC system under  consideration is 
a fast one, we neglect the ini t ial  uncer ta in ty  of the 
activity of the oxidant  and assume that  it is equal to 
one throughout  the ECC response. The error in t ro-  
duced by this approximation is very small, and it 
applies only to the very early stage of the ECC reac- 
tion. With this approximation, the boundary  condition 
of oxidant  concentrat ion at the electrode becomes 

1 
Co(0, t) : S' : - - e x p [ n F ( E  -- E o ) / R T ]  [11] 

] o '  

The solution for this problem is then 

Co(x, t) : S' -5 (C ~ -- S ' ) e r f ( x / 2  Dol/2t 1/2) [12] 

- -  = i a ( 1  - -  S'IC ~ [ 1 3 ]  i = n F A  Do 8x  x=o 

OD = ODa (1 -- S ' /C  o) [14] 

However, in Eq. [14], ODa should be expressed as 

S idt 
ODa -- a' ---- 2 ~'nF CODoZl2~-~/2t 112 [15] 

A 

where ~' = a/2.3nF with uni ts  of (coulomb/cm 2) -1. In  
this case the absorbing species is insoluble in  solution; 
thus, its absorptivi ty should be defined in  terms of ion 
charge density rather  than  molar  concentration. One 
should point out that  the current  and  the optical den-  
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sity functions are both related to their  optimal value 
by a common factor (1 -- S'/CO). 

Type IV ECC sys tem.- -The  electrochemical reaction 
of this system is not the same as for the above redox 
reactions involving soluble species. The Type IV sys- 
tem is ra ther  unique  in  the sense that  it  is the th in  
solid film (,~ 0.2-1 #m thick) deposited on the elec- 
trode which undergoes a redox reaction. Since the film 
is an  oxide, the reduct ion is facilitated by the presence 
of protons. This is borne out by the fact that  the redox 
takes place easily in acidic solution. In  fact, the electro- 
chromic sensit ivity is proport ional  to the concentrat ion 
of hydrogen ions in  the solution. Furthermore,  we have 
performed cyclic vol tammetry  measurements  on a 
WO~-H2SO4 system. The result  is shown in  Fig. 7 and 
indicates that the reduct ion does occur (blue color 
appears) near  the hydrogen redox potential. This seems 
to support  the hypothesis that  the over-al l  electro- 
chemical reaction is of the form 

roW03 + 2ni l  + + 2ne-> WmOjm-n (blue) + nH~O 

Although the involvement  of protons is certain, exactly 
what  occurs at the electrode or inside the oxide is not 
clear at all. One may speculate on several possible 
mechanisms. One possibility is that  H + ions are re-  
duced at the solid film surface (since WO3 or h/IoO3 
films are semi- insula t ing and in  fact become more 
conducting when  reduced to colored film) becoming 
hydrogen atoms which then  diffuse into the film and 
reduce it. The solid film is very l ikely porous which 
would promote the diffusion of the reduct ion product, 
H20, out to the solution. A second possibility is that  
H + ions diffuse into the film toward the electrode, an 
electrochemical reduct ion takes place wi thin  the film, 
and a chemical reduct ion reaction follows thereafter.  A 
third possibility is that  the oxide film is reduced by 
receiving electrons from the electrode, and oxygen ions 
diffuse out of the film to combine with hydrogen ions, 
which diffuse toward the electrode through the solu- 
tion. No matter  which mechanism prevails, the over-al l  
electrochemical reaction seems to be the one given 
above. 

Although we do not have evidence to support  any one 
of the above described mechanisms, it is clear that  in 
any case the diffusion of H + ions in  the solution is a 
possible speed l imit ing mechanism in that  the supply 
of H + ions to the electrode may govern. If one assumes 
that  the electrochemical or chemical reaction taking 
place in  the solid film is fast, then the analyt ical  model 
for this case is just  a diffusion-limited electrochemical 
reaction of H +. Since H + ions are reduced and com- 
bined with oxygen to form water  which has an activity 
of 1, the boundary  condit ion for this problem is the 
same as that  for the HVDB-KBr system, as given by 
Eq. [A-2], [11], and [A-4]. Thus, the solutions given in 
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Fig. 7. Cyclic voltammetry measurement of tungsten trioxide film 
in sulfuric acid (0.3M). 

Eq. [12], [13], and [14] apply here for the Type IV 
ECC system. In  fact, electrical measurements  made on 
the reduct ion of W Q  films (18) indicate that  the cur-  
rent  is indeed a funct ion of t -1/2. This certainly sup-  
ports the val idi ty of this model. 

Comparison with experimental  data.--Current re-  
sponse, i ( t ) ,  and electro-optical response, OD(t) ,  of 
several ECC systems which belong to the four types 
discussed here have been performed and presented 
elsewhere (18). The exper imenta l  results (18) indicate 
that for Type I, III, and IV ECC systems, the current  
response is indeed a funct ion of t -1/2 and the optical 
density a funct ion of t 1/2. This evidence certainly sup- 
ports the validity of analyt ical  models presented here. 
For Type II systems, the model is only confirmed for 
long persistence systems (i.e., ~ > 1 sec). For systems 
having smaller  ~ (more oxidizing agent) ,  more experi-  
menta l  work is required to confirm the validity of 
Eq. [9] and [1O]. 

Discussion and Summary 

The systems evaluated here are certainly only a 
small representat ion of all possible organic and in-  
organic ECC systems. The Table I ECC systems are the 
simplest from an electrochemical point  of view. How- 
ever, for display device applications, they are not prac-  
tical due to the fact that the induced color species, 
being soluble, can diffuse or drift  away from the elec- 
trode, thus causing smearing of an image. There are 
some possible remedies (19), such as using a gel (or 
semisolid) electrolyte, but  such an approach appears 
to slow down the ECC response. The second type of 
ECC system eliminates the color drift  problem by pro- 
viding conversion back to the uncolored species. This 
feature is acceptable in  a display device application 
where the informat ion can be periodically refreshed. 
A refresh rate can be selected according to the type 
and amount  of oxidizing chemical used. However, in 
this type of system, the ECC efficiency is reduced. This 
effect has been exper imenta l ly  demonstrated with the 
PTA-H202 system (18). As one notes from Eq. [9], 
unless the oxidizing t ime constant ~ is made much 
longer than  the addressing time (or t u r n - o n  t ime) t, 
the optical density change is reduced from its optimal 
value. This condit ion (i.e., T > >  t) would normal ly  
prevail  for a mul t i l ine  matr ix  display, since it is de- 
sirable in  that case to select �9 to be approximately 
equal to the refresh cycle t ime or frame t ime T. 

The third type of ECC system has the advantage of 
having "memory" capability, since the colored layer  is 
insoluble in the solution. It can only be removed elec- 
trochemically. However, because of the presence of this 
layer there is a back-emf associated with it. This back- 
emf tends to supply a reverse current  through the sys- 
tem if a current  path is provided. This leakage current  
makes matr ix  addressing complicated (18). However, 
if all leakage paths are eliminated, the insoluble layer  
tends to persist indefinitely. This feature offers the po- 
tential  of saving power in  certain applications such as 
displays for electronic calculators or electronic 
watches. 

The ECC system of the fourth type, namely,  a solid 
ECC film, has similar characteristics to those of Type 
III. However, the solid film allows the possibility of 
having such a film deposited on only one electrode, 
thereby producing an asymmetry  not present  in  the 
other cases. Figure 8 shows an exper imental  device 
arranged in  such a manner .  When a negative voltage 
is applied to an electrode coated with an electro- 
chromic solid film, an image is produced (as shown in  
Fig. 8) ; and upon reversal  of the applied potential, the 
colored layer  is erased without  creating a similar  
colored layer  at the opposite electrode. For the other 
categories of ECC systems an opaque or blocking me-  
dium may be required to shield the unwan ted  colora- 
tion created at the opposite electrode by the erasure 
voltage. 
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Fig. 8. A display image written on an experimental device con- 
taining WO3-H2S04 gei material, 

We have argued that most ECC systems can be de- 
scribed by  a diffusion model with appropriate bound-  
ary conditions. Solutions for each type of system are 
all related to an optimal ECC response function ODe, 
given by  Eq. [6]. One can use this optimal response 
funct ion to assess the potential  of ECC systems for dis- 
play device applications. If one expresses ODe as a 
funct ion of addressing t ime ( t u r n - o n  time) in  a log- 
log plot one obtains a straight l ine with a slope of 1/2. 
Since ODe is proport ional  to the concentrat ion C ~ the 
absorpt ivi ty  ~ or a' and the square root of diffusion 
constant  D, the straight l ine moves up and down ac- 
cording to the values of these constants. Figure 9 shows 
a plot for a typical  set of constants, C ---- 0.1 M/l, D ---- 
5 • i0 -s cm~/sec, ~ ~ 5 • I0 4 l i ters/M cm. In a t rans-  
mission mode, one would require a turn-on time ~ 30 
msec to obtain an optical density change of 1 (10 to I 
contrast), whereas in a reflection mode (where the 
light passes through the absorption path twice), a 
turn-on time ~ 9 msec would be required for OD = 
0.5 (!0 to 1 contrast) .  Of c~urse, the above example 
i l lustrates the ECC response of a typical  system unde r  
optimal conditions. In  practice, Eq. [A-7], [14], or [5] 
should be used to assess a par t icular  system. ECC de-  
vice characteristics measured on various ECC systems 
(18) do in  fact indicate that  the analytical  models are 
val id and  applicable in assessing their  performance. 

I 0 . 0 0  

1.00  

0 
0 

0 . 1 0  

a = 5 x  0 4 c l ~ l / M / . ~  
O =5 x 10"6cruZ/see 
C=O. IM  

I 

a I 0 2 LOWER _ 

0 . 0 1  J t 
0.0001 O.O01 OD1 O. I 

i (sec) 

Fig. 9. Induced optical density change of a typical ECC system as 
a function of addressing time. 

Another  impor tant  question related to ECC device 
application is their  operating life. Although, most ex-  
amples discussed here were not given a life test, it is 
worthwhile  point ing out that  Schoot et aL (3) have 
demonstrated a 105 wri te-erase  cycle with the HVDB- 
KBr system. 

In  summary,  several ECC systems h.ave been evalu-  
ated. They are classified into different categories ac- 
cording to the electrochemical reactions involved. The 
electrochemical, electrical, and electro-optical prolner- 
ties of these systems have been  examined and com- 
pared. Analyt ical  models which describe the ECC be-  
havior have been derived for the w r i o u s  system types. 
Based on these models, a performance assessment of 
the ECC effect can be made. A typical efficient ECC 
system should have response t ime in  the order of 10- 
100 msec for contrast of 10 to 1. This response, com- 
bined with characteristics such as low threshold volt-  
age, memory  capability, and wide viewing angle makes 
the ECC a strong candidate for direct-addressed seg- 
mented displays and small  matr ix-addressed displays. 
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APPENDIX I 

Compurls~n of s Display Systems 
E1 ~ ECC ECL4 FQs 

Mode  P a s s i v e  Pas s ive  A c t i v e  A c t i v e  
U l t i m a t e  con t ras t  40:1 30:1 30:1 25:1 
M e m o r y  Yes Yes No  No 
O p e r a t i n g  vo l t age  75V 1-2V 5-10V 1-2V 

(d-c pulse} (d-c pulse)  (a-c) (d-c pulse} 
Threshold Poor Yes Yes Yes 
P o w e r  o r  e n e r g y  200 ~W/c rn  ~ 10 m J / e m  ~ ~0 nx\%r/em ~ 28 r n W / c m  ~ 
W r i t e  speed  20 m s e e  10 msec  1 msee  10 msec  
E r a s e  speed  10 msec  10 msec  ~ - -  
Gray scale No Yes yes Yes 

APPENDIX IE 

Initial and Boundary Conditions for Electrochemlchromic Effect 
The analytical  models presented in this paper are 

given for a reduction process, thus, the ini t ial  condi- 
tions are 

Co<x, O) = C o 
[A-I] 

Ca(x,  0) -- O 

where subscript (or superscript)  O and  R signify oxi- 
dant  and reductant,  respectively. Equat ion [A-t ]  spe- 
cifies that the ECC solution initially contains only oxi- 
dant having a constant concentration C ~ throughout 
the cell. In  the case of oxidation reactions one s imply 
interchanges subscript (or superscript) O to R and 
vice versa in  all  derivations. 

Using the semi-infini te solutions approximation, the 
boundary  conditions are 

Co(oo, t) : C ~ C~ (co, t) -- 0 [A-2] 

Co(0, t ) /Ca (0 ,  t )  = S : ( b a / Y o ) e x p ( n Y ( E  -- E o ) I R T )  

[A-3] 
and 
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OCo OCR 
- + DR = 0 [A-4] 

Do Ox x=o Ox x=o 

Equat ion [A-3] essent ia l ly  is the  Nernst  equat ion 
which describes the equi l ib r ium si tuat ion at  the  elec-  
trode. ]R and ]o are  ac t iv i ty  coefficients of reduc tan t  
and oxidant  which  may  be assumed to be equal  for 
the  most redox pairs.  The th i rd  equat ion indicates that  
the  incoming flux of oxidant  to the  e lect rode is equal  
to the  outgoing flux of reductant .  Do and DR are  diffu- 
sion constants,  for the oxidant  and  reductant ,  respec-  
t ively.  

The above descr ip t ion  is based on one fundamenta l  
assumption, specifically that  the  e lect rochemical  reac-  
t ion ra te  is fast. I t  is therefore  in teres t ing to see wha t  
resul ts  if this assumpt ion is removed.  Most impor -  
tantly,  one requires  a different  bounda ry  condit ion at  
the c a t h o d e  

8Co I "-- KfCo(0, t) --  KbCE(0, t) [A-5] 
Do 8x x=o 

With  this  bounda ry  condition, along wi th  tha t  given 
by  Eq. [A-2] and [A-4],  the  solutions for the  current  
flowing through  the cell and the optical  densi ty  in-  
duced are  

i = nFAC~ e x p ( Q 2 t ) e r f c ( Q t  1/2) [A-6] 

1 
O D -- - -  ( aCO K f /  Q ~ ) [exp (Q2t) erfc ( Qt 1/2 ) 

2.3 
+ 2 Q ( t / x ) ~ / ~ -  1] [A-7] 

where  Q = Kf /Do 1/~ + KbDR 1/2. Since one deals wi th  
a reduct ion when the  appl ied  potent ia l  E < <  Eo, we 
should have Q --  Kf/Do 1/2 subst i tu ted  in Eq. [A-6] 
and [A-7].  These solutions app ly  to slow ECC systems. 
They approach  the resul ts  for d i f fus ion- l imi ted cur -  
ren t  ia and opt imal  opt ical  dens i ty  change ODa if  Qt 1/2 
is large,  for ins tance grea ter  t han  5. 
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On the Correction to be Applied to the Thickness of 
an Epitaxial Layer Measured with Infrared Multiple 

Interference 
P. J. Severin and F. C. Eversteyn 

Philips Research Laboratories, Eindhoven,  Netherlands 

ABSTRACT 

The extreme values of k plotted against the order of the extrema yield 
a straight line characterized by a slope ds and an intercept 6o/2x. The thick- 
ness dm of the deposited layer can be measured with a method described by 
Eversteyn and van den Heuvel. It turns out that ds -- dm depends linearly on 
6o/2x, the relations being different for N + and N + +, but further independent 
of substrate resistivity or thickness. After calibration for a particular growth 
process the thickness can be determined with dm as a standard reference from 
a conventional infrared multiple interference spectrum. 

The thickness of a sil icon l aye r  g rown ep i tax ia l ly  on 
a conduct ive subs t ra te  of res is t iv i ty  p is an impor tan t  
pa r ame te r  for in tegra ted  circuit  technology. In  this  
note fa i r ly  conclusive exper imen ta l  evidence is p r e -  
sented for  the va l id i ty  of the  method  of in te rp re t ing  
in f ra red  mul t ip le  in ter ference  spectra  descr ibed ear l ie r  
and prac t iced  in this  l abo ra to ry  for severa l  years.  The 
in t roduct ion  of a new expe r imen ta l ly  accessible s tand-  
a r d  reference  al lows us now to also discuss the  ac-  
curacy of the  method.  

I t  is wel l  known tha t  the  w a v e n u m b e r  k of an 
e x t r e m u m  depends on the o rde r  I by  the  re la t ion  

Key words: silicon, epitaxial film thickness, infrared spectropho- 
tometer, metallurgical film thickness. 

i ,~(k, p) 
2ndk = I f [1] 

2 2~ 

where  n and d are  the  ref rac t ive  index and the th ick-  
ness of the layer,  respect ively .  The phase shift  5 (k, p) 
can be calculated f rom the optical  pa rame te r s  of the  
l aye r  and the substrate.  Over  a l imi ted  w a v e n u m b e r  
range, 6(k ,p )  m a y  be approx ima ted  by  a l inear  r e l a -  
t ionship 

So 
-- 2nkad [2] 

2~ 2~ 

which yields, wi th  Eq. [1] and af ter  wr i t ing  ds = d -b 
ad  
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1 8o 
2ndsk = l - - -  -{- -- [3]  

2 2~ 

.It has been shown earlier (I) that when k is plotted 
vs. l, a straight line is obtained from which the slope 
ds and the intercept 8o/2~ can be easily determined. In 
a second paper (2) this formal solution, Eq. [2], has 
been suggested without actually specifying any ex- 
perimental values of Ad and 8o/2~. In  the absence of 
a well-defined and exper imenta l ly  accessible reference 
for the thickness of an epitaxial  layer, there was no 
point  in discussing Ad and  the accuracy of the infra-  
red mul t ip le  interference method. 

(I-Iowever, recent ly Evers teyn and van  den Heuvel  
(3) out l ined a method of thickness measurement  par-  
t icular ly  suited for epitaxial  layers. It  is based on the 
use of the metal lurgical  thickness din, measured with 
a Taylor Hobson Talystep as a s tandard .reference. It 
was found that  dm is related to the thickness dm(poly) 
of polycrystal l ine silicon deposited s imultaneously  on 
an  adjacent  Si3N4 layer  and measured in  the same way, 
with accuracy to the second decimal, by 

dm(poly) --" dm ~ 0.10 ~m [4a] 

and that  the same layer  measured with infrared in ter -  
ference and in terpre ted as described above (1, 2) 
yields the same thickness also wi th in  0.01 ~ n  

dsCpoly) ~- dmCpoly) [4b] 

In  this paper, the thickness ds and the constant  
phase shift 8o/2~ .are shown to be correlated to this 
metal lurgical  thickness din. The exper imental  data are 
presented in the next  section and possible in te rpre ta-  
tions are also discussed in  this paper. In  the last section 
the conclusions and recommendat ions are summarized. 

Exper imental  Results 
A large n u m b e r  of epitaxial layers was grown in 

Sill4 at 1050~ corrected temperature,  undoped, on Sb-  
doped hT + substrates and As-doped N ++ substrates. 
By plott ing k vs. I the thickness ds and the constant 
phase shift 8e/2~ are determined as in  Eq. [3]. When 
din, as measured on an adjacent polycrystal l ine layer, is 
plotted against the thickness ds, the lat ter  does not 
present  the appearance of a reliable parameter.  How- 
ever, when the difference ds -- dm is plotted against  
8o/2n, the parameters  show correlation. In  Fig. 1 the 
N ++ substrate data (1.3-2 mohm-cm)  tu rn  out to be 
clearly separated from the N + substrate data (8-15 
mohm-cm) .  The exper imental  data show no systematic 
dependence when  they are labeled with the appropri-  
ate substrate resistivity or thickness values. 

For  N + substrates, ds -- dm assumes any value be- 
tween 0 and 0.6 ~m correlated l inear ly  with a value of 
8o/2~ between 0 and 0.3, satisfying 

8o 
ds - -  d~ = 2 ~ - ~ m  [5a] 

From Fig. 1 it  is also clear that  the N + + substrate 
data show a greater  phase shift t han  any N + substrate 
does roughly satisfying 

8o 
ds --  dm = 2 -- 0.45 #m [5b] 

2~ 

The l inear  relationships are obeyed with a precision 
of about 0.05 ~m which amounts  to about 1% for 5 
~m thick epitaxial  layers. This error  is due in the first 
place to the lack of precision in measur ing k of the 
extrema for the epitaxial  layer  to determine ds with 
Eq. [3], and for the polycrystal l ine layer  to deter-  
mine  dm with Eq. [4a] and [4b]. The error in the 
wavenumber  depends slightly on the range but  
amounts  to about  5-10 -3 with the ins t rument  used. 1 
Secondly, the refractive index n of silicon has been 
assumed, as usual, to be 3.42. Recently Villa (4) pub -  

1 Spectrophotorneter, Model Epi-G3, Hitachi Ltd., Tokyo, Japan.  

A 

Zl4 

~3  

0 

/ 

/ 

/ 
N+~ A L 

l /:/ 
- 0 . 2  

Fig. 1. The difference ds - -  dm depends on the measured con- 
stant phase shift iSo/Z~. The N + and N + + data are well sep- 
arated and the lines are drawn~ according to Eq. [Sa] and [Sb]. 

lished measurement  results, for which 2. I0 -4 accuracy 
is claimed, in  the range from 1.3 to 11 ~m yielding 
3.4371 and 3.4176 for the refractive index of two sam- 
ples of silicon of nonspecified resistivity at 11 in-n. 
Thereupon, the refractive index was measured in the 
range from 8 to 2,5 #m by mul t ip le  interference be-  
tween the polished sides of an 8 ohm-cm, n - type  silicon 
slice. It was found that  the slope of the l ine k vs. I is 
constant with a precision of 4.10 -8. The thickness of 
the slice was measured with a precision of 2.10 -8 and  
thus the refractive index was determined to be 3.4135 
• 0.0042 which is equal to 3.42, well  wi th in  the rele- 
vant  accuracy and precision of 5.10 -8 for k. 

In terpreta t ion  

A classical derivat ion of the dependence of the phase 
shift 8 on the wavenumber  k and the substrate resis- 
t ivi ty p has been given by  Schumann  et al. (5, 6). It  
was based on a model with an abrupt  junc t ion  for 
dopant atoms and charge carriers with bu lk  mater ial  
properties on both sides of the interface. The values 
of Ad and 8o/2~ have been cursorily calculated from 
l inear  approximations to these curves, 8(k, p), over a 
l imited wavenumber  range (400-1200 cm - i )  and ex-  
pedient ly plotted in  Fig. 2. This is clearly different 
from Fig. I. 

For N + substrates, the range covered in  ds -- dm and 
in  8o/2= is larger  than allowed by Fig. 2, where the 
classical substrate electron dispersion acts as the only 
cause of 8(k ,p ) .  Although it is difficult to speculate 
about this departure,  it may be surmised that  the par-  
t icular state of this interface causes an additional and 
par t ly  nonreproducible  8-dependence on k, for in-  
stance because the interface is not as s t ra in-free  as 
assumed. 

The N ++ substrate data are more concentrated 
around the values expected from Fig. 2 

8o/2= ---- 0.45 and ds -- dm -- 0.35 #m 
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0 OJ 0.2 ~3 CZ$ O~ 0.6 

Fig. 2. The correction _~d and the constant phase shift 8o/2~ 
with the substrate resistivity p as a parameter, derived from 
Schumann's curve. The sections labeled N + and N + + cover the 
ranges studied. 

Appa ren t l y  here  the  phase shift  is de te rmined  by  the 
subs t ra te  res is t iv i ty  more  than  by  anyth ing  else. 

I t  is wor th  s tressing tha t  there  is no under ly ing  
theory  to Eq. [5a] and [5b], but  it  is the  authors '  fee l -  
ing tha t  the  na tu re  of the  in terface  condi t ioned by  the  
g rowth  pa ramete r s  p lays  a v i ta l  role. This implies  
tha t  for a range  of g rowth  condit ions and subs t ra te  
dopant  levels  re la t ions  s imi lar  to Eq. [5a] and [5b] 
have  to be measured.  Then the accuracy of the in f ra -  
r ed  mul t ip le  in ter ference  method  can be established.  
I t  is impor tan t  to note that ,  f rom the absence of any  
corre la t ion  be tween  8o/2= and ds or din, i t  follows tha t  
out-diffusion of subs t ra te  dopant  a toms can be ru led  
out  as a de te rmin ing  factor. 

Summary and Conclusion 
The procedure  recommended  (7) by  the ASTM for 

de te rmining  the  thickness  of an ep i tax ia l  l ayer  is based 
on the  model  of an ab rup t  interface.  This definit ion of 
the  thickness  is used in the  express ion which  describes 
the ex t reme  values  of k and in the  correct ion fo rmula  
used for  8(k,p).  In  fact, the  resul t  is defined by  the 
p rocedure  and cannot be verif ied otherwise.  The p re -  
cision is de te rmined  by  the e r ror  wi th  which the ex -  
t r eme  values  of k a re  r ep roduced  by  the  in s t rumen t  

and can be read  f rom the spectrum. Accuracy  is not  
claimed. 

The procedure  descr ibed in this  pape r  envisages the  
product ion of precise  and accurate  numer ica l  values  
of the  th ickness  of the deposi ted l aye r  by  p rope r ly  
in te rp re t ing  the in f ra red  mul t ip le  in ter ference  spec-  
trum. In the  first place, the  expe r imen ta l  observat ion  
(1, 2) has been used that,  wi th in  the  a t t a inab le  pre= 
cision, a plot  of k vs. I yields  a s t ra ight  l ine charac te r -  
ized by  the slope ds and the in tercept  8o/2X. Because i t  
is phys ica l ly  clear  tha t  the  phase  shift  at  the  in terface  
must  show dispers ion and decrease  wi th  increas ing k, 
this can only be combined by  employing  a l inea r  ap-  
p rox imat ion  to 8(k)  over  a smal l  range  of k. In  the  
second place, the expe r imen ta l ly  verif ied procedure  
has been used, out l ined by  Evers teyn  and van  den 
Heuvel  (3), by  which the thickness  dm of the  de= 
posi ted l aye r  is measured.  I t  has been shown .above 
tha t  dm can be found f rom ds b y  subt rac t ing  an  
amount  Ad l inear ly  re la ted  to 8o/2~. The pa rame te r s  of 
this l inear  re la t ion p robab ly  depend  on the g rowth  
conditions of the  ep i tax ia l  layer .  There  is no depend-  
ence on the thickness.  

:It has been found expe r imen ta l ly  tha t  the correct ion 
Ad to be appl ied  to the  measured  thickness ds is differ-  
ent  for N + and N + + substrates ,  bu t  does not  show 
any dependence on subs t ra te  res is t iv i ty  beyond that .  
Therefore,  any correct ion procedure  based on the sub= 
s t ra te  res is t iv i ty  as a cr i te r ion  for 8 (k) is unsound.  

Manuscr ip t  submi t ted  Nov. 20, 1972; revised m a n u -  
script  rece ived  Sept. 4, 1973. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1976 JOURNAL. 
All  discussions for the June  1976 Discussion Section 
should be submi t ted  by  Feb.  1, 1976. 
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Penetration of Gold and Platinum Through 
Phosphorus-Doped N § Layers in Silicon 
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ABSTRACT 

The penetra t ion of gold and p la t inum through phosphorus-doped n + layers 
in  silicon was studied by diode recovery measurements  and by four-point  
measurements  together with neu t ron  activation analysis. A sudden break-  
through of gold in  a small tempera ture  range for a given n + layer  and diffu- 
sion t ime is quant i ta t ive ly  observed for gold, while no impor tant  inhibi t ion 
for p la t inum could be detected. Therefore p la t inum is proposed as an advan-  
tageous subst i tute for gold in  silicon semiconductor device technology. The 
penet ra t ion  of gold may be explained by compound formation of Au~P3 being 
in  chemical equi l ibr ium with gold and phosphorus in  silicon. 

Gold and p la t inum are widely used as contact ma-  
terials and recombinat ion centers in  silicon semicon- 
ductor device technology. While gold is well known  to 
control minor i ty  carrier l ifet ime it was only recent ly 
realized by Bailey and Mills (1, 2) that  p la t inum 
possesses similar  properties. In  1962, Cicconella, Forster, 
and Rulison (3) took into considerat ion a replacement  
of gold by p la t inum for providing a controlled reduc-  
t ion of minor i ty  carrier lifetime. Fur ther  properties of 
p la t inum in  silicon were published by Carchano and 
Jund  (4), Conti and Panchier i  (5), and Charlot and 
Vapaille (6), while the properties of gold in silicon 
were reviewed b~" Bullis (7) in  1966. A general  re-  
view about properties of deep impuri t ies  in silicon was 
presented by Schibli and Milnes (8, 9). 

An  intr icate problem with gold in silicon is its affin- 
i ty to phosphorus-doped n + layers. This property is 
positively used in get tering processes (10), while its 
negat ive aspects are manifested in  its uncontrol led in -  
fluence on the fabricat ion of fast switching devices 
(11). Indiffused gold profiles in phosphorus-doped n + 
layers in  silicon were s tudied by Wilcox, La Chapelle, 
and Forbes (12) with radiotracer experiments.  They 
stated that these layers greatly slow down gold dif- 
fusion and as a possible explanat ion offered a com- 
pound formation (Au2Ps) between gold and phos- 
phorus. Quant i ta t ive results for an enhanced solubil i ty 
of gold in un i formly  heavily doped silicon were pre-  
sented by Cagnina (13) who emphasized that  a solubil-  
ity enhancement  according to the Shockley-Moll model 
is much too small  to explain his data and therefore 
again cited a possible compound formation. 

To give a fur ther  insight into this technologically 
impor tant  problem the penetra t ion of gold through 
phosphorus-doped n + layers has been studied and 
compared with the behavior  of plat inum. 

Experimental Procedure 
:Silicon float-zone prepared, < l l l > - o r i e n t e d  single 

crystals were used as a s tar t ing material .  Their  fur ther  
data were: 20 mm diameter,  101~ cm-S boron doping, 
104 cm -2 Sirtl  etch pit density, and 230 ~sec photo- 
conductive decay minor i ty  carrier lifetime. Neutron 
activation analysis showed a gold concentrat ion of 0.5- 
3.0.1010 cm -~ measured with a specimen of 250 mg Si. 
P l a t inum concentrat ion was below the detection l imit  
of 5.1013 cm-8. 

A phosphorus indiffusion was then performed using 
an open tube configuration with a P205 source at 250~ 
and clean dry ni t rogen as a carrier gas. Mirror  etched 
slices of 500 ~m thickness were t reated for 2 hr at 
1180~ with a subsequent  cooling rate of 70~ to 
700~ This diffusion step produced n + layers with a 

K e y  w o r d s :  d i o d e  r e c o v e r y  m e a s u r e m e n t s ,  f o u r - p o i n t  m e a s u r e -  
mea t s ,  n e u t r o n  ac t iva t ion  analys is .  

phosphorus glass layer  thickness of 0.5 #m (2.4 g/cmS), 
a sheet resistance of 1 ohm/square,  and a junct ion  
depth of 10 ~rn. The phosphorus glass layer was re- 
moved. Net donor surface concentrat ion was checked by 
successive four-point  measurements  to be 5.102o cm -$. 
No significant change in  resistivity and etch pit density 
of the base material  was observed. Gold concentrat ion 
in the base mater ial  was measured to be 0.8-9.0.1010 
cm -3 using 80 mg Si. Again no p la t inum was detect- 
able. For a fur ther  evaluat ion of the phosphorus dif- 
fusion step, n+p  junct ions  1.0 m m  in diameter  were 
produced by spraying 13 piceine varnish  dots through 
a metal  mask onto the n+ p  slice, drying and mel t ing 
the dots, and subsequent ly  etching n+ p  junct ions to a 
depth of 20 ~m and cleaning off the piceine dots. The 
thickness of the n+p  configuration was then  465 ~m, 
because one n+p  side of the original 500 ~m n + p n  + 
slice has been lapped away. Simple, adequate 
recombinat ion contacts were applied by rubb ing  a 
gal l ium-wet ted  a luminum rod onto the silicon. Re- 
verse currents were taken at 23~ and 1.0V and found 
to be from 1 to 8.10-gA. Minori ty carrier l ifetime was 
evaluated by diode recovery measurements .  In  this 
method a diode is switched from constant  forward to 
constant reverse current  and the delay t ime of the 
forward voltage to reach zero, the storage time, is 
measured and converted to minor i ty  carrier l ifetime 
according to graphs for p + n  diodes with an arb i t ra ry  
base width given by Grove and Sah (14). It  is as- 
sumed that  the p + n graphs are aproximately the same 
for n+p  diodes. Diode recovery measurements  were 
performed at low inject ion levels by using forward 
currents  from 1.0 to 20 mA (reverse currents  from 0.1 
to 2.0 mA),  paying a t tent ion to junct ion  capacitance 
and neglecting surface recombinat ion velocity. Minor-  
ity carrier lifetimes ranged from 6 to 15 #sec. The 
diodes showed sharp reverse characteristics and break-  
down voltages about 200V were observed. 

On manufac tured  n + p n  + and pn  + structures gold 
was evaporated or p la t inum sputtered to a thickness 
of 0.1 ~m, checked by weight. This resulted in  Au 
n + p n  +, Au pn  +, Pt  n + p n  +, and Pt  pn  + structures. 
During this step the slice temperature  remained below 
300~ Subsequent ly  a number  of heat- t reatments ,  gold 
diffusions, and p la t inum diffusions were performed 
varying the parameter  t ime from 1O sec to 6 hr, tem-  
perature  from 800 ~ to ll00~ and junct ion  depth from 
4 to 10 ~m. It should be noted that  heat- t reatments ,  
gold diffusions, and p la t inum diffusions each had their  
own quartz tube and were all performed with an open 
tube configuration using dry clean ni t rogen as a flow 
gas and a one tube diffusion furnace without  ceramic 
protection tube. The slices were quickly put  into or 
pulled from the constant  tempera ture  zone of the 
furnace, n + p n  + and pn  + specimens were t reated to- 
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gether. The treated slices were subjected to the same 
electrical measurements  as before the heat- t reatments ,  
gold or p la t inum diffusions. 

For neu t ron  activation analysis a disk of 400 ~rn 
thickness and 10 mm diameter  was symmetr ical ly  pre-  
pared out of the p zone by lapping, etching, and u l t ra -  
sonically drilling. It  should b e e m p h a s i z e d  that  the 
same slice was evaluated by neut ron  activation analy-  
sis which has undergone the given electrical examina-  
tions. 

Neutron activation analysis was performed by ex- 
posing the specimens to a thermal  neu t ron  flux of 10 TM 

cm-~-sec -1 for 10 days. The specimens were then 
shortly etched with the following mixture:  25% fum-  
ing nitric acid, 10% hydrofluoric acid of 40%, 45% 
acetic acid, 20% nitr ic acid of 60%. The mix ture  was 
doped with inactive gold and p la t inum and the speci- 
mens were then checked in  a mul t ichannel  counter to 
examine their  cleanliness. After  weighing they were 
dissolved in irmctively doped etch, the solution cooked 
to dryness. The remaining  gold and p la t inum were 
taken up with aqua regia and measured against a 
s tandard in a mul t ichannel  counter. Gold revealed by 
the 411 k e y  ~,-radiation of Au 198 with a half- l i fe  of 
65 hr  while p la t inum gave a 158 and 208 keV ~-radia-  
t ion of Au 199 with a half-l ife of 76 hr. It should be 
noted that  p la t inum was roughly a factor 1000 less 
detectable than  gold. The reached sensitivities were: 
5.1010 cm -8 gold concentrat ion and 5.10 TM cm -8 plat i -  
n u m  concentrat ion with 50 mg of silicon and a mea-  
suring t ime of 10 rain. 

Experimental Results and Discussion 

Results are given by drawing minor i ty  carrier life- 
t ime T, specific resistivity p, gold concentrat ion CAu, 
and p la t inum concentrat ion CPt of the p region from 
n+P n+ (O,  O,-G-) or pn  + s tructured specimen (r~, I ,  

-E~) vs. hea t - t rea tment  or diffusion t ime t, four-point  
conductance 1/R of the n + layer  or tempera ture  T of 
the hea t - t rea tment  diffusions. 

For  each chosen set of parameters  in  a diffusion ex-  
per iment  a hea t - t rea tment  as a control exper iment  
was performed to check whether  the observed changes 
in exper imental  data were ma in ly  due to the in ten-  
t ioned gold or p la t inum doping. In  heat- t reated slices 
no p la t inum could be detected. I t  should be noted that  
the presented results are not corrected for their  con- 
trol  values. Slices supplied with gold or p la t inum 
were weighed before and after diffusion to check con- 
stancy of these metals. A qual i tat ive difference was 
observed with the "gold slices," e.g., at 1000~ 1 hr, 
the alloy at the p side of an Au pn  + slice showed a 
"gold-like gl immering" while this could not be ob- 
served with Au n + p n  + slices, the gold has "disap- 
peared" into the n + layer. Through phosphorus glass 
layers no penet ra t ion  of gold dur ing diffusion runs of 
1 hr  f rom 800 ~ to 1000~ was observed. After  diffusion 
the gold could be wiped off simply. No such experi-  
ments  were performed with plat inum. 

According to Fig. 1 heat - t rea ted n + p n  + structures 
exhibited lower gold concentrat ions than  pn  + s t ruc-  
tures, in  accordance minor i ty  carrier l ifetime was 
higher in n + p n  + structures. For gold diffusion a 
breakthrough of gold was observed, except for the 10 
sec point  for which the n + p n  + s t ructure  showed 
roughly a gold concentrat ion three orders of magni -  
tude lower than  for the pn  + structure. The increase of 
gold concentrat ion with t ime is well known to be due 
to a "vacancy controlled" diffusion mechanism of gold 
in  silicon (7, 15, 16). Fur thermore  it is well known  
that there is a steep increase of resistivity when the 
gold concentrat ion reaches the boron concentrat ion 
(1015 cm -8) (7). 

It should be noted that, because of the influence of 
junct ion  capacitance of the diodes 1 m m  in diameter, 
minor i ty  carrier lifetime could only be measured down 
to 0.1 #sec. 
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Fig. I. Heat-treatments ( � 9  [ ] )  and .gold diffusions (O,  I )  at 
1]00~ junction depth, 10 ~m. Circles and squares represent 
n + pn + and pn + samples, respectively. 

In order to check the validity of the given gold con- 
centrat ion values, profiles of the central  disks were 
taken with the 30 rain and 6 hr  gold-diffused slices 
by one side etching thereby dividing the disk 400 ~rn 
thick into 7 portions: 3 • 30 + 220 + 3 X 30 ~m. For 
the 30 rain pn  + slice an increase from 3 over a central  
value 5-7 X 1025 cm -3 gold concentrat ion was mea-  
sured with the high value at the p side where gold 
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had been evaporated while, for the 6 hr  n + p n  + and 
pn  + slices, concave profiles were measured with a 30% 
rise at the edges (17). Therefore the given gold con- 
centrat ion values which were averaged for the whole 
central  disk seem to be reasonable. 

According to Fig. 2 various n + layer  thicknesses 
which were obtained by modifying phosphorus diffu- 
sion times are given by their  four-point  conductance 
1/R because these values are roughly  proport ional  to 
the n u m b e r  of electrically active phosphorus atoms 
per cm 2. A rough proport ional i ty  was checked for the 
1/R values against the square root of phosphorus dif- 
fusion times�9 Lifetimes T for p la t inum-diffused speci- 
mens were too low to be measured. It  is interest ing 
to note the decreasing gold content  of gold-diffused 
n + p n  + slices with increasing 1/R (18). The scattering 

Fig. 2. Heat-treatment ( O ,  [~), gold diffusions (O, m), and 
platinum diffusions (~ - ,~ - )  at 1000~ for 1 hr. 

in  specific resistivity p may be due to variat ions in 
the resistivity of the s tar t ing material .  Profile checks 
were taken for two n + p n  + and one pn  + p la t inum-d i f -  
fused slices leading to a decrease of roughly a factor 2 
from the "p la t inum sputtered side" to the other side 
of the central  disk. 

According to Fig. 3 the gold concentrat ion of n + p n  + 
slices steeply increased around 965~ this temperature  
being the breakthrough tempera ture  for gold through 
this n + p n  + specimen for a 1 hr  diffusion. 

According to Fig. 4 no differences between n + p n  + 
and pn + structures diffused with p la t inum could be 
observed�9 

As ment ioned earl ier  in this paper, Wilcox, La 
Chapelle, and Forbes (12) and Cagnina (13) in order 
to explain their results with the behavior  of gold in  
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highly phosphorus-doped silicon assumed a compound 
formation of Au2P3, which of course is the most stable 
compound in the gold=phosphorus system (19), while 
in  the gold-silicon system there is no compound forma-  
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Fig. 4. Platinum diffusions ( e , - ~ - )  for 1 hr; junction depth, 
10 #m. 

t ion (19). For p la t inum there is a stable compound PtP2 
in  the p la t inum-phosphorus  system (20), but  the same 
is t rue for the p la t inum-s i l icon system with Pt2Si and 
PtSi (20). Using compound formation as a hypothet i -  
cal assumption the given exper imental  a r rangement  
would be describable as a reactive diffusion through 
th in  layers as treated by Sah, Sello, and Tremere (21) 
for explaining masking properties of silicon dioxide 
films against phosphorus diffusion. 

However while Au2P3 precipitates could be observed 
in gold-diffused silicon wafers (22), a similar  observa- 
t ion of PtP2 is not known. Together with the results of 
the given experiments  which show no occurrence of 
masking or gettering of p la t inum by phosphorus-doped 
n + layers in silicon (Fig. 4) one may suggest that, in  
spite of the existence of a stable p la t inum-phosphorus  
compound PtP2, such a compound formation does not 
occur in  phosphorus-doped silicon. 



Vol. 122, No. 7 PENETRATION OF Au AND Pt  IN Si 969 

The breakthrough according to Fig. 3 may well oc- 
cur, if the amount of gold in the n + layer reaches the 
amount of phosphorus, so that no further compound 
formation is possible. 

Considering the actual experimental procedure a 
0.1 #m thick gold layer was evaporated onto the speci- 
men which corresponds to approximately 6 • 1017 gold 
atoms per cm 2. Treated with temperature a gold-sili- 
con alloy, 0.1-0.2 ;~n thick according to temperature, 
was formed. The junction depth was 10 ~m with a sur- 
face concentration of 4 • 102o cm -s  which roughly 
yields 1017 phosphorus atoms per cm 2, indicating that 
a saturation of all phosphorus atoms is indeed possible. 

Conclusion 
In order to avoid the affinity of gold to phosphorus 

n + layers in silicon, platinum can be used as an ad- 
vantageous substitute (23). 

The measured penetration of gold through these 
layers may be explained by assuming a compound 
formation of Au2P3, so that gold only can penetrate if 
all phosphorus has been saturated. 
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Developer Characteristics of Poly-(Methyl 
Electron Resist 

Methacrylate) 

James S. Greeneich* 
Electronics Department, General Motors Research Laboratories, Warren, Michigan 48090 

ABSTRACT 

We repor t  on the  solubi l i ty  character is t ics  of p o l y - ( m e t h y l  me thacry la te )  
e lec t ron-res is t  for deve loper  combinat ions of me thy l  isobutyl  ketone (MIBK) 
and i sopropyl  alcohol ( IPA) .  The solubi l i ty  ra te  is de te rmined  in te rms of the 
f ragmented  molecu la r  weight  which is a function of or iginal  molecular  weight  
and the energy absorbed  by  the po lymer  in degrading  to a lower  molecular  
weight.  An empir ica l  fo rmula  for the solubi l i ty  ra te  is R ---- [Ro + ~/Mf ~] e -E~/kT, 
where  Me is the f r agmented  molecular  weight,  Ro, 8, and  ~ are constants  
character is t ic  of a g iven developer.  The t empera tu re  dependence is charac-  
ter ized by  an act ivat ion energy, Ea, for a g iven developer.  The solubi l i ty  
kinet ics  are  discussed showing a ra te  l imi ted  process for most developer  con- 
ditions. F r o m  the solubi l i ty  ra te  and the character is t ic  energy  absorpt ion in 
the  resist,  the  deve lopment  t ime and contrast  are  defined and calcula ted for  
a va r i e ty  of exposure  pa ramete r s  including beam energy,  resist  thickness, 
developer,  developer  tempera ture ,  and or iginal  molecular  weight.  Compared  
to the  s t andard  developer,  1:3 MIBK: IPA,  an improved  sensi t ivi ty  of 10-50 
t imes is obta ined  using MIBK at the expense of increased deve lopment  time. 
For  a given contras t  level  the deve lopment  t ime is g rea t ly  reduced by  in-  
creasing the developer  tempera ture .  A lower  or iginal  molecu la r  weight  also 
reduces the requi red  deve lopment  time. 

E lec t ron-beam and x - r a y  l i thography  are  impor tan t  
new technologies for fabr ica t ing  semiconductor  devices 
and circuits wi th  submicron dimensions. The most  
wide ly  used resist  med ium is the  posi t ive acting po ly-  
(methyl  me thac ry la t e ) ,  PMMA (1). In  addi t ion  to a 
resolut ion requirement ,  the per formance  of the  resist 
is measured  in te rms of its sens i t iv i ty  to the  incident  
radiat ion.  Typica l ly  the  sensi t ivi ty  is expressed  in 
terms of the  requ i red  incident  charge per  unit  area  to 
produce  the des i red  resis t  pa t t e rn  of the  desired th ick-  
ness. The final resis t  thickness is impor tan t  in terms of 
the  su i tab i l i ty  of the  resis t  as an etching mask  and for 
the meta l  l i f t -off  technique (1) for posi t ive resists. 

Using the s t andard  developer,  1:3 methy l  isobutyl  
ketone (MIBK) : i sopropyl  alcohol ( IPA) ,  the repor ted  
sens i t iv i ty  of PMMA is in the range 5 • 10 -5 to 5 • 
10-4 C/cm 2. The range in repor ted  sensi t ivi t ies  is p r i m -  
ar i ly  due to vary ing  exposure  condit ions such as beam 
energy, resis t  thickness, type  of substrate,  and geom- 
e t ry  of the i r r ad ia t ed  pa t t e rn  (2, 3). For  this solvent  the  
deve lopment  is nea r ly  t ime independent .  Consequently,  
the  sensi t iv i ty  has been expressed  in terms of a cri t ical  
absorbed  energy  densi ty  (3) which is independent  of 
the  exposure  parameters .  This model  is not  adequate  
for t ime-dependen t  developer  systems descr ibed in this 
paper .  

What  is the  influence of the deve loper  solvent  and 
t empera tu re  on the sens i t iv i ty  and deve lopment  t ime 
for posi t ive  e l ec t ron-beam resists? In the  case of 
PMMA this is an impor tan t  quest ion since its sensi-  
t iv i ty  is considered low and improving  its sens i t iv i ty  
through the deve lopment  process is impor tant .  E thy l  
and  me thy l  alcohol are also used as developers  for 
PMMA with  app rox ima te ly  the same sens i t iv i ty  as the 
s tandard  developer  (4). Hatzakis  and Broers  (5) re -  
por t  the use of MIBK as a t ime-dependen t  developer  
wi th  increased sensit ivity,  but  the or iginal  res is t  th ick-  
ness was r ap id ly  reduced.  Ting (6) r epor ted  on the 
MIBK developer  in terms of a so lubi l i ty  ra te  as a func-  
t ion of  an "effective" charge and Greeneich (7) has 
shown that  high contrast  exposures  can be made  using 
IVI~BK if a ve ry  high molecular  weight  po lymer  is used. 

We repor t  a method  for  eva lua t ing  the sensi t iv i ty  of 
posi t ive e lec t ron resists  in which the solubi l i ty  ra te  is 

* Electrochemical  Society Act ive  M e m b e r .  
Key words:  e lec tron-beam lithography, e lectron-resist  developers,  

contrast function,  energy  dissipation in resists. 

expressed in te rms of the basic quan t i ty  which changes 
dur ing e lect ron radiat ion,  namely  the  f ragmented  mo-  
lecular  weight.  F rom the solubi l i ty  ra te  the  requ i red  
deve lopment  t ime and resul t ing  contras t  are  defined 
and eva lua ted  for many  of the pa rame te r s  affecting 
resist  sensit ivity.  

We repor t  on the solubi l i ty  of PMMA in severa l  de -  
veloper  combinat ions of MIBK and IPA at several  
temperatures .  We repor t  an empir ica l  re la t ionship  be-  
tween developer  solubi l i ty  ra te  and the f ragmented  mo-  
lecular  weight  of the form R ---- (Ro -~ ~/Mf ~) e - -Eo /kw,  
where  Ro, fl, and ~ are  constants  and Ea is an act ivat ion 
energy. A n  improved  sensi t iv i ty  compared  to the 
s tandard  developer  of f rom 10 to 50 t imes is obta ined 
by  using different  developers .  

The k ine t i c s  of the solubi l i ty  process is found to be 
adequa te ly  descr ibed by  a r a t e - l im i t ed  process for most 
developer  conditions. At  high t empera tu res  it  is found 
that  the  s tandard  developer  has nonl inear  solubi l i ty  
propert ies .  

Relationship Between Fragmented Molecular Weight 
and Exposure Parameters 

A posi t ive electron resis t  is character ized by  a re -  
duct ion of molecu la r  weight  owing to chain scission of 
the or iginal  molecules. Since po lymers  wi th  different  
molecular  weights  have different solubi l i ty  charac te r -  
istics in a given solvent,  the  resis t  developer  is r e -  
qui red  to dis t inguish be tween  the f ragmented  molecu-  
la r  weight,  Mr, and the or iginal  molecular  weight,  Mn. 

The re la t ionship  be tween  Mf and Mn and the expo-  
sure  pa rame te r s  is expressed in  terms of the absorbed 
energy density,  ~, as (7, 8) 

Ma 
Mf - - .  [1] 

geMn 

pAo 

where  p is the resis t  density,  Ao is Avogadro ' s  number ,  
and g is an efficiency factor  p ropor t iona l  to the r ad ia -  
t ion chemical  yield.  For  PMMA we take  g to be 1.9 • 
10 -2 even ts /eV (9). It should be noted that  [1] only 
applies as long as the  resis t  degrades  dur ing e lect ron 
bombardment .  In  the  case of PMMA cross- l inking 
events  dominate  at h igh doses of e l ec t ron -beam rad ia -  
t ion (1, 2). 
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Fig. 1. Energy dissipation per unit volume for area exposures as 
a function of penetration depth for variou~ incident energies. The 
table gives the Grun range (Eq. [4 ] ) .  

The absorbed energy density is in  general  a com- 
plicated funct ion of position wi th in  the resist film; the 
exact dependence being a funct ion of the exposure 
parameters  such as beam energy, resist thickness, type 
of substrate, and geometry of the i r radiated pa t te rn  
(2, 3). In  the case of an area exposure on a low atomic 
number  substrate such as silicon, �9 is given by the 
depth-dose funct ion (10) in  terms of the depth, z, in  
the resist and the incident  energy, Eo. Specifically 

Q Eo 
- --~(9 [2] 

q Re 

where 

~,(f) : 0.74 + 4.7f -- 8.9fs + 3.5f~ [3] 

In  [2], Q is the incident  charge per uni t  area, q is the 
electronic charge, f -- z/RG, where RG is the G r u n  
range given by 

4.6 X 10 -e  
RG : Eo 1"75 [4] 

p 

when  Eo is in uni ts  of keV. The absorbed energy den-  
sity in  PMMA for an incident  dose of 10 -4 C/cm ~ is 
shown in  Fig. 1 for several beam energies. Two im- 
portant  points are i l lustrated in Fig. 1. There is a 
range, RG, ( tabulated in  Fig. 1) beyond which e is 
small; consequently the resist thickness must  be equal 
to or less than  Re. For the higher beam energies and 
thin resist films (<3000A), e is approximately un i -  
form and consequently, from Eq. [1], Me is near ly  in -  
dependent  of depth. 

Experimental Results 
Various molecular  weight samples of PMMA were 

dissolved in  t r ichlorethylene and spin coated onto sili- 
con wafers, result ing in  a typical  resist thickness of 
~3000A. The na ture  of the carrier solvent used in  coat- 
ing the resist and the pre-exposure baking play a role 
in the solubil i ty characteristics of the resist. For ex- 
ample, Fig. 2 shows the resist thickness vs. t ime in  the 
solvent MIBK for various prebaking conditions where 
MIBK and tr ichloroethylene were used as carrier sol- 
vents. After ~4  min  in MIBK the t r ichlorethylene 
sample dissolves at about the same rate as the wel l -  
baked MIBK sample. 

Similar ly the solubil i ty rate of degraded PMMA is 
influenced by remaining carrier solvent; we have ob- 
served ~2  times less Q is required  for samples de- 
veloped in the s tandard developer when  MIBK re-  
mains. All  samples used in  this s tudy were coated 
with t r ichlorethylene as the carrier solvent and baked 
for ~90 min  at 160~ 

Typical areas of 10 -3 cm 2 were irradiated with 20 
keV electrons using a Cambridge $4-10 scanning elec- 
t ron microscope (SEM) equipped wi th  a beam b lank-  
ing unit. The incident dose was varied by changing 
the frame scan time. Some variat ion in exposure was 
observed depending on whether  or not the beam is 
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Fig. 2. The influence of the 
resist carrier solvent on solubil- 
ity in MIBK for the indicated 
prebake conditions. 
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blanked during flyback; all results reported here are 
for the condition with beam blanking on. 

After irradiation the samples were immersed in 
the developer solvent, which was not agitated. Period- 
ically the samples were removed and the resist thick- 
ness determined by the interference color of the ir- 
radiated area. Ellipsometer measurements on non- 
irradiated samples established the refractive index 
to be 1.48 _ 0.02 and the accuracy of the interference 
method to be _+150A. Only a slight increase in re- 

3500 

3000 

2500 

Fig. 3. A typical experimental ~ 2ooo 
result characteristic of a rate- 
limited process relating resist 
thickness as a function of devel- W 
oper time for various fragmented ~ z5oo 
molecular weights. m 
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Fig. 4. Experimental results 
for 1:3 MIBK:IPA at 45.6~ 
showing the nonlinearity in the 
solubility rate. 

3500 

3000 

2500 

2000 

1500 

I000 

500 

I I 
PMMA M n : 1.7X105 
DEVELOPER 1:3 MIBK:IPA 
TEMPERATURE : 45.6~ 

fractive index (-----0.04) was observed as a result of 
solvent migration into the film during prolonged soak- 
ing (30 rain) in the developer solvents; this did not 
affect the measured solubility rates. 

Several solvents were tested as developers; these 
consisted of MIBK, 1:1 MIBK:IPA and 1:3 MIBK: 
IPA. The temperature dependence of MIBK and 1:3 
MIBK: IPA was also investigated. 

Two different types of behavior were observed. Fig- 
ures 3 and 4 show the results for 1:1 MIBK:IPA at 

I I I l I 
(i) Mf = l. SXlO 3 
(2) Mf = 2.3Xi03 
(3) Mf = 2.7XI03 
(4) Mf = 3,4XI03 
(5) Mf = q.6XIO 3 
(6) Mf = 6.6XI03 
(7) Mf = 1.3XIO ~ 

�9 �9 (7) 
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(i) Mf = 3.88XI03 
(2) M r = 5.39XI03 
(3) Mf = 8.68Xi03 
(4) M r = 8.79XI03 
(5) Mf = 1.29XI04 
(6) Mf = 2.39XI0 ~ 
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-i._ 

l I 
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Fig. 5. The solubility rate vs. 
fragmented molecular weight for 
three different developers and 
for various temperatures. Data is 
for original molecular weights 
between 10 4 and 2 X 10 5 �9 
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22.8~ and 1:3 NIIBK: IPA at 45.6~ respectively. Fig- 
ure 3 is typical of most of the developer conditions 
studied and is indicative of a reaction rate process 
while the result  shown in Fig. 4 is representat ive of 
a more complicated kinetics problem. The kinetics of 
the solubil i ty process is discussed in more  detail in 
a later  section. 

Solubi l i ty  Rate 
According to [1] the results of electron radiat ion on 

positive electron resists is expressed in  terms of the 
f ragmented molecular  weight. Previously (7) we 
showed that  the solubil i ty rate for MIBK, defined as 
the slope of the thickness-developer t ime curve, is a 
funct ion of f ragment  molecular  weight as given by  [1]. 
This result  also applies to the other developer solvents 
reported here. In  Fig. 5 we show the solubil i ty rate vs. 
Mr for original molecular  weights between 104 and 2 X 
100 for the indicated developer conditions. In  each case 
the solubil i ty characteristics are of the rate l imited 
type. 

An empirical  formula of the form 

R = Ro + - -  [5] 
Mf ~ 

was fitted to the experimental data and is shown by 
the solid lines in Fig. 5. In Table I the values of Ro, 
fl, and a are given for R in angstroms per minute. 

Kinet ics  of  the  Solubi l i ty  Process 
In  this section we consider the two types of solubili ty 

characteristics i l lustrated in Fig. 3 and 4. We do not 
consider any solvent to remain  in the polymer film al- 
though the increased solubili ty rate when  solvent re-  
mains is expected on the basis of increased avai labi l i ty  
of the solvent at the plane of polymer-solvent  in ter-  
action. 

Ueberrei ter  has reviewed the solution process for 
polymers (11). According to the model a gel-l ike skin 
is formed between the pure solvent and  the pure 
polymer after a short induct ion period. I For  this 
model the solubil i ty rate is given by  

dz D 
R - - .  -- [ 6 ]  

dt d 

where D is a mutua l  diffusion coefficient of the poly-  
mer-solvent  system and d is the skin thickness. Con- 
sequently, this model describes the l inear  decrease in  
resist thickness typical of most of the developer con- 
ditions reported. 

According to the rate l imited process the tempera-  
ture dependent  rate, RT, is given in  terms of an ac- 
t ivat ion energy, Ea, as 

We h a v e  o b s e r v e d  such  an  i n d u c t i o n  p e r i o d  fo r  NIIBK fo r  v e r y  
h i g h  m o l e c u l a r  w e i g h t  ma te r i a l s .  

Table I. Parameters are tabulated for the solubility rate for various combinations of MIBK and IPA 
at several temperatures 

S o l v e n t  T e m p e r a t u r e  Ro ~ a Mol  w t  range  

1:3 MIBK:IPA 22.8~ 03 9.332 x 10 x~ 3.86 -- 
1:3 MIBK:IPA 32.8~ 0.0 1.046 x 10 TM 3.86 -- 
i : l  M I B K : I P A  22.8~ 0.0 6.700 x 10" 2.00 --~5 x los  
1:1 M I B K : I P A  22.8~ 0.0 6.645 x los  1,188 > 5  • los  
MIBK 22.8~ 84.0 3.140 x l0 s 1.50 -- 
M I B K  34.1~ 241.9 5.669 x los  1.50 - -  
MXBK 36.6~ 464.0 1.435 • 109 1.50 -- 
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R T  - -  R e  - E a / k T  [7] 

where  the funct ional  dependence  of R on M~ is g iven 
by [5]. F igure  6 shows a plot  of in  R vs. 1/kT for  
MIBK for the  indica ted  molecular  weights.  For  the  
highest  molecular  weights,  2 X 105, the  s t ra ight  l ine  
fit is excel lent  wi th  an act ivat ion energy  of 1.04 eV. 
For  lower  molecu la r  weights  the  fit is somewhat  
worse. 

The solubi l i ty  ra te  of a po lymer  is de te rmined  by  
two factors:  (i) the  kinet ic  su i tab i l i ty  of the  solvent  
which de termines  D, and (ii) the the rmodynamic  sui t -  
ab i l i ty  of the  po lymer - so lven t  sys tem is found in  d 
which acts as a resis tance to the  pene t ra t ing  solvent  
(11). In  choosing a deve loper  for  posi t ive e lect ron 
resists, t he rmodynamic  a rguments  are  often used as 
commonly  expressed in terms of a so lubi l i ty  p a r a m -  
eter  and  an associated hydrogen  bonding index  (4, 12). 
Fo r  PMMA the resul t  is a combinat ion  of a poor  
solvent  ( IPA)  and  a border l ine  solvent  (MIBK) .  
Many o ther  solvent  combinat ions  wi th  des i rable  ther -  
modynamic  proper t ies  are  possible;  a deve loper  wi th  
a h igher  so lubi l i ty  ra te  resul ts  for solvents wi th  high 
values of D, and among molecules of s imi la r  chem- 
ical composit ion the ra te  depends ma in ly  on the  size 
of the molecule  (11). This i s - a n  area  for cont inued 
invest igat ion.  

As we show la te r  i t  is des i rable  for  the  pa rame te r  
in [5] to be as la rge  as possible for  high contrast  

exposures.  The t empe ra tu r e  dependence  of the  de-  
ve loper  1:3 M I B K : I P A  was inves t iga ted  in hopes of 
increasing i ts  so lubi l i ty  ra te  whi le  main ta in ing  its 
la rge  va lue  of a. Unfor tunate ly ,  the solubi l i ty  ra te  
is nonl inear  for  t empera tu res  --~32.8~ a typ ica l  r e -  
sult  is shown in Fig. 4. This nonl inear  t ime depen-  
dence is not  wel l  understood.  In i t i a l ly  the  solubi l i ty  
ra te  behaves  in a m a n n e r  consistent  wi th  lower  t e m -  
pe ra tu re  data. This is ev idenced by  an act ivat ion en-  
e rgy  of 2.43 eV as shown in Fig. 7 where  In R vs. 
1/kT is plotted.  In  Fig. 7 the in i t ia l  so lubi l i ty  ra te  

10 ~ 

i 0 3  

I I I ] I I 

Mf = 5xlo 3 

tO 
3 7 . 0  3 7 . 5  3 8 . 0  38~5 3 9 . 0  3 9 . 5  

i/kT (eV ~l ) 

Fig. 6. Developer activation energy for MIBK 
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Fig. 7. Developer activation energy for 1:3 MIBK:IPA 

was used for  the  h igher  t empe ra tu r e  data. The h igher  
act ivat ion energy of the  s t andard  developer  com- 
pared  to MIBK is perhaps  indica t ive  of the  r e l a t ive ly  
poor  the rmodynamic  so lubi l i ty  of the  s tandard  de-  
veloper.  F r o m  Fig. 4 i t  is appa ren t  that  the solu-  
b i l i ty  rate sa turates  at  a level  independent  of molecu-  
la r  weight.  This behavior  is found in the  t empe ra tu r e  
range  invest igated,  37.2~176 The t empe ra tu r e  de-  
pendence for  the  sa tu ra ted  solubi l i ty  ra te  is difficult 
to de te rmine ;  however ,  f rom the l imi ted  da ta  avai l -  
able  it  appears  to be nea r ly  independent  of t empera -  
ture  and molecular  weight.  This is perhaps  indica-  
t ive of a diffusion mechanism in which the t r anspor t  
across the bounda ry  l aye r  is the  r a t e - l imi t ing  step. 

Development Time and Contrast 
In  choosing a developer  solvent  and  the  e lec t ron-  

beam exposure  parameters ,  a va r i e ty  of object ives  m a y  
be sought. For  example ,  one may  wish to obta in  the 
highest  resolution, minimize  the  incident  charge per  
unit  area, or minimize the developer  t ime. There  is a 
t rade-off  be tween these objectives.  For  the  purposes  of 
this section we wil l  be concerned wi th  area  exposures  
and  assume tha t  the  pr inc ipa l  objec t ive  is to min i -  
mize the  incident  charge. As a secondary  goal, the  
developer  t ime should be minimized.  The influence 
of developers  on spat ia l  resolut ion  wil l  be r epor ted  
e lsewhere  (13). 

To evalua te  the  re la t ive  mer i t s  of var ious  exposure  
condit ions we compute the  developer  t ime, ~, a t  a 
g iven t empe ra tu r e  as 

o TO 
"~ = [8] 

where  To is the  or iginal  res is t  thickness  and the de -  
pendence of the  so lubi l i ty  ra te  on z is found f rom 
[1]-[4] .  For  posi t ive resists  complete  deve lopment  to 
the res i s t - subs t ra te  in ter face  is required.  Consequently,  
the  contrast,  r ,  is found as (7) 
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r = l -  i%+~- 7 -~o [9] 

where Mn is the original molecular weight. 
In the following we examine the influence of de- 

veloper solvent, developer temperature, beam energy, 
resis t  thickness,  and or ig inal  molecu la r  weight  on 
the contras t  and deve lopment  time. We prev ious ly  es- 
tab l i shed  (7) that  for a g iven contras t  level  a l a rge r  
/~/n reduces  the  requ i red  Q at  the  expense  of in-  
creased developer  t ime .  

Consider  5000A of resist, molecu la r  weight  of 2 • 
10~, subjec ted  to 20 keV electrons.  The requ i red  de-  
ve lopment  t ime  and  contras t  a re  shown in Fig. 8 and 
9 as a funct ion of Q for MIBK, 1:1 1VIIBK:IPA and  
1:3 M I B K : I P A  at 22.8~ and also MIBK at 35.6~ 
The constras t  for the  1:3 M I B K : I P A  developer  is 
t aken  as un i ty  owing to the  ex t r eme ly  smal l  r emova l  
r a t e  for  the  or iginal  molecu la r  weight .  According to 
[9] r should be independent  of t empera tu re ;  how-  
ever, owing to the  s l ight  devia t ion  f rom exp (--Ea/kT) 
in the  expe r imen ta l  data, r var ies  s l ight ly  wi th  t em-  
pe ra tu re  for  MIBK as shown in Fig. 9. 

I t  is apparen t  tha t  a wide  range  o~ contras ts  and  
deve loper  t imes are  obta ined for  the  var ious  devel -  
oper  conditions.  Fo r  example ,  accept ing a 50% con- 
t ras t  (2500A of resis t  r emains ) ,  the  r equ i r ed  charge 

10  -~  i o  -~  20 ~ 
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Fig. 8. The dependence of developer time on Q 
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Fig. 9. The contrast as n function of Q 

can be  reduced  by  over  an order  of magni tude  com- 
pa red  to the  s t andard  developer  by  using o ther  de-  
velopers.  A pena l ty  is pa id  in developer  time. For  
example ,  the  developer  t ime for r - -  0.5 for 1:1 
M I B K : I P A  would  be 750 mi/~, ha rd ly  a usable  de-  
veloper.  More reasonable  developer  t imes are  ob-  
ta ined  for r - -  0.5 for MIBK:  29 min at  22.8~ and 
5.3 rain at 35.6~ 

According to Fig. 1, for  a g iven Q a lower  beam 
energy  resul ts  in a h ighe r  e. This resul ts  in a smal ler  
f r agmented  molecu la r  weight  and, hence, an increased 
solubi l i ty  rate.  The influence of beam energy  on r 
is shown in Fig. 10 for Eo be tween  10 and 30 keV. 
The deve lopment  t ime (upper  t ime axis)  for a given 
r is shown as the dot ted  l ine;  it  is the  same for each 
of these energies except  for ve ry  smal l  r .  

For  a given resist  thickness there  is a lower  useful  
l imi t  on the incident  energy;  the  range  Re [4] defines 
the  thickness and hence energy beyond  which the 
energy  absorpt ion  is negligible.  For  posi t ive resists, 
na r row l inewidths  are  easi ly  obta ined at  h igher  in-  
cident  energies (3) and  consequent ly  reducing the 
beam energy to increase energy  absorpt ion  may  not 
a lways  be compat ib le  wi th  the  des i red  resolution.  
Another  prac t ica l  aspect  is, for a g iven SEM beam 
diameter  a decrease in beam energy decreases the  
beam current ,  IB. This decrease is app rox ima te ly  first 
order  in beam energy.  Since the increase in e is also 
first o rder  in energy,  then  as the  beam energy is 
decreased the requ i red  resist  exposure  t ime per  uni t  
area, Q/IB, would  r ema in  constant  independent  of en-  
ergy. Scaling the resul ts  in Fig. 10 by  the ra t io  of 
beam energies confirms this conclusion. 

In  using a developer  such as MIBK which  s lowly 
removes  high molecular  weight  pMMA, some reduc-  
t ion in the requ i red  Q is achieved by  using th icker  
resist  films and tak ing  advan tage  of the  increased �9 
wi th  increasing pene t ra t ion  depth. In  this  s i tuat ion 
the remain ing  resist  thickness,  Tr, is specified. In  Fig. 
11 the  requ i red  Q is p lo t ted  as a funct ion of To for 
two values  of Tr (solid l ines)  for No ---- 10 keV, iV/n = 
2 )< 105 and MIBK at 22.8~ The r i g h t - h a n d  axis 
gives the  requ i red  deve lopment  t ime and is p lo t ted  
vs. To (dashed l ines) .  Cer ta in ly  a reduct ion  in or ig-  
inal  Q is obta ined as To increases at the  expense  of 
increased developer  t ime. Two values  of To might  be 
considered as opt imum. One is the  thickness  at  which 
the peak  in the  energy  diss ipat ion occurs (0.76 ~rn at  
10 keV) and the other  is the  thickness  at which  the 
energy dissipat ion equals tha t  at  the  surface (1.6 pxn 
at  10 keV) .  The former  is p r e f e r r e d  if  n a r r o w  l ine -  
widths  are  required .  

G iven  a des i red  Tr and choosing Eo and To, the  de -  
ve lopment  t ime  is r educed  by  increas ing the  deve l -  

DEVELOPER TIME (MIN) 

co iMMA iN 
E 

/ / .... \Eoo O oV 

0.2 ~ ~o : 30 keV 

I I 1 1 I I I l I 1 1 1 1 \ ~  i i i  
i0 "~ i0 s io ~ 

CHARGE PER UNIT AREA. Q {C/cm 2) 

Fig. 10. Influence of beam energy on contrast. The dashed line 
gives the development time (upper time axis) for a given contrast 
level. 
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FMMA M n = 2XlO s 
Ev = 1o keY 
~:BK 
7EM? = 22 .8~  

l I I [ I I 

THICKNESS REMAINING=0.25U~ 

/ /  \ /  

~ THICKNESS ~IAITHICF~NKSs Rs = 0.25~m 

0 . o  o . ~  0 . 8  1 . 2  1 . 5  2 . 0  2 . .  2 . 8  

0RIGIZAL RESIST THICKNESS, T O (~m) 

Fig. 11. The required charge per unit area as a function of the 
original resist thickness (solid lines) resulting in the two final re- 
sist thicknesses indicated. The corresponding development time 
(right axis) is shown as a function of Q by the dashed lines and 
indicated by the arrows. 

oper t empera tu re  a n d / o r  reducing the or iginal  mo-  
lecular  weight.  This is i l lus t ra ted  in Table  II  for Tr 
= 0.25 ~m Eo --  10 keV, and To : 0.76 ~m. The de-  
ve loper  is MIBK at two tempera tures ,  22.8 ~ and 35.6~ 
Also given in Table II  is the requi red  incident  charge  
to yie ld  the des i red  resis t  thickness. For  this  s i tua-  
t ion the requi red  incident  dose is reduced by a factor  
of ~50 compared  to the s tandard  developer  at 22.8~ 

Conclusions 
The fo]lowing resul ts  and conclusions are made 

for the combinat ions of MIBK and IPA used as de-  
velopers for  PMMA in this s tudy.  

1. A technique for predic t ing  developer  charac te r -  
istics for posi t ive e lect ron resists has been  developed 
in which the solubi l i ty  ra te  is de te rmined  as a func-  
t ion of f ragmented  molecular  weight.  

2. An  empir ica l  fo rmula  for the  solubi l i ty  ra te  of 
the  form R =  (Ro + fl/Mf~)e-Ea/kw is found wi th  the 
constants Ro, fl, and a dependent  upon the developer  
solvent.  Act ivat ion  energies,  Ea, for MIBK and 1:3 

L02 

e~ 

> 

Table II. The influence of original molecular weight and developer 
temperature on development time is tabulated. Also shown is the 
required minimum Q to yield the final resist thickness, 0.25 Fm. 

M I B K  R e q u i r e d  charge 
D e v e l o p m e n t  p e r  u n i t  a r e a  

O r i g i n a l  t i m e  (min )  ( /~C/cm 2) 

molecular T e m p  = T e m p  = T e m p  = T e m p  = 
weight  22 .8~  35.6~ 22 .$~ 35.6~ 

2,5 • 104 30.6 6.1 2.6 2.9 
5.0 • I0 �9 44.6 8.6 2.3 2.6 
7,5 • lO t 50.4 9.5 2.3 2.6 
1.0 • I0  ~ 54.3  I0 .0  2.3 2.7 
1,5 x I0 ~ 57.0 10.4 2.4 2.8 
2,0 X i0 ~ 58,3 10,.6 Z,5 2,8 
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M I B K : I P A  are  found to be 1.04 and 2.43 eV, respec-  
t ively.  

3. The contrast  and deve lopment  t imes are func-  
tions of developer,  developer  tempera ture ,  beam en-  
ergy, resist  thickness,  and or iginal  molecular  weight.  

4. An  improved  sens i t iv i ty  compared  to the s tan-  
da rd  developer  for PMMA of f rom I0 to 50 t imes is 
ob ta ined  by  using different  developers  and  t empera -  
tures. 

5. The solubi l i ty  kinetics of PMMA is charac te r -  
ized by  a r a t e - l imi t ed  process for most developer  
conditions. At  high t empera tu res  1:3 MIBK: IPA shows 
a combinat ion  of a r a t e - l im i t e d  process and  a diffu- 
sion process. 
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Cross-Slip Dislocations and Their Multiplication 
in (O01)-Oriented Silicon Wafers 

Junj i  Ma tsu i  

Nippon Electric Company, Limited, Central Research Laboratories, Kawasaki, 211 Japan 

ABSTRACT 

Dislocations consisting of a pa i r  of ha l f - loops  are  found to be character is t ic  
of (001)-or iented  silicon wafers,  and they  are  also found to develop and mul t i -  
p ly  by  a combinat ion  of cross-s l ipping of screw segments  and the i r  in terac t ion  
wi th  wafer  surfaces. They or iginate  f rom in te rna l  sources which  seem to be 
prec ip i ta tes  formed dur ing course of the rmal  oxidation.  

Recently,  sil icon single crysta ls  free f rom dislocations 
have  been ava i lab le  for  device fabricat ions.  As is wel l  
known, however,  severa l  types  of defects are  often 
genera ted  in d is locat ion-f ree  sil icon wafers  dur ing 
var ious  device fabr ica t ion  processes such as the rmal  
oxidat ion,  impur i ty  diffusion, or appl ica t ion  of an epi-  
t ax ia l  layer .  I t  has been  repor ted  that,  f rom the device 
fabr ica t ion  point  of view, genera t ion  of these defects 
makes  it less significant to use a d is locat ion-f ree  crys-  
ta l  as a s ta r t ing  mater ia l .  Among those defects, disloca-  
t ions are  especial ly  ha rmfu l  to the  character is t ics  of 
f abr ica ted  devices, such as leakage  cur ren t  of diodes, 
whe the r  they  are  complete  dislocations wi th  a Burgers  
vector  of a / 2 < l 1 0 >  type  or  pa r t i a l  dislocations wi th  
tha t  of e i ther  a / 6 ~ 2 1 1 ~  or a / 3 ~ 1 1 1 ~  type.  Therefore,  
i t  becomes impor tan t  to know mechanisms in which 
the d is loca t ions  of any  type  form and mul t ip ly  in si l i -  
con crystals .  Severa l  mechanisms of the  dislocation 
fo rmat ion  and mul t ip l ica t ion  in ( l l l ) - o r i e n t e d  silicon 
wafers  have  been proposed by  many  invest igators  
(1-12). Sources of the  dislocations have  been associ- 
a ted with  prec ip i ta tes  (1, 3-4), rup tu re s  at wafer  edges 
(2, 5-6), scratches (7-10), surface i r regula r i t i es  (1-2, 
11), and some other  defects (12). 

I t  has also been  r epor t ed  that  d is locat ion-f ree  sil icon 
wafers  subjec ted  to hea t - t r ea tmen t s  often revea l  a 
number  of c i rcular  s tacking faul ts  (13-14) and pr i s -  
mat ic  dislocation loops (14-16) e i ther  in the  (111)- or  
(001)-or iented  wafers.  Pa r t i cu l a r ly  when  float-zoned, 
d is locat ion-f ree  si l icon wafers  containing g rown- in  
defects a long swirls  were  t he rma l ly  oxidized,  a 
number  of c i rcular  s tacking faul ts  were  also p re fe ren -  
t i a l ly  genera ted  along swirls.  On rehea t ing  to the  sub-  
sequent  oxidation,  hexagona l  ha l f - loops  of complete  
dis locat ion were  found to be fo rmed  in addi t ion  to the 
s tacking faul ts  (17). The na ture  and s t ruc ture  of the  
ci rcular  s tacking faul ts  have  been  inves t iga ted  p rev i -  
ously (13) bu t  not in detai l  for  the  hexagonal  ha l f -  
loops. S t ruc ture  and dislocat ion velocit ies of s imi lar  
ha l f - loops  in the  case of ( l l l ) - o r i e n t e d  wafers  have  
been de te rmined  b y  Pa te l  and  F ree l and  (8) and George 
et al. (10, 18) f rom the expe r imen ta l  resul ts  of in ten-  
t ional  load appl ica t ion  to the  mater ia ls .  

This pape r  describes detai l  fea tures  of the  hexagonal  
ha l f - loops  and discusses the  mul t ip l ica t ion  mechanism 
which m a y  be character is t ic  of (001)-or iented  wafers,  
f rom the observat ion  of the  dislocations by  means  of 
x - r a y  di f f ract ion topography.  

Exper imenta l  
Specimens used were  (001)-or iented,  n - t y p e  silicon 

wafers  wi th  a res is t iv i ty  of about  10 ohm-cm,  cut  f rom 
a float-zoned, d is locat ion-f ree  crys ta l  rod  wi th  a d iam-  
e ter  of about  30 mm. Some swir l  pa t t e rns  could be 
made  visible by  sui table  etching on surfaces of the  
specimen wafers.  They were  th inned to about  200 ~rn 
by  mechanica l  and chemical  methods.  Two sequent ia l  

Key words: dislocation multiplication, cross-slip, x -ray  topogra- 
phy. 

the rmal  oxidat ions were  employed.  F i r s t  t he rma l  oxi-  
dat ion for the genera t ion  of c i rcular  s tacking faults  
along swirls  was carr ied  out at  1200~ for 22 h r  in a 
d ry  oxygen atmosphere.  A rap id  cooling f rom the first 
oxidat ion was made  by  ext rac t ing  the specimens f rom 
the center  of a furnace to the  edge of a quar tz  tube in 
less than  20 sec. Second the rmal  oxidat ion  was car r ied  
out in such a manner  tha t  the  specimens were  inser ted  
into the furnace  f rom room t empera tu re  to a round  
600~ very  r ap id ly  and then  moved to the  center  of 
the high t empe ra tu r e  zone in about 20 sec and kept  
there  at 1200~ for 3 hr  in a wet  oxygen atmosphere ,  
which gave rise to the generat ion of pr i smat ic  disloca- 
t ion loops or hexagonal  half- loops.  Format ion  of both  
the stacking faul ts  and hexagonal  ha l f - loops  descr ibed 
in this repor t  did not  appear  to be essent ia l ly  depen-  
dent on whe ther  the  oxygen  is d ry  or wet. 

In  order  to observe configurations of both  the defects 
and to de te rmine  the i r  Burgers  vectors, x - r a y  diffrac- 
t ion topographs  were  t aken  af ter  each oxidat ion  using 
MoK~I radiat ion.  Al l  the  topographs  were  recorded on 
Fu j i  nuclear  plates,  ET-7B type, 50 or  100 ~m thick 
emulsion. 

Results 
Figure  1 shows a topograph  of a par t  of a wafer  

t aken  af ter  the  second the rma l  oxidation.  Some con- 
t ras ted  ell ipses des ignated as S have been found to 
correspond to c i rcular  s tacking faults,  each of them 
sur rounded  by  a pa r t i a l  dislocation loop wi th  a Burgers  
vector  of a / 3 ~ 1 1 1 ~  F r a n k  sessile type  (13-14). These 
faul ted  loops were  found to be formed in one of {111} 
planes  dur ing the course of the  first t he rmal  oxidation.  

Fig. 1. Topograph of a specimen taken after double thermal 
oxidation. Besides a number of circular stacking faults, designated 
as S, which are generated after, a first thermal oxidation, several 
dislocations consisting of a pair of half-loops are observed. The 
Burgers vectors of the dislocations A and B are parallel and in- 
clined to the wafer surface, respectively. 
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Fig. 2. a (left), Orientations 
of dislocation lines and glide 
planes, b (right), Illustration 
showing a rough distribution and 
configuration difference of dis- 
locations in a single wafer. 
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At the conclusion of the  second the rmal  oxidation,  
o ther  kinds of dislocations in addi t ion to the  above 
c i rcular  s tacking faul ts  are seen, designated as A and 
B in Fig. 1. F rom observat ion of s tereotopographs  and 
topographs  reflected f rom var ious  planes,  it is found 
that  the dislocations A in Fig. 1 are ly ing in two sets 
of {111) planes  incl ined at  the same angle of 54~ , to 
the (001) surface plane,  and that  they  have Burgers  
vectors of a / 2 < l 1 0 >  type  para l l e l  to the  surface and 
consist of 60 ~ and screw segments wi th  <110> or ienta-  
tion. 

F igure  2 presents  a schematical  rough dis t r ibut ion  
and configuration difference of dislocations in a single 
wafer.  Pai rs  of ha l f - loops  are  most ly  symmetr ica l  in 
shape wi th  respect  to two equivalent  {110) planes 
normal  to the (001) surface. These dislocations appear  
to be located in the vic ini ty  of the surfaces, and dis-  
locations close to the upper  and lower  surfaces give a 
s imilar  fea ture  on a pro jec ted  topograph,  which may  
be due to the effect of ex te rna l  stresses dur ing  hea t -  
t reatments ,  as wil l  be discussed la te r  in  detail .  

A typical  configurat ion of the dislocation on a cer tain 
stage of deve lopment  as seen in Fig. 1 is schemat ica l ly  
shown in Fig. 3 judged  f rom s tereotopographic  ob-  
servation. Since the  Burgers  vector  of this dislocation 
is para l le l  to the [110] direction, segment  a (Fig. 3) 
emerging  at the surface is a 60 ~ dislocation with  the  
IT01] orientat ion,  segment  b a screw dislocation pa ra l -  
lel  to the surface, segment  c a 60 ~ dislocation with  the 
[011] orientation,  and segment  d again  a screw dislo-  
cation. [Hereafter ,  these wil l  be abbrevia ted ,  respec-  
t ively,  as segments  a(M, ~01 ] ) ,  b (S ,  [110]), c(M, 
[011]), and d(S ,  [110]).] Thus, segments  a, b, c, and d 
are  ly ing in the  incl ined (11=1) plane, whi le  segments  
I(S,  [110]), m(M,  [011]), n(S ,  [110]), and  o(M, [101]) 
a re  in the (]-11) plane. Segments  e(M, [0~1]), f (S,  
[110]), and g(M, [101]) are  para l l e l  to segments m, n, 
a-nd o, respect ively,  and segments  i(M, [~'01]), j (S ,  
[110]), and k(M,  [011]) are  pa ra l l e l  to segments  a, 
b, and c, respect ively.  As this fea ture  has not been 
observed in ( l l l ) - o r i e n t e d  wafers  (8, 10), the  disloca- 
tion configuration ment ioned above seems to be cha r -  
acterist ic  of (001)-or iented  wafers  due to c rys ta l lo-  
graphic  or ienta t ion of the {111) glide planes,  i.e., a pair  
of incl ined {111} planes,  as (1]-1) and ( ' i l l )  p lanes  in 
this case, which a lways  lie symmet r i ca l ly  and in te r -  
sect at a l ine para l l e l  to the  (001) surface. 

Besides the fact that  the dislocations, as wel l  as the 
s tacking faults, appear  p re fe ren t i a l ly  along swirls  in 
oxidized dis locat ion-f ree  crystals,  it  is observed that  
the dislocations consist ing of ha l f - loops  show dark  
contras t  of a nucleat ion source ly ing most ly  along a 
screw segment  (as segment  h in Fig. 3) which connects 
two hal f - loops  ly ing  in the different  {111} planes.  
These facts may  suggest that  the dislocations or iginate  
from some c lus tered  defects such as precipi ta tes  of 
oxygen  atoms (1, 3, 19), which seem to nucleate  dur ing 

the course of the  first the rmal  oxidat ion at  the  g rown-  
in defects usual ly  located along swirls  in float-zoned, 
dis locat ion-free  silicon crystals  (20-21). Al though the 
prec ip i ta te  par t ic les  can be expected to nucleate  not 
only near  the wafer  surfaces but  also in the  bulk,  
growth  of the dislocation loops a round  the prec ip i ta tes  
may  be more  intensive near  the oxidizing surfaces than  
in the interior,  as wil l  be discussed later .  

Discussion 
Formation mechanism of dislocations.--It has been 

repor ted  that  oxidized, Czochralski-pul led,  dis locat ion-  
free sil icon crystals  revea l  both s tacking faults  sur-  
rounded by  a F r a n k  par t i a l  dislocation and pr ismat ic  

[I I0] 

(Tll i) 

Fig. 3. Spatial illustration of a dislocation lying in two different 
{111) planes with its projection onto (ODD plane. 
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dislocation loops consisting of a / 2 < l 1 0 >  type com- 
plete dislocations (14-15). In  case of float-zoned, dis- 
location-free crystals containing such g rown- in  defects 
along swirls as in  the present  experiment,  however, 
extrinsic stacking faults surrounded by a F r ank  part ial  
dislocation loop, i.e., faulted loops, ra ther  t han  pr is-  
matic dislocation loops, are believed to be preferably 
generated after the first thermal  oxidation. But, the 
fact that  the density of the circular stacking faults in a 
s ingly oxidized wafer is always lower than that of the 
g rown- in  defects which can be seen by "etching before 
oxidation seems to indicate that  not all of the grown-  
in  defects t u r n  out to be nuclei  of the extrinsic stack- 
ing faults. It  can be expected, therefore, that the rest 
of the g rown- in  defects may provide requisite sites for 
the aggregates of oxygen atoms which are pre-exis tent  
in  the specimen or also induced from the surfaces. 

On rapid cooling after a first high tempera ture  oxi- 
dation, considerably large thermal  strains will  arise 
a round the precipitate particles since the precipitate 
particles, probably  SiO2, form with larger specific vol- 
ume than  the silicon. It is speculated, therefore, that 
small  prismatic loops of complete dislocation start  to 
develop at the precipitate surfaces at the beginning of 
a second thermal  oxidation so that the strains may be 
accommodated. Once the dislocation loops are formed, 
they wil l  become more active emission sources of va-  
cancies than are the stacking faults during a second 
thermal  oxidation. These ideas seem to be supported 
by a previous report  (22) describing the fact that  cir- 

cular stacking faults failed to be formed in dislocated 
crystals or in the vicinity of complete dislocations in 
low-dis locat ion-densi ty  crystals, and also by the fact 
that  additional stacking faults were not observed at 
all after a second thermal  oxidation while a number  
of prismatic dislocation loops and hexagonal  half-loops 
were. 

From the above consideration, the prismatic disloca- 
tion loops would be expected to be of interst i t ial  type 
ra ther  than of vacancy type and thus, as are the ex-  
trinsic stacking faults, the dislocation loops would be 
bulged by dislocation climb result ing from vacancy 
emission from the dislocation lines to the surfaces 
where the vacancies are consumed under  oxidation 
conditions (23). Expansion of the loops should take 
place more markedly  in the region close to the oxidiz- 
ing surfaces for the above mechanism to be important,  
in order to be consistent with the present  exper imen-  
tal result  that  the nucleat ion sources lying along the 
connecting screw segments are located at depths of 
less than 40 ~m below the surfaces, which are known 
from the observation of the topographs. 

Figures 4(a-f)  reveal various configurations of the 
dislocations and indicate that  they are on different 
stages of development and of mult ipl icat ion probably  
due to the difference of magni tude  of thermal  stresses 
exerted on them during a second thermal  oxidation. 
From the observation of those dislocations, develop- 
ment  processes can be derived as schematically i l lus- 
t rated in Fig. 5 which presents successive views of dis- 

Fig. 4. Topographs showing various configurations of the dislocation half-loops. They seem to correspond to different stages of develop- 
ment. 
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( oo I ) -  projection (Ti o) -  projection 

(a) �9 

(b) ~fc l imb (~ (~ 

c/n> " 
n glid{ng on ( ' / t l )  

eel - ,>, 
[To i] [i o i] 

~ d 

b gliding on (ITI) 
m 

( t)  % - - ~  

d [101] 

[To ~] 
j cross-slipping on (ITI) 

(h) ~ , ~  

f cross-slipping on (~11) 

Fig. 5. Schematical illustrations showing successive views of 
development and multiplication processes as projections onto the 
(001) and (110) planes. Designations to the dislocation segments 
correspond respectively to those in Fig. 3. 

l 'ocation shapes p ro jec ted  onto the (001) and (1--10) 
planes.  The dislocation ha l f - loops  shown in Fig. 4 (a - f )  
would  thus be expected to form by  a combinat ion  of 
expansion of p r i smat ic  loops and the i r  subjec t ion  to 
the rmal  stresses, as follows. 

At  the first stage, smal l  pr i smat ic  loops of in ters t i t ia l  
tTpe a t tached to the  prec ip i ta tes  m a y  be emi t ted  in 

order  to lower  s t ra in  energy  increased around the p re -  
cipitates. Both ends of a single dis locat ion line would  
be connected to the  surface of a single precipi ta te .  
Vacancy emission may  be more  accelera ted at the side 
close to the surface than  the side fur ther  f rom the 
surface, as shown in Fig. 5b. Incipient  a l ignment  of the 
dislocation l ine of the  c l imbing dislocat ion m a y  not be 
in a par t i cu la r  d i rect ion because of high densi ty  of 
jogs on the line. However,  <110>  a l ignments  would  
be p rese rved  af ter  considerable  expansion of the dis-  
locat ion loops since hexagonal  pr i smat ic  loops consist-  
ing of s traight ,  < l l 0 > - o r i e n t e d  segments  have been 
observed so far  in hea t - t r ea t ed  sil icon crystals  (11, 
14-15, 18). Therefore,  i t  can be expected that,  as shown 
in the left  side of the ( l"10)-projections in Fig. 5(b and 
c),  once a pa r t  of the dislocat ion loop l ine gets to a 
wafer  surface, it  is cut  there  and resolved into two 
dislocation l ines which connect the prec ip i ta te  surface 
and the wafer  surface, and which wil l  make  a p ro -  
jec t ion onto the  (001) p lane  as is shown in Fig. 5(b and 
c) consistent  wi th  the actual  fea ture  of dislocations 
seen in Fig. 4a. Under  the  influence of the rmal  stresses 
which the specimen undergoes  dur ing  a second ther -  
mal  oxidation,  each < l l 0 > - a l i g n e d  segment  of the  
pr ismat ic  dis locat ion loops ly ing in one of the incl ined 
{111} planes  would  glide in the  direct ion pa ra l l e l  to 
the Burgers  vector. Since the Burgers  vectors a re  a/2 
<110> type  para l l e l  to the  surface as a l r eady  men-  
tioned, the two <110>  segments,  e.g., segment  a(M, 
[]-01]) in the  (11-1) p lane  and segment  o(M, [101]) 
in the (111) plane, as shown in Fig. 5d, gl ide inev i t ab ly  
in opposite directions f rom each o ther  wi th  respect  to 
the precipi ta te ,  the  phenomenon being re la ted  to the  
sense of resolved shear  stress in each of the  {111} 
planes.  When  the specimen is subjec ted  to the the rmal  
stress z~ in the [110] di rect ion as shown in the  upper  
par t  of Fig. 6, resolved shear  stresses in the  (1~1) and 
(1--'11) planes are  of such senses as seen in the  r igh t -  

hand  par t  of Fig. 6, where  Q and | mean  direct ions 
in which the stresses dr ive  the  ma te r i a l  no rmal ly  
above and be low the  sheet, respect ively.  I t  is apparen t  
that  another  shear  stress x2 does not p lay  a role for the 
movement  of the present  dislocations because of a 
null  Schmid factor for e i ther  the  [110]/(111) or [110]/ 

,,%- I I  
I I  -~  ~ ''~ (~  o I ) (~ I ) /'[ v, c-r,} 

/ ,, 
h(R) 

% ~n(R) 
m(-t/" i(')tl i(-) 

b(R) I 

n'(L) # 
o'(+) ~'d'(  R ) ii-) / "(+, 

c'(-} 2'~ (~R) t 

h'(L} 
p/ _, 

/ f i'(R) "~x# m'(-} -F 

I lJCL) 

[,,oj B=-7-[TTo] 

.iCD," 

CITI) (-r,) 

Fig. 6. Movement of each segment of half-loops under the influence of resolved shear stresses exerted parallel to the i110] directions. A 
60 ~ segment with the sign ( + )  has an extra half-plane above the glide plane whereas that with the sign ( - - )  below the glide plane. 
A screw segment as noted by R in parentheses is of a right-hand screw character whereas that indicated by L is of o lefhhand one. 
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(1H)  slip system. Supposing tha t  ex t r a  ha l f -p lanes  
which t e rmina te  at  the  l ines of segments  a and o exist  
above (111) and (111) planes,  respect ive ly  [hereafter ,  
segment  r of 60 ~ dislocat ion having an ex t r a  ha l f -p lane  
above the gl ide p lane  (on the  side of the  (001) sur -  
face) wi l l  be wr i t t en  as segment  r (~- ,  M, ~ 1 1 0 ~ )  
whi le  tha t  be low the glide p lane  (on the side of the  
(00T) surface as segment  r ( - - ,  M, ~ 1 1 0 ~ ) ] ,  the  a ( ~ ,  
M, [101]) segment  on the (1~1) p lane  should  gl ide in 
the  [110] di rect ion (to the  lef t )  and  the  o(-t-, M, [101]) 
segment  on the (Tl l )  p lane  should gl ide in the [110] 
di rect ion (to the  r igh t ) ,  under  the resolved  shear  
stresses ment ioned  above. This process must  leave a 
screw segment  which connects segments  a and o. This 
screw segment  is r ega rded  as made  of two parts ,  i.e., 
segments  b and n on both  sides of the  precipi ta te ,  as 
shown by  the solid l ines in Fig. 5d. F r o m  the above 
considerat ion,  the  screw segments  should be r igh t -  
hand  screw dislocations [hereaf ter ,  segment  r of this 
type  wil l  be wr i t t en  as segment  r (R, S, ~ 1 1 0 ~ ) ,  whi le  
that  of l e f t - h a n d  screw type  as segment  r (L ,  S, 
~ 1 1 0 ~ )  ]. Apparen t ly ,  both  the  b(R,  S, [1101) segment  
in the  (111) p lane  and the n(R,  S, [110]) segment  in 
the  (111) p lane  exe r t  motive forces, F, normal  to the  
segment  l ines in each of the  {111} planes  also due to 
the  resolved shear  stresses and, as a result ,  each of 
the screw segments  glides independen t ly  deeper  into 
the wafe r  th ickness  in one of these planes.  Disloca-  
t ion configurat ion as seen in Fig. 5e and ac tua l ly  as 
shown in Fig. 4b can be thus obtained,  and fu r the r -  
more,  fo rmat ion  of the  other  two 60 ~ dislocations as in 
segments  c ( - - ,  M, [0111) and m ( - - ,  M, [0~1]) shown 
in Fig. 5f and  of two screw dislocations as in segments  
d (L ,  S, [110]) and I(L,  S, [1101) in Fig. 5g takes  
place. These segments  move in such a way  that  each 
ha l f - loop  expands  cont inuous ly  in each glide plane,  
and  the resul t ing  f ea tu re  is such a one as seen in Fig. 
4c. 

Ano the r  format ion  process of the  dislocat ion shown 
in Fig. 5g may  be possible in which the gl ide motions 
ment ioned  above precede  a r r iva l  of a pa r t  of the  dis-  
locat ion l ine at the  surface. The dislocations having 
not  ye t  reached the surface are  shown by the dashed 
l ines in Fig. 5(c- f )  in addi t ion  to the solid l ines and 
are  also shown in the r ight  side of the  (~10)-pro jec-  
tions. Dislocat ion features  as seen in Fig, 7 (a and b) 
appea r  to correspond to this  case. By e i ther  develop-  
men t  process, the  dislocation configurat ion as shown 
in Fig. 5g can be expla ined.  At  this time, the  most  
pa r t  of segments  d and 1 in Fig. 5g exer t  mot ive  forces, 
-F, whose sense is opposi te  to those on segments n and 
b as shown in Fig. 6. Therefore,  t hey  cross-sl ip  on the 
(1"11) and (11-1) planes,  respect ively,  tu rn ing  them-  
selves into f (L,  S, [1101) and j (L ,  S, [1101) segments  
connected to a pa i r  of the  other  60 ~ dislocations, i.e., 
e(~- ,  M, [01-1]) and g ( - - ,  M, [1011) segments  for seg-  
ment  f and k(~- ,  M, [011]) and i ( - - ,  M, [~01]) seg-  
ments  for segment  j as shown in Fig. 5h and also 
ac tua l ly  seen in Fig. 1 and 4d. When segments f and j 
reach an oxidizing surface again, then  these segments  
d i sappear  and only 60 ~ segments  are left, being emer -  
gent  at the surface  as shown in Fig. 4e and 5i. Thus, 
the  dislocat ion becomes the one tha t  consists of two 
ha l f - loops  and also of one inside dislocat ion which  is 
of mos t ly  screw charac te r  and  suspended at  the  sur -  
face. The  l a t t e r  is r e a d y  to give off another  pa i r  of 
ha l f - loops  by  going th rough  the same process al l  over  
again, since it is also a r i gh t -hand  screw segment  as 
are  segments  b and n. Accordingly,  wheneve r  l e f t - hand  
screw segments  cross-sl ip  and emerge  f rom the  surface 
and hence annihi la te  there,  dislocation mul t ip l ica t ion  
takes  place  and in turn,  format ion  of pa i rs  of mu l t i -  
fold ha l f - loops  occurs as shown in Fig. 4f and 5j. 

I t  should be noted that  pa r t  of the  60 ~ segments  on 
both of the  ends of each ha l f - loop  seem to, a t  thei r  

Fig. 7. Dislocations expanding by glide in the direction parallel 
to the surface before a part of each dislocation line arrives and 
annihilates at the surface. (a), Early and (b), later stages of 
development. 

emerging  points, depar t  f rom the ini t ia l  gl ide p lanes  
since they  are  not  in rec t i l inear  a l ignments  bu t  a re  
revealed in the shape of a hook on the projected topo- 
graphs,  as shown in Fig. 1 and 4e. In  fact, s te reotopo-  
graphs  give a nonplanar  configurat ion of the  disloca- 
tions at both the  emerging points  of each half- loop.  
George et al. (10) have repor ted  tha t  s imi lar  bends of 
the emergent  segments  observed in ( l l l ) - o r i e n t e d  
wafers  are  caused by  the cross-s l ip  of screw segments.  
In the present  case of the  (001)-or iented  wafers,  how-  
ever, this mechanism does not seem to hold since the  
emergent  segments  themselves  are  not  screw but  60 ~ 
dislocations. A p p a r e n t l y  one of the bends in a single 
half- loop,  connected to segment  a or o as at  P in Fig. 
5i, is genera ted  in an ear ly  stage of development ,  as 
a l r eady  mentioned.  The other  bend, Q, is made  of a 60 ~ 
segment  such as segment  e or k, as a resul t  of the  dis-  
appearance  of the  cross-s l ipped screw segment  such as 
f or j segment.  Af te r  all, i t  is ev ident  tha t  fo rmat ion  
of the two bends takes place  due to in te rac t ion  of the  
dislocations of screw charac ter  wi th  the  specimen sur -  
face. 

The s y m m e t r y  of the  dis locat ion configurat ion i l lus-  
t r a t ed  in Fig. 2b seems quite reasonable  since, as 
shown in Fig. 6, t he rmal  shear  stresses, fel t  b y  the  
dislocations in the  opposi te  sides of the  wafer  wi th  
respect  to the (110) p lane  normal  to the stress d i rec-  
tion, are  in the opposi te  direct ions f rom each other  and 
thus, screw segments  of both  the  dislocations, e.g., 
segments  b(R,  S, [1101) and b ' (L ,  S, [110]), are  also 
of opposite senses, whereas  the  same deve lopment  
mechanism m a y  pres ide  over  both  the  dislocations.  

Another  type oy dis~ocation.--Another t ype  of dis-  
locat ion is observed  to coexist  wi th  the  dislocat ions 
descr ibed above, as m a r k e d  by  B in Fig. 1 and also as 
shown in Fig. 8, the  former  having  the shape of a ful l  
hexagon,  whe the r  regu la r  or pa r t l y  per tu rbed ,  and the 
la t te r  lacking some segments.  Each hexagon on the 
topograph  pro jec ted  onto the  (001) p lane  usua l ly  con- 
sists of four  ~ 1 1 0 ~  segments and  two ~ 1 0 0 ~  segments.  
S tereotopographs  show tha t  they  are  also ly ing  in two 
sets of ad jacent  {111) planes,  as schemat ica l ly  shown 
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(OOl)- projection (ioo)-projection 

/(ool) 

cl imb ~ -=- c:~ .-=-- 

_ [l,o]/(,T,) 
(c) [TIo]/(TTi) I [ ]  

Fig. 8. Another type of dislocation of which Burgers vector is 
inclined to the wafer surface. 

in Fig. 9. They are  found to have a Burgers  vector  
of a /2<l lO> inc l ined to the  surface, and  are also 
found to be pr i smat ic  dislocations which contain a pa i r  
of screw segments  of opposi te  senses, e.g., as shown 
in Fig. 9, segments  u(M,  [110]) and  v(S ,  [011]) are  in 
the  ( 1 ~ )  plane, and  segments  x (M,  [1"10]) and y (S ,  
[011]) a re  in the (111) plane,  whi le  segments  w(M,  
[]-10]) and z(M, [110]) are  in the  (il-1) and (111) 
planes,  respect ively,  pa ra l l e l  to the  x and u segments.  

This type  of dislocation is thought  to develop 
th rough  such processes as are  schemat ica l ly  shown in 
Fig. 10. First ,  as wel l  as the  previous  dislocations, 
sources of the  dislocations are  p robab ly  precipi tates ,  
a l though they  are  located at  l a rge r  distances f rom the 
surface than  those in the  previous  case. Then, round  
dislocation loops would  be emi t ted  f rom the prec ip i -  
tates by  climb, since these loops seem to lie in p lanes  

lo l l ]  (ooi )  
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/ / 

/ I i 
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/ 
/ 

/ 
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/ 
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' \ / / ,  I I 
I \ I 
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X (ool) 

Fig. 9. Spatial illustration of a dislocation with an inclined 
Burgers vector as B in Fig. 1 and in Fig. 8, with its projection 
onto (001) plane. 

(d) I - - ' / ~ 0 1  r ] / ( fT j )  

(el ~ / 

prismatic 
slip 

[T~o] glide on (TTI) 

gl ide  on (ITI) ~ - - - - - - = ~ ~ ( l i l )  

Fig. 10. Development processes of the dislocation with an in- 
clined Burgers vector. 

para l le l  to the (001) surface and no preference  of the  
vacancy emission along the loop l ine is expected.  The 
loops would tu rn  to the  ones wi th  severa l  < l l 0 > -  
a l igned segments,  as shown in Fig. 10c. When  the c rys :  
tal  region containing the loops is affected by  a r e -  
solved shear  stress, two halves  of each loop wi th  the  
Burgers  vector  para l l e l  to the  stress might  gl ide in op-  
posite directions, and  hence the  dislocations would 
have shapes as shown in Fig. 9 and 10d. The dislocation 
fea ture  is s imi lar  to the previous  dislocation shown in 
the r ight  side of the  (1-10)-projection in Fig. 5d except  
for or ienta t ion  of the screw segments.  Once one of the 
halves arr ives  and annihi la tes  at  a surface, only four  
segments  are  left. This four - segmented  dislocation 
could also be obtained by  a mechanism in which two 
segments wi th  <110> or ienta t ion  para l l e l  to the sur -  
face or iginate  at  the surface due to surface i r r egu l a r i -  
ties and glide into the  ma te r i a l  leaving  a pa i r  of screw 
segments behind  them. The fact that,  by  Si r t l -e tching,  
the dislocations made  of ful l  hexagon or of four  seg-  
ments  sometimes revea l  an unident i f ied dot nea r ly  at  
the i r  center  and somet imes not, seems to suggest  the  
difference of nuclea t ion  sources, i.e., the  prec ip i ta tes  
or surface i r regular i t ies .  

Addi t ional ly ,  two emergent  screw segments  of op-  
posite senses often bend toward  the inside on a topo-  
graph as seen in Fig. 8. The phenomenon  is thought,  
in contrast  wi th  the  previous  dislocations, to be due to 
cross-s l ips  of the emergen t  screw segments  themselves,  
s imi lar  to the case observed by  George et al. (10) in 
addi t ion to the  p inning effect of the  surface;  e.g., as 
shown in Fig. 10f, a pa r t  of the  screw segment  v would  
move in the [110] direct ion on the (11=1) plane, s lower  
near  the  surface than  at  the  inner  par t ,  and also could 
cross-sl ip in the  [1~0] di rect ion on the adjacent  (111) 
plane. As has been repor ted  (10), this cross-s l ipping 
pa r t  can be a new source of another  mobi le  dislocation. 
Thus, dislocation mul t ip l ica t ion  m a y  occur also in the  
case of the  presen t  dislocations. 

Conclusion 
(001)-or iented silicon wafers  subjec ted  to two se- 

quent ia l  the rmal  oxidat ions are  found  to revea l  cha r -  
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acter is t ic  dislocation configurations. These dislocat ions 
or iginate  from the prec ip i ta tes  nuclea ted  at  .come 
g rown- in  defects in d is loca t ion-f ree  silicon crystals  on 
rapid  cooling f rom a first t he rma l  oxidation.  Via smal l  
pr ismat ic  dislocation loops genera ted  th rough  climb, 
and under  the  influence of the rmal  stresses exer ted  
dur ing the course of a second the rmal  oxidation,  the  
dislocations can develop and mul t ip ly  giving off suc-  
cessively pairs  of ha l f - loops  ly ing  in two sets of sym-  
met r ica l ly  incl ined {111} planes.  Ano the r  type  of dis-  
locat ion ly ing  in  the  ad jacent  {111} planes  is also ob-  
served.  
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Diffusion of Cobalt out of 
Cobalt-Hardened Gold Measured 
with Auger Electron Spectroscopy 

Harland G. Tompkins 
Bell Laboratories, Incorporated, Columbus, Ohio 43213 

ABSTRACT 

The diffusion of cobal t  out of a gold l aye r  is considered. The theory  is dis-  
cussed to re la te  measured  quanti t ies  to diffusion coefficients. Measurements  
were  t aken  and appropr ia t e  calculat ions made  to obta in  values  for the  coeffi- 
cients at 100 ~ and 150~ Ar rhen ius  plot  ex t rapola t ions  are then  made  to 
obta in  approx ima te  values at ambien t  tempera tures .  

E lec t ropla ted  gold i s  a ma te r i a l  often used in elec- 
trical contacts because of its exce l len t  noncorrosive 
propert ies .  Because pu re  gold is reasonably  soft i t  is 
often modified by  adding a smal l  amount  of cobal t  as 
a harden ing  agent  to reduce its s t icking tendency.  
Cobalt  does not have the noncorrosive proper t ies  of 
gold, however,  and if a significant amount  of the  co- 
bal t  were  to diffuse to the  surface and become oxi-  
dized, the e lectr ical  contact  proper t ies  would  be sig- 
nif icantly impaired.  The purpose  of this work  is to 
s tudy the diffusion of cobalt  out of a gold matr ix .  The 
theory  is developed for a s imple model. Measurements  
of surface cobalt  are  descr ibed and diffusion coeffi- 
cients (at  s l ight ly  e leva ted  t empera tu res )  calculated.  
An Arrhen ius  plot  is made  which shows ex t rapo la ted  
diffusion coefficients down to ambien t  tempera tures .  

Key words: cobalt, gold, diffusion, Auger electron spectroscopy. 

Theory 
In  set t ing up the appropr ia t e  bounda ry  va lue  p r o b -  

lem, we make  the fol lowing s impl i fying assumptions:  
(i) Except  for the  cobal t  content,  the  gold l aye r  is 
homogeneous throughout .  (it) The diffusion coefficient 
for cobalt  in gold is independent  of the  concentration 
of cobalt  wi th in  the ranges  studied. (iii) The cobalt  
does not diffuse into the  under ly ing  ma te r i a l  (i.e., into 
Cu or Ni).  (iv) Cobalt  which arr ives  at  the outside 
surface of the gold is immedia te ly  oxidized. Formal ly ,  
we say tha t  a s ink exists at the surface for the  cobalt .  

A few comments  are  in o rde r  about  the  a pp rop r i a t e -  
ness of the  ini t ia l  assumptions to rea l  wor ld  conditions. 
This s tudy concentrates  on t empera tu res  near  ambient ,  
gold thicknesses large  enough to avoid porosi ty,  and 
t imes of the  order  of 40 years  or less. For  these con- 
ditions we shall  find tha t  significant t ransfhr  of cobal t  
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occurs only near  the  surface of the  gold and the sys-  
tem could have been t rea ted  as if the  gold were  a semi-  
infinite slab. We shall,  however,  consider  a finite gold 
thickness,  both  for  convenience and also to show when  
the diffusion process is affected by  the finiteness of the  
gold. This in format ion  is pa r t i cu l a r ly  needed in the  
area  of (possibly incorrect)  accelera ted aging of cor-  
rosion processes. With  the  semi- inf ini te  idea  in mind, 
the  rea l  wor ld  bounda ry  condi t ion at  the  back side of 
the gold is i r r e l evan t  and is chosen for ma themat i ca l  
convenience. The assumpt ion of a s ink at  the  outer  
surface involves assuming tha t  the  chemical  and t r ans -  
por t  processes of ox ida t ion  in the  film occur much 
faster  than  the  t ranspor t  phenomena  in the  gold. For  
an oxide wi th  thickness of 60A or  less and gold wi th  
cobalt  concentrat ions of tenths  of a pe r  cent, this  seems 
reasonable.  

We shal l  use  the  s t andard  tex tbook  approach  (1, 2) 
in set t ing up and solving the bounda ry  value  problem.  
Let  us make  the fol lowing definitions. Time (in sec- 
onds) wil l  be denoted  as t. Distance (in cent imeters)  
normal  to the  surface wi l l  be denoted as x (we wil l  
discuss l a te r  where  the  origin is to be chosen) .  The 
atomic concentra t ion of cobal t  wi l l  be denoted  as c, 
and in fact  c ----- c ( x ) ,  wi th  the uni form concentra t ion 
at  t ime  zero as c~. The thickness of the  gold l aye r  wi l l  
be t aken  as h/2 ( the reason for the  half  wi l l  become 
obvious l a te r ) .  

The different ia l  equat ion which is obeyed by  the 
cobalt  in the  gold l aye r  is 

dc d2c 
= D ~  [1] 

dt  dx  2 

where  D is the  diffusion coefficient (assumed to be  in -  
dependent  of concent ra t ion) .  

The actual  bounda ry  conditions which seem reason-  
able a re  that  the  concentra t ion is un i form at t ime zero, 
tha t  the concentra t ion of free cobal t  at  the  outside 
surface of the gold is zero (i.e., the  s ink effect),  and  
that  the  slope of the  concentra t ion at  the  inside gold 
surface is zero. The bounda ry  value  p rob lem is s impler  
to solve, but  equa l ly  applicable,  i f  we  consider the  
actual  s i tuat ion plus its m i r ro r  image. This is shown in 
Fig. 1 along wi th  the appropr ia te  ma themat i ca l  bound-  
a ry  conditions necessary  to represen t  the  rea l  wor ld  
bounda ry  conditions. 

Actual Sample 

,, ,,,,L,,,, i .,,r. .-z 

Mathematical Model 
[includes mirror image) 

t=O 

wX 

h 

clx] = % t:B 
Boundary Conditions c(o) : 0 "~ t > 0 

clh) : 0 J 
Fig. 1. Boundory volue problem ond beundory conditions, ocfuol 

ond mothemotir 

The solution, expressed  as an infinite sum is 
ao 

4ci ~-~ 1 (2n -{- 1)~x 
C = ~ n~=r 0 ~ sin = 2 n +  1 h 

exp - - ( 2 n  + 1)2~ 2 [2] 

which has the  form shown on Fig. 1. 
The in tegra l  

yo hI2 ly~ o' c (x) dx = -~ c (x) dx [3] 

gives the  total  content  of cobal t  in the  gold l aye r  at  
any  time, t. The quot ient  

c (x)  dx  
1 F~ 

quot ient  = | - -  c ( x )  d x  [4] 
1 Y0' cih 

, , 0  
- -  ci dx 
2 

gives the fract ion of the or iginal  amount  of cobalt  r e -  
main ing  in the gold layer .  I t  is clear  that  this f ract ion 
is the  same whe the r  we consider  x f rom 0 to h/2 or 
from 0 to h. Let  us denote  the  f rac t ion of the cobalt  
which has been removed  as F. There fore  

F = 1.0 ~ h  0 c ( x ) d x  [51 

per forming  this in tegra t ion  we get  

1 

F = I . 0  ~2 = ( 2 n - ~ 1 )  2 

e x p [ - - ( 2 n - { - 1 ) 2 ~  h ~  ] [6] 

The reason for concerning ourselves wi th  the  cobal t  
which has been  removed  is that  this is the  cobalt  which 
appears  a t  the  surface as an  oxide  and can be easi ly  
measured.  The reason for considering the  fraction, F, 
is that  the f ract ion of ma te r i a l  r emoved  f rom one-ha l f  
of the hypothe t ica l  sys tem is the same as the  f ract ion 
removed  from the ent i re  hypothe t ica l  system, hence 
the rea l  wor ld  p rob lem can be considered wi th  the 
mathemat ica l  bounda ry  value  p rob lem which we have 
set  up (and shown in Fig. 1). 

The infinite sum, in  Eq. [6], is a funct ion of the  
variables" D, t, and h, and in  fact these a lways  appear  
as D t / h  2. 

The  infinite sum i tself  is not  ve ry  i l lus t ra t ive  of 
how these var iables  affect F. We can, however ,  wi th  
a s imple Fo r t r an  program,  solve for F, for  various 
values of Dt/h  2, and plot  the  result .  This is shown in 
Fig. 2. 

Crank  (2) indicates  tha t  for  smal l  t imes an e r ror  
func t ion- type  express ion is appl icab le  and if, in fact, 
the quan t i ty  Dt/h  2 is qui te  smal l  the approx imat ion  

F = ~ r ~ ' v ~ -  --  2.26 [7] 

is valid. This express ion is also p lo t ted  in Fig. 2. Above 
F = 0.6 or  Dt/h  2 = 0.07, the  curve deviates  signifi- 
cant ly  f rom the  approximat ion .  

The above express ion provides  some in teres t ing  it t-  
sight in the  fol lowing way. I t  is not  c lear  at first 
thought,  whe the r  using a th icker  gold l aye r  (wi th  the  
same cobalt  concentrat ion)  wil l  give a th icker  cobal t  
oxide film or not. More to ta l  cobal t  is avai lable ,  l~ut i t  
has fur ther  to t rave l  to a r r ive  at the surface. Equat ion 
[7] shows that, in fact, the film growth  wil l  be the  
same, regardless  of the  thickness of the gold layer  in  
the  ea r ly  stages. This can be seen by  r ea r rang ing  Eq. 
[7] as follows 
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Fraction Removed, F 

Fig. 2. Fraction of cobalt which has been removed from the gold 
film plotted vs. Dt /h 2. 

Fh : 2.26 x/Dr 

The amount  of cobalt in the oxide film is simply the 
fraction removed times the original amount  or 

amount  : F.h .  (area)"ci 

: 2.26 ~/Dt.  (area) .ci 

and hence is independent  of thickness. 
This is to say that unt i l  the fraction removed ap- 

proaches 0.6, the thickness of the cobalt oxide film is 
independent  of the gold layer  thickness. It is very 
dependent,  however, on the original concentrat ion of 
cobalt in the gold. The dependence is one- to-one in 
that twice as much cobalt gives a film twice as thick. 

Applying the theory, then, consists of measur ing F, 
t, and h and calculating D, and then, by using values 
of D obtained, predict ing values of F for other values 
of t and h (and as shown below, for different t em-  
peratures) .  

The diffusion coefficient is general ly accepted to be 
a funct ion of temperature  and is usual ly  represented 
with the Arrhenius  equat ion 

D = Do e-U/Rv 

where T is in degrees Kelvin, R is the gas constant, Q 
is the activation energy for diffusion, and Do is the  
preexponent ia l  factor. Data are then  taken at elevated 
temperatures,  and, using an Arrhenius  plot, the val -  
ues of D for lower temperatures  are obtained by ex-  
t rapolat ion using the obtained values. Calculations can 
then be made for F at the lower temperatures  as a 
funct ion of t and h. These extrapolat ions are based on 
one rather  l imit ing assumption, i.e., that  the mecha- 
nism of diffusion is the same for the measured values 
and the extrapolated values. Serious problems can 
arise when the diffusion mechanism changes (3). Ac- 
cordingly, the extrapolat ion is more l ikely to be ac- 
ceptable if the measured values are obtained at tem- 
peratures reasonably near  the tempera ture  for the  
extrapolated values. 

Exper imenta l  M e t h o d s  
The samples used were electroplated gold films 

which contained 0.26% (by weight) cobalt as a hard-  
ening agent. Some of the films were plated directly on 
the OFHC copper substrate, and some of the samples 
had a nickel underpla te  between the gold and the 
copper. Results were independent  of which mater ial  
was immediately under  the gold. The gold thickness 
was determined by photomicrography. All  except two 
of the samples had 3.3 ~m of gold. Two samples had 
50.8 ~m of gold. The cobalt content was  measured by 
atomic absorption. The samples were coupons approxi-  
mately  4 cm 2 • 0.3 cm. These were heated in air at 
150 ~ and at 100~ for extended periods of t ime in  
ovens. Temperatures  were controlled to wi th in  +__ 1~ 
At appropriate times, the coupons were removed from 
the ovens and small  sections were cut out of the 
larger coupons. These smaller  (1 • 0.5 cm) pieces 
were then analyzed for cobalt. 

The cobalt analysis was made using Auger electron 
spectroscopy (4, 5) along with argon ion bombardmen t  
to obtain a depth profile of the cobalt along with other 
elements. A commercial ins t rument  purchased from 
Physical Electronics Industr ies  was used. Sputter ing 
and Auger analysis are done s imultaneously and a plot 
of peak- to-peak height vs. sputter ing time can be ob- 
tained for up to six elements. Sputter ing rate was ob- 
tained by prior calibration of the sputter ing param-  
eters for gold. Sput ter ing rate for cobalt oxide is as- 
sumed to be that of cobalt which in t u rn  is t aken  to be 
one-half  that of gold (6). 

The thickness is measured as described above and 
combined with the calculated value of oxide thickness 
if all the cobalt were oxidized to  give the fraction of 
the cobalt removed, or F. The stoichiometry of the 
oxide was not measured, but  it was assumed to be 
CoO. When density and molecular  weight are taken 
into account, the results are wi th in  10% for either CoO 

dN 
dE 

C 0 5Kv 
Co 35~amps 

21o 41o 81o lolo 12bo 14 o 161o 18 o 2000 
Electron [nerzy eV 

Fig. 3. Typical Auger spectrum 
taken before sputtering. Sample 
had been heated at 100~ for 
6060 hr. 
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Fig. 4. Typical profile of the 
top few hundred angstroms. 
Sample had been heated at 
150~ for 2927 hr. 

\" .,.,o,, D,, 1 

2 4 i I I I  12 Spultorim! Tinoo (uiamJ 
16 32 41 64 U N Depth (,~J 

or C0304 which are the two possibilities (7). For sim- 
plicity, then we assume CoO. 

Results 
Profiles were obtained for samples heated at 150~ 

for 2927 hr and samples heated at 100~ for 6060 hr. 
A typical Auger  spectrum is shown in Fig. 3 and a 
typical profile is shown in  Fig. 4. 

The reason for the init ial  rise in the cobalt and oxy- 
gen signal is that a small  layer of carbon (which typi-  
cally exists on any sample which has been exposed 
to the atmosphere for any significant length of t ime) 
is being removed, thus, uncovering the under ly ing  ma-  
terial. 

The oxygen signal follows the cobalt ra ther  closety 
which tends to indicate that this cobalt is in the oxide 
form. The gold signal goes from zero in the oxide to 
its bulk value after the oxide has been sputtered away. 
The model is, then, that the cobalt at the surface be-  
comes oxidized leaving a lower free cobalt concentra-  
tion, the cobalt in  the bu lk  diffuses out and in t u r n  
is oxidized. The resul t ing structure is a cobalt oxide 
film on top of the gold. 

Let us take the thickness where the peak height 
crosses the center point, ha l f -way between ma x i mum 
and zero, as the thickness of the cobalt oxide. Table I 
gives the values of time, temperature,  thickness, and 
the corresponding value of diffusion coefficient ob- 
tained using methods discussed in  the section on 
Theory. 

One immediate  observation is that  the samples with 
50.8 #m of gold give cobalt oxide films which are not 
significantly different in thickness from the films 
formed on the 3.3 #m samples. This tends to substan-  
tiate the theoretical conclusion that  the amount  of 
film formed should be independent  of gold thickness. 

Table I. Thickness of cobalt oxide and diffusion coefficients for 
various times and temperatures 

Temper -  T h i c k -  
a t u r e ,  ~ T i m e ,  hr ness ,  A D,  cm~/sec  

150 2927 53 2.0 • 10-1e 
150 2927  58 2 .28 x 10-ie 
150" 2997 64 2,95 • 10 -le 
100 6060 7.0 1,85 x 10 -is 
I00 6060 II.0 4.2 X I0 -is 
I00 6060 6.6 3.2 X 10 ~18 
I00 ~ 7156 11.4 3.82 X 10 -Is 

* G o l d  t h i c k n e s s  is  50.8 /~m for these  s a m p l e s .  O t h e r s  a r e  a l l  3 .3  
/zm. 

The main  thrusts  of this work are the description of 
how Auger spectroscopy can be used for diffusion mea-  
surements  (along with the necessary diffusion theory) 
and the report ing of diffusion coefficients at reasonably 
low temperatures  (100 ~ and 150~ A secondary bene-  
fit obtained is that these values of the diffusion coeffi- 
cient can be plotted on an Arrhenius  plot to obtain an 
activation energy for diffusion and to make rough 
estimates of diffusion coefficients at even lower tem- 
peratures.  

Extrapolat ion beyond measured data is risky, at best, 
and the choice of the method used for the extrapola-  
t ion is up to the extrapolator.  The author  has used a 
least squares fit along with the 95% confidence limits 

10'1s 

10.15 150~C 100~C 50~ 2F.C 

~ ~ ,~-95% CONFIDENCE 

\X\  

1 0 2 1  _ _  _ 

.22 10 
.00240 .00200 .00280 .00300 .00320 

1/T (~ 
Fig. 5. Arrhenius plot of diffusion coefficient, D vs. 1 /T 
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of the least squares line. This is shown in  Fig. 5. The 
activation energy for diffusion, Q, obtained from the 
least squares l ine is 

Q -- 28 _ 6 kcal /mole  

Another  point of interest  is that the square root re- 
lat ion 

V h ~  

holds for most systems of interest  for this model. For 
gold thicknesses of 3.3 #m and temperature  of 50~ 
(along with the corresponding diffusion coefficient 
D ---- 10 -19) the t ime corresponding to F = 0.6 is of 
the order of 104 years. If we use smaller thicknesses 
where  the fraction might be appreciable, other t rans-  
port  mechanisms, e.g., porosity, would prevail  and the 
model proposed here would not be applicable. 

Summary 
We have considered the diffusion of cobalt out of a 

gold layer. The theory is discussed first to relate mea-  
sured quanti t ies  to diffusion coefficients. Measurements 
were taken and the appropriate calculations made to 
obtain values for the diffusion coefficients at different 
temperatures.  Arrhenius  plot extrapolations were then  
made to obtain rough values for the coefficients at 
lower temperatures.  
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Multilayer Metallization with Planar Interconnect 
Structure Utilizing CVD AI203 Film 
H. Mutoh,* Y. Mizokami,* H. Matsui, S. Hagiwara, and M. Ino 

OKI Electric Industry Company, Limited, Hachioji, Tokyo, Japan 

ABSTRACT 

A new, mul t i layer  metall ization system has been developed for the purpose 
of fabricating a planar  interconnect  structure. This system comprises two 
levels of metal  interconnection, and the first-level metal  layer is buried in  a 
low temperature  CVD A12Os film pyrolytical ly deposited by Al(i-CsH70)3 at 
420~ The metal  chosen for both layers is a luminum,  and the insulator  is 
phosphosilicate glass. In the metal  processing, a self-aligned photolithographic 
technique is applied in which positive photoresist AZ-1350 plays an impor tant  
role in  forming the first-level A1 layer and the A1203 film. 

The recent development  of large scale integrat ion 
(LSI) of microcircuits has required the use of more 
than  one level of metal l izat ion in order to achieve 
high packing density. In  conventional  mult i level  struc- 
tures, each metal  layer is separated from the next  by 
an insula t ing oxide, .and there are many  steps at metal  
edges which result  in l imit ing the rel iabil i ty and yield. 
In  the fabrication of mult i level  structures, it is highly 
desirable to provide a p lanar  interconnect  structure. 

Recently, so-called "no step" metall izations appear 
to be possible by the use of anodically formed A120~ 
or polyimid (1, 2). 

This paper  describes a new mul t i layer  metall iza- 
t ion system in which a first-level metal  layer  is bur ied 
in  chemically vapor deposited A1203 for the purpose 
of fabricating the planar  interconnect  structure. 

Structure and Manufacturing Process 
The schematic cross section of a two-level  s truc-  

ture  fabricated by this new method is shown in Fig. 
l ( a ) ,  in comparison with a conventional  s t ructure 

* Electrochemical Society Active M e m b e r .  
Key words: a luminum oxide film, planar interconnection, lift off, 

positive photoresist. 

using a phosphosilicate glass (PSG) film as the in-  
sulat ing layer in Fig. 1 (b).  It was found that p lanar i ty  
of surface in  the new structure is achieved with the 
first-level metal  layer buried in A1208. 

The metal  process steps used in the fabrication of 
this new planar  interconnect  s tructure are shown in 
Fig. 2. After the diffusion processes are finished, an 
A1203 film is deposited on the wafer by pyrolysis 
of a luminum triisopropoxide Al(i-C3H70)8 (3-5) 
as shown in step (A). This CVD A12Q film can be 
deposited at a relat ively low tempera ture  of about 
400~ so that  the characteristics of the devices do 
not deteriorate. The required film pat terns are pre-  
pared by photomasking with positive photoresist (AZ- 
1350) and etching in hot phosphoric acid as shown 
in steps (B) and (C). The A1203 film can be very 
quickly etched by phosphoric acid, which makes it 
possible to perform the etching process with negligible 
etching of the other oxide film undernea th  the etched 
AlzO~ film to form selectively desired patterns. 

Next, without removing the photoresist, we evapor- 
ate a luminum onto the wafer up to the equivalent  
thickness of the A120~ film as shown in  step (D). 
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Fig. 1. Schematic cross section 
of two-level structure. (o, left) 
Structure made by new method, 
(b, right) structure made by 
conventional method. 
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Fig. 2. Manufacturing process 

When the wafer is immersed into a solution such as 
acetone or concentrated sulfuric acid, the AZ-1350 
photoresist is dissolved in  the solution and the alu-  
m i num on the resist is removed. As a result  of this 
operation, the remaining  a luminum in spaces between 
A1208 areas forms the first-level A1 layer  as shown in 
step (E). As mentioned, a self-aligned photolitho- 
graphic technique is used in this new metall ization 
process; i.e., AZ-1350 photoresist which has been used 
for formation of the A120~ areas is also util ized in 
forming the first-level A1 layer. 

Addit ional  insulator  and second-level A1 layer  proc- 
esses are the same as for conventional  metal  in ter -  
connection as shown ins t eps  (F) and (G).  

The insulator  used in this s t ructure is phosphosilicate 
glass deposited by a chemical vapor deposition tech- 
nique, the insulator  "through-holes" are pat terned by 
a photoengraving technique, and the second-level A1 
layer is finally formed. When etching through-holes,  a 
"plasma etching technique" is employed in our process 
in order to protect the first-level A1 layer  f rom corro- 
sion by electrochemical reaction in buffered HF liquid. 
The specific contact resistance between the first and 
second-level A1 layers through the through-holes was 
observed to be 4-5 X 10 - s  ohm-cm 2. 

Properties of CVD AI203 Film and Effects on Devices 
Properties.--Formation of AlzOs films.raThe deposi- 

t ion apparatus consists essentially of a bell j a r  cover- 
ing a rotat ing hot plate. A schematic of the apparatus 
for the deposition of A1208 film is shown in Fig. 3. Dry 
ni t rogen gas passes through the a l u m i n u m  triisopro- 
poxide [AI(i-C~H~O)3] vaporizer at a constant tem- 
pera ture  of 170~C (vapor pressure ---- 50 mm Hg), and 
the organic compound vapor is mixed with more ni t ro-  
gen gas and transported to the hot plate in  the bell  jar, 
where the mix ture  pyrolizes to form A1203. We usual ly 
deposit at 420~ in  our process, when the growth rate 
is typically 200 A/min.  If deposition is performed in  
the presence of addit ional oxygen, the growth rate will  
increase. 

Dielectric breakdown strength measurements.mSome 
dielectric breakdown strength measurements  of this 
CVD A1203 film were made using an A1-A12Os-Si s truc-  
ture. The results are shown i n  Fig. 4. The dielectric 
breakdown strength of films deposited at 420~ was 
approximately 4 • 106 V/cm, which is about half  the 
breakdown strength of a thermal  SiO2 film. 
Cracking.--In our experiments,  we observed cracks 
developing if thick A1203 was deposited~ or if the film 
was deposited in the presence of additional oxygen. 

In  our deposition process, however, we form the film 
under  oxygen-free conditions, so no cracks occur for 
film thicknesses up to 15,000A. 

Film etch rate.--This CVD A1203 film is highly soluble 
in  phosphoric acid, especially at high temperature.  

The etch rate of A1208 film in phosphoric acid is 
shown in  Fig. 5, in comparison with that of a thermal  
SiO2 film containing P205. The etch rate for the A120~ 
film is approximately 4000 times that  of the SiO2 film. 

As an example, the etch rate for the A1203 films pre-  
pared at 420~ was typically 4000 A/ra in  in 85% H~PO4 
at 70~ whereas that  of the thermal  SiO2 film contain-  
ing P205 was as low as 50 A/hr .  This considerable dif- 
ference between the etch rates for A1203 and SiO~ films 
makes it possible to delineate selectively bur ied  A1203 
films. 
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Fig. 3. Schematic of vapor 
deposition system for preparing 
AI203 film. 

Effects of A120s film on devices.--Since the CVD 
A1203 film is formed at a relat ively low tempera ture  of 
400~176 it may show several electrical properties 
different from high tempera ture  formed A1203 films, 
especially exhibi t ing bad interface properties with sili- 
con. For example, it is known from the C-V behavior  
that A1-A120~-Si (MAS) structures show unstable  
characteristics because of the presence of mobile elec- 
trons in  the A1208 film and charge t ransfer  at the gate 
electrodes (3, 4). In  the new metal l izat ion system, 
however, the presence of the SiO2 film between the Si 
and A1208 el iminates such effects associated with 
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Fig. 5. Comparison of etch rates for CVD AI203 film and Si02 
film. 

charge t ransfer  at the Si-SiO2 interface. The flatband 
surface-state charge density (NFB) characteristics of 
AI-AI203-SiO2-Si structures are shown in Fig. 6, where 
NFB is plotted as a funct ion of the A1203 and SiO2 film 
thicknesses. It is noted that  the thicker  the SiO~ film 
becomes, the less pronounced the tendency of the A1203 
film to make the surface of the Si more positive. 

When this s t ructure  is applied to such devices as 
bipolar IC's, inversion of the collector conductivi ty 
may occur. The resist ivity of the collector region, how- 
ever, is usual ly  as high as about 1 ohm-cm, and the 
thickness of the SiO2 film is as high as about 7000A, so 
we consider it to be free from the influence of AI2Oa. 
In  this metal  process, the A1203 film is deposited after 
a contact photolithographic step. Therefore, an insula t -  
ing layer  may be formed on the exposed silicon in the 
bel l  jar, which would make it difficult to establish good 
ohmic contact or to form a Schottky barr ier  diode. This 
problem can be overcome by  dipping the wafer in a 
buffered HF l iquid jus t  before the A1 evaporat ion step. 

Reliability 
Continuity of second-leve~ Al layer.--Observation by 

SEM and angIe-lapping.--Scanning electron micros- 
copy and angle- lapping were used to examine the fea- 
tures of crossovers of leads in new and conventional  
structures as shown in  Fig. 7. Photograph (A) and (C) 
show the cross section of a chip made by the new 
method. The thickness of the first-level A1 layer is 
6500A, the same as that of the A1203 film, the in ter-  
layer phosphosilicate glass 8000A, and the second-level 
A1 layer 12,000A. On the other hand, photograph (B) 
and (D) show the cross section of another  chip made 
by a conventional  method under  the same conditions. 
These photographs indicate that  the new structure is 
very beneficial in realizing surface planari ty,  whereas 
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Fig. 6. Characteristics of NFB in AI-AI2O3-SiO2-SI structures 
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F~g. 7. Scanning electron 
micrographs (A and B) of cross- 
over and optical photographs 
(C and D) of angle-lapped sur- 
face. A and C, structure made 
by new method; B and D, 
structure made by conventional 
method. 

the second-level A1 layer of the conventional  s t ructure 
is apt to be cut at the step. 

Opens in second Al layer.--The cont inui ty  of the sec- 
or~d A1 layer  for several different thicknesses of the 
first A1 layer  was checked. 

Test pat terns  were fabricated in  which the first A1 
layers of 20 ~m width were 3000, 4500, 7000, and 
10,000A thick, and the second A1 layers of 20 ~m width 
were mainta ined 12,000A thick. There were the same 
number  of chips for each structure and each chip had 
800 crossover points. 
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Fig. 8. Mean time to failure 
vs. temperature of first AI layer 
for three types of test structure. 
(a, left) Test structures, (h, 
right) MTF vs. temperature. 
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The contrast between the number  of opens in the 
second A1 layers for the new and conventional  s truc-  
tures is presented in Table I. These data show that  as 
long as the thickness of the first A1 layer is less than 
4500A, there are no opens for both the new and con- 
ventional  structures. But when the first A1 layer is up 
to 10,000A in thickness, the new structure eliminates 
failures result ing from opens of the second A1 layer. 

Mean time to failure of the first and second AI layers. 
--First Al layer.--It has been observed that  electro- 
migrat ion in a luminum is produced by high current  
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Fig. 9. Mean time to failure 
vs. current density of second AI 
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structures. 

PSG. Test strips 20 #m in width and 3000A in  thick- 
ness were subjected to a current  density of 5 • 10 e 
A/cm 2 at 25 ~ 60 ~ and 100~ A l u m i n u m  was evapo- 
rated at a rate of 40 A/sec using electron beam evapo- 
ration. 

Fig. 10. Two-level LSI pattern using CVD AI20~ 

densities, which decrease the mean  t ime to fai lure 
(MTF) (6). The MTF can be increased by coating the 
a l u m i n u m  layer. In  the new metal  structure,  as the 
first A1 layer  is coated with Al~O3 and PSG films, the 
1VLTF is expected to be greater  t han  that  of a non-  
coated A1 layer. 

Exper iments  were carried out to evaluate the effects 
on the MTF of coated first A1 layers. In  order to com- 
pare the MTF of the new structure with others, three 
types of test s tructures A-I ,  A-2, and A-3 were fab-  
ricated as shown in  Fig. 8(a) where the first A1 layer  
of A-1 is noncoated, that  of A-2 is completely coated 
with PSG, and that  of A-3 is coated wi th  AltOs and 

Table I. Number of opens in second AI layer 

Thickness  of  New Conventional 
first A] layer, A structure structure 

3,000 0 /50  0 /50  
4,500 0 /50  0 /50  
7,000 0 /50  23150 

10,000 0 /50  50150 

Fig. 11. 256 bit bipolar RAM chip with planar interconnect struc- 
ture utilizing CVD AI203. 
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Data for each structure of MTF vs. temperature  is 
presented in  Fig. 8(b) .  We can see that  both the new 
and conventional  structures have almost equal MTF, 
which is greater  than that of the noncoated structure. 

Second Al layer.--Similarly, experiments  were carried 
out to evaluate the MTF of the second A1 layers. Test 
strips 15 ~m in width and 12,000A in thickness were 
subjected to a temperature  of 100~ at various current  
densities. In  order to compare the MTF of the new 
structure with others, three types of test structures 
B-l ,  B-2, and B-3 were fabricated as shown in  Fig. 
9 (a), where B-1 is a conventional  structure, B-2 is the 
new structure, and B-3 is a test s t ructure without  a 
first A1 layer. 

Data for each structure of the MTF vs. current  den-  
sity is presented in Fig. 9(b) .  The thickness of the 
first A1 layer  is 3000A, and that  of the PSG film is 
8000A. It is noticed that the MTF for the new structure 
is about five times greater than  that of the conven-  
tional structure. 

Applications 
This new planar  interconnect ion technique can be 

applied to fabricate various LSI chips. 
Figure 10 shows an example of a two-level  LSI pat-  

te rn  uti l izing this technique, and  a photograph of a 
256 bit bipolar RAM chip fabricated using this new 
structure is shown in Fig. 11. 

Conclusions 
A new planar  metal l izat ion technique has been de- 

scribed for fabricating a two-level  s t ructure uti l izing 
CVD A1203. 

It has been shown that  a p lanar  interconnect  struc- 
ture can be fabricated using low tempera ture  CVD 
A1203 as an insulator  between areas of the first-level 
A1 layer, a self-al igned photolithographic technique 

can be applied in which positive photoresist AZ plays 
an important  role in forming the first-level A1 layer  
and the A1203 film, and the process for forming the 
CVD A1203 film is simple and economical. 

This new structure should provide a useful method 
for establishing a new approach to LSI mul t i layer  
structures. 
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Determination of Excess Zn in ZnO 
The Phase Boundary Zn-Znl§ = 0 

K. I. Hagemark and P. E. Toren 
3M Central Research Laboratories, St. Paul, Minnesota 55101 

ABSTRACT 

The excess Zn of Zn-doped ZnO has been determined using two different 
methods. An electrochemical method was used as a direct method. Hall effect 
measurements at 77~176 were used as an indirect method. The agreement 
between the results from the two methods is good. The Zn-Znl+xO phase 
boundary is given in the range 700~176 as log XZn (ppma) ---- -- 4700/T -~ 
5.6. 

Excess Zn accounts for the n - type  character of ZnO. 
Small changes in the stoichiometric composition have 
a drastic effect on the physical and chemical proper-  
ties. However, the Zn concentrat ion level is less than  
100 ppm and thus difficult to determine by conventional  
analytical  techniques. Some chemical analytical  meth-  
ods have been reported previously (1-4). 

In  this paper  we discuss the use of two methods, an 
electrochemical method as a direct chemical method 
and Hall effect measurements  as an indirect method. 
ZnO single crystals have been equi l ibrated at 700 ~ 
1100~ in Zn vapors from Zn metal  kept at the same 
temperature  as ZnO and rapidly quenched to room 
temperature.  As a result  Zn-satura ted ZnO crystals 
were obtained. After  the Hall effect measurements  at 
77~176 the crystals were analyzed by an electro- 

Key words:  z inc  ox ide ,  coulornetry,  Hai l  effect.  

chemical technique similar to the one developed by 
Engell  (3). The agreement  between t he  methods is 
good. 

Experimental 
Crystals.--3M vapor phase grown ZnO crystals were 

used. Emission spectrometric and mass spectrographic 
analyses showed no major  impuri t ies  above 1 ppma 
(atomic) (4.2 • 1016 atoms-cm -z) except for Si (10- 
20 ppma).  The crystals were cut into bars of typical 
size 2 X 2 • 15 ram. Excess Zn was introduced into 
the ZnO crystals by heating the crystals in sealed 
silica ampuls in saturated vapor of Zn. Doping runs 
were performed at 700 ~ 800 ~ 900 ~ 1000 ~ and 1100~ 
for a length of 2 weeks at the lower temperatures  to 
2 days at the higher temperatures.  After  the heat-  
t reatments  the crystals were rapidly cooled to room 
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temperature.  A hot concentrated HsPO4 etch was used 
to remove about 50~ from the surface. 

Electrical measurements.--A conventional  Hall 
method was used. Details of the method and apparatus 
are given elsewhere (5). 

Electrochemical techniques.--Electrochemical mea- 
surements  were carried out in  a 3-compar tment  cell 
with f l i t ted glass disks separating the compartments.  
The working electrode compar tment  contained a mer-  
cury pool which formed the electrical contact between 
the external  circuit and the ZnO c rys ta l  which was 
floated on it. A p la t inum counterelectrode and a satu-  
rated calomel reference electrode (SCE) were placed 
in the other two cell compartments.  

A Wenking potentiostat  was used to ma in ta in  the 
ZnO crystal at a constant  potential  vs. the reference 
electrode. 

Electrolysis current  was integrated by a simple 
analog integrator,  bui l t  in-house using "~A 741" inte-  
grated circuit operational  amplifiers and a high qual i ty 
10 ~F in tegrat ing capacitor. 

Exper imenta l  measurements  were carried out by 
filling the cell compartments  with 1.8M H~SO4 electro- 
lyte solution, connecting the electrodes (with the mer-  
cury pool as the working electrode), and applying the 
desired working electrode potential  while bubbl ing  
ni t rogen through the st irred solution to remove dis- 
solved oxygen. When the background current  at the 
preset potential  (usual ly --0.2V vs. SCE) had de- 
creased to its m i n i m u m  level (less than  0.01 mA) a 
weighed crystal of ZnO was dropped into the cell and 
floated on the mercury  pool. The current  resul t ing 
from the oxidation of Zn ~ "as the ZnO dissolved in the 
acid electrolyte was in tegrated and  the resul t  used to 
calculate the equivalents  of oxidizable mater ial  pres-  
ent  in the ZnO crystal. Most of the measurements  were 
made at 40~176 to increase the dissolution rate of 
the ZnO and thus minimize the background current  
correction. 

Results and Discussion 
Electrical transport properties.--The electrical re-  

sistivity p, the carrier concentrat ion n, and Hall  mo-  
bi l i ty  ~H have been measured in  the range 77~176 
Only ~he results at 300 ~ and 100~ are given in  Table I. 

The concentrat ion of excess Zn can be calculated 
from (i) the relat ionship of the carrier concentrat ion 
vs. the tempera ture  and (if) the Hall  mobi l i ty  at lower 
temperatures  where defect scattering is important .  

Carrier concentration analysis.--From semiconduction 
statistics (6) the concentrat ion of donors ND and ac- 
ceptors NA can be calculated. A more detailed discus- 
sion of Zn:doped ZnO is given in  Ref. (5) and (7). We 
have assumed that excess zinc is incorporated into ZnO 
lattice as hydrogen- type  shallow donors. The results 
of the calculations are given in Table I. We are as- 
suming the excess Zn, Xzn, is s imply given by 

XZn -~  ND -- NA [I] 

The ZnO crystal contains 4.21 X 10 sz Zn atoms-cm -s. 
Thus i ppma corresponds to 4.21 X I0 is atoms -cm-s- 

Hall mobility anaIysis.--The total  mobi l i ty  # can be 
assumed to be expressed a s  

1 1 1 i 
-- : -- + -- + -- [2] 

]~L ~I ]~N 

where the lattice mobility #L = 2.0 X 103 em2-V -1- 
sec -I  at 100~ (9); ~i is the ionized defect scattering 
mobility and ~N is the neutral defect scattering mobil- 
ity. The expressions for ~l and ~N are given in previous 
papers (5, 8). 

The concentration of excess Zn can be estimated by 
calculating the concentration of ionized centers NI and 
of neutral centers NN. We will only consider the data 
at 100~ Since we are dealing with strongly n-type 
ZnO we are assuming a low concentration of acceptors. 
Thus 

N1 ~ n(100~ 

where n is the carrier concentration at 100~ By 
knowing NI and n, #i can be calculated [from Ref. 
(5) ]. The value for ~N can then be found from Eq. [2]. 
The concentration of neutral centers is then (5) 

5.39 • 1020 
:NN --" (cm -~) 

~N 

and the concentrat ion of excess Zn is 

Xzn ~ n(100~ + NN 

The results of the calculations, given in Table I, com- 
pare favorably with the results from the carrier  con- 
centrat ion analysis. 

Electrochemical measurements.--The electrochemical 
method reported here is similar to Engell 's  in  that  both 
methods involve the measurement  of electrochemical 
oxidation of zinc Occurring s imultaneously with the 
chemical dissolution of zinc oxide. Engell  calculated 
the oxidation rate corresponding to a measured steady- 
state oxidation current,  and compared it to the total 
dissolution rate of the oxide electrode. Our procedure, 
based on integrat ion of the electrochemical current,  is 
not l imited to s teady-state  currents  or electrodes of 
constant  surface area. 

Both procedures are based on two assumptions con- 
cerning the behavior  of the ZnO crystal in the cell: (i) 
that the electrochemical oxidation of Zn ~ is much 
more rapid than the chemical solution of metall ic zinc 
in dilute sulfuric acid, and (if) that  Zn ~ is the only 
oxidizable material  present  in the ZnO crystal. The first 
assumption was checked by adding small  particles of 
metall ic zinc to the cell in  place of ZnO crystals. The 
integrated current  corresponded to greater  than  95% 
of that predicted by Faraday 's  law. The second as- 
sumption rested on the spectroscopic evidence that  no 
metal  other than  zinc was present  in  the crystals. 

The factors l imit ing measurement  accuracy were the 
background current  and possible integrator  drift  dur-  
ing the course of the measurement .  The effect of both 
of these factors was minimized by carrying out the 
measurements  at 40~176 instead of at room tempera-  
ture. The higher tempera ture  decreased the t ime re-  
quired to dissolve a ZnO crystal from several hours to 
about 40 rain. 

Atomic ppm Zn was calculated from 

(coulombs) (81.38) (106) 
ppma -- 

(rag ZnO) (96.5) (2) 

Table I. Results 

Doping  
t em per -  

atureo ~  

Electrical  r e s i s t i v i t y  p a n d  
carrier concentration n 

300~  

p n 
(ohm-cm) (cm -s) 

lO0~ 

n ~H (cmS- 
(cm-8) V-l-sec-1)  

A n a l y s e s  

Carrier conc M o b i l i t y  

XZn XZn XZn XZn 
(crn -8) (ppma) (cm -~) (ppma) 

EL Chem 

XZn 
(ppma) 

7 ~  
8 ~  
9 ~  

1000 
1100  

0.36 1.1 • 10 ~ 
0 .14  3.1 x 10 ~ 
0.060 7.3 x 10 ~7 
0 .046 9.5 X 101' 
0 .017 3.6 • 10 ~ 

2.0 x 10 lo 930  
6.6 • 10 ~e 560  
2.0 • 10 ~-7 350 
4.5 x 10 ~" 210 
3.4 x 10 TM i00 

1.6 x 10 ~7 4 
5.6 x 10 ~7 13 
1.0 x 10 TM 24 
1,9 X I0 ~s 45 
~ 7  X 10 ~s 165 

2.2 • 1017 5 
4.8 x 10 ~7 ii 23 
9.5 X 1017 23 30 
2.0 x 10 TM 47 75 
7.7 • 10 TM 183 190 
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Fig. I. A portion of the phase diagram Zn-Znl+=O is shown. 
The excess Zn boundary has been determined. �9 represents the 
electrochemical data and [ ]  represents results from the Hall effect 
analysis. The excess oxygen boundary is suggested only. 

Results  of these measurements  are  summar ized  in  
the  last  column of Table  I. 

The phase boundary Zn-Znl +xO.--The values  for  Xzn 
in Table I r epresen t  the phase bounda ry  Zn-Znl+xO 
(the m a x i m u m  solubi l i ty  of Zn in Znl +xO). A por t ion  
of the phase  d iagram Zn-Znl+xO is shown in Fig. 1. 
The excess oxygen  l imi t  of Znl  +xO is p robab ly  ve ry  
close to s toichiometr ic  ZnO (p - t ype  ZnO has not  ye t  
been observed) .  

The phase b o u n d a r y  is also shown in Fig. 2 as log 
xzn vs. 1/T and m a y  be rep resen ted  as 

4700 
log Xzn = l" 5.6 

T 

This corresponds to average  values  of the hea t  of solu-  
t ion hH = 22 kca l /mo le  and en t ropy  of solut ion hS = 
26 eu in the  t e m p e r a t u r e  range 700~176 of Zn sa tu-  
r a t ed  ZnO. 

Manuscr ip t  submi t ted  Dec. 2, 1974; rev ised  m a n u -  
scr ipt  received Feb.  27, 1975. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1976 JOURNAL. 
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Fig. 2. The excess Zn boundary of Znl+xO as shown as log XZn 
(ppma) vs .  103/T(~ 

All  discussions for  the June  1976 Discussion Section 
should be submi t ted  by  Feb.  1, 1976. 
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ABSTRACT 

I0 

A l u m i n u m  ni t r ide  films have been deposi ted on sil icon subst ra tes  at  800 ~ 
1200~ by  the pyrolys is  of an a luminum t r i ch lo r ide -ammonia  complex, 
AIC13.3NH~, in a gas flow system. The deposi t  was t ransparent ,  t igh t ly  ad-  
heren t  to the substrate,  and  was confirmed to be a luminum ni t r ide  by  x - r a y  
and e lec t ron diffraction techniques.  The deposi ted a luminum ni t r ide  films were  
found to be po lycrys ta l l ine  wi th  the  crys ta l l i te  size increasing wi th  increas ing 
t empe ra tu r e  of deposition. Other  proper t ies  of a luminum ni t r ide  films re l evan t  
to device applicat ions,  including density,  re f rac t ive  index, dissolution rate,  d i -  
e lectr ic  constant,  and masking  abil i ty,  hav, e been determined.  These p rop -  
er t ies  indicate  tha t  a luminum ni t r ide  films have potent ia l  as a dielectr ic  in 
e lectronic  devices. 

A l u m i n u m  ni t r ide  is a ref rac tory ,  l a rge  energy  gap 
ma te r i a l  [ subl imat ion t e m p e r a t u r e  2400 ~ (1), energy  
gap 5.9-6.2 eV (2, 3)]  and has chemical,  physical ,  and 
e lect r ica l  p roper t ies  su i tab le  for  severa l  appl icat ions  
in e lectronic  devices. For  example ,  its la rge  energy  
gap, good the rmal  s tab i l i ty  [equi l ib r ium vapor  p res -  
sure  of n i t rogen at  1500~ 0.0.5 Torr  (4)] ,  and chem-  
ical iner tness  [stable in a i r  at  t empera tu res  up to 
700~ ('5)] suggest  tha t  a luminum ni t r ide  is a good 
d ie lec t r ic  for  active and passive components  in semi-  
conductor  devices. A l u m i n u m  nitr ide,  being a piezo-  
electr ic  m a t e r i a l  wi th  a high acoustic velocity,  is also 
wel l  sui ted for the  fabr ica t ion  of surface wave  acoustic 
devices. 

A l u m i n u m  ni t r ide  has been p repa red  by  severa l  
techniques,  such as the  direct  combinat ion  of the e le-  
ments  and chemical  react ions  of gaseous a luminum and 
n i t rogen-con ta in ing  compounds on subs t ra te  surfaces. 
The di rec t  combinat ion  technique requires  t empera -  
tures  in excess of 1500~ (2, 5, 6) and is not  sui table  
for  device appl icat ions.  'On the other  hand, a luminum 
n i t r ide  films have been  deposi ted on the surfaces of 
r e f rac to ry  metals,  insulators,  and semiconductors  at  
cons iderab ly  lower  t empera tu re s  by  the reac t ion  of 
a luminum t r ich lor ide  wi th  ammonia  (1, 3, 7-12) and 
the reac t ion  of t r i m e t h y l a l u m i n u m  wi th  ammonia  (13). 
A l u m i n u m  ni t r ide  films up  to 5 #m in thickness have 
also been deposi ted  on meta l l ic  subs t ra tes  b y  diode 
react ive  sput ter ing,  and the die lect r ic  proper t ies  of 
spu t t e red  a l u m i n u m  n i t r ide  films were  found to be 
super ior  to those of bu lk  po lycrys ta l l ine  ma te r i a l  (14). 
The  chemical  deposi t ion technique  appears  to be 
more  compat ib le  wi th  the  cur ren t  device technology;  
however ,  the  ut i l iza t ion of a luminum n i t r ide  in semi-  
conductor  devices has not  been  explored.  

In  this  work, a luminum ni t r ide  films have  been de-  
posi ted  on single crys ta l  si l icon subs t ra tes  b y  the 
pyrolys is  of an a luminum t r i ch lo r ide -ammonia  com- 
p lex  in  a gas flow system. The proper t ies  of the  de -  
posi ted films, such as s t ructure,  composit ion,  densi ty,  
re f rac t ive  index,  dissolut ion rate,  dielectr ic  constant,  
mask ing  abil i ty,  etc., have been de termined.  The ex-  
pe r imen ta l  methods  and resul ts  a re  discussed in this 
paper .  

Preparation of A luminum Ni t r ide Films 
The ammonolys is  of a luminum t r ich lor ide  is com- 

mon ly  used for the  deposi t ion of a luminum ni t r ide  
films. Because of the  hygroscopic  na tu re  of a luminum 
tr ichlor ide,  an a l u m i n u m  t r i ch lo r ide -ammonia  com- 
p lex  was used as the  s ta r t ing  mater ia l .  The complex 

* Elec trochemica l  Soc ie ty  Act ive  M ember .  
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was p repa red  by  sa tu ra t ing  reagen t  g rade  anhydrous  
a luminum t r ich lor ide  in a fused sil ica reac t ion  tube 
wi th  anhydrous  ammonia  at room tempera tu re .  The 
resul t ing mass  was hea ted  at 350~ in an ammonia  
flow, and the complex subl imed y ie ld ing  a whi te  c rys-  
ta l l ine  powder.  The composi t ion of the complex, de-  
t e rmined  by  dissolving a weighed amount  of the  speci-  
men in a known volume of 0.1N hydrochlor ic  acid and 
t i t r a t ing  the  excess acid wi th  0.1N sodium hydroxide ,  
was A1C13.3NH3. This complex is cons iderably  more  
s table  in the l a bo ra to ry  ambien t  than  a luminum t r i -  
chloride. Its vapor  pressure  was de te rmined  f rom the 
extent  of vapor iza t ion  in a sealed sil ica tube af ter  
hea t ing  at a p rede te rmined  t e m p e r a t u r e  for 24 hr. The 
vapor  pressure  da ta  in the t empe ra tu r e  range  500 ~ 
800~ are  shown in Fig. 1; the  complex  has sufficient 
vapor  pressure  at  t empera tu re s  be low 300~ for 
u t i l iza t ion in the  deposi t ion of a luminum nitr ide.  The 
heat  of vapor iza t ion  of the complex  calcula ted f rom 
the slope of this plot  was 11.8 • 0.2 kca l /mole .  

AH = 11.8 • 0.2 kcal/mole 
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The deposition of a luminum nitr ide by the pyroly-  
sis of the a luminum t r ichlor ide-ammonia  complex in a 
gas flow system was carried out using an apparatus 
shown schematically in Fig. 2. The di luent  gases used 
in the deposition process were commercial hydrogen 
purified by diffusion through a pa l ladium-s i lver  alloy 
and Matheson anhydrous  ammonia  of bet ter  than 
99.99% purity. The reaction tube was made of clear 
fused silica, 55 mm ID and 3 ft long. A fused silica boat 
containing the a luminum t r ichlor ide-ammonia  com- 
plex was main ta ined  at 250~ by using an external  
resistance heater, and hydrogen or a 6:1 hydrogen-  
ammonia mixture  at a flow rate of 30 l i t e r s /min  was 
used to carry the complex to the substrate surface. 
The silicon substrates with main  faces of {111} or ien-  
tat ion were n-type,  5-20 ohm-cm resistivity, and were 
mechanical ly polished and chemically etched in the 
usual manner.  They were supported on a silicon car- 
bide-coated graphite susceptor, and the susceptor was 
heated external ly  by an rf generator. Prior to the depo- 
sition of a luminum nitride, the substrates were heated 
at 1150~ in hydrogen for u hr to remove the oxide 
on the surface. In  some experiments,  the substrate sur-  
faces were etched in situ at 1170~ with a hydrogen-  
hydrogen chloride mixture  containing 2% hydrogen 
chloride. The deposition Of a luminum ni t r ide was car- 
ried out at substrate temperatures  in the range of 800 ~ 
1200~ and the deposition t ime was usual ly  15-45 
min. The thickness of a luminum nitr ide films on sili- 
con substrates was determined by removing part  of 
the film and measuring the height of the step generated 
with a Sloan Dektak and Graphic Chart Recorder. 

Under the conditions described above, the deposited 
films are t ransparent  and t ight ly adherent  to the sub-  
strate. The average deposition rates in the tempera ture  
range 800~176 are shown in Fig. 3. The deposi- 
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Fig. 2. Schematic of the apparatus used for the deposition of 
aluminum nitride films. 
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tion rate decreased with increasing temperature  from 
160 A / mi n  at 800~ to 120 A / m i n  at 900~ and 90 
A/ra in  at 10O0~ This decrease of deposition rate is 
due presumably to the increased contr ibut ion of gas 
phase nucleat ion at high temperatures.  The gas phase 
nucleat ion becomes more pronounced at higher con- 
centrations of the a luminum t r ichlor ide-ammonia  com- 
plex in the reactant  mixture.  For example, films de- 
posited at a rate of 750 A / m i n  at 9O0~ had a cloudy 
appearance as a result  of the enhanced gas phase nu-  
cleation. 

The films deposited in the temperature  range 800 ~ 
110'0~ were analyzed by the x - r ay  diffraction tech- 
nique. Silicon substrates were removed from the 
specimens by etching with a nitr ic acid-hydrofluoric 
acid mixture,  and the resul t ing mater ial  was pul-  
verized and examined by the Debye-Scherrer  tech- 
nique using nickel-fi l tered CuK~ radiation. The dif- 
fraction pat terns were identical  with those reported 
for a luminum ni t r ide (15), thus confirming that the 
deposited films were a luminum nitride. 

Properties of A luminum Ni t r ide  Films 
Structure.--Aluminum nitr ide films deposited on 

silicon substrates under  proper conditions were un i -  
form, t ransparent ,  and highly adherent  to the sub-  
strate. They showed no s t ructural  features when ex-  
amined with an optical microscope. Several films were 
investigated by t ransmission electron microscopy us- 
ing a Hitachi Model l l B U  electron microscope after 
removing the substrates with a nitr ic acid-hydro-  
fluoric acid mixture.  Figure 4 shows the micrographs 
of a luminum nitr ide films deposited in  the temperature  
range 80,0~176 All  films were polycrystalline, 
and the average l inear  dimensions of the crystall i tes 
increased with increasing deposition temperature.  
Typical dimensions of crystallites were 100, 200, 600, 
llO0, and 2200A in films deposited at 800 ~ 900 ,~ 1000 ~ 
11.09 ~ and 1200~ respectively. This increase in crys- 
tallite size with temperature  is to be expected. The 
diffraction pat terns of a luminum nitr ide films de- 
posited at various temperatures  are shown in Fig. 5. 
The d-spacings measured from these pat terns fur ther  
confirm that  all  films are a luminum nitride. Figure 5 

Fig. 4. Transmission electron micrographs of aluminum nitride 
films deposited at (A) 800~ (B) 900~ (C) 1000~ and (D) 
1100~ 
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Fig. 5. Electron diffraction patterns ef aluminum nitride films 
deposited at (A) 800~ (B) 900~ (C) 1100~ and (D) 1200~ 

indicates  tha t  a luminum ni t r ide  films deposi ted at  
t empera tu re s  above 1000~ are  po lycrys ta l l ine  and 
tha t  p re fe r red  or ienta t ions  are  increas ingly  apparen t  
wi th  decreas ing t empe ra tu r e  of deposit ion.  The single 
c rys ta l l in i ty  of the  subs t ra tes  appears  to have l i t t le  or 
no effect on the  s t ruc tu ra l  p roper t ies  of a luminum ni -  
t r ide  since a luminum ni t r ide  films deposi ted on the 
surface of silicon d ioxide  were  essent ia l ly  the  same as 
those on sil icon substrates .  

Density, refractive index, and optical absorption.- 
The dens i ty  of a luminum ni t r ide  films deposi ted  at 
var ious  t empera tu re s  was de te rmined  by  the floating 
equ i l ib r ium technique  using a mix tu re  of 1-bromo 
2-iodo benzene and me thy lene  iodide. The t e m p e r a -  
ture  of deposi t ion was  found to affect only  s l ight ly  the 

dens i ty  of a luminum nitr ide.  A l u m i n u m  ni t r ide  films 
deposi ted at 800 ~ 900 ~ 1000% and l l00~ have  den-  
sities of 3.15, 3.18, 3.18, and 3.20 +_ 0.01 g / e m  s, respec-  
t ively,  as compared  wi th  a repor ted  value  of 3.13 g / cm s 
(12) and the theore t ica l  dens i ty  of 3.26 g/cm% 

The ref rac t ive  index of a luminum ni t r ide  films de-  
posi ted in the t empe ra tu r e  range  800~176 was 
de te rmined  b y  the Becke l ine method to be 1.991 _+ 
0.003, i r respect ive  of the  deposi t ion tempera ture .  A few 
samples  were  also measured  b y  the e l l ipsometr ic  
technique; the results,  though not as reproducible ,  were  
usual ly  in good agreement  wi th  those by  the Becke 
l ine method.  However ,  re f rac t ive  indices as high as 
2.17 • 0.05 have been  repor ted  for single crys ta l l ine  
a luminum ni t r ide  p repa red  by  the direct  react ion of 
a luminum wi th  n i t rogen (16). 

The optical  absorpt ion spect ra  of a luminum ni t r ide  
films deposi ted under  var ious  conditions were  t aken  
on a Beckman Model DK-2 spec t rophotometer  at room 
tempera ture .  Typical  resul ts  are  shown in Fig. 6, 
where  the  thickness of the  a luminum n i t r ide  film was 
18 ~m for curve A and 13 ~m for curve B. The funda-  
menta l  absorpt ion edge for all  specimens measured  
was found to be 5.9 _ 0.2 eV, in agreement  wi th  that  
observed by  others  (2). However ,  the  films deposi ted 
at  ve ry  high rates,  700 A / m i n  or h igher  i r respect ive  of 
deposi t ion tempera ture ,  exh ib i ted  an addi t iona l  ab-  
sorpt ion band in the 3.0 to 3.2 #m region (curve  A) 
whi le  those deposi ted at low rates, 300 A / m i n  or lower,  
showed no absorpt ion in this  region (curve B).  The 
absorpt ion  in the  3.0-3.2 ~m region is p r e sumab ly  due 
to the  N - H  or A1-C1 bonds in a luminum ni t r ide  films 
deposi ted at h igh rates.  As s ta ted  previously,  the  gas 
phase nucleat ion becomes pronounced at h igh deposi -  
t ion rates. The decomposi t ion of the  a luminum t r i -  
ch lo r ide -ammonia  complex  in the  gas phase m a y  not 
proceed to completion, and the deposi ted mate r i a l  
contained N-H or A1-C1 bonds. Thus, the use of low 
deposi t ion rates is essential  for obta in ing good qual i ty  
a luminum ni t r ide  films. 

Dissolution behavior.--The deposi ted a luminum ni -  
t r ide  films are  soluble in phosphor ic  acid and sodium 
hydrox ide  solutions. To de te rmine  the dissolute ra te  of 
a luminum ni t r ide  films, a por t ion  of the specimen was 
covered wi th  Apiezon Q wax  or photoresist ,  and the 
specimen was immersed  in the  e tchant  wi th  constant  
agi ta t ion  for var ious  lengths  of time. The dissolution 
ra te  was then  de te rmined  by  removing  the pro tec t ive  
coat ing and measur ing  the difference in  the  s tep 
heights  using the Dek tak  system. 

The dissolut ion ra te  of a luminum ni t r ide  films, de -  
posi ted in the  t e m p e r a t u r e  range  800~176 in a 
10% sodium hydrox ide  solut ion was de te rmined  in the  

< 

I00 

80 

60 

40 

20 

ENERGY, eV 

. 6.0 3.0 2.0 1,0 0.75 0.5 0.4 0.35 
I I I I I I �9 

! 
0.2 

" i " 

:. . . 

I ". i ", 
"~"!~ . - 

"% ! "o  
\\ <s) "" . . . .  
m~ (B) �9 "" �9 - . .o 

I I l I I ~ I I I I I I I I I I I 
0.4 0.6 0.8 1 0 1 2 1 4 I 6 l.,q 2 0 2.2 2.4 2~6 2.q %.0 %.~ 3.4 

WAVELENGTH, MICRONS 

Fig. 6. Optical absorption 
spectra of aluminum nitride 
films deposited at a rate of 
about 700 .~/min (A) and at a 
rate of about 300 .~/min (B). 



998 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY July 1975 

TEMPERATURE, ~ 

350 330 310 
~06~ I I I 

I 

& ~ 1 2 . 6  0.5 kcal/mole 

:h%... 
< 1~ k 

102 

101 �9 llO0~ 

�9 1200~ 

~o ~ l I i I ~ I i I t I 
2.8 2.9 3.0 3.1 3.2 3.3 

1O0O/T, ~ 
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temperature  range 30~176 The results are shown 
in  Fig. 7. At a given temperature,  the dissolution rate 
of a luminum ni t r ide films decreased with increasing 
deposition temperature,  due presumably  to the larger 
crystallites of a luminum nitr ide deposited at higher 
temperatures.  Also, the dissolution rate of a luminum 
nitr ide films deposited at low temperatures  was found 
to remain  the same after anneal ing at higher tempera-  
tures, indicat ing negligible grain  growth. The activa- 
t ion energy of dissolution for a l u m i n u m  ni t r ide films 
deposited at 800~ was found to be 12.6 • 0.5 kcal /  
mole. The activation energy also increased with in -  
creasing deposition temperature.  The relat ively large 
activation energy indicates that  the dissolution of 
a luminum nitr ide films is a surface-react ion controlled 
process. 

The dissolution ~ate of a luminum ni t r ide films de- 
posited at 900~ was also determined using an 85% 
phosphoric acid solution. At temperatures  up to 50~ 
the dissolution rate of a luminum ni t r ide was negligible. 
Figure 8 shows the dissolution rate in the tempera-  
ture  range 75~176 and the activation energy of 
this dissolution was found to be 13.5 • 0.5 kcal/mole,  
similar to the use of sodium hydroxide solution as an 
etchant. 

Both sodium hydroxide and phosphoric acid solutions 
used in this work were found to produce clean and 
structureless surfaces, s imilar  in appearance to the as- 
grown a luminum nitr ide films, when examined with 
an optical microscope. 

Masking ability.--To explore the usefulness of a lumi-  
num nitr ide in silicon devices, its capabilities and 
l imitat ions as masks against the diffusion of boron, 
phosphorus, a luminum,  and ga l l ium into silicon were 
investigated. A l u m i n u m  nitr ide films of 1000-1700A 
thickness, deposited on silicon substrates at 900~ were 
used in the diffusion experiments.  The substrates were 
n-type,  5-10 ohm-cm resistivity for the diffusion of 
boron, a luminum,  and gallium, and were p-type, 10-20 

ohm-cm for the diffusion of phosphorus. The a lumi-  
n u m  nitr ide film was removed completely from circu- 
lar areas (usually 500 #m diameter)  of the specimen 
by photolithographic techniques using sodium hy-  
droxide or phosphoric acid as an etchant. Sharp, well-  
defined edges were obtained with v i r tua l ly  no under -  
cutting. 

The boron diffusion was carried out by depositing 
boron oxide glass on the specimen surface at 970~ 
for 40 min  from a boron ni tr ide source followed by  re- 
distr ibution at 1300~ for 1 hr. In  the phosphorus dif- 
fusion process, phosphorus oxide glass was deposited 
on the specimen surface at 1000~ for 30 min  using 
phosphorus oxytrichloride as the source, and the re- 
distribution was carried out at I150~ for 1.5 hr. After 
the diffusion process, an unmasked region of the speci- 
men was angle-lapped, and the aluminum nitride mask 
was removed by etching. The resistivity profile on the 
masked and unmasked regions of the main face and on 
the beveled surface was measured by the spreading 
resistance technique (17). The results for the boron 
diffusion into n-type silicon and the phosphorus diffu- 
sion into p-type silicon are shown in Fig. 9. The silicon 
under the aluminum nitride film was found to have 
the same conductivity type with essentially no change 
in resistivity, while p-n junctions were formed in un- 
masked regions. Thus, aluminum nitride films are suc- 
cessful for masking the diffusion of boron and phos- 
phorus under the conditions used here. 

Subsequent to the boron and phosphorus diffusion 
process, the dissolution rate of the aluminum nitride 
masks in a 10% sodium hydroxide solution was mea- 
sured. Aluminum nitride films with boron oxide or 
phosphorous oxide coatings showed no measurable 
change in dissolution rate or appearance after heating 
at I150~ for 1.5 hr, indicating the inertness of alumi- 
num nitride toward the dopant oxide. However, when 
the hea t - t rea tment  was carried out at 1250~176 
after the deposition of boron oxide, the dissolution 
rate of the ni t r ide films decreased appreciably, indi-  
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cat ing a react ion be tween  a luminum ni t r ide  and boron 
oxide. 

The a luminum and ga l l ium diffusions were  carr ied  
out  at  1150~ for 1.5 h r  in sealed fused si l ica tubes 
using the e lement  as the  source mater ia l .  A l u m i n u m  
ni t r ide  films fai led to mask  the  diffusion of dopant  in 
both cases. This is due p re sumab ly  to the  pene t ra t ion  
of a luminum and ga l l ium vapor  th rough  the  gra in  
boundar ies  in finely po lycrys ta l l ine  a luminum ni t r ide  
films at  h igh tempera tures .  

Dielectric properties.--The dielectr ic  proper t ies  of 
a luminum ni t r ide  films were  measured  at room t em-  
pe ra tu re  using a l u m i n u m - a l u m i n u m  ni t r ide-s i l icon  
structures.  A l u m i n u m  contacts  of 2.5 • 10 -2 cm d iam-  
e ter  were  deposi ted  on a luminum nitr ide,  and ohmic 
contacts  were  appl ied  to the  back  surface of silicon 
subs t ra tes  by  etectroless  p la t ing  (18). 

The die lect r ic  s t reng th  of a luminum n i t r ide  films 
deposi ted  in t e m p e r a t u r e  range  800~176 on low 
res i s t iv i ty  sil icon subst ra tes  was measured  at room 
t e m p e r a t u r e  using d.c. and 400 kHz. The average  d i -  
e lectr ic  s t reng th  of a luminum ni t r ide  was found to be 
1.5 • 107 V / c m  for films of 30O-4O0A thickness,  inde-  
penden t  of deposi t ion t empera tu re ;  it  decreased to the  
apparen t  bu lk  va lue  of app rox ima te ly  10 T V / c m  for 
f i lm thicknesses  g rea te r  than  about  1000A. A l u m i n u m  
ni t r ide  films deposi ted  at  l l00~ or above were  found 
to have lower  die lect r ic  s t reng th  than  those deposi ted 
at 800~176 due p re sumab ly  to the  inclusions in 
the  films of the products  of vo lume reac t ion  where  the 
decomposi t ion of the  a luminum t r i ch lo r ide -ammonia  
complex was not  complete.  The d -c  dielectr ic  s t rength  
of a luminum ni t r ide  films of 2000A thickness  p repa red  
at  800~176 was also measured  at  h igher  t e m -  
pe ra tu res  and was found to be  a p p r o x i m a t e l y  107 V / c m  
at 30~ 5 • 106 V / c m  at 100"C, 2.5 X 10e V / c m  at 
200~ 1.5 • 106 V /cm at 250~ and l0 s V / c m  at 
300~ 

Capaci tance  measurements  were  made  on a luminum-  
a luminum ni t r ide-s i l i con  s t ructures  using a Boonton 

75C Direct  Capaci tance Br idge  opera ted  at f requencies  
up to 0.5 MHz. The insula tor  capaci tance was used to 
obta in  the  die lect r ic  constant  value.  The die lect r ic  con- 
s tant  of a luminum ni t r ide  films p repa red  at  800% 
900 ~ and 1000~ was found to be 11.5 • 0.2, and that  
p repa red  at l l00~ was cons iderab ly  lower,  usua l ly  
8.1 +--0.3, as compared  wi th  9.14 repor ted  for the  low-  
f requency  dielectr ic  constant  of single crys ta l l ine  
a luminum ni t r ide  (19). Also, the  die lect r ic  constant  of 
an a luminum ni t r ide  film p repa red  at  800~ was 
found to remain  unchanged af te r  hea t ing  at  l l00~ in 
hydrogen  for 1 hr, again  indica t ing  the s t ruc tu ra l  s ta -  
b i l i ty  of a luminum ni t r ide.  The die lect r ic  constant  of 
all  a luminum ni t r ide  films p repa red  in the  t e m p e r a -  
ture range 800~176 was found to be independent  
of f requency and t empe ra tu r e  in the  ranges 5-500 kHz 
and 100~176 respect ively .  

I t  should be ment ioned tha t  the  p roper t i e s  of a lumi -  
num ni t r ide  films discussed above are  independen t  of 
the  na tu re  of the  car r ie r  gas, hydrogen  or 6:1 hyd ro -  
gen-ammonia  mixture ,  used in the  deposi t ion process. 

Summary and Conclusions 
A l u m i n u m  ni t r ide  films have  been  deposi ted on s i l i -  

con subs t ra tes  at  800~176 in a gas flow sys tem by  
the the rmal  decomposi t ion of an a luminum t r ich lor ide-  
ammonia  complex,  A1Cla-3NHs. This complex  was p re -  
pared  by  s a tu ra t i ng  a luminum t r i ch lo r ide  wi th  am-  
monia  and purif ied by  subl imat ion.  The deposi t  was 
t ransparent ,  t igh t ly  adheren t  to the  subs t ra te  and was 
verified by  x - r a y  and e lect ron diffract ion techniques 
to be a luminum nitr ide.  Transmiss ion  e lec t ron micros-  
copy indicated that  al l  a luminum ni t r ide  films were  
polycrys ta l l ine ;  the crys ta l l i te  size increased wi th  in-  
creasing t e m p e r a t u r e  of deposit ion,  and the p re fe r red  
or ienta t ions  became more  apparen t  at lower  deposi t ion 
tempera tures .  

At  deposi t ion t empera tu re s  in the  range  of 800 ~ 
10O0~ the average  density,  re f rac t ive  index,  d ie lec-  
tr ic s trength,  and die lect r ic  constant  of a luminum ni-  
t r ide  were  found to be 3.18 g /cm s, 1.99, 107 V/cm, and 
11.5, respect ively.  A l u m i n u m  ni t r ide  films are  soluble 
in sodium hydrox ide  and phosphor ic  acid solutions, 
and the s tandard  photo l i thographic  technique can be 
read i ly  applied.  A l u m i n u m  ni t r ide  films were  found to 
be capable  of masking  against  the  diffusion of boron 
and phosphorus  into silicon f rom the  oxide sources. 
These proper t ies  indicate  tha t  a luminum ni t r ide  films 
have great  potent ia l  as a dielectr ic  in sol id-s ta te  de-  
vices. 
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Techn ca l No es 

Vapor Deposition of Sulfur-Doped GaAs Layers 
K. H. Bachem *'l and H. Bruch 

Institut for Semiconductor EIectronics/Sonderlorschungsbereich 56 "Festk6rperelektronik," 
Technicat University Aachen, Germany 

Sulfur  is a commonly used dopant  in the vapor 
growth of n - type  GaAs epitaxiaI layers (1-7). The 
most s t raightforward approach is to use H2S as a vapor 
dopant. This gas can be purchased diluted with hydro-  
gen and bled into the deposition system using a var i -  
able leak. However, it appears to be difficult to obtain 
well-defined and reproducible dopant concentrations 
due to irreversible changes of the leak rates. Experi-  
ments  have shown that  the variable leaks (Varian, 
Leybold) commonly used in vacuum systems are cali- 
bratable only to wi thin  an order of magnitude.  Another  
alternative,  the stepwise di lut ion of the doping gas by 
using fine meter ing valves and ball  flowmeters re-  
quires an extensive apparatus and t ime-consuming 
calibration also. These problems are most l ikely re-  
sponsible for the large discrepancies in  the l i terature  
data regarding the relationship be tween the H2S con- 
centrat ion in the gas phase and the donor concentra-  
t ion in the epitaxial film (5, 6). 

Other workers have used solid sulfur  as a p r imary  
source (2, 7). The element can be vaporized into the 
reactor either directly or via an HzS generator.  A 
drawback of this method results from the difficulties 
in  evaporat ing sulfur  powder or grains with a well-  
defined vapor pressure. Both the evaporat ing surface 
area and the crystal l ine form and hence the vapor 
pressure of the sulfur  may change dur ing  hea t - t rea t -  
ment.  

In  the present  invest igat ion we have at tempted to 
find improved  Sulfur doping methods and to clarify 
the discrepancies referred to above. This was accom- 
plished by using a capil lary for the controlled inject ion 
of HzS or by adding a l iquid sulfur  compound to the 
AsCI~ bubbler  in  the deposition system. 

The H~S doping experiments  were carried out in  a 
s tandard apparatus (8) for the Ga/AsC1JH2 process 
(9). Well-defined concentrations of H2S were added 
to the gas s t ream by controlling, via a reducing valve, 
the input  pressure to a capil lary tube of ~150 ~m 
diameter  and 6 cm length used for inject ing the doping 
gas into the hydrogen carrier. The system was cali- 
brated by determining the t ime required to pass a de- 
fined amount  of gas through the capil lary at a given 
input  pressure. The doping gas was a mixture  of HzS 
(985 ppm) in H2, bott led in  a steel cylinder. 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t l y  on l eave  of  absence  a t  the  IBM Resea rch  Center ,  York -  

t o w n  Heigh t s ,  N e w  York  10598. 
Key  w o r d s :  GaAs ,  ep i t axy ,  s u l f u r  dop ing ,  gas phase deposition. 

For the second approach $2C12 was selected as a 
l iquid sulfur  dopant  source. This compound appears 
to fulfill the main  requirements  for use in  this appli-  
cation: (i) It can be obtained in  a relat ively pure 
form. (ii) It will decompose at the deposition tern- 
perature. (iii) In  the working tempera ture  range of 
the AsCl~ source (15~176 its vapor pressure is 
such that expitaxial  layers in the 1018-1017 cm-a  dop- 
ing range can be obtained. 

The data in Fig. 1 show that  the part ial  pressures 
of AsC13 (10) and $2C1~ (11) are equal within ap- 
proximately  10% around room temperature.  Making 
the l ikely assumption that  the two liquids form an 
ideal mixture,  the ratio of their  part ial  pressures in 
the vapor phase will be near ly  the same as the ratio 
of their concentrations in the AsC18-bubbler. 

For the $2C12 doping experiments  a reactor was 
used with two Ga source tubes side by side, each 
connected to a bubbler ,  one for AsC13, the other for 
the AsCI~-S~C12 mixture  (Fig. 2). In  the deposition 
zone the dopant concentrat ion can be varied either 
by varying the proport ion of the gas streams through 
the two bubblers  or by changing the amount  of $2C12 
in the AsC13 bubbler.  The results indicate that after 
saturat ion of the Ga source with As along with for- 
marion of a GaAs crust (12) a constant  sulfur  pres-  
sure is obtained in  the system, and steady-state  con- 
ditions can be expected during expitaxial  growth. 

The following start ing materials were used: chro- 
mium-doped GaAs substrates (p = 107-10 s ohm-era, 
Monsanto) orientated 2 ~ off {100} towards {110}, gal-  
l ium (99.9999% Johnson Matthey),  AsCI3 (Suprapur,  
Merck),  $2C12 (99%, Riedel-de Hean) redistilled, H2S 
(985 ppm in  H2, Matheson).  The hydrogen was pur i -  
fied in a Pd-diffuser. 

The experimental  results in Table I demonstrate 
the behavior  of the deposition system using $2C12. 
The epitaxial layers were grown in the listed succes- 
sion, at a deposition tempera ture  of 740~ a flow rate 
of 200 m l / m i n  (tube diameters: source tube 25 mm, 
substrate tube 55 mm) ,  and an AsCls-part ial  pressure 
of 9.9-10-8 atm. The deposition t ime was 1 hr. An  
amount  of 5 ~ of S2Cl~ was added to 100 ml of AsCI~, 
giving a doping level of 3.4.1018 cm-~ determined by 
Hall effect measurements.  By t ransferr ing the Ga 
source into the second source tube connected to the 
bubbler  containing only AsCl3 a doping level of 2.3- 
l015 cm--3 was reached under  the same growth con- 
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Fig. 2. Schematic diagram of the epitaxial deposition system 

ditions. This value is in good agreement  with the 
results obtained for undoped epitaxial  layers grown 
earlier in the same reactor with identical  s tar t ing 
material ,  where as an example a carrier concentra-  
t ion of 1.9.1015 was obtained with an AsC13 pressure 
of 11.1"10 -8 arm. For the next  runs  the Ga source 
was re turned  to the source tube with the dopant gas 
stream. Carrier  concentrat ions of 3.1"1016 cm - s  and 
3.05.1018 were obtained in  successive runs. Knight  
et al. (4) found that  the apparatus does not exhibit  
a memory  effect when  H2S is injected into the reac- 
tor after the Ga source. Our results show that  a 
memory  effect is even absent  when  the ent i re  system 

Table I. Experimental results using S2Cl2 

M o l e  f r a c t i o n  
S~Clo i n  C a r r i e r  c o n c  

S a m p l e  A s C l ~  b u b b l e r  B u b b l e r  - u s e d  ( cm -3) 

15 5 X 10 -~ w i t h  S3C13 3.4 X 10 ~3 
16 0 w i t h o u t  $2Clo 2.3 x 1013 
17 5 x 10 -5 w i t h  $2Clo 3.1 x 1013 
18 5 X 10 -~ w i t h  S2C1, 3.05 X 101~ 
19 1.5 X 10-  * w i t h  S~C13 1.2 • 1017 
20 1.5 X i0 -6 both 7.8 X i0 le 
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Fig. 3. Carrier concentration vs. partial pressure of sulfur in the 
gas phase for the H2S and $2CI2 systems. 

including the Ga source has been  exposed to sulfur  
vapor in a previous experiment.  Tripl ing the amount  
of $2C12 in the bubble r  leads to a roughly comparable 
increase in  the carrier concentration. An  intermediate  
value of 7.8-1016 cm-~ was reached by mixing both 
gas streams with each having a flow rate of 100 m l /  
min. 

Figure 3 compares the carrier concentrat ion ob- 
tained for various sulfur  pressures in  the gas phase 
both for the H2S and the $2C1~ systems. Notice first 
the good agreement  between the data for both sys- 
tems. Of course, such agreement  should be expected 
since at the depositiorl tempera ture  the composition 
of the gas phase will be identical in both cases. These 
results show the proport ional i ty  be tween sulfur  pres-  
sure and electron density. In  calculating the gas phase 
pressure it was assumed that the system AsCI~-S2C12 
behaves as an ideal solution. Under  the assumption 
that  all sulfur  incorporated into the films is electrically 
active it also appears that  a relationship analogous 
to Henry's  law exists between sulfur  pressure and 
sulfur  concentrat ion in  the GaAs. Such behavior  was 
also reported by  Ra i -Choudhury  (13). Of course, it 
should be realized that the "Henry 's  law constant" 
(Table II) derived in this case is not obtained under  
equi l ibr ium conditions with respect to the GaAs de- 
position. 
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Table II. Relationship between sulfur concentration in epitaxial 
layer and sulfur concentration in vapor phase 

C a r r i e r  A t o m  f r a c t i o n  A t o m  f r a c -  H e n r y ' s  
cone  S in  e x p i -  t i o n  S in  l a w  

(cm -~) t a x i a l  l a y e r  v a p o r  p h a s e  c o n s t a n t  D o p a n t  

3.4 x 1018 7.7 X 10-7 9.9 x 10 -7 1,28 $oC13 
3,1 x 10~e 7.0 x 10-  7 9.9 x 10 -7 1.41 $oC13 
7.8 • 10 le 1.8 x 1 0 -  e 1.5 x I0 -B 0.83 S~CI~ 
1.2 X 10 z~ 2.7 x 10 -3 3.0 X 10- o I.II SoCI~ 
2,2 X I(P ~ 6 x 10- 0 5.8 X 10 -3 1,16 I~S 
9.4 x 1013 2.1 x 10 -0 2.3 x 10 -0 1.09 H~.~ 
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Postirradiation Alkali Migration 
William Primak 

Argonne National Laboratory, Argonne, Illinois 60439 

During the course of his ion bombardment  studies, 
Hines noted that the ion charge required to alter the 
refractive index of glass was greater than  that required 
to alter the refractive index of quartz. He suspected 
the composition of the glass was altered by selective 
sput ter ing (1). Evidence for the migrat ion of alkali 
ions dur ing electron and ion bombardment  appears in 
the temporal  changes occurring dur ing  electron and 
ion probe microanalysis (2). The wri ter  noted that 
areas of a l i th ium niobate surface which had been sub- 
jected to ion bombardment  became decorated with 
droplets, and from these droplets (over a period of 
weeks) small crystals formed. They were identified as 
LiOH.HeO. The decoration could be washed off and 
would appear again over a period of weeks, repeatedly, 
evidence of a cont inuing migrat ion of l i th ium to the 
surface (3). Now a n u m b e r  of commercial  optical 
glasses have been subjected to ion bombardment ,  and 
the decoration phenomenon has been observed for some 
of them. 

The glasses which were studied were a var ie ty  of 
commercial optical glasses, crown (C- l ) ,  borosilicate 
crown (BSC-2), telescope flint (TF),  light bar ium 
crown (LBC-1), ba r ium crown (BAK-5),  l ight flint 
(LF-2),  and dense flint (DF). Small areas of polished 
plates were subjected to ion bombardment  with 140 
keV D + ions for the following accumulated incident  
charge: 0.018, 0.036, 0.072, 0.108, 0.144, and 0.18 cou- 
lombs/cm% respectively. Decoration with droplets fol- 
lowing ion bombardment  dur ing the summer  (rela- 
tive humidi ty  in the laboratory varied between 40 and 
60%, temperature  controlled to wi th in  a degree of 
24~ was most severe on C-l ,  TF, LF-2, and DF. It 
was less severe on the bar ium crowns and was not 
seen on BSC-2. Decoration reappeared following wash- 
ing, the t ime required to obtain droplets easily ob- 
served at 50-100X magnification being several days or 
weeks. Several months later, when  the relative humid-  
ity had dropped to 20-40% with occasional days at 
60%, the specimens were reexamined, and little mounds 
of solid were seen on the C-1 and TF glasses. Liquid 
droplets and some solid mater ial  were seen on the 
most highly bombarded areas of the LF-2 and DF 
glasses. The solid mater ial  can form exotic patterns. 
Probably  these are caused by the crystall ization rather  
than being related to structures formed by the ion 
bombardment .  Examples of the decoration are shown 
in Fig. 1. 

Key words: ion bombardment, glass, decoration, electrical leakage. 

Water permitted to flow over the specimens will wet 
the bombarded areas more readily than the surround- 
ing glass surface; and the water will cling to the bom- 
barded areas, but not to the unbombarded areas. Such 
water adhesion has been interpreted as an indication of 
cleanliness of the glass surface. It is now seen to have 
quite a different cause: the bombarded areas have be- 
come hygroscopic because of the alkali migration. 

The liquid droplets are probably alkali hydroxide 
solutions, and the deposits which develop are probably 
largely alkali carbonate. In the ion microprobe work 
(2), electric charge appeared to facilitate the migra- 
tion of alkali ions in the solid, for the effects were re- 
duced significantly by flooding the surface with elec- 
trons during bombardment or by using neutral atoms 
instead of ions. Although long-term storage of charge 
does occur in some-mater ia ls ,  it probably  did not 
tin the conventional sense) occur in these glasses 
which were covered with a solution film and which 
were washed with water. The freeing of the alkali 
ions is therefore attributed to a chemical change (such 
as the change in the valency of another ion or the sub- 
stitution of some kind of center for the ion) or a struc- 
tural change. It may be noted that the severity of the 
decoration effect for these glasses accords with their 
usually accepted chemical durability (3). Thus the 
factors which are involved in the chemical attack of 
glass by water and aqueous solutions (4) are involved 
in the transport of the alkali ions to the surface, which 
thus becomes a secondary process following the initial 
alteration of the glass by the ion bombardment. 

When decoration of ion-bombarded lithium niobate 
was observed, it was the first example of the phenom- 
enon seen in this laboratory. The appearance of liquid 
droplets could not be accounted for on the basis of the 
vapor pressure depression caused by lithium hy- 
droxide, because the relative humidity in the labora- 
tory was too low, and the possibility of an electrical 
effect associated with the charge of a strained piezo- 
electric material was considered. Now it has been 
found that irradiation can destroy the piezoelectric 
effect in lithium niobate. This may serve both to ex- 
plain the reason why some highly bombarded surfaces 
showed a lesser decoration effect and to lend support 
to the hypothesis of an electrical effect. Such an effect 
is not necessary in the case of these glasses because 
they contain sodium, and sodium hydroxide is suffi- 
ciently more soluble than lithium hydroxide that liquid 
droplets could form at relative humidities occurring in 
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Fig. 1. Decoration of ion 
bombarded glass caused by 
water vapor condensation. The 
specimen areas shown are 
0.75 • 1.08 ram. The "penum- 
bral zones" are caused by 
lack of registry of masking ar- 
rangements. All of the decora- 
tion begins as liquid droplets. 
The crystallization depends 
on the relative humidity, 
length of storage, the particu- 
lar glass, and the dose. All of 
these examples were seen 
following 140 keV deuteron 
bombardment (and may have 
been washed with water) for 
the following doses: A, C-1 
glass, 0.018 coulombs/cm2; B, 
C-1 glass, 0.108 coulombs/cm2; 
C, TF .glass, 0.036 coulombs/ 
cm2; D, TF glass, 0.108 
coulombs/cm 2. 

our laboratory. However, the new observations raise 
the question whether  surface impuri t ies  may be in-  
volved in some of the phenomena observed in the 
decoration of the l i th ium niobate. To this end it may 
be profitable to explore the system LiOH-NaC1-H20, 
and this is planned.  

It had been customary to subject glass surfaces in-  
tended for coating to ion bombardment .  The effect of 
alkali migrat ion on the film should be considered. 

Electrical leakage in ceramic electrical insulat ion 
used in radiat ion envi ronments  is a notorious problem. 
The problems arising from the formation of ni trates  in 

such environments was pointed out many years ago 
(6). Now effects caused by the alkali migration in 
these environments should be considered. 

The alkali migration may contribute to the diffi- 
culties of evacuating glass vacuum systems and to the 
deteriorat ion of glass structures subjected to bom- 
bardment  or located in radiat ion fields. 
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ABSTRACT 

T e m p e r a t u r e - h u m i d i t y  tests and discharge in  an expe r imen ta l  cell  were  
used to evalua te  new cathode mater ia l s  for  magnes ium seawater  ac t iva ted  
cells. Of the  mate r i a l s  tested AgC1, Hg~Cle, and  CuI,S mixes  were  found 
promising.  Mg/AgC1,Hg2C12 cells pe r fo rmed  almost  as wel l  as Mg/AgCI  cells 
due to an apparen t  in t raca thode  reaction. The Mg/CuI ,S  sys tem exhib i ted  a 
lower  opera t ing  vol tage and wil l  requi re  fu r the r  work  for  ful l  evaluat ion.  

The need to reduce s i lver  content  and loss associated 
with  convent ional  Mg/AgC1 seawate r  ac t iva ted  ba t -  
ter ies  has p rompted  searches for subs t i tu te  cathodes. 
This search was d i rec ted  towards  the "si lver  group"  of 
the  classical qua l i ta t ive  analysis  p rocedure  (1) and  
copper ( I )  ha l ide - su l fu r  mixes  p rev ious ly  inves t iga ted  
by Reutschi  et al. (2) for  wea the r  bal loon appl ica-  
tions. 

Of the  "si lver  group",  aside f rom AgC1, PbC]~ was 
found promis ing  by  o ther  inves t igators  (3);  however ,  
the use of HgeCI2 was hampered  by  the need to con- 
tain the discharge product ,  l iquid mercury .  Addi t ion  of 
s i lver  powder  for  me rcu ry  amalgamat ion,  as in  the  
Ruben m e r c u r y ( I I )  oxide  e lect rode (4) has resul ted  
in a low energy  dens i ty  cathode. Therefore  a new 
method  for making  Hg2C12 electrodes was required.  

Of the  coppe r ( I )  halides, the  bromide  and the  
iodide exhibi t  low solubil i t ies  (5);  thus the i r  mixes  
wi th  su l fur  were  eva lua ted  as candidates  for  cathode 
mater ia l .  

th rough  carbonized steel  sheets. A t  the  same time, 
ident ical  pel lets  were  subjec ted  to ten 24 h r  cycles of 
a high tempera ture ,  high humid i ty  test. Dur ing  each 
cycle the  pel lets  unde rwen t  a s t eady  t e m p e r a t u r e  
rise f rom 38 ° to 50°C for 2 h r  fo l lowed b y  a res t  of 
6 h r  at 50°C and a gradua l  t e m p e r a t u r e  drop to 38°C 
las t ing 16 hr. The re la t ive  humid i ty  was kept  above 
95 % throughout  this  test. 

Results 
Only AgC1, Hg2C12, and  CuI,S pel le ts  passed  the 

tempera ture ,  h u m i d i t y  test  unchanged.  CuBr,S pe l le t s  
were  covered wi th  green droplets  which dr ied  to green  
crys ta l l ine  spots, whereas  CuC1,S pel le ts  dis integrated.  

When  discharged af ter  t empera ture ,  humid i ty  t e s t -  
ing, as shown in Table  II, both  AgC1,Hg~C12 and CuI,S 
cathodes exhib i ted  behavior  s imi la r  to f resh  pellets,  
whi le  CuBr, S cathodes gave unre l i ab le  results .  

As seen in Table  II, the  AgC1,Hg~C12 cathodes e x -  
h ibi ted  90% coulombic efficiency based  on both chlo-  

Preliminary Temperature Humidity Tests 
In p r e l i m i n a r y  tests, coppe r ( I )  ha l ide - su l fu r  mixes  

of the chlor ide  (control ) ,  b romide  and iodide were  
made and pel le t ized using the method  descr ibed b y  
Honer  (6). The formula t ions  for  these mixes  are  
shown in Table  I. 

Hg~C12 pel le ts  were  made  using AgC1 as an act ive 
binder .  The AgC1 active m a t e r i a l - b i n d e r  was prec ip i -  
tated,  using reagent  grade  hydrochlor ic  acid, f rom an 
aqueous solut ion of AgNOs (Fisher )  in  which Hg.~C13 
powder  (Fisher )  was suspended by  s t i r r ing  wi th  a 
Teflon-coated magnet ic  s t i r r ing  bar.  The resu l tan t  
whi te  powder  was collected by  filtration, washed three  
t imes wi th  deionized wa te r  and  dr ied  under  vacuum. 
An  analysis  of the powder  showed a 3-7 weight  rat io  
of s i lver  to mercury .  X - r a y  data  indica ted  ~)nly pu re  
crystals  of AgC1 and Hg2C12 in the  final product .  This 
whi te  product  was pressed into pel le ts  which tu rned  
ye l low upon exposure  to l ight.  

F re sh ly  made  pel le ts  were  discharged in a wea the r  
bal loon type  cell using magnes ium AZ31B as the  anode 
and a 1% NaC1 solut ion as the  electrolyte.  In  this  cell 
the e lectrodes were  separa ted  by  a nonwoven cel lu-  
losic mat  and contact  to act ive mater ia l s  was made  

* Electrochemical  Society Act ive  Member.  
Key  words:  seawater  ac t ivated cell, ma gne s ium anode, AgC1, 

Hg2Cla-eathode, CuI,S-cathode. 

Table I. Composition of copper(I) halide mixes 

% Eraph- 
Active mater ia l  % halide % sulfur*" i r e , , "  

CuCI, industr ial  63 81 T 
CuBr, 99% pure" 89 24 " 
CuI, 99% pure" 73 20 7 

• Research Organic/Inorganic Chemical Corporation, 
• * Flowers,  Fisher. 

"*" Texas Fines. 

Table II. Discharge behavior of cells of weather balloon type 
construction 

Mg/1,0% NaCl -wa te r / t empera tu re  humid i ty  cycled electrodes, cells 
(Room tempera ture )  (16 Ohm load to a 1.0V cutoff) 

Av erag e  M a x i m u m  Average  Coulomhte 
Active vol tage voltage current efficiency 

mater ia l  (V) (V) (mA) (%) 

CuBr,S 1.37 1.43 21 69.1 
CuBr,S 1.07 1.12 16 68.3 
CuBr,S 1.20 1.34 18 75.1 
CuI,S 1.32 1.35 20 88.3 
CuI, S 1.35 1.37 20 89.9 
CuI,S 1,31 1.33 20 95.2 
AgCI,Hg2CI~ 1.33 1.44 20 90.6 
AgCI,Hg~C12 1.30 1.47 20 89.5 
AgCI,I~CIj 1.83 1.48 21 9 ~ . 1  

1005 
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Fig. 1. Experimental cell assembly 

rides.  Fur the rmore ,  only  one discharge p la teau  was 
observed with  Mg/AgC1,Hg2Cle cells at a vol tage close 
to tha t  of Mg/AgC1 control  cells. Therefore  the  in-  
vest igat ion of the discharge behavior  of CuI,S and 
AgC1,Hg2CI~ cathodes was ex tended  by  using s imu-  
la ted  seawater  as the e lect rolyt ic  solution, and v a r y -  
ing the  ra t io  of the  components  in the  AgC1,Hg2CI~ 
cathode. 

Experimental "Seawater Cel l"  Tests 
Two series of AgC1,Hg2CI2 cathode mater ia l s  con- 

ta in ing va ry ing  amounts  of s i lver  and mercu ry  were  
prepared .  One, the P (prec ip i ta ted  AgC1) series was 
p r e p a r e d  by  the above-ment ioned  method,  whereas  the 
CP series was p r e p a r e d  by  coprecipi ta t ion of both 
chlorides f rom an aqueous solut ion of the i r  n i t ra tes  
using hydrochlor ic  acid. The amounts  of s ta r t ing  ma-  
ter ia ls  are  presented  in Table  III. 

The composit ion of these mater ia l s  was designed to 
produce  d ischarge  products  of different  s i lver  mer -  
cury  rat ios  s ta r t ing  wi th  the v phase  (P-30) and end-  
ing wi th  P-10 and CP-10 di lute  amalgams (7). 

Mixes of AgC1,Hg2C12 and CuI,S (Table  I) were  
pressed at about  1000 kg into pellets  1.9 cm in d iam-  

Table III. Starting materials for AgCI, Hg2CI2 cathodes 

Hg~(NO~) =-I%0 

Preparation* AgNOs (g)** Hg2CI$ { g ) * "  (g)** 

P-30 19.3 33.7 -- 
P-25 16.1 36.4 -- 
P-20 13.0 39.0 -- 
P-IO 4.3 29.0 -- 

CP-15 8.4 ~ 41.7 
CP-IO 5.6 - -  44.5 

* The number  indicates calculated percentage si lver in the dis- 
charge product. 

** Fisher Scientific. 

eter  and 0.11 cm thick and tested in a l abo ra to ry  ver -  
sion of a seawater  ac t iva ted  ceil (Fig. 1), using s imu-  
la ted  seawater  (ASTM Dl191-52, solut ion 2). Cells 
were  placed in a per fora ted  Plexig las  holder,  inside a 
400 ml beaker ,  to a l low free circulat ion of the  e lect ro-  
ly t ic  solution. The solut ion t empe ra tu r e  did not in-  
crease more than  I~ above room t empera tu re  
throughout  discharge. 

Results 
CuI,S.--Tests with CuI,S cathodes showed (Fig. 2) 

that  at an average  cur ren t  densi ty  of 13 m A / c m  2 of 
cathode, in this test  cell, the  coulombic efficiency de- 
creased to 66%. This apparen t  decrease of coulombic 
efficiency was t raced  to loss of act ive ma te r i a l  due to 
shedding dur ing discharge. 
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s 0 . 6 - -  

0 . 4  - -  
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0 . 0  ] 
o 

I I I 
1 2 3 

Fig. 2. Discharge behavior of the Mg(AZ61)/'seawater'/CuI,S 
experimental cell under a 32 ohm load at ambient temperature and 
pressure. 
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Fig. 3. Discharge behavior of Mg(AZ61)/"seawater"/Hg2CI2, 
AgCI (precipitated binder) experimental cells under a 32 ohm 
load at ambient temperature and pressure. P-20 cathode composi- 
tion, 78% Hg2CI2, 22% AgCI; P-10 cathode composition, 88.8% 
Hg2CI2, 11.2% AgCI. 
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Fig. 4. Discharge behavior of the Mg(AZ61)/"seawater"/88.8% 
Hg2CI2, 11.2% AgCI (coprecipitated) experimental cell under o 
32 ohm load at ambient temperature and pressure. 

AgCI,Hg2Clz.--Two typica l  discharge curves were  
obtained wi th  AgC1,Hg2C12 active mater ia l s  (Fig. 3). 
The first shows a fast r ise fol lowed by  a single dis-  
charge p la teau  and a sharp  knee, typica l  of CP-15 and 
s i lve r - r i ch  P cathodes. However ,  s i lve r -poor  cathodes 
of the  P series such as P-10 gave a two-s tep  discharge. 
A much shor ter  second p la teau  occurred wi th  CP-10 
electrodes (Fig. 4). A s u m m a r y  of discharge data  for  
such cells is p resented  in Table IV. 

Discussion 
In general ,  the discharge behavior  of the  M g /  

AgC1,Hg2C12 cells was almost  ident ical  to that  of 
Mg/AgC1 ones. The ma jo r  exceptions were  cells whose 
cathode consisted of a P - t y p e  s i lver -poor  electrode, 
such as P-10. The v i r tua l  nonexis tence of the  second 
p la teau  when  CP-10 electrodes were  u t i l ized and the 

Table IV. Performance of experimental Mg/seawater/AgCI,Hg2CI2 
cells 

Current density Coulombic 
Act ive  A v e r a g e  m A / c m e  of efficiency 

ma te r i a l  vol tage  cathode (%) 

P-30 1.40 15.3 97 
P-25 1.38 15.0 97 
P-20 1.41 15.5 93 

CP-15  1.39 15.3 94 
P - l O  1.29 14.1 84 

C P - I O  1.38 15.0 90 
AgCI  1.39 15.2 99 

(control) 

super ior  per formance  of CP-15 over  P-20 cathodes in-  
dicate that  in t imate  mix ing  of the  e lect rode compo- 
nents improves  cell  performance.  This behavior  sug- 
gests tha t  severa l  processes t ake  place s imul taneous ly  
at the cathode. These pos tu la ted  processes are 

AgCl + e -  -> Ag  + .C1- leo --  0.222V (8)] [1] 

Hg2CI~ + 2 e -  --> 2Hg + 2C1- lEo = 0.268V (8)] [2] 

Hg2C12 + 2Ag --> 2AgC1 + 2Hg (go = 0.046V) [3] 

Hg + Ag --> s i l ve r -mercu ry  in te rmeta l l i c  compounds 

and amalgams  [4] 

The  major  e lectrochemical  reaction, s i lver  chlor ide  
reduction,  is responsible  for the  high opera t ing  vol tage 
of the cell. However ,  some cont r ibut ion  f rom HgsC12, 
especial ly wi th  low si lver  content  electrodes,  is ob-  
served and both P-10 and CP-10 electrodes which show 
a second discharge p la teau  at 1.1V. Simul taneously ,  an 
in t rae lec t rode  reduct ion of m e r c u r y ( I )  chlor ide b y  
silver,  react ion [3], is replenishing the s i lver  chloride,  
thus control l ing the  re la t ive  quant i t ies  of active ma te -  
r ials  wi th in  the  electrode,  hence de te rmining  the dis-  
charge vol tage of the cell (9). Considering the oper -  
a t ing cur ren t  densities,  such a r ap id  in t raca thode  r e -  
action must  proceed e i ther  th rough  a corros ion- l ike  
mechanism (10) or direct  contact  be tween  the  react ing 
species. Ei ther  way, the  ra te  de te rmin ing  step wil l  be 
mass t ranspor t  dependent ,  hence the increase in cell 
per formance  with  the  increase in  the  physical  p r o x -  
imi ty  of the  mix  components  in the  active mater ia l .  

The effect of the  process descr ibed in Eq. 4 on the 
ins tantaneous  s i lver  activity,  and the reby  on the over-  
all  cathode behavior,  is not clear. I t  was observed, 
especial ly  wi th  low si lver  content  electrodes,  tha t  free 
mercu ry  droplets  requi red  at least  24 hr  to be absorbed 
into the discharged pellet .  If this  behavior  is indicat ive  
of the  ra te  of this process, then the change in s i lver  
activity,  at least  beyond the ~ phase, is slow, thus  
a l lowing the in t rae lec t rode  react ion ( react ion [3]) to 
proceed more efficiently. 

The s imi la r i ty  be tween  the AgC1,Hg2C12 and the  
AgC1 cathodes extends  beyond discharge voltage.  The 
reduced mercury,  l ike reduced silver, occupies s l ight ly  
more than  half  the volume of the  or iginal  chloride, and 
react ion [4] wil l  fu r ther  reduce the  volume of the  dis-  
charge product ;  hence solid, nonporous electrodes can 
be used in both cases. A final comparison be tween  
AgC1,Hg2C12 mixes and AgC1 in te rms of ca lcula ted 
volumetr ic  capaci ty  densities based on the known den-  
sities of AgC1 and Hg2C12 (5), and assuming non-  
porous cathodes is presented  in Table V. 

Conclusions 
AgC1,Hg2C12 cathode mater ia l s  were  found h ighly  

efficient and sui table  for replacing AgC1 cathodes wi th  
min imal  changes in present  cell design. Indeed, the  
AgC1,Hg2C12 cathode could be rega rded  as a h ighly  
efficient Ag/AgC1 elect rode in which the expensive  
active mater ia l ,  p resent  in a smal l  quanti ty,  is r egen-  
e ra ted  by  the react ion of the discharge product  wi th  
Hg2C12. 

Table V. Calculated maxima of capacity-volume ratios* 
for AgCI, Hg2CI2 cathodes 

Per  cent AgC1 A-hr /DM~ 
in ac t ive  of ac t ive  
ma te r i a l  ma te r i a l  

A-hr/DM 3 act ive ma te r i a l  

A-hr/DMS AgCI 
• 100 

100.0 1040 100.0 
32.6 900 86.5 
27,3 886 85.3 
22.0 8'/3 83.9 
16.6 859 82.6 
11.1 849 81.2 

* Based on the k n o w n  densi t ies  ~)f AgCI and Hg2CI2 (5) and  assum-  
ing solid, nonporous electrodes.  
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The Mg/CuI,S system exhibited lower operating 
voltages and would require further  improvement  of 
cathode formulat ion and /or  cell design in order to re- 
duce the loss of coulombic efficiency due to shedding of 
active material  dur ing discharge. However, no silver is 
required for the operation of this system. 

Both CuI,S and AgC1,Hg2C12 mixes could serve as 
cathode materials in magnes ium water  activated cells. 
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Electrocatalytic Activity of Metals and Alloys 
Electrodeposited on Foreign Substrates 

I. Some Aspects of Oxygen Reduction on Electrodeposited Silver Films 
on Pyrolytic Graphite 

Ikram Morcos* 
Hydro-Quebec Institute of Research, Varennes, Quebec, Canada 

ABSTRACT 

Oxygen reduction has been studied in alkaline medium on both bulk  
silver electrodes and electrodes prepared by the electrodeposition of a silver 
film on pyrolytic graphite, plat inum, and silver substrates. The rotat ing disk 
technique was used throughout  the work and the current  potential  data were 
obtained by slow scanning voltammetry.  The effect of the starting potential  
and some surface pret reatments  were also examined. The exper imental  re-  
sults indicate that  a silver surface electrodeposited on a foreign substrate is 
more catalytically active toward 02 reduction than  either bulk  silver or 
silver electrodeposited on a silver substrate. A silver surface which has been 
electrochemically oxidized and subsequent ly  reduced is more catalytically 
active than a surface which has been only subjected to the reducing potential. 
It  appears that these variations in electrocatalytic activity are caused by 
variations in  both surface area as well as the reversibil i ty of adsorbed oxygen. 

The electrocatalytic properties of electrodeposited 
metallic films on foreign substrates are impor tant  for 
both its fundamenta l  and applied aspects. The cost of 
a catalyst in  the form of an electrodeposited metal  film 
on a substrate such as graphite could be less than one 
made of the corresponding bulk  metal. The method of 
electrodeposition provides a better  control on the re-  
producibil i ty (e.g., on such properties as surface area, 
grain size, and impurit ies)  of the metal  surface and 
that  may contr ibute to the obta inment  of more reliable 
kinetic data. Moreover the topographical and metal -  

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

n u c l e a t i o n  of m e t a l s  o n  p y r o l y t i c  g r a p h i t e ,  o x y g e n  r e d u c t i o n  on 
s i l ve r ,  s u r f a c e  a c t i v e  area  o f  e l e c t r o d e p o s i t e d  s i l v e r  on  p y r o l y t i c  
g r a p h i t e ,  a d s o r p t i o n  of  o x y g e n  on  e l e c t r o d e p o s i t e d  s i l v e r  o n  p y r o -  
l y t i c  g r a p h i t e .  

lurgical analysis of th in  metal  films can be more easily 
carried out by a variety of optical and spectroscopic 
techniques. 

In  the present  paper some aspects of O2 reduction on 
e]ectrodeposited silver films on pyrolytic graphite and 
p la t inum substrates will be compared to the corre- 
sponding phenomena observed on bulk silver and elec- 
trodeposited silver on bulk  silver electrodes. 

Experimental Procedure 
The electrochemical reduction of oxygen was studied 

using a Teflon cell and electrode assembly as described 
in a previous work (1). The solution was 0.1N KOH 
prepared from A. R. qual i ty potassium hydroxide and 
tr iply distilled water  twice from a permanganate  solu- 
tion. The reference electrode was an Hg/HgO, 1.0N 
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KOH. The ro ta t ing  disk technique was appl ied  
throughout  the work  to control  mass t ransfe r  of oxy-  
gen. Cur ren t -po ten t i a l  plots were  obta ined  by  slow 
scanning vol tammetry ,  using a Tacusel  funct ion gen-  
erator,  a Wenking  potent iostat ,  and a Honeywel l  X - Y  
recorder .  

The bu lk  s i lver  e lectrode consisted of a disk  of 0.785 
cm 2 area. P r io r  to the s tudy the e lect rode was me-  
chanical ly  pol ished wi th  0.3~ a lumina  powder  on a fel t  
wheel  fol lowed by  cleaning in carbon te t rachlor ide ,  
i sopropyl  alcohol, and t r i p ly  dis t i l led  water .  Other  
electrodes were  p repa red  by  e lect rodeposi t ing s i lver  
from si lver  cyanide solut ion on pyro ly t ic  graphite ,  
pla t inum, and s i lver  substrates .  The areas  of these 
electrodes were  0.338, 0.502, and 0.785 cm a. Except  
where  otherwise noted, the l a t t e r  th ree  electrodes were  
used af te r  cleaning in t r ip ly  distilled, wa te r  wi thout  
any  fu r the r  p re t rea tment .  

Some surface area  s tudy  was a t t empted  using the 
capaci ty  method.  The potent ia l  dependence of the  
different ial  capaci ty  was measured  at  1000 Hz and us-  
ing other  exper imen ta l  detai ls  as those descr ibed by 
Randin  and Yeager  (2). Topographical  examina t ion  
of s i lver  deposits  on pyro ly t ic  g raphi te  was car r ied  out 
by the scanning e lec t ron microscope. For  this, the  de-  
posi ted sample  was bombarded  wi th  an e lect ron beam 
of 20 kV. 

Results and  Discussion 
The dependence  of the  cathodic cur ren t  on potent ia l  

in the range  0 to --1.0V and on rota t ion ra te  for 02 
reduct ion in oxygen - sa tu r a t ed  0.1N KOH on bu lk  
s i lver  e lect rode and on e lec t rodeposi ted  s i lver  on s i lver  
subs t ra te  is given in Fig. 1 and 2. The corresponding 
plots obta ined on s i lver  e lect rodeposi ted  on pyro ly t ic  
g raphi te  and  p l a t inum subst ra tes  are g iven in Fig. 3 
and 4. In  Fig. 5 is shown the corresponding plots  ob-  
ta ined  on si lver  e lect rodeposi ted  on pyro ly t ic  g raph i te  
e lec t rode  which has been mechanica l ly  pol ished af ter  
the deposi t  was prepared .  F igures  6 and 7 show s imi-  
la r  plots obta ined  on mechanica l ly  pol ished bu lk  s i lver  
and s i lver  e lec t rodeposi ted  on pyro ly t ic  graphi te  e lec-  
t rodes which have been pr io r  to the exper imen t  (in 
both cases) immersed  in di lute  HNO3 for about  5 sec. 

Figures  8-10 show the dependence  of the  cathodic 
cur ren t  on potent ia l  in the range 0.5 to --1.0V and on 
rota t ion ra te  in oxygen - sa tu r a t ed  0.1N KOH solut ion 
on bu lk  s i lver  electrode,  s i lver  e lec t rodeposi ted  on 
pyro ly t ic  graphite ,  and  on p l a t inum substrates ,  r e -  
spectively.  
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Fig. 1. Reduction of 02 on bulk silver electrode at different ro- 
tation rates in O~-saturated 0.1N KOH. Temperature 25~ elec- 
trode area 0.786 cm 2, and potential scan from 0 to - -1.0V at a 
rate of 1 V/min. 
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Fig. 2. Reduction of 02 on electrodeposited silver on bulk silver 
at different rotation rates in O2-saturated 0.1N KOH. Temperature 
25~ electrode area 0.786 cm 2, and potential scan from 0 to 
- -  1.0V at a rate of 1 V/rain. 
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Fig. 3. Reduction of 02 on electrodeposlted silver on pyrolytic 
graphite substrate at different rotation rates in 02-saturated O.IN 
KOH. Temperature 25~ electrode area 0.338 cm 2, and potential 
scan from 0 to --1.OV at a rate of 1 V/rain. 
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Fig. 4. Reduction of 02 on electrodeposited silver on platinum 
substrate at different rotation rates in O2-saturated 0.1N KOH. 
Temperature 25~ electrode area 0.502 cm 2, and potential scan 
from 0 to - -1.0V at a rate of 1 V/rain. 

In all  the exper iments  r epor t ed  in Fig. 1-10 a vo l t -  
age scan ra te  of 1 V / m i n  was used and the first po ten-  
t ia l  scan was a lways  s ta r ted  f rom the  most  anodic 
potential .  The cur ren t -po ten t i a l  plots were  indepen-  
dent  of scan ra te  f rom 0.1-1 V/min .  No faster  scan 
rates  than  1 V / m i n  was a t tempted.  The direct ion of 
the vol tage sweeps are  indica ted  by  the arrows.  F igure  
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rotation rates in O2-saturated 0.1N KOH. Temperature 25~ 
electrode area 0.338 cm 2, and potential scan from 0 to - -1.0V at 
a rate of 1 V/min. 

I I I I L I I I I I I 
0 

1.0 

r p m  

Z.O 400 

< 9 0 0  
E ,5,0 

1 6 0 0  

u~4 .0  2 5 0 0  

5 6 0 0  

5 ,0  4 9 0 0  

6 4 0 0  
6 . 0  8 t 0 0  

7 ,0  I I I I I I I I I I I 
- 1 . 0  - 0 . 8  - 0 . 6  -0 .4  - 0 . 2  0 

Potential/V (Hg/HgO, tN K O H )  
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11 shows the dependence  of the  cur ren t  on potent ia l  
in he l i um-sa tu ra t ed  0.1N KOH on bu lk  s i lver  e lect rode 
for  potent ia l  scans s ta r t ing  at  both  0 and 0.5V, r e -  
spectively.  F igure  12 shows the  corresponding curves  
obta ined on s i lver  e lec t rodeposi ted  on pyro ly t ic  
graphite .  The cur ren t  in both Fig. 11 and 12 exhibi ts  
no dependence on ro ta t ion  rate.  

The dependence  of the  cathodic l imi t ing cu r r en t /  
square cent imeter  on the square root  of the  ro ta t ion  
ra te  for the  different  exper imen ta l  da ta  of Fig. 1-10 is 
shown in Fig. 13-16. The l a t t e r  figures were  p lo t ted  
af ter  correct ion for  the  corresponding res idual  cur rent  

observed in Fig. 11 and 12. Whenever  hysteresis  exists  
be tween  the cathodic and anodic poten t ia l  scans, the  
va lue  of the l imi t ing cur ren t  used is tha t  corresponding 
to the  anodic scan. F igure  13 also shows (the top 
curve)  the theore t ica l ly  ca lcula ted  Levich plot  for  a 
4-e lec t ron process oxygen  reduct ion  using the equat ion 
(3) 

+,d = s x / ;  [z] 

where  id is the  mass - t r ans fe r  l imi t ing cur ren t  in mA, 
is the ro ta t ion  ra te  in rev /min ,  and  B is given b y  

Newman  (4) as 
n F A C ~  t/2 (0.621 Sc -s / s )  

B : 103 (2~/60) z/2 [2] 
1 "5 0.298 Sc -1/3 + 0.145 Sc -2/3 

where  v is the  k inemat ic  viscosity, D is the  diffusion 
coefficient of oxygen (moles/cmS),  n is the number  
of electrons t r ans fe r red  per  mole  of O2, F is the  f a r a -  
day, A is the disk e lect rode area  (cm2), c is the  bu lk  
concentra t ion of O2 (moles/cm3),  Sc : v/D is the  
Schmidt  number .  Using values  of 1.22 • 10 -6 mM and 
1.9 • 10-5 cm2/sec for the so lubi l i ty  and diffusion co- 
efficient of oxygen in 0.1N KOH at 25~ r epor t ed  in 
Ref. (5-6) a va lue  of B ---- 0.142 was calcula ted for n = 
4 and e lect rode surface area  of 1 cm 2. 

The fol lowing are  some impor t an t  observat ions  f rom 
Fig. 1-15. 

1. The dependence  of the  cathodic cur ren t  dens i ty  
on rota t ion ra te  (Fig. 1-1O) s tar ts  at a r e la t ive ly  smal l  
overpotent ial .  Consequent ly  the  s tudy  of the  kinet ics  
of oxygen  reduct ion  on s i lver  cathodes in the  absence 
of a forced control  of mass t rans fe r  wi l l  be res t r ic ted  
to a smal l  potent ia l  region near  the  open-c i rcui t  va lue  
and therefore  wi l l  be of l imi ted  use. In  v iew of this, 
caution must  be considered in analyz ing  kinet ics  da ta  
obtained over  a r e l a t ive ly  large  potent ia l  region of 
few hundreds  mi l l ivol ts  wi thout  the use of the ro t a t -  
ing disk electrode. 

2. The re la t ive  magni tude  of the l imi t ing cur ren t  
as compared  to theore t ica l ly  p red ic ted  values  on the 
basis of the  Levich equat ion (Fig. 13-16) depends on 
the ro ta t ion rate,  the form of s i lver  e lec t rode  used, 
the  s tar t ing potent ia l  of the  sweep, and electrode p re -  
t rea tment .  

With  s i lver  e lec t rodeposi ted  on pyro ly t ic  graphi te  
Levich plots are l inear  ( th roughout  the  range  of ro-  
ta t ion  used) even in cases where  the  l imi t ing  current  
is s l ight ly  less (see Fig. 13) than  tha t  theore t ica l ly  
predicted.  Deviat ion f rom l inea r i ty  at  h igher  rota t ion 
rates is ve ry  evident  (Fig. 13) in the case of bu lk  
s i lver  and e lec t rodeposi ted  s i lver  on s i lver  subs t ra te  
electrodes.  Sl ight  devia t ion  f rom l inea r i ty  is observed 
in the  case of s i lver  e lect rodeposi ted  on p l a t inum sub-  
s t ra te  electrodes.  

When  the s ta r t ing  potent ia l  is 0.5 ins tead  of 0V, al l  
the l imit ing currents  (Fig. 14) shift  to higher  values  

O 
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Fig. 7. Effect of pretreatment 2 , 0  
with dilute HNO3 on reduction < 
of 02 on electrodeposited silver E 
on pyrolytic graphite at different ~ 
rotation rates in O2-saturated ~ 3 ,O  
0.1N KOH. Temperature 25~ ~_ 
electrode area 0.338 cm 2, and 
potential scan frcun 0 to - -1.0V 4 , 0  
at a rate of 1 V/mln. 
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Fig. 9. Redaction of 02 on 
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KOH. Temperature 25~ elec- 
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Fig. 10. Reduction of 02 on 
electrodeposited silver on plati- 
num substrate at different rota- 
tion rates in O2-saturated 0.1N 
KOH. Temperature 25~ elec- 
trode area 0.502 cm 2, and po- 
tential scan from 0.5 to - - | .0V  
at a rate of 1 V/rain. 

(higher electrocatalytic activity) and generally ap- 
proach the mass-transfer limiting currents. In the case 
of silver electrodeposited on pyrolytic graphite the 
limiting current coincides with the theoretical plot 

(Fig. 14). With bulk silver electrodes however slight 
deviation from linearity is still observed (Fig. 14). 

The electrocatalytic activity and limiting current 
are strongly influenced by electrode pretreatment pro- 
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vided that the s tar t ing potential  used is 0 and not 0.5V. 
A drastic reduct ion in the cathodic current  of a bu lk  
silver electrode is observed (Fig. 15) when the elec- 
trode prior to the exper iment  is immersed for 5 sec in  
dilute HNO3. The l imit ing currents  after such t reat -  
ment  approach those corresponding to a 2-electron 
reduct ion process. H202 was detected in the cell after 
the exper iment  of Fig. 6 and its concentrat ion was 
found to be 1 • 10-sN. A far less reduction in the 
current  is observed (Fig. 16) when the same t rea tment  
is applied to a silver surface electrodeposited on pyro-  
lytic graphite. A stronger reduction in the l imit ing 
current  of the lat ter  surface is observed (Fig. 16), when 
the surface, prior to the experiment,  is mechanically 
polished with a lumina  powder or even a filter paper. 

3. The l imit ing currents  in the case of silver elec- 
trodeposited on pyrolytic graphite or p la t inum sub- 
strates start at more positive potentials as compared to 
the l imit ing currents  on bu lk  silver or electrodeposited 
silver on silver substrate (Fig. 1-10). 

4. The increase in  rotat ion rate, results, for the same 
silver surface, in a significant shift into more cathodic 
potentials of the l imit ing current.  The only exception 
for this observation is the case in which the bulk  silver 
electrode is immersed prior to the experiment  in di- 
lute HNOa. In  the lat ter  case only slight shift is ob- 
served. 

5. Hysteresis between the anodically and cathodi- 
cally increasing potential  scans is much more signifi- 
cant in curves where the start ing potential  is 0V than 
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Fig. 13. Dependence of the limiting current/cm 2 on the square 
root of rotation rate at different silver surfaces. - -  Theoretical 
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deposited silver on pyrolytic graphite substrate potential scan 
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data of Fig. 1 on bulk silver, potential scan from 0 to --1.0V; 
x, data of Fig. 2 obtained on electrodeposited silver on bulk 
silver, potential scan from 0 to --1.0V. 

when  it is 0.5V (Fig. 1-10). Whenever  hysteresis 
exists it increases with the increase in  rotat ion rate. 
Hysteresis is general ly  higher wi th  silver surfaces 
which have been prior to the exper iment  immersed in 
dilute HNO8 or mechanical ly polished than  with those 
surfaces which have not been subjected to such 
treatments.  

The exper imental  results indicate that the total n u m -  
ber of electrons t ransferred in  the over-al l  reduction 
of 02 on silver cathodes ranges between a value which 
is sl ightly above 2 electrons in the case of bu lk  silver 
electrodes (with a potential  scan star t ing at 0V) pre-  
treated in dilute nitric acid to 4 electrons in the 
case of silver electrodeposited on pyrolytic  graphite 
with a potential  scan star t ing at 0.5V. Such wide var i -  
ation in the electrocatalytic activity of silver cathodes 
as a funct ion of surface pre t rea tments  is consistent 
with previously repor ted  work (7-12). Also on the 
basis of previous work (13) it is known that  oxygen 
reduction on silver may follow one or more of two 
routes. In  one route oxygen is first reduced to peroxide 

02 + H20 + 2e --> HO2- + O H -  

The resul tant  peroxide ion may be fur ther  reduced 
electrochemically or catalytically decomposed as 
shown by 

HO2- + H20 -~- 2e-  --* 3 0 H -  
t iO2-  -* 02 + 2 O H -  

If oxides are present, they may be reduced by the 
peroxide in termediate  as shown by  

HO~- -F Ag20 ---- 2Ag q- O H -  -t- 02 
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Fig. 14. Dependence of the limiting current/cm ~ on the square 
root of rotation at different silver surfaces. Q ,  Theoretical plot 
calculated by Eq. [1] and data of Fig. 9 obtained on electrode- 
posited silver on pyrolytic graphite substrate, potential scan from 
0.5 to --1.0V; -I-, data of Fig. 10 obtained on silver electrode- 
posited on platinum substrate, potential scan from 0.5 to --1.0V; 
x, data of Fig. 8 obtained on bulk silver electrode, potential scan 
from 0.5 to - -  1.OV. 

Also some of the peroxide may be removed into the 
bulk  of the solution. In  the second route oxygen is dis- 
sociatively adsorbed and the adsorbed oxygen atoms 
are directly reduced to hydroxide 

Oads "I- 2e ~- H20 ---> 2 0 H -  

A l imit ing current  that  corresponds to 2 electrons 
or slightly more than  2 electrons, as observed in  the 
case of bu lk  silver electrodes pret reated in dilute 
HNO3 and with a 0V star t ing potential,  indicates that  
O2 reduction occurs mostly via the peroxide route. I t  
also indicates that  the electrode surface is a poor cata- 
lyst for peroxide decomposition. The removal  of 
formed peroxide into the bu lk  of the solution (as de- 
tected by chemical analysis) considerably reduces the 
amount  of peroxide available for fur ther  electro- 
chemical reduction. The pre t rea tment  in  dilute HNO3 
must  result  in the formation of an oxide or chemi- 
sorbed O2 layer  which is not easily reduced when  the 
potential  is scanned in the region of O2 reduction. The 
formation of such a layer  decreases the electrocatalytic 
activity of the electrode surface both by  prevent ing  the 
dissociative adsorption of 02 as well  as by reducing the 
catalytic activity for peroxide decomposition. This ob- 
servation is consistent with the results of Palous and 
Buvet (8) and of Mazitov et al. (9) who observed two 
waves for O2 reduction on silver electrodes preheated 
in oxygen. The fact that  pre t rea tment  in  dilute HNO3 
causes by contrast  very  li t t le reduction in  the electro- 
catalytic activity of silver electrodeposited on pyrolytic 
graphite suggests that any formed oxide or chemi- 
sorbed 02 layer is more easily removed when the po- 
tent ial  is scanned in the region of 02 reduction. That  
probably means that 02 adsorbs more reversibly on a 
silver surface electrodeposited on pyrolytic graphite 
than  on a bu lk  silver electrode. 
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Fig. 15. Effect of pretreatment in dilute HN03 on the de- 
pendence of the limiting current/cm ~ on the square root of rota- 
tion for bulk silver electrode, x, Without pretreatment, data of 
Fig. 1, and Q ,  with pretreatment, data of Fig. 6. 

A l imit ing current  that  corresponds to 4 electrons as 
observed in  the case of silver electrodeposited on pyro-  
lytic graphite and with a 0.SV start ing potential, may 
result  from a reduction of oxygen via either route 1, 
route 2, or both routes. In  case route 1 is followed 
either par t ia l ly  or completely, a 4-electron reduct ion 
l imit ing current  can only mean  that  the reaction lead- 
ing to peroxide formation is coupled with a second- 
order heterogeneous catalytic reaction with a rate 
constant for the catalytic reaction tending to infinity 
(14). If the la t ter  condit ion is not satisfied, then a 
4-electron l imit ing current  may only result  from the 
direct reduct ion of dissociatively adsorbed oxygen into 
hydroxide. This point cannot be settled however 
without  the use of the rotat ing disk-r ing electrode. 
Zhutaeva and co-workers (13) used the lat ter  elec- 
trode and showed that  in the case of a mechanical ly 
polished bulk  silver electrode the relat ive fraction of 
the current  going via the intermediate  formation of 
H202 is at most 10% in the potential  region between 
0.7 and --0.2 (vs. H2). At potentials more positive than  
0.7 the proport ion of H20~ production increases and 
reaches 40% at 0.8V. On the basis of these results it  
may be concluded that the 4- and near  4-electron 
l imit ing currents  observed in  the present  work must  
result  mostly from the reduct ion of dissociatively ad-  
sorbed oxygen. The occurrence of the later  reaction 
must  be associated with the shift in  potential  as a 
funct ion of rotat ion rate observed in Fig. 1-10. In  Fig. 
6 this shift is very slight because the 4-electron re-  
duction of dissociatively adsorbed 02 is largely absent. 

The observed increase in  the electrocatalytic activity 
when the silver surface is prepared by electrodeposit- 
ing Ag on either graphite or p la t inum most probably 
results from the effect of electrochemical three-d i -  
mensional  nucleat ion (associated with the electrodep- 
osition of silver from silver cyanide on a foreign sub-  
strate such as graphite or p la t inum)  in increasing the 
electrocatalytically active area of the silver surface. 
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Fig. 16. Effect of different pretreatments on the dependence of 
the limiting current/cm 2 on the square root of rotation for silVer 
electrodeposited on pyrolytic graphite. Q ,  Without pretreatment, 
data of Fig. 3; ~ ,  pretreated in dilute HNO~, data of Fig. 7; [ ] ,  
polished with filter paper (data not shown previously); |  polished 
with alumina powder, data of Fig. 5. 

Other al ternat ive explanations would be that  im-  
purities left on bulk  silver surface from polishing 
with an a lumina  powder has a poisoning effect on such 
active area or that  the difference between the residual 
current  due to reduction of silver oxide species in  both 
cases results in the observed difference in l imit ing cur- 
rent. In  view of the fact that  a silver surface prepared 
by electrodepositing silver on a bulk  silver electrode 
exhibits the same electrocatalytic activity (Fig. 13) as 
that of bulk  silver, the former objection is ruled out. 
Figures 11 and 12 also show that  in he l ium-satura ted  
solutions and with a 0V start ing potential, the mag- 
ni tude of the currents  as well  as the difference be-  
tween the current -potent ia l  characteristics of both 
bu lk  silver and electrodeposited silver on graphite, 
are too insignificant to influence the currents  in  Fig. 
1-4. 

If three dimensional  electrochemical nucleat ion of 
silver on a foreign substrate results in the observed 
higher electrocatalytic activity, one would anticipate 
that  the nucleat ion mechanism of silver from silver 
cyanide on a foreign substrate (such as graphite or 
p la t inum)  would be considerably different from the 
corresponding nucleat ion mechanism on the same 
silver substrate. Figure 17 shows that  the electrodep- 
osition of silver from silver cyanide on either pyrolytic 
graphite or p la t inum is accompanied with a very high 
nucleation overpotential.  1 In  contrast the electrodep- 
osition of silver on a silver substrate occurs without 
any such nucleat ion overpotential.  The high nucleat ion 
overpotential  in  the case of graphite and p la t inum 
substrates results from the high energy barr ier  as- 
sociated with nucleation. Silver cannot form mixed 
crystals with such foreign substrates and therefore can 
only condense on its surface and forms a granular  

Z F o r  f u r t h e r  i n f o r m a t i o n  on the  co r r e l a t i on  b e t w e e n  p o t e n t i a l -  
time plots of Fig. 17 and nucleation overpotential, see Ref. (15). 
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deposit.  The fact  tha t  such a g ranu la r ly  shaped deposi t  
ac tua l ly  forms is seen in the  scanning electron micro-  
g raph  (Fig. 18) of a s i lver  deposit  obta ined  by e lect ro-  
deposi t ing s i lver  on pyro ly t ic  g raphi te  from si lver  cy-  
anide solut ion at a cur ren t  densi ty  of 3 mA/cm2 for 
12 min. 

The s l ight ly  h igher  e lec t rocata ly t ic  ac t iv i ty  of s i lver  
e lec t rodeposi ted  on a pyro ly t ic  graphi te  subs t ra te  as 
compared  to tha t  e lec t rodeposi ted  on a p la t inum sub-  
s t ra te  m a y  be a t t r ibu ted  to the  format ion  of a h igher  
number  of nuc le i / square  cent imeter  in the  former  
case. The h igher  number  of nuclei  is expected on the 
basis of the  much  h igher  nuclea t ion  t ime (see Fig. 17) 
observed  wi th  the  graphi te  substrate.  

In  o rder  to find out whe the r  e lec t rodeposi ted  s i lver  
on pyro ly t ic  g raphi te  has a h igher  rat io  of t r u e / a p -  
pa ren t  surface area  as compared  to bu lk  s i lver  elec-  
trodes,  the po ten t ia l  dependence of the different ial  
capaci ty  for both  surfaces was measured  in 0.1N KOH. 
F igure  19 shows that  the  different ial  capaci ty  in the 

potent ia l  region of 02 reduct ion  is about  3% t imes 
la rger  wi th  e lect rodeposi ted  s i lver  on graphi te  than  
with  bu lk  s i lver  electrodes.  

The effect of the var ia t ion  in t rue  surface area  (due 
to the change in the form of s i lver  surface)  on the ex-  
pe r imenta l  resul t  can be quan t i t a t ive ly  descr ibed as 
follows. The re la t ionship  be tween  the observed  l imi t -  
ing current,  iL, mass - t r ans fe r  l imi t ing  current ,  id, and 
pure  f i r s t -order  k ine t ica l ly  control led l imi t ing current ,  
ig, is given (16) by  

1 1 1 1 1 
- + ~ [3] 

i L -  iK iD iK BN/~" 

and a l inear  1/iL VS. 1/~/~ plot  indicates  tha t  the  re -  
action is first order. Now if the  expe r imen ta l ly  ob-  
served l imit ing cur ren t  is equal  to the  mass t rans fe r  
l imi t ing  current ,  the  plot  1/iL VS. 1 /k /~  passes th rough  
the origin as shown in Fig. 20 for the  case of O2 r e -  
duct ion on an e lec t rodeposi ted  s i lver  on pyro ly t ic  
graphite.  But if id -7 = iL as for  the  case of O2 reduct ion 
on bu lk  s i lver  or e lect rodeposi ted  s i lver  on si lver  sub-  
strate,  the  corresponding plot  of Fig. 20 in tercepts  the  
Y axis at  a va lue  of 1/iK or ix  __~ 100 mA/cme.  But  f rom 

Fig. 18. Scanning electron micrograph of silver deposit obtained 
at current density of 3.0 mA/cm 2 and 12 min. Magnification 1500X. 
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saturated 0.1N KOH at 1000 Hz. �9 and i ,  Same experiment on 
silver electrodeposited on pyrolytic graphite; e ,  on bulk silver 
electrode. 
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Eq. [3] one obtains 
idiK 

i,~ "-- [4] 
id + iK 

Since the value of id (10-15 mA/cm 2) at higher rota-  
tions is not negligible compared to 100 mA/ c m 2, iL 
will be under  mixed mass- t ransfer  and kinetic control 
and a plot of iL VS. ~l 1/2 will deviate from l inear i ty  as 
observed in Fig. 13. If it is assumed that the increase in 
electrocatalytic activity of the electrodeposited silver 
on pyrolytic graphite is proportional (17) to the in-  
crease in  true surface area, iK, for the lat ter  surface 
is found to be ~ 350 m A / c m  2. Since this value is 
much greater than  the mass- t ransfer  l imit ing current, 
Eq. [4] shows that the observed l imit ing current  will 
be equal to id. The fact that a plot of iL VS. ~21/2 of Fig. 
13, although linear, exhibits iL values that are slightly 
less than  those predicted on the basis of pure mass- 
t ransfer  control probably results from the removal at 
higher rotat ion rates of some of the peroxide in ter-  
mediate into the solution bulk. 

Several objections could be raised against the pre- 
ceding quantitative treatment; first there is no con- 
crete proof that the increase in the eleetrocatalytic 
activity is directly proportional to the increase in true 
surface area. Second, it could be argued that Eq. [3] is 
only applicable for an electrode reaction that is deter- 
mined both by electrode kinetics and by mass transfer 
(18) and not for the case of mixed control by a chemi- 
cal reaclion (which may be the case in the present 
work) and mass transfer. Third as shown by Mclntyre 
(19) and Riddiford (16) it is possible for there to be 
intercepts in the plot of the reciprocal of the transfer 
limiting current vs. ~-i/2 But regardless of the valid- 
ity or not of Eq. [3] for the present treatment, the 
conclusion would still be that silver electrodeposited 
on such foreign substrates as graphite and platinum 
exhibits higher electrocatalytic activity and therefore 
higher kinetically controlled limiting current as com- 
pared to bulk silver electrodes. 

The strong decrease in the electrocatalytic activity 
observed when the electrodeposited silver on pyrolytic 
graphite electrode is mechanical ly polished must  in 
view of the preceding discussion result  from a de- 
crease in  active surface area. The dependence of hys-  
teresis on the type of silver surface and rotat ion rate 
can be also easily interpreted in the light of the same 
discussion. A mass-transfer limiting current is a prop- 
erty of a certain species (02 in this case) in the elec- 
trolyte and therefore its magnitude should not depend 
on the variation of surface properties. In contrast a 
kinetically or chemically controlled limiting current 
may be influenced by the variation in surface prop- 
erties and therefore would be expected to be less re- 
producible and to exhibit more hysteresis. Conse- 
quently, at lower rotation rates, where the limiting 
currents are mass-transfer controlled, no hysteresis is 
observed, and at higher rotation rates where the cur- 
rents are under kinetic or chemical control hysteresis 
appears. 

The higher electrocatalytic activity and far less 
hysteresis general ly observed when the potential  scan 
is started at 0.5V must  be also related to the increase 
in the number  of active surface sites as a result  of 
surface oxidation and subsequent  surface reduction. 
The oxidation and reduct ion processes are indicated by 
the two anodic and one cathodic peaks which are ob- 
served at about 0.45, 0.33, and 0.15V, respectively. 
These correspond to the formation of Ag20, AgOH, and 
silver surface, respectively (20). 

On the basis of electron microscopic examinat ion 
Stonehart  (20) claims that the area of a smooth silver 
surface increases by more than  100• after one single 
potent iodynamic scan involving the previously men-  
tioned oxidation and reduction processes. Differential 
capacity measurement  by the present  author has shown 
however that  the increase in the surface area of a bulk  
silver electrode after one single potent iodynamic scan 
is only of the order of 3-4•  But even if the increase 
in surface area of the bulk  silver electrode is only 
3-4X one would have expected that  with a starting 
potential  scan of 0.5V the l imit ing cur rent / square  
centimeter  would reach as in the case of electrode- 
posited silver on graphite, the mass- t ransfer  l imit ing 
value. The fact that the l i m i t i n g c u r r e n t  on bulk  silver 
deviates from such value (Fig. 14) at 10,000 rpm sug- 
gests a lower frequency of active sites as compared to 
its f requency on the electrodeposited silver on graphite 
substrate. Figures 11 and 12 actually indicate that  the 
amount of chemisorbed 02 and/or Ag oxides reduced 
in He-saturated solutions and with a scan started at 
0.5V, is about 8• larger 2 in the case of electrodeposited 
silver on graphite. This is consistent with the previ- 
ously made conclusion that the adsorption of 02 is 
probably more reversible on silver electrodeposited on 
graphite than on bulk silver electrodes. This higher 
reversibility is also consistent with the observation that 
the limiting currents in the case of electrodeposited 
silver on graphite start at more positive potentials as 
compared to the limiting currents on bulk silver or 
electrodeposited silver on silver substrates (Fig. I-I0). 
The fact that this shift in potential is related to the 
reversibility of 02 adsorption rather than to a mere 
increase in surface area is supported by the observa- 
tion that the magnitude of the shift in potential which 
is associated with the increase in rotation rate is not 
reduced when the surface area is presumably increased 
by the oxidation and subsequent reduction of the sil- 
ver surface (compare Fig. 1-3 with Fig. 8-10). 

A detailed analysis of the mechanism of 02 reduc- 
tion on the different types of silver electrodes is too 
complex and will require further experimental work 
including the use of the rotating disk-ring electrode. 
On the basis of the present data some general conclu- 
sions are possible. 

After  conver t ing the currents  of Fig. 11 and 12 into current  
densities. 
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It can be shown (i) that for a cathodic electro- 
chemical reaction which is partially controlled by 
charge transfer and partially by mass transfer and in 
which the limiting current, iL, is caused by either 
mass-transfer control or a potential insensitive chemi- 
cal step, or both, with first-order kinetics with respect 
to the diffusing reactant, the following equation may be 
used 

R T [  i (io) ] 
n - - - - - - - -  l n ~ - - l n  [5] 

~F iL -- i --iL 

where ~l is the overpotential and io the exchange cur- 
rent of the rate-determining step. The validity of Eq. 
[5] also requires that iL is the product of the total dif- 
fusing reactant. Figure 21 shows that the plots of 
log [i/(iL -- i)] VS. the potential at different rotation 
rates for the data of Fig. 9 are linear with a Tafel 
slope that increases slightly with the increase in rota- 
tion rate. This suggests (i) that the same 02 reduction 
mechanism takes place at the same 02 concentration, 
and (ii) that a continuous change in the mechanism 
occurs as the concentration of 02 reaching the surface 
is increased. At 400 rpm the Tafel slope is ~ 0.12 V/ 
decade. In accordance with previously attempted anal- 
ysis (i, 12) of 02 reduction metchanisms on silver as 
well as other electrodes a Tafel slope of 0.120 V/decade 
suggest that the rate-determining step is 

02 + e -  ~ (O~-)a~ 
assuming that ~ is equal to �89 and that Langmuir con- 
ditions of adsorption prevail. 

An increase in the value of the Tafel slope with the 
increase in rotation rate probably reflects the continu- 
ous increase in the contribution of the irreversible dis- 
sociative 02 adsorption step which is known to become 
more dominant with the increase in current density. 
Figure 22 shows that similar log [i/(iL -- i)] VS. poten- 
tial plots are obtained from the data of Fig. 8 on bulk 
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silver electrode. It is observed however that the in- 
crease in the value of the Tafel slope with the increase 
in rotation rate is larger, probably because of the 
higher irreversibility of O2 adsorption. 
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On the Nature of Electrochemical Reactions at 
a Crack Tip during Hydrogen Charging 

of a Metal 
B. G. Ateya *~1 and H. W. Pickering* 

Metallurgy Section, Department o5 Material Sciences, 
The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

The electrochemical conditions wi thin  cracks in metals undergoing cathodic 
hydrogen charging in acid solutions are analyzed. The gradients of the elec- 
trical potential  and concentrations of the various ionic species and the cur-  
rent  distr ibution are calculated for a model crack. The actual potential  pro- 
files were measured in slots in Fe, Ni, and Cu samples during hydrogen charg- 
ing using an electrical potential  probe. The measured potential  drop in the 
electrolyte in the slots of all three metals is often very large, e.g., 0.5V. This 
is about an order of magni tude  larger than that calculated, and is in general 
at odds with the usual ly implicit assumption that the electrode potential  is 
not an important  variable wi thin  a growing crack. The reason for this dis- 
crepancy is shown to be the large potential  variat ion caused by the presence 
of t rapped hydrogen gas bubbles in the slot. 

The measured electrode potentials in the slot during cathodic hydrogen 
charging are in the region of metal  dissolution in the case of the two base 
metals, Fe and Ni. On the other hand, the outer surface of these metals is 
under  perfect cathodic protection for the typical impressed cathodic currents 
of 5 or 10 m A c m  -2. Subsequent  tests of electrolyte samples taken from 
within  slots while the current  was flowing, indeed, showed the presence of 
relat ively large amounts  of iron and nickel ions indicating that  anodic dis- 
solution of i ron and nickel occurs within the slots, though not at the outer 
surface dur ing cathodic hydrogen charging. Analysis of the solution at the 
outer surface of the slot under  conditions of impressed current  showed the 
absence of significant concentrations of metal  ions. 

It  has long been recognized that the concentrations 
of the ionic species wi th ia  probes and cracks in an 
electrode are always different from those at the outer 
surface, e.g., see the review paper by Szklarska- 
Smialowska (1). Some measure of these composition 
changes wi th in  pits have been obtained in a few cases 
(2-5). The electrode potential  is another parameter  
that is known  to vary as a function of position in a 
cavity (6-11), although the fact that  the potential  
change can be quite large is not general ly recognized. 

There is also the possibility of addit ional or a l terna-  
tive electrochemical and /or  chemical reactions in the 
cavity or crack. Pickering and Franken tha l  (9) ob- 
served hydrogen evolut ion from inside pits in iron 
samples during strong anodic polarization; the elec- 
trode potential  at the outer surface was >0.8V SHE. 
At this potential  hydrogen evolution from the outer 
surface is not thermodynamical ly  possible and was not 
observed. It was found that  the electrode potential  in-  
side the pit, on the other hand, was so base as to 
allow hydrogen evolution. These measured large po- 

* Electrochemical  Society Active Member.  
1Presen t  address: Chemist ry  Depar tment ,  Facul ty of Science, 

Cairo Universi ty ,  Cairo, Egypt.  
Key words:  cathodic protection, current distribution, iron, nickel, 

copper. 

tent ial  drops were at t r ibuted to constrictions caused 
by trapped hydrogen gas bubbles. 

More recent ly Beck (11) has obtained a similar re-  
sult. He found hydrogen evolving from pits in t i tan ium 
while the sample was anodically polarized at large 
noble potentials. The generat ion of hydrogen in this 
case would again seemingly require that at some loca- 
tion within the pit the electrode potential  is in the 
region of hydrogen evolution. 

A corresponding situation exists for cathodic polari-  
zation, although it has attracted little if any attention. 
For this case, in particular,  one wishes to answer the 
question: Does metal  dissolution occur at the bottom of 
cracks in samples being cathodically charged with hy-  
drogen? This is important  with regard to the question 
of crack propagation under  corrosion conditions and 
during cathodic protection practices. Recent results 
show that metal  dissolution does occur within pores 
and cracks for Fe-10Pt (12) and iron (13) samples 
during aggressive hydrogen charging. 

The purpose of the present paper is to determine the 
electrochemical conditions and the ongoing electrode 
reactions within cracks in metals during cathodic 
charging. A model is proposed for the combined effect 
of ohmic, mass transfer, and concentrat ion polarizations 
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on the current,  concentration, and potential  profiles 
inside the crack. The approach taken here is similar to 
that developed by Wagner  (14) in  electroplating. Re- 
lated models and calculations for different conditions 
have appeared in the porous electrode l i terature (15- 
17). Exper imental  results are presented to test the 
validity of the proposed model. 

Theoretical 
Mode~, assumptions ,  and so lu t ion . - -The  model of a 

crack considered here is that  of a narrow, deep slot 
whose outer surface is main ta ined  at a large negative 
potential  so that the only reaction taking place at the 
outer surface is hydrogen evolution. The cross section 
of the slot is a rectangle of dimensions a and b, and its 
depth is L such that a < <  L and a < <  b, Fig. 1, in  
which case the reaction can be considered to occur 
only on the outer surface and on the side walls. A 
more precise condition for validity of the equations is 
X > >  a where X is the characteristic distance defined 
later. It is assumed that mass t ransfer  in the electro- 
lyte takes place by molecular  diffusion and ionic mi- 
gration according to the Nerns t -Eins te in  relation. The 
electrolyte is a simple acid, HY, which completely dis- 
sociates to give monovalent  ions. 

Performing a mass balance on an element  dx, Fig. 1, 
under  steady-state conditions, one has for the fluxes, 
j, of the H + and Y -  ions in  the direction of the in-  
terior of the slot 

dcH+ F de ) i 
jH+ = - - D H +  ~ + C H + - - - -  ---- 

R T  dx  ~- [1] 

(,cy- F d ~ )  
- -  - -  c v  = 0 [ 2 ]  

jy- = --Dy- dx  R T  dx  

in which D is the diffusivity and c is the concentrat ion 
of the indicated species, r is the local electrical poten-  
tial in the electrolyte in the crack with respect to the 
potential  at the opening where r ~_ 0 by definition, 
i is the local current  density of cathodic hydrogen 
evolution, T is the absolute temperature,  F is the Fara-  
day constant, and R is the gas constant. Since Y -  ions 
are nei ther  produced nor consumed, the r igh t -hand  
side of Eq. [2] equals zero. 

The electroneutral i ty  equation is 

cH+ = c y -  = c [3] 

Hydrogen 

/ 
H 

G 

H2(g) 

H§ 

Evolution -) Reoction 

~ - ~ = 0  

-~ + dx 

~ = L  

Fig. 1. Model of crack 

The boundary condition at x = 0 for a bulk acid 
concentration of Co is 

x = 0 :  CH+ = C y - = C o  and r  [4] 

A boundary  condition at x = L is formulated below in 
Eq. [12]. Equations [1]-[4] are then used to find r c, 
and i as functions of x, co, a and the local current  den- 
sity, is, at the outer surface, x -~ 0, far from the slot. 

Rearranging, integrat ing Eq. [2], and using Eq. [3] 
and [4] yields 

( ) c ---- co exp [5] 

Note that c ( x  > 0) <co since r  > 0) is negative in 
view of the current  flow direction. Modifying Eq. [5] 
by Eq. [3] and subst i tut ing in Eq. [1] gives 

( ~ )  F d~ 
3H+ = --2DH+Co exp �9 [6] 

RT dx  

Let us consider a mass balance for the volume ele- 
ment  (ab)dx .  Equation [1] gives 

( ab ) djH + -- -- ( 2bi /F)  dx  [7] 

with ( 2 b ) d x  the lateral  area of the element if b > >  a. 
Note that ab is the electrolyte cross-sectional area 
available for diffusion and migrat ion of ions. If any gas 
bubbles accumulate in the slot this area effectively 
decreases. The local current  density at distance x is 

18) 
( i = is exp , ) [a] 

Co \ 

m which # is the transfer coefficient of the hydrogen 
evolution reaction. The value of is is given by the Tafel 
relat ion 

i s = i o e x p (  ;~F~I ) 
\ R T  [9] 

in which io is the exchange current  density at the 
bulk  concentration of H + ions and ~1 is the polarization 
atx---- 0. 

Introducing the auxil iary variable 

= exp ( F r  [10] 

and subst i tut ing Eq. [10] in  Eq. [6] gives 

3H+ ------2DH+Cod#/dx [6a] 

and subst i tut ing Eq. [5] in Eq. [8], using Eq. [10] and 
taking # ---- 1/2 gives 

~/--  is/z [Sa] 

Subst i tut ing with Eq. [6a] and [Sa] in  Eq. [7] gives 

d2~/dx ~ ---- (1/X 2) ~ [11] 

in which the characteristic length X is 

X ---- ( D H  + CoFa/is) 1/2 [ l l a ]  

X is an important  parameter  because it contains all 
the necessary parameters  of the system, i.e., the bulk  
concentrat ion co, the mass t ransfer  constant DK+, the 
charging current  is, and the important  geometric prop- 
erty of the crack, a. Note that X is independent  of the 
length L. For X > >  a the use of one-dimensional  
t ransport  equations in  the x-direct ion is a valid ap- 
proximation (14). 

In terms of the new variable Eq. [4] becomes 

x : 0 # = 1 [4a] 

The boundary  condition at x ---- L in terms of ~ can be 
obtained by equating Eq. [6a] and [8a] after dividing 
Eq. [8a] by F, and then subst i tut ing Eq. [ l l a ] ,  since 
the current  at the bottom of the slot is supported by 
the flux of H + ions at x ---- L. Thus 

(d# /dx )  x=L = -- ( a / 2 X  2) #L [12] 
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The solution to the problem is obtained by solving 
Eq. [11] using Eq. [4a] and [12] as boundary  condi- 
tions. Subst i tut ing by the equal i ty  

d2~ 1 d / d~ ~ ~ 

dx  2 -  2 d~ |--Jkdx/ [13] 

in Eq. [11], rearranging,  and integrat ing with Eq. [12] 
as a boundary  condition, one obtains 

The negative root is taken in  Eq. [14] because # de- 
creases as x increases. Since the t rea tment  is realistic 
only if a < <  X, it follows that  a2/4X 2 < <  1 and the 
factor of ~L in  Eq. [14] can be set equal  to un i ty  as an 
approximation. Thus 

dx X ( ~  -- #L~) 1/~ [14a] 

In tegrat ion of Eq. [14a] for # = 1 at x -- 0 as a 
bounaa ry  condition yields 

cosh [ (L -- x ) / X ]  
: - -  [15] 

cosh [L /X]  

The validity of this solution can readily be checked 
upon subst i tut ion in Eq. [14a]. 

If the argument  z of the cosh funct ion is much 
greater than unity, one may use the approximation 

cosh z __ u exp z if z > >  1 

Then it follows from Eq. [15] that  

~L = ~___ 2 exp -- if L >> X [16] 
cosh ( L / X )  

From Eq. [10] and [15] the potential  in  the electro- 
lyte as a funct ion of distance into the slot is given as 

RT cosh [ ( L - - x ) / X ]  
: in  [17] 

F cosh [L /X]  

The concentrat ion and the current  dis t r ibut ion are ob- 
tained by subst i tut ing Eq. [17] in Eq. [5] and Eq. [15] 
in  Eq. [8a], to yield, respectively 

cosh [ ( L - -  x ) / X ]  
c = c o - -  [18] 

cosh [L /X]  

cosh [ ( L - -  x ) / X ]  
i : i s -  [19] 

cosh [L /X]  

Equation [17] may be used to estimate the depth 
(using also Eq. [28] ) at which the potential  r ( in  the 
electrolyte) assumes a sufficiently high negative value 
for anodic dissolution of the metal. Similarly, Eq. [18] 
and [19] may be used to estimate the depth at which 
depletion of H + and decrease in the hydrogen evolu- 
t ion rate became significant. 

The potential, concentration, and current  density at 
the bottom of the slot are obtained by subst i tut ing 
x = L in  Eq. [17]-[19]. Thus 

~(x  = L) = -  ---~-- 

c ( x : L )  = 2 c o e x p  -- 

and (L) 
i ( x : L )  : 2 i s e x p  --  

If ( L -  x) > >  
relat ion 

RT 

F 

i f L > > X  [20] 

if L > >  X [21] 

if L > >  X [22] 

X, Eq. [17] reduces to the l inear  

x 
�9 - -  i f  ( L - -  x )  > >  X [23] 

X 

and Eq. [18] and [19] reduce to 

c ~ Co exp ( - - x / X )  if (L -- x) > >  X [24] 

i _~ is exp ( - - x / X )  if (L -- x) > >  X [25] 

From Eq. [6a], [10], and [14] one may calcu- 
late the relat ion between the current  density in in  
the slot normal  to the outer surface and the local po- 
tential  

X exp ~-~-- -  / 

-- exp R T  1 -- 4X------ T [26] 

where ~L is the potential  at the bottom of the slot. For 
the entrance of the slot (x -- 0, ~ ---- 0), one obtains as 
an approximation 

2DH+CoF R T 
ia (x  -- O) ,~ X if --~bL > >  y [26a] 

Subst i tut ing Eq. [ l l a ]  and [9] with # -- 1~, one ob- 
tains 

( DH+coFis ) 1/~ 
in (x  = O) = 2  . {1 

( DH+CoF/o 'I/2 / F~l ) 
: 2  ) expk  [27] a 

This is a Tafel equation with a slope of twice the nor -  
mal  value and an apparent  exchange current  density 
of 2 (DH+CoF/o/a) I/2. The appearance of a double Tafel 
slope is common in  porous electrode work (16, 17). 
This is a t t r ibuted to both ohmic and mass t ransfer  
effects. 

The results of the calculations are plotted in Fig. 2- 
5 for a slot of depth L ---- 1 cm and a diffusivity of H + 
ion at 25~ of DH+ = 10 -4 cm2 sec-1 (19). Figure 2 
shows the concentrat ion of both H + and Y -  as a func-  
t ion of x and is for a slot width a = 0.05 cm. With in -  
creasing distance into the slot, the concentrat ion of 
H + decreases as it is consumed by the electrode reac- 
t ion at the walls. Under  the existing potential  gradient, 
cy -  decreases as x increases such that  at any  distance 
CH + ---- Cy- as required by electroneutral i ty.  Actually, 
Cy- may fall off less rapidly with increasing distance 

1.0 I I I I 

7 

3 2 

-J 0.8 

o.4 
c -  

0 I ~ -  I ] I 
0.2 0.4 0.6 0.8 1.0 

Distance Into Slot x ,cm 

Fig. 2. Calculated concentration profiles of H + and Y -  ions in 
a slot of depth /. = 1 cm and width a = 0.05 cm for three rates 
of cathodic hydrogen evolution at the surface, x = 0. See text 
for definition of the characteristic distance X. 
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Fig. 3. Ratio of the calculated current density to the charging 
current density vs. distance into the slot for the same conditions as 
in Fig. 2. 
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Fig. 4. Calculated profiles of the electrical potential in the 
electrolyte in a slot with respect to the potential at the opening 
where r = 0 for same conditions as in Fig. 2. 

if anodic dissolution occurs near  the crack tip to form 
metal  ions, the presence of which was not considered 
in  this mode l  It is shown later  that metal  dissolution 
does actually occur inside cracklike slots for the base 
metals, i ron and nickel. It is also seen from Fig. 2 that 
as is increases, the H + (and Y - )  concentrat ion profile 
becomes steeper. 

The current  dis t r ibut ion was found to behave simi- 
larly, Fig. 3. It decreases sharply with increasing dis- 
tance into the slot, in  agreement  with an earlier analy-  
sis by Wagner  (14). The distance into the slot at which 
the rate of hydrogen evolution becomes negligible de- 
creases with increasing is, in  agreement  with estab- 
lished rules (20, 14) which state that  the "throwing 
power" decreases with increasing current  density. 

Figure 4 shows that the electrical potential, r be-  
comes more negative with increasing distance into the 

- 0 . 6 0 0  I i / I I 

- 0 . 5 0 0  

> -0.400 

- -  - O. 300 
o 
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vO 0.2 0.4 0.6 0.8 1.0 
D is tunce  I n t o  S lo t  ~ ,  c m  

Fig. 5. Effect of crack width "a" on the electrical potential 
profile inside a crack of depth L = I cm at a constant hydrogen 
charging rate at the electrode surface of is = 0.01 A cm -2 .  

slot (a ---- 0.05 cm). The magni tude  of r is seen to 
increase with increasing is and x. In  the presence of 
metal  ions (which may be produced by dissolution of 
the metal  at the bottom of the slots) the electrolyte 
conductivity may be higher and accordingly the mag- 
ni tude of r lower. 2 

Figure 5 shows for is = 10-2 'A cm -2 the impor tant  
effect of slot width, a, on the potential  profiles inside 
the slot. As the slot width decreases ~ changes more 
sharply with distance into the slot. Correspondingly 
larger variations in current  and concentrat ion also 
occur as the slot width decreases. This is a par t icular ly  
noteworthy feature of this model since cracks usual ly 
are very narrow, and since the effect of crack width 
on concentrat ion and potential  profiles is not general ly 
recognized. The bulk  electrolyte concentrat ion has the 
same effect on the various profiles as the slot width 
since it is the product  Coa which influences the value of 
X, see Eq. [ l l a ] .  It follows that  as the bu lk  concen- 
t rat ion of the acid decreases (hence its conductivity 
decreases) the potential  drop over a certain distance 
increases. 

The potential  r involves an ohmic potential  drop in-  
side the slot and the contr ibut ion of a diffusion poten-  
tial as well. The IR drop in the metal  is negligible. 
Thus r is equal to the difference of the electrode po- 
tentials E at x = 0 and x > 0, i.e. 

= E ( x = 0 ) - - E ( x )  [28] 

Thus, a more negative value of r in  the electrolyte cor- 
responds to a more positive (noble) local electrode 
potential  of the metal  with respect to the solution, as 
pointed out previously by Wagner  (14). 

The results in  Fig. 2 are reliable for is = 10 -3 and 
10 -2 A c m  -2, but  of only marginal  value for is = 10 -1 
A cm-2  for which X ~_ 0.07 cm is not much larger 
than the slot width. The val idi ty range of the equations 
increases as the slot width decreases, e.g., X > >  a for 
all except the bot tom curve in Fig. 5. Nevertheless, 
they apply quant i ta t ive ly  only at x > >  X in  view of 
appreciable three-dimensional  t ransport  at the slot 
opening. However, even precisely calculated current  
and concentrat ion distr ibutions have l imited practical 
application since exper imental  data are often obtained 

e I t  is s h o w n  la te r  t h a t  the  inc rease  in  res i s t ance  due  to  cons t r i c -  
t i ons  (gas) in  the  e l ec t ro ly te  p a t h  fa r  o u t w e i g h s  t he  increase  in  con-  
d u c t i v i t y  due  to a n o d i c a l l y  f o r m e d  m e t a l  ions.  
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from laboratory experiments  or industr ia l  practice for 
which conditions in  the crack differ from those in the 
idealized model, e.g., the accumulat ion of gas to form 
a constriction, and the occurrences of additional chemi- 
cal and electrochemical reactions. Gas accumulat ion is 
l ikely in  cracks with a corresponding increase in the 
effective electrolyte resistance as shown previously by 
Pickering and Franken tha l  (9). The consequence of 
such constrictions in  the present  study would be 
steeper gradients of H +, Y - ,  i, and @ than  in Fig. 2-4, 
and a more noble local electrode potential  at the slot 
bottom, Ex=L, according to Eq. [28]. It is shown later  
that  gas accumulat ion and la rger- than-expected  nega-  
tive ~ values occur in cracklike slots during hydrogen 
charging, and that anodic dissolution occurs in slots of 
base metals. 

In  summary,  substant ial  changes in electrochemical 
conditions wi th in  pores or cracks during cathodic hy-  
drogen charging are expected. This, in  turn,  means that 
the na ture  and the rates of the electrochemical reac- 
tions occurring inside the pores may be quite different 
from those at the outer surface. For  example, at high 
hydrogen charging rates the electrode potential  at the 
outer surface of i ron in  1N H2SO4 may be sufficiently 
negative such that  no significant i ron dissolution oc- 
curs. Nevertheless, at some distance into a pore or 
crack i ron dissolution may occur because the electrode 
potential  is more positive. This shift of electrode po- 
tent ial  is i l lustrated in  Fig. 6 using the part ial  polariza- 
t ion curves according to Wagner  and Traud (21). 

I ron dissolution inside the pore or crack is also 
favored by the higher pH (Fig. 2). It is recognized now 
that the anodic current  density of i ron dissolution at 
a given potential  increases with increasing pH (22-27). 
Thus, dissolution of i ron inside a pore is favored, not  
only by the shift of the potential  to more noble values 
with respect to the potential  at the outer surface, but  
also by a decreasing hydrogen ion concentrat ion inside 
the pore. 

Experimental 
General procedure.--An exper imental  system was 

se t  up to test the above hypothesis and conclusions. 
Cracklike slots, (see Fig. 1), were cut in  the middle 
of cubes of Ferrovac E Fe, electrolytic Ni, and 99.999-{- 
Cu (a ~ 0.5-1.5 mm, b ~ 1.2 cm, L ~ 1.2 cm). The 
cutt ing procedure differed for the metals, with the re-  
sult that  the surfaces of the slot in  the i ron sample 
were smooth in comparison to those for the Ni and Cu 

(.~ 

r -  

0 
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r-" 
.r 
0 
C.) 

Fe--,-Fe 2+ + 2e- 
\ /  

.... ~ C m c k T i p  

"H + +e--,- �89 H . s u r f 0 c e  2 

Fig. 6. Schematic partial polarization curves illustrating the shift 
of the local electrode potential E from the region of solely hydro- 
gen evolution at the outer surface to the mixed potential region of 
iron dissolution and, hydrogen evolution at the bottom of the crack. 

samples. In  order to shield the outer (except the top) 
surfaces from the electrolyte the sample was tight- 
fitted into a Teflon mount  such that  only the horizontal 
outer top and inner  (slot) surfaces were accessible to 
the electrolyte. Electrical contact to the sample was 
made through a th in  p la t inum wire attached to one 
side of the electrode before it was fitted inside the 
Teflon mount.  The p la t inum wire was shielded from 
the electrolyte with an Alphex shrinkable tubing, the 
diameter of which decreases consicerably on gentle 
heating. 

This assembly was then put  into a large volume of 
electrolyte (about 1.5 l i ter) .  The electrolytes used were 
1M HC104 and a sodium acetate-acetic acid buffer, 
pH ~ 5 (0.5M each). All tests were made at room tem- 
perature. Electrode potentials are reported with re- 
spect to the standard hydrogen electrode (SHE). 

A constant cathodic current  was impressed on the 
sample. After a steady potential  was obtained the po- 
tent ial  of the metal  with respect to the solution at the 
outer surface (Ex=o) and at various positions inside 
the slot (Ex) was measured using a Hg/Hg2SO4 (0.1N 
H2SO4) reference electrode and a fine Luggin capillary 
(diameter  < 0.01 cm) (9). In order to avoid probe- 
induced ~ values the probe diameter  was 5-10 times 
smaller  than the slot width, values at the slot bottom 
were obtained with the probe backed off the bottom, 
and a technique for detecting gas accumulat ion within 
the probe was developed. For these conditions the po- 
tential  var ia t ion in the electrolyte r between two posi- 
tions of the Luggin capillary is the difference in  the 
measured electrode potentials, Eq. [28]. 

A second procedure was also used which allowed 
direct measurement  of the variat ion in  potential  @ in-  
side the slot. In this a r rangement  two reference elec- 
trodes were used, one with Luggin capillary positioned 
at x = 0 and the other with a (adjustable) Luggin 
capillary at distance x into the slot. The two reference 
electrodes were connected to a high impedance volt-  
meter. The measured potential  was the magni tude  of 
r over the distance x. 

The position of the capillary inside the slot was ad- 
justed and the distance measured using a micro- 
manipulator .  The counterelectrode was a sl~ectrograph- 
ically pure porous graphite rod positioned about 10 cm 
away from the iron sample to insure a uniform current 
distribution on the exposed outer (top) surface of the 
metal. 

After reaching steady state and while the current 
was flowing, the solution inside the slot was extracted 
using a fine capillary g• tube and a simple suction 
mechanism. Qualitative tests for iron were done using 
the Standard Orthophe.nanthroline color procedure 
(28). Quantitative tests for Fe 2+, Cu 2+, and Ni 2+ ions 
were made using atomic absorption spectrometry, 

Electrode potential values and gas bubbles.--The 
measured potential  variat ion r inside a slot of a = 0.05 
cm width in  a Ferrovac E iron sample is shown in  Fig. 
7. The charging current  density (comparable to is in 
the model) was 5.2 mA cm-2 cathodic and the elec- 
trolyte was acetate-acetic acid buffer, pH ~-- 5. Although 
this pH is different than that used in the model, it is 
not an important  consideration for reasons to be dis- 
cussed; its choice was based on experimental  consider- 
ations. Electrolytes which fit the model were used for 
the Ni and Cu samples. 

It  is seen from Fig. 7 that there is a significant dif- 
ference between the measured potential  at the outer 
surface and that at the bottom of the slot. The mea-  
sured electrode potential  at the outer surface was ap- 
proximately Ex=o ~-~ -- 0.9V SHE and that  at the bot- 
tom was E ___ -- 0.5V. Since the ferrous ion con- 

x ~ L  

centrat ion in the bulk  electrolyte is extremely low, one 
may use the s tandard single electrode potential  of iron 
minus 0.2V (E _-- -- 0.64V) as the l imit ing condition 
for v i r tua l ly  complete cathodic protection (29, 30). 
Hence, the outer i ron surface was cathodically pro- 
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Fig. 7. The r profile from the measured electrode potentials as 
a function of distance x into the slot in the iron sample exposed 
to the acetate-acetic acid solution for is ~- 5.2 mA cm -2  and 
a ~ 0.05 cm. Points are for a traverse of the Luggin probe into 
( O )  and out of (I-1) the slot. Total time of traverse was 25 min. 
The calculated r profile (Eq. [19]) is shown for comparison; 
X = 0.3 cm. 

tected well into the stable iron region. The electrode 
potential  at the bottom corresponds to appreciable 
equi l ibr ium concentrations of Fe ~+ ions (see Appen-  
dix) and as such is a mixed potential  value established 
by the iron and hydrogen reactions. 

A second series of measurements  made 3 hr  la ter  
showed near ly  the same potential  variat ion wi th in  the 
slot as in Fig. 7, viz.,  ~z=L ~" --  0.34V. In a th i rd  series 

of measurements  the potential  var ia t ion in the electro- 
lyte wi thin  the slot was measured directly using the 
a l ternat ive  circuit and gave ~ = L  ~ -- 0.33V, in good 

agreement  with the above value. 
Figure  8 shows the measured r values inside a slot 

0.15 cm wide and 1.4 cm deep in a Ni sample. The 
charging solution was 1M HC104 and the current  den-  
sity was 10 mA cm -2 cathodic. It is seen that  part  
way inside the slot r increases sharply. This behavior  
was very reproducible in  all cases when  a gas bubble  
was seen to occupy the bottom portion of the slot. The 
measured electrode potential  at the opening of the slot 
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Fig. 8. The experimental and calculated r profiles for a nickel 
sample in IM HCIO4 for is ~ 10 mA cm -2  and a ~ 0.15 cm; 
X = 0.4 cm. 

was Ez=o ~ --0.6 to --0.7V, a value which is too nega-  
tive for anodic dissolution of Ni (E ~ -- 0.2V -- 
-0 .45V).  However, the electrode potential  in  the 
deeper port ion of the slot, being 0.4-0.5V more noble 
at E ~ --0.2V is in  the region of Ni dissolution. 

x>L/2  
Some difficulty was encountered in  the measurements,  
which may explain the scatter of values of r about 
halfway into the slot (Fig. 8). The sharp increase in  
is a t t r ibutable  to the presence of a large gas bubble  in  
the slot. 

The large width of the slot in  the nickel sample en-  
abled informat ion to be obtained on the na ture  of gas 
bubble  formation and evolution wi th in  the slot. It was 
seen that  accumulat ion of the gas occurred to give a 
large bubble  which occupied most, if not all, of the 
cross section about halfway down the slot. In te r -  
mit tently,  a smaller bubble  (though much larger in size 
than  those evolving off the outer surface) evolved 
from the slot as if coming from the accumulated hy-  
drogen gas "stuck" in  the slot. Since only the small 
area at the edges of the slot were mater ial  other than  
iron (Teflon), the accumulat ion of gas occurs primari ly,  
if not entirely, on the iron walls of the slot. 

Data for the Cu sample were obtained for a charging 
current  of 10 mA cm -a  in 1M HC104. The slot was 0.5 
mm wide and 1 cm deep. The measured electrode po- 
tential  at the outer surface was Ez=o ~ --0.TV, a value 
which is well below that required for anodic dissolu- 
t ion of copper since E ~ -- 0.2V = 0.14V. The measured 
electrode potential  inside the slot was erratic and 
oscillating very quickly. During the first t raverse of 
the probe to the slot bottom a relat ively small  potential  
variation, r = --0.10 to --0.15V, was measured. At 
a later time, a larger increase in potential, ~x=L 
0.50V, was noted. Gas accumulat ion was observed 
within  the slot during the experiment.  

Results with the Cu sample differed in an important  
way from those for i ron and nickel. The potential  
variation, ~x=L ~ --0.50V, though large was not 
enough to shift the electrode potential  into the region 
of copper dissolution. The most noble potential  reached 
was E ~ --0.2V which is well below the l imit ing 

x~L 
value of E _~ 0.14V. 

The measured potential  data for the Fe, Ni, and Cu 
samples are summarized in Table I. Values listed for 
the slot bottom were the most noble ones measured 
for each sample, and in  most cases could be associated 
with accumulated gas which was lodged in  the slot. 

Meta l  ion concen t ra t ions . - -Tes t s  for increased metal 
ion concentrations wi th in  slots of the samples were 
done on solution periodically extracted from the slots. 
The amount  of solution extracted was several times 
larger than the volume of the slot, a relat ively large 
volume of l iquid being required for the analysis 
(about 0.5 cm3). Thus, average values heavily weighed 
toward the bulk  concentrations were obtained. Con- 
sequently, in those cases in which departures from the 
bu lk  concentrat ions were observed, the measured con- 
centrations were only small fractions of the t rue con- 
centrations at x = L. Contr ibut ing to this averaging 
effect is the fact that the greatest departure  occurs in  
only a small  fraction of the slot volume (slot bottom 
or the region of a trapped gas bubble)  where the elec- 
trical potential  in the solution differs most from that  
in  solution at the outer surface. For  these reasons the 

Table I. The largest measured potential variations (r in slots of 
Fe, Ni, and Cu samples and the corresponding (approximate) 
electrode potential at the bottom and at the opening of the 

slots 

Metal Sx__~L, V Ex~_~ L, V SHE E x ~  o' V SHE 

Fe --0.4 --0.5 --0.9 
Ni --0.5 --0.2 - -0 .7 (approx)  
C u  --0.5 --0.2 --0,7 
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greatest concentrat ion in the slot is est imated to be up 
to 100 times the difference in concentrat ion of the 
measured bulk and slot values. The measured slot and 
bulk  concentrations for Fe, Ni, and Cu specimens and 
the estimated l imit ing concentrations are shown in  
Table II. 

Solution extracted from the slot of an iron sample 
(a ---- 0.05 cm) during cathodic charging at a rate of 
5.2 mA cm -2 (r -~ --0.36V) showed an  iron con- 
tent of 50 ppm arid gave a definite color in the ortho- 
phenanthrol ine  test. Solution extracted at the same 
time from the bulk  solution showed about 2 ppm Fe (as 
did the stock solution) and gave a barely  detectable 
or thophenanthrol ine  color. This was found to be repro- 
ducible on a daily basis for a period of 10 days of con- 
t inuous hydrogen charging. 

A similar result  was obtained for a Ni sample. Quan-  
ti tative analysis of electrolyte extracted from the slot 
during cathodic charging at 10 m A c m  -2 showed 15 
ppm of Ni 2+ as compared to a negligible quant i ty  in 
the bu lk  solution. 

The results for the Cu specimens were quite differ- 
ent. The measured Cu 2+ ion concentrat ion in  the slot 
was much lower than for i ron and nickel. 

One may calculate the lowest (most negative) elec- 
trode potential  which will support the concentrations of 
metal  ions shown in Table II. Using concentrations in 
place of activities in the Nernst  equation one obtains 
E ---- --0.53 and --0.47V (SHE) for 50 and 5000 ppm 
iron, respectively; E = --0.36 and --0.30V for 15 and 
1000 ppm nickel, respectively, and E = 0.20V for 1 
ppm copper. In  the case of iron and nickel the mea-  
sured electrode potentials at the slot bottom (Table I) 
are more noble than  these values, indicating that  the 
measured metal  ion concentrations in  the slot are 
stable. The 1 ppm copper level in the slot is not stable 
at the measured E x =  L : --0.2V, and indicates that  
either more positive electrode potentials exist in the 
slot 3 or t ransport  of Cu 2+ in the electrolyte becomes a 
factor at these low concentrations. It may also be noted 
in  this regard that  the concentrat ion of Cu 2+ may be 
somewhat higher in the slot than in the bu lk  solu- 
t ion (where <1 ppm was measured) in  view of the 
prevai l ing potent ial  gradient  wi th in  the solution. 

Discussion 
Comparison of the experimental results with the 

modeL--The calculated ~ potential  from Eq. [17] is 
compared to the measured electrode potential  for an 
iron sample in Fig. 7. It  is clear that, al though the di- 
rection of the potential  change for calculated and mea-  
sured values agree, the actual potential  change is very 
much greater (order of magni tude)  than  that calcu- 
lated. The disparity is much greater than that due to 
the use of a pH : 5 rather  than  a pH = 0 solution 
as called for in the model. Similar  comparisons exist 
for Ni (Fig. 8) and Cu; in these cases the pH of the 
aqueous solutions fit the model. Large trapped gas 
bubbles were identified wi thin  the slot dur ing the po- 
tential  measurements,  and are the most obvious reason 
for the deviation. Their presence would reduce the 

s This is due  to the  pos s ib l e  o c c u r r e n c e  of  o x y g e n  r educ t ion ,  in  
a d d i t i o n  to H + ion  r educ t ion ,  i n  w h i c h  case  the  l i m i t i n g  e lec t rode  
p o t e n t i a l  also is  a m o r e  pos i t i ve  va lue .  

Table II. The measured concentrations of Fe ~+, Ni 2+, and Cu 2+ 
ions in samples of electrolyte extra:ted from within the "slot" 

and from the bulk solution are listed. From these data an 
estimated concentration at the slot bottom was obtained 

as described in the text. 

E s t i m a t e d  
B u l k  [M 2+] " S l o t "  [IVi2+] [M e+ ] @ x = L 

Meta l  (ppm) (ppm) (ppm) 

Fe 9. 50 <5000  (<0.1M) 

N i  0.2 15 <1000  
C u  - -  1 - -  

available cross section for current  flow in the electro- 
lyte, i.e., comparable to a local reduct ion in  the slot 
width a, Fig. 5 For a given current,  the actual po- 
tential  variat ion r in the constricted (high resistance) 
region is necessarily larger than  in  the absence of the 
constriction. Hence, the measured ~ is larger than that 
calculated, and in turn, so is the change in electrode 
potential  per un i t  distance into the slot according to 
Eq. [28]. 

The present  model and equations do correctly pre-  
dict the signs of the gradients of the ionic species and 
of the electrical potential,  and consequently are help- 
ful in explaining and predict ing the occurrence of elec- 
trochemical reactions inside a cavity when, as usual, 
only the electrochemical conditions at the outer sur-  
face are known. Furthermore,  the solutions could 
apply in  a quant i ta t ive sense to cracking situations in 
which constrictions are absent. 

Role of gas bubbles and crack width.--Are con- 
strictions l ikely in  real cracks? Are they necessary for 
the a t ta inment  of large potential  variat ions in real 
cracks? Since real cracks are usual ly  much narrower  
than the slots used in  this investigation, and since for 
all known conditions the vast major i ty  of reduced H + 
ions becomes hydrogen gas, it seems l ikely that hy-  
drogen gas will  accumulate in real cracks. As to the 
second question, Fig. 5 shows that  the gas may not be 
necessary for the a t ta inment  of large potential  var ia-  
tions in the case of real cracks which are very nar row 
(small a). Recall that  results in Fig. 5, which show 
the effect of slot width on the magni tude  of the poten-  
tial variat ion in the electrolyte, were obtained from 
a model which does not include constrictions. Hence, 
for a crack of 5 ~m width (a ---- 0.0005 cm) and an 
impressed cathodic current  of 0.01 A cm -2, a poten- 
tial var ia t ion of 0.5V exists over a distance of only 
0.4 cm, i.e., Cx=0.4cm --~ --0.5V. From these data it 
is clear that crack width also plays an important  role 
in determining which reactions occur at the crack tip. 

What is the upper  l imit  of the electrode potential  in 
a crack? The answer to this question for cathodic 
polarization (meaning a net  cathodic current)  is the 
reversible potential  of the cathodic reaction. One has 
the basic condition that a net  cathodic current  (current  
flow into the slot) is required in the slot for @ to be 
negative. The more noble the electrode potential, the 
smaller  is the rate of the cathodic reaction (hydrogen 
evolution) in  accord with the general  polarization 
behavior  for a cathodic reaction. Since the rate goes to 
zero at the reversible potential  of the hydrogen reac- 
tion, the local electrode potential  in  the slot can in -  
crease only to the point  of approaching this value. 
Furthermore,  if anodic reactions occur in the slot, a 
net  zero current  would occur at a more negative elec- 
trode potential  than  the local reversible hydrogen po- 
tential, and this "mixed" potential  would then be the 
upper  limit. 

The exper imental  data are consistent with this con- 
cept of a l imit ing potential  in  the slot which is dictated 
by the cathodic (hydrogen) reaction. For the three 
metals investigated the most noble potentials mea-  
sured were all negative of SHE. For two of the metals 
(Fe and Ni) whose anodic polarization behavior over- 
laps the cathodic polarization behavior of the hydrogen 
reaction, the measured electrode potential  at the bot-  
tom of the s lo t  may have been a mixed potential  
established by the metal  and hydrogen reactions, in 
accord with the finding that Fe and Ni concentrations 
were significantly higher in the slots. In the case of 
Cu, anodic dissolution could not be expected (and was 
not observed) since the electrode potential at the bot- 
tom of the slot never attained a value near the dissolu- 
tion potential. In this case, the measured electrode 
potential may have approached the reversible potential 
of the hydrogen evolution reaction at x ~ L. A simi- 
lar limiting potential criterion applies in the case of 
anodic polarization, and the available experimental 
data (6, 9) are consistent with such. 
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F rom a prac t ica l  poin t  of v iew it  is an impor tan t  
finding tha t  the  local  e lec t rode  poten t ia l  in the slot 
m a y  shift  by  much l a rge r  amounts  than  prev ious ly  
assumed. This means  tha t  the  l ike l ihood of addi t ional  
e lect rochemical  react ions occurr ing in a c rack  is sub-  
s t an t i a l ly  increased.  In  par t icu lar ,  the noble Ex values 
measu red  and  the detec t ion  of subs tan t ia l  amounts  of 
i ron and  nickel  ions in the  slot dur ing  cathodic po-  
la r iza t ion  indicate  tha t  in the  case of the  base meta ls  
and  base -me ta l  alloys, me ta l  dissolut ion wi th in  cracks, 
crevices, etc. has to be taken  into account in app ly ing  
pro tec t ion  methods,  as wel l  as in  mechanis t ic  ana lyses  
of crack propagat ion.  

Conclusions 
The most significant expe r imen ta l  resul ts  of this  in-  

vesr of cathodic charging of meta ls  are  (i)  
tha t  the  e lect rode potent ia l  measured  at the bo t tom of 
crackl ike  slots in iron, nickel, and copper a re  about  
0.5V more  noble than  at  the outer  surface, and (it) 
tha t  r e l a t ive ly  large  concentrat ions of meta l  ions were  
de tec ted  at the  bo t tom of slots in  the  i ron and nickel  
samples.  

I t  is concluded tha t  meta l  dissolution occurs in the 
slots, though not  at  the  outer  surface, in i ron  and 
nickel  samples  dur ing  cathodic hydrogen  charging.  In  
the  case of copper,  no meta l  dissolves at  the  ex te rna l  
surface or at  the  bot tom of the  slot, in accord with  
its posi t ive s t andard  potent ial .  Since these  resul ts  a re  
a consequence of mass and charge t ransfe r  condit ions 
in  the e lec t ro ly te  and depend, on the  me ta l  only  as to 
its nobil i ty,  meta l  dissolut ion in slots or cracks dur ing 
cathodic hydrogen  charging or dur ing  cathodic p ro -  
tect ion should be considered a poss ibi l i ty  for al l  base 
meta l s  and the i r  alloys, including the  vast  ma jo r i t y  of 
commercia l  alloys.  

Based on a s imple model,  the  e lect rode potential ,  
ionic concentrat ion,  and cur ren t  d is t r ibut ions  wi th in  
cracks undergoing  cathodic hydrogen  charging in acid 
solutions were  analyzed.  The ca lcula ted  solutions of 
the  model  show tha t  (i)  the  concentrat ions  of both 
ionic species, H + and Y - ,  decrease wi th  increasing 
distance into the  slot, and tha t  both  gradients  become 
sharper  as the  charging cur ren t  is increased or the  slot 
width  decreased (Eq. [18] and [ l l a ] ,  and Fig. 2);  
(it) the  cur ren t  d i s t r ibu t ion  on the wal ls  of the  crack 
is nonuni form and becomes even less un i form as the 
hydrogen  charging ra te  increases or as the  slot becomes 
na r rower  (Eq. [19] and [ l l a ] ,  and Fig. 3);  (iii) the 
e lectr ical  potent ia l  ~ in the  solut ion decreases with 
increas ing dis tance into the  slot, and the ~ gradient  
becomes sharper  wi th  increasing ra te  of hydrogen  
evolut ion  and wi th  decreasing width  of the slot (Eq. 
[17] and [ l l a ] ,  and Fig. 4 and 5); and (iv) the  local 
e lect rode potent ia l  Ex increases in the  noble direct ion 
wi th  increasing x (Eq. [28] and at some distance into 
the slot m a y  cause meta l  dissolut ion (Fig. 6) as was 
indica ted  for i ron and nickel.  

The ve ry  la rge  measured  change in r in the slots of 
Fe, Ni, and  Cu samples  showed that  the  model  g rea t ly  
underes t ima ted  the e lect r ica l  potent ia l  change, and 
hence, the  local e lect rode potent ia l  in the  slot. This is 
not  surpr i s ing  since hydrogen  gas was r egu la r ly  ob-  
served to pa r t i a l l y  fill the slots, in which case the  ex-  
pe r imen ta l  condit ions c lear ly  depar ted  f rom those 
s t ipu la ted  in the  model. The gas has the effect of r e -  
s t r ic t ing cur ren t  flow and mass and charge t ranspor t .  
I t  fol lows tha t  a new model  should include accumula-  
t ion of gas in the slot or a comparab le  reduced cross- 
section effect. The presen t  model,  therefore,  is a l imi t -  
ing one. The presence of gas constrict ions does not in-  
va l ida te  the  above-ment ioned  conclusions of the model. 
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A P P E N D I X  

A check on the es t imated Fe  2+ concentrat ions shown 
in Table  II  can be made  by  assuming tha t  the  meta l  
ion concentrat ions were  in local equ i l ib r ium wi th  the  
metal .  For  an e lect rode potent ia l  at the  slot bot tom of 
Ex=L ~ -- 0.5V (SHE) ,  the  Nernst  equat ion gives a 
value  of about  600 p p m  Fe  2+ ions (ac t iv i ty  coefficient 

1) at x ---- L, which is m i d w a y  be tween  the mea -  
sured and es t imated  values (Table  I I ) .  A s imi lar  cal -  
culat ion is not real is t ic  for the  Ni sample  since Ni is 
apprec iab ly  polar ized at Ex=L N_ _ 0.2V in aqueous 
electrolytes .  
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ABSTRACT 

Cobalt, nickel, and cobalt-nickel alloy were electrodeposited into the 
micropores of anodic oxide films on aluminum obtained in a sulfuric acid 
bath. The deposits in the micropores were separated from the oxide films 
and were observed as needlelike crystals about 100A in diameter. The 
metallic deposits were quite dense at the bottom of the micropores and then 
gradually grew to the surface. Finally the deposits form layers distributed 
uniformly parallel to the surface. The density of residual magnetizations in 
cobalt and nickel deposits increase to about 1700 and 600G, respectively, when 
the outer layers are lapped down to a few microns in thickness. The films 
can be used as magnetic recording disks. 

In the  previous  paper ,  it  has been repor ted  b y  the 
present  au thor  and his co l labora tor  tha t  the anodic 
oxide films of a luminum obtained f rom var ious  elec-  
t ro ly t ic  baths  in which cobalt  and Co-Ni al loy were  
e lec t rodeposi ted  showed character is t ic  magnet ic  aniso-  
t ropies  (1). These proper t ies  have been considered to 
be caused by  the r egu la r  format ion  of micropores  pe r -  
pendicu lar  to the  subs t ra te  and the crysta l  o r ien ta -  
t ion of metal l ic  deposits  in them. The eoercivit ies of 
the  films (about  500-II00 oe) showed ra the r  h igher  
values  and the re tent iv i t ies  (about  1000G) indica ted  
lower  values  compared  to convent ional  magnet ic  th in  
films. 

In the  s tudy  of e lec t ro ly t ic  coloring process of a lumi -  
num, L ich tenbe rge r -Ba jza  et at. deposi ted copper crys-  
tals  in the micropores  by  a-c  e lectrolysis  and observed 
wi th  an e lec t ron microprobe  ana lyzer  that  the meta l l ic  
copper  was deposi ted near  the bo t tom of the pores  
(2). Sande ra  separa ted  the  deposits  f rom the anodic 
oxide films which  were  p igmenta ted  in the  baths  con- 
ta ined  meta l  salts  and found under  an e lec t ron micro-  
scope and by  the diffraction method that  the  meta l  de -  
posits  such as gold and si lver  crys ta l l ized as ve ry  fine 
fibrous s t ructures  in the  micropores  (3). 

Meanwhile ,  in the s tudy  of a magnet ic  recording 
system, lwasak i  presented  an empir ica l  equat ion 
concerning the re la t ionship  be tween  the ha l f -pu l se  
width  (Ws0) of output  and the magnet ic  p rope r ty  of 
thin films as follows 

Wso cc (8 " Br/Hc)O.5 

and he e luc ida ted  tha t  the  high bit  densi ty  magnet ic  
recording can be obta ined by  decreasing the value  of 
Ws0 (4). Therefore,  5 (film thickness)  has to be th in-  
ner  and  Hc (coercivi ty)  to be l a rge r  while  Br ( res idual  
magnet iza t ion)  should be main ta ined  at the  same 
strength.  

In  the present paper ,  for the purpose  of maximiz ing  
the recording  per fo rmance  of the magnet ic  oxide films, 
the  author  has s tudied the s t ructures  and remanences  
of e lec t rodeposi ted  meta ls  in the oxide films. 

Key  words:  anodic oxide  film, e lectron microprobe analyzer ,  
saturation magnet izat ion moment .  

Experimental Procedures 
Rolled a luminum sheets, 99.99% in pur i ty ,  0.5 • 50 

• 100 mm 3 in size, were  used as substrates.  For  the  
measuremen t  wi th  a magnetometer ,  the surfaces of 
the specimens were  prev ious ly  machined  wi th  a la the  
to a surface roughness of about 1 ~m. 

First ,  a luminum sheets were  anodized in a sulfuric  
acid ba th  and then  e lect rolyzed be tween  a carbon elec-  
t rode  with  a.c. in var ious  meta l  sulfate solut ions as 
shown in Table I. Cobalt,  nickel, and coba l t -n icke l  
a l loy were  deposi ted in the  micropores  of oxide films 
as repor ted  in the first paper  (1). 

In order  to observe the e lec t rodeposi ted  crystals  un-  
der  an electron microscope, the specimens were  im-  
mersed in 3% mercur ic  chloride solutions for a few 
hours at room t e m p e r a t u r e  to separa te  the  oxide films 
from the substrates,  and the s t r ipped films containing 
magnet ic  metals  were  dissolved in 5% NaOH solu- 
tions at 50~ for severa l  minutes.  Then, the ex t rac ted  
crystals  were  washed thorough ly  wi th  clean wa te r  and 
t rans fe r red  to collodion films to keep the deposits  as 
they  were. 

By using an electron microprobe,  an x - r a y  micro-  
analysis  was performed.  The specimens were  bur ied  
in po lyes te r  resins and the cross sections of films were  
pol ished to fiat surfaces. The measur ing  conditions 
were  as follows; d iamete r  of emission e lec t ron beam, 
2 ~m; scanning rate,  10 ~m/min;  accelera t ion voltage, 

Table I. Bath compositions 

Procedures  Remarks  

Degreasing 
Desmut  
Anodizing 

Electrodeposition 
Co 

Ni 

Co-Ni 

Sealing 

5%--NaOH,  60~ 2 rain 
5%--HNOs, 23~ 1 min  
15%--H~SO~, 0.1%--A1, 1.3 A/d in  2, 20~ 40-50 

min  

5?~--CoSO~-TH20, 2%--HnBO3, 0.2%--glycerine,  
15V (80 Hz), 20~ PH 6.0, 40-150 rain 

5%--NiSO4.TH~O, 2%--H~BO3, 0.2%--glycerine,  
15V (50 ttz),  20~ pH 6.0, 15-120 rain 

3%--CoSO4.7H~O, 7%--NiSO~.7I-I20, 2%--H3BO3, 
0.2%-~--glycerine, 15V (60 Hz), 30~ pH 6.0, 
20-120 min 

I%--Ni(CH~CO2)~.4H20, 90~ 20 ndn 
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Fig. 1. Electron micregraph of 
nickel deposits extracted from 
anodic oxide film. 

25 kV; absorbed electron current,  0.18 ~A. The elec- 
t ron  beam scanned the cross-sectional area from the 
outer surface of the oxide to the a luminum substrate. 
X- ray  intensit ies due to ferromagnetic and a luminum 
metals at each position of film were continuously de- 
scribed with an X-Y recorder. In  addition, the same 
specimens were also observed with a scanning electron 
microprobe image. 

The total amount  of cobalt and nickel deposits in the 
oxide films were determined by an atomic absorption 
spectroscopy. The specimens, 20 • 20 mm 2 in size, 
were immersed in 5% NaOH solutions at 50~ to dis- 
solve the films from the substrates. Then the undis- 
solved aluminum metals were washed and removed 
from the solutions. The caustic solutions which con- 
tained the metal deposits were dissolved in hydro- 
chloric acid solutions and subjected to quantitative 
analyses. 

With a lapping machine, the surfaces of the oxide 
films were abraded with aluminum oxide powder with 
a diameter of about 0.I ~m. And with this procedure, 
the surface roughness of the films could be maintained 
at 0.05 ~m while the flatness was about 0.1 ~m in a 20 
mm length. The thickness of the oxide films was re-  
duced gradual ly  by this polishing and finally reached 
a value of about 2 ~m. At each step in decreasing the 
thickness, the s trength of magnetizat ion was measured 
by the sample vibrat ing magnetometer  as described in 
the previous paper (1). 

Hysteresis loops were measured by the sample 
v ibra t ing  magnetometer  in which 80 Hz vibrat ion is 
applied to the specimen by a quartz oscillator. By using 
this method, the magnetic  moment  in the direction of 
v ibrat ion can be determined with high sensitivity. The 
specimens in the form of a disk, 6 mm in diameter, 
were inset on a quartz holder, and hysteresis curves 
were measured with an X-Y recorder under  5 kOe of 
magnetic  field. 

Experimental Results 
The deposited crystal extracted from the oxide films 

showed needlelike structure, and the typical  crystall ine 
form of the nickel deposits is shown in Fig. 1. 

Figure  2 (a) and (b) show the results of the cobalt 
deposits in  the cross section of the oxide films as de- 
t e rmined  by the electron microprobe analysis. Sam- 
ples (a) and (b) differ in the amount of cobalt de- 
posits with different electrolysis time. Separate dis- 
tributions for cobalt and aluminum were observed as a 

function of thickness. The A1 Ks lines had two dif- 
ferent intensities. The area showing the lower in- 
tensities indicated the anodic oxide film sections, be- 
cause of the lower aluminum content in the oxide. 
In specimen (a), the x-ray intensity of Co Ka was 
relatively high near the bottom of the micropores, but 
very low in the vicinity of the surface of the oxide 
film. On the other hand, the Co Ks line of specimen 
(b) was nearly uniform from the bottom of the micro- 
pores to the outer surface of the oxide. 

With the scanning electron microscope, the same 
sections of the oxide films were observed. Simul- 
taneously the scanning x-ray images of aluminum and 
cobalt at the identical positions are indicated as shown 
in Fig. 3 of which the (a) and (b) portions are different 
in the amount of cobalt deposits, respectively. The 
thickness of the oxide layers observed under the elec- 
tron microscope correlated well with the layers ex- 
amined by the x-ray images of aluminum which were 
discerned clearly by the spot distributions. The spot 
density of cobalt deposits were found to be very homo- 
geneous and the layer became thicker with increasing 
cobalt deposits. The same tendencies for cobalt were 
also recognized in the case of nickel and Co-Ni alloy. 
Figure 4 indicates the amount of precipitated metals 

of cobalt and nickel which varied with the duration 
time of electrolysis. The deposition rate in each case 
decreased as the electrolysis time became longer. 
The saturation magnetization moments calculated 

with the amount of deposited cobalt and nickel in- 
creased linearly and showed approximately equal 
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(b) Cobalt (]29 mg/dm 2) 

Fig. 2. Line profiles of Co and AI in cross section of oxide films 
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Fig. 3. Scanning electron and x-ray micrograph on the cross section of oxide films 

strengths of pure bu lk  cobalt and nickel (r as shown 
in Fig. 5. From the hysteresis loops obtained by the 
magnetometer,  it was found that the density of residual 
magnetizat ion of films increased by degrees with de- 
creasing film thickness and reached a definite value 
when the thickness was reduced to about 2 ;,m by 
polishing as shown in Fig. 6. 

No par t icular  changes in the other magnetic  prop- 
erties were observed on the oxide films th inned by 
mechanical  treatments.  The coercivities of cobalt and 

nickel deposits remained at about 1100 and 750 Oe, 
and the squareness ratios measured about 70 and 95%, 
respectively. 

Crystal Structures of Deposits 

The deposits in the mieropores formed fibrous struc- 
tures about 100A in diameter  which coincides well 
with the diameter  of micropores anodized in a sul-  
furic acid bath. Each fibrous deposit consists of fine 
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Fig. 6. Relationship between density of residual magnetizations 
and film thickness. 

segmented  crysta ls  which  are  considered to show a 
spontaneous magnet izat ion.  

Al though  the length  of deposi ts  could not  be mea -  
sured  exactly,  the meta ls  formed in cobal t  and nickel  

deposi t ions  were  r e l a t ive ly  long fibers, whi le  the Co- 
Ni a l loy deposi ts  were  somewhat  shor te r  in length.  
These deposi ts  m a y  be  caused by  the crys ta l  o r ien ta -  
t ions in the micropores  and form e i ther  a co lumnar  or 
l amel l a r  s t ructure.  

The deposi ts  d i s t r ibu ted  un i fo rmly  in the  micro-  
pores  and were  a r ranged  r egu l a r l y  at in tervals  p a r a l -  
le l  to the  surface. And  the ini t ia l  h igh cur ren t  dens i ty  
of e lectrolysis  has the effect of a heavy  deposi t ion of 
the  meta ls  at the bo t tom of the  micropores,  whi le  the  
subsequent  decreas ing cur ren t  dens i ty  is a t t r ibu ted  
to decreas ing meta l  deposi t ion a long the length  of the  
micropores.  

Retentivities of Deposits 
When the thickness of oxide  films containing co- 

bal t  and nickel  were  scraped f rom the surface wi th in  
about  15-2 ~m b y  using the lapping  machine,  the 
dens i ty  of res idual  magnet iza t ions  increased and 
reached  about  1700 and 60,0G, and the dens i ty  of 
sa tura t ion  remanences  a t ta ined  about  2400 and 6S0G, 
respect ively .  

Then, the  sa tura t ion  magnet iza t ion  momen t s  of the  
oxide films e lec t rodeposi ted  wi th  cobal t  and nickel  
are  ca lcula ted  to be about  136 and 54 emu/g .  Whereas,  
in the  case of pure  bu lk  meta ls  of cobal t  and nickel,  
the  same moments  were  repor ted  at 161 and 54 e m u /  
g (20~ respec t ive ly  (5). These values  a re  a lmost  
equal  to the former  values.  

According  to Ke l l e r  et aL (6) the pore  vo lume  of 
micropores  to the  whole  film l aye r  anodized in sul-  
furic acid ba th  under  the same condit ions of the  p res -  
ent  exper iments  has been revea led  as about  10%. As 
the dens i ty  of sa tu ra t ion  magnet iza t ions  can be  
reckoned to be about  18,000 and 6,000G in each meta l  
by  re fe r r ing  to the specific gravi ty,  the s t r eng th  of 
remanences  of these meta ls  were  found to be about  
13 and 11% of those values in bu lk  metals .  I t  may  be 
noted that  the  micropores  of anodic oxide films are  
fu l ly  packed  wi th  the meta l l ic  deposi ts  b y  a - c  elec-  
trolysis.  

The th inned  oxide films show not only  the  s t ronger  
remanences  than  the pa r t  of outer  layers  of the  oxide 
films, but  also can easi ly  provide  the  ve ry  flat sur -  
face by  mechanica l  polishings.  I t  is considered tha t  
there  are  possible  appl ica t ions  for  magnet ic  record ing  
disks. 
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ABSTRACT 

T h e  high tempera ture  electrons in  a plasma are able to excite as well  as 
to ionize neut ra l  atoms and molecules. At sufficiently low pressures, the inelas-  
tic collisions between electrons and molecules are general ly considered to be 
the most effective mechanism for molecular  dissociation in the positive 
column of a glow discharge. It is therefore expected to obtain, at constant  
current  density, a first-order reaction with respect to the molar  fraction of the 
reagent, if all other reactions are negligible. In the case of silane diluted in 
argon investigated in  this work, the first-order rate equation In Xsim ----- - -k t  
is not observed; in this equation k is the first-order rate constant, t the gas 
t ransi t  t ime in the discharge, and XSiH4 the mole fraction of silane at t ime t. 
The k value increases with t ime during decomposition. This is a t t r ibuted to 
an  increase of the electronic temperature  of the gaseous mixture  dur ing its 
t ransformation.  

A bibliographical analysis of the achieved researches 
on electric discharge chemistry shows that  very often 
one is main ly  concerned with the aspects of empiricism 
and reactor stabili ty (1, 2). Some attempts to explain 
the chemical reaction mechanisms and to establish a 
general  theory were not successful because the invest i -  
gated systems were too complex. On the other hand, 
the physical aspects of the electric discharges are not 
simple and have a large influence on the behavior  of 
the chemical reactions. 

Therefore, it is necessary (i) to s tudy the influence 
of the physical parameters  of the electric discharge on 
the total kinetics of an irreversible gaseous decomposi- 
tion; (it) to work at low pressure and low current  
density in order to dissociate the thermal  and electric 
phenomena;  (iii)to use low pressures in order to l imit  
the n u m b e r  of paral lel  reactions; (iv) to work with 
the best known  discharges, often studied in an iner t  
medium (rare gases);  (v) to study the total kinetics 
of gases with a simple chemical dissociation mechan-  
ism (irreversible decomposition, few synthesis prod- 
ucts in  low concentration, etc. If the kinetics may be 
overcome under  the previous conditions, it will  be 
possible to investigate more complicated systems (with 
side reactions, opposing reactions, etc.). 

The purpose of this work it not to explain the de- 
composition mechanisms of a gas, but  to examine the 
influences of the physical parameters  of the discharge 
on the kinetics of gaseous decomposition. This paper 
only presents the exper imental  results on the silane 
kinetics. 

Choice of the Experimental Conditions 
Gases.--Silane, SiI~, has a simple s tructure and ir-  

reversibly decomposes to form an amorphous th in  film 
on the walls of the reactor (3); the only gaseous re-  
action products found in our electric discharges are 
hydrogen with traces of disilane, Si2H6. Furthermore,  
silane diluted in an iner t  gas is widely used in micro- 
electronic device technology and, more precisely, in its 
reactive plasma applications (3) for deposition of thin 
films on silicon substrates. These applications make use 
of an rf  induced discharge, which is quite ideal since 
it l imits the plasma extension to the neighborhood of 
the substrate and avoids the contaminat ion of the thin 
films by in terna l  electrodes. Diluted silane was chosen 
to obtain a small  impact of the reaction on the reactant  
volume. The silane gas is predi luted in  argon (10% 

Key words: electric discharge, electronic temperature, plasma 
chemistry. 

Sit-I4-90%Ar; Air Products) and it is always injected 
at the same concentrat ion in a "plug-flow" tubular  re-  
actor which obviously the glow discharge tube is. 

Electric discharge.--For microelectronics purposes 
diluted silane is injected in a rf discharge. However for 
our s tudy this kind of discharge must  be discarded for 
several reasons: (i) The power t ransmit ted to the gas 
by the r f  generator  cannot be estimated with sufficient 
accuracy (4). (it) Numerous problems, depending on 
the high frequency, are related to the measurement  of 
parameters,  such as electric field and electronic tem- 
perature. (iii) The theoretical value of the electronic 
temperature  is a funct ion of the tube radius, R, the 
gas na ture  and its pressure, P (as in the case of a d-c 
glow discharge), but  also of the frequency and the 
electric field. The calculation of the electronic tem- 
perature becomes quite difficult when a gas mixture  is 
present. (iv) It is difficult to obtain a large and homo- 
geneous reaction zone. Furthermore,  since rf and d-c 
discharges have similar properties (5), we decided to 
use the low pressure (0.1 < P < 3 Torr) d-c glow 
discharge because its physical properties are relat ively 
well known and easily measurable  (6). 

Apparatus 
Since silane and its derivatives decompose very 

rapidly in the presence of oxygen, a rapid and direct 
analysis of the gaseous mix ture  composition must  be 
done (dynamic flow system).  Mass spectrometry was 
chosen as the analytical  technique. The measurement  
of the silane concentrat ion is achieved on the pre-  
selected mass 30 of the Sill2 + ion which is the most 
characteristic for silane (7, 8). The apparatus is com- 
posed of four parts (Fig. 1). 

Two low pressure rooms.--In the first one, 1, in Fig. 1, 
(glass tube of 3m length;  in ternal  diameter of the tube 
13.4 ram; mean pressure 0.1 Tort)  the decomposition 
of silane by the glow discharge occurs. In  the second 
one, 8, (stainless steel tube;  mean  pressure 10 -5 Torr )  
the gas analysis is achieved by the mass spectrometer, 
9. 

The differential pressure existing between the dis- 
charge tube, 1, and the analysis room, 8, is obtained by 
means of a diffusion pump, 3, coupled to a rotative 
pump, 2'. This allows a small  fraction of the gas flow- 
ing along the discharge tube to be continuously ex- 
tracted through a microleak, 15. The pressure gauges, 
6, 6', and, 6", are, respectively, of the Pirani,  Penning,  
and McLeod type. 

1030 
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i ~2 ~ - ~  

Fig. 1. Schematic diagram of the apparatus. The arrows show 
the directions of the gas flow. 1, Discharge tube; 2 and 2% primary 
pumps; 3, diffusion pump; 4, premixed gases; 5, flowmeter; 6, 6', 
and 6", pressure gauges; 7, U-tube for AP/Ax measure; 8, analysis 
room; 9, mass spectrometer; 10, control console; 11, fixed cathode; 
12, anode; 13, high voltage source; 14 and 14% taps; 15, microleak. 

Gas flow system.--Before the inject ion of the premixed 
gases, 4, in  the discharge tube, 1, the flow rate must  
be measured at atmospheric pressure, 5. Then  the gases 
cross all the tube, 1, and are extracted by a rotative 
pump, 2. The taps, 14 and 14% allow the regulation, 
respectively, of the pressure and of the gas flow rate. 
The pressure gradient  in the discharge tube is mea-  
sured with a "U" gauge, 7. 

Electric sy s t em. - -A  stabilized d-c high voltage source, 
13, (Vmax ---- 10,000V; Imax = 150 mA) creates an e l e c -  
t r i c  discharge between the grooving anode (high volt-  
age, 12) and the fixed cathode (grounded, 11). 

Gas analysis sys tem. - -At  the exit side of the discharge 
tube, near  the cathode, a VEECO GA 4R gas analyzer, 
9 (with a regulat ion system, 10), is coupled to the gas 
analysis room, 8. 

Exper imental  Results 
The s tudy of the decomposition of l ight hydrocarbons 

under  electric discharge conditions has shown that the 
first-order rate law is well  obeyed (9); a typical ex-  
per imenta l  result  is shown in  Fig. 2. We shall use the 
same presentat ion for our results in  order to allow a 
bet ter  comparison. Hence, to plot the typical  concen- 
t ra t ion vs. time graphs, we must  first determine the 
t ransi t  t ime of the gas in  the discharge. 

Determination o] the gas transit time, t . - -The  gas 
flow rate in  the discharge tube involves the existence 

of a pressure gradient  all along the tube. Since the 
tube area is constant and since the t ransformat ion of 
the highly diluted gas only gives a small  volume var ia-  
tion, the pressure gradient  along the tube  must  be 
constant 

Px -" Po + ax a = Z~PIAx 

where a is the pressure gradient  (Tor r / cm) ;  Po, the 
pressure (Torr) at the reference point  located at the 
microleak (15 in  Fig. 1); Px, the pressure (Torr) at 
the anode; and x, the tube length between the refer-  
ence point and the anode (12 in Fig. 1). 

The gas flow being laminar,  the following gas flow 
rate relat ion holds 

v = dx /d t  -- 760 Do T / S  To (P~ 4- ax) 

where Do is the NPT flow rate (cmS/sec) ; T, the gase- 
ous temperature  in the plasma (~ ; To, the reference 
temperature  (298~ and S, the tube area. 

The transi t  t ime expression may then be wr i t ten  as 

t = STo(Po 4- ax/2) x/760 DoT [1] 

By moving the anode, different x values may be ob- 
tained. Relation [1] is only valid for inert  gases for 
reactions without volume variation. For highly diluted 
gases we may, as a first approximation, consider flow 
variat ion with x (or t) as negligible. For  all other 
cases the constant flow rate Do must  be replaced by a 
position dependent  flow rate Dx. 

In practice for the study investigated on 10% Sill4 
in  At, the simple equation, Eq. [1], may be used. On 
the other hand, a kinetic study of the silane decomposi- 
t ion can only be done at low current  levels (I ~ 5 
mA) ;  this implies a small  var ia t ion of the gas tem-  
perature with respect to the reference temperature,  
To. In  general  the correction term To/T is greater than  
0.95. 

Results on the kinetics.--To compare our results on 
diluted silane (typical examples are given in  Fig. 3 
and 4) with those of Loix (9) on hydrocarbons (Fig. 
2), we have plotted graphs of in  X vs. t. Curves for 
different exper imental  conditions (the pressure was 
changed from 0.3 to 2.5 Tor t  and the current  from 0.2 
to 6 mA) all have the same shape. 

The difference between the kinetics of the decom- 
position of a pure  hydrocarbon and of a diluted silane 
gas is a t t r ibuted to a difference in exper imental  condi- 
tions (init ial  concentrat ion and current  densi ty) .  

For silane the rate constant always increases with 
time under  constant pressure and current  conditions. 

-1.0 

-1.5 

-2.0 

[n'XcH 4 

0 0.1 0.2 0.3 

o P= 0.82 torr 
z~ P = 0,74 torr 
o P= 0.48torr 
~, P= 0.40torr 

0.4 0.5 0.6 

Fig. 2. Kinetics of methane 
decomposition. Experimental re- 
sults (I = 50 mA). 
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Table I. Determination of the experimental rate constants 
ko and kt in function of discharge current and pressure 
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-2.0 
in?< 

I (mA) 
0.20 0.80 0.75 1.0 1.8 2.0 8.0 4.0 6.0 

P (Torr) 

Rate constant  ~.o (sec-D 

0.30 0.77 2.3 4.5 5.4 8.2 14.1 19.6 
0.~0 1.7 3.0 4.6 
0.75 0.70 1.5 2.1 3.4 &l  7.6 10.6 
1.0 0.87 1.9 2.9 4.4 6.1 9,5 14.8 
1.5 0.80 1.9 2.7 3.8 5.5 7.9 
2.5 0.22 0.70 2.3 (4) (6.4) 

Rate constant let (sec -~) 

33.1 

0.30 10,9 16.0 21.8 29.8 41.0 63.2 
0.60 7.0 9.2 13.0 
0.75 7,6 11.8 15.8 20.1 28.3 
1.0 4.8 7.1 10.3 15.0 21.0 28.6 
1.5 &3 7.2 10.7 13.4 17.0 
2.5 12.7 

Table I presents, for each kinetic curve, the values 
of the following rate constants: ko (rate constant  for 
t = 0, or X~ = 0.1) and kt (rate constant  for a 
large t, or XSiH4 < 0.01). The values were obtained 
from the slope of the curves at the two points under  
consideration; the accuracy is relat ively poor (10-20% 
error) .  

For  all cases, the rate constant for a near ly  complete 
silane t ransformat ion is greater  than two times the 
init ial  rate constant  at t = 0; such a var ia t ion  may not  
be a t t r ibuted to the exper imenta l  errors. 
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Fig. 3. Kinetics of silane decomposition. Experimental results 
(p = 0.75 Torr); @, I ~ 0.5 mA; O ,  I = 1.0 mA; A ,  I ~- 1.5 
mA; I-1, I = 2.0 mA. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Fig. 4. Kinetics of silane decomposition. Experimental results 
(P = 1.0 Torr). @, I = 0.5 mA; G ,  I = 0.75 mA; O ,  I = 1.0 
mA; L~, I - -  1.5 mA; I-1, ! = 2.0 mA. 

Before examining these results, a theoretical ap- 
proach of the phenomena must  be pursued. 

Theoret ica l  Considerat ions 
Hypothesis.--It is accepted that  the electron mole-  

cule collisions form the ini t ial  step of the chemical 
t ransformat ion in the positive column of the low pres- 
sure glow discharge. A modification of the discharge 
parameters  and par t icular ly  of the electron energy 
may then  explain the part icular  shape of the experi-  
menta l  curves in  XSiH4 as a funct ion of t; the electron 
energy (or electronic temperature)  would  increase 
during the silane transformation.  

Indeed, at low pressure (P ~_ 0.1 Torr) ,  the elec- 
tronic temperature  T e is much larger than  the gas 
temperature  Tg (T e ~ 15,000~ Tg ~ 350~ whereas 
both temperatures  are approximatively equal (Te 
Tg ~ 4000~ at high pressure (P ~ 102 Torr) .  The 
gas temperature  is quite insensit ive to a variat ion of 
the gas mixture  composition; furthermore,  since low 
current  densities are used, the gas temperature  wil l  
remain  near  the reference temperature.  

On the other hand it is known that the electronic 
temperature,  Te, is a funct ion of the gas under  con- 
sideration, of its ionization potential, Vj, and the pres-  
sure, P, in the tube of radius, R. The theoretical ex-  
pression of the electronic temperature,  in the case of a 
pure and inert  gas, has been derived by Von Engel, 
following the extension of Schottky's diffusion theory 
(10) 

(eVi/kTe) -~/2"exp (4- eVi/kTe) ~- 1.17 X 107 ci~P~R ~ 

[2] 

ci being a constant for the gas i. One can find in the 
l i terature numerous examples of the sensit ivity of the 
electronic tempera ture  on the gas type used in  the dis- 
charge (6, 11, 12). Figure 5 shows that  pure iner t  gases 
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Fig. 5. Dependence of electronic temperature on PR. 
Measured; - -  -, calculated (]3). 

have a distinct electronic temperature  for identical ex-  
per imental  conditions (13). 

The total kinetics may however be affected by other 
possible reactions occurring in  the plasma: electron- 
ion, radical-molecule,  ion-molecule, radical-radical  
reactions; the wall  effect on these reactions is not 
negligible (14). 

For  re la t ively high pressures (P > 10 Torr) ,  the 
total kinetics of an irreversible gaseous decomposition 
necessarily implies the in te rvent ion  of phenomena 
which may be neglected in the low pressure glow dis- 
charge: (i) t r imolecular  collisions; (ii) excitation of 
rare gas atoms on metastable levels; (iii) electron- 
molecule association [considered in  the case of the 
CO2 laser (15) ]; and ( iv)  modification of the  electron 
energy dis tr ibut ion funct ion when  the electron energy 
is used to excite levels of the vibrat ion spectrum rather  
than  of the electronic spectrum (16) (most f requent  
case when  P > 10 Torr) .  

These miscellaneous effects are considered as neg-  
ligible when  a low pressure exists, because the elec- 
t ron energy is almost used for electronic excitation of 
the molecules which then dissociate into atoms and 
(or) radicals (16, 17). The electron-molecule collisions 
imply the in tervent ion  of the electron energy in the 
efficiency of the molecular  dissociation; this fact can 
explain the evolution of the rate constants. 

Kinetics  of diluted silane.--Indeed, admit t ing that 
the reaction ini t iat ing step is due to the inelastic elec- 
t ron-molecule  collision, one concludes that  the electron 
must  at last possess the necessary energy to excite the 
molecule on its first electronic level; one has to know 
the pat tern  of the electron energy dis tr ibut ion func-  
tion. Among the two types of dis t r ibut ion general ly  
used in the electric discharge field, the Maxwell-Boltz-  
m a n n  and the Druyvens te in -Penn ing  functions, the 
Maxwell funct ion must  be used when the electrons 
t ransmit  their  energy essentially by inelastic collisions 
(16, 17). 

The frequency of efficient collisions between silane 
molecules and electrons is g iven by 

--dnsiH4/dt ---- O'eVene*nsiH4 [3] 

where nSiH4 and he* are, respectively, the silane and 
efficient electron concentration; re, the mean  electron 
speed (cm/sec) ;  and qe, the mean  collision cross sec- 
tion. 

A more practical form is obtained when using the 
molar  fraction of silane, XSiH4 

-- dXsiH4/dt ---- aeVene*ZsiH4 [4] 

If the Maxwel l -Bol tzmann funct ion is used, one ob- 
tains 

dXsis4/dt  --_ creVeneXsiH 4 exp ( - -eV, /RTe)  [5] 

where V, is the excitation potential  of the silane mole-  
cule on its first electronic level. The current  density 

is J = neevd and the electron drift  velocity, Vd, is pro- 
port ional  to the electron thermal  velocity, ve (18) 

- -  dXsi~4/dt ~- a'~'eJXsi~4 exp ( - -eV, /RTe)  [6] 

where "~ is a constant;  the rate constant  k takes the 
form 

k ---- a'~eJ exp ( - - e V . / R T e )  [7] 

The preexponent ial  te rm A = a'~e'J  is independent  of 
the pressure, P, and of the electronic temperature,  Te, 
for the usual  conditions existing in  the positive col- 
umn. On the other hand, the exponent ial  t e rm only 
depends on the electronic temperature,  which is func-  
t ion of the pressure, P, of the gas, the tube  radius, 
R, the current  density, J, and the composition of the 
gaseous mixture.  

Some Qualitative Verifications of the Theory 
Constant pressure and curren t . - -The  part icular  shape 

of the curves of Fig. 3 and 4 may  be at t r ibuted to the 
change of the discharge parameters  when  the gas mix-  
ture composition is modified during the decomposition 
of silane. We consider the shape of the kinetic curves 
as essentially determined by a modification of the elec- 
tronic temperature  as a funct ion of the gaseous com- 
position. Indeed, at the start  (t = 0) one has an  argon-  
silane mixture,  but  when  t becomes large the argon-  
s i lane-hydrogen mix ture  tends more and more to the 
pure argon=hydrogen mixture.  

If Teo and Tet are the electronic temperatures  of the 
Ar-SiH4 and Ar-H2 mixtures,  respectively, Eq. [7] may 
be wr i t ten  as 

ko -- A exp ( - -eV . /RTeo)  [7'] 

k t ---- A exp ( - - e V . /R Te t )  [7"] 

where ko and kt are the rate constants for the extreme 
compositions of the gaseous mixture  (Table I) .  

Figures 3 and 4 are related to a first-order reaction, 
if Tet > Teo. Fur ther  research is necessary to confirm 
this condition, both theoretically and experimental ly.  

Constant current . - -Fol lowing Von Engel 's law (Eq. 
[2]), any pressure increase reduces the electronic tem- 
perature (Fig. 6). If only the pressure is changed, the 
result ing change in  electronic tempera ture  will  
strongly affect the ko and kt values, as seen in  Eq. 
[7'] and [7"]. This is effectively observed in  our ex- 
periments  (Fig. 7). 

Constant pressure . - -For  our experiments  at constant  
pressure, the kinetics are almost ent i rely determined 
by the current  effect. Figure 8 shows some results, in 
agreement  with Eq. [7]. If the electronic temperature,  
T~, remains constant, one should expect a l inear  re la-  
tionship between kt (or ko) vs. J. Hence the observed 
deviation from l inear i ty  must  be a t t r ibuted to the var i -  
ation of Te with current.  As the observed deviation is 
not too strong, a weak variat ion of Te vs. J is suspected. 

0= 
v 3 

) 
o = 

\ 

- 3  -2  -1 0 1 
log c PR 

( t o r r - c m )  

Fig. 6. Te/Vi as function of cPR, plotted from Eq. [3] 
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Fig. 7. Effect of the pressure of the kt rate constants 

The last  fact remains  to be confirmed by  fu r the r  ex-  
per iments  on the electronic tempera ture .  

Conclusions 
The shape of the  kinet ic  curves for  si lane di lu ted  in 

argon is re la ted  to a s imple f i rs t -order  ra te  equation, 
if a var ia t ion  of the  electronic t empera tu re  dur ing the 
decomposi t ion of si lane is accepted. Exper imenta l  evi-  
dence of the  va l id i ty  of the ra te  equat ion is found by  
vary ing  pressure  and current  parameters .  

Manuscr ipt  submi t ted  Sept. 9, 1974; rev ised  m a n u -  
script  received March 21, 1975. 

A n y  discussion of this pape r  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June 1976 JOURNAL. 
Al l  discussions for the June  1976 Discussion Section 
should be submi t ted  by  Feb.  1, 1976. 

Publication costs of this article were partially as- 
sisted by the Universit~ Catholique de Louvain. 
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A Novel Electrochemical Cell Employing 
a Rotating Bipolar Electrode 

P. R. Nadebaum and T. Z. Fahidy 
Department of Chemical Engineering, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1 

ABSTRACT 

An overview of a recent study of a rotating bipolar cylindrical electrode 
(RBE) cell is presented. The central rotating electrode in this cell is sur- 
rounded by axially located wiper blades which form 2 (bipolar) or 3 (tri- 
polar) compartments. An outer electrode governs in each compartment the 
central electrode potential, and conditions similar to potential and current 
pulsing can be obtained. The rotating electrode surface can be maintained in 
the state of continuous activation and the cell is well suited for refining, 
concentrating, and removal of impurities from electrolyte solutions. 

It  is well known (1-20) that the rate  of oxidation 
of many fuels [e.g., H2, C2H4, CH~OH, HCOOH, and 
(COOH)2] at a Pt electrode decreases with time and 
c a n  be increased momentari ly by a current or potential 
pulse. This increase in the rate of reaction can be 
caused by various factors, such as removal of adsorbed 
impurities and of par t ia l ly  oxidized substances from 
the electrode surface and removal of surface oxide 
layers. Many other electrode reactions can be signifi- 
cantly affected by voltage and current pulsing. It has 
been reported, for example, that pulsing can be u s e d  
to control the product spectrum of electrolysis (21- 
29), to prevent passivation and improve the quality of 
deposits in the electrodeposition of metals and alloys 
(30-35), to avoid fouling of electrodes by alkaline 
earth salts during the electrochemical sterilization of 
sewage (36-39), and to prevent passivation during the 
electrochemical production of acrolein (40). 

While the results of these studies have been interest-  
ing, there has been litt le or no commercial application 
of current and voltage pulsing because of the practical 
difficulty of controlling and varying the large amounts 
of current (>1000A) required by an industrial scale 
process. 

An alternative approach to pulsing is to vary the 
electrode potential by mechanically moving the elec- 
trode through different potential regions, rather  than 
by directly varying the applied potential (41). In this 
manner steady currents and potentials can be employed 
while still achieving the effects of potential or current 
pulsing. 

One relatively simple way in which this can be done 
is to use a "rotating bipolar electrode" as shown in 
Fig. 1. The cell in its simplest form involves three 
main electrodes: a central rotating bipolar electrode 
and two counterelectrodes separated by an insulating 
barrier. As the center electrode rotates, its surface 
passes through a potential region determined first by 
Vsl and then by Vs2. Depending on the relative poten- 
tials of Vsl, Vs2, and VM, the center electrode can first 
form either an anode or cathode in one compartment, 
and then either an anode or cathode in the other com- 
partment. In this way an effect similar to "continuous" 
voltage or current pulsing is achieved. This method of 
performing the pulsing has an additional advantage, 
namely, that the products of the reaction can be sepa- 
rated from the products of the pulse treatment, thus 
avoiding some of the problems involved with the re- 
combination of the products. 

There have been many types of electrolytic reactors 
described in the l i terature which employ either sta- 
t ionary bipolar electrodes, rotating monopolar elec- 
trodes, or some sort of a "wiper" arrangement; how- 
ever, a search of the l i terature (summarized in Table 

l~/~//J ~ /-OUTER 
OUT,  J 

ELECTRODE ~ [/"////~ R~ 

Fig. 1. Diagram of the rotating bipolar electrode cell. i represents 
the compartment current density; ILK represents the leakage cur- 
rent between the compartments; R represents the reference 
electrodes, which sense the solution potential Vs near the center 
electrode; VM represents the center electrode potential; E, the 
bipolar electrode, assumes a potential Ez ---- (VM - -  VSl) and 
E2 m (VM - -  Vs2) in each compartment. 

I) indicates only one cell employing the rotating bi- 
polar electrode principle. This cell, recently designed 

Table 1. Survey of electrochemical cells incorporating either 
bipolar, rotating, or "wiped" electrodes* 

Classification Type  Refe rences  

Bipola r  Pa r t i cu la t e  (43-44) 
(s ta t ionary)  P o r o u s / P o w d e r  (45-47) 

Bipola r  a m a l g a m  (48-51) 
Cyl indr ica l  (fixed concent r ic )  (52-54) 
F ixed  plate,  a lkal i  salts (55-66) 
F ixed  Plate,  misce l laneuos  (67-78) 
Undetermined (79-81) 

Rotating Fuel cell (82-86) 
(monopolar) Hg cathode (87-89) 

Alkali salts (90-93) 
Disk (94-96) 
Miscel laneous  (97-99) 
Str ip  steel p la t ing  (1OO) 

Wiped Rota t ing ,  cy l indr ica l  (101) 
(monopolar )  Ro ta t ing  wipers ,  cy l indr ica l  (102) 

Ro ta t ing  wipers ,  p la te  (103-105} 
Abraded ,  ro t a t i ng  cy l indr ica l  (106) 
Axia l ly  mov ing  wipers ,  cy l indr ica l  (107} 

Ro ta t ing  b ipolar  Dual,  cy l indr ica l  ro t a t i ng  b ipo la r  (42) 
e lec t rode  

Key words :  con t inuous  ac t iva t ion ,  vol tage  puls ing ,  cost, mass  
transfer, refining, 

*Also  note r ecen t  rev iews  (108-111) of new types  of e l ec t rochem-  
ical eels. 
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by Benner  (42), consists of two side-by-side cyIin- 
drical rotat ing electrodes, and was created for the pur -  
pose of removing ions from solution. No fur ther  details 
are available to the authors at this time. There appears 
to be no ment ion  in the l i terature of the use of a 
rotat ing bipolar electrode cell to achieve the condi- 
tions of voltage or current  pulsing, other than a pub-  
lication arising from some of the p re l iminary  experi-  
menta l  results obtained in this work (41). 

In  this paper  we summarize the operation and per-  
formance of two rotat ing bipolar electrode (denoted 
as RBE) cells, and provide an overview of recent 
work (112) carried out with these cells. For the pur -  
poses of discussion, we have selected only the most 
important  exper imental  results; other results and a 
more detailed discussion can be found elsewhere (112) 
and will be available in  fur ther  papers providing de- 
tails on specific areas of the study. 

Design and Construction of the Laboratory RBE Cells 
TWO RBE r cells were constructed during the course 

of this work. The first cell to be constructed had two 
compartments  (a "bipolar" cell), while the second 
cell, of considerably more sophisticated design, had 
three compartments  (a "tripolar" cell). 

In  order to provide for rigorous cleaning of the 
cell and to avoid contaminat ion of the electrolyte by 
traces of impurities, the cell bodies and fixtures were 
constructed ent i re ly  out of glass and Teflon. The elec- 
trodes were p la t inum (99.9%, Engelhard) .  While the 
use of Pt  was desired by the reaction systems to be 
studied, it had the added advantage of being resistant 
to the corrosive effects of potential  cycling. Because 
of the great cost of Pt, however, it was necessary to 
minimize the amount  used and this considerably com- 
plicated the design of the rotat ing electrode. In its 
simplest form this electrode could merely  be a solid, 
cylindrical rod. 

The outer electrodes surrounding the center  elec- 
trode were symmetric, forming compartments  of equal 
size, and the interelectrode spacing was quite generous 
to permit  inser t ion of reference electrodes and to 
allow inspection of the electrolyte flow patterns. 

Bipolar and tripolar celIs.--The principle and details 
of construction of the simple bipolar cells are shown in 
Fig. 1. The cell consisted of a glass outer body sand- 
wiched between two Teflon plates. It was found that 
although the wiper  blade design efficiently removed 
the electrolyte boundary  layer  at the electrode surface, 
considerable difficulty was experienced in  obtaining a 
low level of current  leakage between the compart-  
ments. For this reason the simple cell was not used 
extensively in actual  bipolar operation. It  was found 
to be suitable, however, to determine the mass t rans-  
fer characteristics of such cells, a si tuation where cur- 
rent  leakage is not important.  

The principle of the more sophisticated tripolar cell 
is shown in Fig. 2 and 3. The cell body consisted of a 
Teflon cylinder supported by a steel sheath, properly 
sealed between the cyl inder and the Teflon. base plate 
and provided with inlet  and outlet tubes. The central  
rotating electrode was a relat ively large p la t inum 
cylinder fabricated from a 0.05 cm thick uni form Pt 
foil and was supported on a solid Teflon cylinder. The 
dimensions of the assembled electrode were: 12.50 
cm in length, 3.176 _ 0.0075 cm in diameter, and 145.8 
cm 2 in area. The estimated resistance of the electrode 
to the current  flow was about 37 ~ohms. In order to 
avoid wear at the bottom Teflon-Teflon bearing sur-  
faces, the electrode was located and supported by a 
top bearing so that a clearance of about 0.01 cm was 
maintained. Gas (02, N2, or Ar  as desired) was passed 
through the bottom bearing, thus obviating a cont inu-  
ous electrolyte film under  the electrode and reducing 
current  leakage. The design of the insulat ing barr iers  
or wiper blades was critical, and their construction 
represents a compromise between flexibility (i.e., uni- 
form wiping action) and a minimum current leakage. 

LUGGIN CAPILLARIES TO 
REFERENCE ELECTRODE 

TEFLON ~ 
WIPER-BLADE~~ ~ ~ \ /,~(x~'-x 
SECURING / /  ~",;,"~'~#'~'~ ~"-...%" ~ /BWIIPER 

I~'I .... I --i ROTATING , L ~ ~ -  N k--..J I 

SUPPORTING ~:~'~.'~ ~ 1 \ "~.~'// STEEL 
LUGS ~ " - - ~ " / / " r ' ~  ~----""~J"~ SECURING 

~_// ~ "~ B O ,  NL~r_ ~ ~S 

Fig. 2. Rotating tripolar electrode cell; top, inside view 

TOP VIEW 

// / C ROTATING 

SECURING-~ ~ 1'38 I lllII-.J:9~-/ 
SCREW ~--~l \ ~ U I t ~ ,  

~ \  -.P~TEFLON 

-r 
SIDE VIEW 

TEFLON 
OUTER 
CELL 
WALL 

STEEL 
OUTER 
SHELL 

SECURING_ 
SCREW 

i WIPER BLADE 

I '1 

BASE .... F 

ROTATING 
ELECTRODE 

17"5 

Fig. 3. Rotating tripolar electrode cell: wiper blade design (all 
dimensions in cm). 

Amongst many  configurations considered, the design 
shown in Fig. 3 was found the most satisfactory. Sev- 
eral points may be noted. The wiper blades are rela-  
t ively thick in cross section, and the bearing surfaces 
are machined to a slightly smaller  radius than  the ro- 
tat ing cylinder, thus providing a good wiping action. 
The leading edge of each wiper blade is quite sharp 
and the electrolyte as it is removed from the electrode 
surface tends to fur ther  press the wiper blade onto the 
surface and improve the sealing action. The seal be- 
tween the wiper blades and the outer cell body was 
simply achieved by machining a slot in the outer wall  
and pressing the wiper blades into it. The wiper blades 
were, in addition, secured by Teflon screws passing 
through the outer wall of the cell. The seal between 
the wiper  blades and the cell bottom plate was 
achieved by pull ing the blades hard down onto the bot- 
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tom plate by a Teflon screw inserted through the bot- 
tom plate into each wiper blade. The most significant 
feature is the slots machined into the wiper blade 
near  the curved sealing surface. This a r rangement  is 
simple, easily constructed, and accurate machining is 
not necessary. Furthermore,  considerable misal ign-  
ment  of the wiper blades could easily be accom- 
modated without  sacrificing the efficiency of the wip- 
ing action. The pressure exerted by the wiper blades 
on the central  cyl inder could easily be  controlled by 
varying  the dimensions of the slots. This design affords 
a relat ively flexible sealing surface which can closely 
adapt itself to the contours of the electrode surface, 
evel~ at quite high electrode rotat ion rates. Under  
these circumstances, an  average gap size of less than  
0.0015 cm was mainta ined;  for an electrolyte of spe- 
cific conductance of 0.01 Scm -I ,  the m i n i m u m  gap re- 
sistance was about 8000 ohms. For potential  drops of 
1V or less the magni tude  of leakage current  density 
was 1 ~A/cm 2 (based on the true surface area in the 
working compar tment) .  The wear of the sealing sur-  
face was found to be negligible. 

The tempera ture  of the electrolyte was regulated by 
glass cooling coils which passed cold water  through 
the top cell cover and dipped into the electrolyte in 
each compartment.  Cooling was found to be adequate 
even at high power densities (50W/compartment) ,  and 
the cell temperature  was main ta ined  without  diffi- 
culty at 297 ~ __. I~ 

.Gas was bubbled through the electrolyte via gas 
inlet  tubes in  each compartment.  The inlet  tubes con- 
sisted of a s tandard ground glass joint  containing a fine 
porous f l i t  fused into the end of the joint. This per-  
mit ted a fine dispersion of the gas into the electrolyte. 
The three gas inlet  tubes were fed via a single gas line, 
and the flow rate into each compartment  was not in-  
dividual ly adjusted. The gas flow rate was measured 
by the pressure drop across a small  orifice plate. 

Fi l l ing and emptying each compartment  was accom- 
plished via tubes let into the base of the cell, which 
were then connected via a stopcock to large funnels,  
or drain pipes. 

Two Luggin capillaries were used in  each compart-  
ment,  and these were both connected to a single refer-  
ence electrode chamber;  in  this manne r  an average 
solution potential  was obtained. The location of the 
Luggin capillaries is shown in  Fig. 2. The clearance 
between the capillaries and the rotat ing electrode was 
about  1 m m  in  order to el iminate the possibility of 
scratching the electrode surface should the electrode 
position vary slightly. The reference electrode chamber 
for each compar tment  was isolated from the cell elec- 
trolyte by a large diameter  ground glass stopcock; 
the electrolyte film around the stopcock, while in the 
closed position, was of sufficiently low resistance for 
accurate potential  measurement.  This a r rangement  
minimized the possible contaminat ion of the electro- 
lyte by the reference electrode solution. 

In  acid electrolyte reference electrodes of the type 
(Pt)Hg,HgSO4/H2SO4 (1.0 mo l /dm 8) were used, and 
in  alkaline solution a saturated calomel reference 
electrode was used. The reference potential  was cor- 
rected for l iquid junc t ion  potentials by measur ing the 
potential  of the reference electrode with respect to the 
potent ial  of a reversible hydrogen electrode in the 
same solution. Potentials  are reported with respect to 
RHE. At higher current  densities correction for errors 
arising from the ohmic drop in the electrolyte was ac- 
complished by the voltage in te r rup t  methods (113- 
116). Current  densities are reported with respect to the 
true surface area exposed in each compartment.  The 
cell was cleaned by al ternat ively r insing and allowing 
to stand with alcoholic KOH, dilute HNO3, deionized 
water  (approximately 10-6-10 -7 S/cm specific con- 
ductance),  and the desired electrolyte (prepared with 
reagent  grade chemicals and 10 -7 S /cm conductivi ty 
water) .  

While in some applications one power supply would 
be used (i.e., the central  electrode would be floating 
with respect to the other electrodes), in this study a 
separate power supply was used for each compartment  
and conventional  circuits employing operational am- 
plifiers were used to control large power supplies [for 
a list of specific ins t ruments  employed for generat ing 
potential  step and t r iangular  waveforms, recording 
and stabilizing devices, etc., consult Ref. (112)]. The 
rise times of these potentiostats were in the range of 
i 0 -5 - i0  -4 sec. 

Rate of Mass Transfer at a Rotating Cylindrical 
Electrode with Wiper Blades 

While the p r imary  purpose of the wiper blades is to 
insulate one cell compartment  from another, they also 
serve to significantly increase the rate of mass t rans-  
fer to the electrode surface. Spencer et al. (101), for 
example, have used wiper blades to remove the dif- 
fusion layer  on a rotating cylindrical  electrode. They 
report  large increases in  the current  efficiency of pro- 
ducing sodium dithionite from sodium bisulfite [c.f. 
(117)]. 

At the present  time there seems to be no available 
theory which can predict the mass t ransfer  rates ex- 
pected at a rotat ing wiped electrode, although the case 
of concentric rotat ing cylinders without  wiper  blades 
has been treated in some detail (118-121). There is ap- 
parent ly  no quant i ta t ive indication in the l i terature 
concerning the enhancement  of mass t ransfer  via wiper 
blades. 

The mass t ransfer  effects were studied in two cases: 
(a)~ the reduction of ferricyanide ions and (b) the re- 
duction of oxygen, employing the rotating electrode as 
cathode. In the former reaction, the net change in com- 
position is zero (the anode reaction is exactly the op- 
posite of the cathode reaction) and at the low pH 
employed the chemical decomposition of the ferricy- 
anide ions, whose concentration was determined by 
iodometric titration, is negligible. In the reduction of 
oxygen experiments, oxygen was bubbied rapidly 
through the cell before each measurement while the 
electrode potential was kept at 1.2V under no current 
load. Thus, the electrolyte was saturated with 02 and 
the electrode was covered with oxide, thereby mini- 
mizing the side reaction producing H202. After these 
preliminaries, the electrode potential was quickly set 
to the value of interest and the measurements of cur- 
rent were begun. At each rotation rate typical po- 
larization curves were obtained and the limiting 
current flows were determined. The results are sum- 
marized in Fig. 4 where the solid lines denote theo- 
retical relationships between the limiting current den- 
sity and electrode rotation rates, computed from the 
dimensionless relationship 

2 X/ NuR = - -  (1 -- C) ReRSc [1] 
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Fig. 4. Comparison of theory and experimental results in the 
mass transfer study. 
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Here, w and d represent the number  and thickness of 
the wiper blades, respectively, R is the radius of the 
rotat ing electrode, and ReR, NUR, and Sc are the 
Reynolds, Nusselt, and Schmidt numbers  defined as 
follows 

ReR ---- 2~R2/v 
Nua ---- 2iLR/(zFDCD) 
Sc ---- v/D 

As usual, v is the kinematic viscosity of the solution, 
D is the diffusion coefficient, Cb is the bulk  activity of 
the reacting species, 12 is the angular  rotation rate 
(rad/sec) of the electrode, z is the number  of electrons 
t ransferred in the electrode reaction, and iL is the aver-  
age l imit ing current  density over the electrode sur-  
face. The term C represents a correction for the effects 
of convection arising from the rotat ion of the elec- 
trode. In  general, this term is small for large Sc (less 
than 5% for Sc greater than 200) and acts to decrease 
the rate of mass transfer. This decrease occurs be-  
cause convection arising through electrode rotation 
tends to t ransport  fluid of lower concentrat ion into re- 
gions of higher concentrat ion near  the electrode sur-  
face (112). The ranges of per t inent  parameters  are as 
follows: 392 ~ Sc ----- 1237; 0.6 --  2, rad/sec --~ 52; 
824 ~-- Rea ~ 71,300; 0.181 --~ kL'104, cm/sec --~ 145; 
2.9 ---- NUR ~-- 6850 (kL denotes the mass t ransfer  co- 
efficient). The results indicate that  flow is essentially 
laminar  at this set of exper imental  conditions, although 
the presence of relat ively slow Taylor vortices was ex- 
per imenta l ly  observed. This aspect and details of the 
rather  involved mathematical  analysis, including ex- 
pressions for local mass t ransfer  rates at the electrode 
surface, are presented elsewhere (122). As shown in 
Fig. 4, the rather  good agreement  between theory and 
experimental  findings renders Eq. [1] a reliable design 
equat ion for a rotat ing cylindrical  wiped electrode 
system, if the following conditions are met:  the tem- 
perature, pressure, and density of the fluid are con- 
stant; there, is no chemical reaction; there is a rela- 
t ively high concentrat ion of support ing electrolyte; the 
Sc number  is high ( >  200); there is no axial electro- 
lyte flow; bubble  format ion (gas evolution) at the 
electrode surface is negligible; the rate of reaction is 
determined solely by the rate at which the reactants 
are t ransported to the electrode surface; and removal 
of the diffusion layer by the wiper blades is complete. 

"Cont inuous"  Act iva t ion  vio Impur i ty  Str ipping 
It is well known that many reactions occurring at 

p la t inum electrodes are susceptible to poisoning by 
traces of impurit ies and that often this poisoning effect 
can be overcome (Le., the electrode surface can be 
"activated") by potential  cycling or by an appropriate 
prepolarization t rea tment  (11, 123-143). One such 
electrode reaction, occurring at Pt electrodes, which is 
par t icular ly  susceptible to poisoning is the reduction 
of oxygen (144-147). Impuri t ies  known  to inhibi t  the 
rate of ~his reaction include, for example: various 
cations [e.g., Ag +, Cd 2+, T1 +, Ba 2+, Sr 2+, Ca 2+ (148- 
151)], anions [e.g., halide and sulfate ions (11, 133, 146, 
150, 152-156)], and organic impurit ies (146, 157, 158). 
Tindall,  Cadle, and Bruckenste in  (151) have shown 
that  in the presence of Cu + + ions, inhibi t ion occurs 
through the deposition of submonolayer  Cu films. 
These films are deposited at very low Cu + + concen- 
trations (<1 ppm) and at "underpotentials," i.e., at 
potentials more anodic then the reversible potential, in  
the potential  range Ere. < E < 0.8V (159, 160). This 
apparent  violation of thermodynamics  has been clari- 
fied by demonstrat ing (161) that if copper atoms ab- 
sorbed on an iner t  surface are more stable than those 
in  the copper lattice, such depositions are feasible from 
energy considerations. 

The experiments were carried out in the tripolar 
cell, operated in a fashion similar to the general  pro- 
cedure described in the previous section, except for the 
flowing electrolyte (dilute aqueous solutions of CuSO4) 

and preparat ion of the active surface: prepolarization 
at 1.4V for 15 sec, and 0.0V for 0.5 sec. This t rea tment  
serves to strip off any Cu deposited on the electrode 
surface and also to reduce surface oxides during the 
anodie treatment.  The rate of inhibi t ion of the oxygen 
reduction current  is determined by the diffusion- 
l imited rate of copper deposition and is quite rapid. 

The typical rate of poisoning of an "active" electrode 
surface observed in a relat ively concentrated Cu ++ 
solution is shown in  Fig. 5, which also shows the 
steady-state uninhib i ted  oxygen reduction current  ob- 
served in  the absence of Cu § +. The abil i ty of a RBE 
to achieve "continuous" activation of the electrode sur-  
face in  the same solution is shown by the following. 
The potential  of the inner  electrode was mainta ined at 
a sufficiently anodic potential  in compartment  1 to 
strip off the Cu film (0.85-1.2V), and in  compartments  
2 and 3 it was main ta ined  independent ly  at the desired 
reduction potential  (0.2V). As the electrode surface 
passes out of compartment  1 into compartment  2, there 
is an init ial  additional current  flow arising from the 
reduction of surface oxides and double layer charging. 
In compartment  3, however, the measured current  cor- 
responds almost ent i rely to the oxygen reduction cur- 
rent, and the steady-state current  thus obtained may 
be compared in Fig. 5 with the steady-state current  in 
the absence of Cu + +. It  can be seen from these results 
that the electrode can operate at high activity under  
conditions where ordinari ly  almost complete passiva- 
t ion would occur. Similar  behavior is observed (112) at 
other reduction potentials (0.0-0.7V) and Cu + § con- 
centrations ( I0 -~- i0  -2 mol/dm3).  

"Cont inuous"  Act iva t ion  by Decreasing the Thickness 
of the Surface Oxide Film 

In some cases an apparent  "activation" of the elec- 
trode surface is obtained in the absence of impurities. 
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Fig. 5. Decay of oxygen reduction current density following 
activation in presence of Cu + +, compared with steady-state con- 
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= 0.78 rad/sec, electrode roughness factor = 3.63. Electrode 
potential 0.2V RHE. 
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This can be seen, for example ,  in the  la rge  increases  in  
the  ra te  of oxygen  evolut ion  immedia t e ly  fol lowing a 
cathode potent ia l  pulse  at P t  (162-167) and o ther  
meta ls  [e.g., Ni, Co, Fe, Au (168-175)], and for  o ther  
react ions [e.g., the  oxida t ion  of CO, the  reduct ion  of 
C12 (163), and the reduct ion  of oxygen  (176-186)]. 
Afonshin, Tyurin,  Volodin, and co-workers  (162, 186- 
188) and Schultze and Vet ter  (163-167) have  s tudied 
the  oxygen  evolut ion  react ion at  P t  e lectrodes in detail ,  
and  have c lear ly  es tabl i shed  tha t  the ra te  of oxygen  
evolut ion  is d i rec t ly  dependent  on the thickness and 
na tu re  of the  surface oxide film. Thus, the  ra te  of oxy-  
gen evolut ion can be increased  t empora r i l y  by  an ap-  
p ropr ia te  cathodic t r ea tmen t  which serves to reduce 
the  oxide thickness.  Al though  much of the  oxide film 
is qu ick ly  rees tab l i shed  at  the  anodic potent ia ls  nec-  
essary  for oxygen  evolution, the  g rowth  is logar i thmic  
wi th  t ime  (166, 189, 190) and the ra te  of oxygen  evolu-  
t ion is s ignif icant ly h igher  than  its s t eady-s ta te  ra te  
even as long as 60 sec af ter  activation.  A s teady-s ta te  
oxide thickness  is not  reached  unt i l  ve ry  long t imes 
have passed ( >  1000 sec).  

Uti l izing these ideas, the  ab i l i ty  of a RBE to effect 
la rge  increases in the  ra te  of oxygen  evolut ion by  con- 
t ro l l ing the  thickness  of the  surface oxide l aye r  was 
invest igated.  Oxygen  was l ibe ra ted  at the  p la t inum 
anode f rom a 3.5 m o l / d m  3 aqueous H2SO4 solution; 
first, the  cell  was opera ted  in a convent ional  monopolar  
manner ,  wi th  the outer  electrodes connected together  
and the inner  e lec t rode  rota t ing at  the  speed of 1 
revolu t ion  per  8 sec. A 0.3V cathodic potent ia l  was 
first appl ied  to the ro ta t ing  e lec t rode  for  15 sec to 
s t r ip  off the  surface oxide film, and the potent ia l  was 
then  ra i sed  to a work ing  oxida t ion  poten t ia l  wi th in  
the  1.4-2.1V range.  The resul ts  obta ined  have  been 
summar ized  in Fig. 6, where  the  current  densi ty  (CD) 
ar is ing f rom oxygen  evolut ion and oxide fo rmat ion  4, 
60, and 1000 sec af ter  a cathodic p r e t r ea tmen t  of 15 sec 
at  0.3V is shown. I t  can be seen tha t  the  "act ivat ion" 
of the  e lec t rode  is considerable  and CD's a re  g rea te r  
than  the s t eady-s t a t e  CD's (i.e., the  CD's at  t imes > 
1000 sec) by  more  than  one order  of magni tude .  These 
uns t eady- s t a t e  CD's can be compared  wi th  the  s t eady-  
s ta te  CD's obta ined  at a RBE. The l a t t e r  resul ts  were  
obta ined  wi th  the potent ia l  of the  ro ta t ing electrode 
in compar tmen t  1 ma in ta ined  at  0.3V, and independ-  
en t ly  at  the  des i red  potent ia l  E in compar tments  2 and 
3. As before,  the CD's in compar tmen t  3 are repor ted,  
since they  can be expected  to be r e l a t ive ly  free from 
contr ibut ions  f rom oxide fo rmat ion  and double  l aye r  
charging  ( these processes wil l  take  place in compar t -  
ment  2). The e lec t rode  ro ta t ion  ra te  employed  was 
0.78 r ad / sec  (about  1 revolu t ion  every  8 sec) and  was 
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Fig. 6. Oxygen evolution current density vs. potential: tripolar 
operation compared with conventional (monopolar) operation. 
3.5 mol/dm a H2S04; ~ = 0.78 rad/sec; roughness factor = 4,28; 
potentials corrected for ohmic drop. Tripolar operation: steady- 
state CD in compartment 3, Ez ---- 0.3V, E~ ~ E3 ~--- E. Monopolar 
operation: CD in compartment 3 at 4, 60, and 1000 sec after 
activation, E1 ~ E2 ~ E8 ~ E. 

selected so tha t  the  exposure  of the  e lect rode surface  
in compar tmen t  3 occurs app rox ima te ly  4 sec af te r  
exi t ing f rom the t r ea tmen t  compar tment .  I t  can be 
seen tha t  the  use of a RBE has effected large  increases 
(more  than  1 order  of magni tude)  in  the  s t eady-s ta te  
CD, and corresponds qui te  wel l  wi th  the  uns t eady- s t a t e  
CD observed at 4 sec af te r  cathodic act ivat ion.  F u r t h e r  
exper iments  showed tha t  the  s t eady-s ta te  CD's 
achieved wi th  the  RBE increase  wi th  e lec t rode  rota t ion 
rate  and are  h igher  in compar tmen t  2 (which im-  
media te ly  follows the t r ea tmen t  compar tmen t ) .  

Two points  can be noted regard ing  these results .  
Fi rs t ly ,  the  enhanced CD's at  lower  potent ia ls  (1.4- 
1.TV) arise th rough  cu r ren t  leakage  f rom compar tmen t  
3 to compar tmen t  1 and do not  represen t  a useful  in-  
crease in the  oxygen evolut ion  reaction.  Leaving  the 
results  uncorrec ted  in this  fo rm helps  to po r t r ay  the  
typical  deviat ions which might  be expected th rough  
this effect. Secondly, as fu r the r  exper iments  have con- 
firmed, the  ma jo r  por t ion  of the  observed cur ren t  in-  
crease arises th rough  an increase  in  the ra te  of oxygen  
evolut ion ra the r  than  s imply  th rough  oxide film 
growth;  at  1.8V, for  example ,  the  cont r ibu t ion  of the  
oxide film growth  to current  was found to be less than  
10%. This agrees  genera l ly  wi th  the work  of Schul tze 
(163), who has s tudied the re la t ionships  governing the 
re la t ive  por t ions  of the  total  CD due to oxygen  evolu-  
t ion and oxide film growth  in  some detail .  

Control of the Relative Rate of Competing Electrode 
Reactions 

Under  pa r t i cu la r  condit ions of vol tage and cur ren t  
puls ing the product  spec t rum of some elect rode reac-  
tions can be al tered,  e.g., in the  e lectrolysis  of aqueous 
acetate  solutions (21-29). Normal  s t eady-s ta te  elec-  
t rolys is  at potent ia ls  g rea te r  than  2.1V yields  l a rge ly  
e thane via  the  Kolbe  d imer iza t ion  react ion 

2CH8COO- "-> C2H6 + 2CO2 + 2 e -  [I] 

Under  cur ren t  puls ing conditions (23), and  to a lesser  
ex ten t  under  vol tage  puls ing condit ions (26), the  y ie ld  
of e thane decreases. At  modera te  f requencies  (1-100 
Hz) oxygen  is evolved 

2H20 -~ O2 + 3H + + 4 e -  [II] 

and at h igher  f requencies  ( >  1000 Hz) acetate  ions 
begin to be comple te ly  oxidized to CO2 

CH3COO- + 2H20--> 2CO2 + 7H + + 8 e -  [III]  

It is pe r t inen t  to note tha t  dur ing s t eady-s ta te  elec-  
t rolysis  of acetate  solutions, the  complete  oxida t ion  of 
acetate  ions occurs at  low potent ia ls  (0.4 < E < 0.SV), 
and at in te rmedia te  potent ia ls  (1.5 < E < 2.1 -~ 1V) 

oxygen is evolved (191). 
A RBE can be used to obta in  s imi lar  changes in the  

product  spec t rum if the e lect rode ro ta t ion  ra te  is fast 
enough to correspond to the puls ing frequencies at 
which such changes occur. In  o rder  to s tudy this ap -  
pl icat ion of the electrode, a 1 mol dm -8 CH3COOK + 
2 mol dm-S  CI-~COOK aqueous e lec t ro ly te  mix tu re  
(pH buffered s t rongly  at  5.5) was e lec t ro lyzed in the  
cell where  the outer  electrodes of compar tments  1 and 
2 were  connected together.  A constant  cur rent  was 
appl ied  to the compar tments  ( the resul t ing CD was 
2.82 m A / c m  e, wi th  a sign such that  reduct ion occurred 
at the  center  e lec t rode) .  Compar tments  1 and 2 formed 
the " t rea tment"  compar tment .  In  compar tmen t  3 a con- 
stant  cur ren t  corresponding to a CD of 27.4 m A / c m  e 
was applied.  The center  e lec t rode  was ro ta ted  at  14.6 
r ad / sec  (140 rpm) ,  and Ar  was bubbled  th rough  each 
cell compar tment  at 4 cm3/sec. Af te r  10 min  of opera-  
tion, the outlet  gas f rom compar tment  3 was sampled.  
The e lect rode ro ta t ion  was then  stopped, and the CD 
in compar tment  3 was reduced by  an amount  equal  to 
twice the t r ea tmen t  compar tment  CD (becoming 21.8 
mA/cm2) .  The CD in the  t r ea tment  compar tment  3 
was again  sampled.  
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The analysis of the anodic outlet gases is summarized 
in  Table II. It can be seen that under  conventional,  
s teady-state electrolysis (with the electrode station- 
ary) ,  the Kolbe dimerization reaction proceeds with 
high efficiency, and the product gases consist main ly  
o f  CzH6, CO2, with very li t t le 02. Under  simulated 
current  pulsing conditions (while the electrode is ro- 
tat ing),  however, the product spectrum changes con- 
siderably: evolut ion of ethane via Kolbe dimerization 
is almost completely nonexistent,  instead of which the 
evolution of oxygen and other processes which yield 
CO2 are observed. These results clearly i l lustrate that 
for some electrode reactions the relat ive yield of the 
various reaction products can be significantly altered 
using a RBE. This selectivity effect is manifest  by the 
fact that  at lower electrode potentials oxygen evolu- 
t ion proceeds in preference to the Kolbe dimerization, 
al though only at low rates. Furthermore,  the rate of 
oxygen evolution is greatly increased at short times, 
as demonstrated above, after a decrease in  the thick- 
ness of the oxide layer  on the electrode surface. Thus, 
under  bipolar operation, the high CD's can be achieved 
by oxygen evolution taking place at relat ively low 
electrode potentials, and at these lower potentials the 
Kolbe reaction does not proceed at a significant rate 
relat ive to the enhanced rate of oxygen evolution. The 
relative rate of the various electrode reactions is most 
l ikely determined by the thickness of the oxide film 
of the electrode. This is also very  l ikely the cause of 
the increase in  the complete oxidation reaction at 
shorter pulse times reported in the l i terature (21), 
since it is well known  that  complete oxidation takes 
place under  conditions of very low oxide coverage and 
is inhibi ted by the formation of the oxide film (192) 
The additional observation that  the changes in selectiv- 
i ty are greater  dur ing constant current  operation (23) 
than constant potential  operation (21) is also consistent 
with this view of the mechanism. In  previous discus- 
sions of the unsteady-s ta te  na ture  of the Kolbe reac- 
t ion [e.g., by Fle ischmann e t a l .  (21, 25, 27), Hickling 
and Wilkins (23), Vijh and Conway (193), and Nade- 
baum and Fahidy (28)], the par t icular  importance of 
the oxide film thickness has not been adequately taken 
into account, and a new appraisal  of the factors in-  
volved in the kinetics of the Kolbe dimerization reac- 
t ion is required. 

Concentra t ion  and Ref ining of  M e t a l s  and O t h e r  
Substances 

In  using a RBE to achieve activation via stripping 
of adsorbed impurities, it is apparent  that when  the 
impur i ty  is, e.g., copper, the process involves deposition 
of Cu on the rotat ing electrode surface in one compart-  
ment  and stripping in  another. Thus, a net  t ransfer  of 
copper from one compartment  to another takes place 

Table II. Change in the product distribution of an electrochemical 
reaction with a rotating bipolar electrode cell 

Electrolyte: 1 mol/dm 3 CH3COOH + 2 mol/dm 3 CH3COOK 

Operat ing  condit ions  O= 

Current efficiency* of produc- 
tion of anodic gasesf 

(via chromatographic analysis) 

COx (other 
than  formed  
during CsHe CO~ 

C~Ie production) (total) 

Simulated  current  puls ing  (elec- 
trode rotat ing at 14.6 rod/see )  25.0 4.0 19.9 27.9 

Conventional constant current  
(e lectrode stationary) 0.7 94.7 2.~ 192.4 

Equivalent* 2 1 1 1 

* C u r r e n t  eff iciencies we re  ca lcu la ted  w i t h  respect  to the percent-_ 
age  of h y d r o g e n  in  the  p r o d u c t  gas  

100 (% p roduc t )  ( e qu iva l en t )  
cu r r en t  eff iciency = , % 

(% h y d r o g e n )  
% Q u a l i t a t i v e  d e t e r m i n a t i o n  of CH~ a nd  CO i n d i c a t e d  the  p resence  

of very small amounts of these  constituents. 

by 
Ci--I 

Ci 

and a "concentrat ing" effect is observed. This process 
was also studied in some detail and the findings (194) 
are summarized in Fig. 7, showing cupric ion concen- 
trat ion in  each compartment.  It can be seen that, com- 
mencing with about 0.85 • 10 -a m o l / d m  3 Cu(I I )  in all  
cell compartments,  after several hours of operation al-  
most all of the copper ions has been t ransferred to 
compartment  1. After  about 20,000 sec, e.g., the concen- 
t ra t ion in  compartments  1, 2, and 3 are 2.15 • 10 -8, 
1.1 X 10 -4, and 8.5 X 10 -6 tool dm ~, respectively. This 
process can be analyzed by carrying out a simple mass 
balance on the ith, cathodic compar tment  of a mul t i -  
compartment  cell 

rate of removal ---- rate of deposition 
+ rate of leakage via electrode gap 

At short times, the rate of decomposition is approxi-  
mately linear, hence 

dci r o LeRF~g 
- -  - -  c i  + ~ ( c i  - -  c i - 1 )  [ 2 ]  

dt Co 2Vcompt 

From this equation the ma x i mum at tainable ratio of 
the concentrat ions in  adjacent compartments  is given 

2 (ro/Co)-Vcompt 
= 1 + [3] 

Le'R'~'g 

In these equations ci = bu lk  copper concentrat ion at 
t ime t in the ith compar tment  (mol/dm~),  co ----- ini t ial  
bulk  copper concentrat ion (mol/dmS), ro = rate of 
deposition when  ci = Co (mol/dmS"sec), Le : depth of 
the electrolyte in the compar tment  (m), Vcompt : vol- 
ume of electrolyte in the compar tment  (dmS), g = 
effective gap between the inner  rotat ing electrode and 
the stat ionary wiper blade, G -~ annula r  gap between 
the inner  and outer electrodes. These expressions in -  
dicate the following: (I) The rate of removal  of Cu + + 
increases with deposition rate (to). Thus, if the deposi- 
tion rate is mass t ransfer  controlled, increasing the 
rotat ion rate (Eq. [1]) or agitating the electrolyte will 
increase the rate of transfer.  (II) The m a x i m u m  at- 
ta inable  concentrat ion ratio can be increased by de- 
creasing the leakage gap at the wiper  blades, or by 
increasing the volume of the cell compar tment  (e.g., 
by increasing the gap between the inner  and outer 
electrodes). (III) Mult icompartment  cells can sustain 
much greater concentrat ion ratios than  a simple two- 
compartment  cell. 

Similar  concentra t ion- t ime curves were obtained 
over a wide concentrat ion range (10-5-10 -2 moI /dm 3 
Cu + +). It was also found that the str ipping process in 
compartment  1 can be effected chemically. Thus, in the 

2,4 

E 

o 
J 
tO 1.6 

Z 
0 b2 

n" 

O COMPARTMENT t 
E] COMPARTMENT 2 
A CO flPARTMENT 3 

0 O. 

0,0 0.2: 0.4 0.6 0.8 1,0 1.2 1.4 
T I M E  ( 1 0 4 S )  

116 1.8 2.0 2.2 

Fig. 7. Copper concentration vs. time in individual compartments 
under tripolar operation. ,~10 -3  mol/dm 3 Cu + + (initial) -~ 0.05 
mol/dm ~ H2S04; 12 ~ 0.73 rad/sec; oxygen flow rate 4.6 cm3/ 
sec; E2 --- E3 ~ 0.2V; compartment 3 short-circuited. 
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case of Cu, bubbl ing  oxygen through  the solut ion at  
open circuit  r ap id ly  s tr ips  deposi ted copper  f rom the 
e lect rode surface. A more  r ap id  s t r ipping action can be 
achieved by  shor t -c i rcu i t ing  the  electrodes of the s t r ip -  
ping compar tment ,  the outer  electrodes thus provid ing  
addi t ional  a rea  for oxygen  reduction.  As expla ined  in 
a previous  section, the  deposi t ion process involves the  
fo rmat ion  of submonolayer  films and can take  place at  
potent ia ls  more  anodic than  the revers ib le  potent ial .  

Concluding Remarks 
In  this pape r  the  concept, opera t ion  modes, and some 

appl icat ions  of a ro ta t ing b ipo la r  cell were  described.  
Much more  work  remains  to be done: at present  reac-  
t ion systems of  impor tance  in fue l -ce l l  technology are  
being studied, and an inves t igat ion with  respect  to 
e lect rode mate r ia l s  o ther  than  p l a t inum wil l  soon 
begin. 

While  it  is somewhat  p r e m a t u r e  to d raw definite 
conclusions on technological  appl icabi l i ty ,  the RBE 
cell  m a y  become an a t t rac t ive  means of car ry ing  out 
cer ta in  e lect rochemical  reactions.  The economics in-  
volved in the  design and construct ion of an indus t r ia l  
cell  wil l  be the  subject  of a fu ture  publ ica t ion  by  the 
authors.  
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ABSTRACT 

Exper imen ta l  resul ts  are  presented  for the anodic oxidat ion  of ferrous  i ron 
in di lute  ferrous  su l fa te -su l fur ic  acid solutions. A conduct ive f ixed-bed,  flow- 
through,  e lect rochemical  reac tor  in which electr ic  cur rent  flow is pa ra l l e l  to 
the  direct ion of e lect rolyt ic  solut ion flow was used. S t eady- s t a t e  anodic po-  
la r iza t ion  curves were  obta ined  at seven different  flow rates, ranging f rom 
1.5 to 10 m l / m i n  in a cell of 81.1 cm 2 cross section. Input  ferrous  i ron concen- 
t ra t ions  were  725 ~g /ml  in an acid mine  wa te r  s imulant  containing 1430 
~g/ml  of sulfuric  acid. Conversion efficiency for ferrous  to ferr ic  i ron ex-  
ceeded 99.9% at the lower  flow rates.  Design equations have been developed 
which predic t  per formance  of the system. Measured  l imi t ing currents  exceed 
theore t ica l  values  by  6-14%. A p re l im ina ry  cost analysis  for a mi l l ion gallons 
pe r  day  acid mine  wa te r  t r ea tment  p lan t  for oxidizing ferrous  to ferr ic  i ron 
using para l l e l  cur ren t -e lec t ro ly t i c  solution flows predicts  7.5r pe r  thousand 
gal lons of which 4.6r per  thousand gal lons is assigned to capi ta l  costs. An  
addi t ional  22.3r pe r  thousand gallons must  be added  for fol lowing l imestone 
t r ea tmen t  and prec ip i ta t ion  of the ferr ic  iron. 

A serious indus t r ia l  wa te r  po l lu t ion  p rob lem as-  
sociated wi th  coal mining  operat ions resul ts  f rom the 
oxidat ion  of i ron pyr i t e  in coal by  exposure  to a i r  and 
water .  This resul ts  in the  format ion  of a di lute  solu-  
t ion of fer rous  sulfate  and sulfuric  acid, each product  
concentra t ion va ry ing  typ ica l ly  f rom severa l  hundred  
to severa l  thousand mic rog rams /mi l l i l i t e r  (acid mine 
wa te r ) .  To avoid pollut ion,  this effluent must  be 
neut ra l ized  and f reed  of i ron  before  discharge into r e -  
ceiving waters.  

A number  of processes have  been  inves t iga ted  for  
acid mine wa te r  t rea tment ,  including ion exchange, 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key w o r d s :  f e r r o u s  o x i d a t i o n ,  f l o w - t h r o u g h  e l ec t rodes ,  w a t e r  

t r e a t m e n t .  

reverse  osmosis, freezing, foaming, microbiological  
ox ida t ion- l imes tone  neutral izat ion,  ozone ox ida t ion-  
l imestone neutral izat ion,  and combinat ion  l imes tone-  
l ime neut ra l iza t ion  wi th  aeration. Except  for special  
circumstances,  poor efficiencies, adverse  economics, or 
both appear  to rule  out present  use of most  of these 
approaches.  The pr inc ipa l  t r ea tmen t  now in use com- 
merc ia l ly  is the l ime neut ra l iza t ion  wi th  aera t ion  
process. 

An a l te rna te  approach  is to preoxidize  the  fer rous  
ion e lec t ro ly t ica l ly  wi th  subsequent  i ron prec ip i ta t ion  
and acid neut ra l iza t ion  effected by  addi t ion of ground 
l imestone.  Cer ta in  economic advantages  are  c la imed 
for  this approach  over  the l ime neut ra l iza t ion  with  
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aerat ion process (1-3). These previous studies report  on 
processes in  which electrolytic preoxidat ion was car- 
ried out in  a conductive packed bed, f low-through r e -  
ac tor  with current  flow perpendicular  to the direction 
of electrolytic solution flow. Maximum conversion 
efficiency for ferrous to ferric i ron electro-oxidation 
of about 73% was achieved in  the bench-scale reactor 
used. A rather  complete mathematical  analysis for that  
cell geometry has been presented by Alkire and Ng 
(4). 

In  the present  work, a packed bed, f low-through re-  
actor with powdered graphite filler was used with cur-  
rent  flow paral lel  to the direction of electrolytic solu- 
t ion flow. Design and operation of this reactor, shown 
schematically in  Fig. 1, is similar to that  described by 
Bennion and Newman (5) and fur ther  tested by Wen-  
ger (6) and by Yip (7). The iron oxidation cell con- 
sists essentially of the anode half of the Bennion-New-  
man  cell with a stainless steel cathode. Electrolytic 
solution was gravity-f lowed through the cell, down- 
ward through the cathode screen, through a thick, 
porous anode, and then discharged through a micro- 
meter  control  valve. 

Design Principles 
In  order to achieve max imum uti l ization of the re- 

actor volume, all or most of the volume must  be in -  
volved in convert ing ferrous to ferric ions. The object 
is to maximize the average conversion rate per uni t  
volume for the whole reactor and main ta in  product 
qual i ty while minimizing the cost of the reactor and 
associated operating costs. The principal  operating 
costs are electrical energy, pumping  to overcome pres.- 
sure drop across the cell, and associated labor and 
main tenance  costs. Various geometries can be con- 
sidered. However, this discussion is l imited to the geo- 
metric cell configuration shown in Fig. 1 in which solu- 
t ion flow is paral lel  to electrical current  flow and the 
counterelectrode is ups t ream of the working electrode. 
For this configuration, it  has been shown (5, 6) that 
the pumping costs are very small. The details of labor 
costs are beyond the scope of this study. In  the follow- 
ing calculations it is assumed that  the system is capital 
intensive and that  the p r imary  objective is to achieve 
max imum conversion rates per un i t  volume. The effects 

Fig. 1. Four-inch. flow-through electrolytic reactor 

of electrical energy costs on the design can be con- 
sidered later. The basic principles used here  are  very 
similar to those presented earl ier  for a copper system 
(5). 

As fluid flows through the porous electrode, ferrous 
ions are t ransported from the bulk  solution to the 
electrode surface and react to form ferric ions. The 
larger the electrode surface area per un i t  volume, a, 
the greater  will be the reaction rate. It is assumed 
there is an excess of support ing electrolyte and that 
ferrous ions are t ransferred from bulk  solution within 
the pores to the electrode surface by diffusion only. 
Thus the rate of reaction of the ferrous ions per uni t  
area is proportional to the concentrat ion difference be- 
tween the bulk, Cb, and the surface, Cs. It is convenient  
to express the surface reaction rate in terms of the 
local t ransfer  current  density, j. Based on Faraday's  
law, the volumetric  reaction rate, R, can be wr i t ten  as 
follows 

aj 
R : ~ --  akin (cb --  cs) [1] 

F 

km is the effective mass t ransfer  coefficient. In  order to 
maximize R, Cs must  go to zero. This condition is 
achieved by applying a sufficiently large electrical po- 
tential  driving force. The driving force must  not be so 
large as to create excessive oxygen evolution. 

Oxygen bubbles t rapped in the packed bed will cause 
channel ing and reduce the effective value of akin. The 
parameter  combinat ion akin is determined exper imen-  
tal ly from the l imit ing current  for ferrous to ferric 
conversion prior  to O~ evolution. Electrolytically 
evolved oxygen or other oxidant  diffusing into the bu lk  
of a pore and oxidizing ferrous iron in  the pore leads 
to values of j larger than  predicted by Eq. [1] based 
on ferrous diffusion only. This lat ter  effect will  be 
dominant  in early stages of oxygen evolution, but, as 
oxygen bubbles continue to plug the bed more and 
more, the effects of oxygen evolut ion can decrease 
over-al l  performance. 

A mater ial  balance on the ferric ion yields the con- 
centrat ion distr ibuted wi th in  the flow-through porous 
electrode 

dcb 
v -- -- R ~- -- akmCb [2] 

d y  

The symbols are defined at the end of the paper. The 
variat ion of the potential  dr iving force is described 
by Ohm's law and the conservation of charge 

d~ 
= ~ [3]  

d y  

d i  
aj = [4] 

d y  

i is the superficial or observed current  density and 
is an effective, electrolytic conductance in  the porous 
bed. 

The boundary  conditions are  

c b = c o  at y - - 0  [5]  

i - - 0  at y = L  [6] 

r  at y----L [7] 

CD--CL at y----L [8]  

The final condition is not real ly  a boundary  condition, 
but  more of a design criterion. Given CL, the opt imum 
electrode thickness, L, and flow rate, v, can be d e t e r -  
mined. The solution to these equations is 

cb -- Co exp ( - -ay)  [9] 

= FVCo [exp (--~y)  -- CL/Co] [10] 

5~ = ~[exp ( - -ay)  -- 1 -p c~yCL/Co] [11] 
w h e r e  

= akra/v  [12] 
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fl - -  Fv~co/akra~ [13] 

As a first approximation, the cost of a processing 
p lant  will depend on the volume or weight of cells 
required to process a given feed flow rate of acid mine  
waters to be treated. The volume of cells is just  the 
area, A, times the thickness, L. The area, A, is the feed 
flow rate, F, in  cm3/sec divided by the max im um al- 
lowable feed velocity through the cell, v 

A = F / v  [14] 

The larger the velocity v, the smaller A, and the 
lower the capital cost. Typical ly km depends on the 
velocity through the bed and the bed geometry ex- 
pressed through the area per uni t  volume, a, and the 
particle shape factor, ~. A correlation suggested by 
Bird et  al. (8) has been used 

km pV 0'49 
- -  0.91 ~2Scl/a [15] 

aD a ~  

Given Co, CD L, a, Ar and ~, Eq. [9], [11], and [15] 
can be solved for v, L, and Km. Equat ion [15] assumes 
no channeling. If there is channeling, one must  use an 
effective a which may be much smaller  than the geo- 
metric a based on particle size alone. The larger the 
magni tude  of Ar the larger will be v. L also increases 
with ~r but  the gain in v more than  offsets any in-  
creased size associated with the larger L. The larger 
the magni tude  of Ar the greater the rate of oxygen 
evolution. A value of about --1.TV appeared opt imum 
for the experiments  reported on here. For higher mag-  
ni tude A~, the oxygen which formed caused channel ing 
which reduced the effective value of a and thus Vmax 
decreased with fur ther  increase in  magni tude  of Ar 
The opt imum value of Ar could va ry  considerably with 
local operating conditions. 

The effective electrolytic conductivi ty in the porous 
electrode, K, was estimated using the Bruggemann 
equat ion (9, 10) 

: ~:o~ 1-.5 [16]  

where Ko is the bulk  electrolytic solution conductivity 
and e is the porosity of the electrode. 

Given  co, Cb L, L, V, and ~ from experimental  observa- 
tions, it is possible to calculate effective values of Ar 
a, and kin. If the effective a is much smaller  than a 
calculated from the geometric area of the packing ma-  
terial, it implies there is channel ing  of the flow through 
the bed. It was not possible to measure Ar directly. 
However, by placing a reference electrode in the efflu- 
ent s tream and measur ing its potential  relative to the 
anode, one measures a potential  Vp. This Vp is essen- 
t ial ly Ar plus any electronic resistance losses in the 
matrix,  surface overpotential  at the front  of the elec- 
trode, local concentrat ion overpotential  at the front 
of the electrode, and possibly a constant  te rm which 
depends on the par t icular  reference electrode selected. 
These local effects in  comparing Vp and ~r have been 
discussed by Wenger  (6). It  seems sufficient to state 
here that  Vp is related to Ar The larger VD, the larger 
the magni tude  of ~r and the greater  the tendency for 
oxygen evolution. 

In  exper imental  runs, current  is increased by in-  
creasing the cell voltage, Vf, and measur ing V 9. When 
l imit ing current  is reached throughout  the cell, Cs 
everywhere very much less than  CD, fur ther  increases 
in  the cell voltage increase Vp, but  the current  no 
longer changes. The length of the I vs.  Vp plateau is a 
measure of the excess capacity of the cell. As v is in-  
creased, the length of the l imit ing current  plateau 
decreases. When the plateau just  disappears with in-  
creasing v, the max imum velocity is assumed to have 
been established experimental ly,  see Fig. 2 and 3. For a 
given set of input  and output  conditions, the larger  the 
value of the effective a, the larger will  be the maxi-  
m u m  v. Thus the importance should be clear of min i -  
mizing channel ing  and realizing an effective a as close 
to the geometric or t rue a as possible. 

E x p e r i m e n t a l  
Cell  c o n s t r u c t i o n . - - T h e  experimental  reactor is 

shown in Fig. 1. It is constructed of Plexiglas tubing, 
4 in. ID, with two end plates consisting of Plexiglas 
disks fitted with O-rings to close off both ends of the 
tube. Sealing is effected by compression of six ex- 
ternal, threaded, steel rods located per ipheral ly  on the 
end plates at 60 degree intervals.  The graphite bed is 
contained between two Plexiglas support  plates con- 
taining ~2 1/4-in. and 18 %-in. perforations spaced in a 
geometrical pat tern  to give a uniform flow rate and still 
ma in ta in  s t ructural  strength. These support  plates are 
compressed by means of six in ternal  stainless steel 
threaded rods. Cloth separators, placed below the top 
perforated support  plate and below the perforated 
anode support  plate, prevent  graphite particles from 
washing out of the bed by the electrolytic solution 
flow. The graphite used in the bed was Stackpole 
Carbon Company, Grade 6026 graphite, sized to 
--100 ~ 150 mesh. 

Electrica~ c i r c u i t - - C i r c u i t r y  was similar  to that  used 
by Bennion and Newman (5). Infiuent and effluent 
were monitored cont inuously for pH and conductance. 
Anode potential  was measured vs. saturated calomel 
reference electrodes located above the cathode (Vf) 
and below the anode (Vp) in the effluent stream. Con- 
ductance was measured with Beckman flow-through 
conductivi ty cells (cell constant 0.5 cm-1) .  Anode po- 
tential, cell voltage, and pH were measured with an 
Orion Model 601, digital pH meter;  cell resistance was 
measured with a General  Radio tube 1650-A impe-  
dance bridge. Power was supplied to the cell from a 
Gerhard Bark, Wenking potentiostat  in which the im-  
pressed current  is regulated at a constant  potential  
between anode and a calomel reference electrode 
placed above the cathode (Vf). 

F l o w  c o n t r o l . - - F l o w  of effluent being discharged was 
controlled with a Nulcear Products Company microm- 
eter valve. Influent flow rate was adjusted always to 
exceed that of the effluent, the overflow being dis- 
charged through an outlet located near  the top of the 
reactor in order to main ta in  a constant head of elec- 
trolytic solution on the micrometer  valve exit port. 
This was necessary in  order to minimize fluctuations 
in flow rate over 24 hr periods. Flow rates were deter- 
mined using graduated cylinders to collect known 
volume of effluent over measured time intervals. 

Electrolyte concentrations.--The electrolytic solution 
was an acid mine water simulant, 725 ~g/ml in ferrous 
iron (as ferrous sulfate heptahydrate) and 1430 .~g/ml 
in H2SO4. Solutions were made up from deionized 
water and reagent grade (J. T. Baker) chemicals. The 
pH of the influent electrolyte ranged from 1.9 to 2.1 
with a mean conductivity of 0.065 mho/cm. Influent 
temperature varied between 22 ~ and 26~ 

After reaching a steady state for Vp at each Irf 
setting for a given flow rate, the effluent was analyzed 
for the ferrous and total iron concentration. Analysis 
was made spectrophotometrically, using a Beckman 
Model D2 spectrophotometer. Either I-I0 phenanthro- 
line or ~-a' bipyridyl procedures were followed (II), 
depending on the ferrous iron concentration. 

For solutions containing less than i0 ~g/ml of ferrous 
iron, two parts (by volume) of the sample were di- 
luted by addition of one part of saturated potassium 
fluoride solution to complex ferric ions, thereby in- 
hibiting formation of the colored ferric complex. An 
additional one part of ~-~' bipyridyl solution (2% in 
6N HCI) was then added to form the yellow ferrous 
complex which was determined spectrophotometrically 
at 415 m~. For solution containing more than I0 ~g/ml 
ferrous iron, the sample was suitably diluted to give 
0-3 ~g/ml, and the red i-I0 phenanthroline ferrous 
complex was determined at 515 m~. Total iron was 
determined by using a 500 • dilution treated with solid 
hydroxylamine hydrochloride to reduce ferric to fer- 
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rous iron, followed by  spectrophotometric determina-  3oo 
t ion of the red O-phenanthro l ine  complex. 

Above 20 /~g/ml, accuracy of the analytical  deter-  
minat ions was about 7%; at the lower l imit  of the 
measurements  near  1 ~g/ml, the accuracy was 10%. 

MateriaLs compatibility.--It was found necessary to 
thickly gold plate 316 stainless steel anode support  
plate and the six in terna l  tie rods, washers, and nuts. 
All other metal  exposed to the electrolyte was un -  
plated 316 stainless steel. The cell body was Plexiglas. 
Separators were cut from Webril  material ,  a non-  
woven Dacron cloth. 

Results 
Figures 2 and 3 show the family of anodic polariza- 

t ion curves (I vs. Vp) at seven flow rates ranging from 
1.5 to 10 m l / m i ~  or &l • 10-4 to 2.1 X 10-3 cm/sec. 
These results were obtained unde r  steady-state condi- 
tions with an electrolytic solution of acid mine  water  
s imulant  containing from 705 to 725 #g/ml  ferrous iron. 
Runs were made at constant flow rate. Variations in 
flow rate of up to 10%, in some cases, occurred due 
main ly  to temperature  variations occurring overnight 
with consequent viscosity changes in the solution. Flow 
rates for each point have been normalized to the value 
shown for each curve and the corresponding current  
values corrected accordingly. From 4 to 24 hr are re-  
quired to reach a t rue steady state for each point on 25o 
the curve after each change in  the control potential  Vf. 
Superficial residence time is of the order of 8 hr. I t  
normal ly  takes about three superficial residence times 200 
to achieve a steady state. This point is discussed in 
greater detail by Bennion and Newman (5) in  their  
work on copper deposition. Shapes of the curves are ~ ~5o 
typical (at flow rates up to 6.85 m l / m i n )  for an elec- 

L~ 

trode process approaching and then establishing a 
l imit  current.  A reasonably identifiable plateau is es- ~ loo 
tablished before the rapid rise due to oxygen evolution 
occurs. 5 0  

Analysis of the effluent s tream for ferrous and total 
iron concentrations was carried out for each run.  
Coulombic conversion efficiencies of over 99.9% were 
obtained at the lower flow rates. Effluent ferrous iron 
concentrat ion is given in micrograms/mil l i l i te r  beside 
each datum point. Effluent total i ron concentrat ion was 
lowered from that  of the influent by electrodeposition 
of some metallic i ron at the cathode. 

Discussion 
Current increment.--Table I is a summary  of steady- 

state, l imit ing current  operation at various flow rates. 
Comparing the calculated current  based on Eq. [10] 
and the observed current  shows the observed current  
to be consistently 10-12 mA higher. This effect is also 
shown by comparing the dashed l ines and plateau posi- 
tions in Fig. 2 and 3. One possible explanat ion of this 
difference is that hydrogen produced at the cathode 
and dissolved in  the electrolyte is oxidized in the bed 
to give the observed increment  of current.  It is diffi- 
cult to account for more than  half this difference, how- 
ever, assuming the solution is saturated (not super- 
saturated) with hydrogen at a solubili ty concentration 
of 1.34 ppm. An exper iment  was conducted at 1.50 cmS/ 
rain to test this concept using a Nation XR-475 ion 

/ 
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Pig. 2. Polarization curves for porous, flow-through anode. 81.1 
cm 3 cross section, 7.4 cm length, ~m ---- 6.5 X 10 - 3  mho/cm, 
~Cout = 5.3 • 10 - 3  mho/cm, Fe + +in ---- 725 ppm, Fe + +out noted 
by numbers next to experimental points. Average total iron out 
705 ppm. Flow rate noted beside each curve. - - - -  shows calcu- 
lated limiting currents. 

8.0 CC/MIN 
7.2 

. . . . . . . . . . .  _ ,~C, j 5  q5 

313~270 22 - '  ~ 7 o 2 

; 5 ~  % ~  41~.5 2 .5 :CC/MIN 

~ 2  ,3,~ t4 
290 

400 560 66o 76o 8oo 
REFERENCE ELECTRODE POTENTIAL,Vp(rnV) 

Fig. 3. Polarization curves for porous, flow-through anode. Con- 
ditions same as for Fig. 2, only for different flow rates. 

exchange membrane  to separate the dissolved hydro-  
gen formed at the cathode from the anode bed. No de- 
crease in  l imit ing current  was observed. This experi-  
ment  supports the view that the anomalous current  
increment  is not due to electro-oxidation of hydrogen. 

Another  point mit igat ing against the concept of 
oxidation of dissolved hydrogen is that  the incre-  
mental  current  observed should increase with increas-  
ing flow rate for any dissolved species being oxidized. 
This does not occur; the incremental  cur rent  remains 
essentially constant at about 10-12 mA. 

Another  explanat ion of the anomalously high ob- 
served l imit ing current  and the relat ively constant 
value of the current  increment  at increasing flow rates 
is that the incremental  current  is due to the anodic 
oxidation of the graphite surface. Since the oxidation 
product may be a solid and remain  on the surface of 

Table I. Analysis of operating conditions 

E l e c t r o - o x i d a t i o n  of  Fe++ to Fe+++. e ---- 0.5, A = 81.073 crn s, Sc  = 1366, K ~ = 5 X I 0  "~ m h o / c m .  

Input data 
C a l c u l a t e d  values 

Flow,  
L,  e m  eroS/ ra in  eL, ~ g / m l  co, # g l m l  a ,  em-1 - - A r  V I ,  m A  

O t h e r  o b s e r v e d  data 

~, m2k V~, m V  Vt ,  rnV 

7.4 1.46 0.6 695 8.89 0.212 29.2 41.2 -- 681 -- 996 
7.4 2 .23 1.35 705 9.4"/ 0.368 45.2 62.0 -- 616 -- 1025 
7.4 3.64 0.5 725 12.36 0.536 '/5.9 87.8 -- 633 -- 1175 
7,4 4.75 0.4 7'/5 13.87 0.720 105.9 115,8 -- 647 -- 1398 
7.4 6.90 0.1 755 17.56 0,866 150.0 146,0 -- 606 -- 1496 
7.4 8.14 6.0 725 12,30 1.742 168.5 211.0 -- 664 -- 1801 
7.4 9.25 58.0 760 12.99 2,048 200.9 213.0 -- 606 -- 1799 
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the graphite, no dissolved species would be involved, 
and hence no increase in  incrementa l  cur rent  with flow 
rate would occur. A recent s tudy (12) has shown that  
hydroquinone- l ike  groups on a graphite surface are 
anodically oxidized to quinone- l ike  groups. These 
qu inone- l ike  surface species could eventual ly  react 
with the ferrous ions to establish a s teady-state  condi- 
tion. Other observations favoring this point are that  
the bed appeared to improve with age, and that  a 
yellow colloidal layer  appeared above the packed 
graphite bed when  the reactor was back flushed after 
r u n n i n g  above oxygen evolution potentials for a pro- 
longed period. Quinoidal  compounds are usual ly col- 
ored. 

If carbon is reacting, eventual ly  the carbon bed will 
be destroyed. Over a three month  period of operation, 
the graphite bed used in  these experiments  showed no 
noticeable deterioration. If impurit ies in  the graphite 
are involved, eventual ly  they would be used up and the 
excess current  would no longer be observed. If the im-  
pur i ty  level is est imated at 5% of the graphite by 
weight  and to have an effective equivalent  weight of 
50, a graphite bed of 700g would contain 0.7g equiva-  
lents of impurities.  Assuming operation for 20 days at 
10 mA excess current  implies consumption of only 
0.18g equivalents  in  some Faradaic reaction other than 
ferrous i ron oxidation. (This calculation is only good 
to about an order of magnitude.)  Hence, it  is concluded 
that  for the length  of t ime involved, impuri t ies  could 
have been reacting or possibly graphite breakdown 
would not have been  extensive enough to be noticed. 

Another  more obvious explanat ion for the excess 
current  is oxygen evolution. If bubbles  of oxygen form, 
they are expected to plug the porous electrode flow 
channels  and cause electrolyte channeling, which 
should result  in  poor iron oxidation rates. Since ob- 
served oxidation rates were high, it could be that  oxy-  
gen did not nucleate, but  reacted with ferrous i ron as 
fast as it  formed at the graphite surface. It  is known 
that the uncatalyzed reaction of molecular  oxygen  with 
ferrous iron is a slow reaction (13). However,  this re- 
action is catalyzed by  activated carbon (14). Hence, 
the rapid oxidation of ferrous i ron by the active oxy- 
gen forming in  the bu lk  of the electrode pores cannot 
be ruled out. 

A difficulty with both the quinone and oxygen evo- 
lut ion explanat ions for the anomalous l imit ing current  
increment  is that  the anomaly  is observed at potentials 
below those required for either oxygen evolut ion or 
surface quinone formation. 

It seems improbable  that  peroxide, formed by par -  
tial oxidat ion from water, could be the active in ter -  
mediary,  since at pH 2 the oxidation of ferrous iron by  
hydrogen peroxide is incomplete unless a large excess 
of peroxide is present. 

The exper imental  results presented here are not suf- 
ficient to determine the precise secondary reaction or 
reactions taking place. However, the results do indi-  
cate that  electrochemical oxidation of ferrous ions is 
feasible and that  the proposed design equations and 
procedures work and yield conservative design condi-  
tions. The unaccounted for side reactions apparent ly 
do not h inder  operation so far as has been determined 
to date. Their  possible beneficial effects should not be 
counted upon unt i l  more is known  about them and 
under  what  conditions they occur. 

Conversion efficiency.--As shown in  Fig. 2, conver-  
sion efficiency of ferrous to ferric i ron is over 97% at 
the highest flow rate (10 cm3/min),  the last point in -  
dicated on the curve. This high conversion efficiency is 
achieved even though no l imit ing current  is established 
at this high flow rate. Normal ly  one would expect a 
re la t ively low conversion efficiency under  these con- 
ditions, since ferrous iron flows through the bed faster 
than  it can diffuse to the anodic surfaces and be oxi- 
dized. Surface quinone formation at the anode, as dis- 
cussed above, could serve as a solid redox couple and 
catalyze the oxidation of ferrous ion, especially if it 

were par t ia l ly  soluble in  the electrolyte. In  effect, it 
would increase the effective mass t ranspor t  coefficient 
of ferrous ion by rapidly oxidizing it wi th in  the pores 
of the graphite anode surface. 

Cost analysis.--Using actual data at a cell flow rate 
of 8.14 cm~/min, feed of 725 ~g F e + + / m l ,  feed con- 
ductivity of 0.005 mho/cm, effluent concentrat ion of 6 
~g Fe + +/ml, bed length of 7.4 cm, and a bed shape 
factor of 0.88 yields an effective surface area per un i t  
volume for the bed of 12.3 cm -1 and an  allowable re -  
sistance loss through the bed of 1.768V. The effective 
surface area is quite low compared to an  estimated 
geometric specific surface area of over 100 cm -1. By 
optimizing the packing material  to get more un i form 
size distribution, the specific surface can probably  be 
increased substantially,  possibly to be tween 26 and 50 
cm -1. For design estimates here, specific area of 14 
cm -1 and 1.7V resistance potential  drop across the 
packed bed will be used. In  order to compare costs 
with previous estimates (3), feed of 500 ~g F e + + / m l  
and effluent with 95% conversion ~ (25 ;~g Fe + + /ml )  
will be used as the design basis. These conditions im-  
ply an opt imum bed length of 4.8 cm and a flow ve- 
locity of 2.7 • 10 -8 cm/sec or 57 ga l /day . f t  2. To take 
advantage of any soluble oxidant  or dissolved oxy- 
gen production in  the cell, the cell should be made a 
little longer than  4.8 cm, possibly up to 7 cm. 

To handle  one mil l ion gallons per day, the above cell 
design implies that 17,544 ft 2 of cell area will  be 
needed. If the cells are coated concrete slabs and walls 
with a packed bed on top, a separator, a cathode, the 
concrete container filled with electrolytic solution, and 
a hood to collect the hydrogen, the construction cost is 
assumed to be similar to that  of a concrete slab ware-  
house for which the construction cost is estimated (15) 
as $9.50/ft ~. Detailed cost est imating procedures for 
copper removing flow-through electrodes yield $4 to 
$1,5/ft 2, depending on design details and cost bases. It 
seems reasonable to assume a cost of $10/ft 2 for a 
large-scale reactor of this type. 

At $10/ft2, the cost of a one mil l ion gallon per day 
reactor wil l  be $175,440. For purposes of comparison, 
straight l ine depreciation over ten years with no in te r -  
est charges is assumed. This gives a fixed cost of $17,- 
544 per a n n u m  or 4.8r per thousand gallons of acid 
mine water treated. For cell voltage of 3V, it  requires 
2.73 kW-hr  to treat  one thousand gallons of feed as- 
suming 100% current  efficiency for the Fe + + -> Fe + + + 
~- e -  reaction. If power costs l r  energy costs 
will be 2.7r per thousand gallons of feed. Other costs 
for l imestone precipitat ion have been estimated (3) to 
be 22.3r per thousand gallons based on 500 ~g Fe + + /ml  
and 1000 ~g/ml total acidity. This implies a total t reat-  
ment  cost of 29.8r per thousand gallons. This cost figure 
compares to 36r per thousand gallons for the Tyco 
Laboratories estimate (3). A credit of 6r per thousand 
gallons for salable hydrogen gas produced is deductible 
from each of these figures for comparison with non-  
electrolytic processes. Sludge handl ing costs are not in-  
eluded in these estimates. 

Cost estimates of this type are of necessity approxN 
mate. They should be useful for p re l iminary  compari-  
sons and to i l lustrate how the costs are capital in-  
tensive at today's energy costs. By achieving higher 
flow rates per uni t  geometric area and/or  lower cost 
per uni t  geometric area of the electrode, more favor-  
able economic situations should be possible. In  par t icu-  
lar, larger values of the effective specific surface area, 
a, should allow for higher flow rates. This might  be 
achieved by minimizing channel ing of electrolytic 
solution flow through the bed and increasing the ac- 
tual specific surface area wi th in  the bed. 

Other applications.--This use of flow-through, por-  
ous electrode reactors should be applicable to the 
anodic oxidation of cyanide ions from dilute solutions 

1 T h i s  is  r e p o r t e d  to b e  (3) t h e  l o w e s t  c o n v e r s i o n  e f f i c i ency  f o r  
Fe++ t h a t  w i l l  a l l ow  c o m p l e t e  p r e c i p i t a t i o n  of  i ron  b y  a d d i t i o n  of  
l i m e s t o n e .  
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such as p la t ing r inse waters  for  cyanide concentrat ions 
up to severa l  hundred  par t s /mi l l ion .  I t  should also be 
appl icable  to the reduct ion of chromate  to chromic 
ions in p la t ing  bath  r inse waters  f rom acid chromium 
pla t ing  baths.  In  addi t ion i t  should be possible  to ca th-  
odical ly  s t r ip  gold, silver,  copper, and nickel  f rom 
pla t ing ba th  r inse waters.  The detai ls  for me ta l  r e -  
covery  are  discussed e l sewhere  (5, 6, 16). By using a 
combinat ion of cyanide des t ruct ion and ion recovery,  
it  m a y  be possible to clean rinse waters  for reuse. 
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SYMBOLS 
a specific surface area, cm -1 
A geometr ic  cross sectional  flow channel  area, cm 2 
Cb bu lk  ferrous ion concentrat ion in pores, mo l / cm 3 
CL effluent ferrous  ion concentrat ion,  mol / cm 3 
co influent ferrous  ion concentration,  mo l / cm 3 
Cs ferrous ion concentra t ion at  surface of pore  walls, 

mol/cm~ 
D diffusion coefficient of ferrous ions, cm2/sec 
F F a r a d a y  constant, 96,487 coulombs/equiv .  
i superficial  or geometr ic  cur ren t  density,  A / c m  2 
I to ta l  current ,  A 
j t ransfe r  cur rent  densi ty  across pore  walls,  A / c m  2 
km mass t ransfe r  coefficient, cm/sec  
L length  of porous anode, cm 
R effective react ion ra te  per  uni t  volume wi thin  

anode, mol /cmS.sec  
Sc Schmidt  number ,  ~/pD 
v superficial  fluid velocity, cm/sec 
V~ potent ia l  of a sa tu ra ted  calomel reference elec-  

t rode in feed solut ion re la t ive  to anode, V 
Vp potent ia l  of a sa tu ra ted  calomel reference  elec-  

t rode in effluent solution re la t ive  to anode, V 
y distance along porous anode in direct ion of flow, 

cm 
akin~v, cm-~  

v FV 2 co~akin,c, 

e void fraction, dimensionless  
effective or superficial  e lectr ical  conduct ivi ty  of 
catholyte,  m h o / c m  
viscosity of feed solution, g / cm.sec  

p densi ty  of feed solution, g / c m  ~ 
~, potent ia l  in solution, V 
5~ potent ia l  drop in solut ion across porous electrode, 

V 
par t ic le  shape factor, 0.86 for flakes, d imension-  
less 
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Investigation of the Reaction Between Liquid Lithium 
and Lithium Chloride-Potassium Chloride Melts 

Randall N. Seefurth* and Ram A. Sharma* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

The fumes over l i th ium chloride-potassium chloride melts containing 
l i th ium were determined to be potassium vapors resul t ing from the exchange 
reaction between the l i th ium and the potassium chloride in the melt. The rate 
of this reaction was measured by using a simple electrochemical half-cel l  
containing two l i th ium electrodes. The amount  of unreacted l i th ium was de- 
te rmined at any desired t ime by t ranspor t ing it electrochemically between 
the electrodes. The reaction rate was determined at various current  den-  
sities up to 3000 A / m  2 over a tempera ture  range of 648~176 it was found 
to be independent  of current  density, potassium chloride concentrat ion in  the 
melt, and electrode-melt  interfacial area. The activation energy was found to 
be 111 kJ /mo l  of l i thium, which is near ly  equal to the heat of potassium 
vaporization (115 kJ /mol )  from the melt. Since the activation energy is about 
equal to the heat of potassium vaporization, the rate of the reaction of l i th ium 
with potassium chloride is considered to be controlled by the rate of potassium 
vaporization from the melt. 

I n  the course of Li-S cell studies in a hel ium atmo-  
sphere, fumes of vary ing  intensi ty  were observed when 
l i th ium metal, held in a stainless steel matrix,  was 
dipped into the mol ten  LiC1-KC1 electrolyte at 673~ 
The fumes, which became more pronounced as the 
tempera ture  was increased, were reddish-brown and 
gave a grayish-purple  to violet deposit on condensa- 
tion. When the condensate was smeared, it appeared to 
be very  soft and had a metall ic luster. 

The metall ic l i th ium which dissolves in LiC1-KC1 
melts should not be the source of the fumes, as no 
fumes have been observed over Li-LiC1 solutions at 
about  923~ The par t ia l  vapor pressure of l i th ium is 
expected to be lowered by  dissolution in these melts 
if the solution is s imilar  in behavior  to that  of alkal ine 
earth metals in their  respective chlorides. The part ial  
vapor pressures of the alkal ine earth metal  in their 
respective chlorides have been observed to be lowered 
(1). 

Hammer  et al. (2) calculated the s tandard decom- 
position potentials  of the alkali halides and indicated 
that  the LiCI-KC1 melt  can be used as an electrolyte in 
galvanic cells wi th  l i th ium anodes. The LiC1-KC1 melt  
is used as an electrolyte in the electrolytic production 
of l i th ium metal  (3). But both of these sources did not 
give any informat ion as to what  extent  the l i th ium re-  
acts with the potassium chloride under  the exist ing 
conditions. The reaction of l i th ium with potassium 
chloride at cell operat ing temperatures  (,~673~ may 
proceed to the extent  where the activity of the potas- 
s ium may  be high enough to give appreciable vapors, 
and consequently may be the source of the fumes seen 
in the l i th ium-su l fur  studies. Some indicat ion of po- 
tassium vaporization at higher temperatures  (above 
773~ from a LiC1-KC1 melt  in  contact with l i th ium 
may  be obtained from the emf work of Foster et aI. 
(4) where they observed potassium condensate on the 
cooler sections of the electrode leads of cells with Li 
anodes, Li-Bi  cathodes, and LiC1-KC1 electrolyte. 
Therefore, a systematic invest igat ion was under taken  
to ident ify the volatile product and the sources of its 
formation and to determine its rate of format ion and 
the ra te-control l ing step. 

Experimental 
Materials.--Lithium metal  of 99.97% pur i ty  and a 

compressed nickel-fiber sheet of 80% porosity with an 

Electrochemical  Society Active Member.  
Key  words:  l i thium electrode, mol ten  salt electrolyte, l i th ium 

chloride-potassium chloride, exchange reaction,  potassium vapor iza-  
t~oi2. 

average pore size of 40 #m (pore range  _~20-60 #m) 
were used to make the test electrodes. 

Li th ium chloride of 99.6% pur i ty  and potassium 
chloride of 99.9% pur i ty  were used in prepar ing the 
eutectic mixture.  The eutectic mixture  was purified by 
bubbl ing  chlorine through the melt  at about 723~ for 
2 hr and subsequent ly  scavenging the chlorine by bub-  
bling hel ium for about 1 hr. The exact pur i ty  level of 
the prepared electrolyte was not determined. However, 
l i th ium cycling tests yielded a mean current  efficiency 
of 97 ___5% which was taken to indicate no gross 
amount  of impurities.  In addition, the low electronic 
conductivity, 8 X 10 -3 ohm-~cm -1 at 723~ (5) 
is not expected to have any  influence on the measure-  
ments. This may also be observed from the current  
efficiency. 

Electrode preparation.--The l i th ium electrodes were 
prepared by cutt ing rectangular  pieces, 13 X 25 mm 
each, from the 1.6 mm thick nickel-fiber sheet. A 1.5 
m m  hole was dril led through each of the matrices near  
the nar row edge (Fig. 1). A 1.5 mm diameter  by 450 
mm long rod of 304 stainless steel was then inserted 
through the hole, bent  to form a hook, and then  arc 
welded to provide an in t imate  contact with the nickel-  
fiber matrix.  This rod served as the electrical lead 
during testing. The matrices were hydrogen-fired at 
l l00~ for 2 hr  to remove oxides from their  surfaces 
before use. 

The electrode matrices were loaded by immers ing 
them in  a molten pool of l i th ium at approximately 
973~ After loading, the counterelectrode was electro- 
lytically stripped of its l i th ium in  a separate cell. 

Apparatus.--The furnace was a clamshell heater, 150 
m m  long and 75 mm ID, insulated with firebricks. This 
simple furnace was convenient  to use in  the dry  box. 
The furnace tempera ture  was controlled with a pro- 
por t ional -band tempera ture  controller. A mill ivolt  po- 
tent iometer  and a Chromel-Alumel  thermocouple were 
used for temperature  measurements.  The electrical in -  
s t ruments  included a d-c power supply, together with 
the necessary logic and switching circuitry to cycle the 
cell automatical ly according to a preset charge-dis-  
charge program, and a dual channel  recorder for mea-  
suring cell potential  and current.  

A bel l-shaped condenser made from 304 stainless 
steel, large enough to cover the clamshell heater, was 
used for the condensation of the fumes. The condenser 
had a central  tube to allow the hot gases to escape. A 
t ray inside the condenser, which was attached at the 
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Fig. 1. Lithium electrode test cell 

bottom end  of the central  tube for collecting the con- 
densate, also served as a baffle. 

The cell used for cycling the l i th ium between the 
two electrodes is shown in  Fig. 1. It consisted of a 
quartz enclosure (70 mm diam, 300 mm deep) fitted 
with a cap which served to position the two electrodes 
and a thermocouple. A 304 stainless steel cup (50 m m  
diam, I00 mm deep) was used to hold the electrolyte. 

Procedure.--About 50g of purified LiC1-KC1 eutectic 
was placed into a hydrogen-fired stainless steel con- 
tainer, 100 mm long and 50 mm ID inside a he l ium-  
atmosphere dry box. The container  with the eutectic 
was placed inside the furnace and heated to 673~ 
While the melt  was main ta ined  at this temperature,  
l i th ium metal  was slowly added. After about 15 rain, 
reddish-brown fumes were observed to be coming from 
the melt. (These fumes were similar in appearance to 
cigarette smoke.) The condenser was positioned above 
the melt  container to condense the fumes. After a 
week, the condensate was scraped from the condenser 
and sent for chemical analysis. 

To determine the rate of product  volatilization, the 
test cell (Fig. 1) was assembled inside the dry box 
holding the electrodes above the solid electrolyte (usu-  
ally 200g). The cell was placed inside the furnace, 

heated to the desired temperature,  and the electrodes 
were lowered into the molten electrolyte. The immer-  
sion depth was kept at a m i n i m u m  so that  the electrode 
leads would not contr ibute  appreciably to the elec- 
trode areas. After thermal  equi l ibr ium was reached, 
the testing was accomplished by cont inuously cycling 
the cells at varying current  densities with the aid of 
the automatic cycling device. The usual  test consisted 
of discharging the working electrode at constant cur-  
rent  unt i l  an increase in  voltage (5-10 mV at 0.1A) in-  
dicated that  the l i th ium was depleted from the elec- 
trode. After  a short recovery time (300 sec), the cur- 
rent  was reversed and the l i th ium was recharged onto 
the working electrode unt i l  a similar voltage increase 
again indicated the complete t ransfer  of l i thium. The 
cycling was continued in this manne r  for several hours 
to determine the loss in  l i th ium capacity as a function 
of t ime under  the test conditions. In addition, visual 
inspection of the electrodes was made periodically to 
determine the wett ing characteristics and the general  
appearance of the deposited li thium. These determina-  
tions were made at various temperatures  and current  
densities. 

Results and  Discussion 
Identification of the volatile product and the source 

o] its ]ormation.--The condensate that was obtained 
from over the Li-LiC1-KC1 melt  was gray. It appeared 
to be very soft when  rubbed  with a stainless steel 
spatula. The chemical analysis of this condensate gave 
>99.0% potassium and 0.1% lithium. This indicates 
that potassium vapors may have been the source of the 
fumes seen dur ing Hthium-sulfur  cell studies. As stated 
earlier, potassium vapor formation has also been re- 
ported by Foster et al. (4) dur ing  their emf measure-  
ments of cells with Li anodes, Li-Bi cathodes, and 
LiC1-KC1 electrolyte above 773~ Another  recent 
work has also reported vaporization of potassium from 
Li-LiC]-KCI solutions at 400~ (6). Together, these 
findings indicate the possibility of the following reac- 
tion 

KCl(melt) 4- Li(1) = LiCl(melt) 4- K(melt) [i] 

The standard free energy changes, AG ~ , calculated 
at various temperatures, irom the data given in the 
JANAF compilation (7), are given in Table I. The 
value of AG ~ varies from 18.8-16.1 kJ/mol of lithium 
(4490-3855 cal/mol of lithium) in the temperature 
range 627~176 The activity of potassium may be 
calculated from the equi l ibr ium constant 

aLtO1 aK  
K -- - -  [2] 

aKCl aLi  

where a is the activity of the designated component. 
The values of K at various temperatures  were cal- 

culated from the relat ion 

K = e -~G~ [3] 

Table I. Standard free energy change, AG ~ equilibrium constant, K, and activities a, 
of the components for the reaction KCI(s) + Lift) = LiCl(s) + K (I), and 

partial vapor pressures of K, PK 

T e m p e r -  AG ~ k J / m o l  Equ i l ib r ium 
ature,  ~ or (cal/mol)  constant ,  K 

Activi t ies* 
P a r t i a l  p r e s s u r e ,  

aLiCl aKCl aK PK, P a  o r  ( m m  Hg)  

627 18.8 0.02728 1 
(4490) 

648 18.8 0.03229 0.933 
(4420) 

673 18.2 0.03894 0.865 
(4340) 

698 17.8 0.04634 0.805 
(4260) 

723 17.6 0.05468 O, 753 
(4175) 

773 16,8 0.07323 0.668 
(4018) 

823 16,1 0.09466 0.601 
(3~5) 

1 0.0273 4.853 
(0.0364) 

0.959 0.0332 10.306 
(0.0773) 

0.916 0.0412 22.811 
(0.1911) 

0.878 0.0505 47.703 
(0,3578) 

0.843 0.0612 94.846 
(0.7114) 

0.785 0.086 325.307 
(2.44) 

0.736 0.116 952,722 
(7.146} 

* With  respect  to solid. 



Vol. I22,  No. 8 REACTION BETWEEN Li AND LiC1-KC1 MELTS 

2.4 and are given in Table  I. The activity of LiC1 in  LiC1- 
KC1 melts with respect to pure solid LiC1 were cal- 
culated in  the usual  way using the open-circuit  poten-  
tials for LiC1-KC1 melts reported by  Anthony  et al. 
(8). The relat ion reported by  Bradley and Sharma (9) 

E ~ = 4.184-7.96 X 10-4T- -  0.010V (600~176 [4] 

was used for those of pure LiC1. The activities of KC1 
with respect to pure solid KC1 were calculated using 
the Gibbs-Duhem relation. These activities are given in  
Table- I .  The activities of K at various temperatures  t .  8 
were calculated by Eq. [2] at uni t  activity of Li using 
the values of K, aLiCl, and aKc; given in  Table I. Pure  
l i th ium at uni t  activity will  be present  under  the con- 
ditions of the calculations as potassium is not appreci- 
ably soluble in l i th ium (10). The calculated potassium 
activities also given in Table I are less than  uni ty  in  
each case, indicat ing that under  these conditions po- A r 
tassium will be present  only in solution in  the eutectic _~ 
melt.  The vapor pressures of potassium (mm Hg) can 
be calculated using the equat ion (11) 1. 2 

f~ 

log PK = --4770/T -- 1.37 log T + 11.58 [5] 
r 

The part ial  vapor pressures of potassium, Pm over 
the melt  of Li and LiC1-KC1 eutectic electrolyte, were 
calculated from the activity of potassium and its vapor 
pressure at various temperatures,  and are given in 
Table I. The part ial  vapor pressure of potassium is 
quite appreciable at these temperatures.  Therefore, 
react ion [1] appears to occur forming K which va-  
porizes giving fumes over the LiC1-KC1 melt. The 0 .6  
enthalpy change of the reaction is 27.2 kJ /mol  of 
l i th ium (6.5 kcal /mol  of l i thium) and the entropy 
change is 64.4 J / K  per mol of l i th ium (15.4 cal/deg per 
tool of l i thium) at these temperatures.  So the reaction 
appears to occur due to the change in entropy. 

Rate of the reaction at various current  densities and 
t empera tu re s . - -Twe lve  cells were assembled to gen- 
erate the data. The matrices made from nickel fiber 
retained l i th ium metal  bet ter  than other metal-f iber  
matrices tested. A ful ly loaded matr ix  had a capacity 0 
of 2.5 kC of l i thium. Results of typical tests in  terms 
of l i th ium electrode capacity vs. elapsed time are pre-  
sented in  Fig. 2 and 3.1 The results at various current  
densities are g iven in Fig. 4, whereas the results at 
various temperatures  are shown in Fig. 5. Figure 6 
presents the rates of l i th ium loss obtained from Fig. 5 
plotted against temperature  reciprocals. 2.4 

The data were obtained after the electrolyte had 
been in contact with l i th ium for more than 300 ksec 
in order to ensure saturation. Similar  melts, such as 2.3 
molten magnes ium chloride, have been observed to. be 
saturated with magnesium within  5.5 ksec (12) and 
molten calcium chloride with calcium within I0 ksec 2.2 
(13). 

The data in Fig. 2 also indicate electrolyte saturat ion 
with l i th ium before the measurements  were made. In  .~ 2.1 
this case, the electrolyte had been in contact with l i th-  r 
ium for-30 ksec, then the l i th ium loss rate was mea-  ! 
sured at 500~ before and after an in terval  of 340 2.0[ 
ksec at 400~ The l i th ium loss rates before and after 

f 
the interval  were the same. This observation indicates 

1.9 that the electrolyte had been saturated with l i th ium 
wi th in  30 ksec and remained so dur ing the measure-  
ments. 1.8 

Li th ium loss by droplet formation can also be dis- 600 
counted from the data in Fig. 2. As may be observed 
from the plots in this figure, the l i th ium loss rate with 
t ime remains constant at 500~ then decreases with 
change in tempera ture  to 400~ and regains its orig- 
inal  value when the temperature  was raised to 500~ 
This regular i ty  in loss rate with temperature  is most 
unl ike ly  if droplet formation is occurring. However, 
under  certain conditions, especially at lower tempera-  
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1 T h e  c u r v e s  s h o w n  in  t h e s e  a n d  s u b s e q u e n t  f igu res  in  the  t e x t  a r e  
a l e a s t  s q u a r e s  fit to t he  da t a .  F o r  c l a r i t y ,  t h e  i n d i v i d u a l  d a t a  p o i n t s  
w e r e  n o t  i n c l u d e d  in  F i g .  4. 

I 

Electrolyte: LiCI-KCI Eutectic 

Current Density: 0.03 & 0.075 A/cm 2 

773 K 
-23.4 mC/s 

6_!__73 K__ 

773 K 
-22.9 mCls I 

I 
0 300 

Time (ks) 
Fig. 2. Lithium content of electrode vs. elapsed time 

600 

I I I I 

Electrolyte: LICI-KCl Eutectic 

Temperature: 673 K 

L ~ ~  Current Density: 0.03 & 0.075 A/cm 2 

Nickel Electrodes 

0 ~ 

I I I I 

660 720 780 840 900 
Time (ks) 

Fig. 3. Lithium content of electrode vs. elapsed time 

tures (~400~ l i th ium loss has been observed by 
droplet formation. In  these experiments,  the l i th ium 
loss with time was observed to be erratic. The loss in -  
creased in an erratic m a n n e r  with increase in current  
density, i.e., droplet formation appeared to increase 
with increase in current  density. The droplets in the 
electrolyte could also be seen visually. The present  



2.4 10.0 , I ' I ' 

2.3 

2.2 

~ 2.1 I 

~ 2.0 

I ! 

~ 9.15 A/cm 2 
(-1.0 mC/s) 

0.08 A/cm 2 

0.03 Afcm 2 

1.9 ~ . 9  mC/s) 

O.C. 
1.8 Electrolyte: LiCI-KCl Eutectic~(_0. 9 mCls) 

\ Temperatu re: 673 K 

1.7 i I J 
300 600 900 1200 1500 

Time (ks) 

Fig. 4. Lithium content vs. elapsed time at various current 
densities. 

2.5 I I I 

2.0 

1.5 

o 1.0 

0.5 
Electrolyte: UCI-KCI Eutectic 

Current Density: 0.03 A/cm 2 
0.0  t I 

300 600 900 
Time (ks) 

648 K 
(-0.7 mC/s) 

673 K 
~ mC/s) 

698 K 
-2.5 mC/s) 

723 K 
5 . ~  - m % / s i  

I 
1200 1500 

Fig. S. Lithium content vs. elapsed time at differ tempera- 
tures. 

data are from experiments  where the l i th ium loss with 
t ime was l inear  (Fig. 2 and 3). It remained constant 
with change in current  densi ty from 0 to 1500 mA 
(Fig. 4) and no l i th ium droplets were observed in ~he 
electrolyte. 

Figures 2-5 show the l i th ium loss rate to be inde-  
pendent  of the change in concentration of l i th ium 
chloride [+1.0 weight per cent (w/o)  maximum] and 
potassium chloride (--1.0 w/o maximum)  which oc- 
curred during the period of the experiments.  It also 
is not affected by the possible l i th ium chIoride and 
potassium chloride concentrat ion gradients which 
could occur with current  density variat ions (Fig. 4). 

The rate of l i th ium loss increases exponent ia l ly  with 
decreasing reciprocal temperature  and follows an Arr -  
henius relationship as may be seen in Fig. 6. The 
activation energy calculated from this plot is 111 
k J/ tool  of l i thium. This is near ly  equal to the heat of 

O 

E 

5.0 

1.0 

0.5 

0.i 
i .  
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Slope = -5.8 
(Activation Energy = 111 kJ/mol.) 

J I J I , 

1.4 1.5 

x 103 (K -I) 

Fig. 6. Effect of temperature on lithium loss rates 

1.6 

vaporization of potassium (115 kJ /mol  of potassium) 
which was calculated from the equi l ibr ium potassium 
vapor pressures over the l i th ium chloride-potassium 
chloride melts at various temperatures  given in Table 
I. 

Determination of the rate-controlling step.--In the 
homogeneous Li-K-LiC1-KC1 melt, the number  of K 
molecules reaching a uni t  surface in uni t  time may be 
taken to be 

nK/2 Vx [6] 

where nK is the n u m b e r  of potassium molecules per 
cubic centimeter  and Vx is the velocity component 
perpendicular  to the surface. 

The term 1~ implies that only one-half  of the potas- 
s ium molecules are moving toward the surface and the 
other half are moving in the opposite direction. 

The number  of molecules in  a velocity interval  be- 
tween Vx and Vx + dVx can be obtained from the 
Maxwell  dis t r ibut ion (14-17) as 

V e-MVx 2/2RT dVx [7] 
M 

dnvx = nK/2 "~nR'-T 

where M is the molecular  weight, R is the gas con- 
stant, and T is the temperature  in degrees K. 

The number  of molecules reaching the surface in 
uni t  time within  this velocity interval  is given by 

V dnK' -7- Vx nK/2 ~ e--MVx~ dVx [8] 
2nRT 

Now all of the molecules having a velocity less than 
a certain l imit ing value, VL, will be pulled back by the 
attractive forces of the other molecules in the interior. 
Only those molecules which have velocities greater 
than VL can pass through this zone of at tract ion and 
escape as vapors. The number  of these molecules can 
be determined by integrat ing the above equation be- 
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tween  Vx --  VL and Vx --  oo and so 

nK' -- nKI2 ~ e-l~Vx 12~T VxdVx [9] 
L 2~RT 

Upon in tegra t ion  

~%K' "- 9%K/2 C e--MVL/2RT [10] 

where  C is a constant  equal  to %PRt/2~M. 
The express ion MVL2/2 represents  the kinet ic  energy  

of one mole  of potass ium atoms moving wi th  the  l imi t -  
ing velocity,  VL, and which are  jus t  capable  of escap-  
ing into the  gas sphere.  According to the  l aw of con- 
serva t ion  of energy,  this amount  of energy must  be 
equal  to the work  per formed  against  the  a t t rac t ive  
forces of the  atoms in the  interior,  i.e., i t  is equal  to 
the  work  of  vapor iza t ion  of potass ium from the melt .  
The w o r k  of  vapor iza t ion  can be t aken  equal  to the  
heat  of vaporizat ion,  AHv, which gives MVL2/2 -- hHv. 
Therefore  

nK' "- rig~2 C e - ~ v / R T  [11] 

a re la t ion  which  shows the act ivat ion energy  equal  to 
the  hea t  of vapor iza t ion  of potassium. 

In  a genera l  way, the  Li  losses in Li-LiC1-KC1 mel ts  
m a y  be considered to occur in the  fol lowing steps: (i) 
contact  of l i t h ium wi th  potass ium chlor ide  e i ther  
th rough  solut ion or by  t r anspor t  of potass ium chloride 
to the l i t h ium-e lec t ro ly t e  interface,  (ii) Li(1) 4- KC1 
(mel t )  : LiC1 (mel t )  4- K (mel t )  reaction,  (iii) 
t r anspor t  of l i th ium chlor ide  and potass ium away  f rom 
the react ion zone, and (iv) evapora t ion  of potass ium b y  
the  react ion:  K (solut ion) ~=; K (vapors ) .  

As was observed earl ier ,  the act ivat ion energy  cal-  
cula ted  f rom the ra te  of l i th ium loss vs. t empe ra tu r e  
has been found equal  to the  hea t  of vapor iza t ion  of K 
f rom Li-K-LiC1-KC1 melts.  The heat  of vapor iza t ion  
of po tass ium was calcula ted f rom the equi l ib r ium pa r -  
t ia l  vapor  pressures  of potass ium over these melts  at  
different  tempera tures .  Since the  act ivat ion energy  is 
equal  to the hea t  of vapor iza t ion  under  these condi-  
tions, the ra te -cont ro l l ing  step appears  to be the  po-  
tass ium vapor iza t ion  reaction. This also implies  tha t  
the  e lec t ro ly te  has equ i l ib r ium concentrat ions  of po-  
tass ium and l i thium. 
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ABSTRACT 

Reaction profiles for the charging of porous silver electrodes in  1N KC1 
are investigated. The effects of changes in  the ra te -de termining  step on the 
reaction profile are calculated and compared with exper iment  for galvano- 
statically held ~uperficial current  densities of 2-25 mA/cm2 for 2-8 hr. in te r -  
pretat ions are given for the exper imental ly  determined distr ibutions of anodi-  
cally formed silver chloride and for the morphology of the silver chloride 
deposits as observed with the scanning electron microscope as a funct ion of 
distance into the porous structure. 

In  recent  years several approaches to bat tery  elec- 
trode modeling have been proposed. Perhaps the best 
known and most comprehensive one is that  of Bennion 
and co-workers (1, 2) which is based on the solution 
of a set of coupled part ial  differential equations repre-  
sent ing the various applicable laws of t ransport  and 
conservation. An effective computer  program is avai l -  
able so that, in  principle, the reaction profile can be 
constructed once the details of the reaction mechanism 
and transport  processes wi thin  the porous s tructure 
have been established (3). In  practice, the difficulty in  
electrode modeling arises from a lack of sufficiently 
detailed informat ion concerning the na ture  of the con- 
troll ing e lementary  processes and their  deFendence on 
the degree of electrode discharge. Nevertheless, some 
success has been reported in a comparison of the ex- 
per imental  data of Bro and Kang (4), with the com- 
puter  simulated behavior using the solution-diffusion 
model (3). 

Exper imental  efforts in  s tudying the t ime-dependent  
evolution of reaction profiles, which are of interest  in 
bat tery technology, involve the determinat ion of per-  
t inent  factors from the analysis of the degree of con- 
version as a function of distance at external ly  con- 
trolled discharge conditions, e.g., potentiostatic, gal- 
vanostatic, or an otherwise programmed discharge 
mode. In  general, it is not possible to assign a reaction 
path on the basis of a chemical analysis of the reaction 
products as a funct ion of distance alone. Thus, in addi-  
t ion to the usual  analytical  procedures, Katan  (5) and 
Ka tan  et al. (6, 7) studied surface morphology after 
charge and discharge in an at tempt to obtain data nec- 
essary for modeling the sparingly soluble reactant-  
conductive mat r ix  system. In  an extension of this ap- 
proach, Bennion et al. (8) selected a different 
geometry to simulate the electrode behavior and em- 
ployed x - r ay  element  scanning analyses combined with 
scanning electron microscopy to arrive at the nature  of 
the controll ing e lementary process. 

While electrode modeling can be used to predict elec- 
trode behavior  and to show very  clearly the effects of 
various e lementary  processes, modeling per se cannot 
be used to predict the e lementary  processes. It is the 
purpose of this communicat ion to i l lustrate  how a gain 
into describing the working of bat tery electrodes can 
be achieved using a more restrictive model for which 
analytical  solutions can be given. In  particular,  we 
shall consider the si tuat ion where the rate determining 
step changes during the course of electrode discharge. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s i l v e r  ch lor ide ,  p o r o u s  e l ec t rode ,  c h a r g e  d i s t r i b u t i o n ,  

c u r r e n t  d i s t r i b u t i o n ,  r e a c t i o n  profi le .  

This model is less restrictive than  that of Winsel (9) 
where the reaction path is invar ian t  with time, but  
certainly is more restrictive than  that  of Bennion and 
co-workers (1, 2). The s i lver /s i lver  chloride electrode 
will be used here to demonstrate  essential features of 
this model. 

Equivalent Circuit Concept 
Elementary model of porous eIectrode.--An exten-  

sive review of the equivalent  electric circuit concept 
was given by de Levie (10). The reaction densi ty  pro- 
file for a one-dimensional  porous electrode of length l, 
and subject to a galvanostatic mode of operation, i.e., 
for boundary  conditions given by 

i (o , t )  =io, i ( l , t )  - - 0  [1] 
is as follows 

cosh[Kl (l -- x) ] 
j (x) -- Klio [2] 

sinh (~11) 

The transfer  (faradaic) current  density is given by 
Eq. [3] 

Oi 
j = - ~ I S ]  

Ox 

The dimensionless parameter  K~ = (R1/Z1) 1/2, is the 
square root of the ratio of solution resistance to elec- 
trode reaction impedance, both per uni t  length and 
uni t  cross section of the porous electrode. 

Equation [2] exhibits an exponential  behavior;  for 
(x) > 0, the slope j '  (x) is negative and its magni tude  

decreases with an increase in distance. The rate at 
which j (x) bends away from the x axis depends on the 
numerical  value of K1. Thus, Winsel  (9) refers to ~1 as 
the reduced pore length, Bro and Kang (4) prefer the 
name of electrochemical Thiele parameter.  Other 
terms, such as electrode effectiveness factor and depth 
of penetration, are also associated with it. A formula-  
t ion by Nanis (11) is especially useful  because it re-  
flects the importance of electrode s t ructure  as well  as 
the electrochemical process. Regardless of the manne r  
in which this number  has been introduced, its use is 
l imited to electrodes under  a s teady-state  regime. 

Unfortunately,  a true steady-state operation cannot 
be realized in the course of bat tery  discharge, because 
the supply of reactant  is cont inual ly  diminishing. Cor- 
responding structural  changes occur, and when all ac- 
tive mater ial  is used up, the electrode ceases to func-  
tion. The t ime-dependent  reaction profile is thus re- 
lated to the mater ial  used up, or, al ternatively,  to the 
material  still present. It is not surprising, therefore, 
that the exper imental ly  determined Thiele parameter  

1054 
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has been found to va ry  wi th  the e lect rode discharge 
(4, 12). 

Porous electrode wi th  change ol reaction pa th . - -An  
elect rochemical  process, as a rule,  consists of a series 
of consecutive e l emen ta ry  processes. Consequently,  
there  exists  a re la t ion  

Z(x ,  t)  = :~kZk(x, t) [4] 

as can be in fe r red  f rom Van Rysselberghe 's  analysis  of 
the  complex reac t ion  pa th  (13), as indicated by  de 
Levie  (10), and  as expl ic i t ly  der ived  by  Dunning (3) 
for the  "solut ion-diffusion" model.  

Usual ly  one e l emen ta ry  process dominates  the  over-  
al l  react ion path,  so that  the  r ight  side o f  Eq. [4] con- 
ta ins  essent ia l ly  one term. If, in the course of e lectrode 
reac t ion  a change in the  ra te  de te rmin ing  step (rds)  
takes  place, only  the  numer ica l  va lue  of Z is affected, 
tha t  is to say, aga in  only one t e rm  dominates  expres -  
s ion [4]. A typica l  example  is the  reduct ion  of thin 
films of s i lver  chlor ide  pa r t i a l l y  covering the s i lver  
substrate .  I t  was recent ly  shown that,  as the  ind iv idua l  
patches of s i lver  chlor ide become smaller ,  a change in 
the  rds  f rom chlor ide  diffusion to s i lver  chloride dis-  
solut ion occurs (6). I f  this process is a l lowed to occur 
wi th in  the confinements of a porous s tructure,  a change 
in the  rds  is l ike ly  because of the  wide va r i e ty  of local 
condit ions caused by  the  d is t r ibut ion  in  t ransfe r  cur-  
ren t  dens i ty  and the decreased accessibi l i ty  of e lect ro-  
ly te  which  effectuates a change in local concentrations.  

Consider  an e lec t roact ive  substance un i fo rmly  dis-  
persed  wi th in  the conduct ive mat r ix .  Assume tha t  the  
reac t ion  pa th  is in i t ia l ly  governed  by  one e l emen ta ry  
process th roughout  the e lect rode thickness.  The reac-  
t ion dens i ty  profile is descr ibed  by  Eq. [2], wi th  R1 
and Z1 associated wi th  the  assumed react ion path.  Due 
to the  nonl inear  reac t ion  profile, the  amount  of the  
active ma te r i a l  used  up var ies  wi th  distance. Assume 
fu r the r  that,  when the amount  of active ma te r i a l  in i -  
t i a l ly  present  is reduced  to an a priori specified level,  
ano ther  reac t ion  pa th  begins to operate.  The react ion 
densi ty  profile given by  Eq. [2] then  no longer  applies.  

The graphica l  represen ta t ion  of a change in the rds 
wi th in  the  porous e lect rode is shown in Fig. 1. The 
change from one mechanism to another  has occurred 
at  x ~- xc. To the right,  i.e., for  Xc < x ~ l, the  ini t ia l  
react ion pa th  operates,  whi le  for O ~ x < Xc, another  
process dominates  the  e lect rode discharge.  

Obviously,  the locat ion at which the change in con- 
t ro l l ing react ion takes  place  is de te rmined  by  the ex-  
tent  of the  e lec t rode  discharge or  charge. I t  fol lows 
that  the ra t ional  descr ip t ion  of e lect rode opera t ion  re -  
quires  specification of three  t ime intervals ,  namely,  the  
t ime before  the second mode of e lec t rode  opera t ion  is 
ini t iated,  the  t ime dur ing  which the first and second 
modes opera te  s imultaneously,  each wi th  its own rds, 

M(t)<Mo-O c M(t) >M o -Qc 
, ^ ,j 

I-- DISSOLUTION DIFFUSION 
z X c (1) o 
~ - - ~ - -  

b. 

Rz 

Fig. 1. Schematic representation of a segment of porous elec- 
trode. Upper: change in reaction path at x ~ Xc ( t ) ;  initial reac- 
tion path at x > xo (t ) ,  newly created path at x < Xc (t) .  Lower: 
electric circuit analogue, subscript 1 initial path, 2 reaction path 
after Q > Qc. 

and the t ime af ter  the first mode of opera t ion  has com- 
p le te ly  disappeared.  The de te rmina t ion  of these t ime 
intervals ,  the corresponding reac t ion  profiles, and  the 
veloci ty  at  which the p lane  of change in  the  rds p ropa -  
gates th rough  the porous s t ruc ture  can be used to con- 
s t i tu te  the basis for  e lectrode evaluat ion.  The plane at  
which the change in the  rds  occurs wil l  hencefor th  be 
re fe r red  to as the  mode interface.  

Ana ly t i ca l  Formulat ion 

Basic concepts.--Consider a small  section of an equi -  
va lent  electr ic circuit  analogue, shown in Fig. l ( b ) .  
The current  density, i (x ,  t ) ,  and the electrostat ic  po-  
tent ia l  in the  solut ion phase  re la t ive  to the meta l  
mat r ix ,  u(x ,  t) ,  are  re la ted  by Eq. [5J and [6] 

Ou 
= --  R i  [5]  

Ox 

Oi u 
_ [6]  

8x Z 

The degree of e lect rode discharge or charge at point, 
x, and time, t, is g iven b y  Eq. [7] 

M ( x , t )  = M o - -  a Q ( x , t )  [7] 

Here, Mo is the  ini t ia l  amount  of e lect roact ive  ma te r i a l  
un i fo rmly  d is t r ibuted  wi thin  the porous s tructure,  a is a 
p ropor t iona l i ty  constant,  and Q (x, t) is the  t r ans fe r red  
charge. If  the discharge process is in i t ia ted  at t : 0, 
the charge t r ans fe r red  at t ime t is g iven by  Eq. [8] 

l: Q ( x , t )  = j ( x , t ' ) d t '  [8] 

We consider  Q (x, t) to be a lways  posi t ive and express  
it  in Asec /cm 3. When the amount  of charge t rans fe r red  
exceeds an a priori given amount,  tha t  is, when  Q (x, t) 
> Qc, a new react ion pa th  becomes operat ive,  charac-  
ter ized by  R2 and Z2, as i l lus t ra ted  in Fig. l ( a ) .  Thus, 
the in t roduct ion of Ri, Zi, R2 and Z2, identifies two 
regions wi th in  the  e lect rode s tructure.  The region to 
the left, i.e., for 0 ~ x < Xc, wil l  be des ignated  as re -  
gion 2, while  the region to the  r ight  of the dividing 
plane at x = x~, wil l  be r e fe r red  to as region 1. 

With  the adapted  nomenclature ,  we ident i fy  xc(t)  
as the posi t ion where  a change in the rds  takes  place, 
for example,  f rom diffusion to dissolution controlled,  as 
i l lus t ra ted  in Fig. 1. Al l  r e levan t  quant i t ies  per ta in ing  
to posit ion xc( t )  wil l  be denoted  by  subscr ipt  c. The 
quanti t ies  of in teres t  in the present  communicat ion  
are:  Qc, the  amount  of charge t ransferred,  or ex ten t  of 
e lectrochemical  react ion necessa ry  to ini t ia te  the 
change in the rds; t o ( x ) ,  the t ime at which the mode 
interface ar r ives  at an a priori selected posit ion x; 
vc(x) ,  the veloci ty  at which the mode interface  pene-  
t ra tes  the  porous s t ructure .  

The extent  of the e lect rochemical  conversion is de-  
fined by  Eq. [8] ; the  cri t ical  t ime tc (x) is the inverse  of 
Xc(t). Fo r  j bounded,  it  fol lows f rom Eq. [8] tha t  a 
cri t ical  time, tc (0), exists such tha t  all of the e lectrode 
belongs to region 1 for t ~ tc(0).  With in  this t ime 
per iod the electrode operates  under  one mode, that  is 
to say, the same react ion pa th  operates  th roughout  the 
e lectrode structure.  As discharge of the e lect rode is 
carr ied beyond t ime tc (0), the mode interface  begins to 
pene t ra te  into the  porous s tructure,  reaching the elec-  
t rode 's  backside at t ime re( l ) .  Thus, at a t ime grea ter  
than  tc(0) but  less than  tc( l ) ,  the  e lectrode operates  
under  two modes, wi th  the change of the rds  occurr ing 
at posi t ion xc ( t ) .  

At  t imes grea te r  than  re( l) ,  the  react ion profile is 
once again control led  by  a single mode, i.e., by the new 
react ion pa th  which supplan ted  the or iginal  one. 

The physical  significance of xc ( t ) ,  and of the charge 
t ransferred,  Qc, is clear; prac t ica l  uti l ization,  however,  
requires  a knowledge  of the dependence  of these quan-  
t i t ies on the na ture  of e lectrochemical  react ion and the 



1056 J.  E l e c t r o c h e m .  Soc . :  E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  A u g u s t  1975 

electrode 's  s tructure,  and informat ion  is needed on 
changes in these dependences  which occur during the 
course of reaction. Specifically, we need the react ion 
profile at any time, t, the ra te  of pene t ra t ion  of the 
mode interface,  and  the amount  of charge t ransfer red .  
The depth of pene t ra t ion  of the mode interface  and the 
ra te  of pene t ra t ion  are  expe r imen ta l ly  accessible (12) 
wi thout  electrode destruction.  The react ion profile, on 
the other  hand, is usual ly  not accessible to direct  mea -  
surement ;  it is in fe r red  from the changes in chemical  
composit ion as a function of t ime and position. I f  the  
react ion profile is known and the model  is given, one 
can compute  the corresponding charge  t ransfer red ;  
conversely,  f rom exper imenta l  informat ion  on the ex-  
tent  of the e lectrode reac t ion  as a function of posit ion 
and time, the react ion profile can be reconstructed.  

D e t e r m i n a t i o n  o f  cr i t ica l  t ime ,  t ~ ( O ) . - - F r om  the  ini-  
t ia t ion of e lectrode discharge at t _-- 0 to the  t ime 
tc (0), the react ion profile is g iven by  Eq. [2]. The local 
ra te  of e lectrode reaction, j ( x ) ,  dur ing this per iod  is 
t aken  to be independent  of t ime unt i l  charge Qc is ac-  
cumulated,  which is an approximat ion.  Hence, it  fol-  
lows f rom Eq. [8] tha t  

Q ( x ,  t)  = j ( x ) ' t  [9] 

which, together  wi th  Eq. [2], resul ts  in 

Qc 
re(0) - tanh  (Kll) [10] 

Klio 

Evidently,  the t ime necessary for the  in i t ia t ion of a 
new react ion pa th  is de te rmined  by  the  e lec t rode  
thickness as wel l  as the ini t ial  react ion path. The cr i t i -  
cal t ime can be expe r imen ta l ly  control led  by  the to ta l  
d ischarge current  density, io in Eq. [10]. 

T r a n s f e r  c u r r e n t  d e n s i t y  prof i le ,  j (x,  t ) . - - T h e  t r ans -  
fer  cur ren t  densi ty  d is t r ibut ion  represent ing  the re-  
action ra te  profile pr ior  to ini t ia t ion of the  new reac-  
t ion pa th  is given by  Eq. [2]. A s imi lar  express ion ap-  
plies also at t imes grea te r  than  t~(1), except  that  R1 
and Zz are  replaced  by R2 and Z2, denot ing the new re -  
action mechanism. 

In this section we will  calculate the discharge p ro -  
files when the electrode operates  wi th  a change of re -  
action mechanism, that  is, discharge profiles for t~(0) 
< t < tc( l ) .  The genera l  form for the  solut ion of Eq. 
[5] and [6] is given by  Eq. [11] and [12] 

i ---- Ae~2 x + Be -~2  x for 0--~ x < xc [11] 

i = CeK1 z + D e - ~ l  = for Xc < x--~ l [12] 

Coefficients A, B, C, and  D are  evalua ted  using the 

bounda ry  conditions in Eq. [1] for the  galvanosta t ic  
discharge together  wi th  the condit ion of cont inui ty  for 
current,  i, and potential ,  u, at x = xc( t ) .  Af te r  some 
manipulat ions,  we obta in  the coefficients as follows 

A = --  ioe-K2xcM ~ - ) / 2 N  [13a] 

B = ioeK2zcM ( + ~/2N [1Sb] 

C = --  io~2e-Kl~/2N [13c] 

D =.  io~2e~l~/2N [13d] 
where  

M(-+~ = h c o s h [ K l ( l - - x c ) ]  --+ h s i n h [ ~ l ( l -  Xc)] [14] 

N = h sinh(K2xc)cosh[K1 ( l -  Xc)] 

+ ~2cosh(K2xc)s inh[Kl( l -  xc)]  [15] 
and 

fk --  (RkZk)1/2 wi th  k = 1,2 

Appropr i a t e  subst i tut ions of Eq. [13]-[15] into Eq. 
[11] and [12], followed by differentiation with respect 
to distance, yield corresponding local current transfer 
densities 

K2io 
j (x )  = - - ~  { h  cosh [~1 (l  - x~) ] cosh [K2 (xr --  x)  ] 

+ ~2 sinh [KI(I --  xc)]  sinh [~2(xc --  x ) ]}  

f o r 0 - - x < x c  [16] 

~lhio 
3(x) = c o s h [ ~ l ( l - - x ) ]  f o r x c < x ~ l  [17] 

N 

Typical  cur rent  densi ty  profiles associated with  the 
change in the react ion pa th  are  shown in Fig. 2 (a ) ,  
2 (b) ,  and 2 (c).  They were computed  for a selected set 
of pa ramete r s  R1, R2, Z1, and Z~ to demonst ra te  the 
various types of t ransfer  cur ren t  densi ty  profiles that  
may  arise in the course of e lectrode discharge or 
charge. For  example,  by  changing values of R1, R2, Z1, 
and Z2 two kinds of in terferences  affecting the evolu-  
t ion of react ion profile can be surmised  wi th  the  de-  
r ived  equations, and they  are designated as choking or 
blockage of the  first and second kind. Specifically, 
Fig. 2(a) ,  curve c, demonstra tes  the  effect of chok-  
ing of the first k ind  where  the  pr inc ipa l  react ion zone, 
i.e., that  por t ion of the electrode tha t  carr ies  the  bu lk  
of the t ransfer  current ,  is shifted towards  the front  of 
the porous structure.  This behavior  is associated with  
an increase in e lec t ro ly te  resistance, R2, e i ther  due to 
deplet ion by  react ive consumption or because of for-  
ma t ion  of a voluminous  prec ip i ta te  suspended in the  
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Fig. 2. Transfer current den- 
sity profiles (from Eq. [16]  and 
[17 ] )  for selected set of param- 
eters: R, Z,  and Xc. All  curves 
far io - -  5 mA cm - 2  and I = 
0.5 cm. Note that at Xc = 0 
only R1 and Z1 operate and R2 
and Z2 are nonexistent while for 
xc > 0 both R1, Z1 and R2, Z2 
are operative�9 (a) R1 = 5, Z1 -"  
Z2 = 10 - 1  . Curve a, Xe = 0; 
curve b, R2 = 1, Xc = 0�9 
curve c: R2 = 50, xc -'- 0.125. 
(b) R1 - -  5, R2 - -  I ,  Z1 - -  
10 -~ ,  and Z2 ----- 10 -1 .  Curve a, 
xc = O; curve b, Xc = 0.25 cm. 
(c) R1 = R2 ~- 5, Z :  ~ t ,  
Z2 = 0.1, Xc = 0.25 cm. Curve 
a, Xe "-  0; curve b, xc = 0.25 
c m .  
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electrolyte .  Ano the r  type  of choking, cal led tha t  of the 
second kind, resul ts  in an opposi te  behav ior  when  Z2 
is large,  Fig. 2 (b) ,  curve  b; the  pr inc ipa l  reac t ion  zone 
is then  shif ted into the  e lec t rode  inter ior .  

F igure  2(c) ,  curve b, i l lus t ra tes  another  set of c i r -  
cumstances that  may  arise when  Z2 is small ,  i.e., when  
the  electrode reac t ion  becomes fas ter  as more  e lec t ro-  
active substance has  been  converted.  In  practice,  this  
m a y  occur wi th  complexing of the  react ion product .  

In  our  model  the t ransfer  cur ren t  densi ty  profile 
consists of two regions, wi th  a d iscont inui ty  at 
x : xc( t ) .  By definit ion 

~jr -- lira {j[xc( t )  + e,t] --  j [ xc ( t )  --  e,t]}, e > o 

hence, i t  fol lows f rom Eq. [16] and [17] tha t  

io/C~K1 
Ajc--" (Z$-- Zl) cosh [gl(l-- Xc(t))] [18] 

N[xr (t)  ] 

Sharp  discontinuit ies  as shown in Fig. 2 would  be 
smoothed in rea l  e lectrodes where  the  change in  ra te  
de te rmin ing  step occurs over  a finite length.  The mag-  
n i tude  of the d iscont inui ty  depends on both  react ion 
paths  and becomes smal le r  as the mode interface  pene-  
t ra tes  deeper  into the  e lec t rode  s tructure.  

Rate  o] pene t ra t ion  of  mode  interlace,  vc (x) . - -The  
de te rmina t ion  of the  veloci ty  at which  the Xc (t) p lane  
pene t ra tes  the  e lec t rode  s t ruc ture  can be used as a tool  
in the examina t ion  of s imple  models  (12) of e lectrode 
discharge.  

The charge t r ans fe r red  at  any  poin t  wi th in  region 1 
is specified by  subst i tu t ion  of Eq. [17] into Eq. [8] 

o t tit' 
Q(x , t )  = Kff2iocosh [KI( I - -  X)] N[xo( t ' ) ]  [19] 

but, at  x = xc ( t ) ,  Q(x , t )  = Qc, which  is a constant,  
thus Eq. [19] is an in tegra l  equat ion for Xc(t) 

y ~  sech [Kz(I --  x c ( t ) ) ]  [20] 
dr' Qc 

N [xc (t ' )  ] ~1~2io 

Upon different ia t ion of Eq. [20] wi th  respect  to t, an 
express ion  for  the  ra te  of pene t ra t ion  of the  mode 
interface  into the  porous s tructure,  Vc(xc(t ) )  = dxc /  
dr, can be wr i t t en  as fol lows 

Qc ~ { Vc(X) = coth [KI( / - -  x ) ]  ~1 sinh [K2x] 
~2 

+ cosh [K2x] t anh  [~I(L --  x ) ]  [21] 

The funct ional  dependence  of Vc on the depth  of 
pene t ra t ion  xc for a selected group of pa rame te r s  
character is t ics  of the  new react ion path,  R2 and Z2, is 
shown in Fig. 3. I t  is seen that,  immed ia t e ly  af ter  the  
in i t ia t ion of a new react ion path,  the veloci ty  of p ropa -  
ga t ion  of the  mode in ter face  is ca lcula ted by  tak ing  
the l imi t  of Eq. [21] 

io 
Vc(O) - -  coth 2 [Kll] [22] 

Qc 

The  velocity,  vc, is thus  independent  of the  kinetics of 
the  newly  fo rmed  reaction.  

Fo r  pene t ra t ion  of the mode interface  to some dis-  
tance, xc, which is smal l  enough (K2xo ~ 1) so tha t  
sinh ~2x~ ~ ~2xc, another  s implif ied re la t ionship  can 
be de r ived  

~o coth [Kl(1-- X)] f ~1 X r e ( x )  ---- Qc Z2 }_1 
+ t anh  [~1(~ --  x ) ]  [23] 

The  ra te  of pene t ra t ion  is dependent  on the react ion 
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Fig. 3. Rate of penetration of the mode interface, x = Xc, into 
the electrode structure as function of reaction impedance. Curve a, 
Z t  = 10 - 2 ,  Z2 = 5 X 1 0 - 2 ;  curve b, Z1 = 10 - 2 ,  Z2 = 
5 X 1 0 - 1 ;  curve c, Z1 = 10 - 2  , Z2 = 5; curve d, Z1 = 10 - 2  , 
Z2 = c~;R1 = R 2 = 5 .  

impedance  of the  new react ion path.  Hence, the  l a rge r  
the value  of Z2, the fas ter  the ra te  of penetra t ion.  As 
Z2 becomes infinite, as in the case t r ea ted  by  Winsel  
(9), Eq. [23] becomes the fol lowing 

io 
Vc --  coth 2 [K1 (l - -  xo)]  [24] 

Qc 

Equat ion [24] no longer  exhibi ts  a m in imum in the  
rate  of penetrat ion,  as indica ted  in Fig. 3, e.g., curve d. 

Charge t rans fer . - -Direc t  de te rmina t ion  of the t r ans -  
fer  cur ren t  densi ty  profile in the  course of ba t t e ry  elec-  
t rode opera t ion  has not been demons t ra ted  exper i -  
men ta l ly  thus far, a l though ear l ie r  work  by Euler  (14) 
has deal t  wi th  s imula ted  behavior .  Verification of any  
proposed or assumed mechanism is usual ly  sought via  
chemical  analysis  of the e lect rode inter ior .  Such an 
approach essent ia l ly  involves a comparison of the t ime 
in tegra l  _~otj (x,t ')dr' ,  calcula ted  for an assumed model  
wi th  the resul ts  of chemical  analysis.  In  wha t  follows, 
we will  der ive analy t ica l  expressions for the charge 
t ransferred,  i.e., for the extent  of reaction, val id  for 
the considered mechanism of two react ion paths  op-  
erat ing wi thin  the e lect rode s t ructure  at various de-  
grees of e lectrode discharge.  

Consider  again Fig. 2 (b) and select posi t ions wi thin  
the porous s t ruc ture  as indicated,  e.g., x = al and 
~" = a2. Transfer  cur rent  densit ies at these locations 
are  given by  Eq. [2], [16], and [17] wi th  the extent  of 
react ion obta ined f rom appropr ia te  subst i tut ions into 
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Eq. [8]. The in tegra t ion  indica ted  by  Eq. [8] extends  
over  dis t inct  t ime in terva ls  reflecting the occurrence 
of significant events  wi th in  the  e lect rode s t ructure ,  
tha t  is, based  on the posi t ion where  the change in the  
rds  takes  place. 

The first t ime  interval ,  character is t ic  of the  as-  
sumed model,  is the  t ime before  the  onset  of the  new 
react ion path.  This t ime has been  denoted  by  tc(0) .  
The in tegra t ion  indica ted  b y  Eq. [8] is pa r t i cu l a r ly  
s imple because the  reac t ion  profile is t ime independent .  
Hence, by  Eq. [9] 

cosh [~1 (~ - a 0  ] 
Q (al , t)  "--/o~z t [25] 

s inh (Kll) 

which, a t  t = re(0),  by  Eq. [101 becomes 

cosh [K1 (~ - aD ] 
Q[a l , t c (0) ]  --  Qc [26] 

cosh (~d) 

As the  react ion is car r ied  on beyond  the cr i t ical  t ime, 
tc(0) ,  i.e., af ter  the  new react ion pa th  is wel l  es tab-  
lished, two regions are  dis t inguished.  The first region 
covers depths  g rea te r  t han  the posi t ion where  the 
change in the  rds  has t a k e n  place, i.e., where  xc( t )  
< at ~ l. The second region is concerned wi th  the  lo-  
cations to the  lef t  of xc( t ) ,  i.e., for depths  less than  
de te rmined  by  the locat ion of the  mode interface,  that  
is to say, when 0 ~ a2 < xc ( t ) .  

The charge  t r ans fe r red  at  any  point  wi th in  region 1 
is less than  Qr and  is g iven  by  Eq. [191. At  x --  az to-  
ge ther  wi th  Eq. [20], this  y ie lds  

cosh [~1 (l - -  aD]  
Q(a l , t )  = Qr [27] 

cosh [K1 (l --  xc ( t ) )  ] 

I t  is seen tha t  the  charge t r ans fe r red  depends  on the 
posi t ion xc(t) and only indi rec t ly  on the newly  gen-  
e ra ted  react ion path.  

The calculat ion of charge t rans fe r  in  region  2 is 
pe r fo rmed  somewhat  differently.  The charge accumu-  
la ted  mus t  exceed Qc (by  definit ion),  thus the  t ime 
integral ,  Eq. [8], m a y  be spl i t  as fol lows 

f Q (a~,t) = Q~ + j (a2,t') dr' [28] 
c(a2) 

Here, i t  is convenient  to change the in tegra t ion  va r i -  
able th rough  the use of the  express ion  Vc(X) = dxc/dt, 
and obta in  

F ~  <t) j [a2, tc (x ')  ] 
Q (a2, ~) = Qo + Ja 2 " ~c(X 5 (~X' [29] 

The j(a2, tc(X')) and Vc(X'), needed  in Eq. [29], are  
given by  Eq. [16] and [21], respect ively.  Upon subst i -  
tu t ion we obta in  

I ~Zc(t )  
Q(as, t)  - : Q c  1- t -K~, ,a2 t a n h [ K l ( ~ - - x ' ) ]  

{ ~ cosh [~2 (x '  - aD 1 

+ tar~[~(~--x')]sinh [~(x'--a~)] } dx' } [30] 

At  t imes g rea te r  than  tc( l ) ,  the e lect rode once again  
operates  in a single mode of discharge or charge. The 
express ion for  the charge  t r ans fe r red  is 

cosh [~2 (~ - -  a~) ] 
Q(a2, t) -- Q[a~, to(1)] -t- io~2 

sinh [~2l] 

�9 [ t  - -  % ( D ]  [31 ]  

Figure  4 summarizes  the  behavior  of the porous 
electrode opera t ing  wi th  the  change in the  react ion 
pa th  when the charge  t rans fe r red  exceeded a given 
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Fig. 4. Reaction product distribution at various time or electrode 
operation. Curve a, for t - -  tc (0); curve b and b', for tc (0) < 
t < tc (I); curve c, for t ---- tc (I). Arbitrarily selected parameters: 
io ~ 0.25 mAcm - 2 ,  Qc ~ 100.0; R1 ----- 5.0, R2 ~- 5.0; Z1 ---- 
10 - 1 ,  Z~ - -  10 -~ .  

value, Qc. In  par t icular ,  curve a is a plot  of Eq. [26] at  
t = tc(0),  i.e., for xc : 0. Curve b i l lus t ra tes  the  Q-x 
re la t ionship at  t imes tc(0) < t < tc( / ) ,  when  the elec-  
t rode exper iences  a change in the rds  at 0 < xc(t) < I. 
The curve denoted b y  b', represents  the  Q-x re la t ion-  
ship for the  same elect rode mechanism,  bu t  at some 
la te r  t ime. I t  is seen tha t  the  curves are  displaced to 
the  right,  but  are  o therwise  ve ry  similar .  The re levant  
equations are: Eq. [27] for the lower  pa r t  and Eq. [30] 
for the upper  part .  The ra te  at which the d isp lacement  
pene t ra tes  the  e lectrode s t ruc ture  is, of course, the  
veloci ty given by  Eq. [21]. Final ly ,  curve  c i l lus t ra tes  
the behavior  at t ime t ~ tc( / ) ,  i.e., when the e lect rode 
once again  operates  in a single mode. 

Comparison with Experiment 
Before we proceed wi th  the  in te rp re ta t ion  of ex-  

pe r imenta l  results,  it  is necessary to rev iew briefly the 
appl ied  exper imen ta l  procedures  and  re la te  them to the  
basic assumptions under ly ing  the theore t ica l  deve lop-  
ment.  

The detai ls  of the  exper imen ta l  a r rangement ,  in-  
cluding the construct ion and geomet ry  of the  porous 
electrode employed,  were  given e l sewhere  (5, 6). Here, 
we restr ic t  r emarks  on exper imen ta l  p rocedure  to the  
fact  that  the porous electrode was const ructed by  con- 
fining loosely packed s i lver  spheres in a glass cy l inder  
and rest ing the spheres on a s i lver  backing-p la te .  Such 
packing assured good e lect r ica l  conduct iv i ty  in the  
e lectrode matr ix ,  sat isfying the assumpt ion  of neg-  
l ig ib ly  smal l  ohmic resis tance of the  ma t r i x  in the  
fo rmula t ion  of the  fundamenta l  di f ferent ia l  equations,  
Eq. [5] and [6]. Direct  measurements  showed tha t  the 
specific resistance is about  1 ohm-cm at the  beginning 
of the charging process, which is indeed negl igible  
when compared  with  the ohmic resistance of the  elec-  
t ro ly te  occupying the voids of the porous s tructure.  

For  convenience, quant i t ies  useful  in the  i n t e rp re t a -  
t ion of exper imenta l  resul ts  pe r t a in ing  to the  porous 
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Table I. Summary of relevant parameters of porous electrode 

S p h e r e  d i a m e t e r  (37.2 • 4) • 10 -4 cm 
W e i g h t  o f  A g  p e r  u n i t  0 .49g 
V o l u m e  of  e x p e r i m e n t a l  u n i t  0,078 cmS 
V o l u m e  of  A g  p e r  u n i t  0,0484 cm 8 
V o l u m e  of  e l e c t r o l y t e  0,030 c m  a 
S u r f a c e  area  p e r  u n i t  96.3 cm ~ 
E q u i v a l e n t s  of  C1- i o n s  p e r  u n i t  2.90 c o u l o m b s  
E l e c t r o l y t e  I N  KC1 
C r o s s - s e c t i o n  a r e a  1.56 cm -~ 
U n i t  t h i c k n e s s  0.05 cm 

electrode used in  this investigation, are given in Table 
I. 

The Q-x curves.--Data first obtained by Ka tan  (5) 
were plotted in  Fig. 5 as the logari thm of the charge 
transferred,  log Q, vs. the position within the porous 
structure, x. The charging current,  to, and the charging 
time, t, were used as parameters.  The charge t rans-  
ferred, Q, was determined from the amount  of silver 
chloride found within  the experimental  uni t  volume. 
Atomic absorption spectrometry was the analytical  
technique employed. 

Qualitatively, the predicted behavior  is evidenced by 
displacement of the Q-x curves with change in the 
charging current, a corollary of Eq. [21] which relates 
the velocity of penetra t ion of the change in the rds to 
the charging current.  Similar  displacement was re-  
corded when the electrode was charged at constant 
current  for various periods of time. Disregarding the 
first 0.3 cm, fur ther  quali tat ive agreement  is found in  
the invariance of slopes with the degree of conversion. 

Quanti tat ively,  the dotted lines shown in Fig. 5 are 
the constructed Q-x curves, Eq. [27] and [30], obtained 
by using R's and Z's determined from the experimental  
data shown by the solid l ine and under  the assumption 
that  Qc = 1 coulomb/exper imenta l  unit.  The bases for 
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Fig. 5. A plot of experimental data of Q vs. x as a function of 
charging current io. Curves a, b, and c for io ~ 5, 8, and 25 mA 
cm -2 ,  respectively. Arrows indicate positions of segments examined 
by SEM (see Fig. 6). 

this selection of Qc and details of the calculations a r e  

given in subsequent  sections. 

Microscopic examination.--In order to determine 
causes for the aforementioned presence of an additional 
break in the Q-x curves, located at approximately x = 
0.3 cm and independent  of the applied charging cur-  
rent, to, microscopic examinat ions of the electrode's 
inter ior  were under taken.  Representat ive photographs, 
showing elements of electrode surface at depths indi-  
cated (alongside curve b) ,  Fig. 5, are assembled in  
Fig. 6 (a) -6 (f). 

As one would expect, the electrode surface close to 
the bu lk  electrolyte is heavily converted to silver 
chloride. Nevertheless, the points of contact between 
the spheres are seen to be preserved, remaining un-  
coated, so that good electrical conductivity is ma in-  
tained. The characteristic feature of the front portion 
of the electrode is the appearance of a sludge-like, 
enveloping deposit, resembling in  fact, a dried clay. 
It  is noteworthy that the sludge-l ike deposit is evident  
unt i l  we approach the critical distance, x = 0.30 cm, 
and then it abrupt ly  disappears to be replaced by crys- 
tallites. The density of the crysta.lized conversion 
product decreases wi th  the electrode depth. 

This examinat ion suggests that the porous structure 
in the proximity of the bulk  electrolyte is engaged in 
processes which are different than those predominant  
at greater depths. 

Orig~,n of the "first break in the Q-x curves, a qualita- 
tive analys~s.--A quali tat ive analysis based on micro- 
scopic examinat ions (Fig. 6) and experimental  Q-x 
curves (Fig. 5) is given in this section to indicate our 
in terpreta t ion for the origin of the first break. It is 
seen in  Fig. 5, curve b, that the number  of coulombs 
passed through the first exper imental  uni t  is approxi-  
mately 28.0, a number  which exceeds by a factor of 
10 the ini t ia l ly available chloride ion content. A simi- 
lar  estimate for x = 0.3 cm shows that  twice as much 
chloride was used in  that segment as was ini t ia l ly 
present  in  the pores during t h e  4 hr  of electrode 
charging at io = 8.0 m A c m  -2. Consequently,  chloride 
must  be supplied from the bu lk  electrolyte, An order 
of magni tude calculation shows that  the necessary 
chloride could have been supplied by diffusional t rans-  
port alone and that local chloride concentrations in the 
pores would be quite low. Significant changes would 
occur in electrolytic conductivity during the course of 
electrode charging and some pore blockage takes place 
(see Fig. 6). Increase in electrolytic resistivity would 
shift the reaction toward the electrode-bulk electrolyte 
interface, promoting localized surface coverage. In -  
crease in  surface coverage by a nonconductive film, 
however, would tend to force the t ransfer  current  
deeper into the electrode structure, thus shifting the 
region of low chloride content to greater depths. Fu r -  
ther shifts are essentially determined by respective 
interactions of t ransport  and reaction impedances. 

This s i tuat ion is shown in Fig. 7. For x < a, the re-  
active surface wi th in  the exper imental  volume is ap- 
proaching a condition of full  coverage and surface 
blockage with silver chloride. This forces the t ransfer  
current  deeper into the electrode structure.  Eventua l ly  
the highest rate of conversion and, consequently, the 
lowest concentrat ion of available chloride occurs at 
x -~ b. Although chloride t ransport  will originate at 
both sides of x = b, chloride influx will be principal ly 
from the bulk  electrolyte. Diffusing potassium chloride 
then comes into contact with deposited silver chloride 
to form a complex, AgCln - ( n - l ) .  The complex ions will 
diffuse along the path indicated in  Fig. 7. The complex 
ions diffusing toward the bulk  electrolyte are i r re-  
t r ievably lost and are most l ikely deposited on the 
counterelectrode. Those ions that  diffuse inward  will  
encounter  a region deficient in chloride, thus favoring 
nucleation and crystal growth of AgC1 from the l iquid 
phase. This disappearance of the diffusing complex ions 
sharpens the diffusion front of diffusing A g C l n  - ( n - l ) ,  
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Fig. 6. Surface morphology at various depths indicated in Fig. 5 

i.e., increases the concentrat ion gradient,  so that  there  
is a rapid te rminat ion  in diffusing AgCln-c,-1~ species, 
and can account for the observed abrupt  change in 
surface morphology at x : -  0.3 cm [Fig. 6 (c ) ] .  P re -  
cipitation of AgC1 from complex ions releases chloride 
ions, which fur ther  modifies diffusional transport.  

Results tabulated in Table II are in qual i ta t ive 
agreement  wi th  the processes shown in Fig. 7. The last 
column of Table II lists the differences in the number  

of coulombs supplied by the external  circuit  and that  
calculated on the basis of chemical analysis. This dif- 
ference depends on the charging t ime for a constant 
charging current  and on charging current  for a con- 
stant charging t ime in a manner  consistent wi th  the 
loss of si lver ions by the mechanism i l lustrated in 
Fig. 7. It is known that  the electrochemical  conversion 
of si lver to silver chloride is 100% efficient, and the 
differences therefore  are a t t r ibuted to subsequent  dis- 
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Table II. Faradaic losses upon charging* 

Q a / e x p  
io m a c r o  -~ t, h r  u n i t  xa % loss 

2.0 4.0 1.03 0.262 22.59 
5.0 4.0 1.22 0.478 21.72 
8.0 4.0 1.1 0.593 23.8 
5.0 8.0 1.5 @62 36.0 

Q.  charge determined f r o m  a n  in te rcept ,  c o u l o m b s / e x p e r i m e n t a l  
un i t  

x= d i s tance  d e t e r m i n e d  ~rom in te rcep t ,  in  cm. 
* Based  on differences  ob ta ined  b e t w e e n  e x p e r i m e n t a l l y  impressed  

charges and charges  determined b y  chemica l  ana lyses  of the  sections.  

solut ion and t r anspor t  out of the porous s tructure.  For  
cur rent  densi t ies  less than  10 m A  cm -2 and t imes less 
than  20 rain, fa radaic  efficiencies of 100% were  a lways  
ma in ta ined  in the  1N KCI. In  fact, f rom Table II  it is 
seen that  the  longer  the  charging time, the grea te r  the 
loss. I t  is no tewor thy  that  the  number  of coulombs 
calcula ted from the extens ion of the  slope shown in 
Fig. 5, f rom the shaded  area, corresponds to wi th in  
10% to the  differences t abu la t ed  in Table  II. This may  
be considered as evidence for the  correctness of the 
genera l  assumptions.  

Quantitative aspects o f  e~ectrode charging.--This 
section is devoted to the  quant i ta t ive  analysis  of the 
exper imen ta l  curves (solid l ines) and ca lcula ted  va l -  
ues (dot ted  l ines) shown in Fig. 5. For  this  analysis  we 
require,  as was shown in previous  sections, the specifi- 
ca t ion of t r anspor t  and react ion impedances,  R1, R2, Z l ,  
and Z2, and the value  of charge t ransfer red ,  Q~, as-  
sociated wi th  the change in react ion path.  Of these 
quant i t ies  only  one, R1, can be es t imated  because the  
ini t ia l  concentra t ion of e lec t ro ly te  is known. In the  
present  work,  R1 = 14.0 ohm-cm is used. The other  
impedances  are  de t e rmined  f rom a select ion of four  
points  t aken  f rom the Q-x curve and from the est i -  
ma ted  value  of Qc. 

The es t imate  of the  cri t ical  charge, Qc, is not a 
s t r a igh t fo rward  procedure.  In a semilogar i thmic  plot  
of Q vs. x, the  t r ans fe r red  charge at a sufficient dis- 
tance above and be low x~ is in good approximat ion  
represented  by  s t ra igh t  lines. One might  a t t empt  to 
obta in  Qc as the  in tersect ion of the  extensions of these 
s t ra ight  lines, but  this is just i f ied under  special  condi-  
tions only. In  region 2, i.e., for 0 ~ x < x~ ( t ) ,  the  t rans-  
fe r red  charge Q (x, t) is given by  Eq. [30] ; in  region 1, 
i.e., for  x~(t) < x ~ l, the  t r ans fe r red  charge obeys 
Eq. [27]. For  convenience and wi thout  commit t ing  a 
ser ious error,  we assume ~ ~ oo which  reduces Eq. [30] 
to 

~ ' X c ( t  ) i 
Q 2 ( x ,  t )  = Q e  -']- K2Qc ~'1 c o s h [ K 2 ( X '  -- X ) ]  

x [2 

sinh[K2(x' --  x ) ]  ~ dx' [32] § 

and Eq. [27] to 

Ql (X, t) ---- Qce~l[=c (t)-=] [33] 

C] - i C I -  
> AgCln "+' 

O O 

BULK / [ ~ / ' / / / / / . / ~  

' Ag c , + ~  c , -  

x=o  x= o x= b x=J 

D ISTANCE 

Fig. 7. Schematic representation of nonelectrochemical processes 
within the porous structure. 

Upon integrat ion,  Eq. [32] y ie lds  

Q2(x, t) .= Qe -F Qe~ ~-J-1 sinh[K2(x' - -  x ) ]  
L ~2 

+ eosh[K2(x' --  x] } :c(~) [34] 

Fo r  K2[xc(t) -- x] > >  1, Eq. [34] takes  the  fo rm 

1 (~..~1 + l ) e ~ 2 [ Z e ( t ) _ x  ] [35] 
Q2(x , t )  = "-~- Qe f2 

The asymptot ic  expressions [33] and [35] in tersect  at  
a point  Xa wi th  a corresponding eharge Ql(Xa, t) = 
Q2(xa, t) = Qa- We shall  designate  Qa as the a symp-  
totic charge. By equat ing Eq. [33] and [35], we obta in  

Xc(t) --  Xa --  - -  In 1 [36] 

Upon subst i tut ion of Eq. [36] into Eq. [33], an ex-  
pression for the re la t ionship  be tween  the asymptot ic  
charge Qa and the cri t ical  charge, Qe, is obtained,  
namely  

K1 

~1 

Hence, for finite K1 and K2, the asymptot ic  charge Qa 
wil l  agree wi th  Q~ only if R~Z1 ---- R2Z2. 

Evident ly ,  the informat ion  contained in the a symp-  
totics of the Q-x  curves is insufficient for an unam-  
biguous de te rmina t ion  of the  cri t ical  charge. For  this  
reason, a t r ia l  and e r ror  p rocedure  was devised, con- 
sisting of a selection of "near ly"  correct  va lue  for Qc, 
taken  in the  vic ini ty  of Qa (see Fig. 5). 

In  this invest igat ion the fo lowing procedure  was 
adapted:  Select  an a rb i t r a ry  va lue  for Qc in the  vicin-  
i ty of Qa (charge t ransfe r  densi ty  f rom the in tercept )  
and compute the associated electrode parameters ,  R2, 
Z~ and Z2; the R1 is known from the concentra t ion of 
the dissolved salt. The calcula ted values are  assembled 
in Table III. 

On pure ly  physical  grounds we re jec t  those Qgs 
which y ie ld  R2 less than  R1 since otherwise  we would  
accept an increase in salt  concentra t ion (here po tas -  
s ium chloride)  whi le  none can be produced as a resul t  
of e lectrochemical  reaction. Also, we re jec t  those Qc'S 
that  yield values h igher  than 50 ohm-cm. This is equiv-  
alent  to the  s ta tement  tha t  the  concentra t ion of po-  
tass ium chloride in  region 2 cannot be less than 0.3N. 
This appears  to be a reasonable  value  in view of the 
diffusional processes summar ized  in Fig. 7. On this 
basis alone, a value 0.88 < Qc < 1.0 cou lomb/exp  unit  
was selected. Fu r the r  decision is made  by  inspect ing 
the last  column of Table I I I  where  the Z2 values  are  
tabula ted .  Since the  react ion impedance  is assumed to 
be independent  of the charging current ,  we seek such 
Qo that  the  Z2 values for both charging currents  agree.  
Qc = 0.94 cou lomb/exp  unit  was selected. 

The expe r imen ta l  eva lua t ion  of constants:  R1, R2, Z1, 
Z2, and Qc are sufficient to descr ibe the  e lect rode be-  

Table Ill. Experimentally determined summary of relevant 
parameters 

/o Q~ xc KI K= ~'iI[~ RI Zz R~ Z= 

5.0 X 10 -B 0.75 0.54 3.11 10.72 0.071 13.99 1.44 676 5.98 
0.60 0.518 3.10 10.76 0.24 13.99 1.45 199 1.72 
0.88 0.48 3.10 10.65 0.61 13.99 1,45 78 0.69 
0.92 0.46 3.10 10.41 0.83 13.99 1.45 53.3 0.49 
0.98 0.45 3.10 9.50 1.51 13.99 1.45 28,2 0.31 

8.0 X 10 -s 0.80 0.59 3.31 8.48 0.532 13.99 1.27 67.3 0.93 
0.84 0.57 3.31 8.45 0.66 13.99 1.27 53.4 0.75 
0.86 0.56 3.31 8.42 0.80 13.99 1.27 44.13 0.62 
0.94 0.54 3.31 8.33 1.06 13.99 1.27 33.14 0.47 
1,00 0.52 3.31 8.17 1.35 13.99 1.27 25.58 0.38 
1.20 0.46 3.31 5.72 4.05 13.99 1.27 5,95 0.181 
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havior. An  addit ional check on correctness of the re-  
ported constants can be obtained by  comparing the ex- 
per imenta l ly  located Xc(t) with that  calculated for a 
given current  density of the charging process. 

Upon integrat ion of Eq. [21], we obtain the informa-  
tion sought, i.e., the time necessary for the change in 
the reaction mechanism to occur at the position Xc (t), 
namely  

t~(x) = to(O) + .-T- tanh[K~(1 -- x ' ) ]  sinh[~2x'] 
~o L ~'2 

cosh[~2x']tanh[K1 (l -- x') ] -~ dx' [38] + 

Note that the Q~ needed in Eq. [38] must  be given in 
coulombs/cm 3 whereas the values tabula ted in Table 
III used for the determinat ion of electrode process 
parameters  were given per volume of experimental  
unit, i.e., 0.078 cm ~. When the value Qc = 0.94/0.078 = 
12.05 coulombs/cm a, was employed and the integral  in 
Eq. [38] evaluated, tc(0.54) = 15,700 sec was obtained. 
This value compares ra ther  welI with the exper imental  
charging time of 14,400 sec. The agreement between the 
experimental  value and the calculated value is wi thin  
10%. 

Reconstructed j (x) curves .~The  theoretical t ransfer  
current  density profile for R1 = 14.0 ohm-cm, R2 = 
33.14 ohm-cm, Z1 = 1.27 ohm-cm~, Ze --~ 0.47 ohm-cm a, 
and io = 8 • 10 -8 as a function of position xc(t)  is 
plotted in Fig. 8. These parameters  are based on the 
data of Fig. 5. 

It is seen that  for the first 8.0 min  [tc(0) = 452 sec] 
the electrode operated with a single reaction path. The 
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Fig. 8. Reconstructed J (x) curves for the charging of silver/ 
silver chloride system. R1 = ] ]  ohm-cm, R2 ---- 3:3.1 ohm-era, 
Zl  - -  1.27 ohm-cm 3, Z2 = 0.47 ohm-era 3, io = 8.0 mA/cm 2 

current  density was exponential  wi th in  0 < x < 0.6 cm 
and starts to flatten out for x > 0.6 cm. As the new re-  
action path was established and the electrode operated 
with a change in the reaction mechanism, most of the 
current  was shifted toward the bu lk  electrolyte side of 
the porous structure. Upon ini t ia t ion of the change in 
the rds, the contr ibut ion in region 1 became insignifi- 
cant, being less as region 2 was expanding. The velocity 
of penetrat ion also became less. These two observations 
are consistent with the surface morphology shown in 
Fig. 6. 

One would expect on the basis of reconstructed 
curves very little difference in surface coverage at 
depths greater than  0.45 cm.  Inspection of Fig. 6 (d ) -  
6 (f) confirms this and indicates that the observed sur-  
face coverage in this region was completed within the 
first 8 min, i.e., before the new reaction path became 
operative. Within  this t ime the difference between the 
current  densities is relat ively small, j(0.45) = 6 • 
10 -2 Acm -2, j (0.9) = 2 • 10 _2 Acm -a. It  is also seen 
that irrespective of the location of Xc, most of the cur- 
rent  is concentrated near  the bu lk  electrolyte. The 
small changes in Z2 are not associated with the surface 
coverage, but  rather  they are due to the difference in 
concentration Qf C1- ions. 

The reconstructed j (x )  curves shown in Fig. 8 do 
not prove but  are consistent with the surface morphol-  
ogy exhibited in Fig. 6. It  is seen that  at depths x > 
0.45 cm the extent of surface coverage is almost un i -  
form and is developed in the first 8 rain, i.e., before the 
new reaction path was established. When the new 
mechanism became operative, the reaction profile was 
shifted toward the bulk electrolyte, which for the gal- 
vanostatic case, reduced the transfer  current  density 
from j (0.9') = 2 • 10 -3 to 0.7 m A / c m  ~ when the rds 
reaction front advanced to xr = 0.4 cm. Before the 
change in  the rds, the t ransfer  current  density was 
more uniformly distr ibuted throughout  the porous 
structure. For example, when  xc -- 0, j(0.4) -- 60 
mAcm -3 and j(0.9) = 20 mA / c m 8. 

Summary 
An analytical  method has been formulated to de- 

scribe the t ransfer  current  density in a porous elec- 
trode as function of position and time. The mathe-  
matical model assumes the electrode mechanism to de- 
pend on the amount  of the locally t ransferred charge 
and accounts for a change in  the rate determining step. 
Application to the s i lver-si lver  chloride system and 
comparison with experiment  shows that the depletion 
of chloride ions ini t ial ly present  in the porous struc- 
ture is pr imar i ly  responsible for the location and depth 
of the principal  reaction zone. The performance char-  
acteristics of the electrode is fur ther  affected by the 
dissolution of silver chloride and subsequent  t ransport  
of complex ions. These conclu~i~ns were corroborated 
by examinat ion  of the surface morphology. 
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LIST OF SYMBOLS 
a a constant, defined in text 
i current  density (also current  in  external  cir-  

cuit) in  electrolyte, Acm -~- 
j --Oi/ax, t ransfer  current  (faradaic) density, 

Acm-S 
k runn ing  index (k = 1, 2 . . . .  ) 
l electrode thickness, cm 
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M 
M(• 
hr 
Q 
R 
t 
16 

V 
Z 
X 

Greek  

e 

Kk 

~k 

amount  of e lect roact ive  mater ia l ,  gcm -3 
a funct ion of Xc, defined by  Eq. [14] 
a funct ion of Xc, defined by  Eq. [15] 
charge t ransfer red ,  Asec/cmS 
ohmic resistance, ohm-cm 
time, sec 
potential ,  V 
veloci ty  of pene t ra t ion  of rds  change, cm/sec  
react ion impedance,  ohm-cm a 
distance, cm 

Symbols  
a p ropor t iona l i ty  constant,  g /Asec  
a smal l  number  
(R/Zk) 1/2, dimensionless  p a r a m e t e r  
(RkZk) 1/2, resistance,  ohm-cm 2 

Subscr ip ts  
c, a, o defined in t ex t  
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An Experimental Study of Reaction Profiles in 
Porous Electrodes 

S. Szpak 
Electronic Materials Sciences Division, Naval Electronics Laboratory Center, San Diego, California 92152 

and T. Katan* 
Materials and Structures, Lockheed Palo Alto Research Laboratory, PaIo Alto, California 94304 

ABSTRACT 

An electrode for  moni tor ing  the  t ime-dependen t  d i s t r ibu t ion  of t rans fe r  
cur ren t  densi ty  in porous electrodes is developed.  When  appl ied  to the  A g /  
AgC1 system, p red ic ted  behavior  is obtained,  showing in terac t ion  of res i s t -  
ances manifes ted  wi th in  the pores  and on the pore  walls.  Good corre la t ion is 
found of the  deve loped  expe r imen ta l  e lect rode to a porous s t ruc ture  s imi la r  
to those of prac t ica l  interest .  

The aim of porous e lec t rode  model ing  has been to 
provide  design cr i te r ia  for e lect rochemical  devices 
which can opera te  according to prescr ibed  modes.  For  
real is t ic  representa t ion,  this model ing  mus t  be based 
on analyses  of ac tual  e l emen ta ry  processes occurr ing 
wi th in  confines of the  porous s t ructure .  Pr inc ipa l  e le-  
ments  of the analyses  a re  then  local and bu lk  t r ans -  
port ,  and charge t ransfe r  kinetics.  Var ia t ion  in dr iv ing 
force na tu ra l ly  occurs as a funct ion of distance and 
morphologica l  change for any  given mode of operat ion.  

Theoret ica l  aspects of e lect rode model ing  have ad-  
vanced to a high degree of sophistication.  F rom the 
s imple p ic ture  presented  by  Dan ie l ' -Bek  (1) in 1948, 
tha t  of fixed geomet ry  and invar ian t  react ion kinetics,  
complex  models  have evolved. Models now contain 
such considerat ions  as the effect of surface morphology  
and the  change in pore geomet ry  upon passage of 
charge as wel l  as the change in t ranspor t  behavior .  De- 
ta i led  reviews of progress,  both  his tor ical  and con- 
ceptual,  can be found in numerous  publ icat ions  (2-4).  
Li t t le  progress  can be claimed, however ,  for exper i -  
menta l  verif icat ion of these models,  at  least  as they  
apply  to ba t t e ry  technology. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key w o r d s :  s i l v e r  chlor ide ,  charge  d i s t r i b u t i o n ,  c u r r e n t  d i s t r i b u -  

t ion ,  s e g m e n t e d  electrode.  

It  is the  purpose  of this  communicat ion  to descr ibe  
an exper imen ta l  technique,  based on a concept  of the 
segmented electrode, for the  s tudy  of t ime -dependen t  
behavior  of ba t t e ry  electrodes.  In  par t icular ,  i t  is 
shown that  a s imple geometr ical  a r rangement ,  such 
as a slot ted pore, can represent  the  behavior  of a geo- 
met r i ca l ly  more  complex porous s t ructure .  

Elements of Experimental Modeling 
Before present ing  detai ls  of the  segmented  electrode,  

some of the re levan t  techniques used in the  exper i -  
menta l  s tudy  of ba t t e ry  electrodes are  summarized.  

Distribution functions.--One of the  most  impor t an t  
d is t r ibut ion  functions re levan t  to ba t t e ry  e lect rode 
model ing is the  t ime-dependen t ,  spat ia l  d is t r ibut ion  of 
t ransfe r  cur ren t  dens i ty  j ( x , t ) .  Unfor tunate ly ,  under  
normal  conditions, this d is t r ibut ion  is not  accessible to 
direct  measuremen t  wi thout  some modification of the  
e lect rode s t ructure .  This modification m a y  involve  
pr ior  e lect rode slicing into segments  and reassembly  
wi th  in te rspaced  separa tors  (5, 6). The in t roduct ion  of 
separators ,  however,  can ser iously dis tor t  the d i s t r ibu -  
tion, especial ly  in cases where  t ranspor t  processes a re  
par t ic ipat ing.  
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The second, equally impor tant  dis t r ibut ion function, 
is the t ime-dependent  overpotential-distance relat ion-  
ship, n (x,t) .  Again, this is not accessible to direct mea-  
surement.  Insert ion of Luggin capillaries into the po- 
rous s tructure (7) not only changes local geometry but  
it interferes with local flow of current.  

Because of these considerations, exper imental  recon- 
structions of reaction pro.rims have typically involved 
determinations of the amount  of charge t ransferred 
across the metal-electrolyte  interface at selected times 
and locations. In  practice, this requires slicing of the 
electrode after a given charge or discharge and anal-  
yses for the reactant  or product in each slice (6, 7). 
Recently, x - ray  element  scanning was introduced to 
provide po in t -by-poin t  analysis of the extent  of re- 
action in  a single pore a r rangement  (8). Useful but  
less detailed information was also obtained by slow 
cycling of the electrode combined with cell power out- 
put measurements  (9); the thickness of the reaction 
layer and its pos i t ion  within  the electrode structure as 
a funct ion of electrode discharge was determined. 

Experimental  reconstruction of reaction pro f i l e . -  
The reconstruction of reaction profile, based on anal-  
yses of amounts  of charge t ransferred as a funct ion of 
position and time, requires a considerable effort: The 
funct ion j ( x , t )  is reconstructed from the relationship 

Ls i (t) t' = j (x,t)  dxdt  [1] 

where i ( t )  is the impressed cur ren t  in  the external  
circuit, t '  is the durat ion .of the experiment,  and 1 is 
the electrode thickness. For the f requent ly  used gal- 
vanostatic mode of discharge the current  in  the ex- 
ternal  circuit is kept constant, i (t) = io. 

Upon completion of the experiment,  at t = t', the 
electrode is divided into a number  of segments, usual ly 
0.05 cm in thickness (10, 11) and they are analyzed for 
the amount  of charge transferred. In  terms of Eq. 
[1], it is assumed that  j (x , t )  is a continuous function 
within the rectangle bounded by the lines x = 0, x = l, 
t = 0, and t = t', so that  the order of in tegrat ion is im-  
material.  By sectioning the electrode into k equal 
parts, so that I = k~., Eq. [1] can be wri t ten  as follows 

Application of the mean  value theorem to the integrals 
in  the brackets yields Eq. [3] 

~t' = x j (xk, t) a t  [3] 

The time evolution of reaction profile requires a simi- 
lar  expansion of the t ime integral  in  Eq. [3], thus 

iot"= X~ . . y  j (x~,tm) [4] 
o o 

where t ' = m~, and X--k and t-m denote points at which j 
is evaluated. 

Equations [3] and [4] form the basis for the experi-  
mental  de terminat ion  of the time evolution of reaction 
profile utilizing chemical analyses of the electrode in-  
terior. The frequent ly  cited Bro and Kang (12) data, 
for example, were obtained for t ime intervals of hours 
rather  than  minutes,  and consequently some of the 
details of the t ime evolution of the reaction profile 
could be lost. 

Experimental  mode~s o:f porous eleetrodes.--A neces- 
sary condition for substi tute arrangements  of elec- 
trodes used to simulate behavior  of practical porous 

electrodes is that they must  reflect essential features of 
the real structure. 

An approach that gained popular i ty  in  recent years 
has evolved from the concept of the "reverted pore" 
used to simulate behavior  of the gas-diffusion elec- 
trode (13). The geometrical analog of this concept for 
flooded electrodes would be a th in  film of electrolyte 
immobilized between a metal  electrode and an inert  
surface. In practice, a drop o~ electrolyte can be placed 
on a smooth metal  surface and a flat glass plate may be 
placed over this drop at a distance of several tens of 
microns, forcing excess electrolyte away (8, 14). The 
physical dimensions of concern to electrode modeling, 
such as electrode film thickness and electrode length, 
are exper imenta l ly  controlled variables. 

Such an a r rangement  can be useful in providing in-  
formation necessary for electrode modeling. Whether  
or not it directly simulates the behavior of practical 
porous electrodes should be assessed by comparisons 
with geometrically' realistic structures, such as a pack- 
ing of metall ic spheres of un i form diameter  (11). Fu r -  
ther, direct measurements  of j (x,t) are possible, if the  
electrode is sectioned and measurements  made in a 
manne r  free from objections a t t r ibuted to placement  
of separators, i.e., if the electrode-separator geometry 
is clearly defined. 

Experimental 
The concept of a segmented electrode as an experi-  

mental  tool for the s tudy of j ( x , t )  dependence is not 
new (5, 15). The ra ther  infrequent  use of this tech- 
nique is a t t r ibuted to difficulties in assembly and ques-  
tiQnab]e val idi ty in in terpre ta t ion of results. Some of 
the difficulties can be el iminated by taking advantage 
of technology developed for the microelectronics in -  
dustry. Reference is made to techniques of photo- 
graphic t ransfer  of a pa t te rn  and vapor phase dep- 
osition of metal  films, which greatly enhance repro- 
ducibility and accuracy of fabricated microstructures 
(16, 17). Very small, detailed analogs of electrode 
s tructure can be repeatedly prepared on a variety of 
substrates by using these techniques. 

Cell design and principles of measurements . - -The  
prerequisite for direct measurements  of space-time 
distr ibutions of t ransfer  current, j (x , t ) ,  is to isolate 
th in  segments of the electrode s tructure and to provide 
each segment with a separate current  take-off lead. 
This should be done so that the sectioning will not ap- 
preciably change the s tructure and e lementary  proc- 
esses that comprise the over-al l  reaction path. Also, 
provisions must  be made to assure the monitor ing of 
current  in  each segment without  al tering the original 
j (x , t )  distr ibution.  The ar rangement  shown in Fig. 1 
was adopted. 

L o o o.4 ! 

"-.. k.~ / SEGMENTS OF 
BULK ~ O.O~ cm / WORKING ELECTRODE 

ELECTROLYTE ~-~" "~" ~ ~ ~ / / / / / / ~ /  

COUNTER " ~ - _  ~ /\ ~ . . . .  ~ / / / G L A S S  COVER SLIDE 
ELECTRODE~ / \ ~ / "  / /  i ~, . , TEFLON SPACER, ,.,,2.ocm 

~ G L A S S  / / J / ,r l S~ 
K= 2 5 4. 5 6 TO /  RECOROER 

R~,JTORS 
I - . e -~ ~- 3 "~ CONSTANT 
/ ~CURRENT 
L - o  j SOURCE 

Fig. 1. Schematic representation of the segmented electrode 
concept. Upper part shows a small section of the segmented elec- 
trode showing dimensions. 



Vol. 122, No. 8 REACTION P R O F I L E S  IN POROUS ELECTRODES 1065 

The silver working electrode consisted of six seg- 
ments  which were vapor deposited onto a glass micro- 
scope slide and which had connecting electrical leads 
insulated by Teflon tape as shown in  Fig. 1 and 2. The 
counterelectrode was s imilar ly formed. As illustrated, 
the pore s t ructure  was simulated by placing and al ign-  
ing a microscope cover slide onto a drop of electrolyte 
so that the slide rested on the Teflon tape and was 
paral lel  with the segments and slide. The cover slide 
extended beyond the first segment by approximately 
0.03 cm, the distance of separation between the in-  
dividual  segments. Bulk electrolyte protruded around 
the counterelectrode as shown. The counterelectrode 
was made large, 1.1 X 2 cm, compared with the work-  
ing electrode, 0.07 X 1.1 cm per segment, and was 
separated by a distance of . l .0 cm from the counter-  
electrode. 

To measure the j (x , t )  distribution, the current  in 
each segment, jk( t ) ,  was obtained by measur ing the 
potential  drops across Rk : 10 ohm resistors in series 
with the segments. The resistors deviated by less than  
0.005 ohm from their  rated values. The measured cur-  
rents never  exceeded 0.6 • 10-SA, so that the effect 
on current  density by the presence of resistors was 
quite small, at worst less than  6 mV in reaction over-  
potential.  

Electrode 5abrication and assembly . - -S i lver ,  de- 
posited from vapor on a glass substrate, constituted the 
ma in  element  of the exper imental  arrangement .  Fab-  
rication of the silver pa t te rn  was accomplished in two 
steps: First, a th in  p la t inum film was deposited onto 
the masked glass microscope slide, and then, silver was 
deposited with the mask in  place in mult iple  layers to 
assure thicknesses sufficient to withstand charge and 
discharge modes. Vapor deposition was carried out at 
pressures of ca. 5 X 10-5 Torr  on slides which were 
preheated by main ta in ing  filament temperature  just  
below the mel t ing point of the deposited metal  for ca. 
15 rain. The mask was prepared from magnet ic  s ta in-  
less steel foil and fastened magnet ical ly  to the slide. 

Prior  to the vapor deposition, the Corning No. 2947 
microscope slides were roughened with No. 4/0 emery 
polishing paper and then thoroughly washed in ace- 
tone, water, boiling potassium permangana te  solution, 
hydrochloric acid solution, and deionized water, re-  
spectively. They were then ul trasonical ly cleaned in 
conductivi ty water, oven dried, and stored in  a desic- 
cator. 

After vapor deposition, the areas of the working elec- 
trode, counterelectrode, and pore thickness were de- 
fined by affixing a U-shaped piece of Teflon tape, 60 ~m 
thick, as shown in Fig. 2. The slide could then be 
placed in a holder for electrical connections, and the 

COUNTER ELECTRODE 

T L LON 

J SEGMENTS 
60p.m THICK ~TEFLON TAPE 

I TYPICAL SPRING GLASS PRESSURE CONTACT COVER SLIDE 

\6Ogm THICK TEFLON TAPE 

Fig. 2. Experimental cell assembly. Lower right: details of 
holder construction, electrical connections, and positioning of 
segmented electrode. Upper left: construction of segmented elec- 
trode showing vapor deposited silver on a glass substrate. The 
shaded area is a U-shaped Teflon tape, 60 ~m thick. 

electrolyte and cover glass could be attached as re-  
quired. 

The electrode holder was constructed of Teflon and 
consisted of two parts: The lower part  was provided 
with a groove and a locating pin to position the micro- 
slide. In  addition, there were two more pins to guide 
the location of the upper  part  which contained seven 
pressure loaded contacts to connect the individual  seg- 
ments  and counterelectrode to the galvanostat  and to 
the ins t rumenta t ion  for recording currents  jk( t ) .  

Electrode preparation for the j ( x , t )  measuremen t s . - -  
Two sets of measurements  of t ransfer  current  dis t r ibu-  
tions are discussed: those associated with electrode dis- 
charge and those associated with electrode charging. 
Each set requires different precondit ioning of the elec- 
trode surface. 

Precondit ioning for the discharge curves was as 
follows: Each segment of the electrode assembly w a s  

individual ly  charged in 1N KC1 solution and received 
0.25 A-sec/cm 2, which corresponds to about 22% sur-  
face coverage by a film of AgC1 (18). Unless otherwise 
noted, each segment was charged for 4 min  at 80 X 
10-8A in 1N KC1 solution. The resul t ing error  in  
Qk (k  : 1, 2, . . . ,  6) was determined by discharging 
each segment galvanostatically while observing the po- 
larization, and it never  exceeded 1.5%. Qk increased in 
accordance with charging sequence, indicat ing charge 
loss by dissolution. To at ta in bet ter  uniformity,  the 
charging sequence was specified, namely,  segments 1, 
3, .5, 6, 4, and 2, respectively. 

After  preconditioning, the cover glass was placed as 
shown in Fig. 1 to construct the single pore assembly. 
The pore discharge was carried out at preselected cur-  
rents, in the range of 80-600 ~A. 

A somewhat different procedure was followed in 
order to prepare the single pore electrode for s tudying 
the charging process. It was found that  conversion of 
freshly deposited silver to silver chloride by an anodic 
current  at 80 X 10-6A for 2 rain, followed by a cathodic 
current  also at 80 X 10-6A, for 3 min, yielded repro-  
ducible results. Following the surface conditioning, the 
segmented electrode was thoroughly washed in  tr iply 
distilled water and with electrolyte used in  the ex- 
per imental  run. 

Failure modes . - -The  most common cause of failure 
was severance of the deposited silver film due to 
"overcharging," i.e., after complete conversion to 
silver chloride occurred at some location. This type of 
failure was el iminated by using thicker films of plat i -  
n u m  to assure electrical conduction or, al ternatively,  
by l imit ing the level of charging. 

A second type of failure was associated with the 
current  take-off arrangement .  Electrolyte would oc- 
casionally seep to the location where the pressure 
loaded contacts pressed against the deposited silver 
leads, and the dissimilar metal  contact would then 
modify the measured currents. This was prevented by 
placing a thin film of Apiezon grease only at the pres-  
sure loaded contacts to act as a barrier.  

Results and Discussion 
Exper imental  results and their  in terpre ta t ion  a r e  

presented here separately for the discharge process, 
AgC1 --> Ag, and for the charging process, Ag --> AgC1. 
In both processes, the effects of vary ing  impressed cur-  
rent, to, and concentrat ion of KC1 are given. Finally,  
comparisons are made of the t ime evolution of reac- 
tion profile for a s imulated segmented pore with that  
of a porous electrode comprised of packed spheres, all 
of the same diameter. 

The Discharge Process: AgCI --> Ag 
A summary  of the t ime evolution of reaction profiles 

is given in Fig. 3, 4, and 5, for 0.1, 1, and 2N KC1 solu- 
tions, respectively, and for a range of discharge cur-  
rents, 80-300 ~A. 

Effect of discharge current,  to.--For the applied dis- 
charge currents, to, j~ vs. t curves w e r e  observed to be 
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quite similar. In fact, when reduced currents, j*, where 
j* ---- j~/io, and reduced time, t*, where t* _-- t/to, were 
employed, all data could be presented by  a single plot, 
as shown in Fig. 3-5. Here, to refers to the t ime neces- 
sary for complete discharge of the init ial  charge, Qo, by 
the discharge current,  io. 

Such behavior  implies that  the over-al l  discharge 
path is independent  of discharge current,  at least 
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within the range of 80-300 /cA which is equivalent  to 
superficial current  densities of 12.1-45.4 mA/cm~. 1 

With the exception of the first and last segment, par-  
tial t ransfer  currents, jk(t) ,  always increased with 
time, reached a maximum, and then decreased mono-  
tonically to zero, Fig. 3-5. Evidently, the nature  of 
tocal change in discharge for each segment is similar, 
and this behavior does not clearly indicate that a 
change in  the mechanism of electrochemical reaction 
has occurred, as could be concluded from j / t  relat ion-  
ships established for various degrees of surface cover- 
age (18). It  can be assumed that measurements  with 
the present  design of the segmented electrode are in-  
sensitive to the relat ively small  changes in  current -  
potential  dependence which have been found to occur 
with varying state of charge. Better resolution may be 
anticipated for finer division by  the segments. 

EfIect of concentration, co.--Examination of Fig. 3-5 
reveals also the effects of electrolyte concentration. It  
is seen that, as the concentrat ion of KC1 is increased, 
the t ransfer  current  is distr ibuted more uni formly  
while the similari ty of the currents  is retained in each 
segment. For the more concentrated solutions, the de- 
crease in ohmic resistance of electrolyte wi th in  the 
pore enables a more uniform part icipat ion of each seg- 
ment  in the over-al l  discharge current.  

For the more dilute solution, e.g., 0.1N KC1, as the 
reaction proceeds deeper into the electrode structure, 
the max imum transfer  current  remains essentially the 
same with increase in  segment  number ,  k. However, 
in  1 and 2N electrolytes, we notice that the ma x imum 
transfer  current  decreases and then increases again, as 
the electrode discharge is near ing its completion. It is 
noteworthy that the increase in current  max imum 
begins earlier for higher concentrations of KC1. This 
effect of the electrolyte concentrat ion on the t ime 
evolution of transfer current  dur ing e ectrode discharge 
can be interpreted in  terms of a moving reaction layer. 

Concept o~ reaction ~ayer.--The concept of a react ion 
layer  is well established in many  branches of chem- 
istry and chemical engineering (19-21). It is also one 
of the first concepts that guided the early discussions of 
porous electrode behavior (22, 23). The reaction layer  
thickness thus has been defined in many  ways. Here, 
we define the reaction layer thickness as the distance 
along the x-coordinate which yields the area of the 
tr iangle OAB equal to the area under  the j (x,t) curve, 
placed in a manner  as to re ta in  the ini t ial  slope, as 
shown in Fig. 6a. The ini t ia l  port ion of the j (x) vs. x 
curves for concentrat ions and currents  investigated ex- 

1 superficial current d e n s i t y  i s  d e f i n e d  h e r e  a s  i o / A ,  w h e r e  A = 
6.6  x 10 -~ cm ~, t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  p o r e ,  c f .  F ig .  1. 
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Fig. 6. Initial evolution of reaction profile on discharge and a 
graphical determination of reaction layer thickness: a, in 0.1N 
KCI; b, in 2N KCI. Discharge current, io = 80 #A; ~ is defined 
as the reaction layer thickness, 



Vol. 122, No. 8 R E A C T I O N  P R O F I L E S  IN P O R O U S  E L E C T R O D E S  1067 

h i b i t  e x p o n e n t i a l  behavior  as s h o w n  i n  Fig. 6. The 
t ransfer  current  falls off rapidly  wi th  the distance, in 
accordance wi th  a n  e x p r e s s i o n  o f  the form 

j ( x )  ---- A c o s h  [K(/ - -  x ) ]  [5] 

where  A -~ kio/sinh (~l) is a constant for a given set 
o f  e x p e r i m e n t a l  conditions and e l e c t r o d e  d i m e n s i o n s .  

The thickness of the react ion layer,  5(Co), can be 
determined direct ly f rom Fig. 6a and b. We note that  
the thickness depends strongly o n  e l e c t r o l y t e  concen- 
tration, s i n c e  i n  both cases the discharge current  was 
t h e  same, namely, io - :  80 • 10-6A. Accordingly, we 
f i n d  0.07 < 5(0.1) < 0.14 cm and 0.14 < 5(2) < 0.21 
cm in 0.1 and 2N KC1 solutidns, respectively.  

Application o5 the reaction Zayer concept.--Before 
applying the react ion layer  concept to the in te rpre ta -  
t ion of results summarized in Fig. 3-5, and int roduc-  
ing addit ional  support ing exper imenta l  evidence, the 
fol lowing is noted: The t ransfer  currents, jT~, are ex-  
pressed here as currents  ra ther  than current  densities 
and represent  the integrated values of local currents 
over  the segment 's  area. Time is accurately known; 
part ial  currents  were  recorded every  20 sec. Also, the 
i n i t i a l  charge deposited on the individual  segments, 
Qk : 19.2 mA-sec /segment ,  was mainta ined constant, 
i n d e p e n d e n t  of the running index, k. 

In our previous communicat ion (11) we discussed 
the behavior  of a porous e l e c t r o d e  o p e r a t i n g  with  a 
change in react ion path when  a prede te rmined  con- 
vers ion has taken place. We derived the j (x,t) depen- 
dence when  the react ion path characterized by elec- 
t rolyte  resistance, R~, and the react ion impedance, Z1, 
changed to other values designated by R2 and Z2. It 
was shown that  an electrode operat ing under  this re-  
striction is adequate ly  described by the position of the 
mode interface, Xc, and the velocity, Vc, at which the 
mode interface penetrates  the electrode s t ructure  (ve 
= dxc/dt) .  

To simplify the discussion, we consider the electrode 
discharge as a special case, namely, no react ion occurs 
i n  region 2. That  is, we assume Z2 ---- ~ ,  wi thin  region 
0 ~ x < Xc. For  finite R2 and Z2 = ~,  it follows that  
K2 ---- 0 and ~2 = ~ ,  where  K2 = (R2/Z2) 1/2 and ~2 ---- 
(R2Z2) ~/2. Under  these conditions the developed equa-  
tions of Ref. (11) are reduced as follows 

j ( x )  = 0  for O~--x<x~ [6] 
and 

j (x)  ~- kio cosh [~ (l -- x) ] / s inh  [K (1 -- x) ] 
f o r  X c < X ~ l  [7] 

Equations [6] and [7] are identical with those de- 
r ived by Winsel (22) and represent  the ex!conential 
distr ibution wi th in  the region where  discharge is tak-  
ing place. Similarly,  the veloci ty  of penetrat ion can be 
obtained 

Vc ---- (io/Qo)/coth2[K(/-- Xc)] [8] 

It is advantageous to examine the t ime evolut ion of 
discharge profiles in terms of the moving reaction layer  
concept. Consider Fig. 6a: Two minutes  after init iat ion 
of the discharge reaction, most of the current  is located 
i n  the first segment, wi th  only a small fraction in the 
second and third segments. Four  minutes later, most of 
the current  is found in the second segment  with only 
minor  increase in the third segment and almost none 
at greater  electrode depths. Bearing in mind that  the 
recorded current  in any segment  is the integrated cur-  
rent  over  the segment  area, we conclude that for the 
one-dimensional  case, the original current  (local cur-  
rent)  distribution, given by Eq. [7], is retained, but its 
zero point, Xc, is shifted into the electrode interior. It 
indicates that  

f 
OOT ~,o.14 

j ( x ) t d x  < ~ oo~J(x)tdx [9] 
X c 

that  is, an increase in the current  recorded in the sec- 

ond segment  is due  to the decrease in the act ive area o f  
the first segment ra ther  than in the value of l o c a l  
t ransfer  current  density, j (x),  in the first segment. 

The t ime necessary for a s i m i l a r  d e v e l o p m e n t  i n  2N 
solution of potassium chloride is longer  than 6 rain 
after  the ini t iat ion of the electrode discharge. It  i s  s e e n  
that the exponent ia l  character  is retained. This is a 
consequence of thicker  reaction layer, since both e l e c -  
t r o d e s  contained ini t ia l ly  the same amount  of charge, 
Qo ~- 19.2 mA-sec, and were  discharged with  the same 
current,  io ---- 80 • 10-6A. Using the same concept, we 
can interpret  the (j/io) vs. (t/to) curves s h o w n  i n  Fig. 
3-5. 

Consider Fig. 3: It  depicts the t i m e  e v o l u t i o n  o f  t h e  
discharge profile in 0.1N KC1. The existence of the j~ 
max, in all segments except  the first and the last o n e ,  
has just  been discussed, Eq. [9]. The s h a r p n e s s  a n d  lack 
of overlap of the curves oK the reduced current  implies 
the presence of a reaction layer  on the order of the seg- 
ment  thickness with a layer  thickness unaffected by the 
degree of electrode discharge, i.e., by the position of 
mode interface, x~. The independence of the j~ max  o f  
the running index, k, i.e., oK the position of Xc, suggests 
fur ther  the val idi ty  of Eq. [8], and, therefore  also, o f  
Eq. [10] 

~je -- ~(Xc) -~ Kio coth[K(l -- Xe)] [10] 

These equations are independent  of Xc, as long as 
co th [K( / - -Xc) ]  ~ 1, i.e., as long as [K($- -xc) ]  ~-- 3. 
The sharp increase in the t ransfer  current  as the dis- 
charge process is near ly  completed may also be noted. 
This implies that  5 becomes greater  than the remain-  
ing electrode depth of the active portion. 

The form of the (j/io) vs. (t/to) plot is preserved as 
the chloride concentrat ion is increased. Disregarding 
the initial contraction of the react ion layer  (decrease 
in j2), the situation is similar. Since the reaction layer  
is thicker  due to decrease in ohmic resistance of the 
electrolyte, the Jk max  are less, the penetra t ion of the 
reaction layer  is somewhat  slower, as indicated by the 
position of JT~ max  on the reduced t ime scale, except  
when  the react ion layer  just  en tered  the last segment.  

The effect of the reaction layer  thickness on details 
of the discharge profile is also demonst ra ted  in Fig. 5. 
Here, the j~ max  are less than those observed in 1N 
KCI; this is consistent with the increase in the layer 's  
thickness. Also, the penetra t ion rate  is less at the be-  
ginning of the discharge process, and increases toward  
the end of the discharge. The increase in the rate of 
penetra t ion occurred at an ear l ier  t ime than in 1N KC1, 
and this is also consistent with the increase in the re-  
action layer  thickness. 

The degree of a segment 's  discharge at the t ime of 
jk max is given in Table I. It is seen that  the amount  
of mater ia l  used up before the event  of j~ max  is hardly  
dependent  on the discharge current,  to, but  is affected 
by the position; more  mater ia l  is used up for greater  
depth. This observation is again consistent wi th  the 
concept of moving reaction layer.  

It has been indicated that  the react ion layer  th ick-  
ness is a strong function of electrolyte  concentration. 
However,  it did not change with the progress of elec- 

Table I. Surface coverage and reactant charge content at jk max 
in 1N KCI 

io Q(2) 6(2) Q(3) 6(3) Q(4) 6(4) Q(5) 6(5) 

80 • 10 -8 5.6 0,291 5.9 0.280 4.4 0.229 4.0 0.208 
100 • 1O -~ 7.8 0.406 5.4 0.285 4.21 0.219 3.8 0.187 
120 • 10 -3 6.8 0.354 5.9 0.307 4.83 0.251 3.4 0.177 
160 x 10 -s 7.2 0.375 6.01 0.313 6.2 0.270 4.1 0.213 

Values computed ~rom formula: 
19.2 • 10 -8 -- Q(k,t) 

6 =  
19.2 • 10 -3 

where Q(k,0) = 19.2 • 10 -8 A-see/segment, Q(k,t) = 19.2 • 10 ~ -- 
Q (transferred), Q (transferred) by integration under the j(x,t) 
c u r v e s ,  
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trode discharge, which should be par t icular ly  evident  
in 0.1N solution. A complete discharge of a segment, 
ini t ia l ly containing 19.2 mA-sec /segment  will  add, 
upon discharge, 15.25 mg C1- /cm 3. To assure electro- 
neutral i ty,  a corresponding amount  of potassium ions 
must  be brought  from the bulk. Transport  processes 
must  obviously participate. However, their  effect on 
the local current  density distribution, on the thickness 
of the reaction layer, will  be relat ively unimportant ,  
because the changes in concentrat ion due to the t rans-  
port phenomena will  be restricted to regions toward 
the pore mouth. Therefore, al though the concentrat ion 
of potassium chloride has increased to about 0.4N solu- 
tion, no effects of change in ~ (Co) were noted. The 
same observations can be made for 1 and 2N solutions. 

Similar evolution of a discharge profile was reported 
for another spar ingly soluble reactant-conduct ive 
matr ix  system (24). 

The Charging Process: Ag ~ AgCl 
The charging process considered here took place 

wi thin  the geometrical constraints of a porous struc- 
ture and differs from the discharge process in that 
chloride ions are used up. Thus, diffusional processes 
and, in general, t ransport  processes of C1- are directed 
into the porous structure ra ther  than into the bulk  
electrolyte. This fact alone would imply the possibility 
of an effect of concentrat ion changes in  the porous 
s tructure on the t ime evolution of reaction profile 
which was not noted in  the course of electrode dis- 
charge. 

We present  the experimental  data in somewhat dif- 
ferent manner ,  namely,  we start  the discussion with 
the presentat ion of the evolution of reaction profile in  
2N KCI. 

Evolution of reaction proJ~le on charging.--Signifi- 
cant events which occurred during the evolution of the 
t ransfer  current  dur ing charging in 2N solution are 
inferred from the exper imental  distr ibution shown in  
Fig. 7. Short ly after the ini t iat ion of charging, at f = 2 
re_in, a typical distr ibution was recorded. At some later  
time, the exponent ia l  dis t r ibut ion degenerated into one 
exhibi t ing a m i n i m u m  and a maximum.  Taking into 
consideration that  the recorded currents  are in  fact 
integrated values, we may visualize the "degenerated" 
curves as composed of two exponential  branches with 
the discontinuity, as shown in Fig. 7 by a broken line. 
As the charging process is being carried out, the dis- 
cont inui ty  penetrates  into the electrode structure.  After  
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Fig. 7. Evolution of reaction profile on charging in 2N KCI. 
Time in minutes indicated a l o n g  c o r r e s p o n d i n g  c ur v e s .  

11 min of electrode charging, the discontinui ty h a s  
reached the fourth segment of the exper imental  ana-  
log. As the charging process was carried out further,  a 
leveling in the distr ibution was observed. This was 
interpreted as a disappearance of the upper  branch of 
the distr ibution curve, at t ----- 23 rain. Such profile evo- 
lut ion is in agreement  with the predicted behavior  for 
the case of a change in  the rds in  the course of elec- 
trode operation (11). 

To seek fur ther  confirmation, a plot of log Q vs. the 
distance has been prepared, Fig. 8. The charge t rans-  
ferred, or extent  of reaction, in  each segment was de- 
termined by mechanical  in tegrat ion of the exper imen-  
tal ly recorded j - t  curves. The similari ty of this plot and 
one based on theoretical calculations and reported pre-  
viously ( l l ) ,  is evident. 

The critical charge accumulation, i.e., the critical 
extent of reaction, associated with the change in the 
reaction path, corresponds to about 14% of surface 
coverage, cf. Fig. 8. It follows from the evidence pre-  
sented in Fig. 7 and 8 that the change in reaction mech- 
anism is due to inhibi t ion of charge transfer, ra ther  
than  to an increase in the ohmic resistance of the elec- 
trolyte in the electrode pore. 

The change in the reaction path appears to be inde-  
pendent  of the charging current  wi th in  the range of 
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80-200 • 10-6A. This range was essentially imposed by 
the l imited speed of sampling and recording of the 
j - t  curves. No significant changes in  the curves were 
noted at currents  as high as 600 • 10-6A 

The exper imental  evidence is wholly consistent with 
the concept of a change in  reaction path due to a 
change in  electrochemical mechanism, ra ther  than  to 
an increase in  solution resistance. Disregarding the 
t ransport  from bulk  electrolyte, the change in  chloride 
mn concentrat ion did not  exceed 12%. 

Theoretical analysis (11) has shown that  the t ime 
evolution of the reaction profile, associated with the 
increase in  interracial  impedance is characterized by 
the position dependent  rate of penetra t ion of the mode 
interface which, in  turn,  is associated with the numer i -  
cal value of the discontinui ty at xc [cf. Eq. [18], Ref. 
(11)]. Examina t ion  of Fig. 8 indicates an increase of 
about one order of magni tude  of the interfacial  im- 
pedance, after  approximately 14% of the available sur-  
face has been covered by silver chloride (18). 

A plot of (J//o) vs. t*, where t* is the reduced time 
and is calculated according to the formula t* = t i t ( I ) ,  
is shown in  Fig. 9. Here, t (D is the t ime of charge to 
obtain complete surface coverage (18). Because of the 
finite dimensions of the segment employed, an error in 
the dimensionless t ime t ( l )  is introduced when com- 
plete coverage is judged by the motion of the reaction 
profile. However, this error  appears to be insignificant 
in  view of the correlat ion obtained for the various 
charging currents, Fig. 9. 

Effect of changing ohmic resistance on the evolution 
of transfer current distribution.--The effect of a change 
in  solution resistance on the evolution of the reaction 
profile is of special interest  to electrode design. In  most 
systems, especially those containing no support ing 
electrolyte and having a small  ratio of volume to sur-  
face engaged in charge transfer,  large changes in  com- 
position may develop because of an electrochemical 
process. Chemical changes, in turn,  give rise to t rans-  
port  processes and promote the development  of in ter-  
actions be tween the charge t ransfer  and other proc- 
esses. The development  of this progressive interact ion 
is i l lustrated in  Fig. 10a, b, and c, where the j - t  curves 
for the segmented electrode operation in  1N KC1 are 
shown. Charging currents  of 200, 300, and 400 ~A were 
used. 

Consider Fig. 10a, where for the purpose of clarity 
in  il lustration, currents  in  the first three segments only 
are shown. The j - t  curves are essentially similar to 
those obtained in  2N KC1 solutions. It is seen that, if 
a j - x  plot were constructed at t = 2.5 min, or greater, 
it would be analogous to the one shown in Fig. 7. Thus, 
we can reasonably conclude that choking (blockage) 
of the second kind dominates the t ransfer  current  evo- 
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lut ion under  those circumstances, i.e., the reaction re-  
sistance increases; choking of the first kind has been 
defined as the shift of current  profile toward the elec- 
trolyte side caused by an increase in solution resis- 
t ivi ty ( 11 ). 

As the charging current  was increased to 300 ~A, 
Fig. 10b, we noted a shift in the t ransfer  current  
toward the front of the electrode. The current  re- 
corded in the first segment was never  less than in the 
second, third, etc. That is, the t ransfer  current  dis tr ibu-  
tion "opened up." It is also seen that, at times greater  
than 2.5 rain, the t ransfer  current  in the third segment 
exceeded that in the second. This can be interpreted 
as an evidence that  choking of the second kind still 
operates, but  at greater  depths only. As the charging 
current  was increased further,  i.e., to 400 ~A, the t rans-  
fer current  distr ibution was fur ther  modified in a sense 
of fur ther  "opening up"; at no t ime were we able to 
find jk+l > Jk. The j - x  curve was no longer exponen-  
tial, except at the beginning of the charging process. 
Maxima and min ima  in the dis tr ibut ion curves are ex- 
pected instead. 

The effect of solution resistance on the development  
of reaction profile is even more dramatical ly demon- 
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strated in  Fig. 11. I t  is seen that  in  0.1N KC1, the t rans-  
fer current  was almost ent i rely located in the first seg- 
ment, with only a small  fraction found in  the second, 
and practically none passed through the third. Thus, the 
reaction was l imited to the first two segments: in the 
concept of reaction layer, 8(0.1) < 0.14 cm. When ap- 
proximately 40 mA-sec has passed through the first 
segment, there was a rapid te rminat ion  of reaction in  
the first segment and a rapid increase in  the second. 
However, no increase in the t ransfer  current  in the 
third segment was noted. Reaction entered the third 
segment after approximately 36 mA-sec has been ac- 
cumulated in the second, again after an abrupt  ter-  
mination.  In  terms of the reaction layer  concept, the 
reaction layer  became less thick, ~ (c) < 0.07 cm. 

At later times, i.e., after the reaction entered the 
third segment, the reaction layer  increased in size to 
the same thickness as at the beginning;  the part icipa- 
tion of the fourth segment was observed. Again, when  
approximately 40 mA-sec were accumulated in  the 
thi rd  segment, the reaction layer penetrated further. 
The reaction layer thickness again became less than 
before. 

This behavior  appears to be consistent with the mo- 
tion of a layer, provided that its thickness varies with 
position. On the basis of the progressive evolution of 
the t ransfer  current  dis t r ibut ion i l lustrated in Fig. 10a, 
b, and c, the changing thickness of the reaction layer 
demonstrated in Fig. 11, should be associated with the 
interact ion between the charge t ransfer  reaction and 
the transport  of reactant. 

Effect of Electrode Structure on Evolution of Reaction Profile 

The segmented electrode concept provided direct ex- 
per imental  support to the fact that an electrode process 
operating with a change in electrode mechanism in the 
interior of porous electrode can be found and shows an 
excellent quali tat ive agreement  with predicted be- 
havior (11). From a point of view of electrode design, 
it is more relevant  if the segmented electrode concept 
could be used as a tool in an exper imental  approach to 
electrode modeling. In what follows, we shall compare 
the evolut ion of reaction profile in a s tructure gen- 
erated by loosely compacted spheres of uni form diam- 
eter, with those derived from Fig. 10b. 

The reaction profiles given in Fig. 12 are based on 
atomic absorption spectrometric analyses of silver 
chloride produced on galvanostatic charging of sphere 
bed electrodes and reconstructed using Eq. [3] and [4]. 
The sphere bed electrodes were charged at constant 
current  density of 50 mA/cm ~ for periods of 1/2, 1+%, 
2+~/2, etc., rain. The experimental  technique was out- 
l ined previously (18). The time evolution profile in the 
segmented electrode constructed from data given in 
Fig. 10b is also shown in Fig. 12. 

The similari ty in the transfer current  evolution is 
quite evident. In  both cases, the init ial  dis tr ibution was 
exponential  with well-defined depth of penetration.  As 
the charging was continued, the usual  advancement  in 
the penetra t ion was observed: the distr ibution was less 
steep and the exponent ial  character was retained. 
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Fig. 12. Comparison of experimentally obtained reaction profile 
evolutions in 1N KCI. a, Sphere bed electrode, with io = 50 mA/ 
cm2; b, segmented electrode, with io = 300 #A. 

Shortly thereafter, at about 2.5 rain of charging, the 
shift toward the pore mouth  in  the dis tr ibut ion was 
noted; that is, choking of the first kind was observed. 
The origin of this choking, i.e., whether  due to the in -  
crease ]n solution resistance due to reactant  exhaust ion 
or the onset of voluminous precipitation, cannot be 
ascertained without independent  examinat ion  such as 
electron scan microscopy. Somewhat later, at 5.5 rain 
of charging, choking of the second kind was observed. 
A noticeable decrease in the current  density in the 
proximity of electrode-electrolyte interface developed. 
Again, at a later time, at 7.5 rain, we observe the for- 
mation of a ma x i mum and a m i n i mum in the dis tr ibu-  
tion curve, i.e., the development of reaction profile 
characteristic of one associated with penetra t ion of 
choking of the second kind. 

The lack of coincidence in time, for the evolution of 
reaction profiles in the two electrodes can be at t r ibuted 
to differences in detailed structure of the electrodes. 
The over-al l  agreement, however, corroborates the 
usefulness of segmented electrodes as used here in in-  
terpret ing behavior  of more complex geometrical 
structures. 

Conclusions 
A segmented, single pore electrode may be prepared 

to show exper imental ly  the manifestat ions of reaction 
regions during the course of charge or discharge for 
the Ag/AgC1 system in aqueous KC1 electrolyte. Evo- 
lut ion of the reaction profile and change in the rate 
determining process could be detected and followed. 
Further,  changes in the distr ibution of t ransfer  current  
with varying electrolyte concentration, 0.1, 1.0, and 
2.0N KC1, could be distinguished, and a distinction was 
made from the reaction profiles between choking of 
the first and second kinds. 

In  comparison with another, mult ipore electrode, 
correspondence between the response of the segmented, 
single-pore analog and a geometrically th ree-d imen-  
sional porous electrode with interconnected pores were 
found. In view of insight gained from these studies and 
practical applications for bat tery electrodes, important  
future  use of the described technique is anticipated. 
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LIST OF SYMBOLS 

c concentrat ion,  mo l / l i t e r  
io charging cur ren t  (in ex te rna l  c i rcui t ) ,  A 
j t ransfe r  current ,  A and A / c m  2 
j* dimensionless  ( reduced)  current ,  defined in t ex t  
k runn ing  index re fe r r ing  to distance 
l e lect rode thickness,  cm 
m runn ing  index,  re fe r r ing  to t ime  
Q charge  t ransfer red ,  A - s e c / c m  2 
R ohmic resistance,  ohm; also solut ion resis tance as 

o h m - c m  
t t ime, s e c  
t* dimensionless  ( reduced)  form, defined in tex t  
t ( l )  t ime of charge for  complete  coverage (18), sec 
to t ime f o r  complete  discharge of electrode,  sec 
t '  t ime of dura t ion  of exper iment ,  sec 
v veloci ty  of penetra t ion,  cm/sec  
Z react ion impedance,  ohm-cm8 
x distance, cm 

thickness  of react ion layer ,  cm 
( R /Z  ) l/~-parameter, cm-*  
(RZ) 1/2-resistance, ohm-cm 2 

~. section thickness,  c m  
t ime interval ,  s e c  
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Electrochemical Studies on Single Crystalline 
CuCI Solid Electrolyte 
A. V. Joshi *'1 and J. Bruce Wagner, Jr.* 

Department oS Materials Science and Materials Research Center, Northwestern University~ Evanston, Illinois 60201 

ABSTRACT 

The d-c  polar iza t ion  technique~ re laxa t ion  technique, and the charge t r ans -  
fer  technique have been appl ied  to cuprous chlor ide single crystals  for the  
de te rmina t ions  of electronic conduct ivi ty,  mobi l i ty  of electronic carriers,  and  
the double  l aye r  capaci tance at CuCl /g raph i t e  interface.  A method to separa te  
the electronic charge t ransfe r  is presented.  I t  has been shown that  the  red is -  
t r ibu t ion  of electronic carr iers  wi th in  the solid e lect rolyte  in which the con- 
centra t ions  of electronic carr iers  exponent ia l ly  increase wi th  the  appl ied  
potent ia l  may  make  a significant contr ibut ion to t rans ient  measurements  in-  
volving a polar iza t ion  cell. Fur ther ,  ideal  polar iza t ion  kinet ics  were  observed 
for  the  CuCl /g raph i t e  interface in the t empe ra tu r e  range of 200~176 be-  
cause the electronic charge t ransfer  was made negl igible  by  selecting the p roper  
pa ramete r s  such as thickness  of the e lec t ro ly te  and the magni tude  of the ap-  
p l ied  potent ia l  s tep ~E (EI-E2) as wel l  as the values of the  appl ied  potentials ,  
El and E2, on the polar iza t ion  cell. 

In two previous  papers  ( l ,  2) e lectrochemical  m e a -  
surements  on CuC1 single crystals  were  described.  
However ,  the  expe r imen ta l  detai ls  and some of the  
da ta  could not  be presented  due to the l imita t ions  of 
space. The purpose  of the present  paper  is to supple-  

* Electrochemical  Society Act ive  Member .  
~P re sen t  address :  P. R. Mallory & Company,  Inc., Bur l ington,  

Massachusetts 01803. 
Key words: electrical conductivity, transport numbers, double 

layer capacitance. 

ment and to review the available information on the 
electrochemical properties of cuprous chloride. 

Very little is known about the transport properties 
of cuprous halides compared to silver halides. In con- 
trast to AgCl or AgBr, cuprous chloride is a p-type 
conductor (3) when equilibrated with its parent metal, 
copper. The present study mainly uses a d-c polariza- 
tion cell of the type, MIMX I inert electrode, to deter- 
mine the following properties of single crystalline 
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cuprous chloride:  (i) electronic conductivi ty,  (it) drif t  
mobi l i ty  and concentrat ions of electronic carriers ,  and  
(iii) double l aye r  capaci tance at CuCllgraphi te  in te r -  

face. 
Essential ly,  three  e lect rochemical  techniques are  

used in the  present  study.  These are: (a) the  polar iza-  
t ion technique (4), (b) the re laxa t ion  technique (5), 
and (c) the  charge t ransfe r  technique (6, 7). In  wha t  
follows, the theory  of each type  of exper imen t  and the 
exper imenta l  results  are discussed. 

Theory 
D-C polarization study.--These measurements  are  

essent ia l ly  s t eady-s ta te  measurements .  A conduct ivi ty  
cell of the type  

CuICuCl[graphi te  [I] 

where  a sample  of cuprous chlor ide is sandwiched be-  
tween a revers ib le  electrode, copper, and a blocking 
electrode, graphite,  is used as a d-c  polar iza t ion  cell; a 
posi t ive d-c  potent ia l  (much be low the decomposit ion 
potent ia l  of ceil) is appl ied  to the  r i gh t -hand  electrode. 
Wagner  (4) showed tha t  the  total  electronic current,  
IT, passing th rough  a cell under  s t eady-s ta te  condit ions 
is given by  

IT = RTA/LF {~o [I -- exp (--EF/RT) ] 

+ %0 [exp (+EF/RT) -- I]} [I] 

where IT -- total current due to excess electrons and 
electron holes at steady state, A : cross-sectional area 
of the interface between graphite and the CuX, L ~- 
thickness of the sample, F _-- Faraday's constant, ~e o _- 
electronic conductivity due to excess electrons in CuX 
coexisting with copper, ~e o ~- electronic conductivity 
due to excess electron holes in CuX coexisting with 
copper. The other symbols have their usual meaning. 
If ~e ~ >> ee ~ then the current due to electron holes, 
Ie, becomes 

I e -- R T A / L F  {%0 [exp (EF/RT) -- 1] } [2] 

and when  E > >  RT/F ,  Eq. [2] can be wr i t t en  as 

I e = R T A / L F  {r ~ exp (EF/RT)  } [3] 

Equat ion [3] is ve ry  useful  in de te rmin ing  the elec-  
t ronic hole conduct ivi ty  of CuC1 equi l ib ra ted  with  
copper f rom a plot  of the  log of current  vs. the appl ied  
potential ,  E. 

Relaxation study.--Weiss (5) suggested the re laxa-  
t ion technique to measure  the  dr i f t  mobi l i ty  of elec- 
tronic car r ie rs  in crystals  of AgBr. AgBr  is an n - t y p e  
conductor when equi l ib ra ted  with  its pa ren t  meta l  Ag. 
The theory  can be ex tended  for p - t y p e  conductor  (e.g., 
the cuprous hal ides)  as follows. 

Consider  a typical  cell of type  [I]. On apply ing  a 
vol tage be low decomposi t ion potent ia l  of CuC1 to cell 
[I] wi th  the posi t ive pole on the graphi te  side, the ac-  
t iv i ty  of copper at the blocking electrode (e.g., graph-  
i te)  interface is g iven by  

acu ---- exp  ( - -EF/RT)  [4] 

Since cuprous hal ides of ideal  composit ion exhibi t  
most ly  cationic conduction and there  are  substant ia l  
concentrat ions of in ters t i t ia l  cations and cation va-  
cancies, smal l  changes in s to ichiometry  do not  affect 
the chemical  potent ia l  of cations but  do affect that  of 
electrons or e lect ron holes which are  present  in con- 
centra t ions  severa l  orders  of magni tude  less than  that  
of the la t t ice  defects. The concentrat ions of excess elec- 
t rons and e lect ron holes at the  blocking electrode in-  
terface are  given by  

Co= Ceo [exp (--EF/RT) ] 

Ce = C e  ~ [exp (EF/RT)]  [5] 

where  E is appl ied  potent ia l  and Ce ~ and C~ ~ are  the 
concentrat ions of electrons and e lec t ron holes, respec-  
t ively,  at the Cu-CuX interface.  

When the appl ied  potent ia l  is removed  from cell 
[I], the concentrat ion of e lectron holes at  the  CuX/  
graphi te  interface wil l  decrease wi th  t ime. The open-  
circuit  potent ia l  as a funct ion of t ime AV(t)  is given 
by  

~V (t) = [RT/F] in  [Ce(t) /Ce o] [6] 

where  hV (t) = measured  open-c i rcui t  potent ia l  differ- 
ence across cell [I] as a funct ion of time, and Ce(t) -- 
t ime dependent  e lect ron hole concentra t ion at  the 
CuX/graph i t e  interface.  

In  ionic compounds where  the  electronic species are  
minor i ty  defects, it  can be shown tha t  the effective 
diffusion coefficient represents  the diffusion coefficient 
of ma jo r i ty  electronic carr iers  (8). This effective diffu- 
sion coefficient in cuprous hal ides represents  the diffu- 
sion coefficient of e lec t ron holes under  the  conditions 
where  ionic conduction prevai ls .  Fick 's  second law 
may  be appl ied  to this case where  there  is a concen- 
t ra t ion  gradient  across the sample. The concentra-  
t ion grad ien t  in the  sample  of length  L is constant, i.e., 
a l inear  change in concentrat ion is assumed. Thus 

x 
Ce (x) --  Ce ~ + T [Ce (x = L)  --  Ce ~ 

for t - - 0  0 ~--x--~L [7] 

where  Ce(x) = concentra t ion of e lec t ron holes at  a 
distance x f rom the Cu /CuX interface.  Also 

- ~ -  ==L = 0 for t = 0 [81 

With these boundary  conditions, the  solut ion to Fick 's  
second law is given by  (9) 

Cr -- Ce ~ 4 ~ ( - -1 )  v 

C e ( t = O ) - - C e  ~ n 2 = ( 2 v + 1 )  2 

s i n [ ~ X ( 2 ~ + l )  ] .  e x p [ - -  ~2(2v-{-i)2Det ] [9] 
2L 4L 2 

4 [  ~2Det ] 
,-~ - -  exp [10] 

~2 4L 2 

where  Dr denotes the effective diffusion coefficient of 
e lectron holes. 

Subst i tu t ing  Eq. [5] and [6] in Eq. [10] yields  

n 2 exp RT -- 1 
4L2 In [11] 

Dr _ ~2 4 exp (EF/RT) -- 1 

For  A V ( t ) F  > >  RT, Eq. [11] becomes 

(--i)] Det-- n2 L ~  -~-- +In [12] 

Thus the slope of a plot of aV(t) vs. time will yield 
the value of D e . 

In the case of an n-type conductor such as AgBr, 
electrons are the majority carriers when the crystal is 
equilibrated with silver. In that ease the concentra- 
tions of electrons are subs t i tu ted  in Eq. [10] instead of 

e lectron holes. The expression for De  wil l  be 

4L~in [ ~2 I-exp[-FAV(t)/RT] ] [13] 

D ~ t = - -  n 2 8 1 - - - e x p  

Charge transfer s tudy.~Raleigh (6) suggested the 
charge t ransfe r  method in order  to separa te  the  double 
l ayer  charge t ransfe r  from the bu lk  electronic charge 
t ransfe r  for the  case of AgBr.  The theory  can be ex -  
tended to p - t y p e  conductors  (e.g., cuprous hal ides)  as 
follows. 
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When  a s t eady-s ta te  bias voltage,  El, on the  po-  
la r ized  cell  [ l]  is changed f rom E1 to E2 (E2 > El ) ,  
charge t rans fe r  occurs by  th ree  processes. These are:  
(i) the  charging or discharging,  as the  case may  be, of a 
double  l aye r  capaci tor  at  the  iner t  e lec t rode-sol id  elec-  
t ro ly te  interface,  (ii) the  recdstr ibut ion of electronic 
carr iers  wi th in  solid e lectrolyte ,  and  (iii) diffusion of 
copper  or  o ther  impur i t ies  into the g raph i te  e lectrode 
unt i l  the g raph i te  e lectrode becomes equi l ib ra ted  wi th  
the  new ac t iv i ty  of copper  at the  CuC1 [ g raph i te  in te r -  
face. 

The th i rd  process can be neglected for the present  
case. This is accomplished expe r imen ta l ly  by  choosing 
an iner t  e lect rode (graphi te )  which exhibi ts  v i r tua l ly  
no solid solubi l i ty  for copper  or chlor ine at  t e m p e r a -  
tures  of the invest igat ions.  We now der ive  the expres -  
sion for the charge t rans fe r  due to the  second process, 
namely,  the  d is t r ibut ion  of electronic carriers .  Consider  
the  typica l  cell  

Cu { CuC1 I g raph i te  [I] 

in which CuC1 exhibi ts  e lect ron hole conduction. The 
to ta l  number  of e lec t ron  holes, Ne, when  the cell  is 
po la r ized  wi th  potent ia l  E1 is g iven  by  (6) 

1 
N e -- --AL [Ce ~ "l- Ca(o)] [14] 

2 

where A = area of the interface CuCl/graphite, L : 
length of the CuCI sample, C$ ~ -~ concentration of 
electron holes at the Cu/CuCI interface, and Ca(o) : 
concentration of electron holes at the CuCl/graphite 
interface. 

1 
N s -~ -- AL Ce ~ [exp (EIF/RT) + I] [15] 

2 

Now if the potential is changed to some other value, 
E2, then the total number of electron holes, Ne', at this 
new potential is given by 

1 
N e' ~- -- AL Ce ~ [exp (E2F/RT) + I] [16] 

2 

Thus, the total amount of electronic charge transfer 
involved in the polarizing potential step (E2 -- El) is 
given by 

1 
Qe -- e AL Ce o [exp(E2F/RT) -- exp(EIF/RT) ] [17] 

2 

where e is the electronic charge. 
The total charge transfer, QT, in response to the po- 

tential step, (E2 -- El), involves double layer recharg- 
ing, Qdl, as well as electronic charge transfer, Qe (neg- 
lecting diffusion charge transfer into the inert elec- 
trode). Therefore, we can write 

QT -~ Qe + Qdl 

1 
. :  - -  e A L  Ce o {exp ( E 2 F / R T )  -- exp ( E 1 F / R T )  } 

2 

+ A Cdl [E2 -- El] [18] 

where Cdl ----- double layer capacitance at the CuCI/ 
graphite interface. For the case of AgBr, which ex- 

hibi ts  e lect ron conduct ion when equi l ib ra ted  wi th  
s i lver  as m the cell AgJAgBr lgraphi te  , the electronic 
charge t ransfe r  is g iven by  

1 
: - -  e A L  [exp ( - -E1F /RT)  - -  exp ( - -E2F/RT)  ] Qe 2 C8~ 

[19] 

where  CeO is the e lect ron concentra t ion at  the Ag!AgBr  
interl 'ace. 

in  o raer  to separa te  the contr ibut ion  of Qe and Qdl, 
Eq. [18] is ve ry  useful. Consider  a double  cell, as 
shown in Fig. 1, involving two ident ical  specimens of 
cuprous chlor iae  solid e lec t ro ly te  differing only in 
specimen length. One sample  is of length  L1 and the 
other  of L2, ([q ~ L2). i f  a potent ia l  step, E1 to E2, is 
appl ied  to such a cell, the contr ibut ion QdI may  be 
separa ted  from Qe because if Qdl is the same for each 
of the two samples, then  for  a sample  of length, 
(L1 --  L2), one has 

1 
Qe = - -  eA  (L1 - -  I-e) Ce ~ [exp ( E 2 F / R T )  

2 
- -  exp ( E 1 F / R T ) ]  [20] 

for a p - t y p e  conductor  and a s imi lar  express ion for 
an n - t y p e  conductor.  Moreover,  by  sub t rac t ing  the 
value  of Qe for a sample  of length  L1 (or L2) f rom 
the total  charge t ransfer ,  QT for a single cell, then  the 
value  of Qdl and hence the double l aye r  capaci tance 
m a y  be obtained.  Expe r imen ta l l y  i t  is convenient  to 
use E 2 ~ El, whereupon  the first exponent ia l  t e rm in 
Eq. [20] is much l a rge r  than  the second so that  

in Qe : In -~ eA (Ll -- L~) Ce o + E2F/RT [21] 

and the resulting slope yields a value of F/RT if the 
experiment is in accord with theory. The intercept 
yields the value of Ce ~ 

If the value of the specific electronic hole conduc- 
tivity, %0, has been obtained from the steady-state, d-c 
polarization measurements, then the mobility, ~e, may 
be obtained using 

ve ~ 
~e -- - -  [ 2 2 ]  

Ce ~ �9 e 

Determina t ion  of e lectron hole mob i l i t y  by  curren t -  
t ime  ana lys i s . - -The  charge t ransfe r  technique de-  
scr ibed previously,  bas ica l ly  involves  measurement  of 
cur rent  as a function of t ime for a fixed potent ia l  step. 
In  a cell of type  [I], if the  electronic charge t ransfe r  
is p redominan t  over  the  capaci t ive charge t ransfe r  for 
a fixed potent ia l  step, then  a c u r r e n t - t ime  re la t ionship  
can be der ived  in order  to de te rmine  the electronic 
car r ie r  mobi l i ty  in a solid e lec t ro ly te  as follows. 

Consider  cell [I] of length  L subjec ted  to some po-  
ten t ia l  El. If the e lect ron hole concentra t ion at  CuICuC1 
interface is denoted by  Ce ~ then  the concentra t ion of 
e lect ron holes at  CuCl lgraphi te  in terface  under  the  
potent ia l  E1 is g iven by  

C a ~- C~ o exp ( E 1 F / R T )  [23] 

Under  this s t eady-s ta te  condition, the e lec t ron hole 
concentrat ion at any distance x f rom the blocking elec-  

C ~ - -  

~,.-E 

'F B J- T 

Fig. 1. Schematic diagram of 
setup for two polarization cells 
called double cell. A, Lavite 
block; B, stainless steel tube; C, 
Teflon plug; D, stainless steel 
bolt; E, copper leads; F, springs; 
G, glass tube cell holder; L, 
platinum leads; 0, O-rings; P, 
plungers; T, thermocouple; $I, 
small sample of CuCI; $2, long 
sample of CuCI; Cu, copper pel- 
let; Gr, graphite pellet. 
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trode interface where x ---- 0 can be expressed as 

Ce(x,0) = Ce o exp (EiF/RT) 
X 

- -  - -  [C~ e exp (E1F/RT) -- Ce ~ [24] 
L 

This is the ini t ial  condition. 
When the applied potential  on the cell is changed 

from E1 to E2, the concentrat ion of electron holes at 
blocking electrode interface changes to a value of Ce o 
exp (E2F/RT). For the present  experimental  condi- 
tions this process occurs in  1 or 2 sec. Therefore, the 
following boundary  condition holds 

Ce(0,t) = C e ~  (E2F/RT) at x - - 0  t > 0  [25] 

When the new potential  fixes the concentrat ion of 
electron holes at the blocking electrode interface 
(x ---- 0), diffusion of electron holes will occur in  the 
solid electrolyte unt i l  the steady-state electron hole 
current  passes through the sample. The solution of 
Fick's second law with the above ment ioned ini t ial  
and boundary  conditions is given by 

Ce(x,t) = C~ o exp (E2F/RT) erfc 2 ~  
X 

+ Ce* exp (EiF/RT)  eft ,  
2x/D,t 

[Ce ~ exp E1F/RT -- Ce ~ x /L  } [26] 

The above solution is for the semi-infinite rod and is 
valid for early times (~100 to 200 sec in  the present 
case). 

Differentiation of Eq. [26] with respect to x can be 
wri t ten  as 

~Ce l O x  x=o = { C e ~  

Ce ~ exp (EiF/RT) 
+ 

- -  ~-- [Ce o exp (E1F/RT) -- Ce ~ [27] 

The flux is given by 

J = -- D ~Ce  [28] 
a X  x = 0  

Therefore, the current  due to electron holes is given by 

Ie(t) : - - ( c A D s )  ( OCe I ) x=0 [29] 

_ ( eAD~ ) Ce ~ [exp (E~F/RT) 

- -  exp (EIF/RT) ] 

+ [eADeCeo/L] [exp (EIF/RT) -- I] [30] 

Substituting D e ---- ~eRT/F and ce~ _~ Ce~ in the 
above expression, we get 

L 
Is(t) -- - -  [Ie(E2) -- I e (E i ) ]  + Ie(Ei) [31] 

where  
Ie(E2) -- (RTA/LF) ~$o [exp (E2F/RT) -- 1] 

and 
Is(El) = (RTA/LF) %o [exp (E1F/RT) -- 1] 

Exper imental  
Cuprous chloride crystallizes in the zinc blende 

lattice up to 407~ and in  a wurtzi te (hexagonal) 
lattice from 407~ to its melt ing point at 422~ Crys- 
tals grown at temperatures  below 407~ can crystallize 
directly in the zinc blende phase and exhibit  no strains 

(10). The single crystals provided to us were grown 
by the same technique using fluxes to suppress the 
melt ing point  below 407~ 

Preparation of pellets.--For the measurements  of 
electronic conductivity, electronic mobility, and double 
layer capacitance, the double cell a r rangement  as 
shown in Fig. 1 was used. For this type of ar rangement  
two specimens of single crystall ine CuC1 with differ- 
ent lengths were used. The pellets were cut from one 
long cylinder of CuC1 (9 mm dicta) by  using a dia- 
mond wire saw. The pellets were then polished me- 
chanically on polishing wheels saturated with abra-  
sives in  an acetone solution. After polishing these 
cylinders were washed successively in acetone, dilute 
HC1, and acetone. The pellets were then ready for the 
experimental  use. The mass spectrographic analysis for 
the cuprous chloride is given in Table I. For the re- 
versible copper electrode 99.999% pure copper rod 
(obtained from American Smelting and Refining Com- 
pany) was used. For the nonreversible  graphite elec- 
trode, pyrolytic graphite (obtained from the Union 
Carbide Company) was used. The pellets of copper 
and pyrolytic graphite electrodes were also given the 
same surface treatment as the cuprous chloride pellets. 
All measurements were carried out in the double cell 
as shown in Fig. I. 

Apparatus.--The prepared samples of cuprous chlo- 
ride, copper, and pyrolytic graphite were mounted in 
a polarization double cell as shown in Fig. 1. The con- 
tact was insured by applying slight pressure with 
springs attached to the plunger  P. At temperatures  
near their  melt ing points, most solid electrolytes tend 
to soften. Because of this, anneal ing to a bulk  metal  
electrode under  light spring pressure resulted in an 
excellent interface contact. The electronic conductivity 
measurements,  the drift  mobil i ty of electronic carriers 
by the relaxat ion technique, the charge t ransfer  tech- 
nique, and the total conductivi ty measurements  were 
carried out on the same double cell under  a purified 
Linde argon atmosphere. Purification of the argon was 
carried out by passing the gas over heated copper t u r n -  
ings (99.999% pure) at approximately 500~ The gas 
was then passed through the tubes of Linde molecular 
sieves and silica gel. A Marshall  resistance furnace 
was used in a horizontal position. The temperatures  
were controlled to • 1 7 6  by a Leeds and Northrup 
Electromax controller  using Chromel-Alumel  thermo-  
couples. A copper tube heat sink was fitted around the 
cells with a controlled thermocouple wi thin  the core of 
the tube. Shielded wires were used to connect with the 
digital voltmeters. Various stable d-c potentials were 

Table I. Impurity concentrotlons in northwestern cuprous chloride 
(in parts per million by weight) 

E l e m e n t  (a) D e t e c t i o n  l i m i t  (b) CuC1 

L i  0.05 0.15 
C 0.3 1400 (c) 
17 0.3 1 l  
O 0.3 23  
F 0.3 23 
N a  0.1 13 
A1 0.3 0.97 
Si  0.3 27 
S 0.7 2.7 
K 0.1 4.7 
Ca 0.3 6.5 
NIn 0.6 180 
F e  1 26 
Ni 1 1.4 
Z n  3 25 
B r  3 120 
Rb 0.3 11 

(~) No a n a l y s i s  w a s  m a d e  f o r  h y d r o g e n .  A n a l y s e s  f o r  t a n t a l u m  a n d  
gold  a r e  no t  g i v e n  s ince  t a n t a l u m  sl i ts  a r e  u s e d  in  t h e  m a s s  spec -  
t r o m e t e r  a n d  t h e  s a m p l e  w a s  s p a r k e d  a g a i n s t  a h i g h  p u r i t y  go ld  
c o u n t e r e l e c t r o d e .  R e s i d u a l s  i n  t h e  m a s s  s p e c t r o m e t e r  i n t e r f e r e  w i t h  
the  a n a l y s e s  fo r  g a l l i u m  a n d  a r s e n i c .  O t h e r  i m p u r i t i e s  no t  l i s t ed  
w e r e  no t  d e t e c t e d  a n d  h a v e  c o n c e n t r a t i o n s  less  t h a n  3 p p m  a tomic .  

(b) D e t e r m i n e d  fo r  3 x 10 -s c o u l o m b  e x p o s u r e .  
(c) T h e  h i g h  c o n c e n t r a t i o n  of c a r b o n  w a s  due  to t h e  g r a p h i t e  i n e r t  

e l e c t r o d e  w h i c h  w a s  p r e s s e d  a g a i n s t  t h e  s u r f a c e  of t h e  CuC1 crystal 
a n a l y z e d .  
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applied via a Keithley 260 nanovolt  source. For the 
measurement  of charge t ransfer  the voltage steps were 
applied on the two samples. The circuitry for applying 
voltage steps was similar to that used by  Raleigh (15) 
and is shown in Fig. 2. The cell current  in  response 
to such a step is monitored across a resistor using a 
Tektronix  Model 564A storage oscilloscope for init ial  
short times and Doric Digital microvoltmeter  for 
longer times. The Doric digital micrometer  is a six 
range ins t rument  with a digital read out and microvolt 
sensitivity. The max imum reading rate of this ins t ru-  
ment  is about 2 readings per second. The readings were 
recorded by the Datatotal  digital printout.  The applied 
voltage on the cell was measured by the other similar 
Doric digital voltmeter.  The total charge transfer  was 
determined by measur ing the area under  the plot of 
the t ransient  current  vs. time. For the relaxat ion mea-  
surements  the open-circui t  potentials were recorded 
every 1 sec by the Datatotal printer.  The total conduc- 
t ivi ty measurements  were done on the same cells as 
used for the previous measurements  of electronic con- 
ductivity, mobility, etc. These measurements  were 
carried out after all the other measurements  were 
completed. A General  Radio Bridge (1650A) was used 
to measure the total electrical conductivity. Before 
making  these measurements  some copper was de- 
posited on the graphite electrode by applying positive 
potential  on the copper electrode. 

Results and Discussion 
Measurement  of ionic and e~ectronic conductivity o5 

CuCl.--Current  voltage characteristics were measured 
on the cuprous chloride single crystal mounted be-  
tween copper and graphite electrode. Equat ion [3] 
predicts that logari thm of hole current  (log I e) vs. 
applied voltage (E) should yield a straight l ine plot, 
the intercept of which would yield the value of the 
specific hole conductivity of cuprous chloride equili-  
brated with copper. Vander  Meulen and KrSger (11) 
reported that for heavily doped samples of silver chlo- 
ride, there is an addit ional  current  flow which is due 
to surface leakage. In  the present  experiments,  the 
data were analyzed by plott ing I vs. exp ( E F / R T )  
or by log I vs. E. The slopes of log I vs. E plots were 
found to be close to the theoretically predicted slope 
of F/RT .  The average ratio of theoretical to experi-  
menta l  slope of log I vs. E plot was found to be 1.01. 
This suggests that  there was no appreciable surface 
leakage in the cell [see Ref. (11)]. 

The hole conductivi ty in cuprous chloride can be 
due to the excess chlorine as foIlows 

1 
- -  C12 ~-- Clct + V'cu + ~ [32] 
2 

where Clct represents a chlorine ion on chlorine site 
and V'cu represents the sir~gly ionized cation vacancy. 
Since the degree of cationic disorder in cuprous chlo- 
ride is large compared to its range of stoichiometry, 
the cationic vacancy concentrat ion is independent  of 
chlorine pressure. Thus, the mas action law applied to 
Eq. [32] yields 

['V"o.,] [ @ ] / p c l ~ P  '~ = K [33] 

Voltoge 
Supply 
(Kelthley) 

| a = i i 

0.0 0 . 0 2  0 . 0 4  0 . 0 6  0 . 0 8  0.10 

I0 KD, 

, / v v v '  

for application of stable d-c potential 

From the previous argument  

[V'cu] -- K1 -- constant [34] 

. �9 [ @ ]  ~ p a 2 1 / 2  [ 3 5 ]  

Thus one can see that  hole conductivi ty varies as the 
square root of chlorine pressure. The observation that  
slopes of log I vs. E plots are close to the value of 
( F / R T )  at all temperatures  of the present  investigation 
is in agreement  with the predict ion that  the electronic 
conductivity of cuprous chloride is proport ional  to the 
square root of the partial  pressure of chlorine. 

A typical plot of I vs. EF/RT at a part icular  t em-  
perature  (383~ for the case of single crystal l ine 
cuprous chloride is shown in Fig. 3. The electronic 
conductivity was calculated from the value of the 
slope of the I vs. exp ( E F / R T )  plot. The geometric 
factor, L / A  - G, was determined by making a series 
of a-c measurements  and is discussed later. The elec- 
tronic conductivi ty values were then plotted against 
temperature  as log %o vs. 1/T. The plot of log ~o v s .  

1/T for two different samples is shown in  Fig. 4. The 
electronic conductivity values were determined in  the 
temperature  range of 100~176 The dependence of 
electronic conductivity on 1/T for single crystal l ine 
cuprous chloride can be expressed as 

{ - - 2 4 ,  900-+300 } 
%0 = 78 exp [36] 

RT 

Following the polarization measurements,  the same 
cells were used to measure the total conductivity of 
cuprous chloride single crystals by an a-c technique. 
Previous a-c measurements  on cuprous chloride were 
made by Wagner  and Wagner  (3) on pressed pellets 
and by Hsueh and Christy (12) on single crystals. The  
present  measurements  were in tended to check our  
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Fig. 3. Typical plot of current vs. exp (EF/RT) for the case of 
CuCI at temperature of 383~ 
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Fig. 4. Logarithm of electron 
hale conductivity equilibrated 
with copper log (%~ vs. 1 / T  
for single crystal of CuCI. D ,  
Run 300 series; O ,  run 200 
series; @, as obtained by Hseuh 
and Christy (12) and by Wagner 
and Wagner (3). 
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measurements  and also to determine the geometric 
factor G ---- L/A. 

In  the present  s tudy prior to carrying out a-c mea-  
surements,  a positive current  was passed through the 
copper electrode in order to plate some copper onto the 
graphite electrode. This a r rangement  would then be 
equivalent  to sandwiching the cuprous chloride sample 
between two reversible copper electrodes as was used 
by Wagner  and Wagner  (3) and by Hsueh and Christy 
(12). The resistance of the sample was measured with 
a-c method using a General  Radio Type 1650 A im- 
pedance bridge at 1000 Hz. The measurements  were 
carried out on two different samples and the data were 
compared to previous measurements.  The present  mea-  
surements  were in good agreement  with the data re- 
ported previously (3, 12). These measurements  also 
determined the geometric factor G. If R is the mea-  
sured resistance of the crystal used and ~ is the specific 
conductivity then G = R~. 

The conductivi ty results are summarized in  Fig. 4. 
It can be seen that cuprous chloride is predominant ly  
an ionic conductor throughout  the temperature  range 
investigated. Tubandt  and Bandowin (13) in the 1930s 
reported that cuprous chloride becomes predominant ly  
an electronic conductor below 200~ Recently Maida- 
novskaya et aI. (14) reported that cuprous chloride 
does not exhibit  p redominant ly  ionic conduction unt i l  
the melt ing point temperature  is obtained. The t rans-  
ference numbers  of the electronic species in CuC1 re- 
ported by Tubandt  and Bandowin and by Maida- 
novskaya et al. are shown in  Fig. 5. Their results are 
in disagreement with each other and also are in dis- 
agreement  with present  results. The present  authors 
suggest that the probable cause for the discrepancies 
was due to oxygen, either dissolved or as a second 
phase, in their  samples and that pure CuC1 is predomi-  
nan t ly  an ionic conductor. 

Measurement of drift mobility and the concentration 
oS electronic carriers in cuprous chloride equilibrated 
with copper by the charge transfer technique.--As 
ment ioned above, the electronic charge transfer  and 
double layer capacitive charge t ransfer  in a polarized 
cell [I] can be separated by the so called charge t rans-  
fer technique. The charge transfer  values were mea-  
sured on two identical polarized cells of type [I] differ- 
ing only in sample length. These values are measured 

by applying a fixed potential  step on both cells at a 
given temperature.  The concentrat ion of electron holes 
at the Cu/CuC1 interface, Ce ~ is determined using Eq. 
[23]. The total charge t ransfer  values for each sample 
and the calculated values of concentrat ion of electron 
holes at the reversible electrode (Ce ~ for CuC1 are 
shown in  Table II. The values shown are the average 
values obtained at each temperature.  A deviation of 
_ 3% was observed between successive runs. It can be 
seen from these measurements  that double layer 
charge t ransfer  at CuC1/graphite interface is negligible 
compared to the electronic charge t ransfer  for samples 
longer than 1 cm in the tempera ture  range of 300 ~ 
400~ Therefore, Eq. [21] can be used to test the 
theory. For this case, charge t ransfer  values on the 
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Fig. 5. Transference numbers for electron (te) vs. temperature 
(T) plot for the case of CuCI. @, Maidanovskaya et al. (14); O ,  
Tubandt and Bandowin (13); X,  present measurements. 
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Table II. Values of charge transfer concentration of electron holes at various temperatures and 
voltage steps for the case of cuprous chloride 

C h a r g e  t r a n s f e r  [/Lcoulombs] 

Long sample Short sample C e ~  T e m p e r -  
R u n  Lx = 1.672 cm L2 = 0.21 em No./em s ature, ~ Step, V 

303 27,200 4- 300 3,389 - -  110 5.6 x 10 ~ 655 0.2871-0.4878 
304 22,815 -4- 150 2,805.4- 90 4.03 x 10 u~ 646 0.2880-0.4898 
305 17,991 - -  250  2 ,100  "4- 50 2.7 X 10 TM 634 .5  012881 -+ 0 .4895  
306 14,416 ~--- 180 1,822 -4- 40  1.93 x 10 ~s 626 0 .2885-0 .4893  
307  11,059 - -  170 1,407 _ 50 1,30 x 10 ~s 615 0 .2883  ~ 0 .4898  
308 19,489 ---~ 150 2 ,387  - -  80 8.8 x 10 ~ 605 0 .2883 -0 .5348  
309  13,229 ~ 100 1,800 _ 50 4.1 x 10 ~ 590 .5  0 .2442 -0 .6393  
310 11,400 -4- 110  1,479 • 30  2.6 x 10 ~ 578  0.2434-0.5453 
311 6,539 + 50 852 ----. 40 1.05 x 10 ~t 561 0.243210.5499 

longer sample (1.672 cm) were measured as a function 
of E2. The lower value of applied potential  (El) was 
always main ta ined  at a value such that exp (E2F/RT) 
> >  exp (E1F/RT) .  Figure 6 shows the plot of log- 
a r i thm of total charge t ransfer  vs. E2 for the longer 
sample (1.672 cm) of CuC1 at 353~ The plot of log 
QT ( ~  log QE) vs. E2 yielded a slope which was es- 
sent ial ly equal to the theoretical slope of F / R T  be- 
tween 300 ~ and 400~ This is a very good proof for 
the a rgument  that the electronic charge t ransfer  in 
polarized cells of type [I] is predominant  over other 
processes under  the conditions as described earlier. 
The values of concentrations of electrons (Ce o) as cal- 
culated from Table II or from Fig. 6 were in good 
agreement  with each other. Figure 7 shows the plot of 
log C~ o vs. 1/T for cuprous chloride equil ibrated with 
copper. The plot shows a very good l inear  dependence 
of log Ce o on 1/T. This dependence can be expressed as 

C~ ~ ---- 1.04 �9 1024 exp (--31,000 ___ 500/RT) (No./cm 3) 
[37] 

where 31 kcal /mole  is the value for the heat of solu- 
tion of chlorine in  CuC1. 

The electron hole mobil i ty was determined by using 
the values of concentrations of electron holes deter-  
mined by charge t ransfer  technique. The electron hole 
mobil i ty  is given by Eq. [22]. 

The values of electron hole conductivity, mobil-  
ity and the concentrations at various temperature  for 
CuC1 equil ibrated with copper are tabulated in Table 
III. Figure 8 shows the plot of log ~e vs. log T for CuC1 

Table Il l .  Values of electronic conductivity, concentration, and 
mobility at various temperatures for cuprous chloride 

o 
cre , C e ~ /~e' T e m p e r -  

o h m - c m  No./cm a cm~/sec-V ature, ~K 

4 x lO-V 5 .60  x 1018 4 .46  x 10-  = 655  
3 .09 • 10-7 4103 x lO TM 4 .79  x 10 -~ 646 
2 .17  • 10-7 2 .7  x 10 ~ 5.0 X 10 "~ 634.5  
1 .64 • 10-  7 1.93 x 1O TM 5.32 x 10  -~ 626 
1.16 X 10-7 1.30 x iO ~ 5,62 X I0 ~ 615 
8.6 x 10- s 8.8 x 10 ~ 6.1 x 10 -~ 605 
5.1 X 10-  s 4.1 x IO ~ 7 .77 X i 0  -~ 590 .5  
3.31 X I0  "-s 2.5 )< 10 ~ 8 .27 x 10 -~ 578  
1.69 x 10- s 1.05 x 10 TM L06 x 10 -~ 861 

in  the temperature  range of 300~176 The depend-  
ence of mobil i ty on tempera ture  can be expressed as 

~e r T-5.5-+0.2 [38]  

Raleigh (15, 19) reports a similar dependence of elec- 
t ron hole mobil i ty on the tempera ture  in the case of 
AgBr. 

Measurement of drift mobility of electronic carr/ers 
by the relaxation technique.--The re laxat ion technique 
as suggested by Weiss (5) for the case of AgBr could 
be applied for the case of CuC1 since it was found that 
the electronic charge t ransfer  predominates over other 
processes for samples longer than 1 cm and in  the tem- 
perature  range of 300~176 A typical plot of 5V(t )  
vs. t ime ~for CuC1 is shown in  Fig. 9. Equat ion [12] was 
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Fig. 6. Plot of logarithm of total charge transfer vs. final po- 
tential E2 for CuCI where exp E2F/RT > >  exp E1F/RT and 
double layer charge transfer is negligible compared to the total 
charge transfer. 
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Fig. 7. Log of concentration of electron holes in cuprous ch|oride 
equilibrated with copper vs. 1/T plot. @, Run 200 series; O ,  run 
300 series. 
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t (SEC) 

Fig. 9. Typical plot of AV(t) vs. time for the case of cuprous 
chloride at temperature of 646~ 

used to de te rmine  the diffusion coefficient of e lectron 
holes f rom the knowledge  of the  slopes of AV(t)  vs. 
t ime  plots. The mobi l i ty  was then  ca lcula ted  by  using 
Nerns t -Eins te in  re la t ion  

RT 
De = ~e-~-  [39] 

These values  are  shown in Fig. 8. 
Determinat ion o] electron ho~e mobi l i ty  by current-  

t ime analys is . - -The charge t ransfer  measurements  de-  
scr ibed ear l ie r  involve  the  measurement  of t rans ient  
cur rents  as a funct ion of t ime for a fixed potent ia l  step. 
The present  authors  der ived  the re la t ionship  be tween 
the t rans ient  cur ren t  and t ime under  the condit ion that  
the charge t ransfer  due to electronic carr iers  is p re -  
dominant  over  the other  process. This re la t ionship is 
given by  Eq. [31]. 

Plots  of the  t rans ient  current,  I ( t ) ,  vs. 1/~/t" for the  
case of CuC1 (1.672 cm) at var ious  t empera tu res  are 
shown in Fig. 10. The magni tudes  of the  potent ia l  
steps are shown in Table I. The diffusion coefficients of 
e lect ron holes were  calcula ted using the slopes of 
I ( t )  vs. 1 / ~ t  plots at  var ious  t empera tu res  using Eq. 

3 V 
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Fig. 10. Plot of current I vs. l / x / f  for the case of CuCI when 
the potential on the polarized cell changed from E1 to E2. The 
slope of plot changes according to the temperature as can be 
seen from the figure. 

[31]. The mobi l i ty  is then  calcula ted by  using Nerns t -  
Einstein re la t ion  (Eq. [39]). Equat ion  [31] suggests 
tha t  the in tercept  of I ( t )  vs. 1 /~ / t  p lot  should y ie ld  a 
value  of Ie(E1),  if the  measurements  are in  accord wi th  
the  theory.  The values  of the  in tercept  for I ( t )  vs. 
1/~/t" plot  for  CuC1 were  indeed close to the  values  of 
Ie(E1) for t empera tu re s  be tween  340 ~ and 400~ The 
mobi l i ty  values obta ined  b y  this analysis  are  plot ted 
in Fig. 8. I t  can be seen tha t  these values  agree wi th  
the  values  obta ined  by  charge  t ransfe r  method.  

Measurement  of double layer capacitance at CuCl I 
9raphite interface at lower temperatures . - -Rale igh  (15, 
19) made var ious  measurements  on AgBr  to de te rmine  
the double  l aye r  capaci tance of the AgBr  L iner t  e lec-  
t rode  interface.  For  the  measurement  of double  l aye r  
capaci tance at the  AgBr  I g raphi te  interface,  the  vo l t -  
age steps were  appl ied  to the polar iza t ion  cell A g l  
A g B r !  graphi te  and t rans ient  cur rents  in response to 
such vol tage steps were  recorded as a funct ion of t ime.  
Al l  the charge t ransfer  involved in the above process 
was due to the  double l aye r  capaci t ive charging. The 
electronic charge t rans fe r  was negl igible  as has  been  
shown by Raleigh (6). In  Raleigh 's  exper imen t  the 
plots of log I vs. t ime were  l inear  at longer  times. Fo r  
ini t ia l  t imes they  were  not  l inear.  The reason for this  
was a t t r ibu ted  by  Rale igh to the nonl inear  effect in 
chemical  double l aye r  capacitance. The present  authors  
(20) a t t r ibu ted  such non l inear i ty  to the  electronic 
charge t ransfer  at ear ly  times. Hul l  and Pi l la  (21) also 
s tudied  the  AgI  I graphi te  and the A g I l  p l a t inum in-  
terfaces at  room tempera ture .  They repor ted  pure  
double l aye r  behavior  of such interfaces.  

For  the case of cuprous chlor ide at t empera tu re s  
greater  t han  350~ the plots  of log I vs. t ime were  not  
l inear.  The reason for this was tha t  the  electronic 
charge t ransfe r  cont r ibu ted  significantly, a l though a 
smal l  vol tage  step was appl ied  to the  cell. The elec-  
t ronic charge t ransfer  is dependen t  upon the length  of 
the  specimen, the magni tude  of the vol tage step, and 
the concentra t ion of e lec t ron holes at the revers ib le  
electrode. I t  was therefore  decided to work  at lower  
t empera tu res  wi th  very  thin samples. A sample of 
length  0.085 cm was used for the measurements .  Var i -  
ous small  vol tage steps of about  20 mV were  appl ied  
in the  vol tage range of 200-450 inV. On the lower  side 
of this vol tage range, the plots  of log I vs. t ime were  



SINGLE CRYSTALLINE CuC1 ELECTROLYTE 1079 

10C 

l inear  for times greater than  30 msec. On the other 
hand, at the higher side of this voltage range, i.e., be- 
tween 400 and 450 mV, the plots of log I vs. t ime were 
not l inear.  Figure  1I shows this difference. The dotted 
curve in Fig. 11 represents the characteristics for the 
voltage step of 0.4287 --> 0.4489. This is due to the con- 
t r ibut ion from the electronic charge transfer. The cal- 
culation of electronic charge transfer  can be carried out 
by using Eq. [17]. The concentrat ion of electron holes 
equi l ibrated with copper at 264~ can be obtained by 
extrapolat ing our high temperature  data (see Fig. 7). 
The calculation shows that the electronic charge t rans-  
fer due to potential  steps of 0,2476 --> 0.2677V, 0.2678 --> 
0.2879V, and 0.2878 --> 0.3089V at 242~ amounts  to less 
than  5% of the total charge transfer. However, the 
electronic charge t ransfer  due to a potential  step of 
0.4287 --> 0.4489 constitutes about 50% of the total 
charge transfer.  This is the reason for the nonl inear i ty  
of dotted curve in Fig. 11. Figure 12 shows plots of 
log I vs. t ime for two temperatures.  It was found that 
for the three temperatures  investigated, the double 
layer  capacitance of the CuCt ! graphite interface re-  
mained constant as has been observed by Raleigh for 
the case of the AgBr ! graphite interface. The double 
layer capacitance was determined by the slope of log 
I vs.  t ime plot. The current  and t ime relat ion is given 
by 

I ---- Io exp ( - - t / R  Cdl) [41] 

where R ---- resistance of electrolyte and Cdl = double 
layer  capacitance at the C u C l l i n e r t  electrode inter-  
face. The average value of the double layer  capacitance 
was found to be 729 _ 60 ~F/cm e. Figure 13 shows the 
plot of the total charge transfer  vs.  the magni tude of 
voltage steps. Care has been taken not to exceed the 
electronic t ransfer  more than 5% of the total charge 
transfer. 

The l inear  relat ion between total charge transfer  and 
the magni tude of voltage steps suggests that the double 
layer charge t ransfer  is predominant  over electronic 
charge t ransfer  for this th in  sample. 

G e n e r a l  c o m m e n t s  on  t he  a b o v e  m e a s u r e m e n t s . - - W e  
have discussed, in general, three methods of obtaining 
mobil i ty of electronic carriers in cuprous chloride. 
These methods are applicable to any mixed conductor 
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MX in which the electronic charge t ransfer  can be 
made predominant  with respect to other processes. 
This can be easily achieved in a polarized cell, if the 
concentrat ion of electronic carriers exponent ia l ly  in -  
creases with the applied potential.  In  such a case, the 
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electronic charge t ransfe r  can be made  p redominan t  
over  the other  processes by  using a longer  sample  and 
also by  using a large potent ia l  step. 

Among the three  techniques used in this study, we 
found the charge t ransfer  technique was the most  re -  
l iable.  In  the other  two methods  the  effect of o ther  
in terface  processes (e.g., diffusion of copper  in an iner t  
e lectrode and double l aye r  capaci tance)  if present,  
could in ter fere  wi th  the  de te rmina t ion  of e lec t ron hole 
diffusivity. This p rob lem is en t i re ly  e l imina ted  in our 
use of the charge t ransfe r  technique since the tech-  
nique el iminates  the  effects due to interfaces by  ca r ry -  
ing out the measurements  on two samples of different  
lengths. These measurements  also indicate tha t  the re-  
qu i rement  that  the t ransference  number  by  v i r tua l ly  
uni ty  is not a sufficient condit ion for an e lec t ro ly te  to 
be used for a galvanic  cell for the various t he rmody-  
namic measurements  as has been described by  Wagner  
(2) and Joshi  (7). 

The exponent ia l  increase of concentrat ions of elec-  
t ron  holes wi th  the appl ied  vol tage at the  blocking 
electrode interface  can be the  l imi t ing factor  in the 
use of the  e lec t ro ly te  for e lectrochemical  diffusion 
measurements  of the e lementa l  component  of an elec- 
t ro ly te  into an iner t  electrode.  Recent ly  Goldman and 
Wagner  (22) have successful ly used a cell Cu] CuC1 I 
Au to measure  the diffusion of Cu in Au. These 
workers  insured that  the electron hole current  con- 
t r ibu t ion  to the to ta l  t rans ient  cur rent  was negligible.  
This was achieved by  using a ve ry  thin  sample  of CuC1 
and by using t empera tu res  h igher  than  350~ Thus, in 
the measurements  involving t rans ien t  currents ,  one 
should be aware  of the t rans ient  electronic current  r e -  
sul t ing from the red is t r ibu t ion  of electronic carr iers  in 
response to the new potent ial .  The electronic current  is 
especial ly  impor tan t  in ionic conductors  where  the 
concentra t ion of electronic ca r r i e r s  exponent ia l ly  in-  
creases wi th  the appl ied  potential .  

Summary and Conclusions 
The measurements  of conduct ivi ty,  mobil i ty,  and 

concentrat ions of e lectron holes were  car r ied  out on 
single crysta ls  of cuprous chloride. The ha l f -pow e r  
dependence of e lectron hole conduct ivi ty  on chlorine 
pressure  was ind i rec t ly  verified in the  t empera tu re  
range  of 1OO~176 F u r t h e r  i t  was found tha t  cuprous 
chloride is p redominan t ly  an ionic conductor  th rough-  
out the above t empe ra tu r e  range.  The concentrat ions 
and mobi l i ty  of e lect ron holes in cuprous chloride was 
de te rmined  by three  methods;  namely,  charge t ransfer ,  
re laxat ion,  and I vs. 1 / \ / t  analysis.  The mobi l i ty  values 
obtained by  the above three  methods are  in excel lent  
agreement  wi th  each other  in the t empera tu re  range of 
300~ The double l ayer  capaci tance of CuCl l  
graphi te  interface was also measured  at lower  t em-  
pera tu res  (200~176 Ideal  polar izat ion behavior  
was observed for this  interface.  
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Electrochemical Oxidation of tert-Butylamine to 
2,2'-Azoisobutane 

A. U. Blackham,* Solim Kwak, and J. L. Palmer 
Departments o~ Chemistry and Chemical Engineering, Brigham Young University, Provo, Utah 84602 

The electrochemical oxidation of p r imary  aliphatic 
amines in aqueous solution is complicated by the close- 
ness of the oxidation potentials of the amine and the 
solvent water. Barnes and Mann  (1) have studied the 
electrochemical oxidation of several p r imary  amines 
at a p la t inum anode in acctonitri le to avoid this in te r -  
ference by the solvent. Two reaction paths were postu- 
lated to account for the products observed. Most of the 
amines studied followed both reaction paths s imul-  
taneously. However, tert-butylamine followed only one 
path. In  one of the steps of this path a carbonium ion 
was generated 

- - e  

RNH2-~ Rii/H~ + -> R + W NH2 

Accordingly, the reaction products observed were tert- 
butyl  alcohol and isobutylene. 

We report  in  this note an electrochemical oxidation 
of tert-butylamine in  sharp contrast to the above re-  
action as the concentrat ion of the tert-butylamine is 
drast ically changed. The major  anodic product from a 
concentrated soIution in which tert-butylamine is es- 
sential ly the solvent as well  as the reactant  is azo- 
tert-butane (2,2'-azoisobutane) 

--4e 
2t -- BuNH2! > t--Bu--N~N--t--Bu 

_4I-I + 

Our initial concern in this study was the develop- 
ment of a satisfactory synthesis of azo-tert-butane. A 
few preliminary electrolyses were run in a small 
H-cell. The progress of the reaction was determined by 
gas chromatographic detection of the products soluble 
in 2,2,4-trimethylpentane. In dilute aqueous solutions 
of tert-butylamine with both platinum and graphite 
anodes only traces of azo-tert-butane were detected. 
As the concentration of tert-butylamine in the electro- 
lyte was increased, more azo-tert-butane was ob- 
served. Also, azoxy-tert-butane and nitroso-tert- 
butane were detected. These trends suggested a high 
concentration of tert-butylamine would favor the syn- 
thesis of azo-tert-butane. Accordingly, a large scale 
preparative cell was constructed. The following ex- 
perimental details are for a run made in this cell. 

Experimental 
Preparative cell.JThe anodes were cut from a block 

of graphite. Each had the dimensions 0.60 X 7.0 X 25.0 
cm with a small  tab at the top for contact with a 
copper rod. The cathodes were cut from a sheet of 
stainless steel. Each had the same length and width as 
the anodes and with a similar tab. An al ternat ing 
ar ray  of 22 anodes and 23 cathodes were placed in 
a box 10 X 36 • 36 cm constructed from acrylic 
plastic. Spacers between the electrodes permit ted 
a distance of 0.5-0.7 cm between the anodic and 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member ,  
K e y  w o r d s :  a m i n e  o x i d a t i o n ,  e l e c t roc he mic a l  syn thes i s ,  azoa lkane ,  

nitrene. 

cathodic surfaces. The evolut ion of hydrogen provided 
a st irr ing action to the electrolyte. This cell design was 
based on the assumption that  the hydrogen gas l iber-  
ated at the cathode and the azo-tert-butane formed at 
the anode would not react fur ther  at opposite elec- 
trodes. 

Synthesis.--The electrolytic solution was prepared 
by mixing 2500g tert-butylamine, 366g water, and 34g 
NaC104'6H20. Therefore this was an 86% tert-butyl- 
amine solution. This solution which measured about 4 
liters was placed in  the cell and electrolyzed at 3.0V. A 
current  of about 2.0A flowed through the cell unt i l  
23.0f of charge had passed. The calculated current  den-  
sity for an 80% immersion of the electrodes was 0.33 
mA / c m 2. The reaction mixture  was diluted with water  
result ing in  two phases. The upper  organic phase was 
distilled yielding 423g of azo-tert-butane and 50g of 
azoxy-tert-butane. Of the charge that  passed through 
the cell 41% accounted for the azo compound and 5% 
for the azoxy compound. About  20g of a white crystal-  
l ine solid was recovered from the di luted react ion 
mixture.  This was later  characterized as di-tert-butyl- 
urea. The progress of the reaction was periodically de- 
termined by gas chromatography. A 2 ml sample of the 
reaction mixture  was mixed with 2 ml of 2,2,5-tri- 
methylhexane and 10 ml water. The gas chromato- 
grams of the hydrocarbon phase had large peaks for 
the azo and azoxy compounds. Other compounds shown 
to be present  in  smaller  amounts  were isobutylene, iso- 
butane,  and nitroso-tert-butane. The gaseous product 
from the reaction contained hydrogen, isobutylene, 
isobutane, nitrogen, and oxygen. However, the gaseous 
products were not analyzed accurately and periodically 
to establish complete mater ial  and charge balances. 
The aqueous phase from the reaction product contained 
unreacted tert-butylamine. 

Characterization oS products.--Azo-tert-butane 1 was 
distilled at 105~ at 650 Torr (lit. value 109-110 at 
760) (2, 3). The NMR spectrum gave a singlet at 1.13 8. 
Azoxy-tert-butane 1 was distilled at 141~ at 650 Torr. 
The NMR spectrum gave two singlets at 1.27 and 1.47 8 
(lit. values 1.28 and 1.48) (4). The nitroso-tert- 
butane  was characterized by its NMR spectrum from 
gas chromatographic collection in carbon tetrachloride. 
The solution was blue. The NM!~ spectrum gave a 
singlet at 1.24 8 (lit. value 1.25 8) (4). 

The di-tert-butylurea was easily subl imed and a 
mass spectrum was taken of a pure sample. The mass 
spectrum gave a parent  peak at 172 amu with major  

+ + + 

fragments at 100 (t-BuNHCO), 72 ( t -BuNH),  56 (C4Hs), 
+ 

and 15 (CHs). Some infrared spectral assignments 
were a NH peak at 3352 cm -1, a CH absorption for 
tert-butyl group at 1388-1319, and a carbonyl  absorp- 
t ion at 1630 cm -1. The NMR spectrum (run with 

Aze- t e r~ -hu tane  and  azoxy- t e r~ -bu tane  are  a v a i l a b l e  f r o m  Fair- 
field Chemical Company, Blythewood, South Carolina 29016. 
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chloroform as the solvent) gave two peaks at 1.29 and 
1.44 6 in  a ratio of 9: 1. The mel t ing point  in  a sealed 
tube was 258~176 (lit. value 245~ (5). I n  an 
open capillary tube vigorous subl imat ion was observed 
at 242~176 

Discussion 
We are considering two possible reaction pathways 

for this electrolytic oxidation of t er t -bu ty lamine .  The 
first step may involve a one-electron loss leading to 

the formation of a free radical, t-BuI~H, or a two- 
electron loss leading to the formation of a nitrene, 
t-BuN. The reaction products isolated can be explained 
by both intermediates.  However, d i - t e r t -bu ty lhydra-  
zine which would be expected from the dimerization of 

t-Bul~H was not found as a reaction product. 
This electrochemical synthesis offers some advan-  

tages over chemical oxidations of t er t -bu ty lamine .  
Farenhors t  and Kooyman (3) prepared the N-chloro-  
t e r t -bu ty lamine  and reacted it with silver oxide to ob- 
ta in  a 5% yield of azo-ter t -butane.  Stevens (6) oxi- 
dized t e r t -bu ty lamine  with IF5 to obtain a 48% yield. 
Stowell (7) reacted N,N' -d i - t er t -bu ty l su l famide  with 
NaOC1 to obtain an 84% yield. 

Compared with these chemical methods, the electro- 
chemical synthesis of azo- ter t -butane  can be conducted 
with cheaper reactants and reagents and with a higher 
or comparable percentage conversion. 

Fur ther  work is in progress to establish complete 
mater ia l  and charge balances; to determine yields as a 
funct ion of current  density and concentration; and to 
determine the number  of electrons in the first electro- 
chemical step. 
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Comparison of Some Solutions for the Warburg Impedance 
of a Rotating Disk Electrode 

E. Levart and D. Schuhmann 
J 

Laboratoire d'Electrolyse du Centre National de la Recherche Scientifique, 92190 Bel levue,  France 

Homsy and Newman (1) have recently given the 
following solution for the Warburg  impedance of a 
rotat ing disk electrode, valid only for high frequencies 
and large Schmidt numbers  

o'(O) = -- ~ / j K  + 3 j /4K + 0(K -5/`2) [1] 

In  this equation (Eq. [12] in  their  paper) ,  K represents 
a dimensionless frequency and e' (0) is the derivative of 
a complex dimensionless t ime-vary ing  concentrat ion 
on the disk surface. 

Using the corresponding expressions obtained for 
Re[1/e ' (0)]  and Im[1 /e ' (0 ) ] ,  these authors have 
evaluated the real and imaginary  parts of the Warburg  
impedance. The error between their results and the 
exact solution does not exceed 2% for K = 10, which 
evident ly  offers an  improvement  over the Nernst  stag- 
nant  diffusion-layer approximation in  the region of 
intermediate  to large K. 

Meanwhile, we hav~ published a general  method for 
evaluat ion of the concentrat ion impedance for a rotat-  
ing disk electrode (2) which includes the problem 
above as a par t icular  case. Our asymptotic solution, 
valid for high frequencies and any finite value of the 
Schmidt n u m b e r  involved in electrochemistry, was 
given in the following form 

M~ = a- l /3  ~[u-1/`2 _ 1/4u-`2 

-]- 0.3~u -5/2 -~-,0(u-3)] [2] 

where T -- Sc -1/~ and u = x + J~. The dimensionless 
complex variable, u, is related to the f requency by 

Key words: Warburg  impedance,  ro ta t ing  disk electrode, asymp-  
totic approximat ion,  d imensionless  quant i ty ,  complex plane graph-  
ical representat ion,  

~r :_ ~ / ~ a  2/3 and to the rate constant  k of the chemi- 
cal reaction following or preceding charge t ransfer  by  

x -~ k / f l  ~a2i~ (for a first-order reaction, k = k -t- k) .  
M ~ (T,~), a dimensionless concentrat ion impedance, is 
the value of a very general  t ransfer  funct ion M (z,T,a) 
at the surface of the disk. M, which may  be considered 
as the inverse of the Nusselt (Sherwood) funct ion (3), 
is proport ional  to the local variat ions in  the concen- 
tration. 

For the case of the pure Warburg  impedance without  
chemical complications, Eq. [2] may  be wr i t ten  for 
very large Schmidt numbers  as follows 

Mo(T,~) : a - l / S x [ ( j ~ ) - l l ~  __ 1/4(j~ )-`2 W 0(~-7/`2)] [3] 

Since Eq. [3] is not usable for z ~- 0, we divide by 
M ~ (3,0) = (3/a) l l~r(4/3)T,  obtaining 

r = M o (T,~)/M~ 

~. [ ( ~ 0 " ) - - I / 2 _ _  1/4 (jO-) --,2 7L 0(~-71`2)]131isr(4/3) [4] 

If we replace r and ~~ in  Eq. [4] by their  respec- 
tive equivalents K/32/3 and 1 /0 ' (0 ) r (4 /3 ) ,  we get the 
following equat ion 

1/e'(0) : ( jK) -1/`2 + 3 /4 /~  ~- O(K -7/`2) [5] 

which is more advantageous than Eq. [1]. 
First of all, the expressions for the real and imagi-  

nary  parts of the Warburg  impedance derived from 
Eq. [5] 

Re[1/~ ' (0)]  : 1/~/2K zr 3/4K 2 [6] 
and 

Im[1/o ' (0)  ] ---- - -1 /N/2K [7] 
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are simpler than  the corresponding formulas of Homsy 
and Newman, (Ref. (1), Eq. [13] and [14]). Of course, 
the contrary may be said about the corresponding ex-  
pressions for the Warburg  admittance.  

The important  point  is that  the results obtained us-  
ing Eq. [6] and [7] agree much better  with the nu -  
merical  exact solution than  do the results from Homsy 
and Newman's  equations. As a mat ter  of fact, our  error 
does not exceed 0.2% for K :-  10, which is one order 
of magni tude  bet ter  than the 2% stated by these au-  
thors. The same error of 2% which they have for 
K ~ 10, we get for K ~ 5. Table I summarizes these 
results. 

We have found that  by cont inuing the (nonconver-  
gent) series expansion of Homsy and Newman we ob- 
tain the same result  as on inver t ing our continued 
expansion. Thus the lower error of our expression 
(limited, as is that  of Homsy and Newman, to the two 
first terms)  results from the smaller  contr ibut ion of 
the t runcated terms. 

We wish to take this opportuni ty  to add a word of 
caution concerning the graphical representat ion of such 
results in the complex plane. Such a representation,  
f requent ly  used, can be misleading if the corresponding 
frequencies are not indicated on the graph. For ex- 
ample, looking only at Fig. 1 of Ref. (1), we may think 
that  the proposed asymptotic solution agrees with the 
exact solution over the entire region where both 
curves are superimposed, that  is, up to K ~ 4. In  view 
of their accompanying numerical  data, this is evident ly  
not the case. We believe that for this purpose it is more 
convenient  to represent  separately the real and imagi-  
nary  parts of the reduced impedance vs. the reduced 
frequency, as we show here on Fig. 1. The data cal- 
culated by Homsy and Newman and those from our 
asymptotic solution are compared with the exact solu- 
t ion (continuous curves).  The black dots represent  the 
results obtained by another  approximation, valid only 
for low and intermediate  frequencies, which we had 
proposed in the paper  quoted above (2). These last 
data were calculated by dividing the values of Re (~-~ 
and Im(k~ published in Table 3 of that  paper, by 
(3/a) 2/3 _-- 1.8049. They agree perfectly with the exact 
solution over the entire region of frequencies from 
K = 0 t o  K ---- 30 at least. 

Manuscript  submit ted Dec. 30, 1974; revised m a n u -  
script received March 25, 1975. 

Table I. Solutions for the real and imaginary parts of 1/~'(0) 

H o m s y  Levart  and 
and N e w m a n  S c h u h m a n n  E x a c t  s o l u t i o n  

K Re -Irn Re -Im Re -Im 

3.5 0.4055 0.3398 0.4392 0.3780 0.4561 0.3474 
5 0.3304 0.2991 0.3462 0,3162 0.3556 0.3115 
7.5 0.2647 0.2510 0.2715 0.2510 0,2735 0.2588 

10 0.2273 0.2197 0.2311 0.2236 0.2314 0.2240 
20 0,1591 0.1572 0 . 1 6 0 0  0 . 1 5 8 1  0 . 1 6 0 0  0,1581 

0.35 
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K 

! 

i m [ 1 / ~  -0.2 

. . . . . . . -  

-0.25 
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Fig. 1. The dependence of the real and imaginary parts of the 
Warburg impedance 1/~'(0) on the reduced frequency K. (X), 
Homsy and Newman's asymptotic solution; ( �9  our asymptotic 
solution; (e) ,  our low-frequency solution; continuous curves, 
exact numerical solution. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1976 JOURNAL. 
All discussions for the June  1976 Discussion Section 
should be submit ted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Centre National de la Recherche Scientifique. 

SYMBOLS 
General ly  used: 
a 0.510233 
j ~ / - 1  
Re, Im real and imaginary  parts of a complex quan-  

t i ty 
k chemical-reaction rate constant, sec -1 

angular  frequency (pulsatance) of a l ternat-  
ing current,  rad/sec 
rotation speed of disk, rad/sec 

Sc Schmidt number  

Used by Homsy and Newman (all are dimensionless) : 
complex t ime-vary ing  concentrat ion 

1/~'(0) Warburg  impedance 
K frequency 

Used by Levart and Schuhmann (all are dimension- 
less): 
M o 
U 
~o 

k~ 

concentrat ion impedance 
complex variable related to x and 
Warburg impedance 
first coefficient in  the series expansion of M ~ 
in powers of T 
frequency 

T Sc -1/3 
x reaction rate constant 
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Note on the Stability of Impregnated Paper Separators 
Barbara A. Campbel l  and J. R. Daf ter*  

ESB Incorporated, Yardley, Pennsylvania 19067 

Impregnated paper separators, made by typical 
paper-forming techniques, then impregnated with 
thermosett ing resins, are widely used in  automotive 
bat tery technology. They possess distinct cost advan-  
tages compared with microporous rubber  or sintered 
polymer separators. They are adequate for shallow 
cycling use typical of automotive storage batteries. 
They tend to fail after a few hundred  cycles when  dis- 
charged at 5 and i0 hr rates. The mechanism of failure 
is not clearly defined but  related to physical and 
chemical stability. 

Our investigation of stabil i ty is based on x - r ay  dif- 
fraction measurements  of the crystall ine cellulose pres- 
ent in the separator matrix. Hermans and Weidinger 
have explored the question of crystal l ini ty and re- 
crystall ization in  a series of papers (1-3). The question 
on order or crystal l ini ty of cellulose has been discussed 
at some length (4-6). For the purposes of this study 
the term crystal l ini ty serves well. 

We have not used the same technique but  have con- 
centrated On direct x - ray  comparisons of the crystal-  
l ine material  in un impregnated  paper, finished, and 
used separators. Using typical diffractometer tech- 
niques and postsample monochromated Cu-radia t ion 
(), = 1.543A), we obtained pat terns very similar to 
those Hermans and Weidinger (1) obtained with a 
microcamera and a carefully compressed plug of sam- 
ple. As in the case of Hermans and Weidinger, all sam- 
ples tested gave diffuse peaks in the region 8-15 ~ 2~, 
and a much taller, less diffuse peak in the neighbor-  
hood of 22 ~ 2e. All samples tested were derived from 
the same source of s-cellulose. 

Experimental  
A large bundle  of impregnated paper separators was 

selected and cut in quarters, the samples then shuffled 
and divided into groups for storage in sulfuric acid. 
About  50 such chips were stored at 125~ in  sulfuric 
acid of three concentrations. In  addition, one acid me-  
d ium was saturated with PbSO4. The acid concentra-  
tions were defined by the following specific gravities; 
1.260, 1.280, and 1.325. Samples were taken from acid 
storage at intervals and examined by x - ray  diffraction. 

A number  of automotive batteries were fabricated 
and put  on cycle testing. The testing (SAE Schedule K) 
consisted of discharging for 1 hr at 20A followed by 
charging at 5A for 5 hr. Separators were taken at 5 
and 9 week intervals  and washed thoroughly in  cold 
water to free the surfaces of Pb-sal t  accumulations. 
After  drying the samples, representat ive chips were 
taken for x - r ay  analysis. All sets of x - ray  diffraction 
scans were made with a "blank" chip of the basic 
a-cellulose used in the paper matrix. This was done to 
allow normalizat ion of diffractometer intensities to a 
s tandard value. A Philips Electronics Mark II x - ray  
diffractometer was used to obtain x- ray  intensi ty  data. 
The analyses were done at Cu-target  parameters  of 35 
kVA and 15 mA x- ray  current.  Figure 1 indicates typi-  
cal diffractometer traces for unimpregnated  paper, 
v i rgin  separators, and separators stored 3690 hr  in  1.280 

* Electrochemical  Society Act ive Member .  
Key  words :  cellulose, crystal l ini ty,  x - r a y  diffraction, lead-acid 

separators .  
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Fig. I. X-ray diffraction traces. A, Scan of a-cellulose raw ma- 
terial; B, unused separator; C, separator after storage in 1.280 
specific gravity H2SO4 at 125~ for 3690 hr. All scans were 
done at the same x-ray field strength and tube current. 

specific gravi ty  H2SO4. Counts and relat ive intensities 
were also normalized with respect to density of the 
cellulose compacts. 

Discussion 
Hermans and Weidinger and others compared inte-  

grated intensi ty measurements  to arr ive at a measure 
of cellulose crystallinity.  In this work, the integrated 
value of the major  crystall ine peaks are compared with 
those obtained with samples of un impregnated  paper. 
The measurement  was made by establishing an arbi-  
t rary  base l ine  on the l ine between intensities at 8 and 
30 ~ The integrated areas, Ax, are then compared to 
those of the untreated source of a-cellulose, Astd, then 
corrected for density. Table I shows data from separa- 
tors stored in 1.280 H2804, 1.325 H2SO4, and separators 
taken from batteries cycled for 5 and 9 weeks. 

Table ]. Crystallinity index: paper separators Ax/Astd 

Acid storage 
Hours  at 125~ 

Cycled battery samples 
Weeks  cycled at  125~ 

Specific 
g r a v i t y  0 1360 3690 5 (140 cycles) 9 (252 cycles) 

1.280 0.59 0.55 0.42 
1.325 0.59 0.48 0.42 0.063 0.080 

Work in this study shows that  impregnated paper 
separators possess excellent long- term resistance to at-  
tack by H2SO4 at specific gravities much higher than 
those encountered in automotive bat ter ies .  The basic 
s-cellulose structure, measured by an index of crystal-  
linity, is not severely attacked during static storage. 
During cycling, however, the index of crystal l ini ty de- 
creases very rapidly. Work started here suggests this 
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Table II. Crystallinity index: separators stored in 1.260 H2S04 
saturated with PbS04 

Hours  at 125°F Ax/Astd 

0 0.55 
1360 0.39 
2400 0.29 

may  be due to physical  damage.  Uncycled separa tor  
pieces, s tored at  125°F in 1.260 H2SO4 sa tu ra t ed  in 
PbSO4, suffer a s imi lar  decrease in  c rys ta l l in i ty  over  
s imi lar  s torage periods. The da ta  are  summar ized  in 
Table  II. I t  is indicated that  the dynamic  processes of 
so lu t ion/dissolut ion  of the PbSO4 imbibed  in the fiber 
ma t r ix  may  stress the fiber ma t r ix  to a sufficient ex tent  
to damage the basic mater ia l ,  lowering the crys ta l l in i ty  
index.  

The grea te r  resistance to degrada t ion  in 1.325 I--I2SO4 
compared  to the losses of c rys ta l l in i ty  in 1.260 acid 
pltm PbSO4 suppor t  this argument .  In  cycling, the  dy-  
namic processes of so lu t ion/d issolu t ion  degrade  the  
cellulose ma t r i x  to a g rea te r  degree over  shor ter  
per iods  of time. 

Independen t  microscopic examina t ion  of cycled sepa-  
ra tors  found f requent  examples  of br i t t le  f rac ture  of 

the fibers. In cycled separators, in which considerable 
amounts of Pb-salts are imbibed and trapped in the 
fiber matrix, considerable physical damage to the cellu- 
lose is expected. Shedding and shape change of elec- 
trodes deposit salts and stress the cellulose in a sig- 
nificant way. 

Manuscript submitted March i0, 1975; revised manu- 
script received April i, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1976 JOURNAL. 
All discussions for the June 1976 Discussion Section 
should be submitted by Feb. i, 1976. 

Publication costs of this article were partially as- 
sisted by ESB Incorporated. 
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Absolute X-Ray Efficiencies of Some Phosphors 
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ABSTRACT 

Efficiencies of various powder phosphors under  x - ray  excitation are deter- 
mined. Thin  layers are used to minimize the loss in light output  due to 
scattering and absorption of the emitted luminescence. The luminescence of 
the layer is measured with the aid of a calibrated photomultiplier.  The ab-  
sorbed x - ray  radia t ion is measured with a scinti l lat ion crystal. The efficiencies 
found are of the order of the cathode-ray efficiencies; calcium tungstate  has 
the largest deviation. 

A review of published data (1-5) on the efficiencies 
of phosphors with x - ray  excitat ion is given in the 
paper  of Ludwig (6). The author reports efficiencies of 
powder phosphor layers i rradiated with x- rays  gen- 
erated by radioisotopes with energies between 27 and 
122 keV. The light output was measured as a function 
of the weight per square centimeter  of the layer  while 
the x - r ay  absorption was calculated with the aid of 
tables published by Storm and Israel (7). 

As is weI1 known, the light output  of a phosphor 
screen used as a front screen is often different from the 
light output  when used as a back screen. (Front  screen 
output  means the output  at the nonirradia ted side; back 
screen that  at the i rradiated side). This difference in 
light output  is due to absorption of the luminescent  
radiat ion in the layer. The path length of this radiat ion 
is much longer than the real thickness of the layer (the 
la t ter  is general ly more than  100 ~m) because of scat- 
tering of the luminescent  radiat ion by the phosphor 
gr.ains. With the aid of the formulas of Hamaker  (8) 
and Klasens (2) the measured light output  can be 
corrected for the loss. This was done by Ludwig, who 
found a reasonable agreement  between cathode-ray 
efficiencies and the corrected x - ray  efficiencies of the 
phosphors considered. However, the disadvantage of 
this method is that  very large corrections are general ly 
necessary, the real efficiency being 3 to 6 t imes higher 
than the values measured. Sometimes the difference is 
even greater. The marked influence of the scattering is 
demonstrated in  Fig. 1, where the output  curves are 
given for the small  grain size fraction ( <  8 ~m) and 
the large grain size fraction ( >  26 ~m) of CsI-Na 
powder layers as a function of powder weight. We de- 
termined these curves experimental ly;  the spectral 
power  dis tr ibut ion of the exciting x - r ay  source is given 
in  Fig. 2. The opt imum front screen output  of the small  
grain  size fraction is very  small  compared with that  of 
the large grain size fraction due to the stronger scat- 
ter ing (i.e., more absorption) as a consequence of the 
smaller  grain size. 

This is contrary to the case of cathode-ray excitation 
of, e.g., 20 keV, where the correction required for front 
screen output  is only small  [generally 10% or less, see 
Bril and Klasens (9)],  due to the fact that  the penet ra-  
tion depth of fast electrons is only a few micrometers. 
Therefore th in  layers can be used in that  case for max-  

K e y  words: luminescence, i~luoreseence, x - r a y  exci ta t ion,  r a d i a n t  
efficiencies. 

imum absorption of the cathode rays. In  order to ob- 
ta in  a negligible correction for the light output  with 
x- ray  excitation we used thin layers in the lat ter  case 
too. 

The absorption of the x-rays  in  the layer was also 
measured, because the values given in the tables are 

C~ 
. ~ 5  

, , , . . . .  

t 
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-~ X-ray exc. 
~in size < 8~urn 

( 
1 ~ 1  I 

250 500 750 
d 

0 
0 

- ~  X-ray exc. 6prn 

l ~ - - I  I 
250 500 750 

Fig. 1. Front screen (F), back screen (B), and total light output 
(T) as a function, of layer thickness for a sample of CsI-Na. (a) 
Grain size ~ 8/~m, (b) grain size ~ 26/~m. 
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Energy, outpu~ 'PrectJx' 
8 -  fi lter 2cm AI 

d/stance 13.5 cm 
_ ~ZZfot = 8.3 erg/crn 2 sec 

6 -  

_ 

~¢_ 

2,- 

l 

0 
~/'210 3O 4O 50 GO 7O 8O 

- - -~"  E (keV) 
Fig. 2. The spectral power distribution of the x-rays emitted by 

the "Practix" x-ray tube, filtered by 2 cm AI. 

not quite valid for use in  the case of x - r ay  lumines-  
cence for reasons explained in  the last section. 

Exper imental  
The x - ray  source used was a Philips "Practix" tube, 

operated at a voltage of 75 kV and a tube current  of 
1 mA. An a luminum filter with a thickness of 2 cm was 
placed in front of the tube to make the spectral band-  
width narrower.  The spectral power distr ibution and 
absolute output  of the combinat ion was measured in  
our laboratory by  Van der Linden  and De Wijk  (10) 
with the aid of a scinti l lat ion spectrometer in  which a 
NaI crystal wi th  photomult ipl ier  was employed as a 
detector. The spectral power distr ibution is shown in 
Fig. 2. We chose the thickness of the phosphor layer  as 
equivalent  to a screen weight of 25 mg/cm 2. The layer  
was applied be tween two quartz plates. F rom Ha- 
maker 's  formulas it was calculated that the loss in  
light output  due to scattering in  such th in  layers is 
only a few per cent for a wide range of x - r ay  absorp- 
t ion coefficients. 

A schematic drawing of the setup used for measur ing 
the luminescence output  of the phosphors is shown in 

I supply I 75kV lrnA i X-roy tube [ 
2emAI I~- I 

sample 

diaphragm 
I ~ ................. lead sh&Id 

~/ ~ell iptie mirror 

I 

-de~ector 

Fig. 3. Schematic diagram of the light output measurement 

Fig. 3. The x - r ay  beam falls on the phosphor layer  
through a lead diaphragm producing an i rradiated area 
of 1 cm diameter  on the sample. Just  below the sample 
a blackened lead shield is placed to prevent  x - rays  
from reaching the photomult ipl ier  and to absorb the 
luminescence emitted from the front  side of the layer. 
The total  back screen emission is collected by a 2n- 
geometry elliptic mir ror  (11) and focused onto the 
detector. The light t ransmission of the system is cali- 
brated by first directing a light beam via a magnes ium 
oxide screen toward the photomultiplier.  Then the 
MgO screen is taken away, so that the light beam falls 
directly onto the detector. The t ransmission of the 
elliptic mir ror  system was found in this way to be 
63 %. The spectral and absolute response of the photo- 
mul t ip l ier  we used was measured with the aid of a 
Philips 150 uv photocell calibrated by the National  
Physical Laboratory in  Teddington (Great  Bri ta in) .  

The z - r a y  absorption coefficients were both calcu- 
lated and measured. The measurement  was carr ied out 
in  the following way (see Fig. 4). The x- rays  t rans-  
mit ted by the phosphor layer  ,are converted into visible 
radiat ion by a plaque of CsI-T1 which covers the win-  
dow of a photomultiplier.  The la t ter  collects the gen- 
erated visible radiation. In  order to obtain a more ac- 
curate value of the absorption, thicker layers are used 
in this case than for the luminescence measurements .  
To obtain the x - ray  absorption coefficient two mea-  
surements  are carried out: (4) The t ransmission of the 
x-rays  is measured with the sample placed at a large 
distance from the detector (Fig. 4a). (it) The t rans-  
mission of the x- rays  is measured when  the sample is 
placed on the detector (Fig. 4b). In  the la t ter  case 
near ly half of the escaping x - r ay  fluorescence also 
reaches the detector. From these two measurements  the 
mass absorption coefficients can be calculated: (~/p)F 
when the escaping parts of the x - ray  fluorescence is 
taken into account and (~/p) NF when  the x - ray  fluores- 
cence is not considered (see next  section). The x - r ay  
absorption coefficient is denoted by  ~, the density by  p. 

t,r 

X-roy "E fluorescencej¢/ 

X- n~y tube 

I 

I I I '~, 

defector ,PM 

b) 

Csl "-TI 

PM delector 

a) 
Fig. 4. Schematic diagram of the x-ray a b s o r p t i o n  measurement. 

(a) Detector and sample far apart, (b) detector and sample as 
close as possible to each other, PM ~ photomultiplier tube. 
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Table I. Calculated and measured x-ray absorption coefficients 

(]~/p)tot,a (cal- (IL/p)~F (mea- (~/p)tot,en (cal- (~/.0)F (mea-  K-absorpt ion 
Phosphor culated),  ClTi2/g sured),  cm2/g culated),  cm'2/g sured) ,  cm: /g  edge, keV 

CaWO~, NBS No, 1026 3.83 3.48 3,50 3.53 69.5 
Zn2SiOt, NBS No. 1021 1.64 1.90 1.54 1.43 -- 
ZnS-Ag,NBS No. 1020 1.97 2.05 1.83 1.85 - -  
BaSi2Os-Pb, NBS No. 1032 6.19 5.2 3.15 4.75 37.4 
(0.68 Zn, 0.42 Cd) S-Ag 

(TV-sample) 4.86 5.02 8.43 4.00 26.7 
(0.64 Zn, 0.36 Cd) S-Ag 

(large grain size) 4.48 3.86 3.19 3.75 26.7 
CsI-Tl 11.7 1O.1 6.27 8.15 33.2-36.0 
La~O2S-Tb 9.20 9.3 4.82 7.5 38.9 
Gd202S-Tb 8.08 7,7 4.14 5.7 50.2 

Results and Discussion 
We compare the measured absorption coefficients 

with those calculated from the extensive tables pub-  
lished by .Storm and Israel  (7). F rom the coefficients 
given in  these tables (.a/p)tot, a refers to the absorption 
determined by the difference of the incident  mono-  
chromatic x- radia t ion  and the t ransmit ted  x-radia t ion 
of the same wavelength.  The coefficient (~/p)tot,en also 
accounts for the escape of the emitted x - ray  fluores- 
cence of longer wavelengths than  that of the incident  
x-rays.  In practice however, only part  of the x - r ay  
fluorescence is absorbed and gives rise to luminescence. 
Therefore (]~/P)tot ,  en does not give the correct absorp- 
t ion for our efficiency measurements ;  moreover in the 
table all  data refer to the e lement  in  consideration 
while the phosphors are composed of a number  of ele- 
ments. Consequently the absorption of the x - ray  fluo- 
rescent radiat ion will be different from that assumed in  
the table, especially in cases where the K-absorpt ion 
edges of one or more of the consti tuent elements of the 
phosphor lie wi thin  the region of the spectral power 
distr ibution of the x-rays.  Therefore, it is better  to use 
the absorption coefficient (~/p)F as defined in the 
experimental  section. From the foregoing it is evident  
that the measured absorption coefficients (~/p)F will 
have a value between ( # / p ) t o t , a  and (~/p)tot, en. The 
results of the absorption measurements  are given in 
Table I, together with ( ~ / P ) t o t , a  and (]~/p)toLen from 
Storm and Israel 's tables. We see that the measured 
( ~ / P ) F  does indeed lie between the calculated (~t /p) tot ,  a 
and (#/p)tot,en within  the error of measurement,  and 
that the deviation be tween ( ~ / P ) F  and ( ~ / p ) t o t ,  en is 
large in the cases where the K-absorpt ion edges of 
the phosphor elements play a role, as is expected (e.g., 
CsI-T1 and La202S-Tb). 

We also see from the table that  the calculated ab-  
sorption coefficient (~/p) tot.a is in reasonable agreement  
with the absorption coefficient (~/p)NF measured with 
the detector at a large distance, as should be the case. 
However, these figures (~/p)NF cannot be used in  our 

Table II. Radiant efficiencies 

Cathode-ray 
X- ray  exei- excitation 

Phosphor ration, % (20 keY), % 

CaWO4, NBS No. 1026 6.5 3 
CaWO~, larger  grain size 8 3,5 
Zn~SiO~. NBS No. 1021 11.5 8 
ZnS-Ag,NBS No. 1020 17 21 
Bafii.~Os-Pb, NBS No. 1032 3.5 4 
BaSi,_,Os-Pb, own sample  3.5 4 
(0.58 Zn, 0.42 Cd) S-Ag 

(TV-sample) 14.5 21 
(0,64 Zn, 0.36 Cd) S-Ag 

(large grain  size) 19 19.5 
CsI-Tl 10 9 
La202S-Tb 12.5 11 
Gd~O~S-Tb 13 11 

exper iment  because of the reason ment ioned above. 
Table iI  gives the radiant  efficiencies of the phosphors 
as determined from the measured absorption coefficient 
(~/p) F and the measured light output. Also given in  the 
table are the radiant  efficiencies we obtained with 
cathode-ray excitat ion [excitation voltage 20 kV; thick 
layer  in a demountable  tube, see Ref (9) ]. 

A reasonable agreement  is found for most phosphors 
when the efficiencies for x - r ay  and cathode-ray excita- 
t ion are compared. An  exception is CaWO4, which is 
often used for x - ray  screens. We found for x - ray  
excitation about twice the value for cathode-ray ex- 
citation, for which we have no explanat ion up to now. 
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Resolution of X-Ray Intensifying Screens 
A. F. Sklensky,* R. A. Buchanan, T. G. Maple,* and H. N. Bailey 

Lockheed  Palo Al to  Research Laboratory, Palo Alto,  California 94304 

ABSTRACT 

The purpose of this s tudy is to exper imenta l ly  explore the dependence of 
the speed and resolution of radiographs on the thickness and phosphor pack- 
ing density of rare earth oxysuitiae intensifying screens. The quant i ta t ive 
dependence of resolution on the following parameters  is also discussed: the 
wavelength of the emitted light, the presence of a reflective backing, the con- 
centrat ion of dye in  the blncter, and the use of double screens and film 
vs. single screens and film. It is found that a trade-off exists between speed 
and resolution for variat ion of screen thickness, the placement  of a reflec- 
tive backing on the screen, and dye in the binder, and the use of double 
screens anct film. The green-emit ted  light gives a slight, but  usual ly negli-  
.gible aecrease in resolution over b lue-emit ted  light, increased packing density 
increases the speed with li t t le or no sacrifice of resolution. 

The resolution that  an x - r ay  in tensi fying screen 
permits  on a radiograph is a key factor in determining 
radiographic quality. Nevertheless, we have been un -  
able to find any l i te ra ture  t reat ing screen construction 
technique. 

X- r ay  intensifying screen properties are only one 
factor in  de termining quality. Image qual i ty  is deter-  
mined  by many  factors. First, we have the properties 
of the subject itself such as x - r ay  absorption contrast, 
scattering, and the spatial f requency of the image. 
Next are the properties of the x - r ay  source and the 
geometry involved , such as focal spot size and shape, 
the film to focal spot distance, and the energies of the 
x - r ay  photons. Finally,  we have the film characteristics 
and screen characteristics. Screen characteristics may 
be broken  down into categories, such as technique 
(single screen and film vs. double screen and film), 
phosphor properties (speed, optical properties, response 
to x - r ay  photons of different energies, and the energy 
of emitted photons),  and manufac tur ing  parameters  
(uniformity,  phosphor particle size, the presence or 
absence of a reflective backing, the optical properties 
of the binder, the thickness of the screen, and particle 
packing densi ty) .  

Of these many  factors, our interest  is in the effect 
that an increase in  phosphor speed can have on the 
speed and resolution of a radiographic system. It is 
self-evident  that  greater speed in the phosphor permits  
greater  speed in  the screen for a given resolution. The 
purpose of this paper is to show some ways in which 
greater speed in the phosphor also permits  greater 
resolution for a given speed. 

The reason for our  interest  in  the changes in radio- 
graphic qual i ty  that  result  from an  increase in phos- 
phor speed, is that  the oxysulfide phosphors were de- 
veloped in  our laboratory (1-3). We have been ex- 
ploring the implications of their use in intensifying 
screens. 

Other work in  the area of image qual i ty  in  radio-  
graphs has been clone by Rao (4-6) and Morgan (7-8). 
Rao has integrated considerations of film gamma, sub- 
ject contrast, scattering, quan tum mottle and spatial 
f requency of the subject, and frequency response of the 
screen-film system, into a single expression for a quan-  
t i ty he calls the image contrast function. 

It is shown in  this paper  that  variations in  screen 
manufac tur ing  parameters  result  in variations in the 
speed and resolution obtainable  with screens. Gener-  
ally, but  not always, a trade-off exists between speed 
and resolution. The amount  of speed that  must  be 
traded for increased resolution is greater for some 
variations in manufac tur ing  techniques than for others. 
We present  here the effect of varying (i) the screen 
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thickness, (it) dye concentrat ion in the binder,  (iii) 
the use of a diffusely reflecting layer  between the 
phosphor coating and the Mylar substrate, (iv) the 
packing density of the phosphor particles, (v) the 
wavelength of the light emitted by the phosphor, and 
(vi)  the use of two screens and double-coated film in 
place of a single screen and single-coated film. 

Experimental Technique 
Screens and films used.--Commercial ly  available 

phosphors from various sources were usect in the man-  
ufacture of the screens. The rare earth oxysulfide 
(REOS) materials y t t r ium oxysulfide (YOS), lan tha-  
num oxysulfide (LOS), and gadol inium oxysulfide 
(dOS)  were the pr imary  materials  studied. The par-  
ticle size within each batch varied from 10 to 20 #m 
down to a fraction of a micron. In addition, the aver-  
age particle size in  each batch of phosphor varied from 
about 10 to about 3 ~m. Since extensive mil l ing of the 
powders damages their fluorescent properties and sepa- 
rat ion is difficult, we did not control particle size and 
particle size was not studied as a parameter .  

Screens were prepared in our laboratory by dispers- 
ing the phosphor material  in a b inder  (B48N from 
Rohm and Haas) and drawing the mix ture  with a 
doctor blade. A 10-mil Mylar substrate was used. When 
a reflective backing was applied, the mater ial  used was 
Ti02. It was also drawn with a doctor blade. For the 
dye experiments,  Oil Red 0 was added to the binder. 
To determine the effects of a greater packing density, 
a port ion of our phosphor was sent to Hymen  labora-  
tories where screens were pressed under  a force of 
725 psi. A density of 4.13 g/cm 3 was achieved, com- 
pared to 3.25 g/cm~ that  results from our s tandard 
laboratory procedure of simply drawing the screen. 
The bulk  density for dOS is 7.4 g /cm 8. 

Four  different film types were used. For applications 
where single-coated film was needed, Kodak SB-54 
was used as the blue-sensi t ive film, and Kodak Type O 
was used as the green-sensi t ive film. Du Pont Cronex 4 
was the double-coated blue-sensi t ive film, and an early 
prototype green-sensi t ive film from 3M was used for 
the double-coated green-sensi t ive film. Where two 
screens have been used, the back screen is the same 
thickness as the front screen. 

Speed and resolution measurements . - -To  determine 
the properties of the screens, a s tandard tungs ten  
target  medical x - ray  source was used. Characteristic 
curves were determined by placing an optical step 
wedge between the screen and the film. The speed 
measurements  at 90 kVp were made by placing a 1 in. 
thick a luminum plate in the beam. A coarse s tat ionary 
grid (60 lines ,per inch, 6:1 ratio) was used in these 
experiments  to reduce the scattered radiat ion level. 
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The speed measurements  at 30 kV,  were  made without  
the a luminum plate or the s tat ionary grid. 

Most resolution measurements  were  made with  a 
single screen and single-coated film with the emulsion 
touching the screen. The screen was placed between 
the x - ray  source and film. All  resolution measurements  
were  made at 30 kVp. A lead bar pat tern  f rom Emil  
Funk (Type 53.G) was placed immediate ly  in front  of 
the cassette. The lead grid is 50 ~m thick and the bar 
pat tern  spatial f requency varies f rom 0.25 to 10 1p/ram. 
The film densities behind the grid for each spatial f re-  
quency were  converted f rom m a x i m u m  and minimum 
densities to max imum and min imum exposures through 
the characterist ic curves previously determined at the 
same kVp. We then plotted (Emax -- Emin)/(Emax "~ 
Emin) vs. spatial frequency.  In other cases, cross plots 
are shown of the f requency at which (Emax -- Emtn)/ 
(Em~• + Emj~) drops to 0.2. 

The effects of noise on resolution are not considered 
here. Noise in a radiograph has many  sources; for ex-  
ample nonuniformities in the screen construction or in 
the film, film grain, and quantum mottle. The slit 
height on our densitometer is 2 ram, so all but the 
lowest spatial frequency noise components are aver- 
aged out of our measurements. 

The decision to measure the speed at 90 kVp and 
resolution at 30 kVp was somewhat arbitrary. The 90 
kVp, heavily filtered, speed measurement corresponds 
to typical diagnostic medical procedures. However, the 
30 kVp single-screen technique for measuring the reso- 
lution does not. These latter conditions were chosen so 
that the x-rays would be absorbed far from the film 
and the light would have a significant distance to scat- 
ter through the screen. This maximizes the effect on 
the resolution of the various parameters being varied. 
In addition, the contrast from our lead foil resolution 
grid is greatest at the low kVp, so we can measure the 
resolution differences more accurately. 

Exper imenta l  Results and Discussion 
Screen thickness.--Figure 1 shows the changes in 

speed at 90 kVp and resolution at 30 kVp that  result  
from changes in the screen thickness. Measurements  
were  made on both GOS and LOS screens. All  the ex-  
posures were  made with  green sensitive f i l m  except  
the f requency response of GOS which was measured 
with  SB-54 film. Speed measurements  were  made with 
double screens, the 1 in. a luminum block, and the sta- 
t ionary grid. 

The scales that were  chosen for presentat ion of these 
data were  l inear  in both the spatial f requency and ex-  
posure. That is, a factor of 2 increase in exposure t ime 
will  appear the same on these plots as a factor of 2 
increase in resolution. This should be kept  in mind 
while in terpret ing our results. 

�9 LOS EXPOSURE 

[] LOS DETAIL 

�9 GOS EXPOSURE 

O OOS DETAIL 

I I 1 I I I I I I  I I 
Io 

SCREEN THICKNESS (MILS) 

o. 

I 
5o 

Fig. 1. Speed and resolution as a function of screen thickness. 
Screens are drawn, have no dye, and no reflective backing. Exposure 
values measured with double screens, and with green-sensitive, 
double-coated film. Resolution of LOS was measured with Type 0 
film; of GOS with SB-54 film. 

For both phosphors, at large thickness values (>  6 
mils) the 90 kVp exposure decreases l i t t le  with increas- 
ing screen thickness, while the 30 kVp resolution con- 
tinues to decrease. At small thickness values (below 
5 mils) exposure increases rapidly, even on the log 
scale used, toward the no-screen exposure value. Reso- 
lut ion increases with the same slope as at higher screen 
thickness values. The difference in resolution between 
LOS and GOS screens is tenta t ively  ascribed to the dif- 
ference in part icle size be tween  the phosphors. It is not 
bel ieved to be due to a difference in phosphor proper-  
ties, such as the x - r ay  absorption or energy conversion 
efficiencies. 

Resolution changed by about a factor of 3 over  the 
range of thickness values studied, while  exposure 
varied over a factor of 3-6. 

Dye concentration.--Figure 2 shows the improvement  
in resolution that is obtained through the use of dye 
in the binder. The increased exposure necessary is also 
shown. Both measurements  were  made at 30 kVp. 

Most of the l ight  emit ted by the LOS is green. GOS 
emits l ight in both the green and the blue. The red 
dye placed in the binder  absorbs the l ight emit ted by 
both phosphors. Since l ight that  is scattered a greater  
distance f rom the energy conversion event  t ravels  a 
longer  path length than l ight that  is scat tered less, the 
former  undergoes grea ter  a t tenuat ion and resolution is 
increased by the inclusion of dye in the binder. How- 
ever, all the emit ted l ight undergoes attenuation, so the 
exposure increases wi th  dye concentrat ion also. 

For the thick GOS screens, there  is a larger  increase 
in resolution at low dye concentrations than at h igher  
dye concentrations. For the th inner  LOS screens, the 
initial improvement  in resolution appears to require  no 
increase in exposure. Over the entire range of the mea-  
surements for both phosphors, a 25% increase in reso- 
lut ion requires about a 100% increase in exposure. 
That is, only a re la t ive ly  small increase in resolution 
was observed for a large increase in exposure time. 

Packing density.--The high packing density screen 
displayed an increase in the speed at 90 kVp (Fig. 3) 
with a negligible decrease in resolution at 30 kVp (Fig. 
4). The 7.2 rail high packing density screen requi red  
less exposure than the 12.5 rail drawn screen. The 7.2 
rail h igh packing density screen has the same amount  
of phosphor per square cent imeter  as a 9.2 mil  d rawn 
screen. 

Since we only had one screen avai lable and were  
unwil l ing to cut it to obtain two screens for a double-  
screen, double-fi lm experiment ,  all the data shown in 

~o oo~~ 

�9 8 M I L  GOS D E T A I L  

[~ 3,5 MIL LOS EXPOS-ORE 

�9 3 . 5  M I L  LOS D E T A I L  ~ 

I I I J I 
1 2 3 4 5 

W E I G H T  OF D Y E / W E I G H T  O F  P H O S P H O R  (X10 5) 

Fig. 2. Speed and resolution as a function of dye concentration. 
Screens are drawn and have no reflective backing. Exposure and 
resolution of GOS screens measured with SB-54 film, and of LOS 
screens with Type 0 film. 
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I I I d 

HIGH PACKING DENSITY GOS (7,2 N[IL 

0.5 1,0 1,5 2.0 2.5 
LOG RELATIVE EXPOSURE 

Fig. 3. Comparison of screen speed at 90 kVp between a high 
packing density screen and drawn screens. One inch of aluminum 
and a stationary grid were placed in the x-ray beam. All measure- 
ments use single screens and SB-54 film. 

JJ 
10 -1 

7 .8  M I I Z  

10 .5  

(7 .2  MILS) 

GOS 
30 kVp 

SB54 F I L M  

1o-2 f I I I I I I [ I I I I I I 
1 

SPATIAL FREQUENCY ( lp /mm)  

Fig. 4. Comparison of GOS screen resolution at 30 kVp between a 
high packing density screen and drawn screens. SB-54 film was 
used. 

the  figures were  taken with  single screens and single- 
coated film. 

Reflective backing.--Figure 5 shows the decrease in 
resolut ion at 30 kVp that  occurs when  a reflective back-  
ing is placed on the screen. Evident ly  the increased 
scattering the reflected l ight undergoes decreases the 
resolution. 

At low spatial frequencies, the two curves are near ly  
coincident, as would  be expected if the SWRF for both 
is to go to 1 as f ~ o. At  high frequency,  the two 
curves join again. About  a 30% decrease in exposure 
t ime results in about 13% decrease in resolut ion at the 
20% (Em~x -- Emin)/(Emax + Emin) point. 

Wavelength oi emitted photons.--Figure 6 shows the 
resolut ion of thin YOS screens at 30 kVp as measured 
by green-sens i t ive  film and by blue-sensi t ive  film. 
Green-emi t t ed  l ight  is seen to give poorer  resolut ion 
than b lue-emi t t ed  light. Since the film sensit ivity is 
broadband the effect is small. However ,  it does appear  

10 -1  

lO -2  
10 -I 

]NG 

O 

5 . 8  M I L  GOS 

i 
1 10 

I p / m m  

Fig. 5. Resolution of screens with and without a reflective back- 
ing. T h e  exposure  a t  30  kVp using the  screen  with  the  back ing  
was about 70% that used for the screen without the backing. SB- 
54 film was used. 

i 

1.0 

.( I I I I I I I ] ]  I I i i i I I  
1 I I0 

J p / m m  

Fig. 6. Resolution of single and double screens, with no reflective 
backing, using blue-sensitive and green-sensitive film. The double- 
screen measurements were made with 25 sec exposures and ffd 
98 cm. The SB-54 film was exposed 4.8 sec and the Type 0 for 27 
sec at f fd ---- 47 cm. 

to be real. It  was observed for both single and double 
screens, as may be seen in the figure. The exper iments  
were  repeated for GOS screens, and similar  results 
were  obtained. In addition, (Emax -- Emln)/(Emax + 
Emin) was measured as a function of f requency for the 
films without  screens and their  f requency response was 
found to be the same, wi thin  the accuracy of the mea-  
surements.  

Double screens.--The decrease in resolut ion at 30 
kVp that  results f rom using double screens and double-  
coated film is also evident  in Fig. 6. The decreased 
resolution is presumed to be due to spreading of l ight 
as it t raverses the greater  distance through the film 
base to the emulsion that  is not in contact wi th  the 
screen that  emit ted  the light. At MTF _-- 0.2 the reso- 
lution is decreased by about 30% for double screens 
and double-sided film re la t ive  to single screens and 
single-sided film. The decrease in exposure necessary 
is not known, but  would not be expected to be greater  
than 50%. 
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Conclusions 
An empir ica l  s tudy has been presented  of  six of the 

m a n y  screen pa rame te r s  tha t  affect resolution,  which  
may  be va r ied  at the  screen designer 's  discretion. Most 
involve a t rade-off  be tween  speed and resolution. High 
phosphor  packing density,  however ,  appears  to in-  
crease speed wi th  l i t t le  or no sacrifice of resolution.  
The t rade-off  for  green-sens i t ive  film vs. blue-sens i t ive  
film depends on the phosphor.  For  CaWO4 and YOS 
there  is no speed advan tage  for the  green-sens i t ive  film 
(4), and  thus, no reason to use it. For  GOS and LOS 
the speed advantage  is sufficiently g rea t  tha t  the  smal l  
decrease in resolut ion is of l i t t le  consequence. That  is, 
the GOS and LOS phosphor  speed wi th  green-sens i -  
t ive film is sufficiently g rea t  tha t  screens made  f rom 
them can be made  fas ter  and wi th  be t t e r  resolut ion 
than  screens made f rom slower phosphors  using b lue-  
sensi t ive film. 

The remain ing  screen pa rame te r s  requi re  a signifi- 
cant  t rade-off  be tween  exposure  and resolution.  Qual i -  
t a t ive ly  we can say  tha t  a fast, low resolut ion screen-  
film sys tem m a y  be given grea te r  resolut ion by  de-  
creasing the screen thickness,  or by  removing the 
reflective backing wi th  about  the  same incrementa l  
increase in resolut ion  for a g iven  incrementa l  increase 
in exposure.  Adding  dye to the  b inder  requi res  a s ig-  
nif icantly l a rge r  incrementa l  increase in exposure  for 
an incrementa l  increase in resolution.  

Considerable  benefit  could resul t  f rom a s tudy  tha t  
is more  analyt ica l  t han  the one presented  here.  Fo r  
example ,  an analy t ica l  descr ipt ion of speed and resol~-  

t ion as functions of wave length  of emi t ted  l ight  and 
par t ic le  size could indicate opt imal  values where  ex-  
pe r iments  a re  difficult. 

Manuscr ipt  submi t ted  Dec. 2, 1974; rev ised  manu-  
script  received Apr i l  14, 1975. This was Pape r  115 p re -  
sented at the San Francisco,  California,  Meet ing of the 
Society, May 12-17, 1974. 

A n y  discussion of this pape r  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1976 JOURNAL. 
All  discussions for the June  1976 Discussion Section 
should be submi t t ed  b y  Feb. 1, 1976. 

Publication costs ol this article were partially as- 
sisted by Lockheed Palo Alto Research Laboratory. 
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Passivation Coatings on Silicon Devices 
G. L. Schnable,* W. Kern,* and R. B. Comizzoli* 
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ABSTRACT 

Pass iva t ion  coatings are  wide ly  used to improve  the per formance  and re-  
l iab i l i ty  of sil icon devices of various types, ranging f rom discrete  mesa - type  
diodes and t ransis tors  to complex p lana r  silicon in tegra ted  circuits, and in-  
cluding both hermet ic  and p las t i c -encapsu la ted  devices. This paper  reviews 
the mate r ia l s  and  techniques used to app ly  pass ivat ion  coatings to comple ted  
si l icon devices. P r inc ipa l  product ion  techniques used in pass iva t ion  of silicon 
devices include the rmal  oxidation,  h i g h - t e m p e r a t u r e  diffusion, h i g h - t e m p e r a -  
ture  chemical  vapor  deposi t ion of Si3N4 or A1208, l o w - t e m p e r a t u r e  chemical  
vapor  deposi t ion of glass l ike SiO2 or phosphosi l icate  layers  (deposi ted  at ap-  
p rox ima te ly  400~ rf sput ter ing  of SiO2, mechanical  deposi t ion of glass f r i t  
layers  which are subsequent ly  fused, and appl ica t ion  of organic po lymer  films. 

The effects of pass iva t ion  layers  on silicon device re l i ab i l i ty  a re  dis-  
cussed, and the in ter re la t ionships  among the sil icon device, the  pass ivat ion 
l aye r  or layers  used and the final encapsula t ion are  indicated.  Pe r t inen t  r e fe r -  
ences on pass ivat ion and on re la ted  topics are  cited in the  text.  

Pass ivat ion  coatings are  wide ly  used to improve  the 
per formance  and re l iab i l i ty  of silicon devices of va r -  
ious types,  ranging from discrete mesa - type  diodes and 
t ransis tors  to complex p lana r  in tegra ted  circuits,  and 
including both  hermet ic  and p las t ic -encapsula ted  de-  
vices. This paper  outl ines the  mater ia l s  and techniques 
used in the semiconductor  device indus t ry  to achieve 
silicon device passivat ion.  

Pass ivat ion  coatings may  be classified as p r i m a r y  if 
they  are d i rec t ly  in contact  wi th  the s ing le-crys ta l  s i l -  
icon f rom which the device is fabricated,  and as secon- 
da ry  if they  are  separa ted  f rom the silicon by  an 
under ly ing  dielectr ic  layer.  The function of the p r i -  
m a r y  pass ivat ion  l aye r  is to provide  good dielectr ic  
propert ies ,  low surface recombinat ion  velocity, con- 

* Electrochemical  Society Active Member.  
Key  words:  silicon device passivation, siIicon dioxide, glass passi- 

rat ion,  phosphosilicate glass, silicon device reliability. 

t ro l led  immobi le  charge  density, and device s tab i l i ty  
at e levated t empera tu res  under  bias or opera t ing  con- 
ditions. The functions which  are  served by  the second- 
a ry  passivat ion layer  a re  to provide  addi t ional  s tab i l i ty  
in var ious  ambients,  in both  product ion  and use, and 
to serve as getter,  impur i ty  bar r ie r ,  or mechanical  
shield. 

This paper  reviews p r i m a r y  and secondary  pass iva-  
t ion mater ia l s  and the techniques used to obta in  them, 
including the rmal  oxidation,  h igh - t empera tu r e  diffu- 
sion, l o w - t e m p e r a t u r e  deposi t ion of SiO2 and b ina ry  
silicates, deposi t ion of a lkal i  b a r r i e r - t y p e  layers,  and 
deposi t ion of glass f r i t  or appl ica t ion  of p re forms  fol-  
lowed by fusion. The effect of pass ivat ion layers  on 
sil icon device re l i ab i l i ty  is discussed, and the in te r re -  
la t ionship among the techniques used for  final encap-  
sulation, the pass ivat ion  layers  used, and device re l i -  
ab i l i ty  is indicated. Emphasis  is given to those proc-  
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e s s e s  and mate r ia l s  which have been  wide ly  used to 
fabr ica te  semiconductor  devices in production,  r a the r  
than  to processes used only to fabr ica te  exp lo ra to ry  
deve lopmenta l  devices. A to ta l  of 363 references ( l is ted 
a lphabe t ica l ly )  have been cited to indicate the type  of 
informat ion  which has been publ ished on pass ivat ion 
layers  and on re la ted  topics (1-363). 

Therma l ly  Grown Silicon Dioxides 
The most commonly  used p r i m a r y  passivat ion ma-  

te r ia l  is t he rma l ly  grown SiO2, wi th  thickness ranging 
typ ica l ly  f rom 0.5 to 1.5 ~m. In addi ton to passivat ion,  
two o ther  ve ry  impor tan t  functions of the rmal  oxides 
on sil icon wafers  are  to serve as diffusion masks,  and 
to serve as the insula tor  be tween  the expanded  me ta l -  
l iza t ion pa t t e rn  and the under ly ing  silicon in p lanar  
devices. The rma l ly  grown oxides are  p repa red  by  
h i g h - t e m p e r a t u r e  oxidat ion,  at a tmospheric  pressure,  
of sil icon wafers  in a tmospheres  of d ry  oxygen,  wet  
oxygen,  or s team (11, 70, 114, 259, 72, 226, 348). For  
surface-sens i t ive  devices, oxida t ion  is f requent ly  fol-  
lowed by  one or more  annea l ing  steps ( hea t - t r e a t -  
ments)  in appropr ia t e  nonoxidizing a tmospheres  to 
improve  the electr ical  p roper t ies  of the Si-SiO2 in te r -  
face (259, 47, 220, 361, 307). 

The cleanliness of the silicon surface is of grea t  
prac t ica l  impor tance  in device processing. Organic and 
inorganic  surface contaminants  (159, 149, 150, 137, 199, 
152) a re  f requen t ly  in t roduced dur ing  many  of the  
wafer  processing steps and must  be removed  effec- 
t ive ly  to achieve high-quality oxide layers and inter- 
faces. Decontamination is especially important just 
prior to heat-treatments and can be carried out by wet 
chemical methods (159, 124, 213). 

The presence of alkali ions in thermally grown SiO2 
can result in device instability (296, 130, 114, 236, 173). 
Also alkali ions are undesirable because they can lead 
to devitrification of SiO2 (202, 224, 212) and are a fac- 
tor in SiO2 dielectric breakdown (346, 83, 233). Ac- 
cordingly, precautions are taken to minimize the level 
of alkali ion contamination during oxidation, and in 
some cases subsequent treatments are used to remove 
alkali ions (20,6). Whatever the process used, the re- 
sults achieved are readily monitored by measuring sta- 
bility of capacitance-voltage curves of metal-oxide- 
silicon capacitors subjected to bias at an elevated tem- 
perature (114, 362, 72, 226) such as 300~ 

In recent years, the technique of oxidation in atmos- 
pheres containing a small percentage of HC1 (or Cls) 
has been widely used to getter alkali ions, thereby pro- 
ducing thermally grown oxides with very low levels of 
alkali ion contamination (260, 171, 172, 184, 231, 335, 
173). The HC1 gettering process, in addition to getter- 
ing alkali ions from SiOs, also removes fast-diffusing 
interstitial contaminants from silicon, thus increasing 
bulk lifetime (260, 261, 53) and improving device prop- 
erties (50, 192). 

The thermally grown layer, which is amorphous, 
may be pure SiO2, may contain boron if formed by 
oxidation of a boron-doped region (115), may contain 
hydroxyl if prepared by wet oxidation (25), or may 
contain chlorine if prepared using a chlorine-contain- 
ing oxidizing ambient (211, 52, 334). 

A very large body of literature exists concerning 
thermal oxides on silicon (ii, 259, 226, 74, 334) and 
on the effects of oxidation conditions on the electrical 
properties and stability of the Si-SiOs interface (259, 
71, 163, 72-74, 227). This information, to a large extent 
generated in connection with studies of MOS devices 
(270-272, 3), is applicable to a wide variety of oxide- 
passivated silicon devices. Considerable information 
has also been published on the radiation hardness of 
various types of SiO2 (353, 132, i12). Accordingly, SiO2 
primary passivation phenomena will not be treated in 
detail in this paper. The ambient and temperature dur- 
ing application, or during subsequent fusion or heat- 
treatment of the secondary passivating layer may, 
however ,  modi fy  the e lect r ica l  p roper t i e s  of the  Si-  

SiO2 interface, including the mobile and immobile 
charge density and the fast surface-state density (75, 
294, 309, 274, 76, 193, 361, 16). While this is particularly 
true of high-temperature depositions or heat-treat- 
ments (temperatures greater than approximately 
800~ it also occurs to some extent during low-tem- 
perature deposition processes [performed at 450~ or 
lower (274) ]. 

Sequence of Appl icat ion of Dielectr ic  Layers 
Figure  I shows the sequence of appl icat ion of pas -  

s ivat ion layers  to various types  of silicon devices. 
Pass ivat ion  coatings m a y  be appl ied  before  or  a f te r  
metal l izat ion,  depending on the type  of device. Some 
devices contain  severa l  different  types  of pass ivat ion 
layers,  each having specific functions. 

Table  I, II, and I l l  show some of the physical  p rop-  
erties of commonly used pass ivat ion  mater ia ls .  S ingle-  
crysta l  silicon, t he rma l ly  grown silicon dioxide, alu-  
minum, and gold are  included for comparison purposes.  

Considerable  informat ion exists  on the proper t ies  
and s tab i l i ty  of double  dielectr ic  s t ructures  such as 
MNOS m e m o r y  devices (55, 272, 3, 16, 349). In  such 
structures,  the second dielectr ic  l aye r  serves p r i m a r i l y  
as par t  of the active device ra the r  than as a secondary  
pass ivat ion layer,  and thus is not  considered in this 
paper .  

Thermal  oxides which have served as h i g h - t e m p e r a -  
ture  diffusion masks  wil l  have an over ly ing  l aye r  of 
borosi l icate glass and /o r  phosphosHicate glass. In NPN 
bipolar  t ransis tors  and b ipolar  IC's, the  th in  layer  of 
phosphosi l icate  glass (EPSG) ,  formed on the surface 
of the t he rma l ly  grown SiO2 dur ing  emi t te r  diffusion, 
remains  on the device and serves as a get ter  for a lka l i  
ions present  at that  point  (164) or in t roduced dur ing 
la te r  processing steps. In  some processes, a phospho-  
si l icate glass (206) or emi t te r  diffusion layer  (phos-  
phorus -doped)  (42) is used to get ter  alkali ,  and is 
subsequent ly  removed  by  etching. 

A ve ry  thin phosphosi l icate  l aye r  has also been ap -  
pl ied over  gate oxides of some MOS transis tors  and 
IC's for get ter ing purposes (17, 266, 91, 141). Typical ly ,  
this is accomplished at  app rox ima te ly  800~ using a 
diffusion source such as POC13. (Get te r ing  of a lkal i  

SEMICONDUCTOR Si 

PR,MARY SiO  A PASSIVATION SG 

SECONDARY ~ 9 
PASSIVATION EPS LBASG 

METALLIZATION AI Ti-Pt-Au Ti-Pd-Au REFRACTORY AI AI Ni-Sn-Pb 

PRIMARY HARD ORGANIC 
PASSIVATION GLASS 
LAYER 

SECONDARY 
PASSIVATION Si02 PSG LBSG ORGANIC 
LAYER 

FINAL ~ 
PACKAGING HERMETIC PLASTIC 

Fig. 1. Sequence of application of passivatlon layers to various 
types of silicon devices. Typical devices made by the sequences 
indicated by numbers are as follows: 1, NPN transistors, digital 
and linear bipolar IC's; 2, MOS transistors, p-channel MOS IC's, 
CMOS; 3, face-bonded chips; 4, beam-lead sealed-junction bipolar 
devices, plastic encapsulated Au-metallized devices; 5, beam-lead 
sealed-junction MOS IC's; 6, axial-lead diodes; 7, high-power di- 
odes, high-power transistors, thyristors, devices with beveled junc- 
tion; 8, high-voltage devices, high-voltage power devices; 9, high- 
voltage devices. Designations for glasses are as follows: EPSG, 
phosphosilicate glass formed by NPN bipolar transistor emitter 
diffusion; LASG, lead aluminosilicate g/ass; LBASG, lead boroalu- 
minosilicate glass; LBSG, lead borosilicate glass; PSG, phospho- 
silicate glass. 
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Table I. Growth and properties of typical low-temperature passivation materials. Same of the properties of thermally grown SiO~, 
are given for comparison purposes. 

Growth G r o w t h  
temper- rate, Melting IR band Etch rate,* 

F i l m  t y p e  S o u r c e  m a t e r i a l  a t u r e ,  ~  A - m i n  -1 F i l m  composition range, ~  maxima, /~m A-sec-1  

Sputtered SiO~ SiOa 100-450 50-200 SiO~ 1600-1700 9.3-9.5 4-12 
C V D  SiO2 Sil l4 + O2 325-475 500-5000 SiOz 1600-1700 9.3 10-20 
CVD PSG PHa + SiH~ + On 350-450 1000-4000 3 m/o P205 (3 w/o P) 900-i000 7.6, 9.3 40-50 

in  PnO~-SiOn 
CVD BSG B2I-Ie + Sill4 + On 400-450 I000-4000 17 m/o B~Os in B=0s- 850-950 7.4, 9.3 50-70 

SiO~ 
Thermal SiO~ Si + H~O 900-1250 17-170 S i0n  1600-1700 9.2 1.8-2.0 

* P - e t c h ,  25 .0~ 2HNOs:3I- IF:00  HsO. 

ions f rom t h e r m a l l y  grown SiO2 by an over ly ing  phos-  
phosi l icate  layer  involves a different  mechanism than  
the h igh - t empera tu re  process of get ter ing of in ters t i -  
t ial  impur i t ies  such as Au, Cu, Fe, and Ni from Si by  
phosphosi l icate glasses in direct  contact  wi th  silicon.) 
Where  PSG is used over  the gate oxide of MOS de-  
vices (under  the gate meta l ) ,  close control  of the  
P-concent ra t ion  and l aye r  thickness is requ i red  to 
avoid undes i rab le  polar izat ion effects (293, 294, 92, 82). 

Fo r  MOS and PNP bipolar  t rans is tor  appl icat ions in 
which an under ly ing  h igh - t empera tu r e  phosphosi l icate  
glass is not present,  special  precaut ions  are t aken  to 
insure  tha t  deposi ted films do not contain alkali .  Fo r  
example ,  deposi ted A1 meta l  must  be a lkal i - f ree .  

The rma l ly  g rown SiO2 is not used for  pass ivat ion  of 
some discrete devices, pa r t i cu la r ly  h igh-vol tage  de-  
vices, because of dr i f t  effects and high, immobi le  
charge density.  P r i m a r y  pass ivat ion in these devices is 
achieved by  use of a si l icate glass or an organic po ly -  
mer  coating. When an organic po lymer  is appl ied  di-  
rec t ly  to a silicon surface, it must  be recognized that  
real  sil icon surfaces contain a na t ive  SiO2 l aye r  
(9, 135) on the order  of 20,% thick. The exact  na ture  of 
the processing pr io r  to appl ica t ion  of the po lymer  ma-  
te r ia l  and of the po lymer  i tself  (135, 190) are signifi- 
cant  factors in de te rmining  ini t ia l  device propert ies ,  
and also device stabi l i ty.  

With  both A1- and Au-based  meta l l iza t ion  systems, 
the m a x i m u m  t empera tu r e  which can be used in p roc-  
essing af ter  meta l l iza t ion  is l imited by  the mel t ing  
point  of the eutectic formed be tween silicon and the 
meta l l iza t ion  (the A1-Si eutectic t empera tu re  is 577~ 
the A u - S i  eutectic is 370~ ra the r  than  the mel t ing  
point  of the meta l  itself. 

Deposited Thin-Fi lm SiO~ and Silicates 
With IC's and smal l - s igna l  p l ana r  t ransistors ,  a 

secondary  pass ivat ion coating is appl ied  to completed  
devices after  A1 meta l l iza t ion  (147, 197, 34, 275, 278, 
142). Original ly,  functions of the deposi ted l aye r  were  
to provide  resistance to scratching of the meta l l iza t ion  
pa t t e rn  dur ing chip handl ing (142), and to provide  im-  
mun i ty  to effects of loose conduct ive par t ic les  in h e r -  

Table II. Stress in low-temperature deposited passivation layers. 
Some of the properties of thermally grown SiO2 and of Si, AI, and 

Au are given for comparison purposes. 

Material 

T o t a l  
Internal T o t a l  s t r e s s  

CTE, stress, stress o v e r  A1 
X lO-~ d y n e s / c m ~  on Si  e d g e s  

~  (350~176 (a t  2 Y C )  (459~ 

C V D  SiO~ 0.6 H i g h  T* H i g h  T* V e r y  h i g h  
(1-4 x 109) (0.5-2 • 10 ~ T* 

Sputtered 
SiOo 0.5 L o w  C** T 

CVD PSG 0.5 Moderate T T High T 
Thermal 

SiO~ 0.5 -- C -- 
Si  3.5 -- ~ 
A1 26.0 L o w  T - -  
Au 15.0 -- -- -- 

* T = tensile. 
** C = compressive. 

metic packages.  I t  was subsequent ly  real ized tha t  
addi t ional  benefits could accrue f rom these coatings. 
These benefits include reduced  effects of ion mot ion on 
the surface (273,275, 280), lower  suscept ib i l i ty  to meta l  
corrosion (215, 275), decreased suscept ibi l i ty  of meta l  
s t r ipes to e lec t romigra t ion  fa i lure  (31, 297, 32, 81), im-  
proved s tabi l i ty  and re l iab i l i ty  of th in-f i lm resis tors  
(144, 342, 234), and a lka l i -ge t t e r i ng  capabi l i ty  in the 
case of phosphosi l icate  glasses (PSG) .  Anodic  A12Os 
has also been repor ted  to reduce suscept ib i l i ty  of A1 
meta l l iza t ion  to e lec t romigra t ion  (180, 77, 178, 263, 81). 

Silicon devices in hermet ica l ly  sealed packages  are  
susceptible to the  effects of loose conduct ing par t ic les  
in the package (209, 207, 101) unless the  devices a r e  

coated wi th  a dielectric'. In  Al -me ta l l i zed  devices, de -  
posi ted SiO2 or PSG is qui te  effective. In  A u - m e t a l -  
l ized devices, organic coatings are  genera l ly  used 
(345, 239) since deposi ted oxides have low adhesion to 
gold (63). 

Most commonly,  chemical  vapor  deposi t ion (CVD) 
of SiO2 on Al -me ta l l i zed  circuits is accomplished at  
atmospheric pressure at a temperature of approxi- 
mately 4O0~ using Sill4 plus excess 02 in  N2 as 
car r ie r  (106, 145, 301, 147, 6, 19, 155, 191, 15, 27, 360, 
154); PSG and BSG (borosi l icate  glass) are  deposi ted 
using, respect ively,  PH3- and B2H6-containing mix -  
tures  under  s imi lar  condit ions (321, 147, 157, 6, 155, 
269, 275, 191, 15, 27, 360, 286, 287, 154). Typical ly,  CVD 
layers are on the order of 1 ~m thick. Tetraethyl ortho- 
silicate (TEOS) has also been used as a source for CVD 
of SiO2 (6). CVD SiO2 layers are in tensile intrinsic 
stress as deposited (303, 104). Because silicon has a 
higher coefficient of thermal expansion (CTE) than 
silicon dioxide, the residual stress in CVD SiO2 films 
on Si at room temperature is somewhat lower than the 
in t r insic  stress of films as deposited, bu t  the  films are  
st i l l  in considerable  tension (175, 19, 302, 303) (see 
Table I I ) .  

Deposi ted SiO2 or PSG films, when heated above the 
deposi t ion tempera ture ,  are put  in addi t ional  tension, 
pa r t i cu la r ly  in regions over the edges of de l inea ted  A1 
meta l  films. Accordingly,  there  is some corre la t ion be-  
tween the intr insic  tensi le  stress in deposi ted films and 
the t empera tu re  increment  above deposi t ion t empera -  
ture which can be a t ta ined before cracks begin  to form 
(269, 303). 

SiO2 secondary  pass ivat ion layers  on Si wafers  have 
also been obtained by  rf  sput ter ing  (251, 61, 188, 99). 
The sput te r ing  condit ions can be adjus ted  to produce 
good coverage of topography  (188, 339, 161) and to r e -  
sult  in low stress (compressive)  at  room t empera tu re  
(251, 325). Sput te r ing  processes produce radia t ion  
damage in the t he rma l ly  grown SiO2 which can ad-  
verse ly  affect sensit ive devices such as MOS t rans is -  
tors and in tegra ted  circuits (251, 188, 58, 187, 205, 318, 
204). Most, but  not all  of the r ad ia t ion- induced  charge 
can be annealed  out by  sui table  hea t - t rea tments .  Tech- 
niques which reduce the  amount  of rad ia t ion  damage 
dur ing  sput te r ing  have recent ly  been descr ibed (58, 
187, 205, 318). 

Layers  of PSG have been wide ly  used because they  
are in less stress ( tensi le)  than  layers  of SiO2 as de-  
posi ted by  CVD (269, 302, 235) and have the ab i l i ty  to 
get ter  a lka l i  ions (269). PSG is thus pa r t i cu l a r ly  ad-  
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vantageous  for MOS devices, which are  more  surface 
sensi t ive than  digi ta l  b ipolar  IC's. 

CVD has been more  wide ly  used than  rf  sput te r ing  
for deposi t ing layers  of SiO2, PSG, or BSG, because i t  
is fas ter  (see Table I ) ,  requires  s impler  equipment ,  
and, in contras t  to rf  sput ter ing,  produces  no rad ia t ion  
damage in the  t he rma l ly  g rown SiOf. 

Deposi ted SiO2 or si l icate films are  sometimes dens i -  
fled by  a h e a t - t r e a t m e n t  in a sui table  ambien t  to im-  
prove the i r  p roper t ies  (148, 305, 158). Higher  phos-  
phorus  contents  in the CVD PSG glass reduce intr insic  
tensi le  stress (which tends to cause cracking)  (269, 
303, 235) and increase the  a lka l i - ion  get ter ing  capabi l -  
i ty  of the  pass ivat ion layer .  On the other  hand, PSG 
layers  wi th  excessively high phosphorus  concentra t ion 
tend  to be hygroscopic  and m a y  have poor  s tab i l i ty  in 
humid  a tmospheres  (225). These effects can be reduced  
b y  deposi t ing a thin SiO2 l aye r  over  the  PSG l aye r  
(158). 

Excess ively  th in  pass ivat ion layers  tend  to contain 
more  pinholes  than  th icker  layers  (85) and are  less 
effective in covering topography  such as del ineated  
meta l  lines. Also, any  charges which move along the 
surface of the  pass ivat ion  l aye r  are  closer to the  Si-  
SiO2 interface  and thus exer t  more  influence on device 
character is t ics  (273). Thicker  layers,  however,  are 
more  l ike ly  to contain  nodules and are  more  l ike ly  to 
crack.  

The effectiveness of a pass ivat ion l aye r  in provid ing  
pro tec t ion  against  meta l l iza t ion  scratches increases 
wi th  increasing pass ivat ion l aye r  thickness (277), I t  is 
possible to deposit  and del ineate  c rack- f ree  BSG or 
PSG layers  3 ~m thick (157, 158) which afford very  
good scratch protect ion.  With  th icker  layers ,  it  is nec-  
essary  to deposi t  the  layers  under  condit ions in which  
stress is not excessive. Considerat ion must  also be 
given to the effects of mismatches  in the rmal  coeffi- 
cients of expansion.  Borosi l icate containing 17 mole  
per  cent (m/o)  B2Oa approx imates  the  l inear  coeffi- 
cient of the rmal  expans ion  (CTE) of silicon (158). 
Crack- f ree  layers  of BSG over 10 ~m in thickness can 
r ead i ly  be ob ta ined  by  CVD at  450~ (157, 158). 

Regardless  of deposi ted pass ivat ion  l aye r  thickness,  
layers  of deposi ted dielectr ics  must  be appl ied  to p rop -  
e r ly  c leaned wafers  under  sui table  condit ions to avoid 
meta l  pene t ra t ion  (20) and la te ra l  charge spreading  or 
l a t e ra l  ion migra t ion  effects at  the interface be tween  
the rma l ly  grown SiO2 and deposi ted dielectr ic  (273, 
118, 280, 39). 

There  is some react ion of A1 meta l  wi th  SiO2, BSG, 
or  PSG at r e l a t ive ly  low t empera tu re s  (289), such as 
400~ (277, 232, 253). Thus, an in te rmedia te  a lumino-  
sil icate film forms during SiO2 deposit ion.  Subsequent  
h i g h - t e m p e r a t u r e  processing steps such as ch ip- to -  
header  eutectic bonding and package  sealing, pa r t i c -  
u l a r l y  in f r i t - sea led  ceramic packages,  which are 
sealed at  t empera tu res  on the order  of 500~ (200, 
343), can cause addi t ional  Al -g lass  interact ion.  The 
A1-SiO2 react ion tends to be accelera ted  at localized 
oxide defects and thus is dependent  on oxide qual i ty  
(51, 232). 

L o w - t e m p e r a t u r e  deposi ted  films of SiO2, PSG, and 
BSG are  amorphous.  Del ineat ion  of deposi ted SiO2 
and PSG films (to expose bonding pads  and open 
scribe l ines)  is accomplished using buffered hyd ro -  
fluoric acid. Del ineat ion of BSG films is p r e f e r ab ly  
pe r fo rmed  using unbuffered hydrofluoric  acid mix tures  
because of the h igher  etch ra te  (158). 

In  S t -ga te  MOS IC's, CVD phosphosi l icafe is f re -  
quen t ly  used as the  dielectr ic  be tween  po lycrys ta l l ine  
sil icon and over ly ing  metal ;  in these devices it also 
serves as a pass ivat ion  layer .  In some cases the PSG 
l aye r  is subjected to a hea t - t r ea tmen t  at a t empera tu re  
such as 1000~ to obta in  some flow of the PSG (222, 
161, 153, 340, 10). 

Characterization of Dielectric Films 
The charac ter iza t ion  of dielectr ic  films used in silicon 

device pass iva t ion  is based both on s tandard  chemical,  
physical ,  and e lect r ica l  methods es tabl ished for surface 
and th in-f i lm analysis  (198, 199, 138, 139) and on 
methods developed specifically for  the  analysis  of th in  
dielectr ic  films (341, 137). Special  e lect r ica l  methods  
include me ta l - in su la to r - semiconduc to r  (MIS) mea-  
surements  of the capac i tance-vol tage  (C-V) re la t ion-  
ship before  and af ter  bias h e a t - t r e a t m e n t  (116, 296, 
259, 362, 72). F rom these measurements  one can ca l -  
culate  the dens i ty  of electronic states, in terface  
charges, and bu lk  charges, all  of which p lay  impor tan t  
roles in the electr ical  proper t ies  and s tabi l i ty  of de -  
posi ted dielectr ics  (296, 114, 294, 309, 226). Measure-  
ments  of the sheet  res i s t iv i ty  of a sil icon wafer  af ter  
h e a t - t r e a t m e n t  at  t empera tu re s  over  1000~ is often 
used to es t imate  the  composi t ion of a deposi ted b ina ry  
oxide film from the resul t ing doping concentra t ion in 
the silicon (18, 38, 10). X - r a y  fluorescence analysis  
(246, 306, 82), backsca t te r ing  (186), and Auger  e lect ron 
spectroscopy (292) have  been used to de te rmine  the 
composit ion of deposi ted dielectr ic  films. In f r a red  spec-  
t roscopy has been used ex tens ive ly  for composi t ional  
and s t ruc tura l  analysis  of deposi ted  SiO2 (251, 305, 
158, 264, 265, 151, 37, 223, 247), PSG (60, 158, 265, 37, 
64, 317, 247, 286, 287), and BSG (251, 148, 158, 264, 151, 
315, 37, 247, 8, 312) films. Chemical  etch ra te  measure -  
ments  have also been  used to de te rmine  film composi-  
t ion and re la t ive  densi ty  for films as deposi ted (251, 
146, 54, 321, 305, 158, 282, 120, 136, 110, 316) or  af ter  
densification h e a t - t r e a t m e n t  (321, 305, 158, 156). Mois- 
ture absorpt ion and adsorption,  and resis tance of de -  
posi ted dielectr ic  films to mois ture  are  impor tan t  as-  
pects  of pass ivat ing  films and have  been examined  by  
various authors  (265, 151, 64, 8). Measurements  of su r -  
face conduct iv i ty  (46), stress (129, 268, 267, 175, 302, 
303, 104, 331), and index of re f rac t ion  (251, 106, 305, 
158) of various deposi ted dielectr ics  have been re -  
ported.  Methods for character iz ing localized s t ruc tura l  
defects in dielectr ic  films have been rev iewed recent ly  
(153). Coverage of topography  by  deposi ted films is 
impor tan t  for device re l i ab i l i ty  (107, 140, 161, 10, 179). 

Alkali Barrier Layers 
In some h igh - re l i ab i l i t y  devices, si l icon n i t r ide  

(Si3N4), which serves as both a ge t te r  and an effective 
a lka l i  ba r r i e r  (322, 65, 100, 41), is appl ied  over  the 
t he rma l ly  grown SiO2 pr io r  to metal l izat ion.  A l u m i -  
num oxide (A12Q), which is also an a lka l i  ion ba r r i e r  
(329, 330), has been ,used in some MOS devices (49, 
174, 105). Examples  of devices wi th  ion bar r ie r s  in-  
c]ude n i t r ide -pass iva ted  b ipolar  devices (195, 279), 
b e a m - l e a d  sea led- junc t ion  devices (279, 239), and 
MNOS devices (262). Si l icon n i t r ide  can also be de-  
posi ted over  r e f rac to ry  meta ls  (160) such as W and 
Mo, or over  the po lycrys ta l l ine  silicon used in s i l icon- 
gate MOS devices. A considerable  amount  of in forma-  
t ion has been publ ished on deposi t ion  (54, 109, 87, 208, 
191, 216, 347, 258) and proper t ies  (75, 54, 109, 344, 168, 
87, 265, 216, 194, 347, 193) of SisN4, and on device ap-  
pl icat ions (322, 279, 262, 109, 78, 310, 337, 351, 196, 160, 
355, 195, 125, 12). 

Typical ly,  Si3N4 layers  are fo rmed  by  reac t ion  of 
Sill4 or of SIC14 with  excess NH3 at t empera tu res  of 
800~176 at a tmospher ic  pressure.  Laye r  thicknesses 
of 0.1-0.2 ~m are  genera l ly  used as a lka l i  ba r r i e r  layers  
in b ipolar  devices. A1203 is p repa red  by  CVD from 
A12C16 ~- H2 ~- CO2 (328, 329, 86, 326) at app rox i -  
ma te ly  900~ 

Del ineat ion of Si3N4 or A120~ films is pe r fo rmed  us-  
ing hot  (180~ phosphor ic  acid (336). In  MOS devices 
in which the Si3N4 is used under  the  gate metal ,  the  
thickness of the SigN4 is on the order  of 0.03-0.05 ~m 
(262, ]2). Both thickness and dielectr ic  constant  must  
be closely control led in this type  of MOS application.  

Al though defec t - f ree  sil icon ni t r ide  layers  are  effec- 
t ive diffusion barr iers ,  it  mus t  be recognized that  many  
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n i t r ide -pass iva ted  devices have exposed under ly ing  
the rmal  oxide at  each contact  cut and at the  pe r iphe ry  
of the  chip. Al though  procedures  exist  .for seal ing the 
edges wi th  nitride,  this  is f requent ly  not done because 
of the  addi t ional  process complex i ty  and the chip area  
pena l ty  involved.  Wi th  unsealed oxide edges, l a te ra l  
migra t ion  of a lka l i  is possible, and has been shown to 
adverse ly  affect sil icon device re l i ab i l i ty  (208). Whi le  
the effects of a lka l i  ions on s tab i l i ty  of threshold  vol t -  
age of MOS devices  have  been  the  subjec t  of many  
studies, i t  has also been c lear ly  es tabl ished tha t  a lka l i  
ions can adverse ly  affect b ipolar  devices (279, 310, 208, 
195, 77). 

Fused Glass Layers 
Fused glass films are  used on var ious  device types. 

Table I I I  shows the  composi t ion and proper t ies  of 
typical  fused glasses used in sil icon device passivation.  
Planar ,  a luminum-meta l l i zed  IC's have made  use of a 
th in  (-01 ~m) fused glass l aye r  appl ied  over  meta l  
(68, 69, 323). The high CTE pe rmi t s  only  ve ry  thin  
layers~ which can be appl ied  by  careful  sed imenta t ion  
of fine powder  as is descr ibed later .  Pinholes  in the 
glass film on such devices can lead to meta l  corrosion 
(7). Power  devices of p l ana r  or mesa  s t ructure  often 

use fused glass as a direct  pass ivant  on the h igh -vo l t -  
age junct ion (169, 126). Various techniques for h igh-  
vol tage  ax i a l - l ead  diode pass iva t ion  make  use of beads 
of fused glass powder  (79, 80), glass sleeves wi th  meta l  
studs (56, 44), or glass sleeves wi th  glass beads as end 
seals (67). 

The composit ion of glass used to form fused layers  
for device pass ivat ion  depends on the device process-  
ing res t r ic t ions  and designed opera t ing  characteris t ics .  
Impor t an t  p roper t ies  of the  s tar t ing glass are  par t ic le  
size (in the  case of powders ) ,  fusion tempera ture ,  and 
mel t  viscosity. For  the fused layer ,  the impor t an t  p rop-  
er t ies  are  chemical  durabi l i ty ,  CTE, and dielectr ic  
propert ies ,  in par t icu lar ,  ionic mobi l i ty  at in tended 
device opera t ing  tempera ture .  Since the  CTE increases 
and chemical  du rab i l i t y  decreases  wi th  decreas ing fu-  
sion tempera ture ,  tradeoffs based on device processing 
requ i rements  and in tended use must  be made  (214, 
354). As an example ,  low mel t ing  glasses used over  
a luminum can be appl ied  in thicknesses of only a few 
microns (242). 

Because of the i r  good chemical  s tabi l i ty ,  lead oxide-  
containing glasses are  wide ly  used, but  the high ionic 
mobi l i ty  of the  lead ion above about  125~ in some 
glasses of this type  l imits  device opera t ing  t empera tu re  
(162, 295, 40, 290). For  example ,  lead a luminosi l ica te  
glasses (LASG)  are  used in mesa grooves for  thyr i s to r  
and other  high power  device pass iva t ion  (351, 352, 62) 
where  device oper~ating t empe ra tu r e  of 125~ is suf- 
ficient. The low CTE of such glasses permi t s  the  appl i -  
cation of thick layers  d i rec t ly  on sil icon in the  grooves 
(355, 356), and the chemical  s tab i l i ty  permi ts  contact 
etching and nickel  p la t ing  of the  device af ter  h igh-  
t empe ra tu r e  fusion (~900~ o f  the glass powder.  
The addi t ion of boron oxide (LBASG)  (4,0, 221, 357) 
permi ts  fur ther  decrease of ionic mobi l i ty  and also of 
fusion t empe ra tu r e  (to about  700~ render ing  the 
glass sui table  for use on higher  opera t ing  t empera tu re  
devices (88), such as power  transistors .  However ,  CTE 
is increased (see Table  I ) .  ZnO is usua l ly  added to such 
glasses (LAZBSG) to modera t e  the CTE increase.  

With  boron-conta in ing  glass of h igh  fusion t empera -  
ture  (~--900~ it is not possible  to fuse the  glass d i -  
rec t ly  on the silicon because of doping effects. An in-  
t e rmed ia te  SiC2 ba r r i e r  l ayer  is then  necessary.  
Glasses wi th  ZnO .and B203 as ma jo r  const i tuents  have 
h igher  device opera t ing  t empe ra tu r e  capabi l i ty  be-  
cause of reduced ionic mobi l i ty  (162, 45, 221). In  some 
cases, however ,  reduced chemical  res is tance of such 
glasses l imits  subsequent  processing options. 

For  scratch and ambien t  pro tec t ion  over  meta l l iza-  
t ion on p l ana r  IC's and smal l - s igna l  transistors,  where  
the  glass is appl ied  over the  ent i re  wafer ,  the  glass 
must  fuse at a t empera tu re  compat ib le  wi th  the  me ta l -  
l ization. This is an impor tan t  res t r ic t ion  in the  case of 
Al  meta l l iza t ion  since, ,as p rev ious ly  indicated,  the 
A1-Si system forms a eutectic mel t ing  at  577~ Also 
the  l ow-me l t i ng  glasses used have  a high CTE, and 
therefore,  to avoid cracking,  only ve ry  thin  layers  can 
be used (240, 242, 133, 325, 88, 125). 

Depending on thickness  desired,  the  powdered  glass 
may  be deposi ted by  severa l  methods.  For  thin, p in-  
ho le - f ree  films on the  order  of 1 or 2 ;~m thickness,  
sedimenta t ion  in a centr i fuge is sui table.  Procedures  
for d ispers ing the glass powder  in the  suspending 
l iquid  and choice of l iqu id(s )  are  impor tan t  for obta in-  
ing thin, uniform, p inhole-f ree ,  and adheren t  glass 
films (248, 240,250, 249) by  this technique.  

For  th icker  layer's of about  5-25 ~m, doc to r -b lad ing  
of a s lurry,  e lec t rophoret ic  deposit ion,  spinning on of 
photore 's is t-glass  mixtures ,  appl ica t ion  of beads of 
glass powder  in a s lurry,  and si lk screening (245) can 
be used. Doc tor -b lad ing  requi res  a s tep-  or groove-  
type  geomet ry  for the select ive p lacement  of the  glass, 
and  is sui ted to mesa - type  devices. Elee t rophoret ic  
deposi t ion (123, 313, 217) is used for var ious  power  
devices, and can be made  select ive by  using insula tor  
films to mask  areas  where  no glass is des i red  (283- 
285). Photores i s t -g lass  powder  composit ions pe rmi t  
r emova l  of unwan ted  glass before  fusion, thus e l im-  
inat ing an etching step (13). 

Fo r  ax ia l - l ead  diodes pass iva ted  wi th  fused glass 
powder,  a drop of s lu r ry  can be formed about  the diode 
and stud lead assembly.  In  the case of preforms,  the  
glass tubes  for axia l  diodes are fitted over  the  device 
and fused into contact. High ambien t  pressure  appl ied  
dur ing  fusion permi t s  a lower ing of fusion t empe ra tu r e  
(56). Combinat ions of glass powder  as a bonding agent,  
and preforms  as the  pass iva t ing  layer ,  have  also been 
descr ibed (218). 

Other  glass appl ica t ion  techniques include the use 
of var ious  oxide  thin film's .as a bonding l a y e r  be tween  
fused glass powder  and the silicon surface (241, 244, 
251, 243) and the format ion  of a glass in sisu by  firing 
of a silicon device wi th  deposi ted g lass- forming oxide 
powders  (134). 

The var ious  analy t ica l  techniques a l r eady  noted fqr 
grown or deposi ted layers  are also useful  for charac-  
ter iz ing fused glass mate r ia l s  (247, 153). In  addit ion,  
differential  the rmal  analysis  (102), microhardness  
test ing (331), and par t ic le  size analysis  (143) of the 
powder  are va luab le  test  methods  to assure  the  a t t a in -  
ment  of h igh -qua l i t y  layers.  

Table III. Typical fused glasses. Some of the properties of silicon are given for comparison purposes. 

Composition (% by wt) Fusion 
temper- CTE 

Glass PbO B20s Al~Oa ZnO SiOs Other ature (~ (~ -I Devices Deposited 

L A B S G  51  9 3 - -  2 9  N a 2 0 : l . 6 ;  o t h e r  5 7 0  6 .2  X 1 0  -6 P l a n a r  I C ' s  O v e r  m e t a l  o n  c o m p l e t e d  
o x i d e  s :  5 .4  c h i p  

L B A S G  30  13  7 J 50  - -  950  3 .5  • 10 -6 P o w e r  d e v i c e s  O v e r  S i C 2  i n  m e s a  g r o o v e s  
LASG 50 i0 40 -- 900 4.0 • I0 ~ High-voltage power devices On Si in mesa grooves 
LZABSG 46 "~ 3- "2 39 -- 700 4.6 • 10-e Power trans, and diodes On St; glass bead 
ZBSG 2 25 -- 60 i0 CeO~:3 700 4.5 • 10 -6 Power trans, and diodes On St; glass bead 
Si . . . . . .  1410 3.5 • lO-O -- 
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Passivation Layers and Silicon Device Reliability 
Most of the  p resen t ly  ava i lab le  smal l - s igna l  p l ana r  

t ransis tors  and in tegra ted  circuits  are  Al -me ta l l i zed  
and are  pass iva ted  with  a thin l aye r  of SiO2 or  PSG. 
The p r i m a r y  purposes  of this  l aye r  are  to provide  
scratch pro tec t ion  dur ing  hand l ing  (142), to achieve 
immuni ty  to shorts  caused by  loose par t ic les  in pack-  
ages wi th  a cavity,  to reduce suscept ib i l i ty  of the  A1 
meta l l iza t ion  to corrosion (275), and to meet  customer  
specification requirements .  With  complex IC's, in-  
creased electr ical  and visual  inspect ion yields f re -  
quent ly  more  than compensate  for  the  costs of app ly ing  
and de l inea t ing  a pass ivat ion  layer.  Glass pass ivat ion  
layers,  deposi ted over  the meta l l iza t ion  pat tern,  have 
also been  shown to signif icantly increase device re l ia -  
b i l i ty  (197, 97, 276, 125, 185, 324, 127). 

Glass pass ivat ion  is f r equen t ly  pe r fo rmed  on al l  
wafers  by  the same process, wi thout  r egard  to whe ther  
the  final product  wil l  be commercia l  or h igh- re l iab i l i ty ,  
in plast ic  or in hermet ic  packages,  or wil l  be r a t ed  for 
l imi ted  t e m p e r a t u r e  or  full  t empe ra tu r e  operat ion.  
Obviously,  the  thickness  and composit ion of the  passi-  
vat ion l aye r  which  meet  all  of these d iverse  requ i re -  
ments  involve  some tradeoffs and compromises.  Our 
expe r imen ta l  s tudies (156) have  shown tha t  in a sub-  
s tant ia l  por t ion of the in tegra ted  circuits manufac tu red  
in the las t  severa l  years,  the pass ivat ion  l aye r  contains 
pinholes,  cracks, or a combinat ion  of these. A number  
of publ icat ions  also confirm this finding (157, 278, 140, 
144, 210, 89, 153, 338, 21). 

Cracks in pass ivat ion layers,  when present ,  f r equen t ly  
occur at and run  along topographic  steps or along the 
edges of de l inea ted  meta l  conductors  or thin-f i lm re-  
sistors (140, 144), and thus cannot  be seen by  optical  
microscopy.  Pinholes  in the  die lect r ic  over  a l loyed  
meta l  are  genera l ly  very  difficult to see by  optical  
microscopy because of the  rough topography  of the  
recrys ta l l ized  a luminum.  Both cracks and pinholes 
can be revealed  by  scanning electron microscopy 
(SEM),  or by subjec t ing  the chip to immers ion  in an 
e tchant  which does not  dissolve the  dielectr ic  but  is 
calcable of dissolving the under ly ing  mate r ia l  (85, 254, 
144, 89, 153). Af te r  chemical  etching to undercu t  the 
A1, the  actual  pinhole  in the dielectr ic  is genera l ly  
visible, by  optical  microscopy,  in the  center  of the un-  
dercut  area  (153). 

Pinholes  in the  pass iva t ing  glass can occur for a 
va r i e ty  of reasons. They may  be present  in the passi-  
vat ion layer  as deposi ted (85, 27), m a y  arise dur ing  
etching to open the bonding pads  (because of holes in 
the  photores is t  l aye r ) ,  or m a y  be created by  the con- 
tact  p r in t ing  opera t ion  or by  impact  dur ing  chip 
handl ing  (142). 

In a recent  s tudy (156), two classes of pinholes 
were  evident  in samples  of IC's f rom six manufac tu r -  
ers. The more  common class was pinholes  in the  cen- 
t ra l  regions of a luminum lines. Ano the r  type  observed 
was pinholes  along the edge of the  de l inea ted  meta l  
l ines (153). The edge pinholes  a re  a t t r ibu ted  to inade-  
quate  coverage of meta l  edges by the photores is t  and 
can genera l ly  be avoided by  the use of th icker  photo-  
resist  layers  or improved  photores is t  appl ica t ion  tech-  
niques. Those pinholes  which occurred in the centra l  
areas  of de l inea ted  lines are  to a la rge  ex ten t  bel ieved 
to be a t t r ibu tab le  to the presence of hi l locks in the 
a luminum which occur because of recrys ta l l i za t ion  of 
the  a luminum dur ing  the contact  a l loy ing  step (188, 
179, 156). Even if a hi l lock is comple te ly  covered with  
die lect r ic  dur ing  the subsequent  step of deposi t ion of 
the  pass ivat ion  layer,  the hi l lock m a y  not be ade-  
qua te ly  covered by  photoresist ,  the  photores is t  m a y  
be pushed away  from the peak  of the hi l lock dur ing  
contact  pr int ing,  or the  contact  p r in t ing  step m a y  f rac-  
ture  the  dielectr ic  over the  hillock. Any  of these three  
conditions, or a combination,  wi l l  resul t  in a p inhole  
th rough  the pass iva t ion  layer ,  exposing a region of 
under ly ing  metal .  Hand l ing  of wafers  can resu l t  in 
impact  cracks and scratches (142). 

A l -me ta l l i zed  IC's are  cons iderab ly  more  suscept ible  
to fa i lure  due to opens as a resul t  of A1 corrosion d u r -  
ing opera t ion  if the  pass iva t ion  l aye r  contains cracks 
(235, 358) or pinholes  (156) over  the  meta l  lines. De-  
fects in pass iva t ion  layers  also increase  suscept ib i l i ty  
to ionic contaminant  effects (156, 11i).  The requ i re -  
ments  for a t ta in ing  crack-free ,  p inho le - f ree  pass iva-  
t ion layers  are  ve ry  s imi lar  to the requ i rements  for a 
f i r s t - layer  deposi ted dielectr ic  in mul t i l eve l -me ta l l i zed  
in tegra ted  circuits. These include minimiz ing  hillocks, 
low-s t ress  dielectr ic  deposi t ion conditions, good cover-  
age of the edges of de l inea ted  metal ,  and p rope r  photo-  
l i t h o g r a p h i c  procedures  (303, 278, 104, 101, 103, 153, 
340). 

Phosphosi l ica te  layers  wi th  an excess ively  high con- 
cent ra t ion  of phosphorus a re  hygroscopic  and have 
led to a luminum corrosion problems  (235, 358, 93, 359). 
On the other  hand, the use of low-phosphorus  glass  
compositions which resul t  in cracks over  or  along the 
edges of a luminum meta l  l ines can lead to localized 
meta l  corrosion problems  (235). The dens i ty  and s t ruc-  
tu re  of phosphosi l ica te  ~ m s  are  factors  which influ- 
ence the op t imum phosphorus  content  (225). 

The effectiveness of a pass iva t ion  layer  can be as-  
sessed by  accelera ted  techniques in which  the devices 
are  exposed to high re la t ive  humidit ies .  One commonly  
used condit ion is reverse  bias or opera t ing  l i fe  at 85% 
re la t ive  humid i ty  at 85~ A cons iderab ly  more  severe  
test is to app ly  bias to devices which are  in a pressure  
cooker, for example,  at  15 psig (121~ 

Moisture  plus bias can resul t  in e lect rochemical  cor-  
rosion of metal .  Elect rochemical  corrosion no rma l ly  
would be expected to resul t  in open meta l  l ines which 
have posi t ive  (anodic)  bias re la t ive  to adjacent  lines 
(298, 166); wi th  A l -me ta l l i zed  in tegra ted  circuits, cor-  
rosion of circuit  l ines which are  cathodic has also been 
repor ted  (166, 235). S t ress-corros ion  cracking (30) may  
be a factor  in acce lera t ing  cathodic corrosion of A1 
meta l l iza t ion lines at gra in  boundaries .  Corrosion 
mechanisms of A1 can be chemical  as wel l  as e lect ro-  
chemical,  and in e i ther  case t e m p e r a t u r e  (5), pH 
(252, 170), and presence of chlor ides  (252, 170) are  
impor tan t  factors in de te rmin ing  corrosion ra te  and 
corrosion products .  

The more  costly meta l l iza t ion  sys tem T i -P t -Au ,  wi th  
Au wire  bonds, has been shown to be super ior  to A1 
for corrosion resistance (350, 119, 165). Wi th  Au me ta l -  
l izat ion systems, e lec t ro ly t ic  corrosion can, however ,  
resul t  in format ion  of dendr i tes  which form shorts  
be tween  conductors  (17.0, 203, 288, 117). 

Device Encapsulation 
Fina l  encapsula t ion  of sil icon devices m a y  be in 

he rmet ica l ly  sealed packages  (181, 94, 35, 22, 200, 343, 
255), in molded plas t ic  packages  (181, 22, 4, 165, 113, 
189, 23), in cast plastic,  or by  conformal  plas t ic  coating 
of chips mounted  on hyb r id  subs t ra tes  (345, 122). The 
encapsula t ion process provides  the final means  for 
pass ivat ion  of the device. The device re l iabi l i ty ,  in 
terms of both s tabi l i ty  of e lec t r ica l  character is t ics  and 
suscept ibi l i ty  to catas t rophic  fai lure,  is a complex func-  
t ion of the  device design and processing techniques 
and mater ia l s  used, including the metal l izat ion,  the 
pass ivat ion  l aye r  or layers,  and the final encapsulat ion.  

Ear ly  silicon devices were  p r i m a r i l y  sealed in her -  
metic  packages.  The p las t i c -encapsu la ted  sil icon de-  
vices in i t ia l ly  offered had r e l i ab i l i t y  l imi ta t ions  (183, 
215, 310, 36, 276, 98, 108, 3.04) which, to a large  extent,  
have now been overcome (24, 95, 98, 165, 113). Plas t ic  
encapsula t ion does pe rmi t  lower  costs, provides  me-  
chanical ly  rugged packages,  provides  f reedom from 
loose par t ic le  problems,  and permi t s  smal le r  package  
size. 

Hermet ica l ly  sealed devices are  not to ta l ly  immune  
to ionic contamina t ion  and mois ture  effects (20, 209, 
140, 319, 332, 239). Ionic contaminants  m a y  be  inad-  
ver ten t ly  sealed in the  package  (319, 320). Also, a pe r -  
centage of the devices in completed  electronic  equip-  
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merit are  not act 'ually he rmet i ca l ly  sealed (300, 209, 1), 
e i ther  because they  escaped he rmet i c i ty  screening 
tests, or  because the  hermet ic  seal  became damaged  
dur ing  device handl ing  or equipment  assembly  (1). In 
such cases, a sui table  pass ivat ion  l aye r  can provide  
some protec t ion  against  A1 corrosion or e lectrolyt ic  
Au  migra t ion  reactions.  

The plast ic  io rmula t ions  in i t ia l ly  used for molding  
sil icon devices were  based on phenolics,  epoxies, and 
silicones (128, 36, 28, 200, 97, 121, 2,01, 165, 113). In  
many  cases a junct ion  coat ( layer  of plast ic  such as an 
epoxy, si l icone varnish,  or r o o m - t e m p e r a t u r e  vu lcan-  
izing silicone e las tomer)  was appl ied  pr io r  to molding  
(84, 97, 121, 311, 165, 2). Plast ics  can be a source of ions 
(182, 128, 230, 228, 29, 166, 177, 308) or impur i t ies  (183, 
230, 135, 298, 176) which adverse ly  affect sil icon de-  
vices, pa r t i cu l a r l y  in moist  a tmospheres  and under  
bias conditions.  In  the  las t  severa l  years ,  a considerable  
number  of process and mate r i a l s  changes has been 
made  to improve  the re l i ab i l i ty  of p las t i c -encapsu la ted  
silt,con in tegra ted  circuits  (96, 24, 95, 98, 165, 113). 
Most notable  of the improvements  is the  use of novolac 
epox:~ formula t ions  wi th  high glass t rans i t ion  t empera -  
tures  (165). 

Sil icones are ex tens ive ly  used for encapsu la t ion  of 
power  devices (201, 26) and for  b e a m - l e a d  devices 
(345, 237). In  general ,  silicones pe rmi t  h igh in-process  
t empera tu res  and higher  m a x i m u m  storage t empera -  
tures (201, 257) than  epoxy-  or phenol ic -based  encap-  
sulat ing compounds. 

Various  test devices and acce lera ted  tes t ing te,ch- 
niques have been developed for evaluating the stability 
of passivated devices under severe environmental con- 
ditions (314, 256, 238, 257). For plastic-encapsulated 
devices, a moisture-containing ambient constitutes an 
effective means for accelerating ion migration effects 
or chemical or galvanic corrosion of the metallization 
pa t t e rn  on the chip (182, 28, 237, 33, 7, 90, 256, 121, 29, 
238, 229, 291, 236, 257, 189, 23, 166, 176, 177). Mois ture  is 
an impor tan t  factor  since surface conduct iv i ty  of SiO2 
and of other  pass ivat ion  mate r i a l s  increases by  severa l  
orders  of magn i tud~  wi th  increase  in re la t ive  humid i ty  
(131, 46). 

In  general ,  pass iva t ion  techniques provide  only pa r -  
t ia l  protec t ion  against  ambien t  effects. For  example ,  
sil icon n i t r ide -pass iva ted  devices 'may  be pro tec ted  
against  a lkal i  pene t ra t ion  into the  under ly ing  SIO2, 
but  may  be influenced by  potent ia l  bui ldup at  insula-  
to r - insu la to r  interfaces or at the  amb ien t -upp e r  di-  
electr ic  i~nterface. Increased  device s t a b i l i t y  is f re -  
quent ly  obtained by  specific device construct ion fea-  
tures which make  the device less surface sensitive. 
Examples  include resis t ive over lays  (57), use of dif-  
fused channel  s toppers  (273, 49), field plates  (48, 43, 
363, 59), ion implan ted  surfaces (299, 219), and use of 
beveled junct ions  (66, 167, 327, 14, 62) in h igh-vol tage  
devices. 

The most re l iab le  silicon devices a re  those in which 
device design, wafer  processing, metal l izat ion,  pass iva-  
tion, assembly,  encapsulat ion,  and e lect r ica l  test ing 
are  al l  specified to minimize  the incidence of condit ions 
which resul t  in known fa i lure  mechanisms,  and ade-  
quate  in-process  controls  (39) are  appl ied  dur ing  the 
ent i re  device fabr ica t ion  sequence; thus re l i ab i l i ty  
(278, 333, 281,  324, 236, 239) is designed into the 
product .  
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The Nucleation Reaction on Photosensitive TiO  Films 
J. J. Kelly and J. K. Vondeling 

PMlips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

The nucleat ion reaction, which occurs when  t r anspa ren t  TiO2 films in  
contact  wi th  pa l l ad ium ions are  exposed to u.v. l ight,  has been  invest igated.  
The nuclei, thus formed,  may  serve as catalyt ic  centers  for electroless  deposi-  
t ion of var ious  metals.  The photographic  procedure,  which has a high l ight  
sensi t ivi ty,  m a y  be used for the photoselect ive p la t ing of nonconduct ing sub-  
strates.  I t  has been shown, by  electron diffraction and e l l ipsometry,  tha t  m e t a l -  
lic pa l l ad ium is formed on the TiO2 dur ing exposure.  The min imum number  
of pa l l ad ium atoms requ i red  to in i t ia te  electroless meta l  deposi t ion has been 
est imated.  

Considerable  in teres t  exists  for systems wi th  which 
nonconduct ing subs t ra tes  can be nuclea ted  and then  
p la t ed  by  means  of electroless meta l  deposition. One 
such system involves a sensi t izat ion and act ivat ion 
procedure  using s tannous chlor ide and pa l l ad ium chlo-  
r ide solutions, respect ively .  I t  was genera l ly  be l ieved 
that  metal l ic  pa l l ad ium is formed dur ing the nucle-  
ation. Recent  evidence (1, 2) has shown, however ,  that  
this is not  a lways  the  case. The presence of meta l l ic  
pa l l ad ium is therefore  not a necessary  prerequis i te  for 
successful nucleat ion.  

T i t an ium dioxide, coated f rom a dispersion as a thin 
film on var ious  substrates,  has been  used as a l igh t -  
sensi t ive compound for select ive nuclea t ion  in the  
fields of p r in ted  c i rcu i t ry  (3) and photographic  r ep ro -  
duct ion (4). For  the former  appl ica t ion  the TiO2 film is 
d ipped in a s i lver  or pa l l ad ium salt  solution, dried, and 
then  exposed image-wise  to u.v. l ight.  The nuclei  
fo rmed in the exposed areas  of the  film can be de-  
veloped by  electroless deposi t ion to y ie ld  a visible 
metal l ic  image. Fo r  photographic  reproduct ion  (4) 
the oxide film is ac t iva ted  in s i lver  n i t ra te  solution 
af ter  exposure,  and  the nuclei  are  deve loped  by  s i lver  
deposition. 

The use of a pa l l ad ium salt  ins tead  of a s i lver  salt  
as the sensit izing agent  presents  a more  a t t rac t ive  sys-  
tem for electronic applications,  since nuclei  fo rmed by  
exposure  can be developed,  not only wi th  si lver,  but  
also wi th  other  metals ,  e.g., copper,  nickel,  cobalt,  and  
gold (3). 

The photocata ly t ic  react ion on TiO2 has been ex-  
p la ined  by  a number  of workers  (5-9) in te rms of a 
semiconductor  model  involving photoexc i ted  electrons 
and holes. Electrons t r apped  at  surface sites act as re -  
ducing centers  for me ta l  ions. 

Photosensi t ive  TiO2 films have also been  made by  
pyrolys is  of var ious  t i t an ium compounds (10, 11). In  
this pape r  we describe an inves t iga t ion  of the  photo-  
selective nuclea t ion  reaction, 'occurr ing on t r ans -  
paren t  TiO2 films formed on glass by  pyrolys is  of t i -  
tan ium acetylacetonate .  We considered var ious  tech-  
niques for s tudying the nucleat ion reaction. The nu -  
clei produced dur ing exposure  could not be d i rec t ly  

K e y  words :  electroless deposi t ion,  photosens i t iv i ty ,  nuc lea t ion ,  t i -  
t a n i u m  dioxide .  

observed by  e lec t ron microscopy.  The amount  of p rod -  
uct  formed by  u.v. exposure  of d r i ed  PdC12-sensitized 
films was ve ry  small.  Radioact ive t racer  analysis  is 
sufficiently sensi t ive to s tudy the total  amount  of pa l l a -  
d ium on the surface but  it  does not  dis t inguish be tween  
the different forms of pal ladium,  meta l l ic  or o ther -  
wise, which may  be present .  In  o rder  to increase the  
amount  of react ion produc t  we exposed TiO2 films in 
pa l l ad ium salt  solutions and used e lec t ron diffraction,  
optical  absorption,  spect rophotometr ic  analysis,  and 
e l l ipsometry  to s tudy  the produc t  formed. 

I t  has been shown (i ,  12) tha t  e l l ipsometr ic  mea -  
surements  can be used to detect  the presence of ve ry  
thin  films on substrates.  A c lean subs t ra te  is charac-  
ter ized by  the e l l ipsometr ic  pa ramete r s  A and 4, which  
are  de te rmined  by  the optical  constants  (i.e., ex t inc t ion  
coefficient and ref rac t ive  index)  of the  mater ia l .  F o r -  
mat ion  of an adsorbed film on the subs t ra te  genera l ly  
leads  to changes, ~A and 6~, in these parameters .  The 
magni tude  of these changes depends  on the optical  
constants  of the  film and on its thickness.  Fo r  ve ry  thin  
films (--~10A) ~% is d i rec t ly  p ropor t iona l  to the  ex t inc-  
t ion coefficient (1). This means  that  a fi lm wi th  low 
ext inct ion  coefficient at  the  measur ing  wave leng th  
has an effect in 8A only, whereas  a film wi th  a high 
ext inc t ion  coefficient involves changes in both A and 4. 
Since meta l l ic  pa l l ad ium films have  a s t ronger  optical  
absorpt ion  at 632 nm than  pa l l ad ium salts ( I )  we 
hoped to be able  to use the e l l ipsometr ic  technique to 
dis t inguish be tween  metal l ic  and nonmetal l ic  p roduc t  
and  to get a semiquant i ta t ive  es t imate  of the  film 
thickness.  

In  the first pa r t  of the  paper  we descr ibe the  photo-  
graphic  proper t ies  of the  TiO2/PdC12 sys tem wi th  
special  reference to the  use of t r anspa ren t  TiO2 films 
for photoselect ive  meta l  deposit ion.  Various techniques 
were  then used to s tudy the na ture  and the extent  of 
the photonuclea t ion  reaction. F r o m  the  resul ts  of these 
studies an es t imate  was made  of the min imum number  
of pa l l ad ium atoms requ i red  to in i t ia te  electroless 
deposition. 

The mechanism of the  p r i m a r y  photocata ly t ic  re -  
action on these layers  has been discussed e lsewhere  by  
MSllers et al. (9). 
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Table I. Solutions used for image formation on Ti02 films 

A. PdCl= 5.6 • 10 ~ tool / l i ter 
HC1 1.2 x 10 -1 m o l / l i t e r  
T e n s a g e x  DP-24  

0.4% (weight) 
aqueous solution 

S i l v e r  49 m l  s o l u t i o n  (i) 
+ 

1 m l  so lu t i on  (if) 
Copper 42 m l  s o l u ; i o n  (iii) 

+ 

8 m l  s o l u t i o n  (iv) 

N i c k e l  
C. NiC12,6H~.O 1.3 • 10 -z m o l / l i t e r  

NaH2PO2.H20 9.4 x 10 -2 m o l / l i t e r  
NH2CH2COOH 4.0 x 10 - z m o l / l i t e r  
p H  = 3.8, temp.  95~ 

Sensitization 

Development 

B. PdC12 5.6 x 10 -3 mol/ l i ter  
HCI 1.2 x 10 -z m o l / l i t e r  
CI-~OH 8 0 %  (Vol) 
I-I=O 

0,1 m o l / l i t e r  m e t o l � 9  
0.1 m o l / i i t e r  citric acid 
2.5 m o l / l i t e r  AgNO~ 
0.28 m o l / l i t e r  CuSO~.5I-~O 
0.30 m o l / l i t e r  Na4 EDTA 
0.65 m o l / l i t e r  NaOI-I 
35% f o r m a l d e h y d e  

D. NiSO~.6I~O 2.7 x 10-~ m o l / l i t e r  
Na4P~OT.10H20 7.8 x 10 -2 t o o l / l i t e r  
NaHePO2.H20 1.1 • 10 -z m o t / l i t e r  
p H  = 9.15, t emp.  50~ 

�9 Metol is  methyl-p-aminophenol  su l fa te .  

Experimental 
Titanium dioxide films.--Light-sensitive TiO2 films 

were prepared on glass by pyrolysis of t i t an ium acetyl- 
acetonate (TAA), supplied by Dynamit  Nobel (Muhl-  
helm, West Germany)  as a 50% solution in isopropanol. 
For the photographic experiments  a mixture  containing 
20g TAA solution and 80g diacetonealcohol was applied 
to Pyrex plates by whir l -coat ing at 1500-3000 rpm. 
Thin quartz plates lifted from a 12.5% TAA solution 
in isopropanol were used for the rate experiments.  In  
both cases the layer was pyrolyzed in air at 500 ~ The 
thickness of the result ing TiO2 film was approximately 
50 nm for the whirl-coated and 38 nm for the lifted 
samples. Electron and x - r ay  diffraction data for the 
TiO2 films on Pyrex indicated the presence of poly- 
crystall ine anatase. The films were optically t rans-  
parent  in  the visible spectral region but  absorbed ap- 
preciably at wavelengths below 350 nm. 

Rate of the photoreaction.--Kinetic runs  were per-  
formed at 25~ and vir tual ly  constant pal ladium salt 
concentrations. The TiO2 film in contact with the solu- 
t ion in a quartz cuvette was exposed through the 
quartz substrate to light from a filtered mercury  lamp 
(Philips HPK lamp; k > 280 nm) .  The increase in  ab-  
sorption of the film at wavelengths greater  than  500 nm 
due to product formation could be measured cont inu-  
ously during exposure by means of a Philips 90 AV 
photocell and filter system. The extent  of the photo- 
reaction was measured by dissolving the product film 
in nitric acid and determining the pal ladium spectro- 
photometrically using p-ni t rosodimethylani l ine  (13). 
For the quan tum efficiency measurements  mono-  
chromatic light from a Bausch and Lomb grating 
monochromator  was used instead of the HPK lamp. 
The output of the monochromator  was calibrated using 
ferrioxalate act inometry (14). 

Ellipsometric measurements.--The ellipsometer and 
the measur ing cell have been described elsewhere (1). 
The TiO2 film was mounted  rigidly at the center of the 
cell. The cell was provided with quartz windows and a 
water- jacket  through which water  from a thermostat  
could be circulated to main ta in  a constant cell tem- 
pera ture  (250 _ 0.1~ A he l ium-neon  laser (~ ---- 
632.8 nm) was used for making the ellipsometric mea-  
surements.  The angle of incidence was 47 ~ . 

A HPK lamp together with a shutter  a r rangement  
was used to irradiate both the TiO2 films in pal ladium 
salt solutions and the dried PdC12-sensitized films. 

Results 
Photographic image formation on TiOz fiIms.--The 

procedure used for photoselective metal  deposition on 
TiO2 films consisted of four steps: sensitization, nu -  
cleation, fog inhibition, and development. 

The TiO2 film was sensitized by introducing a pal la-  
dium salt onto its surface. For this purpose the film 

was lifted from a solution of the metal  salt (cf. Table 
I) at a controlled rate and dried superficially during 
lift ing by warm air or IR radiation. Tensagex DP-24, 
a sodium alkylphenolpolyglycolether  sulfate supplied 
by Labaz Holland N. V. (the Hague, the Netherlands) 
was used as a wett ing agent in the aqueous solution A. 

The PdC12-sensitized TiO2 film was then exposed 
through a mask to a high pressure mercury  lamp 
(Philips HPR 125W) or to monochromatic light. In  the 
exposed areas the film became activated due to the 
formation of nuclei. 

In  the nonexposed areas, metal  ions remained on the 
surface of the oxide, even after thorough r insing with 
water. A radiotracer study using pd109C12 showed that 
a TiO2 film sensitized with solution A, contained 0.03 #g 
P d / c m 2 (approximately 1.7 • 1014 pal ladium ions/  
cm 2) after r insing with water. The presence of pal-  
lad ium salt, in  certain cases, caused fogging dur ing 
development  since b ivalent  pa l ladium could be reduced 
by the reducing agent of the electroless solution, giving 
rise to nucleat ion centers. Solutions containing strong 
complexing agents for b ivalent  pa l lad ium were effec- 
tive in drastically reducing the amount  of adsorbed 
metal  salt. Satisfactory results were obtained with 
aminoacetic acid (0.4 tool/ l i ter)  and t r ie thanolamine 
(1.0 mol / l i te r ) .  Tensagex solution (1-2%) also con- 
siderably reduced the amount  of pal ladium salt pres-  
ent on TiO2 and therefore could be used as an efficient 
antifogging agent. 

The nuclei .produced by exposure were developed by 
electroless deposition of silver, copper, and nickel, with 
the solutions listed in Table I. Nickel patterns contain-  
ing 5-10 sm details were made using solutions A and C 
of Table L 

The photographic sensit ivity of the system was mea-  
sured by exposing the PdC12-sensitized films to mono-  
chromatic light (k = 300 rim). Values for Era, the mini- 
mum exposure required to initiate electroless deposi- 
tion, and for D, (~ log Io/I) the density of the de- 
veloped image after various development times, are 
given in Table II for Ni and Ag deposition. The sen- 

Table II. Photographic sensitivity of Ti02 films 

NucLei Development Dc Em (/LJ/cm=) 

P d  (k = Ni  a 1 ra in  2.1 300-500 
300 nm)  Ni  a 2 m i n  4.7 300-500 

fi~gb 1/2 m i n  2.0 100-250 
A g  b 1 m i n  4.3 100-250 

High  r e so lu t ion  s i l ve r  ha l ide  240 
k = 436 n m  

a U s i n g  s ens i t i z i ng  so lu t ion  A and  n i c k e l  so lu t i on  C. 
b U s i n g  sens i t i z ing  s o l u t i o n  A, 
c D is the  op t i ca l  d e n s i t y  ~- log  Io/I  m e a s u r e d  a f t e r  a g i v e n  d e v e l -  

o p m e n t  t ime .  
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Fig. 1. A 60 kV RHEED pattern of the product film formed an 
TiO2 during exposure in sensitizing solution A. 

sit ivity of this PdCl2/TiO2 system at 300 nm is com- 
parable  to that of high resolution silver halide emul-  
sions at 436 n m  (15). 

Light of wavelengths less than  350 nm was effective 
in  producing developable nuclei  on these TiO2 films. 
In  agreement  with the optical absorption spectrum of 
the films, photographic sensit ivity was found to in-  
crease as the wavelength decreased from 350 to 290 nm. 

Exposure of Ti02 films in PdCl2 solution.--As a re- 
sult  of u.v. exposure of TiO2 films in  pal ladium salt 
solutions a product layer  was formed on the surface of 
the oxide. For all the cases studied, reflection high 
energy electron diffraction (RHEED) measurements  
gave the same diffraction pattern,  as shown in  Fig. 1. 
This pa t te rn  is characteristic of a polycrystal l ine fcc 
lattice. The lattice parameters  derived from Fig. 1 are 
given in Table III and are in agreement  with the pub-  
lished values for metallic palladium. The oxide film 
acted as a l ight-sensi t ive catalyst for the formation of 
polycrystal l ine pa l lad ium (9). 

The light reaction was followed discontinuously by 
determining the pal ladium product spectrophotomet- 
r ically as a funct ion of exposure time. The same TiOe 
film could be used m a n y  times for the photocatalytic 
reduction without  loss of sensitivity. The reaction 
could also be followed cont inuously by measur ing the 
increase in absorption of the quartz/TiO2 film at 

> 500 nm as a funct ion of exposure time. The optical 
density of the pal ladium product film was directly 
proport ional  to the amount  of metal  present  on the 
TiO2. 

The rate of reduction of pa l lad ium ions from a solu- 
t ion containing 5.6 X 10 -3 mol / I i te r  PdC12 and 0.12 
tool / l i ter  HC1 was relat ively low (Fig. 2, curve a). 
Compounds which are known  to undergo photocata- 
lytic oxidation on i l luminated  n - type  oxide semicon- 
ductors (16-18) gave a considerable increase in the 
rate of pal ladium deposition, indicating the importance 
of the oxidation process. Results are shown in Fig. 2 
for additions of methanol,  ethanol, and 1-propanol (all 
80% by volume).  Opt imum concentrat ions of the addi- 
tives were not  determined.  We found that  Tensagex 

Table III. Lattice parameters in ~ corresponding to Fig. 1 

V a l u e s  f o r  E x p e r i m e n t a l  
h k l  P d  m e t a l  a v a l u e s  

111 2.246 2.24 
~00 1.945 1.95 
220  1.376 1.38 
311 1.173 1.17 
222  1.123 1.13 
400  0.972 0.97 
331 0.892 0.89 
420  0.870 0.87 

a V a l u e s  f r o m  S w a n s o n  a n d  T a t g e  N B S  Circular  539, Vol.  1, 21 
(1953). 
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Fig. 2. The effect of certain additives, to a solution containing 
5.6 X 10 -3  mol/liter PdCI2, 1.2 X 10 -1  mol/liter HCI, on the 
relative rate of palladium deposition. The increase in optical 
density of the product film is plotted as a function of exposure 
time for the solution containing (a) no additive, (b) 1-propanol 
(80% vol), (c) ethanol (80% vol), (d) Tensagex DP-24 (0.4% 
weight), (e) methanol (80% vol). 

also markedly  increased the rate of formation of 
pal ladium on exposed TiO2 (Fig. 2, curve d). 

The quan tum efficiency Q, defined as the n u m b e r  of 
pal ladium atoms produced per photon, was measured 
by exposing TiO2 films to monochromatic l ight 0~ = 
300 nm) in the two sensitizing solutions given in 
Table I. At the light intensit ies studied (--~3 X 10 I~ 
photons/cm 2 rain),  Q was independent  of intensity.  
For the methanolie  solution B, Q varied between 0.1 
and 0.3, and for solution A values be tween 0.05 and 0.15 
were found. The quan tum efficiency for the corre- 
sponding PdCI2-HCI solution without  additives was at 
least a factor of 30 lower. 

In  Fig. 3 the changes in the ellipsometric parameters,  
and ~, as a function of exposure t ime are plotted for 

a TiO2 film exposed in a solution containing 1.4 X 10 -4 
real / l i ter  PdCl2 and 3.3 X 10 -3 real / l i ter  HCI. For 
these experiments  a diluted PdCI2 solution without  
additive had to be used because light absorption by the 
usual  sensitizing solutions at the exposure wavelength 
(~300 nm)  was too great. Exposure led to a decrease 
in ~ and an increase in ~. For pal ladium film thickness 
~10A the metal  could be determined spectrophoto- 
metrically. In this region a l inear  relationship between 
film thickness and 5_% was observed. A pal ladium film 
with an average thickness of 10A gave changes in A 
arid ~ of approximately 20 ~ and 4.5 ~ respectively. The 
magni tude  of these changes is consistent with the for- 
mat ion of a metall ic film on the oxide (1). 

0 6 

t 
0 2o 4O 6O 8O 

- - - ~  Exposure time (mia) 

Fig. 3. Changes in the ellipsametrlc parameters of a Ti02 film, 
due to exposure in a solution containing 1.4 X 10 -4  mol/liter 
PdCI2, 3.3 X 10 - 3  mol/liter HCI, as a function of exposure time. 
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{D 

,q 
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t 
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Exposure o] PdClz-sensitized Ti02 f i lms.--For the 
ellipsometric measurements  using dried PdC12-sensi- 
tized films, the two sensitizing solutions shown in 
Table I were used. The TiO2/glass film was mounted  in 
the cell containing deionized water  and the ellipso- 
metric measurements  were made. The water was then 
replaced by a PdC12-sensitizing solution. After  5 rain 
this solution was removed and the oxide film was 
rinsed by filling and emptying the cell 5 times with 
water. The changes in ~ and ~ caused by irreversible 
adsorption in  the dark of pal ladium species from the 
sensitizing solution were measured in  water. 

The cell was then refilled with the same PdC12 solu- 
tion for 5 min  and, when this solution had been re-  
moved, the film was dried using compressed air and 
exposed in  the dried sensitized state to u.v. light. The 
exposed film was then rinsed 5 t imes with deionized 
water and the ellipsometric measurements  were again 
performed with water  in  the cell. 

In  both cases adsorption of PdCI2 species in the dark 
gave only very slight negative changes in ~ as shown 
in Table IV. Exposure of the dried sensitized films 
caused substantial  changes in both h and r with h de- 
creasing and ~ increasing as a funct ion of exposure 
time. The direction of the changes in  these parameters  
was the same as found for experiments  involving ex- 
posure in solution (Fig. 3). These results, especially 
the considerable increases in  4, indicated that  metallic 
films are also formed on dried sensitized films. 

Activity of nuclei ~or Ni deposition.--We observed 
certain anomalies concerning electroless Ni deposition 
on nuclei formed by exposure of PdC12-sensitized TiO2 
films. Nuclei obtained using sensitizing solution A 
could be developed with Ni, Ag, and Cu. However, 
when sensitizing solution B was used, the nuclei  
formed during exposure could be developed with Ag or 
Cu but  not with Ni. Aqueous PdC12/HC1 and Pd(NO3)2/ 
HNO3 solutions without  Tensagex also gave "Ni- inac-  
tive" pal ladium nuclei. 

When the TiO2 film sensitized using solution A was 
overexposed ~to u.v. light, the activity of the nuclei 
for electroless Ni deposition was destroyed. Thus when 
a sensitized TiOe film was exposed at 300 nm at a light 
intensi ty  of 6 • 10 TM photons /cm 2 min, a threshold ex- 
posure as reported in  Table II was found. However, 
on increasing the exposure by a factor of 100 at the 
same intensi ty  the nuclei became inactive for Ni dep- 
osition, while remaining  active for Ag and Cu deposi- 
tion. 

Discussion 
Exposure of TiO2 films in  pa l lad ium salt solutions 

led to the formation of polycrystal l ine metall ic films 
on the oxide. The presence of metallic nuclei after ex- 
posure of dried PdC12-sensitized films was shown by 
ellipsometry. It seems l ikely therefore that the cata- 
lytic nuclei for electroless deposition consist of metal-  
lic pal ladium particles. By assuming that the quan tum 
efficiency for the initial  stages of exposure of the 
PdCle-sensitized TiO2 film does not differ seriously 
from the value found exper imental ly  for exposure of 
TiO2 in PdC12 solution, an estimate can be made of the 
m i n i m u m  pal ladium coverage required for electroless 

Table IV. Changes in the ellipsometrlc parameters, ~ and ~, of 
Ti02 films as a result of PdCI2 treatments 

deposition. The product of the mi n i mum exposure 
(Table II) and the quan tum efficiency, measured using 
the same exposure system, gives an indication of the 
min imum number  of atoms required. Results are 
shown in Table V. If we assume that  the pal ladium is 
distr ibuted as atoms which each occupy 10A 2 of the 
surface, then these values range from 8 X 10 - s  of a 
monolayer  for Ag deposition to 3.2 X 10-3 of a mono-  
layer for Ni deposition. This suggests that  very low 
pal ladium coverages are sufficient to catalyze elec- 
troless deposition. 

The ellipsometric measurements  indicate that  this 
order of magni tude is correct. Thir ty  seconds exposure 
of the film sensitized using solution A gave a change 
in ~ of --0.8 ~ (Table IV). This corresponds to approxi-  
mately 0.1 of a monolayer.  The exposure t ime re-  
quired for Ag development  with this system was 1 sec. 
Assuming a l inear  increase in  pal ladium coverage with 
exposure time in this range, this is equivalent  to a 
surface coverage of approximately 3 X 10 -8 of a mono- 
layer. 

Behrndt  (19) was able to achieve reproducible sur-  
face coverages of from 10 -8 monolayers upwards of 
gold and silver on glass and TiO2 substrates by con- 
trolled deposition using a ra te-control led evaporation 
source, a shutter  arrangement ,  and a quartz crystal 
oscillator detector system. These films could be de- 
veloped by Ag deposition. In  this way it was possible to 
specify the number  of silver or gold atoms necessary to 
give Ag development.  There is a good similari ty be-  
tween their m i n i mum Au and Ag coverages on TiO2, 
given in Table V, and our estimated Pd coverages also 
shown in the same table. Hamil ton and Logel (20) re- 
port that for electroless deposition of nickel, from a 
d imethylamineborane bath, on pal ladium nuclei evapo- 
rated onto amorphous carbon substrates, a coverage of 
5 X 10 TM atoms/cm 2 is required. Their work suggests 
that nuclei containing at least 4 pal ladium atoms are 
required for Ni deposition. 

The results found in the present  work do not explain 
why certain pal ladium nuclei were not catalytic for 
deposition of Ni from the solutions used here. The de- 
activation of "Ni-active" nuclei due to overexposure 
of the films with u.v. light is also not explained. Chow 
and co-workers (21) found an analogous effect with 
nuclei prepared by SnC12 sensitization, PdC12 activation 
of Formvar  substrates. Freshly activated substrates 
were catalytic for Ni and Co deposition. For the ac- 
t ivated films they found a diffuse electron diffraction 
pattern, difficult to a t t r ibute  to any one symmetry.  
Recent investigations (1) have shown the absence of 
metallic pal ladium on activated glass substrates. Chow 
et al. found that 50 min  i r radiat ion of activated films 
caused the nuclei to become inactive for Ni and Co 
deposition while remaining  active for Cu deposition. 
They observed an increase in the degree of crystalliza- 
t ion of the ac t ivated  film due to irradiation. They 
speculate that the increased crystal l ini ty of the pal-  
ladium may inhibi t  deposition of Ni and Co, which 
unl ike Cu, give an initial  glassy, noncrystal l ine struc- 
ture. 

Table V. Number of metal atoms on Ti02 films required for 
electroless deposition 

N u c l e i  D e v e l o p m e n t  A t o m s / c m  ~L 

Solution Treatment Yh $~ 

P d C b - s e n s i t i z i n g  N o t  e x p o s e d  -- 0.22 -- 0.06 
s o l u t i o n  A 

Exposed z/2 r a i n  a - -0 .80  + 0.16 
E x p o s e d  1'/2 mina  - -1 .30  + 0 . 3 0  

PdC12-sens i t i z ing  No t  e x p o s e d  -- 0.10 -- 0.02 
so lu t i on  B 

Exposed 1 m i n ,  - - 0 . 74  + 0.13 

�9 Exposed in the dry s ta te .  

P d  b A g  8 x I0  ~ 
Pd c Ag 1.6 X 10 m 
P d  d N i  3.2 x 10 ~ 
Au* Ag 2 X i0 ~ 
A E .  A g  I-2 • I0 ~ 

a T h e s e  v a l u e s  h a v e  n o t  b e e n  c o r r e c t e d  , 'or t h e  s u r f a c e  roughness 
f a c t o r  of  t he  TiO2 fi lm, w h i c h  i n  ou r  case  w a s  s h o w n  b y  a B E T  
m e a s u r e m e n t  to be  3.7. 

b U s i n g  s e n s i t i z i n g  so lu t ion  A. 
e U s i n g  s e n s i t i z i n g  s o l u t i o n  B.  
a U s i n g  s e n s i t i z i n g  so lu t i on  A a n d  n i c k e l  s o l u t i o n  C. 
" F r o m  Ref. (19) .  
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Conclusions 
As a result of u.v. exposure of transparent TiO2 films 

in the presence of various palladium salts, catalytic 
nuclei are formed. Such nuclei can be developed by 
electroless deposition of different metals. Electron dif- 
fraction and ellipsometric measurements have shown 
the light reaction product to be polycrystalline metallic 
palladium. Using the results of quantum efficiency and 
ellipsometric measurements, the minimum palladium 
coverages required for electroless Ag and Ni deposition 
were estimated. The values found ranged from 8 X 
10 -3 of a monolayer for Ag to 3 X 10 -2 of a mono- 
layer for Ni. Two factors contribute to the high photo- 
graphic sensitivity (100-500 ~J/cm 2) of the PdC12/ 
TiO2 film system: the quantum efficiency for the pro- 
duction of metallic palladium is relatively high, while 
the minimum palladium coverage required for electro- 
less deposition is very low. 
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ABSTRACT 

GaAs epitaxial  layers with low electron concentrations were obtained 
from an a lkylgal l ium and arsine system by use of t r iethylgal l ium. The high- 
est Hall mobih ty  of the layer, with an electron concentrat ion of 7.0 • 1013/cm8 
at 77~ was 120,000 cmz/V sec. Carrier concentrat ion and carrier type of the 
layer could be changed in the range of from 1012 to ,~ 1016/cm 3 by changing 
the arsine to tr iethyl  gall ium mole ratio introduced into a deposition zone. 
This fact was expected to be due to the amphoteric impur i ty  sharing between 
the arsenic and the gall ium sites of GaAs crystal. 

Al though the extension of carrier concentrat ion to the lower range resulted 
from impur i ty  compensation, mobil i ty data of the layers of electron concen- 
trations higher than about 1014/cm 3 were almost the same as those from the 
usual  AsCJ~-Ga-H2 system. Dominant  acceptor impuri t ies  observed in  the 
photolummescence measurements  were discussed and were correlated with 
amphoteric silicon and carbon impurities.  This was consistent with the resul t  
obtained on the ~npuri t ies  of the layer by mass spectroscopic analysis. 

One of the most commonly used techniques for 
growing high pur i ty  GaAs epitaxial  layers from vapor 
phase is one using the AsC18-Ga-H2 system (1). Be- 
cause of extensive efforts for growing high pur i ty  
GaAs over the past several years (2-8), it is now pos- 
sible to obtain GaAs with total ionized impur i ty  concen- 
t rat ion (ND -~- NA) in the 1013/cm s range (4). Although 
recent reports throw light on the preparat ion of high 
pur i ty  GaAs (5-8), the AsC13-Ga-H2 system is ra ther  
complicated and somewhat unstable  (9). 

A system using alkylgal l ium and arsine, first re- 
ported by Manasevit  (10), seems to have some ad- 
vantage compared with the AsC18-Ga-H2 system. This 
system required only one temperature  zone, whose tem- 
perature  is easily controlled induct ively by r.f. power. 
Crystal growth takes place on the substrate on a 
heated pedestal in a quartz tube with a cool wall. The 
system does not contain reactive halogen. This seems 
to be an impor tant  factor to suppress impur i ty  incor- 
porat ion into the layer  from the reactor system. 

In spite of extensive experiments on the deposition 
of the layer by this method (11-15), total impur i ty  
(ND-~-NA) seems to b e  higher than 1016/cm ~ so far. 
Ra i -Chaudhury  (12) and Ito et aI. (15) detected a 
large quant i ty  of impurit ies in the layer, such as sili- 
con, carbon, and others by the mass spectroscopic 
analysis. Shallow active impurit ies of the layer were 
examined by the photoluminescence measurement  and 
were expected to be carbon and/or  silicon which 
main ly  come from the t r imethylgal l ium source (15). 
These reports seemed to show that a high pur i ty  gal- 
l ium source, whose silicon and carbon impurit ies are 
reduced, should be used to obtain a high pur i ty  GaAs 
layer. Lindeke et al. (16) used distilled gal l ium di- 
ethyl chloride as gall ium source, but  the electron Hall 
mobil i ty data at 77~ showed that impur i ty  concen- 
trat ion was near ly  the same as that from the t r imethyl -  
gallium source. 

In  this experiment,  high pur i ty  tr iethylga]l ium 
(TEG) was used as gal l ium source in place of tr i-  
methylgal l ium (TMG), in order to reduce carbon con- 

K e y  words:  crys ta l  g rowth ,  chemica l  v a p o r  depos i t ion ,  s i l icon in  
GaAs,  ca rbon  in  GaAs ,  h i g h  p u r i t y  GaAs ,  G a A s  Hal l  effect, G a A s  
m o b i l i t y ,  G a A s  p h o t o l u m i n e s c e n c e .  

tamination.  It has been pointed out that  decomposition 
reaction of t r imethyl  compounds of metallic elements 
was accompanied with formation of carbide (17), 
whereas t r ie thyl  compound decomposed to pure metal 
through some a lkyl -meta l -hydr ides  and meta l -hydr ide  
formation steps, in  the case of a luminum alkyl com- 
pounds (18). 

Although no exper iment  has been reported on gal- 
l ium-carbide  formation by t r imethylga l l ium decom- 
position, the above experiments  on a luminum com- 
pounds suggested that less carbide formation (less car- 
bon incorporation) would be expected when  TEG was 
used in place of TMG. Manasevit  and Simpson (11) 
used TEG in their earlier exper iment  and determined 
the feasibility of obtaining a signal crystal on a ger- 
man ium substrate. However few experiments on the 
electronic properties of a layer from a TEG source 
have been reported. 

In this experiment,  an epitaxial  layer was deposited 
on a GaAs substrate by use of TEG and AsH~. Con- 
duction type conversion, the Hall mobility, compensa- 
t ion ratio, and photoluminescence spectra of the layer  
are discussed. 

Experimental 
Expitaxial  growth apparatus used in the experi-  

ments was a vertical one and almost the same as re- 
ported before (15). Gas mixing apparatus was made 
of a stainless steel tube, joints, and mass flow sensors. 
Air leak through joint  fittings was el iminated as much 
as possible. St- and Cr-doped GaAs wafers with (100) 
face were used as substrates. These were mechanical ly 
polished and then etched in a 3H2SO4-H202-H20 solu- 
tion. A quartz bubbler  containing TEG was kept at 
21~ during the growth. Vapor saturat ion rate of TEG 
through the bubbler  was found to be over 95% in the 
experimental  condition. Two TEG sources used, 1 
TEG-2 and TEG-6, were chemical analysis grade and 
electronic grade, respectively. AsH3 diluted to about 
1% with a high pur i ty  argon, 2 99.9999%, was used. 

1 T E G  sources  are c o m m e r c i a l  p r o d u c t s  and  were  s u p p l i e d  b y  
S u m i t o m o  Chemica l  Company ,  L imi t ed ,  J apan .  

2 AsI-I~ was  made  by  P h o e n i x  Resea rch  Corpora t ion ,  U.S.A.,  and  
was  d i l u t e d  to --1% w i t h  a rgon  by N i h o n  Sanso  Company ,  L i m i t e d ,  
J apan .  
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Nominal  pur i ty  of the original AsH8 was 99.999'% and 
this contained <1 ppm of O2, N~, CI-I4, and CO2 as 
dominant  impurities,  respectively. 

Flow rates of AsHa were varied in  the ranges from 
2 X 10 -4 to 3.6 • 10 -3 m o l e / m i n  to a fixed TEG flow 
rate of 3 X 10 .4  mole /min .  An  addit ional H2 flow was 
added to keep the total gas flow rate constant  (8000 
cm3/min) .  

Deposition tempera ture  was 650~ AsHz flow started 
when  the substrate tempera ture  reached about 500~ 
prior to the introduct ion of TEG into the reactor, in 
order to prevent  substrate decomposition. After  the 
deposition was completed, the AsHa flow was con- 
t inued unt i l  the substrate tempera ture  had dropped to 
500~ Growth rate of the layer  was about 0.2 ~m/min.  

For electronic and optical measurements,  layers ~10 
~m thick were used. Hall  measurement  of a layer  de- 
posited on Cr-doped semi- insula t ing substrate was 
carried out in a magnetic field of 6000G. The shell 
measurements  and the C-V measurements  using a 
pal ladium Schottky barr ier  gave the same carrier  con- 
centrations. Deviation of thickness homogeneity was 
about 10% throughout  the layer  with ~5  cm 2 area. 
Carr ier  profile measurement  using an impur i ty  profile 
plotter  (J.A.C. Electronic Limited, England, Model 
366) showed flat profiles, independent  of the layer  
thickness, and no anomaly at the epi taxial-substrate  
interface was observed. 

Photoluminescence measurement  of the layer was 
carried out at near  l iquid He temperatures  by He-Ne 
laser beam excitation, using near ly  the same method 
reported before (19). Monochrometer resolution was 
0.2 meV. 

Results and Discussion 
Effect of the arsine to triethylgalIium mole ratio o n  

carrier concentration.--Figure 1 shows the effect of the 
AsH3 to TEG mole ratio ( [As] / [Ga]  ratio) fed into the 
reactor dur ing  the growth on the carrier  concentration 
for two TEG sources. All data were obtained by chang- 
ing the AsH2 flow rate to a fixed TEG flow rate of 
3 X 10 -4 mole /min .  At low [As] / [Ga]  ratios, the 
layers show p- type  conduction. Conduction type of the 
layer  was changed from p- to n - type  by increasing the 
[As] / [Ga]  ratio. Electron concentrat ion of the layer 
was increased by fur ther  increasing of the [As] / [Ga]  
ratio. The figure shows some changes in the max imum 
carrier level and in  t ransi t ion points, where n-  to 
p- type  conversion occurred, depending on the TEG 
source lots, TEG-2 and -6. These were not changed so 
much, though AsH3 cylinders were changed. These 
changes, accompanied with TEG source change, are 
expected to be due to the difference in  residual  im-  
puri t ies of the sources. Shift of p- to n - type  conversion 
point is assumed to be due to the fact that there is 
more column II acceptor in TEG-2 source or more 
column VI donor impur i ty  in TEG-6 source. 

Although there are some few difference in in the re-  
sult between two sources, as seen in Fig. 1, the main  
features, where carrier concentrat ion change and p- to 
n- type  conversion occurred by changing the [As] / [Ga]  
ratio, are the same for the layers from two sources. 
The same [As] / [Ga]  ratio effect, even in the TMG- 
AsH3 system, has been observed by Thorsen and Mana-  
sevit (14) for a heteroepitaxy case and by Ito et aI. 
(5) for a homoepitaxy case. These results seem to show 
that the [As] / [Ga]  ratio is an essential factor in de- 
fining the properties of the GaAs layers from the a lkyl-  
gal l ium and arsine system. 

It has been said that compositional deviation from 
stoichiometry induces some defects in GaAs, which 
affect the electronic properties. The direct effects of 
defects were considered by Blanch et aI. (20) and 
others (21-23) in which the conversion of n - type  to 
p- type  GaAs b y  hea t - t rea tment  was ascribed to such 
defects. Also, the effects in the vapor epitaxial growth 
were considered by Nakagawa and Ikoma (24), Oka- 
moto and Sakata (25), and Ihara et al. (26), in which 
the carrier concentrat ion change was ascribed to the 
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Fig. 1. Effect of the [ A s ] / [ G a ]  ratio on carrier concentration 
of the layer. TEG-2 source contained higher silicon impurity than 
TEG-6. 

reaction between the amphoteric impur i ty  and defects. 
Also, thermodynamic  considerations were made by 
Logan and Hurle (27) for the case without  impur i ty  
and by Kroger (28) and others (24, 26) for the case 
with impuri ty.  It is assumed, also, for the a lkylgal l ium 
and arsine system that  the [As] / [Ga]  ratio change 
during the growth affects the stoichiometry which 
changes properties of the growing GaAs layer. 

Thorsen and Manasevit  (14) reported that  occur- 
rence of p- type  layer  at a low [As] / [Ga]  ratio is 
ascribed to the arsenic vacancy. But, there have been 
few experiments  reported which show that  the arsenic 
vacancy forms a shallow acceptor. It seems to be diffi- 
cult to explain the feature, as seen in Fig. 1, from the 
viewpoint of arsenic vacancy. Ito et al. (15) reported 
that the [As] / [Ga]  ratio effect is ascribed to carbon 
and /or  silicon. However they did not identify carbon 
and silicon, respectively. Detailed experiments  are 
needed in order to explain the [As] / [Ga]  ratio effect, 
as seen in Fig. I. 

Column II element forms a shallow acceptor in 
GaAs. But, as will be reported in the following section, 
the layer does not contain column 11 element and main 
impurities are assumed to be carbon, silicon, and sul- 
fur. The following model, based on the reaction be- 
tween these column IV impurities and vacancies, 
seems to explain the [As]/[Ga] ratio effects, as well 
as the mobility data and the photoluminescence results 
which will be discussed in the following sections. Since 
TEG was checked containing 0.5 ppm silicon, column 
IV elements, such as carbon and silicon in the layer, 
were thought to come from the TEG sources. Column 
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IV elements  have been thought  to be amphoter ic  im-  
purit ies,  e.g., silicon on ga l l ium site is acceptor  and tha t  
on arsenic site is donor  in GaAs. F rom a s imple the r -  
modynamic  consideration,  vacant  site concentrat ions of 
gal l ium and arsenic are expected to be propor t ional  to 
[ A s ] / [ G a ]  -m, respec t ive ly#  

Amphoter ic  impur i t ies  shared  f rom vapor  phase  to 
gal l ium and arsenic sites of the crysta l  are  thought  to 
be propor t iona l  to the respect ive  vacant  site concen- 
trat ions.  So, it  is assumed that,  at  a low [ A s ] / [ G a ]  
ratio, amphoter ic  impur i t ies  shared  to arsenic sites 
ra ther  than  to gal l ium sites are  dominant  and the layer  
becomes p- type .  On the contrary,  at a high [ A s ] / [ G a ]  
ratio, amphoter ic  impur i t ies  shared to ga l l ium sites are  
dominant  and  the l aye r  becomes n- type .  This model  
can expla in  the reason why, at lower  [ A s ] / [ G a ]  ratios,  
the layers  are  p - t y p e  and become n - t y p e  by  increas-  
ing the [ A s ] / [ G a ]  ratio, as seen in Fig. 1. 

However  in Fig. 1, the p - t y p e  layer  wi th  the highest  
car r ie r  concentrat ion of ~1017/cm 8 f rom TEG-6 source 
may  come from another  origin. At  such a low [As ] /  
[Ga] ratio, ,-~1, it  was difficult to deposit  an epi taxia l  
l ayer  wi th  good quali ty.  In  this  case, the  l aye r  showed 
poor crysta l l in i ty ,  and some kind  of defects should be 
the origin for the high hole density. 

E#ects of the [As]/[Ga] ratio on Hall mobility and 
compensation rat, io.--The Hall  mobi l i ty  was measured  
at room t empera tu r e  and 77~ The layers  wi th  electron 
concentrat ion in the range from 5 • 1018 to 8 • 1015/ 
cm 3 were  obtained by  changing the [ A s ] / [ G a ]  ratio, 
where  AsH.~ flow ra te  was changed to a fixed TEG 
flow rate  of 3 • 10 -4 mole /min .  Room tempera tu re  
Hall  mobil i t ies  var ied  in the  range f rom 7400 to 8500 
cm2/V sec for the layers  from TEG-6 source and from 
6500 to 7800 cm2/V see for the  layers  f rom TEG-2 
source, corresponding to the  car r ie r  concentrat ion.  
These room t empera tu re  da ta  are nea r ly  the  same as 
the repor ted  values  (8, 29). 

F igure  2 shows the corre la t ion  be tween  the Hal l  mo-  
b i l i ty  and the electron concentrat ion at 77~ Also 
plot ted are curves showing the theoret ica l  77~ mo-  
b i l i ty  as a function of e lect ron concentrat ion for sev-  
eral  fixed compensat ion rat ios (29). Some da ta  p lot ted  
in the figure are mobi l i ty  of the  l ayer  wi th  (100) or i -  
enta t ion obta ined from the Ga/AsCls /H2 sys tem (8). 
F igure  2 shows that  mobil i t ies  of layers  wi th  an elec-  
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Fig. 2. Y-riatlon of 77~ mobility with the carrier concentration 
(ND - -  NA) showing the effects of variable compensation. Carrier 
concentration of undoped layer was changed by changing the 
[As] / [Ga]  ratio during the growth. Thickness of the layer was 
in the range from 15 to 30 p.m. Symbols A and �9 represent pres- 
ent work; �9 represents DiLorenzo's using the Ga/AsCIJH2 sys- 
tem (8); K, compensation ratio calculated by Wolfe et al. (30). 

t ron  concentra t ion higher  than ,~10t4/cm 8 are almost  
the same as those from the usual  Ga/AsC1JH2 system. 

Also, this figure shows that  layers  wi th  a lower  elec-  
t ron  concentrat ion have a h igher  compensat ion rat io  
and the decrease of e lectron concentra t ion of the l aye r  
is accompanied wi th  an increase in the  compensat ion 
ratio. This fact  is consistent  wi th  the  resul t  of t he rmo-  
dynamic  consideration,  in which amphoter ic  impur i t ies  
are shared be tween  ga l l ium sites and arsenic sites, ac-  
cording to the [ A s ] / [ G a ]  ratio. According to the  am-  
photer ic  impur i t y  share model, the compensat ion rat io  
for the n - t y p e  region is expected to be propor t iona l  to 
( [ A s ] / [ G a ] ) - m #  This seems to expla in  the  exper i -  
menta l  resul t  as shown in Fig. 2, where in  the  donor 
concentra t ion is nea r ly  the  same as tha t  of acceptor  
(K --  1) in the  l aye r  deposi ted at low [ A s ] / [ G a ]  rat ios 
and the compensat ion rat io  becomes smal ler  in the 
layers  deposi ted at h igher  [ A s ] / [ G a ]  ratios. 

Photoluminescence experiment.--Shallow acceptor  
levels of the l ayer  were  examined  by  use of the  photo-  
luminescence measurement  at low tempera tures .  F ig -  
ure  3 shows the photoluminescence spect ra  of an 
n - type  sample  at 10~ There  are  five emission peaks  
near  the bandgap  in the  range from 8180 to 8220A. 
Bogardus and Bebb (31) and Rossi et al. (32) r epor ted  
that  there  are  five emission peaks near  the  bandgap  
energy in high pur i ty  ep i tax ia l  GaAs. According to 
Bogardus and Bebb (31), these are  expected  to be due 
to the free exciton (X) ,  the exc i ton-neu t ra l  donor (D ~ 
X),  neu t ra l  donor -band  (D ~ h),  exci ton- ionized donor  
(D +, X) ,  and  exc i ton-neu t ra t  acceptor  (A ~ X) r e -  
combinations.  

I t  is noted that  there  are  three  emission peaks in the 
range  f rom 8250 to 8450,%. 

F igure  4 shows the photoluminescence spectra  at 
l l ~  of p -  and n - t y p e  layers,  wi th  different  car r ie r  
concentrat ions in the  range  f rom 8250 to 8450A. The 
spectra  of n - t ype  layers  consist of th ree  emission lines, 
indicated as A, B, and C in the  figure. Intensi t ies  of  the  
emissions are  increased in the  layers  which have lower  
electron concentrat ions .and are  the  most intense in the  
p - type  layer.  This seems to show tha t  the  l ayer  d e -  
posi ted at lower  [ A s ] / [ G a ]  rat ios contains many  more  
acceptors.  Emission spectra  of a p - l a y e r  in this range  
consist of B and C emission. Many workers  have  
pointed out that  the photoluminescence spectra  of high 
pur i ty  GaAs in this  wave leng th  range  have severa l  
luminescence peaks involving acceptors (31,33-35). 
Recently,  Rossi et al. (35) identif ied the  origin for the  
emission line mul t ip l ic i ty  in this wave length  region by  
a photoluminescence exper imen t  under  a magnet ic  
field. They identified three  emission peaks  in the  photo-  
luminescence spect ra  of the i r  high pur i ty  n - t y p e  GaAs, 
associated with  two shal low acceptors having  different  
b inding  energies,  respect ively.  Thus, the  da ta  indica ted  
that  two acceptor  levels were  p resen t  in the  sample  and 
that  two f ree-e lec t ron  neu t ra l - accep to r  emissions and 
two donor-acceptor  pa i r  emissions were  expected,  but  
two of these emissions were  over lapped.  
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ent carrier concentration, corresponding to emission peaks A, B, 
and C in Fig. 3. 

If the present  photoluminescence results were the 
same as in the above experiments,  b inding energies of 
two acceptors are 25.6 and 29.4 meV, respectively, us- 
ing a bandgap energy of 1.5194 eV (47). This assump- 
t ion is consistent with the following exper iment  on 
tempera ture  dependence of the photoluminescence 
spectra. Emission peak C of 1.4869 at l l ~  was an-  
nihi la ted by increasing temperature,  whereas emission 
peaks A and B shifted toward the higher energy side, 
but  the emission intensities did not change so much, as 
shown in Fig. 5. 

These facts show that  emission peaks A and B are due 
to free electron and to two different acceptor recom- 
binations, respectively, and emission peak C is due to a 
donor-acceptor pair  recombination,  being of the same 
origin of acceptor as emission peak B. It  is assumed 
that  an emission due to donor to acceptor pair recom- 
bination,  being the same acceptor origin as emission A, 
has not been identified with emission peak B, because 
of the overlap of this pair  emission and the emission 
peak B. 

There have been many  reports on the shallow ac- 
ceptor levels in GaAs. Data are shown in Table I. The 
acceptor with a b inding  energy of 25.6 meV in this ex- 
per iment  is assumed to be carbon. However, there are 
two different results for the acceptor with a b inding 
energy of 29.4 meV. This acceptor is assumed to be 
either silicon or zinc. Therefore, it cannot  be decided, 
from these reports, whether  silicon or zinc is respon- 
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Fig. 5. Variation of photoluminescence showing the increase in 

intensity of free electron to accepter recombinations, 1.4939 and 
1.4902 eV, with a simultaneous decrease in donor to accepter pair 
emission of 1.4869 eV due to increasing temperature. 

sible for emission peaks B and C. However, it should 
be noted that the emission peaks B and C become more 
intense in n-type layers with lower electron concen- 
trations and become dominant in a p-type layer, as 
shown in Fig. 4. This fact means that emission peaks 
B and C are more intense in a layer which is deposited 
under the low [As]/[Ga] ratios. The layer deposited 
under the low [As]/[Ga] ratios could be expected to 
contain higher density of impurity substituting arsenic 
sites than gallium sites of the crystal. 

It is reasonable to think that the impurities sub- 
stituted on the arsenic sites to form accepters are the 
origin for the emissions. Thus, silicon substituted on 
the arsenic sites is expected to be the accepter respon- 
sible for emission peaks B and C in this sample, rather 
than zinc. Emission spectra of the p-type layer consist 
of B and C emissions, in Fig. i. The C emission was 
observed to be annihilated at higher temperatures. This 
seems to show that B emission is due to free electron 
to silicon accepter recombination and silicon is a 
dominant accepter in the p-type layers. 

This expectation was supported by the result of a 
mass spectroscopic analysis of the layer, as shown in 
Table II. Carbon, silicon, and sulfur were detected as 
major impurities, but zinc was not detected within the 
zinc detection limit of ~ 0.03 ppm. Mass spectroscopic 
analysis was carried out on the GaAs sample deposited 
on the lightly sulfur-doped germanium as an electronic 

Table II. Impurities in GaAs layer determined by mass spectroscopic 
analysis (ppm) 

Table I. Binding energies of shallow accepters (meV) C Si S Fe P A1 Ca Zn 

C Si  Z n  G e  C d  TEG-6  8 0.4 0.7 0.5 0.1 0.6 0.2 N.D. 

W i l l i a m s  a n d  B e b b  (36) S0 
N a k a n l s h i  (37) 31 41 
W h i t e  et  al. (38) 26.7 35.2 31.4 41.2 
Ozeki  et al. (39) 26.5 35.1 30.2 41.3 

84.5 Spark source mass spectroscopic analyzer was used. 
Samples were made by depositing the GaAs layer on sulfur-doped 

35.4 Ge crystal containing C (8 ppm), Si (0.4 ppm), S (0.7 ppm), and Fe 
84.5 0.5 ppm). 
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conductive support. The germanium support was found 
to be containing C(8 ppm), Si(0.4 ppm), S(0.7 ppm), 
and Fe(0.5 ppm). Analytical data show that the GaAs 
layer does not contain these impurities exceeding the 
above values, at least. The carbon contamination (<8 
ppm) for the layer from TEG source of less than the 25 
ppm for the layer from the TMG source (15) seems to 
show that TEG is an appropriate source for reducing 
carbon contamination. 

From the amphoteric impurity share model, domi- 
nant donor impurities are assumed to be carbon and 
silicon on gallium sites. Silicon has been thought to 
form a donor, but no experiment has been reported to 
show that carbon forms a donor. In order to confirm 
the existence of a carbon donor, additional experi-  
ments, such as carbon doping, are needed. This is a 
future problem. 

Conclusion 
High purity epitaxial GaAs has been deposited on 

GaAs substrate using high puri ty  tr iethylgall ium and 
arsine as source materials. 

The layer carrier  type was changed by changing the 
[As]/[Ga]  ratio introduced into the reactor. A higher 
[As] / [Ga]  ratio made the layer  more n-type. 

Carrier type conversion and carrier concentration 
change accompanying the [As] / [Ga]  ratio change were 
explained by the sharing of amphoteric impurities be- 
tween gallium sites and arsenic sites. The Hall mo- 
bility data, carrier compensation effect, and photo- 
luminescence results were consistent with the ampho- 
teric impurity sharing model. Dominant impurity ac- 
tive impurities were expected to be carbon and silicon. 
This agreed with the impurities determined by the 
mass spectroscopic analysis. 

Triethylgall ium is a useful source material  for grow- 
ing a high purity epitaxial layer. A higher puri ty  layer  
would be deposited by eliminating silicon impuri ty 
from the source materials. 

Electron Hall mobility at room temperature and at 
77~ of the layers with an electron concentration 
higher than ~bl0~4/cm 3 was nearly the same as those 
obtained by the usual Ga-AsC13-H2 system. The highest 
electron Hall mobility at 77~ was 120,000 cm2/V sec 
for the layer with an electron concentration of 7 X 
10*3/cma. 

Three emission peaks were observed in the wave- 
length range from 8250 to 8450A in photoluminescence 
and were due to two shallow acceptors with binding 
energies of 25.6 and 29.4 meV, which corresponded to 
carbon and silicon in the arsenic sites, respectively. 
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Investigation of Breakdown and Resistivity Striations 
in High-Voltage Silicon Diodes 
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ABSTRACT 

The breakdown behavior  of high-voltage diodes prepared from silicon 
wafers that were cut parallel  to the rod axis was observed by  means o f  the 
inf rared breakdown radiation. The breakdown pat terns were striated and could 
be correlated to spreading resistance measurements  on a microscopic scale. 
It could be confirmed exper imenta l ly  that the breakdown in  mater ia l  wi th  
resist ivity variations not only depends on the absolute resistivity value at each 
location, but  also to a large extent  on the wave form and the period of the 
variations. Only in diodes in  which the microscopic resistivity variations had 
high ampli tudes and a distinct periodicity with wavelengths longer than the 
extent  of the space charge region did individual  min ima lead to individual  
clearly separated breakdown lines. 

The incorporat ion of dopants dur ing  the growth of 
silicon crystals from the melt  is usual ly  layerl ike (1). 
Microscopic dopant  variat ions are generated in this 
way along the axis of the rod. They are normal ly  de- 
termined by means of a resist ivity measurement  with 
high local resolution (1,2). 

The effect of these fluctuations on device properties 
depends to a large degree on their  geometrical extent  
as compared to the dimensions of a single active ele- 
ment  of the device. The critical dimension can be given 
by a lateral  dimension or by the extent  of a space 
charge region. 

For smal l -area discrete devices the influence is easily 
estimated, since in  these the resist ivity remains  v i r tu -  
ally constant wi thin  one single element. The resist ivity 
variat ions manifest  themselves in variat ions of the 
properties from one device to the other. An example 
is the mult idiode vidicon in  which the resistivity var ia-  
tions become visible in  the dark current  display (3). 

In  the large-area  discrete devices used for power 
applications, e.g., in  thyristors and in  rectifiers, the 
period of the variations may be small  compared vcith 
the lateral  dimensions and of the same order or smaller 
than  the extent  of the space charge region. Therefore, 
it is significantly more difficult to estimate the influence 
of the resist ivi ty variat ions on the device properties. 
For  example, it is no longer possible to assume a one- 
to-one relationship between a measured resist ivity 
profile and the breakdown behavior of a p -n  junction.  

The breakdown of a p - n  junc t ion  is determined by 
the field s trength at the junction.  In  homogeneously 
doped silicon the applied voltage needed to reach the 
breakdown field s t rength is proport ional  to the resis- 
tivity, according to Poisson's equation. The breakdown 
field s t rength itself varies slightly with resist ivity due 
to the sensi t ivi ty of the breakdown to the gradient  of 
the field s t rength (4). 

Cornu and Sittig (5) have investigated theoretical ly 
the influence of resistivity variat ions on the dis t r ibu-  
tion of the electrical field s t rength for a constant  ap- 
plied voltage. They considered resistivity min ima in 
the shape of a sinusoidal ha l f -wave  or of rec tangular  
shape that were arranged perpendicular  to the p - n  
junct ion.  They concluded that  as compared with an 
equivalent  one-dimensional  resist ivi ty reduction a 10% 
dip of the resist ivity causes hardly  any increase in  the 
m a x i m u m  field strength, if its width is less than  the 
extent  of the space charge region. 

On the other hand, for a width twice t h e  extent  of 
the space charge region, the increase in field s trength 
reaches 70% of that  of the one-dimensional  increase. 

Key words:  spreading resistance measu remen t s ,  i n f r a red  b r e a k -  
down radiation, breakdown lines, space charge region. 

Therefore, in this case breakdown will  occur pre-  
dominant ly  at the location of the resistivity min imum.  

For low-voltage devices and for low current  densi-  
ties there may exist influences on the breakdown be-  
havior other than that of the resistivity, e.g., influences 
of lattice defects l ike dislocations, s tacking faults, and 
"swirls." So far we have found no exper imental  indica-  
t ion that there are any  such in{luenees on the high cur-  
rent  densi ty  breakdown of high-voltage diodes made 
from dislocation-free silicon of the type investigated 
in this paper. This was par t icular ly  evident when the 
diodes were manufactured  from silicon homogeneously 
doped by neut ron  i r radiat ion (6). 

The purpose of this paper is to clarify exper imen-  
tal ly the correlat ion between microscopic resist ivity 
variations and the breakdown behavior of high-voltage 
diodes for devices made from wafers that were cut 
parallel to the rod axis (lengthwise cuts). In length- 
wise cuts the arrangement of the resistivity variations 
is easier to survey than in normal cuts, i.e., cuts that 
are perpendicular to the rod axis. While in the first 
case the dopant layers are arranged perpendicular to 
the p-n junction across the entire area, the intersection 
angle varies in the second case (see Fig. l). 

The distribution of the infrared breakdown radiation 
was observed (7) and the resistivity profile in the same 
diodes determined by means of spreading resistance 
(SR) measurements (2). 

Fig. 1. Schematic representation of the way striations are lo- 
cated in a silicon rod and in wafers sliced from it. (a) Silicon rod. 
(b) Lengthwise cut wafer. (c) Normal cut wafer. 
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Exper imenta l  
The results that are reported were obtained with 

diodes made from two, dislocation-free, float-zoned 
silicon rods that were phosphorus-doped. The average 
resist ivity of the first rod (No. 340) was 70 ohm-cm. 
The macroscopic resist ivi ty variat ions in  this silicon 
were less than +--10% which is considered quite homo- 
geneous by common standards. Such mater ia l  is used 
for the fabrication of power devices. The breakdown 
voltage of the diodes was higher than 2000V. The sec- 
ond rod (No. 4214B) had a resistivity dip in the center 
(dopant core). The m i n i m u m  resist ivity was 52 
ohm-cm. 

The investigated samples were cut from the ~ l l l ~ -  
oriented silicon rod paral lel  to the rod axis in a {112} 
plane. F igure  1 indicates schematical ly how resist ivi ty 
striations are distr ibuted inside slices that  are cut per-  
pendicular  to the rod axis as compared with slices cut 
parallel  to the axis. 

Star t ing from slices approximate ly  470 ~m thick, 
diodes were fabricated by diffusion as described in 
Ref. (7). The p -n  junct ion  was located 90 ~m below the 
surface. The slices were alloyed onto molybdenum on 
the p-doped side. The other side was provided with an 
evaporated grid electrode of a luminum,  to make possi- 
ble the observation of the breakdown radiation. The 
grid spacing was 3 mm. In  one case an a r rangement  of 
observation holes, 0.5 mm apart, was used for a p - n - p  
s t ructure  [as in Ref. (7)].  

As the first step in the investigation, the dis tr ibut ion 
of the breakdown radiat ion emitted from the entire 
area of each diode was recorded. Then, the a luminum 
electrode and a layer  of the silicon approximately  100 
~m wide I were removed. The silicon surface was 
mechanical ly-chemical ly  polished in preparat ion for 
the spreading resistance measurement .  

An ASR-lfl0 (Solid-State Measurements)  with two 
probes at a distance of 0.6 mm was used to determine 
the dis tr ibut ion of the microscopic resist ivi ty var ia-  
tions. The probes were aligned perpendicular  to the 
growth axis. All measurement  tracks were paral lel  to 
the axis. The distance between steps was 25 #m. 

Results 
The breakdown radia t ion emitted from diodes that  

were cut in the normal  fashion perpendicular  to the 
axis from rod No.340 showed a quite regular  spiral ing 
pa t te rn  (Fig. 2). It thus clearly indicated the presence 
of periodic resistivity variations. 

1 In  l e n g t h w i s e  cu t  sl ices,  t h e  w i d t h  o f  t h e  r e m o v e d  l a y e r  is  n o t  
cr i t i ca l  fo r  t h e  r e s u l t  of  t h e  m e a s u r e m e n t ,  as  l o n g  as o n e  s tays  i n -  
s ide  t h e  o r i g i n a l  m a t e r i a l .  T h i s  f a c t  w i l l  b e c o m e  e v i d e n t  in  t h e  n e x t  
s e c t i o n .  

In order to demonstrate that in lengthwise cuts the 
resistivity distribution virtually does not change per- 
pendicular to the p-n junction over a distance of sev- 
eral hundred microns, we prepared p-n-p structures 
with the two junctions 300 ~m apart. An example of 
the two breakdown radiation patterns obtained from a 
p-n-p structure is given in Fig. 3. Only a very close 
inspection of the patterns reveals that there are ac- 
tually small differences. Thus, it is justified to compare 
the breakdown patterns with SR measurements that 
are taken at some distance from the p-n junction. 

Figure 4 shows two examples of diode breakdown 
patterns. The diameter of the diodes is 33 ram. The 
slices used for these diodes were cut at position 3.6 
and 17.8 mm from the rod axis. The breakdown pat- 
terns became more homogeneous at higher current 
levels. The radiation patterns are clearly striated. The 
minimum distance between striations is the same (290 
~m) as the distance obtained from a striation etch. 
With larger distance from the rod axis the distribution 
of the breakdown radiation becomes more homoge- 
neous across the area. 

The comparison between breakdown pattern and SR 
measurement was performed with the diode cut 3.6 
mm away from the rod axis (Fig. 4a). The measuring 
track is indicated in Fig. 5, which is the magnified cen- 
ter section of Fig. 4a, turned 90 degrees. As mentioned 
above, two SR probes at a distance of 0.6 m m  w e r e  

Fig. 2. Breakdown pattern of a normal cut diode from rod No. 
340; breakdown current 50A. Grid electrode spacing is 3 mm. The 
three dark bars separated by 120 ~ are current terminals. 

Fig. 3. Breakdown patterns of the two junctions in a p-n-p 
structure (lengthwise cut); 28 mm diameter of the electrode. 
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Fig. 5. Breakdown pattern of diode cut 3.6 mm off the axis. 
Detail from Fig. 4. Indicated is the location of the spreading re- 
sistance measurement track. 

Fig. 6. Correlation between breakdown pattern of diode cut 3.6 
mm off the axis with spreading resistance measurement along the 
track indicated in Fig. 5. Grid electrode outlined. 

Fig. 4. Breakdown patterns of lengthwise cut diodes at a 
breakdown current of 7A. The grid electrode spacing is 3 mm. (a) 
Cat 3.6 mm off the rod axis. (b) Cut 17.8 mm off the rod axis. 

used, i.e., the probes were applied to the silicon surface 
0.3 m m  to both sides of the indicated track. In  Fig. 6 
the results of the SR measurement  and the breakdown 
pat te rn  magnified to the same scale are arranged ad- 
jacently.  The spatial resolution of the breakdown pat-  
te rn  in Fig. 5 and 6 is approximate ly  200 ~m. 

The SR profile shows a quite regular  f luctuation pat -  
tern. The ampli tudes average to approximately  ~20%, 
the period to 290 ~m. 

The breakdown pat terns in Fig. 4-6 are representa-  
tive for the breakdown in diodes in  which the period 
of the resist ivity variat ions is longer  (290 ~m) than  
the extent  of the space region (180 ~,m), while the 
width of the individual  min ima  is s l ight ly smaller. The 
results given in  Fig. 7 and 8 are examples for a silicon 
crystal that shows less regular  microscopic resist ivity 
variat ions with a distance between pronounced min ima  
(125 ~m) that  is slightly shorter than the extent  of the 
space charge region (140 ~m). The etched silicon sur-  
face revealed straight str iat ions (facets), also at a dis- 
tance of approximately 125 ~m. The detail of Fig. 8c 
was taken independent ly  with an optical a r rangement  
with higher resolution. The spatial resolut ion in Fig. 7 
and 8b is approximately 2.00 #m and better  than  100 
~m in Fig. 8c. 

Fig. 7. Breakdown pattern of diode cut 1 mm off the axis from o 
rod with a central dopant core; breakdown current 2A. Indicated 
is the location of the spreading resistance measurement truck. The 
grid electrode spacing is 3 mm. 

The general appearance of the breakdown pattern in 
Fig. 7 is similar to that in Fig. 5 (which is of the same 
scale), only that the breakdown lines are somewhat 
shorter due to the dopant core. In Fig. 7 the minimum 
distance between lines is approximately 250 t~m. Figure 
8a shows the result of the SR measurement along the 
track indicated in Fig. 7. Figure 8b is a magnified sec- 
tion of Fig. 7. 

Discussion 
Especially Fig. 4b could be interpreted as indicating 

that the dopant is very inhomogeneously incorporated 
in the direction of the rod axis as well as along the 
slightly curved striations which correspond to the 
solid-liquid interface during growth. However, since 
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Fig. 8. Correlation between breakdown pattern of Fig. 7 and 
spreading resistance measurement. (a) SR measurement. (b) En- 
larged detail of Fig. 7; optical resolution approximately 200 p.m. 
(c) Detail. Optical resolution better than 100 ~m. This photograph 
is slightly cushion-distorted and has an intensity fall-off toward 
the edges. The slanted square pattern visible in the photograph 
originates from the fiber optics in the infrared system. 

the breakdown current  density rises very sharply once 
the local breakdown voltage is surpassed, such in ten-  
sity variat ions can basically be caused by resistivity 
fluctuations of only a few per cent. 

When one compares the details of the breakdown 
pat terns and the resist ivity wave forms in Fig. 6, it be-  
comes evident that all b reakdown striations coincide 
with min ima  of the resist ivi ty profile, though some of 
the adjacent l ines are only barely separated. For these 
current  and observation conditions there is no break-  
down visible for local resist ivi ty min ima  that lie more 
than 12% above the absolute minimum. 

The intensities of different breakdown lines do not 
always correspond exactly to the resist ivi ty values of 
the related minima. This is easily understood in the 
f ramework of the calculations of Cornu and Sittig (5) : 
The field dis tr ibut ion is not only determined by the 
resistivity of the min imum but  also by its width and by 
the resistivity of the surrounding material.  Still, for 
this part icular  mater ia l  there is a clear correlation be- 
tween the resistivity values and the breakdown be- 
havior. 

The breakdown pat terns in Fig. 7 and 8 are examples 
for the breakdown in  a diode in which the width of 
some of the individual  resist ivi ty min ima  is markedly  
smaller than the extent  of the space charge region 
(approximately half).  

One could suspect that in Fig. 7 and 8b several of the 
broad lines are optically not resolved into individual  
lines due to the lack of optical resolution. However, 
even the higher resolution of Fig. 8c does not reveal 
such lines. The juxtaposition of the breakdown pattern 
and the SR measurement in Fig. 8 indicates that a res- 
olution into narrow lines is not to be expected for the 
broad line to the left of Fig. 8c, since even the SR mea- 
surement shows essentially only a wide macroscopic 
m in imum with li t t le s t ructur ing in its bottom. For the 
broad center line in Fig. 8c the SR measurement  shows 
two distinct nar row minima, i.e., in this broad line a 
separation into nar rower  lines is basically possible, but  
is not observed. 

Thus, the exper iment  shows that for this material  
the individual  variat ions level out to macroscopic re-  
sistivity distr ibutions whose min ima  lead to break-  
down. Wide min ima cause a stronger breakdown 
than narrow ones. When one keeps this in mind  
it becomes evident  that  here also the agreement  be-  
tween the breakdown pat tern  and the SR measurement  
is quite good. 

From these results we can in t u rn  conclude that 
the SR measurement  gives rel iable information as far 

as the form and the relat ive position of the min ima are 
concerned. However, we cannot determine how accur- 
ate the measurement  of the absolute resist ivity var ia-  
tions might be. 2 

Summary and Conclusion 
We were able to observe the b reakdown behavior  of 

high-voltage, large area diodes fabricated from silicon 
slices that were cut paral le l  to the rod axis. The break-  
down pat terns were striated s imilar ly  to the well-  
known etched str iat ion patterns. We fur ther  at tempted 
to obtain a correlation between the observed break-  
down pat terns and resistivity fluctuations measured 
with the spreading resistance technique.  It was found 
that: 

1. In  silicon of 70 ohm-cm resistivity which con- 
tained distinct, regular  resistivity fluctuations with 
periods larger than the extent  of the space charge 
region, the m i n i m u m  distance between breakdown 
striations was equal to that be tween resist ivity fluctua- 
tions. The breakdown took place at the positions of the 
microscopic resistivity minima.  

2. For faceted silicon of 52 ohm-cm resist ivity that 
showed less pronounced and less regular  microscopic 
resist ivity variat ions with a period slightly smal ler  
than the extent  of the space charge region, we also ob- 
served a striated breakdown pattern.  However, the dis- 
tance between breakdown striations was at least twice 
that of the mi n i mum distance between resistivity 
minima. 

The results verified that the individual  microscopic 
resistivity striations in high-voltage diodes do not 
necessarily lead to equivalent  individual  breakdown 
lines. The influence of resistivity variations is leveled 
as the extent  of the space region becomes large as com- 
pared with the wic~th of a resist ivity minimum.  Pa r -  
t icular ly when the period of the resist ivi ty variat ions 
and the extent  of the space charge region are of the 
same order, it may be difficult to deduce the break-  
down pat tern  from a given resistivity profile. For the 
same reason, a b reakdown pa t te rn  alone does not give 
any unequivocal  indication as to the microscopic resis- 
t ivity variations in the bu lk  material .  The observation 
of the breakdown still  has the advantage that  it sup- 
plies direct informat ion on the device performance 
over a large area. 
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2 Kraus se  (8) has  c o m p a r e d  the  r e su l t s  of s p r e a d i n g  r e s i s t ance  
m e a s u r e m e n t s  t a k e n  w i t h  an a r r a n g e m e n t  of d i f fused  contac t  a reas  
of def ined g e o m e t r y  [ n o n b l o c k i n g  a l u m i n u m - s i l i c o n  contac ts  (9)] 
w i t h  s t a n d a r d  m e t a l  p robe  m e a s u r e m e n t s  t a k e n  in  d i f f e ren t  expe r i -  
m e n t a l  se tups.  He f o u n d  t h a t  t he  abso lu t e  r e s i s t i v i t y  v a r i a t i o n s  m e a -  
sured  w i t h  the  s t a n d a r d  a r r a n g e m e n t  m a y  d e p e n d  on the  p a r t i c u l a r  
m e a s u r e m e n t  condition's.  A l u m i n u m - s i l i c o n  contac ts  cou ld  no t  be 
used  in our  e x p e r i m e n t s  because  t h e y  are no t  s u i t e d  fo r  the  close 
spac ing  needed  w i t h  l e n g t h w i s e  cut  ma te r i a l .  
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ABSTRACT 

ZnTe and Znl -xCdzTe  crystals  were  grown on ZnTe subst ra tes  by  using the  
l iqu id-phase  epi tax ia l  method in an open system. In, Ga, Sn, and Bi were  used 
as solvents  for  growing ZnTe, whi le  Znl-=CdzTe wi th  any al loy composit ion 
could be grown from both In and Bi solutions. Znl -xCdxTe layers  showing 
n - t y p e  conduct ion could be grown in the  composi t ion range  0.~J ~ x --~ 1.0 
f rom both In  and donor -doped  Bi solutions, n - Z n l - z C d z T e / p - Z n T e  he te ro -  
d i o d e s e m i t t e d  green l ight  at  77~ in the fo rward -b ia s  region.  

Since ZnTe has a bandgap  of 2.26 eV at room tem-  
perature ,  i t  is po ten t ia l ly  a good mate r i a l  for vis ible  
l i gh t - emi t t ing  diodes. However ,  to p r epa re  n - t y p e  
ZnTe is ve ry  difficult because of se l f -compensat ion  (1). 
We have  therefore  inves t iga ted  the poss ibi l i ty  of using 
the he te roep i t axy  technique for making  p - n  junct ion  
devices wi th  ZnTe. 

L iqu id -phase  ep i tax ia l  g rowth  (LPE)  is one of the 
pr inc ipa l  methods  used to obta in  h igh -qua l i t y  ep i tax ia l  
layers  of the  I I I -V  compounds.  The appl ica t ion  of this 
me thod  to the  I I -VI  compounds is difficult because of 
the  high vapor  pressure  of the i r  const i tuent  elements.  
However ,  severa l  authors  have used the LPE method 
to p repa re  layers  of ZnTe on ZnSe (2, 3) and  on ZnTe 
(4), and  of CdTe on CdTe (5), 

In  this  study, ZnTe and Zni-=Cd=Te ep i tax ia l  l aye rs  
were  grown on ZnTe subst ra tes  from In, Ga, Bi, or Sn 
solutions by  the LPE method,  and  the i r  g rowth  p r o p -  
er t ies  were  examined.  Since Zns-zCdxTe crystals  con- 
ta ining sufficient CdTe are expected to be amphoter ic ,  
the i r  e lectr ical  p roper t ies  have been examined  to de-  
t e rmine  the dependence  of amphoter ic  behavior  on the 
al loy composi t ion and growth  conditions. Z n l -xCd=Te-  
ZnTe heterodiodes  were  fabricated,  and the i r  e lectr ical  
and  optical  p roper t ies  are  briefly described.  

Experimental Procedure 
The LPE appara tus  used here  is an open- tube  slide 

sys tem in which  a g rowth  solut ion is brought  into con- 
tact  wi th  a subs t ra te  and  separa ted  f rom the subs t ra te  
af ter  the  complet ion of growth,  by  moving a graphi te  
solut ion holder  in a hydrogen  atmosphere.  A d iagram 
of the exper imen ta l  a r r angemen t  is shown in Fig. la.  
The subst ra tes  were  (111) slices cut f rom As-doped  
ZnTe single crysta ls  p r epa red  by  the Br idgman  method, 
and they  were  chemical ly  e tched in b romine -me thano l  
solut ion af te r  mechanica l  pol ishing for the  ep i tax ia l  
growth.  The solutes for ZnTe and Znl-xCdxTe layers  
were  ZnTe and CdTe + ZnTe, respect ively.  The ZnTe 
and CdTe were  p repa red  by  the Br idgman  method  and 
crushed into smal l  pieces to faci l i ta te  dissolution. In, 

1 P r e s e n t  address :  IC Division,  N ippon  Elec t r ic  C o m p a n y ,  Ltd . ,  
K a w a s a k i - s h i ,  K a n a g a w a ,  J a p a n .  

= P r e s e n t  address :  Elect r ica l  Commun ica t i on  L a b o r a t o r y ,  Nippon  
Telegraph and Telephone  Publ ic  Corpora t ion ,  Musashino-sh i ,  Tokyo ,  
J a p a n .  

K e y  words :  I I-VI compounds ,  solut ion growth, light emi t t ing  
diodes, heteroepitaxy. 

Ga, Bi, and Sn were  used as solvents  for growing ZnTe 
layers ,  and In  and Bi for  Znl-=CdzTe layers .  The rat io  
of Zr~Te to the solvent  was de t e rmined  by  the solubi l i ty  
of ZnTe in that  solvent  (6, 7) at the  desired g rowth  
tempera ture .  For  Znl -xCdzTe  crystals ,  the  rat io  of 
CdTe to ZnTe in the growth  solut ion was de te rmined  
by  the desired a l loy composition. 

The subs t ra te  is p laced  in the depression in the  th in  
graphi te  p la te  and is in i t ia l ly  covered wi th  the solut ion 
holder  in order  to minimize  contaminat ion  and the rmal  
etching before it is b rought  into contact  wi th  the  solu-  
tion. 

s 
Solution Holder 

S~176 7 / <-" H 2 
Quartz Rod ~ ~ L  ~r-sub" I~ 

rl/,;JT"~J"]))~27?/~ ~ ............................ 
, , 

(a) 

T(~ 

650 T M 

550 

I I I 

0 30 60 t(min) 
(b) 

Fig. 1 (a). Apparatus for liquid-phase epitaxial growth of ZnTe 
and Znl-xCdxTe. (b) Typical temperature program employed for 
LPE. 
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Table I. Conditions for LPE growth of ZnTe and Znl-xCdxTe 

Grown layer Solvent T~ ( ~ C) v c ( ~ C/rain) 

Z n T e  B i  700-850 1-3 
Sn  650-700 1-3 
Ga 650-750 1-3 
In  600-660 3 

Zn1-~Cd~Te Bi 550-750 1-6 
In 650-650 1-3 

A typical tempera ture  program employed for LPE is 
shown in Fig. lb. The holding temperatures  (TM) and 
the cooling rates (vc) used for each solvent are sum- 
marized in Table I. The holding period (tl) for dis- 
solving the solute was 20-30 min. The solution and tile 
substrate were kept in  contact at TM for 1-3 rain, and 
the solution was separated from the substrate at about 
100~ below TM to terminate  growth. The thickness of 
the grown layers obtained by this program is typical ly 
a few micrometers.  

Results and Discussion 
Epitaxial growth of ZnTe.--High-quality epitaxial 

layers of ZnTe could be obtained by using any of the 
four solvents studied. The layers grown from Ga solu- 
tions are more reddish in color than those grown from 
other solvents, possibly because of high Ga doping. 

The surfaces of ZnTe epitaxial layers grown from In, 
Ga, or Sn solutions were flat and mirror-smooth,  as 

shown in Fig. 2a, and the values of TM and vc had no 
significant influence on the properties of the layers. 
However, the surface condition of the layers grown 
from Bi solutions was influenced by the cooling rate a s  

i l lustrated by Fig. 2b and c, where  two typical ex- 
amples are shown for vo ---- 3 and l~  respectively. 

Though the quali ty of ZnTe layers did not depend on 
whether  ( l l l ) Z n  or ( l l l ) T e  substrates were used, the 
orientat ion of the substrate seems to be impor tant  in  
obtaining flat layers like the one shown in  Fig. 2a. For  
example, layers on (110) substrates were granular  and 
rough. Electron diffraction measurements  showed that 
the epitaxy of ZnTe layers on (111) faces is very  good. 
For this orientation, the interface between the ZnTe 
layer and the substrate was found to be very flat by 
examining a 5 ~ angle- lapped cross section which w a s  

stained with an etchant containing dichromate and 
AgNO~. 

The solvents used here can be dopants in  ZnTe, so 
that ZnTe layers showed various photoluminescence 
(PL) spectra, especially in the near  infrared region, 
depending on the solvent. The differences are i l lu-  
strated by Fig. 3, which shows PL spectra obtained 
from nondoped, Ga-doped, In-doped, and Ai-doped 
ZnTe layers, all grown from Bi solutions. For compari-  
son, the PL spectrum for nondoped bulk  ZnTe an-  
nealed in an H2 atmosphere is also shown. 

Epitaxial growth oS Znl-xCdxTe.--Znl-xCdxTe crys- 
tals over the entire alloy composition range could be 

Fig. 2. Photomicrographs of the surfaces of ZnTe layers: (a) In 
solvent, TM ~ 600~ Ve ---- 3~ (b) Bi solvent, TM 
700~ ve = 3~ (c) Bi solvent, TM ~ 700~ vo = 1~ 
min. 
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Fig. 3. Photoluminescence spec- 
tra at 77~ of ZnTe layers grown 
from nondoped, Ga-doped, In- 
doped, and AI-doped Bi solutions. 

grown from both Bi and In  solvents�9 CdTe and ZnTe 
were used as solutes. If the const i tuent  elements are 
used as solutes, because of their  high vapor pressures 
it is very difficult to obtain good epitaxial  layers or to 
control the composition of the mixed crystals. For ex- 
ample, when  Cd was used instead of CdTe, the grown 
layers had a rough surface and a composition close to 
ZnTe. Moreover, these layers could be grown only on 
the ( l l l ) T e  face, but  not on ( l l l ) Z n  face of ZnTe 
substrates; when  CdTe was used, layers could be grown 
successfully on both faces. 

The composition x of the mixed crystals was deter-  
mined from the results of x - ray  diffraction measure-  
ments, assuming that Vegard's law is valid (8). Optical 
t ransmit tance measurements  were also used to deter-  
mine  the x-values,  where the relat ionship between 
bandgap and composition of Znl-xCd~Te crystals ob- 
tained by Saito et al. (9) was used. No at tempt was 
made to investigate homogeneity with respect to alloy 
composition in the direction of growth. For composi- 
tions close to CdTe, flat layers as shown in Fig. 4a 
could be obtained from both In  and Bi solutions. How- 
ever, for composition close to ZnTe, flat surfaces could 
be obtained only from In  solution. Mixed crystals with 

intermediate  compositions had rough surfaces as shown 
in Fig. 4b. 

Electron diffraction measurements  made on the sur -  
face of the Znl-~CdzTe layers yielded pat terns like the 
one shown in Fig. 5, where strong spots and dim 
Debye-Scherrer  rings were observed�9 The interfaces 
between the mixed layers and the ZnTe substrates 
were irregular,  as shown in Fig. 6a, and thus inferior 
to those obtained for ZnTe epitaxial  layers. The cleaved 
and stain-etched cross section of a mixed layer  grown 
from In solution is shown in Fig. 6b. This figure shows 
that a region of In-doped ZnTe about 30 #m thick ad- 
jacent to the interface was formed by diffusion of In  
into the substrate. Similar  diffused regions were ob- 
served when growth took place from A1- or In-doped 
Bi solutions, bu t  not when undoped Bi solutions were 
used. 

In this work the composition of the Znt-zCd~Te 
layers was controlled by adjust ing the concentrat ion 
of CdTe in the growth solution and by varying the 
holding tempera ture  TM�9 Figure ? shows the relat ion-  
ship between the layer  composition and the CdTe con- 
centrat ion in Bi solutions for values of TM between 
650 ~ and 750~ The CdTe/Bi ratio is the ratio of moles 

Fig. 4. Photomicrographs of the surfaces of Znl-xCdxTe layers grown on ZnTe (111)Te faces. (a) Composition close to CdTe (x 
0.89, TM ~ 650~ vc ~ 3~ Bi solvent); (b) composition close to ZnTe (x --~ 0,05, TM ~ 750~ vc ~- 3~ Bi solvent). 
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Fig. 5. Electron diffraction pattern of Znl-xCdxTe layer with 
x ~ 0.89, grown from Bi solution. 

CdTe to atoms of Bi. This range of temperatures  was 
chosen in  order to give sufficient solubil i ty of ZnTe 
and CdTe in Bi (5, 6). In  this range, mixed layers with 
any desired composition could be obtained by selecting 
suitable values of TM and CdTe concentration. The 
solubilities of ZnTe in Bi are 0.0060, 0.0084, and 0.0120 
at 650 ~ 700% and 750~ respectively. These solubilities 
were obtained by extrapolat ing Rubenstein 's  data (6) 
to the lower temperatures.  The ZnTe/Bi  ratios used 
for TM : 650 ~ 700 ~ and 750~ were 0.022, 0.032, and 
0.043, respectively. The excess ZnTe was used in order 
to saturate the solutions. The undissolved ZnTe floated 
to the top of the solution, so that it  did not interfere 
with epitaxial growth. As an example, the weights of 
ZnTe, CdTe, and Bi used to form the growth solution 
for CdTe/Bi ---- 0.065 and TM : 700~ were 0.030, 0.070, 
and lg, respectively. X - r a y  diffraction analysis showed 
that CdTe and Bi do not form any compounds. 

The cooling rate vo also has a strong influence on the 
composition of the Znl-xCdxTe layers, as shown in Fig. 
8. This dependence is presumably  due to deviations 
from equi l ibr ium during the growth process. It  appears 
that only ZnTe is grown on ZnTe substrates under  
equi l ibr ium conditions (i.e., slow cooling rate).  

When In  was used as the solvent, mixed crystals with 
any desired composition could be obtained for TM : 
600~ At higher growth temperatures,  however, it was 
difficult to obtain mixed crystals with compositions 
close to CdTe: e.g., only ZnTe could be grown for 
TM = 650~ regardless of the concentrat ion of CdTe 
in the solution. When a large amount  of CdTe was 
added to a solution at TM : 650~ the grown layers 
became rough due to precipitat ion of some compound 
formed between CdTe and In. 

In  an earlier study (10), it was found that n - type  
conductivity could be obtained in Al-doped Znl-xCd:cTe 
crystals with x > 0.3 which were grown by the Bridg- 
man method in sealed quartz ampuls. In  the present 
work, the conductivi ty type of the epitaxial layers was 
determined by Schottky barr ier  formation or by using 

Fig. 6. Typical interfaces between ZnTe substrates and 
Znl-xCdxTe layers: (o) 5 ~ angle-lapped cross section of a layer 
with x ~ 0.89 grown from Bi solutlon, (b) stain-etched cleaved 
cross section of a layer with x ---- 0.80 grown from In solution. 

the hot probe method. It was very difficult to determine 
the type without i l luminat ion because the layers had 
high resistivities (102-105 ohm-cm).  Measurements 
made under  i l luminat ion showed that  n- type  conduc- 
t ivity could be obtained in  A1- and In-doped layers 
with x > 0.6. 

Figure 9 shows the relationship between the compo- 
sition and dark resistivity of A1- and In-doped layers 
grown from Bi solutions. It  is seen that  the resistivity 
becomes lower with increasing Cd content. The same 
result  was obtained for the layers grown from In solu- 
tions. For layers grown from A1- or In-doped Bi solu- 
tions, the alloy composition was not influenced by 
doping when the concentrat ion o f  dopant was small, 
though addition of the dopants did influence the flat- 
ness of the layers. 

Znl-xCdxTe-ZnTe heterodiodes.--n-Zn~-xCdxTe/p- 
ZnTe heterodiodes were fabricated by making ohmic 
contacts to the ZnTe substrates and the Znl-zCdxTe 
layers by electroless plat ing of Ag and vacuum deposi- 
tion of In, respectively. The diodes were annealed at  
300~ for 5 rain to obtain bet ter  ohmic contacts to 
ZnTe. 
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Fig. 7. Relationship between 
the ratio of moles of CdTe to ~ 0.5 
atoms of Bi in growth solution 
and composition of epitaxial ~- 
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Fig. 9. Relationship between composition x and resistivity of AI- 
and In-doped Znl -xCdxTe layers grown from Bi solutions. 

Figure  10 shows the room-tempera ture  photovoltaic 
spectra of Znl -xCdzTe-ZnTe heterodiodes grown from 
In  solutions for various x-values  determined by x - r ay  
diffraction measurements  of the lattice constants. The 
cutoff wavelengths in the long wavelength region agree 
well with the bandgaps corresponding to the x-values.  
In  the case of x = 0.13, the resist ivi ty of the Znl-zCd~Te 
layer  is very high, so that  the photovoltage results 
from the i-p junction.  

The current-vol tage (I-V) characteristics of the 
heterodiodes grown from In  solutions were dominated 
by a semi- insula t ing  region which was formed by dif- 
fusion of In  into the ZnTe substrates. From C-V mea-  
surements  this semi- insula t ing  region is estimated to 
be about 30 #m thick, in  agreement  with the observa- 

100 

c"  
3 

. m  

1 I I I i t i I | I 

550 650 750 850 
Wavelength (nm) 

Fig. 10. Photovoitaic spectra at room temperature 
Znz-xCdxTe-ZnTe heterodiodes with various x-values. 

of 

tions on the etched cross section shown in Fig. 6b. The 
I -V characteristics of the heterodiodes (x ---- 0.87) 
grown from Al-doped Bi solution could be expressed 
by I c c  exp (eV/nkT)  where n -~ 2.7 at 300~ and 
n ---- 7.5 at 77~ as shown in Fig. 11, though a very thin 
Al-diffused layer ( <  0.25 ~m thick) was formed. 

At 77~ the heterodiodes (x ~- 0.87) prepared from 
Al-doped layers grown from Bi solutions appeared 
green under  forward bias and red under  reverse bias. 
The emission spectra are shown in  Fig. 12. Emission 
peaks are located at 530, 620, and 720 nm in  the for- 
ward-bias  region and at 620 nm in  the reverse-bias 
region. In the forward-bias  region, a shoulder at 550 
nm corresponding to yellow emission was also ob- 
served, though sometimes it did not appear clearly. 
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Fig. 11. I-V characteristics in the forward-bias region 
Zno.1sCdo.eTTe-ZnTe heterodiodes at 300 ~ and 77~ 
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Fig. 12. Electroluminescence 
spectra at 77~ of AI-doped 
Zno.1~Cdo.~TTe-ZnTe heterodi- 
odes (photomultipliers used are 
R-453 for 500-670 nm and 7102 
for 700-900 rim). 

c -  

This emission is be l ieved to be due to Al-diffusion into 
ZnTe, because the shoulder  was not observed for the 
heterodiodes p repa red  f rom In -doped  samples. The 
green  emission at 530 nm is bel ieved to be due to rad ia -  
t ive recombinat ion  via As acceptor  centers. Since this 
emission was not observed for the  heterodiodes  p re -  
pa red  f rom In -doped  samples, In  centers  may  act as 
k i l l e r  centers  for the  green  emission. The peak  at 720 
nm m a y  have the same or igin as the  peak  at  tha t  wave -  
length  observed in P L  spect ra  of ZnTe layers  g rown 
f rom nondoped Bi solutions (Fig. 3). Though no at -  
tempt  was made to measure  the electroluminescence 
efficiency, the green emission could be perceived by  
the naked  eye under  room l ight  at a fo rward  current  
of 20 mA. 

Summary 
ZnTe and Znl -xCdxTe crysta ls  have been grown on 

ZnTe subst ra tes  by  the LPE method  using var ious  
meta ls  as solvents in an open- tube  system. High-qua l -  
i ty  ep i tax ia l  layers  wi th  flat interfaces were  obtained 
under  sui table  g rowth  conditions. Znl -xCdxTe layers  
showing n - type  conductivi ty,  but  wi th  high res is t iv i -  
ties, were  ob ta ined  in the  composit ion range 0.6 ~ x 
1.0 from both In solutions and donor -doped  Bi solutions. 
Heterodiodes  p repared  f rom Al -doped  Znl-xCd~Te 
layers  showed green l ight  emission at 77~ under  for-  
wa rd  bias. 
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Effect of Nitrogen and Oxygen/Nitrogen Mixtures 
on Oxide Charges in MOS Structures 

D. W. Hess* and B. E. Deal* 
Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, Cali$ornia 94304 

ABSTRACT 

The positive fixed charge, Qss, associated with thermal ly  oxidized silicon, 
has been investigated as a funct ion of anneal ing t ime in ni t rogen and oxygen/  
ni t rogen mixtures  at 1200~ The effective density of Qss was found to in -  
crease dur ing long t ime high temperature  t reatments  in mtrogen, but  this in-  
crease can be controlled by using Of/N~ mixtures  in  place of nitrogen. The 
trends in  Qss observed dur ing ni t rogen anneal ing are dependent  on the furnace 
used to do the annealing.  A correlat ion was found to exist between Qss and 
interface state generat ion in  the various furnaces, and the dependence of in ter -  
face state generat ion on anneal ing ambient  has been investigated. In  most 
cases, an equi l ibr ium Qss is obtained after a certain anneal ing t ime in both 
ni t rogen and oxygen /mt rogen  atmospheres. Results obtained from reoxida- 
t ion of oxides equmbra tea  m ni t rogen suggest that  these oxides are more oxy- 
gen deficient than  those equi l ibrated in  oxygen/n i t rogen  mixtures.  

It is well established that  the thermal  oxidation of 
silicon results in  a positive fixed charge (designated 
Qss) located in  the oxide-silicon interface region (1-4). 
This charge is a funct ion of the SiO2-Si interface 
s tructure and its magni tude  depends on the silicon 
crystal orientation, the oxidation conditions, and sub-  
sequent anneal ing treatments.  Qss, along with other 
oxide charges, can affect many  semiconductor device 
characteristics, such as MOS threshold voltages, junc-  
tion breakdown voltages, leakage be tween devices, and 
others. Due to the importance of these effects, numer -  
ous studies have been carried out to characterize Q~ 
and  to de termine  its dependence on processing condi- 
tions. Such studies have resulted in reasonable control 
of this oxide charge. 

In  general, the lowest possible density of Qs~ is de- 
sirable from a device fabricat ion standpoint,  and this 
has been at tained by using iner t  gas anneals at tem- 
peratures be tween 900 ~ and 1200~ Recently, it was 
recognized that an increase in effective Qss could result  
from long time ( ~  30 min) ,  high temperature  (1200~ 
inert  gas anneals (5, 6). This effect is similar to that  
observed by Hess and Fowkes (7), where an increase 
in Qss resulted from exposure of thermal  oxides to a 
reducing atmosphere at 910~ Such increases could 
be due to the breaking of addit ional Si-O bonds in  the 
somewhat strained oxide interracial region, and thus 
a dependence on the silicon surface orientat ion is ex- 
pected. 

Since no information was available concerning 
1200~ ni t rogen anneal ing of thermal  SiO2 films for 
times greater than  2 hr, and also since the orientat ion 
dependence of such anneals  had not been determined, 
this study was init iated to investigate these effects. 
Also, if the oxygen deficiency or ionized silicon model 
for this Qss increase during long time, high tempera-  
ture, inert  gas t reatments  is correct, subsequent  oxida- 
t ion should el iminate the observed increase. In  addi- 
tion, since Qs~ is affected by the amount  of oxygen 
present  in the anneal ing atmosphere, the dependence 
of Qss on the oxygen part ial  pressure was investigated. 

Experimental Procedure 
The silicon wafers used in this invest igat ion were 

4-6 ohm-cm, phosphorus doped, with (100) and (111) 
orientation. They were cleaned using sulfuric-peroxide,  
aqua regia, a hydrofluoric acid dip, and several de- 
ionized water  rinses. Oxidations were carried out at 
1200~ in a resistance-heated furnace containing an 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Me mber .  
K e y  words :  s i l i con  d ioxide .  MOS, oxide  charge, 

ul t ra -h igh  pur i ty  Mullite l iner  and a fused quartz 
oxidation tube. The samples were oxidized for 39 min  
and then slow pulled (~2  min)  in  dry oxygen. This 
procedure resul ted in  ~1600A oxides. The (100) and 
(111) oxides were then  annealed s imultaneously in  
ni t rogen or oxygen/n i t rogen  mixtures  at 1200~C in  
various furnaces. The s tandard push and pul l  t imes 
were approximately 1 and 2 min, respectively, both in  
the anneal ing ambient.  

After the anneal, the oxide thicknesses were mea-  
sured with an Applied Materials (AME-500) ellipsom- 
eter. The reproducibil i ty of the oxide thickness over 
the range investigated was •  The oxides were then  
stripped from the backs of the wafers. A l u m i n u m  d•ts 
were evaporated on the front of the wafers through 
metal  masks, and the backs of the slices were coated 
with a luminum using a cold substrate EB evaporation. 
The wafers were then annealed for 10 rain in  dry 
ni t rogen at 500~ and the MOS capacitors evaluated 
using the capacitance-voltage technique. In  order to 
separate out any effects due to ionic contaminat ion 
(Qo), b ias- tempera ture  (B-T) stress measurements  
were made on the MOS capacitors at 300~ • for 
3 rain. Qo ranged from less than  3 • 101~ cm -2 for 
short (under  4 hr) anneal ing times to 7 • 101~ cm-2  
for 16 hr  anneal ing in  the various 02/N2 mixtures.  The 
fixed charge (Qss) was calculated from the negat ively 
B-T stressed C-V curve using the fol lowing equation 

Qss (2.13 • 102~ (--VrB) 
= charges/cm~ 

q Xo (~) 

where the work funct ion difference, CMs, is essentially 
zero for the n - type  silicon. The Q~s values were found 
to be reproducible to ___3 • 101~ cm -2. 

The flow meters utilized in this s tudy were calibrated 
using a Matheson Electronic Mass Flowmeter  and a 
Porter-Vol-U-Meter .  The total flow rate was 1 l i te r /  
min, which corresponded to a gas velocity of ~1 cm/  
sec. The oxygen and ni t rogen used were from a l iquid 
source and were fur ther  dried and filtered by passage 
through a Matheson Model 451 gas purifier. 

Results and Discussion 
Ef]ect of N2 anneaZ on fixed charge (Qss).--The vari-  

ation of the fixed surface state charge (Qss) with ni t ro-  
gen anneal ing t ime at 1200~ is shown in Fig. 1 and 2 
for (100) and (111) silicon surface orientations, re-  
spectively. The observed increase in effective Q~s dur -  
ing long time anneals in ni t rogen at 1200~ has been 
reported previously (6) for anneal  times up to 2 hr  

1123 
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Fig. 1. Dependence of effective Qss on the time of nitrogen an. 
nealing at 1200~ for 1600:~ oxides in four different furnaces. 
The silicon surface orientation is (100). 
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Fig. 2. Dependence of effective Qss on the time of nitrogen an- 
nealing at 1200~ for 1600.& oxides in four different furnaces. The 
silicon surface orientation is (111 ). 

and (111) silicon surface orientation. It has been pro- 
posed (6) that this effect may be related to the break-  
ing of additional St-St or Si-O bonds near the Si-SiO2 
interface, which creates addit ional positive charge in  
the oxide. The solid l ine in  Fig. 1 represents data ob- 
tained from three different furnaces (denoted A, B, and 
C), while the dotted l ine represents data obtained from 
a fourth furnace, D. Similarly, the data presented in 
Fig. 2 were obtained from the same f o u r  furnaces as 
those in Fig. 1. 

The data from furnaces A and B were taken at the 
various anneal  t imes indicated by the circles in Fig. 1 
and 2, while data points for furnaces C and D were 
taken up to 2 hr  of anneal ing time, and then results 
obtained for 16 hr of N2 anneal ing in both furnaces. 
The curves were then extrapolated to these 16 hr points 
(dotted l ines) .  It can be seen from Fig. 1 and 2 that 
three of the furnaces gave identical (within experi-  
menta l  error) results for (100) samples, while the re-  
sults of (111) oriented silicon showed three different 
results for the four furnaces. Par t icular ly  interest ing is 
the result  obtained in furnaces A and B for (111) sam- 
ples, where, as for the (100), the effective Qss increases 
after one-half  hour of ni t rogen annealing,  but  sub-  
sequently decreases and reaches a steady state near  
the original Qss min imum.  

At present, we cannot explain the observed de- 
pendence of Qss on the furnace used to do the annea l -  
ing, although it should be mentioned that furnace A 
was the only furnace that utilized a liner. However, the 
fact that furnace B did not have a liner, yet the results 
from this furnace agreed within  experimental  error to 
those obtained from furnace A, seems to preclude any 

effect of a l iner on the observed Qss. Also, no differ- 
ences in mobile ion concentrat ion could be detected 
among the various furnaces. 

In  order to determine whether  the addition of chlo- 
rine to the oxide would affect the value of Qss obtained 
dur ing ni t rogen annealing,  a series of (100) and (111) 
samples in which chlorine was incorporated during 
oxidation by passing a small amount  of oxygen through 
a bubbler  of trichloroethylene, was prepared at ll00~ 
Nitrogen anneals were then performed for times rang-  
ing from 15 rain to 16 hr in furnace A at 1200~ and 
the Qss values agreed within  exper imental  error to 
those obtained with nonchlor ine oxides in  this furnace. 

Effect of N~ anneal on interface states.--In the case 
of the (111) samples, an interest ing correlation existed 
between the shapes of the C-V curves and the value 
of Qss obtained in the different furnaces (see Fig. 2). 
At an anneal ing time of 7 hr in ni t rogen (furnaces A 
and B), the shape of the C-V curve was near ly  ideal 
(Fig. 3), but  a relat ively large flatband shift was ob- 
served. However, as the anneal  t ime was gradual ly 
increased from this point, a distortion of the C-V curve 
became apparent  as the flatband voltage decreased. 
This distortion increased rather  noticeably as longer 
anneal  times were used (Fig. 3). Even when the flat- 
band (and thus Qss) reached a constant value (ap- 
proximately 9 hr) ,  the distortion continued to increase. 
The distortion is physically s imilar  to that  produced" 
by interface states occurring between the intr insic 
level and conduction band of silicon as reported by 
Deal, MacKenna, and Castro (8). However, the present 
state could not be el iminated by a ni t rogen anneal  at 
500~ with a luminum dots present on the wafer 
(alneal) ,  suggesting that  this is not a normal  in ter -  
face state since it cannot be eliminated by hydrogen 
produced during the alneal process (9). The (i00) 
samples annealed simultaneously with the (iii) showed 
no evidence of such distortion. (It should be noted that 
all curves shown in Fig. 3 represent samples which 
have received an alneal at 500~ 

Furnace C, which gave an intermediate value of Qss 
for the (iii) sample (~3.2 X 1011 cm -2) generated 
the same distortion of the C-V curve as furnaces A 
and B, but the distortion was much less pronounced 
(Fig. 4). Finally, furnace D, which gave the highest 
value of Qss for the (iii) and (I00) samples, generated 
no detectable distortion of either the (iii) or (i00) 
C-V curves. To more specifically indicate the differ- 
ences in the C-V curves of the various samples ob- 
tained after n i t rogen annealing,  a quant i ty  Vis, which 
represents the "width" of the break in the C-V curve 
in volts and is apparent ly  due to some kind of interface 

7Hrs ~ 8Hrs ~ 9 Hrs ~ 

o . 6x,o.o  I I I 
-v 0 "v -V o "v -~ o 

(a) (b) (c} 
*v 

-V O V -V 0 V 
(d) (e) 

Fig. 3. Effect of nitrogen annealing at 1200~ in furnaces A 
and B on the shape of the C-V curve for various annealing times. 
VIs is the magnitude of the "break" observed in the C-V curve in 
volts. All oxide thicknesses were 1600/],. See Table II. 
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Fig. 4. Effect of nitrogen annealing at 1200~ for 16 hr in 
furnaces A, E, C, and D on the shape of the C-V curves. All oxide 
thicknesses were 1600.~. See Table II. 

state, was defined as shown in Fig. 3e. Also, the slopes 
of the C-V curves obtained after N2 treatments  were 
measured and compared on the basis of the voltage 
(Vszope) required to go from 0.8 to 0.5 Cmax. These 
slopes, along with the Vzs values, are given in Table I. 
The values of Vslope indicate that interface states, as 
measured by distortion of C-V curves, are generated 
in furnace D, and these states, like those observed in  
furnaces A, B, and C, are not e l iminated by an alneal. 
These data suggest that  the distr ibution of states in  
furnace D may be different from the distr ibution in  
furnaces A, B, and C. Indeed, p re l iminary  conductance- 
voltage experiments  (10) have shown lit t le difference 
in interface state densities between samples annealed 
in furnaces A, B, C, or D. However, while the samples 
annealed  in  furnaces A, B, and C showed a rather  na r -  
row dis tr ibut ion of states, samples annealed in furnace 
D showed a relat ively broadened distribution. 

As with Q~s, we can at present  offer no explanat ion 
or possible description of the interface states causing 
the effect reported here. Considering the fact that  hy-  
drogen is ineffective in  eI iminat ing these states, and 
also that  the results are furnace dependent,  an effect 
such as a heavy metal  impur i ty  is suspected. However, 
reoxidation results that are presented later  show that 
a s t ructural  defect in the SiO2 is also a possibility. 

E~ect of 02/Nz anneals on oxide charges.--Before 
describing the results of O2/N2 mixtures  on oxide 
charges, it should be noted that several selected ex-  
periments,  uti l izing both N2 and O2/N2, were carried out 
in  furnaces A, B, C, and D, and of these, the ni t rogen 
anneal ing studies described above were the only ones 
that indicated any dependence on the furnace used. 

As stated above, if the ionized silicon or oxygen de- 
ficiency model for the Qss increase dur ing long time, 

Table I. Comparison of the shapes of C-V curves obtained' from 
different furnaces used for the nitrogen annealing of Si-SiO2 

samples at 1200~ 
All oxide  th icknesses  are  1600-1650A, 

The  silicon surface or ientat ion is (111) 

N2 anneal 
Furnace time (hr} Vzs(V) = V, lo~e(V)* 

A a n d  B 8 0.9 0.7 
A and  B g 1.0 0.7 
A a n d  B 13 1.4 0.7 
A a n d  B 16 1.8 0.7 

C 16 1.1 0,7 
D 16 Not  de tec t -  1.1 

able  

* See explanation in text, 

high temperature,  inert  gas t reatments  is correct, it 
should be possible to control this Qss increase during 
such anneals if a small amount  of oxygen is present  
during the heat - t rea tment .  The effect on the fixed 
charge due to t reat ing thermal  oxides in various O2/N2 
mixtures  at 1200~ and pul l ing the samples from the 
furnaces in the anneal ing ambient  is shown in Fig. 5-8. 
In  these figures, any increase of the oxide thickness 
dur ing  O2/N2 t rea tment  was taken into account for the 
purpose of Qss calculation. 

Figures 5 and 6 show that the ini t ial  effect of 2 and 
5% O2/N2 mixtures  is to significantly lower Qss as in  
ni t rogen up to a t ime of approximately 2 hr, after 
which a slight decrease and "leveling off" occurs. As 
might be expected, an increase in the Qss mi n i mum is 
experienced as the oxygen percentage is increased from 
2 to 5%. Apparently,  at longer anneal  times, an equi-  
l ib r ium situation is at tained where  the increase in  Qss 
caused by the pure ni t rogen t rea tment  is compensated 
by the oxygen present  in the anneal ing atmosphere. As 
the oxygen diffuses through the oxide, and a "new 
interface" begins to form, the Qss approaches an equi-  
l ibr ium value. This agrees with the data obtained for 
10 and 50% mixtures  (Fig. 7 and 8) where, after the 
init ial  Qss decrease, an almost immediate  equi l ibr ium 
situation with regard to Qss is established. 

It should b e  noticed that the times necessary for 
equil ibrat ion decrease with increasing oxygen part ial  
pressure, substantiat ing the necessity of forming a 
"new interface" before Qs~ can reach a constant value. 
Figures 5-8 show that for each oxygen part ial  pressure, 
the Qs~ for (111) oriented silicon is approximately 
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Fig. 5. Dependence of effective Oss on the time of annealing in 
2% 02/N2 fixtures at 1200~ All initial oxide thicknesses were 
1700A. 
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Fig. 6. Dependence of effective Qss on the Hme of anneMfng in 
5% O2/N2 mixtures at 1200~ All initial oxide thicknesses were 
1600~. 
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50% O2/N2 mixtures at 1200~ All initial oxide thicknesses were 
1600s 

three to four times that of (100). This is the normal ly  
observed orientat ion dependence (1). 

Mention should be made of the pull  rate dependence 
of Qss experienced during this study. Although slight 
variations were observed, the pull  rate was not found 
to be critical for the 2, 5, and 10% mixtures,  but  was 
quite critical for the 50% mixture.  This is in  agreement  
with previous results (1) which showed the difference 
in Qss between fast and slow pul l ing in  oxygen. As the 
percentage of oxygen in the anneal ing atmosphere in-  
creases, the pull  rate will determine the final Qss value 
for the same O2/N2 mixture,  where Qss will  increase 
with increasing pull  time. Consideration of the equi-  
l ibr ium Qss values indicates that  up to an oxygen par-  
tial pressure of 0.1, the exact amount  of oxygen 
present  in the anneal ing atmosphere is not critical, 
since the equi l ibr ium values of Qss are approximately 
0.7 • 10 n cm -2 and 2.7 • 10 n cm -2 for the (100) and 
(111) wafers, respectively, for 2, 5, and 10% mixtures. 
Also, it is impor tant  to recognize that  no distortion of 
the C-V curves such as those shown in Fig. 3 and 4 
and tabulated in Table I were observed for any of the 
O2/N2 mixtures investigated. 

Effect of Oz anneals on oxide charges.--It has been 
postulated that Qss results from a silicon excess or 
oxygen deficiency at the Si-SiO2 interface (1, 7). If this 
is true, it should be possible to "reoxidize" the present 
oxides, which have been equil ibrated in a deficiency 
of oxygen and thereby re tu rn  Qss to more normal  
values. Therefore, using (100) and (111) oriented sili- 
con wafers, two sets of oxides were prepared, one of 
which was equil ibrated in  2% 02/N2 and the other 

equi l ibrated in N2 only (furnace C) at 1200~ The 
oxides were fabricated such that the final oxide thick- 
nesses were the same for all samples (1600 • 20A). 
They were then pushed into the furnace in ni t rogen 
and oxidized in  100% 02 at 1200~ for times of 1, 2, 
and 3 rain. At the end of these times, some of the sam- 
ples were slow pulled (2 min)  from the furnace in 
oxygen and some received a 15 rain ni t rogen anneal  
prior to being slow pulled from the furnace in nitrogen. 

The results of Qss measurements  for the wafers slow 
pul led in oxygen indicate no difference between sam- 
ples equil ibrated in 2% OJN2 or N2 alone, and the Qss 
values agreed with ini t ia l ly oxidized samples which 
had been slow pul led in  oxygen [Qss ~ 2.5 X 10 n cm-~ 
for (100) and 8 • 10 n cm -2 for (111)]. The final 
Qss values for samples which received a 15 rain 
ni trogen cycle at the end of the reoxidation are given 
in Table II. It  can be seen that after equi l ibra t ion of 
the oxides in 2% O2/N2, l i t t le oxygen is required to 
compensate for the oxygen deficiency established dur-  
ing equilibration. However, the samples equil ibrated 
in N.2 required substant ia l ly  more oxygen prior to 
ni t rogen anneal ing to lower the Qss significantly. 

Similarity of thermal and electrical charge genera- 
t{on.--The increase in Qss and the simultaneous gen-  
eration of interface states dur ing 1200~ ni t rogen 
t reatments  for times greater than 7 hr is quite similar 
to the effect produced by a negative field applied to 
lVtOS capacitor structures at elevated temperatures  
(1, 11-14). In  the lat ter  case, an  oxygen vacancy or 
silicon excess model has been proposed to account for 
the increase in  fixed charge and interface state density 
(6, 12). Such a model is in agreement  with the ob- 
served dependence of the generated fixed charge on 
the ini t ial  Qss density (1). Likewise, the results of the 
present investigation might  be explained by the break-  
ing of addit ional Si-O bonds, resul t ing in a higher 
positive charge, accompanied by an increase in  sur-  
face-state density. Whereas the negative field at ele- 
vated temperatures  may break bonds pr imar i ly  by 
electrical means, in  the present  work, as in Ref. (7), 
the breaking of bonds might  be due to thermal  energy. 

Summary 
Using the C-V technique, the fixed oxide charge, Qss, 

was studied as a function of anneal ing t ime in ni t rogen 
and oxygen/n i t rogen  mixtures  at 1200~ These in-  
vestigations have shown that after the init ial  decrease 
of Qss due to ni t rogen annealing,  an increase is ob- 
served up to approximately 4-7 hr, possibly result ing 
from the breaking of additional St-St or Si-O bonds 
at the Si-SiO.~ interface. Longer ni t rogen anneal ing 
times give scattered results for Qss, which apparent ly  
depend on the oxidation system (furnace) used for the 
annealing.  In  most furnaces, these long t ime ni t rogen 
anneals generate interface states which are observed as 

Table II. Reoxidation of oxides equilibrated in 2% O~/N2 and N2 
only* at 1200~ 

Al l  s am p le s  we re  p u s h e d  in to  the  fu rnace  in  N~, ox id i zed  a t  1200~ 
in  100% O2 fo r  the  i n d i c a t e d  t ime,  a n n e a l e d  in  N2 fo r  15 rain,  

and  s low p u l l e d  (2 rain)  f r o m  the  f u r n a c e  in  N2 

O x i d a -  
E q u i l i -  E q u i l i b r i u m  tion Final 
b r a t i n g  Or i en -  Q s s t i m e  Q s s 

a t m o s p h e r e  r a t ion  (10 n cm -2) (rain) (1011 cm -~) 

2% O~/N~ (100) 0.g 1 0.3 
2% O~IN2 (100) 0.g 2 0.4 
2% O~IN~ (100) 0.9 3 0.4 
2% O~IN~ (111) 3.4 1 2.7 
2% O2/N~ (111) 3.4 2 2.7 
2% O~/Ns (III) 3.4 S 2.7 

N2* (I00) 2.1 1 2.2 
N2* (100) 2.1 2 1.0 
N2* (100) 2.1 3 1.2 
N2* (iii) 3.6 1 3.6 
N~* (111) 3.6 2 2.3 
N~* (111) 3.6 3 2.1 

* The i n i t i a l  1~ a n n e a l i n g  was  d o n e  for  16 h r  i n  f u r n a c e  C. 
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distortions of the C-V curve and cannot be el iminated 
by a 500~ alneal. A reoxidation of the samples in  
100% .oxygen, however, does el iminate the distortions. 
This suggests that  the interface states or levels re-  
sponsible for these distortions may be related to a 
s t ructural  defect in  the SiO2 lattice. No differences in  
the values of Qss or interface states were observed be-  
tween oxides which did or did not contain chlorine 
(for a given anneal ing t rea tment ) .  

After a part icular  anneal ing t ime in oxygen/n i t ro-  
gen mixtures  at 12O0~ Qss reached an equi l ibr ium 
value. The fact that the oxidation t ime necessary to 
reach equi l ibr ium depended on the oxygen part ial  
pressure, indicated that a "new interface" had to form 
before Q~s could reach a constant value. Up to a par-  
tial pressure of 0.1 this equi l ibr ium value was a ra ther  
insensit ive funct ion of the oxygen part ial  pressure. 
No distortions of the C-V curves such as those gen-  
erated dur ing ni t rogen anneal ing were observed for any 
O2/N2 mixtures.  Also, unl ike  the ni t rogen anneals, all 
O2/N2 mixtures  resulted in the normal  orientat ion de- 
pendence of Qss over all t imes investigated. Reoxida- 
t ion of samples equil ibrated in 2% O2/N2 and samples 
equil ibrated in ni t rogen suggested, as expected, that  
there is a difference in  oxygen deficiency depending on 
the oxygen part ial  pressure of the atmosphere used for 
equilibration. 
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Effects of MOS Metallization Geometry and 
Processing on Mobile Impurities 

Arthur J. Learn 
Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, California 94304 

ABSTRACT 

The possible effects on MOS structures of metal l izat ion material,  method of 
vacuum deposition, method of electrode delineation, electrode size and geom- 
etry, post-metal l izat ion heat- t reatments ,  and hydrogen incorporat ion were 
investigated. It was found that a m i n i mum in the level of mobile ionic con- 
taminat ion  (Qo) was achieved in a t ime the order of 15 min  for anneal ing at 
500~ in dry nitrogen. The m i n i mum Qo values were proport ional  to either the 
diameter  of circular electrodes or the width of rectangular  electrodes in the 
range of 5-30 mil. Results were similar for both a luminum and a luminum-  
copper-silicon metall izat ion as well  as for ei ther shadow masked or photo- 
masked electrodes. The assumed presence of hydrogen, either arising from 
that produced in the deposition chamber during filament and electron beam 
evaporation as monitored by residual gas analysis or from hydrogen anneals  
prior to metallization, resulted in increased Qo for short anneal  times. In  in-  
terpret ing the results, consideration was given mechanisms which would 
decrease Qo, such as diffusion of c o n t a m i n a n t  (probably sodium) to and 
evaporat ion from the electrode periphery, and increase Qo, such as introduc-  
t ion of contaminant  and /or  a luminum from the electrodes or subst i tut ion of 
protons for contaminant  ions at traps. 

The importance of minimizing mobile alkali ion con- 
taminat ion (Qo) in silicon device processing is well 
recognized (1). Such contaminat ion in  silicon dioxide 
can affect the threshold voltage and stabili ty of MOS 
devices. Adverse effects on bipolar devices, pr imar i ly  

Key words:  mobile impur i ty  monitoring,  1ViOS electrode size ef- 
fects, hydrogen  effects, anneal ing effects, 

related to silicon surface inversion and channeling, can 
also be observed as a consequence of ionic contami-  
nation. Many of the processing steps may introduce 
contaminat ion with one of the more suspect (2) being 
metallization. 

Extensive investigations of the behavior  of charges, 
including Qo, in oxides have been made (1). Tech- 
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niques for minimizing Qo levels have been developed 
including gettering by phosphorus (3) or chlorine (4) 
incorporated in  the oxide. In  such studies the metal l i -  
zation for the MOS structure is considered to play a 
passive role, other than serving as an electrode, with 
the following two exceptions. The anneal ing of fast 
surface states in the presence of a luminum is presumed 
(5) to be a consequence of hydrogen evolution through 
an a luminum-wa te r  vapor reaction. In addition, sin- 
tering conditions for the a luminum metall izat ion have 
been found (6) to affect radiat ion hardness of MOS 
structures. 

The possibility of the metal l izat ion and metall ization 
processing influencing Qo is more directly examined 
here. The effects on Qo of the method of metall ization 
deposition and fabrication into electrodes, electrode 
size and geometry, temperature  treatments,  and hy-  
drogen were considered. It  was found to be necessary, 
in in terpre t ing the results, to postulate ionic con- 
taminat ion diffusion to and vaporization from the elec- 
trode per iphery combined with either activation of 
contaminat ion in the oxide or int roduct ion of mobile 
contaminat ion from the electrode. Enhanced mobiliza- 
t ion of ionic alkali  contaminat ion in  the oxide with hy-  
drogen present was also proposed. 

E x p e r i m e n t a l  P r o c e d u r e  
The t h e r m a l  o x i d a t i o n  of  s i l icon wafe rs  of  ~ 1 1 1 ~  

orientation in dry oxygen was performed under  clean 
conditions. The oxide thickness was either 0.1 or 0.2~. 
The metal  providing contact to the backside of the 
wafers was deposited after scratching through the 
oxide. Frequent ly  this metal  was deposited and then 
sintered in  dry ni t rogen or hydrogen before deposi- 
t ion on the front side of the wafers. Heat - t rea tment  
of wafers after front-side metall ization was performed 
in dry ni t rogen at 50O~ 

Both a luminum and a luminum-a l loy  metall izat ion of 
about 1~ thickness were deposi ted in  oil-diffusion- 
pumped vacuum chambers. A l u m i n u m  was deposited 
by electron beam, tungsten  filament, or flash evapora- 
tion (7) while only the lat ter  technique was used for 
a luminum-4% copper-2% silicon deposition. The 
source mater ial  used was always of at least 99.999% 
purity. The gas composition wi thin  the deposition 
chamber  was investigated for each technique. A qua- 
drapole residual gas analyzer  attached to the chamber 
w a s  used for this purpose. Deposition was normal ly  
onto wafers heated to temperatures  of 300~176 With 
other conditions held constant, it was found that  the 
increased heating t ime necessary in order to a t ta in  
progressively higher wafer temperatures  dur ing dep- 
osition resulted in increased Qo. Accordingly, substan-  
t ial ly higher temperatures  were sometimes used in 
flash evaporat ion in order to increase Qo to readily 
measurable levels. By the same reasoning, wafers were 
not heated during flash evaporation when the objective 
was to gain a measure of Qo in the prepared oxides. 
The metal electrodes were formed either by shadow 
masking dur ing deposition or by subsequent  photo- 
masking. The shadow masks were thoroughly cleaned 
chemically before use. Circular electrodes having 
nomina l  diameters of 5, 10, 15, and 30 mil  were formed 
by  both techniques. Rectangular  electrodes having 
widths of 6 and 14 rail were prepared by photomasking. 

Capacitance measurements  at a frequency of 1 MHz 
were performed on completed capacitors. Room tem- 
perature capacitance-voltage traces were obtained for 
as-formed capacitors and following application of posi- 
t ive or negative bias for 3 rain at 300~ A field 
of 25 V/~ was used with the electrode negatively 
biased and 50 V/~ for the positive bias. The samples 
were rapidly quenched to room temperature  following 
removal of the bias. The values of Qo/q in charges 
cm -2 were calculated fi~om the usual  equation (8) 

Qo 2.1 X 101~ 
- -  AV 

q xo 

where Xo is the oxide thickness in ~ and ~V is the 
voltage shift between the capacitance-voltage charac- 
teristics following negative and positive b ias- tempera-  
ture stress. It was determined by this procedure, when 
clean metall izat ion processes such as cold-substrate 
flash evaporation were used, that  the Qo levels in the 
oxide were typically in the low 10 l~ cm -2 range for 30 
rail diameter electrodes Such measurements  also 
served to establish the cleanliness of the anneal ing 
furnace used for all n i t rogen anneals. 

Resul ts  
E]3ect o~ anneal time and masking procedure.--Val- 

ues of Qo as a funct ion of anneal  t ime at 590~ in  n i -  
t rogen are shown in Fig. 1 for circular (dot) electrodes 
of two diameters. The sample was prepared by heated 
substrate deposition of a luminum-copper-s i l icon 
through a shadow mask. A min imum in Qo is noted for 
both dot sizes. A longer anneal  t ime was required 
in order to achieve the mi n i mum for the larger dot. 

Results are presented in Fig 2 for a sample similar 
to that of Fig. 1 except that  the dots were formed by 
photomasking. Two values of Qo are indicated for the 
smaller dot at zero anneal  time. The larger value was 
obtained from the initial  capacitance-voltage measure-  
ment. The second and subsequent  measurements  on the 
same dot or other dots of the same size yielded the 
lower Qo value. Apparent ly  the bias stress temperature  
(300~ was sufficient to alter the contaminat ion for 
the smaller dots. No such effect was observed with the 
larger dots but  it should be noted that the measure-  
ments on such dots were performed last. As was true 
for the shadow-masked dots, anneals at 500~ resulted 
in a min imum Qo. The data are not sufficiently detailed 
to determine whether or not a longer anneal  t ime was 
required to minimize Qo for the larger dots. However, 
results presented below suggest that this was the 
case. 
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Fig. 1. Dependence of Qo on the time of annealing in nitrogen 
at 500~ for a sample with hot-substrate aluminum alloy metal- 
lization. Circular electrodes of the nominal dimensions indicated 
were formed by shadow masking. 
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Fig. 2, Dependence of Oo on the time of annealing in nitrogen 
at 500~ for a sample with hot-substrate aluminum alloy metal- 
lization. Circular electrodes of the nominal dimensions indicated 
were formed by photomasking. 

Ef]ect of dot dimensions.--The indication from Fig. 1 
and 2 is that the min imum Qo for smaller  dots were 
reached after approximately 5 min  anneals. The a t ta in-  
ment  of m in imum Qo for larger  dots apparent ly  re-  
quires somewhat longer anneals but  probably the 
levels reached are not substant ia l ly  different from Qo 
values after 5 rnin anneals. Accordingly, a 5 rain anneal  
at 500~ was considered to be a useful condition for 
more complete invest igat ion of the dependence of Qo 
on dot size. Values of Qo after this t rea tment  are 
plotted as a function of the dot diameter in  Fig. 3. Re- 
sults are shown for a luminum dots formed through a 
shadow mask and a luminum-copper-s i l icon dots 
formed either by shadow masking or photomasking. All 
of the films were deposited by flash evaporation onto 
heated wafers. Also included for reference are some of 
the data of Fig. 1 and 2. The actual dot diameters, as 
determined from photomicrographs of the dots, were 
used. In  the case of the shadow masked dots the diam- 
eters differed substant ia l ly  from nominal  values as a 
consequence of penumbra l  effects occurring during 
deposition. 

In  all cases, Qo was found to increase approximately 
l inear ly  with increasing dot diameter. This was t rue 
for both a luminum and the a luminum alloy as well as 
for both shadow masked and photomasked samples. 
The two data points shown for the larger- dots from 
the sample of Fig. 1 are the m i n i m u m  Qo and the Qo 
following a 5 rain anneal.  While somewhat better  fit to 
a straight line through the origin might  be obtained 
with strict use of m i n i m u m  Qo, the basic na ture  of the 
curves would remain  unchanged. 

Effect of hydrogen.--It has been reported (9) that 
substant ia l  amounts  of hydrogen are present  in  the 
vacuum chamber dur ing a luminum evaporation from 
pyrolytic boron nitr ide ~which is radiat ively heated. 
The data presented in  Fig. 4 show this to be t rue for 
tungsten  filament and electron beam evaporations as 
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Fig. 3. Dependence of Qo, obtained after a 5 mln anneal at 
500~ on electrode diameter for hot-substrate samples as indi- 
cated. 
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Fig. 4. Partial pressures of H2 and H20 in the deposition 
chamber during filament and electron beam evaporation of 
aluminum. 

well. The part ial  pressures are averages over the few 
minute  periods of deposition. Prior  to melt ing of the 
a luminum source mater ial  the major  gas present was 
water  vapor. Some hydrocarbons were detected both 
before and during deposition but  the concentrations 
were relat ively small. The predominant  species of hy-  
drogen observed was I-t2 although atomic hydrogen 
was present  in significant concentrations, par t icular ly 
for filament evaporations. The higher total pressures 
were obtained by restr ict ing the area of the pumping  
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l ine between the vacuum chamber and the diffusion 
pump. For filament evaporat ion the data are fitted by 
a l ine of uni t  slope consistent with a constant ratio of 
H2 to H20 partial  pressures of approximately 30. The 
data for electron beam evaporat ion exhibited consider- 
able scatter. The l ine shown is a least squares fit. For 
a typical deposition pressure (~10 -5 Torr) the ratio of 
H2 to HeO part ial  pressures is about 10. 

The hydrogen presumably  is generated through re-  
action of the a luminum and water  vapor. The reaction 
could occur both on the mol ten a luminum and on 
freshly deposited film surfaces. The surface area of the 
filament was an order of magni tude  larger than that  of 
the mol ten a luminum in the electron gun hearth. The 
more pronounced H2 evolut ion with the fi lament dep- 
osition is an indication then that  reaction on molten 
a luminum is more significant. Some reaction does oc- 
cur  at this surface as evidenced by the bui ldup of an 
oxide dross on the electron beam a luminum source 
material. Fur ther  support  for such a mechanism is pro- 
vided by results obta ined with flash evaporation. In  
this case li t t le H2 was present  dur ing deposition. It 
would be expected that  the reaction would be l imited 
with flash evaporat ion since the molten a luminum is 
con~fined in area and remains on the flash bar  only 
for a short period of time. Undoubtedly,  reaction also 
occurs at film surfaces as evidenced by the effect (9) of 
water  vapor on several film properties. It is presumed, 
however, that the partial  pressure of water  vapor of 
importance in this respect is that  remaining after re-  
action with the mol ten a luminum. It was found, for ex- 
ample, that the properties of filament deposits were 
much more tolerant  of total pressure than electron 
beam deposits consistent with the lower part ial  pres- 
sure of water  vapor in  the former case (Fig. 4). A 
source of hydrogen al ternat ive to that  present  during 
depositi.on may appear when  oxides are subjected to 
hea t - t rea tment  in  hydrogen prior to metallization. 

Values of Qo for two dot sizes are presented as a 
function of anneal  t ime at 500~ in  Fig. 5 for three 
samples. The samples were formed by  deposition onto 
unheated wafers using filament evaporat ion of a lumi-  
num (shadow masked),  by electron beam deposition of 
a luminum onto heated wafers (photomasked),  or by 
flash evaporation of a luminum alloy onto heated wafers 
preannealed in  hydrogen (shadow masked).  The fila- 
ment  and flash evaporated samples clearly exhibited a 
max imum in Qo for short anneal  times. For longer an-  
neal times, behavior was similar to that  of samples 
discussed above. For all samples, a longer t ime is re- 
quired to achieve m i n i m u m  Qo for the larger dots. 
Meaningful  measurements  on the electron beam evapo- 
rated samples could not be made without  an anneal  
to remove radiation damage (1). It does not appear 
that the electron beam evaporated sample exhibited 
maxima for Qo although the crossover in Qo values s 
small  and large dots at an anneal  t ime of 15 min  may 
be at t r ibutable  to the presence of hydrogen. In  general, 
the results were more widely scattered for such sam- 
ples possibly because of the variabi l i ty  of the hydrogen 
level generated dur ing  deposition. 

If the min imum (or nea r -min imum)  values of Qo 
are considered, they are in rough proportion to the dot 
diameter as before. It should be noted that for the fila- 
ment-evapora ted  sample the dots were elliptical and 
the major  axis dimension ratio was only about 2.5 for 
the dots of nominal  diameter  equal to 30 and 5 rail. 

Room temperature  drift measurements  were per-  
formed on samples for which hydrogen was assumed to 
be present. Some drift was observed but  was an order 
of magni tude smaller than the increases noted in Fig. 
5 for short anneal  times. Therefore it is probable that  
the additional Qo introduced is traceable to alkali ions 
ra ther  than  hydrogen ions. 

Ef]ect of electrode geometry.--In addition to circular 
electrodes, rectangles having widths of 6 or ]4 rail and 
containing at least 5 squares were tested. The electrode 
material  was the a l u m i n u m  alloy deposited on heated 

E" 
I 

�9 

5 
0 

0 

I I I I 
[] Cold-Substrate, Filament AI 

Shadow Masked 
o Hot-Substrate, Flash AI-Cu-Si 

Shadow Masked. H Preanneal 
A Hot-Substrate, Electron Beam 

t 
/ ~ \ AI Photomasked 

/ \ - - - 4  

\ / /  
/ \ / 

I I I I I I I I 
0 5 10 15 20 25 50 35 

ANNEAL TIME (rain) 

Fig. 5. Dependence of Qo on the time of annealing in nitrogen 
at 500~ for samples as indicated. Open symbols denote results 
for electrodes of nominaJ 30 mi| diameter and solid symbols for 
nominal 5 mil diameter. 

wafers s imultaneously with the sample of Fig. 2. The 
electrodes were delineated by photomasking. Figure 6 
i l lustrates that the general  na ture  of Qo variat ion with 
anneal  t ime was similar to that  for dots s imilarly pre-  
pared (Fig. 2). As discussed in connection with Fig. 2, 
probably the init ial  values of Qo/q shown have been 
reduced from a value of about 9 • 1011 cm-2  by the 
bias stress at 300~ The mi n i mum values of Qo are in 
approximate proportion to the widths and would ap- 
pear to be about the same as for dots of the same diam- 
eter. The anneal  t ime required to reach the m i n i m u m  
Qo was longer for the wider rectangle, analogous to 
the case for dots, but  was greater  than  for dots of cor- 
responding diameter. 

No systematic dependence of Qo on rectangle length 
was observed even though the number  of squares ex- 
amined on a given wafer was 5, 15, and 43 for the 
wider rectangle and 12, 30, and 100 for the narrower  
rectangle. A range of Qo sometimes noted for the dif- 
ferent lengths is indicated by the bars in Fig. 6. 

Other e:f]ects.--For shadow masked samples it was 
invar iably  found that the contaminat ion was originally 
at or very near the metal-si l icon dioxide interface. The 
original capacitance-voltage trace would therefore 
overlap the trace following negative bias stress (curve 
A of Fig. 7). The original trace for photomasked sam- 
ples, such as curve B of Fig. 7, was typically displaced 
from curve A toward more negative voltages indicat-  
ing that the ionic contaminat ion was originally located 
away from the metal-oxide interface. This is presum- 
ably a consequence of shorting of the metal  to the 
silicon at the edge of the wafer or at pinholes in the 
oxide which allows movement  of contaminat ion away 
from the interface. An effect of this type has been 
categorized (10) as drift  XVIII  and adds to a pre-  
viously compiled list of drifts of silicon oxide tech- 
nology (11). 
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Fig. 7. Capacitance-voltage plots observed under various condi- 
tions as discussed in the text. 

Anneal ing  at 500~ was found to move the ionic 
contaminat ion closer to the metal-oxide interface for 
photomasked samples. For  t imes yielding nea r -min i -  
m u m  Qo, the contaminat ion had moved essentially to 
the interface. Such an effect was more noticeable for 
the largest dots and the wider  rectangles. 

The shape of the capacitance-voltage trace was fre- 
quent ly  altered in two respects by long anneals. A tail 
on the trace following positive bias stress, as typified 
by curve D in Fig. 7, was observed. Again, this was 
more prevalent  for the capacitors with the largest 
electrode dimensions. Secondly, the trace sometimes 
re turned  to higher capacitance values in  the inversion 

region as indicated by curve E in Fig. 7. Such behavior 
was more common with p- type  than with n - type  
wafers. Apparent ly  defects in  the silicon were gener-  
ated by the anneals  which acted as sources of minor i ty  
carriers. 

Discussion 
The major i ty  of the effects observed can be explained 

in  terms of the following three postulates: 
(i) A reduction in ionic contaminat ion level in  the 

oxide under  the electrodes as a consequence of heating. 
A possible mechanism might be diffusion of contami-  
nants  to the edge of the electrodes and subsequent  
vaporization. 

(it) Activation of immobilized contaminat ion under  
shor t - term heating with hydrogen as a catalyst. This 
may occur through subst i tut ion of protons for sodium 
ions at t rapping sites. An opposite effect in which pro- 
tons were released from adsorbed water, i n  the pres-  
ence of sodium, has been observed (12). 

(iii) A n  increase in  mobile ionic contaminat ion 
under  prolonged annealing.  A release of ionic con- 
taminat ion  from the metal  or effects associated with 
diffusion of a luminum into the oxide may produce such 
a result. As regards the latter, it was noted (6) that  
the immobilized sodium content  near  the a l u m i n u m -  
oxide interface increased for more extensive annealing.  
It is not clear, however, that  this would lead to in -  
creased Qo. 

The combinat ion of (i) and  (iii) or (i), (it) ,  and 
(iii) will  obviously reproduce the general  features of 
the curves in Fig. 1 and 2 or Fig. 5, respectively. Also 
on this basis no fundamenta l  difference would be 
expected between shadow masked and photomasked 
electrodes. However, the original (nominal ly  zero an-  
neal time) results for heated wafer, shadow masked 
samples may actually be appropriate to short anneals 
That  some anneal ing effect can occur at temperatures  
of 300~ is apparent  from the behavior  of Qo under  
electrical stress for photomasked samples (Fig. 2). 

Consideration of the mechanism ment ioned in (i) 
suggests that the effect of heat ing in reducing Qo would 
be more pronounced for smaller  dots and narrower  
rectangles where the circumference to area ratio is 
larger. This is, of course, the empirical  finding. By the 
same token, in the absence of heating, No dependence 
of Qo on electrode size would be anticipated. The ini-  
tim results for the filament evaporat ion on unheated 
wafers in Fig. 5 demonstrate  that  this is the case. 
Efforts were made to minimize stress effects at 300~ 
on Qo for these measurements  by uti l izing separate 
chips from one wafer for the two dot sizes and by  
performing the positive bias stress first. 

A fur ther  consequence of (i) would be that  the t ime 
to reduce Qo to a given level would be larger for larger 
dots because of the longer diffusion distance required. 
Again this was observed experimental ly.  The occur- 
rence of a min imum in Qo for 30 mil  diameter dots 
after an anneal  t ime t of approximately 15 min  im-  
plies a diffusion coefficient D of 1.7 • 10 -7 cm2/sec if 
a diffusion length 2~/Dt of about 10 rail is assumed. 
Such a value for D would not be considered incom- 
patible with sodium diffusion. For comparison, an ex- 
t rapolat ion of data (13) for bulk  diffusion of sodium 
in fused silica to a temperature  of 500~ yields a value 
of approximately 3 • 10 - s  cm2/sec. In  addition, ready 
evaporation of sodium would be anticipated since the 
vapor pressure of sodium at this tempera ture  is about 
4 Torr (14). The possibility was also considered that  
the hydrogen arising from the a luminum-wa te r  vapor 
reaction (5) plays a role when  present  in the oxide. 
Diffusion of this species to electrode edges and evapo- 
rat ion therefrom would be expected to reduce Qo since 
sodium ions could then be retrapped in the oxide. An  
increase in Qo for short t e rm anneals  of flash-evapo- 
rated metM]ization, as for the samples of Fig. 5, would 
be anticipated in such a case. However, an increase 
of this type was not observed. Apparent ly  the ratio of 
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circumference to area is also of some significance as 
regards diffusion since times to reduce Qo are longer 
for a rectangular  than a circular electrode with width 
equal to diameter. In  such a case the circumference to 
area ratio for the circle is twice that  of the rectangle, 
assuming a rectangle of length much greater than 
width. Also, somewhat less uniform contaminat ion 
under  the larger dots or wider rectangles might be ex- 
pected if diffusion to the dot edge is involved. It was 
previously noted that  a tail  on the capacitance-voltage 
trace, indicative of nonuni form contaminat ion (15), 
was most prevalent  for the capacitors with the larger  
electrodes. 

The logical extension of (i) would be that for suffi- 
ciently long anneal  times Qo would approach a low 
value which would be independent  of electrode size. 
This does not occur because of factor (i i i) .  The ap- 
proximately proportionate dependence of m in imum Qo 
on dot diameter  and rectangle width was observed for 
a wide variety of sample types. This would appear to 
be more than fortuitous and suggests a possible re la-  
tionship betwen (i) and r It is difficult to see, 
however, that  a mechanism involving introduct ion of 
a luminum or sodium from the electrode could lead to 
a size dependence. A convergence of Qo values for dif- 
ferent  sizes and shapes, as typically observed for long 
anneal  times, is more consistent with such a mecha- 
nism. It should also be noted that no consideration has 
been given possible effects arising from the a luminum-  
silicon dioxide reaction. On the basis of one set of re- 
ported data (16) about 300A of silicon dioxide would 
be reduced to a luminum oxide in 60 min  and some 
consequence might be anticipated. On the other hand 
no significant reduction of this type is apparent  in a 
later  s tudy (6). 

Final ly,  it is probable that for sufficiently large elec- 
trodes little or no reduction in Qo could be effected 
through heating. The proport ionali ty to size would 
then saturate. The data in Fig. 2 for the 30 mil  d iam- 
eter dets indicate that  this condition may be ap- 
proached with only slightly larger dimensions than 
this. 

Summary and Conclusions 
It was found that the value of Qo measured on MOS 

capacitors is dependent  on the anneal ing of the struc- 
ture  and on the electrode size and geometry. A mini -  
mum in Qo is achieved with anneal ing time, and this 
min imum value is proportional to either the diameter 
of circular electrodes or the width of rectangular  elec- 
trodes. These observations were interpreted to be a 
consequence of ionic contaminat ion diffusion to and 
vaporization from the per iphery of the electrodes to- 
gether with eventual  introduct ion of ionic contamina-  
tion from the electrodes and/or  activation of immobil -  
ized contamination. The long- te rm increase in Qo has 
evidently been observed previously (10) and was at-  
t r ibuted  to contaminat ion from the electrodes. The de- 
crease in Qo with anneal  time or electrode dimension 
has not been noted heretofore. The dependence on size 
is, of course, the opposite of the normal  edge effect 
where ionic contaminat ion is introduced at the elec- 
trode periphery. In  addition, substantial  evidence was 
gathered to indicate that active contaminat ion levels 

can be increased appreciably by anneal ing when hy-  
drogen is incorporated in the capacitor structure. 

The consequences of these findings in connection 
with semiconductor device fabrication are obvious 
since several factors may lead to variations in Qo and 
therefore induce similar variations in device prop- 
erties. The results are also of relevance as regards the 
common use of auxi l iary MOS wafers to monitor  Qo 
at various processing steps (17), in part icular  metal-  
lization. The ideal approach would utilize electrode 
sizes and shapes closely approximating those on device 
wafers. In addition, the monitor  wafers would experi-  
ence heat - t rea tments  identical to those of device 
wafers. Electrode delineation by photomasking rather  
than shadow masking would also be more in  keeping 
with the processing of device wafers. 
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The Standard Thermodynamic Functions for the 
Formation of Electrons and Holes in Ge, Si, GaAs, and GaP 
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Bel l  Laboratories,  Murray  Hill, N e w  Jersey  07974 

ABSTRACT 

The forbidden energy gaps of Ge, St, GaAs, and GaP have been used to 
obtain the s tandard Gibbs energy, enthalpy and entropy of formation of elec- 
trons and holes for each semiconctuctor up to the melt ing points. Z~e forbidden 
energy gap is the s tandard Gibbs energy of formation of electrons and holes 
and the enthalpy and entropy have been obtained from the energy gap as a 
function of temperature  and familiar  thermodynamic  relationships. Energy 
gaps as a funct ion of temperature,  available in the li terature, have been fit to 
the semiempirical equation of Varshni and used to extrapolate the energy gaps 
and thereby the three thermodynamic functions to the mel t ing points, i t  is 
well known that  the energy gaps, i.e., the Gibbs energies, decrease with in -  
creasing temperature  but  it is not well known that the enthalpy of formation 
increases with temperature  and that it is proportional to the slope of the 
famil iar  logarithmic plot of the intrinsic carrier concentrat ion over T 3/2 vs. 
1/T. Examples of the uti l i ty of the enthalpy function are given. It is the en-  
tropy that  leads to the decrease in  energy gap with increasing temperature  and 
its magni tude is large near  the respective melt ing points (10-13 cals/deg, i.e., 
4 to 5.6 • 10 -4 eV/deg) arising from the interactions of electrons and holes 
with the lattice. The intrinsic carrier concentrations were calculated from the 
forbidden energy gaps and the average effective masses which were estimated 
for the higher temperatures.  

The forbidden energy gap of a semiconductor is 
known to be a Gibbs energy, G -~ H -- TS (1-3). It  is 
the Gibbs energy of formation of electrons and holes. 
More specifically the forbidden energy gap is the s tan-  
dard Gibbs energy of formation of electrons and holes 
as described by the equi l ibr ium reaction (4) 

O~--e- + e + [1] 

There is now sufficient informat ion in the l i terature 
to permit  the forbidden energy gaps of the four pr in-  
cipal semiconductors, Ge (5-8), Si (7-9), GaAs(10-12), 
and GaP (11, 14, 15), to be reasonably estimated at all 
temperatures  from 0~ to the respective melt ing 
points. In  fact, the forbidden energy gap is known with 
sufficient accuracy to make possible the estimation of 
the s tandard enthalpies and entropies of formation of 
electrons and holes as functions of temperature.  In  
addition, estimates can be made of the s tandard heat 
capacity changes for reaction [1] for these four semi- 
conductors but  with a greater degree of uncertainty.  
After  an opening discussion of the forbidden energy 
gap as a s tandard Gibbs energy and the thermody-  
namic relationships giving the s tandard enthalpy, en-  
tropy, and heat capacity from the forbidden energy 
gap, the measurements  of the energy gap are reviewed. 
These measurements  are analyzed with the help of a 
semiempirical equation due to Varshni (16), which 
gives the forbidden energy gap as a funct ion of tem- 
perature.  The s tandard thermodynamic  functions AG ~ , 
AH ~ AS ~ and ACp ~ are obtained at all temperatures  
up to the respective mel t ing points by extrapolat ion of 
the Varshni equation. An estimate of the uncertaint ies  
of these functions is made. The intrinsic carrier concen- 
trat ions have been calculated from the forbidden en-  
ergy gap and the average effective mass of electrons 
and holes, available from reported experiments at 
lower temperatures  but  estimated at higher tempera-  
tures. In addition, the ut i l i ty  of the s tandard enthalpy 
of formation of electrons and holes is i l lustrated in a 
discussion of the widely used l inear approximation to 
the forbidden energy gap as a funct ion of tempera ture  
and in an al ternat ive explanat ion of a once anomalous 
property of the Au energy level in St. 

* Electrochemical  Society Act ive  Member.  
Key  words:  semiconductors,  energy  gap, Gibbs energy,  enthalpy,  

entropy. 

Thermodynamics 
It has been long recognized (1-3, 17) that for a semi- 

conductor the product of the electron concentration, n, 
and the hole concentration, p, is not a function of con- 
centrat ion when the concentrations are low. This prod- 
uct has been shown by statistical mechanical  methods 
to be proportional to an exponential  containing the 
energy gap (1, 2, 17) 

n p =  ncnv exp (--AEcv/kT) [2] 

The symbol AEcv will be used for the forbidden energy 
gap as recommended by Phill ips (18), who suggests 
that the symbol Eg be reserved for the average bond 
energy gap. In the following, the terms forbidden 
energy gap, m i n i mum energy gap, and energy gap will 
be equivalent.  The two terms, nc and nv, are the effec- 
tive density of states for electrons in the conduction 
band and holes in  the valence band. 

Equat ion [2] has a form similar to that of a chemical 
equi l ibr ium constant. The equi l ibr ium constant  would 
be the fraction np/ncnv and the energy gap, AEev, 
would be the standard Gibbs energy of formation of 
electrons and holes. That  this is, in  fact, t rue can be 
shown from the following argument.  

The condition to be met  for electrons and holes to be 
at equi l ibr ium at some temperature  T and some con- 
stant  external  pressure is that  the Gibbs energy (19, 
20) of the system be a m i n i m u m  with respect to a 
change in the number  of electrons or holes. This con- 
dition for equi l ibr ium can also be expressed in  terms 
of the chemical potentials of electrons and holes the 
sum of which must be zero 

0 = ~n-~- ~ [3 ]  

(Equation [3] is the equi l ibr ium condition implied by 
Eq. [1] for the formation of electrons and holes.) 

The chemical potentials of electrons and holes at 
low concentrations as a funct ion of composition and 
temperature  may be wr i t ten  as follows 

P,n : I~n ~ "~  kT  In Xn 

~p -- ~p~ + k T  in  xp [4] 

The standard chemical potentials ~n ~ and ]~pO a r e  the 
values of the respective chemical potentials when  the 
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composition fractions, Xn and Xp, are unity. If the com- 
positions are expressed in terms of concentrat ion ratios, 
xn would be n / n  ~ and xp would be p / p ~  where n ~ and 
p~ are the concentrations of electrons and holes, re-  
spectively, in  the s tandard states. From Eq. [3] and 
[4] it follows that 

np -- n~ ~ exp (--  (~n ~ -F/~p~ [5] 

an  equation identical in form to Eq. [2]. 
The choice of the s tandard states is based on a 

statistical and quan tum mechanical  model of free 
electrons and free holes in the conduction and valence 
bands, respectively, of a semiconductor (1). The Fermi 
level, the electron chemical potential, is referred to 
the m i n i m u m  energy of conduction band states, Ec, and 
therefore #n ~ - -  Ec. The hole chemical potential  (the 
negative of the Fermi level) is referred to the maxi-  
m u m  energy of the valence band  states, Ev, and there-  
fore #p~ is -- Ev. Since the energy gap, AEcv, is Ec -- E~ 
it follows that  

#n ~ + ~p~ = Ec -- Ev = ~Ecv [6] 

The standard chemical potentials of Eq. [6] are also 
Gibbs energies since the equilibrium conditions of in- 
terest are constant temperature and pressure. Conse- 
quently the standard chemical potential sum is the 
standard Gibbs energy, AGcv ~ for formation of elec- 
trons and holes and is also the forbidden energy gap 

~n ~ + ffp~ "-- AEcv ---- AGcv ~ [7] 

The standard state concentration, n ~ , is the elec- 
tron concentration, n~, which places the Fermi level at 
the conduction band edge, while the standard state 
concentration, p~ is the hole concentration, nv, which 
places the Fermi level at the valence band edge. The 
concentration nc is also the effective density of states in 
the conduction band and the concentration nv is also 
the effective density of states in the valence band (21). 
They can be obtained from the two equations 

nc = 2 ( 2 ~ m ~ k T / h  2) ~/2  

nv = 2 ( 2 ~ m p k T / h  2) ~/2 [8] 

where mn and mp are the effective masses of electrons 
and holes, respectively, and the other symbols have 
their usual  meanings. 

Since the forbidden energy gap as a funct ion of tem- 
perature is the s tandard Gibbs energy for formation 
of electrons and holes as a function of temperature,  the 
s tandard enthalpy, entropy, and heat capacity of for- 
mat ion of electrons and holes can be calculated from 
famil iar  thermodynamic relationships 

AEcv : AHcv -- T~Scv [9] 

d (AEcv)/dT -- -- hScv [10] 

d ( h E c v / T ) d ( 1 / T )  = A H ~  --  AEc, -- T d ( A E c v ) / d T  [11] 

ACcv = d ( A H c v ) / d T  -- T d ( A S c v ) / d T  [12] 

The superscript ~ which has been used to designate 
s tandard functions has been dropped for the subscript 
cv. Thus AHc~, ASc~, and ACcv are the standarcl en-  
thalpy, entropy, and heat capacity of formation of 
electrons and holes. 

Exper imenta l  

Ge and Si.--Macfarlane, McLean, Quarrington,  and 
Roberts have measured the forbidden energy gaps of 
Ge (5-8) and Si (7-9). The absorption coefficient was 
measured as a funct ion of wavelength and tempera-  
ture  at high optical resolution in the wavelength re-  
gion of the band edge. Fine s tructure in the absorption 
edge permit ted identification of four phonon transit ions 
characteristic of these indirect gap semiconductors. 
Each phonon t ransi t ion was found to have a component 
related to an optical transition. The phonon and optical 
t ransi t ion energies were obtained by curve fitting. The 

optical process measured in  this way differs from the 
energy of the forbidden gap by a small  amount,  the 
dissociation energy of the exciton. The optical t ransi-  
t ion measured is the formation energy of an exciton, 
AEfex, and this energy plus the dissociation energy of 
the exciton AEdex, is the forbidden energy gap 

AEev : AEfex -~ AEdex [13] 

The exciton dissociation energy in  Ge is 2.7 • 0.2 
meV according to McLean (8). A value of 10.0 meV 
was estimated for the exciton in Si (8) but  a more re- 
cent measurement  by Shaklee and Nahory (22) gives 
14.7 • 0.4 meV. 

High resolution measurements  of the Si forbidden 
energy gap as a function of temperature  have been 
reported recently by Bludau, Onton, and Heinke (23). 
The derivative of the absorption coefficient with re-  
spect to wavelength was measured. The energy of 
formation of the exciton was sharply defined and 140 
experimental  points be tween 2 ~ and 3O0~ were taken 
on high pur i ty  silicon. Thir ty  points at 10 degree in ter-  
vals were obtained by quadrat ic  averaging of the mea-  
surements.  In  order to obtain the energy gap, the ex- 
citon dissociation energy of 14.7 meV must  be added, 
but  in addition, a momen tum conserving phonon en-  
ergy must  be subtracted (22) both of which are as- 
sumed to be independent  of temperature.  

The Ge and Si measurements  are shown in  Fig. 1. 
The difference between the value of the energy gap 
at T and its value at 0~ is plotted against T. A char-  
acteristic shape is exhibited. The curves drawn in Fig. 
1 are obtained from a fit of the measurements  to a 
semiempirical equation suggested by  Varshni  (16) and 
will be discussed below. The curves approach 0~ qua-  
dratically and at high temperatures  approach linearity.  

G a A s . - - T h e  measurements  of Sell and co-workers 
(12, 13) and of Panish and Casey (11) have been 
used. Sell, Casey, and Wecht (12) obtained the energy 
gap at 297~ from reflectivity measurements.  Panish 
and Casey measured the shift in absorption edge at 
constant absorption coefficient from 297~ to four tem- 
peratures up to 973~ The measured shift added to 
the value of the energy gap at 297~ is assumed to 
give the energy gap at the higher temperatures.  [Pan-  
ish and Casey used the 294~ measurement  of Sturge 
(10) to get high tempera ture  values of the energy gap 
but  the more recent  reflectivity measurements  of Sell, 
Casey, and Wecht (12) on unst ra ined GaAs and at 
higher resolution than  used by Sturge are to be pre-  
ferred.] 

The differences between the energy gap at T and 0~ 
are plotted in  Fig. 2 for GaAs. 
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Fig. I. The difference between the forbidden energy gap at T 
and 0~ -~Ecv(T )  - -  -~Ecv(0), as a function of temperature for 
Ge and Si. �9 (Ge), Macfartane et  a l .  (5-8); �9 (Si), same au- 
thors (7-9); X ,  Bludau, Onton, and Heinke (23); ~ Eq. [14], 
with the appropriate constants of Table I. 
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Fig. 2. The difference between the forbidden energy gap at T 

and at 0~ A E c v ( T )  - -  AEcv(0), for GaAs as a function of tem- 
perature. G ,  Panish and Casey (11); point at 297~ from Sell, 
Case)', and Wecht (12); AEcv(0) from Sell, Stokowski, Dingle, and 
DiLorenzo (13) (see Table III); ~ - -  Eq. [14] with the appro- 
priate constants of Tables I and III. 

GaP.--Lorenz, Pettit, and Taylor (14) have made 
absorption measurements  up to 868~ The measure-  
ments  below 400~ give the energy gap from an anal-  
ysis of spectral features equivalent  to those used for 
Ge and Si. Between 400 ~ and 868~ the energy gap 
shift was est imated from the absorption edge shift at 
constant absorption coefficient. Panish and Casey (11) 
have measured the absorption edge shift at constant 
absorption coefficient from 300 ~ to 1273~ Figure 3 
gives the exper imental  data as a plot of the energy 
gap difference be tween T and 0~ as a funct ion of 
temperature.  

T h e  Eva luat ion  of the  Exper imenta l  D a t a  
Varshni (16) has proposed a simple equat ion for 

the temperature  dependence of the energy gap 

AEcv(T) -- AEcv(0) = --aT2/(T + #) [14] 

Equat ion [14] is based upon two assumptions;  that  the 
energy gap should be proport ional  to T at high tem- 
peratures and proport ional  to T 2 at low temperatures.  
The constant # was to be a reasonable approximation 
to the Debye temperature.  The support for the use of 
the equat ion comes from the fact that it is a good rep-  
resentat ion of exper iment  (11, 16). 

The method previously used to evaluate the three 
constants of Eq. [14] was to plot the energy gap, 
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Fig. 3. The difference between the forbidden energy gap at T 
and at 0~ A E c v ( T )  - -  AEcv(0), for GaP as a function of tem- 
perature. ~ Panish and Casey (11) and @, Lorenz, Pettit, and 
Taylor (14)'; Varshni Eq. [16], with the appropriate con- 
stants of Tables I and III. 

AEcv(T) vs. T2/(T + fl) and find the value of fl for which 
a straight l ine was obtained. The intercept  was AEcv(0) 
and the slope was ~. It  is found that  there is a ra ther  
wide range of values of ~ and # which gives a satisfac- 
tory fit to the data. An  al ternate method of evaluat ing 
these two constants will be used here which leads to a 
direct graphical solution for a and # and an estimate 
of uncertainties.  

The question of the value of the energy gap at 0~ 
can be dealt with separately since the same value of 
the exciton dissociation energy applies to all values 
of the energy gap (Eq. [13]). The constants a and 
can be obtained from the difference function, AEcv(T) 
-- AEcv(0), plotted in  Fig. 1, 2, and 3. Equat ion [14] 
can be rear ranged to give 

T21(AEcv(O) -- hEcv(T) ) -- #la Jc TI= [15] 

If the experimental data are to fit Varshni's equation, 
the term on the left of Eq. [15] will depend linearly 
on temperature. 

The measured energy gap differences are plotted ac- 
cording to Eq. [15] in Fig. 4, 5, 6, and 7. The values 
of a and /3 obtained and their estimated uncertainties 
are given in Table I. The values previously used are 
given for comparison. An uncertainty of 0.5 meV has 
been estimated for Ge and Si energy gap differences; 
an uncertainty of 4 meV has been estimated for GaAs 
and GaP. The uncertainty in a and # was obtained by 
passing one line of maximum slope through the se- 
lected data points and another of minimum slope. The 
values of ~ and # obtained from these two lines give 
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~ F ,  Macfarlane et  a l .  (5-8); Eq. [14], Table I. 
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Fig. 5. The function T 2 / ( A E c v ( O )  - -  AEcv(T)) vs. T for Si. 

~ .  , Macfarlane et al. (7-9); X ,  Blodau, Onton, and Helnke (23); 
Eq. [14], Table I; . . . .  Varshni Eq. [14] with constants 

from Varshni (16), see Tab le  I. 
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Data from Panish and Casey (11), and from Lorenz, Pettit, and 
Taylor (14); ~ Eq. [14], ]'able I. 

the spread in values which are twice the uncertaint ies 
given in Table I. 

The curves shown in Fig. 1, 2, and 3 were calculated 
from Eq. [14] and the constants of Table I. The stan-  
dard deviations of the experimental  points from the 
calculated curves are given in Table II where they are 
compared with previous fits to the Varshni equation. 

Table I. The coefficients ~ and/3 of the Varshni equation [14], 
AEev(T) - -  AEcv(0) ~ - -~  T2/ (T + /3). Comparisons are made 

with earlier work. The 0~ Debye temperature, ~D(0), is also given 

ce/10 ~ eV K-Z ~ / K  ~D(0) / /4  

Ge  4.774 • 0.30 235 • 40 374 (24) 
4.561 (16) 210 (16) 

Si  4.730 • 0.25 636 "+- 50 645 (24) 
7.021 (16) 1108 (16) 

G a A s  5.405 ~ 0.25 204 --- 45 344 (25) 
5.8 (11) 300 (11) 

G a P  5.771 • 0.55 372 ~- 95 446 (25) 
6.2 (11) 460 (11) 

Table II. The standard deviation of the experimental energy gap 
difference, AEcv(T) - -  AEcv(0), from the Varshni equation [14], 
using the coefficients of Table I. These are compared in the last 

column with standard deviations calculated using coefficients 
obtained by others 

Standard dev ia t ion /meV 

Ge 1.1 1.3 (16) 
S i  0.6 .(0.9) a 1.2 (16) 
G a A s  2.6 b 2.1 (11) 
G a P  2.7 c 4.0 c ( i i )  

M e a s u r e m e n t s  of B l u d a u ,  O n t o n  a n d  H e i n k e  (23) included, 
b S t u r g e  (10) m e a s u r e m e n t s  n o t  used. 
r T h e  t w o  po in t s  a t  h i g h e s t  temperatures  not  included. 

It is clear from Fig. 5 that  below 250~ the mea-  
surements  of Bludau, Onton, and Heinke (23) deviate 
significantly from the Varshni equation. The low tem- 
perature points of Macfartane et al., (5-9), for Si and 
for Ge indicate similar deviations. The measurements  
of Bludau join those of Macfarlane at 250~ and above 
as can be seen in Fig. 5. The dashed line is equivalent  
to the fit to the Macfarlane et al. data made by Varshni 
(16). 

The GaAs measurements  at 297~ and above are 
satisfactorily represented by Varshni 's  equation (Fig. 
6). No measurements  have been used below 297 ~ to 
fit the Varshni equation but  absorption measurements  
by Sturge (10), photoluminescence measurements  by 
Nathan and Burns (26), and inject ion luminescence by 
Sarace et al. (27) all below 297~ give values of the 
energy gap that  can be compared to values calcu- 
lated from the Varshni equation fit to the temperature  
measurements  above 297 ~ . The energy gap values ob- 
tained by Sturge (10) at 90 ~ 55 ~ a n d  21~ agree 
within +3  meV with the Varshni equation. When 
Sturge's s train correction is not used and a value of 4.2 
meV is used for the exciton dissociation energy, the 
185 ~ and 294~ values differ by about + 5  meV from the 
Varshni equation. The energy gap values reported by 
Nathan and Burns are all higher than the Varshni 
equation calculations varying from 6.7 meV at 197~ 
to 3.7 meV at 65~ The only other point lies at 4.2~ 
and is in good agreement  with the calculated value 
(--0.5 meV). The experimental  emission peaks have 
been assumed to be from free exciton annihilat ion,  and 
a value of 4.2 meV has been added for the exciton dis- 
sociation energy to obtain the energy gap. Sarace et al. 
(27), have measured the recombinat ion radiat ion from 
injected holes into n- type  GaAs at 77 ~ and 298~ Their 
measures agree within 1 meV of the values of the en-  
ergy gap calculated from the Varshni equation. 

The GaP measurements  are fit satisfactorily by the 
Varshni equation except for the two highest points, 
one at 1073 ~ the other at 1273~ These two points 
have not been used in  obtaining the constants of Eq. 
[15]. 

It was suggested by Varshni (16) that  the constant 
should have a value near that of the Debye tempera-  

ture, but  he found poor agreement  among the examples 
he had. Panish and Casey (11) found better  agreement  
for GaAs than did Varshni and their measurements,  
with those of Lorenz et al. (14), led to reasonable 
agreement for GaP. Table I includes a value for the 
Debye temperature  evaluated at 0~ eD(0). The value 
of /3 for St, 636~ is now in much better  agreement 
with the Debye temperature,  645~ than the l108~ 
found by Varshni. The values of /3 now fall close to a 
straight line (/3 ---- 1.51 ~D - -  324) revealing the rela-  
tionship suggested by Varshni. 

In  order to obtain the value of the energy gap as a 
function of temperature,  the value of the energy gap 
at 0~ is needed. These are given in Table III  along 
with the exciton dissociation energies used. 

The Thermodynamic  Functions 
It is now proposed to use the Varshni equation to 

obtain the various thermodynamic functions of inter- 
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Table III. The forbidden energy gap at 0~ AEcv(0), and the 
exciton dissociation energy ~dex 

AEcv ( 0 ) / e V  h E % z / m e V  

Ge 0 . 7 4 3 7  ~- 0 . 0 0 1  (9)  2 .7  • 0 . 4  (g)  
Si 1 . 1 7 0 0  • 0 . 0 0 1  (g,  23 )  1 4 . 7  • 0 . 4  (22)  
GaAs 1 . 5 1 g  4- 0 . 0 0 1  (13)  4 .2  + 0 .2  (28)  
GaP 2.338 • 0 . 0 0 2  (14)  10.0 • 1.0 (15) 

est and to use it at all temperatures up to the melting 
point. An estimate will  be made in a following section 
of the uncertainties that may be expected in the various 
functions. 

From Eq. [10] and [14] it follows that the entropy 
of formation of electrons and holes, i.e., the gap en- 
tropy, is given by the equation 

AScv(T) = o~T(T + 2 ~ ) / ( T  + ~9)2 [16] 

From Eq. [11] it follows that the enthalpy of formation 
of electrons and holes, i.e., the gap enthalpy, is 

AHoy(T) ---- AHcv(0) + ,~#(T/(T + 8) )2 [17] 

The thermodynamic functions, Gibbs energy, hEcv, 
the enthalpy, ~Hcv, and the entropy, 5Scv, are plotted 
as functions of temperature in Fig. 8, 9, 10, and 11 for 
each of the four semiconductors of interest. 

0.8 Z~Hc v 

~ 
0 6  6 

&Scv 

o ~ 0.5 5 ..w. 

~ CV ~ 

<~ 0.3 5 

O2 2 

0.1 1 

P ~ P ~ I I 0 
0 2 O0 400 600 800 1000 1200 

T/K 

Fig. 8. The Gibbs energy, AEcv in eV, the enthalpy, AHcv ih eV 
and the entropy, AScv in units of k, as functions of T for Ge. 
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Fig. 11. The Gibbs energy AEcv in eV, the enthalpy, AHcv in eV 
and the entropy, AScv in units of k, as functions of T for GaP. 

The heat capacity, ACc~, can be obtained from Eq. 
[12] and Eq. [17] 

ACcv = 2a~2T/(T + 8) 3 [18] 

and is plotted in Fig. 12. 
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Discussion 
Uncertainties.--An estimate of the uncertaint ies  in 

the forbidden energy gap and the derived thermody-  
namic functions can be made based upon the uncer-  
tainties in the coefficients a and p of the Varshni equa-  
tion. Of part icular  interest  are the uncertaint ies at 
high temperatures.  Table I lists the uncertaint ies  in 

and p estimated from Fig. 4-7. The uncertaint ies  in 
AEcv, 5Hcv, AScv,. and ACcv can be obtained using the 
and # uncertaint ies  and Eq. [14], [16], [17], and [18]. 
Table IV gives the estimated uncertaint ies  for each 
material  at 300~ and at its melt ing point. At room 
temperature  ~Ecv and AHoy are known  to wi th in  a few 
tenths per cent; at the melt ing points, to wi thin  2-7%. 
The uncertaint ies  in  hHc~ are smaller because it is the 
larger quant i ty  at the mel t ing point. The entropies are 
known to a per cent or so at 300~ and 5-8% at the 
melt ing points. The heat capacities have the largest 
uncertaint ies ranging from 5 to 50%. 

The energy gaps of Ge and Si have been measured 
near  the mel t ing points by Glassbrenner  and Slack 
(29). They measured the thermal  conductivi ty of Ge 
and Si and found that  at high temperatures  near ly  
half  was determined by the electrons and holes present. 
From their measurements,  they obtained a value of the 
energy gap of Ge, at ~its mel t ing point, of 0.26 _+_ 0.08 
eV. The value given in  Fig. 8, obtained from the Var-  
shni equation (Eq. [14]) and the constants in  Tables 
I and III, is 0.260 eV with an estimated uncer ta in ty  of 
--+0.018 eV from Table IV. The value given for Si at its 
melt ing point  by Glassbrenner  and Slack (29) was 0.6 
-+ 0.1 eV. The value given by the extrapolated Varshni 
equation is 0.591 eV with an estimated uncer ta in ty  of 
0.018 eV from Table IV. The agreement  is well wi thin  
the estimated uncertainties.  

Si below 300~ measurements  of the energy 
gap by Bludau, Onton, and Heinke (23), between 0 ~ 
and 300~ are in agreement  with the measurements  
of Macfarlane et aL (9), between 250 ~ and 300~ Be- 
low 250~ however, definite departures occur from 
the values obtained from the Varshni equat ion (see 
Fig. 1 and Fig. 5). These departures are relat ively 
small; less than  0.1% for 5Ecv and less than 0.4% for 
AHev at all temperatures,  less than 7% at 300~K for AScv 
(at 50~ the max imum departure of 25% occurs for 
ASc~) and less than about 30% for AC~v at all tempera-  
tures below 300~ 

The funct ion used by Bludau et al. (23), to represent  
their measurements  in  the 0~176 temperature  
range, has a l inear  term, and as a consequence the cal- 
culated value of ASc~ is not zero at 0~ The averaged 
data points given by the authors are consistent, how- 
ever, with T2 dependence near 0~ and no l inear term 
is needed. 

The intrinsic carrier concentration, r~.---The c o n -  
c e n t r a t i o n s  of electrons and holes are equal in a pure 
semiconductor. From Eq. [2] and [8] the intrinsic con- 
centrat ion is given by 

ni = 2 (2:tk/h 2) 3/2<m>S/2TS/2 exp (--AEcv/2kT) [19] 

The average density of states effective mass, <m>, is 
the geometric mean of the electron and hole  density of 

Table IV. The per cent uncertainty in the calculated 
thermodynamic functions arising from the uncertainty in 

and # (Table I) and AEcv(0) (Table III) 

U n c e r t a i n t y ,  per  cen t  

T / K  AE~v AHoy AScv ACcv 

Ge 300 0.3 0.5 2 15 
1210 7 2 5 35 

Si 300 O.l 0.1 0,I 5 
1685 3 1 4 15 

G a A s  300 0.3 0.3 0.6 20 
1511 2 1 4 45 

G a P  300 0.2 0.2 1 15 
1738 3 2 8 60 

states effective masses 

<m> ---- (mnmp) 1;2 [20] 

Since values of the energy gap have now been either 
measured or estimated at all temperatures  for Ge, Si, 
GaAs, and GaP, values of ni can be calculated from 
Eq. [19] if <m> is know n  as a funct ion of tempera-  
ture. Casey (30) has used this method to obtain an 
estimate of ni to the mel t ing points for GaAs, GaP, and 
a number  of other 3-5 compounds. 

Si . - -Barber  (31) has concluded that  the effective 
masses of electrons and holes in  silicon are functions 
of temperature  and from available l i terature  informa-  
t ion and his own calculations has obtained values up to 
600~ Values of ni calculated from Eq. [t9] using 
these effective masses were compared to the Hall mea-  
surements  of ni by Morin and Malta (32) and by 
Put ley and Mitchell (33). Best agreement  was obtained 
with the Put ley  and Mitchell measurements  when  it 
was assumed that the exciton dissociation energy was 
zero. 

An al ternat ive approach is to use Eq. [19] to calcu- 
late the average effective mass, <m>, from the mea-  
sured values of ni and from AEcv obtained from Eq. 
[14] and the constants given in  Tables I and  II  

AEcv(T) ---- 1.1700-4.73 • lO-4(T2/(T + 636)) [2'1] 

The calculated values of <m> for Si, given in  uni ts  of 
the electron rest mass, are shown in Fig. 13 as a func-  
t ion of temperature.  They are to be compared to the 
<m> curve calculated from Eq. [20] using the elec- 
t ron and hole effective masses recommended by Barber  
(31). The exper imental  values of ni were calculated 
from the equations used by Morin and Malta (32) to fit 
their data over the temperature  range 300~176 

ni = 3.87 • 1016T 3/2 exp (--  (0.605 + A~)/kT) [22] 

Ae = - - 7 . 1  • lO-~~ 1/2 

Put ley  and Mitchell (33) made measurements  over the 
temperature  range 370~176 and the data were well 
represented by the equat ion 

nl ~- 3.10 X 1016T3/2 exp (--0.603/kT) [23] 

It is estimated that  the average deviat ion of the ex- 
per imenta l  points from the fitting curves in  both cases 
is about 5%. 
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Fig. 13. The density of states average effective mass, < m > ,  in 
units of the electron rest mass, as a function of T. The Si-M&M 
curve is based upon the nl measurements of Morin and Malta (32), 
the Si-P&M curve is based upon the nl measurement of Putley and 
Mitchell (33); the Si-B curve is from Barber (31); the dashed ex- 
tension of the Barber curve is the present estimate of < m >  to 
the melting point of Si. The Ge-M&M curve Es based upon the ni 
measurements of Morin and Malta (34); the straight line is the 
present estimate of < m >  from 0~ to the melting point of Ge. 
The GaAs curve was obtained from Casey (30). 
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Barber  pointed out a discrepancy be tween the early 
measurements  by Morin and Malta and the later  mea-  
surements  by Put ley  and  Mitchell on higher pur i ty  
silicon. This discrepancy in  the measured values of ni 
is evident in the two upper  curves of Fig. 13 of < m >  
as a funct ion of temperature.  Barber  found that  the 
measurements  of Put ley  and Mitchell were in  satis- 
factory agreement  with the temperature  dependent  
effective masses he found to represent  the best avail-  
able effective mass measurements .  This agreement, 
however, rested upon the assumption that  the exciton 
dissociation energy was zero. It is now known  that  for 
low temperatures  the exciton dissociation energy is 
14.7 meV (22) and is not expected to be a significant 
funct ion of temperature.  The difference between the 
Put ley  and Mitchell curve of Fig. 13 and the Barber 
curve is due to the exciton dissociation energy of 14.7 
meV ignored by Barber. 

The high tempera ture  Morin and Malta measure-  
ments  which should be less sensitive to impurit ies than  
the lower tempera ture  data suggest that  the average 
effective mass does not vary much with temperature.  
We have arbi t rar i ly  extrapolated Barber 's  curve to the 
mel t ing point of silicon guided to some extent  by the 
high tempera ture  measurements  of Morin and Malta. 

Ge. - -The average effective mass, < m > ,  of electrons 
and holes in  Ge has been calculated from the measure-  
ments  of ni by Morin and  Malta (34) 

ni = 1.76 X 1018T 3/2 exp (--0.785/2kT) [24] 

and the forbidden energy gap 

~E~v = 0.7437 -- 4.774 • lO-4(T2/ (T  + 235) ) [25] 

The measurements  of ni were made over the tempera-  
ture  range of 300~176 The calculated values of 
< m >  are plotted in Fig. 13. They show a slow increase 
with tempera ture  and good agreement  with the value 
of 0.47 near  0~ obtained from an effective mass for 
the electron of 0.55 and for the hole of 0.40 (35). We 
have estimated the value of the average effective mass 
up to the mel t ing point by the straight line shown in  
Fig. 13. This approximation is expected to be satisfac- 
tory at all temperatures  not too near  0~ where the 
average effective mass is expected to approach 0~ 
wi th  zero slope as shown for Si in the curve given by 
Barber  (31). 

GaAs.--No measurements  of ni as a funct ion of tem- 
pera ture  have been made. Casey (30) has calculated ni 
f~om the forbidden energy gap and an average effective 
mass consistent with low temperature  measurements  
and an estimated temperature  dependence based upon 
the GaAs band  structure 

< m >  = 0.186 (1 4- 16.67 exp ( - -0 .36/kT))  [26] 

< m >  is again measured in  uni ts  of the electron rest 
mass. Equat ion [26] is shown in Fig. 13 from 0~ to 
the mel t ing point of GaAs. 

GaP.--The intr insic carrier concentration, n~, has not 
been measured as a funct ion of temperature.  Low tem-  
peratures effective masses of electrons and holes give 
a value for < m >  of 1.15 which Casey (30) has used 
to calculate ni as a funct ion of temperature.  The same 
assumption has been made here. 

Values of ni are shown in Fig. 14 up to the respective 
melt ing points. The calculations for GaAs and GaP are 
near ly  identical to those made by Casey (30). We have 
used the same values of the effective masses and near ly  
the same values of the forbidden energy gap. At 300~ 
ni calculated by Casey for GaAs and GaP are approxi-  
mate ly  a factor of 2 larger than  given in Fig. 14. At 
the melt ing points, Casey calculated a value for GaAs 
40% higher than given here and for GaP, about 15% 
smaller than giver~ in  Fig. 14. 

Recently, Ja in  et aI. (36) have estimated ni for Si 
to the mel t ing point. Their value of ni at 300~ is about 
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Fig. 14. The intrinsic carrier concentration, ni in cm -3 ,  as a 

function of T for Go, Si, GaAs, and GaP. 

25% larger than  given here, while at the mel t ing point, 
n~ is a factor of 1/3 lower than  given in  Fig. 14. 

The assumption that  classical statistics can be use$i 
to give the electron and hole chemical potentials as a 
function of composition and tempera ture  (Eq. [4]) 
receives its severest test at the highest temperatures  
attainable. The values of ni calculated using classical 
statistics ra ther  than Fermi-Dirac  statistics are too  
large at the respective melt ing points by 10% for Ge, 
4% for Si, 2% for GaAs, and 0.2% for GaP. It has been 
assumed in  these calculations that the effective masses 
of the electron and the hole are the same in each ma-  
terial at its mel t ing point. When room tempera ture  
effective mass ratios are used instead, the only signifi- 
cant change is for GaAs, changed from 2% to 4%. It is 
clear that classical statistics satisfactorily represent  ni 
for these four semic.onductors. 

The enthalpy oJ formation oJ electrons and holes, 
~Hcv.--The tempera ture  dependence of the intrinsic 
carrier concentrations, ni, f requent ly  wr i t ten  in  the 
form 

ni/T 3/~ = A exp (--aEcv/2kT) 
[27] 

A = 2 (2~<m>kT/h2)  az2 

which follows from Eq. [19]. The assumption is gen-  
eral ly made that  the average effective mass is inde-  
pendent  of T. It was found by Pearson and Bardeen 
(2) and later confirmed by Morin and Maita (32) that 
a plot of log (ni/T 3/~) vs. 1/T was a straight l ine for 
Si, but  the magni tude  of the constant A did not agree 
with theory. Pearson and Bardeen suggested that  the 
inconsistency arose because ~Ecv was temperature  de- 
pendent. They then assumed a l inear  dependence and 
found a reasonable value for the modified preex~onen-  
tial coefficient. The slope of the l ine was the extrapo- 
lated value of the energy gap at 0~ 

In  fact, a plot of log (ni/T 3/2) vs. 1/T will, in general, 
not be a straight l ine but  will  be a slowly varying 
funct ion of T and at any temperature  the slope at that 
temperature  gives the enthalpy, aHcv. Changes in ef- 
fective mass with temperature  are expected to be suf- 
ficiently small  to have a negligible effect on the slope. 
That the slope is the enthalpy, AHcv, follows directly 
from Eq. [27] and the derivative of the exponent  with 
respect to T 

d (~Ecv/T)/d (1/T) = AEcv -- T (d~Ecv/dt) 
[28] 

AEcv + TAScv = ~Hcv 
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Since AHoy is an increasing funct ion of tempera ture ,  
the  slope of the log ni vs. 1 /T plot  should increase wi th  
tempera ture .  This effect is c lear ly  shown in the mea -  
surements  of Morin and Malta  (32) on silicon at h igher  
temperatures .  At  lower  tempera tures ,  over the  usual  
t empera tu re  ranges studied, the  slope wil l  be constant  
wi th in  exper imenta l  uncertaint ies .  

I t  is f r e q u e n t l y  a s sumed  tha t  the  t e m p e r a t u r e  d e -  
p e n d e n c e  of the  e n e r g y  gap  is a l i nea r  func t ion  of 
temperatLire. The l ine will  usual ly  be a good alcprox- 
i m a t i o n  to the  t a n g e n t  of the  cu rve  t ha t  g ives  the  
cor rec t  t e m p e r a t u r e  d e p e n d e n c e  of the  e n e r g y  gap.  
The  i n t e r c e p t  of th is  t a n g e n t  l ine  a t  T = 0~ the  
e x t r a p o l a t e d  e n e r g y  gap  at  0~ is the  en tha lpy ,  
~H~-, at  the  t e m p e r a t u r e  T w h e r e  the  l ine  is t a n g e n t  
to the  curve .  These  r e l a t i onsh ip s  a r e  shown  in Fig.  
15 and  fo l low f rom the  t h e r m o d y n a m i c  r e l a t i o n -  
ships of Eq. [9], [10], and [11]. 

A n  e x a m p l e  of how the  gap  e n t h a l p y ,  ~Hov, can 
be used  to c l a r i f y  a p r o b l e m  is found  f rom the  w o r k  
of Par i l lo  and Johnson (37). They  measured  the 
t e m p e r a t u r e  d e p e n d e n c e  of the  e l ec t ron  emiss ion  
r a t e s  f r o m  the  A u  e n e r g y  l eve l  in  Si, and  a f t e r  co r -  
rect ing the exper imen ta l  slope for the t empera tu re  
dependence of the rmal  velocities,  capture  cross sections, 
and  the effective densi ty  of states in the  conduction 
band, concluded tha t  they  had fixed the posi t ion of the  
l eve l  b e l o w  the  conduc t ion  b a n d  edge.  S i m i l a r  m e a -  
s u r e m e n t s  of the  hole  emiss ion  ra t e s  f i x e d  the  pos i -  
t ion of the  leve l  above  the  va l ence  b a n d  edge. They  
found, however,  that  the two energies did not add 
to give the value  of the energy gap at  the i r  average 
t e m p e r a t u r e ,  328~ The i r  m e a s u r e m e n t s  gave  the  
sum, 1.21 • 0.03 eV; the  v a l u e  of ~Er was  1.12 eV 
(1.117 --  0.001 eV p r e s e n t  v a l u e ) .  The  a n o m a l y  was  
e x p l a i n e d  b y  a s suming  t h a t  the  e n e r g y  gap  and  the  
e n e r g y  l eve l  w e r e  func t ions  of t e m p e r a t u r e ,  specif ic-  
a l ly ,  l i nea r  func t ions  of t e m p e r a t u r e .  This  led to 
t he  conclus ion  t ha t  the  e n e r g y  leve ls  o b t a i n e d  f rom 
the  t e m p e r a t u r e  d e p e n d e n c e s  of the  emiss ion  r a t e s  
were ,  in  fact ,  e n e r g y  leve ls  a t  0~ The i r  sum, 1.21 
eV, should compare  to the ex t rapo la ted  energy gap 
at  0~ 1.20 eV, g iv ing  s a t i s f ac to ry  a g r e e m e n t .  

This  e x p l a n a t i o n  of t he  a n o m a l y  is ba s i ca l l y  cor -  
rect .  T h e r e  is no necess i ty ,  h o w e v e r ,  to a ssume a 
l i nea r  d e p e n d e n c e  on t e m p e r a t u r e  for  the  e n e r g y  
gap and the energy  level  when it is recognized that  
the  e n e r g y  l eve l  m e a s u r e d  is an  e n t h a l p y  leve l  and  
the  sum shou ld  be  c o m p a r e d  to t he  gap  e n t h a l p y ,  
aHem. The  compar i son  is, then,  b e t w e e n  the  sum, 
1.21 • 0.03 m e V  and  ~Hc~ at  328~ 1.204 • 0.001 
eV, w i th  a g r e e m e n t  we l l  w i t h i n  e s t i m a t e d  u n c e r -  
ta in t ies .  
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Fig. 15. The forbidden energy gap, AEov in eV, and the en- 
thalpy, AHcv in eV, vs. T for Si. It is shown that the tangent to 
the AEev curve at 500~ intersects the T ~ 0~ axis at a value 
equal to the enthalpy, AHev, at 500~ The same relationship holds 
at any temperature. 

A c o m m e n t  about  the  apparen t  anomaly  of the  
opt ical ly  measured  energy  gap being a Gibbs  energy.  
- - I n  the  sect ion on t h e r m o d y n a m i c s  a chemica l  
t h e r m o d y n a m i c  a r g u m e n t  is g iven  for  the  f o r b i d d e n  
e n e r g y  gap  as a Gibbs  e n e r g y  and  op t i ca l  a b s o r p -  
t ion m e a s u r e m e n t s  w e r e  l a t e r  used  to ob ta in  the  
e n e r g y  gap.  This  imp l i e s  t h a t  the  abso rp t ion  of l ight  
by  the  c ry s t a l  should  occur  a t  cons tan t  t e m p e r a t u r e  
and  p r e s s u r e  since i t  i nvo lves  a Gibbs  energy ,  bu t  
this  c e r t a i n l y  is not  so. The  a bso rp t i on  of a pho ton  
b y  the  l a t t i ce  is a v e r y  r a p i d  process.  The  c rys t a l  
does not  have  t ime  to come to t h e r m a l  e q u i l i b r i u m  
and  t h e r e f o r e  a b s o r p t i o n  of l igh t  occurs  at  cons t an t  
en t ropy ,  and  also cons t an t  vo lume.  U n d e r  these  con-  
d i t ions  i t  is the  i n t e r n a l  energy ,  U, t ha t  changes  in 
the  f o r m a t i o n  of the  e l ec t ron  and  hole, not  the  
Gibbs  ene rgy ,  G. But  a f u n d a m e n t a l  t h e r m o d y n a m i c  
r e l a t ionsh ip  can be  used  to show tha t  these  two 
func t ions  a r e  of equa l  m a g n i t u d e .  The  f u n d a m e n t a l  
t h e r m o d y n a m i c  r e l a t i o n s h i p  defines the  chemica l  
p o t e n t i a l  (38) 

1 P T N 1 ~ i S , V , N j  

The change  in to ta l  G ibbs  energy ,  G, w i t h  the  n u m -  
be r  of a toms  of i, N~, a t  cons t an t  p re s su re ,  t e m p e r a -  
tu re  and  a l l  o the r  componen t s ,  Nj, and  the  change  
in the total  in terna l  energy, U, wi th  atoms of i at 
cons tan t  en t ropy ,  v o l u m e  and  N], a re  bo th  the  c h e m -  
ica l  p o t e n t i a l  of i, ~i. I t  has  been  shown (sec t ion  on 
thermodynamics)  that  the energy gap is a chemical  
po ten t ia l .  I t  fo l lows  t ha t  the  e n e r g y  gap  m e a s u r e d  
op t i ca l ly  at  condi t ions  of cons tan t  e n t r o p y  and  vo l -  
u m e  is i den t i ca l  to the  e n e r g y  gap  m e a s u r e d  a t  
cons tan t  p r e s s u r e  and  t e m p e r a t u r e .  W i t h  r e c o g n i -  
t ion that  these are, in fact, s t andard  functions and 
us ing the  s y m b o l  N for the  n u m b e r  of e l e c t r o n - h o l e  
pa i rs ,  the  equa l i t i e s  can be  e x p r e s s e d  in  a modi f ied  
fo rm of Eq. [29] 

#n ~ + ~p~ ~- AEcv ( thermal )  

:( -5 - )P ,T  = --%-W-,v,s ---- AEcv(optical) [30] 

[30] 

Table columns and figure axes.--The headings of 
table columns and the labeling of figure axes fol- 
lows the recommendation of MeGlashan (41). 

Summary  

The Gibbs  energy ,  the  e n t h a l p y  and  the  e n t r o p y  
of f o r m a t i o n  of e l ec t rons  and  holes  in  Go, St, GaAs,  
and GaP have been obtained over  the  t empe ra tu r e  
ranges .0~ to the respect ive  mel t ing points. The Gibbs 
energy for the e lec t ron-hole  format ion  react ion is the 
f o r b i d d e n  e n e r g y  gap  of the  semiconduc to r .  The  e n -  
tha lpy  and ent ropy of the react ion are  obtained 
f rom the forbidden energy gap as a function of 
t e m p e r a t u r e  b y  f a m i l i a r  t h e r m o d y n a m i c  r e l a t i o n -  
ships.  

The forb idden energy gaps of Ge, St, GaAs, and 
GaP are  avai lable  in the l i t e ra tu re  but  over  l imi ted  
t empera tu re  ranges. A semiempir ica l  equat ion by  Var -  
shni (16) has been used to fit the avai lable  forb idden  
energy gap measurements  as a function of t empera tu re  
and provides the basis for ex t rapo la t ion  to the mel t ing 
points. A different fitt ing method from that  used by 
Varshni  has led to the resolut ion of an anomaly  found 
by  Varshni  for St. One of the constants of the Varshni  
equat ion was expected  to have a va lue  near  that  of 
the Debye tempera ture .  The value  found by  Varshni  
for Si was surpr i s ing ly  large (1108 ~ vs. 645~ The 
new- fit leads to an acceptable value  (636~ 

While  the forb idden energy gaps decrease wi th  t em-  
perature ,  the enthalpies  s lowly increase wi th  t empera -  
ture  implying  a posi t ive heat  capaci ty  change in the 
format ion  of electrons and holes. The en t ropy  changes 
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are large, approximately 12 cals/deg or 5 • 10 -4 eV/ 
deg at high temperatures.  It follows that  the decrease 
with tempera ture  of the forbidden energy gaps is pre-  
dominately due to the relat ively large entropies of 
formation of electrons and holes. These entropies arise 
from the interact ion of electrons and holes with the 
lattice. The thermodynamic  functions hEcv, AHcv, and 
AScv, are independent  of the concentrations of elec- 
trons and holes are the so-called "standard" func-  
tions of chemical thermodynamics.  

The intrinsic carrier concentrations have been cal- 
culated from the forbidden energy gaps and the aver-  
age density .of states effective masses. Estimates of the 
average effective masses have been made. 

The forbidden energy gap as a function of tempera-  
ture is f requent ly  approximated by a straight line. In  
general, ~Ecv is not l inear  in T and the extrapolated 
value of the energy gap at 0~ is larger than the t rue 
value 5Ecv(0). When the line is a good approximation 
to the tangent,  at T, of the curve giving ~Ecv(T), the 
extrapolat ion to 0~ gives ~Hcv, the enthalpy of for- 
mat ion  of electrons and holes at the tempera ture  T. 
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LIST OF SYMBOLS 
~Ccv s tandard constant  pressure heat capacity 

change for the formation of electrons and 
holes, Eq. [1] 

~Ecv forbidden energy gap; the s tandard Gibbs en-  
ergy of formation of electrons and holes, Eq. 
[1] 

/~Efex molar Gibbs energy of formation of an exciton 
AEdex molar Gibbs energy of dissociation of an ex- 

citon 
,~Gcv ~ s tandard Gibbs energy of formation of elec- 

trons and holes, Eq. [1, 7]; the forbidden en-  
ergy gap 

• ~ total standard Gibbs energy of formation of 
electrons and holes, Eq. [i, 30] 

~Hcv standard enthalpy of formation of electrons 
and holes Eq. [I] ; the enthalpy gap 

h Planck's  constant 
k Boltzmann's  constant 
ran, mp the effective masses of electrons and holes, re- 

spectively 
< m >  the average effective mass, (mnmp)l/2 
n, n ~ electron concentrat ion and reference state 

electron concentration, respectively, in n u m -  
ber /cm 3 

nc, nv effective density of states in the conduction 
band  and valence band, respectively 

ni intr insic electron concentration, ni ~ n ~ p 
p, p~ hole concentrat ion and reference state electron 

concentrat ion in number / cm 3 
AScv the standard entropy of formation of electrons 

and holes, Eq. [1] ; the entropy gap 
hU ~ total s tandard in ternal  energy of formation of 

electrons and holes, Eq. [1, 30] 
Xn electron composition fraction, n/n  ~ 
Xp hole composition fraction p/p~ 
#n, ~p chemical potentials of electrons and holes, re- 

spectively 
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ABSTRACT 

Octahedra l  crystals  of CdO have been grown at 450~ using KOH mel t  as 
flux. Three  d imensional  dendr i tes  are  also repor ted.  Supersa tu ra t ion  and crys-  
ta l  g rowth  were  p romoted  by  the high t empera tu re  dissociat ion of  a complex 
wi th  the  solvent.  

CdO is a high bandgap,  n - t y p e  degenera te  semicon-  
ductor  having NaC1 structure.  The electrical ,  optical, 
thermal ,  and other  proper t ies  of CdO have not  been  in-  
ves t igated in de ta i l  due to the  difficulty in g rowing  
single crystals  of the  mater ia l .  The high mel t ing  point  
and the absence of sui,table crucible  ma te r i a l  l imi t  its 
growth  by  the convent ional  mel t  g rowth  technique. The 
floating zone technique has been  unsuccessful  in me l t -  
ing the  s in tered mass of CdO. The low vapor  pressure  
(1) of CdO at the  softening t e m p e r a t u r e  of quar tz  
(~1200~ imposes  severe  res t r ic t ions  for  g rowth  of 
s ingle crysta ls  by  the  vapor  phase  technique.  Fahr ig  
(2) used a horizonCal tube  made  of CdO powder  sup-  
por ted  by  a quar tz  tube  at 1200~ and ob,tained small  
single crystals.  Konak  et al. (3, 4) and Fischer  and 
Spear  (5) succeeded in obta in ing b igger  size crystals  
f rom the vapor  phase. In  all  these cases crysta ls  g rew 
on the charge itself. The rma l  decomposi t ion of cad-  
mium oxa la te  (6, 7) at 600~ resul ted  in need le - type  
crystals .  The h y d r o t h e r m a l  method has been suggested 
by  Moody (8) for the  growth  of CdO single crystals .  
The author  has a t t empted  ,to grow CdO single crystals  
Using NaOH and KOH mel ts  as flux; the  former  was 
found to be unsui tab le  whereas  the  l a t t e r  p roved  to be 
a good solvent  for CdO. The presen t  paper  deals  wi th  
the  flux growth  of single crysta ls  of CdO using KOH 
mel t  as the solvent.  

Experimental 
The expe r imen ta l  setup and the t empera tu re  profile 

of the  furnace  were  s imi la r  to those used by  Kashyap  
(9) and Kr i shna  (10), to grow Zr~O crystals.  To find the  
op t imum amount  of CdO to be mixed  wi th  KOH, 60g 
of KOH (AR) was  mel ted  in a s i lver  crucible  and 
different  amounts  of CdO (AR, suppl ied  by  Reanal,  
Hungary)  were  dissolved in different  runs in i t  by  con- 
s tan t  s t i r r ing  wi th  a s i lver  rod, as it  was not  poss ible  to 
find the  exact  solubi l i ty  of CdO in the  KOH melt .  The 
crucible  was then covered wi th  a s i lver  l id and kept  in 
the  constant  t e m p e r a t u r e  zone of the  furnace,  which  
was hea ted  at a ra te  of 50~176 to the  des i red  
t empera tu res  (400~176 in different  runs;  the  
charge was lef t  at this t e m p e r a t u r e  for different  d u r a -  
tions of t ime vary ing  f rom 20-80 hr. Af te r  the  comple-  
t ion of a run, the furnace  was cooled at  a ra te  of 10 ~ 
15~ to room tempera ture .  CdO crysta ls  were  
separa ted  by  dissolving the KOH in water ;  the crystals  
were  inves t iga ted  by  opt ical  microscopy,  x - r a y  (Laue 
method) ,  and spectroscopic methods.  

Results and Discussion 
Unlike  in o ther  flux g rowth  exper iments  where  su-  

pe r sa tu ra t ion  is achieved e i ther  by  lower ing  the  t em-  
pe ra tu re  of the  solut ion or by  evapora t ing  the solvent  
or by  a combinat ion of both, in the  present  case i t  is 
caused by an a l together  different  mechanism. This was 
indicated by the fact that  when p rog ram cooling of the 
solut ion was employed no crys ta l  was observed to 
grow. Again  the nonvola t i le  na tu re  of the  KOH sug- 

Key words;  crystal growth, CdO, flux method, solubility. 

gests tha t  supersa tura t ion  cannot be p romoted  by  the 
evapora t ion  of solvent  in the  p resen t  case. I t  is sug-  
gested that  KOH which absorbs wa te r  molecules f rom 
its surroundings,  forms a complex in a fashion s imi lar  
to the  ZnO-KOH system (9). This complex  dissociated 
at h igher  t empe ra tu r e  and gives r ise  to CdO which 
leads to the  g rowth  of CdO crystals .  The ra te  of dis-  
sociation increases wi th  the  increase  in g rowth  t em-  
perature .  This was indica ted  by  our  observat ion  that  
at  low t e m p e r a t u r e  (400~ of charge  no crysta ls  
grew, whereas  the  use of h igh  t e m p e r a t u r e  (~600~ 
y ie lded  a large  number  of smal l  crystals .  Best crys ta ls  
were  grown at  450~ when  5g of CdO was dissolved 
in 60g of KOH melt ,  which was ac tua l ly  found to con- 
ta in  40g of KOH and 20g of water ,  and the dura t ion  
of g rowth  was 40 hr. Emission spectroscopic analysis  
confirmed that  crystMs were  of CdO and that  the 
meta l l ic  impur i t i es  were  the  same as in the  ini t ia l  
charge except  tha t  a small  amount  of Ag (___0.001%) 
was observed.  

The crystals  were  b lack  in color. This has been  a t -  
t r ibu ted  to ~ the  deficiency of oxygen  in the crystals  
(3, 6). The crysta ls  were  oc tahedra l  in morpho logy  
(Fig. 1) wi th  one corner  in contact  w i th  the  crucible  
wal l  indica t ing  heterogeneous  nucleat ion.  X - r a y  in-  
vest igat ions (Laue  pho tograph)  confirmed the i r  s ingle-  
crys ta l  nature.  In  many  of these crystals  hopper  
growth  was  observed on (111) faces (Fig. 2), whi le  in 
m a n y  others  these faces were  smooth. The four  (111) 
faces which were  near  the  wal l  were  i nva r i ab ly  rough 
because of a high in i t ia l  g rowth  ra te ;  l a t e r  on the  sur -  
face a rea  for  g~owth increased resu l t ing  in the  de -  
crease in local supersa tu ra t ion  and smoother  faces. 
Hopper  growth  arises near  the center  of the  face of the  
crystal ,  p robab ly  due to absorpt ion  of impur i t ies  on 
the growing face (10) and due  to the high viscosi ty of 

Fig. 1. Single crystal of CdO showing (111) faces. Octahedral 
morphology ( X 40). 
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Fig. 2. Hopper growth on (111) face of a crystal (X30) 

Fig. 4. A crystal of oetahedron morphology which has transformed 
into three dimensional symmetrical dendrite (X40). 

Fig. 3. Figu.re shows the invitation of dendritic growth at one 
cornerof the octahedron (X40). 

the  solvent  which  in t u rn  reduces  the  supply.  Basic 
morpho logy  of the  crysta ls  was found to be inde-  
penden t  of g rowth  t empera tu re ,  only  the  crys ta l  size 
changes. 

When  the solut ion was r ap id ly  cooled at the  end of 
the  run,  three  d imens iona l  dendr i t ic  crysta ls  g rew 
f rom the corner  of the  oc tahedron  which  is fa r thes t  
from the wal l  (Fig. 3 and  4) and  also f rom the wal l  of 
crucible  near  the mel t  surface  (Fig. 5). The arms of 
the  dendr i tes  p ro t ruded  in four  directions,  each pe r -  
pendicu la r  to the  main  arm. X - r a y  s tudy  (Laue  photo-  
g raph)  of these dendr i t es  revea led  the  b ranch ing  was 
along <100>  directions.  
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Fig. 5. Dendrites which grow at the surface of a melt from the 
wall of the crucible (X30). 
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ABSTRACT 

The reactions of volatile t in  organometall ic compounds with oxygen have 
been investigated as a method for prepar ing transparent ,  electrically conduct-  
ing layers of t in  oxide. Several organometall ic t in  compounds were examined 
before the process was systematically optimized using dibutyl  t in  diacetate 
with excess O2 and H20 as reactants and N2 as carrier gas at a substrate tem-  
pera ture  of 420~ in 10-20 m i n  of deposition. The presence of water  vapor 
dur ing oxidation is beneficial. 

Impor tant  optical, electrical, structural,  and chemical properties of the 
films have been examined. Typical SnO2 coatings are 800-5000A thick, t rans-  
mit  90-95% of visible light, have sheet resistances of 500-1700 ohms/square,  
resistivities of 0.005-0.09 ohm-cm, a carrier concentrat ion of 9 • 10 is cm -3, 
and a Hall mobil i ty  of 10 cm2/V sec. Films of 0.4-0.5 ~m consist of a mixture  
of polycrystal l ine tetragonal  stannic oxide as evidenced by  x - ray  diffraction, 
and of amorphous t in  oxide phases as concluded from infrared spectroscopy. 
Electron diffraction analysis has indicated that  the surface layers to a depth 
of 50A are amorphous. 

Semitransparent ,  electrically conducting th in  films 
are required in m a n y  modern  opto-electronic devices. 
Numerous materials  have been prepared for this pur -  
pose by a var ie ty  of physical and chemical deposition 
processes (1-5). For many  app l i c a t i onsno t  requir ing 
very low sheet resistance, nonstoichiometric (oxygen- 
deficient) t in  oxide without dopant addition is a satis- 
factory conductor which is reasonab:y t ransparen t  to 
light in the visible wavelength region. 

Tin  oxide films are most commonly deposited by 
vapor or spray hydrolysis of s tannic chloride onto hot 
glass surfaces in the tempera ture  range of 500~176 
(1-4, 6-12). However, the properties of these films are 
hard to reproduce, the optical qual i ty is often poor, and 
the SnO2 lattice is f requent ly  contaminated with chlo- 
r ine (12). The object of the present invest igat ion was 
to develop a convenient,  economical, and reproducible 
process for the preparation,  on a product ion scale, of 
t ransparent ,  electrically conducting layers of t in  oxide 
of high optical qual i ty that  are essentially free of 
chemical and part iculate  contaminants.  A chemical 
vapor deposition process that is based on the use of a 
volatile organometall ic t in  compound has been de-  
veloped to meet  these requirements.  

A number  of volatile organometall ic t in  compounds 
was considered as potential  source materials  for vapor 
phase oxidation to t in  oxide films at relat ively low 
temperatures  (350~176 Ini t ial  screening experi-  
ments  indicated that a deposition process could be de- 
veloped using any one of a number  of compounds, in-  
cluding b i s - ( t r i - n -p ropy l  t in)  oxide, b i s ( t r ibu ty l  t in) 
oxide, te t raphenyl  tin, tetra isopropyl tin, and dibutyl  
t in  diaeetate. Polymeric dibutyl  t in  oxide, [ C 4 H 9  
SnO]x- ,  and stannous oxalate did not work, and te t ra-  
phenyl  t in  could be considered to be a failure since 
most of the compound was not decomposed in the re- 
actor. 

The process we now describe was optimized using 
dibutyl  t in  diacetate, for a number  of reasons. Dibutyl  

* Electrochemical  Society Act ive  Member.  
K ey  words:  t in oxide, CVD, transparent conductors, thin films, 

semiconductors. 

t in  diacetate, also known as dibutyl-diacetoxystannate ,  
(C4Hg)2Sn(OOCCH3)2, is an oily, air-stable,  colorless 
l iquid compound having a vapor pressure of 1 Torr  at 
120~ which makes it convenient  for t ranspor t ing  its 
vapor in CVD work. The compound does not  pose 
severe safety hazards and is much cheaper and more 
readily available than any  of the other compounds we 
considered. 

Most of the exper imenta l  work was carried out with 
1 in. square plates of polished borosilicate glass. The 
deposition method is equal ly applicable to any sub-  
strate mater ial  that is unaffected by the deposition con- 
ditions, namely  420~ in an atmosphere containing 
oxygen. Transparent ,  conducting layers of t in  oxide 
were also obtained on a var ie ty  of silicate glasses, 
vitreous quartz, and a n u m b e r  of single crystal ma-  
terials including silicon, sapphire, spinel, s t ront ium 
titanate, and gal l ium phosphide. For analyt ical  pur -  
poses representat ive deposits of t in  oxide were pre-  
pared on polished, high-resis t ivi ty  silicon wafers. 

Film Deposition 
Apparatus.--The deposition apparatus was a single 

rotat ion hotplate reactor similar in construction to 
that devised for oxide and glass coating of semicon- 
ductor device wafers (13). The radial  tempera ture  
profile across the 8 in. diameter rotat ing plate was 
checked using a Barnes "TEMPTRON" infrared pyrom-  
eter. At a nominal  tempera ture  of 420~ the actual 
temperature  range measured across the plate was 
420 ~ • 5~ 

A schematic drawing of the assembled apparatus is 
shown in Fig. 1. The entire system was constructed in  a 
chemical exhaust  hood to avoid exposure to toxic or- 
ganometall ic  vapors. The reaction chamber was J:igidly 
mounted to allow the  use of sCainless steel connec- 
tions to the gas inlet system. The rotat ing hotplate 
uni t  was mounted on a laboratory jack for easy load- 
ing and unloading of the substrates. 

The organometall ic t in  compound was contained in 
a frit ted glass bubbler  which was main ta ined  at a 
controlled tempera ture  in the range 70~176 A 
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Fig. 1. Schematic of CVD re- 
actor and gas flow systems. 

boiling water ba~h is a simple and convenient  method 
of temperature control. 

Study o] deposition parameters.--The effects of 
deposition variables on film properties were systemati-  
cally explored to define opt imum process conditions. 
The variables included source and substrate tempera-  
tures, rate of film growth, reactant  and carrier gas flow 
rates, concentrat ion of water  vapor, and na ture  of 
substrate. In  general, one variable  was tested at a t ime 
by keeping  all other variables constant. It was found 
that  a m i n i m u m  t in source tempera ture  of 70~ was 
required to start  film deposition, but  that 90~ was 
needed to produce sufficient vapor for acceptable film 
deposition rates. Temperatures  up to 150~ have been 
used wi th  satisfactory results. A tempera ture  of 98~ 
was adopted so ~hat a boil ing water  bath could be em- 
ployed for automatic tempera ture  control. 

Substrate temperatures  in excess of 375~ were 
found necessary to oxidize the d ibuty l  t in  diacetate 
vapor for depositing t in  oxide films. All work was con- 
ducted at a fixed tempera ture  of 420~ which was 
found to yield good deposition rates. A heat -up  t ime of 
5 rain was required to thermal ly  equi l ibrate  the sub- 
strafes before s tar t ing the deposition. A postdeposition 
flush ni t rogen of Y2 min  was sufficient to exhaust the 
reactant  vapors fi:om the bell jar  before opening. 

A relat ively large n i t rogen flow rate was used to 
suppress homogeneous gas phase nucleat ion and to 
avoid the formation of powdery wall  deposits. Similar  
results have al ready been obtained in silicate glass 
synthesis by CVD (14, 15). The opt imum flow rate was 
selected in  conjunct ion with uni formi ty  and other 
properties of the films, including absence of part iculate  
defects. 

The oxygen flow rate, in relat ion to the organotin 
input,  affects the stoichiometry of the resul t ing t in  
oxide to some extent  but  is not very critical as long as 
some oxygen is present. The presence of water  vapor 
has beneficial effects on the optical and electrical prop-  
erties of the films. 

The rate of film deposition was controlled pr imar i ly  
by the flow rate of ni t rogen carrier gas through the 
t in  source bubbler .  A deposition t ime of 5 rain was 
considered a m i n i m u m  period to allow good control of 
film thickness, whereas periods greater than 20 min  
were undesirable  due to the deter iorat ion of the elec- 
trical properties of the films. 

Once conditions for good film deposition had been 
established a series of runs  was conducted to test the 
reproducibi l i ty  of the films in  terms of electrical re- 
sistance. The effect of variat ions in  the flow of oxygen 
and water  vapor was also studied. The results of these 
exper iments  are summarized in Table  I. The bene-  
ficial effects of water  vapor are evident  from the 
marked improvement  in  film conductivity. 

Film Properties 
Surface morphoIogy.--The films were deposited un -  

der the conditions listed in Table I. The general  fea- 
tures of the t in  oxide film surfaces were established 
by visual examinat ion and by low-power  optical 
microscopy, including Nomarski  differential in ter -  
ference contrast. Typical samples exhibited very 
smooth, structureless surfaces on which could be found 
an occasional impur i ty  particle that  may have origi- 
nated from the vapor phase dur ing  CVD. 

Details of surface morphology on borosilicate glass 
were studied at magnifications up to 20,000X by 
scanning electron microscopy in the secondary elec- 
t ron emissive mode with a Cambridge "Steroscan." 
No pre t rea tment  of the specimens was required, since 
the SEM image is generated by secondary electrons 
emitted from the surface being scanned. Typical scan- 
n ing electron micrographs of three CVD samples (Fig. 
2A-C) were compared with one sample that  had been 
produced by the s tandard t in  halide spray-deposi t ion 
process (Fig. 2D). The photographs for the CVD films 
exhibit  a very f ine-grained surface With few defects; 
in  contrast, the spray-deposited film is grainy, non-  
uniform, and covered with deep scratches and par-  
ticulate impurities.  

Electrical properties.--The electrical resistance of 
the films was measured using a conventional  four-  
point  probe. Resistance and resist ivi ty data for samples 
obtained under  various gas flow rate conditions are 
presented in Table I. The conditions stated are par-  
t icular ly desirable and have been selected from a large 
number  of experiments.  Sheet resistance values for 

Table I. Preferred wet and dry CVD conditions and electrical 
resistance of tin oxide films grown at 420~ 

S h e e t  r e -  
S a m -  Deposi t ion F i l m  sistance,  F i lm r e -  

p i e ,  t ime,  N.% O~, th ick-  ohms /  s is t ivi ty ,  
No. m i n  cm~/min cmS/min ness,  A square o h m - c m  

Wet  With  H20 
1 10 12,600 1,020 900 544 0.005 
2 15 12,600 1,020 2,900 634 0.018 
3 10 12,600 1,380 700 725 0.005 
4 15 12,600 6,300 2500 815 0.020 

Dry  Without  H20 
5 20 6,700 650 3,400 1,404 0.045 
6 15 6,700 650 3,400 1,404 0.048 
7 15 6,700 480 3,600 1,586 0.057 
8 25 6,700 650 5,300 1,721 0.091 

Addit ional  constant  deposit ion conditions as follows: c a r r i e r  gas  
th rough  t in source (Ne-Sn), 4400 cmS/min;  Sn-source  t empera tu re ,  
98~ HeO source t empera tu re ,  23~ subs t ra te  t empera tu re ,  420~ 
subst ra te  t he rma l  equi l ibrat ion t ime, 5 min ;  postdeposi t ion purge  
t ime, V2 rain N2. 
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Fig. 2. Scanning electron 
micrographs of tin oxide films on 
glass plates (at a tilt of 45~ 
Three typical CVD samples 
(A, B, C) compared with a typ- 
ical tin halide spray-deposited 
sample (D). 

typical  wet  and dry CVD conditions are also shown 
graphical ly  as a function of deposit ion t ime in Fig. 3. 
These curves show decreasing resis t ivi ty as the film 
thickness increases up to about a 20 min  deposition 
period. With longer  periods of deposition, especially 
in the case of dry CVD conditions, there  is an increase 
in sheet resistance, perhaps due to the diffusion of 
ionic impuri t ies  from the substrate and the effect of 
anneal ing on the s toichiometry of the tin oxide. 

Hall measurements  were  per formed at room tem-  
pera ture  using the standard Van der Pauw technique. 
The magnet ic  field was 16 kG. The tin oxide was found 
to be n - type  with  an average carr ier  concentrat ion of 
9 • 10 TM cm -3 and a mobil i ty  of 10 cm2/V sec. 

No controlled tests were  conducted on the long term 
film stabil i ty al though the electrical  resistance re-  
mained constant for periods of at least  several  months. 
The films showed no signs of devitrification. 

Optical properties.--For device fabricat ion the t in 
oxide films are requi red  to have good optical t rans-  
mission throughout  the visible spectrum in addition 
to low electr ical  resistance. The transmission spectrum 
of a 6500A thick film of tin oxide together  wi th  the 
corresponding reflection spectrum are shown in Fig. 4. 
As can be seen f rom a comparison of these two curves, 
the actual absorption losses are quite  small. Since tin 

oxide is a high ref rac t ive  index material ,  a consider-  
able proport ion of the incident radiat ion is reflected. 

The transmission spectrum was measured with an 
uncoated glass plate in the reference  beam of the spec- 
trometer.  Per  cent transmission values measured for 
the wavelengths  4000, 4400, 4800, 5200, 5600, and 60'00A 
are presented in Table II for the same samples listed 
in Table  I. An optical transmission of 85% net with a 
sheet resistance of 2000 ohms/square  is readi ly  at-  
tainable. 

Since the most important  film characterist ics are 
sheet resistance and optical t ransparency,  a figure of 
meri t  for the films has been der ived f rom these char-  
acteristics to facil i tate comparison. This figure has been 
calculated by dividing per cent average l ight t ransmis-  
sion (ar i thmetic  mean of per cent t ransmission at 
4000, 4400, 4800, 5200, 5600, and 6000A) by the sheet 
resistance. Figures of meri t  for p re fe r red  deposition 
conditions are included in Table  II. F igure  5 ex-  
emplifies graphical ly the effect of film growth t ime on 
the figure of mer i t  for a wet  and a dry CVD condition. 

The refract ive  index of tin oxide films deposited 
under various react ion conditions was measured using 
a Rudolph el l ipsometer  (Model 436-200 E) at a wave-  
length of 5461A. For these measurements  representa-  
t ive films were  deposited on polished silicon wafers. 
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Fig. 3. Sheet resistance of tin oxide films as a function of 

growth time for typical wet (A, B) and dry (C, D) CVD deposition 
conditions. 

T h e  f i lms  w e r e  a s s u m e d  to  b e  n o n a b s o r b i n g  a n d  t h e  
o p t i c a l  c o n s t a n t s  o f  t h e  s i l i c o n  s u b s t r a t e  w e r e  t a k e n  to 
b e  4.05 f o r  t h e  r e a l  p a r t  of  t h e  r e f r a c t i v e  i n d e x  a n d  
0.28 f o r  t h e  i m a g i n a r y  p a r t .  T h e  a n g l e  of  r a d i a t i o n  i n -  
c i d e n c e  u s e d  w a s  70 ~ . S a m p l e s  p r e p a r e d  w i t h  v a r i o u s  
t i n - t o - o x y g e n  v a p o r  r a t i o s ,  b o t h  w i t h  a n d  w i t h o u t  w a -  
t e r  v a p o r ,  w e r e  e x a m i n e d .  T h e  a d d i t i o n  of  w a t e r  v a -  
p o r  red ,uced  t h e  r e f r a c t i v e  i n d e x  b u t  t h e r e  w a s  n o  o b -  

Table II. Light transmission and figure of merit for tin oxide films 
deposited by preferred wet\and dry CVD conditions* 

Calcu- 
lated 

average Figure of  
trans- merit,** 

Sam- Transmission in per cent at mission, (per cent 
ple wavelength stated, A net per T) (square/ 
No. 4000 4400 4800 5200 5600 8000 centT ohm)  

Wet 
1 94.8 96 .1  9 3 . 0  89 .6  87 .0  85.1 90.7 0.167 
2 87.0 96 .8  99 .1  9 8 . 7  96 .0  88.0 94.3 0.149 
3 98.3 95.0 92.0 88.9 87,9 85.8 90.8 0.125 
4 91.4 98 .5  9 9 . 0  96 .2  9 1 . 2  89.0 94.3 0.116 

Dry 
5 85.8 8 6 . 3  9 7 . 0  94 .0  8 6 . 8  88.0 89.7  0.0791 
6 91.6 86 .7  88 .8  96 .8  99 .0  96.0 93.1 0.0663 
7 85.0 85 .4  96 .6  99 .4  97 .1  92.2 92.6  0.0584 
8 82.0 85 .3  97 .0  86 .1  88 .7  98.0 89.5  0.0520 

* S a m e  c o n d i t i o n s  a n d  s a m p l e s  l i s t e d  
A v e r a g e  n e t  p e r  c e n t  T 

o h m s / s q u a r e  

in Table I. 
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Z 
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Fig. 4. Transmission and reflection spectra of a 6500A thick film 
of tin oxide as a function of wavelength in the visible region of 
the spectrum. 
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Fig. 5. Figure of merit as a function of growth time for typical 
wet (A) and dry (B) CVD conditions. 

vious correlation of the refractive index with the oxy- 
gen-to-tin vapor ratio. The results are summarized in 
Table III. 

Infrared absorption.--Films of  a b o u t  6000-7500A 
t h i c k n e s s  w e r e  d e p o s i t e d  on  s p e c i a l  i n f r a r e d - t r a n s -  
p a r e n t  s i l i c o n  f o r  s p e c t r o s c o p i c  s t u d i e s  b y  t h e  t e c h -  
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Table III. Index of refraction and layer thicknesses of CVD tin 
oxide films on silicon by ellipsometry 

Fi lm deposi t ion 
c o n d i t i o n s  R e f r a c t i v e  i n d e x  

F i l m  
O2/Sn Conf idence  t h i c k -  

HsO gas  ra t io*  n l i m i t s  fo r  n ness,  A 

no 0.29S 2.3084 2.3023-2.3146 6047 

no 0.109 2.1089 2.1061-2.1116 6238 

no 0"* 2.2681 2.2666-2.2695 3300 
yes  1.43 1.7539 1.6922-1.8141 7529 
yes  0.232 1.9098 1.9060-1.9136 3845 

yes  0.109 2.1906 2.1785-2.2023 2960 

(O~ • I-~O) cm3/min-1  

(N~ t h r o u g h  Sn  source)  c m a / m i n  -1 " 
** NO O2 used  for comparison.  These  films are browni sh  colored 

due  to the  p resence  of  ca rbon ized  material .  

niques described previously for silicate glasses (16). 
Double-beam infrared recording spectrophotometers 
(Perkin  Elmer Model 137-B and Model 457 for de- 

tailed studies) were used, scanning the wavelength 
range from 2.5 to 40 ~m. Infrared absorption spectra 
from samples prepared by dry or wet oxidation were 
weak, showing broad band  absorption centered about 
500 cm -1 and, possibly, some weak discrete band 
structure near  600, 450, and 230 cm -1. For comparison, 
the oscillator frequencies for stannic oxide single 
crystals are E l c  243, 284, and 605 cm -1 and E llc 465 

cm -1 (17). The presence of combined broad and dis- 
crete structure in our samples suggests that the coatings 
contain both amorphous and crystal l ine phases. 

Lattice structure.--Examination of the surfaces of 
several t in  oxide coatings by  electron diffraction 
showed an amorphous s t ructure  to a depth of 50A. This 
is in  contrast to the spray-deposited mater ial  which 
is polycrystal l ine with ordering. Both dry  and wet 
grown films were analyzed with the same results. 

Since the t in  oxide coatings were too thin to be ex- 
amined directly by x - ray  diffraction, samples were 
removed for x - r ay  powder diffraction studies. The 
coating was composed of very fine tetragonal  t in  di-  
oxide crystallites of less than  1000A max imu m di- 
mension. 

Chemical impurities.--Gaseous impurit ies given off 
by the t in  oxide coating at elevated temperatures  
would be det r imenta l  in certain applications. To as- 
certain the na tu re  and quant i ty  of these impurities,  
several samples were analyzed using a AEI MS-10 gas 
mass spectrometer. 

'Samples were contained in an evacuated quartz am- 
pul  at controlled temperatures  up to 300~ Out-  
gassing of the samples was compared with samples of 
the uncoated substrate glass. The analysis showed that 
the gaseous impuri t ies  which could be a t t r ibuted to 
the t in  oxide were insignificant. The major  outgassing 
impurities,  carbon dioxide and water  vapor, were 
evolved in similar  quanti t ies from both coated and un-  
coated samples. 

Routine chemical analysis of the films using an AEI 
MS-7 solids mass spectrograph revealed only minor  
quanti t ies  of metall ic impurities.  Calcium and chlorine 
in quanti t ies  up to 25 ppm together with smaller  
quanti t ies of other metals were found in all samples 
analyzed. Since only reagent  grade chemicals were 
employed, the presence of small  quanti t ies of metal -  
lic impur i ty  was not unexpected. Chlorifle is also a 
l ikely contaminant  of the organometall ic compound. 

Discussion of Results 
A set of optimized deposition parameters  is shown in 

Table I. The basis for selection was sheet resistance 
(arb i t rary  max imum of 3000 ohms/square)  and opti- 
cal t ransmission (min imum 85%) in  the wavelength 

range of 400O-6000A. Addit ional  criteria were ac -  
c e p t a b l e  film uniformity,  freedom from part iculate  con- 
taminants ,  and film stability. Due to optical in te r -  
ference effects it is possible to maximize the t rans-  
mission of thin films at a par t icular  wavelength.  This 
is a useful technique to extend the transmission at the 
blue end of the visible spectrum if the sheet resistance 
is low enough to meet  the specifications. The optical 
t ransmission of a re la t ively  thick layer  of t in  oxide 
(2500A) is shown in  Fig. 4 to demonstrate these in ter-  
ference effects. 

The distinct m i n i mum in the sheet resistance which 
occurs after a deposition t ime of 20 min  can be at-  
t r ibuted to a number  of factors: migra t ion of alkali 
cations from the substrate into the oxide layer, changes 
in the oxygen stoichiometry, or crysCallization of the 
t in oxide. All  of these processes are known to occur 
and all lead to higher resist ivity material.  

By comparison of data from quartz and soda lime 
substrates it was clear that in the case of soft soda 
l ime glass substrates the diffusion of alkali metal  ca- 
tions is the dominant  process. The mobile alkali ca-  
t ions  act as a p- type  doping agent in the n - type  t in 
oxide film, thus neutral iz ing some of the charge car- 
riers. All at tempts to prepare  a 1000A t in  oxide with 
a sheet resist ivity of 2000 ohms/square  on such glass 
were unsuccessful. The sheet resistivities were at least 
a factor of 10 higher than comparable layers on boro- 
silicate glass or vitreous quartz. The effect of the alkali  
metal contaminat ion is so strong that the mere pres-  
ence of soda l ime glass in the reaction chamber  dur-  
ing a t in  oxide deposition significantly affects the film 
resistance on other substrates being coated. Subsequent  
deposition runs are also affected and a thorough clean- 
ing .of the apparatus is required before high-qual i ty  
films can again be produced. 

To examine the effect of hea t - t rea tment  on the oxy- 
gen stoichiometry a number  of samples on glass, 
quartz, and silicon substrates were annealed  for 15 
rain at 420~ in air or in nitrogen. All samples in-  
creased in sheet resistance, regardless of substrate ma-  
terial. The increase was by a factor of 15-25 in  the case 
of the air annealed samples and of 1.5-3.0 for the ni -  
trogen annealed material.  These data indicate that  the 
resistance increases are predominant ly  due to oxida- 
t ion effects of nonstoichiometric (oxygen deficient) t in  
oxide (SnO, s tannous oxide) shifting toward stannic 
t in  dioxide (ShOe, stannic oxide) structure.  This is in 
accordance with the thermodynamic  stabil i ty of the 
two oxides, the stannic oxide being the more stable 
compound (18). 

Conclusions 
Dibutyl  t in  diacetate at a deposition temperature  o.f 

420~ was found par t icular ly  suitable for preparing 
t in oxide films by vapor phase oxidation. Nitrogen is 
a suitable diluen,t and carrier gas to t ranspor t  the or- 
ganot in  vapor from the liquid source main ta ined  at 
98~ Oxygen is necessary as an oxidizing agent, bur 
the ratio of organot in vapor to oxygen is not critical. 
In addition, water  vapor is beneficial in  producing 
high-qual i ty  t in oxide films. 

Impor tant  opticaI, electrical, structural,  and chemi- 
cal properties of the films have been examined. Typi-  
cal SnO2 coatings on borosilicate glass are hard, clear, 
uniform, and 800-5,0,00A thick. They t ransmit  9'0-95% 
(net) of visible light. The el l ipsometrically de termined 
index of refraction varies with the conditions of film 
deposition, par t icular ly  the presence of water  vapor. 
The films are n - type  semiconductors, having sheet 
resistances of 560-1700 ohms/square  and resistivities of 
0.005-0.09 ohm-cm. 

The infrared absorption spectra of 0.6-0.75 ~m thick 
layers deposited on silicon indicate the presence of 
both amorphous and crystal l ine phases. Surface layers 
to a depth of about 50A are amorphous, as shown by 
electron diffraction analysis. On the basis of x - r ay  
diffraction, thicker layers (0.4-0.5/~m) are polycrystal-  
l ine and were identified as te.tragonal SnO2. Scanning 
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electron microscopy at 10,000X magnification ex-  
hibited ra ther  smooth surfaces with very much less 
part iculate  contaminat ion and film damage than ob- 
served on t in halide spray-deposiCed samples. 

On the basis of results obtained from mass spectro- 
graphic analysis we conclude that  the films are es- 
sential ly free of volatile impurities.  Gas mass spec- 
t rometry  showed tha~t CO2, CO, and H20 were given 
off on heat ing but  in quanti t ies  s imilar  to those ob- 
served for the uncoated substrate  glass. 

The electrical resistance of t in  oxide films deposited 
by this process on substrates high in  alkali, such as 
soda Iime glasses, is very  high due to p- type  doping by  
alkali  ions. The resistance of films of comparable thick- 
ness on vitreous quartz or silicon is about half  of that 
on a borosilicate glass containing 1 weight per cent 
(w/o)  Na20 and 8 w/o K20. 

The growth period for the films should be the min i -  
mum period compatib!e with control of the film thick- 
ness. Periods beyond 20 min  lead to rapid increases in 
resist ivity due to chemical changes in the film 
stoichiometry and the diffusion of alkali metals from 
the glass substrate. 

It must  be realized that these conductive t in  oxide 
films are nonstoichiometric and are therefore metas-  
table compounds with fluctuating properties that can- 
not be controlled with high precision. For m a n y  appli- 
cations these ~undoped t in oxide coatings are quite 
satisfactory; but  if higher conducting or thermal  sta- 
bi l i ty  is required then a suitable dopant  must  be in-  
troduced. We have found that an t imony in the form of 
the pentachloride is compatible with the present  proc- 
ess and can be used to produce more highly conduc- 
tive films of SnO2: Sb (19).  
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Technical Notes 

A Note on the Chemistry of Lead Sulfide 
Sensitization for Infrared Detection 

G. M. Wolten 
The Aerospace Corporation, El Segundo, California 90245 

The chemical deposition of mirror l ike films of 
PbS has been known  for at least 65 years (1). It  is 
the basis for the production of modern lead sulfide 
detectors for near  infrared radiation. In  order to 
render  the films highly photoconductive, an "oxidant," 
usual ly hydrogen peroxide, is added to the deposi- 
tion bath. Published speculations concerning the role 
of H202 ignore a body of basic chemical informat ion 
that has been readily available for many  decades. 

Key words:  lead sulfide detectors,  chemical  deposition. 

For example, a 1937 textbook (2) describes the fol- 
lowing quant i ta t ive  reaction 

PbS + 4 H202 ~ PbSO4 + 4 H20 [1] 

In the manufacture  of PbS photodetectors, H202 
is present in the solution of thiourea and a lead salt 
before it is rendered highly alkaline (pH + > 10) to 
commence the reaction. In order to test the validity 
of reaction [1] under  these conditions, a typical "depo- 
sition" was carried out with the H202 content  in- 
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creased to the stoichiometric equivalent  (100%) of 
the lead content instead of the typical 30%. Under  
these conditions, the sole product, identified by x - ray  
diffraction, was PbSO4. The reaction proceeded in 
two recognizable steps, as follows 

Pb(OH)2 -~ H202--> Pb(OH)4 [2a] 

Pb(OH)4 -}- S = --> PbSO4 -~ 4 H  + [2b] 

Kunze et at. (3) have pointed out that it is theoret-  
ically possible for H202 to oxidize thiourea to amino-  
iminomethanesulf inic  acid (AIMSA), which then hy- 
drolizes to sulfoxylic acid, as indicated in the follow- 
ing sequence 

NH NH OH 
I] H20~ [I / 
C--SH > C -- S 
l I \ 

NH2 NH2 O 

Thiourea AIMSA 

H20 
NIt 
Jr 

>C --OH 
l 
NH2 

Urea 

+H + + (SO2H)- 

Sulfoxylic acid 

The sulfoxylate ion is a strong reducing agent that 
would reduce lead ions to metallic lead. Kunze et aL 
therefore proposed that the sensitization was due to 
metallic lead. They obtained highly sensitive films 
by subst i tut ing AIMSA or other sul fur-bear ing or- 
ganic compounds for H202. What they overlooked 
was that reduction of lead ions by sulfoxylate nec- 
essarily leads to oxidation of the sulfoxylate ion. In 
order to investigate this reaction, AIMSA was added 
to a solution of a lead salt. The gray precipitate ob- 
tained contained colloidal lead and, after drying, gave 
a diffraction pat tern  of PbSO4 and nothing else. The 
reaction is 

3 Pb(OH)2 § H2SO2--> 2 Pb ~ + PbSO4 + 4H20 [3] 

Two patents, assigned to the Eas tman-Kodak  Com- 
pany (4, 5), describe the use of sodium sulfite, Na2SO3, 
or metabisulfite, Na2S205, respectively, in place of 
H202. These do not differ substant ia l ly  since the meta-  
bisulfite ion hydrolyses to sulfite in solution 

$205 = + H20--> 2SOs = -}- 2H + 

Since the sulfite ion will react with lead ions accord- 
ing to reaction [4] 

2 Pb + + + SO8 = --> Pb ~ + PbSO4 [4] 

it is clear that lead sulfate is formed in all the sensi- 
tization procedures discussed here. 

Vinchakov (6) proposed, on the basis of electrical 
measurements,  that PbSO4 or PbO.PbSO4 are likely 
identities for the sensitizing centers. 

Normally, not enough PbSO4 is incorporated into 
the films to be detectable. Roth et al. (7) have re-  
ported finding Lanarkite,  PbO.PbSO4. 

One would suppose that if the sulfate ion is re-  
sponsible for sensitization, it would have to be pres-  
ent as part  of the PbS structure rather  than  as a 
separate phase and that  its concentrat ion would be 
likely to be the same as the carrier concentration, 
which is of the order of 5 X 1016/cmZ. 

The ionic radius of S = is 1.84A, and its te trahedral  
covalent radius is 1.04A. According to Dalven (8), 
PbS is about 50% ionic, and this suggests an effective 
radius of 1.44A. The ionic radius of SO4 = is quite close 
to this, namely  1.49A. 

We therefore expect that dur ing deposition, a solid 
solution, containing a low concentrat ion of PbSO4 in 
PbS, is formed. This does not necessarily mean  that  
the SO4 = ion itself is responsible for the sensitization. 
It is conceivable that the sulfate, once it is formed, 
may undergo fur ther  processes of an as yet unknown  
nature. 
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Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1976 
JOURNAL. All discussions for the June  1976 Discussion 
Section should be submit ted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by The Aerospace Corporation. 

REFERENCES 
1. National Bureau of Standards Circular 389, page 13, 

Washington, D.C. (1931). 
2. A. I. Vogel, "A Textbook of Quali tat ive Chemical 

Analysis," p. 116, Longmans, London, England 
(1937). 

3. O. A. Kunze et al., Z. Naturforsch., 26B, 8 (1971). 
4. G. W. Hammar,  U.S. Pat. 2,917,413 (Dec. 15, 1959). 
5. J. S. Dunn and F. C. Bennett ,  Jr., U.S. Pat. 3,017,296 

(Jan. 16, 1962). 
6. V. N. Vinchakov, Soy. Phys.--Semiconductors, 4, 

813 (1970). 
% L. M. Roth et at., Phys. Rev., 85, 724 (1952). 
8. R. Dalven, Infrared Phys., 9, 141 (1969). 

Growth and Characterization of AIxGal_:Sb 

S. M. Bedair 1 

Etectrica! Engineering Department, Carnegie-MeZIon University, Pittsburgh, Pennsylvania 15213 

The preparat ion of a number  of te rnary  I I I -V semi- 
conductor compounds is now of interest, due to the 
need for materials  with a wide range of energy gaps. 
It has been suggested that the A1-Ga-Sb heterojunc-  
t ion (1) may be of interest  for optoelectron devices. 

In this work l iquid-phase epitaxial layers of 
AI~.Gal-~Sb are grown on GaSb substrates. The 
]iquidus and the corresponding solidus isotherms in 
the Ga rich corner of the A1-Ga-Sb phase diagram 
have been determined at 600~ Variat ion of the op- 
tical energy gap with the A1Sb concentrat ion in the 
grown layer has als0 been examined. 

1 Pe rm anen t  address: Nuclear  Engineer ing Depar tment ,  Alexandr ia  
Universi ty,  Alexandria,  Egypt.  

Key words:  liquid phase epitaxy, phase diagram,  energy  gap. 

A horizontal growth system with a pa l lad ium pur i -  
fied hydrogen env i ronment  and a graphite boat similar 
to the one for mult iple  layer  epitaxy (2) was used. 
A saturat ion technique was applied to determine the 
l iquidus composition along the 600~ isotherm. Such 
a technique has been previously used to determine 
liquidus isotherms and gave results in agreement  with 
those obtained by differential thermal  analysis (3, 4). 
Known weights of Ga (about 2g), and A1 were con- 
tained in a separate compar tment  of the boat and by 
sliding were moved onto or off the GaSb single crystal 
seed used for l iquid saturation. The boat was t ight ly  
covered to decrease any losses of Sb by vaporization. 
In  each saturat ion experiment  the A1 ~ Ga solution 
was ini t ia l ly main ta ined  at 600~ then contact with  
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the seed crystal was achieved. Heat ing times of the 
order of days were found to be necessary for high A1 
concentrat ions in the melt  after which the solution w a s  
removed from the seed and the boat was cooled to 
room temperature.  The an t imony  solubilities in  this 
t e rnary  system are calculated from the weight loss of 
GaSb seed. No correction has been applied to allow for 
any vaporization of Sb, since no vapor deposits were 
observed on the growth tube. The liquidus isotherm at 
600~ is shown in Fig. 1. 

Saturat ion was considered to be at ta ined when fur-  
ther heat ing for periods equal to those which have 
been previously applied resulted in an increase in  the 
Sb dissolved by less than  1%. Thus, this stop in the 
seed dissolution with t ime indicates that  a t rue equi-  
l ibr ium had been established. This probably  occurs by 
the formation, on the surface of the seed that  was in i -  
t ial ly in contact with the liquid, of a very  th in  epitax- 
ial layer  of the equi l ibr ium te rnary  alloy, which pro- 
tects the seed from fur ther  dissolution. A similar 
phenomenon  is observed in  the A1-Ga-As and the 
AI -Ga-P  systems (3, 4). 

Epi taxial  layers of AlxGal-xSb were then grown 
from saturated Ga solutions on (110) and ( l l l ) B  ori- 
ented GaSb s'ubstrates. The growth cycle s tar t ing with 
a saturated melt  at 600~ involved cooling at a rate 
of 0.2~ over a tempera ture  interval  of 10~ 
Grown layer  thicknesses were be tween 15 and 50 /~m, 
with the higher growth rate for low A1 concentrat ion 
in the melt. Surfaces of the grown layers on the (111) 
substrates were smooth and shiny, whereas those 
grown on the (110) substrates showed some roughness. 
X- ray  back Laue pat terns showed that the grown lay-  
ers were single crystals with the same orientat ion as 
the corresponding substrate. 

The compositions of the grown layers were deter-  
mined by electron microprobe analysis with the Colby 
correction program applied (5). The solidus isotherm 
for the A1-Ga-Sb system derived is shown in Fig. 2. 
Since the growth range was from 60,0 ~ to 590~ the 
result ing changes in the concentrations of the grown 
layers are within the s tandard deviation error expected 
for the electron microprobe technique, and the obser- 
vations showed no depletion in the A1 concentration 
in the grown layers. There are no published data, of 
Which we are aware, to compare with the present  
results. 

In order to determine the var iat ion of the optical 
absorption with A1Sb concentrat ion in the grown film, 
samples were mounted on separate glass (or quartz) 
sides with t ransparent  wax. The GaSb substrate  was 
ground off, followed by lapping unt i l  the grown layer  
became shiny. In  the lapping process water  w a s  

\ 

4 6 8 10 12 14 16 

AI a t o m i c  p e r c e n t  

Fig. 1. Liquidus isotherm for the AI-Ga-Sb system at 600~ 
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. 7O 
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~, ~ ~, T'o ,'2 1'4 ~'6 ,'8 ~o ~2 ~4 
hi ararat~ percent m melt 

Fig. 2. Solidus isotherm for the AI-Ga-Sb system at 600~ 

avoided (replaced by alcohol) to minimize any  o x i d e  
growth on the grown layer especially for those having 
high A1Sb concentration. The absorption measurement  
was done at room tempera ture  on a Cary 14 double 
beam spectrometer wi th  a reference aper ture  on a 
glass plate having the same area as the film under  test. 
Measurements were performed on grown layers with 
A1Sb concentrations varying  from zero (GaSb) to 90% 
and typical t ransmission spectra are shown in Fig. 3. 
The optical energy gap was calculated at the intercept  
of the absorption edge (6) with the zero- t ransmission 
abscissa and the results are shown in Fig. 4. Ext rap-  
olation of these results gives 1.6 eV for the energy 
gap for A1Sb in agreement  with previous m e a s u r e -  

6c 

5c 

4c 

z ~ b 

i3c 

~2c 

1c 

J 
o.s 1.4 1.6 

WAVE LENGTH j MICRONS 

Fig. 3. Transmission spectra for different AISb male per cent. 
a, 81%; b, 56%; c, 34%; d, 13%. Sample thickness after the 
lapping process was about 1 rail, and the optical energy gap is 
determined at the intercept of the absorption edge with the zero 
transmission abscissa as shown far case (b). 
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Fig. 4. Dependence of the optical energy gap on the AISb con- 
centration in AIxGal-~Sb mixed crystal. ( o )  Present work, film 
grown by liquid phase epltaxy; ( X )  from Ref. (9) alloyed poly- 
crystalline film. 

ments  (7) and 0.1 eV higher  than  that  obta ined  from 
photoresponse measurements  (8). In  Fig. 4, we have 
also included some resul ts  (9) obta ined  for  A I S b - G a S b  
polycrys ta l l ine  al loys p repa red  by  a zone cast ing 
method. For  high A1Sb concentra t ion these da ta  for 
energy  gap fa l l  below the corresponding ones in the  
present  work. This m a y  be because alloys p repa red  by  
this method (10) show a decrease in the  A1Sb concen- 
t ra t ion  as the solidification process proceeds, poss ibly  
since the  A1 has a h igher  d is t r ibut ion  coefficient than  

August  1975 

Ga in the  A1-Ga-Sb  system. Inhomogeneous  po ly -  
crys ta l l ine  mixed  crysta ls  res,ult in a lower  va lue  for 
the optical  energy gap than  a homogeneous one wi th  
the same average composition. S imi la r  observat ions  
of the  effect of inhomogenei ty  on the  effective energy  
gap had been repor ted  for the  A1-Ga-As  sys tem (11). 
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Brief Commun ca : on 

Modified Contact Metallizations for GaP to 
Provide Barrier Action Against Gallium Migration 

W. A. Brantley, 1 B. Schwartz,* V. G. Keramidas, A. K. Sinha, and G. W. Kammlott 
Bell Laboratories, Murray Hill, New Jersey 07974 

In the  chemical  oxida t ion  of GaP in aqueous H202, 
na t ive  oxide thickness quickly  reaches a l imi t ing  value,  
in the  r ange  of 200-400A, and does not change wi th  
cont inued exposure  to the  oxidant  (1). In  the  galvanic  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
P r e s e n t  address :  D e p a r t m e n t  o~ D e n t a l  Mate r ia l s ,  School  of Den-  

t i s t ry ,  M a r q u e t t e  U n i v e r s i t y ,  M i l w a u k e e ,  W i s c o n s i n  53233. 
Key  w o r d s :  o h m i c  contacts ,  c o m p o u n d  s e m i c o n d u c t o r s ,  barr ier  

metal l iza t ion0 s e c o n d a r y  i on  m a s s  s p e c t r o m e t r y .  

oxidat ion of GaP with  ohmic contacts, the cath-  
odic component  of the  react ion proceeds  unh indered  
at the  noble meta l  ohmic contact. The resul t ing  oxide 
layers  are  thick and the u l t imate  thickness  is l imi ted  
only by  the diffusion of the  oxidant  th rough  the 
oxide. However,  in a number  of cases, r e l a t ive ly  th in  
oxides were  formed on contacted GaP. It  was de te r -  
mined that  both  Ga and P were  presen t  in apprec iab le  
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quant i t ies  on the  A u - b a s e d  ohmic contacts  before  as 
wel l  as af ter  oxidat ion  (2).  

In  a recent  inves t iga t ion  (3), we  repor ted  the  extent  
of Ga and P migra t ion  th rough  the ohmic contact  me t -  
all izations.  The migra t ion  p r inc ipa l ly  occurs when  the 
contacts  a re  formed wi th  GaP. 2 Dur ing  subsequent  
ga lvanic  oxidat ion,  ga l l ium a n d  phosphorus  oxides 
form on the ohmic contacts, and the presence of these 
oxides is be l ieved to cause the  inhibi t ion  of th ick  oxide 
growth.  In  this  communicat ion,  we  r epor t  the  success- 
ful u t i l iza t ion  of in te rmedia te  layers  in the  contact  
meta l l iza t ions  which serve  as ba r r i e r s  to ga l l i um mi-  
grat ion.  

The convent ional  (4, 5) contact  meta l l iza t ions  for  
GaP LInD's were  evapora ted  on < l l l > - o r i e n t e d  GaP 
wafers.  The p -con tac t  consisted of a B e - A u  alloy, 
and these films were  deposi ted on GaP  having 

N A  - -  N D  ~ 5 X 1017 c m  - 3 .  The n-contac t  consisted 
of a S i -Au  alloy, and these films were  deposi ted  on 

GaP  having  ND -- hrA ~ 3 • 1017 cm -3. Specimens 
were  a l loyed at  600~ for 5 min  to obta in  ohmic con= 
facts. 

A th in  t i t an ium or  tungs ten  film was considered to 
have  p romise  as a b a r r i e r  to ga l l ium migra t ion  be-  
cause no ga l l ium interdiffusion at  500~ into th in  t i -  
t an ium (6) or tungsten (7) films on GaAs could be de -  
tec ted  by  2 meV 4He+ backscat ter ing.  In  addition, 
exper imen t s  had  indica ted  (8) some effectiveness for  
T i / P t  films in reducing  ga l l ium migra t ion  th rough  
go ld -based  contacts  to GaAs.  

Accordingly,  th ree  modified meta l l i za t ion  schemes 
for  GaP were  invest igated,  in which the  fol lowing 
layers  were  deposi ted successively over  the  ini t ia l  
Be -Au  or  S i - A u  layer :  (i) Ti /Au,  (it) T i / P t / A u ,  and  
(iii) W / T i / A u .  (The outermost  l aye r  in  each case is 
gold.) The tungs ten  (9) and gold deposi t ions  for (iii) 
were  pe r fo rmed  in different  stations, so tha,t a t i t an ium 
l aye r  had to be included to p rov ide  adhesion which  
would  otherwise  be marg ina l  be tween  gold and tung-  
s ten films exposed to air. Specimens for groups  (i) ,  
( i i ) ,  and (iii) were  a l loyed in two different  manners .  
Fo r  half  of the  specimens, the B e - A u  or  S i - A u  film 
only  was a l loyed wi th  GaP at 60,0~ for 5 rain, fol -  
lowed  by  deposi t ion of the remain ing  layers .  Fo r  the 
other  half, the  ent i re  composi te  meta l l iza t ion  was a l -  
loyed wi th  GaP at  60.0~ for  5 min, a f te r  deposi t ion 
of al l  the  layers .  

The effectiveness of ,the modified meta l l iza t ions  for 
reducing  the  ga l l ium migra t ion  was eva lua ted  by  sec- 
ondary  ion mass spectrometry3 (SIMS) (10-12), using 
0+2 ions as the p r i m a r y  spu t t e r ing  species. Wi th  this 
technique,  re la t ive  comparisons of the  ex ten t  of the 
ga l l ium migra t ion  th rough  the meta l l iza t ions  can be 
obtained.  The sgGa+ secondary  ion signals  f rom the 
outermost  gold films were  compared  a t  some a r b i t r a r y  
dep th  such as 1000A where  the nea r - su r f ace  s ignal  en-  
hancement  (12, 13) resu l t ing  f rom the presence of a 
surface ga l l ium oxide is no longer  significant (3). A b -  
solute ga l l ium concentrat ions  were  not established,  due 
to the  lack  of app rop r i a t e  chemical  s t andards  and pos-  
s ib ly  different  sput te r ing  ra tes  for the  var ious  gold 
matr ices .  Because the SIMS appara tus  has a much 
lower  sens i t iv i ty  for  phosphorus  (as z ip+)  than  ga l -  
l ium, the  effectiveness of the  modified meta l l iza t ions  
for  reducing the phosphorus  migra t ion  was not  in-  
vest igated.  

The SgGa+ signals at an es t imated  1000A dep th  for  
the  var ious  specimens are  summar ized  in Table  I. 
These signals a re  normal ized  to a va lue  of un i ty  for  a 
re ference  specimen consist ing of a pu re  gold film on a 
quar tz  substrate .  The da ta  are  p resen ted  in a decade 
format ,  where  each en t ry  is the  l oga r i t hm of the  upper  
l imi t  of the decade(s )  wi th in  which the re la t ive  Ga + 
signal  values lie. 

The t e r m  " f o r m e d "  is employed  to denote any  h e a t - t r e a t m e n t  
process for  ach iev ing  ohmic  contacts. 

s SMI-300, Cameca  Ins t ruments ,  Incorpora ted ,  Elmsford,  New 
York.  

Table I. Gallium migration through contact metallizations on GaP 

Relat ive  SgGa§ 
signal at  

Metall ization group  1000A depth* 

I. Reference  specimen:  pure  gold on quar tz  subs t ra te  0 
II.  Convent ional  (4,5) al loyed p-  or n-contac t  5-6 

III .  T i / A u  over  S i -Au or Be -Au  
A. Only Si-Au or Be-Au alloyed 1-2 
B. Ent i re  metal l izat ion al loyed 6 

IV. T i / P t / A u  over  S i -Au or Be -Au  
A, Only S i -Au or Be -Au  alloyed 2-3 
B. Ent i re  metal l izat ion al loyed 

I. Be-Au initial l ayer  1 
2. Si-Au initial layer 3 

V. W/Ti/Au over Si-Au or Be-Au 
A. Only Si-Au or Be-Au alloyed 2 
B. Ent i re  metal l izat ion al loyed 5-6 

* These values  are logar i thms  of the  upper  l imi t  of the decade(s)  
with in  which  the re la t ive  Ga + signal  va lues  lie. For  example ,  an 
ent ry  of 3 corresponds to a re la t ive  s ignal  be tween  101 and 1000. All 
the re la t ive  Ga  + signals are normal ized  to tha t  for  the re fe rence  
spec imen which  has  been ass igned a va lue  of un i ty  (and thus  a 
loga r i thm of 0). 

It is evident  tha t  the  nea r - su r face  ga l l ium concentra-  
t ion is cons iderab ly  decreased for some of the  modified 
metal l izat ions  in Groups I I I  th rough  V, compared  to 
tha t  for the  convent ional  a l loyed contacts  to GaP  in 
Group IL In general ,  'the most efficient b a r r i e r  to ga l -  
l ium migra t ion  was obta ined if the  Ti /Au,  T i / P t / A u ,  
or W / T i / A u  layers  were  deposi ted af te r  the  under ly ing  
S i -Au  or B e - A u  l aye r  was a l loyed wi th  GaP. No sig-  
nificant effect on ga l l ium migra t ion  was found for  v a r i -  
a t ion of deposi t ion rates  for the  S i - A u  and B e - A u  l ay -  
ers by  an order  of magniCude. For  these specimens,  
there  appear  to be  no no tewor thy  differences in b a r r i e r  
act ion for the th ree  different  s t ructures .  However ,  mi -  
c ros t ruc tura l  imperfec t ions  in the  a l loyed  S i - A u  or 
B e - A u  layers,  observed wi th  the  s c a n n i n g  e lec t ron 
microscope, m a y  diminish  the  effectiveness of the  ba r -  
r i e r  layers.  A note of caution is also necessary  for the  
s imple T i / A u  metal l izat ion;  when  T i / A u  couples are  
aged in air, t i t an ium migra tes  along the gold gra in  
boundar ies  and subseq,uently forms an oxide  l aye r  on 
the surface of the  gold (14). 

On the other  hand, if the ent i re  composite  s t ruc ture  
was ins tead a l loyed wi th  GaP, no ba r r i e r  to ga l l ium 
migra t ion  was p rov ided  by  the meta l l iza t ions  conta in-  
ing the W/T i  or  t i t an ium layers.  However ,  wi th  this 
a l loying procedure,  the  nea r - su r face  Ga + signals  for 
the T i /P~ /Au  modified meta l l iza t ions  were  comparab le  
to those for the  efficient ba r r i e r  s t ruc tures  where  only 
the  ini t ia l  S i -Au  or Be -Au  films were  a l loyed  wi th  
GaP.  Infe r ior  behav io r  for  the  a l loyed  T i / P t / A u  films 
deposi ted over  a S i -Au  ini t ia l  layer ,  compared  to tha t  
when deposi ted over  a B e - A u  layer  (c:f. Group IVB),  
may  be associated wi th  mic ros t ruc tu ra l  imperfect ions,  
which were  more  p reva l en t  for  the  S i -Au  films. (The 
nea r - su r face  ga l l ium s ignal  was not  measured  in these 
regions.) 

The effective ba r r i e r  action of the  a l loyed T i / P t / A u  
meta l l iza t ions  in Group IVB is unexpec ted  in view of 
the extensive ga l l ium migra t ion  th rough  the a l loyed 
T i / A u  meta l l iza t ions  (Group I I IB)  and since it is 
known (15) that  ga l l ium migra t ion  occurs f ree ly  
th rough  p l a t inum films on GaP. I t  m a y  be tha t  in te r -  
action be tween  p l a t inum and ga l l ium or, instead, 
among t i tanium, pla t inum,  and ga l l ium [with  the 
possible format ion  of in te rmeta l l i c  compounds (16) in 
e i ther  case] impedes  the  gall ium. The reason for  the 
gal l ium ba r r i e r  effectiveness of the a l loyed T i / P t / A u  
films remains  to be established.  

Two different  mu l t i l aye r  meta l l i za t ion  approaches  
thus m a y  be possible to red,uce the  nea r - su r face  gal-  
l ium concentra t ion in ohmic contacts to GaP. One ap-  
proach is the  deposi t ion of appropr i a t e  meta l  layers,  
af ter  a l loying the ini t ia l  S i -Au  or Be -Au  l aye r  wi th  
GaP, to provide  a ba r r i e r  to ga l l ium migrat ion.  An 
a l t e rna t ive  approach involves a l loying  %he ent i re  com- 
posite metal l izat ion,  w he re by  the mig ra t ing  ga l l ium is 



1154 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  August  1975 

t r apped  by  interact ing,  and poss ibly  forming  in te r -  
meta l l ic  compounds, wi th  an in te rmedia te  layer .  The 
former  approach is considered more  a t t rac t ive  in view 
of possible  adverse  effects of in te rmeta l l ic  compounds 
on mechanical  p roper t ies  of the contact  films and on 
potent ia l  device re l i ab i l i ty  in general .  
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C. V. King--Acheson Medalist 
David A. Vermilyea 1 

Dr. David A. Vermilyea delivers introductory remarks about the 
Acheson Award Medalist. 

The Acheson Medal and Prize is awarded not more 
than  every two years for "distinguished contributions 
to the advancement  of any of the objects, purposes, or 
activities o f  The Electrochemical Society." This is the 
twen ty - th i rd  Acheson Medal to be awarded. 

In the short t ime avaiiable it is not a simple mat ter  
to provide an adequate picture of the long and dis- 
t inguished career of Dr. King, and it is even more dif-  
ficult to convey an impression of the man himself to 
those who do not know him, I shall mainly attempt a 
very brief outline of his scientific, educational, and in- 
dustrial careers and of his contributions to The Elec- 
trochemical Society. 

First, with respect to his work in science, education, 
and industry, he was off to a good start with a formal 
education which started at Indiana University, moved 
through Columbia University, and finished with a post 
doctoral stay at Copenhagen with Professor Br~n- 
stead. He next spent three years as an instructor at 
Columbia, and then moved to New York University 
where he spent the next 35 years of his academic 
career. While there he taught inorganic and physical 
chemistry and, with his co-workers, he published more 
than 70 papers in solution electrochemistry, ionic t rans-  
port, acid-base catalysis, homogeneous kinetics, cor- 
rosion, inhibi t ion and ion exchange at surfaces. He co- 
authored the book "Experiments  in Physical Chem- 
istry." He t ra ined more than  100 graduate students. 
He became a fellow of the New York Academy of Sci- 
ences, a fellow of the American Association for the 
Advancement  of Science, was admitted to the Fel low- 
ship of the Amer ican-Scandinav ian  Foundation,  and 
became a member  of Sigma Xi and Phi Lambda Up- 
silon. In  addition to The Electrochemical Society, he is 
a member  of the American Chemical Society, the Na- 
t ional Association of Corrosion Engineers, the Ins t ru -  
ment  Society, the Vacuum Society, and the Cryogenic 
Society. 

Following his acquisition of the title "Emeritus"-- 
he did not retire--he became president of the Ameri- 
can Gas and Chemical Company, a post he still holds. 

1 I n t r o d u C t o r y  r e m a r k s  b y  D a v i d  A. V e r m i l y e a ,  G e n e r a l  E lec t r i c  
C o m p a n y ,  Schenec t ady ,  N e w  'York, on t he  occas ion  of t he  p r e s e n t a -  
t i o n  of t he  A c h e s o n  Meda l  A w a r d  to  Ceci l  V. K i n g  on  Oc tobe r  15, 
1974 a t  the  N e w  York,  N e w  York,  M e e t i n g  of the  Socie ty .  

The company specializes in leak detection and indus-  
trial  pollutants;  Dr. King has two patents on leak 
detection. I asked Dr. King how the company was 
named, and was told that the name was del iberately 
selected to permit  the Company to do near ly  anything.  

Let us tu rn  to Dr. King 's  contr ibutions to The Elec- 
trochemical Society. He has been Cha i rman  of the 
Corrosion Division and Chairman of the New York 
Chapter, and has been very active in both that  Division 
and that  chapter. He was editor of the  Journal of The 
Electrochemical Society from 1954 to 1968, and was 
Pres ident  of The Electrochemical Society from 1971 to 
1972. Among his many  contributions to the Society 
one stands out in my mind as being unique, namely,  
his m a n y  editorials in the Journal of The Electro- 
chemica~ Society during his years as editor. I can re- 
member  reading these witty, cogent, informative,  
thoughtful  editorials with great relish. Many were on 
Society matters, often per ta ining to publications, but  
m a n y  were on a great variety of othez" subjects. They 
all contributed greatly to my own unders tanding  of 
these subjects and st imulated my thoughts significantly. 
As an example of the breadth of his  interests, con- 
sider the follOwing titles, a few selected from the more 
than 100 he wrote: The St. Lawrence Seaway, Our 
National Highways, Dielectric Materialism, Future  of 
Mankind, Inflation, Russian Literature,  Of Satellites 
and of Men, Wisdomr Bell for St. Michaels, Growing 
Up Absurd, What Are We Teaching Our Students?, 
HOW Long to Boil an Egg?, Las Cucaraches y las 
chinchas, Salty Waters, Science Fiction, Search For 
Life on Earth. Truly, our lives have been enriched by 
these editorials; I recommend their  rereading. 

Dr, King did not spend all his time on his scientific, 
educational, and industr ia l  careers and working for 
the Society. He has become an expert in golf, chess, 
ping pong, and croquet, and even now, I 'm told, he 
still plays an occasional game of football. At least once 
he fell through the ice while skating at Chatham, and 
was soaked to the skin. He spent much time with his 
family in a var ie ty  of activities and trips which in-  
volved many experiences they will all long remember.  
For instance, an early trip to Indiana  was made in a 
car which boiled over regular ly  every 100 miles on the 
Pennsy lvan ia  Turnpike,  necessitating frequent  trips 
with a mason jar down embankments  t o  streams for 
water. Dr. King was a parent  who believed that the 
rod should not be spared. I 'm told that he once sprained 
his thumb chastising his son Peter, He likes homemade 
beer. He is a violin player and a t rumpet  player, and 
plays t rumpet  duets. He is a PUNdit. He likes the 
story of the moron who sat up all night t rying to fig- 
ure where the sun went  when it went  down. Fina l ly  it 
dawned on him! 

Although these comments do not do him full justice, 
I hope that you have some picture before you of the 
twen ty- th i rd  Acheson medalist, the man  and his career. 
And now, "For distinguished contributions to Solution 
Chemistry and to The Electrochemical Society" it is 
my very great pleasure to present  this Acheson gold 
medal, a bronze replica thereof, and a check for $2000 
to one of the great men of electrochemistry, Dr. Cecil 
V. King. 

177C 
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Research in Review 
Cecil V. King 

Dr. Cecil V. King presents the Acheson Medal Award Address. 

I was introduced to e lec t rochemis t ry  in the labora-  
tory of Professor  Ol iver  W. Brown at Indiana Unive r -  
sity, in 1917. We learned to electrodeposit  copper quan-  
t i ta t ively f rom solution, and found that  s t i r r ing made 
the deposition go much faster. One method of s t i rr ing 
was to place the beaker  in a solenoid coil. We made 
our own potent iometers  by str inging a resistance wire  
along the laboratory  bench, making  contact wi th  al-  
l igator clips, and measur ing distances wi th  a mete r  
stick. One of my assignments was to make a fused 
quartz tube by burying a carbon rod in quartz sand 
and heating it electrically. This was done in the uni-  
vers i ty  powerhouse beside a large switchboard, and it 
was tempt ing to close one more switch to be sure the 
carbon rod was hot enough. The quartz tube was per-  
fect, but part  of the campus was wi thout  l ight or 
power  for a while. 

,Professor Brown had a set of lead-acid storage cells 
which he mainta ined would last at least 30 years if he 
could care for them personally. 

During that  year  I learned the names A Q U A - D A G  
and OIL-DAG, even then regis tered t rade names of 
the Acheson Company; DAG standing for Defloccu- 
lated Acheson Graphite.  

One of my nominators  for the Acheson Award  men-  
tioned that my first research was done with ova, and 
that  I started in a modest  way wi th-pigeon eggs. The 
facts are, that  when I got out of college I was much 
interested in the ova that are served with  bacon for 
breakfast,  and was wil l ing to do wha teve r  I was told 
to earn them. And the eggs to be studied were  not 
pigeon eggs, but hybrid Afr ican ring dove eggs. Is 
there an analogy with crow's eggs compared to 
pheasant  eggs under  glass? 

This work  was done in the labora tory  of Dr. Oscar 
Riddle at the Carnegie Exper imenta l  Station on Long 
Island, and there  was much to be learned. For  exam-  
ple, the birds could be fed calcite crystals, but  they 
put aragonite crystals in their  egg shells. I first learned 
of the superiori ty of the female over  the male with 
respect to adverse conditions. One of my duties was 
to prepare oxygen-r ich  or -deficient atmospheres in 
which to incubate the eggs; fewer  eggs hatched under  
these abnormal  conditions, and the proport ion of sur-  
v iving females was greater  than normal. Higher  or 
lower  than normal  incubation temperatures  had a 
similar effect. 

I also learned how easy it is to operate on a bird, or 
a hen, and insert  a capsule containing a message in the 
upper oviduct; the capsule serves as a yolk, receiving 
an albumin coating and a shell. The birds recover  
immediately from such an operation. This is evidently 
the procedure used to obtain a large egg with a small 

Acheson A w a r d  Address  de l ivered  on October 15, 1974 at  the  
New York, New York,  Meet ing  of the  Society, 

egg inside, both complete with yolks and shells, as has 
been demonstrated on television. 

Let  me rev iew some background mater ia l  for my 
doctoral research. In the ear ly  1900's several  invest i -  
gators studied b inary  compound formation be tween 
acids and such oxygen-conta in ing compounds as esters, 
aldehydes, ketones, and ethers. The cri terion of com- 
pound format ion was the famil iar  m a x i m u m  in the 
binary freezing point curve, at the composit ion of the 
compound. Ear l ie r  invest igators  had often postulated 
that changes in slope of physical proper ty-composi t ion  
curves could indicate compound formation. The emi-  
nent Russian chemist Dmitr i  Mendeleev examined the 
specific grav i ty  of ethyl  a lcohol-water  mixtures  and 
decided that three compounds must be formed [Trans. 
Chem. Soc. (London), 51, 778 (1887)]. The compound 
C2H5OH'12 H20 could be isolated at --17 ~ he said, 
and C2H5OH.3 t!20 at the tempera ture  of "solid car-  
bonic acid anhydride;"  the compound C2H5OI-I'H20 re-  
quired a still lower  temperature .  Of course no one 
since has been able to isolate any a lcohol-water  com- 
pounds, and the freezing point curves show no maxima.  
At about --17 ~ the appearance of the ice crystals 
formed on freezing changes noticeably, and this is 
probably  what  Mendeleev  observed. 

Professor James Kendall ,  my  research sponsor, had 
students isolate acid-ester  compounds as a means of 
s tudying the mechanism of ester hydrolysis. James  
Booge studied three compounds which had sharp 
melt ing points, i.e., they were  stable at least at and 
below their  mel t ing points. He measured the freezing 
points of benzene solutions of the separate components 
and of equimolar  mixtures.  The results indicated that  
in the aprotic solvent the compounds were somewhat,  
but not fully, dissociated. 

My research was essential ly to repeat  this work  with 
water  as the solvent. There  was no evidence of any 
acid-ester  compound remaining;  the freezing points of 
equimolar  mixtures  of e thyl  acetate and tr ichloroacetic  
acid, for example,  were  str ict ly the sum of those of the 
components; and the effect of the ester on the con- 
ductance of the acid was due to the increased viscosity. 

Such negat ive results do not exclude the view that  
trace amounts of fleeting compounds are involved in 
the kinetic mechanism of ester hydrolysis. But the 
negat ive results are to be expected on the basis of the 
Br~nsted acid-base theory;  water  is a far s t ronger  
base than ethyl acetate, or the t r ichloroacetate  ion, and 
nei ther  can compete for protons in the presence of 
water. In aqueous acetic acid the acetate ion can retain 
most of the protons, but an ester cannot compete in 
base s t rength even with  the acetate ion. 

Considerations similar to these led Br~nsted to 
formula te  his acid-base theory. The evidence was 
equal ly  availabIe to many  other  chemists who fai led 
to rev iew and correlate it. 

To explain my eventual  interest  in metal  dissolu- 
tion and inhibition, it is necessary to introduce some 
background. Af ter  a year  in Br~nsted's laboratory  my 
interest  centered in the study of reaction kinetics and 
catalysis in dilute solution, and the in terpre ta t ion of 
salt effects on the rates. One system, for example,  was 
the peroxydisulfate  oxidation of various compounds 
with si lver ion as catalyst. The reaction with  oxalate 
looks as if it should be especially simple 

C20~ = -6 S~Os = "-> 2CO2 -6 2SO4 = 

Without a catalyst the reaction is ex t remely  slow. 
Small  amounts  of s i lver  ion speeded it up, but the 
rates were not reproducible;  two exper iments  run 
side by side perhaps differing by 200%. With excess 
peroxydisulfate  the react ion was autocatalytic,  not 
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just  at the start  but unti l  the oxalate  was used up; 
the CO2 pressure in the apparatus increased faster  and 
faster  up to the end. This behavior  indicates that  an 
in termedia te  accumulated in the solution; t r iva lent  
s i lver  ion has often been suggested. It was la ter  shown 
elsewhere  that  pur i ty  of the water  is impor tant  in 
these exper iments ;  traces of copper from a copper still 
probably enhance the s i lver  ion catalysis. 

Even tua l ly  we became aware  of exper iments  on gen-  
eral  acid and base catalysis. For  example,  it was shown 
in Br~nsted's laboratory  that  the n i t ramide  decompo- 
sition 

NH2NO2 ~ N20 + H20 

is catalyzed not only by hydroxyl  ion, but  by other  
basic ions and molecules as acetate  ion and aniline 
molecules. The mutaro ta t ion  of glucose and the enoli-  
zation of acetone were  found subject to both general  
acid and general  base catalysis. It was found that  a 
plot of log rate  constant vs. log base (or acid) s t rength  
constant was linear, indicating a rate law 

km = G(KA) x 

where  x is the slope of the log-log plot and the con- 
stant G is characterist ic of the reaction. Br~nsted and 
Kai Pedersen were  able to formula te  a der ivat ion of 
this equation, based on reasonable in termediate  fo rma-  
tion in the Br~ns ted-Bje r rum sense. Actual ly  the 
equat ion needs a simple statistical correction depend-  
ing on the charge type of the catalyzing species. 

We studied in detail  two cases of general  acid 
catalysis: the decomposit ion of diazoacetate ion and of 
azodicarbonate ion 

N 2 C H C O 0 -  q- H20 -~ 172 + CH2OHCOO- 

2N2(COO)2 = + 2H20-> N2 + N2H4 + 2CO3 = 

In both cases the BrCnsted relat ion was obeyed over  
the range of acid s t rength f rom H20 to H30+, a range 
of 10 is in s t rength  constants. The azodicarbonate re-  
action is so sensitive that  it was necessary to use ex-  
t remely  weak acids like sucrose, maltose, acetoxime, 
in alkal ine solutions. In both cases the slope of the 
log-log lines, the exponent  x, was approximate ly  0.8; 
a s imilar  value  of x had been found in the n i t ramide  
decomposition, but in the acid catalyzed glucose mu-  
tarotat ion the value  of x was about 0.3. 

A similar  study of the decomposit ion of diazomalo-  
nate was ra ther  disappointing. The react ion uses up 
hydrogen ion 

N2C(COO)2 = + H30 + -> N2 + CO2 + CH2OHCOO- 

In strong acids the rate is approximately proportional 
to the acid concentration and it was expected that the 
rate would be low in weak acid buffers. Actually, in 
0.1M acetic acid, 0.1M sodium acetate the decomposi- 
tion was as fast as in 0.1M perchloric acid. The reac- 
tion showed general base catalysis, and several anionic 
and neutral bases were studied. Since hydrogen ions 
are used up the analysis of the measured rates was 
difficult and the range of base strengths was limited. 
A Br~nsted slope of 0.27 was indicated for some of the 
bases;but H20 did not fall on the line. 

With this background we proceed to the study of 
metal dissolution. Around 1930 Martin Kilpatrick pub- 
lished experiments on the rate of dissolution of rotat- 
ing magnesium cylinders in weak and strong acids. 
As he described a preliminary experiment: in 0.1M 
HCI, hydrogen was evolved at the rate of 0.5 cm3/min. 
In 1.7M formic acid, 0.1M sodium formate the hydro- 
gen ion concentration is half as great but the hydrogen 
evolution was about i00 cm3/min. This might indicate 
that weak acid molecules react directly with the metal 
and the Br~nsted relation for general  catalysis might  
apply. The log-log points for several  acids, including 
hydrogen ion, fell  near  a straight line with a slope of 
about 0.08, much lower  than for any case of homo- 
geneous catalysis. 

Br~nsted and Kane at about the same t ime measured  
the ra te  of dissolution of sodium f rom its amalgams 
in acids. Their  conclusion was that  diffusive t ransport  
of strong acids to the amalgam was ra te-control l ing,  
but that  wi th  ex t remely  weak acids the slow chemical 
react ion controlled the rates. 

Since metal  dissolution offered the possibility for 
fur ther  studies of acid reactivity,  we decided to study 
zinc dissolution. Since the reaction in pure acids was 
known to be erratic, depending on the amount  and na-  
ture of impuri t ies  in the metal  and their  effect on 
hydrogen evolution, the effect of oxidizing depolarizers 
was investigated. It was found that  ni trates or hydro-  
gen peroxide were  equal ly  suitable, giving the same 
rates when added (in excess) to hydrochloric  acid; in 
such solutions zinc dissolved at about the same rate  as 
magnesium did wi th  or wi thout  the additives. A log- 
log plot of rate  vs. acid s t rength constants was similar  
to the plot for magnesium, wi th  a slope of 0.05. Very  
weak acids such as ammonium ion, fell  far  below the 
line. 

Our conclusion, of course, was that  the observed 
rates were  those of convect ive and diffusive t ransport  
of acid to the meta l  surface, as had been postulated 
many years earl ier  by a number  of investigators.  The 
diffusion layer  theory  was developed by Nernst  and 
by Brunner  in 1904. Van Name and his co-workers  at 
Yale Univers i ty  (1910-1916) had perhaps carried out 
the most extensive and convincing exper iments  wi th  
several  metals  dissolving in ferr ic and other  solutions 
where  no special depolarizers were  needed. 

In our first exper iments  we used rotat ing zinc disks 
but  soon abandoned them in favor  of cylinders so that  
the entire surface would have equal  veloci ty  with re-  
spect to the solution. We operated in the tu rbu len t  
region and had no idea that  V. Levich at about the 
same t ime was solving the hydrodynamic  problem of 
flow for disks rotat ing in the nonturbulent  region. The 
rotat ing disk and later  the ring disk have of course 
been ex t remely  useful in many  problems. The hydro-  
dynamic relations for the rotat ing cyl inder  have not 
been solved, but the dimensionless group analysis has 
had useful applications in turbulent  flow experiments.  

If  diffusion of acid or other reagent  to the meta l  sur-  
face is rate controlling, then theoret ical ly  one cannot 
learn  anything about the reaction mechanism. For ex-  
ample, one does not know whether  a weak acid mole-  
cule reacts directly, or gives up its proton to a water  
molecule, al lowing the H30* ion to react. One would 
suspect the latter, since the H30 + diffuses faster and 
new ionic equi l ibr ia  are established almost instantly. 
When I was asked if I considered the meta l  dissolu- 
tion an electrochemical  process, I repl ied that  it was 
an oxidat ion-reduct ion with  electron transfer, but we 
did not know if that  t ransfer  took place at every  col- 
lision with the metal  surface. I should have realized 
at once that since the meta l  usually becomes rough, 
evident ly  some spots do dissolve faster than others; 
there are anodic and cathodic sites on the surface and 
a considerable flow of electrons wi thin  the metal. 

In some cases, notably nickel dissolving in acidified 
ferric and ceric solutions, while the rates are t ransport  
controlled, the metal  becomes ex t remely  rough and 
there  may even be undercut t ing and spallat ion of 
nickel particles. The roughness also increases the 
turbulence in the solution at a given rotat ional  speed. 
This was observed and t reated by Makrides and Hack-  
erman. 

Some of the metal  cylinders acquire a gray or black 
coating during dissolution. This was observed with zinc 
and cadmium, and even with  magnesium in certain 
alcohol~water rnixtures. In some exper iments  with 
cadmium we removed the coating by wiping gently 
wi th  filter paper. Microanalysis showed nothing but 
cadmium. Since such fine particles could hardly  have 
been formed by undercut t ing and there was no visible 
spallation, we must conclude that cadmium, already 
dissolved, can replate  on the surface. 
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In the course of the metal  dissolution exper iments  
it became necessary to measure many  diffusion coef- 
ficients of the acids and other  reagents since values 
were  not avai lable in the l i terature.  These measure-  
ments were  carried out in cells wi th  two compar t -  
ments separated by fr i t ted glass disks, as pioneered 
by McBain. As an offshoot of these exper iments  one 
student made diffusion measurements  wi th  acid in 
one compartment ,  base in the other, neutral izat ion oc- 
curr ing within the porous disk. Another  student was 
able to make  cylinders of benzoic acid and measure  
the rate of solution in sodium and potassium hy-  
droxides, neutral izat ion taking place within  the dif-  
fusion layer. Addit ion of phenolphthalein  gave a self- 
indicating endpoint. 

It was expected that  wi th  a fixed degree of stirring, 
the dissolution rates would be proport ional  to the dif-  
fusion coefficients of the reagents. The plots were  
l inear within exper imenta l  error, but  did not ex t rap-  
olate to the origin, as if a reagent  which could not 
diffuse could still dissolve the metal. A log-log plot 
was l inear and showed that the diffusion coefficients 
should be raised to about the 0.7 power. This indicates 
that  the "effective diffusion layer"  thickness is not the 
same for all reagents  but  is related to the diffusion co- 
efficients. 

We were  able to measure  the dissolution rates of 
thin wires of zinc, cadmium, and copper in suitable 
reagents  and compare them with heat  dissipation from 
a thin p la t inum wire  which was heated electr ical ly and 
show that  the heat  t ransfer  coefficients and thermal  
diffusivity could be included in the same relation. 

Having studied the dissolution of several  metals un-  
der convect ive-diffusive control, it was na tura l  to t ry  
to inhibit  such dissolution. Only a few of these at-  
tempts will  be mentioned here. It was found that  as 
li t t le as 0.005% of certain surfactants, such as sodium 
dioctyl sulfosuccinate, could reduce the dissolution 

rate of iron, zinc, or cadmium in acid ni t ra te  solution 
f rom 100 mg in a few minutes to 3 or 4 mg in the same 
time. However,  more surfactant  did not block the sur-  
face much more, and addition of other  inhibitors did 
not help. 

Cupferron and neocupferron form very  insoluble 
complexes with ferrous and ferr ic ions, and it was 
thought  that they might  be s t rongly adsorbed on an 
iron surface and form an impervious  film. It soon 
became obvious that iron first dissolved, then the 
chelate precipi tated on the meta l  surface to form a 
barr ier  layer  which inhibi ted dissolution only as long 
as excess cupferron was present. Since these com- 
pounds are not ve ry  stable in acid solution, inhibit ion 
could be mainta ined for only a few hours and even-  
tual ly  the iron began to pit. 

Exper iments  on the rate  of dissolution of si lver in 
ferric salt solutions showed that  s i lver  ion, formed in 
the react ion or added separately,  had an inhibi t ing 
effect. The presence of s i lver  and ferrous ions reduces 
the dr iving potential  for the reaction, and the inhibi-  
tion could be explained quant i ta t ive ly  as due to ad- 
sorption of si lver ion on the metal. These results led 
to a serious study of meta l  ion adsorption on metals:  
if dilute si lver ni t ra te  is al lowed to trickle down 
through a column of finely divided silver, pure  water  
comes out at first. The advent  of radioact ive  isotopes 
natura l ly  led to studies of exchange as well  as ad- 
sorption. 

Our research program was made possible and in 
fact was made mandatory  by the large number  of mas-  
ter 's  and doctoral candidates at New York Univers i ty  
start ing in the 1920's. It was promoted by the helpful  
at t i tude and support  of the universi ty,  and by the 
avai labi l i ty  of government  financial assistance after  
1946. I am grateful  for the cooperation of scores of 
students, most of whose work  has not been mentioned 
here. 
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I would like to relate some history and development  
of sealed z inc/mercur ic  oxide alkal ine cells. Thi r ty- two 
years have passed since the work on sealed z inc /mer-  
curic oxide alkal ine cells was initiated, and its history 
may be of interest.  

At the start  of World War  II there was a need for 
t ransreceiver  batteries having the abil i ty to withstand 
tropical conditions with high capacity per uni t  volume, 
and main ta in  a low voltage drop dur ing  their  effective 
discharge life. 

In  1942 the work ini t iated at my laboratory utilized 
the experience obtained in the mid thirties in de- 
veloping the hermetical ly sealed C-bias cell and the 
dry electrolytic capacitor. The bias cell had as its anode 

* Electrochemical Society Emeri tus  Member .  
1 In t roduc tory  address at the  Alkaline Primary Cells Sympos ium 

at the  New York, New York, Meeting of the Society, Oct. 13-17, 
1974. 

Fig. 1. Dry electrolytic capacitor structure 

Fig. 2. Wound anode/cathode assembly on first alkaline sealed 
cells tested. 

a cadmium container separated by a grommet and 
crimped to the cathode composed of a s intered disk of 
vanad ium pentoxide, sealing in an enclosed gel elec- 
trolyte of ammonium glyco-borate. The first sealed 
alkal ine cell s t ructure utilized the type of capacitor 
s t ructure  shown in Fig. 1, with a wide area rolled 
anode and close spacing to its cathode for low in terna l  
resistance (Fig. 2). The cathode in  the rolled s t ructure  
was a 2 mil  sandblasted steel strip coated with a layer  
of cupric oxide and graphite, bonded with a 5% poly-  
s tyrene solution. This coated strip was rolled at high 
pressure, producing a low resistance flexible cathode 
layer. The spacers were a combinat ion of an tonically 
conductive cellophane layer  as a barr ier  in contact with 
the ox ide  to prevent  migrat ion of cathode particles, 
and an absorbent  nylon gauze element  in  contact with 
the zinc. A dusting of mercuric oxide was applied to 
the anode before winding, so as to cause amalgama-  
tion of its surface when in contact with the alkal ine 
electrolyte. In  order to reduce solubil i ty of the cupric 
oxide in  the potassium hydroxide electrolyte, a solidi- 
fied high concentrat ion electrolyte was used and im-  
pregnated into the rolled un i t  at the electrolyte mel t ing 
point. After  impregnat ion  and electrolyte solidifica- 
tion, the uni t  was fastened to a composite insulat ing 
top. The cupric oxide coulombic capacity and its 
voltage of 1.0,6 was not adequate, and other oxide 
coatings such as mercuric oxide, manganese dioxide, 
cadmium oxide, and silver oxide were comparat ively 
tested. The mercuric oxide (1.34V) produced the best 
over-al l  results. Since the ma in  object was to provide 
a sealed alkal ine cell with m a x i m u m  capacity per 
uni t  volume, the design was changed to one using a 
steel can cathode in the bottom of which a densely 
pressed mix ture  of mercuric  oxide and micronized 
graphite was consolidated.  The anode was composed 
of a spiral ly wound corrugated zinc strip with an in -  
te rvening  absorbent  cotton paper spacer. The winding 
was in an offset manner ,  so that the corrugated zinc 
extended at one end, and paper at the other. Corruga-  
t ion of the anode was found essential, since it provided 
space for the zinc oxide produced at the anode when 
the cell was discharged. After  impregnat ion  of the 
wound uni t  and its porous spacers, the anode was 
amalgamated by  applying a measured quant i ty  of 
mercury  to the exposed turns  of the corrugated zinc, 
providing an amalgamated junc t ion  with zinc top con- 
tact without  local galvanic action. The bar r ie r  was a 
microporous dialysis paper disk, and other barr iers  
such as sintered magnes ium oxide were also used. The 
potassium hydroxide electrolyte was zincated by dis- 
solving zinc oxide at a tempera ture  of about 10'0~ 

In  order to obtain ma x i mum anode area, another type 
of rolled anode was used in  which zinc was sprayed 
onto one side of cellophane strip with a "Schori" gun, 
producing a powdered porous layer  of zinc. This was 
corrugated, wound, and amalgamated in  the same 
manne r  as the solid zinc strip, but  did not make sui t-  
able cells because of impuri t ies  derived from the 
spraying equipment.  In  later  cells, the use of pressed 

199C 
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Fig. 3. Relation of geometry to capacity of wound anode RM cells 

Fig. 4. Pressed powder flat and button RM cells 

Fig. 5. Pressed powder cylindrical cathode/anode RM cells 

powdered zinc amalgam served the same purpose wi th-  
out the impur i ty  factor. 

The most impor tant  development  for producing 
sealed alkal ine cells was the development  of the cou- 
lombmetr ica l ly  balanced cell having equivalent  anode 
and cathode capacities. Since the hydrogen deposition 
potential  is 0.989V and the container  overvoltage is 

0.15V, the sum of both is less than  the zinc half-cell  
potential  of 1.332V in  the electrolyte, so that any 
residual unoxidized zinc would cause hydrogen gen- 
eration at cathode on continued application of load 
after the oxygen content  of the depolarizer was ex-  
hausted. It also basically required that the anode top 
contact be composed of a nonconsumable  but  amal-  
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gamatab le  ma te r i a l  such as copper  or t inned  steel. In  
o rder  to compensate  for e r rors  in  the  requi red  mea -  
sured weights  of the anode and cathode mater ia ls ,  an 
excess amount  of cathode was used, in most cases the  
addi t ion of a smal l  per  cent of e lec t ro ly t ic  manganese  
dioxide  sufficing. On l a rge r  cells an added  safe ty  fac-  
tor  agains t  poss ible  gas p roduc ing  impur i t ies  in the 
cathode mate r ia l s  is appl ied  b y  us ing a p re s su re -ven ted  
s t ruc ture  wi th  an outer  steel  conta iner  separa ted  by  
a ca rdboard  tube  which  absorbs  any e lec t ro ly te  that  
m a y  be vented.  

Na tu ra l  manganese  ore, on account of its ferrous  
content,  was found to produce  dendr i t ic  g rowth  on the 

zinc that  caused in te rna l  discharge.  The  avai lab le  
large  scale supply  of pure  manganese  dioxide  has 
made possible sealed manganese  a lka l ine  cells which, 
while  not having the smal l  vol tage  change of mercur ic  
oxide dur ing  d ischarge  and being of lower  capaci ty  per  
unit  volume, have lower  cost and are  produced on a 
high volume scale. 

F igures  3, 4, and 5 show the re la t ion  of capaci ty  to 
the geomet ry  of the present  three  types  of sealed zinc 
mercu ry  cells; cor rugated  wound anode, pressed pow-  
der  anodes in flat or but ton form, and pressed powder  
cyl indr ica l  anode cells. 
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ABSTRACT 

A capillary flow viscometer was developed to measure the viscosity Of high 
vapor pressure organic solvent electrolytes over a wide temperature  range. 
Iner t  electrodes and associated circuits were used to observe the passage of 
the meniscus through the viscometer. The viscometer was kept inside a sealed 
a luminum container to minimize the pressure differential between the test 
solution and the ambient  and to contain the high vapor pressure solutions if 
the viscometer should rupture.  Measurements were made on sulfur  dioxide/  
organic solvent electrolytes containing l i th ium bromide at temperatures  be-  
tween --60 ~ and 70~ and at vapor pressures to 15 arm. The viscosity varied 
between 0.6 and  22 cp, being higher the lower the tempera ture  and the lower 
the SO2 concentration. The activation energy calculated from the tempera ture  
effect was about 4 kcal /mole fo r  electrolyte compositions close to those used 
in Li/SO2 batteries. The data indicated the occurrence of strong ion/solvent  
interactions in  this system. 

The rate capabil i ty of high energy density l i th ium 
batteries depends more strongly on the t ransport  prop- 
erties of the electrolyte than  does that  of an alkal ine 
ba t te ry  because of the general ly  low electrolytic con- 
ductivi ty of organic solvent electrolytes. The search 
for h igh-ra te  l i th ium batteries is, therefore, in par t  a 
search for suitable high-conduct ivi ty  organic electro- 
lytes. An impor tant  proper ty  that  affects the conduc- 
t ivi ty of a solution is the viscosity of the med ium in 
which ionic t ransfer  takes place, and the analysis of 
the conductivi ty of organic solvent electrolytes re-  
quires the avai labi l i ty of viscosity data. 

The sulfur  dioxide/organic solvent electrolytes have 
a high conductivi ty and a low activation energy for 
ionic t ransfer  over a wide temperature  range, and they 
provide an interest ing model system on which to study 
the s t ructural  and other factors that affect the solution 
conductivity. The measurement  of the t ransport  prop- 
erties of the sulfur  dioxide electrolytes poses a problem 
because of the high vapor pressure of the electrolyte. 
Concentrated SO2 solutions have vapor pressures ap-  
proaching that  of pure SOs, i.e., close to 15 atm at the 
highest tempera ture  of interest  for bat tery  applica- 
tions. When we were confronted with the need for 
viscosity data on the sulfur  dioxide/organic solvent 
electrolytes, we found no available viscometer suitable 
for such high vapor pressure solutions and had to 
adapt a conventional  capillary viscometer to our needs. 
The modified viscometer is described in this report, 
together with some exper imental  data on a sulfur 
dioxide/organic solvent electrolyte containing dis- 
solved l i th ium bromide. The chosen electrolyte com- 

* Electrochemical  Society Act ive  Member .  
K e y  words:  capillary viseometer ,  density, l i th ium batteries,  Li/SO~ 

battery electrolyte. 

positions are representat ive of the solutions used in 
l i th ium/su l fu r  dioxide batteries. 

Experimental Techniques 
Viscometry.--The viscometer is shown schematically 

in Fig. 1. It was made of Pyrex and consisted of two 
compartments,  A and B, connected wi th  a capillary 
tube, C, and a side tube, D. Three metall ic probes, P1, 
P2, and Ps, are located in A. The glass- to-metal  seals 
were made with a tungsten  wire and u r a n i u m  glass, 
and the wire tips were gold plated to prevent  corrosion 
by the electrolyte. At the bottom of the B compartment,  
the glass tube was sealed to Kovar  K which was, in turn, 
soft soldered to a threaded brass ring, F. The Viscom- 
eter was t ightly screwed into the bottom of the alu-  
m i num pressure cell, E2, with O-rings placed as shown 
to prevent  any leakage of electrolyte from the viscom- 
eter. The probes P1 and P2 were connected to a t r ig-  
ge r ing  circuit by the feed-throughs, G1 and G2, on the 
container  E2, and  probe P3 was grounded to the a lu-  
m i n u m  container. The a l u m i n u m  pressure cell, E1 and 
E2, was sealed as indicated to prevent  leakage of SO2 
gas to the atmosphere should the viscometer be broken 
by the high vapor pressure. The viscometer was filled 
at low temperatures  via port H and then sealed. The 
container was kept with the A compartment  down 
unt i l  the desired tempera ture  had been reached, then 
the viscometer was inverted to allow the electrolyte to 
flow through capillary C. When the meniscus of the 
electrolyte passed probe P1, the electrical connection 
between P1 and P8 through the conductive electrolyte 
was broken which triggered the timer. When the me-  
niscus passed P2, the stopping trigger circuit stopped 
the timer. The trigger circuit is shown in Fig. 2. It 
was used in conjunction with a Beckman Berkeley Di- 
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Fig. 1. Schematic diagram of viscometer (refer text) 

Pl I0 K.('I 47 K/-'L 

9 V TIMER 
2N385 STARTER 

47 Kn 

470 KD. 

2N3856~ TIMER 
�9 "=- 9 V STOPPER 

2 I0 K.O. 47 KEZ 

Fig. 2. Trigger circuit 

vision Model 7360 Universal  Timer  Unit. The viscom- 
eter was kept in  a vertical  position by al igning the 
capillary section with the center l ine of the a luminum 
vessel, and the latter, in turn,  was supported on a hori-  
zontal surface. Vibrations were reduced to a m i n i m u m  
by turn ing  off the compressor on the refrigerator dur -  

ing the actual measurements  and by  removing any 
other sources of v ibrat ion from the proximity  of the 
viscometer work area. No significant thermal  drifts 
occurred dur ing the refrigerator off-periods. 

A Statham Model SP-60-1 Temperature  Test Cham- 
ber was used for the tempera ture  control of the vis-  
cometer. A check on the rate of change of the tem- 
perature  of the electrolyte inside the viscometer while 
controll ing with the Sta tham Chamber  was carried out 
using a calibrated i ron-cons tan tan  thermocouple. The 
electrolyte reached a temperature  wi th in  5~ of the 
set temperature  in 30 to 45 rain, then  gradual ly ap-  
proached the set point  tempera ture  in  60 min, and 
stabilized at that temperature  wi th in  _1.5~ At least 
90 min  was allowed for thermal  equi l ibrat ion prior to 
each measurement .  

The viscosity of the mixed acetoni tr i le-propylene 
carbonate-sul fur  dioxide solvents with no LiBr w a s  

measured by determining the effiux t ime visually. Due 
to the low conductivity of these solvents, the tr iggering 
mechanism could not be used. A thick glass bell was 
pressed t ight ly onto the bottom part  of a l u m i n u m  cell 
E2 (see Fig. 1) in place of El. Then  the viscometer was 
connected to a handle instal led in a Blue M Versa- 
Range Test Chamber  (window provided) that  could 
be used to t u rn  the viscometer from the outside. At 
each temperature  the flow of the l iquid was observed 
visually and the flow time was measured by operating 
the Berkeley Timer manual ly .  The cal ibrat ion of the 
viscometer is discussed in a following section. 

The effiux time was measured three to five times for 
each determination.  The s tandard deviation of the 
measurements  ranged from about 1% at room tem- 
perature to about 5% at 70~ and --60~ Typical data 
are listed in  Table I. In  addit ion to the error in effiux 
time, the error in the viscometer constant  introduced 
during the calibration (estimated to be about 3%) 
and the error in the density (about 1%, see the follow- 
ing section) contribute to the error of the viscosity 
values. The error  of the viscosity measurements  was 
estimated from the l inear  contributions of these factors 
to be ___5% at room tempera ture  and • at --60 ~ 
and 70~ 

Density measurements.--The density measurements  
were made with 10 ml Pyrex pipettes with 0.1 ml  sub- 
divisions. A small bulb  was b lown at one end of the 
pipette, and the volume of the attached bulb  up to the 
first subdivision mark  was calibrated with distilled 
water. The coefficient of thermal  expansion of the glass 
was used to calculate the pycnometer  volume at other 
temperatures,  but  the change was less than  1% and no 
thermal  corrections were used. The sample electrolyte 
was injected into the tube through a septum attached 
at the other end of the pipette while the tube was 
chilled in a dry ice bath. The tube was then flame 
sealed at the top. The weight of the sample electrolyte 
was determined by weighing the original  tube, the 
sealed tube with the sample, and the piece of glass re-  
moved during the sealing operation. To prevent  the 
hazards that might be caused by a possible rup ture  of 

Table I. Efflux time of the Li/S02 electrolytes measured by the new viscometer 

Temper- 
a ture ,  ~ Seconds  

S o l u t i o n  13, v i s c o m e t e r  No. 1 

S t a n d a r d  
A v e r a g e  dev ia t i on ,  % 

S o l u t i o n  23, v i s c o m e t e r  No. 2 

S t a n d a r d  
Seconds  A v e r a g e  d e v i a t i o n ,  % 

--60 6.035, 5.879, 6,201 6.038----- 0.161 
--50 5.775, 5.302, 5.456 5.511 -~ 0.242 
--40 5.485, 4,916, 5.023 5.141 -4- 0.302 
--30 4.688, 4:645, 4.848, 4.925, 4.835 4.788 -+ 0.117 
--20 4.535, 4.664, 4.543, 4.499 4.560 • 0.072 
--10 4.324, 4.869, 4.801 4.331 -+" 0.035 

0 4.141, 4.068, 4.400, 4.065 4.168 • 0.158 
10 4.058, 4.~00, 4.199, 4.108, 4.049 4.123 ~ 0.074 
20 4.002, 4.036, 4.028 4.022 • 0.018 
30 4.008, 3.980, 3.976, 3.997 3.990 -~ 0.016 
40 3.942, 3.927, 3.924 3.931 "4" 0.010 
50 3.624, 3.807, 3.740, 3.733 3.726 "4- 0.076 
60 3.523, 3.650, 3.359 3.511 • 0.146 
70 3.374, 3.572, 3.416, 8.166 3.382 -4- 0.167 

2.67 
4.89 
5.87 
2.44 
1.58 
0.81 
3.80 
1.79 
0.45 
0.38 
0.25 
2.04 
4.16 
4.94 

12.241, 10.968, 11.447, 10.706 11.340 ----- 0.875 5.95 
11,045, 10.427, 9.987, 10.321 10.445 "+" 0.442 4.23 
10.089, 9,089, 9.987, 9.221 9.591 -+" 0.508 5.30 

9.005, 8.465, 8.802, 8.800 8.768 • 0.224 2.55 
8.328, 8.281, 8.018, 7.845 8.118 ~ 0.227 2.80 
7.625, 7.364, 7.502, 7.609 7.525 ~ 0.120 1.60 
7.364, 6.978, 7.135, 6.879 7.089 + 0.211 2.98 
6.63.9, 6.757, 6.538, 6.670 6.651 ~ 0.091 1.37 
6.289, 6.112, 6.288, 6.103 6.198 ~ 0.105 1.69 
5.916, 5.689, 5.977, 5.882 5.866 -~ 0.124 2.11 
5.685, 5.478, 5.519, 5.498 5.545 -~- 0.095 1.71 
5.444, 5,195, 4.989, 5.348 5.244 ----- 0.199 3.79 
5.089, 4.865, 4:991; 5.007 4.988 ----- 0.093 1.86 
5.069, 4.597p 4.689, 4.533 4.722 -4- 0.240 5.08 
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the tube  due to the pressure bui ldup at elevated tem- 
peratures, the density tube was placed in  a thick- 
walled Pyrex  tube plugged with a stopper. The volume 
of the electrolyte was read at various temperatures  in 
a Blue M temperature  chamber  provided with a win-  
dow. The tempera ture  of the Blue M chamber was de- 
te rmined with a Fisher certified thermometer  inside 
the chamber. Each measurement  was made 30 min  
after the tempera ture  reading had stabilized wi th in  
--1~ of the control temperature.  The composition of 
the sample electrolytes other than  the stock solutions 
was calculated from the densi ty of the solutions at  the 
acetone/dry  ice tempera ture  and the amount  of the 
stock solution used to prepare the given volume of the 
eleCtrolyte at the dry ice temperature.  The error  of 
the density measurements  was estimated to be •  
based on the errors of the weighing and  the volume 
readings. 

MateriaIs.--Eastman Kodak practical grade propyl-  
ene carbonate was fract ionally disti l led at reduced 
pressure, and the ,distillate at 120~176 m m  was 
collected. 

Eastman Kodak practical grade acetonitri le was 
dried over molecular  sieve 4A and then fract ionally 
distilled in  an atmosphere of argon. The water  content  
of the purified solvents was less than  20 ppm as de- 
te rmined  by  infrared spectroscopy. The Foote Mineral  
l i th ium bromide, anhydrous  (99.6% pure) ,  was dried 
in  a vacuum oven at 150~ for approximate ly  48 hr 
before use. The purified solvents and the l i th ium bro-  
mide were stored in an  argon atmosphere dry box. 

The desired amounts  of LiBr, acetonitrile, and  pro- 
pylene carbonate were weighed and mixed in a volu-  
metric flask in  the argon atmosphere dry box. The 
sealed flask with the mixture  was taken out of the dry  
box and SO2 gas was slowly admit ted to the mixture.  A 
cold water  bath (10~ was used to minimize evapora-  
t ion of the solvents and to enhance SO2 dissolution. 
When the volume of the solution reached the cal ibra-  
t ion mark  on the volumetr ic  flask the amount  of SO2 
that  had been introduced was determined by weighing. 
The solution thus prepared was used as a stock electro- 
lyte solution from which other electrolytes were made 
by di lut ing the stock electrolyte solution with liquid 
SO2 in a dry ice cold bath as i l lustrated in  Fig. 3. A 
given amount  of the stock solution was poured into 
volumetric  flask A which was connected to the l ine at 
jo in t  J1, and cooled in  a cold bath C. SO2 gas was added 
to the stock solution through the th ree-way stopcock 
S~ and tube T~ unt i l  the meniscus of the electrolyte 
reached mark  M. Pressure bui ldup in  flask A was 
avoided by opening $2. The sample electrolyte was 
t ransferred to the vacuum jacketed buret te  B through 
tube  T1 by closing $2 and pressurizing A with argon 
admit ted through $1. The sample electrolyte was in -  
jected into the viscometer or the pycnometer  through 
the hypodermic needle N. The ingress of moisture from 
the Outside air to the cold solution inside A was l imited 
by  attaching drying  tubes to stopcocks $1, $2, and Ss. 
The port ion of tube T1 that  joined A and B was 
wrapped with glass wool to minimize heat  t ransfer  to 
the cold electrolyte during its t ransfer  from A to B. 
The water  content  of final electrolyte varied between 
150 and 200 ppm as determined by K a r l  Fisher t i t ra-  
tions (no cell was available for infrared absorption 
measurements  on the high vapor pressure electrolyte).  

Experimental Results 
The densities of the various solutions are shown in  

Fig. 4 and 5 and their  compositions are given in Table 
II. At each tempera ture  be tween --60 ~ and 70~ the 
density increased l inear ly  with the LiBr concentration, 
except below 1.0 weight per cent (w/o)  LiBr where 
it increased as a higher degree funct ion of the LiBr 
concentration. The densi ty of the solutions decreased 
l inear ly  as the tempera ture  increased; the tempera ture  
coefficient of expansion being slightly greater for the 
more concentrated LiBr solutions. It  may be noted 

Fig. 3. Schematic diagram of electrolyte injection apparatus 
(refer text). 

1,5 

1.4 
% 

a~ 1.3 

i 
1.2 

I.t 

[ I i I I 

~ -  6 0 ~ ~  

I.o I I I I I 
0 2 4 6 

Li Br CONCENTRATION, wt% 

Fig. 4 .  T h e  effect of the LiBr concentration on the density of 
the electrolyte. Solutions: 13, 23, 33, 43, 53, and 63. 

1.7 I E I i { I 

6 

1.5 

-~. 1,4 

~ 1,2 ~ ~  
I.I 
LO I L I I I J 

0 30 40 50 60 70 BO 
SO 2 CONCENTRATION, wt% 

(QUADRATIC SCALE ) 

Fig. 5. The effect of the SO~ concentration on the density of 
the electrolyte. Solutions: 20, 22, 23, and 25. 

I 
90 ~00 



1158 J. Electrochem. Soc.: ELECTROCH EMI C A L SCIENCE AND TECHNOLOGY September 1975 

Table II. Solution compositions 
( W e i g h t  p e r  c e n t )  

S o l u t i o n  
N o .  13 23 33 43 53 63  03 20 22 25 

C o m p o n e n t :  
L i B r  5.1 4.1 2.7 1.4 0.4 0.09 0 11.9 6.5 1.8 
AN* 13.4 13.6 13,8 14.1 14.3 14.4 14.4 39.7 21.6 6,0 
PC**  6.9 7.0 7.1 7,2 7.4 7.4 7.4 20.4 11.1 3.1 
SO2 74.6 75.3 76.4 77.3 77.9 78.1 78.2 28.0 60,8 89.1 

* A N  = a c e t o n i t r i l e .  
** P C  = p r o p y l e n e  c a r b o n a t e .  

that  the mass ratios of the non-LiBr  consti tuents re-  
mained the same for all the data points shown in  Fig. 4. 

As the SO2 concentrat ion increased for a constant 
mass ratio of the other consti tuents the density in -  
creased approximately as a second degree funct ion of 
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Fig. 6. The viscosity of the electrolyte as o function of the LiBr 
concentration. Solutions: 13, 23, 33, 43, 53, and 63. 
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Fig. 7. The viscosity of the electrolyte as a function of the 
S02 concentration. Solutions: 20, 22, 23, and 25. 

the SO2 concentrat ion between 30 and 90 w/o  of SO2. 
As expected, the densi ty decreased as the tempera ture  
increased for a given composition, and it was approxi-  
mately l inear  in  the temperature  between --60 ~ and 
70~ 

The viscosity data for the same solutions are pre-  
sented in Fig. 6 and 7. The viscosity increased l inear ly  
with the LiBr concentrat ion at each tempera ture  ex- 
cept in the range below 0.1 w/o LiBr where nonl inear -  
ity was observed. At  20~ the viscosity changed from 
0.58 cp for the pure solvent mix ture  to 1.05 cp for the 
5.1 w/o  LiBr solution, and at --60~ it changed from 
1.41 to 2.40 cp, respectively, over the same concentra-  
t ion range. The viscosity decreased as the temperature  
increased, the change being more pronounced at the 
lower temperatures.  

The SO2 was quite effective in  reducing the viscosity 
of the electrolyte, especially in the low temperature  
range; the rate of change being greater than  that of a 
simple exponent ial  funct ion of the SO2 concentration. 
At --60~ the viscosity decreased from 21.6 to 2.0 cp 
as the SO2 concentrat ion increased from 28 to 89 w/o. 
At 0~ it changed from 2.5 to 1.1 cp over the same 
concentrat ion range. The viscosity remained a non-  
l inear  function of tempera ture  over the SO2 concen- 
t ra t ion range studied, decreasing as the temperature  
increased. 

Discussion 
The viscosity technique.--The basic theory of viscos- 

ity measurements  by kinematic  ins t ruments  can be 
derived from the Poiseui l le-Hagenbach equat ion (1) 

~R4 (Po -- P1)t  
n : [ i ]  

8Vl 

where ~ is the viscosity, V is the volume of the l iquid 
flowing through the capil lary tube of length I and in-  
side radius R in time t, and Po and P1 are the pressures 
at the two ends of the l iquid column. Equat ion [11 as- 
sumes a steady, l aminar  flow with no slip of an in-  
compressible, Newtonian fluid. Departures from these 
conditions in  actual viscometers necessitate the in t ro-  
duction os correction factors, and Eq. [11 becomes 

~R4hmgdt MVd 
n : [2]  

8V(1 + b) 8~(1 + b ) t  

where hm is the mean  height of the l iquid column dur -  
ing the flow, g the acceleration due to gravity, d the 
density of the liquid, and M and b the coefficients for 
the Hagenbach and the Couette corrections, respec- 
tively. The pressure difference between the two ends 
of liquid, Po -- P1 in  Eq. [11, is replaced by hmgd in  
Eq. [21. 

The most impor tant  correction in  designing a vis- 
cometer is the correction for the nonsteady flow which 
is expressed as the second te rm in  Eq. [21 (kinetic 
energy or Hagenbach correction). The numerical  co- 
efficient M is introduced to account for the par t icular  
shape of the capillary ends, and it is close to unity.  It  
is seen from the kinetic energy correction term that  
it can be reduced most easily by  decreasing the rate of 
flow and by using a small effiux volume. In  the present  
viscometer the effiux volume was kept small  by mak-  
ing the distance between probes P1 and P2 small  (V 
1.5 ml) .  

A low rate of flow is impor tant  not  only to prevent  
departures from steady-state flow but  also to assure 
laminar  flow conditions. In  the flow of l iquids through 
uniform tubes, turbulence may be expected for Reyn-  
olds numbers  above about 2000. The size of the capil- 
lary was chosen to give a Reynolds number  below 300. 
However, there is a practical l imit  to the extent  to 
which the radius of the capillary may be decreased be- 
cause of the sensitive dependence of the reproducibi l -  
ity of the data on the presence of dust particles in  the 
fine capillary and because of the difficulty involved in  
t ransferr ing l iquid from compar tment  B to A prior to 
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each measurement .  A compromise was adopted by  
employing a capillary radius of about 0.04 cm (Reyn-  
olds number  about 100). 

The Couette correction coefficient b relates to the 
viscous energy dissipated at the entrance and at the 
exit of the capillary. This correction is of minor  im-  
portance exper imenta l ly  if the kinetic energy correc- 
t ion term is negligible, since the viscometer can be 
calibrated with a s tandard fluid of known  viscosity 
without  considering the complications due to the sec- 
ond te rm in  Eq. [2]. The present  viscometer design 
minimizes the loading error  common wi th  the Cannon-  
Fenske viscometers. Any  differences in  the volume of 
l iquid discharging through the Cannon-Fenske  viscom- 
eter will  be reflected in the mean  driving fluid head 
hm. However, in  our viscometer (an  Ubbelohde type) 
the loading error is practically el iminated since the 
mean  head is not dependent  on the l iquid level in the 
lower reservoir  B, bu t  terminates  at the junc t ion  of 
the capil lary with bu lb  B. This is made possible by 
gas pressure equalizat ion be tween the lower and up-  
per bulbs through the side tube D. 

Another  error  may arise f rom the surface tension 
difference be tween the calibrating l iquid and the sam- 
ple electrolytes. In  the present  viscometer surface ten-  
sion will affect not only the adhesion of the l iquid to 
the walls of the bulbs but  also the adhesion of the 
l iquid to the probes P1 and  P2, and thus the error due 
to surface tension is more significant than  with other 
viscometers. This error  was reduced by  cal ibrat ing the 
viscometer with a low vapor pressure stock solution 
whose viscosity was determined separately with a cer- 
tified Cannon-Fenske  viscometer. The efflux times of 
the s tandard electrolyte through both the new viscom- 
eter and the certified viscometer were measured at 
several temperatures  to obtain the required calibration 
data. 

The construction of the confining vessel and the con- 
tact s tructures appeared to be satisfactory and gave 
t rouble-f ree  operation of the unit. Although the actual 
pressures did not exceed about 15 arm, it is reasonable 
to th ink  that  the viscometer can be used at higher pres- 
sures. However, it may be necessary to provide a 
means  of pressure equalizat ion either by  the use of a 
pressurized inert  gas or a volatile inert  solution inside 
the confining vessel external  to the viscometer tube if 
pressures much above 15 a tm are involved. 

The solution prope~ties.--It is our in tent ion to dis- 
cuss the solution properties in some detail at a later  
t ime in  conjunct ion with the conductivity of the SO~ 
electrolyte, and we l imit  this section to a few brief  
remarks on the viscosity data. 

The electrolyte chosen for the viscosity measure-  
ment  was selected because of its usefulness in Li/SO2 
batteries. Each solution component serves a usefu] 
funct ion in these batteries. The SO2 is the active de- 
polarizer, the acetonitrile forms a complex with the 
l i th ium bromide and causes it to dissolve in the sulfur  
dioxide to give a highly conductive solution, and the 
propylene carbonate inhibits the reactivi ty of l i th ium 
toward acetonitri le and sulfur  dioxide. Since the SO.o 
concentrat ion decreases during discharge, it was of in -  
terest to determine the viscosity over an  appreciable 
SO2 concentrat ion range. 

The data correlated well  as a function of the specific 
volume of the solutions, Fig. 8, according to the 
Batschinski equat ion as wr i t t en  by  Hi ldebrand (2) 

1 _ K - - V - - V ~  v = - - i  [3] 
V.o d 

where  ~ is the viscosity, d the solution density, Vo the 
empirical constant (specific volume of "hole-free" 
l iquid) ,  and K the empirical constant. The fluidity (1/~) 
was an almost l inear  funct ion of the free volume 
(v -- Vo) of the solution over the ent i re  tempera ture  
range for all the solutions. Slight deviations from 
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Fig. 8. The free volume theory correlation of the electrolyte 
viscosity. 

l inear i ty  occurred in  the region of the smaller  specific 
volumes, i.e., at the lower temperatures.  Interest ingly,  
solutions with different LiBr concentrations defined 
the same fluidity/specific volume curve to a first ap-  
proximation. The SO2 concentration, however, dis- 
placed the curves noticeably. The greater the SO2 con- 
centration, the more the fluidity curves shifted toward 
the smaller specific volume range. The effect of the 
SO2 concentrat ion on the constants in the f ree-volume 
viscosity equat ion is given in  Table III. 

The specific volume constant Vo approached the spe- 
cific volume of l iquid SO2 (0.61 cmS/g) at the mel t ing 
point  of SO2 as the concentrat ion of the SO2 increased. 
This is in reasonable agreement  with the model con- 
siderations on which the free volume viscosity equa-  
t ion is based (3). 

The viscosity data reflected the strong solvent /solute  
interactions thought to occur in  the SO2/AN/PC/LiBr  
solutions. Apart  from the low LiBr concentrat ion 
range, the viscosity was l inear  in  the LiBr concentra-  
tion, Fig. 6 

~/~o = 1 § BC [4] 

where nots  the viscosity of solvent, C the LiBr molar  
concentration, B the empirical constant;  and the value 
of B was found to be B = 0.79 _ 0.02, independent  of 
the temperature.  This value is characteristic of non-  
aqueous electrolyte solutions containing small ions (4). 
The dominance of the l inear  concentrat ion term in the 
Jones-Dole equation above is taken to signify strong 
solvent/solute interactions (5), p resumably  the solva- 
t ion of B r -  by acetonitrile and sulfur  dioxide in  this 
case. 

Table Ill. The effect of the S02 concentration on the free volume 
equation constants (Eq. [3])  

SO~ c o n c e n -  K Vo 
t r a t i o n  ( w / o )  ( l / cp)  (craB/g) 

28 10.1 0.85 
61 6.4 0.70 
75 6.2 0.66 
89 6.0 0.57 
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The same genera l  conclusion may  be  der ived  from 
Einstein 's  equat ion for the  viscosi ty of di lute  solutions 
of uncharged  spher ica l  molecules (6) 

~/~lo --  1 -{- 2.5 CV [5] 

where  V is the molar  volume of solute species, f rom 
which V ~- 316 cmJ/mole  for LiBr  in  the  S O s / A N / P C  
solvent. Since the sum of the  ionic volumes of Li+ and 
B r -  is about  19 cmJ/mole,  it  is apparen t  tha t  the  ions 
must  be s t rongly  so lva ted  in this  solution. 

The da ta  m a y  also be analyzed  in t e rms  of an A r -  
rhenius type  of ac t iva ted  process (3, 7, 8) despi te  some 
doubts about the  va l id i ty  of such a model  for momen-  
tum t ransfer  (9). 

As the  concentrat ion of LiBr  increased f rom 0 to 5% 
(weight)  the  act ivat ion energy increased f rom about  
2 to 4 kcal /mole ,  Table  IVA. 

SO2 exe r t ed  a more  pronounced  effect on the  ac t iva-  
t ion energy;  Table  IVB. At  low SO2 concentrations,  the 
act ivat ion energy  was close to 44 kca l /mole ,  and at  
high SO2 concentrat ions it approached  3 kca l /mole  or 
less. This pa t t e rn  reflects the  h igh ly  beneficial  effect of 
the  SOs on the  t ranspor t  proper t ies  of the  SOs e lec t ro-  
lyte  used in the  Li/SO2 bat ter ies .  The changes in  the  

Table IV. The activation energy for momentum transfer in the 
SO~ electrolyte 

A. The effect of the LiBr  concentrat ion* 

L iBr  concen- Act iva t ion  energy,  
t rat ion,  w / o  ca l /mole  

0 2347 
0.09 2777 
1.35 2745 
2.68 3328 
5.10 4058 

B. The ef fect  of the SOs concentrat ion** 

SO2 concen-  Act iva t ion  energy,  
t ra t ion,  w / o  kca l /mole  

28 44.2 
61 7.0 
89 3.4 

* AN/PC/SO2 mass ratio: 1.95/1/10.6. 
** LiBr/AN/PC mass ratio: I/3.3/1.7. 

act ivat ion energy also reflect the  complicated in te rac-  
tions that  occur be tween  the dissolved species and the  
solvents in these solutions. 

Conclusions 
The capi l la ry  flow viscometer  was found to function 

sat isfactor i ly  for the  high vapor  pressure  SO2 organic 
solvent  e lec t ro ly te  over  the  t empe ra tu r e  and pressure  
range  explored  in these exper iments :  --60 ~ to 70~ and 
pressures  be low 15 atm. 

A high concentra t ion  of SO2 in the e lec t ro ly te  de-  
creased the solut ion viscosi ty marked ly ,  and the vis-  
cosity increased l inear ly  wi th  the  LiBr  concentrat ion 
at t empera tu res  be tween  --60 ~ and 7O~ This func-  
t ional  dependence  indica ted  the occurrence of s trong 
so lvent / so lu te  interact ions in the  SOs electrolyte .  

The effect of the  t empe ra tu r e  on the viscosity agreed  
reasonably  wel l  wi th  that  expected  f rom the free 
volume theory  of m o m e n t u m  transfer .  

Manuscr ip t  submi t t ed  Sept.  3, 1974; revised m a n u -  
script  received Apr i l  21, 1975. This was Paper  52 pre -  
sented at the Boston, Massachusetts,  Meet ing of the 
Society, Oct. 7-11, 1973. 

A n y  discussion of this paper  wi l l  appea r  in a Discus- 
sion Section to be publ i shed  in the  June 1976 JOURNAL. 
Al l  discussions for the June  1976 Discussion Section 
should be submi t ted  by  Feb.  1, 1976. 

Publication costs of this article were partially as- 
sisted by P. R. Mallory & Company, Incorporated. 
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Lead-Acid Batteries: 
Use of Carbon Fiber-Lead Wire Grids 

at the Positive Electrode 
J. L. Weininger* and C. R. Morelock 

General Electric Company, Research and Development Center, Schenectady, New York  ]230] 

ABSTRACT 

Conducting carbon fibers were introduced into the positive grid of the 
lead-acid battery in a structure which resembled a grid of pipecleaners. The 
carbon fibers are compatible with the environment of the positive electrode 
of the cell. In conjunction with Pb-Ca-Sn alloy wires or pure lead wires, the 
fibers prolong the cycle life of the battery, increase the high discharge rate 
capability, and can decrease the weight of the battery. Scanning electron 
microscopy showed the function of the carbon fibers to be an extension 
of the lead wire grid, thereby participating in the solution-precipitation mech- 
anism of the electrode reaction. For comparison, a grid with glass fibers was 
also studied. 

In  most  appl icat ions  of the  l ead -ac id  ba t te ry ,  the  
factors l imi t ing  pe r fo rmance  and l i fe t ime of the  ba t -  
t e ry  are  u t i l iza t ion  of the  act ive mater ia l ,  adhesion of 
this  ma te r i a l  to the  gr id  of the  posi t ive  plate,  and cor-  
rosion of the  gr id  s t ructure.  Fur the rmore ,  an improve -  
ment  in the  energy  dens i ty  of the  ba t t e ry  requi res  an  
increase in the u t i l iza t ion  of the  active ma te r i a l  and a 
decrease  in  the  weight  of s t ruc tu ra l  mater ia ls ,  espe-  
c ia l ly  of the  grid. 

The work  descr ibed here  deals  wi th  an a t t empt  to 
achieve these  ends wi th  a r ad ica l ly  different  posi t ive 
grid, as compared  wi th  the convent ional  cast or  ex-  
panded  lead  grids.  In  the  new structure,  ca rbon  fibers 
a re  combined wi th  l ead  wires.  The fibers in ter lock  wi th  
each o ther  and wi th  the  lead  grid. This combined gr id  
could st i l l  be pas ted  wi th  active ma te r i a l  and t rea ted  
in the convent ional  manne r  to produce  posi t ive plates  
by  curing, forming, and Cycling. The p u r p o s e  of the  
addi t ion of carbon fibers was to (a) s t rengthen  the lead  
grid, (b) improve  the adhesion of the  active ma te r i a l  
to the  grid, and  (c) reduce  the  res is t ive  pa th  f rom the 
meta l l ic  subs t ra te  to the  site of e lect rochemical  ac t iv-  
i ty  owing to the  conduct iv i ty  of the  carbon fibers, 
t he reby  improving  uti l izat ion.  

In  this  r epor t  an exper lmen t  to p rove  the  compat i -  
b i l i ty  Of carbon fibers wi th  the  l ead -ac id  ba t t e ry  en-  
v i ronment  is described,  as a re  the  design and p r e p a r a -  
t ion of the  gr id  and the  pe r fo rmance  of ceils in which 
the carbon f iber - lead  wi re  combinat ion  serves as the  
posi t ive grid. 

Use of Carbon Fiber at Positive Plate 
I t  is common pract ice  to improve  conduct ivi ty  of 

e lect rodes  in  galvanic  cells by  add i t ion  of Carbon 
blacks  or var ious  grades of graphite .  However ,  carbon 
fibers have not  ye t  been used in the  l ead -ac id  cell. The 
pyro lyzed  po lyacry lon i t r i l e  (PAN)  fibers used in  this  
work  have a conduct iv i ty  in the  range  0.86 X 10-3 to 
2.5 • 10-3 m h o / c m  which compares  to the  values  of 
2.2 X 10-5 m h o / c m  for meta l l ic  lead  and 1 • 10 -3 
and 4 • 10 -3 m h o / c m  for ~-PbO2 and ~-PbO2, r e -  
spect ive ly .  Fo r  this  application,  i t  was necessary to 
p rove  tha t  the  fibers can s tand up to the s t rongly  
oxidizing condit ions of the  posi t ive electrode.  To test  
the  s tab i l i ty  of carbon fibers in this environment ,  an  
expanded  gr id  of Pb-0.065% Ca- l .0% Sn al loy (St. Joe 
Minera ls  Corporat ion,  RDP-16)  was wound  wi th  car -  
bon fibers (Hercules,  Type  A) .  This e lec t rode  was 
placed in 1.28 sp gr  H2SO4 and  was main ta ined  po ten-  

* Electrochemical  Society Active Member .  
Key  words:  lead-acid bat tery;  positive grid, lead-ca lc ium alloy, 

carbon f ibers .  

1161 

t ios ta t ica l ly  a t  1.40V vs. a Hg/Hg2SO4 reference  e lec-  
trode. The test  las ted  the  equiva len t  of more  than  700 
cycles, if  i t  is assumed tha t  the  p la te  must  s tand this 
h igh vol tage for 20 rain in each cycle. Af t e r  234 IF, 
the  carbon fibers had  lost the i r  meta l l ic  g ray ish  surface 
sheen and some colloidal  carbon was suspended in the  
solution. There  was no measurab le  weight  loss which  
m a y  have  been compensated  b y  oxida t ion  of the  sur -  
face wi th  nascent  oxygen.  The t ex tu re  of the  surface 
observed in  the  scanning e lec t ron microscope (SEM) 
was not changed dur ing  the exper iment .  Instead,  almost  
all  fibers were  at  least  p a r t l y  s p l i t  pa ra l l e l  to the i r  
long axis (Fig. 1). This would  not in te r fe re  wi th  the i r  
funct ioning as an extension of the  posi t ive  l ead  grid.  
Fur the rmore ,  as wi l l  be  seen later ,  dur ing  the ac tual  
opera t ion  of the  l ead-ac id  cell, the  fibers became 
thorough ly  covered wi th  the  active e lect rode mate r i a l  
so that  the i r  exposure  to acid, adsorbed  oxygen,  and  
to oxidizing potent ia ls  was less severe  in  the ba t t e ry  
than  dur ing this compat ib i l i ty  test.  

Grid Preparation 
Figure  2 shows three  subs t ra tes  (gr ids)  for  elec-  

t rodes  of l ead -ac id  cells. On the r ight  is a l e ad -p l a t ed  

Fig. 1. SEM of carbon fiber after compatibility test 
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Table I. Dimensions and weights of grids and other cell 
components 

S u b s t r a t e  

Control Pb/G-1  
alloy Pb/C-2  Pb/C-3  g lass  

KDP-16 C fiber/ C f i b e r /  f i b e r /  
gr id  pat-  RDP-I6 RDP-16 RDP-16 
tern 500/1 wire  wire  w i r e  

Fig. 2. Grids. For positive electrodes: left, expanded RDP-16 
alloy; center, carbon fiber/Pb alloy wire combination. For nega- 
tive electrode: right, lead-coated copper screen. 

copper screen and on the left  an  expanded  RDP-16 
al loy gr id  which  were  used, respect ively ,  for negat ive  
and posi t ive electrodes.  In  the center  of the  figure is a 
combinat ion of lead  wires  and carbon fibers, f r amed  in 
RDP-16 alloy. The hor izonta l  s t rands  of the  gr id  are  
s t ructures  resembl ing  pipecleaners .  They consist of 
two twis ted  RDP-16 a l loy wires  which hold  the  carbon 
fibers in place. Dur ing the twis t ing  operation,  while  
the wires are  twisted,  the  carbon fibers are  caught  and  
al igned rad ia l ly  to the  pipecleaner .  Each 360 degree 
tu rn  of the wire  strand, about  two complete  twists, 
contains app rox ima te ly  1000 carbon fibers. Their  rad ia l  
or ienta t ion is ideal  for  gr ipping  the active ba t t e ry  
ma te r i a l  dur ing and  af ter  pas t ing and curing. F igure  
2 shows one of the  first p ipec leaner  grids. The ends of  
wire  s t rands  were  pressed  be tween  f rames of 0.018 in. 
RDP-16 sheets which were  we lded  on the outs ide of 
the frame.  

Experimental Results 
Four  cells were  assembled  with  ident ica l  components  

except  for the  posi t ive p la tes  to be  examined.  In  each 
cell the posi t ive e lect rode was p laced  in a Daramic  
(W. R. Grace  Company)  separa to r  bag and was sand-  
wiched be tween  two negat ive  electrodes of l a rge r  
combined capaci ty  than  that  of the  positive. The gr id  
of the  control  cell consisted of RDP-16 a l loy  wi th  a 
500/1 expanded  gr id  pat tern .  The cells P b / C - 2  and  
P b / C - 3  had  carbon f iber / l ead  wi re  grids;  tha t  of  
Pb /C-3  is shown in Fig. 2. Final ly ,  as a fu r the r  check 
on the u t i l i ty  of carbon fibers, the  four th  cell, Pb /G-1 ,  
had  a posi t ive gr id  in  which the  carbon fibers were  
replaced  by  glass fibers. 

The pla tes  were  pas ted  and cured  in  the  conven-  
t ional  manner .  Their  weights,  dimensions,  and  addi -  
t ions of H2SO4 and wa te r  dur ing pas t ing are  given in 
Table  I. The la rger  weight  of fiber s t ructures  was due 
to the excess weight  of the  l ead  f rame in which  the 
fiber gr id  was anchored.  

Fo rma t ion  of the plates  was also pe r fo rmed  in the 
cus tomary  manne r  at charge rates  of C/20 for  24 hr  in 
1.05 sp gr  acid, fo l lowed by  C/24 foz~ 20 hr  in 1.28 sp g r  
acid. Before each charging step the  p la tes  were  soaked 
in the  acid e lec t ro ly te  for  1-2 hr. 

The cells were  cycled at  constant  cur ren t  to cut-off  
vol tages of 2.70V on charge  and 1.75V on discharge. 
Wi th  these  condit ions the charge ra te  va r i ed  wi th  cycle 
life, but  except  for  the  first few cycles, dur ing which  
the capaci ty  decreased rapidly,  the  ra tes  were  ap-  
p rox ima te ly  C/2 for  the  control  and P b / C - 2  cells and  
C/4 for  F b / C - 3  and Pb /G-1 .  For  the  l a t t e r  pa i r  of 
cells the  ra te  was changed to C/6 af ter  40 cycles. 

E l e c t r o d e  a r e a  (cm s)* 37.0 25.2 35.4 35.4 
F i b e r  area  (crn~)* - -  18.2 21.8 21.8 
Fiber  d iam (/D - -  3-10 3-10 12-14 
Pb wire  diam (cm) - -  0.043 0.043 0.043 
Substrate ~ positive 9.7 17.5 25.5 24.2 

wt (g) ~negative** 9.0 
Active mix  f positive 12.25 

(g) ~ negat ive  m* 14.00 
H=O (g) [ positive 1.76 

L negat_ive 1.51 
H2SO4 (sp. gr. / positive 1.64 

1 �9 40) (g} ~ negat ive  1.39 
W e i g h t  o f  b o t h  e l e c -  

t r o d e s  (g)*** 47.1 53.7 61.7 60.4 
S e p a r a t o r  (g) 1.2 
H o u s i n g  a n d  l e a d s  (g) 16.0 
Electrolyte (g) 26.0 
T o t a l  cell weight  (g) 90.3 96.9 104.9 103.6 

* One s ide  o f  e l e c t r o d e  only. 
** Two electrodes, 
*** Approximately 8% weight loss during pasting and curing. 

The expe r imen ta l  resul ts  a re  p lo t t ed  in  Fig. 3-5. 
F igure  3 gives the  cell vol tage as a funct ion of t ime  for  
the first two cycles for  al l  four  cells. F igu re  4 shows 
the var ia t ion  of discharge capaci ty  up to cycle 25 and 
Fig. 5 extends this to the  end of cycle life. 

There  is a large  decrease in discharge capaci ty  be-  
tween  the first and second cycle (Table  II, Fig. 3). A l -  
though this has also been  observed to a lesser  ex ten t  
wi th  negat ive  electrodes (1), i t  is much more  p r o -  
nounced wi th  the posi t ive electrodes.  Af te r  the  first 
discharge there  was l i t t le  difference be tween  the  plates  
containing carbon fibers or glass fibers unt i l  a f te r  
cycle 25 (Fig. 3a and 4), but  there  was a large  differ-  
ence be tween  these plates  and the  control  e lect rode 
even in the  second cycle, pa r t i cu l a r ly  at h igh dis-  
charge rates  (Fig. 3b and 4). 

A b road  band of s lowly decreasing values  in Fig. 4 
indicates  smal l  differences be tween  ind iv idua l  fiber 
electrodes which can be a t t r ibu ted  to the au tomat ic  
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cycling equipment. However, the control cell, based 
on the expanded RDP-16 alloy grid, deteriorated 
rapidly and failed after about 10 cycles. This control 
cell and cell Pb/C-2 were cycled at the high rate of 
C/2. The other cells were cycled at C/4, and then at 
C/6, the change having been made to explore the possi- 
bi l i ty of prolonging cell life of Pb/C-B and P b / G - I  by 
decreasing the rate of charge and disci~arge (Fig. 5). 
This was the case for the electrode containing the car- 
bon fibers, which showed superior charge acceptance 
over that with glass fibers after about cycle 30-35. This 
became more pronounced with increased cycle life. 
Pb/C-3 lasted 90 cycles and Pb/G-1 about 50 cycles 

Table II. Performance of positive grids 

Control  P b l C - 2  P b l C - 3  P b / G - Z  

12.25 A c t i v e  p o s i t i v e  m a t e r i a l  (g) 
E q u i v a l e n t  capac i ty  (A-hr )  
D i s c h a r g e  1 

C u r r e n t  (A) 
Capac i t y  (A-hr)  1.48 1.48 
D u r a t i o n  (hr) 5.92 5.92 
R a t e  C16 C16 
U t i l i z a t i o n  ( % )  4 9 . 0  4 9 . 0  
E n e r g y  d e n s i t y  ( W - h r / i b )  15.3 13=6 

Discha rge  2 
C u r r e n t  (A) 0.40 0.40 
Capac i t y  (A-hr )  I . I 0  1.32 
D u r a t i o n  (hr) 2.75 3.30 
Ra te  C /3  C /3  
U t i l i z a t i o n  (%) 37.0 44.0 
E n e r g y  d e n s i t y  ( W - h r / l b )  11.4 12.1 

3.0  

0 ,25  
1 .89  1 .76  
7 .57  6 . 9 7  
C / 8  C / 7  

6 3 . 0  58 .0  
1 5 . 9  15 .1  

0 . 2 5  0 . 2 5  
1 . 3 9  1 .38  
5 .61  5 . 5 5  
C / 6  C / 6  

47.0 46.0 
11 .8  19 .3  

before falling below the arbi t rary  l imit  of 0.50 A-hr  
capacity. 

The serviceable life of the carbon-fiber cell Pb/C-3 
is i l lustrated in Fig. 6 by the potential measurements 
of the individual electrodes against a Hg/Hg2SO4 ref-  
erence electrode during the charge portion of cycle 81. 
Gas evolution occurred at approximately the same 
stages for both electrodes. It started at about 4 hr, 
became pronounced after 5 hr and predominant for 
the last 20-30 rain of the 6-hr charge. The correspond- 
ing potential- t ime curves for discharge were more 
linear, with smaller t ime dependence, almost to the 
end of discharge, at which time the potential decayed 
rapidly. 

An inset in Fig. 6 shows the typical coup de fouet or 
Spannungsberg which has been observed at the be-  
ginning of charging a previously completely dis- 
charged positive electrode (2). This phenomenon has 
been attr ibuted to resistance polarization. In cell Pb /  
C-3 the potential maximum of the coup de fouet varied 
with charge current as follows: 1368, 1310, and 1264 
mV, respectively, for currents of 150, 100, and 75 mA. 
The approximately linear relation of these values 
would be characteristic of an insulating PbSO4 film 
on the positive electrode with resistance of the order 
of 1 ohm. 

Examination of cell components at the end of cycle 
life showed few changes in the negative electrodes 
which were still functioning normally. The carbon- 
fiber electrodes had retained much of the active posi- 
tive material, but in the case of the expanded grid, 
adhesion was so poor that the cell could not be taken 
apart without losing from the grid whatever material  
still adhered to it. This is shown in Fig. 7. 

Scanning Electron Microscopy (SEM) 
The ~appearance of the positive plates after use (Fig. 

7) indicated that adhesion of the active material  was 
improved by the use of carbon fiber-lead wire grids. 
SEIVI further helped to elucidate the role of the carbon 
fibers in the positive plate. It showed that  the active 
material  was distributed uniformly between individual 
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Fig. 6. Electrode potentials vs. Hg/Hg2SO4 reference electrode, 
cell Pb/C-3, cycle 81. 
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Fig. 7. Grids of Fig. 2 after use in the control cell (left), in 
cell Pb/C-2 (center), and as negative counterelectrode (right). 

carbon fibers and tha t  the fibers acted as nuclea t ion  
sites for g rowth  of the  active mater ia l .  For  example ,  
Fig. 8 shows a s ingle carbon fiber which  is heav i ly  en-  
crusted wi th  PbSO4 crystals .  This  ba rnac led  appea r -  
ance was typical  of the  deposits on the  fibers. A s imi-  
la r  deposit  and  g rowth  were  found at  a bund le  o f  fibers 
t aken  f rom the posi t ive pla te  of cell P b / C - 3  (Fig. 9), 
Ind iv idua l  PbSO.i crystals,  the i r  aggregates,  and  nu -  
cleation sites at the  carbon fibers can be seen. 

The mate r ia l s  in Fig, 8 and 9 were  t aken  at  the  end 
of the useful  l ife of cell P b / C - 3  so tha t  t hey  m a y  have  
been ve ry  nea r ly  inactive.  However ,  a comple te ly  
pass ivated  PbSO4 deposit  is shown in Fig. 10 where  
the large  crys ta l  size rules out any  effective electrode 
reactions. Conversely,  where  the  deposi t  is st i l l  active, 
different  smal le r  c r y s t a l  s t ructures,  typ ica l  of PbO2 
were  found (see Fig. 15 be low) .  

The insula t ing glass fibers in cell P b / G - 1  were  use -  
ful to the ex ten t  that  they  added s t ruc tura l  suppor t  
to the active mater ia l .  But unl ike  the  carbon fibers, 
they  did not  provide  a subs t ra te  for crys ta l  growth.  
This is shown in Fig. 11, which  is a view of many  
isolated, but  closely spaced, glass fibers. That  they  are  
not covered wi th  active ma te r i a l  is c lear ly  shown in 

Fig. 9~ Bundle of carbon fibers, each 3~ thick, with positive 
active material, at end of cycle life of cell Pb/C~3. Note growth 
characteristics of solution-precipitation mechanism. 

Fig. 8. Carbon fiber with deposit of positive active material 

Fig. 10. Passivating PbS04 crystals between carbon fibers of 
electrode Pb/C-2 at end of cycle life. 

the  en la rgement  of one of the  centra l  glass fibers of 
Fig. 11 in Fig. 12. 

Ano the r  in teres t ing  SEM observation,  not  d i rec t ly  
re la ted  to the use of carbon fibers, is tha t  of the  
pass iva ted  l aye r  on the P b / C a / S n  a l loy wire  of the  
f iber -wire  grid. F igure  13 is the  cross sect ion of the  
wire, o r ig ina l ly  0.043 cm in diameter ,  at the  end of ex -  
pe r imen t  Pb/C-3 .  Two layers  of act ive ma te r i a l  ad -  
jacent  to the  wire  are  noted. They have  different  color 
and texture .  The inner,  l igh te r  l aye r  is made  up of 
large PbSO4 crystals.  I t  is be l ieved to be the  corrosion 
l aye r  which has the  pass iva t ing  effect on cell opera-  
tion. F igure  14 is the en la rgement  of the centra l  po r -  
t ion of the SEM of Fig. 13. The PbSO4 crys ta ls  are 
densely packed, bu t  considerable  poros i ty  is ma in -  
tained, even in the corrosion layer .  The darker ,  finer 
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Fig. 11. Isolated but closely spaced glass fibers in electrode 
Pb/G-1 at end of cycle life. 

Fig. 13. Cross section of Pb-Ca-Sn alloy wire from C fiber/Pb 
wire grid at end of Pb/C~3 cycle life. There are two layers of 
deposits on the wire. 

Fig. 12. Same electrode area as in Fig. 11, at larger magnifica, 
tion. There is little contact with glass fibers and no deposit of the 
active material on the glass fiber. 

textured active mater ial  of the positive plate, located to 
the right of the central  portion of Fig. !3, is shown in  
the enlargement  of Fig. 15. The porosity and crystall i te 
sizes in Fig. 15 are typical  of active PbO2 material .  

Discussion 
Use of alloyed lead and carbon fibers.--In the present  

work the ma in  objectives of improving the cycle life 
of positive plates and of the uti l ization of the posi- 
t ive active mater ia l  were combined with the search for 
a suitable Sb-free grid structure.  The new grid struc-  
ture  makes use of conducting carbon fibers as an ex-  
tension of a P b - C a - S n  alloy wire  grid. This combina-  
tion, resembling a grid of pipecleaners, results in  
greater  strength, bet ter  adhesion of the active ma-  
terial, and longer cycle life of the positive electrode. 

Fig. 14. Enlargement of the central portion of Fig. 13, showing 
PbS04 crystals which constitute the dense lighter layer adjacent 
to the Pb alloy wire. 

Two impor tant  aspects of the contr ibut ion of the 
carbon fibers are: (a) their  relat ively ordered, radial  
arrangement,  with respect to the Pb or Pb alloy wire 
grid, and (b) their  electrical conductivity. The former 
leads to an int imate combinat ion of carbon fibers and 
active mater ia l  on a microscopic scale providing nu -  
cleation sites for growth of the active material.  This 
is made possible by the conductivity of the carbon 
fibers which allows the fibers to act as extension of the 
grid (see below).  

Performance of test cells.--Figures 4 and 5 show the 
longer l ifetime of the carbon-fiber cells Pb /C-2  and  
Pb /C-3  than  those of the control cell and the glass- 
fiber cell Pb/G-1.  The control cell had a positive sub- 
strate of expanded P b - C a - S n  a l loy  with an expansion 
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Fig. 15. Enlargement of a portion of Fig. 13 which contained 
the more porous, darker layer. The active material of the positive 
electrode. 

pa t t e rn  tha t  resembled  s l ight ly  tha t  of the conven- 
t ional  cast gr id (Fig. 1). But the lack  of adhesion of 
the active ma te r i a l  (see Fig. 7) was the  decisive factor  
in the  poor  per formance  of the  control  cell, par t icu-  
l a r ly  wi th  the  r igorous  cycle regime of 100% depth  of 
discharge. The glass-f iber  cell kep t  pace wi th  the  car-  
bon-f iber  cell for app rox ima te ly  the  first 25 cycles 
(Fig. 3 and 4), showing a s imi lar  s t ruc tura l  improve -  
ment  of the posi t ive electrode,  due to the  incorpora-  
t ion of fibers. In  the  la te r  stages of cycle life, when 
previous ly  active sites were  passivated,  the advantages  
of the  carbon-f iber  gr id  became more  pronounced 
(Fig. 5). They can be re la ted  to the mechanism of the  
e lectrode reactions, discussed below. 

The be t te r  cycle life of cells, containing posi t ive 
electrodes wi th  carbon fibers, is ev ident  f rom the da ta  
represen ted  in Fig. 5. This p re l imina ry  finding holds 
out hope that  the life of a specia l ty  "main tenance- f ree"  
ba t t e ry  wi th  P b - C a - S n  gr id  wires  can be brought  up 
to the level  of h e a v y - d u t y  bat ter ies ,  employing  ant i -  
monial  lead  grids. 

Electrode design.--The grid  design incorpora t ing  
fiber electrodes was in tended  to prove the feas ibi l i ty  of 
the carbon-f iber  gr id  s tructure.  I t  did not const i tute  a 
design for  best  performance,  uti l ization,  or  energy 
density.  There  was excessive weight  in construct ion of 
the lead al loy f rame and of the cell  as a whole. F u r -  
thermore,  another  observat ion indica ted  that  the life 
of cells containing carbon fibers was not  l imi ted  by  
the usual  factors contr ibut ing  to de ter iora t ion  of the  
posit ive plate,  such as lack of uti l ization, passivation,  
or shedding of active mater ia l .  Instead, an ext raneous  
in t roduct ion  of a resist ive contact, produced by  cor-  
rosion of the a l loy at points  of contact  be tween  the 
ends of tile ca rbon- lead  pipecleaners  and the lead al loy 
frame, may  have been responsible  for lower  capaci ty  
in the la te r  cycles of Pb/C-3 .  The contacts were  made 
by  press ing and co ld -weld ing  the ends of the  p ipe -  
c leaner  s t rand  be tween  two f rames of Pb  al loy and 
mel t ing  the outside edges of the frames. Optical  mi -  
croscopy showed that  this connection was not l eak-  
proof. The acid e lec t ro ly te  seeped into the cracks be-  
tween the two f rames and corroded the contact points. 
I t  is, therefore,  quite p laus ib le  tha t  wi th  a be t t e r  design 
of the gr id  frame, for example,  by  anchoring the ends 
of the carbon f iber / l ead  wire  s t rands in a sui table  
mater ia l ,  be t te r  results  wil l  be obta ined  with  an ad-  
vanced electrode design. 

Utilization o] positive material.--The decrease in 
the u t i l iza t ion  of the  posi t ive ma te r i a l  f rom 50-60%, 
encountered  in the  first cycle, to app rox ima te ly  40- 
47% in the second cycle (see Table  I I )  is d i sappoin t -  
ing. I t  m a y  be t en ta t ive ly  ascr ibed  to the pass ivat ion of 
the P b - C a - S n  a l loy  which over  the  life of the  cell is 
pronounced.  I t  is i l lus t ra ted  in the SEM's of Fig. 13 to 
15. 

Some methods  of carbon-f iber  gr id  construct ion do 
not depend  on the mechanical  s t rength  of the  l ead  
alloy. I t  is then possible  to use pu re  lead  wire  for the  
carbon-f iber  grid. This m a y  be an advantage  e lect ro-  
chemical ly  and economically,  but  the  same sulfat ion 
p rob lem and, hopeful ly,  the  same- remedies  tha t  apply  
to the  P b - C a - S n  a l loy wil l  also apply  to pu re  lead. 

High rate discharge.--Electrodes containing carbon 
fibers wil l  have a be t te r  capabi l i ty  to del iver  power  
at  h igh rates. This conclusion is again based on the 
concept of ex tending  the gr id  by  means  of the  carbon 
fibers into the active mater ia l .  The effect of sulfat ion 
wil l  be a l lev ia ted  insofar  as the  carbon fibers act as an  
active electrode surface. Also, more  ut i l iza t ion and 
capaci ty  at  h igher  cur ren t  d ra in  m a y  be obtained 
than  wi th  convent ional  grids. This is shown to some 
extent  by  the  d iscrepancy of the per formance  of cells 
Pb /C-2  and of the  control  cell, be tween  the first cycle 
at C/6 discharge rate  (small  difference) and the sec- 
ond cycle at  C/3 (considerable  advan tage  to the  cell 
containing the carbon f iber) .  

Scanning electron microscopy.~S,EM studies of ac-  
t ive const i tuents  of the l ead -ac id  cell were  first de-  
scr ibed by  Hughel  and H a m m a r  (3) who showed many  
in teres t ing  SEM's of posi t ive and negat ive  mater ia l s  in 
var ious  stages of charge. Since tha t  publication,  SEM 
has become a power fu l  and popula r  tool in ba t t e ry  re -  
search. I t  has recen t ly  been described for the  negat ive  
electrode of the  l ead-ac id  cell (1). In  the present  work,  
the  function of the carbon fibers as conducting sub-  
s t rates  in posi t ive plates  was also e lucidated  by  SEM. 
This is discussed in connection wi th  the  so lu t ion-pre -  
c ipi ta t ion mechanism of the  e lect rode reactions. 

Solution,precipitation mechanism.--Evidence for  
this mechanism is der ived  f rom SEM's. F igure  9 shows 
the crysta l  g rowth  and nucleat ion sites on carbon fi- 
bers, whereas  in the comparable  construct ion wi th  
glass fibers (Fig. 11) no such crys ta l  g rowth  occurred. 
The react ion in quest ion may  take  place even before 
cycling, dur ing the format ion  of the  posi t ive active 
mate r ia l  which is discussed in detai l  by  Pavlov  and 
co-workers  (4). 

Dur ing formation,  Pb  (II)  ions have a l imi ted  solu-  
b i l i ty  in equi l ib r ium with  t r ibasic  l ead  sulfate 

3PbO �9 PbSO4 �9 H20 -}- 2H20 

-~4Pb  2+ ~ S O 4  = + 6 O H -  

This may  be fol lowed by  (a) direct  p rec ip i ta t ion  of the 
sulfate 

Pb 2+ -t- SO4 = ~- PbSO4 

or (b) by  oxidat ion and subsequent  prec ip i ta t ion  of 
a or ~ PbO2, depending on the ac idi ty  at  the  site of 
PbO2 precip i ta t ion  

Pb 2+ --  Pb  4+ -t- 2 e -  

Pb 4+ -b 2H20 ---- PbO2 -~ 4H + 

The existence of this so lu t ion-prec ip i ta t ion  mecha-  
nism is pa r t i cu la r ly  impor tan t  for the proper  d is t r i -  
but ion of active ma te r i a l  in the carbon-f iber  grid. 
There  are  app rox ima te ly  1000 s t rands  to a single tow 
of the carbon fibers, each of which has a ve ry  smal l  
diameter .  Consequently,  dur ing  pasting, the  carbon 
fibers cannot be expected to be ind iv idua l ly  coated. 
Only la te r  dur ing fo rmat ion  and cycling can it be ex -  
pected tha t  the carbon fibers wi l l  be un i fo rmly  covered 
wi th  the active mater ia l .  
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Conclusions 
A new positive grid s tructure has been developed 

which, by means of carbon fibers, extends the active 
lead wire grid into microscopic contact areas with 
the active material.  The resul t ing performance of 
lead-acid cells with these grids shows longer cycle 
life and better  capabil i ty at higher discharge rates 
than  control cells made with expanded P b - C a - S n  alloy 
or cells in which the carbon fiber is replaced by glass 
fibers. 
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ABSTRACT 

The anodic behavior  of silver was investigated under  controlled diffusion 
conditions in  alkaline solutions. Exper iments  were carried out under  l inear  
flow control and also using a rotat ing disk electrode. The electrical and optical 
properties of the silver oxide films were measured. On the basis of these re-  
sults, we point  out the difficulties involved with surface roughness in in ter-  
pret ing diffusion layer kinetics. Finally,  we suggest a mechanism for Ag20 
film formation under  stirred conditions, involving dissolution of silver fol- 
lowed by precipitation, the ra te-control l ing step for which is nucleat ion of 
steps on the oxide surface. 

Interest  in the anodic behavior  of silver in  alka-  
l ine solutions (1-3) has been s t imulated in  recent 
years by the widening using of s i lver /s i lver  oxide 
electrodes in storage batteries. The plateaus on the po- 
ten t ia l - t ime  charging curves obtained at constant  cur-  
rent  have been associated (4) with the formation of 
Ag20, AgO, and other higher oxides. The first anodic 
product  is Ag20 which may be grown to several 
thousand angstroms in  thickness (5). Its growth is 
te rminated  rather  abrupt ly  with the rapid increase of 
electrode potential  to be followed by the formation of 
AgO and possibly higher oxides, before oxygen is 
eventual ly  evolved. The physical and chemical prop- 
erties of these silver oxides have been reviewed in 
detail by Allen (6) and MacMillan (7). 

This paper is concerned pr imar i ly  with the invest i-  
gation of the ini t ial  electrode process, namely  the 
formation of Ag20. A mechanism for the formation of 
this oxide would in general  consist of a series of ele- 
men ta ry  steps involving solid-state point  defects as 
well  as species in solution and on the electrode sur-  
face, and would include reactions both wi thin  the film 
and at the interfaces. It was found that  the kinetic 
behavior of silver electrodes was profoundly in-  
fluenced by surface conditions (5) and it would thus 
seem that fur ther  studies should be carried out on 
smooth well-defined surfaces. The earlier work of the 
galvanostatic invest igat ion (5) of both etched and 
electropolished silver electrodes in aqueous Ag20 
saturated NaOH solutions, included an examinat ion of 
the effect of s t i rr ing of the electrolyte. The results 
were explained by postulating that at least two dif- 

* Electrochemical  Society Act ive  Member .  
K e y  words :  s i lver  oxide, ro ta t ing  disk electrode, nucleat ion mech -  

anism,  electr ical  properties. 

ferent mechanisms were involved in  the Ag20 film 
formation: one a dissolut ion-precipi tat ion process and 
the other a direct interfacial reaction. Evidence for 
this hypothesis came from observations such as: (a) 
the apparent  existence of two different overpotentials 
about 40 mV apart for oxidation, (b) the marked de- 
pendency of current  efficiency on stirring, par t icular ly  
at low current  densities, and (c) the very different 
appearance of films formed under  st irred and unst i r red  
conditions, the former having a t ransparent  glassy ap- 
pearance, the lat ter  a dull  opaque one. In  this work an 
at tempt is made to examine fur ther  this hypothesis 
through the use of both a flow system and a rotat ing 
disk electrode. In addition, the electrical and optical 
properties of the films formed are determined, both to 
provide additional informat ion on which to base kinetic 
arguments  and also for reasons of intr insic interest. 

Experimental Details 
The experimental  procedure used involved a flow 

system, with adjustable  flow rates, designed t.o circulate 
the electrolyte solution past the electrode surface at 
very high speeds. A schematic of the system is shown 
in Fig. 1. The system was constructed ent i rely of plastic 
materials (Teflon, polypropylene, and high density 
polyethylene) since the experiments  involved the use 
of concentrated alkaline solutions. A Teflon l ined pump 
P circulated the solution from a storage reservoir S 
through the cell C and a flow meter  F. The flow meter  
was calibrated by measur ing the t ime needed to pump 
a given volume of the solution through the system for 
a given manometer  deflection. The flow rate was var i -  
able over a range of 25 to 100 mI sec -1. 

The storage reservoir S was placed in an outer t ank  
containing water  thermostated at 27~ Through the 
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Fig. 1. Schematic of the flow system: C, polyp~ropylene cell; R, 
reference electrode chamber; P, pump; F, flow meter; and S, 
storage tank. 

top of the tank were sealed two tubes, for ni t rogen 
inlet  (a porous polyethylene gas dispenser) and an 
outlet such as to provide isolation from the a tmo- 
sphere. Two auxi l iary electrodes were also instal led in 
the tank, one of p la t inum gauze and the other of silver 
foil, used for the preelectrolysis of the solution. A 
Hg/HgO microelectrode prepared on a piece of plat i-  
n u m  foil (3) was used as the reference electrode. The 
ni t rogen used in  the system was purified by passage 
through vanadous chloride solution and amalgamated 
zinc (8) followed by a bubbler  containing 0.TN NaOH 
solution. 

The electrochemical cell was designed to place the 
test electrode in the center of a rectangular  flow chan-  
nel with counterelectrodes at each side as shown in  
Fig. 2(a) .  The pieces are f rom top to bottom: poly- 
propylene tubing  (main flow line) joined by a sleeve 
to a tapered end piece, electrode locater, center piece 
locater, and finally a tapered end piece joined by 
sleeve to the tubing. The center piece p lan  is shown in 
Fig. 2(b) .  The counterelectrodes N consisted of silver 
plates covered with anodically formed Ag20. Electrical 
contacts were made by sharpened silver wires which 
were forced against the back of the electrodes and 
sealed into the cell walls using first molten poly-  
propylene and then reinforcing with epoxy cement. 
The electrical contact to the test electrode was made by 
a sharpened silver wire, this t ime sealed into the t ight 
fitting polypropylene plug H. The electrode locaters 
[Fig. 2(c)]  were small annu la r  disks with three 
grooves to accommodate the ends of the electrodes and 
served to keep the test electrode at the center of the 
channel  ,and parallel  to the counterelectrodes. The 
center hole of each locater had a diameter just  small  
enough to support  the test electrode and prevent  it 
from being swept downstream dur ing the operation of 
the system. With the present  cell, flow velocities rang-  
ing from 100 to 400 cm sec -1 could be produced. 

The electrolyte was prepared from analytical  grade 
NaOH and was found to contain 0.8% by weight of 
carbonate. The electrolyte was saturated with Ag20 
either by adding the powdered oxide into the electro- 
lyte solution or by the anodic oxidation of the silver 

(c) l" ~ j .L.  

T•N 
(b) 

I 

(a) 

r - n  

H 
\ j 

Fig. 2. Details of polypropylene cell. (a) Cross sectional view of 
the cell. (b) Central part of the cell: T, test electrode; N, 
counter electrode; and H, plug with lead for test electrode. 
(c) Electrode locater, L. 

auxi l iary electrode and subsequent  agitat ion of the 
solution with the use of a mechanical  shaker. Oxygen 
was removed from the solution by bubbl ing  prepur i -  
fled ni t rogen for several hours. The test electrode was 
punched from 0.13 cm bright rolled silver sheet 
(99.95% pure) in  the form of paddles with a blade 
approximately 2.54 X 0.63 cm and with a handle  of 
0.18 cm. Following a p re l iminary  anneal ing in flowing 
hydrogen at 500~ for 1 hr, the electrodes were elec- 
tropolished in a cyanide bath  (10). They were rinsed 
in  runn ing  distilled water  and subjected to a fur ther  
anneal ing in hydrogen at 500 ~ C for 1 hr. The geometri-  
cal area of the electrode was 4.4 cm 2. 

The rotat ing disk electrode (Pine Ins t rument  Com- 
pany) experiment  was carried out employing a de- 
mountable  electrode assembly (9) as shown in Fig. 3. 
Silver electrodes (99.95% pure)  1 cm in diameter and 
0.6 cm thick were imbedded in  a thermoplastic. These 
were metal lographical ly polished to 0.25~ and then 
subsequent ly  electropolished (10) to remove the 
worked layer. The rotational speed was varied from 
0-10,000 rpm. Electrolyte preparat ion and other pro- 
cedures were similar to that  used in the flow system. 

For s tudying the effect of roughness on the diffusion 
layer kinetics, silver electrodes for use in the rotat ing 
disk assembly were prepared in two different ways. In  
the first, electrodes mounted  in  the rotat ing head were 
metal lographical ly polished and subsequent ly  electro- 
polished, then a silver film was deposited on the top of 
the polished surface by vacuum evaporation. In  the 
second method, circular optical flats made of Pyrex  
were seated into the face of the rotating disk electrode 
assembly and silver film was deposited on the exposed 
face of the  optical flat by vacuum evaporation. Electri-  
cal contact with the film was made by means of a fine 
silver wire protruding through a small  hole (10~ diam- 
eter) in the center of the optical flat. The electronic 
equipment  consisted of a s tandard galvanosta t /poten-  
tiostat combinat ion buil t  with a set of operational 
amplifiers. 
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Fig. 3. Rotating disk electrode with demountable head suitable 
for electrical and optical measurements. 

'The optical studies consisted of direct reflection 
spectroscopy in  the inf rared region to observe lattice 
vibrat ional  modes and ell ipsometry in  the visible 
spectral region to determine the thickness and optical 
constants of the si lver oxide films. A Pe rk in -E lmer  
350 spectrophotometer (0.35-217~) and a Beckman 
IR-11 spectrophotometer (12-150~) were used to obtain 
the specular reflectance spectrum of the silver oxide 
films. Also, for the sake of comparison, t ransmission 
spectra of Ag20 powder were recorded. The ell ip- 
sometric measurements  were carried out, using a 
method involving light in tensi ty  measurements  (11), 
over the wavelength region 4000-7000A. 

In  addition, electrical measurements  were carried 
out on the oxide films. These were done by subject ing 
the system Ag/anodic  oxide/A1 to measurements  of 
direct current  vs. voltage, and capacitance (10 s Hz) vs. 
d-c polarizing voltage. For this purpose a un i form 
square grid of superpur i ty  a luminum spots of 0.04 cm 
was evaporated on to the silver oxide surface to pro- 
vide electrical contacts. The type of charge carrier  
was identified at room temperature  by means of 
thermoelectric measurements.  The sign of the thermo-  
electric power for the oxide film was determined by 
observing the sign of the potential  developed between 
a heated probe against that  of a room tempera ture  
probe on adjacent  a l u m i n u m  spots. 

Results 
Elec t rochemica l  s t u d i e s . - - I n  the absence of stirring, 

a freshly installed silver electrode was found to as- 
sume an ini t ia l  open-circui t  potential  of about 0.20V vs. 
Hg/HgO reference electrode and then  slowly increased 
toward the reversible Ag/Ag20 potential  of 0.244V. 
This was however speeded up under  s t i rr ing conditions 
and remained stable at that  value. Figure 4 shows a 
typical oxidat ion-reduct ion curve of potential  vs. t ime 
at 27~ for silver in  Ag20 saturated alkal ine solution. 
The general  shape of the anodic curve was found to be 
unaffected by  stirring. The cathodic curves were al- 
ways recorded in  the absence of stirring, since other- 
wise reducible species such as silver in solution and 
residual oxygen would be t ransported to the electrode, 
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TIME ~" 1 
Fig. 4. Oxidation and reduction curves for Ag20 film formation 

under a flow rate of 350 cm sec - 1  at 27~ oxidation: i = 0.33 
mA cm -2 ,  time = 7.6 rain reduction: i = 0.39 mA cm - 2 ,  time - -  
4.3 min. 

making meaningful  reduct ion measurements  impos- 
sible. The cathodic curve normal ly  consisted of only 
one plateau and always exhibited a distinct abrupt  
drop toward hydrogen evolution, which was taken to 
signify the end of Ag20 film reduction. It was, how- 
ever, found that  it is essential to saturate  the electro- 
lyte with Ag20, otherwise the electrochemically 
formed oxide film tended to dissolve in the electrolyte. 
Examinat ion  of the Ag20 film formed under  rapid 
st i rr ing conditions showed it to have a smooth shiny 
finish, compared to those formed under  unst i r red con- 
ditions, which were dull  b rown in  color. 

The plot of current  efficiency (defined as the ratio 
of the reduct ion charge to the oxidation charge) vs. 
total current  density is shown in  Fig. 5. At median 
current  densities, the measured current  efficiencies 
were less than  100%, and  independent  of whether  the 
electrode was reduced immediate ly  following oxida- 
t ion or whether  a period of open-circui t  s t i rr ing was 
allowed before reduction. The experimental  points in  
Fig. 5 are represented fair ly well  by two intersecting 
straight lines. A more or less similar behavior  was ob- 
served with the rotat ing electrode system. The in ter -  
section of the two lines falls near  0.25 mA cm -2, the 
current  density noted by  Dignam et al. (5) to be 
unique. Below this current  density, the current  effi- 
ciency falls off precipitously and would appear to 
reach a value of zero at about 0.06 m A c m  -2. 

Mean film thicknesses were calculated from the 
number  of coulombs needed to reduce the films, as- 
suming uni t  roughness factor and using bu lk  density 
(6) values for the Ag20. The l imit ing film thickness 
as calculated was found to be a decreasing function 
of current  density, as shown in Fig. 6. The reduction 
charge (proportional to the film thickness) and cur-  
rent  efficiency for silver oxide films at vary ing  current  
densities and different flow rates are shown in Table I. 
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Fig. 5. Current efficiency for Ag20 formation as a function of 
current density under a flow rate of 350 cm sec - 1  and at 27~ 
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Fig. 6. Limiting film thickness as a function of current density 
under a flow rate of 350 cm sec - 1  and at 27~ 

Examinat ion  of the amount  of charge required for 
reduction shows clearly that  the l imit ing film thick- 
ness is independent  of flow rate over the entire range 
investigated in our  experiments.  Thus Ag20 film for- 
mat ion  ceases when  a certain thickness has been 
reached, independent  of the contr ibut ion of the dis- 
solution process. As regards current  efficiency data for 
uns t i r red  conditions, the efficiency is very high at all 
current  densities, but  has dropped significantly by the 
t ime a flow of 150 cm sec -1 is reached. Thus it would 
appear that  at least for the range of flow rates ac- 
cessible here, the current  efficiency is independent  of 
flow rate except at very low flow rates. 

The dependence of current  efficiency on the per cent 
complete formation of Ag20 film is given in Table II. 
These results indicate that the efficiency is independent  
of film thickness. The l inear  segments of the anodic 
potential  vs. t ime curves were extrapolated to zero 
time. The resul t ing potential  intercept, ~o, is seen to be 
approximately constant  at about 60 mV (Table III) 
except at very low current  densities where it drops 
rapidly with decreasing current .  

Table I. Current efficiency and reduction charge for completed 
films as functions of flow rate at various current densities 

O x i d a t i o n  R e d u c t i o n  C u r r e n t  
F l o w  charge,  charge ,  effi- 
rate, mcou- mcou- eiency,  

c m / s e c  l o m b / c m  2 l o m b / e m  2 % 

i = 0.905 m A / c m  z 0 67.3 65.1 96.7 
150 78.7 69.7 88.6 
275 80.9 72.0 89.1 
350 75.4 65.1 86.2 

i = 0.387 mA/em ~ 150 135.0 92.9 69.1 
350 97.6 71.1 

i = 0.328 m A / c m  2 0 111.0 105.0 94.4 
275 140,0 100.0 71.8 
850 147.0 i00.0 68.5 

i -~ 0.225 m A / c m  ~ O 133.0 124.0 93.0 
150 227.0 119.0 52.2 
275 266.0 132.0 49.8 
350 246.0 123.0 50.0 

Table II. Current efficiency as a function of extent of completion 
of film 

O x i d a t i o n  R e d u c t i o n  C u r r e n t  
charge ,  charge ,  e f t -  % Com-  
m c o u -  m c o u -  c iency,  p l e t i o n  

l o m b / c m  ~ l o m b / c m  ~ % of f i lm 

i = 0.387 mA/crnS 

i = 0.225 m A / c m ~  

137.0 97~6 71.1 100 
81.3 59.3 72.9 61 
35.1 25.6 72.8 26 
13.9 9.8 70.0 10 

246.0 123.0 50.0 100 
129.0 59.0 45.9 48 
67.6 31.4 46,4 25 
25.7 11.9 46.1 10 

Table III. Overpotential intercept Oo and partial current densities 
it, is as functions of applied current density i 

i. m A / e m  = '~o, m V  if ,  m A / c m ~  ";.,, m A / c m  = 

0.905 53.5 0.780 0.125 
0.905 64.3 0.802 0.103 

0.905 62.3 0.806 0.099 
0.509 52.1 0.380 0.129 

0.387 60.9 0.275 0.112 
0.38"/ 69.1 0.267 0.120 

0.328 67.0 0.236 0.092 
0.328 73.1 0.225 0.103 

0.313 73.8 0.206 0.107 
0.264 65.7 0.166 0.098 

0.225 57.6 0.113 0.112 
0.225 61.6 0.117 0.108 
0.225 63.6 0.112 0.113 
0.225 74.5 0,105 0.120 

0.209 49.4 0.086 0.123 
0.166 74.5 0.044 0.122 
0.123 21.0 0.031 0.092 
0.077 17.0 0.008 0.069 

The current  efficiency for film formation may be 
wr i t ten  as 

C.E. -- if/(if + is) ---- if/i [1] 

where if is the current  density associated with film 
formation and is that  for metal  dissolution. Their  sum 
i is the total current  density. The film current  density 
if can be calculated as the product of total current  
density and current  efficiency, the values of is being 
subsequent ly  found by subtraction. The results are 
shown in Table III. While if increases regular ly  with 
current  density, being near ly  zero at the 1.owest cur-  
rent  density, is is v i r tua l ly  constant ( ~  0.1 m A c m  -2) 
except at the lowest cur ren t  densities. Indeed, the vari-  
ation of is with i is very  similar  to that  of ~o with i 
described earlier. I t  was fur ther  found that  oxidation 
reduction cycling does not appreciably affect the cur-  
rent  efficiency. However, l imit ing film thicknesses cal- 
culated were somewhat greater (~30%) which sug- 
gests some surface roughening has occurred. This ob- 
servation is consistent with earlier studies (5). 

Diffusion layer studies.--The results of diffusion 
layer  studies using rotat ing silver disk electrodes pre-  
pared by vacuum evaporation on both smooth and 
rough surfaces suggest that  roughness effects might  be 
a problem in obtaining reproducibi l i ty  in the system 
Ag/Ag20/ (Ag20  saturated aqueous NaOH) under  
anodic conditions. This conclusion was verified by the 
results of the s tudy of redox reactions as a funct ion 
of rotat ional  speed for both smooth and rough elec- 
trodes. The behavior of the rotat ing disk electrodes 
under  both potentiostatic and galvanostatic conditions 
as a funct ion of angular  velocity were determined in 
three different electrolytes. Figure 7 shows the result  
for I 3 - - I - ,  for a rough Ag rotat ing disk electrode 
under  cathodic conditions. Thus under  potentiostatic 
control the l imit ing current  density is found to vary  
in direct proport ion to ~1/2, where ~ is the angular  
velocity, a result  expected on the basis of the hydro-  
dynamic theory (12), since diffusion layer thickness is 
predicted to vary  in inverse proport ion to ~1/2. A simi- 
lar  behavior  was observed for the case of Fe(NO~)~- 
Fe ( N Q )  ,~ under  anodic conditions. 

In  contrast, the electrodes were found to behave 
very differently under  conditions in which the minor  
consti tuent is generated at the electrode surface, such 
as Fe (NOs) 3-Fe (NOs) 2 under  cathodic conditions and 
Ag20 saturated NaOH under  anodic conditions where 
A g ( O H ) 2 -  is presumed to be generated at the elec- 
trode surface. Thus the rough electrode surfaces (i.e., 
those surfaces formed by silver evaporation onto met-  
allographically polished surfaces) show very little 
change in overpotential  with rotational speed under  
galvanostatic conditions (Fig. 8), while relat ively 
smooth electrode surfaces (i.e., those formed by silver 
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Fig. 7. Limiting current density as a function of the rotational 
speed using a rough silver rotating disk electrode under cathodic 
conditions for the redox system l a - - I - .  

evaporat ion onto optically polished Pyrex  fiats) dis- 
play a substant ia l  change, though much less than that  
predicted theoretically. 

A plausible, though not ent i re ly  convincing, expla-  
nat ion of these results follows: If the surface is rough 
on a scale of the order of the hydrodynamiC boundary  
layer thickness, then under  rotation, the electrolyte 
ly ing in the valleys on the surface will  be more or 
less s tagnant  compared with that  in the vicinity of the 
peaks. Thus a hydrodynamic layer  will be formed ex- 
tending from the bu lk  of the solution up to a plane 
defined approximately by the positions of the peaks on 
the surface. Species diffusing up to the electrode to 
undergo electrochemical reaction will have to diffuse 
through this boundary  layer  before reacting at the 
moun ta in  peaks. If this description is correct, then 
the roughness should not affect the diffusion kinetics 
significantly under  these conditions, i.e., the species 
diffusing up to the surface, e.g., I s - - I -  under  cathodic 
conditions and Fe+2-Fe +3 unde r  anodic conditions. If, 
on the other hand, the diffusing species are generated 
at the electrode surface and diffuse into the bulk  of 
the solution, they must  not only diffuse through the 
hydrodynamic  boundary  layer  but  also through a por-  
t ion of the s tagnant  layer  ly ing in the valleys. As the 
rotat ional  speed will  not alter the thickness of the 
s tagnant  layer, the rougher the surface, the less the 
effect of rotat ional  speed on overpotential  or current  
density as the case may be, in  agreement  with the 
data presented for the case of Ag electrodes (with 
varying roughness characteristics) in Fig. 8 and for the 
case of F e + L F e  +2 unde r  anodic conditions. 

Optical measurements.--The optical results for the 
silver oxide films consisted pr imar i ly  of ellipsometric 
data. From these measurements  the ellipsometric pa-  
r amete r s -~ ' and  ~ for the film free surface, and ~ and 
r for the oxide film covered surface were calculated at 
each wavelength (13). In  order to determine the thick- 
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Fig. 8. Overpotentlal v s .  rotational speed for both rough and 
smooth silver rotating disk electrodes under anodic conditions in 
Ag20 saturated NaOH electrolyte solution. 

hess and the spectrum of optical constants of the oxide 
film, we have used a procedure described elsewhere 
(14). The method involves the expansion of the com- 
plex dielectric constant of the film as a series of Lo- 
rentzian functions (15), the Lorentzian funct ion pa-  
rameters  and the film thickness being chosen to m in i -  
mize the variance (sum of the square differences be-  
tween the measured and calculated values) of the 
optical measurements.  Three Lorentzian functions 
were used in  the expansion of the dielectric constant, 
so that  a total of ten  parameters  was used to fit the 
exper imental  data for a range of tr ial  film thickness 
values. For a typical case, the film thickness corre- 
sponding to the m i n i m u m  variance 960A, is to be com- 
pared with 1015A, the thickness of the film determined 
by coulometric reduction (16) assuming bu lk  density 
and uni t  roughness factor. Figures 9 and 10 show the 
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Fig. 9. Spectrum of refractive index for selected silver oxide 
films. 
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Fig. 10. Absorption spectrum for selected silver oxide films 

resul t ing spect ra  of the re f rac t ive  index  and chemical  
ext inct ion coefficient. The Ag20 film exhibi ts  broad  ab -  
sorpt ion features,  an indicat ion of its semiconduct ing 
propert ies.  In  addition, the in f ra red  and far  in f ra red  
reflectance spect ra  of the  Ag20 film were  found to 
agree wi th  the t ransmiss ion spec t rum of chemical ly  
p repared  Ag20, in its ma in  features.  

Electrical measurements.--The d-c cur ren t -vo l t age  
character is t ics  for a A g 2 0  film formed at 0.2 mA cm -~  
to a thickness of 450A is shown in Fig. 11. The resul ts  
indicate  ohmic behav ior  for  s i lver  biased wi th  a 
posit ive vol tage wi th  specific res is t iv i ty  (,--3 X 107 
ohm-cm)  being close to tha t  for  bu lk  Ag20 (6). Fo r  
s i lver  biased with  a negat ive  voltage,  however,  the  
film appears  to be blocking up to e lectr ical  breakdown.  
In contrast,  the  resul ts  for  the  oxide film formed at  
0.017 m A  cm-2  show almost  perfect  ohmic behavior  for 
both posi t ive and negat ive  electrode bias and a much 
lower  specific res is t iv i ty  (~104 ohm-cm)  (Fig. 12). An 
explana t ion  for the ve ry  different  e lectr ical  behavior  
of the  films formed under  h igh  (0.2 m A c m  -2) and low 
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Fig. 11. Direct current-voltage curves for a 450~. thick Ag20 film 
formed at 0.2 mA cm =2 in 0.3N N a O H  solution. 
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Fig. 12. Direct current-voltage characteristics for a Ag20  1260,~ 
film formed at a current density of 0.017 mA cm - 2  in a 0.3N 
NaOH solution. 

(0.017 mA c m  - 2 )  current  densit ies fol lows: The two 
current  densit ies used differ by  a factor  of ten, and 
thus in the case of the film grown under  high current  
densities, a l a rge r  concentra t ion grad ien t  of the  di f -  
fusing species exists in the film, remi t t ing  in i t  non-  
symmet r i ca l  e lectr ical  behavior ,  in  contras t  wi th  the 
film grown under  apprec iab ly  lower  cur ren t  densities.  
Fur ther ,  the  specific res is t iv i ty  (~104 ohm-cm)  is sub-  
s tan t ia l ly  be low that  accepted for Ag20 powders .  The  
capaci tance-vol tage  character is t ics  for films formed at  
0.2 m A c m  -2 are d i sp layed  in Fig. 13. The lack  of 
s y m m e t r y  for posi t ive and negat ive  bias is indicat ive 
of a symmet ry  in the film itself. The thermoelec t r ic  
power  for  films formed as above was found to be nega-  
tive, a resul t  expected for n - t y p e  semiconductors.  To 
confirm the resul ts  the  method  was checked against 
both n-  and p - t y p e  sections of silicon, in both cases 
the expected resul t  being obtained.  This is a surpr i s -  
ing resul t  as Ag20 has genera l ly  been regarded  as 
meta l -def ic ient  and  hence p - t y p e  analogous to Cu~O. 
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thick, formed at a current density of 0.2 mA cm - ~  in 0.3N NaOH 
solution. 
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We suggest that  perhaps the n - type  properties are con- 
ferred upon the film by the presence of colloidal silver. 

Discuss ion  
In  this section we at tempt  to correlate some of the 

exper imental  observations in  order to obtain an in -  
sight into the na ture  of the Ag/AgsO electrode. 

A plot of current  densil ty i vs. 1/XL (where XL is the 
l imit ing films thickness) was clearly nonlinear,  but  a 
plot of the form i vs. 1/(XL -- A) (where A is a con- 
stant)  produced an excellent straight l ine (Fig. 14). In  
this plot, the intercept  has been  set equal  to zero and 
the op t imum value of A was found by a least squares 
procedure to be 695A. This suggests that  diffusion 
wi th in  the film determines the l imit ing film thickness, 
though the presence of the constant A does pose a 
problem. It is possible that  it arises due again to sur-  
face roughness. 

Since current  efficiency was found to be independent  
of film thickness, one is led to the conclusion that  the 
pathways for Ag20 film formation and metal  dissolu- 
t ion share a common step in t ransport  through the film, 
and differ only in  the reaction path at the film solu- 
t ion interface. The most obvious mechanism which 
satisfies this condit ion is one in  which film formation 
occurs ent i rely by  a dissolution precipitat ion mecha-  
nism. The re levant  equations for such a mechanism, 
when  it  is fur ther  assumed that  the ra te-control l ing 
step for film growth is the nucleat ion of step sites on 
the oxide film, take the following form (17) 

is = i s~  ~o/v. --  1] [2] 
a n d  

i~ = ~~ -vfl~~ [3] 

where if is the current density associated with film 
formation, is is the current density for metal dissolu- 
tion, ~o is the overpotential, Vs ---- kT/e (k being the 
Bol tzmann constant, T the absolute temperature,  and  
e the electronic charge),  Vf ~- np2a/kTe (p being the 
step free energy per un i t  length and a is the area per 
molecule in  the oxide sur face) , / s  ~ is a constant  (equal 
to DFCo/8, where D is the diffusion coefficient for the 
dissolved ionic silver species, Co is the bu lk  concentra-  
tion, and  8 is the diffusion layer  thickness),  and if ~ is 
a constant  which contains the preexponent ia l  factor for 
step site nucleation.  The total current  density, made 
up of is and if defined in terms of Eq. [2] and [3], was 
fitted to the measured current  efficiency and overpo- 
tential, using an optimization procedure (18) involving 

1.6 
' I ' I 

%~ ~ ,2 / 
>- 

0.8 
w 
Cl 

z I w 
fig 

',9 ~ 0.4 --t- 

O , I , I 
0 20 40 

104/(X L- 695) 

Fig. 14. Plot of current density vs. 1 / ( X L - A ) ,  where XL is the 
limiting film thickness and A is a constant (695.&). 

a three parameter  fit (/s ~ if o, and Vf). Figures 15 and 16 
show the fit of the current  efficiency and the over-  
potential, respectively. The fit for the current  effi- 
ciency vs. current  density is extremely good, that  for 
the overpotential  wi th in  exper imental  scatter. The 
scatter in the overpotential  arises in  par t  f rom the fact 
that the exper imental  points represent  different elec- 
trodes, leading to at least a 10 mV uncer ta in ty  in  the 
overpotentials. From the value of /s ~ and assuming a 
value for the diffusion constant of 10 -5 cm 2 sec -1, the 
diffusion layer  thickness was calculated to be 0.008 cm 
in good agreement  with that  predicted under  st irred 
conditions (19). From the value for the film crystal-  
l ization parameter,  Vf, the step free energy per  un i t  
length was calculated to be 4.4 • 10 -6 erg-cm -1 in  
good agreement  with the value quoted for a s tandard  
si tuation involving nucleat ion of steps on the surface 
(17). Further ,  the surface free energy per square 
centimeter,  ~, is related to p through the approximate 
equat ion 

_~ p/r  [4] 

where r is the step height in  centimeters and p is the 
step free energy per uni t  length. Taking r to be the 
uni t  cell length, 6 is calculated to be 120 ergs-cm -~, a 
value which closely matches that  for ionic crystals 
(20). 

In conclusion we suggest a mechanism for the AgsO 
film formation under  st irred conditions, involving dis- 
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solut ion of s i lver  fo l lowed by  precipi ta t ion,  the  ra te  of 
which  is contro l led  by  the  format ion  of steps on the  
oxide surface. We point  out the  difficulties involved  
wi th  surface roughness  in in te rpre t ing  diffusion layer  
kinetics,  difficulties which led to the  previous  er -  
roneous in te rpre ta t ion  of the  kinetics as ar is ing f rom 
two mechanisms for film formation.  The electr ical  
proper t ies  point  to the in teres t ing semiconduct ing 
na ture  of these oxide films, g rown unde r  the  s ta ted 
conditions, wi th  the  opt ical  p roper t ies  being consistent 
wi th  those of an electronic conducting mater ia l .  
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The Anodic Oxidation of Hydrogen 
on Platinized Tungsten Oxides 
i11. Mechanism of H Oxidation on Platinized 

2 

Lower Tungsten Oxide Electrodes 

B. S. Hobbs and A. C. C. Tseung 
Department of Chemistry, The City University, London ECIV 4PB, England 

ABSTRACT 

The anodic oxidat ion of hydrogen  at p la t in ized electrodes of the  lower  
tungsten oxides (WOy, where  2 < y < 3) occurs via a route  involving hyd ro -  
gen tungsten bronze formation on the surface of W03 film 

2Pt -p H2--> 2Pt -- H--> 2Pt ~- 2H + Jr 2e 

xP t  --  H ~ WO8-> HxWO3 ~- xH + -k WO~ -p xe 

Ini t ia l  per formance  of the p la t in ized  lower  tungs ten  oxide electrodes is lower  
than  the corresponding WO3 electrodes.  However,  thei r  per formance  improves  
wi th  t ime as the surface is conver ted to WO3 rich layers  unt i l  a l imi t ing 
thickness is reached.  The bulk  of the  lower  tungsten oxide is then  pro tec ted  
f rom fur the r  oxidat ion and does not par t ic ipa te  in the  over -a l l  e lect rode re-  
action. I t  does, however,  provide  a conducting pa thw a y  to the cur ren t  col- 
lector, even under  flooded hyd rogen - s t a rved  conditions, thus ensur ing long-  
t e rm s tabi l i ty  in per formance  as compared  wi th  pla t in ized WO~ electrodes.  

The anodic oxida t ion  of hydrogen  at  p la t in ized WO3 
electrodes occurs by  a synergis t ic  mechanism involving 
predissocia t ion of molecular  hydrogen  on the pla t inum,  
fol lowed by  migra t ion  of H atoms into the WO8 la t t ice  
to form hydrogen  tungsten bronzes (Hx WO3). These 
"bronzes" subsequent ly  undergo electrochemical  oxi-  
dat ion (1, 2). This pape r  is concerned wi th  hydrogen  
electrode react ions on pla t in ized mix tures  of the  lower  

K e y  words :  electrocataly~is,  I-~ oxida t ion ,  l ower  t ungs t en  oxides,  
s tabi l i ty .  

tungs ten  oxides, WOy, where  2 < y < 3. There  is a p r o -  
lific number  of these oxides quoted in the  l i tera ture ,  
but  f rom a crys ta l lographic  s tandpoin t  only th ree  s table  
compounds exist:  E-oxide (W2005s), v-oxide  (WlsO49), 
and 5-oxide (WO2) (3-5).  Al l  o ther  compounds are  
e i ther  metas tab le  or consist of mix tures  and solid solu-  
tions of these three  phases  and a -oxide  (WOs).  The 
lower  tungsten oxides are  nonstoichiometr ic  n - t y p e  
semiconductors  wi th  e lectr ical  res is t ivi t ies  decreasing 
f rom about  1 ohm-cm for W02 to a m in imum of 0.1 
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ohm-cm for WO2.~5, then  rising sharply to 2 X 105 
ohm-cm as the composition tends to WOs. Colors de- 
pend on stoichiometry and particle size, but normally 
vary from brown WO2 through red-violet W18049 to 
blue V~r20Oss. These oxides are insoluble in acid solu- 
tions due to the formation of a protective WO3 film, 
their standard potentials being below hydrogen (6). 
The electrochemical literature (6) quotes standard 
potential values for W205 and does not apparently con- 
sider the true phases, W1sO49 and WsgOss. Three dis- 
tinct equilibria are identified 

W + 2H20 ---- WO2 + 4H + + 4e E ~ --0.119V 

2WO2 -}- H20 = W~O~ + 2H + + 2e E ~ --0.031V 

V~205 + 'H20 = 2WOs + 2H + -}- 2e E ~ --0.029V 

It is very l ikely that  t rue  equi l ibr ium is not obtained 
in electrochemical systems and that  the W205 phase 
represents a metastable oxidation state. Whatever  the 
na ture  of the oxides, it is recognized that  tungsten 
electrodes in  contact with water  progressively oxidize 
at the surface in a stepwise manner ,  eventual ly  form- 
ing a WO3 outer layer  (7-9). The thickness of this 
layer  increases with anodic polarization, bu t  the crys- 
tal l ine bu lk  remains  essentially unchanged.  

In  view of the close crystallographic relationship 
between WO3 and the lower tungs ten  oxides and the 
possible existence of a WO3 surface film, it is l ikely 
that  a s imilar  synergic mechanism for hydrogen oxida- 
t ion exists with Pt/WO~ as for Pt/WO3. Two reaction 
pathways are possible with the lower oxides: (i) 
Migrating H atoms from the Pt  form bronzes of the 
type H~WOy which then  undergo anodic oxidation as 
for HxWO3. (it) Bronze formation is restricted to the 
surface layers of WOs to give HxWQ, with the "WO~ 
crystalli te bulk  mere ly  acting as a conducting support. 

The following investigations were carried out to 
establish the mechanism of H2 oxidation at platinized 
lower tungsten  oxide electrodes, using the techniques 
developed for Pt /WOs (1, 2). 

Experimental 
Preparation and analysis o~ lower tungsten oxides.-- 

WO3 impregnated with 0.8% by weight Pt  (1) was 
heated in a s tream of hydrogen at 300~ for 2 hr and 
cooled to room tempera ture  before admit t ing air. The 
product, a blue powder, was identified by x - r ay  dif- 
fraction and thermogravimetr ic  oxidation in air. No 
fur ther  reduct ion of the oxide occurred on prolonged 
heating under  the conditions of temperature,  hydrogen 
pressure, and flow rate. The reduced powder was 
used for composition studies in hydrogenated slurries 
with 5N H2SO4 as described for WO~, using x - r ay  dif- 
fraction and chemical analysis (1). 

Electrode preparation and testing.--A series of 
platinized WO3 hydrophobic electrodes were prepared 
with varying  p la t inum loadings between 0.100 and 
0.007 mg cm -2. Prepara t ion  of electrodes having simi- 
lar  physical structures and p la t inum crystall i te mor-  
phology, but  varying widely in  their Pt  loadings, has 
been described (2). Tungsten  oxide loadings were 10 
mg/cm 2. Electrodes were tested in a "floating elec- 
trode cell" after convert ing the WO3 to lower tungs ten  
oxides by heating the electrodes at 300~ in H2 as 
above. The electrolyte was 5N H2SO4 at 25~ The 
purification of materials for these tests is described in 
Ref. (1) and (2). 

Polarizat ion curves were measured under  1 arm of 
flowing H2. Background corrosion currents were also 
measured by replacing the H2 with white spot N2. The 
reduced oxides gave higher ini t ia l  corrosion currents  
than  Pt/WOB electrodes, ca. 1 m A / c m  ~ m a x i m u m  be-  
tween 0-600 mV vs. RHE, compared to 0.1 m A / c m  2 for 
Pt/WO3. These currents, however, decreased to the 
P t / W Q  level after an hour  or so and must  have in -  
cluded contributions from the conversion of immediate  
surface layers to WOs. 

1175 

Results and Discussion 
Composition of tungsten ox/de electrocatalyst.--The 

reduced WO3 was a blue powder, stable in air at room 
temperature,  and unaffected by  boiling acidic dichro- 
mate solution. On heating in  air at 400~ it reverted 
to a pale yellow solid identified by x - r ay  diffraction as 
WOs. From weighings before and after thermal  oxida- 
tion, an empirical formula  of WO2.sT(___0.02> was cal-  
culated which approximates to the phase W20Oss. The 
x - r ay  pa t te rn  exhibited marked l ine broadening,  ren-  
dering identification difficult. Subsequent  BET mea-  
surements  confirmed a decrease in average particle size 
from 0.11 to 0.10/~m during the reduction. 

A s lurry of the reduced plat inized oxide in  5N H2SO4 
absorbed 0.22 moles hydrogen per mole oxide. This 
product was easily reoxidized to WO:2.s~ by  warm air 
and acidified dichromate solution. X- ray  diffraction pat-  
terns of the hydrogenated product were identical to the 
original  WO2.sT, although line broadening made ac- 
curate measurements  impossible. 

A coarser sample of WOs used as the start ing ma-  
terial had better  x - ray  l ine definition. The H~-reduced 
product had an empirical  formula of WO~.s4, in fair 
agreement  with the finer material .  The x - ray  pa t te rn  
was complex and not characteristic of any one tung-  
sten oxide phase. It probably  consisted of solid solu- 
tions of lower tungsten  oxides, and none of the strong 
WO~ lines were present. The hydrogen uptake of this 
powder in 5N H2SO4 slurries was only 0.09 moles per  
mole oxide, i.e., half the finer material,  and no change 
was detected in the x - r ay  pattern.  

From BET surface area measurements,  it was esti- 
mated that  the amount  of Ha absorbed by both fine 
and coarse powders was considerably more than  that 
required for monolayer  coverage, indicat ing migrat ion 
into the bulk  of the crystallites. But the absence of a 
measurable  change in  diffraction pat tern  afte~ hydro-  
genation supports the hypothesis that  bronze forma-  
t ion is confined to immediate, oxidized surface layers 
of WO3 which are not detectable and that the existence 
of lower oxide bronzes is doubtful.  

Anodic-oxidation of hydrogen.--The electrochemi- 
cal behavior of the lower tungs ten  oxide electrodes 
differed from WO3 electrodes with regard to the long 
term stabil i ty of electrode performance. Table I com- 
pares typical l ong- t e rm characteristics of WO3 and 
lower oxide electrodes. The reduced oxide electrodes 
underwent  improvement  with t ime and eventual ly  
achieved a steady performance after a few days. The 
performance of WOs electrodes, however, progres- 
sively decayed with time. 

The  stabilized performances of lower tungsten  oxide 
hydrogen electrodes were very high and comparable 
with init ial  performances of WOs electrodes (Fig. 1). 
Thus a synergic mechanism is indicated. 

The part icipation of the tungsten oxide in the elec- 
trode reaction may be confirmed as for WOs (2) by 
measur ing the performances of a series of electrodes 
having similar catalyst morphologies and electrode 
structures, but  vary ing  in  their  Pt  loadings. A plot of 
performance against Pt loading, for these electrodes is 
characteristics of an "active" support (Fig. 2). This 
plot is also characteristic of P t / W Q  electrodes in hay-  

Table I. Typical life characteristics of platinized W03 and 
lower tungsten oxide electrodes 

5N H~SO~, I arm H2, IR free overvoltage 
10O mV Pt ioadings 0.i mg/em% 25~ 

Lower tungsten 
Tungsten trioxide oxide WO~ 

WO~ current current density 
density (mA/cm S) (mA/cm ~) 

Initial 480 125 
2nd day 200 3,00 
3rd day 110 350 
4th day --  360 
5thday --  360 
6th day -- 380 
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stabilized curve 

Boron ~arbide and tantali~ lower tungsten oxide 
carbide 0.12 mg Pt/c ~2 0,085 mg P~/~ 

~ 150 

Initial curve 2 
0,I mg t/cm 

.~ I00 

25~ I atmH 2 
5N H2SO 4 
iR corrected 

0 i 

10O 200 300 400 So0 600 

Current density (mA cm -2) 

Fig. 1. Polarization for various platinized substrates 
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Fig. 2. Variation of specific Pt activity with Pt loading on lower 
tungsten oxide support. 

ing a cutoff point  at  which  the  rat io  of WOs to P t  
part icles  falls  be low uni ty  (2).  

These results  do not different iate  be tween  the two 
possible react ion pa thways  for the  lower  tungsten 
oxide supports.  A deeper  insight  into the exact  mecha-  
nism is p rovided  by  considering fu r the r  the pe r -  
fo rmance / t ime  var ia t ions  exhib i ted  by  tungs ten  oxide 
electrodes. 

The a t ta inment  of a s table  per formance  wi th  lower  
tungsten oxide electrodes was achieved wi th in  severa l  
hours by  subject ing them to anodic pre t rea tments .  The 
most convenient  method  of anodic t r ea tmen t  was to 
leave the electrodes at open circuit  wi th  oxygen fed 
to the  gas compar tment .  Opt imum per formances  were  
achieved in about  3 h r  wi th  this t r ea tmen t  (Fig. 3). 
Oxygen evolut ion also speeds the  a t t a inment  of a 
s table performance,  but  the gassing had  deleter ious 

Initially 1 hr 02 

200 

2 hr O 2 

3hr 02 

5N H2SO 4 
25Oc 
i arm H 2 
iK corrected 2 

0 200 400 600 

Current density (mA cm -2) 

Fig. 3. Effect of Oe treatment at O~ on a lower tungsten 
oxide electrode performance. 

lOO 

effects on the  e lect rode s t ructures  and final pe r fo rm-  
ances were  lower.  

This behavior  supports  the findings of the  composi-  
t ional  studies that  WOs and its bronzes are  the  "active" 
agents in p la t in ized tungs ten  oxide hydrogen  elec-  
trodes.  The anodic t r ea tmen t  would  resul t  in fas ter  
growth  of the  WO3 film wi th  corresponding improve -  
ments  in performance.  Opt imum per formance  would  
then correspond to the  stage at which the WO3 film 
reached the l imi t ing thickness  control led  b y  the oxi-  
dat ion conditions.  The poss ibi l i ty  of the  increased 
per formance  being due to anodic oxidat ion  of im-  
pur i t ies  can be dismissed since no improvement  in 
per formance  was observed when s imi lar  p re t rea tments  
were  carr ied out on p la t in ized electrodes of WO~, 
boron carbide, or t an t a lum carbide.  

The progress ive  decay  in Pt /WO8 elect rode pe r fo rm-  
ance requires  an  explanat ion.  Severa l  possibi l i t ies  
exist:  

( i)  Poisoning by  impur i t y  adsorpt ion  on the  P t  can 
be discounted since it should apply  equa l ly  to lower  
oxide electrodes and o ther  subs t ra tes  studied, i.e., B4C 
and TaC. 

(it) WO3 has a s l ight  so lubi l i ty  in sulfuric  ac id  
solution (6), forming tungs ta te  ions which may  dis-  
charge onto and poison the Pt  surfaces. A s imi lar  effect 
has been repor ted  by  Radovici  and Tot i r  wi th  MoO~ 
subst ra tes  in acid media  (10). However,  the  effect 
should equa l ly  app ly  to the  lower  oxide e lect rodes  
which form WOz layers  on anodic t rea tment .  P e r -  
formance of hydrogen  cured electrodes was also un -  
affected when left  in contact  for severa l  days wi th  an  
e lec t ro ly te  p re sa tu ra t ed  wi th  WO3 

(iii) The aqueous PTFE dispers ion used to we t -  
proof  the electrodes (2) contains a sur fac tan t  to s ta -  
bil ize the  suspension. I t  is possible tha t  a h igher  p ro -  
por t ion  of this ma te r i a l  r emained  in the  WO8 elec-  
trodes, which were  cured in static a i r  at  300~ (2), 
than  in the  lower  oxide electrodes cured in flowing H~ 
at the same tempera ture .  The hydrophob ic i ty  of the  
WO3 electrodes would  therefore  be lower  and r ende r  
them more  suscept ible  to "flooding" wi th  e lectrolyte ,  
producing a h igher  degree of gas mass  t rans fe r  po-  
larization.  However ,  a WO3 elect rode cured in flowing 
ni t rogen had exac t ly  the same decay pa t t e rn  as those 
cured in s tat ic  air. 

A "spent" WO8 elect rode was regenera ted ,  a lmost  to 
its or iginal  performance,  by  washing in dis t i l led w a t e r  
and dry ing  in stat ic air  at 300~ (Fig. 4). Cont inued 
opera t ion  of the  e lect rode resul ted  in more  r ap id  loss 
of performance,  and successive "resusci ta t ions"  be -  
came less effective; af ter  the th i rd  cycle, per formance  
af ter  resusci ta t ion was ac tua l ly  worse. The reasons for 
this behavior  could be many,  thus s team m a y  be  fo rm-  
ing in the ca ta lys t  pores  causing d is rupt ion  of the  e lec-  

3rd day 

200 2nd day 

"Regenerated" after 3rd day 

g 
i00 y 

N 

5N H2SO 4 

/ / / ~  !~:c~omr :e2c t e d 
ed.l mq i cm 2 

! i l 
0 20O 400 6OO 

Current density (r~A cm -2) 

Fig. 4. Pt/WO~ electrode performance decay and effect of first 
regeneration after third day. 
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trode structure, sintering may be reducing the activity 
of the components, etc. Nevertheless, it is clear that 
flooding is a major cause of performance decay in WO8 
electrodes. There is no reason to suspect that the lower 
tungsten oxide electzodes were any more resistant to 
flooding. The explanation of their improved long-term 
performance characteristics must therefore lie with 
their  ability'  to cope under flooded conditions. 

The lower tungsten oxides are more resistant to oxi- 
dation of their crystalline bulk than tungsten bronzes 
of the type t-IxWO3. Thus the blue oxides prepared in 
this work were unaffected by air or boiling dichromate 
solution, whereas the hydrogen bronzes revert  rapidly 
and completely to WO~ in either of these conditions 
(1). Similar effects were noted during anodic polariza- 
tion under nitrogen. In a flooded catalyst aggregate, 
the bronze oxidation rate may exceed the hydrogen 
supply and the value of x in the HxWO3 will diminish 
with a corresponding reduction in conductivity. With 
WOs electrodes, oxidation can penetrate deeply in the 
crystallite bulk causing severe ohmic polarization of 
the electrode. The lower oxides, however, are more re-  
sistant to bulk oxidation which does not proceed be- 
yond the layer formed during anodic pretreatment.  Al-  
though the flooded portion of the catalyst aggregate is 
subject to a degree of gas concentration polarization, 
the electrical conductivity of the electrodes is not so 
markedly reduced. 
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A Rutherford Scattering Study of Catalyst Systems 
for Electroless Cu Plating 

I. Surface Chemistry of Mixed Pd, Sn Colloids 

Ronald L. Meek* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Rutherford ion backscattering has been used to obtain quantitative data on 
the surface concentration of Pd and Sn on substrates catalyzed with Pd-Sn 
colloid solutions. The alteration of these catalyzed substrates due to subsequent 
processing solutions, i.e., the accelerator and electroless Cu bath, was also 
examined. The early stage of catalyst deposition saturates at a few mono- 

layers of particles. The Pd/Sn ratio at this stage is ~< i. The accelerator solu- 
tion partially removes extraneous Sn and leaves a final average Pd surface 
coverage of 2-4(10)15 atom cm -2 independent of initial value. The Pd/Sn ratio 
at this stage is --,3. The Pd/Sn ratio in the catalyst core particle on which Cu 
deposition takes place is ~6. Sn lost into the electroless Cu bath is code- 
posited on subsequent samples. 

Electroless copper plating of insulating substrates 
is widely used in printed circuit and decorative plating 
technology, Sensitization of the substrate, usually with 
Pd-Sn catalyst solutions, is required to provide cata- 
lytic sites for initiation of the autocatalytic electroless 
plating reaction (1). At  present, very litt le useful 
quantitative data is available characterizing the be- 
havior of these catalyst systems. 

In the past, catalysis has been accomplished by sen- 
sitization in SnC12 solutions followed by activation in 
PdC12 solutions but, in recent years this process has 
been somewhat supplanted by the use of mixed Pd-Sn 
colloids. This paper will be concerned only with the 

* Electrochemical  Society Act ive  Member .  
K e y  words: catalysis, electroless plating, Pd-Sn  colloids, pr in ted  

cir cuit processing. 

Pd-Sn colloidal solutions and the process utilizing 
separate sensitization and activation will be examined 
separately (2). 

Recent publications (3, 4) have questioned the col- 
loidal nature of the solutions of interest. However, the 
experiments of Cohen and West (5, 6) indicate their 
colloidal nature, and, insofar as possible, the present 
results wi]l be interpreted in terms of their model 
which is based on MJssbauer spectroscopy results. In 
a separate paper (7), we will combine results obtained 
by Rutherford backscattering, transmission electron 
microscopy, and M5ssbauer spectroscopy, as well as 
discuss apparent disagreements with other published 
results. Suffice it to say here that when experimental 
methods, which have the inherent capability of re-  
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vealing colloidal particles in  the N20A size range, are 
applied, the colloidal na ture  of the catalyst is revealed. 

The purpose of the present study is to obtain quant i -  
tative information on the amount  of Pd and Sn present 
on catalyzed surfaces and to examine the interact ion 
of these catalyzed surfaces with the solutions used in  
subsequent  process steps. 

Experimental Details 
Solution preparation.--In order to insure relevance 

to real life production situations, the catalysts used 
were prepared from commercial concentrates. The S 
catalyst solution was prepared by mixing  33 ml  H~O, 33 
ml conc (37%) HC1, and 33 ml Shipley 9F conc. 1 The 
M solution was made up by mixing 55 ml  H20, 20 ml 
conc HC1, and 25 ml 1V[acDermid 9070 concentrate. 2 As 
prepared, the S solution contains 0.38 g/ l i ter  Pd and 
the equivalent  of 33 g/ l i ter  Sn ++ as SnC12.2H20, 
while the M solution contains 0.29 g/ l i ter  Pd and 13 
g/ l i ter  Sn + +. Pd was determined spectrophotometri-  
cally and Sn + + via ti tration. 

Substrate catalysis is followed by immersion in an 
accelerator solution such as di lute  fluoroboric acid. 
The accelerator used in t h e p r e s e n t  work was prepared 
by mixing 5H20 to 1 Shipley 19 accelerator concen- 
trate. 

The early stage of electroless Cu plat ing on the 
various catalyzed substrates was studied using the 
MacDermid 9072 D bath with mechanical  agitation at 
room temperature.  In  all cases, fresh solutions were 
prepared immediate ly  before use and kept in  clean 
polyethylene containers. Each step, catalysis, accelera- 
tion, and plating, is normal ly  followed by a rinse. In  
this work a s tandard rinse of 30 see in DI water  was 
selected and the results were established to be inde-  
pendent  of rinse t ime for times greater than  15 sec. 

Substrates were prepared for analysis by  immersing 
1 cm 2 samples in 100 cm 8 of the appropriate solution, 
or series of solutions, with gentle stirring. They were 
then carefully dried by placing the sample edge on 
filter paper and immediate ly  (wi thin  15 min)  ex-  
amined. Substrate selection and the surface analyt ical  
technique are discussed in the following subsection. 

Rutherford ion scattering.--Backscattering of high 
energy (2 MeV) He + ions has been frui t ful ly  applied 
to a number  of problems in surface, interface, and 
thin-fi lm analysis (8, 9). Details of the technique as 

Ship ley  C o m p a n y ,  Newton ,  Massachusetts. 
MacDermid ,  Inco rpora t ed ,  W a t e r b u r y ,  Connect icu t .  

used by the author may be found elsewhere (10). 
Through conservation of energy and momentum,  the 
energy of a backscattered ion yields the mass of the 
atom from which it scattered. Through the wel l -es tab-  
lished Rutherford scattering cross section, the number  
of backscattered ions yields the n u m b e r  of scattering 
atoms. Thus, the technique qual i ta t ively and quan-  
t i tat ively identifies the na ture  of the surface and near-  
surface layers. 

It should be emphasized that the Rutherford scatter- 
ing event takes place be tween nuclei i  well  inside the 
innermost  electron shell so that  the informat ion ob- 
ta ined is independent  of the chemical state of the 
atoms. That is, essentially one identifies and counts 
the n u m b e r  of atomic nuclei. Depth informat ion may 
be obtained due to the fact that an ion scattered from 
an atom of given mass at some depth into the substrate 
will possess a lower energy than  will an ion scattered 
from an identical atom at the surface of the substrate 
due to the inelastic (electronic stopping) energy loss 
as the ion enters into and exits from the material.  

Cleaved graphite substrates (,~1 cm2) were chosen 
for the present  study, s A scattered ion spectrum from 
a control (untreated)  substrate is shown in Fig. 1. The 
low mass of C el iminates substrate interference and, 
furthermore,  graphite may be obtained in a very  pure 
form. By using a freshly cleaved surface, unwan ted  
surface impurit ies can be minimized. The surface 
peaks in Fig. 1 correspond to O [5(10) 14 atoms cm -2] 
and P and Si (N1014 cm-2) .  

A typical spectrum from a surface layer  produced 
by immersion in  a catalyst solution and r insing is 
shown in Fig. 2. Here O [3(10) ~5 cm-a] ,  C1 (1015 cm-2),  
Pd [3(10) 15 cm-2] ,  and Sn [3.5(10) 15 cm -~] can be 
clearly seen. Results with other substrates, e.g., epoxy- 
glass composites, were found to be roughly equivalent  
when the real to apparent  surface area ratio is taken 
into account. 

The substrate area examined by the ion beam is 0.78 
mm 2. The statistical counting error in a given mea-  
surement  is typically 3% for heavy mass impurit ies 
(Cu, Pd, Sn) and 10% for l ight masses (O,C1). During 
the experiments it became apparent  that  significant 
differences (a factor of two) can exist from point to 
point on a given substrate. Thus 3-5 separate mea-  
surements  were made at randomly selected points on a 
given sample. Throughout  this paper, bars on data 
points indicate the point  to point  var ia t ion found, not 

8 UCAR graphi te ,  Union Carbide Corporation, N e w  York .  
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Fig. 2. Scattered ion spectrum from sample treated for 60 sec 
with S catalyst and rinsed. 

an error bar. Of course, surface concentrat ion var ia-  
tions on a smaller  scale, smaller  t han  the beam spot 
size, may be even greater. Two or more samples 
treated in  the same way gave equivalent  results: wi th in  
the point  to point  variat ions just  mentioned.  

Results and Discussion 
Catalyst.~Figure 3 shows Pd  and Sn surface con- 

centrat ion vs. t ime in  the S catalyst solution. In  the 
early stages (t < 100 sec) the Pd or Sn increases 
roughly  as the square root of time, but  begins to satu-  
rate at about 5(10) 15 Pd cm -2 and 8(10) 15 Sn cm -2. 
Note that not only is there a significant point  to point  
var iat ion in  the Pd and Sn concentration, but  also 
there is a considerable var ia t ion in  the observed P d / S n  
ratio. Figure 4 shows similar data for the hi solution. 
In  this case the Pd and Sn values at a given t ime are 
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larger than  for the S solution and there is considerably 
less point  to point spread. 

The C1 and O surface concentrations were also deter-  
mined. The O /Sn  ratio is essential ly un i ty  while  the 
C1/Sn ratio is about 0.3. 

It  will  be convenient  to discuss the results of this 
s tudy in terms of adsorption of colloidal, Pd-conta in ing  
catalyst particles. Because of the large excess of Sn  
present in the solutions, adsorption of other species 
may also be impor tant  and, furthermore,  we must  ex-  
pect Sn to be deposited due to hydrolysis dur ing the 
rinse step. The extent  to which this is an influence is 
examined in Fig. 5. Twenty  g/ l i ter  SnC12.2H20 was 
added to the M solution so that  the excess Sn concen- 
t ra t ion was the same as for the S solution. Little 
change is apparent  in the surface coverage values ex- 
cept for a slightly reduced Pd concentrat ion and P d / S n  
ratio at the longest times. Thus we have some confi- 
dence in  in terpret ing the data in  terms of adsorption 
of the P d - S n  catalyst. 

Cohen and West (5, 6) have stated that  the Pd cata- 
lyst particles consist of a P d - S n  alloy core in which 
the P d / S n  ratio is about  6 surrounded by a divalent  Sn 
stabilizing sheath which is probably SnC13- ions. The 
over-al l  diameter  of these colloidal particles was 
judged to be about 20A and the over-al l  P d / S n  ratio 
to be in the range 0.5-1, depending on particle size 
(5,6). 

The square root of t ime dependence for early t imes 
suggests that the adsorption is diffusion controlled. 
The solutions were gent ly  stirred, but  it  should be 
noted that even if the external  flow is fully turbulent ,  
for times such that the mass t ransfer  boundary  layer 
thickness is less than the distance from the surface to 
which the tu rbu len t  fluctuations penetrate,  the mass 
flux to the surface will be essentially independent  of 
fluid motion effects. Using periodic viscous sublayer 
theory (11, 12) and the usual  tu rbu len t  boundary  
layer  theory (13), it can be estimated that this is the 
case as long as the free stream velocity is less than 
about 10 cm/sec, which is appropriate for these ex- 
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periments.  For short times, such that adsorption domi- 
nates desorption, the Pd surface concentration, npd, is 
related to the bu lk  solution concentration, CFd, the 
effective diffusivity, D, and time, t, by 

nPd = Cpd(Dt) 1/2 [1] 

Using the Stokes-Einstein equation (14), the diffusiv- 
ity for a colloidal particle of the expected size (20A) 
may be est imated as 10 -6 cm s sec -1. Then  from the 
above equation 

npd(S) : 1.3 (10) 15tl/2 
and 

nPd(M) = 0.9 ( 1 0 )  15tl/2 

for the S and M solutions, respectively, where n has 
uni ts  of atom cm -2 and t is in  seconds. The experi-  
menta l ly  observed coefficients are 4 (10) 14 and (10) 15, 
respectively; the differences are probably wi th in  the 
approximations involved. 

~If the adsorbed mater ial  is regarded as being en-  
t i re ly the catalyst particles, the observed P d / S n  ratio 
may be used to deduce an apparent  particle size based 
on the mode1 developed by Cohen and West (5, 6). We 
will assume that  the particle is spherical, in  agreement  
with TEM observations (7), and that  the P d / S n  ratio 
in  the core is 6 (5, 6). Then  the number  of Pd atoms 
in the core is 

6 4nrc s 

7 3V 

where rc is the core radius and V is the volume oc- 
cupied by an atom in  the core (14.7A 8) (5). Similar ly 
the number  of Sn atoms in the core is 

1 4 ~ro s 

7 3 V 

and the number  of Sn atoms in  the stabilizing sheath 
is 

A~ 
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where h is the characteristic dimension of the divalent  
Sn group in the sheath (4_K) (5). That  is, the total 
diameter of the particle, d, in  terms of the particle 's 
over-al l  P d / S n  ratio is 

/ s ' ~ ' J  
d = + 24 [2] 

- Y  -g'E  

Apparent  particle sizes deduced in this way are pre-  
sented in  Table I for comparison to ul t racentr i fuge 
(6) and TEM (7) observations. Furthermore,  it would 
appear from Fig. 3 and 4 that  the S solution has a 
somewhat smaller  and more variable  particle size, that 
is, a smaller and more variable P d / S n  ratio, than  does 
the M solution; again in agreement  with the observa- 
tions and arguments  of Cohen and West (6). Also, Fig. 
5 indicates that the apparent  particle size deduced in 
this way is not much affected by changing the excess 
Sn concentrat ion in  solution. It  can be noted that  the 
presence of Sn as species other than  the P d - S n  colloid 
serves to decrease the apparent  particle size estimated 
from Eq. [2] so that the values in  Table I must  be 
thought of as lower limits. 

For particles approximately 20A in diameter, cover- 
age of the surface with one layer  of particles would 
correspond to about 5(10) TM Pd atoms cm -2. Thus the 
saturat ion surface coverage is equivalent  to a few 
layers of particles. The fact that  considerably more O 
than  C1 is found implies that most of the Sn in  the 
stabilizing layer, or Sn adsorbed as species extraneous 
to the catalyst particle itself, has been converted to 
oxides or hydroxides in  the washing and drying steps. 
Recent MSssbauer results (7) show that, in  fact, es- 
sential ly all Sn, except that in  the P d - S n  core, is in  
the form of hydrous stannic oxide at this stage. 

Accelerator.--Figure~ 6 and 7 show the change in Pd 
and Sn surface concentrat ion observed when catalyzed 
substrates are treated with the accelerator solution. 
In  all cases, the Sn concentrat ion decreases by  a factor 
of from 3 to 10. For substrates catalyzed in  the S solu- 
tion, there is only a slight decrease in the Pd  concen- 
tration. For the M solution, however, the Pd  concen- 
t ra t ion also decreases significantly, by a factor of about 
3 irL Fig. 7 for example. Note that  in  ali cases, the final 
Pd concentrat ion is about 2-4 (10) ~ cm-2;  that  is about 
one monolayer  of particles according to the arguments  
in the preceding subsection. Five to ten minutes  in  the 
accelerator are in general  sufficient to reduce the Sn 
concentrat ion to its asymptotic value. After  t rea tment  
in the accelerator solution, the O/Sn  ratio is about 3 
and  the O/CI ratio increases to about 6 for both cata- 
lysts. In  all cases the P d / S n  ratio rises to roughly 3. It 
thus appears that  the accelerator both removes Sn in  
the stabilizing sheath and perhaps changes the chemi- 
cal state of the remaining  Sn. If all Sn in  the sheath 
were removed we would expect a P d / S n  ratio of 6, 
based on the model (5). As will  be seen, one does 
achieve this ratio during electroless deposition. The 
purpose of an accelerator solution is thought to be to 
remove the Sn sheath, or any other Sn species ex- 
t raneous to the core particle itself, thus exposing the 
catalytically active core particle. The present  accelera- 
tor, HBF4, seems to be only par t ia l ly  successful in 
achieving this objective on these substrates. 

Table I. Colloidal particle size (~)  

From surface D-ltracen- TEM 
Solution Pd /Sn  ratio* tr ifuge (6) (7, 15) 

S 10-16 10-20 ~ 2 0  
IVl 13-18 10-20 ~20 

M + SnCI~ 12-16 -- -- 

* See text,  Eq. [2]. 
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EIectro~ess copper.--Figure 8 shows the high energy 
portion of the Rutherford scattered ion spectrum from 
a substrate which had been briefly immersed  (30 sec) 
in the electroless Cu bath after catalysis. This material  
sys tem (Cu, Pd, Sn) is we l l  suited to study by  ion 
scattering because of the convenient  mass  (energy)  
separations be tween  Cu, Pd, and Sn. Not only can the 
three peaks be easi ly  resolved, but also the peak for 
scattering from Cu occurs at a l o w e r  energy than from 
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Fig, 8. Scattered ion spectrum from sample for which t~t~lyst(s) 
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Pd or Sn so that the processing can be a l lowed to 
proceed to significant Cu thickness  (,~1000A) whi le  
still  al lowing observation of the Pd and Sn  peaks. 

Figures 9 and 10 show copper Coverage data (as 
atoms cm -2  or equivalent average thickness)  vs. 
t ime in the electroless Cu bath. The l ine labeled 2.2 A /  
sec is the rate at which  this bath plates Cu on Cu as 
determined by a method which  wi l l  be described later. 
It can be seen that the accelerator solution m a y  or may  
not accelerate the initial meta l  plating rate. Reducing 
the catalysis t ime  to 10 sec results  in a rather long 
( ~ 1 0  s sec) initiation t ime for significant plating to 
begin; i.e., >1015 Cu atom cm -2. For surfaces in the S 
solution for 300 sec (Fig. 9) the Cu coverage for t imes  
of 30 sec or less is greatest  for intermediate  accelerator 
times.  For greater plating times, equivalent  thickness  
>100A, the data converge to the Cu on Cu line. Micro- 
scopic observation indicates complete  coverage also 
occurs at about this stage. For the M catalyst  solution, 
Fig. 10, the largest Cu coverage values for short t imes  
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correspond to no accelerator at all. It will be recalled 
from the previous discussion ~that the surfaces cata- 
lyzed in  the M solution lose Pd  in the accelerator step 
so that the zero accelerator time sample has a con- 
siderably greater Pd concentrat ion ( . -3X) than  do the 
other samples. It  can also be noted that  there is a con- 
siderably greater (100 sec as Opposed to 10 sec) initia- 
tion t i m e  apparent  in  Fig.  10 than  in  Fig.  9. This  m a y  
relate  to part ic le  s ize  and  d i s tr ibut ion  differences .  In 
a n y  case, the  effects  of  the  accelerator  t r e a t m e n t  ap-  
pear  rather  complex and probably include removal of 
catalyst particles, part ial  removal  of the stabilizing 
sheath and other excess deposited Sn, and perhaps 
chemical changes. 

Figures 11 and 12 give the Pd and Sn surface con- 
centrations corresponding to the samples represented in 
Fig. 9 and 10 for the S and M catalyst solutions, re-  
spectively. There is no evidence of significant decrease 
in  Pd concentration, but  the Sn concentrat ion does 
fur ther  decrease so that  by the t ime the catalyst par-  
ticles are covered the P d / S n  ratio has risen to 6/1; 
that is, only the core particle remains. The reduct ion of 
Sn surface concentrat ion implies that  Sn has been lost 
into the electroless Cu bath;  the implicat ion of this 
result  is discussed fur ther  below. I t  was also found 
that the C1 peak completely disappears after the first 
stage of Cu plat ing (3 sec); the O peak cannot be 
meaningful ly  in terpre ted because of surface oxidation 
of copper. 

I t  can also be noted that the present  results are not 
in  accord with the supposition that  a well-defined 
Pd3Sn compound is the catalytically active species 
(15). This and other apparent  discrepancies with some 
of the published l i terature  will  be discussed in  more 
detail elsewhere (7). 

Figure 13 is the scattered ion spectrum for a sample 
which had been plated to a mean  equivalent  Cu thick- 
ness of ~500A. The arrows labeled Cu, Pd, and Sn 
denote the channel  numbers  (energies) for scattering 
from Cu, Pd, and Sn at the surface. The Pd  peak has 
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been shifted to lower energy, i.e., the Pd lies at the 
Cu-substrate  interface. As discussed above, this shift 
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is due to the loss in energy as the ion penetrates into 
and exits from the overlying Cu layer. The broadening 
of the Pd peak and the low energy edge of the Cu peak 
is due to nonuniformity  of the Cu film over the area 
examined by the beam. This nonuniformity  is esti-  
mated to be 25-50% of the mean Cu thickness in the 
range from a few hundred to a few thousand ang- 
stroms. (Sl it-scattering and straggling also contribute 
to this broadening but are not of significance here.) 
In this particular spectrum, definition of the Sn peak 
has been lost in the broadened Pd peak. The shift in 
the Pd peak with  increasing Cu thickness may  be used 
to monitor the plating rate for Cu on Cu. That is, the 
Pd is used as an interface marker. It is in this way  
that the l ine labeled 2.2 A / s ec  on the previous figures 
was  determined. For longer times, the plating rate 
can be determined by weight -ga in  methods, with the 
same result. 

In the experiments  discussed thus far, care was 
taken to use fresh solutions. Figure 14 shows the result 
observed when  a sample was plated for 100 sec in a 
bath which  had been used to process about N10 previ-  
ous samples. Al though the Pd peak is shifted down a 
few channels, that is, it is at the interface, a sharply 
defined Sn peak is apparent at the surface; i.e., on top 
of the Cu. Figure 15 shows the result when  the Cu bath 
is a l lowed to become even further contaminated with 
Sn. Here the mean Cu thickness is about 1000A and 
approximately 5% Sn has been codeposited with the 
Cu. The Sn contamination at this stage is estimated to 
be ,~10 ppma. Further study of the effects of metal l ic  
impurities is now underway.  It may  be of interest to 
note that it has been found that Pb was also code- 
posited when  an electroless copper bath was inad-  
vertent ly  contaminated with Pb. 

Other substrates . - -The experimental  observations 
obtained when  the S solution was used to catalyze a 
variety of substrates appropriate to printed circuit 
board fabrication a~:e similar to those obtained using 
graphite substrates. Surface roughness measurements  
on the substrates indicated that the data are in rea- 
sonable quantitative agreement wi th  the graphite sub- 
strate data when  this factor is taken into consideration. 
However,  important effects on surface coverage vs. 
time, for example,  cannot be ruled out if the substrate 
is charged or perhaps otherwise chemical ly  active. 

Catalyst  aging and contamination.--Cohen and West 
have shown that the presence of enough divalent Sn to 
form a stabi l iz ing sheath around the core particle is 
necessary and sufficient for the solution to be stable 
with respect to oxidative coagulation (5, 6). Oxidation 

due to atmospheric aging and the presence of transi-  
t ion metal  ions has been examined.  

For the aging experiments,  the S and M solutions 
were prepared and kept in sealed polyethylene  con- 
tainers. This serves to cut down evaporation losses, but 
the containers are rather permeable to oxygen.  Peri-  
odically, samples of t h e  solutions were wi thdrawn and 
their catalytic behavior was examined.  The life, de- 
fined as the t ime w h e n  the oolloid coagulates and pre- 
cipitates out of solution, was determined to be 12 _ 1 
w e e k  for the S solution and 8 _ 1 week  for the M 
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solution. This resul t  is in accord wi th  the  l a rge r  di-  
va lent  Sn content  of the S solution. The catalyt ic  ac-  
t ivi ty,  in terms of amount  of Pd  and Sn adsorbed  and 
in  t e rms  of the  p la t ing  behavior ,  was unchanged at  
least  up to 90% of the  l ife of the  solutions. Thus it is 
concluded tha t  degrada t ion  of the solut ion does not  
occur progress ively,  but  r a the r  suddenly  when  nea r ly  
all  the  Sn +2 is oxidized to Sn +4. I t  should also be noted 
that  in product ion  envi ronments  these solutions can 
remain  s table  for many  months when  sui table  r e -  
p len ishment  schemes are  used to ma in ta in  concentra-  
tions near  nominal  values.  

The effect of addi t ion of Cr ions in the  + 3  and +6  
valence states has also been studied. When  Cr is added  
as the  d ichromate  ion, the  S and M solutions wil l  
to lera te  800 and 300 ppma  Cr, respect ively.  

The reac t ion  

Cr~O~ = + 3Sn +~ + 14H + ~2Cr +a -}- 3Sn +4 + 7H20 

has a large negative free energy change (16), and 
3Sn +2 ions are oxidized for every Cr207 = ion added. 
The S solution, e.g., contains 0.14 mole Sn+21 -I so that 
one would expect to need 0.05 mole Cr207=I -I to 
coagulate the solution. The experimental value is 0.07 
mole Cr207=I -I. 

In the case of trivalent Cr ions, the reaction 

2Cr +~ + Sn+~2Cr+~ + Sn +4 

has a positive free energy change (16) so the reaction 
does not proceed as written to any great extent. Ex- 
perimentally it is found that at least 104 ppma Cr +s 
can he added without adverse effect. 

Also, it is found that when the Cr207 = added is less 
than that necessary to cause oxidative coagulation, no 
significant changes in catalytic activity are noted. Any 
adsorbed Cr on the sample surfaces is less than the 

detect ion l imi t  ( <  1014 Cr cm-~)  for 400 ppma  Cr +6 
added  or  2000 p p m a  Cr +3 added.  

Conclusions 
Ruther fo rd  scat ter ing has been  used to quan t i t a -  

t ive ly  measure  adsorpt ion  f rom Pd, Sn colloid cata lys t  
systems, and  the behav ior  of the  adsorbed  mate r i a l  
dur ing  subsequent  s teps in the  electroless deposi t ion 
sequence. The presen t  findings a r e  in  genera l  agree-  
ment  wi th  the  colloidal  model  of Cohen and West  (5, 
6) insofar  as i t  is possible  to i n t e rp re t  the  resul ts  on 
that  basis. The ear ly  s tages of ca ta lys t  adsorpt ion  ap-  
pear  to be diffusion contro l led  and obey  at  t 1/s de-  
pendency.  The par t ic le  sizes deduced (10-20A) are  in 
agreement  wi th  other  work  and it appears  tha t  a few 
monolayers  of par t ic les  l ead  to saturat ion.  

The effect of the  accelera tor  solut ion appears  to be 
r a the r  complex.  Al though  it does pa r t i a l l y  remove  the 
excess Sn, i ts use may  or  m a y  not  accelera te  the ini t ia l  
p la t ing rate.  The Pd  surface concentra t ion found af ter  
the  accelera tor  t r e a tmen t  is in the  range  2-4(10) 15 Pd  
atoms cm-2  regardless  of the  solut ion used for  ca ta ly -  
sis t imes grea te r  than  30 sec, so tha t  there  is l i t t le  
point  in using solut ion concentrat ions  or  t r ea tmen t  
t imes which give s ignif icant ly g rea te r  P d  surface cov- 
erage af te r  the catalysis  step. Acce lera tor  t imes of 10 
min are  sufficient to remove al l  Sn which  can be r e -  
moved in HBF4. The p r i m a r y  v i r tue  of the  accelera tor  
t r ea tment  appears  to be to reduce subsequent  contami-  
nat ion of the  electroless copper  ba th  wi th  Sn. 

The ea r ly  stages of  e lectroless  copper  p la t ing  have  
also been  studied. In  this process, the  remain ing  e x -  
cess Sn is r emoved  and the copper  p la tes  over  the  core 
par t ic le  in which the P d / S n  ra t io  is app rox ima te ly  6. 
Tin lost into the ba th  m a y  be subsequent ly  codeposi ted 
into the  Cu l aye r  on succeeding samples.  

Cata lys t  aging and contaminat ion  (wi th  Cr +8 and 
Cr +6) indicate  that  oxida t ive  coagulat ion is prec ip i tous  
r a the r  than  progress ive  in nature .  
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Hydrodynamic Studies of Bubble Effects on 
the/R-Drops in a Vertical Rectangular Cell 

F. Hine,* M. Yasuda, R. Nakamura, and T. Noda 
Nagoya Institute oJ Technology, Gokiso-cho, Showa-ku, Nagoya 466, Japan 

ABSTRACT 

The bubble effects on the resistivity of solution under various conditions of 
electrolysis was examined with a rectangular cell, in which hydrogen evolu- 
tion took place from a stainless steel cathode in dilute caustic soda solution. 
The resistivity of electrolyte containing hydrogen bubbles was a function of 
the current density, the operating temperature, the flow rate of solution, and 
the geometry of channel. An experimental equation was obtained. 

Bubble  effects on the  t e rmina l  vol tage  of  e lec t ro lyzer  
are  impor tant ,  especiaUy at high cur ren t  densities. I n -  
crease in the  res is t iv i ty  of e lec t ro ly te  due to suspen-  
sions of nonconduct ing par t ic les  has been  s tudied by  
La  Rue and Tobias (1), and Tobias has also descr ibed 
a theoret ica l  t r ea tmen t  of the  effect of gas on the  cur-  
ren t  d is t r ibut ion  in a ver t ica l  cell (2). Hine et al. 
s tudied t h e / R - d r o p s  in the ch lo r -a lka l i  cells, and dis-  
cussed p re fe rab le  geomet ry  and a r r angemen t  of the 
g raph i te  anode for the hor izonta l  cell  (3-7).  

,Gardiner s ta ted  tha t  the appa ren t  res i s t iv i ty  of the  
br ine  be tween  the g raph i te  anode and the amalgam 
cathode of the  Olin E-11 cell was p rac t i ca l ly  f ree  of 
chlor ine  bubbles  when  the anode- to -ca thode  gap was 
more  than  0.13 in., whereas  the  res i s t iv i ty  of br ine  
was affected by  bubbles  if  t h e  gap was na r row  (8).  
MacMull in  poin ted  out  tha t  the  ve r t i c a l - t ype  d i a -  
ph ragm cell  such as the Hooker  cell  is a "good pump,"  
because gas l if t  near  the  anode enhances c i rculat ion of 
the  br ine  and i t  causes significant reduct ion  of the  IR- 
drop be tween  two electrodes (9, 10). The cell vol tage 
of the  a m a l g a m - t y p e  chlorine cells opera ted  at  high 
flow ra te  of mercu ry  cathode is r e la t ive ly  low even at  
h igh cur ren t  densities, because chlor ine  bubbles  under  
the  g raph i te  anodes are  r emoved  quickly  (11, 12). 

Elect rolyt ic  cells wi th  gas evolut ion are  impor tan t  
not  only  wi th  respect  to ch lo r -a lka l i  cells but  some 
others  such as the wa te r  e lectrolyzer .  The /R-d rop  due 
to involvement  of bubbles  in the  br ine  is a m a j o r  factor  
of high vol tage  in ch lo r -a lka l i  cells. The w a t e r  e lec-  
t ro lyzer  stores a cer ta in  amount  of e lect rolyt ic  solution, 
but, in some cases, the cell  is opera ted  wi th  forced flow 
of solut ion along the electrode.  The /R -d rop  depends 
on the flow ra te  in the  l a t t e r  case (13-16). Agi ta t ion  of 
solut ion wi th  bubbles  enhances the  mass -  and  h e a t -  
t ransfe r  in  the  cell  (17-24). 

Experimental Procedure 
Electrolysis  of di lute  NaOH solut ion wi th  a rec-  

t angula r  cell under  flow condit ions has been car r ied  
out, and the effects of hydrogen  bubbles  on the IR- 
drop have  been invest igated.  

A rec tangu la r  cell, made  of Luci te  resin, 240 m m  
long and 10 m m  wide is shown in Fig. 1. The anode- to -  
cathode gap can be changed wi th  spacers  2, 3, 5, and 
7 m m  thick. 

* Electrochemical Society Active Member. 
Key words: hydrodynamic studies, bubble effects, IR drops, brine 

flow, rectangular cell. void fraction. 

The  work ing  cathode of AISI  304 stainless  steel  is 
10 m m  wide and 16 m m  long and is p laced at  the  center  
of the  cathode compar tment .  At  both  sides 2 nun f rom 
the work ing  cathode, the  aux i l i a ry  cathodes (10 m m  
wide and 40 m m  long) are  a r ranged  so as to y ie ld  un i -  
form cur ren t  d is t r ibut ion  on the test  electrode.  

The anode screen, also Type  304 SS, is covered by  a 
PVC fabric  d i aphragm and is pa ra l l e l  to the  cathode. 
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Fig. 1. Experimental cell in vertical position 
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Fig. 2. Flowsheet of system 

A Luggin  probe  made  of F I F E  resin is screwed and 
pressed  to the  back  side of a d i aphragm from the anode 
compar tment ,  and  is connected to a reference  e lec t rode  
consisting of Hg/HgO/1.75N NaOH. The /R -d rop  be-  
tween  the Luggin  and the work ing  cathode is de te r -  
mined  by  means  of the  cur ren t  in te r rup t ion  technique.  
The aux i l i a ry  electrodes are  polar ized at  an  equal  cur -  
rent  densi ty  wi th  the  work ing  cathode by  a separa te  
d-c  power  source. 

The flowsheet of the  system is shown in Fig. 2. The 
electrolyt ic  cell  is p laced  ver t ical ly .  Caustic soda solu-  
t ion (1.75N NaOH) is pumped  up f rom the t he rmo-  
s ta ted reservoi r  to the  cell  bo t tom and flows th rough  
the  channel  under  cont ro l led  rate.  The solut ion r e tu rns  
to the  reservoi r  of about  50 l i ters  in  volume, whe re  
hydrogen  and oxygen  are  purged.  Proper t ies  of a 1.75N 
NaOH solut ion employed  are  shown in Table I. 

Results and Discussion 
A n  example  of  the  vol tage ba lance  be tween  the  

work ing  cathode and the Luggin  probe  is shown in 
Fig. 3. The hydrogen  overvol tage  is r e l a t ive ly  small  
compared  to the  IR-drops  in the  solut ion containing 
bubbles,  (IR)b. The b roken  l ine shows the es t imated  
IR-drop  in the solut ion free of bubble,  (IR)s, which is 
also smal l  in compar ison to (IR)b. The ra t io  of ( IR)b 
to ( IR)s  is p ropor t iona l  to the normal ized  resis t ivi ty ,  
p/po, where  p and  po are  the  conduct iv i ty  of solut ions 
wi th  and wi thout  bubbles,  respect ively.  

F igure  4 shows the /R -d rop  vs. flow ra te  at  g iven 
cur ren t  densities.  The thin  l ines show the es t imated  
(IR)~. The vol tage  reduces wi th  the  increase of flow 
rate,  especia l ly  at high cur ren t  densities, and tends to 
the  corresponding (IR)~. At  low flow rate,  less than  
10 cm/sec, the /R-d rop  f luctuated and bubbles  were  
swept  out i n t e rmi t t en t ly  from the e lect rode due to 
na tu ra l  convection. The IR-d rop  was not l inear  to the 
current  densi ty  in the  solut ion containing bubbles.  I t  
was also a funct ion of the  tempera ture .  The /R -d rop  
was low due to increase in the conduct iv i ty  and to 
decrease of the  viscosi ty a t  h igh t empe ra tu r e  ranges.  
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Fig. 3, Potential vs. current density curves. I : 2 ram, t - -  

30~ u = 10 cm/sec. 
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Fig. 4./R-drop vs. flow rate curves. I -~- 5 mm, t = 50~ 

The /R-d rop  vs. c a thode - to -d i a ph ra gm gap showed 
the S- shaped  curve (Fig. 5). The thin  l ines show (IR)s 
as reference.  In the  wide channel,  such as a 10 m m  
gap, the  /R-d rop  is close to (IR)s, whereas  it becomes 
large  in the na r row channel.  There  is a m a x i m u m  of 
p/po at about 2-3 m m  in gap. 

The normal ized res is t iv i ty  is a funct ion of the  rat io  
of gas flow to l iqu id  flow, VJV~, the  ra t io  of gap wid th  

Table I. Properties of a 1.75N NaOH solution 

Temperature, ~ 

30 40 45 50 60 70 R e f e r e n c e  

R e s i s t i v i t y ,  po, o h m  �9 c m  3.33 2.86 2 .68 2.51 2.26 2.05 O b s e r v e d  
V a p o r  p r e s s u r e ,  Primo, a t m  0.039 0.068 0.088 0,114 0.185 0.289 26 
Viscosity, /z, cp 1.17 0.97 0.89 0.81 0.69 0.59 27 
D e n s i t y ,  d, g / c m  a 1.0667 1.0623 1.0598 1.0675 1.0521 1.0464 O b s e r v e d  
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to electrode width, IlL, and the Reynolds number ,  Re, 
as follows (25) 

- - - - K  
po 

where R e i s  assumed to be 

Dequd 
R e  = 

Equivalent  diameter, Deq 

(Re) > [1] 

[2] 

4 • (Sectional area of channel)  

Total length  of wall  of section 

4 L l  2 l  

2 (L + L) 1 + 
- -  ( . . .  L = 1 c m )  [3] 

where K, a, fl, and 7 are the coefficients. The area of 
gap is IL cm 2, and the approach velocity of l iquid is u 
cm/sec. The flow of  l iquid is, therefore, V1 : lLu. On 
the other hand, the volume rate of gas, Vg in  cm3/sec, 
is represented as follows 

where LH is the total cathode area in  cm 2. The hydro-  
gen part ial  pressure, PH2 in  atm, is as follows 

PH2 "-" 1 - -  P H 2 0  [ 5 ]  

where PH2O is the water  vapor pressur~ on NaOH solu- 
t ion (see Table I).  

Figure 6 shows the logari thmic plots of p/po vs. Re 
under  given conditions of 1/L and the temperature.  It  
is somewhat complicated that  Vg/V1 varies with the 
solution flow, also the kinematic  viscosity, #/d, would 
change with the void fraction, e. It  is impossible to 
change those two factors separately. The higher the 
tempera ture  in a nar row channel  the larger is the p/po. 

0 �9 ~ �9 D �9 
8 

L,cm 2 2 5 5 7 7 
6 t .~ 30 70 30 70 50 70 

Q2 
~'0~ 4 A ~ 150o/drn2 
r 

I I I t 1 I [ I r I I I i r I [ 
I05 I04 

REYNOLDS NUMBER. Re 

Fig. 6. Resistivity vs. Reynolds number. Averege slope, ~, = 
--0.18. 

At high current  densities, the p/Po becomes large. T h e  
plots in this figure are the average values of the data 
shown by the bar  under  given conditions. The slope of 
the curve is small: ~ ---- --0.18, and is almost independ-  
ent  of the gap width and the temperature.  

The (p/po) vs. ( l /L)  is shown in  Fig. 7, where the 
slope, p, is --0.65. The (p/po) vs. (Vg/V1) is shown in  
Fig. 8. The Re is not specified in this figure, because the 
Vg/V1 contains some influences of Re as stated above. 
The slope ~ is 0.12 and is almost independent  of 1. 

With use of those coefficients, Eq. [1] has been ap-  
plied for all the data, but  we have found some devia-  
tions. On the other hand, Fig. 9 is a tr ial  of the plots 
of Eq. [6], where ( V J V I )  involves the influence of Re. 
This equation fits the data quite well  ra ther  than Eq. 
[1] 

Po 

where K1 is a coefficient. 
The void fraction due to holdup of bubbles is as 

follows 
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Fig. 7. Resistivity vs. gap width. Average slope, fl = - -0.65 
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Fig. 8. Resistivity vs. ratio of 
gas flow to liquid flow. Average 
slope, a = 0.12. 
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Solut ion  ~ bubbles  

The bubbles  genera ted  at  the upper  s t r eam of the  
channel  may  dis turb  the  work ing  cathode, and  the 
flow of gas ha l fway  up is VJ2. Therefore  

V~/2 Vg/V1 
- -  = [ 8 ]  

Vg/2 + V: Vg/Vi ~- 2 

Subs t i tu t ing  this into Eq. [6], we have  

(.. 
• ~1 [9] 
po \ l - - e /  

La Rue and Tobias have  shown an equat ion (1) 

P 
- -  = ( 1  - -  0 - 8 j 2  [ 1 0 ]  
Po 

This equat ion differs f rom Eq. [9], p robab ly  due to 
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Fig. 9. Resistivity represented by Eq. [6] .  K1 = 1.03 

condit ions of the  br ine  flow. Equat ion [10] was ob-  
t a ined  wi th  the  assumpt ion  of un i fo rm dis t r ibut ion  of 
bubbles  in the anode- to -ca thode  gap. Under  flow con- 
ditions, on the  other  hand,  a m a j o r  pa r t  of bubbles  is 
c rowded in the vic ini ty  of the  e lectrode surface, and  
the solut ion flows away  in the center  of channel.  F ig -  
ure  10 shows simple models  of the  d is t r ibut ion  of bub-  
bles across the  gap. With  Eq. [10], the  (p/po) is r ep re -  
sented as fol lows (25) 

e ] - - 3 / 2  
L =  1 -  ~ + ( 1 - ~ )  [zz] 
Po ~ -  ] 

and 
p (l -- 20-in -- 1 

- -  [ 1 2 ]  
Po �9 

Electrode Solut ion 

es 

Model  A 

Diaphragm 

E lec t rode  Solut ion Diaphragm 

Model  B 

Fig. 10. Two models of the distribution of bubbles across the gap. 
e~, void fraction of crowded zone, 8. co, void fraction at electrode 
surface. 
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for  models  A and B, respect ively,  whe re  ~ = bll, and 
5 is a c rowded  zone in model  A. Those curves are stil l  
concave as shown in Fig. 11, and  differ f rom the  ex -  
pe r imen ta l  da ta  labe led  L 

:It is assured tha t  a pa r t  of the  e lect rode surface is 
covered wi th  the "fixed l ayer"  of gas bubbles,  which  
depends  on the  opera t ing  condit ions such as cur ren t  
dens i ty  and t empera tu re .  The ac tua l  cur ren t  densi ty  
at the  work ing  surface of e lect rode thus increases,  and 
the IR-d rop  near  the  e lectrode surface and the over -  
vol tage  become large  compared  to the  p red ic ted  values  
in the  case of un i fo rm d is t r ibu t ion  across the  gap, 
Those phenomena  would  be significant in the  na r row  
channel.  

The "fixed gas layer"  would  differ somewhat  f rom 
the models  shown in Fig. 10. Suppose the gas is fixed 
into a layer ,  51 cm, at the  e lect rode surface, and the 
solut ion in the  remain ing  layer ,  (1 --  51), contains gas 
dispersion.  The p/po is shown by  the  equat ion 

p = p ~  +pl  1 -  T 
o r  

- -  = - -  + T -  [ l S ]  
Po Po Po 

where  pf and pl  are  the res is t iv i ty  of the  fixed l aye r  
and of the  remain ing  layer ,  respect ively.  The second 
te rm of the  r i gh t -hand  side is large  enough compared  
to the first t e rm in the n a r r o w  channel,  and hence, the  
p/po is dependent  l a rge ly  on the gap width.  In  a wide 
channel,  on the  other  hand, the second t e rm dimin-  
ishes. The p becomes smal l  and  uniform. The IR-d rop  
across the  wide gap can be rep resen ted  by  ipll ~ ipol. 
It  would  be a ma jo r  reason of why  the plots  in Fig. 11 
appear  be low the curve by  La  Rue and Tobias at  la rge  
l and ~. 

Exper iments  descr ibed above were  car r ied  out wi th  
the  rec tangu la r  channel  under  control led  flow condi-  
tions. The electrode surface is covered by  fine bubbles,  
and hence, the  overvol tage  increases significantly.  The 
res is t iv i ty  of the solution near  the  e lect rode is ve ry  
large  due to dispers ion of fine bubbles .  The res is t iv i ty  

of the  solut ion containing bubbles  depends  l a rge ly  o n  
the  geomet ry  of the  channel  and  the  bubb le  size as 
wel l  as the  void fract ion.  I t  is ev ident  f rom Eq. [13] 
tha t  the t igh te r  the spacing of the  channel  the  l a rge r  
is the  resis t ivi ty,  especia l ly  in  the  na r row  channel,  
which is impor t an t  f rom the v iewpoin t  of prac t ica l  
electrolysis.  

In  conclusion, the  bubble  effects on the  t e rmina l  
vol tage depend  on a va r i e ty  of opera t ing  condit ions 
and the cell geometry.  The apparen t  res i s t iv i ty  of the  
solut ion conta ining bubbles  is a funct ion of those fac-  
tors  as wel l  as the  void fraction.  Differences be tween  
our  exper imen ta l  da ta  and the t heo ry  b y  La Rue and 
Tobias have not  been  clarified. 
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SYMBOLS 
d density,  g / c m  8 
Deq equivalent  d iamete r  for Re, cm 
F F a r a d a y  constant, 96,500 coulombs/g-equiv .  
(IR)D IR-d rop  wi th  bubbles  (----ipl), V 
( /R)s  /R-d rop  wi thout  bubble  (=/poD, V 
~IR increment  of IR-drop ( -~( IR)b  -- (IRs) ), V 
H electrode length,  cm 
i cur rent  density,  A / c m  ~ 
1 c a thode - to -d i a ph ra gm spacing, cm 
L elect rode wid th  (----1 cm),  cm 
PH~ hydrogen  par t i a l  pressure ,  a tm 
PH20 wa te r  vapor  pressure,  a rm 
R gas constant, 82.1 a t m - c m 3 / g - m o l . ~  
Re Reynolds number  
T tempera ture ,  ~ K 
t tempera ture ,  ~ C 
u flow velocity,  cm/sec  
V~ volume ra te  of evolved hydrogen,  cma/sec 
VI volume flow of l iquid, cm3/sec 
e void f ract ion due to bubbles  
p and pl apparen t  res is t iv i ty  wi th  bubbles,  ohm.cm 
po res is t iv i ty  of solution, ohm. cm 
pa res is t iv i ty  in crowded layer ,  o h m . c m  
pf res is t iv i ty  in fixed layer ,  ohm.cm 
~l hydrogen  overvoltage,  V 
;~ viscosity, poise 
5 thickness of c rowded layer ,  cm 
51 thickness  of fixed layer ,  cm 

dimensionless  thickness  of gassy l a y e r  
( = 8 / l )  
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A New Approach to the Analysis of Chemiluminescence 
Transients from Step Experiments 

Larry R. Faulkner* 
Department ol Chemistry, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

A s tudy has been made of p roblems  associated wi th  ex t rac t ing  fundamenta l  
pa rame te r s  f rom chemiluminescence decay curves  genera ted  b y  e lec t ro-  
chemical  step exper iments .  Emphasis  is p laced on the use of data  obta ined 
ear ly  in the t ransient ,  and a new approach  based on curve fitting is advanced.  
A genera l  ST mechanism provides  the fitting function, and  the Marquard t  
a lgor i thm plays  the  key  role in implement ing  the fit. However,  a pe r ime te r  
search rout ine  has been developed to remove the unre l i ab i l i ty  tha t  the Mar -  
quard t  a lgor i thm displays  wi th  noisy decay curves.  The effectiveness of the 
ent i re  p rocedure  has been tes ted  on sets of noisy t ransients ,  and fitting p re -  
cision is r epo r t ed  as a function of the  size and t ime domain  of the  data  base, 
the  noise level,  and the percentage  of S emission in the  over -a l l  luminescence.  
The effects of e r ror  in the  ca l ibra t ion  of absolute  luminescence measurements  
a re  also discussed. 

S tudy ing  l ight  emission in single pulses f rom elec-  
t rochemical  step exper iments  has been an impor tan t  
aid in unders tand ing  chemi luminescent  e lect ron t r ans -  
fer  processes. These exper iments  involve a p l ana r  
work ing  e lect rode which is he ld  in i t ia l ly  at  rest  in a 
solut ion of the  e lect rochemical  precursors  to the  re-  
ac tants  tha t  wi l l  u l t ima te ly  yie ld  luminescence.  To 
begin, the  potent ia l  is .stepped to the  mass - t r ans fe r -  
l imi ted  region for  creat ion of the first reactant .  For  
example,  the  cation radica l  of rubrene  might  be gener -  
a ted f rom the pa ren t  hydroca rbon  in a benzoni t r i le  so- 
lution. The width,  tf, of this fo rward  step might  range  
from 10 sec to 10 ~sec. I t  is t e rmina ted  by  switching 
the potent ia l  to a value  in  the  mass - t r ans fe r - l im i t ed  
region for creat ion of the  second reac tan t  (e.g., the 
rubrene  anion rad ica l ) .  Thus, the two reac tants  diffuse 
toge ther  near  the e lect rode and y ie ld  luminescence,  
which appears  as a pulse tha t  decays b y  a nonex-  
ponent ia l  form. Often this reverse  step has a wid th  
equal  to tf, and it is nea r ly  a lways  ended by  a r e tu rn  
to the  or iginal  res t  p o t e n t i a l  

Fe ldbe rg  was ear ly  in point ing out the diagnost ic  
u t i l i ty  of the  luminescence t rans ien t  (1, 2). He p r e -  
sented t rea tments  of  S-  and T- rou te  cases (see be-  
low) ,  and showed that  one should usua l ly  obta in  a 
l inear  plot  of the form 

log~i  ---- ai + bi(tr/tf) :/2 ( t r / t f~  0.2) [1] 

where  ~i is p ropor t iona l  to in tens i ty  and tr is t ime 
measured  into the  second step f rom its start.  The slope, 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
Key words:  chemi luminescence ,  e lectrogenerated chemi lumines-  

cence,  curve fitting, Feldberg treatment.  

bi, of this  "Fe ldberg  plot"  was  shown to be sensi t ive 
to the  type  of l ight  producing  mechanism (2). A num-  
ber  of exper imen ta l  s tudies  have pur sued  these  ideas 
(3-7).  

La te r  Cruser  and Bard adopted  the Fe ldberg  fo rmat  
for  the i r  s tudy of the  effects of reac tan t  ins tab i l i ty  on 
the shapes of l ight  decay curves.  Their  publ ica tkms in-  
clude both theore t ica l  analys is  and  exper imen ta l  r e -  
sults (8, 9). 

More recently,  Bezman and Fau lkne r  added some 
refinements  to Fe ldberg ' s  react ion schemes, and they  
showed that  cer ta in  aggregates  of ra te  and efficiency 
pa ramete r s  could be eva lua ted  f rom ai and bl, if abso-  
lu te  luminescence me a su re me n t s  were  avai lab le  (10, 
11). They la te r  const ructed a sui table  appa ra tus  and 
repor ted  da ta  for several  systems (11-13). 

Analyz ing  exper imen ta l  resul ts  by  l inear iz ing the 
l ight  t rans ient  has been ve ry  convenient,  especia l ly  
for the l imi ted  amounts  of informat ion  one can ob-  
tain by  oscilloscopic recording.  Even so, the  procedure  
carr ies  severa l  impor tan t  d rawbacks :  

(i) Only da ta  for tr/tf ~-- 0.2 are  examined.  Fo r  st i l l  
ea r l ie r  times, the decay is rapid,  hence the intensi t ies  
that  are  ac tua l ly  s tudied are  low compared  to those 
that  can be recorded,  and they  have re la t ive ly  poor 
s igna l - to-noise  ratios. 

(ii) Obviously  a l inear ized curve can y ie ld  only two 
parameters ;  hence, studies that  are  res t r ic ted  to the 
la te r  t ime domain  cannot deal  wi th  ST systems, which 
require  at  least  th ree  pa rame te r s  for descr ip t ion  (see 
be low) .  

(iii) Eliminat ing  the shor t - t ime  intensit ies,  which  
decay in a more  complex fashion than  the l a t e r  ones, 
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reduces the opportuni ty  for critical comparisons with 
theory, even with S- and T-route  systems, for which 
the l inear  approach is, in  principle, valid. 

(iv) The parameters  ai and bi are synthetic  in ter -  
mediates with no fundamenta l  meaning of their  own. 
They must  be related to mechanistic variables in an 
imperfect m~nner  via working curves. 

(v) The need for l inear i ty  in the t ransformed decay 
curve l imits the general i ty  of the in terpret ive  pro- 
cedure. Complications introduced into the mechanisms 
for light generat ion often yield intensit ies that  cannot 
be l inearized in  the usual  format, hence quant i ta t ive  
comparisons with theory become difficult. 

All of these problems are remedied by the new ap- 
proach to t rans ient  analysis that  is described below. 
Vir tual ly  the entire decay curve is used, without  
logari thmic t ransfermation,  in a curve fitting algo- 
r i thm tha t  can accept a general  fitting function. The 
function used for this work describes l ight emitted 
from an ST system in  a manne r  much like the one 
advanced by Feldberg (2). Sets of noisy synthet ic  
decay curves have been used to assess the performance 
of the algorithm, and it is shown below that this pro-  
cedure is a realistic approach to the evaluat ion prob-  
lem. 

A Generalized ST Mechanism 
Prior  knowledge of the funct ional  form of any 

kinetic t rans ient  is a prerequisi te  for evaluat ing 
fundamenta l  parameters  from it, hence a presumed 
fitting function must  be derived from a postulated 
mechanism. The analysis below is based on the follow- 
ing scheme 

R + + R  - 

ZR* + ~R* 

~bs 
1R* + R [a] 

r 
~R* ~ R [b] 

2R [c] 

ks 
[ > tR* + R [d] 

k ~ g  ) k t  ~R* -{- R [el 

2R i l l  

1/~ 
[g] 

[h] 

":R* ( §  > R 

JR* (-t-Q) > R 

Cf 
tR* > R + hv [i] 

The notat ion here duplicates that  used previously (10). 
In  general, ~'s, T's, and k's represent  branching effi- 
ciencies, lifetimes, and rate constants according to 
usual  practice. Note, however, that  �9 is the tr iplet  
l ifetime in the absence of t r ip le t - t r ip le t  annihi la t ion 
and that ka = ks -{- kt -~- kg. This mechanism repre-  
sents the generat ion of light via two parallel  paths: 
The emit t ing singlets JR* may be produced directly in 
electron t ransfer  (the S route, reactions [a] and i l l )  
or indirect ly through triplet  intermediates  (T route, 
reactions [b], [d], [el, if], and i l l ) .  

Feldberg 's  t rea tment  of this scheme involves the 
presumption that  events [a]-[ i ]  take place in a reac- 
t ion zone to which the ion radicals are fed by diffusion 
(2, 10). The over-al l  redox reaction rate, N (moles/  
sec), is then fixed by the diffusion process. The l inkage 
be tween light emission and the redox rate is expressed 
(10) by 

~i : fl - -  (f12 + ~ n )  1/2 + 0 .5 ' ~n  + ~ n  [2]  

where ~i and ~n are dimensionless variables propor-  
t ional to light in tensi ty  and redox reaction rate, re- 

spectively. They are defined explicit ly in the symbols 
list. The first three terms describe light emission from 
the T route via two aggregate parameters  a = 
Cf~btt~bt/(1 - - g )  and fl---- ~ f ~ t t f t f / S k a ( 1  - -  H)P'~2C. Here 
~btt = ks/ka, g = kJ2ka, ] is a dimensionless reaction 
zone thickness [in units  of (Dtr)1/2], and C is the bu lk  

concentrat ion of the substrate from which R" and R -  
are generated. S route emission is registered in  the 
fourth term, where -y = Csef. The efficiency param-  
eters ~ and 7 are potent ia l ly  useful because they con- 
ta in  the excitat ion yields, but  ~ is of little value (10). 

In  general  the redox rate funct ion ~n is obtained 
from a digital s imulat ion of the exper iment  (1, 10), 
and it can be used directly as the numerica l  array. For 
this study, however, it was obtained in  an analyt ical  
form by l inearizing it to determine the longest- l ived 
exponential ,  subtract ing that  term from each numeric  
~n, then repeating the process twice more with the 
residues from the preceding subtract ion steps. Figure 1 
displays about 10% of the informat ion used in the 
third (and most uncer ta in)  stage of this process for 
C~n data based on an infinite redox rate  constant. The 
result  

~n ---- 4.70 exp [--3.272 (tr/tf) 1/2] 

+ 11.4 exp[ - -  11.35 ( t r / t f )  1/2]  

-{-34.9 exp[--34.6(tr/tD in] [3] 

closely approximates the numeric  form for tr/tf ~-- 
0.005. The three terms were obtained from simulations 
involving 2,500, 10,000, and 100,000 i terations/step,  re-  
spectively, i At shorter times, additional exponential  
terms contribute, but  they are of no consequence to 
this work. The first term is bet ter  recognized in  Feld-  
berg's l inear  format (1) 

log wn ~--- (0.672 ___ 0.002) -- (1.421 ___ 0.00~) (tr/tf)1/2 [4] 

which is valid for (tr/tf) > 0.5. 
The functions [2] and [3] describe the in tens i ty- t ime 

relationship for a light pulse generated in the step 
format, provided the assumptions involved in deriving 
[2] are valid. They have been considered in the l i tera-  
ture (10), and only the presumed steady state in 8R* 
needs reexaminat ion  here. The use of data taken early 
in the curve, where in tensi ty  changes are rapid, makes 
it necessary to support this approach. Thus, a com- 
parison was made o~ the light intensities predicted by  
that approximation and by the integrated rate equa-  
t ion (10) for SR*. For these calculations, f was taken 
as (z'/tf) 1/2, where 1/~' : 1/z -}- ka[lR*]. [See Ref. 
(10).] For a realistic case, tf = 1 sec. Ct = 0.1, and T = 
10 -4 sec, and the two predicted intensit ies become 
equal within 2% by the t ime tr ---- 30 ~sec. Longer time 
constants characterize systems with lower Ct or longer 
�9 . A worst case can be taken as tf ---- 1 sec, Ct = 0.001, 
and ~ = 10 -2 sec, and it features an 8% discrepancy 
after 10 msec. In  the algori thm proposed below, data 
are considered only for tr/tf > 0.01, hence it is l ikely 
that the steady-state t rea tment  is always valid for the 
data analysis as long as tf > 0.1 sec. For  experiments  

1 D u r i n g  t he  r e v i e w  of th is  m a n u s c r i p t ,  P r o f e s s o r  J.  T. M a l o y  
p o i n t e d  ou t  t h a t  t he  osci l la t ions  in ~n could  be  e l i m i n a t e d  b y  e q u a t -  
ing  t he  d imens ion l e s s  r e d o x  r a t e  cons tan t ,  kt~C, w i t h  t he  n u m b e r  of  
i t e r a t i o n s / s t e p  in a g i v e n  s imu la t ion .  One  can  f u r t h e r  a r g u e  t h a t  
such  a p r o c e d u r e  is t he  m o s t  a p p r o p r i a t e  m e t h o d  to ob t a in  (dn fo r  
d i f fus ion con t ro l l ed  condi t ions .  I t  g ives  r i se  to t h e  a n a l y t i c a l  r a t e -  
t i m e  f u n c t i o n  

~n = 4.74 exp[ - -3 .275( t r / t~ ) l /2 ]  

+ 11.99 e x p [ - - l l . 6 0 4 ( t r / t t )  ~/~] 

§ 37.34 exp  [ -- 36.33 (tr / t~)i /~l .  

Th i s  f u n c t i o n  d e v i a t e s  ~ rom the  n u m e r i c  d a t a  se t  b y  0.4% a t  t h e  
m o s t  a n d  0.2% on t he  a v e r a g e .  I t  d e v i a t e s  f r o m  [3] b y  0.5% at  the 
m o s t  a n d  0.3% on t h e  a v e r a g e .  T h e  t w o  ana ly t i ca l  representati<)ns 
g ive  v i r t u a l l y  iden t i ca l  p rec i s ion  in  f i t t ing  ope ra t ions .  

T h e  s m o o t h n e s s  of  o), f r o m  :~a loy ' s  a p p r o a c h  is n o t e w o r t h y ,  h o w -  
eve r .  Fo r  e x a m p l e ,  one  ob ta ins  an  a n a l o g  to Fig. 1 t h a t  is abso -  
l u t e ly  s t r a igh t  a n d  noise  f r ee  f r o m  0.07 L (t~/tf)l /~ ~ 0.13. W h e n  
f i t t ing o p e r a t i o n s  i n v o l v e  n u m e r i c  ( r a t h e r  t h a n  ana ly t i ca l )  ~ , ,  t h e  
s m o o t h n e s s  is a g r ea t  a d v a n t a g e .  
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1.0 

Fig. 1. The residue of ~n fol- 
lowing subtraction of the two 
longer-lived exponentials in Eq. o.6 
[3]. The circles represent ap- 
proximately every tenth value of 
~n produced by a simulation in- log co~ 
volving 10~),000 iterations/step. 
The oscillatory behavior of e:n 
is an artifact arising from the 
discrete nature of the concentra- 
tion arrays in the simulation, o,c 
The line is a plot of the shortest 
lived exponential in Eq. [3]. 
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of shorter  durat ion or for ve ry  inefficient systems, one 
might  have to consider the more exact approach. 

Strategy for Evaluat ing Parameters 
The hear t  of the proposed method for extract ing in- 

format ion f rom decay curves i s  the Marquardt  curve 
fitting a lgor i thm (14, 15). Like other least squares 
methods, it seeks the min imum point on the surface 
x2(~, ~, 7), which is defined as 

xf(~, #, 7) = z [ ~ ( ~ ,  #, 7) -- ( ~ ) r ~ ] 2 ~ / ~ n  ~ [5] 
all 
points 

The sum in [5] covers the whole  ar ray  of measured in- 
tens i ty- t ime pairs [ (~i) meas, tr/tf]n, and the weight ing 
factor ~n is proport ional  to the standard deviat ion 
in the intensi ty of the n th point. 

The Marquardt  a lgor i thm requires  as input  a work-  
ing point, i.e., some set (~, D, 7). The shape of the x 2 
surface at that  point is examined, and the routine ad- 
justs the three parameters  in a manner  that yields a 
smaller  x2(=, ~, 7). The new working point is then 
used as input  for another  cycle, and the whole pro-  
cedure continues unti l  the  working point arr ives at a 
min imum on the x 2 surface. 

This procedure  is accurate and efficient. If  one sup-  
plies a data set which is calculated from given ~, D, and 

values via [2], it wil l  repor t  exact ly those values 
regardless of what  initial point is chosen. Unfor tu-  
nately, the rel iabil i ty is much worse when  noisy data 
are used because the noise introduces into the x 2 sur-  
face shal low secondary minima that  can serve as traps. 
They usual ly are located fair ly near  the t rue result, but 
our observations include cases in which the fitting re-  
sults are erroneous by an order of magnitude in one 
or more parameters. In the presence of noise, then, 
fitting operations using only the Marquardt algorithm 
are imprecise, sometimes grossly incorrect, and may 
yield results that depend strongly on one's choice of 
the initial working point. It is a key aspect of this work 
that the Marquardt procedure has been supplemented 
to improve its reliability. 

The improvements are derived from a second routine 
which is executed after a first pass through Mar- 
quardt's algorithm. Since the working point that exists 
on entry to this routine defines a minimum in x 2, one 
cannot easily use surface contour there to obtain a 

better  working point. Instead, the approach is to search 
a per imeter  of 26 selected points surrounding it. These 
points are the set (a ~ u15~, ~ -}- u~Sp, 7 -t- u3~7) 
where  u1 ---- 0, _--+- 1. The increments  5~/a, 5/~/~, and 
6~/~ do not exceed 0.5, but  they are usually large 
enough that  x 2 for some per ipheral  point is la rger  than 
that at the working point by factors f rom 2 to 10. 
Selecting them so helps to ensure that  the per imeter  
will  extend over the ridges defining the secondary traps 
in the x 2 surface. If one or more of the per ipheral  
points has x 2 smaller  than the working point, then the 
best of these is taken as the new working point, and a 
new per imeter  search is made. When the improvement  
is wi thin  the fitting tolerance, the i terat ion is stopped, 
and a final pass through the Marquardt  a lgor i thm is 
made. Its output is taken as the best fit to the data. 

The per imeter  search is inefficient and accounts for 
about 70% of the typical  fitting t ime; but  it v i r tua l ly  
eliminates gross errors, it improves fitting precision 
markedly,  and dependences in the final fit on the initial 
guess became qui te  rare. For  a 150 point ar ray  of data, 
a program written in Fortran IV for a Data General 
Nova 820 minicomputer requires about 3 rain for 
execution. 

This fitting procedure is prefaced by several other 
operations. In our implementation, data from experi- 
ments or from calculations of trial synthetic curves 
exist on tape cassettes in an array which contains 501 
intensities corresponding to times 0.002 unit apart in 
the range 0 ~ tr/tf --~ i. These data are first subjected 
to a 7-point quart ic  smooth for 0 ~ tr/t~ ~ 0.06 and a 
19-point quart ic  smooth for tr/t~ > 0.06 (16, 17). Since 
a 501 point array is unmanageably  large for the fitting 
operation, some selection of points must  be made. In 
much of the work  reported below, the data sent to t,he 
fitting algori thm were  taken at even t ime intervals  
over  the range 0 ~ tr / t f  ~ 1. Bet ter  precision is at-  
tained when  they are selected at in tervals  as even as 
possible in a ( tr/ t f )  1/2 format,  hence this procedure  
was adopted for the vers ion now being used for ex-  
per imenta l  work. Data for tr / t f  ~ 0.04 are discarded. 
The weight  Cn for any given point is taken as t,he aver -  
age of the smoothing corrections made for it and for 
the two selected points immedia te ly  adjacent  to it. 

Fol lowing smoothing and point selection, the Fe ld-  
berg parameters  are determined,  and the ratio of •i at 
tr / t f  ~ 0.05 to that  at 0.2 is calculated. A comparison 
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of these three  indices of c u r v e  shape wi th  those in a 
large catalog of data f rom theoret ical  curves permits  
one to enter  an init ial  working point  t,hat is not too 
f a r  f rom the final value. 

P e r f o r m a n c e .  
To character ize the precis ion that  could be expected 

f rom this procedure,  a s tudy of fitting per formance  has 
been made four synthet ic  curves  which first were  calcu- 
lated f rom [2] and then had noise superimposed upon 
them. The sets of deviat ions making up the noise were  
Gaussian, and the deviations in any set ranged f rom 
3~/2~ to --3~/2~, where  ~ was the s tandard  deviat ion 
of t h e  distribution, o n e  could change the absolute 
noise level  by a l ter ing ~. T w o  kinds of noisy curves 
were  studied: (i) For  most work, ~i was per turbed  in 
a manner  such that  ~/wi was constant. Thus the noise 
falls wi th  the intensi ty  decay, and the s ignal- to-noise  
ratio is constant. (ii) A few studies involved  the ap- 
pl icat ion of a constant noise level, expressed as 
(<r/a~J)tr/t f=l , to the ent i re  curve. In this case, the 
s ignal- to-noise  ratio worsens as the decay proceeds. 

Per formance  has been defined for variat ions in sev-  
eral operat ing parameters ,  including the number  of 
data points used in the fit, the range of t imes over  
which the points are taken, the noise level,  and the 
fract ion of S route emission. In addition, the effect of 
an e r ror  in cal ibrat ing absolute emission measure -  
ments  has been examined.  The results  are as follows: 

Number of data points,~Figure 2 portrays the pre-  
cision of de te rmin ing  a, fl, and -y f rom a set of five 
noisy transients  all of which had the same noise level  
and the same t rue  values of those parameters .  Prec i -  

sion is .expressed for each pa ramete r  as 5-~ the re la t ive  
average deviat ion f rom the mean fitting result. In 
every  case the mean was wi th in  "~ of the t rue  value. 
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Fig. 2. Relative average deviations in fitting ~, /~, and 7 vs. 
size of the data array. Noise is of type ( i ) .  

Table I. Effect of data base time domain 
on fitting precision a 

T i m e  d o m a i n  ~<x(%) ~ f l ( % )  

0.01 ~ Cr/tz ~ 1 1.9 4,8 2.8 
0.1 ~: trltf ----- 1 3.0 7.8 3.2 

ca) IO0 po in t s ;  t y p e  (i) n o i s e  a t  1% l eve l ;  t r u e  c u r v e :  ~ ---- 0.1, 
fl = 0.1; '7 = 0.001;  18% S. 

The noise was of type (i) described ~bove, and its 
s tandard deviat ion was 1% of the intensi ty ~i. In peak-  
to :peak  terms, this level  is 3-5% of ~i th roughout  the 
t ime domain. For  the par t icular  combinat ion of a, /~, 
and 7 taken here, the S route  supplies 18% of the total  
emission. Per formance  improves marked ly  with  in-  
creases in the data set w,hen the number  of points is 
below i00. However ,  the slight improvement  obtained 
with  still larger  sets has led us to settle on 100 or 150 
points for the analysis of real  data. 

Time domain.--Ta, ble I shows ~he effect o n ~ - v a l u e s  
of taking da ta  la ter  in the transient.  Delet ing the ear ly  
informat ion has disadvantages enumera ted  above, but  
it may  be necessary whenever  the step rise t ime or the 
val idi ty  of the s teady-s ta te  approx imat ion  becomes a 
Problem. The fitting procedure  remains, useful  if one 
retains some informat ion  for t r / t f  ~ 0.2, but  raising the 

lower  bound on tr/tr causes increases in ~ values. Note 
that  the increases are much la rger  for ~ and/3 than for 
"y. This situation derives f rom t,he T route 's  sensi t ivi ty 
to [3R*]2, and it emphasizes the importance of the 
ear ly  informat ion for evaluat ing T route parameters  
and the la ter  data for de te rmin ing  the role of the S 
pathway.  

Errors in ~he absolute measurement oS ~i.--It  is not 
a t r iv ia l  task to calibrate a detector  to yield absolute 
measurements ,  and disagreement  continues over  the 
val idi ty  of calibration procedures.  It  is the re fo re  im-  
por tan t  to de termine  the effecL on the fitting outcome 
of a constant mult ip] icat ive e r r o r  in all values of ~i. 
The general  rule can be f o u n d f r o m  Eq. [2]. Note that  
if a given set ~i is associated witch the given pa ram-  
eters ~, 8, and % then the set of intensities k~,i, which 
has the same shape as ~ if k is constant, must  be asso- 
ciated with (ks, k~, k~/). The impor tant  concluoion is 
that  the curve  shape depends only on the rat ios of 
~, fl, and ~. The ratios of the parameters ,  ,hence the 
percentage of S emission, can be de termined  even 
f rom re la t ive  measurements  of intensity. Absolute  
data are needed if the magni tudes  of the parameters  
are wanted, and any e r r o r  f.~ctor in eva lua t ing  w; wil l  
show up ident ical ly in all three  parameters .  Tests 
wi th  the fitting procedure  have  borne out this ex-  
pectation. 

Contributions :tom the S route.--Figure 3 depicts 
fitting precision as a funct ion of S route  contr ibution 
to the total emission arising f rom an ST system. For  
a constant re la t ive  noise level,  ~ values hard ly  depend 
at all  on the absolute magni tudes  of =, ~, and 7. As one 
expects, the abi l i ty to define ~ and p deter iorates  as 
one moves to larger  S participation, and 7 ~hows the 
opposite trend. When the S contr ibution is be tween 
10 and 90%, both impor tant  parameters ,  ~ and 7, seem 
adequate ly  defined. 

Noise leveL--The deter iorat ion in precision with  in-  
creasing noise is shown in Fig. 4, where  the abscissa 
expresses the s tandard deviat ion of superimposed 
noise of type (i) as a percentage of wi. The efficiency 
parameters  ~ and 7 are sufficiently well  defined to 
make the fitting procedu~re wor thwhi le  even at a 5% 
level  (15-25% peak - to -peak ) ,  and Fig. 3 suggests that  
they genera l ly  will  be so for pure  S or pure  T cases 
and for ST systems wi~h S contributions ranging f rom 
10-90%. 
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Fig. 3. Relative oYerage deviations in fitting ~, fl, and 'y vs. 
percentage contribution of S-route luminescence to total emission. 
Noise is of type (1). 
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Fig. 4. Effect of noise level on fitting precision. Noise is of 
type (i). 

A brief  study dealt also with noise of type (it) For 
~ 0.1, ~ ~ 0.1, and 7 = 0.001 (18% S) and for r 

being 50% of ~oi at tr/tf ---- 1, a values for the three 
parameters  were 0.3, 1.8, and 6.4%, respectively. When 

was 200% of o~i at tr/ t f  ---- 1, these figures rose to 0.9, 
5.7, and 23%. The importance of the early emission 
for de termining T route parameters  is again demon-  
strated: For 50% noise of type (it),  the precision in 
and fi is comparable to that  obtained with noise of 
type (i) at a level of 0.1%; yet 7 is only as precise as 
with a 2-3% level of type (i). 

Conclusion 
The foregoing paragraphs demonstrate the viabil i ty 

of this procedure for t ransients  ,having noise levels no 
larger than those considered here. Such signals are ex- 
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per imental ly  realistic. In  work with the rubrene  
homomolecular  ion annihilatior~ in benzonitrile,  we 
record transients with noise pat terns resembling type 
(it) with a 5.0% level. Thus, it  seems reasonable to 
use this approach with real data, and efforts along that  
l ine are in progress. Being able to examine an  entire 
t ransient  with precision will make a rigorous test of 
the theory behind [2] possible for the first time. If it 
or a successor is found to be valid, the fitting approach 
should prove worthwhile  for rout inely  extract ing in-  
formation about excitat ion efficiencies. 

LIST OF SYMBOLS 
A electrode area, cm 2 
ai, bi intercept and slope of Feldberg plot 
C concentrat ion of reactant  precursor, moles/  

cm 8 
D diffusion coefficient of reactant  precursor, 

cm2/sec 
f width of reaction zone along diffusion axis 

(dimensionless) (2, 10) 
g kt/2ka 
I absolute light intensity,  einstein/sec 
ka ks -]- kt -t- kg 
ks, kt, kg rate constants for t r ip le t - t r ip le t  annihi la t ion 
N redox reaction rate, mole/sec 
tf durat ion of the forward step, sec 
tr t ime measured into the reverse step from its 

start, sec 
o~ CfCttCt/(1 -- g) 
p CfCtdtf/SkaTf(1 -- g) 2 C 

~n standard deviation in the measurement  of 
the n th ~oi value 

r s tandard deviation of the dis t r ibut ion of ab-  
solute noise deviations 
lifetime of 3R* in the absence of triplet- 
triplet annihi la t ion  

Cf fluorescence efficiency of 1R* 
r sing?et yield of electron transfer  
r triplet yield of electron transfer  
Ctt ks/ka 
X 2 index function for fitting, see [5] 
o: i Itfl/2/AD1/2 C 
o: n Ntf l /2/AD1/fC 
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Studies in Derivative Chronopotentiometry 
I. Instrumentation and Diffusion-Controlled Systems 
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ABSTRACT 

Theoretical correction and ins t rumenta l  compensation of charging cur-  
rent  are discussed for both conventional  and derivative chronopotentiometry.  
Exper imental  results indicate that  either correction or compensation is effec- 
tive in reducing the error due to charging the electrical double layer, but  
that best results are obtained by application of both techniques. In  diffusion- 
controlled systems, derivative chronopotent iometry shows significant advan-  
tages over conventional  chronopotentiometry.  

Relationships governing chronopotent iometry in  its 
simplest form have been derived, and the technique 
has been discussed in some detail (1-5). The relat ion-  
ships given in the references do not include the un -  
avoidable complication of double- layer  charging, prob-  
ably the most serious problem encountered in chrono- 
potentiometry.  Because of this, it is often difficult to 
obtain a highly precise correspondence of experi-  
menta l  results and theoretical predictions. Despite 
these problems, the chronopotentiometric technique 
offered sufficient promise of ut i l i ty  to encourage our 
examination.  Most of our efforts have been in the 
evaluat ion of derivative chronopotent iometry (6) and 
its comparison with the conventional  technique. In  
this paper, we report  the ins t rumenta t ion  required for 
derivative chronopotentiometry,  its application to sim- 
ple systems, and a comparison of derivative and con- 
ventiona] results. Included are suggestions for obtain-  
ing chronopotentiometric data corrected for the effects 
of double- layer  charging. 

Conventional Chronopotentiometry 
Application of the Sand equat ion (3) requires that  

all current  supplied to the cell be used in the faradaic 
process. In  real i ty  this requi rement  is never  met. A 
part  of the current  supplied is used in  charging the 
electrical double layer. This has the effect of decreasing 
the amount  of charge available for the faradaic proc- 
ess. In  addition, the double- layer  capacity is potent ial-  
dependent  and the rate of potential  change is highly 
nonl inear  so that the fract ion of current  devoted to 
the charging process is not constant. These two effects 
produce not only a lengthening of the apparent  t ransi-  
t ion t ime beyond its predicted value based upon the 
value of the applied current,  but  also a distortion of 
the potent ia l - t ime curve. These effects become most 
impor tant  at short times (high current  densities) and 
low concentrations. 

Considerable effort has been expended in recent 
years in at tempts to obtain chronopotentiometric data 
unper tu rbed  by double- layer  charging (7-9). One ap- 
proach to the distortion problem has been the sug- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  d r o p p i n g  m e r c u r y  e lec t rode  (dine) ,  c u r r e n t  compensa -  

t ion ,  p o s i t i v e  f eedback ,  

gestion that ins t rumenta l  compensation, usual ly  re-  
quir ing positive feedback, be used (10). A promising 
ins t rumenta l  method, evaluated in this work, is based 
upon the fact that the rate of double- layer  charging is 
a function of the rate of potential  change. Electronic 
differentiation of the potent ia l - t ime curve produces a 
voltage signal proport ional  to dE/dt, and a port ion of 
this signal is converted to a current  which is then 
added to the applied current  by positive feedback (6). 
The fixed proportion of the differentiator output  which 
is used for feedback is based on the double- layer  ca- 
pacitance in the potential  range of interest. Fur the r  
details are given in the ins t rumenta t ion  section. 

The various graphical and potent ia l - in terva l  tech- 
niques and correction approaches have been compared 
by others (11). After  considerable investigation, we 
have chosen to base our  estimate of the conventional  
t ransi t ion t ime upon the measur ing technique sug- 
gested by Noonan (12) (Fig. 1) and the correction 
model suggested by Bard (13). Noonan defines the 
initial  time (t ---- 0) as the intersection of tangents  to 
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Fig. 1. Noonan technique for measurement of transition time 
and double-layer capacitance. 
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the initial, rapid  potential  change and the ini t ial  por-  
t ion of the plateau region of the potent ia l - t ime curve. 
The uncorrected t ransi t ion time, ~, is then  defined as 
the t ime in terval  from this point to the t ime at which 
the potential  has changed by  200 inV. The choice of po- 
tent ial  in terval  magni tude  is somewhat arbitrary,  but  
the interval  must  be large enough to ensure that the 
surface concentrat ion of electroactive species ap- 
proaches zero. Of course, the larger the interval  the 
more nonfaradaic charge is included in  the measure-  
ment,  and the greater the probabil i ty  that  more highly 
potent ia l -dependent  regions of double- layer  charging 
will be encountered. No charging correction is obtained 
in the measur ing technique itself. This is accomplished 
by treat ing the data in  the m a n n e r  suggested by Bard, 
who utilized a s p l i t  cur rent  model 

io ---~ iF + idl -~- fads [1] 

where io -- total applied current  density; iF ----- faradaic 
current  density; idl ~- double- layer  current  density; 
and iad~ ---- adsorption current  density. The model as- 
sumes that  the component currents  comprising io are all 
constant throughout  the experiment.  In  the absence of 
adsorption, the equat ion becomes after subst i tut ion 

io =- nF(nD)112CI2~1/2 "F CdlAE/~ [2] 

where Cdl -= average double- layer  capacitance per cm ~- 
over in terval  nE volts and �9 -- measured t ransi t ion 
time. A useful form of this equat ion is 

io~ : nF (=D)1/20~1/2/2 + CdlAE [3] 

ioT : A C z  ~/2 + B 

where A ---- t rue chronopotentiometric constant = 
n F ( ~ D ) I / 2 / 2  and B =- CdlnE. Thus, if the model is 
applicable, a plot of tot  vs.  C~ 1/2 should yield a straight 
l ine with a slope of A and an intercept  of B for a series 
of data obtained at varying current  densities. Once B 
is known, it may be applied in  various ways to correct 
chronopotentiometric data. Corrected individual  
chronop0tentiometric constants can be calculated from 
Eq. [4] 

A = (io~ - -  B ) I C ~  1/2 = (io~ 1/2 - -  B1~1/2) /C [4] 

Corrected individual  values of �9 (as ~l/2corr) c a n  be 
calculated from Eq. [5] 

�9 l/2corr = A C / i o  =- ~1/2 _ B/io~ll~ [5] 

An al ternative method of de termining B was suggested 
by  Noonan (12); in  this method, one measures the 
slope of the initial, sharply changing segment of the 
chronopotentiometric potent ia l - t ime curve just  prior 
to its breaking over to the plateau region (Fig. 1). The 
slope is related to the double- layer  capacity by 

Slope = io/Cdl [6] 

The value of Cdl thus calculated is used with the know n  
nE over which T is measured to yield a value of B. 
This value can be used in  the same ways as outl ined 
above. This procedure is most useful  in kinetically 
complicated systems. 

The Noonan-Bard approaches were used with the re-  
sults given below. Details as to the specific mode of 
correction used are given in the Results and Discussion 
section. 

The assumptions, explicit and implicit, in the Bard 
model have been  discussed in  some detail in the work 
of de Vries (14), Nicholson (11), and Rodgers and 
Metres (15). Their  more complex t reatments  of the 
double- layer  effect indicate that  the Bard model is 
open  to some criticism on both theoretical and physical 
grounds. While these criticisms may be valid, in our 
hands the model does yield data substant ia l ly  free of 
double- layer  error and in close agreement  with theo- 
retical predictions. It is possible that  this occurs be-  
cause of fortuitous cancellations of errors contained 

in  the model; r~onetheless, the model appears to pro- 
vide a simple, empirical  method for obtaining chrono- 
potentiometric data substant ia l ly  free of charging 
error. 

Derivative Chronopotentiometry 
In  derivative chronopotentiometry,  the chronopo- 

tentiometric potent ia l - t ime curve is electronically dif- 
ferent iated as a funct ion of time. The differentiator 
output, dE/dr ,  can be displayed vs. t ime or potential. 
During the chronopotentiometric trace, d E / d r  reaches 
a m i n i mum which is quant i ta t ive ly  related to the 
t ransi t ion time. For a cathodic  process d E / d r  is a 
negative quant i ty  while for an anodic process i t  is a 
positive quanti ty.  The te rm m i n i m u m  here refers to 
the min imum of the absolute values of the derivative. 
Previous published work in  derivative chronopoten- 
t iometry is rare. The derivative concept has been ap- 
plied to cyclic Chronopotentiometry (16), and Peters 
and Burden (6) have derived the theoretical relat ion-  
ship between the t rans i t ion  t ime and the m i n i m u m  in 
the d E / d r  curve. Noonan (12) deals with the technique 
to a l imited extent;  others have reported ini t ial  a t-  
tempts to apply the technique to submicroformal  con- 
cen t ra t ions  (!7) and to mul t icomponent  systems (18). 

For reversible systems, Peters and Burden  derived 
the following expression 

( d E / d t ) m i n - -  - - 2 7 R T / 8 n F ~  = --0.08664/nT at 2!5~ 

[7] 

The authors claim that  this equat ion provides the first 
theoretically justifiable method for the evaluat ion of 
transition times and point out that the minimum in the 
dE/dt function is relatively insensitive to double-layer 
charging. Although this is true and, as a result, deriva- 
tive chronopotentiometric data are less distorted by 
double-layer effects than conventional data, it is evi- 
dent that the experimentally determined dE/dt func- 
tion retains a double-layer charging term. We have 
chosen to t reat  the derivat ive data in a similar  fashion 
(Bard model) to that  chosen for conventional  data. As 
ment ioned above, the Bard model assumes a constant 
ratio of i l l  over the chronopotentiometric curve. Al- 

though this can only be approximately t rue  over the 
entire chronopotentiogram in the conventional  tech- 
nique, the AE over which the derivat ive is t aken  is 
much smaller. Thus, the derivative technique is per-  
formed using conditions which more near ly  approach 
those postulated in  the model. As a consequence, inso- 
far as the model is applicable at all, it should be more 
applicable to the der ivat ive  than  to the conventional  
technique. Results are given below. 

Use of the derivative approach is not without  its 
p r ice /The  original ins t rumenta t ion  used by Peters and 
Burden is severely l imited in  its abil i ty to yield data 
over a broad time range. Expanding the time range of 
the ins t rumenta t ion  required some added complexity 
compared to conventional  chronopotentiometry.  Most 
of the additional complexity is directly traceable to the 
we l l -known difficulties of electronic differentiation. 

More serious disadvantages are those associated with 
the na ture  of the charge- t ransfer  process. Theoretical 
chronopotentiometric t ransi t ion times depend only 
upon mass- t ransfer  properties; in principle, the de- 
tailed na ture  of the potent ia l - t ime curve does not affect 
~. Derivative chronopotentiometry,  however, requires 
differentiation of the potent ia l - t ime curve; thus, re-  
lat ing ( d E / d t ) , ~ n  to T requires a detailed knowledge of 
the degree of reversibi l i ty of the electrochemical proc- 
ess. In  addition, I R  drop (uncompensated resistance) 
may be more important  in the derivative method than 
in the conventional  technique. Despite some problems, 
the work we report  here and in  succeeding papers will, 
we believe, demonstrate the continued ut i l i ty  of the 
chronopotentiometric technique and the potential  of 
the derivative approach. 
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Instrumentation 
Severa l  different  chronopotent iometers  have been  

bui l t  in  this l abo ra to ry  which  represen t  var ious  stages 
of deve lopment  f rom the ins t rument  descrbed p rev i -  
ously (16). The ma jo r  differences in these ins t ruments  
are  in the  character is t ics  of the amplif iers  used, the  de-  
vices used for switching,  and  in the  number  of differ-  
ent ia tors  employed.  

In  al l  the  ins t ruments  the  same basic ga!vanostat  
c ircui t  has been used  wi th  the  test  e lec t rode  connected 
to the summing poin t  (at  v i r tua l  g round)  and the 
countere lec t rode  connected to the  outpu~ of the  ga l -  
vanosta t  amplif ier  (Fig. 2). The reference e lec t rode  is 
connected to the  input  of a second amplif ier  which is 
used as a vo l t age  fol lower.  The output  of thef011ower  
serves as the  poten t ia l  output  of the  ins t rument  and is 
also connected to one or t w o  dif ferent ia tors  a n d  the 
vol tage  sensors of the  control  circuit. In  the  ea r l i e r  
ins t ruments ,  the  cur ren t  source for  the  ga lvanos ta t  was 
an opera t iona l  ampli f ier  wi th  output  Voltage l imi ted  
by  a pa i r  of Zener  diodes connected back  to back. In  
the  la tes t  ins t rument ,  r egu la t ed  pOwer sUpplies are  
used for the current  sources. 

To control  the  potent ia l  o f  the work ing  e lect rode 
pr ior  to the  appl ica t ion  of the  c u r r e n t  step, t h e  Ceil 
connections are  not changed b u t  the  summing poin t  of 
the g a l v a n o s t a t  is disconnected f rom the C u r r e n t  
soUrces and connected to the movab le  tap of the  v01ts 
age d iv ider  ( R ~ ) b e t w e e n  the ~ or --  supply  a n d  the 
output  of the  fol lower.  The ga lvanos ta t  amplif ier  then  
controls  the  vo l tage  of the  cell  so that  the  tap of the  
vol tage  d iv ider  is a t  g round  po ten t ia l .  The p0tent ia l  
control  is qu i te  effective if  no Cell c t i r rent  flows at  this 
des i red  potential ;  If  cell  Current does flow at this  set-  
ting, the  nomina l  e lec t rode  potent ia l  wi l l  be in e r ror  
since cur ren t  wi l l  be d r a w n  f rom the vol tage  divider ;  
however ,  the  potent ia l  control  is adequate  for most  
purposes  and, in any event,  the  output  Of the  fo l lower  
wi l l  indicate  the  e lec t rode  potent ia l  Plus a smal t  f rac -  
t ion of the to ta l  IR drop in the cell: Th i s  cirCUit has the  
advantage  tha t  the  cell is connected to the  ga lvanos ta t  
and fol lowe r amplif iers  at all  t imes  and thus switching 
t rans ients  a re  minimized,  

In  o rder  to pe r fo rm chronop0ten t iomet ry  w i th  a 
d ropping  m e r c u r y  electrode,  some device mus t  be em-  
p loyed  to synchronize  the drop act ion so tha t  the  cu r -  
rent  step is appl ied  at a reproduc ib le  t ime in the  drop 
l i fe  and, hence~ on a reproduc ib le  e lect rode area.  Fo r  
this  purpose  a d rop-de tach ing  solenoid is ac tua ted  by  
the cycle t imer,  The de tacher  must  be designed so tha t  
the drop wil l  be dis lodged wi thout  causing significant 
cont inued osci l lat ion of the  capi l la ry .  The solenoid is 
moun ted  in a j i g  which  also holds the  capi l lary.  The 
cap i l l a ry  is he ld  in a semic i rcular  groove by  an elast ic  
band  or meta l  spring. The spr ing tension is jus t  suffi- 
cient  to r e tu rn  the  cap i l l a ry  to its or ig inal  position. 
The back  side of the  groove is covered wi th  a section 
of rubbe r  tub ing  to damp the recoil  mot ion  when  the 

~ R 3  

R1 

S5 

T E out 

t 

Fig. 2. Schematic diagram of chronopotentiometer. Amplifiers: 1, 
galvanostat; 2, voltage follower; 3, readout differentiator; 4, 
feedback differentiator; see text for other details. 

cap i l l a ry  is reseated.  The solenoid m a y  be posi t ioned in 
the  j ig so as to obta in  the  min imum necessary amount  
of cap i l la ry  movement  when  the solenoid is actuated.  

A mas te r  t iming and control  circuit  is used to ac tu-  
ate the  drop detaching solenoid and to control  the  in-  
put  switches to the  ga lvanos ta t  amplifier.  When  the 
t imer  pulses the  solenoid, the  cur ren t  control  switches, 
$1 and $2, a re  set nonconduct ing and the po ten t ia l -con-  
t ro l  switch, $3, is set conducting. At  the end of the 
p rede te rmined  de lay  time, the  potent ia l  control  is 
swi tched off and e i ther  $1 or  $2 is made  conducting so 
that  a cathodic or anodic cur ren t  is swi tched  into the  
input  of the ga lvanos ta t  amplif ier  to s ta r t  the  chrono-  
potent iometr ic  process. The magni tudes  of the  anodic 
and cathodic currents  are set i ndependen t ly  wi th  R1 
and R2. When the e lect rode potent ial ,  as represen ted  
by the fol lower  output,  reaches  a prese t  l imi t ing value,  
a vol tage-sens ing circuit  reverses  the  states of $1 and 
$2, thus revers ing  the di rect ion of cell  current .  When  
the electrode potent ia l  reaches a Second prese t  l imi t ing 
value,  both $1 and $2 are  again  set nonconduct ing and 
$3 is set conduct ing to res tore  potent ia l  control.  Al -  
te rnat ive ly ,  when the second l imi t ing potent ia l  va lue  
is reached, the  states of $1 and $2 are  again  reversed  
so tha t  another  chronopotent iometr ic  cycle is s tar ted.  
In  this  way, cyclic ch ronopoten t iomet ry  can be per -  
formed. At  the  end of the cycle time, the  d rop -de tach -  
ing solenoid is pulsed again  and a new cycle is s tar ted.  
A push-bu t ton  switch is a l s o  provided to serve  as a 
manual  s tar t  for exper iments  on s t a t ionary  electrodes.  
In  this series of ins t ruments ,  the switching e lements  
have  ranged f rom toggle switches t h rough  m e r c u r y -  
wet ted  re lays  and diode gates to MOS field-effect t r a n -  
sistors. 

Opera t ional  amplif ier  different ia tors  a re  used lo ob-  
ta in  the dE~dr readout  and as a signal  source for the  
posi t ive feedback loop used for  compensat ion  for the  
cell capaci tance current .  A series of d i f ferent ia tor  t ime 
constants  is se lec table  by  switching the input  capaci tor  
and feedbaCk resistor.  Careful  a t tent ion  to the  f re-  
quency response of the  circuit  is necessary  to obta in  a 
stable,  fast, tow norse differentiator .  Both a series re -  
sistor in the input  of the circuit  and  a para l l e l  ca-  
paci tor  in the feedback loop of the  di f ferent ia tor  are  
necessary.  These are  swi tched together  wi th  the  input  
capaci tor  and feedback  resistor.  In  addit ion,  i t  is nec-  
essary  to use Zoner diodes in a Iow impedance  feed-  
back  loop which comes into use when  the dif ferent ia tor  
output  vol tage nears  its limit~ If  this is not done, the  
summing point  of the di f ferent ia tor  circuit  wil l  leave 
v i r tua l  g round  when the l imi t ing  ou tpu t  vol tage  is 
reached. The circuit  recovers  very s lowly  f rom this 
condition, especial ly if a chopper -s tab i l i zed  amplif ier  
is used. 

For  der iva t ive  readout  it  is des i rable  to have  a di f -  
fe ren t ia tor  circui t  wi th  a rise t ime at least  two orders  
of magni tude  faster  than  the t rans i t ion  t ime being 
measured.  This requires  a fast  amplif ier  for t rans i t ion  
t imes  of Iess than  a msec. On the  other  hand, for 
charg ing-cur ren t  compensation,  the  r ise t ime of the  
dif ferent ia tor  must  be s lower  than  tha t  of the  ga lvano-  
s ta t -ce l l  circuit ;  otherwise,  the  ent i re  circuit  wi l l  b r eak  
into oscillation. Thus, it  is clear  tha t  op t imum resul ts  
can be obta ined only if  different  different iators  a re  
used for readout  and  feedback.  Only  one of the  ins t ru-  
ments  used in these studies had  two different ia tors  and 
the qual i ty  of some of the  resul ts  obta ined  wi th  the 
other  ins t ruments  was cur ta i led  by  this  omission. 

Due to the evo lu t ionary  na ture  of our ins t ruments ,  
st i l l  in process, we p re fe r  not to supply  specific values  
of circuit  e lements  in this paper .  In te res ted  readers  
may  contact  us for fu r the r  deta i l s  of specific circui t  
elements.  

Results and Discussion 
The first resul ts  discussed are  conventional .  By "con- 

vent ional"  is meant  the  usual  exper iment  in which the 
chronopotent iometr ic  po ten t i a l - t ime  curve, as opposed 
to its der ivat ive,  is the wave fo rm of interest .  In  al l  
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cases the measurement  of T was made using the 200 
mV interval  technique discussed above. Both cadmium 
and lead systems, of vary ing  concentrations, were ex- 
amined; the support ing electrolyte was  1.0M KNO~ in 
all cases. The conventional  results obtained are pre-  
sented in Tables I and H. In  these tables, the column 
heading "microfarads compensation" refers to the 
amount  of positive feedback utilized, a larger  n u m b e r  
meaning higher cur ren t  feedback. The range of T gives 
the longest and shortest t ransi t ion t ime observed for a 
given set. The quant i ty  i~l/2/C is given as a range in 
the table, but  note that  the ranges are somewhat larger 
than  would be obtained using a graphical method for 

measurement ;  our reasons for adopting the potential-  
interval  measur ing technique are given above. The 
intercept and slopes given are the values obtained by 
applying the Bard model to the chronopotentiometric 
data. In  all cases this is a plot of iT vs. CT 1/2 where �9 is 
the measured t ransi t ion time, C is concentrat ion of 
electroactive species, and i is the applied current  
chosen ins t rumental ly .  Such a plot corresponds to 

SCIENCE AND TECHNOLOGY September  I975 

Eq. [3] with all terms mult ipl ied by the electrode area, 
a, and yields a slope of i~1/2/C and an intercept on the 
i~ axis which equals aCdlAE. Thus, the slope, insofar as 
the model applies, should be equal to the average value 
of i~l/2/C obtained by correcting individual  values of 
experimental  iT/C, using the procedure outl ined pre-  
viously, and should be equal to the t rue  chronopoten- 
tiometric constant mul t ip l ied by the electrode area. 
The intercept value provides a value of Cdl. In  all cases 
the slopes and intercepts were obtained by least 
squares computer analysis, ra ther  than by hand plot-  
ting. The column headed i~1/2/C (corrected) presents 
the average of Bard-corrected values thus obtained. 
Note that slopes and corrected values are in good 
agreement, implying not only l inear i ty  of the data but  
also close adherence to the Bard model. The number  of 
values given is the actual number  of individual  values 
to determine the range and average reported for each 
set. The number  of points used for the over-al l  average 
does not always agree with the total due to the statisti- 
cal procedure of e l iminat ing points whose s tandard 

Table I. Conventional chronopotentiometry of Pb(N03)2; dme electrode area ---- 0.0280 cm 2 

M i c r o -  ir l l  2. iv ~1~* 
f a r a d s  

c o m p e n -  v r a n g e  C C" N u m b e r  
s a t i o n  (in m s e c )  r a n g e  I n t e r c e p t  Slope* c o r r e c t e d  o f  v a l u e s  S u m m a r i e s  

A.  10-sM P b ( N O s ) 2  0 92-1.5 14.1-19.4 0.260 13.3 13.3 6 io r  1/s 
= 471 --~ 6" 

C 
1M KN0s 0.2 89-1.3 13.8-18.1 0.179 13.3 13.3 6 

0.4 85-1.1 14.1-16.9 0.127 13.1 13.1 6 Ca* = 29 # f / c m  s 
o v e r - a l l  a v g .  13.2 17 

B.  5 X 1O-4M Pb(NO~)~ 0 90-1.4 15.0-24.3 0.202 13.3 13.3 6 iov 1/s 
= 467 - -  7" 

C 
1M K N O s  0.3 81-1.0 14.2-20.9 0.123 13.1 13.1 6 

0.5 76-0.71 13.7-17.2 0,0646 13.0 13.0 5 Cal = 26 /~f/cra s 
0.7 68-0.38 12,6-13.1 0.0067 12,7 12.8 5 

o v e r - a l l  avg .  13.1 21 

C. 2 x 10-4M Pb(NO~)~ O 80-1.3 18.0-40.2 0.162 13.2 13.1 8 io71/s 
= 404 - -  12" 

C 
IM KNO~ 0.3 68-0.89 16.7-32.8 0.098 13.0 13.0 5 

0.5 59-0.48 15.5-24.1 0.046 13.0 13.1 5 Cdl = 28 # f / c r n  ~ 
0.7 47-0.22 13.8-16.5 0.004 12.3 12.5 5 

o v e r - a l l  a v g .  13.0 19 

D. 1 X 10-4M Pb(NO~)~ 0 77-1.2 21.8-67.5 0.149 13.4 13.3 5 io~ "1/2 
= 471 -- 11" 

C 
1M K N O a  0.3 61-0.72 19.5-52.9 0.089 13.3 13.3 5 

0.5 50-0.39 17.6-38.7 0.046 13.2 13.3 4 Cdl = 29 # f / c m  ~ 
0.7 35-0.21 14.6-28.3 --0.005 13.0 12.9 4 

o v e r - a l l  a v g .  13.3 20 

ivl/~ amp-secl/S-ml loT1/2 amp-sec1/S-ml ~orl/s 
* U n i t s  of  a n d  s lopes  a re  ; u n i t s  of .-  a r e  ,. P r e c i s i o n  a n a l y s i s  is s t a n d a r d  d e v i a t i o n .  V a l u e s  of  

C mole C mole-cm ~ C 

are obtained from corrected 
C 

Table II. Conventional chron,opotenffometry of Cd(N03)2; electrode (dme) area ----  0.0280 cm 2 

M i c r o -  i r : ~ *  i~ 1/2 
f a r a d s  

c o m p e n -  v r a n g e  C C N u m b e r  
s a t i ons  ( in m s e c )  r a n g e  I n t e r c e p t  Slope* c o r r e c t e d  of v a l u e s  Summaries 

A.  10-~M Cd(NOs)2  0 90-1.2 13.0-17.5 0.176 12.4 12.4 6 {or 1/2 
C' = 438 • 6" 

1M KNC~ 0.2 85-1.0 12.7-18.2 0.129 12.2 1'2.2 6 
0.4 81-0.85 12.3-14.6 0.075 12.1 12.1 6 Cdl = 24 # f / e r a  s 
0.6 77-0.00 12.0-12.3 0.020 12.0 11.9 6 

o v e r - a l l  a v g .  12.2 23 

B. 5 • 10-4M Cd(NOs)s 0 87-1.1 13.8-20.8 0.147 13.7 12.8 6 io7 ~/~ 
= 436 -~ 15" 

C 
IM KNO~ 0.3 77-0.78 13.0-18.1 0.083 12.4 12.4 6 

0.5 70-0.50 12.4-14.5 0.046 11,8 11.8 5 
0.7 64-0.27 10.6-11.8 0.012 11.9 11.9 6 C4~ = 24 p / / c m  s 

o v e r - a l l  a v g .  12.2 23 

* F o r  un i t s ,  see  T a b l e  I .  
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deviation is greater  than  2~. In  the summary  column 
are presented chronopotentiometric constants in  con- 
vent ional  units;  also presented are values of Cdl cal- 
culated from intercepts. Observe the close agreement  
of corrected chronopotentiometric constants and Cdl 
over a wide range of concentrations and T's and with 
different .values of compensation. 

The conventional  chronopotentiometric results ob- 
ta ined for the lead system are presented in  Table I. 
Detailed examinat ion  of the results in Table I reveals 
a number  of salient features. For  no compensation, the 
values of i~l/~/C obtained increase drastically, not  only 
wi th  decreasing z in a single concentrat ion but  also 
with decreasing concentrat ion;  in  the absence of 
double- layer  charging, this value should be constant. 
For example, the values obtained for 10-3M range 
from 14.1 to 19.4, whereas for 10-4M the range 
is 21.8-67.5. These results are expected and are in  
agreement  with the observations of other workers. On 
the other hand, even with zero compensation, the cor- 
rected values are v i r tual ly  constant wi thin  exper imen-  
tal  error. A second feature is that  exhibited by the re-  
sults obtained using positive feedback. Generally,  as 
compensat ion increases (increasing feedback current) ,  
the range of uncorrected i~112/C values decreases wi th-  
in each concentrat ion studied, but  does not decrease 
sufficiently to indicate that  electronic compensation 
alone can provide completely corrected data; a Bard 
correction is still necessary. A n  interest ing result  is 
revealed by  the data for the 10-4M solution at com- 
pensation 0.7; the negative intercept obtained indicates 
"overcompensation" and is a fur ther  suggestion that  
electronic compensation alone is inadequate  in  con- 
vent ional  chronopotentiometry.  

The thi rd  salient feature of the data in Table I is 
revealed by examinat ion  of corrected values of iT1/2/C; 
vir tual  constancy in the quant i ty  is obtained over the 
concentrat ion range studied. Al though the t rend is not 
statistically meaningful ,  corrected values obtained with 
zero compensation are slightly larger than  those ob- 
ta ined with positive feedback; yet, too high a level of 
compensation can be used, as evidenced by the nega-  
tive intercept discussed above. Therefore, it would ap- 
pear that, if conventional  chronopotent iometry is used, 
the opt imum approach is to use some compensat ion and 
to invoke the correction system by Bard. A somewhat 
less opt imum approach is to use no compensation, but  
to use only the correction technique;  this aproach 
would provide data usable for most applications. Data 
obtained at the concentrat ion levels and t ransi t ion 
times of Table I are vi r tual ly  useless without  correc- 
tion, and electronic compensation (positive feedback) 
fur ther  improves the data. At higher concentrat ions 
(2-10 mM), it may be possible to obtain corrected data 
using only electronic compensation, but  at these higher 
concentrations and at longer t ransi t ion times correction 
is often unnecessary.  The success of the correction ap- 
proach and of the application of electronic compensa- 
tion has part icular  significance in kinetics studies 
where theoretically predicted behavior  must  be ob- 
tained; the significance of these results in  analytical  
application is dealt with in  a later  paper  of this series. 
The fourth impor tant  feature of Table I is revealed in 
examinat ion  of the values of ioT1/2/C, the chronopo- 
tent iometr ic  constant. Values of the quantity,  calcu- 
lated using the corrected value of i~1/2/C and the 
electrode area, are in good agreement  with values pre-  
viously obtained in our laboratories under  more favor- 
able concentrat ion and t ransi t ion time conditions and, 
thus, much less subject to double- layer  charging error. 

The conventional  chronopotentiometric results ob- 
ta ined for the cadmium system are presented in Table 
II. The results in set A of the table are i l lustrated in 
Fig. 3. These results confirm and s t rengthen the con- 
clusions and observations obtained using the lead re- 
sults. They are also useful in  the comparison of deriva- 
tive and conventional  approaches given below. In addi- 
tion, a few impor tant  features require  comment. Ob- 
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Fig. 3. Bard plots for Cd 2+, Set A of Table II 
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serve that the cadmium system is somewhat more well 
behaved than the lead in  that the ranges of experi-  
mental  i~1/2/C are somewhat smaller. This is probably 
due to the smaller average double- layer  capacitance 
encountered in the cadmium system, where reduction 
occurs at --0.6V vs. SCE, than  that  encountered in the 
lead system where reduct ion occurs at --0.4V vs. SCE. 
In fact the electronically compensated (0.6 ~F) but  un -  
corrected values of iT1/2/C obtained in 10-SM Cd(NO3)2 
compare rather  favorably with corrected values. The 
data in Table II also provide some indication, as do the 
data of Table I, that zero-compensated data yield 
larger values of corrected iT1/2/C than  do compensated 
data; again, the t rend may not be statistically mean-  
ingful. Finally,  note that constancy in i~l/2/C is 
achieved over a wide range of t ransi t ion times. 

Derivative chronopotentiometric results are pre-  
sented in Table III. Note that the concentrat ion of cad- 
mium is low and thus provides a good test of the 
derivative technique compared to the conventional  ap- 
proach. Calculated t ransi t ion times in the table were 
obtained from Eq. [7] presented earlier. Actual  dif- 
ferentiator  readout is a potential  waveform, .the min i -  
mum of which permits  calculation of (dE/dt )min by 
the relationship 

(dE~dr) min  --  --Emin/RfCi [8] 

where Rf and Ci are the respective values of the feed- 
back resistance and input  capacitance of the differen- 
tiator circuit. The quant i ty  i t  is the product of the cal- 
culated exper imental  t ransi t ion time and the controlled 
current  chosen ins t rumental ly .  Other quanti t ies in the 
table were determined as in Tables I and II. Observe 
that each ent ry  in Table III is a single data point, 
whereas the entries in Tables I and II are averages of 
several measurements.  Set A of Table III  are uncom- 
pensated (no positive feedback) results. Note that  the 
uncorrected values of i~t/2/C show a definite t rend 
towards higher values as T decreases; al though the 
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Table Ill. Derivative chronopotentiometry of Cd(N03)2; electrode (dme) area ---- 0.0290 cm 2 

~.cl/~* i~-~12. 
Calculated ~" 

(msee) i r  u n c o r r e c t e d  corrected Summaries 

A. 4 X 10-4M Cd(NOs)~ 

1M KNOs 
no positive feedback 
(uncompensated) 

38.4 0.984 12,4 12.2 iorl] 2 
- -  = 420 --  O* 

C 
28.0 0.838 12.5 12.2 (corrected) 
16.0 0.642 12.7 12.2 iov 1/2 

= 440 • (dr i f t )  
10.3 0.516 12.7 12.2 C 

7.22 0.433 12.8 12.1 (uncorrected) 
5.41 0.379 12.9 12.2 
4.20 0.336 13.3 12.2 

avg.  12.8 12.2 

Slope ~ = 12.2 
C 

Intercept = 0.050 

27.1 0.812 12.3 12.3 ioT ~/~ 
= 423 ~ 4* 

18.5 0.619 12.4 12.3 C 
(corrected) 

9.84 0.492 12.4 12.3 
7.10 0.426 12,6 12.5 iorl/2 

--=427-----4 
4.g7 0.348 12.4 12.2 C 

avg .  12.4 12.3 (uncorrected) 

Slope = 12.3 
C 

Intercept = 0.012 

B. 4 • 10-~DI Cd(NO~)~ 

1M KNOB 
o p t i m u m  p o s i t i v e  feedback 
(compensated) 

t r end  is present,  the  values  are  more  nea r ly  constant  
than  equiva lent  convent ional  resul ts  presented  in 
Table  II. Correc ted  values of iT1/2/C are  constant, and 
the value of the  chronopotent iometr ic  constant  ob-  
ta ined (420) is in fair, though not excellent,  agreement  
wi th  the va lue  of 436 (Table  II)  obta ined  convent ion-  
a l ly  wi th  a different  ins t rument  and cell more  than  a 
yea r  earl ier .  Set  B of Table I I I  are  resul ts  for the  same 
concentra t ion of cadmium as in Set  A, but  were  ob-  
ta ined using op t imum compensat ion  (i.e., use of as 
much posi t ive feedback  as possible  wi thout  in t roducing 
observable  dis tor t ion of the  convent ional  chronopo-  
ten t iometr ic  wave fo rm) .  Note that,  in the  case of Set  
B, corrected and uncorrec ted  da ta  are  v i r tua l ly  ident i -  
cal; this resul t  suggests tha t  the der iva t ive  technique 
does indeed provide  da ta  signif icantly less affected by  
doub le - l aye r  charging than  does convent ional  chrono-  
potent iometry .  These resul ts  were  obta ined  wi th  an 
ins t rument  having only one dif ferent ia tor  for both 
readout  and feedback.  

Conclusions 
These resul ts  are  encouraging in that  they  confirm 

the u t i l i ty  of electronic compensat ion  (posi t ive feed-  
back)  and the Bard correct ion approach in removing 
doub le - l aye r  charging er ror  f rom chronopotent iometr ic  
da ta  and, thus, ex tend appl ica t ion  of the technique 
downwards  to lower  concentrat ions and shor ter  t r ans i -  
t ion t imes using e i ther  the convent ional  or der iva t ive  
technique. Al though op t imum resul ts  can be achieved 
using der iva t ive  chronopotent iometry ,  posi t ive feed-  
back, and the  correct ion system, those electroact ive 
species exhib i t ing  i r revers ib le  charge t ransfers  can 
stil l  be s tudied using the convent ional  technique wi th  
feedback  and correction. Fur ther ,  should the use of 
posi t ive feedback be undes i rab le  or inconvenient,  good 
resul ts  can sti l l  be achieved using convent ional  or  
der iva t ive  resul ts  wi th  correction. 

Manuscr ip t  submi t ted  Jan. 2, 1975; rev ised  manu-  
script  received May 7, 1975. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1976 JOURNAL. 
Al l  discussions for the June 1976 Discussion Section 
should be submi t ted  by  Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Georgia Institute of Technology. 
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Electrode Kinetics of Antimony 
in Acidic Chloride Solutions 

L. L. Wikstrom,* N. T. Thomas,* and Ken Nobe* 
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ABSTRACT 

The kinetics of the electrode processes of antimony in KCI-HCI solutions 
have been investigated. The rest potential  of an t imony  in  acidic chloride 
solutions can be expressed empirical ly by  the equat ion 

E e = 0.182 -- 0.060 p H - 5  0.020 log [Sb ( I I I ) ]  

and is a t t r ibuted to the redox reaction 

Sb -5 2H.20 = HSbO2 -5 3H + -5 3e 

The empirical  rate equations for the electrodissolution and electroreduction 
reactions near  the rest potent ial  are 

Ia : ka  [OI - [ - ]  [Sb (III) ] -le2FE/RT 
and 

Ic : k c [ H + ] 2 e  -FE/RT 

The rate of electrodeposition of Sb (II!)  can be expressed as 

Ie, tied : ~'c, dep[ H +  ] [Sb (III) ]e -FEI2RT 

A mechanism which is consistent with the exper imental  results  is proposed. 

Al though there has been interest  in  an t imony as a 
reference electrode, electrocatalyst for electrochemical 
energy conversion and inhibi tor  in the corrosion con- 
trol of i ron and steel (1), there has been li t t le work 
on the kinetics of electrodissolution and electroreduc- 
tion of antimony.  The use of an t imony  as a reference 
electrode has focused studies on the thermodynamic  
properties and open-circui t  electrochemical behavior  
of an t imony  and an t imony  oxides. Stock, Purdy,  and  
Garcia (2) and Ives and Janz (3) have reviewed this 
work. 

Pa rk  and Beard (4, 5) surmised that the rest poten-  
tial of an t imony was determined by the redox reaction 

2Sb -5 3H20 = Sb203 -5 6H + -5 6e-  [1] 

with the equi l ibr ium potential  following the relat ion 

E e = 0.152 -- 0.059 pH, volts [2] 

The Sb2Oz was assumed to be a surface film on the 
an t imony electrode and formed ant imonyl  ions (SbO +) 
in strong acid solutions by the reaction 

Sb203 -5 2H + = 2SbO + -5 H20 [3] 

Al though Bishop and Short (6) and Stock, Purdy,  and 
Garcia (2) obtained the same redox potential,  they at-  
t r ibuted it to different reaction steps. Bishop and Short 
(6) suggested Sb(OH)3 as an intermediate,  while 
Stock, Purdy,  and Garcia (2) suggested Sb +3 as an 
intermediate.  These investigators report  that the ex- 
per imenta l  rest potential  was more noble than  the 
theoretical value but  approached it as oxygen was re- 
moved from the system. Schuhmann  (7), and Robert 
and Fenwick (8) report E ~ = 0.15V for the Sb/Sb208 
reaction in deaerated perchloric acid and acidic chlo- 
ride solutions, respectively. On the other hand, Tourkey 
and iVIusa (9) report  about a 0.1V higher value for E ~ 
and conclude that  the value, E ~ = 0.15V, can only be 
obtained with finely divided ant imony.  Schuhmann 's  
actual measured rest potential  of an t imony in  de- 
aerated perchloric acid was 0.212V (7). He at t r ibuted 
this rest potential  value to the Sb/SbO + redox re-  
action. According to Schuhmann,  the SbO + forms as 

* Electrochemical Society Active Member. 
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given in Eq. [3]. I t  should be noted that  Cotton and 
Wilkinson (10) question the existence of SbO +. 

Bishop and Short (11) investigated the electrochem- 
istry of an t imony in oxygenated 0.03M KC1 (pH = 7). 
They at t r ibuted the potential  controlling process at 
low cathodic currents  and high oxygen concentrations 
to 

2Sb -5 3H20 = Sb203 + 6H + -5 6e -  [1] 

and at high anodic cur ren t  densities to 

Sb203 -5 2H20 = Sb205 -5 4H + -5 4e -  [4] 

Similarly, from galvanostatic charging transients,  E1 
Wakkad and Hickling (12) suggested that  an t imony 
oxidized to Sb203 at low currents  and to Sb205 at high 
currents. However, they surmised that  al though the 
an t imony electrode was covered by a porous Sb203 
film, Sb205 was formed by direct oxidation of antimony.  

Huq, Rosenberg, and Makrides (13) investigated the 
anodic dissolution of single crystal an t imony in 1M 
HC104 (pH = 0.04). In  acid solution an anodic Tafel 
slope of 120 mV was obtained. An active-passive t r an-  
sition was observed at 0.40V vs. SHE with a critical 
current  density of 4.5 X 10 -3 A /cm 2. Passivation was 
at t r ibuted to the formation of Sb205. In  a fur ther  
study (14) these investigators obtained a Tafel slope of 
180 mV and an exchange current  density of 2 X 10 -6 
A/cm 2 for the hydrogen evolut ion reaction on ant i -  
mony in 1M HC104. 

This paper reports on kinetic studies of the electro- 
oxidation and electroreduction processes at the ant i -  
mony electrode and the electrodeposition of Sb( I I I )  
en Sb in acidic chloride solution. 

Experimental 
A common 3-electrode electrochemical cell was used 

for this investigation. The electrolyte was deaerated 
with prepurified ni trogen which was passed through 
scrubbers before enter ing the cell. All experiments  
were performed with the cell and scrubbers in a glove 
box filled with prepurified ni t rogen gas. Temperatures  
were mainta ined at 23 ~ _ I~ 

Electrical connections were made with shielded leads 
and BNC connecters. A Kepco power supply was used 
for long galvanostatic pulses. Differential capacitances 
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were determined by the d-c pulse method with t h e  
Rutherford pulse generator  and a specially constructed 
cathode follower. The potential  t ransients  were mea-  
sured and recorded with a Type 564 Tektronix  oscillo- 
scope. Potentiostatic polarizat ion was performed with 
a Wenking potentiostat. 

Saturated calomel electrodes were used as reference 
electrodes which were in contact with the electrolyte 
close to the electrode surface through a Haber -Luggin  
capillary. Potentials  were measured with either a 
Keithley 621 or 603 electrometer. 

The ant imony electrodes were prepared from a bar  
stock of 99.9996% antimony.  All electrodes were cut 
with a ca rborundum wheel with water  used as the 
lubricant.  The cylindrical  electrodes were drilled and 
tapped dry. The exterior surfaces were ground with 
the carborundum wheel and then  with carborundum 
paper 4/0 to a cylindrical  shape. The p lanar  electrodes 
were 1 cm • 1.5 cm and the cylindrical  electrodes were 
0.63 cm diam. X 0.75 cm length. The p lanar  electrodes 
were cut flat with a ca rborundum wheel and soldered 
t o  a p la t inum wire passed through a 6 mm Pyrex tube. 
The electrode was masked with purified paraffin wax 
except for one surface of the antimony.  The cylindrical  
electrode assembly was rotated at 500 rpm (Vt = 35 
cm/sec) while the p lanar  electrode was stationary. 

Jus t  prior to immers ion into the electrolyte, the elec- 
trode was etched in CP-4A (HNO~, 5 parts; 48% HF, 
3 parts;  acetic acid, 3 parts)  for 4-8 sec, washed, and 
immersed in distilled water  and then placed immedi-  
ately in the cell. 

All  solutions were prepared from C.P. grade chemi-  
cals: B & A HC1, KC1, and Sb203. Solutions of constant 
ionic s trength of un i ty  were used throughout  the in-  
vestigation. All solutions were prepared from 1N HC1 
with the desired pH obtained by the addition of KOH. 
The pH values of 0, 1, and 2 were investigated. 

After immersion of the electrode in the electrolyte, 
the system was held at  open circuit for at least 2 hr 
before polarization. During the 2 hr  period, the rest 
potential  was monitored and recorded. If, at the end 
of the 2 hr  period, the potential  drift was in excess of 
2 mV/hr ,  the system was kept at open circuit unt i l  the 
drift was 2 mV/h r  or less. After  a s teady-state  rest 
potential  was observed, the electrode was polarized. 

Two-minu te  current  steps were used to polarize the 
an t imony electrode. The 2 rain steps were chosen since 
it was observed that  an apparent  s teady-state  was 
achieved for both anodic and cathodic currents  after 
about 90 sec. At each absolute value of current  density, 
anodic polarization was first obtained and then 
switched to cathodic polarization. This same procedure 
was followed with each increasing increment  of cur-  
rent  density. 

Results 
Sb/Sb( I I I )  reaction.--The dependence of the rest po- 
tential  on the pH, as shown in Fig. 1, is 

0 E e 
-- -O.06V [5] 

O pH 

An E e vs. log Sb( I I I )  plot shows that 

0 E e 
= O.02V [6] 

0 log Sb (III) 

Except for the extreme negative potential  region 
where mass t ransfer  effects become important,  the 
polarization data obtained with s tat ionary and rotat ing 
electrodes were identical. Figures 2 and 3 show the 
polarization behavior of an t imony in 1M C1- of pH 
0, 1, and 2 solutions in the absence and presence of 
Sb (III),  respectively. The anodic dissolution increased 
with increase in pH. On the other hand, both the rates 
of the cathodic reaction near the rest potentials and at 
large negative potentials decreased with increase in 
pH. Near the rest potential  the anodic and cathodic 
Tafel slopes in both the absence and presence of Sb(II I )  
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Fig. 1. Rest potential of antimony in acidic chloride solutions 
vs. pH. 
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Fig. 2. Effect of pH on the polarization of antimony in acidic 
chloride solutions. 

are 30 and 60 mV/decade, respectively. Figure  4 shows 
some typical results of the effect of Sb( I I I )  on the 
polarization behavior of ant imony.  It is shown that 
anodic dissolution decreased with increase in the con- 
centrat ion of Sb( I I I )  while the rate of the cathodic 
reaction near  the rest potential  was independent  of the 
Sb (III) concentration, i.e. 

a log ILl 
_ 0 [73 

o log [Sb (III) ] 

This lat ter  result  suggests that the electroreduction 
process near the rest potential  is not electrodeposition 
of Sb( I I I )  from the bulk  solution. Figure 5 shows the 
variat ion of the cathodic reaction in this same region 
with ptI  
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Fig, 3. Effect of pH on polarization o1: antimony in acidic 
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1 solutions. 

I 0 -2 

Sb (III) concentration is 

0 log Ia 
= 1 [9'] 

O pH 
and 

0 log Ia 
: --I [10] 

0 log [Sb (III) ] 

as shown in Fig. 6 and 7, respectively. 
The variation of the exchange current density of the 

electrode reaction near the rest .potential with pH, as 
shown in Fig. 8, is 

8 log In 
- = - - 1  [ 1 1 ]  

8 pH 
A log Io vs. log [Sb (III)] plot shows that 

0 l o g  Io 1 
- -  [ 1 2 ]  

0 log [Sb (III) ] 3 

From the experimental results given above, the rate 
of the anodic and cathodic reactions near the rest po- 
tential can be written in the following empirical form 

Ia = ka[OH-]  [Sb ( I I I ) ] -1  e2FE/RT [13] 
and 

IIcl = k-c[H+] 2 e -u [14] 

Electrodeposition o] Sb (III).--The cathodic Tafel re- 
gion at the higher negative potentials in Fig. 2 shows 
hydrogen evolution on antimony by discharge of hy- 
drogen ions with a TafeI slope of 130 rnV/decade and 
a reaction order of one. The closed points represent 
the descending polarization curves, and the open points 
represent the ascending ones. 

Figure 4 shows the codeposition of hydrogen ions 
and Sb(III)  at the higher negative potentials. The 
rate of electrodeposition of Sb (III) can be readily 
obtained by substracting the rate of hydrogen evolu- 
tion from the rate of codeposition. The cathodic polari- 
zation curves thus obtained representing electrodeposi- 
tion of Sb(III)  have Tafel slopes of 110 mV/decade. 
The dependence of electrodeposition of Sb(III)  on pH 
and the concentration of Sb(III)  is shown in Fig. 9 
and 10, respectively. These results indicate that 

0 log ]h,depl 
-- 1 [15] 

O pH 

~6 4 

IO"6 

1 0 - 7  I ! 

1.0 2D 

pH 

Fig. 5. Reaction order of electroreduction of antimony near the 
rest potential with respect to pH. --0.1V. 
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Fig. 6. Reaction order of electrodissolution with respect to pH. 
0.1V. 
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Fig. 8. Exchange current density of Sb/Sb(lll) reaction vs. pH 

and  
a log tirc,depl 

= 1 [16] 
a log [ S b ( I I I ) ]  

Thus,  the  ra te  of e lec t rodepos i t ion  of Sb ( I I I )  in  acidic 
chloride solutions can be expressed empir ical ly as 

Ic,dep ~- kc,dep [Sb ( I I I ) ]  [H + ] exp - -  (FE/2RT) [17] 

September 1975 
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Fig, 9. Reaction order of electrodeposition of Sb(lll) with respect 
to pH. --0.4V. 
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Discussion 
Thermodynamic considerations.--Pourbaix (1) r e -  

ports  tha t  HSbO2 is the p r e d o m i n a n t  Sb species in  
aqueous solution be tween pH = 1-11. The Sb/HSbO2 
redox react ion 
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Sb + 2H20 = HSbO2 + 3H + + 3 e -  [18] 

has  an equi l ib r ium potent ia l  

Ee = E o + (RT/3F) In [HSbO2] + (RT/F)  in  [H+],  V 
[19] 

where  Eo is 0.23V. Equat ion  [14] shows tha t  

OE e 
0 p H  = --  0.060V 

and 
OEe 

-- 0.020V 
0 log [Sb ( I I I )  ] 

in accord wi th  the  expe r imen ta l  resul ts  (Eq. [5] and 
[6]) .  The values  of E e calcula ted for Eq. [19] are  com- 
pa red  in Table I wi th  the  measured  rest  potentials ,  
Eeobs, and the rest  potent ia ls  de te rmined  by  the  in te r -  
section of the  expe r imen ta l  anodic and cathodic Tafel  
lines, Eex. I t  is seen that  the  rest  potent ia ls  were  about  
50 mV less than  the equi l ib r ium potent ia l s  ca lcula ted  
f rom Eq. [19]. 

If  it  is assumed tha t  the  observed rest  potent ia l  of 
an t imony  in acidic chlor ide solutions, which can be 
expressed empi r i ca l ly  as  

E e _ 0.182 --  0.060pH + 0.020 log [HSbO2], V [20] 

is the equ i l ib r ium potent ia l  of the  redox  reaction, Eq. 
[18], the s tandard  e lect rode potent ial ,  E o, can be de-  
te rmined.  These values  are  presented  in Table  I. The 
mean  va lue  of E ~ is 0.182V. Therefore,  • o (Eq. [18]) 
--  12.6 kca l /mole  and AGef(HSbO2) = --100.8 k c a l /  
mole. La t imer  (15) de te rmined  the free energy of for-  
ma t ion  of HSbO2, AG%(HSbO2) = --97.5 kca l /mole ,  
f rom the solubi l i ty  and the free energy  of format ion  
of Sb203. 
The rest potential of antimony in the absence of 

Sb(III) in the supporting electrolyte can also be at- 
tributed to the above redox reaction. The incipient 
oxide, Sb2Os, on the electrode surface forms HSbO2 by 
the following reaction 

Sb203 + H20 = 2HSbOz [21] 

The concentration of HSbO2 at the electrode-electro- 
lyte interface can be determined from Eq. [20]. These 
interface concentrations of HSbO2, [HSbO~]i, for solu- 
tions of pH 0, I, and 2 not containing Sb(III) in the 
bulk solution, are given in Table I. 

Mechanism of the Sb /Sb( I I I )  reaction near the rest 
potent iaL--The expe r imen ta l  da ta  indicate  tha t  the 
over -a l l  e lect rochemical  react ion is 

Sb -5 2H20 = HSbO2 + 3H + + 3 e -  [18] 

To in te rp re t  the exper imen ta l  kinet ic  da ta  in l ight  of 
the above over -a l l  reaction,  the fol lowing mechanism 
is proposed  for the anodic react ion 

S b + H 2 0 = S b O H + H  + + e  [A] 

SbOH + H20 = Sb(OH)2  + H + + e [B] 

Sb(OH)2 + Cl- _-- Sb(OH)2CI + e [C] 

Table I. Electrochemical parameters 

[Sb (HI) ] Ee Ee= E%b, E%=I c [HSbO$] i 
I~H mM rnV vs. SHE /d~ 

0 95 80 44 
0.2 156 105 I00 179 

0 0.6 168 118 i05 183 
2.0 17S 125 115 179 
0 3S S0 40 
0.2 97 80 50 183 

1 0.6 107 60 60 184 
2.0 117 70 70 183 
0 --25 --35 35 
0.2 38 -- I0 -- I0 182 

2 0.6 48 0 0 183 
2.0 58 i0 15 182 

ave = 18Z 

Sb(OH)2CI + Sb = HSbO2 + SbCl + H + + e [D] 

SbCl + H20-~ HSbOHCI [El 

HSbOHCI + H~O = Sb(OH)2 + 2H + + CI- + e [F] 

!Sb (OH)2 = HSbO2 + H + + e [G] 

If step [El is the rate determining step, the rate of 
electrodissolution of antimony is 

ra --" ka,<E)SSbC1 [22] 

By assuming react ion s teps [A],  [B], [C], and  [D] 
are  at quas i -equi l ibr ium,  the  surface coverage of 
Sb (OH) 2, 0SDr --> 1, and the surface coverages of the  
other  surface in te rmedia tes  SbOH, Sb(OH)2C1, SbC1, 
and Sb(OH)C1,  are  ve ry  small,  the  kinet ic  equat ion 
for e lectrodissolut ion can be obta ined  f rom Eq. [22] 

I a  = - k a [ O H - ]  [HSbO2] - - l e2FE/RT [23] 

Similar ly ,  if  s tep [El is the ra te  de te rmining  step for 
e lectroreduct ion,  the  corresponding ra te  can be ex -  
pressed as 

?'c = kc,(E)8HSbOHC1 [24] 

By assuming react ion steps [G] and [F] are  at quas i -  
equ i l ib r ium and that  surface coverages of the  surface 
in te rmedia tes  are the  same as above, the kinet ic  equa-  
tion for  e lec t roreduct ion  near  the  rest  potent ia l  can be 
der ived from Eq. [24] 

Ic : kc[H + ]2e--FE/RT [25.] 

Thus, Eq. [23] and [25] show that  the  proposed  
mechanism for e lectrodissolut ion and e lec t roreduct ion  
of an t imony in acidic chlor ide solutions near  the  res t  
potent ia l  is consistent wi th  the  expe r imen ta l  resul ts  
which can be expressed by  the  empir ica l  relat ions,  Eq. 
[13] and [14], respect ively.  

Mechanism oS the electrodeposition of Sb( I I I ) . - -Re-  
act ion steps [G] to [A] also comprise  the mechanism 
for the e lect rodeposi t ion of S b ( I I I ) .  However ,  in this  
case, react ion step [G] is assumed to be the  ra te  de te r -  
mining step. Thus, the ra te  of e lect rodeposi t ion can be 
expressed as 

rc,dep = k c , d e p [ H S b O 2 ]  [H+]e -13YE/RT [26] 

If  ~ = l/z, the kinet ic  equat ion for e lec t rodeposi t ion of 
Sb (III)  can be obta ined  f rom Eq. [26] 

Ic,dep = k c , d e p [ H S b O 2 ]  [H+]e -FE/2RT [ 2 7 ]  

Equat ion  [27] shows that  the  proposed mechanism for 
the e lect rodeposi t ion of S b ( I I I )  is consistent  wi th  the  
exper imen ta l  da ta  co r re l a t ed  by  the empir ica l  expres -  
sion, Eq. [17]. 
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On a Model for the Electrocrystallization of Zinc 
Involving an Autocatalytic Step 
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associ~ ~ l'Universit4 Pierre et Marie Curie, 75230 Paris Cedex 05, France 

ABSTRACT 

The model presented involves the autocatalytic step Zn ~+ + Zr~+ads + e -  
2Zn+ads and the adsorption at the interface of three species, hydrogen, an 

anion, and the Zn 2+ cation which can be complexed. The model is compared 
with results obtained, after e l iminat ing the influence of convective diffusion, 
during the electrocrystall ization of zinc in: (i) an acid sulfate solution, (ii) 
a Leclanch~ cell electrolyte, and (iii) an alkal ine zincate solution commonly 
used in accumulators. The exper imental  results are in good agreement  with the 
model, although the three electrolytes are markedly  different. The model 
accounts indeed for the variat ion of the electrocrystall ization efficiency with 
the current,  for the appearance of mult iple  steady states revealed by S-shaped 
current -potent ia l  curves, and for the existence of an inductive faradaic im-  
pedance characterized by at least three t ime-constants.  

The s tudy of the electrocrystallization of zinc is 
now of high interest, main ly  because this metal  is more 
and more employed in electrochemical generators. In  
this paper, basing ourselves on a kinetic study of the 
electrocrystall ization of zinc in several acidic and basic 
electrolytes (commonly used for industr ia l  purposes),  
we shall propose a reaction model for the electrocrys- 
tall ization of this metal  in such electrolytic media. 

Several mechanisms have been proposed for the 
electrocrystallization of zinc at acidic pH's. According 
to certain authors (1), the adatoms resul t ing from the 
simultaneous t ransfer  of two electrons diffuse on the 
surface before being incorporated into the crystal la t -  
tice. Other authors (2-5) believe on the contrary that  
charge t ransfer  occurs from the bivalent  metal  ion 
Zn +2, which can either be solvated or form a complex 
in the electrolyte, in two successive monoelectronic 
steps involving a monovalent  in termediate  Zn + which 
can also form complexes with certain anions (4, 5) 

Zn 2 + + e- -> Zn + 

Zn + + e- -~ Zn 

Although the reaction mechanism of the electrocrys- 
tallization of zinc is still a matter for discussion, it 
now seems accepted that the adsorption of hydrogen 
plays an important role in acidic medium As a matter 
of fact, hydrogen evolution takes place within the same 
potential range as for zinc deposition (6) and it is 
known that hydrogen is always present in zinc elec- 
trodeposited from acid solutions (7). In addition, the 
polarization curve which characterizes the electro- 
crystallization of this metal considerably depends on 
the electrolyte pH (5, 8, 9) 

In very alkaline medium, the electrolytic deposition 
of zinc is known to occur mainly from zincate ions 

* Electrochemical Society Active Member. 
Key words: multiple steady states, faradaic impedance, efficiency, 

rotating disk electrode, heterogeneous reactions. 

[Zn(OH)4] 2- (10-12). In  addition, it is general ly  ac- 
cepted that  charge t ransfer  occurs in several steps, but 
the mechanism of the over-al l  reaction 

[Zn(OH)4] 2- -+ ~e -  --> Zn + 4 O H -  

is still under  discussion. As a mat ter  of fact, the re- 
action schemes differ in the number  and the na ture  of 
the hydroxyl  species involved as reaction in termedi -  
ates (13-16). 

In the case of the electrocrystall ization of zinc from a 
Leclanch~ cell electrolyte, it is known that, when the 
influence of mass t ransfer  is cancelled out, three differ- 
ent current  density values correspond to a given po- 
tent ial  value (17). Consequently, these mult iple  steady 
states cannot be attributed, as in the case of i ron passi- 
ra t ion  in  sulfuric acid medium, to a coupling between 
mass t ransfer  and heterogeneous reactions (18-20). 

The above-ment ioned reaction mechanisms of the 
electrocrystallization of zinc are based only on the idea 
of e lementary interfacial steps associated with simple 
activation processes; therefore, it is highly probable 
that they are not sufficient to predict the existence of 
mult iple  steady states. Now, in  homogeneous kinetics, 
it is known that the presence of an autocatalytic re-  
action in the reaction scheme can give rise to ins ta-  
bilities and to continuous oscillations of the system 
(21) and can be the origin of mul t iple  steady states 
(22, 23). This is the idea we based ourselves on, and 
therefore the model of heterogeneous reactions relative 
to the electrocrystall ization of zinc, which is put  for- 
ward in this paper, involves by analogy an autocata- 
lytic reaction. 

In  zincate solutions as well as in certain acidic media 
such as the Leclanch~ cell electrolyte, it is known that 
several complexed ions are in chemical equilibria. In  
the model we shall describe, the heterogeneous re- 
actions which occur at the interface will be only con- 
sidered, whereas the chemical reactions taking place in 
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the homogeneous solution will  be neglected. The good 
agreement  be tween  this model and the experimental  
results justifies such an  approximation.  

Theoretical 
The model we shall describe is based on a coupling 

between heterogeneous reactions one of them being 
autocatalytic, i.e., of the form A -5 X ~ 2X, where A 
and X are reacting species. 

Let us consider that  the following reactions take 
place at the interface 

K1 
H++ e -  -> Hads [a] 

K~ 
H + + Hads + e -  ~ H~ [b] 

Zn ~+ + Zn+aas -}- e -  ~ -  2Zn+ads [r 
K% 

K4 
Zn+ads -5 Hads -> H + -5 Zn  [d] 

Ks 
Zn+ads + e- -> Zn [el 

K6 
Zn ~'+ -5 Hads -5 e -  --> Hads -5 Zn+aas [f] 

Reaction [a] corresponds to the hydrogen adsorption 
and reaction [b] to the hydrogen evolution. This evo- 
lu t ion the mechanism of which is not well  known on 
zinc may also occur through the recombinat ion H~ds 
-5 Haas ~ H2, so that reaction [b] must  be considered 
only as a possible path. 

The Zn 2+ ion, which may be either complexed or 
solvated in  the electrolyte, is adsorbed through the 
autocatalytic reaction [c] and also through reaction [f] 
which is catalyzed by iads and this adsorption gives 
the intermediate  Zn+ads, which may also be complexed. 
From this intermediate,  reduction to the metal  finally 
occurs through the chemical reaction [d] and through 
the electrochemical reduct ion [el. 

In  order to simplify the calculations, the reverse 
reactions of [a], [b], [d], [el, and [f], which may oc- 
cur at low cathodic polarizations, have been neglected. 
As a matter  of fact, the coupling of reaction [a] to [f] 
is sufficient to cause mult iple  steady states of the in ter -  
face (24). Reactions [a]-[f ]  imply that both the in ter -  
mediate adsorbed Zn+ads species and the adsorbed 
hydrogen Hads exist at the interface. Now, it is known  
that  the reactions which lead to the corrosion and to 
the anodic dissolution of zinc can involve the adsorp- 
t ion of anions such as O H -  (25, 26). That  is the reason 
why we shall also take into account the following re-  
action which corresponds to the reversible adsorption 
of an anion A -  the na ture  of which may depend on 
the electrolyte 

K'7 
Zn -5 A -  ~ ZnAads -5 e -  [g] 

K~ 

Equations of the system.--Using a method already 
described in detail in the case of electrocrystall ization 
of nickel and cobalt in  acidic medium (27), we first 
establish the balance of mass and electrons at the in -  
terface. To this end, we shall accept the following hy-  
potheses: 

1. The three species Hads, Zn+ads, and ZnAads adsorb 
according to the Langmui r  isotherm. Their  surface con- 
centrat ions are ;~61, ~2a2, and ;~8~3, respectively; 61, 8z, 
and 8~ are the coverage fractions; and fl~, /~2, and ~ 
represent  the maximal  surface concentrat ions related 
to a total coverage of the electrode by the correspond- 
ing species. 

2. The electrochemical rate constants Ki and K'i vary  
with the cathodic potential  V according to Tafel 's law: 
Ki = ki exp (btV) for the cathodic reactions and K'i = 
k'i exp (--b ' iV) for the anodic reactions where bi = 

~iF/~T and b'i = (1 --  at)F/[qT; si, F, [q, and T rep-  
resent  the t ransfer  coefficient of the cathodic reaction, 
the Faraday constant, the ideal gas constant, and the 
absolute temperature,  respectively. 

With these hypotheses, the equations accounting for 
the var iat ion of the system with time, can be wr i t ten  
as 

dsi 
/~i : Ai(l -- 81 --,a2 -- 83) -- A261 -- A48182 [I] 

dt 

d~2 
~2 ...... : A601 -- A40i0z + (As -- As) 02 -- A'8822 [2] 

dt 

d88 
~8 : A'~(I -- 81 -- 82 -- 08)- A788 [3] 

dt 
J 

- -  : (At -- A'7) (I -- 81 -- ~ -- es) + (A~ + A6)81 
F 

+ (A~ + As)82 -- A'8022 + A788 [4]  

where J is the current  density and where  

Ai = KI[H + ] A2 = Ker + ] ) 
As ---- K8~2 [Zn 2 + ] 

A% = K'3f12 2 A4 = K4fllfl2 
A5 = K5~2 

A6 = K6/~l[Zn 2+] A7 = K7~3 
A'7 = K '7 [A- ]  

[5] 

Ai(l -- 7)+ A2 
-- (As -- As) [Ii] 

A1A6 
D = - -  (1 - -  7) [12] 

A 'sA4 

Under  these conditions, the steady-state current  den- 
sity is 

Js = 2F [e2 (As + A481) + A281] [13] 

and the efficiency n of the electrocrystallization is 

82(A5 + A481) 
n -- [14] 

82(A5 + A401) -5 A28i 

When adequate values are employed for the param- 
eters Ai and hi, it can be found that there exists a po- 
tential range within which Eq. [7] has three real roots 
between 0 and I, to which correspond three values of 
61 and 63, also between 0 and I, and three values of Js. 
We then obtain an S-shaped curve for the dependence 
of current density on the steady-state potential, simi- 
lar to curve I in Fig. 1 (a). Curve 1 has been computed 
using the values for parameters Ai and bi indicated in 
the caption to Fig. 1 (a). On the other hand, curve 2 in 
Fig. l(a), which corresponds to a different set of 
parameters, is no longer S-shaped. Curve 2 has been 

A%A4 

Steady-state current potential curve.~Under steady- 
state conditions the coverage fractions can be expressed 
by the following equations 

A i ( l  - -  ~) ( I  - -  o2) 
01 - -  [61 

A i ( 1  - -  ~ ) +  A2 + A4~2 

~2 a + B02 ~ + C82 + D = 0 [7] 

88 = 7(1 -- 81 -- 02) [8] 
where 

7 = i Jr A'7 / [9] 

The coefficients in Eq. [7] are 

AI(I -- 7)-5 A2 AI(I -- 7)+As-- A5 
B = [10] 

A4 A'8 

C=-- (i-~) I+-- 
A'3 A4 
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Fig. 1. Simulation of the influence of pH (a),  on current density- 
potential curves with respect to an arbitrary origin, and (b), on 
current density-deposition efficiency curves. Curves (I) and (1') 
have been calculated taking the following values for parameters 
bi (in V - l ) :  bz = 19.3, b2 = 29.3, b'8 = 33.8, b'3 : 4.8, b5 : 

38.6, b6 : 19.3, b7 : 19.3, b'7 = 19.3 and, at V = O, for 
parameters Ai (in cm - 2  see- l ) :  A t  = 0.16591 10 -6 ,  A2 : 0.3 
10 -9,  A8 = 0.8763 10 -7,  A'3 = 0.1229 10 -6,  A4 = 10 -7 ,  A5 = 
0.54 10 -7,  A6 = 10 -1~ 7 = 0.1. Curves (2) and (2') have been 
calculated from the same set of parameters by multiplying At and 
A2 by 10. 

obtained f rom curve 1 by  mul t ip ly ing  by  10 the p a r a m -  
eters A1 and A2, which  s imulates  a decrease of a un i ty  
in the pH. Consequently,  a decrease of the  e lec t ro ly te  
pH tends to e l iminate  the mul t ip le  s teady states of the 
interface.  Corre la t ively ,  we can see f rom Fig. l ( a )  tha t  
a decrease in the  pH shifts the  cu r ren t -po ten t i a l  curve 
towards  h igher  cathodic polarizat ions,  which corre-  
sponds to an inhibi t ing  effect of adsorbed hydrogen.  

Calculat ion of the coverage fract ions shows that  
when  the cur ren t  increases, 01 decreases whereas  02 in-  
creases, which means  that  the  adsorbed Hads species 
are progress ive ly  rep laced  by  Zn+ads species. In  add i -  
tion, it  was found that  the anion coverage 03 first in-  
creases, and then decreases,  wi th  increas ing current .  

F igure  l ( b )  shows the var ia t ion  of the  efficiency n of 
the meta l  deposi t ion wi th  current .  In  order  to s imulate  
a var ia t ion  of pH, curves 1' and 2' have been computed  
using the values of the  pa ramete r s  corresponding to 
curves 1 and 2, respect ively .  F igure  l ( b )  reveals  tha t  
n, which is lower  than  1 due to hydrogen  evolution,  
increases wi th  increasing cur ren t  and tends to 1. In 
addition, a decrease of a un i ty  in the pH leads  to a de-  
crease in ~ at a given current  density. 

Electrode impedance.--The faradaic  impedance  Zf of 
the e lectrode is ca lcula ted  using a method  descr ibed 
e lsewhere  (27) which consists in l inear iz ing Eq. [1]- 
[4] for smal l  s inusoidal  var ia t ions AV : IAV[eJ~t f rom 
conditions for s teady state. We thus obtain Eq. [15]- 
[18] 

1 ~J + - ~ -  [15] 
Zf AV 0~ i 

A01 A02 
(j~81 + AI + A2 + A4o2)-~--~ + (At + A4el) 

A"-V 
A83 

-{-AI--=AIb~ (1--zsi) --A2b2#~ [16] 
AV 

(A~o~ -- As) ~ + (J,~Ss + A~ + 2A'soe 

A82 
+ As -- A3) : Asbs#~ -b (A3b~ -- A~b~)02 

aV 
+ A'~b'~22 [17] 

A~I A 8 2  A~3 

A ' 7 -  -}- A ' 7 -  -{- (AT -F A'7 "Jr j~83) 
aV AV AV 

: --  [A7b7#3 + A'Tb'7(1 - -  Z~i ) ]  [18] 

The first t e rm  in Eq. [15] corresponds to t h e  t rans fe r  
resistance Rt and can be calculated f rom Eq. [4] 

1 ( 0J ) = FC(Albl + A'Tb'7)(1 
Rt " ~  Oi 

-b (A2b2 + A6b6)81 ~- (Asb3 + Asbs)8~ 

Jr A'~b'~e~ 2 + ATbTe3] [19] 

Terms ~ " v  are  also deduced f rom Eq. [4] 

[20] 

O-~ )v :F(A '7+A3+As- -A1- -2A '8o2)[21]  

~v = F ( A 7  + A'7 --  A D  [22] 

Terms Aei/AV are  obta ined  by  solving, using the 
Cramer  method,  the l inear  sys tem formed by  Eq. [16], 
[17], and [18]. 

By tak ing  account of the  e lectrochemical  double-  
l ayer  capaci ty  Cd considered in para l l e l  wi th  Zf, we 
f inal ly obtain the e lect rode impedance  Z 

1 1 
- -  : ~ + jCa~ [23] 
Z Z~ 

With  certain values  of the parameters ,  Z is induct ive 
at low frequencies.  As an example ,  we represen ted  in 
Fig. 2 the impedance  R - j G  d iagrams calcula ted a t  
points  A., B, and C of curve 1 in  Fig. 1 (a) .  These dia-  
grams were  obtained using the values  of pa ramete r s  
Ai and bi a l r eady  employed  to es tabl ish  the  cu r ren t -  
potent ia l  curve, and the values  of the  pa rame te r s  AT, 
82, 82, 83, and Cd which are  indica ted  in the  capt ion to 
Fig. 2. On each diagram, where  the  p a r a m e t e r  is f re -  
quency in Hertz,  the  c~pacit ive semicircle  corresponds  
to the circuit  formed by  the capaci ty  Cd in para l l e l  
wi th  the t ransfer  resis tance Rt. At  low frequencies,  the  
faradaic  impedance  Zf, which is then inductive,  p re -  
vails and three  t ime-cons tan ts  corresponding to the 
re laxa t ion  of the coverage fract ions 61, 02, and 03, are  
observed. The l imit  of Zf at zero f requency  coincides 
wi th  the  polar iza t ion  resis tance Rp, given by  the slope 
of the s t eady-s ta te  cu r ren t -po ten t i a l  curve. As shown 
in Fig. 2, this resistance is e i ther  posi t ive (points A and 
C) or negat ive  (point  B).  

F igure  2 reveals  that  wi th  the values  chosen for  the  
parameters ,  the three  t ime-cons tants  r emain  c lear ly  
different when cur ren t  varies. This is not a lways  the  
case. Thus, by  a t t r ibu t ing  for example  to pa rame te r s  
82, 82, and 8.~ another  set of values ( indica ted  in the 
capt ion to Fig. 3), we can see that  the shape of the  
impedance d iagram changes when  the cur ren t  varies,  
and the three  t ime-cons tants  become more  or less 
c lear ly  separated:  The d iagrams depicted in Fig. 3 have 
been calcula ted at points  A, B, and D in Fig. 1. We 
can see that  the  th ree  induct ive  loops c lear ly  appear  at 
point  B, where  the  polar izat ion resis tance is negative,  
whereas  at points A and D on ly  two induct ive  loops 
can be observed.  

Experimental 
Electrolytic solutions and electrolysis cell--In order  

to compare the theoret ica l  model  wi th  our exper i -  
menta l  results,  we chose th ree  types  of e lectrolytes  
which are  commonly used in zinc industry.  One of 
them, (IM Na2SO4 -}- 1.5M ZnSO4) is used in the 
metallurgy of zinc; the pH of this medium is varied 
by addition of small amounts of H2SO4. To vary the pH 
of the second acidic medium (2.67M NI-14CI + 0.72M 
ZnCI2, which is a Leclanch6 cell electrolyte), we added 
small amounts of NH4OH or of HCI. The third elec- 
trolyte, we chose, was an alkaline medium (7M KOH 



VoL 122, No. 9 E L E C T R O C R Y S T A L L I Z A T I O N  OF ZINC 1 2 0 9  

0 2  (C) 2. 

~ ,Lo.o, I i " 

X u ~ 2k 

cl 0.5. 2~ok~_~__ (B) ~" o 
. '~ 

' �9 ,~.., o0 2, R(nxcm 2) P 0: 

os D i ' , ,R, I " o.2Jo,,. 
0.1 

- 05- 

z 121 '-oo [ 
j 6 A )  

2k 1 
_l~k kRp~ 12 '181001 2 R(nxcm 2, 
O. =_ ' . ~ I  . . . . .  = 

Fig. 2. Impedance diagrams simulated at the same potential 
( = 4 0  mV) as for points A (3 mA/cm2), B (15.5 mA/cm2), -nd C 
(30 mA/cm ~) of Fig. l(a) by introducing the following parameters: 
Cd = 25#F/cm 2,/gz = 1.36 10 -~7 at'g'cm -2 ,  /92 = 9.067 10 -11 
at'g'cm -2 ,  /93 = 8.10 -9  at'g'cm -2  and at V = 0 :A7 = 4.62 
10 -9  cm - 2  sec-L 

+ 0.5, to 1.24M ZnO) employed in  accumulators. The 
most concentrated ZnO solutions were prepared by 
di lut ion and cooling of ZnO solutions in  21M KOH 
previously obtained by  heat ing (14). All the solutions 
were prepared with twice ion-exchanged water  and 
"Merck" compounds of analyt ical  puri ty.  

During the electrolysis, the electrolyte was ma in -  
ta ined at  26 ~ __ 0.5~ The atmosphere in  the cell 
remained iner t  by argon bubbl ing.  The anode was 
general ly  a cyl inder of zinc of high pur i ty  (99.999%). 
In  the most acidic solutions (pH --~ 2), it was repIaced 
by a p la t inum gauze in  order to avoid chemical at-  
tack, and the anodic and cathodic compartments  were 
separated by a sinter wall. Besides, at pH = 5.2, we 
have verified that  the plott ing of the current -potent ia l  
curve and the measurement  of the impedance do not 
depend on the na ture  of the anode (zinc or p la t inum)  
in  our exper imenta l  conditions. In  all cases, the ref- 
erence electrode was immersed in the electrolyte, and 
consisted of two compartments  separated by fr i t ted-  
glass. The compar tment  containing the calomel elec- 
trode was filled with a KC1 saturated solution, the 
other one contained the electrolyte of the cell. 

Metal deposition was performed on the cross section 
of a zinc cyl inder having an area of 0.28 cm% The 
wall  of the cyl inder  was isolated from the electrolyte 
with a coat of a "Specifix" type resin. The electrode 
was rotated un i formly  round  a vertical  axis and con- 
st i tuted a rotat ing disk whose speed could range from 
0 to 5000 rpm. This speed was always sufficiently high 
so  tha t  the cur ren t -po ten t ia l  curve was independent  
of the rotat ion speed, i.e., of the t ransfer  by convec- 
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Fig. 3. Impedance diagrams simulated at points A (40 mY, 
3 mA/cm2), B (40 mV, 15.5 mA/cm2), and D (42 mV, 39 mA/cm 2) 
of curve 1 in Fig. l(a) by introducing the following parameters: 
Cd = 25/~F/cm 2,/91 = 2.72 10-7 at.g.cm-S,/92 = 1.904 10 -8  
at'g'cm -s,/93 = 2.72 10 -1~  at'g-era -s ,  and at V = 0 :A7 = 
4.62 10 -9  cm -2  sec -1.  

rive diffusion of the chemical species towards the 
electrode. 

In  order to obtain a reproducible plott ing of the 
current -potent ia l  curve, the electrode surface was 
polished by emery paper  (600 grade) before each 
deposition, then immersed into a near ly  50% HC1 
solution for some seconds. I t  is finally r insed with 
twice ion-exchanged water  and used immediate ly  after. 

Plotting of the current-potential curve and measure- 
ment of the impedance.--Considering that  dur ing the 
electrocrystallization of zinc the current  varies very 
rapidly with the cathodic polarization (28,29), the 
plott ing of the I (V)  current -potent ia l  curve and the 
measurement  of the impedance have been performed 
under  galvanostatic conditions. Provided that  the ap '  
plied electrolysis current  remain  sufficiently low, den-  
dritic growth of zinc is avoided (30, 31) and steady- 
state conditions for the electrocrystall ization of the 
metal  are maintained.  As a mat ter  of fact, the record- 
ing of the electrode-potential  as a funct ion of t ime re-  
veals, after a shor t - t ime var ia t ion of potential  (about 
1 min) ,  a plateau which defines the steady-state  po-  
tential. The lower the current ,  the more extended the 
plateau is; part icularly,  at current  lower than 10 mA, 
this plateau is longer than  15 rain. In  order to obtain 
the potential  V, the steady-state potential  was mea-  
sured and corrected for ohmic drop ( term in  Rel, 
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where Re is the resistance of the electrolyte between 
the cathode and the reference electrode). This ohmic 
drop term has been determined using an in ter ruptor  
method (32) and, also, from the high-frequency l imit  
of the impedance. The accuracy was better  than 4% 
and was sufficient to reveal an S-shaped current -po-  
tential  curve. Each curve, which has been recorded 
both with increasing and decreasing values of current  
intensity, shows no hysteresis effects. 

The electrode impedance was obtained by super im-  
posing on the direct cur rent  a s inusoida l  a l ternat ing 
current  of small amplitude. Measurements were per-  
formed with a correlation transfer  funct ion analyzer 
(Solarton JM 1600 + JX 1639) connected to a wide-  
band galvanostat  bui l t  in  our laboratory (33). Such a 
device allows an easy measurement  of the electro- 
chemical impedance between 10-~ Hz and 50 kHz. As 
a mat ter  of fact, it is necessary to measure the in ter -  
face impedance up to its zero-frequency l imit  in order 
to reach the e lementary  steps of any electrochemical 
reaction (27, 34, 35). Now, most of the impedance mea-  
surements  relat ive to a zinc electrode have hitherto 
been performed at frequencies higher than  a few 
hundred  Hertz (1, 36) or at a few ten Hertz (37-40), 
and therefore they only lead to the double- layer  ca- 
pacify and the transfer  resistance. 

Efficiency o] the electrocrystallization.--To perform 
a reproducible electrocrystallization of the metal, it is 
indispensable not to dry the electrode before the elec- 
trolysis, and this prohibits any weighing of the elec- 
trode before the experiment.  The efficiency measure-  
ments  h a v e  therefore been carried out using an elec- 
trode constituted by a Johnson-Mat they  (99.999%) 
copper disk kept in  electric contact with the zinc ro- 
tat ing cylinder by means of a thermoplastic coat. 

;After electrolysis, the disk was separated from the 
zinc cylinder. The amount  of the zinc deposit is equal  
to the difference between the weight of the copper disk 
covered by the deposit and that of the disk after dis- 
solution of the deposit by 50% HC1. Before each weigh- 
ing, the disk was r insed with ethyl acetate, then  dried 
under  vacuum. Weighings were performed with a 
"Cahn Division" electrobalance and allowed us to de- 
termine the electrocrystall ization efficiency ~l to bet ter  
than 0.5%. 

Results 
The acid sulfate solution.--In Fig. 4(a) we repre-  

sented the cur ren t -poten t ia l  curves obtained when the 
influence of mass t ransfer  is e l iminated in the case of 
the acid sulfate solution (1M Na2SO4 + 1.5M ZnSO4) 
at two different pH values. The curves were recorded 
with currents lower than 10 mA, which is the l imit  be- 
yond which conditions are no longer those for steady 
state. At a pH of 4.3, curve 1 is S-shaped, and mult iple  
steady states are observed at potentials between 
--1.045 and --1.049 V/SCE. At a pH of 2, however, the 
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Fig. 4. Influence of the pH on the steady-state current-potential 
curves (a) and influence of the current on the deposition efficiency 
(b) for the electrocrystallization of zinc obtained with the following 
electrolyte: (1M Na~SO4 + 1.5M ZnSO4) and a rotating disk 
electrode (area 0.28 cm2; rotation speed P,, 3000 rpm) at 26 ~ 
0.5~ Curve 1 and 1', pH ~ 4.3 ~ 0.1; curve 2, pH ~ 2.0 
• 0.1; K, I ~ 2 mA, V ~ --1.0485 V/SCE; L, I ~- 3 mA, V 
--1.047 V/SCE; M, I = 10 mA, V ~ --1.0515 V/SCE. 

current -potent ia l  c u r v e  is single valued and is shifted 
towards higher cathodic polarizations. 

At low cathodic currents,  the electrocrystallization 
efficiency ~ is an increasing funct ion of current.  For 
example, at pH -~ 4.3, it can be seen in  Fig. 4(b) 
(curve 1') that the efficiency is equal to 0.97 at 1 mA 
and that it remains  near ly  equal to un i ty  as soon as 
the current  becomes higher  than  2 mA. 

With such an electrolytic medium, the shape of the 
impedance diagrams is s imilar  to that  we already ob- 
ta ined with the Leclanch~ cell electrolyte (29). At high 
frequencies, the faradaic impedance is shunted with 
the double- layer  capacity, and the impedance be- 
comes reduced to the electrolyte resistance Re. At fre- 
quencies higher than  about 100 Hz, there appears a 
capacitive loop whose shape is near ly  a semicircle and 
which corresponds to the circuit .formed by the double-  
layer capacity in paral lel  with the t ransfer  resistance 
Rt. 

At low frequencies, the impedance is induct ive and 
is characterized by three t ime-constants;  Fig. 5 gives 
an example of the var ia t ion of the impedance diagrams 
(Z _-- R -- jG) with current  at pH = 4.3. Diagrams 
(K),  (L), and (M) correspond to points K, L, and M 
on curve 1 in Fig. 4.-The electrolyte resistance Re is 
taken as origin of the R-axis  in the complex plane and 
is equal here to 9.0 _ 0.1 ohms. Extrapolat ing the ca- 
pacitive loop leads to the t ransfer  resistance Rt. This 
loop also allows us to calculate the double- layer  ca- 
pacity which has an average value of 40 ffF/cm ~ for 
diagrams (K) and (L), and of 50 #F/cm 2 for 
diagram (M). At low frequencies, all three diagrams 
lead to three well-defined t ime-constants,  since they 
show clearly three induct ive loops. For example, dia-  
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Fig. 5. Complex impedance Z ~ R - -  jG corresponding to the 
electrocrystallization of zinc under the same conditions as for 
points K, L, and M of curve 1 in Fig. 4 (frequency in Hz). 



VoL 122, No. 9 E L E C T R O C R Y S T A L L I Z A T I O N  OF ZINC 1211 

gram (L) shows three loops located wi th in  the 0-1, the 
1-10, and the  10-40 Hz f requency ranges approxi-  
mately. Finally,  by extrapolat ing each diagram at zero 
frequency, we find the polarizat ion resistance; in  par -  
t icular  extrapolat ion in  diagram (L) actually leads to 
a negative resistance. 

The LecIanchd ceil electrolyte.--With this electrolyte 
we can determine the current -potent ia l  curve under  
conditions for steady state as long as the current  re-  
mains  lower than about 20 mA. In  addition, electrode 
rotat ion speeds higher than  1O00 rpm no longer have 
an influence on the current -potent ia l  plots. Figure 6 (a) 
shows the current -potent ia l  curves obtained at two 
different values of pH. Curve 1, recorded at pH ---- 5.2, 
is S-shaped and is characteristic of mul t iple  stead~( 
states be tween --1.057 and --1.059 V/SCE. As in  the 
case of the acid sulfate solution, the mult iple  steady 
states disappear when the pH decreases; this is why 
the curve becomes single valued at pH = 2 (curve 2). 
In  addition, contrar i ly  to the case of the acid sutfate 
solution, a decrease of the pH gives rise to a shift of 
the current -potent ia l  curve towards lower cathodic po- 
larizations. 

As in the case of the acid sulfate solution, an in-  
crease of the efficiency ~] is found when the current  
increases. This var iat ion is i l lustrated in Fig. 6(b) 
where the three current-efficiency curves correspond 
to 5.2, 2, and 0.5 pH values, respectively. It  can be seen 
tha i  for a given current  value, the more acid the solu- 
t ion the lower the efficiency. For example, at pH ---- 5.2, 
~] becomes equal to un i ty  as soon as the current  ex-  
ceeds 2 mA (curve 1'), whereas at pH ---- 0.5 it is still 
equal to 0.97 for a current  of 20 m A  (curve 3'). 

Figure 7 shows the variat ion of the impedance dia- 
grams with the current  at pH = 5.2. Diagrams (N), 
(P),  and (Q) correspond to points N, P, and Q on 
curve 1 in Fig. 6a. In  this medium, which is more con- 
ducting than  the acid sulfate electrolyte, the electro- 
lyte resistance is equal  to 2.8 _ 0.2 ohms. The average 
value of the capacity shunted by the t ransfer  resistance 
is equal to 50, 40, and 200 #F/cm 2 at points N, P, and Q, 
respectively. At low frequencies, impedance becomes 
inductive, and three relaxat ion processes are observed. 
As a mat ter  of fact, three t ime constants are clearly 
shown on diagram (P),  whereas they are not as well 
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separated on diagrams (N) and (Q) where  only  two 
induct ive loops can be seen. 

The alkaline zincate solution.--Curves 1 and 2 in Fig. 
8 represent  the steady-state current -potent ia l  curves 
obtained after e l iminat ing the influence of mass t rans-  
fer with the alkal ine zincate solution at two different 
zinc oxide concentrations (1.24 and 0.5M, respectively).  
These curves reveal that, in alkal ine medium like in  
acidic medium, the electrocrystall ization of zinc is 
markedly  activated when the cathodic polarization 
increases. This activation is more and more important  
as the concentrat ion of zinc becomes higher in the elec- 
trolyte. The dependence of the current -potent ia l  curve 
on concentrat ion is similar to that we observed with 
the Leclanch~ cell electrolyte (29). 

The impedance diagrams obtained in  alkaline me- 
dium are also similar to those obtained in acidic me-  
dium. As a mat ter  of fact, the mean  values of the 
double- layer  capacity as calculated from diagrams 
(I), (J), and (H) in Fig. 8, which correspond to points 
I, J, and H, are close to those determined in acidic me- 
dium, since they are equal to 40, 69, and 30 #F/cm 2, 
respectively. Moreover at low frequencies, three re- 
laxation processes presenting an inductive character 
are most frequently found here as shown by the three 
inductive loops which clearly appear on the three dia- 
grams as in the case of acidic solutions. However, the 
three diagrams reveal a further faradaic time-constant 
as shown by a fourth loop which is either inductive 
[diagram (I)], or capacitive [diagram (J) and (H)]. 
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Let us finally note that, wi th  such alkaline electro-  simplified. In particular,  assimilating the active surface 
lyres, the efficiency ~ increases with increasing cur-  of the electrode with  an ideal plane by neglect ing all 
rent  in a manner  analogous to that  in acidic medium, roughness at a macroscopic level  as wel l  as at that  of 
For example,  at a zinc oxide concentrat ion of 0,5M, the atomic steps, constitutes a rough approximation:  Now, 
influence of the current  on ~ is similar  to that  repre-  it is known that  the roughness of zinc deposits depends 
sented in Fig. 4b: ~ is equal  to 0.98 with a current  of on the current  value (42); a change of the roughness 
1 mA and becomes equal  to uni ty  as soon as the cur-  wi th  the electrode polarizat ion might  therefore  in-  
rent  is higher  than 2 mA. fluence the values of the t ime-constants.  However ,  the 

t ime-constants  measured here, even  the highest  one, 
Discussion do not seem to be caused by a slow re laxat ion of the 

Our exper imenta l  results have been obtained by: (i) electrode area, as shown by a recent  a t tempt  to estab- 
el iminat ing the influence of mass transfer,  (it) correct-  lish such a relat ionship in the case of the Cu/CuSO4 
ing the current -potent ia l  curve  for the ohmic drop interface (43). Therefore,  the most probable cause for 
te rm related to the electrolyte  resistance, and (iii) this t ime-constant  remains a coverage process, at least 
measur ing the faradaic impedance of the interface up in the present  study. 
to ve ry  low frequencies.  Our exper imenta l  results In addition, the hypotheses accepted here  do not take 
agree, on the whole, wi th  the model  proposed and account of the ex t reme mobil i ty  of adsorbed hydrogen 
confirm that  the mechanism of electrocrystal l izat ion is and of its penetra t ion into the metal. These approxi -  
more complicated in alkaline medium than in acidic mations might  explain why, in order to calculate the 
medium. As a mat te r  of fact, in alkal ine medium, the magni tude of the highest t ime-constant  measured  and 
impedance diagrams reveal  not only the three induc- compare it to the exper imenta l  results, it is necessary 
t ive  loops predicted by the model  but  also a four th  to choose a re la t ive ly  high value  of the coefficient ~1, 
faradaic t ime-cons tant  (Fig. 8). This leads us to be-  since this value is 1O0 times as great  as the surface 
l ieve that, in fact, the electrocrystal l izat ion of zinc concentration ~0 : 2.72 10 -9 a t ' g ' c m  -~ of the zinc 
from zincate ions involves at least four adsorbed atoms in the compact plane (0001), where  the in te r -  
species at the interface, unless chemical  reactions be- atomic distance is 2.659A. On the other  hand, the values 
tween different complex species are the origin of a of ~2 and P3, re la t ive  to Znads and ZnAads, chosen for a 
fur ther  t ime-constant ,  as in the case of the cupri-  good agreement  be tween our model  and exper iment  
cuprochloride reduct ion on a p la t inum electrode (41). are close to or lower  than  ~0. 

It is evident  that  the hypotheses upon which our It is known that  the Leclanch5 cell electrolyte may  
model  is based and which concern the behavior  of the contain several  complex ions (6) but the s t ructure  of 
interface and the mechanism of adsorption, are over  the charged species that  adsorb remains unknown.  I t  
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is possible that a change of the pH entails a change of 
another parameter  such as the concentrat ion of Zn 2+ 
and A -  ions. Therefore, it is not surpris ing that  a de- 
crease .of the pH for such an electrolyte can alter the 
electrolysis conditions in a way different than  the con- 
dition which is s imulated simply by  increasing param-  
eters A1 and A2 (Fig. la ) .  Thus, with an electrolyte of 
this type, a decrease of the.pH gives rise to a decrease 
of the cathodic polarizations at low current  values 
(Fig. 6a) which is contrary to the inhibi t ing effect 
of hydrogen adsorption predicted by our model. On 
the other hand, with the acid sulfate solution, which is 
known to form complexes with zinc much less readi ly 
than  the Leclanch~ cell electrolyte, a ~decrease of the 
pH actual ly entails an  increase of the inhibi t ing  effect 
of hydrogen adsorption (Fig .  4a), which is in  good 
agreeement  with our model. 

Experimental ly,  it is ohserved that  a decrease in  the 
concentrat ion of zinc in the electrolyte leads to a shift 
of the s teady-state  current -potent ia l  curve towards 
more cathodic polarizations, and s imultaneously can- 
cels out  the mult iple  steady states. Such an influence 
was shown up in basic medium (Fig. 8) as well  as in  
acidic medium (29). It  is not obvious that  this in -  
fluence can be in terpre ted  in  terms of the model de- 
scribed in this paper. As a mat ter  of fact, with the set 
of parameters  used to s imulate curve 1 in Fig. 1 (a),  a 
decrease of the concentrat ion of Zn 2+ (corresponding 
to a decrease of parameters  A3 and A6) does not tend 
to make  the curve single valued. This might  be due to 
the choice of the relat ive values of parameters  Ai and 
b i employed to perform the simulation. Considering 
the complexity of this type of model, due to the n u m -  
ber of parameters  and the nonl inear i ty  of the equa-  
tions of the system, it is v e r y  difficult to make sure 
that  a given set of parameters  is optimal, even if these 
parameters  can account for the magni tude  of the eleC- 
trolysis current  and the components of the faradaic 
impedance. As a mat ter  of fact, because it is not pos- 
sible to fit the theoretical parameters  to the experi-  
menta l  results and because the na ture  and the concen- 
t ra t ion of the Zn  2+ and A -  ions are not wel l -known,  
the values of the quanti t ies  K~ and ~i specific of each 
electrolyte cannot be determined. 

Besides, it might  be possible that  the concentrat ion 
effect be interpreted more satisfactorily in terms of a 
different coupling be tween the heterogeneous reactions. 
For example, when the reaction If] is replaced by an-  
other one such as Zn 2+ -~ e --> Zn+ads, it becomes pos- 
sible to simulate the effect of the concentrat ion of zinc 
in the electrolyte on the steady-state current -potent ia l  
curves. Unfor tunately ,  with such a new coupling of 
heterogeneous reactions, an increasing of parameters  
A1 and A2 simulates no more the inhibi t ing effect of 
hydrogen adsorption. 

The reaction model presented here agrees with cer- 
ta in  basic facts relative to the electrocrystallization of 
zinc exper imenta l ly  performed with very different 
electrolytic media, al though it presents some imper-  
fections probably  due to the relat ively simple hy-  
potheses on which it is based. 

This model takes account of the influence of hydro-  
gen evolution on the efficiency ~] of the electrocrystal-  
l ization of zinc. The var ia t ion of ~] with current,  which 
is observed experimental ly,  agrees ent i rely with the 
theoretical variat ion depicted in Fig. l ( b ) .  As a mat ter  
fact, both in acidic and in alkal ine medium, ~] is ac- 
tual ly  an increasing function of current  [Fig. 6 (b) ]. In  
addition, the exper imental  var iat ion of ~] with the elec- 
t rolyte  pH is also in good agreement  with our theory, 
since the exper imental  values confirm that  a decrease 
of the PH leads to a decrease of the efficiency at c o n -  
stant  current  [Fig. 6(b) ]. 

The model, which involves an autocatalytic in ter -  
facial step, also predicts the appearance of mul t iple  
steady states of the interface which are revealed by an 
S-shaped current -potent ia l  curve. In  agreement  with 
the  model, after e l iminat ing the influence of con- 

vective diffusion, we showed up such curves with t h e  
two acidic electrolytes [Fig. 4(a)  and 6(a) ]  and also 
With the alkaline medium we investigated (Fig. 8). 
Moreover, a decrease of the pH, in the case of the L e -  
clanch~ cell electrolyte as well  as the acid sulfate solu- 
tion, cancels out the mul t ip le  steady states, and the 
current -potent ia l  curve becomes Single valued [Fig. 
4(a) and 6(a) ] .  This effect is also in  good agreement  
with the behavior  predicted by  our model. 

The ~hape of the impedance diagrams we obtained 
exper imental ly  is also in  conformity with the theo- 
retical model. In  fact, with the two acidic media, and 
even with the alkaline medium where a fur ther  t ime-  
constant appears, an induct ive impedance can be mea-  
sured at low frequencies and three t ime-constants  are 
revealed. These t ime-constants  correspond to the re-  
laxat ion of t h e  part ial  coverages of the electrode by 
the three adsorbed species predicted by the model. 
Finally,  the var iat ion of the impedance diagrams with 
current  in acidic medium also agrees with the model. 
As a mat ter  of fact, according to the values of the pa- 
rameters  used to s imulate the interface impedance, ~ve 
may predict a more or less clear separation of the 
three t ime-constants  when  the current  varies. For ex- 
ample,  the var ia t ion of the diagrams verified with the 
Leclanch~ cell electrolyte supports the s imulated var i -  
at ion (Fig. 3). Similarly, the diagrams recorded with 
the acid sulfate solution (Fig. 5) agree with those cal- 
culated (Fig. 2). 

Obviously, relaxat ion exper iments  are indirect  me th-  
ods for detecting intermediates  in electrode reactions 
and cannot give an unambiguous  picture of what  in -  
termediates are involved (44). Nevertheless, other ex- 
per imental  results confirm the outstanding zole played 
by the autocatalytic step in the reaction mechanism of 
the electrocrystall ization of zinc. So, it has been shown 
that the interactions between the interfacial  reactions 
[a] to [f] and the surface diffusion of the Zn+ads adions 
can give rise to a dis t r ibut ion of the cur rent -dens i ty  on 
the electrode (45). This spatial struCturation of the 
electrode accounts for the appearance of spongeous, 
compact Or dendri t ic  deposits which are observed suc- 
cessively when  the current  in tens i ty  increases, both in  
acidic and alkaline electrolytes. Consequently, the 
model is able to make a correlation between the mor-  
phology of the electrodeposits and the heterogeneous 
reactions. 

Conclusion 
The model for the etectrocrystall ization of zinc pre-  

sented in this paper reveals that  several species such 
as hydrogen, certain anions, and Zn + are involved. It  
also allows one to show the outstanding role played 
in the mechanism of the electrocrystall ization of zinc 
by an autocatalytic step during which a monovalent  
intermediate  is formed. Comparison of the model with 
the exper imental  results obtained with three markedly  
different electrolytes shows up the importance of this 
autocatalytic step both in acidic and in alkal ine me-  
dium, despite the probably  different na ture  of the 
chemical species implied in the three media inves-  
tigated. As a mat ter  of fact, not only does our model 
account for the influence of hydrogen adsorption on 
the efficiency of electrocrystallization, but  it also ex- 
plains the appearance of mul t iple  steady states and the 
existence of an induct ive faradaic impedance charac- 
terized by at least three t ime-constants.  This type of 
model allows one to calculate, from the e lementary 
steps occurring at the interface, parameters  such as the 
electrocrystallization efficiency, the electrolysis cur-  
rent, and the various components of the faradaic im-  
pedance. This opens promising outlooks for the study 
of the electrocrystall ization of zinc because it is perhaps 
possible to relate one or several of the parameters  de- 
fined here to certain properties specific to the in ter-  
face. 

Manuscript  submit ted Sept. 17, 1974; revised m a n u -  
script received May 27, 1975. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to b e  published in the June 1976 
JOURNAL. All discussions for the June 1976 Discussion 
Section should be submitted by Feb. 1, 1976. 
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LIST OF SYMBOLS 
defined by Eq. [5], cm-2sec -I 
~iF/~T, V -I  
(i -- ~i) F/~T, V -I  
defined by Eq. [i0], dimensionless 
defined by Eq. [Ii], dimensionless 
electrochemical double layer capacity, F 
defined by Eq. [12], dimensionless 
Faraday's constant, 96,500 coulombs/g- 
equivalent 
imaginary part of the electrode impedance 
Z 
current intensity, A 
current density, Acm -2 
steadylstate current density, Acm -~ 
~/-I  
electrochemical rate constants of cathodic 
reactions 
electrochemical rate constants of anodic 
reactions 
chemical rate constant, cm 2 sec -1 
real part of the electrode impedance Z 
electrolyte resistance 
polarization resistance 
transfer resistance 
ideal gas constant 
temperature, ~ 
time, see 
cathodic potential, V 
electrode impedance 
faradaic impedance 
transfer coefficient of the cathodic reac- 
tions 
maximal surface concentrations, at.g 
ClTI-- 2 

defined by Eq. [9], dimensionless 
efficiency of the electrocrystallization, di- 
mensionless 
angular frequency, tad. sec-1 
coverage fractions 
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from Rotating Disk Electrode Data 
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Levich's equation (1) 

io = 0.62048 n F Sc-2/~(v~) l/2Cb [ 1 ]  

relates the convective-diffusion l imit ing current  den-  
sity, io, to the number  of electrons exchanged per 
molecule of electroactive species, n;  to the Faraday 
constant, F; to the kinematic  viscosity, v; to the rota-  
t ion speed, ~; to the bulk  concentration, Cb; and to the 
Schmidt number ,  Sc. In  turn, the Schmidt number  is 
a funct ion of v and the diffusion coefficient, D 

Sc = v/D [2] 

Newman (2) derived an improved version of Eq. [1] 
and obtained 

0.62048 n F Sc -2/8 (v~) 1/2Cb 
io = [3] 

1 ~ a Sc -1/3 ~ b Sc-2/3 

where a ---- 0.2980 and b = 0.14514. Equat ion [3] is ac- 
curate to 0.1% for Sc ~ 100 as compared to a numerica l  
t rea tment  of this problem. If we denote DL as the dif- 
fusion coefficient that would be calculated from a set 
of exper imental  data using Eq. [1], and D as the diffu- 
sion coefficient given by Eq. [3], it follows that  

D = DL[1 ~ a Sc -1/~ -~ b Sc-2/8] a/~ [4] 

From Eq. [4] we see that  DL is always smaller than  
D. Table I presents the dependence of D/DL upon Sc. 

Table I. D/DL vs. Schmidt number 

D/Dr. 1.108 1.100 1.090 1.080 1.070 1.060 1.0,50 1.040 1.030 

Se 100 124 165 228 330 509 851 1608 3685 

Their  ratio varies significantly from one over the en-  
tire range of Schmidt numbers  l i k e l y  to be en- 
countered. Current  practice involves a number  of suc- 
cessive approximation techniques and graphical meth-  
ods (3, 4) for evaluat ing D us ing  Eq. [3]. 

The purpose of this note is to demonstrate that no 
graphical or successive approximat ion procedure is 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  dif fusion coefficients, rotating disk electrode. 

required when  using Newman's  rotat ing disk relat ion-  
ship. A simple algebraic manipula t ion  leads to an ana-  
lytical solution for Sc, from which D is calculated. 

Equation [3] may be wr i t ten  in  the form 

Sc-2/~ 
J : [5] 

1 -t- a Sc -1/8 -b b Sc -2/~ 
where  

io 
J = [6] 

0.62048 n F ( ~ )  1/2Cb 
hence 

j - 1  _-- Sc2/a ~_ a Sc lz8 § b [7] 

which is a quadratic funct ion of Sc 1/z. Its solution is 

Sci /3:  ( j _ l _ b + a 2 )  1/~ a 
4 

[8] 

and the explicit expression for D is 

D ----~[ ( j - 1  _ 0.122939)1/2_ 0.1490]-3 [9] 

The evaluat ion of D using Eq. [9] poses no part icular  
computational  problem and will  yield a result  whose 
accuracy is l imited only by that  of Eq. [3]. 
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A~BSTRACT 

The formation of oxide films on resistively heated silicon in  dry oxygen 
was followed in situ using a computer  controlled ellipsometer. For (111) 
silicon surfaces two distinct growth regions were observed. Our results on 
the growth above 300A were found to agree with previous investigations. For 
films 2005_ or less (for which little previous data exist) the kinetics did not 
obey any existing model of the growth process. The rate of growth of the 
oxide on (111) surfaces in  the 20-2005_ region was investigated from 700 ~ to 
950~ and at oxygen pressures between 50 and 1200 Tort. A possible explana-  
t ion of the thin film kinetics is given and its relat ion to the thick film data is 
discussed. 

Because the production of oxide films on silicon by 
thermal  oxidation is of importance to the semiconduc- 
tor industry,  many  studies have been made on various 
aspects of the process. Despite this, the mechanism is 
not ful ly understood, par t ly  because of lack of experi-  
mental  data. In  particular,  kinetic data for films less 
than 300A in thickness are limited. The purpose of the 
present work was to help fill this gap by using an 
automated ellipsometer to observe the growth of the 
films in situ on the hot substrate.  Some form of in situ 
film measurement  process is desirable for this range of 
thickness and it tu rns  out that the thermal  radiat ion 
from the specimen does not interfere with the ellipso- 
metric technique, z 

Invest igat ion of the thermal  oxidation process of 
silicon in oxygen gas is complicated by its sensit ivi ty 
to impurit ies and additions, some of which (H20, C12) 
are impor tant  in the production of films for electronic 
devices. Papers on the oxidation process in pure  dry 
oxygen mostly fall into two categories: those on the 
formation of the first few layers of oxide, say up to 
50A, mostly at temperatures  below 600~ and those 
dealing with relat ively thick films at relat ively high 
temperatures.  Continued growth at any reasonable 
rate above 300A requires temperatures  above 800~ 

In  the thick film region Deal and Grove (1) made a 
comprehensive study of the thermal  oxidation of sili- 
con in dry oxygen and reported that the dependence of 
the oxide thickness L, on the oxidation time, t, for 
oxides greater than 230A, could be described by the 
equat ion 

L2 L 
--I- = t + .~ [ I ]  

kp kl 

where k,  and kl are the parabolic and l inear  rate con- 
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stants. A relat ion of the form of Eq. [1] may be in-  
terpreted as resul t ing from a growth mechanism where 
the oxidizing species diffuses through the oxide film 
(giving rise t o  the parabolic term) and reacts with 
the silicon at the sil icon-oxide interface (giving the 
l inear  term).  Equat ion [1] could not be applied to the 
data below 230A as the growth rate in  that region was 
greater than  that predicted by fitting the equat ion to 
the thicker film data. In  the region below 50A the 
growth law is uncertain.  Fehlner  (2) has shown that  
his data, and that obtained by earlier investigations 
[e.g: Goodman and Breece (3)] in  the very th in  film 
region, can equally well be described by several al ter-  
nat ive growth laws. He has, in addition, pointed out the 
effect of certain impuri t ies  on the kinetics in the thin 
film region. 

Only van  der Meulen (4) and Smith and Carlan (5) 
have given thickness- t ime data over the thickness 
range 30-300AI The results given by these authors 
show significant differences. 

Experimental 
All oxidations were carried out in a stainless steel 

vacuum chamber fitted with windows to allow optical 
probing of the sample surface. Attached to the cham- 
ber through the appropriate valves was a sorption 
pump, a t i t an ium subl imat ion pump, and two sput ter-  
ion pumps. The system pressure could be reduced 
rout inely to less than 10 - s  Torr and into the 10 -20 
Tor t  range if the integral  baking heaters were em- 
ployed. A residual gas analyzer  pumped by a separate 
ion pump was attached to the chamber through a var i -  
able leak valve to allow the  composition of the oxidiz- 
ing atmosphere to be monitored during an oxidation. 
Oxidations were carried out at pressures between 50 
and 1200 Torr, these pressures being measured with a 
calibrated integrated circuit piezoresistive strain gauge 
(National Semiconductor LX 1603) mounted in a 
small  chamber connected to the oxidation cell by large 
diameter, high vacuum valve. This gauge has an ac- 
curacy of --+10 Torr but  changes in pressure of the 
order of 2 Torr  can be detected. 
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The silicon substrates used in this invest igat ion were 
cut from standard 2 in. diameter  Monsanto wafers of 
the appropriate or ientat ion and doping. The samples, 
in  the form of strips 3 cm long and 3 m m  wide, were 
chemically cleaned using the acid-peroxide process (6) 
and given a HF dip before having p la t inum contacts 
sputtered on to each end. The samples were then  
clamped to the sample holder (made of Inconel  sput-  
tered with p la t inum where the sample made contact 
with the holder) ,  which was designed to allow the 
samples to be heated directly. The sample holder was 
fixed to a high vacuum, high current  feedthrough 
which was fitted onto the oxidation chamber  using a 
bellows connector. This a r rangement  allowed the posi- 
t ion of the samPle to be adjusted so that  the optical 
beam probed the center  of the sample. 

The computer  controlled hul l ing ellipsometer is simi- 
lar  in general  construction to that described by Ord 
and Wills (7). A Rudolph ell ipsometer (Type 43603- 
200E) was modified by the addition of stepping motor 
drives on the analyzer  and polarizer. Ant i -backlash  
gears were used with one motor step giving the optical 
e lement  a rotat ion of 0.01 ~ A difference in  design from 
that of Ord and Wills is that  absolute, b rush- type  shaft 
encoders were used to read the analyzer  and polarizer 
angles. The light source used with the ins t rument  was 
a He-Ne laser, wavelength  632.8 nm, and the quar te r -  
wave plate, a Babinet-Solei l  compensator, was placed 
between the polarizer and the input  window of the 
oxidation chamber. The ell ipsometer was al igned using 
the procedure given by Aspnes and Studna  (8). The 
re tardat ion of the compensator was determined by the 
method of McCrackin (9). An  angle of incidence of 
70.0 ~ was used for all measurements,  this angle being 
fixed by the cell and the requi rement  that  the light 
beam pass normal ly  through the oxidation cell win-  
dows. Comparison between the two zone average mea-  
surements  of the ellipsometric parameters  of the sam- 
ple, when  measured in and out of the cell (both before 
and after the oxidation),  gave the correction required 
to adjust  measurements  made in  the cell for any win-  
dew birefringence.  A method for determining the cor- 
rection has been described by  Azzam and Bashara 
(10). 

To ensure a reproducible s tar t ing surface before 
carrying out an oxidation the sample was heated to 
1200~ for 30 sec in  a vacuum better  than  10 -7 Torr  
and allowed to cool to room temperature.  This pro- 
cedure removes the th in  oxide film that  forms on the 
etched silicon surface on exposure to air. This "flash- 
ing" technique was found to be the only reliable way 
of removing this oxide while main ta in ing  an optically 
flat surface. The surface prepared in  this way did not 
remain  oxide free if left for any extended period at 
10 - s  Torr. From changes in the optical parameters  no 
more than a monolayer  of oxygen appeared to react 
with the surface if left under  these conditions for a 
few hours. Details of an extensive invest igat ion of the 
optical properties of silicon surfaces and various tech-  
niques of oxide removal  will  be described elsewhere. 

Star t ing with the "clean" flashed surface, u l t ra  high 
pur i ty  Matheson oxygen was admit ted to the system 
unt i l  the desired pressure was reached. The sample 
was then heated by  the passage of d-c current  from a 
constant current  power supply. During the oxidation 
the ell ipsometer completed a nul l  every 3 sec allowing 
an almost contJnuous monitor ing of the oxide thick- 
ness- t ime relat ion to be determined. The tempera ture  
of the sample during the oxidation was measured with 
an optical pyrometer  having an effective wavelength  
of 650 nm. The t rue sample tempera ture  could be de- 
termined from the observed sample tempera ture  by 
applying the appropriate emissivity correction. As this 
correction is in t imate ly  connected with the optical 
constants of the silicon it is discussed in  the appropri-  
ate section below. 

Results 
T e m p e r a t u r e  d e p e n d e n c e  of  t h e  o p t i c a l  c o n s t a n t s . -  

During an oxidation, changes in  the ellipsometric 
parameters,  h and ,I,, for the hot silicon surface were 
recorded. Analysis of this optical data to obtain the 
thickness- t ime relat ion for oxide growth is possible 
only if the refractive indices of the silicon (ns = n~ -- 
i k s )  and the oxide (he ---- n f  - -  i k f )  are known at the 
oxidation temperature.  The tempera ture  dependence of 
these indices may be estimated for 632.8 n m  from cer- 
tain ellipsometric data. 

A silicon surface covered by a film of oxide of thick- 
ness such that  the value of z~ for the system is close 
to 180 ~ has certain un ique  features. For  this surface 
the ,I, value depends main ly  .on ns and to a lesser ex-  
tent  or~ k~, whereas changes in ~ arise from changes in 
ks, nf and the thickness of the oxide film. By making  
ellipsometric measurements  on at least two samples 
(each with a different oxide coverage) in this region, 
char~ges in ns with tempera ture  can be distinguished 
from changes in the other parameters.  

Figure 1 shows the ellipsometric results obtained 
when silicon samples covered with approximately 18A 
(a) and 2810A (b) are heated. This exper iment  was 
performed in vacuo to p reven t  growth of oxide during 
the course of the measurements.  The figure also shows 
three curves of the ~-,I, locus that  would be traced out  

on the growth of a film of index ne = 1.46 -- i0.0, on 
a substrate for ns equal to 3.9, 4.1, and 4.3, respec- 
tively, ks was assumed to be less than  0.2. The ex-  
per imental  points Xl and X2 correspond to the same 
apparent  temperature  (900~ as measured by  the 
optical pyrometer.. De te rmina t ion  of the actual tem- 
perature of the sample at these points  requires est ima- 
t ion of the emissivity correction. 

The spectral emissivity, ca, and the reflectance, Ra, 
at a wavelength ~ for a medium which absorbs the 
radiat ion are related (11) by the expression 

ex = 1 -- Rx 

The value of Rx for an oxide-covered surface depends 
on the optical constants of the substrata and the thick-  
ness and refractive index of the oxide layer  (12). R• is 
also related to the ellipsometric parameters  A and ,I,. 
Vedam e t  al. (13) have shown that  Rx is not sensitive 
to oxide coverage, for a film wi th in  100A of that  re-  
quired to make ~ = 180.00 ~ This observation, which 
can be checked by  computat ion of Rx for the films used 
to obtain the data shown in Fig. 1, implies that  X1 and 
X2 correspond to the same surface temperature.  As the 
effective wavelength of the optical pyrometer  is close 
to the wavelength used with the ellipsometer, the re-  
fractive index of the surface, actually n~, is taken to 

190 

3•9 �9 " ~  ~3 

A 
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180 �9 

(~) "I" --o ....... 0 . o  _!X ~ 

10 11 12 12 lg 
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Fig. 1. Changes in k and -I. with temperature for silicon samples 
covered with (a) 18,~ and (b) 2810,~ of oxide. Points Xl and X2 
correspond to a temperature of 930~ The solid curves shaw the 
computed &, ~ locus for the growth of a nonabsorbin~ film, of 
index 1.46, on a substrata having the indicated index. 
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be 4.30 for points X~ and X2. Using the relations given 
by Sato (14) the emissivity at this temperature  was 
estimated to be 0.61. For an observed temperature  of 
900~ this emissivity implies a t rue surface tempera-  
ture of 930~ The resist ivity of the sample was also 
used to estimate changes in the tempera ture  of the 
silicon. The data of Fulkerson et al. (15) being used to 
relate tempera ture  and resistance. For temperatures  
below 700~ where the optical pyrometer  cannot be 
used to probe the surface temperature,  resistivity mea-  
surements, alone were used. 

The temperature  dependence of  ns, determined from 
our results given in Fig. 1, is plotted in  Fig. 2. The 
temperature  dependence we obtain is the same as that  
reported by van  der Meulen and Hien (16) and is 
consistent with the infrared results of Lukes (17) and 
the emissivity measurements  of Sato (14). The ellipso- 
metric results of Ibrahim and Bashara (18) are quite 
different from our results as seen when their  data are 
plotted on Fig. 2 (dashed curve).  The differences are 
probably due to an overest imation of the surface tem-  
perature by Ibrahim and Bashara because of their  
method of measur ing temperature  (a thermocouple in 
contact with the substrate heater) .  

The results given in Fig. 1 show that the value of 
n~ for silicon for any part icular  tempera ture  is inde-  
pendent  of the thickness of the oxide film on the sur-  
face. This result  also implies that  the absorption coeffi- 
cient of the oxide, ke, is negligible at all temperatures  
used in this work. 

The refractive index of the oxide and its temperature  
dependence can be estimated by performing ellipso- 
metric measurements  similar to those described above 
with the silicon covered by between 1000 and 1800A 
of oxide. The value of nf was found to increase from 
1.458 at 23~ to 1.467 at 930~ These results are in 
good agreement  with published values of the refrac- 
tive index of fused silica (19). 

Other quanti t ies which might change on heating an 
oxide-covered silicon sample are the film thickness, L, 
and the absorption coefficient of the substrate, ks. 
Changes in these two quanti t ies result  in  essentially 
similar changes in ~ and ,I- for a film of any thickness 
and are thus difficult to determine separately using 
ellipsometric measurements  alone. Assuming that the 
thermal  expansion coefficient of the oxide is identical 
to that of fused silica (19), and knowing the variat ion 
of ns and nf with temperature,  we can estimate how 
ks varies with temperature.  In  addition the room tem- 
perature  value of ks = 0.023, as determined by the 
bulk transmission measurements  of Phil ipp (20), has 
to be assumed. With these assumptions the value of 
ks at 930~ was determined at many  oxide thicknesses. 
A consistent value of 0.172 • 0.003 was measured for 
all oxides greater than  100A. For  th inner  oxide films 

4.4 

0 S 

4.2 

4.0 

/o, l ,o/~176 

o / O  / / i" 

~.8 t i 
0 400 800 1200 

TEMPERA TURE ( ~ ) 

Fig. 2. Temperature dependence of the refractive index of silicon 
at 632.8 nm. The dashed line shows the relation between ns and T 
given by Ibrahim and Bashara (17). 

the apparent  value of ks decreased with decreasing 
thickness. At 18A of oxide ks has the value of 0.140. 
The reason for this low value in the thin film region 
is uncer ta in  but  may be associated with the composi- 
tion of the thin oxide film. Backscattering results of 
Sigmon et al. (21) and E SCA measurements  made in  
this laboratory (to be published) indicate that  the 
oxide close to the sil icon-oxide interface is sil icon-rich 
having a composition closer to SiO than  SiO2. 

From the thick film measurements  the variat ion of 
ks with temperature  was determined using the above 
assumptions. These results are summarized in Fig. 3. 

Oxidation kinetics for (111) siIicon.--Oxidation of 
(111) silicon surfaces was investigated at temperatures  
between 650 ~ and 950~ in  oxygen atmospheres be-  
tween 50 and 1200 Torr. To i l lustrate the general 
characteristics that we observe in all our experiments  
the data for both 870 ~ and 930~ at 760 Torr oxygen 
are discussed in detail. Under  these conditions the 
oxide grows to 1000A in a reasonable period of time, 
and sufficient data can be obtained for films less than 
100A to allow an accurate comparison of the growth 
rate in  the thick and th in  film regions to be made. 

The thickness for both the 870 ~ and 930~ runs in 
760 Torr oxygen increased smoothly with time. The 
thickness- t ime data obtained from fitting the ellipso- 
metric measurements  for these runs are given in  Fig. 4. 
Only every fifth point obtained is plotted in this figure. 
Examinat ion  of the results summarized by Fig. 4 shows 
that there is no region of oxide thickness where the 
oxide grows l inear ly  with time. The data are curved 
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Fig. 3. Temperature dependence of the absorption coefficient of 

silicon at 632.8 nm. Experimentally estimated values of k s  are 
plotted as circles. 
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over the whole region investigated. Guided by  ap-  
proaches used by previous workers we at tempted to 
fit the thickness- t ime data for each run  in such a way 
that meaningful  kinetic parameters  could be estimated. 
This procedure proved unsuccessful  as no single ex-  
pression, that  can be given a useful  k ine t ic4n te rpre ta -  
tion, was found that  adequately describes our data over 
the whole range of thickness covered. As we have 
m a n y  data points in every thickness range it was de- 
cided that  the growth rate could be determined di-  
rectly by appropriate  differentiation of the thickness- 
t ime data. 

To facilitate comparison with theory (see the Dis- 
cussion section) it is more useful  to determine the 
thickness dependence of the inverse of the growth rate 
ra ther  than  the growth rate itself. For an oxide of 
thickness, L, at time, t, d t /dL  is determined using the 
following procedure. All  data ly ing wi th in  +__50A of the 
point are least squares fitted with an expression of the 

x 

form t = __r ciLi. Once the values of ci have been 

i=O 
estimated, it is an easy manipula t ion  to determine 
dr~alL at the point. This procedure is applied over the 
whole thickness range available. 

The thickness dependence of d t /dL  obtained using 
the above procedure, for the oxidation runs sum-  
marized by Fig. 4 is given in  Fig. 5. The error bars 
shown on the 870~ data indicate the spread in  dt /dL  
expected, at 10O and 500A, if the only error involved in  
obtaining this data was an uncer ta in ty  of _2~ in the 
temperature  of the substrate. Figure 5 shows dt /dL  
increasing wi th  increasing oxide coverage for any par -  
t icular  oxidation. The 930~ data show that  above 
3O0A, d t /dL  increases l inear ly  with L. 

In  Fig. 6 the var iat ion of d t /dL  with L for films less 
than 290A in  thickness is plotted. Both the 870 ~ and 
930~ data appear l inear  in  this region, the slope in  
the th in  film region being greater than  that  found for 
the thicker films. This characteristic behavior  was 
found for all oxidations of (111) silicon carried out in  
this investigation. 

As we have found tvr dist inctly different regions of 
oxidation behavior, our results for the dependence of 
the oxide thickness on t ime for (111) silicon are best 
summarized in the following manner .  Below 200A the 
t ime t is related to the oxide thickness L by the rela-  
t ion 

t - :  ao + alL + a2L 2 [2] 

and above 300A by 

t : b0 -{'- blL -'F b2L 2 [3] 

For (111) silicon surfaces oxidized in pure  dry oxy- 
gen at 760 Torr  the tempera ture  dependence of the 
parameters  a0, at, and a2 are given in  Table L In  the 
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thick film region b0, bt, and b2 have the values --1222.5 
sec, 19.41 sec-A -1, and 1.88 • 10 -2 sec-A -2, respec- 
tively, at 870~ and --634.8 sec, 7.38 sec-A -1, and 
8.4 • 10 -a  sec-A -2, respectively, at 930~ Our mea-  
surements  indicate tha t  all these values are independ-  
ent of the doping of the silicon substrate (0.1 and 1O 
ohm-cm n- type  and 10 ohm-cm p- type  samples were 
tested).  

The dependence of the oxidation rate on the pressure 
of the reactive gas often is of considerable use in  
elucidating the mechanism of the oxidation reaction. 
In  the present  case the pressure dependence is far from 
simple. To i l lustrate this pressure dependence it is 
convenient  to plot p . d t / d L  (at a par t icular  oxide 
thickness) against p, where p is the oxygen pressure. 

The results obtained for a (111) silicon surface at 
870 ~ are presented in this way in Fig. 7. The value of 
p .d t / dL  is independent  of pressure above approxi-  
mately 300A. Below this thickness p . d t / d L  decreases 

Table I. Temperature dependence of growth parameters of (111) 
Si at 760 Torr oxygen for films less than 200~. 

Temper- ao a l  a~ 
ature ( ~  ( s e c )  ( s e e - A - l )  ( s e c - A - ~ )  

7 2 0  - - 4 3 8 6 . 0  2 5 1 . 7  0 . 6 2 1  
780  - - 5 7 6 . 0  5 8 . 5  0 . 2 6 8  
8 3 2  - - 2 1 6 . 0  2 4 . 0  0 . 0 6 5 4  
8 7 0  - -  162 .6  10 .0  0 . 0 3 9 6  
930 - - 9 2 . 4  3 , 0  0 . 0 1 7 4  
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with decreasing pressure. The curve fitting parameters  
in Eq. [2] and [3] were determined where possible at 
all the pressures investigated. The pressure dependence 
of al and as was found to be ra ther  complex, these 
parameters  both vary  approximately as p0.S at 870~ 

Oxidation of (100) s i l icon.--Oxide growth on (100) 
silicon surfaces is far slower than  that  on the (111) 
surface. The change of d t / d L  with thickness found for 
an oxidation of a (100) surface at 870~ at a pressure 
of 760 Torr  oxygen is shown in  Fig. 8. For  comparison 
the data obtained under  s imilar  conditions for the 
(111) surface is also given in  the figure. ,An almost 
l inear  increase in dt /dL,  below 200A, with thickness 
was found and the parameters  a6, al, and as have the 
values 246.0 sec, 17.1 sec-A - i ,  and 0.0806 sec-A -2, re-  
spectively. The second l inear  section of the d t /dL  vs. 
L plot was not observed unt i l  the oxide is more than 
600A thick. The temperature  dependence of oxidation 
of (100) surfaces has not been extensively invest i -  
gated. 

Discussion 
The rate of growth of an oxide film on silicon during 

thermal  oxidation in  dry oxygen was found to show a 
complicated dependence on oxide thickness. In  general  
agreement  with the results of Deal and Grove (1) we 
find that growth in the th in  film region differs 
markedly  from that  of thicker films. Deal and Grove 
applied the l inear-parabol ic  law (Eq. [1]) to (111) 
silicon oxidation only for oxides thicker than  230A, 
growth of th inner  films being faster than  that pre-  
dicted by their  general  formula. They gave no explana-  
t ion of the th in  film kinetics, but  the present  results 
on (111) surfaces indicate that  the thickness above 
which the kinetics show the characteristics of the Deal 
and Grove model varies with tempera ture  and oxygen 
pressure. 

The model of oxidation in  the thick film region in-  
volves the diffusion of the oxidizing species through 
the oxide layer and reaction at the silicon oxide inter- '  
face. These two processes are essentially in  series, the 
over-al l  rate being controlled by the slowest process 
at any temperature.  Under  interface control the growth 
rate, dL/dt ,  is constant. If diffusion limits the growth 
rate dL/d t  cc L - t .  When  the two growth rates are 
comparable 

dt 
= bl + 2bsL [4] 

dL 

where bi and b2 are related to the rate constants. Equa-  
t ion [4] is the differential form of Eq. [3]. Comparison 
with Eq. [1] gives bl = 1/kt and b2 ---- 1/kp. 

For thick oxide films (>300A) we find d t /dL  in-  
creases l inear ly  with L. From the slope of d t /dL  vs. L 
plots we can estimate a value of kp. Our results for 
kp at 870 ~ and 930~ for 760 Tor t  oxygen are in  good 
agreement  with the data given by  Deal and Grove. 
The pressure dependence of k~ provides informat ion 
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estimated from the growth rate for films thicker than 300.~ on 
(111) silicon at 870 ~ and 930~ For each temperature the value of 
kp measured at 760 Torr oxygen (kp,7e0). 

on the na ture  of the diffusing species. Figure 9 shows 
our results for the pressure dependence of kp at both 
870 ~ and 930~ In  this plot the values of kp are nor-  
malized to the 760 Torr  value of this constant  for 
the temperature  of interest. This procedure eliminates 
the effects of tempera ture  al lowing the pressure de- 
pendence to be compared directly. The data clearly 
indicate that  kp depends l inear ly  on oxygen pres- 
sure. Deal and Grove observed that kp showed a 
l inear  pressure dependence for temperatures  above 
1000~ According to Wagner  (22) a l inear  dependence 
of this parameter,  which is related to the diffusion 
coefficient, implies that  the diffusing species is either 
02 or O2 n- .  

The l inear  rate constant, kl, is apparent ly  known 
with far less certainty than is kp. Deal and Grove 
give values of ki from 700 ~ to 1200~ Revesz and 
Evans (23) in  their study of oxidation in  dry oxygen 
above 900~ obtain values of kl that  are quite differ- 
ent from those of Deal and Grove. The act ivat ion 
energy for the kl data of Revesz and Evans is only 
half  that  measured by Deal and Grove. We can esti- 
mate the corresponding k, value from our thick film 
fits. This gives values of ki that  are smaller  than  those 
given by both Deal and Grove and by Revesz and 
Evans but  they show the tempera ture  dependence ob- 
served by Deal and Grove. ki was found not to vary  
l inear ly  in oxygen pressure, but  appears to vary as 
p0.6. 

We would question whether  the method used to 
obtain kl, by s imply fitting the thick film data, actually 
provides a measure of the rate constant of the process 
occurring at the interface. Admittedly this value is 
sensitive to surface orientation, as seen by the results 
given in Fig. 8, which is an indicat ion that it is related 
to the nature  of the surface, b u t  the value obtained 
may also reflect some influence of the processes that  
occur in the thin film region. 

In  his study of th in  film oxide growth van  der 
Meulen (4) measured the thickness- t ime dependence 
of both (111) and (100) silicon surfaces from 700 ~ 
to 100~ for thicknesses up to 300A. Our thickness- 
t ime data general ly agree with those given by van 
der Meulen, but  the kinetic parameters  cannot be com- 
pared as he assumed that the thick film value of kp 
(given by Deal and Grove) could be applied to the 
th in  film region. Our results do not agree with the 
measurements  of Smith and Carlan (5) and the com- 
plex growth they observed is unexplained.  

Two explanations of the "fast" growth found for 
films less than  200A have been advanced. One, due to 
Revesz and Evans (23) invokes the existence of a 
process in  which the normal  diffusion is effectively 
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short circuited by "fast" diffusion through "micro- 
channels" that  are presumably  about 200A in length. 
This model should tend to enhance the effect of the 
l inear  rate constant in the th in  film region which 
makes dt /dL  independent  of thickness unt i l  the film 
is sufficiently thick to obey the bu lk  diffusion model. 
dt/dL,  however, changes more rapidly wi th  thickness 
for th in  films than  it does above 300A. To obtain an  
adequate description of the th in  film process, the 
Revesz and Evans model needs fur ther  deve lopment  

To explain some of the results of van  der Meulen, 
Ghez and van  der Meulen  (24) have proposed a re-  
action process for the interface oxidation which mod- 
ifies the form of the l inear-parabol ic  equation. Using 
the expressions given by Ghez and van  der Meulen 
we have computed the thickness dependence of dt /dL  
predicted by their  assumptions. The effect of this mod- 
ification to the model of the interface process is to 
decrease the dependence of d t /dL  on L for th inner  
films, thus contradicting the present  exper imental  re-  
sults. 

The observation that  d t /dL  increases l inear ly  with L 
over the range 20-200A has not been observed pre-  
viously in  silicon. I t  is interest ing to note that  the 
slope of the d t /dL  vs. L plot for th in  films is approx-  
imately twice what  it is above 300A at the same tem- 
perature,  while the intercept  for L = 0 is half  the thick 
film value. 

From Eq. [2] we can wri te  

d t /dL  -- ai ~- 2a2L 

Assuming ai and as correspond to some physical proc- 
ess, their  tempera ture  dependence should be gov- 
erned by an Arrhen ius - type  law. Figure 1O shows 
how ai and a2 vary  with 1/T for oxidation of (111) 
silicon at 760 Torr  oxygen. These results show that 
ai and a2 do vary  as expected with temperature,  bu t  
have almost identical act ivation energy, about 1.95 eV. 

The existence of two l inear  segments in  the dt /dL  
vs. L plots, and the behavior  of the th in  film slope, 
suggests that oxidation of silicon might be proceeding 
by two paral lel  paths. Each process involved would 
have to have both an interface reaction and a diffu- 
s ion-l imited step. The diffusion coefficients for the 
two processes, and thus the "parabolic" rate con- 
stants, must  differ sufficiently that one dominates in 
the thick film region. 

The growth rate for two such paral lel  independent  
processes is 

where 

dL dL 

dt dt 1 2 

I 1 
dt i Ai + BiL 

0 

- 4  

0 
.8 .9 7.0 

1oo__o. % 
r 

Fig. 10. Temperature dependence of the rate parameters al and 
a2 (see text) obtained from oxidation data for film growth below 
200.K on (111) silicon in 760 Torr dry oxygen. 

The over-al l  value of d t /dL  is thus 

dt AiA2 W (BiA2 ~- B2A1)L -? BiB21.2 

' d L  --  (At -~ A2) -~- (B1 -}- B2)L [5] 

where A1 and B1 refer to one process and As and B2 
to the other. For certain values of these parameters  
Eq. [5] has interest ing l imit ing behavior. For A1 ,-- A2 
and B1 < <  B2, at th in  films where B1B2L 2 < <  B2A1L 
and. B2L < <  A1 --}- A2 

dt A1A2 A1 
: .. �9 B~L [6] 

and for thick films (L --> oo) 

d t /dL  cc B1L 

Under  these assumptions this type of model predicts 
that  dt /dL  increases with L and the slope of the d t /dL  
vs. L plot decreases as thickness increases. Under  the 
given assumptions this model might  explain the ex- 
per imental  d t /dL  vs. L plots. 

A possible explanat ion of the two parallel  processes 
arises from the studies of Jorgensen (25). A t  high 
temperatures  with a porous metal  electrode attached to 
the oxide he has shown the growth rate of the oxide 
could be increased or decreased by applying a current  
of appropriate polarity. This experiment,  as analyzed 
by Raleigh (26), indicates that both ionic and molecu- 
lar motion might  be possible in these oxide films. The 
existence of both ionic and molecular  motion diffusion 
could be the reason for our observed rate data. As the 
diffusion coefficient and activation energy for these two 
processes are not necessarily equal, these processes 
might contr ibute to the over-alI  growth rate in a 
manne r  similar to that  summarized by Eq. [5]. 

The paral lel  reaction model described above does 
explain, at least qualitatively,  the  over-al l  shape of the 
experimental  dt /dL  vs. L plots. No at tempt was made 
to fit the data using a relat ion having the form of Eq. 
[5] because some of our results indicate that  even this 
fairly complex model might not be a complete descrip- 
t ion of the oxidation process. 

In  the model leading to the growth rate given by 
Eq. [5] we would expect that the two diffusion proc- 
esses would be independent  of silicon surface or ienta-  
tion. For any oxidation tempera ture  B1 and B2 (in Eq. 
[5]) should thus not differ for (111) and (100) sur-  
faces. The interface parameters,  Ai and A2~ can differ 
for different orientations but  the ratio A1 (111) ~At (100) 
and A e ( l l l ) / A 2 ( I O 0 )  should be similar. From these 
observations, and assuming the validity of Eq. [6], the 
slope of the dt /dL  vs. L plot (d2t/dL e) in the th in  film 
region should be the same for both (111) and (100) 
surfaces at any fixed temperature.  Exper imenta l ly  we 
find. at 870~ that det/dL ~ for a (100) surface is more 
than  twice as large as the corresponding (111) value. 

Two other exper imental  results are difficult to recon- 
cile with the present theory. The first of these is the 
observation that the kinetic parameters al and a2 (in 
the thin film region) both vary approximately as po.s 
with oxygen pressure for a (III) surface at 879~ 
This result is surprising and it is not obvious how the 
theory would account for this behavior. Secondly, the 
results for the temperature dependence of ai and a2 
at fixed oxygen pressure are unusual. Both these 
parameters were found to have the same activation 
energy. 

Despite these unexplained results the mechanism of 
two parallel competing processes appears to be the 
only model of the oxidation that can describe the gen- 
eral characteristics of the rate behavior we observe 
experimentally. Further studies on this model are re- 
quired to determine whether it can be modified to ac- 
count for all the experimental results. 

Conclusions 
The use of an in situ technique to follow the rate of 

growth of an oxide film on silicon in dry oxygen shows 
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the existence of two distinctly different regions of oxi- 
dation behavior. Oxidation appears to proceed in one 
m a n n e r  from 20 to approximately 200A of oxide cover- 
age and in a different manne r  at greater oxide thick- 
nesses. The thickness above which characteristic thick 
film behavior  is observed was found to vary with tem- 
perature, oxygen pressure, and silicon substrate orien- 
tation. No earlier kinetic description of t h e  process 
adequately describes the observed results. A mechan-  
ism is proposed that qual i ta t ively accounts for the 
general  behavior of the oxidation kinetics. 
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Concentration Dependence Curves of 
Y O S:Eu 

Lyuji Ozawa* and Herbert N. Hersh* 
Zenith Radio Corporation, Chicago, Illinois 60639 

ABSTRACT 

Concentrat ion dependence curves for Y202S:Eu over a range of excitation 
conditions have been determined for transit ions from the 5D0 to various 7F 
levels. It is shown that the opt imum Eu concentrat ion for the 5D0 --> 7F 2 t ran-  
sition is lower for cathode-ray excitation than for photoexcitation. The ab- 
sorption spectrum of Y202S: Eu has also been determined;  it suggests the possi- 
bil i ty that the change in opt imum concentrat ion might be qual i tat ively ex- 
plained in terms of a preferential  increase in reabsorption of the 5D0 -> 7F2 
emission, however the calculated average populat ion increase does not seem to 
be large enough to provide quant i ta t ive  walidation. 

The opt imum activator concentrat ion of cat,hodo- 
lumines.cent phosphors is an impor tant  practical and 
theoretical parameter  in discussing the efficiency of a 
phosphor. In  rare earth activated phosphors the opti- 
mum activator concentrat ion occurs at different values 
for different types of excitation, e.g., cathode-ray ex- 
citation, ho~  photoexcitation, and direct activator 
photoexcitation (1). For direct p,hotoexeitation of the 
activator, one can obtain the true concentrat ion depen- 
dence curves only where the radiat ion is w e a k l y  ab-  
sorbed. For phosphors with high optical absorption 
coefficients, the opt imum activator concentrat ion shifts 
to lower concentrat ions due to a decrease in pene t ra -  
t ion depth of the exciting radiat ion with activator con- 
centrat ion (1). For a wide range of activator con- 
centrations (10-6-10-2),  the concentrat ion dependence 
curves of phosphors excited by cathode-rays are al- 
most identical to the curves obtained for host photo- 
excitation (because apparent ly  the same mechanisms 
are involved in the excitation process), except for the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words: absorption, sa tu ra t i on ,  c a thodo lumine s c e nc e .  

fact that  the opt imum concentrat ion under  cathode- 
ray excitation is always slightly lower (2). 

Since host photoexcitation is usual ly  very superficial 
(penetrat ion depth <1 ;~m) whereas ca t , ode - ray  ex- 
citation is deeper (penetrat ion depth >1 ~m) and in-  
creases with cathode voltage, the smaller  value of the 
opt imum concentrat ion for cathodoluminescence has 
been hypothesized as being due to de-exci tat ion at the 
surface of the phosphor particles (3-5) or to radia t ion-  
less sinks which interfere with the energy transfer  
process between the excited host and activators. In  
those experiments  the total phosphor luminescence has 
usual ly been measured ra ther  than  the spectral in -  
tensities of the individual  lines. 

The t ransi t ion probabilit ies between the states of 
Eu +3 ion in crystal are determined by the selection 
rules and crystal parameters;  they are independent  of 
t,he energy transfer  process involved in the phosphor 
(such as surface de-exci ta t ion and radiationless sink),  
of excitation conditions, and of phosphor temperature.  
Thus, for each of the 5D0 luminescences, the same nor-  
malized concentration dependence curve is expected. 
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However in the present  work it has been found that 
all of the 5D0 concentrat ion dependence curves are not 
the same. By analyzing the normalized curves and the 
absorption spectrum one can obtain quali tat ive in t ima-  
tions of the presence of nonthermal  populations of 
some of the te rminal  states of the activators. 

Experimental 
The study was made using Y202S:Eu phosphor in 

which conditions are simpler and better  defined than in  
other Eu +~ activator phosphors. This arises because 
of more easily identified luminescence lines which 
make spectroscopic studies and in terpre ta t ion re la-  
t ively simple and unambiguous.  

The preparat ion of the Y202S:Eu phosphors has 
been described elsewhere (6). To obtain the concen- 
t ra t ion dependence curves, the spectral luminescence 
intensities were measured on powder samples which 
were packed in planchettes to a depth of 2 mm. For 
cathodoluminescence measurements ,  the samples were 
excited in a demountable  cathode-ray apparatus under  
s teady-state  excitat ion conditions at 1 ~A beam cur-  
rent  per 5 mm spot diameter  (---- 5 ~A/cm).  Photo-  
luminescence and excitat ion spectra were obtained 
with Pe rk in -E lmer  Fluorescence Spectrometer MPF-3. 
The host p,hotoexcitation in tensi ty  was estimated to be 
10 ~W/cm 2 on the phosphor surface. The luminescence 
intensit ies of selected lines of Eu +3 luminescences 
were determined from the ampli tudes of the recorded 
luminescence spectra. 

Measurements  were also made using a 19-in. tricolor 
television picture tube under  pulsed, high excitat ion 
conditions. The picture tube was mounted  in a produc-  
t ion television chassis, which was dr iven by a signal 
~enerator. The ~node voltage was a nomina l  30 kV. 
The current  densities were calculated from the ~node 
current  and beam size (7). To ensure that  the phosphor 
dot on the screen was excited in a regular  television 
scanning mode, i.e., 50 nsec pulses every 1/30 sec, a 
single scanning line was used. This was accomplished 
by b lanking  the entire raster except for one scanning 
line at the center of the screen. To increase the pump-  
ing rate, mul t iple  excitation (8) was used: by shr ink-  
ing the vertical  raster, the raster l ine separation be-  
comes smaller  than the electron beam diameter,  and 
hence each phosphor dot was mul t ip ly  excited by the 
scanning beam, with a 60 ~sec interval  between excita- 
tions. The degree of mult iple  excitation depends on 
the ratio of the beam diameter  to the shrunken  raster 
height. 

Results 
It was found that t,here are some differences in the 

concentrat ion dependence curves of the luminescences 
from one emit t ing level to the various lower levels, 
rF, on which the transit ions terminate.  Concentration 
dependence curves for the 5D0 emit t ing level to the rF 
levels are reported here but  s imilar  results also occur 
for the 5D~ and ~D2 levels. 

Figure 1A shows the normalized concentrat ion de- 
pendence curves for host photoexcited luminescence. 
Note the difference between the 7F2 curve and the 7 F  1 
and 7F0 curves; the opt imum activator concentration, 
Copt, is 2 mole per cent (m/o)  for the 7Fo and 7FI, and 
4 m/o  for the 7F2. Under  cathode-ray excitation, Copt 
for the 7F2 luminescence shifts to a lower value, 2.5 
m/o  (Fig. 1B) and the curve closely approaches the 
7F0 curve. The 7F1 and 7F0 curves are hardly  affected 
in going from host photoexcitation to cathode-ray ex- 
citation. 

The 7F4 curves for host photoexcitat ion (not shown) 
are close to the VF~ curves and are only slightly shifted 
by cathode-ray excitation. The 7F 3 c u r v e s  were not 
studied because of their weak intensities;  the 7F5 and 
7F6 luminescences were not in the range of our in-  
terest. 

100, 

? soi 
~ 8 0  

" 7 0  aa 
c 6 0  

~, 50 
U t- 

" 0 
. 'oo r 

9 0  
2 

80 

~'~ 70  

~ 6 0  

50 
f 

o 

~ 2 5 0 n m )  

CA) \ 

I I I I I I I I I ] 

1 2 3 4 5 6 7 8 9 1 0 ( x . 0 1 )  

~ CRL(20 kV) 

( B ) 7 F ~ ~ ~ D o  

' ' ' I I I I I I I 

1 2 3 4 5 6 7 8 9 10(x.01) 

x in (Yl_xEux)202 S 

Fig. 1. Concentration dependence curves of 5Do --> 7Fo, 7F1, and 
7F2 luminescences for host photoexcitation (A) and for 20 kV 
cathode-ray excitation (B). 

Discussion 
A difference in the maxima of the concentrat ion de- 

pendence curves for the 5D0 ---> 7F2 luminescence using 
cathode-ray and photon excitat ion has been observed. 
This shift of Copt with the type of excitation cannot be 
explained by the bulk- to-surface  effect (9) (surface 
de-excitat ion of the 5D emit t ing state),  because this 
would not differentially affect the individual  rF te r -  
minal  levels. Thus, the relat ive 5D ---> 7F luminescence 
intensities would not be expected to change by  this 
mechanism, and the normalized concentrat ion de-  
pendence curves should be the same for each te rminal  
level. Thus another  explanat ion must  be sought. 

Since the relative luminescence intensit ies from the 
5D0 emit t ing level should be independent  of excitation 
conditions, the difference may possibly be explained by  
a quenching mechanism involving the ground 7F states. 

A p,henomenon commonly overlooked in  cathodo- 
luminescence studies is the possible reabsorption of 
the luminescence. Reabsorption by  the activator is a 
general  phenomenon operating in all phosphors to 
l imit the photon yield (10, 11) but  it has not been 
considered in cathodoluminescence, possibly because 
no absorption band in  the spectral region of the 
luminescence has been reported in practical phosphors. 

Boltzmann population of 7F states.--T,he excitation 
spectrum for the 5D0 ---> 7F4 luminescence at 707 nm 
is given in Fig. 2. This spectrum is equivalent  to the 
absorption spectrum because the absorptions are weak. 
Optical absorption only occurs from states populated 
by electrons. At T ---- 0~ the 7F0 state is fully popu-  
lated. At higher temperatures  the populat ion is also 
distr ibuted in the 7F~ to 7F6 states in accordance with 
the Bol tzmann dis tr ibut ion law. The Bol tzmann popu-  
lat ion at room temperature  is computed as 0.1 for each 
7Fl state and 0.00t6 for each 7F2 state. It is clear that  
at room temperature  no absorption will  occur from the 
7F3 and 7F4 in unexcited phosphors because the Boltz- 
mann  populations of these levels are negligible. 

At room temperature,  strong absorption from the 
7F0 and 7F1 state and two weak absorptions from the 
7F~ state are seen in Fig. 2. These results indicate 
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Fig. 2. Excitation spectrum for 707 nm (SDo - )  7F4) lumines- 
cence of Y202S:Eu phosphor. 

that  reabsorption of the 5Do ---> 7F0,~,2 luminescences 
exists at room temperature.  

The absorption in tensi ty  of the 7F2 is about 20% of 
the intensities for the 7F0 and 7F1, al though the Boltz- 
m a n n  populat ion is about 10 -3 of the 7Fo state. This 
fact indicates that  the absorption coefficient for the 
7F 2 ---> 5D 0 t ransi t ion is about two orders greater than 
the coefficient for the 7F0.1 ---> 5D0 transitions. Because 
of the low Bol tzmann populat ion (0.00'16) and high 
absorption coefficient for t,he 7F2 state, the absorption 
from the ~F2 should be more sensitive to the change in  
the populat ion than the 7F1 and 7F0. This conclusion 
seems to be supported by the facts that the VF0 and 
~F1 dependence curves (Fig. 1) are not affected in 
going from photon to cathode-ray excitation and that 
only the ~F2 curves shift to lower values with cathode- 
ray  excitation. 

Cathode-ray pumped population.--One may compufe 
the average cathode-ray (CR) pumped populat ion as 
follows: Assuming that the penetra t ion depth of 2,0 
kV electrons is 6 ~m (6 X 10 -4 cm) (12), the excita- 
tion effective volume, A, of the phosphor particles is 
calculated to be 6 X 10 I-4 cm~ for a circular homo- 
geneous beam of 0.5 cm diameter. The Eu +~ ions/A 
are calculated as= 

Ax (density of phosphor) X N • (Eu ions in  molecule) 

molecular  weight 
[1] 

where N is Avogadro's number .  For 5 m /o  europium 
this corresponds to 7.4 • 101~ ions/~. Taking the 
center -of -gravi ty  of five 7F2 states as 1000 cm -1 above 
the ground state, the fractional thermal  excitat ion at 
room tempera ture  (T = 300~ kT : 206 cm -1) is 
0:0078. Because the populat ion quickly thermalizes 
among the five ~F~ states, the fraction for each 7F2 
state is 0.0078/5 ----- 0.0016. Thus, the thermal  popula-  
t ion of each 7F2 state is 

7.4 X 1017 • 0.0'016 ---- 1.2 X 1015 Eu +3 ions/A [2] 

Under  s teady-state  CR excitation, t,he rate equation 
of the populat ion for each 7F2 state is 

dn 
- - =  N -  nl~ = 0 [3] 
dt 

Therefore, the average population, n, for the average 
l ifetime T of the 7F~ state is given by 

September !975 

where /~ is the average number  of 5D0 --> ~F2 lumi -  
nescence trar~sitions per second as calculated by Eq. 
[5] 

N= 
( input  power) X (power efficiency of luminescence) 

photon energy of luminescence 
[5] 

The input  power for s teady-state  CR excitation of 
20 kV, 5 ~A/cm 2 is 0.I W/A. Assuming that the lumi -  
nescence photon energy is 2 eV and the efficiency of 
t2ze ~Do --> 7F2 t ransi t ions for the CR excitat ion is 0.06 
W/Vr one can get 1.8 X I016 transitions/A-sec. Each 
downward t ransi t ion populates one of the 7F2 states. 
This excess populat ion would thermalize very quickly 
among the five 7F2 states, so that N for each 7F2 state 
would be 

~ / =  1.8 X 1'0 TM 3.6 X 1015 Eu +~ ions /a-sec  [6] 
5 

Unfor tunate ly  we could not measure the lifetime of 
the ~F states. The reported decay times for the 5D 
luminescence under  CR excitat ion are shorter in going 
to order of the 5Do, 5D1, and 5]:)2 (13) and the decay 
t ime of the 5Do luminescence is about 500 #sec (13, 14). 
If z for t,he ~F2 is about 100 ~sec (10 -4 sec), the CR 
pumped populat ion is computed as 

/V~ = 3.6 X 1015 • 10 -4 = 3.6 >< 1011 Eu +3ions/A [7] 

Thus, the computed CR populat ion (1011 ions) is too 
small  to per turb  the thermal  populat ion (1015 ions),  
even if the calculation is made for one- ten th  the elec- 
t ron penet ra t ion  depth (5). 

The CR pumped populat ion can be increased by in-  
creasing the beam current  density, An increase in the 
steady-state beam current  densi ty  results in a signifi- 
cant increase in  phosphor temperature.  We have mea-  
sured the luminescence intensit ies from the phosphor 
screen of a 19-in. color television picture tube (30 
kV) as a funct ion of beam current  density (to avoid 
a temperature  increase).  The results obtained with 
two extremes of the pulsed excitation (30 Hz and 15 
kHz) on the picture tube screen are shown in  Fig. 3. 
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Fig. 3. Relative 5Do-TF2 luminescence intensities of Y202S:Eu 
phosphor on 19-in. tricolor television picture tube screen as a 
function of beam current. The phosphor dots on the screen are 
excited by 50 nsec pulses at 1/30 Hz and 15 kHz, respectively. 
Quenching (dashed lines) only occurs for long CR irradiation under 
multiple excitation conditions at high beam current. 
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The phosphor dot (0.3 mm diameter)  in the 19-in. 
televisior~ picture tube is ins tantaneously  excited for 
~0 nsec by a single horizontal  scan. The instantaneous 
excitat ion in tens i ty  for 50 m A / c m  2 corresponds to 
1500 W/A or 6 X 101~ Eu +3 ions pumped in  each VF2 
state/A unde r  s teady-state  excitation. When the phos- 
phor screen was excited by 50 nsec pulses every 1/30 
sec using a single scanning line, all of the luminescence 
intensities increased l inear ly  wi th  beam current  up 
to 3 mA [estimated as 70 m A / c m  2 current  densi ty on 
the phosphor screen (7)]. No change in the relat ive 
~D0 luminescence intensit ies was observed. Under  mu l -  
tiple excitation, subl inear  response (0.9 slope for the 
5D0 luminescence)  and quenching at high beam cur-  
rent  (dashed lines) for long CR ir radiat ion were ob- 
served. No ehange in  the relat ive 5D0 luminescence 
intensit ies was observed in the straight l ine region. 
The quenching was enhanced on increasing the degree 
of mult iple  excitat ion and the CR irradiat ion time. 
Therefore, the quenching is related to reabsorption of 
the luminescence because the relat ive intensities of 
the 5D0 luminescence were markedly  changed in this 
region; the 7F2 was quenched more than the 7F1. 
Longer CR irradiat ion with a short pulse in terval  heats 
up the phosphor temperature,  resul t ing in an increase 
in the thermal  populat ion of the 7F1 and ~F2 states. 

The tempera ture  rise for continuous CR excitation 
in  this s tudy (20 kV, 5 ; ,A/cm 2) is too small  to change 
the thermal  populat ion of the 7F2 state. T,he phosphor 
tempera ture  rise dur ing the steady CR excitation can 
be determined accurately by measur ing the 5D1/hD0 
luminescence in tensi ty  ratio of Y2OfS:Eu phosphor 
(15). Because this ratio measurement  uses an in te rna l  
reference method, the accuracy is high enough to de- 
te rmine  the tempera ture  difference wi thin  a few de- 
grees centigrade. For the measurement  it is con- 
venient  to select two luminescence lines located at 
583 and 587 nm which are 5D0 --> 7F0 and 5D1 --> 7F3 
transitions,  respectively (15). No change in the ratio 
was detected for steady CR excitation in this study. 
Thus, the change in the 7F2 curves is also hard  to at-  
t r ibute  to a thermal  effect. 

Concluding Remarks 
We have shown that  the concentrat ion dependence 

curves of Y2OfS: Eu depend on the mode of excitation. 
The absorption spectrum (Fig. 2) shows the existence 
of reabsorpt ion of luminescence. However, our calcu- 
lations allow one to conclude that the decrease of the 
opt imum activator concentrat ion of the aDo --> 7F 2 
luminescence in going from host photoexcitat ion to 
s teady-state  cathode-ray excitat ion (Fig. 1) cannot be 

a t t r ibuted to the increase in absorption due to ~he 
change in  the average populat ion in the rF2 State 
caused by CR pumping  or tempera ture  rise. It  may 
be necessary to consider the ins tantaneous population, 
or otherwise to clarify the energy t ransfer  mechanism 
from host to activators, before one can calculate 
theoretical concentrat ion dependence curves for host 
excitation. 
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ABSTRACT 

Thin films of Ge produced by the pyrolysis of alkyl ge rmanium te t ramethyl  
germanium and tetraethyl  ge rmanium compounds have been studied for their 
rates of deposition, crystallinity,  and carbon contamination.  The pyrolysis 
reaction has been found to be of first order, and the activation energies have 
been found to vary with concentrat ion of the alkyl ge rmanium compound be- 
tween the limits .of 25-80.kcal/mole for both te t ramethyl  and tetraethyl  ger- 
manium. The morphology and crystal l ini ty of the films vary with the chemical 
and crystall ine s tructure of the substrate. Good qual i ty and uni form films are 
produced on rnonocrystall ine germanium substrates preetched in situ with 
HC1 gas. The carbon contaminat ion is found to be strongly dependent  on the 
substrate material,  and it varies between 25 ppm for germanium and 200- 
50,000 ppm for tungs ten  substrates. 

Pyrolysis and oxidation of alkyl silicon compounds 
for the chemical vapor deposition of SiC or SlOe have 
been studied recently in  our laboratories (1, 2). The 
experiments have shown that the pyrolytical ly dis- 
sociated silicon tends to combine with the carbon from 
the alkyl radical to form SiC, and it is also contami- 
nated with large amounts  [up to about 7 weight per 
cent (w/o) ]  of free carbon (1, 3). The tendency to 
form SiC is a t t r ibuted to the larger chemical affinity of 
Si for C. Since GeC is known  to be unstable, it is ex- 
pected that the pyrolysis of alkyl germanium com- 
pounds would lead to the formation of pure germa-  
nium. It was therefore considered interest ing to s tudy 
the expitaxy of germanium by pyrolysis of alkyl ger- 
man ium compounds and to compare the carbon content 
of the result ing deposits with the carbon found in films 
grown by pyrolysis of alkyl silicon compounds (1, 3). 
The rates of deposition and the morphology of the 
grown films were also studied and are reported here. 

Homoepitaxial  th in  films of germanium are usual ly  
deposited by hydrogen reduction of GeC14 (4-7) or by 
the pyrolysis of GeHi (8-12). Chemical t ransport  with 
iodine is l imited to close systems only, and direct vac- 
uum subl imation (13-15) is l imited by the high cost of 
the equipment  and the difficulty of controlling the 
deposition process. Heteroepitaxial  films of germanium 
on various substrates are usual ly  deposited by the 
pyrolysis of GeH4 (16-20). The main  disadvantages of 
GeC14 and GeKt as sources for deposition are their high 
chemical reactivity at room temperature,  which makes 
them highly corrosive (GeC14) or flammable (GeH4) 
and also causes difficulties with the purification process 
(21). Alkyl ge rmanium compounds have the advan-  
tages of being noncorrosive, nonhazardous, and easy to 
purify. 

Experimental Procedure and Rates of Deposition 
The alkyl germanium compounds used in the pres- 

ent invest igat ion have been te t ramethyl  germanium 
(CH3)4Ge (TMG) and tetraethyl  germanium (C2Hs)4Ge 
(TEG) purchased from Alpha Chemicals. The vapor 
pressure of these compounds is not available from the 
l i terature and, therefore, has been determined dynam-  
ically for TEG and statically for TMG (1). The results 
are shown in Fig. 1. The substrates used for crystal-  
l in i ty  studies of epitaxy were single crystals of (111) 
Ge whereas substrates of polycrystal l ine tungs ten  were 
used for studies of deposition rates and carbon con- 

1 Present  address: Bat tery  Division, Tadiran,  Israel  Electronics In- 
dustries, Rehovoth, Israel, 

Also at EG&G, Inc., Santa Barbara,  Goleta, California 93017. 
K ey  words: low carbon contamination,  epitaxial g e r m a n i u m  tilms, 

pyrolysis, alkyl  g e r m a n i u m  compounds.  

tamination.  The diluent  gases were high pur i ty  H~ and 
He (Matheson) which was fur ther  purified in situ in 
one laboratory (1). 

The experimental  procedure of deposition is similar 
to the one used for SiC and is described elsewhere (1, 
3). The relations of deposition rates and deposition 
parameters have been studied by measur ing the rate 
of increase in weight, R, as a function of the tungsten  
substrate temperature  (Fig. 2 and 3) and the molar 
fraction of the alkyl germanium which was regulated 
either by the flow rate through the saturator  or by its 
temperature  (Fig. 4 and 5). It can be seen from Fig. 2 
and 3 that  for both TMG and TEG a measurable  depo- 
sition rate starts at about 700~ increases with the 
temperature  of the substrate, and tends to stay con- 
stant at around 1000~ While in  the case of TMG hy-  
drogen was used exclusively as the gas diluent, in the 
case of TEG depositions, either hydrogen or hel ium 
were used as the gas diluent. Figure 3 shows that R is 
unchanged by the gas diluent, a behavior which is dif- 
ferent from the case of the alkyl silanes (1) where R 
is strongly dependent  on whether  the diluter is H2 or 
He. 

The different behavior be tween the pyrolysis of 
alkyl silane and a]kyl germanium compounds in  the 
presence of H2 is an indicat ion that H2 does not par-  
ticipate chemically in the deposition of the films of Ge. 
In comparing the uni ts  of Fig. 2 and 3 it is interest ing 
to note that  R for TMG is much larger than R for TEG 
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at about the same conditions of deposition. The l inear  
relations of Fig. 4 and 5 indicate a first order for the 
over-al l  reaction of deposition. An Arrhenius  plot of 
log R vs. T -1  is shown in  Fig. 6 for both TMG and 

TEG, and for two different values of the molar  frac- 
t ion X for TEG. The activation energies calculated 
from these plots are 31.6 kcal /mole for TMG for X _-- 
2.0 • 10 -e, and 31.3 and 25.0 kcal/mole for X = 4.3 • 
10 -4 and 3.7 • 10 -~, respectively, for TEG. 

C h a r a c t e r i z a t i o n  of  the  Fi lms 

The Ge thin films grown on (111) Ge and poly-  
crystal l ine t u n g s t e n  have been characterized using 
scanning electron microscopy (SEM), electron diffrac- 
tions, and microchemicaI analysis of the carbon con- 
tent. An optical examinat ion shows that  all films of 
Ge grown in H2 were metallic in appearance and shiny, 
whereas the films grown in  He showed various degrees 
of gray coloring. 

The morphology determined by the SEM examina-  
tion varies according to the deposition temperature  and 
also the na ture  and the pre t rea tment  procedure of the 
substrate. Lower temperatures  of deposition, e.g., 750~ 
show relat ively poor qual i ty films. The dendrit ic ap- 
pearance of the Ge on polycrystal l ine tungsten  at 750~ 
(Fig. 7a) is changed at 850~ to a polygonal type of 
growth (Fig. 7b) whose lateral  sites still increase 
fur ther  if the substrate has been preetched in HC1 
(Fig. 7c). The homoepitaxial  film on (11t) Ge (Fig. 7d) 
shows i r regular  shaped steps of growth. Raising the 
substrate temperature  to about 850~ and etching with 
HC1 i n  si~u improved the morphology of the grown 
films, as can be seen in  Fig. 7e and f, respectively. HCI 
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Fig. 7. SEM micrographs of Ge films about 10 ~m thick deposited by the pyrolysis of TEG on H2 
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in situ etch did not  give any subs tant ia l  improvemen t  
for films grown at 750~ 

The c rys ta l l in i ty  of the  g rown films has been s tudied 
both by  x - r a y  Laue  low angle  diffractions, t r ansmis -  
sio.n e lec t ron  microscopy (TEM) diffractions, and  re -  
flection e lec t ron diffractions (RED).  F i lms  o f  about  10 
~m th ick  were  depos i ted  on (111) Ge for  these mea -  
surements  which  showed the single c rys ta l l in i ty  of the  
homoepi tax ia l  l aye r  of Ge g rown  both  on H~ or  He 
a tmosphere .  

The films g rown on ~polycrystall ine tungs ten  sub-  
s t ra tes  also Show an appearance  of tw inned  (111) 
single c rys ta l l ine  deposits. However ,  this  is due to the 
na tu ra l  t endency  of Ge to g row as twins  in the  (111) 
plane.  

The carbon contaminat ion  of the  films grown on 
c leaned tungs ten  and (111) Ge subst ra tes  has been 
analyzed microchemical ly ,  as repor ted  prev ious ly  for  
SiC films (1). The carbon content  of b lank  subs t ra tes  
t r ea ted  in a s imi lar  way  as the  ones covered with  Ge 
films was sub t rac ted  f rom the total  carbon content  of 
the  samples.  Etching wi th  HC1 is  s~tu was not used for 
carbon concentra t ion studies. The ep i tax ia l  films of Ge 
on (111) Ge contained no more  than  about  25 ppm of 
carbon. I t  was seen, howeVer, tha t  the  tungs ten  sub-  
s t ra te  influenced the resul ts  and tha t  the  carbon con- 
t amina t ion  was much higher,  va ry ing  be tween 800 to 
4700 ppm. This is p robab ly  due to the  tendency  of W 
to form WC, as in the  Case of SiC, which causes the  
product ion  of free carbon dur ing the pyro lys i s  of the  
a lky l  radicals.  The resul ts  of the  carbon contaminat ion  
are  summar ized  in  Table  I. Table  I shows tha t  no 
clear  cut corre la t ion  can be found be tween  the carbon 
concentra t ion and the deposi t ion tempera ture ,  the 
m01e f rac t ion of the  a lky l  ge rmane  and the chemical  
iden t i ty  of the  a lkyI  germane.  This is in contras t  to the  
case of a lky l  s i lanes where  such correla t ions  were  
found. The only factor  which we found to affect the 
carbon concentra t ion is the  na ture  of the di luent  gas, 
where  the  carbon concentra t ion is h igher  for depos i -  
t ions pe r fo rmed  in He r a the r  than  in  H2. 

Discussion 
Compar ing  the  resul ts  obta ined  in the presen t  in-  

ves t igat ion wi th  those repor ted  for the  he te roep i t axy  
of SiC (1) we can conclude tha t  the a lky l  compounds 
have  a tendency  to deposit  f ree carbon whenever  they  

Table I. Weight percentage of carbon, C (w/o), at various 
deposition temperatures, T(~ and molar fractions, (X  108), 

diluting gases, and transporting alkyl germanium, found in Ge on 
polycrystalline tupgsten films 

TranS-  D i l u f -  l~Iolar 
N u m -  p o r t i n g  i n g  f r a c t i o n  T C 

ber a g e n t  gas • 108 (~ (w/o)  ca) 

GS0 TNIG He  1.30 880 4.71 
GS2 TNIG He 1.30 980 4.42 
G23 T E G  He  0.44 1060 2.65 
G32  T M G  He 2.00 790 0~ 
G47 T M G  H~ 11.00 890 0.21 
G40 TNIG H~ 2.00 900 0.11 
G26 T E G  H2 0.43 760 0.33 
G~4 T E G  He 0.43 890 0.08 
G J 0  T E G  I-I~ 3.7 900 0.46 

(a) The  ana ly s i s  of  ca rbon  ha s  been  p e r f o r m e d  on  b o t h  t h e  sub -  
s t r a tes  covered  or no t  cove red  w i t h  f i lms of Go. The  u n c o v e r e d  sub-  
s t ra tes  we re  ana lyzed  as b l a n k s  and  t h e i r  ca rbon  con t en t  was  sub-  
t r ac t ed  f r o m  the  t o t a l  a m o u n t  of ca rbon  d e t e r m i n e d  on t he  fi lm. 
E x p r e s s i n g  in  w e i g h t  p e r c e n t a g e s  i t  can  be seen t h a t  the  t o t a l  car-  
b o n  con t en t  v a r i e s  b e t w e e n  0.1 to 5% a n d  is l a r g e r  in  f i lms of  G e  
produced in  a He r a t h e r  t h a n  an  H~ atmosphere. 

can form wi th  a given e lement  a s table  carbide.  Since 
Ge does not form a s table  carb ide  the  homoep i t ax ia l  
layers  of Ge have a low carbon content.  ,aAkyl ge rma-  
n ium deposi ts  less carbon  in the  pJ:esence of H~ than  in 
He. Hydrogen  promotes  the  react ion s imi lar  to the  be -  
havior  of a lky l  sil icon (1), p reven t ing  the decomposi-  
t ion of the  a lkyl  radical  R into free carbon 

R" + H~-~ RH + H" 

It can be concluded tha t  the  op t imum conditions of 
g rowth  of th in  films of Go,  s ta r t ing  f rom a lky l  g e r m a -  
nium, are  as fotlows: (i)  use a subs t ra te  composed of 
e lements  which do not tend  to form a s table  carbide;  
(it) pree tch  the  subs t ra te  in  situ with  HC1; (iii) de-  
posit  in the  presence of Ha; (iv) use higher  t empera -  
tures of deposi t ion in excess of 850~ in o rder  to 
promote  la te ra l  g rowth  and thus increase  the  over -a l l  
g rowth  rates;  and (v) use h igher  mola r  fract ions of 
the a lky l  ge rman ium which increase the  ra tes  of 
g rowth  wi thout  giving any  clear  indicat ion tha t  it  
would  also cause an unwan ted  increased contamina-  
t ion of carbon in the grown films. 
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Observations on Si Contamination in GaP I.PE 

O. G. I.orimor, S. E. Haszko, and P. D. Dapkus 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Silicon has long been known to be an un in ten t iona l  impur i ty  often present  
in  GaP; however, the concentrat ion of the Si and its effects have not been 
known. It has been observed that the net  donor concentrat ion in  undoped 
LPE layers fluctuates from ,~1 X 10i6 cm-3 < Nd -- Na ~ 2-4 • 10 i7 cm-S 
for different growth runs -when  growth is in ,--1 atm of H2. This background 
Nd -- Na is a t t r ibuted to un in ten t iona l ly  present Si donors. The Si concentra-  
tions in these as well  as S- and Zn-doped layers as determined by ion micro- 
analyzer  measurements  range from ,--6 • 10 i6 cm -3 ~< XSsi ~< 2 • 10 is cm -a 
with the typical value being ,~5~ • 10 i7 cm -3. In  the undoped layers XSsi often 
exceeds Nd -- Na. The variations in both background Nd -- Na and XSsi are 
a t t r ibuted to variations in the oxygen level of the gas ambient  which is 
inversely related to the XSsi. An impor tant  reaction result ing in Si contami-  
nat ion is H2 reduction of the quartz used in  the construction of the LPE growth 
system. With a growth sequence designed to grow both a Zn- and oxygen- 
doped p- layer  onto an unctoped n - l aye r  in the same growth run, SiO2 pre-  
cipitates have been observed in the p- layer  near  the p - n  junction.  The iden- 
tification of these precipitates as SiO2 is fur ther  proof of the high levels 
of Si contaminat ion that can occur during LPE growth. Minority carrier  life- 
times for Si-doped LPE layers with Nd -- Na > 5 • 1017 cm -3 are consider- 
ably longer than have been obtained by doping with S or Te. The increased 
lifetime is a t t r ibuted to either a reaction involving Si which results in the 
reduction in  the concentrat ion of an important  nonradiat ive center or the fact 
that the usual  dopants S and Te themselves are involved in  a nonradiat ive 
center. 

For several years it has been known that Si is often 
found as an un in ten t iona l  impur i ty  in  GaP (1); how- 
ever, thi.s Si contaminat ion has received little attention, 
especially in  the LPE layers used in  LED's. In  this 
paper we review both previous work and present  addi-  
t ional data which together provide a bet ter  under -  
s tanding of Si contaminat ion result ing from LPE 
growth. 

Ear ly  work by Trumbore  et aI. (2) studied Si in -  
corporation into in tent ional ly  Si-doped samples. One 
observation was that  emission spectroscopic measure-  
ments  always yielded a higher value for the Si con- 
centrat ion than did a spectrophotometric (a chemical 
separation followed by a spectroscopic measurement)  
determination.  They felt that the spectrophotometric 
analysis was more accurate and so weighed those data 
points more heavily in  their  analysis. However, the 
same data were later  re interpreted (3) by suggesting 
that  the spectr0photometric method yields the isolated 
Si (or Si-Si pairs) in solid solution while the emission 
spectroscopic (as well as electron microprobe) method 
yields the total Si content including Si in  the form of 
some second phase (e.g., SiO2) or complex which is in-  
soluble in  the reagents used to dissolve the GaP for the 
spectrophotometric analysis. Thus, there is early evi-  
dence that the incorporat ion of Si into GaP may be 
complicated in that the total Si concentrat ion in  GaP 
may exceed that  t ru ly  in solid solution. 

More recently, it has been observed that  the back- 
ground net donor concentration, Nd -:  Na, measured in  
LPE layers grown in a quartz dipping system from 
both 1000 ~ and 900~ have varied nonsystematical ly 
(4) from ~1 • 1016 cm-~ to 2-4 • 101~ cm -s. C, Si, S, 
and N have been identified in these layers from photo- 
luminescence or optical absorption measurements  (5). 
The S and N concentrations are typical ly < 5 • 1015 N 
cm -3 as determined by optical absorption. This implies 
that Si, for which no concentrat ion could be deter-  
mined by optical absorption, is the donor providing 
the measured background Nd -- Na. 

K e y  words:  LED, l ight-emit t ing diodes, liquid phase epitaxy.  

To investigate Si incorporat ion fur ther  two crystal 
growth runs were made where radioactive Si was used 
as a dopant. In one experiment  an LPE layer  was 
grown from 925~ from a melt  containing 0.01 atom 
per cent (a/o) radioactive Si (5). The net  donor con- 
centration, Nd -- Na, was 1.6 • l0 is cm -3 while the 
total Si concentration, XSsl, was 1.7 • 1019 cm-a.  The 
total Si concentrat ion exceeds Nd -- Na by a decade. 

In  the second experiment,  the melt  was undoped 
except that a small piece of irradiated quartz with an 
area of ~1 cm 2 was floated on the surface of the melt. 
The 15g melt  was held at 800~ in a H2 atmosphere 
for 21/2 hr. After  this treatment,  the melt  contained 
2.3 ~g of Si from the irradiated piece of quartz. This 
amount  of Si in the melt  would Si dope an LPE layer 
so that Nd -- Na ~ 3 • 1016 cm -3. However, consider- 
ing that  the temperature  is low compared to that  
normal ly  used for GaP LPE, and the small  size of the 
piece of the "hot" quartz compared to the total area 
of quartz in  the system, 2.3 ~g of Si is judged to be 
quite a high level of contamination. Thus, Si from the 
quartz used in  the growth systems can contaminate  the 
melt. 

There is direct evidence for the presence of Si in  
many  undoped LPE layers. Trumbore  (3) has studied 
Si in GaP using the ion microanalyzer.  By using a few 
highly Si-doped samples whose Si concentrat ion could 
accurately be measured by other analytical  techniques, 
an absolute calibration for Si was obtained. The Si 
concentrations in a number  of undoped crystals grown 
under  varying conditions were measured. These results 
are shown in Table I along with two addit ional  sam- 
ples (the last two) recently studied. In  obtaining these 
values for the Si concentrat ion in the solid GaP, XSsi, 
it Js assumed that the entire positive ion signal at mass 
28 is due to Si + ions. The m i n i m u m  Si concentrat ion 
that could be detected was ~2  X 1017 cm -3. 

The pr imary  observation that can be made from 
Table I is that Si concentrations vary  from sample to 
sample from 6 • 10 i6 cm -8 to over l0 is cm -3. As with 
the background Nd -- Na found in  undoped layers, the 
variat ion of XSsi from sample to sample is in  general  
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Table I. Si concentrations in GaP LPE layers as measured 
by the ion microanalyzer 

Si C O N T A M I N A T I O N  IN G a P  LPE 1231 

-2 

Growth conditions: 
( temp,  boa t  m a t e r i a l ,  Dop-  Nd -- Na Xss~ 

Crystal gas ambient)  an t s  (cm ~)  (cm -~) 

1-474 900~ p y r o l y t i c  C, H~ N 6.5 x 10~6 1 x 10~s 
1-471 900~ qua r t z ,  H~ S,17 2 x 10 ~s 2 x 10 as 
2-388 1000~ BN, H2 - -  8 X 10 ~ 
2-432 1O00~ quar tz ,  H2 (mel t  N 1.1 x 10 ~ (p) 4 X 10 ~ 

prebaked i n  v a c u u m )  
2-430 1000~ quar tz ,  H.~ S,N 4.7 x 10 ~7 2 x 10 TM 

1-468 900~ quar tz ,  H~ ~ 2.5 x 10 ~6 6 x 10 ~6 
2-364 900~ BN, H2 '  N "~1~ 2 X 10 is 
X-112873 1000~ quar tz ,  H~ - -  3.5 x 4 x 10 ~7 
X-120473 100O~ quar tz ,  He - -  2 x 1016 (p) < 2  x 10 ~ 

nonsystematic.  Although one might  expect less Si to 
enter  the melt  when  the boat mater ia l  is BN or C 
ra ther  than  quartz, Table I shows no such correlation. 
Instead XSsi appears to fluctuate randomly.  The last 
two samples in  Table I were grown under  as near ly  
leak-free conditions as possible. Less Si was found in  
the sample grown under  an  ambient  of high pur i ty  
He compared to the sample grown under  H2. However, 
one cannot quant i ta t ive ly  compare the relative Si con- 
centrat ions in  these two samples because of the rela-  
t ively high detectabil i ty l imit  of the ion microanalyzer  
compared to their  Si concentrations. A general  con- 
clusion from the data in Table I is that  values of XSsi 
in the mid-1017 cm -3 range appear to be quite common 
when the ambient  is ~1  a tm H2. 

We propose that the Si enters the melt  from the 
quartz used in  the construction of the LPE system 
when the ambient  is ~1  atm Ha. The large variations 
observed in  XSsi and background Na -- Na are at-  
t r ibuted to the effects of varying water  vapor pres- 
sure resul t ing from inadver tent  and fluctuating air  
leaks in  the gas system. (The oxygen that  is admit ted 
by an air leak is assumed to be essentially ent i re ly  
converted to H20 by the ~1  atm of hot Ha.) 

For a system consisting of the l iquid Ga melt, the 
quartz reactor tube, and the H2 and HeO gases, we 
consider the following reactions which result  in  Si 
contaminat ionb-f  the melt  

Ha(g) + Si02(s) = SiO(g) -t- H~O(g) [1] 

SiO(g) + 2LGa(1) : Ga20(g)  + Si(1) [2] 

H20(g)  + 2Ga(1) : Ga20(g)  + H2(g) [3] 

Making the usual  assumptions such as ideal dilute 
solutions, we obtain from reactions [1]-[3] 

Ps iOPH~O 
K1 - "  [ la]  

PH2 

P G a 2 O T s i X I s i  
K2 = [2a] 

P s i o  

PGa2OPH2 
Ks -- - -  [3a] 

P H 2 0  

The general  effect of increasing the water  vapor is 
to decrease the Si contaminat ion of the melt. Figure  1 
i l lustrates this effect by the solution of Eq. [ la ] - [3a] .  
X~si is shown as a funct ion of the inlet  part ial  pressure 
of water  in  the gas stream, p i l l 2 0 ,  p i l l 2 0  is determined 
by  the oxygen enter ing the gas s t ream through leaks 
as well as any  other source of water  or oxygen present  
in  the inlet  gases. Table II gives the values of the re-  
action constants used in  these calculations. At the 
higher values of piH20 , the reduct ion of the quartz is 
negligible and thus PH20 ~- Pill20 with the consequence 
Xlsi cc (piH20)--~. Xlsi saturates at the lower values of 
pill20 at a value determined by  the reduct ion of the 
quartz. One should note that, in equil ibrium, Xlsi can 
be quite large, > 10 -8 atom fraction, at both 900 ~ and 
1000~ Values of Xlsi ~ 1 • 10 -4 are sufficient to 

I0 3 pill2= I. ATM 

5 ~:i_ :s ~ ~ l~ I00101~  M 

':F, , , ooo : \ \ \ \  
I0  t -9 -e -7 -6 -5 -4 -3 

I0 10 I0 I0 I0 I0 IO 
piH2olATM ) 

Fig. 1. Concentration of Si in the melt, Xlsi, as a function of 
inlet water vapor partial pressure,  piH20. 

dope a n L P E l a y e r  so that  N a - -  Na > 5 • 1017 em -8 
(2). 

However, the rate at which Si enters the melt  is 
highly dependent  upon the growth conditions, P~H2O, 
and the boat material .  Calculations have shown that  
the rate of Si contaminat ion for a nonquar tz  boat 
where the Si must  be t ransported to the melt  via the 
vapor is much slower than for a quartz boat where 
the Si may dissolve directly into the mel t  (6, 7). These 
calculations also showed that  for a quartz boat, 1 atm 
H2, and piH2o < 10 -5 atm equi l ibr ium is not reached 
for typical LPE growth times. However, the actual 
rate at which these reactions approach e q u i l i b r i u m  
may differ from that calculated as the idealized as- 
sumptions used in the calculations are most l ikely not 
ent i rely met experimental ly.  However, the generalized 
conclusions that Si contaminat ion occurs faster in 
quartz boats than  inert  boats and that  equi l ibr ium is 
not reached for low values of PiH2o for typical LPE 
growth times are most l ikely t rue experimental ly.  
Thus, the very high levels of Xlsi shown in Fig. 1 for 
low values of PiH2O are probably not a t ta ined experi-  
mental ly.  

There is one final piece of evidence for high levels 
of Si contaminat ion in GaP LPE layers. When un -  
in tent ional ly  doped n- layers  were grown followed by 
an oxygen-doped p- layer  in the same growth run, 
precipitates were often observed in  the p- layer  at the 
p - n  junction.  The n - l aye r  was first grown from 1020~ 
under  ~1  arm of H2. After n -growth  the furnace was 
held at constant  tempera ture  and the H2 ambient  re-  
placed by ~0.9 atm He, ~0.1 atm H2, ~2  • 10 -3 arm 
Zn, and ~1  • 10 -2 atm O2 at the inlet  to the reactor 
tube. After  al lowing 1 hr  for equi l ibrat ion of the melt, 
the furnace is heated ,..2 ~ to melt  back a small amount  
of the n - layer  and then cooled for p-growth.  

Figure 2 shows an SEM photograph using secondary 
electron emission of one of these precipitates. The 
p-region is l ighter  than  the n- reg ion  due to voltage 
enhancement  of the secondary emission. Using the 

Table II. Equilibrium constants for reactions [ i ] ,  [2],  and [3] 
and the activity coefficient for Si in liquid gallium used to 

compute the curves shown in Fig. 1 

Equil ibrium 
cons t an t  or 

act ivi ty  
coefficient 900~ 1000~ Reference  

I(1 1.0 X 10 -1~ 5 x 10 - ~  12, 13 
K2 6.7 x 10 -s 2.3 x 10 -2 13, 14, 15 
K8 0.27 0.8 12, 14, 15 
7si  3 2.5 8 
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Fig. 2. Scanning electron microscope photograph using secondary 
electron emission showing precipitate in the p-layer at the p-n 
junction, 

energy dispersive x - r ay  unit,  a strong Si signal as well  
as background Ga and P signals were identified with 
the electron beam on the precipitate. We judge these 
precipitates to be largely SiO2. (Oxygen and all the 
l ighter  elements are not detected with the x - r ay  unit .)  
This conclusion is reached because these precipitates 
are not produced if 02 is deleted from the same growth 
procedure, and elemental  Si wil l  not precipitate from 
a G a S P  melt  at 975~ for Si concentrat ions in  ~he 
melt  ~ 15% (8). 

During n -growth  the melt  becomes heavily con- 
taminated with Si via reactions [1]-[3].  During the 
equil ibrat ion period, the in t roduct ion of oxygen causes 
the Si to be precipitated from the melt  as SiO2. These 
SiO2 precipitates evidently grow on the surface of the 
n - layer  which results in their  hemispherical  shape. 
Eventually,  the melt  is almost ent i re ly  depleted of Si 
and precipitate growth stops. The precipitate acts as a 
mask during the meltback and thus is sit t ing on the 
mesa of n-layer .  If n -growth  is under  1 atm He, no 
precipitates are observed, indicating that  the Si con- 
taminat ion  of the melt  is greatly reduced compared to 
growth in  an H2 ambient.  

It  is felt that  these precipitates have not been pres-  
ent in earlier LPE studies because a unique  growth 
cycle is required to produce them. First  the melt  must  
be heavily contaminated with Si and then  the oxygen 
must  be added. If the oxygen were added initially, the 
melt  would not become Si contaminated as the large 
concentrat ion of oxygen dissolved in  the melt  causes 
Xlsi to be very  small. 

The presence of these precipitates is strong evidence 
that  the melt  was highly Si contaminated dur ing n -  
growth. Typical ly the density of these precipitates is 
N105 cm -2 and ~5~ diameter  over a growth area of 
,~2 cm 2. If they were solid SiO2, the total weight of Si 
in the precipitates is ~20 ~g. This amount  of Si is a 
lower l imit  on the total  Si contaminat ion of the melt  
as it is highly unl ike ly  that  all, or perhaps even most, 
of the SiO2 precipitates out onto the n - layer  which is 
at the bottom of the melt. For example, the density of 
SiO2 is ,-~2.5 g /cm 3 compared to 5.6 g /cm 2 for Ga, with 
the consequence that the SiO2 particles should float to 
the surface. This ~20 ~g of Si represents a m i n i m u m  
Xlsi = 1 • 10 -5 atom fraction in  the 5g melt  used in  
these experiments.  A deliberate addition Xlsi ---- 1.0 • 
10 -5 atom fraction to the melt  is sufficient to dope to 
Nd -- Na ----- 3 • 1017 cm-~ when growth is from 900~ 
Consequently, it  is observed again that  the un in ten-  
t ional S i -contaminat ion  level is sufficient to produce 

Nd - -  Na : several • 1017 cm -3. The total Si concen- 
t ra t ion in  these LPE layers is undoubtedly  much 
higher. 

In tent ional ly  Si-doped crystals with Nd -- Na >~ 5 • 
1017 cm-~ grown in  the dipping system from both 900 ~ 
and 1000~ were found to have long minori ty  carrier 
lifetimes compared to those which could be obtained 
with other dopants. Figure 3 shows the minor i ty  car- 
rier lifetimes (T) as determined from the green-PL 
time decay (9), as a funct ion of Nd -- Na for Si, S, Te, 
and undoped LPE layers. The values of �9 for the S, Te, 
and undoped LPE layers are the highest which were 
measured during several years of LPE growth. It  
should be noted that these lifetimes are substant ia l ly  
longer than  those reported for similar  crystals doped 
with nitrogen. 

For Nd - - N a  > 5 X 1017 cm -3 the value of �9 for 
Si-doped mater ial  is larger than  the correspondingly 
S- or Te-doped layers by at least a factor of 2. At 
lower doping densities the dopant dependence of �9 de- 
creases. At Nd - -  Na < 1-2 • 1017 cm -8 it appears that  
the addition of Si has little, if any, effect upon the 
lifetime. However, Nd -- Na ~ 1-2 • 1017 cm -8 is just  
the background value often measured and that  has 
been at t r ibuted to un in ten t iona l  Si doping in a near ly  
oxygen-free system. An undoped layer should prob-  
ably be more properly called a l ightly Si-doped layer. 

From Fig. 3, we can Conclude that  the defect l imit ing 
the minor i ty  carrier l ifetime in  the S- and Te-doped 
samples where Nd -- Na > 5 X 10 ~7 cm -3 does not  
consist of Si alone or Si- intr insic  GaP defect com- 
plexes. If it did, the corresponding Si-doped samples 
would not be expected to have a longer lifetime. In -  
stead it appears that the Si, through a reaction in the 
Ga melt  or during impur i ty  incorporation, is reducing 
the concentrat ion of the defect l imit ing T .  One of the 
simplest but  most l ikely possibility is that  the Si in  the 
melt  is reducing the oxygen in the melt  via Si(1) -t- 
2 O(1) = SiO2(s). An impor tant  nonradia t ive  recom- 
binat ion center in the LPE layer  involving oxygen is 
then being reduced in concentration. Deliberate doping 
with 10 to 30 ppm oxygen has been observed to reduce 
both �9 and the electroluminescent  efficiency of green-  
emit t ing LED's (11). In  other work, a complex in-  
volving Si and oxygen has been observed to be an  im-  
portant  nonradia t ive  center when large concentrations 
of 02 were added to Si-doped melts (5). Consequently, 
if the reduct ion in O2 concentrat ion of the melt  results 
in the longer minor i ty  carrier lifetimes, one should be 
able to add to the melt  an impur i ty  which has a strong 
affinity for oxygen but  is not incorporated into the 
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Fig. 3. Minority carrier lifetime as a function of net donor 
concentration for S-, Te-,  and Si- doped LPE layers. 
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GaP in an apprec iab le  concentra t ion as a means of in-  
creasing the minor i ty  ca r r i e r  l i fet ime.  A second possi-  
b i l i ty  is tha t  the  shor te r  l i fe t imes for Nd --  Na > 5 X 
1017 cm -3 in the  S -  and Te-doped  crystals  is tha t  the  
Te and S themselves  are  involved in the  defect  l imi t ing 
the  l i fet ime.  In  this case, when S i  is used as the  n -  
dopant  this  defect  is e l iminated.  

Discussion andSummary 
The background  net  donor  concentra t ion in  LPE 

layers ,  which is a t t r ibu ted  p r i m a r i l y  to Si donors, has 
been  Observed to f luctuate f rom ,~1 • 1018 cm -3 < 

Nd --  Na ~ 2-4 • 1017 cm -3. This behavior  is a t t r i b -  
u ted  to var ia t ions  in the  oxygen  pa r t i a l  pressure  
(ac tua l ly  H20) in the  gas ambien t  which in t u rn  
var ies  the  oxygen  content  of the  mel t  and  thus the  Si 
content  of the  mel t  via the  react ion 

2 O(1) ~- Si(1) -> SiO2(s) 

The lower  the  oxygen  content  of the  gas stream, the  
lower  the  oxygen  in the  l iquid  Ga and the h igher  the  
concentra t ion of Si in the melt,  and a h igher  resul tan t  
Nd --  Na. Thus, a h igh ( >  1 • 1017 cm -~) va lue  of 
N~ --  N~ is to be expected  in  undoped  LPE layers  
g rown in an oxygen- f ree  sys tem for g rowths  under  
,,~1 a tm of H2. 

Measurements  of the  Si concentra t ion in un in ten-  
t iona l ly  S i -doped  l a y e r s  wi th  the  ion microana lyzer  
give  absolute  numbers  for  the  Si concentrat ion.  F luc -  
tuat ions  have been noted in XSsi f rom layer  to l ayer  
which  do not  cor re la te  wi th  the  boat  mater ia l .  Thus, 
it  appears  tha t  Si  contaminat ion  th rough  H2 reduct ion 
of the  quar tz  in  the  LPE growth  sys tem is an  impor -  
tant  mechanism for Si contaminat ion.  The fact tha t  
less Si contamina t ion  was observed  when growth  is 
under  1 a tm He compared  to 1 a tm H2 is consistent  
wi th  this conclusion. The observed fluctuations in XSsi 
of ten resul t  in values h igher  than  Nd --  /~a. In  a crys ta l  
l igh t ly  doped wi th  radioact ive  Si, XSsi exceeded 
Nd --  Na by  a decade. 

Prec ip i ta tes  of SiO2 have  been  observed which a re  
fu r the r  evidence of Si contaminat ion  dur ing LPE 
growth.  A rough  es t imate  shows tha t  the  Si contained 
in these precipi ta tes  is consistent  wi th  tha t  requ i red  
in  the mel t  to dope the LPE layers  to the 1017 cm -3 
levels.  

Measurements  of the  minor i ty  ca r r i e r  l i fet imes of 
in ten t iona l ly  S i -doped  layers  have been  made.  For  
Nd --  Na ~ 5 • 1017 cm -3, these values  of ~, ~200-350 
ns, are  the  longest  tha t  have  been achieved by  any  
means  at these doping densities.  A t  lower  doping den-  
sit ies it  appears  tha t  the  l i fet imes of the  S i -doped  
layers  should be comparab le  to those of the  undoped 
layers.  We a t t r ibu te  these long l i fe t imes in the Si-  
doped layers  to the  effects of Si react ions in e i ther  the  
mel t  or the  LPE laye r  which reduce the concentra t ion 
of defects which are  responsible  for l imi t ing ~ to the  
usua l ly  observed  values.  The most  p robab le  reac t ion  is 
the reduct ion  of oxygen  in the  mel t  th rough  the fo rma-  
t ion of SIO2. 

One should note that  the  la rge  concentrat ions of Si 
(1017 cm -3 range)  tha t  of ten occur in LPE layers  not  
in ten t iona l ly  Si doped are  appa ren t ly  not l imi t ing 
to values  less than  severa l  hundred  nanoseconds. This 
amount  of Si may  even be beneficial by  causing the 

reduct ion  in concentra t ion of ano ther  defect  which  is 
more impor tan t  in l imi t ing T. However ,  in g r een -emi t -  
t ing LED's, the  s imul taneous  doping of the  n - l a y e r  
wi th  N precludes  the  use of Si as a dopant  (16). The 
Si and  N react  in the  mel t  forming SigN4 unt i l  the  
mel t  is deple ted  in one of the dopants,  which, in  p rac -  
tice, is Si. In  r ed -emi t t i ng  LED's  Si should be a supe-  
r ior  n -dopan t  to T e ,  which  is now commonly  used 
(17, 18). 
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Influence of an Oxidizing Annealing Ambient on the 
Distribution of As, Sb, and Ga Implanted into Silicon 
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and T. W. Sigmon 
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ABSTRACT 

The redis t r ibut ion of As, Sb, and Ga implants  into silicon dur ing  wet oxi- 
dation was investigated by MeV He backscattering and channel ing techniques. 
Oxidation produces an accumulat ion of nonsubst i tu t ional  As and Sb at the 
interface of the advancing oxide front. In  contrast, the implanted Ga ac- 
cumulates at the front surface of the oxide layer. In  subsequent  diffusion all 
three species are highly sub~stitutional at concentrations at or below the solu- 
bility. Loss of As and Sb is min imal  during oxidation or subsequent  dif- 
fusion; however, for Ga diffusion encapsulat ion with Si3N4 was reqmred.  

A number  of papers has been published describing 
the redis t r ibut ion of diffused impuri t ies  (1-4) in  Si in 
an oxidizing ambient.  The results of these invest iga-  
tions have shown that  n - type  impurit ies accumulate 
at the oxide silicon interface while p- type  impuri t ies  
are depleted from the substrate. 

The purpose of the present  invest igat ion was to 
study the influence of the oxidation process on the 
dis tr ibut ion and lattice location of a number  of im-  
planted dopant species in  Si. Since the use of heavi ly  
implanted layers is increasing in  silicon technology we 
were interested in determining whether  or not the 
segregation of impuri t ies  at a SiOf/Si interface was 
different in implanted samples as compared to pub-  
lished work on diffused samples. Based on studies of 
gettering of heavy metal  ions in  damaged layers (5) 
it might  be anticipated that  Group V dopants, for ex- 
ample, would show enhanced segregation at the in te r -  
face between damaged Si and SiOf. Also because oxi- 
dation is used to consume the disorder caused by high- 
dose heavy- ion  implants,  it is essential to gain infor-  
mat ion about incorporat ion of impuri t ies  in  these oxide 
layers. It  has been reported, for example, in  As im-  
plants that the As is dr iven into the Si by use of a 
h igh- tempera ture  oxidizing ambient  (6). 

In  the present  work, As and Sb were chosen for the 
n- type  species because of their  difference in solid 
solubility. Ga was chosen as a p- type dopant having a 
similar solid solubil i ty to that  of Sb. The thickness of 
the thermal ly  grown SiO2 layers was chosen to con- 
sume an amount  of Si greater than the projected range 
of the implanted species. Low tempera ture  wet oxida- 
tion was used to minimize diffusion of the impurit ies 
during the oxidation cycle. Backscattering techniques 
were used to determine the depth dis tr ibut ion of im-  
planted impurit ies and channel ing was used to deter-  
mine  lattice locations. 

Experimental Techniques 
The silicon wafers used for this investigation were 

n-type,  2-4 ohm-cm resistivity of <111> orientat ion 
with a low damage surface preparation.  Arsenic im-  
plantat ions were performed at 200 keV with doses of 
1-2 • 1016 cm -2. The crystals were oriented in  a ran-  
dom direction to the beam and the substrate was ini-  
t ial ly at room temperature.  The gal l ium and an t imony 
implantat ions were done at 80 keV with doses between 

* Electrochemical  Society Act ive  Member .  
1 P e r m a n e n t  address :  Lehrs tuh l  fi ir  In tegr ier te ,  Schal tungen,  Tech-  

nical  Univers i ty ,  Munich,  West  Ge rmany .  
P e r m a n e n t  address :  Central  Research  Ins t i tu te  for  Physics ,  Buda-  

pest, Hungary .  
K e y  words:  ion implantat ion,  redistr ibution o~ dopants,  oxid iz ing  

anneal  ambient .  

1015 and 1.6 • 1016 cm-2. The anneal ing in  a non-  
oxidizing ambient  was carried out in dry Nf. Thermal  
oxidation was performed in steam between tempera-  
tures of 850 ~ and 1000~ The carrier gas was pure O~. 

The oxide growth rate has been found previously to 

~ epend on the concentrat ion of the impur i ty  species 
7, 8). For  implanted Si samples, it has been found that  

the oxide growth rate depends on both impur i ty  con- 
centrat ion and residual damage (9, 10). In  both im-  
planted and diffused cases, the change can be charac- 
terized by a change in the l inear  rate constant, the 
parabolic rate constant remaining roughly the same. 

In our case, the oxide thicknesses were determined 
by backscattering and ell ipsometry measurements.  For 
a steam oxidation at 850~ oxides of about 2400A were 
grown in 30 rain for a well annealed 2 >< 1016 cm -2 As 
implant.  This thickness is about twice that  grown 
on low concentrat ion n - type  Si. For the case of Sb a 
similar behavior is found. These results are in agree- 
ment  with those found by Nomura et al. on Sb and P 
implanted Si. The thickness of our oxide layers grown 
on the Ga implanted samples were found to be about 
10-20% less than  that of a nonimplanted  2 ohm-cm 
n- type  sample. 

Channel ing and backscattering measurements  were 
made with 2 MeV 4He+ ions. The backscattered par-  
ticles were detected by a surface barr ier  detector 
mounted  at an angle of 168 ~ to the incident  beam di- 
rection. For the conversion of energy depth, the stop- 
ping cross sections of Ziegler and Chu ( l l )  were used. 

Experimental Results 
Arsenic implantations.-~-The implanted dis tr ibut ion 

was first measured by backscattering, then the samples 
were oxidized and the dis t r ibut ion remeasured both 
with the oxide layer  and with the layer etched away. 
Channel ing measurements  were also performed on 
annealed samples without  the oxide layer. Typical re-  
sults obtained are shown in  Fig. 1. Here, the upper  
port ion of the figure is  the random spectrum for a 
sample implanted with 1016 As/cm 2. The lower por-  
tions are spectra taken after oxidation and subsequent  
oxide removal, respectively. 

It can be seen in  Fig. la, that the broad plateau with 
a front edge at 1.13 MeV is due to particles backscat- 
tered from the Si and the peak at 1.55 MeV corre- 
sponds to As. The peak of this As dis tr ibut ion is lo- 
cated approximately 50 keV below the surface position 
(1.61 MeV) and corresponds to a projected range value 
of approximately 1100A (12). 

After oxidation of the sample the As dis tr ibut ion 
(solid curve) is found to shift to lower energies (1.38 

1234 
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Fig. 1. Random spectra for 2 MeV He + backscattered from 
As-implanted silicon: (a) as implanted, (b) after wet oxidation at 
850~ and (c) after oxide removal. Solid points represent As 
diffusion profile following 1000~ 20 min anneal with oxide in 
place. 

MeV in Fig. lb)  and to na r row in width. The step ob- 
served in the Si spectrum represents scattering from 
Si in the SiO2 layer. The width (~E) of the Si step is 
directly related to the thickness of the SiO2 layer. The 
shift of the As signal is also directly related to the 
depth of the AS below the surface. Comparison of the 

width of the oxide layer  and the position of the As 
indicates that  the As is located at the Si/SiO2 in ter -  
face. Less than 5% of the As atoms are located wi th in  
the outer regions of the SiO2 layer  as indicated by the 
sum of the counts  in the energy interval  1.4-1.6 MeV. 

More details on the width of the As dis t r ibut ion can 
be obtained by removing the SiO2 layer. The As signal 
in Fig. ic for the oxidized and stripped sample appears 
at an energy corresponding to the As surface position. 
The integrated number  of counts of the As signal is 
reduced by about 20% which indicates that  there is 
little loss of the As dur ing the oxide removal in HF. 
Channel ing measurements  show the absence of any  
residual oxide layer wi th in  our exper imental  sensit iv- 
ity (i.e., less than  5 X 1015 oxygen/cm2).  The FWHNI 
of this measured As signal corresponds to that  of the 
system resolution. F rom this result  we can determine 
that the As is confined in  a layer  which is less than 
200A wide.' Til t ing the sample by  60 ~ to double the 
depth to energy conversion did not produce a signifi- 
cant shift in the major  portion of the As spectrum con- 
firming that the location of the As is at the silicon 
surface. 

The solid points in  Fig. lc represent  the As profile 
obtained after anneal ing the sample a t  1000~ for 
20 rain in  dry  N2 with the oxide layer  in place. Dif- 
fusion of the As profile is observed to extend more 
than 4000A below the surface. The integrated signal 
from the As after the diffusion was found to be 5% 
less than that of the original implant.  F rom this we 
conclude that little As was lost dur ing  the oxidation 
and diffusion. 

During the thermal  oxidation of As- implanted  Si, 
the As dis tr ibut ion is determined by the pileup of As 
at the advancing oxidation front coupled with some 
diffusion which leads to a spreading away from this 
front (1). The dis tr ibut ion and lattice location of As 
are i l lustrated in Fig. 2 for three samples that  had 
oxide layers grown at 850 ~ 920 ~ and 1000~ 

The spectra in Fig. 2 were taken after the oxide 
layer  was removed and are compared with the origi- 
nal  dis t r ibut ion (solid l ine) .  The 850~ sample (Fig. 
2a) exhibits a nar rower  As dis tr ibut ion after oxida- 
t ion than the original implant  caused by the pileup 
effect. The aligned <111> yield is ,,-75% of the r an -  
dom yield which indicates that  the major i ty  of the As 
is nonsubst i tu t ional  after the oxidation. 

The As distr ibution for the sample oxidized at 920~ 
(Fig. 2b) has a deeper profile and an aligned yield 
which exhibits peak at the surface. About  two-thirds  
of the As located near  the surface is subst i tut ional  
with an increasing c ompone n t  extending deeper into 
the crystal. The 1000~ sample has an even deeper 
distr ibution which extends 3000A below the surface 
and an even higher subst i tut ional  component. 

Antimony implantations.--Similar to the results ob- 
ta ined with As implantations,  Sb is pushed deeper into 
the sample by the advancing oxide front. The back- 
scattering spectra for 1.2 X 1016 cm -2 Sb implanted at 
80 keV and then oxidized at 850~ is shown in  Fig. 3. 
The dis tr ibut ion of the implanted Sb before oxidation 
is located with the peak at about 370A below the sur-  
face corresponding to Rp (13). After  oxidation the 
major  port ion of the Sb is located near  the Si/SiO2 
interface. Less than  5% of the Sb is found wi th in  the 
oxide layer, the major i ty  of which is found near  the 
oxide surface. There is a loss of greater than  90% of 
the Sb dur ing oxide removal. This indicates that  ei ther 
the Sb atoms are incorporated wi thin  the SlOe layer  
at the interface, or that  the Sb atoms reside at the 
interface and are removed by HF. 

After  oxidation, the Sb can be diffused deeper into 
the Si. The depth distr ibution of the Sb following 
oxidation at 850~ subsequent  diffusion in  dry 1~2 
at 1050~ is shown in Fig. 4. With the oxide cap in 
place, the spectra in Fig. 4 indicate that  the major i ty  of 
the Sb remains  near  the interface. The deeply pene-  
t rat ing distr ibutions wi th in  the Si represent  diffusion 
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Fig. 2. Random spectra for 
2 MeV He showing competition 
between As pileup and diffu- 
sional broadening of As-implant- 
ed silicon during wet oxidation at 
different temperatures. Arsenic 
distributions are shown after 
oxide removal for the as-lmplant- 
ed condition (solid llne) and 
following oxidation. 
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of the Sb by standard mechanisms.  Removal  of the 
oxide cap reduced the Sb peak at the surface indicat-  
ing that Sb is located at the interface but did not 
change the depth distribution for the deeper compo- 
nent. The origin of the depth scale in Fig. 4 was placed 
at the break of the two profile parts. 

The solid curves are calculated for an erfc distribu- 
tion using an Sb surface concentration Co of 3.4 X 1019/ 
cm 3 and a diffusion coefficient D = 8.0 X 10 -15 cm 2- 
sec -~ (14). These values are representative of the bulk 
solubil i ty and diffusion coefficient of Sb in Si. The 
concentration at this point corresponds to the equi l ib-  
rium solubil i ty of Sb in Si (15). The data points and 
the calculated curves are in reasonable agreement sug- 
gesting that the Sb distribution is determined by bulk 
diffusion processes. Channel ing effect measurements  
performed on these samples indicated that greater than 
85% of the Sb atoms below the surface are on sub- 

stitutional sites whi le  the Sb atoms located near the 
surface are predominantly  nonsubstitutional.  

Gallium implantat{ons,--Figure 5 represents 2 MeV 
4He backscattering spectra for a sample implanted at 
80 keV with 1.2 X 10 TM Ga/cm 2 before (solid curve) 
and after (dashed curve) oxidation. In this figure the 
vertical and horizontal axes of the Ga component 
were expanded. In  the implanted sample, Ga is dis- 
tributed with a peak about 500A below the surface. 
After oxidation, the gal l ium distribution is shifted 
toward the surface and the total amount of Ga de- 
creases by about 20%. The high energy edge of the Ga 
distribution appears at the sample surface as shown 
in Fig. 5 and nearly all the remaining Ga is incor- 
porated within the oxide layer. The le f t -hand portion 
of Fig. 5 shows the change in the Si spectrum ob- 
served after oxidation. The same features are found 
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as in  the case of an As- implan ted  sample (Fig. lb)  
except that  the oxide layer  is th inner .  

Wet oxidation at 850~ was carried out on samples 
implanted at 80 keV with doses of 0.6-1.2 • 10 TM Ga/  
cm 2. For all samples there was a shift in  the Ga con- 
centra t ion to the oxide front surface and a loss of 
20-35% of the total amount  of Ga. The max imum con- 
centrat ion of Ga in the Si following these diffusions 
was less than  8 • 10 TM cm-8, well below the thermal  
equi l ibr ium solubility. These results indicate that  the 
Ga is incorporated in the oxide layer. This oxidation 
cycle is not suitable to act as an encapsulat ing layer  
for Ga dr ive- in  diffusions. 

As an al ternat ive encapsulat ing layer, Si3N4 was de- 
posited by reactive sputtering. Figure 6 shows random 
and aligned backscattering spectra for a sample an-  
nealed at 1050~ for 45 rain after the Si3N4 w a s  re-  
moved. An  almost constant  depth dis tr ibut ion for the 
Ga is observed over the accessible depth (7000A). The 
concentrat ion of the Ga is be tween 3 and 3.5 • 10 TM 

cm -~ which is comparable to the equi l ibr ium solubility 
at this tempera ture  (15). The dashed curve represents 
the calculated erfc diffusion dis t r ibut ion using bu lk  
values (14). The disagreement be tween the experi-  
menta l  data and the calculated curve indicates the 
enhancement  of the Ga penet ra t ion  during the anneal.  
The aligned spectrum for this sample indicates that  
more than  80% of the Ga is on lattice sites. 

Discussion and Specu la t ion  

Since the diffusion coefficients (extrapolated) of As 
and Sb in  SiO2 are ~1/10-1/100 of that  in  Si at the 
temperatures  of 805~176 the pileup of these two 
impuri t ies  at the oxidation interface will  be a funct ion 
main ly  of the oxidation temperature.  At higher tem- 
peratures  ( >  1000~ the diffusion velocity of As and 
Sb is higher than  the oxidation front  velocity and they 
diffuse away from the advancing oxidation front. In 
the case of As the diffusion coefficient is known  to be 
concentrat ion dependent  (16) so the t ransi t ion be-  
tween pileup and diffusion may be also expected to 
depend on total implanted dose. 

For  the As there appears, even at 850~ a substi-  
tu t ional  component  (Fig. 2) indicat ing that  subst i tu-  
t ional incorporat ion in  the lattice is s tar t ing to take 
place. However, for Sb there is no evidence for sub-  
st i tut ional  incorporat ion at 850~ We believe that  
for both Sb and As the dopant  accumulates at the 

interface. Although the evidence is indirect for Sb 
it is ra ther  clear for As. This speculation disagrees 
with the recent findings of Chou et al. for phosphorus 
in Si. 

The si tuation is much less clear for Ga. Competit ion 
between the oxidation of the Ga and Si can lead to 
the formation of (Ga2Os)x'SiO2. Presently,  we have 
no direct evidence that  the Ga accumulat ion at the 
outer surface of the SiO2 layer  is caused by the oxida- 
t ion of the Ga. 

It is evident  (Fig. 6) that  encapsulat ion of the im-  
planted sample with Si3N4 can prevent  the interact ion 
of oxygen with Ga. The anomalous feature of our data 
is the enhanced penetra t ion of the Ga under  the Si3N4 
layer. We speculate that  this is due to lattice s t ra in 
caused by the mismatch of the expansion coefficients 
between SigN4 and Si. 
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Si3N4 as a protective encapsulating layer. 
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Summary 
The most  pronounced fea ture  of the  low t empera tu re  

oxidat ion  of As and Sb implan ted  samples  is the pi leup 
effect where  the  implan ted  dopant  accumulates  at  
the  advancing  oxide interface.  

For  As, the  low t empera tu re  oxidat ion  resul ts  in a 
nonsubst i tu t ional  accumula t ion  at  the  advancing  oxide 
front.  A t  h igher  oxida t ion  t empera tu res  (920 ~ 1000~ 
the  As profile exhibi ts  diffusional b roadening  and an 
increased subst i tu t ional  component.  The backsca t t e r -  
ing da ta  show tha t  the  m a x i m u m  concentra t ion of 
As in Si to tha t  in SiO2 is g rea te r  t han  a factor  of 50. 
I t  is found that  less than  5% of the  As is lost dur ing  
the oxidation.  

For  the Sb case a somewhat  g rea te r  amount  (up to 
10-20%) is found in the  SiO2 layer .  There  is also a 
p i leup of Sb at the  f ront  surface of the oxide layer .  
With  the oxide l aye r  in place, the  Sb at the  in terface  
acts as a diffusion source. The resu l tan t  diffusion pro-  
files fol low an erfc dis tr ibut ion,  descr ibed  by  bu lk  
values of the Sb concentra t ion and diffusion coefficient. 
Channel ing effect measurements  showed that  the  dif-  
fused Sb profile was h ighly  subst i tut ional .  

F o r  the  case of As, we find tha t  the As is incor-  
pora ted  in the Si at the interface.  This resul t  differs 
from that  of Chou et at. (4) for the rmal  oxidat ion  
of phosphorus -doped  Si. They found that  a phos-  
phorus - r i ch  l aye r  was located in the  SiO2 film near  
the  interface but  not  in the  silicon substrate.  Our  
resul ts  for Sb show that  the  Sb e i ther  resides in the 
oxide l aye r  near  the  in terface  o r  is at the interface 
and dissolved b y  HF. 

In  contras t  to the resul ts  wi th  implan ted  Sb and 
As the implan ted  Ga accumulates  at  the  front  sur -  
face of the oxide layer  and therefore  does not  act as 
a diffusion source. The m a x i m u m  Ga concentrat ion 
in Si was less than  8 • 10 TM cm -3, wel l  be low the 
value  for the equ i l ib r ium solubil i ty.  As an a l t e rna t ive  
procedure  we found that  spu t t e r -depos i t ed  SisN4 acted 
as a protec t ive  cap l aye r  dur ing  d r ive - in  diffusion. 
The Ga concentrat ion at  the surface was at  the  the rmal  
equi l ib r ium solubi l i ty  and channel ing effect measu re -  
ments  showed tha t  the Ga was h igh ly  subst i tut ional .  
However,  the  pene t ra t ion  is anomalous ly  deep. 
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Investigations of the Fabrication of Thin Silicon Films 
for Microwave Semiconductor Transit Time Devices 

J~irgen Freyer 
Institut ~i2r Allgemeine Elektroechnik der Technischen Universit~Lt Mi~nchen, 8 Mi~nchen 2, Germany 

ABSTRACT 

The fabr ica t ion  of thin silicon films for microwave  semiconductor  devices 
is inves t iga ted  using polishing and etching methods.  Wi th  the  descr ibed bubble  
etching method  the thickness of the Si film can be moni tored  dur ing etching. 
Si-fi lms with  a thickness down to 3 ~m could be fabr ica ted  wi th  this  process. 
The etched films are  free of s t ra in  and etch pits and are  sufficiently plane 
para l l e l  as requi red  by  microwave  t rans i t  devices. The fabr icat ion of an MnM 
Bari t t  diode and a double diffused Impar t  diode wi thout  subs t ra te  is given 
as  example .  

For  appl ica t ion  in microwave  semiconductor  devices thickness of these films var ies  be tween  2 and 10 ~rn 
very  thin  semiconductor  layers  or films are useful, depending on the application.  For  Impa t t  diodes wi th -  
for example  for Impat t ,  Bari t t ,  or p in  diodes. The out any subs t ra te  [MnM-Impa t t  diodes (1)]  silicon 

Key words: etching, polishing, Impatt diodes, Baritt diodes, films with  a thickness of 4 ~m are  requi red  for  X - b a n d  
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frequencies. For Baritt  diodes in  the same frequency 
range  the film thickness must  be about 8-10 ~m (2, 3) :  
The semiconductor layers in any case have to be plane 
parallel,  free of s train and of dislocations, and without 
any damage at the surface. To meet these requirements  
the fabricat ion of th in  silicon films was investigated 
by polishing and etching methods. 

Polishing 
In  order to achieve the required th in  silicon films 

the reduct ion of the thickness first was performed by 
polishing. The base, the polish, and the pressure on 
the silicon slice during polishing could be varied. 
Plane glass plates and Pel lon cloths on plane glass 
plates were used for the base. The Pel lon cloths had 
different degrees of hardness. The polish was A1203 
powder (0.25 inn r diamond paste (1 #m r and 
Lustrox. 1 The apparatus used for th inn ing  slices was 
the same as for conventional  mechanical  lapping and 
polishing and was similar to that  used by Mash et at. 
(4) who fabricated silicon slices down to 10 ;~m. Thin-  
n ing was also performed using a v ibra t ion polishing 
machine. Above 10 ;~m the thickness of the films can 
be measured with an accurate dial gauge, below 10 ~m 
the thickness must  be measured by the aid of the 
t ransparency colors of the silicon because the pressure 
of the dial gauge would damage the th in  film. 

In  Table I the results f rom polishing are summarized 
for two thickness ranges of the films: 10-15 and 4-6 
;~m. In  the last two rows in  Table I the results using 
a v ibra t ion polishing machine are also listed. The 
surface of these polished slices often is not plane but  
convex and has an orange skinlike structure. The dis- 
location density caused by polishing was high on all 
polished films and became higher if the pressure on 
the silicon slices dur ing polishing was exceeded. 

Etching 
The polished silicon slices show many  disadvantages 

for many  applications for solid-state devices; i.e., the 
dislocation densi ty caused by  polishing is high at the 
polished surface and the slices are often crumbly  
especially for very th in  films. Therefore, in the fol- 
lowing work the silicon slices are th inned  only by 
etching. Unvala  et al. (5) describe a large-scale proc- 
ess for the fabricat ion of th in  semiconductor layers 
but  the thickness of the layers is l imited to about 20 
;~m. Theunissen et al. (6) developed a preferent ial  
electrochemical etching process with which very  thin 

L u s t r o x :  trademark.  

silicon films can be fabricated. One disadvantage, how- 
ever, is that a special doping s t ructure  of the ini t ial  
mater ia l  is needed and that  an addit ional layer  has 
to be etched away. 

General ly  bubbles of gaseous reaction products at 
the surface of the slices to be th inned lead to non-  
uni form etching. One method to remove these bubbles  
is the use of a rotat ing beaker. The results of this 
method are also listed in Table I. In  the following an 
etching method is described which is especially sen- 
sitive for the fabrication of th in  films (~10 ~m). The 
etching process is similar to that published by Stoller 
et at. (7) who fabricated slices with a thickness less 
than 25 ~m. With this described bubble  etching method 
th in  films down to 3 F~m could be attained. The deter-  
mina t ion  of the thickness is performed during etching 
and the thickness is monitored by means of the t rans-  
parency colors. 

Figure 1 shows a schematic cross section of the 
etching apparatus. The apparatus consists of a Teflon 
or polyethylene vessel which at the bottom has a th in  
polyethylene plate perforated with many  holes 0.1 
mm in diameter. Carbon dioxide is b lown through 
these holes under  low pressure. In  this way bubbles 
rise into the upper  volume which is filled with the 
etching solution. The silicon slice which is fixed on 
a quartz plate with beeswax is slowly rotated in this 
etching solut ion to ensure un i fo rm etching. 

To investigate the etching process more in  detail 
several parameters  were varied: the ingredients  of 
the etching solution, the pressure and the rate of flow 
of carbon dioxide, respectively, and the rotat ion vel-  
ocity of the sample. If the sample is not rotated a 
concave surface results; on the other hand a convex 
surface is obtained if the silicon sample is only ro-  
tated and if the rotat ion velocity is too high. It  has 
been found that  the etched films are plane if the 
sample is a l ternat ingly  rotated and not rotated dur -  
ing etching and if the ratio of the rotat ion t ime to 
the t ime without  rotat ion is 2: 1. In  this case the rota-  
t ion velocity has a value of 8 rpm. Similar  to the ro-  
tat ion of the sample the pressure respectively the 
rate of flow of the gas influences the plane paral lel ism 
of the film. A high rate of flow brings a lot of whirls  
into the etching solution and a too low flow is not 
sufficient to remove the gaseous reaction products from 
the surface: in both cases a nonuni form etching re-  
sults. A rate of flow of 4 l i t e r s /min  gave the best 
results with the described etching apparatus. 

The ingredients  of the etching solution normal ly  
have no influence on the plane paral lel ism of the 

Table I. Quality of thinned silicon films for several polishing and etching methods. 
Two thickness ranges 10-15 and 4-6 ~m have been investigated 

P o l i s h i n g  method  

Thickness  
of  t he  Si -  P l a n e  p a r a l l e l i s m  
fi lm, ~ m  of  the  w h o l e  slice 

Q u a l i t y  of t he  Si-films@) 

S o l i d i t y  of  P r o p e r t i e s  of  D i s loca t ion  density 
t h e  s l ice the  surface caused b y  p o l i s h i n g  

D i a m o n d  paste on glass plate 10-15 + 
4-6 + 

A h O s - p o w d e r  on glass plate 10-15 + 
4-6 + 

Diamond paste on P e l i o n  c lo th  10-15 0 
(hard) 4-6 0 

Al~O~-powder on  P e l l o n  c lo th  (soft) 10-15 -- convex  
4-6 -- c o n v e x  

L u s t r o x  on  P e l l o n  cloth (hard) 10-15 + 
4-6 + 

Lustrox on Pellon cloth (soft) 10-15 -- convex 
4-6 -- c o n v e x  

Vibration polishing machine  (A1208- 10-15 O o r a n g e  sk in  
powder;  hard P e l l o n  c loth)  4-6 O o range  sk in  

Vibration polishing machine  (A120~- 10-15 -- o r a n g e  sk in ,  c o n v e x  
p o w d e r ,  sof t  P e l l o n  cloth) 4-6 -- o r a n g e  sk in ,  c o n v e x  

S t i r r i n g  e t h i n g  method~ a~ 10-15 + s o m e t i m e s  c o n v e x  
4-6 O s o m e t i m e s  c o n v e x  

. c r u m b l y  O crashes  -- 
-- c r u m b l y  O crashes  h i g h  

-- c r u m b l y  + h i g h  
O + -- h i g h  
-- f r ag i l e  O s o m e t i m e s  -- high 

crashes 
+ + 0 fairly high 
O s o m e t i m e s  + O f a i r l y  high 

c r u m b l y  
+ + -- h i g h  

0 somet imes  + -- high 
c r u m b l y  

+ + O f a i r l y  high 
O + Q f a i r l y  high 
+ + O 
0 somet imes  + 0 

c r u m b l y  
+ + 0 

+ + no  a d d i t i o n a l  
+ + + dislocations 

c~) The determination of the  thickness  during etching is diff icul t .  
(b) + = good,  O = m e d i u m ,  -- = bad. 
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Fig. I .  Schematical cress section of the etching apparatus for 
the fabrication of thin silicon films. 

sample but  on the surface behavior. As etching solu- 
t ion only a mixture  of nitric acid and hydrofluoric 
acid was used. Other addit ional ingredients  such as 
glacial acetic acid often lead to bad surface character- 
istics such as high etch pit density and passivation 
layers. The etching solution used with the described 
bubble  etching method consists of a mix ture  of 10 
parts HNO3 (65%) and one part  HF (50%) resul t ing 
in an etching rate of 12-15 ~m/min  depending on the 
material,  i.e., on the dislocation density of the ma-  
terial. 

The thickness of the silicon films is monitored dur -  
ing etching by means of the t ransparency colors. For 
calibration, th in  silicon films were fabricated and 
their  thicknesses were measured by the aid of a 
microscope. In  this way each thickness can be coordin- 
ated to a t ransparency color. Using the apparatus 
shown in  Fig. 1, the color changes from brown to 
light yellow in a thickness range of 15-1 ~xn can be 
observed. The etching process can be stopped im-  
mediately when  the color corresponding to the de- 
sired thickness appears. 

With the aid of this bubble  etching process silicon 
films with a thickness down to 3 #m could be fab-  
ricated reproducibly. The deviation of the plane paral -  
lel ism is less than  0.3 ~m~ over the whole area of the 
silicon film (the used silicon slices had an area of 
approximately 1 cm2), even if the init ial  mater ial  
has a thickness of approximately 200-300 sm. 

Device Fabrication 
h~ormally silicon epitaxial  wafers with a total thick- 

hess of approximately 200 ~m are used as ini t ial  ma-  
terial for the fabrication of microwave semiconductor 
t ransi t  t ime devices. The entire substrate and par t  of 
the epitaxial layer  are etched away unt i l  the desired 

thickness of the silicon film is reached. It  is advan-  
tageous to use epitaxial wafers because the exact 
doping concentrat ion of the epi- layer  can be obtained 
easily, the epitaxial layer  is p lane and free of damages, 
and no additional dislocations at the surface are gen-  
erated by polishing. 

Baritt  diodes and Impart  diodes have been produced 
using the thin films fabricated with the described 
bubble  etching method. For MnM Baritt  diodes (for 
X-band  frequencies) silicon layers in the thickness 
range of 7-10 #m are needed. On both sides of the n -  
layer a Schottky contact is performed and after 
plat ing a heat s ink on one side, s tandard photoresist 
technology is applied on the other side for separating 
the diodes by mesa etching. By the aid of the th in  
silicon films it was possible to investigate the behavior 
of MnM-Bari t t  diodes (2) which can find application 
as local oscillators for communicat ion systems. 

In  a similar  fabrication process double-diffused X-  
band Impat t  diodes without  any substrate have been 
fabricated. The init ial  silicon films had a thickness of 
6-7 ~m and were s imultaneously  diffused on one side 
with p+ and on the other side with n +. By this means 
it was possible to fabricate Impart  diodes with two 
very abrupt  junctions.  The advantage of such a struc- 
ture  in  comparison to a diode with epitaxial t ransi t ions 
is a smaller series resistance and a resul t ing higher 
efficiency and power output  (8). The efficiency of these 
diodes could be increased from 6.5 to 11.5% at a power 
output  of 0.8W. 

Conclusion 
The fabrication of thin films for microwave semi- 

conductor devices has been investigated. Thin  silicon 
fi]ms which satisfy the requirements  for microwave 
transi t  t ime devices such as plane parallelism, good 
surface characteristics, and a m i n i mum of dislocations 
can be obtained by the bubble  etching method. The 
minimum thickness of the slice was 3 ~m even if the 
initial material has a thickness of more than 200 ~m. 
The measurement of the thickness is performed by the 
aid of the transparency colors of the silicon during 
etching. With these thin silicon films MnM-Baritt 
diodes and double diffused Impatt diodes without any 
substrate have been fabricated. 

Acknowledgment 
The author thanks W. Harth  for many  helpful  discus- 

sions and the Deutsche Forschungsgemeinschaft  for 
financial support. 

Manuscript  submit ted Feb. 3, 1975; revised manu-  
script received May 19, 1975. 

A ny  discussion of this paper will appear in  a Discus- 
sion Section to be published in the June  1976 JOURNAL. 
All discussions for the June  1976 Discussion Section 
should be submit ted by Feb. 1, 1976. 

REFERENCES 
1. M. Claassen, Patent  pending. 
2. J. Freyer,  M. Claassen, and W. Harth, AEf), 26, 150 

(1972). 
3. D. J. Coleman and S. M. Sze, Bell System Tech. J., 

50, 1695 (1971). 
4. D. H. Mash, G. D. Henshall,  and B. A. Eales, J. Phys. 

D: Appl. Phys., 3, 1199 (1970). 
5. B. A. Unvala, D. B. Holt, and Aung San, This Jour- 

nal, 119, 318 (1972). 
6. M. J. J. Theunissen, J. A. Appels, and W. H. C. G. 

Verkuylen,  ibid., 117, 959 (1970). 
7. A. I. Stoller, R. F. Speers, and S. Opresko, RCA Rev., 

31, 265 (1970). 
8. J. Freyer,  To be published. 



Diffusion of Ion-Implanted B in High 
Concentration P- and As-Doped Silicon 
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Bell Laboratories, Reading, Pennsylvania 19604 

ABSTRACT 

The diffusion of ion - implan ted  B in Si in the  presence of a un i fo rm back-  
ground  of high concentra t ion P or As has been s tudied by  correlat ing,  nu-  
mer ica l  profile calculat ions wi th  profiles de te rmined  by  secondary - ion  mass 
spec t romet ry  (SIMS) .  Re ta rded  B diffusion is observed in both As-  and 
P - d o p e d  Si, consistent  wi th  the  effect of the local Fe rmi - l eve l  posi t ion in the  
Si bandgap  on B diffusivity, DB. It  is shown tha t  DB is l inear ly  dependent  on 
the free hole concentrat ion,  p, over  the  range  0.1 < P/nie < 30, where  nie is 
the  effective in t r ins ic  e lect ron concentrat ion.  This r e s u l t  does not depend on 
the w a y  in which the background  dopant  has been in t roduced  ( implan ta t ion  
predepos i t ion  or doped-ox iae  source) ,  nor  the  type  of dopant  used (P or As) .  

In  ea r l i e r  papers  (1, 2) the  theory  was discussed that  
the  diffusion of B in Si is cont ro l led  by  donor - type  
monovacancies.  This model  predic ts  that  the diffusivity 
of B increases l inea r ly  wi th  B concentra t ion for  CB > 
nj when  the concentra t ion  of n - t ype  dopants,  CN, is < <  
hi. The combined  observat ions  of many  workers  ver i fy  
this fact. I t  has also been  demons t ra ted  (2) tha t  the 
diffusivi ty of B in un i fo rm As-doped  Si (CN ~ 1.5 • 
1020 cm -3) is r e t a rded  app rox ima te ly  l inea r ly  wi th  
the  decrease in the  normal ized  hole concentration,  
p/ni ,  also p red ic ted  by  the donor - type  m0novacancy 
model. Some ambigu i ty  m a y  exis t  in in te rpre t ing  these 
results,  since the r e t a rded  diffusion of B in Si in  the  
presence of a diffusing As l aye r  has been  a t t r ibu ted  to 
other  effects (3, 4). Therefore,  a d d i t i o n a l  da ta  have 
been obta ined by  implant ing  and diffusing B into un i -  
form P-  and As -doped  Si layers.  Re ta rded  B diffusion 
in both P-  and As -doped  Si has been  observed,  consist ~ 
ent  wi th  the  theory  of a Fe rmi - l eve l - con t ro l l ed  concen- 
t r a t ion  of donor - type  vacancies which  d i rec t ly  affect 
B diffusivity. The significance of this resul t  is tha t  
t rans is tor  model ing  p rograms  must  t ake  this f i r s t -order  
effect into account, since the diffusion of B in the  preS- 
ence of n - t y p e  dopants  is i nva r i ab ly  encountered.  Ex-  
amples  of numer ica l ly  calcula ted B diffusion profiles 
in n - t y p e  Si are  presented  in which the local  diffusivi ty 
is de te rmined  f rom the local hole concentrat ion,  p. 
Heavy-dop ing  effects (5) ' on the  F e r m i - l e v e l  calcula-  
t ion are  included.  These calculat ions are  compared  wi th  
exper imen ta l  profiles obta ined by  secondary- ion  mass 
spec t romet ry  (SIMS) analysis.  

Experimental 
Ion - implan ta t ion  and doped-ox ide  source diffusions 

were  both used to in t roduce  P and As into Si slices. 
Sil icon slices [(100) orientat ion,  1 ohm-cm, p - type ]  
were  imp lan ted  wi th  5 X 1015 cm -2, 50 keV P, and then  
were  diffused at  1050~ for 45 min in a N2/O2 ambient .  
In  o ther  slices, arsenic implanta t ions  were  pe r fo rmed  
(5 X 1015 cm-2,  50 keV),  and these samples  were  dif-  
fused at 1050~ for 2 hr, also in N2/O2. In  both cases, 
,-~600A of SiO2 grew on the Si surface, which was re -  
ta ined  th rough  the subsequent  B implanta t ion.  P -  and  
As-doped  oxide deposit ions were  pe r fo rmed  on another  
group of Si slices, and  diffusions were  pe r fo rmed  in 
02 at  1050~ for 2 hr. The oxide sources were  etched 
off in H F  pr io r  to the  subsequent  B implantat ions .  

B was imp lan ted  into all  of the  slices at  1 X 1015 
cm -2, 50 keV. Diffusion was pe r fo rmed  at  1050~ for 
23 min in N2. The B and n - t y p e  dopant  diffusion p ro -  
files were  de te rmined  by  mass analysis  of secondary  
ions e jec ted  f rom the samples  b y  15 keV oxygen  ion 

* Electrochemical  Society Act ive  Member .  
Key  words:  boron diffusion, cooperative diffusion, profile calcu- 

lations, secondary ion mass  spect rometry .  

bombardmen t  (p redominan t ly  02 +) using a Cameca 
IMS-300 Ion Analyzer .  Secondary  ions were  selected 
and counted using an AS-200 mul t ichanne l  analyzer .  
The analyzer  data  were  conver ted  to impur i ty  concen- 
t ra t ions by  measur ing  the depths  of the sput te red  holes 
in the  samples, and f rom ca l ibra t ion  achieved by  
knowing the to ta l  implan ted  dose in the  Si. For  the 
diffused P and As profiles, spreading  resis tance mea -  
surements  were  used to es tabl ish the surface concen- 
t ra t ions  and, thus, the  ca l ibra t ion  for the SIMS data. 

Analysis 
The coupled diffusion equations for CB and CN have  

been descr ibed prev ious ly  (3, 4). These equat ion s were  
solved numer ica l ly  by  t rans forming  them into expl ici t  
d i f ferent ia l -dif ference equations and by  in tegra t ing  
wi th  respect  to t ime by  the R u n g e - K u t t a  technique.  
Since the  B was implan ted  to a known dose in al l  cases, 
the accuracy of the numer ica l  resul ts  was checked by  
the equat ion 

f0 S; CB(X, t ) d x  : CB(X, 0 ) d z  [1] 

which s t ipulates  the conservat ion of the total  B con- 
centrat ion.  

The local B diffusivi ty was ca lcula ted  according to 
the equat ion 

DB : D i ( P / n i e )  [2] 

where  pn  ---- nie 2 [effective intr insic  e lec t ron concent ra-  
t ion at  the  diffusion t empe ra tu r e  (5)] ,  Di is the  in-  
t r insic  diffusion coefficient 

P / h i e  : exp ( - - ( E F  - -  EFi)/kT) [ 3 ]  

is the normal ized  free hole concentrat ion,  and EF is the 
local Fe rmi  level.  Calculat ions of EF have  been made  
by  Ja in  and Van Overs t raeten,  t ak ing  into account 
band- ta i l ing  and i m p u r i t y - b a n d  fo rmat ion  (heavy-  
doping effects). Thei r  resul ts  have been  approx imated  
over  l imi ted  concentra t ion ranges  and for  th ree  diffu- 
sion t empera tu res  are  

lO00~ 

EF ---- --0.4 + 0.0741n ~ + 0.041 1 -- 1020 

[4] 
llO0OC 

EF = --0.35 + 0.083 In ( cN ) 
3 X 1019 

( cB) 
+ 0.036 i - -  1020 [5] 

1241 
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1200~ 

EF = --0.36 4- 0.077 111 ( 3 
X I0 TM 

4- 0.03 1 - -  1020 [6] 

for 10 z0 < CN < 5 X 102~ cm -8 and 0 < CB < 2 X 102~ 
cm -3. The intr insic  Fermi  level is calculated from the 
equation 

E.(T) 0.0138( T ) ~F~ - 2 ~ [71 

where Eg(T) is the silicon bandgap given by 

7.02 X 10-4T ~ 
Eg(T) = 1.156 -- [8] 

(T + 1108) 

Resul ts  
An example of B diffusion in  Si with a prediffused 

P layer (Rs -- 46 ohms/fq, xz -- 1.5 #m, doped-oxide 
source) is shown in Fig. 1. The agreement  between 
the SIMS data and the calculated final P and B profiles 
is quite good. The B diffusivity calculated dur ing the 
final t ime increment  of the Runge-Kut t a  integrat ion 
is also shown plotted as a funct ion of depth. The re-  
sult ing B profile when  diffusion was performed in  a P 
implanted-diffused sample is shown in Fig. 2. The 
average P doping over the B-doped region was .~1.5 X 
1020 cm-~. As a result, even less relaxat ion of the im-  
planted B has occurred than is shown for the case in  
Fig. 1. The average diffusivity of the B in Fig. 2 was 
..~1.5 X 10 -14 cme/sec which is 0.2 times D~. These re-  
sults show unambiguous ly  that  the B diffusivity is re-  
duced by the presence of the P. 

The sensit ivi ty of the redis t r ibut ion of the implanted 
B layer  to background n- type  doping is i l lustrated in  
Fig. 3. The calculated curves show the final B profiles 
following a 1050~ 23 min  diffusion for several un i -  
form background concentrations of n - type  dopant. The 
SIMS data were taken from a slice with a prediffused 

10 z _ �9 SIMS INITIAL B DATA (REEl5) 
�9 SIMS B DATA 
o SIMS P DATA 
�9 SPREADING RESISTANCE 

CALCULATED T = 1050 ~ 
1020 _ ~P PROFILE t :23rain 

o o ~,m,�9 
o ~  ~176 o8 8�9 

-- o o 

;... 
_ �9 �9 % 

�9 �9 J � 9  

CAL c 
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i017 .. \ 1613 
Di 

~B  DIFFUSIVITY / _ \ 

id 6 I I I I I I 11614 
.I .2 .3 .4 .5 .6 .7 

DEPTH ~m ) 

Fig: 1. Experimental SIMS data of as-implanted B (1 X 1015 
cm -2 ,  50 keV: �9 data), the subsequently diffused B (10S0~ 
23 min in N2: I I  data), and the background P doping ( O  data) 
introduced from a doped-oxide source (1050~ 2 hr in 02) before 
the B implant. The calculated B and P profiles are shown as well 
as the calculated B diffusivity as a function of depth. 
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Fig. 2. Experimental SIMS data of B implanted through 600~ of 
SiO2 (1 X 1015 cm -2 ,  50 keV) and diffused at 1050~ for 23 
min in N2. The background doping is implanted P (5 X 1015 
cm -2,  50 keV), diffused at 1050~ for 45 min prior to the B 
implantation. Calculated profiles and the B diffusivity are also 
shown. 
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Fig. 3. Calculated B profiles as a function of n-h, pe back- 
ground doping, CN. Experin~ental SIMS data of B (1 X 1015 cm -2 ,  
50 keV) diffused at 1050~ for 23 min in N2 in a P-diffused 
(doped-oxide source) background (Rs = 16 ohms/D, x0 = 2.1 
~m, CN - -  5 X 1019 cm-~). 

P layer  (Rs ---- 16 ohms/rq, xj  ---- 2.1 #m, doped-oxide 
source). 

For the case of B diffusion in the presence of As, 
exper imental  and calculated profiles are shown in Fig. 
4. The As was implanted and then  diffused in  this sam- 
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Fig. 4. Experimental SIMS data of B implanted through 600A of 
SiO2 (1 X 1015 cm -2,  50 keV) and diffused at 1050~ for 23 
min in N2. The background doping is implanted As (5 X 1015 
cm --9, 50 keV), diffused at 10S0~ for 2 hr prior to B implantation. 
Calculated profiles and the B diffusivity are also shown. 

ple. A s imi lar  reduc t ion  in the  B diffusivi ty is ob-  
served. 

To summar ize  the  publ i shed  resul ts  on B diffusion 
(and Ga diffusion),  normal ized  diffusivi ty is p lo t ted  
vs. p/nie in Fig. 5. The da ta  represent ing  B diffusion 
in n - t y p e  Si (this s tudy)  were  obtained by  averaging  
DB and p/nie over  the  diffused B regions. Also in-  
c luded is the  da ta  of Crowder  et al. (2) (A and  �9 
which  has been corrected in te rms of the  p/nie rat io  
which takes  into account the  effects of heavy  doping 
on band structure.  The type  of n - t y p e  dopant  back-  
ground  is indica ted  nex t  to each da ta  point .  By con- 
s ider ing the prev ious ly  publ i shed  da ta  (1) f rom B 
diffusions into l igh t ly  doped substrates,  it  can be seen 
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Fig. 5. Diffusivity of boron and gallium in silicon as a function 
of the normalized hole concentration. 

that  DB/Di is l inear  wi th  p/nie over  2{/2 orders  of mag-  
nitude. These l a t t e r  da ta  are p lo t ted  by  assuming that  
n i e  ~ ni, since it has been  shown that  heavy-dop ing  
effects on band s t ruc ture  are  less pronounced in de-  
genera te  p - t y p e  Si as compared  wi th  degenera te  n - t y p e  
Si (6). Al l  of the da ta  shown (for p/nie > 1) were  
obta ined  f rom B diffusions wi th  surface concentra t ions  
less than  2 X 102o cm -8. Above  this concentrat ion,  
heavy-dop ing  effects cer ta in ly  should not be neglected.  

Also shown in Fig. 5 is p rev ious ly  publ i shed  Ga dif -  
fus ivi ty  data. These resul ts  indicate  that  Ga diffusion 
in Si is also control led by  the posi t ion of the  Fe rmi  
level  in the bandgap,  which  was poin ted  out by  Makris  
and Masters  (7). These authors  concluded tha t  a 
donor - type  vacancy is p robab ly  responsible  for Ga 
diffusion in  Si. 

Discussion 
Arguments  suppor t ing  the donor - type  monovacancy  

diffusion model  have  been prev ious ly  discussed (1, 2, 
7). The da ta  repor ted  in this pape r  p rov ide  addi t ional  
suppor t  for the  concept of a simple, pos i t ive ly  charged  
defect  being responsible  for B diffusion in Si when the 
diffusion ambien t  is a nor}oxidizing ambient .  The addi -  
t ional  influence of Si se l f - in ters t i t ia Is  ex t r ins ica l ly  
genera ted  at  an oxidizing Si surface have been  dis-  
cussed prev ious ly  (1, 8). The conclusion tha t  the  
donor - type  monovacancy  is the p r i m a r y  defect  which 
controls  B diffusion is based on the fol lowing observa-  
tions: 

1. Both quenching and diffusion exper iments  indicate  
tha t  the dominant  na t ive  defect  in high t empera tu re  
sil icon has an en t ropy  of ~ 5 k  (k = Bol tzmann con- 
s tan t ) .  This va lue  is much too la rge  for  s imple neu t ra l  
monovacancies  or interst i t ia ls ,  nor  can the ex is tence  of 
divacancies, semivacancy pairs,  or s imi lar  complexes  
be used to expla in  this resul t  (9). However ,  the  en t ropy  
of ionizat ion of the vacancy is quite large  at high t em-  
peratures .  Thus, the  la rge  en t ropy  associated wi th  the  
dominant  defect can be accounted for by  the en t ropy  
of format ion  of the neu t ra l  vacancy (1.1k) plus  the  
ionizat ion en t ropy  of the  vacancy (5.1k), which is 
wi th in  the  exper imen ta l  uncer ta in ty  of the  measured  
value  (10). 

2. The defect involved in atomic diffusion could not 
be a se l f - in te rs t i t i a l  because the energy  of format ion  
of in ters t i t ia ls  is too large  and the i r  migra t ion  is too 
rap id  and a thermal  (10). 

3. The existence of a vacancy in the  Si la t t ice  wil l  
cause a pe r tu rba t ion  such that  states wi l l  be spli t  f rom 
the valence and conduct ion bands  of the  sur rounding  
a toms a few tenths  of an e lec t ron volt  into the  bandgap  
(10). Thus, the energy  levels  associated wi th  s imple 
donor-  and accep to r - type  vacancies a re  such that  at  
high t empera tu res  both V + and V -  would  be more  
numerous  than  neu t ra l  vacancies. 

4. The quenching exper iments  of Elstr}er and K a m p -  
ra th  (11) indicate  tha t  an energy  level  exists  at  Ev + 
0.37 eV associated wi th  donor - type  complexes  in  p -  
type  Si samples. The effect of vacancy  associat ion 
should shift  the  ionizat ion energy  of the  donor level  
by  only a small  amount.  Assigning the  Ev -}- 0.37 eV 
level  to a V + vacancy means  tha t  above 800~ V + is 
the dominant  charge state of the monovacancy  in p-Si .  

I t  was poin ted  out  ear l ie r  (1) that  one other  mech-  
anism could poss ibly  account for  r e t a rded  B diffusion 
in h ighly  doped n - type  Si - ion  pair ing.  Fo r  this  s i tua-  
t ion the B diffusion coefficient can be expressed as (3) 

1 
C~ -- CN + ~ + 1 

DB 1 12 

-=- F 
Di 2 2 1 CB --  CN --  - -  -l- 

where ~(T) is the ion-pairing equilibrium constant. 
Using the charge neutrality condition, Eq. [9] can he 
r ewr i t t en  as 
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DB 1 

Di 2 

where  

1 
A + - -  

CB 
i/2 -I- 1 [10] 

hie[ (P/hie) 2 -- i] 
A -- [11] 

(P/nie) 

The expe r imen ta l  da ta  in Fig. 5 show tha t  DB/Di is 
independent  of t empera tu re  and n - t y p e  dopant.  How- 
ever, ~ ( T )  is dependent  on both  of these var iables  
(~(1050) : 1.1 • 10 -2~ for  the  [As+B - ]  pair ,  whi le  
~(1050) = 1.25 • 10 -20 for the  [ P + B - ]  pa i r ) .  Also, 
the  pa r ame te r  A depends on tempera ture .  Equat ion 
[10] is p lo t ted  in  Fig. 5 for  the  [As+B - ]  pa i r ing  con- 
dit ion at 1050~ It  can be seen tha t  this  phenomenon 
cannot be used to exp la in  the  data. 

The B diffusivi ty expresed  expl ic i t ly  in te rms of CB 
and CN can be obta ined  b y  subst i tu t ing  Eq. [4] or  [5] 
or [6] into Eq. [3], depending on the  t e m p e r a t u r e  
(val id  only over  the concentrat ion ranges indica ted) .  
Fo r  example,  plots of DB/Di (or p/nie) vs. CB for 
values  of CN are  shown in Fig. 6 for  diffusions pe r -  
fo rmed at  1000~ 

Conclusions 
The diffusion of i on - imp lan ted  B in the  presence 

of a un i form background  of n - t y p e  dopant  (P and As) 
has been studied. In  the  absence of any  prev ious ly  ob-  
served  cooperat ive-dif fus ion effects (3, 4) (e lect r ic-  

10 ~ IO00~ 

._l ~ 5 ~ i1. 
8 

g 
o . i -  

-- 5 xl020 

I I I IIIIl/J9iO t ~ ~ l ~ l  ~ ~ ~ 1  "011018 10 20 1021 
BORON CONCENTRATION, CB(cm 5) 

Fig. 6. Boron dlffusivity vs. concentration at T ----- I000~ for 
several values of n-type background doping density. 

field interact ion,  ion-pair ing,  vacancy transients ,  etc.),  
a r e t a rded  B diffusion has been observed to be con- 
sistent  wi th  the  local F e r m i - l e v e l  posi t ion in the Si 
bandgap,  as de te rmined  by  the net  free hole concen- 
trat ion.  The na t ive  defect  most l ike ly  responsible  for 
the diffusion of B is the  donor - type  monovacancy with 
a level  at ~Ev + 0.37 eV. 

Numer ica l  calculat ions of B diffusion profiles in 
which the B diffusivi ty is local ly  de te rmined  f rom the 
equat ion 

DR --  Di P/nie [2] 

wi th  P/n~e given by  Eq. [3] have y ie lded  good agree-  
ment  wi th  profiles expe r imen ta l ly  de te rmined  by  the 
SIMS analysis.  The resul ts  did  not  depend on the way  
in which the background  dopant  had  been in t roduced 
( implanta t ion  p r e d e p o s i t i o n  or  doped-ox ide  source) ,  
nor the type  of background  dopant  used (P or As) .  
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ABSTRACT 

The phase  d iag ram of the A1-Ga- In -As  qua t e rna ry  sys tem has been de te r -  
mined  expe r imen ta l l y  for severa l  A1 isoconcentrat ion sections. The l iquidus  
da ta  were  obta ined by  DTA, and the solidus da ta  were  de te rmined  f rom l iquid 
ep i tax ia l  l ayers  g rown on GaAs subst ra tes  by  using EPMA. The phase  d ia-  
g r am was ca lcula ted  by using a s imple  solut ion model. Most of the  nine 
in te rac t ion  pa rame te r s  necessary for the  presen t  calculat ion are  the  same as 
those used in the corresponding b ina ry  and t e r n a r y  phase  diagrams,  and the 
remain ing  th ree  parameters ,  ~'~lGaAs , ~'~SA1As.inAs , and ~'~SGaAs.InAs, w e r e  de te r -  
mined  by  fit t ing each ca lcula ted  phase  d i ag ram to the  expe r imen ta l  data. 

I t  has  been r epo r t ed  tha t  various,  closely la t t ice-  
matched  be te ro junc t ion  devices based  on qua t e rna ry  
I I I -V  solid solut ions are  possible  which  pe rmi t  
the  independen t  var ia t ion  be tween  la t t ice  constant  
and bandgap  (1).  Severa l  devices based on such 
systems have  been  reported,  for example ,  
G a x I n ~ - x P y A s l - J I n P  photocathode  emi t t e r  (1, 2), 
A l x G a l - ~ P y A s l - J G a P y A s l - y  he te ro junc t ion  lasers  (3), 
and A l x G a l - x A s ~ S b l - J G a A s y S b l - ~  he te ro junc t ion  l a -  
sers (4, 5). For  producing  these devices, the  accurate  
knowledge  of the i r  qua t e rna ry  phase  d iagrams is de-  
sired. 

The G a A s - A l x G a l - x A s  double  he te ros t ruc ture  device 
is p re sen t ly  one of the  most  impor t an t  of the  I I I -V  
mixed  crys ta l  systems, because ve ry  low threshold  
semiconductor  lasers  can be made  f rom it which  can 
opera te  cont inuously  at  room tempera tu re .  At  the  
region of the  he te roboundary ,  however,  stresses re -  
ma in  at  room t empera tu r e  due to the  different  la t t ice  
constants  of the  two layers  involved (6). These in t e r -  
face stresses a re  the  p r i m a r y  factors tha t  shor ten the  
l i fe t ime of the  lasers. I t  is possible  to get a good match  
be tween  the la t t ice  constant  of the  different  const i tuent  
layers  of the diodes by  the addi t ion  of a four th  com- 
ponent  P or In, tha t  is, b y  making  such s t ructures  as 

GaAs /A lxGa l -xP~As~-~ /A lvGa l -vPwAs l -w /  
AlxGal-xP,dASl-y 

o r  

GaAs/AlxGa  1 - xAs/AlyGazInl - y- zAs/AlxGal  - xAs. 

I t  is difficult, however,  to grow the al loys wi th  exac t ly  
control led  composit ions wi th  the  first system, because 
the  addi t ion of a smal l  amount  of P subs tan t ia l ly  raises 
the  mel t ing  t empera tu res  of the  alloys, the  vapor  
pressure  of phosphorus  in the  al loys is ve ry  high, and 
the atomic rat io  of P to As in the qua t e rna ry  solid 
solut ions var ies  r ap id ly  wi th  a smal l  change of As 
concentra t ion in the l iquid  (7). Consequently,  because 
of the i r  low mel t ing  t empera tu res  and the fact  that  
there  is only  one volat i le  component ,  As, i t  is be t t e r  
to use the  second sys tem for growing crysta ls  wi th  
closely contro l led  composi t ions 

In  the  present  paper ,  the  expe r imen ta l  and calcu-  
la ted  phase d iagrams  of A1-Ga- In -As  sys tem were  de-  
t e rmined  to faci l i ta te  the  p repa ra t ion  of closely la t t ice-  
matched  he te ro junc t ion  devices. 

Experiments and Results 
Liquidus.--Differential t he rma l  analysis  was used 

for the  de te rmina t ion  of the  l iquidus  i so therms of the  
A1-Ga- In -As  system. In this  work,  the  mate r ia l s  used 
were  semiconductor  grade  Ga, In, A1, and  GaAs. The 
requ i red  amounts  of these mate r ia l s  were  sealed under  
vacuum into a fused sil ica capsule as repor ted  ear l ie r  
(8). The capsule was he ld  above the mel t ing  point  of 
GaAs, then  cooled at a constant  ra te  of 3.0~ 

K e y  w o r d s :  L P E ,  I I I - V  semiconductors, quaternary, lattice m a t c h -  
ing ,  heterojunctions. 

Afte r  i t  had been  cooled be low an inflection point, Tc, 
that  was observed in the  cooling curve, i t  was again  
heated wi th  a constant  hea t ing  ra te  of 3.0~ to 
above an inflection point, Th, that  was observed in the  
heat ing curve. The tempera ture ,  Th, was read  f rom the 
foot point  on the  h igher  t empe ra tu r e  side of the  peak  
due to the  la ten t  hea t  of fusion of the  solid in the  
heat ing curve. I t  is considered tha t  the  last  solid com- 
p le te ly  dissolves and the evolut ion  of the  hea t  finishes 
off s l ight ly  below this point.  The tempera ture ,  Tc, at  
which a p r i m a r y  crys ta l  appears  in the  melt ,  tends  to 
be lower  than  the equi l ib r ium l iquidus  t e m p e r a t u r e  
due to the supercool ing effect. Therefore,  in the  p resen t  
analysis,  an average  of Tc and Th was t aken  to be the  
t ransformat ion  tempera ture .  These t empera tu res  a re  
l is ted in Table  I. 

In solutions containing X1A~ = 0.001, 0.002, and 0.005. 
the l iquidus at the  cross sections of X'As/(X1Ga -b XlIn 
-~ XnAs) : 0.05, 0.10, and 0.20 are  shown in Fig. 1, 2, 
and 3, where  Xli represents  the  atomic f ract ion of the  
e lement  i in the  l iquid. These A1 composit ions were  
t aken  from the prev ious ly  calcula ted phase  d iag ram to 
permi t  g rowth  of Al~Ga~-xAs (x = 0-0.3) ep i tax ia l  
layers  wi th in  a reasonable  t empe ra tu r e  range.  These 
figures show tha t  addi t ion  of A1 to the  mel t  raises  the  
l iquidus and decreases the  so lubi l i ty  of As in the l iquid. 

Table I. Liquidus temperatures determined by DTA in the 
AI-Ga-ln-As quaternary system 

A t o m i c  f r a c t i o n  (~ 

XIA1 XlGa Xlln X1As Th Te T 

0.001 0.89910 0.0 0.09990 997 963 980 
0.001 0.84915 0.04995 0.09990 984 946 965 
0.001 0.79920 0.09990 0.09990 977 947 962 
0.001 0.74925 0.14085 0.09990 972 944 958 
0.001 0.69930 0.19980 0.09990 945 922 934 
0,001 0.94905 0.0 0.04995 920 899 910 
0.001 0.89910 0,04995 0.04995 919 882 900 
0.001 0.84915 0.09990 0.0499~ 922 838 880 
0.001 0.79920 0.14985 0.04995 892 852 872 
0.001 0.74925 0.19980 0.04995 908 842 875 
0.002 0.74850 0.04990 0.19960 1102 1081 1092 
0.002 0.64870 0.14970 0.19960 1092 1053 1073 
0.002 0.54890 0.24950 0.19960 1064 1026 1045 
0.002 0.39920 0.39920 0.19960 1029 987 1008 
0.002 0.24950 0.54890 0.19960 995 953 974 
0.002 0.84830 0.04990 0.09980 1001 968 985 
0.002 0.74850 0.14970 0.09980 991 947 969 
0.002 0.64870 0.24950 0.09980 953 937 945 
0.002 0.49900 0.39920 0.09980 944 892 918 
0,002 0.34930 0.54890 0.09980 948 873 911 
0.002 0.89820 0,04990 0.04990 957 890 924 
0.002 0.79840 0.14970 0.04990 930 872 901 
0,002 0.69860 0,24950 0.04990 910 860 885 
0.002 0.54890 0.39920 ~04990 902 839 871 
0.002 0.39920 0.54890 0.04990 860 820 840 
0.005 0.74625 0.04975 0.19900 1129 1085 1106 
0.005 0.69650 0.09950 0.19900 1083 1078 1081 
0.005 0,59700 0.19900 0.19900 1068 1048 1058 
0.005 0.49750 0.29850 0.19900 1068 1022 1045 
0.005 0.84575 0.04975 0.09950 1014 977 996 
0.005 0.79600 0.09950 0.09950 995 966 981 
0.005 0.59700 0.29850 0.09950 972 952 962 
0.005 0.89550 0.04975 0.04975 952 915 934 
0.005 0.84575 0,09950 0.04975 923 908 916 
0.005 0.74625 0.19900 ~04975  941 884 913 
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Fig. 1. Liquidus curves at isoconcentration section of XIAI - -  

0.001 in the AI-Ga-ln-As system. Q ,  DTA data. - . . . .  and 
- - .  represent the calculated liquidus for the first (I) and 
second (11) sets of interaction parameters given in Table Ill,  re- 
spectively. 
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Fig. 2. Liquidus curves at isoconcentration section of XIA1 

0.002 in the AI-Ga-ln-As quaternary system. C),  DTA data. - . . . .  
and - -  represent the calculated liquidus for the first (I) 
and second (11) sets of parameters given in Table III,  respectively. 
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Fig. 3. Liquidus curves at isoconcentration section of X1A1 
0.005 in the AI-Ga-ln-As quaternary system. C), DTA data. - . . . .  
and - -  represent the calculated liquidus for the first (I) 
and second (11) sets of parameters given in Table III,  respectively. 
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Solidus.--AlxGayInl-x-yAs ep i t ax i a l  layers  were  
grown onto Cr -doped  or Te-doped  GaAs (100) or  
(111) A subst ra tes  f rom qua t e rna ry  solutions to de te r -  

mine  the  solidus isotherms. The appara tus  consisted of 
a horizontal  furnace,  a fused silica tube,  and a sl iding 
graphi te  boat. At  the  s tar t  of a run, the appara tus  was 
hea ted  r ap id ly  to 50~ above the  s tar t ing t empera tu re  
of the  growth  and main ta ined  there  for about 1 hr. I t  
was then  cooled wi th  a constant  cooling ra te  of 1.0~ 
min. At  the des i red  g rowth  tempera ture ,  the subs t ra te  
was brought  into contact  wi th  the  solut ion by  moving 
the slider. The growth  ranges  were  805~176 and 
905~176 Af te r  the growth,  the  solut ion was sepa-  
r a t ed  from the seed by  sl iding the boat, then  the ap-  
pa ra tus  was rap id ly  cooled to room tempera ture .  Laye r  
thicknesses were  in the  range  of 20 to 30 ~rn. 

Ga and Tn concentrat ions were  de te rmined  on 
c leaved sections of ep i tax ia l  layers  wi th  EPMA. A 
scanning e lect ron microscope equipped wi th  an ene rgy-  
dispers ive x - r a y  analyzer  was used. An elect ron beam 
energy of 25 keV was used and the peak  energy  o5 
the Ga-L~ emission bands  was measured.  GaAs and 
InSb were  used as the EPMA s tandard  for  Ga and In, 
respect ively.  The measured  re la t ive  x - r a y  intensi t ies  
were  normal ized  by  per forming  the atomic number ,  
absorption,  and fluorescence corrections. 

The qua te rna ry  layers  on GaAs subst ra tes  were  
single crystal .  The surfaces of the  layers  grown f rom 
800~ were  genera l ly  smoother  than  those f rom 900~ 
The layers  g rown from the l iquidus  containing X l l n  

0.3 showed uneven surfaces and genera l ly  were  po ly -  
crystal l ine.  The condit ion of the  surfaces was not in-  
fluenced by  A1 concentra t ion in the  l iquid  wi th in  the  
range of the  presen t  exper iments .  The var ia t ion  of the  
crys ta l  composit ion was due to the  deple t ion  of A1 in 
the mel t  near  the growing interface dur ing  cooling. 
The composit ion of the  layer  near  the in terface  be -  
tween the GaAs subs t ra te  and the ep i tax ia l  l ayer  was 
adopted as the  solidus composit ion of the  p r i m a r y  pre -  
c ipi ta ted crystal .  

The solidus isotherms in equi l ibr ium wi th  the  qua te r -  
na ry  l iquids containing X l i n  ~ 0.4 and X1A1 = 0.001, 
0.002, and 0.005 were  determined.  The solidus da ta  
values are l is ted in Table  II. F igures  4 and 5 show the 
solid solubi l i ty  isotherms for A1 in the  qua te rna ry  l iq-  
uids at 800 ~ and 900~ respect ively.  These solidus iso- 
therms show that  the lower  the growth  tempera ture ,  
the l a rge r  the dis t r ibut ion coefficient for A1 becomes. 
Figures  6 and 7 show the solid solubi l i ty  isotherms for 
In in the qua te rna ry  l iquidus  at 800 ~ and 900~ re -  
spectively.  These isotherms indicate  that  the  h igher  
the  growth  t empera tu re  and the lower  X1A1, the  la rger  
the  d is t r ibut ion  coefficient for  In  becomes. 

Discuss ion  
This exper imen ta l  phase d iag ram showed that  the 

solubi l i ty  of In in the solid was ve ry  smal l  and  almost  
l inear ly  dependent  on Xlin, and tha t  the  dis t r ibut ion 

Table II. Solidus compositions in equilibrium with the AI-Ga-ln-As 
quaternary liquidus determined by EPMA 

Ltquidus Mole  f r a c t i o n  
t e m p e r -  A t o m i c  f r a c t i o n  (mean  va lue )  

ature 
( ~  X1A1 XIGa ~]In ~IAs X S A I A s  XSIn&l 

800 0.001 0.92308 0.04995 0.02597 0.17886 0.00114 
800 0.001 0.87113 0.09990 0.02797 0.18415 0.00193 
800 0.001 0.81918 0.14985 0.02997 0.22455 0.00291 
800 0.001 0.76723 0.19980 0.03197 0.24370 0.00395 
800 0.002 0.93413 0.04990 0.01397 0.38304 0.00090 
800 0.002 0.88024 0.09980 0.01796 0.41125 0.00153 
800 0.002 0.82834 0.14970 0.01996 0.40335 0.00246 
800 0.002 0.77744 0.19960 0.02096 0.45555 0.00289 
800 0.002 0.67764 0.29940 0.02096 0.51145 - -  
800 0.002 0.57285 0.39920 0.02595 0.55108 - -  
800 0.00'5 0.93132 0.04975 0.01393 0.58900 
900 0.001 0.88611 0.04995 0.06294 0.10152 0.00191 
900 0.001 0.82917 0.09990 0.06993 0.12520 0.00336 
900 0.001 0.77323 0.14985 0.07592 0.13045 0.00499 
900 0.001 0.71528 0.19980 0.08392 0.15415 0.00663 
900 0.002 0.89022 0.04990 0.05788 0.25224 0.00157 
900 0.002 0.83832 0.09980 0.05988 0.25300 0.00260 
900 0.002 0.78044 0.14970 0.06786 0.24800 0.00393 
900 0.002 0.72754 0.19960 0.07086 0.26258 0.00565 
900 0.005 0.89649 0.04975 0.04876 0.45000 - -  
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Fig. 4. 800~ AlAs solidus isotherms in the AI-Ga-ln-As system 
at XiAz = 0.001, 0.002, and 0.005. O, XiAi = 0.001; Q ,  XiA~ - -  
0.002; ~ ,  XZ~l ~ 0.005. - . . . .  and - -  represent the 
calculated solidus for the first (I) and second (11) sets of param- 
eters given in Table III, respectively. 
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Fig. 7. 900~ InAs solidus isotherms in the AI-Ga-ln-As system 
at X~AZ = 0.001 and 0.002. e ,  XIAi = 0.001; Q ,  X~A~ : 0.002. 
. . . . .  and ~ represent the calculated solidus for the 
first (I) and second (11) sets of parameters given in Table III, 
respectively. 
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Fig. 5. 900~ AlAs solidus isotherms in the ALGa-In-As system 
at X ~ l  = 0.001, 0.002, and 0.005. e ,  Xi~z = 0.001; ~ ,  X ~  - -  
0.002; A ,  XiAi ~ 0.005. - . . . .  and - -  represent the 
calculated solidus for the first (I) and second (11) sets of param- 
eters given in Table III, respectively. 
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Fig. 6. 800~ InAs solidus isotherms in the AI-Ga-ln-As system 
at Xi~l = 0.11111 and 0.002. O, XiA~ = 0.001; (~), X~a~ ~ 0.002. 
. . . . .  and - -  represent the calculated solidus for the first 
(I) and second (11) sets of parameters given in Table III, respec- 
tively 

coeff ic ient  f o r  A1 w as  n e a r l y  i n d e p e n d e n t  of Xlln (XlIn 
0.2). A q u a t e r n a r y  l a y e r  w h i c h  ha s  t h e  s a m e  b a n d g a p  

as t h e  a c t i v e  l aye r ,  A l y G a l - y A s  of  t h e  

G a A s / A l x G a l - x A s / A l y G a l - ~ A s / A l x G a l - x A s  

s t r u c t u r e  a n d  w h o s e  l a t t i c e  is m a t c h e d  w i t h  t h a t  of 

A l ~ G a l - x A s  can  b e  ea s i ly  p r e p a r e d  b y  u s i n g  t h e  i n -  
f o r m a t i o n  c o n t a i n e d  in  t h e  p h a s e  d i a g r a m .  T h a t  is, t h e  
d e s i r e d  a m o u n t  of I n  c a n  b e  ea s i ly  d i s s o l v e d  i n  t h e  
so l id  a t  t h e  a p p r o p r i a t e  A1 compos i t i on .  

T h e  A 1 - G a = I n - A s  p h a s e  d i a g r a m  w a s  c a l c u l a t e d  b y  
t r e a t i n g  t h e  q u a t e r n a r y  l i q u i d  a n d  so l id  as a s i m p l e  
s o l u t i o n  (11, 12) in  w h i c h  t h e  i n t e r a c t i o n  p a r a m e t e r s  
a re  a p p r o x i m a t e d  b y  a l i n e a r  t e m p e r a t u r e  d e p e n d e n t  
f u n c t i o n .  T h e  bas ic  e q u a t i o n s  g i v e n  b y  H u b e r  (13) e x -  
p r e s s i n g  t h e  c h e m i c a l  e q u i l i b r i u m  b e t w e e n  t h e  p s e u d o -  
t e r n a r y  so l id  of  t h e  t y p e  A z B y C I - x - ~ D  a n d  t h e  q u a t e r -  
n a r y  l i q u i d  w e r e  used .  T h e s e  e q u a t i o n s  a r e  u s e f u l  fo r  
t h e  c a l c u l a t i o n  of  t h e  I I IA- I I IB- I I I c -VD t y p e  p h a s e  
d i a g r a m  b e c a u s e  t h e  sol id  of  t h e  t y p e  A x B y C I - = - ~ D  is 
c o m p l e t e l y  a n a l o g o u s  to t h e  p s e u d o b i n a r y  solid.  T h e  
r e a s o n a b l e  v a l u e s  f o u n d  i n  t h e  l i t e r a t u r e  w e r e  u s e d  as 
t h e  i n t e r a c t i o n  p a r a m e t e r s  n e c e s s a r y  fo r  t h e  c a l c u l a -  
t ion.  T h e s e  v a l u e s  a r e  l i s t e d  i n  T a b l e  III .  T h e  c a l c u l a t e d  
r e s u l t s  r e p r e s e n t e d  b y  d a s h e d  l i ne s  in  Fig.  1-7, h o w -  
ever ,  d id  n o t  a g r e e  w e l l  w i t h  e v e r y  e x p e r i m e n t a l  one.  
F o r  o b t a i n i n g  t h e  r e a s o n a b l e  a g r e e m e n t ,  t h e  v a l u e s  of  
t h r e e  p a r a m e t e r s ,  ~'~lGaAs , ~-~SA1As_inAs , a n d  ~SGaAs. inAs , h a d  
n e e d e d  to b e  c h a n g e d  as ~IGaAs : 6100 --  9T, ~sA1As.inAs 
-- 4800, a n d  ~SGaAs_i~As _-- 4800 c a l / m o l e ,  b u t  t he  i m -  
p l i c a t i o n  of t h e  m a g n i t u d e  of t h e s e  p a r a m e t e r s  p r e -  
s e n t e d  h e r e  is no t  c lear .  T h e  c a l c u l a t e d  r e s u l t s  a r e  r e p -  
r e s e n t e d  b y  so l id  l ines  in  Fig.  1-7. F i g u r e  8 s h o w s  t h e  
l i q u i d u s  i s o t h e r m s  a n d  t h e  A l A s  a n d  I n A s  so l idus  i so-  
t h e r m s  on  t h e  e n t i r e  c ross  s ec t i on  of  0.2 a t o m  p e r  c e n t  
A1 in  t h e  l i q u i d  w h i c h  a r e  c a l c u l a t e d  b y  u s i n g  s u c h  
c h a n g e d  p a r a m e t e r s .  F i g u r e  8 s u m m a r i z e s  t h e  r e s u l t s  
of  Fig.  4-7. 

Table III. Thermodynamic input data for phase diagram calculatlon 

The diagram was calculated for two sets of interaction parameters. 
Each set is consisted of nine parameters. Six are common parameters 
in two sets and the remaining three parameters, ~lGaAs,~SAiAs_inAsw 
and ~SGaAs-InAs, are not. The first and the second sets are marked 

with I and II, respectively. 

Input data 

TFAIAs = 2043.0~ (14, 15) 
TFGaAs ---- 1511.0~K (16, 17) 
TFI=A, = 1215.0~ (18, 19) 
AS~AZAs = 15.60 ca]/mole~ (12) 
AS~GaAs 16.64 cal/mole6K (20) 
6S~InAm = 14.52 cal/mole~ (20) 
91AlGa = 104 cal/mole (12) 
~21Alxn = 2000 cal/mole (21) 
~laal.  = 1060 cal/mole (12) 
~ZAIA~ = --6390 --5.5T cal/mole (10) 
~IGaAs ---- I 5160 --9.16T cal/mole (22) (I) 

6100 --9T cal/mole (II} 
~XInAs = 4300 --9.16T cal/mole (23) 
~SAIAS-GaAS = --3892 +4.0T cal/mole (10) 

2500 cal/mole (12) (I) 
9sA1As-XnA' = 4800 cal/mole (II) 

~ 3000 cal/mole (12) (I) 
~SgaA=-IaAm = 4300 eal/mole (II) 
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Fig. 8. The calculated AI-Ga. 
In-As quaternary phase diagram 
on the entire cross section of 
X1A1 _-- 0.002 for the second (11) 
set of parameters given in Table 
III. Calculated liquidus 
isotherms; . . . . .  calculated 
AlAs solidus isotherms; . . . .  cal- 
culated InAs solidus isotherms; 
e ,  DTA data. 
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The High-Temperature Oxidation Behavior of a HfB  + 
20 v/o SiC Composite 
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ABSTRACT 

The h igh- tempera ture  oxidation behavior of a HfB2 ~- 20 v/o  SiC com- 
posite was investigated in the temperature  range 1200~176 and in oxygen 
part ial  pressures at 1400~ ranging from 2.6 X 10 -9 to 3.3 X 10 -1 atm. Oxi- 
dation kinetics in pure oxygen were parabolic, with the rate constants ex- 
hibi t ing l inear  Arrhenius  behavior. The rate of oxygen consumption is de- 
scribed by kp ---- 1.62 X 107 exp(--lO6,0OO/RT) g2-cm-4-hr  -1 in the range 
1350~176 The oxide scale formed in  this range consisted of an inner  
HfO2 layer in series with an outer SiO2 layer. The oxidation rate was found to 
be controlled by init ial  short-circuit  oxygen diffusion through the HfO2, 
followed by volume diffusion through the SiO2 scaling layer. Below 1350~ 
rapid oxidation kinetics were observed, HfO~ being the pr imary  scale con- 
stituent. 

Interest  in diboride composites stems from their  po- 
tent ial  use in h igh- tempera ture  oxidizing environ-  
ments. These materials  hold promise due to their  
chemical inertness, thermal-shock resistance, retained 
strength at high temperature,  and oxidation resistance. 
Ear ly  studies by Kau fman  et al. (1) on the oxidation 
of undoped diborides showed the oxidation resistance 
of HfB2 to be superior to that of its Zr, Ti, Ta, and Nb 
counterparts  based on a comparison of the total di- 
boride recession after a 1 hr exposure to oxygen at 
temperatures  ranging from 1300~176 Later, Kauf-  
man  et al. (2) and Berkowitz-Mattuck (3) studied the 
oxidation rate of HfB2 and ZrB2 as a funct ion of tem- 
perature  and oxygen part ial  pressure in order to de- 
te rmine  the mechanism of oxidation. The oxidation 
kinetics were observed to obey a parabolic rate law, 
and oxygen diffusion through the scaling layer  was 
found to be rate determining.  More recently, 
Clougherty et at. (4) investigated the oxidation be- 
havior of HfB2 and ZrB2 containing additions of SiC 
as a funct ion of temperature  only, and total diboride 
recession was measured after 1 hr  of oxidation. The 
SiC addit ion was found to increase the oxidation re-  
sistance; however, kinetic data were not obtained. 

The oxidation of ZrB2 and ZrB~ -}- 20 v/o  SiC has 
been investigated by Tripp et aL (5-7) as a funct ion of 
tempera ture  and oxygen part ial  pressure using thermo-  
gravimetric  techniques. The oxidation reaction was 
found to be controlled by diffusion through a SiO2 
scahng layer. In  the present  investigation, the oxida- 
t ion behavior  of HfB2 -}- 20 v/o  SiC was studied as a 
funct ion of temperature  and oxygen part ial  pressure. 
The oxidation resistance of the HfB2 -9 SiC composite 
was compared to that  of its consti tuent components as 
well as its zirconium counterpart  in  order to define 
the ra te -de te rmin ing  oxidation mechanism. 

Experimental 
The diboride composite used in this s tudy was pre-  

pared by Man Labs, Inc. under  contract with the Air 
Force Materials Laboratory. The HfB2 + 20 v/o  SiC 
powders had been hot pressed at 2200~ under  a pres- 
sure of 3000 psi for 90 rain, and the result ing billet 
was 88% dense. Coupons (--  1 >< 0.5 X 0.1 cm) were 

�9 Electrochemical  Society Act ive  M e m b e r .  
Key words:  boride, o x y g e n  c o n s u m p t i o n ,  electrobalance,  si l icon 

carbide, ha fn ium diboride, diboride ceramic  c o m p o s i t e .  

cut from the billet, ground with 600-grit SiC paper, 
and ul trasonical ly cleaned in acetone and methanol.  

Oxidation kinetics were determined using an oxy- 
gen-consumption technique (5-7) which is very useful 
for s tudying oxidation where one or more of the re-  
action products is volatile at sample tempera ture  but 
condensable at lower temperatures.  With this tech- 
nique the volatile species are collected on the walls of 
a cold a lumina  crucible which is suspended over the 
sample, and the weight of the sample plus crucible is 
monitored continuously with time. In  this way the 
weight gain due to the oxygen used to form both the 
solid and volatile products can be measured. The mea-  
surement  of sample weight change alone does not give 
a t rue indication of the reaction kinetics because sam- 
ple weight gains and losses occur simultaneously.  In 
the present work nonvolat i le  tIfO2 and SiO2 are formed 
as well as volatile B20~ and SiO. The CO and CO2 
which are formed as oxidation products cannot be 
condensed on the cold crucible; however, their  weight 
is only 10-15% of the total weight change. 

The kinetics of total oxygen consumption were 
studied using a Cahn RH electrobalance having a ca- 
pacity of 100g and a sensit ivity of _ 2 ~g. The balance 
assembly has been described previously (5, 8). The 
diboride specimen and crucible were preheated for 

15 hr in Ar at 500~ in  the balance assembly. The 
furnace was then quickly heated to the desired tem-  
perature  and the oxidant (O2, O2/Ar, or CO/CO2) 
admitted into the furnace chamber unt i l  the desired 
total pressure was reached. In  all cases the oxidation 
experiments  were conducted in  flowing gas at ,~ 60 
cm ~ (STP) /min .  

Postoxidation analysis of the specimens consisted of 
x - ray  analysis for determining scale constituents, 
microprobe analysis for e lemental  dis t r ibut ion , and 
optical and scanning electron microscopy for scale 
morphologies. 

Results 
Oxidation in pure oxygen.--The oxidation behavior 

in pure oxygen was studied in the temperature  range 
1200~176 the results of a typical experiment  are 
shown in  Fig. 1. In  all experiments  parabolic behavior 
was observed after an init ial  t ransient  period, the ini-  
tial rapid kinetics being due to short-circuit  diffusion 
(see Discussion section). Scaling rate constants corn- 
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Fig. 1. Typical parabolic plot of kinetic data for HfB2 + SiC 
oxidation in 250 Torr 02. 

to selective oxidation of the HfB2 with very  slow attack 
of the SiC. Only small  amounts  of SiO2 were found on 
the samples oxidized at these low temperatures.  There-  
fore, the beneficial effect of the addit ion of SiC appears 
to be lost in this tempera ture  range. 

Figure 3 is an  optical micrograph of the polished 
cross section of a sample oxidized for 24 hr  at 1400~ 
in 250 Torr  oxygen. The scale formed consists of an 
amorphous SiO2 layer on top of a HfO2 layer and is 
typical of those formed in the h igh- tempera ture  re- 
gion. The HfO2 is porous and of uni form thickness, the 
dark regions being a combinat ion of voids and SiC 
particles. The matr ix  beneath  the scale contains a 
uni form dis t r ibut ion of SiC particles and no SiC de- 
pletion is observed. 

X- ray  diffractometer analysis of the oxidized speci- 
mens indicated that monoclinic HfO2 and tetragonal  
HfSiO~ are the p r imary  scale constituents. The ex- 
pected amorphous silica hump and cristobaEte peak 
could not be found with this technique. The location of 
the scale consti tuents was obtained using the electron- 
beam microprobe. Figure 4 is a microprobe scan of the 
sample oxidized at 1400~ The zone be tween 19 and 

puted from the slopes of the parabolic plots are given 
in Arrhenius  form in Fig. 2. The activation energy for 
oxidation in  the range 1350~176 is 106 kcal /mole 
with 

kp _-- 1.62 • 10 ~ exp (--  106,000/RT) g L c m - 4 - h r  -1 

The scaling rate increases abrupt ly  below 1350~ due 
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Fig. 2. Arrhenius plot of parabolic rate constants for total oxy- 
gen consumption of HfB2 + SiC in 250 Torr 02. 

Fig. 3. Optical microgroph of a HfB2 + SiC specimen oxidized 
at 1400~ in 250 Torr 02 for 24 hr. 
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Fig. 4. Electron-beam microprobe scan of a HfB2 + SiC specimen 
oxidized at 1400~ in 250 Tort O2 for 24 hr, 
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27~ m a y  be HfSiO4; however ,  since the  in tens i ty  of the  
Hf peak  var ies  th roughout  this  range, the  thickness  of 
the HfSiO4 cannot  be determined.  The HfSiO4 p robab ly  
exists  as a ve ry  th in  reac t ion  l aye r  be tween  the  SiO2 
and HfO~ scal ing layers .  No B was found in the  mic ro-  
probe scans of the  scales, suggest ing tha t  B diffuses 
th rough  the scale and vaporizes  as B203 at the  scale-  
ambient  interface.  

Oxidation at reduced oxygen partial pressures.--The 
oxygen pa r t i a l  p ressu re  dependence of the  ra te  of oxy-  
gen consumption was inves t iga ted  at 1400~ Reduced 
oxygen pa r t i a l  pressures  in the  range  3.6 X 10 -9 to 
3.3 X 10 -1 arm were  es tabl ished wi th  p remixed  O J A r  
and CO/CO.2 gas mix tures  obta ined f rom Ai r  Prodtmts  
and Chemicals,  Inc., the  total  system pressure  being 
main ta ined  at  250 Tort .  A parabol ic  plot  of the  da ta  
is p resented  in Fig. 5. Oxidat ion  kinet ics  are  s lower 
than  parabol ic  in the O2/Ar mix tures  except  at a Po~ 
of 3.2 X 10-4 arm where  rap id  l inear  oxidat ion  kinetics 
are  exhibi ted.  At  this Po2 active oxidat ion of the SiC 
occurs, wi th  gaseous SiO being fo rmed  as the  react ion 
product .  A weight  gain, r a the r  than  a weight  loss, is 
o b s e r v e d  because the volat i le  species is collected as 
SiO2 on the cold crucible  sur rounding  the HfB2 + SiC 
sample.  The ra te  of oxygen  consumption is found to 
increase wi th  decreasing Po2 in O2/Ar gas mix tures  
down to 3.2 X 10 -4  arm. Below this pressure  CO/CO2 
gas mix tures  were  used, and the t rend  is reversed.  The 
oxidat ion kinet ics  are parabol ic  in CO/CO2 mix tu res  as 
in pu re  oxygen,  suggest ing tha t  the react ion is diffusion 
controlled;  however,  the  oxidat ion  rates  a t  the  low 
oxygen pa r t i a l  pressures  es tabl i shed  by  these mix tu res  
a re  much higher.  

F igure  6 is a l ight  mic rograph  of the  sample  oxidized 
at  a Po2 of 3.2 X 10 -4  atm. As expected,  the  SiO2 scale 
is absent,  and a th ick  HfO2 l aye r  has formed.  The SiC 
par t ic les  have been deple ted  in the  ma t r i x  due to 
rap id  active oxidat ion.  This mic rograph  is in contras t  
to tha t  of the  sample  oxidized in pu re  oxygen (Fig. 3) 

Fig. 6. Light micrograph of a HfB2 + SiC specimen oxidized at 
1400~ in 975 ppm O2/Ar (Po 2 = 3.2 X 10 -4  atm) for 24 hr. 

where  no such deplet ion zone is present .  F igure  7 is a 
comparison of scanning e lect ron micrographs  of these 
two specimens oxidized at 1400 ~ in a Po2 of 3.3 • 10 -1 
and 3.2 X 10 -4 arm. The HfO2 scale formed at  the 
h igher  Po2 appears  to be more  coherent  than  that  
formed at  the lower  Po2 which contains pores  and p in -  
holes th rough  which SiO escaped dur ing  oxidation.  

Light  micrographs  of samples  oxidized in CO/CO2 
mixtures  are  shown in Fig. 8. The HfO2 scale formed 
on these samples  has a g rea te r  thickness than  that  
formed in pure  oxygen, and globules of SiO2 ra the r  
than  a coherent  l aye r  a re  formed on the  HfO2 layer .  
No active oxidat ion of the  SiC par t ic les  was found, as 
evidenced by  the absence of a SiC deplet ion zone near  
the ma t r i x -ox ide  interface.  
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Fig. 5. Total oxygen consumption of HfB2 + SiC as a function 
of oxygen partial pressure at 1400~ �9 02; Q ,  I I ,  [ ]  O2/Ar; 
A ,  & CO/CO~. 

Fig. 7. SEM micrographs showing the effect of oxygen partial 
pressure on oxide scale morphologies. Specimens were oxidized at 
1400~ for 24 hr, 
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Fig. 8. Light micrographs of two HfB2 + SiC samples oxidized 
at 1400~ in CO/CO~ gas mixtures for 24 hr. 

Discussion 
T h e  parabolic oxidatior~ kinetics observed in pure 

oxygen indicate that the oxidation reaction is diffusion 
controlled. Oxidation may be controlled by one of 
several mechanisms, including inward diffusion of oxy- 
gen through either the HfO2 or SiO2 layer or outward 
diffusion of Si, C, or B through the HfO~ or SiO2. If 
the oxidation mechanism is via oxygen transport  
through the HfO2 scale, the oxidation rate and activa- 
tion energy for oxidation should agree with previous 
results for Hf and H-fB2 oxidation. The rates of oxida- 
tion for HfB2 -~ SiC, HfB2, and I-If in 250 Torr 02 are 
compared in Fig. 9. In order to compare the oxidation 
kinetics for the three materials, the rates of HfO2 
formation were computed from the experimental para-  
bolic rate constants, assuming that the diboride mate- 
rials oxidize stoichiometrically according to the reac- 
tions 

HfB~ + 5/20~ = I-IfO2 + B~Os [1] 
and 

HfB~ 4- O.36SiC 4- 3.04 O2 -- HfO2 

4- 0.36SIO2 + B~O8 -F 0.36CO [2] 

The low-temperature (600~176 data by Smeltzer 
and Simnad (9) for Hf oxidation were extended into 
the range of interest. For the oxidation of Hf and 
HfB2, the agreement in rates of HfO2 formation and 
activation energies is quite good, which suggests that 
the oxidation mechanism is the same for the two mate- 
rials. However, the SiC addition to the HfB2 signifi- 
cantly alters the kinetics and activation energy for 
oxidation. Although volume diffusion of oxygen 
through the HfO2 layer has been found to control the 
oxidation of Hf (9) and HfB2 (3), this mechanism is 
not rate determining during the oxidation of HfB2 ~- 
SiC. 

If the oxidation of HfBe 4- SiC is controlled by dif- 
fusion of oxygen through the SiO~ scaling layer, the 
activation energy and kinetics of oxidation should 
agree with those of other silicon-based materials. Gen- 
erally activation energies of 28-30 kcal/mole are re-  
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Fig. 9. Comparison of the rates of HfO,2 formation during oxida- 
tion of HfB~ "t- 20 v/o SiC, Hf, and HfB2 in 250 Tort 02. 

ported for silicon oxidation in the range 800~176 
(10-12). However, in recent investigations on the oxi- 
dation of silicon (13) and hot-pressed silicon carbide 
(14-16), activation energies of ~ 70-115 kcal/mole 
were reported. In Fig. 10 the oxidation kinetics of 
HfB2 + SiC are compared with those for SiC oxidation 
obtained by the present authors (15, 16). The rates of 
SiO2 formation were compared for the two materials 
using the stoichiometric oxidation reaction (2) and 
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Fig. 10. Comparison of the rotes of Si02 formation dur,lng oxi- 
dation of HfB2 -~ 20 v/o SiC and hot-pressed SiC in 250 Torr 02. 
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the reac t ion  
SiC + 3/2 02 = SiO2 + CO [3] 

The agreement  in rates  and act ivat ion energies  is ex -  
cellent,  confirming tha t  the  ox ida t ion  mechanism is the  
same for the two mater ia ls .  Therefore,  ou tward  diffu- 
sion of B th rough  the scale is e l imina ted  as a possible 
ra te -con t ro l l ing  mechanism.  Fo r  SiC oxidat ion  a mech-  
anism involving ou tward  diffusion of C was shown to 
be unl ikely,  instead,  vo lume diffusion of oxygen 
th rough  the scale was found to be ra te  controlling, the 
valence of the  oxygen  species being inde te rmina te  
(15-16). Thus, in pu re  oxygen,  the oxidat ion  mech-  
anism of both HfBs 4- SiC and SiC is i nward  diffusion 
of oxygen  th rough  the silica scale. 

Some quest ion arises as to the m a n n e r  in which  the 
ex te rna l  Si02 scale forms atop the in te rna l  HfO2 layer .  
The opt ical  micrographs  and microprobe  scans of the 
oxidized specimens revea l  the  presence of SiC pa r -  
t icles in the  I--fro2 layer .  I t  is be l ieved  tha t  a number  of 
these par t ic les  are  present  at  or near  the  ambien t  HfO2 
in ter face  fol lowing the ini t ia l  t rans ient  oxidat ion 
per iod  and tha t  the  SiO~ which subsequent ly  forms on 
the SiC par t ic les  spreads  l a t e ra l ly  across the  HfO2 
surface forming  a pro tec t ive  layer .  In  view of the  
s imi la r i ty  be tween  the oxidat ion behavior  of SiC and 
that  of HfB2 4- SiC, i t  appears  that  any ra te -con t ro l l ing  
mechanism involving ou tward  Si  diffusion th rough  the 
HfO2 l aye r  is improbable .  

The oxygen pa r t i a l  pressure  dependence  of the  oxi-  
dat ion ra te  is qui te  different  for SiC and HfB2 4- SiC. 
At  reduced  oxygen pa r t i a l  pressures  in  O2/Ar gas 
mixtures ,  the  ox ida t ion  ra te  of SiC was parabol ic  and 
increased with  Pos. In  the  presen t  inves t igat ion the 
ra te  decreased with  increas ing Pos in the  same mix.- 
tures. The rap id  ra te  of oxida t ion  at a Po2 of 3.2 X 10 -4 
a tm has a l r eady  been in t e rp re t ed  in terms of active 
oxida t ion  of the  SiC par t ic les  in the  HfB2 matr ix .  How- 
ever, at l a rge r  oxygen par t i a l  pressures,  no evidence 
for act ive oxida t ion  th rough  deple t ion  of the  SiC pa r -  
t icles was found. The downward  curva ture  of the  p a r a -  
bolic plots  at  these pressures  suggests tha t  the  oxi-  
da t ion  ra te  is contro l led  by  oxygen diffusion along 
shor t -c i rcu i t  paths  th rough  the HfO2 layer ,  the number  
of paths  decreasing wi th  t ime. Such shor t -c i rcu i t  dif-  
fusion has been observed and in te rp re ted  by  Smel tzer  
et al. (17) for the ini t ia l  oxidat ion  of Zr  and Hr. If  
the  ra te  of SiO2 format ion  decreases wi th  decreasing 
Po~, as observed for  SiC oxidation,  it  wi l l  t ake  longer  
to form a coherent  SiO2 l aye r  at reduced  P02, and the 
shor t -c i rcu i t  diffusion found in i t ia l ly  in pure  oxygen 
wil l  occur for  a longer  per iod  of t ime. Therefore,  in 
O2/Ar mix tures  the  oxidat ion  mechanism is essent ia l ly  
the  same as it  is in pure  oxygen  except  tha t  the  per iod 
of shor t -c i rcu i t  diffusion is extended.  

In  CO/COs gas mix tures  the  oxida t ion  ra tes  were  
parabol ic  af ter  a br ie f  t rans ien t  period, decreased wi th  
decreasing Pos, and were  la rger  than  in pure  oxygen.  
The SiO2 formed in these mix tures  appea red  as g lob-  
ules and was not protect ive.  Al though  the cause of 
the  globule fo rmat ion  is not clear, volume oxygen 
diffusion th rough  the HfOs l aye r  is bel ieved to be ra te  
de te rmin ing  in these mixtures .  Act ive  oxidat ion of the  
SiC par t ic les  was not observed in CO/CO2 mixtures .  In 
these mix tu res  the  pa r t i a l  pressure  of CO in the gas 
sur rounding  the sample  is large causing the active 
oxidat ion  react ions 

SiC + 2SIO2 = 3SiO 4- CO [4] 
and  

2CO~ = SiO + 3CO [5] 

to be retarded or driven to the left. 
The rates of total oxygen consumption of HfBs 4- 

SiC and ZrB2 4- SiC composites in 250 Torr 02 are 
compared in Fig. 11. The 1400~ data for the ZrB2- 
based composite are those of Trippet al. (7) converted 
to a parabolic plot. The initial rapid oxidation kinetics 
of the two composites are controlled by short-circuit 
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Fig. 11. Comparison of the rates of total oxygen consumption for 
HfB2 4- 20 v/o SiC and ZrB2 4- 20 v/o SiC at 1400~ in 250 
Tort 02. 

diffusion th rough  the inner  HfO2 or  ZrO2 scales; how-  
ever, the reason for the  la rge  difference in ini t ia l  oxi-  
dat ion rates  is unknown.  Af te r  -~ 10 h r  the  oxidaUon 
ra te  of the ZrB2 4- SiC composite  is only  a fac tor  of 
four  la rger  than  that  of the  HfB2 4- SiC. Since each 
composite contains ,~ 26-27 m / o  SiC, the  s toichiometr ic  
oxidat ion react ions are  essent ia l ly  the  same for the  
two materials .  Hence, the r a t e s  of silica fo rmat ion  dur -  
ing oxidat ion  can be compared  d i rec t ly  and agree  w e e  
wi th in  one order  of magni tude.  The oxygen par t i a l  
pressure  dependences  of the  oxida t ion  ra tes  are  also 
similar .  Therefore,  the  same mechanism, ini t ia l  shor t -  
circuit  oxygen diffusion th rough  the HfO2 or ZrO~ fol~ 
lowed by  oxygen diffusion th rough  the SiO2 scaling 
layer ,  controls  the  oxida t ion  of the  two mater ia ls .  
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Kinetics of Phosphorus Predeposition in 
Silicon Using POCI  
P. Negrini, D. Nobili, and S. Solmi 

C.N.R.--LAMEL, Via Castagnoli, 1, 40126 Bologna, Italy 

ABSTRACT 

Phosphorus  predeposi t ion  in silicon using a POC13 source and oxidizing 
condit ions has been s tudied over  a wide  range of t empera tu re  (850~176 
and doping gas compositions, by  de te rmining  the total  and e lect r ica l ly  active 
dopant  and the thickness  of the  surface oxide. The dependence of the  f ract ion 
of e lectr ical ly  inact ive phosphorus  on tempera ture ,  t ime, and doping gas 
composit ion was  studied;  and it is r epor ted  that  phosphide  prec ip i ta t ion  takes  
place in the course of the  predeposi t ion.  These observat ions lead to the  con- 
clusion tha t  the  flux of phosphorus  is not  l imi ted  by  the solubi l i ty  of this  
e lement  in silicon, and this is confirmed by the resul ts  of the  s tudy of the  
kinetics,  which are  repor ted.  They  show that  the r a t e -de t e rmin ing  process of 
phosphorus  predepos i t ion  and the associated oxide growth  is the  diffusion 
across the  oxide layer .  The amount  Q of dopant  predepos i ted  in an  isothermal  
process increases wi th  a parabol ic  t ime law 

Q -- ~/Ko exp ( - E K / k T )  �9 t 

and a simil~ar behav ior  is observed for the  oxide thickness 

Xo : ~/Bo exp ( - -EB/kT)  �9 t 

It  is shown that  EK and EB are  constants in a wide range of exper imen ta l  
conditions, and the dependence  of Ko and Bo on gas composit ion is reported.  
A method,  based on surface res is t iv i ty  measurements  af ter  dr ive- in ,  which 
provides  quant i ta t ive  de te rmina t ions  of the predepos i ted  phosphorus  in sat is-  
fac tory  agreement  wi th  act ivat ion analysis,  is r epor ted  in the  Appendix .  

A considerable  amount  of in format ion  exists in the  
l i t e ra tu re  on the electr ical  p roper t ies  of phosphorus-  
doped layers  in sil icon as a funct ion of the  main  
pa ramete r s  of the  predepos i t ion  process (1-4).  

I t  has been not iced by  severa l  authors  tha t  only a 
f ract ion of the  predepos i ted  phosphorus  is e lectr ical ly  
active and that  it  changes wi th  subsequent  hea t - t r ea t -  
ments  (5, 6). Severa l  hypotheses,  among which is that  
of precipi ta t ion,  have been put  fo rward  to exp la in  the 
phenomenon (7, 8). 

In sil icon device technology, predeposi t ion  is gen- 
e ra l ly  fol lowed by  hea t - t r ea tmen t s  (dr ive- in ,  ox ida-  
tion, anneal ing)  which can therefore  resul t  in an un-  
p red ic tab le  change of the  amount  of e lect r ica l ly  active 
dopant.  

In  indus t r ia l  pract ice  this  unce r t a in ty  is by -passed  
by  using s tandard  procedures  for device production.  

Determina t ion  of the to ta l  phosphorus  content as a 
funct ion of the main  pa rame te r s  of the  predep.osition 
thus has prac t ica l  in teres t  and is a necessary procedure  
for an analysis  of the  kinetics of this process. 

Fur ther ,  de te rmina t ion  of the funct ional  relat ions 
be tween the physical  and chemical  var iables  and the 

K e y  words :  silicon, p h o s p h o r u s  oxych lo r ide ,  k ine t ics  of predeposi- 
tion, phosphorus precipitation. 

elect r ica l ly  active and to ta l  dopant  can contr ibute  to 
c lar i fying the na ture  of the  e lec t r ica l ly  inact ive phos-  
phorus.  

Experimental 
Low dislocation dens i ty  ( <  500 cm-2) ,  (111) or i -  

ented, boron-doped,  Czochra lsk i -pul led  silicon of nomi-  
na l ly  1 ohm.cm,  about  300 ~m thick, has been used in  
our exper iments .  Slices, produced by  Wacker ,  were  
mi r ro r  finished on one side. 

Predepos i t ion  exper iments  were  car r ied  out under  
oxidizing conditions in an open tube furnace 1 having an 
in terna l  d iameter  of 55 mm. Tempera tu r e  un i fo rmi ty  in 
the flat zone of the quar tz  tube ( ~  30 cm) was kep t  
wi th in  • 0.5~ 

Experiments,  were  run  at 850 ~ 920 ~ 1000 ~ 1100 ~ and 
1200~ using a POC18 source kept  at 24~ (correspond-  
ing to a vapor  pressure  of 34 Tor r ) .  

The predeposi t ion a tmosphere  consisted of high 
pur i ty  ni t rogen bubb led  th rough  the phosphorus  oxy-  
chlor ide  source and mixed,  before  enter ing the furnace,  
wi th  the main  car r ie r  gas (n i t rogen plus  high pur i ty  
oxygen) .  

B.T.U. Engineering Corporation, Model PC.  LH1.  
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A set of exper iments  has been car r ied  out at var ious  
pa r t i a l  pressures  of dopant,  a lways  keeping the  ra t io  
be tween  POCI~ and 02 constant ;  another  set by  chang-  
ing only oxygen  par t i a l  pressure  and a th i rd  set by  
changing only that  of POC18. In any case the to ta l  gas 
flow was kep t  constant  (1580 m l / m i n )  by  adjus t ing  
the ma in  n i t rogen flow. Ca l ib ra ted  flow meters  2 were  
used to control  the  predepos i t ion  a tmosphere .  

P r io r  to each deposi t ion a 5 rain w a r m - u p  pe r iod  was 
given wi thout  the  flow of dopant  and, a f te rwards ,  a 
fu r the r  3 min  flushing as a hea l th  precaut ion.  

Ext rac t ion  f rom the furnace was, unless  specified, 
r ap id  (about  1 sec). Specimens were  left  to cool in an 
air  s t ream, and a quar tz  boat  of low the rmal  capaci ty  
was used. 

The thickness  of the phosphorus  glass formed dur ing 
the predepos i t ion  was accura te ly  measured  by  a Ta ly -  
step ( m a x i m u m  sensi t iv i ty  20A) by  making  at  least  10 
de te rmina t ions  for each specimen. 

We have de te rmined  both the  e lec t r ica l ly  act ive and 
the to ta l  content  of phosphorus.  As discussed in the  
Append ix  the  la t te r  quant i ty  has been  measured  by  
neut ron  ac t iva t ion  analysis  and electr ical  res is t iv i ty  
af ter  sui table  dr ive- in .  These were  carr ied  out at  
1100 ~ or 1200~ in a N2 + 10% 02 atmosphere,  af ter  
r emova l  of the phosphorus  glass in di lute  hydrofluoric  
acid. 

Both af ter  p redepos i t ion  and d r ive - in  processes sheet  
res is t iv i ty  was measured  by  the four -po in t  probe  tech-  
nique;  five dist inct  de te rmina t ions  were  executed  on 
each specimen af ter  removing  oxide wi th  di lute  HF. 
At  least  th ree  specimens were  processed for each ex-  
pe r imen ta l  point.  

The presence of prec ip i ta tes  in predepos i ted  speci-  
mens has been checked both by  t ransmiss ion electron 
microscopy (TEM) using an Elmiskope  101 e lect ron 
microscope, and by  x - r a y  topography  using a Lange  
camera  and CuK~I radiat ion.  

TEM observat ions  have  been car r ied  out on the  
pol ished side af te r  th inning the slice by  etching the 
opposite surface wi th  a je t  technique.  Also the  speci-  
mens for  x - r a y  topography  were  chemical ly  th inned to 
e l imina te  the  damaged  l apped  side. 

Results and Discussion 
Total and electrically active predeposited phosphorus. 

- - W e  repor t  first the  values  of Q and Qel ( total  and  
e lec t r ica l ly  act ive phosphorus)  for a predepos i t ion  t ime 
of 27 rain at 920~ In Fig. 1 these quant i t ies  are  p lo t ted  
vs. the  concentra t ion of  POC18 at  a constant  02 con- 
cent ra t ion  of 5.7%. 

In  Fig. 2 the  values  of  Q and Qel a re  repor ted  vs. 
the  concentrat ion of O2 a t  a constant  POC13 concen- 
t r a t ion  of 0.27%. 

I n  Fig. 3 we r epor t  the  values  for  a s imul taneous  
change of O2 and POCla keeping  constant  the  ra t io  of 
the i r  concentra t ions  ( ~  21.5). 

In  the  composi t ion range  considered our  da ta  of Qel 
a re  in qua l i ta t ive  agreement  wi th  those repor ted  
ea r l i e r  (1) and show tha t  this quan t i t y  is r e l a t ive ly  
insensi t ive to the var iables  under  control.  On the con- 
t rary ,  Q is a sensi t ive p r o p e r t y  which decreases as the  
concentra t ion of oxygen rises, increases wi th  that  of 
POC18, and increases also, but  less steeply,  wi th  the i r  
s imul taneous  increase. In  any case the  ra t ios  Q/Q~ 
tu rn  out  to be l a rge r  than  1. 

For  a more  comprehens ive  analy.sis of this effect in 
the  range  of expe r imen ta l  condit ions typical  of device 
technology we repor t  in Fig. 4 the rat ios Q/Qel as a 
funct ion of t ime for predepos i t ion  processes at 850% 
920 ~ 1000 ~ 1100 ~ 1200~ at constant  gas composit ion 
(5.7% 02 and 0.27% POCI~). In  Fig. 5 the  rat ios Q/Qe] 
are repor ted  for processes at  the above-ment ioned  
t empera tu res  and at a constant  predeposi t ion  t ime 
(27 min)  as a funct ion of 02 and POC13 concentrations,  
s imul taneous ly  increased.  

Fischer and Porter.  
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40 

These resul ts  confirm tha t  the  s i tuat ion evidenced 
by  compar ing  electr ical  profiles and chemical  da ta  is 
verified in a wide  range  of expe r imen ta l  condit ions:  
i.e., the amount  of phosphorus  de te rmined  by  res is t iv-  
i ty measurements  af ter  predeposi t ion is sys temat ica l ly  
lower  than  the total,  and the d iscrepancy can be very  
large.  They show tha t  the rat io  increases wi th  increas-  
ing concentra t ion of POC18 and decreas ing t empera -  
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tures. Further ,  these ratios keep near ly  constant after 
an init ial  t ime which increases with decreasing tem- 
perature.  

We have determined, by changing the time of ex- 
traction from the furnace from 1 to 60 sec, that  these 
ratios are unaffected by the extraction rate. 

TEM and x - ray  topography examinat ions carried 
out using the techniques described have shown evi- 
dence of precipitat ion taking place in the course of 
the predeposition process. 

This phenomenon can account for the electrical in- 
activity of at least part  of the phosphorus. Quali ta-  
tively, the amount  of the precipitated phase increases 
as the ratio Q/Qet rises. 

A detailed study on the morphology and structure of 
the precipitates will be presented in a separate paper 
(10). 

We report in Fig. 6 and 7 typical examples of the 
precipitates observed: the particles in the former look 
like those observed by Jaccodine (7); the precipitates 
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Fig. 5. Ratio Q/Qel  between total and electrically active phos- 
phorus vs. POCI3 and oxygen concentration increased keeping con- 
stant their ratio ( ,~ 21.5). Predepesition time is constant (27 min). 

Fig. 6. Electron micrograph showing dotlike particles of silicon 
phosphide in a 1000~ 22 min predeposited silicon wafer. 
130,000X. 

in Fig. 7 are plateletlike, similar to those observed by 
Levine et aI. (11). 

It has been verified by systematic observations car- 
ried out after anodic oxide str ipping that the pre-  
cipitates are not confined to the surface but  lie wi th in  
the diffused region. 

Further,  it has been shown, by changing the t ime of 
extraction from the furnace from about 1 to 60 sec, 
that both the s tructure and density of the precipitates 
are unaffected by the extraction rate. This is in agree- 
ment  with the above-ment ioned result  that  Q/QeI is 
unaffected by the extraction and is a fur ther  evidence 
that precipitat ion takes, place in the furnace. 

The presence of these precipitates shows that in  a 
wide range of conditions, typical of device technology, 
the chemical potential  of phosphorus at the glass- 
silicon interface and in  the adjacent Si matr ix  can 
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Fig. 7. Electron mlcrograph showing platelets of silicon phosphide 
in a 920~ 42 rain predeposited silicon wafer. The precipitates are 
parallel to <::220> direction. 50,000)(. 

'I .oy 
r ~2 / 7 "  I000~ 

" ~ 

1.25 

Fig. 9. Parabolic increase of the oxide thickness with predeposl- 
tion time. POCI8 and 02 concentrations are 0.27 and 5.7%, 
respectively. 

overcome the value corresponding to the solubil i ty 
limit, A supersaturated solid solution of phosphorus in 
silicon is formed and precipitates can nucleate inside 
the silicon matrix.  

It  is impor tant  to point  out that these precipitates 
act as sinks for the dopant, therefore, the flow of phos- 
phorus across the glass-silicon interface is not l imited 
by  the p r imary  solid solubil i ty of this e lement  in  
silicon. 

Kinetics of oxide growth and of phosphorus doping. 
- -To  obtain informat ion about the kinetics, the values 
of the total phosphorus content  Q and of the oxide 
thickness Xo resul t ing from predeposition experiments 
at given doping gas compositions have been determined 
as a funct ion of t ime t at different temperatures,  850 ~ 
920 ~ 1000 ~ 1100 ~ and 1200~ In  Fig. 8 we report  the 
Q data obtained with POC18 and 02 concentrations of 
0.27 and 5.7%, respectively. The corresponding thick- 
nesses Xo of oxide are reported in Fig. 9. In  spite 
of the indeterminat ion  in  the predeposit ion t ime due 
to the exper imental  procedure, the plots extrapolate 
well  to the origin. These results show, at all tempera-  
tures, a parabolic oxide growth Xo ---- ~t~-T; a similar 
kinetics Q -- ~r is observed for phosphorus. B and 
K are coefficients which depend, as discussed below, 
only on tempera ture  and gas composition. 

The process of doping, as well as the oxide growth 
go through several consecutive steps. A detailed t reat -  
ment  of the thermal  oxidation of silicon is reported 
by Grove: the reacting species must  be transported 

& 

1 

O 
,25 .50 .75 1.00 1.25 

~'T, Fhr ' /2 ]  

Fig. 8. Parabolic increase of the amount of phosphorus with 
predepasition time. POCI8 and 02 concentrations are 0.27 and 
5.7%, respectively. 

from the bulk  of the gas to the oxide surface, diffuse 
across the oxide layer, and then react at the Si surface. 
In  the steady state the fluxes corresponding to each 
step are equal and the kinetics is Controlled by the 
slowest one. This t rea tment  leads to the conclusion 
that  a parabolic growth results from a diffusion l imited 
process (9). Our data fit with the following rate equa-  
t ion 

dQ D (Co -- Ci) 
_ [1] 

dt x ( t )  

where D is the diffusion coefficient, Co and Ci the 
steady-state concentrat ion of phosphorus at the gas 
oxide and at the oxide silicon interface, respectively, 
and x the oxide thickness, which inCreases para-  
bolically with time. This indicates that  also in case of 
phosphorus diffusion the passage across the oxide is 
the controlling step. 

These conclusions can be verified by observing the 
effect of thin, preformed oxide films on the velocity of 
these processes. 

In  diffusion-limited conditions, with an ini t ial  oxide 
thickness xi, the law of oxide growth becomes (9) 

x : x/Bt + xi ~ [2] 

and the integral  of Eq. [1] results 

[ ( ) '  ] = x i  - x--L [3] 
Q Qo V I ~ -  "~o xo 

where  Qo and Xo are, respectively, the amount  of pre-  
deposited phosphorus and the oxide thickness resul t -  
ing from the process with xi ---- 0. 

For Eq. [3] to be valid Co and Ci must  a t ta in  their  
steady values in  a negligible t ime; this is a fur ther  
reason for keeping xi << Xo. 

We have carried out constant  t ime (27 min)  pre-  
depositions at 920 ~ and 1000~ on slices with xi up to 
about 300 and 500A, respectively. Doping gas condi- 
tions were kept the same as in Fig. 8 and 9. The oxide 
films had been obtained by thermal  oxidation at 920~ 
in a dry oxygen atmosphere. 

We report  in Fig. 10 the exper imental  values of 
Q (xi) together with those of the thickness (x -- xi) of 
the newly formed oxide as a funct ion of the thickness 
xi of the preformed oxide. A very good agreement  is 
observed between these and the theoretical curves ob- 
tained by Eq. [2] and [3], respectively; they are ver i -  
fied in a wide range up to xi ---- z~ Xo. This confirms the 
validity of the simplified model in Eq. [1] and that  
both phosphorus predeposition and oxide growth are 
l imited by diffusion across the oxide layer. Both proc- 
esses show an exponential  tempera ture  dependence 
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Fig. 10. Experimental values and calculated curves of prede- 
posited phosphorus and of the associated oxide growth, reported 
vs .  the thickness xs of preformed oxide layers. Constant time (27 
rain) predepositions at the same doping gas compositions as in 
Fig. 8 and 9. 

which can be analyzed by  considering the values  of 
the  coefficients B and K. 

We have verified by  fu r the r  exper iments  tha t  the  
exponent ia l  factors  keep  constant  in a wide range of 
gas compositions. In  Fig. 1I and  12 a r e  repor ted  A r -  
rhenius  plots of B and K values,  respect ively,  obta ined 
by  constant  t ime (27 min)  predeposi t ions  car r ied  out 
at 850 ~ 920 ~ 1000 ~ 1100 ~ and 1200~ The concentra-  
t ion of POC13 was va r ied  in the range  be tween  0.06 and 
0.53%, by  keeping constant  the  O2/POC18 rat io  (21.5). 
In  the whole  t empe ra tu r e  range, B turns  out to have 
the genera l  form B = Bo exp ( - -  EB/kT) with  EB ---- 
1.7 eV. 

A s imi lar  re la t ion  K = Ko exp ( - -  EK/kT), va l id  up 
to ll00~ is observed in Fig. 12 wi th  EK ~ 2.2 eV. 
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Fig. 11. Dependence on temperature and on doping gas compo- 
sition of the coefficient B. The ratio O2/POCf3 is kept constant 
(21.5). 
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Fig. 12. Dependence on temperature and on flux composition of 
the coefficient K, compositions are the same as in Fig. 11. 

Only the p r e - exponen t i a l  factors Bo and Ko depend 
on gas composit ion and decrease  wi th  decreas ing o x y -  
gen and POCla concentrations.  

The energy te rm in the  t empe ra tu r e  dependence of 
Q resul ts  1/2 EK : 1.1 eV; lower  than  the correspondir~g 
te rm of Qel (about  1.6 eV) resul t ing  from our exper i -  
menta l  data. The l a t t e r  value  is in agreement  wi th  
those calculated by  the da ta  in l i t e ra tu re  (6, 9, 12, 13). 

This accounts for the  increase of the  rat io  Q/Qel with  
decreasing t empera tu re  observed in Fig. 4, and  con- 
firms tha t  Q and Qel depend on dist inct  phenomena.  

We have shown that  the to ta l  phosphorus  content  Q 
is l imi ted  by  diffusion across the  oxide layer ;  on the 
other  hand Qe], as r epor ted  in l i tera ture ,  is l imi ted  by  
the solubi l i ty  and diffusivi ty of the  dopant  in silicon 
(9). 

Final ly ,  we notice that  in our exper imen ta l  condi-  
t ions both Qel and Q tu rned  out to be fa i r ly  r ep ro -  
ducible. 

F rom statist ics we have de te rmined  tha t  the  f rac-  

1 J ( ~ -  Xj)2 

t ional  s t andard  deviation,  ~---- ~ 
X n - - 1  

were  1.5 and 3% for Qel and Q, respect ively,  in slices 
processed together.  For  different  predeposi t ions  carr ied  
out  in the  same condit ions we have  obta ined for Qel 
and Q values  of ~ of 4 and 9%, respect ively.  

A more  extensive s tudy  on the corre la t ion  be tween  
gas composit ion and the proper t ies  of the  oxide phase 
is under  way  and the resul ts  wi l l  be repor ted .  

C o n c l u s i o n s  
A simple method  which provides  a sa t is fying p r e -  

cision for the quant i ta t ive  de te rmina t ion  of phosphorus  
predepos i ted  in silicon, is the  measu remen t  of surface 
res is t iv i ty  a f te r  sui table  dr ive- in .  The resul ts  of this  
technique, descr ibed in the Appendix ,  are  in good 
agreement  wi th  those obtained by  act ivat ion analysis.  

In  a wide range  of exper imen ta l  condit ions typica l  
of device technology using a POCls source, the  amount  
of e lect r ica l ly  active predepos i ted  phosphorus  Qol, is 
lower  than  the to ta l  dopant  content  Q. The fract ion of 
e lect r ica l ly  inact ive dopant  increases  wi th  the r is ing 
concentra t ion of POCI8 and decreasing tempera ture .  

The e lect r ica l ly  inact ive phosphorus  is due, at least  
in part ,  to phosphide  prec ip i ta tes  wi th in  the diffused 
region. Prec ip i ta t ion  takes place in the course of the  
predeposi t ion process, therefore  these prec ip i ta tes  act 
as sinks for the dopant.  As a consequence the flux of 
phosphorus is not  l imi ted  by  the p r i m a r y  solid solu-  
b i l i ty  of this e lement  in silicon. 

S tudy  of the  kinet ics  has shown that  the r a t e - d e t e r -  
mining  process of both phosphorus  doping and the as- 
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sociated oxide  g rowth  is diffusion across the  oxide 
layer .  

Phosphorus  predepos i t ion  follows a parabol ic  law 
Q = ~/Kt; a s imi lar  behavior  Xo --  A/Bt-is  observed 
for  oxide  thickness.  

The re la t ions  K - -  Ko exp ( - -  EK/kT), with  EK _~ 
2.2 eV, and B = Be exp ( - -  EB/kT), wi th  EB --~ 1.7 eV, 
a re  satisfied over  a wide range  of t e m p e r a t u r e  and flux 
compositions. The p re -exponen t i a l  factors Ko and Be 
increase  wi th  the  concentrat ions of oxygen and POC18. 
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A P P E N D I X  
The amount  of phosphorus  predepos i ted  in sil icon 

can be accura te ly  de te rmined  by  ac t iva t ion  analysis.  
We  have verified, according to the  observat ions  

fo rmer ly  repor ted  by  Tannenbaum (5), that  it  is pos-  
sible to der ive  the  same informat ion  by  electr ical  mea-  
surements  carr ied out af ter  sui table  dr ive- in .  

As a p r io r  step we have es tabl ished the agreement  
be tween chemical  and electr ical  profiles. 

Our de te rmina t ions  were  car r ied  out on sil icon slices 
processed in para l l e l  at  different  predeposi t ion  and 
d r ive - in  t empera tu res  and times. Chemical  profiles 
have been obta ined  by  neut ron  act ivat ion analysis  and 
an au tomated  technique (14). The electr ical  profiles 
were  obta ined by  convent ional  anodic oxide s t r ipping 
and res is t iv i ty  measurements  (5). The dependence of 
mobi l i ty  On concentra t ion was considered based on ac-  
cura te  measurements  car r ied  out in our  l abo ra to ry  
(15). 

To avoid  out-diffusion of phosphorus  we have t r ied  
two procedures  wi th  good results.  The first consisted 
of deposi t ing a film of SiO2 about  1 ~m th ick  by  sput -  
ter ing;  subsequent  d r ive - in  was pe r fo rmed  in ni trogen.  

The same resul ts  have been obtained,  more simply,  
by per forming  the d r ive - in  process in an oxidizing 
a tmosphere  ranging  f rom pure  O2 to N~ -F 10% O~. 
This last  composi t ion has been adopted.  

The amount  of phosphorus  lost tu rned  out to be 
negl igible;  this is because the  phosphorus  segregat ion 
coefficient be tween  SiO2 and Si is ve ry  smal l  (9)  and 
the  diffusivi ty  of phosphorus  is much smal le r  in SiO2 
than  in St(16) .  

Our  de te rmina t ions  have  shown tha t  af ter  sui table  
dr ive- in ,  as deta i led  below, the chemical  and electr ical  
profiles coincide fa i r ly  well.  

Fur ther ,  if the out-diffusion of phosphorus  is in-  
hibi ted by  using the above techniques,  the  in tegra l  of 
the  chemical  profile af ter  predepos i t ion  agrees wi th  
those of the  profiles, chemical  as wel l  as electrical ,  
af ter  dr ive- in .  

A typical  example  of our  resul ts  is r epo r t ed  in Fig. 
13. 

The de te rmina t ion  of the amount  of predepos i ted  
phosphorus  by  analysis  of the  e lectr ical  profile is very  
tedious and t ime consuming. As a fu r the r  step we have 
verified tha t  a r ap id  technique which provides  sa t i s fy-  
ing precis ion is the measurement  of the surface res is-  
t iv i ty  af ter  sui table  dr ive- in .  

The surface res is t iv i ty  is g iven b y  the we l l - know n  
re la t ion  

1 
ps = [A-1] 

e �9 ~--' [C(x) - C~]. ~(x) dx 
~ o 

~o eleclrical profile Q �9 2.t.,lO~Scm -2 [ 
Predep. : 920=C, 7' chemical profile Q = 6.0.101Scm -:  V 

10 zl ~ Drive-in : 1100 ~ lh �9 electrical profile O = 5.9" I0 t5 cm "2 

I~F~ Orive in '1100 ~ 4 h r ~ electrical profile O = 5,6'101Scm ~ 
I i - - " " ' ~_ chemical profile 0 = 6.2"I0 ~Scm "2 

r ~ ~  4 h 

30 TM 

0 1 ;~ 3 
x [~m] 

Fi 9. 13. Chemical and electrical phosphorus profiles after pre- 
deposition and drive-in. The latter has been carried out in N2 -]- 
10% 02 atmosphere. 

where  C (x) is the concentra t ion of the  diffused dopant,  
CB the concentra t ion in the bu lk  (which was negl igible  
in our exper iments ) ,  Xj the junct ion  depth, ;~ the elec-  
t ron  mobil i ty,  which  depends on the to ta l  impur i ty  
concentrat ion,  and e the charge of the  electron. 

Defining an  "effective mobi l i ty"  by  the  ra t io  

~ J  C(x) .  ~(x) dx 

P'eff ~ [A-2] 

f :J  C(x) dx 
where  

one obtains 

dx Q 

1 
p, - [A-3]  

e �9 #eft " Q 

which allows determinat ion of the content of dopant Q 
by a simple measurement of the surface resist iv i ty,  
provided  that  the values  of ~eff are known. Actua l ly  
for concentrat ions above 1019 at./cm~ phosphorus  mo-  
b i l i ty  depends only s l ight ly  on the concentra t ion (15, 
17). 

This resul ts  in values  of ~eff which  are nea r ly  inde-  
pendent  of the process of predepos i t ion  and dr ive- in ,  
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Fig. 14. Experimental determination of the apparent total phos- 
phorus content vs. the drive-in time, assuming a constant value of 
~.eff. In the lower part of the figure the real effective mobility, as 
deduced from the knowledge of the total diffused charge Q (solid 
line), are reported ys. the drive-in time. 



1260 J. Electrochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  September  1975 

Table I 

Predeposit ion Drive  -in Dr ive  -in 
t emp (~ tem!o (~ t ime  (rain) 

850 1100 30 
920 1100 30 

1000 1100 60 
1100 1200 30 
1200 1200 30 

prov ided  tha t  most  of the  dopant  is in regions of the  
profile wi th  concentra t ion exceeding 1019 a t . / cm 3. 

By Eq. [A-2] we have  ca lcula ted  the value  of /~eff 
for all  the specimens whose profile has been de te r -  
mined. 

The va lue  af ter  predepos i t ion  was 95 cm2/V.sec, 
fa i r ly  independent  of the condit ions of the  process. 

Fur ther ,  we have  verif ied that,  p rovided  the surface 
concentra t ion of the  dopant  keeps high, the  "effective 
mobi l i ty"  depends only s l ight ly  on the condit ions of 
dr ive- in ,  our mean  value  being about  100 cm2/V.sec. 

As a typica l  example  we repor t  in Fig. 14 our  resul ts  
for specimens having rece ived  a predepos i t ion  t r ea t -  
ment  of 7 min  at 920~ fol lowed by  dr ive- in  at 1100~ 
The plot  repor ts  ~eff vs. t ime of dr ive- in ,  ca lcula ted by  
Eq. [A-3] using the known value  of Q. The values  of 
Q calcula ted b y  using a constant  va lue  of ~eff = 100 
a re  also shown. 

In i t ia l ly  Q increases r ap id ly  wi th  t ime, cor respond-  
ing to the  format ion  of new act ive dopant;  subsequent  
changes in the  calcula ted values  of Q are  sl ight  cor re-  
sponding to increases in ~eff wi th  modifications in the 
d is t r ibut ion  of the  dopant .  

I t  is not iced in  Fig. 14 tha t  a more  than  50 t imes  
increase of the  hea t ing  t ime resul ts  in a change of Q 

of about  10%. These resul ts  show that,  above  a given 
time, the  condit ions of d r ive- in  sui table  for the  de ter -  
mina t ion  of Q, are  not  crit ical.  

Exper iments  l ike those in Fig. 1 have  been carr ied  
out to de te rmine  the t e m p e r a t u r e  and t ime of d r ive- in  
for the different predepos i t ion  processes. The condi-  
t ions chosen for  the  present  work  are  r epor ted  in 
Table  I. 
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ABSTRACT 

When deposi t ing nickel  and i ron-n icke l  a l loy films in a magnet ic  field 
para l l e l  to the substrate ,  the spontaneous macrost resses  in the  films are  
anisotropic.  The absolute  magni tude  of the  stresses can, depending on the 
composi t ion of the a l loy and the deposi t ion conditions, be e i ther  subs tan t ia l ly  
smal le r  or l a rger  than  in films deposi ted wi thout  the  appl ica t ion  of such a 
field. In  layers  of nickel  e lec t rodeposi ted  f rom a solut ion free of organic in-  
hibitors,  the  tensi le  macrost resses  acting along the lines of a magnet ic  field 
are  la rger  than  those acting across the lines of a field. The in t roduct ion  of sac- 
char in  into the  solut ion effects an invers ion of the  influence of the magnet ic  
field on the macrostresses:  the tensile macros t resses  acting across the  l ines of 
the  field are  now la rge r  than  those act ing along these lines. In  a l loy  films 
having  a negat ive  magnetostr ic t ion,  the  tensi le  stresses along the l ines of 
the  field are smal le r  than  those across the lines. A change in the  sign of the  
magnetos t r ic t ion  leads to an invers ion of the  field effect on the  stresses: in 
a l loys wi th  a posi t ive magnetostr ic t ion,  the  tensi le  macrost resses  act ing along 
the field are  l a rge r  than  those acting across it. 

In  fe r romagnet ic  films obta ined in vacuum by  
obl ique incidence of the  a tom beam, the  p l ana r  macro-  
stresses possess a definite degree of an iso t ropy (1-3).  
However ,  the  above means  of p rec ip i ta t ion  is not  the  
only  source of the aniso t ropy of macrostresses.  Thus, 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key  words:  internal stress, m e asu r e m e n t  of  anisotropie stress, 

anisotropy of magne t i c  films, electrodeposi t ion of n ickel  and n icke l -  
iron alloys, influence of magnet ic  field on electrodeposit ion.  

McDonald (4) has a l r eady  pointed out tha t  films de-  
posi ted in a magnet ic  field possess an anisotropic  com- 
ponent  of macrostresses  in the direct ion of the field. 

The creat ion of an i so t ropy  of the  macrost resses  by  a 
magnet ic  field (or, more  accurately,  by  magnet iza t ion)  
is interest ing,  first, because of the possible cont r ibu-  
t ion of macrost resses  to magnet ic  anisotropy,  and sec- 
ond, because its s tudy  m a y  develop an under s t and ing  
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of the origin of spontaneous macrostresses. The con- 
t r ibut ion  made by spontaneous macrostresses to the 
uniaxial  magnet ic  anisotropy of films, the composition 
of which is about 83% nickel and 17% iron, and the 
magnetostr ict ion coefficient which is in  the order of 
--10 -5 , has been previously reported (5). 

The purpose of this work was to measure spontane-  
ous anisotropic macrostresses in  i ron-nickel  films of a 
wide range of compositions and to investigate the basic 
behavior  of the phenomenon (to which Par t  I of this 
work is dedicated),  and to a t tempt  to form a quant i ta -  
tive in terpre ta t ion  of the phenomenon  (see Par t  II)  
(6). 

Experimental 
Two methods were used to measure spontaneous 

macrostresses in  electrolytic films of an i ron-nickel  
alloy. The first used an al ternate bending of two 
mutua l ly  perpendicular  flat substrates (3, 7), one di- 
rected along and the other across the l ine of the field. 
The deflections of the substrates were registered auto-  
matical ly by a highly sensitive device, roughly ident i -  
cal to the one previously described (8). The substrates 
were polished copper plates of 1.5 mm thickness, on 
the lower side of which the film was deposited, while 
the upper  side was kept outside the electrolyte. The 
computat ion of the absolute magni tude  of real [not 
the average over the film thicknesses (1, 4)] macro- 
stresses was made according t o t h e  following formulas 
(7) 

i 
Cx ~ 

3 z',(i-~o2) \ dt + ~ ~  ,' 

i Eod2 ( diy di~ 

where Eo is Young's modulus of elasticity, ~o is Pots- 
son's ratio of the subs.trate m~terial, L is the length of 
that  part  of the substrate  covered by the film, d is the 
thickness of the substrate, ]x and ~y are the deflections 
of the free ends of the substrates directed along (x 
axis) and across (y axis) the lines of the field. Magni-  
tudes d]x/dt and d]ffdt are determined by graphical 
differentiation of the "deformation curves," i.e., the 
relationship of deflections :fx and ~y, recorded on the 
diagram tape, to the film thickness. 

In  addition, a second method was specially developed 
which, al though more laborious, measures ~x and ~, 
s imultaneously using only one sample, as compared  to 
two required by the first method; the second method 
enables a stricter control over t h e  Similarity of condi- 
tions for measur ing ~x and r Because of its tedious-  
ness, the second method was chiefly used to check the 
results. It  is based on the spontaneous tens ion-com- 
pression ( in two mutua l ly  perpendicular  directions) of 
the flat substrate covered on both sides by the film 
being studied. A device schematically pictured in Fig. 
i was used. F ix ture  i fixes one corner of the fiat sub-  
strate 2 to the Teflon frame 3, which is being inserted 
into the guides 5 of the carriage 6. The device is placed 
on the table of a microhardness meter. A diamond 
indentor  is used to make imprints  A and Bx on the 
substrate opposite the reference marks Ct and C2 on 
par t  7 which is fixed to carriage 8. Frame 3 with the 
substrate 2 is then tu rned  through 90 ~ and carriage 6 
is used to fix impr in t  A opposite mark  C2; carriage 8 
is used to introduce mark  C1 in the field of vision of 
the microscope, and impr in t  By is made opposite it on 
the substrate. ,Then, frame 3 (without the fiat table 4) 
is placed in the cell, where the film being studied is 
grown on both sides of the substrate un t i l  it reaches 
the required thickness. After  that, f rame 3 with the 
substrate and film (and with table 4) is again inserted 
into guides 5. Screw 9 is used to move carriage 6 in the 
grooves of carriage 8 unt i l  impr in t  A coincides with 
reference mark  C1 (or C2). Carriage 8 is moved in  the 
grooves 10 by tu rn ing  screw 11 unt i l  mark  C2 and im-  
pr in t  Bx (or, correspondingly,  Ci and By) appear in  

6 
7, 5 4  3 2  1 

Fig. 1. Diagram of device for the measurement of anisotropic 
spontaneous macrostresses in films according to the method of 
biaxial tension-compression of the substrate plate. See text for 
explanation of numbers; 4, supporting table used to press the 
indentor into the sample. 

the field of vision of the microscope. Stresses in  the 
film produce a deformation of the substrate:  the dis- 
tance b e t w e e n  impr in t  A and imprints  Bx and By 
change by magnitudes hx and ~y. The above deforma- 
tions (i.e., the distance between C2 and Bx or be tween 
C1 and By after the deposition of the film) are mea-  
sured using a measur ing eyepiece (graduat ion 0.2 #m). 

In  order to obtain the dependencies Ax vs. t and Ay 
vs. t (t is the thickness of deposit) it is needed to 
repeat the procedure described, specifying in every run  
the definite thicknesses ti, t2, . . . ,  tn. Thus, although 
the ~x and Zy are determined by this method simul-  
taneously and error due to the difference in  experi-  
menta l  conditions while measur ing these magnitudes 
separately is eliminated, error due to the use of a series 
of consecutive runs  of measurement  needed to obtain 
one "deformation curve" is greater than  it is by using 
the first method (margins of error  indicated in Fig. 2 
and 3 correspond in all cases to ma x i mum error ob- 
ta ined in series of specimens by using both methods).  

The measurement  base ~ (i.e., the distance between 
C1 and C2) was 3 cm. The substrates were plates of 
copper (thickness 25 #m). The substrate deformed 
freely as the film was deposited. For such conditions, 
the computat ion of the absolute magni tude  of actual 
macrostresses is made according to the formula  (7) 

Cx(t) [ - -  J r - -E i t  ] 1 d~x 
1 -- ~o 2 1 -- ~i 2 l dt 

[ Eo~od El~it ] 1 d~, 
- -  + ----- [2] 

d- 1 - - ~ o  2 1 - - ~ i  2 l dt 

and a similar equat ion for ~y, which is obtained by  re-  
placing indexes x by y and vice versa. In  Eq. [2], E1 
is the modulus of elasticity, ~l Poisson's ratio for the 
material  of the film, t the sum t<rtal thickness of deposit 
on both sides of the substrate. Magnitudes d~x/dt and 
d~ffdt are determined by graphical differentiation of 
the exper imental  deformation curves hx-t and Ay-t. 
The Young's modulus and Poisson ratios for substrates 
and deposits were determined using the method pre- 
viously described (9). 

While using the two-cant i lever  technique, stress is 
determined s imultaneously  with the film's growth in a 
magnetic field, thus the magnetostr ict ive deformation 
does not affect the results. When use is made of the 
second method described, the specimen is taken out of 
the magnetic field before strain measurement ,  thus a 
magnetostrict ive deformation is added algebraically to 
that caused by stress. However, the difference of stresses 
determined using both methods described, did not ex-  
ceed the margins  presented in  Fig. 2 and 3. Hence, the 
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Fig. 2. Dependence of spontaneous macrostresses in electro- 
lytic nickel films on the film thickness (a) and on the intensity 
of the technological magnetic field, used while the film 
is growing, parallel to the substrate (b). Curve 1, Stresses in the 
film deposited without a field; curve 2, macrostress along, and 
curve 3, across the field lines. For (a), curves 2, 3, HT = 520 oe. 
For (b), curves 2 and 3, t ~ 10 ~m. 
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Fig. 3. Dependence of spontaneous macrostress in iron-nickel 

alloy films on composition. Curve 1, Stresses in films deposited" 
without a field; curve 2, stresses along, and curve 3, across the 
field lines (300 oe). Film thickness 10 _ 0.2 ~m. 

regularit ies stated in this paper  cannot be ascribed to 
the ordinary magnetostr ict ion itself. Indeed, the co- 
efficient of magnetostriction, for instance, for nickel is 
about ~s ---- --3.4 • 10 -5, while the ini t ial  strains dis- 
covered in nickel films were about (0.5 -- 2) • 10-8; 
the difference of strains appearing in  two mutua l ly  
perpendicular  directions was up to 3 • 10 -4, which is 
almost ten times more than  a m a x i m u m  possible 
magnetostrict ive strain in one direction. Moreover, the 
difference of strains, longi tudinal  and transverse, re- 
spectively, which are due to the magnetostriction, must  
be of the same sign regardless of operating conditions; 
actually, the difference of stresses longi tudinal  and 
transverse,  respectively, changes its sign when, for 
instance, saccharin is introduced into the solution. 
Therefore, it is not the ordinary magnetostrict ive 
strain which is responsible for the phenomenon de- 
scribed below. 

The compositions of the solutions and the deposition 
conditions used to prepare the films under  investigation 
are given in Table I. 

The tempera ture  of the specimen while measur ing 
the stress using the second method was kept quite 
identical to that while depositing. 

The thickness of the films was measured on an 
"Ultraoptimeter" (graduation scale 0.2~). The rec- 
tangular  cell was placed between the poles of the 
electromagnet (homogeneous field up to 10 ~ oe). Uni- 
formity of thickness of the deposited film over the sub-  

Table I. Conditions of the deposition of nickel and iron-nickel films 

Current 
Fig- Composit ion of  density,  Temper-  
ure solution, g / l i ter  A / d i n  ~ pH ature, ~ 

2 NiSO4 �9 7 I ~ O  300 3 2.3 20 • 0.25 
NiCI~ �9 6 I ~ O  80 
HaBOs 40 

3 (NiSO4 �9 7H20 + 
(FeSO~ �9 7I-I~O) 294" 2 2.3 20 • 0.25 

HaBOs 30 
Rochel le  salt  25 
Saccharin 1 

* T h e  r a t i o  of the  n icke l  and iron salts in tl'ie solution wa s  changed 
(10) in  o r d e r  to  o b t a i n  a n  a l loy  of  the required composit ion ( inc lud-  
i n g  100% n i c k e l ) .  

strate was ensured by special l imiters (11) of the elec- 
tric field in the electrolyte. 

Results and Discussion 
Many properties of films studied were reported else- 

where (17, 18). Part icularly,  in these films, neither 
crystallographic texture nor the "columnar" s tructure 
were observed. 

The characteristic exper imental  data are shown in  
Fig. 2 and 3. Let us note some of the basic features of 
the regularit ies thus discovered: 

1. When depositing nickel and i ron-nickel  alloy films 
in a magnetic field, the spontaneous macrostresses are 
anisotropic. 

2. In  films of nickel deposited from a solution not 
containing organic inhibitors, the tensile stresses along 
the l ine of field (~x) are larger than the tensile stresses 
across the field (~y), Fig. 2. In nickel films deposited 
from a solution containing saccharin (as also in  films 
deposited from the same solution without  the super-  
position of a magnetic field), compressive macro- 
stresses are registered in  the direction of the lines of 
the technological magnetic field, while in  the direction 
perpendicular  to the field, tensile macrostresses are 
observed (Fig. 3). 

The macrostresses observed in  the exper iment  may 
be considered (12-14) as the algebraic sum of stresses 
of both signs, created independently.  Hence, the above 
observation can be in terpre ted by assuming that the 
tensile macrostresses across the magnet ic  field are 
larger than those acting along the field. (The lat ter  
are in this case so small that  they are exceeded by in-  
dependent ly  emerging compressive stresses and, as a 
result, excess compressive stresses are registered.) 
Thus, the introduct ion of saccharin into the solution 
leads to an inversion of the field's effect on macro- 
stresses. 

3. In  films of i ron-nickel  alloy deposited from a 
solution containing saccharin and possessing a negative 
magnetostriction, the macrostresses along the lines of 
the field are smaller  than  those acting across it. Con- 
versely, the macrostresses along the lines of the field 
are larger than the stresses across it in  films of alloys 
possessing a positive magnetostr ict ion (those contain-  
ing less than ,-. 81% nickel) :  Thus, a change of the 
sign of the magnetostr ict ion leads to an inversion of 
the field effect on macrostress. 

4. When depositing nickel and i ron-nickel  films in 
a magnetic field, the mean ari thmetic magni tude of the 
stresses acting in  both directions changes greatly as 
compared with those in  films obtained without  the 
superposition of a field. Such a change Can greatly 
exceed the difference between the stresses acting along 
and across the field. Depending on the composition of 
the alloy and the deposition conditions, the mean 
magni tude of the stresses obtained by  deposition in a 
magnetic field can be considerably smaller or larger 
than that obtained by the deposition without the super-  
position of a field. 

An interpreta t ion of items 1-3 will be proposed in 
Part  II of this work (6). A full explanat ion regarding 
item 4 will not be at tempted here. However, several 
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hypotheses  could be proposed to expla in  the  possible 
causes of this phenomenon.  It  has been found (15) that  
by  deposi t ing  i ron films in a magnet ic  field, a change 
occurred in the  densi ty  of the crys ta l  defects of the 
film. Indeed, this  densi ty  of defects is one of the main  
factors de te rmin ing  the macros t ress  level  (12-14). 
Changes in densi ty  of the defects may  depend on 
changes in the amount  of hydrogen  (16) reduced  to-  
ge ther  wi th  the  meta l  and adsorbed  on the crystals  of 
the growing film. Adsorp t ion  of hydrogen  has a ma jo r  
effect on the  surface tension of the  crystal ,  the reby  
changing the condit ion of the  outflow of defects and 
wi th  it, the  macrostress  level  (12). Causes of the  
changes in amount  of hydrogen  reduced  together  wi th  
the  meta l  dur ing deposi t ion in a magnet ic  field are as 
ye t  unclear .  (It  m a y  be  tha t  the magnet ic  field changes 
the  height  of the  potent ia l  ba r r i e r  being negot ia ted by 
the discharging hydrogen  ion.) 
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Anisotropy of Spontaneous Macrostresses in Ferromagnetic 
Films Induced by Magnetization 

II. Dislocation Model of the Anisotropy of Spontaneous Macrostresses 

in Films Grown in a Magnetic Field 

M. Perakh (M. Ya. Popereka)* 
Graduate School of Applied Science, The Hebrew University 05 Jerusalem, Jerusalem, Israel 

ABSTRACT 

A model  of the appearance  of anisot ropy of the spontaneous tensi le  macro-  
stresses in films grown in a magnet ic  field is considered. The model  is based 
on the idea tha t  the microscopic areas  along the lines of the edge dislocations 
in terac t  (as a resul t  of magnetos t r ic t ion)  wi th  the  magnet izat ion.  This in te r -  
action effects the pa r t i a l  or ienta t ion  of the  dislocation l ines and tha t  of the  
normals  to them, ly ing  in the  slip planes.  This or ienta t ion appears  dur ing  
the growth  of the  film crystals  in the  magnet ic  field. In  the  sys tem of pa r t l y  
o r ien ta ted  dislocations, the wi thd rawa l  of a f ract ion of them to the  surface of 
the  crysta ls  creates  a t endency  for anisotropic reduct ion of the volume. This 
t endency  is hampered  by the adhes ion  of the  film to the substrate,  creat ing 
an anisotropic  state of stress. The calcula ted values  of an iso t ropy are  close 
to the  exper imen ta l  observat ions;  the  equat ion der ived  offers an explana t ion  
for  the  pr inc ipa l  exper imen ta l  regular i t ies .  

In  P a r t  I of  this  work  (1), the  resul ts  of the  m e a -  
su rement  of anisotropic macros t resses  in films of nickel  

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  d i s loca t i ons  in  e l e c t r o d e p o s i t s ,  a n i s o t r o p y  of  i n t e r n a l  

stress, theory  of stress, i n f l u e n c e  of  m a g n e t i c  f ie ld  on e lec trodepo-  
sition. 

and iron-nickel alloy electrodeposited in a magnetic 
field were described, and the regularities observed in 
the experiments were stated. In this report, attempts 
are made to interpret the phenomena described in Part 
I. The consideration is based on a model (2-4), ac- 
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cording to which a definite fraction of the tensile 
macrostresses results from the tendency of crystals in  
the film to decrease their  volume. This tendency is due 
to the egress of a fraction of the growth dislocations 
from the volume of the crystals to the surface. Since 
adhesion of the film to the substrate prevents  the de- 
crease of volume, a plane state of stress sets in. 

The assumption that  the wi thdrawal  of dislocations 
may contr ibute to the creation of spontaneous macro- 
stresses in growing films (2-4) was confirmed by later  
experiments,  the principal  results of which can be 
summarized as follows: 

1. Direct determinat ions of the densi ty of disloca- 
tions, Po, in  films [see for example (5)],  gave results 
coinciding with the values Of Po postulated to correlate 
the formulas with exper imental  data (2-4). 

2. I t  was found that  measures applied to the films to 
facilitate the escape of dislocations (for example, 
cathode polarization of the film in an electrolyte (6), 
which decreases its surface tension) increase spontane-  
ous tensile macrostresses. This falls in with the pre-  
dictions of the theory (2-4). 

3. Direct observation by means of electron micro- 
scopy of high resolving power made it possible to ob- 
serve the wi thdrawal  of individual  dislocations from a 
newly  formed crystal of the film dur ing the lat ter 's  
growth (7). Observation confirmed the existence of 
the postulated mechanism (2-4). 

4. A spontaneous decrease of the density of the 
stacking faults was reported (8, 9), i.e., a removal  from 
the crystal of part ial  dislocations. This process, which 
occurs in electrodeposited copper films, is character-  
ized by an activation energy of ,~0.37 eV, which is 
lower than  that for the motion of vacancies (~0.7 eV). 
The lat ter  was thus not observed. The enumera ted  
data give grounds to believe that  the concept (2-4) can 
be used to in terpret  exper imental  data. 

At the same time, it should be noted that the wi th-  
drawal of dislocations cannot be the only (and in m a n y  
cases, not even the main)  factor responsible for the 
appearance of spontaneous tensile macrostresses. In -  
deed, the presence of dislocations with a density of Po 
(the Burgers vector being b) brings about an increase 
in  the specific volume of the crystal by magni tude  
(10) 

0 ~ 2 p o b  s 

If the density of dislocations decreases as a result  of 
the wi thdrawal  of a fraction, Kpo, of them (where 0 

~ 1), a l inear  s t ra in (along an arb i t ra ry  axis) of the 
order of 1/3 K.2pb~ will  result. To this l inear  s train 
(which is due to the adhesion of the film to the sub-  
strafe) corresponds a l inear  macrostress of the order 

1 
cr ~ E ~ ~" 2Pob ~ 

3 

where E is the modulus  of elasticity of the film mate-  
rial. The computat ion of 6, using the above relat ion and  
based on experhuenta l  values (5) of Po at ~ ~, 0.1, 
shows that  for some films (e.g., for copper, antimony,  
manganese, tin, etc.) the wi thdrawal  of dislocations 
may be responsible for the magnitudes of tensile 
macrostresses, observed experimental ly.  At the same 
time, for some other films (e.g., for chromium, iron, 
nickel, cobalt),  the escape of dislocations, judging from 
the above relation, can account only for a part  (ca. 
0.1-0.3 of the total) of the observed values of the 
stresses. This indicates that  there must  also be other 
mechanisms responsible for the creation of tensile 
macrostresses [for example, the outflow of vacancies 
(11), phase and s tructural  changes, interdiffusion on 
the interface, etc.]. 

This paper attempts to show that  the mechanism of 
the wi thdrawal  of dislocations should be regarded as 
the ma in  reason for the creation of the anisotropic 
component of tensile macrostresses, as applies to films 
grown in a magnetic field. 

In  close-packed structures (which include, in  par-  
ticular, nickel and iron) vacancies are practically iso- 
tropic defects. The annihi la t ion  of vacancies or their  
removal  from the crystal, assumed, for example, to be 
one of the main  causes of the appearance of macro- 
stresses (11), can therefore hardly  explain the creation 
of the anisotropic component  of them. The assumption 
that the wi thdrawal  of a fraction of the dislocations is 
the cause of the appearance of macrostresses, however, 
makes it possible, owing to the anisotropic na ture  of 
the dislocations themselves, to propose a model for the 
creation of anisotropic macrostresses for films grown 
in a magnetic field. 

In this model nei ther  the origin of edge dislocations 
nor their  types, nor any other par t icular  properties of 
dislocation are essential. Only three facts are to be 
employed for the consideration, namely,  (a) that  pres- 
ence of dislocation causes an  increase in  the volume; 
(b) that a part ial  egress of dislocations occurs; and, 
consequently, (c) that  this egress causes an anisotropic 
change in volume, which is due to the anisotropic 
s t ructure  of dislocations. 

Computation of the Orientation of the 
Dislocation Lines by Magnet izat ion 

Figure 1 shows a model of a segment  AB of an edge 
dislocation l ine (DL), which segment is of uni t  length 
and has a definite orientation. The escape of such a 
segment from the crystal causes l inear  dilatation in the 
direction of the normal  (NSP) to the dislocation line, 
which normal  lies in  the slip plane. In  the direction of 
DL, the dislocation wi thdrawal  will cause no dilatation. 
In an arbi t rary  direction, coinciding nei ther  with DL 
nor with NSP, the escape of the segment under  con- 
sideration will cause a dilatation, the magni tude  of 
which is equal to the projection on the given direction 
of the dilatat ion observed along NSP. Thus, the level 
of the macrostresses acting in  the given direction is 
determined by the statistically averaged orientat ion of 
the normal  NSP to the dislocation line. 

Crystal l ine anisotropy leads to the formation, wi thin  
a single grain, of some predominant  orientations of DL 
and NSP. However, in a polycrystal l ine body the 
orientat ion of the dislocations, as averaged for the 
body, is random. The superpositior~ of a magnetic  field, 
while the crystal is growing, creates the addit ional 
factor of anisotropy. The area of the lattice adjacent  
to the l ine of dislocation interacts in  the ferromagnetic 
body with magnetization, owing first to the existence, 
along the l ine of dislocation, of demagnetizing fields 
and second, to magnetostriction. [According to calcula- 
tions, for example (12), the intensi ty  of the magneto-  
strictive interact ion is by two orders of magni tude  
greater than that of the magnetostatic.] Energy of the 
interact ion of the dislocation with magnet izat ion must  
depend on the angle 0, which is formed between DL 
and the magnet izat ion vector M, and angle r formed 

0 
I ,F I 

Fig. 1. Schematic presentation of edge dislocation. 1-S, Atomic 
planes; DL, line of dislocation; NSP, normal to dislocation line 
in the slip plane. The x-axis is directed along the vector of 
magnetization, M. 
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between NSP and M (Fig. 1). Considering the mag-  
netostrictive interact ion as the ma in  factor, let us write 
the energy of the interact ion between the dislocation 
and magnet izat ion in a form similar to that  introduced 
by N~el (13, 14) and Taniguchi  (15), for anisotropic 
groups of point  defects, the only difference being that  
in  our case, the role not of one, but  of two angles r 
and 0 must  be taken into account 

E ( O , r  c o s e r  + K 2  c ~ 1 7 6  [1] 

where K1 and K2 are the constants of the postulated 
interaction. The sign of these constants is determined 
by the sign of the magnetostriction. Their  magni tude  
depends on the magnet izat ion and on the coefficient of 
magnetostr ic t ion of the given material .  The value of 
2 (K1 + Kf ) /3  is equal to the energy of the interact ion 
between the dislocation and the magnet izat ion when  
DL as well as NSP are perpendicular  to the magnet iza-  
t ion (Fig. 1). (The constants K1 and K2 are introduced 
here phenomenologically;  the evaluat ion Of their  
physical  na ture  is beyond the scope of our task.) 

In  order to select the distr ibution law of dislocations, 
according to energies of their interact ion with mag-  
netization, let us take into account the following con- 
siderations. 

1. The "solution" of the dislocations in  the film may 
be considered as a ra ther  "dilute" one: even at a dis- 
location density of ,~ 10 TM cm -2, a l ine of dislocation is 
encountered on an average of once in  every ~ 10 a 
"regular" atom planes. 

2. It is known  (10) that  the dislocations are non-  
equi l ibr ium defects. Indeed, the presence of disloca- 
tions in  crystal increases s imultaneously the free 
energy and the entropy of the latter.  The increase of 
free energy, however, due to distortions in the crystal-  
lographic order, is considerably larger than  the de- 
crease due to the increase of entropy; the appearance 
of dislocations always increases the free energy. Thus 
the dislocation density does not depend on tempera-  
ture: because of a large elastic energy  connected with 
dislocation existence (which is much greater  than  the 
heat energy: W > >  kT), thermal  fluctuations are not  
able to create a new dislocation. 

The presence of an addit ional factor, magnetization, 
causes the dis t r ibut ion of dislocation lines according 
to angles e and r This distr ibution could depend on 
temperature,  as the energy of interact ion between dis- 
location an'd magnetization,  as well  as the rotat ion 
energy of dislocation segments, are lower than the heat 
energy, and natural ly ,  than W. Hence, as far as the 
dis tr ibut ion of dislocation l ine segments upon 0 and r 
is concerned, a behavior  of a quas i -equi l ibr ium system 
might  be inherent  in  the "solution" of dislocations. 
This makes it possible to postulate the applicabili ty of 
the Boltzmann formula  to the dis tr ibut ion of disloca- 
tions according to angles 8 and ~b. 

At the same time, it might  be expected that  the en-  
t ropy of dislocation segment rotat ion is considerably 
small. The ratio of magnetoelastic energy to the en -  
tropic term TS can scarcely be estimated at present  
for the case of dislocation rotation. If this ratio is 
large enough, this factor could annihi la te  the depend- 
ence of dislocation l ine directions on temperature.  On 
the other hand, however, the consideration of pos- 
sible dis t r ibut ion functions have shown that  the dis- 
t r ibut ion  differing from that  of Bol tzmann could give 
a much smaller  stress anisotropy as compared with an 
observed one. 

Hence, in  order to estimate whether  the mechanism 
assumed can ensure the level of stress anisotropy ob- 
served, let us postulate the Bol tzmann law for dis t r ibu-  
t ion of dislocation l ine directions upon 0 and r In -  
t roducing such a postulate, the dis tr ibut ion funct ion is 

p (0, r : A exp (--  al cosec -- ~2 cos~0) [2] 

where A is a constant to be de termined from the nor-  

malizat ion conditions, whi le  

K1 /s 
~ 1 : - - ;  = 2 :  [3] 

kT 'kT 

where k is the Bol tzmann constant, T the absolute 
temperature.  

Let us now imagine that  all  segments DL, every one 
of uni t  length, are t ransferred to the beginning of the 
coordinates, while the or ientat ion of every one of them 
is preserved. The ends of all these segments will now 
lie on a sphere of a un i t  radius, as shown in  Fig. 2. 
Since the density of the dislocations in films is con- 
siderable (1010-10 z2 cm -2) (3, 7), let us replace the 
actual discrete dis t r ibut ion of the un i t  segments DL 
with a quasi-cont inuous one. Let us now consider a 
film buil t  up in an intense field, sufficiently intense 
for magnetic saturation. In  this case, the magnet izat ion 
will coincide during growth of the crystals throughout  
the volume of the film, with the direction of the tech- 
nological magnetic  field, so that  the x-axis  is directed 
along that field. 

On an element  of the sphere under  consideration 
(Fig. 2), having an  area of dS ---- 1 • 2~ sin Ode, t e rmi-  
nate pl(0)2~ sin 6do of segments DL, where pl(0) is the 
quasi-cont inuous funct ion of the dis tr ibut ion of dis- 
location l ine uni t  segments according to angle e. The 
magni tude  pl (0) can be computed if each such segment  
is matched with a uni t  vector of the normal  to DL in  
the slip plane. Imagining a t ransfer  of all these un i t  
vectors to the beginning  of the coordinates, we shall 
obtain a picture identical to that  in  Fig. 2, the sole 
difference being that  instead of angle 0 we sha l l  have 
angle r 

Figure 3 shows that  if 0 remains constant, r can be 
changed wi th in  the Iimits of =/2 -- 8 to • + 0. Then, 
if p (0, r is the funct ion of the dis tr ibut ion of the NSP 
uni t  vectors, according to angle r at a fixed 0, we shall 
obtain for pl (0) the following 

pl(0) = 2 , ~ / 2 _ 0 2 ~ s i n c p ( e ,  r162 [4] 

Taking into account Eq. [2] and [4], we shall find 
the total number  of NSP uni t  vectors (or, equally, of 
the un i t  DL segments) equal  to the dislocation den-  
sity in  the film crystal 

Po : 8~A~o s i n 0 ~ f f _ e e x p  (--~1cos2r - -  ~2 cos~0) 

sin cdOdr [5] 

The dilatation along the x-axis  is determined by  the 
sum of the projections on the x-axis  of all the random 
orientated NSP uni t  vectors. Project ion of each uni t  
vector on the x-axis  depends on the magni tude  of 
cos r (Fig. 3). Then, considering Eq. [5] as a condi-  

Z 

I sin 

Y x 

Fig. 2. Diagram illustrating the computation of distribution 
f~unctions. The x-axis is directed along the magnetization, the 
z-axis along the normal to the film. 
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S e p t e m b e r  1975 

c 3 

Fig. 3. Diagram for the computation of po x and po y parts of 
the density of the dislocations, the o-~flow of which results in 
the emergence of anisotropic macrostresses along the x and y 
axes. 

t ion  for  n o r m a l i z a t i o n  for  A, we  shal l  f ind the  s u m  of 
t h e  p ro j ec t ions  of a l l  N S P  un i t  vec to r s  on  the  x - a x i s  

~r/2 f~r/2 
P o J o  s in  o., ~r/~-o s in  r cos r exp  ( - - a l  cos~ ~ - -  

po x - -  

t ions on the  x - a x i s  co inc id ing  w i t h  t he  d i rec t ion  of  
the  field, and  the  y -ax i s ,  n o r m a l  to the  t echno log ica l  
field, differ  f r o m  one  another .  This  m a k e s  fo r  d i f fe ren t  
d i l a ta t ions  in  t he  d i rec t ions  of  t he  ind ica t ed  axes  and, 
hence,  also for  d i f fe ren t  macros t resses .  

Computation of Macrostresses in the Films Growing 
in a Magnetic Field 

Le t  us c o m p u t e  t h e  macros t r e s ses  ~x in  t he  d i rec t ion  
of  the  x - a x i s  and  ay in the  d i rec t ion  of  t he  y -ax i s .  

Le t  pR be the  dens i ty  of  d is locat ions  w h i c h  a re  p r e -  
s e r v e d  in  t he  c rys ta l  a f t e r  t he  process  of the i r  out f low 
has s topped.  Le t  pR x be  the  s u m  of the  p r o j e c t i o n  of a l l  
the  N S P  un i t  vectors ,  n o r m a l  to t he  l ines  of t he  " r e -  
m a i n i n g "  dis locat ions,  on  the  x -ax i s ,  and  l e t  pR y be  the  
s a m e  for  t he  y -ax i s .  Then,  t h e  dec rease  of t he  sum of 
p ro jec t ions  of  t he  N S P  un i t  vec to r s  on  t h e  x - a x i s  (as  
a resu l t  of the  out f low o~ a p a r t  of  t he  d is locat ions)  
wi l l  a m o u n t  to Apx ---- po x --  pR~, and  on the  y -ax i s ,  
hpy : po y - -  pR ~. I f  Wo is the  l i nea r  e n e r g y  of  t he  dis-  
locat ion,  the  w i t h d r a w a l  of a pa r t  of t he  dis locat ions  
wi l l  b r i ng  about  a dec rease  of  t he  to t a l  d i s loca t ion  e n -  
e r g y  in  t he  c rys ta l  by  Wo" Ap, w h e r e  hp - -  Po --  PR. 

cos 2 0) d~d@ 

y0~/2 ~7r/2 
sin ~ J~r/2-a s in  @ exp  ( - - a i  cos 2 @ --  a~ cos 2 ~) d#d@ 

The  d i l a t a t ion  a long  the  y - a x i s  is d e t e r m i n e d  by  an  
iden t i ca l  express ion ,  w h e r e  h o w e v e r ,  ins tead  of cos r 
we  w r i t e  cos ~ ( the  ang le  e is s h o w n  in  Fig.  3).  F i g u r e  
3 shows  tha t  

cos �9 = x / c o s  ~ # - cos~ r [7]  

F o r  f ixed ~ and ~, # can change  w i t h i n  t he  r a n g e  0 to 
~. The  v a l u e  of # does no t  affect t he  e n e r g y  of the  in-  
t e r ac t i on  b e t w e e n  the  d is locat ions  and  magne t i za t ion ,  
so tha t  a l l  va lues  of # w i t h i n  t he  above  l imi t s  a r e  
e q u a l l y  probable .  The  a v e r a g e  m a g n i t u d e  of cos e in  
t ha t  case is 

cos e = -- cos ~ # -- cos ~ cd# [8] 
r 

Thus, for the sum of the projections of all NSP unit 
vectors on the y-axis we shall obtain 

p J  -~ 

[6] 

Le t  us n o w  in t roduce  a coeff icient  q 

q (APx -F apy) = Ap [12] 

Thus,  for  example ,  if  paX/po x ~- pRY/Po y -~ PR/Po, w e  
ob ta in  f r o m  [11] t he  f o l l o w i n g  

2 - -  0.644al --  0.336~ ~- 0.096aia2 
q - i  ~_ 0.425 [13] 

1 - -  0.563~i - -  0.25a2 -~- 0.042~ia~ 

In  this  case, the  dec rease  of  t he  to ta l  e n e r g y  of t h e  dis-  
locat ions  (as a resu l t  of t he i r  pa r t i a l  w i t h d r a w a l )  can 
be p r e s e n t e d  as AW : Woq(Apx -~ Apy), w h e r e  p a r t  
of the  decrease  of e n e r g y  to t he  a m o u n t  of WoqApx is 
connec ted  w i t h  a change  in  the  s u m  of t h e  p ro jec t ions  

f :~2 F:~ . [ l y :  ] 
Po ~ 0  s i n  e J ~ / 2 _ 6 s m  ~ ~ -  ~ / c o s  2 # - -  co s  2 ~ �9 e x p  ( - - ~ l  cos  2 ~ - -  a~ cos  2 e) d#dcd# 

[91 
O v 1 2  

We shal l  a s sume  (13-15) tha t  t he  e n e r g y  of the  i n -  
t e r ac t ion  b e t w e e n  the  defec t  and m a g n e t i z a t i o n  is con-  
s ide rab ly  l o w e r  t h a n  the  h e a t  e n e r g y  

K1 K s  
: i  - -  ~ < <  1; a~ -~ - ~  < <  1 [10] 

Then, replacing the exponents in Eq. [6] and [9] by 
the first members of the corresponding series, we shall 
r educe  the  d e n o m i n a t o r s  of bo th  express ions  [6] and  
[9] and the  n u m e r a t o r  in  [6] to t ab le  in t eg ra l s ;  t he  
n u m e r a t o r  of [9] can  be  found  by  n u m e r i c a l  i n t e g r a -  
t ion.  As a r e su l t  of the  c o m p u t a t i o n  of  the  in t eg ra l s  
in [6] a n d  [9], we  ob t a in  

1 - -  0.4~1 - -  0.125~ -t- 0.057~1a2 
po x ~_ 0.425 po 

1 - -  0.563ai - -  0.25~2 -~ 0.042~1~2 

1 --  0.244al --  0.211a2 -~ 0.039~1a2 
po y ~--- 0.425 Po [11] 

i --  0,563al --  0.25~2 ~ 0.042~i~2 

F r o m  exp re s s ion  [11] it  wi l l  b e  seen  tha t  for  ai ~ 0 
and ~2 r 0, t he  sums  of  the  N S P  v e c t o r  un i t  p r o j e c -  

~'7r/2 . 
s in  ~ ~ r / 2 _ o s m  r e x p  ( - - ~ i  cos 2 @ - -  ~2 cos ~ O) d#dr 

of al l  N S P  un i t  vec to r s  on the  x - a x i s  and  p a r t  WoqApy 
on the  y -ax i s .  

On  the  o the r  hand,  in t he  e v e n t  of a p l ane  s ta te  of 
s t resses  w i t h  s t resses  Cx a n d  ~y, t he  po ten t i a l  e n e r g y  
co r re spond ing  to t he  e las t ic  d e f o r m a t i o n  a long  the  
x - a x i s  is (16) 

2 - -E  - 
[14] 

(ex and ey are the strains along the x and y axes) ; fo r  
the y -ax is  i t  w i l l  be 

i 1 
~ -  ~y,y = ~ ( ~ P  - ~ y ~ x )  [15]  

w h e r e  E is Young ' s  m o d u l u s  of t he  e las t ic i ty  and  # 
Poisson 's  ra t io  of t he  fi lm mate r ia l .  

Whi l e  t he  dislocat ions,  w h i c h  outf low f r o m  the  c rys -  
tals, c a r r y  a w a y  the  e n e r g y  in a m o u n t  AW, on ly  a f r a c -  
t ion x of zlW is c o n v e r t e d  to mac ros t r e s s  ene rgy ;  the  
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rest of • expressed as (i- x)AW, is scattered as 
heat. The est imation of a value x will be proposed in  
the discussion. As to the na ture  of this quanti ty,  it 
scarcely can be explained at this stage of theory 's  
development.  Hence, we must  be l imited by the in t ro-  
duction of, instead of aW, a magni tude  xAW in follow- 
ing relations. Then, the energy balance is 

1 
xWoq~px : - ~ -  (~x 2 --/*~x~y) 

1 
xWoq• : - ~  (Cry2 _ _  ,t~,0-yO-x) [16] 

The solution of the system of equations in  [16] pro- 
vides formulas 

a x  = - - - ~ "  g25pxy + 2,xpo x + ~ (g25pxy + 2K~% x) 2 _ 4(1 -- g2)Kx2poX2 

~ry = Y y ~ 7 " ~2~Pyx + 2~YP~ + ~ (~Spyx -~- 2~:yPoY) 2 - -  4 (1 - -  r 

into which the following notat ions are introduced 

hPx Apy 
~Pxy --~ -- bPyx = Po x -- PoY; gx - -  - ; ry ~ -  ~ [18] 

po x po ~ 

[The sign in front  of the inner  square root in  both 
equations [17] is determined by let t ing ~s and a.2 ap- 
proach zero and comparing formulas [17] to the corre- 
sponding ones for the isotropic case (2-4).] 

Discussion 
Relations [17], taking into account formulas [ i l ] ,  

make it possible to explain the exper imental  regu-  
larit ies stated in  Par t  I (1) (section on Results and 
Discussion, items 1-3). 

1. If al ~ 0 and a2 ~= 0, i.e., according to Eq. [11], 
po x =~ po y, from relations [17] is it evident  that  ~y 
must  differ from tx. The obtained result  shows how the 
small  energies of magnetic  interact ion control the large 
energies of elastic deformation: even if K1 and K2 are 
small  and, hence, the or ientat ion of the dislocation 
lines and the normals  to them are not substantial,  the 
high density of the dislocations makes this small de- 
gree of or ientat ion sufficient for the creation of a mea-  
surable anisotropy of the macrostresses. 

For a quant i ta t ive  evaluat ion of the anisotropy of 
the macrostresses being induced by the above mech- 
anism, let us assume that  in  Eq. [11], as - -  ae ~-- 0.1 
which is wi th in  the admissible limits given in Eq. [10]. 
We then  obtain from [11] : po x ~- 0.437po, p~Y -- 0.444Po. 
In  nickel films electrodeposited in  a magnetic  field, the 
tensile macrostresses are of an order of (1): r ~ 2 X 
107 N-m -2. Let us assume, for example, that ~ 0.02 of 
the init ial  density of dislocations is removed from the 
crystal, i.e., p~ ~ 0.98po. Then, by taking the l imit  of 
Eq. [11] for ai ~ 0, we obtain: pR x : pR y ~ 0.425PR 
0.425"0.98po; and from relations [17] and [19]: ~x -- 
~ /xq ' l .25  X 109 N ' m  -~, ~y = ~/xq' l .4  X 109 N ' m  -~. 
In  order to correlate the calculated ~x and ~y with the 
exper imental  ones, we have to assume that xq ~ 1.5 • 
10 -z. From [13] it can be seen that  the factor q, in t ro-  
duced by relat ion [12], is of the order of ~ 1. Hence, 
there must  be: z ~ 1.5 • 10-". Thus, if less than  1% 
of the energy of the dislocations, which was removed 
from the crystal, converts to the energy of the macro-  
stresses, the postulated mechanism will  ensure t h e  
level of macrostresses observed in experiments.  Here, 
the anisotropy of the macrostresses caused by the par -  
tim orientat ion of the dislocations in the magnetic field 
is also of the same magni tude  as the exper imental  one 
( in the above example ~y/~ ~ 1.12). 

2. When the sign of the magnetostr ic t ion changes, 
the constants Ks and K~ and, hence, also a~ and a2, 
change their  sign. As can be seen from Eq. [11] and 
[17], when as > 0 and a~ > 0 we obtain ~y > tx. When 

~s < 0 and a2 < 0 there is an inversion, ay < ~x, which 
corresponds to the inversion observed exper imental ly  
when the sign of the magnetostr ic t ion was changed 
( 1 ) .  

3. Equations [11] and [17] also provide an explana-  
t ion for the effect of saccharin on the anisotropy of 
macrostresses of the films studied here. It  has been 
observed (1) that  saccharin inverts  the influence of 
the magnetic field on the macrostresses. Since, as was 
postulated, K1 and K2 and with them also as and a~ 
(see Eq. [10] ) characterize the magnetostr ict ive in ter -  
action, the magni tude  of the coefficient of magneto-  
striction k~ determines the absolute values al and a2. It  
is known  (17) that  the stresses affect the magnetostr ic-  
tmn ?~s substantially.  But in t roduct ion of saccharin into 

[17] 

the solution leads to a considerable increase in  the de- 
tect concentrat ion and raises the microstress level. [For 
example, in a nickel film the in t roduct ion of saccharin 
into the solution raises the microstresses by more than 
5-fold (18).] This must  greatly alter the absolute val -  
ues of ~1 and ~2. On the other hand, from Eq. [11] and 
[17], it will  be seen that  a change in the absolute value 
of ~1 and ~2 can br ing  about an inversion of the rela-  
t ion between ~x and ~y. For example, at ~s - -  10 -3, 
a2 - -  2 • 10 -3, we obtain from [11]: pox > po y and 
hence, according to [17] also ~x > ay. If, however, ~1 
3 • 10 -3 , ~2--~ 2.5 • 10 -3 then po ~ < po y and corre- 
spondingly ~x < ty. 

Thus, the regularit ies of the anistropy of macro-  
stresses, observed in films of nickel and i ron-nickel  
alloy deposited in a magnetic field and described in  
Par t  I of this work (1), can be explained on the basis 
of the above concept. 

Adoption of the dislocation model of the creation 
of the macrostresses, as well  as of their  anisotropy, 
does not exclude the possible role of other mechanisms. 
However, from the above discussion, it is seen that  a 
considerable part  of the anisotropy of macrostresses 
could very  l ikely be ascribed to the effect of the par-  
tial wi thdrawal  of dislocations from the film crystals 
and to the part ial  or ientat ion of dislocations under  the 
influence of technological factors (as in  the case under  
consideration, the magnetic field). 

Manuscript  submit ted Dec. 2, 1974; revised manu-  
script received May 7, 1975. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1976 
JOURNAL. All discussions for the June  1976 Discussion 
Section should be submit ted by Feb. l, 1976. 
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Technical Notes 

Vapor Deposition of High P20  Content 
Binary Phosphosilicate Films on Silicon 

J. Wong* and M. Ghezzo* 
General Electric Company, Research and Development Center, Schenectady, New York 12301 

The s tabi l i ty  enhancement  of Si devices by  b ina ry  
phosphosi l icate  glass (PSG)  films as get ter ing sources 
for meta l l ic  impur i t ies  (1-7) and pass ivat ion  layers  
(8-12), and the ut i l izat ion of these mater ia l s  as n -d i f -  
fusion sources for the  fabr ica t ion  of p - n  junct ions  in 
Si (13-15) have  been demons t ra ted  by  a number  of 
authors.  Much of the  prepara t ion ,  ma te r i a l  charac te r i -  
zat ion studies, and device appl ica t ion  of PSG so far  has 
been confined to films wi th  less than  20 mole  per  cent 
(m/o)  P205 (16-24). High P205 content  phosphosi l i -  
cate glasses are  of considerable  interest ,  especial ly in 
studies such as s t ruc tura l  aspects of this  type  of ma te -  
r ia l  (25) which  requi re  sys temat ic  p rope r ty  inves t iga-  
t ions across the  whole composi t ion of the b ina ry  sys-  
tem. 

In  this paper,  we repor t  the  vapor  deposi t ion of 
b ina ry  P S G  films wi th  composit ion ranging  f rom one 
end component  to the  other  using a PH~-SiH4-O2-Ar 
(or N2) react ion system at subs t ra te  t empera tu res  in 
the range 300~176 The ra te  of deposi t ion and film 
composit ion has been  inves t iga ted  sys temat ica l ly  as a 
funct ion of t empera tu re  and concentra t ion of react ive  
and car r ie r  gases. 

Experimental Procedure 
Ten ohm-cm p - t y p e  (111) or ien ted  silicon wafers,  

2.5 cm in d iameter  and 0.05 cm thick, were  used as 
subs t ra tes  for film deposition. These were  heav i ly  
e tched in a conc HNO3-conc HF solution (3:1 by  vol-  
ume) ,  r insed thoroughly  in dis t i l led water ,  and spin-  
dr ied  pr ior  to deposit ion.  The phosphine and si lane 
sources used were  semiconductor  grade obtained f rom 
the Matheson Company  as a ca l ibra ted  1% mix tu re  in 
Ar.  Union Carbide u l t r apu re  grades of O2, Ar, and N~_ 
were  used as the oxidizing med ium and car r ie r  gases, 
respect ively,  in the CVD process. The gas-flow system 
and ver t ica l  reactor  used in the present  s tudy are  s imi-  
l a r  to those used for  the s tudy  of arsenosi l icate  film 
repor ted  ear l ie r  (26). 

Deposit ions were  made  at subs t ra te  t empera tu res  of 
300 ~ 350 ~ and 400~ control led  to wi th in  •176 Al l  

* Electrochemical Society Active Member. 
Key words: thin dielectric glass films, preparation. 

flow meters  were  ca l ibra ted  wi th  the  corresponding 
gases or mix tures  using two Brook flow ca l ibra tors  
having capacit ies of 0-70 and 0-1000 cc. In  al l  deposi-  
tions, the  molar  rat io  of O2 to total  hydr ide  in the  re-  
act ive mix ture  was ma in ta ined  at about  10 to assure 
complete  oxidat ion  of both  PH8 and Sill4, which  theo-  
re t ica l ly  requires  an Oe/hydr ide  rat io  va ry ing  f rom 1 
to 1.25 depending on composit ion across the PSG sys-  
tem. 

Deposit ion ra te  was convenient ly  de te rmined  by  con- 
t inuously  recording the color of the  film in situ dur ing 
deposit ion and using the color thickness char t  devised 
by Tenney and Ghezzo (22b) f rom the data  of Pl iskin  
and Conrad for the rmal  SiO2 (27) to plot  film th ick-  
ness vs. t ime of deposition. The actual  thickness of 
PSG films may  be 5-10% (see e r ror  bars  in Fig. 1-3) 
lower  than  that  obta ined  by  color because of the h igher  
re f rac t ive  indices of PSG films (1.50-1.60 depending on 
composit ion) (28) compared  to a va lue  of 1.46 for 
the rmal  SIO2. In te res t ing ly  enough, it  was found ex-  
pe r imen ta l ly  that  by  reducing the subs t ra te  t empera -  
ture  to 300~ and using a high flow ra te  of PH3 with  
Ar, but  not N2, as car r ie r  gas, a pure  P205 film can be 
reproduc ib ly  vapor  deposi ted at a fa i r ly  high rate.  The 
un i formi ty  of the  P205 film can be grea t ly  improved  
by  first coating the bare  Si subs t ra te  wi th  a 200A laye r  
of SiO2 pr ior  to the  P205 deposition. 

F i lm composit ions were  de te rmined  by  e lect ron 
microprobe  analysis  for silicon and phosphorus  using 
high puri ty ,  undoped samples  of sil icon and ga l l ium 
phosphide,  respect ively,  as s tandards.  F i lms  containing 
20 m/o  P205 and higher  are  hygroscopic;  to protect  
these high P~O5 content  films f rom mois ture  a t tack  
during handling,  a thin covering l aye r  (,-~300A thick)  
of SiO2 was deposi ted in situ immedia t e ly  af ter  the  
PSG deposi t ion by  s imply  tu rn ing  off the  PH~ supply.  
For  films containing 50-100 m/o  P205, a double  cover-  
ing l aye r  was necessary in o rder  to avoid  cracking (due 
to thermal  stress) of the  covering l aye r  when  cooled 
f rom the deposi t ion t empe ra tu r e  to room tempera ture .  
The double covering l aye r  consisted of a 20 m / o  PSG 
film (,-~300A thick)  fol lowed by  a pure  SiO2 l aye r  
(also ~300A thick) .  When  s tored  in a desiccator, 
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moisture attack on the under ly ing  b inary  film can be 
obviated for as long as a week which is indicated by 
the reproducibil i ty of the infrared spectrum of the as- 
deposited film and absence of the OH absorption in the 
3# region. The accuracy of the microprobe technique 
was est imated to be wi th in  --+3% or bet ter  for all films. 

R e s u l t s  a n d  D i s c u s s i o n  
Deposition rate.--The deposition rate of PSG films 

has been studied as a funct ion of the mole fraction of 
PH3 (XPHs) in  the hydride mixture,  substrate tempera-  
ture, and gas flow conditions. Figure 1 shows the re- 
sults obtained at 400~ by vary ing  the flow rate of PH8 
(1% in Ar) in  the range 0-900 cc min  -1, while holding 
constant  flow rates of 02, Sill4 (1% in  Ar) ,  and carrier  
gas Ar  at 40, 100, and 2800 cc rain -1, respectively. The 
deposition rate increases monotonical ly with xPHa and 
exhibits a max imum at XpH8 "~ 0.8. 

At  lower substrate temperatures,  higher flow rates 
of reactant  gases are necessary in order to facilitate 
deposition rate measurements  wi thin  a reasonable t ime 
scale. The results at 350 ~ and 300~ in  the N2 system 
are shown in Fig. 2 and 3. In  the range 0 ~-- XPH3 ~ 
0.45, the flow rate of PI-I~ (1% in  At)  was allowed to 
increase, while those of 02, Sill4 (1% in Ar) ,  and N~ 
were held constant at 40, 400, and 2800 cc min  -1, re-  
spectively. Again, the deposition rate increases with 
XPH3. Ill the range 0.5 --~ XPH3 ~ 1.0, the flow rate of 
PH.~ (1% in Ar) ,  O2, and N2 were held constant at 473, 
40, and 2800 cc m i n - i ,  respectively, while that  of Sill4 
(1% in  Ar) was progressively lowered to obtain high 
XpH3 values. In  this range the deposition rate decreases 
monotonical ly to zero with increase in xPH3 (Fig. 3). 

However, when Ar was used instead of N~ as the 
carrier  gas at 300~ a max imum Similar to that  shown 
in Fig. 1 was again observed at XpHa -~ 0.85. At xptz3 = 
1, the deposit rate ]n the Ar system shown in Fig. 3 
could be main ta ined  at ,~1300A min  -1 under  the gas 
flow conditions of 473, 40, and 2800 cc min  -1 for PH8 
(1% in Ar) ,  Oe, and Ar, respectively. The deposition 
corresponds to that of a pure P205 film. The above data 
for the N2 system shown in  Fig. 2 and 3 clearly indi-  
cate an inhibi t ive effect of N2 on the deposition of PSG 
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Fig. 1. Deposition rate of PSG films at 400~ vs. x p ~  3. The 
flow rates of 02, Sill4 (1% in Ar), and Ar were held constant at 
40, 100, and 2800 cc min -1,  while that of PH3 (1% in Ar) was 
made to vary so as to obtain the corresponding XpH~ in the hydride 
mixture. 
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Fig. 2. Deposition rate of PSG films at 350~ vs. xpH 3 in N2. 
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400, N2 ---- 2800, and PH~ variable; for 0.5 ~ XPH 3 ~ 0.83, 0 2  
40, PH3 ~ 473, N2 ~ 2800, and Sill4 variable. Flow rates of both 
SiH~, and PH3 are those of the 1% mixtures in Ar. 
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Fig. 3. Deposition rate of PSG film at 300~ vs. XPH 3. Flow rates 
in cc rain -1  for 0.2 --~ x PHa ~ 0 .43:02  = 40, Sill4 = 400, 
N2 = 2800, and PH~ variable; for 0.5 ~ x ~ 1.0: O~ = 40, 
PH3 - -  473, N2 or Ar = 2800, and Sill4 variable. Flow rates of 
both Sill4 and PHa are those of the 1% mixtures in Ar. 

film in  the region of high xP~3 values. In  the absence 
of fur ther  detailed kinetic data, it could only be specu- 
lated that N2 may retard the generat ion of oxygen 
free radicals that are necessary to init iate the oxida- 
t ion of PI-I3; complex with in termediate  species, thus 
prevent ing fur ther  oxidation to higher oxides; or ter-  
minate  chain propagat ion in the polymerizat ion proc- 
ess. 

Deposition of pure Pz05 films.--The above systematic 
s tudy of the rate of deposition of PSG films from the 
PI-I3-SiI-I4-O2 system leads to a formulat ion for de- 
positing a pure P205 film at low substrate tempera ture  
and high PH3 flow rate. Pure  P205 films deposited on 
bare Si substrates are rather  nonuni form in thickness 
as shown by the color dis t r ibut ion of the deposit. It 
was found exper imenta l ly  that  by depositing a thin 
layer  of CVD SiO2 (,~200A thick) on the bare Si sub-  
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strate prior to the P205 film, uni formi ty  of the lat ter  
was greatly enhanced. This "priming" procedure en-  
ables reproducible deposition of very uni form P205 
films. 

Film composition.--Compositions of PSG film pre-  
pared under  the above-ment ioned substrate tempera-  
tures and gas flow condit ions have also been deter-  
mined. It was found that the amount  of P205 that  can 
be incorporated in  the film depends strongly on XpH3 
and substrate temperature.  The results are given in 
Fig. 4 in  which the film composition in  m/o  P205 is 
plotted vs. XpH3 at various deposition temperatures.  
The points represent  the data obtained by electron 
microprobe analysis after having been corrected for 
the respective covering layers, while the curve cor- 
responds to those calculated from the molar  concen- 
t rat ion of PH8 and Sill4 in the reaction mixture  using 
the formula:  m/o  P205 : XPHs/(2 - -  XPH~) which as- 
sumes stoichiometric oxidation of each hydride com- 
ponent.  Within  •  m/o  or better, composition of CVD 
PSG films can be expected to follow that determined 
by the relative concentrations of the hydride compo- 
nents  in the presence of excess O2. Furthermore,  in the 

range 0-20 m/o  P205, the microprobe data agree well 
with those obtained from the infrared data of Tenney 
and Ghezzo (22) using the intensi ty  ratio of the P : 0 
band and Si-O band at 1320 and 1100 cm -z as a com- 
position calibration of PSG films deposited from the 
same reaction system in the range 300~176 

The amount  of P205 that can be incorporated in  the 
PSG films increases with decreasing substrate tem- 
perature in agreement  with the findings of Tenney  and 
Ghezzo (22), as well as the more recent data of Shibata 
et al. (29). At 400~ the ma x i mum concentrat ion is 
about 50 m/o  P205 (see Fig. 4 for the data point  at 
400~ Increasing the amount  of PI-I3 gas (hence 
xPH3) wil l  tead only to heavy fuming at the gas-sub- 
strate interface, indicative of vaporization loss of re-  
action products, especially P205. This probably  gives 
rise to the drop in deposition rate beyond XpH3 = 0.8. 
When the substrate tempera ture  was lowered to 350 ~ 
and 300~ the concentrat ion of P20~ in  the film can 
be extended to ~60 and even to 100 m/o  P205 as shown 
in  Fig. 4. The decrease in  P:O5 concentrat ion in  the 
film with increasing substrate temperature  appears to 
be due to a decrease in  the sticking coefficient of the 
P205 component with temperature.  That  this is the 
case is substantiated by direct observation of a pro- 
gressive decrease in thickness (Fig. 5 inset) of a pure 
P20~ film deposited ini t ia l ly at 300~ as it was being 
heat- t reated in situ in  the reactor from 325 ~ to 550~ 
holding the tempera ture  constant for 3 min  at 25~ 
intervals. Accordingly, the infrared spectrum of the 
heat- t reated film shows a decrease in in tensi ty  in  all 
the corresponding absorption bands (Fig. 5). The vi-  
brat ional  spectra and s t ructural  analysis of these CVD 
PSG films will be given in a subsequent  paper (30). In  
fact, the occurrence of the band at 1300 cm -1 which is 
characteristic of the P = 0 v ibra t ion and its persistence 
in the spectra of all as-deposited b inary  PSG films sug- 
gest that the oxidation product of PH8 under  the 
present CVD conditions is indeed phosphorus pent -  
oxide. 

S u m m a r y  

Binary  phosphosilicate glass films of varying  com- 
position across the b inary  system have been prepared 
by a CVD technique using a PH3-SiI-I4-O2 reaction 
system at low substrate temperatures  (300~176 
The deposition characteristics of these films may be 
summarized as follows: (i) The P20~ content  in the 
film increases monotonical ly with the mole fraction 
of PI.I3 (x~,H~) in  the hydrides mix ture  in  the pres-  
ence of excess O2. (ii) At 400~ film composition is 
restricted to no higher than 50 m/o  P205. Higher P205 
content PSG films can be deposited by lowering the 
substrate temperature  to 300~ at which a pure P205 
film may be deposited using only PH3-O~ and Ar, but  
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not N2, as the  car r ie r  gas. (iii) The deposi t ion ra te  in-  
creases in i t ia l ly  wi th  XPH3 at al l  t empera tu re s  studied. 
A m a x i m u m  ra te  at XPH3 ~ 0.8 is observed in the  Ar  
system, but  not  the  N2 system. (iv) Deposi t ion of 
high P~O5 content  films, i.e., at XpH3 > 0.5, appears  to 
be inhibi ted  by  the  presence of N2. 
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Silicon Nitride Films by Direct 
RF Sputter Deposition 

G. J. Kominiak 
Sandia Laboratories, Albuquerque, New Mexico 87115 

Sil icon nitr ide,  because of its chemical  s tab i l i ty  (1), 
is of considerable  impor tance  in  the  electronics indus-  
t ry  for  use in pass ivat ing  semiconductor  surfaces (2, 3), 
as a ba r r i e r  to diffusion in silicon device technology 
(2,4-10),  and in MNOS device technology (11-16). 
Nonelectronic  appl icat ions  of silicon n i t r ide  layers  in-  
clude: the  format ion  of glass to meta l  seals (17), a 
proposed antiref lect ion coating for a so l a r - the rma l  
collector (18), and as an e lect rode insula tor  in high 
t e m p e r a t u r e  e lec t rochemis t ry  (19). 

Among  the severa l  methods  which  have seen genera l  
use for the deposi t ion of amorphous  layers  of silicon 
ni t r ide  are:  the  pyrolys is  of si lane in the  presence of 
gaseous n i t rogen compounds (4,20-30),  r f  and  
microwave  discharge induced CVD (31-34), ion beam 
techniques (35), and react ive  sput ter  deposi t ion from a 
h i g h - p u r i t y  silicon ta rge t  (36-39). The most common 
method  of film format ion  appears  to be the  CVD tech-  
niques. 

A d isadvantage  to the  pyrolys is  schemes is the high 
subs t ra te  t empera tu res  needed (500~176 (28-30). 
Glow discharge induced CVD methods  a l levia te  this 
d i sadvan tage  since deposi t ion occurs at  t empera tu res  
be low 100~ (34). These low t empera tu r e  films appear  
to have res idual  hydrogen  content  (40), which may  

K e y  w o r d s :  th in  dielectr ic  films, pass iva t ing  layer,  r f  glow dis- 
charge,  in f ra red  absorption,  index  of r e f r a c t i o n .  

l imi t  thei r  usefulness. Direct  r f  spu t te r  deposi t ion of 
sil icon n i t r ide  films f rom a pressed  powder  ta rge t  of 
silicon ni t r ide  has been avoided because of the diffi- 
culty in obtaining high pur i ty  targets  (40), the  danger  
of silicon oxide incorpora t ion  into the films because of 
gases t r apped  in the ta rge t  (41), and var ia t ions in 
s to ichiometry  in the resul t ing films due to dissociation 
react ions at  the ta rge t  (42). Gregor  (43) has repor ted  
tha t  reproducib le  films of silicon n i t r ide  m a y  be spu t -  
te red  f rom a n i t r ide  target ,  bu t  only  at  high r f  power  
levels. 

Here we repor t  the  format ion  of t r anspa ren t  th ick  
films (up to 10~) of silicon ni t r ide  by  direct  r f  sput te r  
deposition. These films are  p r epa red  at low rf  power  
levels  from an SijN4 ta rge t  using a mix tu re  of argon 
and nitrogen.  

Experimental 
The silicon ni t r ide  films were  d i rec t ly  sput te r  de-  

posi ted on wate r -coo led  subst ra tes  of silicon, fused 
SiO2, gold, plat inum, and T-12| 1 in f ra red  windows 
using an MRC IC 2 grade SijN4 target .  The deposit ions 
were  carr ied out in a convent ional  p l ana r  r f  sput ter ing  
system. The subst ra tes  were  b iased  by  inser t ing  a 
tuning ne twork  be tween  the subs t ra te  ho lder  and 

1 Regis tered  T ra de ma rk ,  I-Iarshaw Chemical  Com!~any. 
~Mater ia ls  Research Corporation,  A d v a n c e d  M a t e r i a l s  Divis ion.  

Orangeburg .  New York.  
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Table I. 

Target I n p u t  L a t t i c e  l ~ e f r a c -  E t c h  
v o l t a g e  p o w e r  a b s o r p t i o n  t i r e  r a t e  

( k V )  ( w a t t s )  ( cm-1 )  i n d e x  ( A / s e c )  

1.0 300 870 2.08 ~ 8  
1.2 450 850 2.00 ~ 1 5  
1.5 700 830 1.90 ~ 2 0  

B u l k  ~ 935 2.1  - -  
CVD -- 830 2.0-2.06 1.5 ~~ 

G l o w  d i s c h a r g e  - -  8 7 0  1 . 7 5 - 2 . 1 8  100  ~~ 
C V D  ( l o w  temp) 

ground (44). Gas mixtures  were admit ted and adjusted 
to the operating pressure with the high vacuum valve 
open in an effort to main ta in  a high gas throughput.  
Low throughput  resulted in films with considerable 
oxygen (26) content as evidenced by a distinct infrared 
absorption band at 1100 cm -1. A ni t rogen concentra-  
t ion in the discharge gas of <20% produced films which 
were silicon rich, while a percentage greater than 
-~25% gave clear adherent  films but  severely reduced 
the deposition rate. The principal  variable in this in-  
vestigation was the target voltage ( input  power) (45). 
The substrate circuit was tuned  for ~20V bias and held 
constant from run  to run. 

The width and position of the lattice absorption 
band (46,47), the index of refraction (46,48), the 
ultraviolet  absorption (40), film density, and the etch 
rate (48) were used to evaluate the qual i ty of the film. 

Results 
Figure 1 shows the infrared absorption spectrum 

(curve A) of a 2000A film of silicon nitr ide deposited 
in argon-20% ni trogen at a target voltage of 1 kV 
(Pin ~ 300W). The lattice absorption is fairly broad 
with the max imum occurring at 870 cm-1 as compared 
to ,,~830 cm-Z for CVD material  (4, 25) (curve B) 
and ,~935 cm -1 for bulk  silicon ni t r ide (curve C) 
(4, 6). As these films were shown to be amorphous by 
x - ray  diffraction, the shift in lattice absorption to 
lower frequencies may be a t t r ibuted to bond stretch- 
ing in the amorphous film (4, 36). Increasing the target 
voltage to 1.5 kV (Pin ,~ 700W) resulted in a general  
increase in  the infrared absorption in the range 1000- 
1200 cm-1 and a shift in  the max imum to ~830 c m - L  
The shift in  the band max imum may be at t r ibuted to 
porosity (49) or an increased bond s t rain in the re-  
sult ing films (50). These infrared properties were ob- 
tained only if the target  was presput tered for approxi-  
mately  1 hr prior to film deposition. Proceeding with-  
out presput ter ing gave rise to films with additional ab- 
sorption bands at N3300 cm -1 (N-H) (40) and ~2100 
cm -1 (St-H) (33, 40). This is comparable to low tem- 
perature  glow discharge CVD coatings (40). In this 

C A C A 

E 

A- THIS WORK 

B- pyROLYTIC Si3N 4 
(Ref: 4, 25) 

~-Si3N4 935 870 830 C- 
(Ref:4,6) 

I S~OO I 8OO IOOO 
LATTICE ABSORPTION FREQUENCY I,'(cm-1) 

case, the hydrogen probably originated as an adsorbed 
impur i ty  in the target surface (41). 

For measurements  of refractive index and optical 
absorption, Si3N4 layers were deposited on chromium- 
coated soft glass and fused silica, respectively. The 
chromium layer  was opaque and was par t ia l ly  masked 
during ni tr ide deposition to facilitate measurement  of 
the optical constants of both the chromium substrate 
and the ni t r ide layer. The refractive index was mea-  
sured at ~ -- 5461A using an ell ipsometer and the en-  
ergy gap was calculated from the position of the u l t ra -  
violet absorption edge. 

Silicon ni tr ide films deposited at 1 kV (Pin ~ 300W) 
exhibited an index of refraction of 2.08 (bulk -- 2.1) 
(36) ; the optical gap was N 5 eV. Increasing the target 
voltage to 1.5 kV (Pin ~ 700W) reduced the refractive 
index to 1.90 and increased the energy gap to ~ 5.5 eV. 
These results along with an increase in infrared ab- 
sorption in the vicini ty of ~ 1100 cm -1 are suggestive 
of oxygen incorporat ion in  the 1.5 kV deposit. Ex- 
aminat ion of these films by sput ter -Auger  spectroscopy 
indicated the presence of N 9 atomic per cent (a/o) 
oxygen. In addition, the films produced at high target 
voltages were uni formly  absorbing in the visible. This 
absorption is probably a result  of damage caused by 
particle bombardment  of the film dur ing growth (51- 
55). 

The density, as determined by weight gain, of 10~ 
thick nitr ide films deposited at 1 kV, was ~ 3 g /cm 8. 
This is comparable to that  found for films produced by 
other techniques (56). 

The room temperature  etch rate in 48% hydrofluoric 
acid was found to range from 8 A/sec for films de- 
posited at 1 kV (300W) to N 20 A/sec for films de- 
posited at 1.5 kV (700W). As pre l iminary  investigation 
of the composition of these films did not indicate large 
changes, the variat ion in etch rate may be related (at 
least in part)  to changes in in terna l  stress with depo- 
sition conditions (57, 58). 

Summary 
Thick (,~ 10~), t ransparent  films of amorphous sili- 

con nitr ide were deposited at low temperatures  
(<  100~ at rates of 30-60 A / m i n  by direct rf sput ter-  
ing of a Si3N4 target. The films were prePared using a 
mixture  of Ar/20% ni trogen as the sputter ing gas. Ni- 
trogen levels < 20% result  in films which are silicon 
rich, while concentrations > 25% drastically reduce the 
deposition rate. The density and optical properties of 
the films were comparable to those of pyrolytic and 
glow discharge CVD deposits. Contrary to the results 
of Gregor (43), these properties tend toward those of 
crystall ine mater ia l  when deposited at low rf power 
levels. Increasing the input  power by a factor of ~ 2 
broadens the lattice absorption band and fur ther  shifts 
its position to longer wavelengths.  Simultaneously,  the 
films become absorbing in the visible, and the index of 
refraction decreases from 2.08 to 1.90. Along with 
changes in optical properties, the power increase dur-  
ing deposition results in  an increase in the 48% HF 
etch rate of approximately a factor of 3. 
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Growth of GaN Thin-Films 
from Trriethylgallium Monamine 

J. E. Andrews 
Research Triangle Institute, Research Triangle Park, North Carolina 27709 

and M. A. Littlejohn 
North Carolina State University, Raleigh, North Carolina 27607 

Vapor phase deposition of gallium nitride from or- 
ganometallic compounds and NH3 offers the possibility 
of lower growth temperatures compared to Ga-halide 
compounds due to the weaker Ga-organic radical 
bonds compared to the Ga-halide bonds (1). Lower 

Key words: organometallic compounds, epitaxial growth, diethyl- 
gallium amide. 

growth temperatures could be desirable since the dis- 
sociation temperature of GaN has been reported to be 
as low as 600~ (2), depending on the growth condi- 
tions (3). 

Although GaN growth was obtained from trimethyl- 
gallium [Ga(CH3)s], (4) triethylgallium monamine 
[Ga(C2H~)3"NH3] was selected over Ga(CH3)s for 
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several  reasons. First, a ni t rogen atom is already 
bonded to the Ga atom, and al though this is a weak 
bond, some Ga-N pairs may survive  long enough to be 
incorporated into the film growth without  an external  
source of N. Second, it is not pyrophorie as are both 
t r ie thylgal l ium and t r imethylgal l ium.  Finally, this 
compound is a l iquid at room temperature,  providing 
slightly more convenient  handl ing than Ga(CH3)~'NH3 
which is solid (rap 31~176 (5). 

Published informat ion on the physical and the rmo-  
dynamic properties of Ga(C2Hs)3.NH~ was not avai l-  
able. Only one commercial  source is known to date. 

Preparation of Ga(C2H~)~" NH~ 
The Ga(C2H~)3.NH3 used in this research 1 was pre-  

pared by saturat ing Ga(C2Hs)3 with  NH8 at --10~ 
The mater ia l  so formed was reported to be pale yel low 
and apparent ly  underwent  a slow decomposition, pos- 
sibly by the reaction 

Ga (C2Hs)3"NH3 --> Ga (C2Hs)2"NH2 + C2H6 

Distil lation resulted in fur ther  decomposition with 
C2H6 posi t ively identified as a by-product .  Upon com- 
pletion of the decomposition, the product was easily 
distilled in a vacuum of 0.25-0.4 mm Hg. The mater ial ' s  
repor ted  boiling range was 64~ mm Hg-83~ 
mm Hg, and an analysis indicated the mater ia l  to be 
predominant ly  die thylgal l ium amide. 

The as-received mater ia l  was colorless and "a i r -  
sensitive." Several  droplets of the l iquid turned into a 
white waxy- type  substance when exposed to air over 
a period of approximate ly  two days at room tempera-  
ture. H20 was near ly  immiscible wi th  the l iquid and 
converted, at least ten t imes its own volume of the 
liquid into a beige-colored solid substance over a 
period of several  days at room temperature .  

Growth System Description 
The growth system constructed for this research 

used a horizontal  s teady-state  flow, 5 cm ID, cylindrical  
quartz  reactor heated with  a 700w Type FM305 Hos- 
kins furnace. The reactor  was operated at a tmospheric  
pressure wi th  a N2 carr ier  gas s t ream for reactant  
vapor  transport.  

The t r ie thylgal l ium monamine  source mater ia l  was 
shipped in a pressurized (N2 gas, 12 psig),  stainless 
steel sample cyl inder  and connected to the growth sys- 
tem shown in Fig. 1 direct ly over  the bubbler.  The 
bubbler  is Pyrex  and is connected to the stainless steel 
tubing through a Kovar  g lass- to-meta l  seal. The entire 
system was evacuated and the lines baked out f rom the 
gas supplies toward the vacuum system (reactor was 
removed and vacuum system was connected in its 
place) to aid the desorption of 02 and H20 f rom the 
inter ior  tube walls. The system was evacuated, sealed 

x Prepa red  and  character ized by Dr. T. F. Ju la  and Dr, Bernd  
Schneider,  Ventron Corporation,  Alfa  Inorganics ,  fo l lowing essen- 
tially the technique  descr ibed on p. 172 of Ref. (4). 

Fig. 1. GaN growth system 

off, and leak-back rate  measurements  made to ver i fy  
system integrity.  

The N2 tanks were  ra ted  at 20-30 ppm 02 and re-  
quired the addition of a de-oxygenat ion  catalyst 2 and 
chamber  (Fig. 1) to reduce this impur i ty  to the sub- 
ppm levels. It should be noted that  the system shown 
in Fig. 1 was designed to afford the m ax im um  protec-  
tion to the source mater ia l  f rom 02 and H20 contami-  
nation. This precaution was essential in prolonging the 
useful life of the source material .  

After  several  runs were  made, the source material  
became noticeably darker  and more viscous. The vapor  
pressure apparent ly  decreased (based on a decrease in 
the deposition rate) ,  and the films grown did not ap- 
pear  to be as t ransparent  as those g rown during the 
first run with fresh source material .  Pre l iminary  tests 
were  carr ied out to characterize the vapor  evolved 
from the mater ia l  remaining in the bubbler.  

Source Material Characterization 
The purpose of this character izat ion was twofold: 

first, to establish a t empera ture  range over  which the 
vapor pressure was reproducible  and stable; second, to 
identify the vapor  being introduced into the furnace 
and to obtain some indications as to the nature  of the 
decomposit ion or react ion path. 

A cold trap was designed and constructed which al- 
lowed the chemical vapors that  normal ly  enter  the re-  
actor (Fig. 1) to be collected for analysis. The t rap was 
fitted wi th  a septum so that  the mater ia l  could be 
wi thdrawn with a syringe for t ransfer  to the l iquid 
inlet of an AEI MS-12 mass spectrometer.  A the rmo-  
electric cooler was used to lower  the trap tempera ture  
to --20~ 

The mater ia l  was collected by vacuum transfer  f rom 
the bubbler  to the cold trap. The bubbler  was main-  
tained at 130~ during sample collection, and in 20 
rain approximate ly  l cm of mater ia l  was collected. Con- 
t inued heat ing eventua l ly  left  a dry, tan-colored resi- 
due in the bubbler. 

The mater ia l  collected consisted ini t ial ly of a whi te  
precipitate and a clear, colorless liquid. It took ap- 
proximately 2 hr after the trap was brought to room 
temperature before the precipitate apparently dis- 
solved, again leaving a clear, colorless liquid in the 
trap. This material had the same appearance as the 
fresh source material. 

Mass spectra were  obtained on the clear liquids both 
before and after  the precipi tate dissolved. These 
spectra are shown in Fig. 2. The two mass spectra were 
completely different, indicating that  a reaction had 
taken place. The molecular  fragments  from the clear 
liquid collected ini t ial ly did not contain Ga. The mass 
spectrum taken after the precipi tate dissolved does 
show Ga-containing fragments,  wi th  the heaviest  f rag-  
ment  (286-288-290 ainu) tending to support  the exist-  
ence of a die thylgal l ium amide dimer. The die thylgal -  
l ium amide dimer, if a consti tuent of the original 
source material ,  would  be consistent wi th  the sup- 
plier 's  analysis that  indicated the existence of diethyl-  
gal l ium amide initially. The re la t ive  abundance ratios 
of the Ga 69 and Ga 71 isotopes were  used to identify 
Ga-conta ining fragments.  

.Subsequently, vapor  pressure stabil i ty of the col- 
lected mater ia l  vs. t empera ture  was studied by evacu-  
ating the cold trap and moni tor ing the pressure at the 
trap inlet. Above 71~ the pressure was errat ic  due 
apparent ly  to the occurrence of a reaction. At  71~ or 
below, the pressure was wel l  behaved;  this was used 
as a basis for defining a m a x i m u m  working  tempera-  
ture for the source. 

Film Properties 
Nearly  transparent,  yel low deposits were  obtained 

on (0001) and (1-i'02) single crystal a-A120~ substrates 
with deposition rates up to 2 ~/hr,  wi th  0.5 ~ /hr  being 
typical. These films were  analyzed with  x - r a y  and re-  

Alfa  D e - O X  supplied by  Ventron Corporation,  Alfa  Inorganies. 
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NOTES: 
1. Spectrum A was f rom the clear l iquid that  was observed 

with the white precepitate when the sample was first 
collected. 

2. Spectrum B was f rom the same sample but  taken after 
the white  precipitate dissolved leaving again a clear 
liquid. 

Fig. 2. Moss spectra of source material collected from bubbler 

flection electron diffraction techniques and found to 
have a wurtzi te  s t ructure  with a c/a ratio of 1.63 and 
in te rp lanar  spacings corresponding to those published 
for GaN in the ASTM powder diffraction data analysis. 

The GaN films were n - type  with electron concentra-  
tions ranging from 5 • 1014/cm 3 to 7 • 1019/cm 8. Hall 
mobili t ies from 20 to 30 cmg/V-sec can and have been 
rout inely  obtained, with the highest Hall mobil i ty  ob- 
served to date being 34 cm2/V-sec, n = 1.5 • 1019/cm 3, 
(room tempera ture  data) for films grown at 800~ 
Growth at 600~ yielded high resist ivity films (,,-103 
ohm-cm) with carrier concentrat ions in  the 1015/cm 3 
range, but  the Hall mobilit ies were 10w due i n p a r t  to 
poorer qual i ty  substrate  surface finishes used in  that 
sequence of runs.  

A more comprehensive report  on the evaluat ion of 
the films grown to date will be published. 

Summary 
In summary,  the t r ie thylgal l ium monamine  used in 

this research did lead to the growth of th in  epitaxial  
layers of GaN. The pre l iminary  analyses of the source 
mater ial  indicate that  it is d ie thylgal l ium amide 
[Ga(CgH~)2-NH2] and probably  exists as a dimer. 
Ga (C2H~) ~.NH8 decomposition to Ga (CgH~) 2"NH2 dur-  
ing preparat ion or in  the bubbler  does not preclude 
GaN growth since this is expected to be an in termedi -  
ate step in  the decomposition process that  leads to the 
format ion of GaN. However, this change and fur ther  
decomposition in  the bubbler  makes vapor pressure 
control difficult. Heating the mater ia l  to not  more than  

71~ does permit  reasonably stable reactant  vapor 
pressures suitable for th in  film growth. 
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Elimination of Random Compositional 
Inhomogeneities in Czochralski Grown Silicon 

A.  M u r g a i ,  A.  F. W i t t , *  and H. C. Gatos*  

Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Thermal  condit ions were  achieved, in  a s tandard  
Czochralski  system, under  which the random composi-  
t ional  inhomogenei t ies  in sil icon crysta ls  are  consist- 
en t ly  el iminated.  This g rowth  configurat ion was ob-  
ta ined  for the genera l ly  employed  ra te  of seed ro ta -  
tion ( ranging f rom 3 to 30 rpm)  by  es tabl ishing p ro -  
nounced the rmal  a symmet ry  th rough  the  in t roduct ion  
of an off-centered heat  s ink above the melt.  

In  ear l ie r  studies on the microsegregat ion  in Czo- 
chralski  g rown semiconductor  crystals ,  r andom com- 
posi t ional  fluctuations were  a t t r ibu ted  to tu rbu len t  
the rmal  convect ion (1);  they  were  also found to be-  
come more  pronounced wi th  increas ing mel t ing  point  
of the ma te r i a l  g rown (2). Thus, it was shown tha t  
the fo rmat ion  of these microsegregat ion  inhomogene-  
ities is read i ly  suppressed  by  seed rota t ion of mode r -  
ate rates  in InSb and ge rman ium crystals .  I n  silicon, 
however,  g rown at  the  commonly  used p u l l i n g  rates  
and rates of seed rotat ion,  r andom composi t ional  in-  
homogenei t ies  are  i nva r i ab ly  presen t  (3). 

The the rmal  configuration achieved is of fundamen-  
tal impor tance  as it  permits  the  quant i ta t ive  s tudy of 
the  effects of seed rota t ion and of crucible  ro ta t ion on 
growth  and segregat ion wi thout  in ter ference  f rom tu r -  
bulent  convection; moreover ,  it  now becomes possible 
to de te rmine  quan t i t a t ive ly  the effect of t u rbu len t  
convection on segregat ion and g rowth  behavior .  

The repor ted  resul ts  were  obta ined in a s tandard  
Czochralski  system, wi th  design features,  including 

* Electrochemical  Society Act ive  Member .  
Ke~' words: silicon, crystal growth, dopant inhomogeneities. 

in terface  demarca t ion  (4), for  an  extens ive  s tudy  of 
growth  and segregat ion behavior  of silicon. In  this sys-  
tem a graphi te  resistance hea te r  was used (7 cm in 
d iamete r  and  16 cm long) in Conjunction wi th  a con- 
centric cyl indr ical  t an t a lum heat  shield (14 cm in 
d iameter  and 11 cm long) .  Silicon melts  up to 75g were  
employed.  Numerous  crys ta ls  g rown inva r i ab ly  ex-  
hibi ted the fami l ia r  r andom composi t ional  inhomo-  
geneities. The the rmal  configurat ion leading to micro-  
segregat ion free of r andom convection effects was first 
obta ined af ter  in t roducing a stainless steel  pipe 5 m m  

in d iameter  (wal l  thickness,  0.5 ram) running  hor i -  
zonta l ly  th rough  the wa te r -coo led  furnace  wal l  to a 
distance of 3 cm f rom the ro ta t iona l  axis and bent  
downwards  wi th  its end located 2 cm above the upper  
r im of the crucible.  Growth  exper iments  under  var ious  
the rmal  condit ions indica ted  tha t  the p resen t ly  re -  
por ted  cri t ical  t he rma l  configuration m a y  be achieved 
not only by  establ ishing asymmetr ic  heat  loss f rom the 
mel t  (as descr ibed above) ,  bu t  also th rough  p ro -  
nounced asymmetr ic  heat  input,  i.e., by  displacing the 
crucible containing the mel t  f rom the  ro ta t ional  axis 
of t h e  growth  system. A quant i ta t ive  charac ter iza t ion  
of the the rmal  condit ions leading to segregat ion  wi th -  
out in ter ference  f rom the rma l  convect ion is in p rog-  
ress. 

The microsegregat ion in silicon before  and af ter  the  
modification of the  the rmal  configuration is shown in 
Fig. l ( a )  and l ( b ) .  I t  is seen tha t  the  r a n d o m  com-  
posi t ional  fluctuations presen t  in Fig. l ( a )  are  e l imi -  
nated in Fig. 1 (b) .  The wide ly  spaced l ines of Fig. 1 (b) 

Fig. 1. Microsegregafion in Czochralski type silicon (Sb doped to 5 X 1018/cm~) pulled at a rate of 3.4 cm/hr with seed rotation (5 
rpm). Figure l(a, left) shows the normat segregation behavior, characterized by the appearance of random nonrotational striations caused 
by thermal convection. Figure l(b, right) shows the segregation behavior in silicon grown under the presently reported thermal conditions; 
periodic rotational striations now become well defined and random striations are eliminated. The number of rate striations (fine lines be- 
tween successive rotational striations) introduced at 1 sec intervals reveal that the crystal segment remaining after backmelting for each 
rotational cycle (12 sec) corresponds to about 4 sec of growth. The samples were etched in 1 part [25g CrO8 in 50 cm ~ H20] + 1 part 
HF (conc) by successive immersions for periods of 5 sec (total etching time 1 min). 

1276 



Vo/. 122, No. 9 R A N D O M  C O M P O S I T I O N A L  I N H O M O G E N E I T I E S  1277 

Fig. 2. Microsegregation behavior in silicon pulled under the 
presently reported thermal configuration. Note the abrupt transi- 
tion from forced convection controlled segregation (top portion) 
to thermal convection controlled segregation (bottom portion) 
which occurred as the melt level was decreased and the aspect 
ratio exceeded the value of 2.5. 

were  in t roduced  by  in ter face  demarcat ion,  employing  
cur ren t  pulses of 10 A / c m  2 at 1 sec intervals .  These ra te  
s t r ia t ions show c lear ly  the  existence of pronounced  
the rma l  a s y m m e t r y  and the  occurrence of per iodic  
ro ta t ional  backmel t ing  dur ing  growth.  With  the  given 
the rma l  configuration, g rowth  wi thout  convective in-  
te r fe rence  was r ep roduc ib ly  achieved for aspect  ra t ios  
(d /h )  of the  mel t  less than  2.5. For  the  crucible  em-  
p loyed  (5 cm in d iamete r ) ,  these aspect  ra t ios  cor re -  

spond to mel t  heights  g rea te r  than  2.1 cm. As the  m e l t  
height  decreased be low 2.1 cm, it was found tha t  the  
growth  sys tem changes a b r u p t l y  to the no rma l ly  en-  
countered condit ions associated wi th  tu rbu len t  con- 
vection contro l led  growth  and segregation.  The critical 
aspect  ra t io  (2.5) was found to be independent  of the 
pul l ing ra te  and of the d iamete r  of the  crys ta l  grown. 
The segregat ion behav ior  above and  be low the cri t ical  
aspect  ra t io  is shown in Fig. 2. 

I t  is of in teres t  to note tha t  t e m p e r a t u r e  measure -  
ments  in the melt,  wi th  a thermocouple  located 0.5 cm 
below the ini t ia l  g rowth  interface,  indica ted  the pres -  
ence of pronounced i r r egu la r  t e m p e r a t u r e  fluctuations 
(up to _8~  of f requencies  up to 5 Hz dur ing  growth  
both above and be low the cri t ical  aspect  ratio.  In  the  
l ight  of the observed g rowth  and segregation,  the  de-  
ta i led  s tudy of the the rmal  configurat ion and the p re -  
vai l ing the rmohydrodynamics  of the  mel t  should be of 
fundamenta l  significance. 

The repor ted  the rma l  a s y m m e t r y  effect on micro-  
segregat ion in silicon now makes  i t  possible to isolate 
forced convection f rom the rmal  convect ion effects and 
to invest igate  quan t i t a t ive ly  the i r  respect ive  influence 
on growth  and segregation.  
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Erratum 

In the  pape r  "The F ree  Energy  of Forma t ion  of 
I r id ium Oxide by  Sol id Elec t ro ly te  Galvanic  Cell" by  
E. S. Ramakr i shnan ,  O. M. Sreedharan ,  and M. S. 
Chandrasekha ra i ah  which appeared  on pp. 328-331 in 
the  March  1975 JOURNAL, Vol. 122, No. 3, Eq. [5] should 
r ead  as fol lows 

E J ( m V )  ___ 1.0 : -  14.5 -t- 6.20 • 1O-fT; 
1175 ~ ~-~ T --~ 1375~ 

Also in Table I, the th i rd  l ine f rom the bot tom of the  
table  sho.uld r ead  

E i i x ( m V ) •  291.6 284.4 277.2 270.1 This work  
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ABSTRACT 

An  exper imental  program was conducted to determine the catalytic activity 
of high surface area p la t inum supported on carbon for the electrochemical 
reduction of oxygen in phosphoric acid. The Tafel slope at 160~ in 96 weight 
per cent phosphoric acid was found to be approximately 90 mV/decade.  The 
exchange current  per uni t  of real surface area of the supported p la t inum was 
found to be approximately the same as that of p la t inum black or a flat p la t inum 
sheet if the effect of electrode prepolarization is considered. Addit ional  tests 
at other temperatures  indicated that  the Tafel slope varies as RT/F and is 
similar in sulfuric and phosphoric acid at the same temperature.  The predic-  
t ion that  a double Tafel slope exists when oxygen diffusional resistance be- 
comes significant in  a Teflon-bonded porous electrode was confirmed. 

Although a considerable amount  of experimental  
work had been done to determine the Tafel slope and 
exchange current  for the electrochemical reduction of 
oxygen in acidic electrolytes, uncer ta in ty  still existed 
concerning the t rue value of these quanti t ies for high 
surface area p la t inum when supported on carbon. 
These uncertaint ies  were present  for a number  of rea-  
sons. 

First, the experimental data on Tafel slope were not 
in good agreement. For example, the data of Vogel 
and Lundquist (I) at 120~ in 85% phosphoric acid 
indicated a Tafel slope of 60 mV/decade for platinum 
black, whereas the data of Appleby (2) indicated a 
Tafel slope of 80 mV/decade at I16~ in 85% phos- 
phoric acid in what he considered to be an oxide-free 
platinum sheet. Vogel and Lundquist indicated that 
this difference could be due to a true difference be- 
tween the catalytic properties of the two surfaces or 
due to impuri t ies  on the p la t inum when  tested as a 
smooth surface. 

Secondly, the measured temperature  effect on Tafel 
slope was not consistent. Appleby found the Tafel slope 
in  85% phosphoric acid to be equal to RT/F  on a flat 
sheet. However, Vogel and Lundquis t  found the Tafel 
slope in 85% phosphoric acid at 120~ to be approxi-  
mately  60 mV/decade and about equal to that  in  50% 
phosphoric acid at 70~ and 20% sulfuric acid at 70~ 

Thirdly, the data of Vogel and Lundquis t  for plat i -  
num black in phosphoric acid was obtained at poten-  
tials above 0.9V with respect to a hydrogen reference 
electrode in the same electrolyte. This was necessary 
because diffusional resistance to oxygen migrat ion 
through the electrolyte wi th in  the p la t inum black was 
found to occur at lower potentials. The Tafel slope was 
not measured in  phosphoric acid at potential  levels 
significantly lower than  0.9V. Since a change in  the 

Key words: platinum, oxygen reduction, phosphoric acid, cathode 
theory, Tafel slope. 

oxidation state of the p la t inum surface occurring in 
the vicinity of 0.9V might  cause a change in  the mecha-  
nism for oxygen reduction (3), extrapolat ing a l inear  
Tafel l ine to lower potentials is not justifiable. An  ex- 
tensive study of the surface oxidation state of plat i-  
num has been made by Conway et aI. (4-6). 

Fourth, a measurement  of the Tafel slope for plat i-  
num supported on carbon is difficult at potentials above 
0.9V because of the mixed potential  caused by oxida- 
t ion of p la t inum and carbon. 

Finally,  if a high surface area p la t inum supported 
on carbon is considered, the catalytic properties can be 
affected by the size of p la t inum crystallites and the 
support. Small crystalli te sizes of the supported plat i-  
n u m  as compared to those of p la t inum black might 
affect the Tafel slope and exchange current.  Also, a 
catalytic interact ion between the p la t inum and carbon 
might  be present  for small  p la t inum crystallites. 

Because of the uncertaint ies  that existed concerning 
the t rue activity of high surface area supported plat i-  
num for the reduction of oxygen in acidic electrolyte, 
a theoretical and exper imental  program was under -  
taken to clarify this situation. 

Theory 
A number  of theoretical studies have been performed 

on Teflon-bonded p la t inum black electrodes. Brown 
and Horve (7) derived a model based on cylindrical  
p la t inum agglomerates and applied this to cathodes op- 
erating in potassium hydroxide electrolyte. This model 
was also used by Giner  (8). Kosinski (9) applied this 
model to phosphoric acid electrol"yte and found the 
model capable of rat ionalizing the p la t inum black data 
of Vogel and Lundquis t  using a Tafel slope of 65 
mV/decade at 120~ in 85% phosphoric acid. This 
value was essentially the same as that extracted by 
Vogel and Lundquist .  

The use of such a theoretical model is definitely 
l imited because of the number  of fitting parameters  
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that  are  needed to ra t ional ize  the expe r imen ta l  data  
and the assumptions  tha t  a re  made  in  the  model.  TafeI 
slope, exchange  current ,  agglomera te  diameter ,  ag-  
g lomera te  porosity,  agglomera te  tor tuosi ty,  and  elec- 
t ro ly te  film thickness sur rounding  the agglomera te  are  
all  fit t ing parameters .  Nevertheless ,  a grea t  deal  of in-  
format ion  can be obta ined  about  the  opera t ing  char-  
acterist ics of electrodes th rough  the use of a theo-  
re t ical  model. 

At  low levels  of cur rent  and high potentials ,  the po-  
lar iza t ion of an electrode is control led  by  a mixed  po-  
tent ia l  be tween  the reduct ion  of oxygen and oxidat ion 
of carbon, p la t inum,  and possible  impur i t ies  (10). As 
the  current  is increased,  the  polar iza t ion  should fol low 
the Tafel  l ine of the  e lec t rochemical  react ion if the 
currents  are high enough to make  mixed  potent ia l  
effects negl ig ible  and o ther  losses a re  adequa te ly  small .  
These include the losses associated wi th  oxygen, ion, 
and electron migra t ion  to the  react ion site. This region 
of the da ta  can be used to obta in  the Tafel  slope and 
exchange current .  

Once the centers  of  the  m a j o r i t y  of agglomera tes  
s tar t  to exper ience  a significantly reduced oxygen  ac-  
t ivity,  the polar iza t ion  curve s tar ts  to fol low a slope 
which is twice the  Tafel  slope, in the absence of sig- 
nificant ohmic polar iza t ion  and e lec t ro ly te  concent ra-  
t ion gradients .  If a wide d is t r ibut ion  of agglomera te  
sizes is present ,  a wide t rans i t iona l  region wil l  exist  
wi th  slopes be tween  the Tafel  slope and double  Tafel  
slope. The current  at which the polar iza t ion  curve 
changes f rom a single to a double  Tafel  s lope can be 
used to obta in  a measure  of an average  agglomera te  
size. 

This model  was ex tended  to Teflon-bonded elec-  
t rodes containing suppor ted  p l a t inum in order  to get 
a be t te r  unders tand ing  of the i r  operation.  The resul t ing  
equations are  s imi lar  to those der ived  prev ious ly  for 
unsuppor ted  catalyst .  When  all  of the  e lectrode po-  
lar iza t ion is tha t  associated with  the  finite ra te  of the  
e lectrochemical  reaction, the Tafel  equat ion results  
in the  form 

i -'-- WptZgioe ~NF~/RT [1] 

where  i : e lectrode current  density, A / c m  2 f ronta l  
area;  Wpt ---- p l a t inum loading, g/cm2 f ronta l  area;  Sg 
: p l a t inum surface area, cm2/g; io ---- exchange cur -  
rent,  A / c m  2 P t  rea l  area;  a ---- t ransfer  coefficient; N = 
number  of electrons in the r a t e -de t e rmin ing  step, 
equiv. /mole;  F : F a r a d a y  constant,  coulomb/equiv . ;  
~1 ---- polarizat ion,  V; R ---- gas constant,  jou le /mole~  
T ~- tempera ture ,  ~ 

When  the abi l i ty  of oxygen  to diffuse th rough  the 
e lect rolyte  in a porous cy l inder  of suppor ted  cata lys t  is 
also controll ing,  the fol lowing equat ion resul ts  for 
su i tab ly  large  values  .of 

R a g g (  SgWetio~e~NFn/~T )1/~: 

2 NFLDo2~o20 

i =  2 W p t [  NFDo2~o2Sg~o 0 ]1/2 
e aNF'/2RT [21 

R~gg psWpt/W~ (1 --- 0)~'J 

where  Ragg = agglomera te  radius,  cm; L : e lec t rode  
thickness,  cm; Ws : suppor t  loading, g /cm 2 f ronta l  
area;  Do2ao2 = oxygen di f fus iv i ty-solubi l i ty  product ,  
mo le / cm sec; ps : suppor t  density, g/cm3; 0 : ag-  
g lomera te  porosi ty;  T : a g g l o m e r a t e  tor tuosi ty .  

As demonst ra ted  by  Eq. [1], the theory  of suppor ted  
p la t inum electrodes indicates that  in the Tafel  region 
the current  at a given potent ia l  varies  l inea r ly  with- 
the cata lys t  loading if  the  cata lys t  specific ac t iv i ty  is 
constant. In  the double  Tafel  region descr ibed by  Eq. 
[2], however,  if the carbon loading is fixed and the  
p la t inum specific ac t iv i ty  is fixed, the cur ren t  at  a 
g iven potent ia l  should va ry  wi th  the  square root of 
the  p l a t inum loading. Therefore,  it  was concluded that,  
if expe r imen ta l  data  could be obtained over  a wide 
range of p l a t inum loading, the  var ia t ion  of cur rent  
wi th  loading could be used to de te rmine  whe ther  the 

single or double Tafel  slope is occurring.  The Tafel  
s lope could therefore  be obtained.  Since as the  ca ta lys t  
loading is reduced  the re la t ive  impor tance  of the  di f -  
fusional  resis tance to oxygen in the  ca ta lys t  l aye r  is 
diminished,  it  was thought  that  exper imen ta l  data  on 
Tafel  slope would  become avai lable  at lower  levels of 
potential ,  in the  range of 0.7V. This potent ia l  is signifi- 
cant ly  below tha t  at which a change in the  oxidat ion 
state of the p l a t inum occurs. 

Such a test  series was therefore  pe r fo rmed  in this  
s tudy toge ther  wi th  invest igat ions  of the effect of t em-  
pe ra tu re  in phosphoric  acid and the effect of changing 
the e lec t ro ly te  to sulfuric  acid. The l a t t e r  tests were  
run  to de te rmine  whe the r  or not the Tafel  slope varies  
wi th  RT/F as found by  App leby  and to compare re-  
sults wi th  those of o ther  invest igators .  Exper iments  
were  also pe r fo rmed  on cathodes wi th  reduced Teflon 
content  to increase the  effective agglomera te  size. A 
wel l -def ined  double Tafel  slope was hoped to resul t  
in these exper iments  and therefore  confirm the findings 
obtained in the s tudy in which p l a t inum loading was 
varied.  Final ly ,  some exper iments  were  pe r fo rmed  on a 
flat p l a t inum sheet to obta in  da ta  at t empera tu res  
h igher  than those inves t iga ted  b y  Appleby.  

Experiments 
The electrodes used in this  s tudy  contained p la t inum 

suppor ted  on Vulcan XC-72 (Cabot  Corpora t ion) .  The 
ni t rogen BET surface area  of this suppor t  was mea-  
sured and found to be about  220 m2/g. P l a t inum was 
deposi ted upon this carbon and  i t  was fabr ica ted  into 
Tef lon-bonded electrodes.  

Electron micrographs  of this  ca rbon-conta in ing  
p la t inum are  shown in Fig. 1 and 2 for untes ted  speci-  
mens. F igure  1 is a "br ight  field" mic rograph  in which 
the p l a t inum appears  as da rk  par t ic les  .overlaid on the 
semi t ransparen t  carbon. In  Fig. 2 the  whi te  spots are 
"reflections" ar is ing f rom (111) p l a t inum (same sam-  
ple  field as in Fig. 1). This mic rograph  confirms that  
the  da rk  spots in Fig. 1 are  in fact  p la t inum.  P l a t i num 

Fig. 1. Electron photomicrograph of platinum supported on Vul- 
can XC-72 (bright field). 
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Fig. 3. Optical photomicrograph of an electrode cross section 

Fig. 2. Electron photomicrograph of platinum supported on Vul- 
can XC-72 (dark field). 

crystall i te sizes were measured from these micro- 
graphs and found to result  in a p la t inum surface area 
of approximately 130 m2/g, assuming the particles to 
be spherical and all of the p la t inum surface exposed. 
The range of surface areas from micrographs of other 
samples of this catalyst was 109-175 m~/g. 

P la t inum surface areas were also measured electro- 
chemically using hydrogen adsorption in  sulfuric acid 
for samples of electrodes containing about 0.25 mg P t /  
cm 2. These areas were found to be about 60-70 m2/g 
after the electrodes had been tested. These areas are 
considerably lower than the areas calculated from 
p la t inum crystalti te sizes measured using the electron 
microscope micrographs. 

The difference in  surface areas obtained from the 
micrographs and from hydrogen adsorption might be 
due to a n u m b e r  of reasons. For example, some of the 
l~latinum crystall i te surface is in  contact with the car- 
bon and might  be blocked with respect to hydrogen 
adsorption. In  addition, par t  of the p la t inum area is 
lost due to recrystallization, part  might  not be ade- 
quately  wet by electrolyte to act as effective catalyst, 
and some might  be in poor electronic contact. Since the 
impor tant  p la t inum area wi th  respect to the deter- 
mina t ion  of catalytic activity is that  which is used in 
an electrode, a typical area of 70 m2/g was used in  the 
rest of this study. 

The supported p la t inum was fabricated into elec- 
trodes using Teflon 30 (E. I. du Pont  de Nemours & 
Company).  A photograph of the cross section of an elec- 
trode is shown in Fig. 3. Figure 4 shows an electron 
micrograph of a microtomed section of a catalyst layer. 
The Teflon and the carbon can be seen to be present  in 
distinct segregated regions. 

Electrodes were tested in  a glass half-cell  apparatus 
as 1 cm 2 floating electrodes as shown in Fig. 5. The 
catalyst layer was located facing the electrolyte with 
the carbon paper  facing upward  toward the reactant  
supply. A p la t inum black hydrogen reference electrode 
operating in  the same electrolyte was used in conjunc-  
tion with a Luggin capillary. The counterelectrode was 
a p la t inum screen enclosed in  a separate electrolyte 

Fig. 4. Electron photomicrograph of an ultramicrotomed section 
of an electrode catalyst layer. 

region. Current  was collected from the top of the 
working electrode using a p la t inum spring. The volume 
of electrolyte in the apparatus was approximately 30- 
40 ml. Both Baker and Adamson reagent grade H~PO4 
and acid which had been electrochemically cleaned by 
absorption of impurit ies on p la t inum black at hydro-  
gen potential  were used. Temperature  was controlled 
using an electrically heated mant le  sur rounding  the 
electrolyte vessel with the sensing thermocouple in the 
electrolyte. Electrode potentials, E*, were measured 
relative to a hydrogen reference electrode in the same 
electrolyte and were corrected for external  resistance 
by using a current  in terrupter .  Load currents  were 
supplied by a constant current  source and were mea-  
sured using a precision 1% resistor located in  the 
counterelectrode line. Electrode voltage and current  
were monitored using either an electronic digital volt-  
meter  accurate to 0.2% of full  scale (1.999V) or an 
electromechanical vol tmeter  accurate to 0.5%. Reactant 
gases were saturated to provide a water vapor pressure 
in equi l ibr ium with the electrolyte. 

No prepolarization of electrodes was performed in 
general  since this might  introduce errors in  the steady- 
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respectively.  These plat inum loadings were  verified by 
chemical  analysis. 

Each one of these electrodes was  tested as a floating 
electrode in the half-cel l  apparatus on both oxygen  
and air at atmospheric pressure at 160~ in unpurified 
96% H3PO~. Graphs of the experimental  data for these 
various electrodes are presented in Fig. 6 through 8. 

Fig. 5. Half-cell apparatus 

I - -  

state ac t iv i ty  due to possible  effects of phosphate  anion 
adsorpt ion and the extent  of adsorbed oxygen coverage 
(11). Data were  obtained by  both increasing cu r r en t  in 
steps and decreasing cur ren t  in steps th rough  the po-  
ten t ia l  range of interest ,  about  0.9-0.7V. Li t t le  differ-  
ence in resul ts  was found. Potent ia ls  in this range were  
s table  for  at  least  5 min. Data  at h igher  potent ia ls  
changed somewhat  wi th  t ime due possibly  to anion 
desorption, p la t inum oxidation,  or mixed  potent ia l  
effects due to oxidat ion  of the  carbon, p la t inum,  and 
possible impuri t ies .  Data  at high current  densit ies 
changed wi th  t ime due to possible e lect rode heating.  
Some exper iments  were  per formed  on a flat p l a t inum 
sheet  to invest igate  the effect of p repolar iza t ion  since 
both App leby  and Vogel and Lundquis t  incorpora ted  
prepolar iza t ion  t rea tments .  

Results 
As discussed in the  Theory  section, a number  of 

separa te  exper imen ta l  studies were  conducted to eva l -  
uate  the  ac t iv i ty  of pla t inum.  The first of these in-  
volved an inves t igat ion of the  effects of a var ia t ion  of 
the  p l a t inum loading wi th  a constant  carbon loading 
wi th  phosphoric  acid e lectrolyte .  Others involved in-  
vest igat ions of the  effect of t empera tu re  and of opera-  
t ion wi th  sulfur ic  acid r a the r  than  phosphoric  acid. In  
addition, e lectrodes were  eva lua ted  in which definite 
diffusional losses had been introduced.  A final in-  
vest igat ion involved  tests on flat sheets in order  to 
obta in  an extension of the data  of App leby  to h igher  
tempera tures .  The resul ts  obta ined in these various 
invest igat ions are  presented  in the fol lowing sections. 

Variation of platinum loading.--A series of elec- 
trodes were p repa red  containing 15, 1.5, and  0.15 
weight  per  cent (w/o)  p l a t inum appl ied  to Vulcan 
XC-72. The weight  per cent of Teflon in the supported 
catalyst and Teflon mix ture  was held constant at 50%. 
These weight  per cents of p la t inum resulted in plat i-  
num loadings of about  0.25, 0.025, and 0.0025 m g / c m  ~, 
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Fig. 6. Cathode performance for 0.25 mg Pt/cm 2 supported on 
Vulcan XC-72 at 160~ in 96% H3PO4. O, Oxygen; O ,  air. A 
straight line with a slope of 90 mV/decade has been drawn through 
the oxygen data. 
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with high concentration platinum solution, i ,  Oxygen; D ,  air; 
with low concentration platinum solution. 
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Dur ing  the fabr ica t ion  of the  e lectrodes wi th  the 
loadings of 0.025 and 0.0025 mg P t / c m  2, two different  
concentrat ions of the  p l a t inum ca ta lyza t ion  solut ion 
were  used. This was done in o rder  to invest igate  
whe the r  or  not  the  smal l  quan t i ty  of p l a t i n u m  was 
being un i fo rmly  d i s t r ibu ted  th roughout  the  Vulcan. 
The data  presented  in Fig. 7 and 8 show that  ade-  
qua te ly  un i fo rm ca ta lyza t ion  .of the  Vulcan had  been 
achieved.  

By inves t igat ing Fig. 6-8 some of these electrodes 
can be seen to demons t ra te  a s t ra ight  l ine var ia t ion  of 
cathode potent ia l  wi th  the  logar i thm of cur rent  den-  
s i ty over  a range  of potent ia l  be low 0.9V. As discussed 
in the  Theory  section, if  the  var ia t ion  of cur ren t  at a 
given potent ia l  varies  l inear ly  wi th  p l a t inum loading 
in a s t ra ight  l ine region, the s t ra ight  l ine region r ep re -  
sents a region in which  the Tafel  s lope is occurring.  If  
the  var ia t ion  of cur ren t  at  a g iven potent ia l  var ies  
wi th  the  square  root  of the  loading, this  s t ra ight  l ine 
region is a double  Tafel  region ra the r  than  a single 
Tafe l  region. For  this reason a g raph  was made  of 
cur rent  densi ty  at  0.7V cathode potent ia l  vs. loading. 
This g raph  is shown in Fig. 9. As can be seen in this 
figure, al l  the  expe r imen ta l  points  fal l  along an ap-  
p rox ima te  s t ra ight  l ine wi th  a slope of 45 ~ the reby  
showing a l inear  dependence  be tween  the current  at a 
given potent ia l  and the loading.  The s t ra ight  l ine seg-  
ments  on the pe r fo rmance  curves of these var ious  
cathodes in the range  of 0.7-0.9V therefore  represent  
the  t rue  s ingle Tafel  slope for the  reduct ion  of oxygen. 
The va lue  of this slope is app rox ima te ly  90 mV/decade .  

The  poss ib i l i ty  exis ted  in this  invest igat ion tha t  a 
sys temat ic  change in  the  e lect rode s t ruc ture  might  be 
occurr ing as the  p l a t inum loading is being changed, 
t he reby  leading  to an erroneous conclusion. To e l imi-  
nate this  possibi l i ty,  an e lect rode was fabr ica ted  con- 
raining no p l a t inum wi th  the  same quan t i ty  of Vulcan 
as was used in the  s tudy in which the  p l a t inum content  
was var ied  be tween  0.25 and 0.0025 m g / c m  2. This elec- 
t rode  was subsequent ly  cata lyzed wi th  0.25 mg P t / c m  ~ 
and resul ted  in essent ia l ly  the same exper imen ta l  re -  
sults as the  e lect rode which was p reca ta lyzed  wi th  
0.25 mg P t / c m  2. Therefore,  no sys temat ic  effect of elec-  
t rode  s t ruc ture  was presen t  in the  data. 

The theory  of fuel  cell e lectrodes indica ted  tha t  the  
l imi t ing  current  should not  depend on the  p l a t inum 
loading for  a given carbon loading.  However ,  the  ex -  
pe r imenta l  da ta  obtained here  indica ted  l imi t ing cur-  
rents  on air  of app rox ima te ly  2000 m A / c m  2 for the  0.25 
m g / c m  2 loading,  1300 rnA/cm 2 for  the  0.025 m g / c m  2 
loading, and 110 m A / c m  2 for the  0.0025 m g / c m  2 load-  
ing. This resul t  at  first indica ted  that  perhaps  the  r e -  
sults for the lowest  loading were  not  being in te rp re ted  
correct ly.  However ,  a theore t ica l  inves t iga t ion  of oxy-  
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Fig. 9. Variation of current density with Pt leading for Pt sup- 
ported on Vulcan XC-72 at 160~ in 96% H3P04. @, Oxygen; C), 
air. E*  ~-  0.7 V. Lines represent o linear relationship between 
variables for oxygen and air. 

gen diffusion th rough  the  e lec t ro ly te  film sur rounding  
the agglomera te  to single p l a t inum crysta l l i tes  on the 
surface of the agglomera te  indica ted  that,  wi th  this 
loading, an  addi t ional  diffusional res is tance of oxygen 
in the  e lec t ro ly te  was presen t  due to the  scarci ty  of the 
p la t inum crysta l l izates  on the surface of the agg lomer-  
ate. This addi t ional  diffusional resistance was calculated 
to be absent  at  the low currents  and high potent ia ls  
occurr ing in  the  range  of da t a  tha t  was being used to 
eva lua te  the  var ia t ion  of cur ren t  at a g iven potent ia l  
wi th  p l a t inum loading. Therefore,  the fact that  the  
l imit ing cur ren t  decl ined wi th  loading is p robab ly  of 
no consequence. 

A var ia t ion  of the  p l a t i num specific a rea  wi th  load-  
5ng would also affect the var ia t ion  of e lect rode per -  
formance wi th  loading. The p l a t inum specific area  
might  be expected to increase  as the loading is reduced.  
This would tend to make  the var ia t ion  of cur rent  at  a 
given potent ia l  va ry  in less than  a l inear  manner  wi th  
loading in the Tafel  region, jus t  as the  presence of a 
diffusional resistance would. Therefore,  the  var ia t ion  
of p l a t inum specific area  wi th  loading is p robab ly  not 
causing this l inear  dependence.  The specific a rea  could 
not be measured  e lec t rochemical ly  for the  loadings of 
0.025 and 0.0025 m g / c m  2 because of the  grea ter  re la t ive  
capaci t ive effect of the Vulcan. 

Variation of temperature.--A series of tests was pe r -  
formed on the 0.25 mg P t / c m  2 cathode to de te rmine  the 
var ia t ion  of the  Tafet  s lope and the  cur ren t  at  a given 
potent ia l  wi th  tempera ture .  These tests were  run  using 
both unpurif ied 96% HaPO4 and purif ied and unpurified 
85% H~PO4 in the ha l f -ce l l  appara tus .  The cathode pe r -  
formance data  are  p resen ted  in Fig. 10 and 11. F igures  
12 and 13 present  a compar ison wi th  the  exper imen ta l  
data  of Appleby.  The data  on Tafel  slope obtained wi th  
unpurif ied 85% H3PO4 in this s tudy are  in good agree -  
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Fig. 11. Cathode performance on oxygen for 0.25 mg Pt/cm 2 
supported on Vulcan XC-72 at various temperatures with unpurified 
96% HAP04. O ,  129~ ~ ,  91~ 

8~ ~ooo o~oo o 
o o ~ o 

D o D O 0  ~ 

O D  0 0 0  ~ 

0 
0 O 0  
[3 O 0  

[3[:3[3 0 
D O 

0.4 __l l llqlH~llllliH l r IIPIIII~IIIIIrl l l l {[fill 

0.01 0.1 1.0 10.0' 100.0 1000.0 

CURRENT DENSITY ~ m a / c m  2 

Fig. 10. Cathode performance on oxygen for 0.25 mg Pt/cm 2 
supported on Vulcan XC-72 at various temperatures. (2), 121~ 
[ ] ,  113~ "~,  95~ X, 77~ ~ ,  6 6 ~  54~ [~ ,  49 C 
with unpurified 85% H3P04. C ) ,  46~ with purified 85% HsP04. 



1284 

100 

80 

>~ 60 
~E 

u~ 40  
O .  
CD 

r 20 

J. Electrochem. Soc.: ELECTROCHEMI CA L SCIENCE AND TECHNOLOGY October I975 

~ s 

0 I I I I I I I I I 
20 40 60 80 100 120 140 160 180 

T~oc 

Fig. 12. Variation of oxygen Tofel slope with temperature for 
various acid compositions. Data of Appleby: Z~, purified 85% 
H3PO]; O ,  analytical grade HsPO4. Data of this study: A ,  
purified 85% H3PO4; O, unpurified 85% H~PO4; Ig, unpurified 
96% H3PO4; , ,  20% H9SO4. The dotted line represents o Tofel 
slope which is proportional to absolute temperature. 
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Fig. 13. Variation of oxygen reduction current at 0.SV with 
temperature for various acid compositions. Data of Appleby: A,  
purified 85% H3PO4; O ,  analytical grade H3PO4. Data of this 
study: A ,  purified 85% H3PO4; O, unpurified 85% H3PO4; I I ,  
unpurified 96% H3P04. 

In  the comparison of the variat ion of current  at a 
given potential  with tempera ture  with the var iat ion 
found by AppIeby, the area of the p la t inum on the fuel 
cell electrode was considered to be 70 m2/g. Using this 
value of surface area, the value of current  at a given 
potential  can be seen to be in  fair  agreement with the 
data obtained by Appleby for 85% H~PO4. The data 
obtained in this study at 96% H3PO4 were somewhat 
higher than that obtained with 85% I~PO4. 

Tests using sulfuric acid.--Tests were r u n  in 20% 
H2SO4 at 70~ on a sample of a 0.25 mg P t / c m  2 elec- 
trode that  demonstrated 90 mV/decade Tafel slope 
using 96% I-I~PO4 at 160~ These data are presented 
in  Fig. 14. The data with H2SO4 can be seen to indicate 
a slope of about 65 mV/decade at the currents  at which 
90 mV/decade occurs with I-IsPO4. The l imit ing current  
for air in H2SO4 was about 2500 mA / c m 2, a value near 
that using H3PO4. Since the diffusivity-solubil i ty prod- 
ucts of oxygen in  these two electrolytes are probably of 
the same order, the same mechanisms are probably 
controlling performance in the two electrolytes in  the 
65 and the 90 mV/dec~de slope ranges. Therefore, the 
type electrode tested here is probably  activation 
l imited with a slope of 65 mV/decade for H2SO4 and 
90 mV/decade for H3PO4. This 65 mV/decade is about 
what  would be expected in HsPO4 a t  70~ if the Tafel 
slope varied as RT/F, that is, l inear ly  with temperature  
as predicted by theory with constant t ransfer  coeffi- 
cient. This data wi th  H2SO4 are shown in Fig. 12 and 
compares well with Appleby's  data with phosphoric 
acid at the same temperature.  It should be noted, 
however, that the absolute performance level with 
sulfuric acid was less reproducible than that  with 
H3PO4. 

Flooded electrode tests.--An electrode was fabricated 
with 5 w/o Teflon using 15 w/o  p la t inum supported on 
Vulcan. A small percentage of Teflon was used to cause 
the electrode to flood with electrolyte and thereby in-  
troduce diffusional losses. This electrode was tested in  
the half-cel l  apparatus at 160~ in unpurif ied 96% 
phosphoric acid and the data are shown in Fig. 15. A 
slope of 180 mV/decade resulted for almost 2 decades 
on oxygen. This value is twice the 90 mV/decade slope 
and indicates that the single Tafel slope is probably 90 
mV/decade. 

Flat plate tests.--A pla t inum sheet electrode was 
submerged in unpurif ied 96% H~PO4 in  the half-cell  
apparatus at 160~ with oxygen over the electrolyte. 
The data for this electrode are shown in  Fig. 16 both 
with and without oxygen bubbl ing  over the surface of 
the sheet. Data are also presented both with and with-  
out polarization of the electrode to 500 mV prior to 
the obtaining of each data point. The higher perform- 
ance obtained with prepolarization is probably  due to 
the desorption of anions or impurit ies occurring dur-  
ing the prepolarization. Appleby found a similar  effect 
by prepolarizing to 50 inV. This electrode can be seen 

ment  with the data of Appleby for purified acid at tem-  
peratures above 95~ This agreement  could be due to 
the smaller  effect of electrolyte impurit ies on the larger 
p la t inum surface area in  the fuel cell electrode used 
here compared to that  of the flat sheet used by Ap-  
pleby. Below 95~ the Tafel slope obtained with the 
fuel cell electrode in  unpurif ied and purified 85% 
I~PO4 is in  agreement  with- the data of Appleby for 
unpurified electrolyte. This increase in  Tafel slope at 
lower temperatures  for the fuel cell electrode is prob- 
ably due to an increase in  the relat ive importance of 
electrolyte impurit ies at lower temperature.  With un -  
purified 96% HsPO4, the Tafel slope was 90 mV/decade 
at 160~ was relat ively insensit ive to temperature,  
and showed a t rend similar to that  of Appleby for 
unpurif ied 85% H~PO4. This result  might  be caused by 
an increase in the effect of impurit ies in  the more 
highly concentrated electrolyte. 
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Fig. 14. Cathode performance for 0.25 mg Pt/cm 2 supported on 
Vulcan XC-72 with 20% H2SO4 at 70~ e ,  Oxygen; O ,  air. A 
straight line with a slope of 65 mV/decade has been drawn through 
the oxygen data. 
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Fig. 15. Cathode performance on oxygen for flooded electrode 
tested in half-cell apparatus at 160~ in 96% H3P04. Straight 
lines with slopes of 90 and 180 mV/decade have been drawn 
through the data. 

1 2 8 5  

1,01 

0.9 

0.8 

~_" 0.7 

~e~ 0.6 

z 0.5 

0.4 

ona + X 
o + X  

o "t " g  
o z~ +X 

+ •  

o 
+ 

4- 

o + 
+ 

o 

0.001 0.01 0.1 1.0 0 

CURRENT DENSITY ~ ma/cm 2 

Fi 9. 16. Cathode performance for oxygen on a flat sheet sub- 
merged in unpurified 96% HsPO4 in the half-cell apparatus at 
160~ O ,  No bubbling, no prepalarizatien; A ,  no bubbling, with 
prepolarization to 500 mY; -]-, with bubbling, no prepo[arlzatlon; 
X, with bubbling, with prepolarization to 500 mV. A line with a 
slope of 90 mY/decade has been drown through the highest data. 

to have resulted in  only a short Tafel slope region. A 
straight l ine was d rawn through the data obtained 
using prepolarizat ion to 500 mV and bubbl ing  oxygen 
and an exchange current  calculated. The exchange 
current,  corrected to 1 atm oxygen pressure, is plotted 
in  Fig. 17 where good agreement  with an Arrhenius-  
type extrapolat ion of Appleby's  data can be seen. 

Discussion 
All the exper imental  data obtained in  this s tudy in-  

dicate that the t rue  Tafel slope for the reduction of 
oxygen in 96% HsPO4 at 160~ in the range of poten-  
tials below 0.9V is approximately 90 mV/decade. 

The series of electrodes that  were fabricated with 
various p la t inum loadings with a constant  carbon load- 
ing indicated a l inear  dependence between current  at a 
given potential  and the p la t inum loading. This result  
indicated that the performance of these electrodes was 
controlled on ly  by the activity of plat inum. Since these 
electrodes had a slope on semilogarithmic coordinates 
of 90 mY/decade this slope is the Tafel slope. 

The test sequence that was conducted to investigate 
the effect of tempera ture  var iat ion with 85% phos- 
phoric acid resulted in  data in good agreement  with the 
results obtained by  Appleby on a flat p la t inum sheet 
above 95~ The Tafel slope var ied as R T / F  and is 
equal  to 90 mV/decade at 160~ 

The tests using H2804 indicated a Tafel slope of 65 
mY/decade with 20% H2SO4 at 70~ This Tafel slope 
is in agreement  with that  found by Appleby at the 
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Fig. 17. Exchange current for oxygen reduction as a function of 
reciprocal temperature. G ,  Flat sheet, Appleby, purified 85% 
H3P04; e ,  flat sheet, this study, 96% H3P04; ~ ,  platinum block, 
Vogel and Lundquist, 85% H3PO4, 82 mV/decade Tafel slope; 
, '~ ,  platinum on Vulcan, this study, 96% H~P04. The straight 
line represents a fit to the experimental data. 

same tempera ture  in  85% HsPO4. Therefore, Vhe rate-  
l imit ing reactions for the reduction of oxygen in  H2SO4 
and HsPO4 are most l ikely the same. The flooded elec- 
trode tests indicated a double Tafel slope of 180 mV/  
decade, again confirming that  the Tafel slope is 90 
mV/decade for H3PO4 at 160~ 

The experiment  conducted on a flat p la t inum sheet 
was in good agreement  with an extrapolat ion of 
Appleby's  data. The p la t inum specific activity obtained 
from a flat p la t inum sheet was found to be in fair 
agreement  with the exper imental  results obtained with 
p la t inum supported on carbon as shown in Fig. 17. 
This means that, down to the range of p la t inum crys- 
tal l i te sizes obtained with the supported p la t inum in  
this study, no large change in  the properties of the 
p la t inum are occurring with respect to activity. Also, 
there is apparent ly  no large interact ion between the 
p la t inum and the carbon with respect to p la t inum 
activity. 

However, one set of exper imental  data  mus t  still 
be rationalized, that  of Vogel and Lundquist .  They 
found that at 120~ with 85% HsPO4 the Tafel slope 
was apparent ly  60 mV/decade on p la t inum black. 
These experimental  data were fit by Kosinski  (9) using 
the cylindrical  agglomerate model to obtain a Tafel 
slope of 65 mV/decade. In  ,order to rationalize the 
p la t inum black data of Vogel and Lundquist ,  addit ional 
calculations were performed to determine whether  the 
newly determined Tafel slope in this exper imental  
study could be used to fit their  exper imental  cathode 
performance curves. 

The Tafel slope determined by Appleby for a plat i -  
num sheet was used so that the number  of fitting pa-  
rameters was reduced to essentially four: the ex- 
change current,  the agglomerate diameter, the agglom- 
erate porosity, and the electrolyte film thickness. Since 
Vogel and Lundquist ' s  data were obtained at 120~ a 
Tafel slope of 82 m V / d e c a d e  was used in the fitting of 
their exper imental  data. A comparison of their  experi-  
mental  data with the results obtained by  fitting the 
cylindrical agglomerate model is shown in  Fig. 18 and 
19. Figure 18 shows a comparison be tween the calcu- 
lated and experimental  results of cathode potential  vs. 
current  density for one catalyst loading. Figure 19 
shows the comparison of current  densities vs. catalyst 
loading for various cathode potentials. As can be seen 
from these figures, an excellent fit was obtained. A 
comparison be tween  the results of the cylindrical  ag- 
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Fig. 18. Comparison between the experimental data of Vogel 
and Lundquist and calculated results of cathode potential vs. 
current density for one catalyst loading at 120~ in 85% HsPO4 
at 1 arm gas pressure. O, Oxygen; � 9  air. Values of parameters 
used in the calculations: exchange current ---- 6.5 X 10 -9  A/cm2; 
Tafel slope : 82 mV/decade; Pt loading _-- 6.0 mg/cm2; Pt sur- 
face area ~ 24 m2/g; agglomerate porosity : 0.80; agglomerate 
length : 0.0762 mm; agglomerate diameter ---- 4.0/~; tortuosity - -  
1.0; electrolyte film thickness ~ 0.05~; electrolyte conductivity ---- 
0.42 (ahm-cm)-l; oxygen diffusivity-solubility product : 1.0 X 
10 -12 mole/cm-sec; density of Pt : 21.4 g/cm 3. 
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Fig. 19. Comparison between the experimental data of Vogel end 
Lundquist and calculated results showing the effect of loading 
upon cathode performance at 120~ in 85% H3PO4 with 1 atm 
air reactant pressure. Cathode potential (mV): ~:~ 600; A ,  650; 
(>, 700; D ,  750; G ,  800. Calculated results used same values of 
parameters as used in Fig. 18. 
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Fig. 20. Comparison between the experimental data of Vogel and 
Lundquist and calculated results of cathode potential vs. current 
density for one catalyst loading at 120~ in 85% H~PO4 at i 
arm gas pressure, e ,  Oxygen; � 9  air. Values of parameters used 
in the calculations: exchange current = 5.3 • 10 - l~  A/cme; 
Tafel slope = 65 mV/decade; Pt loading ----- 6.0 mg/cm2; Pt sur- 
face area ---- 24 m2/g; agglomerate porosity _-- 0.61); agglomerate 
length ---- 0.0762 mm; agglomerate diameter _~ 6.0~; tortuosity ~- 
1.0; electrolyte film thickness ~ 0.05~; ,electrolyte conductivity ~- 
0.42 (ohm-cm)-l; oxygen diffusivity-solubility product = 1.0 N 
10 -11 mole/cm-sec; density of Pt ~- 21.4 g/cm 3. 
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Fig. 21. Comparison between the experimental data of Vogel and 
Lundquist end the calculated results showing the effect of catalyst 
loading upon cathode performance at 120~ in 85% H3P04 with 
] arm air reactant pressure. Cathode potential (mV): z~ ,  600; 
A ,  650; ~ ,  700; [ ] ,  750; Q ,  800. Calculated results used same 
values of parameters as used in Fig. 20. 

glomerate model and the exper imental  data using a 
65 mV/decade slope obtained previously by Kosinski 
are shown in Fig. 20 and 21. As can be seen from these 
figures, an excellent agreement  was obtained in  this 
case also. 

The comparison between the results of the cyl indri-  
cal agglomerate model and the exper imental  data was 
somewhat  bet ter  for the 65 mV/decade case at poten-  
tials greater than 0.9V. However, since the surface oxi- 
dation state of p la t inum changes above approximately 
0.9V, no conclusion can be reached as to which fit of 
Vogel and Lundquis t ' s  data is the better. The value of 
the exchange current  obtained using the 82 mV/decade 
value of Tafel slope was added to Fig. 17. As can be 
seen, this value of exchange current  for the p la t inum 
black electrode is in good agreement  with Appleby's  
results for a flat sheet. A measured surface area of 24 
m2/g was used for the p la t inum black. Both fits of the 
exper imental  data lead to reasonable values of agglom- 
erate diameter, agglomerate porosity, and electrolyte 
film thickness. 

Exper imental  data obtained on an electrode fabri-  
cated using p la t inum supported on Vulcan XC-72 were 

also fit using the cylindrical agglomerate model to de- 
termine if reasonable values of fitting parameters  
would be obtained. Data were obtained at 160~ so a 
Tafel slope of 90 mV/decade was used. A comparison 
of the results of the cylindrical  agglomerate model with 
the data using only the exchange current,  the agglom- 
erate diameter, porosity, and electrolyte film thickness 
as fitting parameters  are shown in  Fig. 22. Good agree- 
ment  resulted in  this case. 

The value of exchange current,  corrected to 1 arm 
oxygen pressure, was added to Fig. 17. This value is 
lower than the value expected based on the results 
for 96% H~PO4 on a flat sheet. This difference can be 
par t ia l ly  a t t r ibuted to the absence of prepolarizat ion 
in the supported p la t inum electrode test as shown in 
Fig. 16. Other reasons for the results of the supported 
p la t inum electrode exchange current  being low might  
be that regions of the Teflon-bonded catalyst were ex- 
cessively flooded by electrolyte, that  some regions of 
the Teflon-bonded electrode were in poor ionic or elec- 
tronic contact, that slight surface roughness existed on 
the flat sheet (assumed to be 1.0), and that a slight 
effect of p la t inum crystalli te size is present. A lower 
value of current  in the supported p la t inum electrode in  
85% HsPO4 can also be seen in Fig. 13. 
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Fig. 22. Comparison of data of the present study with the calcu- 
lated results of the cylindrical agglomerate model at 160~ in 
96% H3PO4; 0.31 mg Pt/cm% e ,  Oxygen; Q ,  air. Values of 
parameters used in the calculations: exchange current ~ 2.4 • 
10 -8  for oxygen; exchange current ~ 0.73 • 10 -s  for air; Pt 
surface area ~ 70 m2/g; agglomerate porosity --~ 0.60; agglom- 
erate length ~ 0.0382 mm; agglomerate diameter ---- 1.6~; 
tortuosity = 1.0; electrolyte film thickness ~ 0.20~; electrolyte 
conductivity ~ 0.57 (ohm-cm)-Z; oxygen diffusivity-solubility 
product ---- 0.63 • 10 -11 mole/cm-sec; density of carbon = 2.0 
g/cm 3. 

The values  of the agg lomera te  diameter ,  porosity,  
and e lec t ro ly te  film thickness  for  the  suppor ted  p l a t i -  
num electrode were  also reasonable  considering the 
e lect ron micrographs  obta ined  for this  t ype  of e lec-  
t rode  shown in Fig. 4. The agglomera te  d iameter  ap -  
pears  to be somewhat  small .  This might  be  due to an 
effect of the  carbon a n d / o r  Teflon on the di f fus ivi ty-  
so lubi l i ty  product  ,of the  oxygen  in the electrolyte .  

Again, a s l ight  devia t ion  be tween  the p red ic ted  r e -  
sults using the model  and the exper imen ta l  da ta  oc- 
cur red  above 0.9V. However ,  this  might  be expected in 
this  case due to mixed  potent ia l  effects caused by  car-  
bon, p la t inum,  or  i m p u r i t y  oxidat ion or  perhaps  a 
change in the  catalyt ic  p roper t ies  of the pla t inum.  

The fact tha t  the cyl indr ica l  agglomera te  model  can 
be used to fit the exper imen ta l  da ta  for both  the  p la t / -  
num black  electrodes of Vogel and Lundquis t  and the 
suppor ted  p l a t i num electrodes in this s tudy  does not 
confirm resul ts  obta ined in this s tudy  but  mere ly  in-  
dicates tha t  expe r imen ta l  da ta  on both these types  of 
e lectrodes can be ra t ional ized using the resul ts  of this 
study.  In  all  probabi l i ty ,  the  Tafel  slope and exchange 
current  for p l a t inum black,  p la t inum suppor ted  on car-  
bon, and a flat p l a t inum sheet  a re  a l l  the  same, since 
the  resul ts  obta ined for p la t inum b lack  and p l a t inum 
suppor ted  on carbon are  in such good agreement  wi th  
the  flat sheet  results.  

Conclusions 
The fol lowing conclusions can be made  f rom the r e -  

sults obta ined in this s tudy.  
1. P l a t i num wi th  an area  as high as about  70 m2/g 

when suppor ted  on carbon has app rox ima te ly  the  same 
specific ac t iv i ty  as a flat p l a t inum sheet  if  the  effect of 
e lectrode prepola r iza t ion  is considered.  

2. The specific ac t iv i ty  of p l a t i num black  is most  
l ike ly  the same as tha t  of a flat p l a t inum sheet. 

3. Crys ta l l i t e  size is r e l a t ive ly  un impor tan t  wi th  re -  
spect  to specific ac t iv i ty  for oxygen reduct ion in the  
range  of c rys ta l l i te  sizes s tudied  and carbon does not  
in terac t  s ignif icantly wi th  the p la t inum.  

4. The exper imenta l  da ta  of A p p l e b y  are va l id  wi th  
respect  to p l a t i num ac t iv i ty  in the potent ia l  range  
be low 0.gv. 

5. The mechanism for oxygen  reduct ion  is the  same 
over  a t empera tu re  range  f rom 70 ~ to 160~ for purified 
85% phosphoric  acid and is p r o b a b l y  the  same in both 
sulfur ic  and  phosphor ic  acid. The Tafel  slope var ies  as 
RT/F. 

6. Data  above app rox ima te ly  0.9V for p l a t i num on 
carbon cata lyzing pure  oxygen reduct ion are  confused 
by  at  least  mixed  potent ia l  effects and  therefore  can-  
not be used to obta in  Tafel  slope informat ion  for  ap -  
pl icat ion to lower  potent ia l  levels.  

7. Data  obta ined  for p l a t inum b lack  above approx i -  
ma te ly  O.9V indicate  tha t  poss ibly  a change in mecha-  
nism for oxygen reduct ion m a y  be occurring, perhaps  
th rough  a change in the  oxidat ion  s tate  of the surface. 

8. Because the  ca ta lys t  surface a rea  for suppor ted  
p la t inum de te rmined  using the e lec t ron microscope is 
l a rge r  than  the e lectrochemical  a rea  and because the 
ac t iv i ty  of the suppor ted  cata lys t  is somewhat  lower  
than  that  an t ic ipa ted  using the  da ta  of Appleby ,  some 
of the cata lys t  in the  suppor ted  p l a t i num electrodes 
may  be ineffective due to poor  electronic or  ionic 
paths.  
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ABSTRACT 

Polar iza t ion  measurements  of cathodes containing var ious  carbon fluorine 
compounds, CFn (n = 0.24-1.5), as the  active depolar izer  ma te r i a l  were  made  
in 1M LiC104-propylene carbonate  at  298~ The  polar iza t ion  (free of ohmic 
iR drop)  was measured,  using the per iodica l ly  in te r rup ted  sine wave  pulse  
current  technique.  The open-c i rcui t  potent ia ls  and polar iza t ion  da ta  were  
analyzed,  considering the i r  mixed  potent ia l  character .  The two majo r  factors 
tha t  influenced the da ta  were  the  C / F  rat io and the e lect rode compression 
pressure.  Wi th  g raph i te  fluorides, ac t ivat ion polar izat ion was p reva len t  and 
Tafel  behav ior  was observed (b ---- 0.12). The exchange currents  were  low, 
peaking  at  n = 0.93 wi th  10-22A. F rom the exchange currents,  the  cathodic 
currents  at the mixed  potent ia ls  were  computed.  For  n ---- 0.93, a value  of about  
7.10-10A was obtained,  indicat ing a depolar izer  shelf  l i fe  of about  10 r years.  
Compounds wi th  h igher  ra te  capabili t ies,  such as polymeric ,  perf luorinated,  
and  polycycl ic  hydrocarbons ,  show a ve ry  short  shelf  l ife by  oxidizing r ap id ly  
the organic solvent.  The expe r imen ta l  behavior  of such compounds can be 
exp la ined  by  the mixed  potent ia l  theory.  Shifts in open circuit,  mixed  poten-  
t ials to more  posi t ive values  are  p red ic ted  for compounds wi th  h igher  ra te  
capabi l i ty  and can be observed exper imenta l ly .  

The energy  densi t ies  of  l i th ium organic e lec t ro ly te  
ba t te r ies  wi th  g raph i te  fluorides as depolar izers  can 
reach 150 W - h r / l b ;  the i r  ra te  capabi l i ty ,  however,  is 
l imi ted  to about  5-10 m A / c m  2 at  room tempera ture .  
This l imi ta t ion  is ma in ly  due to a r e la t ive ly  high po-  
la r iza t ion  at the  cathode at these cur ren t  densities.  The 
shape of the  cathodic polar izat ion curve indicates 
s trong act ivat ion polar iza t ion  (1). I t  would  be desi rable  
to decrease this overvol tage  in order  to obta in  h igher  
energy  densit ies  and ra te  capabi l i t ies  in l i th ium ba t -  
teries using carbon fluorine compounds as the cathodic 
mater ia l .  Therefore,  in our study,  the  polar izat ion be-  
hav ior  of carbon fluorine compounds wi th  var ious  com- 
posi t ions and s t ructures  was invest igated,  but  l imi ted  
to a one so lven t -e lec t ro ly te  system. 

Exper imental  
The e lect rochemical  measurements  and associated 

handl ing  of cell mate r ia l s  were  carr ied  out in a d ry  lab 
in pure,  dr ied  argon or he l ium atmosphere.  The wa te r  
vapor  level  was be tween  one and five par t s  pe r  mill ion.  

Solvents and electrolytes.--The solvent  employed  in 
this inves t igat ion was p ropy lene  carbonate,  purified by  
vacuum dist i l lat ion.  The e lec t ro ly te  used in this  s tudy 
was one mola r  solut ion of anhydrous  l i th ium p e r -  
chlorate  in  p ropy lene  carbonate.  

Depolarizer materials.--Graphite fluorides, covering 
the composit ion range f rom te t raca rbon  monofluoride 
to po lycarbon  monofluoride, were  inves t iga ted  as ca th-  
ode materials .  These mater ia l s  were  obta ined  f rom Rice 
Universi ty .  The i r  p repara t ions  and pur i t ies  have been 
descr ibed prev ious ly  (2). Fur ther ,  po lymer ic  carbon 
fluorine compounds were  invest igated,  such as the  
oxygen cross l inked po lymers  of perfluoro anthracene,  
perfluoro decacyclene, perfluoro phthalocyanine ,  and 
f luorinated paracyanogene.  These compounds were  
p repa red  and character ized for  the  U.S. A r m y  Elec-  
t ronics Command by Professor  Lagow of MIT (3).  

Preparation of electrodes.--The cathodes were  p r e -  
pa red  by  a d ry  press technique.  This involves p r e p a r -  
ing a d ry  cathodic depolar izer  mix tu re  of 80 weight  
pe r  cent (w/o)  depolarizer ,  15 w/o  graphi te  (spectro-  

* Electrochemical Society Active Member .  
K e y  words: graphite fluorides, mixed potential, perfluoro an- 

thracene, perfluoro decacyelene, perfluoro phthaloeyanine. 

scopic grade), and 5 w/o Teflon powder. About 0.3g of 
the mixture were pressed into a highly porous nickel 
matrix of I0 cm 2 cross section. Both anode and refer- 
ence electrode consisted of lithium foil pressed onto a 
nickel screen. 

Electrochemical cell.---The electrochemical cell was 
assembled by placing the cathode, surrounded by a 
separator, between two lithium electrodes identical in 
size to the cathode. One of the lithium electrodes 
served as the anode and the other as the reference elec- 
trode. The cell design has been described in detail pre- 
viously (I). 

Electrochemical measurements.--Since the  cathode 
polar iza t ion  measurements  included a subs tant ia l  r e -  
sistance polarizat ion,  it  was essential  to separa te  the  
resistance polar iza t ion  component  f rom the  others. 
For  tha t  purpose,  the  per iod ica l ly  in t e r rup ted  sine 
wave  pulse cur ren t  technique,  invented  by  Kordesch  
and Marko, was chosen for  polar iza t ion  measurements  
free of the  ohmic iR drop (4). 

The circui t  used in the measurements  is shown in 
Fig. 1. The electrochemical  cell C is connected wi th  a 
load circuit  (D1) and two vol tage  measurement  c i r -  
cuits ($3 posit ions a and b ) .  A gat ing swi tch  c i rcui t  
(D~ and Ds) pe rmi t s  the  cathode po ten t ia l  to be m e a -  
sured, free of the  ohmic iR drop, dur ing  the  br ie f  

"%,60 Hz " ~ S  

Tt DI 

Rb 03 

,!dS 4- :" 

= ~/S, Sz 

R v A Cl 

Fig. 1. Periodically interrupted sine wave pulse current circuit. 
Components: Tz ~ T2 ~ 110V/24V, 1A. D1 ~ 50V, 1A. 
1:)2 ~ D3 ~ 250V, 200 mA, irev ~- 0.05 ~A. R'b ~ 20 ohms, 35W 
each. R'b ~ 250 ohms, 38W each. Rv ---- 50 ohms. Cv ~- 10 F,F, 
150V. Cz ~- 100/~F, 500V. 
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per iod  of cur ren t  in te r rup t ion  (1/120 sec).  The  selec-  
t ion of the  circuit  components  had to consider  the  
h igher  ceil  vol tages and the ohmic resis tance cha r -  
acterist ics of the  l i th ium ba t te r ies  which influence 
main ly  the  choice of the t r ans formers  (T1 and T2), the  
components  in the  gat ing switch circuit,  and the con-  
denser,  Cv, pa ra l l e l  to the  vol tmeter .  The l a t t e r  had to 
be ad jus ted  to the t ime constant  of the  vol tage mea -  
surement  circui t  ($3 posi t ion a) .  

Thus quasi  s t eady-s t a t e  cur ren t -ce l l  vol tage  and 
cu r ren t -ca thode  potent ia l  curves of l i t h i u m / g r a p h i t e  
fluoride cells, inc luding or excluding the  ohmic iR 
drop, could be measured.  In  the  case of po lymer ic  car -  
bon fluorine compounds as depolarizers,  ga lvanosta t ic  
discharge curves were  measured.  

Kesults and Discussion 
Standardization of cathode preparation.--Before a 

s tudy of the  kinet ics  of var ious  g raph i te  fluorides was 
started,  the  cathode p repara t ion  technique had  to be 
opt imized  and s tandardized.  I t  was found that  the  
ma jo r  two factors influencing the per formance  of the  
cathode were  the  carbon to fluorine ra t io  and the com- 
pression pressure  appl ied  in p repar ing  the  cathodes. 
The compress ion pressure  was va r ied  wi th in  the  range  
of 400 to 30,000 lb /e lec t rode .  Using the d ry  press  tech-  
nique a pressure  of about  2000 lb/in.2 y ie lded  graphi te  
fluoride cathodes wi th  the  lowest  po lar iza t ion  up to 
5 m A / c m  2. 

Mixed potential theory of CFn reduction.--The key  to 
the analysis  of the  polar izat ion data  was the  mixed  
potent ia l  theory  of CFn reduction.  The open-c i rcu i t  po-  
ten t ia l  of g raphi te  fluoride cathodes is a mixed  po ten-  
tial, the  reduct ion  of g raph i te  fluoride being the  ca th -  
odic react ion and solvent  oxidat ion  being the anodic 
react ion ( I ) .  The e lect rochemical  behavior  of carbon 
fluorine compounds is shown schemat ica l ly  in te rms of 
the  mixed  poten t ia l  t heo ry  in Fig. 2. ECF is the  po ten-  
t ia l  of a carbon fluoride cathode vs. a l i t h ium refe r -  
ence electrode, computed  f rom the rmodynamic  data. I t  
is numer ica l ly  ident ical  to the  e lec t romot ive  force of a 
corresponding l i t h ium-ca rbon  fluoride cell. The emf of 
such cells, covering the composi t ion range  f rom CF0.24 
to CFLz3, have  been de te rmined  recent ly  by Professor  
Marg rave  and co -worke r s  at  Rice Univers i ty  (2).  The 
values range  f rom 5.23 to 4.56V at 298~ Note tha t  the  
potent ia ls  decrease wi th  increasing fluorine content  in 
the  compounds.  There  are  three  cu r ren t -po ten t i a l  
curves  shown in Fig. 2, covering th ree  cases of CF 
kinetics,  slow, medium, and fast. Es is the  oxidat ion  
potent ia l  of the organic solvent.  The average  poten t ia l  
of g raph i te  e lectrodes in 1M LiC104-PC is 2.56V vs. 
l i thium. T iedemann  has found that  the potent ia l  of a 
comple te ly  d ischarged (CF)n  e lect rode is app rox i -  
ma te ly  2.5V vs. l i th ium (5). As is the  solvent  oxidat ion 
and Cs the  solvent  reduct ion  curve. 

The open-c i rcu i t  potent ia l  of a CF  electrode,  e.g., 
Era, is a mixed  potent ia l  and a function of its s ta te  of 

iA 
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Fig. 2. Current-potentlal curves of carbon fluorine compounds 
and organic solvents. 

discharge (1).  Expe r imen ta l  Em values,  ranging  f rom 
2.56 to 3.36V, have been  observed wi th  po ly  carbon 
monofluoride at  298~ The var ia t ions  are  caused by  
the type  of CF used and by  the e lect rode compression 
pressure.  

A mixed  potential ,  Era, is es tabl ished when  the ca th -  
odic cur ren t  of CF reduct ion and the anodic current  of 
solvent  oxidat ion  are  equal.  The open-c i rcu i t  potent ia l ,  
Era, is thus a funct ion of the  kinet ics  of the  pa r t i a l  
e lectrode processes (6, 7). According to the  pr incip le  of 
the addi t ive  composit ion of al l  pa r t i a l  e lect rode p roc -  
esses, we should  observe expe r imen ta l l y  the  in te r -  
rup ted  curve, Cexp. The theore t ica l  curve for  CF re -  
duction and the exper imenta l  curve are, however ,  
p rac t ica l ly  ident ical  be tween  Em and Es due to the  
smallness  of the  solvent  oxidat ion  current .  

CFn cathode polarization data.--In Fig. 3, po la r iza -  
t ion data, free of ohmic iR drop, of graphi te  fluoride 
cathodes are shown. The polar iza t ion  here  is defined 
as the difference be tween  the cathode potential ,  ca l -  
culated f rom the rmodynamic  data, and  the  cathode po-  
ten t ia l  at  a given current  measured  vs. the  l i th ium 
reference  electrode.  Each da ta  point  was t aken  af te r  
quasi  s teady  state, defined by  a change of less than  
--+5 mV/5 min, was reached.  The average  e r ror  in the  
polar iza t ion  data, e.g., for CF0.gs, for the  0.15 to 50 m A  
range was 38 mV or  less than  1.8% at polar iza t ions  be -  
tween  2.5 and 2.74V. At  h igher  cur ren t  densities, above 
2 m A / c m  2 (20 m A ) ,  a slow, cont inuous increase  in po-  
la r iza t ion  wi th  t ime was observed.  In  these cases, the  
ini t ia l  data  points  t aken  are  shown in the  graph.  The 
upper  two curves (Fig. 3) are  for whi te  CF [dry  press  
technique and wet p r epa ra t i on  technique (1)]  and  the 
lower  two curves  for g ray  CF (d ry  press  technique,  
two different meta l  cur rent  col lectors) .  

A range of l inear  behavior  wi th  a slope of about  
0.12V/decade of cur ren t  can be observed.  The dev ia -  
tions at  h igher  currents  f rom l inea r i ty  could be due 
to blocking of par t s  of the  inner  surface a rea  of the  
electrodes wi th  react ion products ,  ma in ly  l i th ium fluo- 
ride;  the deposi t ion wil l  be p ropor t iona l  to cur rent  and  
time. Since no l imit ing currents  have been observed up 
to 100 mA, any concentra t ion  polar iza t ion  can be  ne -  
glected due to its smallness.  

Exchange currents oS CFn reduction.--Prom the  
l inear  par t  of the  polar iza t ion  curves, the  exchange  
currents,  io, for cathodic CF reduct ion  could be  com- 
puted,  using the  fol lowing equat ion 

ECF ~ El -.~ 0.116 logic  - -  0.116 logJo [1] 

Values of exchange currents  for  var ious  graphi te  fluo- 
r ides are  shown in Table  I. The highest  exchange 

t 
�9 CFo.96 ~DRY PRESS, Cu) "[ 
o CFo.96 (DRY PRESS, Ni) /1.  I 

3.0 ,, cF coRu PRESS, Nil / ' / /  / 
//j 

o,, , ,o ,oo ,ooo 
i [mA3 

Fig. 3. Polarization data of CFn cathodes free of ohmic iR drop. 
�9 CFo.93 (dry press technique, Cu collector), O CFo.93 (d.p.t., 
Ni collector), A CF (d.p.t., Ni collector), [ ]  CF [wet preparation 
technique (1)] IM/iCIO4-PC, 25~ 

Z 
o 2.5 
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Table I. Exchange currents of graphite fluorides CFn in 1M 
LiCIO4-PC at 298~ for about 2% discharge of the cathodes 

". io (A) (im)~ (A) E= (V) r (Y) 

0.23' /  3 �9 10 -~  
0.55 8.9 �9 i 0  - =  
0.93 1 �9 10 - ~  6.9 �9 10 -z~ 3.09 3.05 �9 1044 
0 . 9 6  2 . 2  �9 I0 -~ 
1 .0  6 .4  �9 1 0 - ~  
1.09 3,6 �9 1 0 - ~  3.39 �9 10 - ~  3.05 9 , 1 0  +5 

cur ren t  was observed wi th  CFo.93. Consider ing the 
inner  surface areas  of the graphi te  fluorides (2), which 
r a n g e  from 230 to 270 m2/g, the  exchange current  den-  
s i ty  for g ray  CF should be in the  order  of 1.7-10 -2s 
A / c m  s and that  of whi te  CF about  5.4.10 -~0 A/cm2; 
however,  blocking of active, inner  surface area  by 
compression dur ing  electrode p repa ra t ion  has to lead 
to h igher  exchange cur ren t  densities. 

Electrochemical stability o:f CF cathodes.--From the 
exchange currents ,  the  cathodic currents  of CFn r e -  
d u c t i o n  at the mixed  potentials ,  (im)e ( th i rd  column, 
Table I ) ,  could be computed  via Eq. [2] 

ECF - -  E m =  0.116 log (im)e --  0.116 log io [2] 

For  g ray  CF we obta in  (im)c = 6.9"10-Z~ This value  
is significant in that  it re la tes  to the e lectrochemical  
s tabi l i ty  of the  CF cathode on open circuit. A cath-  
odic cur ren t  at the mixed  potent ia l  of about  1 0 - h A  
corresponds to a depolar izer  shelf  life, ~, ( last  column, 
Table I) i.n the e lec t ro ly te  of about  106 years.  

It can be es t imated  tha t  hypothe t ica l  compounds 
wi th  a h igher  ra te  capabi l i ty  than g ray  CF, e.g., with  
exchange currents  of (io)CFn = 10 -12 or  10-TA, would 
have, based on the computed  (ira)e, a far  shor te r  de-  
polar izer  shelf  l ife in the  e lect rolyte  of about  3 years  
or 1 day, respect ively.  

In  comput ing the depolar izer  shelf  l ife of such com- 
pounds f rom irn, we have to consider  the  shif t  in Em due 
to the  fas ter  kinetics of the CFn reduction.  Era, ira, and 
consequent ly  T, can be computed  f rom the two equa-  
tions [3] and  [4] wi th  two unknowns Em and im 

Em --  Es = 0.12 log im --  0.12 log (io)s [3] 

ECFn --  Em = 0.12 log im --  0.12 log (io) CFn [4] 

AS ment ioned earl ier ,  Es was found expe r imen ta l ly  to 
average 2.56V. The exchange cur ren t  of the  solvent  
(io)s could be de te rmined  ind i rec t ly  f rom ira, e.g., for 
CF1.09, under  assumption of act ivat ion control, using 
Eq. [3], Em being the mixed  potent ia l  of CFt.09; (io)s 
was also de te rmined  di rec t ly  by  measur ing  the anodic 
oxidat ion  of p ropy lene  carbonate  at  CF1.09. With  1M 
LiC104-PC at 25~ a Tafel  slope of 0.12 was found and 
an (io)s of 10-1SA; (io)s de te rmined  ind i rec t ly  was 
about  10-1~A. 

ECFn can be es t imated  using Eq. [5] (2) and [6] 

G~ = --  (104.2n + 1.158) (kcal  mole  -1)  [5] 

E~ ~--- G~ (V) [6] 

The polymer ic  carbon fluorine compounds, men-  
t ioned earl ier ,  fal l  appa ren t ly  into the  category of high 
ra te  depolar izers  by  showing in i t ia l ly  a far  be t te r  
kinetics than  whi te  CF, but  also a s trong reac t iv i ty  
wi th  the  organic solvent.  F igure  4 shows the cathodic 
reduct ion of po lymer ic  carbon fluorine compounds and 
of white  CF. The discharge was per formed  ga lvano-  
s ta t ica l ly  at  1 m A / c m  2. In  the  figure the  cathode po-  
tent ia l  measured  vs. a l i th ium reference  electrode is 
p lo t ted  vs. the discharge t ime in minutes.  Oxygen 
cross l inked perfluoro anthracene,  perfluoro decacy-  
cleric, perfluoro phthalocyanine ,  and f luorinated p a r a -  
cyanogene showed in i t ia l ly  about 1V higher  discharge 
potent ia ls  than  poly carbon monofluoride. Af te r  a cer-  
ta in  time, however ,  react ions be tween  depolar izer  and  
solvent  consume the cathodes. Highly  soluble depo-  
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Fig. 4 .  Ca thod ic  reduct ion of polymeric carbon f luorine com- 
pounds compared  with CF (1 mA/cm2) .  1M LiCIO4-PC, 3 0 ~  

C14F~4 perfluoro anthracene (oxygen crosslinked), C3eF54 perfluoro 
decacyclene (oxygen cross]inked), C~,NeF~6 perfluoro phthalo- 
cyanine (oxygen crosslinked), CNF~.2 fluoro paracyanogene, CF 
poly carbon monofluoride. 

larizers,  such as oxygen  crossl inked perfluoro an th ra -  
cene, show infer ior  discharge behavior .  

A more  deta i led explana t ion  of the exper imenta l  be-  
havior  of these compounds is submit ted:  When  the 
cathode is submerged  for  the  first t ime in the  e lec t ro-  
lyre, reduct ion takes  place  in i t ia l ly  at  a h igh rate,  ea r -  
responding perhaps  to an io = 10-7A, at a mixed  po-  
tent ia l  of about  3.95V. For  100% bu lk  ut i l izat ion of the  
depolarizer,  a t ime of about  1 day  would  be requi red;  
for deplet ion of active species at the  surface, however,  
far  less t ime would be required.  This deplet ion wil l  
change the kinet ics  to a s lower  one, e.g., to an io --  
10-12A. A mixed  potent ia l  of about  3.62V would  be the  
consequence. This would  app rox ima te ly  correspond to 
the s ta r t ing  points  of our  discharge exper iments  in  
Fig. 4. Drawing a cathodic current  of 10-2A at about 
3.32V would  resul t  in a fast  consumpt ion  of the  re -  
maining  active depolar izer  ma te r i a l  which is indicated 
in Fig. 4 by  a s trong drop in discharge potent ial .  

The mixed potent ia l  theory  predicts  a shift  in Em to 
more  posi t ive potent ia ls  for compounds wi th  faster  re -  
duct ion kinetics (see Fig. 2). This could be observed 
exper imen ta l ly  in the case of oxygen crossl inked per -  
fluoro anthracene,  perfluoro decacyclene, perfluoro 
phthalocyanine,  and fluoro paracycanogene.  The mixed  
potent ia ls  of these compounds measured  vs. a l i th ium 
reference electrode are given in Table II. 

Such compounds could make  excel lent  depolar izers  
wi th  h igher  ra te  capabi l i t ies  if solvents  and electrolytes  
could be found that  would be s table  to oxidat ion  by  the 
compounds. The theoret ica l  energy capacit ies of these 
compounds exceed those of graphi te  fluorides, 2050 
W - h r / l b  of  cell reac tants  vs. 1785 W - h r / l b .  

Manuscr ip t  submi t ted  Nov. 13, 1974; revised m a n u -  
script  received May 20, 1975. This was Paper  25 p re -  
sented at  the New York, New York, Meet ing of the  
Society,  Oct. 13-17, 1974. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1976 
JOURNAL. Al l  discussions for the June  1976 Discussion 
Section should be submit ted  by  Feb. 1, 1976. 

Table II. Mixed potentials of polymeric carbon fluorine compounds 
in 1M LiCIO4-PC at 298~ vs. the lithium reference electrode 

Compound Era (V) 

CFo.~ 3.09 

O x y g e n  e r o s s l i n k e d  p e r f l u o r o  
Anthracene C14F~4 3 . 4 6  
Decaeyeiene C-~cF~ 3 . 4 7  
P h t h a l o c y a n i n e  C x ~ s F ~ s  3 . 4 7  

Fluoro paracyanogene CNF2.s 3.58 
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High Conductivity Solid Electrolytes 
Double Salts of Substituted Organic 

Ammonium Halides and Cuprous Halides 

Anthony F.Sammells,* Jack Z. Gougoutas, 1 and Boone B. Owens *,2 

Gould Incorporated, Gould Laboratories, St. Paul, Minnesota 55165 

ABSTRACT 

Copper  solid e lec t ro ly tes  have been synthesized by  the sol id-s ta te  react ion 
be tween  subs t i tu ted  organic ammonium hal ides  and cuprous halides.  High 
conduct iv i ty  e lect rolytes  were  found wi th  both high and low s y m m e t r y  organic 
ammonium halides, indica t ing  that  h igh s y m m e t r y  in the l a t t e r  need not be 
necessary in this class of electrolytes .  Ini t ia l  exper iments  wi th  these m a t e -  
r ia ls  in galvanic  cells and coulometers  indicated some instabi l i ty .  

Many  of the  h igh ly  conduct ing solid e lectrolytes  in-  
ves t iga ted  over  the  past  decade have been  s i lver  ion 
conductors.  The most  conduct ive of these, RbAg4Is, has 
a conduct iv i ty  of 0.27 o h m - l . c m  -1 at ambien t  t em-  
pe ra tu res  (1) and has found appl ica t ion  in galvanic  
cells (2). S l iver  e lect rolytes  have also been synthesized 
th rough  compound format ion  be tween  AgI  and var ious  
subs t i tu ted  ammonium hal ides (4, 5) and also be tween  
AgI  and sulfonium iodides (6). The s ing le -c rys ta l  
s t ructures  of cer ta in  of these unique phases have been 
inves t iga ted  (7-11) to de te rmine  the s t ruc tura l  fea-  
tures  that  pe rmi t  fast  ion diffusion in solids. I t  was 
observed tha t  the  iodide ions form face-shar ing  po ly -  
hyd ra  (genera l ly  t e t r ahedra ) ,  wi th  the  s i lver  ions 
s i tuated wi th in  these polyhedra .  On the average  there  
are  two or th ree  vacant  sites pe r  s i lver  ion, thus pe r -  
mi t t ing  r eady  diffusion th rough  the faces of the po ly -  
hedra.  

Because of the  s imi lar  proper t ies  of Ag + and Cu + 
together  wi th  the  much lower  cost of copper compared  
to silver, it  has been of considerable  in teres t  to syn the-  
size copper  e lect rolytes  wi th  ionic t r anspor t  p roper t ies  
analogous to those of the above referenced s i lver  elee-  
t rolytes .  Such ma te r i a l s  were  recen t ly  r epor ted  to ex-  
hibi t  ionic conduct ivi t ies  as high as 0.045 o h m - l . c m  -1 
(12-13). 

In  the present  invest igat ion,  fol lowing procedures  
s imi lar  to those of Takahashi ,  Cu + ion conduct ing solid 
e lectrolytes  were  synthesized by  the combinat ion  of 
NN ' -d ime thy l t r i e thy l ened i amine  d ibromide  W cuprous 
bromide,  NN-d ihyd ro t r i e thy l ened i amine  d ibromide  -5 
cuprous bromide,  and  N - h y d r o h e x a m e t h y l e n e t e t r a m i n e  
chlor ide -5 cuprous chloride, in good agreement  wi th  
the  resul ts  of Takahashi  et al. (12, 13). 

The organic cations that  are  p r e sumab ly  stabi l izing 
the high conduct iv i ty  phase in the above three  e lect ro-  
ly tes  have  both high s y m m e t r y  and a sa tu ra ted  cage-  
type  s tructure.  In  order  to de te rmine  whe the r  ionic 
conduct ion is l imi ted  to the  hydroha l ides  of t r i e thy l -  
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enediamine and hexame thy lene t e t r amine  and the i r  
derivat ives,  and invest igate  the re la t ive  impor tance  of 
high symmetry ,  the  cage- type  structure,  and  the onium 
ni t rogen atoms, we have inves t iga ted  severa l  other  
systems. Our choice of subst i tuents  for the  most  pa r t  
has been empir ica l  since no c rys ta l lographic  s t ruc-  
tura l  in format ion  is ava i lab le  to suggest  those molec-  
u lar  features  which the organic moei ty  should possess 
in order  to form an ionical ly  conduct ing phase. The 
possibi l i ty  of ionical ly  conduct ive cuprous hal ide  phases 
being s tabi l ized by  quinuclidine,  quinuclidone, py r id in -  
ium, dimethylpiper iz ine ,  NN' ,NN' -d ie thy lened ipyr i l i -  
dinium, and 1 -adamantanamine  hal ides  was inves t i -  
gated. 

Conduct ivi ty  measurements  have been  repor ted  both 
at 1000 Hz and ooHz. Ext rapo la t ion  to ooHz was made 
to e l iminate  the faradaic  impedance  ~R, which m a y  be 
propor t iona l  to the  square root  of f requency  (14, 15). 

AR --  kf-1/2 

where  ] is f requency  and k a p ropor t iona l i ty  constant. 
The measured  resistance Rm wil l  contain  both the  bu lk  
e lec t ro ly te  resis tance R and any faradaic  impedance  
effects that  m a y  exist  at the  in ter face  

Rm ~- R -5 AR : R + k f  -112 

The er ror  caused by  AR was minimized  by  ex t r apo la t -  
ing the  measured  resistance to infinite frequency.  

The conduc t iv i ty - t empera tu re  funct ion was de te r -  
mined for some of these e lectrolytes  and act ivat ion en-  
ergies reported.  The s tabi l i ty  of these e lectrolytes  under  
a potent ia l  was eva lua ted  by  fabr ica t ing  galvanic  ceils 
wi th  copper anodes and var ious  cathodes, including 
CuBr~, MOO3, V203, t e t r a p r o p y l a m m o n i u m  t r ibromide ,  
t e t r a b u t y l a m m o n i u m  t r ibromide ,  and  t r i e thy lened i -  
amine dibromide.  

Experimental 
Electrolyte syntheses.--3-quinuclidone hydrochlo-  

ride, quinucl idine hydrochlor ide ,  and 1 -adamantan-  
amine were  obta ined f rom Aldr ich  Chemical  Company. 
Tr ie thy lened iamine  was purchased  f rom Eas tman 
Kodak  Chemical  Company.  Cuprous chloride and bro-  
mide  were  ve ry  carefu l ly  purif ied b y  recrys ta l l iza t ion  
f rom the appropr ia t e  ha logen acid, fol lowed by  wash-  
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ing with glacial acetic acid, and ethanol. While still 
moist with ethanol, the cuprous halide was stirred with 
te t rahydrofuran  and rapidly t ransferred to a round  
bottom flask, where the remaining solvent was re-  
moved under  vacuum. After  solvent removal  the cu- 
prous halides were not exposed to the atmosphere in 
any subsequent  operation. 

The electrolyte materials  were synthesized under  a 
ni t rogen atmosphere by in t imate ly  mixing the appro- 
priate mole quanti t ies of cuprous halide and organic 
material  in  a round bot tom flask, using sufficient 
ethanol to make a slurry. The ethanol was then vac- 
uum distilled. After thorough washing and drying the 
materials  were t ransferred to a dry box where they 
were pressed into pellets at 57,000 psi. These pellets 
were then heated under  the conditions i l lustrated in  
Table I. After the solid-state reaction, the pellets were 
t ransferred to a dry box, ground up, and repressed at 
57,000 psi into conductivity cells of the configuration 
Cu,E/E/Cu,E (E is the electrolyte).  The electrodes 
consisted of powdered copper in t imate ly  mixed with 
electrolyte in  the weight ratio 2: 1. Some of the con- 
ductivi ty cells were annealed under  high pur i ty  ni t ro-  
gen to remove any excess halogen that may be present. 
However, attempts to anneal  the electrolytes contain-  
ing quinucl idine and 3-quinucl idone resulted in  de- 
ter iorat ion of these materials.  

Synthesis of electrolyte components.--NN'-dimethyl- 
triethylenediamine dibromide.--Methyl bromide (2 
moles) was reacted with t r ie thylenediamine (1 mole) 
in benzene. The product was recrystallized from tetra-  
hydrofuran.  [Br: found 51.70%, calculated 52.98% (13).] 
This mater ial  was also prepared from NN'-d imethyl -  
piperidine and 1-2-dibromoethane. 
NN'-dihydrotriethylenediamine dibromide.--Triethyl- 
enediamine was reacted with an excess of a 47% aque-  
ous HBr solution. The solution was allowed to stir 
overnight;  the product was recrystallized from EtOH/  
water. [Br: found 57.4%, calculated 58.39% (13).] 
N-hydrohexamethylenetetramine chloride.--Hexa- 
methylenete t ramine  was reacted with 1 mole equiv, of 
47% aqueous HBr in ethanol and was recrystallized 
from ethanol. [CI: found 19.37%, calculated 20.11% 
(12) .] 

Quinuclidine hydrobromide.--Quinuclidine hydrochlo- 
ride was treated with 1M NaOH, stirred with MgSO4, 
and then reacted with a s l igh t  excess of HBr. The 
product was recrystallized from ethanol. (Br: found 
40.94%, calculated 41.66%.) 

Quinuclidine methylbromide.--As above except treated 
with 3 moles methylbromide.  The product was re-  
crystallized from ethanol. (Br: found 37.70%, calcu- 
lated 38.83%.) 

3-Quinucl~done hydrobromide.--This material  was 
synthesized by passing quinuclidone hydrochloride 
through an anion exchange resin (amberl i te  IR-45) 
and the product was recrystallized from ethanol. (Br: 
found 40.18%, calculated 38.46%.) 

Pyridinium bromide.--This extremely hygroscopic salt 
was prepared by t i t rat ing an aqueous solution of pyr i -  
dine with 47% aqueous HBr. After evaporation of the 
solvent, the solid was recrystallized from acetone/  
ethanol. (Br: found 45.17%, calculated 41.66%.) 

NN'-dimethyIpiperizine dihydTochIoride.--NN'-di- 
methylpiperizine was treated with 2 moles of aqueous 
hydrochloric acid. Crystals were obtained by concen- 
trat ion of the solution and were recrystallized from 
ethanol. (Ch found 34.74%, calculated 37.96%.) 

NN',NN'-diethy~enbdipyrrolidinium dibromide.--Pyr- 
rolidine was reacted with ethylenedibromide,  the solu- 
tion was clarified using NORITE (activated charcoal) 
and the product was recrystallized from iPrOH. [Br: 
found 45.28%, calculated 44.94% (16).] 

Synthesis of cathode materials.--Tetramethylam- 
monium tribromide.--Tetramethylammonium bromide 
was reacted with bromine in  carbon tetrachloride. The 
excess bromine was pumped off. 

Tetrabutylammonium tribromide.--Tetrabutylammo- 
n ium was reacted in carbon tetrachloride with a 0.05 
mole Br~/CCI~ solution (14). 

Triethylenediamine dibromine complex of . - -Trie thyl-  
enediamine was dissolved in benzene and was st irred 
with excess bromine in benzene. The yellow product 
was filtered, washed with benzene, and air dried. The 
product was recrystallized from glacial acetic acid. 

Experimental measurements.--Cell resistances were 
measured at frequencies between 500 and 20,000 Hz 
using a Genera l  Radio 1608A impedance bridge with 
an external  Hewlet t -Packard 209A oscillator. The mea-  
surements  were made on cells main ta ined  in  an iner t  
atmosphere. The celI voltages were measured with an 
HP3430A digital voltmeter. X- ray  powder diffraction 
pat terns were r u n  on a GE XRD-6 x - ray  spectrometer 
using CuK~I lines. 

Table I. Conductivity results 

Electrolyte 

Conduct iv i ty  ohm -I �9 em -1 at  25~ 

1000 Hz oo Hz 

Before Af te r  Before  After  
anneal anneal anneal anneal 

Electrolyte 
synthesis  

Conduct iv i ty  
cell annea l  

Quinue l id ine -HBr-CuBr  (87.5 m / o )  

Quinue l id ine-MeBr-CuBr  (87.5 m / o )  

Quinuelidine-HCI-CuC1 (85 m / o )  

3-Quinucl idone-I-IBr-CuBr (80 m / o )  

3-Quinuclidone-HC1-CuCl (80 m / o )  

P y r i d i n i u m  b romide -CuBr  (87.5 m/o )  

N N ' - d i h y d r  ot r ie thylenediarnine  d ib romide-CuBr  
(87.5 m/o)  

NN ' - d i me t h y l t r i e t h y l ened i amine  d ib romide-CuBr  
(94 m / o )  

N - h y d r o h e x a m e t h y l e n e t e t r a m i n e  ehloride-CuC1 
(87.5 m / o )  

Dimethylpiperazine-2HCi-CuC1 (87..5 m / o )  

NN' ,NN' -  d ie thy lened ipyr r  ol idinium dibromide-  
CuBr (87.5 m / o )  

1-Adamantylamine-HC1-CuC1 (80 m / o )  

T r i e thy l ened iamine -CuBr  (90 m / o )  

Tr ie thylenediamine-CuC1 (90 m / o )  

4.2 x 10 4 

6.0 x 10- a 

1.8 x 10- ~, 

2.4 x 10 -4 

2.6 x 10 -~ 

7.4 x 10 -4 

2.7 x 1O -s 

5.4 x 10 -4 

9.6 x 10-~ 

3.1 X 10-7 

1.3 X I0 -~ 

1.3 x 10- a 

2.0 x 10 -2 

6.5 X 10 4 

2.4 • 10 ~ 

3.3 x 10 -7 

4.0 X 10 -s 

1.2 X 10 -7 

No conduct iv i ty  

8.7 x 10- 8 

1.8 x 10 -2 

4.0 x 10 ~ 

3.0 x 10 -4 

2.5 x 10 -2 

3.3 x 10- 8 

2,5 x 10 -~ 

3.0 • 10 -8 190~ 16 hr  
unde r  vac 

150~ 16 h r  
under vac  

160~ 16 hr  
under  vac  

175~ 16 hr  
under vae 

120~ 16 h r  
under vac 

100~ 
under H2 

6.5 x 10 -2 190~ 16 hr 
under vac 

1.4 x 10 -2 190~ 16 hr  
under  vae 

2.7 x 10 -~ 120~ 16 h r  
unde r  vae  

l l 0 ~  16 hr  
under  vac 

180~ 16 hr  
under  vae  

100~ 16 hr  
N2 flow 

100~ 16 h r  
N~ flow 

110~ 8 hr  
N2 flow 

170~ 8 hr  
1~2 flow 

170~ 8 h r  
N~ flow 

120~ 8 h r  
N2 flow 

110~ 8 h r  
N2 flow 

140~ 8 h r  
N2 flow 
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Results 40 
The systems reported on are shown in Fig. 1. These ~ 30 

are (I) quinuclidine hydrobromide-CuBr, (II) quinu- o 
clidine methylbromide-CuBr, (III) quinuclidine hy- ~" 
drochloride-CuC1, (IV) 3-quinuclidone hydrobromide- 20 
CuBr, (V) 3-quinuclidone hydrochloride, (VI) pyri- 
dinium bromide-CuBr, (VII) NN'-dihydrotriethylene- ~ 10 
diamine dibromide-CuBr, (VIII) NN'-dimethyltri- 
ethylenediamine dibromide-CuBr, (IX) N-hydro- ~ 0 
hexamethylenetetramine chloride-CuC1, (X) dimethyl- 
piperizine dihydrochloride-CuC1, (XI) NN',NN'-di- 
ethylenedipyrrolidinium dibromide-CuBr, (XII) 1-ad- 
amantanamine hydrochloride-CuC1, (XIII) triethyl- 
enediamine-CuBr, (XIV) triethylenediamine-CuC1. 

A typical frequency dependence for a conductivity 
cell resistance is shown in Fig. 2 for the electrolyte 
NN'-dimethyltriethylenediamine dibromide-CuBr [94 16 
mole per cent (m/o)] .  If we plot cell resistance values 
at 1 kHz against cell length, the resultant faradaic im- 
pedance, as represented by the intercept, is generally 
several ohms. However, by plotting the extrapolated 
conductivity values at c~Hz against cell length, the in- 
tercept is at the origin, demonstrating that the im- 
pedance effect has been minimized, as shown in Fig. 3. 
All of our results for both 1 kHz and ooHz are sum- 
marized in Table I. The highest conductivity found was 
for NN'-dihydrotriethylenediamine chloride-CuBr 
(87.5 m/o) at 6.5 • 10 -2 o h m - l ' c m  -1 at ooHz, which 
is in reasonable agreement with the value of 4 • 10 -2 
ohm-Z.cm -1 at 1000 Hz reported by Takahashi. 

III 

VI I  

H Me 
I I 

Br-+ CuBr II Br-+ CuBr 

H H 
I ] 
N* N + 

~ . ~  C,- + CuC, IV ~ / ( ~ : . B r -  + CuBr 

"<-/~ ": O 
H H 
I 

N + N + 
CI- + CuCI Vt I" JJ Br" + CuBr 

%O 

H M e  
f f 

__ 2Br- + CuBr 2Br- + CuBr 

N 
I I 

H A4e 

IX 

H Me H 

c c  

Me H 

2CI- + CuCI 

f 

i = I I i 

0 1 2 3 4 5 

FREQUENCYJ/2 Hz "1/2 x 10 2 

Fig. 2. Frequency dependence for dlmethylenediQmine dibromide 
+ CuBr(94 m/o). 

1 4  

6 

4 

2 

O i i i ] 1 

0 0.1 0.2 

CELL LENGTH, CM 

Fig. 3. Cell resistance vs. cell length at c~Hz for dimethyltri- 
ethylenediamine dibromide + CuBr(94 m/o). 

~ 1 2  

o 10 
i i i  

W 

The composition dependence of the conductivity w a s  

determined for the more conductive systems investi- 
gated. The compositions at which maxima occurred are 
summarized in Table I. The synthesis temperatures 
chosen were those where new phase materials could be 
detected from x-ray patterns. The presence of the new 
phases was then correlated with directly measured 
conductivity values to find the synthesis temperature 
at which the most conductive samples were produced. 

The optimized stoichiometries for maximum con- 
ductivity were quite distinct, but were generally not 
sharp. 

The observed temperature dependence of the con- 
ductivity for quinuclid~ne hydrobromide-CuBr (87.5% 
m/o) over the temperature range 50 ~ to --20~ is 
shown in Fig. 4. The slope corresponds to an activa- 
tion energy of 2.7 kcal/mole. The activation energies 
observed in the present study varied from 2.7 up t o  

6.7 kcal/mole as shown in Table II. 
X-ray powder diffraction patterns were routinely 

run on samples of optimized stoichiometry. All samples 
showed lines characteristic of the starting materials 
together with, in some cases, new phases, indicating 
that the phases were not optimized to equilibrium. 

XI 

XIII 

~ 2Br" + CuBr XII 

N 

CI- + CuCI 

N N 

cuc 

N N 

Fig. 1. Copper electrolyte systems investigated 

- 0.4 

- 0 . 8  
o _.1 

- 1 . 0  

- 1.2 i i , , , 

3.0 3.2 3.4 3.6 3.8 4.0 
1000/T 

Fig. 4. Conductivity temperature dependence for quinuclidine 
hydrobromide Jr 873 m/o CuBr. 



1294 J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY October 1975 

Table II. Activation energies for copper solid electrolytes 

Electrolyte AE, k c a l / m o l e  

Quinucl idine-HBr-CuBr (87.5 m/o)  2.68 
Quinuclidine-MeBr-CuBr (87.5 m/o )  3.6 
3-Quinucl idone-HBr-CuBr (80 m/o) 6,72 
Pyr id in ium-HBr-CuBr  (87.5 m/o} 4.19 (D 
I ' ~  ' -d ihydr  o t r ie thylenediamine dibromide-CuBr 4.55 Z 

(87.S m/o)  w 
NN' -d imethyl t r ie thy lenediamine  dibromide-CuBr 5.7 -J 

(94 m/o)  C~ 
N-hydrohexarne thylene te t ramine  chloride-CuCl 5.46 >" 

(87.5 m/o)  O 

Table I11. Galvanic cells investigated 

Init ial  
v o l t a g e ,  

S y s t e m  m V  

CII 

C u  

C u  

Cu 

C u  

Cu 

Cu 

Cu 

Cu 

Cu 

Hexamethy lene te t r  amine-  
HCI-CuCI 

Hexamethy lene te t r amine -  
HCI-CuC1 

Hexamethy lene te t r amine -  
HCI-CuCI 

Hexamethy lene te t r amine -  
HCI-CuCI 

Hexamethy lene te t r amine -  
HCI-CuCI 

Dihydrot r ie thylenediamine  
dibromide-CuBr 

Hexamethy lene te t r amine -  
HCl-CuCl 

3- Quinuclidone-HCl-CuCl 

3-Quinuclidene-HCl-CuCl 
3-Quinuclidone-HCl-CuCl 

Trie thylenediamine 
dibromide 674 

Propybi'qEr ,Br~ 
818 

ButyhNBr,  Br~ 
618 

MoO~ 
378 

V20~ 
423 

Triethylenediarnine 
dibromide 710 

CuBr2 
872 

Triethylenediamine 
dibromide 581 

Propyl4NBr,B2 527 
Butyl4NBr,B2 592 

To evaluate the ut i l i ty  of these copper electrolytes in  
solid-state galvanic cells, various cells were made. 
Ini t ia l  voltages are reported in  Table III. A load 
curve for the cell Cu/hexamethylenete t ramine-HC1 
CuC1 (87.5 m/o)  CuBr2 is shown in Fig. 5. During dis- 
charge or upon standing on open circuit, the electro- 
lyte phase in our cells deteriorated and became black 
in appearance. There was a concurrent  loss of cell 
voltage, possibly due to electronic conductivity in  the 
electrolyte decomposition product. 

The plat ing characteristics of copper in these mate-  
rials was investigated for a simple coulometer cell. The 
plate, deplate cycle for the cell Cu /pyr id in ium bro- 
mide-CuBr  (87.5 m/o)  graphite is shown in  Fig. 6. 

Some pre l iminary  work was performed on identifi- 
cation of the tonically conductive phase or phases 
present  in these copper electrolytes by the use of 
s ingle-crystal  techniques. Single crystals of a conduc- 
tive phase of pyr id in ium bromide-CuBr were prepared 
from an aqueous solution. A pre l iminary  crystallo- 
graphic survey of the single crystals suggested an 
orthorhombic uni t  cell (a ~- 11.8A, b ---- 14.1A, c ---- 
13.1A). The observed density of 3.178 g/cm 3 and uni t  

0.6 

0.5 

,J 
o 0.4 > 

(9 
0.3 

0 
> 0.2 ,J 
ul 

0.1 

1 I l 

0 2 4 6 8 

A M P E R E S / C M  2 x 10 5 

Fig. 5. Load curve for Cu/hexamethylenetetramine-HCI/CuBr2 + 
CUC1(87.5 m/o). 

PYRIDINIUMHYDROBROMIDE GRAPHITE 
Cu CuBr (87.5 m/o) 

J 
10 iJ.A CHARGE 

98% EFF. & DISCHARGE 

J 
95% EFF. 

J 
94% EFF. 

' I i I 

0 2 4 

TIME, MINUTES 

Fig. 6. Application in coulometers 

cell volume agree with a uni t  cell containing 20 CuBr 
and 8 C~HTNBr. 

Discussion 
The present results indicate that copper ion conduct- 

ing phases can be stabilized not only by substi tuted 
organic ammonium compounds of high symmetry  
(D3h) as reported by  Takahashi  (12, 13) bu t  also by 
species in which some lowering of the over-al l  sym- 
met ry  occurs. High conductivity has been observed for 
double salts of copper halides with quinucl idine hydro-  
bromide, quinucl idine methylbromide,  and quinucl i -  
dine hydrochloride, where there is still a high sym- 
metry  organic ammonium halide, but  one of the 
"onium" nitrogens of the NN'-dia lkyl t r ie thylenedi -  
amine halide has been removed. In  fact, the conduc- 
t ivity at infinite frequency found for quinucl idine 
methylbromide-CuBr  (87.5 m/o)  was close to that 
observed in this laboratory for NN' -d imethyl t r ie thyl -  
enediamine dibromide-CuBr (94 m/o) ,  Table I. The 
molecular symmetry  of quinucl idine may be Csy or C3, 
but  it was clear that the cation need not contain rota-  
t ional axes or mirror  planes of symmetry  perpendicu-  
lar to the three-fold axis. It  also followed that  a doubly 
charged cation was not essential for the formation of a 
conducting phase. 

Asymmetry  was introduced into the quinucl idine 
structure by introduction of an oxygen atom at the 
three-position, giving the quinucl idone- type  structure. 
High conductivity was found for 3-quinuclidone hy-  
drochloride-CuC1 (80 m/o)  and 3-quinucl idone hydro-  
bromide-CuBr (80 m/o) ,  showing that  highly sym- 
metric organic ni t rogen compounds are not necessary 
for the formation of highly conductive phases. 

However, it is possible that  the carbonyl  group rep-  
resents only a relat ively small per turba t ion  on the cage 
structure which, accordingly, may be axially disordered 
at 120 ~ rotational intervals  in the crystal s t ructure of 
the double salt and thereby simulate three-fold sym- 
metry. A crystallographic study of such possible posi- 
t ional disorder in the double salt would be required to 
clarify this possibility. 

The formation of conductive phases with cations not 
having a cage structure was evaluated in  the systems: 
dimethylpiperizine dihydrochloride-CuC1 and NN', 
NN'-die thylenedipyrrol id in ium dibromide-CuBr,  the 
structures of which are shown in Fig. 1, No. X and XI, 
respectively. No significant conductivi ty was observed 
with either of these materials. One might  infer  from 
the low conductivity of these two materials that re-  
moval  of the cage s tructure from a saturated species 
such as NN'-d imethyl t r ie thylenediamine  dibromide 
appears to prevent  the stabilization of conductive 
phases. However, by analogy with previous work on 
silver conductors (8, 10) high conductivi ty was found 
with pyr id in ium bromide-CuBr  (87.5 m/o)  where the 
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organic cation has a planer  aromatic r ing and in par -  
ticular, three-fold symmetry  is absent. 

The possible conductivity of the l - a d a m a n t a n a m i n e  
hydrochloride-CuCl system (Fig. I, No. XII)  was in-  
vestigated by analogy to the electrolyte N-hydrohexa-  
methylene te t ramine  chloride-CuCl (87.5 m/o)  (Fig. I, 
No. IX) .  Conductivit ies only a l i t t le greater  than  10 -7 
o h m - l - e r a  - I  were achieved with the samples in -  
vestigated. 

From conductivi ty measurements  the opt imum 
Cu/subs t i tu ted  organic ammonium halide mole ratios 
were found to be 7:1 for CuBr-quinucl id ine  hydro-  
bromide, CuBr-quinucl id ine  methylbromide,  and CuBr- 
pyr id in ium bromide, close to 6:1 for CuCl-quinucl idine  
hydrochloride, and  4:1 for CuBr-3-quinucl idone hydro-  
bromide and CuC1-3-quinuclidone hydrochloride. The 
conductive materials  used in  these investigations were 
not single phase, as determined by x - ray  diffraction, 
and optimized stoichiometries may be somewhat con- 
t ingent  upon exper imental  details used for electrolyte 
synthesis. Fur ther  comment  on the stoichiometry of the 
conductive phase or phases in  these electrolytes must  
await  single-crystal  s t ructural  determinations.  

The conductivity of an ionic conductor can be rep-  
resented by ~ : n~q (17),  where n is the concentrat ion 
of migrat ing species, # is the ionic mobility, and q is 
the charge on the migrat ing species. Assuming that  a 
un iva len t  copper ion is the migrat ing species in these 
electrolytes, q will  be essentially constant. The con- 
centrat ion of ions n in these copper electrolytes will 
vary  between one material  and another, being depen- 
dent  on how much ionically conducting phase is pres-  
ent. Therefore, to compare conductivi ty values be-  
tween the more highly conductive copper electrolytes 
might  be somewhat erroneous. 

The mobi l i ty  ~ of such ionic conductors can be rep- 
resented by  (17) 

I.~ ~ #oe -AE/kT 

where hE is the activation energy for ionic migrat ion 
and the other symbols have their usual  significance. 
The concentrat ion of migrat ing species n will be diffi- 
cult to predict in the absence of single-phase material ;  
it may therefore be more meaningful  to compare hE 
values obtained from the conduct iv i ty- temperature  de- 
pendence than absolute conductivity values. 

The lowest activation energies were found for elec- 
trolytes (Table II) stabilized by the quinucl idine 
structure. The conductivities of these electrolytes are 
comparable to those found for electrolytes stabilized by 
NN'-dihydro and d imethyl t r ie thylenediamine  dibro- 
mide. The activation energies of the la t ter  materials 
were found to be higher than those of the quinucl idine-  
CuX electrolytes, which suggests that  there may be 
more mobile copper ions in the la t ter  materials.  

The introduct ion of an oxygen double bond into the 
three-posi t ion of quinucl idine causing the possible loss 
of symmet ry  in  the 3-quinucl idone increased the ac- 
t ivat ion energy for copper migrat ion from 2.7 kcaI/  
mole for quinucl idine hydrobromide-CuBr  (87.5 m/o)  
to 6.7 kcal /mole for 3-quinucl idone hydrobromide-  
CuBr (80 m/o) .  The opt imum stoichiometric ratios are 
also changed from 7:1 to 4:1 indicating a different 
s t ructure and possibly a different conduction mecha- 
nism. The electrolyte 3-quinucl idone hydrochloride-  
CuC1 (80 m/o)  was not stable at the temperatures  
used for temperature  dependence measurements,  how- 
ever assuming an activation energy comparable to 
that  found in 3-quinucl idone hydrobromide-CuBr  
(80 m/o)  there must  be a high concentrat ion of mobile 
species available since a conductivi ty of 2.5 • 10 -2 
o h m - l . c m  -1 was recorded at ocHz. 

These results indicate that  high molecular  symmetry  
in  the subst i tuted organic ammonium cations is not 
essential in achieving high conductivity, but  does ap- 
pear to give a lower ~E value for copper ion migrat ion 
in  the solid phase. For example, the activation energy 
for NN'-d imethyl t r ie thylenediamine  dibromide-CuBr 

(87.5 m/o)  is greater (5:7 kcal /mole)  than  for NN'-d i -  
hydrot r ie thylenediamine d i b r o m i d e - C u B r  (87.5 m/o)  
4.55 kcal /mole) ,  and quinucl idine  methylbromide-  
CuBr (87.5 m/o)  is greater (3.6 kcal /mole)  than qui-  
nucl idine hydrobromide (2.68 kcal /mole) .  We tenta-  
t ively conclude that  int roduct ion of a larger group on 
the onlum ni trogen atom leads to larger hE values. 
However, the over-al l  conductivi ty will  be contingent  
also on the n u m b e r  of migrat ing species available in  
the phase that  is stabilized as indicated earlier. 

All of the copper electrolytes were evaluated in gal- 
vanic cells and were observed to lose voltage upon 
standing on open circuit, with electrolyte deterioration, 
even when stored in a dry box under  an argon atmo- 
sphere. With halide cathode materials  the ini t ia l ly 
white electrolyte became black both upon standing 
and during discharge. This color change appears to be a 
direct chemical reaction. By pressing pellets of the con- 
figuration CuBr2/electrolyte/CuBr2 the ini t ia l ly white 
electrolyte was observed to become black upon s tand-  
ing, indicating that  even in the absence of any voltage 
breakdown of the electrolyte, a direct chemical path 
was also available for reaction with the copper elec- 
trolyte. This chemical instabi l i ty  was only observed in 
the stabilized conductive electrolyte phases and not in 
the organic ni t rogen halide compounds used for the 
electrolyte synthesis. No color change was observed in  
pellets CuBr.2/organic ni t rogen halide/CuBr~ upon ex- 
tended standing. The electrolytes were also stable to 
copper since conducting cells Cu/e lec t ro lyte /Cu were 
stable over several months without  evidence of chemi- 
cal breakdown. 

The chemical change taking place in  galvanic cells 
containing halide cathode materials, probably  involves 
a halide migrat ion which could cause the formation of 
electron holes, and /or  the formation of Cu 2+ species in 
the electrolyte, thus explaining the loss of cell voltage. 
The presence of electron holes in cuprous halides con- 
ta ining an excess of halogen is well known (18, 19). 
Four  cells of. the configuration Cu/elect rolyte /graphi te  

electrolyte were charged up ini t ia l ly to around 600 
mV; these cells slowly began to lose their  charge with 
the simultaneous decomposition of the electrolyte 
(detected by the color change),  and finally held a 
voltage of around 350 mV for several months. 

In  cells using V205 or MoO~ as cathode materials,  
the cell voltage similarly deteriorated with time; how- 
ever, no electrolyte color change was observed. This 
indicates that voltage breakdown of the electrolytes is 
probably occurring leading to some electronic conduc- 
tion path. Pre l iminary  at tempts using x - ray  diffraction 
techniques to identify the electrolyte decomposition 
products were not conclusive. 

The performance of these electrolytes in solid-state 
coulometers is i l lustrated by the cell Cu /pyr id in ium 
bromide-CuBr  (87.5 m/ o ) / g r a ph i t e  (Fig. 6). The first 
few cycles charging and discharging at 10 ~A showed 
high coulombic efficiencies, indicating that  ini t ia l ly  the 
materials were predominant ly  Cu + ion conducting; 
however, upon extended cycling the efficiency began 
to decrease, probably  due to electrolyte breakdown 
caused by the voltage drop across the cell. 

The fact that high ionic conduction has been found 
in copper electrolytes stabilized by subst i tuted organic 
ammonium compounds of lower symmetry  than  pre-  
viously reported, indicates that such electrolyte phase 
stabilization is more general  than  might  have previ-  
ously been thought. From the evidence present ly  
available it would appear that  these materials are 
somewhat unstable  when applied in  galvanic cells. 
Whether  these copper electrolyte materials  can find 
any useful applications in solid-state devices must  
await the syntheses or isolation of the phase or phases 
that are responsible for the ionic conduction, together 
with the necessary s t ructural  determinat ion and sta- 
bilization of the electrolytes in cells. 
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On the Kinetics of the Breakdown of Passivity 
of Preanodized Aluminum by Chloride Ions 

Z. A. Foroulis *,1 and M. J. Thubrikar 
Department of Metallurgy and Materials Science, New York University, New York, New York 10019 

ABSTRACT 

The kinetics of pass iv i ty  b r e a k d o w n  and nucleat ion of p i t t ing  of p re -  
anodized a luminum by chlor ide  ions has been  inves t iga ted  using a luminum 
suppor t ing  oxide films of reasonably  w e l l - know n  thickness and s tructure.  The 
kinetics of pass iv i ty  b r eakdown  at the s teady-s ta te ,  cr i t ical  p i t t ing  potent ia l  
is influenced by  chloride ion concentrat ion,  t empera ture ,  and oxide film th ick-  
ness; it  was found to be independent  of solut ion pH in the range  5-10. I t  is 
pos tu la ted  that  pass iv i ty  b reakdown  and nucleat ion of p i t t ing  at the  cri t ical  
pi t t ing potent ia l  occurs by  a process of C1- adsorpt ion  (assisted by  the field 
at the  oxide-solu t ion  interface)  on the hyd ra t ed  oxide surface and format ion  
of a soluble, basic chlor ide salt  wi th  the la t t ice  cation which read i ly  goes in 
solution. This process of localized dissolution of the hydra t ed  oxide film via 
format ion of a soluble, basic, a luminum chloride sa l t  once in i t ia ted  is l ike ly  
to continue in an "autocata lyt ic"  fashion unt i l  the oxide is local ly  "pene t ra ted"  
and  dissolution of the subs t ra te  meta l  begins.  

The b reakdown  of pass~vating oxide films on a lumi -  
num, by  "aggressive" anions such as chlorides at suffi- 
c ient ly  posi t ive anodic potent ia ls  is f r equen t ly  re -  
sponsible for the fa i lure  of a luminum and its al loys in 
aqueous chlor ide solutions because i t  usua l ly  leads to 
severe p i t t ing  of the under ly ing  metal .  Severa l  mecha-  
nisms for the  b reakdown  process have been suggested 
(1-7).  However ,  there  is l i t t le  exper imen ta l  in forma-  
t ion on the kinet ics  of the oxide film b reakdown proc-  
ess which could be used to es tabl ish  the  mechanism 
of pi t  nucleat ion of a luminum by  chloride ions. Con- 
s ide rab ly  more  research  is requi red  to be t te r  under -  
s tand the physical  and chemical  processes occurr ing 
dur ing pit  nucleation.  In  par t icular ,  the re  is consider-  
able  need to unders tand  the role of surface films, C1- 
concentrat ion,  solut ion pH, and t empe ra tu r e  on the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 A n  A d j u n c t  P r o f e s s o r  a n d  also a s soc i a t ed  w i t h  E x x o n  R e s e a r c h  

and E n g i n e e r i n g  C o m p a n y ,  F l o r h a m  P a r k ,  N e w  J e r s e y  07932. 
Key words:  a l u m i n u m ,  p i t t i n g ,  co r ros ion ,  p a s s i v i t y  breakdown,  

kinetics.  

kinetics  of pass iv i ty  b reakdown  and nucleat ion of p i t -  
ting. 

The work  descr ibed in this r epor t  was under t aken  
to s tudy the kinetics of pi t  nucleat ion of preanodized  
a luminum by chloride ions, as a function of C1- con- 
centrat ion,  solution pH, and tempera ture .  The purpose  
of prefi lming of a luminum by anodizat ion was to ob-  
ta in  oxide films of reasonably  w e l l - k n o w n  thickness  
and s tructure.  

Experimental 
The electrodes,  about  4-7 cm 2 to ta l  exposed area  

were  cut f rom 99.99% pure  a luminum.  The e lect rode 
assembly was s imi lar  to the one descr ibed prev ious ly  
(8). Surfaces were  abraded  th rough  4-0 emery  pape r  
and then  meta l lograph ica l ly  pol ished using 1 and 0.5# 
alumina.  This surface p repara t ion  produced a mi r ro r  
l ike surface. 2 Fol lowing r insing in dist i l led water ,  

T h i s  t y p e  of s u r f a c e  p r e p a r a t i o n  w a s  e s s e n t i a l  f o r  t h e  micro-  
scopic o b s e r v a t i o n  of  p i t s .  
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specimens were anodized using two different methods. 
One method involved constant  current  anodization in 
sulfuric acid using 15% w / v  sulfuric acid (sp gr 1.84) 
for various t imes at 25 m A / c m  2 (20-21V) with a s tan-  
dard rate of stirring. Following anodization, the speci- 
mens were sealed in  boil ing distilled water. In  general, 
the ratio of anodizing t ime to sealing t ime in boiling 
distilled water  was 1:30. In  some instances, however, 
longer t imes of sealing were also used. The unsealed 
ill.ms produced consisted of a th in  bar r ie r  layer  ad- 
jacent  to the metal  and a thick outer porous layer. The 
oxide film prior to sealing in water  is essentially 
~/-A1208. During exposure in  boiling water, sealing of 
pores due to hydrat ion of -y-AltOs and formation 
of the less dense boehmite, A10(OH),  or AI(OH)3 is 
well known  (9-12). The sealing procedure gives an 
essentially pore free film (9). The over-al l  thickness of 
the oxide films produced by anodization was estimated 
from values reported by Hoar and Wood (9). 

Another  method of prefilming of a l u m i n u m  speci- 
mens was constant voltage anodization in  3% am- 
monium tartrate.  In  this case different anodizing volt-  
ages were used in order to get different film thick- 
nesses. Films formed in ammonium tar t rate  solution 
are much thinner ,  nonporous, and did not require 
sealing. The oxide films produced by  anodization in  
ammonium tar t rate  are similar_ to the air formed oxides 
and consist essentially of -y-A120~. The thickness of 
oxides produced by  anodizing in ammonium tar t ra te  
solutions were estimated from values reported by Hass 
(13). 

Solutions for the kinetic studies of film breakdown 
and pit ini t ia t ion were prepared from distilled water  
and reagent grade KC1, KO,I-I, and H2SO4. The cell de- 
sign was essentially identical  to the one described pre-  
viously (14). Solutions were deaerated by bubbl ing  
prepurified n i t rogen prior  and throughout  each run.  
Addit ional  purification was done by passing it through 
copper turnings  heated at 500~ Potent ial  control was 
obtained by means of an electronic potentiostat. Po-  
tentials  were measured against SCE using a vacuum 
tube  mi l l ivol tmeter  (high impedance) .  Current  was 
measured by recording the potential  drop across a s tan-  
dard resistor using a mil l ivolt  recorder. Temperature  
control was achieved either by means of a heat mant le  
fitted to the lower par t  of the cell or by using suitable 
cooling baths. 

Since the aim of this invest igat ion was to gain an 
unders tanding  of the mechanism of nucleat ion of pi t-  
ting, it was felt of par t icular  significance to study 
the kinetics of film breakdown at the steady-state,  
critical pi t t ing potential.  The procedure was to anodi-  
cally polarize the electrode, in steps of 10 to 20 mV, 8 
after a rest period of a few minutes  at the open-circuit  
potential. At each step the potent ial  was kept con- 
stant  at a given value, while the current  was recorded 
continuously for as long as 24 hr and the electrode was 
then observed under  a low power microscope for pi t-  
ting. The potential  at and above which pit t ing was 
observed was taken as the potentiostatic, critical pi t -  
t ing potential, Ec. It was also observed that  at and 
above Ec, the current,  after an init ial  induct ion period 
(z) during which the current  remained essentially 
constant, began and continued to increase with time, 
eventua l ly  reaching current  values higher by two or 
more orders of magnitude.  At potentials smaller than 
the critical, the current  general ly ~ 1 ~A/cm 2, remained 
essentially constant and pits were not observed. Re- 
producibi l i ty  of the critical pi t t ing potential  was wi th in  
about 10-15 mV. All  potentials are reported with ref-  
erence to the SCE. 

To gain informat ion regarding the kinetics of film 
breakdown and pit nucleat ion at the critical pi t t ing 
potential, the induct ion t ime T was determined experi-  
menta l ly  as a funct ion of C1- ion concentration, tern- 

Prior  to each potential  setting, the e lectrode was  subjec ted  to 
n e w  surface preparat ion [polishing, anodization,  and  seal ing for 
spec imens  anodized  in sulfuric  acid). 

ZO- 

10- 

o 

perature, oxide film thickness, and solution pH. The 
induct ion t ime �9 is defined as the init ial  period of t ime 
(general ly a few minutes)  at the critical pi t t ing poten-  
tial during which the anodic current  ( induction cur-  
rent)  is very low and essentially constant, prior to a 
beginning of a continuous increase of current  with 
t ime which eventual ly  reaches current  values higher 
than the induct ion current  by two or more orders of 
magni tude  as shown in  Fig. 1. 

The continuous increase of the over-al l  anodic cur-  
rent  at the critical potential  at times higher t han  T is 
a t t r ibuted to growth of minute  pits ini t iated on a mi-  
croscale during the induct ion time. As the minute  pits 
grow the over-all,  anodic current  density, due to active 
metal  dissolution at the very  small  pit  or pits and  the 
passive current  passing through most of the electrode 
surface which remains  passive, continues to increase 
with t ime as the size of pits grow and perhaps addi-  
t ional pits nucleate. The localized, anodic current  den-  
sity due to active metal  dissolution at the small  pit or 
pits is expected to be higher by several orders of mag-  
ni tude as compared with the current  density passing 
through the passive surface. I t  should be ment ioned 
that pits could actually be observed under  a low power 
microscope only after the electrode was main ta ined  
at the critical potential  ;[or an  extended period of t ime 
beyond the induct ion t ime T dur ing  which pits grew 
to sufficient size to be visible under  the microscope. 

In  a typical experiment  for the induct ion t ime de- 
termination,  the preanodized a luminum electrode was 
introduced in the cell and its potential  was set and 
mainta ined at the s teady-state  critical potential  for 
pit t ing while the current  was recorded continuously. 
The time required for the current  to begin its sharp 
and continuous increase was measured as ~, the in -  
duction t ime for the oxide film breakdown and n u -  
cleation of pitting. 

The measurement  of the induct ion t ime �9 for pit  
nucleat ion was not very reproducible. The poor repro- 
ducibil i ty of the induct ion t ime for pit nucleat ion as 
seen by the spread of the experimental  data points is 
probably due to several reasons, such as nonuni fo rm 
thickness of the oxide film produced by anodization due 
to nonuni form current  dis t r ibut ion on the specimen 
surface (edge effects), small  variations in  surface 
finish, and perhaps other oxide surface discontinuities. 
Since the induct ion t ime �9 relates to the very precise 
process of current  increase at the critical pi t t ing po- 
tential, the relat ive accuracy of measur ing ~ is also 
affected by the uncer ta in ty  of 10-15 mV in reproducing 
the critical pi t t ing potential  (15). The reported, in -  
duction t ime data represent  clearly defined values us-  
ing specimens with carefully prepared surface finish, 
as described previously. 

Results and Discussion 
A typical experiment  showing the var iat ion of cur- 

rent  with t ime at and below the critical pi t t ing poten-  
tial is shown in Fig. 1. The data were obtained with 
preanodized a luminum exposed to 3.0M KC1 at 25~ 

~o- / K.-O.81 v 

/ / .  
/ 

- I 0  - 

A 

T,~E[rn~n) 

Fig. 1. Typical current-time curve for preanodized pure aluminum 
electrode petentiostated at --0.81 and --0.82V (SCE) in 3M KCI 
at 25~ 
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The critical pi t t ing potential  in this case was --0.81V 
(SCE) and the induct ion time, ~, for pit nucleat ion was 
about 8 min. At the lower potential  of --0.82V (SCE) 
the current  remained relat ively constant  and very low 
and no pits were observed for up to 24 hr. 

The dependence of the induct ion t ime on chloride 
ion concentrat ion was measured at 25~ in the concen- 
trat ion range 0.01-3M KC1; the pH of these solutions 
was in  the range 5.9-6.1. The data for a series of ex-  
periments with preanodized 4 a luminum are plotted in  
Fig. 2. The data show that the induct ion t ime for pit 
nucleation decreases from about 23 min  in 0.01M KCI to 
about 4 min  in 3M KC1. The slope, n, of the log 1/~ v s .  

log Col- l ine is approximately n N --0.1 in the con- 
centration range 0.01-1M KC1. At higher chloride ion 
concentrations the induct ion time appears to decrease 
rapidly as indicated by the approximate slope of n ~-, 
--0.9 which was drawn through the available experi -  
mental  points. One may question the relative accuracy 
of the slopes drawn through the data points; the sig- 
nificant thing is not the precise value of the slopes but  
rather  the general  conclusion drawn from the data that  
in low C1- concentrations there is a very weak de- 
pendence of �9 on KC1 concentrat ion but  in higher KC1 
concentrations there is a tendency for higher depen-  
dence of �9 on C1- concentration. 

Tempera ture  as might  be expected has also con- 
siderable influence on the rate of pit nucleat ion as in -  
dicated by data on the temperature  dependence of 
plotted in Fig. 3. This figure shows an Arrhenius- type  
plot for the temperature  variat ion of �9 of preanodized 
a luminum in 0.1M KC1 solution. The plot shows an ap- 
parent  activation energy of about 6.7 kcal /mole for the 
pit nucleat ion process. 

The solution pH in  the range 5-10, at constant  chlo- 
ride ion concentration, was found to have no effect 

Unless otherwise indicated, specimens w e r e  a n o d i z e d  for 1 rain 
in 15% I~S04 a n d  s e a l e d  f o r  30  m i n  in boiling d i s t i l l e d  w a t e r .  

lO0 I i i i i ii i i ~ ~ - i 1 [  i i ] ] i i i i  
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Fig. 2. Dependence of the induction time for pit nucleation on 
chloride ion concentration in the pH range 5.9-6.0 at 25~ Pre- 
anodized pure aluminum. 

~_. - 6 '  

- 3 . 0  LI ~:~ /3 3'4 ~!~ ;0 
I 0 3 / T  ( i / : K )  

Fig. 3. Arrhenius-type plot for temperature dependence of induc- 
tion time for pit nucleation. Preanodized aluminum, 0.1M KCI. 

on the rate of pit nucleation, as measured by the in -  
duction time. This is shown with the data plotted in 
Fig. 4. These data were obtained with preanodized a lu-  
m i num in 0.1M KC1 in  the pH range 5-10. Solution 
pH was adjusted as required with either H2SO4 or 
KOH. 

In order to study the influence of oxide film thick- 
ness on the rate of film breakdown and pit nucleation, 
a series of experiments  was carried out with oxide 
films of a broad thickness range. Most oxide films on 
a luminum were prepared by anodization in 15% H2SO4 
followed by sealing in distilled water as described in 
the experimental  section. This procedure produced 
oxide films in the thickness range 0.8 to about 40~. 
Several oxide films of considerably smaller thicknesses, 
in the range of 260-1300A, were also produced by anod-  
ization in 3 % ammonium tar t rate  solution. 

The dependence of the incubation time �9 for pit nu- 
cleation on the oxide film thickness is shown in Fig. 5. 
The data show essentially a linear dependence of T on 
oxide film thickness. The data plotted in Fig. 5 were 
obtained in 0.i and 3.M KCI soiutions with aluminum 
preanodized in 1-12SO4 and sealed in distilled water 
and in 0.1M KCI solutions with aluminum preanodized 
in 8% ammonium tartrate solution. 

Table I shows the dependence of the steady-state, 
critical pitting potential on the thickness and struc- 
ture of the oxide film. The data show that the critical 
pitting potential of specimens covered with oxide films 
in the thickness range of 0.026-0.130~ is essentially the 
same within the --+10-15 mV (experimental error) of 
the average value. However, in the case of much 
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Fig. 4. Dependence of induction time for pit nucleation of pre- 
anodized aluminum in 0.1M KCI on solution pH. 
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Fig. 5. Dependence of induction time for pit nucleation on oxide 
film thickness in 0.1 and 3M KCI, 25~ 
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Table I. Steady-state critical pitting potentials, Ec vs. SCE 

Oxide 
fi lm 

Surface thick-  Ec, 
Electrolyte preparation hess,  ~ V (SCE) 

0 . 1 M K C 1 2 5 ~  Anodizat ion in  3% a m -  0.026 --0.73 
m o n i m  tartrate 

0.1M KC1 25~ Anodizat ion in  3% a m -  0.097 --0.72 
m o n i m  tartrate 

0.1M KC1 25~ Anodizat ion in  3% a m -  0.130 --0.71 
m o n i m  tartrate 

0.1M KC1 2S~ As pol ished --0.73 
0.1M KC1 25~ Anodizat ion in 15% I-I2SO4 0.79 --0.68 

and sealed in  boi l ing 
dist. H~O 

higher oxide film thickness (about 0.79~) there is 
clear evidence that Ec increases with oxide film thick- 
ness. The apparent  increase in Ec with oxide film thick- 
ness suggests that  with increasing oxide film thickness, 
due to potential  drop (pd) wi thin  the oxide film, a 
higher applied anodic potent ia l  is required to at ta in  
the m i n i m u m  pd across the oxide-solut ion interface 
which is required to achieve the penetra t ion of C1- 
through the electric double layer  at the oxide-solution 
interface and its adsorption on the hydrated oxide 
surface. 

Following the arguments  of Engell  and Stolica (16), 
Hoar and Jacob (17), and Bogar and Foley (18), it is 
assumed that  1/T is an approximate estimate of the rate 
of the l imit ing process leading to pit nucleat ion of a lu-  
minum.  Then  the slope of the straight l ines in Fig. 2 is 
in terpreted as the order n of the ra te -de termining  step 
during pit ini t iat ion with respect to the concentrat ion 
of chloride ion in solution. 

The very weak dependence of �9 on chloride ion con- 
centrat ion in dilute chloride solution, as shown in Fig. 
2, and the low apparent  activation energy of about 6.7 
kcal /mol  (Fig. 3) suggest that  in dilute chloride solu- 
tions the ra te -de termining  step in the process of pit 
ini t iat ion is l ikely to be a diffusion or adsorption step. 
Lattice diffusion of chloride ions through the a luminum 
oxide film via lattice defects or by place exchange of 
oxide ions and chloride ions would be energetically 
consistent with the measured activation energy and the 
weak dependence of �9 on Ccl-,  but  the diffusion rate 
itself would be much too slow to account for the in -  
duction t ime observed (19). 

If we suppose that  the relationship between the con- 
centrat ion of C1- adsorbed on the hydrated oxide sur-  
face and the bu lk  solution is that  of a Freundl ich  ad- 
sorption isotherm, and assuming that pi t t ing is ini-  
t iated at the critical pi t t ing potential  when  a critical 
concentrat ion of C1- is established at one or more sites 
on the hydrated oxide surface, then 1/~ should be 
related to the bulk  chloride ion concentrat ion C ac- 
cording to the Freundl ich  adsorption isotherm. The 
data plotted in Fig. 2 in dilute solutions follow such a 
funct ional  relationship 

1 
,.., k l C l l n  ' ,~ k l C  n 

T 

where kl and 1/n '  are constants of a Freundl ich- type  
isotherm and n is the stoichiometric factor described 
previously. 

In  higher chloride ion concentrations, the induct ion 
t ime apparent ly  decreases much faster with chloride ion 
concentrat ion as indicated by the approximate dotted 
l ine slope of about n ~ --0.9. The stronger dependence 
of T on the bulk chloride ion concentrat ion in con- 
centrated KC1 solutions suggests that the ra te-deter -  
min ing  step in the over-al l  process of passivity break-  
down changes from a step involving adsorption from 
solution on the hydrated oxide surface to that  of a 
chemical reaction on the hydrated oxide surface which 
involves approximately one C1- per a luminum cation. 

The stoichiometric factor n obtained in this study 
for the pit ini t iat ion process of a l u m i n u m - i s  consider- 
ably smaller  than  the values of 2.5-4.5 reported by 

Hoar and Jacob (17) for the breakdown of passivity in 
18-8 stainless steel by chloride ion in  sulfuric acid 
solution of pH 2.05, in  the potential  range of 0.4-0.8V 
(SHE). These authors also found an apparent  activa- 
t ion energy of about 60 kcal /mole for the breakdown of 
passivity in acidic solutions. Values of n in the range 
3.0-11.1 were also reported by Foley and Bogar (18) 
for pit ini t ia t ion of a luminum alloys in sulfuric acid 
solutions containing chloride ions in  the pH range 
0.0-3.5. Their  data on the tempera ture  dependence of 
the breakdown process give apparent  activation en-  
ergies in the range of 22.9 kcal in pH 0.0 and 12.0 kcal /  
mole in  pH 6.08. Reasons for the considerable difference 
in stoichiometric numbers  n and activation energies 
between the present  study and those of Foley and 
Bogar (18), Hoar and Jacob (17), and Engell  and 
Stolika (16) are not known. It is assumed, however, 
that this difference is probably  caused by the con- 
siderable difference Jn pH of the solutions used in  the 
various breakdown experiments,  and the difference in 
alloy and passive film compositions. This explanat ion 
is consisent with the decreasing stoichiometric number  
and apparent  activation energy reported by  Foley and 
Bogar (18) with increasing solution pH for the pas- 
sivity breakdown process of an a luminum alloy poten- 
tiostated at 0.18V (SCE) in sulfuric acid solution. 

General Discussion 
Several mechanisms for the action of chloride ions 

to init iate pi t t ing corrosion have been suggested in  the 
li terature. These include: (a) C1- penetra t ion of the 
protective oxide film which covers the metal  surface 
through pores or other weak places (1, 20, 21), (b) 
competitive adsorption of C1- and oxygen or O H -  for 
sites on the metal  surface (22, 23), (c) migrat ion of 
chloride ions inward  through the oxide lattice (4), (d) 
peptization of the oxide film by a strong negative 
charge caused by adsorbed anions (5) and by dynamic 
breakdown-repa i r  mechanism (7). A l u m i n u m  provides 
a good opportuni ty  to evaluate the influence of an 
oxide on the process of pit ini t iat ion since wel l -known 
methods are available for prepar ing oxide films of dif- 
ferent thicknesses and structure by anodization. 

The results of the present  study provide considerable 
experimental  evidence to test the various mechanisms 
for passivity breakdown and ini t iat ion of pi t t ing in 
near ly  neut ra l  solutions by chloride ions. 

Chloride ion migrat ion through pores or other weak 
places in the oxide film (1, 20, 21) followed by com- 
petit ive adsorption between chloride ions and adsorbed 
oxygen or hydroxyl  ions at the meta l / so lu t ion  interface 
as a mechanism of pit ini t iat ion (22, 23) is an unl ike ly  
mechanism for several reasons. Migration of C1- 
through pores or other weak spots in the oxide film as 
the ra te-de termining step can be ruled out, since by 
treat ing the a luminum specimens as a porous electrode 
it can be shown (24) that  the mass t ransport  l imit ing 
current  for a porous and a corresponding flat electrode 
are the same both being determined by mass t ransport  
in  the hydrodynamic layer  outside the electrode. Fur -  
thermore, it is considered unl ike ly  that  continuous 
pores through the oxide film to the bare a luminum 
surface are present  in oxide films prepared by anodiza- 
t ion in  ammonium tar t rate  or in H2SO4 with subse- 
quent  sealing. 

Competitive adsorption (22, 23) between chloride 
ions and adsorbed oxygen or O H -  on a bare metal  
surface is also considered an unl ikely  mechanism. 
There is abundan t  evidence that  a luminum metal  (even 
without  a thick bar r ie r - type  film) in neut ra l  solutions is 
covered with a th in  persistent and fairly protective film 
of a luminum oxide (25). A dynamic passivity break-  
down-repai r  mechanism (7) which at tr ibutes to the 
C1- the role of inhibi t ing repassivation ra ther  than  
promoting passivity breakdown, cannot account for the 
observed increase in induct ion t ime z with the thick-  
ness of the oxide film. The passivity b reakdown-repa i r  
mechanism (7) conceptually is similar to the com- 
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petitive adsorption mechanism (22, 23) and assumes in 
essence competitive adsorption between C1- and O H -  
(or H20) on the metal  surface as the ra te- l imi t ing 
process of pit nucleation. If this were the ra te- l imi t ing 
process in  pit nucleation, the induct ion t ime should be 
independent  of the thickness of the oxide film (which 
must  in some way be "penetrated" before C1- can ad- 
sorb on the bare metal  surface). This, of course, is 
contrary to the data shown in  Fig. 5, which indicate 
that the induct ion t ime increases with oxide film thick- 
ness. 

Migration of chloride ions inward  through lattice 
diffusion, as discussed previously, is much too slow to 
account for the induct ion time observed (19). 

The kinetic data presented in this paper are con- 
sistent with a pit nucleat ion model (26) which involves 
field-assisted adsorption of chloride ions from solution 
on the hydrated oxide surface followed by oxide dis- 
solution as the ra te -de termining  steps in the process of 
passivity breakdown and pit nucleat ion of a luminum 
in near ly  neut ra l  solutions. The over-al l  passivity 
breakdown and nucleat ion of pits according to this 
model involves the following sequence of reaction 
steps: (a) adsorption of C1- on the oxide-solut ion 
interface under  the influence of the electric field (at 
the oxide-solution interface) in  competition with O H -  
or H20 molecules for surface sites on the hydrated 
oxide surface; (b) formation of a basic hydroxychlo-  
ride a luminum salt with a l u m i n u m  oxide cations on 
the hydrated oxide surface, which immediate ly  sepa- 
rates from the oxide lattice and  readily goes in  solu- 
tion. 

It is suggested that  a probable reaction describing 
formation of such a readily soluble basic chloride alu-  
minum salt is reaction [2] 

AI(OH)8 ~ -  AI(OH)2 + + O H -  [1] 

At(OH)~ + + C1- --> AI(OH)2C1 [2] 

Reaction [1] describes the ionization of the hydrated 
a luminum oxide surface in nearly_ neut ra l  solution. 
This reaction accounts for the positive charge on the 
hydrated oxide surface as indicated by ~ potential  mea-  
surements  (27-29). 

This process of field assisted C1- adsorption on the 
hydrated oxide surface and formation of a soluble 
a luminum chloride salt leading to localized oxide dis- 
solution will have a high probabil i ty  of repeating itself 
at the same site, since at constant  anode potential  the 
applied field at the oxide-solution interface will  tend 
to be stronger at the "thinned" point of the oxide film. 
Thus, the process of localized dissolution of the oxide 
film via the formation of a basic chloride a luminum 
salt (AI(OH)2C1) is l ikely to continue unt i l  the oxide 
film is locally dissolved; once the oxide film is locally 
"dissolved," dissolution of the substrate metal  begins 
and the anodic current  density at the very small  pit 
or pits increases by several orders of magni tude  com- 
pared with the current  density of the passivated sur-  
face. 

Localized dissolution of the oxide ( leading to pi t t ing 
of the under ly ing  metal) ,  ra ther  than general  dissolu- 
t ion of the oxide film occurs at the critical pit t ing po- 
tential  because of the "autocatalytic" character of the 
localized oxide film dissolution at the critical pit t ing 
potential. Once a critical concentrat ion of chloride ions 
is adsorbed on a par t icular  site on the hydrated oxide 
surface via this mechanism (26), and one or more, ad- 
jacent, a luminum oxide lattice cations are t ransformed 
to chloride-containing soluble salts, they are l ikely 
to immediately separate from the oxide cations in the 
lattice and go in solution.5 The probabil i ty  of this 
localized oxide dissolution to continue on the same 
sites is considerable because of the higher potential  
drop (pd) at the oxide-solution interface (under  con- 

I t  i s  w o r t h  n o t i n g  t h a t  t h e  so lub i l i t y  of  h y d r a t e d  a l u m i n u m  o x i d e  
ca t i ons  p r e s e n t  in  t h e  f i lm w i t h o u t  t h e  p a r t i c i p a t i o n  of  t h e  a c t i v a t -  
i n g  c h l o r i d e  ions  is  c o n s i d e r a b l y  l o w e r ;  t h e  v e r y  low r a t e  of  dis so -  
l u t | o n  i n  t h i s  case  is u n i f o r m  t h o u g h o u t  t h e  o x i d e  s u r f a c e .  

stant, applied anodic potential)  expected on these sites. 
This a rgument  im~plies that  preferential  sites for pit 

ini t iat ion are l ikely to be areas of oxide surface defects 
such as scratch lines, voids or other surface flaws 
where the oxide thickness is smaller  than in adjacent 
areas and therefore the pd across the oxide-solution 
interface is higher (30). 

The question may be raised as to why the high field 
across the oxide film would not rapidly repair  the film 
in areas where it is locally th inned  by dissolution and 
thereby prevent  film breakdown. The answer to this 
lies in the supposition that  on the oxide-solution in -  
terface a competit ion exists between C1- and O H -  (or 
H20 molecules) for oxide surface sites. Once oxide 
dissolution is init iated via the proposed mechanism, a 
high probabi l i ty  exists that as a l u m i n u m  cations ad- 
vance through the oxide film at the th inned points of 
the film (under  the influence of the field across the 
oxide film) instead of oxide forming O H -  or H20 
molecules, they are l ikely to meet C1- and O H-  so 
that  a high probabi l i ty  exists for formation of a 
readily soluble a luminum hydroxychloride salt ra ther  
than an insoluble aqueoa luminum complex required 
for oxide film repair. 

In  low chloride ion concentrations adsorption of 
chloride ions, from solution, on the hydrated a lumi-  
n u m  oxide surface under  the influence of the field at the 
oxide-solution interface is assumed to be the ra te-de-  
te rmining  step irl the process of passivity breakdown. 
In  higher chloride ion concentrations, the reaction step 
leading to formation and dissolution of the hydroxy-  
chloride a luminum salt on the hydrated oxide surface 
is l ikely to become the ra te -de te rmin ing  step in the 
process of pit initiation. 

The induct ion t ime for passivity breakdown and pit 
ini t iat ion according to the proposed mechanism is a 
direct measure of the rate of the localized dissolution 
of the passive a luminum oxide film via the sequence of 
C1- adsorption and formation of a readily soluble 
chloride containing a luminum salt (Eq. [2] ). 

On this basis, it is expected that  the induct ion t ime 
for pit ini t ia t ion should increase with the thickness of 
the oxide film. Data plotted in Fig. 5 on the dependence 
of the induct ion t ime for preanodized a luminum on 
oxide film thickness show that  �9 increases with oxide 
thickness following essentially a l inear  dependence. 

The hypothesis in the proposed mechanism that  a 
readily soluble, chloride-containing a l u m i n u m  salt is 
locally formed on the solution side of the a luminum 
oxide surface, once the chloride ions under  the in -  
fluence of the applied anodic potential  have penetrated 
the electric doub le  layer  at the oxide-solution in ter -  
face and adsorbed on the hydrated oxide surface, is 
consistent with l i terature data (31, 32) indicating that 
hydrated a luminum oxides form soluble a luminum 
salts in acidic or near ly  neut ra l  aqueous solutions con- 
ta ining chloride ions. 

Acknowledgment 
The authors are pleased to acknowledge support  of 

this research by the Ocean Engineer ing Research Pro-  
gram in  the Depar tment  of Metal lurgy and Materials 
Science of New York University, and the encourage- 
ment  and support  provided by Dr. H. Margolin. 

Manuscript  submit ted Feb. 10, 1975; revised m a n u -  
script received June  2, 1975. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1976 JOURNAL. 
All discussions for the June  1976 Discussion Section 
should be submit ted by Feb. 1, 1976. 

REFERENCES 
I. U. R. Evans, L. C. Bannister, and S. C. Britton, 

Proc. Roy. Soc., A131, 366 (1931). 
2. H. Bohni and H. H. Uhlig, This Journal, 116, 906 

(1969). 



Vol. 122, No. 10 K I N E T I C S  OF B R E A K D O W N  O F  P A S S I V I T Y  1301 

3. Ya. M. Kolo ty rk in ,  Corrosion, 19, 263t (1963). 
4. T. P. Hoar, D. C. Mears, and G. P. Rothwell ,  Cor- 

rosion Sci., 5, 279 (1965). 
5. T. P. Hoar,  ibid., 7, 341 (1967). 
6. M. A. Heine, D. S. Keir ,  and M. J. Pry@r, This Jour- 

nal, 112, 24 (1965). 
7. J. Zahavi  and  M. Metzger,  in "Localized Corrosion," 

B. F. Brown, J. Kruger ,  and  R. W. Staehle,  Edi -  
tors, p. 132, NACE, Houston (1975). 

8. M. S te rn  and A. C. Makrides ,  This Journal, 107, 782 
(1960). 

9. T. P. Hoar  and G. Wood, Electrochim. Acta, 7, 333 
(1962). 

10. J. E. Draley,  S. Mori, and  R. E. Loess, This Journal, 
110, 622 (1963). 

11. J. E. Dra ley  and W. E. Ruther,  ibid., 1@3, 441 
(1956). 

12. S. Mori, R. E. Loess, and J. E. Draley,  Corrosion, 19, 
165 (1963). 

13. G. Hass, J. Opt. Soc. Am., 39, 532 (1949). 
14. Z. A. Foroulis ,  This Journal, 113, 532 (1966). 
15. Z. A. Foroul is  and M. J. Thubr ikar ,  Werkstof]e 

Korrosion, 26, 350 (1975). 
16. H. Engel l  and N. Stolika,  Z. Physik. Chem. N.F., 

2@, 113 (1959). 
17. T. P. Hoar  and W. R. Jacob,  Nature, 216, 1299 

(1967). 
18. F. D. Bogar  and R. T. Foley,  This Journal, 119, 462 

(1973). 
19. A. E. Pa lad ino  and W. D. Kingery ,  J. Chem. Phys., 

37, 457 (1962). 
20. T. P. Hoar  and U. R. Evans, This Journal, 99, 212 

(1952). 
21. M. Streicher,  ibid., 1@3, 375 (1956). 
22. H. Leckie  and H. Uhlig, ibid., 113, 1262 (1966). 
23. Y. Koto tyrk in ,  Corrosion, 19, 261t (1963). 
24. R. deLevie, in "Advances  in Elec t rochemis t ry  and 

Elect rochemical  Engineer ing,"  Vol. 6, p. 329, 
P. De lahay  and C. Tobias, Editors,  J~hn Wi ley  & 
Sons, Inc., New York. 

25. M. J. Pry@r, Z. Elektrochem., 62, 782 (1958). 
26. Z. A. Foroulis ,  Presented  at  the 5th In te rna t ina l  

Congress on Metal l ic  Corrosion, Tokyo, Japan.  
Proceedings  to be publ i shed  b y  NACE; Z. A. 
Foroulis ,  Werkstoffe Korrosion, Submit ted .  

27. J. A. Yopps and D. W. Fuers tenau,  J. Coll. Sci., 19, 
61 (1964). 

28. H. J. Modi and D. W. Fuers tenau,  J. Phys. Chem., 
61, 640 (1957). 

29. V. C. P. Morphopoulos  and H. C. Pare i ra ,  Corrosion 
Sci., 7, 241 (1967). 

30. J. A. Richardson and G. C. Wood, ibid., 10, 313 
(1970). 

31. K. F. Lork ing  and J. E. O. Mayne,  J. Appl. Chem., 
11, 170 (1961). 

32. E. A. Devuyst  and I. H. Warren ,  in "Oxide-Elec -  
t ro ly te  Interfaces,"  R. S. Alwit t ,  Editor,  p. 112, 
The Elect rochemical  Society Sof tbound Sympo-  
s ium Series, Princeton,  N. J. (1973). 

Rate of Propagation of Growth Layers on Cubic 
Crystal Faces in Electrocrystallization of Silver 

V. Bostanov, G. Staikov, and D. K. Roe *.1 

Central Laboratory of Electrochemical Power Sources, Bulgarian Academy of Sciences, Sofia, Bulgaria 

ABSTRACT 

The advancement  ra te  of re@no- and polya tomic  growth  steps was mea -  
sured  on perfect ,  screw dis loca t ion-f ree  cubic faces of s i lver  single crystaIs  
dur ing  e lec t rocrys ta l l iza t ion  of silver.  For  low overvoltages,  a l inear  de-  
pendence of the  rate  on overvol tage was found. I t  was es tabl ished tha t  the  
advancement  ra te  of the steps depends on the surface conditions of the c rys -  
ta l  face and is about  two t imes la rger  on a "fresh" surface than  on an "aged" 
one. I t  was also found that  re@no- and polya tomic  steps advance wi th  the 
same ra te  on a fresh surface. A polya tomic  step is considered as a ledge com- 
posed of monoatomic  steps. The ledge spacing of this composite step was 
est imated.  On the basis of these  exper imen ta l  results  as wel l  as on the  exper i -  
men ta l ly  de t e rmined  value  of the exchange current  of adatoms wi th  me ta l  
ions of the electrolyte ,  i t  is concluded that  the  e lectrolyt ic  deposi t ion of s i lver  
in 6M solut ion of s i lver  n i t ra te  is car r ied  out according to the  direct  t r ans fe r  
mechanism.  The value  of the  exchange cur ren t  of the edge atoms at  the  steps 
wi th  ions of the  e lec t ro ly te  was de te rmined  to be io.st ---- 200 A - c m  -~ for  an 
aged surface  and  io.st : 370 A - c m  -2 for a f resh surface. 

The  kinet ics  of g rowth  of an equ i l ib r ium-form,  close 
packed  crys ta l  face depends  on the ra te  of advance-  
ment  of the growth  steps on its surface. The theory  of 
e lec t rocrys ta l l iza t ion  assumes two basic mechanisms of 
step g rowth  offered by  Volmer  (1) and Brandes  (2):  
the direct  t ransfe r  mechanism and the surface diffusion 
mechanism.  According to the  first, the ionic t ransfer  
onto the  crys ta l  surface th rough  the double  l aye r  oc-  
curs d i rec t ly  at the k ink  sites of the  steps. The ions 
are  discharged and incorpora ted  s imul taneous ly  into 
the  crys ta l  latt ice.  According to the  second mecha-  
nism the t ransfe r  is carr ied  out on comple te ly  bui l t  
areas of the  surface. Here  the  ions discharge and re -  
ma in  adsorbed  (adatoms)  for a cer ta in  per iod of time. 

* Electrochemical Society Active Member .  
X Present  address: Chemist ry  Department, Portland State Uni-  

versi ty,  Portland, Oregon 97207. 
Key words: crystal growth, electrocrystaUization, silver single 

crystal, growth  layer  propagation. 

By surface diffusion the adatoms can reach the k ink  
sites and be incorpora ted  into the  crys ta l  latt ice.  

The dependence  of the cur ren t  density, i ( A . c m - 2 ) ,  
on the overvoltage,  ~I, in the  case of surface diffusion 
was der ived  for the first t ime by Lorenz (3) and  has 
the  form 

i ~- io,ad[e ~zF~/RT - -  e - ( 1 - a } z F ~ / R r ]  ~~ tanh  x~ [ 1 ]  

X@ ~.o 

In this equation, io,ad ( A ' c m  -2) is the exchange cur-  
rent  dens i ty  of the  adatoms wi th  the  meta l  ions of the  
e lectrolyte ;  2xo (cm) is the  average  distance be tween  
the monoatomic steps which can also be given by  the 
total  step length  Ls ( c m ' c m  -2) per  uni t  area;  Xo(cm), 
the surface diffusion penetra t ion,  is defined by  

~o ~ (ZFDsC~ 1/2 e--azV~]/2RT 

where  Ds (cm2"sec -~) is the  surface diffusion coeffi- 
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cient and C~ (mol .cm -2) the equi l ibr ium adatem 
concentration. 

In  the case of direct t ransfer  the dependence of the 
current  density on overvoltage is described by a Vol- 
mer - type  equat ion 

i : io,stSLs[e ~zF~/RT - -  e-(1--~)zF~/RT] [2] 

here io.st ( A ' c m  -2) is the exchange current  density of 
the edge ate,ms of the monoatomic step with the metal  
ions of the electrolyte and 5 (cm) is the width of an 
atomic row in the crystal lattice parallel  to the step. 

The normal  velocity of step growth or the advance- 
ment  rate of the step v (cm.sec -1) and the current  
density are connected in the relat ion 

v ---- i v M / z F h L s  [3] 

where VM (cm~'mo1-1) is the molar  volume and h 
(cm) is the height of a monoatomic step. For low over- 
voltages, under  the assumption that the surface diffu- 
sion penet ra t ion  is small as compared to the average 
step half-distance, ~o/Xo < <  1, from Eq. [1] and [2] 
one obtains a l inear  dependence of the current  density 
on step length and overvoltage 

i ---- ~Ls~l [4] 

where the constant ~ ( o h m - l . c m  -1) is given by 

K : io.ad2~ozF/RT [5] 

for surface diffusion, and 

= i o , s t S z F / R T  [6] 

for direct transfer. Under  these conditions the ad- 
vancement  rate of the steps is l inearly dependent  on 
overvoltage 

v -- kv~ [7] 

where the advancement  rate constant kv (cm.sec -1-  
V -1) is given by 

kv - -  K v M / z F h  [8] 

Experimental  
The advancement  rate of growth steps in  electro- 

crystall ization of silver was studied on perfect, dis- 
location-free, (100) crystal faces. These were obtained 
by the capil lary method described in  detail earlier 
(4, 5). The essence of the method is the electrolytic 
growth of a silver single crystal in a capillary along 
a definite crystallographic axis. If this axis is <100>, 
a (100) face would appear as a frontal  face of the 
single-crystal  filament. Under  specified conditions of 
electrolysis, the face may fill up the whole cross sec- 
tion of the capillary. These conditions require high 
pur i ty  of the electrolyte, high concentrat ion of silver 
ions, and, above all, modulat ion of the direct current  of 
growth with an a l ternat ing 50 Hz current .  At  slow 
growth conditions of the single-crystal  fi lament (20 
mA-cm -e)  and a sui tably chosen ampli tude of the 
a l ternat ing current,  the n u m b e r  of sc rew dislocations 
intersecting the front face gradual ly  decreases and  a 
perfect face can be obtained. 

It  was exper imental ly  shown that dislocation-free 
(100) faces grow by two-dimensional  nuclei (5), in  
agreement with the theory of crystal growth. The crit i-  
cal overvoltage for the nucleat ion process is about 6 
mV, and if an overpotential  lower than  this value is 
applied, charge flow through the electrolytic cell is not  
observed. A potentiostatic pulse with suitable ampli-  
tude and durat ion (e.g. ,  12 mV, 100 #sec) leads to the 
creation of only one nucleus. If after the pulse the face 
remains at a potential  lower than  the critical over-  
voltage, current  flows through the cell, passing through 
a max imum and subsequent ly  decreasing to zero. This 
current  is connected with the growth of the newly 
formed monolayer  and is proportional to the length of 
growing monoatomic step, in accordance with Eq. [4]. 
The value of the constant K in this equation may be 
determined from the cur rent - t ime curves following nu-  

cleation overvoltage pulses which produce different 
supersaturations. The round shape of the face compli- 
cates this task. The exper iment  is considerably sim- 
plified if the crystal face has the shape of an elongated 
rectangle. 

Rate of Propagation and Form of Monoatomic  Layers 
The capillary method was developed using capillaries 

with round cross section. Crystal faces filling up the 
entire cross section and free of screw dislocations can 
also be obtained in  capillaries with a rectangular  cross 
section (e.g. ,  400 • 100 #m) (6). At constant rate of 
growth of a monoatamic layer on a perfect face with 
rectangular  form, a plateau should be expected in the 
cur rent - t ime curve, since after a definite t ime interval  
a step would be advancing along the face with a con- 
stant length. This was exper imenta l ly  confirmed and 
Fig. 1 represents three characteristic experimental  cur-  
ren t - t ime  curves at constant overvoltage. 

As shown in  Fig. 2, the value of the growth current  
of a monoatomic step with constant length is l inear ly  
dependent  on overvoltage, according to Eq. [4]. How- 
ever, to determine exactly the constant ~ in  Eq. [4], 
one should know the step length. Besides on the capil- 
lary width, the step length depends also on the form of 
the monoatomic layer, or whether  the layer is round 
or polygonized. If polygonized, it would also depend 
on the orientat ion of the layer, i.e., on the orientat ion 
of the seed crystal with respect to the capillary cross 
section. In  Fig. 2 the straight l ine a refers to the case 
when  the long axis of the rectangular  section of the 
capillary is parallel  to the crystallographic direction 
<100>, and the straight l ine b, when this axis is paral -  
lel to the direction, <110>.  The slopes of both straight 
lines differ by ~/2. Therefore it can be concluded that  

Fig. 1. Current-time curves at 3 mV overvoltage following a 
nucleation overvoltage pulse on a perfect (100) fa:e with rectangu- 
lar form (0.1 X 0.4 mm). The probable site of nucleation is 
schematically indicated in each case. 
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Fig. 2. The stationary value of the current (Fig. 1) as dependent 
on overvoltage, for two orientations of the seed crystal in respect 
to the rectangular cross section of the capillary: straight line a, 
the longitudinal axis of the cross section coincides with the di- 
rection 100; straight line b, with the direction 110. 

the monoatomic layers are polygonized and have a 
square form and that the growth steps are paral lel  to 
the crystallographic direction <110>.  So the step 
length is known  and the constant K in Eq. [4] can be 
exactly calculated. At 45~ and in 6M solution of 
AgNO3 the value obtained is K = 2.10 -4 o h m - l . c m  -1. 
The advancement  rate constant kv can be obtained 
from this constant, according to Eq. [8] and is kv = 1.0 
cm. sec - l .V-1 .  

Rate of Propagat ion  of Polyatomic  Layers 
On a dislocation-free (100) face the rate of propaga- 

t ion of polyatomic layers was now studied. Polyatomic 
layers sometimes originate after  an  overvoltage pulse 
having higher ampli tude and longer durat ion (e.g., 50- 
60 mV, several mill iseconds).  

At higher overvoltages a dislocation-free face grows 
according to the mult inuclear ,  mul t i layer  growth 
mechanism (7, 8). During the pulse action several tens 
of monoatomic layers are deposited on its surface. 
After  the pulse the face surface has a complex relief, 
comprising several lattice planes. Under  the action of 
a low overvoltage applied after the pulse, the face 
begins to flatten and the current  drops slowly to zero. 

The crystal face is general ly  expected to be homo- 
geneous in respect to the process of two-dimensional  
nucleation. The surface becomes then  randomly  rough 
dur ing and immediate ly  after the pulse. In  some cases, 
however, on a specific, more "active" center the nu -  
cleation proceeds with a higher rate resul t ing in a more 
pronounced hillock at this site. During the subsequent  
flattening this hillock gives the origin of a poly-  
atomic front of growth. By means of the interference 
contrast device after Nomarski, this front, if suffi- 
ciently thick, is already visible under  the microscope 
as a strip advancing on the face. The current  accom- 
panying the process during the flattening stabilizes to 
a s tat ionary value proport ional  to the front  length and 
thickness, Fig. 3. This growth front can be considered 
either as a single polyatomic ledge or as a composite 
step consisting of several monoatomic layers. 

The advancement  rate of such steps was measured 
as described below. After  the stabilization of the cur-  
rent  at the s tat ionary value two flash light pictures 

Fig. 3. Current-time curve following an overvoltage pulse with 
amplitude 60 mV and duration 5 msec on a perfect (100) face 
with rectangular form. The stationary value of the current re- 
sults from the growth of a visible in the microscope polyatomic 
step retaining a constant length. 

are taken in  sequence on the same frame. With the first 
flash an electronic chronometer  is tr iggered which is 
stopped by the second one. A picture made in this way 
is shown in Fig. 4. Two positions of the growth step are 
clearly fixed by the two consecutive flash exposures. 
The distance traveled by the step for the t ime in terval  
between the flash exposures can be measured quite 
accurately. The time interval  is indicated by the 
chronometer  so that the rate of advancement  of the 
step is directly determined. From the rate of advance-  
ment  and the stat ionary value of the current  (Fig. 3), 
the height of the po]yatomic step is evaluated. 

Using the interference contrast after Nomarski, steps 
higher than  10A (equivalent  to 5 monoatamic layers) 
can be visually detected, while steps above 30A can be 
photographed, as shown in Fig. 4. It was also found 
that independent ly  of their  thickness, steps up to 80A 
advance with the same velocity. A measurable  de- 
crease in the velocity is observed only for steps higher 
than 100A. Figure 5 shows the dependence of the ad- 
vancement  rate of steps 30-80A high on overvoltage. 
From the slope of the straight l ine the value of the 
constant kv in Eq. [7], kv ---- 1.9 cm.sec-~.V -1 is ob- 
tained. The value of k~ is roughly two times higher 
than the value obtained for monoatomic steps. This 
unexpected difference can be explained by  the assump- 
t ion that the polyatomic steps under  the conditions of 
their  creation advance on a "refreshed" surface. Im-  
mediately before their origination during the high 
ampli tude pulse, several tens of monoatomic layers 
have been deposited on the face obviously refreshing 
the surface. This assumption is confirmed by the fact 
that if the surface prior to the creation of a mono-  

Fig. 4. Two overlapping flashlight photographs of a perfect 
(100) crystal face in a-glass capillary with rectangular form of 
the cross section (0.1 X 0.4 mm). The two bright strips represent 
the polyatomic step with height 30.~ advancing along the face in 
the moment of the first and the second photographs. 
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Fig. 5. The dependence of the rate of advancement of poly- 
atomic steps up to 80A high on overvoltage. 

atomic layer is refreshed by a high ampli tude pulse as 
described above, one obtains the curve a in  Fig. 6, 
instead of the curve b observed on an aged surface. 
It is readily seen that the slope of curve a is near ly  
two times higher than that of curve b. From the slope 
of curve a one obtains K ~ 3.7"10 -4 o h m - l . c m  -1, and 
for kv 1.9 c m . s e c - l . V  -1 which is equal to the value 
found for a polyatomic step. 

It is interest ing to note that by the propagation of 
monoatomic layers the surface is not refreshed. Such a 
refreshing occurs only  when more than  several tens of 
layers are deposited simultaneously.  

Ledge Spacing in a Composite Polyatomic Step 
As already mentioned, a growing polyatomic step can 

be considered as a "train" of paral lel  monoatornic steps 
By means of the interference contrast device the poly- 
atomic s:tep is seen under  the microscope as a darker  
or br ighter  th in  strip. The width  of the strip on this 
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Fig. 6. Current (stationary value)-overvoltage curve at the 
growth of a monoatomic layer. The straight line a refers to a 
fresh surface; and b, to an aged surface. 

interferent ial  picture is not related in a simple m a n -  
ner  to the width of the step train.  

The advancement  rate of the polyatomic step at con- 
stant overvoltage is known. The step height is deter-  
mined  by the rate and the growth current.  Then the 
average ledge spacing can be determined from the 
t ime required for disappearance of the ledge into the 
capil lary wall  which is strictly paral lel  to it. This t ime 
can be measured from the current  drop to zero accom- 
panying the ledge disappearance. As has been demon-  
strated, the ledges are parallel  to the crystallographic 
direction <110> and advance toward the nar row capil- 
la ry  wall. To orientate the seed crystal so that  the 
direction <110> is strictly paral lel  to these walls is a 
very difficult task. This difficulty can be overcome if, 
instead of in  the capillary wall, the ledge is made to 
disappear in a crystal edge paral lel  to it. This can be 
easily achieved if the crystal face filling up the capil- 
lary cross section is grown for a specified time by a 
sui tably modulated direct current  at which its di-  
mensions begin to decrease. Between the crystal face 
and the nar row capil lary walls crystal edges and dis- 
location-free (111) faces of small  dimensions appear. 
Figure 7 shows an exper imental  curve of the current  
drop recorded at the disappearing of a polyatomic step 
in a crystal edge. From the curve the average ledge 
spacing 2Xo at the step t ra in  is determined to 160A. 

It should be noted that the above est imation indi -  
cates the max imum possible value of the average ledge 
spacing. This distance can in fact be smaller  because 
any deviation of the ledge from a straight l ine paral lel  
to the edge increases the time of disappearance of the 
polyatomic steps. For example the curve in Fig. 7 can 
be obtained from a very steep polyatomic step curved 
in  an arc with a radius of 2.5 mm, i.e., with side wings 
advancing only 0.5 ~m after the central  part  of the step. 
It is obvious that it is impossible to determine a curva-  
ture of this magni tude  and hence it is excluded in  the 
observation conditions of our  case. In  fact in many  cases 
longer periods of ledge disappearance have been ob- 
served which are obviously connected with an already 
visible curvature  or any other i r regular i ty  of the ledge. 

M e c h a n i s m  of  E lec t ro ly t ic  Depos i t ion  of  Si lver 
As shown above, on a "fresh" surface the mono-  

atomic and all polyatomic steps with a height up to 80A 
advance with one and the same rate. The average ledge 
spacing in  some of the polyat.omic steps does not ex-  
ceed 160A. From these two re levant  experimental  find- 
ings a conclusion elucidating the mechanism of elec- 
trolytic deposition of silver can be drawn. 

The rate of advancement  of the growth steps does 
not depend at all on the step distance if the metal  ions 
are directly incorporated in  k ink  sites along the 
steps. If the crystal lattice is bui l t  up by surface ditIu- 

Fig. 7. Curve of current drop to zero, accompanying the dis- 
appearance of the polyatomic step in a crystal edge parallel to it. 
Height of the step, 61~ (30 moneatomic layers); rate of advance- 
ment, 48 �9 10 - 4  cm �9 sec - 1  (overvoltage 2.5 mV). Vertical sensi- 
tivity, 1 �9 10 -~" A -cm -1 ,  time base, 20 msec-cm -1 .  
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sion of adatoms, the advancement  rate of the steps does 
not depend on the distance be tween them only if the 
depth of the surface diffusion penetra t ion is small  
compared to the average half-dis tance be tween the 
steps, ko/Xo < <  1. Obviously, if one assumes the sur-  
face diffusion mechanism of deposition of silver, ~o 
must  be _--<80A 

The constant ~ of Eq. [4] in the case of surface dif- 
fusion mechanism is given by  Eq. [5] and contains 
io,ad and ko. Under  experimental  conditions similar to 
ours, the exchange current  io,ad for crystal (100) face 
has been determined by high frequency impedance 
measurements  on a perfect completely bui l t  up aged 
face and was found to be io ,ad ---- 0.06 A.cm -2 (9). 
P re l iminary  impedance measurements  carried out now 
on a fresh crystal face lead to the conclusion that  the 
value of the exchange current  of the adatoms is smaller  
than  the one for aged surface. The value of ~o is un -  
known but  it is not larger than 80A. If the constant  
is now evaluated with these values of io,ad and ~o, one 
obtains K ---- 3.5.10 -6 o h m - l . c m  -1 which is two orders 
of magni tude  smaller than  the one exper imental ly  ob- 
served here. It follows therefore that the electrolytic 
deposition of silver occurs almost exclusively by direct 
incorporation. The contr ibut ion of the surface diffusion 
would not exceed 1%. From the exper imenta l ly  found 
values of K, according to Eq. [6], for the exchange cur-  
rent  of the step edge atoms with metal  ions in the 
electrolyte two values were found: io.st ---- 200 A.cm -2 
for an aged surface and io.st ---- 370 A.cm -2 for a fresh 
one. 

This conclusion pertaining to the mechanism of elec- 
trolytic deposition of silver was made by Vitanov, 
Popov, and Budevski (i0) on the basis of: (i) the re- 
sults of impedance measurements at high frequency on 
a (100) face, atomically smooth (9) and with a sur- 
face relief defined by spiral growth (10); (ii) the re- 
sults of the experimental check of the theory of spiral 
growth by the electrocrystallization of silver of a (i00) 
face (Ii). The value of the exchange current deter- 
mined by these authors is io,st ~- 170 A.cm -2 and refers 

to an aged surface. This value is very  close to the one 
io.st : 200 A-cm -2, g iven here for the same surface. 
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Compensation of Ohmic Potential Interactions 
Occurring at Ring-Disk Electrodes 

Mani Shabrang* and Stanley Bruckenstein** 
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ABSTRACT 

Pseudocollection and inverse pseudocollection effects caused by  potential  
drops at r ing-disk  electrodes can be el iminated by positive feedback. A po- 
tent ia l  proport ional  to a fraction of the disk electrode current  is fed back to 
the r ing electrode potentiostat, e l iminat ing changes in  r ing potential  and cur-  
rent  that  arise due to the variat ions of the disk electrode potential  and cur-  
rent. Analogously, feedback of a potential  proport ional  to a fraction of the 
ring current  to the disk electrode potentiostat  prevents  variat ions of disk 
electrode potential  and current  that are due to the variations in r ing elec- 
trode potential  and current.  [[he two positive feedback networks funct ion in -  
dependent ly  and no a priori knowledge of the uncompensated resistance is 
required. 

Many investigators have considered the problems of 
positive feedback compensation of the ohmic potential  
drop that  exists in an electrochemical cell between the 
working and the reference electrode (1-10). Roe (11) 
and Nicholson (12) have summarized recent work on 
this subject while Smith (13) has reviewed work prior 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  i n v e r s e  p seudoco l l ec t ion  effect, pseudocol lect ion effect, 

uncompensated  resistance,  posit ive feedback.  

to 1972. In  all these studies the ohmic potential  drop 
occurred between the reference electrode and a single 
working electrode. Two working electrodes exist when  
a rotat ing r ing-disk electrode (RRDE) is used, and 
some unique  ohmic potential  compensation problems 
can arise in  an electrochemical cell having a RRDE. 

Recently an equivalent  circuit for the uncompen-  
sated pr imary  resistances existing at a RRDE was pro-  
posed by us (14). The val idi ty of this circuit was ver i -  
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fled, and the circuit is shown within the circled region 
of Fig. 1. Point  T represents the tip of the Luggin capil- 
lary leading to the reference electrode. The tip's loca- 
t ion in the electrochemical cell determines its effective 
position on three of the resistors making up the equi- 
valent circuit. In this paper we are concerned with 
treating the case in which the tip lies on the Rc, the 
resistance that is common, to the current path between 
the Luggin capillary tip and the two working elec- 
trodes, the ring and the disk. In Fig. I, Raux represents 
the resistor between the Luggin capillary tip and the 
auxillary electrode. The total uncompensated resistance 
between the capillary tip and the disk electrode is 
Rc ~ RD, and is Rc H- RR between the capillary tip and 
the ring electrode. ED, ER, and E~ef represent the half- 
cell potentials of the disk, ring electrode, and reference 
electrode, respectively, and include all the impedances 
characteristic of the electrode processes that are oc- 
curring. ID and IR are the corresponding disk and ring 
electrode currents, and no current flows through the 
reference electrode. 

Full compensation for the total uncompensated 
ohmic potential drops between the Luggin capillary 
and the ring and disk electrodes is not considered in 
this paper. Full compensation is an elusive concept 
when dealing with working electrodes that have non- 
uniform current distributions" such as those that can 
exist at disk, ring, and other electrode geometries. 
Under such circumstances positive feedback circuitry 
cannot compensate for the nonuniform potential dis- 
tribution that is inherent to the electrolysis cell. 

The ohmic potential  drop dealt with in this paper is 
associated with the flow of current  through resistor 
Rc, the resistor common to the r ing and disk electrodes. 
The pseudocollection effect (14) is the t e rm we have 

used to represent the current  phenomena occurring at 
the r ing electrode produced as a result  of varying un -  
compensated potential  drops associated with a chang- 
ing disk electrode current.  Conversely, the inverse 
pseudocollection effect coresponds to the current  phe-  
nomena produced at the disk electrode as a result  of 
varying uncompensated ohmic potential  drops pro- 
duced by varying r ing electrode currents. 

Appropriate positive feedback compensation has the 
effect of reposit ioning the Luggin capil lary at point  O 
of Fig. 1 and thus eliminates the pseudocollection effect 
and the inverse pseudocollection effect. This kind of 
feedback compensation involves only part ial  compen- 
sation of the total ohmic potential  drop and does not 
give rise to any of the conceptual difficulties associated 
with full compensation in the presence of a nonun i -  
form current  density, nor  are there experimental  prob- 
lems of potentiostat  stabili ty which arise when  full 
compensation of an ohmic potential  drop at an e l e c -  
t rode  is attempted. 

Experimental 
Reagents.--Solutions of 0.01M sulfuric acid were 

prepared from tr iply distilled water  and a Baker re-  
agent grade sulfuric acid. 

CeiL--The glass cell and the auxi l iary equipment  are  
described elsewhere (15, 16). 

Electrodes.--The four electrodes used in  the experi-  
ments were: electrode I, a p la t inum-r ing  p la t inum-  
disk with a diameter, dl, of 7.6 mm and  r ing - inne r  
diameter, d~, of 8.0 mm and r ing-outer  diameter, ds, 
of 8.4 mm: electrode II, a p l a t inum-r ing  gold-di-.k with 
d~ = 7.6 mm, d2 ---- 8.0 mm, and d8 ---- 11.0 ram; e l e c -  
t rode  III, a gold-r ing p la t inum-disk  with dl -- 7.6 ram, 
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Fig. 1. Conventional four-electrode potentiostat with the additional positive feedback network. The equivalent circuit for the uncom- 
pensated ohmic resistance at ring-disk electrodes is enclosed by the circle. 
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d2 ~- 8.0 mm, and d3 = 11.0 mm; and e lect rode IV, a 
go ld - r ing  go ld -d i sk  wi th  dl ---- 7.6 mm, d m :  8.0 ram, 
and d3 ---- 8.4 mm. Teflon was used as the  insula t ing 
mate r i a l  for  al l  electrodes.  

These electrodes were  e lec t rochemical ly  p re t r ea t ed  
before  each exper iment ,  as discussed in Ref. (17), and  
were  al l  pol ished to a final m i r ro r  finish using 0.05~ 
a lumina  on Buehler  microcloth.  

Instrumen~ation.--A convent ional  four -e lec t rode  
analog ins t rument  for independent  potent ios ta t ic  con- 
t rol  of the  r ing  and the disk was used (18-20), and the 
I -E curves obta ined were  recorded on an EA1, X - Y - Y '  
1131 Variplot ter ,  Model  141 A. Analog  Devices opera-  
t ional  amplif iers  were  used in  the  posi t ive feedback 
networks.  

The opera t iona l  amplif ier  ins t rument  for independ-  
ent  ga lvanosta t ic  control  of the  r ing  and the  disk used 
for the common resistance measurement  is descr ibed 
e lsewhere  (14). 

A Heathki t  Model  IG-18 function genera tor  was used 
to supply  the a-c  signal. 

Al l  potent ia ls  were  measured  and repor ted  vs. the 
sa tu ra t ed  calomel  electrode.  Exper iments  were  run  at 
25~ The Luggin  cap i l l a ry  was posit ioned,  by  eye, to 
l ie on the axis of rotat ion,  unless o therwise  stated. 

Theoretical 
Four electrode potentiostat w i th  finite ceZl resistance. 

- - Cons ide r  Fig. 1, which includes the  electronic sche- 
mat ic  and the r ing -d i sk  e lect rode equivalent  circuit.  
We in tend  to obtain the  express ion for the  disk elec-  
t rode potent ia l  vs. the  reference electrode, ED -- ERef, 
and the r ing electrode potent ia l  vs. the  reference elec-  
t rode  ER --  ERef, in te rms of var ious  currents  and cell  
resistances,  and the vol tages appl ied  to control  ampl i -  
fiers CA1 and CA2. I t  is ins t ruct ive  to consider  the  
or iginal  four  e lect rode potent ios ta t ic  circuit  first, i.e., 
S-1 and S-2 open, before  unde r t ak ing  the analysis  of 
circuit  wi th  posi t ive feedback,  since this  analysis  was 
not g iven ear l ie r  (18). 

No-ohmic  drop compensation.--Disk electrode.--If  
switches S-1 and S-2 are  open, the circuit  corresponds 
to a s l ight ly  modified vers ion of the  or iginal  by  John-  
son, Napp, and Bruckens te in  (18). The var ious  r e l a -  
tions of in teres t  in obtaining the disk potent ia l  control  
funct ion are:  
summing point  res t ra in t  at  CA1 

VF1 ~- VD = 0 [1] 

and  the output  of the vol tage  fol lower,  F1 

VF1 ~- ED --  ERef -~ IDRC "~- IRRc + IDRD [2] 

Defining 
ED* -- ERef -- ED [3] 

we obta in  
ED* --~ VD "~- ID (Rc  "~- RD) -~ IRRc [4] 

and we see tha t  the  disk potent ia l  contains an un-  
compensated  ohmic resistance, Rc, th rough  which the 
r ing electrode cur ren t  passes. Changes in the r ing cur-  
rent  wi l l  therefore  produce  changes in the  disk po ten-  
t ial  even though VD is held  constant.  The par t i a l  de-  
r iva t ive  

OED * 
Rc [61 

]ID = 

is a convenient  measure  of this  resistance, which  we 
t e rm  the inverse  pseudocol lect ion resistance.  

Ring electrode.--The var ious  re la t ions  of in teres t  in 
obta in ing the r ing e lect rode potent ia l  control  functions 
are  the summing point  res t ra in t  at  CA2 

VF2 -~ VR ~- V11 - -  0 [7] 

the  output  of vol tage fo l lower  2 

VF2 z ED - -  ER -- IRRR ~- IDRD [8] 

the  output  of I1 
VI1 ---- --  VF1 [9] 

and the output  of F1 given by  Eq. [2] above. Defining 

ER* ~ ERef --  ER [101 

and solving for ER* using Eq. [2] and [7]-[9] ,  y ie lds  

ER* --  - -  VR -]- I R ( R c  -~- RR) -~ IDRc [11] 

Thus, we see tha t  there  is an uncompensa ted  res is t -  
ance through which the disk e lect rode cur ren t  can af-  
fect the  r ing potential .  This resis tance Rc is g iven by  

/IR = Rc [121 

and is t e rmed the pseudocol lect ion resistance.  
The pseudo and inverse  pseudocol lect ion resistances 

are  identical ,  hence, the  magni tude  of the  pseudo and 
inverse  pseudocol lect ion effects for a g iven va lue  of 
Rc depend on slope of the  cu r ren t -po ten t i a l  curves at  
the r ing  and disk electrodes and the  remain ing  un-  
compensated potent ia l  drops at  these two indicator  
electrodes. For  example,  if the  r ing electrode is set on 
the  r is ing por t ion  of a cu r ren t -po ten t i a l  curve, va r i a -  
t ions of the  disk cur ren t  produce changes in the  r ing 
electrode potent ia l  that  can be accompanied by  la rge  
re la t ive  changes in the faradaic  current .  

In  addition, the  double l aye r  capaci ty  at the  r ing 
and disk electrodes can p lay  a significant, even major ,  
role in the  case where  there  are  t i m e - v a r y i n g  currents,  
e.g., the sinusoidal  var ia t ion  of cur ren t  th rough  a ro ta t -  
ing disk electrode (Albe ry  papers )  wi l l  p roduce  a 
s inusoidal  var ia t ion  in the  r ing electrode potent ia l  and 
thus a double l ayer  charging current .  The t r ea tment  
presented  above was a d-c  analysis,  and for s impl ic i ty  
was not presented  in a -c  terms, a l though this extension 
is quite s t ra ight forward .  The d-c  analysis  is also used 
below to discuss the  posi t ive feedback  circui t ry.  

Compensation ]or Re . - -Disk  electrode.--Assume 
switch S-1 is closed. Then Eq. [1] must  be replaced by  

VF1 ~ VD ~- VI~ = 0 [13] 
where  

R4 
Via ~- -- V2-- [14] 

R8 
and 

V2 -~ IRR9 [15] 

Using Eq. [13]-[15] and Eq. [8] and [13] yields 

ED* : VD + ID(Rc -~- RD)-~ IR(Rc -- R4Rg/R3) [16] 

for the  re la t ionship  descr ibing the disk potent iosta t  
behavior.  Hence, when  

R4R9 
= Rc [171 

R8 

the  inverse  pseudocol lect ion effect vanishes.  In  p rac -  
tice, R4 is increased f rom zero, and the magni tude  of 
the effect is seen to decrease to zero and to change 
sign as R4Rg/R3 becomes grea te r  than  Rc. 

Ring electrode.--Assume switch S-2 is closed at CA2, 
the  summing point  condit ion leads to 

VF2 "r VR ~- Vn -~ VI2 ---- 0 [18] 

ins tead of Eq. [7]. Also 
R~ 

VI2 = -- -- V4 [19'I 
RI 

and 
V4 -~ -- IDR8 [20] 

Thus, using Eq. [18]-[20] along wi th  Eq. [8]-[10] 
yields  

( R 2 R s )  [ 21 ] 
ER* : - -  VR -~- Ia (Rc  ~- RR) -~- ID Rc --  R---T- 
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Hence, compensat ion f rom the pseudocol lect ion effects 
occurs when 

R2 
- - R s  = R c  [22]  
R1 

Again, exper imenta l ly ,  pa r t i a l  or overcorrect ion (wi th  
change in sign) for the pseudocol lect ion phenomena  is 
observed by  cont inuously vary ing  R2 from zero to 
la rger  values.  

In  both  of the der ivat ions  for compensat ion of Rc, 
note that  the posi t ion of S-2, when S-1 was closed, 
or  S-1, when S-2 was closed, is i r re levant .  The posi t ion 
of the other  switch does not affect the  s ta tement  of 
Eq. [2], which is common to both der ivat ions  even 
though the values of ED, ID, and IR m a y  be affected. 
Any  change in these quant i t ies  is accounted for by  the 
other  re la t ionships  involved in the derivat ions.  There -  
fore, one m a y  elect to compensate  for e i ther  the pseudo 
or inverse  pseudocol lect ion effect, or both, as the  ex-  
per imenta l  needs dictate.  

D i s c u s s i o n  
Pseudocol~ection-~aradaic ~rocesses.--As was shown 

ear l ie r  (14, 21-24) the cu r ren t  of a r ing e lect rode which 
is potent ios ta ted  at "constant" potent ia l  can be affected 
by  the currents  tha t  pass th rough  the disk electrode.  
F igure  2 i l lus t ra tes  the  pseudocol lect ion phenomena  
s tr ikingly.  The p l a t inum r ing electrode has been po ten-  
t iostated on the r ising por t ion  of the  hydrogen  evolu-  
t ion current  (at  --0.400V inO.01M H2SO4). As the  po-  
tent ia l  of the gold disk e lect rode is scanned at  +__ 130 
mV/sec,  the changing disk electrode currents  produce  
a change in the  r ing electrode potential .  Cathodic disk 
electrode currents  produce  more  anodic r ing electrode 
currents,  and vice versa;  as a resul t  of decreasing or 
increasing the hydrogen  evolut ion current .  This resul t  
is consistent wi th  the  idea of a common uncompensated  
ohmic resistance, represen ted  by  Rc in Fig. 1. This re -  
sult  also indicates the  difficulty in detect ing an in te r -  
media te  produced  dur ing  nons teady-s ta te  disk cur ren t  
condit ions if the  requ i red  r ing  e lect rode potent ia l  l ies 
on the r is ing por t ion  of a vo l t ammet r i c  wave,  e.g., 
ei ther  the  solvent  or suppor t ing  e lec t ro ly te  decompo-  
sition. 

One approach to e l iminat ing  the pseudocol lect ion ef-  
fect was suggested ear l ie r  by  us (14). The posi t ion of 
the  Luggin  cap i l l a ry  in the cell de t e rmined  the value  

i ! 
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. . . . . . . . . . .  2. ' -  . . . .  

:",,- .... ,-.:.' T '/ _ J  
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Fig. 2. Pseudocollection effect. 0.01M H2SO4 using electrode 
No. 2. Solid curve and dashed curve represent disk and ring 
voltammograms, respectively. The gold ring electrode is potentio- 
stated at --0.400V, where 2 H + @ 2 e  occurs. Ring current offset 
arbitrarily from zero. Scan rate ~ 130 mV/sec; rotation speed 
2500 rpm. There is a trace of platinum left on the gold disk after 
polishing, and it is visible in the I-E curve at ,~ 0.4V. 

of Rc, and thus by  p roper  posi t ioning ( t r ia l  and  e r ror )  
the Luggin  tip can be placed at point  O of Fig. 1 (i.e., 
Rc ~ 0). In  fact if the cap i l l a ry  is b rought  ~x t remely  
close to the  electrode,  the  pseudocol lect ion response 
reverses  since the  cap i l l a ry  is in effect located on RD. 
The resul ts  of such an exper iment  in 0.01M H2SO4 is 
shown in Fig. 3. As the Luggin  capi l la ry  is moved 
down the axis of ro ta t ion toward  the disk electrode, 
the pseudocollect ion effect becomes smal le r  (curves 
b -d ) ,  vanishes (at  curve e) ,  and reappears  wi th  a 
reversed  sign (curves f, g) .  This resul t  is in accordance 
with  the physical  represen ta t ion  of the cap i l l a ry  tip, T 
in Fig. 1, moving toward  point  O, th rough  point  T and 
then  down RD toward  ED. Curve e, corresponding to 
complete compensat ion (Rc = 0), is p roduced  when 
the capi l la ry  is ve ry  close to the  e lect rode (~1  ram) 
and it requires  some pat ience to locate this point  
exactly.  There  are  a number  of posit ions of the  Luggin  
which give ve ry  l i t t le  evidence of the  pseudocol lect ion 
effect, but  there  appears  to be only one posi t ion tha t  
compensates  for both  the  pseudo and inverse  pseudo-  
collection effect, which  in our equiva lent  c i rcui t  cor-  
responds  to locat ing the capi l la ry  prec ise ly  at  point  O. 

Figures  4 and 5 demons t ra te  the behavior  of the  
compensat ion c i rcui t ry  in Fig. 1. The faradaic  r ing  
electrode react ion in both cases is the  evolut ion  of 
hydrogen  at the  p la t inum r ing e lect rode in a suppor t ing  
e lect rolyte  of 0.01M H2SO4. F igure  4 i l lus t ra tes  the  
case of no compensat ion (curve b) and over  compen-  
sat ion (curve c) in which case there  is a reversa l  in 
the appearance  os the r ing e lect rode cur ren t  shape, as 
predic ted  by  Eq. [22] when R2Rs/R1 > Rs. Note tha t  
severe overcompensat ion (by  a factor of more  than  
two) does not produce any ins tabi l i ty  in the  circuit.  

The circuit  response in the vic ini ty  of ideal  com- 
pensation,  i.e., R2R7/R1 = Rc, is shown in Fig. 5. 
Curve  d shows no pseudocol lect ion effect, whi le  a ___3% 
change in the va lue  of R2 produces  a vis ible  pseudo-  
collect ion response. 
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Fig. 3. Pseudocollection compensation by positioning of Luggin 
capillary. 0.01M H2SO4 using electrode No. 1. Solid curve and 
dashed curves represent disk and ring electrode voltammograms, 
respectively. Ring is potentiostated at --0.370V. All ring current 
curves are zero offset to allow for current due to 2H + + 2 e  -= H2. 
Scan rate = 120 mV/sec; rotation speed = 2500 rpm. The ap- 
proximate distance of the Luggin capillary tip from the plane of 
the rotating ring-disk electrode is 1 in., 6, 3, 2, and 1 mm, and a 
fraction of mm for curves b, c, d, e, f, and g, respectively. The 
tip has been positioned by eye, on the axis of rotation. 
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Fig. 4. Pseudocollectian compensation by positive feedback. 
O.01M H2S04 using electrode No. 1. Solid curve and dashed curves 
represent disk and ring vdtammograms, respectively. Ring is po- 
tentiostated at --0.325V. Ring current arbitrarily offset from 
zero. Scan rate = 130 mV/sec; rotation speed ---- 2500 rpm. The 
value of the resistor R2 is 0 and 90 ohms for curves b and c, 
respectively. 

The pseudocol lect ion resis tance (R2Rs/Rz -- Rc) is 
r ead i ly  found by  vary ing  R2 and observing the r ing 
electrode cur ren t  t race  in the potent ia l  region where  
the  oxidized disk e lect rode is reduced.  Table  I p re -  
sents the resul ts  of pseudocol lect ion resistance mea -  
surements  ob ta ined  by  this procedure  at  five different  
locations of the  Luggin  capi l lary.  Also l is ted in Table  I 
are  the corresponding values  of Rc found using our 
ear l ie r  p rocedure  (14). The agreement  be tween  these 
two methods  is excellent .  

Inverse pseudocollection.--Another test  of the  equiv-  
a lent  circuit  was pe r fo rmed  by  in terchanging the 
leads to the  r ing and disk electrodes,  i.e., the  r ing elec-  
t rode  to the  input  of F2. The effect of this change to 
posi t ion RR at the input  of CF and RD at the  input  of 
F2. Thus vary ing  the rat io  R2Rs/R1 compensates  the 
disk e lect rode potent ia l  for effects caused by  r ing elec-  
t rode currents  passing through Rc, i.e., compensates  for  
the inverse  pseudocol lect ion effect. 

Table  II  lists the  values of the inverse  pseudocol lec-  
t ion resis tance found b y  the above procedure  at three  

Table I. Determination of pseudocollection resistance. 
O.01M H2S04. Rotation speed ~ 2500 rpm 

Rc (ohm) 

E l e e -  M e t h o d  of  U s i n g  
t r a d e  No. R e f .  (14) (a) Eq. [22] 

1 B3 52 
1 61 60 
1 26 25 
2 45 43 
3 50 50 
4 50 51 

(a) Using Eq. [3]. 
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Fig. 5. Pseudocollection compensation by positive feedback. 
O.01M H2S04 using electrode No. 1. Solid curve and dashed 
curves represent disk and ring voltammograms, respectively. Ring 
is potentiostated at --0.300V. Ring current is arbitrarily offset 
from zero. Scan rate : 110 mV/sec. Rotation speed ---- 2500 rpm. 
R2 : O, 32, 33, and 34 for curves b, c, d, and e, respectively. The 
curves c, d, and e are recorded only when the disk potential is 
scanned in the cathodic direction. 

different locations of the Luggin  capi l lary.  Also l is ted 
are  the values  of the pseudocol lect ion resis tance found 
when the disk electrode lead was connected to CF and 
the r ing electrode lead was connected to F2, i.e., the  
original  configuration. The agreement  be tween  the 
pseudo and inverse  pseudo collection resis tances found 
in this way  is good. 

Pseudo and Inverse Pseudocol lect ion Ef fects:  
Double  Layer  C h a r g i n g  Currents  

Albe ry  (23) in his a -c  studies at the r ing-d i sk  elec-  
t rode not iced tha t  an a-c  r ing e lec t rode  cur ren t  flows 
in the r ing electrode circuit  even when only an a-c  
double  l aye r  charging cur ren t  flows th rough  the  disk 
electrode and correc t ly  ascr ibed this phenomenon to an 
uncompensated  ohmic potent ia l  drop caused by  the 
disk current  flowing through  a solut ion resistance that  
is coupled to the  r ing  electrode. The equivalent  circuit  
for this s i tuat ion is shown in the  circled region in Fig. 
1 in which ED and ER should be considered to contain 
the double l ayer  capaci tances of the disk and r ing  
electrodes.  Our  model  contains the A lbe ry  et al. fea-  
tures  and in addi t ion predicts  the reciprocal  effects of 
cur rent  at one e lec t rode  on the  other  e lectrode 's  pa t en -  

Table II. Comparison of pseudo and inverse pseudocollection 
resistances. Electrode No. 1, O.OIM H2S04. Rotation speed ---- 

2500 rpm 

Re (ohm) 

Pseudoeolleetion Inverse pseudoeol- 
res is tance  lection res is tance  

42 45 
53 55 
55 56 
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Fig. 6. The four-electrode potentiostat and the positive feedback circuitry with modification for a-c compensation. The equivalent cir- 
cuit for the uncompensated ohmic resistances at ring-disk electrodes is enclosed by the circle. 

tial. The a-c voltage fluctuation across the common 
resistance, Rc, of Fig. 1, produces potential  fluctuations 
across the ring electrode double layer  capacitance, and 
thus double layer  charging currents  at the r ing elec- 
trode. Analogously, as is shown below, an inverse 
pseudocollection effect can be produced by an a-c cur- 
rent  flowing at the r ing electrode. 

The ring and disk electrode currents  involved in these 
capacitative pseudo and inverse pseudocollection ef- 
fects are out of phase with each other as a result  of the 
differing value of RR, RD, the r ing electrode double 
layer capacitance and the disk electrode to double 
layer capacitance. Hence, the derivat ion leading to 
Eq. [17] and [22] would have to be suitably modified 
to account for this phase shift. This was not done, 
since it is seen that if the proper phase shifted fraction 
of ID is fed back to the r ing control amplifier CA2, the 
inverse pseudocollection effect can be eliminated. 
Similarly, by feeding back the appropriate phase 
shifted fraction of IR to the disk control amplifier, the 
inverse pseudocollection effect can be eliminated. The 
circuit used to accomplish these results is given in  Fig. 
6, in which a phase shifting circuit P1 and P2 was in-  
troduced into the r ing and disk current  positive feed- 
back loops. P1 and P2 are identical circuits, and have 
the property of un i ty  gain at all frequencies, shifting 
the phase of an a-c signal from 180 ~ to 360 ~ depending 
on values of the Rp's and C's and the frequency. 

In an actual a-c pseudocollec~ion compensation ex- 
periment,  both R,_ and RpD a r e  adjusted unt i l  there is 
no a-c ring current  in the absence of a faradaic process 
at the disk electrode. The analogous adjus tment  of R4 
a n d  RpR compensates for the a-c inverse pseudocollec- 
tion effect. 

The results of such a-c compensation experiments  at 
10, 100, and 200 Hz are given in Table III. The cur-  
rents listed in parenthesis are the a-c pseudo or in-  
verse pseudocollection currer~ts. The values of R2Rs/RI 
and R~R9/Ra produce the resistance values necessary 
to produce the proper ampli tude for compensation after 
adjust ing the phase shift resistors, RpR or Rc, as mea-  
sured by the d-c method in which the faradaic cur-  
rents flow through the ring and disk electrodes. Rc 
values measured in this way are given in the last 
column of Table III, and agree well in all pseudo and 
inverse pseudocompensation studies. 

The positive feedback networks funct ion completely 
independent ly  of each other when the inverse pseudo- 
collection effect is compensated according to Eq. [17], 
the pseudocollection phenomenon is unaffected, and 
visa versa when the condition of Eq. [22] is met. When 
the conditions of Eq. [17] and [22] are both met, both 
effects vanish. 

Conclusion 
The uncompensated common resistance Rc, between 

the reference electrode and the r ing and disk elec- 
trodes can be a significant fraction of the uncompen-  
sated resistance found at r ing-disk electrodes. Pseudo 
and inverse pseudocollection effects arise due to this 
common resistance. These effects can be completely 
eliminated, in both d-c and a-c experiments,  by ap- 
propriate positive feedback networks, without any 
noticeable loss of dual potentiostat  stability. The posi- 
tive feedback networks used are our earlier equivalent  
circuit for the uncompensated resistances occurring at 
r ing-disk electrodes (14) and the success of the positive 
feedback networks in e l iminat ing pseudo and inverse 
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Table Ill. A-C pseudo and inverse pseudocollecffon compensation. 0.0IM H2SO4. 
Rotation speed ~- 2500 rpm, electrode No. 1, C = 2/~F 

Experi -  Fre-  
m e n t  quency  E E '  ID IR RpD Rp ReRs/R1 R~Rs/R8 Rc  (c) 
type (Hz) ( m V )  ( m V )  (/I~A.) (/~A) ( k - o h m )  ( k - o h m )  (ohm)  (ohm)  (ohm)  

Pseudo 10 400 0 1200 (15) 100 44 44 
Pseudo 100 30 -- 300 (a) 250 (100) 14 44 44 
Pseudo 100 30 0 250 (100) 14 44 44 
Pseudo 200 200 0 2000 (200) 33 44 44 
Inverse(~)  200 80' 0 (350) 600 35 46 44 
Inverse  200 0 20 (20) 450 12 45 44 
Pseudo 200 0 20 18 (170) 6 44 44 
Pseudo 200 0 200 2000 (160) 55 45 44 
Pseudo i00 i0 -- 300 (a) 70 (20) I0 36 37 
Pseudo 100 200 -- 300 (~) 1500 (360) 18 36 37 
Pseudo i00 130 0 40 (120) 20 38 37 
Inverse  100 0 130 (800) 36 20 38 37 

(a) D - C  values.  
(b) M e t h o d  of  T a b l e  I I .  
(~) P r o c e d u r e  of  Ref .  (14),  Eq .  [3].  

pseudocol lect ion effects is considered to be a fu r the r  
test  for the  va l id i ty  of *.he model.  
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Studies in Derivative Chronopotentiometry 
II. Analysis of Multicomponent Systems 

P. E. Sturrock* and B. Vaudreuil 
School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 

and R. H. Gibson* 
Department of Chemistry, University of North Carolina at Charlotte, Charlotte, North Carolina 28213 

ABSTRACT 

Ins t rumenta l  compensat ion for diffusion current  of p r io r  steps is inves t i -  
ga ted  for the der iva t ive  chronopoten t iomet ry  of mul t icomponent  systems. 
This technique,  in combinat ion wi th  the ins t rumenta l  compensat ion and 
mathemat ica l  correct ion for charging current  descr ibed in a previous  paper  
(1) is appl ied  to the analysis  of mul t icomponent  systems by  s tandard  addi t ion 
and t i t rat ion.  As examples,  an amount  of 0.2 ~moles of cadmium was de te r -  
mined  by  s tandard  addi t ion in the  presence of 100 ~moles of lead  and an 
amount  of 2 ~moles of cadmium was t i t r a t ed  wi th  EGTA in the  presence of 50 
~moles of copper.  

Chronopoten t iomet ry  of solutions containing two or  
more  e lect roact ive  substances which undergo con- 

* Electrochemical  Society  A c t i v e  M e m b e r .  
K ey  words:  current correction, standard addition, t i t r a t i o n ,  D M E .  

secutive electrode react ions suffers the inheren t  dis-  
advantage  that  the faradaic  cur ren t  for the second and 
subsequent  components  is reduced  by  the amount  of 
the  res idual  diffusion current  f rom the more  easi ly  
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electrolyzed components. This has the effect of in-  
creasing the t ransi t ion times for the subsequent  com- 
ponents. In  addition, the shape of the chronopotentio- 
gram for the second component is altered, thus com- 
plicating the relationship be tween t ransi t ion t ime and 
the min imum of the d E / d r  curve. 

Previous attempts to correct the t ransi t ion t ime of 
the lat ter  component  were based on theoretical con- 
cent ra t ion- t rans i t ion  time relationships derived by 
Delahay and Mamantov (2) for two consecutive proc- 
esses and which were extended to mul t icomponent  sys- 
tems by Reilly et  at. (3). Sturrock, Anstine, and Gib-  
son (4) derived the theoretical potent ia l - t ime relat ion-  
ships for mul t icomponent  derivative chronopotentiom- 
etry. They found it is possible to evaluate ~ for second 
and third components by using a computer  prepared 
tabulat ion of a parameter  which is dependent  on 
( d E / d r )  rain for the component in question, and the sum 
of the t ransi t ion times for the preceding waves. 

The same authors proposed a s tandard addition type 
analysis to determine the concentrat ion of the com- 
ponent  in question. However, this type of analysis 
cannot be applied to very dilute solutions or to t r an-  
sition times much shorter than  3 msec because it is im-  
possible to apply a Bard- type separation of faradaic 
and capacitative currents to correct for double- layer  
charging. 

Bowman and Bard (5), working with stat ionary 
electrode.s, were able to decrease the effect of a pre-  
ceding wave by imposing a constant potential  between 
the two waves for a measured time before applying the 
constant current  for the chronopotent iometry of the 
second component. Extension of the potential  step 
technique was under taken  in  the present  work in which 
all experiments  were performed on a DME. If the pre-  
bias potential  is applied for a long enough time, the 
diffusion current  of the first component decays to a 
small and near ly  constant value. If the chronopoten- 
tiometric current  is applied at any time within  the fiat 
portion of the i vs. -~ curve, the diffusion current  can 
be considered to be constant over the short (1-50 
msec) time span of the chronopotentiometric wave. 
The constant diffusion current, id, can be subtracted 
from the applied current  to give the current  going 
toward the faradaic process for the second component, 
it. The value of if is used with the observed transi t ion 
time to calculate the i~I/2/C ratio for the second com- 
ponent. The chronopotentiometric constant is stated in 
terms of a corrected current,  ra ther  than a corrected 
t ransi t ion time. If the value of /f is known, or can be 
held constant, analytical  applications are possible. 

There are various methods, based on the Cottrell and 
Ilkovic equations of obtaining a value for id. The disad- 
vantage of calculating instantaneous currents by the 
llkovic equation lies in the inaccuracies introduced 
by the use of so many  measured parameters.  To re- 
duce the number  of exper imenta l ly  measured  param-  
eters involved, a new expression was derived in the 
course of this work combining the Cottrell and Sand 
equations. The concentrat ion of electroactive substance 
in the bulk  solution was expressed in terms of the Sand 
equation, then this expression was substi tuted for C 
in the Cottrell equation along with a factor, ~/7/3~ to 
account for the expansion of the drop. The resul t ing 
equation is 

id -- (2/~) (7/3t) ~12i~112 [1] 

where t is the delay t ime (the length of time that the 
growing drop is subject  to the prebias before the 
chronopotentiometric current  is applied) and i and 
are obtained from a chronopotentiogram of the first 
component, without  prebias, at time t in the drop life. 
Essentially, id for a single component is calculated from 
a single chronopotentiogram of that component. 

In  the course of this investigation, a simpler method 
was discovered to determine diffusion currents. A pre-  
bias potential  beyond the first wave is main ta ined  for 
t ime t, as the electrode drop grows, then  upon switch- 

ing to galvanostat  mode, sufficient current  is applied 
from a continuously variable calibrated source so that 
the prebias potential  is maintained.  Under  such condi- 
tions, the applied current  is equal to the diffusion cur- 
rent  of the first species. If the applied current  is less 
than the diffusion current, the concentration of electro- 
active species will increase at the electrode surface 
and the potential  will change in accord with the Nernst  
equation. Likewise, if too large a current  is applied 
the potential  will move in the opposite direction. The 
diffusion current  measured in this way is subtracted 
from the total current  to the next  drop of the DME to 
obtain if. A simpler method is to use an uncalibrated,  
variable current  source adjusted to supply just  the cur-  
rent  necessary to equal the diffusion current  and main-  
ta in  the prebias potential.  Then this current  can be 
electronically added to the current, applied to the next  
drop of the DME so that nominal ly  all the applied cur-  
rent  is available for the second faradaic process. In  a 
mul t icomponent  si tuation where one is t rying to mea-  
sure a t ransi t ion for a wave on top of several others, 
this method is superior to the use of the Sand-Cottre l l  
calculation which can be applied only with difficulty 
to mul t icomponent  systems. It  is also superior to the 
application of the Ilkovic equation which involves 
summing the diffusion currents  for each of the preced- 
ing waves. In  the new ins t rumenta l  method, the total 
residual diffusion controlled current  is measured with-  
out regard to the number  or magni tude  of its com- 
ponents. 

Experimental Verification of Applied Corrections 
The validity of the various corrections proposed was 

tested on lead-cadmium solutions using potassium n i -  
trate as the supporting electrolyte. The t ransi t ion for 
the reduction of lead occurs at approximately --0.4V 
vs.  SCE. The reduct ion wave for cadmium occurs at a 
potential  about 0.2V more negative. Both metals are 
reduced reversibly, and nei ther  species is known to be 
adsorbed on a mercury  electrode. 

Calcu la t ion  and  m e a s u r e m e n t  o~ d i f f u s i o n  c u r r e n t s . -  
Diffusion controlled currents  for lead were determined 
by four methods; direct measurement  at --0.52V, Sand-  
Cottrell calculation, Ilkovic calculation based on D 1/2 
obtained from derivative chronopotentiometry,  and 
Ilkovic calculation based on polarographic l i terature 
value of D 1/2. 

To 50 m] of 1M KNO3 support ing electrolyte were 
added 2 ml portions of 2 X 10-2M Pb(NO3)2. The solu- 
t ion was deaerated after each addition and allowed 
to become quiet. The delay t ime for switching from 
prebias to controlled current  modes was 2.625 sec into 
the drop life. The diffusion current  was measured by 
adjust ing the calibrated main  cathodic current  control 
to exactly main ta in  the prebias voltage for a period of 
50 msec, thus giving a horizontal trace on the oscillo- 
scope. The magni tude of the applied current  was read 
directly from the dial of the current  control potent iom- 
eter. 

To obtain data required for the Sand-Cottre l l  calcu- 
lat ion derivative chronopotentiograms were r un  on the 
above solutions with the prebias at --0.2V. Values of 
(dE/dt)m~n for the lead wave were converted to t r an -  
sition times. Using delay time, t, equal to 2.625 sec, and 
combining numerical  terms, the modified Sand-Cot-  
trell  equation (Eq. [1]) reduces to 

id(in uA) ----" 0.600 (i• 1/2) [2] 

Exper imental  values of i and �9 were used to calculate 
id for solutions with different lead concentrations. 

The llkovic calculation was based on the following 
exper imental ly  measured parameters  

D 1/2 _~ 0.00290 cm/sec 1/2, t : 2.625 sec, 
m : 2.393 mg/sec, C ---- (variable) 

mmoles / l i te r  

Combining numerical  terms, the Ilkovic equation re-  
duces to 



Vol. 122, No. 10 STUDIES IN DERIVATIVE C H R O N O P O T E N T I O M E T R Y  1313 

id(in ~A) --" 8 . 6 3 C  [3] 

When using a l i terature  value of D 1/2 from polaro- 
graphic data (6), Eq. [3] becomes 

id(in uA) "-- 9.00C [4] 

The values of id obtained for lead solutions over a 
concentration range from 7.69 • 10-aM to 4.38 X 
10-3M are summarized in  Table I. Diffusion current  
is a l inear  funct ion of concentrat ion of the diffusing 
species. Values for diffusion currents  calculated by 
the Sand-Cot t re l l  and the Ilkovic equations based on 
chronopotentiometric D 1/2 values agree well. However, 
the diffusion currents  obtained by direct measurement  
were consistently higher by about 6% and in close 
agreement with the Ilkovic calculation based on l itera- 
ture value of polarographic D 1/2 (8). 

The discrepancy noted in Table I was thought to be 
due to the depletion of electroactive substance in the 
vic ini ty  of successive drops. A semiquant i ta t ive evalu-  
ation of the magni tude  of the depletion effect was ob- 
tained by examining the changes in successive chrono- 
potentiograms of an electroactive substance as the de- 
pleted layer, resul t ing from a prebias, is replenished 
by cont inued diffusion after the prebias is switched off. 

A cadmium solution (1.1 X 10 -SM in 1.0M KNO3) 
was subjected to a prebias of --0.76V unt i l  a steady- 
state diffusion current  (10 #A) was observed at the 
usual  delay time. Then  the prebias was switched off 
manua l ly  to coincide as closely as possible to drop de- 
tachment.  Derivative and conventional  chronopoten- 
t iograms were run  on the next  four drops of the DME. 
With an applied current  of 100 ~A and an electrode 
area of 0.0290 cm 2, ~]/2 values were 0.128, 0.145, 0.152, 
and  0.153 sec 1/2. The increase in  ~1/2 from the first to 
the fourth drop indicates a corresponding increase in 
the apparent  concentrat ion of cadmium at the electrode 
surface. Stated in another way, application of a prebias 
to a DME electrode results in  a residual concentrat ion 
polarization such that  the concentrat ion of electroactive 
species seen by the newly formed drop may be much 
less than the t rue bulk  concentration. The directly 
measured diffusion currents  presented in Table I were 
obtained after a steady state of depletion was reached. 
The same steady-state conditions were used in  sub-  
sequent work. During the application of the prebias, 
the situation at the electrode is exactly the same as in 
polarography and one would expect the Ilkovic equa-  
t ion to be applicable provided polarographic values of 
D 1/2 are used. 

No depletion effect was observed on any chronopo- 
tentiograms run  normally,  that  is, without  a prebias be- 
yond the reduction potential  for that  substance. 
Chronopotentiograms on the first and subsequent  drops 
were identical for single component  systems. For 
mul t icomponent  systems, with a prebias set between 
the reduction potentials of the different components, 
chronopotentiograms of the first few drops were not 
identical. Discrepancies between first and subsequent  
drops can be explained by considering the variat ion of 
current  required to set up the diffusion layer  for the 
more active component. As the current  required to set 
up the diffusion layer  decreases, the fraction of the 
total current  which is used for the chronopotentio- 

Table I. Lead diffusion currents 

Conc. P b  
( m m o l e s /  

1Rer) 

Direct 
measure-  

ment  

Diffusion current (/~A) 

Ilkovic calculation 
S a n d -  

Cottre11 Chronopotentiometric 
calcu-  polarographic 
lation D1/z D1/~ 

0.77 7.3 6.72 6.63 6.91 
1.48 13.6 12.8 12.8 13.3 
2.14 19.6 18.6 18.5 19.3 
2.76 25.2 23.8 23.8 24.8 
3.83 30.3 28.6 28.7 30.0 
3.87 36.4 33.4 33.4 34.8 
4.38 40.1 37.5 37.8 39.4 

metric process increases. Once a steady state is reached 
in the diffusion of the more active component, the 
chronopotentiograms of the less active component will  
superimpose so that  successive traces on a storage 
oscilloscope appear as one trace. 

Contributions to the apparent  diffusion current  from 
charging the double layer  of the growing drop at the 
prebias potential  are insignificant. For a drop area 
change of 1% (An = 0.0003 cm 2) and a typical double-  
layer capacitance of 20 ~f/cm 2, charging the double 
layer  required approximately 0.006 ~coul/V. At a pre-  
bias of --0.52V over a t ime of 50 msec, the required 
current  would be 

0.006 ;~coul • 0.1V 
i ---- ---- 0.012 

0.05 sec 

This is insignificant compared to the magni tude  of the 
diffusion currents reported in Table I. 

Consistency o] the chronopotentiometric constant for 
cadmium in the presence o] Iead.--A series of solutions 
which were 3.8 X 10-6M to 4.3 X 10-sM in cadmium 
and 2.0 X 10 -8 in lead was prepared by adding por-  
tions of solutions which were 1.0 • 10-3M or 1.0 • 
10-4NI in cadmium and also 2.0 X 10-8M in lead and 
1.0M in KNOB to a solution which was 2.0 X 10-SM 
in lead and 1.0M in KNOB. A series of chronopotentio- 
grams was run  on these solutions using a prebias of 
--0.52V and ins t rumenta l  compensation for the lead 
diffusion current.  The diffusion current  was checked 
after each addition and was found to be invariant .  The 
chronopotentiograms were run  with and without in-  
strumental  double- layer  compensation and the t rans i -  
t ion times measured with the derivative technique (1). 

Three sets of chronopotentiometric constants were 
calculated: from the uncompensated (double- layer)  
and uncorrected data; from uncompensated (double- 
layer) data corrected according to Bard (7) ; and from 
data compensated (double- layer)  ins t rumental ly .  The 
results are shown in Table II. Consistency was achieved 
for cadmium concentrations as low as 1.66 X 10-SM 
both by Bard corrections and by ins t rumenta l  com- 
pensation. For Cd solutions on the order of 10-6M, 
Bard-corrected results were more consistent than were 
the ins t rumenta l ly  compensated results. The results 
from the la t ter  were improved by applying Bard cor- 
rections; i t  vs. C~ 1/2 plots of the ins t rumenta l ly  com- 
pensated data showed a residual double- layer  effect 
of about 0.0036 ~coul. This is one- ten th  the double-  
layer effect in the uncompensated data and becomes 
insignificant at concentrations of 10-5M and higher, 
but  it consumes significant portions of the very low 
currents used for lower concentrations. 

The lowest current  setting available on the ins t ru-  
ment  used was 1 ~A. For a 3.8 X 10-6M cadmium solu- 
tion using double- layer  compensation, this lowest cur-  
rent  yielded a �9 of 7.73 msec, too near  the lower l imit  
imposed by the speed of the differentiator for an at- 
tempt to analyze more dilute solutions. There is reason 
to believe that with a lower applied current  and a more 
sophisticated double- layer  compensator, this concen- 
trat ion l imit  can be extended to the lower 10 -6 range 
and perhaps beyond. 

It should be emphasized that in these experiments  
the amount  of lead present  was 0.5-500 times the 
amount  of cadmium. Consistency of i~]/2/aC was at- 
tained despite the large amounts  of lead. 

Application to Analysis 
The concentrat ion of an electroactive substance can 

be determined by chronopotent iometry by subst i tut ing 
exper imental  values for the other parameters  into the 
Sand equation and solving for C. The value obtained, 
however, is subject to considerable error owing to the 
large number  of variables used. Standard addition and 
titration methods offer a bet ter  approach. A series of 
chronopotentiograms is used to obtain data for the 
analytical  curves. 
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Table II. Chronopotentiometric constants for cadmium in the presence of 2 • 10-3M lead 

Uncompensated data Instrumentally compensated data 

Uncorrected Bard-corrected Uncorrected Bard-corrected 
Conc. Cd ivl12 i~1/~ iv~/~ ~t,rll ~ 
(moles/  ~ ~" it i ~" ~f 
liter) (~A) (meec) aC (~A) aC (/~A) (msec) aC (/~.)  aC 

4.29 x 10 -3 400 19.7 451.2 398.5 449.5 400 19.7 451.2 
3.15 x 10 -s 300 19.7 460.9 298.5 458.4 300 19.7 460.9 
1.37 • 10 -s 150 15.5 469.8 148,1 463,6 150 14,9 461.5 
7.~ x 10 -4 100 10.2 470.8 97.1 457.0 100 9.62 457.4 
5.83 x 10 .4 50 25.5 472.3 48.7 460.3 50 24.1 458.9 
3.62 • 10 ~ 50 10.31 483,9 46.9 454.0 50 9.02 452.6 
1.89 x 10 -~ 20 18.1 490,4 18.2 447,1 25 9.84 452.7 
1.42 x 10 -~ 30 5.70 550.2 24.4 447.3 25 5.55 452.6 
9.09 • 10 -~ 30 3.38 662.3 20.5 453.5 15 6.37 454.3 
6.25 x 10 -s 20 4.25 719.4 12.5 448.7 10 6.99 461.3 
3.22 • 10 -6 10 6.66 874.5 5.19 454.7 10 1,86 462,4 
1.66 • I0 -~ 20 2.28 1982.4 4.43 439.1 2.0 12.74 469.1 
1.07 x 10 ~ 30 1.35 3549.4 3.70 438.2 2.0 8.02 577.5 
7.4 x 10 -8 20 1.99 4158.0 2.16 449.2 1.0 15.47 579.8 
3.8 X 10 -6 20 1.92 7970.1 1.56 621.0 1.0 7.73 798.4 

1.55 448.0 
0.11 446.1 
0.54 426.3 

Note i = applied current; a = 0.0290 cm~; i t  = i - -  B / v ;  
ivl/~ /kA-see~/~-liter 

/~coul. U n i t s  s  i n  -. 
aC  cm2-mmole 

B for  uncompensated data = 0.035 ~coul; B for  compensated data = 0,0036 

Constancy of the iT1/2/C ratio is a necessity if 
chronopozentiometry is to be used for s tandard addi- 
t ion or t i t r imetric determinations.  Either  ins t rumenta l  
compensation of double- layer  charging or ari thmetic 
corrections as described previously (1) can be used to 
assure the constancy of i~1/2/C over the range of con- 
centrat ion to be spanned dur ing the t i t ra t ion or s tan-  
dard addition. Generally,  ins t rumenta l  compensation 
will yield values for z that  can be used directly in plot-  
ting an analytical  curve. 

Standard addition determinations.--For a s tandard 
addition determinat ion it is essential that a plot of iT 1/2 
vs. C (which is equivalent  to a Bard- type  plot of iT 
vs. CT ~/2) intercept  the C-axis at the point C = 0. If 
double- layer  effects are not el iminated by compensa- 
t ion or corrections, the iT ~}2 vs. C l ine may be displaced 
upward, indicating a higher concentrat ion of the sub-  
stance than is actually present. As derived in an earlier 
paper  on derivative chronopotent iometry of single 
component  systems (8), double- layer  charging can be 
corrected for by main ta in ing  a constant value for cur-  
rent  density and plott ing T 1/2 - -  l:res/T 1/2 on the ordi- 
nate. In  order to create a perfectly l inear  plot, it is 
necessary to correct for dilution. 

If the solution which is being determined contains 
two or more electroactive species, these species can be 
determined independent ly  in the same solution. In this 
study, cadmium was determined in the presence of lead 
by using the prebias and diffusion current  compensa- 
t ion techniques discussed above. As aliquots of a s tan-  
dard cadmium solution are added to the test solution, 
the concentration of lead present is decreased. Thus the 
lead diffusion current  changes after each Cd addition, 
and the diffusion current  must  be checked and the 
compensation readjusted. 

When a sufficient number  of additions (3-5) has 
been made and data obtained for the cadmium stan-  
dard addition curve, the prebias can be lowered to a 
potential  below the lead wave and aliquots of a stan- 
dard lead solution added, yielding data for the lead 
determination. A solution of several electroactive sub- 
stances can be analyzed by this means as long as the 
reduction potentials for the substances are separated 
sufficiently for a prebias to be imposed between the 
waves. 

It  is important  that the substance which is reduced 
at a more negative potential  be determined first. The 
additional amount  of that substance which remains in 
the solution as a result  of the s tandard addit ion acts 
as support ing electrolyte and does not interfere when 
the more easily reduced species is determined. If, on 
the other hand, the more easily reduced species is de- 
te rmined first, the additional amount  present in the 
test solution interferes in the determinat ion of the less 

easily reduced species. The more of the former present, 
the more difficult it becomes to compensate for it. 

Another  precaution is worthy of note. To achieve the 
best precision, the amount  of electroactive substance 
added in each increment  should be of the same order of 
magni tude as the total amount  of that  substance in i -  
t ial ly present. Addition of considerably larger amounts  
greatly compresses the concentrat ion axis and reduces 
the precision by which small amounts  may be de- 
termined. If, on the other hand, the increments  are 
much smaller than the amount  to be determined, ex- 
t rapolat ion over a long distance adds to the uncer-  
ta inty  of the result. 

An example of a two component s tandard addition 
determinat ion is presented in Fig. 1. Cadmium in the 
amount  of 0.2 ~moles was determined, in the presence 
of 100 ~moles of lead, by derivative chronopotentiom- 
etry. 

Titration using chronopotentiometric end point de- 
tection.--Cadmium can be t i t ra ted with EGTA ( [ethyl-  
ene b is (oxyethyleneni t ra te ) ]  tetraacetic acid) in the 
presence of copper i f  an ammon ia - ammon ium buffer of 
pH 10 is used. The ammonia  strongly complexes the 
copper and masks it for reaction with EGTA. The 
Cd(NHs)42+ complex is weaker  and does react with 
the EGTA. End point detection is difficult, however, 
because copper interferes with metal lo-chromic indi-  
cators such as Eriochrome Black-T which is rout inely  
used for the EGTA t i t rat ion of cadmium. 

As EGTA complexes cadmium during the course ot 
the titration, chronopotentiometry can be used to mea-  
sure the decreasing concentrat ion of uncomplexed 
cadmium. 

As the concentrat ion of cadmium decreases, double- 
layer effects become prominent .  Bard corrections work 
well to deal with these effects. The T measured by 
derivative means which occurs beyond the equivalence 
point is Tres, the apparent  t ransi t ion t ime due to 
double- layer  charging (8). It is constant at points well 
beyond the equivalence point where the concentrat ion 
of cadmium not complexed by EGTA is essentially 
zero. If z 1/2 - -  (Z re s /T  1/2) is plotted vs. ml EGTA added, 
the portion of the t i t rat ion curve beyond the equiva-  
lence point  coincides with the x-axis. Thus the point 
where the extrapolated init ial  portion of the t i t rat ion 
curve intersects the x-axis  is taken as the end point. 

If volume changes during the t i t rat ion are signifi- 
cant, volume corrections must be applied, just  as they 
are in  the case of s tandard  addition determinations.  
Chronopotentiometric end point determinat ion lends 
itself to the use of concentrated t i t rant  which can be 
added in small  volume, e l iminat ing the need for vol- 
ume corrections. In  the vicini ty of the end point, t i t rant  
can be added in larger increments,  so long as several 
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Fig. I. Standard addition curves: (a, left). 0.2/~ moles of cadmium in presence of 100 #moles of lead. Addition of 1.0 X 
Cd(N03)2. 0.22 #moles Cd found. (b, right). 100 ~moles lead. Additions of 1.0 X 10 - 2  F Pb(NO~)2. 100/~moles lead found. 
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Fig. 2. Titration curves. (a, left). 2 #moles of cadmium and no copper. (b right) 2 #moles of cadmium and 50 ~moles of copper 

points are obtained in  the l inear  regions before and 
beyond the end point. 

An EGTA solution was standardized against a s tand-  
ard cadmium solution using Eriochrome Black-T and 
an ammon ia - ammon ium ni t ra te  buffer of pH 10. A 
series of identical solutions was made as follows: 1.00 
ml  s tandard Cd solution (2 ~moles Cd) was added to 
5 ml buffer, 1O ml 1.0M KNO~, and sufficient water to 
make 50 ml total. The concentrat ion of Cd in  these test 
solutions was 4.00 • 10-sM. The EGTA t i t rant  was 
determined to be exactly 1.00 • 10-3M. 

The same t i t rat ion was performed using chronopo- 
tentiometry.  The chronopotentiometric t i t rat ion curve 
is presented in  Fig. 2a. For  this determination,  elec- 
trode area = 0.02899 cm ~, current  = 30 ~A, and pre-  
bias ---- --0.66V. The cadmium-ammonia  complex is 
reduced at --0.SV. 

The same procedure was repeated on a new test 
solution, identical  to the preceding one except for the 
presence of 50 ~moles copper. Diffusion current  com- 
pensat ion was used to e]iminate interference from the 
Cu. The t i t rat ion curve is presented in Fig. 2b. 

The results of the two cadmium ti trat ions using 
chronopotentiometric end point detection are identical 
to the result  of the series of t i t rat ions using Eriochrome 

Black-T, and demonstrate the feasibility of t i t ra t ing 
mul t icomponent  mixtures  using ehronopotentiometry.  

Manuscript  submit ted March 24, 1975; revised m a n u -  
script received June  4, 1975. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1976 JOURNAL. 
All  discussions for the June  1976 Discussion Section 
should be submit ted by Feb. I, 1976. 

Publication costs of this article were partially as- 
sisted by Georgia Institute o] Technology. 
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ABSTRACT 

When a sinusoidal modulat ion is superimposed on the rotat ion speed of a 
rotat ing disk electrode, the corresponding modulated current  follows the 
Levich equation closely for sufficiently low ratios of the modulat ion fre- 
quency to the constant  center rotational frequency. In  this work, the fre- 
quency response of the modulated current  (ampli tude and phase) is derived 
for the general  case and the results exper imental ly  confirmed over a wide 
range of Schmidt numbers  (230-2100 Sc) and modulat ion to rotat ional  fre-  
quency ratios for the reduction of Fe +3 to Fe +2 in 1.0M H2SO4 over the tem- 
pera ture  range 2'5~176 Tables are given of the phase and ampli tude factors 
which would be encountered for the normal  range of both modulat ion and 
solution parameters.  

In  recent papers (1-6), we have considered various 
theoretical and exper imental  aspects of hydrodynamic 
vol tammetry  at the rotat ing disk (RDE) and r ing-disk 
electrodes (RRDE). In  these studies, the angular  veloc- 
ity of the RDE, ~, was programmed as a function of 
time, t, or current,  i. With the exception of one study 
(4) involving step speed change, this work dealt with 
conditions for which the Levich equation always ap- 
plied, i.e., a quasi-steady state existed in  which the 
concentrat ion gradients adjacent to the RDE could be 
described adequately using the instantaneous angular  
ve]ocity, ~, of the electrode and the von K~rm~n (7)-  
Cochran (8) approach. Recently, using the results of 
Benton (9), we considered the current  t ransient  pro- 
duced by a step change in  angular  velocity, A~, of a 
RDE held at a l imit ing current.  After such a step 
change in ~,, the fluid velocities in  the region adjacent 
to the RDE adjust  very rapidly from values character-  
istic of the init ial  velocity, ~o, to those characteristic of 
the  final velocity, ~o % A~, while the concentrat ion 
profiles adjust  somewhat more slowly. 

We consider here the problem of describing the l im-  
iting, convective-diffusion controlled current  at a disk 
subjected to a rotat ional  velocity program of the form 

~1/2 = ~ol/S(1 _[_ e cos ~t) [1] 
In  Eq. [1] 

�9 = A~I/~/~ol/~ [2] 

and ~ is the modulation frequency in radians/sec. In 
this paper, we refer to this class of techniques as sinu- 
soidal hydrodynamic voltammetry (SHM) to distin- 
guish it from other uses now being made of the term 
"hydrodynamic voltammetry (10)." 
Equation [1] will describe the experimental situa- 

tion for all values of ~o, e, and r including those for 
which the angular acceleration, d~,/dt, is too high for 
the quasi-steady state assumptions used in our previ- 
ous studies of a sinusoidal modulation of ~ to apply. 
These broader experimental conditions will produce 
current responses deviating from those (5, 6) found for 
Levich-type conditions (~ small), i.e., the current is 
not given by 

i = i~o + Ai cos ct [3] 
where 

�9 Electrochemical Society A c t i v e  M e m b e r .  
Key words: hydrodynamic modulation, frequency dependence, 

convective-diffusion. 

Ai  : i~o A ~ l l S / ~ o l I 2  -"  i~oe [ 4 ]  

and i~o is the convective-diffusion l imit ing current  at 
a constant angular  velocity of ~o. 

Instead, as will  be shown later, i is given by 

i : i~ o ~ M1 cos(~t -- ~ i )  -{- Ai2 cos(2~t -- r -{-. . .  
[5] 

In  our experiments we have determined Aii and ~ i  by 
appropriate techniques and have therefore restricted 
the detailed theoretical analysis to the first harmonic 
term, i.e., to the calculation of ~ii and ~i  as a function 
of the Sc number .  The results for the ampli tude re- 
sponse are reported in  terms of the dimensionless 
parameter  A 

A = Ail/Ai [6] 

where A --> 1 as ~ -~ 0. 
The need to predict values of All and ~ l  had been 

prompted by unpubl ished studies of certain applica- 
tions of SHM. These results indicated the desirabili ty 
of performing experiments  at larger values of r than 
those to which we restricted the earlier work. For ex- 
ample, where potential  scanning programs are used, 
higher modulat ion frequencies permit  using higher 
scanning rates before undue  distortion of Ail-E curves 
is found, shortening experiments,  reducing sensit ivity 
to impur i ty  poisoning, and thus leading to a bet ter  
response to convective-diffusion controlled reactions. 

Excellent agreement  between the theory for A and 
~pl and experiment  has been found for the reduction of 
Fe +z to Fe +2 in 1.0M H2SO4 over the temperature  range 
25~176 (230-2100 Sc). 

Theoretical 
The normal  component of the fluid velocity, Wo, for 

an infinite disk rotat ing at constant angular  velocity 
was first studied by von K~rm~n (7) and later  by 
Cochran (8). After  quasi-steady state is reached, Wo 
is given by 

Wo = (~v) l/2HoO]) [7] 

where p is the kinematic viscosity and 

= (~/~) lX2z [8] 
For small  ~] 

Ho0]) ---- -- 0.51023 ~l ~ W 0.33333 ~13 -- 0.10267 ~l 4 -{-. . .  
[9] 
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w h e r e  the  v a l u e  of t he  second d e r i v a t i v e  of H ( n )  w i t h  
r e spec t  to ~ at n ---- 0 is t h e  one  g i v e n  by  Coch ran  (8).  

S p a r r o w  and G r e g g  (11) ana lyzed  the  ana logous  
ro t a t i ng  d isk  p r o b l e m  for  the  case in  w h i c h  the  a n g u l a r  
ve loc i ty  was  a t i m e  d e p e n d e n t  quan t i ty .  T h e i r  e x p r e s -  
s ion fo r  the  i n s t an t aneous  n o r m a l  c o m p o n e n t  of t he  
fluid v e l o c i t y  w, was  ob ta ined  by  a ser ies  expans ion  
about  t he  v a l u e  f o u n d  at q u a s i - s t e a d y  state,  i.e. 

w = (~v)l /2{Ho(n) + ~lHi(~]) + ~2H2(~) + . . . }  [10] 
w h e r e  

~i = ( d ~ / d t ) / ~  ~ [11] 

f12 = ( d ~ / d t  2) /~3 [12] 

and  the  Hi(~l) a re  ax ia l  ve loc i ty  func t ions  tha t  sat isfy 
t he  equa t ions  

H i ( ~ l )  = 1/2 H i , , ( 0 ) ~ l  2 - -  Ci~l 2 [ 1 3 ]  

fo r  al l  i va lues  at  sma l l  va lues  of ~. 
T h e  va lues  of the  Hi(~l) func t ions  w e r e  g i v e n  g r a p h i -  

ca l ly  (11) fo r  0 - -  ~1 --~ 20, and the  va lues  of H2"(0) 
w e r e  g i v e n  in t he i r  Tab le  I. H o w e v e r ,  t he  va lues  of 
h i g h e r  d e r i v a t i v e s  at ~ ---- 0 w e r e  no t  g iven.  Us ing  
t h e i r  Tab l e  I data, we  ob ta in  

co = - - 0 . 5 1 0 2 3  

cl = 0.204835 [14] 

c2 --  --0.023112 
and  

w ---- --  0.51023 (~3/v) I/2z~{ (I --  0.65327~ 

~- 0.20121~ 2) -- 0.40144~i/- 0.04530/32} [15] 

as a good approximation to w when ~i+i --~ ~i. Note 
that when #i ---- ~2 ~- 0, Cochran's result, as used by 
Newman (12), is obtained. It is therefore possible to 
solve the Levich problem for small oscillations in ~, 
given its time dependence. 

As stated previously, the superposition of a sinu- 
soidal  w i/2 modula t ion ,  A~i/2, abou t  a cons tan t  value,  
~o~/2,is a d v a n t a g e o u s  f r o m  the  e x p e r i m e n t a l  v i ewpo in t ,  
and  the  p r o b l e m  we  dea l  w i t h  assumes  tha t  

---- ~o(i -5 ~ cos at) 2 [16] 

It is also convenient to define 

P = ~/~o [17] 

Thus,  t he  va lues  of fli and  ~2 a re  

fli - -  - -2  ep  s i n a t ( 1  -t- ~cos ~t) -~  [18] 
and  

~2 = --2 ~ p2{cos ~'t + ,(cos ~ at -- sin 2 at) } 

(I q- , cos at) -6 [19] 

Substituting Eq. [18] and [19] into Eq. [15] and as- 
suming ~ < <  i yields the expression for the instan- 
taneous normal component of the fluid velocity 

w ---- Wo{1 ~- ~(a0i c o s a t  + al0 sin at) 

-t- e ~ (ao2 cos 2at ~- a i i )  -{- . . . }  [20] 
w h e r e  

Wo ---- --0.51023 (~oZ/r) i/2z2 (1 --  0.65327~o + 0.2012DIo 2) 

a0i ---- (3 --  2.613Dio + 1.0060~o 2 

- -  0.0905911o2)/(1 --  0.65327no + 0.20121~o 2) 

aio ---- 0.80288p/(1 --  0.65327no -~ 0.20121~o 2) [21] 

a02 = (1.5 --  1.9598~o + 1.0060~o ~ 

--  0.04530p2)/(1 - -  0.65327~o -t- 0.20121no ~) 

a l l  = (1.5 --  1.9598,b -t- 1.0060~1o 2 

- -  0.13589p 2) / (1 --  0.65327~o + 0.20121~o 2) 
and  

~lo --  (~o/~) i l2z 

H o w e v e r ,  i f  e < 1 r a t h e r  t h a n  ~ < <  1, on ly  t he  a m p l i -  
tude  of the  second h a r m o n i c  e x p r e s s i o n  in Eq.  [20] 
wi l l  be  in er ror ,  w h i l e  the  a m p l i t u d e  of  t he  first h a r -  
mon ic  w i t h  w h i c h  w e  a re  e x p e r i m e n t a l l y  conce rned  
r ema ins  unchanged .  

In  o r d e r  to ob ta in  the  t i m e  d e p e n d e n t  c o n v e c t i v e -  
diffusion l i m i t i n g  cur ren t ,  the  convec t i ve -d i f fu s ion  
e q u a t i o n  

OC 02C OC 
- -  = D - - - -  w ~  [ 2 2 ]  

Ot Oz 2 Oz 

mus t  be so lved  for  the  b o u n d a r y  condi t ions  

z = 0  : C - - 0  
[23] 

i = n F x r 2 D C  ~ ( d ~ / d z )  (0u(~, t ) / 8~ )~=o  [36] 

w h e r e  r is the  rad ius  of the  disk e lec t rode .  C o m b i n i n g  
Eq. [25] and  [36] w i t h  Eq.  [26] y ie lds  

i = i~ o + i ~ o I ( ~ ) ~ a l c o s ( a t  - -  ~ i )  

+ i~ol ( ~ ) ~2{a2 cos (2at --  ~2) + as} + . . .  [37] 
w h e r e  

al  = [{u'01(0)}~ + {u'10(0)}2]l/~ [38] 

z ~ ~ : C-~ C ~ ( b u l k  concen t r a t i on )  

w ( z , t )  g i v e n  by  Eq. [20] and  [21] and  for  s t eady  
s inusoidal  var ia t ions .  

T a k i n g  into  account  the  f o r m  of Eq. [20], a so lu t ion  
of the  convec t i ve -d i f fu s ion  e q u a t i o n  is 

C = C ~ u ( z , t )  [24] 
w h e r e  

u ( z ,  t)  ---- Uo(Z) + ~ {u01(z) c o s a t  + u l o ( z )  sin ~t} 

+ e2{u02 (z) cos 2at + u20 (z) sin 2at + u l l  (z) } + . . .  
[25] 

Thus,  w e  subs t i t u t e  Eq. [24] and Eq. [20] into Eq.  
[22], e q u a t e  t he  coefficients of al l  t e rms  h a v i n g  the  
same  t i m e  dependence  in t he  r e su l t i ng  express ion ,  and  
ob ta in  a set of o r d i n a r y  d i f fe ren t ia l  equa t ions  i n v o l v i n g  
func t ions  o'f z. These  equa t ions  a re  no t  w r i t t e n  out  
he re  bu t  m a y  be  s impl i f ied  by  us ing  the  d imens ion less  
va r i ab l e  

= {0.51023 (Wo3/v) l12/3D}l lSz  ~- 0.55405 Scl/3~lo [26] 

w h e r e  Sc ( - -  v / D )  is t he  S c h m i d t  n u m b e r ,  and  t h e y  l ead  
to the  set of  equa t ions  b e l o w  w h e r e  t he  va r ious  u 's  a re  
func t ions  of ~ and the  p r imes  r e p r e s e n t  d i f fe ren t ia t ion  
w i t h  respec t  to 

U"o --  ](~) U'o ---- 0 [27] 

U"01 - -  f ( ~ )  (U'01 "~ a o l U ' 0 )  = bUlo [ 2 8 ]  

u"10 --  ](~) (u'10 + alou'o) = --  buol [29] 

u"o2 -- f(~) (u 'os-~ ao2u'o) = 2bu20 [30] 

u"2o --  f (~) U'2o ~- --2bu02 [31] 

u " l l  - -  f ( ~ )  ( u ' l l  + al lu 'o)  = 0 [32] 
w h e r e  

f(~) ---- --3} 2 + 3.5372 Sc -1/3 ~3 _ 1.9663 Sc -2/3 ~4 [33] 

The  q u a n t i t y  b is def ined by  

b -~ { 9 v / ( O . 5 1 0 2 3 ) 2 D } l / 3 p  = 3.2576 S c i / 3 p  [34] 

The  b o u n d a r y  condi t ions  b e c o m e  

: 0 : ~0 = ' lL01  = ?~10 : ~02 ~ ~20 ~ U l l  = 0 
~ ~ : u0 --> 1, u0~, ui0, u02, u20, and u i l  --> 0 

I t  is r ead i ly  s h o w n  tha t  t he  f o r m  of Eq.  [25] leads  
to a cu r r en t  of t he  f o r m  g iven  by  Eq. [5]. 

The  l i m i t i n g  convec t i ve -d i f fu s ion  cur ren t ,  i, is de -  
f ined by  

i = nF=r2D (OC/Oz)z=o [35] 
or  in t e rms  of 
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r  ---- c o s - l { U ' o l ( O ) / a l }  ---- s i n - l { U ' l o ( O ) / a l }  [39] 

a2 = [{u'o2(0) ) 2 -5 (u'20(0)}2] 1/2 [40] 

~ = c o s - l { u ' o 2 ( O ) / a 2 }  _~ s i n - l { u ' 2 o ( O ) / a 2 }  [41] 

a3 ---- u'11 (0) [42] 
and 

i~ o :_ 0 .6205nF~r2D2/3v-1/60,o1/2C~ (4 /3) / I (oo)  [43] 

The above value for iwo is obtained by solving Eq. 
[27] to obtain 

Uo(D : I ( D / l ( o o )  [44] 
where 

I ( , ) _ - - ~ 0 ~ e x p [ f j , ( x ) d x ] d ,  

I: = e x p  (--~3 -5 0 .8843Sc-1 /30  _ 0.3932Sc-2/3~5)d~ 

[45] 
and I (oo) is given by 

I(oc) ---- 0.89294 -5 0.26610Sc -1/3 -5 0.12960Sc -2/8 [46] 

which was obtained by Newman (12) for the cor- 
rection of the Levich equation and holds for Sc --~ 100. 

The experiments  we have performed involve detect- 
ing the magni tude  and phase of the current  at the fre-  
quency used to modulate o,1/2; hence we need only 
solve Eq. [28] and [29] and we have postponed con- 
sideration of the behavior  of the terms associated with 
the second harmonic. 

Equations [28] and [29] were solved numerical ly  
(13) for various values of p in the range  0-1.0 and for 
selected values of Sc in the range 100-2100. In  addi- 
tion, A and r corresponding to specific experimental  
Sc values were calculated where required. 

The effect of p on ampli tude response for selected 
values of Sc is given in Table I, using the parameter  
A defined by Eq. [6]. 

By comparing the coefficients of the cos ( ~ t -  ~ 1 )  Of 
Eq. [5] and  [37] it is seen that  

~ i l  - -  i~oI ( oo ) ~al [47] 

Subst i tut ing Eq. [47] and [46] into Eq. [6] yields 

A ---- (0.89294 -5 0.26610Sc -1/3 -5 0.12960Sc-2/3)al [48] 

The theoretical values of al at constant p and Sc are 
calculated using the numerical  values of u'o1(O) and 
u'10(0) obtained through Eq. [28] and [29] and ap- 
plying Eq. [38]. The phase shift ~1 is calculated from 
Eq. [39] and is given in  Table II. 

In  using Tables I and II, l inear  interpolat ion at low 
Sc values is not accurate. A more sophisticated in ter-  
polation technique or graphing of the tabulated values 
of A and r is necessary if an error less than  that 
found exper imenta l ly  is to be achieved. 

In  the above discussion, both the deviation of hydro-  
dynamics from quasi-s teady state and the s imul-  
taneous relaxat ion of the diffusion layer  were taken 
into account. It is of interest  to estimate the conditions 
under  which the current  response is controlled almost 
completely by convective-diffusion, i.e., the conditions 
under  which the hydrodynamic si tuation deviates by 
only a small percentage from quasi-s teady state. Since 
we propose to obtain only an estimate for this condi- 
tion, only the large Schmidt number  l imit  for the 
normal  velocity component, obtained from Eq. [15], 
will be used, i.e. 

w ---- --0.51023 [(0, (1 -- 0.4014481 

-50.04530[92)2/:3}3/v]l/2z 2 [49] 

From Eq. [49] it is. seen that small deviations of 0, 
from quasi-steady state are approximately given by 
2/3 X 0.401;310,. Since the deviation in the percentage 
current  error, a, is twice that in  angular  velocity, it fol- 
lows that relationship between the error in  0, and i is 
given by 

d sin ~t 
fll : - -  : --2p --~0.0187a [50] 

~2 (1 -5 ~ cos ~t) 8 

Table I. Values of A for values of p and Sc 

p 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

S c  
lO0.O 0.9903 0.9626 0.9205 0.8687 0.8118 0.7535 0.6420 0.5447 0.4636 0.3970 0.3426 0.2982 0.2616 
140.0 0.9872 0.9545 0.9057 0.8468 0.7836 6.7202 0.6028 0.5037 0.4233 0.3588 0.3070 0.2653 0.2314 
200.0 0.9848 0.9458 0.8886 0.8215 0.7514 0.8829 0.5801 0.4604 0.3817 0.3208 0.2714 8.2829 0.2028 
315.0 0.9889 0.9318 0.8623 9.7837 0.7047 0.8303 0.5030 0.4045 9.3296 0.2726 0.2288 0.1946 0.1677 
400.9 0.9783 0.9230 0,8461 0.7812 0.6777 0.6098 9.4722 0.3753 0.3031 0.2490 0.2078 0.1768 0.1512 
446.0 0.9784 0.9200 0.8395 0.7517 0.6684 0.5883 0.4593 0.3633 0.2923 0.2394 0.1994 0.1687 0.1448 
600.0 0.9745 0.9066 0.8160 0.7203 0.6300 0.5486 0.4289 0.3281 0,2611 0.2122 0.1757 9.1489 0.1266 
815.0 0.9741 6.9054 6.8139 0.7175 0.6269 0.5463 0.4177 0.3252 0.2586 9.2100 0.1739 0.1464 0.1252 
800.6 6.9672 0.8888 0.7875 0.6843 0.5981 0.5111 9.8848 0.2952 0.2327 9.1877 0.1547 0.1298 0.1197 
890.0 0.9639 0.8812 0.7758 0.6700 0.5745 0.4953 9.8694 0.2825 0.2217 0.1784 0.1467 0.1235 0.1053 

1000.0 0.9630 0.8756 0.7658 0.6571 0.5603 0.4808 0.3560 0~2708 0.2119 0.1700 0.1396 0.1169 0.0996 
1200.0 0.9606 0.8652 0.7483 0.6354 0.5369 0.4548 0.8825 0.2508 0.1950 0.1559 0.1276 0.1067 0.0912 
1400.0 0.9557 0.8529 0.7299 0.6138 0.5170 0.4351 0.3151 0.2361 0.1828 0.1458 0.1192 0.0995 0.8846 
1600.0 0.9537 0.8444 0.7162 0.5974 0.4972 0.4159 0.2984 0.2222 0.1714 0.1369 0.1112 0.0928 0.0792 
1800.0 0.9506 0.8352 0.7024 0.5814 0.4809 9.4002 0.2850 0.2112 9.1630 0.1289 0.1050 0.0880 0.0748 
2100.0 0.9475 0.8239 0.6851 0.5616 0.4608 0.3810 0.2688 0.1980 0.1517 0.1202 0.0979 0.0815 0.0892 

Table II. Values of phase shift for values of p and Se 

p 0.05 0.19 0.15 0.20 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

Sc 
lO0.O 10.6 21.0 30.8 40.1 48.7 56.5 70.3 81.8 91.5 99.8 107.0 113.2 118.8 
140.0 11.5 22.7 33.3 43.1 52.1 60.2 74.3 85.9 95.5 103.7 110.7 116.7 122.1 
200.0 12.6 24.7 36.1 46.5 55.9 64.3 78.6 90.2 99.7 107.7 114.4 120.3 125.4 
315.0 14.2 27.7 40.2 51.3 61.2 70.0 84.4 95.9 105.1 112.8 119.1 124.6 129.3 
400.0 15.1 29'.4 42.5 54.1 64.2 73.0 87.6 98.9 109.0 115.4 121.5 126.6 131.3 
446.0 15.5 30.2 43.5 55.2 65.5 74.4 88.9 100.1 109.1 116.3 122.4 127.5 132,0 
600.0 16.8 32.6 46.7 58.9 69.3 78.3 92.8 103.8 112.5 119.4 125.2 130.0 134.2 
615.0 16.9 32.8 46.9 59.2 69.7 78.7 98.1 104.1 112.8 119.7 125.4 130.2 134.4 
800.0 18.3 35.3 50.1 62.8 73.5 82.3 96.6 107.4 115.7 122.3 127.7 132.3 136.2 
890.0 18.9 36.3 51.5 64.3 75.1 83.9 98.2 108.8 117.1 123.6 128.9 133.1 136.9 

1000.0 19.5 37.4 52.8 65.8 76.6 85.4 99.5 110.0 118.1 124.4 129.8 133.9 137.6 
1200.0 20.5 39.1 54.9 68,1 79.0 88.0 102.1 112.4 120.2 126.3 131.3 135.4 138.7 
1400.0 21.4 40.7 57.0 70.4 81.0 90.0 103.9 113.9 121.5 127.4 132.2 136.2 139.6 
1600,0 22.2 42.1 58.6 72.1 83.1 92.1 105.8 115.6 123.0 128.5 183.4 137.3 140.3 
1800.0 23.0 43.4 60.2 73.8 84.7 93.7 107.3 116.9 123.9 129.7 134.2 137.6 140.9 
2100.0 24,0 45.0 62.2 75.9 86.8 95.7 109.0 118.3 125.3 130.6 134.9 138.5 141,6 
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;~max ---- 2ep 

RESPONSE OF 
O3 

The m a x i m u m  value of/~1, Pmax, is u~ 
r r  

(.9 

1 - -  4e % - " e "  " 

[511 ~ 
so that  the relationship be tween p, and  �9 and a is 

2epf (~) ---- 0.0187a [52] 

Sparrow and Gregg (11) considered the problem of 
de termining under  what  condition the shear stress 
would deviate by less than  5% from its quasi-s teady 
state value and found that  

Pz -~ 0.0834 

which, by comparison with Eq. [50], corresponds to an 
of 4.5%. 
Table III  gives the values of p vs. selected gs which 

cannot be exceeded if the deviat ion from hydrody-  
namic quasi-steady state is not to produce a current  
error  exceeding 4.5% 

The significance of Table III  is merely  that, wi thin  
specified restrictions on p and e, the total current  is 
determined by convective-diffusion processes rather  
than  by the coupling of convective-diffusion and a de- 
viat ion from a hydrodynamic quasi-steady state. 

Experimental 
The motor  drive and operational amplifier control 

systems have been described previously (3, 5). The en-  
tire system (mechanical plus electronic) bandwidth  
for modulat ion was examined by recording the motor 
tachometer 's  voltage ampli tude and phase shift with 
respect to the driving waveform. The lat ter  signal 
was the sum of a l inear  voltage ramp and a sinusoidal 
voltage of constant f requency and amplitude. The ramp 
voltage was selected to scan the center motor speed, ~o, 
from 6.67 Hz (400 rpm) to above 125 Hz (7500 rpm) .  

Typical tracings of a-c motor reponse to this kind 
of program are shown in Fig. 1; e.g., at a constant 
modulat ion (signal) ampli tude of 3 r pm ~I~ and a fre- 
quency of 6 Hz, the tachometer ampli tude agrees with 
the a-c driving signal to --+1% and the phase shift is 
constant  wi th in  -+1 ~ at least up to a center speed of 84 
Hz (>5000 rpm) .  The ampli tude circuitry in  the 
Dranetz Phasemeter  automatical ly switches ranges 
during experiments  since a constant Aw 1/2 at all speeds 
produces a-c voltages (related to A~) which typically 
vary  by a factor of more than four. The observed con- 
stant  phase shift level in each trace is determined 
solely by modulat ion frequency, up to the rotational 
frequencies indicated by the rolI-offs in  Fig. 1. 

All experiments  were carried out with combinations 
of modulat ion frequency, amplitude, and center rota-  
t ional speed frequency for which any ampli tude and 
phase errors due to the above sources were well wi th in  
___1% and _+1% respectively. Thus, correction of the 
modulated disk electrode current  response for A~/~ 
variat ions was eliminated, and a fu l l -wave rectifier 
circuit was used to obtain the ampli tude in Ai-experi- 
ments. In  these experiments,  the ampli tude response 
~il was determined as a funct ion of p. Extrapolations 
of the Ai~ data to p ---- 0 yield the max imum ampli tude 
response, and A values were calculated by  dividing 

Table III. 

e 

0.01 ~4.17 
0.05 ~0.825 
0.1 ~:0.399 
0.2 ~---0.176 
0.3 ~0.095 
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Fig. 1. A-C motor response to sinusoidal modulation. Curves A 
are phase shift, tachometer vs .  signal; curves B are log of ampli- 
tude ratio, tachometer to signal. Signal amplitude set to constant 
A~V2 of 3 rpml/2; center was scanned from low to high. Fixed 
frequency of modulation (Hz) indicated by number following A or 
B. Constant phase shift levels were, far A2, A6, and A10, respec- 
tively, --1.6 ~ , --4.3 ~ , and --7.2 ~ , expressed as deviation from 
the theoretical 180 ~ (no lag) shift. Amplitude plots arbitrarily 
displaced from common value; dashed regions indicate interruption 
of measurement due to ranging of phasemeter. 

this value into the observed ampli tude response at the 
various p values. 

The phase shift of the sinusoidal Ai response relative 
to the A~ tachometer output  was continuously re-  
corded with a Dranetz Model 305 Phasemeter  equipped 
with a Model 3009A plug-in,  after prefiltering each 
signal with matched 0.64-32 Hz two-pole bandpass am- 
plifiers that introduced <0.5 ~ of phase shift uncer-  
tainty. In  a typical experiment,  ~o was scanned from 
400 to ca. 8000 rpm and back, and the ~p data averaged 
to correct for a small hysteresis related to t ime con- 
stant effects. The experimental  abscissas were con- 
verted to p ---- ~/~o values and the ~p data were used 
without fu r the r  reduction. 

The electrochemical experiments were all carried out 
with a 0.313 cm e p la t inum disk electrode and a 2.17 
mM Fe es -- 1.0M H2SO4 solution, prepared from re-  
agent chemicals and t r iply distilled (the last two from 
quartz) water. The Sc was varied by performing ex- 
periments  at 10~ +_ 0.5~ increments  between 25 ~ 
and 85~ The support ing electrolyte kinematic  vis-  
cosities, ~ were determined with a Cannon-Fenske  
viscometer that was calibrated with water  over the 
25~176 range. The diffusion coefficients for Fe +~ were 
calculated at the various temperatures  from the slopes 
of Levich plots (iL VS. 0,2/2) for the l imit ing current  of 
Fe +3 reduction, uti l izing the ~ values determined inde-  
pendent ly  above and Eq. [46]. Log plots of Sc, D, and 
v vs.  1 / T ~  are shown in  Fig. 2. 

All data in this paper  were obtained at 0.00V vs.  an 
unthermosta ted SCE. This potential  was in the l imit-  
ing current  region over the 25~176 cell t empera ture  
range. 

Results and Discussion 
The phase shift, cpl, of the modulated l imit ing disk 

current  output, ail, produced by ~1/~ modulat ion at the 
frequency f ---- z/2~ Hz, was directly measured for the 
reduct ion of Fe +8 to Fe +2 in 1.0M H2SO4, using the 
constant modulat ion frequency-~o variat ion technique 
described in  the Exper imental  Section. The value of A, 
however, was, as noted, not calculated directly from 
the defined value of Ai l /A i  but  ra ther  from h i l l  



1320 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY October 1975 

A 

2000 

1500 

tooo 

800 

600 

400 

300 

200 

SC 

I I I I I I 
2.8 2.9 3.0 5.1 3.2 3.3 

1000 T-~ ~ 

Fig. 2. Log plots of Se, D, and u vs. |O00/T ~ K. 

m 
i 
L~  

N 

12 E 
o 

B ,< 
7 
6 o 

(hil)p_~0 where (Air) _~0 is the extrapolated value of 

his at p = 0. Satisfactory agreement  be tween (hi1) p-.0 
and ~i has been established previously by us (5), and 
the present procedure cancels a number  of possible 
sources of small  determinate  errors associated with the 
electronic ins t rumenta t ion  including bandpass, gain, 
and rectification efficiency. 

Theoretical plots and exper imental  values of A a n d  
~p~ as a funct ion of p for three values of Sc (315, 890, 
and 2100) are given in Fig. 3 and 4. Other sets of data 
obtained for different Sc (not plotted) agree equally 
well with theory. The Sc range i l lustrated in Fig. 3 and 
4 covers the great major i ty  of aqueous solution cases 
that will be encountered. 

Satisfactory exper imental  tests of the theory for A 
and ~pl dependence on Sc for five constant  p values 
from 0.2 to 0.6 are given in Fig. 5 and 6. The theoret i-  
cal values of A and Cpl for these par t icular  Sc values 
may also be accurately obtained by graphical in ter-  
polation in the tables of A and ~pl given earlier, assur- 
ing the general  exper imental  usefulness of the tabu-  
lations. 
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P 

Fig. 3. Amplitude factor A as a function of p for Sc values of 
315, 890, and 2100, as marked. Solid lines are theoretical, points 
are experimental. 
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Fig. 4. Phase shift ez as a function of p for Sc values of 315, 
890, and 2100. Sc values marked. Solid lines are theoretical, 
points are experimental values. 
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Fig. 5. Amplitude factor as a function of Sc at constant p. 
Values of p indicated at right of curves. Solid curves are theoretical, 
points are experimental. 

The criteria of Table IIl, expressing max imum limits 
of p and e for which the total current  is essentially 
determined by convective-diffusion processes, have 
been exceeded in certain of our measurements  by a 
factor of as much as three. Our theory explicit ly takes 
into account the region in which convective-diffusion 
and hydrodynamics couple. Nevertheless, it was of 
significance to examine exper imenta l ly  whether  the pe 
product at these levels, ra ther  than just  p alone, in -  
fluenced the value of A in  a given solution. There-  
fore, Ail was measured as a function of A~I/2 under  
conditions of constant p, while Ac~ I/2 was varied so that  
pe was either always ~0.04, exceeded 0.04 at an in ter -  
mediate value of A~ I/2, or was ~0.04 for all A~ I/2. We 
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Fig. 6. Phase shift r  as a function of Sc for constant p. 
Values of p indicated at right of curves. Solid curves are theoreti- 
cal, points are experimental. 

chose 0.04 simply as the approximate level of the pe 
products collected in  Table III. 

These results for Fe +3 reduction in 1.0M H2SO4 are 
shown in  Fig. 7. The points taken for p ~- 0.2 cover pe 
from 0.004 to 0.03, those for p ---- 0.4 cover 0.012- 
0.093, and those for p ---- 0 . 8  cover 0.04-0.26. All  three 
plots are l inear  and both the slope ratios (A ratios) 
and absolute A values are in satisfactory correspon- 
dence to the theory given above. Absolute A values 
were estimated in this case by de te rmin ing  Levich 
plots of i~o v s .  o;01/2 for various utol/2 and comparing 
the slopes with those of the Fig. 7 plots. By combin-  
ing Eq. [43] with Eq. [6], a deSnition of A related to 
this exper imental  approach is obtained, i.e. 
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Fig. 7. Ail as o function of A~ ~12 at constant p values of 0.2, 
0.4, and 0.8, as marked. Modulation frequency 6 Hz (all curves), 
center speed held at 30, 15, and 7.5 Hz. Abscissa is convertible to 
pe values by multiplication by 0.00472, 0.0133, and 0.0377 for p ---- 
0.2, 0.4, and 0.8, respectively. 

All / i~o [53] 
A ~ Aeel / "  ~ -  __ a~o 1/'$ 

Hence, the slopes of the SHM data in Fig. 7, when di-  
vided by the slopes of the Levich plots, give the A 
values for the par t icular  p values. 

As far as the SHM technique is concerned, ex- 
ceeding the pe cri terion for deviation from a hydro-  
dynamic quasi-s teady state by even a factor of six ap- 
pears to have li t t le detectable effect on All -- A~ 1/2 
plots. This result, predicted by theory, has the sig- 
nificance for practical use of the SHM technique at 
higher modulat ion frequencies (larger p) that, to a 
large extent, much of the loss of current  sensit ivity 
associated with a decreasing A factor at higher p values 
may be compensated by a h~ 1/2 increase. At present, 
the practical l imitat ions of this sort of approach ap- 
pear to reside mostly in  the ampli tude and frequency 
response of the motor system. 

The A and ~1 functions are independent  of the con- 
centrat ion of the electroactive species and its n value 
in the electrode process. This proper ty  suggests a 
method for determining the diffusion coefficient of an 
electroactive species without  a pr ior i  knowledge of the 
n value (or concentrat ion) ,  as is required by RDE and 
other voltammetric  steady-state diffusion layer  tech- 
niques. From the A (or ~1) vs. p data for an unknown  
system, Sc for the electroactive species can be deter- 
mined by interpolat ion in Table IT (or I).  D can then 
be calculated from the readi ly determined kinematic  
viscosity o'f the solution. This value of D may be in  
error by _+10-15%, because of the combination of 
exper imental  error and relat ive insensi t ivi ty of the A 
or ~pl vs.  p function to some values of Sc. However, 
if i~o and the electroactive solute's concentrat ion are 
known, subst i tut ing these data  and the estimate of D 
into Eq. [43] will  permit  de terminat ion of the in-  
tegral value of n, and thence a precise value of D. 

Application of the SHM technique to solutions con- 
taining two or more electroactive components leads to 
certain difficulties if phase sensitive detection is used 
to determine Ai~. In  such mixtures,  each electroactive 
species has its unique value of Sc, and thus a corre- 
sponding phase shift. The detection of Ail response 
for regions on the current-vol tage  curve involving si- 
multaneous reduction (or oxidation) of more than one 
species is thus complicated by the varying phase shifts 
for each component. There are obvious experimental  
strategems to correct for this difficulty, e.g., manua l  
tun ing  of the phase shift for each of the components is 
feasible. However, the var iat ion of phase angles as a 
function of Sc at constant p, as can be seen from 
Table I or Fig. 3, is not large. The phase angle effect 
is modest when  compared to the phase angle setting 
accuracy requirements  of lock-in  amplifiers. Phase 
errors of --+10 ~ are necessary for 11/~% signal loss and, 
if the spread of Sc values is not extreme, errors due 
to this source will probably be small  in most practical 
situations. 

It should be noted that, if a tuned filter used to iso- 
late the a-c response to SHM is followed by either 
ful l -wave rectification or RMS detection, the phase 
problem is completely avoided. 

The theory presented here does not apply to the case 
of mixed electron and mass t ransfer  control, which we 
have already considered for the p --> 0 l imit  (6). There 
are effects in those situations (fur ther  diminishing A 
and increasing ~1) which require a more involved 
treatment .  
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Technical Note 

The Cathodic Reaction of Iron Disulfide Electrode 
in KCI-LiCI Eutectic Electrolyte 

Katsushi Abe and Takewo Chiku* 
Toyota Central Research and Development Laboratories, Incorporated, 

2-12, Hisakata, Tempaku-ku, Nagoya 468, Japan 

The molten salt bat tery will be given more at tent ion 
in the near future  because of its high specific power and 
high specific energy. However, in  the present  state, 
there are various difficulties involving the bat tery con- 
struction, par t icular ly  the risk at high tempera ture  
operation from the use of l iquid (1) or gaseous (2) ac- 
tive mater ial  as the positive electrode. 

Vissers et: al. (3) studied the molten salt secondary 
cells with iron sulfide as the positive material.  This 
s tudy was useful because it showed that  there was no 
significant deteriorat ion of electrical performance with 
cell operation. 

Tomczuk, Martin, and Steunenberg (4,5) found that  
metal  sulfides, such as nickel or cobalt sulfide, were 
solid-state materials that  could serve as a positive 
electrode for a molten salt battery,  and they proposed 
that the charge reaction of i ron disulfide proceeds by 
three steps. The present  authors have also examined 
various metal  sulfides as solid-state active mater ial  
for a bat tery with KC1-LiC1 eutectic electrolyte. 

It is the purpose of the present note to elucidate the 
discharge reaction of i ron disulfide in KC1-LiC1 eutec- 
tic electrolyte by a combinat ion of the polarization 
character and x - r ay  diffrati0n analyses. 

Experimental 
The test electrodes were prepared, as shown in Fig. 

1, by put t ing a definite quant i ty  of i ron disulfide pow- 
der in a hole (3.2 mm diameter, about 3 mm depth) 
dril led in spectroscopic graphite rod (6 mm diameter, 
150 mm length) ,  then filling it with electrolyte salt 
powder; the lower part  of the rod was fixed by baking 
Aremco a lumina  adhesive and glazed Pyrex to separate 
it from the electrolyte except the hole. To prevent  iron 
disulfide from escaping, the hole was sealed by wind-  

* Electrochemical  Society Active Member.  
Key words:  iron pyrite,  discharge reaction, mol ten  salt electrolyte, 

high t empera tu re  cell. 
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Fig. 1. Electrolysis cell and electrode construction, a, Graphite 
(test electrode); b, glassy carbon counterelectrode; c, reference 
electrode; d, Ar gas inlet; e, Ar gas outlet; f, thermo:ouple; g, 
KCI-LiCI eutectic; h, quartz wool; i, Pyrex glass seal; j, alumina 
adhesive; k, Fe$~ powder. 
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ing the rod with quartz wool. The i ron disulfide powder 
sample used in this s tudy was a commercial pyri te  
(99.9.% pur i ty)  containing only a trace of marcasi te  as 
shown by x - r ay  diffraction analysis. 

The 58 mole per  cent (m/o)  LiC1-42 m/o  KC1 
eutectic electrolyte was prepared by combining reagent  
grade l i th ium chloride and potassium chloride in  a 
Pyrex vessel at 400~ bubbl ing  hydrogen chloride gas 
for about 1 hr  and then high pur i ty  argon gas (O~: -~1 
ppm, dew point: --65~ for several hours. A Pyrex  
tube 28 m m  inner  diameter and 150 mm height was 
used as the electrolysis cell; the anode and the cathode 
compartments  were separated by quartz wool. Figure 
1 shows a schematic representat ion of its construction. 
The iron disulfide electrodes were discharged a n d  
charged at 400~ in the electrolyte with glassy carbon 
as the counterelectrode. High pur i ty  argon gas w a s  
made to flow continuously over the electrolyte dur ing 
t h e  experiments.  The electrode potent ial  was measured 
against a Pt/0.01 mole PtC12 reference electrode with 
the support ing electrolyte. 

The reaction products used for x - ray  measurements  
were taken from t h e  electrode at various stages of 
charge and discharge in the following way: The re-  
spective electrodes were removed from the circuit and 
cooled in argon atmosphere, the products extracted 
from the graphite rods were crushed and pulverized in 
the atmosphere, then were covered with a th in  film 
of Mylar. No washing or drying procedures were per-  
formed so as to prevent  any change in the chemical 
composition. 

Results and Discussion 
Discharge and charge characteristics.--Figure 2 shows 

potent ia l / t ime curves for the iron disulfide electrode 
with the repeti t ion of discharge and charge cycles at 
a constant current  of 200 m A / c m  2. The potential  
curve obtained dur ing the first discharge to --2.0V 
shows several steps, and similar  steps also were ob- 
ta ined in the curve with the subsequent  charge to 
--0.7V, in  which open-circuit  potential  before the dis- 
charge was about --0.TV. When repeating the cycle, the 
corresponding curves have little change in the shapes 
and the discharge capacities, at least up to 40 cycles. 
There is an addit ional  step at about --0.SV in the dis- 
charge curve. However, judging from the fact that the 
upper l imit  of the charging potential  was equal to the 
open-circui t  potential  at the ini t ial  state, the open- 
circuit  potential  could not be that of iron disulfide i t -  
self. 

Figure 3 shows the discharge and charge curves at a 
constant  current  density of 100 n lA/cm 2 and open- 
circuit potentials in various discharge and charge 
states; a stat ionary value obtained about 30 min  after 
the circuit was opened at each state served for the 
open-circuit  potential. It is seen that both the open-  
circuit potential  curves in the discharge and charge 
were composed of four steps, and they are in  close 
agreement  with each other. These results suggest that  
the discharge-charge reaction proceeds through four 
reversible processes. At this current  density, the polar-  
ization curve in discharge also shows four distinct steps 
corresponding to those in the open-circui t  potential  
curve, but  the four steps grow less distinct as the 
d i s c h a r g e  current  increases. 
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Fig. 2. Typical potential/time curves for FeS2 electrode in dis- 
charge-charge cycling at a constant current density of 200 mA/ 
cm 2. 
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Fig. 3. Discharge-charge curves at a constant current density of 
100 mA/cm 2 and open-circuit potentials in various discharge and 
charge states, for 20 mg FeS2 at 400~ 

X-ray diffraction analyses.--Five electrodes, each 
containing 70 mg of i ron disulfide, were placed in the 
discharge and charge states in the KC1-LiC1 electro- 
lyte. Three of them were par t ia l ly  discharged to --1.3, 
--1.6, or --2.0V at a current  density of 50 mA / c m 2. The 
fourth electrode was completely discharged to --2.0V 
in termi t ten t ly  at 25 m A / c m  2. The last electrode was 
discharged to --2.0V at 100 mA / c m 2, then imme-  
diately recharged to --0.TV, the level of ini t ial  poten-  
tial, at the same current  density. X- ray  diffraction 
analy@es were carried out as a function of the depth 
of discharge. The results are summarized in Table I. 
As seen from the table, the start ing mater ia l  is pyri te  
containing a trace of marcasite. Phases gradual ly  de- 
crease with progressive discharge and are eventual ly  
exhausted at about --1.6V. At --2.0V, l i th ium sulfide 
and iron were observable as the final products. It  is 
noted here that by recharging the electrode, the dif- 
fraction peaks of l i th ium sulfide and iron disappear 
accompanied by the reformation of pyri te  together 
with a trace of pyrrhotite.  However, many  u n k n o w n  
peaks were present in the diffraction pat tern  at the 
partial  discharge states. As shown in the last column 

Table I. Results of x-ray diffraction analyses; Co-Kc~, 2e; 300 ,~ 80 ~ 

No. of 
sample 

Sampling potential (V) 

Discharge Charge 
Discharge 
state (%) Identified material Unknown peaks 

D 
1 

2 

3 

4 
5 

--1.3 

--1.6 

--2.0 
--2.0 

( -2.0)  --0.7 

o 

35 

40 

85 

100 
3 

Pyrite, Marcasite (trace) 
$ $ 

(Decrease) Marcasite 
$ ,4 

(Not detected) 

Li~, Fe 

LieS, Fe 
Pyrite, Fez-xS (trace) 

(A) (B) 

Decrease (C) 

Increase Decrease 

Not detected 
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of Table I, the unknown peaks  were divided into three  
groups denoted  by  A, B, and C, respect ively.  These 
classifications show a pa r t i a l  increase or decrease as 
the discharge takes  place. To ascer ta in  if said peaks 
may  have  been caused by  a tmospher ic  oxidat ion or 
hygroscopic i ty  dur ing  the sample  prepara t ion ,  the  same 
examina t ion  was car r ied  out  wi th  the sample  special ly  
p repa red  in  a high pur i ty  argon atmosphere.  No 
change, however ,  was observed in the  diffraction pa t -  
tern. 

The resul ts  suggest  at least  that  the corresponding 
substances were  formed wi th  the discharge process and 
that  they  t ransform to a s tab le  substance at  the final 
stage. In  fact, the unknown peaks  d i sappeared  at the  
complete  discharge state, and l i th ium sulfide and iron, 
which are  considered to be the final products,  could 
only be detected.  These resul ts  corrobora te  previous 
findings tha t  sugges ted  four  reversible processes make  
up the d i scharge-charge  reaction. 
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ABSTRACT 

An  investigation has been made into the origin of Zone IV (1) of the cur-  
rent  vs. t ime curves obtained dur ing electrolytic coloration of alkali halides 
with a pointed cathode and a flat metallic anode mechanical ly pressed against 
the crystal. Zone IV is not intr insic and is not due to the crystal volume itself, 
but  is related to processes occurring in the crystal metall ic anode interface. 
Whenever  these processes are inhibited, e.g., by using a vacuum evaporated 
metall ic anode, Zone IV is suppressed and intrinsic current  vs. t ime curves 
are obtained. These curves resemble those corresponding to space charge 
l imited currents  in insulators and semiconductors. The following anodic proc- 
esses are mentioned:  An  electrical arc was produced in the th in  and irregular  
gap between the crystal and the anodic plate. The in tensi ty  of the light 
emitted from this arc correlates with electrical current  dur ing  Zone IV and 
the spectral dis t r ibut ion shows a complicated mul t ipeak structure. The n u m -  
ber and position of the peaks are quite independent  of the alkali  halide crys- 
tal, anodic material,  and gas filling the furnace. Most of the spectrum peaks 
correspond fairly well in position to those of the air component  discharge. 
The main  characteristics of the arc are due to air (water vapor) adsorbed 
on the anodic crystal surface. A tentat ive explanat ion of how this electrical 
arc can de~ermine the properties of Zone IV is proposed. 

Electrolytic coloration has been extensively used as 
a procedure -to create F-centers  in alkali halides (2); 
the n u m b e r  of F-centers  produced depending upon the 
exper imenta l  conditions. Experiments  are usual ly  car- 
ried out at constant temperatures  (N350~176 and 
applied voltages (5O-1O~/V). Currently,  a pointed cath- 
ode and a flat metall ic anode machanical ly  pressed 
against  the crystal are used. Atmospheres surrounding 
the crystals are air, vacuum, or an iner t  gas. 

The evolution of the electrical current  through the 
crystal dur ing  the electrolytic coloration has been re-  
corded in  KC1 and KBr (1, 3, 4). Figure 1 shows an 
example of this behavior in  KBr single crystals. F -cen-  
ter densi ty changes in a paral lel  fashion, as shown by 
the dashed curve, although a time lag exists. Four  
zones appear in  the i - t  curve. Zone I has been ac- 
counted for as being due to pure ly  ionic t ransport  
(1, 4, 5). This process leads to the formation of an 
inject ing contact at the cathode-crystal  interface (6). 
Once this contact is  formed electrons are injected from 
the pointed cathode into the crystal. Electronic cur-  
ren t  marks  the start  of Zone II. The kinetics of this 
zone in  KCI has been explained by Hefiand (3) and 
Karabascheff (7) as due to F-center  diffusion. Equa-  
tions describing the slope of this zone have also been 
proposed. 

In  spite of the wide use of electrolytic coloration, 
several  questions relat ing to its physical mechanisms 

I Also :  C.I.D.A., A r t u r o  S o r i a  No. 289, Madr id ,  Spa in .  
K e y  w o r d s :  so l id  e lec t ro ly tes ,  i n j e c t e d  car r ie rs ,  color  centers ,  

d ie lec t r i c  b r e a k d o w n .  

still remain  open. Briefly, these questions relate  to: (i) 
The appearance of Zone IV in KBr and KC1 which 
corresponds to an enhancement  of the electrical cur-  
rent  and F-center  density in  the crystal. According to 
Heiland (3) Zone II should be followed by an equi l ib-  

V =const. % 
2 T =cor~st. / 

100 z 

I i ," 
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50 o 
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ZONE I " / 0 I //ZONE II ZONE I l l  I ZONE IV 

5 I I . r  / 

Log.(~ ; sec ) 

Fig. I. Electrical current (continuous line) and F-center density 
(dashed line) v s .  time during electrolytic coloration of KBr single 
crystals. [After Andreev et al. (1)]. 
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r ium stage (Zone III) in all cases, and Zone IV should 
never  appear. (ii) The F-color cloud starts at the cath- 
ode and propagates through the crystal. Pisarenko (8) 
has observed a coloration start ing at the region sur-  
rounding the anode after the conductivi ty increased in  
Zone IV in  KC1 crystals at temperatures  between 
250~176 

Herein  are reported some new exper imental  results 
in relat ion to these points. It is shown that  Zone IV 
is exclusively due to processes occurring at the anode- 
crystal frontier. These processes can be inhibited, 
therefore suppressing Zone IV. They are responsible 
for the high current  and high F-center  concentrations 
that characterize Zone IV. 

Experimental 
A vacuum-sealed furnace was used to electrolyti-  

cally color the crystals. Temperature  was controlled 
with ___I~ and measured with a Chromel-Alumel  ther-  
mocouple. Experiments  were performed in either air, 
vacuum, nitrogen, or argon atmospheres. A pointed 
cathode (stainless steel, Pt)  and a flat anode (tungsten, 
a luminum foils, and graphite) were used. In some 
experiments  the anode was a vacuum-evapora ted  film. 

A couple of quartz windows in the furnace allowed 
for luminescence measurements  and photographing the 
crystals. A high intensi ty  Bausch and Lomb monochro-  
mator  and an EMI 9558 QB photomult ipl ier  were 
used in the range 2500-450'0A. Single crystals of KBr, 
NaC1, KC1, KI, and CsI of ~ 10 • 5 • 5 mm were 
colored. Other exper imental  details are described in  (4). 

Results 
In  the process of electrolytically coloring KBr single 

crystals with a stainless steel pointed cathode and a 
tungsten foil anode mechanical ly pressed against the 
crystal, a light emission was detected. The samples 
were placed between the electrodes in the open air and 
the sample holder was then introduced into the fur -  
nace. Air was evacuated and ni t rogen was let into the 
furnace at a pressure slightly higher than the atmos- 
pheric one. The sample was heated and once the work-  
ing temperature  (~350~176 was stabilized, the 
electric field was turned on in order to color the crys- 
tal. Light emission was also measured with other 
crystals (KC1, KI, NaC1, and CsI), electrodes (plati-  
num point, a l uminum foils, and graphite) ,  and a tmo- 
spheres (air and argon).  

Photographs taken dur ing the coloration process 
proved that in all cases the light is generated at the 
anode-crystal  frontier.  The crystal is shown in  Fig. 2 
with a black l ine and the pointed cathode is at the 
top of the picture. The light emitted has a mul t ipeak 
spectrum as shown in Fig. 3. The width of the lines 

Fig. 2. Photograph of a KBr crystal during coloratfon in Zone IV 
shows light emissian in the anodic region. The crystal is marked 
with a black line. 

cannot be considered as a reliable da tum due to the 
monochromator  we used. The intensities of the lines 
were highly dependent  on the exper imental  conditions 
and no systematic study of this point has been made. 

In  order to elucidate the possible origin of the elec- 
trical arc and the light emission, experiments  were 
performed with different alkali  halides, electrodes, and 
atmospheres. In  all cases, the exper imental  procedure 
was that described above. The most re levant  para-  
meters from the obtained spectra were the peak po- 
sitions. Table I shows some of the exper imental  re-  
sults: the crystal, cathode and anode material,  and 
the atmosphere used in  each exper iment  are indicated. 
The main  air component discharge is also quoted for 
comparison purposes. It  is clear from the table that 
most of the peak positions are quite independent  of 
the various crystals, electrodes, and atmospheres. In  
our experiments  with KBr and KC1 single crystals, we 
were able to obtain measurements  only for wave-  
lengths shorter than ~ 4700A due to the emission of the 
furnace walls: A much lower temperature  is required 
to color CsI than  to color KBr and KC1. All  the 
wavelengths in the table are affected by an error of 
_50A. At this point  it is interest ing to note that 
whenever  a graphite anode was used, the peak in ten-  
sities were much weaker than with an A1 or W anode. 
Furthermore,  with air filling the furnace the in ten-  
sities of all the lines were considerably improved. 

The intensi ty  of the emitted light is a funct ion of 
t ime dur ing the coloration process: we never  detected 

Table I. Peak position wavelengths (~.) of the anodle emission spectra obtained by electrolyticolly 
coloring different alkali halides with several electrodes and atmospheres. The major lines of the 

air component discharge are also included. All the values are affected by on error of • 

Crystal Csl  CsI  CsI  K B r  K B r  K B r  K B r  KCI  P r i n c i p a l  
E lec t rodes  S S * - W  Pt-A1 P t - W  SS* g r a p h i t e  SS*-W P t - A I  SS*-W SS*-W ai r  

Atmosphere N i t r o g e n  N i t r o g e n  N i t r o g e n  N i t r o g e n  N i t r o g e n  N i t r o g e n  A r g o n  N i t r o g e n  Lines** 

5865 5800 5880 5830 
5880 5740 5656 

5400 5304 
4980 ~5100 5020 5018 

4750 4700 
4650 4600 4660 
4300 4300 4330 4292 4270 4300 

�9 S ~ 4040 4000 4028 4050 
o ~ 3900 3940 3900 

~ 3700 3770 3808 3750 3800 
r 3600 3600 3610 3530 3570 3=  

This range has not been covered 

5888 
5750 
5330 
4969 
4705 
4649 

4370 4349 
4090 4040 4070 

3995 
3810 3800 3760 3790 3749 
8570 3580 3560 3590 

3390 
3345 3380 3330 3350 3332 

3329 
3120 3140 3120 3100 3134 
2950 
2810 2850 

2750 2733 
2680 2600 2660 2673 

* SS = s ta in less  steel .  
** W a v e l e n g t h  t ab le s  fo r  s p e c t r u m  analys is ,  A d a m  H i l g e r  Ltd. ,  L o n d o n  (1931). 
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Fig. 3. Spectral distribution of 
light emitted during electrolytic 
coloration of KBr with a W foil 
as anode and nitrogen atmos- 
phere. 

l ight  dur ing  Zone I of the coloration curve; a very  
weak emission was measured sometimes dur ing Zone II  
and at other t imes during Zone HI; bu t  the emission 
of l ight was highly efficient dur ing Zone IV. This be-  
havior is depicted in Fig. 4(a) where the evolution 
of the electrical current  (curve A) and the light in -  
tensi ty  measured at ~---- 3570A (curve B) dur ing the 
electrolytic coloration of KBr are shown. A t ime lag 
between the current  and light is observed ini t ial ly;  but  
in  Zone IV both curves rise up proport ional ly  as 
represented in Fig. 4(b) .  This behavior  appears in  all 
the materials  we have studied. The slope of the straight 
l ine and the value of the electrical current  when  there 
is no light in tens i ty  are a funct ion of the exper imenta l  
conditions, but  are more affected by the applied elec- 
tric field and the sample temperature.  It was also noted 
that  at temperatures  below 500~ the F-colorat ion 
originating at the cathode dur ing Zone II is very weak, 
but  on reaching Zone IV a dense l ine of coloration 
from the anode propagates through the crystal and 
begins its dielectric b reakdown when it joins the cath- 
ode. 

Discussion 

It is clear from Fig. 2 that the emission of l ight 
during Zone IV of the cur ren t - t ime  curve is due to 
processes occurring in the crystal-anode interface. All  
the experimental  results already described were ob- 
ta ined by using a metall ic anodic plate mechanical ly 
pressed against the sample; the conventional  method 
used to electrolytically color alkali  halides. The exper-  
imenta l  procedure followed in  all  cases was that  
described above. 

It  is also evident  that a close paral lel ism exists be-  
tween the electrical behavior  in Zone IV and the anodic 
processes responsible for the l ight emission. In  order to 
examine this paral lel ism more closely, the anodic con- 
tact was changed. Crystals with vacuum (10 -6 T o r r ) -  
evaporated metall ic (Au, A1) anodes were prepared. 
The rest of the exper imental  procedure was as pre-  
viously described: The same stainless steel or p la t inum 
pointed cathode was used. While coloring the crystal 
with these new anodes, the electrical cur rent  passing 
through the sample was recorded. Curve A in Fig. 5(a) 
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Fig. 5. (a). Electrical current during electrolytic coloration of 
KBr with a vacuum-evaporated AI film as anode (curve A). Curve 
B is shown for comparison purposes and has been obtained with a 
tungsten plate. (b). Shows the effect of increasing the voltage 
to higher values than those commonly used in our experiments. The 
anode was a vacuum-evaporated film. 

represents the results obtained. At the same time it 
must  be emphasized that  no light emission was detected 
along the whole coloration process. It is clear from Fig. 
5(a) that Zone IV does not appear. The electrical cur-  
rent  follows Zones I and II, reaches a maximum, and fi- 
nal ly  decreases; the difference between the max i mum 
and the final steady value of the current  being a func-  
tion of the applied voltage and the crystal temperature.  
From these experiments  it was concluded that  Zone IV 
of the curves is not intr insic and is due to the processes 
occurring in the crystal-anode interface while electro- 
lyrically coloring alkali  halides by conventional  means. 
If these phenomena are inhibited, at least partially, 
Zone IV disappears. The anodic processes are not totally 
avoided by using vacuum evaporated anodes as can be 
seen from Fig. 5 (b) where the applied voltage has been 
increased to much higher values than  those commonly 
used in  these experiments.  Current  again increases, 
leading to a very  reduced Zone IV. At the same time, 
a very slight light emission is detected [Fig. 5(b)] prov- 
ing that  both light emission and electrical current  in  
Zone IV have the same origin. For comparison pu r -  
poses a typical curve obtained with a tungsten  foil 
anode mechanical ly pressed against the crystal at the 
same temperature  is shown as curve B in Fig. 5 (a).  

It  is worthwhile  to note that  curve A in Fig. 5(a) 
closely resembles those obtained in insulators and semi- 
conductors (9) whenever  space charge controlled 
mechanisms are operating. Results regarding the role 
played by these mechanisms in the electrolytic colora- 
tion of alkali halides wil,1 be published elsewhere. 

As to the physical na ture  of the processes occurring 
in the crystal-anode interface, it is clear from Table I 
that  the peak positions of the emission spectra are 
widely independent  of the crystals, electrodes, and gas 
filling the furnace. On the other hand, a very nar row 

correspondence (within the experimental error) exists 
between these values and those shown by the principal 
lines of the air component discharge (last column of 
Table I). These two experimental facts, and the evi- 
dence that on using vacuum-evaporated anodes there 
is no light emission, lead to the suggestion that the 
air (essentially water vapor) adsorbed in the anodie 
crystal face during the cleaving and the storing of 
the samples plays a major role in all the described 
phenomena. This water vapor is probably desorbed 
during the heating of the sample and retained in the 
thin and irregular gaps between the crystal and the 
anodic plate due to the overpressure of the nitrogen 
(or argon) introduced in the furnace. As a conse- 
quence, the main characteristics of the emission 
spectra correspond to those of the air component dis- 
charge. A confirmation of this hypothesis was ob- 
tained by the following experiments: with the same 
primitive fiat anode (tungsten or aluminum foils), 
the crystal holder was introduced into the fur- 
nace and the crystal heated in a dynamic vacuum 
(without introducing inert gas) up to the working 
temperature, then the vacuum was maintained for 
some time (~I hr) before letting nitrogen or argon 
in. With this procedure we tried to partly eliminate 
the water vapor adsorbed in the crystal surface. On 
applying the electric field to color the crystal, curves 
similar to curve A in Fig. 5(a) are obtained and no 
light emission exists. Whenever the water vapor re- 
tained in the gaps between the crystal and the metallic 
anode is removed, Zone IV disappears and there is no 
luminous phenomena. Not all the observed phenomena 
are due exclusively to this water vapor, no doubt there 
is some influence from the gas filling the furnace and 
the electrode materials, but these should be rather 
small in comparison with the contribution of the ad- 
sorbed water vapor. 

Regarding the origin of the electrical arc in the 
crystal anode interface, no clear conclusion can be ob- 
tained from these results. According to the shape of 
the curve in Fig. I it can be suggested that during Zone 
II a high negative space charge accumulates at the 
crystal anodic face and a very high electric field is 
produced through the narrow gaps between the crystal 
and the anode. This suggestion has some experimental 
support in that the arc appears either during or at the 
end of Zone II. 

Finally, the means by which the electrical arc in the 
anodic face can give place to Zone IV of the curves 
should be discussed. The whole process appears to be 
very complicated, and some speculation seems un- 
avoidable. Our results suggest that water vapor mole- 
cules desorbed from the anodic face of the crystal are 
decomposed by the arcing, and oxygen ions react with 
the metal plate to produce oxides. In fact, the area of 
the anodic foil in contact with the crystal shows a very 
dark stain, clear evidence of a chemical reaction. On 
the other hand, the principal emission lines that were 
measured correspond to those of the second ionization 
of oxygen. One possible mechanism for this decompo- 
sition could be 

M + H 2 0 - * M + O  - 2 + 2 H  + - > M O + 2 H  + + 2 e -  
(on the metal)  [1] 

al though the whole process must  be much more com- 
plicated and other quant i ta t ive  combinations are pos- 
sible. M signifies the anodic metal  (W, A1, Mo). Reac- 
tions like Eq. [1] have been observed in different me-  
tallic surfaces under  the action of an electric arc (10). 

In  order to account for the high value of electrical 
current  in Zone IV, it is plausible to th ink  that  protons 
l iberated in the arc region are injected into the crystal 
under  the electric field existing in the gap. Their  
high mobil i ty should produce a considerable contr ibu-  
t ion to the electrical current.  Phenomena  parallel  to 
those we are discussing now have been shown to take 
place in some glasses when  atmospheric moisture is 
present (11). Fur ther  exper imental  work is needed 
before all these possible mechanisms can be confirmed. 
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The final conclusion in  relat ion to the electrolytic 
coloration process is that  only Zones I, II, and III  are 
intr insic;  Zone IV is not due to the crystal itself. F rom 
our results it appears that  water  vapor adsorbed in  
the anodic face of the crystal plays an impor tant  role 
in relat ion to Zone IV of the curve. But  it is not yet  
possible to determine the exact processes taking place 
in  the electrical arc at the anode region. 
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The Transport of Chromium in Scales 
in Sulfidizing Environments 
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ABSTRACT 

The diffusivity of chromium in Cr203 scales formed during the oxidation 
of chromium at 900~176 appears to increase by several orders of magni -  
tude when  an ini t ia l ly present  oxide scale is exposed to su l fur -bear ing  a tmo- 
spheres at low oxygen partial  pressure. As a result  chromium sulfide scales 
grow on both sides of the preexist ing oxide layer. The t ransi t ion from oxida- 
t ion to sulfidation corresponds to a change from parabolic to l inear  weight gain, 
indicating that the sulfide growth is controlled by a constant rate of supply of 
chromium through the oxide to the outer oxide-sulfide interface, under  fixed 
experimental  conditions. The sulfidation r a t e  increases with sulfur  part ial  
pressure, indicating that chromium transport  in  the oxide is affected by 
changes in the defect s t ructure of Cr203 induced by the presence of sulfur. A 
model is proposed in  which sulfur  enters the oxide as an electron donor, 
thereby increasing the concentrat ion of chromium vacancies and interstitials.  

Hot corrosion phenomena  of gas tu rb ine  superalloys 
f requent ly  result  in  the formation of mixed oxide/  
sulfide scales. Sulfidation has been reported as due to 
the reaction of the alloy surface wi th  sodium sulfate 
deposits, considering the sulfate, with a very low sul- 
fur  activity, as the only source of sulfur  (1). However, 
the presence of sulfur  at an activity above the equi-  
l ib r ium value for sulfide formation would provide an 
addit ional mechanism for accelerated corrosion. Such 
high sulfur  activities could arise from local reducing 
conditions in  an otherwise oxidizing envi ronment  (2). 
In te rna l ly  precipitated sulfides are f requent ly  ob- 
served under  Cr203 scales formed on Ni-base alloys. 
It is then possible that  a mechanism involving the 
t ransport  of sulfur  across these scales from a high ac- 
t iv i ty  source is responsible for the presence of sulfide 
particles. The diffusion of sulfur  in  polycrystal l ine 
Cr203 has been studied by Seybolt (3), who reported 
a tracer diffusion coefficient of about 1.5 • 10 -1~ cm2/ 
sec at 1O00~ No mechanism was proposed for the 
migra t ion of sulfur  species through the oxide. A recent 
paper  by Chang et al. (4) on the diffusion of S 35 in  
hot-pressed a-Cr203 reported a diffusion coefficient for 
S 35 varying from 5.1 • 10 -11 to 5.2 • 10 -1~ cm2/sec 
in  the tempera ture  range 700~176 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e sen t  address :  G e n e r a l  E lec t r i c  C o m p a n y ,  Va l lec i tos  Nuc l ea r  

Center ,  P l ea san ton ,  C a l i f o r n i a  94566. 
K e y  w o r d s :  su l f ida t ion ,  c h r o m i u m  d i f fus ion ,  c h r o m i u m  o x i d e .  

In  a previous publicat ion (5) we have reported pre-  
l iminary  results on the sulfidation kinetics and scale 
morphologies of chromium specimens preoxidized and 
subsequent ly  exposed at 9O0~ to 10% H2S-H2 gas mix-  
tures. This paper summarizes the results of fur ther  ex- 
periments in which the sulfidation of preoxidized 
chromium was studied at different part ial  pressures of 
sulfur. 

Experimental 
Rectangular  specimens of high pur i ty  "iochrome" 

(99.097%) approximately 1.5 • 0.7 • 0.15 cm were 
cut from a cast ingot. After  a suspension hole was 
drilled in each, these were wet ground through 600 
grit silicon carbide paper and cleaned with acetone 
and methanol.  Finally,  their dimensions were mea-  
sured with a micrometer.  

Reaction kinetics were determined by  following the 
weight gain of a specimen with a spring balance, the 
basic design of which has been described in a previous 
publicat ion (6). Some modifications were made to this 
equipment  in order to r un  experiments  at low sulfur  
pressures. These could be attained by bubbl ing  argon 
or a carbon monoxide /argon mixture  through a flask 
containing molten sulfur. The flask was immersed in  a 
silicone oil ba th  which was held at temperatures  con- 
trolled wi th in  l~ Argon was used as an inert  carrier  
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for sulfur, while carbon monoxide could provide a 
reducing environment .  Gas mixtures  of composition 
ranging from 0.001-10 volume per cent (v/o) hydrogen 
sulfide in  hydrogen were also used as a source of sul-  
fur. Linde commercial mixtures  of "ultra high puri ty"  
gases were employed directly or appropriately diluted 
with hydrogen for this purpose. When  the suIfur bath 
was used, the vapor pressure of $2 was known from 
the temperature  of the bath; by assuming saturat ion 
of the argon carrier, the S/CO ratio in the final gas mix-  
ture could be specified. With either H2S-H2 or CO-S2 
mixtures, the equi l ibr ium sulfur  part ial  pressure can 
be found by employing thermodynamic  data for the 
relevant  species. For  the la t ter  mixtures,  formation of 
COS, CO2, and SO2 must  be considered. Data from the 
JANAF Tables were used for this purpose (7). 

Prior to each sulfidation run  the chromium specimen 
was oxidized isothermally with oxygen at atmospheric 
pressure at temperatures of 900 ~ or 1000~ the lat ter  
~alue being chosen to allow the formation of thicker 
oxide layers. The oxygen flow was then stopped, the 
reaction cell was purged with argon, and the furnace 
temperature  was adjusted to a value of 900~ prior to 
sulfidation, with the exception of a few runs  carried 
out at 800 ~ and 1000~ The temperature  of 900~ was 
chosen for its relevance to gas tu rb ine  operations. 

Af ter  completion of each run  the specimens were 
mounted in  epoxy resin and cross-sectioned for metal -  
lographic examinat ion and microprobe analysis of the 
scale. Also, after some runs  the scale composition was 
identified by the Debye-Scherrer  method. 

Results 
As reported elsewhere (5), a dramatic change in 

reaction rate and mechanism took place when  a pre-  
viously oxidized chromium specimen was exposed to a 
sul fur-conta in ing atmosphere. Figure 1 shows that the 
weight gain curve of a specimen exposed directly to a 
10% H2S-H2 gas mixture  at 900~ followed a para-  
bolic rate law, with a rate constant of 52 mg2-cm -4-  
rain -1, in  quite good agreement  with the value 92 mg 2- 
c m - 4 - m i n  -1 reported by Stratford and Hampton for 
the sulfidation of chromium at 925~ with a 30% 
H2S-H2 gas mix ture  (8). Figure 2 shows the weight 
gain curve of a specimen preoxidized and subsequently 
exposed at 900~ to the 10% H2S-H2 gas mixture.  In 
the lat ter  instance, switching from an oxidizing to a 
sulfidizing atmosphere brought  about a change from a 
parabolic to a l inear  rate law after an incubation 
period. 

Figure 3 shows an example of scale structure formed 
after a complete preoxidization and sulfidation run 
(No. 4 in Table II) .  Chromium sulfide can be formed 
on both sides of the oxide layer ini t ia l ly present, with 
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Fig. 1. Parabolic plot of weight gain vs. time for the sulfidation 
of chromium at 900~ with a 10% H2$-H2 gas mixture. 
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Fig. 2. Weight gain of a chromium specimen first exposed to 
oxygen at ] atm and ]100~ then to a ]0% H2S-H2 gas mixture at 
900~ 

Fig. 3. Scale structure of a chromium specimen preoxidized and 
subsequently exposed for 20 hr to a 0.1% H2S-H2 gas mixture at 
900~ 

the outer portion of the sulfide scale much thicker than 
the inner  portion. Although the ini t ia l  compactness of 
the oxide layer  has been altered by the growth of the 
inner  chromium sulfide layer, a fair ly uniform layer  
of chromium oxide exists between the chromium sul-  
fide scales. 

Table I summarizes the values of the l inear  rate 
constant kl obtained during sulfidation for three dif- 
ferent thicknesses of pregrown oxide. The sulfidation 
was carried out in each case at 900~ in  a 10% H2S-I-I2 
gas mixture.  The corresponding weight gain curves 
have been reported previously (5). 

To verify the lower limits of sulfur  pressure at which 
sulfidation does not take place on a preoxidized chro- 
mium specimen, similar experiments  were also carried 
out in a much lower range of sulfur  pressures. The 
experimental  conditions and l inear  rate constants are 

TaMe I. Linear rate constants in sulfidizing atmosphere of 
10% H2S-H2 

N o .  

W e i g h t  o f  k l  
O x i d a t i o n  o x i d e  a t  e n d  ( s u l f i d a t i o n )  

t e m p e r -  of o x i d a t i o n  ( r a g  • c rn-2  
ature (~  (rag x c m  -2) x m i n - ~ )  

I 900 0.6 0.50 
1100 2.3 0.23 

3 1200 3.2 0.11 
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Table II. Linear rate constants in low sulfidizing atmospheres 

No. 

Weight of  kz 
O x i d a t i o n  oxide  at end A t m o s p h e r e  ( su l f ida t ion)  
t e m p e r -  o f  o x i d a t i o n  c o m p o s i -  ( rag  • c m  -~ 

ature (~ ( rag  x c m  -~) t i ons  ( v / o )  X min-D 

HzS-H2 
1 i000 2.7 0.001 
2 i000 1.6 0.05 0.01 
3 I000 1.6 0.i 0,06 
4 900 1.1 0.I 0.09 
5 900 O.B 0.2 0.09 

summarized in  Table II. F igure  4 shows the corre- 
sponding weight gain curves, in  which time zero is the 
t ime at which the sulfidizing mix ture  was introduced 
into the reaction cell. Again, after an incubat ion period 
which varied with the thickness of the pregrown oxide, 
sulfidation took place in all cases according to an ap- 
proximately  l inear  rate law, except for r un  No. 1 of 
Table II. 

A similar weight gain curve was obtained when the 
sulfidation stage was carried out using a reacting gas 
mixture  of carbon monoxide bubbled  through a sulfur  
melt  held at 175~ The purpose of this exper iment  was 
to observe whether  a decrease in oxygen activity in the 
reacting gas mix ture  due to a reducing agent other 
than  hydrogen would result  in a comparable sulfidation 
mechanism. Indeed the corresponding weight gain 
curve, labeled with an asterisk in Fig. 4, followed the 
same t rend as the curves obtained with H2S-H2 atmo- 
spheres. However, the morphology of the corrosion 
product  was different in  this case, as shown in  Fig. 5. 
X- ray  and microprobe analysis identified the outer 
layer of the scale as Cr3S4, the dark layer undernea th  
it as a mix ture  of sulfides and carbides o'f chromium, 
and the innermost  layer  as pr imar i ly  chromium to- 
gether with chromium oxide and carbide particles. 
Saturat ion of the carrier gas with sulfur  was more dif- 
ficult to accomplish, and the vapor pressure of sulfur 
in the gas may have been below the nominal  value of 
10 -8 arm corresponding to the temperature  of the sul-  
fur  bath. 

Discussion 

The equi l ibr ium phases that would be expected at 
900~ in  the Cr-O-S system are shown in Fig. 6, which 
is the stabil i ty diagram for this system in terms of the 
chemical potentials of oxygen and sulfur. These chemi- 
cal potentials are given by ~x = RT tn px21/~, where X 
represents either oxygen or sulfur  and Px2 is the equi- 
l ib r ium part ial  pressure of O2 or $2. Data on sulfide 
stabil i ty were obtained from Young et at. (9), except 
for CrS, where an  average of data from Young et at. 
with that of Hager and Elliott  (10) was used. Data on 
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Fig. 4. Weight gain curves of chromium specimens preoxidized 
and subsequently sulfidized at 900~ with H2S-H2 gas mixtures of 
different composition. The experimental conditions corresponding 
to the curves labeled with numerals are listed in Table [I. The 
curve labeled with an asterisk corresponds to a sulfidation stage 
carried out with a CO-$2 gas mixture. 
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Fig. 5. Scale structure of a chromium specimen preoxidized and 
exposed at 900~ for about 70 hr to a CO-$2 gas mixture: a, 
chromium sulfide (Cr3S~); b, mixture of sulfides and carbides of 
chromium; c, mixture of chromium with some oxides and carbides; 
d, chromium. 
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oxide stabili ty were taken from Elliott  and Gleiser 
(11). The phase "Cr6S7" represents an average of data 
for the phases Cr~S6 and CrTSs reported by Young 
et al.; the equi l ibr ium S2 pressures for these two phases 
in equi l ibr ium with CrS and CrzS4, respectively, are 
sufficiently close to allow treat ing them as one phase 
for the present  purpose. 

Figure 6 also shows the sulfur  potentials correspond- 
ing to the various H2S-H2 compositions of Tables I and 
II. It is immediately apparent  from this figure that the 
lowest composition of 0.001% H2S is the rmodynam-  
ically incapable of forming any sulfide. Thus run  No. 1 
of Table II would be expected to show no sulfide for- 
mation. All other compositions, however, can lead to 
sulfide formation at oxygen potentials below that  of 
oxide/sulfide equil ibrium. Since sulfide was formed, 
it can be presumed that the oxygen contents of the 
sulfidizing atmospheres were sufficiently low to satisfy 
this condition. Direct measurements  of the oxygen po- 
tential  in the sulfidizing atmospheres employed for the 
experiments summarized in  Table I showed that this 
requi rement  was met (5). 

Figure 3 shows that  the oxide scale remains rela-  
t ively intact during sulfidation even though Fig. 4 
would predict conversion of the oxide to sulfide under  
any combinat ion of sulfur  and oxygen potentials that 
lead to sulfide formation. Since this conversion does 
not occur appreciably during the sulfidation time 
periods employed, it can be concluded that t ransport  
of oxygen through the external  sulfide layer formed 
dur ing sulfidation is very slow. Further ,  the l inear  
growth of the sulfide at a rate which is low compared 
to direct sulfidation (see Fig. 2) suggests that Cr t rans-  
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port through the oxide layer  is the l imit ing step during 
sulfidation. Thus a probable "reaction path" for the 
sulfur  and oxygen potentials across the reaction prod- 
ucts of a specimen during sulfidation is shown in  Fig. 
7, which is a simplified version of Fig. 6 that does not 
distinguish between the various chromium sulfides. 
Point  A represents the gas /external  sulfide layer  in te r -  
face, point  B the external  sulfide layer /oxide layer 
interface, point C the oxide l aye r / in te rna l  sulfide layer  
interface, and point D the in terna l  sulfide l ayer /meta l  
interface. Since the sulfidation rate in the presence of 
an oxide layer is much less than that of direct sul-  
fidation, the sulfur  potential  gradient  in both sulfide 
layers has been assumed to be near ly  zero. Most of the 
sulfur  potential  drop then  occurs across the oxide 
layer as shown in Fig. 7. 

The mechanism of Cr t ranspor t  in Cr20~ has not 
been determined unambiguously.  This oxide is a p- type 
semiconductor, but  its electrical conductivi ty at rela-  
t ively high oxygen pressures is near ly  independent  of 
oxygen pressure, indicating a lack of any strong re- 
action between 02 and electron holes (12). The oxida- 
t ion rate of Cr metal  to Cr208 is likewise essentially in-  
dependent  of oxygen pressure in a similar pressure 
range, indicating that  while Cr diffusion under  such 
conditions may involve a defect mechanism, the defect 
concentrat ion is not determined by a defect-O2 reac- 
t ion (13). Thus Hauffe and Block have proposed that 
the principal  defects in  Cr203 are Cr vacancies, Cr 
interstitials,  and electron holes, formed in  accordance 
with the equi l ibr ium (12) 

Cr ~+ ~ Vcr" + Cri'" + h" [I-A] 

where Cr 3 + is a normal  Cr ion on a cation site, Vcr'" is 
a t r iply charged (negative) Cr vacancy, Cri" is a 
doubly charged (positive) Cr interstitial,  and h'  is a 
positively charged electron hole. 

Kassner  et al. studied the oxidation of Cr metal  and 
the tracer diffusion of Cr 51 in Cr203 at the low equi-  
l ibr ium oxygen pressures generated by H2-H20 mix-  
tures (14). They observed an oxygen part ial  pressure 
dependence of the oxidation rate and of the tracer 
diffusion coefficient which led them to propose that 
the principal  defects in Cr203 are Cr vacancies and 
electron holes formed in  accordance with the equi-  
l ibr ium 

1/2 O2 ~ O - -  ~- 2/3 Vcr'" -~ 2h" [I-B] 

where O - -  is a normal  O ion on an anion site. 
The presence of other cations in Cr203 would be ex- 

pected to affect the oxidation rate of Cr metal  if these 
cations were either electron donors or electron ac- 
ceptors. Reactions [I-A] and [I-B] both indicate that  
such cations would modify the intr insic hole concen- 
t ra t ion and thus Cr diffusivity through changing Cr 
defect concentration. This effect has been demonstrated 
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Fig. 7. Schematic reaction path in the Cr-O-S system during 
sulfidation at 900~ 

as a change in  oxidation rate (15). If sulfur  were an 
electron donor in Cr208, it would likewise be expected 
to increase the Cr diffusivity in the oxide through de- 
creasing the hole concentrat ion and consequently in -  
creasing the Cr defect concentrat ion as either reaction 
[I-A] or [I-B] are shifted to the right. Konev et al. 
have proposed that  sulfur  enters NiO as S -  ions rather  
than S - -  ions (16). Wagner  and his co-workers have 
also suggested that S -  ions may be the form in  which 
sulfur  general ly  enters into solution in most oxides (4). 
The sulfur could act as an electron donor according to 
the equi l ibr ium 

1/2 s~ + o - -  + h' ~ S -  ](~ + 1/2 02 [II] 

where S -  I(~ is a singly ionized sulfur  ion on an anion 

site, and is thus a singly charged (positive) defect with 
respect to the anion lattice. 

The equi l ibr ium constants for reactions [I-A], [I-B], 
and [II] can be expressed in terms of xv, xi, Xh, and xs 
which are, respectively, the mole fractions of Cr va-  
cancies, Cr interstitials, electron holes, and singly 
ionized sulfur  ions on anion sites. These equi l ibr ium 
constants will also involve the oxygen and sulfur  ac- 
tivities, which are defined as ao ---- Po21/2 and as ---- 
ps21/2. It can be noted that  the chemical potentials are 
then given by ~x ---- R T  In ax, where  X represents 
either oxygen or sulfur, allowing the activities corre- 
sponding to specific phase equil ibria  to be obtained 
from Fig. 6. 

From reaction [II], the value o'f Xs is obtained as 
xs  = K n ( a s / a o ) x h ,  where KII is the equi l ibr ium con- 
stant for reaction [II]. We will  assume that in  the 
H2-H2S gas mixtures  considered in  the following anal-  
ysis that the oxygen activity is sufficiently low to 
cause KH(as /ao)  to be much greater than  unity.  The 
vacancy concentrations corresponding to reactions 
[I-A] and [I-B] can then be obtained as 

Xv : K ( asl/3 / ao 1/3) [ l -a]  
and 

x v  ---- K ( as~/4/ao 8Is) [ l -b]  

where K in each instance represents some combination 
of the equi l ibr ium constants KI-A and Kiz or KI-B and 
KII. If reaction [I-A] is assumed to take place, then 
xi : xv and Cr t ransport  could occur either through 
interst i t ial  or vacancy defects. Whether  reaction [I-A] 
or [I-B] is assumed to prevail, however, a Cr defect 
concentrat ion gradient  could exist across the sul fur-  
containing Cr20~ layer during sulfidation to act as a 
driving force for Cr t ransport  through this layer. 

The sulfur  and oxygen activities on each side of the 
Cr2Q layer  during sulfidation of any specimen used in 
the present  work can be obtained from Fig. 6, assum- 
ing that a reaction path such as that  shown schemat- 
ically in  Fig. 7 applies to the sulfidation process. A 
general  form of Eq. [ l -a]  or [1-b] is 

xD = K (asf/ao g) [2] 

where XD is the Cr defect concentration, whether  va-  
cancies or interstitials.  The outward molar  flux of Cr 
through the Cr208 layer is then given by the propor-  
t ional i ty relationship 

Far o= (:CD,B --  XD,c)/m [3] 

where rcr is the Cr flux, m is the mass per uni t  area 
of the oxide layer, and the subscripts B and C refer to 
the external  sulfide/oxide interface and the oxide/  
in ternal  sulfide interface, respectively (cf. Fig. 7). 
Assuming that the l inear  sulfidation is due pr imar i ly  
to the formation of the external  sulfide layer  of com- 
position CrzSy, the l inear  rate constant for sulfidation 
is given by the proport ional i ty relationship 

kl ~ ( ( y / x )  Ira) ~ [4] 

where the factor r is defined as 
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r = (as,s/as.c) t (ao,c/ao.B) g -- 1 [5] 

Since kl, the ratio y/x, and m are exper imenta l ly  ac- 
cessible, they can be consolidated into a single param-  
eter, using Eq. [4], defined by 

k = (x / y )mk l  [6] 

Thus the value of k should be proport ional  to ~ for any 
run, or the value of k/~ should be constant for all runs  
in  which sulfide was formed at a single temperature  of 
900~ The ratio k/r was calculated for each of the 
runs of Tables I and II. Values for as.c and ao.c were 
taken as those corresponding to the Cr/CrS/Cr203 
equi l ibr ium of Fig. 6, and remain  the same for all 
runs. Values for as.B and aO,B as well  as for x and y 
were those corresponding to the appropriate Cr~Sy/ 
Cr20~ equi l ibr ium of Fig. 6 at the sulfur  potential  
level indicated by the dashed line for each H2-H~S 
composition. Since the absolute magni tude  of the ratio 
k/~ has no significance, the value of the ratio was nor-  
malized using the average values obtained in arbi t rary  
uni ts  of each set of runs treated. Three pairs of values 
of the exponents J and g were used: f -- 0 and g = 0; 
f = 1/3 and g = 1/3; ~ = 3/4 and g : 3/8. These 
represent,  respectively, an absence of any influence of 
sulfur  or oxygen on Cr defect concentration, a Cr de- 
fect concentrat ion established according to Eq. [ l -a] ,  
and a Cr defect concentrat ion governed by Eq. [1-b]. 

Table III  summarizes the normalized k/r ratios ob- 
tained for each pair of exponents. Averages and vari-  
ances are also presented. Since the average must  be 
un i ty  for the normalized k/~ ratio, the variances are 
direct indications of how well  the three assumed 
models for the influence of sulfur  on Cr diffusivity fit 
the exper imental  observations. Either  of the models 
involving the presence of sulfur  as an electron donor 
gives a bet ter  fit than the assumption of no interaction 
between sulfur  and Cr defects. It  is thus proposed that 
sulfur  enters CreO3 as an electron donor, thereby re-  
ducing the electron hole concentration. This reduction 
leads to an increase in Cr defect concentrat ion through 
reactions similar to [I-A] or [I-B]. Such a general  
model can be quali tat ive only at present, but  it is sug- 
gested that a parameter  containing an equi l ibr ium con- 
stant and both sulfur  and oxygen activities, in  the 
form given by Eq. [2], describes the effect of sulfur on 
the Cr defect composition. 

An enhanced Cr diffusivity in  Cr203 due to the pres-  
ence of sulfur  could be either a grain boundary  or 
volume effect. It is not possible to dist inguish between 
these two types of mechanism at this time. Factors 
which may contr ibute variat ions in l inear  sulfidation 
rate are deviations from the nominal  gas compositions, 
differences in  CrzO3 layer  grain size as a result  of dif- 
ferent  oxidation temperatures,  and part ial  disruption 
of the Cr203 layer  dur ing sulfidation. Thus no more 
detailed analysis of the data appears warranted.  

The single test urrdertaken with a CO-$2 mixture  
(Fig. 4) was performed to show that  the observed en-  
hancement  of Cr t ransport  through Cr203 dur ing  sul-  
fidation was not un ique ly  dependent  on the use of H2 

Table III. Values of ratio of sulfidation parameter defined by 
Eq. [6] to sulfur and oxygen activity function defined by Eq. [5]. 

The designation of each run corresponds to numbering in 
Tables I and II. 

(k/r162 

S = 0 f = 1 / 3  ~ = 3 / 4  
R u n  g ---- 0 g = 1 / 3  g = 3 / 8  

I - 1  1 . 4 4  t . 3 2  0 . 5 9  
I - 2  2 . 5 2  2 . 3 0  1 .03  
I - 3  1 .6 6  1 . 5 0  0 . 6 8  

I I - 2  0 . 1 2  0 . 2 0  0 . 6 1  
I I - 3  0 . 5 2  0 . 7 0  1 .75  
1 I - 4  0 . 5 3  0 . 7 0  1 . 8 0  
I I - 5  0 . 2 5  0 . 2 9  0 . 5 7  
Average  1 .0 0  1 .0 0  1 .00  
V a r i a n c e  -~ 0 . 8 9  ----- 0 . 7 5  +--- 0 . 5 5  

to achieve the low oxygen potentials that thermody-  
namical ly  allow sulfide formation. F igure  5 indicates 
that  the Cr203 layer  was at least par t ia l ly  converted to 
one or more Cr carbides during this run.  While  not  
conclusively demonstrat ing that nei ther  hydrogen nor 
carbon is affecting defect equilibria,  the result  shows 
that hydrogen is not unique  and that the sulfur  itself 
is most probably responsible for the enhanced diffu- 
sivity of Cr in  Cr203 exposed to sulfur  at low oxygen 
potentials. Since the reaction products of the specimen 
were not the same as those of other tests, no at tempt 
was made to treat this test quanti tat ively.  

Conclusions 
Exposure of preoxidized Cr to an ambient  atmo- 

sphere of sufficiently high sulfur  potent ial  and low 
oxygen potential  results in the l inear  growth of Cr 
sulfide on both sides of the Cr203 layer  formed dur ing 
oxidation. Most of the sulfide growth takes place in  the 
external  sulfide layer  by t ransport  of Cr through the 
relat ively intact  Cr203 layer  which is metastable as a 
result  of l imited oxygen transport  through Cr sulfides. 
The sulfidation rate in this si tuation reflects a much 
higher Cr diffusivity in  the Cr203 than  would be ex- 
pected in  the absence of sulfur. A model for the defect 
equil ibria in Cr203 exposed to sulfur  can be formu-  
lated, in which sulfur  enters the oxide as an electron 
donor, thereby increasing the concentrat ion of Cr de- 
fects. 
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The Deposition of Tin Oxide Films from 
a D-C Glow Discharge 

D. E. Carlson 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Tin oxide films have been deposited on soda-lime-sil icate glass usin~ a 
d-c glow discharge in atmospheres of Sn(CH3)4 and 02, and SnC14 and 02. The 
sodium ions were removed from the surface of the glass during the film 
deposition by forcing the current  to pass through the heated glass substrates. 
Fi lm properties were studied as a function of atmospheric composition, cur-  
rent  density, and deposition time. 

Many investigators (1-12) have reported the deposi- 
t ion of thin films on various substrates using a-c and 
d-c glow discharges in appropriate gases or vapors 
(typically at a pressure of 0.1-10 Torr) .  The glow dis- 
charge breaks chemical bonds and promotes complex 
reactions in the gas or gas mixture,  and the films re- 
sult from the deposition of cer ta in  reactive compo- 
nents on substrates in the vicinity of the discharge. 

Most of the published work involves films deposited 
on substrates placed in  rf or microwave glow dis- 
charges. This technique has been used to produce films 
of organic polymers (2, 3), silicon oxides (4, 5), sili- 
con nitr ide (5,6), a l uminum oxide (7), amorphous 
silicon (8, 9), etc. (9, 10). The subs~trate may or may 
not be heated depending on the type of film desired. 

Much less work (11, 12) has been reported on the 
deposition of films from a d-c glow discharge. The 
scarcity of work in this area has been at t r ibuted to 
poor reproducibil i ty of film composition and contami-  
nat ion of the film due to sputter ing effects (1, 4). How- 
ever, the present study shows that good quali ty t in 
oxide films can be produced on the cathode in a d-c 
discharge and that  the sput ter ing action of the dis- 
charge can be controlled. Moreover, the d-c technique 
is simple in practice and readily allows the uniform 
deposition of th in  films over large areas. An additional 
benefit is gained in  the deposition of films on glass 
substrates since the glass surface will be either ion- 
depleted (13, 14) or proton-exchanged (15) during the 
deposition. In  either case, the removal of alkali ions 
from the glass surface allows high qual i ty films to be 
deposited (14). 

Experimental Procedure 
The apparatus used in the present  study is depicted 

schematically in Fig. 1. The major  components of the 
system were a vacuum bell jar, a mechanical  vacuum 
pump, and a high voltage d-c power supply (5 kV, 5A). 
A heating plate was located in the center of the bell  j a r  
on a thin-walled,  fused silica pedestal. Power  for the 
heater  was provided by coupling through an isolation 
t ransformer  to a variable  auto-transformer.  

For glass substrates, the bottom was first painted 
with a conductive coating such as Ag or graphite so 
that at elevated temperatures  the current  passed 
through the glass. The substrate to be coated was then 
placed on the heating plate with the negative lead 
(0.005 in. Pt  wire) from the power supply in electrical 
contact with the bottom of the substrate. That par t  of 
the negative lead not under  the substrate was elec- 
tr ically shielded with a fused silica tube. 

The anode was a metal  sheet (usual ly Pt)  placed 
~2  cm above the substrate. The ceramic spacers that 
held the anode were several cm to either side of the 
substrate so tha t  they were outside of most of the 
glow discharge region. A l imit ing resistor (105 ohm, 
100W) was used to stabilize the discharge. The current  

Key words:  glass, semiconductor, ion-depletion. 

was monitored by measur ing the voltage drop across a 
103 ohm resistor. 

The system was evacuated to a pressure of ~5  mTorr  
with the substrate hot (200~176 before any gases 
or vapors were admitted. The procedure for admit t ing 
vapors such as te t ramethyl t in  (Sn(CH3)4) was to 
freeze a vial of Sn(CH3)4 in l iquid ni t rogen while 
pumping on it. Once a pressure of ,-,5 r e t o r t  was at- 
tained, the sample was warmed unt i l  the desired vapor 
pressure was achieved. The appropriate gases or 
vapors were sequential ly  bled into the system, and the 
pressure during each admission was monitored with a 
thermocouple vacuum gauge. Since the thermocouple 
gauge was calibrated for air, a McLeod vacuum gauge 
was used to measure the pressure after each admission. 
The total pressure was in the range of 0.5-2.0 Tor t  for 
most of the film depositions. 

The mi n i mum voltage for deposition of uniform films 
was determined by adjust ing the applied voltage so 
that the negative glow of the discharge covered the 
entire cathode substrate. This is the beginning of the 
regime for the abnormal  fall of potential  near  the 
cathode (16). Operating at this voltage assures a un i -  
form deposition while minimizing sputter ing effects. 
Increasing the voltage beyond this value will  increase 
the deposition rate, but  eventual ly  sput ter ing effects 
will decrease the rate and may even prevent  film dep- 
osition. Normally, a constant  current  density was ma in -  
tained dur ing the film deposition. The applied voltage 
had to be increased dur ing the deposition when  a glass 
substrate was used. (As the depleted region in the 
glass increased in thickness, the resistance increased.) 

I THERMOCOUPLE 
VACUUM 6AUGE 

VACUUM 

CERAMIC ~ + Ro(IO 3 ,0,) 
SPACERS ~ ~ ANODE , /  I ":- ~RL(IO TM) 
HEATER ~'-. . .~'T] ~ ~ 1  I _T_. 

~ --lJ I '% , ~ ] - . . - - . - - - ]  T vo 

SO.AT,O. ;'-;- ;-----: . . . . . . .  
TRANSFORMER I I ~SHIELDED 

tf '1  I I  I cAT"~ LEAD 
~ M. CLEOD 

3GAS  I I  I I  L VACUU,--  
BLEED GAUGE 
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Fig. ]. Schematic diagram of the apparatus used for film deposi- 
tion from o d-c glow discharge. 
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The films could be deposited in  pat terns by using 
ei ther  insulat ing or conducting masks. Insulat ing masks 
per turbed the field dis t r ibut ion in  the discharge a n d  
generated borders that were not sharp, i.e., the film 
thickness increased gradual ly  up to a distance of a few 
mm from the edge of the mask. Conducting m~sks did 
not affect the field distribution, and the film edges 
were sharp to wi th in  a few microns. When glass sub-  
strates were used, Na was removed from the glass sur-  
face beneath both the depositing film and the conduct-  
ing mask. 

Since the edges of the cathode substrates were high 
field regions, the film thickness varied near  the edges. 
Uniform deposition over the entire substrate was 
achieved by placing another  cathode mater ial  a round 
the edges of the substrate. This effectively moved the 
high field regions of the cathode out beyond the edges 
of the substrate. For  un i form deposition, the total 
pressure was main ta ined  at < 1 Torr  since the dis- 
charge tended to localize at higher pressures. 

The thickness of various films was measured with a 
stylus profilometer (Bendix Linear  Pilotor, Type 
RLC). The surface resistivity was measured with an 
RCA VoltOhmyst or a Keithley Electrometer (Model 
610C) after pa int ing paral lel  stripes on the surface of 
the film with a i r -dry ing  Ag paint.  The transmission of 
visible l ight was measured with a Cary spectropho- 
tometer (Model 14R). 

Results and Discussion 
Tin oxide films were deposited on soda-l ime-sil icate 

glass 1 substrates using d-c glow discharges in vapors of 
Sn(CI-Ia)4 and oxygen, and in vapors of SnC14 and O~. 
The inclusion af the glass substrate in  the electrical 
circuit caused the glass surface to be either ion-de-  
pleted (13, 14) (for a discharge in SnC14 and 02) or 
proton-exchanged (15) (for a discharge in  Sn(CHs)4 
and 02) during the film deposition. The Na ions were 
typical ly removed from the glass surface to a depth of 
,-,2000A. The removal  of Na ions from the glass surface 
dur ing the deposition gave rise to sodium-free films 
with excellent  optical and electrical properties. More- 
over, the Na-depleted region is l i t t le affected by ther-  
mal  t rea tment  below the t ransformat ion tempera ture  
of the glass (,~510~ so the films should remain  Na 
free during any subsequent  thermal  processing below 
this temperature.  (The thermal  stabil i ty of the ion- 
depleted region is due to the removal  of the nonbr idg-  
ing oxygen ions (13) during the film deposition.) 

Figure 2 shows how the volume resist ivity of films 
deposited in a discharge of Sn(CHs)4 and 02 depended 
on the composition of the atmosphere. The current  
density and t rea tment  time were held constant, and 
the thickness of the films increased as the ratio of 
Sn(CHs)4 to 02 was increased (from 350A at a ratio of 
0.10 to 1250A at a ratio of 0.23). W h e n - t h e  ratio of 
Sn(CI-h)4 to 02 was small  ( < 0.10), the films were 
fairly resistive (p > 10 -2 ohm-cm).  When the ratio of 
Sn(CHs)4 to 02 was large (~-0.23), the films were 
also resistive and acquired a yellowish coloration and 
became less scratch-resistant.  The coloration is prob-  
ably due to an oxygen defic'iency in  the films; only ,,0.2 
atomic per cent (a/o) of C was found in  these colored 
films. When the opt imum ratio was selected, films with 
resistivities of ,-~3 X 10 -8 ohm-cm were obtained; 
these films had a surface resistivity of ,,~400 ohm/C] 
(,,-750A thick) and an average light t ransmission as 
compared to uncoated glass of ,~87% (over the wave-  
length range of 3500-6500A). Approximate ly  0.5 a/o of 
C was present in the most conductive films. 

These films were relat ively insensit ive to thermal  
cycling and exhibited only 10-20% reduct ion in con- 
duct ivi ty after baking for 24 hr at 400~ in air. (Bak- 
ing for 1 hr at 550~ caused a decrease of 50%.) If the 
conduction were due only to donor states arising from 

x Approximate  composition by  weight  per  cent (w/o) :  73 w /o  
SiO~; 13.5 w / o  Na~O; 9 w lo  CaO; 4 w /o  MgO; 0.2 w / o  AI=O~. 
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Fig. 2. Volume resistivity of tin oxide films as a function of the 
ratio of Sn(CH3)4 to 02 in the discharge atmosphere. 

oxygen vacancies, the resistivity should have increased 
by more than an order of magni tude  (17,18). One 
possibility is that donor levels are created by the pres-  
ence of OH groups in the t in  oxide structure. The glow 
discharge is expected to produce OH groups because 
of the large n u m b e r  of hydrogen atoms per Sn(CH3)4 
molecule and the large per cent of 02 in  the ini t ial  
discharge atmosphere (,-~88% 02). 

Figure 3 shows how the film thickness and the sur-  
face resistivity varied with t ime for a discharge in 
Sn(CH3)4 and 02. The deposition rate was ,-,1200 
A/ ra in  for the first 15 sec and slowed to ~225 A / m i n  
after 1 rain. The average volume resistivity decreased 
from ,~4 X 10 -2 ohm-cm at 15 sec to ,~10 -2 ohm-cm at 
4 min. The composition or stoichiometry of the film 
varied with thickness since the percentage of Sn in the 
discharge atmosphere decreased with time. 

Figure 4 shows how the surface resistivity of films 
formed from a discharge in Sn(CHs)4 and 02 varied 
with current  density. For low current  densities, the 
deposition rate increased as the current  density in -  
creased. As the current  density (or cathode fall po- 
tential)  became larger, the deposition rate decreased 
due to the influence of sputtering. At large current  
densities ( > 1.0 mA/cm2),  film deposition did not 
occur and the glass surface was slowly sputter  etched. 

Tin oxide films were deposited on glass substrates at 
temperatures  as low as 200~ using a d-c glow dis- 
charge in Sn(CHs)4 and 02. These films can be de- 
posited at temperatures  much lower than with chemi- 
cal vapor deposition (CVD) ( ~> 375~ (17) because 
the discharge dissociates the molecules and drives the 
positive ions to the substrate with appreciable kinetic 
energies (~10-100 eV depending on the deposition pa-  
rameters) .  Thus, the positive ions arr iving at the sub-  
strafe are on the order of 108 times "hotter" than  the 
substrate. 

The average light t ransmission and volume resist iv- 
ity of the best films deposited at 250~ were c o r n -  
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Fig. 4. Surface resistivity of tin oxide films as a function of cur- 
rent density. 

pa rab le  to those deposi ted at 400~ However ,  the  films 
deposi ted at lower  t empera tu res  appeared  to be s l ight ly  
less scra tch-res is tant .  

As the deposi t ion t e m p e r a t u r e  was reduced,  the  
highest  conduct ivi ty  films were  p roduced  at  decreas-  
ing rat ios of Sn(CH3)4 to 02. For  example,  at  a deposi-  
t ion t empera tu re  of 400~ the rat io  was ~0.13 (Fig. 2), 
whi le  at  250~ the rat io  was ~0.04. A la rger  ra t io  was 
p robab ly  necessary at  h igher  t empera tu res  to com- 
pensate  for the  the rmal  decomposi t ion of some of t h e  
Sn(CI-I~)~ in the vic ini ty  of the  hea te r  coils. 

By admit t ing  SbC15 to an a tmosphere  of Sn(CH3)4 
and O2, films wi th  volume resis t ivi t ies  as low as 1.7 

• 10-3 ohm-cm were  produced.  The var ia t ion  of 
volume res is t iv i ty  wi th  va ry ing  amounts  of SbC15 in 
the  a tmosphere  is shown in Fig. 5. Mass spec t romet ry  
(solids) showed that  the  most  conduct ive film con- 
ta ined ,~0.33 a /o  of C1 and less than  0.06 a /o  of Sb. The 
average l ight  t ransmiss ion for  this  film was ,,,90%. 

SnO2 films were  also made f rom glow discharges in 
SnC14 and 02. For  deposit ions at 400~ a current  den-  
s i ty  of ~0.2-0.5 m A / c m  '2 was appl ied  for  2 min. The 
rat io  of SnCI4 to 02 was typ ica l ly  0.3-0.5 (Ptotal ~'~ 0.8 
Torr)  and was not  as cri t ical  as in the case of Sn(CI-Is)4 
and O~ (Fig. 2). 

The most  conduct ive films made f rom a discharge in 
SnCIr and 02 had  a res is t iv i ty  of ,-4.5 • 10-3 ohm-cm.  
These films only showed a 20-40% increase in r e -  
s is t ivi ty  af ter  baking for 24 hr  at 400~ in air. (Baking 
for 1 hr  at 550~ caused a 70% increase.)  The doping 
must  be caused main ly  by  subst i tu t ional  incorpora t ion  
of chlorine (18, 19) since mass spec t romet ry  (solids) 
showed that  the films contained ,~1 a /o  of C1. How-  
ever  films that  a r e  ha logen-doped  dur ing spray  dep-  
osition do not  usua l ly  show the s tabi l i ty  to the rmal  
cycling in air  that  the  d i scharge-produced  films do. 
For  example,  films formed by  spraying  solutions of 
s tannic bromide  on hot fused silica showed an order  of 
magni tude  increase in res is t iv i ty  af ter  baking  in a i r  
for 24 hr  at 400~ (20). F i lms  made  by  spraying  s tan-  
nic chlor ide solutions on hot  glass show s imi lar  the rmal  
degradat ion  in air. The films produced b y  a d-c  glow 
discharge m a y  be more dense than  those produced  by  
spraying,  and thus halogen diffusion may  be reduced 
in the  d i scharge-produced  films. 

Elect ron diffraction by  reflection has shown tha t  dis-  
cha rge-produced  films have a c rys ta l l i te  g ra in  size less 
than 100A for deposi t ion t empera tu res  be low ,~400~ 
The gra in  size was s l ight ly  l a rge r  in films produced 
from discharges in SnC14 and 02 than  those f rom 
Sn (CH8)4 and O2 for the same deposi t ion tempera ture .  

In  conclusion, the presen t  s tudy  shows tha t  a d - c  

glow discharge in the  appropr ia t e  a tmosphere  can be 

= I I 1 I I 
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Fig. 5. Volume resistivity of doped tin oxide films as a function 
of the ratio of SbCI5 to Sn(CH~)4 in the discharge atmosphere. 
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used to deposit good quality, t in  oxide films on the sur-  
face of a soda-l ime-si l icate glass. 

Acknowledgments 
The author thanks  P. J. Zanzucchi for making the 

optical t ransmission measurements  and E. M. Botnick 
for providing the mass spectrometry (solids) data. 

Manuscript  received Feb. 6, 1975; revised m a n u -  
script received June  12, 1975. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the June  1976 JOURNAL. 
All  discussions for the June  1976 Discussion Section 
should be submit ted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by RCA Laboratories. 

REFERENCES 
1. A. M. Mearns, Thin Solid Films, 3, 201 (1969). 
2. J. Goodman, J. Polymer Sci., 44, 551 (1960). 
3. F. J. Vastola and J. P. Wightman,  J. Appl. Chem., 

14, 69 (1964). 
4. L. L. Alt, S. W. Ing, Jr., and J. H. Alexander,  This 

Journal, l l0 ,  465 (1963). 

TIN OXIDE FILMS 1337 

5. R. J. Joyce, H. F. Sterling, and J. H. Alexander,  
Thin Solid Films, 1, 481 (1967/1968). 

6. R. C. G. Swann. R. R. Mehta, and T. P. Cange, This 
Journal, 114, 713 (1967). 

7. H. Katto and Y. Koga, ibid., 118, 1619 (1971). 
8. H. F. Sterling, J. H. Alexander,  and R. J. Joyce, 

Le Vide, p. 80 (1966). 
9. H. F. Ster l ing and R. C. G. Swann, U. S. Pat. 

3,655,438 (1972). 
10. J. Goodman, U. S. Pat. 3,239,368 (1966). 
11. H. Pagnia, Phys. Status Solidi, 1, 90 (1961). 
12. B. G. Carbajal  III, Trans. Met. Soc. AIME, 236, 364 

(1966). 
13. D. E. Carlson, J. Am. Ceram. Soc., 57, 291 (1974). 
14. D. E. Carlson, K. W. Hang, and G. F. Stockdale, 

ibid., 57,295 (1974). 
15. D. E. Carlson, ibid., 57, 461 (1974). 
16. F. M. Penning,  "Electrical Discharges in Gases," 

The Macmil lan Co., New.York (1957). 
17. J. Kane, H. P. Schweizer, and W. Kern,  Paper  15 

RNP presented at Electrochemical Society Meet- 
ing, San Francisco, California, May 12-17, 1974. 

18. C. A. Vincent, This Journal, 119, 515 (1972). 
19. J. A. Aboaf and u C. Marcotte, ibid., 120, 701 

(1973). 
20. H. Kim and H. Lait inen,  presented at 76th Annua l  

Meeting of the American  Ceramic Society, 1974; 
Am. Ceram. Soc. Bulletin, 53, 342 (1974). 

Microstructural and Electrical Properties of 
Thin PtSi Films and Their Relationships to 

Deposition Parameters 
R. M. Anderson and T. M. Reith 

IBM System Products Division, East Fishkill Facility, HopewelI Junction, New York 12533 

ABSTRACT 

'The int imate relationships among the microstructure,  electrical character-  
istics, and deposition parameters  of thin PtSi films deposited on (001), {011}, 
and (111) Si wafers are discussed. PtSi morphology and crystal l ini ty fall into 
several distinct categories, according to substrate surface preparation, deposi- 
tion conditions, heat- t reatment ,  and electrical performance. In situ sputter  
cleaning before PtSi  deposition and formation gives bet ter  films. Also, the 
microstructure and sheet resistance of PtSi are s trongly affected when  depo- 
sition and formation are followed by hea t - t rea tment  at temperatures  from 
400 o t o  950~ 

PtSi films have recent ly been the subject of much 
invest igat ion because of their usefulness in  forming 
near- ideal  ohmic and Schottky contacts to both n-  and 
p- type  Si (1, 2). The crystal lography and morphology 
of PtSi films have received considerable at tent ion (3- 
8), as have the kinetics of their formation (9-12). This 
paper discusses the int imate  interrelat ions of the mi-  
crostructure of thin PtSi  films, their electrical prop- 
erties, and their  dependence on deposition conditions. 

Experimental 
Preparation of samples.--In the present  study we 

have examined both sput ter-  and e-beam-deposi ted 
PtSi  films, al though we have concentrated on the 
former. For  the sputter-deposi ted films, an oil dif-  
fus ion-pumped vacuum sysSem with a Pt  target  30 cm 
in diameter  was used. It had provisions for in situ rf 
sputter  cleaning and d-c sputter ing of Pt. A Pt-coated 
stainless steel substrate holder rest ing on a Cu block 
with an embedded heat ing element  enabled us to heat 
the wafers to 450~ before, during, or after Pt  dep- 
osition (Fig. 1). The in situ sputter  cleaning, when per-  
formed and unless otherwise indicated, was for 2 

Key words:  e lectron microscopy,  plat inum-si l icon,  electrical  m e a -  
s u r e m e n t s .  

rain at an r f ,power  of 100W and an Ar pressure of 10 
mTorr. Figure 2 shows the amounts  of Si and SiO2 re- 
moved as a funct ion of time and rf power. The curves 
were obtained by sputter  etching bare and thermal ly  
oxidized 3.2 cm Si wafers, which were par t ia l ly  masked 
with chromium to create a step in  the surface. The 
step height was subsequent ly  measured by use of a 
Talystep apparatus. 

Extrapolat ion of the appropriate curves indicates 
that, for 2 min  at 100W of rf power, about 75A of SiO2 
and 175A of Si are removed. The Pt  was d-c sputter  
deposited with a 2 kV potential  applied to the target  
and at 40-50 mTorr  of Ar pressure unless otherwise 
noted. Various hea t - t rea tments  were used to form the 
PtSi, either in situ or external ly  in dry, flowing N2. 
After PtSi  formation, any unreacted P t  was removed 
in aqua regia at 60~176 An oil diffusion-pumped 
vacuum system with a 180 ~ four-pocket Cu-hear th  
e-beam source was used for the evaporated PtSi  films. 
The pressure in  the deposition system was 1-5 • 10 -6 
Torr during all evaporations. A spi ra l -wound tungs ten  
wire heater was used to heat the substrates to ,-~300~ 
during deposition. The PtSi was formed external ly  in  
dry N2, and unreacted Pt  was stripped in  aqua regia. 
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some uncer ta in ty  about the total thickness of the PtSi. 
As before, all heat- t reatments  subsequent  to the in situ 
PtSi formation at 450~ were done in dry, flowing N2. 
The result ing microstructures were then  examined by 
transmission electron microscopy (TEM). 

To examine the effects of in situ rf sputter  cleaning, 
bare 10-20 ohm-cm As-doped Si wafers, 3.2 cm in 
diameter, were sputter  etched for 5 min  at t00 and 
500W of rf power. These specimens were analyzed by 
transmission electron microscopy, reflection electron 
diffraction (RED), Iow-angle-Laue,  Berg-Barre t t  sur-  
face topography, and  electron microprobe methods to 
determine whether  any microstructural  changes could 
be induced on the Si surfaces as a result  of the in situ 
sputter cleaning. Also, some of the device structures 
described earlier were sputter  cleaned for 15 rain at rf 
power levels of 100 and 200W and examined by scan- 
ning electron microscopy (SEM) and electron micro- 
probe analysis to determine whether  SiO2 can be back 
sputtered from the areas surrounding the opened con- 
tacts onto the exposed Si in these contacts by the 
sput ter-cleaning operation. All sput ter  cleaning per-  
formed was either r longer durat ion or at higher 
power than  would normal ly  be used and hence repre-  
sented an extreme condition. 

Electrical testing proceduze.--By use of the test 
s tructure shown in Fig. 3, the specific contact resistance 
of the various PtSi-Si  contacts formed was measured. 
Since the only point in common between the current  
and voltage loops is the PtSi-Si  contact, the measured 
voltage drop is that which occurs across the PtSi-Si  in-  
terface, if spreading resistances are neglected. The test 
structures were defined by s tandard photolithographic 
methods. To simulate a typical  "base" contact, boron 
was diffused into 10-20 ohm-cm phosphorus-doped 
<001> Si wafers. After  reoxidation, the measured 
junct ion depth was about 0.5 ~m, and the surface con- 
centrat ion was 2.4 • 1019 atoms/cm 8. To simulate a 
typical "emitter" contact, slightly smaller cuts were 
opened photoli thographically on half the devices 
through the reoxidized SlOe above the "bases" and an 
arsenic diffusion was done. After reoxidation, the junc-  
tion depth was approximately 0.25 ~m, and the surface 
concentrat ion was 1.1 • 1021 atoms/cm 3. To complete 
the structures, contact holes 0.05 mm in diameter  were 
etched to expose the doped Si surfaces. After PtSi  
deposition and formation, 1000Jk of Cr and 10,000A of 

Top view 

a ' - a  

,usL - ~  Base Dif ,, z \ \ 
~ . . / / / /  " \ \ %  

/ / \ \ 

+1 

/ \ 

Side view (a - a) 

Base ~"~'PtSi 

To examine the dependence of PtSi  microstructure 
on the dopant level and species of the Si on which it is 
formed, and the stabili ty of the compound as a func-  
t ion of high hea t - t rea tment  temperature,  500A of Pt  
was sputter  deposited on the entire surface of several 
3.2-cm Si wafers that  had been diffused with either 
boron or arsenic to various dopant concentrations. 
After the wafers were cleaned by rf sputtering, the Pt  
was d-c sputter deposited as described previously. The 
substrates were heated to 450~ dur ing the Pt  deposi- 
t ion to form PtSi in situ. Any unreacted Pt  that  may 
have been present  was removed in hot aqua regia. The 
sheet resistance of films was measured as a function of 
dopant and anneal  by use of an in- l ine  four-point  
probe apparatus. No at tempt was made to convert the 
measurements  into resistivity units, because there was 

~ C r - A g  ~ . . ~  

Emffter D i f f u s i o n j ~ , ,  gas e Diffusion L Emitter " ~  .... u2 

Cr -Ag - - - - ~  

Fig. 3. Electrical test structure 
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Ag were evaporated through a molybdenum mask 0.1 
mm thick to facilitate electrical probing. Unlike A1, 
Cr (13, 14) will  not react with PtSi unt i l  temperatures  
well  above those typical ly encountered in  semicon- 
ductor device processing are reached. This fact was 
confirmed by four-point  probe resist ivi ty measure-  
ments  and particle backscattering analysis. All mea-  
surements  of contact resistance were made with a con- 
s tan t -cur ren t  source and a digital voltmeter.  Finally,  
HC1 was used to stripe the Cr-Ag metall izat ion to ex- 
pose the electrically characterized PtSi  contacts for 
subsequent  TEM analysis. 

Transmission electron microscopy specimen prepara- 
t ion.- -The electrically characterized wafers were 
scribed and broken up into specimens, each containing 
one device, of a size that would fit the specimen 
holder of the JEM 200A electron microscope. After 
appropriate masking, the Si was th inned from the 
backside of the specimen down to the intermetal l ic  
film in a mixture  of HF-HNOa-CI-I~COOH (1:2:3).  
Specimens were th inned  further,  as required, in a 
Commonwealth ion milling machine. 

Results 
Microstructure vs. electrical propert ies . --At  this 

point  it would be well to stop and look at what  "good" 
and "bad" PtSi  microstructures are like. As we have 
learned, the key to "good" and "bad" microstructures 
lies in  the cleanliness of the Si surface before Pt  
deposition. Pt  deposited on a clean Si surface will 
begin to form a satisfactory PtSi  film dur ing deposition 
or subsequent  heat- t reatments ,  even without  substrate 
heating. Unreacted Pt  on Si films are due pr imar i ly  to 
the presence of a contaminat ion layer  between the Pt  
and the Si which prevents  the formation of PtSi, even 
after extensive heat- t reatments .  Quite often, especially 
with th in  (<150A) ini t ial  Pt  depositions, the as-de- 
posited Pt  films are not ful ly coalesced and do not 
become so after subsequent  heat- t reatment .  Selected 
area electron diffraction (SAD) of thin, poor Pt  on Si 
films shows randomly  oriented Pt  diffraction rings 
superimposed on Si reflections. Subsequent  heat - t rea t -  
ment  brings no change; the Pt  has not reacted with 
the St, and the SAD patterns still show Pt rings and 
Si substrate  spots. 

For thicker ini t ial  Pt  depositions on randomly  and 
un in ten t iona l ly  contaminated St, the as-deposited Pt  
films still do not fully coalesce. After hea t - t rea tment  
these films undergo s imultaneous grain growth and 
void enlargement,  producing lacelike Pt  films on St. 
Whenever  the ini t ial  Pt  deposition fails to show a pre-  
ferred or ientat ion to the Si wafer, the microstructure  
observed after hea t - t rea tment  is poor, and no PtSi 
phase forms. Where the contaminat ion film is itself in-  
complete, allowing islands of more or less continuous 
PtSi  to form, the stress evolved as the PtSi  phase 
shrinks dur ing formation dissipates itself through void 
enlargement.  One obvious observed consequence of the 
fai lure to form PtSi  over contaminated Si is that when  
the aqua regia etch for unreacted Pt  is applied, the film 
disappears. Where PtSi  forms in islands, the unreacted 
Pt  over contaminated Si is etched away. Any subse- 
quent  meta l lurgy forms a "capacitor," with the con- 
t aminan t  film as a very leaky "dielectric." Moreover, 
the meta l lurgy  contacts the Si because of the circular 
channel  of bare Si exposed around the islands of PtSi  
(opened up by shr inkage of the PtSi phase).  No elec- 
trical data were taken on the very poor Pt  on Si films 
discussed above, because no PtSi  phase formed. 

The contaminat ion film on the S,i was analyzed by 
x - r ay  microprobe and ESCA methods. It consists 
p r imar i ly  of oxygen (as SiO2) and carbon films, 50- 
100A thick. It builds up in  the perimeters  of contacts. 
ESCA has also shown the presence of a thin SiO2 film 
(<100A thick) on top of freshly prepared PtSi  films. 
Heat- t rea t ing the PtSi  films in  air instead of ni t rogen 
results in  a surface containing less p la t inum and more 
oxygen. The etching in  aqua regia may promote the 

formation and growth of the th in  SiO~ film on the PtSi. 
This phenomenon has been observed by other invest i -  
gators (15). 

When Pt is deposited on clean St, bu t  not  heat-  
treated in situ or later, the electron microscope shows 
a continuous Pt  film with a very  strong <111> pre-  
ferred orientat ion to the Si substrate. As was men-  
tioned earlier, this strong orientat ion is a good indica- 
t ion that  a satisfactory PtSi  film will  form upon heat-  
treatment.  When these films are heated in situ in the 
electron microscope while being recorded in the SAD 
mode on 16-mm motion picture film, it is possible to 
edit frames from the sequence and index the SAD 
patterns. By this method we find that the phases 
formed are Pt + Si --> Pt~Si --> Pt~Si --> PtSi. The com- 
plete reaction occurs in approximately 20 sec at 450~ 
Often one or more rings from the Pt2Si phase remains 
in the PtSi  phase diffraction pat tern  despite prolonged 
heat- t reatment .  

PtSi  films <500A thick, deposited or heat- t reated in 
the range of 400~176 can have several different 
morphologies, each with its own associated crystal-  
lography and, as will  be shown later, concentrat ion of 
dopant in the substrate. For Si substrates that are less 
than atomically clean, or high concentrations of Si 
dopant, we see a continuous, polycrystal l ine PtSi film, 
randomly oriented to the Si and having high-angle  
grain boundaries separating grains that are randomly 
oriented toward each other. Figure 4a is typical of such 
a PtSi film. For very clean Si substrates and intr insic-  
to-moderate Si dopant levels, the PtSi  film is hetero- 
epitaxial to the Si substrate and consists of very small  
nodules of PtSi, having a high degree of orientat ion 
toward each other and separated by discontinuities, or 
voids, 20-150A wide. This impor tant  result  indicates 
that  PtSi, by itself, could not be used as an effective 
diffusion barr ier  to prevent  interact ion between the 
subsequent ly  deposited device interconnect ive metal 
and the substrate. Figure  4b is an example of such a 
film on a <001> Si substrate;  the SAD pa t te rn  in  the 
insert  exhibits anomalous symmetry,  greater  than  two- 
fold. These two morphologies are extremes; many  
morphologies may be observed betwgen these limits. 

The results for microstructure vs. electrical perform- 
ance are summarized in Table I. Here the specimens 
observed are divided into groups as functions of depo- 
sition conditions. The specific contact resistance data 
in the table are the statistical means of the data for 
the specimens in any part icular  group. Any difference 
between the forward and reverse values gives a mea-  
sure of the contact's departure from ohmic behavior. 
When an occasional sample in one of the superior 

Fig. 4. PtSi morphology: extremes. Corresponding diffraction 
patterns are shown in the insets. (a, above left) High-angle grain- 
boundaries; sample is described in Table 1, l (base). (b, above 
right) PtSi nodules; sample is described in Table I, III (base). 
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specimen groups had electrical data more typical of 
one of the contaminated groups, and electron micros- 
copy confirmed the presence of a contaminated or 
anomalous microstructure,  the data for such specimens 
are presented in  a separate statistical subgroup in the 
table. 

For brevity,  codes were adopted. In  the morphology 
section, "high-angle  g.b." refers to the first l imit ing 
case, described above, of a continuous, random, poly-  
crystall ine PtSi  film with high-angle  grain boundaries.  
"Nodules" refers to the second l imit ing case of highly 
oriented, heteroepitaxial,  small, discontinuous nodules 
(lacking grain boundaries)  of PtSi ;  the width of the 
void between modules is specified in  the table. "Poly 
PtSi"refers to a diffraction pa t te rn  of randomly  ori- 
ented PtSi  phase with no preferred orientation. A 
"type A pat tern"  is a s ingle-crystal  PtSi  diffraction 
pa t te rn  consisting of one diffraction zone. 1 A "type B 
pat tern"  is a mixture  of two or more PtSi diffraction 
zones, and a "type C pat tern" is a mixture  of one or 
more diffraction zones with polycrystal l ine PtSi  rings. 
The morphology types are i l lustrated in  Fig. 4a and b. 
For  comparison, Table I includes data from thicker 
sputtered specimens and from films e-beam evaporated 
and subsequent ly  heat- treated.  

Some of the points brought  forth in the table meri t  
detailed discussion. The contact per imeter  effects that 
dist inguish groups I, Ia, Ib, and II  from one another 
and are i l lustrated in Fig. 5a and b are due to different 
degrees of cleanliness in  the contact holes combined 
with the volume contraction, about 500A, associated 

The diffract ion zone of  the pa t t e rn  is a funct ion  of the Si sub- 
s t ra te  orientat ion and will  be identif ied along wi th  the n- fo ld  
anomal ies  of the diffraction pa t te rns  in the Discuss ion section.  

OF THIN P tS i  F ILMS 1341 

with the formation of the PtSi  phase. Even  when the 
contacts are sputter  cleaned in situ before Pt  deposi- 
tion, microanalysis  methods often disclose an increased 
level of chemical etchant  residues wi th in  5000A of the 
SiO2 step-down to the Si a round the per imeter  of the 
contact hole. When this contaminat ion is present, the 
Pt  immediately adjacent  to the SiO2 step fails to react 
with the Si, with the result  that  the aqua regia strip 
leaves a r ing of exposed Si around the contact, as in  
Ia, or a r ing plus scallops, as in Ib. The group I samples 
occur when  the sputter  cleaning effectively el iminates 
the contaminat ing residue. In situ hea t - t rea tment  of 
group II samples in  the electron microscope reveals 
that the Pt  on the walls and the top of the SiO2, having 
no Si to react with, rapidly diffuses down to feed the 
reaction in the contact hole perimeter,  yielding thicker 
PtSi nodules in the perimeter.  This phenomenon  is ob- 
served only for sputtered Pt  samples in  which edge 
coverage of the oxide s tep-down is very good. The 
group II PtSi  films had a somewhat poorer hetero- 
epitaxy than  the group I films, with an apparent ly  
concomitant insensi t ivi ty of the specific contact re-  
sistance to perimeter  effects. 

The formal Discussion section will deal with the 
nodular  plus void morphology we at t r ibute  to pure  
PtSi. We believe that the high-angle  g.b. morphology 
is a manifestat ion of PtSi  formed in  the presence of 
low levels of surface contaminat ion that  prevents  the 
PtSi from becoming heteroepitaxial  to the Si. For  
PtSi films more than  300-400A thick, we often see 
remnants  of the Pt2Si diffraction pa t te rn  mixed with 
diffraction pat terns of types A, B, and C. In situ heat-  
t rea tment  in the electron microscope has shown that  
when the substrate conditions are appropriate for the 

Fig. 5. Anomalies in morphology of PtSi. (a, top left) Buildup of thicker grains of PtSi in perimeter of contact. (b, top right) Opened- 
up contact perimeter with scallops. (c, bottom left) Remnants of nodule layer beneath recrystallized PtxSiy. (d, bottom right) Porous Pt 
with diffraction pattern showing diffuse Pt rings. 
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formation of h igh-angle  g.b. PtSi, hea t - t rea tment  at a 
tempera ture  of over 500~ for more than  1 or 2 min  
may induce void growth. 

The "effect-of-thickness" samples introduce a new 
morphological type: the two- layer  film. The two dis- 
crete l a y e r s  a r e  detected visual ly in the t ransmission 
and scanning electron microscopes and by their  differ- 
ent chemical etching behavior. Both layers yield Pt  and 
Si spectra in energy and wavelength dispersion studies 
in  the x - ray  microprobe. As is ment ioned in Table I, 
the layer  adjacent  to the Si substrate has a nodular  
morphology that  often compares well  with the group 
II samples. The top layer  has a very slow etch rate 
and has a spongelike morphology consisting of grains 
50-75A in  size in a matr ix  that  is about 50% small 
grains and 50% voids. Electron diffraction pat terns 
from the top layer  are indexed as fcc Pt, but  the Pt  
rings are very broad and diffuse. On this evidence, we 
identify the top layer as porous Pt, an etching residue. 2 

For these samples, the heteroepitaxial  PtSi  nodules 
a r e  diffusion l imited to a max imum thickness of 200- 
500A before, presumably,  stoichiometric deficiencies 
c a u s e  the PtSi  to renucleate in  a randomly  oriented 
polycrystal l ine morphology, as has been observed on 
unetched specimens. Figure  5c depicts a thick sample 
that has been th inned from below; the remnants  of the 
nodules can be seen under  the large renucleated PtxSiy 
(x > y) grains. This PtxSiy is attacked by the aqua 
regia etch to produce porous Pt  (Fig. 5d). The thick- 
ness of Pt~Si~/porous Pt  is maximized, for a given P t  
thickness, by poor contact hole cleaning and/or  higher 
concentrations of B or As dopants in the Si, as is dis- 
cussed later. 

PtSi formed from evaporated Pt  presents a study in 
contrasts. The evaporated Pt  group I samples, which 
a r e  typical of most of the evaporated P t -P tS i  ex- 
amined, compare very favorably with sputtered sam- 
ples of groups Ia and Ib. In  all cases, evaporated Pt  
contacts exhibited deleterious contact per imeter  effects. 
When evaporated P t -P tS i  contacts are made in large 
lots, with no in tent ional  changes in deposition param-  
eters, electrical tests occasionally reveal wafers with 
high specific contact resistances. TEM analysis of these 
wafers reveals the microstructure identified as evapo- 
rated Pt  group II in  Table I. The morphology and crys- 
ta l l ini ty  of evaporated Pt  samples in  group II combine 
the worst features of sputtered group IV and the effect- 
of-thickness samples. Often the perimeter  discontinuity 
expands to the center of the contact, leaving only a 
small region of PtSi. 

The authors believe that  the poor qual i ty  of the 
microstructures in the evaporated P t  samples in  group 
II is directly a t t r ibutable  to contaminat ion of the Si 
contacts. Support  for this belief comes from ESCA and 
SEM/Auger  analysis, which reveals higher levels of 
carbon that presumably  are due to residues of chemical 
cleaning and photoresist left before deposition. Often 
the high contact resistance of evaporated Pt  group II 
samples can be lowered somewhat by additional heat-  
t r ea tment  before the aqua regia etch. Heat - t rea tments  
of up to 2 hr  at 550~ were used. This is additional, in -  
direct evidence of contact contamination;  one can as- 
sume that  hydrocarbons in the contacts are breaking 
down and allowing the Pt  to react with the Si. 

Dopant Co dependence.--During our analysis of PtSi  
th in  films, we noted that the microstructure of the PtSi 
films is sensitive to the dopant species and surface con- 
centrat ion in  the under l$ ing  Si substrate.  As was 
noted in  the section on prepar ing specimens, the 
dopant-Co-dependence PtSi was formed on the seven 
wafers listed in Table II. The Si dopant species and 
the range of dopant concentrat ions were chosen with 
the aim of encompassing all of the Si-dopant  possi- 

A porous  r eac t ion  occurs  w h e n  an i n t e r m e t a l l i c  a l loy,  cons i s t i ng  
of  a nob le  m e t a l  and  a n o n n o h l e  me ta l ,  is  e t ched :  the  n o b l e  m e t a t  
is  l e a c h e d  f r o m  the  a l loy  la t t ice ,  l e a v i n g  t he  nob le  m e t a l  i n  a h i g h l y  
d i s o r d e r e d  state .  The  r e m n a n t  l a t t i ce  w i l l  p roduc e  a d i f f r ac t ion  pa t -  
t e r n  c o n s i s t i n g  of  broad ,  d i f fuse  l ines .  The  porous  m e t a l  p r o d u c t  has  
a s p o n g e l i k e  morpho logY a n d  is no t  a m e n a b l e  to  f u r t h e r  e t ch ing .  

bilities germane to the production of viable contacts. 
The 2.0 • 10 ~5 boron wafer is taken a s  the intrinsic Si 
case. Sheet resistances were measured on the a s -  
d e p o s i t e d  films and after the external  hea t - t rea tments  
as listed in  Table II. The hea t - t rea tments  were per-  
formed after the unreacted Pt  strip, to prevent  any 
unreacted Pt present  from adding to the volume of 
PtSi phase formed during the deposition in situ heat-  
t reatment.  The drop in sheet resistance observed after 
the hea t - t rea tment  at 750 ~ or 850~ is due to the ex- 
pansion of the heteroepitaxial  film via the part ial  con- 
sumption of the thin polycrystal l ine PtSi  (or porous 
Pt)  film overlying the heteroepitaxial  nodules. We 
postulate not that  the sheet resistance is lower be- 
cause of the more perfect microstructure of the PtSi 
films, but  ra ther  that the electrical properties of the 
films are degraded as the increased hea t - t rea tment  
tempera ture  drives the finite amount  of Pt  deeper into 
the Si at the expense of the stoichiometry of the PtSi  
films. The films heat- t reated at 950~ have been com- 
pletely recrystallized. The PtSi  is now completely r an -  
domly oriented polycrystalline, with high-angle grain 
boundaries  and no voids. Paral le l ing Sinha's findings 
(8), the polycrystal l ine PtSi  film is covered with dis- 
continuous clusters of agglomerated large grains of 
PtSi protruding from the smooth film. Note in  Table 
II that  the complete absence of stoichiometric hetero- 
epitaxial PtSi  in the 950~ samples is invar iab ly  ac- 
companied by  an increase in  sheet resistance. 

Space does not permit  us to include representat ive 
micrographs and diffraction pat terns for all of the com- 
binations of Si dopants and heat - t rea tments  reported 
in Table II. Let us start  with the intr insic (2.0 • 1015B) 
Si sample. The as-deposited, two- layer  PtSi  film has a 
complete nodule layer over the Si and an incomplete 
poly PtSi /porous Pt  film over the nodules. After heat-  
t rea tment  at 750~ there is much less poly PtSi /porous  
Pt  in evidence; after hea t - t rea tment  at 850~ there 
is none at all in discrete areas on the intr insic Si. The 
morphology of  the film after the hea t - t rea tment  at 
950~ consists of protruding large PtSi  grains on r an -  
domly oriented continuous PtSi  film. 

The most obvious effect of increasing the Si dopant 
in  the substrate is to improve the coverage of the as- 
deposited samples by  poly PtSi /porous  Pt. The As 
1.0 • l0 s6 sample was covered about as well as the 
intrinsic Si sample, about 50%. On the other hand, 
the As 1.0 • 10 .20 and the B 4.0 • l0 ss as-deposited 
samples were 70-90% covered over the heteroepitaxial  
nodules. At higher dopant levels of either species in 
Si, the nodules were completely covered with poly 
PtSi /porous Pt. The microstructural  effects o f  heat-  
t rea tment  of all the as-deposited films parallel  the 
sequence described for intr insic Si: at 750 ~ or 850~ 
the poly P tSi /porous Pt  loses its identi ty as a discrete 
film, and at 950~ it recrystallizes. The only exception 
to the general  t rend was that the As 1.0 • 10 '21 sample 
heat- t reated at 850~ was par t ly  recrystallized. 

Effect of in situ sputter cleaning on the silicon su~'- 
face.--We have stressed the importance of contact hole 

Table II. Sheet resistance (ohm/sq) of PtSi as a function of dopant 
concentration and heat-treatment. All heat-treatments lasted 1 hr 

D o p a n t  c o n c e n t r a t i o n  (era -3) 
Hea t - t r e a t -  

D o p a n t  merit ,  ~ 2 • 1015. 5 x 10 TM 4 x 10 ~9 

Boron  

Ar sen i c  

As depos i t ed  13.50 0.721 0.697 
750 9.36 0.493 0.694 
850 6.50 0.546 0.659 
950 6.86 0.497 0.689 

1 • IO 19 1 x IO ~ 1 X I 0  zi 

AS depos i t ed  12.74 5.14 4.51 
750 7.67 4.41 4.20 
850 6.90 4.37 4.36 
950 7.74 5.54 5,47 

* T a k e n  as the  intr ins ic  case,  
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cleanliness on the microstructure of the subsequent ly  
deposited PtSi film. We have shown that  in situ sput-  
ter  cleaning before Pt  deposition produces improved 
PtSi films and minimizes or el iminates contact per im- 
eter effects. In  this section we deal with the side effects 
of in situ sputter  cleaning. Specifically, are the SiO2 
sur rounding  the contacts, and Pt from the nearby  Pt 
fixtures, being backsputtered into the contacts during 
the cleaning? 

TEM analysis of the 100W and 500W sputtered wafers 
showed contrast effects on the Si that  were found to be 
associated with a rough surface morphology, very 
small  dislocation loops, or the nucleat ion of a foreign 
mater ial  on the Si surface. Electron diffraction pat-  
terns showed single-crystal  Si reflections, polycrystal-  
l ine Si rings, and a ring pat tern  indexed as Pt. 

A part  of each sample was analyzed by reflection 
electron diffraction analysis (RED), comparing the 
center of the wafer with observations out to the edge. 
RED showed polycrystal l ine Si rings, Pt  rings, and 
one r ing identified as PtSi  on the sample that had not 
been heat- treated.  The only Si s ingle-crystal  reflections 
seen were very weak; this indicates that the thickness 
of the polycrystal l ine Si is near ly  as great as the depth 
to which the electron beam from the RED apparatus 
penetrates  into the substrate, about  300A. T~e Pt  re-  
flections were broadened;  this, in  turn,  indicates that 
the Pt  is very thin. Both the polycrystal l ine Si and the 
Pt  were more intense near  the edges of the wafers 
than  at the centers. Neither the thin polycrystal l ine Si 
nor the Pt  showed in a low-angle  Laue x - r ay  photo- 
graph. A Berg-Barre t t  surface topograph revealed no 
surface damage, wi th in  the l imit  of resolut ion of this 
method. 

In  view of the diffraction results, the samples were 
given a hea t - t rea tment  designed to clear up the am- 
biguity in the TEM observations of the surface. A 
hea t - t rea tment  would cause nucleated Pt  to form PtSi  
with a resolvable size and /o r  any  Si defects, such as 
dislocation loops, to grow to analyzable dimensions. 
After  a heating cycle that peaked at 750~ after 30 
min, TEM revealed isolated islands of PtSi with a 
strong PtSi <110> orientat ion relationship normal  to 
the Si. No polycrystal l ine Si was detected. 

For corroboration, the 500W sample was analyzed in 
the x - r ay  microprobe for Pt  as a step funct ion of dis- 
tance from the center of the wafer to its edge. Pt  was 
detected from the center out to the edge; its concen- 
t ra t ion was lowest at the center and peaked approxi-  
mately  5 mm from the edge. The total counts at each 
step were low, indicat ing a very thin layer. 

By use of the ESCA and Auger /SEM methods and 
the x - ray  microprobe, we searched for backsputtered 
SiO2 in  the contact windows that  had been  sputter  
cleaned in situ. All three analyses confirmed that oxy- 
gen and /or  SiO2 were present, along with carbon, in 
the contact holes. However, the amount  of contamina-  
t ion was very close to the above method's detectabili ty 
limits and to the amount  of S iOJca rbon  present  on 
control samples that  had not been sputter  etched; 
hence the few monolayers of contaminat ion that  we 
see may well be nat ive  oxide films grown on the Si 
after sputter  etching and art ifactual carbon contamina-  
t ion induced in  the analyzing ins t rumentat ion.  

Apparently,  then, the effect of rf sputter  cleaning the 
Si wafer, if we neglect SlOe and carbon contamination, 
is to introduce a th in  layer  of polycrystal l ine Si on the 
surface (which is probably caused by backscattering or 
reflection of sput ter-etched ~ Si fall ing back on the sur-  
face) and to backscatter some Pt from the Pt-coated 
sput ter-etching cathode and the nearby  Pt d-c sput ter-  
deposition cathode. When the samples were heat-  
treated, the Pt  reacted preferentially,  with the poly- 
crystal l ine Si consuming it in  the format ion of PtSi. 
No dislocation loops or other l ine defects were ob- 
served in the Si. Although twins and other remnants  
of the existence of the polycrystal l ine Si layer  could 

be expected in  the heat- t reated samples, none was ob- 
served. 

The presence of backscattered Pt  on the Si is de- 
sirable (16). The amount  and dis tr ibut ion of it can 
be controlled by manipula t ion  of the sput ter ing con- 
ditions. 

The formation of a polycrystal l ine Si layer  is prob-  
ably not harmful.  In  fact, it may speed the formation 
of the PtSi phase. 

Excessive sputter  etching may produce an amor-  
phous Si layer on top of the polycrystal l ine Si; how- 
ever, we found no evidence of such a layer. 

Discussion 
PtSi difIraction anomalies.--The anomalous greater 

than twofold symmetry  observed in diffraction pat-  
terns taken of orthorhombic PtSi was explained in 
earlier works (11-13). There we identified the epitaxial 
relationship of PtSi  on {100} Si to be PtSi  (1]-0) paral -  
lel to Si (001) and PtSi  [001] paral lel  to Si [110]. The 
fourfold symmetry  arises from double positioning of 
PtSi [001]'s on the two cubic <110> of the surface in 
neighboring PtSi  nuclei. 

In  an illustration, we see that  the PtSi  on the {100} 
Si diffraction pa t te rn  in Fig. 6a exactly matches the 
computer plot in Fig. 6b. The computer plot was made 
by first drawing a PtSi  [1~0] zone (asterisks) and then 

Fig. 6. Comparison of {100} diffraction pattern and computer 
plot for PtSi on {001} Si. (a) Diffraction pattern. (b) Computer 
plot, containing two PtSi [110] zones plotted with a 90 ~ mutual 
rGtation. 
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redrawing the same [11"0] zone (squares) after  a 90 ~ 
rotat ion about the common zone normals. The same 
explanat ion applies to the anomalous threefold diffrac- 
t ion pat terns observed for PtSi  on {111} Si wafers. In  
this case the PtSi  (010) is parallel  to the Si (111), and 
the PtSi  [010] is t r ip ly  positioned on three equivalent  
<224> of the St. I n  Fig. 7 a diffraction pa t te rn  and a 
computer plot are compared as before except that  the 
computer plots the PtSi  [010] zone twice after two 60 ~ 
rotations. The nonmatching reflections plotted by the 
computer  are s t ructure-factor- forbidden PtSi  reflec- 
tions that are present  in  the [010] zone. Figure 7a also 
contains oriented P%Si reflections. 

For completeness, we have also investigated the epi- 
taxial  relationships of PtSi  formed on {011} Si sub-  
strates. The 150A of PtSi  was formed in situ during 
sputter ing with conditions the same as those which 
produce type A PtSi. The blanket  samples exhibited a 
type A nodule morphology. The diffraction pat terns 
exhibited greater than twofold symmetry,  but  it was 
obvious that  more than  one crystallographic zone was 
present  in  the patterns.  Figure 8a depicts the morphol-  
ogy of PtSi on {011} St, and Fig. 8b shows the corre- 
sponding diffraction pattern.  The heteroepitaxial  rela-  
tionships, obtained from Fig. 8b, are as follows: 

Fig. 7. Comparison of {111} diffraction pattern and computer 
plot far PtSi on {001} Si. (a) Diffraction pattern, which contains a 
Pt2Si reflection that also shows anomalous symmetry. (b) Computer 
plot, containing three PtSi [010] zones plotted with 60 ~ mutual 
rotations. 

PtSi on {011} Si 

Major orientation--double positioning of 

PtSi (133) J l Si (011) 
PtSi  [301] ]] Si [022] 

Coexisting minor  orientations 

(a) PtSi  (120) Si ( o n )  
PtSi [002] Si [022] 

(b) PtSi  ( on )  si  (o11) 
PtSi [Iii] Si [400] 

The samples with PtSi on {011} Si were also used to 
find a solution for another electron diffraction puzzle 
observed on {001} and {iii} St. When a thin type A 
film is observed in SAD mode over a thin wedge of 
Si tilted into perfect zonal orientation, clusters of 
satellite reflections are formed around the Si matrix 
diffraction spots (Fig. 9a). Multiple diffraction effects, 
superlattice formation, and film formation on twinned 
Si surface regions were suggested as mechanisms for 
the satellite spot formation (17). Silicon twins pri- 
marily across (iii) planes; the {011} samples, which 
have two (iii) planes perpendicular to the surface, are 
ideal vehicles to test the twinning argument. 

The assumption of twinning  across the two (111) 
traces in  Fig. 9a accounts for all of the anomalous re-  
flections in  what  appears to be an n/3  relationship to 
the Si reflections. The close-by satellite reflections are 
not accounted for in  this manner ;  they are presumed 
to arise from a combined mul t ip le-d i f f rac t ion- twinning 
mechanism, not yet determined, involving the substrate 
and the heteroepitaxial  film. Analogous satellite ar -  
rangements  for {001} and {111} substrates are seen in  
Fig. 9b and c. 

The one significant conclusion d rawn from the identi-  
fication of the twin  reflections in Fig. 9a is that local 
regions of the Si surface bear twin  relationships to one 
another. Therefore, PtSi  films formed heteroepitaxia]ly 
on one region of Si will bear  a twin  relationship to 
PtSi  formed on a neighboring, twinned  region of St. 
This in tu rn  leads to an al ternat ive a rgument  to ac- 
count for the greater than  twofold symmetries ob- 
served in PtSi diffraction patterns. For example, the 
major  asymmetry  of Fig. 8b, ascribed to double posi- 
t ioning of {133} PtSi  zones, could be equivalent ly  pro- 
duced by forming {133} PtSi  over twinned  regions of 
St. Unfortunately,  the Si planes over which the PtSi 
{133} must  be mirrored are the Si (011) and (001), 
which have  not been observed to be Si twinning  axes. 
A n  at tempt to extend the twinn ing  argument  to ac- 
count for the high symmetry  of PtSi  on {001} and 
{111} Si wafers is also unsuccessful because the as- 
sumption of twinning  over the previously reported 
[111], [123], and [511] Si twinn ing  axes cannot ac- 
count for the anomalous symmetry.  

With the epitaxial relationships established, we can 
explain the observed morphology of thin, clean, epi- 
taxial  PtSi  in  thicknesses from 100 to 500A. For PtSi  
on Si {100} wafers, we would expect an epitaxial PtSi  
film consisting of grains of PtSi abut t ing  with 90 ~ 
grain boundaries.  Contrary to expectation, the mor-  
phology of such a film (Fig. 10a) consists of small  dis- 
connected nodules o f  PtSi with random shapes. This 
morphology probably arises because large misfit en-  
ergies make neighboring PtSi nuclei with 90 ~ rotations 
between PtSi  <001> directions unable  to coalesce 
dur ing film deposition or recrystallization. 

By carefully t i l t ing a PtSi  film on a {100} Si speci- 
men in  the goniometer stage of the electron microscope, 
it was possible to ext inguish the PtSi  reflections and 
leave one Si (400) reflection in a selected-area elec- 
t ron diffraction pattern.  The Si (400) reflection was 
used to produce a high-magnificat ion dark-field micro- 
graph (Fig. 10h) of the area seen in  Fig. 10a. Here the 
internodule  regions are i l luminated.  This establishes 
that the epitaxial PtSi nodules are surrounded by u n -  
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Fig. 8. PtSi on (011}. (a, above left) Nodule morphology. (b, above right) Corresponding diffraction pattern, containing two PtSi [133] 
zones rotated 1800 plus minor orientations. 

Fig. 9. Extra reflections observed when thin PtSi over Si is brought to perfect Si zonal orientation. (a, above left) (011} Si. (b, above 
middle) {001} Si. (c, above right) (111} Si. 

reacted Si channels approximately 20-30A. wide. Ap-  
parent ly  the misfit energy associated with the coales~ 
ence of two PtSi nodules oriented 90 ~ with respect 
to each other overcomes the driving force of the in ter -  
metallic phase formation, leaving, presumably,  very  
highly stressed, unreacted Si between nodules. 

The same explanat ion applies to the identical  epi- 
taxial  PtSi  morphology observed on (111) and (110) 
Si wafers. 

Relationship o5 electrical properties of morphology 
and crystallinity.--Clearly, the best electrical contacts, 
i.e., the lowest in specific contact resistance and the 
closest to ohmic behavior, produce single-crystal  PtSi  
diffraction pat terns consisting of one diffraction zone 
(type A).  Morphologically, such structures consist of 
heteroepitaxial  PtSi nodules 200-500• in diameter  
separated by voids of 10-50A, as shown in Fig. 10a. Not 
surprisingly,  the PtSi  microstructure that yields the 
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Fig. 10. Unreacted Si between PtSi nodules. (a, above left) Bright-field micrograph. (b, above right) Companion dark-field micragraph 
taken by use of o Si (400) reflection. 

best electrical base contacts also gives the best emitters. 
Type A PtSi, therefore, appears to be the best from a 
pragmatic as well as an esthetic point  of view. 

Relationship of microstructure to deposition condi- 
t ions . - -We have found that  the best PtSi  films could 
be formed most consistently by sputter  depositing at 
elevated substrate temperature  (~450~ after in situ 
sputter cleaning. Heat- t rea t ing in situ, but  after rather  
than during the deposition, produced microstructural ly  
and electrically bet ter  contacts than heat- t reat ing ex- 
ternal ly  in a flowing dry N2 furnace, even with the 
furnace I00~ higher in temperature.  Both methods, 
however, are inferior to in si tu heating during dep- 
osition. 

Chemical cleaning plus in situ sputter  cleaning also 
gave consistently bet ter  results than  chemical c leaning 
alone. No direct comparison of in  si tu sput ter-etched 
sputter-deposited PtSi  and in si tu sputter-etched, 
e-beam-evaporated  films was made, but  sputter  de- 
positing should be better, if only because it covers the 
perimeters of the contact holes better. Per imeter  cover- 
age is an extremely important  factor when the PtSi is 
used on l ightly doped n- type  Si to form a rectifying 
(Schottky) contact, in which edge effects play a domi- 
nant  role in  reverse-bias operation. 

Conclusions 
A number  of conclusions can be drawn from this 

study: 
1. A direct relationship has been established between 

the microstructural  and the electrical properties of 
PtSi th in  films. We are now able to predict with cer- 
tainty, by only a microstructural  examination, when 
a PtSi contact will be electrically acceptable. Con- 
versely, we have related unsatisfactory electrical per-  
formance to specific microstructures ,which are in  tu rn  
related to certain deposition conditions; this finding 
makes it possible to adjust microstructures on the pro- 
duction l ine on the basis of electrical data. 

2. A direct relationship has been established between 
PtSi deposition parameters  and microstructural  prop- 
erties (and hence electrical properties).  The best PtSi 

films, microstructural ly  and electrically, are formed by 
sputter  depositing Pt  while continuously forming PtSi  
in situ at approximately 450~ on Si that has been rf 
sputter  cleaned in situ. 

3. Sputter  cleaning forms a th in  layer  of polycrys- 
ta l l ine  Si and deposits a small  amount  of unreacted Pt  
on the surfaces of the Si contacts. Neither effect is 
detr imental ;  in fact, the formation of polycrystal l ine 
Si may aid in the efficient, uni form formation of PtSi. 

4. A PtSi  film more than 200-500A thick has two 
layers. The layer next  to the Si substrate often com- 
pares well to the best s ingle- layer  PtSi. The top layer, 
after etching, has been identified as "porous Pt" and is 
poorer microstructural ly  than the layer  beneath. A 
porous reaction occurs in  intermetal l ic  alloys of a 
noble metal  and a nonnoble metal  when the lat ter  is 
leached from the lattice, leaving the noble metal  in  a 
highly disordered state. 

5. The microstructure and the electrical sheet re-  
sistance of a PtSi th in  film are sensitive to the dopant 
species and surface concentrat ion of the Si on which 
the film Js formed, and to subsequent  hea t - t rea tment  
in the range from 750 ~ to 950~ For a given heat-  
treatment,  the best microstructures are observed on 
the lowest doped St, and the lowest sheet resistances 
on the highest doped St. For films formed on Si with 
any dopant species and surface concentration, sheet 
resistance decreases in the 750~176 range, but  in-  
creases at 950~ because discontinuous clusters of large 
PtSi  grains form and any stoichiometric heteroepitaxia] 
PtSi is completely destroyed. 

Manuscript  submit ted April  24, 1975; revised m a n u -  
script received June  12, 1975. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1976 JOURNAL. 
All discussions for the June  1976 Discussion Section 
should be submit ted by Feb. 1, 1976. 

Publication costs of this article were  partially as- 
sisted by IBM Corporation. 
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An ESCA Study of the Oxide at the 
Si-SiO  Interface 
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Department of Electrical Engineering and Department of Chemistry, 

The University o$ British Columbia, Vancouver, British Columbia, Canada 

ABSTRACT 

Thermal ly  grown oxide films on silicon were investigated using ESCA 
(electron spectrosoopy for chemical analysis) .  Evidence was obtained which 
confirmed previous indications from other techniques that there is a t ransi t ion 
layer  of about 15 or 20A thickness next  to the silicon. In  this layer  the oxide 
changes from SiO close to the silicon to SiO~ in  the rest  of the film. 

The silicon/silicon oxide interface has a part  in  con- 
troll ing the rate of thermal  oxidation of silicon (1). 
Conversely, the atomic a r rangement  at this interface 
(which is important  in  determining several electrical 
properties of MOS systems) is itself affected by the 
variables of the oxidation process (2). The aim of the 
present  work was to see what  informat ion could be 
obtained about the composition of the oxide near  
the interface with ESCA. Using this method, the shift 
of the 2p electron levels in silicon atoms, due to 
changes in  the chemical env i ronment  of silicon atoms 
in oxide of different oxygen content, was observed. 
Confirmation of previous evidence from various tech- 
niques [ including he l ium ion backscattering (3), sec- 
ondary ion spectroscopy (4, 5), and optical reflectance 
(6, 7) ] was obtained showing that  there is a si l icon-rich 
layer  near  the interface. 

Experimental Procedures 
The x - ray  source of the Varian IEE-18 photoelectron 

spectrometer produces hv ~ 1254 eV photons. Ab-  
sorption of a photon raises an electron from the 2p 
level of the silicon. Neglecting any loss of energy in  
escaping from the material ,  the kinetic energy E~ of 
the freed electron would be Ek ~ hv -- Eb where Eb 
is the difference in energy between the vacuum level 
and the 2p level. Electrons thus released will not be 
collected by the detector if the potential  difference 
across the in tervening  vacuum is of appropriate sign 
and slightly greater than E J e  (where e _~ magni tude  
of charge on electron).  For  this condit ion to exist, the 
observable difference in Fermi levels between the two 
electrodes and their  work functions is related by 
(EF d ~_ ~bd) _ (Evs ~_ rs) ___ Ek, where d refers to the 
detector and s to the specimen. Consequently 
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1 Presen t  address :  Garrets  Manufac tu r i ng  Company,  40 Voyager  
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E b - - h v - -  ( r  _ e V  

where V is the applied voltage (sample positive). 
Rather  than estimate the work funct ion difference, 
the energy calibration of the electron spectra was 
accomplished by taking the binding energy of some 
other known  observable level. Either a film of gold 
was deposited on the sample and the higher energy Au 
4f level was taken as 87.5 eV or the 2p l ine of the bu lk  
silicon was used as a reference. The lat ter  can, of 
course, be used only if the oxide is not too thick to 
prevent  the escape of electrons from the substrate. 
Located with respect to the above gold standard, this 
level was found to be 99.5 _ 0.3 eV for the n - type  10 
ohm-cm material  which we used. Different values of 
the energy of the silicon peak were observed for 
different doping densities (e.g., 98.9 • 0.2 eV for de- 
generate p- type silicon and 99.9 ___ 0.2 eV for de- 
generate n - type  silicon). This is expected since the 
work funct ion of the silicon is, of course, changed by 
doping. In  this work we are interested in shifts of the 
level due to silicon atoms in the oxide. To circumvent  
complications due to doping as well as to band-bending,  
all bulk  silicon peaks used as a reference were arbi-  
t rar i ly  taken as having an absolute energy of 98.9 eV. 

The silicon samples were commercial ly polished 
n- type  (111) -oriented 10 ohm-cm material .  They were 
cleaned by immersion in 1:1 H202-t{2SO4, 4: 1:1 t{20- 
HfO2-HC1, and dilute HF and were oxidized in  steam 
or pure oxygen in a quartz furnace tube. 

The thickness of the oxide films was estimated using 
ellipsometry. For very thin films on silicon, thickness 
and refractive index differences cannot readily be dis- 
t inguished using ellipsometry. The thicknesses were 
calculated using 1.458 for the refractive index of the 
oxide at 6328A, which was the value found for thicker 
"dry" oxides. For very th in  films of low oxygen con- 
tent, and also for "wet" oxides, this index will, of 
course, be slightly in error. 

For the ESCA measurements  the oxide was removed 
from the back surface with HF and silver paste was 
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used to mount  pieces of wafer on the gold-plated brass 
specimen holders. 

Since fluorine is a l ikely contaminant  and would 
cause a shift in the peaks, a search was made but  no 
detectable signals were found from any of the fluorine 
orbitals. The pressure in the ESCA system was typi-  
cally 2 • 10 -~ Torr. 

Results and Discussion 
Spectra f rom si l icon w i t h  not too th ick  an oxide con- 

ta ined two peaks, as i l lustrated in Fig. 1. The lower 
energy peak is due to silicon atoms in the substrate. 
The higher energy peak is due to silicon atoms in the 
oxide and, as shown in Fig. 1, the energy of this 
"oxide" peak depends on how the oxide was prepared 
and on its thickness. 

The solid curve in  Fig. 1 was obtained with a speci- 
men from which oxide had been removed with I-IF im-  
mediately before insert ion in the ESCA system. It is 
believed to have had about  5A of oxide giving an un -  
resolved peak at 102 eV. Three features of the ESCA 
spectra will  be discussed. These are (i) the ratio P de- 
fined as the "oxide" peak height divided by the sum of 
the "oxide" and "silicon" peak heights, (ii) the l ine 
width of the "oxide" signal, and (iii) the energy shift 
between the "oxide" and the "substrate" peaks. 

By defining the quant i ty  P in  te rms  of peak height 
ra ther  than  peak area it is possible to avoid the prob- 
lem of deconvolving the rather  closely spaced oxide 
and bulk  silicon peaks. While not the ideal approach, 
this definition allows the general  t rends to be ob- 
served as shown in Fig. 2 where P is plotted as a 
function of oxide thickness for dry and wet oxides. 
The so-called escape depth from any mater ial  was 
taken to be that  depth at which probabi l i ty  of escape 
of an excited electron is 1/e of its value at the surface 
(8). In  silicon (8) this depth was calculated to be 20 
• 5A. An analysis of Fig. 2 indicates that the escape 
depth from the oxide is somewhat greater than  this. 
The figure also shows a significant difference between 
"wet" and "dry" oxides, presumably  due to inclusion 
of HeO or OH in the former. This difference merely  
implies less silicon in a th in  film containing water  
than in  one not containing water  bu t  of equal thickne~.s 
as determined by ell ipsometry assuming the same re-  
fractive index. 

Figure 3 shows spectra of three films: (i) 16A dry 
oxide, (ii) 16A grown in O2 bubbled  through water  
at 95~ and (iii) 29~k grown in steam. All gave the 
same P. Clearly the l ine width is larger when  there is 
more water  in  the oxidation ambient.  The increased 

width, however, is insufficient to account for the extra 
silicon required to provide an oxide of 29A. 

Figure 4 shows the energy of the oxide peak as a 
function of film thickness for films grown in dry oxy- 
gen at different temperatures.  Also shown are data 
for films etched back in buffered HF to the thickness 
show from an init ial  150A (produced at 900~ The 
figure shows data referred to the substrate silicon peak 
and also data referred to the gold level. In  both cases, 
the oxide peak shifts with increasing thickness in  the 
direction which, as shown below, corresponds to a 
change from SiO to SiO2. Because of the l imited escape 
depth of electrons, the ESCA technique samples only 
the outer par t  of the thicker films. However, the etch- 
back data show that  these thicker films have an SiO- 
like layer  near  the silicon, similar in  composition to 
the init ial  thin layers. 

To calibrate the shift of position of the ESCA "oxide" 
peak as a funct ion of composition, measurements  were 
made on powdered fused silicon dioxide and on pow- 
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dered Linde Corporation "silicon monoxide." It  is, of 
course, well  known that  SiO is not a stoichiometrically 
well-defined compound. As a fur ther  complication, our 
ESCA studies showed that  our samples of the Linde 
product  contained a small  amount  of e lemental  sili- 
con. The spectra of SiO2 and "SiO" powders are shown 
in  Fig. 5. The order of l ine positions is reversed from 
that  reported by previous authors (9). However, the 
theory developed later  shows that the order observed 
by us is to be expected. 

One source of error in ESCA measurements  is the 
bu i ld -up  of charge on insulat ing samples. Some tests 
were made to see if charging was occurring. A tech- 
n ique  (10) was used in  which a gold layer  evaporated 
onto both the powder and the support ing metal  block. 
Charging, if it occurs, is indicated by an  asymmetry  of 
the gold line. No charging was observed with the "SiO" 
or with the oxide-coated silicon wafers. About  0.8V 
of charging was observed with the SiO2 powder. The 
difference between the gold-referenced data and the 
si l icon-referenced data in Fig. 4 are believed due to 
band-bend ing  effects ra ther  than to charging. 

A theoretical t rea tment  is now given which allows 
the observed differences in energy and l ine width be-  
tween the ESCA peaks for "SiO" and SiO2 to be ac- 
counted 'for, and which, in fact, allows predictions to 
be made of these quanti t ies for oxide of a rb i t ra ry  com- 
position, SiO~. The theory is based on an analysis of 
the s tructure of the amorphous forms of SiO= due to 
Phil ipp (6). He noted that  the te t rahedral  configura- 
t ion of oxygen around the silicon atoms in  SiO2 is 
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Fig. 4. "Oxide" peak energy as function of oxide film thickness. 
Open symbols, referred to gold peak; solid symbols, referred to 
substrate peak. [ ]  and �9 grown at 600~ A and �9 grown at 
750~ O and �9 grown at 900~ + etched back from films 
greater than 150.& thickness. 
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Fig. 5. ESCA spectra far bulk powders 
$iO. Energies referred to gold peak. 

eV 

Si02 and -v 

mainta ined  in SiOz except that some silicons replace 
oxygen, the average te t rahedron containing not four 
oxygens but  (4 -- y) oxygens and y silicons (with a 
relat ion implied between x and y) .  A ny  given indi-  
vidual te t rahedron must  be one of five kinds (i.e., 
with y ---- 0, 1, 2, 3, or 4). The proportions of each of 
the five kinds are shown in Table I for different values 
of x in SiOx. Considering only neares t -neighbor  in ter -  
action, the chemical shift in  the 2p level of a given 
silicon atom will depend on which of the five types of 
te trahedron it has around it. It  should be understood 
that the observed peaks represent  a superposition of 
contributions from individual  atoms, but  that  these 
contributions produce a single peak; the spectrometer 
does not resolve separate peaks from atoms in  each 
type of te t rahedral  coordination. The greater l ine 
width found in Fig. 5 with SiO as compared to SiO2 
is, for example, explained in that, in the former, all 
5 te t rahedra are present, whereas only one type is 
present  in SiO2. Also, the shift for SiO will  be ex- 
pected to be less than of SiO2, as we observed. 

From the above theory it should be clear that  homo- 
geneous materials  of formula  SiOx can be simulated, 
for the purposes of ESCA, by making heterogeneous 
mixtures  of SiO2 and "SiO" and hence varying the 
relative concentrations of each type of te t rahedron 
so as to produce an averaged peak corresponding to 
that given by any required homogeneous oxide with 
l < x < 2 .  

Figure 6 (a) and 6 (b) shows the energy and width of 
the composite l ine observed with mixtures  of various 
mole fraction x of Linde "SiO. ." These confirm the 
direction of shif t  in peak energy and l ine width seen 
with the separate powders. The lines labeled "theory" 
in Fig. 6 were calculated for hypothetical  SiO= with 
x corresponding to a homogeneous oxide of the same 
over-al l  composition as our mixtures  of "SiO" and SiO2 
The separation between "SiO" and SiO2 was taken as 
1.5 eV and the observed l ine widths for the separate 
powders were used together with the proportions of the 
types of te t rahedra from Table I. 

Agreement  between theory and experiment  in  Fig. 6 
is substant ia l ly  improved if the presence of elemental  
silicon in  the Linde "SiO" is taken into account. Based 
on the height ratio of the two peaks in the "SiO" spec- 
tra of Fig. 5, it can be shown that the t rue values of 
xsio for the mixture  are ~20% lower than  the values 
shown. With this correction, for instance, the mole 
fraction at which equal oxide signal magni tude  are ob- 
ta ined from each component of the mix ture  is seen to 
be x ~0.67 both exper imenta l ly  and theoretically. It 
should be noted that this is greater than the value of 
0.5 that  might have been expected for such a condit ion 
if one assumed the "SiO" structure contained only a 
single tetrahedral  form as is the case with SiO2. 

Oxide-coated wafers with graded oxide composition 
would give a l ine corresponding to some average com- 
position of SiO= where the averaging process would 
involve the escape depth. It  can be inferred, therefore, 
from Fig. 4 that the outer 50A of silicon oxide layers 
on silicon approaches SiO2 in composition only for 
oxide thickness >50A. The cont inuing presence at all 
thicknesses of a th in  (15-20A) t ransi t ion layer at the 
oxide-silicon interface of "average" composition SiO 

Table I. Proportion of 5 possible tetrahedron types in oxides of 
various Si to 0 atom ratios* 

SiOs SiO1.~ SiO SiOo.5 Si 

Si--(OD 1.0000 0.3164 0.0625 0.0039 0.0000 
Si--(SiO~) O.O000 0.4219 0.2500 0.0469 0.0000 
Si--(Si.~Os) 0.0000 0.2109 0.3750 0.2109 0.0000 
Si--(Si~O) 0.0000 0.0469 0.2500 0.4219 0.0000 
Si--(Si4) 0.0000 0.0039 0.0625 0.3164 1.0000 

* H. R. Philipp, J. Phys. Chem. Solids, 3~, 1935 (1971). 
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Fig. 6. Points are observed (a) peak energies and (b) line widths 
for mixtures of SiO and SiO2 powders. Lines are calculated as dis- 
cussed in text. 

would  account for  energy shifts  in the  oxide peaks  ob-  
served for  oxides <50A. 

Conclusions 
ESCA studies of the  2p e lect ron spectra l  l ine of si l i-  

con atoms in t he rma l ly  grown silicon oxides showed 
that  the  width  and energy  of this l ine var ies  wi th  
oxide thickness  and oxidat ion ambient .  For  oxides less 

than 40A in  thickness,  the  width  of the  l ine  increased 
and the b inding energy  decreased with  decreasing film 
thickness and with  increasing wa te r  vapor  content  in 
the oxidizing ambient .  No effect was found of oxidat ion  
t empera tu re  and oxide thickness before  etchback. 
Comparison be tween  the rmal  oxide da ta  and data  ob- 
ta ined  with  mix tures  of "SiO" and SiO2 shows tha t  the 
oxide at  the in terface  of the Si-SiO2 s t ruc ture  has the 
form SiO~ with  x increasing f rom 1 to 2 wi th  increas-  
ing distance from the  sil icon surface up to about  20A. 
The t rans i t ion  region is th icker  for the  s team grown 
oxides but  is of more  uncer ta in  Si :O rat io  because of 
the probable  presence in the oxide of OH or H20. The 
shifts in the  peaks  for oxides of different composi-  
t ions were  discussed using Phi l l ip ' s  model  for  the 
s t ruc ture  of oxides of the  form SiOx. 
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ABSTRACT 

Preparation,  properties, and applications of porous silicon film were in-  
vestigated. Silicon single crystal is converted into porous silicon film by 
anodization in concentrated hydrofluoric acid at currents  below the critical 
current  density. When an n - type  silicon was anodized, the silicon surface was 
i l luminated  to generate holes which were necessary for this anodic reaction. 
The growth rate of the film, from n - type  silicon, was larger than  that  from 
p- type silicon in this exper imental  condition. The crystall ine structure w a s  
the same as that of silicon single crystal. A new isolation technique for bi-  
polar integrated circuits was proposed by making use of the properties of the 
film such that it can be formed several microns thick and oxidized easily to 
form an insulator.  The main  feature of the technique is that it provides a 
means to form thick insulat ing film inlaid through the n - type  epitaxial  layer  
without prolonged heat - t rea tment .  A pre l iminary  experiment  was carried out 
to test the practical usage of the technique. 

With the increasing usage of silicon integrated cir- 
cuits, their  fabrication techniques have developed re-  
markably.  However, m a n y  problems are left for each 
~abrication process. Improvement  of the isolation proc- 
ess for bipolar integrated circuits is one of the most  
impor tant  and difficult problems. The conventional  
diffusion method for isolation has various parasitic 
effects. In  addition, the spreading of the isolation re-  
gion due to sideways diffusion l imits the integrat ion 
density. 

Recently, m a n y  new structures for isolation have 
been proposed. Some of them have been considerably 
successful in avoiding the above ment ioned effects. One 
typical example is the isoplanar technique, in  which 
passive oxide layers are subst i tuted for the usual  dif- 
fused layers. In this part ial  oxidation method, however, 
prolonged hea t - t rea tment  is necessary to form thick 
silicon dioxide films. In  the bipolar integrated circuits, 
the intense hea t - t rea tment  has serious problems. For 
example, when a bur ied  collector exists, the additional 
diffusion of the bur ied impuri t ies  toward the surface 
may affect the breakdown characteristics of the fabr i -  
cated devices. 

The authors have also been invest igat ing the isola- 
t ion technique in silicon integrated circuits and have 
found a new technique (1) called the IPOS technique. 
IPOS is an abbrevia t ion of insulat ion by oxidized po- 
rous silicon. The IPOS technique is roughly divided 
into two processes. The first one is a selective anodiza- 
t ion of a silicon epitaxial  wafer in  hydrofluoric acid. 
The parts of silicon, where isolation layers are to be 
formed, are converted into porous silicon, which seems 
to be the same as the thick anode film reported by 
Turne r  and others (2, 3). The other process is a sub-  
sequent hea t - t rea tment  in oxidizing atmosphere. The 
porous silicon film can easily be oxidized to a thick in-  
sulat ing film because of its porosity and active nature.  
Through these processes, isolated islands of silicon 
single crystal, s imilar  to those of the isoplanar tech- 
nique, can be formed without  long heat - t rea tment .  

There are also two approaches in  applying IPOS to 
the isolation of bipolar integrated circuits, namely  
n - type  method and p- type  method. They are shown in  
Fig. 1. In  the former method, the n - type  epitaxial layer  
is directly converted into porous silicon film under  
i l luminat ion.  In  the la t ter  method, the film is anodized 
after acceptor diffusion is carried out, as in the usual  
diffusion isolation. Since the p- type  silicon is anodized 
at lower forming voltage than n - type  silicon, only 
the diffused p- type  regions are converted without  mask 
and i l luminat ion.  

Key words: silicon, ZC, porous, anodize, isolation. 

This paper describes preparation, properties of the 
porous silicon film, and isolation process of the n - type  
method. 

Experimental 
Preparations and properties of porous silicon films.-- 

Porous silicon films were prepared by anodization of 
the silicon single crystals in  48% concentrated hydro-  
fluoric acid under  constant current  densities. The 
cathode was the plat inum. 

Since positive holes are necessary ~or the reaction to 
occur (2), hole generat ion was induced by xenon lamp 
i l luminat ion  to anodize n - type  silicon. The light in ten-  
sities were 10 ~ 60 m W / c m  ~. P- type  silicon was ano-  
dized without  i l lumination.  

At first the growth rates of the porous silicon films 
were measured with respect to both p- type and n- type  
silicons. Next, measurements  of apparent  specific gravi-  
ties by volumes and weights, observations of film struc-  
ture by scanning electron microscope, and weight 
change measurements  in  an oxidizing atmosphere were 
performed. 

Preparation of samples ]or testing isolation charac- 
teristics.--The structures of the sample is shown in Fig. 
2. N on P silicon epitaxial  wafers were used. The 
thicknesses of the n - type  epitaxial layers and p- type  
substrates were, respectively, 2 ~ 4~ and 200#, and the 

. . . . . . . . . . . . . . . . .  Si3N 4 ~---- P type Si 

I P" type Si I - - P  type Si 

r anodization ~ anodization 

 oorou, , 
oxidation J, oxidation 

t Si 02 

~/ device formation ~ device formation 
dev ice  ~ device 

(o} N type conversion method (b) Ptype conversion method 

Fig. I. Two IPOS processes 
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OXIDIZED 
ALUMINUM POROUS SILICON 

\ SILICON DIOXIDE 

P T Y P E  S I L I C O N  

Fig. 2. Structure of the sample for measuring isolation charac- 
teristics. 

resistivities of the former and the lat ter  were 0.3 ohm- 
cm and 0.3 ~ 30 ohm-cm, respectively. 

For selective formations of porous silicon films to 
make isolated islands, silicon ni t r ide films were used 
as hydrofluoric acid-proof mask patterns. The 1500A 
thick ni t r ide films were deposited on the wafers by  
the vapor phase reaction of silane and ammonium, and 
then were par t ia l ly  removed by the-usual  photolitho- 
graphic etch process. On anodization, the silicon por-  
tions, where the ni t r ide films had been removed, were 
converted into porous silicon films. 

In  order to obtain films of un i form thickness, a lu-  
m i n u m  films were formed on the back of the wafers 
by vacuum evaporat ion to act as equipotential  low re-  
sistivity contact layers. Moreover, acid-proof wax was 
coated over ~he a luminum films to prevent  current  
flow from the films to hydrofluoric acid. 

After anodization, wax, a luminum films, and ni tr ide 
films were removed. The wafers were washed in hot 
phosphoric acid and boiled in  water to improve the film 
properties. Subsequently,  they were heated in a wet 
oxygen atmosphere to convert  the porous silicon films 
into insulators. Heating was done for 30 min  at ll00~ 

The above processes form islands of n - type  epitaxial 
silicon, isolated from each other by the oxidized porous 
silicon and p - n  junctions.  Conventional  silicon planar  
technology may then be applied to fabricate the inte-  
grated circuits. In  this experiment,  a metall ization 
process was followed to make ohmic contact directly to 
the island for testing the isolation properties by the 
n - type  method. 

Electrical characteristics measurements.--To invest i-  
gate the isolation characteristics of the samples, leak-  
age currents  and capacitances were measured. As the 
isolation characteristics in this case are reduced to 
those of the reverse biased mesa diodes, their d-c 
leakage currents  and capacitances were measured. The 
frequency used for measur ing the capacitances was 1 
MHz. All measurements  were made at room tempera-  
ture. 

Results and Discussion 
Porous silicon film preparation and properties.--Fig- 

ure 3 shows the relat ion be tween the growth rates and 
the anodizing current  densities. The growth rates for 
n - type  silicon were larger than  those for p- type sili- 
con for equal current  densities. 

Though the growth rates were not proport ional  to 
the current  densities, the total amount  of dissolved 
silicon was proport ional  to the total electric charge. 
On the other hand, the film thickness increased in pro- 
port ion to the square root of the anodizing time. One 
of these relations is shown in Fig. 4. 

The specific gravi ty of the porous film depends on 
the anodizing condition. Figure 5 shows the relation of 
the specific gravities and the current  densities. In  the 
case of p- type silicon, specific gravities decreased with 
current  densities. For n- type  silicon, however, maxima 
appeared at about 40 mA/cm 2 and they decreased with 
increasing light intensities. 

Pore diameters at the sample surface were smaller  
than 10A for both p- type and n- type  silicon. Those of 
the inner  part  of the film were 10 ,-~ 10,000A. A cross- 
sectional view of porous silicon prepared from n- type  
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silicon with low donor density at small  current  density 
is shown in Fig. 6. In  this case, the pore diameter  was 
about 1~. At the surface of the film, however, the pores 
were very fine. 

It is interest ing that  the crystal s t ructure of the 
porous silicon was the same as that  of the silicon 
single crystal. This fact was confirmed by x - r ay  dif- 
fraction and electron diffraction. The films are prob-  
ably a mixture  of the unreacted original silicon crystal 
and the silicon that  was the product  of the dispropor- 
t ionation reaction of silicon difluoride proposed by 
Turne r  (2). 

The porous silicon is oxidized very rapidly in oxygen 
or steam at elevated temperatures.  This was confirmed 
by infrared absorption spectrum and the weight change 
measurement .  Figure  7 shows the relat ion be tween 
weight change of a wafer in  which the porous silicon 
film was formed during oxidation in  oxygen at 1000~ 

P R O P E R T I E S  OF SILICON 1353 

and the oxidation time. Most of the weight change oc- 
curred in a very short t ime and, thereafter, no re-  
markable  change was found. This implies that  the 
greater part  of silicon in  the film was oxidized wi th in  
a few minutes.  There are two reasons why the oxida- 
t ion velocity is very large. One is the existence of 
many  pores in the film; oxygen and steam can penetrate  
through the pores. The other is the na ture  of the film 
constituents. 

Isolation processes.--Figure 8 shows a comparison of 
the original isolation pa t te rn  wi th  the porous silicon 
pattern. Figure 8 (a) is one of the original mask pat -  
terns. The width of the isolation zone is 6~. Figure 8 (b) 
is the porous silicon pa t te rn  formed using the above 
ment ioned mask pattern.  In  this case, the thickness of 
the film was 6~. It was observed that  sideways spread- 
ing of the anodized zone occurred beyond the original 
zone. The ratio of the spreading width to the thick-  
ness of the porous film was about 7: 10. This ratio was 
the same in other anodizing conditions and it is slightly 
smaller than that of the diffusion isolation. 

A cross-sectional view of the isolation region is 
shown in Fig. 9. In  this picture the nai l - l ike  l ine across 
the n- type  layer  is the isolation region. When  the 
width of the isolation zone is large, the anodic reaction 
seems to proceed more rapidly at the edge of the re-  
gion than at the inner  part,  due to the current  con- 
centrat ion effect. 

Current  densities suitable for forming proper qual i ty  
porous films were 200 ~ 400 m A / c m  2. Proper  qual i ty  
means that  the films could be easily oxidized suffi- 
ciently deep compared with the thickness of the epi- 

Fig. 6. Cross-sectional view of porous silicon film observed by 
SEM (XSO00). Sample was bevelled at an angle of 5 ~ 
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Fig. 8. Isolation pattern. (a) Original mask pattern. Isolation 
width, 6/z. Inside area, 900/~ ~. (b) Porous silicon pattern formed by 
using a pattern (a). Thickness was 6/~. 

Fig. 9. Cross-sectional view of the isolation region bevelled at 
an angle of 5 ~ . 
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taxial  layers and have flat surfaces after the oxidation 
process. 

Below 100 mA/cm ~ it was difficult to obta in  films 
that were converted into a high resistivity insulator. 
This fact is probably in  connection with the specific 
gravities and the pore diameters. On the other hand, 
at current  densities over 500 mA/cm 2 peeling off of the 
oxidized film occurred and a large surface roughness 
was observed. In  particular,  it was marked  at the 
edges of the isolation regions. 

Heat - t rea tment  in a wet oxygen atmosphere at 
1100~ for 30 rain was sufficient to make the porous 
film prepared at the above ment ioned current  densities 
insulating. Under  this condition, silicon dioxide film of 
0.5~ thick was grown on silicon single crystal. On the 
other band, porous silicon films greater than  5~ thick 
were wholly oxidized as was verified by measurements  
of leakage currents. There was still slight unevenness  
at the surface of the oxidized porous silicon. Figure 10 
shows a typical example of the surface observed by 
scanning electron microscopy. The unevenness  was also 
measured by Talystep. It has been confirmed that the 
interconnect ing metall ization and photolithographic 
processes were not affected by this unevenness  because 
their heights were less than 0.5~ and the slopes were 
gradual. When single crystal silicon is oxidized, the 
volume of the oxide is about two times that  of the 
original crystal. In the case of the porous film, the ratio 
of the volume increase is very  small  because of the po- 
rous nature.  

ElectricM characteristics.--A typical current  voltage 
relat ion between two islands is shown in  Fig. 11. The 
apparent  breakdown voltage was about 210V. This 
value was larger than  that of the diffusion isolation 
whose breakdown voltage was about 60V, l imited by 
the epitaxial layer  resistivity. However, if the isola- 
tion process by the IPOS technique were successfully 
carried out, higher breakdown voltage determined by 
the resistivity of the substrate of the wafer  should be 
realized. Accordingly, it is considered that  the break-  
down in this case occurred at the damaged p -n  junct ion 
parts that were adjacent to the oxidized porous sili- 

con. More detailed leakage current  behavior  of the 
same sample is shown in Fig. 12. The current  was 
smaller than 1 • 10-SA at applied voltages below 100V 
and increased gradual ly  with increasing voltage. This 
value is slightly larger  than that  of diffusion isolation. 
Most of the leakage current  was considered to flow at 
the same place where breakdown occurred. Leakage 
of this order does not prevent  practical use of IPOS 
for bipolar integrated circuits. However, in  the iso- 
lat ion of the MOS integrated circuits, smaller  leakage 
currents are desired. It is probable that  fur ther  reduc- 
tion can be achieved by improving the fabricating 
processes. 

Leakage currents  were reduced with the reduction 
of substrate resistivities. For  example, a sample with 
the substrate resistivity of 0.3 ohm-cm showed an order 
of t0-11A at 10V. 

The relat ion between capacitances and bias voltages 
of the sample was measured and the result  is shown in  
Fig. 13. The capacitance was inversely proportional to 
the cube root of the voltage. This is the same relat ion-  
ship as that of the graded p - n  junction.  Figure 14 
shows the capacitances of two different areas. These 

Fig. 11. Current/voltage relation between two islands. Epitaxlal 
layer: 2/~, 0.3 ohm-cm, n-type. Substrate: 200#, 30 ohm-cm, p-type. 
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Fig. 10. Surface of isolation region, observed by SEM 
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substrate. Epitaxlal layer: 2~, 0.3 ohm<m, n-type. Substrate: 200,~, 
5 ohm-cm, p-type. Area of islands: (a) 10,000/~ 2, (b) 3600~ 2. 

values agree exactly with the estimated values from 
the areas of the islands and the substrate  resistivities. 

From these data, the capacitances of the oxidized 
porous silicon layers can be considered negligible. It  
implies that the isolations of small  capacitances can be 
realized using the IPOS technique because the isolation 

capacitances are only due to the p - n  junct ions between 
n- type  epitaxial  layers and p- type  substrates. 

As described above, the n - type  method IPOS tech- 
nique can be advantageously applied to bipolar in te-  
grated circuits isolation. Though the exper imental  re-  
sult  concerned only samples whose epitaxial  layers 
were 2~ thick, the same results have also been obtained 
for those above 4~ thick. 

Conclusion 
A thick porous silicon film re ta ining a flat surface 

was prepared by anodization of silicon single crystal in 
hydrofluoric acid. The silicon surface was i l luminated  
when the n - type  silicon was anodized. The growth rate 
of the film from n- type  silicon was larger  than  that  
from p- type  silicon. Apparent  specific gravi ty  and pore 
diameter of the film on n- type  silicon were affected by 
the current  density and donor density. The crystall ine 
structure of the film was the same as that of silicon 
single crystal. 

The film was oxidized very rapidly in oxidizing at-  
mospheres. A pre l iminary  at tempt was made to apply 
the porous silicon film to bipolar integrated circuits 
isolation. An oxidation step at ll0O~ for 30 min  was 
sufficient to make an insulat ing film 4~ thick. Small 
excess leakage current  was observed in  the sample. 
Capacitance/voltage relat ion was similar to that  of a 
graded p - n  junction, C~V -1/8. 

The IPOS technique may be applicable to fabricating 
not only bipolar integrated circuits, but  also MOS inte-  
grated circuits. Some problems still r emain  to be re- 
solved. For example, a lower leakage current  is de- 
sired for application to MOS devices. 
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ABSTRACT 

The initial charge and its decay characteristics of Teflon FEP thermo- 
electrets have been investigated at different polarizing and storage tempera- 
tures. The decay of the electrets strongly depends on the polarizing tempera- 
ture T u even when they are stored under the same conditions. For low po- 
larizing temperatures, the initial charge is fairly large but it decreases as the 
polarizing temperature increases. After it reaches a minimum value at 
Tp ,-~ I00~ it increases again with Tp. On the other hand, for low Tp the 
residual charge which is measured 60 rain after polarization, is small in spite 
of the fairly large initial charge and it increases with Tp. From these experi- 
mental results, it is concluded that the polarizing temperature plays an essen- 
tial role for charge stability in electrets. Observed temperature dependence 
of the initial charge and its decay characteristics are discussed briefly. 

Recent ly  plast ic  film thermoelec t re t s  have been in-  
ves t igated owing to the  prac t ica l  in teres t  in the  elec-  
t re t  microphone  (1). For  severa l  plast ic  film electrets,  
the  t ime var ia t ion  of the surface charge was s tudied 
as a function of the  s torage t empera tu re  for es t imat ing 
the l i fet ime of e lect re ts  (2). 

Usually,  most  of the values  of surface charge den-  
sities repor ted  in the  l i t e ra tu re  are  order  of 10 -9 
10 -J0 cou lomb/cm 2. In  these electrets  wi th  re la t ive ly  
low charge densities, effects of molding and s t r ipping 
charges also become impor tan t  (3,4). In  these e lect re ts  
charge  reversa l  often takes  place. The effect of s tor-  
age t empe ra tu r e  on the charge reversa l  was inves t i -  
gated for various electret  mater ia l s  (5, 6). P i l la i  et al. 
(3,7) inves t iga ted  the effect of polar iz ing t empera tu re  
on ini t ia l  charge and its decay character is t ics  for po ly -  
v inylchlor ide  and po lyv iny lace ta te  electrets.  The im-  
por tance  of polar iz ing t empera tu re  and electr ic field is 
also poin ted  out in the thermoelec t re t s  of po lyv iny l -  
chlor ide and po lyme thy lme thac ry l a t e  (8).  Recently,  
Pe r lman  and Unger  (9) s tudied the polar iz ing t em-  
pe ra tu re  effect on charge t rapp ing  in Teflon film elec-  
t re ts  wi th  the  use of the  t he rma l ly  s t imula ted  cur ren t  
technique (10). They repor ted  tha t  both  molecular  
motion and the rmal  exci ta t ion are  impor t an t  for charge 
release. Wi th  the use of the  t he rma l ly  s t imula ted  cur -  
rent  technique, Takama tu  and F u k a d a  also s tudied the  
polar iz ing t empe ra tu r e  effect (11, 12). 

For  pract ical  purpose,  however,  i t  is des i rable  to 
produce  electrets  having large  charge  density, and to 
s tudy  forming conditions for good electrets  is useful  
not only for deeper  unders tand ing  of basic mecha-  
nisms of e lec t re t  phenomena  but  also for prac t ica l  a p -  
pl icat ion of electrets.  To get a prac t ica l  film e lec t re t  
wi th  large  homocharge,  severa l  techniques have been 
developed (2, 13, 14). In  the present  paper ,  ini t ia l  
charge and its decay character is t ics  a re  s tudied in t he r -  
moelectre ts  of Teflon FEP  film which are  polar ized  at  
various polar iz ing t empera tu re s  wi th  use of the  tech-  
nique of dielectr ic  inser t  (14). 

Experimental 
The e lec t re t  ma te r i a l  used in  this  invest igat ion is a 

film of Teflon FEP (copolymer  of te t raf luoroethylene  
and hexaf luoropropylene)  of 12~ in thickness.  A film 
sample  and a disk of soda glass (0.75 m m  thick)  me t -  
al l ized on one face were  p laced  be tween  brass  elec-  
t rodes of a polar iz ing holder.  As shown in Fig. 1, this  
glass disk was inser ted  be tween  the sample  and the 
negat ive  electrode in o rder  to obta in  an e lec t re t  wi th  a 

Key words: Teflon FEP, polarizing temperature, initial charge, 
residual charge. 

large  homocharge  wi thout  arcing dur ing the polar iza-  
t ion process (14). 

Electre ts  were obta ined  as follows: a sample  was 
heated to a polar iz ing t empera tu re  Tp and then  a po-  
lar iz ing vol tage Vp (800V) was appl ied  across the  elec-  
trodes. Af te r  10 min under  the  electr ic stress at  the 
t empera tu re  of Tp, the  sample  was cooled down to room 
t empera tu re  under  the  same electr ic  stress. The cooling 
process took about  40 min. In order  to exclude a con- 
fusing contr ibut ion  of uns tab le  charges which  stay on 
the surface of electrets,  af ter  polar izat ion all  e lect re ts  
were  kept  for 5 rain be tween  brass  electrodes shor t -  
circuited, and then  the net  surface charges were  mea -  
sured by  the v ib ra t ing  electrode method  developed by  
Reedyk and Pe r lma n  (15). The decay character is t ics  
of the  surface charges for var ious  s torage t empera tu res  
were  observed as a funct ion of s torage t ime ts by  mea -  
suring the surface charges of e lectrets  which were  
stored in free (unshor t -c i rcui ted)  at a t empe ra tu r e  of Ts. 

Results 
The time variations of the surface charge were in -  

vestigated for  the  samples  which were  polar ized at  
various tempera tures .  Since the decay of the charge on 
the anode surface of the  sample  was almost  the same 
as that  of the  cathode except  for  some i r regu la r  be -  
havior,  the charge on the cathode surface was chiefly 
invest igated.  

The net  surface charge observed in th is  s tudy  was a 
homocharge  and the charge reversa l  did  not t ake  place. 

I I e I ii / m  

T I I" g v / / / / / / / / / / / Z A ~ . ~ .  S 

Fig. 1. Electrode assembly, e, Brass electrode; g, glass disk; m, 
metal layer. 

1 3 5 6  
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Observed values of the ini t ial  surface charge scat- 
tered from sample to sample even when the electrets 
were produced under  the same conditions, and the 
electrets slightly differed in their decay characteristics. 
Therefore, normalized decay curves were determined 
from the several measurements  as shown in Fig. 2. 
For various polarizing temperatures,  the normalized 
decay curves are shown in Fig. 3 and 4. As is seen from 
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Fig. 2. Normalized decay curve of surface charge on the cathode 
side of Teflon FEP thermoelectrets. Curve (a), Tp ~ 180~ Ts ---- 
100~ Vp = 800V. Curve (b), T~ ~ 60~ Ts : 80~ Vp ---- 
800V. 
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Fig. 3. Normalized decay curves of surface charge on the cathode 
side of Teflon FEP thermoelectrets stored at 80~ Curve 1, Tp "- 
140~ curve 2, Tp ---- 80~ curve 3, Tp = 60~ 
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Fig. 4. Normalized decay curves of surface charge on the cath- 
ode side of Teflon FEP thermoelectrets stored at 100~ Curve 1, 
Tp = 180~ curve 2, Tp ~ 110~ curve 3, Tp = 80~ curve 
4, Tp = 60~ 

these figures, the decay characteristics of Teflon FEP 
electrets are nonexponent ia l  and they strongly depend 
on Ts and Tp. Mean values of the ini t ial  charge den-  
sities on the anode and cathode surfaces, ~+ (0) and 
~ - ( 0 ) ,  and their  mean  errors are presented in  Fig. 5. 
Their  values were determined by taking averages of 
12-34 samples which were polarized under  the same 
conditions (12 samples for Tp : 60~ 34 for Tp = 80~ 
26 for Tp _.: 110~ 25 for Tp ---- 140~ and 14 for Tp --  
180~ In Fig. 5, the values of ~ - (60)  defined a s  

residual charge on the cathode surface after storage of 
60 rain at Ts, are also plotted against Tp for various 
storage temperatures.  These values of the residual  
charge were determined from the mean  values of 
~-  (0) and the normalized decay curves. 

Discussion 
In  electrets there  are two kinds of surface charge 

(16), a homocharge and a heterocharge. The hetero-  
charge is due to the volume polarization and it  decays 
more rapidly as compared with the homocharge in 
many  electrets (17). The electrets which are produced 
with a suitable dielectric insert  as in this study, have 
a large homocharge (2, 13, 14). This homocharge is 
thought to be due to the discharge in  the air gap be-  
tween the sample and the polarizing electrodes (18- 
22). The charge produced by this discharge is then  
trapped by the various t rapping sites in  the sample. 
In real electrets there are many  kinds of traps. The 
kinds of traps and the trap densities depend on sev- 
eral factors such as the physical and chemical prop-  
erties of the mater ial  used and the polarizing con- 
ditions of electrets. In  addition to these facts, in  real 
Mectrets the heterocharge may be present. Therefore, 
the decay characteristics of the surface charge become 
complicated and cannot be expected to obey strictly a 
simple exponential  function. In  m a n y  electrets, how- 
ever, the decay form is found to be quasiexponent iah 
After decay has taken place for some time, the sub- 
sequent decay can be expressed by a simple exponen-  
tial curve (17). 

For our Teflon FEP electrets, it is found from Fig. 
2-4, that the decay curves of the surface charge consist 
of two components: an init ial  fast decay component  
and the subsequent,  slow and somewhat exponent ial  
component. Similar  decay curves have been reported 
in the electrets with high homocharge (2, 13). As is 
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Fig. 5. Effect of polarizing temperature on the initial and re- 
sidual surface charge densities of Teflon FEP thermoelectets. 
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~ -  (60) is residual charge density on the cathode surface which is 
measured after storage of 60 mln at various storage temperatures. 
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seen f rom Fig. 2-4, re la t ive  values of these components  
va ry  depending on Ts and Tp. In general ,  the fast com- 
ponent  is more r emarkab l e  in electrets  polar ized at 
low Tp and s tored at high Ts than  in- electrets  polar ized 
at  high Tp and s tored at low Ts. This Tp-dependence 
of the charge t rapp ing  was recen t ly  inves t iga ted  by  
Pe r lman  and Unger  (9). They observed that  the curves 
of t he rma l ly  s t imula ted  currents  in e lec t ro-e lec t re ts  of 
Teflon va ry  depending on the poIar iz ing t empe ra tu r e  
and the current  spectra  shift  t oward  h igher  t empera -  
ture  wi th  increasing sample  t empera tu re  dur ing po-  
larizat ion.  This peak  shif t  in t h e r m a l l y  s t imula ted  cur-  
rent  spectra  was also observed by  Takama tu  and 
F u k a d a  (11, 12). They found that  there  a re  two kinds  
of peaks in t he rma l ly  s t imula ted  cur ren t  spect ra  in 
polyvinyl idenfluor ide,  polyethylene,  and po ly t e t r a -  
f luoroethylene thermoelect re ts .  For  one k ind  of peaks, 
the  peak  posi t ion does not  depend on polar iz ing t em-  
pe ra tu re  and i t  locates at low t empera tu res  (most  of 
these peaks appear  below 0~ For  the  other  kind of 
peaks,  the peak  posi t ion is Tp-dependent  and peaks  
appear  at the  t empera tu re  several  degrees h igher  than  
that  of polar iz ing tempera ture .  F rom these facts i t  is 
suggested tha t  polar iz ing t empe ra tu r e  p lays  an essen- 
t ia l  role for  charge t rapp ing  in electrets.  

F igure  5 shows Tp-dependence of the ini t ia l  charges. 
I t  is a lmost  the  same on both  anode and cathode sides 
but  the  surface charge on the cathode side is s l ight ly  
larger .  In Teflon FEP  electrets,  negat ive  charges seem 
to be more  s table than  the posit ive.  The ini t ial  charges 
on both sides have large  values  for low Tp and they  de-  
crease as Tp increases. Af te r  the  charges have  min i -  
m u m  values at T~ ~ 100~ they  increase again  wi th  Tp 
and have la rge  values for high Tp. On the other  hand, 
the  res idual  charge becomes large  with  increasing Tp. 

In  our electrets,  the  homocharge  is thought  to be 
produced by  the fol lowing process (18, 19) : App ly ing  a 
vol tage be tween  electrodes increases the field in the air  
gap. Eventual ly ,  this field wil l  exceed the b reakdown  
s t rength  of the a i r  gap and the spray  discharge will  
occur. The homocharge  deposi t ion by  this spray  dis-  
charge continues unt i l  the  surface dens i ty  of the de-  
posi ted charge at tains  a cer ta in  threshold  value  which 
reduces the field in the  gap be low b r e a k d o w n  and 
quenches the  discharge.  In  o rder  to discuss qua l i t a -  
t ive ly  the observed Tp-dependent  ini t ial  charges and 
the i r  decay characterist ics,  we make  an assumpt ion for 
s impl ic i ty  that  there  are two kinds of charge t raps  in 
our  electrets,  low energy t raps  and re la t ive ly  deep 
traps.  Then, a pa r t  of the  homocharges  produced by  
the spray  discharge is he ld  in the  two kinds  of traps,  
~i in shal low t raps  and =2 in deep traps.  The r ema inde r  
of the  sp ray  charges contr ibutes  to a forming cur ren t  
or to an uns tab le  charge ~0 which  stays on the surface 
of the  sample  and easi ly  escapes whi le  the  e lect re t  is 
kept  for  5 min be tween  the  electrodes shor t -c i rcu i ted  
or hand led  pr ior  to measurements .  Since the  quenching 
of the discharge in the  air  gap is de te rmined  only by  
the threshold  va lue  of the  deposi ted charge and it does 
not depend on the k ind  of t raps  in which the charge 
falls, jus t  af ter  polar iza t ion  the total  value  of ~0 + ~i 
+ r is thought  to be constant  and independent  of Tp 
as long as the  polar iz ing vol tage  remains  constant.  

Observed Tp-dependent  behavior  of the  e lectrets  is 
expla ined  as follows on the basis of an idea tha t  the  
re la t ive  values of r r and ~2 va ry  depending on Tp. 

For  electrets  polar ized  at low temperatures ,  the  
charge t r apped  in the  shal low t raps  p redominan t ly  
contr ibutes  to the  ini t ia l  charge. Therefore,  at high 
s torage t e m p e r a t u r e  the de t rapp ing  ra te  f rom the shal-  
low t raps  is large  and the surface charge r ap id ly  de-  
creases in  the  ini t ia l  pa r t  of the  decay. In  this  case the 
res idual  charges are small  in spite of the large  ini t ia l  
charge. 

For  electrets  polar ized at high temperatures ,  emis-  
sion p robab i l i ty  from the shal low traps increases and 
the equi l ibr ium net  t r app ing  ra te  by  the shal low t raps  

decreases. For  this reason the unstable  charge ~0 may  
be large  and the ini t ial  charge becomes small .  

When the polar iz ing t empera tu re  Tp is much higher,  
the contr ibut ion from the charge held  in the  shal low 
traps becomes smal le r  and smal le r  due to increase of 
de t rapping  probabi l i ty ,  but  the charges re leased from 
the sha l low t raps  migra te  much more easi ly  at high Tp 
and are  r e t r apped  more  easi ly  by  the  deeper  traps.  As 
a result ,  the  charge he ld  in the deep t raps  contr ibutes  
much more  to the threshold  charge densi ty  which 
quenches the spray  discharge.  Therefore,  the ini t ial  
charge becomes large again  and the res idual  charge 
also increases wi th  Tp. In  this  case the  ini t ia l  r ap id  
decay is not observed.  

The charge re t rapp ing  was repor ted  by  Sessler  and 
West  (13). F rom analysis  of t he rma l ly  s t imula ted  cur-  
rents, they  found tha t  charges in po lye thy lene te reph-  
tha la te  and Teflon FEP  elect re ts  are  subjec ted  to con- 
s iderable  re t rapping.  This charge re t rapp ing  is also 
suppor ted  from the fol lowing exper iment .  Two kinds of 
electrets  were  polar ized  under  the  same Vp and Tp 
but  different polar iz ing t ime tp, 3 hr  and 10 min, r e -  
spectively.  F igure  6 shows charge decay curves of these 
electrets.  As is seen f rom Fig. 6, the ini t ia l  charge of 
the electrets  polar ized wi th  apply ing  V, for 3 hr  is 
la rger  than  the electrets  polar ized wi th  apply ing  Vp 
for 10 min, and these  two k inds  of electrets  show qui te  
different decay characterist ics.  In  the  e lectrets  wi th  
tp of 3 hr, no ini t ia l  r ap id  decay is observed and the 
res idual  charge is larger .  As the  polar iz ing t ime in-  
creases, emit ted  charges f rom the shal low t raps  have 
much more  chance to be r e t r apped  by  the deeper  traps,  
so tha t  the  uns table  component  ~0 decreases and the 
rat io  of ~2 to ~l becomes large  even when the values  of 
Vp and T~, are kept  constant. This resul ts  in a l a rger  
ini t ia l  charge and no ini t ia l  r ap id  decay, as is found for 
the electrets  wi th  a long gp in Fig. 6. 

Al though the deta i led na tures  of the  two kinds of 
t raps are  not  c lear  at this stage, the  charge ~l m a y  be 
loosely bound on the surface of an electret  and decay 
chiefly by  surface recombinat ion.  On the other  hand, 
it is found from Fig. 5 that ,  when Ts is 120 ~ or 150~ 
the values of the res idual  charges decrease ab rup t ly  in 
comparison wi th  the cases of Ts ---- 80 ~ and 100~ This 
suggests tha t  the deep t raps  m a y  be associated wi th  
the  mot ion  of the  ma in  chain of Teflon F E P  because 
the glass t rans i t ion  t empera tu re  of the film is about 
130~ (23). 

Summary 
The observed results  are summar ized  as follows. 
1. The ini t ial  charge densi ty  and its decay charac-  
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Fig. 6. Effect of polarizing time on charge decay of Teflon FEP 
thermoelectrets (average over 3 electrets). The storage tempera- 
ture Ts is I00~ Curve (a), tp ~-- 3 hr, Tp ~ 75~ Vp ~ 800V. 
Curve (b), tp ~ 10 min, Tp ~ 75~ Vp ~- 8OOV. Q ,  W, Surface 
charge densities on the anode surface. @, V ,  Surface charge 
densities on the cathode surface. 
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ter is t ics  of Teflon FEP thermoelec t re t s  s t rongly  de-  
pend not only  on the s torage t empe ra tu r e  but  also on 
the polar iz ing t empera tu re .  

2. The decay curves of the  electrets  a re  nonexponen-  
t ia l  and they  consist of two components,  a fast decay 
component  and a slow component.  

3. For  electrets  polar ized  at  r e l a t ive ly  low Tp, the 
fast decay component  becomes remarkab le .  In  this  case 
the  surface charge is p r edominan t ly  held  in shal low 
t raps  and the  res idual  charge densi ty  is smal l  in spite  
of its la rge  ini t ia l  charge density.  

4. As the  polar iz ing t empera tu re  increases, the ini-  
t ia l  charge dens i ty  decreases and i t  has a m in imum 
value  when the polar iz ing t empera tu re  is a round  100~ 

5. For  electrets  po lar ized  at Tp h igher  than  about  
100~ the re la t ive  amount  of the  charge t r apped  by  
deep t raps  becomes large, and  both ini t ia l  and final 
charges increase wi th  Tp. 

6. To get  a s table  electret ,  the  polar iz ing t empera -  
tu re  should be high enough to produce many  deep 
t rapp ing  sites and the polar iz ing t ime should be long 
enough for charge r e t r app ing  by  deeper  traps.  
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The Formation and Structure of Anodic Films on Beryllium 
M. T. Shehata* and Roger Kelly* 

Institute for Materials Research, McMaster University, Hamilton, Ontario, Canada, LSS 4M1 

ABSTRACT 

The present ,  as wel l  as previous,  work  on the anodizing of Be confirms that  
most e lec t ro ly tes  y ie ld  films character ized by  one o r  more  of being porous, 
being subject  to extensive dissolution, or being crystal l ine.  This includes 
e lectrolytes  based on the fol lowing:  aqueous KO.H, a CrO3-HNO3 mixture ,  
aqueous Na2CO~, (C2H~)2HPO4, a (C2Hj)zSO4-HzSO4 mixture ,  acetic acid. 
Signif icantly different  resul ts  a r e  obta ined  wi th  e thy lene  glycol  which is 
s a tu ra t ed  wi th  Na2HPO~ or KH2PO4 or both Na2HPO4 and Na~SO4. The films 
are  then nonporous,  as shown by  scanning e lect ron microscopy.  They are  
formed wi th  negl ig ible  dissolution, as follows by  implan t ing  the Be wi th  30- 
keV K r  s5 before anodizing and not ing the loss of ac t iv i ty  during anodizing. 
They are  nomina l ly  amorphous,  as infer red  by reflection e lec t ron diffraction, 
though crysta l l ize  to hexagonal  BeO at a t empe ra tu r e  ly ing  somewhere  be low 
300~ It  wi l l  be shown in a subsequent  paper  that  the  films formed in an 
e thy lene -g lyco l -based  e lec t ro ly te  can be quan t i t a t ive ly  removed  and tha t  Be 
can therefore  be microsectioned.  

Anodic  films on meta ls  are  often classified as porous 
or  nonporous.  Nonporous films, which are  the  more  
usual, are  no rma l ly  found to form in e lect rolytes  ~n 
which the oxide has a low solubil i ty,  and to grow unt i l  
they  reach an almost  l imi t ing thickness which, for a 
given t ime scale, is p ropor t iona l  to the  appl ied  po ten-  
tial. They are  character ized by  a high res is t iv i ty  and by  
conduct ion which is ma in ly  ionic in character .  Non-  
porous  films are  often amorphous  though the re  are  
many  exceptions, including Sn (1) and Zr  (2, 3) in 

* Electrochemical  Society Act ive  Member .  
Key words :  bery l l ium,  anodization,  th in  films, anodic sectioning. 

general  and Mo (4), Ta (4, 5), Ti (3, 5), U (6), V (4), 
and W (4) under  pa r t i cu la r  conditions. 

On the other  hand, e lect rolytes  in which  the oxide 
is somewhat  soluble are occasional ly found to suppor t  
the  growth  of porous films which increase more  or less 
indefini tely in thickness whi le  the  appl ied  potent ia l  
varies  s l ight ly  or not at all. They are  character ized by  
a low resis t ivi ty.  Though n o r m a l l y  descr ibed as "crys-  
tal l ine,"  they  are  var ious ly  amorphous  [A1 anodized at 
room t empera tu re  (5)] or c rys ta l l ine  [Be (7, 8), p rob-  
ab ly  Sn (9, 1) ]. 
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Films formed on Be have invar iab ly  been found to 
show one or more of the characteristics of a porous 
film. Thus no films at all were obtained with some 
dilute aqueous electrolytes (7, 8). Those formed with 
HNOs, CrOs, or mixed CrOs-HNOs were crystall ine 
(7, 8) and had thicknesses up to N400 nm (7) or more 
(10). Those formed with ammonia  in ethylene glycol 
appeared to have had a low resistivity and to have 
been subject to dissolution (7, 8), while  use of 0.5M 
Na2CO5 resulted in crystall ine films (11). 

The object of the present  work was to at tempt to 
form anodic films on Be which, unl ike  those of previ-  
ous work, were s imul taneously  nonporous, formed with 
minimal  or no dissolution, and nomina l ly  amorphous. 
This goal was achieved, such that films could be formed 
under  conditions when  the potential  drop across the 
film was about 19 • l0 s V / m  and the efficiency at 
30V for fixed current  was 0.95 • 0.02. Beryl l ium can 
thus be made to anodize in a similar manner  as with 
most other metals (Table I) .  The formation of such 
films is in principle of importance in the unders tanding 
of anodic oxidation from an electrochemical point  of 
view, but  we regard it of greater interest  to work on 
diffusion or on ion-solid collisions. It  leads first of all 
to a microsectioning technique, thence to the possibility 
of s tudying diffusion and ion depth distr ibutions in 
Be (12). It leads secondly to the possibility of s tudying 
secondary particle emission from BeO in  a manner  
similar to what  was done with A12Os (13). 

E x p e r i m e n t a l  
The specimens used throughout  this work were poly- 

crystall ine Be foils with dimensions of approximately 
25 • 12.5 • 0.25 m m  and with purit ies claimed to be 
99.5%. They were obtained from Ventron Corporation 
(Alpha Products) .  After an init ial  polishing with a 
series of increasingly fine SiC papers, the specimens 
were given fur ther  t rea tment  consisting either of 
chemical polishing [in 5 weight per  cent (w/o) sul-  
furic acid, 75 w/o phosphoric acid, 7 w/o chromic 
acid, and 13 w/o water] or else of mechanical  polish- 
ing using 6 ~m and 1 #m diamond paste with kerosene 
as a lubricant .  For experiments  where reproducible 
flat surfaces were required, the specimens were finally 
anodized and sectioned 5 times. The anodizings were 
carried out at 50V in ethylene glycol which is sa tu-  
rated in  both Na2HPO4 and Na2SO4 and will be subse- 
quent ly  called "electrolyte A." The sectionings were 
accomplished by exposing the films to 10% KOH for 1 
min  (12). Such t rea tment  may be assumed to remove 
submicroscopic irregularities, though this mat ter  will  
be investigated explicit ly in  work now underway.  

All  anodizings were performed at room temperature  
(~22~ using a power supply such that l imits to both 
the current  and potential  could be preset (Hewlett-  
Packard Model 6186B). The cathode was made of plat-  
inum gauze in the form of a cylinder with an inside 
diameter of 25 mm. Potentials  refer to the total value 
from anode to cathode ra ther  than to the value across 
the oxide film. For electrolyte A and a current  of 3 
m A / c m  2 these values differ by ~5V (as determined 

Table I. Comparison of fields and efficiencies for anodizing 
various metals 

Field to Efficiency 
f o r m  a a t  cons t an t  

50-V f i lm c u r r e n t  of 2 
Metal  E lec t ro ly t e  (10 s V / m )  or  3 mA/cra~  Res 

V M a i n l y  acetic  acid 2.8 0.98 19, 23 
Mo M a i n l y  acet ic  acid 2.9 0.95 17, 23 
Nb  A q u e o u s  3.4 ~ 1 . 0  a 16, 24 
Z r  A q u e o u s  4-6 0.50 25 
W M a i n l y  acet ic  acid 4.6 0.96 16, 23 
Ta A q u e o u s  6.2-6.6 0.99 20 
A1 A q u e o u s  8.7-9.1 0.90 20 
Be E lec t ro ly t e  A 19.0 0.95 • 0.02 here ,  Eq. [1] 

a Not  fo r  cons t an t  cur ren t .  

using a Ni wire near the Be as a probe),  though with 
none of the results to follow is this of importance. 
The anodizings were carried out in unst i r red electro- 
lytes and without  protection from air, and the electro- 
lytes were therefore discarded after 5 or 6 anodizings 
or 1 hr, whichever came first. 

The extent  of metal  dissolution during anodizing 
was determined using a depth-dis t r ibut ion technique 
due to Giani (1). Kr  sS, which is beta-active, was im-  
planted in Be at 30 keV to a dose of 2 • 1015 ions/cm~, 
and the activity was noted before and after anodizing. 
The experimental  depth dis tr ibut ion of such an im-  
plant  is shown in Fig. 1 (12) and enables the retained 
activity fraction to be expressed as a depth. Such a 
depth is a lower l imit to the metal  loss during anodiz- 
ing the lower- l imit  aslcect enter ing due to the icos- 
sibili ty of film formation by outward migrat ion of Be, 
thence to a bury ing  of the marker  in  the manne r  shown 
by Pringle  (14) for Ta. 

R e s u l t s  
Dilute aqueous electrolytes.--It was concluded by 

Levin (8) that no film at all is formed on Be in  1% 
H2304 or 1% KOH, though 1% HNO8 led to crystal-  
line BeO if the current  density was high enough. Sur-  
vey experiments under taken  in the course of the pres-  
ent work have largely confirmed these results, except 
for an indication of film formation with 1% KOH. This 
follows from the V-t and I - t  behavior  (Table II) .  

To provide new informat ion on the use of dilute 
aqueous electrolytes the depth-dis t r ibut ion technique 
was applied. Unacceptable extents of metal  dissolution 
during anodizing were revealed (Table II) .  

CrO~-HNO3.--A CrO~-HNO~ mixture  consisting of 
200 g/ l i ter  of C r Q  in 10% HNO3 is known to yield 
crystall ine films with Be, which grow ~n thickness 
l inear ly  with' t ime while the current  remains constant 
(7,8). Anodic films have also been obtained using as 
electrolyte 20% aqueous CrO~ (10, 15). The results 
were interpreted in terms of the init ial  formation of a 
nonporous layer  of small but  constant thickness fol- 
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Fig. 1. Integral depth-distribution curve for 30-keV Kr in poly- 
crystalline Be as determined by anodic sectioning (12). Such a 
curve enables retained activity fractions, i.e., integral concentra- 
tions, to be expressed as depths. 
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Table II. V-t behavior, I-t behavior, and dissolution for the anodization of Be 
(Present potential 30V with 1% KOH, 50V otherwise) 

E l e c t r o l y t e  

T i m e  to 
F i n a l  reach preset I n i t i a l  F i n a l  T o t a l  

p o t e n t i a l  p o t e n t i a l  c u r r e n t  c u r r e n t  a n o d i z i n g  
(V) ( ra in)  ( m A / c m  s) ( m A / c m  2) t i m e  (min )  

F r a c t i o n  of  K r  
i m p l a n t  w h i c h  

is  r e t a i n e d  

Inferred 
loss of B e  b 

( n m )  

1% I~SO~ ~ 0  
l % H N O 8  ~ 3  
1% K O H  30 
CrO~-HNO~ m i x t u r e  ,--,3 
0.SM Na~,CO~ 50 
(C2I~) ~I-IPO~ 50 
(C~-I-~) ~SO~-N~S04 mixture 50 a 
M a i n l y  ace t i c  a c i d  50 
E l e c t r o l y t e  A 50 

Never 20 20 5 
N e v e r  20 20 5 

4 20 3 10 
Never 30 30 2 

6 10 0.4 15 
14.5 5 4.5 20 
0.3 a 20 ~20 10 
0.5 10 1 15 
0,3 3 10.35 1.5 

<0.003 
0.15 -- O.Ol 
0.07 ----- 0.02 
0.19 "4- 0.05 
0.13 -- 0.03 

<0,01 
<0.01 

0.06 ----- 0.01 
0.986 -- 0.006 

---~120 
---~50 
---~--~60 
-----40 
-----50 
~'90 
~--90 
---~60 
~--i 

a T h e  v o l t a g e  r o s e  to  50V in  0.3 m i n  a n d  t h e n  fe l l  s lowly to 30V by 
b D e d u c e d  f r o m  t h e  p r e c e d i n g  c o l u m n  w i t h  t h e  h e l p  of  F ig .  1. 

lowed by a thick film which could be shown to be 
porous. 

We have under taken  a l imited number  of additional 
exper iments  using the CrO3-HNO8 electrolyte of Ref. 
(7, 8). The V-t behavior, as shown in curve A of Fig. 
2 and also in Table II, suggests ( though does not 
prove) that  thick, porous films are formed. The extent  
of porosity was investigated explicity by  means of 
scanning electron microscopy. The results, given in  
Fig. 3 show clearly the porous na tu re  of the films, the 
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Fig. 2. Typical V-t and I-t curves for the anodization of Be in 
CrO3-HNO3 (curve A, always 30 mA/cm2), 0.SM Na2CO3 (curve 
B), and (C2Hs)2HPO4 (curve C). Solid lines: V-t, with potential as 
in scale at left. Dashed lines: I-t, witk current as in scale at right. 

10 ra in .  

scale of the porosity being 100-1000 nm. The extent  
of metal  dissolution during anodizing was determined 
by the depth-dis t r ibut ion technique and found to be 
significant (Table II) ). 

In  conclusion, the anodic films formed on Be wi th  
the CrO3-HNO3 electrolyte of Ref. (7, 8) have none of 
the properties which were desired regarding porosity, 
dissolution, and structure. 

NazCOs.--Heusler (11) was able to form films on Be 
with an electrolyte consisting of 0.5M Na2COs. The 
films were crystalline, could be formed up to a thick-  
ness of --250 n m  (at 200V), a n d  were accompanied 
by oxygen evolution. 

We have sought to obtain addit ional information on 
the use of 0.5M Na2COs. The V-t  and I-t behavior, as 
shown in  curve B of Fig. 2 and also in  Table II, sug- 
gests ( though does not prove) that  nonporous films 
result. The extent  of porosity was again investigated 
by scanning electron microscopy. The results, given in  
Fig. 4, show that the films are main ly  nonporous, bu t  
with evidence for both local and general  dissolution. 
Metal dissolution dur ing anodizing occurred to a sig- 
nificant extent  (Table II) .  

The use of 0.5M Na2CO3 as the electrolyte for anodiz- 
ing Be is thus unsat isfactory in  the present  context for 
two reasons: the dissolution and the crystall inity.  
Porosity, on the other hand, is not a problem. 

Nonaqueous electrolytes.--An indication that  non -  
aqueous electrolytes may be of interest  with Be is 
found in work by Ker r  and Wi lman  (7). They estab- 
lished, using a 25 g/ l i ter  solution of ammonia  in ethyl-  
ene glycol, that 30 n m  thick amorphous films could b e  

Fig. 3. Scanning electron micrographs with different magnifications of film formed by anodizing Be in CrO~-HNO3 far 2 min at 30 mA/ 
cm 2. The films are markedly porous, the scale of the porosity being 100-1000 nm. 



1362 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  October 1975 

Fig. 4. Scanning electron micrographs with different magnifications of film formed by anodizing Be in 0.SM Na2CO~ for 15 min with a 
preset current of 10 m~/cm 2 and a preset potential of SOV. The films are mainly nonporous, though show features suggestive of both 
local and general dissolution. 

formed. Unfor tunate ly ,  the current  r emained  roughly  
constant, as if the  films were  not  insula t ing or a l t e r -  
nat ively  were  dissolving. 

In  the presen t  work  we  have  inves t iga ted  nonaque-  
ous e lectrolytes  of four  types.  

(i) (CeHs)zHP04. Anodiz ing Be in d ie thyl  phos-  
phate  resul ts  in a V- t  curve suggest ive of a nonporous 
film but  an I - t  curve leading  to the  converse conclu- 
sion (curve  C of Fig. 2 and also Table  I I ) .  To gain 
fu r the r  information,  the  ex ten t  of meta l  dissolution 
dur ing  anodizing was de te rmined  and found to be un -  
acceptably  high (Table I I ) .  

(ii) (CeHs)zSO4-HeSO~. A mix tu re  of 75% 
(C2H5) 2SO4 and 25% H2SO4 has been  successful ly used 
in the anodic sectioning of Nb and Ta (16). Anodiz-  
ing Be in this e lect rolyte  resul ts  in V- t  and I - t  curves 
of nonideal  type  (Table I I ) .  The e lect rolyte  is impl ied  
by  this to be unsat isfactory,  and  this conclusion was 
confirmed b y  finding s imi lar  meta l  dissolution to occur 
dur ing anodizing as wi th  d ie thyl  phosphate  (Table  I I ) .  

(iii) Acetic acid. An acet ic-acid  based electrolyte,  
consisting of acetic acid, Na.2B4OT. 10H~20, and water,  is 
o n e  of the few which permi t s  Mo (17) and V (18.19) to 
be anodized. Its use wi th  Be appeared  at  first s ight  en-  
couraging in view of the  V- t  and I - t  behavior  (Table  
I I ) ;  however,  unacceptable  meta l  dissolution occurs 
(Table  I I ) .  

(iv) Ethylene glycol. More sa t is factory  resul ts  were  
obta ined  wi th  e thylene  glycol which has been sa tu ra ted  
wi th  cer ta in  salts. As seen in Fig. 5, the  choice of 
Na~CO8 (curve A) or Na2SO4 (curve B) as the  salt  is 
unsat i s fac tory  owing to the  low value  of dV/dt, whence 
an impl ied  low efficiency. The choice of Na2HPO4 
(curve C) or KH2PO4 or both Na2HPO4 and Na2SO4 
(curve D and also Table  II) ,  however,  resul ts  in V- t  and 

I - t  curves s imi lar  to those found when  nonporous films 
are  formed on Nb, Ta, V, or W (16, 19). We wil l  sub-  
sequent ly  refer  to the  e lec t ro ly te  consisting of e thy l -  
ene glycol  sa tura ted  wi th  both Na2HPO4 and NazSO4 
a s  "electrolyte  A". 

Anodizing e~ciency wi~h elec~ro~y~e A . - - E x p e r i -  
merits of two kinds  were  done to de te rmine  the  anodiz-  
ing efficiency with  e lec t ro ly te  A. F i r s t  of all, Be th ick-  
nesses inferred by  in tegra t ing  I-t curves wi th  expanded  
t ime scales, such as those shown in curves A and B of 
Fig. 6, were  compared  wi th  t rue  Be thicknesses ob- 
ta ined  g rav imet r i ca l ly  b y  s t r ipping the films in 10% 

~'~I I I IA I i I I l 
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Fig. 5. Typical V-t and 14 curves for the anodizing of Be in 
ethylene-glycol-bused electrolytes. Curve A: ethylene glycol sat- 
urated with Na2C03 (abnormally low dV/dt). Curve B: ethylene 
glycol saturated with Na2S04 (abnormally low dv/dt). Curve C: 
ethylene glycol saturated with Na2HP04 (no anomalies). Curve D: 
ethylene glycol saturated with both Na2HP04 and Na~S04 (elec- 
trolyte A, no anomalies). Solid lines: V-t, with potential as in 
scale at left. Dashed lines: i-t, with current as in scale at right. 
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Fig. 6. Like curve D of Fig. 5 but plotted with an expanded time 
scale. An appropriate analysis of such curves is shown to yield the 
anodizing efficiency for conditions both of constant current and of 
constant current followed by constant potential. 
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Table Ill. Anodizing efficiency for Be usin.g electrolyte A 

Be t h i c k -  T rue  Be 
P rese t  A n o d -  ness  f r o m  t h i c k n e s s  
p o t e n -  i z ing  Charge  F a r a d a y ' s  f r o m  Eq. A n o d -  

t i a l  t i m e  passed  �9 l aw b (,~g/ [i] (#g/  i z ing  
(V) (sec) ( C / m  s) cmS of Be) cm -~ of Be) eff iciency 

25 55 454 ~ 10 2.12 -~- 0.05 1.50 ----- 0.08 0.71 ~--- 0.04 
50 65 920 • 30 4.29 -~ 0.14 2.90 "4- 0.15 0.68 + 0.04 

a G i v e n  b y  the  t o t a l  a rea  u n d e r  I - t  c u r v e s  as in  F ig .  6 for  a n  
i n i t i a l  c u r r e n t  dens i t y  of 3.0 m A / c m  2. R e p e a t e d  3 t i m e s  f o r  e a c h  
p re sen t  po t en t i a l .  

b C a l c u l a t e d  a s s u m i n g  an eff iciency of 1.00. 

KOH for 1 min. The t rue thicknesses are shown else- 
where (12) to be given by the relat ion 

thickness ~ 0.1 + (0.056 -4- 0.003) X V ~g/cm e of Be [1] 

which is valid provided the preset cur rent  is 3 m A /  
cm '2 and the current  is allowed to drop, following the 
a t ta inment  of the preset potential, for 45 sec. The re-  

3 0 0  , , , , , 

2O0 

r- 

E 

~ I00 

I 2 3 4 
C U R R E N T  D E N S I T Y  ( r n A / c m  2) 

Fig. 7. dV/dt at 30V vs. I for the anodization of Be in elec- 
trolyte A. Given that dV/dt is proportional to the ionic current 
as in Eq. [2.], these curves serve to separate the total current of 
3 mA/cm 2 into an ionic part of 2.85 • 0.05 mA/cm 2 and a non- 
ionic part of 0.15 ~ 0.05 mA/cm 2. 

sults, summarized in Table III, indicate an efficiency 
of ~0.7, valid for conditions of fixed current  followed 
by fixed potential. 

The dependence of dV/dt on the total  current  I can 
be used to estimate the efficiency under  conditions of 
fixed current.  The basic relation, which remains  valid 
even if (as in the present work) the IR drop in the 
electrolyte is not corrected for, is 

dV 
i s  = k ( I  - -  • - -  i 8 )  [ 2 ]  

dt 

where il is the ionic current,  i2 is the electronic cur-  
rent  (which usual ly  causes oxygen evolution),  and is 
is the current  leading to film dissolution (20). Accord- 
ingly, a second group of experiments  was carried out. 
The pr imary  data were as in Fig. 6, and from these 
plots of dV/dt at 30V vs. I as in Fig. 7 were constructed. 
The intercept with the current  axis represents the non-  
ionic current  density, namely  

is -+- is ---- 0.15 _ 0.05 mA / c m ~ (at 30V) 

when I is 3 m A / c m  2. The efficiency follows as 0.95 
_+ 0.02 and is thus markedly  greater for fixed current  
than for fixed current  plus potential. This result  is un -  
derstandable if it is remembered  that the contr ibut ion 
of is + i3 will  depend on the total anodizing t ime (19) 
and the times were ,~15 sec at fixed current  but  65 s e c  
at fixed current  plus potential. 

A slight curvature  in the rising portions of the curves 
in Fig. 6 will  be noted. We have not  studied this effect 
in detail and therefore cannot say whether  it is due to 
a change (with V or t) of the field in the anodic film 
or of the efficiency. The discrepancy between /2 + i3 
= 0.15 mA / c m 2 and the leakage current  in  Fig. 6, 0.35 
mA / c m 2, becomes less for longer times. 

Porosity, dissolution, and crystallinity with electro- 
lyte A.- -F igure  8 shows scanning electron micro- 
graphs obtained for a film formed on Be and elec- 
trolyte A. Comparison with Fig. 3 and 4 suggests a 
significant freedom from porosity. 

The depth-dis t r ibut ion technique showed that  the 
metal  dissolution dur ing anodizing was essentially zero 
(.Table II) .  Electrolyte A differs in  this respect from 
all others that  were examined. Stated in  other terms, 
the dissolution current,  i3, is evidently less impor tant  
than  the electronic current,  is, in lowering the anodiz- 
ing efficiency to ,--0.7 for conditions of fixed current  
plus potential. 

Figure 9a shows a reflection electron diffraction pat -  
tern typical of a film as formed with electrolyte A. 

Fig. 8. Scanning electron micrographs with different magnifications of film formed by anodizi~g Be in electrolyte A for 1.5 min with a 
preset current of 3 mA/cm 2 and a preset potential of 50V. The films are significantly free from porosity. 
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Fig. 9. Reflection electron diffraction patterns token at 60 or 80 kV of film formed by anodizing Be in electrolyte A for 1.5 min 
with a preset current of 3 mA/cm ~ and a preset potential of 50V. Image (a): as-formed film, showing halos such as are conventionally 
ascribed to an amorphous structure though can also arise from microcrystallites having sizes of !-2 nm. Image (b): film heated for 30 
rain in a vacuum of 1 • 10 -4  Pa at 300~ showing the halos to have split into diffuse rings. Image (c): film heated for 30 min in 
vacuum at 600~ showing sharp rings identifiable as hexagonal BeO. 

The  fi lm is n o m i n a l l y  amorphous .  A f t e r  h e a t i n g  the  
films for  30 rain in a v a c u u m  of about  1 X 10 _4 P a  at  
300~ (Fig.  9b) or  60O~ (Fig.  9c), t he  d i f f rac t ion  p a t -  
terns  r e v e a l e d  inc reas ing  degrees  of c rys ta l l in i ty ,  such 
tha t  the  hea t i ng  at 600~ led  to o v e r t  po lyc rys t a l l i n i ty .  
The  r ings  w e r e  ident i f iable  as those  of h e x a g o n a l  BeO. 

Discussion and Conclusions 
Type ol film.--The resu l t s  p r e s e n t e d  h e r e  h a v e  

shown  tha t  t he  b e h a v i o r  of  Be w i t h  r e g a r d  to anod iz -  
ing is m u c h  l ike  tha t  of A1 (5) and  Sn  (1 .9 ) .  Poros i ty ,  
dissolut ion,  and c rys t a l l i n i t y  can be  v a r i e d  a lmos t  at 
wi l l  d e p e n d i n g  on the  e lec t ro ly te ,  w i t h  o v e r - a l l  r esu l t s  
as in T a b l e  IV. The  mos t  i n t e r e s t i ng  e l ec t ro ly te s  w o u l d  
a p p e a r  to be  those  consis t ing of  e t h y l e n e  g lycol  sa tu -  
r a t ed  w i t h  Na2HPO4 or KH2PO4 or bo th  Na2HPO4 and  
Na2SO4 (e l ec t ro ly te  A ) .  The  V - t  and I-t b e h a v i o r  
sugges ted  tha t  a v o l t a g e - d e p e n d e n t  l im i t i ng  f i lm t h i c k -  

hess  was  ob ta ined  (Fig.  5 and  6).  The  films w e r e  found  
to be nonporous  (Fig. 8) and  d issolu t ion  to be  u n d e -  
t ec tab le  (Tab le  I I ) .  The  films w e r e  n o m i n a l l y  a m o r -  
phous,  w i th  a c rys ta l l i za t ion  t e m p e r a t u r e  ly ing  some-  
w h e r e  be low  300~ and  w i t h  the  c rys ta l l i za t ion  p r o d -  
uct  consis t ing of h e x a g o n a l  BeO (Fig.  9). T h e i r  s t ruc -  
t u r e  thus  m o r e  n e a r l y  r e s e m b l e d  t h e  c h e m i c a l l y  p r e -  
c ip i ta ted  BeO s tud ied  by  K e r r  (21) t h a n  the  anodic  
films ob ta ined  in p r ev ious  w o r k  (7, 8, 11). A n i o n  in -  
co rpora t ion  in t he  anodic  f i lm f r o m  the  e lec t ro ly te ,  
such as tha t  d e m o n s t r a t e d  w i t h  Ta  (16, 22) m a y  or m a y  
no t  h a v e  p l a y e d  a ro le  and  wi l l  be  i nves t i ga t ed  in 
subsequen t  work .  

Anodizing e]~ciency.--The anod iz ing  eff iciency us ing  
e l ec t ro ly t e  A was  d e t e r m i n e d  in two  ways :  f r o m  
F a r a d a y ' s  l a w  and f r o m  dV/dt. Use of the  f o r m e r  gave  
a v a l u e  of ~0.7,  va l id  for  condi t ions  of  f ixed cu r r en t  

Table IV. Summary of Be anodizing 

Current at 
Electrolyte Film? fixed potential Porous? Dissolution? Crystallinity 

1% I-I~SO4 or 1% HNO8 No Constant Yes 
1% KOH Yes Falls slowly Yes 
CrOs-I-LNO~ mixture Yes Constant Yes Yes Crystalline (7) 
0.5NI Na~O3 Yes Falls rapidly No Yes Crystalline (11) 
( C2I~ ) ~/-IPO~ Yea Nearly constant Yes 
(C~I-Is)~O~-I~SO~ mixture Yes Constant or nearly Yes 

constant 
Mainly acetic acid Yes Falls rapidly Yes 
Electrolyte A Yes Falls rapidly No No Nominally amorphous 
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fol lowed by  fixed potent ial .  Use of dV/dt  gave a va lue  
of 0.95 +_ 0.02, va l id  at  30V for fixed current .  Effi- 
ciencies of less than  un i ty  wi l l  ar ise whenever  elec-  
t ronic current ,  i2, or dissolution current ,  i3, p l ay  a role. 
The lack of dissolut ion (Table  II)  shows tha t  i2 is the 
more  impor tan t  in the p resen t  case. We a t t r ibu te  this  
role  of electronic cur ren t  to the  r e l a t ive ly  low th ick-  
nesses of the  anodic films formed on Be (Eq. [13) 
such tha t  the  resul t ing  fields across the  films are  h igher  
than  wi th  most o ther  meta ls  (Table  I ) .  

Anodic sectioning of Be. - -The  present  work  consti-  
tutes  the  first instance in which  Be has been anodized 
under  cont ro l led  conditions, the impor tan t  fea ture  
being the choice of electrolyte .  We wil l  in a subsequent  
pape r  (12) t rea t  the  converse of film formation,  namely  
the quant i ta t ive  r emova l  of films. This leads first of 
al l  to a microsect ioning technique,  thence to the pos-  
s ibi l i ty  of s tudying  diffusion and ion depth  d i s t r ibu-  
tions in Be. We note in this  connection tha t  Be is a 
pa r t i cu l a r ly  in teres t ing  mate r i a l  for  dep th -d i s t r i bu -  
t ion work  in view of its low mass. F i lm remova l  also 
has a pu re ly  e lectrochemical  interest ,  in tha t  it  leads 
to expl ic i t  in format ion  on efficiencies such as that  in 
Table III. 
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Photoluminescence of Epitaxial ZnSe 
Layers Grown on Ge 

F. Chernow, G. F. Ruse, and G. W. Eldridge 
Department of Electrical Engineering, University of Colorado, Boulder, Colorado 80302 

ABSTRACT 

The ep i tax ia l  g rowth  of ZnSe on (100) Ge using the close-spaced t rans-  
por t  process is described.  Subs t ra te  t empera tu re  of 575~ and source t em-  
pera tu res  of 675~ y ie ld  10~ s ing le -c rys ta l  layers  in 10 hr. The Ge subs t ra te  
provides  a nonreplenishable ,  chemical  t r anspor t  agent  and the ep i tax ia l  l aye r  
thickness is l imi ted  to app rox ima te ly  10~. A s - g r o w n  epi tax ia l  layers  show ex-  
cellent photoluminescence s t ruc ture  at  77~ A s - g r o w n  layers  exhibi t  h igh 
resis t ivi ty,  anneal ing in Zn vapor  at 575~ reduces the res is t iv i ty  to 10-100 
ohm-cm.  Zinc vapor  anneal ing quenches the  visible photoluminescence.  

The l i t e ra tu re  on the ep i t axy  of ZnSe on Ge is r e l a -  
t ive ly  large.  Growth  techniques include vacuum dep-  
osition (1-3), chemical  vapor  t r anspor t  (4), c lose-space 
vapor  t r anspor t  (5), and close-space, chemical  vapor  
t ranspor t  (5). The pa i r  of semiconductors  is pa r t i cu -  
l a r ly  a t t rac t ive  for electronic appl icat ions such as t r an -  
sistors wi th  wide bandgap  emi t te rs  (6, 7) due to the  
small  la t t ice mismatch  and low concentrat ion of in te r -  
face states achievable  (8). Vacuum-depos i t ed  layers  
exhibi t  s t ra in  and adhesion prob lems  that  m a y  make  

Key words: close-spaced transport. 

them unacceptable  for  devices (1, 2). Chemical  t r ans -  
por t  techniques lead  to incorporat ion of subs tant ia l  
halogen concentrat ions which create  donors and com- 
pa rab le  densit ies of deep acceptors (4, 5, 9). The close- 
spaced growth  process using pure  He gas and undoped 
ZnSe sources minimizes  doping and compensat ion in  a 
configuration that  is inheren t ly  clean and efficient (10). 

The presen t  work  was mot iva ted  by  a need to p re -  
pare  ZnSe subst ra tes  sui table  for i on - implan ted  elec-  
t ro luminescent  devices. Requi red  character is t ics  in-  
clude morphography  adequate  for ion implantat ion,  
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low doping to minimize the dose required for compen- 
sation, and high luminescence efficiency. Layers grown 
using the close-space technique were examined for 
morphology and macroscopic uniformity,  behavior  
under  Zn vapor annealing,  and photoluminescence 
structure. Photoluminescence measurements  provide 
information on both the defect s t ructure of the ZnSe 
layer and a suggestion of its electroluminescence po- 
tential. Little has been reported on the photolumines-  
cence of ZnSe epitaxial layers and the reported results 
are somewhat disappointing (4). 

Experimental Procedure 
Growth system.--The close-space t ransport  system 

employed in this work is shown in  Fig. 1. This configu- 
ration is similar to that described by Hovel and Milnes 
(5). The insert  in Fig. 1 shows the actual growth re-  
gion. The high pur i ty  quartz crown establishes the 
source to substrate separation and aids in controlling 
the vapor pressure over the substrate. Slots cut in this 
crown provide access for the flow gas. Several var i -  
ations in the access area were used, but  no dependence 
of the growth behavior on this area could be deter-  
mined. The source and substrate are clamped by high 
purity, low porosity carbon blocks which act as absorb- 
ers heated by external  600W tungsten- iodide lamps. 
These susceptors are supported by high pur i ty  quartz 
tubes. Thermocouples inserted in these tubes are used 
to monitor  the temperatures  of the susceptors and con- 
trol the power to the lamps. Dual, digital, set point  in-  
dicators, current  modulators, and SCR power circuits 
control the substrate tempera ture  (Tsub) and the 
source-substrate temperature  difference (~T). Rapid 
response with l i t t le  or no overshoot and tempera ture  
control of bet ter  than I~ was easily achieved. 

A gas flow and mixing  system was designed to ac- 
commodate HC1 chemical t ransport  growth as well  as 
the work described here. It  was constructed of Monel, 
Type 316 stainless steel, and iner t  plastics. This system 

060" 
i ' m  'l ~ ~ ( I00) Ge 

o u o . ,  

ZnSe Source 
Graphite A b s o r b e r - ~  ~ 

Exhaust -r n 

II 
~ / ,  600  W 

Lamp 

~ F l o w  Gauge 
Ar I[ H2+ HCl 

U ~Cryosorb Pump 

P u r g e - ~ ~ - ~ H C I  ~ ~ ~ ] -~  ~HCI 

| | ~ j i - P d - A g  Diffusion 
I B l e e d e r  ~ ~ Purifier 

L . @  ~ Mechanical 
I ~ ~ . . . .  Pump 

,-~ I L-OZTrap Pressure 
Ar ~ ~ = Gauge 

Fig. I. ZnSe growth system, Graphite absorbers are 1~ in. 
dlam • 7/16 in. thick; Ge substrates are 1/2 in. square, and the 
Zn~e growth region is 0.34 in. in diameter. Gases are vented 
through bubblers to prevent back diffusion. For H2 ~ HCI growths 
pure H2 flows through the Ar flow gauge and a large fraction of 
the initial H~ -~- HCI mixture is dumped at the purge part in order 
to obtain low HCI concentrations. 

was made leak tight to within the 10 -20 atm-cm3/sec 
sensitivity of a hel ium leak detector. The hydrogen 
flow gas used during the growths was pa l ladium-di f -  
fusion purified. Electronic grade HC1 and prepurified 
argon were employed. Argon was used as a continuous 
flushing gas when the systems were not in use. (Sev- 
eral glass envelope-susceptor systems were con- 
structed; each system was used exclusively for part ic-  
ular  substrate and flow gas combinat ion except where 
it is noted otherwise.) Systems were open to the at-  
mosphere for source or substrate replacement  for a 
few minutes  at most. Prior  to growth, the growth re-  
gion was baked at 350~ in  flowing H2 for a m i n i m u m  
of 1 hr. 

Substrate and source preparation.--Substrates were 
prepared from 2/3 mm thick, (100) oriented germa- 
n ium wafers. The Ge was nominal ly  undoped (40-100 
ohm-cm, p- type) .  The dependence of epitaxial layer  
morphography on substrate surface s tructure was com- 
plicated by selective Se etching of the Ge during 
growth. The best results in terms of ZnSe uni formi ty  
and surface morphology were obtained when the sub-  
strates were mechanical ly  polished using 1~ A12Os 
and then etch polished using concentrated NaOC1 on a 
low nap pad (11). This produces optically fiat, scratch- 
free Ge surfaces. A final etch in dilute I2-HF to remove 
3-5 mils was used to reduce surface damage result ing 
from the polishing procedure. 

Since the close-space t ransport  is very efficient, ap- 
proximately twenty  10~ thick growths can be made 
before the source-substrate gap changes appreciably. 
The work described here is the result  of two separate 
source charges of which each were used twenty  times. 
Sources were prepared from two, separate, high purity,  
melt  grown, ZnSe single crystals purchased from 
Eagle-Picher  Industries. Both crystals had high dark 
resistivity and both contained numerous  grain bound-  
aries. Emission spectroscopy analysis of the as-re-  
ceived crystals revealed an impur i ty  concentrat ion of 
540 ppm (500 ppm Si, 20 ppm Fe) in the first crystal 
and an impur i ty  concentrat ion of 70 ppm (50 ppm Si, 
20 ppm Fe) in the second crystal. These emission spec- 
troscopy estimates exclude copper which was mea-  
sured by atomic absorption at 87 and 0.4 ppm, respec- 
tively. The first crystal was ground down to N50# 
grains to form a "crushed-crystal"  source. The second 
crystal was cut and polished to fit the quartz crown 
to form a "single-crystal" source. Surface damage and 
contaminat ion were removed by etching in H2SO4- 
KeCr20? in the lat ter  case (12). No chemical analysis 
was performed on the completed sources. 

Analysis techniques.--Surface morphography was ob- 
served using a 27-1250• microscope with a Nomarski 
phase-contrast  at tachment.  The front surface of the 
ZnSe layer was always examined;  in some cases the 
ZnSe layer was removed by etching in 5% bromine in 
methanol  to permit  examinat ion of the Ge substrate 
for etching by Se vapor during growth (5). Samples 
were cleaved for microscopic examinat ion to determine 
the thickness of the ZnSe layers. Uniformi ty  of both 
the growth and substrate etching were also noted. 
Crystal l ini ty of the ZnSe layers was examined using 
Laue x - ray  reflection and glancing, high energy, elec- 
t ron diffraction techniques. As a consequence of the 
thin layers (~10~) and good lattice match, the x - ray  
data is dominated by reflections from the substrate. 

Several samples were annealed in a Zn vapor at-  
mosphere at 575~ No at tempt was made to protect the 
Ge substrate from attack by the Zn vapor, and this pre-  
cluded anneal ing in l iquid Zn (5). The samples were 
placed in high pur i ty  quartz ampuls with a weighed 
quant i ty  of metall ic Zn (99.9995% pure) sufficient to 
achieve the Znl-Zng equi l ibr ium at the anneal ing tem- 
peratures while minimizing the quant i ty  of excess, l iq- 
uid Zn (13, 14). The ampuls were evacuated to 10 -6 
Torr and sealed. Annea l ing  was performed for times 
between 1 and 36 hr. The ampuls were inserted into a 
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preheated furnace and quench-cooled upon removal.  
Annealed  samples were examined for cracks and peel-  
ing which would indicate stress and adhesion problems. 
Four  te rminal  resistivity measurements  were per-  
formed, and the ZnSe layer  was etched back in  steps 
and the resist ivity measurement  repeated to determine 
the uni formi ty  of the induced conductivity. 

Ul t raviole t -s t imula ted  luminescence measurements  
were performed to assess the qual i ty of the ZnSe epi- 
taxial layers. Samples were clamped to a cold finger 
in an  evacuated Dewar and held at l iquid ni t rogen 
temperature.  Light from a high pressure, 100W mer-  
cury lamp was filtered (Corning No. 7-51) to remove 
visible components and focused on the sample. The 
spectrum was resolved using a double pass monochrom- 
ator and detected using a photomult ipl ier  with an S-10 
photocathode. None of the spectra were corrected for 
system response. 

Exper imenta l  Results 
Growth.--Tsub and ~T were varied from 550 ~ to 

800~ and 5 ~ to 125~ respectively, to determine op- 
t imum growth conditions. Opt imum conditions for this 
case are defined as best surface morphography, best 
crystal structure, with acceptable growth rate. The op- 
t imum conditions were Tsub ---~ 575~ AT = 100~ at a 
hydrogen flow of 300 cm3/min. 

Ten micron thick films were grown in 10 hr  unde~ 
opt imum conditions. Increasing Tsub leads to severe 
pit t ing of the Ge substrate while almost no pi t t ing was 
observed under  opt imum conditions. There is always 
evidence of Ge etching in  the area where the quartz 
crown makes contact with substrate. At the inside 
diameter  of the crown, erosion reaches depths of a few 
microns. This erosion decreases cont inuously toward 
the outside diameter  where isolated, square etch pits 
are found. No etching is observed outside the crown 
except in the immediate  neighborhood of the slots. De- 
creasing AT increases substrate pi t t ing as well as re- 
ducing the growth rate. For Tsub ~- 5750C, AT must  be 
greater  than  50~ for the ZnSe thickness to exceed 
the erosion depth of the substrate. As Tsub is increased, 
AT must  also be increased for this condition to be met. 
Increasing aT above 125~ leads to faceting and mac- 
roscopic nonuni formi ty  of the layer but  HEED and 
x - ray  analysis indicated that  all the epitaxially grown 
films were single crystal. 1 Tsub must  exceed 500~ to 
achieve usable growth rates. 

It  has not been possible to define a ZnSe growth 
rate for this configuration. Increasing the growth time 
from 10 to 20 hr does not increase the layer thickness 
by more than 20%. Similar  evidence for saturat ion of 
the layer thickness is found when the growth time is 
reduced. Any  conclusions, however, must  be qualified 
due to a +20% uncer ta in ty  in the layer  thickness 
under  supposedly identical conditions. 

The first series of growths were performed using 
the crushed crystal source. A Nomarski photograph of 
the ZnSe layer produced in r un  No. 12 is shown in Fig. 
2a. The source had been used for 54 hr  growing time 
prior to this run  without  replenishment.  Earl ier  runs  
show projecting yellow needles as well as the uniform 
epitaxial  layer. The density of dendritic needles de- 
creases cont inuously to zero over the first 75 hr  of 
source use. There also appears to be some improve-  
men t  in the uni formi ty  of the continuous layer  with 
each succeeding growth. 

Figure  2b is a Nomarski photograph of a ZnSe layer  
produced using the single-crystal  source after 144 hr  
of prior use. In contrast to the powder source results, 
dendrit ic growth appears in  only the first epitaxial  
layer  and no fur ther  systematic changes occur in  the 
morphography of the epitaxial layers. 

1 E x p e r i m e n t s  we re  p e r f o r m e d  to d e t e r m i n e  the  g r o w t h  ra te  for  
the  s ing le  c rys ta l  to p o l y c r y s t a l  t r a n s i t i o n  at  the  o p t i m u m  s u b s t r a t e  
t e m p e r a t u r e .  A d d i t i o n  of 0.0% HCl  leads  to a g r o w t h  ra te  of 30 /~/hr 
and  induces  th i s  t r ans i t ion .  Th i s  agrees  w i t h  a l i n e a r  e x t r a p o l a t i o n  
of the  t r a n s i t i o n  da ta  for  Z n S e  e p i t a x y  on (100) Ge  presented by 
Calow et at. (2). 

Fig. 2a. Surface of ZnSe epitaxial layer grown from the crushed- 
crystal source: Nomarski phase contrast; calibration marks corre- 
spond to 5~. 

Fig. 2b. Surface of ZnSe epitoxial layers grown from the single- 
crystal source: Nomarski phase contrast; calibration marks corre- 
spond to 5~. 

Photoluminescence.--Figure 3 shows the visible pho- 
toluminescence spectra of a series of ZnSe layers 
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Fig. 3. Luminescence of ZnSe layers grown from a crushed-crystal 
source, The numbers in parentheses are the sealing factors used to 
multiply the intensity of the original data in preparing this figure. 
The relationship between run number and the accumulated hours 
of source use is No. 7, 20 hr; No. 10, 39 hr; No. 13, 65 �89 hr; 
No. 17, 107 hr; No. 18, 119 hr; and No. 19, 131 hr. Run No. 17 
employed a GaAs substrata. 

grown using the crushed-crystal  source. The chrono- 
logical sequence of the growths is indicated by the r un  
number ;  all of these growths were performed with ap-  
proximately optimal parameter  values. There is also a 
reduction in dendritic growth in this progression. The 
dendrit ic growth was brushed off the sample prior to 
taking the spectra shown in Fig. 3. Etching to remove 
any residue of the dendrites did not al ter  the spectra. 

The evolution of the luminescence from layer  to layer 
using the same source is too complex to be described 
completely by Fig. 3. The epitaxial  layers grown when 
the source is new are of relat ively poor qual i ty and the 
luminescence is characterized by a broad, weak l ine 
peaking between 5900 and 6100A. As the source is used, 
epitaxial layers exhibit  a 5400A Iine of increasing in-  
tensi ty followed by the gradual  appearance of a line at 
6240A and simultaneous decrease in the intensi ty of 
the 6000A line (No. 7). In  turn,  the 6240A line decays 
and what  appears to be an unresolved pair  of l ines 
at ,~6000 and ,-~5625A grows in  intensity.  Still later 
growths from the same source result  in epitaxial layers 
that exhibit  a reduction in intensi ty  of the 60O0A line 
with no change in the 5625A line. Appearance of the 
blue emission band at 4560-4720A and the l ine at 
4450A occurs with extinction of the 6000A band (No. 
10). Continued use of the source leads to epitaxial 
layers that show increased intensi ty  and better  resolu- 
t ion in  the b lue  emission band  (No. 13). 

Run No. 17 was performed on a GaAs substrate. A 
5~ epitaxial ZnSe layer  was grown on the (100) GaAs 
substrate in  10 hr. Tsub and AT were main ta ined  at 
575 ~ and 100~ respectively. In  contrast to normal  
procedure, nei ther  the growth tube nor  the ZnSe source 
were changed. Figure 3, No. 17 shows substant ial  in-  
tensi ty enhancement  and line width reduction of the 
5625A line. No other lines were observed in the spec- 
trum. Run No. 17 was followed by additional growths 
on germanium substrates using the same source and 

growth tube. The 6240_& red band  and a structureless 
blue band reappears in No. 18. Figure 3, No. 19 indi-  
cates a re tu rn  to the spectrum Shown in  Fig. 3, No. 13. 
Later runs  show that the r e tu rn  to the original spectra 
is erratic and slower than might appear from the data 
appearing in Fig. 3, No. 18 and 19. 

Figure 4 details the behavior of the blue emission. 
The phonon-assisted emission series seen in  the run  
No. 13 sample has been identified as result ing from a 
free to bound transi t ion by Dean and Merz (15). The 
LO phonon energy implied is 30.5 -+- 1 meV in  agree- 
ment  with published results (15, 16). The blue emis- 
sion band  for the r un  No. 18 sample is typical of ZnSe 
with high A1 and Na concentrations (16). The line at 
4450A is a combinat ion of unresolved 11,/2, and I= lines 
(17). 

ZnSe layers grown from single-crystal  sources show 
similar luminescence spectra wi th  notable exceptions. 
The structure of the blue emission changes in  an er-  
ratic manner  from growth to growth and never  de- 
velops the detail observed in  the spectra of the epi- 
taxial  layers grown from the powdered source. The 
4450A l ine is observed in all epitaxial layers from the 
onset of use of the source. Layers grown during the 
init ial  runs show the ,--5600A band and blue emission 
in  the 4560-4720A range is absent. The broad 6000_& 
emission band  may appear alone or with a l ine at ap- 
proximately  5400A. Other epitaxial layers exhibit  a 
6240A emission band  appearing with a l ine peaking 
anywhere  between 5600 and 5400A. The 4560-4720A 
blue emission is present only when the 6000A band  is 
absent. Luminescence in tensi ty  in epitaxial layers 
grown from both sources is comparable. 

Although growth of ZnSe epitaxial  layers using HCI 
as a chemical t ransport  agent is not the subject of this 
paper, some reference to the Iumine'scent spectra ob- 
tained is useful. Layers grown using single-crystal  
sources and less than 0.1% HC1 in H2 show a green 
emission band centered at 5300A. At higher HC1 con- 
centrations the layers show a broad 6000A band  and 
the blue emission is either structureless and very wealc 
or absent. The photoluminescence spectra indicate no 
persistent  contaminat ion of the ZnSe source as a re- 
sult of using HC1. Cutt ing off the I-tC1 flow yields epi- 
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Fig. 4. Detail of blue luminescence of ZnSe layers. The spectre 

of the layer obtained from run No. 13 is typical of those obtained 
from runs No. 12 through No. 16. Run No. 18 was preceded by one 
run on a GaAs substrate. The numbers in parentheses are scaling 
factors for the data as defined in Fig. 3. 
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taxial  layers showing 6240 and 5400A emission bands 
and good blue emission in the following growth. 

Sources used in  HC1 also show ,~6200 and  ~5400A 
emission bands bu t  do not show either intense or 
highly s t ructured blue emission. Examinat ion  in re-  
gions with and without  exposed grain boundaries  
shows that  moat of the emission originates at the grain 
boundaries.  Small  shifts in  the peak wavelengths  and 
changes of the l ine width of both the 6200 and 5400A 
band  demonstra te  that the higher intensi ty  observed 
at grain boundaries  is not due to scattering. Unused 
source wafers do not exhibit  uniform luminescence in-  
tensi ty or s t ructure except that  blue emission is usual ly  
not present. Sources used in H2 only show a single, 
weak luminescence band  peaking at 5400A. 

Zinc annealing.--All as-grown epitaxial  layers ex- 
hibit  resistivities greater than l0 s ohm-cm as mea-  
sured with a four-point  probe. Uncer ta in  junc t ion  iso- 
lat ion between the n- type  epitaxial  layer  and the p-  
type substrate sets this value as a lower limit. An-  
neal ing in saturated Zn vapor at 575~ for 18 hr re-  
duces the resistivity to 10-100 ohm-cm. Etching studies 
indicate that the conductivity modification is un i form 
throughout  the epitaxial  layer  thickness. Similar  
changes are observed upon anneal ing ZnSe source 
crystals under  the same conditions. These results are 
typical of bu lk  ZnSe (15). In  contrast to bu lk  ZnSe 
crystals annealed  under  these conditions, ZnSe epi- 
taxial layers grown on Ge by H2 t ranspor t  show no 
visible photoluminescence at 77~ Etching experi-  
ments demonstrate that  this absence persists through-  
out the layer. Annea l ing  in  saturated Zn vapor at 575~ 
for times such that  the resist ivity is reduced to the 104 
ohm-cm range results in a fourfold reduct ion in lumi -  
nescence in tensi ty  and broadening of the blue emis- 
sion lines. 

t t  might  be hypothesized that  photoluminescence is 
ki l led by a deep t rapping and recombinat ion center. 
Hovel has reported a Ge-ZnSe heterojunct ion switch- 
ing device that depends on the presence of deep traps 
(18). Measurements on these annealed samples do not 
show switching behavior  strongly suggesting that deep 
traps are not present. 

Annealed samples did not exhibit  l if t ing or cracking. 
In  contrast to other ZnSe-Ge epitaxy studies employ-  
ing different deposition techniques and /o r  thickness, 
this work did not show an adhesion or stress problem 
that can be revealed by  annealing.  

Discussion 
Approximate ly  10;~ thick ZnSe layers can be grown 

on (100) Ge using the close-space technique without 
using a chemical t ransport  agent. Nonl inear i ty  in the 
growth rate confirms Hovel and NIilnes' observation 
that Ge itself acts as a chemical t ranspor t  agent (15). 
Hovel and Milnes also obtained no growth on GaAs 
(B surface) under  conditions similar to those used 
here; i.e., Tsub : 590~ AT : 110~ and 0.02% HC1 
in  H2. (HC1 should increase the growth rate but  we 
have not observed measurable  increases at this low 
concentration.)  In  contrast, a 5~ thick ZnSe layer  was 
obtained (Tsub ---- 575~ AT ---- 1O0~ and pure H2) on 
(100) GaAs using a source that had been used for re-  
peated growths on Ge. Although conditions are not 
identical, the most probable explanat ion for the dis- 
crepancy is persistent  Ge contaminat ion  of the source 
powder. Parker  et at. obtain Ge concentrat ions of 50- 
100 ppm in  ZnSe epitaxial  layers grown by  HBr t rans-  
port on ~500~ Ge substrates (4), and Hovel and 
Milnes demonstrate  that  this Ge is provided by Se 
rather  than  halogen etching of the substrate (5). It  
must  be concluded that under  opt imum growth condi- 
tions, when there is no visible etching under  the ZnSe 
layer, the GeSex concentrat ion is replenished via etch- 
ing at the quartz crown-subst ra te  interface. Etching in 
only this region implies very  low Zn and ZnSe mobil i ty  
on the substrate surface and very fast reaction of H2Se 
with the exposed Ge. Slightly higher substrate tern- 

perature  at this interface may also enhance the selec- 
t ivity of the etching. 

Gradua l  changes in  the morphography of layers 
grown from the crushed-crystal  source and absence of 
similar  changes in layers grown from the s ingle-crys-  
tal source can be explained by several models. The 
large surface area of the crushed-crystal  source, un -  
certain thermal  contact, and  la tent  heat of vaporiza-  
t ion may  cooperate to yield supersaturat ion and den-  
dritic and atypical growth. Morphography improves as 
smaller  grains are consumed or "fused" together to 
reduce the surface area and _improve thermal  contact. 
It is also possible that the ZnSe source surface must  
equil ibrate at nonstoichiometric Zn and Se concen- 
trations in order to achieve stoichiometric deposition. 
The higher impur i ty  concentrat ion of the crushed- 
crystal source may have an adverse effect on morphog-  
raphy. Crushing ZnSe also exposes grain boundary  
surfaces and the impur i ty  concentrat ion on these sur-  
faces is expected to be higher than the bulk. Repeated 
subl imat ion from these surfaces may lead to suc- 
cessively purer  epitaxial  layers. 

The photoluminescent  spectra of the best epitaxial 
layers is superior to both that  previously reported for 
epitaxial layers (9, 19) and the source crystals em- 
ployed in  this work. "Superior" in  this case refers to 
the dominance and s t ructural  detail  achieved in the 
blue emission region. Blue emission has been identified 
with Na acceptors (16), but  the origin of Na has not 
been established in this case. Emission spectroscopy 
reveals no Na in the ZnSe sources and 2 ppm Na in  the 
graphite absorbers. The Ge substates were not ana-  
lyzed. 

The consistent reduction of the long wavelength 
emission of layers grown from the crushed-crystal  
source and the erratic behavior  of this emission in 
layers grown from the single-crystal  source suggests 
that  with the exception of the 5625A line these lines 
are associated with chemical impuri t ies  originating 
preferent ia l ly  from grain boundaries  in  the source. 
An  abnormal ly  high concen t ra t ion  of chemical im-  
purit ies at grain  boundaries  is expected and examina-  
tion of the source luminescence confirms a higher con- 
centrat ion of optically active defects at grain  bound-  
aries. Crushing the source exposes these high impur i ty  
concentrat ion regions so they are sublimed and in-  
corporated in the early grown epitaxial  layers. Single-  
crystal sources release these impuri t ies  for incorpora- 
t ion as subl imat ion and preferent ial  subl imat ion at 
grain boundaries  exposes impur i ty  pockets. This model 
requires that these impurit ies do not both diffuse 
freely along the grain boundaries  and sublime prefer-  
ent ial ly  at the source surface. 

Only speculative identifications can be made as to 
the specific origin of the long wavelength  lines. The 
luminescence band at 6000A is thought  to be equivalent  
to the self-activated blue luminescence center in  ZnS 
(20). The S-10 photocathode response distorts the lu-  
minescence data in this wavelength range. Correction 
for the S-10 response brings the center wavelength and 
the l inewidth of the 6000A band  into agreement  with 
the self-activated emission band  reported by Jones and 
Woods (21). This center has been suggested to consist 
of a Zn vacancy associated with a halogen or a Group 
III donor (22). Appearance of this l ine in layers grown 
in  high HC1 concentrat ions suggests the halogen donor 
is responsible. 

Cu has been associated with emission bands at ap- 
proximately 5300 and 6300A (19, 22-24). Aven  and 
Halstead observed green emission in compensated 
ZnSe: Cu: C1 and red emission in ZnSe: Cu: A1 contain-  
ing excess Cu (22). C1 does not appear to be optically 
active in the former case while an optically active 
Cu-A1 complex appears to form in the lat ter  case (22, 
25). Similar  processes may lead to the 5300A band  in  
layers grown using low HC1 concentrat ion and reap-  
pearance of the 6240A band after contaminat ion of the 
growth apparatus with Ga (19). Correction for the 
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S-10 photocathode response br ing  the center  wave-  
length  and the l inewid th  of the 6240A band into agree-  
ment  wi th  the  copper - red  emission band repor ted  by  
Jones and Woods (21). The re la t ive  behavior  of layers  
g rown from the two sources is not  consistent wi th  the 
ini t ia l  Cu concentrations,  however .  

Both the 5625A line in layers  grown from the crushed 
c rys ta l  and the 5600-5440A line in  layers  g rown from 
the single crys ta l  appear  to be the so-cal led yel low 
se l f -ac t iva ted  luminescence (26, 27). Var iab i l i ty  in the 
peak  in  the  la t te r  case is thought  to be due to a v a r y -  
ing defect  concentrat ion.  

The ZnSe source ma te r i a l  used for this  s tudy is s imi-  
la r  to tha t  employed  by  Dean and Merz and by 
Chat te r jee  et al. in r egard  to both electr ical  and photo-  
luminescent  behavior  (15, I6).  P r io r  to Zn vapor  an-  
neal ing the ep i tax ia l  layers  also exhib i ted  s imi lar  
photo luminescent  behavior .  The ini t ia l  conduct ivi ty  of 
the  ep i tax ia l  layers  and the i r  response to Zn vapor  
anneal ing is also similar .  Dean and Merz annealed  
thei r  ZnSe samples  in Zn vapor  to create  or enhance 
the Q and QF~B emission lines (15). This procedure  
should reduce the Zn vacancy concentrat ion.  Chat te r jee  
et al. indicate tha t  Na subst i tu t ing for Zn is responsible  
for the Q emission series (16). The presence of subst i -  
tu t ional  Na must  be accompanied wi th  a reduct ion in 
Zn vacancies if the  b lue  emission is to be enhanced.  I f  
not, the deeper  Zn vacancies would  tend to dominate  
the photoluminescence and lead to longer  wavelength  
emission. The epi tax ia l  layers  show no visible photo-  
luminescence when  Zn is vapor  annea led  to achieve 
s imilar  e lect r ica l  propert ies .  This implies  e i ther  tha t  a 
k i l le r  center  involving Ge impur i t ies  is fo rmed or tha t  
the opt ical ly  active centers are  ge t te red  by  the sub-  
strate.  

Approx ima te ly  75 h r  of firing the  source powder  at 
the growth  t empera tu re  is an imprac t ica l  method for 
s tabi l izing and pur i fy ing  the source mater ia l .  Even this 
p repara t ion  does not  achieve surface morphography  
comparable  to tha t  obta ined using a s ingle-crys ta l  
source. I t  is possible tha t  prefir ing s ing le-crys ta l  
sources in l iquid zinc would  make  these sources more  
uniform and achieve some purif icat ion by  a solvent  
ex t rac t ion  process (28). 

Some form of chemical  analysis  of the  epi tax ia l  
layers  would have been he lpfu l  in expla in ing  the lumi -  
nescence data. The luminescence is a complex function 
of the  concentrat ions of more than  one chemical  species 
in general ,  and these concentrat ions may  lie in the  
range  of 1 ppm or less in ZnSe (27). 

Manuscr ip t  submi t ted  Feb.  14, 1975; revised m a n u -  
script  received May 27, 1975. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the June 1976 
JOURNAL. Al l  discussions for the  June  1976 Discusmon 
Section should be submi t ted  by  Feb.  1, 1976. 

Publication costs of this article were partially as- 
sisted by The University of Colorado. 
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Poly(Vinyl Arene Sulfones) as Novel 
Positive Photoresists 
M. J. Bowden and E. A. Chone[ross 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The synthesis  and photosensi t ivi t ies  of a number  of copolymers  of sulfur  
dioxide and var ious  a ry le thy lenes  are  described.  I r rad ia t ion  wi th  u l t rav io le t  
l ight  causes chain scission and increases the  solubi l i ty  of these polymers ;  
thus they  funct ion as posi t ive photoresists .  

Al l  commercial  posi t ive photoresis ts  appear  to de-  
pend on the same photochemical  process, viz., the re -  
a r rangement  and hydra t ion  of a quinone diazide to 
form a carboxyl ic  acid which solubilizes the  resist  in  

Key words: poIysulfones, positive resist, photoresist, 

mild  alkal i  (1). Process operat ions using these ma te -  
r ials  have not been en t i re ly  sat isfactory.  The resis t  
solutions are  complex mix tures  and batch to batch 
var ia t ion in proper t ies  can make  developing proced-  
ures unsat isfactory.  Posi t ive resists have l imi ted  chem- 
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ical resistance to etching solutions and are readily 
soluble in  alkaline etchants. Certain difficulties also 
arise when  positive resists are used in  conjunct ion with 
gal l ium arsenide substrates since the substrate is at-  
tacked by the developing solution, leading to marked 
undercut t ing  of the resist and a t tendant  loss of resolu- 
tion. 

We have investigated a new type of positive 
photoresist, analogous to the recent ly described 
eIectron-sensit ive olefin-sulfur dioxide copolymers, 

C H ~ J C H - - S O  , where R is an alkyl group 

1__ R __l~ 
(2). This group of polymers does not absorb u l t ra -  
violet l ight in  a useful region of the spectrum (k > 250 
nm) and it is not possible to sensitize photodegrada- 
tion. We thought that  polysulfones containing R : 
aromatic hydrocarbon should show photochemical 
cleavage of the benzylic carbon-SO2 bond. Related 
photochemical reactions are known for cyclic sulfones 
(3). We have found that the copolymers of arylated 
olefins, such as styrene, and sulfur  dioxide are sensi- 
tive to ultraviolet  l ight that is absorbed by the hydro-  
carbon moiety and that  these copolymers function as 
positive photoresists with useful  differential solubility. 

Styrene is known  to form a 2:1 copolymer with sul-  
fur dioxide under  certain conditions (4). We chose this 
mater ial  for our ini t ial  studies and found it to be 
sensitive to ul traviolet  light absorbed by the pendant  
benzene rings (ca. 265 nm) .  The solubil i ty of this 
polymer is increased by irradiation, indicat ing that  
chain scission is the principle mode of degradation as 
in  the electron beam resists; thus it functions as a 
positive photoresist. The sensit ivi ty is ra ther  low be-  
cause the absorbance is weak and lies in a region 
where  there is relat ively li t t le output  f rom the high 
pressure mercury  arc lamp. 

In  order to increase the photosensit ivity of this type 
of polymer we replaced some or all of the benzene 
groups with larger aromatic hydrocarbon systems hav-  
ing greater ul t raviolet  absorbance at somewhat longer 
wavelength.  The systems studied are summarized in 
Table I. The sensit ivi ty presumably  depends not only 
on the aforementioned factors but  also on the inhSrent 
instabi l i ty  of the polymer  and the mechanism of photo- 
decomposition. 

The most promising member  of this class of com- 
pounds was a terpolymer based on styrene, acenaph- 
thylene and SO2, whose sensit ivity was about 500 mj 
cm -e  for ul t raviolet  light in  the wavelength region 
2.00-40{) nm. This paper  reports a more detailed invest i-  
gation of the properties of this resist. 

The photochemical reaction appears to proceed most 
readily from t~he excited singlet  state as tr iplet  sensi- 
tizaUon, e.g., benzophenone was extremely inefficient. 
This may reflect the energy required to break the 
carbon-SO2 bond which is comparable to the tr iplet  
energy of the naphthalene  group (60 kcal m o l e - l ) .  
These polymers decompose at elevated temperatures  

and the photochemical reaction may be a hot ground 
state thermal  reaction. 

The acenaphthylene section of the polymer contains 
the grouping - - C H - - C H - - S O z  which has the aryl  group 

attached to t w ~ m s  of the ma in  chain. We believe 
that the increased sensit ivi ty of this polymer  over the 
related v iny lnaphtha lene  polymer is due to the s t ra in 
introduced by the f ive-membered r ing of the acenaph- 
thylene group. 

Experimental 
Poly(styrene-acenaphthylene sulfone) (PASS).--A 

solution of acenaphthylene (8.75g, 0.057 mole) in 
freshly distilled styrene (30g, 0.29 mole) containing 
azobisisobutyronitri le (0.1g) and dimethylformamide 
(5 ml) was degassed by several freeze-thaw cycles. 
Sulfur  dioxide (ca. 50g, 0.8 mole) was added and the 
flask was sealed: It  was immersed in  a water  bath at 
50~ for 72 hr. The polymer was precipitated by pour-  
ing the viscous mixture  into a large excess of methanol.  
It was redissolved in  dioxane and reprecipitated into 
methanol  and then dried under  vacuum at room tem- 
perature. 

The elemental  analyses of various batches of the 
polymer are given in Table II. The u.v. absorption 
spectrum is shown in Fig. 1. Acenaphthene groups in 
the polymer are responsible for the absorption in the 
290 nm region and their  concentrat ion can be deter-  
mined from the u.v. spectrum. 

Sensitivity.--The polymers were dissolved in  Kodak 
Photoresist Th inner  (methoxyethyl  acetate) and films 
were spun on Si/SiO2 substrates using a Headway 
photoresist spinner.  Fi lms were baked for 3{) rain at 
200~ The films were irradiated, through a mask with 
collimated light from a 200W high pressure mercury  
arc source. The light was filtered through a Corning 
7-54 filter which t ransmits  the 220-400 n m  region of 
the spectrum. The intensity, measured with a thermo-  
pile, was 20 mW cm -2 at the resist surface: 

Following exposure, the i r radiated areas of the film 
were spray-developed with a 6{) (dioxane)/40 (iso- 
propyl alcohol) mixture.  This developer did not at-  
tack the remaining film. 

Resolution was checked by  exposing the resist 
through a contact mask and developing the image as 
described. The resist was then postbaked (30 rain at 
2{)0~ and the substrate was etched in  buffered HF. 

Results and Discussion 
Po~ymerizat~on.--Styrene and sulfur  dioxide form 

a 2:1 copolymer under  the conditions used in  our 
experiments.  The addition of acenaphthylene (AcN) 
markedly  reduces the over-al l  polymerizat ion rate. 
Elemental  analyses of the terpolymer indicated that 
acenaphthylene is incorporated into the chain in either 
- -S ty- -AcN-- -SO2--  or - - S t y - - S t y - - A c N - - S O 2 - -  se- 
quences interspersed between t h e - - ( S t y ) ~ - - S O ~  se- 
quences of the normal  copolymer. The marked re tarda-  

Table I. Properties and exposure parameters of poly(vinyl arene sulfones) 

Name 

Vinyl arene ) eopolyrner M~nomer - --- 
formula \ SOs �9 

Sensitivity 
A max (nm) (jcm -2) 

poly (styrene sulfone) 

Poty (4-vinylbiphenyl su l f one  

Poly ( 1-vinylnaphthalene sulfone) 

Poly (styrene-eo-acenaphthalene 
sulfone) * 

~ = CI-I~ 2 200 265 18.4 

2 16,000 250 6.0 

CI~ This material was not ~urther investigated since y i e l d s  w e r e  very low 

C ~ H  2 (2S mole % AeN) 7,000200 250320 <0.50 

* Acenaphthalene did no% form a homopolysulfone. Attempts were also made to synthesize %he polysuifone from N-vinylearbazole but were 

%tnsuceessful. 



1372 October 1975 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY 

Table II. Analysis of PASS samples* 

Ini t ia l  mole  
Sample  feed composi t ion  %AeN 

No. s ty /AcN/SO~ In i t ia t ion  C (%) H (%) S (%) (u.v. spec t rum)  Comments 

2 3 / 1 / 1 5  t B u O O H  at  0~  70.12 6.18 11.48 14 
(71.6 5.65 11.3 ) (13.4) 

3 3 / 1 / 1 5  A I B N  a t  50~ 75.87 5.77 9.10 23 
(75.86 5.74 9.19) (22) 

4 5 / 1 / 1 5  A I B N  a t  50~ 72.92 6,05 10.27 20.8 
(73.6 5.66 10.26) (19.5) 

2 /1  c o p o l y m e r  w i t h  a p p r o x i m a t e l y  e v e r y  Sth s t y r e n e  u n i t  
r e p l a c e d  b y  an  A c N  u n i t  

5 /2  copolyr .aer  w i t h  a p p r o x i m a t e l y  e v e r y  5 th  s t y r e n e  u n i t  
r e p l a c e d  b y  a n  A c N  u n i t  

11/5 c o p o l y m e r  w i t h  2 . A c N  u n i t s  p e r  11 v i n y l  a r e n e  u n i t s  

* V a l u e s  s h o w n  in  p a r e n t h e s e s  a r e  t h e o r e t i c a l  v a l u e s  b a s e d  o n  a s s u m e d  c o m p o s i t i o n .  

tion of the over-al l  rate indicates a kinetically un -  
favorable addition reaction to acenaphylene and of the 
acenaphthylene radical to SO2. Thus the reaction must  
be carried out at moderate temperatures  in  order to 
obtain reasonable yields of product. The upper  l imit  
will, however, be determined by reversibi l i ty of the 
addition of SO2 (ceiling tempera ture  considerations) 
which tends to reduce its incorporation into the poly- 
mer. The rate re tardat ion by acenaphthylene also re-  
sults in a substant ial  reduction in molecular  weight. 
This, alone, reduces the photosensit ivity which is de- 
pendent  on the rate of separation of molecular weight 
distributions;  this rate is dependent  on the ini t ial  mo-  
lecular weight (5). 

We found that  cationic homopolymerizat ion could 
sometimes occur readily in these systems but  that  it  
could be suppressed by the addition of small  amounts  
of dimethylformamide.  The amide was added routinely 
to avoid this undesired side reaction. 

Film properties.--It was observed that, upon spray 
developing the exposed areas of the substrate, the u n -  
exposed areas developed a "frosted" appearance after 
extended spraying. This was not observed in the ex- 
posed areas which developed normally.  Microscopic 
examinat ion of the frosted regions showed that  a 
myr iad  of semimicro cracks had developed in the film. 
In  several cases, the film had markedly  pulled away, 
exposing large areas of substrate. Some photomicro- 
graphs of these regions are shown in  Fig. 2. This effect 
was only observed in  films with thickness > 300 nm. 
At thicknesses ~ 300 nm, the resists developed nor -  
mally, leaving the unexposed film completely intact. 

Several reasons may be advanced for this phenome-  
non. It  was thought that the effect could be due to 
residual stress in  the film which was not annealed dur -  
ing prebaking (the resists were ini t ia l ly prebaked at 
100~ It is general ly considered advisable to prebake 
above the glass t ransi t ion temperature  in order to re-  
move residual stress from the film. The Tg, as mea-  
sured by differential thermal  analysis, was found to 

be 186~ Thermal  degradation of the resist did not 
occur unt i l  275~ TGA and DTA analysis results are 
shown in Fig. 3. Some decrease in  the tendency of the 
resist to crack was observed on increasing the pre-  
baking temperature  to 200~ but  it was never  ent i rely 
eliminated. 

It appears that  the reason for cracking of the film 
lies in the extreme bri t t leness of the film. It  was not 
even possible to cast a film on mercury  for infrared 
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Fig. 1. U.V. absorption spectrum of poly(acenaphthalene styrene) Fig. 2. Micrograph of "frosted" unirrodiated regions of developed 
sulfone, film showing development of microcrocks. 
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Fig. 3. TGA and DTA curves for PASS 

measurement  without  the film breaking up during the 
final states of solvent evaporation. 

Accordingly, attempts were made to "plasticize" the 
film by incorporat ing other groups into the polymer 
chain. The most practical approach was to attach 
groups to the para position of the polystyrene units  
in  the chain. A typical  approach is outl ined below 

C H - - C H 2  C H = C H 2  R = C s H n ,  

+ R O - N a + ' - )  ~ CsH,, 

OH~CI CH~OR 

[I] [II] 

These films did not crack under  prolonged spraying by 
developing solutions. Unfortunately,  the polymer de- 
r ived underwen t  cross-l inking dur ing  u.v. irradiation, 
presumably  through cleavage of the ether bond and 
cross- l inking to another  chain. 

It may be possible to obviate the cracking problem 
by increasing the molecular  weight of the init ial  
polymer. The addition of acenaphthylene to the mix-  
ture  of styrene and SO2 markedly  reduces the over-al l  
rate of polymerizat ion and degree of polymerizat ion of 
the resul tant  mixture.  Reasonable yields of PASS 
were obtained where the ini t ial  mole ratio of styrene 
to acenaphthylene was 5/1. Acenaphthylene  did not 
form a polysulfone by itself. 

Resist evaluation.--The following results were ob- 
tained using sample PASS No. 4 which is a 11/5 co- 
polymer of v inyl  aryl  groups/SO2 with two acenaph- 
thalene uni ts  per eleven v inyl  aryl  groups. Evaluat ion 
was made on films of 300 nm thickness. 

As can be seen in  Fig. 1 acenaphthene absorbs 
strongly at 294 nm with a tail  extending out to 330 nm. 
Exposures were accordingly made through the Corning 
7-54 filter which t ransmits  the 220-400 nm region of 
the spectrum. The sensit ivi ty under  these conditions 
was 500 mJ  cm-2o It was found that  the sensit ivity of 
the polymer film was unal tered  by a I n u n  Pyrex  
filter (cutoff k N 285 nm) .  When the absorption peak 
of acenaphthene is matched against the ouptut  of the 
Hg lamp, it appears that the photochemical reaction is 
pr imar i ly  due to  the Hg line at 313 nm. Since more 
than half of the light passed by the 7-54 filter lies 
outside the polymer absorption band, the sensitivity 
at this wavelength is <200 mJ cm -2. This may be 
compared with a value of ,-,60 mJ  cm -2 for the AZ 
positive photoresists (6). 

PASS is an excellent etching mask against buffered 
HF. Some pat terns etched in SiO2 are shown in Fig. 4. 

Conclusions 
The major  drawback to these resists is the region 

of the spectrum over which they absorb. Admittedly, 
they are sensitive enough, bu t  they only use a small  
fraction of the output  of the Hg lamp. In  addition, one 
would need to use quartz optical systems for coll imat-  

Fig. 4. Micrographs of test patterns etched in Si02 

ing the light, etc. However, for those special situations 
where current  available materials are unsatisfactory, 
as in the pat terning of galliu m arsenide, it is felt these 
resists offer a viable alternative.  

It would obviously be desirable to extend the sensi- 
t ivity into the 365 n m  region of the ul t raviolet  where 
the lamp output is high and glass optics are usable. 
Studies directed toward this goal are underway.  
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Comparison of Group IV and VI Doping 
by Implantation in GaAs 
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ABSTRACT 

Factor important  in at taining higher n - type  conductivi ty on implant ing  
GaAs have been investigated. These are reflected in a comparison of Group IV 
and VI dopants where the difference in behavior can be ascribed to the different 
sublattice occupation. The importance of Ga outdiffusion with SiO2 encap- 
sulated layers is seen on incorporat ing Ga within  the oxide prior to ini t ia t ing 
any heat- t reatment .  For sulfur, the electrical activity is doubled by the pres- 
ence of the oxide gallium. Such an oxide is detr imental  for implanted Si + 
layers and indicates that some Ga outdiffusion is desirable. Presumably  the 
same applies and inadver ten t ly  occurs with the t radi t ional ly  simpler p- type 
implants.  The anneal ing of S + and Se + implants  with a dose-dependent,  opti- 
mum anneal ing tempera ture  differs significantly from Si + which requires 
higher anneal ing for comparable doping. The advantage gained by implant ing  
Group VI dopants at elevated temperatures  is not as pronounced with Si and 
in  this respect Si resembles the p- type  dopant Zn which does not exhibit  any  
strong dependence on implanta t ion  temperature.  

One of the l imit ing factors in GaAs technology is 
the difficulty of forming thin, heavily doped n- type  
regions. In diffusion, problems can arise in  working 
with arsenic overpressures and through many  of the 
dopants reacting chemically with the GaAs wafer sur-  
face. When the dopants are introduced by implanta-  
tion, it is difficult to get a substantial  fraction electri- 
cally active and uncompensated.  Details of early im- 
plantat ion work have been given by Al len  (1) while 
more recent results are summarized by Eisen (2). 

Both Group IV and VI elements can be used for 
n - type  doping in  GaAs. While Group VI elements are 
n - type  dopants on the As sites, Group IV elements are 
amphoteric and in contrast exhibit  n - type  con- 
ductivi ty on the Ga sites. Thus, implanted Group IV 
and VI ions might  be expected to behave somewhat 
differently and par t icular ly  during post implantat ion 
annealing.  

An area that has received considerable at tent ion in 
investigating n- type  implants  is surface encapsulation. 
Such a layer is required to prevent  thermal  erosion 
that  otherwise occurs during annealing.  The simplest 
dielectric to apply is SiO2 and though it fulfills its 
init ial  in tent  of containing the arsenic, Ga will out- 
diffuse into the oxide (3). While this Ga loss may be 
detr imental  for Group VI dopants, a certain concentra-  
tion of Ga vacancies so formed could conceivably 
benefit Si and other Group IV dopants. 

All Group VI dopants exhibit  bet ter  conductivity 
when implanted at elevated temperatures,  in addition 
to the usual  post implantat ion annealing. Foyt  et al. (4) 
reported the most efficient Se doping as occurring at 
the upper  end of the room temperature  to 5O0~ range 

K e y  words :  GaAs  doping,  implan ta t ion ,  su r face  encapsula t ion .  

investigated. Better Te doping was obtained by Harris  
et al. (5) when implant ing  at 150~ rather  than at 
room temperature.  For S, an increase in uti l ization as 
dopants occurs ,~150~ (6), coinciding with the tem- 
pera ture  required to avoid lattice disorder (7), and no 
further  improvement  occurs at higher temperatures  (up 
to 500~ As no significant reduction in compensation 
occurs on implant ing  hot (6), the inferior room tem- 
perature results are a t t r ibuted to the failure of these 
ions when so implanted to act as subst i tut ional  dopants 
on the arsenic sublattice. Thus, Group IV elements 
would not necessarily exhibit  the same behavior with 
regard to implanta t ion temperature  in becoming n- type  
dopants on Ga sites. In  this respect, Si or Sn might  be 
expected to follow p- type dopants such as Zn which 
does not show any great dependence on implanta t ion 
temperature  (8, 9). 

Here, S, Se, and Si have been implanted with the in -  
tent  of comparing and contrasting their anneal ing be-  
havior. Earlier work on compensation has indicated 
that  even though anneal ing occurs at 225 ~ and 525~ 
this compensation arising from irradiat ion defects is 
still only part ial ly recovered at least up to 600~ (10). 
As a consequence, any n - type  doping regardless of the 
dopant implanted will require anneal ing to well over 
600~ Anneal ing  temperatures  used on this study 
range from 700 ~ to 900~ The influence of Ga loss 
into SiO2 has been investigated by the use of oxides 
containing an initial  quant i ty  of Ga prior to any out-  
diffusion. Some implants  have also been annealed using 
Si3N4 and A1N instead of SiO2. Finally,  the implanta-  
t ion temperature  dependence of St, taken as represen-  
tative of the Group IV dopants, is compared to the 
Group VI dopant behavior. 
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Experimental 
Epitaxial  GaAs grown by the hydride vapor phase 

method has been used in the present  work. It  is grown 
2 ~ off the <100> direction and to a thickness of 

1-11/~ #m. The doping is held ~ 1015 cm -3 and will have 
negligible effect compared to the implanted conduc- 
t ivi ty  to be investigated. Any  dependence of the im-  
planted electrical activity on the init ial  material  is 
minimized by confining the work to this epitaxial  ma-  
terial which is grown as required under  near identical 
conditions. In  contrast, some earlier Si implants  into 
chrome-doped bulk  GaAs exhibited carrier concen- 
trat ions and mobilit ies that  were only around 75% of 
what  is general ly  at ta inable with the epitaxial  layers. 

The SiO2 used as a surface encapsulant  is spun on 
from an alcohol solution. 1 Following an HF cleaning 
t rea tment  the oxide is applied and spun at 3000 rpm.The  
oxide is baked at 180~ and film thicknesses are gen-  
erally ,--1700A. The gallium-SiO2 layers are s imilar ly 
applied using oxides meant  pr imar i ly  to be Ga sources 
for diffusion into silicon and containing Ga to concen- 
trat ions of 10 ~1 cm -8. The SigN4 and A1N are sputtered 
on (using targets of the same composition and not 
react ively) .  The A1N contains considerable oxide 
while the SijN4 is relat ively pure. Wafer deterioration 
becomes physically apparent  with the oxide encapsula-  
tion after hea t - t rea tment  to 875~176 SisN4, on the 
other hand, can wi ths tand temperatures  up to at least 
925~176 

The encapsulat ing layers are general ly applied prior 
to implanta t ion and so protect the GaAs during both 
implanta t ion  and postannealing. Most of the S + 
implants  to be reported were carried out at 500~ 
while temperatures  wi th in  the 200~176 range were 
used for both Se and Si. It  should be noted that  as 
there is no advantage in implant ing  S + at 500~ ra ther  
than  at 200~176 (6), the lower temperatures  should 
also be preferred for S + (and par t icular ly  if implant ing  
prior to applying the surface encapsulant  were re-  
quired) .  

All the implants  have been  performed at 1 MeV. 
Other than one series of S + implants  at 3 • 1014 cm -2 
a dose of 1014 cm -2 has been used throughout.  S i l l  + 
has been implanted instead of Si + to avoid contamina-  
t ion from other mass 28 species. Anneal ing  is carried 
out in a ni t rogen ambient  for 10 min. For performing 
Hall measurements  t in  contacts are alloyed into the 
implanted layer  and no contracting problems are en-  
countered at the dose levels mentioned. 

Results 
Table I compares the electrical activity resul t ing 

from sulfur implants  when  SiO2 containing Ga, "pure" 
SiO~, and SigN4 are used as the encapsulants.  The 
variat ion in implanta t ion  tempera ture  (170~176 
should have min ima l  effect on the resul t ing activity. 
All  the samples were implanted to a dose of 1014 cm -'~ 
and then similar ly annealed at 825~ for 10 min. It 
will  be observed that the highest active concentrat ion 
is given by the Ga-SiO2 encapsulated layer, indicat ing 
that  the presence of Ga  has a direct bearing on the re-  
sult ing activity. SijN4, though bet ter  than  straight 
SiOf, does not at present  measure up to Ga-SiOf. Some 
implants  were also under t aken  with A1N as the pro- 
tective layer  but  the corresponding activity was much 

Commercially available from Emulsitone, Whippany, New J e r s e y .  

Table I. Doping efficiency of 1014 S + cm - 2  implants annealed at 
825~ with different encapsulants 

Timph Rs /z(cm~/ 
Encapsulant (~  (ohm/J3) V-sec) Ns (crn-~) 

G a - S i O 2  360 51 3100  4.0 • 10 ~ 
170 57 2750 4.0 x 10 TM 

S i ~ 4  240 81 3100 2.5 x 10 TM 

Si02 299 99 3150 2,0 X 1028 
240 127 2050 2.4 x I0  TM 

lower with only 1-2 X 1013 cm -2 becoming electrically 
active. It should be borne in mind  that  as no informa-  
t ion has been obtained on the relat ive effectiveness of 
the encapsulants in re ta ining the as- implanted  distri-  
butions, the increase in  integrated (sheet) concentra-  
tions may also reflect some profile widening. 

The anneal ing tempera ture  of 825~ used in  Table 
I is near  the opt imum anneal ing temperature  for 1014 
cm -'2 S + implants.  This can be seen in Fig. 1 where  
both the sheet carrier concentrat ion and the mobil i ty  
are shown as a funct ion of a n n e a l i n g  temperature.  The 
ma x i mum concentrat ion of 3.6 X 1013 cm-2 is lower 
than the 4 X 1013 cm-~ value given in Table I for 
s imilarly capped (Ga-SiOf) implants.  The reduction 
presumably arises from the 500~ implan ta t ion  tem- 
perature  used in  Fig. 1 and which is margina l ly  close 
to the onset of a deterioration in activity that  occurs 
on implant ing  at temperatures  ~ 500~ (6). 

The improvement  in  mobil i ty at 750~176 despite 
the accompanying rise in  free carrier concentrat ion 
suggests that  considerable defect anneal ing is occur- 
ring. Relocation of S onto subst i tut ional  sites alone 
would lead to increased impur i ty  scattering and a re-  
duction in mobility. The max imum mobil i ty  of 3000 in-  
dicates a high degree of damage recovery. These mo-  
bilities correspond to 10 zs cm - s  doping in  bulk  GaAs. 

It is presumed that  the fall off in conductivity that 
occurs above 825~ is surface related. The activity still 
a t tainable at higher temperatures  for SijN4 encapsu- 
lated Te implants  (7) suggests that  certain dielectrics 
may not be as restrictive as SiO2 in  this respect. More 
clarification is required, however. The same opt imum 
anneal ing feature is followed at higher doses as can be 
seen in Fig. 2 for a 3 X 1014 cm -'2 dose level. At 800~ 
both the carrier concentrat ion and mobil i ty are close 
to what  was obtained from the 1014 cm -2 implant  with 
similar annealing.  The mobi l i ty  then falls to reflect the 
higher active carrier concentrat ion and, despite using 
similarly applied Ga-SiOf, the opt imum anneal ing con- 
dition of 800~176 in Fig. 1 shifts to 850~176 

Similar  anneal ing features are exhibi ted by Se +. 
This is shown in Fig. 3 where Se + has been implanted 
to doses of 1014 cm-~ at 250~ and annealed with SiO2 
containing Ga. The highest activity occurs at the same 
anneal ing temperature  seen in Fig. 1 with sulfur. The 
mobilities are general ly lower than  those already ob- 
served for sulfur  and what  can be obtained from Si + 
implants.  
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Fig. 1. Dependence of the sheet carrier concentration and mobility 
on annealing temperature for sulfur encapsulated with Ga-Si02. 
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Fig. 2. Annealing of sulfur showing the higher temperatures 
required for the heavier 3 X 1014 cm - 2  dose level. 
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The 800~ annealing for the implants  of Table  II  is 
not the most ideal for Si. This is i l lustrated in Fig. 4 
where  it can be seen that  Si does not  exhibi t  the 800 ~ 
825~ opt imum tempera ture  observed earl ier  wi th  
both S + and Se + at the same 1014 cm -2 dose. These 
Si + implants, at 220~176 were  annealed using Ga- 
free SiO2. The sheet carr ier  concentrations up to 3.6 • 
1018 cm-2  (Rs = 52 ohm/[::]) are l imi ted by the t em-  
pera ture  which the oxide can withstand and which 
present ly  is ~900~ Possibilities for improvement  in-  
clude overcoating the oxide with  a nitr ide layer  which 
would  withstand higher  tempera tures  or going to an 
oxyni t r ide  layer  which may al low some Ga out-diffu-  
sion. 

The corresponding mobili t ies together  wi th  those of 
other  Si + layers  annealed with  various oxides in-  
cluding As-SiO2 are shown in Fig. 5. An improve-  
ment  occurs at ~825~ but this stage is not as pro-  
nounced as that  seen ~775~ with  S + (Fig. 1). 

The  effect of implantat ion tempera ture  on S, Se, and 
Si layers can be seen in Table III. All  ions have been 
implanted above 150~ as wel l  as at room temperature .  
The sulfur results are taken  from earl ier  work  (6) 
whi le  those for 'Se are in agreement  wi th  Foyt  et al. 
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Fig. 3. Annealing of selenium-implanted layers passlvated with 
Ga-Si02. 
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Turning to Group IV dopants, the influence of var i -  
ous dielectric coatings on the anneal ing of S i+ - im  - 
planted layers is shown in Table II. Doses of 1014 cm -2 
were implanted at 250~176 and then annealed to 
800~ Contrary  to the behavior  wi th  S +, the presence 
of Ga within  the oxide now becomes detr imental  to 
achieving high electrical  activity. It  thus appears again 
that  Ga-SiO2 reduces the out-diffusion of Ga but here, 
unl ike wi th  S +, such an out-diffusion seems desirable. 
The Si3N4 and A1N annealed layers are in termediate  
be tween the two oxide extremes.  

Table II. Doping efficiency of 1014 Si + cm - 2  implants annealed at 
800~ with different encapsulants 

Tzmpl. Rs p,(cm~/ 
Encapsulant (~ (ohm/[~) V-sec) Ns(cm-2) 

Ga-SiO2 260 496 2100 0.6 x i0 ~ 
300 340 2300 0.8 • I0 TM 

AIN 290 149 3000 1.4 • i0 ~s 
250 142 2600 1.7 X 10 TM 

S i ~ , t  2 7 0  139  2 5 0 0  1.8 X 10  TM 

SiO~ 2 9 0  99 3000 2 .1  X 10 I~ 
2 4 0  87 3 0 0 0  2 .4  X 10  z~ 
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Fig. 5. Dependence of mobility on annealing for silicon implanted 
layers. 



Vol. 122, No. 10 1377 D O P I N G  BY I M P L A N T A T I O N  IN G a A s  

Table Ill. Effect of implantation temperature on $ +, Se +, and Si + electrical activity 

TImpI .  
I o n  (~  

H e a t e d  Ns 
TAnzeaI ,~ (em~/  

( ~ C ) E n c a p s u l a n t  V - s e c )  N s  ( c m  -$) R . T . / q s  

S 3 6 0  
2 0  

S e  2 8 0  
2 0  

S i  2 3 5  
2 0  

S i  2 9 5  
2 0  

8 2 5  ~ G a - S i O 2  3 1 0 0  4 .0  • 10  TM 2 .5  
8 2 5  ~ G a - S i O 2  3 0 0 0  1.6 • 10  ~a 
8 2 5  ~ G a - S i O ~  2 0 5 0  2 .9  • 10  la 3 .2  
825" Ga-SiO2 1650 0.9 • I0 TM 

8 2 5  ~ A s - S i O ~  2 7 5 0  2 .2  X 10  ~s 1.2 
8 2 5  ~ A s - S i O :  2 7 0 0  1 . 9  x 10  aa 
8 1 0  ~ S iO2  3 0 0 0  2 .3  • I 0  ~s 1 .3  
8 1 0  ~ SiO~ 3 3 5 0  1.8 x 10 ~ 

(4). The most significant factor  is the  re la t ive  insensi-  
t iv i ty  of Si to implan ta t ion  tempera ture .  I t  is clear  
tha t  Si becomes subst i tu t ional  more  read i ly  than  the  
Group VI dopants  when  implan ted  at  room t empera -  
ture. 

The compara t ive ly  lower  ac t iv i ty  in Table  I I I  that  
is shown for Si + arises th rough  anneal ing at  s imi lar  
t empera tu res  to the S + and Se + layers  r a the r  than  at  
the more  ideal  h igher  t empera tu res  indica ted  by  Fig. 
4. Both SiO2 and As-SiO2 have  been  used in anneal ing  
these Si + implants .  I t  may  be noted that  incorpora t ion  
of As wi th in  the oxide does not produce  any improve -  
ment  comparab le  to tha t  obta ined for S wi th  Ga-SiO~. 
It appears  that  As loss is not a problem,  in agreement  
wi th  Gyula i  et al. (3) who es tabl ished from back-  
scat ter ing measurements  tha t  Ga alone out-diffuses 
th rough  SIO2. 

In summary,  significant differences arise in the  be-  
havior  of implan ted  S + or Se + and Si +. These differ- 
ences are  a t t r ibu ted  to Group VI and Group IV dopants  
occupying different  subla t t ice  sites. Incorpora t ion  of 
Ga into SiO2 resu l ted  in a m a r k e d  improvemen t  wi th  
S + implants  but  was de t r imenta l  to achieving high 
conduct ivi ty  wi th  St. I t  is concluded f rom such behavior  
that  the  ga l l ium wi th in  the oxide at  least  pa r t i a l ly  in-  
hibits  the  gal l ium loss f rom the wafer  surface. Fur ther ,  
some Ga loss seems desi rable  in the  case of Si + and 
p re sumab ly  the  same applies  and inadver t en t ly  occurs 
on implan t ing  Group  II  p - t y p e  dopants  which can in 
genera l  be more  read i ly  r endered  e lec t r ica l ly  active 
(2). The anneal ing  character is t ics  of S and Se with  
an op t imum anneal ing  t empe ra tu r e  contrast  sha rp ly  
wi th  Si which requires  h igher  anneal ing  t empera tu res  
to achieve s imi lar  doping levels.  F inal ly ,  the  subs tan-  
t ia l  difference in the  electr ical  ac t iv i ty  resul t ing  f rom 
implant ing  Group VI e lements  at room t empera -  
ture  and ~ 150~ does not app ly  to St. In  this respect  
Si resembles  Zn which  does not  exhib i t  any  strong 
dependence  on implan ta t ion  tempera ture .  

Acknowledgment 
We would  l ike to t hank  Dr. Genser  of Emuls i tone for 

va luab le  advice on the  use of spin on oxides. The 
technical  assistance of M. Deane and J. Hawley  wi th  
sample  p repara t ion  is g ra te fu l ly  acknowledged.  

Manuscr ip t  submi t ted  March 5, 1975; revised m a n u -  
script  received June  9, 1975. 

Any  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June 1976 
JOURNAL. Al l  discussions for the  June  1976 Discussion 
Section should be submi t ted  by  Feb. 1, 1976. 

Publication costs ol this article were partially as- 
sisted by Air Force Cambridge Research Laboratories. 

REFERENCES 
1. R. M. Allen, "European Conference on Ion Im-  

plantat ion,"  p. 126, Pe te r  Peregr inus  Ltd.  (1970). 
2. F. H. Eisen, Presen ted  at  Four th  Int. Conf. on Ion 

Implanta t ion ,  Osaka, Japan,  1974. 
3. J. Gyulai ,  J. W. Mayer,  and I. V. Mitchell ,  Appl. 

Phys. Letters, 17, 332 (1970). 
4. A. G. Foyt ,  J. P. Donnelly,  and W. T. Lindley,  ibid, 

14, 372 (1969). 
5. J. S. Harris ,  F. H. Eisen, B. Welch, J. D. Haskell ,  

R. D. Pashley,  and J. W. Mayer,  ibid., 21, 601 
(1972). 

6. D. E. Davies, S. Roosild, and L. Lowe, Solid State 
Electron., 18, 733 (1975). 

7. F. H. Eisen, J. S. Harris ,  B. Welch, R. D. Pashley,  
D. Sigurd,  and J. W. Mayer,  in "Ion Implan ta t ion  
in Semiconductors  and Other  Mater ia ls ,"  B. L. 
Crowder,  Editor,  p. 631, P lenum Press,  New York  
(1973). 

8. V. M. Zelevenskaya,  G. A. Kachur in ,  N. B. P r i d a -  
chin, and L. S. Smirnov,  Soviet Phys.-Semicon- 
ductors, 4, 1529 (1971). 

9. Y. Yuba, K. Gamo, K. Masuda, and S. Namba,  
Japan J. Appl. Phys., 13, 641 (1974). 

10. D. E. Davies, J. K. Kennedy,  and A. C. Yang, Appl. 
Phys. Letters, 23, 615 (1973). 



Vapor-Phase Etching and Polishing of 
Gallium Arsenide Using Hydrogen Chloride Gas 
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ABSTRACT 

Vapor-phase etching of (100) and (111) GaAs substrates has been con- 
ducted in  HC1-H2-AsH8 gas mixtures.  Specular surfaces, suitable for epitaxy, 
were obtained for substrates doped with Cr, Te, St, and Zn when the sub- 
strates were etched at temperatures above 870~ It is shown that  the etching 
reaction is mass- t ranspor t  l imited at these temperatures  for both (100) and 
(~1-[) surfaces. At lower temperatures,  faceting results from the unequal  etch 
rates for the different orientations. Etch rates of 0.02-14 #m/ra in  were obtained 
in  this study. 

The capabili ty for in situ etching of substrates has 
often been incorporated in  systems for vapor-phase 
epitaxy to insure a clean and damage-free surface 
prior to growth. It is an inherent  feature of gall ium 
arsenide epitaxial systems uti l izing arsenic trichloride 
but  details of the etching step are not available. Lin, 
Chou, and Miller (1) have studied the vapor-phase 
etching of (111) and (100) gal l ium arsenide using 
hydrogen-water  vapor mixtures.  Shaikh, Chou, and 
Donaghey (2) have studied hydrogen chloride etching 
of (100) gal l ium arsenide in  a hydrogen-ars ine  am-  
bient. The emphasis in their  study was on the modeling 
of the mass t ransfer  process to account for the etch 
rates observed experimental ly.  HC1 etching o'f St-, Te- 
and Sn-doped (100) GaAs surfaces has been studied 
by Moon and James (3) using Auger electron spec- 
troscopy but  no details of the surface morphology were 
published. 

In  this paper we wish to report  studies conducted on 
the vapor-phase etching of a variety of gal l ium ar-  
senide substrates using anhydrous  hydrogen chloride 
gas in  a hydrogen and arsenic ambient.  High quali ty 
surfaces, with etch rates ranging from 0.02-14 #m/min,  
were obtained for (100) and (111) substrates, at tem- 
peratures exceeding 870~ The etching reaction for 
all orientations was mass- t ransport  l imited at these 
temperatures.  Under  these conditions the part ial  pres-  
sure of arsenic did not significantly influence the etch 
rate or surface morphology, provided sufficient arsenic 
was present to prevent  decomposition. 

Experimental Conditions 
Apparatus.--Etching was carried out in a 50 mm ID, 

37 cm long, rf heated, horizontal  quartz tube. A 50 
by 25 by 13 mm graphite susceptor, coated with pyro-  
lytic graphite, was placed approximately 16 cm from 
the input  end of the reaction chamber, at an angle of 
7 ~ to the direction of gas flow. Temperature  was mon-  
itored using a Pt /Pt -13% Rh thermocouple enclosed in 
a quartz sheath and inserted into the susceptor. The 
temperature  was verified using infrared pyrometric 
measurements.  Gases were delivered to the reaction 
chamber through stainless steel tubing, except in the 
case of HC1 where Monel tubing  was used to minimize 
contamination. The apparatus was similar to the one 
used for the growth of I I I -V compounds (4). 

Gases.--The puri ty  of the hydrogen chloride gas was 
found to have considerable effect on the quali ty of the 
etched surface. Electronic grade hydrogen chloride gas 
obtained from Matheson Gas Products 2 resulted in  

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
** E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  

7 E l ec t rochemica l  Soc ie ty  L i fe  Member .  
1 P r e sen t  address :  G e n e r a l  E lec t r ic  Company ,  Resea rch  a nd  D e v e l -  

o p m e n t  Center ,  Schenec t ady ,  New York  12301. 
M a t h e s o n  Gas  P roduc t s ,  Eas t  R u t h e r f o r d ,  New J e r s e y  07073. 

K e y  w o r d s :  v a p o r  e tch ing ,  v a p o r  po l i sh ing ,  g a l l i u m  arsenide,  h y -  
drogen chloride gas, ep i t axy .  

poor surfaces under  all exper imental  conditions. Simi-  
lar difficulties have been reported by Amick, Roth, and 
Gossenberger (5) in the etching of germanium. Etching 
with electronic grade HC1, diluted to 1% in s ix-nines  
pur i ty  hydrogen, 3 gave excellent results. The arsine 
gas used Jn this investigation was either a 2% mixture  
in five-nines pur i ty  hydrogen 2 or a 10% mixture  in 
six-nines pur i ty  hydrogen. 3 Ultrahigh pur i ty  hydro-  
gen, 2 passed through a deoxidizer and molecular sieve, 4 
was used as the carrier gas. 

Substrates.--Most experiments were performed with 
boat-grown, (100) oriented, Te-doped GaAs as the 
substrates. 5 Some investigations were also conducted 
using boat -grown (100) Cr- and Zn-doped5 GaAs, 
(I11-) Te-doped,6 Zn-doped, 6 Cr-doped, 6 and St-doped 7 
GaAs substrates. All  wafers were obtained chemi- 
mechanically polished on one side. The wafers were 
degreased in methanol,  etched in Caro's etch [10H~SO4 
(97%):1H.202 (30%):1H20] for 2 rain at room tem- 

perature, r insed in  deionized water, and b lown dry 
in filtered air after a final rinse in  methanol.  This pro- 
cedure ensured a featureless, damage-free surface 
prior to in situ etching. More elaborate cleaning pro-  
cedures, such as successive boiling in  trichloroethylene, 
acetone, and methanol  were at tempted with no sig- 
nificant improvement  in the qual i ty of the etched 
wafer. 

Procedure.--Substrates measur ing 5 by 6 mm were 
placed central ly on the susceptor. The system was first 
purged with prepurified argon (2 l i ters / ra in)  for 15 
rain, followed by a 5 rain purge with ul t rahigh pur i ty  
hydrogen (3 l i t e r s /min) .  The susceptor was then 
heated to the etching temperature  after introducing 
the required amount  of arsine to prevent  decomposi- 
t ion of the GaAs substrate. Substrates were main ta ined  
in hydrogen for 15 min  at the etching temperature.  This 
step served to remove traces of oxide on the gal l ium 
arsenide substrates and resulted in  improving the 
quali ty of the etched surfaces. HC1 gas was then in-  
troduced at the desired rate of flow and the substrates 
were usual ly  etched for 2 min. The system was ma in -  
tained at the etching tempera ture  for 3 rain, after the 
HC1 gas was shut off. Typical flow rates were 3-18 m l /  
rain for arsine gas, s 250-8100 m l / m i n  for hydrogen, and 
0.1-5 m l / m i n  for HC1 gas. s Typical etch rates ranged 
from 0.02-23 # m / m i n  at 900~ 

Prec i s ion  Gas  P roduc t s ,  Inc.,  R a h w a y ,  N e w  J e r s e y  07005. 
The use of a Pal-diffuser  did not  r e su l t  i n  any i m p r o v e m e n t  in 

the  q u a l i t y  of t he  e tched  wafers .  
E lec t ron ic  Ma te r i a l s  C o r p o r a t i o n  Pasadena ,  C a l i f o r n i a  91107. 

6 Texas  Mate r i a l s  Labo ra to ry ,  Inc.,  G a r l a n d ,  Texas  75041. 
S u p p l i e d  b y  Dr. W. T a n t r a p o r n ,  G e n e r a l  E lec t r i c  C o m p a n y ,  Sche-  

nec tady,  New York  12301. 
s In  th i s  paper ,  f low rates for A s I ~  and HC1 are al l  q u o t e d  in 

t e r m s  o~ the  ac tua l  a r s ine  and  h y d r o g e n  ch lo r ide  con t en t  of  the  
d i l u t e d  gas. 
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Etch rate definition and determination.--Figure 1 
shows the decrease in substrate thickness with increas- 
ing etch t ime for a typical etching experiment.  The 
decrease in  GaAs substrate thickness is seen to be a 
l inear  funct ion of time, for t imes less than  approxi-  
mately  5 min. The deviation from l inear i ty  for etch 
times greater  than  5 rain is due to the loss of p lanar i ty  
of the substrates. Based on these considerations, it 
was decided that all measurements  of etch rate would 
be made for an etch period of 2 min. Since the etch 
rate was constant  for this period, it was defined in  
terms of the substrate thickness removed per uni t  time. 
The change in  substrate thickness was obtained gravi-  
metrically.  

Experimental Results 
Temperature.--The effect of tempera ture  on etch 

rate was determined for (100) and (111) oriented, 
Te-doped GaAs substrates using a flow of 900 m l / m i n  
of hydrogen, 3 m l / m i n  of arsine, and 2 m l / m i n  of 
HC1 gas. Under  these conditions, the etching reaction 
of (100) GaAs substrates was mass- t ranspor t  l imited 
at temperatures  above 850~ and kinetical ly controlled 
below this tempera ture  with an activation energy of 
1.25 eV/molecule. The etching reaction of the (111) 
GaAs substrates was mass- t ranspor t  l imited at tem- 
peratures above 870~ and kinet ical ly controlled be- 
low this temperature  with an activation energy of 1.85 
eV/molecule.  As expected, equal  etch rates were ob- 
served at temperatures  above 870~ as shown in 
Fig. 2. [The data in Fig. 2 have not been corrected for 
the change in  l inear  velocity with tempera ture  (6)].  

Surfaces of both (100) and (111) GaAs substrates 
etched below 870~ became increasingly faceted, with 
the simultaneous formation of either etch pits or 
hillocks, 9 due to the unequal  etch rates for different 
substrate orientations. Above 870~ where the etch 
rates for the different orientations were equal, etched 
(100) and ('11-'1) substrate surfaces were featureless, 
as seen in the photomicrographs of Fig. 3 and 4.19 

Chemical polishing of semiconductor substrates oc- 
curs when the etch rate for all crystallographic orien- 
tations is equal. This is achieved when the etching re-  
action is mass- t ranspor t  limited, provided that the ad- 
sorption of the etchant on the substrate surface is in-  
dependent  of per turbat ions  present  on the surface (7). 

g D i s t i n g u i s h e d  b y  s c a n n i n g  e l ec t ron  m i c r o s c o p y .  
zo I n  t h i s  paper ,  a l l  p h o t o m i c r o g r a p h s  were  t a k e n  u s i n g  t h e  I%To- 

m a r s k i  i n t e r f e r e n c e  con t ra s t  t e chn ique .  
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Fig. 2. Effect of substrate temperature on etch rate 

The lat ter  condition is apparent ly  met  during the 
vapor-phase etching of GaAs by HC1 gas. 

Hydrogen f low.--Figure 5 shows the variat ion of 
etch rate with hydrogen flow at 900~ for (100), Te-  
doped GaAs. In  these experiments,  the arsine and HC1 
gas flow was varied in proport ion to the hydrogen flow 
to keep their part ial  pressures constant at 3.3 X 10 -3 
atm and 2.22 X 10-~ atm, respectively. It  is seen that  
the etch rate varies l inear ly  as the square root of the 
hydrogen flow for flows below 2.5 l i ters/rain.  This is 
because the etch rate varies directly with the rate of 
t ransport  of HC1 atoms to the substrate under  mass- 
t ransport  l imited kinetics. This rate of t ransport  varies 
directly with the boundary  layer thickness at the 
substrate, and hence as the square root of the hydro-  
gen flow under  l aminar  flow conditions. At higher 
flows the etch rate saturates at 10.7 #/rain. This inde-  
pendence of etch rate at high hydrogen flow indicates 
the etching mechanism has become kinet ical ly limited. 
If the data representing kinetical ly controlled etching 
shown in Fig. 2 is extrapolated to 900~ (point A),  the 
value of the etch rate obtained is indeed the same as 
the observed saturated value. 

The rate of t ransport  of As to the GaAs surface de- 
creases with decreasing hydrogen flow due to the in -  
crease in  the boundary  layer thickness. Consequently, 
substrate decomposition can be expected to occur at 
low hydrogen flows. This was indeed found to be the 
case for hydrogen flow rates below 0.45 l i ter /min.  
Verification of this fact was carried out by heating 
substrates under  the above conditions without  per-  
forming HC1 etching. Surfaces of the HC1 etched and 
the heated substrates were found to have similar  fea- 
tures for identical  hydrogen flow rates. 

Arsine / /ow.--The effect of arsine flow on etch rate 
and surface quali ty under  mass- t ranspor t  l imited con- 
ditions was investigated at 900~ using a hydrogen flow 
of 900 ml /min .  It was found that at least 3 m l / m i n  
of arsine was required to prevent  the decomposition of 
the substrate. For  arsine flows between 3 and 18 m l /  
rain, there was no appreciable change in surface qual-  
ity, and the etch rate did not change wi th in  experi-  
mental  error. Under  similar flow conditions at 790~ 
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Fig. 3. Effect of temperature on the surface morphology of (100) Te-doped GaAs etched at (a, top left) 750~ (b, top right) 825~ 
(c, bottom left) 850~ and (d, bottom right) 900~ 

Fig. 4. Effect of temperature on the surface morphology of ('1-11) Te-doped GaAs etched at (a, left) 790~ and (b, right) 900~ 

where  the etching was kinet ical ly controlled, the etch 
rate  was found to decrease wi th  increasing arsine flow. 

HCI f /ow.- -Figure  6 shows the etch rate of (100), 
Te-doped GaAs substrates as a function of the HC1 
gas flow. These exper iments  were  conducted at a t em-  
pera ture  of 900~ using a total hydrogen flow of 900 

m l / m i n  and an arsine flow of 3 ml /min .  The etch rate  
was found to vary  superl inear ly  with HCI concentra-  
tion. Similar  nonl inear  dependence of the etch rate  on 
etchant gas flow, under  mass- t ransport  l imited condi- 
tions, has been observed in the vapor-phase  etching of 
Si (8, 9) and Ge (6). Ideally, under  mass- t ranspor t  
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Fig. S. Effect of hydrogen flow on etch rate 

All  subs t ra tes  etched at  900~ using a hydrogen  flow 
of 900 ml /min ,  ars ine  flow of 3 ml /min ,  and a HC1 gas 
flow of 2 m l / m i n  were  specular  to the  una ided  eye. 
However ,  the  qua l i ty  of etched (100) Cr -doped  and 
(111) Si-  and Cr -doped  GaAs subs t ra te  surfaces was 
infer ior  to those obta ined wi th  Te- and Zn-doped  GaAs 
subst ra tes  under  microscopic examina t ion  (Fig. 7). This 

90 

l imi ted  conditions, the  etch r a t e  should  v a r y  p a r a -  
bol ica l ly  wi th  the  e tchant  concentra t ion at low etchant  
pa r t i a l  pressures  (9). 

Orientation and dopant type.--The etch ra te  and the  
surface qua l i ty  of (10O) and (111) GaAs subst ra tes  
wi th  different  dopants  were  also evaluated.  The etch 
ra te  observed for Zn-  and Cr -doped  (100) and Si- ,  11 
Zn-, and  Cr -doped  (111) GaAs substrates,  under  both 
mass - t r anspor t  l imi ted  and k ine t ica l ly  contro l led  con- 
ditions, was the  same as for the i r  Te-doped  counter -  
parts .  Therefore,  the  etch ra te  is insensi t ive to the  
type  of dopant  incorpora ted  in the  GaAs. 

S i - d o p e d  (100) G a A s  was  n o t  a v a i l a b l e  to  us  a t  the  t i m e  th i s  i n -  
v e s t i g a t i o n  w a s  c a r r i e d  out .  
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Fig. 6. Effect of HCI gas flow on etch rate 

Fig. 7. Surface morphology of etched (a, top) Si-doped, (111) 
GaAs, (b, center) Cr-doped, (100) GaAs, and (c, bottom) Cr-doped, 
(111) GaAs substrates. Temperature 900~ H.2 flow 900 ml/min, 
AsH~ flow 3 ml/min, HCI gas flow 2 ml/min. 
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difference in etching behavior is believed to be due to 
greater inhomogeneities in  the doping and dislocation 
densities in Cr- and St-doped substzates. 

Conclusions 
Vapor-phase HC1 etching of GaAs substrates can be 

performed to yield specular surfaces, suitable for epi- 
taxy, with etch rates ranging from 0.02 to 14 ~m/min,  
for (100) and (-i~l) Cr-, Te-, Zn-, and St-doped GaAs 
substrates. A necessary condition for obtaining specu- 
lar surfaces is that all orientations have the same 
etch rate. This condition is achieved at sufficiently high 
temperatures where the etch rate is mass- t ranspor t  
l imited for all orientations. The qual i ty of etched (100) 
and (111) St- and Cr-doped substrate surfaces was 
inferior to those obtained for Te- and Zn-doped GaAs 
substrates. 

Acknowledgment 
This work was par t ly  supported by Grant  No. GK- 

31332 from the National Science Foundation.  The 
authors are indebted to Dr. W. Tant raporn  for provid-  
ing the St-doped gal l ium arsenide and to Ms. R. Rafun 
for assistance in  manuscr ipt  preparation.  

Manuscript  submit ted March 24, 1975; revised m a n u -  
script received May 9, 1975. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1976 
JOURNAL. All discussions for the June  1976 Discussion 
Section should be submit ted by Feb. 1, 1976. 

Publication costs ol this article were partially as- 
sisted by Rensselaer Polytechnic Institute. 

REFERENCES 
1. C. Lin, L. Chow, and K. L. Miller, This Journal, 117, 

407 (1970). 
2. S. A. Shaikh, H. K. Chou, and L. F. Donaghey, 

Abstract  151, p. 364, Electrochemical Society Ex- 
tended Abstracts, Spring Meeting, San  Francisco, 
Calif., May 12-17, 1974. 

3. R. L. Moon and L. W. James, This Journal, I~0, 581 
(1973). 

4. B. J. Baliga and S. K. Ghandhi, ibid., 121, 1642 
(1974). 

5. J. A. Amick, E. A. Roth, and H. Gossenberger, 
RCA Rev., 24, 473 (1963). 

6. A. Reisman and M. Berkenblit ,  This Journal, 118, 
812 (1965). 

7. H. C. Gatos and M. C. Lavine, ibid., 107, 427 (1960). 
8. G. A. Lang and T. Stavish, RCA Rev., 24, 488 (1963). 
9. W. H. Shepherd, This Journal, 112, 988 (1965). 

Chemical Processes in Vapor Deposition of Silicon 
I. Deposition from S i C I H  and Etching by HCI 

Vladimir S. Ban* and Stephen I.. Gilbert 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Chemical processes occurring in the vapor deposition of silicon from 
SiC12H2 and in the etching of silicon by HC1 were studied by means of a mass 
spectrometer coupled to the CVD reactor. This setup was successfully used 
for the quali tat ive and quant i ta t ive  analysis of the composition of the 
vapor phase in the Si-C1-H system. Species found in the vapor phase were 
H2, HC1, SIC12, SiClaH2, SiC13H, and SIC14, and their part ial  pressures were 
measured as a funct ion of temperature,  value of the C1/H ratio, and of the 
chemical na ture  of the init ial  gaseous mixture  enter ing the reactor. The ex- 
per imenta l ly  determined part ial  pressures were compared with the equil ib-  
r ium part ial  pressures of vapor species, calculated from the newest thermo- 
chemical data for the Si-C1-H system. On the basis of these results we discuss 
the na ture  and  the extent  of chemical processes in systems studied. 

The chemical vapor deposition (CVD) of th in  layers 
of silicon is among the most impor tant  processes in  the 
electronic industry.  For  this purpose, various St-con- 
ta ining gases are used, e.g., Sit-I4 or various chloro- 
silanes such as SiH3C1, SiH2C12, SiHC13, and SIC14. 
Typically, a mixture  consisting of approximately 1% 
of St-containing gas and 99% of carrier  gas, usual ly  
H2 or He, is introduced into the CVD reactor, where 
it comes into contact with substrates placed on a hot 
susceptor. The deposition of a layer of Si then takes 
place on these substrates through chemical reactions, 
the na ture  of which depends on experimental  condi- 
tions, such as temperature,  part ial  pressures and na ture  
of the gaseous mixture,  reactor geometry, etc. The 
purpose of this article is to discuss our studies of 
chemical processes leading to the deposition of St. In  
particular,  we studied the deposition of Si from SiCI2tt2 
as well as the reverse of this process, i.e., the HC1 
etching of St. Dichlorosilane, SiC12H2, is becoming an 
increasingly impor tant  start ing mater ial  for the depo- 
sition of St-layers (1). 

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

In  general, CVD processes in any system can be 
understood through the chemical thermodynamics  of 
that system. Thermodynamical  calculations should in 
principle yield informat ion on the feasibility of CVD 
processes, possible efficiencies of these processes, and 
on the expected structure and composition of the prod- 
uct. However, in order to apply thermodynamics  cor- 
rectly, one has to know the following about the sys- 
tems: (a) the composition of the condensed and gase- 
ous phases under  all experimental  conditions; (b) the 
magni tude  and the na ture  of possible kinetic effects, 
the existence of which may determine the applicabil i ty 
of thermodynamics to the system in question; and (c) 
a set of reliable and consistent thermochemical  data 
should be available. 

In  growth of Si from SiC12H2 and in etching of Si 
by HC1, the per t inent  system is Si-C1-H. Thermody-  
namical  calculations were applied to this system pre-  
viously (2, 3). These calculations predicted the com- 
position of the vapor phase, as well  as the efficiency 
of the deposition of Si under  various exper imental  
conditions. However, nei ther  the applicabili ty of 
thermodynamics to the system nor the results of cal- 
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culations were exper imenta l ly  verified. One could 
therefore suspect that  the actual  s i tuat ion in  the CVD 
reactor is perhaps different from the si tuat ion pre-  
dicted by calculations. In  this paper, we present  re-  
sults of the exper imental  quali tat ive and quant i ta t ive  
determinat ion of the composition of the vapor phase 
and, in view of these results, discuss the applicabil i ty 
of thermodynamics  to the system. The exper imental  
and the calculated values of part ial  pressures are com- 
pared, and  the na ture  and the extent  of deviations from 
thermochemical  equil ibrium, i.e., the role of kinetics, 
are assessed.  

The determinat ion of the composition of the vapor 
phase was done by means of a t ime-of-fl ight  mass 
spectrometer connected directly to the CVD reactor. 
This method was successfully employed in  studies of 
C V D  of various I I I -V compounds (4-6). 

Instrumental  
Although the essential par t  of the mass spectrom- 

eter-CVD reactor setup has been described previously 
(4), we shall briefly review the main  points as well as 
describe modifications made for the study of the Si- 
C1-H system. 

The reactor used in our studies is a tubu la r  reactor 
wi th  hot walls, similar to the reactor used in synthesis 
of I I I -V materials.  This reactor is quite different from 
reactors normal ly  used in  deposition of Si-films, but  
it nevertheless enabled us to study the per t inent  chem- 
ical processes. The deposition of Si took place either on 
the quartz wall  of the reactor or on the layer  of Si 
deposited there in previous experiments.  Similarly, the 
HC1 also reacted with this deposit in the etching ex- 
periments.  The residence t ime of the gas phase as well 
as the Si area exposed to the gas phase was larger 
than  in  the normal ly  used horizontal  reactor used for 
CVD of Si. This should actually facilitate the a t ta in-  
ment  of chemical equi l ibr ium in the system without 
al ter ing the na ture  of reactions. The reactor was heated 
by a 4-segment  tubular  furnace. Measurements de- 
scribed here were done in the tempera ture  range of 
800~176 The length of the hot zone could be varied 
by switching one or two of the segments off. Gases 
were fed into the reactor through a combinat ion of 
calibrated Fischer and Por ter  flow meters and Mathe- 
son electronic mass flow transducers. In  this way, it 
was possible to introduce known  amounts  of SiC12Hf, 
HC1, Ha, or He into the reactor, and create a start ing 
mix ture  of desired composition. There  are also pro- 
visions for usage of SiC13H and SIC14 in the reactor, 
bu t  this will  be described in  another  publication.  

The reactor is connected to the mass spectrometer 
via a small  quartz capillary. In  this way, it is possible 
to sample hot vapor from the reactor under  normal  
CVD conditions, i.e., I a tm and temperatures  of over 
1000~ The capil lary is main ta ined  at the tempera ture  
of the sampled gas and since it is made from the same 
material,  i.e., quartz, as the reactor, no interactions 
different from those in the reactor would occur in  the 
capillary. The capil lary reduces pressure from 1 atm 
in the reactor to 10 -5 Torr  in  the mass spectrometer. 
From it emanates  a s tream of hot gas directly into the 
ion source of the mass spectrometer. Since a mean  free 
path at the pressure of 10-~ Torr  is much longer than  
the distance between t he  capillary and  the ion source 
(ca. 12 cm),  most molecules enter  the source without  
undergoing any  interactions in the area between the 
capil lary and the source. We therefore believe that  
the sample enter ing the mass spectrometer is repre-  
sentative of the gaseous phase in the CVD reactor. The 
mass spectrometer can be calibrated for quant i ta t ive  
studies. One can introduce into the reactor gaseous 
mixtures  where part ial  pressures of consti tuents are 
known, e.g., mixtures  of SiC12H2 and Ha, or HC1, 
SiC12Ha and Hf, and then relate peak intensities in  the 
mass spectra to corresponding part ial  pressures. 

Schematic representa t ion of the mass spectrometer-  
reactor combinat ion is given in  Fig. 1. 

I EXHAUST 

INPUT OF" METERED I I 
SAMPLING I I 

QUANTmES OF GASES ~-d,iPILLARY I I 
~ i Q U A R T Z I  I I 

v / / / i / i / v / / / / / / / x / ~ z / / / / ~ r / / / ~ l  
Hzor He =,-~ , ~ [ / / ] ~  

CONTAINING ' ,- ,'~/~M,,, ~ ~r ~" - ~ ~i, ~/., .'~ ~ ~ .- ~.~zf~.~ ......... 

SASES ~ \ / / "  ToF 
- -  4 HEATING / MASS SPECTROMETER 

SEGMENTS 

Fig. 1. Schematic representation of the system mass spectrometer- 
CVD reactor. 

Thermodynamical  Calculat ions 
Calculations of equi l ibr ium part ial  presures of vapor 

species in the Si-C1-H system have been done by sev- 
eral  authors (2, 3, 7) and we shall describe the method 
only briefly. Basically, one deals with a 3-component 
system, where the gaseous phase is in equi l ibr ium with 
the solid phase, i.e., silicon. Therefore, according to 
the Gibbs rule, the system has three degrees of free- 
dom. These are pressure, temperature,  and a compo- 
sitional variable C1/H. This C1/H ratio remains  con- 
stant throughout  the deposition process because nei ther  
C1 nor H atoms are added or removed from the system 
during the deposition (or etching) of Si. Its value is 
determined by part ial  pressures of gases in the ini t ia l ly 
introduced mixture.  From the previously referenced 
works, we learned that the following eight species are 
most abundan t  in  the Si-C1-H system: Hf, HC1, Sill4, 
SiHaC1, SiH2C12, SiHCI3, SiCl4, and SIC12. Other pos- 
sibly existing species, such as C1, C12, Si2C16, etc., would 
be present  in negligible amounts  only. In  order to cal- 
culate equi l ibr ium partial  pressures of the eight species 
ment ioned above, one must  have a set of eight inde-  
pendent,  general ly nonl inear  equations, which specify 
relationships between these species. Six of these equa-  
tions represent  chemical equil ibria  between species 

Sits) + 4HCI(s) "-> SiCl~(g) + 2H2(g) [i] 

Psic14 " P2H2 

Kp(1) = aSi �9 P 4 H C l  

Si(s) + 3HCI(g)--~ SiClaH(g) + Hf(g) [2] 

Psic]aH " PHs 
Kp(2) 

aSi �9 P3~cl 

Si(s) + 2HCI(g) --> SiC12,Hf(g) [3] 

PSiC12H2 
Kp(3) = "~ 

aSi �9 PfHcl 

Si(s) + HCI(g) "-k H2(g) -'> SiC1H3(g) [4] 

PSiCIH3 
Kp(4) -- 

aSi �9 P~cl �9 PH2 

Si(s) + 2HCI(g) --> SiC12(~) + Hf(g) [5] 

Psicl2 " PH2 
Kp(5) = .... 

aSi �9 PfHcl 

Si(s) + 2H2(g)--> SiH4(g~ [6] 

PSiH4 
Kp(6) ---- 

aSi �9 Pall 2 

The activity of Si is represented by a; a -- 1. 
The remaining two equations specify the C1/H ratio 

and state that  the total pressure in  the system is 1 
atm 
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Fig. 2. Free energies of formation of important gaseous species in 
the Si-CI-H system in the temperature interval of 800~176 

10 -3, 10 -2, 10 -1, and 100; the  t empe ra tu r e  was var ied  
f rom 800 ~ to 1600~ in increments  of 200~ Results  of 
calculat ions are  given in Table I. 

Thermodynamica l  calculat ions can also be used to 
de te rmine  the theoret ica l  efficiency of the  deposit ion 
process. The efficiency can be defined as 

[ S i / C 1 ] i n -  [Si/C1]eq 

[Si/C1] 

where  [Si/C1]in is the  ra t io  of Si to C1 atoms in the  
s ta r t ing  mixture,  and [Si/C1]eq is this  ra t io  in the 
equi l ibr ium mixture .  A negat ive  value of n means  tha t  
etching of Si is tak ing  place in the  system. 

Experimental Results 
Mass spectra of chIorosilanes.--Since the de te rmina -  

t ion of the  mass spectra  of S i -conta in ing  gases in our 
setup is being repor ted  e lsewhere  (9), we only briefly 
discuss this topic here.  Vapor  species in the  reactor  
were identif ied by  means  of the  a t tached mass spec-  
t rometer .  The analysis  is complicated by  the fact that  
mass spec t ra  of var ious  chlorosi lanes should be qui te  
similar,  due to the f ragmenta t ion  of pa ren t  molecules  
by  the ionizing electrons. We de te rmined  mass spect ra  
of SIC14, SiC18H, SIC12, and SiC12H2 in our expe r imen-  
tal  setup. A mix ture  containing 1% of these gases in 
He or  H2 (this change produces  no difference in spec- 
t ra )  was in t roduced into the  reac tor  and  mass spectra  
were  t aken  at room tempera ture ,  where  no chemical  
react ions which would change the m i x t u r e  occurred. 
The observed intensi t ies  of ma jo r  peaks in these mix -  
tures did not differ by  more  than  15%, thus indicat ing 
that  our  exper imen ta l  setup is about  equal ly  sensi t ive 
for all  chlorosilanes.  Mass spect ra  of SIC12 were  de-  
duced f rom the high t empera tu re  mass spec t romet ry  
of SiC14-He mix tures  where  the only present  vapor  

CI /H  = 
4 P S i C l 4  -{- 3PsicI3H -]- 2PsicI2H2 -}- 2Pslc12 -}- Psiclll3 -{- PHCl 

2 P H 2  -{- P S i C I 3 H  -~" 2Psicl2H2 -{- 3 P s i c l H 3  -}- P H C l  + 4 P s i H 4  

[7] 

and 

Psiel4 ~- PSiCl3H H- PSiCI2H2 -{- PSiCIH8 

n u Psicl2 -}- PSiH4 -}- PHCI -~ PH2 ~ 1 [8] 

Of course, when growing Si from a mixture of SiCI2H2 
and H2 partial pressures of all other species are ini- 
tially equal to zero. 

In order to find values of Kp(~-s), the most convenient 
data to have are free energies of formation, AFf, of all 
species in the temperature interval of interest. Values 
of aFf of all species were calculated from thermochem- 
ical data for the Si-C1-H system recently collected by 
Hunt and Sirtl (3). Figure 2 shows values of AFf vs. 

temperature in the form of the so-called Ellingham 
diagrams (8). 

Once values of Kp'S were known, we calculated the 
equilibrium partial pressures of all eight species, using 
a simple iterative method on a time sharing computer. 
In these calculations, the C1/II ratio was set to be 

species were  SIC14, SIC12, and He. Mass spect ra  of 
SiCIH3 were  not determined,  but  as the  calculat ions 
have shown, this should be a scarce species, and be-  
sides, using the analogy wi th  other  chlorosilanes,  one 
could deduce its mass spect ra  wi th  a fa i r  degree  of 
accuracy. 

In  de te rmina t ion  of these  spectra,  70 eV ionizing 
electrons were  used. No correct ions due to differences 
in ionizat ion cross section of various species, possible 
mass d iscr iminat ion of the  ins t rument ,  etc., were  ap-  
plied, since we were  p r imar i l y  in te res ted  in the  r e l a -  
t ive intensi t ies  of various peaks  under  our expe r imen-  
tal  conditions. Mass spec t rum of SIC14 agrees reason-  
ab ly  wel l  wi th  the publ i shed  da ta  ( i0 ) .  Mass spectra  
of Sill4, lqCl, and H2 are  known. Results  of the  de-  
t e rmina t ion  of mass spectra  of SiCl4, SiC13H, SiCI2H2, 
and SIC12 are  graphica l ly  represen ted  in Fig. 3. F rom 
the re la t ive  intensi t ies  of var ious  peaks,  one can cal-  
culate  re la t ive  abundances  of var ious  species in  the  

TaMe I. Calculated values of equilibrium partial pressures (in atmospheres) of vapor species in the 
Si-CI-H system 

T ,  ~  C 1 / H  H s  H C 1  S i C l ~  S i H C l a  S i I - I sCls  S i I - I sC l  SiI-Ll SIC12 

1000 IO o 6.28 X 10 -I 1.52 x 10 -2 2.74 x 10 -I 8.01 x 10 -s 2.70 x 10-5 5.05 x 10-5 2.55 x 10 -7 1.99 • 10 -4 
100O 10  - I  9 . 8 9  X 1 0  - I  1 . 0 7  • 10  -2 3 .0 3  • 10  - s  1 . 88  • 10  -2 1 .34  X I 0  ~ 5 . 3 3  X 10 -5 5 .70  X 10  -7 6 .62  X 10-5 
I 0 0 0  10  -2 9 . 9 0  • 1 0  - I  5 . 4 0  • i 0  -a 1 . 7 4  X 10 -8 2 . 2 6  x 10  - s  3 . 3 9  • 10  -~ 2 . 8 3  X 10  -5 6 . 3 4  X 10  -7 1 . 5 9  ~< 10  -a  
I000 i0 -a 9.98 • 10 -I 1.67 x 10 -8 1.65 • 10 -~ 6.68 • 10 4 3.22 • 10-5 8.78 X 10 -~ 6.45 x 10 -7 1.50 • 10 -6 
1 2 0 0  100 6 .0  • 10  - I  5 . 8 0  • 10 -2 2 . 6 1  x 10  - I  7 . 36  x 10  -2 2 . 9 2  • 10-5  5 . 9 6  • 10  -6 3 .43  • 10 -7 5 .01  X 10  -3 
1 2 00  10 -1 9 . 1 8  • 10  -1 3 . 9 7  X 10 -2 2 . 4 4  X l 0  -2 1 .54  • 10  -2 1 .37  X 10  ~ 6 .23  X 10  -5 8 .02  X 10  -7 1 .53  X 10  -a 
1200 I0  -2 9.83 X 10 -I  1.50 X I0  -s 4.30 x 10 -4 7.72 X i0  -~ 1.94 X I0  -~ 2.52 X 10 -5 9.22 • 10 -7 2.03 • 10 -~ 
1200 10-5 9.98 X 10 -I  1.98 X 10 -3 1.26 X 10 -7 1.74 X 10 -6 3.38 X 10 -6 3.37 X 10 -6 9.49 X 10 -7 3.49 • 10 -6 
1400 I0  ~ 5.37 X 10 -I  1.88 x 10 -I  2.16 • 10 -I  5.99 X 10 -2 2.63 X 10 -8 5.75 • 10 -6 3.64 x 10-7 4.62 • 10 -2 
1400 10 - I  8.61 x 10 - I  8.63 • 10 -2 1.22 x 10 -2 8.89 • 1O -~ 1.03 • I0 -a 5.88 x 10 4 9.77 x 10 -7 1.10 • 10 -s 
1400 10 -2 9.81 x 10 -I  1,86 • 10 -2 2.07 • 10-5 7.84 x 10 4 4.71 x 10-5 1.40 x 10 -5 1.21 x 10 -s 4.52 • 10 4 
1400 10-5 9.98 X 10 -I  1.98 • 10 -a 2.66 • 10 -9 9.56 • 10 -8 5.44 X 10 -7 1.53 X 10 -8 1.25 • 10 -8 5.13 X 10 -e 

Total system pressure = 1 arm • 1 • 10-5. 
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Fig. 3. Relative abundances of peaks in mass spectra of (a) SICI2; 
(b) SiCI2H2; (c) SiCI3H; and (d) SiCI4. The most abundant peak in 
each spectra is assigned a value of 100. 

vapor phase; i.e., one can perform the quali tat ive and 
the quant i ta t ive  analysis of the vapor phase in  the 
reactor. 

Determinat ion o~ partial pressures . - -The  quali tat ive 
and quant i ta t ive  analysis results in  determinat ion of 
part ial  pressures of all  detected species. Effects of 
tempera ture  and of the C1/H ratio, as well as possible 
effects of the na ture  of s tar t ing mix ture  on values of 
part ial  pressures of various species were studied. Mea- 
surements  were done at 1000 ~ 1200 ~ and 1300~ C1/tt 
ratios of 10 -2, 10 -1, and 100 were used. Mixtures with 
identical values of C1/H ratio were prepared in two 
ways: by  mixing pure SiC12H~ with I-I~, or by mixing  
the appropriate amounts  of SiC12H2 and HC1 with H2. 
The exact amounts  mixed are give~ in Table II. In  this 
way the effect of the na ture  (i.e., of the presence or 
the absence of HC1) of start ing mixture  on the com- 
position of the vapor phase could be studied. In  cases 
of C1/H = 10 ~ either pure  SiC12H~ or pure  HC1 were 
introduced into the reactor. Of course, the deposition 
of Si will  occur in  the former, and the etching of Si 
will  occur in  the la t ter  case, bu t  the composition of the 
vapor phase in contact with solid Si should never the-  
less be the same, providing that chemical equi l ibr ium 
has been established. 

TaMe II. Amounts of gases used to prepare starting mixtures 

Symbol  SiCI21-I~, HCI, H~, 
C1/H in Fig. 4 cmS/min cmS/rnin cm~/min 

0.01 �9 2O 0 2OO0 
0.01 �9 20 20 2970 
0.1 A 200 0 1800 
0.1 �9 100 100 1850 
1.0 [ ]  200 0 0 
1.0 �9 0 200 0 

Mass spectra of ini t ial  mixtures  at room tempera ture  
contained only peaks characteristic for the gases com- 
prising the mixture  in question. At  elevated tem- 
peratures new peaks appeared indicating the appear-  
ance of new species in  the vapor phase. Under  our ex-  
per imental  conditions, the following species were 
found to exist in  appreciable amounts:  H2, HC1, SIC12, 
SiC12H2, SiC13H, and SiC14. Species such as SiC1Hs and 
Sill4 were not detected; Si2C16 was detected but  only 
in very small  amounts.  The last three species were 
therefore ignored in the quant i ta t ive determinat ion of 
part ial  pressures. When different Si-containlng species 
coexist in  the vapor phase, some of the peaks in  the 
mass spectra comprise contr ibutions from more than  
one species. For  example, if the relat ive intensi ty  of 
the peak with role -- 133 is 100 and the relat ive in -  
tensi ty of the peak with m / e  -- 170 is only 25, one 
concludes that this gas mixture  contains SIC14 (as evi- 
denced by the existence of the peak at m / e  -- 170) 
and also SiCI~H, because ratio of intensities of peaks 
with role = 183 and role = 170 is larger than  in  the 
mass spectrum of pure SIC14 (see Fig. 8) This means 
that some other species must  contr ibute to the peak 
with m / e  -- 133. From Fig. 3 it is obvious that  this 
can be only SiClsH. The relat ive amounts  of SIC14 and 
SiC13H can be obtained in this way. Once the relat ive 
amounts of SIC14 and SiC18H are known, one proceeds 
to determine the relat ive amount  of SIC12H2 by sub- 
stracting the contr ibut ion of SiC18H to the peak with 
role ---- 99. The relat ive amount  of SIC12 is determined 
from the intensi ty of peak at role = 63, after substract-  
ing contr ibutions from SIC14, SiC13H, and SiC12H2 to 
this peak. After the above procedure is completed, one 
obtains ratios of part ial  pressures of SiChH, SiC12H2, 
and SIC12 respective to the part ial  pressure of SiCI~. 
We shall i l lustrate this on the previously given ex-  
ample, where relat ive intensi ty  of role _-- 133 was 100, 
and of m/e  --  170 was 25, respectively. The contr ibu-  
t ion of the SIC14 spectrum to the peak at role = 133 
can be obtained by mul t ip ly ing the ratio of relat ive 
intensities of m / e  = 133 and m / e  = 170 in  the pure  
SIC14 spectrum with the relative in tensi ty  in  the spec- 
t rum of the mix ture  

l la3(SiCl4) 100 
X I170(mix) - -  ~ X 25  - -  47 .2  

I170 (sicuD 

The contr ibut ion of SiClaH to the peak at m / e  = 183 
can be obtained by subtract ing 47.2 from 100, i.e., its 
contr ibut ion is 52.8. Since part ial  pressures of species 
are proport ional  to mass spectrometric intensities, one 
has 

47.2 Psicl4 
_ - -  -- 0.89 

52.8  PSiC13H 

and one can express PSiC13H in terms of Psic~ 

Psiclsa ---- 1.12 Psic~ 

This procedure can be repeated for SiC12H2 and SIC12, 
so that  part ial  pressures of these species are also ex- 
pressed in terms of Ps ic l4 .  

The part ial  pressure of HC1 was determined through 
direct calibration. Intensit ies of HC1 peaks in  the mass 
spectra were measured at temperatures  of interest  in 
mixtures  containing only HC1 and H2 in  known  pro- 
portions. Since Si was not present  in these experi-  
ments, no reaction could occur in the reactor and 
measured HC1 intensit ies can be directly correlated 
with the part ial  pressure of  HC1. 

Now one can proceed with calculations of actual 
values of part ial  pressures of SIC14, SiC13H, SiC12H2, 
SIC12, and H2 from mass spectrometric data. Par t ia l  
pressures must  satisfy Eq. [7] and [8]. Expressing par -  
tial pressures of all present  chlorosilanes in terms of 
Psic14 and neglecting mass spectrometrically nondetect-  
able species, Eq. [7] and [8] can be wr i t ten  as 
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C1 4Psicl4 -5 3aPsicl4 -5 2bPsicl4 -5 2cPsicl4 -~ PHCl 

H 2PH2 + aPsic14 + 2bSiC14 -5 PHCl 
[9] 

and 

Psicl4 -5 aPsic14 -5 bPsicl4 -5 cP SiCl4 -5 PHCl -5 PH2 = 1 
[10] 

where  a, b, and c are  mass spec t romet r ica l ly  obta ined 
rat ios connecting par t i a l  pressure  of SIC14 wi th  pa r t i a l  
pressures  of SiC13H, SiC12H2, and SiCI~, respect ively.  

Since PHcl is known  f rom cal ibra t ion  exper iments ,  
we deal  wi th  the sys tem of two l inear  equations con- 
ta ining two unknowns,  i.e., PH2 and Psic14. Af ter  solving 
for PH2 and Psic14 one obtains PsiclaH, PSiCl2H2, and 
Psic12 f rom known  values of a, b, and c, respect ively.  

In  Fig. 4 ( a ) - ( e ) ,  the  expe r imen ta l ly  de te rmined  
par t i a l  pressures  of vapor  species a re  compared  wi th  
calculated par t i a l  pressures  at corresponding t empera -  
tures and C1/H values.  Lines represen t  the t empera -  
ture  var ia t ion  of ca lcula ted par t i a l  pressures  of pe r t i -  
nent  species; C1/H = 100 for the top line, C1/H --  10 -1 
for the  middle,  and C1/H ---- 10-2 for the  bot tom line. 
Square  symbols  are to be compared  wi th  the top line, 
t r i angu la r  symbols  wi th  the middle,  and  c i rcular  
symbols  wi th  the bot tom line. Open symbols  represent  
values of pa r t i a l  pressures  in mix tu res  where  HC1 
was not  in i t ia l ly  present ;  the ful l  symbols  represent  
pa r t i a l  pressures  in mix tu res  where  HC1 was in i t ia l ly  
present.  The reproduc ib i l i ty  of these da ta  f rom exper i -  
ment  to exper imen t  is about  +--20%. 

Discussion 
In this section we discuss the  na ture  and the ex-  

tent  of chemical  react ions occurr ing in  the  system. 
F rom the  presence of I-I2, HC1, SIC12, SiC12H2, SiCIH3, 
and SiCI~, one can conclude which  react ions occur. 

The drop of par t ia l  pressure  of en ter ing  SiC12H2 and 
the appearance  of HC1 in the system infers  the fol low- 
ing react ion ( reverse  of reac t ion  [3]) by  which the 
deposi t ion of Si occurs 

SiCl2'H2(g) "-> Si(s) -5 2HCI(~) [11] 

The HC1 created in this way  reacts wi th  the Si deposit  
to form other  the rmodynamica l ly  s table species; SIC14, 
SiCI~H, and SIC12 are  formed via  reactions [1], [2], and 
[5], respect ively.  Reactions o f  equi l ibra t ion  between 
var ious  vapor  species can be also considered, e.g. 

SiC12H2(~) -> SiCl~(g) -5 H2(g) [12] 

The increase of PHC1 by  the addi t ion of pure  HCl to 
the  gas phase increases the t r anspor t  of HC1 to the sur -  
face, but  nevertheless,  the re la t ive  abundance  of vapor  
species does not change significantly. At  h igher  C]/H 
rat ios  one observes tha t  the  abundance  of HC1 in 
the vapor  is h igher  than  equi l ib r ium data  predict .  This 
points  t oward  the  poor  adsorpt ion  of I-}C1 on silicon 
surface. The consequence is that  species requi r ing  more  
HC1 for the i r  fo rma t ion  (i.e., SiC13H and SiCl4) wi l l  
form less read i ly  than species such as SIC12, which need 
only two HC1 molecules for the i r  formation.  Recently,  
Robinson and Goldsmith  obta ined  Si g rowth  f rom 
mixtures  of SiC12H2 and HC1, where  HC1 content was 
so high tha t  the rmodynamic  calculat ions predic ted  
etching of Si r a the r  than  its growth  (11). This in-  
dicates that  in thei r  system the react ion of HC1 with 
Si also did not reach equi l ibr ium.  

The incomplete  dissociation of SiCI~H~ (react ion [3]) 
could also cont r ibute  to the  re la t ive ly  high PSiCI2H.,. I t  
is also possible tha t  react ion [12] occurs in the system. 
This react ion is t he rmodynamica l ly  more  feasible at 
our exper imen ta l  t empera tu res  than  other  homogene-  
ous gas reactions, i.e., reactions [13], [14], and  [15]). 
Most l ikely,  ne i ther  react ions [13], [14], and  [15], nor 
thei r  reverse  react ions occur to a significant ex tent  in 
our system. If  they  did occur, one would observe a 
strong dependence of Psicl4 and Psic18H on the presence 
of free HC1 in the reactor.  This has not been observed. 
We thus conclude that  events on the Si surface were  
the  pr incipal  factor in de te rmining  the composit ion of 
the  vapor  phase. A s imi lar  conclusion was reached b y  
crys ta l  growers,  who consider Si deposi t ion up to about  
1250~ as surface kinet ics  control led (12, 13). Our  mass  
spect rometr ic  da ta  indicate that  these devia t ions  f rom 
thermochemica l  equ i l ib r ium also reflect themselves  in 
the  composit ion of the  vapor  phase. Nevertheless,  all  
major  species p red ic ted  by  the rmodynamic  calculat ions 
have been detected, and in most cases, thei r  measured  
par t ia l  pressures  are  of the same order  of magni tude  
as the equ i l ib r ium values.  

I t  was a l r eady  ment ioned tha t  one can calculate  the  
efficiency of the Si deposi t ion process by  compar ing 
values of St/C1 rat io in the ini t ia l  mix tu re  wi th  the  
St/C1 in the equ i l ib r ium mix ture  at  some given t em-  
perature .  The efficiency obtained in this  way  is the theo-  
re t ica l  efficiency of the St -deposi t ion  process. The com- 
par ison of the ini t ia l  St/C1 rat io  wi th  the St/C1 rat io  
de te rmined  f rom mass -spec t romet r ic  values  of pa r -  
t ia l  pressures  yields the exper imenta l  efficiencies. The 
St/C1 ra t io  is defined by  the fol lowing equat ion 

Si 

C1 

Psica  + PSiClSH -}- PSiCI2H2 -}- PSiClH8 -5 PSiH4 + Psic12 

4PsicI4 -5 3PsicaH -5 2Psie12Hs -5 PSiClH3 -5 2Psicl2 -5 PHel 
[16] 

SiCI3H<s) --> SiCl2(g) + HCI(g~ [13] 

SiC]4r + St(s) -> 2SiCl2(s) [14] 

SiC14(g) + H2(g) --> SiC13H(g) + HCl(g) [15] 

I t  is possible to d raw some conclusions about  the 
mechanism and the kinetics of the above reactions by  
re fer r ing  to Fig. 4 ( a ) - ( e ) .  The comparison of calcu-  
la ted  wi th  equi l ib r ium par t i a l  pressures  shows that  
deviat ions f rom equi l ib r ium exist,  bu t  the i r  na tu re  
varies  from species to species. In almost  all  instances 
Psicl2 and PSiC12H2 are higher  than  thei r  equ i l ib r ium 
values; PHCl is also h igher  except  for C1/H < 10 -1. On 
the other  hand, Psica is almost  a lways  lower  than the 
equi l ibr ium value, and PSiCI3H is also lower  for T > 
1000~ F rom these observations,  one can conclude that  
the  creat ion of species which requi re  more  HC1 mole-  
cules to form (i.e., react ions [1] and [2]) proceeds 
s lower than the creat ion of species which  requi re  less 
HC1 (i.e., reactions [3] and [5]) .  This suggests a dear th  
of HC1 molecules at the  Si surface, which could be 
caused ei ther  by  the poor t ranspor t  of HC1 to the sur -  
face or by  the poor adsorpt ion  of HC1 at  the  surface. 

Of course, in the ini t ia l  mixtures ,  only Psic12He and 
PHCl (when present )  should be considered;  in the  de-  
t e rmina t ion  of the value  of St/C1 from the exper i -  
menta l  data, the pa r t i a l  pressures  of undetec ted  species 
such as SiC1Ha and Sill4 are  considered to be equal  to 
zero. In  Table  III, the exper imen ta l  and the theoret ica l  
efficiencies are listed. Efficiencies are expressed in 
terms of percentage  of the in t roduced Si conver ted  into 
the solid St. F rom data  in Table  III, it  can be seen 
that, in general ,  the exper imen ta l  efficiencies are  sig- 
nificantly lower  than theoret ica l  ones in cases of lower  
t empera tu res  and C1/H values.  The exper imen ta l  effi- 
ciencies approach theore t ica l  values  wi th  increasing 
t empera tu res  and C1/H values.  In  some cases, they  are  
even higher  than  the theoret ica l  efficiencies. This can 
be  expla ined  b y  the a l ready  discussed low ra tes  of the  
HCl-Si interaction. If the deposition of Si from SiCluI4~ 
proceeds at  h igher  rates  than  the back-e tch ing  of the  
deposit  by  HC1, a net  accumulat ion of Si l a rger  than  
the equi l ibr ium amount  wi l l  occur, leading to the  ob-  
served higher  than  theoret ica l  efficiencies. This is con- 
sistent wi th  da ta  in Ref. (11). 
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Fig. 4. Comparison between the calculated and the experimental partial pressures of detected species. Lines represent calculated tem- 
perature variations of partial pressures with CI/H value as a parameter. Square symbols are to be compared with the top line (CVH 
10% triangular symbols with the middle (CI/H = 10-1),  and circular symbols with the bottom line (CI/H ---- 10-2).  Full symbols rep- 
resent partial pressures in mixtures where HCI was initially present; the open symbols represent partial pressures in mixtures where HCi 
was not initially present. 

In  experiments  where pure HC1 was introduced into 
the reactor (i.e., C1/H ---- 100), the etching of the pre-  
viously deposited Si occurred. The efficiency of etching 
can be obtained by comparing the exper imenta l ly  de- 
te rmined amount  of Si in the gas phase with the cor- 
responding calculated amounts. Such comparison yields 
that the HCl-etching is 80, 64, and 71% efficient at 
1000 ~ 1200 ~ and 1300~ respectively. This again con- 
firms the observation that  the extent  of HC1-Si in ter -  
action is lower than  calculated. 

Summary and Conclusions 
The presented study of the chemical processes in 

deposition of Si from SiC12H2 and of etching of Si by 
HC1 is summarized in this section. 

1. The mass spectrometer-CVD reactor setup has 
been successsfully used for the quali tat ive and quant i -  

Table III. Comparison of theoretically and experimentally 
determined efficiencies of Si deposition from SiCI2H2 

P r e s e n c e  1 O 0 0 ~  1 2 0 0 ~  1 3 0 0 ~  
o f  HC1  
i n  i n i -  T h e o r .  E x p .  T h e o r .  E x p .  T h e o r .  E x p .  

C 1 / H  t i a l  m i x  ~ ~ ~ ~ 7/ ~/ 

0.01 No 55.9 25.0 83.6 73.6 91.1 76.0 
0.01 Yes 33.8 9.8 75.4 '/3.2 86.6 70.9 
0.1 No 47.1 39.2 54.8 58.9 60.3 67.1 
0.1 Yes 20.6 5.3 32.2 35.4 40.4 54,9 
1.0 No 47.4 44.8 48.8 48.8 49.4 49.1 
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ta t ive  analysis  of the vapor  phase in the  Si-C1-H 
system. 

2. Mass spec t ra  of SIC14, SiC18H, SiC12H2, and SIC12 
have been  determined.  

3. Species found in the  vapor  phase were  H2, HC1, 
SIC12, SiC12H2, SiCI3H, and SIC14, and the i r  par t ia l  
pressures  were  measured  as a funct ion of temperature~ 
value  of the C1/H ratio, and of the  chemical  na ture  of 
the  ini t ia l  gaseous mix tu re  enter ing the reactor.  

4. The equi l ib r ium pa r t i a l  pressures  of all  vapor  
species present  in the  Si-C1-H system were  calcula ted 
from the newest  and most consistent  set of t he rmo-  
chemical  da ta  avai lable .  

5. The comparison be tween  the ca lcula ted  and the 
expe r imen ta l ly  de te rmined  par t ia l  pressures  indicates 
tha t  there  a re  cer ta in  deviat ions f rom the  the rmo-  
chemical  equi l ib r ium which reflect themselves  in the 
composit ion of the vapor  phase. Notably,  pa r t i a l  p res -  
sures of HC1, SIC12, and SiC12H2 tend to be higher,  and 
par t i a l  pressures  of SiC13H and SIC14 lower  than  the 
corresponding equi l ib r ium pa r t i a l  pressures.  Never -  
theless, under  most  of our exper imen ta l  condit ions 
(pa r t i cu la r ly  when T > 1200~ the measured  and 
the calcula ted par t i a l  pressures  were  of the same order  
of magni tude.  The equi l ib r ium calculat ions thus  p ro-  
vide useful  informat ion  on the composi t ion of the vapor  
phase and on the deposi t ion and etching of Si, a l though 
the complete  equ i l ib r ium si tuat ion has not  been es- 
tablished.  

6. The main  chemical  react ions occurr ing in the  r e -  
actor  a~e summar ized  by  the fol lowing scheme 

S iCh  + H2 

S i C I ~ H 2 / / ~  

HC1 
Si > SiCl4, SiC18H, SiCI~ 

2HCI 

The incoming SiC12He decomposes e i ther  to SIC12 
through  a loss of two H atoms or to Si th rough  a loss 
of two HC1 molecules;  o ther  species are  then  formed 
by  the HC1-Si interact ion.  

7. F rom the na tu re  and the extent  of the deviat ions 
f rom the equi l ibr ium,  one concludes tha t  the i r  pos-  

sible causes are the  r e t a rded  HC1 adsorpt ion on Si and 
the incomplete  dissociation of SiCI2H~. 

8. The calcula ted and the expe r imen ta l ly  de te rmined  
efficiencies of the  deposi t ion and etching processes 
were  compared  and found to be s imi lar  when  T > 
10O0~ and C1/I-I > 10 -2. 
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ABSTRACT 

Chemical  processes occurring- in the  vapor  deposi t ion of silicon f rom SiC13H 
and SIC14 were  s tudied  by  means  of a mass spec t rometer  coupled to the  CVD 
reactor.  Species identif ied in the vapor  phase were  H2, HC1, SIC12, SiC12H~2, 
SiC13H, and SIC14. Thei r  pa r t i a l  pressures  were  measured  at t empera tu res  of 
1000 ~ 1200 ~ and 1300~ the C1/H va lue  was 10 -1. Values of these pa r t i a l  
pressures  were  compared  wi th  the calcula ted equi l ib r ium pa r t i a l  pressures  for 
the  Si-C1-H system, as wel l  as wi th  pa r t i a l  pressures  de te rmined  in the  deposi-  
t ion of Si f rom SiC12H2. On the basis of the  obta ined results ,  we discuss the  
na tu re  and the ex ten t  of chemical  processes occurr ing dur ing  the deposit ion 
of Si f rom SiCl i  and  SiC13H. 

In  the preceding pape r  of this series (1), the chemi-  
cal processes occurr ing in  the  deposi t ion of Si  f rom 
SiCleH~ and in the  HCl-e tch ing  of Si were  discussed. 
The topic of the  p resen t  paper  is chemical  processes oc- 
curr ing in  the  deposi t ion of Si f rom SiC13H and f rom 
SIC14. Both of these gases are  impor tan t  sources for the  
deposi t ion of Si on the  indus t r ia l  scale. 

In  principle,  the  deposi t ion of Si f rom all  chloro-  
si lanes should proceed in ident ical  manner ,  because in  
al l  cases one deals  wi th  the Si-C1-H system. The ra te  
and  the efficiency of the deposition, as wel l  as the  com- 
posi t ion of the  vapor  phase  should be un ique ly  de te r -  
mined b y  specifying the tempera ture ,  the  to ta l  pres-  
sure, and  the C1/H rat io  in the  system, provid ing  tha t  
the thermochemica l  equ i l ib r ium has been established.  
In  real i ty ,  however ,  significant differences in the  ra te  
and the  efficiency of Si deposi t ion f rom var ious  chloro-  
si lanes have been observed (2). This impl ies  tha t  
cer ta in  devia t ions  f rom the thermochemica l  equi l ib-  
r ium occur, and that  the  na ture  of the  input  gas affects 
the  deposit ion.  

We s tudied possible  causes and the ex ten t  of these 
effects by  expe r imen ta l ly  de te rmining  the composit ion 
of the gas phase by  means of a mass spec t rometer  in 
a manne r  descr ibed p rev ious ly  (1). The deposi t ion 
f rom SiC13H and f rom SIC14 are  compared  wi th  the  
deposi t ion from SiC12H2 discussed in Ref. (1). Values 
of the expe r imen ta l ly  de te rmined  par t i a l  pressures  wil l  
also be compared  wi th  the  prev ious ly  ca lcula ted  equi -  
l i b r ium pa r t i a l  pressures  of vapor  species in the  
Si-C1-H sys tem (1). On the basis of these comparisons,  
we shall  discuss chemical  processes occurr ing dur ing 
the  Si deposi t ion and the effect of the na tu re  of the  
input  chlorosi lanes on these processes. 

Experimental  
The mass spec t romete r -CVD reac tor  combinat ion  has 

been descr ibed in Ref. (1). Control led  amounts  of 
SiCI~H or of SIC14 were  in t roduced into the  reactor  by  
means  of the  Tylan  Source I Vapor izer  Controller .  The 
SiCI3H and SIC14 were  d r a w n  f rom 50-1b tanks.  Gases 
were  of semiconductor  grade  pu r i ty  and suppl ied  by  
the M&T Chemicals  Inc. The Matheson electronic mass 
flow t ransducers  were  used to in t roduce known 
amounts  of car r ie r  gases, such as H2 or  He, into the  
reactor.  Therefore,  pa r t i a l  pressures  of Si -conta in ing 
gases in the  input  mix tures  were  known. 

The composit ion of ini t ia l  mix tures  was ad jus ted  so 
tha t  C1/H - - - -  10 -1. For  the  case of SiC13H-H2 mixture ,  
the  C1/H rat io  is g iven by  the fol lowing express ion 

3Psic~H 
C1/H _-- [1] 

PSiCI3H ~- 2PH2 
* Electrochemical Society Active Member. 
K e y  w o r d s :  m a s s  s p e c t r o m e t r y ,  C V D ,  thermodynamics, kinetics. 

The corresponding express ion for the  SiC14-H~ mix -  
ture  is g iven by  

4Psicl~ 
C1/H - -  - -  [2] 

2PH2 

In the  above expressions,  PsicI3H, PSiCl4, and  PH2 a r e  
the  pa r t i a l  pressures  of these gases at  the i r  ent rance  
into the  reactor.  The SiC13H-H2 mix tu re  was p repa red  
by  combining flows of 100 cm3/min of SiC13H wi th  1450 
cm3/min of H2. In the  case of SiC14-H2 mixture ,  132 
cm3/min of SIC14 was mixed  with  2640 cm3/min of H2. 

The effect of rep lac ing  H2 by  He as a ca r r i e r  gas was  
also studied. For  this purpose,  132 cm3/min of SIC14 
was mixed  wi th  2640 cm3/min of He. Pa r t i a l  pressures  
of gases in this  mix tu re  wi l l  be compaerd  wi th  pa r t i a l  
pressures  in  the  mix tu res  containing He. 

Results 
Fol lowing the method descr ibed in Ref. (1), one 

can de te rmine  the qua l i ta t ive  and the quant i t a t ive  
composit ion of the vapor  phase  by  means of a mass 
spectrometer .  Briefly, var ious  vapor  species can be 
identified by  the i r  character is t ic  mass spectra.  Values  
of pa r t i a l  pressures  can then be de te rmined  f rom the  
mass spec t romet r ica l ly  measured  re la t ive  amounts  of 
various species and the specified C1/H rat io and the 
total  pressure  in the  system, which is 1 atm. Vapor  
species de tec ted  in the  Si-C1-H system, when  e i ther  
SiC13H or SIC14 was used in the ini t ia l  mixture ,  were:  
HC1, SIC12, SiC12H2, SiCI3H, SiCl4, and H2. In the 
Si-C1-He system, only SIC12, SIC14, and He were  de-  
tected. In  Table I, the expe r imen ta l ly  de te rmined  pa r -  

Table I. Experimental partial pressures of vapor species in 
SiCI2H2-H2, SiCI3H-H2, and SiCI4-H2 mixtures (CI/H ~_ 10 -1  

in 0ll cases) and their comparison with the calculated equilibrium 
partial pressures for the Si-CI-H system 

Temper- Pp (arm) Pp (atm) Pp (arm) Pp (atm) 
ature, ~  Species (Eq.) (S}CI21-12) (SiCI~H) (SiCh) 

1000 HCI 1.1 x I0 -s 1.7 x 10 -= 1.4 • 10 -2 1.9 • 10 -~ 
SiC]-~ 0.6 x 10 -~ 5.2 x 10 -~ 4.0 x i0 -~ <10 -~ 
SiChH_o 1.3 • 10 -a 5.2 x 10 -~ 3.6 • 10 -4 <10 -~ 
SiChH 1.9 x 10 -2 3.6 x I0 -~ 1.6 x 1O -~ 1.2 • 10 -2 
SIC14 3.0 x I0 -2 9.8 x 1O -~ 1.2 x 1O -~ 3.8 x i0 --~ 
I-I.~ 0.939 0.9268 0.954 0.9478 

1200 HCI 4.0 • I0 -~- 6.5 X 10 4 4.2 • I0 -~ 2.8 • i0 ~ 
SiCl~ 1.5 X 10 -a 8.5 x 10 -3 1.1 x 10 -2 2.8 • 10 -~ 
SiCt~H2 1.4 X 10 "~ 1.4 X 10 -~ 1.1 • 10 -3 < 1 0  -6 
S i C I ~ H  1.5 • I 0  --~ 1 .3  x 10  -2 1.0 • 1O -~ 1 .8  • I 0  --~ 
SIC14 2.4 • 10 --~ 1.4 • I0 -~ 2.2 • 10 -2 2.5 • 10 ~ 
H 2  0 . 9 1 8  0 . 9 0 0  0 . 9 1 4  0 . 9 2 5 6  

1300  H C 1  6 .4  X 10 -2 1.1 X 10 -z 8 .4  X 10 4 0.4 X 10 -2 
SiCI_~ 8 .0  X 10 -2 1 .4  X 10  4 1.8 X 10 -2 1.7 • 10 -~ 
SiCl2H_~ 1.3 x 10-~ 6.6 X 10-~ 5 .3  • 10 -~ 5 .3  • I 0  -~ 
SiCI~H 1.2 x i0  -~ 4.0 • i0  -3 5.7 • I0 -~ 3.9 • I0 -~ 
SiCl4 2.0 x I0 -3 6.5 • i0 -s 1.1-x 10 4 1.7 • 1O -~ 
H2 0,8977 0.8589 0.876 0.8721 

1389 
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Table [I. Comparison of the experimentally measured with the calculated equilibrium partial pressures 
of vapor species detected in the SiCI4-He mixtures; CI/He ~ 0.2, T ~ 1000 ~ 1200 ~ and 1300~ 

1OO0~ 1200~ 130O~ 

Species Peq ( a rm)  Pezp ( a rm)  Pea (a tm)  Pexv ( a t m )  Peq ( a tm)  Pexp (a rm)  

SiCIa 1.15 x 10-~ > 1 0  -~ 2.6 x 10 -a 7.3 x 10 -a 9.34 x 10-a 1.2 x 10 -~ 
SiCl~ 4.74 x l 0  -~ 4.8 x 10 -~ 4.61 x 10 -~ 4.4 x 10 -2 4.27 • l 0  -2 4.1 x 10 -2 
He 0.95268 ~0.95240 0.95137 0.94890 0.94796 0.95873 

tial pressures of vapor species present  in  the 
SiCI~H2-H~, SiClsH-H2, and SiC14-H2 mixtures  as 
well as the calculated equi l ibr ium part ial  pressures in 
the  Si-C1-H system are listed. For  all cases, C1/H ratio 
is 10-1; pressure values for temperatures  of 1000 ~ , 
1200 ~ and 1300~ are listed. In  Table II we compare the 
equi l ibr ium arid the exper imenta l ly  determined part ial  
pressures in the Si-C1-He system at the above tempera-  
tures. 

Discussion and Conclusions 
Results listed in  Table I permit  one to compare the 

deposition of Si from various chlorosilanes. There are 
some noticeable differences. At T ~_ 1000~ most of 
the SIC14 remains undecomposed, and practically no 
deposition of Si occurs. This is consistent with the 
relat ively high stabil i ty of SIC14 in  comparison with 
other chlorosilanes (1) and with the observed lower 
growth rate of Si from SIC14 (2). Differences between 
the deposition from SiC12H2 and from SiC13H are 
smaller. With increasing temperatures;  the values of 
pressures of vapor species become more similar  for all 
three chlorosilanes and also closer to the calculated 
equi l ibr ium part ial  pressures. In other words, the sys- 
tem approaches thermochemical  equil ibrium. How- 
ever, at T -- 1300~ one still notices differences be- 
tween the equi l ibr ium and the experimental  part ial  
pressures. In  particular,  part ial  pressures of species 
containing two or less chlorine atoms (i.e., HC1, SIC12, 
and SiC12H2) tend to be higher than  their equi l ibr ium 
values, while part ial  pressures of SiC13H and SIC14 
tend to be lower than  their  equi l ibr ium values. It  is 
not clear whether  the part ial  pressure of the incoming 
SiCl4 indeed drops below its equi l ibr ium value, or 
if this small deviation (N15%) is caused by the un-  
certainties of temperature  measurement  and /o r  of the 
thermochemical  data used. Similar  results have been 
reported in Ref. (1), and results described here pro- 
vide some additional informat ion which basically sup- 
ports our previous discussion, where we concluded that  
the adsorption of HC1 on the Si surface is retarded. In  
the case of growth of Si from S~C14 which occurs via 
the following reaction 

SIC14 -~ 2H2-> Si + 4HC1 [3] 

four molecules of HC1 are supplied. It  seems that  their  
residence t ime at the Si surface is short and that  they 
desorb easily. This would lead to the relat ively smaller  
probabil i ty  of forming, say, SiC13H where three mole- 
cules of HC1 are needed 

Si + 3HCI--> SiC13H ~ Ha [4] 

than  of forming SIC12 or SiC12H2 where only two 
molecules of HC1 are needed 

Si ~ 2HC1 -> SiC12H~ [5] 
o r  

Si T 2HCI-> SIC12 ~ H2 [6] 

Nevertheless, all of the above reactions occur and the 
resul tant  part ial  pressures of all vapor species at T 
1200~ are never  more than  a factor of 3 or 4 apart  
from the equi l ibr ium part ial  pressures. 

The equi l ibr ium part ial  pressures in the Si-C1-He 
were calculated by employing the following system of 
three equations 

P s i c l 4  -~- P s i c 1 2  -~- PHe : 1.0 [7J 

and 

C1 4Psic14 -{- 2Psicl2 
- -  -- ---- 0.2 [8] 
He PHe 

P 2 s i c 1 2  
SiCh(g) ~- Si(s) --> 2SiC12(g); kp -- [9] 

aSi �9 Psic14 

The first of these equations specifies the total pres- 
sure in  the system, the second one the C1/He ratio, and 
the third one the chemical reaction involving the St- 
containing gaseous species. In  Eq. [9], aSi represents 
the activity of solid silicon; aSi ----- 1.0. Values of kp at 
1000 ~ 1200 ~ and 1300~ were calculated from thermo- 
chemical data given in  Ref. (1). 

The results of these calculations are given in  Table 
II, along with the exper imenta l ly  de termined part ial  
pressures of SIC12, SiCla, and He. An inspection of Table 
II shows that SIC14 does not react at T - -  1000~ At 
higher temperatures,  significant amounts  of SIC12 are 
detected, indicating that reaction [9] takes place. At 
1200 ~ and 1300~ the observed part ial  pressures are 
relat ively close to the equi l ibr ium pressures. Again, 
the Psic14 appears r be slightly below the equi l ibr ium 
value, but  the extent  of these deviations is smaller than 
the uncer ta in ty  in  experimental  temperatures  and 
thermochemical data. Both Psic12 and Psic14 are con- 
siderably higher than the corresponding pressures in 
the Si-C1-H system. This is so because, due to the ab-  
sence of hydrogen, species such as SiC12H2, SiC13H, and 
HC1 cannot form. It is quite probable that  in  the 
Si-C1-H system, where reactions such as [4], [5], and 
[6] are possible, reaction [9] occurs to a smaller  ex- 
tent. 

Finally,  we shall discuss the efficiencies of the Si 
deposition from SiC13H and from SIC14. These effi- 
ciencies can be obtained by comparing the St/C1 ratios 
of the init ial  mixture  with ratios at elevated tem- 
peratures. The same method was used in Ref. (1). In 
Fig. 1, the exper imenta l ly  obtained efficiencies (full 
lines) are compared with the deposition efficiencies 
available under  the equi l ib r ium conditions (dotted 
l ines).  These efficiencies give the amount  of Si de- 
posited as percentages of Si introduced into the system. 
One notices that  in the case of SiCI~H, the experi-  
mental  efficiencies run  close to the theoretical effi- 
ciencies. In  the case of SIC14, the theoretical and ex-  
per imental  efficiencies are significantly lower. At T 
ll00~ actual etching of the previously deposited Si 
takes place when  SiC14-H2 mixture  with C1/H -- 10 -1 
is introduced into the system. Of course, in  the Si-C1-He 
system, etching occurs at all temperatures  via the re- 
action [9]. The upper  curves in  Fig. 1 represent  the 
theoretical and the exper imental  efficiencies of the 
deposition of Si from SiC12H2. These results are taken 
from the previous paper and indicate that  for the given 
temperature  and C1/H ratio of the ini t ial  mixture,  
SiC12H2 is the most efficient source of Si among the 
chlorosilanes examined. 

The presented work could be summarized as follows: 
1. Chemical processes in the deposition of Si from 

SiCI.~H-H~_ and SiC14-H2 mixtures  with C1/H ---- 10 -1 
were examined by the mass spectrometer at tempera-  
tures of 1000 ~ 1200 ~ and 1300~ 

2. Vapor species detected at elevated temperatures  
were H2, HC1, SiCI2, SiC12H2, SiC13H, and SIC14; their  
partial  pressures were measured and compared with 
partial  pressures detected in SiC12H2-H2 mixtures  and 
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Fig. 1. Theoretical and experimental efficiencies of deposition of 
silicon from SiCI2H~ SiCI3H, and SiCI4 in temperature interval of 
1000~176 CI/H = 10 -1 in all cases. 

with the calculated equi l ibr ium part ial  pressures. 
3. In  the Si-C1-He system, SIC14, SIC12, and He were 

present  in the vapor and their  part ial  pressures were 
measured and comPared with the calculated equi-  
l ibr ium part ial  pressures for this system. 

4. Measured values of part ial  pressures indicate that 
there are some significant deviations from the thermo-  
chemical equi l ibr ium in  the system, especially at lower 
temperatures  where SIC14 remains  largely undecom- 
posed; at T > 1200~ partial  pressures resemble more 
closely the equi l ibr ium part ial  pressures, par t icular ly  
in the Si-C1-He system. 

5. The calculated and exper imenta l ly  determined ef- 
ficiencies of the deposition of Si from SiC12H2, SiC18I-I, 
and SIC14 were compared and found to decrease in 
order ~I-SiCI2H2 > ~]-SiCI3H > ~l-SiCl4. 
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A Solid-State Galvanic Cell Study of the 
Ti20 ,Ti O  Equilibrium 
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ABSTRACT 

The chemical potential  of oxygen of the coexisting phases Ti20~,TisO5 was 
found to be given by ~'G1/2 02 (Ti2Q,Ti~O~) ---- --86,030 4- 15.30T(K) +_ 180 cal 
(1 std dev.) from a study of the cell Nb,NbO/YDT [7.5 weight per cent (w/o)  
yttria]/Ti~O3,Ti30~ between 1022 ~ and 1495~ In the evaluat ion of the data 
obtained for the above cell the relationship ~G~ : --99,870 -5 
21.5IT(K) 4- 150 cal (1 std dev.) which was determined from a study of the 
cell Nb,NbO/YDT (15 w/.o y t t r i a ) /Fe ,  FexO between 1089 ~ and 14260K was 
used. The data for Ti203,Ti~O5 correlate well  with calorimetric measurements  
at lower temperatures  and vaporization studies at higher temperatures.  

This paper  presents a s tudy of the equi l ibr ium chem- 
ical potential  of oxygen in the coexisting solid phases 
Ti203,Ti305 from 1022 ~ to 1495~ by a galvanic cell 
technique. For convenience idealized formulas are ut i l -  
ized in this paper for the various solid phases except 
where their actual nonstoichiometric compositions are 
of interest.  The solid phases in the Ti-O system are 
of considerable interest  because of the wide range of 
nonstoichiometry and unusua l  defect ordering near  
O/Ti  ---- 1 (1, 2) and the mul t i tudinous  array of phases 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  C o r n i n g  G l a s s  W o r k s ,  S u l l i v a n  P a r k ,  C o r n i n g ,  

N e w  Y o r k  14830. 
K e y  w o r d s :  t h e r m o d y n a m i c s ,  t i t a n i u m  ox ide s ,  n i o b i u m  m o n o x i d e ,  

y t t r i a - d o p e d  thoria .  

TinO2n-] based on crystallographic shear in the com- 
position range O/Ti  from 1.667 to 2.00 (1, 3, 4). At the 
t ime this work was begun thermodynamic data from 
calorimetric measurements  were available for presum- 
ably stoichiometric TiO, Ti203, Ti30~, and TiO2 [refer- 
ences summarized in JANAF (5)].  Knudsen  cell and 
mass spectrometric studies at temperatures  above 
about 1700~ had explored the na ture  and thermo-  
dynamics of the vaporization processes (6-8) of the 
phases from O/Ti  : -  1.0-2.0. Several  thermodynamic  
discrepancies and uncertaint ies  existed in the l i tera-  
ture, arising from uncertaint ies  regarding effects of 
nonstoichiometry and heats of transition. Equi l ibr ium 
gravimetric studies involving gas-solid equil ibria  have 
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been repor ted  for  systems wi th  O/Ti  ra t ios  grea te r  
than  1.67 (Ti305), but  this technique has not been 
successfully appl ied  to systems wi th  the  low oxygen 
potent ia ls  found in O/Ti  < 1.67 (9, 10). 

The  present  work  was unde r t aken  to provide  the r -  
mochemical  in format ion  on the in te rmedia te  oxide 
phases Ti~O3 and TirOs by  an equi l ib r ium technique,  
in  the range of t empera tu res  be tween  the  ca lor imetr ic  
and  vapor iza t ion  studies and at  lower  oxygen poten-  
t ials than  could be exp lo red  ~with grav imet r ic  tech-  
niques. Of pa r t i cu l a r  in teres t  was the  quest ion of 
whe ther  the  ca lor imetr ic  da ta  on stoichiometr ic  ma te -  
r ials  were  va l id  when ex t rapo la ted  to h igher  t e m p e r a -  
tures  where  the  coexist ing phases migh t  exhibi t  s ig-  
nificant nonstoichiometry.  

The use of solid oxide e lec t ro ly te  galvanic  cells for 
the d i rec t  de te rmina t ion  at e leva ted  t empera tu res  of 
the chemical  potent ia l  (~G1/2 o2) or pa r t i a l  pressure  
(Po2) of oxygen of two phases which  coexist  in some 
me ta l -oxygen  sys tem is by  now wel l  known (11, 12). 
P r io r  to the  r ecen t ly  published,  ex tens ive  s tudy  of the  
Ti-O sys tem wi th  y t t r i a -doped  thor ia  (YDT) e lec t ro-  
ly te  cells by  Suzuki  and Sambongi  (9), the  two-  
phase region Ti.203,Ti~O5 had  not  been  inves t iga ted  
via this technique, a l though a galvanic  cell s tudy of 
the adjoining two-phase  region Ti~Os,Ti407 had  been 
per formed  by  Vasi l ' eva  and Shaulova,  along wi th  
studies on h igher  oxide phases (13). A measurement  of 
the difference in oxygen  potent ia l  of the  electrodes 

T10,TI20~ wi th  ca lc ia-s tabi l ized  z i r -  "Ti,TiO" and " " " " a 
conia (CSZ) e lec t ro ly te  cell a t t empted  by  Hoch et al. 
(14) was of ques t ionable  va lue  because of incorrect  
assumptions  about  the Ti -O phase d iag ram and the 
useful  region of CSZ. In  the  region O/Ti  > 1.6, emf 
and gas-sol id  equi l ibr ium studies have been surveyed  
by  Suzuki  and  Sambongi  (9) and  cr i t ica l ly  r ev iewed  
by  Merr i t t  et al. (10). 

The de te rmina t ion  of ~G1/2o2 for  the  region 
Ti~O~,TisO5 has been carr ied  out in  this l abo ra to ry  via 
a s tudy of the  cell Nb,NbO/YDT (7.5 w /o  y t t r i a ) /  
Ti203,Ti3Os. Al though the equi l ib r ium par t ia l  pressures  
of oxygen exh ib i ted  by  these electrodes,  on the  order  
of 10 -2~ and 10 -.22 arm at 1000~ respect ively,  are  
ve ry  low, Etsell  (15) indicates  tha t  the  average ionic 
t ranspor t  number  (~) of the  YDT elec t ro ly te  for such 
a cell is g rea te r  than  0.99 at 1000~ 

A p re l imina ry  invest igat ion of the  cell Nb,NbO/YDT 
(15 w/o  y t t r i a ) / F e ,  FexO (x indicates the  bounda ry  
composit ion of i ron - sa tu ra t ed  wiist i te)  was pe r fo rmed  
in order  to eva lua te  the emf appara tus  and rede te rmine  
AG~ The ma jo r i t y  of the emf da ta  tha t  have 
been repor ted  for this  cell  a re  in  excel lent  agreement  
(16, 17). 

Experimental 
Mater ia ls  used in p repa r ing  electrodes were  n iobium 

and n iobium pentoxide  powders,  both  of 99.8% pur i ty ,  
and t i t an ium powder  of 99.5% pur i ty  f rom A. D. 
MacKay,  Inc., hydrogen- reduced  i ron  powder  of F isher  
Certified Reagent  grade ( labeled "95.8%" via  an ana ly -  
sis which d id  not include oxygen) ,  Matheson, Coleman, 
and Bell  reagent  g rade  i ron oxide (Fe203) of 99% 
puri ty,  and Baker  Ana lyzed  Reagent  t i t an ium dioxide 
powder,  whose ana lyzed- fo r  impur i t ies  to ta led  0.0581%. 
X - r a y  powder  diffraction was used to ident i fy  phases 
present  in e lectrode and e lec t ro ly te  mater ia ls .  

Dense, % in. thick, ~/z in. d iameter  disks of m e t a l - t o -  
oxide  mole  ra t io  5: 1, pressed at  3 kbar ,  funct ioned as 
the electrodes in the  Nb, NbO/ /Fe ,Fe~O cell. The NbO 
phase  was p repared  by  s inter ing the appropr ia te  mix -  
ture  of Nb,Nb205 at  1300~ for 12 h r  in an induct ive ly  
heated tungs ten  crucible wi th in  an evacuated  quar tz-  
wa l l ed  chamber.  The Fe, FexO elect rode was genera ted  
in situ f rom an Fe,Fe203 disk by  holding the  cell  a t  
750~ overnight  pr ior  to any emf measurements .  

The coexist ing phases Ti203,Ti305 were  p repa red  by  
vacuum sinter ing the appropr ia te  mix ture  of Ti + TiO2 
at  900~176 for 12 hr. The O/Ti  ra t io  was found to 

be 1.63 both before  and af ter  use, by  combust ion in air  
at 1000~ to a product  t aken  to be s toichiometr ic  TiO2. 
A mechanica l ly  sound Ti2Os,Ti305 disk could not be 
made, so the Ti203,Ti~O5 powder  was packed  into a 
f ia t -bot tomed,  7.5 w / o  YDT tube  to funct ion as the  
upper  e lectrode in the  Nb,NbO//Ti203,Ti305 cell. The 
tube had  a nominal  wa i l  thickness  of 1/16 in. and 
outside d iamete r  of ~/z in. A new elec t ro ly te  disk and 
the prev ious ly  used Nb,NbO electrode comple ted  the  
cell. 

Powders  obta ined  by  crushing Zircoa (Zirconium 
Corporat ion of America ,  Solon, Ohio) sl ipcast  YDT 
elec t ro ly te  tubes were  used in p repar ing  e lect rolyte  
disks of nominal  composi t ion 7.5 and 15 w / o  yt t r ia .  
Isaacs (18) has discussed the impur i ty  level  of such 
YDT. The disks were  pressed at 3 kba r  and densified 
by  sinter ing in vacuum at 2000~ for 4 h r  fol lowed by  
firing in  a i r  at 1200~ Disks of 1/2 in. d iameter  and 
% in. thickness, of densit ies 9.2 and 7.2 g/cmS [103 and 
92% of theoret ical  densi ty  (19)] were  obtained.  

The 7.5 w /o  YDT tubes  received f rom Zircoa were  
found by  x - r a y  diffraction to contain detectable  
amounts  of a second phase identif ied as thoria.  How- 
ever, the  second phase was not  detected in the  e lec t ro-  
ly te  disks p repa red  b y  us. 

The emf appara tus  is shown in Fig. 1. A cell was 
suppor ted  in the induc t ive ly  hea ted  t an t a lum furnace 
tube  and electr ical  contact  to each electrode was made  
by  a disk of p l a t i num foil  to which the bead  of a 
pla t inum,  p la t inum-10% rhod ium thermocouple  was 
at tached.  Al l  insulators  and cell supports  were  of re -  
crys ta l l ized alumina.  Springs  at the  top and bot tom 
pushed the  assembly together.  A second concentric 
t an ta lum tube  wi th in  the furnace tube shielded cells 
f rom the  high f requency field. The envi ronment  of the 
cell  and furnace was a clean dynamic  vacuum, rou-  
t ine ly  10 -6 Torr.  

A Rubicon precis ion po ten t iomete r  alone, or in com- 
binat ion wi th  a Cary Model 31-CV vibra t ing  reed  
electrometer ,  wi th  appropr ia te  f i l tering (14, 20) to 
remove high f requency signals, was used to measure  
emf's. No in ter ference  by  the high f requency field was 
observed in ceil  emf measurements  r epor ted  here. 
Cells containing the Ta,Ta20~ elect rode had  been found 
to d isplay high emf 's  wi th in  this appara tus  when  the 
induct ion coil was energized (20), p re sumab ly  be-  
cause of rectif ication by  t an ta lum oxide films on t an ta -  
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Fig. I, High temperature inductively heated emf apparatus 
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lum. Temperatures  have an estimated precision of 
• 1 ~ and uncer ta in ty  of • 4 ~ The la t ter  estimate in -  
cludes an  observed tempera ture  gradient  of from zero 
degree at l l00~  to 4 ~ at 1400~ Two runs  were made 
with each cell. The emf data were taken after equi-  
l ibra t ion at temperatures  both sequential ly  increased 
and decreased. Equi l ibra t ion  t imes were from 1.3 to 
25.6 hr  with the major i ty  less than  3 hr. Both cells were 
still operating excel lent ly after a total t ime at 900~ 
or above of approximately one week. 

Apparen t ly  reversible, and  clearly reproducible, 
emf's were displayed by the cells. Somewhat less scat- 
ter in  the cell emf's, and also dist inctly shorter equi-  
l ibra t ion times, were evident  above about  1250~ 
The Fe,FexO electrode of the cell Nb, NbO/YDT/  
Fe, FexO l i teral ly welded itself to the electrolyte disk, 
with s taining of the YDT occurring to a depth of 80 
~rn. Others (21, 22) have previously reported similar 
phenomena.  An  electron microprobe s tudy was made 
of a section sliced perpendicular ly  through the 
Fe, FexO-YDT interface. Although the study was some- 
what  inconclusive due to excitat ion of the elements by 
secondary x- rays  produced wi th in  the sample, no 
convincing evidence was obtained for diffusion of Fe 
into the electrolyte or Y into the Fe, FexO disk. No 
gradient  of Y, Fe, or O was detected near  the interface 
and no evidence was found for formation of other 
phases such as the YFeOs reported by  Worrel l  (21). 

In  the study of Ti203,Ti8Os, considerable coloration 
was developed by the YDT. However, no evidence was 
obtained for format ion  of any new phase such as, 
for example, YTiOs (23). 

Results and Discussion 
The data obtained in this laboratory for the cells 

Nb,NbO/YDT (15 w/o  y t t r i a ) /Fe ,  FexO and Nb,NbO/ 
YDT (7.5 w/o yttria)/Ti2Os,TisO5 are plotted, respec- 
tively, in  Fig. 2 and 3. 

The raw data for the cell Nb,NbO//Fe,FexO from 
1089 ~ to 1426~ when fit by an unweighted least 
squares analysis yield 

E(obs, mV) = (797.9 • 5.6) -- (0.1312 • 0.0044)T(K) 
[1] 
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Fig. 2. Emf of cell Nb,NbO/YDT(15 w/o yttria)/Fe,FexO vs. 
temperature. Line 1, least squares fit to data as measured (Eq. [1]);  
line 2, least squares fit to data adjusted for solubility of O in 
Nb (Eq. [2]) .  
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Fig. 3. Emf of cell Nb,NbO/YDT (7.5 w/o yttria)/Ti~O3,TisO5 v s .  

temperature. Line 1, least squares fit to data as observed (Eq. [7]);  
line 2, least squares fit to data adjusted for solubility of O in 
Nb (Eq. [8]) .  

To obtain the s tandard free energy of formation of 
NbO, the emf data were corrected point by point for 
the solubil i ty of oxygen in  niobium, giving 

E(corr,  mV) = (794.3 ___ 5.7) -- (0.1275 ___ 0.0044)T(K) 
[2] 

Uncertainties in slopes and intercepts in these and sub- 
sequent equations are s tandard deviations. The emf's 
have s tandard deviations about the l ine of ___1.7 and 
• mV in [1] and [2], respectively. The correction 
for oxygen solubili ty was made by using Bryant 's  solu- 
bil i ty data (24) and assuming that  Henry 's  law is valid 
for oxygen dissolved in  niobium, while Nb obeys 
Raoult 's law. Thus 

E(corr)  = E(obs)  -- (RT/nF) lnXNb [3] 

This correction amounts  to at most 1.8 mV at 1426~ 
Correspondingly, from the Nernst  relat ion ~G = 

- -  riFE 

~G~ 02 (cel l)  : (--36,640 _ 260) 

+ (5 .88 •  •  [4] 

The value of Faraday 's  constant  F was taken to be 
23.061 cal /mV-equiv.  Using the relationship for the 
free energy of formation of the i ron-r ich wListite phase 
from 873~176 derived by Steele and Alcock (25) 
from the work of Darken and Gur ry  (26) 

AG~ = --63,235 + 15.63T(K) • 125 cal mole -1 
[5] 

it was found that  

AG~ = --99,870 + 21.5IT(K) • 150 cal mole -1 
[6] 

for 1089~176 
Tabulated in Table I are values of hG~ which 

were calculated from the above relationship, from a 
study representat ive of the l i terature  on the same cell, 
that of Ignatowicz and Davies (27), values from Wor-  
rell 's results (21) based on cells different from the 
one studied here, along with those published by 
JANAF Thermochemical  Tables (17). Also tabulated 
for comparison are values of hG1/~ o2 for the coexisting 
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Table I. Comparison of AG~ from this work with literature 
values 

AG~ (NbO, kcal) 

l l 00~  1200~ 1300~ 140O~ 

This work  (1089~176 --76.21 --74.06 --71.91 --69.76 
Worrell  (21) (1050~176 

1. NbO,NbO~//NbOe,Nb~O~.s --76.79 --74.65 --72.50 (--70.36)* 
2. Nb,NbO//NbO,NbO2 --76.18 --74.02 --71.87 (--89.71)* 

Ignatowicz and Davies (27)** --76.18 --74.11 --72.03 (--69.95)* 
(1073 ~ 1373~ 

JANAF (17)) --76.46 --74.39 --72.33 --70.28 
AG~/~o$(Nb,NbO), this work  --76.19 --74.02 --71.85 --69.98 

* Parentheses  indicate AG~ at  t empera tu re  outside of experi-  
menta l  range.  

** Corrected as herein  for the solubility of oxygen in niobium. 

phases Nb,NbO calcula ted f rom Eq. [1] and [5]. Wor -  
rel l ' s  first re la t ionship  was der ived  f rom AG~ 
(28) and AG~ (29) obta ined  f rom reviews in  

the  l i t e ra tu re  along wi th  da ta  f rom the cells 
NbOf,Nb204.s//Fe, FexO and NbO,NbOf//NbO2,Nb204.s. 
His second re la t ionship  was der ived  f rom the same 
AG~ (28) and da ta  f rom the cell N b , N b O / /  
NbO,NbO2. J A N A F  (17) has adopted  AH~ based on 
the average of those f rom seven equi l ib r ium (emf) 
studies. F ive  of these, including that  of Ignatowicz and 
Davies (27), were  of the cell Nb,NbO//Fe,FexO. Wor-  
rel l ' s  da ta  (21) for the  cell Nb,NbO/ /Ta ,  Ta205 were  
also used. I t  is evident  that  the values t abu la ted  for 
AG~ in Table  I agree wi th in  be t te r  than  1% for 
l100~176 Note tha t  AG~ of Steele and A1- 
cock (25) and that  adopted  by  Blumentha l  and  Whir -  
more (29), which was used by  Worre l l  (21) and by  
Ignatowicz and Davies (27), agree  wi th in  33 cal in 
this  range.  J A N A F  (17) has t abu la t ed  AG~ 
incorrec t ly  imply ing  a constant  lower  phase bounda ry  
composit ion for wiist i te  (26, 30), which are approx i -  
ma te ly  100 cal more  negat ive  than  the other  data. 
Giddings and Gordon (30, 31) in present ing the la tes t  
analysis  on oxygen  act ivi t ies  and phase boundar ies  of 
wiist i te  and of the  use of Fe,FexO electrode, p re fe r  the 
equat ion for AG~ of Rizzo et al. (32), which 
gives values  at 1100 ~ and 1400~ respect ively,  220 and 
80 cal more  posi t ive than those chosen here. 

The excel lent  agreement  of our  resul ts  for AG~ 
wi th  those in the l i t e ra tu re  is t aken  as evidence that  
our appara tus  and technique are  giving val id  results,  
and that  the  Nb,NbO elec t rode  is a sui table  reference 
for measurements  on Ti203,Ti3Os. 

The r aw  data  for the  cell Nb,NbO//Ti20~,Ti305 from 
1022 ~ to 1495 ~ plot ted  in Fig. 3 were  fit by  unweighted  
least  squares to obta in  

E(obs,  mV) ---- (303.6 • 5.0) --  (0.1382 ___ 0.0040)T(K) 
[7] 

whi le  the da ta  corrected for the  solubi l i ty  of oxygen 
in n iobium via  Eq. [3] fit the re la t ionship  

E(corr ,  mV) ---- (300.1 ___ 5.0) --  (0.1346 _ 0.0040)T(K) 
[8] 

The s tandard  devia t ion  of E about  the  l ines in [7] and 
[8] is ___ 2.3 mV. Correspondingly  

AG~ o2(cell) ---- ( - -13 ,840_  230) 

~- (6.21 __. 0 .18)T(K) _ 110 cal [9] 
and 

AG1/2 02 (Ti203,Ti3Os) ---- --86,030 -t- 15.30T(K) +__ 180 cal 
[10] 

for 10890-1426~ For  in terna l  consistency our  Eq. [6] 
for AG~ was used in der iving this equation. 

Tabula ted  in Table II  are  values of ~ / 2 o 2  
(Ti20~,Ti~O~) which were  calcula ted f rom the above 

relat ionship,  f rom the graphica l ly  presented  emf da ta  
of Suzuki  and  Sambongi  (9) for the cell TiOl.~//  

Cr, CrfOs, and f rom the recent ly  revised J A N A F  
Thermochemical  Tables (17) for Ti208 (c) and Ti305 (~). 
Suzuki  and Sambongi  have publ i shed  the only p rev i -  
ous s tudy  of Ti203,TisO5 by emf techniques. They used 
the cells TiOI.6/YDT/Cr,Cr203 and Ta,Ta2Os/YDT/ 
TiO~.6 in a flowing argon a tmosphere  f rom 940 ~ to 
1740~ Here, TiO1.6 represents  severa l  composit ions in 
the range 1.560 < O/Ti  ~ 1.648 in the  Ti2Oa,Ti805 two-  
phase region. They in te rcompared  the i r  Ta,Ta205 and 
Cr, C~203 reference electrodes d i rec t ly  by  means  of the 
cell Ta ,Ta2OJYDT/Cr ,  Cr203, and both were  measured  
against  Fe, FexO from 990 ~ to 1520~ Unfor tuna te ly  
thei r  emf da ta  and the rmodynamic  resul ts  for the  Ti-O 
system are  presented  only graphica l ly  and they  give 
no indicat ion of how the l ines in the i r  figures were  
drawn among the da ta  points.  Thei r  Eq. [20] for 
AG~ taken  f rom Ref. (20) contains two typo-  
graphica l  errors.  Numerous  inconsistencies exis t  among 
thei r  figures and equations.  By carefu l ly  measur ing  
thei r  publ i shed  figures and der iv ing  equations from 
these measurements ,  we obta ined the fol lowing equa-  
tion which we bel ieve  to be the  best  representa t ion  of 
thei r  da ta  for the Ti2Os,Ti305 equi l ib r ium 

AG1/2 o2(Ti203,Ti305) ---- --86,418 + 15.82T(K) cal [11] 

As shown in Table II, our  free energies and those 
of Suzuki  and Sambongi  (9) for oxygen in Ti2Oz,Ti305 
are  in excel lent  agreement .  This supports  the va l id i ty  
of both sets of measurements ,  because different  re fe r -  
ence electrodes, physical  ar rangements ,  and equi l ib ra -  
t ion procedures  were  employed.  Above 1773~ the i r  
emf's  r ap id ly  dropped because of react ion of the  TiO1.6 
electrode and YDT elec t ro ly te  pellets.  

The da ta  in  Table  II  calculated from the J A N A F  
Tables (17) for Ti2Os(c) and Ti3Os(~) are  der ived  
pr inc ipa l ly  f rom calor imetr ic  measurements  on stoi-  
chiometric  mater ia l .  Our  emf resul ts  agree wel l  (wi th-  
in about 1% in AGof) wi th  these. J A N A F  (a-TirOs 
table)  (17) notes that  the graphica l  emf da ta  of 
Suzuki  and Sambongi  and "the authors '  se l f -consis tent  
data  for the  reference  couples" y ie ld  AH and AS for 
the react ion 

3/2 Ti20~(~,~) ~ 1 /402  = TisOs(~,~) [12] 

consistent wi th  J A N A F ' s  adopted values.  In  addition, 
th i rd  law values  of AH~ for react ion [12], ca lcula ted 
f rom Suzuki  and Sambongi ' s  data, were  in agreement  
wi th  combust ion ca lor imetr ic  data. 

Two fur ther  comments  should be made  in compar ing  
the emf results  to the J A N A F  data. Firs t ,  use of the  
J A N A F  table  for Fe0.9470 wi th  the  emf data  would  
reduce the  smal l  differences of Table  II  by  approx i -  
ma te ly  0.1 kcal  per  1/2 mole 02. Secondly, ~ 1 / 2  02 for 
the reference  electrode Cr, Cr208 obta ined  in Suzuki  
and Sambongi ' s  work  (9) is sys temat ica l ly  more  posi-  
t ive than  the data  adopted for that  system obtained by  
J A N A F  (17) by  about  800 cal from 1000 ~ to 1500~ 
J A N A F  apparen t ly  did not use the emf work  of Suzuki  
and Sambongi  in drawing  up the i r  Cr203 tables,  a l -  
though Suzuki  and Sambongi ' s  da ta  on TiaO3,TisO5 
were  used by  JANAF.  However ,  both we and Suzuki  
and Sambongi  have referenced our cells u l t ima te ly  to 
the same free energies for Fe,FexO (25) so that  thei r  
Cr, Cr20~ and our Nb,NbO couples are  in a sense only 
in te rmedia te  s tandards.  J A N A F  (17) ut i l ized other  
da ta  of Suzuki  and Sambongi ' s  t aken  wi th  the  Cr,Cr~O8 
reference e lect rode in drawing  up tables  for Ti40~. 
Suzuki 's  oxygen potent ia ls  for oxide pairs  in 1.67 
O/Ti  ( 2.0 are  in agreement  wi th  those de te rmined  by  
Merr i t t  et al. (10) near  1300~ 

It  appears  f rom our resul t s  that  the  upper  phase 
bounda ry  (upb)  composit ion of the  Ti203 phase in 
equi l ibr ium wi th  the  Ti305 phase f rom 1089 ~ to 1426~ 
is not  apprec iab ly  different f rom the s toichiometr ic  
composition. This is inferred because oxygen potent ia ls  
we obtained f rom the equi l ib r ium mixtures  agree wi th  
those calcula ted f rom J A N A F  (17) for the stoichio- 
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Table II. Comparison of chemical potential of oxygen in Ti203,TisO5 from this work with literature values 

1395 

~x/~ oz (Ti20~,ThO5 , kcal) 

1000~ II00~ 1200~ 13OO~ 1400~ 1500~ 

This w o r k  (1022~176  ( - 7 0 . 7 3 ) *  - 6 9 . 2 0  - 6 7 . 6 7  - -66 .14  - -64 .61  ( - 6 3 . 0 8 ) *  
S u z u k i  a n d  S a m b o n g i  (9) 

(940 ~176  -- 70.60 -- 69.02 -- 67.43 -- 65.85 -- 64.27 -- 62.69 
JANAF (17) - -71 .13  - -69 .66  - -68 .11  - -66 .51  - -64 .88  - -63 .24  

" P a r e n t h e s e s  i n d i c a t e  ~z /2o~(T i2Os ,T i3Os)  a t  t e m p e r a t u r e  outside 

metr ic  compounds.  Ti305 was shown to be a l ine phase 
by  Merr i t t  et al. (10) near  13O0~ from thei r  gas-  
solid equi l ibra t ion  studies. Vaporizat ion studies 
above 1800~ by  Gilles and Wah lbeck  and the i r  co- 
workers  (6-8) showed tha t  Ti805 vaporizes  congru-  
en t ly  at  the s toichiometr ic  composition, and the re -  
por ted  par t i a l  pressures  of oxygen  for Ti305 and 
Ti203,Ti805 are  compat ib le  wi th  the  J A N A F  ex t r apo -  
la t ion of lower  t empe ra tu r e  da ta  for the  two stoichio- 
met r ic  compounds.  Hence i t  appears  that  the upb of 
Ti2Os deviates  l i t t le  f rom the ideal  composit ion up to 
the  mel t ing  point,  and tha t  the  phase width  1.49 --~ 
O/Ti  --~ 1.51 suggested by  Andersson et al. (33) is not 
unreasonable  and may  be too generous. 

This conclusion is in m a r k e d  contras t  to the  range  
1.425 < O/Ti  < 1.585 a round  Ti203, shown by  Suzuki  
and Sambongi  in the i r  Fig. 14 f rom 1273 ~ to 1873~ 
Thei r  suggested composit ion range  was deduced f rom 
a s tat is t ical  t he rmodynamic  a rgument  pa t t e rned  af ter  
Anderson  (34), but  the defect model  they  used is 
phys ica l ly  unreal is t ic ,  the  calcula ted upb is r icher  in 
oxygen  than  TiO1.56, one of the i r  two-phase  mixtures ,  
the  Po2 values  at  the  TiO~+x-Ti208 phase bounda ry  
used in thei r  calculat ions are  p robab ly  (15) too low 
for val id  measurement  using YDT, and the resul t ing  
Poe at  the  proposed  upb is inconsis tent  wi th  e i ther  our 
or the i r  emf data. Their  suggested composit ion range  
for  Ti20~ is thus unreal is t ic .  

In  conclusion it seems reasonable  to accept the  
the rmodynamic  da ta  for Ti20~ and Ti805 as t abu la t ed  
by  J A N A F  (17), because this  recent  compila t ion suc-  
cessful ly correlates  calorimetr ic ,  emf, and vapor iza t ion  
da ta  over  a very  large  range  of T and Po2. 

More prec ise ly  stated, the  J A N A F  tabula t ion  pre -  
sents  smoothed enthalpy,  ent ropy,  and free energy  
functions f rom somewhat  d iscordant  calor imetr ic  mea-  
surements  (35, 36), ex t r apo la t ed  to h igher  t empera -  
tures. These m a y  be combined wi th  free energy  data  
f rom high t empera tu re  equ i l ib r ium (emf and vapor iza-  
t ion) studies to obta in  AH~ for the  solids which 
agree  sa t is factor i ly  wi th  the  ca lor imetr ic  values.  How-  
ever, if Poe is to be calculated,  we  recommend  direct  
use of the  high t empera tu re  equ i l ib r ium data, for ex-  
ample,  our  Eq. [10]. This is because a discrepancy of 
--+1% in hG1/2o2(Ti203,Ti8Os) at, say, 1300~ corre-  
sponds to -+14 mV in cell  potent ial ,  or -+ 50% in Po2. 

One remain ing  source of d iscrepancy be tween  the 
emf  and t abu la ted  data  is the t rans i t ion  f rom ~ to 
Ti305 at 450 ~ -+ 20~ for which J A N A F  (17) es t imates  
AH~ ---- 3.17 _ kcal  mole  -z,  because of some uncer -  
t a in ty  in the  drop ca lor imetr ic  measurements  (35, 36) 
and a DTA s tudy  (37). 
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Mechanisms of Decomposition of Organochromium 
Compounds in the CVD Process. Cycloheptatriene 

Chromium Tricarbonyl 
T. J. Truex, R. B. Saillant, and F. M. Monroe 

Ford Motor Company, Dearborn, Michigan 48121 

ABSTRACT 

A general method for studying the decomposition of organometallic com- 
pounds in the low temperature chemical vapor deposition (CVD) process is 
described. Gas chromatographic and mass spectral analyses have been used 
to identify volatile by-products from CVD reactions and determine their 
relationship to deposit composition. The technique, in conjunction with ~8C 
labeling experiments, has been used to determine the mechanism of decom- 
position of cycloheptatriene chromium tricarbonyl [(CTHs)Cr(CO)z]. 
(CTHs) Cr(CO)3 pyrolyzes at temperatures ~ 300~ to give deposits containing 
mainly chromium and carbon with small amounts of oxygen present. Reac- 
tions involving the CO ligands, including CO disproportionation, make only 
minor contributions to deposit composition with the majori ty of deposited 
carbon (~85%) resulting from reactions involving the cycloheptatriene ring. 
The use of thermogravimetric analysis and differential scanning calorimetry. 
to screen potential CVD compounds is described. 

We have undertaken a program to evaluate the use 
of organometallic compounds in the low temperature 
chemical vapor deposition (CVD) process for two rea- 
sons: to develop general methods for studying the 
mode of decomposition of these compounds, and to 
determine the detailed mechanism(s) of decomposition 
of selected organochromium compounds. 

The use of new organometallic compounds (1) for 
low temperature (~  550~ CVD provides the poten- 
tial of depositing metals, oxides, carbides, or nitrides 
on light metals, glass, and other materials not re-  
sistant to glow temperatures. The development of this 
process depends upon an understanding of the rela-  
tionship between process variables (chemical and 
physicochemical) and deposit compositions and prop- 
erties (2). In particular, an understanding of the 
mechanisms of decomposition of organometallic com- 
pounds could explain the origins of deposit composi- 
tions and conceivably indicate ways to control these 
compositions. 

Several organochromium compounds have been used 
in the past to deposit chromium, chromium carbide, 
and/or  chromium oxide by the CVD process. Lande~ 
and Germer (3) and also Owen and Webber (4) 
studied the decomposition of chromium hexacarbonyl, 
Cr(CO)6. Deposits containing varying amounts of Cr, 
Cr3C2, and Cr203 were obtained depending upon reac- 
tion conditions. Decompositions using the b is (a rene) -  
chromium (O) compounds, bis (benzene) chromium (O) 
1 (5), and bis(cumene)chromium(O) 2 (6) also pro- 
duced carbide deposits of varying compositions. Of the 

K e y  words :  chemica l  vapor  deposi t ion,  o r g a n o c h r o m i u m ,  deposit 
composi t ion,  D T A / D S C  analyses. 

latter two systems, the bis(cumene)chromium(O) 
compound has been the most extensively studied. It 
decomposes at substrate temperatures befween 325 ~ and 
550~ producing chromium carbide deposits containing 
8-12 weight per cent (w/o) carbon. Mechanistic studies 
on this compound have been p~ecluded due to the un- 
availabili ty of pure starting material. Chemical decom- 
position of commercially available bis(cumene)chro-  
mium(O) in this and other laboratories (7) reveals 
that it is a mixture of bis(arene)chromium(O) com- 
pounds containing benzene, cumene, diisopropylben- 
zenes, and triisopropylbenzene. Recently there has 
been a report  of the preparation of pure bis (cumene)-  
chromium(O) (8) which we hope to utilize for the 
preparation of pure samples for mechanistic studies. 

Cr Cr 

1 2 

A third class of organochromium complexes which 
has received little attention as a potential source of 
CVD compounds is the arene chromium tricarbonyls 3 
(9). These compounds are of part icular interest for 
mechanistic studies because they incorporate struc- 
tural  features of both the Cr(CO)6 and b i s (a rene) -  
chromium(O) systems. Thus, decomposition studies of 
these systems could reveal reactions involving the CO 
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tigands leading to oxide and /or  carbide formation as 
suggested for the metal  hexacarbonyls  of Cr, Mo, and 
W (3) and /or  carbide formation from decomposition 
of the arene ligands as implied f rom results on the 
bis (arene) chromium (O) systems (5, 6). 

oC cl Co o c c I Co 
0 0 

3 4 

Differential thermal  analysis (DTA), differential 
scanning calorimetry (DSC), and pre l iminary  plat ing 
studies on a series of arene chromium tr icarbonyl  com- 
pounds (vide in]ra) had also indicated that  cyclohep- 
tatr iene chromium t r icarbonyl  4 (10) was a promising 
candidate for study. It  is only slightly air-sensi t ive 
under  ambient  conditions, but  thermal ly  decomposes at 
temperatures  > 300~ It is easily subl imed at 70~ and 
1.0 mm pressure. 

Results are reported on the mechanism of decom- 
position of cycloheptatriene chromium tricarbonyl.  In  
addition, general  procedures for s tudying the decompo- 
sit ion of organometall ic compounds are presented. 

Experimental Procedure 
Chemicals.--All organometall ic compounds were ob- 

ta ined from Strem Chemicals Incorporated, Beverly, 
Massachusetts. Comparison of observed melt ing points, 
solution infrared, nmr, and mass spectra with l i tera-  
ture data indicated all compounds were pure as re-  
ceived. 

Apparatus and procedure.--A diagram of the ex- 
per imenta l  apparatus is shown in  Fig. 1. The glass 
(Pyrex)  or a luminum substrate was attached to a 
graphite block which was heated inductively.  The 
substrate temperature  was recorded by a thermocouple 
imbedded in the block. The pressure was measured 
with a thermocouple gauge. Condensable gaseous by-  
products were collected in  cold traps at l iquid N2 
( - -  196~ Dry Ice/acetone (--76~ or ice-methanol  
(.., --20~ temperatures.  Noncondensable gaseous 
by-products  were collected in a i l i ter evacuated glass 
bulb and then pumped via a Toeppler pump into a 50 
cm 3 volume. 

DTA and DSC were performed under  an N2 atmo- 
sphere using a du Pont  Model 900 analyzer.  

The condensable by-products  in the CVD reactions 
were analyzed by  separating the components using a 
gas chromatograph interfaced with a mass spectrom- 
eter. These analyses were done at Shrader  Analyt ical  
and Consult ing Laboratories, Incorporated, Detroit, 
Michigan. 

Fig. 1. Schematic diagram of apparatus for studying the 
mechanisms of decomposition of organometallic compounds. 

Mass spectral analyses of the noncondensable gase- 
ous by-products  were performed using an Aero Vac 
Model AVA/61 residual gas analyzer. This ins t rument  
was calibrated for in tensi ty  vs. part ial  pressure for 
samples of air, CO, CO2, H2, CH4, and C2H4. 

Deposit compositions were determined by electron 
microprobe analyses. 

In  a typical  pla t ing r un  the following procedure was 
used. The reaction vessel was charged with the plat ing 
compound, the subst ra te /graphi te  holder was attached 
and the apparatus evacuated to the desired pressure. 
The induct ion furnace was then turned  on and the 
substrate heated to the plat ing temperature.  After  the 
substrate temperature  was stabilized, a preheated oil 
bath was placed around the bottom of the reaction ves- 
sel causing the complex to sublime. The condensable 
by-products  were collected in the cold trap as de- 
scribed above. Noncondensable gases were collected 
in a 1 l i ter evacuated flask as described previously. All  
of the experiments  with cycloheptatr iene chromium 
tr icarbonyl  were done with a subl imat ion temperature  
of 70~ and a pressure of ,-,0.3 mm Hg orL glass 
(Pyrex) or a luminum substrates. 

lzCO labeling experiment.--The 13CO exchange re-  
action described below is similar to that used to pre-  
pare the subst i tuted compounds (CTHs)Cr(CO)2X, 
where X is t r iphenylphosphine  or t r iphenylphosphi te  
(11). 6.84g (30 mmole) of cyclohep,tatriene chromium 
tr icarbonyl  was dissolved in  150 ml  of degassed cyclo- 
hexane (distilled ur~der 1~2 from Carte). This was placed 
in a Vycor reaction vessel, with care taken to exclude 
air, and attached to a vacuum line. After several freeze- 
thaw cycles under  vacuum, 100 cm a at 0.7 arm of 90% 
enriched 13CO (Stohler Isotopes Incorporated) was in-  
troduced. The exchange reaction was allowed to pro- 
ceed at room tempera ture  under  3500A irradiat ion for 
36 hr. The reaction was then  stopped, the solution 
frozen, and the gases above it replaced with a fresh 
supply of 90% enriched 1~CO (100 cm a at 0.5 arm).  The 
reaction was then  allowed to proceed an addit ional 36 
hr under  the same conditions as above. At the end of 
this period the gases above the solution were again 
replaced with a fresh supply (350 cm 3 at 0.36 arm) and 
irradiat ion continued for a final 36 hr. The solution 
was filtered under  N2 and the product isolated by 
evaporat ion in vacuo. The extent  of enr ichment  was 
determined by mass spectroscopic analysis. The parent  
ion region was analyzed for increases due to 13CO-con- 
ta ining species and the ratio of 13CO and 12CO was 
determined by analysis of the m ~ 29 and m ---- 28 
peaks. The reaction can be followed qual i tat ively by 
monitor ing the appearance and growth of a 13CO 
stretching band  at 1855 cm - I  (cyclohexane solvent) in  
the infrared spectrum. Two samples of labeled com- 
pound were prepared; one contained 7.5% 1~CO and 
the other 8.7% 13CO. 

Results and Discussion 
Selection 05 potentia~ CVD compounds.--The quick 

and  systematic evaluat ion of potential  CVD compounds 
is a cont inuing problem for new materials.  DTA and 
DSC show promise as reliable screening techniques 
which provide subl imation and decomposition data. A 
l inear correlation was observed, Fig. 2, when  the ini t ial  
decomposition temperatures  were plotted against the 
mi n i mum plat ing temperatures  1 under  CVD cor~ditions. 
The l e ss - than-un i ty  slope results from the difference 
between the DTA/DSC measurements  and our cri terion 
for "initial  plating." These data led to the s tudy of 
cycloheptatriene chromium tricarbonyl.  In  the future, 
these DTA/DSC studies will be extended to a number  
of other classes of compounds to determine if the ob- 
served correlation persists. 

Experimental procedure and rationale.--Figure 3 
represents the interact ion be tween product and process 

1 F o r  CVD th i s  is necessa r i ly  q u a l i t a t i v e  and  a rb i t r a ry .  Fo r  o u r  
purposes  i t  is the  m i n i m u m  s u b s t r a t e  t e m p e r a t u r e  a t  w h i c h  a u n i -  
f o r m  o p a q u e  depos i t  f o r m s  d u r i n g  30 ra in  of r eac t ion  t i m e .  
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Fig. 3. Schematic representation of relationship between products 
and process variables in the C, VD process. 

variables. In  this s tudy we have controlled the pres-  
sure, and the substrate  and subl imation temperatures.  
For a given set of these variables a deposit is formed 
which can be analyzed for different properties, some of 
which are shown. The property of interest  for this 
study was coat composition. The reaction by-products  
can be exper imental ly  separated into condensables and 
noncondensables by varying trap temperatures  and 
analyzed as described in  the exper imental  section. This 
procedure allows the correlation of deposit properties 
(composition) and reaction by-products  with plat ing 
compound and variables from which a mechanism can 
be deduced. 

The principle behind this approach is mass balance. 
Thus, a change in deposit composition must  be ac- 
companied by corresponding variations (molecular 
and/or  concentrat ion) in  reaction by-products.  Isotopic 
label ing has also been used in the present  study to 
complement mass balance informat ion and unambigu-  
ously identify specific carbon sources. 

Results  of decomposition studies on cycloheptatriene 
chromium tricarb ony l ( C TH s) Cr (CO) ~.-- ( CTHs ) Cr (CO) 3 
is a slightly air-sensi t ive red crystal l ine solid which 
must  be stored in an iner t  atmosphere but  can be 
handled in  air for short periods of t ime without 
noticeable decomposition. Its volati l i ty is high enough 
that adequate subl imat ion rates are obtained at tem- 
peratures ~--70~ Rapid pyrolysis of (C~Hs)Cr(CO)a 
occurs at temperatures  --300~ The tempera ture  range 
which produces uniform, smooth, continuous, adherent, 
mir ror -br ight  films is 350~176 Below 350~ some 
spontaneous peeling of the film from Pyrex glass sub-  
strates is observed (this problem has not been en-  
countered with a luminum substrates) and above 500~ 

formation of a black sooty mater ial  in  the reaction 
chamber indicates that some of the vapor decomposes 
before it reaches the hot substrate. Although all dep- 
osition studies were conducted at a subl imation tem-  
perature  of 70~ and a pressure of 0.3 m m  Hg, it is 
probable that  the opt imum substrate temperatures  will 
change as a function of other variables. We have not 
explored this possibility in  detail but  have instead 
chosen to vary  substrate tempera ture  while holding 
all other variables constant in  an at tempt to simplify 
the mechanistic analysis. The substrate temperature  
range studied was 300~176 

The deposited films were analyzed for Cr, C, and O 
by electron beam microprobe analyses. The results 
show that  deposits formed from (C~Hs)Cr(CO)8 de- 
composition in  the 300~176 range contain main ly  
chromium and carbon with smaller  amounts  of oxygen. 
Average chromium and carbon contents  [ator~c per 
cent (a /o) ]  as a function of tempera ture  were as fol- 
lows: 

300~ 63.6 a/o Cr 28.4 a/o C 
400~ 62.4 a/o Cr 32.5 a/o C 
500~ 58.8 a/o Cr 36.0 a/o C 
600~ 59.1 a/o Cr 32.1 a/o C 

Although quant i ta t ive oxygen analyses were not per-  
formed on all samples, in  the analyzed samples oxygen 
accounted for the remainder  of the film. In  addition, 
no foreign elements other than  chromium, carbon, or 
oxygen werede tec ted  in any of the films. These results 
show a fairly uni form composition throughout  the tem-  
perature range with somewhat higher oxygen contents 
at both extremes of temperature.  A poorly defined x- ray  
pat tern  was obtained for one deposit laid down at 
600~ The pat tern  could be associated with Cr~C~ 
although some known lines were absent. All  other 
film deposits were amorphous. This type of behavior  
has been noted previously in  chromium carbide films 
deposited at low temperatures  (6b) where it was ob- 
served that anneal ing leads to crystallization. This has 
not been tried with films produced by  (C~Hs)Cr(CO)8 
decomposition since the major  interest  has been in as- 
deposited films. Of pr imary  interest  is the source of the 
deposited carbon and oxygen found in these films. 

The variat ion in condensable by-products  for 
(CTHs).Cr(CO)3 decomposition in  the tempera ture  
range 300~176 is shown in Fig. 4. The relative pro-  
portion of the major  component, cycloheptatriene, 
steadily decreases as the deposition tempera ture  is 
increased. However, the relative proportions of ben-  
zene, toluene, cycloheptadiene, and styrene increased 
with temperature.  The benzene and cycloheptadiene 
concentrations pass through maxima at ~500~ This 
may indicate secondary reactions involving decomposi- 
t ion of these compounds above 550 ~ C. Benzene decom- 
position has been noted in other CVD studies at tem-  
peratures )500~ (Sb). 

The major  component of the noncondensable by-  
products was CO, with the second largest component 
being Ha [~10-15 molecular  per cent (m/o)  of the non-  
condensable gas fraction]. Minor components of meth-  
ane and ethylene were observed together with trace 
amounts of CO2 (0-2 m/o)  and C2 and Ca hydrocarbons. 
It was noted that  the relative compositions of the non-  
condensable by-products  do not vary  in  a significant 
manner  throughout  the 300~176 tempera ture  range. 

The appearance of the different chemical species 
found in the condensable by-products  implies that  the 
net  chemical reactions presented in Fig. 5 are taking 
place during decomposition. Only benzene formation 
involves a loss of carbon and is therefore a possible 
source of deposited carbide. The other reactions in-  
volve no net change in carbon or, as in  the case of 
styrene, the addit ion of one carbon atom. The carbon 
loss through benzene formation is ,--7-10 a/o between 
300~176 and ~20-30 a/o at decomposition tempera-  
ture ~450~ Since styrene formation, and the associ- 
ated carbon addition in this reaction is ,-,0-2 m/o  
throughout  the decomposition tempera ture  range, the 
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m a j o r i t y  of the  carbon f reed  in the  benzene react ion 
is ava i lab le  for  carbide  formation.  Thus, be low 400~ 
the benzene react ion can account for  ~25-30% of the  
deposi ted carbon and above 400~ i t  can account for 
,--55-95% of deposi ted  carbon. 

The noncondensable  gas resul ts  p rovide  a comple-  
ment  to the  condensable  by -p roduc t  conclusions. Firs t ,  
the  absence of considerable  amounts  of CO2 indicates  
tha t  the  CO dispropor t ionat ion  react ion proposed  as a 
source of carbon fo rmat ion  in the  decomposi t ion of 
o ther  carbonyl  containing organometa l l ics  (3) is not  
significantly operat ive.  This does not  comple te ly  ru le  
out  par t ic ipa t ion  of CO in deposi t  fo rmat ion  by  some 
react ion p a t h w a y  other  than  disproport ionat ion.  This 
point  wi l l  be ra ised again  dur ing discussion of resul ts  
f rom lsC label ing exper iments .  The second point  in-  
volves the  large  H2 component  seen in the  noncon-  
densable  gas fraction.  This implies  tha t  considerable  
reac t ion  involving cyclohepta t r iene  is t ak ing  place. 
P a r t  of this  is exp la ined  by  the  benzene fo rmat ion  r e -  

action ment ioned previously,  but  this wi l l  not account 
for all  of the H2 observed, especia l ly  be low 400~ 
This, together  wi th  the  absence of lower  hydrocarbons  
(<C6),  suggests tha t  some tota l  degrada t ion  of eyclo-  
hep ta t r iene  is tak ing  place. 

Definit ive informat ion  on the re la t ive  par t ic ipa t ion  
of CO and cyclohepta t r iene  in deposit  fo rmat ion  has 
been p rov ided  by  13C label ing exper iments .  13CO 
labeled cyclohepta t r iene  chromium t r ica rbonyl  was 
used for deposi t ion studies at  300 ~ 400 ~ and 500~ 
(runs at  600~ were  p rec luded  due to in ter ference  
f rom gas phase decomposi t ion) .  The deposits  f rom 
these runs  were  then  combusted  and the CO2 given 
off collected and ana lyzed  mass spec t romet r ica l ly  to 
de te rmine  the I~CO2/12CO2 ratio. The resul ts  of these 
exper iments  are  shown in Table I together  wi th  the  
calcula ted per  cent of observed carbide  fo rmat ion  com- 
ing f rom react ions involving CO. These da ta  show tha t  
the  fract ion of carbide  fo rmat ion  due to CO was a 
m a x i m u m  of ~13% at 400~ wi th  average  values  of 
7.3% at 300~ 10.0% at 400~ and 2.0% at 500~ 
These resul ts  confirm the conclusions d rawn from the  
noncondensable  gas analyses.  Specifically, CO pa r t i c i -  
pa t ion in carbide  format ion  is small  compared  to tha t  of 
cycloheptat r iene.  The presence of 5-9 a /o  oxide in the  
deposits could arise f rom react ion of the oxygen a tom 
in CO wi th  deposi ted chromium, or f rom the pres -  
ence of res idual  O2 in the  sys tem which  has a back-  
ground pressure  of ,~1#. 

Conclusions 
As par t  of an over -a l l  p rog ra m to de te rmine  mecha-  

nisms of decomposi t ion of organometa l l ic  compounds,  
a s tudy of the decomposi t ion of cyelohepta t r iene  chro-  
mium t r ica rbonyl  has been made. (CTHs) Cr (CO) ~ de-  
composes at  subs t ra te  t empera tu res  of ~300~ to form 
deposits on glass and a luminum subst ra tes  conta in-  
ing main ly  chromium and carbon, wi th  lesser  amounts  
of oxygen present.  Mechanist ic  studies ut i l iz ing com- 
parisons of deposit  composit ions and condensable  and 
noncondensable  by -p roduc t s  analyses  and 1~CO labe l -  
ing studies a l low the fol lowing conclusions concerning 
(C~Hs) Cr (CO)a decomposit ion:  

(i) Reactions involving CO account for less than  
13 % of deposi ted carbon in the deposi t ion pressure  and 
t empera tu re  ranges studied. 

(ii) The m a j o r i t y  of deposi ted carb ide  comes f rom 
the cyclohepta t r iene  ring. Two specific react ions appear  
to account for this. First ,  t r ans format ion  of cyc lohepta-  
t r iene into benzene with  loss of a carbon a tom and one 
molecule  of hydrogen.  This react ion is opera t ive  to 
only a minor  ex ten t  at low tempera tures ,  bu t  at  
>450~ it can account for ~55-95% of the  deposi ted 
carbide.  Second, to ta l  degrada t ion  of cyc lohepta t r iene  
into carbon and hydrogen.  This react ion mus t  be op-  
e ra t ive  throughout  the  t empe ra tu r e  range  300~176 
but  be low 450~ it  produces  the  ma jo r i t y  of the  ca r -  
b ide  formed (,~70-75%). I t  should be noted that  in 
separa te  exper iments  pure  cyclohepta t r iene  was 
found not to decompose under  the  deposi t ion condi-  
tions used here. This implies  that  complexat ion  to 
chromium act ivates  decomposit ion,  or  an  in i t ia l ly  
formed chromium deposit  catalyzes the decomposition.  

(iii) Severa l  o ther  react ions of cyc lohepta t r iene  
which do not contr ibute  to deposi t  format ion  were  ob-  
served. These included format ion  of toluene, cyclohep-  
tadiene, and styrene.  

Table I. 13C labeling experimentresults 

Deposi t ion Per  cent  Pe r  cent of de-  
t emper -  ~3CO in Per  cent  ~aC in posited carbon 

ature,  ~ (C~Hs)Cr(CO)3 deposit  (range) f r o m  CO (range) 

300 7.5 1.57 (1.49-1.67) 7.3 (6.1-8.9) 
400 7.5 1.74(1.56-1.92) 10.0(7.2-13.0) 
500 8.7 1.25 (1.10-1.35) 2.0 (0.0-3.3) 
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(iv) The presence of smal l  amounts  of oxygen  in the  
films suggests some reac t ion  of  deposi ted chromium 
with  oxygen f rom CO a n d / o r  background  O~ in the 
react ion system. 

This s tudy  demonst ra tes  the  u t i l i ty  of the  exper i -  
menta l  approach used in de te rmining  mechanisms of 
decomposi t ion of organometa l l ic  compounds in the 
CVD process. In  the fu ture  these studies wil l  be ex-  
tended to other  arene chromium t r i ca rbonyl  com- 
pounds and also other  classes of organometa l l ic  com- 
pounds wi th  the goal of developing thermodynamic  
models  for the  pred ic t ion  of decomposi t ion mecha-  
nisms of these systems. 
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ABSTRACT 

A theore t ica l  t r ea tment  is given for the  t empe ra tu r e  d is t r ibut ion  in a 
Czochralski  sys tem wi th  and wi thout  the presence of the Pe l t i e r  effect. The 
effect of Pe l t i e r  heat ing on the  crys ta l  d iamete r  dur ing  g rowth  is also con- 
sidered. The resul ts  indicate  that  the Pe l t i e r  cur ren t  necessary to control  a 
given d iameter  of a crys ta l  dur ing  in te rmedia te  stages of g rowth  is dependent  
on Tc, the  crucible  tempera ture ,  and  hc, the  height  of crucible  above the melt .  

Recent ly  the  use of the  Pe l t i e r  effect has been re -  
por ted  for  the control  of the  d iamete r  of pu l l ed  Ge 
crystals  (1). The effect has also been used in connec-  
t ion wi th  modula t ion  of dopant  segregat ion in Czo- 
ch ra l sk i -g rown InSb (2). The Pel t ie r  effect is p roduced  
at the  so l id- l iquid  interface wi thout  t ime lag and can 
be reversed  by  revers ing the cur ren t  th rough  the  
crystal .  

Some theoret ica l  a t tempts  have been made  to de te r -  
mine the so l id- l iquid  interface shape (3) and the t em-  
pe ra tu re  d is t r ibut ion  in the  axial  direct ion of a crys ta l  
and the  mel t  in a Czochralski  crys ta l  g rowth  sys tem 
(4, 5) by  solving computa t iona l ly  the  s t eady-s ta te  heat  
t ransfe r  equation. In  such computat ions  the  convec-  
t ive processes in the  mel t  are genera l ly  ignored. In  
pract ice crys ta l  ro ta t ion in Czochralski  technique is 
in t roduced to provide  a forced convection flow in the 
liquid, which tends to isolate the in terface  f rom t h e r -  
mal  convection in the bu lk  liquid. 

The object ive  of this paper  is to invest igate  theo-  

Key  words:  crystal  g rowth ,  Pe l t i e r  effect,  t emperature  distr ibution 
in solid, Czochralski  technique .  

re t ica l ly  the  effect of Pe l t i e r  heat ing at  a so l id- l iquid  
interface on such pa ramete r s  as t empera tu re  dis-  
t r ibu t ion  in the  solid and the melt ,  t empe ra tu r e  grad i -  
ents in the  solid and the melt,  and in pa r t i cu la r  the  
control  of c rys ta l  d iameter .  

Theoretical Method 
The crystal  growth  a r r angemen t  used for  the  p res -  

ent analysis  is shown schemat ica l ly  in Fig. 1. 
Assumpt ions  made in solving the heat  t ransfe r  equa-  

t ion are as follows: (i) The  hea t  loss f rom the c rys ta l  
and the me l t  is only th rough  radiat ion.  (ii) Convection 
in the mel t  is neglected.  (iii) Joule  heat ing due to the  
Pel t ie r  cur rent  in the crys ta l  and the mel t  for no rma l ly  
used current  densit ies (~20 A-cm -2) is neglected (6).1 
(iv) Thickness of the  crucible  wal l  is neglected.  (v) 
The interface  is assumed to be  planar .  

1 The  r e s i s t i v i t y  of the  so l id  Ge,ps, a t  the  m e l t i n g  p o i n t  is  ~ 10 -a 
o h m - c m ;  t h a t  of the  Hquid,  pL is a b o u t  1/3 t h i s  va lue .  A s s u m i n g  a 
n o r m a l l y  u sed  c u r r e n t  dens i t y  ( ~  20 A-cm-2),  the  Pe l t i e r  hea t  at the  
in te r face  is 1.7 W-cm -2 w h i l e  the  J o u l e  hea t  i n  the solid and the 
l i q u i d  w i t h i n  5 m m  of the  in t e r face  is 0.2 and  0.04 W - c m  -2, respec-  
t ive ly .  
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Fig. 1. Schematic diagram of crystal growth arrangement (Lc : 
5 cm, Ls = 5 cm, Re : 2.5 cm, Rs : 1 cm). 

Assuming that  the steady-state condition for the 
tempera ture  dis t r ibut ion in the crystal and the melt  
is governed by the Laplace equation, and using the no-  
tat ion in  the Appendix  1, we have 

O~T 1 dT ~2T 
0r2 H- § 0 [1] 

r ~r ~Z 2 

Subject  to the following boundary  conditions: 
On the crystal  axis by symmet ry  we have 

OT 
= 0 [2] 

Or 

On the crystal side surfaces 

--Ks = qsj [3.] 
sj 

where qsj is the net  heat flux radiated from a point  
j on the side surface of the crystal and is given by 

qsj -- e s  cr ~=__~ effsjli(Tsj 4 - -  Tli 4) ~- ecSsjc (Tsj 4 - -  Tc 4) 

Jr lsja(Tsj 4 --  Ta 4) ] [4] 

In  the above expression ?s  are the geometry factors 
between any two points in  the growth a r rangement  
as shown in Fig. 1. The exact calculation of the geom- 
etry factors are given in  Appendix  2. 

Fur thermore  

z L s  

where qu is the net heat flux radiated from a point  i 
on the top surface of the crystal and is given by 

qti : es~(Tsi 4 -- Ta 4) [6] 

on the melt  free surface 

- -KI  = qli [7] 
Z=0 

where qll is the net  heat flux radiated from a point  i 
on the free surface of the l iquid and is given by 

F" 

q l i - - - -  ~O" / ~ e s ] l i s j ( T l i 4  - -  Tsj4) 
j=l 

1 
+ ~Lflie(Tli 4 -- Tc 4) + fl~(T,~4 -- Ta 4) J [8] 

and on the sol id- l iquid interface we have 

_ 

--Ks - ~ / z = o  -- O-Z/z=o + LG ~- Qp [9] 

where Qp is the heat flux given to the interface by  the 
Pelt ier  heating current  and is given by 

Qp -- aIpTm [10] 

F ina l ly  on the point  A and B of Fig. 1 

T - - T I n  

Solving Eq. [1] computat ional ly  with the above-  
mentioned boundary  conditions, the following results 
can be obtained: (i) tempera ture  dis t r ibut ion inside 
l iquid and solid with and without  Pel t ier  effect, (it) 
t empera ture  gradients inside solid and l iquid with and 
without Pel t ier  effect, (iii) crucible temperature  for a 
desired diameter with a given he (it should be noted 
that Tc is not taken as a boundary  condition),  (iv) 
the amount  of Pel t ier  current  required to keep the 
diameter  constant  (with a given init ial  he), and (v) 
the crucible tempera ture  changes required  to keep the 
diameter constant with a given init ial  he. 

Results 
As an example Ge has been chosen. The following 

representat ive values were used: Ta = 300~ T m =  
1210~ e, : es = 0.2, Ks = 0.24 W-cm -1 deg -1, K1 -- 
0.71 W-cm -1 deg -1, L = 2.16 X 103 joule cm -3, Re = 
2.5 cm, Lc = 5 cm, Rs = 1 cm, Ls = 5 cm, re = 1, 
a = 7 • 10 - S V d e g  - 1 , a n d G  = l m m m i n - L  

Figures 2 and 3 show the temperature  dis tr ibut ion 
and the temperature  gradient  along the axis of a 5 cm 
long crystal with and without  application of Pelt ier  
heating current.  With Pelt ier  current  employed (24 
A-cm -2) no detectable change is observed in tem- 
perature distr ibution or temperature  gradient  along 
the axis of the crystal. However when  the Pel t ier  cur-  
rent  is applied, the Tc must  be lowered in  order to 
have the same diameter. Lowering Te especially for 
h~ ~ 2 cm has the effect of reducing the tempera ture  
difference between the bottom of the crucible and the 
melt  surface along the axis of the crucible. This should 
tend to reduce convection in the melt. Since even in  
the presence of Pelt ier  effect and crystal rotation, con- 
vection in  the melt  cannot be completely removed, the 
result  in  Fig. 4 can only be approximate. Another  effect 
noticed was the movement  of the interface toward the 
crystal upon the application of Pel t ier  heating. 

Control of diameter by PeItier heating.--Figure 5 
shows the var iat ion of Pelt ier  current  with crystal 
length for different values of he. The curves show 
that  to keep the diameter  constant during growth, for 
a fixed hc (and therefore To), the Pelt ier  current  must  
be increased continuously.  The saturat ion effect seen 
over longer crystal lengths is related to small  var ia-  
tions on total radiat ion losses from the crystal as the 
length of the crystal increases. This is shown as a plot 
of Qs vs. length of the crystal in Fig. 6. It is impor tant  
to note that the Pel t ier  effect does not change the 
radiat ion losses. However since the total area of a 
crystal increases, therefore the net  radiat ion losses 
increase and the Pelt ier  effect must  compensate this 
increase of loss. The effect of increasing hc for a fixed 
crystal diameter is shown to lower the Fel t ier  current .  
This is due to decrease of net  radiat ion from the crystal 
with increasing he. 

Control o] diameter by changing Tc.--Another  way to 
control the diameter  of the crystal during growth is 
to program Te instead of Pelt ier  current.  Figure  7 
shows the var iat ion of Te to keep the diameter  of Ge 
constant with different he's. 
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virtual flat interface. 

Conc lus ion  
From the curves shown in Fig. 2-7 it has been dem- 

onstrated clearly that:  
(a) The Pel t ier  heat ing effect caused at the interface 

has no appreciable effect on the tempera ture  dis tr ibu-  
tion or gradients in the crystal. 
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Fig. 5. Variation of current density vs. crystal length to control 
the diameter of the crystal at 2 cm for different he. 

(b) For a given diameter  and Tc for every  hc the 
path of increasing the Pel t ier  current  to keep the d iam- 
eter  constant can be predicted. It must  be noted that  for 
large crystal  diameters to keep the Pel t ie r  current  
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control the diameter of the crystal at  2 cm for different he. 

r e l a t ive ly  low for d iamete r  control, h igher  hc (essen- 
t ia l ly  an af te r  hea te r )  should be used. The Pe l t ie r  
cur rent  necessary for  control l ing the  d iameter  sa tu-  
ra tes  after,  a ce r ta in  length,  a resul t  which is known 
exper imenta l ly .  

(c) The same control  of crys ta l  d iamete r  can be 
obtained by  changing Tr dur ing growth.  This is the 
process genera l ly  used in pract ice.  

Manuscr ip t  submi t ted  Dec. 11, 1974; rev ised  manu-  
scr ip t  received Apr i l  25, 1975. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the June  1976 
JOURNAL. Al l  discussions for the June  1976 Discussion 
Section should be submi t ted  b y  Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Arya-Mehr University o] Technology. 

Append ix  1 
1. Geomet ry  factor  
2. Rate of c rys ta l l iza t ion  G 

3. Height  above mel t  surface hr 
4. Pe l t i e r  cur ren t  ID 
5. Liquid  the rmal  conduct iv i ty  KI 
6. Solid the rmal  conduct ivi ty  Ks 
7. La ten t  hea t  of fusion L 
8. Crucible  he ight  Lc 
9. Crys ta l  length  Ls 

10. Heat  flux q 
11. Pe l t i e r  hea t  Qp 
12. Radia l  coordinate  r 
13. Crucible  radius  R~ 
14. Crys ta l  radius  Rs 
15. T e m p e r a t u r e  T 
16. Atmosphere  t empe ra tu r e  Ta 
17. Crucible  t e m p e r a t u r e  Tc 
18. Melt ing point  Tra 
19. Axia l  coordinate  Z 
20. Difference be tween  absolute  Seebeck 

coefficients of sol id and  l iquid  
21. Liquid res is t iv i ty  pT. 
22. Solid res is t iv i ty  ps 
23. Emiss iv i ty  e 
24. S te fen-Bol tzmann  constant  

Append ix  2 

Calculation of Geometry Factors 

1403 

but  

or  
RsLs 

but 
O~ss..>Is 

ss-->d Op 
where  Is is the  subscr ip t  for  l iqu id - f ree  surface. F r o m  
definition of geomet ry  factor, we m a y  wr i te  

but  ] s~Is  : ~s~5 and there fore  

1ss..,ls - -  ~/~ (i --  ~ss--)(8+4) ) [A-2] 

2gpdpfa_~s s = 2gRsLs f s~  d [ A - l ]  

Rc 

2~,(8+4) = "~-~'s I(a+4>,s~ 

and :fr is g iven  by  (7) 

Rs{l_ i { cos_iLs2--Rc~+Rs~ 
~(~+4)-~ss ---- Rc ~-  Ls 2 + Rc 2 --  Rs 2 

1 
[ k / ( L s  2 -}- R c  2 --}- R s  2) - -  4 R s 2 R c  2 

2RsLs L 

Rs(Ls 2 --  Rc 2 + Rs ~) 
cos-1 + (Ls z -- Re2 + Rs 2) s in -1  

Rc(Ls 2 + Rr 2 --  Rs2) 

Rs ~ (Ls2_I_ Rc2_ Rs2) I } ~ [A-3] 
Rc 2 ) 

Subs t i tu t ing  Eq. [A-3] into Eq. [A-2],  and  using Eq. 
[A-1],  we get  

[co  
L ~  + p~ - Rs 2 

- -  ~/(Ls2 + p2 T Rs ~) --  4Rs2p 2 

RsU(Ls2 --  pu -~ Rs 2 "1 
c~ (Ls2 + p2 _ Rs2) j [A-4] 

I. f t ~ b ' - - T h e  p rob lem is to find the  geomet ry  factor  

of a point  li on the me l t - f r ee  surface and an annulus  
b. This can be obta ined by  di f ferent ia t ing ]lt-,ss (ss 

denotes solid surface)  wi th  respect  to Z. ]u-.ss is the  

same as fa-~ss" Considering the re la t ions  be tween  geom- 

e t ry  factors we have  
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2. f ~ s . p A c c o r d i n g  to Fig. 8, fli-.3 could be ap- 

proximated by the following equation 

fli->3 = fd-->3 = 1 -- fd-->6 -- fd-->x [A-5] 
but 

0f7.->6 
f d-~ Op 

and f7-.6 is given by  (7) 

hc 2 _p p2 -t- Rc 2 -- ~/(hc 2 -P ~ -P Rc~) u -- 4~Rc 2 

fd-~x could be evaluated f rom Eq. [A-4] where  Ls is 

( p - -  Rs) if x <  L s a n d  
he 

replaced by x. x -- Re + p 

x = L s w h e n x ~ L s ~ .  / 

Fig. 8. Schematic diagram of crystal growth arrangement used for 
calculation of geometry factors. 

3. fl /~a.--The geometry factor of a point li on the 

melt-free surface and the atmosphere is given by 

f U_~a= 1 -- f1~3 -- fli~ss [A-6] 

4. fs~d.~The problem is to find the geometry factor 

of a point sj on the crystal side and an annulus d on 
the melt-free surface. This can be obtained by differ- 
entiating fsj-,ls which is given by  (7) 

1 ~ Z 2 - -  Rc 2 -P Rs 2 

fsj-~ls = 2"-~" ~ c~ Z 2 + Rc 2 -- Rs 2 

Z V Z~ § 1 6 2  

Rc [- ~v/(Z 2 + Rc ~ -t- Rs2) ~ -- 4Rc2Rs ~ 

Rs(Z2--Rc2+Rs 2) Rs ] } 
-- cos-Z ~ [A-7] 

COS-Z R c ( Z  2 -}- Rc 2 - -  Rs 2) Rc 

5. f s~  .--This could be obtained by  the following 

equations 

f sj-~3 = fsj-~6 - -  fsj~ls (if Ls > he) 

The value of fsj-~u is obtained f rom Eq. [A-7] if Z is 

replaced by Z -- hc. And if Ls < he, then 

fsJ-->3 = 1 - -  (fsj-~6 ~" fsj->ls ) 

6. fs~-~a'~ 
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Technical No e 

Mass Spectrometric Analyses of Vapor in Chemical Vapor 
Deposition of Alumina 

Sin-Shong Lin 
Army  Materials and Mechanics Research Center, Watertown, Massachusetts 02172 

Current  interest  in improving techniques to fabri-  
cate a thick layer  of t rans lucent  to t ransparent  poly- 
crystal l ine a lumina  with superior optical properties 
prompted the present  invest igat ion of the vapor phase 
composition in  the preparat ion of alumina.  Previous 
studies (1-3) relied mostly on analyses of deposits 
after the completion of a run. The present  study ex-  
tracts gaseous species directly from the deposition re-  
action, which may furnish basic informat ion concerning 
vapor molecules existing in  the reaction. The sampling 
of vapors from the process is accomplished by direct 
inject ion of these species from the hot furnace into 
vacuum followed by mass spectrometric detection. 
Thus the knowledge gained from vapor consti tuents 
of the reaction together with examinat ion  of the de- 
posits provides valuable  informat ion in  unders tanding  
the chemical deposition process. 

Figure  1 shows a block diagram of the sampling de- 
vice for the chemical vapor deposition of a luminum 
oxide by hydrolysis-oxidat ion of a luminum chloride. 
The exper imental  a r rangement  consists of gas inlet  
lines, a minia ture  chemical vapor deposition furnace, 
and a three-stage differential pumping  system includ-  
ing a quadrupole mass filter and a modulated beam 
mechanism. A l u m i n u m  chloride is prepared by pass- 
ing chlor ine-hydrogen mix ture  in a 1:3 ratio over 
molten a luminum,  and water  vapor-oxygen mixture  
in  a 1:4 ratio is obtained by bubbl ing  oxygen through 
water  at room temperature.  Hydrogen as a carrier 
gas in  the first mixture,  reacts with oxygen at tem- 
peratures of the deposition to produce more water. Ex-  
cess oxygen is used to avoid incomplete oxidation of 
the a luminum chlorides, and water  is added not only 
to serve as a reactant  bu t  also to improve t rans-  
parency of deposited materials.  For the deposition re-  
action, these two gas mixtures  are separately in t ro-  
duced into the hot furnace at the same flow rate. The 
init ial  flow rates of these gases are in  the range of 2-5 
cm3/min. 

The min ia ture  furnace is buil t  on the flange of the 
first chamber  of the vacuum system as indicated on Fig. 
2. The core of the furnace consists of two h igh-pur i ty  

K e y  words:  a luminum chloride hydrolysis,  a luminum chloride o x -  
idation,  a luminum-ch lor ine  reaction.  

CHLORINE ,~(~ 

i HYDROGEN~'.T 

OXYGEN ~_~ 

closed-end a lumina  tubes of �89 and V4 in. OD in  a con- 
centric configuration. On the tip of each tube an orifice is 
dril led on the axial line. The orifice diameter  of the 1/4 in. 
tube is fixed at 0.006 in. and that  of the outer  �89 in. tube 
is either 0.04 or 0.06 in. A spacer or collar, cut from a 
% in. OD a lumina  tubing in lengths from % to u in. 
is inserted between these two tips to define a hot re-  
action zone and to serve as a substrate. The spacing 
between the tips can be reduced to the position of an 
int imate contact to examine varying extents of the 
interaction. The heating element  is molybdenum wire 
of a 0.03 in. diameter  wound directly around the outer 
combustion tube. For uni form heating, the winding be-  
gins from the orifice edge and extends about 4 in. 
along the length of the tube. At least two layers of 
zirconia felt are wrapped around the heating element  
as insulation. The cylindrical  water  jacket and the 
water  channel  flange are located outside the felt to 
circulate cooling water. A Pt-10% Rh/P t  thermo-  
couple is placed inside the inner  tube near  the tip to 
record temperature  and to regulate the heat ing a l ter-  
nat ing current  supplied to the furnace. The vacuum 
system, as shown on the r ight  side of Fig. 1, consists of 
three chambers individual ly  evacuated by three pump-  
ing assemblies. The vacuum in the first chamber was 
mainta ined at 2 • 10-4 Tort  or lower so that  a molec- 
ular  beam could be formed for sampling. The quad-  
rupole mass spectrometer manufac tured  by Ex t ranu-  
clear Laboratories, Inc., has a high efficiency detection 
and is designed to operate in a mass range 0-4000 amu. 
The theory and practice of this sampling technique has 
been summarized by Milne and Greene (4), and the 
operation of the present system is given elsewhere 
(5,6). 

Provision was made to establish and to monitor  
pressures and flow rates of the reactant  gases. The wet 
oxygen was introduced axially into the furnace through 
the core of the inner  combustion tube and the chlo- 
r ine -hydrogen  mixture  was fed into the furnace 
through the annulus  between the inner  and the outer 
combustion tubes. A l u m i n u m  metal  was placed about 1 
in. from the tip of the combustion tube in the an-  
nular  space so that  it melted and reacted with chlo- 
r ine at temperatures  above 600~ to provide a luminum 

Ist Chamler 2nd Chamber 
WATER ,] VACUUM SYSTEM 

I 
QUADRUPOLE MASS 

SPECTROMETER 

I :Srd Chamber 

I Fig. 1. Block diagram of CVD 
sampling device. 
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Fig. 2. Chemical vapor deposi- 
tion furnace assembly, cross sec- 
tional view. Legend: A, quick 
coupling; B, electric feedthrough; 
C, vacuum flange; D, O-ring; E, 
cylindrical water jacket; F, 
zirconia felt; G, molybdenum 
heating wire; H, spacer or sub- 
strate; I, outer orifice; J, alu- 
mina deposit; K, inner orifice; L, 
Pt-lO%Rh/Pt thermocouple; M, 
aluminum metal; N, tantalum 
heat shield; O, stainless steel 
tube; P, vacuum wall of the first 
chamber; Q, inlet and outlet 
water tubes; R, water channels; 
S, O-ring seal; T, ~ in. OD 
alumina combustion tube; U, I,,~ 
in. OD alumina combustion tube. 
The enlarged sketch of the re- 
action zone and the two orifices 
is shown on the right lower 
corner, and the direction of gas 
flows is indicated by arrows. 
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chloride vapors. Since the  meta l  was not placed in a 
boat, the surface area of mol ten  a luminum tended to 
decrease af ter  a period of reaction. The exper iments  
were  carr ied out at t empera tures  f rom 800~176 
and the pressures of both gaseous mix tures  in the 
furnace were  50-100 m m  Hg initially. The pressure of 
the react ion zone is est imated to be in the range of a 
few mm Hg. During the run, the C12/H2 passage tended 
to clog gradual ly  due to the format ion of A1203 and 
the displacement of mol ten  aluminum. Consequent ly 
the flow rate decreased and the source pressure in-  
creased. Alumina  deposits resul t ing f rom the in te r -  
action of the two mixtures  were  found most ly on the 
inner cylindrical  surface near  the exi t  end of the 
spacer. All  vapors including reactants and products 
were  exhausted into vacuum through the outer  orifice 
for detection. The run was te rmina ted  after e i ther  the 
source pressure had reached 1 arm f rom clogging or 
a period of 6 hr  had elapsed. At the end of a run, 
gases were  shut off and furnace was al lowed to cool. 
The ent ire  furnace was then disassembled and the sub-  
strate was separated f rom the combustion tube. 

The extent  of the interact ion be tween  a luminum and 
chlorine was examined first. The study was carr ied 
out by passing a chlor ine-argon mix ture  over  a lumi-  
num at temperatures  up to 1400~ Mass spectra were  

recorded continuously wi th  rising temperatures .  The 
gas-solid reaction begins somewhere  around 300~ 
and the products f rom the reaction depend on the 
surface area of a luminum and the part ial  pressure of 
the reactant.  Ion species of C1 +, unreacted CI~ +, AIC1 +, 
A1C12 +, AIC18 +, A12C15 +, and a trace of AlaC16 + were  
observed at low temperatures .  The ions resul t ing f rom 
the dimer, A12CI6 diminish in abundance as the t em-  
pera ture  rises to 900~ At  this tempera ture  all ions 
containing two A1 atoms disappear and no chlorine 
ions are detected. As the t empera tu re  is increased fur -  
ther, A1C1 + becomes more abundant.  Final ly  at t em-  
peratures  above 1000~ the monochloride ion be- 
comes the predominant  species and in most cases is 
the only major  react ion product  observed. The sub-  
sti tution of hydrogen for argon in the gas mix ture  
did not change the react ion products except  to produce 
HC1. Typical abundances of ions observed in the mass 
spectra are listed in the first half  of Table I. The 
var ia t ion of the ion intensities of observed species wi th  
the part ial  pressure of chlor ine-argon at 1365~ is 
i l lustrated in Fig. 3. At the high end of the chlorine 
pressure, the chlor ine-r ich ions are abundant,  and at 
the low end A1C1 + is a dominant  ion species. 

Pr ior  to the deposition experiments,  vapor  species 
existing in argon carr ier  gas over  A1C13 powders were  

Table I. Relative abundances of ion species present in aluminum-chlorine reaction and 
chemical vapor deposition process of alumina. The magnitudes of signals are obtained directly 

from strip charts and computer printouts without corrections for the sensitivity and efficiency of the 
detector. Due to variations in the experimental conditions, the data represent only relative ion 

intensities in a run 

Reaction R u n  No.  

R e l a t i v e  i o n  i n t e n s i t y  

Temperature 

Gas H+ OH+ 

mixture Pressure I-I2+ I~O+ AI+ N~+(a) Os+ CI+ HCI+ AICI+ C12+ AICI2 + AlCh+ Al2Ci~ + 

A1 + CI~ 111772 A r / C l s  475~  -- -- 20 -- -- 15 -- 14 1.2 00 26 16 
= 1 6 / 1 0  155 m m  H g  

A1 + CI~ 020773 A r / C l s  6OO~ -- -- 18 -- -- II 15 21 1 58 29 1.5 
= 1 5 / 1 5  175 m m  H g  

A1 + CI= 020873 Ar /CI=  870~ I __ 10 - -  i 10 - -  9 0.3 30 15 2.5 
= 2 0 / 1 0  200 m m  H g  

A[ + CL~ 112873 Ar/CI2 1300~ -- -- 43 -- i 14 -- 69 -- 23 7 -- 

----20/10 200 mm H g  

CVD of 
a l u m i n a  030774 (~) 1200oc  (b) 153 -- 79 870 642 (o) 

CVD of 
a l u m i n a  030574 (~) 1000oc  (b> 116 - -  147 1230 92 (o) 

CVD of  
a l u m i n a  041974 (~) 1200~ 47 135 - -  75 995 867(~) 

(,o N~ is p r e s e n t  d u e  to l e a k s  in  t h e  H20 /O~  i n l e t  l i n e .  
(b) Ion  i n t e n s i t i e s  of  H+ a n d  Ha + a r e  no t  r e c o r d e d .  
(~) S u m  of HCI+ a n d  CI+ ion  i n t e n s i t i e s .  
(~) Rat ios  of  gas  m i x t u r e s ;  I-I~O/O~ = 1 / 4  a n d  C h / H ~  = 1 / 3 ,  s e e  t e x t  f o r  de t a i l s .  
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Fig. 3. Relative abundances of vapor ion species in aluminum- 
chlorine reaction at 1365~ The data are taken from run 112872, 
Ar/CI2 ratio = 2/1, electron ionization energy = 40 eV, no cor- 
rection is made for the detection efficiency. The fragmented ions 
are AI + and CI + from AICI, and AICI2 + from AICI~. 

also examined.  At  low t empera tu re s  up to 400~ 
A12C15 + is the most abundan t  species, bu t  at 1200~ 
only A1C1 + and A1C12 + ion molecules exist  and a re  
equa l ly  abundant .  

The mass spect ra  obtained dur ing  the deposi t ion 
react ion at  t empera tu res  of 900~176 revea l  only  
the  presence of H +, H2 +, O +, OH +, H20 +, O2 +, C1 +, 
and  HC1 + ions. The typ ica l  d is t r ibut ion  of ion species 
is t abu la t ed  in the second ha l f  of Table  II. The re la t ive  
abundances  m a y  va ry  f rom run  to run  due to var ia t ion  
and fluctuation in the  exper imen ta l  conditions. In  
genera l  the re  were  no ions containing a luminum p res -  
ent, which  indica ted  tha t  the  deposi t ion react ion was 
nea r ly  complete.  Dur ing  the exper iments ,  the  mass  
spec t rometer  was used repea ted ly  to scan up to mass 
1000 ainu to acer ta in  tha t  no la rge  mass  ion or c luster  
ion was present  in the  deposi t ion system. If  there  was 
a high mass ion present,  the abundance  must  be less 
than  10-5 of the most  abundan t  species in the  spectra.  

Under  the  condi t ion of the  presen t  exper iments ,  the  
chemical  vapor  deposi t ion of a lumina  f rom a luminum-  
ch lo r ide /hydrogen  and w a t e r / o x y g e n  is p redominan t ly  
a heterogeneous process in contras t  to the  ear l ie r  r e -  
por t  (3) tha t  vapor  phase  homogeneous  nuclea t ion  

Table II. Free energy changes of reactions between aluminum 
chlorides and water/oxygen in deposition of AI203 at various 

temperatures 

React ion 

Free energy  change 
i n  k e a l - m o l e - 1  

1399~ 1599~ 1799~ 

[ I ]  2AICI (g )  + H~O(g)  + O2(g) 
= Al20~(s) + 2I-ICl(g) - 2 3 5 , 4  --217.3 - -199.5 

[21 2 A I C I ( g )  + 3H~O(g)  
= Al,~O3(s) + 2 H C I ( g )  + 2H~(g) --151.4 --138,7 - -126.4 

[3] 2A1CI(g)  + 3 /2  O2(g) 
= A120~(s) + C12(g) --228.4 --296.9 --185.9 

[4] 2AICls (g)  + 3H~O(g)  
= A b O s ( s )  + 6 H C I ( g )  - -77.1 - -77 .8  - -78 .6  
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might  t ake  place. If  vapor  phase  homogeneous nuc lea-  
t ion had occurred,  it  would  proceed v ia  the  r andom 
growth  of smal l  condensed aggregates  and clusters  of 
vapor  molecules. The present  resul t  revea ls  the  ab-  
sence of a l u m i n u m - o x y g e n  molecular  species which  
are  p re sumab ly  the  precursors  of the  aggregates  and 
clusters, and AI2Os nuclei  in vapor  phase.  One might  
quest ion the abi l i ty  of the  spec t rometer  to detect  
large  micropar t ic les  f rom elect ron impac t  ionizat ion 
processes. Since the exis tence of A10 + and AI20 + ion 
species detected by  the spec t romete r  has been  r e -  
por ted  (7,8) ,  there  is no reason to suspect tha t  the  
clusters of AI -O species would  not  have  been  detected 
if they  had been present  in the  system in excess of 
]0 -5 of the  most abundan t  species. Pe rhaps  la rge  mi -  
crocrystals  dissociate into Al+ and la rge  neu t ra l  f rag-  
ments  upon e lec t ron impact  ionization, but  this  is 
h igh ly  improbable .  

Examples  of po lycrys ta l l ine  a lumina  deposits ob-  
ta ined  f rom this s tudy are  shown in Fig. 4. These de-  
posits were  obta ined f rom the CVD process under  
s imi lar  exper imen ta l  condit ions except  for  t empera -  
ture, which was found to have a dominant  influence 
over  the  tex tures  of the  deposits. The presence of 
whiskers  g rown on surfaces of the  deposi t  a t  T = 
l l00~ (Fig. 4c) suggests tha t  the surface nucleat ion 
is an impor tan t  react ion mechanism.  

The majo r  vapor  molecule  f rom the a luminum-ch lo -  
r ine react ion at the present  deposi t ion t e m p e r a t u r e  and 
pressure  is AICI. The  exhaus t  gases f rom the  CVD 
process of A120~ are  HC1, C1, i O2, H20, and H2. The 
over -a l l  deposi t ion reac t ion  should be  wr i t t en  accord-  
ing to exist ing vapors  as 

2AICl(g)  + H20(g)  + O2(g) = A1203(s) -i- 2HCl(g)  

[I] 
and 

2AICl(g)  + 3 ~ H 2 0 ( g )  = A l 2 0 3 ( s )  

+ 2HCI(g)  -I- 2H2(g) [2] 

1 T h e  C1 + i o n  i n t e n s i t y  w a s  g r e a t e r  t h a n  cou ld  be  a c c o u n t e d  for  
by  HC1 f r a g m e n t a t i o n ;  t h e  m o n a t o r a i c  ch lo r ine  p r o b a b l y  resulted 
f r o m  d i s soc i a t i on  of  u n r e a c t e d  C12, 

Fig. 4. Microphotographs ( •  of Al203 polycrystalline deposits 
obtained from chemical vapor deposition process. The deposits are 
grown on the cylindrical inner surface of the substates cut from a 

in. OD alumina tube under same gaseous reactants. 
a. White polycrystalliee deposits obtained at 900~ The similar 
white deposits were also obtained at temperatures above 1300~ 
and below 900~ 
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b. Opaque to transparent alumina obtained at 1000~ 

previous work  (3) nor  in this investigation.  Table  II  
tabula tes  the free energy changes of react ions leading 
to the  format ion  of alumina.  For  the  CVD of A1203 
the first two react ions are  both possible.  The free en-  
e rgy  change of react ion [1] is more  negat ive  than  tha t  
of react ion [2], and react ion [1] seems to be k ine t ica l ly  
more favorable  because it requires  fewer  molecules to 
yield A1203 on the subs t ra te  surfaces. In  react ion [1], 
oxygen is essential  in the fo rmat ion  of A12Oz. The 
ear l ie r  repor t  (3) proposed the over -a l l  react ion in 
which A1CI~ is the  only ma jo r  Al -conta in ing  reac tan t  

2A1C18(g) ~ 3H20(g)  = A12Oa(s) W 6HCI(g) [4] 

It would have been of in teres t  to dupl icate  the con- 
ditions of the  ear l ie r  work  at  h igher  p~'essures (3) to 
confirm the impor tance  of A1CI.~ in the  reaction;  how-  
ever  the  very  smal l  orifice [e.g., 0.01 cm (5) ] necessary 
to isolate the high pressure  region would have p lugged 
with  A120~ almost  immedia te ly ,  mak ing  measurements  
imposs~ le .  

At  least, judging  f rom analyses  of vapor  species in 
the  present  deposi t ion da ta  and associated exper iments ,  
the existence of A1C1 molecule  at  the high t empera tu re  
of the  CVD process is h ighly  probable .  Fur the rmore ,  
nonequi l ib r ium kinetics in the ch lo r ine -a luminum re -  
actions could lead to A1CI vapor  formation.  

Compet i t ive  heterogeneous  and gas-phase  nuc lea-  
t ion reactions leading  to the fo rmat ion  of A12Oa are  
bel ieved to t ake  place in the  CVD process. The surface 
react ion is more  favorable  in the  presen t  exper iments .  
Vapor  phase  nuclea t ion  is a lmost  impossible  because 
of f a i r ly  low pressures  used in the present  inves t iga-  
tion. Perhaps  vapor  phase nucleat ion would  have p re -  
va i led  in the CVD system at  much h igher  pressures.  

c. Whiskers on surfaces of opaque deposits obtained at 1200~ 

These react ions occur at the surfaces of substrates  
and /o r  A1203 crystals .  The react ion 

2AICI(g)  + 3/2 O2(g) ---~ A12Os(s) + Cl2(g) [3] 
is t he rmodynamica l ly  feasible, but  the  format ion of 
A1203 f rom this react ion is ne i ther  observed by  the 
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Low Temperature Thermal Oxidation of Silicon 

by Dry Oxygen Pressure above 1 Atm 
R. J. Zero, *  C. G. Thornton,*  E. Hryckowian, and C. D. Bosco 

U.S. Army Electronics Technology and Devices Laboratory (ECOM), Fort Monmouth, New Jersey 07703 

I t  is widely recognized that the cost, reliabili ty,  and 
performance of integrated circuit devices are adversely 
affected by the large number  of process-induced chem- 
ical and physical defects that result  from high process- 
ing temperatures  in  the range 950~176 High 
thermal  oxidat ion temperatures  may  also destroy 
specific desired impur i ty  dis tr ibut ions achieved in 
previous processing steps. Consequently, there is strong 
mot ivat ion for developing an oxidation process that  
can produce gate, field, and other masking and passi- 
vat ing oxides at lower processing temperatures  for 
silicon integrated circuit devices. It  is also desirable 
that  reduced oxidation temperatures  be achieved by 
a dry  oxidation method since problems due to oxide 
defects and contaminat ion may  be more serious for 
oxides prepared by wet oxidation. Although the use 
of high pressure steam (1) has long been known as 
a method for achieving low tempera ture  thermal  oxi- 
dation, at tractive electrical characteristics have not 
been reported and the method is not general ly  used. 
On the other hand, it is known (2) that the oxidation 
of silicon is accelerated by dry oxygen part ial  pres-  
sures to 1 atm, but to our knowledge there are no 
oxidation data reported for dry oxygen pressures 
above 1 atm. On the basis of these considerations, dry  
pressure-oxidat ion of silicon is a logial possibility for 
achieving improved electrical properties via accel- 
erated oxide growth and reduced oxidation tempera-  
tures. 

The purpose of this communicat ion is to report  the 
ini t ial  results of experiments  which demonstrate  that  
dry  pressure-oxidation,  P-OX, significantly reduces 
the required oxidation temperatures  of semiconductor 
silicon used for integrated circuit devices. The rate 
of oxidation of arsenic-doped (111) silicon at 800~ 
140 atm dry oxygen pressure was measured and com- 
pared wi th  conventional  (2, 3) thermal  oxidation 
methods. The results are shown in  Fig. 1. It  is evident  
that oxide growth by 140 atm dry P-OX at 800'~ is 
faster than  either 1 atm dry or wet oxidation at 800~ 
and is comparable to 1200~ dry oxidation at 1 aim. 
The 400~ reduct ion in dry  oxidation tempera ture  by  
the application of only 140 a im oxygen pressure is 
remarkable.  Since 14'0 atm pressure (2060 psi) is less 
than the pressure supplied in conventional  pressurized 
gas cylinders that are widely  used and ordinar i ly  
handled, the technique is expected to be amenable  to 
practical utilization. 

The exper imental  oxidation system is readily as- 
sembled from commercially available components. I t  
consists of a pressurized cylinder of oxygen gas, an 
oxygen gas pump, a vacuum pump, a cold-seal pres-  
sure vessel of the type used for hydrothermal  crystal 
growth, an external  resistance furnace, and stainless 
steel pressure lines. Rectangular  samples, 8 • 10 ram, 
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were cut from a 1 in. silicon wafer and positioned in 
a quartz sample holder at the bottom of a 9 in. quartz 
tube (Amersil  TO,8) that  l ined the inside of a 0.5 in. 
ID pressure vessel (Rene 41 alloy). The pressure-  
oxidations were conducted in  a closed system with 
separate substrates for each experiment.  Tempera ture  
and pressure were main ta ined  wi th in  •176 and ~10 
atm, respectively, dur ing the course of the oxidations. 
Oxide thickness was measured with a Rudolph R~100 
ellipsometer. The over-al l  uncer ta in ty  in  thickness 
ranged from •  for thin oxides to a max imum of 
• for some of the thicker oxides. 

Special a t tent ion was given to the potential  role of 
water  vapor in the P -OX kinetics shown in  Fig. 1. Sci- 
entific Gas Company electronic grade oxygen gas, 
99.998% mi n i mum purity,  less than 3 ppm water  vapor, 
and less than  1 ppm hydrocarbons as methane, was 
used. The stated moisture level was verified by mea-  
surements  with a Panametr ics  Model 2000 hygrometer  
with a cell probe rated for operation to 5000 psi. Less 
than 14 ppm H20 was measured in the exit gas from 
several overnight  experiments.  Using an identical 
hygrometer  sensor element, I rene (4) recently com- 
pared the thermal  oxidation kinetics of silicon at 1 
atm oxygen pressure for conditions of less than 1 ppm 
water vapor vs. 20-30 ppm water  vapor. This data for 
(111) silicon at 800~ is shown in Fig. 2 for com- 
parison with the 800~ a im P-OX data. With the 
ordinate scale used, both of Irene 's  cases are encom- 
passed by the indicated points in  Fig. 2. It was, there-  
fore, concluded that  the accelerated oxidation ob- 
served in the P -OX experiments  was due to the effect 

1.0. 
a 

0,8- 

0.6- 

0.4- 

0.2- 

1.2- 

4 ~ i2 1~ ~o 2'4 
Oxidation Time (hours} 

Fig. 1. Comparison of thermal oxidation conditions for (111) 
silicon: (a) 140 arm dry pressure-oxidation at 800~ (b) 1 arm 
dry oxidation at 1200~ (c) 1 arm steam oxidation at 800~ (d) 
1 atm dry oxidation at 800~ 
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Fig. 2. Comparison of oxidation rate and moisture conditions for 
800~ atm P-OX and 800~ atm (4) thermal oxidation of 
(111) silicon. 

of d ry  oxygen pressure  ra the r  than  moisture.  Fo r  the 
P - O X  conditions s tated in Fig. 2, the  oxide growth  
ra te  was l inear  be tween  650-2500A wi th  a value  of 
about  14 A / m i n .  

Oxides for a wide  range  of appl icat ions in in tegra ted  
circuit  devices can be obta ined at  reduced t e m p e r a -  
tures  by  d ry  pressure-oxida t ion .  A 1200A gate  oxide 
can be grown in 1 hr  at 800~ atm. Exp lo ra to ry  
3 hr  oxidat ions at  o ther  t empe ra tu r e /p r e s su re  condi-  
tions y ie lded  4700A at 800~ a tm and I~,000A at 
900~ atm. Addi t iona l  da ta  on d ry  p re s su re -ox ida -  
t ion kinetics and deta i led  informat ion  on the P - O X  
exper imen ta l  sys tem wil l  be repor ted.  

According to the model  of Deal and Grove (2), the 
t he rma l  oxida t ion  of sil icon is in i t ia l ly  r eac t ion - ra t e  
l imi ted  at the oxide-s i l icon interface fol lowed by  
diffusion control  of the  oxidant  th rough  the oxide. 
The corresponding coefficients in the  oxidat ion  equa-  
t i o n x o  2 + Axo ---- B ( t  + ~) are  given in Table I for 
oxidat ion b y  1 a tm and 140 atm oxygen  pressure  at 
800~ Both the parabolic ,  B, and l inear,  B/A, ra te  
constants are one to two orders  of magni tude  l a rge r  
for 140 atm d r y  oxidation,  indicat ing tha t  both of 
these stages of the  oxidat ion  process are accelera ted 
by  pressures  above 1 arm. The pressure  var ia t ion  of 
the coefficients, however ,  indicates  that  the  p ressure -  
oxidat ion mechanism is not  comple te ly  descr ibed by  

Table I. Coefficients for the dry thermal oxidation of (111) silicon 
according to xo 2 + Axo -~ B(t + ~) for 1 atm (2) and 140 atm 

oxygen pressure at 800~ 

Oxidat ion  
pressure  A B B / A  T 

(arm) (/D (~S/hr) (#/hr)  (hr) 

1 0.3'/ 0.0011 0.0030 9.0 
140 1.03 0.100 0.09'/ 0.45 

the  model.  The coefficient A is not  independent of 
pressure,  and ne i ther  the  parabol ic  nor  the  l inear  ra te  

constants are p ropor t iona l  to pressure.  The pressure-  
oxidat ion mechanism wil l  be examined  as addi t ional  
P - O X  data  are  determined.  

A pressure  vessel was recen t ly  put  into opera t ion  to 
evalua te  the  MOS proper t ies  of samples  p repa red  by  
the dry  P - O X  of 1 in. sil icon wafers  using c lean- room 
conditions and s t a t e - o f - t h e - a r t  procedures.  Evapo-  
ra ted  a luminum dots were  used for e lectr ical  contact, 
and convent ional  capac i tance-vol tage  measurements  
were  made.  MOS s t ructures  f rom ini t ia l  exper iments  
showed negl igible  (<0.1V) shif t  in f ia tband vol tage 
under  bias t empera tu re  stress and Qss values  in the 
range  3-8 X 10 '1~ cm -2. These samples  were  (111) 
phosphorus-doped  1-5 ohm-cm silicon wi th  1000A 
oxides p repa red  by  800~ arm d ry  P-OX.  Previous  
p rog ram effort was d i rec ted  at an assessment  of the 
d r y  p ressure -ox ida t ion  kinetics,  and for MOS p rope r -  
ties exp lo ra to ry  exper iments  wi thout  c l ean- room con- 
dit ions were  made at 140 atm, 709~176 wi th  8 X 10 
m m  samples  of a r sen ic -doped  silicon. Qss values  in 
the range 2-7 • 1011 cm -2  were  obtained,  and under  
bias t empera tu re  condit ions gross shifts in f tband 
vol tage typical  of a lka l i  ion contaminat ion  were  not 
present.  These results  indicate that  significant benefits 
m a y  be t ransfer red  to e lectr ical  p roper t ies  by  reduced 
t empera tu re  d ry  oxidation.  Expe r imen ta l  condit ions 
and procedures  are cur ren t ly  being inves t iga ted  to 
optimize electr ical  propert ies .  

The character is t ics  of P - O X  are advantageous  for 
the p repara t ion  of oxide- iso la ted  silicon devices wi th  
reduced impur i ty  red is t r ibu t ion  dur ing  dielectr ic  iso- 
lation. This appl icat ion of P - O X  for bu lk  silicon and 
s i l i con-on-sapphi re  is cu r ren t ly  under  study. In i t ia l  
resul ts  are  promis ing  and are  repor ted  separa te ly  (5). 
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Dry Pressure Local Oxidation of Silicon for 
IC Isolation 
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This communicat ion reports the use of dry pressure-  
oxidation (P-OX) for obtaining oxide-isolated device 
structures in both bulk  silicon and epitaxial  siIicon 
on sapphire (SOS). Dry P-OX is a new low tempera-  
ture oxidation technique which, compared with con- 
vent ional  dry  thermal  oxidation, reduces required oxi- 
dation temperatures  as much as 400~ for equivalent  
oxide film growth. It  has been shown, for example, 
that oxidation of silicon by  140 arm dry oxygen at 
80~0~ is comparable to 1 atm dry oxidation at 1200~ 
(1). 

Localized oxide isolation of silicon devices in in te-  
grated circuits utilizes silicon nitr ide as an oxidation 
mask (2). In the present  work two structures were 
examined, one in which the Si3N4 was deposited di- 
rectly on the silicon surface and one in  which a 500- 
1000A conventional  thermal  oxide was grown prior to 
the ni t r ide deposition. The ni tr ide was grown by  the 
SiH~-NH~ process and was defined by supplemental  
CVD masking and etching in phosphoric acid. When 
the in termediate  oxide layer  was used, silicon areas 
were exposed by HF etching. The local oxidation proc- 
ess with dry P-OX was explored under  a variety of 
exper imental  conditions, i.e., 700~176 140-500 atm 
oxygen pressure, and oxidation times o~f 3-24 hr. 
Opt imum pressure- tempera ture - t ime  conditions have 
not yet been determined, but  at 850~ and 25,0 arm, 
the average oxidation rate was about 17 A / m i n  for 
<100> silicon. For <111> silicon the rate was 47 A /  
min  at 850~ and 500 arm. Scanning electron micros- 
copy (SEiVD was util ized to reveal the morphology 
of the P -OX structures. 

The appIication of P -OX to dielectric isolation in 
bu lk  silicon and SOS devices is i l lustrated in Fig. 1, 
where the ni t r ide mask has been applied directly to 
the surface of the silicon. Figure l ( a )  shows the re-  
quired oxidized structure as achieved in bulk  mater ial  
by the dry P-OX process at oxidation temperatures  
where undesired impur i ty  redis t r ibut ion effects are 

* Electrochemical  Society Act ive  Member .  
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very small. The oxide thickness is 1# and was grown 
in  3u hr at 850~ and 500 atm. In  Fig. l ( b )  the oxide 
extends completely through the 1 #m epitaxial  silicon 
layer of an SOS structure, thus effecting dielectric 
isolation of adjacent silicon elements. In  this case, the 
oxide happened to be grown in 23 hr at 850~ 250 
atm. A more opt imum set of conditions can obviously 
be chosen from available data (1). 

Following the P-OX t rea tment  the structures were 
well defined, lateral  oxidation under  the ni t r ide mask 
was negligible, and cracks in  the ni t r ide film were 
absent. The use of a chromate dislocation etch (3) 
failed to reveal significant ni t r ide induced defects in  
the cleaved low temperature  pressure oxidized s t ruc-  
tures examined. This observation is contrasted with 
results reported in Ref. (2) where application of the 
ni t r ide directly to the silicon surface resulted in s e v e r e  
dislocation damage under  higher tempera ture  oxida- 
tion. Thus, an intermediate  oxide "buffer" layer  may  
not be needed to avoid undesirable  defects at the 
s i l icon-ni tr ide interface. 

Local pressure oxidation of silicon using a more 
conventional  n i t r ide/oxide/s i l icon s t ructure  is i l lus-  
t rated in Fig. 2 (a) and 2 (b) for bu lk  silicon and SOS, 
respectively. It  is evident  from a comparison of Fig. 
1 and 2 that  la teral  oxidation undernea th  the ni t r ide 
mask is much more pronounced in the presence of an 
intermediate  oxide layer, an observation original ly 
reported by Appels and Paffen (4) for silicon oxidized 
at 1 atm. The shape of the oxide edge is similar to 
that reported by Powell  et al. (5) for silicon oxidized 
in steam. The exper imental  conditions for bu lk  silicon 
and SOS are the same as reported above for Fig. 1. 

The degree of lateral  oxidation has an impor tant  
bearing on device design since lateral  oxidation e s -  
t a b l i s h e s  a mi n i mum size for adjacent isolated struc-  
tures. This point is i l lustrated in Fig. 3 in which the 
lateral  oxide growth undermines  the original 8.6~ 
width of the ni t r ide mask. The ratio of la teral  oxida- 
t ion L to isolation oxide thickness t for the specific 
P-,OX sample shown in Fig. 2(a) (<111> Si, 500 atm, 

Fig. 1. Dry pressure-oxidation of nitride on silicon structures: (a) Bulk <111> silicon showing 1 ~m oxide (light) and masking ni- 
tride (dark); (b) 1 ~m <100> SOS showing complete dielectric isolation. 
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Fig. 2. Dry pressure-oxidation of nitride on thermal oxide on silicon structures: (a) bulk < 1 1 1 >  silicon showing 1 ~m pressure oxide; 
(b) I /~m < 1 0 0 >  SOS with 2700~, of silicon remaining. The extent of lateral oxidation is much greater than for the nitride-oxide struc- 
tures of Fig. 1. 

oxidation,  and resul t  in a des i rable  p l ana r  surface 
topography.  

,Subsequent work  in this a rea  wi l l  invest igate  in 
greater  de ta i l  the effect of P - O X  condit ions on the 
genera t ion  of surface defects in n i t r ide  masked  s t ruc-  
tures. Considerat ion wil l  also be given to the  ox ida -  
t ion kinetics of the n i t r ide  masking  film and to the 
evalua t ion  of " P - O X  device" characteris t ics .  
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Fig. 3. LOCOS structure showing the limit imposed on device 
geometry by lateral oxidation beneath the nitride mask. Center to 
center pad spacing is 12 ~m. The initial mask consisted of 8.5 #m 
wide nitrlde bars separated by 3.5 ~m spaces. The nitride was de- 
posited on 1000.~ thermal oxide on bulk (111) silicon. 

850~ is 2.8. For  comparison,  a ra t io  of 3.3 is calcu-  
la ted from the da ta  of Powel l  et al. (5) (s team oxida-  
t ion at 60 atm, 675~ The P - O X  L / t  ra t io  is 2.2 for 
the  <100> SOS sample  of Fig. 2(b)  (250 atm, 850~ 
For  equivalent  condit ions wi th  n i t r i de /ox ide / s i l i con  
s t ructures  it  would  be expected that  the  L / t  ra t io  
would  be higher  for high pressure  s team due to the 
high so lubi l i ty  and diffusivi ty of wate r  in the in i t i a l ly  
present  oxide layer .  For  e i ther  process, select ive e tch-  
ing of the sil icon pr ior  to the  pressure  oxidation,  as 
descr ibed  in Ref. (4) wi l l  decrease the oxidat ion  t ime 
needed to achieve oxide isolation, reduce  the l a t e ra l  
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New Method of Manufacturing Sintered-Type 
Aluminum Solid Electrolytic Capacitor 

Sadao Okuma 

Department o~ Applied Science, Tokyo Electrical Engineering College, Tokyo, Japan 

The s intered- type a luminum solid electrolytic ca- 
pacitor has been prepared by a new method, where 
first ei ther ni t rogen or hydrogen gas at 1 arm is 
used dur ing the s inter ing of the a luminum powder to 
form the porous anode, ,and second either ammonium 
dihydrogen phosphate or ammonium borate solution 
is used dur ing the anodization, to form the dielectric. 

The capacitors prepared by this method gave better  
characteristic properties than other electrolytic capac- 
itors. 

The preparat ion of the a luminum-s in t e red  anode 
has been said to be difficult, because a luminum unl ike 
t an t a lum easily forms a hard oxide at s inter ing tem- 
perature.  

The author could prepare the a luminum-sin ' tered 
anode in this exper iment  based upon the assumption 
that  adequate s inter ing would take place in  the gaseous 
atmosphere mentioned above. 

This makes us suppose that  the a luminum-s in te red  
body has a large surface area with a suitable porous 
property and the interior  surface can be converted 
to a good dielectric film by  the usual  anodization 
techniques. 

.Consequently, for the manufac ture  of the s intered-  
type a luminum solid electrolytic capacitor on this 
study, it has been understood that bo{h ammonium 
dihydrogen phosphate as the forming solution and 
hydrogen gas as the s inter ing atmosphere gave bet ter  
dielectric properties, respectively. 

If the manufac tur ing  steps are considered, the new 
method used in this study would be much simpler  
than the normal  vacuum sinter ing method. 

This communicat ion reports a comparison of the 
characteristic properties with the ones obtained in 
this study. 

Experimental 
Materials.--99.98-99.99% pure a luminum powder was 

obtained from commercial  sources. Particle sizes of 
the a luminum powder were 20, 35-150, 150-200, and 
200 mesh, respectively. The binder  used for s inter ing 
was less than  1 weight per cent (w/o) .  Gaseous atmo- 
sphere dur ing s inter ing was at about 1 a tm pressure. 
The forming solution was either 3 % ammonium borate 
solution or 0.3% ammonium dihydrogen solution. 

Apparatus.--The characteristic properties of the di- 
electric substance were measured by a Universal  
Bridge which was manufac tured  by Yokogawa Elec- 
tr ical  Manufactur ing Company. 

Procedure.--The compacting pressure was either 0.1 
ton/5 mm diameter  or 0.2 ton/5 mm diameter.  The size 
of the compact was 5 mm diameter  by about 5 m m  
high. The sinter ing was at 600~ for about 120-180 
min  in  each gas as mentioned above. 

The anodization was performed at a constant cur ren t  
of 50 mA unt i l  150V was reached, and ,the voltage 
was main ta ined  at 150V unt i l  the current  dropped t o  

2 mA. 
The total formation time was 120 min. After forma- 

t ion the anodized pellet was washed for 60 min  with 
water, and then dried at 500~ for 60 min. 

Manganese dioxide, produced from thermal  decom- 
posit ion of a highly concentrated manganous  ni t ra te  
solution at 300~ for 60 rain, was used to form the 
inter ior  semiconductor contact. 

Finally,  colloidal carbon was spread on the coated 

Key words: aluminum, capacitor, sintered-tYpe, solid, dielectric. 

anode, dried, coated with silver paint,  and dried at 
500~ for 60 min. 

Results and Discussion 
Table I shor~vs the characteristic properties for the 

s intered- type a luminum solid electrolytic capacitor 
manufactured  in this study. 

In  spite of fact that the dielectric constant  of a lumi-  
num oxide is lower  than  other dielectric of metal  
oxide, the s intered- type a luminum solid electrolytic 
capacitor obtained in this study gave a capacitance of 
0.5-7.4 #F. 

The capacitance per uni t  weight of the a luminum 
solid electrolytic capacitor is 2-40 ~F/g. Then  anodiza- 
t ion voltage to form the a luminum capacitors is much 
higher than  the tantalum, niobium, or zirconium ca- 
pacitors, and consequent ly  the anodic oxide film is 
much thicker. Consequently, it can be said that  this 
method was effective enough for the preparat ion of 
the dielectric substance. 

The dissipation factor of the a luminum capacitor 
was somewhat inferior to other capacitors; however, 
it was considered that  it might be lowered to some 
extent  by el iminat ing the na tura l ly  formed a luminum 
oxide. This proposal has not yet been tried. Instead 
fur ther  comparisons were made using either hydrogen 
or ni t rogen gas as the sintering atmosphere and either 
ammonium dihydrogen phosphate or ammonium borate 
solution as the forming solution. 

First, the dielectric film was formed using each 
forming solution and then  t ransformed into the sin-  
tered- type a luminum solid electrolytic capacitor ac- 

a - 2 0  

~- - 4 0  

"~ @--:2o 
- 6 0 "z :~" - :  20mesh,  O 2 t o n / 5 m r n r  - 

-------~]---:2COrnesh,O.2~on/Smm~ ~ & 
\ \ 

\ 

,ool I,o  
I 20 8 O0 8 k 

frequency [Hz ] 

Fig. 1. Rate of capacitance change vs. frequency at 20~ 
(N2 atmosphere). 
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cording to above procedure.  The character is t ic  p rop -  
er t ies  of these capaci tors  were  measured.  

F igure  1 gives the ra te  of capaci tance change vs. 
f requency (at 20~ of capaci tors  p repared  in the  
s in ter ing  a tmosphere  of n i t rogen gas as a function 
of the  compact ing pressure.  Consequently,  the e lement  
formed from ammonium d ihydrogen  phosphate  solu-  
t ion is be t te r  than  the one produced f rom ammonium 
borate  solution. 

F igure  2 shows t'he ra te  of capaci tance and t h e  
dissipat ion factor  of the  capaci tors  made  in a s in-  
ter ing a tmosphere  of hydrogen  gas. 

F rom these results,  hydrogen  gas was considered a 
be t te r  s inter ing a tmosphere  for  i t  gave more  s table 
dielectr ic  character is t ic  p roper t ies  than  those p repared  
in n i t rogen (I-3). 

Conclusion 
This s tudy  was carr ied out wi th  the purpose  of 

increas ing the capaci tance and the improvement  of 
o ther  charac ter i s t ic  p roper t i e s  of the  dielectr ic  sub-  
stance. 

The s in t e red - type  a luminum solid e lectrolyt ic  ca-  
paci tors  were  p repa red  using e i ther  n i t rogen or hy -  
d rogen  gas as the s inter ing a tmosphere  and e i ther  
ammonium bora te  or ammonium d ihydrogen  phos-  
phate  solut ion of the forming  solution. Measurements  
were  made of the  character is t ic  p roper t ies  of  these 
capacitors.  

The follo~ving conclusions can be made :  
I. The anode in the capaci tor  has a large  surface 

area  wi th  sufficient poros i ty  to impregna te  wi th  m a n -  
ganous n i t ra te  solution. 

2. The diss ipat ion factor  is somewhat  less sat isfac-  
tory.  However ,  it  m a y  be possible  to improve  i t  b y  a 
surface p re t r ea tmen t  before  anodization.  

3. Hydrogen  gas as the s inter ing a tmosphere  and 
ammonium d ihydrogen  phosphate  solution as the  fo rm-  
ing solution, each gave be t te r  dielectr ic  p roper t ies  than  
n i t rogen  gas and ammonium bora te  solution. 

4. The new method used in this s tudy would  be 
more useful  in the indus t r ia l iza t ion  of the  s in te red-  
type  a luminum solid capaci tor  than  the vacuum mech-  
anism method used hi therto.  
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ABSTRACT 

The effect of oxygen overpressure (200-600 mm Hg), tempera ture  (15 ~ 
65~ and electrolyte concentrat ion (2-9N) were studied on silver gas elec- 
trode polarization by dispersional analysis. The values of apparent  activation 
energies were calculated The optimal  working parameters  were established 
for different apparent  current  densities. 

Recent studies (1-5) showed the low polarization of 
silver gas electrodes during oxygen reduction in KOH 
medium. This s tudy has tried to maximize a set of op- 
erat ing parameters  for the silver gas electrodes not 
previously obtained (6). 

Experimental 
Electrode preparation and characterization.--The sil- 

ver  gas electrodes, having a DSK type structure, were 
fabricated by pressing (2.8.10 s N / m  2) a homogenous 
mix ture  containing 81.25% silver carbonate (less than 
5 ~m powder) and 18.75% ammonium dicarbonate 
(40-60 ~m powder) .  The resul tant  pellets (10 mm 
diameter, 3 m m  thick) were sintered under  a hydro-  
gen atmosphere (15 min  at 375~ In  a horizontal 
electric furnace (hydrogen flow rate 2 l i ters/rain,  heat-  
ing 2~ tempera ture  steps, 1 hr at 100~ and 1 hr 
at 140~ cooling 3~  with 30 min  steps at every 
100~ 

The microscopic examinat ion showed a uni form dis- 
t r ibut ion  of pores in the whole electrode mass. The 
over-al l  porosity (as determined by weighing before 
and after soaking with toluene) was 50.5%. 

Polarization measurements.--The study of oxygen 
reduction in KOH medium on silver gas electrodes 
was carried out by the potentiostatic technique, pre-  
viously reported (7, 8). The following equipment  was 
used: a Tacussel potentiostat  Type PRT 500 LC (•  
mV precision), an electronic Radiometer Type 22 mil l i -  
voltmeter  (•  mV precision), a D'U 20 mi l l iam- 
meter  ( •  precision).  The auxi l iary electrode was a 
99.9% nickel tape, the reference electrode was a satu-  
rated calomel electrode. The working cell (120 • 72 
• 56 mm) was made from polystyrene. The polariza- 
t ion curves were obtained by applying potential  steps 
of 10 mV at 1 min  intervals.  

The electrodes were supplied with oxygen at con- 
stant  overpressure ( •  mm Hg) (6). The working 
cell was kept at constant tempera ture  (•176 The 
electrolyte was prepared from pA KOH (Merck).  

The values of the working parameters  were varied 
as follows: oxygen overpressure from 200 to 600 mm 
Hg (100 mm Hg steps), electrolyte temperature  from 
15 ~ to 65~ ( 5 ~  steps), and KOH concentrat ion from 
2 to 9N (1 mequiv./cm~ steps). 

Effect of Changes in Working Parameters 
The optimization study established the effect of 

change of working parameters  upon the silver gas 

K e y  words :  silver,  o x y g e n  electrode,  d i spcrs iona l  analys is ,  ac t i -  
va t ion  enerEy. 

electrode polarization at different values of apparent  
current  density be tween 10 and 70 m A / c m  2. Over- 
voltage values were obtained by  interpolat ion from 
polarization curves. ~ = fp(P) ,  !q ~-~ ~fc(C), and ~ = St(t) 
curves were plotted (Fig. 1, 2, and  3). 

Effect o] oxygen overpressure.--The family of curves 
in Fig. 1 shows the increase of oxygen overpressure 
from 200 to approx. 400-500 m m  Hg has a favorable 
effect upon the performance of the studied electrodes 
whenever the apparent  current  densities are larger 
than 10 mA / c m 2. This is explained by an al terat ion 
of conditions under  which oxygen electroreduction 
takes place (active surface increase and meniscus 
thickness reduction) and by the increase of oxygen 
solubility. The effect is more evident  the larger the 
apparent  current  density (curves 2, 3, and 4) and the 
lower the electrolyte concentrat ion (curves 4 and 5) 
and working tempera ture  (curves 4 and 6). The in-  
creasing of oxygen overpressure above 500 m m  Hg 
helps to increase the electrode polarization (more evi-  
dent in curves 5 and 6). 

~0  

l oo 
180 

I00 

I I 

Fig. 1. The effect of oxygen overpressure on electrode polariza- 
tion. Curve I, 6N, 55~ 10 mA/cm2; curve 2, 6N, 55~ 30 mA/ 
cm2; curve 3, 6N, 55~ 50 mA/cm2; curve 4, 6N, 55~ 70 mA/ 
cm2; curve 5, 4N, 55~ 70 mA/cm2; curve 6, 6N, 40~ 70 mA/ 
c m  2.  
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Fig. 2. The effect of electrolyte temperature on electrode po- 
larization. Curve 1, 6N, 400 mm Hg, 10 mA/cm2; curve 2, 6N, 400 
mm Hg, 30 mA/cm2; curve 3, 6N, 400 mm Hg, 50 mA/cm2; curve 
4, 6N, 400 mm Hg, 70 mA/cm2; curve 5, 4N, 400 mm Hg, 70 mA/ 
cm~; curve 6, 6N, 500 mm Hg, 70 mA/cm 2. 

Effect o] electrolyte temperature.--Examination of 
n ---- f~(t) curves in Fig. 2 shows the oxygen reduct ion 
in KOH is enhanced by increasing tempera ture  over  
the range of 15~176 This effect becomes more ob- 
vious as the tempera ture  and electrolyte  concentration 
are lowered (curves 4 and 5), and the apparent  current  
density is increased (curves I, 2, 3, and 4). The be- 
havior  of these gas electrodes is accounted for by unl ike 
effects of t empera ture  var ia t ion upon electrolyte  con- 
duct ivi ty (9), solubil i ty of oxygen in KOH solution 
(10), and diffusion of react ing species and p~'oducts 
to/from reaction zone, i.e., oxygen solubility decreases 
while conductivity and diffusion increase. At apparent 
current density higher than i0 mA/cm 2, the effect is 
more obvious over the entire range because, under 
these conditions, the contribution of concentration and 
ohmic polarization to the over-all electrode polariza- 
is larger. A plateau is reached as a result of the two 
effects compensating each other, at I0 mA/cm 2 and 
temperatures higher than 40~ 

Ef]eet of electrolyte concentration.--The electrode 
polarization decreases continuously as electrolyte  con- 
centrat ion increases over  the range of 2-6N KOH (o = 
]z(c) curves shown in Fig. 3). This effect becomes 
more  obvious as the concentrat ion and tempera ture  
are lowered (curves 4 and 5) and the apparent  cur-  
rent  density is increased (curves 1-4). The var ia t ion of 
the oxygen overpressure  wi thin  the range 400-500 nun 
Hg has no notable effect upon the ~] -= I t ( t )  and ~l ---- 
5c(c) functions (curves 4 and 6 in Fig. 2 and 3). 

The increase of e lectrolyte  concentrat ion up to ap- 
proximate ly  6N has a ve ry  favorable  effect upon the 
electrolyte conduct ivi ty '  (9), which prevails  over  the 

mV 
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- - " "  m e  Z �9 3 

Fig. 3. The effect of electrolyte concentration on electrode 
polarization. Curve 1, 50~ 400 mm Hg, 10 mA/cm2; curve 2, 
50~ 400 mm Hg, 30 mA/cm2; curve 3, 50~ 400 mm Hg, 50 
mA/cm2; curve 4, 50~ 400 mm Hg, 70 mA/cm2; curve 5, 40~ 
400 mm Hg, 70 mA/cm2; curve 6, 50~ 500 mm Hg, 70 mA/cm ~. 

unfavorable  effect upon the oxygen solubil i ty (10) 
(Fig. 3). These two effects are compensated over  the 
range of 6-7N. Above this concentrat ion range the elec- 
trode polarization increases. 

The data presented outline the complexi ty  of the 
effect of working parameters  upon si lver  gas e lec-  
t rode polarization. The same data show that the op- 
t imal  parameters  depend on the apparent  current  den-  
sity (11) for low current  densities (approx. l0 m A /  
cm 2) at KOH concentrat ion 4-5N, tempera ture  45 ~ 
55~ and for apparent  current  densities higher  than 30 
m A / c m  2 at KOH concentrat ion 5-6N, t empera tu re  
55~ 

Apparent  Act ivat ion Energies 

The apparent  act ivation energies (Eap) were calcu- 
lated from the plots log io vs. 1/T. The results are given 
in Table I. 

Examinat ion  of data in Table I shows the exchange 
current  increases wi th  increasing electrolyte  t empera -  
ture and concentration. The apparent  act ivation en- 
ergies decrease as the concentrat ion increases, the i r  
lowest values corresponding to 6-7N KOH. Values of 
4-5 kcal /mol ,  corresponding to 6-7N, prove the elec- 
t rode process is diffusion-control led which is in agree-  
ment  with the l i tera ture  data (12) obtained for oxygen 
reduction on coal gas electrodes. 
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Table I. Apparent exchange current densities (io) and activation energies (E*ap) 

3N 

W o r k i n g  300 400 500 300 
t e m p e r -  m m  m m  m m  m m  

a t u r e  H g  H g  H g  H g  

4N 5N 6N 

400 500 300 400 500 300 400 500 300 
m m  m m  m m  m m  m m  m m  m m  m m  m m  
H g  H g  H g  H g  H g  H g  H g  H g  H g  

7N 8N 

400 500 300 400 500 
m m  m m  m m  m m  m m  
H g  HE H g  H g  H g  

log io 
m A / c m  z 

293 --0.35 --0.18 --0.32 --0.05 
298 --0,30 --0.15 --0.25 0 
303 --0.16 --0.03 --0.18 0.05 
308 --0.08 0.05 --0.02 0.50 
313 0 0.10 0.20 0.26 
318 0.21 0.23 0.46 0.41 
323 0.32 0.29 0.56 0,54 
328 0.43 0.43 0.61 0.56 
333 0.55 0.44 0,69 0.66 
338 0.67 0.71 0.75 0.78 

--0.12 0.14 0.11 0.02 0.24 0.04 0.18 0.02 0.13 0.14 0.20 0.20 0.33 
--0.08 --0.06 0 .37  0.18 0.09 0 .34  0 .21  0 .26  0 .20  0 .30  0 .45  0.30 0.32 0.48 
--0.10 --0.04 0.41 0.21 0.04 0.41 0.24 0.33 0.31 0.30 0.48 0.35 0.40 0.70 

0.05 0.19 0.55 0.39 0.08 0,51 0.31 0.38 0.48 0.33 0.52 0.41 0.52 0.88 
0.15 0.31 0.58 0.47 0.38 0.59 0.33 0.52 0.88 0.55 0.52 0.65 0.91 
0.36 0.58 0,68 0.57 0.60 0.63 0.35 0.40 0.65 0.48 0.63 0.64 0.74 0.97 
0.58 0.71 0.73 0.70 0.65 0.66 0.39 0.49 0.68 0.55 0.71 0.70 0.77 1.00 
0.63 0.70 0.76 0.73 0.71 0.74 0.45 0.61 0.73 0.62 0.71 0.80 0.92 1.02 
0.66 0.75 0.77 0.76 0.72 0,84 0.47 0.62 0,74 0.60 0.70 0,84 1.00 1.10 
0.70 0.84 0.75 0.74 0,69 0.80 0.45 0.63 0.72 0.66 0.78 

E*ap k c a l / m o l  10.5 10.8 10.2 9.3 9.6 9.2 6.9 7.4 7.1 4.4 4.0 4.5 5.0 4.5 4.4 5.9 5.6 6.2 

Optimal Working Parameters 
To establ ish  the  opt imal  values  of work ing  p a r a m -  

eters  for the  different  appa ren t  cur ren t  densi t ies  con- 
s idered  (10, 30, 50, and 70 mA/cm2) ,  the  polar iza t ion  
da ta  were  tes ted by  dispers ional  analysis  in order  to 
e l imina te  those pa rame te r s  whose var ia t ion  had non-  
significant effects. Then, by  using a factor ia l  exper i -  
ment  program,  the  values  of the  pa rame te r s  wi th  s ig-  
nificant effect were  computed  in o rder  to min imize  
the electrode polarizat ion.  

Dispersional analysis.--The overvol tages  y ie lded  by  
the gas electrodes under  consideration,  at var ious  ap-  
pa ren t  cur ren t  densities, wi th in  opt imal  work ing  do-  
main  are  given in Table  II. 

A 3 factor  (A = oxygen  overpressure ,  B ---- KOH 
concentrat ion,  and C ---- work ing  t empera tu re )  and two, 
three, and four  levels  (Table  II)  model  (13) was 
chosen in o rder  to ca r ry  out  the  dispers ional  analysis  
of polar iza t ion  data.  The resul ts  are  given in  Table 
HI. 

Examina t ion  of Table  I I I  shows tha t  for al l  apparer~t 
cur ren t  densi t ies  the  effect of var ia t ion  of fac tor  A 
and of second order  interact ions  AB and AC is not 
significant. A t  10 mA/cm2 the effect of the var ia t ion  of 
fac tor  C is significant while, at  the  other  cur ren t  den-  
sities, the  effects of factors B, C, and of second order  
in te rac t ion  BC are  significant. The  r e l a t ive ly  low dis-  
pers ion induced by  random factors ( res idual  dis-  
persion, st) indicates  sa t is factory  accuracy of exper i -  
menta l  da ta  and points  out the  fact  tha t  the  th i rd  
order  in terac t ion  ABC is not  significant. 

These resul ts  were  used in bui ld ing  up the  in te rac -  
t ion tab le  (Table  IV) and so f iguring out the  effect 
of va r ia t ion  of significant pa rame te r s  upon the po-  
la r iza t ion  of the s i lver  gas electrodes.  The in t e rp re t a -  
t ion of these data  was done by  comput ing the values 
of the  re l i ab i l i ty  in te rva l  (13) for  a significance l imi t  
a = 0.1. 

The da ta  l i s ted  in Table  IV lead  to the  fol lowing 
opt imal  opera t ion  zones which  are  to be fu r the r  ex-  
p lored  in opt imizat ion:  for 10 m A / c m  2, concentrat ion 

Table II. Silver gas electrode overvoltages (mV) in different working 
conditions 

400 mm Hg 500 mm Hg 

4N 5N 6N 7N 4N 5N 6N 7N 

10mA/crr~ 45~ 55 53 59 65 52 65 
50~ 55 45 57 51 45 56 
55~ 55 47 54 56 44 52 
60~ 47 43 46 43 43 44 

30mA/cm~ 50~ 90 97 90 89 94 90 
55~ 87 85 96 85 86 92 
60~ 80 81 97 85 80 98 
65~ 87 87 96 86 78 98 

50mA/crn= 5O~ 130 133 125 127 129 123 
55~ 123 113 126 120 116 120 
60~ I18 109 119 113 108 125 
65~ 117 I07 123 116 108 122 

7 0 m A / c m  2 50~ 162 171 157 161 167 154 
55~ 155 144 153 153 141 149 
60~ 150 137 149 143 136 145 
65~ 146 132 145 144 132 143 

KOH 5N, t empe ra tu r e  50~ for 30 m A / c m  2, 5N, 60~ 
for 50 m A / c m  2, 6N, 60~176 for 70 m A / c m  2, 6N, 60 ~ 
65~ 

Optimizing.--One considers the regress ion functions 
which descr ibe the  re la t ion be tween  the significant in-  
dependent  variables,  concentra t ion (x l )  and t e m p e r a -  
ture  (x2), and the dependent  var iable ,  e lec t rode  over -  
vol tage  (y)  

Y : bo + blXl -~ b2x2 "~ b12XlX2 ~- bnXl 2 -~- b'~2x~ 2 

The calculat ion of coefficients of regress ion func-  
tions (bo --  b22) for each apparen t  cur rent  densi ty  was 
car r ied  out by  s ta r t ing  up wi th  da ta  obtained f rom a 
factor ia l  exper iment  p rog ram (13). The steps of 1 
mequiv. /cmS and 5~ were  considered character is t ic  to 
var ia t ions  work ing  pa ramete r s  in the  opt imal  zone. 
The coded values  of independent  var iables  cor respond 
to 

for 10 mA/cm2:  

--1 : 4N; 0 : 5N; 1 : 6N (for Xl) 

- - 1 : 4 5 ~  0 : 5 0 ~  1 :  55~ ( forx2)  

for o ther  C.D. 

--1 = 5N; 0 = 6N; 1 = 7N (for Xl) 

- - 1 = 5 5 ~  0 = 6 0 ~  1 = 6 5 ~  ( forx2)  

To check up the va l id i ty  of regress ion function, the 
overvol tage values  (Yr for  each appa ren t  cur ren t  

Table |11. Dispersional analysis of the effect of parameter change 

Dis-  Degrees  
C u r r e n t  pe r -  of Dis-  
dens i ty ,  s ion  S q u a r e  f r ee -  pe r -  
m A / c m ~  source  s u m  d a m  sion F F= Obs 

I0 SA 54 1 54 4.61 5.99 
SB 62 2 31 2,.65 5.14 
Sc 592 3 197.3 16.86 4.76 * 
SAc 90 2 45 3.85 5.14 
SAc 56 3 18.7 1.59 4.76 
SBc 146 6 24.3 2.08 4.28 
Sr 70 6 11.7 

30 S• 4 1 4 2.18 5.99 
SB 451 2 225.5 133.22 5.14 " 
Sc 78 3 29.3 16.01 4.76 = 
SA~ 0 2 0 
SAc 3 3 1 0.55 5.99 
SBC 433 6 72.1 39.40 4.28 * 
Sr II 6 1.83 

50 SA 19 1 19 5.43 5.99 
SB 211 2 105,5 30.14 5.14 * 
Sc 575 3 191.6 54.74 4.76 * 
SA~ 6 2 3 0.86 5,14 
SAc 8 3 2.7 0.74 4.76 
SBC 363 6 61 17.43 4.28 " 
Sr 21 6 3.5 

70 SA 60 1 60 4.88 5.99 
SB 170 2 85 6.91 5.14 * 
SC 1344 3 448 36,42 4.76 = 
SA~ 0 2 0 
SAC 18 3 6 0.49 4.76 
See 373 6 63 5.12 4.28 = 
Sr 74 6 12.3 

* S ign i f i can t  effect. 
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Table IV. Concentration-temperature interaction effect 

C u r r e n t  R e l i a b i l i t y  
dens i ty ,  i n t e r v a l ,  
rnA/cmS m V  45~ 5O~ 55~ 60~ 65~ 

I0 ---+6.5 4N 60 53 55.5 45 
65 51 56 43 

5N 52,5 45 45.5 43 
52 45 44 43 

6N 62 56.5 53 45 
65 56 52 44 

30 -----2.6 5N 89.5 86 82.5 86.5 
89 85 85 86 

6N 95.5 85.5 80.5 82,5 
94 86 80 "18 

7N 90 - 94 97.5 97 
90 92 98 98 

50 -----3,6 5N 128.5 121.5 115.5 116.5 
127 120 113 116 

6N" 131 114.5 108.5 107.5 
129 116 108 108 

7N 124 123 122 122.5 
123 120 125 122 

70 -----6.8 5.-~T 161.5 154 146.5 145 
161 153 143 144 

6N 169 144 136.5 132 
167 147 136 132 

7N 155.5 151 147 144 
154 149 145 143 

Table V. Regression functions for silver gas electrodes polarization 
(~Po2 = 400-500 mm Hg) 

Current 
dens i ty ,  
m A / c m ~  No. xz x= Yt Y~ --~ ~eale 

10 1 -- 1 -- 1 55 65 60.0 60.0 
2 0 - ~  53 52 52.5 bo = 45.33 50.9 ~,~ = 11.24 
3 1 --1 59 65 62.0 b l  = 0.833 61.7 st= = 4.67 
4 --I 0 55 51 53.0 b2 =--2.07 53.8 F = 2.36 
5 0 0 45 45 45.0 b~ = --0.617 45.3 F= = 6.99 
6 1 0 57 56 56.5 b:u. = 9.33 56.5 
7 --i 1 55 56 55.5 b~ = 3,5 55.9 
8 O 1 47 44 45.5 46.7 
9 1 1 54 52 53.0 56,3 

30 1 --1 --1 87 85 86.0 87.9 sz ~ = 11.46 
2 O --1 85 86 85.5 bc = 81.67 84.3 sr s = 2.92 
3 1 --1 96 98 97.0 bl = 5,917 97.5 F = 3.97 
4 --1 0 80 85 82.5 b~ = - - 0 . 7 5  84,1 F= = 6.99 
5 0 0 81 80 80.5 bl~ = 1,125 81,6 
6 1 0 97 98 97.5 b~  = 8.417 96.0 
7 --1 1 87 86 86.5 b ~  = 1.917 84.2 
8 O 1 87 78 82.5 62.8 
9 1 1 99 99 99.0 98.3 

50 1 --I --I 123 120 121.5 122.3 ~2 = 12.82 
2 0 --1 113 116 114,5 bo = 110.23 114.9 Sr ~ = 3.31 
3 1 --1 126 120 123.0 b~ = 2.833 125.7 F = 3.87 
4 --1 0 118 113 115.5 b~ = - 2 . 7 5  116.5 F= = 6.99 
5 0 0 109 108 108.5 bl~ = 1.125 110.2 
6 1 0 119 126 122.0 b u  = 9.167 122.2 
7 --1 1 117 116 115.5 b ~  = 1.917 114,6 
8 0 1 107 108 107.5 109.4 
9 1 1 123 122 122.5 122.5 

70 1 --1 --1 155 153 154.0 154.9 s l  ~ = 13.68 
2 0 --1 141 147 144.0 bo = 138.72 144.4 sr ~ = 3.61 
3 1 --1 153 149 151.0 b~ = - -0 .417  151.6 F = 3.78 
4 --I 0 150 143 148.5 b~ =--5.0 148.0 F= = 6.99 
5 0 0 137 136 136.5 bl.- = 1.25 138.7 
6 1 0 149 145 147,0 b~l = 8,917 147.2 
7 - -1  1 146 144 145.0 b ~  = 0,667 142,5 
8 O 1 132 132 132.0 134.4 
9 1 1 145 143 144.(} 144.2 

density were calculated and the deviat ion of observed 
values from these calculated (that is the l inear i ty  of 
the regression funct ion)  was verified. By equating to 
zero the part ial  derivates of regression functions with 
respect to the two independent  variables, a system of 
two l inear  equations was obtained for each apparent  
current  density. Solving the system has allowed the 
establishing of optimal values of independent  variables 
which yield min imum polarization. The results are 
given in Table V. 

51.5~ 
4.97N 

44.7 mV 

61.5~ 
5.63N 

77.9 mV 

64.1~C 
5.8N 

106.7 ray 

78.9~ 
5.75N 

128.8 mV 

Data in Table V s~how that  the electrodes present  
minimal  overvoltage at 400-500 mm Hg oxygen over-  
pressure, 5-6N KOtI  concentration, and different tem- 
peratures depending upon current  density: 51~ (10 
mA/cm2),  61.5~ (30 mA/cm2),  64.1~ (50 mA/cm2),  
78.9~ (70 mA/cm2).  

Manuscript  submit ted Jan. 6, 1975; revised m a n u -  
script received 5uly 15, 1975. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1976 
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JOURNAL. Al l  discussions for the  June  1976 Discussion 
Section should be submi t ted  by  Feb.  1, 1976. 
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Electrochemical Studies at Silver/Alpha-Silver Sulfide Interfaces 
I. The Sulfidation of Silver 

C. J. Warde, *'1 J. Corish, and C. D. O'Briain 2 
Department of Chemistry, University College, Belfield, Dublin 4, Ireland 

ABSTRACT 

Kinet ic  measurements  have been made  in the t empera tu re  range  220 ~ 
340~ of the  growth  of a -s i lver  sulfide f rom th ree  different  samples  of high 
pu r i t y  s i lver  rods. These measurements  confirm the parabol ic  na tu re  of the  
react ion in the  t e rmina l  stages a l though the rmodynamic  equi l ib r ium is not 
es tabl i shed  at  the  s i l ve r / a - s i l ve r  sulfide interface.  Values for the  parabol ic  
ra te  constant  have been  der ived  f rom the exper imenta l  da ta  and are  found 
to be in  excel lent  ag reement  wi th  values  ca lcula ted  using the  modified W a g n e r  
theory.  New measurements  of the pa r t i a l  ionic  conduct iv i ty  of s i lver  ions 
in a - s i lve r  sulfide, accurate  values  of which  are  requ i red  for  these ca lcula-  
tions, are  also reported.  The sulfidation rates  were  found to be s t rongly  
dependent  on the pa r t i cu la r  batch of s i lver  used. P reannea l ing  of the s i lver  
samples,  which, as revea led  by  meta l lu rg ica l  examina t ion  increased gra in  size, 
was shown to produce  corresponding changes in the i r  ra tes  of sulfidation. 

Because it serves as an excel lent  model  sys tem the 
react ion be tween  bu lk  s i lver  and  l iquid  sul fur  has 
a t t rac ted  much a t tent ion  in the  l i t e ra tu re  (1-5).  The 
high t empera tu re  form of the  sulfidation product  
a-Ag2S provides  fas t - ion  t ranspor t  for  s i lver  ions and 
i t  has been known  for some t ime tha t  the  l a t t e r  s tages 
of the  reaction, when  the product  l aye r  is thick, ex -  
hibi t  parabol ic  kinet ics  for  which the  r a t e - d e t e r m i n -  
ing step is the diffusion of the  s i lver  ions th rough  the 
sulfide (1, 6). The different ia l  form of the ra te  equa-  
t ion m a y  be wr i t t en  s imply  as 

dx/dt  = ko/x [1] 

where  x is the  thickness of the  sulfide l aye r  and  ko is 
the  parabol ic  ra te  constant.  I t  is feasible to obta in  r e -  
l iab le  kinet ic  da ta  for this  sys tem since the p rob -  
lem of the  format ion  of porous product  l ayers  m a y  be 
overcome by introducing,  and  main ta in ing  a load  on, a 
compacted  tab le t  of a-Ag2S be tween  the  reactants  (2). 
Assuming  tha t  the  movemen t  of s i lver  th rough  the  
p roduc t  l aye r  is an e lect rochemical  process involving 
the t r anspor t  of s i lver  ions and electrons and tha t  
equ i l ib r ium exists  a t  the  interfaces,  an equat ion of the  
Wagner  theo ry  of the  oxidat ion  of meta ls  (7, 8) m a y  
be used to deduce an express ion for the  parabol ic  
ra te  constant  as fol lows 

k O - -  ~rAg-l" {~~ --  ~*Ag(Ag2S)} [2] 
CAgF 2 
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1Presen t  address: Westinghouse Research Laboratories,  Pitts- 

burgh,  Pennsylvania ,  15235. 
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K e y  words:  silver iodide, parabolic ra te ,  par t ia l  ionic conduc- 
t ivity,  grain size, annealing.  

where  O'Agq- is the  s i lver  pa r t i a l  ionic conduct ivi ty  in 
s i lver  sulfide, CAg is the  number  of equiva len ts  of s i l -  
ve r /e ra  3 of sulfide, #OAg(Ag2S) the  chemical  potent ia l  
of s i lver  in s i lver  sulfide in equ i l ib r ium wi th  pure  s i l -  
ver, and/~*Ag(Ag2S) the  chemical  po ten t ia l  of s i lver  in  
s i lver  sulfide in equ i l ib r ium wi th  l iquid  sulfur.  A l -  
though exper imen ta l  values  of ko and the ko values  
ca lcula ted  using Eq. [2] were  of the same order  of 
magni tude  acceptably  close agreement  was found only 
at 400~ or above (2, 5). The discrepancies  be tween  ex-  
pe r imenta l  and theore t ica l  values of ko at lower  t em-  
pera tu res  have been shown by  Ricker t  (2) to be due 
to the  fact that  t he rmodynamic  equi l ib r ium is not a t -  
ta ined at the  Ag/Ag2S interface  at t empera tu res  be -  
low 400~ He used the  cell  

Pt  [Ag  [ AgI  i Ag2S [ P t  [3] 

the  emf, E, of which may  be re la ted  to the chemical  
potent ia ls  of s i lver  in pure  s i lver  ~Ag(Ag) and in 
s i lver  sulfide ~Ag(Ag2S) by  the re la t ionship  

--FE ---- {#Ag (Ag2S) --  #Ag (Ag)  } [4] 

to measure  any depa r tu r e  f rom equ i l ib r ium occurring 
at the Ag/Ag2S interface and found tha t  when  the 
sulfide l aye r  exceeded ~0.5 cm in thickness the po-  
tent ia l  a t ta ined a s teady value  E 0. The exper imenta l  
kinet ics  of the  react ion then  agreed wi th  values of the  
ra te  constant  given by  the modified theoret ica l  equa-  
t ion 

k o =  ~Ag+ { E * - - E  ~ [5] 
CAgF 

where  E* is the  emf of the  cell  
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Pt I Ag I AgI l AgeS IS(l)  [P t  [6] 

Thus the parabolic rate law was still obeyed in spite 
of a large, but  constant, departure from equi l ibr ium at 
one of the interfaces (5, 9). 

All  previous work with this system has been re-  
ported by workers using, in  any one study, a single 
type of silver sometimes rather  loosely described as 
simply high pur i ty  silver. Involvement  with processes 
of this kind over a lengthy period in this laboratory 
(9-11) has indicated that differences in  the type of 
high pur i ty  silver used might  be responsible for ob- 
served anomalies in  exper imental  results. This paper 
reports a systematic and detailed invest igat ion of the 
kinetics of sulfidation of three different samples of 
high pur i ty  silver in  the tempera ture  in terval  220 ~ 
340~ The kinetic data have been analyzed by com- 
puter  and the parabolic rate constants obtained are 
compared with those calculated using Eq. [5]. The 
results of new measurements  of the silver ion part ial  
ionic conductivity in ~-Ag2S are also reported. These 
were deemed necessary because of systematic differ- 
ences between observed and calculated values of ko, 
using earlier measurements  of ~Ag+ made in this lab-  
oratory (11). The effects on the rates of sulfidation 
when the silver samples were preannealed have been 
investigated in an at tempt to elucidate the factors 
which govern the behavior of the system. 

In  the following paper (Part  II) measurements  of 
the overpotentials observed dur ing the electrochemical 
passage of silver from three types of high pur i ty  silver 
across the Ag/~-AgeS interface are reported and these 
again reveal differences in behavior between the sam- 
ples. Such results are of interest  both from a phe- 
nomenological point  of view and because measure-  
ments  of this type have been used to explain the ki-  
netics of the sulfidation of silver by l iquid sulfur  
(3,9).  

Experimental 
Materials.--The three types of silver used in the 

basic kinetic measurements  were supplied as rods of 
6 mm diameter as follows: (i) Johnson-Mat they 
Chemicals Limited, major  impuri ty,  copper <5 ppm 
over-all  pur i ty  99.999% ; (if) Degussa Feinsilber,  major  
impurity,  copper <300 ppm, over-al l  pur i ty  99.97%; 
(iii) Johnson-Mat they Chemicals Limited, major  im-  
purity, copper <50 ppm, over-al l  pur i ty  99.99%. These 
samples will  be referred to as JM1, D1, and JM2, re-  
spectively, and the impur i ty  levels quoted are the re-  
sult of an analysis carried out by  Johnson-Mat they  
Limited. The behavior  of a number  of samples of the 
Degussa Feinsi lber  used previously by Duffy (11) (to 
be referred to later  as D2) was also examined. The 
samples were prepared to fit into the apparatus to be 
described later using a high speed lathe and were then 
thoroughly degreased (12) using A.R. grade benzene 
and A.R. grade acetone. The pur i ty  of the silver iodide, 
which was supplied by Sherman Chemicals Limited 
was checked by testing for electronic leakage through 
cell [3] at 300~ in an atmosphere of pure nitrogen. 
After establ ishment  of a cell potential  of 10O mV by 
withdrawal  of silver from the AgeS tablet, the cell was 
left on open circuit. A negligible rate of potential  drop 
indicated the absence of electronic leakage. The sulfur  
was a spectrographically standardized substance of 
pur i ty  99.999% supplied by 3ohnson-Matthey Chemi- 
cals Limited. The Ag2S tablets used at the interface 
were fabricated from silver sulfide rods which had 
been grown in the laboratory in earlier experiments.  
These rods were ground to a uniform fine powder us- 
ing a specially constructed filing machine. Disks of 0.8 
mm thickness were then produced by pressing the pow- 
der to 6.1 X 103 kg cm -2 in a die designed for the 
preparat ion of KBr disks for IR measurements.  Final ly  
tablets of 9 mm diameter and with a 2 mm tag to 
carry the Ag/AgI  probe electrode (see Fig. 1) were 
punched from these Ag2S disks. The ni t rogen atmo- 
sphere used for all experiments  was produced from 

the British Oxygen Company "white spot" product 
by removal of the residual oxygen with Fieser's Solu- 
tion (13). The gas l ine employed also provided for 
the removal  of any traces of hydrogen sulfide using 
saturated lead acetate solution and for the careful 
drying of the ni t rogen before admission to the re-  
action assembly. 

Apparatus for the kinetic rneasurements.--The es-  
sen t i a l  components of the system constructed to mea-  
sure the rate of unidimensional  growth of a-Ag2S and 
to measure s imul taneously  the difference in  chemical 
potential  of the si lver atoms across the Ag/Ag2S in ter -  
face are shown schematically in Fig. 1. In  contrast to 
the a r rangement  used by Rickert (2) it was the sulfide 
tablet which was r igidly supported. This was done us-  
ing a p la t inum disk with a hole in  the center  which 
allowed the silver rod being sulfidized to move up-  
wards under  continuous spring pressure. The Ag2S 
formed by the reaction grew upwards in the glass tube, 
shown full  of l iquid sulfur, and thus the level of the 
AgeS/S(1) interface rose. The Ag/AgI  probe elec- 
trode shown pressed against the tag portion of the 
Ag2S tablet  was fabricated from a 5 cm piece of 3 mm 
OD glass tubing drawn to a tip at one end and filled 
with AgI. A glass spring (not shown) was used to press 
a piece of silver rod into the AgI and to main ta in  good 
contact between the probe and the Ages tablet. The 
probe together with the p la t inum support disk formed 
a cell as shown in  Eq. [3] and was used to measure the 
chemical potential  drop for silver atoms across the Ag/  
Ag2S interface. The emf of this solid-state cell was 
measured with a Honeywell  19 Electronik recorder, 
checked f requent ly  with a v ibra t ing-reed  electrom- 
eter accurate to 1 mV (Vibron 33C, E.I.L. Ltd.) and 
a Tinsley potent iometer  (accuracy _10 ~V). 

The complete apparatus is shown in Fig. 2. The upper  
end of the long glass tube which contained the l iquid 
sulfur  and the main  body of the dial gauge were held 
at opposite ends of a rigid steel frame. The top of the 
dial gauge plunger  supported a precision glass rod 
which moved freely through a precision tube and held 
the silver specimen, which was wedged into a Kovar 

Ag2S 

Ag 

Ag 

Agl 

Pt 

1 
E 

T 
Fig. 1. Schematic diagram of the cell arrangement used to 

measure the overpotential, E, at the Ag/~-Ag2S interface during 
the formation of compact a-Ag2S. 
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Fig. 2. Over-all apparatus to measure one-dimensional sulfidation 
of a silver rod by liquid sulfur. 

metal  to glass seal, against the lower surface of the 
Ages tablet. The other end of the dial gauge plunger  
was spring-loaded so that the pressure on the Ag/  
Ag2S contact was 6 kg /cm -2. The rate of consumption 
of silver could be followed by means of the microm- 
eter dial gauge which registered the decrease in  length 
of the silver rod correct to 2.5 • 10 -4 cm. The rate of 
growth of Ag2S was calculated from this measure-  
men t  and the accuracy of this procedure was checked 
periodically by measur ing the thickness of the sulfide 
layer  with a cathetometer and finally by measur ing 
the over-al l  length of the sulfide with a micrometer  
screw gauge after each experiment.  The ent i re  as- 
sembly was contained in a wide-bore air- jacketed 
glass tube which was heated by nichrome strip wind-  
ings fed from a stabilized voltage source. The tem- 
pera ture  at the reaction site was measured by a cali- 
bra ted Chromel-Alumel  thermocouple and was con- 
stant  to •176 over the period of an experiment.  

Polishing and etching of sffver rods.---Silver samples, 
as received, after the kinetic runs at 220~ and after 
annealing,  were mounted  in cold-sett ing resin cylin-  
ders. The cylinders were ground, parallel  to the axis 
of the silver rods, ori silicon carbide papers (Grades 
220, 320, 400, and 600 sequential ly) .  After  exposure 
of an adequate section, polishing and etching were 
carried out by a procedure recommended by Darl ing 
(14). This involved polishing of the samples for 1-2 
rain on a velvet-covered turntable ,  rotat ing at 250 
rpm, with "Brasso ''s employed as a lubricant.  After 
washing, the samples were fur ther  l ightly polished 
for 3 rain on a velvet-covered s tat ionary smooth 
glass plate with ".Silvo ''a as lubricant.  The surfaces 
were now etched by applying a solution, com- 
pr is ing one par t  of 1 weight per cent (w/o)  HeSOr 
and one part  of a one- ten th  saturated solution of 
K2Cr2OT, to the samples by means of a cotton wool 
swab. Photomicrogrpahs of the etched surfaces were 

Supplied as proprietary products by Recket t ' s  (Ireland) Limited.  

prepared using a Union Optical metal lurgical  micro- 
scope Model UMG-Bi. 

Experimental determination of tAg + . - -Measurements  
of the part ial  ionic conductivi ty of a-Ag2S were made 
using a modified form of the procedure originally sug- 
gested by Hebb (15) and improved by Wagner  (16) 
and later  followed by Duffy (11). Cylindrical  speci- 
mens of Ag2S 2-3 cm long obtained in the kinetic 
studies were turned down slightly to a uniform diam- 
eter and their cross-sectional area, a, determined us- 
ing a micrometer.  They were then made par t  of the 
electrochemical cell 

Ag I AgI I Ag2S l AgI I Ag [7] 

and two small Ag/AgI  probes, made in  a m a n n e r  simi- 
lar  to that described previously were pressed against 
its side. The distance between these probes, d, was 
measured using a cathetometer. Two p la t inum probes 
also touched the specimen, at points on the other side, 
opposite the Ag/AgI  probes. A circuit diagram is shown 
in Fig. 3. Two AgI tablets were necessary between the 
Ag2S specimen and each silver electrode to avoid for- 
mat ion of silver dendrites through individual  AgI 
tablets. The materials  used were as described previ-  
ously for the kinetic measurements .  The assembly of 
tablets and electrodes was contained in  an air- jacketed 
nichrome wound furnace under  an atmosphere of pur i -  
fied ni trogen and with tempera ture  at the specimen 
constant to • 1 7 6  dur ing an experiment.  The tempera-  
ture  was measured by a cal ibrated Chromel-Alumel  
thermocouple in close proximity  to one end Of the sul-  
fide rod and a P t /P t -13% Rh thermocouple pressed 
against the other end and agreement  between these two 
thermocouples was wi th in  the error quoted at all 
times. A constant 120V d-c source was used with var i -  
able high resistances in series with the specimen to 
achieve currents  in the range 5-10 mA. This a r range-  
ment  minimized the effects of any slight changes oc- 
curr ing in the resistance of the tablet  assembly. If E is 
the potential  difference between the two Ag/AgI  
probes the silver part ial  ionic conductivi ty is given by 

iAg+d 
t a g +  - -  - -  [ 8 ]  

Ea 

where iAg+, the current  under  s teady-state  conditions, 
was measured using a Cambridge precision microam- 
meter. This exper imental  a r rangement  also allowed in-  
vestigation of the effect on tag+ of changes in the stoi- 
chiometry of the silver sulfide. By applying a voltage 
between one of the p la t inum probes and one of the 
silver electrodes, silver could be added to or removed 
from the sulfide. The associated change in ~ag (Ag2S) 
was determined by measur ing the potential  difference 
be tween the other p la t inum probe and an Ag/AgI  
probe. 

�9 E �9 ~ Ag Ag 

. ~ ~  A gl Ag L 
Ag2S 

Ag Ag I Pt Pt Ag I Ag I 

I 
Fig. 3. Circuit to measure the silver partial ionic conductivity of 

c~-Ag2S. 



1424 J. Electrochem. Sot . :  ELECTROCHEMICAL SCIENCE AND TECHNOLOGY N o v e m b e r  1975 

Results and Discussion 
Kinetics of the sulfidation of siIver.--In general, if 

equi l ibr ium at either, or both of the interfaces, Ag /  
Ag2S and AgsS/S(1), is establis~hed only gradually,  
and the kinetics of the reaction conform to the para-  
bolic law in the later stages, the most satisfactory 
method (2) with which to represent  the experimental  
data is to plot (x ~- Xo) vs. (t -- t o ) / ( x  -- Xo), where t 
and x represent the time and the thickness of the 
sulfide layer, respectively. Xo corresponds to % and is the 
least value of x which makes the greatest number  of 
exper imental  points fit a straight line. The slope of 
such a plot is 2ko, where ko is the parabolic ra te  con- 
stant  and is given by the equation 

ko (expt.) = d (x  Jr xo) /2d( t  -- t o ) / ( x  -- Xo) [9] 

The basic exper imental  data of time and length of 
silver rod consumed were processed together with the 
necessary conversion factors by a l inear  regression 
computer program, thus yielding values for ko. Three 
kinetic plots for D1 specimens are shown in  Fig. 4, 
and it is evident  from the similari ty of the slopes 
that at the same tempera ture  the sulfidation rate of 
identical samples is reproducible. Plots of the over- 
potential  at the Ag/AgsS interface as a function of t ime 
for the three different kinds of silver at 260~ are 
shown in Fig. 5. The difference which is evident  here 
between JM1 on the one hand  and JM2 and D1 on the 
other was found to be pronounced at all the tempera-  
tures at which measurements  were made. The very 
low overpotentials at the Ag/Ag2S interface for the 
former are reflected in high values for the experi-  
menta l  parabolic rate constant  as now a greater  frac- 
t ion of the affinity of the reaction is available for the 
diffusion process. A summary  of the experimental  
values of ko as given by the computer fit and values 
calculated using Eq. [5] for the three types of silver 
used and at all the temperatures  at which measure-  
ments were made is given in Table I. As is evident 
there is good agreement  between experimental  and cal- 
culated values in  all cases but  the rates of sulfidation 
measured under  otherwise identical conditions are 
strongly dependent  on the part icular  sample of high 
pur i ty  silver under  investigation. 

Properties of the bulk  silver samples which it was 
felt might be responsible for the present observations 
were considered to include (i) impur i ty  concentration, 
(ii) grain size, and ( i i i )gra in  orientation. Since all the 
samples were of a comparatively high pur i ty  (i) might 
not appear to be an important  factor but  it should be 
noted that the order of ascending steady-state over- 
potential  (and thus of decreasing ko) was the same as 
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Fig. 4. Parabolic plots for the growth of =-Ag2S from three sep- 
arate experiments using samples of Degussa Feinsilber at 220~ 
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Fig. 5. Overpotential vs. time traces for annealed and unan- 
nealed silver samples at 260~ The samples shown are: curve 1, 
D1 unannealed; curve 2, JM2 unannealed; curve 3, D1 annealed; 
curve 4, JM2 annealed; curve 5, JM1 unannealed. 

the order of increasing impur i ty  content. To investigate 
any possible correlation between the grain size and 
orientat ion in the bulk  silver [ (ii) and (iii) above] and 
its behavior during sulfidation, a specimen of each type 
of silver was polished and etched as described earlier. 
Figure 6(a) shows typical etch pat terns observed 
for as-received samples of JM2 6 mm silver rod. S imi-  
lar pat terns were observed for D1 samples. It was de- 
duced from the elongation of the grains parallel  to the 
rod axis, and the extent  of cold working, that  the JM2 
and D1 rods were drawn at temperatures  well  below 
200~ the recrystall ization tempera ture  for cold- 
worked silver. In  marked contrast the JM1 sample had 
been drawn at temperatures  much higher than  200~ 
and probably  in the 750~176 range. As a result  the 
grains were very large, by comparison with the other 
specimens, and were elongated along the axis of the 
rod, while the matr ix  accommodating the grains ap- 
peared to be a single crystal. A typical photomicro- 
graph for JM1 silver is shown in Fig. 6 (b). Examina-  
tion of s imilarly etched samples which had been used 
in a kinetic exper iment  showed that  recrystall ization 
and grain growth were taking place in JM2 and D1 
during the course of a sulfidation reaction even at 
220~ [see Fig. 6(c)] .  

At this stage of the investigation all of the supply of 
JM1 6 mm rods had been used. It  was realized that  it 
would be impossible to reproduce the grain  shape, size, 
and orientat ion of this silver sample but  since it ap- 
peared that  the ext raordinary  behavior  might well be 
due main ly  to the large grain size an at tempt was made 
to increase the grain size in  the JM2 and D1 silver. An-  
nealing of samples of each type of silver was carried 
out in vacuo at 660~ for 100 hr followed by cooling 
at 6~ Some other samples of Degussa Feinsi lber  

Table I. Experimental and calculated parabolic rate constants for 
three kinds of silver 

ko (expt .)  ko (calc.) 
T e m p  E* E e (10-~ cm~ (10--5 cm 2 

(~ S a m p l e  (mY) (mY) sec-D sec -1) 

220 D1 224 192 2.37 2.42 
J~l 224 37 12.4 13.6 
JM2 224 193 2.91 2.26 

260 D1 230 184 3.72 3,69 
JMI 230 25 17.2 16.5 
JM2 229 176 4.59 4.33 

300 D1 233 163 6.87 6.23 
JM1 233 30 18.5 17.7 
JM2 230 169 5.52 5.61 

340 D1 235 146 8.11 8.46 
JM1 233 42 18.3 18.0 
JNI2 23"/ 117 12.5 11.2 
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Fig. 6. Photomicrographs of the etched surfaces of the silver rods (a, upper left) JM2 as received; (b, upper right) JM1 as received; 
(c:, lower left) JM2 after kinetic experiment at 220~ (d, lower right)JM2 after annealing at 660~ for 100 hr. The dotted line in each pho- 
tomicrograph indicates the rod axis. 

(D2) of the type which had been  used by Duffy (11) 
in his ear l ier  exper iments  and which was similar  wi th  
respect to i m p u r i t y  analysis to D1 were  also annealed. 
The results of kinetic exper iments  using these pre-  
annealed samples are shown in Table II where  it is 
evident  in all cases that  these specimens now exhibit  
higher  values of ko and correspondingly lower  values 
of E e. The  effect of anneal ing is also shown in Fig. 5 
where  the overpotent ia l  vs. t ime traces for annealed 
and unannealed samples may  be compared. Similar  
changes in the values of E e were  observed for the an-  
nealed samples at a l l  the other  tempera tures  invest i -  
gated. The s imilar i ty  in behavior  for the annealed 
samples D1 and D2 as shown in Table II is signifi- 
cant not only because it indicates just  how repro-  
ducible these two batches, which were  supplied at a 
four  year  interval,  were, but  also because it em-  
phasizes the grea ter  value of ko observed at any given 
tempera ture  for the annealed JM2 samples. In no case, 
however ,  did preannealed samples reproduce the kinetic 
behavior  of the unannealed JM1 si lver and when the 
preannealed samples were  examined meta l lurg ica l ly  it 
was evident  that  al though the grain size had increased 
in all cases it was never  of the same order  of magni -  
tude as that  found in the unannealed  JM1. Etch pa t -  
terns for annealed JNI2 si lver are shown in Fig. 6 (d).  

Table II. Experimental and calculated parabolic rate constants for 
preannealed silver samples 

ko (expt.) ko (calc.) 
T e m p  E* E e (10-~ cm 2 (10 -~ cmS 
(~ Sample (mV) (mV) sec-1) sec-1) 

220 D1 220 179 3.06 2.99 
D2 224 184 3.46 2.95 
JM2 223 159 4.53 4.62 

260 D1 228 101 5.26 5.38 
D2 228 164 5.43 5.18 
J1VI2 228 126 7.25 8.18 

300 D1 231 146 7.39 7.45 
D2 232 147 7.69 7.47 
/M2 231 101 11.6 11.4 

340 D1 235 101 13.0 12.6 
D2 235 113 11.7 11.4 
JM2 235 80 14.3 14.5 

This evidence might  sugges% that  the grain size in bulk 
si lver dictated the magni tude of the overpotent ia l  at 
the Ag/Ag~S interface. However,  it must  be stated that  
since the grain sizes in annealed D1, D2, and JM2 were  
approximate ly  the same and since the observed kinetics 
of sulfidation of JM2 were  quite different f rom those 
of D1 and D2 samples, the differences in grain sizes, 
while obviously a factor, cannot ful ly  account for the 
differences in behavior  of the three  types of si lver 
used in this investigation. 

The silver partia~ ionic conductivity.--The need for 
a new determinat ion  of CAg+ at the tempera tures  of the 
kinetic exper iments  became apparent  when use of the 
values available in the l i te ra ture  in Eq. [5] produced 
values for the parabolic rate constant which disagreed 
systematical ly wi th  the exper imenta l  results. It also 
seemed important  that  measurements  should be made 
on ~-Ag2S samples grown from each of the types of 
si lver used in the present  investigation. The values 
of ~Ag+ were  determined for cylindrical  samples in the 
apparatus which has been described. Currents  of both 
5 and 10 mA were passed in each direction through 
the samples before averaging results to obtain the 
values shown in the last column of Table III. As wel l  as 
the samples prepared f rom each kind of si lver the ionic 
conductivit ies of sulfide specimens used by Duffy (11) 
were  also measured but no significant differences were  
observed in any case. The activation energy for the 
process obtained by fitting to an Arrhenius  equat ion 
is approximate ly  1200 cal mole -1. The measurements  

Table Ill. Comparison of values, at various temperatures, of the 
silver partial ionic conductivity of c~-Ag2S 

~Ag+ (ohm-1 cm-1) 
Bartkowiez 

Temp Rickert Duffy Ozazaki et aL Present 
(~ Ref. (2) Ref. (11) Ref. (17) Ref. (5) work 

220 3.89 3.41 4.32 3.51 4.11 
260 4.08 3.86 4.85 3.94 4.53 
300 4.26 4.29 5.38 4.35 4 .95  
340 4.78 4.71 -- 4.74 5.28 
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were made at the stoichiometry which corresponds to a 
potential  of 100 mV at 220~ for a cell of type [3] but  
measurements  were also made which showed that ~Ag+ 
was vir tual ly  independent  (i.e., varied <1% over the 
at ta inable range) of ~Ag (Ag2S) at all temperatures.  

Other reported values of CAg+ are summarized in 
Table III. Miyatani  (18) has also measured the silver 
partial  ionic conductivity in a-Ag2S at 183~ using a 
technique based on the rates of relaxat ion processes. 
He reported a value of 2.9 ohm -1 cm-1  for sulfide close 
to equi l ibr ium with sulfur  and a value of 4.1 ohm -1 
cm -1 for sulfide in equi l ibr ium with silver. Rickert 
(2) measured ~Ag+ at 200 ~ 300 ~ and 40O~ but  the 
scatter makes it impossible to deduce an activation en-  
ergy for the ionic conduction process. Ozazaki (17) 
employed th in  plates of a-AgeS in the range 180~176 
and obtained values considerably higher than  other 
workers. Duffy (11) reported that  in  the range 190 ~ 
350~ CAg+ did not vary  with nag (Ag2S) and his ac- 
t ivation energy of 1500 cal mote -1 is in  agreement  
with that of Barkowiez et al. (4). If the values of CAg+ 
given in Table III for any  tempera ture  are averaged 
it will  be seen that  each value differs from the average 
by at most 15%. As four experimental  parameters  are 
needed to determine ~Ag+ and in view of the varying  
preparat ion and shapes of the sulfide samples used 
such disagreement may not be regarded as unreason-  
able. A l ikely source of error would be the presence 
of pores in the sulfide specimens but  this is known not 
to be a problem with the samples grown as described 
above and used in the present work. The qual i ty of the 
agreement  between the exper imental  and calculated 
rate constants, which is evident  in the data of Tables I 
and II, also lends credence to the values of ~Ag+ deter-  
mined  here. 

Conclusions 
The terminal  stages of the one-dimensional  sulfida- 

tion of bulk  silver by liquid sulfur  at 400~ when the 
rate determining step is diffusion under  a near  con- 
stant  concentrat ion gradient  has been accepted as one 
of the best proofs for the correctness of the Wagner  
theory for such processes (19). It also affords a good 
example of a chemical reaction rate proport ional  to the 
affinity of the reaction. The present  work confirms 
that at temperatures  lower than  400~ the parabolic 
rate law is still obeyed. It is also seen that  rate con- 
stants in excellent agreement  with the exper imental  
values may be calculated using the Wagner  equation 
provided that allowance is made for the departure from 
equi l ibr ium which now occurs at the bu lk  Ag/Ag2S 
interface. New values for the silver part ial  ionic con- 
ductivi ty in a-Ag2S which are necessary for these cal- 
culations have also b e e n  determined. Further,  it has 
been shown that the extent  of the departure from 
equi l ibr ium at the Ag/a-Ag2Sin te r face  depends on the 
part icular  sample of high pur i ty  silver being used. 
Specimens of three samples of high pur i ty  6 mm silver 
rods have been shown to behave quite differently when 
exposed to identical exper imental  conditions. The order 
of increasing rate constant was found to correspond 
qual i ta t ively with the order of decreasing impur i ty  
concentrat ion but  it was also shown that the rate con- 
stant could be influenced by preanneal ing  the silver 
sample to increase the grain size though no clear-cut 
correlation was found. What is evident  however is 
that some property of the bulk  silver must  be re-  
sponsible, at least partly, for the observed differences 

in behavior and it is obvious that  a detailed examina-  
t ion of the Ag/Ag2S interface is essential so that  an at-  
tempt may be made to reveal the atomistic mechanism 
involved in the t ransfer  of silver from bulk  silver to 
a-Ag2S during the sulfidation reaction. This is espe- 
cially t rue in the l ight of the results of Corish and 
O'Briain for the t ransfer  of silver from the vapor 
phase (20) and from silver whiskers (21) to a-Ag2S. 
They found that  once the silver atoms are free or 
readily available at active crystal positions they may 
dissolve readily in the solid without  an overpotential.  
Their  work together with the results of a controlled 
series of experiments  involving the electrochemical 
t ransfer  of silver from different samples of high pur i ty  
bulk  silver to a-Ag2S will  be discussed in  Par t  II 
which is to follow. 
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Electrochemical Studies at Silver/Alpha-Silver Sulfide Interfaces 
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Ag/Alpha-Ag2S Interface during the Sulfidation of Silver 
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ABSTRACT 

Measurements have been made of the overpotentials at the bulk  s i lver /  
a-si lver  sulfide interface dur ing the passage of neutra l  silver, silver ions, and 
electrons from three different samples of high pur i ty  silver across the in ter -  
face. A semilogarithmic relationship be tween the overpotential  and current  
density of silver was found in all cases in the temperature  range 220~176 
In  contrast with earlier results this relationship extended to the lowest cur-  
rent  densities measured. A more detailed s tudy of the three samples of silver 
was made at 260~ The exper imental  method employed was designed to ac- 
centuate any differences between the specimens being used and the re la-  
t ive behavior  of these samples has been characterized. A limited number  of 
measurements  were also made using preannealed silver samples. Possible rea-  
sons for the observed behavior are discussed, and the process is compared to 
that  prevai l ing during the one-dimensional  sulfidation of silver. 

By using ~-AgI as an  auxi l iary electrolyte it is pos- 
sible to investigate fluxes of neu t ra l  silver, of silver 
ions, and of electrons across the phase boundary  solid 
silver/~-Ag2S. Previous studies of this k ind  (1, 2) have 
sought to establish quant i ta t ive  relationhips between 
these three fluxes and the chemical potential  differ- 
ence of silver, the electrochemical potential  difference 
of silver ions and of electrons across the interface, re-  
spectively. Even although silver and ~-Ag2S are both 
p redominant ly  electronic conductors the inclusion of 
a-Agl  tablets as electron blocks can ensure that the 
electric current  measured dur ing the passage of silver 
represents the rate of dissolution of silver at the in te r -  
face and the process is thus analogous to that per-  
ta ining during the anodic dissolution of a metal  in  an 
electrolyte solution. The results which have been ob- 
tained wi th  this system have shown that while no over-  
potential  was observed during the t ransfer  of electrons, 
fluxes of either silver ions alone or of equivalent  quan-  
tities of silver ions and electrons (neutra l  silver) 
gave rise to measurable  overpotentials which were 
found to be effectively equal. This overpotential,  as 
might  be expected, has therefore been assigned to an 
ionic polarization. Rickert and O'Briain (1) also re-  
ported that a m i n i m u m  interface potential  was re-  
quired before any significant silver ion flux could occur 
while above this m i n i m u m  a semilogarithmic relat ion-  
ship was found between the silver ion current  density 
lag+ and the observed overpotential.  They represented 
these results by the following exper imental  equat ion 

iAg+ = A exp (BFE) [1] 

where A and B are dependent  only on temperature,  F 
is the Faraday constant, and E the re levant  overpoten- 
tial. The observed overpotentials have been used (3) to 
make quant i ta t ive  calculations concerning the un id i -  
mensional  growth of =-Ag2S on silver and also the 
l inear  growth rate which is observed in  the early 
stages of this reaction (4) 

It is now known (5) that  the extent  of the departure  
from equi l ibr ium which occurs at the silver/a-Ag2S 
interface dur ing the te rminal  stages of the one-di-  
mensional  sulfidation reaction depends on the par t icu-  
lar sample of high pur i ty  silver being used. Since 
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whatever  process does occur at this interface during 
the reaction is of basic importance in determining the 
sulfidation rate it was felt that it would be worthwhile  
doing the electrochemical experiments  necessary to re-  
investigate the various phase boundary  processes but  
using now three different samples of high pur i ty  silver. 
These samples were chosen to be similar  to those used 
in the sulfidation experiments  (5). Since all previous 
phase-boundary  work had employed only one k ind  of 
silver p re l iminary  experiments  were carried out which 
showed that the extent  of polarization during the 
t ransfer  of silver ions was, under  otherwise identical 
conditions, dependent  on the type of silver being used. 
This paper reports the results of a series of experiments  
designed to show clearly any differences in  the be-  
havior of these samples and also to seek to establish the 
effects of using preannealed samples in which the grain  
size had been increased. A detailed study was under -  
taken at 260~ and less extensive measurements  made 
at 220 ~ 300 ~ and 340~ 

One of the features of the earlier experiments  (1, 2) 
was the use made of the relaxat ion curves observed 
when  the silver current  being wi thdrawn from the 
a-Ag2S in a steady state was switched off. As will  be 
shown later, the fall in overpotential  which is observed 
is due to silver crossing the interface from the silver 
sample under  investigation and a dynamic current  
d e n s i t y  iAg,dyn may be calculated from the equat ion 

V dE dCAg 
iAg,dyn = ~ F - -  - -  [2] 

a dt dE 

where V is the volume of the sulfide, a the area of the 
interface, dE/dt is the slope of the relaxat ion curve at 
the stage in question and dcAg/dE (where CAg is the 
number  of equivalents  of s i lver /cm ~ of the sulfide) 
may be evaluated from the slope of a subsequent  
coulometric t i t rat ion (6) of the sulfide tablet. The 
curves which result  when these calculated dynamic 
current  density values are shown as a function of the 
overpotential  prove to be quite different from the cor- 
responding curves observed under  steady-state con- 
ditions. 

The present  reinvest igat ion includes a detailed study 
of relaxat ion curves. To this end the exper imental  ar-  
rangement  was designed to allow the lightest sulfide 
tablets possible to be used and computer  curve fitting 
routines were sui tably adapted to calculate the dy-  
namical  current  density curves. These curves are 
shown to vary with the par t icular  sample of silver. 
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Experimental 
Materials.--The three types of silver used for these 

experiments  were supplied as rods of 3 mm diameter  as 
follows: (i) Johnson-Mat they  Chemicals Limited, 
major  impuri ty,  copper <5 ppm, over-al l  purity,  
99.999%; (ii) Degussa Feinsilber, major  impurity,  cop- 
per  <300 ppm, over-al l  pur i ty  99.97%; (iii) Johnson-  
Matthey Chemicals Limited, major  impuri ty,  copper 
<50 ppm, over-al l  pur i ty  99.99%. These samples will  
be referred to as JMI',  DI', arid JM2', respectively, since 
they are identical With the samples used in the sul-  
fldation experiments  reported in (5) except for their 
physical sizes. A precision lathe was used to reduce 
the diameter of each specimen to exactly 2.50 mm for 
a length of about 4-5 mm from the end to be used in 
the experiment  and the specimens were then degreased 
as described previously. The silver iodide and silver 
sulfide used were of the same qual i ty and from the 
same sources as those described in (5) and their fab- 
rication into the various components utilized in the cell 
a r rangement  essential to the present  work will be de- 
scribed in the following section. The experiments were 
again carried out in  an atmosphere of oxygen-free 
nitrogen. 

Circuitry.--The basic circuitry is shown diagrammati -  
cally in Fig. 1 and was as suggested by Rickert and 
O'Briain (1). The fundamenta l  e lement  of this system 
is a cell of the type 

P t l A g  I AgI[  AgeS [ Pt [3] 

which may be studied under  both equi l ibr ium and dY- 
namic conditions and which employs a-AgI as an 
auxi l iary electrolyte. This compound is an almost 
pure ionic conductor, its silver part ial  ionic conduc- 
t ivi ty beng several orders of magni tude  greater than 
its electronic conductivity. Separate leads (Pt 4, Pt  5, 
and P t  6) were used to pass current  through the var i -  
ous parts of the cell and also (Pt 1, Pt  2, and Pt  3) to 
measure the resul tant  overpotentials at the s i lver /  
a-si lver sulfide interface. A small Ag/AgI  probe 
pressed against the silver sulfide tablet  near  this in ter -  
face and also the p la t inum probes  ensured that the 
potential  measurements  were not invalidated by po- 
larization phenomena.  When a d-c current  is passed 
between Pt 4 and Pt 6 ($1 left, $2 right) silver ions 
only cross the silver (Ag l ) / a - s i l ve r  sulfide interface. 
If, instead, a small voltage is applied between Pt 5 and 

Pt4 

Ag 1 

Pt 1 

Pt2 

H Ag 12 

Ag2S Pt 3 

Agl 1 

Ag 3 

I Pt 

$2 

Fig. 1. Basic circuitry to study the transfer of silver across the 
Ag/~-Ag2S interface. 

Pt 4 (S1 right, $2 left) an electronic cur ren t  only 
crosses the silver (Agl ) /= - s i lve r  sulfide interface. 
Final ly  a potential  applied between Pt 5 and Pt 6 and 
positive at Pt 5 (S1 right, $2 right) will  cause silver to 
be wi thdrawn to Ag3 from the Ag2S. As the chemical 
potential  of silver in  the silver sulfide decreases, silver 
from the silver sample Agl  in  contact with the sulfide 
will  be found to cross the interface and steady state 
may be at tained in  which an equal flux of silver goes 
from Agl  into the AgsS as leaves this phase through 
AgI 1 and Pt 5 as silver ions and electrons, respectively. 
The establishment of the steady state can be assumed 
once the chemical potential  of silver in  the Ag2S, as 
measured by the si lver-si lver iodide probe (Ag2/AgI2), 
remains constant. 

Three different overpotentials E12, E18, and Es~ may 
be measured when a current  of ions, electrons, or 
neutral  silver flows across the Ag/=-Ag2S phase bound-  
ary. These potential  differences are the emf's, re- 
spectively, of the cells 

Pt  2 I Ag 2 { AgI 2 { Ag2S { Ag 1 { Pt  1 [4] 

Pt  3 I Ag2S { Ag 1 { Pt  1 [5] 

Pt 2 { Ag 2 { AgI 2 ] Ag2S { Pt  3 [6] 

The analysis of these cells has been discussed in  detail 
previously (1) and these emf's are related to the 
differences in electrochemical potentials of silver ions 
and electrons and chemical potentials of silver across 
the interface by the following equations 

--FE~2 = nag§ (Ag2S) -- nag+ (Ag) [7] 

FEls : ~le- (Ag2S) -- me- (Ag) [8] 

FEB2 :/~Ag(Ag2S) -- ~Ag(Ag) [9] 

where ~ and ~ are the chemical and electrochemical 
potentials, respectively, and the subscripts have their 
usual meanings. It  is also evident from the analysis that 
the following relationship 

E82 : E12 -- E18 [10] 

should hold between the measured overpotentials. 

Apparatus.--The exper imental  a r rangement  of the 
cells whose operation has been described in the pre-  
vious section is shown in Fig. 2 (a) and (b).  This 
design evolved after considerable exper iment  in an 
effort both to reduce the size of the sulfide tablet to 
facilitate investigation of the re laxat ion curves and 
to increase the rel iabil i ty of the system over the 
lengthy time intervals  necessitated by the comparative 
study of the silver samples. The upper  AgI tablet  
shown was pressed under  100 kg cm-2  in a specially 
constructed die with two p la t inum electrodes em- 
bedded in its upper surface. It  was then drilled out 
in the shape shown and rested on a second AgI tablet  
which was also drilled and which was included to 
prevent  short circuiting caused by dendrit ic growth 
of silver through this substance. The Ag2S disks were 
3.4 m m  in diameter, 0.25 mm in thickness and each 
weighed 12.30 __+ 0.05 rag. They were punched from a 
larger tablet  which had been compacted at 6.1 • 10 a 
kg cm -2. The silver block corresponding to Ag 1 of Fig. 
1 and prepared as already described rested on the 
Ag2S tablet. Its shape avoided exper imental  diffi- 
culties arising from the occasional failure to exactly 
center the sulfide wafer  and the contact pressure was 
mainta ined at 6 kg cm -2, (similar to that used in the 
sulfidation experiments)  via a glass rod which passed 
outside the apparatus through a precision sliding gas 
tight seal. The Ag/AgI  probe electrode was made from 
6 mm glass tubing drawn into a tapering capillary 
which was cut and ground so that the nar rower  end 
could just  reach through the drilled hole to the upper  
surface of the upper  silver iodide tablet  but  no further.  
One of the consequences of this design was that  this 
Ag/AgI  probe was no longer on the same side of the 
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Fig. 2. Cell arrangement shown with the (a) and'(b) cross sections at O0~ 

a-si lver  sulfide tablet  as was the si lver block Ag 1. 
Fears that  this might lead to incorrect measurements  
of the overpotentials Ea2 and EI~ were al layed by the 
solution of the diffusion equat ion for the system which 
showed that  any concentrat ion gradient  across this 
thickness of sulfide will  fall to zero in  ~50 msec be-  
cause of the high value of the diffusion coefficient of 
silver in  =-AgeS (6). As shown the cell assembly was 
held in a steel support  uni t  and the necessary insula-  
t ion was provided by mica strips. The temperature  was 
measured using a pair  of Chromel-Alumel  thermo-  
couples and the entire system was held in  a 1 in. d iam- 
eter  Kovar  joint  at the center of an air-jacketed, 
nichrome wound  furnace  with tempera ture  control to 
bet ter  than  •176  

Procedure.--A number  of procedures have been de- 
scribed previously (1, 2) to establish steady-state  con- 
ditions at the Ag/a-Ag2S in~erface in  this type of 
experiment.  Essential ly these consisted of wi thdraw-  
ing a large current  of silver from the sulfide thus 
causing silver to flow from the silver rod under  in -  
vestigation into the sulfide. Then when a steady state 
had been established the current  was switched off and 
the relaxat ion process observed. These operations were 
repeated un t i l  the relaxat ion curves indicated that  a 
suitable reproducible contact had been established. The 
current  was then reduced successively thus obtaining 
new steady states. An al ternat ive method was to com- 
mence at a low value of the current  after reproducible 
contact was established and then to switch up the 
current  in  steps. These different procedures gave 
steady-state overpotentials which differed, at the same 
current  density and temperature,  by  as much as 10-15 
mY. 

As the main  objective of this work was to charac- 
terize the relative behavior  of the different silver 

samples, it was obviously desirable to adopt a s tan-  
dard procedure for every experiment.  Consequently, it 
was decided (i) to operate each exper iment  at one 
fixed current  of silver onty and at a given tempera ture  
and (ii) to cause the same quant i ty  of silver to be 
drawn across the Ag/~-Ag2S interface in every experi-  
ment. The major  disadvantage of (i) was that it 
greatly increased the number  of experiments  required. 
If there was a bui ldup of impuri t ies  at the phase 
boundary  then (ii) ensured that  for each sample of 
silver, the quant i ty  of silver which had crossed the 
phase boundary  when measurements  of the over-  
potentials were made was the same in every experi-  
ment. Thus, at a current  density of 0.75 A cm -2, the 
system was operated for 1 hr, at 0.375 A cm -2 for 2 hr 
and so on to 64 hr at 0.0117 A cm-~. The quant i ty  of 
silver which crossed the interface in every exper iment  
was then a length of 2.9 m m  of the silver rod which 
corresponds to ] uni t  in the overpotential  traces shown 
later  in Fig. 3. The exper imental  procedure followed 
was to withdraw a fixed current  of silver from the 
silver sulfide while E~2 was moni tored continuously 
using a Honeywell  Elektronik 19 recorder. When a 
steady state was eventual ly  achieved the current  den-  
sity of silver crossing the interface was readily cal- 
culable. After  the appropriate quant i ty  of silver had 
crossed the interface, the steady-state values of EI~ 
and Ela were measured. A relaxat ion curve of Es~ vs. 
t ime was now observed by switching the current  cir- 
cuit off. By switching on again, the steady state could 
be regained, after an interval  which was a function 
of the cur ren t  density, and fur ther  re laxat ion curves 
were taken. The adequacy of the response t ime of the 
recorder (F.S.D. <0.5 sec) for the purpose of observ- 
ing these curves was checked by also using an oscillo- 
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Table I. Steady-state overpotentials observed when silver ions (E12), electrons (El3), and 
neutral silver (E32) cross the Ag/c~-Ag2S interface from three kinds of unannealed high-purity 

silver at 260~ All overpotentials expressed in millivolts. 

C u r r e n t  
d e n s i t y  S a m p l e  J M I '  S a m p l e  J1YI2' 

( A / c m  ~ )  E :~  E ~  Ea~ E ~  E ~  E ~  Ez~ 
S a m p l e  D I '  

Em E ~  

0 . 3 7 5  1 2 8 . 0  - -  i . 7  1 3 0 . 0  1 4 5 . 0  - -  3 .6  1 5 0 . 5  1 9 0 . 0  --  3 .5  1 9 2 . 0  
0 . 1 8 7 5  1 2 1 . 0  - -  1 .4  1 2 3 .0  1 3 9 . 5  --  0 .S  1 4 2 . 0  1 8 0 . 0  - -  3 . 0  1 8 2 . 5  
0 . 0 9 3 8  103 .0  - -  0 . 6  1 0 4 . 0  1 3 2 . 0  - -  0 .5  1 3 3 . 0  1 7 3 . 5  --  1 .3  1 7 5 . 0  
0 . 0 4 6 8  8 7 . 0  --  0 .7  9 0 . 0  119 .5  --  0 . 7  1 2 2 . 0  16,7.0 - - 2 . 5  1 8 9 . 0  
0 . 0 2 3 4  8 2 . 0  --  1 .9  8 4 . 0  1 0 7 . 0  - -  0 . 9  1 1 0 . 5  1 5 8 . 5  --  5 . 0  1 6 4 . 0  
0 . 0 1 1 7  6 9 . 5  - -  0 .4  6 9 . 0  1 0 0 . 5  - -  0 . 5  1 0 4 . 0  1 5 1 . 0  --  4 .1  1 5 5 . 0  

scope fitted with a Polaroid a t tachment  to record t r an -  
sients. 

Results and Discussion 
The basic results with respect to the magnitudes of 

the observed overpotentials are summarized in  Table 
I which gives data at 260~ for the three kinds of 
silver. The measurements  of this kind made in this 
study show that: (i) when  electrons alone crossed the 
Ag/~-Ag2S phase boundary  El2, E13, and E82 were all 
less than 1 mV; (ii) when silver ions alone were 
transported, the measured values of E12 were approxi-  
mately equal to those of E82 while E18 never  exceeded 
4% of the E32 value;  (iii) the potential  differences 
during the t ransfer  of equivalent  amounts  of silver 
ions and electrons were the same as those observed 
during the transfer  of silver ions alone; and (iv) Eq. 
[8] was, in  general, obeyed. These observations are in 
agreement  with the previous work on this system (1, 2) 
and also with the more recent  results of Rickert et al. 
for the Ag/~-Ag2Se and Ag/~-Ag2Te interfaces (7). 
As we shall see later  (Fig. 4) the semilogarithmic re-  
lationship between the silver current  density, lag, and 
the relevant  overpotential,  E32, found previously is also 
confirmed but  in contrast  to the earlier work this 
relationship was now found to extend to the lowest 
current  densities measured. The detailed results of the 
comparative study of the silver samples will be dis- 
cussed~in the following sections. 

Unannealed si lver.--The overpotential  traces for the 
three silver samples at 260~ and at a current  density 
of 0.375 A c m  -2 are shown in  Fig. 3. In  the in terpre-  
tat ion of these traces it should be remembered that  1.0 
units  of silver consumed corresponds to 2.9 mm length 
of the silver rod. These curves are typical of those ob- 
served at other current  densities and other tempera-  
tures and the following general  conclusions could be 
drawn concerning the behavior of the various silver 
samples. JMI '  was characterized by a short induct ion 
period at high overpotentials, followed by a rapid drop 
t o  near  zero E32 values and finally, after ~0.25 units  

2 0 0  

260~ 
-2 

0.375 A c m  

W 
4O 

I I I 
0.2 0 4 0.6 0.8 1.O 

u n i t s  A g  consumed 
Fig. 3. Overpotential traces at 260~ and a current density of 

0.375 A cm -2 .  The traces shown are: curve i ,  J M ] ' ;  curve 2, Jh42'; 
and curve 3, DI' samples of silver. 

of silver have crossed the interface, by a rapid rise to 
an overpotential  --~20 mV below the steady-state value 
which was reached typically after 0.6 uni ts  had been 
consumed. The behavior  of JM2' differed from that  of 
JMI '  in the following ways. Firstly, the overpotentials 
at tained after the rapid drop were not quite so low; 
secondly, the rapid rise occurred after only about 0.1 
uni ts  had passed; and thirdly, the steady-state over-  
potentials were ,--20 mV higher than those observed 
from JMI '  at every silver current  density measured. 
The DI '  silver was quite different in behavior to the 
two samples of Johnson-Mat they  silver. Vir tual ly  no 
induct ion period was observed before E32 fell to a value 
which was, at most, 20 mV below the value observed 
after 1.0 units  had crossed the interface. The m i n i m u m  
in E32 was observed after ~0.05 units  had passed and 
this was followed by a slow rise unt i l  ~0.3 uni ts  which 
was followed in  t u r n  by  an even slower rise. Even after 
1.0 units  of silver had been consumed no t rue steady 
state was observed ,and E32 continued to rise slowly. 
Fur thermore  the values of E3~ now measured were 
40-50 mV higher than  those observed for the JM2' 
silver at the same current  densities. 

The semilogarithmic relationships between the silver 
current  densities, iAg, and the overpotentials,  E32, ob- 
served for each of the silver samples after 1.0 uni ts  had 
crossed the interface are shown in  Fig. 4. The extent  
of the bars shown on some of the points represent  
the l imit  of any oscillations of E32 at the t ime the over-  
potential  was read. It is most impor tant  to emphasize 
that in contrast to earlier work each point now repre-  
sents a separate experiment  thus confirming both the 
validity of the relationship shown and also the repro-  
ducibi l i ty of the differences be tween the overpotentials  
observed for each sample. Also in contras't to earlier 
results (1,2), the semilogarithmic relationship was 
now shown to extend to the lowest current  densities 
measured. As is evident  from Fig. 4 the slopes of these 
plots for the various silver samples were almost iden-  
tical despite the large differences in the magni tudes  
of the observed E~2 values. These results are typical  
of those found at the other temperatures  (220 ~ 300 ~ 
and 340~ at which measurements  were made while 
the effect of temperature  on the semilogari thmic plots 
is shown for DI '  silver in Fig. 5. 

These results when considered with the fact that  the 
impur i ty  content of JMI '  is less than  that  of JM2' 
which in  tu rn  is very much less than that  of DI '  l e a d  
to a postulate that the abrupt  rise from near  zero 
poter~tials, observed for the first two is due to the 
bui ldup of a critical quant i ty  of impuri t ies  at the 
Ag/~-Ag2S interface. The passage of 0.25 units  (i.e., a 
length of 0.7 mm) is required in  the case of JMI '  while 
0.10 units of the more impure  JM2' suffice for the same 
purpose. This effect is not, of course, observed for 
the DI '  specimens. The major  impur i ty  in the three 
silver samples was copper in concentrat ions of 5, 50, 
and 300 ppm, respectively, but  in the absence to date 
of detailed experiments  using specifically doped sam- 
ples no decision can be made as to whether  the cop- 
per, or some other impuri ty,  perhaps present  in trace 
quantities, was responsible for the sudden rise to 
higher overpotentials. Since the magni tude of the over- 
potentials observed here correlate with those reported 
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Fig. 4. Semilogarlthmic plot of c u r r e n t  density vs. steady-state 

overpotentials at 260~ Data for unanneoled silver (O)  and for an- 
nealed silver (11) and the lines shown are fitted to the data as fol- 
lows: line 1, JM1 unannealed; line 2 JM2' unannealed; line 3, DI' 
annealed; and line 4 DI' unannealed sample of silver. 
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Fig. 5. Semilogarithmic plots of current density vs. steady-state 

overpotential at 220 ~ 260 ~ 300 ~ and 340~ for DI' silver. 

dur ing  sulfidation of comparable silver samples (5) 
and since it  has also been shown that  changes in  grain  
size effected by preannea l ing  influence the sulfidation 
kinetics, a series of phase boundary  experiments  were 
now under taken  using annealed silver samples. 

Annealed s i l ver . - -The  anneal ing  of the remaining  
samples of each type of silver was carried out at 660~ 
in vacuo for 100 hr. A metal lurgical  examination,  as 
described in  (5), followed and indicated that  once 
again the grain sizes had been increased. Because of 
the l imited supply of silver remaining  the phase bound-  
ary experiments  for the annealed samples were con- 
fined to measurements  at 260~ only. It  had been ex-  
pected, bear ing in mind  the results of the sulfidation 
experiments  with the annealed samples (5) that there 
would be a lowering of E~2 for each of the annealed 
silver samples. In  fact, only very  small  differences in  
behavior were observed between these samples and 
the unannea led  specimens. The overpotential  vs. t ime 
traces for JMI '  and JM2' annealed samples were quite 
similar to those shown in  Fig. 3 for the unannea led  
samples while the steady-state  overpotentials a t ta ined 
were almost the same as those recorded previously. 
The pa t te rn  of behavior  which emerged from these 
experiments  is shown in  Fig. 4 where the exper imental  
results for annealed JMI '  and JM2' are seen to fall 
close to the best-fit l ines through the unannea led  data. 
In  contrast all data for annealed DI '  lie consistently 
lower by ~7  mV and are fitted by the broken line. 
These results were therefore surpris ing in  view of the 
sulfidation data (5). In  this case it could not  be 
claimed that  increasing the grain size in  the samples 
led, in general, to a lowering of the interface over-  
potential. 

Relaxation curves . - -The  re laxat ion curves obtained 
when the current  was switched off in the steady state 
corresponding to each current  density measured at 
260~ for JM2' silver are shown in Fig. 6. These curves 
are typical of those observed at all temperatures  for 
both JMI '  and JM2' silver. All  were perfectly smooth 
with decreasing slope and the  curves for these two 
kinds of si lver were, in  general, superposable for the 
init ial  40-50 mV of the drop to zero. The re laxat ion 
curves for DI '  silver were quite different and that  
obtained at 260~ from the steady state corresponding 
to a current  density of 0.0117 A cm -2 is compared with 
the curves obtained unde r  identical  circumstances for 
both the Johnson-Mat they  samples in  Fig. 7. As is 
evident  the curve for DI '  silver contained a point  of 
inflection which was also a feature in  all  the curves 
for this sample except those originating from the 
steady states corresponding at each tempera ture  to the 

160~- - -  

260  ~  

> 12o 

ILl 4o  

0 2 4. 6 8 I0 

t i m e ,  s e c s  

Fig. 6. Relaxation curves at 260~ for JM2' silver. The steady 
states from which the curves originate result from the following 
steady-state current densities in A cm-~: curve 1, 0.375; curve 2, 
0.1875; curve 3, 0.0938; curve 4, 0.0468; curve 5, 0.0234; and 
curve 6, 0.0117. 
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Fig. 7. Comparison of relaxation curves at 260~ from steady 

states resulting from a current density of 0.0117 A cm-~; curve 1, 
JMI'; curve 2, JM2'; nnd curve 3, DI' silver samples. 

largest cur rent  density (0.375 A c m  -2) employed. As it 
was possible to again a t ta in  the same steady state by 
again switching on the appropriate current  fur ther  
re laxat ion curves could be observed. These subsequent  
curves for the Johnson-Mat they  samples were found to 
be quite reproducible, i.e., superposable, but  those for 
the DI '  si lver were not. In  the lat ter  case repeated 
taking of re laxat ion curves caused an increase in  the 
degree of inflection with the result  that Es2 fell more 
rapidly to zero. The relaxat ion curves of El2 for DI '  
silver also had a point of inflection, while those for Eis 
showed a step which occurred at a t ime corresponding 
to jus t  before the onset of inflection in the Es2 and E12 
curves. This would suggest the operation of a two- 
stage relaxat ion process in  the case of the DI '  silver, 
and although there have been indications in  earl ier  
work also using Degussa Feinsi lber  (2) that  this might 
be the case, we can, on the evidence current ly  avail-  
able, offer no explanat ion  as to the cause. 

To calculate iAg,dyn, the dynamic silver current  den-  
sity across the Ag/a-Ag~S interface at any value of 
E82, coulometric t i trat ions (6) were first carried out 
on tablets of the same weight as those used in all 
experiments.  These curves were then computer  fitted 
using a polynominal  regression rout ine which also 
evaluated dE32/dt. A similar program for the re laxa-  
t ion curves evaluated not only the slopes ~ but  also the 
iAg,dyn at given values of Es2 using data from the fit 
to the coulometric curve in Eq. [2]. The dynamic cur -  
rent  densi ty curves resul t ing from the relaxat ion 
curves of Fig. 6 are shown in  semilogarithmic form in 
Fig. 8 and once again are typical of the curves obtained 
for JMI '  and JM2' samples at all the temperatures  at 
which measurements  were made. Figure 9 shows the 
iAg,dyn curves for the  relaxat ion traces of Fig. 7 and 
the point of inflection for DI '  silver now manifests 
itself as a max imum of current  density. The curve itself 
from 100 mV down approximates to that observable 
for the relaxat ion current  of a Johnson-Mat they sam- 
ple from a steady state corresponding to approximately 
twice the current  density. A comparison of Fig. 8 and 9 
with Fig. 4 shows clearly that, as had been found pre-  
viously, the relationship between i A g ,  dyn  and E~2 dur ing 
a relaxation process was quite different from that  
which existed between the current  densities and over-  
potentials in the steady states. Since the dynamic 
current  densities at the same stage (same value of 
E82) of the different relaxat ion processes are quite 
different it is also evident that  the dynamic current  
density also depends on the steady state from which 
the relaxat ion began. Fur thermore  the re laxat ion be- 
havior is now also seen to depend on the part icular  
sample of silver being used. 
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Fig. 8. Semilogarithmic plots of dynamic silver current density 

vs .  overpotential at 260 ~ for JM2' silver calculated from relaxation 
curves of Fig. 6. The current densities, in A cm -2,  which produced 
the original steady states are as follows: curve 1, 0.375; curve 2, 
0.1875; curve 3, 0.0938; curve 4, 0.0468; curve 5, 0.0234; and curve 
6, 0.0117. 
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samples. 
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General Summary 
The principal  results from this invest igat ion of the 

bu lk  s i lver /a-s i lver  sulfide interface show that  the 
interface potentials are dependent,  as might  have been 
expected from the sulfidation results (4), on the type 
of high pur i ty  silver used. It  has also been shown that 
the semilogarithmic relat ionship between the silver 
current  density and the overpotential  which had been 
thought to exist only above certain critical overpoten-  
rials (1) in  fact extends over the ent i re  current  density 
range measured (i.e., 0.75 A cm-~ to 0.0117 A cm-2) .  
The previously observed critical overpotentials below 
which the overpotential  became independent  of the 
current  density were used (1) to expla in  the steady 
overpotentials observed at the Ag/a-Ag~S interface 
during the sulfidation reaction. In  view of the new 
resuclts presented here these steady overpotentials may 
be explained as follows. The ini t ial  stages of the sul-  
fidation reaction proceed rapidly so that  by  the t ime 
steady overpotentials are observed the sulfide layer  is 
reasonably thick. It is obvious from inspection of the 
parabolic equat ion [Eq. [1] of Ref (5)] that  for the 
silver flux to decrease by a factor of two, the sulfide 
layer  thickness must  have increased by the same 
factor. This may take a t ime of the order of hours as, 
in general, the supposed steady-state is reached after 
approximately 2-3 hr. When the current  density is 
ha lved  the overpotential, E~2, drops by no more than 
a few mill ivolts  (e.g., at 260~ for DI '  silver E~2 is 
diminished by ~8  mV if ihg is halved) .  Counteracting 
this tendency of E32 to decrease is the fact, already 
commented upon, that at a fixed current  density E32 
for DI '  silver continues to rise as more silver crosses 
the phase boundary.  Thus a pseudo steady state may 
well  be observed at the Ag/a-Agg_S interface during 
the formation of compact sulfide layers. Fur ther  efforts 
were made, by using preannealed silver samples in 
which grain  size had been increased, to obtain re-  
sults corresponding .to those reported in recent sulfida- 
t ion experiments  (5). These attempts were somewhat 
surpris ing since only a small  effect was found and 
that only in  the case of DI '  silver. A correlation was 
found to exist between a possible bui ldup of impuri t ies  
at the interface and the magni tude of the observed 
overpotentials. However, it is felt that  a series of ex- 
periments  in  which the impur i ty  levels in  the silver 
are systematically varied will  be required before any 
definite conclusion may be reached as to the precise 
causes of these overpotentials.  

The na ture  of the polarization is nonohmic while 
the relaxat ion behavior  indicates that  the exact con- 
dit ion of the interface is involved. O'Briain (2) pro- 
posed a polarization model based on an activated proc- 
ess, as suggested by Eq. [1], in which a silver ion on a 
surface site was assumed to have to surmount  an en-  
ergy barr ier  to reach a similar  site on the a-AgeS. 
This model is, however, unacceptable if applied to the 
data for a-Ag2S since it requires t ransfer  coefficients 
appreciably larger  than unity. Rickert et al. (7) also 
discussed this model but  showed that  it was s imilar ly 
unacceptable for their  observations of the Ag/a-Ag2Se 
and Ag/~-Ag2Te interfaces. 

Since the net  result  of the process occurring at the 
block silver/~-Ag2S interface is the dissolution of one 
solid into another  any at tempt to elucidate the atom- 
istic mechanism must  consider the crystal s tructures 
of both substances. The a-Ag2S structure (8) might 
be expected to be well  suited to accept silver since 
the effective n u m b e r  of available silver sites per uni t  
cell has  been estimated at almost six with only four 
silver ions accommodated (9, 10). As we have already 
ment ioned the interdiffusion coefficient for silver (6) 
in this solid (,--3 • 10 -e  cm e sec -1 at 400~ is suffi- 
ciently high to el iminate concentrat ion gradients 
rapidly and so the dissolution process may well depend 
pr imar i ly  on the part icular  form in  which silver atoms 
are presented at the sulfide surface. In  this respect 
two previous reports from this laboratory have con-  

sidered the silver vapor/a-Ag2S and silver whisker /  
~-Ag2S interfaces. Silver vapor (11) impinging on the 
surface of an a-Ag2S tablet  was found to be incorpo- 
rated readily into the solid. If the sulfide was made a 
part  of a suitable electrochemical cell then  it was 
found possible using very small  overpotentials (<1 
mV) to main ta in  a steady state in which the silver 
enter ing the tablet from the vapor phase was balanced 
by a corresponding electrochemical wi thdrawal  of sil- 
ver through the cell. The silver whiskers (12) were 
first grown electrochemically on preferent ia l ly  nu -  
cleated sites on a sulfide tablet  and the subsequent  
t ransfer  of silver across the Ag(whisker ) /a -Ag~S in-  
terface was found to occur with the application of 
very small  overpotentials. Typically a current  density 
of 0.5 A cm -2 was achieved with overpotentials of ,~2.9 
mV and 2.2 mV at 220 ~ and 300~ respectively, which 
processes would be expected to require overpotentials 
well in  excess of 100 mV for samples of block sil- 
ver. The very small overpotentials observed at the 
Ag (whisker) /~-Ag2S interface, and similar  observa- 
tions have now been made at the Ag (whisker) /a-Ag2Se 
interface (13), were a t t r ibuted to the presence of screw 
dislocations in the whiskers (14), the si tuat ion being 
analogous to that reported by Vermilyea (15) for the 
electrolytic growth and dissolution of copper whiskers 
in solution. It was also emphasized (12) that  the, spe- 
cial na ture  of the microcontact expected to be at tained 
at the Ag(whisker ) /a -Ag2S when the whiskers were 
actually grown in situ almost certainly significantly 
influenced the magni tude of the observed overpoten- 
tials. Unfor tunate ly  attempts to distinguish the part  
played in the silver t ransfer  process by the presence 
of dislocations from that result ing from the nature  of 
the microcontact were not successful. What is clear, 
however, from the vapor and whisker work is that 
silver atoms presented either free or at suitable active 
crystal positions may be very easily incorporated into 
~-AgzS. 

The behavior of the bu lk  silver studied here at the 
chalcoSenide interface is presumably  much more com- 
plex. The a t ta inment  of an adequate microcontact is 
obviously difficult and sinde each sample has a differ- 
ent grain size and orientation, and most probably  a 
different defect structure, the facility with which silver 
atoms are removed from the bu lk  silver may be ex- 
pected to vary. These factors will then influence the 
exact na ture  of the interface and hence the magni tude  
of the overpotentials.  Our results also indicate that  
any completely successful model must  also take ac- 
count of the possible influence of a bui ldup of im- 
pur i ty  atoms at the interface, al though the role of 
these impurit ies is at present  less clear. 
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ABSTRACT 

A readily instrumented and conducted nondestructive technique to deter- 
mine the state of charge of zinc-mercuric oxide primary cells has been de- 
veloped and preliminary results obtained. Measurements of the current vs. 
voltage (I-V) characteristics, the a-c impedance, the electronically sampled 
derivative at different sampling currents and frequencies, and the discharge- 
time characteristics of the cells as a function of charge expended have been 
made and reported. The nearly constant slopes of the I-V curves above 75 mA 
were measured graphically. It was found that these slopes have a linear 
relation to charge expended and can be used as a basis for a simple state-of- 
charge indicator which determines remaining charge to about 12%. By com- 
bining this criterion with a-c resistance measurements the maximum experi- 
mental deviation was found to be less than 10% with 90% of the data points 
deviating less than 6% from the mean linear curve. These studies indicate 
that this technique constitutes a useful, easily applied state-of-charge tes~. 

There has been a long standing need for a reliable, 
nondestruct ive state-of-charge test for many  of the 
most commonly used pr imary  cells. Attempts have been 
made in the past to l ink some output characteristic 
of a cell to its remaining  charge, but  invar iably  the 
result ing relationship was found to be either too in-  
sensitive, too in te rna l ly  inconsistent,  or too variable 
from cell to cell. The results of one of the more in te r -  
esting of these attempts were published by Sandia 
Laboratories in 19'70 (1,2). This indicator was de- 
veloped to improve the probabil i ty  of selecting bat-  
teries having a state of charge exceeding 80% of 
capacity. The calibration curiTes obtained were ex- 
t remely sensitive to discharge rates and temperatures 
as well as storage times and temperatures.  In this 
technique, mercury  cells were subjected to a series 
of large-current ,  pulsed discharges, each corresponding 
to a known remaining charge. Certain dimensions of 
the result ing pulse were measured graphically and 
combined mathematical ly  to obtain a single parameter  
which was then plotted against the corresponding 
charge of the cell. Attempts to apply the Sandia tech- 
nique to zinc-mercuric oxide pr imary  cells were made 
at the U.S. Army Electronics Command, Fort Mon- 
mouth, New Jersey (3), and Mallory (4) without 
success, and the experiments  were discontinued. 

Accordingly, it was decided to investigate the pos- 
sibility of uti l izing the parameters  of current  vs. 
voltage (I-V) curves as state-of-charge indicators. 
Examples of such curves are shown in Fig. 1. The 
near ly  constant slopes of the I-V curves at discharge 
currents above 75 mA show sufficient sensit ivity to 
state of charge to suggest their uti l ization as an in-  
dicator. Accordingly, it was decided to investigate 
this possibility as well as the effect of the state of 
charge on both the cell a-c impedance and differential 
resistance. 

K e y  w o r d s :  z i n c - m e r c u r i c  o x i d e  or  m e r c u r y  ceils,  c u r r e n t  vo l t -  
a g e  (I-V) c h a r a c t e r i s t i c s ,  s t a t e  of  c h a r g e ,  p o l a r i z a t i o n  r e s i s t a n c e ,  
i n t e r n a l  r e s i s t a n c e .  

Experimental 
Two different types of cell were used: seven ~RM4R 

cells denoted A1-A7 and four RM4H cells denoted B1- 
B4 with nominal  voltages of 1.35 and 1.40V, respec- 
tively. All cells were discharged at room temperature  
(22 ~ _ 2~ The A cells were stored for varying 
periods of time (2-7 months) at room temperature  and 
the B cells were refrigerated at about 8~ for several 
months before being tested. A schematic representa-  
tion of the experimental  apparatus is shown in Fig. 2. 
Only the portion enclosed by the dotted l ine is needed 
to obtain the I-V curves. The lat ter  are obtained by 
use of a forced discharge, that is, a discharge through 
a power supply in the constant  current  mode. When 
operated at constant  current  the power supply be- 
haves as an active variable load to main ta in  a par-  
t icular current  which is set by manua l  adjus tment  of 
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Fig. 1. The I vs. V curves of cell A6 at different states of 
charge. 
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tively. All cells were discharged at room temperature  
(22 ~ _ 2~ The A cells were stored for varying 
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Fig. 2. The circuit employed in the I -V  as well as the differential 
a-c resistance measurements. 

the bias on the 2N2219 transistor. An  I-V curve is 
traced on an X-Y recorder by increasing the current  
from 0 to 150 mA in 30-40 sec. Cycling times from 
25 sec to 2 m in  yield essentially the same result. Sig- 
nificantly shorter  cycling times were not possible due 
to the time constant of the recorder as well  as the 
erratic response from rapid manua l  control of the 
current  sweep. If the sweep is in ter rupted  and the 
current  is kept constant, the voltage of a cell having 
sustained major  discharges will ini t ia l ly  tend to drift 
downward.  For example, if the sweep is hal ted at a 
current  of 30 mA, the voltage drifts downward at a 
rate of about 2.5 mV/sec. 

As Fig. 1 illustrates, the slope above 75 mA of the I -V 
curves decreases monotonical ly with the total charge 
expended. In  general, the slope of each curve varies 
with current  up to about 75 mA, above which it be-  
comes near ly  constant. Small  local irregulari t ies in  
the I-V curve due to the discrete na ture  of the elec- 
trochemical processes and the inevitable roughness 
of manua l  current  cor~trol made consistent definition 
of a tangent  at a point  impracticable. It was, there-  
fore, necessary to measure the slope not of a tangent  
but  of a secant drawn through the curve over a small 
but  finite voltage interval .  This procedure effectively 
smoothed out local irregulari t ies thus permi t t ing  defini- 
t ion of an effective d-c differential resistance. The 
voltage interval  (AV) chosen was 0.1V and the low 
current  boundary  of the in terval  was taken  at 75 mA 
as i l lustrated by the dashed tr iangle in Fig. 3. 

The state of charge was usual ly  obtained by s tar t -  
ing with new cells and discharging them through fixed 
loads at currents  ranging from 30 to 80 mA, since 80 
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Fig. 3. Typical (dVIdl)Ac vs. V and I vs. V curves of a cell at 
two different states of discharge. 
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mA is the upper  ra t ing  of these cells for practical 
use. A graphical recording was kept of current  vs. 
t ime so that the charge expended, AQ~, was obtained 
from the area under  the resul t ing curve. Typical  dis- 
charges were of the order of 0.4 A-hr.  The total charge 
expended, Q, was obtained by summing all discharges, 
i.e., Q = ~iAQi. The I -V curves were obtained at least 
16 hr subsequent  to each discharge. T h i s  in terval  be :  
tween discharge and state-of-charge measurement  gave 
the ceil t ime to reach chemical equi l ib r ium and insured 
consistent results. The 16 hr  period was convenient  
for .our measurement  schedule and could possibly be 
shortened to as little as an hour  or less. The charge 
losses ( ,-7 • 10-4 A-hr )  associated with the mea-  
surement  of the I-V curves were less than  0.2% of 
a typical discharge and, therefore, negligibly small. 
For convenience several cells were sometimes dis- 
charged s imultaneously  by connecting them in series. 
The series combinations used were A1, A2, A3; B1, B2; 
and B3, B4. 

Plots of slopes, (AV/AI)~5 vs. total discharge Q 
for several cells are shown in  Fig. 4. Note that  the 
relationship is invar ian t  with the discharge rates in -  
dicated and between the two different types (A and 
B) of cells tested. The measurements  for A4 and A5 
are not included since they were discharged at the 
abnormal ly  high average currents  of 120 and 175 mA, 
respectively. At the beginning  of each discharge of 
cell A5 the init ial  current  was 250 mA. The current  
declined gradual ly  to some cutoff value (ranging from 
100 to 190 mA) after which the decrease became much 
more abrupt. As soon as this steep falloff commenced, 
the discharge was terminated.  The average current  
dra in  over the discharge period was taken to be 175 
mA and is referred to as such in the figures. The 
discharge current  of cell A4 was held constant  at 
120 mA although maintenance  of this value necessi- 
tated a slight load decrease in the course of the dis- 
charge. 

To obtain the differential a-c resistance (dV/dI)Ac, 
all of the apparatus of Fig. 2 is employed. A small 
a-c signal is superimposed on the direct current  for 
which (dV/dI)Ac is desired (5). For greater  sensi- 
t ivi ty the resul tant  voltage is nul led and measured 
with a differential lock- in  amplifier. The resistance 
scale was calibrated by subst i tut ing a precision wire-  
wound resistance decade box for the cell. That  (dV/  
dI)Ac cannot be used in lieu of the d-c differential 
resistance (AV/AI)7~ is clearly i l lustrated by the curves 
of Fig. 3 which show that while (AV/AI)?5 increases 
by about 50% after a 2.35 A-hr  discharge, the corre- 
sponding change in (dV/dI)Ac is only about 3%. The 
discrepancy between these measurements  appears to 
be in accord with the l i terature.  Vinal  (6), for ex- 
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Table I. Measurements made on cell AI as a function of total discharge, Q. AT is the time elapsed 
from the end of a discharge to the start of the measurement. 

A T  ( h r )  m 63 24 16 16 16 16 16 16 68 16 16 

( d V / d I )  Ae a (ohms) 0.893 0,940 0.858 0,837 0.893 0.906 0.950 0.988 1,23 1,49 1.74 1.59 
[AV/AI)T5 b (ohms)  1,15 1.72 1.96 2.06 2.44 2.44 2.50 2.7 2.99 3.17 3.51 3.44 

/~B (ohms) 0'.858 0.848 0.815 0.771 0.805 0.826 0.871 0.901 0.994 1.14 1.07 1.07 
Q (A-hr)  0.689 1.35 1.56 1.80 2.08 2.32 2.59 2.95 3.25 3.42 3.61 

a ( d Y / d I )  Ae is s a m p l e d  w i t h  an  a l t e r n a t i n g  c u r r e n t  of 10 m A  at  0.5 kHz. 
~, (~,V/AI)75 is speci f ied  b y  a &V of O.lV a n d  a l o w e r  c u r r e n t  v a l u e  of 75 mA.  

ample,  repor ts  his a -c  measurements  as lower  than  
the lowest  values  obta ined by  any d-c  measurement .  
The (dV/dI)Ac measurements  d isp layed in Fig. 3 were  
made  at the re la t ive ly  low f requency  of 0.5 kHz. Even 
at this low f requency  (dV/dI)AC is r e l a t ive ly  smal l  
compared  to (~V/~I)75. (dV/dI)AC was typ ica l ly  found 
to va ry  i r r egu la r ly  from 0.8 to 1 ohm, whereas  (~V/  
~I) 75 va r ied  l inea r ly  wi th  discharge f rom about  1.2 to 3 
ohms up to 90% of capacity.  Table I shows how these 
pa ramete r s  va ry  wi th  discharge for a typica l  cell. 
Nevertheless,  as wil l  be shown in resul ts  and discus-  
sion section, (dV/dI)Ac,  t aken  at zero direct  current ,  
is a useful  pa r ame te r  when used in conjunct ion with  
(AV/AI)75. However,  (dV/dI)AC should be measured  
at  f requencies  above 6 kHz, since in that  f requency 
region its va lue  was found to be independent  of cur -  
rent  and frequency.  Represen ta t ive  values  of (dV/ 
dI)Ac at this f requency are  shown in Table  II. A s im-  
i la r  observat ion has been made  by  others  using a-c 
br idge measurements  on d ry  cells (6) and s torage 
cells (7) except  that  the min imum frequencies  for  
constant  resul ts  were  lower,  3 and 2 kHz, respect ively.  
In  the  present  series of exper iments ,  most  of the  a -c  
resistance measurements  were  made  wi th  a Wayne -  
Ke r r  B221 universa l  b r idge  and Q221 low- impedance  
adapter .  These measurements  were  carr ied  out with 
a sampl ing  cur ren t  of 2 m A  at a f requency of 1592 Hz 
and are  re fe r red  to as RB. Above the cutoff f requency  
al l  a-c  resistances measured  by  the authors,  as wel l  
as those of Ref. (6) and  (7), were  independent  of 
sampl ing current ,  and were,  therefore,  assumed to 
represent  the t rue  (6) in ternal  resistance of the cell. 
The 0.5 kHz (dV/dDAc measurements  are  useless but  
the 1.6 kHz RB measurements  are  useful  es t imates  of 
in terna l  resistance.  

Results and Discussion 
It has a l r eady  been s ta ted that  RB essent ia l ly  rep-  

resents  the  in te rna l  resistance of the  cell. The differ-  
ent ia l  resis tance (~V/~I)75, which we consider to be 
a d-c  measurement ,  is a lways  la rger  than RB, and can 
be analyzed as a series combinat ion of the  ohmic in-  
te rna l  resis tance of the cell and the  current  dependent  
polar izat ion resis tance at 75 m A  (8-11). The polar iza-  
t ion is associated both wi th  exchanges of e lect r ica l ly  
charged par t ic les  be tween  electrode and e lec t ro ly te  
and with  changes in concentrat ion of react ing mole-  
cules or  ions in the  v ic in i ty  of the  e lectrode surfaces 
(8). The first component  of polarizat ion,  which is 
known as the  " t ransfer  polarizat ion,"  is dependent  on 
the cur ren t  dens i ty  at the  surface of an e lect rode and 

Table II. Measurements made an cell BI as a function of total 
discharge, Q. AT is the time elapsed from the end of a discharge 

to the start of the measurement. 

AT (hr) - -  71 30 26 66 25 23 

( dV /d I )  ACa (ohms) 0.869 0.811 0.775 0.714 0.833 0.796 0.777 
(&V/AI) ~5 b (ohms)  1.39 1.48 2.00 2.25 2.77 3.07 3.08 

RB (ohms)  0.904 0.83 0.835 0.766 0.856 0.851 0.908 
Q ( A - h r )  0,711 1.30 1.95 2.34 2.95 3.28 m 

a ( d V / d I ) A c  is s a m p l e d  w i t h  an  a l t e r n a t i n g  c u r r e n t  of 10 m A  
at  6.2 kHz. 

b (AV/AI )Ae  is  specif ied b y  a AV of  0.1V a n d  a l o w e r  current  
v a l u e  of 75 mA.  

therefore,  for  a given current ,  on the  electrode 's  su r -  
face area. Since the  a rea  is usual ly  re la ted  to the  
amount  of active ma te r i a l  present  at a given t ime,  
it  reflects the cell 's s ta te  0s charge. The second com-  
ponent  or "concentra t ion polar izat ion"  depends on 
the diffusion and react ion rates  of the  chemical  con- 
s t i tuents  of the  cell. Since these processes a re  also 
dependent  On the amount  of act ive mate r ia l  present ,  
they  must  also reflect the  sta, te of charge of the  cell. 
The in terna l  ohmic resistance, however ,  may  fail  to 
reflect the s ta te  of charge of the cell due to offset- 
t ing changes in the  resis tance of the  components  of 
the cell  (8). 

Polar iza t ion  occurs only when  a current  flows, and 
it increases wi th  current .  The sign of the polar izat ion 
is such as to reduce the  t e rmina l  vol tage of a cell 
dur ing discharge and, therefore,  has the  same effect 
as an added resistance. I t  would  seem then, tha t  since 
it is the  polar izat ion resistance, Rp, which var ies  most 
s t rongly  wi th  s ta te  of charge, it  should be the best  
indicator.  I f  RB is app rox ima te ly  the  in te rna l  ohmic 
resistance at  all  currents  and  (~V/~I)75 is the  d-c  
differential  resistance, then  RpB ---- (AV/AI)75 --  RB 
is an approx imat ion  to the polar izat ion resistance at 
75 mA. Since RB is r e l a t ive ly  insensi t ive to state of 
charge it might  seem that  i ts subt rac t ion  f rom (AV/ 
AI)75 is unnecessary.  This is app rox ima te ly  correct  
for cells which have  been  dra ined  at  normal  cur rents  
and have not  been otherwise  abused. For  such cells 
(~V/~I)75 varies  l inear ly  wi th  total  discharge Q 
throughout  the l i fe  of the  cell. This is i l lus t ra ted  in 
Fig. 4 where  the  nine no rma l ly  used cells are seen 
to follow essent ia l ly  the  same re la t ionship  f rom which 
s tate  of charge can be de te rmined  to wi th in  about  12%. 
The sharp change in slope at Q ~ 3.3 A - h r  indicates  
the final stage of ba t t e ry  life by  reflecting the dramat ic  
increase in the  in te rna l  resis tance dur ing  tha t  stage. 
F igure  5 contrasts  the  RB'S for the  two cells (A4 and 
A5) which had undergone  abnorma l ly  high discharge 
currents  width two of the  cells which had  been  dra ined  
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A 1  o ) 8 0 _ 6 0  r n A  
A 2  
,5,4 �9 120  m A  
A 5  �9 1 7 5 m A  av.  
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Fig. 5. A universal bridge measurement of the internal resistance 
of various cells vs. total prior discharge, Q. 
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normal ly .  The difference is pa r t i cu l a r l y  s t r ik ing  for  Q 
> 1.5 A-hr ,  the  second ha l f  of ceil life. F igure  6 
i l lus t ra tes  how the plots  of (AV/AI)75 vs. Q for cells 
A4 and A5 differ f rom the dashed l ine which r ep re -  
sents the  average  re la t ionship  fol lowed by  the other  
cells. That  these differences are  due to the  abe r ran t  
behavior  of RB in cells A4 and A5 is easi ly  cor robor -  
a ted  by  subt rac t ing  RB f rom (AV/AI)v5 for all  cells 
and replo t t ing  against  Q as in Fig. 7. The loci of 
points  represent ing  cells A4 and  A5 now merge  wi th  
that  obta ined f rom the other  cells and a single state= 
of -charge  l ine val id  for  all  cells results.  This l ine 
is pa ra l l e l  to that  defined in Fig. 4. Also, this  revised 
curve shows a l inear  re la t ionship  tha t  extends  fu r the r  
into both  the  high and low Q regions. This is p r e -  
sumab ly  because  both the  pa rame t r i c  dependence on 
discharge current  and the smal l  var ia t ions  of RB wi th  
l i fe t ime have been  subt rac ted  f rom (AV/AI)Ts. The 
s impl ic i ty  and re la t ive  precision achieved by  r ende r -  
ing the  resul ts  in terms of the p a r a m e t e r  RpB = (AV/ 
hi)  ~ --  RB are  manifes t  and jus t i fy  the  identif icat ion 
of RpB wi th  the  polar iza t ion  resis tance of the  cell at 
75 mA. The  discussion in the  exper imen ta l  sect ion im-  
pl ies tha t  Rpd "-- (AV/AI)75 -- (dV/dI)Ac for an a -c  
f requency  of 6 kHz would  be a s l ight ly  be t te r  es t imate  
of polar iza t ion  resistance than RPB. A comparison of 
the B cell scat ter  in Fig. 7 and 8 tends to confirm this, 
pa r t i cu l a r ly  at  the  upper  values of Q. RB must  be 
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Fig. 6. Illustration of the deviation in (AV/AI)75 for cells dis- 
charged at abnormally high currents from the dashed, normal 
state-of-charge graph defined in Fig. 4. 
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re l ied  upon as the es t imate  of the  in terna l  resistance 
of the A cells because in some cases no (dV/dI)AC 
measurements  were  made and in others  the a-c  f re-  
quency used was too low (0.5 kHz) .  

The B cells had been re f r ige ra ted  at about  8~ for  
a few months  then  were  lef t  at  room t empera tu r e  
f o r  an hour  before  beginning  the test  sequence. These 
cells exhib i ted  I-V curves which were  uns table  wi th  
respect  to recycl ing  of the  test  current .  Successive 
cyclings (3 or 4) resul ted  in progress ive ly  s teeper  
slopes ( imply ing  an increas ing state of charge)  unt i l  
a s table va lue  was reached. This s table  value  was then 
consistent wi th  the (AV/AI)~5 of the  other  cells at  
ful l  charge. This ini t ia l  ins tab i l i ty  occurred only at  
full  charge since the  I-V curves showed good rep ro -  
ducib i l i ty  upon recycl ing  for al l  subsequent  measu re -  
ments. The resul t  seems reminiscent  of the  gross effect 
tha t  low t empera tu re  (0~ s torage had  upon the 
ca l ibra t ion  curves in the  Sandia  study.  In  our case, 
however ,  the  p rob l e m is easi ly  deal t  wi th  by  runn ing  
mul t ip le  I - V  curves or  by  mak ing  provis ion for  some 
p re l im ina ry  cycling before  (AV/AI)~5 is measured.  

Conclusions and Recommendat ions  
This r epor t  describes sensitive, read i ly  ins t rumented  

and conducted s t a te -o f -charge  measurements  made  on 
mercu ry  cells. A l inear  re la t ionship  wi th  a m a x i m u m  
exper imen ta l  devia t ion  of less than  10% of capaci ty  
was found to exist  be tween  the polar iza t ion  resistance, 
Rp as approx imated  by  Rpd ~--- (AV/AI)75 --  (dV/dl)AC 
and the total  expended  charge, Q. For  90% of the  
da ta  points  the exper imenta l  devia t ion  f rom the mean  
curve was less than 6%. When  apply ing  this procedure,  
it is advisable  to make  more  than  one cycle of the  
plot  of the t -V curve to insure  obta in ing  s tabi l ized I - V  
curves of new cells when s tored under  poss ibly  de-  
b i l i ta t ing conditions. Successive cycling would  also 
serve to e l iminate  i r regula r i t i es  which occasional ly 
appear  in the  I-V curves, at  least  when the t rac ing 
is m a n u a l l y  controlled.  The adherence  of all  e leven 
cells tes ted  to the same s ta te -o f -change  cr i ter ia  des-  
pi te  having been subjec ted  to a va r ie ty  of discharges 
and s torage envi ronments  suggests these cr i ter ia  m a y  
have universa l  appl icabi l i ty .  F u r t h e r  invest igat ion of 
the l imits  of appl icab i l i ty  by  labora tor ies  wi th  the  
facil i t ies and the need might  be apropos. 

Manuscr ip t  submi t ted  Apr i l  23, 1975; revised manu-  
script  received Ju ly  21, 1975. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1976 
JOURNAL. All  discussions for the  June  1976 Discussion 
Section shoutd be submi t ted  by  Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by the U.S. Army. 
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LIST OF SYMBOLS 

I o r  IBATT current  through the cell in mA 
V or VBATT voltage across the celI in  volts 
dV/dI or (dV/dI)Ac the differential resistance of the 

cell as measured with a small a-c signal 
in the kHz range (in ohms) 

(~V/~I)75 the slope of the I-V curve at 75 mA in 
ohms also referred to as effective differ- 
ential  d-c resistance 

RB the in terna l  resistance of the cell as mea-  
sured with an impedance bridge (in ohms) 

Q the cumulat ive total number  of A-hr  of 
discharge 

Rp polarization resistance in ohms 
R P B  ~--- ( A V / A I )  75 - -  R B  and R P d  ---- (hV/hI)~5 -- (dV/  

dl) AC 
RpB and Rpd are exper imental  approximations to Rp 

and are in  ohms. 
A cells are of type RM4R with a nominal  EMF of 1.35V. 
B cells are of type RM4H with a nomina{ EMF of 1.40V. 
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Diffusional Effects in Simulated Localized Corrosion 
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ABSTRACT 

The importance of diffusion was investigated under  potentiostatic dis- 
solution conditions with wire electrodes contained in  inert  supports. The ar t i -  
ficial cavities created simulated localized corrosion conditions. Curren t - t ime  
behavior  at voltages in excess of the critical pi t t ing potential  [>0.5V (SCE)] 
was examined for nickel and stainless steel specimens in  concentrated chlo- 
ride solutions. The effect of changing the concentrat ion or activity gradient  of 
the dissolving metal  cations wi thin  the artificial cavity was studied by al ter-  
ing the composition of the bu lk  solution. Solutions of FeCI2, NiC12, CrCI~, LiC1, 
NaC1, MgC12, and CeC13 ranging from 0.5 to 10M were used. Mass t ransfer  
models were developed for the observed t ransient  and quasi s teady-state 
periods of dissolution. 

Localized corrosion can be divided into various 
stages represent ing ini t ia t ion and subsequent  dissolu- 
t ion of a metal. Pi t t ing corrosion has been divided 
into three stages: pit initiation, early growth, and 
the formation of a stable pit. In the third stage, when 
the pit becomes sufficiently large, conditions and proc- 
esses taking place are closely related to those occur- 
r ing in crevice corrosion. Earl ier  work (1-3) has 
suggested that the third stage of dissolution is con- 
trolled by diffusion within the occluded cell. Measure- 
ments of the rate of corrosion are usual ly complicated 
by  changing surface areas. To overcome this difficulty, 
wire electrodes were used to simulate these condi- 
tions in the present  study. The factors involved dur -  
ing diffusion-controlled stages within localized anodes 
were investigated and related to the properties and 
composition of the bu lk  electrolyte solution. Austenit ic 
stainless steel, nickel, iron, and dilute nickel alloys 
were studied to emphasize various aspects of the 
diffusion process. 

Mass Transfer Considerations 
Localized corrosion is simulated under  conditions 

where the geometry of the system is specified in order 

* Electrochemical  Society Act ive  Member .  
1P re sen t  address :  Q-22, Los Alamos Scientific Laboratory ,  Los 

Alamos,  New IV~exico 87544. 
2Presen t  address :  Brookhaven  National  Laboratory ,  Upton, New 

York 11973. 
Key  words :  pi t t ing,  mass  t ransfer ,  stainless steel, anodic dissolu- 

lution, chloride layer,  nickel.  

that diffusional models can be tested. Basically, wire 
test specimens are mounted  in an iner t  mat r ix  with 
one cross-sectional surface exposed to the aqueous C1- 
envi ronment  (see Fig. 1). Anodic dissolution of the 
metal  is studied under  potentiostatic conditions above 
the critical pit t ing potential. The actual dissolution 
begins with pi t t ing and unde rmin ing  of the passive 
oxide film on the metal  surface followed by pit growth 
unt i l  the entire cross-sectional area of the metal  is 
dissolving. With an active surface developed each 
elemental  consti tuent of the alloy undergoes oxida- 
t ion to form a soluble ionic species, viz. 

Fe ~ --> Fe 2 + -t- 2e-  

Ni ~  e+ + 2 e -  

Cr ~ --> Cr 3+ + 3e-  

These ions dissolve under  activation polarization con- 
trol and are free to undergo hydrat ion reactions with 
water (4) or form complexes with C1- ions, bu t  in  
any case the concentrat ion of each species will begin 
to increase because of a diffusional l imitat ion between 
the metal-solut ion interface and the bulk solution 
(over distance l + ~ in Fig. 1). The ionic concentra-  
tions (Fe 2+, Ni 2+, or Cr 3+) will continue to increase 
unt i l  a saturat ion or slightly supersaturated condition 
exists with respect to the chloride or hydroxychloride 
complex of that cation. Isaacs (1) has shown that a 
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Fig. 1. Artificial pit model geometry (cross-sectional view) with 
qualitative concentration profiles illustrated schematically (scales 
arbitrary). 

resistive layer  (presumably metal  chloride) then pre-  
cipitates on the surface. The chloride layer  displays 
ohmic resistance which is controlled by its thickness. 
During a steady dissolution period, a current  equal 
to the diffusion flux in  the solution passes through 
the layer. The current  is determined by the ratio of 
the potential  to resistance which is itself specified 
by the layer  resistivity and thickness. A rapid increase 
in potential,  for example, increases the potential  across 
the layer  and is followed by a t ransient  increase in 
current.  The increased flow of ions in the layer  causes 
addit ional  precipi tat ion since the diffusion flux re-  
mains  effectively independent  of applied potential. As 
the thickness of the layer  increases the potential  gra- 
dient decreases along with the current.  Once the chlo- 
ride layer  has formed, it displays a self-regulat ing 
effect in balancing the layer  current  with the diffu- 
sional flux in  solution (1). 

The presence of the layer and the diffusion control 
define the thi rd  stage of localized anodic dissolution, 
which may be described as a quasi steady state, where-  
by  cations diffuse down a concentrat ion gradient  in 
an aqueous solution. The concentrat ion difference is 
be tween the saturated value at the chloride f i lm/ 
solution interface (x ---- 0) and the bu lk  electrolyte, 
the distance betweer~ which (x ---- 1 -5 A) is composed 
of the depth of the wire (1) in the case of a wire- type  
electrode and s tagnant  diffusion layer (A). 

The diffusional l imitat ions of two types of systems 
are i l lustrated by the concentrat ion profiles presented 
in  Fig. 1. Consider case A with a nickel wire dissolv- 
ing and NiC12 in  the bu lk  solution. The Ni 2+ con- 
centrat ion decreases from the sa turat ion concentra-  
t ion (a) at the metal  surface (x ---- 0) to the bulk 
concentrat ion at x ---- Z -5 A. A similar t rend can be 
drawn for C1- by applying electroneutral i ty  at any 
point  in the solution. These same ideas can be applied 
to the localized corrosion of stainless steel, where 
three ions (Ni 2+, Fe 2+, and Cr 3+) will  be diffusing 
away from the interface. An impor tant  example to 
note in case A is that  by increasing only one com- 
ponent  of the stainless steel dissolution product  the 

concentration gradient  of this component  may be de- 
creased, while those of the other components remain  
the same. If, however, this component  is one that  
predominates in the composition of the chloride film, 
this would lead to a decreased dissolution rate. If 
the component  does not precipitate to form the chlo- 
ride layer, increasing its concentrat ion will have no 
direct effect on the dissolution rate. 

Case B il lustrates the concentrat ion profiles for a 
second type of experiment.  In  this case, ei ther  s ta in-  
less steel or nickel is anodically dissolved in an un -  
common cation (M + ) C1- solution, e.g., LiCI or NaC1. 
The Ni :2+, Fe z+, or Cr 3+ ion concentrat ion again varies 
from the saturat ion concentrat ion at the metal  sur-  
face (x : 0) to zero at x ---- I -5 A. The C1- Son con- 
centrat ion profile can again be represented by elec- 
t roneutra l i ty  with M +, Ni 2+, Fe ~+, and Cr s+ ions 
present. The slight decrease in  M + from x ----- I -5 A to 
the interface at x = 0 is due to a resistance in diffus- 
ing toward the metal  surface. 

Mass t ransfer  models were developed for the early 
or t ransient  period and the quasi s teady-state period 
of the corrosion process. In  either case informatior~ 
concerning the t ransport  properties of the electrolyte 
solution was required. Specifically, both the depend-  
ence of the diffusion coefficient and viscosity on the 
composition of the solution wi th in  the pit  should be 
known. In  addition, equi l ibr ium properties, including 
the solubili ty and activity coefficient dependence of 
NiC12, FeC12, and CrC13 on the ionic s t rength of the 
solution, are important  in determining suitable driving 
forces for the diffusional processes. 

In  our experiments,  cur rent  measurements  were 
made and can be used with Faraday 's  law to deter-  
mine  mass fluxes. For  a constant cross section of wire, 
the cation mass flux N from the interface can be 
represented as 

/~ = i / A n F  [1] 

In  addition, the length of wire dissolved during the 
course of the experiments  is given by 

i t Mw 
l = - -  id t  [2] 

o AnFpo 

The positive ion current  produced in  the oxidation 
reaction occurring at the metal  surface wil l  diffuse 
through the solution under  the influence of two driv-  
ing forces, namely,  concentrat ion gradient  and poten-  
tial gradient, as shown in the Nerns t -Eins te in  equa-  
t ion 

A n F  : -- D - - - 5  C [3] Ox R T  

The potential  gradient  in solution has been shown to 
be un impor tan t  for the cases being considered (1, 2). 
In  potentiostatic dissolution experiments  at fixed volt-  
ages from 0.2 to 1V (SCE), Isaacs (1) has shown that  
almost all the potent ial  drop is contained in  a th in  
resistive layer adjacent to the anode. F ranken tha l  
and Pickering (5) observed similar results showing 
negligible potentials in  solution but  a t t r ibuted the 
large ohmic drop at the metal-solut ion interface to the 
presence of hydrogen bubbles. No bubbles were ob- 
served with any of the wire anode systems used in 
our studies. Therefore, Eq. [3] simplifies to 

i ~C 
= - -  D - -  [4] 

A n F  ~x 

In  the cases that  follow, cation concentrat ion (or ac- 
t ivity) was used as the dr iving force for diffusion, 
and all t ransport  properties including D and viscosity 

were assumed constant and uniform. The importance 
of these effects is discussed later  in  this paper. 

Initia~ t rans ient  p e r i o d . - -D u r i n g  this early period of 
dissolution, the wire electrode surface is flush with 
the surface of the cavity (~ _-- 0) and semi-infini te  
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geometries can be used to model the diffus~onal proc- 
ess that  causes the electrolyte concentrat ion to in -  
crease at the metal  surface. Basically, the t ime re-  
quired to reach saturat ion at the surface can be 
estimated from a t ransient  model of this type. How- 
ever, complex factors are operative. The nucleat ion 
of active dissolution sites on the wire surface is a 
microscopic phenomenon with respect to the total 
cross-sectional area of the wire. Many pits are nu -  
cleating and growing on the surface simultaneously.  
Since only the total current  is measured, it would 
be misleading to assume that the actual current  den- 
sity ( i / A )  should be based on the total cross-sectional 
area dur ing this early period when a significant frac- 
tion of the surface is not  actively dissolving. The 
current  increases as the  actively dissolving area of 
the wire increases unt i l  the whole cross section is 
active and a decreasing current  is observed as the 
system becomes diffusion controlled. 

With the current  density at the active site known, 
the mass flux can be specified (Eq. [1]) and used as 
a boundary  condition to solve the t ransient  diffusion 
equation, which expresses concentrat ion as a function 
of t ime and distance into the liquid. Hemispherical and 
cylindrical geometries of semi-infinite extent  were 
selected to approximate the s tagnant  l iquid diffusion 
field surrounding the exposed wire surface (see Fig. 
1). However, the  analysis given in  the Appendix  
closely approximated the observed periods taken to 
reach the m a x i m u m  current.  

Quasi s teady-s tate  period.--Once saturat ion of the 
dissolving cation species j occurs at the metal-solut ion 
interface (Fig. 2) after the ini t ial  period, a quasi 
s teady-state period of diffusional control commences. 
The situation may be expected to be complex since 
the interface is actually moving as it recedes into 
the inert  support. Assuming no potential  dependence, 
a t ransient  model involving unidirect ional  diffusion 
into a semi-infini te  s tagnant  l iquid with a moving 
boundary  was solved and indicated that the measured 
current  i ( t )  should vary  inversely with the square 
root of time, ~/~. Booth (6) and D,anckwerts (7) sug- 
gest criteria that can be applied to decide if a quasi 
steady-state assumption is reasonable. By calculating 
12/D [_~_(0.01 cm)~/10 -5 cm2/sec = 10 sec] and com- 
paring it with typical experimental  t ime  periods of 
1000 sec, the t ransient  term can be el iminated without  
significant error. Under  these conditions, the effect of 
a moving boundary  on the diffusional flux is un i m-  
portant. 

This simplified model was introduced earl ier  by 
Isaacs (1) and is reviewed b r i e fy  here. Essentially 
the current  density i / A  is specified by the Nernst-  
Einstein equation, Eq. [4], neglecting the mobil i ty 
term and assuming a l inear  concentrat ion gradient  

i nFD (CSj - -  CBj) 
[5] 

A l + h  

where I, the length of dissolved wire, and A, the bound-  
ary layer thickness in the solution, constitute the 
total diffusion path. Subst i tut ing Faraday's  law, Eq. 
[2], into Eq. [5] and integrat ing between i = io at 
t - -  �9 ~ 0 a n d i  = i a t  t > T ~-~ 0y ie lds  

--~ -~ + n2FepoD(CS j - -  CBj) 

Equation [6] indicates that the current  density varies 
inversely with ~/t, the identical result  obtained for the 
moving boundary  model. In  addition, Eq. [6] can be 
used as a basis for in terpret ing our experimental  cur-  
ren t - t ime  results. A plot of ( i / A ) - 2  vs. t should be 
linear, and the reciprocal slope 1/S 

d ( i / A )  -2 
S -- [7] 

dt 

~ i o 

0 

TRANSIENT QUASI-STEADY STATE 
LPERIOD ,_ PERIOD 

1 
0 r 50 

TIME (min) (disfor~ed scale) 

Fig. 2. Current-time plot showing periods of dissolution 

should be directly related to the product  of diffusivity 
D and the driving force (CSj - -  CBj) .  

Apparatus and Procedure 
Wire electrodes (~0.09 cm in diameter) were em- 

bedded in iner t  polytetrafluoroethylene supports to en-  
sure that a constant cross-sectional area would be ex- 
posed to the C1- solution throughout  the experiment.  
Ini t ia l ly  the surface was mechanical ly polished with 
600 grade emery to the outer surface of the inert  
support (1 ---- 0~ Fig. 1). A Wenk'mg potentiostat  was 
used to apply a fixed voltage between the wire test 
electrode and a saturated calomel reference electrode 
(SCE). The cur ren t  was measured in another circuit 
with an auxi l iary p la t inum electrode as the cathode 
and the test specimen as the anode. Applied potentials 
were 0.5-lV, far above the critical pi t t ing potentials 
for any of the metal  chloride systems examined. A 
Hewlet t -Packard  Model 700-4A recorder monitored the 
current  as a function of t ime (Fig. 2) for 20-30 rain. 

Experiments  were performed with aqueous metal 
chloride solutions at 22~ over concentrations, from 0.5 
to 10M. Both common-cat ion (FeC12, NiC12, and CrC18) 
and uncommon-ca t ion  (LiC1, NaC1, MgCI2, and CeC13) 
halide salts .were used. In  cases where viscosity data 
were not available a Brookfield synchroelectric viscom- 
eter was used to measure values over the solution con- 
centrations studied. 

The differences between the two kinds of experi-  
ments  conducted with common and uncommon cations 
is i l lustrated by cases A and B in Fig. 1. In  case A, the 
over-all  driving force for mass t ransfer  (CSj -- CBj) 
could be altered by changing CBj (j ---- Ni, Fe, or Cr) 
as a chloride in the bu lk  solution, and because all the 
ions are common to the metal  dissolving, CSj will  be a 
function of only temperature.  Alternatively,  in case B, 
CBj is always zero in the bu lk  solution and increases to 
a saturat ion value corresponding to the presence of 
uncommon cations (Li, Na, Ce, Mg), which alters the 
CI-  activity by changing the CI -  concentrat ion and 
mean activity coefficient of the dissolving cation elec- 
trolyte. 

Results and :Discussion 
Calculational procedures and data sum m ary . - -To  

evaluate the mass t ransfer  model, the slope of recipro- 
cal squared current  density, ( i / A ) - 2 ,  plotted vs. t ime t 
(Eq. [6] and [7]) must  be determined from the raw 
data in the form of current  i as a function of t ime t. 
A typical set of data is shown in Fig. 3, where the cur-  
rent  density is plotted as a continuous function and 
( i / A ) - 2  plotted from discretely selected points. During 
some runs, the data show abrupt  changes in i over 
small t ime periods, especially dur ing  the early par t  
of a run  when microscopic pit growth is occurring. 
In  most cases, two or three runs at the same set of 
conditions were sufficient for reproducible slopes; how- 
ever, when sporadic i - t  behavior was observed runs 
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Table I. Experimental results for Typb 304 stainless steel 
0.SV (SCE), 22~ 0.076-cm-diarn wire 

d(tlA)-~ ]4  
l lS  (A s sec /cm~)  = 

d t  
C o n c e n t r a -  C h l o r i d e  u s e d  

l i o n  (1~) Fee l=  NiCl~ C r C h  NaC1 LiC1 MECI2 

&5 
1.0 
1.33 
1.5 
2.0 
2.5 
3.75 
4.0 
&O 
7.5 

i0.0 

77 4- 4 100 "4" 6 77 - -  S 
77 4- 4 77 ~- 4 71 • 4 100 "4" 7 91 4- S 

~ 3 4 - 3  
56----.5 

5 6 ~ 3  4 0 4 - 6  4 6 4 - 2  
7 1 4 - 4  

6.7 -4- 0.5 2 .4  + 0.2 

were  repeated.  For  pure  nickel  wire  in  1M LiC1 solu-  
tions up to six runs  were  performed.  For  the  low con- 
cent ra t ion  chlorides,  e.g., 0.5M NiC12, 0.SM FeC12, and 
0.5M CrC13, up to six runs  were  also required .  

Slopes were  calcula ted b y  a least  square  regression 
appl ied  to discrete values of (i /A)-2 t aken  over  the 
t ime in te rva l  of in teres t  (T < t ~ 20-30 min, Fig. 2). 
E r ro r  bounds for  the  reciprocal  slope are  based on a 
g5% confidence leve l  fit of the  da ta  ave raged  over  the  

1.2 ~ I I I I t I I I 
304 SS 

t.0 f ~ = O.8V (SCE) -- 50 
t M NaCI _ 

0.8 

~ 0 . 6  
v 

"- 0.4 1 0 ~  -~ - -  

0.2 ~ o ~  o ' ~  ~ 10 

O L ' ' I  ~ -  ~ [ [ ] ] r ~ [ 0 
0 10 20 50 40 \ 

TIME (minutes) 

Fig. 3. Experimental current density as a function of time far a 
Type 304 stainless steel electrode in a 1M NaCI solution. 

4o 

E 

20 .,~ 

C s (g mole/ l i ter)  

0 tO 2.0 5.0 
200 | I I I 1 I I I 

N i - 6 t  

a-" 16o  _ a ( i / A }  - 2  
S -E �9 - dt 

120 
%L �9 �9 

ao " l 

40 

o ]  I I I I I I I I I I T 
0 2 4 6 8 t0 12 

a B (g mole / l i te r }  

Fig. 4. Common metal cation effect: reciprocal slope 1/S -- 
[d( i /A)-2/dt ] - I  as a function of bulk NiCI2 concentration and 
activity for nickel dissolution. 

77----.4 5 8 4 - 3  
9 4 4 -  1 

14.7 4- 0.1 
2.4 +--. 0.1 

runs used. The ent i re  set of reciprocal  slopes is s u m -  
marized in Tables ~I and II  for exper iments  wi th  Type  
304 stainless steel  (nominal  composi t ion  Fe  70%, Ni 
9%, Cr 18.6%, arid C 4- Mn 4- Si 4- Cu 4- S < 3 % )  
and n icke l - r ich  al loy Ni-61 (nominal  composit ion Ni 
96%, Mg 0.3%, Fe  0.1%, Si 0.4%, Ti 3%).  

E~ect of applied voltage.--Earlier exper iments  on 
stainless steels demons t ra ted  tha t  the  slope S ---- 
d(i/A)-~/dt  was not  affected by  changing the appl ied  
vol tage f rom 0.35 to 0.85V (SCE).  Fur the rmore ,  the  
impedance  character is t ics  of the wire  surface  s t rongly  
suggested that  a th in  (100A) l aye r  having a res is t iv i ty  
of app rox ima te ly  l0 s o h m - c m - e x i s t s  th roughout  the  
quasi  s t eady-s ta te  period.  The potent ia l  drop across 
the  res is t ive l aye r  i tself  accounts for over  95% of the  
total  vol tage drop. 

Addi t iona l  measurements  were  made  at fixed po-  
tent ia ls  of  0.5, 0.8, and 1V (SCE) for both  Type  304 
stainless steel  and Ni-61 wire  e lectrodes in solutions of 
ident ical  e lect rolyte  composition. In  al l  cases, the  va r i -  
at ion of the  slope S was wi th in  the  s ta t is t ical  scat ter  
of the data  which again  showed ra tes  independent  of 
potent ia l  for both  stainless steel  and  nickel.  I t  m a y  
also be ment ioned tha t  a few. measurements  wi th  i ron  
wires showed a s imi lar  behavior .  In  addit ion,  step 
changes in vol tage  dur ing  a run  indica ted  s imi lar  
slopes af ter  the  t rans ient  pe r tu rba t ions  had  damped  
out. This effect also i l lus t ra tes  the impor tance  of diffu- 
sion in controIl ing the  se l f - regula t ing  na tu r e  of the  
layer ' s  thickness in which the layer  adjusts  i ts ohmic 
resistance to suppor t  the cat ion flux away  from the 
in terface  (1). 

Mass transfer effects during the quasi steady-state 
period.--The observed l inear  behavior  of reciprocal  
squared  current  density,  i/A -2, as a funct ion of t ime t 
supports  the  mass  t ransfe r  model  and is consistent 
wi th  measurements  by  Novakovski  and Sorokina  (2) 
on a s imi lar  system. Equat ion  [6] indicates tha t  1/S 
should va ry  as D(CSj --  CBj). If the  diffusivi ty were  
constant,  then for the  runs  wi th  n ickel  wi re  in a NiC12 
solution, 1/S should va ry  l inear ly  wi th  CBj since CSj 
is constant.  In Fig. 4, the da ta  f rom Table II  a re  

Table II. Experimental results for nickel alloy Ni-61 
0.SV (SCE), 22~ 0.088-cm-diam wire 

1/S (A2 sec/cm4) = [ d(i/A)-~ ] "1 
d t  

Concen- 
tration C h l o r i d e  u s e d  

(M) NiCl~ L i C l  MgCl~ CeCla 

0.5 145 4- 9 
0.75 106 4- 5 
1.0 79 -4- 4 
2.0 51 4- 2 
2 .25 
2.5 30 4- 2 
3.0 20 • 1 
3.5 12.7 4- 0.6 
4.0 
5.0 
6.0 

134 4- 4 

163 +-- 24 
80-----4 

5 7 4 - 4  
81-4-3 
63 + 3 23.5 4- 1 

494- 1 
35----- 1 

23.5 ~ 0.9 

115 4- 4 

62 • 
32----- 3 



1442 J. Electrochem. Sot.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY November 1975 

plotted over a concentrat ion range from 0.5 to 3.5M 
Nit12 and are not linear. The nonl inear  behavior  s h o w s  
that Eq. [6] is an approximation and variations not yet  
considered are brought  about by the change in  the bu lk  
solution concentration. The first possible improvement  
incorporates activity ra ther  than  concentrat ion as the  
driving force, where 

a N i 2 +  = 7 •  [8] 

The mean ionic activity coefficients, 7• were taken 
from experimental data tabulated by Harned and Owen 
(8) and extrapolated to higher concentrations by the 
techniques suggested by Meissner and Tester (9). Un- 
fortunately, no further improvement was obtained 
(Fig. 4). 

Viscosity effects on the diffusion coefficient were 
found to be significant. Although theoretical correla- 
tions for predicting D in  concentrated electrolytes are 
l imited (8, 10) several empirical rules can easily be 
applied. The diffusivity can be expressed in  terms of 
the solution's viscosity mr relative to pure water  at the  
same tempera ture  and activity coefficient 7_+ as (10) 

D~ ( d i n , •  D = 1 + m -  [9'] 
mr dm 

An integral  diffusion coefficient can then be defined 
a s  

1 /ocsj 

- C B j  JCB$ DdCj [I0] CSj 

such that the form of Eq..[5] is preserved with D' 
replacing D. By subst i tut ing Eq. [9] into Eq. [10] one 
can express D' as a function of D ~ ~]r, and  7• 

D ~ [ f cs , (  d l n T •  dCj 1 

[n] 

To calculate D' requires knowledge of 7• and ~]r as 
functions of C. This information is usually known for 
pure aqueous solutions of a single electrolyte over a 
limited concentration range (8, ii). In the preliminary 
analysis, the equation was simplified to permit inte- 
gration using a linear expression for the viscosity and 
neglecting the 7_+ term. For example, for a 4M solu- 
tion of FeCI2 at 25~ ~]r is approximately8. For a mixed 
electrolyte consisting of the dissolving cations (Ni 2+, 
Fe 2+, and/or Cr 3+) and possibly uncommon cations 
(Li +, Na +, Mg 2+, etc.) along with the Cl- ions pres- 
ent, the relative viscosity can be approximated as a 
linear combination of all species present 

~]r = 1 + Z b j C j  [12] 

where b e is a constant dependent  on the properties of 
component j. Simplifying the relationship fur ther  we 
assume the dissolving metal  cation and uncommon cat- 
ion can be divided into two terms 

~lr ~'~ 1 + bCj + b 'C*  [13] 

D'(aS-aB) x t08(g mole/sec cm) 
4 8 t2 16 

200 I I I 
N i - 6 t  

d(i/A) -2 
S dt 

~60 -- 

o I 1 I I I 
0 0.4 0.8 t 2  s 2.0 2.4 

D'(Cs-CB) x t08(g mole/sec crn) 

Fig. 5. Common metal cation effect: reciprocal slope 1/S = 

[d ( i lA) -2 /d t ]  - x  as a function of the product of the integral 
diffusion coefficient, D', and the concentration and activity driving 
forces (C s - -  C B) and (a s - -  a B) for nickel dissolution. 

where Cj is the total concentrat ion of dissolving cations 
as chlorides and C* is the concentrat ion of the un -  
common cations as chlorides. With these simplifica- 
tions, Eq. [11] can be expressed as 

D ~ ~csj dCj 
D ' - -  

(CSj _--- CBj) c,j 1 + bCj -~ b'C* [14] 3, 

Integrating with C* assumed constant gives 

D ~ ( 1-}-bCSj-Fb*C * ) 
D' -- In [15] 

b(CSj -- CBj) 1 -[- bCBj -}- b'C* 

which is essentially a log mean. By using Eq. [15] to 
replace D in Eq. [6], one can correct D for viscosity 
changes and then correlate 1/S with D'(CSj -- CBj) or 
with D'(aSj -- aBj) (see Fig. 5). For nickel wire in 
NiCle solutions, the relationship is l inear  wi th in  the 
accuracy of the points given; however, no fur ther  im-  
provement  is apparent  if activity rather  than  concen- 
t rat ion is used as the driving force. For this case a 
value of D ~ = 1.29 X 10-5 cm2/see was used for the 
diffusivity of NiC12 in  dilute solutions, and the vis- 
cosity coefficient b = 0.86 l i ter /mole was obtained from 
a plot of the viscosity data in Table III by using a 
l inear  approximation between concentrations CBj and 
CSj. In  addition, the C* term was zero since no un -  
common cations were present. 

The same improvement  in the 1/S vs. D(CSj -- CBj) 
correlation appeared when the Type 304 stainless steel 
data were used. However, several addit ional  approxi-  

Table III. Viscosity and density values of aqueous chlorides (22~ 

C o n c e n -  
t r a t i o n  

(M) 

Ca) R e l a t i v e  v i s cos i t y ,  ~r 
LiCl(b) NiCI~ MgCl2(b> CeCla LiC1 

p, d e n s i t y ,  g / c m  8 
NiC12 MgCl2 CeCh 

0.5 1.26 1.20 1.18 
0.75 1.34 
1.0 1.14 1.49 1.69 
2.0 1.29 2.31 3.88 
2.25 7.49 
2.5 1.40 2.96 
3.0 1.48 3.84 3.35 
S.8 5.04 
4.0 1.72 
S.0 1.97 
6.0 2.33 

1.02(e) 
1.05 

1.06(o) 
1.07 

1.09 
1.11(~) 
1.14 

1.08 1.03 
1.10(o) 
1.12 
1.23 

1.13 
1.29(o~ 
1.35 1.20 
1.40(~) 

1,11 

1.22 
1,42 

(") R e l a t i v e  t o  p u r e  w a t e r  a t  22~ 
(B> Ref .  (13). 
{~ E s t i m a t e d .  
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mations have to be made concerning the average 
valence n (Eq. [6]) and saturat ion concentrat ion for 
the mixture  of dissolving cations (Fe 2+, Ni ~2+, and 
Cr8 + ). In  this case we assumed weighted average values 
for stoichiometric dissolution for the given alloy com- 
position. Using FeC12, CrCls, and NiCI~ from 0.5 to 2M 
showed no preferential  effect for any one cation. This 
area does deserve fur ther  at tention.  

Because of a chloride common ion effect, saturat ion 
concentrations of NiC12 decrease as the bulk  LiC1 con- 
centrat ion increases. Figures 6 and 7 show these effects 
for nickel samples in LiC1 solutions up to 6M. In  this 
case the bulk  concentrat ion of Ni 2+ was essentially 
zero. Values of CSj were tabulated by Linke and Seidell 
(12), and viscosity coefficients (b* ---- 0.20 l i ter /mole  
and b = 0.86 l i ter /mole)  were obtained from the data 
given in  Table III. D ~ was specified as 1.29 • 10 -5 cm2/ 
sec. As seen in  Fig. 6 the curva ture  and uncer ta in ty  
are quite pronounced at LiC1 concentrations below 
3M. Using the viscosity corrections as before and he- 

2 0 0  

160 

E 
-.~ 120 

% 
E 

4 0  --  

N i -61  
S d ( i / A ) - 2  

dt  

C (LiCl)  (g mo le / l i te r )  
6 5 4 5 2 1 

I I I I I I  I 

/ 
/ "  

o I L I I 1 
0 t 2 5 4 5 

C s (g mo le / l i te r )  

Fig. 6. Uncommon cation effect: reciprocal slope 1/S = 
[ d ( i / A ) - 2 / d t ] - I  as a function of NiCi2 saturation concentration 
C s in the presence of LiCI solutions for nickel dissolution. 

glecting the 1M LiC1 point since pit  ini t ia t ion was 
sporadic for this case yielded an improved correlation 
between 1/S and D'CSj (Fig. 7). 

An at tempt was made to correlate the LiC1 runs  for 
both 304 stainless steel and nickel. The Ni-61 data were 
plotted as before, and the stainless steel data were 
modified by incorporat ing the effects of LiC1 on the 
solubil i ty of the precipitated chloride as a weighted 
average based on the stoichiometry of the alloy and 
exper imental  data for NiC12 and FeCI~2 in the presence 
of LiC1. The result ing correlation is shown in  Fig. 8 
and is notably l inear  over a concentrat ion range up to 
10M. 

Another  verification of the mass t ransfer  model is 
obtained by comparing the actual value of the recipro- 
cal slope ( l / S )  with the theoretical value (Eq. [6]) 

1 1 n2F2#o 
- -  = - -  [1.6] 
S' S(CSj -- CBj)D ' 2Mw 

For the nickel specimens: po ---- 8.9 g /cm s, n _-- 2, F _-- 
96,500 coulombs/equivalent ,  and Mw = 58.7  for 
Ni +2. Therefore, 1/S' = 0.28 • 1010 A 2 sec 2 cm -3 
mole - t .  Aw experimental  1/S' value for the case of 
NiC12 as the bu lk  electrolyte was 0.60 • 1010 A ~ sec 2 
cm -~ mole ,-1 and with LiC1 as the bu lk  electrolyte 
0.34 • 1010 A 2 sec 2 cm-3 mole-1 at D'(CSj -- CBj) _ 
1.2 • 10 - s  mole sec -1 cm -1. 

One fur ther  refinement was introduced by  graphi-  
cally evaluat ing the integral  of Eq. [11] to approxi-  
mate D' for effects of both viscosity and "r_+. Values 
of ~lr were used from Table III, and the derivative 
d In 7• was calculated at discrete points by  use 
of exper imental  data (8) and the empirical charts of 
Meissner and Tester (9). Only minor  improvement  was 
obtained in the correlation. 

In  conclusion, it has been shown that  the major  
premise of a quasi s teady-state  period of dissolution be-  
ing mass t ransfer  controlled is correct. The influence of 
the type and concentrat ion of chloride salt used for 
localized corrosion tests of nickel-base and stainless 
steel alloys can be predicted on the basis of the diffu- 
sion model. At low concentrat ions (less than about 3M 
C1-) all chloride salts should behave similar ly and 
show lit t le concentrat ion dependence. The high concen- 
trations i n  the localized anode's ano!yte itself will  
dominate the concentrat ion differences and dissolution 
rates. At in termediate  concentrat ions (around 5M 
C1-),  the solubilities of the dissolving chloride layer  
will be markedly  influenced by the chloride activity 
and its effect on reducing the solubil i ty of the dissolv- 
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Fig. 7. Uncommon cation effect: reciprocal slope I /S  = 
[d ( i lA ) -2 /d t ]  - 1  as a function of the product of the integral 
diffusion coefficient D', and the saturation concentration or 
activity of NiCI2 (C s or a s) for nickel dissolution. 
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ing metals.  At  high chloride concentrat ions the vis-  
cosity p lays  a ma jo r  role in reducing the  diffusion 
rates;  hence the  resul t ing  dissolution ra tes  wil l  de-  
crease wi th  increased viscosi ty of the chloride solution. 

Summary 
1. Cu r r en t - t ime  behavior  dur ing the quasi  s t eady-  

state per iod  indicates tha t  anodic dissolution dur ing  
this per iod  is contro l led  by  diffusion wi th  a concen- 
t ra t ion  dr iv ing force (CSj --  CBj). 

2. Correct ing the diffusion coefficient for  viscosity 
was necessary for accurate  in te rp re ta t ion  of the mass-  
t ransfe r  model. For  the  solutions and meta ls  studied, 
act ivi ty  and concentrat ion dr iv ing  forces showed s imi-  
l a r  resul ts  when used in the  diffusion model.  

3. The chemis t ry  at the meta l - so lu t ion  interface,  in 
pa r t i cu la r  the  effect of foreign ions in  influencing CSj, 
is impor tan t  in es tabl ishing the ra te  of dissolution. 
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A P P E N D I X  

Initial Transient Period Model 
As a first approximat ion,  the  current  densi ty  and 

diffusion coefficient dur ing  this induct ion per iod  are  
assumed constant  over  the ent i re  surface of the wire.  
The diffusion equat ions become 

hemispher ica l  geomet ry  

D - - +  - - - - -  [ A - l ]  
~r 2 r ar  at 

cyl indr ical  geomet ry  

D (  Ox 2~2' ) : _ . ~ .  [A-2] 

where  ~.i is a dimensionless concentra t ion 

Cj (x  or r, t) - -  CBj : [A-3] 
Csj 

For this system both initial and boundary conditions 
can be specified. 

Initial condition 

Cj(xorr ,  t) : CBj "~at t  : O 
~j = 0 J all  x or r 

[A-4] 
Boundary  conditions 

1. Prescr ibed  flux 
- D ~Cj _ i ( t )  L ~(x  or r )  AnjF x = O, r = ro 

J t > O  --D--e~J :--i(t) __.1 :~ [A-5] 
~(x  or r) AnjF CSj 

2. Semi- inf ini te  approx imat ion  

C.~(xorr, t) : C B j  } ~ x 0 o r r  : ~ 
~.i : 0 [A-6] 

Equat ions [ A - l ]  and  [A-2] wi th  ini t ia l  and boundary  
conditions specified by  Eq. [A-4] th rough  [A-6] have 
been solved prev ious ly  b y  Cars law and Jaege r  (13). 
If i ( t )  is assumed constant  at some character is t ic  
value  (f -> ]o) dur ing the ear ly  t rans ient  per iod  (Fig. 
2), then the solutions for ~j at the interface are  

hemispher ica l  model  ( r  = to) 

~j(ro, t)---- r ~ 1 7 6  Dt I e r f c [  (Dt) 1/~ ] ]  
D ~ ro 

[A-7] 
cyl indr ica l  model  (x = 0) 

~j (0, t) = -B- [A-81 

If  Jo can be approx imated  b y  measur ing  the  cur ren t  
t rans ient  i ( t )  and specifying the active dissolving area  
A, then the t ime requ i red  for ~.~ to reach a va lue  cor- 
responding to sa tura t ion  of a given salt  of cation j 
can be calculated.  For  example,  with a 0.089 cm diam-  
eter  _~ 2ro nickel  wire  potent ios ta t ica l ly  dissolving into 
a 1M NiC12 solution assuming D _~ 10-5 cm2/sec, Eq. 
[A-8] can be solved expl ic i t ly  for t 

--( ~J ]~ Cj--CBj.) 2 
t 2--~-o / D~ = ( 2CSJo D~ [A-9] 

For  this case io --~ 8 mA (8 )<  10-3 coulomb/sec) ,  n 
= 2, and the t ime �9 requi red  to reach a sa tura t ion  
concentra t ion of 4.65M NiC12 would be 2.4 sec assum- 
ing tha t  the ent i re  surface area  is act ively dissolving. 
Equat ion [A-7] can be solved by  t r ia l  and e r ror  using 
Danckwer ts  (7) graphica l  solution to a s imilar  p rob -  
lem and yields a value  of �9 = 3.9 sec for the same 
set of parameters .  At  the  other  extreme,  if only one 
smal l  pi t  (1 ~m in d iameter )  was dissolving ini t ial ly,  
the character is t ic  cur rent  densi ty  (io/A) would  be 
grea te r  than  106 t imes la rger  and the value  for �9 at 
sa tura t ion  would be ,~10 -12 sec. 

Observed t rans ient  t imes were  about  2 sec for this 
solution and type  of wire  electrode. According to both 
models  �9 should be independent  of the ini t ia l  depth I. 
Severa l  exper iments  in which the wire  electrode was 
in i t ia l ly  wi thd rawn  approx ima te ly  1 m m  into the  
cavi ty  resul ted in s imi lar  values  of T. 

Al l  this evidence supports  the hypothesis  that  the  
cation concentrat ion is r ap id ly  increasing at  the  sur -  
face and forming a thin res is t ive l aye r  of a chlor ide 
or chloride complex as the solut ion becomes super -  
saturated.  Using a t rans ient  diffusion model  for this 
per iod is an approx imat ion  ok real  behavior .  A refined 
t rea tment  of this p rob lem would apply  an ini t ia t ion 
and dis t r ibut ion function to describe microscopic pi t  
growth  and use this as a boundary  condit ion of a 
specified t ime-dependen t  flux. The measured  current  
i ( t )  would be a sum over al l  act ive sites 

i ( t )  1 
-- - -  ~i ( t ) t  [A-10] 
A A 

where i(t)i would be specified by knowing the growth 
rate of a microscopic hemispherical pit 

dVf dri  
i ( t ) l  : nFpo : nFpo4:~ri 2 [A-11] 

dt dt 

Relevant  analyses  of these p rob lems  have  been pub-  
l ished (14). 

LIST OF SYMBOLS 
aj act ivi ty  of species j, mo le / l i t e r  
aBj ac t iv i ty  of species j in the bu lk  solution, mo le /  

l i t e r  
aSj ac t iv i ty  of species j at saturat ion,  mo le / l i t e r  
A area  of artificial  p i t  or wire  cross section, cm2 
b i viscosity coefficient of species j, l i t e r /mo le  
Cj concentrat ion of species j, mo le / l i t e r  (M) 
CBj bu lk  concentrat ion of species j, mo le / l i t e r  (M) 
CSj sa tura t ion  concentrat ion of species j, mo le / l i t e r  

(M) 
C* uncommon cation concentration,  mo le / l i t e r  (M) 
D ~ ionic diffusion coefficient at  infinite dilution, cm2/ 

s e a  
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D ionic diffusion coefficient, crn2/sec 
D' integral  ionic diffusion coefficient, cm2/sec . 
F Faraday constant -- 96,500 coulomb/equiv. ,  A-  

sec/equiv. 
], fo specified flux during t ransient  period, cm/sec 
i current,  A 
l artificial pit depth, dissolution length, cm 
m molality, mole/1000g water 
M molarity, mole / l i te r  
Mw molecular  weight, g /mole  
n charge (valance) of dissolving cation 
/~ cation mass flux, equiv./cm2-sec 
R gas constant = 8.314 J /mole  -- ~ 
r radial distance parameter,  cm 
ri radius of pit i, cm 
ra radius of hemisphere centered a't the dissolving 

metal  surface such that  2Xro ~ = A, cm 
S slope of the plot ( i /A ) -2  --_ f ( t ) ,  cm4/A~-sec 
t time, sec or rain 
T temperature,  ~ 
Vt volume of pit i, cm 8 
x distance parameter,  cm 
A boundary  layer  thickness, cm 
7-+ mean ionic activity coefficient 

solution viscosity, g/cm-sec 
dimensionless concentrat ion -- (Cj - -  C B j ) / C ' S . i  

p solution density, g /cm 8 
po metal  density., g /cm 8 

solution viscosity relative to pure water  at 22~ 
potential,  V 

T time for ini t ial  cur rent  rise, sec 
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The Influence of Cyclic Plastic Strain on the 
Transient Dissolution Behavior of 

18/8 Stainless Steel in 3.7M H SO4 

T. Pyle, V. Rollins, and D. Howard 
Department of Chemistry and MetaZlurgy, Lanchester Polytechnic, Coventry, EngZand 

ABSTRACT 

Austenit ic stainless steel specimens were subjected to s t ra in cycling using 
a square strain wave while under  potentiostatic control in aqueous 3.7M H2SO4 
solution. Strains of ___0.025 to --+0.05 were employed at an average strain rate of 
0.30 sec -1. The t ransient  dissolution behavior of the steel was investigated 
at active, passive, and intermediate  potentials during both the tensile and 
compressive parts of the strain cycle. Enhanced dissolution of the metal  
surface was found to occur during the application of strain, the effect being 
much more pronounced for tensile strains. Subsequently,  at constant strain, 
the enhanced activity decayed at varying rates depending on potential. The 
greatest dissolution t ransients  were found to occur at potentials corresl~onding 
to the active/passive t ransi t ion where substantial  increases in surface ac- 
t ivi ty were observed with each successive strain cycle. 

In  a study of the corrosion fatigue behavior of a 
high carbon steel, Rollins, Arnold, and Lardner  (1) 
deduced that  dissolution contr ibuted to crack propaga- 
t ion and was, in the early stages of crack growth, the 
rate de termining factor. Furthermore,  they suggested 
that the anodic activity at the crack tip was enhanced 
by the plastic s train which occurred dur ing the stress 
cycle. Recently, Uhlig and Duquette  (2) have shown 
that  for mild steel in aqueous solutions there is a 
critical value of corrosion rate which must  be exceeded 
for the env i ronment  to have a deleterious effect on 
fatigue life. 

Pyle, Rollins, and Howard (3) have suggested that 
such an effect could be explained if reverse slip oc- 
curred dur ing cyclic deformation. During the applica- 
t ion of stress, slip steps are generated on the surface 

Key words:  cor ros ion ,  f a t igue ,  pas s iv i ty ,  r e v e r s e  sliD. 

of the metal  by dislocation movement.  When the stress 
is reversed, it is possible that slip could occur in  
the opposite direction on or close to some of the orig- 
inal slip planes, which could re tu rn  the steps com- 
pletely or par t ia l ly  into the surface. If the atoms 
at the surface of the step were more active than the 
atoms occupying sites in the plane of the surface, then 
preferential  dissolution at the step face could occur 
as soon as the deformation started to produce the 
step and could continue dur ing  the life of the step 
[Fig. l ( a ) ] ,  unt i l  reversal of the load cycle caused 
the strain to drive the step back into the surface. 

Howard and Pyle (4, 5) have shown that  the activity 
of a step face depends upon slip step spacing. The 
amount  of material  which will dissolve from the step 
face is a function of the rate of dissolution and the 
time of exposure of the step face to the electrolyte. 
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Fig. 1. Crack initiation in corrosion fatigue due to reverse slip 

If reverse slip took place along the same slip plane, 
this would result  in the formation of a wedge-shaped 
crack along the slip plane. The critical rate of dis- 
solution would be that which would remove one 
atomic layer  of atoms in the t ime that  the step was 
exposed to the electrolyte. If the reverse slip occurred 
in a different place then it would be necessary for 
many  atomic layers to be removed from the step face 
if a crack was to develop [Fig. l ( c )  and (d)] .  The 
extent  of slip reversal  and the contr ibut ion that  this 
mechanism would make to crack deveIopment would 
depend on the crystal s t ructure  and stacking fault  
energy of the metal  concerned. The idea that an in-  
crease in anodic activity (6) can be brought  about 
for some metals by dynamic unidirect ional  s train 
while the metal  is in contact with an electrolyte, 
has been demonstrated exper imental ly  by several 
authors (7-11), although the precise mechanism by 
which it occurs may be open to debate. Smith and 
Staehle (12) have suggested that s train enhanced 
dissolution could be due simply to the rupture  of 
surface films and that  the speed with which the film 
repairs itself may play a major  role in determining 
the susceptibil i ty of metals to stress corrosion crack- 
ing. As the overpotential  for film formation will in-  
fluence the rate of film nucleat ion and growth, the 
potential  dependence that is found for stress corrosion 
cracking behavior  would thus be explained. Jbhansson 
and Staehle (13) have recently measured the dissolu- 
tion transients  that occur when a metal  is suddenly 
deformed by a fixed amount  of s train (0.02 at a high 
strain rate 2.2 sec -1) and have show~ that  the mag- 
ni tude of the charge which passes before dissolution 
ceases depends markedly  upon potential. 

However, the influence of cyclic plastic deformation 
on anodic activity has not been investigated. The re- 
sults of p re l iminary  tests by the authors on 18/8 s ta in-  
less steel, mild steel, and a luminum under  potentio- 
statically controlled conditions in 3% NaC'I at pH 3 
and subjected to a square wave cyclic total s train 
of • are given in Fig. 2 and Fig. 3. In  these 
tests the strain reversal  took 0.25 sec giving an aver-  
age strain rate of 0.3 sec -1. 
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Fig. 2. Strain induced dissolution transients for 18/8 stainless 
steel in 3% NaCI (pH 3.0), _ 0.0375 total strain and 0.30 sec - I  
strain rate. 
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Fig. 3. Strain induced dissolution transients for mild steel and 
aluminum in 3% NaCI (pH 3.0), ~ 0.0375 total strain and 0.30 
sec - z  strain rate. 

The potentials selected for mild steel and a luminum 
corresponded to the commencement  of the active re-  
gion. The 18/8 stainless steel was held at a potential  
where it would normal ly  have been passive, but  pas- 
sive film formation was prevented by the presence 
of chloride ions. In Fig. 2 it  is evident  that  very  
large increases in the dissolution rate of the stainless 
steel occurred dur ing the 0.25 sec required to reverse 
the strain. Similar  results were obtained for a luminum 
and mild steel and in each case the dissolution rate 
decayed dur ing the constant s t ra in port ion of the 
square strain wave. These ini t ial  experiments  showed 
clearly that reversed dynamic s t rain can greatly en-  
hance dissolution rates in metals dur ing both tension 
and compression half-cycles. They are important  also 
in that they demonstrate that such effects can occur 
in  conventional  engineer ing materials  subjected to 
reversed strain in a simple aqueous electrolyte at 
room temperature,  i.e., under  normal  corrosion fatigue 
conditions. 
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The relat ive magni tudes  of the t rans ient  currents  
produced in tension and compression for stainless 
steel were different from those for mild steel and 
a luminum.  It was thought that  this difference could 
be due to the s t ra in characteristics of the metals. 
Interest  was focused on stainless steel also because 
of the susceptibil i ty of austenitic steels to t r ansgranu-  
lar stress corrosion cracking and  because work by 
Sp~hn (14) had shown that  the corrosion fatigue prop- 
erties of 13% Cr stainless steel in solutions of sulfuric 
acid were markedly  dependent  on potential.  Min imum 
fatigue life was found at potentials close to the active/  
passive transition. 

It was decided, therefore, to make a more detailed 
examina t ion  of the t rans ient  dissolution behavior, u n -  
der cyclic s t ra in in  the range ___0.025 to __.0.05, of an 
austenitic stainless steel in an aqueous sulfuric acid 
solution. This paper describes the techniques used in 
these tests and the results obtained from strain cycling 
at different strains per cycle and at different potentials 
relative to the s tandard hydrogen electrode. 

In  practice, engineering structures are not subjected 
to plastic strains, but  stress raisers such as notches, 
inclusions, and pits may locally raise the strain level 
above the average strain experienced by the s t ructure  
as a whole. It is at these points that the dissolution 
effects described in this paper could occur. 

Experimental Technique 
Strain cycling experiments  were carried out on En 

58A stainless steel specimens using a Mand servo- 
hydraul ic  testing machine for controlled strain cycling 
and a Chemical Electronics 40V 10A potentiostat  to 
control the specimen potential.  The specimen was 
held in the jaws of the s t ra ining frame and surrounded 
by a glass chamber  in which the sulfuric acid was 
held. Details of the cell are shown in  Fig. 4. The elec- 
trolyte 3.7M H2SO4 was circulated through the cell 
by a peristaltic pump and was directed onto the ex- 
posed surface of the specimen along a tube concentric 
with the Luggin capil lary at a rate of -,,0.1 msec -1. 
The Luggin capil lary was spring loaded so that a con- 
s tant  distance of 2.5 mm was main ta ined  between the 
specimen surface and the end of the capil lary despite 
the slight movement  of the surface dur ing the ten-  
sion and compression cycles of strain. The reference 
cell for the potentiostat  was a saturated calomel cell 
with a sintered glass base which stood in the 3.7M 
H2SO4. The experiments  were of short dura t ion and 
it was found that  the potential  of the electrode did 
not change within  this time. 

Specimens.--Specimens were machined from a s ta in-  
less steel having the composition shown in Table I 
after anneal ing at 1363~ and water  quenching. The 
specimens which had a gauge length of 11.6 mm and 
a diameter  of 12.5 mm were polished using 220 grade 
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Fig. 4. The corrosion test cell and specimen 
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Table I. Chemical composition of the steel 

C Si Mn P Ni Cr Mo IWb 

Weight per 
cent (w/o) 0.12 0.40 1.17 0.02 9.10 17.90 0.80 Trace 

emery paper, finished with crocus paper, washed with 
distilled water and industr ia l  spirits, and dried in 
hot air. The specimen gauge length was coated with 
polythene, and the remainder  of the specimen coated 
with synthetic rubber.  The 100 mm 2 area to be ex- 
posed to the solution was coated with Lacomite prior 
to polythene coating. This facilitated the removal  of 
the polythene coating from the center of the gauge 
length. The exposed surface was then  polished with 
crocus paper to ensure that all traces of the Lacomite 
and polythene had been removed. 

Electronic Equipment--The potentiostat  had a rise 
t ime of 0.5 ~sec and was more than  adequate to 
follow the changes in  anodic activity due to s t ra in-  
ing which occurred over a t ime period of 0.25 sec. 
The strain was controlled from an extensometer,  which 
consisted of s train gauges mounted  on a high carbon 
steel U-spr ing which was located on four pop holes 
at the extremities of the gauge length via perspex pins. 
The whole of the extensometer  was coated in syn-  
thetic rubber  to protect it from the electrolyte. The 
strain, load, and current  were recorded s imultaneously 
on a Southern Electronics u.v. recorder. A Bryans 2000 
X-Y plotter was used to record polarization curves 
and to provide a second independent  recording of 
potentiostatic current  variat ions with time. The re- 
corders were calibrated against the potentiostat  and 
the Mand extensometer  after each run. 

Procedure.--After polishing and coating, the speci- 
mens were set up in the machine and the electrodes 
and corrosion chamber arranged as in Fig. 4. The 
solution, n i t rogen-sa tura ted  3.7M sulfuric acid, was 
added and the pump started. The specimens were 
held at --460 mV (NHE) for 15 mi n  to clean the sur-  
face. During this period, hydrogen was evolved and 
the current  gradual ly  decayed to a constant level. The 
specimen was then brought  to the desired potential  
for the test at a rate of 1.04 mV sec -1. The specimen 
potential  was then main ta ined  constant for 5 min  
before the strain was applied to ensure that equi l ib-  
r ium with the solution had been achieved. 

In  the tests reported, a square strain wave was 
applied and the first s train increment  studied was in 
tension. The specimen was therefore s trained very 
slowly into compression before switching on the auto- 
matic strain cycling control. Two types of tests were 
run. In  the first series, after an increment  of strain, 
the current  was al lowed to decay back to its original 
value before the next  reverse strain increment  was 
applied. In  situations where the decay of the current  
was slow, a max imum period of 300 sec was allowed 
before the next  half s train cycle. This time corre- 
sponded to the slowest cycling frequency that  could 
be obtained with the equipment.  

In  a second series of tests, specimens were strain 
cycled using a square wave at 0.2 Hz, irrespective of 
the degree of decay of the current  that  had occurred 
between the reverse strain increments.  A series of 
tests was conducted with the first s train increment  in 
compression. The results obtained were similar to 
those where the first s train increment  had been in 
tension, i.e., the t ransient  current  produced by the 
tensile strain reversal was larger than that  produced 
by the compressive strain reversal. After each test 
the load was removed from the specimen and a polari-  
zation curve for the s trained sample in the solution 
was determined.  

Experimental Results 
Tests were carried out at cyclic strains of __.0.025, 

0.031, 0.0375, and 0.05 total strain about zero strain 
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and at different potentials in the range between - - 8  
mV (NHE) and +1042 mV (NHE). References to 
s t ra in values in  the paper refer to total s t ra in (elastic 
plus plastic).  The positions of the chosen potentials 
relative to the polarization curve for the mater ial  in  
3.7M H~.SO~, determined under  precisely the same 
conditions, are shown in Fig. 5. 

At the lower potential, --8 mV, the metal  was in  
the active condition while at the higher potential, 
+1042 mV, the metal  was in the passive range. A 
typical set of current  t ransients  obtained at poten-  
tials of --8 mV, +262 mV, and +1042 mV is shown 
in Fig. 6. In  these tests the cycling frequency was 
adjusted to very  low levels to ensure that  dur ing  the 
ini t ial  s train cycles specimens held in the passive 
region were able to repassivate before the reverse 
strain half  cycle was applied. Values of the peak 
currents for the t ransients  produced by the tensile 
half  cycles of s train at this low frequency and at 0.2 
Hz are shown in Fig. 7-11 for different potentials  and 
strains per half  cycle. The results show that, as the 
metal  was strained, a rapid increase occurred in  the 
current  required to ma in ta in  the specimen at a con- 
stant  potential,  indicat ing that  an increased rate of 
metal  dissolution had occurred. ImmediateIy after dy-  
namic tensile s t ra ining ceased, the current  commenced 
to decay and continued to do so whi le  the strain was 
mainta ined constant. Although all the current  t r an -  
sients had the same general  form, it can be seen 
from Fig. 6 that there were distinct differences both 
in the magni tude  of peak currents  and also in the 
rates of decay of the currents  par t icular ly  after the 
application of the tensile half  s t ra in cycle. The follow- 
ing main  points seem worthy of note: 

I. At active potentials, the surface appeared to 
remain  substant ia l ly  more active for appreciable pe- 
riods of t ime after dynamic s training ceased. The 
current  supplied by the potentiostat  at these poten-  
tials was several times greater than  the start ing cur-  
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rent. If it is assumed that  s t ra in  occurred by  slip at 
45 ~ to the surface, a tensile s train of 0.1 would pro-  
duce an increase in surface area of ~13 mm 2 equivalent  
to 0.13 of the original area. If the addit ional  current  
was concentrated at this new area, it would corre- 
spond to a significant increase in the surface activity 
at these points compared to the normal  surface. 

2. At passive potentials (+1042 mV) the current  
t ransients  did not vary with successive strain cycles 
whereas in the active and active/passive t ransi t ion 
regions the t ransient  peaks produced in tension in-  
creased rapidly with successive cycles. 

3. At a potential  (+262 mV) where the metal  was 
just  passive in the uns t ra ined  condition, the surface 
was able to repassivate within ~5  sec of the first and 
second tensile s train reversals. Gradually,  however, 
it became increasingly difficult for repassivation to 
occur and large dissolution currents  were found to 
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be ma in ta ined  for  apprec iab le  per iods  of t ime,  e.g., 
> 60 sec af ter  the  tensi le  s t ra in  increment .  

4. The cur ren t  t rans ients  p roduced  in compression 
were  signif icantly smal le r  than  those in tension. (Fig. 
3 indicates  tha t  this  is not  so for  mi ld  steel  in 3% 
NaC1.) 

5. In  the  active region the  peak  produced  dur ing 
the compression half  cycle d iminished wi th  successive 
cycles unt i l  the  point  was reached when  the act ion 
of the  compressive ha l f  cycle was main ly  to remove 
the increased act iv i ty  remain ing  af ter  the  tension half  
cycle. 

6. At  passive potent ia ls  the dissolut ion peaks  oc- 
cur red  at app rox ima te ly  50% of the  appl ied  tensi le  
s t ra in  at  a posi t ion corresponding to the  m a x i m u m  
st ra in  rate,  whereas  at act ive potent ia ls  the  poten t io-  
s ta t  cur ren t  rose to a m a x i m u m  close to the point  of 
m a x i m u m  strain.  A t  potent ia l s  corresponding to the  
ac t ive /pass ive  t rans i t ion  the  peak  posi t ion shif ted 
g radua l ly  f rom the point  of m a x i m u m  st ra in  ra te  to 
tha t  of m a x i m u m  st ra in  as the  cycle number  increased.  

In  practice,  most  corrosion fat igue tests are  run  
at  a constant  cycling speed. The tests at 0.2 Hz r e p r e -  
sent  an ini t ia l  a t t empt  to examine  the influence of 

control led  f requency cycling on the dissolut ion t r an -  
sients. Al though  this speed was low compared  to con- 
vent ional  tests i t  was sufficiently r ap id  for  the  second 
half  cycle of s t ra in  to be appl ied  before  the  surface had  
t ime to repass iva te  in the  ac t ive /pass ive  t rans i t ion  re -  
gion. F igure  12 reveals  tha t  the  compressive s t ra in  re -  
versal  at  this  f requency  acts to remove  the  t rans ien t  
cur ren t  p roduced  by  the tensi le  strain.  

Discussion 
The cur ren t  t ransients  observed are  s imi lar  in shape 

to those shown by  Johansson  and Staehle  (13) a l -  
though in tha t  work  the peak  cur ren ts  occurred at  
the point  of m a x i m u m  strain.  This was due p re sum-  
ab ly  to the  h igher  s t ra in  rate,  2.2 sec -1, used by  
Johansson and Staehle  compared  wi th  the value  of 
0.30 sec -1 used in these exper iments .  Johansson and 
Staehle  character ize  the i r  t ransients  by  measur ing  the 
total  charge passing in a fixed time. An  a l te rna t ive  
assessment  used in this paper  is to measure  the  peak  
cu r ren t  and the r a t e  of decay of the  peak  cur ren t  
which is character ized by  a half- l i fe ,  ti/2, which gives 
a measure  of the  ab i l i ty  of the surface to repass ivate  
and l imi t  dissolut ion effects, and may  be an impor t an t  
p a r a m e t e r  in de te rmin ing  cyclic f requency  effects in 
corrosion fat igue fai lure.  

The sudden increase in the  potent ios ta t ic  cur ren t  
as the  tensi le  s t ra in  was appl ied  suggests tha t  plast ic  
deformat ion  crea ted  areas  f rom which dissolut ion of 
the  atoms occurred more  read i ly  than  f rom the un-  
s t ra ined surface. I t  is apparen t  tha t  the  precise manner  
in which deformat ion  influenced dissolut ion depended 
upon whe the r  the surface was or was not  covered by  
an oxide film and by  the abi l i ty  of such films to re -  
form if  they  were  b roken  dur ing  straining.  The resul ts  
are  most easi ly  discussed, therefore,  if the  behavior  
of the  specimens in the  active and passive potent ia l  
regions are  considered before  examin ing  the ac t ive /  
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Fig. 12. Typical u.v. recordings of dissolution transients for 1818 
stainless steel in 3.7M H2S04. 
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passive t ransi t ion where Fig. 6 indicates that signif- 
icant changes take place either in the reactivi ty of the 
surface or the stabili ty of films formed dur ing repeated 
strain cycling at these potentials. 

The active condition, potentials --8 mV, 75 inV.--At 
these potentials film formation appears unl ike ly  and 
the current  t ransients  obtained in the first strain cycle 
varied with the magni tude of the imposed strain (Fig. 
10 and 11). Furthermore.  the transients showed a rate 
of increase of the peak current  in successive cycles 
of strain which was dependent  upon the applied strain 
(Fig. 10 and 11). From these results it seems probable 
that the function of s train was to produce more sites 
on the metal  surface from which ions may dissolve. 

Active site formation can occur when a slip step 
intersects the surface of the metal. Howard and Pyle 
(5) showed that  the rate of dissolution of ions from 
steps on the surface of a metal  was dependent  upon 
the separation between successive steps and reached 
a max imum rate for steps > ~10 -4 ram. At spacings 
>10 -4 ram, the instantaneous rate of dissolution of 
ions from a step was - 2  • 103 ions/surface atom/sec 
for iron and ~1.2 • 108 ions/surface atom/sec for 
nickel compared to rates of dissolution from a smooth 
surface calculated from Bass' model (4, 15) of 0.52 
ions/surface atom/sec. For step sizes <10 -4 m m  the 
rate of dissolution will  fall rapidly. 

Electron microscopic measurement  of slip step sep- 
aration in this type of steel showed that a single 
tensile s train of 0.05 produced an average step separa- 
tion of 2 • 10 -4 ram. This figure covers a range of 
spacings, some smaller  than  10 -4 ram, while others 
were larger than 2 • 10 -4 mm. This would give a 
range of dissolution rates from the different steps 
and the over-al l  dissolution rate would represent  an 
average of these rates depending upon the frequency 
of step separations for a given strain. The effect of 
this dis t r ibut ion of slip step widths will be that  on 
the initial  strain cycle only a proport ion of slip steps 
will be capable of providing sites for rapid dissolution. 
However, as strain cycling proceeds and the cyclic 
deformation concentrates slip on specific slip planes, 
the average slip step spacing will tend to increase, 
causing an increase in the rate of dissolution from the 
surface. Measurement  of slip step spacings on speci- 
mens which had undergone ten cycles of a strain of 
• i.e., a strain of 0.05 per half cycle, showed an 
average spacing of 4.5 X 10 ~4 mm. 

The application of a 0.10 strain, moving from a strain 
of 0.05 in compression to a s t ra in of 0.05 in tension, 
will produce --2 • 10 TM new sites per mm 2 of surface, 
assuming that the slip steps make an angle of 45 r 
with the plane of the surface. This would produce an 
additional dissolution rate of ~2  • 1012 R ions ram-2  
sec -1 where R is the rate of dissolution of ions per 
atomic site. If these sites are distr ibuted in steps of 
--10 -4 mm separation R ~ Rmax, ,~2 • 103 ions /sur -  
face atom/sec for i ron (5), and the new surface will 
dissolve at a rate of 4 X 101~ ions mm -1 sec -1 or 
--1.2 mA ram-2. The init ial  s t ra in appears to produce 
only one- twent ie th  of the active sites due presum-  
ably to the formation of many  finely spaced slip steps. 
However, as strain cycling proceeds, the progressive 
increase in the size of the t ransient  cur ren t  appears to 
indicate that there was an increase in the activity of 
the surface which is consistent with the observation 
that  there was a progressive increase in separation of 
the planes on which slip was occurring. The production 
of active sites appears to be a reversible process in 
stainless steel. Figure 12 shows that  the t ransient  cur-  
rent  was largely removed by the application of the 
compressive strain. It is possible that this effect was 
due to reversal of slip during compression along active 
slip planes produced in tension. There is evidence to 
suggest that reverse slip occurs in fatigue cycling of 
single crystals of copper (16, 17). If this did occur dur -  
ing the compressive strain cycle, then  it would cause a 
decrease in the active current  as observed and such a 

process would then contribute to crack development  in 
the manner  suggested in  Fig. 1. Although previous ob- 
servations of reverse slip appear to be l imited to single 
crystals of copper, reverse slip was observed in  this 
polycrystal l ine 18 Cr-8Ni steel during s t rain cycling. 

Figure 13 shows the surface of a stainless steel speci- 
men at 1500 • magnification dur ing  the first half  cycle 
of strain. Figure 13(a) shows the specimen at zero 
strain and load, Fig. 13(b) shows the specimen after 
0.08 total tensile s train has been applied, and Fig. 13 (c) 
shows the specimen after it has been compressed back 
to the zero s t ra in  position. It can be seen that  the slip 
lines BB' and CC' lying on either side of the inclusion 
A in Fig. 13(b) have near ly  disappeared in  Fig. 13(c). 
A new slip line, DD' is visible and also some duplex 
slip has occurred towards the center of the field of 
view. 

A slight difference in behavior  dur ing compression 
occurred between the specimen cycled at the low fre- 
quency and at 0.2 Hz. 

In  the lat ter  tests, the application of the compressive 
strain caused a smooth and continuous decrease in dis- 
solution current.  However, in the low frequency tests, 
the application of the compressive strain always pro- 
duced a small increase in current  before the major  
decrease occurred. This effect could be due to excessive 
dissolution dur ing the tensile cycle creating room for 
dissolution to start on the opposite face, XX', of the 
slip plane [Fig. l ( b ) ]  once reverse slip occurs. Be- 
cause free movement  of the electrolyte could not 

Fig. 13. Showing reversed slip during strain reversal of 18/8 
stainless steel. 
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occur wi thin  such a microcrack, concentrat ion polar-  
ization would rapidly prevent  dissolution from pro-  
ceeding throughout  the compressive s t rain reversal. 
The effect of the compressive s t rain in  reducing the 
dissolution current  could a l ternat ively  be explained by 
the closing of cracks opened by  the tensile strain. Mi- 
croscopic examinat ion  of the specimens failed to reveal  
such cracks. It should be noted that  the phenomenon 
was observed dur ing  the first s t ra in  cycle at a t ime 
when the formation of cracks sufficiently large to ac- 
count for the increase in  dissolution current  would not  
be expected. 

The passive condition, potentiMs 642-1042 inV. - - In  
this potential  region film formation apparent ly  had 
an impor tant  effect on the cur ren t  t ransient .  The peak 
current  occurred at the max imum strain rate where the 
balance between the strain rate and film formation ex-  
posed the m a x i m u m  surface area to the electrolyte. 
Fi lm formation occurred so rapidly that  the surface 
was repassivated dur ing  the application of the tensile 
strain. Figure 14 shows a typical current  t ransient  pro- 
duced at 1042 mV. The time, tl/~, for the peak current  
to fall to half  its peak value at different potentials is 
shown in  Fig. 15 for the first s t ra in  cycle of --+0.0375. 

At the active potentials  the t rans ient  did not  decay 
completely and in m a r y  cases the current  reached a 
steady value greater than  half  the peak value. To ob- 
tain a comparison of the rate at which sites were re-  
moved at active potentials, a half-l ife based on the t ime 
for the current  to fall to a value halfway between the 
peak current  and the final value was taken  and plotted 
in  Fig. 15 for the potentials --8 mV and 75 inV. As 
would be expected, the half- l i fe  decreases with in -  
creasing potent ial  presumably  due to the increased 
over potential  for film formation. At 1042 mV the 
half- l i fe  was found to be dependent  also upon the strain 
per half  cycle (Fig. 16). Strains of -+0.005 produced 
peak t ransient  currents  of ~0.1 mA,  while strains of 
-+0.01 gave peaks of ~0.2 mA compared to values in  
the range 2-4 m A  for strains between -+0.02 and -+0.05 
(Fig. 9). This increase in  peak current  with s t ra in 
combined with the reduction in  half- l i fe  suggests that 
film formation was related to the amount  of dissolution 
which occurred at the surface; a possible indication 
that  film formation depends on the concentrat ion of 
metal  ions in  solution at the interface. However, this 
effect could also be due to the degree of preferential  
dissolution of atomic species in the alloy which would 
change the effective surface composition and alter  the 
repassivation kinetics. Although the precise mechanism 
of film formation cannot be deduced from these results 

T I M E  
(secs). 

lo'  

10 

.J 

LL 

"I- 

14 

A C T I V E  

__%_ 

1(3 I l I I I I 

-250 0 250 500 750 1000 1250 

POTENTIAL mV (nhe) 

Fig. 15. The influence of potential on transient half-life. Tensile 
strain reversal from --0.0375 to +0.0375. 

lO t 
, . _ ~  0.8 

0.6: 
_1 

LL 0.4 _J 
<~ 
I 

0.2 

. . . .  o o 

0 0.01 0.10 2 0.0 3 0.0 4 0.0 5 

S T R A I N /  H A L F  C Y C L E  

Fig. 16. The influence of strain on transient half-life. 18/8 
stainless steel, 3.7M H2SO4 at +1042 mV (NHE). 

0.0"- 

0.02 

_~ 0 

~-o.o~ 

-0 .04  

'< 3 
E 

uJ 2 

1 

. . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A/ 

B_ . . . . . . .  

i I i i i , 

0 0.2 ~ &S 0 ~  1.0 1.2 1.4 

T IME s e e s  

Fig. 14. The measurement of transient half-life, t l l~, from a 
dissolution transient. 

as the  half- l i fe  is determined by the s t ra in rate as well 
as the film formation rate, it seems possible that  the 
half-l ife of the t ransient  taken in  conjunct ion with 
the peak t ransient  current  could be a useful  parameter  
in assessing the sensit ivi ty of the alloy to corrosion 
fatigue. Furthermore,  the half-l ife of the t ransient  is 
of importance in  considering the influence of frequency 
on the extent  of dissolution per cycle and consequently 
on the contr ibut ion of dissolution to crack development 
per cycle in corrosion fatigue. Fur ther  s t ra in cycles 
at these potentials did not cause an increase in  the 
magni tude  of the peak of the current  transient ,  an in -  
dication that s train cycling did not increase the number  
of active sites. It is to be expected that  s train cycling 
has the same effect on slip deformation as it has at the 
more active potentials and in  this sense a widening of 
slip planes on which deformation takes place would 
occur. This would, on the basis of earlier arguments,  
lead to higher rates of dissolution from these slip step 
faces. However, it is suggested above that film forma-  
t ion occurs more rapidly at h igher  dissolution currents  
and it is possible that  any changes in dissolution rate 
from the surface were compensated for by an equiva-  
lent  change in the film formation rate. The small  size 
of the current  t ransients  produced by compressive 
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strains indicates that  the major  proportion of slip pro- 
duced in the tensile cycle was  reversed along the origi- 
nal  slip planes. The t ransient  that  did occur dur ing 
compression was probably due either to disruption of 
the passive film formed on the exposed steps or to some 
slip along neighboring slip planes which produced fresh 
steps in contact with electrolyte. The magni tude  of the 
t rans ient  peak indicates, however, tha t  these effects 
were minimal .  

The active/passive transitions, potentials 142 m V  and 
262 m V  (NHE).--The most dramatic  effects of s t ra in 
cycling occurred at these potentials. The first current  
transients at these potentials were of a similar  size to 
those at more noble potentials and occurred at the 
point  of max imum strain rate in  the tensile half  cycle. 
In  subsequent  cycles there was a movement  of the 
peak towards the position of max imum strain which 
showed the increasing difficulty encountered by the 
surface in  repassivating. The peak values of the tension 
current  t ransients  increased rapidly w i t h  cycle n u m -  
ber (Fig. 7 and 8) and the surface behavior  appeared 
more characteristic of the active condit ion although 
the current  peaks were much larger. The increase in  
peak current/cycle,  dI/dN, is shown for tensile strains 
of • at different potentials-~n Fig. 17. A very 
rapid increase in  dI/dN at potentials close to the ac- 
t ive/passive t ransi t ion is evident. If s train enhanced 
dissolution is a factor in  corrosion fatigue failure, then 
min imum corrosion fatigue properties should occur at 
these t ransi t ion potentials. Sp~hn (14) has demon-  
strated that this behavior occurs for a 13% Cr s ta in-  
less steel tested in H2SO4. It  is clear from Fig. 7 and 8 
that  values of dI/dN are also sensit ive to the magni -  
tude of the applied strain as well as to potential. 

From the data we are not able to explain why, after 
several s train cycles, the surface was unable  to com- 
pletely repassivate or why the rate of formation of the 
films that were produced slowed sufficiently for the 
peak to occur at the max imum strain ra ther  than  the 
max imum strain rate. Two possibilities appear  feasible. 
First, preferent ial  dissolution during the first t ransients  
could have changed the surface composition removing 
chromium thus leaving a surface no longer able to 
form a passive film at these potentials. Changes were 
observed in the polarization curve where the small  
peak at 242 mV (NHE) had enlarged considerably 
after s t ra ining in comparison to the ma in  active loop 
(Fig. 18). There is a peak in  the polarization curve 
of nickel at this potential  and it is possible that  Fig. 18 
is consistent with enr ichment  of the surface with 
nickel. The fact that  nicket passivates at higher po- 
tentials would effectively explain why an increase in  
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Fig. 18. A typical polarization curve obtained after strain cycling 
in the potential range - -8  mV-242 mV. 

the magni tude of the dissolution t ransient  per s t ra in 
cycle was not observed at more noble potentials.  An  
al ternat ive possibility is that  at potentials close to the 
passivation potential  the film is th inner  and less stable 
than at higher potentials and the repeated rup ture  and 
reformation of the film dur ing s t rain cycling makes it 
more susceptible to fai lure under  tensile elastic strains 
in subsequent  cycles. Rupture  of the film in  regions 
where it is not disturbed by slip of the under ly ing  
metal  could occur and expose addit ional  areas of the 
surface to the electrolyte which would account for the 
increase in peak current  observed. Repeated fatigue 
cycling could then generate and extend microcracks 
in the film dur ing the tensile half  cycle and retard re-  
passivation. At a potential  of 342 mV (NHE). i.e., 
slightly fur ther  into the passive region, an intermediate  
type of behavior  was observed where ini t ial  cycles 
produced the t ransi t ion effects but  with a smaller value 
of dI/dN. After three or four cycles, however, there 
was a sudden drop in the t rans ient  magni tude and sub- 
sequently the surface behaved as it did at noble po- 
tentials and showed only a small  value of dI/dN (0.3 
mA/cycle) .  The growth in  peak t ransient  then com- 
menced once more as if the changes in  the surface 
brought  about by the dissolution caused the surface 
to oscillate between passive and active t ransi t ion be-  
havior. An X-Y recording of the t ransients  produced 
at this potential  at ___0.0375 strain is shown in  Fig. 19. 
This behavior was found to be reproducible and is 
probably worthy of fur ther  investigation. 

Conclusion 
The experimental  work shows that cyclic plastic 

deformation can induce enhanced dissolution of a s tain-  
less steel in  contact with sulfuric acid and that these 
effects are most pronounced dur ing  the tensile half  of 
the strain cycle. 

The fact that enhanced dissolution is main ly  re-  
moved by the compressive strain is a possible indi-  
cation that  the slip deformation produced by the ten-  
sile s t ra in is reversed along the same slip planes by 
the compressive strain. The probabi l i ty  that reverse 
slip occurs in this austenitic stainless steel is supported 
by micrographic examinat ion of a specimen undergoing 
cyclic deformation. This suggests that  the model of 
crack formation by sl ip-dissolut ion-reverse slip pro-  
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posed by Pyle, Rollins, and Howard (3) (Fig. 1) could 
occur in this steel. 

The influence of cyclic strain on surface activity is 
shown to be dependent on the magnitude of the strain 
and on potential. The greatest effects occur at poten- 
tials close to the active/passive transition where sub- 
stantial increases in surface activity occur with suc- 
cessive strain cycles. 

The decay characteristics of strain generated dis- 
solution transients are shown to depend on potential, 
strain magnitude, and the number of applied strain 
cycles and indicate that cyclic strain can significantly 
slow down the rate of film reformation. 

A c k n o w l e d g m e n t  
Manuscript submitted Dec. 26, 1974; revised manu- 

script received July 14, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1976 
JOURNAL. All discussions for the June 1976 Discussion 
Section should be submitted by F;eb. 1, 1976. 

Publication costs of this article were partially as- 
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ABSTRACT 

A new adaptation of the technique of mechanical  friction is proposed for 
the s tudy of metal  solution interfaces in  electrochemistry. The coefficient of 
friction, especially sensitive to surface-state changes, is measured by means 
of a micro-slider,  which does not disturb the i-v electrochemical curves. This 
method, called polaromicrotribometry,  is easy to employ and of general  ap- 
plication. It permits the measurement  of electrochemical t ransient  phenomena 
as well as s tat ionary ones, in aqueous and organic electrolytes. The results 
obtained using different operating modes are described from the study of gold 
oxide formation and reduction. Different f r ic t ion-potent ial  behaviors were 
found for three different rubbing  contacts, against gold in the same electro- 
lyte. Gold/gold friction is elevated at cathodic potentials, indicating metal -  
metal  bond formation, but  at anodic potentials friction is reduced by chemi- 
sorbed oxygen: the fr ict ion-potential  curve is in agreement  with the cur ren t -  
potential  curve. Teflon/gold friction is independent  of potential, indicating 
that in this last case the slider is inert  over the potential  range studied. As 
opposed to gold/gold friction, silica/gold friction is low at cathodic potentials, 
but  elevated at anodic potentials with appearance of stick-slip (high static 
friction).  This high static friction is a t t r ibuted to the electrochemical forma- 
t ion of bonds or bridges which require the presence of an adsorbed oxygen 
layer. When the electrode is covered by oxygen the friction variat ions depend 
only on the applied potential. 

Measurement  of friction for practical engineering 
applications is a classical technique of physics. The co- 
efficient of fraction is defined by f = T/N, where N is 
the normal  force to the contact surface of two bodies, 
and T is the tangent ia l  force required to cause sliding. 
Two measures exist: the coefficient of static friction 
]s is the force required to init iate sliding, while the 
coefficient of sliding friction f smaller  than fs, is the 
force required to keep the bodies sliding on each other. 
The friction coefficients are ordinari ly  independent  of 
the force normal  to the surface. 

Frict ion and adhesion are phenomena which are very 
sensible to the physicochemical nature  of the contact 
surface. One quarter  of an oxygen monolayer  on clean 
tungsten  is sufficient to divide the coefficient of friction 
by half (1). Conversely any change of friction must  be 
connected to a modification of the surface. 

This sensitivity can be explained in the following 
way. Solids are sticking only on a small part  of the 
apparent  contact area (2), and it is on this real con- 
tact surface that adhesive forces are working. During 
the displacement of the slider, the junctions are 
stretched and broken and then buil t  again; the stronger 
the adhesive forces the greater the frictional work 
dissipated. In  the presence of adsorbed layers, the 
slider is always in contact with this superficial layer, 
and consequently it appears that  friction measurement  
depends directly on the physico-chemical surface state, 
whatever  the scratch behind the slider. 

In  the case of an electrode which is immersed in an 
electrolytic solution, adsorption depends on the ap- 
plied potential  and consequently adhesion and friction 
will depend on this potential. 

Key words: friction, electrochemistry, gold electrode, oxidation, 
tribometry. 

The first such friction measurements  in electrolytes 
were those of Edison in 1877 (3) who observed the 
variat ion of the coefficient of friction of lead, thall ium, 
and p la t inum against electrolyte-soaked paper  in the 
presence of electrical current.  

Koch (4) in 1879 notes an increase of the friction of 
p la t inum against glass (in acidified water)  with the 
applied oxidizing potential. Waitz (5) in 1882 mea-  
sured friction of gold, palladium, and nickel against 
glass in different electrolytic solutions, and observed 
also an increase of friction for anodic potentials and a 
decrease for cathodic potentiMs. 

Krouchkoll  in 1889 (6) reported quant i ta t ive mea-  
surements  of the sliding friction of a p la t inum brush 
against glass in an acid electrolyte. The coefficient of 
friction increased from 0.10 to 0.30 with positive po- 
larization and showed a local max imum at a poten-  
tial of --120 mV with respect to the rest potential  of 
plat inum. 

Clark (7) reported the sliding friction of tungs ten  
and p la t inum wires on a perspex drum in various 
electrolytes. 

Bowden and Young (8) measured the coefficient of 
static friction of p la t inu m against p la t inum in 0.1M 
sulfuric acid. The method involved a small cyl inder on 
a wire in a cell, with the apparatus being tilted at the 
angle required for the cylinder to slide on the wire 
at a chosen potential. They observed a ma x i mum of 
static friction at the point of zero charge (accompanied 
by an increase in the damage to the surface) which 
they interpreted as a ma x i mum of adhesion. 

Staicopolus (9) measured the coefficient of sliding 
friction of glass against copper or stainless steel. The 
sample in the form of a cup was rotated against a 
spherical fu lcrum coupled to a torque measuring de- 
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vice. He observed the electrocapillary max imum and 
detected specific adsorption and chemisorption of ionic 
species from the change in  the friction potential  char- 
acteristics. 

Bockris, Argade, and Gileadi (10) applied the method 
of Bowden and Young, report ing data in the region of 
pzc for quartz against plat inum, gold, silver, and plat i -  
n u m  against p la t inum,  silver against silver; they in ter -  
preted the var iat ion of static friction in  terms of 
double layer  repulsion (11, 12). 

In  conclusion, it appears tha t  two methods have 
been used: measurement  of static friction with the in -  
clined plane technique (8, 10), measurement  of dynamic 
friction (5, 9). 

The first method does not allow frict ion to be re-  
corded with var iat ion of electrochemical parameters  
whereas the la t ter  does. However, in this last case the 
slider is always moving  in  the same friction track, a 
fact which is undesirable  if the measurement  periods 
are shorter than the t ime constants of the electro- 
chemical phenomena.  

Principle of Polaromicrotr ibometry  
In  order to in terpre t  nonreproducible  phenomena 

observed under  certain conditions when using po- 
larized p la t inum electrodes [servo-coulometry (13) 
and t i t r imet ry  (14)] we have at tempted for the first 
t ime to apply the microtr ibometr ic  technique (15), 
previously used for nonl iquid  environments ,  to the 
s tudy of electrode surfaces in  electrolytic media (16). 

This microtr ibometric technique is based on con- 
t inuous measurement  of the frictional force between a 
smal l  test contact and a sample, displaced slowly (a 
few microns per  second). The apparent  area of the 
contact, ca. 500,~ 2, is quite small with respect to the 
electrode surface, so the per turba t ion  of the electro- 
chemical system is minimized. 

Since the contact moves continuously on the new 
surface, the coefficient measured reflects the state 
reached by the surface, with any adsorbed layers, with 
at most a few seconds of response delay if the static 
friction is controlling, a fraction of a second for mea-  
surement  of sliding friction. A choice of friction con- 
tacts may be made, including insulat ing materials,  e.g. ,  
silica, or a metal  contact, for study of meta l - to -meta l  
friction at controlled electrochemical potential. 

It must  be noticed, however, that friction causes 
surface distortion ahead of the slider (plasic deforma- 
t ion and work hardening) .  Consequently, the relat ion 
between friction and current -potent ia l  curves may be 
questionable. In  fact, Bagotzki et al. (17) have shown 
that  adsorption remains  pract ical ly unal te red  when  
structural  defects are provoked. Moreover all the ex- 
per iments  we have performed confirm a close correla- 
t ion be tween friction and in tens i ty-potent ia l  curves. 

The systematic exploratory work carried out in in -  
organic (18) and organic media confirmed by the anal -  
ysis of the layers (19) has established the rel iabi l i ty  
of this technique. We have thus been able to demon-  
strate presence of a film, responsible for catalytic prop-  
erties on electrodes dur ing the Kolbe reaction (20) and 
the reduct ion of qua te rnary  ammonium salts (21). 

Using the study of gold oxides as a start ing point, 
we hope to show below the possibilities offered by the 
use of this technique as well as its value for the s tudy 
of slow t rans ient  phenomena whose t ime constants 
range from 1 to 3 sec. 

Exper imental  
The polaromicrotr ibometer  is composed of the follow- 

ing elements (Fig. 1). The cell, in the center of the 
diagram, is supported by an adapter  on a microscope- 
type stage. This can be rotated to any chosen angle; 
it  may be translated sideways by  a micrometer  screw, 
and it is t ranslated longi tudinal ly  by a motor -dr iven  
lathe screw at velocities from 1 to 50 ~/sec. 

The friction contact, which presses on the exposed 
upper  surface of the working electrode in the cell, is 

I I0 cm I 

1 

J 

I I 

I 

5 Y 

I 

Fig. 1. Polaromicrotribometer. 1, Translation drive motor; 2, 
protractor for calibration; 3, cell; 4, displacement transducers; 5, 
spring blades; 6, friction measurement head lift motor; 7, counter- 
balance; 8, manual height adjustment for the friction contact; 9, 
micrometer screw for lateral positioning (displacement of the fric- 
tion contact between successive posses). 

connected to an arm supported at the vi r tual  axis of 
an "N" shaped spring support, and is counterbalanced. 
A pair  of induct ive t ransducers  is located symmetr i -  
cally about the end of the first spring blade. Displace- 
ment  of the friction contact restrained by the force 
constant of the springs is measured by these t rans-  
ducers, using a 5 kHz carr ier- f requency amplifier. The 
output  of this amplifier is displayed on one pen of an 
XYY' chart recorder vs .  applied potential  or vs .  time. 
Pressure on the friction contact is supplied by weights 
on the platform above the contact. Hertz's theory shows 
that the radius of curvature  of the slider would lead 
to elastic deformation for loads less than  2g. Actual ly 
the elastic range does not  exist since the surface as- 
perities always undergo plastic deformation, so the 
experiments have been conducted with loads from 5 to 
10g which correspond to the best sensit ivi ty of the 
apparatus. The sensit ivity of the apparatus is cali- 
brated by connecting a string, balancing the weights, 
at 45 ~ upwards away from the detector. At this angle, 
a force exactly equal to the load is applied to the de- 
tector. The silica friction contact was a 2.5 m m  rod, 
polished to a tip radius of 2.5 mm. Gold friction con- 
tacts used were (i) a 3 mm rod polished to a tip 
radius of 5 mm, and ( i i )  a brush 2.5 m m  in diameter, 
made of 0.5 mm gold wire. 

The electrochemical cell is d rawn in detail in Fig. 2. 
A saturated calomel (or in  some experiments  a mer -  
curous sulfate-saturated K2SOD reference electrode is 
used, with a "stopcock" bridge. The reference elec- 
trode and ni t rogen inlet  tube are supported from the 
mobile stage. The cell cover is not t ight-fitt ing, since 
a slot of about 3 cm 2 must  be left for the f r ic t ion-con-  
tact motion. It  was found that continuous ni t rogen 
bubbl ing  in the cell does not dis turb the measurements  
except at the lowest applied weights. The entire t r i -  
bometer is inside a ni trogen-fi l led control led-atmo-  
sphere chamber. 

The potentiostat  and galvanostat  were constructed 
from _+15V FET input  operational amplifiers, with all 
components of the active feedback loop within  the 
chamber, in order to main ta in  short leads (22). 

Polarization of the working electrode was followed 
by a Tacussel "Minisis" digital e lectrometer-pH meter, 
which also drove She X axis of the chart  recorder. 

The working electrode was a gold disk,,6.22 mm in 
diameter, imbedded in a Teflon support  machined to fit 
a 24/40 standard taper joint  in the cell bottom. The 
electrode was polished either with diamond paste (to 
1/4~) or with a lumina  (to 24 hr sedimentat ion rate) be- 
fore each experiment.  The electrode was not electro- 
polished, since it appeared that grain boundary  devel-  
opment was more disturbing to the friction measure-  
ment  than  was the residual  surface roughness after 
mechanical  polishing. 
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Fig. 2. Electrochemical cell. 1, Sample; 2, wire counterelectrode; 
3, Teflon sample holder; 4, Pyrex cell; 5, rubbing contact (silica 
or gold, etc.); 6, cell cover; 7, arm to force measurement head; 8, 
nitrogen gas; 9, centering pin for weights; 10, stop-cockbridge; 11, 
reference electrode. 

Electrolytes were, in  general,  prepared from Merck 
"Suprapur"  reagents and double distilled water  or 
water  from a four-car t r idge "Millipore" purification 
system. The studies reported here were conducted in  
N H2SO4 and in N KOH; other studies have been made 
in I-I2SO4 of lower concentrations, HC104, HsPO4, and 
NaF electrolytes. 

Si l ica /Gold  Friction 
Triangular sweep.--When the interface potential  is 

changed l inear ly  with t ime a curve of friction vs. po- 
tential  such as Fig. 3 results ( in N sulfuric acid). The 
current  voltage curve is conventional.  The friction 
curve shows tbe following regions: a low coefficient 
at inert  potentials, a rise in the coefficient at anodic 
potentials up to the onset of oxidation (1.35V), and 
then the violent  variations called "stick-slip." In  fact, 
in the "stick-slip" region one can resolve two curves, 
one for the static coefficient of friction (the peaks) and 
one for the dynamic coefficient of friction (the average 
of the peaks and the valleys) (2). 

The frictional force measured is somewhat irregular.  
Deviations of 10% or more around the average value 
are normal,  even with the most carefully cleaned and 
polished samples. 1 For this reason the friction curves 
are averaged and replotted pointwise. The curve of 
Fig. 3 has thus been replotted in Fig. 4, taking for 
one potential  the average values of static and dynamic 
coefficients of friction of several experiments.  The 
anodic and cathodic friction curves are quite close. 
We note par t icular ly  that, during the cathodic sweep, 
the coefficient of friction drops well before the elec- 
trochemical reduction peak, near ly  at the same poten-  
tial of oxide formation. These experiments  show two 
unexpected results. First  the coefficient of friction 
increases with oxide formation, and second its de- 
crease is not synchronized with the oxide reduction, 
a fact which will be discussed below. 

The hysteresis, or displacement in potential  of the 
coefficient of friction curves between anodic and cath- 
odic sweeps, seen in this series of experiments (Fig. 4) 
amounts  to about 20 mV, ~ while the potential  differ- 
ence between corresponding oxygen coverage frac- 

1 Increase  of f r i c t i on  a t  the  p o i n t  zero cha rge  was  no t  r e l i a b l y  
a b o v e  e x p e r i m e n t a l  dev ia t ions .  

2 The  i n i t i a l  ser ies  (18) h a d  s h o w n  an h y s t e r e s i s  of a b o u t  100 m V  
in  the  P y r e x / g o l d  f r i c t i o n - p o t e n t i a l  curve .  

1,1, V'r r 

  ll/I/Ilvl '//' 

cc~ thod i c  s w e e p  

"~2 

0 .6 ,7 .8 .9 I.O 1.1 ;.2 ~.3 l.,:, ~,5 1.6 ~.7 
V o l t s  N H E  

Fig. 3. Silica-gold friction in N sulfuric acid. Triangular sweep, 
25 mV/sec, 3g load. Top, I-V curve; middle, coefficient of friction 
as a function of the interface potent[ol:onodic sweep; and (bot- 
tom) cathodic sweep. The beginning of the friction rise is at the 
same potential as the beginning of oxidation. 

tions on the anodic and cathodic t r iangular  sweeps is 
about 200 mV. 

In the note published previously (18) it was shown 
that the friction curve is displaced in  potential  by 
approximately 60 mV per pH uni t  (Fig. 5), as would 
be expected from the gold oxidation reaction (23). 

GaZvanostatic sweep.--For comparison with the gal- 
vanostatic studies of other authors (24) relat ing to 
the mechanism of oxidation at the gold surface, a 
set of experiments was conducted under  galvanostatic 
control. Only low currents  were employed (1-100 #A/  
cm 2) in order to resolve the friction curve adequately. 

Several curves were run  in which, after anodizing 
at constant current, the current  was dropped to zero 
rather  than being reversed. The polaromicrotr ibo- 
metric curves of Fig. 6 show the changes both of the 
potential and of the coefficient of friction with time, 
for a current of 20 #A. We see that the "stick-slip" 
appears at the beginning of oxidation, 1.35V, as under 
potentiostatic control. 

The stick-slip continues after the current is dropped 
to zero, until the potential is relaxed to below 1.35V. 
The coefficient of friction increased with potential and 
oxygen coverage, but decreased with potential at con- 
stant coverage. We deduce that the change in coeffi- 
cient of friction is a function of potential rather than 
of oxygen coverage. The data from several runs, at 
different anodic and cathodic currents, were replotted 
as a friction-potential graph (Fig. 7). Both zero cur- 
rent relaxation and cathodic (galvanostatic) sweep 
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Fig. 4. Silica-gold friction. Triangular sweep, 25 mV/sec, 3g 
load. Data of Fig. 3 replotted with smoothing: static and dynamic 
coefficients separated. Top, I-V curve. The coefficients of friction 
during cathodic sweep decrease substantially before electrochemical 
reduction of the surface oxide. 
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pH 
Fig. 5. Silica-gold friction. Curve displacement vs, pH. Curve A, 

potential of the beginning of friction increase on anodic sweep; 
curve B, potential of the beginning of friction decrease on cathodic 
sweep. 

points fal l  on the same curve, vs. potential,  as does 
the anodic branch. 

Potential jump studies.--The previous results show 
that  at constant oxygen coverage the si l ica/gold fr ic-  
t ion is a function of the potent ia l  only. This does not 
exclude a priori the possibility of a chemical  reaction 
whose response t ime is shor ter  than the response t ime 
of the fr ict ion measurement  apparatus (greater  than 
1 sec in the st ick-slip region) .  Potent io t r ibometr ic  
curves obtained at sweep speeds f rom 40 to 150 m V /  
sec show no significant fr ict ion differences. We have 
therefore  come to use a po ten t i a l - jump method to 
test for the t ime constant of the change in fr ict ion 

2 0  4 0  6 0  8 0  100 120 140 
S e c o n d s  

Fig. 6. Silica-gold friction. Galvanostotic control (20 /LA = 
67 ~A/cm ~ apparent surface). Points A-F discussed in text. 
"Stick-slip" is visible at all potentials above 1.35V and absent be- 
low 1,35V. 

with potential.  The poten t ia l - jump method also helps 
to obtain more accurate fr ict ion measurements  at a 
series of potentials, since one can hold a given po- 
tential  for several  minutes  to obtain a bet ter  average. 

In the anodic series the potential  was stepped up, 
while the frict ion measurement  was being recorded 
as a function of time, f rom a reference  potential.  One 
such curve is g iven in Fig. 8, f rom a series made as 
a function of polarizat ion time. 

It is observed, when the potent ial  is stepped f rom 
1.45 to 1.32V, that  the static coefficient of fr ict ion de-  
creases instantaneously f rom 0.40 to 0.25, in spite 
of the constant va lue  (~ ,-, 1) of oxygen coverage f rac-  
tion (25). The best avezage frict ion value, for a period 
of from 1 to 3 min, was determined,  as well  as the 
slope during that  t ime and the instantaneous change 
observed when the potent ial  was switched. The re-  
sults are plotted in Fig. 9 and may be compared with  
the preceding figures. In general,  no evidence of change 
of fr ict ion with  t ime could be seen, except  at potential  
ext remes in which the re laxat ion t ime follows, as 
closely as can be inferred, the re laxat ion curve for 
the electrode current  (i.e., the fr ict ion may  be in-  
fluenced by the t ransient  overpotent ials) .  

Some difference in the measured values of coefficient 
of friction was found between the potential  jump and 
the t r iangular  series. The t r iangular  series give higher  
coefficients of friction than the potent ia l  jump series; 
the cause of the difference has not yet  been identified. 

Tef lon/Gold Friction 
The frict ion of a Teflon rod against the gold surface 

was found to be independent  of interface po ten t ia l  
Nei ther  the oxidation nor reduct ion of the gold sur-  
face produced changes in the coefficient of friction 
against Teflon which remained at 0.11. 

Gold/Gold Friction 
TrianguZar sweep.--After the series of exper iments  

reported above, we began to feel that  the silica rubbing 
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Fig. 7. Silica-gold friction. 
Galvanostatic control. Average 
curves, static and dynamic co- 
efficients separated. 
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contact was not a t ru ly  iner t  sensor, indicat ing the 
surface condition of the metallic or oxidized gold. 

We found high sil ica/gold friction at oxidized gold 
potentials, and low friction at metall ic potentials, 
whereas the a prior~ theoretical expectation (based on 
high vacuum studies) has been for high friction at a 
metallic surface, and lower friction at the oxygen- 
covered surface. The next  best indicator to an iner t  
body is a symmetr ical  system, containing only the 
gold interfaces. We mounted  a gold ball  in a Teflon 
support, to .serve as the frictional contact against the 
gold electrode. Since the gold ball  was insulated from 
the apparatus but  was in  contact with the electrode, 
it was supposed that its surface potential  would re-  
main  the same as that of the working electrode (at 
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much lower contact pressures a noise resul t ing from 
irregular  contact can be seen in the current  response).  
The friction found for gold against gold was in fact 
lower in  the potential  region of oxidation than  in the 
reduced interface region. The stick-slip phenomenon 
was observed at reducing potentials, as may be ex-  
pected from meta l - to -meta l  contact (Fig. 10). The 
cathodic friction curve is displaced with respect to 
the anodic curve by a potential  s imilar  to that  be-  
tween the observed oxidation and reduct ion peaks. 

Potential jump.--The gold/gold friction was also 
studied using the po ten t ia l - jump technique. The re-  
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Fig. 8. Silica-gold friction. Typical potential jumps (potentials as 
indicated). The lower curve shows the immediate response of the 
coefficient of friction to the potential jump. 
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Fig. 9. Silica-gold friction. Averaged potential jump results. 
Anadic from i . IV,  cathodic from 1.45V. 
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Fig. 10. Gold-gold friction. Triangular sweep, 25 mV/sec static 
(O) and dynamic (@) mean values. The coefficient of friction is 
lower at oxidizing potentials than at reducing potentials, the re- 
verse of the gold/silica case. 

sults were qual i ta t ively similar, but  substant ia l ly  
higher coefficients of friction were obtained than were 
found in  the t r iangular-sweep experiment.  

Discussion 
Like previous investigators (4-6) we have seen an 

elevated coefficient of static sil ica/gold friction, a 
region of "stick-slip" at anodic potentials (Fig. 4), 
with lower friction at cathodic potentials. In  con- 
trast, an elevated coefficient of gold/gold friction was 
found at cathodic potentials (Fig. 10) wi th  lower 
friction at anodic potentials.  

This sticking of one mater ial  against another  has 
m a n y  of the characteristics of chemical bonding be-  
tween the materials.  Format ion  of the metallic bond 
in  h igh-vacuum meta l - to -meta l  friction is classic. At 
anodic potentials on gold this "welding" is inhibi ted 
by  chemisorbed oxygen. This results in  hysteresis in 
the gold/gold fr ic t ion-potent ia l  curve comparable to 
that  in  the electrochemical current -potent ia l  curve 
for gold. 

At cathodic potentials silica does not adhere to gold, 
since no chemical bond is possible. At anodic poten-  
tials, however, silica/gold stick-slip begins at the oxida- 
t ion potential  of gold corresponding to an abrupt  
static coefficient increase. In  the cathodic branch of 
the t r iangular  sweep, the friction diminishes at near ly  
the same potential  as the anodic increase well  before 
the reduction current  peak. In  this zone oxygen cov- 
erage is constant, hence it follows that  static friction 
only depends on potential.  

We thus must  propose an electrochemically induced 
reaction between silica and gold to account for this 
increase in  friction related not to oxygen coverage 
but  to electrode potential.  

This hypothesis has been tested by the galvano-  
static s tudy (Fig. 6) in  which the d iminut ion  of fric- 
t ion (point  F) on potential  re laxat ion after formation 
of the oxygen coverage, was found at the same po- 
tent ia l  (1.35V) as its init ial  increase (point B). That  
is, the friction changes at points B and F occurred 
at the same potential  but  at different oxygen cover- 
ages. In  the region A-B in  tha t  figure the double-  

layer  is charged with little change in  friction (0.3- 
1.35V). In  the region B-C the oxygen coverage in -  
creases from 0 to 1 (25) ; in  the region C-D the oxygen 
coverage ratio increases from 1 to near ly  2.a Oxygen 
evolutiOn Characterizes the region D-E. During the 
region E-F  the current  imposed is zero, so the only 
change possible in oxygen coverage is due to the 
loss of 0.3 /~A/cm 2 (23) which corresponds to 2% of 
the coverage during the t ime scale of the figure. We 
conclude from the galvanostatic study that  for the 
high-fr ict ion (stick-slip) behavior, not just  presence 
of oxygen coverage, bu t  also a potential  of at least 
1.35V-0.06 pH is necessary. 

It  appears clearly from these measurements  that  
adhesion is a funct ion of applied potential.  The ad-  
hesion forces stop at 1.35V, when  the oxygen coverage 
is elevated and for a value which is practically the 
same as that corresponding to oxide formation. 

The chemical bonding of this adhesion is not  clear, 
and we must  suppose that there are some bonds be-  
tween silica and the gold oxide, which depend on 
potential, and which are stronger as the potential  is 
higher. 

If there is a bond formed as a bridge between the 
two surfaces responsible for the sticking phenomenon,  
we might  postulate that  a superficial gold atom may 
react with the silica surface in a similar  manne r  to 
its reaction with water  

Au + SiOH -- A u - - O - - S i - -  + H + + e -  

in comparison with 

Au -}- H20 : AuOH + H + + e -  

Here we write only the first electron of the process, 
without  commitment  as to the speed of following 
electron transfers. One may also postulate a weaker 
bond if a hydrogen-bond  bridge is formed 

A u - - O . . .  H . . .  O--Si  

We recognize that because of ion size the formation 
of gold silicate is not a favorable reaction and that  
this compound is not found in nature,  but, as a surface 
reaction at independent  sites, it is possible. A similar  
fr ict ion-potential  study is in progress of the sil ica/ 
p la t inum friction. The results are similar  to those re- 
ported here for silica/gold friction. 

Conclusions 
The polaromicrotribometric technique, though used 

by only a few researchers, has been well established 
by the authors cited. We have a t tempted to improve 
the technique for use in this s tudy (i) so that  the 
rubbing  contact always moves over a fresh surface, 
not deformed by previous passes and (ii) by using a 
contact sufficiently small  with respect to the sample 
surface, to avoid serious shielding or surface disrup-  
tion effects per turb ing  the simultaneous electrochem- 
ical characteristics correlated with the friction phen-  
omena. 

It appears that  the coefficient of friction on the gold 
surface depends on the na ture  of the sliding contact. 
Silica-gold friction increases at the beginning of for- 
mat ion  of the gold oxide, while gold-gold friction de- 
creases. 

In  the first case, the fr ic t ion-potent ial  curves ex-  
hibit  a greater reversibi l i ty  than the in tensi ty  poten-  
tial curves, in contrast with the gold-gold friction 
curves which follow the same variations as the cur-  
rent -potent ia l  curves. 

At oxidizing potentials, an increase of the static 
coefficient of silica-gold friction is found. The revers-  

z Because  of t he  cons ide r ab l e  mic roscop ic  r o u g h n e s s  r e m a i n i n g ,  
we  were  u n a b l e  to o b t a i n  v a l u e s  of q u a n t i t y  of cha rge  pe r  u n i t  
a rea  c o m p a r a b l e  to  the  v a l u e s  of B r u m m e r  and  M a k r i d e s  (400 ~C/  
cm 2 for  o x y g e n  cove rage  to 8 = I a t  1.45V) (25). A n o d i c  and  
ca thod ic  charge  dens i t ies ,  and  the  d o u b l e - l a y e r  c h s r g i n g  t ime  a l l  ex -  
ceeded r e p o r t e d  v a l u e s  fd r  the  fiat go ld  su r face  by  a t  leas t  a f ac to r  
of 2, and  were  no t  we l l  r e p r o d u c i b l e  b e t w e e n  success ive  p o l i s h i n g s  
o~ t he  sample ,  
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ibi l i ty of friction curves show that at constant oxygen 
coverage the static friction only depends upon the 
applied potential. Other friction curves obtained under  
galvanostatic control or by the method of the potential  
jump confirm these results. 

We suggest the formation of chemical bonds be-  
tween silica and the gold oxide surface which depend 
on the potential. 

Manuscript  submit ted Nov. 11, 1974; revised m a n u -  
script received Ju ly  1, 1975. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1976 
JOURNAL. All discussions for the June  1976 Discussion 
Section should be submit ted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Laboratoire de Chimie Organique Physique. 
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The Passive Film on Iron: An Application of 
Auger Electron Spectroscopy 

R. W. Revie, *'l B. G. Baker, and J. O'M. Bockris* 

School o~ Physical Sciences, The Flinders University of South Australia, Bedford Park, South Australia 5042 

ABSTRACT 

A method has been devised whereby the Auger spectra of films formed 
under  electrochemical conditions can be examined without damage to the film 
in  the t ransfer  from the electrochemical situation. The conditions do not re- 
move water  molecules from the film at room temperatures.  Application of the 
method to the passive film on iron shows that this film differs radically in its 
Auger spectra from that  of an air-formed oxide film, or of the passive film 
after it has been heated to 150 ~ . The change in spectrum from that of the 
air-formed oxide is associated with the presence of water  molecules in the 
structure of the passive oxide. Examinat ion  of the relat ive intensities of the 
Auger spectra suggests one water molecule per two iron atoms. The change at 
150 ~ results from the removal of this water  molecule. The results are con- 
sistent with a passive film which is a hydrated ferric oxide with a gel-l ike 
structure. 

Much work has been done to elucidate the composi- 
tion and structure of passive films (1). Electron dif- 
fraction results have led to the view that the chemical 
composition of the passive film on iron is 7-Fe20~ 
(2), but  because of the effect of vacuum envi ron-  
ments  to dehydrate passive films and the additional 
possible degrading effect of the electron beam, there 
is a possibility that such studies examined a decom- 
posed passive film and not the passive film as it exists 
in situ. 

The development of ell ipsometry (3-10) has enabled 
the knowledge of passive film structure to be in-  
creased considerably. It is now known, for example, 

* Electrochemical  Society Ac t ive  Member ,  
1P re sen t  address :  D e p a r t m e n t  of Eng inee r ing  Physics ,  Research  

School of Physica l  Sciences, The Aus t ra l ian  Nat ional  Univers i ty ,  
P.O. Box 4, Canberra ,  A.C.T. 2600, Australia.  

Key words :  pass iv i ty ,  iron, Auger ,  spectroscopy,  oxidation.  

that the passive film on iron is thick (tens of A) 
(2, 11-13), and its refractive index and absorption 
coefficient have been computed (13, 14). The lattice- 
l ike nature  of the film before the ma x i mum of the 
i-V plot (13, 15), the critical thickness at the point 
of passivation (8, 9, 13, 15), the variat ion of the film 
thickness with potential  (11, 13), and some aspects 
of the mechanism of film growth (16) have been 
established in the past 4-5 years by ellipsometric and 
t ransient  ellipsometric work. 

Although a number  of the mechanistic aspects are 
now becoming established, the description of the pas- 
sive oxide layer  in terms of atomic s tructure is not 
clear. Ell ipsometry gives the refractive index and 
absorption coefficient on the surface; however, the 
interpretat ion of this informat ion depends on the re- 
lation at the surface between polarizabili ty and struc- 
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ture, which is insufficiently defined at present.  A struc-  
tural  description of the passive layer  is needed. Spec- 
troscopic methods give informat ion on surface energy 
states. MSssbauer spectroscopy has been applied to 
these films (17-19) and has detected chemical shifts 
which should be in terpre table  in terms of the struc-  
ture  of the film. Indeed, such interpretat ions  have 
been made, but  they re ta in  some speculative character 
in the absence of rel iable quan tum mechanical  cal- 
culations connecting such shifts to s tructure (18, 19). 

Another  method is Auger electron spectroscopy (20- 
26). Hubbard  et al. (27, 28) have used Auger electron 
spectroscopy to monitor  the elemental  composition 
of a p la t inum surface after exposure to HeO. These 
authors found that  a layer  of water, as shown by 
the oxygen Auger  transition, remains on Pt  (100) and 
P t ( l l l )  surfaces in vacuum after room temperature  
exposure to water  vapor or l iquid water. Staehle et a~. 
have used Auger  electron spectroscopy to study the 
passive film on stainless steel (29) and on iron (30). 
The stainless steel studies showed that, with respect 
to the substrate,  the passive film is enriched in  Cr 
and depleted in Fe, Mo, Ni, and St. The Auger electron 
spectra on iron passivated in  a boric acid-sodium bor-  
ate buffer, pH 8.4, were interpreted in support of 
previous work (31-34) which suggested that the pas- 
sive film consists of two distinct structures:  an inner  
Fe804 layer in  contact with the metal  and an outer 

-Fe2Os layer. 
This paper describes apparatus of a new design 

which enables Auger electron spectroscopy to be used 
in the examinat ion  of layers formed electrochemically 
with no intermediate  atmospheric exposure. A novel 
feature of the spectroscope is the use of an analyzer 
(35, 36) that  can be readily constructed in the lab-  
oratory using stainless steel mesh and nickel support 
rods and rings. This equipment  has been used to 
apply Auger electron spectroscopy to the study of 
passive films formed in  solution and unexposed there-  
after to the atmosphere. Some init ial  results obtained 
using this approach are presented in this paper. 

Experimental 
Some requirements  for the application of electron 

spectroscopy to the study of electrode processes in 
solution are that the init ial  specimen surface be a tom- 
ically clean; the adsorption of carbon and other mis-  
leading contaminants  be avoided, i.e., the specimen 
shoutd not be exposed to the atmosphere between the 
electrochemical exper iment  and spectroscopic analysis;  
the physically, bu t  not the chemically, adsorbed water  
layer  be desorbed dur ing evacuation; and the passi- 
vated specimen not be in the spectroscope dur ing  bake-  
out. 

I t  can be shown that dur ing  the evacuation, the 
phys isorbed- -but  not the chemisorbed--water  is lost, 
and therefore, the passive film is not l ikely to be 
decomposed. Using the Arrhenius  equation 

rate of desorption ---- Ae -E/RT molecules/site-sec 

where A is the pre-exponent ia l  factor (1012 molecules/  
site-sec), E is the activation energy of desorption, and 
T is the temperature.  Since E < 15 kcal /mole for 
physically adsorbed H20 (37), the rate of desorption 
is >9.3 molecules/site-sec; i.e., the t ime for 1 mono-  
layer to desorb is <0.1 sec. Thus, the physically ad- 
sorbed water  is desorbed dur ing evacuation at room 
temperature.  The activation energy for desorption of 

> 
chemisorbed water  from metal  oxide surfaces is 
20,000 cal /mole and is not expected to desorb dur ing 
room temperature  evacuation in short times of the 
order of minutes  (38-42). To preserve chemisorbed 
films formed electrochemically for longer times under  
high vacuum conditions, the specimen should be fro- 
zen, e.g., using l iquid nitrogen. 

The electron beam intensi ty  must  be sufficiently 
small so that  degradation of the film by thermal  and 

electron st imulated desorption does not occur. The 
increase in tempera ture  caused by an electron beam 
impinging on a bu lk  metal  specimen is negligible. 
Addit ional  possible effects on an oxide film 50A thick 
are also negligible, as may be shown by the tempera-  
ture drop across the film, calculated, following de 
Graaf  and Oosterkamp (43), from the equation 

W a  
AT --- 

where W is the power input  per uni t  area, W/cm2, a 
is the electron beam radius, cm, and ~ is the thermal  
conductivity of the sample, W/cm~ For the electron 
beam current  used in these experiments,  2~A, the 
voltage, 2 kV, and the area 0.02 cm~, W = 0.20 W/cm% 
Also, the beam radius a is ,~0.08 cm and a typical 
value of the thermal  conductivity,  K, for metal  oxides 
(44) is ,-,0.2 W/cm~ Then, aT is calculated to be 
~0.08~ 

The rate of electron induced desorption is given by 
(45) 

- - d N / d t  ---- ~ Q N  

where n is the flux of electrons, electrons/cm2 sec, Q 
is the total cross section for electron induced d6sorp- 
tion, cm 2, and N is the total coverage of the adsorbed 
species/cm% The rate of desorption is determined 
mainly  by Q, which is not known for H20 adsorbed 
on Fe. Q for HeO on W is ~10 -21 cm 2 and for 02 on W 
varies from 10 -19 to 10 -~1 cm 2 (45). It  is assumed, 

therefore, that Q for H20 on Fe ~ 10 -19 cm ~. Using the 
values n ---- 0.62 X 1015 electrons/sec cm 2 (correspond- 
ing to the electron current  density of 1 >< 10 -4 A /cm 2) 
and N ---- 0.5 • 1016 molecules/cm2 (monolayer cover- 

age of adsorbed H20), - - d N / d t  ~< 0.3 X 10 TM mole- 
cules/sec, or 6 X 10 -5 monolayer  H20/sec; thus, the 
time to desorb a monolayer  of chemisorbed H~O is 
greater than 5 hr. 

Figure 1 shows the apparatus used in  the present 
studies. The high vacuum equipment  is separated from 
the electrochemical cell by a s t ra ight- through valve, 
and a magnet ical ly operated windlass enables the 
specimen to be t ransferred directly between the 
evacuated electrochemical cell and the electron spec- 
troscope. 

Figure 2 shows a block diagram of the  vacuum sys- 
tem. The system is glass with metal  Granvi l le-Phi l l ips  
valves that can be baked to 450~ All  glass blowing 
on the UHV side of the system was done using an 
argon-hydrogen mixture  to prevent  oxidation of metal  
parts and to avoid part iculate contaminat ion resul t ing 
from thermal  decomposition of glass (46). When the 
argon-hydrogen mix ture  was not used, the sample was 
contaminated with boron. 

In  pumping  the system from atmospheric pressure, a 
rotary pump and liquid ni t rogen t rap were used. Dur-  
ing bake-out  at 350~ the system was pumped by  a 
three-stage oil diffusion pump with a l iquid n i t rogen 
trap. After bake-out,  the system was valved off and 
the ion pump used. Bake-out  was carried out in  two 
stages: a pre l iminary  1 hr bake-out,  after which the 
iron filaments, the electron gun filament, the ion gauge, 
and the mass analyzer filaments were degassed, and a 
final 5 hr bake-out,  after which degassing was again 
carried out. Pressures obtained in the Auger tube were 
~10 -9 Torr or less. 

The gas handl ing line, pumped by a two-stage oil 
diffusion pump with an associated cold trap, allows 
admission of gases into the UHV system via a break-  
seal. Gas bottles are connected using screw-on con- 
nectors. 

The specimens were films of i ron (~1000A thick) 
evaporated in vacuo from 99.998% iron wire (Koch- 
Light Laboratories) filaments 0.5 m m  diameter. The 
filaments were degassed at 3A for 30 hr  in a vacuum 
~10 -s  Torr. Preparat ion of the e lect rodes  was car- 
ried out by evaporat ion at 4.1A for 30 mi n  on a 99.998% 
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Fig. 1. Apparatus for combined electrochemical studies and 
Auger electron spectroscopy. 

iron sheet substrate  1 mm thick, mainta ined at 0~ 
by an ice water  mixture.  This temperature  was chosen 
to reduce the diffusion of impurit ies from the sub-  
strate into the evaporated film. The evaporat ion tem- 
perature was not lowered fur ther  because a rough 
surface would then develop (47). 

The electron gun  was a commercial television gun 
modified with a thoriated i r idium filament (48, 49) to 
permit  repeated atmospheric exposures. The i r idium 
fi lament in  the electron gun was coated wi th  thoria 
by  cataphoresis in  a bath containing 5g of 200 mesh 
thoria and 0.075g of thor ium ni t ra te  to 100 ml  of 
ethyl alcohol (48). The gun, after being prepared in  
this manner ,  is operated at 2 kV, and the electron beam 
impinging on the target  has a current  density of about 
1.0 X 10-4 A /cm ~. 

Electron energy analyzers current ly  used for Auger 
spectroscopy fall into two main  categories (20): 
cylindrical mir ror  and retarding field. A cylindrical  
mir ror  analyzer  (50) employs a pair  of co-axial 
cylinders to focus electrons of a nar row energy band  
on an electron multiplier.  The main  disadvantage of 
the cylindrical  mirror  analyzer is the critical depend- 
ence of the resolution on the size and axial a l ignment  
of the incident  electron beam on the specimen. The 
finely focused beam results in  a high current  density 
and may damage the surface being investigated. 

In  the present  experiments,  a re tarding field analyzer  
was used because the sensi t ivi ty and resolution of this 
type of analyzer  are relat ively insensit ive to the size 
of the emit t ing area. It is, therefore, possible to use 
defocused beams with low current  density and still 
retain a large signal. This practice minimizes desorp- 
t ion and damage at the target surface. The analyzer 
used 100 mesh, 0.001 in. stainless steel wire retarding 
and focusing grids, and was based on the principle of 
Staib's design (35, 36). 

Figure 3 shows the circuit used in  the analyzer. The 
specimen, the electron gun, and grid (1) are grounded, 
so that  the p r imary  electrons move in  a field-free re- 
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Fig. 3. Electrical circuit for analyzer of Auger electron spectro- 
scope. 

gion. Grid (2), the re tarding grid, is swept at 1 V/see 
f r o m - - 2 0  to --730V. Grids (3) and (4) are grounded, 
and grid (5), the focusing grid, has a potential  of 
+20V. This grid focuses the retarded electrons on the 
eIectron multiplier,  which amplifies the current  of 
collected electrons. To improve the focusing further,  
the plate has a potential  of +120V. The wall, which 
consumes the more energetic electrons that  are not 
retarded, is grounded. To establish the opt imum volt-  
age values at which the signal/noise ratio was a maxi-  
mum, these voltages were varied over large ranges and 
Auger spectra determined were compared. The mul t i -  
plier designed for operation at --3000V, has 14 copper- 
bery l l ium dynodes and in ternal ly  mounted  resistors. 

To obtain high noise rejection, the electronic de- 
tection scheme uses modula t ion  and phase-sensi t ive 
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with de-aerated disti l led water. To remove excess 
water from the specimen surface, the cell is subjected 
to a pre l iminary  evacuation, first with a rotary pump 
and then with a zeolite sorption pump. When a pres-  
sure of ~10 - 4  Torr  is reached, the valve between the 
Auger tube and the electrochemical cell is opened. The 
windlass is operated so that  the hook contac ts  the 
specimen and transfers  it into the Auger  tube. After 
completing the transfer, the s t ra ight- through valve is 
closed, and the triode ion pump, acting on the Auger 
tube, regains a pressure ~10 - s  Tor t  wi th in  about 20 
rain. 

The stage on which the specimen is mounted  is 
cooled to --196~ with l iquid ni t rogen to prevent  de- 
composition of hydrated films under  high vacuum con- 
ditions. Using magnets the specimen is positioned on 
the stage and is then held in  position with moIyb-  
denum clips, which also provide the electrical con- 
nection to the specimen. The Auger  spectra are then 
measured and recorded on an X-Y recorder. 

Cu WIRE 
mm ~ 

PALLADIUM 
ELECTRODE 

SAMPLE ~ -  I R O N  

Fig. 4. Iron specimen in electrochemical cell showing palladium 
electrode (1 mm from specimen surface) and Teflon rod holding 
specimen on glass support. 

detection techniques to modu]ate the analyzing energy 
and detect synchronously the current  of collected 
electrons. The retarding grid is given a small  ampl i -  
tude modula t ing  voltage, and the detector is tuned  to 
the same frequency. The modulat ion voltage used was 
3V rms for the low energy spectra and 8V rms for the 
high energy spectra. These voltages, at a f requency of 
183 Hz, were found to give the  opt imum signal/noise 
ratio. 

The electrochemical cell, located directly beneath 
the Auger tube, uses a pal ladium reference electrode 
(51-53), (Fig. 4), and a p la t inum auxi l iary  electrode. 
The main  advantage of the pa l l ad ium electrode is 
that  it may be inserted directly into the electrolyte, 
i.e., no Luggin capillary is needed. 

The solution used is 425 ml 0.1N KOH -{- 2500 ml 
0.1M HsBOs, diluted to 5000 ml, pH 8.1, which was 
kept in  a storage bottle and t ransferred to the elec- 
trochemical cell as needed via a gas lift pump. The 
passivation experiments  are carried out at -{-0.300V vs. 
SHE, a potential  in  the passive region (14). After  a 
passivation exper iment  has been carried out, the elec- 
trolyte is drained from the cell and rinsed three t imes 

Results 
Figure 5 shows the low energy spectra obtained Ca) 

from an evaporated film of iron, (b) from a film ex-  
posed to O2 at 10 -a  Torr  for 1 rain, (c) from a film 
passivated for 10 min  in  a boric acid-potassium hy-  
droxide buffer solution, pH ---- 8.1, at +0.300V vs. SHE, 
and (d) from a film passivated as in  (c) and subse- 
quent ly  heated to 150~ The iron film as evaporated, 
Fig. 5 (a),  shows a low energy Auger  M2,~IPI4.sM4,5 ~ 
t ransi t ion at 46 eV, whereas the oxidized film, Fig. 
5 (b), shows two transi t ions at 42 and 50 eV. The passi- 
r a ted  specimen, Fig. 5(c), shows one t ransi t ion at 50 
eV; and the passivated specimen after heating to 150~ 
Fig. 5(d) ,  shows two transi t ions at 42 and 50 eV. 

Figure 6 shows high energy spectra for films under  
the same conditions as Fig. 5. The oxygen K L L  t ransi-  
t ion occurs at 508 eV, and the i ron L3M2.~M~s, 
L3M2.8/P/4.5, and L.~M4.sM4.5 transi t ions occur at 590, 645, 
and 695 eV, respectively. The passive film spectrum, 
Fig. 6(c),  shows some carbon contaminat ion as evi- 
denced by the carbon Auger  t ransi t ion at 270 eV. 

Discussion 
As shown in  Fig. 2, oxidation of i ron causes a split-  

t ing of the 46 e~V iron Auger t ransi t ion into two t r an -  
sitions at 42 and 50 eV. This doublet, characteristic of 
oxidized iron, has been observed previously by Sule- 
man  and Pat t inson (54), Ueda and Shimizu (55), and 
Leygraf and Ekelund (56). The lat ter  authors have 
suggested that  the ampli tudes of the 42 and 50 eV peaks 
are related to the surface concentrat ions of Fe e+ and 
Fe 8+, respectively. It would appear, then, from Fig. 5, 
that the passive film contains Fe ~+ and no Fe 2+, at 
least in the first 10A. This conclusion agrees with the 
results from ellipsometric and electrochemical ex- 

K, L, M . . . .  r e fe r  to  the  p r i n c i p a l  e lec t ron ic  q u a n t u m  leve l s ,  
The  subsc r ip t  1 re fe r s  to  s e lec t rons ;  2, 3 to  p e lec t rons ;  a n d  4, 5 
to  d e lec t rons .  I t  is c u s t o m a r y  to l abe l  A u g e r  t r a n s i t i o n s  i n  t e r m s  
o f  t he  e n e r g y  1eve1 f i rs t  e m p t i e d ,  e.g., ~I~,3; t he  Ieve l  f r o m  w h i c h  a n  
e lec t ron  d rops  to  fill  it,  e.g., R14,~; and  t he  l eve l  f r o m  w h i c h  th e  
A u g e r  e l ec t ron  is e jec ted ,  e.g.,  M4,5, in  t h a t  o rder ;  e.g., a M2,31Y/~,sM4,$ 
t r ans i t i on .  

dN(E 
dE 

/ 

46 

I I I I I 
ZO 40 60 BO 100 

E (eV) 

(o) 

dN(E) 
dE / 

E (eV) 

(b) 

d N ( E :  
dE 

I I I I I 
~) ~X) BO 80 X)O 

E (eV) 

(c) 

dN(E) 
dE 

42 

E (eV) 

(d) 

Fig. 5. Law energy Auger 
spectra of evaporated films of 
iron: Ca) clean film as evaporat- 
ed; (b) after exposure to 02 at 
10 -.3 Torr for 1 rain; (e) passi- 
vated in boric acld-potassium 
hydroxide buffer solution, pH ~- 
8.1, at 0.300V vs. SHE for 10 
min; (d) passivated as in (c) 
and subsequently heated to 
150~ 
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periments  carried out by  Bockris et al. (13, 15) and 
Sato et aL (57). 

The carbon contaminat ion shown in the spectrum for 
the passive film, Fig. 6 (c), presumably occurred dur ing 
exposure to the electrolyte and subsequent  evacuation. 
Such carbon contaminat ion did not occur on the iron 
during evaporation, Fig. 5(a) ,  since the evaporat ion 
was carried out in vacuo. The possible effects of carbon 
contaminat ion on shifts of the 46 eV iron t ransi t ion 
were investigated by exposing evaporated films of 
i ron to: (i) CO at 10 -3 Torr  in the Auger  tube and 
(ii) the evacuated electrochemical cell at 10 -4 Torr. 
In  both experiments,  the surface contaminat ion re-  
sul ted in  no measurable  change in the 46 eV transi t ion 
energy. 

The quant i ta t ive  aspects of Auger electron spectros- 
copy, i.e., the relat ion between Auger peak heights 
and concentrat ion of surface species, have been re-  
viewed in the l i terature  (24, 26, 58-61). The production 
of Auger electrons depends on the ionization cross sec- 
tion of the inner  level which is involved in the Auger 
process, and on the n u m b e r  and energy of the ionizing 
electrons. The Auger electron current,  IA, is given by 
(24, 59, 62) 

= -- -- (1 -- r 

where Ip _-- p r imary  current  on the crystal; ~(Ep) = 
ionization cross section of the inner  level at a p r imary  
energy Ep; 12 = geometric factor that involves angles 
of incidence and emission, and the efficiency of collec- 
t ion and t ransmission of the analyzer, including rough-  

ness factor; N = total number  of atoms per un i t  area; 
~A = ratio of species A to the total number  of atoms; 
d = in ter layer  spacing; k = mean  free path of Auger  
electron; ~ = probabil i ty  that  an x - ray  is emitted fol- 
lowing ionization of the inner  level; (1 -- ~) = prob-  
abil i ty that  an Auger  process follows the ionization of 
the inner  level; and r = backscattering factor, due to 
the ionizing effect of secondary electrons. 

The data presented by Vrakking and Meyer (63) 
show that the ionization cross section of the oxygen K 
level (containing 2 electrons) is 1.0 • 10 -19 cm 2 at a 
p r imary  beam energy of 2 kV. A small extrapolat ion of 
their data for the ionization cross sections of/~,3 shells 
(63) gives that for the iron L2,8 level [8 electrons in -  
cluding Coster-Kronig t ransi t ions (64, 65) 8] as 1.8 X 
10 -19 cm 2. Hence, a stoichiometric oxide of FeO would 
have the sum of the ampli tudes of the K L L  oxygen 
Auger transitions, equal to 1.0/1.8 = 0.56 times the 
sum of the ampli tudes of the i ron L2,8 transitions.  Simi-  
larly, Fe208 would have an  oxygen t ransi t ion with the 
sum of the peak heights 3 • 1.0/2 • 1.8 = 0.83 times 
the sum of the ampli tudes of i ron L2.3 transitions.  Mea- 
surement  of Auger spectra of the type presented in  
Fig. (6)b shows that, in fact, the ratio for i ron oxidized 
at room temperature,  i.e., Fe208 (66), is 0.83 ~ 0.04 (3 
measurements)  in  excellent agreement  with that  pre-  
dicted, 0.83. 

These measurements  are made with the assumption 
that the peak-peak height in  the derivat ive spectrum 
is proportional to the Auger current,  IA, or to the area 
of the peak; i.e., varying peak widths and modulat ion 
voltage distortion are neglected. The accuracy of the 
measurements  may be inferred from the agreement  of 
the theory wi th  the results for the oxidized i ron 
"standard." 

Of a total of 6 measurements  on the passive film as 
in  Fig. 6 (c), the average ratio of the ampli tude of the 
oxygen transit ions to the sum of the ampli tudes of the 
iron L2.8 t ransi t ions was 0.99 with a s tandard devia- 
t ion of 0.11; these spectra, therefore, imply  an oxygen/  
i ron ratio in the passive film of r = 0.99 X 1.8/1.0 = 
1.8, with a s tandard deviat ion of 0.2. The' oxygen/ i ron  
ratio of 1.8 __ 0.2 is higher than  that of any  known iron 
oxide. 

A layer  model may be used to estimate the amount  
of hydrated water  in  the passive film. The Auger  elec- 
t ron current  emerging at the sample surface from 
molecular layers below the surface is a t tenuated by 
the factor e -nd/x, where d is the in ter layer  spacing, k is 
the mean-free  path of the Auger electrons, and n is the 
number  of layers through which the Auger electrons 
must  pass to reach the surface. The relat ive contr ibu-  
tion of oxygen and of i ron to the total Auger  current ,  
IA, may be calculated for a variety of assumed struc- 
tures. For example, assuming that  the passive film on 
i ron consists of layers, each having the composition 
r e203 .  H20, the ratio of the Auger currents  due to 
oxygen and iron is 

/oxygen 

/iron 

2 
-- (I + e -d/x -~- e -2d/)" --l- e -Sd/x --I- ..-) 
3 

= 1.1 (1) 
1.8 -~- (1 -t- e -d/~ -]- e-2dA "~- e -~d/~ -I- . . . )  

equal, wi th in  exper imental  error, to the ratio of the 
observed amplitudes of the Auger transitions.  I t  would 
appear, therefore, that Fe203" HeO is a satisfactory 
representat ion of the passive film structure. 

This conclusion is in essential agreement  with the 
results of O'Grady and Bockris (18), who found that  

3 A C o s t e r - K r o n i g  t r a n s i t i o n  i n v o l v e s  4 r a t h e r  t h a n  3 e lect rons .  I f  
the  i n i t i a l  i on i za t ion  occurs  in  t h e  K shel l ,  an  e l ec t ron  f r o m  a h i g h e r  
e n e r g y  leve l ,  such  as the  L shel l ,  w i l l  d rop  to  f i l l  the  v a c a n t  level .  A 
t h i r d  e l ec t ron  m a y  t h e n  d rop  to  f i l l  t h i s  v a c a n c y  in  t h e  L shel l ,  and 
the  A u g e r  e l ec t ron  is t h e n  emi t t ed .  
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the i r  M5ssbauer  spectroscopic resul ts  were  consistent  
wi th  a passive film on iron of a po lymer ic  film of h y -  
d ra ted  i ron oxide. The M6ssbauer  pa rame te r s  match  
values for the  i somer  shift  and quadrupole  spl i t t ing 
of i ron-conta in ing  polymers ,  which have a s t ruc ture  
containing d i -oxy  and d i - h y d r o x y  br idg ing  bonds be- 
tween  the i ron  atoms. 

Correspondingly ,  Kudo  et  al. (67) es t imated  f rom 
pass ivat ion  exper iments  using t r i t i a t ed  solutions tha t  
the  to ta l  content  of wa te r  in the  passive film on i ron 
in the potent ia l  region of -50.04--51.04V vs. SHE was 
equivalent  to Fe203 �9 1.99 H20, except  in the  region of 
-50.24V vs. SHE, where  inconsistent  results  were  ob- 
tained.  These authors  (67) ment ion  tha t  the  isotope 
effect was not considered in es t imat ing the amount  of 
bound  wa te r  and tha t  this would  lower  the  repor ted  
values.  Calculat ions based on the react ions  

2H20 -5 M--> MOH -5 H30 + -5 e [1] 
and 

2HOT -5 M--> MOT -5 THfO + -5 e [2] 

have been car r ied  out  to de te rmine  the rat io  of the  
equ i l ib r ium constants,  KH and KT, for  react ions [1] 
and [2], respect ively.  The rat io  KH/KT was found to 
be ,~0.01, imply ing  tha t  equi l ib r ium concentrat ion of 
t r i t i um in the passive film is much grea te r  than  tha t  
of hydrogen  and tha t  t r i t ium measurements  m a y  
g rea t ly  overes t imate  the  amount  of bound wa te r  in the  
passive film. Uncer ta in t ies  in the  re la t ive  ra te  con- 
s tants  of hydrogen  and t r i t ium (68, 69) place fu r the r  
doubt  on the quant i ta t ive  es t imat ion of the  H20 con- 
ten t  of the  passive film using t r i t ia ted  water .  These 
considerat ions m a y  expla in  the  fact that  the resul ts  of 
Kudo  et al. (67) indicate  a h igher  amount  of H20 
than  is consistent  wi th  the Auger  results.  

Heat ing the pass iva ted  specimen to 150~ caused the 
apearance  [Fig. 5 (d ) ]  of the two Auger  peaks,  42 and 
50 eV, character is t ic  of oxidized iron. I t  m a y  be as-  
sumed, then, tha t  such hea t ing  causes decomposi t ion of 
the  passive film to i ron oxide, perhaps  ,~-Fe203, the  
fo rmat ion  of which O 'Grady  (19) observed on d ry ing  
passive iron. 

Okamoto et aI. (70-72) have s tudied the impor tance  
of hydra t ed  wa te r  to the  corrosion pro tec t ion  of the  
passive film. These studies indicated,  in agreement  wi th  
the  work  of O 'Grady  and Bockris  (17-19), tha t  the  
passive film is a hyd ra t ed  oxide film having a ge l - l ike  
s t ructure.  Be tween  meta l  ions in the  film, three  differ-  
ent  types  of br idge  exist:  -M-HfO-M-,  -M-HO-M-,  
and - M - O - M - .  Dehydra t ion  of the  passive film, e.g., by  
heat ing in vacuo, dest roys  bonds of the first two types, 
changing the passive film to a (less protect ive)  perfect  
oxide. 

Seo, Lumsden,  and Staehle  also s tudied the  s t ruc-  
tu re  of the  passive l aye r  on iron (30). Their  exper i -  
menta l  technique involved a t ransfer  of the  sample  
th rough  the atmosphere.  ThereafteI", they  removed  
sections of the passive layer  by  sput te r ing  it p ro-  
gress ive ly  and de termining  the  spec t rum as a funct ion 
of depth.  The Auge r  spect ra  regis tered  by  Seo, Lums-  
den, and Staehle  were  character is t ic  of the spec t rum 
shown here  [Fig. 5 ( b ) ]  for a i r - f o rmed  oxide and 
showed the two peaks  character is t ic  of this  body 
r a the r  than  the single peak  character is t ic  of the  pas -  
sive film [Fig. 5 (c ) ] .  Seo, Lumsden,  and Staehle,  how-  
ever, in t e rp re ted  the i r  two peaks  to be indicat ive of a 
dup lex  s t ruc ture  consisting of 7-Fe203 and Fe~Od. Their  
in t e rp re ta t ion  must  now be  rega rded  as doubtful .  

Conclusions 
1. Auge r  e lect ron spectroscopy may  be used for 

e lectrochemical  studies. I t  may  be impor tan t  tha t  the  
films formed e lec t rochemical ly  be s tabi l ized in vacuum 
b y  reduct ion  to a low tempera ture .  

2. The high energy  Auger  e lect ron spect ra  are con- 
sistent  wi th  1 wate r  molecule  per  2 i ron molecules.  

3. Heat ing  the passive film in vacuum causes de-  
hydra t ion  and the format ion  of an oxide. 

4. The results  are  consistent  wi th  the  model  of the  
s t ruc ture  of the passive layer  on i ron ar is ing from 
MSssbauer studies (17-19). 
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Surface Brightening during High Rate 
Nickel Dissolution in Nitrate Electrolytes 

Madhav Datta and Dieter Landolt* 
Materials Department, Swiss Federal Institute of Technology, Lausanne, Switzerland 

ABSTRACT 

Condit ions leading to surface br ightening  dur ing ECM in pass ivat ing  elec-  
t rolytes  were  inves t iga ted  by  s tudying  high r a t e  t ranspass ive  nickel  dissolu- 
t ion in acidified n i t ra te  e lectrolytes  under  control led hydrodynamic  condi-  
tions. The exper imenta l  appara tus  consisted of a flow channel  cell in which 
constant  e lec t ro ly te  l inear  velocities be tween 100 and 1760 cm/sec  could be 
reached. Dissolution exper iments  were  pe r fo rmed  ga lvanos ta t ica l ly  at cur -  
ren t  densit ies ranging f rom 0.5 to 30 A / c m  2. Over -a l l  cu r ren t  vol tage be-  
havior,  cur rent  efficiency for metal  dissolut ion and surface appearance  were  
eva lua ted  as a funct ion of appl ied  current  density, flow rate, and e lec t ro ly te  
composition. Results indicate that  the onset of surface br igh ten ing  is mass 
t ransfer  control led  and coincides wi th  the format ion  of a salt  prec ip i ta t ion  
l aye r  at the anode. 

The process of e lectrochemical  machining (ECM) 
involves anodic dissolution of a workpiece  at ve ry  high 
cur ren t  densi ty  under  condit ions of high e lec t ro ly te  
flow r a t e  and smal l  e lectrode spacing. Dimensional  ac-  
curacy and surface finish of the workpiece  produced 
by  ECM are in t ima te ly  re la ted  to the na ture  of the 
e lec t ro ly te  and to opera t ing  conditions. Pass ivat ing  
electrolytes  such as sodium chlorate  and sodium ni-  
t ra te  are  wel l  sui ted for electrochemical  machining 
of i ron and nickel  base al loys because they  give good 
dimensional  control  and good surface finish (1, 2). The 
re la t ion be tween pass ivat ion behavior  and dimensional  
control  in ECM has been discussed by  severa l  authors  
(3-7) but  l i t t le  is known at present  about  the  proc-  
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K e y  words :  e lectrochemical  machin ing ,  t ranspasSive dissolution, 

nickel ,  surface br igh ten ing ,  

esses which de termine  surface finish in pass ivat ing  
ECM electrolytes.  

In  ECM practice,  surface finish can f requent ly  be 
improved  by  increas ing cur ren t  density. Cole and 
Hopenfe ld  expla ined  this fact by  an electrostat ic  model  
(8). According to this, a h igh potent ia l  gradient  in the  
solution leads to p re fe r r ed  meta l  dissolut ion at peak  
sites of a rough surface and thus to leveling. The elec-  
t rostat ic  model  predicts  that  surface finish in ECM is 
independent  of dissolution mechanism and of flow rate. 
This is in contradic t ion to the  findings of Landolt ,  
Muller,  and Tobias who s tudied high ra te  dissolution 
of copper in different e lectrolytes  (9, 10) and found 
that  etched surfaces resul ted  f rom active dissolut ion 
while bright and pitted surfaces resulted from trans- 
passive dissolution. The transition from one dissolution 
mode to the other depended not only on current den- 
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sity bu t  also on flow rate, indicat ing that the onset, of 
surface br ightening was controlled by mass transfer.  

Surface br ightening under  conventional  electro- 
polishing conditions is also controlled by mass t ransfer  
(11-15). Hoar and RothweH (14), who studied copper 
dissolution in phosphoric acid in  a flowing electro- 
lyte, found that the onset of surface br ightening co- 
incided with the formation of a salt layer  at the anode 
giving rise to well-defined l imit ing current  plateaus. 
Their  findings have recently been confirmed by Koj ima 
and Tobias (16). 

Very li t t le is known  about the mechanism of surface 
br ightening of metals dissolving in  the transpassive 
dissolution mode under  ECM conditions. Mao and Chin 
(17) s tudying the dissolution of steel in  sodium chlo- 
rate recent ly suggested that  salt precipitat ion is re- 
sponsible for the onset of surface brightening.  How- 
ever, they found no effect of flow rate on surface finish, 
therefore render ing the proposed mechanism quest ion- 
able. The quant i ta t ive  study of mass t ransport  proc- 
esses during transpassive dissolution under  ECM con- 
ditions is rendered difficult not only by the fast metal  
dissolution rate which may affect cell geometry and 
therefore hydrodynamic conditions but  also by the 
possibility of anodic oxygen evolution which can dis- 
turb  the anodic diffusion layer. To minimize these ef- 
fects, dissolution experiments  have to be carried out at 
high electrolyte flow velocities using an electrolyte 
which gives high current  efficiencies for metal  dissolu- 
tion. In  addit ion a well-defined cell geometry has to be 
main ta ined  dur ing  the experiments.  

The aim of the present  paper  was to investigate the 
influence of mass t ransfer  on surface br ightening of 
metals dissolving at high rate at potentials more noble 
than  those corresponding to anodic oxygen evolution. 
For that  purpose, the anodic dissolution of nickel in 
concentrated acidified ni t rate  electrolytes was studied 
in  a flow cell allowing for well-defined mass t ransfer  
conditions. The present  invest igat ion is par t  of our con- 
t inuing  effort to develop models for predict ing the 
ECM behavior  of passivating metals and alloys. 

Exper imenta l  

All experiments  were  performed in a flow cell ap-  
paratus described in  detail elsewhere (18). The elec- 
trochemical cell consisted of a rectangular  flow chan-  
nel 0.317 cm wide and 0.053 cm high. A hydrodynamic  
entrance length of 7 cm upstream from the electrode 
served for establishing ful ly developed velocity pro-  
files at the electrodes. Anode and cathode made of 
Nickel 200 were positioned flush with the channel  wall. 
The electrodes were 1.02 cm long and of the same width 
as the flow channel.  The anode area was thus 0.32 cm 2. 
The electrolyte was forced through the cell by means 
of a single stroke piston pump at constant  l inear  
velocities ranging from 100 to 1760 cm/sec. Each ex-  
per iment  corresponded to one stroke of the piston after 
which the pump cyl inder  was refilled with electrolyte 
drawn from a 2 l i ter reservoir. Electrolyte tempera ture  
was mainta ined at 25~ by means of a thermostat.  A 
saturated calomel electrode was used for potential  
measurements.  It was connected to the flow channel  by 
means of a back side capil lary positioned upstream 
from the anode. 

Before each experiment,  the nickel  anode was me-  
chanical ly polished on 600 carborundum paper, de- 
greased with benzene, and cleaned with soap solution 
and distilled water. It was subjected to cathodic pre-  
electrolysis in  1M NaOH solution at 20 mA/cm2 for 30 
sec followed by r insing with distilled water. The anode 
was then immediate ly  positioned in  the cell. Electrolyte 
solutions were prepared from analytical  grade chemi- 
cals and distilled water. Most data reported in this 
s tudy were obtained in 5M NaNOs -5 1M HNOs. A 
strongly acidified solution was employed to reduce 
local pH changes at the anode due to oxygen evolution. 

Except for p re l iminary  experiments  which were 
carried out potentiostatically, all experiments  were 

performed at constant current  using a potentiostat  
(Amel Type 555) in  the galvanostatic mode. Current  
densities applied ranged up to 30 A/cm 2. One series of 
experiments was aimed at the s tudy of polarization 
behavior and surface finish. A constant  charge ~vas 
passed corresponding to a m a x i m u m  depth of dissolu- 
tion of 10~. After the experiments,  the surface of the 
anode was observed visual ly and /or  with the aid of a 
microscope. The surfaces of a few samples were also 
investigated by  means of a scanning electron micro- 
scope. Current  during the experiments was monitored 
on a conventional  storage os.cillosoope (Tektronix 
Type 5103N), while the anode potential  was measured 
by means of a digital oscilloscope ('Nicolet Type 
109). In  this instrument ,  the data are first stored in 
digital form in  a memory. They can be displayed in 
analog or digital form on an oscilloscope screen or re-  
corded on a pen recorder. In  a second series of ex- 
periments,  aimed at the study of the current  efficiency 
for metal  dissolution, the amount  of charge passed 
corresponded to a ma x i mum depth of dissolution of 
20~. In  these experiments,  the current  was monitored 
with the digital oscilloscope while the anode potential  
was measured with an electrometer (Keithly Type 
615). The anode was carefully weighed before and 
after each experiment,  using an analytical  balance hav-  
ing a precision of 0.01 mg (Sartorius Model 2474). 
Before weighing, the samples were cleaned with ace- 
tone and dried with air. 

Results 
The anodic polarization behavior  of nickel in  5 M  

NaNOa -5 1M HNO3 solution is i l lustrated by the po- 
tent iodynamic data of Fig. 1 which were obtained at 
different electrolyte flow velocities by applying a po- 
tent ial  scan rate of 500 mV/sec. The curves exhibit  
a typical active-passive behavior. The passivation po- 
tent ia l  is 0.250V v s .  SCE, the critical current  density 
for passivation is approximately 350 mA / c m 2. This cur-  
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Fig. 1. Anodic potential sweep measurements on nickel in 5M 
NaNO3 -5 1M HNO3 at different electrolyte flow velocities. Scan 
rate 500 mV/ser 
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Fig. 2. Anode potential transients in 5M NoNO~ 4- 1M HNO3. 
A: Constant flow rate of 400 cm/sec, current density 7.0 A/cm 2 
(a), 7.5 A/cmZ (b), 9.0 A / c m  ~' (c). B: Constant current density of 
10 A/cm 2, flow rate 1760 cm/sec (d), 1000 cm/sec (e), 400 
cm/sec (f). 

rent  density is smaller than those applied in  subse- 
quent  dissolution experiments  (0.5-30 A/cm 2) which 
therefore refer exclusively to the transpassive po- 
tential  region. The la t ter  corresponds to potentials 
higher than 1.7V vs. SCE. Flow rate has no appreciable 
effect on the active-passive behavior  of nickel in  so- 
dium ni t ra te  bu t  it  affects the polarization curves in 
the transpassive potential  region (Fig. 1). Because 
general ly large IR drops between capil lary and anode 
are present  in high rate dissolution studies, current  
ra ther  than potential  was controlled in all subsequent  
experiments.  

The application of a constant current  pulse to the 
anode resulted in two distinct types of potential  t r an -  
sients (Fig. 2). At low current  densities, steady state 
was reached almost immediately and the potential 
stayed constant throughout  the run  (type I t rans ient) .  
At high current  densities, on the other hand, the po- 
tential  jumped to an ini t ial  value, then  increased to a 
max imum before decaying to a more or less steady 

value (type Ii  t ransients) .  Which type of potential  
t ransient  occurred dur ing  an exper iment  depended not 
only on the magni tude  of the applied current  density 
but  also on flow rate. For example, at a flow rate of 
100 cm/sec, a type II t rans ient  was observed at a cur- 
rent  density as low as 4.2 A/cm z while at a flow rate 
of 1760 cm/sec, a type I t ransient  was observed up to 
current  densities of 20 A/cm~. 

Upon current  switch-off, a potential  arrest  at ap-  
proximately 0.8V usual ly  occurred before the original 
open-circuit  potential  of 0V vs. SCE was reached. The 
phenomenon is well  known for passive electrodes 
undergoing self-activation, and a thorough discussion of 
the l i terature  has been given by Vetter (19). The data 
of Fig. 2 indicate that upon current  switch-off self-ac- 
t ivation of the anode occurred faster the higher the 
applied current  densi ty and the lower the flow rate. 
The behavior  has been discussed elsewhere (20). 

In  Fig. 3 init ial  values and peak values of measured 
potential  t ransients  are plotted as a funct ion of current  
density for different flow rates. Steady-state  poten-  
tials of type I t ransients  and init ial  potentials of type 
II t ransients  fall on the same straight line. Their  value 
is governed mostly by the IR drop between reference 
electrode capillary and anode. Peak potential  values 
of type II t ransients lie dist inctly higher. The differ- 
ence between peak potentials and init ial  potentials is 
due to the presence of an anodic layer  which increases 
the effective resistance at the anode surface. This 
layer is different from the usual  passive film present  
on nickel at lower current  density because the passive 
film does not give r~se to type II transients.  

Two distinctly different types of surface texture  re-  
sulted from anodic dissolution. One type of surface, 
typical for a type I transient,  appeared grayish-black 
to the eye and gave the impression of a surface covered 
by a thick porous film. This impression was not con- 
sistent with reality, however. First  of all, no deposits 
could be removed from the black-appear ing surfa, ce by 
mechanical  or chemical means. X- ray  diffraction anal-  
ysis of a black surface showed only the diffraction 
pat tern  characteristic for metallic nickel, but  nei ther  
oxides nor  salts could be identified on the surface. 
While this does not exclude the presence of a th in  
passive film [the thickness of passive films on nickel 

F~. 3. Over-oil anode poten- 
tial as a function of current 
density for nickel dissolution in 
5M NaNO3 4. 1M HNO~ derived 
from golvanostatic measure- 
ment$. 
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is typical ly of the oz, der of angstrSms (19)], it  def- 
ini tely excludes the presence of films of greater thick- 
ness. It is therefore concluded that  the black surface 
appearance was due to a finely disperse surface texture  
of the metal  resul t ing from the anodic dissolution 
process. A scanning electron micrograph of a typical 
b lack-appear ing surface is given in  Fig. 4. 

The second type of surface typical  for type II  t r an -  
sients appeared br ight  to the naked eye. Its average 
surface roughness determined with a mechanical  sur-  
face tester (Talysurf  Model 10) was Ra ---- 0.1~ com- 
pared to Ra ---- 0.75~ for a b lack-appear ing surface. 

A scanning electron micrograph of a br ight  surface is 
shown in Fig. 5. On a microscale, the  surface appears 
almost perfectly flat, except for the presence of some 
grain  boundary  attack and of hemispherical  pits. Sev- 
eral of the pits exhibit  tails point ing in  flow direction. 
It  is interest ing to note that  no effect of flow direction 
was visible on b lack-appear ing  surfaces. On the other 
hand, br ight  surfaces not only exhibited pits tai l ing in  
flow direction but  also so called flow streaks (1). A 
similar  behavior  has previously been observed dur ing  
high rate anodic copper dissolution (10), where the 
surface texture  of etched surfaces showed no dis- 
cernible influence of flow direction, while br ight  and 
pitted surfaces f requent ly  exhibited well  pronounced 
flow streaks. It  appears from this that the occurrence of 

flow streaks in  ECM is in t imate ly  related to pi t t ing 
phenomena occurring under  br ightening conditions. 

Surface br ightening always started at the down 
stream end of the anode. Upon increasing current  den-  
sity, it gradual ly  extended over the entire anode sur-  
face. The t ransi t ion in  appearance from a black to a 
bright surface was quite sharp as i l lustrated by Fig. 
6. Because of the clear difference in  surface appearance, 
the fraction of the anode surface that  appeared bright  
could be estimated for each current  density and flow 
rate. The results of such estimations are g iven  in Fig. 7 
where percentage br ightening has been plotted as a 
function of current  density for different flow rates. The 
data demonstrate that  current  density as well  as flow 
rate have a strong influence on surface finish resul t ing 
from transpassive dissolution. The onset of surface 
br ightening (Fig. 7) coincides with a change in  the 
slope of the over-al l  current  voltage curve (Fig. 3). 

The current  efficiency for metal  dissolution was de- 
termined at various flow rates over a current  density 

Fig. 4. Scanning electron micrograph of etched surface res,|ting 
from dissolution in 5M NaNO~ -}- 1M HNO3 at a current density 
of 3 A/cm 2 and a flow velocity of 400 cm/sec. 

Fig. 6. Photomicrograph of typical nickel surfaces after anodic 
dissolution showing (A) black surface, (B) partially bright surface, 
(C) bright surface. Flow direction from top to bottom. 

Fig. 5. Scanning electron micrograph of bright surface resulting 
from dissolution in 5M NaNO~ -]- 1M HNO3 at a current density 
of 25.0 A/cm 2 and a flow rate of 400 cm/sec. Flow direction from 
upper left to lower right. 
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range from 0.5 A/cm2 to 30 A/cm2 by weight loss mea-  
surements.  Current  efficiency values calculated on the 
basis o~ Ni ~+ formation are given as a function of cur-  
rent  density in  Fig. 8. The dissolution efficiency in-  
creases with increasing current  density unt i l  a maxi -  
m u m  of 90-95% is reached. The ini t ial  part  of the cur-  
rent  efficiency vs. current  density curve is independent  
of flow conditions, but  the current  density at which 
max imum efficiency is at tained increases with flow 
rate. After the maximum,  the apparent  current  effi- 
ciency for dissolution decreases slightly and levels off 
at a constant value of 85-90%. 

LaBoda e t a l .  (21) recent ly investigated nickel dis- 
solution in sodium chlorate under  ECM conditions. The 
current  efficiency for metal  dissolution was measured 
while s imul taneously  the anodically evolved gas w a s  
collected and analyzed. The authors found that  all 
the current  passed could be accounted for by anodic 
oxygen evolution and divalent  nickel ion formation. 
In the present flow channel  system, anodically evolved 
gas could not be analyzed. However, a few pre l iminary  
experiments were performed in a cell without  external  
convection in which the anode gas could be collected. 
These experiments performed at current  densities up 
to 5 A/cm 2 indicated that divalent  nickel ion forma- 
t ion and anodic oxygen evolution are the predominant  
reactions dur ing transpassive nickel dissolution in so- 
dium nitrate.  It  is therefore concluded that  in  the 
ascending part  of the current  efficiency vs. current  
density curves shown in Fig. 8 nickel dissolved to the 
bivalent  state, the remainder  of the current  serving for 
oxygen evolution. Whether  the same holds true for 
current  densities above the current  efficiency maxi-  
mum cannot be decided from present ly available data. 

Discussion 
Mass transport  in the present flow channel  cell can 

be described by Eq. [1] and [2] which apply to laminar  
(22) and tu rbu len t  (23) flow conditions, respectively 1 

Nu ---- 1.85 (ReScDh/L) 1/8 [1] 

Nu : 0.022 ReT/SSc 1/4 [2] 

The Nusselt number  Nu is defined by: ilDh/nFACD. The 
Schmidt number  Sc is defined by Sc ---- v/D and the 
Reynolds number  Re is defined by Re = UDh/,. In  the 
expressions il is the l imit ing current  density, Dh is the 
hydraulic diameter  of the flow channel, L is the length  
of the electrode, aC is the concentrat ion difference be-  
tween anode and bulk, D is the diffusion coefficient of 
the t ransport  l imit ing species, ~ is the kinematic  vis- 
cosity, u is the l inear  flow velocity of the electrolyte. 

1 S e v e r a l  d i f f e r e n t  d i m e n s i o n l e s s  r e l a t i o n s  d e s c r i b i n g  h e a t  a n d  
m a s s  t r a n s p o r t  u n d e r  t u r b u l e n t  f low c o n d i t i o n s  h a v e  b e e n  p r o p o s e d  
in  t h e  l i t e r a t u r e  (23-26). M o s t  of  t h e m  s h o w  N u  to be  p r o p o r t i o n a l  
to  Re  v/s a n d  Sc~/~ o r  Sc  ~/4 b u t  d i f f e r  s o m e w h a t  in  t h e  p r o p o r t i o n a l i t y  
cons t an t .  E q u a t i o n  [2] is  u s e d  h e r e  b e c a u s e  p r e v i o u s  l i m i t i n g  c u r -  
r e n t  m e a s u r e m e n t s  in  t h e  p r e s e n t  a p p a r a t u s  (18) s h o w e d  i t  to  b e  in  
g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t a l  da ta .  
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Fig. 8. Current efficiency for nickel dissolution (based on Ni ~§ 
formation) in 5M NaNOs -~- ] M  HNO3 as a function of applied 
current density at different flow rates. 
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Fi,g. 9. Onset of brightening during nickel dissolution in 5M 

NaNOB -F 1M HNO3 as a function of diffusion layer thickness. 

For a mass t ransport  controlled surface br ightening 
process Eq. [3] holds 

aC 
~/ob = nFD [3] 

Here Lob is the current  density at the onset of br ight-  
ening and e is the current  efficiency for metal  dissolu- 
tion at the onset of brightening.  The diffusion layer  
thickness 5 depends on flow conditions and is given by 
the relat ion 

Dh 
5 = [4] 

Nu 

In  Fig. 9 the product 0/oh derived from the data of 
Fig. 7 and 8 is plotted on a logarithmic scale as a func-  
tion of 5 evaluated from Eq. [1], [2], and [4]. The nu -  
merical  value of Lob corresponds to 5% of the surface 
being bright. The kinematic  viscosity v, needed for the 
calculation of Re and So, was determined experi-  
menta l ly  (Table I).  The numerical  value of D needed 
for the calculation of Sc was assumed to be 9 • 10 -8 
cmf/sec. Since in Eq. [1] and [2] Sc appears with the 
exponent  1/3 and 1/4, respectively, the absolute value 
of D has relat ively li t t le influence on the data of Fig. 
9. In  part icular  it does not affect the slope of the 
straight l ine shown. The slope determined by regres- 
sion analysis is --1.0 • 0.06. This is the same value as 
predicted by Eq. [3]. Therefore, the onset of surface 
br ightening on nickel ~ dissolving in sodium ni t ra te  solu- 
t ion is mass t ranspor t  controlled. 2 

According to Hoar (14) and others, electropolishing 
of metals proceeds in the presence of a precipitated 
salt layer  on the anode surface and is mass t ransport  
controlled. The data given above suggest that a similar  
mechanism applies to high rate nickel dissolution 
under  ECM conditions. To fur ther  test this hypothesis, 
dissolution experiments were performed in  acidified 
nickel ni t ra te  solution of different concentration. The 
composition of the three solutions employed is given 

2 In  t h e  a b o v e  ca l cu la t ion  of  6, i t  w a s  a s s u m e d  t h a t  a n o d i c  g a s  
e v o l u t i o n  h a s  a n e g l i g i b l e  i n f luence  on  m a s s  t r a n s p o r t  a t  t h e  o n s e t  
of s u r f a c e  b r i g h t e n i n g .  T h i s  a s s u m p t i o n  a p p e a r s  j u s t i f i ab l e  in  v i e w  
of  t he  h i g h  e l e c t r o l y t e  f low ve loc i t i e s  e m p l o y e d  a n d  in  v i e w  of  t h e  
h i g h  v a l u e  of  m e t a l  d i s so lu t i on  c u r r e n t  e f f i c i ency  a t  t h e  o n s e t  o f  
b r i g h t e n i n g  (Fig .  8). 

Table I. Physical properties of nitrate electrolytes (25~ 

Kinemat ic  
D e n s i t y ,  V i scos i ty ,  v i s cos i t y ,  

E l e c t r o l y t e  g / c m S  c.P. c m f / s e c  

5M NaNO2 + 1M HNO2 1.283 1.868 
0.5M Ni (NOs)2  + 1M H N O s  1.103 1.181 
2.5M Ni(NOs)2 + 1M HNOs 1.387 2.758 
3.5M Ni(NOs)2 + IM HNOs 1.517 2.169 

1.45 X 10-2 
1.07 • 10 -3 
1.99 x 10 -2 
3.40 • 10 -2 
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in  Table I together wi th  their  physical properties which 
were determined experimental ly.  In  principle, it  would 
have been desirable to use b inary  nickel ni t rate  solu- 
tions because mass t ranspor t  data can more easily be 
interpreted in b inary  solutions than in  mixed elec- 
trolytes. However, pre l iminary  experiments  had shown 
that  unless the nickel ni t ra te  solutions employed were 
strongly acid, metal  and hydroxide deposition proc- 
esses at the cathode rendered results unreproducible.  
In  the presence of 1M HNO3, the cathode remained 
clean of deposits dur ing the experiments.  The solu- 
bi l i ty of nickel ni t ra te  in 1M HNO8 was determined 
exper imenta l ly  to be 4.14 moles/l i ter .  The concentra-  
t ion of the nickel ni t ra te  solutions of Table I corre- 
sponds therefore to 12, 60, and 85% of saturation, re-  
spectively. 

Figure 10 shows current  voltage curves measured at 
a constant  flow rate of 1000 cm/sec in  nickel n i t ra te  
solutions of different concentration. The data were de- 
rived from galvanostatic t ransients  in  the same way as 
described above for sodium ni t ra te  solution. As before, 
the change in  slope in  the current  voltage curve cor- 
responds to a change from type I to type II transients.  
The change occurred at a lower current  density the 
higher the nickel n i t ra te  concentrat ion in the bu lk  and 
it coincided with the onset of surface brightening.  The 
fraction of anode surface appearing bright  is plotted as 
a funct ion of current  density for different nickel n i t ra te  
concentrat ion in  Fig. 11. 

The data clearly show that  at a given flow velocity, 
surface br ightening sets in at lower current  density the 
higher the bulk  concentrat ion of nickel nitrate. This is 
qual i tat ively consistent with a salt film precipitat ion 
mechanism of surface brightening.  According to this 
model, the anode surface concentrat ion of nickel n i -  
t rate  at the onset of br ightening corresponds to the 
saturat ion concentrat ion and the driving force for dif-  
fusion (Eq. [3]) is the concentrat ion difference of 
nickel ion between anode surface and bu lk  

aC-- Cs-- Cb [5] 

The saturat ion concentrat ion Cs is the same for the 
three nickel ni t ra te  solutions employed. Therefore, by 
increasing the bulk  concentrat ion Cb, the current  den-  
sity for the onset of br ightening becomes smaller. 

A more quant i ta t ive test of the proposed model is 
provided by the data of Table II. Here, numerical  
values of AC and Cs for the experiments  performed in 
nickel ni t rate  solution were evaluated by an i terat ion 
procedure. Different values of D were assumed and 
corresponding Cs values were calculated using the 
equations given above. The best numerica l  value for D 
was presumed to be the one giving identical Cs valUes 
for all different nickel ni t ra te  solutions employed. The 
best value for D was thus found to be 9 • 10 -6 cm2/ 
sec. The ionic diffusion coefficient of Ni 2+ at infinite 
di lut ion evaluated from mobil i ty  data (28) is 6 • 10 -6 
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Table II. Estimation of surface concentration corresponding to 
onset of brightening in nickel nitrate solutions of different 

concentrations 

Flow rate  Reynolds Schmidt  8 ~ob 8 AC Ca 
Solution (cm/sec)  number  n u m b e r  (/D (A/cm~) (%) (moles/li ter) (moles/l i ter)  

3.5M Ni(NO~)~ + 1M HNOs 100 269 3378 11.4 1.0 93 0.6 4.1 
1000 2690 5.4 3.0 100 0.9 4,4 

2.5M Ni(NOs)$ + 1M HNC~ 100 460 2209 11,0 2.5 89 1.4 3.9 
1000 4600 3.7 9.0 97 1.9 4.4 

0.5M Ni(NO3)= + 1M NHOs 10O 855 1189 11.0 9.0* 63 3.6 4.1 
1006 8550 2.5 29.0 88 3.7 4.2 

Average C ,  = 4.2 

8, Diffusion layer thickness.  
iob, Current  density corresponding to onset of brightening. 
~, Dissolution current  efficiency corresponding to the onset of br ightening.  
hC, Concentrat ion difference of nickel ion be tween  anode and bulk .  
Cs, Nickel ni t rate  concentrat ion at anode surface. 
* This va lue  corresponds to that  of the stoic liometric exper iments  in which a charge of 60 coulombs ra the r  than  30 coulombs was passed. 

Contrary to the behavior  in other  electrolytes employed, the value of iob in 0.5M Ni(NOs)s + 1M HNO8 var ied  somewhat  wi th  the amount 
of charge passed during the experiments (cf. Fig. 11). 

cm2/sec. The diffusion coefficient employed  here is an 
effective diffusion coefficient which includes the con- 
t r ibut ion  of migra t ion  to mass t ransfe r  and, therefore,  
its value has to be  h igher  than tha t  of the ionic dif-  
fusion coefficient. The numer ica l  va lue  of D found 
above, therefore,  is ve ry  reasonable.  I t  also compares  
favorab ly  wi th  effective diffusion coefficients repor ted  
recen t ly  for high ra te  i ron dissolution in chlor ide 
media  (27). According to the da ta  of Table II, the  sur -  
face concentrat ion ca lcula ted  wi th  the given value  of 
D not only  is the same for the  three  nickel  n i t ra te  
solutions s tudied but  i t  also l i e s  close to the  exper i -  
men ta l ly  de te rmined  sa tura t ion  concentration.  This 
fact  provides  addi t ional  support  for the proposed salt  
film prec ip i ta t ion  model.  

Summary and Conclusions 
Transpass ive  high ra te  dissolution of nickel  occurs in 

the presence of two different types of anodic films. At  
r e la t ive ly  low current  densities, the anode is covered 
by  a thin oxide film, the  passive film, which inhibi ts  
meta l  dissolution thus causing oxygen evolut ion to be 
the main  reaction. With  increasing current  density, the  
passive film becomes less protec t ive  and the re la t ive  
amount  of meta l  dissolution increases. Dissolved meta l  
ions accumula te  at the anode surface to an ex ten t  
which depends on mass t ransfer  conditions. At  a given 
point, the sa tura t ion  concentrat ion at the surface is ex-  
ceeded and salt  prec ip i ta t ion  can occur. A salt  layer ,  
the  br ightening  layer ,  is formed which manifests  i tself  
by  an increase in anode potent ia l  and leads to surface 
br ightening.  The da ta  of the present  s tudy suggest  
that  surface br igh ten ing  dur ing  ECM wi th  pass ivat ing 
e lect rolytes  is governed by  a s imilar  mechanism as 
convent ional  electropolishing.  

Manuscr ip t  submi t ted  Dec. 26, 1974; revised manu-  
script  received Ju ly  10, 1975. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the June 1976 
JOURNAL. All  discussions for the June  1976 Discussion 
Section should be submi t ted  by  Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by the Swiss Federal Institute of Technology and 
by FERS. 
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ABSTRACT 

The cathode polar iza t ion  behavior  of copper, zinc, cadmium, and t in in 
complex baths  containing sodium c i t ra te / sod ium t a r t r a t e  addi t ives  was in-  
vest igated.  Copper  exhib i ted  considerable  polar izat ion in ba ths  containing so- 
dium c i t ra te  or  sodium tar t ra te .  The polar iza t ion  behavior  of zinc, cadmium, 
and t in was not s ignif icant ly affected by  these addit ives.  Codeposi t ion of zinc, 
cadmium, or t in wi th  copper was not possible f rom baths containing no com- 
p lexing  agents. However ,  s tudies oi1 the  cathode polar izat ion character is t ics  
f rom baths  containing 40 g / l i t e r  sodium c i t r a t e / sod ium ta r t r a t e  and actual  
deposi t ion t r ia ls  revea led  tha t  whereas  Cu-Sn  powder  can be codeposited, it  
was not possible to codeposit  Cu-Zn or Cu-Cd powders .  

Powder  meta l lu rg ica l  a l loy products  a re  genera l ly  
produced  by  compact ing and s inter ing mix tu res  of the 
ind iv idua l  meta l  powders .  Such products  are  often in-  
homogeneous, especia l ly  when  one of the  meta ls  is in 
smal l  proport ion,  e.g., 90% Cu-10% Sn. Hence there  
has been a consistent  effort to produce  al loy powders  
for  the  past  few decades by  severa l  methods  such as 
atomization,  a l loy dis integrat ion,  the rmal  decomposi-  
tion, e lect rolyt ic  deposit ion,  etc. Of these, the  e lec t ro-  
lyt ic  method  is capable  of giving homogeneous pow-  
ders  wi th  the  des i red  compact ing and s inter ing charac-  
terist ics.  Surpr is ingly ,  codeposi t ion f rom aqueous 
baths  as a means  of producing  a l loy powders  has not 
received adequate  at tent ion.  However,  some studies 
have recen t ly  been repor ted  on the p repa ra t ion  of 
Cu-Zn (1), Cu-Ni  (2), Fe -Ni  (3, 4), Fe -Co  (5), and 
Co-Ni  (6) powders  by  e lect rodeposi t ion f rom sui table  
baths.  In  this context,  cathode polar iza t ion  studies are  
ve ry  he lpfu l  in pred ic t ing  the poss ibi l i ty  of codeposi-  
t ion of metals.  The presen t  work  is concerned with  
studies on the cathode polar iza t ion  character is t ics  of 
copper, zinc, cadmium, and t in  in complex  baths  con- 
ta ining c i t r a t e / t a r t r a t e  addit ives,  enabl ing a pred ic -  
t ion to be made  of the poss ib i l i ty  or otherwise  of co- 
deposi t ion of zinc, cadmium, or t in  wi th  copper. 

Exper imental  

Anodes.--~Graphite plates.  

Cathodes.--Plates of e lec t ro ly t ic  copper, e lect rolyt ic  
zinc, e lect rolyt ic  cadmium, and chemical  pu r i t y  tin. Al l  
cathodes veere pol ished and degreased  before  use. 

Chemicals.--A. R. Grade  CuSO4-5I-I20, ZnSO4-7H_~O, 
3CdSO4.SH20, SnC12.2H20, CuC12.2H20, NH4C1, NaC1, 
and Na~C6H5OT'2H20 (sodium ci t ra te) ,  and C.P. grade  
Na2C4I~Os'2H20 (sodium t a r t r a t e ) .  

The exper imen ta l  setup for  the  measuremen t  of 
cathode polar izat ion,  shown in Fig. 1, consisted of a 
cell  having two graphi te  anodes (covered wi th  anode 
bags of th ick  o rd ina ry  cloth) and a cathode of the  
r equ i red  meta l  (copper,  zinc, cadmium, or t in)  d ipped 
in the appropr ia te  e lec t ro ly te  (1.0N CuSO4.5H20 for 
copper, 1.0N ZnSO4.TH20 for zinc, 1.0N 3CdSO4.8H20 
for cadmium, and 1.0N SnC12.H20 for t in)  contained in 
a t ank  made f rom methy l  me thac ry l a t e  sheet  ( t rade  
name:  P lexig las  or Luci te  in U.S.A. and Pe r spex  in 
U.K.).  The meta l  electrode,  whose cathode polar iza-  

Key words: cathode polarization, alloy powder,  codeposit ion,  so-  
dium citrate, sodium tartrate, current  dens i ty .  

t ion was to be measured,  was jo ined  via  a sal t  br idge  
against the standard and saturated calomel electrode. 
The calomel electrode was connected in series with a 
high-impedance micro-voltmeter and the cathode of 
the electrolytic cell via a key as shown in Fig. I. The 
instantaneous emf developed was measured at current 
densities of 0, i, 2, 4, 6, 8, i0, 12, 14, 16, and 18 ampere 
per square decimeter (asd). 

Similar measurements were taken on all the above 
baths, but containing, respectively, 10, 20, and 40 g/liter 
sodium citrate. Experiments were also conducted in a 
similar way with sodium tartrate as an additive in 
place of sodium citrate. 

The experimental setup used for the deposition of 
alloy powder was similar to the previous one, except 
that there was no provision for measurement of cath- 
ode polarization. Plates of copper and graphite (cov- 
ered with thick ordinary cloth) were used as cathode 
and anode, respectively. The analysis of tin in the 
Cu-Sn alloy powder was done by the gravimetric 
method. 

Results 
Polarization behavior of copper.--The influence of 

concentra t ion of sodium ci t ra te  and sodium t a r t r a t e  
on the ca thode polar iza t ion  of copper  in 1.0N 
CuSO4"5H20 at 30~ is presented  in Fig. 2 and 3, re -  
spectively.  Copper  exhib i ted  considerable  polar izat ion 

Fig. 1. Schematic diagram of experimental setup used for polar- 
ization measurements. 1, 12V battery eliminator; 2, rheostat; 3, 
Perspex tank; 4, silica rod; 5, electrolyte; 6, graphite anode; 7, 
anode bag; 8, metal cathode; 9, salt bridge; 10, saturated KCI 
solution; 11, saturated calomel electrode; 12, stand; 13, two way 
key; 14, high impedance micro-voltmeter. 

1473 
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Fig. 2. Effect of concentration of sodium citrate on the cathode 
polarization of copper in 1.0N CuSO4 �9 5H2D solution at 30~ 
Curve I ,  nil; curve 2, 10 g/liter; curve 3, 20 g/liter; and curve 4, 
40 g/liter. 
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Fig. 3. Effect of concentration of sodium tartrate on the cathode 
polarization of copper in 1.0N CuSO4 �9 5H20 solution at 30~ 
Curve 1, nil; curve 2, 10 g/liter; curve 3, 20 g/liter; and curve 4, 
40 g/liter. 

in  baths containing citrate or tartrate.  In  all cases, 
there was a significant amount  of polarization at lower 
curent  densities. At lower current  densities, plat ing of 
copper was observed, whereas at higher current  densi-  
ties copper powder was formed. The transition, p la t -  
ing->powder was characterized by a large and sudden 
increase in the polarization with only a slight increase 
in  current  density. Current  densities beyond a certain 
value had no significant effect on polarization and thus 
the electrode potential  remained constant after a criti- 
cal value of current  density in  each case. 

Another  interest ing observation was that  the addi- 
t ion of sodium citrate to the bath led to a more pro-  
nounced polarization than the addition of a corre- 
sponding amount  of sodium tartrate,  par t icular ly  at 
40 g/ l i ter  concentration. Further ,  the increase in  po- 
larization with increasing addition of the complexing 
salts was also noteworthy. With both citrate as well as 
tartrate, addition of over 40 g/ l i ter  of the reagent  did 

not very much affect the polarization values. Thus 
greater additions than  this amount  were considered 
unnecessary. 

Polarization behavior of cadmium.--The influence of 
concentrat ion of sodium citrate and sodium tar t rate  
on the cathode polarization of cadmium in  1.0N 
3CdSO4.8H20 solution at 30~ is presented in  Fig. 4 
and 5. As in  the earl ier  case, lower current  densities 
had a greater influence on the polarization behavior 
of cadmium than  higher current  densities. The critical 
current  density for obtaining a ful ly nonadherent  
powdery deposit had been observed to be about 8 asd 
in  all cases. Baths containing sodium citrate showed 
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Fig. 4. Effect of concentration of sodium citrate on the cathode 
polarization of cadmium in 1.0N 3CDSO4 �9 8H20 solution at 30~ 
Curve 1, nil; curve 2, 10 g/liter; and curve 3, 40 g/liter. 
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Fig. 5. Effect of concentration of sodium tartrate on the cathode 
polarization of cadmium in 1.0N 3CDSO4 �9 8H20 solution at 30~ 
Curve 1, nil; curve 2, 10 g/liter; curve 3, 20 g/liter; and curve 4, 
40 g/llter. 



Vol. 122, No. 11 E L E C T R O D E P O S I T I O N  OF COPPER P O WD ER S  1475 

considerable polarizat ion in  cadmium. Addit ion of 
sodium citrate beyond 10 g/ l i ter  does not seem to have 
any significant effect on the polarization of cadmium. 

In  the case of sodium tar t rate  additions, some de- 
polarization was observed up to about 12 asd. This 
was seen to persist even at higher current  densities, 
when  the amount  of tar t ra te  added was 20 g/ l i ter  or 
more. At low concentrations of tar t ra te  (e.g., 10 g/  
l i ter) considerable polarization was observed beyond 
12 asd. 

Polarization behavior of zinc.--The effect of concen- 
t ra t ion of sodium citrate and sodium tar t ra te  on the 
cathode polarization of zinc in 1.0N ZnSO4.7H20 at 
30~ is presented in Fig. 6 and 7, respectively. The 
cathode potential  of zinc was not  significantly changed 
by the nature  or amount  of complexing salt. Nonad-  

herent  powdery deposits had been observed beyond 
a current  densi ty of about 8 asd. 

Polarization behavior of t in . - -The  influence of con- 
centrat ion of sodium citrate and sodium tar t ra te  on 
the cathode potential  of t in  in 1.0N SnC12"2H20 at 
30~ is represented in Fig. 8 and 9, respectively. In  this 
case also, there was not much change in the cathode 
polarization of t in  wi th  addit ion of complexing agents. 
Powder formation had been observed at about 8 asd in 
all cases. 

Discussion 
Comparative assessment of polarization behavior.-- 

The addition of complex salts had resulted in  con- 
siderable polarization in  the relat ively noble metal  
copper, whereas in the  case of the baser  metals (i.e., 
those of zinc, cadmium, and t in)  no significant po- 
larization had been observed. 
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Fig. 6. Effect of concentration of sodium citrate on the cathode 
polarization of zinc in 1.0N ZnSO4 �9 7H20 solution at 30~ Curve 
1, nil; and curve 2, for both 20 and 40 g/liter. 
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Fig. 7. Effect of concentration of sodium tartrate on the cathode 
polarization of zinc in 1.0N ZnSO4 �9 7H20 solution at 30~ Curve 
l, nil; curve 2, 20 g/liter; and curve 3, 40 g/liter. 
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Fig. 8. Effect of concentration of sodium citrate on the cathode 
polarization of tin in 1.0N SnCl~. 2H20 solution at 30~ Curve 
1, nil; curve 2, 10 g,/liter; curve 3, 20 g/liter; and curve 4, 40 g/ 
liter. 
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Fig. 9. Effect of concentration of sodium tartrote on the cathode 
polarization of tin in 1.0N SnCI2 �9 2H20 solution at 30~ Curve 1, 
nil; curve 2, 10 g/liter; curve 3, 20 g/liter; and curve 4, 40 g/liter. 
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Citrates and tartrates can form a variety of neutral ,  
cationic, or anionic complexes, with the cations of 
common metals, depending on the concentration of the 
reagents, na ture  of the bath, its pH, and temperature,  
etc. (7, 8). Although it is difficult to obtain a quan-  
t i tative idea of the exact nature  of these complexes, a 
quali tat ive idea regarding the relative stabilities of 
complexes of interest  in  this study can be had from 
Table I. It can be seen that copper citrate is very much 
more stable than copper tartrate. This means that  baths 
containing citrate additions will have smaller  amounts  
of free copper ions than  baths containing the tar t rate  
additives. In  other words, greater  polarization is to be 
expected with copper baths containing citrate addition 
than with tar t rate  additions, a conclusion in good 
agreement  with exper imental  observation. 

General ly  noble metal  complexes are known  to be 
more stable than  base metal  complexes (in the present 
case also, it is clear from Table I that  copper citrate is 
more stable than the citrates of base metals cadmium 
and zinc). This leads to a t remendous decrease in  the 
effective metal  ion concentrat ion in the case of the noble 
metal, whereas the ionic concentrat ion of the  base 
metal  is not changed significantly. This is the reason 
why a more pronounced polarization was observed in 
the case of copper than in the case of cadmium, zinc, 
or tin. 

Further ,  it may also be noted from Table I that the 
stabili ty constants of the complexes of Cd and Zn are 
not substant ia l ly  different from those of their sulfates. 
Hence, with the addit ion of sodium ci t rate/sodium tar-  
trate no significant change should be expected in the 
polarization behavior  of these base metals. Experi-  
menta l  observations discussed earlier are in  conformity 
with expected behavior. 

Possibility o~ codeposition o] Zn, Cd, or Sn with Cu.-- 
Figure 10 shows the effect of current  density on the 
electrode potential  of copper, tin, cadmium, and zinc 
in the normal  solutions of their respective salts, as 
discussed earlier. It is clear from the above figure that 
the codeposition of zinc, cadmium, or t in  with copper 
is not possible from baths containing no complexing 
agents as the curves are far removed from each other 
and there is no common current  density or potential  
between copper and the others. Figure 11 shows the 
effect of current  densi ty on the electrode potential  of 
copper, tin, cadmium, and zinc in their respective 
normal  salt solutions, containing 40 g/ l i ter  sodium 
citrate at 30~ The electrode potentials of copper, zinc, 
and cadmium are not close enough to permit  codep- 
osition of copper with either zinc or cadmium from the 
citrate bath at any current  density. But the curve for 
t in crosses the curve for copper at a current  density 
of 4.5 asd. Thus it may be possible to codeposit t in  with 
copper from baths containing sodium citrate as the 
complexing agent .  These theoretical predictions based 
on polarization measurements  are in conformity with 
the actual deposition experiments from various baths, 
because it was possible to  codeposit only t in with cop- 
per and not the others, as shown in Table IL 

Figure 12 shows the effect of current  density on the 
electrode potential  of copper, tin, cadmium, and zinc 
in their respective normal  salt solutions containing 40 
g/ l i ter  sodium tartrate. Zinc and cadmium exhibited 
similar behavior as ment ioned previously and their co- 
deposition with copper was not possible. The curve for 

Table I. Stability constants of some simple salts and complexes 

N a m e  of  c o m p l e x  S t a b i l i t y  c o n s t a n t  R e f e r e n c e  

C u S O ~  2.0 x 10 ~ 8 
C u  c i t r a t e -  1.6 x 101~ 9 
C u  t a r t r a t e -  1.1 • 10 a 7 
CdSO4 2.0 X 10 2 8 
Cd citrate- 1.7 x I0 ~ 7 
C d  t a r t r a t e  2.0 X 10 ~ 8 
Z n S O 4  1.9 x 10 ~ 8 
Z n  c i t r a t e  9.1 x 10 -~ 8 
Zn t a r t r a t e  4.8 x I0 ~ 7 
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Fig. 10. Effect of current density on the electrode potential of 
copper (curve 1), tin (curve 2), cadmium (curve 3), and zinc 
(curve 4) in normal solutions of their respective salts at 30~ 
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Fig. 11. Effect of current density on the electrode potential of 
copper (curve 1), tin (curve 2), cadmium (curve 3), and zinc (curve 
4) in normal solutions of their respective salts containing 40 g/  
liter sodium citrate at 30~ 

t in  also does not cross the curve for copper, but  they are 
fairly close to each other above the current  density of 
12 asd. Thus, from polarization studies, it appears that  
there is no possibility of codeposition of copper and tin. 
Exper imental  observations are in accordance with 
above prediction in the case of Cu-Zn and Cu-Cd. How- 
ever, in the case of Cu-Sn, the powder deposit was 
found to contain some tin, possibly because of the fol- 
lowing reasons: 

1. The cathode polarization values of copper and 
t in at high current  densities are quite close. 

2. What one measures in practice is the value of 
individual  cathode polarization which may be different 
from the actual cathode polarization on the alloy de- 
posit. 
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Table II. Studies on the possibility of codeposition of Cu-Zn, Cu-Cd, and Cu-Sn powders 
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Trials on 
codeposition of 

Conditions employed 

Bath composition Anode Cathode CD, asd Results 

Copper and zinc 

Copper and cadmium 

Copper and tin 

CuC12. 2I'I~O 20, ZnSO~. 7H~O 30, NaC1 20, Graphi te  
NH4CI 20, NasCaI-I~oT �9 2H~O 
40 g / l i te r  

CuCl~ �9 2H~O 20, ZnSO4 �9 7H20 30, NaCI 20, Graphi te  
NH4C1 20, Na2C4H4Oe �9 2H~:) 

C~40 g/ l i te r  
uCh �9 2H20 25, 3CdSO4 �9 8H~O 30, NaC1 20, Graphi te  
NH4C1 20, NasCaH~O~ �9 2H20 
40 g/ l i ter  

CuCI~ �9 2H20 25, 3CdSO~ �9 8H~O 30, NaC1 20, Graphi te  
NH4C1 20, Na2C4H4Oe �9 2H~)  
40 g/ l i ter  

CuC12.2H,20 30, S n a h .  2H20 20, NaC1 20, Graphi te  
NH4CI 20, NasCsI~O~ �9 2H20 
40 g/ l i ter  

CuC12.2I-I20 30, SnCI~. 2H20 20, NaC1 20, Graphi te  
NH4C1 20, Na~..~74,0e �9 2I-I~O 
40 g/l iter 

3. As a consequence of the  above, it  may  not  be  un-  
reasonable  to expect  some depolar iza t ion  effects in 
v iew of the  good a l loying abi l i ty  of copper for tin, thus 
faci l i ta t ing codeposition. 

Conclusions 
The addi t ion  of complexing salts  (sodium c i t r a t e /  

sodium ta r t r a te )  to copper  sulfate  ba th  resul ts  in con- 
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+0.4  -O.4 -I.2 -2.O 

ELECTRODE POTENTIAL,V 

Fig. 12. Effect of current density on the electrode potential of 
copper (curve 1), tin (curve 2), cadmium (curve 3), and zinc 
(curve 4) in normal solutions of their respective salts containing 
40 g/liter sodium tartrate at ]0~ 

Copper 12.0 No zinc was  detected in the 
deposited powder 

Copper 12.0 No zinc was detected in the 
deposited powder 

Copper 12.0 No cad miu m was  detected in 
the deposited powder  

Copper 1'2.0 No cadmium was  detected in 
the deposited powder  

Copper 12.0 Tin was  detected in the pow-  
der  deposit 

Copper 15.0 Tin was detected in the  pow-  
der  deposit  

s iderable  cathode polar iza t ion  of copper. This benefi-  
cial effect is more pronounced  wi th  sodium citrate.  The 
cathode polar iza t ion  behavior  of zinc, cadmium, and 
t in were  not  s ignif icantly affected by  these addit ives.  

Studies  on the cathode polar iza t ion  character is t ics  
wi th  baths  containing 40 g / l i t e r  sodium c i t ra te / so -  
d ium t a r t r a t e  and actual  deposi t ion t r ia ls  revea led  that  
whereas  Cu-Sn  powder  can be codeposited, i t  is not 
possible to codeposit  Cu-Zn or Cu-Cd powder .  
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A Rutherford Scattering Study of Catalyst Systems for 
Electroless Cu Plating 

II. SnCI Sensitization and PdCI Activation 
2 2 

R. L. Meek* 
BeZl Laboratorie% Murray Hiff, New Je r sey  07974 

ABSTRACT 

High energy  ion backsca t te r ing  has been used to s tudy the  surface chemis-  
t ry  of the  sensi t izat ion (SnC12) and act ivat ion (PdC12) processes used to 
p repa re  nonconduct ive  subs t ra tes  for electroless plat ing.  This method  of sur -  
face p repa ra t ion  is compared  to catalysis  using mixed  P d - S n  colloidal  solu-  
tions. Whi le  the  redox react ion be tween  d iva lent  Sn and Pd may  occur dur ing 
the act ivat ion of sensiUzed surfaces, it  is suggested tha t  any  zero-va len t  
Pd  so produced  only becomes ca ta ly t ica l ly  active af ter  a significant (N100 
sec) immers ion  t ime in the  electroless p la t ing  solution. 

Electroless p la t ing of insulat ing,  i.e., plast ic  or epoxy  
glass composite, subs t ra tes  is wide ly  used in p r in ted  
circuit  and decorat ive  p la t ing technology. In  a p re -  
vious pape r  (1) re fe r red  to hereaf te r  as ( I ) ,  an ion 
scat ter ing s tudy  of the surface chemis t ry  of the  mixed  
P d - S n  colloidal  sys tem was described.  Here, resul ts  of 
an ion scat ter ing s tudy of the  older  SnC12-sensitization, 
PdC12-activation process (2), which is st i l l  wide ly  used, 
especial ly  in appl icat ions  where  photoselect ive  deposi-  
t ion (3) is desired, are  repor ted.  

A number  of publ ica t ions  (3-14) which dea l  wi th  
various aspects of this  process have recent ly  appeared  
but  the re  is st i l l  considerable  cont roversy  r e g a r d -  
ing in terpre ta t ion .  The Mossbauer  spectroscopy work  
of Cohen et al., (5, 6) al lows deduct ion of a fa i r ly  
complete  pic ture  of the na ture  of the solutions and of 
the mate r ia l  deposi ted on sensit ized and ac t iva ted  Kap-  
ton surfaces. The act ive species in  the sensi t izer  which 
is deposi ted on the  sensit ized subs t ra te  is a complex  Sn 
colloid consist ing p r i m a r i l y  of a Sn +4 complex core, 
s tabi l ized by  an outer  l aye r  of d iva lent  Sn. The col- 
loidal  par t ic le  d iamete r  is about  25-100A, depending 
somewhat  on the manner  in which  the sensit izing solu-  
t ion is p repa red  (4-6, 10, 11). The d iva lent  Sn is oxi-  
dized to t e t r ava len t  Sn by  exposure  to oxygen,  u.v. 
rad ia t ion  or  by  dipping the  sensit ized subs t ra te  into 
the PdC12 act iva tor  solut ion (3, 5,6),  leading  to the 
supposi t ion tha t  the react ion 

Sn +~ + Pd+~--> Sn +4 + P d  ~ [1] 

takes  place. I t  should be emphasized that  the  Mossbauer  
spect ra  (5, 6) show Sn +2 and Sn +4 af ter  sensi t izat ion 
but  only  Sn +4 af ter  activation.  Subsequent  work  by  
the author  and Cohen on graphi te  subs t ra tes  gives 
qua l i ta t ive ly  the  same results.  

Al though  the NIossbauer resul ts  a rgue  s t rongly  in 
favor  of the correctness  of react ion [1], the  e l l ipso-  
met r ic  measurements  of de Min je r  and  v.d. Boom (12), 
using glass substrates,  at first seem to prec lude  it. They 
show that  no metal l ic  Pd  is present  af ter  the  act ivat ion 
step. On the other  hand, ESCA spect ra  do show the 
presence of metal l ic  Pd  af ter  ac t ivat ion (15). However ,  
it  should be noted tha t  Pd  o and Pd metal ,  or even ca ta-  
ly t i ca l ly  active Pd, a re  not  necessar i ly  the  same thing. 
For  example ,  isolated, single neu t ra l  Pd  atoms might  
not  be expected to e i ther  have metal l ic  optical  p rop-  
er t ies  or to be ca ta ly t ica l ly  active for electroless dep-  
osition (16, 17). In  fact, some of the present  results  
s t rongly  indicate  tha t  t he  sensit ized and act ivated 
surface becomes act ive for deposi t ion only af ter  some 

* Electrochemical  Society Active Member.  
Key  words: catalysis, electroless plating, sensitization, activation, 

pr inted circuit processing. 

re la t ive ly  long immers ion  t ime in the  electroless bath.  
It is therefore  proposed tha t  some fu r the r  change in 
the  chemical  s tate or s t ruc ture  of the ma te r i a l  present  
on the  sensit ized and ac t iva ted  surface may  take  place 
dur ing  the ea r ly  stages of electroless  deposition. 

Experimental Details 
Solution preparation.--Three SnC12 sensitizing solu- 

tions, des ignated  A, C, and W, were  used. The A and C 
solutions were  p repared  by  combining 16g SnC12. 
2H20 wi th  30 ml HC1 and 970 ml H20 and differ due to 
the  order  of mix ing  (5, 6). For  the  A solut ion the SnC12 
was dissolved in H20 fol lowed by  addi t ion of acid, 
whi le  for the C solution, wa te r  and acid were  com- 
bined fol lowed by  addi t ion of SnC12. According to Ref. 
(5), the A solut ion wil l  have the la rger  colloidal  pa r -  
t icle size. The W solution, one of the so-cal led  wet t ing 
Sn solutions, was formed by  adding (7.5g Sr~C14-5H20) 
then (20g SnC12-2I~I20) and f inal ly (15g SnCI2-2I-I~O) 
to one l i te r  of H20 in the order  given wi th  thorough 
mixing  af ter  each addition. Al l  solutions were  used 
be tween  1 and 2 h r  af ter  prepara t ion .  

The act ivat ing solut ion was p repa red  by  dissolving 
0.2g PdC12 in 8 ml HC1 and di lut ing to 1 l i te r  wi th  H20. 
The electroless  Cu p la t ing  solut ion was the  same as 
that  used in (I)  and s t andard  H20 rinse t imes of 30 sec 
were  used af ter  each process step. 

Cleaved graphi te  subs t ra tes  (N1 crr/2) were  chosen 
for the present  study.  [See( I ) . ]  The low mass of car-  
bon el iminates  subs t ra te  in ter ference  and, fur thermore ,  
g raph i te  m a y  be obta ined in a ve ry  pure  form. By 
using a f reshly  cleaved surface, unwan ted  surface im-  
pur i t ies  can be minimized.  Subs t ra tes  were  p repa red  
for analysis  by  immers ing  1 cm 2 samples in 100 cm 3 of 
the appropr ia te  solution, or series of solutions, wi th  
gentle stirring. They were  then careful ly  d r ied  by  p lac-  
ing the sample  edge on filter paper  and immedia t e ly  
(wi th in  15 rain)  examined.  

Surface anaZysis.--The high energy  ion scat ter ing 
technique was described in ( I ) .  A typical  scat tered ion 
spec t rum from the surface layer  produced by  i m m e r -  
sion in sensit izing solut ion C for 300 sec and r insing is 
shown as Fig. 1. The peak  posit ions (and yie lds)  cor-  
respond to O[2.5(10) t6 cm -2] C112(10) 15 cm -2] and 
Sn [2(1026) cm-2] .  Si(1014 cm -2) is a f requent ly  de- 
tected surface contaminant  on control  subs t ra tes  (1). 

The subs t ra te  area  examined  by  the ion beam is 0.78 
ram% The stat is t ical  e r ror  in a given measurement  is 
typ ica l ly  3% for heavy  mas species (Cu, Pd, Sn) and 
10% for l ight  masses (O, C1). Dur ing the exper iments  
it  become apparen t  that  significant differences (a factor  
of three)  can occur f rom point  to point  on a given 
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Fig. 1. Typical scattered ion spectrum (scattered ion yield as 
counts per channel vs. scattered ion energy as channel number) 
from sensitized (tsncl~-e = 300 sac) substrata. 

substrate. Thus 3-5 separate measurements  were made 
at randomly  selected points on a given sample. 
Throughout  this paper, bars on data points indicate the 
point to point  variat ion found, not an error bar. Of 
course, surface concentrat ion variations on a smaller  
scale, smaller  than  the beam spot size, may  be even 
greater. Two or more samples treated in  the same way 
gave equivalent  results wi th in  the point  to point  var i -  
ations just  mentioned.  

Results and Discussion 
Sensitization.--The Sn, C1, and O surface concentra-  

tions found on sensitized surfaces are shown in  Fig. 2, 
3, and 4 for the A, C, and  W solutions, respectively. 
The amount  of each e lement  found is fair ly indepen-  
dent of the sensitizing solution used. The fact that  the 
amount  adsorbed goes roughly as the square root of 
immersion time implies diffusion controlled deposi- 
t ion ( t )  of the colloidal Sn particles; however, one 
must  also expect some deposition due to hydrolysis 
during the r inse step. After  sensitization, the O/Sn  
ratio is approximately 1.3, while the C1/Sn ratio is 
approximately  0.1. The small  amount  of C1 found is in  
agreement  with the observations of de Minjer  and v.d. 
Boom (12). Experimental ly ,  all of the sensitizer solu- 
tions used produced a wetting, hydrophilic, surface on 
graphite. 
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Activation.--The Pd surface concentrat ions after im-  
mersion in the activator solution are given in Fig. 5 for 
the A solution. Similar  results were obtained using the 
other solutions. Also shown are the remain ing  Sn con- 
centrations; the dashed line represents the average Sn 
concentrations prior to the activation from Fig. 2. It 
is seen that the Sn concentrat ion decreases slightly 
but probably not significantly, and that  after activation 
the P d / S n  ratio is about 0.2. The Mossbauer experi-  
ments  (5, 6) would suggest that  the P d / S n  ratio should 
be 0.5 if reaction [1] takes place, if the Sn+2/Sn  +4 
ratio after sensitization is the same as in  that  work, 
and if the recoil-free fractions are the same for the 
Sn +4 and the Sn +2 species. However, the possibility of 
a considerable difference in  Sn+2/Sn+4 ratio is ra ther  
likely, since it is known to depend sensitively on the 
qual i ty of the chemicals used and the exact details of 
the solution preparat ion so that  the present  observations 
in no way contradict those of Cohen et at. (5, 6). Sub-  
sequent work by  Cohen and the author has reproduced 
and extended the Mossbauer results using graphite  sub-  
strates. Furthermore,  it  is seen that  the Pd concen- 
t ra t ion is independent  of t ime in  the activator solution, 
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Fig. 5. Surface concentrations of Pd and Sn vs. sensitization time 
after various activator immersion times for substrates sensitized in 
solution A. 

but  ra ther  depends on the  t ime in the sensitizer solu- 
tion; that is, the Sn concentration; and that the Pd con- 
centrat ion closely follows the Sn concentration. Note 
also the rapidi ty  of the Pd deposition; it is found in 
general  that 3 sec in the activator leads to the same 
amount  of Pd as 300 sec in the activator. While the Pd 
concentrat ion is about the same as that  found after 
catalysis in  mixed P d - S n  colloids (1), the  Sn concen- 
t rat ion is larger or, equivalently,  the P d / S n  ratio is 
smaller. 

After  activation, the O /Sn  ratio rises to 2 and the 
CI /Sn ratio becomes approximately 0.2. The increase 
in O/Sn  ratio is at least in accord with the existence 
of the redox reaction although it does not prove its 
existence. The small  C1/Sn ratio observed is not in  
agreement  with the results of Ref. (12), where C]/Sn 
ratios in  the range 1-6 were found. We have observed 
such large C1/Sn ratios, but  only if the postactivator 
r inse is strongly acidic, and then a commensurate  in-  
crease in Pd is also observed; but  the results are very 
irreproducible (Pd and C1 vary  by a factor of ten) .  It 
is noted that  the possibility of a Sn4Pd2C114 complex 
proposed in Ref. (12) and (18) is conclusively ruled 
out both by the present  simple atom "counting" tech- 
niques and by the Mossbauer experiments which, while 
not quanti tat ive,  show the chemical state; that  is, the 
electronic env i ronment  of the Sn  atoms. 

Electroless pZating.--Figure 6 shows the Cu deposi- 
tion vs. t ime in the electroless solution for the A sensi- 
tizer solution. Again similar results are obtained with 
the C or W solution. The l ine labeled 2.2 A/sec is the 
rate at which the bath used plates Cu on Cu (1). The 
Cu coverage is more or less independent  of sensitizer 
used or t ime in  activator solution, bu t  depends strongly 
on t ime in  the sensitizer; that  is, original Sn concen- 
tration. The rela t ively long ( > 100 sec) times for sig- 
nificant Cu deposition to take place are in  dist inction to 
the short ( < 10 sec) ini t iat ion times observed when 
the mixed P~d-Sn colloid is used to catalyze the sur-  
face (1). In  fact, for sensitization times < 10 sec, the 
Cu plat ing ini t ia t ion t ime is >104 sec. These observa- 
tions lend credence to the idea that, after activation, 
the Pd, while it  may be zero-valent,  is nei ther  "metal" 
nor  catalytically active. The significance of such long 
ini t ia t ion times to processes where the total electro- 
less plat ing t ime is only ~103 sac is obvious. 

It is of considerable interest  to determine the amount  
of Pd and Sn remaining  after electroless deposition. 
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Fig. 6. Copper surface coverage vs. time of immersion in electro- 
less bath for various sensitization (solution A) and activation times. 

The data, normalized to init ial  concentration, for Pd 
and Sn, corresponding to Fig 6 is given in  Fig. 7. While 
there is some scatter in the data, in general  both the 
Pd and Sn concentrat ions decrease by about a factor of 
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two by the t ime complete Cu coverage occurs. For  
catalysis with mixed Pd -Sn  colloid solutions, it was 
found that  some Sn was lost into the electroless bath 
(1). For the present  processing even more Sn is lost 
and also some Pd. It has been demonstrated (1) that  Sn 
lost into the electroless bath may be codeposited; the 
concern with the possibility of Pd loss into the elec- 
troless bath is obvious. I t  is a general  observation of 
our work that electroless Cu baths which have been 
used to process sensitized and activated samples are 
considerably less stable with respect to spontaneous 
Cu pla te-out  than  are those used to process samples 
catalyzed by  P d - S n  colloid solutions. 

The remaining  Pd and Sn are, of course, buried be-  
neath the deposited Cu layer. Figure 8 shows a typical 
scattered ion spectrum for tSnCl2-C ----" 3 0  sec, tPdC12 : 3 0  
sec, tcu ---- 900 sec. As discussed in  (I),  the Sn peak 
has been shifted to lower energy due to the inelastic 
energy loss suffered by the scattered ions as they pene-  
t rate  through and exit from the Cu layer. Again there 
is considerable difference between the present  proc- 
essing where ,~1016 Sn atoms cm -2 and ~1015 Pd atoms 
cm-2  are found at the Cu-substra te  interface and the 
P d - S n  colloid catalyst process where ,~1015 Pd atoms 
cm -2 and ~1014 Sn atoms cm -2 are found at the in ter -  
face. 

Some effort has been expended in prevent ing  Pd and 
Sn loss into the electroless solution and in t rying to 
change the P d / S n  ratio and reduce the ini t iat ion time. 
Samples which had tSnCl2-A : 1 0 0  sec, tPdC12 : 3 0  s e c  

were immersed in various 0.2M solutions of the so- 
called accelerators used after catalysis with P d - S n  
colloids. Results are given in  Table I. It is seen that  
both the Pd and Sn concentrations are reduced, but  
that the P d / S n  ratio is practically unchanged. It has 
also been found that  after such t reatments  no fur ther  
loss of Pd or Sn into the electroless solution results, but  
that  the long ini t iat ion times are not reduced. However, 
as will be reported separately, a suitable t rea tment  in 
a basic solution does achieve the desired result. 

Conclusions 
Sensitization (SnC12) and activation (PdC12) is basi- 

cally different from catalysis by colloidal Pd -Sn  solu- 

Table I. Pd and Sn surface concentrations after postactivator 
immersion in various so|utions 

A t o m s  cm -s 

Solution Sn Pd Pd/Sn 

-- I.I (1O) le 2.8 (I0) ~ 0.23 
HCI 0.36(I0)Ie 0.80(10) 15 0.22 
HBF4 0.53(I0) le 0.84(10) ~ 0 . 1 6  
NI-LF 0.62 (10) l e  1.7 (10) ~ 0.27 

lions. The P d / S n  ratio is considerably less, more Pd 
and Sn are lost into the electroless plat ing solution, 
and longer times ( > 10~ sec) are required  to init iate 
the electroless plat ing reaction than  in the case of the 
mixed P d - S n  colloid catalyst systems (1). 

The present observations are consistent with, but  not 
proof of, the correctness of the redox reaction involving 
divalent  Sn and Pd dur ing the activation treatment .  It  
is suggested that while the Pd deposited dur ing  the ac- 
t ivat ion step may be zero-valent,  it has nei ther  metall ic 
properties nor  catalytic activity. Rather, it is proposed 
that the sensitized and activated surface becomes cata- 
lytic only after some residence t ime in the electroless 
plat ing solution. 
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Maximum Effective Capacity in an 
Ohmically Limited Porous Electrode 
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ABSTRACT 

For large reaction rate constants and negligible change in solution com- 
position, the performance of a porous electrode with solid reactants is gov- 
erned by the ohmic potential  drop within  the matr ix  and solution phases. The 
cell potential  changes with time, at constant current,  as the reactants  are 
consumed. Equations are developed which describe this t ime dependence as 
a function of electrode porosity and thickness, the electrolyte and solid phase 
conductivities, specific ampere-hour  capacity, separator conductivity and 
thickness, and current  density. These then yield the values of electrode 
porosity and electrode thickness so as to maximize the capacity for discharge 
to a given cutoff potential. Trea tment  of the porous LiA1 electrode is pre-  
sented as an example. 

Many models have been proposed to predict the be- 
havior of porous electrodes (1). Current  dis t r ibut ion in  
porous electrodes has been examined in great detail. 
The correspondence between exper iment  and theory 
has been shown to be good for several different sys- 
tems. The purpose of such models is to develop an 
unders tanding of the specific system, as well as to 
suggest directions for improved performance in the 
system. The ul t imate  objective of such investigations is 
the optimization of the electrochemical cell in question. 
However, re lat ively little informat ion is available con- 
cerning the optimization of the performance of porous 
electrodes (1). 

Let us consider here the cons tant -current  discharge 
of an electrode where activation and concentrat ion 
overpotential  are small compared to the ohmic losses 
in  the solution and solid phases. Under  these condi- 
tions the reaction zone is very thin. The electrode po- 
tential  changes dur ing discharge because the positions 
of the reaction zones move as the solid reactant  is con- 
sumed and also because the conductivities of the phases 
may be different in the discharged state. 

We wish to maximize the capacity which can be 
util ized at a given current  density before the discharge 
potential  drops below a prescribed cutoff potential. An 
increase in the electrode thickness increases the theo- 
retical electrode capacity, bu t  it also increases the 
ohmic potential  drop because of the increased dis- 
tances that  current  must  flow. The effective capacity is 
maximized at that  electrode thickness where 100% 
uti l ization occurs at the moment  that the potential 
drops to the prescribed cutoff. 

Analysis 
The system under  investigation is a macrohomo- 

geneous porous electrode [as originally proposed by 
Newman and Tobias (2)] in contact with a porous 
separator. The t rea tment  presented here is one di-  
mensional  as shown in Fig. 1. Only the separator and 
porous electrode will be considered in this examination.  
The effects of the free electrolyte and metal  backing 
plate can be dealt with separately. 

In  this t rea tment  it is assumed that  ohmic losses in  
the system are much larger than kinetic (activation 
overpotential)  losses and losses due to concentrat ion 
overpotential. This assumption simplifies the analysis. 
The behavior as well  as the performance of the elec- 
tro.de can be determined by calculating the ohmic re-  
sistance of the system as a funct ion of time. 

* Elect rochemical  Society Act ive  Member .  
~Presen t  address :  Depa r tmen t  of Chemical  Engineer ing ,  Univer -  

s i ty  of California,  Berkeley ,  Cal i fornia  94720. 
Key  words :  electrode thickness ,  electrode porosity,  ohmic loss, op-  

t imization,  nonun i fo rm cur ren t  distr ibution.  

The effective resistance of the system shown in  Fig. 
1, at time zero, can be expressed by (3) 

Ls L 
RIt=o = ~- ~ [1] 

KS K - ~  ff 

where Ls and L are the thicknesses of the separator 
and porous electrode, respectively, and ~, K, and ~s are 
the effective conductivities (1) of the solid electrode 
matrix, electrolyte contained in  the porous matrix, and 
the electrolyte contained in  the porous separator, re-  
spectively. The current  dis t r ibut ion in the porous elec- 
trode becomes nonuni form for large values of the ex- 
change current  density, the electrochemically active 
interfacial surface area, the electrode thickness, or the 
current  density, or for small  values of the electrolyte 
and solid phase conductivities. 

As shown by Newman and Tobias (2), the ratio of 
the electrolyte and solid phase conductivities deter-  
mines the shape of the current  density distr ibution 
wi thin  a porous electrode. Depending on the value of 
t:/=, the current  density dis t r ibut ion can be displaced 
toward the electrode-separator interface, the electrode- 
backing plate interface, or portioned to these two in-  
terfaces, thereby producing a m i n i mum value of the 
current  densi ty wi thin  the electrode. As the current  
distr ibution becomes highly nonuniform,  it approaches 
a th in  reaction zone in nature.  We shall approximate 
the true current  density dis t r ibut ion by a nar row reac- 
t ion zone which can be envisioned to move through 
the electrode as the available material  is consumed. 
The rate of the reaction and whether  it is split between 

i 

Current 
in Solution 

6' 

l Ir 
I I' 
J 

Current Collecting 
Backing Plate 

Fig. 1. Schematic representation of a separator and porous elec- 
trode of lengths Ls and L, respectively, with finite reaction zones 
indicated by dashed lines. 
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the front and back faces of the electrode will  be gov- 
erned by the conductivities of the electrolyte and solid 
phases. 

As these reaction zones consume the available mate-  
rial  and penetrate  fur ther  into the electrode, a dis- 
charged region is left behind  which may have different 
electrolyte and solid phase conductivities and thereby 
alter the over-al l  resistance of the electrode. We shall 
assume that  concentrat ion changes are small. The 
porosity of the electrode can change as a result  of dif- 
ferences in  the part ial  molar  volumes of the reactants 
and products; also, the  electrode can shr ink and ex- 
pand  due to these volume changes. It  is therefore nec- 
essary to alter the expression for the resistance of the 
system to account for these changes as follows 

Ls L--Ai--A~ ( At ~) 
R(i,t) = ..... + ~- (1 + i )  7 -  + 

K s K-~ (T 
[2] 

where AI and A2 are the thicknesses of the reacted 
zones of the electrode, K' and ~' are the electrolyte and 
solid phase conduetivities, respectively, of the reacted 
zone, and ~ is a constant equal to the fractional in- 
crease in electrode thickness resulting from volume 
changes within the electrode. 

The thicknesses of the reacted zones can be ex- 
pressed as 

it  ~ i t  K 
A 1 -- A s -- [3] 

q ~:+0" q ~:+O" 
where i is the current  density, t is t ime of discharge, 
and q is the specific electrode capacity. Subst i tu t ing 
Eq. [3] into [2] and rear ranging yields 

Ls L it  ( ( §  
R(LO = + - -  -~ 

+ d (1 + f) 1 [4] 

The voitage loss in  the composite system can be ex- 
pressed as 

AV ---- iR(Lt) [5] 

and the effective capacity of the electrode at t ime t as 

Q = i t  [6] 

Using Eq. [5] and [6] to rearrange Eq. [4], we obtain 

Q =  (K+r q 

((5 -) + ~' ( i  + i) 1 [7] 

The total theoretical capacity of the electrode is given 
by 

QT = qL [8] 

A quali tat ive plot of Eq. [7] and [8] is shown in  Fig. 2. 
Dotted lines represent  physically inaccessible si tua-  
tions. The effective capacity cannot lie above the value 
given by Eq. [8] because there is no more active mate-  
rial in the electrode. It cannot lie above the value indi-  
cated by Eq. [7] without exceeding the allowable po- 
tential  loss. The intersection of these equations thus 
provides the condition at which the usable electrode 
capacity is maximized. Inspection of Fig. 2 shows that  
the max imum does not involve a zero derivat ive of 
capacity with respect to electrode thickness. Rather, 
it occurs when 100% of the theoretical capacity is 
utilized at the same time that the ohmic potential  loss 
rises to the allowable value. The opt imum L is given 
by 

) Lopt. -- (~ + ~) -- -- + (i + f) 
i KS K" 

[9] 

The thickness of the electrode has now been opti- 
mized to maximize the capacity. We now wish to maxi -  
mize the electrode capacity with respect to porosity. 
The conductivities given in  Eq. [7] can be expressed as 

~--- KOen, g' ---- Koef n [ 1 0 ]  

= ~o(i -- e) n, ~' ---- eoP(l -- ef) n [Ii] 

and 
q = qo(1 -- ~) [12] 

where ~o and r are the bulk  conductivities of the elec- 
trolyte and solid phases, respectively, e and ef are the 
init ial  and final porosities of the electrode, respectively. 
The n is a factor lying between 1 and 3 which accounts 
for tortuosity effects (1). Since the solid product can 
be a different mater ial  from the reactant, the final 
conductivity ~o' can be quite different from the ini t ial  
conductivity ~o. The init ial  and final electrode porosities 
are related by 

ef = 1 -- (I -- e)/B [13] 
where 

B= (i+/) 

(volume of solid reactants) + (volume of solid inerts) 

(volume of solid products) + (volume of solid inerts) 

Solid inerts should include product species present ini- 
tially. 

Substitution of Eq. [i0] through [18] into the opti- 
mized form of Eq. [8] gives 

qo(l -- e) (~oe n + ~o(i -- ,)n) _ 

Ks Q= 

i ( O'O (1 - e) n ) K  o 1 ( g'Oen ' ]' 
(i-,) n + l__,\n 

O-O p 
B T; 

( I+I)  

[14] 

Differentiating Eq. [14] with respect to ~ and setting 
the result equal to zero yields 

~ n ( 1 - - e )  2n 1 ( l - - e )  2 _e 1 

I t +(i-,)a ~ __i-~ _-/~ 
Ko B n 

-- K--~-~ Bn I __,2n+l I + 
qo' B ~o - n 

( e)) 
+en(l--~)n I+*+-- =0 [15] 

The value of e satisfying Eq. [15] is designated as the 
optimum porosity, eopt.. 

Equation [15] gives the optimum porosity as a func- 
tion of the relative conductivities of the electrolyte 
and solid phases and the system parameters B and n. 
In the case of ~o >> Ko, Eq. [15] reduces to 

,opt. = 1 -- B/(I + n) [16] 

Discussion 
Maximization of the available capacity, as given by 

Eq. [7] and [8], with respect to porosity yields an 
opt imum porosity, as displayed in  Fig. 1. Here we have 
taken the matr ix  conductivities ~o and ~o' to be the 
same in  the charged and discharged states, and we 
have displayed the dependence of the opt imum porosity 
on the conductivi ty ratio of the bu lk  matr ix  and solu- 
tion phases. The opt imum electrode thickness is that 
for which 100% uti l ization occurs at the same moment  
that the ohmic potential  loss reaches its allowable 
value. If concentration and kinetic effects begin to be- 
come important, we can expect that the actual curve 
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will lie below that of the solid curve generated from 
Eq. [7] and [8]. In  other words, the max imum capac- 
i ty should lie below that predicted, but  the opt imum 
electrode thickness could lie below or above the pre-  
dicted value. 

The opt imum porosity curves shown in  Fig. 3 a r e  

markedly  different depending on whether  the porosity 
increases (B > 1) or decreases (B < 1) during dis- 
charge. It is also apparent  that  the value of n can sig- 
nificantly alter the shape of the curve. Figure 4 shows 
the effect of different values of the conductivities for 
the init ial  and final states of the solid phases on the 
opt imum porosity curves. These results indicate that 
it is very  impor tant  to characterize the behavior  of a 
given porous medium in terms of the porosity de- 
pendence of the conductivities, the conductivities of 
the bulk  phases, and the volumetric  expansion or con- 
traction. 

Note that  the conditions of the specified discharge, 
current  density and min imum allowable discharge po- 
tential  in  this case, influence the optimization of the 
electrode thickness. The opt imum porosity is inde-  
pendent  of these factors for the system treated here. 

As an example of the applicabili ty of the model to 
treat real systems, we select the porous LiA1 electrode 
in molten LiC1 + KCI. Since the concentrat ion of Li + 
ions is of the order of 20M, the assumption of minimal  
concentrat ion gradients is reasonable. The operating 
temperature  of 450~ fur ther  supports this assumption, 
since increased diffusion minimizes concentrat ion gra-  
dients. The high temperature  and large surface area 
couple to create very fast kinetics. The relative im-  
portance of diffusion in a particle compared with dif- 
fusion in the electrolyte phase of a porous electrode 
has been discussed by Johnson and Newman (3). A 
cri terion to assess the importance of solid-state diffu- 
sion wi th in  a l i t h ium-a luminum particle can be ex- 
pressed as 

3.87(1 -- e)i 
S - -  [17] 

nFCLa2D 

where C is the concentrat ion of l i th ium in the l i th ium-  
a luminum alloy (0.0517 equiv./cmS), D is the diffusion 
coefficient of l i th ium in the l i t h ium-a luminum alloy 
(2.10 -10 cme/sec), a is the specific interracial area 
(2.10 '~ cme/cm3), L is the thickness of the porous elec- 
trode (1 cm), e is the init ial  porosity of the electrode 
(0.2), i is the current  density (0.1 A/cm~), n is the 
number  of electrons t ransferred in the electrode re-  
action (1 electron),  F is Faraday 's  constant (96,500 
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Fig. 3. Dependence of the optimum porosity on the relative con- 
ductivities of the bulk matrix and solution phases calculated by 
Eq. [15],  Co' = Co. Solid curves are for n = 1.5; dashed curves 
are forn = 2 .  
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Fig. 4. Dependence of the optimum porosity on the relative con- 
ductivities of the bulk matrix and solution phase calculated by 
Eq. [15],  n __-- 1.5. Solid curves are for ~o'/~o = 1; - - -  curves 
for ~o'/~o = 0.5; - - - - -  curves for do/Cro = 0.1. 

coulombs/equiv.) .  For S < 1 solid-state diffusion can 
be neglected. Using the parameters  given above S 
0.08. For the example present ly  being treated solid- 
state diffusion can be neglected, however, one should 
note that decreasing the interracial  surface area ( in-  
creasing particle size) and operating temperature  (de- 
creasing the diffusion coefficient) can greatly increase 
the value of S. Therefore, application of the model 
represented in  this paper to the LiA1 electrode is in 
ha rmony  with its under ly ing  assumptions. 

One curve of Fig. 3 depicts the case of opt imum 
porosity for the LiA1 electrode, B = 2. For the condi- 
tion that ~o > >  ~o, the opt imum porosity is equal to 
0.2. This value can now be inserted into Eq. [9] to 
obtain the opt imum electrode thickness provided val-  
ues are assigned to the allowable voltage loss as well 
as the effect of separator resistance (Ls/~s). Using 
AV = 0.1V, i = 0.1 A/cm 2, Ls/Ks = 0.0, ~o = 1.54 mho /  
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cm, �9 = 0.2, f -- 0, n -- 1.5, and 6o = Go' > >  ~o, we 
obtain Lopt. ~'~ 0.713 cm. 

We have not presented results which show the effect 
of increasing or decreasing electrode thickness. How- 
ever, one can expect that  for electrodes which de- 
crease in  thickness as they are discharged the opt imum 
electrode thicknesses will  increase and that  the op- 
posite would be t rue for electrodes wi th  increasing 
thicknesses. For  the case of cur ren t  collected from the 
front  face (separator-electrode interface) instead of 
the backing plate, or for current  collected from both 
faces, different equations will  have to be developed, 
though their  form will be similar. Should the entire 
cell (two porous electrodes plus a separator) be treated 
in  a similar manner ,  the effects of changes of the 
parameters  of one electrode will  be seen to affect the 
opt imum performance of the other electrode. 
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LIST OF SYMBOLS 
a specific interfacial  area, cm2/cm 8 
B a parameter  given by Eq. [13] which ac- 

counts for volume changes wi th in  the elec- 
trode 

C concentrat ion of the l i th ium in  the l i th ium-  
a luminum alloy, equiv. /cm 3 

D diffusion coefficient of l i th ium in  the l i th ium-  
a luminum alloy, cm2/sec 

f fraction increases in  electrode thickness due 
to volume changes 

F Faraday 's  constant, A-sec/equiv.  
i current  density, A / c m  2 
L electrode thickness, cm 
Ls separator thickness, cm 
Lopt .  opt imum electrode thickness as given by Eq. 

[9], cm 
n a parameter  which accounts for tortuosity 

effects 
q effective electrode capacity equal to qo (I -- 

�9 ), A-sec/cm~ 
qo specific electrode capacity, (A-sec) / ( to ta I  

solid volume),  A-sec/cm 8 
Q electrode capacity given by Eq. [14], A-sec /  

c m  2 

R/t=o resistance given by Eq. [1], ohm/cm 2 
R(i.t) resistance given by Eq. [2], ohm/cm ~ 
S a parameter  given by Eq. [17] 
t time, sec 
AV voltage loss, V 
e electrode porosity in  the charged s ta te  
~f electrode porosity in the discharged state 
~o , t .  opt imum electrode porosity as given by Eq. 

[15] 
effective conductivity of solution in porous 
matr ix  in the charged state, mho /cm 

K' effective conductivi ty of solution in porous 
matr ix  in  the discharged state, mho/cm 

~o conductivi ty of the bu lk  solution, mho/cm 
~s conductivi ty of the separator, mho/cm 
r effective conductivity of the solid phases in 

the porous matr ix  in the charged state, mho /  
c m  

~' effective conductivi ty of the solid phases in 
the porous mat r ix  in  the discharged state, 
mho/cm 

Go conductivi ty of the bu lk  solid phases in the  
charged state, mho /cm 

�9 o' conductivity of the bulk  solid phases in the 
discharged state, mho/cm 

REFERENCES 
1. John Newman and Will iam Tiedemann,  Am. Inst. 

Chem. Engrs. J, 21, 25 (1975). 
2. John Newman and Charles Tobias, This Journal, 

109, 1183 (1962). 
3. A. M. Johnson and John  Newman, ibid., 118, 510 

(1971). 
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ABSTRACT 

Potential  differences have been measured between the alkali  metals and 
their  dilute amalgams in propylene carbonate solutions. The general  cell 
M(s) IM+,X - (PC) IM(Hg) has been used where M = Li, Na, K, Rb, and Cs, 
and X -  =- A1C14- or PF6- .  The emf values measured are in  satisfactory 
agreement with those obtained earlier in other solvents. 

In  the course of our studies on the thermodynamic  
properties (1, 2) and the kinetic measurements  (3) of 
the alkali metals in a luminum chloride-propylene car- 
bonate (PC) solution, we have measured the poten-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  l i t h i u m  a m a l g a m ,  s o d i u m  a m a l g a m ,  potassium amal- 

gam, r u b i d i u m  a m a l g a m ,  cesium amalgam, propylene carbonate. 

tial difference between the alkali  metals Li, Na, K, Rb, 
and Cs and their  respective dilute amalgams. 

This is a report of a f ragmentary  na ture  which es- 
tablishes the feasibili ty for a complete thermodynamic  
study of the alkali  metal  amalgams using propylene 
carbonate as a nonaqueuos solvent. 
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In the present  work we have confirmed some of the 
emf data of the early pioneering work of Lewis (4-7) 
and Bent (8-10) and their  co-workers, and provided 
some additional emf data for different amalgam con- 
centrations. We feel that  the measurements  on potas- 
sium, rubidium, and cesium should be especially useful 
because of the paucity of data for these exper imental ly  
difficult systems. 

Experimental 
Alkali  metal  amalgams were prepared by weight 

from triple distilled mercury  (Quicksilver Products 
Incorporated, San Francisco) and alkali metal  r ibbons 
(Li, Li thium Corportion of America, 99.9%; Na, Baker 
analyzed reagent;  K, Mallinckrodt;  Rb, Alfa Inorganic, 
m2N+; Cs, United Mineral  & Chemical Corporation, 
New York, 99.8%). The amalgams were prepared in-  
side a dry argon glove box (below 1 ppm water) .  The 
electrolytes were prepared from alkali  metal  chlorides 
(Mallinckrodt and Alfa Inorganic)  and a luminum 
chloride (Baker, 99.2%) or sodium hexafluorophos- 
phate (Alfa Inorganic, 99%) in  propylene carbonate 
(Jefferson Chemical Corporation, Houston, Texas).  
The distillation, purification, and preparat ion of the 
solutions are discussed elsewhere. Special precautions 
were necessary for the K, Rb, and Cs cells (1, 2, 11). 

Potentials were measured with a high impedance 
differential vol tmeter  (John Fluke, Model 887-A), ac- 
curacy --+0.005 mV, which was calibrated against an 
Eppley Laboratory low temperature  coefficient s tan-  
dard cell. 

The six compar tment  cells and the electrodes were 
described previously (1, 11, 12). The potentials were 
measured between the alkali metals wires, or ~solidi- 
fled pools of Rb and Cs in cup electrodes (1, 3, 11), and 
the corresponding alkali metal  amalgams which were 
placed in  cup electrodes. The measurements  were re-  
peated every 30 min  for the first few hours. The po- 
tential  drift  dur ing  the first hour  was less than  1 mV 
for most measurements.  The potentials were extrapo- 
lated to zero t ime and represent  average values of at 
least 2 electrodes for each cell. The temperature  was 
mainta ined at 25 ~ + 0.01~ for all experiments.  In  the 
case of potassium the measurements  were repeated for 
various temperatures  up to 50~ within  -+I~ 

Results 
The potential  differences of the general  cell 

M(s)  ] M + , X - ( P C )  ] M(Hg) 

(where X -  is A1Ci4- or P F s - )  were measured for 
M ---- Li, Na, K, Rb, and Cs. The results are summarized 
in Table I for various amalgam compositions. 

Discussion 
The results of the present work can be compared 

with early results. The value of 1.004V for XLi = 
0.01907 Li (Hg) agrees with a value of 1.0037V reported 
by Cogley and Butler  (13). The first sodium amalgam 
measurement  (0.843V) satisfactorily agrees with the 

Table I. Potential measurements of the alkali metal-alkali 
amalgam cells 

X, mole Temp, 
Cell fraction ~ E, volts 

Li(s) I LiAICh(1M),PC I Li(Hg)  0.01907 
l~a(s) I NaA1CI~(0.51Vf),PC Na(Hg)  0.01771 
Na(s) NaPFs(0.5M),PC ] Na(Hg)  0.02441 
Na(s) NaPFs(0.5M),PC ] Na(Hg) 0.02982 
K(s) KAICI4(0.5M),PC K(Hg)  0.01126 
K(s) I~A1C14(0.jM),PC K(Hg)  0.02271 

Rb(s) RbA1C14(0.5M),PC Rb(Hg) 0.005395 
Cs(s) CsA1C14(0.5M),PC Cs(Hg) 0.004551 

25 1.004 
25 0.843 
25 0.8319 
25 (0.7347)* 
25 1.0523 
25 1.0067 
29 1.013 
30 1.016 
43 1.057 
50 1.067 
25 1.0766 
25 1.107 

�9 Doubtful value, see  d i s c u s s i o n .  

value of 0.8456V reported by Lewis and Kraus (5) for 
the identical amalgam composition (XNa : 0.01771). 
The second value of 0.8319V agrees well with 0.830V 
calculated after Mussini, Maina, and Pagella (14). 
However the third value of 0.7347V for XNa ---- 0.02982 
is significantly lower than  the calculated value of 
0.822V (14). It  is believed that  the calculated value is 
the correct one because of the consistency of the data 
over the entire dilute range (14). It  is quite possible 
that  the present  value is erroneous due to poisoning of 
the solid sodium in this par t icular  measurement .  The 
first two Na measurements  agree well  with the data 
reported by Hsueh and Bennion (15) and by  Bent and 
Swift (9). 

The emf of the potassium cell, 1.0523V, is slightly 
higher than the value of 1.0481V reported by Lewis 
and Keyes (6) for the same amalgam composition 
(XK ---- 0.01126). The addit ional value of 1.0067V for 
X~ ---- 0.02271 agrees with 1.01036V calculated from the 
aqueous solution measurements  of Bent  and Gilfillan 
(10). The temperature  coefficient of the emf of the 
XK ---- 0.02271 amalgam cell was calculated from data 
obtained in the temperature  range be tween 25 ~ and 
50~ result ing in the average value of d E / d T  = 0.0022 
_+ 0.001 V/~ The entropy of solution of potassium in 
XK ---- 0.02271 amalgam is therefore 

AS : F ( d E / d T )  : (96,580/4.186) (0.0022) 

= 50 ca l /g-mole~ 

The emf value of 1.0766V for Rb(Hg)(XRb ---- 
0.00539) agrees reasonably with the corresponding 
value of 1.0745V reported by Lewis and Argo (7) for 
an identical amalgam composition, and with 1.077V 
calculated from the aqueous solution measurements  of 
Longhi, Mussini, and Osimani (16). 

The cesium amalgam mole fraction in  the present  
work was 0.004551, higher than  the composition of the 
cesium amalgam used by Bent et al. (8), Xcs -- 
0.002827. The value of 1.107V obtained in the present  
work is indeed lower than the value of 1.121V measured 
by Bent et al. (8) for a more dilute amalgam, and 
agrees reasonably with the calculated value of 1.100V 
after Mussini, Longhi, and Riva (17). 

The activity coefficient of cesium in its amalgams can 
now be calculated from the two measurements  

log 7Cs = ( F / 2 . 3 0 3 R T ) E  --  log Xcs 

where the pure cesium has been chosen as the refer-  
ence state, and the activity coefficients are based on 
the mole fraction X of cesium in  the amalgam, For both 
concentrations: Xcs ---- 0.002827 and Xcs ---- 0.00454, we 
obtained log 7cs = --16.4. 

The potentials were measured every 30 rain for the 
first few hours and extrapolated to zero time. The t ime 
dependent  potential  drift  is due to the reactivity of the 
alkali metal amalgams, especially l i th ium amalgam, 
toward PC. Dousek, Jansta, and Riha (18) report that 
active l i th ium reacts with PC freed from impurit ies 
with the formation of Li2CO.~ and propylene. They 
prove that the Li2CO3 layer passivates the solid l i thium 
surface. The decomposition of l i th ium amalgam in  
highly pure PC (water content was lower than  0.01 
ppm) is even stronger due to surface renewal  of the 
amalgam. The rate of PC decomposition by  the alkali  
metal  amalgams decreases sharply in the order Li > 
Na > K (18). The presence of traces of water  in  the 
electrolytic solution (45 ppm) decreases the PC de- 
composition by the Li-I tg  amalgam considerably as it 
is believed that the amalgam surface is blocked by 
LiOH (18). Dey (19) also speculates on the film for- 
mat ion in Li-PC systems, and Scarr (20) predicts PC 
decomposition by Li from thermodynamic considera- 
tions. 

In the present investigation, the water  content was 
mostly 10 ppm and in some cases up to 50 ppm, and 
therefore it is quite possible that the protective layer  
slowed down the chemical decomposition, especially in 
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the Li ama lgam case. S imi la r  behavior  of potent ia l  
dr i f t  in nonaqueous cells was observed in PC (1, 21), 
DMSO (22, 23), DMF (24), and N - M F  (25). True cell 
potent ia ls  were  obta ined by  ex t rapo la t ing  to zero t ime 
in fo rmamide  (26, 27). The genera l  agreement  wi th  
the previous  re l iab le  da ta  justifies the  ex t rapo la t ion  
procedure  in the  presen t  work.  

In  conclusion, this  f r agmen ta ry  s tudy  establ ishes 
the  feas ibi l i ty  of using p ropy lene  carbonate  for  t h e r -  
modynamic  measurements  of the  a lka l i  meta l  ama l -  
gams. 
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Hydrogen Production under Sunlight with an 
Electrochemical Photocell 
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An electrochemical  photocel l  has been repor ted  (1) 
which consists of t i t an ium dioxide  ( ru t i le  type)  single 
crysta l  as an anode, and p l a t inum as a cathode. The 
photocel l  works  under  i r rad ia t ion  with  light, leading 
to oxygen evolut ion on the anode and hydrogen  evolu-  
t ion on the cathode. Quantum efficiencies of the  cell 
increases wi th  an increase in the a lka l ine  concentra-  
t ion in the t i t an ium dioxide anode compar tment  and 
in the acidic concentra t ion in the cathode compar t -  
ment  (2). However ,  the use of po lycrys ta l  or amor -  
phous t i t an ium dioxide  in place of its single crys ta l  is 
desi red from the prac t ica l  s tandpoint  of real iz ing a 
large  scale e lect rochemical  photocell .  

K ey  words:  hydrogen  production,  e lectrochemical  photocell,  t i ta- 
n ium oxide film. 

Among the var ious  methods of forming oxide film 
on metal ,  the  fol lowing three  methods  were  s tudied 
in the  present  work:  (i) e lectrochemical  format ion  of 
oxide film on metal ;  (ii) the rmal  format ion  of oxide 
film in an electr ic furnace;  and (~ii) the rmal  format ion  
of oxide film by s imple heat ing.  

Electrochemical ~ormation of oxide film on titanium 
metal.--Formation of anodic oxide film on t i t an ium 
was carr ied out potent ios ta t ica l ly  or galvanostat ical ly .  
The e lec t ro ly te  solutions used were  basic (1.0M 
NaOH) or acidic (0.5M H2804). Photoelect rochemical  
behavior  of the oxide film electrodes was inves t iga ted  
using a 500W xenon lamp. M a x imum photocur ren t  
under  anodic polar izat ion of the oxide electrodes was 
about  one- ten th  of that  on the single c rys ta l  ru t i le  
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electrodes. Electric resistivity of the semiconductor is 
desired to be as low as possible in order to effectively 
separate electrons and holes formed by irradiat ion 
with l ight  in  the space charge layer of the semiconduc- 
tor surface. Moreover, the thickness of a photosensitive 
layer  necessary to absorb light quanta  is about 1,000 

10,000A. Therefore these low quarLtum efficiencies 
may be at t r ibuted main ly  to the high resistivity of the 
oxide film and part ly  to its thickness being insufficient 
to absorb all incident light quanta, since the thickness 
of the oxide film was estimated to be about 3000 
5000A from its interference color. 

Thermal formation of oxide film by means of an 
electric furnace.--Oxide films were thermal ly  formed 
on the t i tan ium metal plates at various temperatures  
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Fig. 1. Current-potential curves under irradiation in relation to 
the temperature of heating of 5 min. (1) Ti metal,'(2) 1200~ 
(3) 1300~ (4) 1400~ (5) rutile single crystal. 

in an electric furnace to which oxygen was supplied. 
The anodic photocurrents obtained with these oxide 
film electrodes were near ly the same as those films 
formed electrochemically. On the other hand, when a 
reducing atmosphere was mainta ined during the oxide 
formation in the electric furnace, the anodic photocur-  
rents slightly increased.  In  the case of TiO2 single 
crystal, photoelectrochemical behavior  depends on the 
degree of the reduction treatment ,  because its electric 
conductivity related to the amount  of the oxygen va-  
cancies in the crystal may govern the probabil i ty  of 
the recombinat ion between the electrons and holes 
created by the i r radiat ion with l ight (3). Fur the r  de- 
tailed investigations will be reported elsewhere. 

Thermal formation of oxide by a gas burner.--A 
plate of t i tan ium was heated in a fire of town gas. 
Oxide could be easily formed on t i t an ium metal. Tem-  
perature of fire on Meker burner  or Bunsen burne r  
was varied between 1100 ~ and 1400~ Thickness of 
the formed oxide film seemed greater than those 
formed by electrochemical oxidation or thermal  oxida- 
t ion in the electric furnace. Anodic photocurrents  on 
these oxide electrodes were near ly  as large as those 
obtained with the single crystal futi le electrode. Figure 
1 shows current -potent ia l  curves in  1M NaOH in rela-  
t ion to the tempera ture  of heat ing for 5 min. These high 
photocurrents  might be due to both the thickness of 
the oxide being enough to absorb the incident light 
quanta  and the low resistivity of films. The crystal 
s tructure of the oxide was found by x - r ay  diffraction 
analysis to be the ruti le type. Observation of the sur-  
face by an electron microscope revealed that the oxide 
was not a perfect crystal l ine structure. In  the present  
experiments,  the t i t an ium oxide films formed in  a 
flame temperature  between 1300 ~ and 1350~ for 
several minutes showed good photoelectrochemical be-  
havior. 

Fig. 2. The geometrlc arrangement of the electrochemical photo- 
cell. (1) Anodes coated with titanium dioxide film, (2) platinum 
black cathodes, (3) agar salt bridges, (4) gas burettes, (5) am- 
meter. Anolyte: 1M NaoH, catholyte = 0.5M H2SO4. 
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Fig. 3. Hydrogen evolution by the electrochemical photocell 
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Hydrogen production under the sunlight.--As de- 
scribed above, the t i t an ium oxide electrodes made by 
these three methods showed different photoelectro- 
chemical behavior, even when they were irradiated 
with the light of the same intensity.  These differences 
are probably  due to the electric conductivi ty of the 
oxide films, and par t ly  to the thickness of the films. 

It is possible to prepare, by a simple heating, t i ta-  
n ium dioxide film on t i t an ium metal  plate which shows 
pronounced photoelectrochemical activity. The anodes 
studied were prepared by heating the t i t an ium metal  
with a surface area of 85 • 100 mm with nine Bunsen 
burners.  Figure  2 shows the geometric a r rangement  of 
the electrochemical photocell using twenty  anodes 
coated with t i tan ium dioxide film. The cell consisted 
of five p la t inum cathode and t i tan ium dioxide anode 
units  in  which four anode plates of the above d imen-  
sion were connected in parallel.  The cell contained al-  
kal ine solution in the anodic compartments  and acidic 
solution in the cathodic compartments.  Separation be-  
tween the anodes and cathodes was made with an agar 
salt bridge saturated with potassium chloride. In this 
arrangement ,  a potential  drop through the solution or 
the salt bridge was not found. The total anodic surface 
area (Fig. 2) was about 0.17 m 2. Figure 3 shows the 
relationship between the operation t ime and the vol- 
ume of the hydrogen collected under  i r radiat ion with 
the sunlight  on a clear summer  day. The in tensi ty  of 
the sunlight  measured by means of Toshiba Photocell 
I l luminometer  SPI-1 was about 110,000 lux from 11 
A.M. to 2 P.M. We collected 1.1 l i ter per day using this 
photocell (6.6 liters of H~ per m 2 of t i t an ium dioxide).  

The combustion heat of this hydrogen is calculated to 
be 20 kca l /m 2 per day. The mean  incident  energy of the 
sunlight  at the surface of the earth in Japan was re-  
ported (4) to be about 3000 kca l /m 2. As we measured 
the characteristics of the photocell in August, the in -  
cident energy of the sunlight  might be larger than the 
mean  one. The energy conversion efficiency of the pho- 
tocell to the total sunlight  energy is estimated to be 
more than 0.4%. As the energy ratio of the sensitive 
region of the t i t an ium dioxide against the over-al l  
spectral region of the sunlight  may be below 10%, the 
quan tum efficiency in the intr insic absorption region 
becomes much larger. 
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Intricate-Pattern ECM on Ferrous Alloys 

Mitchell A. LaBoda* and James P. Hoare* 

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

In  the electronics industry,  the necessary circuit 
components  are fabricated from various metals sup-  
ported on a variety of substrates by generat ing the 
required, highly intricate pat terns in the metal  through 
a photomechanical method known as pa t te rn  etch ma-  
chining (1-5). In  a parallel  development,  another metal  
removing process known as electrochemical machin-  
ing (ECM) (6, 7) has been investigated and evaluated 
which is based on controlled, high rate, anodic cor- 
rosion reactions. The ECM process can be used in  a 
n u m b e r  of operations including plunge cutting, sizing, 
finishing, deburr ing and electrochemical grinding;  but  
perhaps, the greatest advantage of this process is its 
speed in a replication application. This report describes 
the details of this ECM method and some of the under -  
lying electrochemistry involved. 

Experimental 
The ECM fixture is composed of the cathode tool, the 

anode work piece, and all cell housing parts which are 
required to obtain a proper and uni form flow of elec- 
trolyte between the electrodes. In  Fig. 1, the assembled 
fixture used in  pa t te rn  ECM is shown; whereas in Fig. 
2, a cross-sectional view of the fixture assembly is 
given. Essentially, the fixture consists of two machined 
blocks of brass separated from one another  by an 
insula t ing layer of epoxy plastic. In  operation, the two 
halves of the fixture were held together with insulated 
"C"-clamps and made leak-proof  wi th  an "O"-ring. 

The cathode.--The top half  of the fixture (50 mm • 
150 m m  • 20 mm) serves as the cathode. Two cross- 
hatched pat terns (19 m m •  31.75 ram) of 12.6 l ines /cm 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  ECM,  f e r r o u s  a l loys ,  P a t t e r n  ECM,  NaC10~ electrolyte. 

(32 l ines/ in.)  were etched to a depth of 0.13 mm in 
the fiat ground face of the brass block by a photo- 
mechanical  method. Next, a layer  of epoxy (2 m m  

Fig. 1. The fixture for pattern ECM with anode holder and anode 
sample panel at left and machined cathode at right. 
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Fig. 2. Cross-sectional view of fixture for pattern ECM 

thick) was applied to the etched face of the brass 
block; and af ter  sufficient hardening of the plastic 
layer  was achieved, the epoxy face was flat ground to 
wi thin  0.45 nun of the cross-hatched face. A separate 
end mil l  machining operation was used to remove  the 
plastic layer  covering the two areas of the cross- 
hatched patterns. In this way, the exposed faces of a 
cross-hatched pat te rn  of equal ly  spaced lines are ob- 
tained and a gap space of 0.45 mm is formed between 
this cathode cutting face and the anode. 

The anode.--The bot tom half  of the fixture (50 mm 
X 150 m m  X 25 mm)  serves as the anode holder. In 
the flat ground face of the holder, a cavi ty  was ma-  
chined which exact ly  accommodated the sample (20 
mm X 90 mm X 1 m m ) ;  and on ei ther  side of this 
cavity, slots (5 m m  X 80 m m  X 10 ram) were  ma-  
chined as seen in Fig. 1 to provide a flow of electrolyte 
through the gap space be tween anode and cathode. 
Brass fittings were  connected to the slots to serve as 
inlet  and outlet  ports for the electrolyte.  A groove to 
hold the sealing "O"- r ing  was machined around the 
per imeter  of the holder  face. 

The anode itself (the sample to be machined)  was a 
mild steel panel (20 mm X 90 mm X 1 ram). 

The ECM machining sys tem. - -The  electrolyte  re-  
quired for the pat tern  ECM of steel was a solution of 
NaC103 (350 g / l i t e r )  which was pumped through the 
fixture by a turbine pump at flow rates ranging be-  
tween 2 and 4 l i t e r s /min  at a pressure of 1.4 arm and 
with the direction of flow perpendicular  to the long 
axis of the sample. Direct current  was supplied by a 
low voltage rectifier wi th  a capacity of 0-3000A at 
0-30V. 

Procedure.--The sample panel  was placed in the 
cavi ty of the anode holder  and the cathode was 
clamped in place by an insulated "C"-clamp.  Af ter  
connecting the inlet  parts to the pump and the outlet  
parts  to the electrolyte  reservoir,  the NaC103 solu- 
t ion was pumped through the fixture. A preset vol tage 
of 5V was applied be tween  anode and cathode. Then 
ECM was carried out for up to 9 sec af ter  which the 
current  and solut ien flow was shut down so that  the 
solution flow could be reversed  by outside valving. 
Finally,  ECM was cont inued with  reverse  electrolyte 
flow for the same length of time. 

Results and Discussion 
In the course of this work, it was found that  the 

gap space be tween cathode and anode is a critical pa-  
rameter .  A steel panel  b lank  is shown in Fig. 3A, and 
in Fig. 3B, the pa t te rn  machined in the panel  by pat-  
tern  ECM at a gap space of 0.45 mm shows washed out 
features. By flat grinding the plastic layer  on the 
cathode, the gap space can be made narrower.  At a gap 
space of 0.20 m m  (Fig. 3C), an acceptably sharp pat-  
tern  is obtained. The depth  of this cut was 0.05 m m  in 
Fig. 3C, but  cuts of 0.1 mm can be obtained with  only 
a small loss of resolution. 

Dependency of the resolution of the pat tern  on gap 
space can be understood in terms of the passivation of 
steel in s trongly oxidizing electrolytes. It was sug- 
gested (8-10) that  the ECM process takes place in the 

Fig. 3. The test panels of mild steel, 20 mm x 90 mm x I mm: 
(A) the blank; (B) a washed out pattern because of wide gap 
space or excessively high applied potential; (C) a sharp pattern 
obtained at a gap space of 0.20 mm, at a preset applied voltage of 
5V, and a solution flow rate of 2 liters/min. 

transpassive region where breakdown of the passive 
film on steel in NaCI03 solution occurs and high rates 
of metal removal take place. 

For a given applied voltage, V, across the anode and 
cathode, the potential,  E, controll ing the meta l - re -  
moval  process at the anode is de termined  by the rela-  
tionship, E = V -- IR, where  I is the current  passed 
and R is the ohmic resistance of the solution path. At  
sites on the anode direct ly  opposite the exposed meta l  
sites on the cathode, the current  path is short, the IR is 
small, E is large so that  the process occurs in the 
transpassive region (8) and high meta l  removal  rates 
occur. For the high currents passed (of the order of 50 
A/cm2),  even a small  value of R can result  in a large 
value of IR. Consequently,  at sites remote  enough from 
the exposed cathode sites, the IR becomes so large that  
the value of E is shifted towards less noble values 
where  the process enters the passive region (8). Under  
these conditions, meta l  removal  v i r tua l ly  ceases. 

Fig. 4. Photomicrograph of pattern of 12.6 lines/cm (32 lines/in.) 
machined by pattern ECM in steel with NaCIO~ electrolyte. 
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Fig. 5. Proficorder trace of a 
12.6 lines/cm (32 lines/in.) 
pattern machined by ECM to a 
depth of 0.051 mm in mild steel 
in 18 sec; X-axis = 2.5 X 10 - 3  
mm/div; Y-axis = 6.25 X 10 - 5  
mm/div. The trace shows the 
uniformity of depth and land-to- 
groove ratio obtained on steel in 
NaCIO8 solution. 

Conversely then, there may be some metal  removal 
from anode sites which are only slightly removed. For 
this reason, the imprints  of dots are rounded rather  
than square as noted in  the photomicrograph of the 
machined pa t te rn  in Fig. 4. The proficorder trace in 
Fig. 5 shows that the tops of the dots are quite flat with 
tapering of the sides. 

When the gap space is increased, V must  be raised 
to main ta in  E at the same value if the same current  
densi ty at the anode is desired since the current  path 
has been lengthened.  At this larger gap space, how- 
ever, the percentage difference between the direct and 
remote current  paths becomes less and the increase in 
IR may not be large enough for the remote current  
paths to cause a passivation of the remote anodic sites. 
Because some metal  removal  can take place at these 
remote sites, a washing out of the pa t te rn  can occur as 
in Fig. 3B. 

Another  sensitive parameter  is the applied voltage, 
V. If V is too large, the IR of even the longest current  
paths may not be great  enough to lower E into the 
passive region. Washing out of the pat tern  occurs in 
this case, also. One must  operate at a value of V so that  
E is not too far removed from the point corresponding 
to the passive-transpassive t ransi t ion of the polariza- 
t ion curve (8). The polarization curve for iron and 
steel in NaC103 solution has a relat ively sharp t rans i -  
t ion from the passive to the transpassive region (8) 
which makes it possible (12) to obtain excellent control 
of dimensions at high metal  removal  rates and good 
surface finish. 

The opt imum operating values for V and the solu- 
tion gap distance are found by  trial  and error. In  gen-  
eral, as the pa t te rn  becomes finer V must  be lowered 
and the gap space must  be reduced because the differ- 
ence between the direct and remote solution paths 
must  be mainta ined as great as possible. Some modifi- 
cation of the solution flow rate may be required, but  
this parameter  has less influence on the resolution of 
the pattern.  

The pat tern  in Fig. 3C was produced in a total ma-  
chining t ime of 18 sec at V ---- 5V and a flow rate of 
4 l i ters/rain.  

As can be seen from Fig. 5, the width of the ECM'd 
cut was 0.25 ram. The width of the cathodic grid l ine 
employed in the ECM cutt ing was 0.13 mm. Thus, in 
these experiments it appears that  the overcut, the ratio 
of the ECM'd line width to the cathodic l ine width, is 
about 2. This ratio could be reduced to obtain finer 
pat terns by either reducing the gap space or by reduc- 
ing the cathodic l ine width, but  each would present  
a t tendant  difficulties. 
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On the Electrocatalytic Activity 
of Electrodeposited Palladium on 

Pyrolytic Graphite 
Ikram Morcos* 

Hydro-Quebec Institute o:f Research Varennes, Quebec, Canada 

Data on the reduction of oxygen at the pal ladium 
electrode in both alkaline and acidic media have al- 
ready been reported in the l i terature ( i -5) .  In  alkaline 
medium, Sobol et al. (1) obtained current -potent ia l  
plots, which show l imit ing currents, that  gradual ly  
deviate from theoretical Levich plots, with the increase 
in the rotation rate of the disk electrode. In  acid 
medium, the reduction currents  were found to de- 
crease steadily with t ime unt i l  their values become 
significantly lower than  the corresponding values in 
alkaline medium. 

In  the present communicat ion exper imental  results 
are presented to show the difference between the 
electrocatalytic activity toward oxygen reduct ion of 
both bu lk  pal ladium electrodes and electrodes pre-  
pared by the electrodeposition of a pal ladium layer  on 
pyrolytic graphite substrates. Current -potent ia l  curves 
were obtained as a function of the disk rotat ion speed 
on both types of electrodes by slow scanning vol tam- 
merry in acid and alkaline media. 

The current -potent ia l  curves obtained in oxygen- 
saturated 0.1N KOH solution in the potential  range 
between 0.2 and --0.5V (Hg/HgO) show on both pal-  
ladium surfaces l inear ly  shaped l imit ing current  at 
rotat ion speeds between 400 and 10,000 rpm. Plots of 
the l imit ing current  vs. the square root of rotation 
speed are compared in Fig. 1 with the corresponding 
theoretical Levich plot for an over-al l  4-electron 
oxygen reduction process. It is seen from Fig. I that the 
electrodeposited pal ladium has a higher electrocata- 
lyric activity than the bulk  pal ladium and that the 
difference in the activity increases with the increase in 
rotat ion speed. 

The difference in the electrocatalytic activity was 
found to be even more significant in acid medium. 
Higher current  densities (notice that the apparent  
area is not the same) and greater rotation dependence 
were observed on the electrodeposited surface. The 
difference in the electrocatalytic activity persisted re- 
gardless of the magni tude of the start ing potential  and 
the rate at which the potential  was scanned. Figures 2 
and 3 show the current -potent ia l  characteristics of 
both pal ladium electrodes in an oxygen-saturated 1.0N 
H2SO4 (ultra pure grade) at different rotation speeds, 
and a very slow scanning rate of 0.025 V/ra in  to assure 
the a t ta inment  of steady state. Notice that the l imit ing 
currents  which are under  both diffusion and kinetic 
control are observed on the electrodeposited pal ladium 
but  not on the bulk  electrode. 

The interpreta t ion of these observations must  take 
into account the dispersed nature  of the pal ladium de- 
posit on pyrolytic graphite. The present data, however, 
suggest that the deposited pal ladium may have dif- 
ferent  intrinsic electrocatalytic properties which are 

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

i t y  of e l e c t r o d e p o s i t e d  p a l l a d i u m  s u r f a c e ,  o x y g e n  r e d u c t i o n  oi"I 
e l e c t r o d e p o s i t e d  p a l l a d i u m  on  p y r o l y t i c  g r a p h i t e .  
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Fig. 1. Dependence of the limiting current density on the square 
root of rotation speed on palladium electrodes in 02-saturated 
0 . iN  KOH solution. - - ,  theoretical plot for a diffusion controlled 
process; A ,  electrodeposited palladium on pyrolytic graphite; 0 ,  
mechanically polished bulk palladium electrode. 
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Fig. 2. Current-potential curves for 02 reduction on a palladium 
surface electrodeposited on pyrolytic graphite at different rotation 
speeds in O2-saturated 1.0N H2S04 solution. Potential scanned at a 
rate of 0.025 V/min in the cathodic direction. Electrode area is 
0.338 cm 2. 
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Fig. 3. Current-potential curves for Or2 reduction on a mechani- 
cally polished bulk palladium electrode at different rotation 
speeds in O~-saturated 1.0N H~SO4 solution. Potential scanned at 
a rate of 0.025 V/min in the cathodic direction. Electrode area 
is 0.478 cm 2. 

not accounted for by the mere increase in true surface 
area. Voltammetric  experiments  in he l ium-sa tura ted  
solutions indicate a variat ion in the characteristics of 
oxygen adsorption on both pal ladium surfaces. An 
invest igat ion of the actual mechanism of oxygen re-  
duction on both pal ladium surfaces is present ly  being 
carried out with the aid of the rotat ing disk electrode 
wi th  ring. Differential capacity and electron scanning 

microscope techniques are used to detect var ia t ion in  
surface area and structure. A study of the electro- 
chemical nucleat ion of pal ladium on pyrolytic graphite 
and possible correlation with the observed electro- 
catalytic aspects is also in progress. 
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Complex Ions and Corrosion 
R. T. Foley* 
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It  is indeed remarkable  the extent  to which envi ron-  
menta l  effects are ignored in the development  of cor- 
rosion mechanisms and concepts related to the pas- 
sivity of metals and alloys. The specific anion effect 
in stress corrosion cracking has been well documented 
in  the corrosion li terature.  Yet proposed mechanisms 
for stress corrosion cracking are put  forth which in-  
corporate purely  mechanical  phenomena.  In  the de- 
velopment  of passivity mechanisms, including the for- 
mat ion of passive films, the composition of the elec- 
trolyte has been given vi r tual ly  no consideration ex- 
cept in so far as it provides protons and hydroxyl  
ions. Yet the breakdown of passivity is often tied to 
specific ion adsorption and the chloride ion is a t t r ib-  
uted with un ique  properties that  are evident  for this 
ion in no other area of chemistry. 

The purpose of this communicat ion is to reexamine 
the role of env i ronmenta l  effects, specifically anion 
effects, with the view of establishing a concept that 
will be a useful and guiding principle describing the 
influence of anions in corrosion and passivity. 

It is first desirable to characterize the actual envi-  
ronment  in which a metal  cation finds itself as it 
passes from the atomic to the ionic state. In  most 
si tuations of concern to corrosion investigators the 
env i ronment  in which the metal  cation finds itself 
at the ins tant  of ionization is one of a concentrated 
aqueous electrolyte. This point has been well demon-  
strated experimental ly,  par t icular ly  during the last 
decade. A few of these observations wherein  the com- 
position of the env i ronment  at the actual corrosion 
site has been described may be cited. 

Significant concentrat ion gradients exist in the elec- 
trolyte resident in crevices formed on Fe-Cr  alloys (1). 

There is a build up of metal  ions and a decrease 
in  pH (to 1.7 from ini t ial ly neut ra l  solutions) in the 
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electrolyte in  the advancing crack of the stress-cor- 
roding specimen (2). 

I,n crevices formed on Type 304 stainless steel by 
the action of a differential aeration cell in seawater 
the pH falls to 1.2-2.0 and the ferrous ion concentra-  
tion increases (3). 

The chloride ion concentrat ion builds up in the 
anolyte of a corrosion cell developed on the surface 
of steel corroding in dilute solutions of sodium salts 
of weak acids (4). 

The wide-spread occurrence of such conditions in 
real corrosion situations has led to the concept of the 
"occluded corrosion cell" (5). The general  finding is 
that in these real corrosion sites the electrolytic solu- 
t ion is quite concentrated and is often of very low pH. 

The consequence of this real env i ronment  (the con- 
centrated electrolytic solution) becomes immediately 
apparent. The metal atom, as it passes from the me-  
tallic lattice and is ionized is immediate ly  surrounded 
by an ion atmosphere of negatively charged species 
located at relat ively close distances. This is evident 
from the simplest calculation employing Avogadro's 
number  to calculate the geometrical dis t r ibut ion of 
ions in a solution of a given molarity. For example, 
in a one molar  solution of FeC12 the closest neighbor 
distance is 8.2A; for a two molar  solution the distance 
is 6.5A. This distribution, of course, was specifically 
recognized in  the development  of the Debye HiickeI 
theory (6) for ionic solutions as well as the Gouy-  
Chapman model (7) for the double layer. The as- 
sumption is made that the central (positive) ion is, 
on a time average basis, surrounded by a negatively 
charged atmosphere. The radius of this interionic at-  
mosphere is calculated from the Debye-Htickel equa- 
t ion for a b i -un i  aqueous electrolyte (FeC12) as 5.56A 
for a 0.1M solution and 1.76A for a 1M solution. 

The existing theories dealing with the s tructure of 
concentrated solutions leave much to be desired but  
one of the most reasonable and most useful concepts 
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is that proposed by Bjer rum (8, 9) and extended by 
Kraus and Fuoss (10). The ion-pai r  theory would 
identify a m in imum (distance) in the plot of the 
distr ibution of oppositely charged ions about a cen- 
tral  ion. For a un i -un iva l en t  electrolyte this distance 
of separation is approximately 3.57A, for a b i -un i  
electrolyte the distance is 7.14A. According to Bier-  
rum, ions approaching closer to the central  ion than 
this min imum distance are considered to be associated 
and to exist as "ion-pairs." These are species that  
are completely ionized but  for symmetrical  electrolytes 
have no net charge, i.e., would not migrate  in an 
electric field. In  dealing with concentrated solutions 
it is obvious that  the statistical probabi l i ty  of a metal  
cation and an anion being within  this critical distance 
is quite high. Ion pairing, according to the Bje r rum 
theory is favored by (i) higher valence cations and 
anions and (it) a lower dielectric constant, two con- 
ditions that  obtain adjacent to a metal  strip immersed 
in a corrosive solution. 

The net conclusion to be drawn from these con- 
siderations is that in  the interracial  region, adjacent  
to the corroding metal, specific cat ion-anion species 
must  exist. It might be argued that such close ap- 
proach to the metal  would make adsorption quite 
probable, but  it is not necessary to postulate any 
adsorption process to draw the conclusion that  anions 
must  participate directly, in the chemical sense, in the 
dissolution reaction. 

Any mechanism that  is proposed for passivity or to 
describe the anodic dissolution process of a metal  must  
start with a realistic count of the ions available for 
adsorption or interaction. Thus, the inhibi t ion of the 
dissolution of i ron by iodide ions has been correlated 
with the adsorption of iodide ions on i ron as expressed 
by a Langmuir  adsorption isotherm which established 
the concentrat ion-dependency of the reaction (11). 
Such an exper imental  study recognized the need to 
take into account the available concentration of iodide 
ions. Further,  such considerations must  be prerequisite 
to the development  of any corrosion mechanism. Con- 
sider, then, a solution of NaC1, one molar in concen- 
trat ion with a pH of 1. The concentrations of chloride 
ions and hydroxide ions are 1 molar  and 10 -1~ molar, 
respectively. It would be very difficult to support a 
mechanism involving the competitive and preferential  
adsorption of hydroxide ion over chloride ion when 
the chloride/hydroxide ratio is 1023 . 

From these ra ther  basic considerations and from a 
consideration as well, of l i terature reports on iron 
corrosion and passivity one is led to the concept that 
the anions present in the envi ronment  must  enter  
directly into the dissolution and passivation process. 
It is proposed that  this is accomplished by the forma- 
t ion of specific meta l -an ion  species, complexes, that 
are t ransi tory in some cases, stable and insoluble in 
others, but  in all cases are an essential part  of the 
process. 

Because of the t ransi tory nature  of these complexes 
it is difficult to obtain direct experimental  evidence for 
their existence. However, there are a number  of lines 
of evidence support ing this concept and these may be 
cited. 

1. The direct spectrophotometric observation of i ron-  
anion species produced by the dissolution of iron in 
acid solutions containing various anions (12). Under 
oxidizing conditions each anion yields a specific spec- 
trum. 

2. The feasibility of assigning specific ions to either 
the anodic or cathodic part  of the corrosion process 
(13). Thus sulfate ion is involved in the cathodic 
process whereas chloride ion is involved in the anodic. 

3. The effect that specific anions have on the func-  
t ioning of inhibitors (13), e.g, chloride ion interferes 
with "anodic" inhibitors but  not "cathodic." 

4. The differences in activation energies observed 
for the corrosion of i ron in acid solutions containing 

different anions (14). The measurements  were at 
constant pH (i.e., constant O H -  concentrat ion).  Not 
only the rate but  the activation energies are different. 

5. The observation that the adsorption of chloride 
ion and sulfate ion on iron is interdependent ,  may be 
competitive or synergistic (15). 

6. The anodic corrosion current  for i ron in various 
electrolytes is a funct ion of the anion in  solution, 
perchlorate > sulfate > chloride > acetate > ni t ra te  
(16). 

7. The inhibi t ion of i ron corrosion in very con- 
centrated ferrous chloride solution (17). 

8. A stoichiometric order of reaction existing with 
chloride ions in the pit t ing ini t iat ion reaction on pas- 
sive iron (18) or stainless steel (19). 

9. The dependence of electrochemical reaction order 
for the dissolution of i ron in concentrated solutions on 
the chloride concentrat ion (20). 

Other lines of evidence may be cited. But the burden  
of evidence indicated that  any mechanism of passivity, 
or any mechanism for metal  dissolution, must  include a 
consideration of the formation and existence of metal -  
anion complexes. Moreover, the rate of dissolution or 
degree of passivity must  be correlated with the stabil-  
ity of these complexes. 
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ABSTRACT 

The structures of films of NiO 300A-15~ thick formed on (I00), (ll0), and 
(lll)Ni crystal faces at temperatures in the range 500~176 were investi- 
gated by electron microscopy and x-ray diffraction. The oxide was initially 
polycrystalline but rearranged as the oxide thickened to major epitaxis/ re- 
lationships with the metal substrate. These relationships were characterized 
by coincidence between the close-packed directions of the metal and oxide; the 
number and type of oxide orientations were correlated with the number of 
close-packed directions in the metal faces. Oxide thicker than I~ exhibited 
preferred {100} and {iii} orientations. The oxide on (100) and (lll)Ni ex- 
hibited the highest preferred orientation and a duplex layer structure con- 
sisting of equiaxed crystallites in the inner layer and columnar ones in the 
outer layer. These findings are rationalized in terms of a diffusions/model for 
the growth of these oxide layers in which the reaction rate is determined by 
boundary and lattice diffusion of nickel through nickel oxide. 

The growth kinetics of nickel oxide films and scales 
on nickel at temperatures  less than 1000~ have been 
shown by several investigators to be related to the 
oxide morphologies developed (1-12). For both poly-  
crystall ine nickel and a var ie ty  of s ingle-crystal  orien- 
tations the rates of metal  oxidation have been inter-  
preted in  terms of the character and number  of easy 
diffusion paths such as dislocations and boundaries in 
the oxide. The oxidation rate is enhanced most in com- 
parison to the rate expected solely from lattice diffu- 
sion when the easy diffusion paths in the oxide are 
high angle boundaries  between crystalli tes of small  
diameter. This type of behavior  extends to scales of 
the order 10~ in  thickness due to the relat ively small 
value of the nickel lattice diffusivity and the small  
size of the nickel oxide grains. 

Herchl et a~. (7) recent ly determined the oxidation 
kinetics of (100), (110), and ( l l l ) N i  faces at oxide 
thicknesses encompassing both the film and scale for- 
mat ion regions at temperatures  in  the range 500 ~ 
800~ The kinetics were interpreted by a model 
wherein  nickel t ransport  occurred by boundary  and 
lattice diffusion. In  the present  investigation, a struc- 
tura l  s tudy of the crystalli te and grain sizes, orienta-  
tions, and textures has been made of the films and 
scales formed on the (100), (110), and (111) faces in 
order to obtain a more complete unders tanding  of 
these variables on the magnitudes of oxidation rates. 

Experimental 
Electropolished cylindrical specimens, 1 mm thick 

X 13 m m  diameter, were prepared from 99.999 weight 
per cent (w/o)  Ni crystals to wi thin  •  ~ of a crystallo- 
graphic plane by metallographic and electropolishing 
techniques (13). Four  specimens were s imultaneously 
exposed by means of winches using p la t inum wire and 
quartz rods in  a quartz reaction tube  suspended ver-  
tically in a furnace controlled to _2~ These speci- 
mens were subjected ini t ia l ly  to a vacuum anneal  at 
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3 • 10 -6 Torr  for 18 hr  at 800~ whereupon they were 
raised from the furnace and exposed at room tempera-  
ture to research grade oxygen containing <2  ppm H20. 
After setting the furnace at the reaction temperature,  
the specimens were lowered by means of the winches 
and exposed to oxygen at 400 Torr pressure for various 
t ime periods. Oxide thicknesses were determined by 
weight gains of the specimens to a precision of • 
p,g/cm 2 (1 ~g O/cm 2 ---- 62A NiO). Throughout  this 
paper the thickness of an oxide film was deduced from 
the weight gain measurement  assuming uniform thick- 
ness. For films >2000A thick a considerable degree of 
nonuni formi ty  was observed and the th inner  regions 
of these films were examined by transmission elec- 
t ron microscopy (TEM) for films of average thickness 
up to 5000A. 

Fi lms <5000A thick were stripped from the metal  
using a saturated solution of iodine in  methanol  (5) 
and examined using bright  field (BF),  dark field (DF), 
and selected area diffraction (SAD) in the t ransmis-  
sion electron microscope. Scanning electron microscopy 
(SEM) was used to study oxide cross sections >1~ 
thick prepared by mount ing  specimens in  room setting 
epoxy resin with two strips of stainless steel arranged 
parallel  to the oxide surface and polishing to 1~ 
diamond paste. The oxide s tructure became revealed 
upon anodic etching in a 1:1 HF-acetic acid solution at 
a potential  of 3-5V for 1-5 rain. 

Preferred orientations of the oxide wi th in  scales 
were determined by reflection x - ray  diffraction (XRD) 
using the inverse pole figure method proposed by 
Harris (14). This method consisted of a comparison of 
the integrated intensi ty  of peaks from scales to those 
from randomly dispersed oxide obtained by counting 
the pulses from a rotat ing specimen at each peak 
maximum. The texture  coefficient of a (hkl) plane then 
is 

Ihkl/Ir,hkl 
Phkl ----- [1] 

1 
~Ibkl/Ir,hkl 

1 4 9 5  
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Fig. 1. TEM micrographs of 
350~ NiO film formed on 
(100)Ni. (a) BF, (b) SAD pat- 
tern. 

w h e r e  Ihkl and Ir,hkl a re  integrated in tensi ty  from peaks 
of the textured and randomly  oriented oxide, respec- 
tively, and n is the number  of peaks examined. 

The average size of the crystallites in films up to 
3000A thick were determined by TEM using the DF 
technique. The dis t r ibut ion of the crystallites was 
plotted as a fraction of crystallites vs. size and the 
average crystalli te size calculated from this dis t r ibut ion 
for each film. A similar procedure was adopted to de- 
termine the average size of grains in  scales ~1# thick 
by the SEM technique. 

Results 
TEM.- -The  structure of films in the range 300-3000A 

was determined using BF, DF, and SAD methods. It 
was not possible to observe directly the orientat ion 
relationships between the film and the metal  substrate 
or to know the relative position of the film once it was 
removed from the substrate. Thus any relationship 
between the film and the substrate must  be deduced 
from the TEM and compared with models of Oxide 
growth and previous exper imental  evidence in order to 
develop a consistent description of the oxide growth 
process. However, the TEM observations do permit  ob- 
servations of the relat ive frequency of various crys- 
tallographic orientations in the oxide film, the relat ion-  
ship between these structures, and the dis tr ibut ion of 
the crystallites wi thin  the film. In  complex cases com- 
posed of mixed orientations it is difficult to describe 
the spatial dis t r ibut ion of crystallites due to the occur- 
rence of double diffraction and the difficulties in -  
herent  in the use of in tensi ty  variat ions in  the SAD 
patterns. Observations from 300-5000A NiO films 
formed at 500~ are shown as BF, DF, SAD micro- 
graphs in order of increasing thickness. 

(100)Ni: The uni formly  thick films were composed 
of 300-400A size crystallites in the early oxidation 
stages which gradual ly  increased to 700-900A size after 
8 hr  exposures. Some crystallites were randomly  ori-  
ented as evidenced by weak polycrystal l ine SAD pat-  
terns but  most were of the type (100), (110), and (111) 
with fewer cases of (211) and (233). 

Figure 1 shows a 350A film which consists of crys- 
tallites 300-400A in size. Some randomly distr ibuted 
crystallites contr ibuted a faint r ing pat tern  as i l lus- 
trated in the SAD pattern.  Most crystallites, never the-  
less, exhibit  (100), ( l l 0 )NiO/ / (100)Ni .  The DF micro- 
graphs from a variety of reflections from both SAD 
patterns showed that the (100) and (110) oriented 
crystalli tes are randomly distributed. The SAD pat tern  
in  Fig. 2 from another section of this film represents 
(111), (211), (233)NiO//(100)Ni.  The structure of 
films up to 1000A thick did not change appreciably 

with the exception that  (100)NiO became more pro- 
nounced. 

(110) Ni: The most str iking features of the films were 
the large number  of structures accompanied with twins 
and dislocations. For example, wi thin  areas of an iso- 
lated film, diffraction pat terns  were obtained showing 
a mosaic structure, twins and crystallites exhibi t ing up 
to six different orientations. Eleven orientations were 
actually identified, ten  of which can be divided into 
two sets. The first set was (100), (110), (111), (211), 
(311), (322), (411), (433)NIO11 (011)Ni and the second 
set was (210), (310)NiOlf( l l0)Ni .  In  addition some 
evidence was found for the (123)NIO orientation 
parallel  to the (110)Ni face. These orientations changed 
with increasing film thickness and a t rend similar to 
that for the ox ide ,on  (100)Ni was established since 
films up to 700A thick exhibited a large number  of 
oxide orientations including high index planes. These 
lat ter  planes disappeared as the oxide thickened and in 
films exceeding 2000A low index planes were pre-  
dominant ly  observed. 

For i l lustrative purpose, electron micrographs of a 
500A film are shown in  Fig. 3 and 4. The BF and SAD 

Fig. 2. SAD pattern of 350A NiO film formed on (100) Ni 
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Fig. 3. TEM micrographs of 
500s NiO film farmed on 
(110)Ni. (a) BF, (b) SAD pat- 
tern, (c) BF, (d) SAD pattern. 

micrographs in Fig. 3(a) and (b) reveal that  the film 
is composed of relat ively uniform sized crystallites 
which when indexed contain oxide with (111), (211), 
(311), (321), (322), (411), (433)NiO]I(l10)Ni.  In  Fig. 
3 (c) and (d), the BF micrograph does not reveal twin  
plates, but  the SAD pat te rn  shows that twinn ing  of 
crystallites has occurred as this composite pat tern  is 
obtained by rotat ing the (110) Relp 180 ~ around the 
[111] direction. Such rotat ion around a twin  axis per-  
pendicular  to the electron beam shows, moreover, that 
the twin  boundary  lies perpendicular  to the plane of 
the oxide film. The (100)NiO crystal pa t te rn  shown 
in  Fig. 4 from another  film section corresponds to a 
mosaic structure in which the crystallites are arranged 
to each other by very small misorientations.  Films 
>1000A_ were i r regular  and contained dislocations. 

( l l l ) N i :  The structure of films on this surface were 
similar  to those on (100)Ni. Five orientations were 
observed and the presence of a mosaic structure or 
twins was not detected. An interest ing feature was the 
mult iple  occurrence of the same orientat ion including 
up to six (211) and (233)NIO planes in a single SAD 
pattern.  The mult iple  orientations (111), (211), 
(233)NIOI] ( l l l ) N i  could be divided into two sets A 

and B characterized by [0~I]NiO[I[011]Ni(A) and 
[011]NiOII[II2]Ni(B). The orientation (011)NiOII 
(lll)Ni satisfying [011]NiOl[[0~1]Ni was also ob- 
served. The B set disappeared in films >I000A and the 
(233) and (211) of the A set were seldom observed. 
3000A films also evidenced some polycrystallinity. 

These features are i l lustrated by the following 
micrographs. Properties of a 5005, film are shown in 
Fig. 5(a) and (b) ; the crystallites are indexed as (011), 
(211)NIO[I ( l l l ) N i  with faint  reflections arising from 
the (310) orientation. There are two (211) or ienta-  
tions: one shares a common close-packed direction 
(cpd) with (110) oxide and the other is rotated 30 ~ 
Figure 5(c) shows a 1300A film containing (011) and 
(211)NIO and dislocations. The 3500A film shown in 
Fig. 6 is i r regular  with evidence of both preferred 
orientat ion and polycrystall inity.  

NiO crystall i te size distr ibution:  TEM was used to 
determine the size of crystallites in films up to 1000A 
thick formed at 500~ during exposures extending to 
6 hr. The distr ibutions and the average size of the 
crystallites as a funct ion of exposure time are i l lus-  
trated by the plots in Fig. 7 and 8. These parameters  
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Fig. 4. SAD pattern af 500,~ film farmed an (110)Ni 

did not apprec iab ly  change wi th in  30 min. Subse-  
quent ly  the  crys ta l l i tes  on each meta l  face g rew at 
character is t ic  ra tes  which decreased with  time. 

XRD. - -The  tex tures  were  de te rmined  of scales 1- 
15~ thick formed at  t empera tu res  in the range 500 ~ 
800~ Line broadening  by  s t ra in  and par t ic le  size was 
negl igible  in agreement  wi th  previous  findings (6, 15). 
Accordingly  Eq. [1] was used to de te rmine  the oxide 
t e x t u r e  based on the examina t ion  of seven reflection 
peaks.  Typica l  resul ts  a re  shown in Table I and the 
resul t ing  majo r  oxide or ientat ions  are p lo t ted  vs. scale 
thickness  in Fig. 9. The oxide on (100)Ni exhib i ted  
s t rong (100) and (111) orientations.  The oxide on 
(110) Ni developed a (100) p re fe r r ed  or ienta t ion  whi ls t  
the  oxide on ( l l l ) N i  showed a (111) p re fe r red  or ienta-  
tion. 

SEM.--A scale on (100) or (111)Ni exhib i ted  a du-  
p lex  morpho logy  character ized by  layers  of equ iaxed  
columnar  gra ins  as shown in Fig. 10, which  was not 
found in the  scale on ( l l 0 ) N i .  The inner  layers  of 
duplex  scales exhib i ted  a small  degree of porosity.  This 
duplex  morphology  revealed  differences depending on 
whe ther  the oxide was formed at h igh  or low t e r n -  

pera ture :  a t  800~ the bounda ry  be tween  the  layers  
was diffuse since the  size of grains in each layer  was 
not much  different;  whereas,  at  600~ a wel l -def ined 
bounda ry  occurred since the  gra ins  in the  outer  col- 
umnar  layers  were  dis t inct ly  larger .  Average  gra in  
sizes and the re la t ive  layer  thicknesses are  recorded in 
Table II. The grains  g rew dur ing oxidat ion  at  ra tes  
increasing wi th  t empera tu re  and the oxide gra in  size 
on the Ni faces tends to be in the order  ( 1 1 0 ) )  (111) 

100. 

Discussion 
N~O morphoIogy.wThe oxide formed on the three  

meta l  faces was composed of aggregates  of crystal l i tes  
exhib i t ing  or ienta t ions  which appear  to be de te rmined  
both  by  the or ienta t ion  of the  meta l  surface and by  
subsequent  g rowth  mechanisms since the  orientat ions 
changed with  thickness as summar ized  in Fig. 11. In 
order  to ra t ional ize  the  influence of the subs t ra te  a 
model  is proposed  based on the para l le l i sm be tween  
cpd's in the film and substrate.  In  Fig. 11, l ines drawn 
across the  Ni and NiO symbols  are c lose-packed di-  
rections and the angle  be tween  the l ines represents  the 
angle be tween these directions.  The fami ly  of oxide 
crys ta l lographic  planes  ly ing para l l e l  to the  meta l  sur-  
face is shown in a brace,  the  number  before this  brace  
represent ing  the number  of observed equivalent  or ien-  
tations. 

(100)Ni can be character ized by  two cpd's 90 ~ apar t .  
Five different  oxide or ientat ions  were  observed in th in  
films. Most crysta l l i tes  wi th  or ientat ions (100), (011), 
(111), (211), (233)NiOII(100)Ni can be ra t ional ized 
by the re la t ionship [0]i-]NiOll[0~l-]Ni. The (211) and 
(233) orientations,  nevertheless ,  occur in  mul t ip les  o~ 
six: two can be considered to have the direct ions 
[011]NiOII [011]Ni and the remain ing  four have ~ 0 1 1 ~  
NiO at •  ~ from the Ni cpd. The (111), (100)NiO-Ni 
epi tax ia l  re la t ions have been prev ious ly  repor ted  based 
on reflection e lect ron diffraction f rom films re ta ined  on 
this meta l  face (13). The repor ted  two (111) sets a r e  
equivalent .  The most not iceable  change is the  d i sap-  
pearance  of severa l  or ientat ions  wi th  increasing oxide 
thickness unt i l  only the (100) and (111) p lanes  and 
po lycrys ta l l in i ty  remain.  These  (100) and (111) p re -  
fer red  or ientat ions in scales p robab ly  developed f rom 
the presence  of these or iented crys ta l l i tes  in the films. 

Eleven different  oxide orientat ions were  found in 
the films formed on ( l l 0 ) N i  which  only contains one 
cpd. Ten of these or ientat ions can be divided into two 
sets. The first set is (100), (011), (111), (211), (311), 
(322), (411), (433)NiOI l ( l10)Ni  character ized by  
[011]NiO]l[011]Ni and the second set is (210), 
( 3 1 0 ) N i O [ l ( l l 0 ) N i  sat isfying [001]NiO][[001]Ni. F in -  

Fig. 5. TEM mlcrographs of 500 and 1300~, NiO films formed on (111)Ni. (a) 500A, 8F, (b) SAD pattern, (c) 13005,, BF 
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Fig. 6. TEM microgaphs of 
3500~, NiO film formed on 
(111)Ni. (a) BF, (b) SAD pat- 
tern. 
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ally (123)NiOll ( l l 0 )N i  satisfied [llT]NiOII[001]Ni. 
The epitaxial relations for the (100), (011), and (211) 

Table I. Texture coefficients of NiO in 
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Fig. 8. Average crystallite size for films formed on (100), (110), 
and (111)Ni at 500~ 

oxide planes have been previously reported (16). The 
(210), (310), and (123) orientations were seldom ob- 
served. The remaining eight orientations were fre-  
quently found and all contain at least one cpd which 
can lie parallel  to the Ni cpd. Several of these orienta- 
tions represent high index planes and of these only 
the (411) has been reported (16). Previous reflection 
x-ray diffraction work has indicated that the oxide on 
this face was polycrystalline (6). Also a Ii0 fibering- 
type structure has been reported (17) which probably 
refers to the series of planes including the high index 
planes found here sharing a common <ii0> direction. 
Gradual changes in orientation were only observed as 
the oxide thickened and the (I00) orientation which 
finally dominated in a thick scale must have developed 
during oxide growth since it was not a major orienta- 
tion in films. 

scales on (100), (110), and ( l I D  Ni 

S c a l e  t h i c k -  
N i  f a c e  n e s s  (/~) (111) (200) 

T e x t u r e  coeff icient  of d e s i g n a t e d  p l a n e  

(220) (311) (331) (420) (422) 

(100) 1.8 4.85 0.76 
6.8 3.11 3.40 

14 3.12 2.96 
(110) 1.2 0.67 2.64 

3.3 0.38 3.55 
7.2 0.35 4.5 

(iii) 1.5 3.07 1.50 
5.5 3.86 0.73 

10 4.10 0.43 

0.03 0.09 <0.01 0.19 0.02 
0.05 0.16 0.09 0.03 0.16 
0.08 0.26 0.20 0.15 0.26 
1.29 1.90 0.01 0.46 0.20 
0.76 1.14 0.56 0.60 <0.01 
0.69 0.59 0.28 0.17 0.16 
0.43 0.90 0.95 0.31 0.25 
0.27 0.86 0.41 0.21 0.65 
0.34 0.83 0.54 0.24 0.43 
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Fig. 9. Texture coefficients of NiO scales formed on (t00), (110), 
and (111)Ni. 

Fig. 10. SEM cross section of NiO scale formed on (100)Ni 
oxidized at 800~ for 120 hr. 

(111) Ni is characterized by the max imum number  of 
three cpd's 60 ~ apart. Five different oxide orientations 
were observed and of these (111), (211), (233)NiOIL 
(111)Ni satisfy the epitaxial  relations [011]NiOII 
[0T1] or [112]hTi which have been previously estab- 
lished (2, 6, 12). An interest ing feature was thc Oc- 
currence of up to six equivalent  orientations of (211) 
and (233) planes containing but  one cpd which con- 
notes the strong crystallographic influence of the metal. 
Three orientations lie with the cpd 60 ~ apart  and paral -  
lel to a ( l l l ) N i  cpd; the remaining three meet paral -  
lelism of the cpd with the <112>Ni  directions (16). 
Since the oxide developed a (111) preferred orientat ion 
with increasing thickness, its growth corresponded to 

Table II. Average NiO grain size and thickness ratio of layers in 
duplex scales 

Temper= Scale Average  Ratio 
a t u r e  T i m e  th ick= grain outer / inner  

Ni  face  (~ (hr)  ness (~) size* (/D layer 

(I00) 800 16 4.7 1.13 0.8 ----. 0.I 
800 25 7.8 1.28 1.0 ~-- 0 . I  
800 48 11.4 1.76 1.2 "+" 0.2 
800 120 14.2 1.87 2.1 - -  0.5 
700 50 6.8 0.92 3.0 --4"-- 1.0 
700 110 10.7 0.78 3.2 ~-- i . I  
600 50 3.5 0.63 1.2 - -  0.3 
600 115 5.9 1.03 1.9 ----. 0.8 
500 104 2.1 0.26 1.2 • 0.4 

(110) 800 67 6.4 1.00 S i n g l e  l a y e r  
800 100 7.0 2.48 S i n g l e  l a y e r  
700 50 5.5 0.94 S i n g l e  l a y e r  
700 100 5.3 1.62 S i n g l e  layer 
600 50 2.2 0.40f -- 
600 I00  2.7 0.71 -- 

(111) 800 48 6.4 1.60 2.0 "+" 0.2 
800 115 8.0 1.91 1.3 "4" 0.3 
';'00 50 5.0 1.23 1.4 • 0.5 
700 70 8.3 1.32 1.5 - -  0.3 
600 53 5.6 0.59 1.2 "+" 0.2 
600 114 2.7 0.66 1.3 + 0.4 
500 116 0.7 0.471 - -  

* T h e  a v e r a g e  grain size in  a d u p l e x  scale was  determined from 
o u t e r  l aye r .  

t T h e  a v e r a g e  g r a i n  size d e t e r m i n e d  f r o m  t o p  v i e w  of specimen.  

that of oxide on (100)Ni in  that  a major  orientation 
observed in the film continued to develop as a pre-  
ferred orientation dur ing  scale growth. 

The average size of the oxide crystallites was 300- 
400A dur ing an init ial  30-40 rain at 500~ and they 
subsequent ly  grew to grains which were not of sub-  
s tant ial ly different size on each metal  face (Fig. 8 and 
Table II) .  The scale on (100)Ni exhibited the highest 
preferred orientat ion and most distinct columnar  struc- 
ture. This feature and the frequent  observations of 
s tructural  changes in less oriented oxide on (110) and 
(111) Ni accompanied with dislocations are common to 
findings of recrystall ization and grain growth in solids 
(19). 

These results lead to the consideration of general  
findings for overgrowth phases on solids. It is known 
that the degree of oxide polycrystal l ini ty in  films 
formed on Ni faces is dependent  on the method of sur-  
face preparat ion and that  the oxide formed at room 
temperature  can rearrange upon heating the specimens 
in oxygen to 600~ (12). At the experimental  pressure 
of 400 Torr, in  this investigation, a nickel surface was 
subjected at room temperature  to oxygen at least 1020 
larger than the dissociation pressure of nickel oxide. 
Such large supersaturat ions as encountered here often 
lead to nucleat ion and growth of many, small, r an -  
domly oriented crystallites of the overgrowth phase on 
a substrate (20, 21). The films formed on the Ni faces 
exhibited some polycrystal l ini ty  upon raising the 
nickel specimens to the reaction temperature  and al- 
lowing oxidation to proceed. Subsequent ly  oxide re-  
a r rangement  readily developed at the metal  surface 
leading to epitaxial restraints  since nickel diffuses 
outward during oxide growth. Because epitaxial rela-  
tions in many  f i lm-substrate systems can often be cor- 
related with the close-pack rule of parallel  a l ignment  
of cpd's between the phases (22), one is led to inquire  
whether  the number  of cpd's in a Ni face influence the 
type and number  of oxide orientations. (100) and 
(111) Ni possess two and three cpd's, respectively, and 
only five oxide orientations, all of them low index 
planes, were observed. The most dominant  was the 
parallel  orientation of cpd's. ( l l 0 ) N i  has only one cpd 
and eleven oxide orientations were observed. Thus the 
presence of only one cpd defined a less rigid condition 
for orienting oxide and to its relat ively slow crystallo- 
graphic change. Finally,  the twinn ing  which was fre- 
quent ly  observed in this oxide with the twin  boundary  
perpendicular  to the plane of the oxide film may have 
arisen from the less r igid crystallographic restraints 
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leading to rapid growth of specific oriented crystal- 
lites. 

Any influence of the metal  substrate according to 
these considerations decreases with increasing oxide 
thickness. Consequently a stage is attained in which 
crystallite orientations become dependent on growth 
parameters. Some crystallites become randomly dis- 
persed in films 1000A thick and contributed to the 
commonly observed ring diffraction patterns. Since a 
growth mechanism now dominates a prefered orienta- 
tion develops if the major orientations parallel  to the 
metal surface in the films are the preferred growth 
planes. Such type of oxide growth occurs on (100) and 
( l l l ) N i .  ( l l 0 )N i  did not exhibit, however, a strong 
preference for a part icular  type of oxide orientation in 
thin films even though the scales showed a (100) pre-  
ferred orientation. A (100) preferred orientation has 
also been observed to develop in scales on polycrystal-  
line nickel (23-25). It would thus appear that  (100) 
and (1.11) planes of nickel oxide lying parallel  to the 
metal surface act as preferred growth planes due to 
preferential  incorporation of adsorbed oxygen into 
nickel oxide resulting from the outward flux of nickel. 
The microstructures of the scales formed on (100) and 
(111) Ni exhibited the stronger preferred orientations 
and two distinct layers. These findings are also con- 
sistent with the development of a preferred orientation 
init ially by epitaxial constraints and finally by growth 
parameters. 

NiO growth kinetics.--Herchl et al. (7) found that  
the growth kinetics of the films and scales on these 
three Ni faces grew at a rate dependent on the metal 
crystallographic orientation. They therefore assumed 
a model wherein nickel migrated in nickel oxide by 
boundary and lattice diffusion to interpret  the reac- 
tion kinetics. The present results on structural prop-  
erties of the films and scales can be shown to sub- 
stantiate these considerations. 

Figure 12 demonstrates that the parabolic oxidation 
rate constants of both polycrystalline and single-crystal 
nickel at temperatures less than 900~ are much larger 
than values expected from calculations assuming lat-  
tice diffusion [the full lines in this graph represent the 
temperature coefficient of the parabolic rate  constant 

estimated from nickel tracer diffusion in NiO crystals 
using the Wagner theory (31)]. Caplan et al. (10) have 
shown for polycrystalline nickel, moreover, that the 
values for the parabolic rate constant and its activation 
energy at temperatures less than 900~ are larger and 
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smaller ,  respect ively,  the finer the  gra in  size of the  
oxide. We therefore  express  the effective diffusion co- 
efficient for  nickel  in nickel  oxide formed on a meta l  
face as a weigh ted  sum of the  diffusivities for  la t t ice  
and bounda ry  diffusion (5) 

Deft ---- DL(I -- ~) + DB~ [2 ]  

where ~ is the fraction of diffusion sites in the bound- 
aries. A modified parabolic rate equation 

f: x 2 = 2aDL~C (1 + ~DB/DL)dt [3] 

represents  the  oxidat ion  kinet ics  upon ut i l iz ing the ap-  
p rox imat ion  o~ a l inear  composi t ional  gradient  across 
the  oxide. In  this  equation,  x is the  oxide thickness,  
is the  volume of oxide per  meta l  ion, and ~c is the  
concentrat ion difference across the  oxide. NiO is of 
rock-sa l t  s t ruc ture  so that  anisot ropy of oxidat ion  with  
c rys ta l lographic  or ienta t ion  of a meta l  surface would 
be expla ined  if the  magni tude  of the  bounda ry  diffu- 
s ivi ty and /o r  the  f ract ion of shor t -c i rcu i t  sites depend 
on the NiO morpho logy  on each crys ta l  face. Assuming  
that  the dens i ty  of shor t -c i rcu i t  diffusion paths  de -  
crease by  the competi t ive g rowth  of the  oxide gra ins  
according to the fol lowing re la t ions  

~ ( t )  --~ 2 d / ~ ) t ;  ~)t  2 -- ~Z)o ~ "-- Gt [4] 

Eq. [3] becomes 

x 2 = 2~fDLAe 1 + DL(9o 2 + Gt) 1/2 dt [5] 

In these equations,  ~)t is the  mean  gra in  d iameter  af ter  
t ime t, ~)o is the  ini t ia l  gra in  diameter ,  d is the bound-  
a ry  width,  and G is the gra in  g rowth  constant. Equa-  
t ion [5] was placed in the fol lowing form for graphica l  
analysis  of expe r imen ta l  resul ts  (7) 

1/(dxS/dt  -- kp) 2 ~- (~)o~/A) + (Gt /A)  [6] 

where  A = [2kpDBd/DL]  2, k.p ~- 2DLD.AC : -  6DNi  
where  DNi is the  self-diffusion coefficient of nickel  in 
NiO. The resul t ing good fit of Eq. [5] by  this method 
to the oxidat ion kinetics of (100) and ( l l l ) N i  are  
shown in Fig. 13 and 14. Oxide growth  on ( l l 0 ) N i  
could not  be in te rp re ted  by  Eq. [6] as the oxidat ion 
curves for this meta l  face showed ab rup t  changes in 
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Fig. 13. T h e  experimental results and the curves calculated by 
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slope due to increased reac t ion  rates  resul t ing  from 
oxide spal l ing and cracking (7). 

Equat ion [3] can be expressed  as 

d x 2  
: ( k p ) e f f  • kp  --~ (kp)~](t)  [7] 

dt  

where  (kp)e~f is the  ra te  constant  de te rmined  f rom the 
tangents  to the  oxidat ion  curves  p lo t ted  x 2 vs. t and 
(kp)B ~-~ 2~DBAc is the  parabol ic  constant  for  oxide 
growth  by  bounda ry  diffusion. Thus, (kp)s  can be 
calculated using values  of kp and ] ( t )  ---- 2d/~)t ob-  
ta ined f rom the average  crys ta l l i te  and gra in  sizes 
de te rmined  by TEM and SEM assuming d ~ 10A. 
Values calculated for (kp)B and the rat io of the  d i f -  
fusivit ies DB/DL by this method are  recorded in Table  
I I I  and the t empera tu re  coefficient of (kp)s  is given 
in Fig. 15. 

Since the values  of DB/DL are  of the o rder  104-107, 
r ap id  bounda ry  diffusion of nickel  led  to a large  en-  
hancement  in oxide growth  compared  to tha t  expected 
from la t t ice  diffusion only. This enhancement  is so 
large that  (kp)B]( t )  remains  as the leading t e rm de-  
te rmining  the effective parabol ic  constants  even in the 
scal ing range where  the oxide is 1-15~ thick. The 
act ivat ion energies of 31 and 35 k c a l / g - a t o m  for oxide 
growth  on (100) and ( l l l ) N i  by  b o u n d a r y  diffusion, 
respect ively,  equal  app rox ima te ly  one-ha l f  the  ac t iva-  

Table III. Boundary diffusion oxidation constants for oxide growth 
on (100) and (111) Ni evaluated from (kp)eff, f ( t ) ,  and tangents 

to the oxidation curves x 2 vs. t 

Temper -  (k~) 
N l  ature  Time (g2 em-~ (kp)s/kp 

face (~ (hr) J(t) sec-1) = DB/DL 

(100) 500 4 2.9 • 10 -~ 1.3 • I0 -n 8 x 10 ~ 
100 8.6 x 10 ~ 3.0 X 10-11 

600 50 3.2 • 10 -s 4.8 • 10 -1o 3 X 107 
I00 2.0 x 10 -a 8.0 x 10 -io 

700 50 2.2 x 10 ~ 2.4 X 10 -B 2 x 10 o 
i00 2.6 X 10 -a 2.0 X 10 -9 

800 50 i.i x i0 -s 9.3 x I0 -o 5 x 10 ~ 
100 1,1 x 10 -~ 7.5 X 10 -9 

(111) 500 4 2.5 X 10 -0 2,4 X 10 -~ 1 X 101 
I00 4.3 x I0 -~ 3.6 X i0 -u 

700 50 1.6 X I0 ~ 9.9 X i0  ~Io 9 X 103 
70 1,5 • i0 ''s 7.4 X i0 -i~ 

800 48 1.3 x i0  ~ 2.3 x 10 -9 I x 10 s 
115 1,2 X 10 ~ 1.7 X 10 -e 
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t ion energy of 61 k c a l / g - a t o m  for nickel  la t t ice  diffu- 
sion in n ickel  oxide  (29). The va lues  of g ra in  size 
(Table  I I )  and (kp)B (Table  I I I )  for (100) and 
( l l l ) N i  i l lus t ra te  that  differences in both of these  
quant i t ies  de te rmine  the degree  of oxidat ion  aniso t ropy 
wi th  me ta l  face. The differences Jn the  magni tude  of 
(kp)B, nevertheless ,  give r ise to the  most  subs tant ia l  
effect. Hence, the  influence of oxide or ienta t ion or t ex -  
ture  on the va lue  of the  n ickel  bounda ry  diffusivity 
l a rge ly  accounted for the  oxida t ion  aniso t ropy of (100) 
and (111) Ni under  the  condit ions of exper imenta t ion .  

Conclusions 
NiO up to 15;~ th ick  formed on (100), (110), and 

( l l l ) N i  at t empera tu res  in the  range  500~176 con- 
s is ted in i t i a l ly  of smal l  crysta l l i tes  which  grew to 
grains  wi th  increas ing exposure.  A number  of oxide 
or ienta t ions  were  found; the  most p re fe ren t i a l ly  or i -  
en ted  film developed  on (100) and ( l l l ) N i  consistent 
wi th  the  c lose-pack  ru le  for  pa ra l l e l  a l ignment  of 
cpd's  be tween  the  subs t ra te  and an overgrowth  phase.  
(10O) and (111) t ex tu red  scales developed on the  
meta l  faces due in i t ia l ly  to ep i tax ia l  constraints  and 
f inal ly by  the mechanism of oxide growth.  These find- 
ings subs tant ia te  a model  for oxide  g rowth  and ox ida -  
t ion an iso t ropy  with  meta l  or ienta t ion  in which bound-  
a ry  diffusion of nickel  s ignif icantly accounts for  re -  
actant  migra t ion  th rough  the  films and scales. The 
differences in the ra te  of n ickel  migra t ion  was de te r -  
mined  most  p redominan t ly  b y  the  types  ra the r  than 
the different  densi t ies  of boundar ies  in the t ex tu red  
oxide  on the me ta l  faces under  the  condit ions of ex-  
posure.  
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Oxidation of Titanium Thin Films 
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ABSTRACT 

Ti tan ium thin  films were exposed to an oxidizing argon atmosphere in  the 
tempera ture  range from 30 ~ to 400~ In  specimens exposed to the tempera-  
ture above 300~ two stages were observed. Initially,  resistance increased 
l inear ly  with t ime and temperature  coefficient values were positive. After  
prolonged exposure resistance increased exponent ial ly  with time, and nega-  
tive tempera ture  coefficients were observed. It is suggested that  this behavior  
results from a progressive oxidation at grain  boundaries.  When oxidation is 
complete through gra in  boundaries  to the substrate, conduction is then de- 
pendent  on a tunne l ing  process through the semiconducting t i t an ium oxide 
leading to the observed exponential  temperature  and t ime of exposure de- 
pendence. 

With progressive minia tur iza t ion of integrated and 
th in  film circuits, the extremely small dimensions of 
the components introduce a number  of new problems 
related to material  stabil i ty and reliability. One of 
them is the effect of env i ronment  on the components 
of integrated circuits. Since the thickness of compounds 
may be of the order of a few hundreds  atoms, en-  
v i ronmenta l  effects which might  be negligible in bulk 
materials, can in  such cases be of the utmost  impor-  
tance. In  devices where thin films of gold are used as 
conductors on glass or ceramic substrates, t i tan ium is 
often used as the bonding agent between gold and the 
substrate. I t  is well  established that pure  t i tan ium is 
an efficient oxygen getter (1). Before under taking an 
invest igat ion of the effect of corrosive envi ronments  
on gold- t i tanium metallization, it was thought desirable 
to conduct a study of the effect of temperature  and 
humidi ty  on the oxidation of t i t an ium thin  films and 
the results of this investigation are here described. 

The theoretical aspects of growth and structure of 
the oxide films formed on the bulk  metals were 
thoroughly discussed by Uhlig (2). Mindei and Pol-  
lack (3) investigated oxidation of the bulk  t i tan ium 
at room temperature.  

Recently Smith published a paper (4) on oxidation 
of a t i t an ium specimen exposed to different oxygen 
pressures at temperatures  between 25 ~ and 400~ He 
expected to separate processes s imultaneously occur- 
ring dur ing oxidation of the t i tan ium surface with the 
use of Auger spectroscopy, ellipsometry, and measure-  
ments  of surface potential  differences. It  is not in -  

Key  w o r d s :  t i t a n i u m ,  ox ida t ion ,  t h i n  f i lms.  

tended to discuss here this interest ing paper, but  it 
will  be of interest  to indicate some fundamenta l  dif- 
ferences between Smith 's  work and what  has been 
presented here. The th in  films used in  this work were 
about 1000A thick, while those in  Smith 's  (4) work 
were about 0.8 mm thick. The exposure t ime was of 
the order of 800 hr  against 2 hr in  Smith's  experi-  
ments. In  Smith's  experiments,  tests started with a 
clean specimen surface (anneal ing at 600~ and 5 • 
10 -10 Torr vacuum).  In  the experiments  described be- 
low, the specimen surfaces were covered with the 
ini t ial  oxide layer. 

Essential ly in the exper iments  described here, we are 
dealing with th in  film samples while in the Smith ex- 
periments we are dealing with a bulk  sample, and 
therefore a considerably longer exposure in the present  
tests produced effects which had no time to develop in 
the relat ively short exposure of the bu lk  sample used 
by Smith. 

Tt should be noted that  the experiments  described 
below are designed for investigations of the effects 
result ing from the long exposures and are not con- 
cerned with the init ial  layer of t i t an ium oxides formed 
in the first few hours of exposure. Since the experi-  
ments  are conducted on the th in  films of t i tanium, the 
obtained results are not necessarily applicable to the 
bu lk  material.  

Experimental Results 
Experiments  were conducted for the conditions 

shown in Table I. T i t an ium specimens which measured 
3 cm in  total length, 1.525 • 10 -~ wide and 750A thick, 

Table I. Test conditions 

• 
Sp. lo t  Sp.  No. h (A)*  Ro (ohm) (ohm ) 

I n i t i a l  tes ts  F i n a l  tests  

T(~ t (h r )  T(~ ~(hr) Atmosphere  

I 1 750 2770 10,5 
2 750 2370 9 
3 750 2450 9.5 
4 750 2810 10.5 
5 750 2500 9.5 

I I  6 770 4100 16 
7 770 4060 16 
8 770 4160 16 
9 770 4320 17 

10 770 3870 15 
11 770 4120 16 

I I I  12 730 3800 14 
13 730 3800 14 
14 730 3800 14 
15 730 4200 15.5 
16 730 4140 15 
17 730 3920 14.5 

IV 18 7250 210 7.5 
19 7250 210 7.5 
20 7250 220 8.0 

260 620 
255 620 
255 620 
150 750 
150 750 
S0 750 

255 620 
150 750 
go 750 

300 520 We t  
70 520 We t  

325 840 Dry  
170 840 D r y  

78 840 D r y  
245 260 Dry  
245 260 W e t  
180 260 We t  
165 260 Dry  
100 260 Dry  
100 260 We t  
365 130 Dry  
360 130 D r y  
355 130 Dry  
340 200 Dry  
330 200 Dry  
170 200 Dry  
400 45 Dry  
315 200 Dry  

90 110 D r y  

a rgon ,  w a t e r  v a p o r  30 Tor r  
a rgon ,  w a t e r  v a p o r  30 Tort  
a r g o n  
a r g o n  
a r g o n  
a r g o n  
argon ,  w a t e r  v a p o r  T O T o r r  
a rgon ,  w a t e r  v a p o r  70 Tort  
a r g o n  
a r g o n  
argon,  w a t e r  v a p o r  70 Tor r  
argon,  h i g h  o x y g e n  c o n t e n t t  
a rgon ,  h i g h  o x y g e n  c o n t e n t t  
a rgon ,  h i g h  o x y g e n  c o n t e n t t  
a rgon ,  h i g h  o x y g e n  c o n t e n t t  
a rgon ,  h i g h  o x y g e n  c o n t e n t t  
argon,  h i g h  o x y g e n  c o n t e n t t  
a rgon ,  h i g h  o x y g e n  c o n t e n t t  
a rgon ,  h i g h  o x y g e n  e o n t e n t t  
a rgon ,  h i g h  o x y g e n  c o n t e n t t  

�9 h = t h i c k n e s s  of t i t a n i u m  layer .  
t I n i t i a l  t es t s  were  conduc t ed  in  we t  a r g o n  w i t h  w a t e r  v a p o r  p r e s s u r e  200 Torr .  

1504 
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were tested in the tempera ture  range from 30 ~ to 400~ 
in: (a) argon atmosphere (argon 99.9999% pur i ty) ,  
(b) argon atmosphere with added water  vapor, (c) 
argon atmosphere with added water  vapor and oxygen, 
and (d) argon atmosphere with added oxygen. 

Water  vapor pressures in Table I refer  to the pres-  
sures at the inlet  to the furnace. High oxygen content 
indicates about 30% of oxygen by volume of oxygen. 
Specimens were prepared by electron beam gun deposi- 
t ion of t i t an ium of 99.97% pur i ty  covered by a 5000A 
thick gold layer. Sodium-free Coming  7059 glass 
(bar ium a luminum silicate) was used as a substrate. 
Specimens were obtained by etching with diluted solu- 
t ion of potassium iodine and iodine using the photo- 
resist technique. The specimen's thickness was mea-  
sured by the stylus-step method with the use of the 
Talysurf  ins t rument  made by Taylor Hobson. The ac- 
curacy of measurement  is about 10A for film up to 
1000A thick. F ina l ly  the gold layer  was removed with 
t h e  exception of the pads to which connecting gold wires 
were attached by compression bonding. Pressure after 
t i t an ium evaporation was about 10-6-10-~ Torr  and 
before evaporation, 10 -8 Tort.  The experimental  setup 
was arranged in  such a way that  specimens could be 
tested s imul taneously  in  six furnaces heated indi-  
v idual ly  to different temperatures.  These furnaces were 
inserted into a constant temperature  chamber and this 
a r rangement  permit ted close temperature  control in  
tests of long duration, and control of water  vapor 
pressure. Dry or wet argon, with or without  addition of 
oxygen, was fed from a common source through each 
furnace. The argon used was of 99.9999% purity.  

In  tests with specimens of lots I and II (Table I) 
only one specimen was tested at each condition ( tem- 
perature  and atmosphere).  In tests with specimens of 
lots III  and IV three specimens were tested s imul tane-  
ously at each temperature.  Since observed changes for 
these specimens were similar, the data for only one 
specimen are given with the exception of specimens 
tested at higher temperatures.  For most of these speci- 
mens exper imental  data are given. The resistance of 
the specimens was cont inuously recorded by drawing 
a current  of 0.01 mA through the specimens and mea-  
suring the voltage change. In  addition the resistance of 
specimens was periodically measured directly. 

The following notations are used in this paper: Ro --- 
electrical resistance of a specimen at room temperature  
before the tests; Rr ---- electrical resistance of a speci- 
men at room tempera ture  after the test; Rt ---- electrical 
resistance of a specimen at test temperature  T after 
time t of exposure; and RT = electrical resistance of a 
specimen at test temperature  T at the end of the test. 

In  the first series of tests, with specimens of lot I, 
specimens were exposed to two atmospheres: pure 
argon and pure  argon with an addition of water  vapor. 
These tests showed a marked difference between 
specimen No. 1 tested in  wet argon and specimen No. 3 
tested in dry argon at temperatures 300 ~ and 325~ 
respectively (Fig. 1). The second series of tests, with 
specimens of lot II, was supplementary  to the first 
series and designed for the invest igat ion of specimen 
behavior  in the range of temperatures  between 100 ~ 
and 250~ (Fig. 2). At the end of these tests oxygen 
was added to specimens No. 6 and 9 exposed to dry 
argon atmosphere (Fig. 2). These specimens were 
tested at 245 ~ and 165~ respectively. The third series 
of tests, specimens of lot III and IV, was designed after 
taking into consideration the results of the previous 
tests and was intended to confirm conclusions drawn 
from these tests. An  addit ional factor, the thickness of 
the specimens'  layer, was also introduced (specimens 
of lot IV). The third series of tests was conducted in 
two stages. In  the first stage, specimens were exposed 
to wet argon and oxygen (about 1/3 by volume) 
atmosphere at temperatures  below 300~ (Table I).  
In  the second stage, the same specimens were tested 
at temperatures  above 300~ The exceptions were 
specimens No. 20 and 17 tested at 90 ~ and 170~ re-  

XtO 3 

~5 

o 

z 

O3 

5 

0 
0 

Sp No. 1 300~ WET 

525~ DRY 

Sp NO. 4 170~ DRY 

Sp No. 2 70~ WET 

I ] I F I 
5 ~0 15 20  25 

EXPOSURE TIME IN DAYS 

Fig. 1. Chan,ge of the electrical resistance with time of ex- 
posure time of specimens tested at different temperatures in dry 
or wet argon. 

Sp No, 14 ,255~ .~ 

~ ~ ~ P  No. 16, 150~ h=725~ 

Sp No. |7, 80 ~ h=?'25 .~ 

0 "~-Sp No. 19,150"C, h = 7250~ AND Sp No, 20,80~ 

I 0 200 500 400 500 600 

.HOURS 

Fig. 2. Changes of electrical resistance (Rt  - -  Ro) with time of 
exposure of specimens tested in two ranges of temperatures in dry 
and wet argon. Also the effect of oxygen addition to dry argon 
atmosphere is shown. The changes are normalized to the initial 
specimen resistances (Ro) at room temperature. 

=ol 
I 

spectively. In  this stage specimens were exposed ini-  
t ial ly to the same, wet, highly oxidizing argon atmo- 
sphere as in the first stage bu t  after 106 hr of exposure 
water  vapor was cut off from the system and the 
atmosphere was composed only of high pur i ty  argon 
and oxygen. 

Discussion 
In the thin film t i t an ium specimens exposed to the 

highly oxidizing atmosphere (1/3 of oxygen by vol- 
ume) ,  even at a tempera ture  as low as 80~ (speci- 
men No. 17, Table II),  some oxidation can be observed, 
but  after the init ial  rise, resistance of the specimens 
becomes stable and continuous exposure (in the t ime 
of this study) does not fur ther  affect resistance of the 
specimens. This observation is valid for all specimens 
heated up to 255~ (specimens No. 14, 16, and 17, 
Fig. 3). 

When specimens were exposed to the high pur i ty  
argon atmosphere (dry or wet) at temperatures  be- 
low 150~ no noticeable change in resistance was ob- 
served (specimens No. 2, 5, 10, and 11, Table II) .  

In  specimens exposed to the highly oxidizing atmo- 
sphere and at temperatures  above 300~ the resistance 
increases in two stages. In i t ia l ly  the increase is near ly  
l inear  (in what  follows it will be l inear) ,  and then 
exponential.  The t ime of exposure dur ing which re-  
sistance increases l inear ly  depends on temperature  
(Fig. 4). In this in terval  of exposure the resistance 
at room temperature  (Rr) increases faster than re-  
sistance at the test temperature  (Rt). Somewhere close 
to the end of the period of l inear  increase of resistance, 
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Table II. Experimental data 

Rr  -- Ro RT -- R r  

Sp.  No.  T * ( ~  T ( ~  R o ( o h m )  R r * ( o h m )  R r ( o h m )  R T ( o h m )  Ro Ro A t m o s p h e r e  

1 300 2770 40.000 19.240 13.44 - -7 .49  W e t  a r g o n ,  w a t e r  v a p o r  30 T o r t  
2 70 2370 2370 2670 0 0.13 W e t  a r g o n ,  w a t e r  v a p o r  30 T o r r  
3 325 2450 11.030 10.800 3.50 - -0 .09  D r y  a r g o n  
4 170 2810 3580 4740 0.27 0.41 D r y  a r g o n  
5 75 2500 2420 2840 --0.03 0.17 D r y  a r g o n  
6 245 4100 18.060 17.150 3.40 --0.22 D r y  a r g o n  
7 245 4060 14.770 14.880 2.64 0.03 W e t  a r g o n ,  w a t e r  v a p o r  70 T o r r  
8 180 4160 9590 10.330 1.16 0.17 W e t  a r g o n ,  w a t e r  v a p o r  70 T o r t  
9 165 4320 11.460 11.560 1.63 0.02 D r y  a r g o n  

l0 100 3820 3800 4730 0 0.24 D r y  a r g o n  
11 100 4120 4240 5220 0.20 0.24 W e t  a r g o n ,  w a t e r  v a p o r  70 T o r r  
12 255 365 3800 11000 550.000 215.000 143.7 --88.168 D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
13 255 360 3800 - -  76.900 45.500 19.24 - -8 .26  D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
14 255 355 3800 11400 30.200 29.300 6.95 - -0 .24  D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
15 150 340 4200 5100 125 x 104 - -  296.6 D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
16 150 830 4140 5500 113.000 - -  26.29 --1~.56 D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
17 80 170 3920 4240 4300 6500 0.31 0.31 D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
18 255 400 210 535 7.720 2970 35.76 --22.62 D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
19 150 315 210 210 465 655 1.2.1 0.90 D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  
20 80 90 220 220 220 270 0 0.23 D r y  a r g o n ,  h i g h  o x y g e n  c o n t e n t  

* I n i t i a l  t e s t s  w i t h  s p e c i m e n s  f r o m  lots  I I I  a n d  IV.  S p e c i m e n s  w e r e  t e s t e d :  in  w e t  a r g o n  w i t h  200 T o r r  w a t e r  v a p o r  p r e s s u r e .  

Table 111. Temperature dependence of oxidized specimens. 
Resistance in 103 ohms 

T ( ~  - -70  
1 0 ~ / T ( ~  -1) 4.93 
S p e c i m e n  No. 12 1.050 

16 160 
13 112 
18 14.7 

-- 30 3 23 111 115 120 172 195 202 

4,12 3.66 3.38 2.60 2.58 2.54 2.25 2.14 2.02 
-- -- 550 -- 384 -- 327 -- 305 

-- -- 113 -- -- 88 81 81 
76.9 61 .7  - -  58.6 -- 57.7  

10.92 9 .17 7.72 5 .77  . . . . .  

the value of the resistance at room tempera ture  (Rr) 
becomes equal to the resistance at test tempera ture  
(Rt). From this point the l inear  dependence of re- 
sistance changes to an exponential  dependence (Fig. 4 
and 5). In  this range some tests were in terrupted 
periodically, specimens cooled to the lower tempera-  
tures, and resistance measured. The results are shown 
in  Table  III and Fig. 6. It  can be seen from Fig. 6 that  
the resistance depends exponent ia l ly  on the reciprocal 
of temperature,  and the specimen behaves as a semi- 
conductor exhibi t ing a negative thermal  coefficient of 
resistance RT -- Rr < 0 1 (Table II, Fig. 6). In  the last 
stage, increases in the resistance were too fast to be 
accurately monitored. 

As shown in Table II, the l inear  dependence of re- 
sistance ends when the resistance has increased by a 
factor of 3-4. This observation cannot be explained on 
the basis of a surface oxide layer gradual ly increasing 
in thickness. Since the resistivity of t i tanium oxides 
(5) is many  orders of magni tude  larger than that  of 

t T h i s  cause  o f  t h e  o b s e r v e d  c h a n g e  o~ s i g n  o f  t h e  t e m p e r a t u r e  
c o e f f i c i e n t  o f  r e s i s t a n c e  w a s  s u g g e s t e d  b y  R.  J .  H.  V o o r h o e v e .  

RT 

3 Sp No. 6 245~ D ~ T  

o•165 A D O E O ~  

0 510 I i I I 
0 100 150 200 250 

TIME OF EXPOSURE IN HRS 

Fig. 3. Change of the electrical resistance with exposure time of 
specimens of lots III and IV in the initial tests. Specimens were 
tested in argon atmosphere of high oxygen concentration and 200 
Torr water vapor pressure. 

2 

(Rt-R o ) 
RO 

t i tanium, the major  part  of the current  would flow 
through the t i t an ium layer and be largely unaffected 
by the properties of the t i tan ium oxide layer  unt i l  oxi- 
dation was essentially completed. 

However, the observed resistance change can be ex- 
plained by assuming that  oxidation occurs through 
the grain boundaries into the bulk  of the grains. 2 The 
rate of oxygen diffusion through the grain  boundaries  
in  th in  films is not known but  it is expected to be 
much faster than through the bulk of the grains. 

It can be proposed that diffusion of oxygen, through 
grain boundaries, is responsible for the formation of a 
network of t i tanium oxides along grain boundaries.  
This would result  in a local reduction of the metallic 
cross section of the film and in an increase of resist-  
ance. When t i t an ium oxide penetra t ion to the sub-  

T h i s  m o d e  of  o x i d a t i o n  w a s  p r o p o s e d  b y  P .  A.  T u r n e r .  

[ L SP N O. 16 - -- 
/ / /  

SP N O ' I 5 - - #  ~ /  / ,,o ,5o AT34Ooc / / /  
SP N O , 1 2 ~  I J 
AT 365 ~ 

~ IOO 

z 

~ 5O 

i i 
5O I00 150 

EXPOSURE TIME IN HOURS 

Fig. 4. Dependence of resistance on time of exposure of speci- 
mens No. 12, 15, and 16 exposed initially to a humid, highly 
oxidizing atmosphere then to a highly oxidizing but dry atmos- 
phere. Test temperatures: 365 ~ 340 ~ and 330~ respectively. 
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15 SP NO.16 
AT 350~ 
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Fig. 5. Dependence in semilogarithmic scale of resistance on 
time of exposure of specimens No. 12, 15, and 16 exposed initially 
to a humid oxidizing atmosphere then to an oxidizing but dry at- 
mosphere. Test temperatures: 365 ~ 340 ~ and 330~ respectively. 
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Fig. 6, Dependence of resistance on the reciprocal of tempera- 
ture of specimens exposed at higher temperatures to oxidizing 
atmosphere. 

strate is completed the l inear  dependence of resistance 
changes to the exponent ial  

p --" Ce E/KT [I] 

The observed negative tempera ture  coefficient of re-  
sistance is a t t r ibuted to the formation of t i tan ium 
oxides. 

Once a t i t an ium oxide ne twork  is formed around 
grains, the current  must  t unne l  through the th in  layers 
of t i t an ium oxides at each boundary  and the total 
specimen resistance consists of the sum of resistances 
of t i t an ium oxide th in  films at grain boundaries  (of 
few interatomic spacings) in series with the sum of 
resistances of each t i t an ium grain. A tunne l ing  effect 
should be expected in such a configuration. In  this 
model an exponential  tempera ture  dependence of re-  
sistance is expected, in agreement  with the exper iment  
(Fig. 6). Also the resistance should depend exponen-  
t ial ly on the width of the barrier,  in this case on the 
thickness of t i t an ium oxide layers at the grain bound-  

aries (6): i.e. 
p --  Ae~= [2] 

where x is the width of the barrier .  I t  is assumed here, 
that, since the thickness of the t i t an ium layer  is very 
small, diffusion of oxygen through grain  boundaries  to 
the substrate occurs fast especially at higher tempera-  
tures. Format ion of t i t an ium oxides, while occurring 
readily at temperatures  above 700~ at lower tem-  
peratures occurs much slower and at 150~ even after 
750 hr of exposure, no change in  sign of temperature  
coefficient was observed. At temperatures  below 400~ 
formation of t i t an ium oxides and not diffusion of oxy- 
gen is, therefore, a ra te- l imi t ing  process in  the widen-  
ing of the oxide layer at gra in  boundaries.  It  can be 
written,  therefore, that  x = ct, where c is a constant  
and t is the t ime of exposure counted from the moment  
at which the observed exponential  dependence of re-  
sistance commences. By subst i tut ing x into [2] an ex- 
ponent ial  dependence of resistance on the t ime of 
exposure is obtained 

p • A e  at [3] 
The larger rate of increase of resistance, observed 

in  the humid argon atmosphere at temperature  300~ 
(specimen No. 1), as compared with the dry argon 
atmosphere at 325~ (specimen No. 3, Fig. 1), seems 
to be related to the supply of addit ional oxygen de- 
rived from the water  vapor. In  the exl~eriments with 
very high pur i ty  argon the amount  of oxygen in  the 
test was small, and during exposure the rise of elec- 
trical resistance was slow (specimen No. 3 and 4, Fig. 
1). The introduct ion of addit ional oxygen produced a 
sharp increase of resistance (Fig. 2). In  the tests in a 
highly oxidizing atmosphere humidi ty  has no effect on 
the rate of increase of resistance (Fig. 7). All these 
observations indicate that  the increase of resistance is 
caused by the oxidation of the t i t an ium and water  
vapor is only one of the factors, probably  an addit ional 
source of oxygen, in  a test at tempera ture  300~ and 
in the atmosphere deficient in oxygen. Specimens of 
7200A thickness behave in the same manne r  as th inne r  
specimens of 750A thickness except that  a longer t ime 
of exposure is needed for the process of oxidation. 
After about 45 hr of exposure at 400~ specimen No. 
18 of 7250A thickness exhibited a negative tempera-  
ture  coefficient (Fig. 6). The ratio (RT -- R r ) / R o  was 
--22.62 (Table II) .  

The exact composition of t i t an ium oxides in  the layer  
at the grain boundary  was not investigated. 

Conclusions 
Exposure of t i t an ium thin films, at temperatures  

above 300~ to argon atmospheres containing oxygen 
results in the format ion of t i t an ium oxides at grain 
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IO0 I05 II0 115 120 
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Fig. 7. Specimen No. 12 was tested at 365~ in highly oxidizing 
atmosphere with water vapor pressure 200 Torr. After 106 hr of 
exposure the supply of water vapor was cut off from the atmosphere. 
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boundaries and the formation of films which exhibit  a 
negat ive temperature  coefficient of resistance. Oxidation 
of specimens exposed to high pur i ty  argon proceeds 
very slowly, but  addit ion of water  vapor to the high 
pur i ty  argon accelerates the oxidation process. It is 
proposed that at temperatures  above 300~ oxidation 
of t i t an ium along grain  boundaries occurs, causing an 
increase in resistivity. After  a near ly  l inear  increase 
in  resisitivity an acceleration in the rate of resistance 
occurs due to the formation of a network of semicon- 
ductive t i tan ium oxides along grain boundaries.  This 
creates a tunne l ing  effect with an exponential  depen- 
dence of resistance on both temperature  and also on 
the width of the t i tan ium oxides layer, which in tu rn  
depends l inear ly  on the time of exposure. It is assumed 
here that  the ra te -de termining  process is the forma- 
t ion of t i t an ium oxides. 

At temperatures  below 300~ oxidation does not 
penetrate through the whole cross section of the speci- 
mens. The resistance ini t ia l ly  was increasing but  be- 
came, after some t ime of exposure, constant. However, 
the film as a whole does not change to a semiconductor 
with a negative temperature  coefficient. 
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An Anodic Process for Forming 
Planar Interconnection Metallization for Multilevel LSI 

G. C. Schwartz and V. Platter 
IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

Anodic processing has been extended to a luminum alloy metal lurgy.  A 
procedure for forming completely p lanar  interconnection metall izat ion has 
been described. The factors which control l ine profile and the electrical isola- 
t ion of closely spaced conductors have been investigated, and the conclusions 
used to define the anodizing conditions. The p lanar  s tructure and the in-  
creased cross-sectional area of the conductor which result  from the use of this 
process make increased circuit density possible. 

Large scale integrat ion (LSI),  with its high circuit 
density, has made the use of mult i level  interconnect ion 
metall ization a necessity. Conventionally,  the in ter-  
connection pat tern is formed by subtractive etching; 
the insulat ing layer  may be either CVD SiO2 or 
sputtered SiO2. The resul tant  two-level  s tructure is 
shown schematically in Fig. l ( a ) ;  the topography 
worsens as the number  of levels increases. Photoli tho- 
graphy becomes more difficult and the consequences 
of inadequate  coverage of the metal  edges by the 
insulator  result  in serious rel iabil i ty problems. Taper-  
ing the metal  edge has been suggested for improved 
coverage (1), but  this is done at the expense of 

I~ey words :  mul t i leve l  metal l iza t ion,  p l a n a r  metal l iza t ion,  large 
scale integrated circuits, anodic  oxida t ion ,  a l u m i n u m  al loy me ta l -  
lu rgy .  

1st L . . . . .  . ~ - - ~ - - ' ~ - - - - ~  ~ ' ~ S  . . . . . . .  d SiO 2 (I . . . . . . . . . . .  ing) 
Metal \ \ \ \ \ \ \  \ \ \  \ \ \ ~ \ \ \  

metal cross-sectional area which becomes increas- 
ingly impor tant  as the width of the conductor is de- 
creased to increase circuit density. It is possible to 
compensate for the reduction of metal  cross-sectional 
area by increasing init ial  l ine widths, but  this de- 
creases the possible circuit density. The SiO2 can be 
deposited under  high resput ter ing conditions which 
eliminates cusping (2), thus improving edge coverage, 
but  this requires long sput ter ing runs. However, nei-  
ther of these measures el iminates the unwie ldy  topo- 
graphy due to the etched metal. Earl ier  workers (3, 4) 
have shown that it is possible to el iminate subtractive 
etching for a luminum interconnect ion metall ization 
systems; by anodic conversion of the unwanted  metal  
to an insulat ing film of a luminum oxide, a substantial  
reduction in step height has been achieved, as indicated 
in Fig. 1 (b). 

This paper describes a process by which a completely 
planar  s tructure can be made. Since the interconnec-  

Si02 ~ ~ r  ~ S i O  2 

. . . . . . . . . . .  Subst~te~ 

Fig. 1Ca). Two level metal structure formed by conventional 
processing. Fig. l(b). Two level metal structure formed by anodic processing 
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t ion me ta l l u rgy  is not  necessar i ly  pure  a luminum 
(copper  m a y  be added to a luminum to improve  its 
e lec t romigra t ion  resis tance and smal l  amounts  of s i l i -  
con are  added to p reven t  junct ion  pene t ra t ion)  we 
have  ex tended  the appl ica t ion  of anodic p lanar iza t ion  
to a luminum alloys. 

Anodization of Aluminum Alloys 
The addi t ion  of copper  and sil icon to a luminum a l -  

ters  the  anodizing process and the  proper t ies  of the  
anodic oxide. For  example ,  the anodizing efficiency 
decreases  as the  concent ra t ion  of the  a l loying e lement  
increases (5). 

Copper  dissolves in the  e lect rolytes  used to form 
both  ba r r i e r  l aye r  and porous anodic oxides. Conse-  
quently,  it is not possible to form an imperv ious  ba r -  
r ie r  l aye r  on an a luminum-coppe r  (A1Cu) film. And  
i t  is not unexpec ted  tha t  the  porous anodic oxide 
fo rmed  from an A1Cu film contains voids super imposed  
upon the fine, fa i r ly  r egu la r  pore  s t ructure ;  this is 
seen in the scanning e lect ron micrographs  in Fig. 2 (a) 
and (b) .  Therefore  a composite s t ruc ture  is used for 
anodic p lanar iza t ion  of a luminum alloy meta l lu rgy :  
the bu lk  of the  meta l  is the appropr ia t e  alloy, the  
top l aye r  is pure  a luminum.  We refer  to such a film 
a s  A1/A1Cu or A1/A1CuSi. The porous anodic oxide 
formed f rom an A1/A1Cu film is shown in Fig. 2 (c).  

Approaches to Planarization 
In order  to compensate  for the expansion which 

usual ly  accompanies  the conversion to anodic oxide, 
one  approach  might  be to etch a sui table  f ract ion of 
the meta l  to be anodized before  anodizat ion;  another ,  
to dissolve some of the anodic oxide formed. The 
former  requi res  precise control  of the etching process 

and leads, in any  event, to undes i rab le  surface rough-  
ness; the l a t t e r  is impossible,  since the t ime it  takes  
to dissolve a porous anodic oxide film is independent  
of i ts thickness  (6). 

I t  is known tha t  the  th ickness  of porous  anodic 
oxide formed from a given thickness of a luminum 
decreases wi th  decreasing current  dens i ty  and in-  
creasing t empera tu re ;  this  is t rue  for  A1Cu as well .  1 
Therefore  it is possible to find anodizing condit ions 
such that  the  thickness of the oxide formed wil l  be 
equal  to the thickness of the meta l  converted.  How-  
ever,  i t  wil l  be shown tha t  a r b i t r a r y  ad jus tment  of 
cur ren t  densi ty  and e levated t empera tu res  are not  
sa t isfactory means  for real iz ing a p l ana r  s t ructure.  

The anodizat ion of a luminum is 100% efficient under  
all  conditions; therefore  it is s imple to anodize a p re -  
cisely control led thickness of a luminum.  There  is an 
e tchant  for anodic oxide which does not a t tack  a lumi -  
num; it contains 35 m l / l i t e r  85% H3PO4 and 20 
g / l i t e r  CrO8 and is used at 80~ and is re fe r red  to 
in this paper  as P-C etch. Thus i t  is possible to reduce 
the a luminum thickness,  in the areas  in which com- 
plete conversion to a luminum oxide wil l  occur u l t i -  
mately,  wi th  precision and wi thout  surface roughening.  
I t  can be seen that  the  choice of this  method  of p l a n a r i -  
zat ion makes  the  use of the composite film (A1/A1Cu or 
A1/A1CuSi) necessary.  

Experimental 
The anodizat ion cell is shown in Fig. 3. I t  provides  

electr ical  contact to the bare  silicon side of the  wafer ;  
i .e.,  the bias is appl ied  to the  me ta l  th rough  the con-  
tact  holes to silicon. The e lec t ro ly te  is confined to the  
meta l l ized  top surface;  the area  exposed to the  e lec t ro-  

1 U n p u b l i s h e d  r e s u l t s ;  t h i s  l a b o r a t o r y .  

Fig. 2. Scanning electron micrographs of porous anodic oxides: 
(a, above left) AICu: top view. (b, above right) AICu: fractured 
edge. (c, left) AI/AICu: fractured edge. 
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Fig. 3. Schematic cross section 
of the anodization cell. 
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Fig. 4. Anodic plonarizatlon process 

lyte  is defined by the O-ring which seals the electrolyte 
vessel  against the wafer. The cathode is a plat inum 
disk s l ightly larger in diameter than the O-ring. The 
electrolyte is neither stirred nor kept at constant tern- 

perature; the temperature rise during the longest ano- 
dization is only 0.5~ The  electrolyte for porous 
oxide formation is an 8% solution of oxalic acid in 
water. Oxalic acid is used because it is compatible 
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Fig. 5. Infrared micrographs: (a, above left) At completion of 
isolation anodization. (b, above right) Incomplete decay. (c, left) 
Decay period sufficient to isolate adjacent lands electrically. 

with photoresist and is decomposed when the anodized 
film is dried. Also, at the appropriate current  density, 
the voltage is suitable for device fabrication. Barrier  
layer  is formed in a 30% solution of ammonium borate 
in  ethylene glycol. 

A constant current  power supply is used. When a 
two-cur ren t  mode of anodization is used, there is a 
control circuit which automatical ly reduces the current  
from its init ial  value to a preset value after any 

predetermined time. There is another  control circuit 
for automatic control of decay time. At the completion 
of anodization, the rising voltage is sensed and when 
it reaches a predetermined value, that voltage is ma in-  
tained, as the current  decays, for a preset length of 
time. At the end of the decay period, the anodization 
is stopped automatical ly and a buzzer is sounded to 
summon the operator to empty the cell. 
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Current  and vol tage are recorded on a strip chart  
throughout  the anodization. 

Process Description 
The process is outlined, with the aid of diagrams, in 

Fig. 4. 

Discussion.MTo preserve  the greatest  possible thick-  
ness of metal  in the areas in which the in ter level  
metal  connection is to be made (i.e., the via areas) such 
regions should not be anodized(4) .  However ,  we have 
observed that  the adhesion of photoresist  to an a lumi-  
num surface during anodization is too weak  to prevent  
appreciable la teral  anodization during porous oxide 
formation. Al though the anodization t ime in step 6 is 
re la t ive ly  short, the via d iameter  is quite small (~5~) .  
Therefore  a thin barr ie r  layer  is formed in the via 
areas to prevent  subsequent porous oxide growth (3). 

The barr ier  layer  is formed at low current  densi ty 
( i  m A / c m  2 is a typical value) and when the desired 
vol tage is reached, the anodization is stopped since 
both high current  density and prolonged maintenance 
of the film at constant voltage are repor ted  to result  in 
pore formation (7). 

The initial ancdization (step 2) improves  resist ad- 
hesion during barr ie r  layer  growth but it is not es- 
sential. 2 

An a l ternate  approach could be the format ion of a 
somewhat  thicker  layer  in step 2 (protection against 
porous oxide growth requires  this),  the use of the 
reverse  mask in step 3, fol lowed direct ly by step 6. 
While this el iminates one resist removal  step, it does 

2 When barrier layer is grown within a resist mask to about 100V, 
the resist breaks down; providing a porous oxide underlay for the 
resist does not increase the voltage to which a barrier layer can be 
grown before resist breakdown. 

Fig. 6. Scanning electron mlcrographs showing the effect of current decay. The anodlc oxide has been removed in P-C etch to reveal 
the residual metal: (a, top left) Short decay: top view. (b, top right) Short decay: fractured edge. (c, bottom left) Long decay: top view. 
(d, bottom right) Long decay: fractured edge. 

Fig. 7. Scanning electron micrograph showing the effect ef line-to-line spacing on a single wafer; P-C etched 
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not e l iminate  a masking  operat ion.  More impor tant ,  
the s t ructure  of the  via  hole is be t te r  when the p ro -  
cedure given in Fig. 6 is followed, pa r t i cu l a r ly  if the 
mask  used in step 8 protects  an area  s l igh t ly  l a rge r  
than that  of the  final via hole. 

Photores is t  is s t r ipped  in a d ry  asher  because the  
usual  chemical  s t r ippers  (e.g., J-100) etch anodic 
oxide;  there  is also the  r i sk  of possible  b inding of 
some of the  components  of such s t r ippers  to the wal ls  
of the pores. 

Step 6 is carr ied  out at constant  cur ren t  since a 
known quant i ty  of charge must  be passed to anodize 
a given amount  of a luminum.  The area  of a luminum 
to be anodized can be de te rmined  by  measur ing  the 
ra te  of vol tage rise dur ing  ba r r i e r  l ayer  format ion  at 
constant  cur rent  since the ra te  is app rox ima te ly  p ro -  
por t iona l  to cur ren t  dens i ty  (8).  The cur ren t  den-  
s i ty used mus t  be such tha t  the vol tage does not 
approach  the final vol tage in ba r r i e r  l aye r  format ion  
in step 4 to insure  that  no fur ther  oxide g rowth  occurs 
in the  via  areas. 

When  the bu lk  of the meta l  ha~ been conver ted  to 
anodic oxide, i.e., when the anodizat ion vol tage  rises 
ab rup t ly  to its l imi t ing value  and the current  decreases 
exponent ia l ly ,  closely spaced conductors  are  st i l l  
shorted.  The shorts  a re  due to res idual  meta l  which 
clings to the  edges of the lands  and forms br idges  
be tween  them. Only by  continuing to supply  cur ren t  
to the  lands  via  the contact  holes to the sil icon can 
this res idual  meta l  be conver ted  to an insulator.  The 
in te rva l  dur ing  which this cont inual ly  decreasing cur -  
rent  is suppl ied  to the lands  we call  the decay period.  
Residual  meta l  wi th in  the isolat ion oxide, at some dis-  
tance f rom the lands, is unaffected dur ing  the decay pe-  
riod. I t  cannot be emphasized too s t rongly  that  such 
res idual  par t ic les  do not form a conduct ing layer,  they  
are  mere ly  a cosmetic defect. Indeed, a f te r  a sufficient 

decay period, leakage  be tween  adjacent  conductors  is 
small.  A test  s t ruc ture  was designed so that  i t  could 
be isolated from silicon af ter  complet ion  of the anodic 
processing. I t  consists of pai rs  of lines 9 • 10 -3 cm 
long separa ted  by  3, 6, and 15/~ spaces. For  the pai rs  
which are  3;~ apart ,  the leakage  cur ren t  at  10V is 10-20 
picoA. One hundred  chips, each containing one isolated 
test  s t ructure,  were  moun ted  on headers  for stress 
test ing under  bias at 85~ and 85%R.H. The pai rs  of  
s t r ipes separa ted  by  6~ were  biased at 20V. Af te r  
20.00 hr, when the test  was te rminated ,  there  had been 
no increase in leakage  cur ren t  on any chip, some of 
which had not been pro tec ted  by  sput te red  SIO2. 

During decay, the vol tage must  be l imi ted  to about  
50V. R. C. Turnbul l  ~ has shown that  if  the  vol tage 
is excessive, r idges are  formed at the in terface  be tween  
the conduct ing s t r ipe and the anodic oxide which  abuts  
it. 

The decay process may  be moni tored:  the anodiza-  
t ion is stopped, the wafer  removed  from the cell, 
r insed, dried, then examined  in the in f ra red  micro-  
scope; if fu r the r  decay is requ i red  the  wafer  is r e -  
placed in the  cell  and the bias reappl ied.  In f r a red  
micrographs  taken  dur ing  a decay per iod are  shown in 
Fig. 5. We have found tha t  o rd ina ry  optical  micro-  
graphs  can be misleading,  pa r t i cu l a r ly  when  the anodic 
oxide is ve ry  thick. 

The conversion of the  res idual  meta l  cl inging to 
the lands as wel l  as the  nonconversion of to ta l ly  iso- 
la ted res idue dur ing  decay is seen very  c lear ly  in the 
scanning electron micrograph  in Fig. 6. For  e x a m i n a -  
tion in the scanning e lect ron microscope, the anodic 
oxide must  be removed in P-C etch to make  the 
meta l  par,ticles visible. In  Fig. 7 scanning e lec t ron 
micrographs  i l lus t ra te  the efficacy of a fixed decay 
per iod in isolat ing pairs  of lands wi th  different  spac-  

R. C. Turnbull ,  this laboratory,  p r iva te  communication. 

Fig. 8. Scanning electron mlcrograph showing the effect of metal 
thickness; P-C etched: (a, above left) 9000.~ AI; isolation anodiza- 
tion 2.25 mA/cmZ; decay period 3.5 min. (b, above right) 12,900~. 
AI; isolation anodization 2.25 mA/cm~; decay period 21 min. (e, 
left) 18,500~ AI; isolation anodization 2.25 mA/cm~; decay period 
61 min. 
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ings, while Fig. 8 shows that the thickness of metal  
which must  be converted to isolation anodic oxide is 
an impor tant  factor in de termining the length of the 
decay period. 

Now it is clear why using elevated temperatures  to 
reduce the ratio of anodic oxide formed to metal  con- 
verted is not practical. The decay period has been 
shown to be necessary. If dur ing the decay period 
the temperature  were elevated, pore widening and 
pore shortening would proceed at an accelerated rate 
which is undesirable.  

The current  densi ty during the isolation anodization 
influences the size and shape of the residual metal  
particles, which in  tu rn  determines the decay time 
required to achieve good electrical isolation, and thus 
ul t imately  determines the l ine profile and what  may 
be called the anodization bias. The effect of current  
density is i l lustrated in  Fig. 9. We have obtained the 
best l ine profile when  two-thirds  of the film is ano-  

dized at 3.5 mA / c m 2 and the rest at 1 mA / c m 2. The 
reduction in cross-sectional area after anodic process- 
ing can be substant ia l ly  less than after s tandard chem- 
ical etching; using the two current  density mode de- 
scribed above, the taper  of the lines is about 70 ~ A 
rough estimate of the increase in cross-sectioanl area 
which results from this decreased taper can be made, 
assuming that  a land is a trapezoid in  cross section. 
For 5t~ wide lands, lt~ thick, there is a 16% increase 
over conventional ly etched lines (45 ~ and a 22% 
increase over deliberately tapered lines (30~ For 
2.5# wide lines, 1~ thick, there is a 42% increase over 
convent ional ly  etched lines, while it is not possible to 
form usable lands with an exaggerated taper. Yet 
because the lands are encapsulated in the anodic oxide 
and the entire s tructure is planar,  there are none of 
the edge coverage problems associated with insulat ing 
lands with such steep sides. In  Fig. 10, the reduct ion in  
cross-sectional area is i l lustrated. In  this case the proc- 

Fig. 9. Scanning electron micrographs showing the effect of current density during isolation anodization; P-C etched. (a, top row) Isola- 
tion anodization 1 mA/cm 2. (b, second row) Isolation anodization 2.25 mA/cm 2. (c, third row) Isolation anodization 3.5 mA/cm 2. (d, bot- 
tom row) Two current density isolation anodlzation; i.e., two-thirds of film at 3.5 mA/cm 2, finish at 1 mA/cm 2. 
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Fig. 10. Scanning electron micrograph showing the reduction of 
metal cross-sectional area after anodic processing. Metal 1.8~ 
AI/AICu; isolation anodization 3.5 mA/cm 2 ~ 1 mA/cm2; decay 
period 30 min; mask dimension defined by ,glass overlay; P-C 
etched. 

Fig. 11. Scanning electron micrograph of via hole 

ess w a s  a l t e r e d  s o m e w h a t 4  to m a k e  it poss ib le  to see  
t h e  final  l ine  prof i le  t o g e t h e r  w i t h  t h e  in i t ia l  m a s k  
size w h i c h  is r e p l i c a t e d  in  t h e  l a y e r  of SiO2 at  t he  
top  of  t h e  land .  

Because  of t he  i m p o r t a n c e  of c u r r e n t  d e n s i t y  in  
d e t e r m i n i n g  l ine  profile,  i t  is a p p a r e n t  t h a t  a r b i t r a r y  
a d j u s t m e n t  of  c u r r e n t  d e n s i t y  is no t  a good a p p r o a c h  to 
p l ana r i za t i on .  

U p o n  c o m p l e t i o n  of t h e  anodic  p rocess ing ,  t he  w a f e r  
is s t r i p p e d  of p h o t o r e s i s t  and  h e a t e d  fo r  abou t  h a l f  
an  h o u r  at  450~ to d r i v e  off t h e  w a t e r  and  d e c o m p o s e  
t h e  oxal ic  acid w h i c h  is b o u n d  to t he  pores .  

Anod ic  ox ide  is no t  su i t ab l e  fo r  i n t e r l e v e l  i n s u l a -  
t ion;  i t  has  a h i g h  d ie lec t r i c  c o n s t a n t  and  p o ro u s  
anod ic  ox ide  does  no t  p r o v i d e  p r o t e c t i o n  of  a l o w e r  
leve l  d u r i n g  a n o d i z a t i o n  of  t h e  n e x t  level.5 A n  
add i t i ona l  d i e l ec t r i c  l a y e r  ( s p u t t e r e d  SiO2) m u s t  
t h e r e f o r e  be  depos i t ed .  Because  of t he  p l a n a r i t y  of t he  
m e t a l l i z a t i o n  s t ruc tu r e ,  t h e r e  a re  no edge  co v e rag e  
r e q u i r e m e n t s ;  t he  t h i c k n e s s  of t h e  SiO2 is d e t e r m i n e d  
o n l y  b y  the  i n t e r l e v e l  capac i t ance  r e q u i r e m e n t s  and  
t h e  n e e d  to i n s u r e  a l ow de fec t  level .  T h e  p r e s e n c e  of  
t h e  u n d e r l y i n g  anod ic  ox ide  r e d u c e s  t h e  h a z a r d  of 
p i n h o l e s  t h a t  m a y  be  p r e s e n t  in  t he  t h i n n e r  SiO2. B e -  
cause  the  SiO2 can be t h i n n e r  t h a n  t h a t  r e q u i r e d  fo r  
c o n v e n t i o n a l  p rocess ing ,  v ia  ho les  a r e  eas ie r  to e t ch  
a n d  t h e  spac ing  b e t w e e n  n e i g h b o r i n g  holes  can  be 
r e d u c e d .  A typ ica l  v ia  hole,  e t ched  t h r o u g h  the  SiO2 
and  t h e  b a r r i e r  l ayer ,  is s h o w n  in  Fig. 11. 

The  d e g r e e  of p l a n a r i t y  w h i c h  has  b e e n  a c h i e v e d  is 
i l l u s t r a t e d  in  Fig. 12 w h i c h  s h o w s  a s c a n n i n g  e l e c t r o n  
m i c r o g r a p h  of  a cross  sec t ion  of a l a n d  a n d  t h e  a d -  
j a c e n t  i so la t ion  anod ic  oxide.  F i g u r e  13(a)  is a T a l y -  
s t ep  t r ace  of such  a s t ruc tu re .  F i g u r e  13(b)  s h o w s  the  
T a l y s t e p  t r a c e  of a p l a n a r  s t r u c t u r e  w h i c h  has  a r i d g e  
b e t w e e n  the  l and  a n d  the  ox ide  because  (as m e n t i o n e d  
ea r l i e r )  t he  vo l t age  d u r i n g  decay  w a s  too h igh.  

We  h a v e  o b s e r v e d  t h a t  t he  p a t t e r n  def in i t ion  (edges ,  
l ine  w id ths ,  a n d  spac ings )  is s u p e r i o r  w h e n  anodic  

The process used to produce this sample is as follows: A very 
thin layer of SiO~ is sputtered on the surface of the aluminum. Us- 
ing standard photoresist processing, the SiO~ in the regions which 
are to become the interconnection pattern is protected. The unpro- 
tected SiO~ is etched. Since the SiO2 is very thin, there is little un- 
dercutting and the SiO_~ which remains approximates the dimensions 
of the mask which defines the interconnection pattern. The anodic 
processing is performed as usual; i.e., the initial anodization and 
P-C etch to compensate for the expansion and the isolation anodiza- 
tion and decay. While this variation eliminates some of the steps in 
the usual process, it involves an extra vacuum step. Under most cir- 
cumstances the usual procedure is preferable. 

5 It is true that if the upper level were anodized at a voltage con- 
siderably lower than that used to anodize the layer beneath, the 
lower interconnection pattern would not he converted to oxide. 
However, it has been shown that the current density (and hence, 
voltage) cannot be changed in an arbitrary fashion if control of 
line profile is required. 

Fig. 12. Scanning electron micrograph on an anodically formed 
metal land with the adjacent anodic oxide in place. 

Fig. 13. Talystep traces: (a) Structure formed by the anodic 
planarization process. (b) Effect of excessive voltage during decay 
period. 
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Fig, 14. Optical mlcrograph showing an enlarged section of a 
two-level device. 

processing is subst i tuted for conventional  processing, 
using the same mask. 

The electrical characteristics of both FET and bi -  
polar transistors made by conventional  and anodic 
processing are the same. A two-level  device, made 
using anodic processing is shown in Fig. 14. 

Summary 
An anodic planarizat ion process which is applicable 

to a luminum alloy metal lurgy has been described. 
While anodic processing is more complex than  con- 
ventional  subtractive etching, the results just ify the 
use of this technique. It has been shown that  a com- 
pletely p lanar  s tructure is produced and the advan-  
tages of a p lanar  s tructure have been discussed. The 
factors Which affect the l ine profile have been dis- 
cussed and i l lustrated; it has been shown that, with 
the proper choice of anodizing conditions, the cross- 

sectional area of a conductor formed by this tech-  
nique can be substantia]Iy greater than that  formed 
by conventional  subtractive etching. Therefore i n -  
creased circuit density is possible without  loss of per -  
formance or reliabili ty.  The factors which affect elec- 
trical isolation have also been discussed and low leak-  
age levels have been obtained. Stress test results 
show that  the residual  a l u m i n u m  is t ru ly  a cosmetic 
defect and is not a reliability hazard. Improved pat- 
tern de~nition is still another dividend of anodie proc- 
essing. 

Acknowledgment 
The authors would like to thank  F. Ordonez for 

the excellent scanning electron micrographs. 

Manuscript  submit ted March 5, 1975; revised m a n u -  
script received June  25, 1975. This was Paper  3 pre-  
sented at the San Francisco, California, Meeting of the 
Sociey, May 12-17, 1974. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the June  1976 
JOURNAL. All discussions for the June  1976 Discus- 
sion Section should be submit ted by Feb. 1, 1976. 

Publication costs o] ~his article were partially as- 
sisted by IBM Corporation. 

REFERENCES 
1. C. J. Santoro and D. L. Tolliver, This Journal, 118, 

66C (1971). 
2. J. S. Logan, F. S. Maddocks, and P. D. Davidse, IBM 

J. Res. Develop., 14, 182 (1970). 
3. H. Tsunemitsu and H. Shiba, NEC Res. Develop., 

April  1972, p. 74. 
4. W. R. McMahon, IEEE In terna t ional  Electron D e -  

vices Meeting, October 1970 (Abstract No. 7.1). 
5. J. H~rengueI and P. Lelong~ Metal Finishing J., J a n -  

uary  1958, p. 20. 
6. M. Nagayama and K. Tamura,  Electrochim. Acta~ 

12, 1097 (1967). 
7. J. S. L. Leach and P. Neufeld, Corrosion Sci., 9, 413 

(1969). 
8. L. Young, "Anodic Oxide Films," Academic Press, 

London (19.61). 

Electron Penetration and Power Dissipation 
in Thin Films of Gd O :Eu 

J. S. Prener* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

The cathodoluminescent brightness as a funct ion of electron energy was 
measured for thin films of Gd20~:Eu. Proper account is taken of the power 
dissipation of the electron beam in  the thin A1 layers deposited on top of the 
phosphor films. These A1 films were necessary to prevent  charging during 
the measurements.  From an analysis of the data we derive the power dis- 
sipation of the electron beam in  the Gd20~:Eu. We find that  the results on 
power dissipation are in reasonably good agreement  with theoretical calcu- 
lations appearing in  the l i terature.  

There have been a number  of investigations which 
have dealt with the problem of electron penetra t ion in 
solids and the power dissipation of an electron beam 
as studied by cathodoluminescence. Fe ldman (1), using 
th in  phosphor films, measured the brightness as a func-  
t ion of electron energy up to 20 keV and determined 
the electron range-energy  relationship for a number  
of materials. He did not, however, utilize his data in  
determining the power dissipation of the electrons in  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  cathodoluminescence ,  e lectron range,  e lectron energy .  

the phosphor films. Ehrenberg and King (2) studied 
optically the luminescence glow profiles produced by 
a nar row beam of electrons in a number  of t ransparent  
phosphor crystals. They deduced electron ranges as 
well as power dissipation from their measurements.  
The accurate determinat ion of contours of equal 
brightness from photomicrographs of the cathodolumi- 
nescent glow for high Z (average atomic number )  ma-  
terials is extremely difficult for p r imary  electron en-  
ergies below 30 keV since the total electron penet ra-  
t ion depths are only a few microns. Bieringer (3) 
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again measured the brightness of th in  phosphor films 
as a funct ion of p r imary  electron energies up to 30 keV. 
He compared his results with a model based on the 
density of energy dissipation per  electron obtained by 
differentiation of the Thomson-Widdington law and the 
statistical loss in the n u m b e r  of electrons penetra t ing 
to a given depth in the solid. More recent ly Kingsley 
and Prener  (4) showed that  the luminescence efficiency 
as a funct ion of electron beam power for powder 
ZnS: Cu phosphors having nonluminescent  ZnS coatings 
of various thicknesses on each particle was compatible 
with Makhov's (5) formulat ion for the power dissi- 
pation of an electron beam in  a solid. The analysis was, 
however, complicated by the necessity for making geo- 
metrical  corrections since the phosphor layer was com- 
posed of small  particles ra ther  than  being a continuous 
film of un i fo rm thickness. A shortcoming of Makhov's 
formulat ion was his neglect of backscattered electrons. 
This can lead to significant errors in  calculations of 
power dissipation for materials  of high atomic n u m -  
ber  (6). 

In  this paper we analyze the relationship between 
the cathodoluminescence brightness and the energy 
of the pr imary  electrons for th in  phosphor films. We 
determine the power dissipation of the electron beam 
and show that  the results are in  agreement with theo- 
retical calculations appearing in the l i terature.  As far 
as we know no such comparison between theory and 
exper imental  data for th in  phosphor films has been 
made previously. We measured the cathodoluminescent  
brightness of th in  films of the Gd203:Eu phosphor as 
a funct ion of pr imary  electron energies up to 20 keV. 
Proper  account -was  taken of the power dissipation 
in  the th in  A1 layers deposited on top of the phosphor 
films. These A1 layers are necessary to prevent  charg- 
ing of the films dur ing the measurements .  The results 
were analyzed and shown to agree reasonably well 
with theoretical calculations of power dissipation of 
electrons in  solids as given by Spencer (V) and by 
Kanaya  and Okayama (8). Gd20~:Eu is a good choice 
of material  for such studies. The diffusion of generated 
electrons and holes to the surface of the phosphor and 
their  subsequent  radiationless recombinat ion lead to 
the phenomena  of "dead-voltage" and diffusion layer  
thickness [see, for example, Gergeley (9)].  This 
greatly complicates the analysis of br ightness-vol tage 
data  as we shall  see later. The dead-voltage of Gd203: 
Eu has been  found to be about (}.5 kV which is qui te  
small  compared to m a n y  other phosphors (I0). One can 
estimate from this a diffusion layer thickness of about 
0.01# which is much smaller  t han  the thickness of our 
phosphor films and could be neglected in the analysis. 

Preparation of Gd~O3:Eu Phosphor Films by Spinning 
The films were deposited on clear, fused quartz 

(CFQ) substrates which, after cleaning in boiling ni-  
tric acid, were prepared for film deposition by immer-  
sion for several minutes  in a boil ing 10% (V/V) solu- 
t ion of K-200 potassium silicate (du Pont)  followed by 
a thorough rinse in distilled water. The silicate t reat-  
ment  was necessary since good continuous films could 
not otherwise be produced. A typical solution used for 
spinning consisted of 10g of Gdo.95Eue.05Cla'6H20, 5.7 
ml H20, and 12.8 ml  isopropanol. A few drops of the 
solution were placed on the substrate and allowed to 
spread on the surface. The substrate was then spun  in  
a horizontal  position, typical ly at 3000 rpm for about 
30 sec unt i l  it was dry. I t  was then annealed for about 
5 rain in air. Depending on the anneal ing temperature  
GdOCI:Eu, Gd203:Eu, or a mixture  of the two phases 
was obtained. Films of increasing thickness were ob- 
tained by repeating, a number  of times, the sp in -an-  
neal cycle. With some care films of uni form thickness 
over an area of V2 • zZ in. could be produced as indi-  
cated by the interference colors. The films appeared to 
be thicker near  the edges and for the purpose of mea-  
surement  the outer edges of the films were dissolved in  
hot 1-1 H2SO4 leaving only the un i formly  thick cen- 

tral area. The film thickness was determined either by 
using a S1oan "Dektak" surface profile measuring in- 
strument or chemically. For chemical analysis the 
oxide films of known area were dissolved in dilute 
HC1 and the total rare earth content determined colori- 
metrically using sodium alizarinsulfonate (11). The 
thickness was calculated assuming bulk density. 

Film Properties and Cathode-Ray Excitation 
In Fig. I is shown the thickness of the Gd2Os:Eu 

films as a function of the number of spin-anneal cycles. 
It is seen that about 0.07/~ of film is deposited in each 
cycle. The emission spectra under  254 nm excitation 
for films annealed for a few minutes  in air  at various 
temperatures  are shown in Fig. 2. At 200~ only a 
weak broad-s t ructured emission is seen indicating poor 
crystal l ini ty of the film. At 3 0 0 ~ 1 7 6  the emission 
spectrum is characteristic of GdOCh Eu; at 600~ both 
GdOChEu and Gd~O~Eu spectra appear; and at 700~ 
only the oxide spectrum remains. The formation of 
GdOC1 as an in termediate  in the thermal  decomposi- 
tion of hydrated GdC13 in air has been well established 
(12, 13). X- ray  diffraction indicated that  the films an-  
nealed at 700~ and higher consisted of polycrystal-  
l ine Gd~O3. 

G d 2 Q : E u  films of various thicknesses deposited on 
polished CFQ substrates and overcoated with 800A of 
A] were placed in  a demountable  cathode-ray tube and 
the radiated power measured as a funct ion of electron 
energy (at constant  current ) .  The results are shown in 
Fig. 3. The lower portions of the curves are straight 
lines intercepting the abscissa near  2.5 keV. At some 
critical energy, depending on the film thickness, the 
curves deviate downward from a straight line. 

Power Dissipation of an Electron Beam 
The incident electron beam power density P is equal  

to the incident current  density j mult ipl ied by the in-  
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Fig. 1. Gd20~ film thickness as a function of the number of 
spin-anneal cycles. @, Thickness using Sloan "Dektak" surface 
profile measuring instrument; O ,  thickness determined by chemi- 
cal analysis. 
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Fig. 3. Radiated power of Gd203:Eu films overcoated with 800.~, 
of AI as a function of the electron beam energy. The thicknesses, 
s, of the films are marked on the curves. 

cident electron energy E. If  P (x) is the mean  power  
density at a depth x in the solid, then the power  den-  
sity lost by the electron beam in t ravers ing a distance 
x in the solid is 

AP : P - -  P ( x )  -- Pb [1] 

where  PD is the power  density contained in the back-  
scattered electrons. The electrons in the solid wil l  be 
distr ibuted in space, energy, and direct ion of travel .  
If  R is the mean distance in the solid where  the elec- 
trons have lost all their  ini t ial  kinetic energy, then 
the principle of scaling (2, 14) states that  the shapes 
of the various distr ibutions for a given distance x de-  
pend only on x / R ,  that  is, on the fract ion of the ini-  
tial energy which has been lost. The mean values of 
the electron energy and current  density in the solid are, 
of course, der ivable  f rom the various distributions. The 
quant i ty  R is t e rmed the electron range and there  are 
in the l i tera ture  a number  of different definitions of 
electron range (15). However ,  f rom the scaling pr in-  
ciple they should all be proport ional  to each other. 
Generally,  over  not too large an energy span, the range, 
however  defined, has been found to depend on the 
initial electron energy through the equat ion 

R = A E  ~ [2] 

where  the  constants A and n are mater ia l  parameters  
(5, 15). Because of the proport ional i ty  of the various 
ranges they should differ only in the factor A. 

It  has, therefore,  been common pract ice to express 
the mean values of the electron energy and current  
density at a depth x in the solid terms of a reduced 
distance y (3, 5, 8) 

y ~- x / R  : x / A E  n [3] 

The value of the reduced distance will  va ry  depending 
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on the range definition used, bu t  the quant i ty  A y  
should be independent  of the choice of range. For our 
purposes we need not be concerned with any par t icu-  
lar  definition of range, but  assume, as others have done, 
that at a distance x in  the solid, the mean  energy and 
current  density and hence the mean  power density, all 
of which are functions of E and x, can be wr i t ten  as 
functions of y. We wri te  

AP/P ---- g ( y )  [4] 

p - z  (d~P/dx)  = (dg /dy)  / A E ,  [5] 

The shape of the impor tant  functions g (y) and dg/dy  
are shown schematically in  Fig. 4b, c. [See, for example, 
Fig. 10 and 11 of Ref. (8).] Values of Ym and Yc are 
marked. At y = yc, dg /dy  = O. The funct ion g (y) is 
a constant, gc -- 1 -- Pb/P for all y > Yc. The quan-  
t i ty  Ym is some arbi t rar i ly  chosen value of y < Yc and 
is discussed later. 

Power Dissipation in AI Film 
As indicated above, in order to prevent  charging of 

our phosphor films they were coated, by evaporation, 
with 800A of A1. The geometry of our Al-phosphor  film 
layer  is shown in  Fig. 4a. The incident  monoenergetic  
electrons have an energy E ( - -a )  and the current  den-  
sity of the beam is j ( - -a ) .  The electron beam suffers 
a power loss in  passing through the A1 layer  and the 
t ransmit ted electrons will  be dis tr ibuted in energy. For 
a thin, 800A A1 film (pa ~- 22 #g/cm 2) at incident  en-  
ergies larger than  that  required to penetrate  the film 
(i.e., larger than  2.5 keV) the energy distr ibution of 

the t ransmit ted  electrons becomes sharply peaked so 
that the mean  and most probable energies of the t rans-  
mit ted electrons differ very  li t t le from each other 
(15). Therefore, the electrons t ransmit ted  through the 
A1 layer  and impinging upon the phosphor layer  may  
still be considered as being essentially monoenergetic  
with energy E(0) where E(0) < E ( - - a ) .  At incident  
energies comparable to those required to penetra te  the 
A1 layer, E(0) is the mean  energy of the t ransmit ted  
electrons. 

Ag 

ELE RON: P OSPHOR BEA  

X 
-Ci 0 S 

g(Y) 

I 
gc 
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Ym Yc 

(b) 

~y 
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dy (c) 

=y 
Ym Yc 

Fig. 4. (o) Geometry of AI-phosphor film; (b) shape of the func- 
tion g(y) (see t ex t ) ;  (c) shape of the function dg/dy (see text) .  

Table I. Values of the mean energy,the transmission coefficient 
~IT, and the power density, for unit initial current density, 

of electrons transmitted through 800~ of AI 

E(-a) (keY) E(0) (keY) V/T(O) P(0) 

1 0.01 1.0 x I0 -I~ 1.0 X i0 -le 
2 0.44 0.043 0.02 
3 1.33 0.448 0.60 
4 2.36 0.737 1.74 
5 3.42, 0.868 2.96 
6 4.50 0.925 4.16 
7 6.58 0.954 5.32 
8 6.64 0.971 6.45 
9 7.70 0.980 7.56 

10 8.76 0.986 8.64 
11 9.81 0.990 9.71 
12 10.85 0.992 10.76 
13 11.89 0.994 11.82 
14 12.93 0.995 12.87 
15 13.96 0.996 13.90 
16 14.99 0,997 14.95 
17 16.02 0.998 15.99 
18 17.05 0.998 17.02 
19 18.07 0.998 18.03 
20 19.09 0.999 19.07 

We consider first the energy E(0) and current  den-  
sity j (0)  of electrons t ransmi t ted  through the 800A 
A1 film. For A1, Makhov (5) finds that  the mean  en-  
ergy of the t ransmit ted electrons is given by  

E ( O ) / E ( - - a )  = exp (--0.�ya o-9) [6] 

When the incident energy E ( - - a )  is measured in keV 
and the A1 film thickness, a, is in  angstroms, Ya is 
given by 

Ya : a/1.41 X 10~E ( - -a )  1.68 [7] 

Values of E(0) are given in  Table I for values of 
E( - -a )  from 1 to 20 keV with a : 80OA. Makhov also 
gives for the t ransmit ted current  density j (0) 

j ( 0 ) / j ( - - a )  : "QT : exp (- -ya 2) [8] 

Values of TIT are also given in  Table I. Finally,  the 
mean  power densi ty of the t ransmit ted  beam P(0)  --  
j (0)E (0) for uni t  ini t ial  current  density is tabula ted 
in the last column of the table. We recall that for 
values of E ( - -a )  > 2.5 keV, the t ransmit ted  electrons 
(i.e., those incident  on the phosphor surface) are close 
to being monoenergetic.  

We can replot, in Fig. 5, the experimental  curves of 
Fig. 3, using as the abscissa not E ( - - a )  but  P (0) .  The 
lower portions of the curves are straight lines whose 
slopes and intercepts were determined by a least 
squares analysis (correlation coefficients were 0.999). 
The intercepts on the abscissa all lie close to the origin 
indicating a very small  diffusion layer  thickness for 
Gd2Os:Eu (9). This is in  accord with the results of 
Ludwig and Kingsley (10) who find a dead-voltage of 
about 0.5 keV for Gd20~:Eu. As indicated earl ier  in 
this paper we will neglect the effect of the diffusion 
layers at the phosphor surfaces. At some critical value 
of P(0)  : Pc(0), depending on the thickness, the 
curves deviate downward from straight lines. 

Analysis of Radiated Power: Beam Power Data 
If we consider a phosphor film of thickness s, and 

if a fraction e[x, E (0)] of the beam power density dis- 
sipated in  a thickness dx at depth x generates fluo- 
rescence, then the total power density emitted as fluo- 
rescence radiat ion is given by  

S: B = e[x, E(0) ]  ( d A P / d x ) d x  

= P(O) dy,  E(O)]g'(y)dy [9] 

where Ys -" s /AE(O) n. We assume no diffusion of the 
excitation in the phosphor and take e[y, E(0) ]  to be a 
constant ,o. Gergeley (9) t reated the problem by in -  
cluding the diffusion of generated secondaries and 
radiationless recombinat ion at the surface, In  order to 
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Fig. 5. Radiated power of Gd203:Eu fi lms overcoated with 800~ 
of AI  as a function of the electron beam power at  the phosphor 
surface. 

Table II. Values of  Era(0) for Gd203:Eu fi lms of various thicknesses 

s, [~ ps, rag/era s Era(0), keY 

get a closed form solution to the diffusion equat ion he 
assumed a ra ther  simple form for g(y ) .  He let g(y)  = 
y for 0 ~- y--~ 1 and g(y)  = 1 for y ~ 1. This is, of 
course, an unreasonable  shape for the function and 
cannot generate the correct shape of B -- P(0)  curves 
for P(O) > Pc(0).  

With e a constant we get 

B : P(0)eog(ys) [10] 

For values of E(O) < (s/Ayc) 1In (i.e., Ys > Yo) Eq. 
[10] yields a l inear  relat ion between B and P(0)  

BI : P (0) eogo : constant �9 P (0) [11] 

The critical energy Eo (0) is given by the condition that 

Ys : Y~ 

Ec(0) = (s/Ayr 1/'~ [12] 

For values of Ys < Yo, the curves will deviate down-  
ward from a straight line. Since preparat ive conditions 
and the geometry used in measur ing the radiated 
power might vary  from sample to sample (for ex- 
ample, the thinnest  film has a slope smaller than  the 
other three samples),  it is bet ter  to take the ratio of 
the radiated power values for P(0)  > Pc(0) and 
divide them by the ones obtained by extrapolat ion of 
the l inear  port ion of the curves. We get 

B/B, : g (ys)/go [13] 

R a n g e - E n e r g y  R e l a t i o n  

The values of Ec (0) obtained from the observed val-  
ues of Pc(0) for the different film thickness enable us 
to determine the exponent  n in  the range-energy  rela-  
tion. Having this value, we can compare our experi-  
menta l  value of B/B1 with the g (y) functions derived 
from theory. 

0.35 0.28 8.1 
0.72 0.53 ll.g 
1.00 0.74 15.8 
1.32 0.98 19.0 

Since B/B], par t icular ly  for the thicker samples, has 
a very small  slope near  Pc(O), it is difficu]t to deter-  
mine with precision the values of Pc (0). We can, how- 
ever, readily find the value of P(O) at which B/BI has 
some arbi t rary  value less than unity.  We have chosen 
the point at which B/BI = 0.9 and the corresponding 
values of electron energy and  beam power we denote 
by Era(0) and Pro(0). 

The quantity Ym is defined by 

ym = s/AEm(O)" [14] 
so that 

logs  ---- n l o g E m ( 0 )  + log (ymA) [15] 

In  Table II are tabulated the values of Era(0) obtained 
from the experimental  curves of Fig. 5 and Table I. 

In  Fig. 6 we plot log ps against log Era(0). The slope 
of the l ine as determined by a least squares fit (cor- 
reIation coefficient 0.995) gives n = 1.53. With ps in 
mg/cm 2 we find pAym = 0.011. The value of n agrees 
very well with the results of Cosslett and Thomas for 
the extrapolated range (15). They find n ---- 1.5 for a 
number  of elements (A1, Cu, Ag, Au) in  the range 
5-15 keV. We note that  only the product pAym is ob- 
tained from the data, the value of ym being determined 
by the part icular  definition of electron range. 

We can also compare our data with those obtained 
by Ehrenberg and King (2) who, as already mentioned, 
observed microscopically the extent  of the luminous  
Zone in single crystals of various phosphors. Their 
data for CsI (Z~vg = 54) can be used for comparison. 
They define an ul t imate  range, U, as the total length 
of the luminous zone. In  Table III  are tabulated Ehren-  
berg and King's  values of ~U after correction, as they 
suggest, for errors in the optical observations. 

The length of the luminous  zone at any given value 
of the electron energy E (0) is the distance in the solid 
at which dg/dy = 0. This distance is given by 

pXc : pAyeE(O) 1"53 [16] 

I 0 -  

0.1 I I , , i i i l [  I J i i , I I L [  
IO 100 

E m (0) (keY) 

Fig. 6. Log ps for the four Gd20~:Eu fi lms plotted as a function 
of log Era(0). 
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Table III. Comparison of various electron ranges 

pU ( m g / c m  s) (a) px~ ( m g / c m  ~) pRm.x  ( r a g / e r a  s) (b> 
E(0) (CsI; Z~vg = 54) (Gd=Ch; Z~vB = 57) (Ag; Z = 47) 

5 0.48 0.18 0.15 
10 0.72 0.50 0.42 
15 1.06 0.95 0.85 
20 1.48 1.47 -- 
25 1.98 2.07 --  

(=) R e f .  (2).  
<b) R e f .  (15). 

From our data the quant i ty  pAyc can be determined 
from 

pAyc = ps/Ec (0) 1.~ [17] 

Using the value of Ec(0) = 6.5 keV estimated from the 
data for our th innes t  sample, we get pAyc ---- 0.015. 
Tabulated in Table III  are our calculated values of the 
length of the luminous  zone given by 

pxc = 0.015 E(0)z.~8 [18] 

It  can be seen that the results are in close agreement  
except at the lowest energies. Since our values of Xc 
should correspond to the max imum range Rmax, of 
Cosslett and Thomas (15), we also compare in  Table 
III the two ranges. Rmax was measured for Ag (Z = 47) 
but  the authors reported very li t t le Z dependence in  
Rmax. Again the agreement  is seen to be reasonably 
good. 

Electron Power Dissipation in Gd~O~:Eu 
In  accord with Eq. [13] when B/B1 is plotted against 

ps/E(O)Z.53 (= pAys) for the four Gd2Os films, all the 
data points should fall on a common curve, this curve 
being the funct ion 

g(Y)/gc : [AP/P(O)]/[1 -- PJP(O)]  [19] 

plotted against pAy. Such a plot of the data is given in 
Fig. 7 and it is seen that  the data do tend to cluster 
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Fig. 7. Observed values of B/BI plotted against ps/E(O) 1.58 for 
the four Gd203:Eu films. Values of ps in mg/cm 2 are: Q,  0.26; E], 
0.53; /% 0.74; I ,  0.98. The calculated curves g(Y)/gc are from 
the data of Spencer (7) ( ) and Kanaya and Okayama (8) 
( . . . .  ). 

about a single curve. It would have been advantageous 
to take data for the thicker films at electron energies, 
E(--a) ,  greater than 20 keV, but  we were l imited by 
the capabilities of our demountable  cathode-ray tube. 

We can compare our exper imenta l ly  determined 
power dissipation with the theoretical calculations of 
Spencer (7) and of Kanaya  and Okayama (8). In  our 
notation, Spencer's tabula ted values of J(y )  are re-  
lated rio the power loss by  

J(y )  ---- [d(AP/dx)]/(dE/dr)E(o) [20] 

where (dE/dr)~r is the stopping power for electrons 
of energy E(0) and r is the distance measured along 
the path of the electron. From Eq. [5] and [20] 

dg/dy = J(y)R[E(O)]  (dE/dr)~o)/P(O) [2t] 

Upon integrat ion we get 

s: is: g(Y)/gc = J ( y ) d y  J ( y ) d y  [22] 

Since the average atomic number  of GdeOs is 57, we 
have used Spencer's computed values of J(y)  for 
S n ( Z  _-- 50) at the lowest electron energy for which 
calculations were made: E(0) ---- 50 keV. This, of 
course, requires a ra ther  large extrapolat ion in  energy, 
but  as Spencer points out, the shapes of the J(y )  
curves change li t t le with electron energy. This is in  
accord with the assumption that g(y)  is independent  
of energy. In  order to compare the exper imental  data 
with theory, we must  evaluate the constant pA in the 
range-energy  relation. In  the previous section we found 
that pAym : 0.011 where Ym is the part icular  value of 
y for which g(Y)/gc : 0.9. From Spencer's data we 
find that ym ---- 0.34 so that pA = 0.032. Spencer's cal- 
culated curve of g(Y)/gc vs. pAy is shown by the 
solid line in Fig. 7. The agreement  between theory 
and experiment  is seen to be reasonably good. 

Kanaya  and Okayama, using the quasi elastic scat- 
ter ing theory of Lindhard  et aI. (16) applied to a semi- 
infinite medium, give an equation for evaluat ing g (y) 
for any Z (Eq. [22] of Ref. (8) Where EA/Eo is our 
g(y) ) .  From their calculations Ym ---- 0.47 and, there-  
fore, pA ---- 0.023. The calculated curve of Kanaya  and 
Okayama is given by the dashed line in Fig. 7. The 
fit to the experimental  points is again seen to be 
reasonably good. 

From the exper imental  values of B/B1 we can also 
evaluate the electron beam power dissipation in  Gd20~ 
as a funct ion of depth, px, for various ini t ia l  energies 
E(0) .  Since pAy ---- px/E(O) 1.58, we can from Fig. 7 
determine values of B/BI for a given E (0) at various 
values of px. Using the data for our th innest  sample 
we plot in Fig. 8 the values of B/B1 -~ [ A P / P ( 0 ) ] /  
[1 -- PD/P (0) ] as a funct ion of px for electron energies, 
E(0) of 5, 10, 15, and 20 keV. The arrows at the top of 
the figure mark  the values of px for which B/B1 -~ 0.9. 
These values agree very well with those read from 
Fig. 6. 

Summary 
We have shown that br ightness-e lect ron energy data 

for thin films of Gd2Os:Eu are in reasonably good 
agreement  with theoretical calculations of the power 
dissipation of an electron beam in  a solid. Account was 
taken of the power loss of the electron beam in the 
A1 film deposited on top of the phosphor layer. Since 
the dead-voltage of GdfO3:Eu is about 0.5 keV, the 
diffusion layer  is much smaller  than  the phosphor 
thicknesses being studied and was neglecCed. This made 
the relationship between the measured phosphor 
brightness as a funct ion of electron energy and the 
power dissipation of the electron beam (Eq. [13]) a 
par t icular ly  simple one. 

Manuscript  submit ted April  16, 1975; revised m a n u -  
script received June 18, 1975. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in the June  1976 
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Section should be submitted by Feb. 1, 1976. 
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Silicon Epitaxial Wafer with Abrupt Interface 

by Two-Step Epitaxial Growth Technique 
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ABSTRACT 

A new silicon ep i tax ia l  g rowth  technique was developed to respond  to the  
s t rong demand from h igher  f requency  semiconductor  devices. I t  includes  
a low t empera tu r e  ep i tax ia l  g rowth  technique by  SiI-I4 and a newly  developed 
two-s tep  ep i tax ia l  g rowth  technique based upon a hydrodynamic  analysis  of 
crys ta l  g rowth  f rom vapor  phase considering a s tagnant  gas layer .  Autodoping  
and autodi lu t ion  phenomena  are both comple te ly  suppressed  and a control led 
abrup t  i m p u r i t y  profile can be obta ined be tween  two regions of different  
doping level. Si l icon Read Type  IMPATT diodes made  by  this technique dem-  
ons t ra ted  a r e m a r k a b l e  improvemen t  of mic rowave  character is t ics  ~ over  the 
ones made  by  the convent ional  technique,  thus ver i fy ing  the usefulness  of this 
new technique.  

A high qua l i ty  sil icon ep i tax ia l  wafer  wi th  an 
ab rup t  in ter face  is requi red  for high frequency,  high 
efficiency, and high re l iab i l i ty  opera t ion  of semicon-  
ductor  devices. Such a wafer  is especia l ly  r equ i red  for 
high speed var iab le  capacitors,  b ipo la r  IC's, high f re-  
quency transis tors ,  and mic rowave  diodes such as 
IMPATT diodes and P IN  diodes. These  devices a re  
usua l ly  fabr ica ted  in a l igh t ly  doped ep i tax ia l  l aye r  
grown on a heav i ly  doped substrate .  

When the l igh t ly  doped ep i tax ia l  l aye r  is fo rmed on 
the heav i ly  doped substrate ,  the so-cal led  autodoping 
phenomenon occurs. I t  makes  a graded  impur i t y  p ro -  
file at  the  subs t r a t e -ep i t ax ia l  l aye r  interface.  The p res -  
ence of a region of graded impur i t y  profile makes  i t  
difficult to design devices accura te ly  because of the  
d iscrepancy  be tween  ac tua l  and appa ren t  ep i tax ia l  
l aye r  thickness.  I t  also increases an undes i rab le  series 
and the rma l  res is tance which  resul ts  in the  deg rada -  
t ion of opera t ion  efficiency and device re l iabi l i ty .  The 
res t ra in t  of the  autodoping in an ear ly  stage of the  
ep i tax ia l  g rowth  is therefore  an impor tan t  indus t r ia l  
problem.  

Many  papers  have  been publ i shed  on this subject .  
The causes of the autodoping have so far  been a t -  
t r ibu ted  as follows: 

1. So l id - s t a t e  diffusion of impur i t ies :  Impur i t i es  in 
the  heavi ly  doped subs t ra te  diffuse t he rma l ly  into the  
l igh t ly  doped ep i tax ia l  l aye r  (1). 

2. Redeposi t ion of vapor ized impur i t ies :  Impur i t i es  
vapor ized f rom the  subs t ra te  redepos i t  in the  epi -  
t ax i a l ly  growing l aye r  at h igh concentra t ion via gas 
phase  (2, 3). 

3. Etching by  hal ides:  Impur i t i es  etched off by  
hal ides  and the i r  ha l ide  by -p roduc t s  redepos i t  in the  
ep i t ax ia l ly  growing l aye r  via gas phase when  silicon 
hal ides are  used as source mate r ia l s  (4). 

4. Accelera t ion  of so l id-s ta te  diffusion: The diffusion 
of impur i t ies  f rom the subs t ra te  into the  epi tax ia l  
l ayer  is acce lera ted  by  hal ides  (5).  

5. Contamina t ion  f rom the surroundings:  Undes i r -  
able  impur i t ies  vapor ized f rom a hea ted  susceptor,  a 

K e y  w o r d s :  ep i t axy ,  a u t o d o p i n g ,  s i lane ,  I M P A T T .  

reac tor  tube, and  so for th  contaminate  the  ep i tax ia l  
l ayer  (6, 7). 

6. Deviat ion f rom ideal, ins tantaneous  inject ion of 
dopant  gas at  the  s t eady-s t a t e  composit ion.  

Severa l  techniques have been proposed to p reven t  
the  autodoping.  They  are:  

1. Low t empera tu re  ep i tax ia l  growth:  The silicon 
epi tax ia l  g rowth  is car r ied  out at low t empera tu re  by  
use of si lane (7, 8) or dichlorosi lane (9, 10), by  the  
h igh- low t empera tu r e  cycle ep i tax ia l  g rowth  method 
(11), or by  the mole  f ract ion coating ep i tax ia l  g rowth  
method  (12). 2 

2. Subs t ra te  sealing: The back  surface of the  sub-  
s t ra te  is sealed by  h igh ly  pure  po lycrys ta l l ine  silicon, 
silicon nitr ide,  or silicon dioxide to suppress  the  va -  
porizat ion of impur i t ies  (6, 7). 

3. Susceptor  sealing: The susceptor  is sealed com- 
pletely,  usua l ly  by  h igh ly  pure  po lycrys ta l l ine  silicon 
to suppress  the vapor iza t ion  of undes i rab le  contami-  
nants  (7). 

4. Impur i t ies  of slow diffusion ra te :  Impur i t i e s  of 
s low diffusion rate,  such as ant imony,  are  used as the  
subs t ra te  dopant  to suppress  a fast  so l id-s ta te  diffusion 
(3). 

5. Sil icon deposi t ion wi thout  hal ides  (7, 8). 

These techniques are ava i lab le  to res t ra in  the  auto-  
doping to some extent ,  but  t hey  are  sometimes ve ry  
t roublesome indust r ia l ly ,  and an essential  solut ion has 
not  so far  been obtained.  Low t empera tu r e  ep i tax ia l  
g rowth  and accurate  gas flow control  are  thought  to be 
essential.  

The wide ly  used method  for  the  sil icon epi tax ia l  
growth  is stil l  the  reduct ion  of sil icon halides, such 
as SIC14 or SiHCI.~, by  hydrogen.  This method has 
mer i ts  of a high growth  rate,  easy handling,  and low 
cost, but  it  has such demer i t s  as a high growth  tem-  
pe ra tu re  and an etching react ion b y  halides.  

1 The  q u a l i t y  of  an e p i t a x i a l l y  g r o w n  l a y e r  is l a r g e l y  d e p e n d e n t  
on subs t r a t e  cond i t i ons  and  i t  is  more  ser ious  a t  low temperature, 
The mole  f r ac t i on  coa t ing  e p i t a x i a l  m e t h o d  is a t e c h n i q u e  to ob ta in  
a good c rys t a l l i ne  e p i t a x i a l  l aye r  g r o w n  at  low t e m p e r a t u r e .  I t  con-  
sists of an  i n i t i a l  s l i gh t  e p i t a x i a I  g r o w t h  f r o m  low  mole  f r ac t i on  of  
a source  gas (SIC14, S i I ~ ,  etc.} in  a ca r r i e r  gas  (He) and  a succeed-  
i ng  n o r m a l  e p i t a x i a l  g r o w t h  f r o m  h i g h e r  mo le  f r ac t i on  of  source  gas. 

1523 
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Fig. 1. Schematic cross section of the horizontal silicon epitaxial 

reactor (14). 

Silane has become popular  as a silicon source mate-  
rial in place of silicon halides because it does not have 
these disadvantages. The growth temperature  is low- 
ered to around 1000~ even below 900~ (8, 13) from 
the common growth tempera ture  of 1200~ in  the case 
of silicon halides, and the etching reaction does not 
take place. 

The gas flow control in the reactor tube is another 
impor tant  factor to restrain the autodoping. We in-  
vestigated analyt ical ly the gas flow in the reactor tube  
and the autodoping mechanism based upon the stag- 
nant  gas layer  model by Eversteyn ct al. (14) and 
confirmed that the s tagnant  gas layer  on the susceptor 
was supposed to be an essential reason for the auto- 
doping. We developed a simple but  very effective sili- 
con epitaxial growth technique without  the autodoping 
and named it "two-step epitaxial growth technique." 
The object of this paper is to show that the autodoping 
can be prevented by low tempera ture  epitaxial growth 
through the pyrolysis of silane and by the controlled 
gas flow considering the s tagnant  gas layer. 

We recognized that this new epitaxial growth tech- 
nique was also available to restrain autodilut ion phe-  
nomenon, an inverse phenomenon which occurs when  a 
highly doped epitaxial layer  is formed on a l ightly 
doped substrate. 

Autodoping.--According to the s tagnant  gas layer  
model (14) or the boundary  layer  model (15), the gas 
flow in a horizontal reactor tube splits into two regions, 
a s tagnant  gas layer and a convective gas layer. The 
s tagnant  gas layer is formed on the heated susceptor 
by flow resistance and thermal  force. The gas flow in 
it is negligible with respect to the main  stream flow. 
It is so static and stable that a substantial  t ransporta-  
tion of gas molecules or atoms is performed only by 
diffusion. Figure 1 shows a schematic cross section of 
a horizontal reactor tube. Injected gases are carried in 
the convective gas layer. Molecules of silicon source 
gas and doping gas diffuse into and through the stag- 
nan t  gas layer, reach the surface of the substrate, and 
then decompose to deposit silicon and impur i ty  atoms 
epitaxially. 

According t o  Eversteyn et al. (14), the thickness o f  
the s tagnant  gas layer is expressed exper imental ly  by 

A 
(x) _ - -  B [H 

where 5(x) is the thickness of the s tagnant  gas layer at 

the distance of x from an entrance edge of the suscep- 
tor (cm);  VT(X) JS the gas velocity in the convective 
gas layer at x (cm/sec) ;  and A and B are exper imen-  
tally determined constants. VT(x) is expressed by 

( ,, 
VT(X) = b - -  x t a n ~  ~ Vo [2] 

where b is the m a x i m u m  distance be tween the wall  
of the reactor tube and the susceptor (cm);  ~ is the 
tilted angle of the susceptor; Tm is the temperature  of 
the convective gas layer depending upon the growth 
temperature  and assumed to be constant throughout  
the convective gas layer  (~  To is the temperature  
at which a diffusion constant  of the silicon source is 
is given (~  and Vo is the gas velocity of the in -  
jected gases at the entrance edge of the susceptor 
(cm/sec).  

The thickness of the s tagnant  gas layer therefore 
depends upon the gas velocity and the growth tem-  
perature. The faster the gas velocity and the higher 
the growth temperature,  the th inner  the s tagnant  gas 
layer  becomes. 

Before the epitaxial growth starts, the heavily doped 
silicon substrate is exposed to high temperature  and 
thereby vaporizes doped impurit ies up to high vapor 
pressure. 

As the s tagnant  gas layer  is stable and static enough, 
the vaporized impuri t ies  stay in the s tagnant  gas layer 
without flowing out promptly,  and a steady state of 
the impur i ty  concentrat ion is established in  the stag- 
nant  gas layer. 

The vapor pressure of gaseous impurit ies in the 
stagnant  gas layer is related to the impur i ty  concen- 
t rat ion of the substrate. The relat ion is expressed as 
follows [Fig. 2 (a) ] 

N s u b  = 11 " k " p g * l / n  [ 3 ]  
s--g 

where N~b is the impur i ty  concentrat ion of the sub- 
strate (a toms/cm 3) ; Pg* is the vapor pressure of gase- 
ous impurit ies in the s tagnant  gas layer vaporized from 
the substrate (arm);  k is the dis tr ibut ion coefficient 
between the solid phase and the gas phase; ~ is a cor- 
rection factor for the imperfect  closing of the system; 
that is, while all impur i ty  atoms vaporized from the 
substrate contribute to the gaseous pressure in  the 
stagnant  gas layer, some of the gaseous impur i ty  atoms 
in the s tagnant  gas layer  escape to the convective layer  
result ing in its imperfect contr ibut ion to its gaseous 
pressure. It depends on the gas velocity, process tem- 
perature, reactor dimensions, etc.; and n is an ag- 
gregation coefficient depending upon Pg. The gaseous 
impurit ies are composed of their  various aggregates. 
The equil ibria  for arsenic, for instance between the 
various aggregates'  forms can be represented as (16): 
As4 (g) ~- 2As2 (g), As2 (g) ~ 2As (g). It depends on the 
process temperature  and total pressure of impurities. 
Figure 3 shows our experimental  result  of the relat ion 
between the concentrat ion of gaseous arsenic in the 
injected gases and the concentrat ion of arsenic in  the 

Fig. 2. Schematic views of re- 
lation between vapor pressure of 
gaseous impurities in the stag- 
nant gas layer and impurity con- 
centration of the epitaxial layer 
or of the substrate: (a) before 
the epitaxial growth starts, (b) 
at a very early stage of the 
epitaxial growth, (c) after 
enough growth of the epitaxlal 
layer. 
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Fig. 3. Variation of arsenic concentration in the epitaxial layer 
grown at 10.50~ with arsine partial pressure. 

epi tax ia l  l aye r  a f te r  enough g rowth  of the epi taxia l  
l aye r  (17). The subscr ip t  s -g  means  the  vapor iza t ion  
f rom the  solid phase ( the subs t ra te)  to the  gas phase 
( the s tagnant  gas l aye r ) .  

When  the doping gas of the  p rede t e rmined  vapor  
pressure  Pg is suppl ied  to form the  epi tax iaI  l aye r  of 
the  impur i t y  concentra t ion NepJ, the  to ta l  vapor  p res -  
sure  of gaseous impur i t ies  in the  s tagnant  gas l aye r  be -  
comes Pg + Pg* at the  beginning  of the ep i tax ia l  
growth.  In  consequence, at  a ve ry  ea r ly  s tage of the  
ep i tax ia l  g rowth  the impur i t y  concentra t ion in the  
ep i tax ia l  l aye r  N'epi would  be  as fol lows [Fig. 2 (b ) ]  

N'epi = ~ �9 k �9 (Pg* + p~)lzn [4] 
g - - s  

where  N'epi is the  i m p u r i t y  concentra t ion in the  epi-  
t ax ia l  l aye r  of the ea r ly  stage ( a toms /cm ~) and Pg is 
the  vapor  p ressure  of the  doping gas ( a tm) .  The sub-  
scr ipt  g-s  means  the  deposi t ion of impur i t ies  f rom the 
gas phase  ( the s tagnant  gas l ayer )  to the  solid phase 
( the ep i tax ia l  l aye r ) .  As Pg* is much grea te r  than  Pg 

in  the  case of interest ,  N'ep[ becomes much h igher  than  
the expected  Nepi. This means  that  the  ep i tax ia l  l aye r  
at the  beginning  is doped more  than  the p rede t e rmined  
impur i t y  concentrat ion.  This is the  phenomenon of 
autodoping.  

As the  ep i tax ia l  g rowth  proceeds,  the  vapor  pressure  
of impur i t ies  vapor ized f rom the subs t ra te  decreases 
and reaches the  p rede t e rmined  pressure  Pg of the  dop-  
ing gas. The i m p u r i t y  concentra t ion of the  ep i tax ia l  
l aye r  in  this case is expressed as fol lows [Fig. 2 ( c ) ]  

Nepi -- ~1 " k " pgl/n [5] 
g - - S  

Figure  4 shows a typ ica l  impur i t y  profile of the  epi -  
t ax ia l  l aye r  g rown by  the convent ional  ep i tax ia l  
g rowth  method  (18). The i m p u r i t y  concentra t ion of 
the  ep i tax ia l  l aye r  Nss is expressed  by  a sum of the 
so l id-s ta te  diffusion of impur i t i es  from the subs t ra te  
and the autodoping 

NSS -" NsD -l- NsA [6] 
where NsD is the term of the solid-state diffusion from 
the substrate; NsA is the term of the autodoping; and 
the NsD and the NsA are expressed by 

Nsub( T x ) NsD ----- 1 -- erf~ [7] 

NsA ---- No* exp (-- Ca:) [8] 

Here No* is the impurity concentration of the epitaxi- 
ally grown layer at a very early stage, coincides with 
N'epi, and is expressed from Eq. [4] as follows 

Nsu___bb 
2 

A 

Z 

o 

c- 
.9 

c- 

N: 
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Q. 
~ Nepi 

~ _  ~;--'-~ N ss = NsD§ NsA 

~ / N s A  (Autodoping) 

fusion) 

0 [a 
Distance from Substrate-Epitaxial Layer Interface 

Fig. 4. Typical impurity profile of the epitaxial layer near the 
substrate grown by the conventional epitaxial growth method (18). 

No* = N'epi ---- n �9 k �9 (P g*  + P s ) 1 / .  [9]  
g - - S  

No* ~ ~l �9 k �9 pg*l/n 
g - - s  

C is defined as in  Fig. 4. 
F rom Eq. [3] and [ga] 

[9a] 

11 
g - - S  

No* - -  - " Nsuu - -  ~] " Nsub [10] 

S - - g  

r and ,] are  de te rmined  expe r imen ta l ly  and have  been 
repor ted  prev ious ly  (18, 19). 

In o rder  to p reven t  the  autodoping,  i t  wil l  therefore  
be unders tood as essential  to suppress  the  vapor iza -  
t ion of impur i t ies  f rom the heav i ly  doped subs t ra te  at  
high vapor  pressure  and to clean up the excess im-  
pur i t ies  f rom the s tagnant  gas layer .  

Two-step epitaxial growth technique (20).--Once the 
surface of the subs t ra te  is covered with  a th in  epi taxia]  
layer,  though it is doped excessively,  it  would  ef-  
fect ively suppress the vapor iza t ion  of impur i t ies  at  a 
high vapor  pressure  f rom the heav i ly  doped substrate.  
With  the suppression of i m p u r i t y  vaporizat ion,  gaseous 
impur i t ies  in the  s tagnant  gas l aye r  decrease  thei r  
vapor  pressure,  g r adua l ly  approaching  the p r ede t e r -  
mined  value  because some of them are  t aken  into the 
ep i t ax ia l ly  growing  layer  whi le  others  diffuse out into 
the convective gas layer .  F igure  5 shows a schematic 
re la t ion among the vapor  pressure  of gaseous impur i t ies  
in the  s tagnant  gas layer,  the impur i t y  concentrat ion in 
the epi tax ia l  layer ,  and the thickness of the ep i tax ia l  
l ayer  as a funct ion of the growth  t ime when  the epi-  
t ax ia l  growth  is carr ied  out convent ional ly .  The l ines 
A, B, and C represent  the change of the  vapor  pres-  
sure, impur i t y  concentration,  and epi tax ia l  l ayer  th ick-  
ness, respect ively.  Unt i l  the  t ime ta, the  grown l aye r  
is doped excessively.  In  other  words, autodoping is 
observed in a region wi th in  la of the  subs t ra t e -ep i t ax ia l  
l ayer  interface.  
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as a function of time by the two-step epitaxial growth technique. 
Between tl and t2, the stagnant gas layer is purified suspending 
the epitaxial growth. 

In  the two-step epitaxial growth technique, the epi- 
taxial growth process is divided into two growth steps. 
The first step is very short with only enough t ime to 
cover the substrate surface slightly. The second step 
is carried out convent ional ly  unt i l  getting the required 
layer thickness. Between the two growth steps, purifi- 
cation of the s tagnant  gas layer is performed suppress- 
ing impur i ty  vaporization from the substrate by the 
first thin epitaxial  layer. 

During the purification t rea tment  of the s tagnant  gas 
layer, only the carrier gas is supplied; the source gas 
and the doping gas are stopped. So epitaxial growth 
does not occur and the vapor pressure of gaseous im-  
purities in the s tagnant  gas layer  decreases gradually. 
Figure 6 shows the principle of the two-step epitaxial 
growth technique. The vapor pressure of gaseous im-  
purit ies changes along line A. At the t ime h, the first 
growth step is over. Between the t ime tl and t2, the 
s tagnant  gas layer  is purified and the vapor pressure 
of gaseous impurit ies decreases to reach the predeter-  
mined level Pg at the t ime t2. 

The first epitaxial layer  is doped excessively and the 
impur i ty  concentrat ion is shown by line B at first. 
During the purification treatment,  as impurit ies vapor-  
ize from the surface of the first epitaxial  layer  and 
the vaporization rate is much faster than the solid- 
state diffusion of impuri t ies  from the substrate to the 
epitaxial  layer, the impur i ty  concentrat ion in the first 
epitaxial layer  will also fall down to the l ine B' at the 
end of the purification treatment .  At the t ime t2, the 
second epitaxial  growth starts. Now that  the vapor 
pressure of gaseous impuri t ies  in  the s tagnant  gas layer 
has reached the predetermined level, an  epitaxial layer  
with the expected doping level Nepi can  be obtained. 
The intermission of the epitaxial  growth dur ing the gas 
purification t reatment  shortcuts the autodoped region 
resul t ing in the abrupt  impur i ty  profile at the substrate 
interface. 

These succeeding steps are carried out at the same 
temperature,  and the supplied gas composition in the 
first and second epitaxial growth steps is kept the 
same. These facts make the two-step epitaxial growth 
technique quite simple and useful industr ia l ly  in con- 
trast  with the so-called high-low temperature  cycle 

epitaxial growth method or mole fraction coating epi- 
taxial growth method. 

Experimental Procedure 
The silicon epitaxiat growth apparatus used in  the 

experiment  was the conventional  horizontal type and 
its flow diagram is shown in Fig. 7. 

Silicon wafers were supported on a SiC-coated 
graphite s usceptor which was 70 mm wide, 230 mm 
long, and 15 mm thick with a t i l ted angle of 2 ~ The 
susceptor was heated by a 15 kW, 450 kHz rf generator 
in a boron-free quartz reactor tube. In  Table I, spe- 
cifications of materials used in the experiments  and 
the important  exper imental  conditions are summarized. 
Highly purified H2 was used as the carrier gas and 
its flow rate was 40 liter/re_in (26.7 cm/sec).  Silane was 
used as the source material  to allow low tempera ture  
epitaxial growth without  halides. The silane concen- 
t ra t ion in the supplied gas was pr incipal ly  0.13% and 
it set the epitaxial growth rate at 0.35 ~m/min.  Arsine 
(AsHs) and diborane (B2H6) were used as n-  and 
p- type  doping gases, respectively. AsH3 and B2H6 con- 
centrat ion in the supplied gas was varied from 10 -11 to 
10 -6 arm according to the doping level. The epitaxial 

t 
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_ _ _ 0op ~ S y s t e m  R0%%,oo 
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H2 N2 HCI B2H6 AsH3 SiHz, 

Fig. 7. Construction of the doping system of the silicon epitaxial 
growth apparatus. 
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Table I. Specifications of materials used in the silicon epitaxial growth and the silicon 
epitaxial growth conditions 

Si substrate 

Suppl ied gas 

Growth condition 

n- type  As doPed Si (0.005 ohm-cm)  
Sb doped Si (0.015 ohm-cm)  

p - type  B doped Si (0.005 ohm-era)  
Ca r r i e r  gas  99.9999% t ~  
E tch ing  gas  100% HC1 
Si source gas  10% SiH~ (diluted by  I-I~) 
Doping  gas  n - type  50 p p m  AsH~ (diluted by He) 

p- type  50 p p m  B=H~ (diluted by I/e) 
Car r i e r  gas  flow ra te  40 l i te rs / ra in  (26.7 cm/sec)  
Vapor e tch ing  T e m p e r a t u r e  1200~ 

Gas composit ion HC1/H~ = 0.04 
Si deposition Temperature 1050=C 

Gas composition SiI-/r = 0.001-0.002 
(0.0013 typical) 

AsHs/H= or B2H~/H~ = 10-1z-10 -e 
Growth  ra te  0.30-0.45 # m / r a i n  

(0.35 Izm/min typical) 
Doping  level  10z4-10 TM cm -a 

growth  was ma in ly  carr ied  out on As-doped  subst ra te  
and B-doped  subs t ra te  at  the g rowth  t empera tu re  of 
1050~ As arsenic has the  highest  vapor  pressure  
among commonly  used impur i t ies  in silicon, au todop-  
ing occurs most  easi ly wi th  it. So it would  be thought  
to be most sui table  in the inves t igat ion of the  au to-  
doping phenomenon.  

F igure  8 shows a typica l  t e m p e r a t u r e - t i m e  schedule 
of the si l icon ep i tax ia l  g rowth  process by  the two-s tep  
epi tax ia l  growth  technique.  Only a vapor  etching 
process by  HC1 (process I in Fig. 8) was carr ied  out at 
1200~ Af te r  the  vapor  etching, a gas c leaning-up  
(process I I )  was pe r fo rmed  for  enough t ime  to purge  
etched mater ia l s  and hal ides  f rom the s tagnant  gas 
l ayer  reducing the process t empera ture .  At  the  growth  
t empera tu re  of 1050~ the first ep i tax ia l  g rowth  step 
(process I I I )  p rov ided  a very  thin  epi tax ia l  l aye r  
usua l ly  less than  0.5 ~m, on the  subs t ra te  surface. In  
the  gas purif icat ion step be tween  the first and the 
second ep i tax ia l  g rowth  steps (process IV) ,  excess 
impur i t ies  above the p rede t e rmined  doping level  were  
purged  f rom the s tagnant  gas l aye r  suspending the epi -  
t ax ia l  growth.  The second ep i tax ia l  g rowth  step (proc-  
ess V) was carr ied  out convent ional ly  unt i l  the  ex-  
pected wafer  character is t ics  were  obtained.  The d u r a -  
t ion of the  gas purif icat ion t r ea tmen t  is ve ry  impor tan t  
in the  two-s tep  epi tax ia l  g rowth  technique and wil l  
be discussed later .  

The impur i t y  concentra t ion d is t r ibu t ion  at the  sub-  
s t r a t e -ep i t ax ia l  l aye r  in terface  was de te rmined  by  ca-  
paci tance measurement  on mesa diodes wi th  a shal low 
abrup t  p - n  junc t ion  fabr ica ted  f rom the  ep i tax ia l  
wafers.  

Exper imental  Results 
Figure  9 shows exper imen ta l  resul ts  re la ted  to the 

c leaning-up  effect of t he  s tagnant  gas l aye r  contami-  
na ted  b y  the HC1 vapor  etching. The ep i tax ia l  wafers  A 
and B were  both p repa red  in the  same m a n n e r  by  the  
convent ional  ep i tax ia l  g rowth  method  except  for  the 
different  c lean ing-up  t ime.  The s tagnant  gas l aye r  was 
c leaned up by  4 min  a f te r  the  HC1 etching in sample  A 
and b y  16 min  in  sample  B. The resul ts  show tha t  a 
longer  c leaning-up  t r ea tmen t  is p re fe rab le  to get an 
ab rup t  impur i t y  profile at the  subs t ra te  interface.  
This is proof  that  etched mate r ia l s  and  hal ides s tay in 
the s tagnant  gas l aye r  wi thout  being car r ied  away  
p r o m p t l y  and have a ha rmfu l  effect on the abrup t  im-  
pu r i ty  profile. By the  convent ional  ep i tax ia l  g rowth  
method,  a c lean ing-up  t r ea tmen t  in excess of 20 rain 
was not so effective in improving  the impur i t y  profile 
at  the  subs t ra te  interface.  So our sample  B shows a 
technical  l imi ta t ion  f rom the convent ional  ep i tax ia l  
g rowth  method.  

F igure  10 shows impur i t y  profiles made  by  th ree  
different  ep i tax ia l  g rowth  processes. Sample  A was 
made  by  the convent ional  epi taxiaI  g rowth  method and 
was grown for 11 rain. Samples  B and C were  both 
made  by  the  two-s tep  ep i tax ia l  g rowth  technique, but  
the  dura t ion  of the  first ep i tax ia l  g rowth  step was 

different. Namely,  it  was 1 rain long in sample  B and 
was 30 sec long in sample  C. The thickness of the  first 
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ness: (E) - -  0.35 /Lm, (C) - -  0.2 #m. The gas purification time: 
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epitaxial layer was 0.35 ~m in sample B and 0.2 ~m in  
sample C. Other growth conditions were the same, 
i.e., a 16 min  gas purification after the first epitaxial 
growth, and a 10 rain second epitaxial  growth. The 
total epitaxial layer  thickness was 4.0 ~m in these three 
samples. Pr ior  to the epitaxial growth, the surface of 
the substrates was etched by HC1 for 5 rain, then the 
gas c leaning-up was performed for 17 rain. In  sample 
A the impur i ty  profile was ra ther  gradual  at the sub-  
strate interface, but  it was abrupt  enough in sample 
B or C. For convenience, we estimated the width in 
order to get a 10 e increase of impur i ty  concentrat ion 
from the epitaxial  layer  with the predetermined im-  
pur i ty  concentrat ion to the substrate as an impur i ty  
gradient  at the substrate interface. The impur i ty  
gradient  was more than 1 ~m in sample A, but  it was 
0.3 ~m in sample B and less than 0.1 ~m in sample C. 
The improved quant i ty  of 0.3 ~m or 0.1 ~m is com- 
parable to the theoretical solid-state diffusion of ar-  
senic from the substrate. In  spite of the high vapor 
pressure of As, the autodoping was completely sup- 
pressed in samples B and C. A slight dip in the im- 
pur i ty  profile at the substrate interface observed in 
sample C will be discussed later. 

Impur i ty  profiles of three different epitaxial wafers 
are compared in Fig. 11. Arsenic-doped epitaxial layers 
were grown on As- and Sb-doped substrates in sam- 
ples A and B, respectively, and a boron-doped epitaxial 
layer  was grown on a B-doped substrate in sample C. 
Those were all prepared by the two-step epitaxial 
growth technique and the durat ion of the gas purifi- 
cation t rea tment  after the first epitaxial  growth was 
properly chosen. As ant imony has the lowest vapor 
pressure and also the lowest diffusion rate in  com- 
monly  used n - type  impurities, the autodoping is min i -  
mized. But by use of the two-step epitaxial growth 
technique, an abrupt  impur i ty  profile without  auto- 
doping can be obtained even in the epitaxial growth 
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N + and P on P+ structure prepared by the two-step epitoxial 
growth technique: (A) = N(As) on N+(As) ,  (B) - -  N(As) on 
N+(Sb) ,  and (C) = P(B) on P+(B).  

on an As- or B-doped substrate as well as an  Sb-doped 
substrate. 

Application of the Two-Step Epitaxial Growth 
Technique 

Restraint of autodilution (20).--Occasionally, the 
successive formation of a highly doped epitaxial layer  
on a l ight ly doped substrate or on a l ight ly doped epi- 
taxial layer is required. In  this case, just  the opposite 
phenomenon from autodoping occurs in the early stage 
of the epitaxial  growth; namely,  the impur i ty  concen- 
t ra t ion of the epitaxial layer  is considerably lower 
than the predetermined beginning doping level. We call 
this phenomenon autodilution. 

Before the epitaxial  growth starts, the gaseous im-  
purities in the s tagnant  gas layer  practically equil ibrate 
with the impurit ies in the l ightly doped substrate or 
proceeding epitaxial layer. The vapor pressure Pg* in 
this case is lower than the Pg necessary to obtain the 
predetermined doping level Ne~i(Pg* < Pg). When the 
source gas and the doping gas of appropriate composi- 
tion are supplied to form the epitaxial  layer of the pre-  
determined doping level, the vapor pressure of the 
gaseous impuri t ies  in the s tagnant  gas layer  does not 
respond quickly. According to the schematic i l lustrat ion 
in Fig. 12, the vapor pressure increases gradual ly along 
line A and reaches the predetermined value Pg at the 
t ime td. Corresponding to this, the impur i ty  concentra-  
t ion in the epitaxial layer  changes along l ine B and the 
intended doping level is at tained at td. Before that, the 
epitaxial layer  of the thickness ld has already grown 
and, therefore, the impur i ty  profile becomes sluggish 
in  this region. 

Here we t ransform the two-step epitaxial growth 
technique a little and apply it to restrain the autodilu-  
tion. At least unt i l  the t ime td in Fig. 12 is reached, 
the epitaxial  growth is suspended by stopping the 
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Fig. 12. Qualitative relation among the vapor pressure of im- 
purities (A), the impurity concentration (B), and the epitaxial layer 
thickness (C) as a function of time concerning the autodilution. 

"- increasing coefficient of vapor pressure. 

source gas (S i I~) .  As the carrier gas and the doping 
gas are supplied cont inuously in  this period, the vapor 
pressure of impurit ies in the s tagnant  gas layer  is 
raised to the predetermined level Pg. The epitaxial 
growth starts only after the vapor pressure has reached 
P~. The intermission of the epitaxial growth shortcuts 
the autodiluted region resul t ing in  the abrupt  im-  
pur i ty  profile at the interface. 

Hyperabrupt impurity profile.--Some microwave 
semiconductor devices, Read Type IMPATT diodes for 
example, require hyperabrup t  impur i ty  profiles such 
as P + N N -  on N + or N + P P  - on P+ i l lustrated sche- 
matical ly in Fig. 13 (21). Such impur i ty  profiles can 
be formed first by the epitaxial  growth of a l ightly 
doped layer ( N -  or P - )  on a heavily doped substrate 
(N + or P+) ,  then  by the succeeding epitaxial  growth 
of a highly doped layer  (N or P) on the l ightly doped 
epitaxial  layer, and finally by the succeeding epitaxial 
growth or diffusion of a heavily doped layer (P+ or 
N + ). The autodoping and the autodi lut ion may occur 
at the N+N - (or P + P - )  and N - N  (or P - P )  interface, 
respectively. 

Figure 14 shows the impur i ty  profile of silicon epi- 
taxial wafers with a hyperabrupt  P + N N - N  + structure 
prepared for the Read Type IMPATT diodes of K band 
use (20,22). Sample A was made by the conventional  
epitaxial  growth method and sample B was made by 
the two-step epitaxial  growth technique. The two-step 
epitaxial growth technique was used twice in  sample 
B to prevent  autodoping at the N+N - interface and 
to prevent  autodilut ion at the N - N  interface. Both 
samples were made by the same wafer  parameters;  
namely,  a 1 • 1015 cm-~ As-doped epitaxial  layer  
( N -  layer) was first grown on a 3 • 1019 cm -3 As- 
doped substrate (N ~ substrate) and then  a 1 • 101~ 
cm -3 As-doped epitaxial  layer  (N layer) was grown 
successively. A P + region was formed by boron diffu- 
sion at a high surface concentrat ion from the  surface 
of the N epitaxial layer. 

In  sample A, the autodoping occurred at the N+N - 
interface. As a result, the impur i ty  concentrat ion in the 
N -  layer  became higher than the expected doping 
level. In  sample B, on the other hand, the impur i ty  
profile at the N+N - interface was abrupt  enough and 
the predetermined doping level was attained. 
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Fig. 13. Schematic hyperabrupt impurity profile of the Read Type 

IMPATT diode (21). 
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for K hand Read Type IMPATT diodes grown by the conventional 
epitaxial growth method (A) and by the two-step epitaxial growth 
technique (B). 

The transi t ion from N -  to N layer  became steeper in 
sample B than in sample A. The Read Type IMPATT 
diode requires a nar row avalanche region for high 
efficiency and wide band  operation and the nar row 
avalanche region corresponds to the abruptness of the 
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impurity profile at the N - N  interface. The improve- 
ment of the impuri ty profile at the N - N  interface in 
sample B narrows the avalanche region and therefore 
increases the operation efficiency of the Read Type 
IMPATT diodes. Figure 15 shows the comparison of 
typical operation characteristics of the Read Type 
IMPATT diodes. Diodes A and B were fabricated from 
the epitaxial wafers A and B as shown in Fig. 14, 
respectively. The CW output power and the operation 
efficiency were improved by 50% through the im- 
provement of the avalanche region width. 

Discussion 
In the two-step epitaxial growth technique, the 

duration of the gas purification treatment  after the 
first epitaxial growth is especially important. I t  de- 
pends upon the process temperature, the gas velocity, 
the thickness of the first epitaxial layer, and the im- 
puri ty concentration of the second epitaxial layer. A 
higher temperature and a faster gas velocity make the 
stagnant gas layer thinner. The higher temperature 
also accelerates the vaporization of impurities from the 
first epitaxial layer and accelerates the diffusion of 
gaseous impurities in the stagnant gas layer. So the 
higher the process temperature and the faster the gas 
velocity become, the shorter the duration of purifica- 
tion treatment becomes. A thicker first epitaxial layer  
and a higher impurity concentration of the second epi- 
taxial  layer  also shorten the duration. 

An insufficient purification treatment accentuates the 
autodoped region and makes the impurity profile 
gradual at the substrate interface. An extreme purifi- 
cation treatment excessively lowers the impuri ty con- 
centration at the surface of the first epitaxial layer by 
overvaporiza~ion. It also lowers the vapor pressure of 
gaseous impurities in the stagnant gas layer below the 
predetermined doping level. The shortage of im- 
purities at the beginning of the second epitaxial growth 
results in a dip of the impurity profile at the substrate 
interface. Sample C in Fig. 10 is an example of this. 

lO 

~.0 

Input Power (W) 
Fig. 15. Comparison of the oscillation characteristics of Read 

Type IMPATT diodes fabricated from silicon epltaxiM wafers pre- 
pared by the conventional epitaxial growth method (A) and by the 
two-step epitaxial growth technique (B). 

The slight dip means that the gas purification treat-  
ment was performed a l i t t le more than the appropriate 
duration required for the thickness of the first epitaxial 
layer and the impurity concentration of the second epi- 
taxial  layer. 

The duration of the gas purification treatment is 
now determined experimentally, but it should be de- 
termined accurately by a rigid hydrodynamic analysis 
considering the diffusion of gaseous impurities in the 
stagnant gas layer and the vaporization of impurities 
from the wafer surface. The analysis is so complicated 
that  a computer simulation is required. 

The duration, however, can be roughly estimated by 
the following method. Referring again to Fig. 4, when 
the epitaxial layer of la thick has grown, the vapor 
pressure of gaseous impurities in the stagnant gas layer 
becomes Pg from the initial Pg + Pg* and the doped 
impurity concentration in the epitaxial layer Nss be- 
comes the predetermined value N~pi. The ratio of im- 
purities being taken into the first epitaxial layer to 
gaseous impurities diffusing out into the convective 
gas layer is negligibly small during the gas purification 
treatment. The gas purification treatment  should, 
therefore, be performed at least for the time necessary 
to get the epitaxial layer of la thick. That is, duration 
time ~-- l~(~m)/growth rate (~m/min).  For our sam- 
ples in Fig. 9, the autodoped region is about 2 ~m for 
the epitaxial layer of doping level of about 6 • 1014 
cm -8 grown by conventional technique. So in this case, 
the appropriate duration of heat- t reatment  is 2 ~m/0.35 
~m/min ---- 5.7 rain. As for sample C in Fig. 10, the 
duration of heat- t reatment  was 16 rain as already 
mentioned, and the slight dip in the doping level at 
substrate-epitaxial  layer interface is quite reasonable 
for excess heat-treatment.  

Conclusion 
A silicon epitaxial  wafer in which the impurity con- 

centration and profile are rigidly controlled is required 
for microwave semiconductor devices. The low tem- 
perature epitaxial growth by Sill4 and the newly de- 
veloped two-step epitaxial growth technique based 
upon a controlled gas flow in the reactor tube make it 
possible to eliminate t~e autodoping and the autodilu- 
tion phenomena. It has been confirmed by the two-step 
epitaxial growth technique that the epitaxial growth 
mechanism based upon the stagnant gas layer model is 
quite reasonable. The behavior of impurities in the 
stagnant gas layer is the essential phenomenon in auto- 
doping and autodilution. The usefulness of the silicon 
epitaxial wafers with controlled abrupt impuri ty pro- 
file between two regions of different impurity concen- 
tration was proven concretely by the improved opera- 
tion characteristics of Read Type IMPATT diodes. The 
problem left to be solved is the theoretical determi- 
nation of the most appropriate duration of the gas puri-  
fication treatment for attaining the best impurity pro- 
file at the substrate interface. 
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Studies of the Push-Out Effect in Silicon 
I. Comparison of Sequential Boron-Phosphorus and Gallium-Phosphorus Diffusions 

Christopher L. Jones and Arthur F. W. Willoughby 
Engineering Materials Laboratories, The University, Southampton, S09 5NH, England 

ABSTRACT 

The push-ou t  effect in silicon has been inves t iga ted  by  compar ing the 
effect of s imi lar  phosphorus  emi t t e r  diffusions on prev ious ly  diffused boron 
and ga l l ium base diffusions, using junct ion  depth  and electr ical  measurements .  
The closely s imi lar  behavior  of the  two base dopants  suggests tha t  both  diffuse 
by  the same mechanism in silicon, despite the i r  different covalent  radii .  For  
both dopants  the  amount  of push-ou t  increases wi th  emi t t e r  diffusion t ime 
for constant  base diffusion and emi t t e r  surface concentrat ion,  and decreases as 
base depth  increases for constant  emi t te r  diffusion and base surface concen- 
trat ion,  and it is concluded that  push-ou t  occurs dur ing the emi t te r  diffusion 
ra the r  than  dur ing  cooling. The resul ts  a r e  discussed with  reference  to an ap-  
p rox ima te  theory,  and agreement  be tween  exper imen t  and this theory  s t rongly  
suggests tha t  push-ou t  is due to a un i form enhancement  of the  base diffusivi ty 
th roughout  the emi t t e r  diffusion period. This study,  using junct ion  depth  and 
electr ical  profiling techniques only, is the first pa r t  of this invest igat ion,  the  
second of which wil l  r epor t  resul ts  of a rad io t race r  s tudy of push-out .  

Diffusion is one of the  most impor tan t  processes in 
the  manufac tu re  of silicon b ipolar  t ransis tors ;  ye t  dif-  
fusion mechanisms in sil icon are  st i l l  not  wel l  unde r -  
stood. Anomalous  diffusion effects have been discussed 
in a r ev iew pape r  by  one of the  authors  (1) and, more  
recently,  b y  Hu (2). One of the  most  impor t an t  effects 
is the push-ou t  or emi t t e r -d ip  effect which is the de-  
press ion of a base-col lec tor  junct ion benea th  a localized 
emi t t e r  diffusion. Since the  or iginal  observat ion of this 
effect by  Mil ler  (3) it  has become clear  tha t  push-ou t  
in t roduces  considerable  problems  in the manufac tu re  
of microwave  n - p - n  t ransis tors  using phosphorus-  
diffused emit ters .  These problems  ar ise  chiefly because 
na r row base widths  a re  difficult to achieve and control  
of the  base doping level  is poor. The influence of var i -  
ous process pa rame te r s  (e.g., diffusion time, t empera -  
ture,  and surface concentra t ion of the  emit ter ;  in i t ia l  
depth  and surface concentrat ion of the base)  on the 
amount  of push-ou t  have not  been defini tely es tab-  
l ished and v i r tua l ly  no informat ion  is ava i lab le  con- 
cerning the base doping profile shape and how it 
changes wi th  these parameters .  

Most of the  informat ion  about  push -ou t  has been 
obtained by  the t r ad i t iona l  me thod  of junct ion  depth  
measurement  (4-8),  but  in o rder  to unders tand  the 

Key words :  diffusion,  e n h a n c e m e n t ,  emi t t e r -push ,  j unc t ion  depth ,  
t rans is tor .  

diffusion processes much more  informat ion  is r e -  
qui red  and this can only be obtained by  de te rmin ing  
the impur i t y  profiles of the  base and emi t t e r  th rough  
a complete  t rans is tor  s t ructure.  Electr ical  profil ing 
techniques,  a l though useful, cannot  give any  in fo rma-  
t ion about the  base profile wi th in  the emi t t e r  (5, 9, 10) 
and therefore  a new approach  has been adopted  by  the 
present  authors,  that  is the  rad io t racer  profil ing of the  
complete  base diffusion wi th in  and beyond the  emit ter ,  
p re ] iminary  resul ts  of which were  repor ted  in Ref. 
(11). Unfor tunate ly ,  boron does not  have a radioisotope 
of sufficiently long ha l f - l i fe  (SB and 12B ha l f - l ives  are  
<1 sec) so the convent ional  boron base was rep laced  
by gal l ium. 

There  is ve ry  l i t t le  publ i shed  informat ion regarding  
ga l l ium push-ou t  (3, 12) so a necessary first s tep was 
to compare  boron and ga l l ium push-ou t  by  junct ion 
depth measurements .  This comparison offers the  in-  
terest ing possibi l i ty  of examin ing  whe the r  or not  boron 
and gal l ium diffuse by  the same mechanism, informa-  
tion which could be of great  impor tance  in resolving 
the cur ren t  controversy  on the diffusion mechanism of 
the Group II I  impur i t ies  in silicon [Seeger  and Chik 
(13), Hu (2), Kendal l  and DeVries (14)].  These ex-  

per iments  were  a imed  also at obta ining more  in fo rma-  
t ion on how the magni tude  of push-ou t  is affected by  
various pa ramete r s  of the diffusions used. The resul ts  
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of this work are described below and analyzed with 
reference to an approximate theoretical expression for 
the amount  of push-out.  A simple approach to esti- 
mat ing push-out  in practical cases is also presented. 

Fur ther  results and analysis of the radiotracer gal-  
l ium profiling will be given in  the second paper 
(which will be referred to as Par t  II) together with a 
discussion of possible causes of push-out  in  the light 
of the new evidence. 

Experimental Techniques 
MateriaL--All the silicon used was n-type,  1 ohm- 

cm. in (111) oriented wafer form, chemically polished 
on one side. Wafers were cleaned by boiling three 
times in 1-1-1 tr ichloroethane followed by a 15 mia  
soak in a freshly prepared H2SOJH20~, 1/1 mixture.  
They were then washed five t imes in  deionized water  
and blown dry in  dry N~. 

Boron base diffusion.--A two-step boron diffusion 
was employed consisting of a deposition from BBr~ 
for 40 rain at 960~ after which the boron glass was 
removed and the boron layer d r iven- in  at 1200 ~ • 1~ 
under  oxidizing conditions for times in the range 18 to 
30 min  depending on the depth required. 

Gallium base dif]usion.--Gallium was diffused in an 
open tube system using Ga2Os source powder over 
which was passed a mixture  of H~ and N2 gases (15). 
Before enter ing the furnace the gas mixture  passed 
through a tempera ture- regula ted  water  bubbler  in 
order to control the amount  of water  vapor in  the gas 
stream. A diagram of the apparatus is given in  Fig. 1. 
The source temperature  was 1000~ and silicon sam- 
ple temperature  was 1100 ~ • 2~ Diffusion times 
ranged from 15 to 180 min  depending on the depth 
required. A thin oxide is formed during the diffusion 
which can be used for masking subsequent  emitter 
diffusions. 

Phosphorus emitter dil~usions.--Phosphorus diffu- 
sions at 1050 ~ • 1~ from a POCla source were used to 
form the emitter  under  the same conditions for both 
boron and gall ium bases. The POC13 was held at 0~ 
by crushed ice, and an OJNe mixture  was bubbled 
through and into the furnace. The amount  of dopant 
introduced was sufficient for the phosphorus concen- 
t ra t ion in  the silicon to reach the solid solubil i ty limit. 
Once the gas flow rates and the POC13 bubbler  were 
set up conditions in the furnace tube were allowed to 
stabilize for 30 min  before the silicon samples were 
introduced. A light weight furnace boat was used to 
keep wafer warm up time to a min imum and all sam- 
ples were cooled rapidly following the diffusion. 

Junction depth measurements.--P-N junct ions were 
revealed by making a cylindrical groove in the silicon 
surface and staining the exposed p- type layers with 
an HF/IINOs stain made by adding about one drop of 
conc HNO3 to 25 ml of 48% HF. The specimen was il- 
luminated  during staining. A photograph showing a 
stained t ransis tor- type s tructure is given in  Fig. 2 (a). 
The junct ion depths shown diagrammatical ly  in Fig. 
2(b) were measured on the stained groove by sodium 
light interferometry.  

Resistivity profiling.--The layer  removal, sheet re- 
sistance measurement  technique was used to obtain 
"electrical" profiles of the diffused layers. Sheet re-  

j Zone 1 Zone 2 

Gcl203 ! 950-1050~ 1100~ I SiLicon sbces 

II II I I n  " Fused quar tz  tube 
t, i~, 1~4--wotor babe,or 
H2 N2 -LL&2- ~ 

Fig. 1. Gallium diffusion apparatus 

Fig. 2. a. Photograph of a stained transistor-type structure, dark 
regions are p-type, b. Section showing the depths measured: xj is 
measured before the emitter diffusion; a, b, and c after the emitter 
diffusion; push-out 8 = c - -  b. 

sistance was measured by a four-point  probe having 
low tip pressure (60g) to avoid surface damage. Layers 
of silicon were removed either by a slow HF/HNO~ 
etch or anodization followed by an HF etch. The thick- 
ness of silicon removed was determined from the oxide 
color (previously calibrated) when anodization was 
employed and by interference measurement  of step 
heights when slow etching was used (steps were 
formed by masking part  of the wafer  during etching).  
The sheet resistance vs. depth data were converted to 
concentration vs. depth profiles by the method of 
Evans and Donovan (16) and using Irvin 's  (17) curves 
to convert resistivity to concentration. For profiling 
the emitter  plus pushed-out  base, and the nonpushed-  
out base the masking pa t te rn  shown in  Fig. 3 was used. 
In this way the oxide formed during the base diffusion 
was used to prevent  phosphorus in-diffusion in certain 
areas. The central  striped area C (Fig. 3) allowed 
measurements  of junc t ion  depths and push-out  by 
grooving and staining, area A was used for resistivity 
profiling of the nonpushed-out  base, while area B was 
used to profile the emitter  and pushed-out  base. 

Results 
Push-out o] boron by phosphorus emitter difyusion. 

- - A  typical impur i ty  profile through a t ransis tor- type 
s tructure obtained by the resistivity method is shown 
in Fig. 4. The l imitat ions of electrical profiling when 
investigating sequential  diffusion processes are well 
i l lustrated in this example. These l imitat ions are: (i) 
No information can be obtained about the boron profile 
wi th in  the emitter  because the electrical properties in 
this region are completely dominated by the emitter  
dopant. (ii) Electrical profiling cannot give the true 
impur i ty  concentrat ion when  compensation is heavy as 
in the vicinity of the emit ter /base  junction.  For this 
reason the pushed-out  base will  always appear to have 

/ 
Y~ 

/ 
/ 

/ 
I 
J 

Fig. 3. Diagram showing masking pattern. Oxide is left behind 
in shaded areas after masking and etching. "A" is used for pro- 
filing the nonpushed-out base; "B" for profiling the emitter and 
pushed-out base; "C" for junction depth measurements by staining. 
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a concentrat ion peak even when the true boron profile 
is not peaked. (iii) It  is necessary to assume that  
I rv in ' s  (17) curves can be applied to convert  resistivity 
to impur i ty  concentrat ion but  this may lead to error, 
par t icular ly  when  the impur i ty  concentrat ion is high 
( >  I020 atoms cm-8) .  

Clearly the full base profiles to be described in  
Par t  II can provide much more informat ion than is 
obtainable from electrical measurements  [see also Ref. 
(11)1. 

To examine the effect of vary ing  the emit ter  diffu- 
sion time, te, a series of four samples were given the 
same base diffusion but  different emitter  diffusion 
times. Electrical profiling of these samples showed: 
(i) that the emit ter  and nonpushed-out  base surface 
concentrations had been kept  constant  as required;  
(ii) that  the amount  of push-out,  5 [ =  c -- b, see 
Fig. 2 (b) ] ,  increased as te increased; and (iii) that  the 
peak in the net p- type  carrier concentrat ion decreased 
as te increased. The junc t ion  depths were also measured 
by staining and are shown in Fig. 5. I t  can be seen 
from the figure that  the nonpushed-out  base depth 
was practically invar ian t  as would be expected if 
the boron diffuses at its normal  rate. (The 18 ra in /  
1200~ base d r ive - in  diffusion is equivalent  to 510 
min  at 1050~ and so the extra 15 to 35 rain at 1050~ 
for the emit ter  should not noticeably deepen the base 
outside the emitter  region.) Push-out ,  8, is seen to 
increase with te. A straight l ine represents c vs  te 
quite well and when extrapolated predicts almost 
zero push-out  for te = 0. 

The approximately l inear  increase of ~ with te found 
here agrees with the recent results of Nakamura  et al. 
(7) but  is contrary to the early work on push-out  by 
Gereth et aL (5). These last named authors apparent ly  
found no correlation of ~ with te and suggested that 
push-out  occurs during cooling following the emitter  
diffusion. Their  cooling rate exper iment  is poorly de- 
signed, however, since no account was taken of the 
extra diffusion dur ing the slow, 3~ cool. This 
point  has also been raised by Nakamura  et aL (7) 
who could find no dependence on cooling rate them-  
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l 

,; 2? 2; 3? 3; 
EMITTER DIFFUSION TIME (rnins) 

Fig. 5. Boron push-out vs. te 

40 

selves when  they varied the cooling t ime from 1 to 
180 sec following a 20 min/900~ phosphorus diffusion. 

A l inear  increase of 8 with te was predicted by Hu 
and Yeh (6) in their  theoretical t rea tment  of the push-  
out of an ini t ia l ly Gaussian base. The only assumptions 
they used to reach this result  were that the base 
impur i ty  diffusivity is uni formly  enhanced throughout  
the emit ter  diffusion period and  that the degree of 
enhancement  is determined by the emit ter  diffusion 
and is independent  of base diffusion parameters.  The 
results of Fig. 5 can be used to estimate the magni -  
tude, x, of t h i s  enhancement  following the method of 
Lee (8). Assuming both the pushed-out  and non-  
pushed-out  base profiles are Gaussian in shape and 
diffusion enhancement  is constant throughout  re, then 

Ns = "k/~Db(te Jr tb) 4Db(tb -F re) 

for the nonpushed-out base and 

Qb e x p <  c2 } 
Ns = Nf~Db(tb ~- xte) 4Db(tb -~- Xte) 

for the pushed-out  base, where x : enhancement  fac- 
tor; Ns =- substrate doping concentration; ~e : emit ter  
diffusion time; tb ----- base diffusion time corrected to 
the equivalent  at the emit ter  diffusion temperature;  
b -- nonpushed-out  base depth and c ---- pushed-out  
base depth, see Fig. 2 (b ) ;  Db ---- unenhanced base dif- 
fusivity at emit ter  diffusion temperature;  and Qb ' :  
base dopant atoms per cm 2, considered constant. 

Combining the two equations given above yields 

tb-}-Xte {2@b [ b2 C2 1} 
- . [ I ]  

- - t b  ~- te  exp 'tb "~ te  ~b -t- Xte 

Since the le f t -hand side of Eq. [1] is close to un i ty  
a good approximation for x can be obtained from 

b 2 c e 
[2] 

tb + te -- "tb + Xte 

Table I gives the values of x found using Eq. [2] 
which all lie in the range 9,1/2-12 and there is ap- 
parently no systematic dependence of x on te. 
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Table I. Enhancement factors for boron base. Emitter diffused at 
1050~ 

re, rnin X 

15 91/~ 
9.0 12 1018 
25 I 0 ~ I 

35 9*/~ eO 

'E 
Push-out  of gallium by phosphorus emitter difJu- u 

sion.--The shape of the gal l ium base profile prior to "-~ 
the emit ter  diffusion can be seen in Fig. 6. The set 
of three profiles was obtained by varying the ratio 
of H2 to N~ in the gas stream and shows clearly that 
the gal l ium concentrat ion can be readily controlled 
in this system. The profiles are not complementary 
error functions but  show a drop in concentrat ion at 
the surface. An erfc can be fitted to part  of the profile 
(see Fig. 6) yielding a diffusivity of 1.67 X 10 -18 cm 2 
sec-L In  these diffusions the H2 supply was tu rned  
off for about 1 rain before removal  of the sample 
but by reducing this flushing period the drop in  con- 
centrat ion at the surface could be greatly reduced 
as shown in Fig. 7. This suggests that  some out-diffu- 
sion is occurring dur ing  the flushing period and in-  
deed Grove et al. (18) have shown that gal l ium out- 
diffuses very rapidly from oxidized silicon because 
diffusion through the oxide is so fast. The surface 
drop may also be due in par t  to compensation or elec- 
trical inact ivi ty of the gall ium as found by Okamura 
(19) for concentrat ions above 101s cm-3. 

The effect of emitter  diffusion time, te, on the amount  
of gal l ium push-out  was investigated as follows. A 
silicon wafer  was gal l ium diffused for 120 min  and 
cut into five pieces. The th in  oxide grown dur ing dif- 
fusion was etched into nar row stripes so that  some 
areas of each piece were masked against phosphorus 
diffusion. Each piece was then phosphorus diffused at 
1050~ for a different t ime and the junct ions measured 
by grooving and staining. Figure 8 plots the depth 
of each junct ion  [a, b, c, of Fig. 2 (b ) ]  as a function 
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Fig. 6. Gallium profiles obtained for different gas compositions 
during diffusion, dashed line is complementary error function. 
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Fig. 8. Gallium push-out vs. ~e 

of emit ter  diffusion time, re. It can be seen from the 
figure that gal l ium push-out  (c -- b) increases with te 
as for boron. A straight l ine represents c vs. te well 
and when extrapolated predicts zero push-out  for te 
~ 0 .  



Vol .  122, No.  11 STUDIES OF P U S H - O U T  E F F E C T  IN SILICON 1535 

Table II. Enhancement factors for gallium base. Emitter diffused at 
1050~ 

re, m i n  ~: 

3.5 16 
8 IV 
12 21 
16 15 
24 IV 

The enhancement  factors, x, calculated using Eq. [2] 
are given in  Table II. There is no systematic variat ion 
of x with te for these gall ium results nor  for the 
boron results described above, but  x ranges from 15 
to 21 for gal l ium as opposed to 91/~-12 for boron. This 
apparent  difference is discussed fur ther  at the end of 
this section. 

The effect of varying the ini t ial  base depth, xj, on the 
push-out  of gal l ium was also investigated. Five pieces 
of silicon were gal l ium diffused for different times but  
under  otherwise similar conditions to give layers of 
different depths (xj) but  equal surface concentration. 
All were then given the same phosphorus diffusion of 
8 rain at 1050~ and their  junct ion  depths measured. 
Figure 9 shows push-out ,  (c -- b), plotted against  x~. 
It can be seen that push-out  decreases as xj increases 
in  agreement  with Nakamura  et al.'s (7) and Lee's (8) 
results for boron. Lee's results are plotted in  Fig. 9 for 
comparison (but  note that his emit ter  conditions were 
not identical to those used for the gal l ium base experi-  
ment)  and a fur ther  boron point has been obtained by 
extrapolat ing the results of Fig. 5 to te ---- 8 min  (i.e., 
emit ter  conditions identical to the gal l ium base experi-  
ment ) .  The inverse relationship predicted by Hu and 
Yeh (6) assuming uni form enhancement  throughout  ~;e 
and Gaussian base profiles is indicated by the dashed 
l ine in  Fig. 9. An  inverse relat ionship is also expected 
if the ini t ial  base is erfc (7). 

The results described so far show that  gal l ium be-  
haves qual i ta t ively exactly the same as boron but  the x 
values for gal l ium are higher than  for boron for the 
same emit ter  diffusion. To test whether  this discrep- 
ancy is real or whether  it arises because the equation 
used to calculate x (Eq. [2]) is derived assuming a 
Gaussian init ial  base profile, whereas the gal l ium base 
is ini t ia l ly  erfc (apart  from a drop in concentrat ion at 
the surface),  a fur ther  experiment  was carried out. A 
gal l ium diffusion was performed in two parts: (i) 6 
min  at 1100~ with gal l ium depositing (H2 on),  (it)  24 
min  driVe-in in  N~ also at ll00~ This schedule is 

similar to the two-step boron process and should pro- 
duce a more Gaussian base profile. The emitter was 
then diffused and the junction depths measured. The 
enhancement factor was calculated to be 12 which is 
comparable to the results for boron, and this indicates 
that there is no real discrepancy between the gallium 
and boron results. 

Discussion 
The results described above show that  gal l ium is 

pushed-out  in  a very s imilar  way to boron by a similar  
phosphorus emit ter  diffusion. Both dopants show (i) 
an increase in  push-out  with increasing emitter  diffu- 
sion time for constant base diffusion and emit ter  surface 
concentration, and (it) a decrease in push-out  with 
increasing init ial  base depth for constant emit ter  dif- 
fusion and base surface concentration. The straight l ine 
representing pushed-out  base depth, c, vs.  te has a 
greater slope for the gall ium base (Fig. 8) than for the 
boron base (Fig. 5) but  this is as expected from the 
push-out  vs.  x j  results since the gal l ium base depths 
were shallower than  those for boron, and for any 
part icular  te the shallower base should show the 
greater amount  of push-out.  The calculated enhance-  
ment  factor, x, is also the same for boron and gal l ium 
provided the ini t ial  base profile is Gaussian as is as- 
sumed in the calculation of x. 

The results also provide some valuable information 
both on the mechanism of push-out  and on the diffusion 
mechanisms of boron and gallium. As pointed out by 
Hu (2) and Seeger and Chik (13), the mechanisms of 
diffusion of the Group III and Group V elements in 
silicon are still in considerable doubt. Mechanisms 
suggested for the ~ roup  III elements have been the 
vacancy (2) or interst i t ialcy (13) mechanisms and in 
view of this uncer ta in ty  it is not clear whether  atoms 
like boron which have smaller  covalent radii  than  the 
matr ix  silicon atoms, diffuse by the same mechanism 
as atoms like gallium, which have larger radii t han  the 
matr ix  atoms. The experiments  reported above give 
direct evidence on the relat ion between these two ele- 
ments, as reasoned in  the following paragraph. 

It is now well established from simultaneous marker  
l aye r  and push-out  studies (20) that push-out  is caused 
by point defects ra ther  than  by direct interact ion be-  
tween base and emit ter  dopants: the main  unresolved 
questions at present  are how these point defects are 
generated and their  identity. Most proposed generation 
mechanisms (6, 21, 22) would generate, however, one 
species of point  defect only and it seems unl ike ly  that  
even work-hardening  generat ion mechanisms, which 
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might  generate both di-vacancies and di-intersti t ials,  
would always generate closely similar concentrations 
of both defect types. It thus follows from the observa- 
t ion in  this work that  boron and gal l ium are enhanced 
to such a closely similar  extent  that  both diffuse by 
the same mechanism in  silicon. 

The agreement  between exper iment  and Hu and 
Yeh's (6) theoretical predictions concerning the effects 
of te and xj on 8 suggest tha t  push-out  is due to a dif-  
fusion enhancement  which is constant  throughout  the 
emit ter  diffusion period. This agreement  cannot, how- 
ever, be used to suggest that  the enhancement  is con- 
stant with depth, as Hu and Yeh assumed for mathe-  
matical convenience, for the following reason. The 
theory of sequential  diffusion developed by Hu and 
Schmid% (23) shows that, when  the base diffusion 
length during the emit ter  diffusion period is less than 
the initial  base diffusion length, Le. 

xDbt~ _< Dbt~ [3] 

the base-collector junct ion  movement  is determined 
principally by the base diffusion coefficient beyond the 
emitter. In  most practical cases of push-out  condition 
[3] is met  and the consequences are twofold. 

(a) The agreement be tween exper iment  and theory 
mentioned above does not imply that x is constant with 
depth and that push-out  type enhancement  is the only 
interact ion between base and emitter  dopants. In  
real i ty  x may fall off inside the emitter,  and the elec- 
tric field effect, Fermi- level  effect, and ion-pair ing may 
affect the base diffusion inside the emitter, but  since 
these are all localized wi thin  the emitter  they will  have 
negligible influence on ~ when  condition [3] is satisfied. 
Agreement  between experiment  and theory does sug- 
gest, however, that  x is constant  below the emitter  to at 
least the base/collector junction.  This conclusion has 
now been confirmed by the analysis of radiotracer pro- 
files of pushed-out  gal l ium bases, which wil l  be re- 
ported in  Part  II of this paper. 

(b) Although diffusion wi th in  the emit ter  region is 
complex, as will  be shown in  Part  II, the simple theory 
assuming a uniform enhancement  only can still be used 
to predict the amount  of push-out .  In other words, for 
the purposes of calculating 5 the existence of the field 
effect, etc., wi thin  the emitter  can be ignored. 

Since the uniform enhancement  model should be 
useful in predict ing amounts  of push-out  it is worth  
discussing the theory and its predictions further.  With-  
out making any assumptions about the enhancement  
mechanism, except that  x is independent  of to, and 
the base diffusion parameters,  Hu and Yeh (6) obtained 
the following formula for the amount  of push-out  

2Db(x -- 1)to In (NbJN~) 
_-- [4] 

k2xj 

where Db = normal base diffusivity at emitter diffusion 
temperature; Nbo -- base surface concentration before 
emitter diffusion; Ns ---- substrate doping concentration; 
and ~ -- a characteristic constant (~-0.73). 

In deriving this formula Hu and Yeh make the ap- 
proximation that -~xj << xj, where Axj is the increase 
in base depth as a result of the emitter diffusion. Since 
_Axj outside the emitter (nonpushed-out base) is negli- 
gible, under the emitter ~xj ~ 6 [see Fig. 2 (b) ]. In the 
boron push-out work described above xj was 2.0 ~m 
and ~ had a maximum value of 0.3 ~m, while in the 
gall ium push-out  vs. te results xj was 1.5 ~m and ~ had 
a max imum value of 0.6 ~m so that the condition 
~xj < <  xj was barely met in these cases. The Hu and 
Yeh formula is thus l ikely to be a poor approximation 
when push-out  becomes large. An  al ternat ive approach 
to the problem which also allows a better approxima- 
t ion for 5 when  push-out  is large is given in  the Ap- 
pendix. The result ing formula for 8 is 

2Db (X -- 1 ) te In (N'bo/Ns) 
8---- 

b 

{ 2Dbxte 2 D b t b )  
1 b 2 b ~  [5] 

where N*bo ---- surface concentrat ion of nonpushed-out  
base, and tt~ ---- base dr ive- in  t ime corrected to the 
equivalent  at the emit ter  diffusion temperature.  

Equation [5] is basically the same as Eq. [4] bu t  
with the following differences: 

(i) Equation [5] contains N'bo and b while Eq. [4] 
contains Nbo and xj. In practice the differences between 
N'bo and Nbo, Xj and b, are negligible because Dbte < <  
Dbtb. This has been pointed out above in  the section 
on push-out  of boron and was also noted by Hu and 
Yeh (6). 

(it) Equation [4] contains a characteristic constant 
%. This is avoided in Eq. [5] by assuming that  after 
d r ive- in  and before the emitter  diffusion the base is 
given by 

N ---- Nbo exp (--X2/4Db~b) 

an assumption which is valid when  the diffusion length 
for the dr ive- in  is much  larger than  for the deposition 
step. 

(iii) Equation [5] contains addit ional terms in  curly 
brackets. This is the most interest ing difference and 
arises from the different approximation used to obtain 
Eq. [5], that  is ~ < <  2b ra ther  than  5 < <  b (or ~xj 
< <  xj) used by Hu and Yeh; in  other words Eq. [5] 
is applicable to larger amounts  of push-out.  The effect 
of these additional terms can be seen as follows. Firstly, 
when the base diffusion and x are fixed but  te varies, 
Eq. [5] can be rewri t ten  as 

ccte " (m -- qte) 

where m and q are constants given by 

2Dbtb 2Dbx 
m ---- 1 and q -- 

b 2 b e 

In  this case as te increases 5 will  drop below the 
straight l ine dependence on te predicted by t Iu  and 
Yeh and in fact some evidence of this can be seen in 
the results for boron, Fig. 5. The constants m and q 
can be estimated from the boron push-out  parameters  
in the experimental  section above and it is found, for 
this case, that  m ~ 1 and q ---- 6 X 10-5 sec-1. Then 
at te ---- 35 rain ~ is approximately 14% less than  pre-  
dicted by the simple l inear  relationship. 

Secondly, when the emitter  diffusion and base sur-  
face concentrat ion are fixed but  b varies, Eq. [5] can 
be rewr i t ten  as 

8 c c - -  m - -  
b b ~ 

where r is a constant given by r = 2DbXte. I t  can be 
seen that as b decreases 8 drops below the simple in -  
verse relationship as was found for the gall ium experi-  
mental  results (Fig. 9). For example, using the gal l ium 
push-out  data it turns  out that at b ---- 0.75 ~m, 8 is 
approximately 22% less than predicted by the pure 
inverse relationship. 

The analysis above indicates how Eq. [4] can be ex-  
pected to break down when push-out  is severe but  
because the additional terms of Eq. [5] involve Db and 
x the exact size of the corrections may be uncer ta in  
(Db and x are not usual ly  known precisely) and there-  
fore the approximation of Eq. [4] is general ly more 
useful. Al ternat ively  Eq. [5] can be used ignoring the 
bracketed terms. It should also be noted that for large 
amounts of push-out  the assumption that Db is en-  
hanced uni formly  with depth may begin to introduce 
other errors in 5 because condition [3] is not satisfied. 

To make the usefulness of the relations 5 cr te (for 
fixed base diffusion and emit ter  surface concentrat ion) 
and 8 a= 1/xj (for fixed emitter  diffusion and base sur-  
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face concentrat ion) clearer a graphical method for 
predicting push-out  and base width in practical cases 
will  now be described. First  a curve of 8 vs .  x j  is es- 
tablished exper imental ly  for the base surface concen- 
t ra t ion to be used and a par t icular  emit ter  diffusion 
time te ---- T; see Fig. 10(a). This is best done with a 
few exper imental  points and fitting a curve 8 ---- con- 
s tant /x j  through these points. Next, for the required 
x~ and using Fig. I0(a) ,  the expected push-out  for 
te ---- T is read off. On a graph of depth vs .  te the points 
(xj + 8, T) and (xj, 0) are plotted and a straight l ine 
drawn through them giving Fig. 10(b). This is the 
l inear  relationship between 8 and te for given xj. The 
emit ter  depth curve is then superimposed on Fig. 10 (b) 
to give Fig. 10(c); the emitter  curve is assumed to be 
independent  of base parameters  which is reasonable if 
the emit ter  profile has a steeply fall ing front. The 
push-out  and base width for any te can now be ob- 
tained from Fig. 10 (c). Base width vs .  te curves have 
been calculated in this way for three base depths using 
the dashed line of Fig. 9 (Ga push-out  vs .  x j  results) 
together with the emit ter  depth curve of Fig. 8 (Ga 
push-out  vs .  te results) and are shown in Fig. 11 to- 
gether with the exper imental  results for the 1.45 #m 
deep gal l ium base. The theory agrees well with ex- 
periment.  In  the figure solid lines end when the base 
is completely pushed-out,  i .e. ,  a ~-- b in Fig. 2 (b).  It  is 
interest ing to note that  the base width does not always 
get nar rower  as the emitter  is diffused deeper. 

A final r emark  regarding the emitter  diffusion period 
should be made. In  all the theoretical analysis it is 
assumed that the whole of the emitter  diffusion is at 
one temperature  and that  warm up and cool down are 
instantaneous.  In  a factory process large numbers  of 
slices diffused together may make the warm up time a 
considerable fraction of the total emit ter  diffusion 
t ime and in this case the predictions discussed above 
may  be difficult to apply. 

Conclus ions 
(a) The push-out  of a gall ium base is very similar 

to that of a boron base under  identical emit ter  dif- 
fusions, when observed by the junct ion  depth method. 
This suggests that boron and gall ium both diffuse by 
the same mechanism in silicon, despite their different 
covalent radii. 

(a) 

(b) 

Push-out 

J 
Pushed-out 
base depth 

(xj, O) 

Base depth 

Emitter diffusion 
> time, t e 

Depth 
pushed-out base 

(C) - - - ~ ' ~ ' ~ -  ~ - - ~ - ~ -  - -non-pushed-out base 

/ e m , a e r  
> te 

Fig. 10, Graphical method to predict push-out and base-wldth 
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- -  Predicted II Xj = 1.0pro. 

I l l  Xj = 1'45pm. 
x Experiment, Ga 1.45pm base. 

I 

• Ill 

o ~ ;o ;5 2'o z'5 30 

EMITTER DIFFUSION TIME (mins) 

Fig. 11. Base width vs. te (1050~ emitter diffusion). Solid lines 
are predicted base widths. Points x are experimental values for the 
gallium 1.45 ~m base. 

(b) For both dopants push-out,  8, increases prac- 
tically l inear ly  with emitter  diffusion time, re, when 
the base diffusion and emit ter  surface concentration 
are fixed. In  common with Nakamura  e t a l .  (7) it is 
concluded that push-out  occurs during the emitter  dif- 
fusion rather  than during cooling following the emit ter  
diffusion. 

(c) For both dopants 5 decreases with increase in 
xj, the ini t ial  base depth, when the emitter  diffusion 
and base surface concentrat ion are fixed. 

(d) Push-out  and base width can be predicted ap-  
proximately by making use of conclusions (b) and (c) 
together with a few exper imental ly  determined junc-  
tion depths. 

(e) Agreement  between the exper imental  results 
and theory strongly suggests that  push-out  is due to 
an enhancement  of the base diffusivity throughout  the 
emitter  diffusion period; the magni tude  of enhance-  
ment  being controlled by the emitter  diffusion condi-  
tions. 

(f) Junct ion  depth measurements  cannot tell  how 
the diffusivity enhancement  varies with depth except 
that it is probably constant  below the emitter.  The 
only means of determining diffusion processes wi thin  
the emitter  is by obtaining the complete chemical pro- 
file of the base as will be shown in  Par t  II. 
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APPENDIX 
Approximate Formula for 6 

Suppose that before the emitter diffusion the base 
profile can be described by the Gaussian 
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---- - -  -- ~ [ A - l ]  N ( X )  ~ exp 4Dbtb 

where  N (x) is the  base dopant  concentrat ion at  depth  
x; Qb is the  quant i ty  of base dopant  pe r  cm 2 surface; 
Db is the  normal  base diffusivi ty  at  the  emi t t e r  diffu- 
sion tempera ture ;  and tb is the  base diffusion t ime 
(d r ive - in )  corrected to the  equiva lent  t ime at the  
emi t t e r  diffusion t empera tu re .  

Af te r  the  emi t te r  diffusion and assuming uni form 
enhancement ,  x, the nonpushed-ou t  base is g iven by  

Qb exp -- 

NI(X) ---- %/~Db(tb + te) 4Db(tb -~ te) 
[A-2] 

whi le  the pushed-ou t  base is 

Qb exp -- 

N=(x) ---- ~nDb( tb  ~- Xte) 4Db(tb + Xte) 
[A-3] 

where  te is the  emi t te r  diffusion t ime. ( I t  is assumed 
that  no loss or  gain  of base dopant  occurs dur ing  the  
emi t te r  diffusion.) 

At  the  base-col lec tor  junct ions  the base concent ra-  
tions are equal  to the  subs t ra te  doping level  Ns, i.e., 
N l ( b )  " -  N2(C) -~ Ns. Therefore,  f rom Eq. [A-2] and 
[A-3] 

tb'~- Xte f 1 [ b2 C2 ] } 
tb + t--------~ --  exp ~ tb + te tb + xte 

[A-4] 

The l e f t - hand  side of Eq. [A-4] can be r ewr i t t en  as 

( x -  1)re 
1+  

tb W te 

( x  - -  1 ) t e  . 
where  the t e rm is posi t ive and genera l ly  less 

tb "~- te 
than  unity.  Taking logar i thms of both  sides of Eq. 
[A-4] and using the series expans ion  for In (1 + x) ,  
i.e., In (1 ~- x)  -- x -- x2/2 ~- x8/3 . . .  --1 ~-- x < 1, 
then 

( ~ - - l ) t e  1 [ b2 c2 ] 
[ A - 5 ]  tb -~- te 2Db tb -~- te tb -{- xte 

where  only  the first t e rm in the  series has been re -  
ta ined  because the other  t e rms  are  small.  Rear rang ing  
Eq. [A-5] gives 

te 
b --  c ---- - [2Dbx (X --  1)te 

(b + c)tb 
- b 2 D b ( x - - 1 ) t b - - x b  2 - ~ c  2] [A-6] 

Now assume tha t  b < <  2b, where  b is the  amount  of 
push-ou t  and equals  (c - -  b) ;  this  is a less res t r ic t ive  
approx imat ion  than  tha t  of Hu and Yeh (6). Then 
b ~- c - -  2b -~ 5 ~ 2b and te rms in 82 can be ignored.  
Equat ion [A-6] then  becomes 

te(X - -  I )  
-- [b 2 -- 2Dbxte -- 2Dbtb] [A-7] 

2b (tb -~- te) 

Now 

Ns ---- N'bo exp 4Db (tb -~- re) 

where  N'bo is the  nonpushed-ou t  base surface concen- 
t rat ion.  Therefore  

b e 
- -  - -  4Db In (N'bo/Ns) 
tb -~ te 

and using this in Eq. [A-7] gives 

2Db (X --  1) te in  (N'bo/Ns) 

b 
2Dbxte 2Dbtb } 

1 b 2 b 2 

This fo rmula  gives the  amount  of push-ou t  in  te rms 
of the  base diffusion pa ramete r s  DD, N'bo, b, tb, and the 
emi t te r  diffusion pa ramete r s  x and te. 
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Ion Implanted Profiles from Two Point 
Spreading Resistance Measurements 

T. E. Hendrickson 
Solid State Electronics Center, Honeywel l  Incorporated, Plymouth,  Minnesota 55441 

ABSTRACT 

A modified form of the  Schumann and Gardne r  approach  to correct ion of 
spreading  res is tance data, appropr i a t e  for  a two poin~ geometry,  is given. 
P lo t t ing  the  resul ts  of a numer ica l  eva lua t ion  of "uni layer"  theo ry  yields  a 
universa l  correc t ion  curve, useful  for hand calculation. As an example  of the  
u s e  of this  plot, considerat ion is given to the  cases of 150 and 300 keV boron 
implan ts  in  (100) silicon. 

S e v e r a l  authors  have presented  work  based on nu-  
meric  eva lua t ion  of three  point  sp read ing  resis tance 
~ata  (1-3).  More recently,  however ,  the  two poin t  con- 
f igurat ion (see the inser t  in Fig. 1) has become wide ly  
accepted. Owing to a fundamenta l  difference in the  
quant i t ies  measured,  modifications must  be made  to the  
basic three  point  formula.  The formula  thus obta ined 
differs in form from tha t  repor ted  p rev ious ly  (1). 

In  contrast  to o ther  profi l ing techniques,  spreading  
resis tance da ta  may  be read i ly  obta ined f rom cur ren t ly  
ava i lab le  commercia l  equipment.~ The p r i m a r y  task  is 
therefore  one of accura te ly  de te rmin ing  the appropr i -  
ate correct ion factors (CF) to be applied.  The work  
p resen t ly  descr ibed represents  the  appl ica t ion  of the  
s imples t  "uni layer"  theory  to the  case of ion implan ted  
layers .  Correct ion factors de te rmined  in this  fashion 
can be convenien t ly  d i sp layed  in a "universa l"  plot  
sui table  for hand calculation. 

Correction Factors (CF) 
In the  three  point  geometry,  cur ren t  is forced 

th rough  two probes  whi le  the vol tage  is measured  be-  
tween one of these points and a th i rd  probe  "floating" 
wi th  the  body of the semiconductor .  Deta i led  consid-  
era t ion of this geomet ry  leads  to the  formula  

Vmeasured = Vspreading Jr V1 (28) - -  2VI (s) 

where V1(r) is the surface potential, relative to the 
probe tip, at a distance r; and s is the probe tip spacing. 
For the case of the two probe geometry, the measured 
voltage takes the simpler form 

Vmeasured = 2(Vspread ing  - -  V I  ( 8 ) )  

Apply ing  the genera l  fo rmula  for  Vspreading and V1 (r) 
developed by  Schumann  and Ga rdne r  (1) y ie lds  the  
form 

Rspreading = 
2/measured 2r---o- ~ 1 --  Ke-2Ux 

( J1 (X)2X2 J ~  s in (x )  dx 

where  J1, Jo = Bessel functions;  K = pl --  p2/pl Jr p2; 
S = S/ro; ro = effective radius  of the p robe  tip; s = 
probe  spacing; h = d/re; d = thickness of the layer ;  
and pl, p2 ---- res is t ivi t ies  of the layers  (see Fig. 1). The 
te rm in brackets  is no rma l ly  labe led  the  correct ion fac-  
tor. Use is made  of this quan t i ty  th rough  the re la t ion-  
ship 

Pcorrected = p2 = (2 r o a s p r e a d i n g ) / C F  

Where  the quant i ty  2roRspreading is obta ined d i rec t ly  
f rom a ca l ibra t ion  char t  (4) is is he rea f t e r  re fe r red  to 
a s  p'. 

Key  words:  uni layer  theory,  hand computations,  channeling.  
1 The ASR-100 Mazur Automat ic  Spreading Resistance Probe pur-  

chasable f rom Solid State Measurements ,  Inc. was used in this 
work.  

The form for the  correct ion factor given here  is tha t  
appropr ia te  for two layers  [ re fer red  to e lsewhere  as 
the un i l aye r  theory  (1)]  of res i s t iv i ty  p1 and p2 and 
thicknesses ~ and d, respect ively.  Since the  background  
layer  (pl) is assumed to be of semi- inf ini te  extent,  its 
corrected res is t iv i ty  is set equal  to the measured  re -  
s is t ivi ty  t aken  f rom the ca l ibra t ion  chart. Calculat ion 
of CF for a given va lue  of p2 then proceeds in the fol-  
lowing manner :  

1. Set  p"~ equal  to ~'2 and CF equal  to 1. 
2. Calculate  CF' f rom the corresponding va lue  of K 

(i.e., K = pl -- p"2/pl Jr P'2). 
3. If  CF'  is not  wi th in  0.5% of CF, set CF equal  to 

CF', p"2 equal  to p'2/CF', and repea t  s tep 2. 
4. If  CF'  is wi th in  0.5% of CF, set p2 corrected = P'2/ 

CF'. 

This p rocedure  wil l  y ie ld  values  for CF se l f -con-  
sistent  wi th  the  definit ion of K. Norma l ly  four to five 
i terat ions yie ld  the des i red  accuracy. 

Values for CF computed  in the above-desc r ibed  
fashion with  s and ro set equal  to 85 and 4~, 2 respec-  
t ively,  are p lot ted  in Fig. 1. This plot  has been made  
in a form convenient  for hand calculat ion by  p lo t t ing  
CF vs. the dimensionless  p a r a m e t e r  p defined as the 
rat io  p'e/fl. The layer  thickness  (d) is used as a r u n -  
ning parameter .  

To use Fig. 1, correct ion is begun at the  deepest  po r -  
t ion of the profile and carr ied  fo rward  toward  the sur -  
face. The genera l  outl ine to be fol lowed is (see Fig. 2) : 

1. Divide the profile into a set of equa l ly  spaced da ta  
points, beginning  at  the  deepest  point  of the  profile and  
continuing toward  the surface. 

2. Compute  the rat ios )h/3'o, "~'2/~'1 . . . . .  ~'n/7~'n-1, 
where  p'n represents  the  average  of al l  da t a  points  con- 
ta ined in an in te rva l  of width  d centered about  the 
point  pn. 

3. F ind  the appropr ia t e  values  of CF f rom Fig. 1 and 
compute 

Pn corrected ~--- p ' n / C F  ( ~ n / ~ ' n - 1 )  

The above out l ined procedure  is s imple and direct,  
a l lowing for ease in hand  computat ions.  Use of this  
form of " tabu la r  look-up  wi th  averaging"  yields  a 
rap id ly  execut ing a l te rna t ive  to the more  l eng thy  
mul t i l aye r  approach (3). Averag ing  lengths can be 
read i ly  var ied  according to the  depth  of the  profile, 
however  exper ience has shown the l imits  0.75~ ~ d 
0.15# to y ie ld  the best  results.  

Results 
Corrected (dashed)  and uncorrec ted  (solid) res is t iv-  

i ty  curves are  given in Fig. 2 for the case of a boron 
implan ted  layer  in (100) p - t y p e  silicon. The implan t  
was pe r fo rmed  at an energy  of 300 keV and dose of 
1014/cm ~ through  680A of t he rma l ly  grown SiO2 An-  

2 This value for ro was  obtained by finding the radius of the 
smallest  circle ent i re ly enclosing the probe mark ings  on an SEM. 

1539 
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I 0  

CF 

.o5 T I T 1 - - r ~ l - - ~  
S J.O 

Fig. 1. Correction factor (CF) plotted as a function of the 
dimensionless parameter p = p2/p; with thickness used as a running 
parameter. The curves are given for s = 85 and ro = 4/~. 
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Fig. 2. Uncorrected (solid line) and corrected (dashed line) re- 
sistivity vs. depth curves for the case of boron implanted (energy = 
300 keV; dose ----- 10Z4/cm 2) into (100) silicon through 680,~ SiO2. 
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Fig. 3. Uncorrected (solid) and corrected (dashed) doping pro- 
files obtained from Fig. 2. Also given is the shape predicted by the 
LSS theory ( - -  - - ) ,  

nealing was performed at 950~ for 25 min  in dry N2. 
Comparison of the two curves graphically demonstrates 
the "masking" of the implant  peak by the uncorrected 
data. 

Convert ing these curves into doping profiles results 
in the plot of Fig. 3. Also plotted here is the dis t r ibu-  
tion predicted by the LSS theory.~ Notice that the 
measured range is in close agreement  with theory, as 
is the peak concentrat ion (,--1.98 • 101S/cm 3 empirical 
vs. 2.1 • 101S/cm a theoretical) .  In  contrast to this, the 
empirical curve displays a much larger value for the 
projected straggle (~Rp). A close fit to the data pre-  
sented here is given by hRp = 1460_% (curve not 
shown) which is in reasonable agreement  with values 
observed by other authors (5) (typically 900-1300_%). 
The somewhat larger value found here is most l ikely 
ascribable to either an anomalously high diffusion rate 
during the post - implanta t ion anneal, or errors in t ro-  
duced during correction of the profile [owing to the 
absence of an exponential  tail normal ly  observed in 
such implants  (6), it seems reasonable to assume that  
the correction procedure has smeared this feature 
into the normal  Gaussian shape thereby increasing 
ARp measured]. The relat ively high surface concentrat ion 
(~2 • 1017/cm ~) observed appears to represent  a real 
phenomenon observable in all implants  performed to 
date. 

A second example of an ion implanted boron layer 
is given in Fig. 4. This implant  was performed ana-  
logously to the first with an energy of 150 keV and 
dose of 10~4/cm 2. Perhaps the most salient feature ob- 
servable in  this profile is the pronounced appearance 
of a channeled peak in the profile (note: though only 
one channeled point  was chosen for correction, in all 
8 actual data points were found to lie along this por- 
t ion of the curve).  This channeled peak was found to 
be present for all those implants  performed at 200 keV 
or less, through ~700A SiO2. Agreement  with the LSS 
theory (dashed curve) was found to be excellent for 
this implant.  

Referring back to Fig. 3, notice that both the 150 and 
300 keV implants  show a definite surface inversion at 

s A l l o w a n c e  h a s  b e e n  m a d e  fo r  f i e l d - e n h a n c e d  diffusion during 
t h e  p o s t - i m p l a n t a t i o n  a n n e a l ,  
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Fig. 4. Corrected profile for a 150 keV boron implant (solid) vs. 

that obtained from the LSS theory (dashed). 

a doping level  of app rox ima te ly  2 • 1017/cm 3. Specu-  
la t ion on the origin of this surface l aye r  has lead  to 
the  proposal  that  a p - t y p e  impur i t y  no rma l ly  present  
in the ma te r i a l  has been ge t te red  by  the damage sizes. 
Such an  observat ion  would  appear  consistent  wi th  re -  
sults ob ta ined  by  o ther  au thors  (7). 

Conclusion 
Two point  spreading  resis tance da ta  have p roven  

to be  a re l iable  means  of profi l ing ion implants  when 
corrected by  a modified form of the  S c h u m a n n - G a r d n e r  
approach.  Correct ion factors computed  f rom un i l aye r  
theory  yie ld  profiles consistent  wi th  work  pe r fo rmed  
prev ious ly  by  o ther  authors.  Cer ta in  effects, most  no t -  
ab ly  channel ing and unexpec ted  surface inversion,  
seem read i ly  d iscernable  b y  this  technique.  
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ABSTRACT 

Liquid  phase ep i tax ia l  growth  is s tudied using interface  demarca t ion  dur -  
ing g rowth  by  t ransmi t t ing  current  pulses across the ~substrate solut ion in te r -  
face. This approach permi t s  the invest igat ion of the growth  interface mor-  
phology and the de te rmina t ion  of the ins tantaneous  microscopic growth  ra te  
and epi tax ia l  g rowth  efficiency for any  t ime of the  cooling cycle. I t  is shown 
tha t  the growth  interface  can be subject  to significant t rans ient  morphologica l  
pe r tu rba t ions  which are not  necessar i ly  reflected in the surface morphology  
of the  ep i tax ia l  layers.  

Whi le  l iquid  phase  ep i t axy  (LPE)  is recognized as 
one of the  most  impor t an t  techniques for  the  produc-  
t ion  of high qual i ty  electronic mate r ia l s  and structures,  
m a n y  aspects of the basic growth  process are  as ye t  
unexp la ined  and subject  to var ious  in terpre ta t ions .  
The microscopic growth  ra te  var ia t ions  associated with  
a pa r t i cu la r  cooling ra te  for any given system have to 
da te  only been approx ima ted  f rom laye r  thickness  de-  
te rminat ions  (1-4).  Rel iable  data  on solute diffusivity, 
which are  requ i red  to theore t ica l ly  exp la in  the  micro-  
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rate. 

scopic growth behavior, are as yet unavailable (5, 6). 
In addit ion,  the  na tu re  of t rans ient  g rowth  condit ions 
dur ing  the ini t ia l  pa r t  of the  cooling cycle is as  y e t  
unresolved.  Fur the rmore ,  incomplete  knowledge  of the 
growth  and segregat ion control l ing pa ramete r s  is r e -  
sponsible for our inabi l i ty  to predic t  effective d i s t r ibu-  
t ion coefficients, hence desired layer  composit ions are  
achieved on the basis of empir ica l  g rowth  procedures.  
Also unresolved  to date is the mode of ep i tax ia l  solu-  
t ion growth  on subst ra tes  of l ow- index  surface or ien-  
ta t ion (2, 7). The exper imen ta l  de te rmina t ion  of the  
growth  mode is of more  than  theore t ica l  importance,  
since the segregat ion behavior  and thus the composi-  
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a doping level  of app rox ima te ly  2 • 1017/cm 3. Specu-  
la t ion on the origin of this surface l aye r  has lead  to 
the  proposal  that  a p - t y p e  impur i t y  no rma l ly  present  
in the ma te r i a l  has been ge t te red  by  the damage sizes. 
Such an  observat ion  would  appear  consistent  wi th  re -  
sults ob ta ined  by  o ther  au thors  (7). 

Conclusion 
Two point  spreading  resis tance da ta  have p roven  

to be  a re l iable  means  of profi l ing ion implants  when 
corrected by  a modified form of the  S c h u m a n n - G a r d n e r  
approach.  Correct ion factors computed  f rom un i l aye r  
theory  yie ld  profiles consistent  wi th  work  pe r fo rmed  
prev ious ly  by  o ther  authors.  Cer ta in  effects, most  no t -  
ab ly  channel ing and unexpec ted  surface inversion,  
seem read i ly  d iscernable  b y  this  technique.  
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tion of the epitaxial  layer in the facet growth mode is 
controlled by the lateral  growth rate ra ther  than  by 
the microscopic growth rate normal  to the established 
growth interface (8-10). In this context it is impor tant  
to realize that  the functional  dependence of the effec- 
tive segregation coefficient on exper imental  variables 
for facet growth is still unknown  (11). 

The purpose of the present  study was to investigate 
the microscopic growth behavior  dur ing LPE of GaAs 
(Te-doped) by means of interface demarcation. This 
technique, originally applied to the quant i ta t ive study 
of melt  growth (12), was applied recent ly also to solu- 
t ion growth of InSb (13). Interface demarcat ion is 
achieved by  t ransmit t ing  periodic current  pulses across 
the solid-liquid (S-L) interface. Each pulse, depending 
on the direction of current  flow, leads to Pelt ier  cool- 
ing or heating at the growth interface (14) (for the 
durat ion of the pulse) and thus to temporar i ly  acceler- 
ated or decelerated growth (or even dissolution).  The 
temporary growth rate change, which is uniform over 
all parts  of the growing epitaxial  layer  if the current  
density is uniform across the interface, results in an 
al terat ion of effective dopant  segregation. This yields 
a precise demarcat ion of the growth interface by pro-  
ducing dopant  concentrat ion striations that are readily 
revealed by cleaving the wafer and etching the ex- 
posed cleavage plane. Using current  pulses of known 
repeti t ion rate, it is thus possible to determine the 
microscopic growth rate from the spacing of the in -  
duced striations. It  is fur thermore possible to study 
the interface morphology from beginning to end of 
the growth exper iment  and to establish the relat ion-  
ship between growth and surface morphology of the 
epitaxial layer. 

Experimental Procedure 
The LPE experiments were carried out under  flow- 

ing He in a horizontal graphite boat (Fig. 1). The top 
part  of the boat, containing a Te-doped Ga-As solu- 
tion, was electrically isolated by a BN slider from the 
bottom part  containing the GaAs substrate. Uniform 
electrical contact to the bottom surface of the substrate 
[(100) orientation, n-type,  S~-doped to 101S/cm 3] was 
achieved by wett ing the back side of the substrate with 
liquid Ga. The top and bottom sections of the boat were 
connected with stainless steel rods to a programmable  
d-c power supply. After the system was brought  to 
the desired temperature  (typically 850~ substrate-  
solution contact was established by moving the slider 
into the appropriate position, and cooling was init iated 
at a rate of 0.25~ During cooling, current  pulses 
of up to 20A (13.3 A/cm 2) and of a durat ion ranging 
from 0.1 to 8 sec were t ransmit ted  at t ime intervals  
ranging from 1 to 10 min. After completion of a growth 
experiment,  the solution was isolated from the epilayer 
by moving the slider into its original position. The 
wafer was subsequent ly  cleaved along a (110) plane, 
and the cleaved face was etched for 30 sec in an AB 
etching solution (15) (8 mg AgNOj, lg  CrO~, 1 ml HF, 
2 ml H20) and then examined by interference con- 
trast  microscopy. 

In  pre l iminary  experiments  it was observed that the 
t ransmission of current  pulses of either polarity, cor- 

S.S. ELECTRODE SOLUTION MIXTURE 

PULL BN 

Fig. i. Schematic diagram of boat used for LPE growth of GaAs 
with interface demarcation. 

responding to current  flow from seed to solution or the 
reverse, resulted in effective interface demarcation. 
The thermal  effects associated with demarcat ion were 
measured with a Chromel-Alumel  thermocouple (not 
shown in Fig. 1) located 1.2 mm from the edge of the 
S-L interface. To determine the sign of the Pelt ier co- 
efficient and the relative contr ibutions of Joule heating 
and of Pelt ier  heating or cooling, four 2-sec current  
pulses of -t-5.85, --5.35, -t-2.67, and --2.67 A /cm 2 were 
successively applied across the S-L interface (a -{- 
sign indicates that the solution has a positive polari ty 
with respect to the substrate) .  The result ing tempera-  
ture effects are shown in  Fig. 2. 

It  is seen in Fig. 2 that the pulse of -1-2.67 A /cm 2 re-  
sulted in a temperature  increase, while the pulse of 
--2.67 A/cm ~ caused a temperature  decrease. The oc- 
currence of the temperature  decrease shows that at 
this current  density Pelt ier cooling and heating ( = P I )  
exceeded Joule heating (----I2R), which tends to raise 
the temperature  regardless of current  polarity. From 
the observed relationship be tween  the thermal  effects 
and current  direction, the Pelt ier  coefficient is positive, 
according to the sign convention of Ref. (16). For 
pulses of • A/cm 2, it is seen in Fig. 2 that the tem- 
perature increased for both current  directions, al-  
though the increase was appreciably greater for the 
positive pulse. At this current  density Joule heating 
had become dominant ,  because of its dependence on 
12, although the relative magni tude  of the Pel t ier  ef- 
fect was still large enough to have a significant in -  
fluence on the temperature  change. The dominance 
of Joule heating was observed for current  densities 
exceeding about 3 A/cm 2. In experiments  of GaA1As, 
however, it has been demonstrated that under  certain 
conditions substant ial  net  cooling can be achieved by 
the Pel t ier  effect even at high current  densities (17). 

Results and Discussion 
In  the experiments described here the polari ty of 

the current  pulses was positive, so that both Pelt ier 
heating and Joule heating occurred at the growth 
interface. The result ing demarcat ion effects are vis- 
ible in  Fig. 3, which is a photomicrograph of a cleaved 
and etched GaAs LPE laygr. During the growth of 
this layer, 25 current  pulses of 13 A/cm 2 and 0.5 sec 
durat ion were t ransmit ted at 5 min  intervals.  The 
width of the observed demarcation bands is in all 
instances about 3/J~m, independent  of the temperature,  
which decreased from 851 ~ to 815~ dur ing the 
experiment.  Since the solubil i ty of As in liquid Ga 
decreases from approximately 3.8 to 2.6 atomic per 
cent over this temperature  range (18), it must  be con- 
cluded that  the current - induced growth is not an 
equi l ibr ium process. The formation of demarcation 
bands is a t t r ibuted to temporary dissolution of a th in  
region of the LPE layer, due to the heat generated at 

T(~ 

STARTING TEMR 850~ 

A/cm 2 

I ~  COOLING RATE 0 .25~ 

I MIN 

TIME 

Fig. 2. Temperature-time profile for LPE experiment, showing 
the temperature changes associated with the transmission of cur- 
rent pulses across the solld-liquid interface. 
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Eig. 3. Photomicrograph of a cleaved and etched GaAs layer 
grown by LPE with interface demarcation. During growth, 25 pulses 
of 0.5 sec duration were transmitted at 5 min intervals. 

the S-L interface, followed by very rapid regrowth of 
this region after te rminat ion  of current  flow; Te segre- 
gation varies with growth rate and the etching rate of 
the cleavage plane is a function of the Te concentra-  
tion. (No demarcat ion lines could be observed in un -  
doped GaAs.) This in terpre ta t ion  is consistent with the 
constant  width of the demarcat ion bands, since the 
amount  of heat generated per pulse was constant and 
the heat of . fusion and heat capacity of GaAs can be 
assumed constant  over the tempera ture  range of the 
experiment.  However, it does not explain the observa- 
tions in other experiments  where it was found that  the 
width of the demarcat ion bands is not changed ap- 
preciably by variat ions of approximately one order of 
magni tude  in  pulse durat ion or pulse height. 

Detailed informat ion concerning LPE growth can be 
extracted from exper imental  results such as those in 
Fig. 3. The amount  of mater ia l  deposited over any 
tempera ture  interval  can readily be determined,  since 
the demarcat ion bands delineate the S-L interface 
and each current  pulse results in a signal on the 
recorded cooling curve (as i l lustrated in Fig. 2). 
Figure 4 is a plot of the epitaxial  layer thickness as a 
funct ion of growth temperature,  obtained from the 
spacing of consecutive demarcation lines in  Fig. 3. It 
can be seen in  Fig. 4 that the exper imental  points very 
accurately follow the curve shown, which was obtained 
from the phase diagram (18). According to the phase 
diagram, a max imum layer thickness of 153 ~m GaAs 
(on a 1.5 cm~ substrate, from a solution containing 
4.5g Ga and 0.383g GaAs) can be achieved by growth 
from solution over the tempera ture  in terval  from 851 ~ 
to 815~ The measured average layer thickness w a s  
149 ~m, indicat ing that the growth efficiency in this 
par t icular  case was close to 100%. A growth efficiency 
of 100% cannot be expected if growth is diffusion 
controlled, since this growth mode implies the exis- 
tence of an arsenic concentrat ion gradient  perpendicu-  
lar to the S-L interface. The results in Fig. 4 would 
suggest that  growth occurs without  the establishment 

of a substant ia l  diffusion boundary  layer. Etching 
experiments  indicate the absence of random segrega- 
t ion inhomogeneities. It  must  therefore be concluded 
that  thermal  convection effects cannot readily account 
for the apparent  decrease in the thickness of the dif- 
fusion boundary  layer. On the other hand, it cannot 
be assumed that  t h e  equi l ibr ium conditions prevai l ing 
dur ing  current-control led  LPE at the growth interface 
are identical with those encountered dur ing conven-  
tional LPE. 

It  has been suggested (2, 7) that  the surface mor-  
phology of an epitaxial  layer  corresponds to the mor-  
phology of its growth interface; thus, a flat surface is 
taken as indicative that growth proceeded with a flat 
interface. On the other hand, Ref. (19) has shown 
that the surface of the top layer  in a GaA1As/GaAs 
heterojunct ion laser is ra ther  dis turbed compared to 
the under ly ing  interfaces. Figure 5 shows clearly that  
nei ther  of these relationships can be assumed a priori, 
since here the top surface is flat while the under ly ing  
demarcation lines reveal a pronounced localized 
depression in  the growth interface. In  this case, the 
interface morphology remained basically unchanged 
over a growth period of 30 rain (from 844 ~ to: 835~ 
but  there is a pronounced difference in  morphology 
between the final surface and the last demarcat ion 
line. This observation suggests that  surface morphology 
is significantly affected by growth dur ing solution 
wiping. It was established that the solution was wiped 
off completely from the surface of the epitaxial  layer. 
The surface morphology is therefore unrela ted to 

Fig. 5. Photomicrograph of a GaAs LPE layer. It can be seen 
that the surface flatness does not reflect the shape of the S-L 
interface (as depicted by demarcation lines) during growth. 
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res idual  solut ion left  on the surface and cannot at  this 
t ime be expla ined  adequately .  The p resen t ly  observed 
wiping effects cannot be generalized,  but  they  indicate  
potent ia l  complicat ions ar is ing f rom wiping in LPE 
systems. 

Another  appl icat ion of interface demarca t ion  to the  
s tudy  of LPE growth  is i l lus t ra ted  in Fig. 6. In this 
exper iment ,  a pi t  in the  subs t ra te  surface created a 
local pe r tu rba t ion  on a fiat, poss ib ly  facet - type ,  g rowth  
interface.  I t  took 18 ~m of ep i tax ia l  g rowth  (about  25 
min) before the 2.5 ~m deep pit  was e l iminated.  In  
some other  cases, however,  the change f rom an i r r egu-  
l a r  interface to a s t ra ight  one took place wi th in  a short  
period.  

Local r e t a rda t ion  of the growth  of an LPE l aye r  is 
shown in Fig. 7. Of the  nine demarca t ion  l ines ob-  
served, eight were  formed by  cur ren t  pulses at in te r -  
vals of 5 min, whi le  the  uppermos t  l ine was genera ted  
by  in te r rup t ing  the growth  momen ta r i l y  by  separa t ing  
and subsequent ly  recontact ing solution and wafer .  
F igure  7 indicates that  local ly  no ep i tax ia l  g rowth  
had taken place over  a dis tance of about 220 ~m. This 
local r e ta rda t ion  of g rowth  pers is ted over  a s teadi ly  
decreasing area  for a per iod in excess of 20 min. I t  is 
clear  from Fig. 6 and 7 that  dur ing  LPE growth  a pi t  
may  resul t  in the final surface if growth  is res t r ic ted  
to thin layers  (as is cus tomary  for cer ta in  devices) .  In  
the  expe r imen t  shown in Fig. 7, i t  took 45 min  of 

Fig. 6. Photomicrograph of a GaAs LPE layer, showing the devel- 
opment of a flat S-L interface from a pit in the surface of the 
substrate. 

Fig. 7. Photomicrograph of a GaAs LPE layer, showing the 
development of a fiat S-L interface after localized initial growth 
retardation. 

growth  before  the r e t a rda t ion  was overcome and a 
flat g rowth  interface was formed. The area  under  the  
del ineated py ramid  was formed at an increased g rowth  
ra te  and can be expected to const i tute a significant 
segregat ion discontinuity.  In this a rea  the  average  
growth  rate  normal  to the angle of incl inat ion is 
calculated to be app rox ima te ly  35% higher  than  that  
in the  (109) direction.  The or ienta t ion  of the  growth  
interface varies, and no speci~c ~et of Iow- index  
g rowth  planes  can be identified. The exact  cause of the 
local inhibi t ion of g rowth  is unknown, but  it  is sug- 
gested that  oxides or ma jo r  defects in the  subs t ra te  
are responsible.  While  the present  exper iments  are  not  
exhaust ive,  they  indicate  c lear ly  that  smooth  sub-  
s t r a t e - ep i l aye r  interfaces and smooth final l ayer  sur -  
faces are no assurance that  LPE growth  has proceeded 
in an unpe r tu rbed  manner .  

S u m m a r y  
The present ly  repor ted  exper iments  show that  in-  

terface demarca t ion  th rough  current  puls ing can be 
appl ied  successfully to the quant i ta t ive  s tudy of l iquid 
phase epi taxy.  I t  has thus been shown that  t rans ien t  
changes in the growth  interface  morphology,  which 
are  not necessar i ly  reflected in the surface morphology  
of the epi tax ia l  layer ,  m a y  occur. Such t rans ients  may  
resul t  in significant composi t ional  inhomogeneit ies .  
Whi le  the  exper imen ta l  resul ts  were  obta ined  on th ick  
ep i tax ia l  layers,  the observat ions  should app ly  as wel l  
to th in  l aye r  growth.  
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ABSTRACT 

Decomposition reaction of dialkylamides of boron, silicon, tin, titanium, 
zirconium, niobium, and tantalum was investigated. The amides of transition 
metals decomposed to the corresponding nitrides at 300~176 whereas those 
of boron, silicon, and tin yielded elemental deposits at higher temperatures. 
In the deposition of titanium nitride from titanium tetrakis(dimethylamide), 
two optimum temperatures at 400 ~ and at 800~ in nitrogen or hydrogen at- 
mosphere were found, but in argon only low temperature deposition was 
possible. The low and high temperature processes are discussed in relation 
to mass spectral analysis of the exhaust gases formed at various decomposition 
temperatures  of t i t an ium amide. 

Metal nitrides are well known to have outstanding 
physical and chemical properties and have been pre-  
pared by the reactions of metal  halides or hydrides 
with ni t rogen + hydrogen or ammonia,  or of metals 
with ni t rogen (1). These reactions usual ly  require tem- 
peratures higher than 1000~ which have l imited the 
application of the nitrides as the useful coatings on 
m a n y  materials. Therefore, their  preparat ion at lower 
temperature,  where deformation of substrate materials  
can be avoided, should be important.  

Recently, the use of organometall ic compounds as  
the s tar t ing materials for the vapor deposition of some 
inorganic compounds such as oxides has been reported 
(2). Dialkylamides of metals are of part icular  interest  
with respect to the fact that they have direct metal -  
ni t rogen ~-bonds, and controlled thermal  decomposi- 
t ion of these organometallics could result  in the dep- 
osition of the corresponding nitrides at temperatures  
much lower than the conventional  preparat ion tech- 
niques ment ioned above. With this in mind, the ther-  
mal decomposition of dialkylamides of various metals 
is investigated, and a detailed examinat ion of the de- 
composition products including organic compounds was 
performed using t i t an ium te t rakis(dimethylamide)  as 
a representat ive compound. 

Experimental  
Materials--Metal dialkylamides used in this s tudy 

were prepared according to the modified method of 
l i terature  (3) from l i th ium dialkylamides and the 
corresponding metal  chlorides and were supplied to be 
used for the decomposition reaction after identification 
with infrared, NMR, and mass spectra (4). Silicon 
te t rakis (d imethylamide)  was found to include about 
75% of chlorot r i s (d imethylamino)s i lane  but  was used 
without  fur ther  isolation. Argon, hydrogen, and n i -  
trogen were refined by passing over t i t an ium sponge 
heated at ca. 800~ and phosphorus pentoxide, suc- 
cessively. Hel ium and other Guaranteed Grade rea- 
gents were used without  fur ther  purification. 

Decomposition reaction of the amides--An apparatus 
used for the decomposition reactions is shown in  Fig. 
1. An amide saturated in a carrier gas (argon, hydro-  
gen, or ni trogen) at a suitable temperature,  where it 
is thermal ly  stable (in most cases below 100~ except 
for silicon amide; 140~ was introduced onto a 
substrate [about 10 • 10 ram2: quartz, graphite, 
stainless steel (Ni 18, Cr 8), or copper plate] which 
was mounted  on a SiC heater in a reaction tube 
(quartz; inside diameter  25 ram).  The reactor was 
cooled by water flow from the outside in order to 
avoid the deposition on its inside surface. Tempera ture  
of the substrate was measured by an Alumel-Chromel  

K e y  words ;  me ta l -d i a lky lamides ,  n i t r ides ,  t h e r m a l  decomposi t ion .  

thermocouple (uncorrected) and was regulated using 
a regulator  (Chino Electric Company, Model E-500). 
After  the decomposition reaction, the furnace w a s  
cooled in an atmosphere of flowing carrier gas to room 
temperature.  Most substrates were used after polishing 
with an emery paper. The surface of the copper plate 
was cleaned by heating in air and subsequent  steeping 
in  methanol.  The films on the substrate were examined 
in situ on the substrate by x - r ay  diffraction (Rigaku 
Electric Company, Type 2040), scanning electron mi-  
croscopy (JEOL, Model U3), and par t ly  by x - r ay  mi-  
croprobe analysis (JEOL, Model JAX-5 CHD). 

Analysis of the exhaust gas--The exhaust gas formed 
in the decomposition of an amide was analyzed by g a s  
chromatography (F.I.D.; Apiezon L column, 1.0m; 
20~ and by bubbl ing  through a benzene solut ion 
of naphthyl isocyanate  which reacts to form urea de- 
r ivatives of the corresponding amines. Detailed anaIy-  
sis was performed by a mass spectrometry. Hel ium 
gas, which was used because it does n o t  interfere 
with detection of fragments  with low molecular  
weights, was saturated with the vapor of t i t an ium 
te t rakis (d imethylamide)  or the silicon analogue and 
was passed through a quartz furnace (inside diameter  
15 mm) heated from the outside at a given tempera-  
ture. The gas formed was first collected in  a g a s  
reservoir, before it was introduced into the spectrom- 
eter (JEOL, JMS-01SG). 

Evaluation of quantity of vapor transported of ti- 
tanium tetrakis(dimethylamide).--Titanium amide is 
so sensitive to moisture and oxygen that it is difficult 
for us to determine the quant i ty  transported by a 

Gas i n l e t  (lO) (8) (9) Gas i n l e t  

(7) 111 I L_: ~(6) 
(1) (3) \ / (5) 

<4) $ 

Gas outlet 

Fig. 1. Schematic diagram of the apparatus used for the decom- 
position of amides. 1, Substrate; 2, SiC heater; 3, carbon powder; 
4, graphite; 5, iron rod; 6, a-c thermocouple; 7, amide saturator; 
8, flow meter; 9, titanium sponge; 10, Nichrome heater. 
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carr ier  gas. However, this compound has been re-  
ported to react with carbon disulfide giving the stable 
complex, t i t an ium tetrakis (N,N-dimethyldi thiocarba-  
mate) (5). Thus, by  bubbl ing  the carrier gas (nitrogen) 
saturated with the t i tan ium amide at 90~ into a 
benzene solution of carbon disulfide and collecting 
the red precipitates by filtration, the quant i ty  of the 
amide transported was calculated from the weight of 
the precipitates as 0.032 m g / m l  (N2). 

Results 
Decomposition products.--When the vapor of t i ta-  

n ium tetrakis (dimethylamide)  saturated in  ni t rogen gas 
was introduced onto a quartz substrate which was 
heated at 400~ it decomposed resul t ing in brownish 
coatings. Their  x - r ay  diffraction showed broad peaks, 
which are fully consistent with those of t i t an ium ni-  
tride as shown in Fig. 2. The peaks became more 
pronounced when annealed  in argon atmosphere at 
800~ for 10 min. The high tempera ture  decompo- 
sition products were yellow-colored and had sharper 
x - ray  diffraction peaks (see Fig. 2). The low and 
high temperature  products were iner t  to hydrochloric 
acid and sulfuric acid but  were etched par t ly  by nitr ic 
acid and soluble in  aqua regia, being consistent with 
the chemical properties of t i t an ium nitride. The x - ray  
microprobe analysis of the product obtained at 400~ 
shown in  Fig. 3 suggests a homogeneous nitr ide which 
contains a small  quant i ty  of carbon, par t icular ly  in  
the grain boundaries.  The lowest formation tempera-  
ture  was about 250~ 

The decomposition reaction was evident  in hydrogen 
as well as in nitrogen. On the other hand, in argon 
atmosphere the nitr ide deposition was observed analo-  
gously at lower temperature  reaction (about 400~ 
but  was very  poor at temperatures  higher than  700~ 

The decomposition reaction of other amides was 
investigated in a similar manner ,  and the products 
are listed in Table I, together with their lowest forma- 
t ion temperatures.  The amides of t ransi t ion metals 
such as t i tanium, zirconium, and niobium gave the 
corresponding nitrides. Their x - ray  diffraction pat terns 
are reproduced in  Fig. 2. Tan ta lum amide gave the 
grayish deposits which had x - ray  diffraction peaks 
Cu-Ka 2# = 36.2 ~ , 41.9 ~ and 61.0 ~ (relative in -  
tensi ty 100:70:30) which were not consistent with 
available data of t an ta lum compounds. Therefore, we 
could not identify the products. 

On the other hand, amides of boron and t in did 
not yield a ni t r ide at any tempera ture  in the range 
300~176 but  gave the elements themselves. 
Boron was obtained above 700~ in  the brown films 
and was identified by x - ray  diffraction and the easy 
dissolution in nitric acid. Tin was formed at 300 ~ 
1000~ as gray coatings, which were clearly iden-  
tified by the x - r ay  diffraction analysis (30.2 ~ 31.6 ~ 
43.5 r , and 44.5~ In  the decomposition of silicon 
amide which was found to consist of both silicon 
tetrakis (dimethylamide)  and monochloride (near ly  1: 3, 
see exper imental  section), white powder and homo- 
geneous yellowish or brownish coating w e r e  obtained 
at 800~ below which no depositions occurred. The 
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Fig. 3. X-ray microprobe analysis of the deposits obtained from 
Ti(NMe~)4 on quartz at 400~ in nitrogen. 

former was identified as ammonium chloride by  inf ra-  
red spectrum and x- ray  diffraction. The lat ter  adhered 
t ightly on the quartz substrate and exhibited no x - ray  
diffraction peaks, indicating an amorphous material.  
Its infrared spectrum showed the presence of an amino-  
group (IJN. H 1400 cm -1) (6). Its fur ther  heating at 
a higher temperature  (1100~ in argon released a 
small quant i ty  of ammonia,  ' suggesting that the de- 
posit contained silicon amide. It was oxidized gradu-  
ally in air at 1300~ to give a blue-colored product. 
In  figuring the weight increase after the oxidation, 
silicon content in the product was estimated to be at 
least 80%. It was soluble par t ly  in hydrofluoric acid, 
par t ly  in  20% sodium hydroxide, and par t ly  in hydro-  
fluoric acid -~ nitric acid. Therefore, it can be assumed 
that the brownish product from silicon alkylamide con- 
tains a few compounds such as silicon, silicon nitr ide 
(or amide),  and silicon carbide. But, the result  of the 
oxidation reaction strongly suggests that silicon is a 
major  product. Thus it is of great interest  that  the 
decomposition of the amides of the main  group ele- 
ments has a tendency to result  in the corresponding 
elements themselves rather  than the nitrides, being 
in str iking contrast to that of t ransi t ion metal  amides. 

Table I. Metal dialkylamides, decomposition products, and the 
lowest formation temperatures of nitrides 

TiN (700~ 

~ t  _ 

TiN (300~ 

40 60 80 ~ 30 50 70 ~ 

20 (Cu-K~) 20 (Cu-Ka) 

Fig. 2. X-ray diffractions of deposits formed on quartz 

20 

ZrN (400~ 

NbN or Nb3N, 
(5oooc) 

Ta Compound 
(500~ 

_AA 

L o w e s t  
f o r m a t i o n  

A m i d e  P r o d u c t  t e m p  (~ Remarks  

Ti(NMe~)4 TiN 250 R e d d i s h  b r o w n  f low) 
Ti(NEt~)~ TiN 350 or  y e l l o w i s h  (h igh  
Ti(N-n-Pr2)  4 TiN 500 t e m p e r a t u r e )  coat-  
Ti (N-n-Bu2) 4 T iN 600 ings  
Zr(NMe2)~ Z r N  400 Pa le  b r o w n i s h  coat-  
Z r  (NEt~) ~ Z rN  500 ings  
N b  (NEt2) 3 NbN or  Nb4Ns 500 B lack  coa t ings  
Ta(NEt~)5 U n i d e n t i f i e d  (500) G r a y i s h  coa t ings  
Si(NMe2)4* Si, S iC  and  (800) B r o w n i s h  coa t ings  

Si (NH2) n 
Sn (N1VIe2) 4 Sn (300) G r a y i s h  coa t ings  
B(NMe2)3 B (600) D a r k  b r o w n i s h  coat- 

ings 

* I t  i nc ludes  abou t  75% of CISi(NMe2)~. 
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Temperature dependence of deposition.--The lowest 
formation temperatures  of ni t r ides  shown in  Table I 
are remarkab ly  low compared with those in  the con- 
vent ional  chemical vapor depositions. The amides hav-  
ing a higher molecular  weight or of heavier  elements 
are apt to decompose at higher temperatures.  The 
tempera ture  dependence of the deposition was studied 
in more detail  using t i t an ium te t rakis (d imethylamide)  
and te t rakis(die thylamide)  as representat ive com- 
pounds. The results  in ni t rogen are shown in  Fig. 4 and 
5, respectively. The m a x i m u m  yields were found at 
about 400~176 and at a tempera ture  above 800~ in 
either compounds, when hydrogen or ni t rogen was 
used as a carrier gas. In  the case of argon carrier, how- 
ever, the ni t r ide deposition occurred analogously at 
lower temperatures  but  was extremely suppressed at 
higher temperatures.  The t i t an ium nitr ide content  in 
the deposits was evaluated from t i t an ium oxide (TiO2) 
formed by oxidation in air, and is shown also in  Fig. 4 
and 5. These results strongly suggest that the different 
mechanisms can take part  in the low and high tempera-  
ture  decompositions. Table I indicates that  ~he amides 
of the ma in  group elements gave deposits at higher 
temperatures  than those of t ransi t ion metals. 

Analysis o~ the exhaust gases.--In order to clarify 
the processes of deposition, the exhaust gas of the de- 
composition reaction was examined by gas chromato-  
graphy, mass spectroscopy, and chemical analysis. 
When the exhaust  gas formed by the decomposition of 
t i t an ium te t rakis (d imethylamide)  at the opt imum 
condition (400~ in ni t rogen was bubbled  into a 
benzene solution of naphthylisocyanate,  white crystals 
which were identified as pure d imethylnaphthy lurea  
by NMR and infrared spectra, m.p. and thin layer  chro- 
matography were separated, indicating a selective for- 
mat ion of dimethylamine.  Its yield was found to de- 
crease with the increasing decomposition temperature.  
The gas chromatographic analysis showed at least 
three peaks, one of which was identified as d imethyl-  
amine. 

Detailed analysis of the gases obtained at the de- 
composition temperatures  300 ~ 600 ~ and 800~ in 
he l ium atmosphere was performed using a mass 
spectroscopy, and the results are shown in Fig. 6, in  
which the relative intensit ies of fragments  to a frag- 
ment  m /e  78 (unidentified) are shown. This figure in -  
dicates that at lower temperatures  the e l iminat ion of 
d imethylamine  was dominant  and that at tempera-  
tures above 600~ fur ther  degradation could take 

(m/e) ? 
] 0 0  . . . ~ - _ _ _  . . . . .  �9 

57~ ( - - "  N2 . - ~  4 28) ~.~.. . . ' "  C2H4 

~ C2H2 
CH4 
NH3 
Me2NH 

~ _  / / ( 1 6 )  

~ / /  ( 3 0 ) /  02H6 

1 
300 600 800 

Decomposition Temperature (~ 

Fig. 6. Mass spectral analysis of the exhaust gases formed in the 
decomposition of Ti(NMe2)4 at different temperatures. 

place. The formation of hydrogen and methane  became 
significant at 800~ which indicates an occurrence of 
a full decomposition of the complex. In  contrast, the 
deposition yields of t i t an ium nitr ide were m a x i m u m  
at about 400~ and at a temperature  higher than 
800~ and a m i n i m u m  of 600~ (see Fig. 4 and 5). 

The tempera ture  dependence of the composition of 
the exhaust gas of silicon dimethylamide was similar 
to that of t i t an ium dimethylamide,  as shown in Fig. 7. 
In  the case of silicon amide, however, the deposition 
was found only at a tempera ture  above 700~ The 
difference between the behavior of silicon and t i t an ium 
amides may be related to the stabil i ty of an in te rme-  
diate of the reaction. The main  fragments  in  the 
mass spectra of silicon and t i t an ium complexes are 
summarized in  Table II. In the case of the former, 
b i s (d imethylamino)s i l i conium ion was observed at 
high abundance,  but  the analogous f ragment  ion of 
t i t an ium was absent, suggesting the higher stabili ty 
of low valent  silicon species. 
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Fig. 4. Temperature dependence of deposition and purity from 
Ti(NMe2)4 on quartz in nitrogen. 
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Fig. 5. Temperature dependence of deposition and purity from 
Ti(NEt2)4 on quartz in nitrogen. 
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Fig. 7. Mass spectral analysis of the exhaust gases formed in the 
decomposition of Si(NMe2)4 [includes 75% of CISi(NMe~)3] at 
different temperatures. 
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Fig. 8.  TiN deposits formed on 
quartz. A, 300~ low deposi- 
tion; B, 300~ high deposition; 
C, 800~ D, 1000~ 

Properties of deposits.--In Fig. 8, the scanning elec- 
tron micrographs of a typical t i tanium nitr ide deposited 
on a quartz  substrate are shown. The grain sizes of the 
nitr ide obtained at a lower tempera ture  were  larger  
than those at a higher  temperature .  The x - r ay  diffrac- 
tion pat tern  of low tempera ture  deposits was quite 
s imilar  to that  of powdered t i tanium nitr ide except  
for considerable broadening, but the high t empera tu re  
deposits had a larger  intensi ty of (111) peak (see 
Fig. 2). F igure  8 demonstrates  that  the high t em-  
pera ture  deposits are par t ly  crystallized. 

The deposition onto some other substrates such as 
graphite,  copper, and stainless steel was also examined.  
The deposition rates on these substrates were  found 
to be 0.25 mg/cm~.min  (about 15% yield for the amide 
introduced) ,  ~hus being faster  than on the quartz  
substrate (0.15 mg/cm2.min) .  This difference might  
be due  to the thermal  conductivi ty of the substrates 
ra ther  than thei r  chemical  nature  such as a catalytic 
action of the surfaces. The adherence of the deposits 
to graphite and copper substrates seemed preferable  
to that  of stainless steel and quartz. The deposits 
on the two lat ter  substrates were  often found to peel  
off. A cross section of the t i tanium ni t r ide deposited 
on a quar tz  at  300~ is shown in Fig. 9. At the i n t e r -  

Table II. Mass spectra of M(NMe~)4 (M : Si and Ti)* 

I n t e n s i t y  (%) 

F r a g m e n t  ion** Si  Ti  

M (NMe2) 4 44.7 22.0 
[M (NMe~)sCl] t [66.0] --  
[M(NMe2)~]t [55.3] 
M (NNIe~) ~NMeCH2 13.8 8.0 
M (NMe2)  eNCI~ 2.4 13.5 
M(NMe~)~ 20.2 - -  
M e 2 N H  lOO.O lOO.O 

* M e a s u r e d  at  20 eV. 
** These formulas were assigned f r o m  t h e  high resolution analy- 

sis using perfluorokerosene as an  i n t e r n a l  s t a n d a r d  (errors  are  
within 5 m m a s s ) .  

% M o l e c u l a r  i o n  of  e h l o r o t r i s ( d i m e t h y l a m i n o ) s i l a n e  i n v o l v e d  a n d  
a f r a g m e n t  ion  f o r m e d  b y  i ts  fragmentation. 

face be tween the nitr ide and the surface of the quartz, 
no other layers were  found, suggesting that  the ni tr ide 
did not react wi th  quartz at the deposition condition. 
The color of the nitr ide was brownish or dark ye l low-  
ish at low tempera ture  but  became yel lowish at a 
high temperature ,  being similar  to the appearance of 
a typical t i tanium nitride. 

A qual i ta t ive electrical  conduct ivi ty  measurement  
(four terminal  method) showed that  the nitr ide had a 

resist ivi ty 10 -2 ohm.cm at room temperature,  which 
is not in agreement  wi th  that  of normal  ni tr ide (21.7 
• 10 -6 ohm-cm) (7), probably due to imperfect  
coatings, the contaminat ion of some impuri t ies  (in 
part icular  at the grain boundaries) ,  and the existence 
of fine cracks. 

Discussion 
The deposition processes of metal  nitrides f rom the 

corresponding amides can be expected to va ry  with  
temperature.  At low temperature,  the deposition was 
independent  of the atmosphere,  but at high t empera -  
ture, the process was affected by the atmospheric 
gas, and the deposition was suppressed in argon. Mass 
spectral  results of the exhaust  gas indicated that  t h e  

Fig. 9. Cross section of TiN films deposited on quartz at 300~ 
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low temperature decomposition gave mainly amine, 
but the high temperature caused a full degradation 
of complexes. Therefore, the following decomposition 
schemes might be assumed 

Unfortunately it was difficult to obtain a perfect 
homogeneous coating over the surface of the substrates 
even when the careful experiments were performed, 
probably due to very low thermal stabili ty of the 

Low temperature:  M(NMe2)4 ~M(NMe~)8 ~ M ( N M e ~ ) ~  MNz 

j'H2 a n d / o r /  
High temperature:  M (NMe2) 4 "-Metal species ~ \ N  compounds 

In the low temperature process, the amides may 
decompose through a successive elimination of amine 
fragments to give a low valent metal amide, followed 
by subsequent elimination of alkyl groups to yield 
the corresponding nitrides. A nitrogen atom originally 
bound to the metal may remain in the product without 
any separation through the reaction. Meanwhile, at 
high temperatures a complete degradation of the 
amides is preferable, followed by a recombination of 
metallic species formed with nitrogen compounds or 
by a further reduction with hydrogen, affording the 
nitrides. When argon is used in this reaction, it may 
dilute the concentration of nitrogen species or hydro-  
gen to make the formation of the nitrides difficult. 
In a hydrogen atmosphere, splitting of the N-C bonds 
may be accelerated. These tentative schemes can ex- 
plain the existence of two maxima in the temperature 
dependence of deposition. The optimum conditions 
were concluded to exist at approximately 400~ and 
at a temperature higher than 800~ in low and high 
temperature depositions, respectively. 

At a medium temperature (about 600~ the com- 
plete decomposition may take place, but this tempera-  
ture is too low for nitride formation by subsequent 
recombination reactions. The amides of a main group 
elements may be so thermally stable that the successive 
reaction is difficult to occur. Therefore, they can de- 
compose only at a high temperature to the elements. 
This selective element formation (the representative 
case was tin from tin dimethylamide) may be at t r ib-  
uted to the easy reduction of the amides to zero valent 
species in comparison to the transition metals such as 
titanium. 

In the case of titanium, zirconium, and niobium com- 
pounds, the corresponding nitrides which contain a 
small quantity of carbon were obtained. Although "the 
product from the tantalum amide could not be iden- 
tified, it is supposed that it is to be a kind of nitride. 
In spite of a larger ratio of carbon to nitrogen in the 
starting materials the selective formation of nitrides 
suggests that the nitrogen atoms originally linked are 
important for it, although the thermodynamic data also 
indicate the nitride formation to be easier than the 
carbide (8). 

amides. However, this defect may be corrected in a 
procedure of reduced reaction pressure. 
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ABSTRACT 

Liquidus and solidus data are presented for the 800~ ~ and 900~ iso- 
therms in the In- r ich  corner of the In -Ga-As  phase diagram. A simple solu- 
tion model gives excellent agreement  with the solidus data, but  describes 
the l iquidus more poorly than  desired. 

The InxGal-xAs mixed crystal system has attracted 
considerable interest  for possible use in in'frared opto- 
electronic devices. By choosing the appropriate InAs 
mole fraction x, a room temperature  bandgap between 
1.425 (0.87 ~m) and 0.36 eV (3.4 #m) can be obtained. 
As par t  of a recent study of the l iquid phase epitaxial 
(LPE) growth and characterization of this material  
(1), a number  of l iquidus and solidus measurements  
at 850~ in the In-r ich  corner of the In-,Ga-As phase 
diagram were described. In  the present  work, we re- 
port l iquidus and solidus data for the 800 ~ 850 ~ and 
900~ isotherms extending all the way to the In-As  
b inary  cut. 

Early work on the In -Ga-As  phase diagram was re- 
ported by Stringfellow and Greene (2), who compared 
their calculations with some of Ewing's unpubl ished 
solidus data. Punish (3) measured liquidus tempera-  
tures between 7000 and 1170~ for several solution 
compositions along the 0.25 and 0.55 atom fraction Ga 
concentrat ion lines of the phase diagram. A number  of 
l iquidus and solidus points near  700~ were obtained 
by Antypas (3), who also derived a phase diagram 
for the system in fair agreement  with his measure-  
ments. Addit ional  l iquidus and solidus points below 
800~ in the In- r ich  corner were measured by Wu and 
Pearson (5). They obtained good agreement  between 
their calculated phase diagram and measurements  over 
a l imited compositional range (1) by adopting a com- 
posi t ion-dependent  interact ion parameter.  

Panish and Ilegems (6) have compared the results of 
these workers and have suggested a new set of pa-  
rameters in a phase diagram calculation for the 
In -Ga-As  system. It was shown by Nahory et al. (1), 
that  a small  change in one of these parameters  would 
permit  excellent agreement  between their own calcu- 
lated and measured solidus isotherms at 850~ al- 
though agreement for the l iquidus was poorer than 
desired. As will be shown below, this conclusion holds 
true as well when the more extensive data reported 
here are included. 

Experimental Procedure 
The LPE apparatus consisted of a quartz reaction 

tube mounted in a horizontal furnace. The furnace 
temperature  was electronically controlled to wi th in  
~0.1~ Liquidus measurements  and layer growth 
were carried out in  a pal ladium purified, flowing H2 
ambient,  using a graphite boat and slider assembly. 
Solution temperature  measurements  were made by 
means of a thermocoup]e situated just  below the solu- 
tion well in  the boat. 

Accurately preweighed 99.999+% pure Ga and In, 
and undoped polycrystall ine InAs were used in order 
to obtain desired solution compositions. The Ga and 
In  were cleaned in HC1, and the InAs in a 10% Br: 

1 Presen t  address :  Star  Route 1, Box 89, Georgetown,  South Caro- 
lina 29440. 

Key  words :  l iquid phase  epi taxy,  indiumx galliuml-~ arsenic,  ~er- 
nary  phase d iagrams.  

methanol  solution before being weighed. Growth was 
obtained on l l l B  (As) faces of GaAs substrates which 
had been sawed, lapped, cleaned, and degreased and 
fin.ally etched in a 10% Br :methano l  solution im-  
mediately before being loaded into the boat. 

Liquidus temperatures  were determined in situ by 
the method of direct, visual observation of the solu- 
tions just  prior to epitaxial  growth. Briefly, the method 
consists of first heating to dissolve and mix all com- 
ponents thoroughly, and then cooling the solution suffi- 
ciently to form an InxGal-xAs crust. The liquidus 
temperature  TL is reached when, upon fur ther  heating, 
the last bit of this te rnary  solid crust is observed to 
dissolve in the te rnary  liquid. Details of the adapta-  
tion of the method to our apparatus have been de- 
scribed elsewhere (1). 

The use of an open, flowing H2 system resulted in  a 
measurable loss of As by evaporation, which was ob- 
servable by a reduction of TL with time. The l iquidus 
temperature  of the original mel t  was readily deter-  
mined, however, by measur ing TL as a funct ion of 
time and extrapolat ing back to zero. The uncer ta in ty  
in TL introduced by this procedure was negligibly 
small at 800~ but  increased with TL and arsenic con- 
centration, becoming significant (,-~10 ~ at 900~ along 
the In-As cut. An absolute temgera ture  calibration of 
lhe system was obtained at 960.8~ by observing the 
mel t ing of silver in the same well usual ly used for the 
growth solutions. 

After the determinat ion of TL for a part icular  solu- 
tion, epitaxial growth of a layer several micrometers 
thick was carried out. The substrate was moved under  
the growth solution, cooled through several degrees at 
a rate between 0.25 ~ and l~  and then slid out 
from under  the solution again. It was possible to nu-  
cleate InxGaj-xAs directly on the GaAs 111B substrates 
with x as large as 0.15, although for x larger than 
about 0.08, such layers exhibited many  defects as a 
result  of the large lattice mismatch with the substrate. 

Solidus compositions were determined by electron 
microprobe analysis for most of the grown layers. An 
electron beam accelerating potential  of 15 keV was 
used, producing x - ray  fluorescence to an effective depth 
of approximately 1.3 ~m. Ind ium L-alpha, gall ium 
L-alpha, and arsenic K-a lpha  x - ray  intensities were 
measured s imultaneously using wavelength  dis~persive 
spectrometers. X- ray  intensi ty  ratios were determined 
by direct comparison with stoichiometric GaAs and 
InAs crystal s tandards and converted to chemical com- 
position with the aid of a computer program (7). At 
least ten spots, approximately 5 ~m in diameter, were 
probed on each layer, and in each case the lateral  var i -  
ation of x was less than 3% of its average value. 

Results and Discussion 
The liquidus temperatures  TL and solidus composi- 

tions x are summarized in Tables I, II, and III for solu- 
tions with TL in the vicinity of 800 ~ 850 ~ and 900~ 
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Table I. Summary of liquidus and solidus data near 800~ The 
liquidus compositions are given by the atom fractions X 1, the 
liquidus temperature by TL, and the InAs mole fraction in the 

solid by x. 

Xlxn XlGa XIA, TL(~ 

0.526 0.410 0.065 810-+1 0.034 
0.600 0.320 0.080 817-+1 0.051 
0.650 0.270 0.080 811-----1 0.061 
0.690 0 .240 0.070 7 8 9 + 1  0.065 
0 .680 0.240 0 .080 8 0 2 - + 1  0.073 
0 .720 0 .180 0 .100 8 1 6 - + 1  0.097 
0 .748 0 .150 0.102 8 0 0 - + 1  0.128 
0.775 0 ,100 0.125 799----.1 * 
0.795 0.050 0.155 791-+1 * 
0.792 O.O00 0.208 795----.1 * 

Table II. Summary of liquidus and solidus data near 850~ 
The liquidus compositions are given by the atom fractions X 1, 
the liquidus temperature by TL, and the InAs mole fraction in 

the solid by x. 

Xhn X]oa XtA, TL(~ x 

0.460 0.452 0.088 852~I 0.037 
0.665 0.332 0.103 851--+1 0.053 
0.580 0.312 0.108 852-----1 -- 
0.597 0.292 O.111 8 5 2 - + 1  0.065 
0.615 0.272 0.113 851-+1 - -  
0.681 0.252 0.117 850----.1 - -  
0.651 0.222 0.127 852-+1 0.085 
0.666 0.202 0.132 851----.1 0.098 
0.681 0.177 0 .142 8 5 3 - + 1  
0.697 0.151 0.152 8 5 2 - + 2  0.141 
0 .707 0.131 0.162 849----.2 - -  
0 .780 0.065 0.205 846----.2 * 
0.732 0 .000 0.268 847----.2 �9 

Table III. Summary of liquidus and solidus data near 900~ 
The liquidus compositions are given by the atom fractions X 1, 

the liquidus temperature by TL, and the InAs mole fraction in the 
solid by x. 

Xlxn XlGa XlAs TL(~ X 

0.480 0.380 0 .140 910__-2 0 ~ 4 3  
0.550 0.300 0 .150 904----.2 0 .065 
0.6~0 0.210 0.180 907----.2 0.109 
0.640 0 .160 0 .200 9 0 3 - + 2  * 
0 .652 0.113 0.236 9 1 2 - + 2  * 
0 .647 0.110 0.243 9 1 5 + 5  * 
0.660 0 .050 0 .290 905"+'6  
0.655 O.OOO 0.345 900+--10 * 

respectively.  The  compositions of these solutions are 
specified by the atom fractions X I of In, Go, and As, 
which were  measured to bet ter  than 1 part  per  thou-  
sand. The est imated uncer ta in ty  in TL, which is at-  
t r ibutable  to the procedure  used in correcting for 
As evaporation,  is given in the tables. The solidus com- 
positions are not given for every  solution because in 
some cases a layer  could not be grown on the GaAs 
substrate (*),  and in other  cases no microprobe anal-  
ysis was per formed ( - - ) .  A number  of the solutions 
listed in Table II were  previously  repor ted  (1). 

The solution compositions of Tables I, If, and III  are 
also shown on the phase diagram of Fig. i, by open 
circles, closed circles, and open squares, respectively.  
The solid curves are  the 800 ~ 850 ~ and 900 ~ isotherms 
obtained by interpolat ion be tween  the data points. 
The curves agree well  wi th  Panish's  (3) data where  
they intersect  the Xloa = 0.25 and 0.55 cuts and with  
the two 795~ data points of Wu and Pearson (5). 
Agreemen t  wi th  the InAs data of Liu and Peret t i  (8) 
(along the X1ca ~ 0 cut) is also well  wi thin  the ex-  
per imenta l  error.  The solidus compositions are plotted 
against XIGa for the three tempera tures  in Fig. 2. 

As described above, a small  change of one of the 
interact ion parameters  in the model  suggested by Pan-  
ish and l legems (6) permi t ted  Nahory et al. (1), to 
obtain theoret ical  results at 850~ in excel lent  agree-  
ment  wi th  their  own solidus measurements ,  a l though 
in ra ther  poor agreement  wi th  their  l iquidus data. 
This model  treats the InxGal-=As solid as a str ict ly 

O. 55 As 
0.45 In 

O~ 

50~ 

O.55G0 ~ In 
O.45In 0 

Fig. 1. Liquidus isotherms at 800 ~ (open circles), 850 ~ (solid 
circles), and 900~ (open squares) in the In-rich corner of the In- 
Go-As system. The points correspond to measured solutions and the 
curves are interpolated for the three temperatures. 
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Fig. 2. Solidus isotherms at 800 ~ (open circles), 850 ~ (solid 
circles), and 900~ (open squares) as functions of X1Ga in the 
In-Go-As system. The solid curves have been calculated to fit the 
data points. 

regular  solution of the b inary  compounds InAs and 
GaAs, and the l iquid as a simple solution of In, Ga, 
and As. Details of the calculat ion are given in the Ap-  
pendix. Present  at tempts to optimize all the interact ion 
parameters  of this model  to s imultaneously fit the ex-  
per imenta l  l iquidus and solidus isotherms of Fig. 1 and 
2 were  not successful, indicating that  the mode] is a 
good approximat ion but not quite  adequate.  The best 
over-a l l  fit was obtained using the parameters  given 
in Tab]e IV, which are the same as those used by 
Nahory et oZ. (1), and differ f rom those of Panish and 
l legems (6) only in the value of ~InAs-GaAs~ which was 
increased f rom 3000 to 3450 cal/mole.  The computed 
solidus curves, which are the near ly  straight lines 
drawn in Fig. 2, are in excel lent  agreement  wi th  the 
data at all three temper i tu res ,  as can be readi ly  seen 
f rom the figure. 

For the l iquidus data, a comparison of the measured 
curves (solid) wi th  those calculated (dashed) using 
the parameters  of Table IV is shown in Fig. 3. The 
solidus curves for x ~ 0.05, 0.10, and 0.15 (coincident 
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Table IV. Parameters used in the phase diagram calculation, 
including the temperature of fusion T F, entropy of fusion AS F, and 
the interaction parameters a for the liquid and ~ for the solid 

7SGaAs(1 - - X )  = 

TFIn-As (~ 1215 
ASFI,-AB (eu) 14.52 
ai=-a8 (eal/mole) --10.0T + 3860 and 
TFGa-As (~ 1511 
ASFGa-As (eu) 16.64 
aG~-A~ (cal/mole) --9.16T + 5160 7SInAsX - -  
azn-G= (cal/mole) 1060 
~]na.-oaas (cal/mole) 3450 

measured  and calculated)  have also been replot ted  in 
Fig. 3 from the  solidus i so therms of Fig. 2. Agreemen t  
be tween exper iment  and theory  for the l iquidus is good 
along the In -As  cut, but  the  curves differ by  as much 
as 2O~ elsewhere.  I t  would  appear  tha t  a more com- 
p lex  model  than  the present  s imple solut ion t rea tment  
is required.  

Manuscr ip t  submi t ted  Feb.  18, 1975; revised m a n u -  
script  received June  12, 1975. 

Any  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1976 
JOURNAL. Al l  discussions for the June  1976 Discussion 
Section should be submi t ted  by  Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by Bell Laboratories. 

A P P E N D I X  

Phase Diagram Calculation 
We follow Panish  and I legems (6) in t rea t ing  the 

I n - G a - A s  system. The Inz'Gal-.~As solid is considered 
to be a s t r ic t ly  regu la r  solution of the b ina ry  com- 
pounds  InAs and GaAs, and the l iquid to be a s imple 
solut ion containing In, Ga, and As mole  fract ions Xlin, 
X1ca, and XtAs. Then 

O. 55 As 
O. 45 In ~ 

0oc 

/ ,  

0.55Ga ~ In 0.45 In 
Fig. 3. Comparison of experimental liquidus isotherms from Fig. 1 

(solid) with isotherms calculated using the model described in the 
text and the parameters of Table IV (dashed). The solidus curves 
for x = 0.05, 0.10, and 0.15 are replotted from Fig. 2. 

where  

4.71Ga3,1As 

7SlGaTSlAs 

exp [ ASFGaAs 

RT 

4~lInT1As 

"TSlinTSlAs 

exp [ ASFInAs 

RT 

XIGaX1As 

- -  (TFGaAs - -  T )  

- -  (TFInAs - -  T )  ] 

[ A - l ]  

[A-2] 

Xlin -~ X1Ga -]- X1As = 1 [A-3] 

The ~1 and .ys are  ac t iv i ty  coefficients of the e lement  
in the l iquid or the b ina ry  compound in the  solid, 
respect ively,  the superscr ip t  sl signifies the  stoichio- 
metr ic  liquid, ~S F is the en t ropy  of fusion and T F the 
fusion t empera tu re  of the b ina ry  solid. 

The act iv i ty  coefficients for the solid are re la ted  to 
the i n t e r ac t i on ' pa rame te r  /~ by  

RT in ~SGaAs = /~InAs.GaAs x2 [A-4] 
and 

RT lr~ 7SInAs ---- /~InAs-GaAs (1 - -  X) 2 [ A - 5 ]  

The act iv i ty  coefficients for the l iquid are  re la ted  to 
the interact ion pa ramete r s  a by  

RT In 3'lGa = alGa.As (X1As) 2 -}- alGa_in (X l In )  2 

-~- (alGa-As --~ alGa.in - -  a l rn .As)XlInZlAs  [ A - 6 ]  

R T  I n  "~lin = alin.As (XlAs)  2 .~_ alGa.in (XlGa)  2 

-~- (alin.As -~ alGa.in - -  alGa_As)X~GaX1As [A-7] 

RT I n  ~JAs ---- alGa-As (X1Ga)2 ~_ alin.As (X l in )  2 

2ff (alGa_As ~_ alI. .As __ alGa_in)XIGaXIIn [ A - 8 ]  

An i te ra t ive  computer  p rog ra m is used to solve for  
the  equi l ib r ium l iquid and solid composit ions at  a 
given t empera tu re  T = TL using Eq. [ A - I ] - [ A - 8 ] .  The 
input  pa ramete r s  T F, ~S F, a, and fl used in the  present  
work  are given in Table IV. The simple solution ap-  
p rox imat ion  for the  l iquid requires  that  the a's be in-  
dependent  of composition, a l though they  are functions 
of tempera ture .  The l imi ta t ion  that  the solid be a 
s t r ic t ly  regu la r  solut ion requires  that  the in teract ion 
pa rame te r  fl be a constant.  
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The Deformation of Anodic Films during the 
Plasma Anodization of AI-Si Structures 

J. J. H. Reche 1 and D. L. Pulfrey 

Electrical Engineering Department, The University 05 British Columbia, Vancouver V6T 1W5, Canada 

Although the insulator/semiConductor combination of 
SiO2/Si has proved very successful in semiconductor 
device technology, other combinations are of interest 
for part icular applications. For example, A120~ on Si 
would appear to be of interest in devices requiring 

Presen t  address :  G T E - L e n k u r t  Electr ic  (Canada)  Ltd . ,  7018 Loug- 
heed H i g h w a y ,  B u r n a b y ,  B.C. V5A lW3, Canada. 

K e y  words :  thin-f i lms,  stress, oxidation. 

good radiation resistance (1), low mobility of in- 
corporated impurities, e.g., Na + (2), low surface state 
density (3), and increased oxide dielectric constant 
(~8 vs. ~4) .  Memory action in metal A120~-Si FET's 
has also been observed (4). The A1203 film can be de- 
posited in a variety of ways, e.g., pyrohydrolysis of 
A1C13 (4), decomposition of Al-alkoxides (5), pyro-  
lytic deposition from AIB3 (6), rf sputtering (7), and 

Fig. 1. Micrographs of sample A: (a) scanning electron micro- 
scope; (b) electron microprobe analysis (i) backscattered electron 
image (topography) (ii) aluminum x-ray image. 
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plasma anodization (1, 3). The lat ter  method is con- 
sidered here and results are presented indicating that 
severe deformation of the anodic oxide film can occur 
during anodization. 

Anodization in an rf  oxygen plasma was carried out 
uti l izing the apparatus described in Ref. 8. The sub- 
strates used were (1-1-1) p- type silicon, 3-5 ohm-cm, 
and were etched in buffered HF and dried in  ni t rogen 
immediately prior to insert ion in the vacuum chamber. 
The vacuum system had a l iquid ni t rogen trap and was 
operated at a base pressure of about 10 -5 Torr. 99.999'% 
grade a luminum was thermal ly  evaporated from tung-  
sten coil filaments onto the unheated substrates. The 
film deposition rate was approximately 100 A sec -1 and 
the mass deposited was monitored by a quartz crystal 
oscillator used as a microbalance. Fi lm thicknesses 
were checked using a Sloan "angstrometer," Model 
M-100. 

The data presented in this note refer to two samples 
anodized at a constant current  of 16 mAcm -2. Sample 
A had an a luminum film of init ial  thickness 450A and 
was anodized to slightly past the point  at which in situ 
reflectance measurements  (9) indicated, assuming 
homogeneous anodization, all the metal had been con- 
verted to oxide. Sample B's ini t ial  a l uminum film 
thickness was 1650A and this was anodized unt i l  the 
A1208 was approximately 1000A thick. 

Figure 1 shows a scanning electron microscope 
(SEM) micrograph and electron microprobe results for 
a section of the anodic film on sample A. Small hillocks 
are clearly visible on the two topographical photo- 
graphs and these can be identified in Fig. 1 b (ii) as alu-  
minum-r i ch  regions. The hillocks are not thought to 
be related to structure in the as-deposited a luminum 

film as a SEM micrograph of an unanodized sample, 
deposited at the same time as sample A, revealed only 
very fine structure with any small  visible features 
being spatially unrela ted to the hillocks shown in Fig. 1. 

Figure 2 shows SEM micrographs of a variety of 
hillocks and extrusions resul t ing from the anodization 
of sample B. Electron microprobe data from the same 
portion of sample B are shown in  the four photos of 
Fig. 3. The four extrusions shown are clearly of a high 
a luminum content, yet possessing li t t le or no oxygen 
or silicon. The dark vertical trails on the silicon x - r ay  
image recording are the result  of shadowing effects 
due to the low angle of the x-rays  emitted by the sili- 
con. 

From the data presented it would appear that during 
anodization migrat ion of a luminum in the metal  film 
occurs and accumulat ion at sites of the order 10-20 nm 
apart  develops. If anodization is 'continued for a lc .g 
enough time (which will  only be permit ted by a thick 
enough metal  film) these accumulations or hillocks of 
a luminum actually rup tu re  the overlying anodic film 
and extrude. 

The cause of the mass t ransport  is un l ike ly  to be 
electromigration (10), a source of failure in some IC's 
using a luminum interconnects and current  densities 
~106 A-cm-~,  as the mass t ransport  is in the direction 
of electron current  flow (i.e., opposite to that  observed 
here) and, furthermore,  the current  densities are not 
high enough. E.g., even if all the anodization current  is 
assumed to flow through the hillocks, the current  den-  
sity would only be of the order of 10 A-cm-~.  A more 
probable cause is the presence of a film with high 
compressive stresses (the a luminum)  under  another 
film with lower diffusion rates (the a luminum oxide). 

Fig. 2. Scanning electron microscope micrographs showing hillock formation and aluminum extrusions in sample B 
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Fig. 3. Electron microprobe analysis of region of sample B: (a)backscattered electron image (topography); (b) aluminum x-ray image; 
(c) oxygen x-ray image; (d) silicon x-ray image. 

The mechanism of stress rel ief  is shown schematical ly 
in Fig. 4 and is similar  to that  t rea ted theoret ical ly by 
Chaudhar i  (11). In the case of compressive biaxial  
stress in the aluminum, the film wil l  seek re l ief  
through the path of ]east resistance, i.e., push the cov- 
er ing anodic film upwards.  Al though the oxide will  
accommodate some deformat ion by manifest ing itself 
in hillocks, a crack will  eventua l ly  occur, thus opening 
a path for stress rel ief  by extrusion of the a luminum 
toward the free surface. 

The presence of biaxial  stress in the a luminum film 
could be due to growth defects, differential  thermal  ex-  
pansion, t empera ture  gradients, tensile stresses in the 
a luminum oxide film, and electrical stresses. In alu-  
minum films internal  stresses originating during vapor  
deposition have been shown (12) to cause hillocks, but 
this type of deformation does not seem re levant  in the 
present  case as SEM micrographs of unanodized alu-  
minum films revealed no hillocks and, fur thermore,  
annealing of the a luminum film prior  to anodization 
did not prevent  a luminum oxide film deformation on 
subsequent  anodization. Stress analysis of d-c plasma- 
g rown a luminum oxide (13) indicates the presence of 
stresses which are most probably  tensile as the film 

apparent ly  contracts in the presence of an anodizing 
field. In the present case evidence of tensile stresses in 
the anodic film was provided by the almost complete  
removal  of the film if the anodization field was sud- 
denly removed when ei ther the current  was high or 
the oxide was thick. This can be contrasted to silicon 
oxide films which appear (8) to re l ieve stress by form- 
ing "bubbles." In the present  work  no film deformation 
was ever  observed to develop after anodization. 

In conclusion it would apear that  the hil lock and film 
rupture  phenomena are well  explained by Chaudhari 's  
(11) model, and that  the biaxia] compressive forces in 
the a luminum film resul t  f rom a combination of ~ome 
of the factors discussed above, with the presence of an 
anodizing field being a necessary ingredient.  
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Fig. 4. Film on a substra,te covered by another film with lower 
diffusion rate: (a) biaxial stress forces creating a vertical drift 
force component at a vacancy site; (b) mass flow under compres- 
sive biaxial stress; (c) mass flow toward free surface after rup- 
ture of the upper film. 

Any diseussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1976 
JOURNAr.. All discussions for the June 1976 Discussion 
Section should be submitted by Feb. 1, 1976. 
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Microscopic Mechanisms of Growth of Dark Line Defects in 
Double Heterostructure Lasers 

J. A. Van Vechten*,' 
Bell Laboratories, Murray Hill, New Jersey 07974 

Petroff and co-workers have studied the growth of 
dark l ine defects, DLD's, in  GaAs-GaA1As double 
heterostructure lasers (1). They claim to have estab- 
lished that the DLD dislocation network begins to 
grow in the p-al loy layer a variable distance from the 
active layer, grows only under  recombination, and 
gradual ly  propagates into the GaAs active layer via a 
climb mechanism. Although some still dispute these 
claims, the author accepts them. If one does accept 
them, then one must  conclude that the more e lemen-  
tary defects which coalesce to form the DLD disloca- 
t ion network must  be nonradia t ive  recombinat ion 
centers, NRC's, acting "via a configuration coordinate 
mechanism so as to exhibit  recombinat ion enhanced 
diffusion (2). One must  fur ther  conclude either that  
the NRC's are much more prevalent  in  the alloy than 
in the binary,  or that the concentrat ion in the b inary  
is not sufficient to degrade the device. The propagation 
of the NRC's toward the active layer should then re- 
sult from a gradient  in chemical composition. [If the 
rate of recombinat ion in the p-al loy region within a 
diffusion length of the active layer is at least 0.1% that 
in the active layer  in the devices studied, then the 
expected rate of enhanced diffusion is adequate. It 
seems reasonable that such a rate should obtain in this 
region as a result  of the impur i ty  absorption of light 
from spontaneous emission and the tail of the lasing 
mode, the passage of Auger electrons from the active 
region, and the imperfect reflection of electrons at the 
actual p-p junction.  This hypothesis is supported by 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  I B M  T h o m a s  J .  W a t s o n  R e s e a r c h  C e n t e r ,  Y o r k -  

t o w n  H e i g h t s ,  N e w  Y o r k  10598 .  
K e y  w o r d s :  G a A s ,  l a s e r  d e g r a d a t i o n ,  d a r k  l i n e  d e f e c t s ,  I I I - V  n o n -  

s t o i c h i o m e t r y .  

the observation that the rate of degradation continues 
to increase above the lasing threshold (3).] 

To test these conclusions the existence curve of GaAs, 
Fig. 1, and the concentrat ion of the various nat ive 
defects in GaAs and Ga0.6~A10.~jAs were calculated us- 
ing the author 's  prescription for est imating the energies 
of formation of vacancies and antisite defects in zinc- 
blende type semiconductors (4, 5). (See Table I.) 
The equi l ibr ium concentrations of the various ele- 
menta ry  native defects in the three layers of the p - p - n  
devices for 8O0~ growth in  contact with the appropri-  
ate liquids (6-9) are listed in Table II. For the alloy 
layers, the dielectric theory of the electronic s tructure 
of alloys (10) and the defect parameters  estimated 
previously (4, 5) were used. The defect ionization 
energies were assumed to be the same in the alloy 

Table I. Theoretically predicted enthalpies and entropies of various 
reactions involved in the growth of the actual imperfect crystal 
(4, 5, 9). AHcv and AScv denote the enthalpy and entropy of the 

fundamental bandgap and are fitted to the observed temperature 
dependence of that gap (5) 

R e a c t i o n  A H ,  e V  AS, k 

G a ( l )  = GaOA x + VAsx 1 .827  - - 2 . 1 2  
A s ( l )  = VGA x + ASAs x 1 .632 - - 3 . 3 6  
O = VGA x + VAs x 4 .66  2 . 2 0  
VGa x = V o a -  + e+ 0 . 2 8  + AHoy -- AHoy (T  = 0) AScv 
V o a -  = Voa  -2 + e+ 1.1 + AHoy -- AHoy (T  : 0) AScv 
VAs x = VAs+ + e -  0 .32  + AHoy -- AHrv  (T  = 0) AScv 
G a ( 1 )  = VGa x + GaAs  x 1 .827  + 0 .35  + 2 A H e v  0 
As(1)  = ASGa x + VAs x 0 .35  + 2AHoy  + 1 .632  0 
GaAs  x = GaAs  ~ + 2e+ 0 2ASev 
ASOa x = ASGa +~ + 2 e -  0 2ASev 
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Fig. 1. Predicted existence curve for GaAs and one experimental 
datum due to Kim (14), x, at the congruent melting point. Also 
shown are the results of the stoichiometry calculation of Logan and 
Hurle (15) at  the congruent melting point and at 800~ 0 .  
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and the b inary  and that  for VAs in GaAs was taken to 
be the same fraction of the gap as was assumed for Vp 
in GaP (5). The ionization energies for Vca were 
slightly adjusted from the corresponding estimate to 
match the radia t ion- induced defect having levels de- 
noted E3 and H1 by Lang and Kimerl ing (11). 

The present  theory was previously used (5) to cal- 
culate an existence curve for GaP which was in good 
agreement with exper iment  (12). It also offered an 
explanat ion for the observed dependence of the con- 
centrat ion of nat ive NRC's on growth conditions (13). 
The theory indicated the dominant  NRC to be a com- 
plex, VGa-PGa+2VGa - ,  formed during cooling from the 
equi l ibr ium dis t r ibut ion of point defects present dur -  
ing growth. 

The existence curve for GaAs, Fig. 1, calculated here 
using the l iquid phase activities of Thurmond  (8) and 
heats of formation of Ilegems and Panish (9), may be 
compared against one rel iable measurement  at the 
congruent  mel t ing point (14). The calculated composi- 
t ion at that  point  is 50.0013% Ga in agreement  with 
Kim's  value of 50.0014 +_ 0.0005% Ga for float zone 
material.  Kim's  one other measurement ,  on solution- 
grown (750~176 material,  indicates the mater ial  to 
be much more Ga-rich, 50.0077%, than the calculated 

Table IL Calculated equilibrium concentrations of defects in the 
three layers of the double heterostructure layers studied by 

Petroff et al. (1). The parameters in Table I and 800~ 
LPE growth (7, 9) are assumed 

n - G a A I A s  p - G a A s  p - G a A 1 A s  
x 1 0 1 e / c m  3 • 10X6/cm 3 • 101e / e r a  s 

G e A s -  - -  1 2 0  100  
G e G a  § 2 0  1 
TeA* + 100"0 
V G a , A l -  0 ,2  0 . 0 1  0 . 0 1  
YAw + 0 .8  2 .2  19  
ASGa +~ 2 x i0 -~ 0.08 0.01 
GaAm "~ 257 9.4 0 . 4 6  
AIAs  "~ 2 3 5  -- 0 . 4 2  

equi l ibr ium value. The author suspects that the mate-  
rial was not at its equi l ibr ium composition due to the 
t rapping of Ga-r ich l iquid inclusions dur ing the growth 
of that material.  The one other calculation of the ex- 
istence curve of G aAs, that of Logan and Hur le  (15), 
predicted the equi l ibr ium composition at 800~ to be 
very close to that calculated here (Fig. 1). Indeed, it 
would be very difficult to construct  any  thermodynamic  
model for GaAs which predicts a large deviation from 
stoichiometry at such a low temperature.  However, 
Logan and Hurle 's  calculation for the congruent  mel t -  
ing point is substant ia l ly  more Ga-rich than either the 
present calculation or Kim's  exper iment  (see Fig. 1). 

As the crystal cools, the reaction 

A1AI x + VAs + = VA1- + AlAs -~' + 4e + [1] 

and the corresponding GaGa reaction will  occur as the 
VA~'S migrate  to the nearest  neighbor sites. Therefore, 
the number  of VAs+A1As-2VAs + complexes which may 
form as the material  cools is not l imited by the n u m -  
ber  of AlAs present  dur ing growth but  may be l imited 
by the number  of VAs present. Assuming, as in Ref. (5), 
that these complexes are the pr imary  fate of the nat ive 
defects formed at growth, we estimate their  concen- 
t rat ion for equi l ibr ium growth to be 5 • 1015 cm -~ 
in the n-alloy, 1.1 • l026 in  the p-GaAs active re- 
gion, and 7 • 1026 in the p-alloy, where they are 
about evenly divided between VAs+A1As-2VA~ + and 
V A s  + ' G a A s - 2 V A s  + .  

Just  a s  V G a - - P G a + 2 V G a  - and not V p + G a p - 2 V p +  is 
the dominant  NRC in GaP, the author believes 
VAs +A1As-2VAs + and not VAs +GaAs-2vAs + nor 
V G a - A S G a + 2 ~ G a  - will  be the dominant  NRC in this 
case, at least for recombinat ion via the configuration 
coordinate mechanism. (They would seem about 
equally effective for an Auger mechanism, but  this 
mechanism could not produce RED and so would not 
cause the DLD dislocation network to grow.) This 
follows from the fact that A1, like P, is much lighter 
than Ga and As and so should experience a larger 
at tempt ~frequency, t ransi t ion matr ix  element, and tun-  
nel ing probabi l i ty  in the various recombinat ion modes. 
The lighter mass should al~o lead to a lower barr ier  
for migration. 

Therefore, in the equi l ibr ium growing condition 
model developed so far, the recombinat ion enhanced 
diffusion of NRC's should begin in the p-al loy near  the 
active region because that  is where the requisite nat ive 
defects will occur during growth. Assuming that the 
VAs+A1As-2VAs + NRC's tend toward the threading 
dislocation due to its strain field, we see that the re- 
sult ing dislocation network will propagate by climb 
(atomic diffusion) as the AlAs -~ atoms are injected in-  
to the dislocation and pipe-diffuse toward the active 
layer  under  the gradient in composition. This pipe-dif-  
fusion of A1 will eventual ly  produce VAs+AIAs-2VAs + 
NRC's in the active layer so that  the DLD will propa- 
gate there. 

The shortcoming of this equi l ibr ium model is that 
the calculated concentrat ion of mobile NRC's in  the 
p-al loy layer, 3.5 X 1026 cm -8, is about two orders 
of magni tude smaller than the empirically estimated 
concentrat ion (1). Indeed, t ransient  capacitance spec- 
troscopy measurements  of similar alloy material  show 
large concentrations of nonradia t ive  deep traps which 
vary in a m a n n e r  not easily describable in terms of 
equi l ibr ium growth thermodynamics (16). 

Two al ternate explanations for the growth of DLD's 
are known to the author. VCoolhouse (17) proposed that 
they are produced by electromigration of atoms along 
the dislocation in Opposite directions in n-  and p- type  
material.  This explanat ion has the attraction of not re- 
quiring any large concentrat ion of g rown- in  defects 
and does not address the problem of slow degradation in 
the absence of threading dislocations. This model 
would seem to require that  the DLD grow at the p - n  
junct ion  and not in the p-al loy layer some variable 
distance from the active layer, as is reported (1). The 
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other proposal made by Petroff and Har tman (1) is 
that nonradiat ive recombinat ion at the threading dis- 
location produces vacancies which cause the DLD net -  
work to grow, and interstit ials which pipe-diffuse away 
along the threading dislocation. This proposal does not 
explain the location of the DLD network or the slow 
degradation in the absence of a threading dislocation 
and seems to be inconsistent with the highly convo- 
luted appearance of the ne twork  that does grow (18). 
Thus, both these al ternate explanations seem to be i r-  
reconcilable with the reported observations (1). 

The conclusion that alloy material  of these layers is, 
in fact, not grown close to its equi l ibr ium stoichiom- 
etry is supported by  the observation of Kim (14) on 
material  solut ion-grown at similar temperatures and 
rates. If the laser material  is as meta l - r ich  as the solu- 
t ion-grown samples Kim measured, the concentration 
of VAs + and AlAs -2 present  could easily be large 
enough to produce sufficient NRC's to account for the 
subsequent  growth of the DLD. 

Added Note 
Petroff and Har tman  (1) concluded that the DLD 

were vacancy-type dislocation networks because they 
found small dislocation loops lying wi thin  the net -  
work to exhibit  vacancy-type contrast in the electron 
microscope. After  submission of this paper, Hutchin-  
son et al. (19) published the results of a more exten-  
sive electron microscopy study of similar lasers and 
concluded that  the dislocation loops of the DLD were 
main ly  interst i t ial  in character. The lasers observed in 
this lat ter  study differed from those examined by Pet -  
roff et al. in that  they contained 5% A1 in the active 
layer while Petroff's were pure  GaAs. 

On the basis of the present model of the degradation, 
one might expect the DLD to originate in the active 
layer of the 5% A1 lasers ra ther  than in the p-al loy 
layer. Hutchinson et al. (19) tenta t ively  concluded 
that  this was the case with their  samples. Reconsidera- 
tion of pure GaAs lasers reaffirms the conclusion that 
the DLD's originate in the p-al loy layer  (20).2 

However, it now seems l ikely that the DLD disloca- 
tion loops are main ly  intersti t ial  in character in both 
types. Therefore, it is appropriate to point  out that  the 
NRC proposed here could cause either an interst i t ial  
or a vacancy-type network to grow depending upon 
whether  As (i.e., VAs +) or A1 pipe-diffuses more rap- 
idly down the threading dislocation. This is easily seen 
if we assume the threading dislocation to be an edge 
dislocation of excess metal  atoms. [The true na ture  of 
the threading dislocation has not yet been determined 
(20), but  this simplifying assumption is consistent with 
Kim's observation of a gross excess of Ga in GaAs 
solut ion-grown at similar rates and temperatures  
(14).] If the A1 atom from the VAsAIAsVAs complex 
pipe-diffuses away, then, as assumed above, the re-  
maining  VAs's cause a vacancy- type loop to grow by 
eating away at the extra plane of metal atoms. If the 
VAs pipe-diffuses away, i.e., if As pipe-diffuses in, then 

G. M. Blom,  in  a p r i v a t e  c o m m u n i c a t i o n ,  has  o b s e r v e d  DLD ne t -  
w o r k s  o r i g i n a t i n g  in  the  n - a l l oy  l aye r  as we l l  as in  the  p - a l l oy  
layer ,  b u t  no t  in  a pu re  GaAs .  ac t ive  layer .  As l o n g  as the  m a t e r i a l  
is  no t  g r o w n  near  e q u i l i b r i u m ,  th i s  does no t  con t r ad i c t  the  p r e sen t  
conc lus ions  abou t  the  e q u i l i b r i u m .  

the remaining A I A  s c a u s e s  an intersti t ial  loop to grow 
because these atoms would add to the extra plane of 
metal  atoms. From the results of Hutchinson et al. 
(19), one may conclude that the lat ter  is the dominant  

process. 
The author would also like to note that  Van der 

Sande and Peters have observed (21) defect clusters 
in LEC GaAs having the same length, width, orienta-  
tion, and concentrat ion as that here predicted for 
the VAsGaAsVAs complexes under  LEC conditions, i.e., at 
the congruent  melt ing point. 

Manuscript  submit ted 5an. 30, 1975; revised manu-  
script received June  27, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1976 
JOURNAL. All discussions for the June  1976 Discussion 
Section should be submit ted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
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Correspondence between Nonradiative Dark Spots, 
Microplasma Emissions, and Dislocation Pits in 

GaP:N Light-Emitting Diodes 
T a k a s h i  K a j i m u r a ,  Kunio  A i k i ,  and Jun- ich i  U m e d a  

Central Rese~arch Laboratory, Hitachi, Limited, Kokubunji, Tokyo 185, Japan 

Though many  investigations have been carried out to 
relate the luminescence efficiency of l ight-emit t ing 
diodes (LED's) to crystal imperfections in mel t -g rown 
crystals and epitaxially grown wafers (1-5), little work 
has been done on completed LED's, which seems to 
give more direct informat ion on the diode performance. 
In  this paper, we report  on a clear one to one corre- 
spondence between nonradia t ive  dark  spots under  for- 
ward bias, microplasma emissions under  reverse bias, 
and dislocation etch pits in GaP: N LED's. 

Exper imenta l  
Diodes investigated in  this exper iment  were fabri-  

cated from S- and N-doped l iquid-phase epitaxial 
(LPE) wafers grown on LEC substrates. The p - n  
junct ions were made both by Zn diffusion into the 
wafer and by LPE growth of a Zn-  and N-doped layer 
upon the wafer. Electroluminescence in  the forward 
biased diode was observed at a d-c current  density of 
8 A/cm ~. Light emission in the reverse biased diode 
was observed by applying current  pulses in order to 
minimize the heat ing effect. The ampli tude of each cur-  
rent  pulse was 50 A/cm 2. The durat ion and repet i t ion 
rate were ~8  ~sec and ~25 kHz, respectively. Black 
wax was applied to each side face of the diode chip to 
avoid in terna l  scattering of light which obscures the 
image. An etch pit s tudy was performed using AB 

Key words: dislocation, electroluminescence, microplasma, III-V 
compounds, LED, GaP .  

etchant (6) for the {111}P surface. For the {100} sur-  
face, thermal  etching was used. 

Results 

A light emission image in  the forward biased diode, 
which was made by Zn diffusion into n - LP E  layer  
grown on { l l l } P  LEC substrate, is shown in  Fig. l ( a ) .  
Nonradiat ive dark spots with a radius of 2-3~, which is 
the same order of magni tude  as the diffusion lengths 
of carriers in  the GaP LPE layer, and with a density of 
~5 X 105/cm 2 are seen in  the picture. In  the case of 
reverse bias, emission spots originating from the mi-  
croplasma were observed. Figure l ( b )  shows the re- 
verse biased image of the diode. The microplasma 
emissions appear at positions where the nonradiat ive 
dark spots did (see a-e in Fig. 1). The etch pit pat tern  
of the surface of the diode is shown in Fig. 1(c). The 
etch pits observed are D-pits (2) which are caused by 
dislocations in the crystal. In  Fig. l ( c )  D-pits appear 
where the dark spots (and microplasma emissions) did. 
These results show that the nonradia t ive  dark spots 
were caused by the dislocations in the LPE layer, and 
the emission spots due to microplasma appear at posi- 
tions where the dislocations cross the p - n  junction. 
Dark spots appeared at the positions where D-pits did 
without exception in diodes investigated. There are a 
few positions where microplasma emissions did not ap- 
pear in Fig. 1. This shows that  the breakdown voltages 

Fig. 1. (a). An electroluminescence image of a GaP:N LED in the 
forward bias. The density of the nonradiative dark spots is 
5 X 105/cm 2. Typical nonrod;ative dark spots are shown by 
a ~, e. (Comparatively small and black spots in the figure are due 
to dusts in the optical system and should be distinguished from the 
inherent nonradiative spots.) (b). A reverse biased image of the 
diode. Microplasma emissions appear at the positions of the dark 
spots. (c) The etch pit pattern of the diode surface. 
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at the positions are higher than  the ones at the other 
positions. 

Rozgonyi et al. (1, 3) reported that dislocations, by  
themselves, are of secondary importance to the lumi-  
nescence efficiency and decorated dislocations, which 
only occur when there is a high density of S-pits (2, 3), 
can be a significant factor in GaP. However, Fig. 1 
shows that dislocations are impor tant  to the lumines-  
cence efficiency of GaP LED's, even if there, is a low 
density of S-pits. 

Similar  results were obtained in  diodes made by 
double layer growth. There were, however, some posi- 
tions where dark spots (and emission spots due to mi-  
croplasma) appeared, but  no etch pits appeared in 
these diodes. This shows that  some of the dislocations 
in  the n - layer  do not propagate into the p-LPE layer 
in  LPE growth. From the photoluminescence image of 
the {110} cleavage face of a LPE layer  made by the 
double layer  growth, it was found that  some of the 
dark  lines which are caused by  dislocations and ex-  
tend from the substrate  towards the LPE surface 
stopped at the p - n  junct ion and did not propagate into 
the p-LPE layer. These dislocations may be pinned 
by some kinds of crystal imperfections (for example, 
precipitates).  

The density of the dislocation in the LPE layer 
varied 2 • 104-7 • 105/cm 2 from wafer to wafer. From 
the radius and the density of the nonradiat ive dark 

spots, it was found that the dislocations lower the 
luminescence efficiency of the diode by 0.3-20%. The 
same results were also obtained for the {100} wafers. 
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Fabrication Techniques for Tungsten Cat Whisker 
Infrared Antennas 

Bor-long Twu 
Department of Electrical Engineering and Computer Sciences, Electronics Research Laboratory, 

University of California, Berkeley, California 94720 

Metal - insula tor -meta l  tungsten cat whisker point-  
contact diodes have been used as mixers in the far in-  
frared, infrared, and near  infrared regions (1). At 
10.6~ wavelength the abil i ty of the device to detect 
radiat ion arises from the diode's nonl inear  current-  
voltage characteristic (2). In work to be reported 
elsewhere, we have described the an tenna  properties 
at 10.6~ wavelength in some detail (3). A part icular ly 
interest ing finding is that  the effective an tenna  length 
is not determined by the over-al l  length of the tung-  
sten wire, but  ra ther  by the length of the etched away 
portion which is produced in the electrochemical etch- 
ing process. In  general, the an tenna  length affects the 
number  of lobes, the positions of maxima and minima, 
and the directivity in the an tenna  pattern. In  this note 
we report a technique by means of which conical 
antennas  with different lengths in the range between 
~-40 and ~170~ can be fabricated in a reproducible 
way. 

The electrochemical etching technique that we have 
used is already known to many  workers in the field, 
but  to our knowledge it has not been published, and 
therefore it will  he summarized here. A 25~ diameter  
tungs ten  wire, after being soldered to a BNC connector, 
is dipped into NaOH solution to a depth of approxi-  
mately 0.5 cm to act as anode. A sheet of pure plati-  
num is used as cathode. The etching process occurs 
when a direct current  is passed between the tungsten  
wire and the p la t inum sheet. The tungsten wire is con- 
t inuously etched away near  the solution surface unt i l  
the weight of the immersed part  causes it to break and 
drop off, leaving a sharp conical tip. An electrical cir- 

Key words:  electrochemical  etching, tungsten,  cat whisker ,  in- 
f rared  antenna,  

cult is designed to tu rn  off the etching current  as soon 
as the immersed wire drops off, in order to prevent  
fur ther  etching and consequent dul l ing of the tip. 
Typically, it takes from ~30 sec to a few minutes  to 
etch 25~. tungsten  wires. A similar  technique involv-  
ing a l ternat ing current  and KOH solution is also 
known (4). 

The etching apparatus consists of the etching cell, 
controlling circuit and power supply, tungsten wire 
holder mounted  on a vertical micropositioner for con- 
troll ing the tungsten wire position as it is dipped into 
the etching solution, an incl ining stereomicroscope of 
90X magnification for viewing the etching process, and 
a compound microscope of 40X, 100X, 400X, and 1000X 
different magnifications for examining etched conical 
tips. 

Micrographs of 25~ tungsten  wires with tips ranging 
in length 1 from 40 to 170~ are shown in Fig. 1 and 
Fig. 2. These tips were produced by using etching solu- 
tions with different concentrations ranging from 0.75 
to 0.1875N. It is interest ing that  the final length of 
the conical tip can be controlled effectively wi th in  
~ I 5 %  accuracy by  varying the concentration. To etch 
75, 100, and I25# wires, more concentrated solutions 
are needed. We have not at tempted to produce tips 
with controllable lengths on these thicker wires, al- 
though it appears to be possible. 

Especially for shorter tips, unexpected i rregular  
shapes do occur occasionally. By watching the process 
through the stereomicroscope, the reason can be deter- 
mined. During the first few seconds, initial  oxidation of 
the. tungsten wire is rapid. This causes gas bubbles to 
be formed. The bubbles are then attracted to the tung-  
sten wire surface. The result  is the appearance of i t -  
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Fig. 2. Micrographs of longer tips of 25F, diameter tungsten wires. 
(a) 0.25N NaOH, I ~- 125/~. (b) 0.1875N NaOH, I ~ 170/~. 

Fig. I. Micrographs of direct current, electrochemically etched 
tips of 25~ diameter tungsten wires by using NaOH with different 
concentrations. (a) 0.75N NaOH, ~ 40~. (b) 0.5N NaOH, I 
67~. (c) 0.375N NaOH, I ~ 939. 

regular  bumps on the tips, since places covered by bub-  
bles are protected from the etching solution. An easy 
way to get rid of bubbles  is to divide the etching proc- 
ess into steps. First, the tungs ten  wire is dipped into 
the solution and direct current  passed as usual  for ~15 
sec. Bubbles are formed and attached to the wire. Then 
the wire is raised out of the solution to in te r rupt  the 
etching process. The bubbles  are left at the surface of 
the solution and dissipate. The etched wire is then 
dipped into the solution again to approximately the 
same depth as in  the first step by means of the micro- 
positioner. Current  is passed again and the etching 
process resumed. No more bubbles  are observed to 
form. Without  bubbles  attached to the tungs ten  wire 
surface, the tip etching processes were always repro- 
ducible. 

In  conclusion, we report  a fairly easy method to fab- 
ricate tungs ten  cat whisker antennas  with controllable 
lengths in the range from 40 to 170~. Similar  techniques 
may also find applications in field emission microscopy. 

The availabi l i ty of tips with different lengths and cone 
angles allows one to vary  these parameters  in si tua- 
tions when they can be expected to influence the an-  
tenna  behavior  or other useful characteristics. 
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Semi-Empirical Calculation of Depletion Region 
Width in n+-p Silicon Solar Cells 

E. Y. Wang  and R. N. / -egge 

Department of Electrical Engineering, Wayne State University, Detroit, Michigan 48202 

In  recent calculations (1) Of the short-circuit  cur- 
rent  contr ibuted by the n + diffused region in n + - p  
silicon solar cells, we have found that  the results are 
extremely sensitive to the depletion region width oc- 
curr ing in  the n+-region.  To obtain the depletion re-  
gion width in usual  t reatments  of a solar cell junction, 
assumptions of either abrupt  or one-sided step, or 
l inear  approximations (2, 3) are used. More recently 
an exponential  charge densi ty approximation (4) was 
used to obtain the width. In  this note we extend the 
width calculation for impur i ty  distr ibutions of com- 
p lementary  error funct ion and the Gaussian function, 
in addition to the exponential  function. In combination 
with exper imental  width values deduced from capaci- 
tance measurements  at zero bias, we can determine 
numerica l ly  the width occurring in  both n + and p 
regions. It should be emphasized here that  diffusion 
anomalies observed in the shallow n + - p  junct ion of a 
solar cell may result  in  an impur i ty  profile which is a 
mixture  of the aforementioned distr ibutions (5). 

Results 
Depletion region width meusurements.--The capaci- 

tance measurement  circuit used to determine the de- 
pletion width is shown in Fig. 1. The a-c source and 
the current-sensi t ive  pre-amplif ier  are part  of a PAR 
124 lock-in  amplifier. The output  of the lock-in  signal 
is related to the conductance at zero bias. The junct ion 
capacitance at zero bias can be obtained by simply 
measur ing the current  90 ~ out of phase. Table I sum- 
marizes the capacitance results for various silicon solar 
cells. 

Calculations.---The basic assumptions used in the 
calculations are: (i) one dimensional  analysis using the 

Key words: depletion region width, solar cell, capac i tance  m e a -  
s u r e m e n t .  

~/ Solar 
Cell 

Current-Sensitive 
Preamplifier 

Phase-sensitive Detector 
PAK 124 

~ A.C. 
Source 

Fig. 1. Schematic circuit diagram for capacitance measurement 

Table I. Junction capacitance and corresponding widths of silicon 
solar cells 

Junction Depletion 
B a s e  m a t e r i a l  capac i tance  region width 

resistivity in ~d per  c m  2 (W) in #m 

I0 ohm-cm 0.0145 0.75 
1 ohm-cm 0.038 0.28 
0.I ohm-cm 0.106 0.098 

abrupt  space-charge edge approximation, (ii) charge 
neut ra l i ty  condition in whole depletion region, and 
(iii) fully ionized impur i ty  atoms in both n + and p 
regions. 

Under  the above conditions we have charge neut ra l -  
i ty in  the whole depletion region 

an [ND+ (X) -- NA-(X)]dx 

where xj is the metal lurgical  junct ion depth where 
the space-charge densi ty is zero. The depletion region 
widths occurring in  the n + and p regions, respectively, 
are Xj ~ t in ,  d p  - -  x j .  ND + (X) is the positive donor 
ion density and N A - ( x )  is the negative acceptor ion 
density. Notations are i l lustrated in Fig. 2. 

In  a conventional  n + - p  silicon solar cell, NA- (x )  is 
constant, and the value of the constant depends on the 
doping level of the base material.  For 10 ohm-cm solar 
cells NA- (x) is about 1.3 X 1015/cm 3. ND + (x) depends 
on the type of diffusion profile and is given as ND + (x) 
---- ND + (O)S(X) where ND + (0 ) ,  the surface concen- 
tration, is taken as 1020 cm -8 and f (x)  is the functional  
form of the impur i ty  profile (erfc, Gaussian, or ex-  
ponential) .  Table II lists /VD + (X) functions for the 
three impur i ty  profiles used in our calculations. The 
constant a rgument  in  the funct ional  form is directly 
related to the surface concentration we choose. 

,.-.~ 

~p 
. . . .  

Fig. 2. Illustration of impurity distribution in n+-p 
solar cell. 

silicon 
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Table II. Functional form for three impurity profiles 

I0 ohm-cm 1 ohm-cm 0.I ohm-cm 

Co o,omo~ ( ( o )  
t a w  error erfc 3.07 erfc  2.68 ~ er fc  1.986 
f u n c t i o n  - x$ - x j  

Gaussian exp  -- 3.34 ~ exp  -- 2.97 ~ exp  -- 2.3 
Q ~ J  

~c x x 
Exponent ia l  exp  -- 11.178 exp  -- 8.806 - -  exp  -- 5.298 - -  

XJ XJ XJ 

Table III. Summary of results for 10 ohm-cm cells with ND+(O) : 102~ cm -3 ,  
NA = 1.3 • 1015 cm -3 ,  and w = 0.75 ~m 

C o m p l e m e n t a r y  error funct ion  Gaussian funct ion  E x p o n e n t i a l  f u n c t i o n  

x~ (#m) 0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.8 0.2 0.3 0.4 0.5 
xj -dn(#zn)  0.0467 0.0631 0.0777 0.0907 0.0427 0.0577 0.0711 0.0833 0.0673 0.0903 0.1108 0.128"/ 
dv-x~ (#m) 0.7033 0.6869 0.6723 0.6593 0.7073 0.6923 0.6789 0.6667 0.6827 0.6597 0.6395 0.6213 
ND+(dn) 8.3 5.7 4.4 3.5 10.0 6.9 5.3 4.3 6.1 4.1 3.1 2.5 

Y, 1016 c m ~  
VB (V) 0.698 0.689 0.682 0.678 0.705 0.698 0.689 0.683 0.692 0.682 0.675 0.669 

Table IV. Summary of results for 1 ohm-cm cell with ND+(O) : 1020 cm -3,  
NA = 1.6 • 1016 cm -3,  and w ~ 0.276 p,m 

C o m p l e m e n t a r y  e r r o r  f u n c t i o n  G a u s s i a n  f u n c t i o n  E x p o n e n t i a l  funct ion  

x~ (t~rn) 0.15 0.2 0.3 0.4 0.15 0.2 0.3 0.4 0.15 0.2 0.3 0.4 
xj-dn(l~m) 0.0355 0.0431 0.0561 0.0669 0.0321 0.0391 0.0511 0,0611 0.0487 0.0589 0.0757 0.0893 
dp-x~ (Kin) 0.2405 0,2331 0.2203 0,2091 0.2439 0.2369 0.2251 0.2153 0.2275 0.2175 0.2003 0.1863 
/VD+(dn) 4.0 3,1 2.2 1.7 4.5 3.5 2.5 1.9 2.8 2.1 1.5 1.1 

x I0 ~7 cm ~ 
VB (V) 0,804 0.797 0.788 0.782 0.807 0.800 0,791 0.785 0.794 0.788 0.778 0,771 

Table V. Summary of results for 0.1 ohm-cm cells with ND + (O) : 1020 cm -s,  
NA = 4.6 • 1017 cm -s ,  and w ~- 0.098 ~m 

C o m p l e m e n t a r y  e r ro r  f u n c t i o n  G a u s s i a n  f u n c t i o n  E x p o n e n t i a l  f u n c t i o n  

x j  (~m) O.1 0.2 0.3 0.4 0.I  0.2 0.3 0,4 0.I  0.2 0.3 0.4 
x j - d n ( ~ m )  0.0271 0.0391 0.0471 0.0533 0.0243 0.0355 0.0431 0.0491 0.0341 0,0479 0.0565 0.0627 
dv-xj (/~m) 0.0709 0.0587 0.0505 0.0451 0.0739 0.0621 0.0547 0.0493 0.0637 0.0497 0.0411 0.0357 
/7D + (dn) 3.9 2.2 1.7 1.4 4.5 2.6 1.9 1.6 2.9 1.7 1.3 1.1 

X 10 is cm s- 
VB (V) 0.950 0.936 0.928 0.923 0.954 0.940 0.932 0.927 0.942 0.928 0.921 0.917 

The total space-charge width, W, obtained from the 
capacitance measurements  is given as 

dp -- dn : W [2] 

By solving Eq. [1] and [2] simultaneously,  dn and d,  
values can be obtained. The value of ND(dn) thus ob- 
tained can then be used to find the bu i l t - i n  potential  

kT NAND (dn) 
VB = - - i n  . The results for three  different 

q ni 2 
values of base mater ial  resist ivity and a range of xj 
values are presented in  Tables III  to V. 

Discussion 
The calculated width values are wi th in  _+1% error. 

This is because we are numerica l ly  balancing the 
charge neut ra l i ty  in Eq. [1] wi thin  --+1%. The experi-  
mental  determinat ion of the width used for Eq. [2] is 
well wi thin  -+2%. Therefore the total possible error 
in  this semi-empirical  calculation is less than  ___3%. 
The results show that  depletion region widths in  the 
Gaussian and complementary error funct ion impur i ty  
dis t r ibut ion in  the n+- r eg ion  for 10 ohm-cm cells is 
about 10% or less of the total width, depending on xj 
values. For an exponent ial  impur i ty  distribution, the 
percentage of the total width occurring in the n +- 
region is even higher (up to about 20%). In  the usual  
one-sided step approximation, it is assumed that  the 
entire width occurs in the p-  region. For 1 ohm-cm and 
0.1 ohm-cm base mater ial  cells, the xj -- dn values can 
be comparable with the dp -- xj values. In  fact, the 
xj -- dn value will dominate for some xj values. 

In conclusion, the results have shown that  the 
xj -- dn and dp -- xj values have quite a variat ion for 
different impur i ty  profiles. Therefore caution should be 
exercised in choosing a proper impur i ty  profile for de- 
te rmining  some of the device parameters  in  shallow 
junct ion devices such as solar cells and high frequency 
transistors, where accurate values of xj -- dn and dp -- 
xj are needed. 
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Brief Communications 

Identification of the U.V. Irradiation Product 
in Nematic Chlorostilbene Imaging Processes 

K. F. Nelson, W. E. Haas,* and J. E. Adams 
Research Laboratories, Xerox Corporation, Webster, New York 14580 

In  a previous  ar t ic le  (1), we descr ibed  an imaging 
process based on the photochemical  degrada t ion  of the 
nematic  trans-chlorostilbenes. In  tha t  process, the 
nemat ic- i so t ropic  t rans i t ion  t empera tu re  (Tn- i )  was 
se lec t ive ly  lowered  in those regions exposed to u.v. 
i r radiat ion.  The depression of Tn- i  was a t t r ibu ted  to a 
u.v. genera ted  impur i t y  t en ta t ive ly  identif ied as the 
cis i somer of the pa ren t  compound.  

In o rder  to pos i t ive ly  ident i fy  the  impur i ty  element,  
l iquid column chromatography  was employed  to first 
separa te  the  u.v. genera ted  impur i t y  f rom the host  
mater ia l .  A 20 m m  diamete r  column was packed to a 
height  of 400 m m  wi th  silica gel s lur r ied  in reagent  
grade hexane.  Nemat ic  trans-4-butyI-a-chloro-4'- 
e thoxys t i lbene  (BCES),  which had been i r r ad ia t ed  in 
spectroscopic grade hexane  at  a wave length  of 300 nm, 
was then  passed th rough  the column. The f i rs t -e luted 
mater ia l ,  the u.v. genera ted  impur i ty ,  crys ta l l ized at 
room t empera tu re  fol lowing solvent  evapora t ion  (mp 
= 46~176 and did not have a mesomorphic  phase. 
The second-e lu ted  mate r i a l  was pure  trans-BCES hav -  
ing the  same nemat ic  t empera tu re  range as the non-  

. Electrochemical  Society Act ive  Member .  
Key  words :  l iquid crystals,  stilbenes, ul traviolet ,  imaging.  
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F i g .  1 .  T h e  u . v .  a b s o r p t i o n  s p e c t r a  o f  trans-BCES a n d  t h e  s e p -  

a r a t e d  impurity, cls-BCES, in cyclohexane. 

Table I. 

M o l e c u l a r  
Mater ia l  %C %H %C1 % 0  w e i g h t  

t rans -BCES* 76.29 7.36 11.26 5.08 314.861 
t rans -BCES**  76.10 6.89 11.79 5.20 340 
impur i ty** 75.86 6.95 11.91 5.29 830 

* Calculated values.  
** De t e rmine d  by Galbra i th  Laborator ies ,  Incorporated,  K n o x -  

ville, Tennessee.  

i r radia ted ,  or iginal  BCES. Fol lowing severa l  i r r ad ia -  
t ion / separa t ion  sequences, severa l  hundred  mi l l ig rams  
of a single i m p u r i t y  (verif ied b y  thin l aye r  ch roma-  
tography)  had been separa ted  for analyses.  

F igure  1 Shows the absorpt ion spect ra  of trans- 
BCES and the separa ted  impur i ty .  A comparison wi th  
s imilar  spectra,  Fig. 2, of trans- and c i s -a -ch loro-4-  
methyls t i lbene  (2) indicates  that  the  isolated impur i ty  
is indeed cis-BCES. Table I shows the resul ts  of ele-  
menta l  analysis  and molecular  weight  de te rmina t ions  
of trans-BCES and of the  impur i ty  ma te r i a l  compared  
with  the  calculated values  for trans-BCES. The com- 
posit ion and molecular  weight  of the  impur i t y  mole-  
cule is, again, indicat ive  of the  cis isomer of BCES. 
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Fig. 2. The u.v. absorption spectra of trans- and cls-~-chloro-4- 
methylstilbene [after McDonald and Schwab, Ref. (2)]. 
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Final ly ,  proton n m r  spect ra  showed a down-field shift  
in the  resonance of the  v inyl  hydrogen  of the impur i ty  
molecule  compared  to the  v inyl  hydrogen  resonance in 
t rans-BCES.  A s imi lar  shift  is observed in cis-st i lbene 
compared  to trans-st i lbene.  We conclude tha t  the  im-  
pu r i t y  genera ted  by  u.v. i r r ad ia t ion  of t rans-BCES is 
the  isomer, cis-BCES. 
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Simple Method for Separating Completed Diodes 
from Semiconductor Wafers 

J. Klatskin and A. Rosen 

RCA Laboratories, David Sarnoff  Research Center, Princeton, New Jersey  08540 

Finding  ways  of cut t ing processed semiconductors  
into ind iv idua l  diodes or t ransis tors  is a ma jo r  t ime-  
consuming act iv i ty  for  process designers.  One problem, 
for instance, has been the separa t ion  of completed 
Trapa t t  diodes so they  could be packaged.  Many  de-  
s igners  use techniques such as wire  sawing, d iamond 
sawing, etching, laser  cutting, and scribe and b reak  
separat ion.  

Problems  associated wi th  these methods,  excluding 
the cost of the equipment  involved in cutting, include 
low yields  due to damage  along the edges of the com- 
p le ted  devices, as wel l  as inadver ten t  f ractures  of the 
device itself.  

Wire  sawing requires  a cut t ing medium such as oil, 
or a tenacious d iamond mix tu re  which re ta ins  the 
shavings on or near  the device. In  addi t ion to meta l  
contaminat ion,  the substance used presents  c leaning 
problems.  

Diamond sawing requires  a large capi tal  investment ,  
wi thout  solving f ine-l ine requ i rements  ( ~  1 miD.  

Etching in t roduces  contaminants ,  which can ru in  an 
otherwise  good device. Etching is a l engthy  process, 
often up to 2 hr, and the masking  mate r ia l  seldom 
holds that  long. 

Scr ibe and b reak  separa t ion  often causes damage 
due to breaks  along lines not  defined by  the scribe. 
Unintent ional  b reaks  come  about because the na tu ra l  
c leavage l ine to scribe l ine angle is ~oo large.  

An analysis  of the methods and the rev iew of thei r  
associated problems have led to an improved  process 

Key words: diodes, Trapatt ,  heat sink. 

PHOTORESIST 

Fig. 1. Photoresist defining the device regions. The type of 
photoresist used is dictated by the design requirement. AZ111 has 
been used successfully and, for forming a thick base, dynachem 
thick film resist has been utilized. 

for cut t ing a semiconductor  wafer  into ind iv idua l  
devices of desi red geometr ica l  configuration. 

A meta l  film is deposi ted on the suppor t  side of a 
semiconductor  mater ia l .  Photores is t  is appl ied  and 
processed, forming the device regions by  a pa t t e rn  of 

Fig. 2. Alignment of each device within the defined regions 

RESIST 
PLATED 
METAL 

Fig. 3. Plated heat sink with photoreslst separators 
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Fig. 4. Wafer prior to etching for diode fabrication 
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Fig. 5. Completed wafer with diode formed above each heat sink 

ready for separation. 
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~ ~PHOTORESIST 

PLATED METAL 
Fig. 6. The separated device, in this example a diode 

intersecting strips (Fig. 1). A layer of metal, such as 
copper or gold, is plated wi thin  each device region 
(Fig. 2). This forms a base for mount ing  or bonding in  
a package. The opposite side of the semiconductor 

wafer is selectively etched down to the metal  film. The 
mechanics of etching diodes completes both the struc- 
ture formation of the diode and material  removal in 
one step. Different device structures could require a 
masking procedure. 

Separation of each device takes place by fracturing 
the th in  metal  film along the strips of photoresist 
(Fig. 3-6). The presence of photoresist at this point is 
not required, and removal  is possible prior to separ- 
ation. 

This process has increased device yields while saving 
the manhours  normal ly  required in the dicing opera- 
tion. 
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Electrochemically Etched Tunnels in Gallium Arsenide 
M. M. Faktor, D. G. Fiddyment, and M. R. Taylor 

Post Office Research Department, DoIlis Hill, London, NW2 7DT, England 

The purpose of this communicat ion is to convey 
informat ion about the deep and extensive tunne l ing  of 
n - type  gal l ium arsenide which can occur under  certain, 
well-defined conditions of anodic dissolution. Tunne l  
formation in gal l ium arsenide was first reported by 
Krumme and Straumanis  (1), and similar features 
have more recently been observed by Chase and Holt 
(2) on jet-etched gal l ium phosphide. 

Anodic dissolution of (100), (110), and (111) faces 
of n - type  GaAs slices in flowing 10% aqueous KOH 
solution was carried out as described previously (3, 4). 
The slices were obtained from various sources and 
possessed lapped or sawn surfaces which, before use, 
were mechanico-chemically polished in b romine-meth-  
anol (5). The mater ial  examined was doped with either 
Si or S giving carrier concentrations in the range 
10 TM - 10 is n cm -S. 

The principal  result  was that tunne l  formation oc- 
curred only when anodic dissolution was carried out 
in  the dark, or at high anode potentials in  the light 
where the current  is in excess of its "saturation" value. 
Under  the lat ter  condition, the "light" current  closely 
approaches the "dark" current  (Fig 1). 

The polarization behavior  shown in  Fig. 1 has previ-  
ousIy been reported and discussed by Ambridge et aL 
(3, 4). The existence and magni tude  of the "dark" 
current  and the "light" current  above saturat ion at high 
potentials are not adequately understood, though 
explanations have been advanced (7, 8). No simple 
correlat ion was found between the "dark" current  level 
and either the doping level or s tructural  defects in the 
material.  The lat ter  were investigated by etching stud- 
ies (9), x - ray  topography, and transmission electron 
microscopy. In  all cases the tunnels  were found to run  
in <111> directions, as demonstrated by angle mea-  
surements  on cleaved surfaces and on tunne l  entrances 
using optical and scanning electron microscopy, and 
confirmed by infrared transmission microscopy. On 

Key  words: gall ium arsenide, anodic dissolution, etch pitting, tun-  
neling, preferent ial  adsorption. 

(110) specimens, some tunnels  intersected the surface 
forming channels. Typically, tunnels  were some 150 ~m 
long, and of equilateral  t r iangular  section with a width 
of 5 ~m (after anodization for 2 min  at 2 mA cm -2 
and at a potential  of 0.TV with respect to a saturated 
calomel electrode). The tunne l  directions were such 
that they terminated in ( l l l ) B  (arsenic) planes (1). 
Order of magni tude calculations showed that anodic 
dissolution was confined to tunnels  with little general  
leveling of the exposed surface occurring. 

Examinat ion of anodically etched (100) specimens 
by optical and scanning electron microscopy indicated 
the general  evolution of the surface morphology; the 
first sign of tunne l  formation being the appearance of 
single t r iangular  pits, or adjacent pairs of t r iangular  
pits extended parallel  to <110> directions. Yamamoto 
and Yano (6) have recently observed similar surface 
features. We would like to emphasize that such 
features are in  fact the entrances to the deep and 
narrow <111> tunnels  mentioned earlier. Subsequent  
anodic etching enlarges these surface features. In  the 
case of t r iangular  pit pairs, rectangular  features are 
formed. Coalescence and fur ther  enlargement  leads 
eventual ly to large square pits [Fig. 10 of Ref. (5)].  
The underlying complex of tunnels, frequently accom- 
panied by branching, is dramatically revealed by infra- 
red transmission microscopy, as demonstrated in Fig. 2 
on a (III)A sample. 

Although occasionally tunnels intersect the surface 
along impurity bands or other defects, this was by no 
means the general rule. In fact tunnels were generated 
in dislocation-free material, which on a macroscale 
at least, was uniformly doped. Furthermore trans- 
mission electron microscopy of dislocation free ma- 
terial did not reveal either columnar precipitates or 
any defects which could be construed as tunnel guides 
(I0). Apparently bulk heterogeneities are not respon- 
sible for tunnel formation or their guidance. 

Preferential adsorption on (Iii)B faces was strongly 
indicated by measurements of the band bending poten- 
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Fig. 1. Typical polarization 
plots for n-type GaAs of doping 
level 3.8 X 10 TM n cm - 3  (a) and 
1.9 • 10 TM n cm - 3  (b). The 
curves tend to merge when the 
current exceeds its saturation 
value. 

Fig. 2. Combined transmission and reflection infrared micrograph 
of an anodically etched (111)A (Ga) surface showing tunnels (gray) 
and tunnel entrances and surface details (black). The < 1 1 1 >  
tunnels are projected on to the (111)A surface in < 2 1 1 >  direc- 
tions. (Doping level 2 X 10 i7 n cm - 8 )  

tial (11) on surfaces of different or ientat ion (see Table 
I). The Schottky-Mott  expression (4) was used to de-  
te rmine  the band  bending potential.  Such adsorption 
may well lead to the appearance of surface states of 
energies sui table for communicat ion with electrons in  
solution, and resul tant  preferent ial  attack in  these re- 

Table I. Band bending potential as a function of orientation for 
n-type Si doped GaAs (carrier concentration 2 • 1017 n cm -3 )  

Orientation 

B a n d  b e n d i n g  p o t e n t i a l  ( V )  

I n  t h e  d a r k  I n  t h e  l i g h t  

(III)A 
(III)B 

(II0) 
(lOO) 

1 .83  "4- 0 . 0 5  
2 . 4 1  ----- 0 . 0 5  
2 . 3 8  ~ 0 . 0 5  
2 . 0 6  ----- 0 . 0 5  
2 , 0 4  ~ 0 . 0 5  

1 ,67  + 0 . 0 5  
2 . 0 7  + 0 . 0 5  
2 . 1 3  ~ 0 . 0 5  
1 .82  • 0 . 0 5  
1 .82  ~--- 0 . 0 5  

gions. The dark current  would then be main ly  due to 
the catalytic action of the adsorbent. 

F ina l ly  it is worth  ment ioning that  if current  values 
are kept beneath saturation, then smooth surfaces re-  
sult from anodic dissolution under  i l luminat ion  with 
l ight of frequency greater  than  3.46 • 1024 sec -1 (4). 
This corresponds to a bandgap energy of 1.43 eV at 
300~ Using light of energy which spans the bandgap, 
it is possible to reveal banding due to doping variat ions 
and if one confines the current  to below saturation, no 
pits appear. It is a useful, as yet  quali tat ive technique, 
for looking at doping inhomogeneities in n - type  GaAs 
(3, 4). 
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Doping of Silicon by Neutron Irradiation 
H. A. Herrmann and H. Herzer 

Wacker-Chemitronic, Burghausen, Germany 

In the manufac ture  of high power  devices such as 
thyr is tors  and special  diodes, there  is a grea t  demand  
for  homogeneously  doped n - t y p e  silicon. In  our  efforts 
to reduce s tr ia t ions in  d is locat ion-f ree  float-zone sil i-  
con (1), we rediscovered  a quite in teres t ing  method 
which was used in the field of nuclear  par t ic le  de-  
tectors. 

In  nuclear  physics exper iments  for the  detect ion of 
high energy  part icles,  the  appl icat ion of silicon junct ion 
counters has become a s t andard  way  of measurement .  
Due to the  range of high energy part icles ,  deep de-  
plet ion layers  are  necessary  tha t  are  dependent  on the 
concentrat ion of free charge carr iers  and the appl ied  
voltage. For  tha t  reason, only u l t r apure  silicon wi th  a 
very  high res is t iv i ty  can be used for the product ion of 
high qual i ty  silicon radia t ion  detectors.  

Besides using u l t r apure  silicon, two methods are 
known  to increase the res is t iv i ty  of the  bu lk  mater ia l :  
( i)  compensat ion by  l i th ium dr i f t  technique (2) and  
(ii) compensat ion by  doping of silicon wi th  neutron 
i r radiat ion,  called t r ansmuta t ion  doping (3-5).  

Con t ra ry  to the l i th ium dr i f t  which is a we l l -known  
technique for product ion  of h igh ly  compensated  silicon, 
t r ansmuta t ion  doping has not  been so successful. In 
this case compensat ion is achieved by  use of the  nu-  
clear  react ion 30Si + n --> slSi + 7 -> 31p + #. The 
reason for this technique has never  become significant 

K e y  words :  dislocat ion-free silicon, striations,  t r ansmuta t ion  dop- 
ing, the rmal  neutrons.  
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Fig. 3. Sections of Fig. 2 

cross section, r is the  the rmal  neu t ron  flux, and ~ is 
the i r rad ia t ion  time. The  i r rad ia t ion  is pe r formed  in 
the  core of a nuclear  reac tor  where  r ~ 5 X 10 TM 

cm-e .sec .  To achieve res is t iv i t ies  be tween  100 and 
500 ohm-cm, typ ica l  i r r ad ia t ion  t imes a re  be tween  20 
and 100 min. 

Af te r  the neut ron  bombardment ,  the sil icon lat t ice 
is damaged  due to the  different  in teract ions  be tween  
sil icon nuclei  and neutrons,  recoi l  a toms af ter  neu t ron  
capture,  high energy  heavy  par t ic les  c rea ted  b y  fast  
neutron induced t ransfe r  reactions, high energy  fl and 
7 radiat ion,  etc. The damage requi res  subsequent  an-  
neal ing t rea tments  as i t  is known from ion imp lan ta -  
tion (6, 7). At  a t empe ra tu r e  of about  700~ ful l  e lec-  
t r ical  conduct ivi ty  can be obtained.  F igure  1 shows the 
four  point  probe measurement  of a neu t ron  t r ansmuta -  
t ion doped silicon compared  to convent ional ly  grown 
s tandard  mater ia l .  The radia l  res is t iv i ty  var ia t ion  is 
m a r k e d l y  reduced  to about  2%. F igure  2 represents  
the spreading  resis tance profiles of samples  grown b y  
(a) convent ional  technique, (b) improved  growth  
technique, and (c) neut ron  t r ansmuta t ion  doping. F ig-  
ure  3 shows sections of Fig. 2 which demons t ra te  most 
c lear ly  the advan tage  of constant  res is t iv i ty  in the 
microscopic range.  

The resul ts  indicate  that  t r ansmuta t ion  doping may  
be a r a the r  good technique for product ion of homo-  
geneously  doped silicon mater ia l .  Up to now, the  in-  
fluence of fast  neutrons  and high energy  ~ and 7 r ad i a -  
t ion seems to be negligible.  F u r t h e r  work  mus t  be 
under t aken  to es tabl ish 'whether t r ansmuta t ion  doping 
wil l  p l ay  a dominant  role  in addi t ion to the  s t andard  
methods for growing sil icon crystals.  

Manuscr ipt  submi t ted  Aug. 8, 1974; revised manu-  
script  received June  27, 1975. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
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has to be seen in the  lack  of un i fo rmly  doped p - t y p e  
sil icon as the  s ta r t ing  mater ia l .  

We have now recognized tha t  for  the  appl ica t ion  in 
the  lower  ohmic range,  i.e., be tween  100 and 500 ohm-  
cm, the  nuc lear  react ion is an excel len t  me thod  to 
dope sil icon homogeneously.  S tar t ing  wi th  undoped 
po lycrys ta l l ine  si l icon which  is purif ied by  severa l  
vacuum passes, the  influence of g rown- in  dopants  can 
be neglected.  The final res i s t iv i ty  is represen ted  by  
the number  N of t r ansmuta t ed  30St isotopes which can 
be ca lcula ted  f rom the equat ion 

N-----NZ]'~'~'t 

where N~ ---- 0.15 X 1022 cm -a gives the number of 
3oSi isotopes, ~ ---- Ii0 mbarn is the neutron capture 
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ABSTRACT 

Ellipsometry was used to investigate the effects of t empera ture  and po- 
tential  on the growth kinetics of passive films on iron exposed to a pH 8.6 
borate buffer solution. It  was found that  over the tempera ture  range of 
0~176 the growth kinetics could be described with an  equal degree of con- 
fidence by either logarithmic, inverse logarithmic, or a modified form of in-  
verse logari thmic kinetics. None of the existing models for film growth were 
found to be completely consistent with the tempera ture  and potent ial  de- 
pendencies of the growth constants. 

There have been several ellipsometric studies (1-8) 
of the passive film formed on i ron in  nea r -neu t ra l  
solutions. These investigations have shown that  the 
film thickness is directly proport ional  to the applied 
potential  and that film growth can be described equal ly 
well by either inverse logarithmic or logarithmic 
kinetics. Thus, it has not been possible to identify the 
model which represents the growth of this film from 
existing results. This investigation was under t aken  to 
assess possible dist inguishing features which might  
corroborate one of the proposed models for film 
growth. This was approached by measur ing the tem- 
perature dependence of film thickening. 

In  order to correlate with the exper imental  data we 
review briefly here the four major  models for in ter -  
pret ing film growth on metal  surfaces. The first of 
these is the inverse logari thmic model proposed by 
NIott and Cabrera (9). This model assumes field as- 
sisted cation diffusion according to which the poten-  
tial drop, V, across the film remains constant while the 
field, V / X ,  decreases as the film thickens. The ra te-  
de termining  step is assumed to be the surmount ing  of 
the potential  barrier,  W, be tween the metal-oxide in-  
terface. The rate of film growth is given by the ex-  
pression 

dx  
-- uoexp (qaV -- W ) / k T  [1] 

dt  
where  

Uo = N a t  [2] 

N is the number  of mobile ions per un i t  volume of 
oxide; a is the j ump  distance; q is the charge on the 
ion; W is the activation energy; v is the phonon fre-  
quency. If the absolute reaction rate theory is used, 
v = ( k T / h ) .  Mott and Cabrera give an approximate 
integrat ion of Eq. [1] as 

k T  xi2kT W k T  
1 /x  -~ q-Va i n  -~ -- In t [3a] 

qaVuo qaV qaV 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Ce r ro  de  P a s c o  C o r p o r a t i o n ,  L a  O r o y a ,  P e r u .  
z On l e a v e  f r o m  I n s t i t u t e  of  P h y s i c a l  C h e m i s t r y ,  P o l i s h  A c a d e m y  

of Sc ience ,  W a r s a w ,  K a s p r z a k a  44, P o l a n d .  
K e y  w o r d s :  i ron ,  p a s s i v i t y ,  f i lm,  e l l ipsometry ,  corrosion. 

o r  

1 /x  -- A -- B I n  t [3b] 

The quanti ty,  xi, is the average film thickness over 
the range considered. 

Recently, Ghez (10) has examined the integrat ion of 
Eq. [1]. According to his results the inverse  logari th-  
mic kinetic expression derived by Mott and Cabrera is 
not an asymptotic solution to this equation. His basic 
objection is the approximation of X by Xi. He obtains 
as a solution the expression 

o r  

kT  k T  W'  kT  t + to 
1 / x =  In + - -  - - l n - -  [4a] 

qaV qaVuo qaV qaV x 2 

t +  to 
1/x  = A'  - -  B' In ~ [4b] 

x~ 

Sato and Cohen (11) have proposed a model which 
rationalizes logari thmic kinetics. According to their  
suggestion, film growth proceeds by the field assisted 
place-exchange of meta l -oxygen  pairs. All  such pairs 
in a given row normal  to the surface are assumed 
to exchange places simultaneously.  This model gives 
a growth rate 

dx FV xWo 
------ 2 a ( T )  e x p - -  [5] 
dt 2RT avRT 

which integrates to 

avRT Woa a~FV arRT 
x = l n - -  + -4- in  (to + t) [6a] 

Wo avRT ~ We 
o r  

x - - - - C + D i n ( t + t o )  [6b] 

where a is the lattice constant, v the stoichiometric 
number ,  TWo the chemical potent ial  between a cation in 
the activated state and the normal  state in any lattice 
layer, and 

a(T) = ~Texp ~/T [7] 

Here fl and 6 are constants independent of potential 
and temperature. 
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Fehlner  and Mott (12) have described logari thmic 
growth differently. They suggest that  the s tructure 
of the film changes with thickness so that  the potential  
drop across the film increases as the film thickens in 
such a way that the field remains  constant. With this 
assumption the activation energy is of the form Wo -P 
~x; therefore 

dx 
m = A exp [-- (Wo -~ #x ) / kT]  [8] 
dt 

and 
x = k T / ~ l n ; ~ A / k T  -- Wo/~ q- k T / ~ l n  (t + to) [9a] 

x - - - - C + D l n ( t q - t o )  [9b] 

In the results reported here we have determined the 
thickness of the passive films on iron as a funct ion of 
time, potential, and tempera ture  using ellipsome,try. 
The results have been analyzed in terms of the above 
three models of film growth. 

Exper imental  
A schematic diagram of the cell used is shown in 

Fig. 1. This was a double-wal led glass vessel having 
optically flat Pyrex windows and a capacity of 500 ml. 
The cell consisted of a Luggin capillary leading 
through a wetted, closed stop-cock to a saturated calo- 
mel reference electrode. The temperature  of the solu- 
tion was measured by a thermometer  positioned 2 cm 
from the sample. Tempera ture  control was mainta ined 
by circulating ethylene glycol through the jacket. The 
cell was connected to a double-wal led 2 liter reservoir 
where the electrolyte was deaerated by bubbl ing  with 
prepurified helium; the temperature  of the solution 
was raised or lowered as desired before it was ad- 
mitted to the cell. 

The iron specimen was a 99.99'% zone-refined rod 
with a threaded hole for the electrical connection. It 
was mounted in a Teflon holder and had an exposed 
area of 0.32 cm 2. 

The solution used was an equivolume mixture  of 
0.15N H3BO8 and 0.15N Na2B407 (pH 8.7). Measure- 
ments were made at 0 ~ 20 ~ 35~, 50% and 80~ The 
solutions were deaerated by bubbl ing  prepurified 
hel ium for at least 24 hr. 

The ell ipsometer was a Rudolph & Sons, Type 
43603-200E. A Keithley Model 4145 picoammeter was 
used to measure the output  from the photomult ipl ier  
tube (RCA 1P21). All measurements  were made using 
the 5461A mercury  green line. 

Before placing the sample in the ceil, it was me-  
chanically polished to a z/4 #m finish using diamond 

paste. The specimen was then cleaned, degreased, and 
electropolished in a solution consisting of 20 p a r t s  
glacial acetic acid to one par t  20% perchloric acid. 
Next the sample was washed with double-dist i l led 
water  and then with reagent grade methanol,  dried, 
and placed in the cell. 

The specimen was first cathodically reduced at a 
constant current  density of 40 ~A/cm 2. Cathodic r e -  
d u c t i o n  was continued unt i l  the optical constants of 
the film-free surface were obtained. The passive film 
was then formed potentiostatically by switching di- 
rectly from the cathodic potential  (approximately 
--1.0V SCE) to the desired potential  in the passive 
region. The sample was polarized approximately 1 hr 
at each potential ;  measurements  of the ellipsometric 
parameters  were made at 10 min  intervals.  This pro- 
cedure was repeated 3-5 times at each potential. 

The optical constants obtained for the film-free sur-  
face are in satisfactory agreement  with those found 
by others as shown in Table I. These values also com- 
pare favorably with those measured by Yolken and 
Kruger  (13) for a film-free surface in an u l t ra -h igh  
vacuum. 

A cathodic current  densi ty of 40 #A/cm ~ was used to 
reduce the film since at this current  density it could 
be removed wi th in  10-15 min. The final potential  at-  
ta ined was close to that  established by others (6-8) for 
this system as "the optical reference state." 

It was found to be unnecessary to change the solu- 
t ion after cathodic reduct ion in order to avoid the 
effects of ferrous ions. Several  measurements  were 
made following the procedure of replacing the solution 
after reduction, excluding oxygen, while main ta in ing  
the surface at the reduction potential. The steady-state 
results were the same as those for the unrefreshed 
solution. 

Results 
The current -potent ia l  curves for i ron exposed to the 

borate buffer solution with the range of tempera tures  
0~176 are shown in Fig. 2. These curves were ob- 
tained by scanning at a rate of 20 mV/min .  There 
was no measurable  change in pH over this tempera-  
ture range. 

The optical constants of the film were determined 
using the first-order approximation of the ratio of the 
Fresnel  reflection coefficients (16). Thus, if the film 
thickness is less than 50-100A, the change in both of 
the ellipsometric parameters  5~ and 5r is directly pro- 
portional to the thickness. This implies that  8~ and 8r 
are related l inearly.  The 5~ vs. ~ curve for films 
formed a 20~ is given in Fig. 3. This is the least 
squares curve and was found to be l inear  at the 95% 
confidence level by the F ratio test. The s tandard 
deviation of the slope was 4.6%. It is not possible to 
obtain unique  values for the optical constants using this 
curve. This is one of the inheren t  problems associated 
with the ellipsometric technique when working with 
semiconducting films of u n k n o w n  thicknesses. The dif- 
ficulty arises since there a r e  t h r e e  unknowns  (the 

Fig. 1. Schematic of the e]llpsometric-electrochemlcal cell 

Table I. Optical constants of iron and iron oxides 

~2 = ~(1  -- ik)  R o o m  temperature  
Source Material ~ lc 

K r u g e r  and  Yol ren  (1) Fe 3.35 1.15 
Ord and  D e s m e t  (2) Fe  3.50 1,05 
Sa to  and  K u d o  (3) Fe 3.18 1.21 
P r e s e n t  w o r k  Fe  3.21 ----. 0.02 1,26 -4- 0.02 
W i n t e r b o t t o m  (14) FesO~ 2,50 0.12 
Boek r i s  e t  al. (15) Fe304 2.39 0.104 
W i n t e r b o t t o m  (14) ~-Fe=Os 3.42 0.309 
Bockr i s  et  gl. (15) -Fe208 2.88 0.131 
K r u g e r  a n d  C a l v e r t  (1) A n o d i c  f i lm on Fe 2.50 0.12 

( room t e m p e r a -  
tu re )  

Ord  and  D e s m e t  (2) A n o d i c  f i lm on Fe 2,60 0.1S 
( room t e m p e r a -  
ture)  

Sato and  K u d o  (3) A n o d i c  f i lm on Fe 2.55 0.137 
( room t e m p e r a -  
tu re )  
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Fig. 2. The current density-voltage curves for Fe exposed to a 

pH 8.7 borate buffer solution at  0% 20 ~ , 35 ~ , 50% and 80~ 
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Fig~ 3. The 8~  and 8A values for the anodic oxidation of Fe in a 
pH 8.7 borate buffer solution at 20~ 

thickness, the index of refraction, and the absorption 
coefficient), and only two exper imental  parameters,  
and %. Accordingly, the real part  of the refractive in-  
dex was assumed to be 2.6 and the imaginary  part  was 
determined by fitting a theoretical curve, which was 
calculated using the exact equations (17), to the least 
squares curve. The curve which gave the best fit cor- 
responded to the optical constants 2.6 (1-0.19i). As 
shown in  Table I these optical constants are in  good 
agreement  wi~h those rationalized by others at room 
temperature.  

The same procedure was used to find the optical 
constants at each temperature.  A m i n i m u m  of seventy 
points was used to obtain each curve. The standard 
deviations in  the slope of the ~ vs. 8• curves ranged 
from 2.2% for 35 ~ to 7.8% for 80 ~ The values of the 
optical constants for each temperature  are given in  
Table II. All are the same within  error except those 
determined for films formed at 0 ~ and 35~ The 
imaginary  parts of the optical constants for these films 
are substant ia l ly  smaller  than those formed at other 
temperatures.  

Table II. Optical constants of anodic film 

n2 = n (1  -- ik) 

Temperature, ~ n k 

0 2,60 0.04 
20 2.60 0.19 
35 2.60 0.07 
50 2.60 0.20 
80 2.60 0.20 

The least squares curves of the reciprocal of the 
film thickness vs. log t and log f i x  2 and the film thick-  
ness vs. log t are shown in  Fig. 4, 5, and 6. Plots are 
given as a funct ion of potential  for films formed in  
solutions at 0 ~ 35 ~ 50~ and 80~ Results were also 
obtained at 20~ but  are not shown. Each of these 
curves were found to be l inear  well  wi th in  the 95% 
confidence level using the F ratio test. The confidence 
level of the fit was approximately the same for all 
three models. 

Table III gives the values of the constants A, B, A' ,  
B', C, and D where 

1 i x  --  A -- B In t [8] 

1 i x  = A '  - -  B' In t / x  2 [9] 
and 

x = C + Dlnt [I0] 

The quantity liB vs. potential is plotted in Fig. 7 
and liB' vs. potential in Fig. 8. These show that B and 
B' are directly proportional to potential and that the 
proportionality constant, m (the slope), is temperature 
dependent. There is some scatter in these results; 
nevertheless, the least squares analysis indicates that 
the correlation for the set of data for each temperature 
is linear at the 95% confidence level. 

The results of Fig. 9 show the slopes of the curves 
in Fig. 7 and 8, rnl. A least squares analysis of the 
data gives a l inear  relationship. This is in accordance 
with Eq. [3] and [4], i.e. 

B ---- B" --  k T / q a V  [10] 

These correlations show that B and B'  are inversely 
proport ional  to V and directly proport ional  to T in 
agreement  with the Mott -Cabrera  model. 

It  should be pointed out that the applied electro- 
chemical potential, which is that given in  Fig. 7 and 
8, is not the potential  drop, V, across the film. However, 
it differs from V only by an  additive constant. Thus, 
the only effect of plott ing the electrochemical poten-  
tial instead of V is a shift in  the axis. This assumes 

Table III. Constants for the film growth models 

mV B x 10 s 
(SCE) A(A-D (A-D A'(A-D B'(A-D C(A) D(A) 

O~ D~v = 1.04A 

-- i00 0.0668 2.96 0.0492 3.24 11.8 0.82 
100 0.0508 1.70 0.0399 1.84 19.5 0.78 
300 0.0426 1.38 0.0292 1.81 25.4 1.39 
500 0.0325 0.92 0.0265 0.981 30.7 0.89 
700 0.0321 1.07 0.0243 1.12 81.0 1.20 
900 0.0280 0,826 0.0226 0,895 35.5 1.22 

20~ Day = 1.04A 

--I00 0.0611 4.12 0.0581 3,31 15.8 1.56 
100 0.0450 1.73 0.0384 1.89 22.0 1.00 
300 0.0383 1.15 0.0306 1.19 26.1 0.82 
500 0.0382 1.21 0.0297 1.30 26.0 0.95 
700 0.0271 0.817 0.0210 0.844 37.7 1.26 
900 0.0243 0,743 0,0187 0,746 41.0 1.30 

85~ Dmv = 1.04A 

-- 100 0.0537 2.93 0.0347 3.15 18.3 1.32 
100 0.0405 1.57 0.0298 1.62 24.6 1.10 
300 0.0340 1.22 0.0252 1.28 28.2 1.25 
500 0.0326 1.38 0.0223 1.50 30.3 1.60 
700 0.0281 1.01 0.0199 1.20 84.9 1:63 
900 0.0249 0.839 0.0183 0.903 39.8 1.60 

50~ Day = 1.04A 

- 100 0.0514 2.45 0.0352 2.70 19.2 1.16 
100 0.0434 2.13 0.0282 2.3,7 22.8 1.44 
300 0.0349 1.51 0.0239 1.63 28.4 1.50 
500 0.0302 L24  0.0206 1.37 32.8 1.68 
700 0.0278 1.36 0.0163 1.59 35.9 2.26 
900 0.0259 1.15 0.0162 1.34 38.0 2.27 

8O~ D~v = 1.04A 

-- I00 0.0452 2.86 0.0223 317 21,4 2.22 
I00 0.0373 1.20 0.0294 1.15 26,8 0.93 
300 0.0320 1.50 0.0229 1.55 31.0 1.81 
500 0.0278 1.47 0.0171 1.45 35.5 2.45 
700 0.0270 1.23 0.0178 1.25 38.5 2.13 
900 0.0251 1.25 0.0148 1.27 1.28 2.52 
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that the potential  across the double layer  remains  
constant. 

The j ump  distance, a, was calculated using the 
slopes in Fig. 7 and 8 since ml = kT/qa. These values 
are given in  Table IV. Figure 10 shows the the jump 
distance as determined using inverse logarithmic ki-  
netics as well  as a" from the modified inverse  logari th-  
mic kinetic model decreases l inear ly  with temperature .  

Figures l l  and 12 show that  A and A' are l inear ly  
related to the inverse of the potential  wi th  a tempera-  
ture dependent  slope, m~. This potential  dependence is 
in accordance with Eq. [3a] and [4a] since In xp kT /  
qaVuo is a slowly varying funct ion of T and V over the 
ranges considered. The temperature  dependence of the 
slopes, m2, is shown to be l inear ly  related to the tem- 
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Fig. 7. The reciprocal of the rate constant B vs, applied po- 
tential. 

Fig. 6. Logarithmic plot show- 
ing the changes in the thickness 
of the passive film on iron with 
time. 

100 

perature in  Fig. 13. This indicates that  A and A' are 
directly proport ional  to the temperature.  

The constant  D appears to behave in  a random 
fashion with potential;  therefore, it was assumed to 
be potential  independent .  The average values are 
given in Table [II. Figure 14 indicates that  Day gives 
a good l inear  correlat ion with temperature.  This is in  
accordance with the constant  field model. F rom the 
slope the value 9.42 • l0 s is obtained for ~. 

The Sato-Cohen model gives D as 

avRT 
D = [111 
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where  Wo, the  ac t iva t ion  energy,  is spl i t  into an en-  
tha lpy  AHo and an en t ropy  ASo t e rm (8, 18). 
Thus 

avRT 
D - "  [12a] 

AHo - -  T~So 
o r  

AHo ASo 
I/D -- - -  [12b] 

avRT avR 

Figure  15 shows tha t  1/D is p ropor t iona l  to 1/T. 
The constant  C is p ropor t iona l  to the potent ia l  as 

shown in Fig. 16. F rom Eq. [6a] and [6b] the  slopes of 
Fig. 16 are  given by  

avF 
ms : [13a] 

Wo 
o r  

A H o  TASo 
1~ms = - -  [13b] 

avF a~F 

Table IV. The jump distances a and a', the activation energies 
W and W' of the Mott-Cabrera and the modified Mott-Cabrera 

models 

T e m p e r -  
a ture ,  ~  a, A a' ,  A W, eV W',  eV 

273 7.2 6.4 2.16 .1.68 
293 8.9 6.04 2.11 1.68 
308 6.6 6.65 1.84 1.68 
323 4.3 3.4 1.80 1.68 
353 3.3 3.18 ,2,50 1.68 
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Fig. 16. The values of the rate constant C at various applied 
potentials. 

Figure  17 shows that  1 /m3  is proport ional  to T in ac- 
cordance wi th  the Sato-Cohen model. Also f rom Eq. 
[6a] and [6b] the intercepts 0f Fig. 16 are a funct ion 
of t empera tu re  

2a~RT 
b -- - -  K [14a] 

Wo 
or 

~Ho 1 ASo 
1 /b  - -  - -  [14b] 

2 s x R k  T 2a R k  

The intercepts  1 /b  are l inear ly  re la ted to 1 / T  as shown 
in Fig. 18. This assumes that  K is a s lowly vary ing  
function of T. 

Discussion 
These results have shown that the dual na ture  of 

the growth  kinetics of passive films on iron observed 
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Fig. 17. The relationship between the reciprocal of the slopes 
of the C vs. applied potential curves and temperature. 
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Fig. 18. Plot of the intercepts of the curves in Fig. 16 vs. the 
reciprocal of temperature. 
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Fig. 19. The activation energy determined from the elllpsometric 
film thickness vs. the applied potential. 

by others at room tempera tu re  (1, 4) in borate  solu-  
tions also apply over  the t empera tu re  range f rom the 
near freezing point to the near  boiling point of the 
solution. In addition, plots of the inverse thickness vs.  
log t / x  2 also give straight  lines over  the potent ial  and 
tempera ture  ranges considered. However ,  it should 
be pointe d out that  it is not possible to determine 
which type of kinetics is applicable by mere ly  plott ing 
a graph when the film thickness varies over  a small 
range of values. This can be i l lustrated by e l iminat ing 
the logari thmic terms of Eq. [3b] and [6b] giving 

1 / A  - -  X C - -  D 
= [15] 

B X / A  D 
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Fig. 20. The coulombic film thickness vs. 1/T 

Thus 
1 / A  ---- C [16] 

and 
B X / A  = D [17] 

if the change in  X is small. In  the same manne r  it can 
be shown that 

B - -  B '  [182 
and 

B 
A = A '  - - - -  In X2 [19] 

X 
for small  changes in X. 

The temperature  and potential  dependencies of the 
t ime- independent  constants B and B' were found to 
be consistent with the Mott-Cabrera  and modified 
Mott-Cabrera  kinetics, respectively, i.e., directly pro- 
portional to temperature  and inversely proport ional  to 
potential. In addition, the jump distance, a, was found 
to vary l inear ly  with tempera ture  such that  

a ---- 25.7 -- 0.0633T [20a] 

in  the case of the Mot t -Cabrera  model and 

a'  ---- 19.2 -- 0.0462T [20b] 

for the modified Mott-Cabrera  model. Thus, expressing 
a as ao -- pT,  the constants B and B' take the form 

k T  k T  
B ---- B' ---- -- -- + CI(T) [21] 

qaV  8 (ao -- p T )  V 

The values 'for the jump dis,tance, a, are quite large 
below 100~ It is difficult to explain these large values 
wi thin  the f ramework of the assumptions of Matt and 
Cabrera. Kruger  and Calvert  have obtained similar 
values for the jump distance at room temperature  (1). 
They rationalized their  results wi thin  the Mott-Cabrera  
model by assuming the film to be composed of two 
layers with only the outer layer  capable of support-  
ing fields of sufficient s trength to pull  cations across 
the film. They assumed that  the actual value of the 
j ump  distance was the product of the apparent  value 
and the fraction of the film which was nonconducting;  
they estimated that  this fraction was approximately 
1/3. This assumption and Eq. [20] lead to the conclu- 
sion that the thickness of the dielectric outer layer  
increases with increase in temperature.  However, there  
still exists an inconsistency since there is a critical 
tempera ture  at which the jump distance becomes zero. 
These temperatures  are 406 ~ and 457~ for Eq. [20a] 
and [20b], respectively. 

Both the Mott -Cabrera  and ,the modified Mott- 
Cabrera models give additive constants A and A',  re-  
spectively, which are inversely proportional to poten-  
tial across the film and directly proportional to tem-  
perature.  However, exper imenta l ly  

1 
A = -  (10.86 X 10 -3 -- 2.46T • 10-4) + C~(T) 

[22a3 
1 

A' = -- (11.05 X 10 -2 -- 2.81T X 10 -4) n u C'2(T) 
n 

[22b] 

where the overpotential  ~ has been defined relat ive to 
the corrosion potential, --770 mV (SCE). Such a de- 
pendence on temperature  is not in agreement  with the 
above models. It  is interest ing to note that there exists 
a temperature  at which A and A' become indepen-  
dent  of potential. The temperatures  are 441 ~ and 393~ 
for A and A', respectively. These temperatures  are not 
far from the critical values found for a and a'. 

One can expla in  the tempera ture  dependent  con- 
stants in Eq. [21] and [22], which are the ordinate 
intercepts in Fig. 7, 8, 11, and 12, as resul t ing from the 
potential  drop across the film being temperature  de- 
pendent.  However, an examinat ion of the intercepts on 
the potential  axis of the I / B  vs. r curves suggests that 
this may not be the complete explanation. These are 
the potentials at which field dependent  growth begins. 
The values of the intercepts were found to be --498, 
--403, --660, --1037, and --1743 mV for 0 ~ 20 ~ 35 ~ 50 ~ 
and 80~C, respectively. 'Similar values were obtained 
for the I / B '  vs. q~ curves. It  is difficult to rationalize 
the low values obtained for 50 ~ and 80 ~ since the 
corrosion potential  is --770 mV and independent  of 
temperature.  

The constant D was found to have a tempera ture  
dependence which is consistent with the Sato-Cohen 
model for film growth. From Eq. [12b] and the least 
squares equation for the curve in Fig. 15, it was found 
that ASo _-- 14.8 cal /deg mole and AHo ---- 7.19 kcal /  
mole; where the lattice constant, a, has been assumed 
to be 2A and v to be 3. 

In  Fig. 16 the constant  C was shown to be propor-  
t ional to the applied potential  with a tempera ture-  
dependent  slope, ms, in accordance with Sara-Cohen 
model. The reciprocal of the slopes is proport ional  to 
the temperature  and related to the enthalpy and en-  
tropy as given by Eq. [13b]. Figure  17 shows that l / m s  
is proportional to the temperature.  The least squares 
l ine is 

I / m s  -- 0.181T -- 7.44 [23] 

The signs are the reverse of those in Eq. [13b]; fu r -  
ther, ignoring the signs, the calculated value for the 
enthalpy is 4310 kcal /mole and that for the entropy is 
104 kcal/mole,  which are unrealist ic numbers .  

The activation energies have been determined using 
the Mott-Cabrera  model and are shown in Table IV. 
The energy W has been determined from the expres- 
sion given by  Matt and Cabrera for the l imit ing thick-  
ness XL 

XL ---- V a ' q /  ( W  -- 39kT)  [24] 

where XL is the film thickness when the growth rate 
is I0-~ A/see. This quant i ty  was calculated by  differ- 
entiating the expression giving the film growth as a 
function of t ime and solving for X when d X / d t  = 
10 -5 A/see. The other quanti t ies  in this expression 
are the same as those in Eq. [1]. The values of W were 
determined for each temperature  using 

W = 1/p  -b 39kT  [25] 

where p is the slope of the XL vs. q a V  curve; qaV  was 
determined from the expression 

qaV = k T / B  [26] 

The values of W, given in Table IV, are approximately 
the same as those obtained by Kruger  and Calvert  (1) 
at room temperature.  

From expression [24] there exists a temperature,  Te, 
such that  

39Tc ---- W [27] 
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above which rapid growth will  occur. Using the mean 
value of W, 2.08 eV, Tc was found to be 620~ 

The activation energy, W', was de termined using 
(from Eq. [4a]) 

kT kT 
A' ---- - -  In -- B' in  B'/u [28] 

qaV qaVu 
where 

u ---- Uo exp -- (W/kT)  [29] 

therefore, W' can be determined from the slope of the 
In u vs. 1/T curve. The value of W' was found to be 
1.74 eV for 900 mV and 1.63 eV for 300 mV. The aver-  
age of these two values is 1.68 eV as shown in Table IV. 

The activation energy, Qe, was also calculated using 
Arrhenius  plots of the ellipsometric film thickness 
after 1 hr of polarization vs. 1/T. The values obtained 
for Qe at each potent ial  have been plotted against 
potential  in Fig. 17. This plot i l lustrates that  Qe de- 
creases l inear ly  as the potential  is increased or 

Qe : W" - mV [19] 

where V is the potential  drop across the film. 
Likewise, an activation energy, Qc, can be deter-  

mined from an Arrhenius  plot of the coulombic film 
thickness after 1 hr of polarization vs. 1/T. This was 
done for 700 mV by  assuming that the passive film was 
Fe~O3 with a density of 5 g /cm ~ and a roughness fac- 
tor of one. A value of 2500 cal /mole was obtained 
whereas, a value of 500 cal was obtained for Qe at 
the same potential.  If it is assumed that  the difference 
between the coulombic film thickness and the el]ip- 
sometric film thickness is due to film dissolution, then 

Qc - -  Qe = Qdiss 

where Qdiss is the activation energy for film dissolu- 
tion. This gives a value of 2 kcal /mole for Qd~ss. 

In  essence it was found that none of the proposed 
models for passive film growth are completely con- 
sistent with the observed tempera ture  and potential  
effects. The t ime- independent  constants A and A' of 
the two expressions for inverse logarithmic kinetics 
are inversely  proport ional  to potential  in accordance 
with Eq. [3a] and [4a]; however, the tempera ture  de- 
pendence is not in accordance with these equations. 
The constants B and B' of the same kinetic expressions 
have tempera ture  and potential  dependences which 
are consistent with Eq. [3a] and [4a] ; but  assumptions 
have to be made in  explaining the large value of the 

jump distances a and a' obtained from these constants. 
Also, the values obtained for the potentials correspond- 
ing to the onset of f ield-dependent  growth are difficult 
to rationalize. The effects of tempera ture  on D of Eq. 
[6b] were found to be exactly those of the Sato- 
Cohen model; yet al though temperature  and potential  
of dependences C are in accordance with the Sato- 
Cohen model proportionally,  the signs in the funct ional  
relationship are not correct physically. Thus either the 
existing models do not postulate the correct mecha- 
nism, or they are in  need of modification. 

Manuscript  submit ted Jan. 20, 1975; revised m a n u -  
script received July  23, 1975. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1976 
JOURNAL. All  discussions for the June 1976 Discussion 
Section should be submit ted by Feb. I, 1976. 

Publication costs o] this article were partially as- 
sisted by The Ohio State University. 
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A Limitation to the Mixed Potential Concept 
of Metal Corrosion 

Copper in Oxygenated Sulfuric Acid Solutions 

T. N. Andersen, 1 M. H. Ghandehari, 2 and H. Eyring 
Department o~ Chemistry, University o] Utah, Salt Lake City, Utah 84112 

ABSTRACT 

The corrosion of copper in oxygenated sulfuric acid solutions was studied 
by means of weight-loss and polarization curves. At a given potential, the 
rate of copper dissolution is greater in the presence than in the absence of 
oxygen reduction, which is contrary to the conventional theory of mixed po- 
tentials. An explanation of this phenomena is proposed on the basis of 
chemical attack by dissolved oxygen on the Cu + ions which are intermediates 
in the electrochemical copper oxidation scheme. The model is further verified 
by results of varying the solution agitation rate, acid strength, and oxygen 
partial pressure. 

In  1938 Wagner  and Traud (1) put  forth the pr inci -  
ple of superposition of electrochemical part ial  proc- 
esses and applied it to mixed potentials. According 
to this principle, the rate of a faradaic process is inde-  
pendent  of other faradaic processes occurring s imul-  
taneously at the electrode and thus depends only on 
the electrode potential.  Thereby the polarization curves 
for independent  oxidation and reduction processes may 
be added to predict the over-al l  rates and potentials 
which exist when more than one reaction occurs s imul-  
taneously at an electrode. Several  studies have been re-  
ported which verify the above superposition (or mixed 
potential)  principle. Wagner  and Traud (1) showed the 
independence of dissolution of Zn amalgam of the 
simultaneous H2 evolution process. They also found 
H2 oxidation and reduction of several oxidants on Pt  
to be mutua l ly  independent .  Glassner and Kimbal l  (2) 
found the rate of Cd dissolution in dilute acid to be 
dependent  on the Cd potential  but  independent  of the 
rate of simultaneous H+- ion  reduction. Petrocelli  (3) 
verified the independence of A1 dissolution, at given 
potential, on the simultaneous reduct ion of ceric 
(Ce +4) ions. 

From such findings as referenced above, the inde-  
pendence of part ial  electrode reactions has been gen- 
eral ly assumed in  most recent discussions of metal  cor- 
rosion in electrolyte solutions [e.g., see Ref. (4-6)].  
Application of the mixed potential  theory to corrosion 
is valuable in clarifying the ra te -de te rmin ing  processes 
and thus in  suggesting solutions to the corrosion. It  is 
also valuable in predicting corrosion phenomena from 
the polarization curves for the part ial  processes. These 
polarization curves may be obtained in the potential  
region of the corrosion by one or more of the follow- 
ing methods: (i) by measur ing the rate of metal  
dissolution directly from electrode weight-loss or ion 
concentrat ion changes in the solution; (ii) by removal  
of the depolarizer (e.g., 02) and measur ing the rate 
of metal  dissolution directly as the electric current;  
(iii) by measuring the rate of cathodic reduction on 
a nonreact ive metal  such as Pt, to approximate the 
reduction on the active metal  [see Ref. (3)];  or ( iv)  by 
measur ing the polarization curve for depolarizer re- 
duction at potentials so negative of the corrosion po- 
tential that metal  oxidation can be neglected; the re- 
sul tant  Tafel l ine is then extrapolated to the corrosion 
region to yield the desired polarization curve. 

1Present address: Kennecott Research Center, Salt Lake City, 
Utah 84100. 

2 On leave of absence from Arya-Mehr University of Technology, 
Wehran, Iran. 

Key words: copper, corrosion, mixed potential. 

Certain l imitations are recognized in developing p o -  
l a r i z a t i o n  curves by each of the above methods. 
Weight-loss measurements  require more t ime than  is  
desirable, and changes in the surface as well as metal  
loss through spalling is possible. The kinetics of 02 
or H+- ion  reduction differs for different metals, so it 
is desirable to directly s tudy the metal  of interest. 
Therefore, de terminat ion of polarization curves di-  
rectly and extrapolat ion to the corrosion potential  ap- 
pear to be a desirable approach. This approach is not 
valid if the catalytic properties of the surface change 
with potential  over the range of interest. It is also 
not valid if the ra te -de te rmin ing  step and hence the 
Tafel slope for any process changes in the potential  
range through which the polarization curve is extrap-  
olated. 

In the present  work we have found a fur ther  l imi-  
tat ion to the extrapolat ion of polarization curves (and 
to the theory of mixed potentials in  general)  which 
does not appear to have been stressed previously; i.e., 
the opposing part ial  processes are not independent ,  if 
the intermediates  of one process react with the reac- 
tants of the opposing part ial  process to produce new 
reaction paths with lower reaction barr iers  than those 
of the isolated processes. 

This l imitat ion was discovered dur ing  the course of 
a t tempting to quant i ta t ively  apply the theory of mixed 
potentials to the corrosion of Cu in oxygenated H2SO4 
solutions. Thus, extrapolat ion of the polarization curve 
for Cu dissolution in N2-saturated solution to the 
corrosion potential  in O2-saturated solution yielded 
a corrosion rate which is less than 0.I of "the observed 
value. Fur ther  s tudy of this phenomena revealed that  
oxygen attacked the intermediate  of the copper dis- 
solution (i.e., Cu + ions) and thus short-circuited the 
electrochemical dissolution path. 

Experimental 
Corrosion s tud ie s . - -Because  of differences in the ki-  

netics and rates in the published l i tera ture  (7-12), it 
was necessary to develop corrosion data to support  
the polarization tests. For  this purpose samples of high 
pur i ty  copper sheets, 1 cm 2 in area, were covered on 
one side and on the edges with silicone rubber  (Dow- 
Coming Silastic);  these were placed in a 600 ml cell 
containing 200 ml of 2M H2SO4. The solution was 
stirred at a constant  rate and 02, air, or h igh-pur i ty  
N2 was purged through the solution dur ing  each ex- 
periment.  The sample was removed at different t ime 
intervals, washed with doubly distilled water  and ace- 
tone, dried in an oven, and then weighed to deter-  

1 5 8 0  
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mine the amount  of Cu dissolved. For m a n y  of the 
tests the same sample was then put  back in the cell 
and the corrosion continued. Each weight-loss mea-  
surement  required approximately 1/2 hr and an entire 
corrosion test lasted from 6 to 160 hr. The concentra-  
t ion of I-I202 w a s  measured at various corrosion times 
by  means of the t i t an ium sulfate colorimetric method 
(13) in the following manner :  2 to 4 ml of 0.008M 
t i tan ium sulfate was added to the same amount  of cor- 
rosion solution, and the m a x i m u m  absorption peak at 
about 410 nm was compared to that  of s tandard H~O2 
solutions in 2'M H2SO4. The Cu surface was prepared, 
prior to each test, in one of two ways: (./) leaching it  
with a few drops of HNO3 or (ii) by  corroding it for 
40 hr in O2-saturated 2M H2SO4. Corrosion tests were 
performed on Cu at open-circui t  and at potentiostat i -  
cally polarized conditions. 

Jk H~O~ 

tU' 

?, 

g 

2 

i I I I i 

O 20 " r i ~ ( ~ . )  40 60 

Fig. 2. Rate of copper dissolution and slmultaneous hydrugen 
peroxide buildup during Cu corrosion at open circuit. 

Fig. 1. Copper corrosion in 
stirred, 2M H2S04 under various 
conditions. 

Polarization curves.--Cathodic and anodic polariza- 
tion curves were determined by mantial  potentiostatic 
means. These curves were obtained by stepping the 
potential  every few minutes  and recording the resul-  
tant  current.  Also for anodic polarization the electrode 
was potentiostated for times from 4 to 24 hr and the 
current  was recorded cont inuously and integrated. For 
this same period the copper weight loss was measured. 
Electric currents  were checked for accuracy by inser t -  
ing a s tandard resistor in the circuit and m e a s u r i n g  
the potential  across it. 

Results 
Open-circuit corrosion tests.--Copper weight loss vs. 

t ime curves under  various conditions in  2M H2SO4 are 
shown in Fig. 1. For the HNO~-pretreated surface the 
corrosion rate increased with t ime unt i l  approximately 
40 hr, after which the rate was approx ima te ly  con- 
stant. When an already corroded sample was placed 
in a fresh corroding medium, the rate was constant  
from the beginning  of the exper iment  and  corre-  
sponded to the rate after 40 hr on the HNO3-pretreated 
electrode (cf. Fig. 1). 

The stable products of corrosion were H202 and 
Cu +2 ions which formed in equimolar  amounts  at times 
less than 40 hr (cf. Fig. 2). At longe r  times, the rate 
of Cu weight-loss cont inued at the same rate but  the 
rate of H202 production decreased. This indicates that  
fur ther  reduction of H2Oz to HaO or catalytic decom- 
position of the H202 occurs. These  results contrast 
with those from previous corrosion studies of Cu in 
oxygenated H2SO4, in which it was general ly  assumed 
that H20 is the final product (7, 10-12). In  most such 
studies no direct tests for H~O2 formation were con- 
ducted. 

To fur ther  investigate the effects of the products on 
the rate of corrosion, measurements  were conducted 
in solutions which ini t ia l ly  contained H202 and Cu +2 
ions at concentrat ions observed toward the end of a 
typical test. From the results of these tests (see Fig. 1) 
it also is concluded that  product Cu +2 ions at C --~ 
0.01M and H202 at C -~ 1.6 • 10-SM have no effect 
on the corrosion. 

The corrosion curves for Cu in O2- and a i r -sa tu-  
rated solutions are both shown in Fig. 1; weight loss 
in N2-saturated solutions was negligible. The corro- 
sion currents  are 1.15 and 0.29 mA/cme in  02 and air, 
respectively, which indicates that the rate is approxi-  
mate ly  first order with respect to oxygen concentra-  
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tion. Corrosion potentials of 0-10 mV (vs. SCE) were 
noted in O2- and a i r -sa turated solutions, whereas the 
open-circuit  potential  in  N~-saturated solution (with 
no added Cu +2 ions) was approximately --50 inV. The 
addition of Cu +z ions shifted the open-circui t  poten-  
tials in N2 or 02 in a positive direction. 

Corrosion tests were carried out in both O2-satu- 
rated 2M H2SO4 and 0.2M H2SO4. The rate in the 2M 
H2SO4 was 1.15 m A / c m  2 and that in the 0.2M H2SO4 
was 0.82 mA/cm 2. In  both cases the Cu +2 ions and 
H202 w e r e  formed in near ly  equimolar  amounts.  

To test the role of agitat ion in the mechanism, tests 
were run  in O2-saturated 2M H2SO4 without  st irr ing 
and at a faster rate than the "standard" s t i r r ing rate 
employed in most of the tests. The corrosion current  
densities obtained were 0.5 m A / c m  2 for no stirring, 
1.15 mA/cm 2 for the s tandard s t i r r ing rate, and 1.43 
mA/cm 2 for the rapid s t i r r ing rate. This indicates that  
at the s tandard conditions the corrosion is either par -  
t ial ly or wholly controlled by diffusion. Inasmuch as 
the l imit ing diffusion current  for 02 reduct ion at the 
s tandard st i rr ing rate was 1.6 mA/cm 2, which is sub-  
s tant ial ly  more than the corrosion rate of 1.15 m A / c m  a, 
the corrosion is only par t ia l ly  diffusion controlled and 
is hence par t ia l ly  reaction controlled. The positive ef- 
fect of acid s t rength on the corrosion rate also indicates 
that the corrosion is par t ia l ly  reaction controlled. 

Polarization tests.--Polarization curves were mea-  
sured from open-circuit  to potential  regions substan-  
t ially positive and negative of the open-circui t  po- 
tent ial  region. This was done to produce Tafel curves 
for Cu oxidation alone and O2, reduct ion alone; 
these curves then could be extrapolated to the same 
potent ial  (i.e., to the corrosion potential  in O2-satu- 
rated solution) as a test of the mixed potential  theory. 
If the curves extrapolated to the observed corrosion 
potential  (0-10 mV) and at the current  density ob- 
served in the corrosion tests, then the mixed potential  
theory would be considered applicable. 

Figure 3 shows the cathodic Tafel plot for Cu in O2- 
saturated 2M H2SO4 and the anodic plot for Cu in N2- 
saturated 2M I-I2SO4. The copper surface was precor- 
roded and hence corresponded to that  in the l inear  
corrosion region of Fig. 1. The plots were obtained by 
manual  potentiostatic means with an allowance of 
approximately 5 min  per point. The solutions were 
stirred at the same standard rate as in the case of the 
corrosion studies represented by  Fig. 1 and 2. Both of 
the curves in Fig. 3 were repeatable  in position and 
shape. 

The anodic curve which corresponds solely to Cu 
oxidation consists of a Tafel l ine s imilar  to those ob- 
tained in previous investigations (14-17). The cathodic 
curve is atypical of conventional  O2-reduction curves 
as the current  increases to a ma x i mum and then de-  
creases to a m i n i m u m  before increasing to the 02 
l imit ing diffusion current,  io2,1, and to the region of 
H2 evolution. From the open-circui t  potential  to the 
current  m i n i m u m  on the negative side of the hump, 
both O2 reduction and Cu dissolution occur. From the 
current  m i n i m u m  to io2.i, 02 reduction is the only 
significant reaction and thus equals the measured cur-  
rent. In a previous s tudy (18) the region of the cur-  
rent  ma x i mum (hump) was investigated and the hump 
was identified as the result  of cathodic passivation. 
The surface at the hump allows O2 to be reduced with 
a greater rate constant  than  that  at more negative 
potentials. Accordingly, the curve at cur rent  densities 
just  less than ,/o2.1 cannot be extrapolated to the cor- 
rosion potential, Ecor (10 mV),  to yield the corrosion 
current,  icor, as the resul t ing current  is too small. 
Rather the O2 reduction characteristics at potentials 
positive of the hump would need to be extrapolated 
to predict icor. 

Apart  from problems on the cathodic side of Ecor, 
the anodic polarization curve in N2-saturated solution 
fails to yield icor at Eco~ but  ra ther  yields a value of 
icor which is only approximate ly  0.1 the value of 1.15 
mA/cm 2 obtained from copper weight-loss measure-  
ments. Therefore the anodic polarization curve in 
N2-saturated solution cannot be used to deduce the 
corrosion rate in oxygenated solutions. 

Copper dissolution rates in Nz vs. Oz saturated solu- 
tions.--To fur ther  clarify this phenomena  four dif= 
ferent kinetic currents  were obtained at various poten-  
tials: (i) The weight loss of Cu in N2-saturated 
solution was obtained and converted to the correspond- 
ing 2 electron current,  i(Cu,N2) ; (ii) the meter-der ived 
current  corresponding to the above test, ia(N2), was 
obtained, (iii) the weight loss of Cu in O2-saturated 
solution was obtained and converted to the current  
i(Cu, O2); and (iv) the meter -der ived  current  in test 
( iii ) , ia (O2), was obtained. 

To obtain each current,  at a given potential,  the Cu 
was potentiostated for 4-24 hr. Inasmuch as the elec- 
tric currents,  at the higher overvoltages (~] ~-- 40 mV) 
increased with time, the current  was recorded and 
averaged to yield the effective meter  values. Current  
densities corresponding to weight-loss results were 
based on 2 electrons per dissolved Cu atom because 

Fig. 3. Steady-state polariza- 
tion curves obtained potentio- 
statically for Cu electrode in 
stirred 2M H2S04. Anodic curve: 
N2-saturated. Cathodic curve: 
02-saturated. Temperature: 
25~ 
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Table I. Experimental kinetic currents at various potentials for Cu 
electrode in stirred 2M H2S04. Temperature: 25~ 

N2-saturated O2-saturated 

E Recorded,  Weigh t  loss, Recorded,  Weight  loss, 
(mY vs. ia(N2) i(Cu,N2) i~(O~) i(Cu,O~) 

SCE) ( m A / c m  ~) ( m A / c m  ~) ( m A / c m  ~) ( m A / c m  ~) 

+ 10 ~0,07 0 1.16, 1.06, 1.15, 1.I 
(1.15)<a~ 

(open circui t  in O~-saturated solution) 
+20 0.12, 0.26 0.18, 0.24 

(0.19) (0.21) 
+30 0.50, 0.48 0.56, 0.67 0.59, 0.62, 0.48 2.04, 2.09, 2.29 

(0.49) (0.61) (0.57) (2.14) 
+40 1.0, 0.9, 0.7 1.06, 1.01, 0.88 2.05, 1.61, 0.94, 0.94 3.59, 2.92, 2.72, 2.17 

(0.87) (0.98) (1.37) (2.85) 
+ 50 1.64, 1.66, 2.02 2.61, 1.88, 2.09 3.43, 2.34, 2.36 4.83, 3.72, 3.51 

(1.77) (2.19) (2.71) (4,02) 
+ 80 12.6, 8.7, 10.9, 9.2 13.4, 9.1, 12.8, 9.3 i5.9, 11.8, 13.4, 15.8 17.6, 13.2, 14.7, 17.0 

(I0.4) (ii.i) (14.2) (15,6) 

ca) Average  of  all tests  at g iven potential .  

-52 is the only oxidation state for Cu in sulfate solu- 
tions in significant concentrat ion [e.g., cf. Ref. (19) 
and (20)]. The results of tests (i) = (iv) are given in  
Table I. Each test was repeated up to four times; both 
the individual  and average values are listed. The values 
are ar ranged such as to show paired values from the 
same test of ia(N2) vs. i(Cu,N2) and ia(O2) vs. / (Cu, 
O2); i.e., the first values listed at a given potential  are 
from the same test [e.g., 0.12 for ,/a(N2) and 0.18 for 
i(Cu,N2)],  the second are from the same test, etc. 

The following t rends are evident:  (a) i(Cu,O2) > 
ia(O2); the difference is substantial .  (b) i(Cu,N2) > 
ia(N2); the difference is small. (c) ia(O2) is slightly 
less than ia(N2) and i(Cu, N2) at 10 mV; ia(O2) be-  
comes indis t inguishable  from the currents  in  N2 at 
sl ightly more positive potentials;  at the most posi- 
tive potentials studied, /a(O2) is larger than the cur-  
rents  in N2. 

The effects of varied st i rr ing and acid s t rength are 
shown in Table II. It is apparent  that  both the rate of 
Cu weight loss, i(Cu,O2), and the anodic current  den-  
sity, i , (O2),  increase with increases in s t i rr ing and 
acid strength. The anodic polarization results in N2- 
saturated solution were shown in a previous s tudy 
(14) to be independent  of s t i r r ing rate. 

Discussion 
That Cu dissolution is faster in O2- than  in N2- 

saturated solution at a given potent ial  is an anomaly  
compared to the previously described systems (1-3) 
and to the conventional  theory of mixed potentials (1). 
To explain the present  results we propose the follow- 
ing s imultaneous react ions 

Cu ~<-~-- Cu+ ,5 e -  [1] 

Cu+ -"-> Cu +2 "5 e -  [2] 

Cu + ,5 1/2 O2 ,5 H + ---> Cu +2 ,5 1/2 H202 [3] 

02 .5 2H + -5 2e-  ----> H202 [4] 

The Cu + ions in Eq. [1]-[3] are t ransient  in te rme-  
diates which exist in significant concentrations only 
in the adsorbed state or very near  the electrode surface. 

Steps [1] and [2] alone constitute the mechanism 
for anodic Cu oxidation in Na-saturated solutions, as 

Table II. Effects of varied stirring and sulfuric acid strength on 
results 

E [H~SO~] ia(O~) i (Cu,02) 
(mV) (M) Rate  os s t i r r ing  ( m A / e m  2) ( m A / c m  ~) 

+ 50 2.0 " S t a n d a r d "  ra te  used 3.43, 2.34, 4.83, 3.72, 
t h roughou t  Table I 2,36 3.51 
(modera te ly  rapid)  

+ 50 2.0 More rap id  than " s tan-  3.88 5.08 
da rd"  ra te  

+ 50 0.2 " 'S tandard"  ra te  1.76, 1.76 3.06, 3.12 

manifest  by test data in Table I and Fig. 3. A well-  
defined Tafel line is noted with values given by  

ba = dE/d  log i = 35-40 mV [5] 

Previous investigators [see Ref. (14-17)] have ob- 
tained similar results which are interpreted in terms 
of Eq. [1] being in quas i -equi l ibr ium followed by the 
ra te -de te rmin ing  charge- t ransfer  step, Eq. [2]. 

The faster rate of Cu dissolution, at a given poten-  
tial, in the presence of 02 rather  than N2 follows from 
step [3]. This step represents the attack by  O2 and H + 
ions on the intermediate  Cu + ions. Thereby Cu is 
dissolved while exchanging only one electron with 
the electrode, al though the final product is still the 
Cu +2 ion. Equat ion [4] is the electrochemical reduc-  
tion of 02 at the Cu surface. 

The measured reactions of Table I are related to the 
proposed mechanism as follows: 

i(Cu,N2) _~ ia(N2) ---- 2/28 [6] 

ia(O2) ----- it "5 .i2 -- i4 ----  2i2 "5 ia -- i4 [7] 

i(Cu,O2) -- 2i2 "5 2/3 [8] 

The total O2 uti l ization or H202 product ion current  is 
given as 

~H202 = i3 "~ i4 [9] 

From Eq. [6]-[9] and the results given in  Table I the 
values for the reactions [2], [3], and [4] were calcu- 
lated. The values for 2/2 and 2,/3 (the components of 
Cu dissolution),  i3 .5 i4 (the total 02 consumption cur-  
rent) ,  and i4 are shown in Table III at various poten-  
tials. The value for 2i2 was taken as the average of 
i(Cu,N2) and ia(N2). Average values for ia(O2) and 
for i(Cu,O2) were used in Eq. [7] and [8]. 

The calculated value for i3 increases with a positive 
increase in potential  as the theory predicts. This is be-  
cause the concentrat ion of Cu + ions is increased as the 

~Al though  i(Cu,N~) is s l ight ly l a rge r  than ia(N~), we  consider  
t h e m  to be identical  in this  t rea tment .  The  reason for  the  smal l  
difference was not establ ished but  m a y  be expected  to arise f r o m  a 
combinat ion of phenomena  which  includes dissolution of Cu + ions 
(20), mechan ica l  loss f rom the electrode,  and er rors  of up to 3% 
in the measu red  current .  I n a s m u c h  as the differences in  i(Cu,O2) 
and ia(N,2) [or i(Cu,O2) and i(Cu,Ne)] are m u c h  larger  than  those 
be tween  i(Cu,Ne) and i~(Ne), the lat ter  d i f ferences  are of no  co_nse- 
quence wi th  r e g a r d  to the qual i ta t ive  conclusions of this  paper .  

Table III. Kinetic currents calculated from experimental results 
(Table I) and proposed model 

E (mV 2i2 2i~ i4 i3 + i4 
v s .  SCE) (mAlcm~) ( m A l c m  e) ( m A l c m  -~ ) ( m A l c m  -~ ) 

10 0.20 0.95 0.67 1.34 
30 0.55 1.59 0.78 1.58 
40 0.92 1.93 0.51 1.47 
50 2.0 2.02 0.29 1.27 
80 10.7 4.9 - -  1 . 1  1.35 
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equi l ibr ium of reaction [1] is shifted with a positive 
increase in potential.  Although the data are not ade- 
quate to produce a reliable Tafel slope, it is observed 
that  i~ yields a slope between 60 and 100 mV which is 
reasonable for part ial  rate control by 02 diffusion and 
part  by chemical reaction. The value of i4 decreases 
with a positive shift in potential, but  the Tafel slope 
is much less well defined than that for i8. The ap- 
parent  negative value of i4 at 80 mV is fur ther  indi-  
cation of the l imitat ion in data precision. 

The total oxygen consumption, i3-t-i4, is approxi-  
mate ly  constant  for E --~ 80 mV, at a value equal to 
or slightly less than the O2 l imit ing diffusion current  
(which is measured as 1.6 m A / c m  2 at the rate of st ir-  
r ing employed in Table III) .  From Table III  it is ob- 
served that ./3 is the p redominant  path for Cu dissolu- 
t ion at and near  open-circui t  potentials while the 
purely  electrochemical path, i2, is predominant  at the 
more positive overpotentials.  The path i3 is the pre-  
dominant  reaction for 02 consumption or H202 produc-  
t ion at the more positive potentials;  at and near  open 
circuit i4 is as large or larger than  i8. 

The effects of s t i rr ing and acid s t rength on ia(O2) 
and i(Cu,O2) (see Table II) are clarified by Eq. [7] 
and [8] and the fact that  i3 > >  i4. 

The present  model explains not only the differences 
in Cu dissolution rates in 02- and N2-saturated solu- 
tions, but  also the effects on the corrosion rate of 
s t i rr ing rate, acid strength, and 02 part ial  pressure, 
and the lack of effect of Cu +2 ions. This model also 
correlates anodic electrochemical results with corrosion 
data. 

The present  results and in terpre ta t ion are in ac- 
cord with the kinetics of corrosion of Cu by oxygenated 
HC1 solutions (10, 21) and with the kinetics of anodic 
oxidation of Cu in HC1 solutions (22, 23). In  these 
cases the product  is Cu +. The rate constant of the 
reaction Cu ---> Cu + is so rapid that  the ra te -de te rmin-  
ing step dur ing  anodic dissolution is the diffusion of 
Cu + products away from the electrode (24, 25). In  
sulfate solutions the Cu + ions are not stable in solution 
and must  be removed main ly  by fur ther  oxidation steps 
(Eq. [2] and [3]) which become rate determining.  In 
weakly acidic sulfate solutions the Cu + ions are re- 
moved by precipitat ion of Cu20 (24). 

Although the present  model does not specifically 
take anions into account, it is not inconsistent with 
the observation of Robertson et al. (10) that the cor- 
rosion rate of Cu is different in the presence of C1- 
than of SO4 = ions and that the relat ive anion effects 
change with pH. In  the present  work, corrosion tests 
were made in 2M HC1 at open circuit. The corrosion 
rate was 0.25 mA/cm2 (compared to 1.15 mA/ c m 2 at 
2M H2SO4); the corrosion potent ial  was --260 mV 
(SCE) compared to ~10 mV in the case of 2M H2SO4. 
This difference in corrosion rates is qual i ta t ively ex- 
plicable on the basis of potential,  but  may also depend 
on effects of anionic specific adsorption on the reac- 
t ion rates for the given mechanism. 

Although the part ial  processes for Cu oxidation and 
O2 reduct ion in H2SO4 solutions are interdependent ,  
the present  model does not indicate such in terdepen-  
dence of reactions for Cu in oxygenated HC1. This is 
because Cu + is the final product and thus there is 
no vulnerable  intermediate.  Data obtained by Miller 
and Bellavance (21) indicate that this is indeed the 
case. The rate of Cu dissolution from either N2- or 
O2-saturated 0.1M HCI- IM NaC1 was the same at a 
given potential  [data from Fig. 4 and 5 in Ref. (21) 
were compared]. 

From the present results one would suspect that  
some other mul t iva len t  metals would behave similarly 
to Cu. in dissolving via the route of consecutive e~ec- 
t ron transfer, such that the mixed potential  theory 
does not apply to corrosion of them. Although the 
per t inen t  potentiostatic data has not been located, dis- 
solution of metals via ions of suboxidation states is 

supported by test results of Epelboin and co-workers 
and Davidson and co-workers [e.g., cf. Ref. (25-29) 
and others listed in the review by Garreau (30)]. 
These investigators observed that various metals are 
anodically dissolved in certain solutions with an elec- 
t ron loss per atom less than the conventional  one 
[e.g., A1 was found to dissolve with the withdrawal  
of only 2-2.7 electrons per atom in aqueous solutions 
containing halide, nitrate, chlorate, bromate, and per-  
chlorate ions (25)]. Although the above phenomena is 
believed by some authors to be due to metal  disinte-  
gration [cf. work of St raumanis  and co-workers in Ref. 
(31-33) and in other works referenced in the above- 
mentioned review article (30)], the suboxidation state 
finds support in numerous  test results (25-80). 
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An Ellipsometric Investigation of the Underpotential 
Deposition of Lead on Gold 

Jean Horkans, *'1 B. D. Cahan,* and Ernest Yeager* 
Depar tment  oi Chemistry ,  Case Wes tern  Reserve  Universi ty ,  Cleveland, Ohio 44106 

ABSTRACT 

Potent ia l  scanning el l ipsometry has been used to examine the wavelength 
and potential  dependence of the optical constants of the lead layer formed on 
Au by underpotent ia l  deposition from Pb 2+ solution. The two main  curren~ 
peaks in the vol tammetry  curves of the system can be identified with two 
different states of the surface film. Neither state has optical constants re-  
sembling those of bulk  Pb. Both films have an ell ipsometrically determined 
thickness of 1.5A. The large wavelength dependence of the optical constants 
of the films indicates a strong interact ion of the lead adlayer with the surface 
layer  of the Atl substrate. The ellipsometric data are consistent with a model 
in which the layer  formed on the surface at less cathodic potentials is pr i -  
mari ly  ionic and at cathodic potentials undergoes a t ransi t ion to a metal- l ike  
lead adlayer. 

Optical reflectance techniques have given useful in -  
formation about the phenomenon  of underpotent ia l  
deposition z (UPD) and Che na ture  of the surface lead 
layers formed on gold at potentials anodic to the re-  
versible potential  of lead (2-4). The use of modulated 
specular reflectance techniques, in conjunct ion with 
electrochemical and surface-specific methods, to in-  
vestigate UPD is discussed in an earlier paper (4). The 
informat ion obtained by these specular reflectance 
methods, al though impor tant  to a bet ter  unders tand ing  
of the electrode-electrolyte interface, is largely of a 
quali tat ive nature.  More quant i ta t ive  informat ion  may 
be gained by the use of ellipsometric techniques, which 
are capable of de termining  the optical dielectric con- 
s tant  of a surface or a surface film. 

El l ipsometry has not previously been applied to the 
s tudy of the UPD phenomenon,  in par t  because of the 
slowness of manua l  el l ipsometry and the exrense  of 
automation. Recently, a potential  scanning ellipsome- 
tric technique has been developed (5-7) in order to 
allow changes in the ellipsometric parameters  to be 
rapidly measured. Three ellipsometric parameters  ~o, 
,1%, and reflectivity are determined,  thus al lowing the 
de terminat ion  of the complex refractive index and 
thickness of an absorbing film using a three layer  
model [i.e., the substrate,  film, and solution of the 
interface as discussed in Ref. (5)].  This method has 
been applied in the invest igat ion of the UPD of lead on 
gold. The dependence of the optical constants of the 
lead film on both Mectrode potent ia l  and wavelength  
has been investigated. In  addition, the effective optical 
film thickness was determined.  

Experimental 
The ellipsometric system and cylindrical  optical 

electrochemical cell are the same as used by the au-  
thors in earlier studies with potential  scanning el-  
l ipsometry (5-7). The light in tensi ty  is recorded dur -  
ing three identical l inear  voltage scans with a given 
offset from nul l  of the polarizer of the ell ipsometer 
and three different settings of the analyzer. Since the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
�9 P r e s e n t  address :  IBM T h o m a s  J. W a t s o n  R e s e a r c h  Center ,  Y o r k -  

toWn He igh t s ,  N e w  Y o r k  10598. 
K e y  w o r d s :  u n d e r p o t e n t i a l  depos i t i on ,  m o n o l a y e r  m e t a l  f i lms,  

e l l i p some t ry ,  l ead  on gold .  
L o ren t z  e t  al .  (1) h a v e  r e c e n t l y  p u b l i s h e d  a r e v i e w  of the  var i -  

ous  t e c h n i q u e s  for  the  s t u d y  of U P D  and  d i s c u s s e d  the  s t ruc ture  
and k i n e t i c s  of  the  f o r m a t i o n  of U P D  layers .  

functional  dependence of the l ight in tens i ty  on the 
three surface parameters,  ~o, ~I,o, and reflectivity R, 
is known, the voltage dependence of 8Ao, 5,I%, and 
5R/R can be determined from the three l ight in tensi ty  
transients,  as described earlier (5-7). The parameters  
~o and ~I'o are related in a s t ra ight- forward m a n n e r  
to Po and ao, the characteristic nul l  polarizer and ana-  
lyzer settings, which will  be used here. The relat ion-  
ships between Po and ao and Ao and ~1% are given in Ref. 
(6) or (8). The method is described in  detail in Ref. 
(5). 

A 
The complex refractive index n = n -- ik  and the 

thickness of the surface film have been determined by 
a modified form of the uncons t ra ined  minimizat ion 
techniques used in  earl ier  studies of oxide layers on 
Pt  (7), using a simple, three layer  model of the in -  
terface (i.e., assuming a film with sharp boundaries  
with the substrate and  the solution both having bulk  
optical constants).  For  each of a series of film thick- 
nesses, chosen by the user, the uncons t ra ined  min i -  
mum is found for the funct ion F 

F ---- (G• -- 5~oc) ~ + (G'I'om -- G~'• 2 [i] 

where the subscript m denotes the measured value of 
each parameter and c denotes the value calculated 
from the assumed dependence of Ao and q'o on the 
film optical constants and thickness. At each thickness, 
the n and k determined in this manner are used to 
calculate 5R/R (using the Fresnel equations). The 
thickness at which this calculated 6R/R is equal to 
that determined experimentally is taken to be the 
film thickness and the n and k determined from Eq. 
[I] at this thickness are taken as the film optical 
constants. 

The electrodes were Au films of 0.5-I~ thickness 
evaporated on glass microscope slides with a thin 
sputtered Nb undercoat to give adhesion. The prep- 
aration of the electrodes has been described else- 
where (5, 9). The Nb undercoat was found not to in- 
terfere with the optical or electrochemical measure- 
ments (9). Although all measurements reported here 
were done with evaporated Au electrodes, Adzic, 
Cahan. and Yeager (4) have found that evaporated 
Au prepared in this manner and the 111 orientation 
of single-crystal  Au give similar  results i~ electro- 
chemical and reflectance studies of the UPD of Pb. 
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The Au vapor deposited films behave similarly to a 
highly oriented bu lk  Au. 

The electrolyte was 1M HC104 prepared from re-  
agent grade acid and t r iply distilled I-f20, the second 
distil lation being from basic permanganate  solution. 
The Pb e+ solution was prepared from Johnson Mat-  
they Specpure Pb (NO3)2. All  solutions were deaerated 
with N2 gas from which COe and 02 had been re-  
moved by passing through molecular  sieves. A Ne 
atmosphere was main ta ined  in the cell at all times. 
The squareness of the vol tammetry  curve in the double 
layer region, before the addition of Pb 2§ was taken 
as an indication of cleanliness. 

An a-Pd hydrogen bead reference electrode was 
placed near  the surface of the working electrode. A 
stable reference potential  was main ta ined  even in  
the presence of Pb e+ in solution. (All potentials will 
be quoted vs. NHE). The counterelectrode was a th in-  
walled (0.005 in.) tube of Pd-Ag alloy, sealed at one 
end, with He gas at 1 atm inside the tube. 

Resul ts  a n d  Discussion 
The l inear  sweep vol tammetry  curve for Au in 1M 

HC104 + 5.0 • 10-aM Pb 2+ is shown in Fig. 1. The 
entire potential  range shown is anodic to the reversi-  
ble potential  of bulk  lead metal.  Two distinct peaks 
I and II are observed with shoulders and smaller  
peaks also evident. The shape of the pronounced 
cathodic peak II differs from that reported by Adzic, 
Yeager, and Cahan (4) using similar electrodes, prob-  
ably as a result  of differences in the voltage range 
over which the potential  was swept. In any event, this 
peak  is surpr is ingly nar row in both studies. There is 
evidence of fine structure, including the ex t raord inar -  
ily sharp spike in the cathodic sweep. 

The shape of these vo l tammetry  peaks has been dis- 
cussed by Adzic et al. (4). The more anodic peak I is 
broad and undoubtedly  due to the adsorption of lead 
species on the gold surface. The remarked ly  nar row 
peak II has been explained (4) on the basis of a sur-  
face phase t ransi t ion in  which lead adions condense 
into patches to form a p redominant ly  metall ic layer. 
Evidence that this peak does not involve the direct 
adsorption of lead from solution is to be found in 
the observation that  this peak is not under  diffusion 
control under  conditions where  peak I is under  pure 
diffusion control. With this explanation,  the charge u n -  
der the peak II must  then correspond to the release of 
compensating negative charge in the ionic double layer  
a t tending the change of the adsorbed layer from ionic 
to p redominant ly  metall ic character. 

This explanat ion has been challenged by Schmidt 
and Wiithrich (10) on the basis that  their  data for 
lead adsorption on gold obtained with the twin  elec- 
t rode- th in  layer technique (11) did not  reveal any  
deviat ion from a l inear  relat ion between the amount  
of lead adsorbed and charge passed through the elec- 
trode at the potential  corresponding to the nar row 

75 

5 O  

- 5 0  

I I I I i I i - ' /S  
0 . 6  0 . 4  0 . 2  0 . 0  

E (v) 

Fig. 1. Linear sweep voltammetry of Au in 1M HCIO4 with 
5 X 10-SM Pb 2+. Sweep speed 20 mV/sec. 
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peak. Adzic et al. (12), however, question whether  
Schmidt and Wfithrich would have necessarily been 
able to see the small  deviat ion from l inear i ty  in view 
of the small  amount  of charge observed under  the cor- 
responding peak in their  vo l tammetry  curves, which 
was much smaller  than in the work of Adzic ct al. 
(4) or in the present  work. The use of an acetic acid- 
acetate buffer system in their thin layer cell experi-  
ments may also have caused complications. 

The UPD of Pb on Au has also been studied by 
Vicente and Bruckenste in  (13) using rotat ing r ing-  
disk methods. Although most of their  investigations 
were done in C1- solutions, they claim qual i ta t ively 
similar results in C104- solution. These authors sug- 
gest that peak II is only observed after all the avail-  
ab!e sites associated with peak I have been filled, and 
observe that  bulk  Pb is not deposited unt i l  a mono-  
layer of lead species is deposited at underpotentials ,  
an observation in  agreement  with the results of Adzic 
et al. (4). 

The optical changes caused by the UPD of lead on 
Au are highly dependent  on wavelength.  The potential  
dependences of 8R/R, 8Po, and 8ao at 456 and 652 n m  
are shown in Fig. 2 and 3, respectively. The zeros of 
the ordinates for these curves have been adjusted to 
correspond to the values at 0.45V. At 456 n m  (Fig. 2) 
on the blue side of the adsorption edge of Au (which 
occurs at 500 nm) ,  both vol tammetry  peaks are at-  
tended by large increments  in reflectivity. The ~Po 
curve shows a shape similar  to 8R/R. At this wave-  
length, 8ao is small  and is positive for the more anodic 
current  peak but  negative for the more cathodic peak. 
At 652 nm (Fig. 3), on the red side of the adsorption 
edge of Au, a decrease in reflectivity is observed for 
both peaks. The shape 8Po does not vary  drast ically 
as a funct ion of wavelength,  al though the magni tude  

0.04 r +--I/"-~X / ~ ; " ~  I. 2 
0 .6  

. I 
: ,oo ,  .." .' .//,,,I' o, 
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Fig. 2. Potential dependence of 8R/R at ~ = :t/4 ( ), 
8po ( - - - - ) ,  and 8ao ( - - - )  for Au in 1M HCIO4wlth 5 X 10 -3M 
Pb 2+. Wavelength 456 nm, angle of incidence 65 ~ sweep speed 
20 mV/sec. 
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Fig. 3. Potential dependence of 8 l / l  at c~ = :~/4 ( ), Spa 
( - - - - ) ,  and 8ao ( . . . .  ) for Au in 1M HCIO4 with 5 X I 0 - 3 M  
Pb 2+. Wavelength 652 nm; other conditions same as for Fig. 2. 
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of the change differs. At this wavelength 8ao is large 
and is negative at all  potentials. 

The apparent ly  large hysteresis in  the 8ao vs. E 
curve at 456 n m  (Fig. 2) is actual ly no larger than 
that of the other two parameters;  the scale for 8ao is 
much expanded. However, any hysteresis at potentials  
anodic to 0.4V is ra ther  surprising. At such anodic 
potentials, the vo l tammetry  curves indicate that  most 
of the lead has been desorbed. The adsorpt ion-desorp-  
tion process would not be expected to be  under  diffu- 
sion. control in this section of the vo l tammet ry  curves 
at a sweep rate of 20 mV/sec in 5 • 10-3M Pb 2+. 
Vicente and Bruckenste in  (13) have observed a s imi-  
lar  result, in that  their r ing currents  showed desorp- 
t ion of species from the disk in potent ial  regions 
where  the disk current  indicated no faradaic proc- 
esses. They suggest that  this current  is caused by de- 
sorption of Pb ( I I )  adsorbed dur ing  the oxidation of 
underpotent ia l  lead. Possible a l ternat ive explanations 
are that  the process is under  kinetic control or that  
some type of aging process occurs. 

The calculation of the optical properties of the ad- 
sorbed lead layer  using a three- layer  model requires 
the de terminat ion  of the changes in Po, ao, and R 
relat ive to a film-free, two- layer  reference state. The 
problems associated with the selection of such a ref-  
erence state have been discussed elsewhere (7). In  
the present  study, the changes in Po, ao, and R upon  
formation of the lead layer  were taken to be the dif-  
ference between the value of each parameter  at the 
electrode potent ial  of interest  and its value extrapo-  
lated from the port ion of the curve (scanning in  the 
cathodic direction) in which no lead is adsorbed 
(anodic to 0.4V). This is essential ly equivalent  to 
taking the difference between the value of the pa ram-  
eter at a given potent ial  in the presence and absence 
of Pb 2+ ions in solution. 

The wavelength dependence of 8R/R, 8po, and 8ao 
for the lead layers formed by  the more anodic and 
more cathodic peaks are shown in Fig. 4 and 5, respec- 
tively. The reflectivity change shows the wavelength  
dependence observed by Adzic et aI. (4). The mea-  
sured 5R/R curve crosses zero at 505 nm in Fig. 4 and 
492 nm in Fig. 5. The difference is significant; mea-  
surements  at 502 nm show that the first pe~k causes 
an increase in reflectivity and the second peak causes 
a decrease. For  both films. 8~Oo is everywhere positive 
and shows a peak at ,~470-500 nm, which is ra ther  
near  the absorption edge of Au at ~500 rim. The 
value of 5ao is small  and positive in the blue, becom- 
ing large and negative in the red. 

The thickness and optical constants of the UPD lead 
layers were determined by the procedure described in 
the exper imental  section. The funct ion F of Eq. [1] 
is minimized and the calculated value of ~R/R is 
matched to the exper imenta l ly  measured walue. The 
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Fig. 4. Wavelength dependence of 8R/R, ~Po, and 8ao for Au in 
1M HCIO4 with 5 X I0 -3M Pb 2+. Layer formed by more anodic 
current peak (0.15V in cathodic sweep). Angle of incMence 65 ~ 
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Fig. 5. Wavelength dependence of bR/R, 5po, and ibao far Au 
in IM HCIO4 with 5 X 10-3M Pb 2+. Layer formed by more cath- 
odic current peak (--0.05V in cathodic sweep). Angle of incidence 
65 ~ . 

two potentials at which these calculations were done 
were 0.15 and --.0.05V in  the cathodic sweep; these 
potentials were chosen to be after the completion of 
the vol tammetr ic  peaks I and II, respectively. At both 
potentials, the film thickness t of 1.5A minimized the 
difference between calculated and measured 8R/R 
values over the entire wavelength range studied. The 
measured and calculated values of 8R/R are in  good 
agreement,  wi th in  the precision with which the 
changes in ao, Po, and R are known  from the experi-  
menta l  measurements,  at all wavelengths examined 
for the film at +0.15V and at wavelengths shorter 
than 50,0 nm at --0.05V. At longer wavelengths than  
500 nm at --0.05V, the difference between the ob-  
served and calculated 5R/R values was somewhat 
greater (5% of the measured 5R/R values) .  This may 
be due to some inadequacy of the three- layer  model 
in this wavelength region, where the film formation 
probably  substant ia l ly  affects the optical properties 
of the surface of the Au substrate. Such failures of 
the three- layer  model have previously been encoun-  
tered with Au in this wavelength region (7) due to 
the presence of the adsorption edge of Au at 500 nm. 
Consequently, the values of the optical constants above 
500 nm in Fig. 7 may be somewhat in error. 

The precision with which the t values could be de- 
termined at each wavelength is estimated to be • 
with the precision of the measured values of 5R/R 
being the l imit ing exper imental  measurement  in the 
present  work. While the precision with which any one 
value of t could be determined is ra ther  limited, the 
average of the values at 14 wavelengths at each po- 
tential  is expected to have a s tandard deviat ion of 
0.1A. Consequently no appreciable change in the el- 
l ipsometric thickness occurs be tween -{-0.15 and 
--0.05V despite the fact that the total charge asso- 
ciated with the film formation almost doubles. 

The wavelength  dependences of the optical con- 
stants of the film are shown in Fig. 6 and 7 for ~-0.15 
and --0.05V, respectively. In  both cases, very large 
dependences of n and  k on wavelength  and very high 
values of k are observed for the film. results that  
would not be exuected if the film resembles Pb metal. 
Since the optical constants of Pb are not available in 
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Fig. 6. Optical constants of lead film deposited by more anadic 
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Fig. 7. Optical constants of lead film deposited by more cath- 
odic current peak (--O.05V in anodic sweep) on Au in 1M HCI04 
with 5 X iO-3M Pb 2+ (t --~ 1.5.$_) 

the l i terature,  a rough de terminat ion  of the optical 
constants of bu lk  Pb metal  has been made in this 
wavelength region using convent ional  nu l l  balance 
el l ipsometry (Fig. 8). Although the Pb surface used 
undoubted ly  had an oxide film and lacked the desired 
flatness, nei ther  the absolute values of n and k nor 
their  wavelength dependence should be grossly in 
error. None of the conclusions presented here is di- 
rectly dependent  on the data of Fig. 8, which are pre-  
sented only for purpose of comparison with Fig. 6 
and 7. 

The absolute significance of the n, k, and t values of 
the film is not clear in view of the strong interact ion 
of the adsorbed lead species with the gold substrate 
and also complications associated with surface rough-  
ness. Nonetheless, there is no question that  a very 
pronounced change has occurred in the optical con- 
stants and hence the s tructure of the surface layer 
between -bO.15 and --0.05V. The real and imaginary  
components of the refractive index are much higher at 
--O.05V and the m i n i m u m  in the real component has 
disappeared. The imaginary  component  of the dielec- 
tric constant, given by ~" : 2nk is far higher over the 
entire wavelength range, indicat ing much higher sur-  
face conductivity. This supports the view that  the pro- 

2.6 4 .6  

2 .4  

Z.2  

4 . 4  

. / /  ~fi~, ,+.m 

+.o / ./r'r" 
n , 4.0 

/ z ,.8 /,,,,,,,/ a . e  

.,+, 
t.6 K' 3 .6  

k 

1.4 ~ t I t t I I 3 .4 
4 0 0  5 0 0  6 0 0  700  

l ( n m )  

Fig. 8. Optical constants of Pb metal in air 

nounced vol tammetry  peak II at -t-0.05V corresponds 
to a change of the film to a more metal l ic- l ike layer, 
with str.ong interact ion of the lead orbitals with the 
band structure of the gold, as was proposed by Adzic, 
Cahan, and Yeager (4) on the basis that  peak II is too 
sharp for an adsorption process and is not under  dif-  
fusion control. It is difficult to reconcile such changes 
in  the optical constants as evident  between Fig. 6 and 
7 and the constancy of the thickness t with the pro- 
posal of Schmidt and Stucki (14) that peak II cor- 
responds to the formation of a metal  layer more dis- 
tant  from and less strongly bound to the substrate. 

Even at +0.15V, the values of the optical constants 
of the film and their wavelength dependence in Fig. 6 
are indicative of a gross modification of the surface 
electronic properties of the gold electrode and hence 
of very  strong interact ion of the adsorbed species with 
the gold surface. This is at variance with the view of 
Schmidt and Wfithrich [see, e.g., Ref. (10)] that  only 
simple ionic adsorption of Pb ~+ ions is involved but  
in accord with the proposal of Adzic etal.  (4) that  
part ial  charge transfer  occurs with vo l tammetry  peak 
I. Kolb, Przasnyski,  and Gerischer (15) have also re-  
cently expressed the view that  underpotent ia l  deposi- 
tion involves par t ia l ly  charged adatoms and present 
arguments  for such based on the correlation of the 
underpotent ia ls  with the difference in work functions 
of substrate and deposit. 

The sharpness of the vo l tammetry  peak II, its in-  
sensit ivity to diffusion control, the constancy of the 
effective ellipsometric thickness, and the pronounced 
change in the optical constants together support  the 
explanat ion that the lead ions are first adsorbed with 
partial  charge transfer  but  still p r imar i ly  as ions at 
relat ively anodic potentials and then at a more cath- 
odic potential  the layer  undergoes a phase t ransi t ion 
corresponding to a condensation into patches of pre-  
dominant ly  metall ic character. 
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The Effect of Oxide Dissolution on the Electrodepositing 
of Dispersion-Hardened Co and Ni-AI20  Alloys 

G. R. Lakshminarayanan, E. S. Chen, and F. K. Sautter 
Watervliet Arsenal, Watervliet, New York 12189 

ABSTRACT 

The solubilities of ~- and a-A1203 particles have been invesr in  dilute 
HzSO4 and in wat ts- type plat ing electrolytes of cobalt and nickel. The effects 
of the presence of A13+ ions in the plat ing solutions on the properties of elec- 
trodeposits of cobalt and nickel have also been studied. The results show that 
-y-oxide is more soluble than ~-oxide, the solubil i ty increases with decreasing 
solution pH and increasing temperature.  A l u m i n u m  contents of up to 0.04 
weight per cent (w/o)  in cobalt and 0.02 w/o  in  nickel were found and the 
room temperature  yield s trength values increased to about 40% for cobalt 
and 20% for nickel deposits. The effects on the yield s t rength values of 
Co-A12Q and Ni-A1203 alloys due to the presence of A13+ ions in their re- 
spective plat ing electrolyte-oxide suspensions are also discussed. 

The preparat ion of d ispers ion-hardened alloys by 
electrodeposition is a t ta ining increasing importance in 
view of the many  advantages this method offers for a 
variety of applications. In  this method, submicron oxide 
particles are suspended in  a conventional  plat ing elec- 
trolyte and dur ing plat ing the particles are codeposited 
with the metal  matrix.  A n u m b e r  of investigations 
dealing with the preparat ion and properties of these 
alloys have been reported from this (1-6) and other 
laboratories (7-12). The submicron  oxide particles 
suspended in the plat ing solution are general ly as- 
sumed to be inert  al though some of them do undergo 
dissolution in the plat ing solution over a period of time. 
In  our experience with cobalt electrolytes in which 
~,-A1203 was suspended over a period of time, we have 
observed through spectrographic analysis that an ap- 
preciable amount  of a l u m i n u m  was present  in  the 
solution. The pr imary  way a luminum could have been 
introduced in  the solution was by the part ial  dissolu- 
t ion of oxide. The contr ibut ion of this or the effect of 
it in the electroforming of alloys would be of interest  
par t icular ly  if the dissolved a luminum is incorporated 
in  the deposit as a basic metal  hydroxide. The present  
invest igat ion deals with studies relat ive to the solu- 
bi l i ty characteristics of ~-A1203 and a-A1208 in differ- 
ent electrolytes, the possibility of incorporation of 
a luminum in the electrodeposited cobalt and nickel and 
its effect on the s t rength properties of the deposits. In  
addition the effects of the presence of a luminum ions 
in  the plat ing electrolyte-A]203 suspension on the 
s t rength properties of electrodeposited cobalt-A12Q 
and nickel-A1203 alloys were also studied. 

Experimental 
MateriaIs.--All chemicals were of reagent  quali ty 

grade and were used without  fur ther  purification. Two 

Key words: electrolyte-oxide suspension, solubility of oxide, yield 
strength. 

different a luminum oxides, ~-A12.Os (0.03~, Cabot Cor- 
poration) and --A1203 (0.3~ Adolf Meller Company) 
were used to prepare the suspensions. The ~,-oxide 
suspensions were dispersed with ul trasonic agitation to 
break up the agglomeration in the electrolyte. 

Equipment.--pH measurements  were made using 
both a Beckman Electroscan 30 in the pH mode of 
operation and a Digital pH meter  (Leeds and North-  
rup)  and dilute H2SO4 was used to adjust  the solution 
pH. The surface area of the oxides was obtained by a 
Micromeritics Surface Area Analyzer  (13) using n i -  
trogen as an adsorbate. The design of this ins t rument  
is such that one can obtain the surface area of the sam- 
ples directly and rapidly. The analyses of A1 in solu- 
tions were carried out using both an atomic absorption 
spectrophotometer (Perk in-Elmer )  and a Beckman 
Model Du spectrophotometer. For  the atomic absorp- 
tion spectrophotometer ni t rous oxide-acetylene was 
used as an oxidizer (14) and the absorption of solution 
containing a luminum ions was measured at 390 m~. 
When using a Beckman Du spectrophotometer, the 
method (15) selected was based on the extraction of 
a l u m i n u m  8-hydroxy quinolate by chloroform and 
measur ing the optical densi ty of the resul tant  yel low 
extract at 395 m~. The oxide content  in  the Co-A120~ 
and Ni-AleO3 deposits was obtained by dissolving the 
deposits in 50% HNOa and separat ing the oxide with 
Millipore filters. The oxides were then dried for an 
hour at 95~ and weighed on a microbalance. 

Preparation and measurement oS properties of the 
deposits.--Cobalt, nickel, Co-A1203, and Ni-A1203 
alloys were deposited from their  respective plat ing 
baths on a brass shim stock (0.003 in.) and the brass 
substrate was anodically dissolved in a KOH-K2CO3 
solution. These deposits were cut into tensile speci- 
mens and their  yield s trength (0.2% offset) at room 
tempera ture  was measured  using an Ins t ron  tensile 
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test ing machine.  A Leitz meta l ]ograph microscope was 
used to examine  mieros t ruc tura[  fea tures  of  the de-  
posits. Hardness  values  were  also obta ined  f rom the 10 
above ins t rument  fi t ted wi th  the Leitz hardness  tes te r  
opera ted  at  50 and 100g load capacity.  

Results and Discussion 
Solubility of oxides in suspensions.--The addi t ion ~O 

of oxides to the e lec t ro ly te  influences the  solution pH x 8 
to a different degree depending  on the ini t ia l  pH of the  
electrolyte .  F rom Fig. 1 it  is seen that  the pH of elec-  "~ 
t rolytes  is ra ised signif icant ly wi th in  minutes  af ter  
the addi t ion  of 7-A12Oa fol lowed by a s low var ia t ion  Z 
of pH with  time. Severa l  invest igators  (16, 17) have O 6 
observed this type  of behavior  and f rom the kinet ic  
studies of ox ide-so lu t ion  in ter face  it has been sug- 
gested that  the ini t ia l  r ap id  change of ~H is due to the  n~ 
es tabl ishment  of p r i m a r y  equi l ib r ium of the surface Z 
with the potent ia l  de te rmin ing  ions (H +, O H - )  and t~ 
tha t  the  slow var ia t ion  of pH was pa r t l y  due to the  ~ 4 
solubi l i ty  of the oxide leading to various secondary  Z 
react ions such as hydrolysis ,  complex formation,  dis-  O 
sa t ia t ion  of complexes,  and so on. ID 

In the p la t ing solutions where  oxide par t ic les  are ~- 
suspended the pa r t i a l  dissolution of oxide introduces 2 
a luminum ions in the  solution. Per iodic  ad jus tmen t  of 
the p la t ing  solution pH through  the addi t ion  of acid 
would fur ther  cont r ibute  to increase the dissolution of 
oxide. The concentrat ions of A1 Obtained as a function 
of t ime  in different  solut ion pH are  shown in Fig. 2-4, 
for d i l a t e  H2SO4-TAI~O~, d i lu te  HzSO~-=AlsOs, I7i 
watts--cA120.~, and  Co wat t s -TAI=Q ~uspen~ions, r e -  
spectively.  In  "Zig. 2, in order  to make  p roper  com- 
par ison of the so lubi l i ty  of v-A1._~Oa and =-Al.zOa whose 
surface areas are  different  (v-AlcOa, 98.2 me/g; =-A120~, 
20.6 m2/g) and whose concentrat ions in di lute  H2SO4 
suspensions are  different  (v-AleOs, 25 g / l i t e r  and  
=-A1203, 100 g / l i t e r )  the concentra t ion of A1 is r ep re -  
sented based on the amount  of oxide dissolved per  
square me te r  surface area  of the  respect ive  oxide. 

pH I 

P H z  

/ . ,  
..-"~'' " " " ' ' ' '  " pH 3 ,==.,=- 

S 

pH 4 

20 40  60 

AGING TIME (days) 

Fig. 2. Concentration of AI in solution of different pH due to the 
solubility of oxide at room temperature as a function of solution 
aging. Solid lines correspond to 7-oxide and darted lines corre- 
spond to a-oxide. Since the surface areas of the oxides are different 
and different amounts of oxides in solution were used, the con- 
centration of AI represented is per square meter of the surface 
area of the respective oxide. 
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Fig, 1. Variation of pH at 25~ due to the addition of '~- 
AI203 (25 g/liter) in different electrolytes with time. A Beckman 
flectrescan 30 was used to scan the variation of pH with time. 
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Fig. 3. Concentration of AI in nickel watts-TAIzO a (25 g/liter) 
suspensions of different pH due to the solubility of oxide at room 
temperature as a function of solution aging. 



Vol. 122, No. 12 E L E C T R O D E P O S I T I N G  Co AND Ni-AI~O~ ALLOYS 1591 

Z.O 

o~ pH 1.0 _ 

i 
~7 J pH 2.0 

/ / 

_ _  p . _ ,  o 

0 0  2 0  4 r ' ' ' ~0 ' ~i0 
AGING TIME (days) 

Fig. 4. Concentration of AI in cobalt watts-~AI2,03 (25 g/liter) 
suspensions of different pH due to the solubility of oxide at room 
temperature as a function of solution aging. 

From Fig. 2. it is apparent  that the rate of dissolution 
of both -y- and o-oxides is ini t ial ly high and decreases 
with aging t ime especially at pH 1.0 and 2.0. The 
amount  of oxide dissolution is also strongly dependent  
on the solution pH and is large at pH 1.0. At a high 
pH value the solubil i ty is low and is possibly l imited 
by the solubil i ty product of a luminum hydroxide. The 
crystall ine na ture  and the size of the oxide have a 
definite influence on the dissolution characteristics, in 
that ~-A1208 is much less soluble at comparable pH 
values than ~,-A1203. The solubil i ty characteristics of 
~-A120~ in nickel watts and cobalt watts solutions as 
a funct ion of pH and solution aging (Fig. 3 and 4) are 
very similar to those observed in dilute H2SO4--yA12Q 
suspensions in that  greater  solubil i ty at low pH and 
lower solubil i ty at high pH values were observed. 

An increase of solution tempera ture  increases the 
solubil i ty of the oxides in suspensions. For example, 
the concentrat ions of a l u m i n u m  in NiSO4-%,A120~ sus- 
pensions (pH 2.0) at room tempera ture  and at 53~ 
were found to be, respectively: 0.008 and 0.30 g/ l i ter  
after 1 hr; 0.013 and 0.36 g/ l i ter  after 2 hr; 0.035 and 
0.46 g/ l i ter  after 6 hr. Since cobalt and nickel plat ing 
are usual ly  carried out at higher temperatures  (40 ~ 
50~ the concentrat ion of a luminum ions due to the 
dissolution of ~,-oxide in the plat ing solutions can be 
expected to be considerably higher over a period of 
time. 

Cobalt watts and nickel watts plating solutions.--In 
order to investigate the effects of presence of a luminum 
ions in a wat ts- type cobalt or nickel plat ing bath on 
the properties of the Co or Ni electrodeposits, a series 
of deposits were obtained under  different plat ing con- 
ditions as shown in Table I. It  has to be pointed out 
that  only small  amounts  of A1 [max 0.04 weight per 
cent (w/o) ]  were found in the deposits. Since A1 can- 
not be cathodically discharged, it has to be incor- 
porated in the deposits as a basic metal  hydroxide (18). 
It has been observed that in nickel pla t ing (19) the 
cathode film has a pH value as high as 6 or 7 and at 

Table I. Effect of variation of aluminum ion concentration in the 
plating solutions on the inclusion of aluminum with cobalt and 

nickel deposits 

A1 content  in deposits 
Cobalt Nickel  

Concentration of A13+ ions in  p la t ing  solutions: 
0.5 g / l i t e r  No A1 
1.0 g / l i t e r  Traces  

1.5-4.5 g / l i t e r  A1 (0.002-0.04 w/o )  AI (0.002-0.022 w/o )  

* P la t ing  solutions:  Cobalt wa t t s  solution conta ins  310 g / l i t e r  of 
COSO4. 7H~O, 31 g / l i t e r  of CoCl~. 6H20, and 25 g / l i t e r  of boric 
acid; nickel  wa t t s  plating solution contains 330 g / l i t e r  of NiSO4.  
6H20, 45 g / l i t e r  of NiC12 �9 6H~O, and  boric acid 37.5 g/ l i ter .  Alumi-  
n u m  ions were  in t roduced in the plating solutions as A12(SODa. 
lSH.~O. P la t ing  condit ions:  pH 1.0-4.0; current  density 4ASD; t e m -  
pe ra tu re  40~ for Co and 50~ for Ni. 

this high pH region a l u m i n u m  ion can become hy-  
drolyzed to A1 (OH)~ and subsequent ly  included in the 
deposit. There is no definite t rend between the A1 in-  
clusion in the deposit and the a luminum ion concen- 
t rat ion in the pla t ing solution except deposits from 
baths containing less than 1.0 g / l i te r  A1 ions showed no 
or only trace inclusion of A1 while from baths contain-  
ing larger amounts  of A1 ions (1.5, 2.5, 4.5 g/ l i ter)  the 
A1 content in the deposits varied up to about 0.04 w/o. 
No definite t rend was observed for A1 inclusion in the 
deposits with respect to variat ions of the pH of the 
plat ing solution. 

An examinat ion of microstructures of electrode- 
posited cobalt and nickel (Fig. 5 and 6) with A1 re-  
vealed interest ing features. It is seen from Fig. 5 that  
the coarse grained columnar  s t ructure  of cobalt is 
modified and a finer grain s tructure results when A1 
is included. A similar  t rend  was observed for nickel 
containing A1 (Fig. 6). As a result  of the fine grained 
structure the Knoop hardness values obtained using a 
100g load showed an increase from 270 for pure Co to 
403 for Co with 0.04 w/o A1 while for nickel it varied 
from 250 to 290 with 0.02 w/o AI. One possible explana-  
tion for the finer s tructure could be that the reaction 
product at the cathode layer, AI(OH)s,  may be prefer-  
ent ial ly  adsorbed at the active sites (edges, corners, 
half-crystal  position) and thus inhibi ts  normal  growth 
(repeatable step process). The metal  atoms are forced 
to enter  the crystal lattice at less active sites on the 
cathode. Thus formation of new crystall ization nuclei is 
more frequent,  the number  of nuclei consequently 
leading to a fine grained structure.  

The effects due to the presence of a luminum in cobalt 
and nickel deposits on their  respective strength values 
are i l lustrated in Fig. 7 and 8. The yield s trength values 
of both the as-plated and hydrogen-annea led  (800~ 1 
hr) samples of cobalt and nickel increased with an in -  
crease in a luminum content. For example, an inclusion 
of about 0.04 w/o of A1 in cobalt deposits has increased 
the yield s trength value of the as-plated sample to 
about 40% over that  of pure cobalt and an inclusion of 
about 0.02 w/o of A1 in  nickel deposit increased the 
yield s trength value by almost 20% over that  of pure 
nickel. The higher s trength of the deposits with alu-  
m i num is thus seen associated with finer grained struc- 
tures (Fig. 5 and 6). 

Cobalt watts-,yAl203 and nickel watts-~A120s plating 
solutions.--To assess the effects of presence of a lumi-  
num ions in the plat ing solutions of cobalt or nickel 
with oxides on the yield s t rength values of their re-  
spective deposits, a series of deposits were prepared 
with varying amounts  of a luminum sul'fate in the bath 
and the yield s trength values of both the as-plated 
deposits and deposits annealed in hydrogen (800~ 1 
hr) are reported in Table II. It  can be seen that the 
codeposition of oxide with cobalt increases the yield 
s t rength values of the as-plated sample from 34.8 to 
48.3 kg / mm 2 while no significant change was observed 
for nickel deposits with the codeposition of oxide. An-  
nealed Co-A12Ou and Ni-A120~ deposits, however, re-  
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Fig. 6. Microstructures showing the effect of AI inclusion 
in nickel. Deposits produced at 50~ 4 ASD. (a, top) Pure Ni, (b, 
bottom) 0.02 w/o AI inclusion. 740X magnification. 

Fig. 5. Microstructures showing the effect AI inclusion in cobaff. 
Deposits produced at 40~ 4 ASD. (a, top) Pure Co, (b, center), 0.02 
w/o AI inclusion, (c, bottom), 0.04 w/o AI inclusion. 740X magni- 
fication. 

rained higher s trength values over that of pure metals 
annealed under  identical  conditions due to dispersion 
s t rengthening effects of oxide particles. In  fact it is 
interest ing to note that  high temperature  anneal ing 
of the Co-A1203 deposits increased the yield s trength 
value while a decrease in yield strength value was ob- 
served for Ni-A12Os deposits. The presence of a lu-  
m inum ions in the plat ing solution increased the yield 
s trength values of the as-plated Co-A1203 alloys 
slightly while somewhat of a decrease in yield s trength 
values was observed for nickel deposits in the presence 
of a luminum ions in the plat ing solution. 

Analyses of oxide content  in these deposits revealed 
some interest ing features. As seen in Table II a gen- 
eral decrease in oxide content was observed for both 
Co-Al.~O3 and Ni-AI203 deposits with increases in a lu-  
m i num ion concentrat ion in their plat ing baths. It is 
well known that the s trength of dispersion-hardened 
alloys increases with oxide content in the deposits. It 
has been noted earlier by Sadak and Sautter  (5) that  
a decrease of about 33% in oxide content  in  Co-A1203 
deposits (prepared from a plat ing bath containing no 
added a luminum ions) resulted in  10-12% decrease in 
yield strength. In the present  study, the Co-A1208 al-  
loys obtained from the plat ing bath containing added 
a luminum ions have a slightly higher yield strength 
than those obtained from the plat ing solution without 
added a luminum ions. The fact that a sl ightly higher 
yield s trength was obtained for Co-AI~O.3 deposits in 
spite of a decrease in oxide content (up to about 33%) 
can be at t r ibuted only to the presence of a luminum 
ions in the plat ing solution. The increase in yield 
s trength of Co-A1203 deposits due to the presence of 
a luminum ions in the plat ing bath is very similar but  
only. smaller  than those observed for cobalt deposits 
prepared from plating baths with added a luminum ions 
(Fig. 7). Unlike Co-A120~ deposits, a decrease in yield 
strength was observed for Ni-A1208 deposits that were 
obtained from plat ing baths containing added alu-  
m i num ions (Table II) ,  the oxide content in these de- 
posits decreased up to 37%. The effect of added alu-  
m i num ions in the nickel watts-A12Q bath on the 
yield strength of the deposits is quite different than 
those observed for deposits from nickel watts bath 
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Table II. Yield strength data for deposits from watts-type plating solutions of cobalt and nickel 
containing gamma AI203 and aluminum sulfate 

Yield s t rength values (0.2% offset), k g / m m  2 
Cobalt Nickel  

Oxide As Annealed  Oxide As Annealed  
Plat ing solution v / o  plated (600~ 1 hr) v / o  plated (800~ 1 hr) 

W a t t s  p l a t i n g  so lu t i on  34.8 26.7 32.0 9.6 
Wat t s -AleO3 1.8 48.3 60.3 0.8 81.7 25.4 
Watts-A1203-1.5  g / l i t e r  A13+ 1.6 53.2 51.0 0.6 31.2 23.3 
Watts-A1203-2.5 g / l i t e r  A18+ 1.3 51.9 55.3 0.5 28.8 20.7 
Watts-Al~O3-4.5 g / l i t e r  A1 s+ 1.2 50.9 51.8 0.5 28.0 22.2 

Plating parameters: current density 4 A S D ,  p H  2.0, t e m p e r a t u r e  40~ f o r  coba l t  a n d  c u r r e n  ~. d e n s i t y  4 A S D ,  p H  2.0, t e m p e r a t u r e  50~  for 
nicke l .  

C o n c e n t r a t i o n  of  '7-A1~O3 f o r  coba l t  ba th ,  25 g / l i t e r  a n d  f o r  n i c k e l  ba th ,  25 g / l i t e r ;  a l u m i n u m  ions  w e r e  i n t r o d u c e d  in t h e  p l a t i n g  so lu-  
t ions  as  A12(SOD3, 18HsO. D e p o s i t s  w e r e  a n n e a l e d  in  h y d r o g e n  a t m o s p h e r e  a n d  t h e  y i e l d  s t r e n g t h  v a l u e s  a re  t h e  a v e r a g e  of  4-6 s p e c i m e n s .  

(Fig. 8) where an increase in  yield s t rength was ob- 
served. Apparent ly,  the presence of added a luminum 
ions to the plat ing solutions of cobalt and nickel con- 
ta ining A1203 and no oxide has different effects on the 
deposits and their  respective yield s t rength values. 

Summary 
The solubil i ty of a l u m i n u m  oxide in electrolytes and 

the effects of the presence of a luminum ions in cobalt 
and nickel plat ing solutions on the properties of elec- 
trodeposits have been investigated and the results are 
summarized as follows: 

1. Both 7 and ~ a luminum oxide show definite solu- 
bi l i ty in aqueous electrolytes of low pH, the dissolution 
being more pronounced for -y-oxide. The oxide dissolu- 
tion increases with decreasing solution pH and increas- 
ing temperature.  

2. Trace amounts  of A1 (up to 0.04 w/o)  included 
with cobalt and nickel refine the s tructure of cobalt 
and nickel and increase the yield s t rength and hardness 
of the deposits; the effect is more pronounced for co- 
bal t  than  for nickel deposits. 

3. The presence of a luminum ions in  the plat ing bath 
used for the electroforming of dispersion hardened 
Co-A120~ alloys contributes to an increase in the yield 
s trength of the as-plated deposits while a decrease in 
yield strength is observed for Ni-A1203 deposits. 
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Flow-Through Porous Electrodes 
Richard Alkire* and Brian Gracon** 
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ABSTRACT 

Exper imental  l imit ing current  data obtained on two systems of known 
configuration clarify conditions under  which in ternal  mass t ransfer  restric- 
tions control the current  dis t r ibut ion and collection efficiency of f low-through 
porous electrodes. At sufficiently low flow rates, the l imit ing current  is con- 
trolled by the rate of reactant  supply to the electrode. A theoretical model is 
developed which includes mass transfer,  ohmic, kinetic, and geometric param-  
eters. The model succeeds in predicting l imit ing current  behavior over a wide 
range of operating conditions. A simple algebraic cri terion is suggested for 
est imating the l imit ing current  and collection effectiveness of flow-through 
porous electrodes. 

Because electrochemical reactions are heteroge- 
neous, porous electrodes have come into widespread 
usage in order to provide large reaction rates per uni t  
volume. Although the inter ior  surface area of porous 
electrodes can be exceedingly large, di lemmas never -  
theless arise which can restrict  the effectiveness of 
the large inter ior  surface area. For example, l imi ta-  
tions may be encountered owing to the ohmic resist-  
ance of the electrolyte or to mass t ransfer  l imitat ions 
on the supply of reactants. 

In  recent years, the need for improved reactor de- 
signs to accomplish high rate electrolysis has led to 
the development  of new reactor configurations as well  
as methods for scale-up and prediction of perform- 
ance. Several recent publications discuss promising 
configurations which provide for enhanced mass t rans-  
fer rates (1, 2, 3). A few of these configurations have 
also been recommended for the development  of new 
electro-organic synthesis routes (4, 5). The following 
investigation directs a t tent ion toward one par t icular  
electrode configuration, namely,  f low-through porous 
electrodes in which the current  flows along the same 
spatial direction as the flowing electrolyte. 

The l i terature  on porous electrode investigations up 
to mid-1974 has been reviewed quite thoroughly (6). 
In  the recent past, a number  of investigators have 
focused at tent ion on mass t ransfer  l imitat ions which 
arise wi th in  the porous electrodes under  certain oper- 
ating conditions. The extensive publications of Sioda 
(7) are especially noteworthy since they establish 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
K e y  w o r d s :  cu r r en t  d i s t r i b u t i o n ,  m a t h e m a t i c a l  mode l ,  mass  t r a n s -  

fer ,  r eac to r  des ign ,  e l e c t r o c h e m i c a l  engineering. 

exper imental  procedures as well as theoretical meth-  
ods for data analysis. Addit ional  studies have ap- 
peared which account for mass t ransfer  effects in spe- 
cific electrochemical systems such as electro-organic 
synthesis reactions (8), metal  deposition (9, 10, 11), 
and dissolution systems (12). These electrochemical 
studies provide the f ramework upon which the pres-  
ent invest igat ion rests. 

Correlations of mass t ransfer  rates wi th in  packed 
beds have been investigated by t radi t ional  chemical 
engineering methods as noted in Ref. (6). In  addi-  
t ion to works cited therein, the studies of Satterfield 
and Cortez (13), and Mande lbaum and BShm (14) 
are also noteworthy since they reported correlations 
at low flow rates as found in most porous electrode 
systems. In  addition, McMaster and Gil l i land (15) 
have recently examined the influence of porosity var i -  
ations which may lead to channel ing and thereby 
cause loss of effectiveness. 

The purpose of the present  invest igat ion is, on the 
one hand, to investigate exper imenta l ly  the region of 
operating conditions where m~ss t ransfer  restrictions 
affect behavior  and, on the other hand, to develop a 
general  mathematical  model for f low-through porous 
electrodes which is applicable over wider  ranges of 
parameter  space than previous theories. 

Apparatus 
The flow circuit shown in Fig. 1 was used. The 

anode, located in a side chamber ups t ream from the 
porous electrode compartment,  was a p la t inum sheet 
of approximately 20 cm 2. Saturated calomel reference 
electrodes were placed in side chambers on either side 
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REFERENCE RESERVOIR 

CAP 

L 

Fig. 1. Flow circuit 

of the porous electrode; a glass capil!ary extended 
from the upstream SCE compartment  to wi thin  1 mm 
of the ups t ream face of the porous electrode. Down-  
stream from the porous electrode, samples of electro- 
lyte were wi thdrawn through plastic tubing  to avoid 
galvanic displacement reactions. 

The porous cathode electrode was fabricated from 
disks of 100-mesh p la t inum screen (wire diam 0.003 
in.) stacked in the electrode holder (Ref. 7) as 
indicated in Fig. 2. The stack of disks (12 m m  diam) 
was supported around the edge by  a piston which 
pressed the stack against a 26-gauge p la t inum contact 
wire on the lip in the cell block. The electrical re-  
sistance of the contact was less than 0.05 ohm. The 
Lucite cell block was connected to the glass flow sys- 
tem through s tandard taper joints with seamless Teflon 
sleeves. 

In  order to assure that the flow within  the porous 
electrode was uni form over the entire cross section, 
auxi l iary  experiments  were conducted by depositing 
copper (from acidified sulfate solution) onto the 
screens. Observat ion of the deposit d is t r ibut ion indi-  
cated that the deposits were uni form over the cross 
section provided that  a porous glass disk was placed 
downst ream from the working electrode. 

CELL BLOCK 

5" 

b, CT 

.ASS 

Fig. 2. Diagram of porous electrode cell holder 

Current  to the porous electrode was supplied by a 
potentiostatic source (Wenking 68TS3) with use of 
the ups t ream reference electrode. Potentials  through-  
out the system were measured with a high impedance 
mul t ipoint  recorder (Leeds and Northrup Speedomax).  

Two electrolytic solutions were employed, both of 
which used deionized, distilled water  (conductivity 
4 X 10 -8 mho/cm) .  The first solution consisted of 
1.0M KC1 with equimolar  concentrat ions of potassium 
ferricyanide and potassium ferrocyanide. Owing to 
the light sensitivity, near ly  all parts of the flow system 
were shielded from light. The potassium ferricyanide 
concentrat ion was determined by an iodometric t i t ra-  
tion method which was found to be accurate to wi th in  
1%. The second solution consisted of 0.002M CuSO4 in 
1.SM H2SO4. The copper concentrat ion was determined 
by colorimetric de terminat ion  with neocuproine (16). 

Procedure 
Electrolytic solution was prepared from AR chemi- 

cals and deaerated by ni t rogen flow for one hour  prior 
to use. The metal  disks were punched from screen 
(Unique Wire Weaving Company),  soaked in tr ichlor-  
oethylene, air-dried, soaked in NaOH (25 g/ l i te r ) ,  
rinsed, soaked in warm concentrated nitr ic acid, and 
rinsed. The electrode was assembled under  water  to 
el iminate bubbles, placed in the flow circu.it, and rinsed 
with copious amounts  of electrolytic solution. 

The flow rate was measured both with rotameters 
and by collecting measured volumes. The needle valve 
permit ted flow rate control to wi thin  2% of the mean 
value reported. 

Steady-state  polarization curves were determined 
by current  measurement  at various applied potentials. 
The steady-state current  was at tained within  three 
residence times. In some cases, but  not all, while 
operating at the l imit ing current  condition, electrolyte 
samples were wi thdrawn from both sides of the 
porous cathode and were subsequent ly  analyzed to 
determine reactant  concentration. 

The measured potent ial  difference between the 
working and upstream reference electrodes was cor- 
rected in order to remove the ohmic contr ibut ion ex- 
ternal  to the porous electrode. For this purpose, the 
distance between the upstream reference capil lary tip 
and the porous electrode face was measured optically. 
It was found that  the potential  gradient  in the up-  
stream solution, determined by varying  the capillary 
position, corresponded to a value of electrolyte con- 
duct ivi ty which agreed to wi th in  5% of that  value de- 
termined independent ly  in a conductivi ty cell. The 
capil lary tip was positioned 1 mm from the upst ream 
face of the porous electrode in order to avoid in ter -  
ference with the fluid flow. 

The current  dis t r ibut ion wi thin  the porous elec- 
trode was determined from the deposit dis t r ibut ion 
obtained with the acid copper system. Electrolysis was 
conducted under  l imit ing current  conditions for a 
measured period of time. Subsequently,  the electrode 
was disassembled. The amount  of copper on each 
screen was determined by nitr ic acid str ipping fol- 
lowed by copper-ion measurement  using the neo- 
cuproine method (16). 

Results and Discussion: Experimental 
The properties of the electrochemical systems in-  

vestigated are compiled in Table I. Table II contains 
the geometric properties of the porous electrodes. The 
electrode porosity was determined by  weighing. The 
electrode length, determined by measurement  through 
the t ransparent  cell wall, was accurate to wi thin  0.1 
mm. The specific surface area given in column four of 
Table II was estimated by a method which is known 
to predict values which are somewhat  high (27). As 
will  be discussed~tater, it was found that agreement  
between exper imental  data and theoretical predic-  
tions could be obtained if the specific surface area was 
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Table I. Physical properties of systems under study 

F e r r i c y a n i d e  
P r o p e r t y  s y s t e m  (Ref) Copper  s y s t e m  (Ref.) 

n, g - e q / g - m o l  1 2 
K, (ohm-cm)-~  0.108 0.55 
D, cm~/sec 0.76 X 10 -5 (17) 0.76 X 10-~ (22) 
~, g / c m  see 9.9 • 10 --~ (18) 1.18 • 10 -s (23) 
p, g / cma  1.0445 (19) 1.065 (24) 
to, A / c m  -~ 10-~ (20) 1.94 • 10 ~ (25} 
dp, cm 0.018 0,018 
a, cm~ 1.13 1.13 
k, c m / s e c  (6.3S x 10-S)Re ~/~ (21) (7.05 X 10-a)Re ~/s (21) 

Table II. Electrode properties 

Elec-  E s t i m a t e d  A d j u s t e d  
t r a d e  N u m b e r  P a r s -  specific specific 

l e n g t h  of i ty,  sur face  area  su r face  area  
l, m m  screens  % a, cm-Z a ,  c m  - 1  

0.3 3 64 260 210 
0.S 5 64 260 210 
1.0 10 64 260 210 
2.5 20 80 208 168 
4.0 40 64 260 210 
7.0 60 72 223 180 

reduced by a mult ipl ier  of 0.81; the "adjusted value" 
of the specific surface area is given in the last column 
in Table II. 

Figure 3 i l lustrates a typical set of polarization 
curves; all voltages reported are vs. SCE and have 
been corrected for ohmic drop external  to the porous 
electrode. In  subsequent  discussion, a t tent ion will  
focus solely on the l imit ing current  plateau region. 
The dependence of l imit ing current  upon velocity, 
given in Fig. 3, is shown in Fig. 4 along with similar 
data obtained at two other reactant  concentrations. It  
is seen that  when the l imit ing current  for each sys- 
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Fig 3. Polarization curves for O.OO2M potassium ferricyanide 
reduction, I = 1.0 mm. 
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Fig. 4. Dependence of  JlmitJng c u r r e n t  u p o n  f l o w  r a t e  f o r  t h r e e  

r e a c t a n t  c o n c e n t r a t i o n s ,  I ----- 1.0 m m .  

tern is normalized by the corresponding reactant  con- 
centration, the data fall on a single curve which as- 
sures that mass t ransport  processes control electrode 
behavior. 

The effect of electrode thickness on l imit ing current  
is shown for a range of velocities in  Fig. 5. At low 
flow rates, all the data for a given chemical system 
converge to a single curve which corresponds to the 
equation 

ilim : nFci ~ v [1] 

The solid lines in Fig. 5 correspond to Eq. [1] for the 
two systems studied. At high flow rates, all curves ap- 
proach similar  slopes but  the value of l imit ing current  
depends upon electrode length. For flow rates between 
about 40-1200 ml /min ,  the slope is about one-third;  for 
still higher flow rates, the slope increases to approxi-  
mately one-half.  These data indicate that  for low flow 
rates, the l imit ing current  depends upon the rate of 
reactant  supply in accord with Eq. [1]. At higher flow 
rates, on the other hand, the l imit ing current  depends 
upon another  type of mass t ransfer  process occurring 
within the interior  of the porous electrode; that is, 
reactants enter ing the porous region experience diffi- 
culty in reaching the inter ior  surface. As a conse- 
quence, the l imit ing current  depends upon reactor 
length. 

The effectiveness of the porous electrode in remov-  
ing reactant  species may be defined as 

collection ci o -- ci x 
-- C / ~  - -  - -  [ 2 ]  

effectiveness ci o 

It was determined exper imenta l ly  that the reactions 
under  investigation proceeded with a current  effi- 
ciency of 100%. Therefore, by a materials  balance, 
Eq. [2] can also be wr i t ten  as (7) 

i l im  
Cg - - -  [ 3 ]  

~Fci ~ v 

By direct exper imental  measurement  of ci x, the down-  
stream electrolyte concentration, it was found that  
determinat ion of the collection effectiveness, or l imi t -  
ing degree of conversion, by Eq. [2] agreed to wi thin  
1% of that value determined independent ly  by Eq. [3]. 
Referring again to Fig. 5, it is seen that  those data 
which lie below the solution line, Eq. [1], correspond 
to conditions where the collection effectiveness is less 
than  unity. Under  these conditions, owing to in terna l  
mass t ransfer  resistance, there exists a plume of re-  
actants which cannot reach the interior  surface and 
which therefore escape from the reactor. 

F igure  6 provides current  dis t r ibut ion data from 
the copper deposition system operated at several so- 
lut ion velocities and electrode lengths. The data are 
normalized by the total deposit weight so that  a un i -  
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10.002 M K~[Fe(CN)6"]I 
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Fig. 5. D e p e n d e n c e  o f  l i m i t i n g  c u r r e n t  u p o n  f l o w  r a t e  a n d  e l e c -  

t r o d e  l e n g t h .  
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Fig. 6. Dependence of current distribution upon flow rate and 
electrode length. 

form dis t r ibut ion corresponds to an ordinate  value of 
unity.  At low flow rates, the l imit ing current  dis t r ibu-  
t ion is quite nonun i fo rm and indicates that  there is 
l i t t le reaction in  the downst ream portions of the elec- 
trode; these data indicate that  the reactant  is con- 
sumed within  the electrode to such extent  that there 
is very li t t le reactant  remain ing  in the electrolyte on 
the downst ream regions. At high flow rates, the l imi t -  
ing current  d is t r ibut ion is near ly  uniform, indicat ing 
that mass t ransfer  from the flowing electrolyte to the 
solid interior  surface controls behavior,  and that  the 
mass t ransfer  coefficient is independent  of position 
wi th in  the porous electrode. 

Theoretical  
The foregoing exper imental  program has provided 

a firm basis upon which to develop a theoretical  model 
for predict ing the behavior  of f low-through porous 
electrode systems. As indicated in the l i tera ture  sur-  
vey section, several models have been proposed which 
are valid over l imited ranges of operat ing conditions. 
In  what  follows, a more general  model wil l  be de-  
veloped which is capable of predict ing behavior  over 
wide ranges of operating conditions and which in-  
cludes charge transfer,  ohmic resistance, convection, 
and diffusion (dispersion) in addit ion to in te rna l  mass 
t ransfer  l imitations.  Only  behavior  at the l imit ing 
current  condit ion will  be invest igated below. A more 
extensive theoretical invest igat ion will  be the subject 
of future  papers. 

The porous electrode to be modeled is of uniform 
thickness, 4, and is of un i form specific surface area 
throughout.  The counterelectrode is upstream; solution 
enters the porous electrode at position y = 0 and exits 
at position y ----- I. These conditions correspond to the 
exper imenta l  configuration shown in Fig. 1 and 2. 

Since rigorous calculations are cumbersome, several 
assumptions have been adopted which conform closely 
to the foregoing exper imental  systems: (i) electrol-  
ysis proceeds in  the steady-state  without  s t ructural  
changes or insula t ion effects occurring at the elec- 
trode; (ii) only one electrochemical reaction occurs; 
(iii) conduction within the electrolytic solution obeys 
Ohm's law, and migrat ion effects are negligible; (iv) 

the porous electrode is of un i form potent ia l  th rough-  
out; (v) convection through the porous electrode takes 
place by forced plug flow without  channel ing effects, 
and there are no diffusion l imitat ions exterior to the 
porous electrode; (vi) in terna l  mass t ransfer  proc- 
esses, localized near  the solid inter ior  surface of the 
porous electrode, may be characterized by a mass 
t ransfer  coefficient which is independent  of location; 
and (vii) the pores of the electrode are sufficiently 
small  that the model may be wr i t ten  in one -d imen-  
sional form wherein heterogeneous electrode reactions 
appear as pseudohomogeneous source terms. Al though 
these assumptions l imit  the model, most of them may 
be altered to suit par t icular  applications. 

The stoichiometry of the electrode react ion is defined 
by 

vi Mi z' -- n o -  [4] 
i 

For the redox system of ferro- and ferricyanide, the 
reaction rate expression is assumed to be 

--(c~s(Y) ~exp(--acnFr ) } \  c2 o / RT [5] 

Owing to mass t ransfer  processes occurring near  the 
interior  solid surface, however, the surface concentra-  
tions which appear in Eq. [5] may be substant ia l ly  
different from reactant  concentrat ion in the "core" of 
the flowing electrolyte filament. The local concentra-  
t ion difference between surface and "core" are re- 
lated through the mass t ransfer  coefficient 

nkiF 
j ( y )  ---- (ci -- ci s) [6] 

Yi 

In this work, the mass t ransfer  correlation of Wilson 
and Geankoplis (21) will  be used over the range of 
low flow rates for which it is valid 

1.09 1 ( ~  ~2/a 
ki -- ~ Sc~/-----~j \~-~0/ L 1Is [7] 

The in terna l  mass t ransfer  process is assumed to be 
localized near  the solid surface; the species balance 
which incorporates diffusion, convection, and reaction is 
therefore 

d2ci dci 
D i -  -- v - -  = kia [ci(y) -- cls(y) ] [8] 

dy 2 dy 

In the electrolyte phase, the potent ial  field obeys 
Ohm's law 

de 
i(y) = - -  K [ 9 ]  

dy 

The current  in the solution, i(y), varies with position 
owing to electrochemical reaction 

di 
- -  a j ( y )  [ 1 0 ]  

dy 
Combinat ion of Eq. [9] and [10] gives 

d~r a 
- - - -  - j ( y )  [ 1 1 ]  dy 2 

The model is completed by specification of the 
boundary  conditions. 
At y --=0 

At y :  I 

[12] 
C i  = e i  ~ 

d~ dci 
- -  - -  - -  0 [ 1 3 ]  
dy dy 
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In order  to reduce the number  of independent  pa -  
rameters ,  the  fol lowing dimensionless  quant i t ies  are  

Table III. Dimensionless parameters of systems under study 

defined P a r a m e t e r  F e r r i c y a n i d e  Copper 

y 
= ~ Ct  s -'- ~ Re 0.0431 V 0.0369 V 

Cr Se 1245 1460 
[14] ~ 0.o426 a~ o.o273 a~ 

X 1.62 aL ~- 1.323 al~ 
ci F~ r 0.222 a[ '2 ReZ/~ 0.185 aI'Z R e l / S  

C i  = ~ ~ - -  ~ 7 0 0 0 / R e  8220/ Re 

Cr RT 

With  these groupings,  the equat ions of the model  y ie ld  
the dimensionless  sys tem pa rame te r s  

ioal2nF Ci o ioal2 

KRT Cr nFcrDr 
[15] 

vl kian2F2Vcr Di 

Dr ~RT Dr 

In the discussion section below, a t tent ion wil l  t u rn  to 
a physical  in te rp re ta t ion  of each of these pa rame te r s  
and the role they  p lay  in de te rmin ing  the behavior  of 
the system. 

In the foregoing dimensionless  notation, the equa-  
t ions which define the model  are 

*" ~ ~ {  ClsT1 exp (aanr ----C2s72 e x p ( - -  acn4~)} 

~iCi" tCl' = xr - -  - -  ( C i  - -  C i  s)  [16] 

r ( C i  - Ci S) --  ~j~ , exp (~.ne)  

C% exp ( -  ~ n ~ )  "~ 
'3'2 J 

Each "pr ime"  superscr ip t  denotes different ia t ion with  
respect  to the  dimensionless  spat ia l  var iab le  Y. The 
bounda ry  eonditions become 

*(o)  = r 
d r  dCi(1) 

-- -- O [17] 
dY dY 

Ci(o) = ~i 

Once the potential and concentration distributions are 
found by solving the model equations, the current dis- 
tribution within the porous electrode may be found 
from the dimensionless form of either Eq, [5] or Eq. 
[6] which are, respectively 

{CI S C2 s } 
flJ : ~ exp (aan@) -- -- exp (--~cn~) 

71 V2 
[182 

#J --  r ( C s  s - -  C2) [19] 

The above equations have  been der ived  for a redox  
system. The same genera l  approach may  be used to 
develop a model  for meta l  deposi t ion react ions  by  re -  
placing Eq. [5] wi th  the  react ion ra te  equat ion 

J(Y)----{o e x P k ~ ) -  C~--~s e x p <  ) 
c2 ~ RT 

[20] 

Models have been developed which use both Eq. [5] 
and [20] in order  to analyze  the  exper imenta l  da ta  re -  
por ted  above. 

M e t h o d  o f  So lu t ion  
The solut ion of the model  equat ions was car r ied  out  

on a d igi ta l  computer  wi th  a finite difference numer ica l  
procedure.  The equations were  first l inear ized about  a 
t r ia l  solut ion and then wr i t t en  in finite difference form. 
The resul t ing  set of s imul taneous  t r id iagonal  mat r ices  
was then inver ted  wi th  use of an IBM 360 computer  
(28). Solut ions of the  non l inear  equat ions were  ob-  
t a ined  by  i te ra t ion  on the app rox ima te  l inear  solution; 

convergence was usually achieved within seven itera- 
tions. 

Comparison of Theory with Experiment 
The foregoing theoretical model was tested over the 

range of limiting current conditions for which experi- 
mental data have been reported above. It was found 
that excellent agreement was obtained by arbitrarily 
adjusting the specific surface area by a multiplier of 
0.81. This adjustment is not large in comparison with 
the accuracy of the method employed in estimating 
the original values (27). With this single minor adjust- 
ment, the values of dimensionless system parameters 
which correspond to the experimental systems are 
given in Table III. Calculations with these values were 
compared by three different methods with experimen- 
tal data  as follows. 
Figure 7 provides the comparison for limiting cur- 

rent vs, flow rate for several reactor lengths, The 
agreement is excellent over the entire flow range for 
which the mass transfer correlation is valid (Re < 55). 
At the highest flow rates investigated, the slope 
changes from one-third to one-half; the Reynolds 
number  at  which this change occurs corresponds to the  
upper  l imi t  of va l id i ty  of the  mass  t ransfer  corre la t ion  
used. At  such flow rates,  a different  mass t ransfe r  cor-  
re la t ion  could be used (29) ; however ,  the  range of high 
flow ra te  and low collection effectiveness is perhaps  
of scant in teres t  for most indus t r ia l  applicat ions.  

A second method of comparison was made  by using 
Eq. [3] to de te rmine  collection effectivenesses as shown 
in Fig. 8. Direct  exper imen ta l  measurement  of co/lee- 
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tion effectiveness, by concentrat ion determinations,  was 
found to agree within 1% of the values calculated from 
the l imit ing current  with Eq. [3]. These data indicate 
that the collection effectiveness falls from uni ty  to zero 
in about three orders of magni tude  of flow rate. An ap- 
proximate method for est imating the max imum flow 
rate for which all reactants are collected is provided in 
the discussion section which follows. 

Current  distr ibutions predicted for the acid copper 
system are given in Fig. 9; these calculations may be 
compared with exper imental  data under  the same con- 
ditions in Fig. 6. The general  t rends of the calculated 
distr ibutions agree with the trends of the experimental  
data: at low flow rates the upstream portions of the 
porous electrodes are more reactive, but, at high flow 
rates the current  dis t r ibut ion is more near ly  uniform. 
However, the experimental distributions are more non- 
uniform than those predicted on a theoretical basis. 
Since operation at the limiting current is purely mass 
transport controlled, the factors which may contribute 
to the discrepancy would include only those associated 
with the mass transport phenomena, namely, diffusion, 
convection, and internal mass transfer. Although the 
diffusion process may be influenced by dispersion of 
fluid packets within the bed, or nonplug type flow, the 
effect of such a process would be opposite to that ob- 
served; that is, the experimental distributions would 
be more uniform than theoretically expected. The ac- 
curacy with which the concentrations and velocities are 
measured is sufficient to assure that the discrepancy is 
not due to errors in est imating the system parameters.  
I t  is suggested that  the mass t ransfer  coefficient is not 
constant, as assumed, but  varies with position wi th in  
the bed. 

Errors regarding the form of the mass t ransfer  coeffi- 
cient are critical only insofar as the in terna l  mass 
t ransfer  process dominates electrode behavior. For ex- 
ample, predictions of behavior  below the l imit ing cur-  
rent  would not be expected to depend upon the mass 
transfer coefficient. Because the exper imental  data at 
high flow rates (Re > >  Recr) are in excellent agree- 
ment  with calculations, it is clear that the value of the 
average mass transfer coefficient is correctly modeled. 
The disparity between Fig. 6 and 9 indicates the need 
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Fig. 9. Theoretical current distribution calculations to be corn- 
pared with expelmental data in Fig, 6. 

for addit ional studies on local mass t ransfer  processes 
within packed beds operated at low flow rates. 

Discussion: T h e o r e t i c a l  M o d e l  
In this study, calculations with the theoretical model 

have been reported only under  l imit ing current  con- 
ditions. The model is also capable of predict ing be- 
havior below the l imit ing current  insofar as its pa- 
rameters contain information about charge-transfer,  
ohmic, resistance, diffusion, electrolyte flow, internal  
mass t ransfer  resistance, and geometric properties. The 
agreement  obtained in this study between experiment  
and theory, however, justifies fur ther  discussion of 
several quali tat ive aspects of the model. In the follow- 
ing paragraphs, a physical in terpre ta t ion of the d imen-  
sionless parameters  is provided. In  addition, several 
examples are given to i l lustrate  how the model can be 
employed to de.fine regions of parameter  space within 
which previously published l imit ing cases can be used 
to predict system behavior. 

The parameter  ~ contains the ratio io/K and thereby 
indicates the relative importance of electrolyte resist- 
ance and charge- t ransfer  resistance. In the absence of 
other phenomena,  a value of ~ greater than uni ty  cor- 
responds to conditions under  which the current  distri-  
bution within the porous electrode is nonuni form 
owing to low solution conductivity. The parameter  x 
contains the ratio told and thus indicates the relat ive 
importance of diffusion vs. charge- t ransfer  resistance; 
in the absence of other effects, a value of x greater than  
unity indicates that the current distribution will be 
nonuniform owing to slow diffusive transport of re- 
actants to the interior regions. The parameter f indi- 
cates the relative importance of electrolyte convection 
(by plug flow) with respect to diffusional transport; if 
f is sufficiently large, limitations on reactant supply 
depend upon convection processes, not diffusion. The 
parameter I ~ is a dimensionless mass transfer coefficient 
and describes the ease with which reactants are trans- 
ported to the solid surface once they have entered the 
porous region; a small value of 1 ~ indicates the situation 
wherein reactants experience great difficulty in moving 
from the "core" of the flowing electrolyte filaments to 
the solid surface where reaction occurs. 

Each of these dimensionless parameters  indicates the 
relat ive importance of two effects. In  general, however, 
more than two effects may be impor tant  in  controll ing 
electrode behavior. However, the relative magni tude  
of the parameters  with respect to each other can be 
employed to estimate which part icular  effects are the 
most impor tant  for any part icular  electrode design. 
The following paragraphs provide four examples. It  is 
worthwhile to note that the following discussion does 
not require solutions of the differential equations 
which define the model; that  is, algebraic knowledge 
of the parameters  alone is sufficient to provide a great 
deal of intui t ive insight into the behavior  of complex 
electrochemical systems. 

(i) Role of electrolyte conductivity.--Concentration 
variations within the porous electrode are negligible 
under  conditions of rapid diffusion, high flow rates, 
and large mass t ransfer  coefficients (x < <  1, f > >  1, 
and r > >  1). Under  these conditions, the parameter  
controls the uni formi ty  of reaction wi th in  the porous 
electrode. When ~ is large, the conductivi ty is suffi- 
ciently low that the potential  distribution, and thereby 
the current  distribution, is nonuni form (30). Many of 
these special cases have been applied to bat tery sys- 
tems (6); the same approach also applies to resistive 
electrodes (31). 

(it) Role of di~usion.--Reactants may experience 
difficulty in penetra t ing into interior  regions of an 
electrode when convection rates are low (f < 1), even 
though the potential distribution would otherwise be 
uniiorm (~ < I). For steady-state behavior under these 
conditions, the parameter x controls the current dis- 
tribution. Large values of x indicate that diffusion from 
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the electrode face is insufficient to supply interior  re-  
gions, thus leading to a nonuni form current  dis t r ibu-  
tion. Many specific cases have been applied to bat tery 
systems (30-34) as reviewed in Ref. (6). 

The relative importance of solution conductivity vs. 
diffusional l imitations is given by the ratio ~/x. 

(iii) Role of convec t ion . - -By  flowing electrolyte 
through the porous electrode, high rates of reaction 
can be sustained provided that ohmic resistances do 
not l imit behavior. Calculations conducted with the 
above model (35) have indicated that for ~ < 10 -1 , 
pure diffusion controls and the si tuation under  (it) 
above obtains; for ~ > 104, the convection is sufficiently 
rapid that the electrolyte is of uni form concentrat ion 
so that comments under  (i) above pertain. For in ter-  
mediate values 10 -1 < ~ < 104, more complex behavior 
is obtained (6, 30, 36, 37). 

All convection models published to date assume plug 
flow wi th in  the pores. In  the absence of in terna l  mass 
t ransfer  limitations, the max imum current  which can 
be obtained with a flow-through porous electrode is 
given by Eq. [1] which, in dimensionless notat ion is 

/~L - ~ -  ~ [21] 
X 

Equation [21] indicates that, under these operating 
conditions, the limiting current is linearly proportional 
to the convective velocity and is independent of the 
electrode length. In addition, the collection effective- 
ness is unity at the limiting current for all flow rates. 

(iv) Role oS mass transfer.--It may not be possible 
to attain the maximum current predicted by Eq. [21] 
if mass transfer processes within the pores are sluggish 
(small r) (6-10), in which case the limiting current 
is given by 

/lira ---- nFlakci ~ [22] 
o r  

/3 L - -  7 r  [23 ]  

By combining Eq. [21] and [23], the collection effec- 
tiveness under  mass t ransfer  control is 

rx  
CE -- - -  [24] 

Equations [21] and [23] correspond to the low flow 
and high flow asymptotes shown in Fig. 7. By combina-  
tion of Eq. [7], [21], and [23], the Reynolds n u m b e r  
at which the asymptotes intersect is found to be 

I F *  d p ]  s/2 Recr -'- X [25] 
Sc } l  

For Re < <  Recr the discussion given in (iii) above ap- 
plies. For Re > >  Reef, the  discussion given in ( iv)  
can be used to predict behavior. For Reynolds numbers  
in the range 0.10 Recr < Re < 10 Recr, the algebraic 
relations given above are not suitable for accurate pre-  
dictions. 

Conclusions 
The exper imental  data reported above have led to 

clarification of different regimes of mass transport  phe- 
nomena which control the l imit ing current  density of 
f low-through porous electrodes. At low flow rates, the 
l imit ing current  is controlled by the rate of reactant  
supply to the upstream face of the electrode and the 
current  dis t r ibut ion is ra ther  nonuni form within  the 
electrode. At high flow rates, the l imit ing current  is 
controlled by the rate at which reactants  are t rans-  
ported to the reactive surface once they have entered 
the electrode pores, and the current  distr ibution is 
uniform provided that secondary reactions do not oc- 
cur. Whereas data on l imit ing current  and collection 
effectiveness are in excellent agreement  with theoreti-  
cal predictions, t h e  measured current  distr ibutions at 
low flow rates are more nonuni form than predicted by 
the theoretical model. In  order to investigate the dis- 

crepancy, experiments with the use of sectioned porous 
electrodes are suggested for more convenient  current  
distr ibution data acquisition. 

A quali tat ive discussion of the theoretical model il- 
lustrates the important  point that, without solving any 
mathematical  equations whatsoever, a great deal of 
intui t ive insight can be gained from knowledge of the 
dimensionless parameters  characteristic of the system. 
With the dimensionless parameters,  one can determine 
what  physical phenomena are most l ikely to control 
electrode behavior: charge-transfer,  diffusion, convec- 
tion, mass transfer,  or conduction phenomena.  The 
dimensionless parameters  provide scale-up criteria by 
which data from different experimental  systems may 
be correlated. In addition, knowledge of the relative 
magni tude of the parameters  aids in determining un -  
der what  conditions simpler models of l imit ing cases 
can be employed instead of the foregoing general  
model. 

The model described herein is based on assumptions 
which na tura l ly  affect its applicability. However, in 
order to apply the model to other systems, a significant 
number  of the assumptions may be removed or sub-  
s tant ial ly altered without  major  complication of the 
calculational procedure. In  particular,  the model may 
be expanded to investigation of mult iple electrode re-  
actions, heterogeneous plus homogeneous scavenger 
reaction systems, and channel ing effects owing to 
porosity variations. 

The investigation reported here has served both to 
unify  diverse previous efforts at predict ing porous elec- 
trode behavior  and also to establish a firm basis for 
further  investigations of more complex electrochemical 
systems. 
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LIST OF SYMBOLS 
English characters: 
a specific surface area, cm2/cm 8 void 
ci concentrat ion of species i, g -mole /cm 3 
Ci concentration of species i, e l / e l  ~ dimensionless 
Cr reference concentration, g -mole /cm 3 
dp diameter  of packed bed particle, cm 
D~ diffusion coefficient of species i, cm2/sec 
Dr reference diffusion coefficient, cm2/sec 
F Faraday's  constant, 96,500 coulomb/g-equiv  
i l im l imit ing current  density, A /cm 2 
/lira l imit ing current,  A 
io exchange current  density, A /cm 2 
j local reaction rate, A/cm 2 
J local reaction rate, ja l / i  o, dimesionless 
k mass transfer coefficient, cm/sec 
1 electrode length in  flow direction, cm 
L mass flow rate, g/cm2-sec 
Mi chemical symbol of species i 
n number  of electrons taking part  in  reaction 
R gas constant 
Re Reynolds number,  vdp/v 
Sc Schmidt number ,  v/Di  
T temperature,  ~ 
v electrolyte velocity wi th in  porous electrode, 

cm/sec 
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V e lec t ro ly te  flow rate, m l / m i n  
y spat ia l  var iable ,  cm 
Y spat ia l  var iable ,  y/1, dimensionless  
zi valence of species i 

Greek  characters :  
aa, ~c t rans fe r  coefficient 

cur rent  at Y :- O, iolnF/KRT 
7 ups t ream concentrat ion of species i, ci~ di-  

mensionless  
r mass t ransfe r  coefficient, kn2F2Cral2/KRT, di-  

mensionless  
r* value  of r when Re --  1.0 
, void f rac t ion of pack.ed bed e lec t rode  
f flow rate.  v~/D. dimensionless  

e lec t ro ly te  conductivi ty,  ( o h m - c m ) - I  
e lec t ro ly te  k inemat ic  viscosity, cm2/sec 

~i s toichiometr ic  coefficient of species i 
react ion ra te  constant, ioal2nF/~RT, dimension-  
less 

~i diffusion coefficient, Di/Dr, dimensionless  
~, potentfai  in e lec t ro ly te ,  V 
cI, potent ia l ,  F~IR'I', dimensionless  
X diffusion coefficient, ioal2/nFCrDr, dimensionless  

Superscr ip ts :  
o denotes ups t r eam posi t ion 
x denotes downs t ream posi t ion 
s denotes surface posi t ion 
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The Gibbs-Helmholtz Equation and the EMF of 
Galvanic Cells 

I. Inapplicability to Liquid-Liquid Junction Potentials 

Abner Brenner* 
N-Q Electrochemical Research Corporation, Reston, Virginia 22070 

ABSTRACT 

Measurements were made of the temperature  coefficient of the emf of a 
type of concentrat ion cell in which the emf was generated solely by l iquid-  
l iquid junctions.  The data fit the Henderson equation very well but  not the 
Gibbs-Helmholtz  equation. The discrepancy between the values of AH, com- 
puted from the Gibbs-Helmholtz  equation, and the values measured calori- 
metr ical ly  is shown to be calculable from ionic mobilities. In addition, data 
a r e  presented showing that the sum of the thermoelectric powers of the 
three junct ions ( including a l iquid-l iquid junct ion)  is equal to the isothermal 
temperature  coefficient of the emf of the cell. 

This is the first of three papers dealing with the pre-  
cision of the Gibbs-Helmholtz  equation when  applied 
to the emf of galvanic cells. 

This paper deals with the measurement  of the iso- 
thermal  temperature  coefficient of l iquid- l iquid junc-  
tion potentials. To my knowledge this is the first time 
that such measurements  have been reported and, 
therefore, the data should be of interest  for that  reason 
alone. (Incidentally,  the data reported in the l i tera-  
ture for the tempera ture  coefficients of l iquid- l iquid 
junct ions  are actually thermoelectric powers.) A mat-  
ter of even greater interest  is that of Gibbs-Helmholtz  
equation did not fit the data. 

In  the second paper, several  sets of data dealing with 
the emf of various types of galvanic cells, with and 
without l iquid- l iquid junctions,  were taken from the 
l i terature  and examined with respect to the Gibbs- 
Helmholtz equation. I found that  the discrepancy of 
the Gibbs-Helmhol tz  equat ion was in many  instances 
greater than the expected exper imental  error. 

In the third paper the cause of the discrepancy be- 
tween the value of AH obtained via the Gibbs-Helm-  
holtz equation and the value obtained calorimetrically 
was investigated for various types of cells, 

My interest  in invest igat ing the precision of the 
Gibbs-Helmholtz  equation came about indirectly. We 
had been measuring by thermal  means the reversible 
heat effects at l iquid- l iquid  junct ions (1), dur ing the 
passage of direct current,  with the rather  naive idea of 
thereby obtaining a knowledge of the tiquid junct ion  
potential  (which idea, however, did not material ize),  
In addition, we measured the thermoelectric power, 
dE'/dT, of the junctions. According to an accepted 
thermodynamic  relation, the value of j .T .dE ' /dT  
(where j is 23,050 cal/V) should equal the calorimetri-  
cally determined heat Qrev, but  we found a large dis- 
crepancy. This suggested to me that  the Gibbs-Helm-  
holtz equation might  not apply to l iquid- l iquid  junc-  
tions. After a different kind of measurement  (to be 
described herein)  had shown this indeed to be the case, 
I became interested in s tudying the precision of the 
Gibbs-Helmholtz  equation when applied to galvanic 
cells in general. 

In  my study of the l i terature  of the Gibbs-Helmholtz  
equation, I found that the equation had been accepted 
as precise by the early electrochemists on the basis of 
scanfy, imprecise measurements,  mostly made before 
1900. In  no textbook or even in the treatise of t t e lm-  
holtz (2) himself  did I find any l imitat ion to the appli-  

* Electrochemical  Society Act ive  Member .  
K e y  words :  Gibbs-Helmhol tz  equation,  .concentration cells, l iquid 

junc t ion  potentials,  Henderson ' s  equation,  t empera tu re  coefficient 
of emf  of l iquid junctions,  thermoelec t r ic  power  of l iquid junct ions,  
heat  of di lut ion of l iquid junctions.  

cation of the equation other than the customary state- 
ment  that certain variables of the system must  be held 
constant. I believed that a study of the precision of 
the equation, when applied to more recent data, would 
be useful in the application of the equation. 

Background 
In the early development  of the thermodynamics of 

galvanic cells, the emf of the cell was considered to be 
determined ent i rely by the enthalpy of the chemical 
reaction. This was known as Thomsen's rule and, in-  
deed, it held rather  well for some of the simple cells, 
such as the Daniel cell. Subsequently,  between 1860 
and 1880 various investigators showed exper imental ly  
that the emf of a cell was sometimes greater and 
sometimes less than  that calculated from the enthalpy 
change of the reaction, as measured in a calorimeter. 

Nearly all textbooks on electrochemistry make a 
point of sharply exposing the fallacy of Thomsen's rule. 
The texts, however, are un jus t  in being so critical of 
Thomsen, because the great Helmholtz, himself, origi- 
nal ly  also subscribed to Thomsen's rule, unt i l  the re-  
searches mentioned above led him to change his view. 
Helmholtz, thus, became aware that the entropy change 
of the reaction was also involved in determining the 
emf of the cell and in 1882 published a paper (2) 
dealing with the relation, which was discoverd at about 
the same time by Gibbs (3), now known as the Gibbs-  
Helmholtz equation. 

The Gibbs-Helmholtz  equat ion is a combined state- 
ment  of the first and second laws of thermodynamics.  
It is derived from the equat ion 

AF = AH -- T.AS [i] 

and when applied to a galvanic cell has the form 

--AH 
E _ - -  -5 T.dE/dT [2] 

nj 

dE/dT being the isothermal temperature coefficient. 
A galvanic cell which is operated reversibly at con- 

stant temperature evolves or absorbs heat from the 
surroundings. This reversible heat Qrev is given by the 
expression 

Qrev : T'AS -~ n j .T .dE /dT  [3] 

in calories per mole of reaction. If the cell absorbs 
heat, which represents an increase of entropy AS (in 
this case the cell tends to become colder on adiabatic 
operation),  this absorbed heat is given out in the form 
of electrical energy. Consequently, the cell delivers 
more energy than corresponds to the entha lpy  change. 
The reverse is t rue if the cell evolves heat. 

1602 
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In  checking the validity of Eq. [2], it is advantageous 
to use cells in which the AH term is small  compared to 
the T.dE/dT term, which lat ter  is the one of interest. 
It is expedient, therefore, to use concentration cells, 
since their  enthalpy change is relat ively small being 
derived from heats of dilution compared to that of cells 
involving a chemical reaction. 

Exper imenta l  M e a s u r e m e n t s  of L iqu id -L iqu id  Junct ion  
Potent ia ls  and  T h e i r  T e m p e r a t u r e  Coef f i c ien ts  

Procedure for Measuring Isothermal Temperature Coefficients 
The measurement  of the isothermal tempera ture  co- 

efficient of the emf of a l iquid junct ion potential  re- 
quires that the emf itself be capable of measurement  
and at two different temperatures.  However, except for 
a certain special s i tua t ion- - in  which a concentrat ion 
cell with transference can be set up in two different 
ways: (i) with electrodes reversible with respect to 
the anion and, (ii) with electro~les reversible with re- 
spect to the ca t ion-- the  l iquid junct ion  potential  can- 
not be measured because in a cell it is always ac- 
companied by the two emf's arising from the two 
electrode-electrolyte interfaces of the cell. 

To el iminate the uncer ta in ty  occasioned by the 
electrode-electrolyte interface, a novel type of concen- 
t rat ion cell was used containing three l iquid- l iquid  
junct ions  and two equal and opposite electrode-elec- 
trolyte systems. The emf's of the lat ter  cancelled each 
other and, consequently, the emf of the cell came en-  
t i rely from the l iquid- l iquid  junctions.  A typical cell 
is the following 

Hg, HgCIIKCI , M~ [IKCI , Me] IHCI, M~IIKC1, M~ IHgC1, Hg 

Concentrat ion cells in which the emf was produced 
only by the l iquid-l iquid junct ions were first used by 
Miiller (4) about 100 years ago. Nernst  (5) also used 
them, except that  his cells had four l iquid- l iquid  junc-  
tions, instead of three. 

A schematic diagram of the concentrat ion cell which 
I used for measur ing the tempera ture  coefficient of 
the emf of l iquid- l iquid  junct ions  is shown in Fig. 1. 
These cells will  hereafter  be referred to as the "tri-  
junct ion" cells. The t r i - junc t ion  cell consisted of two 
identical reference electrodes A and A' which were 
calomel or mercury-mercurous  sulfate electrodes. The 
same electrolyte was used in A, A', B, and B'. The 
other two electrolytes were C and D. The three junc-  

Fig. 1. Apparatus for measuring the isothermal temperature co- 
efficient of liquid junction potentials. Entire apparatus at uniform 
temperature T1 and then at 7"2 ~n separate experiments. 1. separa- 
tory funnel; 2, rubber plug acting as valve; 3, flexible tubing; 4. 
glass tube for withdrawing waste liquid at conclusion of experiment 
by means of a water aspirator; 5. mixed liquids; 6. bridge (agar 
gel); 7. potassium chloride solution; 8. wire lead to potentiometer; 
9. mercurous salt; 10. mercury; i l .  potassium chloride solutZon, 
same as 7. 

tions were formed in the long tubes by the pairs of 
electrolytes flowing together from B' and C, C and D, 
and D and B. The method of forming the flowing junc-  
tions is discussed in a subsequent  paragraph. The entire 
cell was main ta ined  at a uni form temperature.  Conse- 
quently, the emf's produced by the reference electrodes 
A and A' annul led  each other since they were equal 
and opposite. The emf of the cell was produced en- 
t irely by the aforementioned three l iquid- l iquid  junc-  
tions. Furthermore,  dilute solutions were used so that 
the heats of dilution of the liquids would be small. 

The temperature  coefficient of the emf of the three 
liquid junctions, collectively, was obtained by mea-  
suring the emf of the cell at tempera ture  intervals  of 
10~ mostly in the range between 15 ~ and 55~ al- 
though a few measurements  were made at 0~ If the 
individual  l iquid- l iquid  junct ion  potentials followed 
the relation of Eq. [2], then the sum of the emf's of 
the three junct ions (which was the quant i ty  actual ly 
measured) should also follow the relation. 

Since the temperature  coefficients of these cells were 
small, a high precision was required in measur ing the 
emf of the cells. Therefore, the emf had to be both 
constant and reproducible. The production of constant 
and reproducible liquid junct ion potentials is a familiar  
problem in electrochemistry. Initially, I tr ied a method 
devised by Lakhani  (6) in  which the junct ion of two 
electrolytes was formed by the mutua l  impingement  of 
jets (about 1 mm in diameter)  of each electrolyte. This 
method did not result  in adequate constancy of the 
liquid junct ion potential, as the fluctuations amounted 
to tenths of a millivolt.  However, when the discharged 
electrolytes in the mixing chamber  (see Fig. 1) rose to 
a height sufficient to cover the impinging jets, the emf 
became constant and reproducible to a few hundredths  
of a millivolt.  

The entire cell shown in Fig. 1 was immersed in a 
thermostat, constant to about 0.1 ~ to a depth such 
that the electrolytes were below the level (indicated 
by a l ine in Fig. 1) of l iquid in the thermostat.  Deep 
vessels insured that the electrolyte in the jets re- 
mained at the same temperature  as the bulk  of electro- 
lyte in the tap funnels.  Oil was used in the thermo- 
stat, because the conductivity of water  resulted in 
parasitic voltages being picked up by the electronic 
galvanometer.  

In performing an experiment,  the closures (con: 
sisting of a rubber  stopper at the end Of a glass rod) 
were removed from the throats of the tap funnels, 
thus allowing the electrolyte to flow and form jets in 
the mixing chambers. The rate of flow of solution was 
about 25 ml /min .  The emf was not sensitive to the rate 
of flow. As soon as the jets became covered with elec- 
trolyte, emf measurements  of the cell were made. 
Measurements could be made for about two minutes  
before the supply of electrolyte in the tap funnels  was 
exhausted. Voltages were measured on a microvolt  
potentiometer  with an electronic voltmeter, sensitive to 
1 ~V, serving as nu l l  ins t rument .  At the conclusion of 
the experiment,  the electrolyte which had collected in 
the mixing chambers was removed by a water aspira- 
tor. 

To prevent  the l iquid in  the reference electrodes A 
and A' from being drawn into the tap funnels  B and 
B' as the solution in the lat ter  was lowered, the elec- 
trolyte bridges contained an agar-agar  gel. In  an actual 
experiment  only two flowing junctions were used in-  
stead of three, as three such junct ions were difficult to 
manage and required too much space in the thermo-  
stat. Therefore, instead of a flowing junction,  the 
connection between the two electrolytes B' and C was 
made by a bridge containing an agar-agar  get. Since 
the two electrolytes B' and C were different concen- 
trations of the same electrolyte (either potassium 
chloride or magnesium sulfate),  the l iquid junct ion 
potentials were smaller  than those of the other junc-  
tions; furthermore,  the agar-agar  bridge, by independ-  
ent experiments,  was found to afford adequate con- 
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stancy and reproducibil i ty.  In these exper iments  the 
reproducibi l i ty  of measurements  on cells which had a 
small  emf  of 10 mV or less was about 0.02 inV. The 
reproducibi l i ty  of measurement  on the cells wi th  an 
emf of about 25 mV was about 0.1 inV. Since measure-  
ments were  made at tempera tures  10 ~ apart, this made 
the precision of measurement  of the t empera tu re  co- 
efficient of the emf  about 1 • 10 -~ V/~ This pre-  
cision is equivalent  to a possible er ror  of about 3 mV 
in the calculated emf or to an error  of about 70 cal /  
mole for univalent  salts. 

Results of Measurements of the Temperature Coefficients of 
Liquid Junction Potentials 

The results of the measurements  on the t r i - junct ion  
cells are given in Table I. To make a check of the 
val idi ty of the Gibbs-Helmhol tz  equation, it is custom- 
ary to compare the value  of the enthalpy AHemf cal-  
culated via the Gibbs-Helmhol tz  equat ion 

- -  AHemf ~-- ~%j E -- T �9 [4] 

with the calorimetrieally measured value AHcab In 
these experiments with the tri-junction cells the en- 
thalpy change is a heat of dilution, and at present there 
is no method in the literature for calculating the heat 
of dilution at a liquid-liquid junction. Therefore, it is 
necessary to digress at this point for the purpose of 
developing a formula for calculating the heat of dilu- 
tion. 

Calculation of the heat of dilution at a liquid-liquid 
junct ion. - -The der ivat ion of a relat ion for calculat ing 
the heat of dilution between two solutions S and S' is 
pat terned after  the derivat ion of the Henderson equa-  
t ion (7) for l iquid- l iquid junct ion potentials.  Note that  
the Henderson equation involves only the Nernst  equa-  
tion and does not involve  the energy der ivable  f rom 
the heat  of dilution. 

As is the case wi th  the Henderson derivation, the 
energy derived f rom the heat of dilution depends on 
the net t ransfer  of solute across the boundary of the 
two solutions under  the influence of the current,  and 
this in turn  depends on the t ransference number  of the 
ions. Between two solutions S and S' there must be a 
region in which the composition of the solution varies 
f rom that  of S to that  of S' and, consequently,  the 
t ransference number  of all of the ions must  change 
continuously throughout  this region. In the special case 
that  all the cations and anions had the same t ransfer -  
ence number,  the movemen t  of solute to the left  would 
be exact ly  cancelled by movemen t  to the r ight;  con- 
sequently, there  would be no net contribution of en- 
ergy. For  example,  in a potassium chloride solution the 
K ion and the C1 ion have about the same mobil i ty  and 
the l iquid junct ion potential  be tween two solutions of 
differing concentrat ion is small. 

The basic relat ion for the heat  of dilution at a l iquid-  
l iquid junct ion is 

AHcaI  : • [ti �9 d(AH) -5 ~' �9 d(AH')]  [5] 

where ti and ti' are the varying t ransference numbers  
of the ions of MX and M'X', respectively;  AH is the 
part ial  molal  heat of dilution resul t ing f rom the t rans-  
fer of one mole of MX from solution S into solution S'; 
and AH' is the part ial  molal  heat  of dilution result ing 
from the t ransfer  of one mole of M'X'  f rom solution 
S' into solution S. The summat ion is for the four ions 
M, X, M', and X', having the mobilit ies U, V, U', and 
V', respectively.  

All of the intermediate compositions of solutions 
between S and S' can be considered to be obtainable 
by making up a unit volume of solution consisting of a 
fraction (x) of S' with the fraction 1 -- x of solution 
S. Solution S has the concentration C of MX, and 
solution S' has the concentration C' of M'X'. 

The method of the derivation is to express the trans- 
port number of each ion as a function of the mixing 
fraction x. For a given x, the generalizer concentration 
of the salt MX is represented by Ci where 

Ci = C(1 -- x) [6] 

This is also the concentrat ion of the ions M + and X -  
Similarly, for the salt M'X', the generalized concen- 
t rat ion Ci' is 

C/----- C'x [7] 

The cur ren t -ca r ry ing  abili ty of each ion is equal to 
the product  of mobi l i ty  and concentration, and the 
total cur ren t -ca r ry ing  capacity of the solution at x is 

CU(I -- x) + CV(I -- x) + C'U'x -5 C'V'x [8] 

or 

C(U + V) + x[C'(U' + V') - C(U + V)] [9] 

or 

a + bx [10] 
where  

a=C(U+V); b=C'(U'+V') -- C(U+V); 
a + b = C ' (U '  + V') [11] 

The t ransference numbers  of the ions U, V, U', and V' 
at x are, respect ively 

CU(1 -- x)  CV(1 -- x) C 'U'x  C'V'x 
; ; ~ -  ; and 

a -5 bx a -s bx a -k  bx  a + bx  
,, [12] 

Consider now that the heat  of dilution, AHm, due 
only to the ion IV[+: 

f~ =l CU(1 -- x ) d x  
hHm ---- AH =0 a 7 ~gx" 

= UC" AH ~=o a-5 bx  =o a-k-b-x [131 

Table I. Emf and temperature coefficients of emf for tri-junction concentration cells 

d E  

S t r u c t u r e  o f  t h e  c e l l s  d E  T �9 - -  
Cel l  - -  • 10 ~ e r n f  d T  --AHem~# 
NO. Ja  Jb Jc ** d T  m V  m V  ca l  

1 Hg ,HgCI  K C 1  K C 1  HCI KC1 Hg,HgCI  -- 0.3 27.4 -- 0.9 652 
0.30N 0.03N 0.20N 0.30N 

* ( 

2 Hg,Hg~SO4 MgSO~ MgSO4 H~SO~ MgSO~ Hg,Hg~SO~ -- 5.2 28.0 - 15.6 2009 
0.30N 0.03N 0.20N 0.30/q 

* <. 

3 Hg,Hg2SO4 MgSO~ MgSO~ LiC1 MgSO4 tIg,Hg2SO4 0.4 10.0 1.2 406 
0.30N 0.03N 0.30N 0.30N 

* ( ) 

4 Hg,HgsSOt  MgSO4 M g S O l  Li~S04 MgSO4 Hg,Hg2SO~ 3.6 S.3 10.8 -- 245 
0.30N 0.03N 0.30N 0.30N 

* ( ) 

* A r r o w  g i v e s  t h e  d i r e c t i o n  o1 t h e  c o n v e n t i o n a l  f low of c u r r e n t  t h r o u g h  t he  cel l  w h e n  the  e lec t rodes  a r e  s h o r t e d .  
** Ja, Jb, and  Jc de s igna t e  the  t h r e e  l i q u i d - . i q u i d  j unc t ions .  

--AHemf d e s i g n a t e s  t h e  e n t h a l p y  o b t a i n e d  v i a  t h e  G i b b s - H e l m h o l t z  e q u a t i o n  ( s e e  Eq. [4] ). The cel l  e m f ' s  a r e  f o r  30 ~ 
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Integrat ion of Eq. [13] and subst i tut ing in the limits 
gives 

AHm - -  b 2 (a + b) .  In ~ + b [14] 
a + b  

The heat of dilution due to the ion X having the mo- 
bil i ty V would be s imilar  to Eq. [14] with V subst i tuted 
for U. The net heat of di lut ion for MX would be the 
difference due to the two ions M and X 

C.(U--V)-AH [ a ] 
AHmx ---- b2 (a + b ) .  in  ~ -t- b 

a + b  
[15] 

The net  heat of dilution, AHm,x,, for the t ransfer  of 
a mole of salt M'X' from solution S' to S is s imilarly 
computed 

~ : : :  x . dx  
AHm,x, = C' (U' -- V') �9 AH' [16] 

Integrat ion of Eq. [16] and subst i tut ing in  the limits 
gives 

AHm,x, C'(U'-- V')" AH' [ a ] ~_ -b~ a �9 In + b [17] 
a + b  

For conciseness in writing, let 

= C(U + V). AH [18] 

= C'(U' + V')~H' [19] 

5 = In-- [20] 
a+b 

The net heat of dilution of the four ions is the dif- 
ference of Eq. [15] and [17] 

AHmx--AHm,x,---- b 2 [b-]-a.5] + ~  [21] 

Ion mobilities are the important quantities which 
are required for making the calculations both of the 
heats of dilution, as just described, and of liquid junc- 
tion potentials (by means of the Henderson equation) 
as described in the following section. However, it is 
not necessary to know the true mobility of an ion; it 
is sufficient to know what MacInnes (8) calls the 
"mobility of an ion constituent" given by the relation 

Ui ----- t i  " -A-i/F [22] 

where Ai is the equivalent  conductivi ty of the com- 
pound at the concentrat ion in question. Furthermore,  
since Eq. [21] is homogenous with respect to ion mo-  
bilities, it is not necessary to deal with F in Eq. [22], 
and the quant i ty  actual ly subst i tuted for the mobil i ty 
of the ion consti tuent in  Eq. [21] is 

Ui -- ti " ki [23] 

The values of the equivalent  conductivities and 
transference numbers  required for the calculation of 
the heats of di lut ion and for the calculation of l iquid 
junct ion  potentials (in the next  section by means of 
the Henderson equation) were obtained from the 
Landol t -BSrnste in  tables (9). 

In  calculating the heats of di lut ion for the liquid 
junctions, it was necessary to know the net part ial  
molal heat of solution AH involved in  t ransferr ing a 
mole of compound MX from solution S into solution S', 
which contains compound M'X'; and similarly, one 
must  know AH" for the t ransfer  of a mole of M'X' from 
solution S' into S, which lat ter  contains MX. 

Since data on the partial  molal heats of dilution of 
compounds in solutions containing other salts are not 
available, some approximations had to be made. First 
of all, in the dilute solutions used in these experiments,  
the difference between two part ial  molal  heats of dilu- 
t ion does not differ much from the difference between 
two integral  heats of solution for which much data are 
available. Also, another approximation had to be made 
with regard to the range of concentrat ion of the di lu-  
tion, inasmuch as the compound MX was t ransferred 
from solution S (where its concentrat ion was C) into 
solution S' in which its concentrat ion was zero, al-  
though the concentrat ion of M'X' was C'. It  was as- 
sumed that the heat effect was the same as if MX had 
been t ransferred from a solution of concentrat ion C 
into a solution of concentrat ion C' (the same as the 
concentrat ion of M'X') .  

The heats of di lut ion (10) used in the calculations of 
the data in Table II and the ranges of concentrat ion 
are as follows 

HC1 0.20-0.0IN 170 cal 
KC1 0.30-0.0IN 4 cal 
H 2 8 0 4  0.20-0.0IN 2160 cal 
MgSO4 0.30-0.03N 372 cal 
Li2SO4 0.30-0.03N 285 cal 
LiC1 0.30-0.03N 103 cal 

Presentation of the data.--Table I gives the data for 
the four t r i - junct ion cells. The quant i ty  of most in ter-  
est in the table is the enthalpy A H e m f  calculated via 
the Gibbs-Helmholtz  equation (Eq. [4]). These values 
(in the last column of the table) are to be compared 
with the calorimetric values given in  Table II. 

In  Table II are given the heats of di lut ion which were 
calculated for each of the three junctions,  5a, Jb, and Jc. 
The net heat of dilution for the cell (AHcal) is given in 
column five. Although the heat of di lut ion at most of 
the junct ions is appreciable, the net  heat of dilution 
for a cell is smaller than might  be expected, because 
the heat of di lut ion at one of the junct ions opposes the 
heat effects at the other two. In  column six of Table 
II the values of AHemf (from the last column of Table 
I) are reproduced for comparison with AHcal in the 
preceding column five. In  column seven the difference 
between the two values of the enthalpy are given. This 
difference will  be referred to as the "discrepancy" of 

Table II. Heat of dilution in tri-junction cells (derived from calorimetric data) compared with 
AHemf obtained via the Gibbs-Helmholtz equation. Also, comparison of the Gibbs-Helmholtz 

discrepancy in AH with the discrepancy calculated via the Henderson equation. 

Heat of dilution, AHeal* 

Cell Summat ion  
No. J i  Jb Jc Ja + Jb + Je  

Discrepancy 
(exper imenta l )  Discrepancy% 

--AHem~** --AHemf + AHeal (calculated) 
(cad (cad (cad 

1 < 1  103 73 30 

2 101 1231 993 339 

3 101 35 57 123 

4 101 126 133 108 

652 622 800 

2009 1670 1535 

406 283 323 

--254 --353 -- 124 

* Calculated f r o m  calorimetric  data. See  Eq. [21]. 
** Der ived  f r o m  Gibbs-Helmhol tz  equation. See  Eq. [4]. 

t Discrepancy calculated via the Henderson equation. Sea Eq. [31]. 
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the Gibbs-Helmholtz  equat ion and has the form 

Discrepancy : --AHemf -~- AHeal [24] 

It is apparent  that the discrepancies given in column 
seven of Table II are large, much too large to be at-  
t r ibuted to experimental  errors or to uncertaint ies  in  
the approximations used in the calculation of the 
values of AHcal. 

Calculation of the Gibbs-Helmholtz  discrepancy from 
ionic mobili t ies.--To add weight to the view that  the 
Gibbs-Helmholtz discrepancy is bona ]ide and not a re- 
sult  of exper imental  error, I shall now show that  the 
discrepancy can be calculated with a fair degree of pre-  
cision from simple electrochemical data obtained from 
the l i terature  (9). 

The first step in the demonstrat ion is to show that 
the experimental  data closely follows the Henderson 
equation (7), which is 

RT C ( U - -  V) -- (U' -- V' )C'  
E L  - -  - -  

F C(UWe + Vwa) -- C'(U'wc'  + V'wa') 

C (Uwe + VWa) 
�9 In [25] 

C'(U'we'  + V'wa') 

where EL is the liquid junct ion potential, wc and Wa 
are the valences of the cation and anion in one salt, 
Wc' and Wa' are the valences of the ions of the other 
salt, and the other symbols have the same meanings as 
in Eq. [8] and those following. 

The calculated emf's and their  tempera ture  coeffi- 
cients for the three junct ions of each of the four cells 
are given in Table III. It is seen that  the calculated 
emf for a cell, given in column D, agrees well with the 
experimental  emf given in column G. Also, the calcu- 
lated temperature  coefficients given in column E: agree 
reasonably well with the exper imental  values in 
column L. 

A refinement may now be introduced. Since the 
Henderson equation does not include the energy d e -  
r ived from the heat of dilution, it is reasonable to add 
this energy (see column five of Table II) in the form 
of its voltage equivalent,  as given in column E of 
Table III, to the Henderson liquid junct ion potentials 
in column D of Table IlL This gives the more nearly 
correct calculated values of emf listed in column F, 
which are the sum of the emf's in columns D and E. On 
an average, the calculated emf's in column F are about 
2.5 mV higher than the exper imental  values in  column 
G, which is a discrepancy wi th in  exper imental  error. 

The second step in the demonstrat ion is to set up an 
equation for the emf of the t r i - junc t ion  cells which 
is exper imenta l ly  valid. This is done simply by adding 
to the usual  equation for the emf of a cell the Hender-  
son equation, which will be represented by R T Z  

F ACp 
E : --~Hca~+ T �9 ,.I dT + R T Z  [26] 

T 

In  this discussion we do not know the valfie of the 
heat capacity term, but  in view of the reasonable 
agreement between the experimental  and calculated 
values of emf it would appear that the contr ibut ion to 
the emf might be a few millivolts. 

The third step in the demonstrat ion is to derive an 
expression for the Gibbs-Helmholtz  discrepancy, as 
follows. Equation [26] is differentiated and a subst i tu-  
t ion made, as in the derivation of the Gibbs-Helmholtz  
equation, to yield the following 

dE dZ 
E ---- --~Hcal + T �9 -- RT  2 �9 [27] 

dT dT 

The Gibbs-Helmholtz  equat ion is 
dE 

E : - - A H e m f  7 u T " [ 2 8 ]  
dT 

The Gibbs-Helmholtz  discrepancy is obtained by sub-  
tracting one equation from the other and rear ranging 
terms 

dZ 
discrepancy = --~'Hemf -~- AHcal = - - R T  2 " d T  [29] 

Since Z is the part  of the Henderson equation that 
contains the ionic mobilities, it is seen that the dis- 
crepancy is due to the variat ion of the ionic mobilities 
with temperature.  

The expression R T  2 �9 d Z / d T  can be simplified by 
uti l izing the Henderson equation for the l iquid junc-  
tion potential, EL, in the abbreviated form 

EL : R T Z  [30] 

On differentiating Eq. [30], one obtains 

dZ dEL 
RT ~ �9 : T �9 ~ -- EL [31] 

dT dT 

where E L is the emf calculated from the Henderson 
equation and given in column D of Table Ill, and 
dEr/dT is the temperature coefficient, based on the 
Henderson equation for two different temperatures, 
and given in column K of Table III. 

The last column of Table II gives the values of the 
Gibbs-Helmholtz discrepancy calculated according to 
Eq. [31]. These values agree reasonably well with the 
experimental values of the discrepancy given in the 
next to the last column of Table If. 

Discussion o~ the Gibbs-Helmholtz  discrepancy.--  
Scarpa (11) was the first to suggest that the Gibbs- 
Helmholtz equation is not accurate when  applied to 
concentrat ion cells. He did no experimental  work but  

Table III. Comparison of experimentally determined emf's and temperature coefficients of emf's of 
trijunction concentration cells at 30 ~ with values calculated from Henderson's equation for 25~ 

(See Table I for composition of cells.) 

E m f  of ce l l  by  calculat ion  
AHea]* Ce l l  e m f  T e m p e r a t u r e  coeff ic ients ,  x 10 ~ 

S u m m a t i o n  
C e l l  J a  Jb Jc  J~ + Jb + Je  nJ  Cale** E x p  J o t  J b t  J e t  J'a + Jb + J e t  E x p  
No. m V  m V  m V  m V  m V  m V  m V  m V / ~  m V / ~  m V / ~  m V / ~  m V / ~  

1 1.0 53.7 24.8 29.9 1 31 27.4 + 0.6 -- 9,0 -- 7.0 -- 1.6 -- 0,3 
<---- ~ ----> <---- <__._ ~ <.---- r <_____ ~ <-.-- 

2 7.0 39.5 22.2  24.3 7 31 28.0 + 3 . 0  - -8 ,6  - - 3 . 0  - -2 .6  - -5 .2  

3 7.0 21.4 6.4 7.9 3 11 10,0 + 3 . 0  + 5 . 7  + 2 . 4  + 0 . 3  + 0 . 4  

4 7.0 19.9 6.6 6.3 2 8 5.3 + 3.0 + 10.0 + 4 .0  + 3.0 + 3.8 

Co~n ~ --~ C n Y --~ Y ~ -  --F ~7- --~ --~ 

A r r o w s  g ive  the  d irec t ion  of  t he  s p o n t a n e o u 3  f low of  c o n v e n t i o n a l  current  across  the  j u n c t i o n  t h a t  is d e t e r m i n e d  by  t h e  p h e n o m e n a  at  th e  
j u n c t i o n  *tseif. 

T h e  + a n d  -- s i g n s  in  c o l u m n s  H t h r o u g h  L i n d i c a t e ,  r e s p e c t i v e l y ,  that  the  v o l t a g e  i n e r e a 3 e s  or d e c r e a s e s  w i t h  e l e v a t i o n  in t e m p e r a t u r e .  
* AHcal is f r o m  c o l u m n  5 of  T a b l e  II .  ( S u m m a t i o n :  Ja + Jb + J c ) .  

** S u m  of c o l u m n s  D a n d  E.  
C a l c u l a t e d  by  m e a n s  of  H e n d e r s o n ' s  equat ion .  
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based his belief on the fol lowing theoret ical  considera- 
tions. If the solutions in a concentrat ion cell were  so 
dilute that  there  was no entropy change on operation, 
then the Gibbs-Helmhol tz  equat ion simplifies to 

E --  K T  [32] 

where  K is a constant. This result, however,  is in-  
consistent with the Nernst  equat ion for the emf of 
concentrat ion cells because the Nernst  equation in- 
volves the product  of T and a t ransport  number,  and 
the lat ter  is not a constant but varies with temperature .  

The fact that  the Gibbs-Helmhol tz  discrepancy can 
be very  simply calculated, as shown in the last column 
of Table II, in my opinion, leaves l i t t le doubt that  the 
equat ion is not exact when applied to l iquid junct ion 
potentials. The examples  in this paper  are not unique, 
as in the second paper of this series, a similar  calcula- 
tion is made for a more convent ional  type of concen- 
t ra t ion cell wi th  transport .  

Since the Gibbs-Helmhol tz  equat ion is not exact, this 
means that  the equat ion from which it was derived 

AH 
E - -  - - +  T . A S  [33] 

nF  

is not exact. More specifically, the source of er ror  is in 
the t e rm T .  AS which does not adequate ly  describe 
the revers ible  heat  generated in the operat ion of a gal-  
vanic cell. Or stating the mat te r  in a different way, 
there  does not exist in nature  a quant i ty  AS with  the 
mathemat ica l  propert ies  that  thermodynamicis ts  have 
associated with  it. 

The Nernst Equation and the Thermoelectric Power of 
Liquid-Liquid Junctions 

Since in the past the thermoelect r ic  power  of a 
l iquid- l iquid  junct ion has been confused with the iso- 
thermal  t empera tu re  coefficient, I have considered it 
wor thwhi le  to extend this paper  a little, both to re-  
solve this confusion and to include some of our mea-  
surements  of thermoelect r ic  power. 

Nernst  (5) in 1889 had shown a remarkab le  ana-  
lytical  insight, not o n l y i n  satisfactori ly explaining the 
complex phenomenon of l iquid junct ion potentials, but  
also in deriving a formula  for calculating them. 
Nernst ' s  equat ion was improved  by Henderson (7). 

It is both ironic and paradoxical  that  Nernst, h im-  
self, was not successful in val idat ing his equat ion with  
respect  to the t empera tu re  coefficient of the emf of 
l iquid- l iquid  junct ion potentials, a l though he made a 
t ry  at it. The reason for the fai lure was that  his s tu-  
dent, Duane (12), measured the thermoelectr ic  power  
of the junctions instead of the isothermal  t empera ture  
coefficient of the emf  of the junction. But  perhaps he 
should be forgiven for this error, since there  is no way 
to measure  the isothermal  coefficient of a single junc-  

tion. Needless to say, the agreement  of the exper imenta l  
results of Duane with  the Nernst  equat ion was very  
poor and a fair  proport ion of the lengthy publication 
was used in an effort to explain the cause of the 
discrepancy. 

The difference be tween  the measurement  of an iso- 
thermal  t empera ture  coefficient of emf  for a cell and 
the measurement  of a thermoelectr ic  power  can be seen 
by comparing Fig. 1 with Fig. 2 which shows an 
idealized apparatus for measur ing the thermoelectr ic  
power  of a l iquid-l iquid junction. The two similar 
reference electrodes A and A' were  at the same tem-  
pera ture  T~, hence their  emf's  annulled each other and 
did not enter  in the emf of the concentrat ion cell. The 
electrolyte in B and B' was the same as that  in A and A'. 
The electrolytes C and C' were  the same. Two similar 
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Fig. 2. Apparatus for measuring the thermoelectric power (false 
temperature coefficient) of liquid junction potentials. 

3B 
Fig. 3. Demonstration that three different thermocouples formed 

from three different materials, taken tWO at a time, when connected 
into a complete circuit with one set of junctions at T1 and the 
other set at 7"2 do not generate an emf. KL, AB, and BC represent 
the three different materials. The area encompassed by the 
circles represents temperatm'e T2 and the rest of the material out- 
side the circle represents T1. The three thermocouples are AD, EH, 
and IL in 3A. The circuit in A is equivalent to the circuit in 3B 
in which the junctions C, G, and K are all at the same temperature. 
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4B 
Fig. 4. Demonstration that a circuit (4A) composed of three 

materials connected to yield three junctions, A, B, and C, with only 
one junction at temperature T~., is equivalent to a simple thermo- 
couple ( 4 B )  with two junctions, A and C. 

l iquid- l iquid  junctions were formed between electro-  
lytes B and C at t empera tu re  T1 and between elec- 
trolytes B' and C' at t empera ture  T2. The emf of the 
cell was due to the  difference in tempera ture  be tween 
the two junctions B'C'  and BC. The cell consti tuted a 
thermocouple  and the laws of thermocouples are ap- 
plicable to it. The setup used by Nernst  and his stu- 
dents was similar to the a r rangement  in Fig. 2, except  
that  no means were  provided for flowing junctions. It  
may  be noted that  the thermoelectr ic  power  of the 
junct ion could be de termined  with a cell having only 
one l iquid- l iquid  junct ion by operat ing it at two differ- 
ent  temperatures,  for i f  a revers ible  electrode were  
put  into C or C', the system then could be considered 
as two identical cells, A' -- C' and C'A. The sum of the 
voltages of the two cells divided by the  tempera ture  

December 1975 

difference is the same as the thermoelectr ic  power  of 
the l iquid- l iquid  junction. 

To complete this discussion of tempera ture  coeffi- 
cients, I shall show that  there  is a simple relat ion be- 
tween the isothermal  t empera tu re  coefficient of the emf 
of a cell and the thermoelectr ic  power of a junction. 
Brenner  (13) has suggested that  the thermoelectr ic  
power of a junct ion of a reversible  electrode in an 
electrolyte is the sum of two terms, one representing 
the thermocouple effect and related to the Pel t ier  co- 
efficient 1-1 by the equat ion 

II dE1 
- -  , [ 3 4 ]  

T dT 

the other  represent ing the entropy change associated 
with the change of state 

dE 
aS = [35] 

dT 

It is a law of thermocouples that in a complete cir-  
cuit at constant t empera tu re  the sum of the thermo-  
electric powers due to the Pel t ier  coefficient must  
vanish. Hence, in the summation of the thermoelectr ic  
powers of all of the junctions in a cell, that  port ion 
which is related to the  Pel t ier  coefficient vanishes for 
a complete cell, and the remainder  of the sum is equal 
to the isothermal  t empera ture  coefficient of the emf of 
the cell 

~ dE" dE 
= [36]  

dT dT 
isothermal for the cell. 

The summation is for every  junct ion in the cell and 
dE'/dT is the thermoelectr ic  power  of a junction. 

Since I have not seen Eq. [36] in the l i terature,  in 
Table IV, I have given some data to d e.monstrate its 
validity. The cells contain two e lec t rode-e lec t rolyte  
junctions and one l iquid- l iquid  junction. The data on 
the thermoelectr ic  powers and on the isothermal  tem- 
pera ture  coefficients were  obtained in my laboratory,  
with the assistance of J ean  Berkeley , by methods simi- 
lar  to those described in the ear l ier  parts of this paper. 
The data have not been published previously.  

The sum of the thermoelect r ic  powers of three  junc-  
tions, including the l iquid- l iquid  junction, is given in 
column D of Table IV. The sum is to be compared with 
the exper imenta l ly  measured isothermal tempera ture  
coefficient of the cell given in column E. The difference 
between the values in the two columns averages about 
1.3 • 10-5 V/~ which is wi th in  exper imenta l  error.  
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Table IV. Comparison of the sum of the thermoelectric power of the three junctions of a cell 
with the isothermal temperature coefficient of the voltage of the cell 

Concentration c e l l  

Vo l t  per degree • I0 ~ 
E l e c t r o d e - e l e c t r o l y t e  a n d  

e lectro lyte-e lectro lyte  
T h e r m o e l e c t r i c  p o w e r  

Ja  Jb Je  J .  Jb Jc Ja  + Jb + Je  

I s o t h e r m a l  
t e m p  coef  C o l u m n  

of cell E -- D 

A-1  Hg,HgC1 HCI  HC1 H g , H g C I  52.3 2 35.8 18.5 17.7 - -0 .8  
0 .040N 0.40N ~ ~ ~ ~ ~---- 

A-2  H2,P t  HC1 HC1 I ~ , P t  47.2  2 3 2  13.2 15.5 2.3 
0 .040N 0 .40N ~- - -  ~ ~ ~- - -  <---- 

B - 1  Ag,AgC1 CdC12 CdCl~ Ag,  A g C l  42 4 34 4.0 4.5 0.5 
O.IOM 1.OM *---- ----> ~ ~ 

B-2 Cd CdCI~ CdCl~ Cd 58,5 4 59.0 3.5 3.8 0.8 
1.0M 0.10M ~ +---- ~ <----- <----- 

C-1 Hg,HgC1 LiC1 HC1 Hg,HgC1 57 31 26 0 2.0 2,0 
1.21/Y 1 .15N <---- ~ ----> <-.-- 

C-2 Ag,AgCl LiCI HCl A g , A g C l  28 31 5 2 0 -- 2.0 
1.21N 1.15N ~ ~ <---- ~ - -  

D-1  Hg,HgC1 L i C l  LiC1 Hg,HgC1 69 0 50 19 18 -- 1.0 
0 .30N 3 .0N ~ ~ ~ <- - -  

A B C D E Avg = 1.3 
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The Gibbs-Helmholtz Equation and the EMF of Galvanic Cells 
II. Precision of its Application to Concentration Cells 

Abner Brenner* 
N-Q Electrochemical Research Corporation, Reston, Virginia 22070 

ABSTRACT 

The Gibbs-Helmholtz  equation is usual ly  tested by comparing the enthalpy, 
A H e m f ,  Of the cell reaction obtained by means of the equation with the calori- 
metr ical ly determined enthalpy, AHcal. h survey was made of three such tests 
in the li terature. An examinat ion of the precision of the correspondence be- 
tween AHemf and AHcal was made using concentrat ion cells without  t rans-  
ference, containing either hydrochloric or sulfuric acid. The enthalpy change 
was a part ial  molal heat of dilution. With dilute solutions of hydrochloric 
acid the agreement  was satisfactory. With strong solutions of hydrochloric 
and of sulfuric acid the differences amounted to a hundred  calories or more. 
In  sulfuric acid concentration cells with t ransference the difference amounted 
to several hundred  calories. The differences for these cells are shown to be 
due main ly  to the variat ion of the transference number  of the hydrogen ion 
wi th  temperature.  On this basis, the discrepancy of the Gibbs-Helmholtz  
equat ion is easily calculated. 

In  Par t  I of this series of papers it was shown that  
the emf of l iquid- l iquid  junct ions did not follow the 
Gibbs-Helmholtz  equation, al though it followed the 
Henderson equat ion wi thin  exper imental  error. The 
cells used in this invest igat ion were an unusua l  type in  
which the emf was derived solely from l iquid- l iquid  
junctions.  The results of Par t  I raised the issue of the 
precision of the Gibbs-Helmholtz  equation when  ap- 
plied to conventional  types of galvanic cells. 

The data in  this paper is in two parts. The first part  
is a brief survey of some of the tests of the Gibbs-  

* Electrochemical  Society Act ive  Member.  
K e y  w o r d s :  G i b b s - H e l m h o l t z  e q u a t i o n ,  concentrat ion cells. 

Helmholtz equation reported in  the l i terature.  In the 
second part  and main  t rea tment  of data, the precision 
of the Gibbs-Helmholtz equation was investigated with 
respect to concentrat ion cells containing either hydro-  
chloric or sulfuric acid. The raw data were taken from 
the published results on simple galvanic cells. These 
were combined so as to form concentrat ion cells. The 
reason for investigating concentrat ion cells is that the 
precision of the tests was improved, as shown in the 
subsequent  discussion. 

The Gibbs-Helmholtz  equation was discussed in Part  
I, however, a little rei terat ion is necessary. The second 
law applied to galvanic cells can be stated in  the form 
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E ~- - -  A H / n j  ~- Qrev/nj [1] 

where j is approximately 23,050 (cal /V-F)  and Q r e v  is 
the quant i ty  of heat either absorbed or evolved when 
a cell operates reversibly. 

The Gibbs-Helmholtz  equation is 

E ---- --  A H / n j  + T . d E / d T  [2] 

Comparison of the two equations shows that  T . d E / d T  
should be equal to the voltage equivalent  of the re- 
versible heat, that is Qrev/nj .  

The usual  manne r  in which the Gibbs-Helmholtz  
equation is checked is to calculate ~H from Eq. [2] 
using the exper imental ly  obtained values of E and its 
tempera ture  coefficient. This part icular  AH will hence- 
forth be referred to a s  AHeraf .  T h e n ,  A H e m f  is compared 
with the value of AH (henceforth referred to as ~Hcal) 
obtained by calorimetry. 

The most direct check of the Gibbs-Helmhol tz  equa-  
tion would be to measure calorimetrically the revers-  
ible heat absorbed or evolved in the working of a cell 
and to compare this with T . d E / d T  • n j .  Unfortunately,  
this kind of calorimetric measurement  is difficult and 
has been done on only a few occasions. 

Survey of the Tests of the Gibbs-Helmholtz Equation in 
the Literature 

Typical of the early investigations of the Gibbs- 
Helmholtz equation is that of Bugarszky (1) whose 
paper was published in 1897. He measured the emf of 
cells having mercury-mercurous  salt electrodes, such 
as the following 

Hg, HgCIIKCI  , 0.01N IKBr, 0.01N HgBr, Hg 
KNO3, 1.0N KNO3, 1.0N 

[31 

Although the cells had a l iquid- l iquid  junction, the 
potential  of the lat ter  was presumably  suppressed by 
the use of potassium ni t ra te  in both sides of the cell 
at a 100-fold higher concentrat ion than  the working 
electrolyte. 

The following is a summary  of the results obtained 
with ten different cells. The discrepancy between the 
value of AHcal and AHemf (calculated from the Gibbs- 
Hetmholtz relation) ranged between 40 and 2300 cal 
with an average of about 660 cal. 

In  1909 Mellencamp (2) published the results of an 
investigation of the Gibbs-Helmholtz  relation. His 
work is of special interest  and unique  in that it is the 

only investigation in the l i terature specifically directed 
toward demonstrat ing that  the Gibbs-Hemholtz equa- 
tion held for concentrat ion cells in which the emf was 
par t ly  derived from the heat of dilution of the electro- 
lyte. His cells all had l iquid- l iquid junctions,  and since 
he did not ment ion  them in his calculations, it is ap- 
parent  that he assumed that the Iaw held for such celIs. 

Mellencamp's original data are presented in Table I. 
Three out of the four experiments show a deviation of 
20 cal or less between the heat of di lut ion derived from 
the use of the Gibbs-Helmholtz  relat ion and that mea-  
sured calorimetrically. The percentages of error (for 
the three experiments)  based on 2 j . T . d E / d T  are 1% 
or less. These results, taken at their face value, show 
as precise an agreement  of the Gibbs-Helmholtz  rela-  
tion as can be expected on the basis of the experimental  
errors involved. 

However, I have made a careful examinat ion of 
Mellencamp's experimental  procedures and calcula- 
tions and have come to the conclusion that the excel- 
lent agreements that he found were fortuitous and 
must have resulted from the canceling of various 
errors. 

Although Mellencamp measured voltages with a pre- 
cision of IO-sV, the accuracy of his measurements of 
emf could not have been that high because of three ex- 
perimental faults: (i) he did not use flowing liquid- 
l iquid junctions;  (it) the l iquid junct ions were not at 
the same temperature  as the electrolytes in the cells; 
and ({ii) the emf measurements  were made after a 
period of hours or even days, dur ing  which time con- 
siderable diffusion must  have occurred across the l iq-  
u id- l iquid  junction,  thus al ter ing the emf of the cell 
with time. 

Another  reason that the close agreements found by 
Mellencamp cannot be valid is that  the calorimetric 
data that he used in his comparisons were not of high 
accuracy. The data that he used, given in column A of 
Table I, differ significantly from more recent data, 
given in column A of Table II. For  example, for ex- 
per iments  1 and 4 the values of AHca] differ by 190 and 
160 cal, respectively. 

MelIencamp should not be criticized for the inac- 
curacy of the calorimetric data available at that time. 
However, he is culpable in  neglecting two important  
details in the calculations. First  of all, Mellencamp used 
the integral  heats of di lut ion instead of part ial  molal 
heats (partial  molal quanti t ies were not even men-  
t ioned).  Second and most serious, he did not take into 

Table I. Mellencamp's original data (2) on the comparison of the heat of dilution computed from emf 
of cells with that obtained calorimetrically. The electrodes of all cells were amalgams. 

No. Cel l  

Hea t  of  d i l u t i on ,  cal  
2 j  �9 T �9 d E / d T ,  

Calo r im  em f  Dlf f  ea l  Er ro r ,  % 

Z n  I ZnSO~ . 5OI-~O i ZnSO~ �9 4OOHzO Z n  82 80 2 
Cd I CdSO4 �9 30.5H~O CdSO4 �9 400H20 Cd 722 701 21 
Z n  ZnCl2 �9 18.SHOO ZnCI~ �9 lf l01~O [ Z n  4530 4435 95 
P b  Pb(NO3)2 - 1O0H~O Pb(NO~)2 .  400H20 Pb  --1270 --1250 20 

707 0.3 
320 0.7 

-- 1338 7.0 
1998 1.0 

Table II. Adjustment of Table I using corrected values of the calorimetrically measured heat of 
dilution. This consists in multiplying the value obtained from the National Bureau of Standards tables 2 

by the transference number of the anion. 

Hea t  of d i l u t i o n ,  calories in cel l  
Heat of Transference 

dilution per number of (A • B) From Mellen- 
Cell No. mole ~ (A) anion (B) calorimetric camp emf data Diff 29 - T �9 dE/dT1 Error, % 

1 272 0.7 190 80 -- 110 707 16 
2 760 0.7 532 701 169 320 53 
3 4550 0.9 4095 4435 340 -- 1338 25 
4 -- 1100 0.5 --550 --1250 --700 1998 35 

A v g  330 A v g  32% 

i F r o m  Mellencamp's  data. 
~D. D. W a g m a n ,  W. H. E v a n s ,  V. B. Pa rke r ,  L Ha low,  S. M. Ba i ly ,  and  R. H. S c h u m m ,  Ed i to r s ,  "Se l ec t ed  Va lues  of  C h e m i c a l  Thermody-  

namic  P r o p e r t i e s , "  T e c h n i c a l  Note  270-3, N a t i J n a l  B u r e a u  of S t a n d a r d s ,  W a s h i n g t o n ,  D. C. (1968). 
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consideration the electrical migrat ion of ions across the 
l iquid- l iquid  junction.  This migrat ion reduced the 
amount  of salt t ransported per Faraday from one com- 
par tment  of the cell to the other. 

In  Table II  this la t ter  omission has been rectified by 
mul t ip ly ing the heat of dilution by the transference 
number  of the anion to give a more near ly  correct 
value for the calorimetrically derived heat of dilution 
resul t ing from the passage of current.  Comparisons of 
these corrected values of AHcal with Mellencamp's val-  
ues of AHemf derived from his emf measurements  on 
the cells show an average discrepancy of 330 ca] and 
an average percentage error  of 32% based on the value 
of 2 j .T-dE/dT.  

The third and last example of a test of the Gibbs-  
Helmholtz equation that I have taken from the l i tera-  
ture utilizes the data of Gerke (3). Gerke measured 
the emf and the temperature  coefficient of the emf of 
cells of which the following two are typical 

Hg, HgC1 I H a l  (1M) I C12(1 arm) 

2Hg -5 C12 ~ Hg2C12 [4] 

Pb(Hg)  I PbCI~ -5 HC1 (1M) I PbC12 -5 AgC1, Ag 

Pb -5 2AgC1 -~ PbC12 -5 2Ag [5] 

,Gerke did not examine the relat ion of his data to 
the Gibbs-Helmholtz  equat ion but  was concerned with 
testing the third law of thermodynamics.  However, his 
data was used by MacInnes (4) to i l lustrate the Gibbs- 
Helmholtz equation. The five examples cited show dis- 
crepancies ranging from 30 to 2600 cal with an average 
discrepancy of 870 cal. If the large discrepancy of 2600 
cal is omitted, the average discrepancy was about 440 
cal. 

In  contrast to these discrepancies, Gerke 's  results 
(based on the tempera ture  coefficient of the emf of 
the cells) agreed with the thi rd  law within  30 cal. This 
indicates that his measurements  of the temperature  
coefficients of emf were accurate. If such measurements  
are general ly  accurate, it would throw the onus of 
the large discrepancies of hundreds  of calories ob- 
served in the tests of the Gibbs-Helmholtz  equation 
(as shown by the data of Bugarszky, Mellencamp, and 
Gerke) on e i ther  the inaccuracy of conventional  calori- 
metric measurements  or on the imprecision of the 
equation, or on both. 

Gibbs-Heimholtz Equation Applied to Concentration 
Cells without Transference 

The simplest and most accurate way in which to 
check the precision of the Gibbs-Helmholtz  equation is 
to use concentrat ion cells having no l iquid- l iquid  junc -  
tions. These cells are 'formed by connecting together 
two of the same kind of simple cells, similar in  all 
respects except for a difference in the concentrat ion of 
the electrolyte, with the added specification that  one 
electrode be reversible with respect to the cation, the 
other reversible with respect to the anion. For ex- 
ample, the two cells 

I.i~ ] HC1, conc C1 I C12 [6] 

K~ I HCI, conc C~ I CI~ [7] 

can be connected together to give the concentration 
cells 

C12 ] HCI, conc C1 l] Ha ]1 HC1, conc C2 I C12 [8] 
or 

H2 I HC1, conc C1 [1 Cl~ l] HC1, conc Ca I I.i2 [9] 

It makes no difference as to the order in which the 
simple cells are connected. Cells [8] and [9] yield the 
same reaction and the same emf. 

The simple cells of the type used by Gerke would 
not yield a concentrat ion cell because the composition 
of the electrolyte does not change on operation of the 
cell. For example, the cell formed by connecting two 
cells of the type of Eq. [4] 

C12 [ HC1, conc C1 ]1 Hg, Hg2C12 11 HC1, conc C2 l C12 [10] 

appears similar to Eq. [8], above. However, passage of 
current  through this cell simply results in the t ransfer  
of chlorine from one end of the cell to the other. This 
involves no energy, hence this cell should have no emf. 

The passage of 1F of current  through the concentra-  
tion cells [8] or [9] results in the t ransfer  of one 
equivalent  of HC1 from the solution at higher concen- 
trat ion to the solution at the lower concentration. The 
enthalpy change, AHcal, involved in the working of the 
cell is equal to the difference between the part ial  molal 
heats of solution of HC1 in solutions of concentrat ion 
C1 and C2. The electrical energy developed by the cell 
comes from two sources: the aforementioned enthalpy 
change, AHcal, and the heat, Qrev, reversibly absorbed 
from the surroundings.  This lat ter  portion of energy is  
the quant i ty  with which this paper is essentially con- 
cerned, and the mat ter  to be decided is whether  Qrev 
is exactly equal to nj.T.dE/dT as required by the 
Gibbs-Helmholtz equation. 

In  dealing with concentrat ion cells without  t rans-  
ference, it is unnecessary to actually electrically con- 
nect two simple cells such as Eq. [6] and Eq. [7] for 
the purpose of making measurements.  It is sufficient to 
simply subtract the emf's of the temperature  coeffi- 
cients, or the AHcal of the simple cells (for which data 
are reported in the l i terature)  to arrive at the corre- 
sponding data of emf etc. for the concentrat ion cells 
such as Eq. [8] or Eq [9]. 

It  is now necessary to just i fy the expedient of using 
concentration cells to explore the precision of the 
Gibbs-Helmholtz  equation, as is done in this paper, 
instead of dealing with simple cells, as used by 
Bugarszky and others. As noted above, the quant i ty  of 
importance in this quest is the reversible heat, Qrev, 
and it is the more accurately determined (via Eq. [1]) 
the larger it is relative to AHcal. In  simple cells Qrev 
may range widely in magnitude,  but  in many  instances 
it amounts  to only from one- th i rd  to one- ten th  of the 
magni tude of AHcal. In  concentrat ion cells the enthalpy 
change, AHcal, is of course much smaller  than in  simple 
cells, but  this is not the mat ter  of importance. The 
improvement  of the precision of the test using con- 
centrat ion cells results from the si tuation that  the 
magni tude of Q~v is closer to that  of AHcal than in the 
case of simple cells. Although in  the concentrat ion 
cells, also, the ratio of Qrev to AHcal may vary  over a 
wide range, in  many  instances Qrev is of the same mag-  
ni tude as AHcai and may be larger; it seldom is smaller 
than one-third the size of AHc~I. 

Another  important  source of the improved precision 
of the test, using concentrat ion cells, is that in the 
subtract ion of the values of emf and AHcal obtained 
for simple cells (to derive the values for concentration 
cells) some errors cancel out. For example, if only 
the difference of two voltages was to be determined, the 
zero point of the ins t rument  would be of no conse- 
quence. As a concrete example of the m a n n e r  in which 
taking differences improves precision, I have compared 
the data of Stur tevant  (5) with that  of Rossini (6) for 
the partial  molal heats of di lut ion of hydrochloric acid 
over the range 021 to 3.24M. The values for 12 con- 
centrat ions of HC1 differed by an average of 53 cal. 
However, if for each investigator 's  data, the 0.25M 
solution were taken as the reference value from which 
the values of the other concentrations of solutions were 
subtracted (which would be done with concentrat ion 
cells as discussed above),  then the two sets of data 
differed only by an average of 17 cal. This is a three-  
fold improvement  in precision. Going a step farther, 
if the comparison were made over the more l imited 
range of 9 concentrations between 0.16 and 3.24M, the 
average difference between the two sets of data was 
only 10 cal. 

The comparison of AHcal with AHe~f to obtain a mea-  
sure of the precision of the Gibbs-Helmholtz  equation 
(or a comparison of Qrev with nj'T'dE/dT) does not 
involve any judgment  as to whether  or not  the equa-  
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tion is an exact law of nature.  To make such a judg- 
ment  would require  an exact knowledge of the exper i -  
mental  error  so as to be able to determine whether  the 
discrepancies were  within or greater  than the exper i -  
mental  error. 

It is my opinion that  not enough inforrhation is 
available to determine the exper imenta l  error. Never -  
theless, even  a rough est imate is of value as a guide. 
even though no conclusions should be based on it. 

The exper imenta l  error  has two sources: the mea-  
surement  of emf and the calorimetric measurements .  
The emf of a cell is general ly  measured with  a pre-  0.1/0.07 
cision of 10-sV or better. The heat equivalent  of this o.1/0.o5 

0.1/0.02 
error  per mole (nj.10 -5) would be less than a calorie, 0.1/0.01 
hence not significant. A larger  error  is involved in the 0.1/0.00s 

0.1/0.002 
determinat ion of the t e rm nj .T.dE/dT.  The tempera -  o.1/o.ool 
ture coefficient of emf is usual ly determined by mea-  0.001/0.002 

0.001/0.005 
surement  of emf's ten degrees apart  and the precision 0.001/0.01 
of dE/dT might  be 10-6V. Since T is usually about 300, 
the value of j .T .dE/dT  might  be in e r ror  by about 
7 cal. 

With regard to calorimetric measurements ,  the above 
comparison of the data of S tur tevant  wi th  that  of 
Rossini gave a precision of about 17 cal on a re la t ive  
basis for the part ial  molal  heat  of dilution of hydro-  
chloric acid. The sum of the errors involved in the test 
of the precision of the Gibbs-Helmhol tz  equation via 
HC1 concentrat ion cells would thus be about 24 cal 
(17 + 7). This amount  is not far  f rom the precision of 
30 cal that Gerke found in his test of the third law, 
which involved measurements  of both t empera tu re  co- 
efficients of emf  and heat capacities of elements. As an 
estimate of the exper imenta l  error  in the tests involv-  
ing the HC1 concentrat ion cells, a value of 30 cal seems 
reasonable. 

A measure of the calorimetr ic  er ror  involved in the 
determinat ion of the heats of dilution of sulfuric acid 
is not available, as in the case of HC1, because there 
are not two different sets of data covering a wide range 
of concentration. The papers of Kunzler  and Giauque 
(7) and of Giauque, Hornung, Kunzler,  and Rubin (8) 
do not give an estimate of the precision of measure -  
ment  of the part ial  molal  heat  of dilution of sulfuric 
acid. A s ta tement  in the la t ter  paper implies that  the 
precision should be bet ter  than 100 cal. Data, however,  
are given to the nearest  calorie. Without  more data to 
go on, I suggest 100 cal as the total exper imenta l  er ror  
involved in the test of the Gibbs-Helmhol tz  equation 
via sulfuric acid concentrat ion cells. This is equivalent  
to considering that  the error  in the measurement  of 
the re la t ive  par t ia l  molal  heats of dilution of sulfuric 
acid is not greater  than 1%. 

Concentration Cells without Transference Containing 
Either Hydrochloric or Sulfuric Acid 

.In this section I have invest igated the precision of 
the Gibbs-Helmhol tz  equation with respect to con- 
centrat ion cells constructed f rom simple cells for which 
data were  reported in the l i terature.  I have combined 
the simple cells in many  different fashions to form 
concentrat ion cells in which the ratios of the concen- 
trations var ied widely. 

The data on the hydrochloric  acid cells were  taken 
from four sources. The concentrat ion of acid covered 
the range f rom 0.001 to about 15M. 

Table III  contains data on concentrat ion cells con- 
structed f rom the simple cells measured by Bates and 
Bower  (9) M o l a l i t y  

of HCI 

H2 J HC1, M1 J l Ag, AgC1 I I HC1, M2 J H2 [Ii] 
3.0-2.0 

These concentrat ion cells had electrolytes in the di lute 3.0-1.0 
range of 0.0001-0.1M. The comparisons are based on the 3.0-0.5 

3.0-0.1 
part ial  molal  heats of dilution of both Rossini (6) and 3.o-0.01 
Stur tevant  (5). The difference be tween  the calorimetric 4.0-o.0ol 

4.0-0.01 
-%Hcal and the value of A H e m f  (derived f rom the Gibbs- 4.0-0.10 
Helmholtz  relation) is about 9 cal on the average, 4.9-1.o0 

4.0-2.00 based on Rossini's data and about 30 cal, based on 4.0-8.00 
Stur tevant ' s  data. These differences are wi th in  the ex-  

Table I11. Survey of the precision of the Gibbs-Helmholtz equation 
based on hydrochloric acid concentration cells without transport 

constructed from the data of Bates and Bowers (9). 

H2 I HCI, M1 I I Ag, AgCI i I HCI, M~ I H2 

-- AHca 1,2 cal Di f fe rence  

S t u r -  --•Hemf + AHca* Reversible 
Mola l i t y  --AHem~, z Ross in i  t e v a n t  S t u r -  hea t ,  cal 
of HCI cal  (6) (5) Ros s in i  t e v a n t  j �9 T �9 dE~tiT 

46 36 28  10 18 350 
71 66 51 5 20 701 

140 127 lO0 13 40 1655 
159 155 123 4 36 2420 
181 178 142 3 39 3183 
213 196 155 22 63 4205 
221 209 167 12 54 5008 

O IO lO --  10 - -  10 805 
27 31 26 --4 1 1822 
60 52 45 8 15 2590 

A v g  9 30 

1 A[-/em f = P a r t i a l  m o l a l  hea t  of d i l u t i o n  c o m p u t e d  f r o m  the  emf  
of the  cel l  and  d E / d T .  

AHc~ = P a r t i a l  m o l a l  h e a t  of  d i l u t i o n  o b t a i n e d  by  calorimetry.  

per imental  error  of 30 cal which I had suggested. Quite 
apart  f rom their  use vis-a-vis the Gibbs-Helmhol tz  
equation, these cells have an interest  in themselves.  In 
contrast to the other  concentrat ion cells examined, 
their  reversible  heat  (given by j .T .dE/dT)  is 10 or 20 
t imes greater  than the enthalpy change due to heat of 
dilution. Thus these cells function main ly  as heat  
engines. 

The HC1 concentrat ion cells presented in Tables IV, 
V, and VI differ f rom those in Table III in possessing 
a more concentrated electrolyte.  At least one compart-  
ment  of the cell had an HC1 concentrat ion of 3.0M or 
higher. 

The data in Table IV are based on the simple cell 
data of Harned and Ehlers (10) and those in Table V 
are based on the data of Aker lof  and Teare (11). The 
concentrat ion cells were  of the same type as in Table 
III (see Eq. [11]). The average difference be tween  
~Hc~l and AHemf in Table IV is about 40 cal and in 
Table V about 76 cal. The data in Table V covers a 
higher  range of HC1 concentrat ion (3-15M) than the 
data in Table IV (0.001-4M). 

The results in Table VI are based on the data of 
Cerquetti ,  Longhi, and Mussini (12). Their  simple cells 
differ f rom those on which Tables I I I -V  are based in 
that the positive electrode was a chlorine electrode in- 
stead of a s i lver-s i lver  chloride electrode. The concen- 
t ra t ion cell constructed f rom the simple cells is 

I-I2 I HC1, M1 If Pt, C12, P t  l] HC1, M2 [ H2 [12] 

The data of Table VI gives an average difference of 
250 cal be tween  AHcal and AHemf. This large difference 
may be par t ly  due to a lack of precision in drawing a 

Table IV. Survey of the precision of the Gibbs-Helmholtz equation 
based on hydrochloric acid concentration cells without transport 

constructed from the data of Harned and Ehlers (10) 

H~ I HO, M~ I I Ag, AgCI II HCI, M2 I H2 

-- AHca], cal Difference 

Stur- --AHemt + A/~cal  Reversible  
--AHemf, Ross in i  t e v a n t  Stur- heat,  cal 

cal  (6) (5) Ros s in i  t e v a n t  j �9 T �9 d ~ / d T  

473 436 426 37 47 323 
831 847 842 34 89 998 

1116 1067 1056 49 60 1652 
1356 1318 1286 48 70 3270 
1463 1526 1455 --63 8 5735 
1958 1980 - -  --22 - -  858 
1917 1926 ~ - - 9  -- 596 
1823 1771 - -  52 - -  3 4 9  

1353 1300 -- 53 -- 1208 
945 890 - -  56 - -  5 3 5  

473 460 - -  13 -- 216 
Avg 40 45 
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Table V. Survey of the precision of the Gibbs-Helmholtz equation 
based on hydrochloric acid concentration cells without transport 

consffucted from the data of Akerlof and Teare (11). Calorimetric 
values all obtained from data of Rossini (6). 

H2 [ HCI, M1 ]l Ag, AgCl II HCI, M2 [ I'~ 

R e v e r s i b l e  
Mola l i t y  -- AHemf, - - h H c a l ,  D i f f e r e n c e  hea t ,  cal  

of HC1 cal  cal  --A['~emf + AHca] j �9 T �9 d E / d T  

3.0-4.0 450 460 --I0 247 
3.0-6.0 1409 1390 16 481 
3.0-7.0 1970 1865 105 515 
3.0-8.0 2443 2370 73 542 
3.0-9.0 2966 2870 96 516 
3.0-10,0 3460 3363 97 481 
3.0-12.0 4340 4285 55 433 
3.0-14.0 5303 5180 123 165 
4.0-5.0 520 470 50 125 
4.0-6.0 1012 930 82 199 
4.0-7.0 1525 1405 120 261 
4.0-8.0 2002 1910 92 275 
4.0-9.0 2508 2410 98 282 
4.0-10.0 3010 2903 107 234 
4.0-12.0 3916 3825 91 131 
6.0-8.0 995 980 15 69 
6.0-10.0 2018 1973 45 9 
6.0-12.0 2906 2895 11 70 

14.0-4.0 4842 4720 122 76 
14.0-5,0 4302 4250 52 158 
14.0-6.0 3837 3790 47 289 
14.0-7.0 3294 3315 --21 288 
14.0-8.0 2833 2810 23 344 
14.0-9.0 2334 2310 24 350 
14.0-10.0 1846 1817 29 337 
14.0-12.0 964 895 69 282 
15.0-14.0 438 410 23 152 
15.0-13.0 1100 835 255 392 
15.0-11.0 1964 1730 234 508 

A v g  76 

Table VI. Survey of the precision of the Gibbs-Helmholtz equation 
based on hydrochloric a:id concentration cells without transport 

constructed from the data of Cerquetti, Longhi, and Mussini (12). 
Calorimetric values all obtained from data of Rossini (6). 

H2 [ HCI, Mz II Pt, CI,2, Pt II HCI, M2 ] H2 

R e v e r s i b l e  
M o l a l i t y  -- AHemf, -- AHcal, D i f f e r e n c e  heat,  cal 

of HC1 cal  cal  - A H e m f  + AHesl  j �9 T �9 d E / d T  

Table VII. Survey of the precision of the Gibbs-Helmholtz equation 
based on sulfuric acid concentration cells without transport 

constructed from the data of Harned and Hamer (13). Calorimetric 
values of partial molal heats of dilution, ~Hcal, obtained from 

data of Giauque et al. (8) for acid concentrations above 1.0M and 
from Young (14) for lower acid concentrations. Temperature 25 ~ . 

Reversible  
heat,  ea l  

M o l a l i t y  of  -- A[-/emf, -- Al~cal, D i f f e r e n c e  2 �9 J �9 T �9 
H~SO~(M) cal  ca l  - -AHemf  + AHcal d E / d T  

Cell H2 I H2SO4 (0.05M) I[ H~2S04, Hg ][ H2SO4 (M) ] H2 was 
used for concentrations above 0.05M. 

Cell H2 I H2SO4 (O.05M) i J PbSO4, PbO~, Pt I I H2S04 (M) j H2 was 
used for concentrations below 0.05M. 

17.5 10,884 10,312 572 2140 
16.0 10,266 9851 415 2280 
14.0 9447 9181 266 2430 
12.0 8532 8396 130 2600 
10.0 7535 7487 48 2750 

8.0 6379 6354 25 2910 
6.0 5009 4857 152 3050 
4.0 3397 3013 384 3170 
3.0 2530 2119 411 3190 
2.0 1679 1367 312 3090 
1.0 1197 889 308 2420 
0.5 900 707 193 1790 
0.2 734 500 233 870 
0.1 496 285 211 300 
0.05 0 0 O 
0.02 456 625 -- 169 660 
0.01 938 1205 --267 1070 
0.005 1693 1875 -- 182 1280 
0.002 2713 2883 -- 170 1580 
0.001 3322 3530 --208 2030 
0.0005 3792 3965 - -173 2690 

AvE 225 

Cell H2 I H2S04 (I.0M) I I Hg2S04, Hg II H2S04 (M) I H2 
2.0 482 478 4 670 
3.0 1333 1230 103 770 
4.0 2200 2124 76 750 
6.0 3812 3968 -- 156 630 
8.0 5182 5465 --283 490 

10.0 6338 6598 --260 330 
12.0 7335 7507 -- 172 180 
14.0 8250 8292 --42 I0 
16.0 9069 8962 107 -- 140 
17.5 9687 9423 264 --280 

Avg 147 

1.000-3.084 1127 890 237 826 
1.000-3.701 1415 1150 265 941 
1.000-4.626 1800 1590 210 1141 
1.000-5.551 2280 2015 265 1216 
1.000-6.938 3110 2665 445 1168 
1.000-7.930 3220 3175 45 1580 
1.000-9.251 3887 3825 62 1554 
1.000-10.092 4585 4245 340 1236 
1.000-11.102 5040 4700 340 1202 

11.102-10.092 699 455 244 275 
11.102-9.251 1215 900 315 412 

A v g  251 

tangent  to the curve of emf vs. temperature  at a t em-  
perature  of 25 ~ , since the authors '  data did not have 
values below this temperature.  

The researches of Harned and Hamer (13) on the 
thermodynamics  of aqueous sulfuric acid solutions 
yield another  large amount  of accurate data for ex- 
amining the precision of the Gibbs-Helmholtz  equa-  
tion. Their  data cover the range of concentrat ion from 
0.005 to 17.5M. Cells of the type 

H2 ] H2SO4, M I Hg2SO4, Hg [13] 

were used for concentrat ions of acid above 0.05M and 
cells of the type 

H2 ] H2SO4, M I PbO2, PbSO4, Pt  [14] 

for acid concentrat ions below 0.05M. With their  data 
for the simple cells it was possible to obtain similar 
data for the following concentrat ion cells 

H 2  I H 2 S O 4 ,  M 1  II H g 2 S O 4 ,  H g  I! H 2 S O 4  I M 2  �9 I-I2 1115]  

o r  

H2 I H~SO4, M1 I I PbSO4, PbO2, Pt  I I H2SO4, M2 I H2 [16] 

In  Table VII the difference between the part ial  molal  
heats of di lut ion of sulfuric acid at two concentrations 

has been calculated from the data of Harned and 
Hamer (13), via the Gibbs-Helmholtz  equation. This 
q u a n t i t y ,  A H e m f ,  is compared with the similar quantity,  
~Hc~,, obtained from the calorimetric data of Giauque 
and co-workers (8) for the range of acid concentrat ion 
from 1.0 to 17.5M and from the data of Young (14) for 
the lower range of concentration. 

In  Table VII data are given for two sets of concen- 
trat ion cells: one set of cells with a compartment  con- 
ta ining 0.05M sulfuric acid and the other set with a 
compartment  containing 1.0M sulfuric acid. The aver-  
age deviation of the A H c a l  values from the A H e m f  values 
(derived via the Gibbs-Helmholtz  equation) is about 
225 cal for the first set of concentrat ion cells and 147 
cal for the second set of concentrat ion cells. Some of 
the differences were larger than 300 cal. 

Sulfuric Acid Concentration Cells with Transference 
Hamer (15) measured the emf and the tempera ture  

coefficient of the emf of the following cell in which 
there is t ransference of sulfuric acid from one com- 
par tment  to the other dur ing the working of the cell 

Hg, Hg2SO4 ! H2SO4, M1 I I H2SO4, M2 I Hg2SO4, Hg [17] 

The objective of Hamer 's  research was to determine 
the transference number  of the ions of sulfuric acid as 
a function of concentrat ion and temperature,  and he 
did not use his data to check the precision of the 
Gibbs-Helmholtz  equation. 

For testing the precision, the calorimetric value of 
the part ial  molal heat of di lut ion of sulfuric acid, 
AHcal, must  be known for comparison with AHemf. This 
requires a measurement  that was not needed for the 
concentrat ion cells without  transference, namely  the 
transference number ,  t+, of the hydrogen ion. The tea-  
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son for this is that in the working of a cell with l iquid- 
l iquid junct ions and with electrodes reversible with 
respect to the anion, the passage of 1F of electricity 
through the cell results in the t ransport  of only t+ 
equivalents of sulfuric acid from one compartment  to 
the other. To obtain the heat effect result ing from the 
passage of 2F through the cell, the difference between 
the partial  molal heats of di lut ion for concentrations 
M1 and M2 must  be mult ipl ied by t+. This has been 
done, using Hamer 's  values for t+, to yield the values 
of AHca, given in Table VIII. 

In  this table the values of AHemf obtained by ap- 
plying the Gibbs-Helmholtz  equation to Hamer's  data 
are compared with AHcal derived as mentioned in the 
preceding paragraph. The average discrepancy is about 
600 cal, which is considerably larger than that for cells 
without transference. 

Calculation of the Gibbs=Helmholtz Discrepancy from 
the Transference Number of the Hydrogen Ion 

In Part  I of this series, I showed that the Gibbs-  
Helmholtz discrepancy could be calculated from data 
on the variat ion of ionic mobilities with temperature,  
by using Henderson's  equation. A similar t rea tment  
of the data on sulfuric acid concentrat ion cells with 
transference permits the Gibbs-Helmholtz discrepancy 
to be easily calculated from the variat ion of the t rans-  
ference number  of the hydrogen ion with temperature,  
which, of course, in the final analysis means that the 
discrepancy is due to var iat ion of ionic inabilit ies with 
temperature.  

The calculation in  the case of the sulfuric acid con- 
centrat ion cells is more straightforward and convincing 
than that with the l iquid-l iquid,  t r i - junc t ion  cells, be- 
cause the calorimetric effects (partial  molal heats of 
dilution of sulfuric acid) are accurately known and 
did not have to be calculated as was done with the tr i -  
junct ion cells. Furthermore,  the data on the variat ion 
of transference number  of the hydrogen ion with tem- 
perature were directly available from Hamer 's  (15) 
publication. 

The derivation of the Gibbs-Helmholtz  discrepancy 
is as follows: The passage of 1F of electricity through 
the cell with t ransport  results in the t ransfer  of t+ 

Table VIII. Survey of the precision of the Gibbs-Helmholtz 
equation based on sulfuric acid concentration cells with transport 

constructed from the data of Homer (15) on the cells 

Hg, Hg2S04 I H2S04, MI [l H~S04, M2 ] Hg2S04, Hg 

Calorimetric values of partial maim heats of dilution, AHcal, 
obtained from data of Giauque et al. (8). 1 

M o l a l i t y  Revers ible  
of HeSO4 h e a t ,  ca l  

--AHemf, --~Hcal • t+, D i f f e r e n c e  2 �9 j �9 T �9 
tYfz Ms ca l  ca l  - -AHemf + AHcal d E / d T  

0.05 0.1 
0.1 0.2 830 495 335 + 880 
0.2 0.3 

0.3 0.5 
0.6 1.0 1795 615 1180 + 365 
1.O 2.0 

2.0 3.0 
3.0 4.0 2970 1990 980 -- 992 
4.0 5.0 

5.0 6.0 
6.0 7.0 2300 1720 580 -- 908 
7.0 8.0 

8.0 9.0 
9.0 10.0 1620 1070 560 - - 6 7 3  

10.0 11.0 

11.0 12.0 
12.0 13.0 1166 735 430 - - 4 6 7  
13.0 14.0 

14.0 15.0 
15.0 16,0 920 530 390 --385 
16.0 17.0 

A v g  635 

1 Each  of the  7 sec t ions  in  the  above  Tab le  r e p r e s e n t s  the  re su l t s  
for 3 concentration cells, as noted under MI and i%~4, considered con- 
nected in series. 

equivalents of sulfuric acid from one side to the other. 
Consequently, the emf, Et, of the cell is considered as 
equal to that of the cell without transport~ E, multi- 
plied by t+, which is the transport number of the hy- 
drogen ion 

/ 

njEt = njE " t+ -~ t+ (--AHeal 

+ T --~d~ + KT" ln" fc [18] 

where j is approximately 23,050 cal/V-F. The last term 
represents some form of the Nernst  relat ion for emf 
with fc representing some function of concentrat ion of 
sulfuric acid in the two sides of the cell. 

Differentiation of Eq. [18] gives 

dEtdT dt+dT < - - h H c a l + T y ~ d T  

) ( d ( A H c a l )  Cp 
+ KT . ln .  ]c + t+ dT + T'--T 

fco ) 
+ y d T  + K �9 in  �9 fe [19] 

Note that 
d (AHcaI) Cp 

-t- T " :-  0 [20] 
dT T 

Multiplying both sides of Eq. [19] by T gives 

niT dEt dr+ ( y Cp 
�9 dT :T.~dT --AHcaI+T y+dT 

+ KT " ln" fe >+ t+ ( T" y - ~ - d T  + KT . ln '  ]c ) 

[21] 

Rewrite Eq. [21] so as to place the t+ ( ) term on 
the left 

t+ ( T y ~ - d T  + KT . ln . ,c ) = njT . dE_.__~t 

d$+ <--AHcal-~Ty-~dWJcgW.ln.,c ) - - T .  dT 
[22] 

Subst i tute  the left side of Eq. [22] into Eq. [18] for Et 
using the values on the right side of Eq. [22] and at the 
same t ime substi tute the terms in the parenthesis on 
the right side of Eq. [22] for their value given by 
Eq. [18] which is njEt/t+. This yields a simple equa- 
tion for Et in terms of tempera ture  coefficients 

dE dt+ Et 
njEt = --t+ " AHcal + T ' - - n j - -  T nj  

dT dT t + 
[23] 

Note that  in the cell with transport,  the heat effect 
for the passage of 2F is t+ �9 AHcal, hence the Gibbs-  
Helmholtz discrepancy is given by the equation 

discrepancy = --AHemf 2c t+ �9 hHcal [24] 

To derive the expression for the discrepancy, sub- 
tract the Gibbs-Helmholtz  equation, Eq. [25] from Eq. 
[23] and rearrange terms to yield Eq. [26] for the dis- 
crepancy 

dEt 
r~jEt ---- - - A / - / e m f  -~- 9%iT �9 ~ [ 2 5 ]  

dT 

dt + Et 
discrepancy ---- - -T  �9 - -  �9 n j  [26] 

dT t+ 
Table IX gives the values of the discrepancies, which 

have been calculated from Eq. [26] using data for El, 
t+, and dt+/dT obtained from Hamer 's  publicat ion 
(15). In my opinion, the agreement  is satisfactory ex- 
cept for the first en t ry  in the table. 
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Table IX. Gibbs-Helmholtz discrepancy calculated from the 
variation of the transference number, t+, of the hydrogen ion with 

temperature (see Eq. [26]) with data obtained from Hamer (15). 

Cone Discrepancy 
range of 

I-I~,SO~ --AH~al ,  Ca]c,  E x p ,  
(1VJ) ca] E t ,  V t+ dt+/dT ca] cal  

0.05-0.30 605 0.03704 0.819 0.00113 813 335 
0.30-2.0 762 0.04731 0.806 0.00121 969 1189 
2.0-5.0 2593  0 .04292 0 . 7 6 8  0.00125 966 980 
5.0-8.0 2394 0,03015 0.716 0.00130 757 580 
8 .0 - I I . 0  1588 0 .02057 0 . 6 6 3  0.00120 515 550 

11.0-14.0 1239 0 .01513 0 . 6 0 5  0.00095 329 430 
14.0-17.0 988 0.01160 0,537 0.00060 179 390 

Summary and Discussion 
1. The absolute value of AHemf was general ly larger 

than that  of AHca]. 
2. In  dilute solutions of HC1 the discrepancies were 

small  and wi th in  exper imental  error. 
3. The discrepancies for the concentrated solutions 

of HC1 and most of the sulfuric a~cid concentrat ion cells 
were more than 100 cal and in some instances a few 
hundred  calories, which, in my opinion, is greater than 
the exper imental  error. 

4. The largest discrepancies occurred with sulfuric 
acid concentrat ion cells with transference. 

5. The discrepancies for the sulfuric acid cells with 
t ransference were readily calculated on the basis of the 
var iat ion of the t ransference number  of the hydrogen 
ion with temperature.  

The discrepancies of the Gibbs-Helmholtz  equation 
have been calculated for two different types of concen- 
t ra t ion cells. In Par t  I of this series it was calculated 
for tri-junction cells in which the emf was generated 
entirely by liquid-liquid junctions. In this paper, Part 
II of the series, it was calculated for a conventior~al 
type of concentration cell with transport. The impor- 
tance of these calculations is that they show that for at 
least two types of cells, the discrepancy is a genuine 
phenomenon and not an experimental error. 

To preserve the sanctity of the Gibbs-Helmholtz 
equation (which is a laudable crusade, since so much 
has been based on it), the theorists can prohibit appli- 
cation of the equation to any cell with a liquid-liquid 
junction.  However, this seems a bit  ex  post ~acto, be-  
cause at least up to this moment,  the data derived 
from the sulfuric acid concentrat ion cells with t rans-  
ference have been considered as thermodynamical ly  
acceptabIe. In  t reat ing of the use of such cells for ob- 
ta ining t ransference numbers ,  MacInnes (16) stated 
that, "Although thermodynamica l ly  sound this method 
for obtaining transference numbers  has not at-  
tained the accuracy of the recent moving boundary  or 
Hittorf  methods." The general  acceptabili ty of the data 
from such cells is fur ther  i l lustrated by the inclusion 
of Hamer 's  data on the t ransference numbers  of the 
hydrogen ion in  sulfuric acid (derived from the cells 
with transference) in  the s tandard reference works, 
such as the Landol t -BSrnste in  (17). 

If the sulfuric acid cells with t ransference are ac- 
cepted as thermodynamica l ly  correct, there seems to be 
no reason why the t r i - junc t ion  cells with three l iquid-  
l iquid junct ions should not also be acceptable. Fur ther -  
more since the Gibbs-Helmholtz  discrepancy could be 
calculated for them, this would seem to put  them in  the 

same thermodynamica l ly  acceptable class as the sul-  
furic acid concentrat ion cells with transference. 

However, even if the cells with a l iquid- l iquid  junc-  
tion are excluded from part icipat ion in the Gibbs- 
He]mholtz equation, the theorist must  still face the 
situation that  the discrepancies of many  of the cells 
without  t ransference are ra ther  large. These might  be 
dismissed on the basis of a large exper imental  error. 
However, even this crutch is swept away, because in 
Part  III of this series I shall show that  the discrepan- 
cies for the sulfuric acid cells without  transference 
can be explained or even roughly calculated on the 
basis of a shift of equi l ibr ium with temperature.  In  
the final analysis, the variation of ionic mob.ilities and 
of transference numbers with temperature is caused 
by a shift of equilibrium. 

In view of the foregoing discussion, it seems to me 
simpler to deal with the Gibbs-Helmholtz discrepancies 
by accepting the situation that the equation for the 
emf of a galvanic cell 

njE = --AH + T • AS [27] 

is not accurate and that it must  be specifically modified 
or supplemented as required for each individual  cell. 
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ABSTRACT 

Two chronopotentiometric waves were observed for the electrochemical 
reduction of molybdate in the presence of zinc chloride, with quar te r -wave  
potentials of --1.5V and --1.75V vs. the P t ( I I ) / P t  reference electrode, re- 
spectively. It was observed that an increase in the molybdate concentrat ion 
causes a decrease of the first t ransi t ion time indicating a chemical reaction 
between ZnC12 (which is reduced at --1.5V) and LifMoO4 in the melt  forming 
ZnMoO4 which is sparingly dissociated in LiC1-KC1 eutectic. The equi l ibr ium 
constant 'for the observed reaction was calculated. X- ray  powder diffraction 
pat terns of the reduction product of ZnMoO4 have been obtained. 

Lai t inen and Propp (1) have shown that  the electro- 
chemical reduction product  of KfCrO4 in LiC1-KC1 
eutectic containing dissolved MgC12 is a single com- 
pound of formula LixMgyCrO4, where x § 2y ---- 5. 
Lai t inen and Hanck (2) observed that the reduction 
of chromate in the presence of Zn( I I )  was shifted from 
--1.0V vs. Pt ( I I ) /P t  reference to --0.5V. Analysis of the 
deposit indicated the composition to be LiZnfCrO4. 
Lai t inen and Popov (3) also observed that  when 
chromate is reduced in the presence of NiC12 at 500~ 
the deposit approaches the composition LiNifCrO4. 

The purpose of the present  research is to charac- 
terize the insoluble electrode deposit formed when 
Li~MoO4 is reduced in the presence of ZnC12 in LiC1- 
KC1 eutectic. The knowledge gained through this 
study will  contr ibute  to the over-al l  unders tanding  of 
moIybdate electrochemistry (4, 5) and should aid the 
interpreta t ion of the mechanism of the electrochemical 
reduction of LifMoO4 in  LiC1-KC1 eutectic. 

Experimental 
Solvent.--The eutectic mixture  of potassium chloride 

[41 mole per cent (m/o) ]  and l i th ium chloride (59 
m/o)  at 450~ was used as a solvent system. The 
LiC1-KC1 eutectic was obtained from Anderson Physics 
Laboratories, Incorporated, Champaign, Illinois. The 
method of purification has been described (1). 

Apparatus.--The ins t rumenta t ion  and equipment  
used in this s tudy have been previously described 
(1-5). 

Electrolytic cel l --The cell used in this exper iment  
has been previously described (6). Within  this cell 
and under  an atmosphere of dry, oxygen-free argon, 
the solvent was allowed to collect into the fritted com- 
par tments  which were used as experimental  cells. At 
the end of the exper iment  the volume of each compart-  
ment  was determined by t i t rat ing its chloride content, 
and making  calculations from the known density of the 
melt  at 450~ 

Electrodes.--The reference electrode was a p la t inum 
foil in  contact with p l a t inum(I I )  solution. This refer-  
ence electrode has been shown to be reproducible and- 
nonpolarizable over a long period of time (7). The Pt  
indicator electrode used in  this study has been pre-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member ,  
Key words: fused salts ,  z inc m o l y b d a t e ,  chronopotentiometry. 

viously described (1-5). The electrode had a geometric 
area of 0.5 cm 2 and was constructed so that the glass- 
metal  seal was always kept above the level of the 
melt. The p la t inum gauze electrodes used to prepare 
samples of the film, as well as the carbon electrode 
which served as counterelectrode in all electrochemical 
investigations in the melt, were constructed as de- 
scribed by Propp (1). 

ChemicaIs.--All chemicals used in this study were 
reagent grade. ZnMoO4 was prepared by fusion of ZnO 
and MoO3 at 700~ (8) as well as by the methods de- 
scribed by Schultze (9), Carriere (10), and Jander  
(11). The product was light rose in color and has 
been identified by x - ray  and chemical analysis as 
ZnMoO4. Those chemicals containing water  of hydra-  
t ion were vacuum dried at II0~ before being added to 
the melt. Solid chemicals were added to the melt by 
means of a small glass spoon. A blanket of argon was 
kept over the melt at all times to exclude oxygen and 
water vapor. The purification train used in purifying 
the argon has been described (i-5). 

ExperLme~tal techniques.--Samples of the electrode 
deposit result ing from the reduction were obtained by 
constant current  electrolysis using p la t inum gauze 
electrodes. Before their insert ion in the melt  solution, 
the gauze electrodes were cleaned in boiling, concen- 
trated HNO.~, rinsed with distilled water, and dried at 
130~ for 20 hr. After  the mater ial  had been deposited 
on the electrode, the electrode was allowed to cool, 
washed with deionized water, and dried at 120~ The 
deposits were then dissolved in 5 ml  of concentrated 
nitric acid by heating on a hot plate. The zinc content 
of the solution was convenient ly  determined by a sim- 
ple EDTA ti trat ion with Eriochrome Black T as the 
indicator. The molybdenum content of the deposit was 
determined by addition of an excess of Pb 2+ which was 
backti t rated with EDTA using xylenol orange as the 
indicator. The total molybdenum was also obtained 
by amperometric  t i t rat ion with lead, a procedure de- 
veloped by Aylward (12). The l i th ium content  was 
determined using flame photometry, observing the Li 
emission at 670.8 nm. X- ray  powder diffraction pat terns 
were obtained using an 11.47-cm camera loaded with 
Ilford Type G x - ray  film and exposed to Ni filtered 
CuE: ~ radiation. The Cu tube was mounted  in  a No- 
relco generator. Chloride was determined by the V01- 
hard method. 

1616 
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Fig. 1. Potential-time curves 
for chronopotentiometric reduc- 
tion of mixture ZnCI2-Li2MoO~.. 
Current density = 50.4 raM/ 
on12.  

Concen- Concen- 
tration of tration of 

ZnCI2, mm Li2Mo04, mm 

a. 74 0 
b. 74 7.55 
c. 74 19.3 
d. 74 32.7 
e. 74 51.8 
f. 74 87.8 
g. 74 118.5 

Results and Discussion 
ZnCl2-LizMoO4-LiCI-KCl system.--Under certain 

conditions one chronopotent iometr ic  wave  is observed 
for the reduct ion of Li2MoO4 at --1.75V vs. the Pt  ( I I ) /  
Pt  reference electrode. This reduct ion was found to 
be diffusion control led over  the t ime in te rva l  invest i -  
gated. Chronopotent iograms were  obtained over  the 
concentrat ion range (5.3 • 10-SM Li2MoO4-153.3 • 
10-'~M). The average value of I~l/2/C calculated f rom 
the chronopotent iometr ic  results is 175 A sec 1/2 mole -1  
cm 3, which agrees wi th  the results obtained earl ier  
(4, 5). 

Chronopotent iometry  of ZnC12 in the absence of 
Li2MoO4 revealed  a wave  with a qua r t e r -wave  poten-  
tial of --1.5V vs. the P t ( I I ) / P t  reference electrode. Dif-  
fusion control was shown by the constancy of I~1/2/C 
at 800 • 4 A sec '1/2' mole -~ cm for  four  different con- 
centrations ranging f rom 8.34 • 10-3M to 125 • 10-~M 
at three different current  densities. The above value of 
IT1/2/C was used as a calibration factor for evaluat ing 
Zn( I I )  concentrat ion in calculat ing the format ion con- 
stant of ZnMoO4. 

The effect of Zn( I I )  on the  reduct ion of Li2MoO4 was 
demonstra ted by successively increasing the concen- 
t rat ion of Li2MoO4 at constant Zn(I I )  concentrat ion as 
shown in Fig. 1. Two chronopotent iometr ic  waves were  
observed. The first wave  has a qua r t e r -wave  potent ial  
at --1.5V vs. the P t ( I I ) / P t  reference electrode cor- 
responding to the reduct ion of Zn(I I )  and the other at 
--1.75V corresponding to the reduct ion of molybdate.  
It  was observed that  an increase on the molybdate  con- 
centrat ion in the mel t  causes a decrease of the first 
t ransi t ion t ime and at the same t ime an increase of the 
second t ransi t ion time. The quant i ta t ive  var ia t ion of 
the t ransi t ion t ime constant was tested by running 
duplicates of three  current  densities at different 
Li2MoO4 concentrations. The  decrease of Ioz 1/2, for the 
reduct ion step at --1.5V, wi th  increasing Li2MoO4 con- 
centration, is demonst ra ted  in Table  I. 

The chronopotent iometr ic  data for the second reduc-  
t ion are presented in Table II. 

The data in Tables I and II can be quant i ta t ive ly  
in te rpre ted  in terms of an equi l ib r ium 

Zn 2+ 27 MoO42- ~<~- ZnMoO4 

[Zn MOO4] X 
K =  

[Zn 2+ ] [MOO42- ] (Cznc12 - -  X )  ( C L i 2 M o 0 4  - -  X )  

The results, g iven in Table III  indicate that  K : 30.1 
• 2.9, as calculated f rom the data in Table I. 

ZnMoO4-LiC1-KC1 sys tem.- - In  order  to examine  fur -  
ther  the electrochemical  reduct ion of Li2MoO4 in the 

presence of ZnC12, chronopotent iograms of ZnMoO4 in 
mol ten  LiC1-KC1 were  obtained. 

Quali tat ively,  two chronopotent iometr ic  waves oc- 
cur in the case of ZnMoO4 reduct ion with qua r t e r - wave  
potentials at --1.5V and at --1.75V vs. the P t ( I I ) / P t  
reference electrode. 

The Sand equat ion was tested by running duplicates 
of four current  densities at five different ZnMoO4 con- 
centrations. The dependence of IoT 1/2 on C is demon-  
strated in Table IV for the first wave  and in Table V 
for the second reduction. 

The data in Tables IV and V can be quant i ta t ive ly  
in terpre ted  in terms of an equi l ibr ium 

ZnMo04 ~ Zn 2+ + MoO4 2- 

In order to compare the results given in Table IV 
for the system ZnMoO4 with those obtained for the 
system Li2MoO4-ZnC12 one can wri te  for the above 
equi l ibr ium 

[ZnMoO4] (CznMoo4  -- X) 

[Zn 2+ ] [MOO42- ] X 2 

Table I. Chronopotentiometric data for the first reduction step of 
ZnCI2 and Li2Mo04 mixtures 

Cznc12 : 74 �9 10 -3 (M) 

lor11~ 
CLI2Mo04, Io ,  ( k  �9 s e e  1/-" 

( M )  m A  - e m ~  r ,  s e e  c m  -2) 

7.55 �9 I0 -~ 50.4 1.20 55.2 �9 I0 -~ 
5 7 . 8  0 . 9 0  5 4 . 9  �9 10  ~ 
69 .8  0 . 6 5  5 6 . 3  �9 10  -a 

Avg 55.4 �9 10 -~ 

1 9 . 3 0  �9 l 0  s 5 0 . 4  1 . 0 0  5 0 . 4  �9 l o s  
5 7 . 8  0 . 7 0  4 8 . 4  
6 9 . 8  0 . 5 5  5 1 . 7  �9 l o s  

A v g  50 .2  �9 l o s  

3 2 . 7  �9 10 -a 6 0 . 4  0 . 7 5  4 3 . 6  , l 0  -a 
5 7 . 8  0 . 5 5  4 2 . 8  , l o s  
6 9 . 8  0 . 4 0  4 4 . 1  �9 l 0  -~ 

A v g  4 3 . 5  �9 l o s  

5 1 . 8  �9 10  4 5 0 . 4  0 . 4 5  3 3 . 8  �9 l o s  
5 7 . 8  0.40 3 6 . 6  
6 9 . 8  0 . 2 5  3 4 . 9  . 1 0  - a  

A v g  3 5 , 1  �9 1 0  - a  

8 7 . 8  . 10--* 4 0 . 4  0 . 4 0  2 5 . 6  �9 l o s  
5 0 . 4  0 . 2 5  2 5 . 2  �9 10"* 
57 .8  0 . 1 5  2 2 . 4  �9 l o s  

A v g  2 4 . 4 .  10  -'a 

1 1 8 . 5  �9 10  4 3 6 . 2  0 . 2 5  16 .1  �9 1O-* 
4 0 . 4  0 . 2 0  18 .1  �9 10-*  
5 0 . 4  0 . 1 5  19 .5  �9 l o s  

A v g  18 .6  - 1 0  -~ 
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Table II, Chronopotentiometric data for the second reduction step 
of ZnCI2 and 1-i2Mo04 mixtures 

Cznci2 = 74 �9 10 -3 (M) 

Io71 1/s 
L(l~r Io, 7-1 1/2, ( A  �9 see1/2 

C O& mA �9 a m  -2 7"2, see see I/2 era-4 

7.55 �9 i0 -8 50.4 -- -- -- 
18.30 �9 10 4 50.4 0.05 0.025 1.26 �9 10-4 

5 7 . 8  -- -- - -  

69.8 - -  - -  - -  

3 2 . 7  �9 10-4 50.4 0.10 0.056 2,80 �9 10-4 
57 .8  0.05 0 .033 1.91 �9 10-4 
69,8 - -  - -  - -  

A v g  2 . 3 6  - 10-4 

51.8 �9 10-4 50 ,4  0 .12  0 . 0 8 4  4 . 2 3  �9 10-4 
57.8 0.08 0 . 0 6 0  3,47 �9 10-4 
69.8 - -  - -  - -  

A v g  3 . 8 5  . 10 ~ 

87 .8  �9 10  ~ 4 0 . 4  0 . 3 0  0 . 2 0 4  8 ,24  . 10-4 
5 0 . 4  0 . 1 8  0 .156  7 .86  �9 10-4 
57 .8  0 .10  0 .112  6 .47  - 10-4 

A v g  7 .52  �9 1 0  -a 

1 1 8 . 5  �9 10-4 36 .2  0 . 4 5  0 .422  15 .2  �9 10-4 
4 0 . 4  0 .35  0 . 2 9 4  11 .9  �9 10-4 
5 0 . 4  0 .25  0 . 2 4 5  12.3  �9 10-4 

A v g  13 .1  �9 10-4 

Table Ill. Evaluation of equilibrium constant from Table I* 

C,~i~oo t [Zn2+] [Mo04~-] X K 
(M) (M) (M) (M) (M-~) 

Table V. Chronopotentiometric data for the second reduction step 
of ZnMo04 

~ o : r l  1/2 
CznMoO 4 ~'o, T 1 1 / 2  (A �9 s e c  1/~ 

( M )  m A  �9 10-4 r2, s e e  see~/g c m  -z) 

2 9 . 0 5  �9 10-4 14 .4  0 . 5 0  0 . 2 1 6  3 .76  - 10-4 
2 0 . 0  0 .30  0.188 3,11  �9 10-4 
2 4 . 4  0 .20  0 , 1 4 3  3 . 4 9 .  10-4 
30 .2  0 . 1 4  0 , 1 2 9  3 . 8 9  �9 10-4 

A v g  3 . 5 6  , 10-4 

44.3. 1O -~ 14.4 0.85 0.290 4.18 �9 10-4 
20,0 0.50 0.231 4,62 �9 10-4 
30,2 0 . 2 0  0 , 1 3 6  4,11 �9 10-4 
36.2  0 . 1 4  0 . 1 1 7  4 . 2 4 .  10-4 

A v g  4 . 2 9  �9 10-4 

8 7 . 9 '  10-4 3 0 . 2  0 . 5 5  0 . 2 4 5  7 .24  - 10-4 
36 ,2  0 . 4 0  0 , 2 0 3  7 .35  �9 10-4 
4 0 , 4  0 , 3 0  0 , 1 7 6  7 ,11  - 10-4 
50.4 0 . 2 0  0,141 7.10  . I0 -s 

A v g  7 .24  - 10-4 

107 .0  �9 10-4 30 .2  0 .80  0 . 2 9 5  8 ,91  �9 10-4 
36 .2  0 . 5 0  0 . 2 3 1  8 .36  �9 10-4 
40.4 0.40 0.203 8.40 �9 10-4 
50.4 0.30 0.187 9.40 �9 10-4 

Avg 8,77 �9 10-4 

142 .7  �9 10-4 30.2 1.05 0.338 10 .21  �9 10-4 
36 .2  0 . 7 0  0 .263  9 .52  �9 10-4 
40.4 0.60 0 . 2 5 6  10 .34  �9 10-4 
50.4 0.40 0.213 10.74 �9 10-4 

A v g  10 ,20  - 10-4 

Table VI. Evaluation of equilibrium constant from Table IV* 

Czn~o04 
( M )  X (CznMo04 - - X  ) K ,  M -1 

7 . 5 5  
19 .30  
3 2 . 7 0  
5 1 . 8 0  
8 7 . 8 0  

1 1 8 . 5 0  

1 0  ~ 68 .8  �9 10-4  2 . 3 5  �9 10-4 
10 4 8 2 . 5  . 10"-4 7 .80  - 10-4  
10-a  54 .0  �9 10-4  12 ,7  �9 10-4  
10-4  44 .0  �9 10-4  2 1 . 8  �9 10-4 
10-4 30 .5  - 10-4 4 4 . 3  . 10-4 
10 4 2 3 . 3  �9 10-4 67 .8  �9 10  "~ 

5 .2  10-4 
11,5  10-4  
20 .0  10-4  
30 .0  10-4 
43 .5  1O -a 
50 .7  10-4 

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

32 .1  
2 4 , 0  
2 9 . 2  
31 .3  
32 .2  
32 .1  

A v g  30 .2  

2 9 . 0 5  �9 10 -4 1 8 . 3 8 '  10-4 10 .67  �9 10-4 31 .6  
4 4 . 3 0  �9 10 -a 2 4 . 8 8  �9 10-4 19 .42  �9 10-4 31 .4  
87 .90  �9 10-4 3 9 . 2 0  ' 10-4 4 8 . 7 0  �9 10 4 3 1 . 7  

107 .0  �9 10-4 4 4 . 4 0  �9 10-4 6 2 . 6 0  �9 10-4 31 .7  
142 .7  �9 10-4 52 .90  �9 10-4 8 9 . 8 0  �9 10-4 32 .1  

A v g  31 .7  

Tab|e IV. Chronopotentiometric data for the first reduction step of 
ZnMo04 

IoT2/2 
CznMoO 4 I0, ( A  ' see1/2 

(1VD m A  - c m  - r  v, s e c  c rn  -~) 

2,9.05 �9 1 0  ~ 14 ,4  1 .05 14 .8  . 10-4 
2 0 . 0  0 .50  14 ,1  �9 10 -s 
2 4 . 4  0 .38  15.1  �9 10-4 
30 .2  0 .24  14 .8  �9 10-4 

A v g  14 .7  �9 10-4 

44 .3  �9 1 0  4 14.4  1 .80 19 .3  �9 10-4 
2 0 . 0  0 .95  19 .5  �9 10-4 
30 .2  0 .48  2 0 . 4  - 10-4 
36 .2  0 .32  2 0 . 4  �9 10-4 

A v g  2 0 . 0  �9 1 0  -8 

87 .9  �9 10 "-~ 30 .2  1 .00  30 .2  " 10-4 
36 .2  0 .78  32 .0  �9 10)-4 
4 0 . 4  0 .60  31 .3  �9 10-4 
50.4 0.40 32.0 �9 10-4 

Avg 31.4 �9 10-4 

107.0 �9 10 4 30.2 1.45 36.4 �9 10-4 
36.2 0.94 35.3 �9 10-4 
40.4 0,74 34,7 �9 10-4 
5 0 . 4  0 .50  35 .7  �9 10-4  

A v g  35 .5  �9 10-4 

142 .7  �9 10-4 30 .2  1 .90  41 .7  �9 10 -8 
36 .2  1 .42  43 .2  �9 10 -3 
4 0 . 4  1 .10  4 2 . 4 .  10 -3 
50 .4  0 ,70  42 .2  �9 10-4 

A v g  4 2 , 4  - 10-4 

The results given in  Table VI for the equi l ibr ium 
constant  have been obtained using the data from 
Table IV. 

Characterization of electrode deposit.--Samples of 
electrode deposit were prepared by constant current  
electrolysis. The cathode was immersed into 3.7 mI 
0.035M ZnMoO4 and attempts were made to prepare 
coulometrically the reduct ion product  at --1.5V. It  was 

* S t a n d a r d  d e v i a t i o n  i s  ----.0.23. 

possible to monitor  the electrode potent ial  only at 
--1.65V vs. P t ( I I ) / P t  reference electrode using current  
densities of 10, 20, 30, and 40 mA/cm 2. Examinat ion  of 
the cathode showed only one type of solid product, a 
dark brown solid which adhered to the surface of the 
electrode. Following electrolysis, the samples were 
washed with distilled water  and dried at 130~ 

Qualitatively, the electrode deposit was found to 
contain Li, Zn, and Mo. Samples of the deposit were 
analyzed by the methods described. Table VII sum- 
marizes the composition of four samples of deposit 
prepared under  identical conditions. If it is assumed 
that the deposit contains only Li, Mo, Zn, and O, one 
obtains the empirical formula Li2Zn0.sMoO4 or 
Li4ZnMo208. On the other hand it is not possible from 
the data given in Table VII to obtain the exact oxida- 
t ion state of Mo, both because it was supposed that 
O = weight percentages add up to 100% of the sample 
weight and because some ZnMoO4 may be incorporated 
into the deposit during the electrolysis. ZnMoO4 is not 
soluble in water or any  other suitable solvent. X- ray  
diffraction studies were therefore carried out on the 
dried sample. 

Table VI I .  Typical analysis of ZnMo04 deposit prepared at constant 
current 

A B C D 

S a m p l e  w e i g h t ,  m g  32  35 .3  4 3 . 5  6 1 . 4  
L i ,  p e r  c e n t  w e i g h t  6 .68  6 .80  6 .75  6 .70  
Z n ,  p e r  c e n t  w e i g h t  15 .84  15 .65  15 ,60  1 5 . 7 9  
1Y~o, p e r  c e n t  w e i g h t  4 6 . 6 5  4 6 . 9 5  4 7 . 1 2  4 7 . 0 2  
P e r  c e n t  w e i g h t  0 = t o  100) 3 0 , 8 3  3 0 , 6 0  3 0 . 5 3  3 0 . 4 9  
E m p i r i c a l  f o r m u l a  

(A)  L i l .~ sZno .~MoO~.~  (B)  Li~_Zno.4~MoO8.91 
(C) LiLesZno.~�h~oOa.s,  (D) Li~.9~Zno,49MoO~.89 
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Table VIII. X-ray powder diffraction pattern of ZnMo04 deposit 
prepared at constant current 

d (A} I/Io 

4.770 20 
4.095 20 
2.9595 30 
2.4815 80 
2.380 I0 
2.0805 lOO 
1.8924 5 
1.8464 5 
1.6848 20 
1.5876 SO 
1,4904 40 
1.4576 40 

The "d" spacings and re la t ive  intensi t ies  of the dif-  
f ract ion pa t t e rn  are  presented  in  Table  VIII. The  "d" 
spacings were  not comparab le  wi th  any known Mo or 
Zn compound l is ted in the  ASTM files. 

F rom the preceding  s tudy  of molybda te  reduct ion in 
which  the produc t  LisMo2Os was identif ied (4), the  
s implest  reduct ion  mechanism for the format ion  of 
Li4ZnMo2Os would  involve  the  reduct ion  of MoO42- 
to M0048-,  which is then  incorpora ted  into a crysta l  
la t t ice  wi th  Li + and Zn 2+, in the  appropr ia t e  ratio.  In  
the absence of Zn 2+, both  MoO42- and MoO43- are  in-  
volved in the  final product .  
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Kinetics of Electrogenerative 
Hydrogenation over Platinum 

Black Electrocatalyst 
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ABSTRACT 

The kinet ics  of the e lec t rocata ly t ic  hydrogena t ion  of e thylene at posi t ive 
potent ia ls  has been s tudied over po ly te t ra f luoroe thy lene-bonded ,  porous p l a t i -  
num black  electrodes in perchlor ic  acid electrolyte .  Pore  diffusion was gener -  
a l ly  not  a significant factor  except  at  low concentrat ions  of reactants .  S t eady-  
state k inet ic  pa rame te r s  and deu te r ium exchange resul ts  suggest  that  surface 
react ion o f  hydrogen  wi th  e thyl  radicals  is ra te  l imit ing.  A mechanist ic  model  
is proposed and examined  in te rms of Temkin  adsorpt ion  of hydrogen  atoms 
in the  low potent ia l  region (<0.18V).  Strong Langmui r  adsorpt ion  of e thylene  
appears  to take  place for al l  mechanisms considered. The energy  product ion  
of the e lec t rogenera t ive  reactor  is favored by  high e lec t ro ly te  concentration,  
h igh a lkene pa r t i a l  pressure,  e leva ted  tempera tures ,  and increased catalyt ic  
loading. 

F e w  elect rocata ly t ic  react ions have been wel l  cha r -  
acterized;  the f requent  re fe r ra l  to hyd rogen  and oxy-  
gen e lec t rode  reactions,  and  not many  others, in the  
context  of "e lect rocata lys is"  is symptomat ic  of this 
si tuation. The e lec t roca ta ly t ic  na tu re  of elec~rogenera-  
r ive hydrogena t ion  and  the ava i l ab i l i ty  of significant 
amounts  of in fo rmat ion .on  the process f rom ear l ie r  in-  
vest igat ions (1-6) s t imula ted  a s tudy  of the kinetics of 
the  hydrogena t ion  react ion at an e thy lene  e lec t rode  

* Electrochemical  Soc ie ty  Act ive  M ember .  
K e y  words:  e thy lene ,  catalysis,  porous  electrodes,  d e u t e r i u m  e x -  

change .  

with  porous p la t inum black  electrocatalyst .  Such k i -  
netic informat ion should provide  an addi t ional  basis for 
comparison with  convent ional  cata lyt ic  hydrogena t ion  
(7-10) and wi th  other  reactions,  which ut i l ize these 
and s imi lar  e lectrodes for genera t ion  of current .  

This e lec t rogenera t ive  process involves the  opera t ion  
of a hydrogen  e lect rode against  a hydrogena t ing  ole-  
finic e lectrode separa ted  by  an aqueous, acidic, ba r r i e r  
e lec t ro ly te  phase (1-3).  The ex te rna l  c ircui t  be tween  
the electrodes is regu la ted  to a l low opera t ion  at v a r y -  
i n g  vol tages and currents  genera ted  by  the react ing 
species. The olefinic e lect rode operates  at  posi t ive po-  
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tentials relat ive to the hydrogen electrode. The study 
here differs from a number  of others [some of which 
we ment ioned earlier (1-3)]  in that hydrogen per se 
is not placed in the olefin chamber  during the electro- 
chemical reaction. Davitt  and Albright  (11) and Fuj i -  
kawa et at. (12) carried out some related studies using 
sulfuric acid electrolyte in which ethylene is more 
soluble than in the perchloric acid of our system. The 
open-circuit  voltage of the present  system differs sig- 
nificantly from that of other workers using sulfuric 
acid electrolyte (1t, 12) and from systems where gase- 
ous hydrogen is present (4-6, 12). We chose perchloric 
acid because it is a strongly ionized electrolyte which 
tends not to be adsorbed. Furthermore,  there is the 
advantage of dealing with a univa lent  acid. 

The electrogenerative reactor allows a relat ively re- 
producible, controlled s teady-sta te  invest igat ion of the 
catalytic process with a constant  composition electro- 
lyte. The use of porous electrodes calls for caution in 
the interpreta t ion of the kinetics, but  makes the results 
applicable to macro current  operation. 

Exper imenta l  
Cell--The free electrolyte cell is shown in Fig. 1. 

The electrolyte chamber of polytrifluorochloroethylene, 
with a capacity of about 4.5 mI of electrolyte, had two 
small % in. ports to allow filling and removal of elec- 
trolyte. A groove at the upper  end of this chamber 
minimized the accumulat ion of gas bubbles between 
the two electrodes. Polytetrafluoroethylene sheet gas- 
kets were found to effectively prevent  electrolyte leak- 
age during prolonged cell operation. The assembly was 
held together with four 3/16 in. diameter stainless 
steel bolts. Polypropylene screen spacers were used to 
press the electrodes uniformly against platinum screen 
current collectors. No stainless steel parts came in con- 
tact with the electrolyte. Excess gas was fed continu- 
ously at the back of each electrode at a rate that would 
not affect the cell polarization. 

Electrodes.--American Cyanamid polytetrafluoroeth- 
ylene-backed, polytetrafluoroethylene-bonded, plati- 
num black, commercial porous electrodes were used 
(13, 14). These electrodes are supported on tantalum 
screen and are gas permeable, liquid impermeable. 
LAA-2 electrodes contain 9 mg P t / cm ~ electrode area 
(13). Type LAA-25 carry a catalyst load of 25 mg 
P t / cm 2. The LAA electrodes were used in direct con- 

B D I 

Fig. 1. Exploded view of static free electrolyte cell. A, Lucite 
face plate, 2.5 in. square, 0.25 in. ~ thickness; B, stainless steel 
tubing, ~ in. diameter; C, polypropylene screen spacer, 1 in. di- 
ameter; D, I, Viton-A gaskets, 1/16 in. thickness; E, polytetra- 
fluoroethylene ring gasket, l . 2 5  X 1 in. diameter, 1/16 in. thick- 
ness; F, porous platinum-polytetrafluoroethylene electrode, 1.25 in. 
diameter; G, current collector, platinum screen 45 X 45 mesh, 1.25 
in. diameter; H, Viton-A ring gasket, 1.25 X 1 in. diameter, 1/16 
in. thickness; J, polytetrafluoroethylene film gasket, 0.002 in. 
thickness; K, electrolyte chamber, KEL-F, 0.25 in. thickness, with 
ports. 

tact with free electrolyte wi th  an exposed geometric 
area of 5.07 cm 2. The p la t inum black had a surface 
area of 20-25 m2/g (3, 15). 

Flow sys tem. - -An  all-glass and Teflon auxil iary gas 
system was used, Fig. 2. Both sides of the cell could be 
purged with ni trogen or hydrogen, and ethylene could 
be introduced to the cathode without  exposing the 
electrodes to the atmosphere. Nitrogen and ethylene 
were prepurified by being passed through alkaline 
pyrogallol solution and over packed beds of calcium 
sulfate and Molecular Sieves 13X or 4A. All gases were 
saturated with water  before enter ing the cell to mini -  
mize electrolyte evaporation. Gas samples were col- 
lected at the cell exit and analyzed by gas chromatog- 
raphy (Carle 8000, Basic Gas Chromatograph with a 
Porapak QS a luminum column, 6 ft long, % in. diam- 
eter).  Sampling bulbs and handl ing  techniques were 
similar to those used earlier (3). 

Mater~Ms.--Commercial prepurified ni t rogen and hy- 
drogen were employed. Ethylene, C.P. grade, and an 
ethylene standard mixture,  10.27%, in prepurified ni-  
trogen were obtained from the Matheson Company. 
The ionic strength of all perchloric acid (A.R., Baker 
Chemical Company) electrolyte solutions were made 
up to 2N, assuming complete ionization, by adding 
l i th ium perchlorate (A.R., Alfa Inorganics-Ventron) .  

Electrical system.---A load box (with 1-1000 ohm 
variable resistors) was used to control the cell current. 
The current  was occasionally stabilized with a constant 
current  supply (Quan Tech, Model 151B). Currents  
were measured with an accurate ammeter  (Sensitive 
Research Ins t rument  Corporation, Polyranger  S). Cell 
voltage was measured with a calibrated digital volt-  
meter  (United Systems Corporation, Digitek 201). The 
cell in terna l  resistance was measured before each run, 
with hydrogen flowing over both electrodes, with a 
mil l iohmmeter  (Keithley Instruments ,  Model 503). 

Procedure.--Elimination of oxygen and impurit ies 
from the cell and good electrocatalyst pre t reatment  
were essential for reproducible results. The following 
procedure allowed repeated reproducible results to 
wi thin  5%. After cell assembly, the electrolyte com- 
par tment  was filled slowly through one of the electro- 
lyte compar tment  ports to avoid air bubble  formation. 
The ports were stoppered with polyethylene plugs to 
eliminate oxygen diffusion into the cell. The anodic 
and cathodic gas compartments were purged with ni- 
trogen for 20 rain. Hydrogen was then passed through 
both electrode compartments for at least 15 rain while 
shorting the cell. During this time period, the current 
from the cell was normally less than 1 ~A and the 
open-circuit voltage (OCV) effectively zero. At the 
end of the hydrogen pretreatment of the electrocata- 
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Fig. 2. Gas flow system. C, cell; S, gas saturator; S', pyrogallol 
solution; D, drier and adsorbing molecular sieves; F, fine control 
valve; R, gas regulator; B, sampling bulb; M, flow meter; V, vent. 
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lysts, the in terna l  resistance of the cell was measured 
and was found constant for at least 5 min. Other ex- 
periments  showed that  the cell in terna l  resistance, 
Rint, remained constant  throughout  each experiment;  
/R-correct ion using the measured Rint or a Kordesch- 
Marko bridge agreed within  2-3 inV. The cathode com- 
par tment  was flushed with ni t rogen for 10 min  before 
ethylene was allowed to contact the cathode. The flow 
rate of all gases was normal ly  about 8~ml/min at a tmo- 
spheric pressure. For ethylene mixtures  other than 1.0 
and 0.10 arm, addit ional  ni t rogen was introduced con- 
t inuously  into the e thylene stream. By bubbl ing  the 
gas mixture  through two gas-washing bottles in series, 
complete mixing was achieved. Gas chromatographic 
(GC) analysis of samples, before and after each run, 
ensured the constant composition of the mixture  to 
wi thin  ___0.002 arm. Open-circui t  voltage was stabilized 
wi th in  20-30 rain as indicated by a change of less than  
2 mV/5 rain. P re l iminary  polarization runs removed 
any remaining  traces of oxygen or impurities. All data 
represent  steady-state values, normal ly  achieved after 
about 3 min  at any specified current,  and after at least 
two pre l iminary  polarization runs. Results obtained 
with a variable  resistor load or a constant current  sup-  
ply were practically identical. Gas samples were ob- 
tained after 10 rain operation at steady state and they 
were analyzed by GC immediately.  The hydrogen 
electrode did not polarize more than  8 mV/decade, 
measured against a hydrogen reference electrode in  the 
same electrolyte. T h e / R - f r e e  cell voltage was corrected 
for the anode polarization and the ethylene electrode 
potential  is given with reference to the NHE. All cur-  
rent  densities are based on exposed electrode area. 

Results 
In  the course of operation of the e thylene-hydrogen 

cell in the region of 0.52-0.25V, high polarization at 
the ethylene electrode is observed which does not  
obey either a l inear  or logarithmic current  relationship. 
At lower potentials, Tafel behavior with a slope of 
0.035V is found at the cathode as shown in  Fig. 3. As 
the concentrat ion of H + or C2H4 is decreased, some 
change in the Tafel slope occurs before a l imit ing cur-  
ren t  is attained. After  correction for concentrat ion 
overpotential  associated with the l imit ing current,  the 
Tafel slope attains its intr insic value of 0.035V except 
for acid concentrations below 0.2N for which a slope 
of 0.055V is observed (Fig. 4). At ethylene part ial  
pressures below about 0.10 atm, Nernst ian hydrogen 
t ranspor t  and evolution (2) becomes significant after 
a l imit ing current  seemingly is observed, as shown in 
Fig. 5. In our earlier studies (1-3) we did not report 
results for the concentrat ions at which l imit ing cur-  
rents might  be observed. 

If n i t rogen flow is subst i tuted for ethylene in the 
cathode compartment,  some hydrogen ions can dis- 
charge at positive potentials relative to the normal  
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Fig. 3. Effect of catalytic load on ethylene electrode potential. 
Electrolyte, 2N HCI04. Temperature, 25~ O ,  P(atinum 25 mg/ 
cm2; A,, platinum 9 mg/cm2; O, platinum 9 mg/cm 2, the hydrogen 
evolution reaction. 
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Fig. 4. Effect of electrolyte concentration on cathode potential. 
Electrolyte, aqueous HCIO4-LiCI04. Temperature, 25~ LAA-2 
electrode. O ,  3N HCI04; A,  2N; 0 ,  1N; �9 0.SN; V, 0.4N; e,  
0.2N; V, 0.1N HCIO4. 
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Fig. 5. Effect of ethylene partial pressure on cathode potential. 
Electrolyte, 2N HCIO4. Temperature, 26~ LAA-2 electrode. O ,  

P C 2 H  4 -~-  1 atm; A,  0.1 arm; O, 0.06 atm; e ,  0.04 atm; �9 0.03 
arm. 

hydrogen electrode (NHE) because of the Nernst  or 
concentrat ion driving force (2) .  For reference pur -  
poses here, a hydrogen-ni t rogen cell was r un  under  our 
experimental  conditions with results shown in Fig. 3. 
For a given cathode potential, the current  of the H2/N2 
cell is about two orders of magni tude  less than  the 
current  of the H2/CeH4 cell, for comparable electrolyte 
concentrations. Therefore, the hydrogen evolution re-  
action (HER) normal ly  can be neglected in the Tafel 
region of ethylene hydrogenation.  

Using the data reported in Fig. 4 and 5, it is possible 
to estimate a reaction order with respect to either re- 
actant with the assumption of a simple exponential  
rate expression 

= j [1 ]  
0 log C,I T,E,C K~J 

Here i represents current  density, C bulk  concentrat ion 
of a specific reactant, and j is the order  of the reaction 
with respect to reactant  J. The straight  lines of Fig. 6 
support the applicabil i ty of Eq. [1] for HaO + concen- 
trat ions higher than  0.2N in each potent ial  region 
studied. Tafel plot deviations do not a l l o w d e t e r m i n a -  
t ion of reaction orders at potentials corresponding to 
current  densities below 0.5 m A / c m  2. Use of electrodes 
with higher catalytic loads (25 mg P t / cm ~) results in 
a significant decrease in cell polarization with parallel  
shift in Tafel lines as shown in  Fig. 3. 

The tempera ture  effect on the reaction rate has b e e n  
determined in our laboratories by Feiz (16). From 
these results, an apparent  activation energy can be 
calculated for the tempera ture  range of 25~176 using 
data at three temperatures.  This as well as other ki-  
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netic data related to our system are presented in 
Table I for the ethylene electrode. The surface rate 
constant for zero potential  referred to NHE, k0, and 
the calculated s tandard exchange current  density at 
uni t  concentrations are based on the exposed geometric 
surface area of the electrode of 5.07 cm ~. The data of 
Table I given for the HER are based on the hydrogen 
concentrat ion cell for which some experimental  data 
are represented in  Fig. 3. 

Discussion 
Catalyst utiIization.--Heterogeneous catalytic studies 

over porous catalysts are often complicated by the 
superimposit ion of pore diffusion effects on the reaction 
kinetics. The direct measurement  of reaction rate as 
current  in an electrochemical cell, however, presents a 
distinct advantage over conventional  catalytic invest i -  
gations. Comparative analysis of the results from the 
electrochemical cell for systems with well-established 
mechanisms might, in simple cases, resolve some am- 
~biguities regarding pore diffusion. The HER was chosen 
for this purpose. 

The Volmer-Tafel  mechanism is general ly  accepted 
for the HER, where either hydrogen atom recombina-  
t ion on the surface or diffusion of molecular  hydrogen 
away from the electrode are believed to be rate l imi t -  
ing with p la t inum electrodes (17-20). The Tafel slope 
and reaction order observed here with respect to H + 

Table I. Kinetic parameters for ethylene hydrogenation and 
hydrogen evolution over platinum black at positive potentials and 

25~ 

P a r a m e t e r  Ethylene Hydrogen (23) 

Ta fe l  s lope (V) 0.035 0.033 
Reac t ion  o rde r  in  I-I~ 1.9 1.9 
Reac t i on  order in C~H4 0.1 
Ca t a ly s t  load  e x p o n e n t  1.S --1.5 
A p p a r e n t  Ea (at 0.17V), (kca I /mo le )  2.5 
Ra te  cons tan t ,  ko, (cm 4 mo le  -1 see-l) 8.0 • 10 "~ ~.8 • 10 -6 
S t a n d a r d  e x c h a n g e  current density,  

to, (A/cm~)* 1.9 x 10 - i s  5.4 x 10 -z 

* Based  on u n i t  conc e n t r a t i ons  of  reac tan ts ,  io = nFk0  ex p  
(--aE~ 

or H30 + differ ordy slightly from those expected on 
theoretical grounds from planar  electrodes. Since eth- 
ylene molecules would reach the catalytic sites from 
the gaseous side of the pore, diffusion of H30 + to the 
same catalytic site is expected to be fast for the ethyl-  
ene-hydrogen system as well. All  observations (re- 
action orders, Tafel slopes) indicate that the observed 
kinetics have not been complicated by pore diffusion 
at electrolyte concentrat ions higher than  0.2N. This is 
reasonable, given the very open porosity and the short 
pore length of the electrodes (13, 15). Increase of the 
Tafel slope (Fig. 4) and straight l ine deviations (Fig. 
6) at low acid concentrations are probably  a result  of 
hydronium ion pore diffusion limitations. At high elec- 
trolyte concentrations and intermediate  currents, it is 
expected that the active electrocatalytic area would 
remain  approximately constant. With careful use, the 
activity of our electrodes remained unchanged even 
after 100 hr  of use under  varying exper imental  condi- 
tions. 

Catalysis enhances the rate of reaction according to 
the relat ion 

for our two catalytic loadings where il, i2 are current  
densities corresponding to catalytic loads W1 and W~, 
respectively. Energy recovery from the cell is signi- 
ficantly improved at high catalytic loads, since the 
operation potential  is higher at any given current  
density. 

Maintaining a constant ionic s t rength in the electro- 
'lyre regardless of H30 + concentrat ion should make it 
possible to neglect any  potential  drop across the diffuse 
layer  supported by the observed relat ion (OE/~ln 
CH+)i = RT/F at constant temperature  and e t h ~ e n e  
part ial  pressure (21). Use of strong electrolytes HC104 
and  LiC104 is fur ther  advantageous, since l i th ium and 
perchlorate ions tend to adsorb less than  many  other 
ions on electrodes and catalyst poisoning is minimized. 
~The solubili ty of C 2 H 4  in the electrolyte is low thus 
avoiding "chemical shorting" of the cell. At tempting to 
use a similar procedure for main ta in ing  ionic s t rength 
,with sulfuric acid is more complicated since the ioni- 
zation constants of the first and second hydrogens are 
significantly different as is well known but  not always 
appreciated. 

Limiting currents.--The slight solubil i ty of ethylene 
has li t t le effect on its mass t ransport  to active catalytic 
sites because of the nature  of the polytetrafluoroethyl-  
ene- t rea ted electrodes. The ethylene l imit ing currents, 
which are observed only at lower part ial  pressures, are 
enhanced by the porous electrode s tructure (22). 
Electrolyte l imit ing currents, iL, are observed for hy-  
dronium ion concentrations less than  0.4N in acid. The 
dependence of iL on each reactant  bu lk  concentration 
Cz., is not l inear  but  it is given by 

iL,J cc C~j,, [3] 

where -y varies between 1.4 and 1.5. This behavior will 
be discussed fur ther  in the future, in view of similar 
results with other electrocatalysts. 

Open-circuit voltage.--The open-circuit  voltage 
seems to follow Nernst ian behavior  with respect to 
H~O +, while ethylene part ial  pressure has l i t t le if any  
effect (Fig. 7). The value of 0.52V at atmospheric pres-  
sures agrees with that  observed earlier by us (3) and 
Fuj ikawa et al. (12). It appears that e thylene adsorbs 
strongly at OCV with almost full surface coverage even 
at relat ively low ethylene part ial  pressures. This is 
fur ther  supported by the rapid approach to OCV at 
the end of each run  (0-0.3V in about 1 min) .  Hydro-  
gen is removed from the surface in the low voltage 
region readily by chemical reaction and desorption of 
the ethane formed. 

Kinetic model.--The kinetic rate equation at in ter -  
media te  current  densities ( >  0.5 mA / c m 2) is of the 
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form 
i -" nFkoPc2~4oC2H+ exp ( - -  2EF/RT)  [4] 

This is a close approx ima t ion  of the exper imenta l  k i -  
netic equat ion 

i = nFkoPczudO.~C1.�H+ exp ( -  1.7EF/RT) [4a] 

af ter  neglect ing the smal l  differences in react ion o r d e r s  
The  ra te  constant  at zero potent ia l  vs. NHE, k0, would 
depend only on t e m p e r a t u r e  in an A r r h e n i u s - t y p e  re~ 
tation. 

The approx imat ion  of 2 for the  exact  t ransfer  coeffi- 
'cient determined from the Tafel slope of Table i is 
just i f ied in v iew of the  resul ts  for the s impler  well  
charac te r ized  HER (Table  I ) .  The 20% discrepancy be~ 
tween  Tafel  slopes obta ined f rom using Eq. [4] and 
[4a] is about  wha t  one can expect  in compar ing actual  
kinet ic  resul ts  wi th  an ideal ized model.  Equat ion [4a] 
reproduces  the e lect rode polar iza t ion  of Fig. 4 and 5 in 
the  Tafel  region qui te  sa t i s fac tor i ly  (wi th in  10%). If  
ko, obta ined  b y  ex t rapo la t ion  using Eq. [4a], is used 
wi th  the  approx ima te  Eq. [4] to predic t  cur rent  den-  
sities, somewha t  lower  react ion rates  resul t  than  ob - 
served exper imenta l ly ,  wi th  Tafel  curves shif ted to 
lower  potent ia ls  by  10-15 mV. This is expected,  since 
the  approx imat ion  for  the  t rans fe r  coefficient can 
change the ex t r apo la t ed  value  of k0 by  about  an  o rde r  
of  magni tude .  

In  in te rp re t ing  the kinet ic  results,  it  must  be re -  
,membered tha t  i t  is un l ike ly  that  two hydrogen  atoms 
would  add to the e thy lene  molecule  s imultaneously.  
Therefore  the  Tafel  slope and the react ion order  in 
HzO + (Table  I) a re  consistent  wi th  a r a t e - l imi t ing  
step involving the addi t ion of the second hydrogen,  
qualitatively in agreement  wi th  an ea r l i e r  deuterium 
Study of the  addi t ion react ion to e thylene  (3). Those 
da t a  recen t ly  have been reeva lua ted  wi th  only one 
pa r t i a l  change (value  of q) in the  qual i ta t ive  p ic ture  
of  the  course of the  react ion on the e lec t roca ta lys t  
(23). Norma l ly  such informat ion  is not avai lable  f rom 

s imple  kinetic  studies.  The analysis  is based on Kem-  
~oalFs model  (24), according to the  fol lowing scheme 
where  X represents  e i ther  hydrogen  isotope 

p / ( 1  -5 p) 

,C~X4 ~ ' ) [C2X4] < > 

i/(i -5 p) r/(l -5 r) 

I / ( I  + r)  
[C~Xs] ~ C~X0 [5] 

I/(I -5 q) 
[C2X4] + H ) [C~HX4] [6] 

q / (1  ~- q) 
[C2X4] -5 D > [C2DXd] [7] 

1/(1  -5 s) 
[C2X5] -5 H -  > C2HX5 [8] 

s / (1  -5 s) 
[C2X5] -5 D - -  > C2DX~ [9] 

Brackets  indicate an  adsorbed  species and 9, q, r ,  
and  s are the  model  pa rame te r s  represent ing  p r o b -  
ab i l i ty  rat ios:  p is the p robab i l i t y  of adsorbed e thy l -  
ene forming e thyl  radicals,  re la t ive  to the  p robab i l i ty  
of e thylene  desorbing;  q is the p robab i l i t y  of adsorbed 
e thylene acquir ing a D-atom,  re la t ive  to the  p rob -  
ab i l i ty  of acquir ing an H-a tom;  r q s  the p robab i l i ty  of 
an e thyl  radical  r ever t ing  to e thylene,  re la t ive  to 
the  probabi}i ty  oi  reac t ing  to form ethane;  and s 
is the p robab i l i t y  of an e thyl  rad ica l  acquir ing a 
D-atom, re la t ive  to the p robab i l i ty  of acquir ing an 
H-atom.  The values of the pa rame te r s  p, q, r, and s 
can be est imated,  from the isotopic produc t  d i s t r ibu-  
tion, using nonl inear  regress ion analysis  (3~ 16, 23). 
Results  are  presented  in Table  II. A rough es t imate  
of the  ra te  of some steps can he made  using the  :ce- 
lat ions of Eq. [5]-[9] .  These resul ts  are given in 
Table III. The monotonic increase of p wi th  decreasing 
potent ia l  reflects the  increase  in e thylene  conversion 
with increasing current .  However,  the  first addi t ion 
step is about  an order  of magni tude  faster  than  the 
second one, while  fo rmat ion  and reversa l  of e thyl  
radicals  is in quas i -equi l ib r ium.  P a r a m e t e r s  q and s 
are  indicat ive of the se lect iv i ty  of each step for D- 
or H-a tom addit ion.  If  a s ta t i s t ica l ly  p robab le  add i -  
t ion occurred on the surface, based on to ta l  hydrogen  
isotopes present,  both  pa rame te r s  would  have  a va lue  
of 0.5. High values  of q indicate  a preference  for 
deuter ium over hydrogen  in the first addit ion.  At  high 
posi t ive potentials  surface coverage by  a hydrogen  
isotope is expected  to be low, Since this  model  does 
not specify the  origin of D or H, a p redominan t  direct  
addi t ion of D + f rom the deu te ra ted  e lect rolyte  seems 
probable .  As potent ia l  decreases, D-addi t ion  becomes 
less selective, but  it tends to remain  h igher  than  H-  
addition. The model  cannot  d is t inguish be tween  a 
concerted electron t ransfe r  such as 

[C2X4] + D + + e ~ [C2DXd] [10] 

or a preceding electron transfer 

Table I1. Statistical parameters for Kemball model 

Con- Potea- 
C~rrent version t i a l  

S a m p l e  (mA) (%) (V) P q r s 

-4. 5.3 1.04 0.220 3.79 3.15 10.44 0.90 
B 46.0 9.17 0.155 6.21 2.48 6.40 0.28 
C 118.0 23.82 0.130 14.53 1.63 7.16 0.15 
D 180,0 34.26 0.117 22.76 1.05 8.20 0.12 
E 265,0 49.38 0,110 31.92 0.89 E40  0.10 
F 330,0 54.94 0,114 51.76 1,04 6.89 0.11 

Cata-  
lyt ic* -- ~50.00  - -  45.2 0.66 10.57 0.20 

* As  r eca l cu l a t ed  by  n o n l i n e a r  r e g r e s s i o n  ana ly s i s  for  deuterogen- 
ation (8). 

Table III, Relative probabilities of individual steps in the Kemball 
hydrogenation model 

Step A B C D E F 

[CeX4] ----> CsT~ 0.208 0.139 0.064 0.042 0.030 0.019 
+ X  

[C~{:~] - - -e  [ C ~ ]  0.792 0,861 0.936 0.958 0,970 0.981 
- - X  

[C2X5] ~ [C~X-d] 0.913 0,865 0.877 0,891 0,896 0.873 
+ X  

[C2X~] - - - *  CzXs 0.087 9,13S 0.123 0,109 0,104 0.127 
+ H  

[C=-X~] - ~ >  [CzX~H] 0.241 0,287 0.380 0.488 0,530 0.490 
+ D  

[C2X~] ~ [ C ~ D ]  0.759 0.713 0.620 0.512 0.470 0.510 
+ H  

[C2X~] -----> CzI'f~H 0.528 0,780 0.869 0,892 0,908 0.900 
+ D  

[C~Xs] ~ C2,X-oD 0.472 9,220 0.131 0,108 0,092 0.100 
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[C2X4] + e ~ [C2X4-] [11] 

[ C ~ - ]  + D + ~ [C2DX4] [12] 

The selectivity of the second addition step (parameter  
s) varies with the potential  at which addition occurs. 
At 0.22V (sample A), ethyl radicals seem to acquire 
D atoms preferent ia l ly  which presumably  originate 
from the electrolyte. The selectivity changes radically 
at lower potentials to favor H-addi t ion over D-addi-  
tion. For a deuterated electrolyte this can be explained 
by a surface reaction, such as 

[C2X~] + [H]--> C2HXs [13] 
or  

[CX3 -- CX2] + [CH2 --CH2D] 

--> CXsCHX2 4- [CH2 -- CHD] [14] 

or surface reorganization involving a reaction of a 
labeled ethyl radical with an impinging ethylene 
molecule (3). 

Based on the observed kinetics and the deuterium 
study under similar operating conditions, the follow- 
ing mechanistic model is proposed for reaction at 
platinum black porous electrodes at potentials less 
than 0.18V 

z~ + C214_4(g) ~(-~- ~[C~H4] [I] 

Cz[C2H4] 4- H + 4- e~----~z-x[C2Hs] 4- x~ [II] 

4- H + 4- e ~-- r [III] 

rds 
~z-~[C~Hs] + r > C2Hs + (z-- x + I)~ [IV] 

where ~ represents an active catalytic site, z the num- 
ber of catalytic sites for adsorption of ethylene, and x 
the sites released by ethyl formation. 

For examining this general mechanism, kinetic ex- 
pressions are derived below assuming: (i) ~ adsorp- 
tion of ethylene, z -- 2, x ---- 1 (3, 25), and (it) ~ ad- 
sorption, z ---- 1, x -- 0 (8, 25). The problem in test-  
ing the mechanism fur ther  is in choosing a model for 
the adsorption isotherms of the reactants and in te r -  
mediates with appropriate assumptions. 

Hydrogen adsorption on p la t inum in acidic electro- 
lytes has been studied by Breiter and co-workers 
(26, 27). The heat of adsorption of hydrogen from 1N 
HCIO4 varies significantly and approximately l inear ly  
with surface coverage, OH, for 0H > 0.2 (26). This, and 
logarithmic dependence of OH on hydrogen pressure 
suggest that  at intermediate  coverages Temkin  hydro- 
gen adsorption on p la t inum could be operative. The 
observed relat ive invariance of the free energy of ad- 
sorption with surface coverage was apparent ly  a result  
of a compensation effect between the enthalpy and 
entropy of adsorption (26). 

Adsorption of ethylene on p la t inum from an HC104 
solution has also been found to be strong by Gilman 
(28) and independent  of temperature  or potential. How- 
ever, we as well as Fu j ikawa  et al. (3, 12) find no 
evidence for a significant acetylene surface in ter -  
mediate for the exper imental  conditions. No data are 
available on the free energy and heat of adsorption 
from HHC104. Small  variat ion of these parameters  with 
potential  has been reported for sulfuric acid (29). 
We have expressed our reservations regarding this 
electrolyte (3). But, if this result  is accepted in con- 
trast to hydrogen adsorption, then hydrogen would 
impose its potent ial-surface coverage characteristics 
on the system. Then, a Temkin  isotherm for hydrogen 
adsorption would be appropriate, with a potential  de- 
pendence of surface coverage by hydrogen atoms. 
Such an isotherm should be applicable for potentials at 
which 0.2 ~ ST --~ 0.8, where OW is the total surface 
coverage of the electrocatalyst (30). 

For Temkin  adsorption a total surface interact ion 
energy f(0), can be defined 

I(0) = ~rjOj [15] 
J 

where 0j is the surface coverage of species J with a 
free energy of adsorption r j  (30). The free energy of 
activation for adsorption of species J will  then be 

AG-~j : AG#o,j + ~zxjf(o) [16] 

where • is the free energy of activation for ad- 
sorption at zero coverage, x j  is the number  of surface 
sites required for adsorption, and ?~j an interact ion pa- 
rameter  similar to a t ransfer  coefficient. In  general, 
0 ~ kj ~ 1 with ~z --~ 0.5 for activated adsorption with 
a symmetric potential  energy barrier,  and kj ---- 0 for 
nonactivated adsorption. 

Assuming quas i -equi l ibr ium for all other steps ex- 
cept the rate- l imit ing one, we can write for ~ adsorp- 
tion of ethylene, z ---- 2, x : 1 (step I) 

CE (1 - -  0 T ) 2  exp {-- [hG#o,i + ki2f (0) ] /RT} 

= 0E exp {-- [AG~o,-I -- (1 -- ki )2f(0)] /RT} [17] 
or  

K I C E ( 1  - -  0T)2 e x p  [ - - 2 ] ( O ) / R T ]  = 0E [18] 

where CE is the bulk concentrat ion of ethylene, KI an 
equi l ibr ium constant for step I, at zero coverage, and 
0a. is total fractional coverage by all species. Similar 
expressions can be wri t ten  for steps II and III 

KIIOECH+ exp ( - - E F / R T )  exp [• (8)/RT] : OEH (1 -- OT) 
[19] 

KIIICH+ (1 -- 0T) exp ( - - E F / R T )  exp [--](O)/RT] = OH 
[20] 

where 0H and 0EH represent  the fractional surface cov- 
erage of H-atoms and ethyl radicals, respectively. With 
step IV as rate limiting, the rate of reaction will be 

i ---- nFrlv  ~- nFk~ exp [ (1 -- klV)2] (0)/RT] [21] 

where r~v is the rate of step IV. Since the chance of 
ethyl radical reversal is high (large parameter  r) ,  the 
steady-state surface concentrat ion of ethyl radicals is 
expected to be small compared to surface H-atoms in 
the low potential  region. Variations in surface cov- 
erage by H-atoms (Eq. [20]) is much more dependent  
on the exponential  terms than on OH, 0W. Therefore, Eq. 
[20] can be simplified (30) to 

exp [f(O)/RT] N KII ICI t  + exp ( - - EF / RT )  [22] 

Similar ly OH and 0EH can be neglected in Eq. [21]. By 
subst i tut ing Eq. [22] into Eq. [21], the final expression 
for the rate equation is obtained 

i ---- nFk~ exp (--EF/RT)]2r [23] 

A similar result  is obtained for z = 1, x ---- 0 assuming 
n adsorption of ethylene (25). Nondissociative adsorp- 
t ion of ethane would be expected to be nonactivated or 
possibly not take place. Then Eq. [23] becomes 

i -~ nFk~ K2nIC2H+ exp ( - -2EF/RT)  [24] 

Equations [24] and [4] are identical, if 

k0 ~- k~  [25] 

This is a result  of the assumption of Temkin  adsorption 
for hydrogen and significant adsorption of ethylene 
which may be governed by a Langmuir  adsorption 
isotherm. 

Langmuir  adsorption for both ethylene and hydrogen 
with the assumption of strong ethylene adsorption and 
less s trongly held hydrogen can also explain the ob- 
served kinetics. Equations [18]-[20] will still hold with 
S(0) ----0. For OE close to unity,  then, the unoccupied 
fractional surface is 

1 -- 8T ~-~ (KICE) -1/2 [26] 

The rate equation takes the form 

i ---- nFrlv : nFk~ + (1 - -  ST)2 

exp ( - -2EF/RT)  [27] 
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o r  

i : :  nFk~ (KICE)-1 exp ( - -2EF/RT)  
[283 

o r  

i -~ nFk~ exp ( - -2EF/RT)  [29] 

Low values of parameter  s indicate that  ethyl  radical 
disproportionation (Eq. [14]) could be important.  The 
rate equation would be for Langmui r  adsorption of 
ethylene and z : 1, x ---- 0 

i ---- 2 n F k ~  : 2nFk~ 
exp ( - - E F / R T ) ] 2 ( 1  -- ST) ~ [30] 

where kD is the rate constant for Eq. [14]. For strong 
ethylene adsorption then  

1 -- 8T ~ (KICE) -1 [31] 

i ---- 2nFk~ exp ( - - 2 E F / R T )  [32] 

Kinetic experiments  do not make it possible to dis- 
cr iminate  from among Eq. [24], [29], and [32], all 
consistent with exper imenta l  results. It  is possible that  
two of these mechanisms operate concurrent ly  or at 
different potentials. 

The three rate expressions developed here all in-  
volve some type of prior equi l ibr ium before the rate-  
de termining  step. Two expressions involve hydrogen 
adsorption and all involve the ethylene <-> ethyl in ter-  
conversion. The relat ively small  activation energy for 
the over-al l  hydrogenat ion reaction then is a result  of 
the interact ion of the energy of act ivation of a rate 
step, k~ o r  k ~  and heats for prior equilibria, hydro-  
gen adsorption, and /o r  ethyl formation. The lat ter  are 
presumably  negative. 

The hydrogenat ion kinetics found here (Eq. [4]) are 
in agreement  with those obtained in  a number  of 
studies of p la t inum in heterogeneous catalysis (7, 10) 
but  not others (9). Despite the fact that surface re-  
action rate is l imit ing under  s tandard atmospheric 
operating conditions in the electrogenerative reactor 
heretofore (1-3), reactant  concentrat ions may be de- 
creased to determine order or so that  mass t ransport  
of either may be rate limiting. The potential  of opera- 
t ion is general ly  oxidizing for hydrogen so that the 
equi l ibr ium surface concentrat ion of hydrogen atoms 
must  be considerably less than  that  found with conven-  
tional catalysis on a p la t inum surface. The mecha- 
nism proposed involves two different types of hydrogen 
addition: one electrochemical (a proton and an elec- 
t ron)  and one essentially chemical ( involving a pre-  
ceding electrochemical step). If this mechanism is 
valid, it would seem possible that  a s imilar  mechanism 
may operate in heterogeneous catalysis under  some 
conditions. The net addition of two hydrogen atoms 
would be involved. The mechanism of the first addi- 
t ion essential ly could involve a proton and an elec- 
tron, while the second addition would result  from addi- 
t ion of an adsorbed hydrogen atom. 

Competitive adsorption of ethylene and hydrogen, 
absence of electrolyte and of electric fields in gas-phase 
catalytic hydrogenat ion do make comparison with elec- 
t rogenerat ive hydrogenat ion difficult. The reported 
kinetic parameters  (7) vary  widely from system to sys- 
tem. However, it is interest ing to note that recalculated 
results of Bond et al. (8) for ethylene deuterogenation 
over P t - o n - a l u m i n a  are in good agreement  with our 
results (3, 23) at low potentials where conditions are 
most comparable. It has been stated (8) that the Kem-  
ball  model parameters,  obtained by trial  and error, 
give only an approximate fit with the exper imental  
product distr ibution so that the fur ther  application of 
nonl inear  regression analysis (Table II) seemed ap- 
propriate. The agreement  with samples D-F  is surpris-  
ingly close. 

Heat of act ivat ion.--By differentiating Eq. [4] and 
[24] with respect to tempera ture  at constant  potential,  
the heat of act ivat ion of step IV at zero potential,  

AH~ can be related more quant i ta t ive ly  to the ap- 
parent  act ivation energy, E~, for the Temkin  adsorption 

AH~ = Ea -- 2~Ho,m -- 2FE [33] 

Similarly, for Langmui r  adsorption the heat of activa- 
tion is 

A H ~  --~ E a  - -  A H o , I I  - -  A H o , I I I  - -  2FE [34] 

and for ethyl radical disproport ionation 

AH~ ~- Ea -- 2 h H o . n -  2FE [35] 

AHo.n is not known for p la t inum electrodes. Twigg 
(31) has estimated that  the enthalpy change is 1-10 
kcal /mole for the first H-addi t ion  over nickel in the 
gas phase. Although these values have been based on 
different heats of adsorption of C2H~ and H2, they can 
be used for a rough approximation to estimate ~H~ 
Obviously, for AHo,n ~-- --1 kcal/mole,  the activation 
enthalpy calculated from Eq. [34] or [35] is too low for 
a surface reaction l imit ing step. Using ~Ho.n ---- --10 
kcal /mole and 2AHo,m = --23 kcal /mole  (26) the ac- 
t ivat ion enthalpy has been estimated for both adsorp- 
tion types, Table IV. 

The change in Ea and ~H~ is expected since the 
Tafel plots were not l inear  above 0.16V for these ex- 
periments  (16). Very low Ea at high potentials is in-  
dicative of strong ethylene adsorption in this region 
[see also Gi lman (28)]. Since surface coverage by 
hydrogen should be low, ethyl radical disproport iona- 
tion possibly could contr ibute to ethane formation 
above 0.2V. Below this potential, hydrogen adsorption 
increases and a t ransi t ion region is observed before 
adsorption of hydrogen atoms prevails. 

It is important  to realize that electrogenerafive hy-  
drogenation takes place on catalytic electrodes under  
conditions less drastic than those encountered in con- 
ventional  fuel cell operation with hydrocarbons. Never-  
theless, knowledge on the uti l ization of catalysts in 
electrogenerative hydrogenat ion might be applicable to 
fuel cell operation. This is par t icular ly  true if it is 
remembered that  the addition of the second hydrogen 
is the reverse of the probable ra te -de termining  step 
in hydrocarbon combustion in a fuel cell. 

Conclusions 
Kinetic  results can be obtained for some reactions on 

porous electrocatalysts in situ, for mechanistic invest i-  
gations. By studying results for well-characterized re- 
actions, such as those for hydrogen evolution, some 
questions regarding pore diffusion can be resolved. In  
the investigated electrogenerative hydrogenat ion of 
ethylene on p la t inum black, pore diffusion apparent ly  
did not affect the kinetics except at low reactant  con- 
centrations. Fur ther  catalysis at the electrode surface 
decreased cell polarization and increased energy out- 
put of the cell. 

The over-al l  electrochemical reaction rate was es- 
sential ly independent  of ethylene part ial  pressure and 
second order in hydrogen ion concentration. Isotopic 
exchange provided additional insight into the reaction 
mechanism, par t icular ly  on steps preceding the ra te-  
l imit ing one. A general  mechanism can be proposed 
for electrogenerative hydrogenat ion on p la t inum black 
electrocatalyst, involving simultaneous electrochemical 
addition of electrons and protons to adsorbed ethylene 

Tab[e IV. Estimated heat of activation of limiting step for 
Temkin and Lan,gmuir adsorption (25~176 (See text) 

P o t e n t i a l  
(V) vs .  
N 'HE 

~H~ ( k c a l / m o l e )  

L a n g m u i r  a d s o r p t i o n  

Ea D i s p r o -  
( k c a l /  T e m k i n  H - a d d i -  p o r t i o n -  
mo le )  a d s o r p t i o n  t ion  a t i o n  

0.200 1.5 16.2 13.8 12.3 
0.170 2.5 17.6 16.1 14.6 
0.145 4.9 21.2 19.7 18,2 
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molecules, folIowed by the rate-limiting, surface re-  
action of ethyl radicals and hydrogen atoms. Temkin 
hydrogen adsorption can determine the kinetic and 
electrochemical behavior of this system below 0.18V. 
At higher potentials, where hydrogen atom surface 
coverage is low, strong Langmuir adsorption of ethyl-  
ene and ethyl radical disproportionation probably con- 
trol the reaction. The similarity between conventional 
catalytic and electrogenerative hydrogenation deserves 
further investigation. The nature of the results ob- 
tained for electrogenerative hydrogenation indicates 
the reaction to be suitable for characterizing platinum 
black electrodes. 
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LIST OF SYMBOLS 
Cj concentration of species J (mole/ml) 
E cathode potential vs. NHE (V) 
Ea apparent activation energy (kcal/mole) 
E ~ standard reversible electrode potential re- 

~erred to NHE (V) 
](~) total surface interaction energy for all species 

(kcal/mole) 
AC~j free energy of activation for adsorpt ion,(kcal /  

mole) 
~Ho change in enthalpy of designated reaction step 

at zero potential vs. NHE (kcal /mole) 
~H~ activation enthalpy of the rate-l imiting step 

(kcal/mole) 
i current density for geometric electrode area 

(A/cm~) 
iL.j l imiting current density of species J (A/cm 2) 
io standard exchange current density for unit 

concentrations (A/cm2). io -- nFko exp 
(--,~E~ 

j reaction order of species J 
K equilibrium constant of indicated reaction step 
k0 experimental rate constant at zero potential vs. 

NHE (cm 4 mole-~ sec -1) 
khv rate constant of rate-determining step (cm 4 

mole-1 sec-1) 
n number of electrons in reaction 
p, q, r, s Kemball  model parameters, see text  
r j  free energy of adsorption of species J (kcal /  

mole) 
x~ number of sites required for adsorption (Eq 

[16]) 
x number of sites released in first reaction step 

(Eq. [II]) 
W catalytic load (mg/cm2) 

7 concentration exponent for limiting current 
density 

~j surface coverage of species J 
er total surface .coverage for all species 
~ adsorption interaction parameter  for species J 

active catalytic site (Eq. [I]-  [IV] ) 
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Electrochemistry of Potassium Chromate in Molten 
Zinc Chloride-Potassium Chloride Eutectic 

M. L. Deanhardt 1 and K. W. Hanck* 

Department of Chemistry, North Carolina State University, Raleigh, North Carolina 27607 

ABSTRACT 

The electrochemistry of K2CrO4 in an equimolar  ZnC12-KC1 eutectic at 
300~ was investigated by chronopotentiometric,  chronoamperometric,  and 
neovoltammetr ic  techniques. The reduction occurs as a single, irreversible, 
diffusion-control.led step yielding an insoluble electrode deposit that  would 
not undergo electrochemical oxidation. The value of nDox 1/2 at 300~ was 
found to be (3.46 • 0.10) • 10-~ eq-cm/mole-sec  ~/~. The charge transfer  step 
was found to be total ly irreversible;  a = 0.57 and kh.f (at 1.2V) ---- 4.46 • 10 -4 
cm/sec. Chemical analyses were performed to determine the composition of 
the electrode deposit. The deposit appears to be an unstoichiometric compound 
of the general  form KzZn~CrOz where x, y, and z depend upon the conditions 
of the electrolysis. A mechanism consistent with the observed results is pro- 
posed. 

The electroreduction of chromate has been the sub-  
ject of extensive investigation by Lai t inen and co- 
workers because of its use as a depolarizer in  thermal  
batteries (1-5). Their  studies were carried out in LiC1- 
KC1, a neutral ,  nonoxidizing solvent. With the addit ion 
of acidic ZnC12 to the LiC1-KC1 solvent, the reduction 
of chromate is shifted to more positive potentials (4). 
A mechanism involving the formation of a Z n ( I I ) -  
Cr(IV)  adduct as a reaction in termediate  was proposed 
to account for the positive shift in potential.  

Recently acidic solvents such as the chloroaluminate 
melts have gained popular i ty  as solvents for electro- 
chemical studies (6-8). Low oxidation states of metals 
are usual ly  more basic than the higher oxidation states 
and are stabilized through formation of an acid-base 
adduct with s trongly acidic solvents. Several  such 
states have been observed in chloroaluminates.  

In a t tempt ing to fur ther  characterize the Cr(IV)  
species proposed by Hanck and Lai t inen we sought a 
solvent acidic enough to stabilize Cr(IV) yet not so 
acidic as to introduce complications from Cr2072-. 
Consequent ly  we have elected ZnC12-KC1 as a solvent 
over the more acidic chloroaluminate  melts. The re-  
duction of chromate in LiCI-KC1 containing ZnCI2 is 
free of side reactions and yields a stoichiometric reduc-  
tion product, LiZn2CrO4, over a wide range of prepara-  
tive conditions (4); the influence of A1Cls on the re-  
duction of chromate in LiCI-KC1, on the other hand, 
has not been ful ly explored. 

Experimental 
Reagents and solvent preparation.--Anhydrous 

K2CrO4 was obtained by drying reagent  grade KeCrO4 
(J. T, Baker) at l l0~ for 1 hr and storing over 
Mg(C104)2 a few days before use. 

The ZnC12-KC1 eutectic was prepared by vacuum 
drying  reagent  grade ZnC12 (J. T. Baker) and reagent  
grade KCI at 150~ for 48 hr. The two dried salts were 
mixed in a 1:1 mole ratio under  a ni t rogen atmosphere 
and stored over Mg(C104)2 in a vacuum desiccator. 
To prevent  hydrolyt ic  decomposition of ZnCl2, anhy-  
drous HC1 (Air Products electronic grade) was slowly 
passed through the salt mix ture  for 30 min  dur ing  
which the temperature  was raised from room tempera-  
ture  to 450~ fusion occurred at 230~ The tempera-  
ture  was main ta ined  at 450~ for 1 hr in order to rap-  
idly decompose any organic mat ter  present, then the 
tempera ture  was lowered to 300~ Argon was passed 
through the melt  for 4 hr to expel excess HC1. F ina l ly  
the melt  was filtered through a medium porosity, 

* Elec trochemica l  Soc ie ty  Act ive  M e m b e r .  
Present  address: Depa r tmen t  Of Chemistry ,  George  Mason  Uni-  

vers i ty ,  Fairfax,  Virginia 22030. 
K e y  words:  m o l t e n  salt, chromite ,  chromium(IV) .  

sintered glass frit  directly into the electrochemical cell 
and mainta ined under  vacuum for 4 hr. 

The pur i ty  of the ZnCl2-KCl solvent was carefully 
examined using chronopotentiometry.  Both anodic and 
cathodic residuals were sharp; at an applied current  of 
5 mA / c m 2, 150 msec were typical ly required for the 
potential  to shift from the rest potential  to the cathodic 
l imit  of the solvent. The anodic l imit  of the solvent is 
due to the oxidation of chloride; the cathodic l imit  is 
due to the reduction of Z n ( I I ) ;  the useful potential  
range of the solvent is 1.5V. 

Apparatus.--The molten salt furnace, temperature  
controller, and cell assembly h~ve been previously de- 
scribed (9). 

Cur ren t - t ime  and vol tage-t ime curves were obtained 
with a Pr inceton Applied Research Corporation Model 
173 potentiostat /galvanostat .  A tr iangle wave genera-  
tor constructed using the circuit of Bull  and Bull  (10) 
was interfaced with the Model 173 to obtain l inear  
sweep voltammograms.  

Data were digitized with an IBM system/7 data ac- 
quisit ion computer  which was l inked to the IBM 370/ 
165 computer located at the Triangle  Universit ies Com- 
putat ion Center. The laboratory ins t ruments  were in-  
terfaced to the computer  by means of logic circuits 
constructed on a Heath Schlumberger  Model EU-801 
analog/digi tal  designer. In  some cases data were col- 
lected with a Tektronix  502-A oscilloscope equipped 
with a Model C-12 oscilloscope camera. 

Controlled current  depositions of the reduction prod- 
uct were obtained with the PAR 173 galvanostat.  

Electrodes.--A zinc rod (0.125 in. in diameter;  Alfa 
Inorganics, 99.95% Zn) in equi l ibr ium with the equi-  
molar ZnC12-KC1 solvent was used as the reference 
electrode. The counterelectrode was a rod of spectro- 
scopic grade graphite (0.125 in. in  diameter;  Ul t ra  Car-  
bon Corporation).  

P l a t inum flag electrodes (area approximately 0.5 
cm 2) were used as working electrodes. Construction 
and area determinat ion of these electrodes have been 
previously described (4). P l a t inum gauze electrodes 
(52 mesh) served as working electrodes in the elec- 
trode deposit analysis. 

Analytical procedures.--The following analyt ical  
procedures were used in the preparat ion and analysis 
of the electrode deposits. 

P l a t inum gauze electrodes were cleaned in boil ing 
HC104, rinsed with deionized H20, dried, and weighed 
to the nearest  microgram. After  deposition the deposits 
were reweighed and dissolved in HC104 according to 
tl~e procedure described by Propp (11). 
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Pig. I. Potential-time curve for the chronopotentiometrir reduc- 
tion of K2CrO4. Current density ~ 14.98 mA/cm 2. [K2Cr041 
29.93 raM. 

The deposits were found to contain chromium, zinc, 
and potassium. Chromium was determined by a coulo- 
metric t i t rat ion with electrogenerated Cu(I )  using a 
biamperometr ic  endpoint  as described by Meier, Myers, 
and Swift (12). 

Zinc was determined by a spectrophotometric t i t ra-  
t ion (750 nm)  with EDTA using Eriochrome Black T 
as an indicator. 

The potassium content  was determined by  flame pho- 
tometry.  

The deposits were analyzed for chloride by oxidizing 
the deposits with ammonium hexani t ra tocerate(IV)  
and coulometrically t i t ra t ing with electrogenerated 
Ag(I)  (13). 

Results and Discussion 
E l e c t r o c h e m i c a l  m e a s u r e m e n t s . - - T h e  reduction of 

K2CrO4 in the ZnC12-KC1 solvent involves a single re-  
duction step with the formation of an insoluble prod- 
uct which adheres to the electrode. This insoluble 
product was not oxidizable in the observable potential  
range, therefore double step techniques could not be 
used to deduce the reduction mechanism. Three single 
step techniques, chronopotentiometry,  chronoamper-  
ometry, and neovol tammetry  where chosen to study 
the electrochemical reduction. Cyclic vol tammetr ic  ex- 
per iments  were at tempted but  very little useful infor-  
mat ion could be obtained because the i - E  curves were 
extremely broad with poorly defined maxima. All elec- 
trochemical measurements  were made a t  300~ 

Digitized chronopotentiograms of K2CrO4 in the 
ZnC12-KC1 solvent were taken at several different con- 
centrat ions and current  densities using a 2 msec sam- 
pling interval.  Transi t ion times were l imited to a range 
of 0.2-2.0 sec in order to minimize double layer effects 
and convection. A typical chronopotentiogram of the 
reduction is shown in Fig. 1. A fresh electrode was used 
for each chronopotentiogram. Transi t ion times were 
measured using the method of Delahay and Berzins 
(15) and corrected for double layer  effects by the 
method of Bard (1.6). 

The range of concentrations and current  densities 
studied are shown in  Table I. The reduction was found 
to obey the Sand equation; a l inear  regression analysis 
of IoT 1/2 vs.  [K2CrO4] indicates a diffusion controlled 
process wi th  IoT1/2/C being 0.295 _ 0.009 mA-secl /2/  

Table I. Chronopotentiometric data 

[ I ~ C r 0 4 ]  Ior 1/2 R a n g e  of  Io 
( raM) (mA-secl/~/cm =) ( m A / c m  2) 

10.45 3,21 4.69-9.29 
28.66 8.61 11.55-18.33 
44.20 13.73 19.08-24.32 
78.99 24.38 28,63-38.01 

116.90 34.27 39.53-49.50 
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Fig. 2. Potential time analysis. [K2Cr04] ----- 30.59 mM. Current 
density "- 10.14 mA/cm 2. 

cm2-mM. From this slope nDox 1/2 was calculated to be 
(3.46 • 0.10) X 10 -~ equiv . -cm/mole-sec  1/2. 

We have also investigated the reduction of K2Cr2Oz 
in the ZnC12-KC1 solvent. The results indicate that the 
diffusion coefficient of dichromate, as expected, is 
slightly smaller than that of chromate. The rest poten- 
tial of solutions of dichromate was significantly higher 
than that observed for chromate and very  close to the 
oxidation l imit  of the solvent. Similar results were ob- 
served in molten LiCI-KCI (11). Th.e reduction of di-  
chromate was not pursued fur ther  but the differences 
in electrochemical behavior between CrO42- and 
Cr2072- indicate that dichromate is not formed when 
chromate is added to the acidic solvent. 

Plots of E vs. log (z 1/2 -- t 1/2) were found to be 
l inear indicating a totally irreversible charge t ransfer  
step. An example of such a plot is shown in Fig. 2. 
From the average slope of these plots we calculate a ---- 
0.57. From the average intercept, the forward hetero- 
geneous charge transfer  rate constant  k%,f was calcu- 
lated to be 327 cm/sec, referred to the zero of the po- 
tential  scale (Zno/equimolar ZnC12-KC1). The reduc- 
tion of K2CrO4 occurs at N1.2V vs.  the zinc reference 
electrode; at E = 1.2V, kh,f ~ 3.27 X 10 -4 cm/sec. 

Chronoamperograms of the reduct ion of K2CrO4 pro- 
vided an independent  method for the determinat ion of 
nDox 1/2. The electrode potential  was stepped from the 
rest potential  to 0.5V; plots of I vs. t -'~/2 were found 
to be l inear  as predicted by the Cottrell  equation. 
Using a l inear  regression analysis, values of nDox 1/2 
were obtained from the slopes of the regression lines 
as shown in Table II. The chronoamperometr ic  values 
of  nDox 1/2 agree wi th in  exper imenta l  error with the 
value obtained from the chronopotentiometric data. 

Recently, the "semi-integral"  technique has been ap- 
plied to l inear  sweep vol tammetry  (17-21). Plots of the 
semi- integrated current  vs. potential  have two basic 
advantages over the normal  vol tammetr ic  plots. First  
the semi- in tegra l  technique provides an easier method 
for obtaining quant i ta t ive  data from the vol tammetr ic  
measurements .  Second the semi- in tegra l  technique 
provides a Convenient way of removing effects of solu- 
t ion resistance from the analyt ical  data. 

Digitized l inear sweep vol tammograms of K2CrO4 
were taken at several different sweep rates from N1 
to ~10 V/sec; the potential  was scanned from the rest 

Table II. Chronoamperometric data a 

~Doxl/2 
[K~CrO4] ( e q u i v . - c m /  

(rnM) r a o l e - s e e  1/~) 

9.81 (3.50 ~ 0.08) • 10 4 
78.90 (3.45 + 0.08) x 10 -a 

118.90 (3.42 ----- 0.12) X I 0  -s 

a U n c e r t a i n t i e s  q u o t e d  in  t h i s  p a p e r  a r e  95% conf idence  i n t e r v a l s .  
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Fig. 1. Neovoltammogram for the reduction of K2Cr04. [K2Cr04] 
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Fig. 4. Relationship between potential and semi-integrated cur- 
rent. [K2Cr04] = 78.90 raM. Sweep rate = 3.61 V/sec. Electrode 
area = 0.488 cm% 

potential  to O.5V. The semi- in tegrated currents, re( t)  
were calculated using the algori thm described by 
Grenness and Oldham (18). Blank neovol tammograms 
were taken of the pure solvent to correct for nonfara-  
daic effects. Effects of uncompensated solution resist- 
ance were corrected using positive feedback resistance 
compensat ion provided on the PAR 173 potentiostat. 

One of the neovol tammograms is shown in Fig. 3. 
At a sufficiently negative potential  the semi- integrated 
current  reaches a l imit ing value, m ( ~ )  given by 

m ( ~ )  : nFACDox 1/2 [1] 

Using several neovol tammograms and Eq. [1] the aver-  
age value of nDox 1/2 was calculated to be (3.45 _ 0.19) 
• 10 -3 equiv . -cm/mole-sec  1/2, which is in  good agree- 
ment  with the chronopotentiometric and chronoam- 
perometric values (Table III) .  

Plots of E vs. log [ ( m ~ -  m) / i ]  were found to be 
l inear  indicat ing a totally i r reversible  charge t ransfer  
step (20). An example of such a plot is sho%vn in Fig. 
4. A transfer  coefficient of 0.57 was obtained from the 
slope. From the intercept, the heterogeneous charge 
t ransfer  rate constant  kh.f was calculated to be 4.46 • 
10 -4 cm/sec at E : 1.2V. As can be seen in Table III, 
the kh.f obtained from the chronopotentiometric data 
is lower than that  obtained from neovol tammetry.  This 
discrepancy is probably  due to the effects of uncom- 
pensated solution resistance on the chronopotentio-  
grams where positive feedback resistance compensa- 
tion was not possible. 

Characterization of the electrode deposi t--Electrode 
deposits were prepared by constant  current  electrolysis 
using the method outl ined by Propp (2) and analyzed 
for chromium, zinc, and potassium as previously de- 
scribed. The potential  was never  allowed to become 
more negative than 0.5V dur ing  the deposition process; 
the concentrat ion of chromate was 0.15M. Approxi-  
mately  I00 t, equiv, of deposit was formed on each elec- 
trode using five current densities ranging from 0.5 to 
I0 mA/cm 2. The area of the platinum gauze electrodes 
was determined by a chronoamperometric technique 
using a standard K3Fe(CN)6 solution. The results of 
the deposit analysis are shown in Table IV. 

The effective number of electrons transferred was 
determined by 

L 6  
c J  

o ~ 
K 

0 L-O.Sko/c~ 

[] Ie-1. O~nD/c.~ 

O L-I O. Oma/c~ 

o 1'o i'5 2'o 
ueq.  Depos i f 

Fig. 5. Relationship between micromoles of chromium and micro- 
equivalents of deposit. 

~equiv. deposit 
neff = [2] 

#moles Cr found 

The oxygen to chromium ratio in each deposit was cal- 
culated using a charge balance and assuming the oxi- 
dation states of potassium, zinc, and chromium to be 
I, It, and VI -- neff, respectively. 

Deposits formed with high current  densities were 
found to be hygroscopic, green in color, and not 
strongly attached to the gauze electrodes. The per cent 
of sample weight accounted for by the empirical for- 
mulas in Table IV was ~92-i00%, where the remain ing  
weight is assumed to be H20. Chloride could not be 
detected in any deposit. The low current  depositions 
were very stable when exposed to the atmosphere, 
black in color, and adhered strongly to the gauze elec- 
trodes. 

Addit ional  experiments  were performed to determine 
if the deposit composition varied with the amount  of 
deposit formed on the .electrode. Deposits ranging from 
1 to 20 ~equiv. were formed at several current densities 
and analyzed for Cr and Zn by atomic absorption. The 
results are shown in Fig. 5 and 6. A straight line pass- 
ing through the origin was obtained for each current 

Table Ill. Comparison of data obtained from the various 
electrochemical techniques 

~Dox 1/2 ~h,f (at 
(equiv.-cm/ E = 1.2V) 

Technique mole-secl/2) cz (crn/sec) 

C h r o n o p o t e n t i o m e t r y  (3 .46  ~ 0 .10)  x 10  -8 0 . 5 7  3 .27  x 10  -4 
C h r o n o a m p e r o m e t r y  (3 .46  - -  0 .05 )  x 1 0  -~ - -  
Neovoltammetry (3 .45  -4- 0 .19)  • 10 -s 0 , 5 7  4 .46  x 10 ~ 

Table IV. Deposit analysis 

C u r r e n t  
d e n s i t y  F o r m u l a  

( m A / e m  2) n e f f  E m p i r i c a l  f o r m u l a  w t  

0 .5  2 . 3 9  Ke.oTZnL1sCrO~.o2 180 
1.0 2 . 3 9  K o . 1 1 Z n 1 . ~ C r O m  ~ 2 1 3  
2 . 0  2 . 3 3  Ko.1_~Zn1.~CrOa.6o 2 2 6  
4.0 2.50 Ko.17Zn2.~sCr04.~ 2 6 5  

I 0 . 0  2 . 7 9  Ko,3~Zn2.~CrO~.ps  2 6 8  
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density. The excellent l inear i ty  of these plots s t rongly 
suggests that  nei ther  Cr  nor  Zn is being trapped by the 
deposit. These results are consistent with the neff and 
Zn/Cr  ratios shown in Table IV. 

ESR and magnetic  measurements  have been made on 
several of the deposits (22). The ESR measurements  
clearly indicate the presence of Cr (III) in  the deposits. 
Specific magnet izat ion and thermomagnet ic  analysis 
indicate that  the deposits are ferromagnetic;  the satu-  
rat ion magnetizat ion and Curie temperature  vary with 
deposit composition. Similar  results have been reported 
for oxides formed by the thermal  decomposition of 
chromium trioxide (23, 24). 

X- r ay  powder diffraction studies indicate that the 
deposits have a diamond cubic lattice (DC) with a uni t  
cell edge of 8.43A. This phase is sl ightly larger than 
the DC phase of pure Cr203 which has a uni t  cell edge 
of 8.36A. 

Reduction mechanism.--The composition of the elec- 
trode deposit depends on the current  densi ty applied 
dur ing  the electrolysis. A reduct ion mechanism con- 
sistent with the results of Table V is shown below 

x + 2 y ~ _ 2  x + 2 y _ - - 3  
(KxZnuCrOs) s (K~Zn~CrO~) s 

t r 
CrO~2-+ 02 -  Cr03S- + O ~-  

path A41' path B4b 
CrO4 ~- + 2e -  ~ C r O 4 4 -  -b e -  ~ CrO45- 

path C $ path  D $ 
(KzZnyCrO~) s (KzZnyCrO4) 

x + 2 y ~ _ 4  x + 2 y _ - - 5  

At high current  densities the total t ime of the elec- 
trolysis is small. This would tend to l imit  the decom- 
position reactions of paths A and B and favor the 
depositions of paths C and D. Due to the large over- 
voltage at very high current  densities, path D would 
be favored over path C. At low current  densities the 
total time of electrolysis is very large providing more 
t ime for the chemical reactions of paths A and B to 
occur. Due to the small  overvoltage at very  low current  
densities, path A would be favored over path B. Table 
V summarizes the changes in deposit composition pre-  
dicted to occur as preparat ive  current  density is 
changed; these predictions are exper imenta l ly  verified 
in Table IV. 

Table V. Compositional changes with electrolysis current 

Current dens i t y  (x + 2y) n e ~  O / O r  

Very  l ow  2 2 3.0 
L o w  2 to 3 2 to 3 3.0 
High 4 t o  5 2 to 3 4.0 
Very  h i g h  5 3 4.0 

The mechanism for the reduction of K2CrO4 in the 
presence of Zn (II) in molten LiC1-KC1 involves a three 
electron process with CrO44- formed as a t ransi tory 
intermediate (4). Our data indicate that  Cr( IV)  is 
sufficiently stable in ZnCI2-KC1 to prevent  complete 
reduction to Cr( I I I )  unless high current  densities are 
used. This infers the presence of a stronger C r ( I V ) -  
Zn (II) interact ion than  in LiC1-KC1 containing ZnC12. 
The source of this increased interact ion is undoubtedly  
the high acidity of the ZnCI2-KC1 solvent. Weakly  
basic solutes display more alkal ine properties in acidic 
than in  neutra l  solvents, consequent ly  the acid-base 
adduet Z n ( I I ) - C r ( I V )  is more stable in ZnC12-KC1 
than in LiC1-KC1 containing ZnC12. 

The loss of oxide at low current  density (path A) 
is also a consequence of the acidity of ZnC12-KC1. 
Acidic Zn( I I )  species would be expected to rapidly 
react with oxide to produce zinc oxychloride. This 
may, in fact, divert  significant quanti t ies of CrO4 4- 
from the second electron transfer  to path A. 

This mechanism is consistent with the results ob- 
tained from the electrochemical measurements.  Due to 
the high current  densities and short t ime intervals  of 
the chronopotentiometric analysis, the value of neff is 
approximately 3 as indicated in Table V. The small  
uncer ta in ty  in the value of nDox 1/2 also indicates a 
constant va~ue of n. Using n = 3, the value of Dox is 
(1.33 _ 0.08) • 10 -6 cm2/sec. 

The kinetic data suggest an irreversible charge 
transfer  step in the reduction sequence. The dxygen 
coordination remains  te t rahedral  in the first reduct ion 
step and changes from te t rahedral  to octahedral in  the 
second reduction step (4). Therefore the second step 
is slower than the first and is considered to be the i r -  
reversible, ra te -de te rmin ing  step. It  should he pointed 
out that due to the chemical reactions involved in the 
reduction mechanism, it may be possible that the i r-  
reversible shape of the chronopotentiograms and neo- 
vol tammograms is due to a reversible electron t ransfer  
reaction with a rapid following chemical reaction. 
Using only single step techniques as described here, it 
was v i r tua l ly  impossible to dist inguish between these 
two cases. 

Conclusions 
Molten ZnC12-KC1 is a useful moderately  acidic sol- 

vent  for electrochemical investigations. The electrore- 
duction of Ko.CrO4 in ZnC12-KC1 involves a moderately 
stable Cr(IV) in termediate  and produces an insoluble 
electrode deposit which is ferromagnetic  at room tem- 
perature.  
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%chnical Note 

Electromotive Force Measurements 
in Molten Lithium-Magnesium Alloys 

Marie-Louise Saboungi* and Milton Blander 
Chemical Engineering Division, Argonne National Laboratory, Argonne, Illinois 60439 

o 

In the  deve lopment  of h igh -ene rgy  l i th ium a l l oy /  
meta l  sulfide cells, invest igat ions  of l i th ium alloys as 
the active ma te r i a l  in the  negat ive  e lec t rode  appear  to 
be desirable .  The a im of such invest igat ions is to 
ident i fy  those l i th ium al loys tha t  pe r fo rm be t te r  than 
the Li-A1 e lec t rode  p resen t ly  used (1). The.choice  of 
an op t imum alka l i  meta l  a l loy e lec t rode  for  new ba t -  
t e ry  systems reqmres  the  ava i l ab i l i ty  of da ta  on the 
the rmodynamic  behavior  of a large  number  of systems.  
The pauc i ty  of such da ta  led us to s ta r t  measurements  
in  o rde r  to fill this  gap and  to gain fundamen ta l  in-  
sights into the  t he rmodynamic  p roper t i e s  of a lkal i  
meta l  alloys. 

We repor t  here  e lec t romot ive  force measurements  of 
mol ten  l i t h ium-magnes ium al loys using the cell 

LiF-LiC1 
(eutect ic)  

Li  (liq, in  Fe l tme ta l )  or L i -Mg 
LiC1-KC1 (liq) 
(eutect ic)  

The resul ts  of our  measurements  m a y  be combined 
wi th  da ta  f rom the measured  L i -Mg phase  d iagram 
(2) to calculate  the  the rmodynamic  proper t ies  of solid 
L i -Mg  al loys at  the  solidus. Ear l ier ,  magnes ium vapor  
pressure  measurements  over  L i -Mg mel ts  were  made  
by  Mashovets  and Puchkov  (3) at  only five composi-  
tions. The concentra t ion  dependence  of thei r  deduced 
excess chemical  potent ia l  is quite unusual ;  conse- 
quent ly,  more  de ta i led  invest igat ions  appea red  to be 
needed to check the i r  conclusions. 

Experimental 
Mater~als.--Lithium metal  (99.97% pur i ty )  was ob-  

t a ined  f rom the Foote  Minera l  Company,  Phi ladelphia ,  
Pennsylvania ,  in the  form of 1 lb ingots sealed in cans 
under  an argon a tmosphere .  Br ight  meta l  pieces were  
mel ted  and floating impur i t ies  were  sk immed off at 
about  200~ under  a purif ied he l ium atmosphere;  pa r t  
of the  r ema inde r  was passed th rough  a p inhole  at  the  

* Electrochemical Society A c t i v e  M e m b e r .  
Key words: lithium, magnesium, alloys, activity, electromotive 

force, a l k a l i - m e t a l s .  

bot tom of a hea ted  t an ta lum vessel. Smal l  drops (0.1- 
0.3g) of l i th ium were  obta ined  and only those wi th  the  
br ightes t  surfaces were  used in this study.  

Magnes ium meta l  (99.98% pur i ty )  was obtained 
f rom Brooks and Perkins ,  Livonia,  Michigan, in the 
form of cyl indr ica l  rods. The oxide coating was re -  
moved by  dipping the rods in a di lute  solut ion of HC1. 

Anhydrous  purif ied LiC1-KC1 eutectic mix tu re  was 
suppl ied  in 200g ampuls  by  the Anderson  Physics  Lab-  
oratory,  Champaign,  Illinois. The LiF-LiC1 eutectic 
mix tu re  was p repa red  by  weighing the  appropr i a t e  
amounts  of p r ed r i ed  reagent  grade solids [30 mole  pe r  
cent (m/o)  LiF  and 70 m / o  LiC1], p lac ing them into a 
fused sil ica vessel and mel t ing  the  mix ture .  Chlorine 
gas was passed th rough  the mol ten  eutectic, a f te r  
which the excess chlor ine was removed  by  bubbl ing  
he l ium th rough  the melt .  

Apparatus and procedure.--The expe r imen ta l  a r -  
rangement  of a typica l  cell  is indica ted  in Fig. 1. A 
porous be ry l l i a  crucible  (high pur i ty  grade)  f rom Na-  
t ional  Bery l l ia  Corporat ion,  Nor th  Bergen, New Jersey,  
contained the mol ten  e lec t ro ly te  in which was im-  
mersed  the pure  l i th ium anode. This crucible,  which 
served as a ba r r i e r  to separa te  the  two electrodes,  was 
20 m m  in d iamete r  and  2.4 m m  in thickness;  i ts pore  
size was about  50 ~m. The  BeO cup was p resoaked  in 
the mol ten  e lec t ro ly te  to wet  i t  so as to minimize  pos-  
sible chemical  a t tack  by  mol ten  l i thium. Cairns et al. 
(4) noted that  the  pu r i t y  and manne r  of p repa ra t ion  of 
be ry l l i a  have a s t rong influence on its resis tance to 
a t tack  by  l i thium. 

The m o l t e n  l i t h ium-magnes ium elect rode (posi t ive 
e lect rode)  was contained in a 100 m m  d iamete r  t an ta -  
lum crucible.  The reference  e lect rode consisted of 
porous stainless steel  Fe l tme ta l  (Type  347 SS, ap-  
p rox imate  area  1 cm 2) soaked in pu re  l i t h ium at 500~ 
At this  tempera ture ,  the  l i th ium wets  the meta l  wi th  
such tenaci ty  tha t  no loss of l i th ium due  to dewet t ing  
occurs when the l i th ium reference e lec t rode  is sub-  
merged  in the  e lectrolyte .  The poros i ty  ( the pore  size 
is about  35 ~m) of the  Fe l tme ta l  f rom Brunswick  Cor-  
porat ion,  Milford, Connecticut ,  was quoted as approx i -  
ma te ly  80%. Tan ta lum leads  we re  used to connect 
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Fig. 1. Schematic of the cell 

both electrodes to a digital voltmeter  (Dana Model 
5000, input  resistance greater  than 101~ ohms). The 
entire assembly was set in  a furnace well which was 
attached to a helium-fi l led glove box; all operations 
were carried out completely inside the glove box. The 
procedure for pur i fying the he l ium is described else- 
where (5) ; the impurit ies in this atmosphere consisted 
of 0.1-0.5 ppm of water  while oxygen was undetected 
(limit of detection 1 ppm) .  

The tempera ture  was measured with a calibrated 
(P t -P t l0%Rh)  thermocouple protected by a t an ta lum 
well. For each run, the temperature  was held constant 
within a three degree range. The composition of the 
alloy was kept homogeneous (and the tempera ture  
uniform) by vigorous st irr ing with a t an ta lum stirrer. 
Because of the small  amount  of the electrolyte, the 
saints in  the BeO crucible were not stirred; no significant 
loss of l i th ium from the reference electrode was ap- 
parent.  The emf of the cell with two pure l i th ium 
electrodes was measured first. The bias potential  was 
always less than  0.2 mV and when checked remained 
constant for several hours. The composition of the melt  
in the t an ta lum crucible was then changed by adding 
successive weighed amounts  of magnesium. The dis- 
solution of the magnes ium in the alloy was immediate, 
and the emf of the cell became stable (to wi thin  0.2 
mV) for as long as the composition and the tempera-  
ture were held constant, often for hours and sometimes 
overnight. After  temperature  cycling, the emf general ly 
re turned to wi thin  0.1 mV of the ini t ial  value. 

The choice of electrolyte in collecting these data 
depended on the temperature  of the ceil. For t em-  
peratures lower than  773~ the LiC1-KC1 eutectic 
mix ture  (mp 625~ was used. For temperatures  
greater than 773~ the LiF-LiC1 eutectic mixture  (mp 
774~ was used in  order to ensure the stabili ty of the 
cell. 1 

The use of a large amount  of alloy (40-50g of l i th-  
ium) appears to be significant in minimizing the effects 
of self-discharge, i.e., the t ransfer  of l i th ium from the 
reference electrode to the ahoy. Finally,  it should be 
pointed out that at these temperatures,  the solubility 
of metallic Li in the electrolytes is less than  1 m/o  (8). 

Results and Discussion 
Compositions of molten alloys, emf data, and activi- 

ties of l i thium, at four temperatures,  are given in 
Z A t  t e m p e r a t u r e s  g r e a t e r  than 7 7 3 ~  i t  w a s  o b s e r v e d  e x p e r i -  

m e n t a l l y  by  us  and  by  o the r s  (1, 6) t h a t  t h e  l i t h i u m  m e t a l  r e d u c e s  
K C l  to  p o t a s s i u m  meta l ,  w h i c h  condenses  m a i n l y  on the  cooler  s e c -  
t i o n s  of the  w e l l  and  the  e lec t rode  leads.  Th i s  effect  can be u n d e r -  
s tood f r o m  s i m p l e  t h e r m o d y n a m i c  cons ide ra t ions .  The s t a n d a r d  f r e e  
e n e r g y  of  t he  r eac t i on  

L i  + KCl(1) ~ K + LiCl(1) 
is  a b o u t  3 kca l  too l  -1 a t  800"1~ a c c o r d i n g  to  3 A N A F  Tables  (7). 
E v e n  a t  723~ the  v a p o r  p r e s s u r e  of p o t a s s i u m  i n  t h i s  m i x t u r e  i s  
n o t i c e a b l e  (abou t  1 Tor r ) .  

Table I. Emf results at four temperatures 

T = 670~ T = 735~ 

XLr E ( m V )  a l l  XLl E (mV)  aD~ 

0.958 2.62 0.956 0.908 6.81 0.898 
0.891 6.89 0.888 0.792 16.66 0.769 
0.813 13.38 0.793 0.684 30.15 0.621 
0.749 19.75 0.710 
0.685 25.95 0.638 

T = 830=K T = 8 8 7 ~  

X,,i E(mV) aT,1 XLI E(mV) aL! 

0.928 5.79 0.922 0.899 8.39 0,896 
0.855 12.82. 0.836 0.836 14.59 0.826 
0.816 17.26 0.786 0.762 23.52 0.736 
0.78'2 21.19 0.744 0.699 32.42 0.656 
0.756 24.90 0.707 0.643 41.76 0.579 
0.725 29.06 0.666 0,589 51.91 0,507 
0.683 35.65 0,606 0.534 61.41 ~448  
0,649 41.61 0.560 0.506 6%87 0.412 
0,627 45.70 0.528 0.480 77.00 0.365 
0.594 52.12 0.482 0.459 82.57 0.839 
0,566 57.84 0.445 0.429 90.77 0,305 
0.541 63.41 0,413 0,406 98.62 0.277 
0,622 67.96 0.387 0.381 105.10 0.253 
0.507 71.36 0.369 0.354 114.00 0.225 
0.487 76.05 0.346 0.330 122.37 0,203 
0.475 78.84 0.333 0,298 134.22 0.172 

Table I. The emf values, E, are corrected for the bias 
potential. 

The activities of l i thium, aLi, in the alloys calculated 
from the relat ion 

RT 
E : - - - - l n a L i  [1] 

F 

(R is the gas constant, and F is the Faraday constant) 
are plotted in Fig. 2. In  the mol ten  alloys, deviations 
from ideality are small  and negative. The activities of 
l i th ium in solid alloys at the solidus can be calculated 
by combining these results with the phase diagram. 
The data for the solidus are somewhat uncertain,  which 
lends uncer ta in ty  to our  values of the activities of Li 
in solid alloys. We chose for our calculations the phase 
diagram as given by Hul tgren  et al. (2) (Fig. 3). The 
ratio of the activities of l i th ium in the molten alloy 
(liquid l i th ium is the s tandard state) to the activity of 
l i th ium in the solid alloy (hypothetical solid l i th ium is 
the s tandard state) in  equi l ibr ium with the l iquid is 
given by 

a'Li R T [2] 

\ ,9 �9 T : 557~ .9 

. 8 -  . 

.7 

.6 .6 

~ e 
aLl .5 I; .5 aMg 

.4 ,4 

,2 . 

.I 

O / [ I I I I I I I I - - - N  0 
.I .2 .5 .4 .5 .6 .7 .8 .9 I 

XMg 

Fig. 2. Activities of Li and Mg in the Li-Mg system, t au 
measured at 557~ �9 aLi measured at 614~ - - - - - -  aMg cal- 
culated at 614~ 
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Fig. 3. Phase diagram of the Li-Mg system (2) 

The pr ime denotes solid l i th ium as s tandard state, ~Hf 
is the enthalpy of fusion of l i th ium (0.7171 kcal r ea l -  1), 
and Tm is the mel t ing point  of l i th ium (453.69~ (7). 
The excess chemical potential  of l i th ium in the molten 
alloys (/~Li xs) i s  

~Li  xs = RT I n  7 L i  = - -  FE - -  RT I n  X L i  [ 3 ]  

where 7Li is the activity coefficient and XLi is the atom 
fraction of l i thium. By assuming that #u  xs is independ-  
ent of temperature,  the activities of l i th ium at the 
l iquidus may then be calculated. Values of ~Li xs at 
830 ~ and 887~ differ somewhat. However, this small 
difference is about  the size of the combined uncer -  
tainties; it is, therefore, reasonable to a~sume that 
F, Li xs is independent  of temperature.  The composition 
of the solid alloy in  equi l ibr ium with the l iquid is 
given in column 2 of Table II. The values of the ac- 
tivities of solid and l iquid l i th ium at the solidus and 
l iquidus (2), respectively, at temperatures  ranging from 
500 ~ to 870~ are given in columns 3 and 4 of Table 
IL 

As with the liquids, deviations from ideality at the 
solidus are relat ively small  and negative. At higher 
temperatures  and lower atom fractions of l i thium, ac- 
t ivi ty  coefficients of l i th ium in the solid alloy are lower 
than in the liquid. This is a necessary consequence of 
the reported max imum in the l iquidus and solidus 
curves in  the phase diagram (Fig. 3). At this maximum,  
we have 7Li > 7 ' L i  but  '~Mg ~ 7'Mg where the prime de- 
notes the solid alloy. Thus, if the reported phase dia- 
gram is correct, the differences in activity coefficients 
(and activities) of each component in the l iquid and 
solid have opposite signs at the maximum.  

The data at 887~ (Table I) were utilized to cal- 
culate the activity coefficients of magnes ium from the 
Gibbs -Duhem relat ion 

fXl=Xl In 72 dX1 [4] --X2 In 72 (X2) -- 
In71 -~ Xl ,w x1=1 Xl 2 

where component 1 is IVig and component 2 is Li. Ex- 

Table II. Estimated values of the activity of Li* in solid Li-Mg 
alloys at the solidus 

T ( K )  X % l  a 'LI aL| 

500 0.80 0.80 0.87 
600 0.65 0.54 0.66 
700 0.56 0.40 0.53 
800 0.44 0.28 0.40 
850 0.36 0.18 0.27 
870 0.30 0.12 0.17 

* T h e  c o n c e n t r a t i o n s ,  X ' c i ,  a r e  a t o m  f r a c t i o n s  a t  t h e  so l idus .  A c -  
t i v i t i e s  in  c o l u m n  3 a r e  r e l a t i v e  to a h y p o t h e t i c a l  so l id  l i t h i u m  as  
s t a n d a r d  s t a t e  a n d  a c t i v i t i e s  in  c o l u m n  4 a r e  r e l a t i v e  to l i q u i d  
l i t h i u m .  

Table III. Excess chemical potentials of magnesium and lithium 
(cal real -1) 

This  w o r k  R e f e r e n c e  3 

XMz ~Llz,  (887OK) ~ g x s  (887 ~ ~L~ xs (887 ~ ~ g x s  (887OK) 

0 O - - 1 4 5 0  (0) ( - - 5 4 0 6 )  
0.1 - 4  -- 1390 ( - - 6 8 )  ( - 4 1 2 9 )  
0.2 - 3 0  - 1230 - -258  - 3 0 4 1  
0.3 -- 110 -- 1010 - -561  - 2 1 3 0  
0.4 -230 --780 --958 --1390 
0.5 --420 --550 -- 1442 --799 
0.6 --670 --350 -- 1986 --351 
0.7 --960 -- 190 --2470 --87 
O.fl (--1290) (--80) --2776 19 
0.9 ( - - 1 6 4 0 )  (--20) --2759 20 
1.0 ( -  1970) (0) --2285 0 

( ) E x t r a p o l a t e d .  

per imental  values of In ~ were fit by a least-squares 
method to an equation of the form In 72 = A XI 2 -5 
B XI 3 -5 C X14. The coefficients A, B, and C were then 
used to numerically calculate the integral in Eq. [4]. 
The calculated activities of magnesium for T ---- 887~ 
are plotted in Fig. 2. As with Li, the deviations from 
ideal solution behavior of Mg appear to be relatively 
small. 

Our calculations for the excess chemical potentials of 
Li and Mg at 887~ given in columns 2 and 3 of Table 
llI, respectively, differ considerably from those of 
Mashovets and Puchkov (2, 3) at 887~ given in col- 
umns 4 and 5 of Table Ill. The results of these ex- 
perimenters were derived from magnesium vapor pres- 
sure measurements at only five concentrations, and no 
information was given on the reproducibility of their 
results. We believe that the large asymmetry and 
the unusual concentration dependence of the excess 
chemical potentials of IV[ashovets and Puchkov, as well 
as the small number of measurements, place their re- 
sults in some doubt. The small deviations from ideality 
of our results at all concentrations are consistent with 
the small difference in electroneg'ativities and the small 
difference in molar volumes between Li and iV[g. 
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D I S C U S S I O N  

S E C T I O N  @ 
This Discussion Section includes discussion of  papers appearing 

in the Journat  of The  Electrochemical  ~oeiety,  Vol. 121, No. 11 and 
12; N o v e m b e r  a n d  D e c e m b e r  1974; a n d  Vol. 122, No. 1, 2, 3, 4, and 
5; J a n u a r y ,  F e b r u a r y ,  March ,  Apri l ,  a~d  May  1975. 

A Palladium Hydride pH Electrode for Use in Buffered 
Fluoride Etch Solutions 

R. Jasinski (pp. 1579-1584, Vol. 121, No. 12) 
J. V. Dobson, B. R. Chapman, and D. Start: 1 There is 

some ambigui ty  in the Jasinski  paper concerning the 
effect of purging the electrolyte with air. The sentence 
"no distinguishable effect of purging with air" may 
mean  to the un informed that no difference was ob- 
served between bubbl ing  (purging) or s t i rr ing the 
electrolyte. Alternat ively,  it may suggest that no effect 
was found wi th  purging the electrolyte at all. The re- 
sults shown in Fig. 1 from our own more extensive 
studies show that  some significant "bubbl ing effect" is 
obtained with the pal ladium hydride electrode in addi- 
tion to a s t i r r ing effect. Thus in  Fig. 1 a change in  cell 
emf is found for bubbl ing  with ni trogen or air and also 
with stirring. 

The use of a 20 mV criterion for determinat ion of 
composition and lifetime of the electrode may result  
in  errors of 2-3 days for some electrodes, e.g., Fig. 3 in 
the paper under  discussion. There are two ways of over- 
coming the difficulty in accurately determining the life- 
times (and composition) of pal ladium hydrogen elec- 
trodes of long lifetimes. First, the use of long lengths 
of very th in  pal ladium wire supported on a former 
enables the relat ive resistance to be determined. ~ For 
long wires the desorption rate of hydrogen or l ifetime 
is inversely proport ional  to the radius and is inde-  
pendent  of the length. 3 Second, if large rods of wire 
are employed, the general  Eq. [1] derived in an earlier 
paper 2 

School  of Chemistry,  The Universi ty  of Newcas t l e  u p o n  Tyne ,  
Newcas t le  u p o n  Tyne  NE1 7RU, England .  

2F.  A. Lewis ,  " T h e  Pa l l ad ium H y d r o g e n  S y s t e m , "  Academic  
Press ,  New York  (1967). 

J .  V. Dobson,  B. R. C h a p m a n ,  a n d  H. R. Thi rsk ,  in "E lec t ro -  
chemis t ry  in Aqueous  Solutions," International  Conference on High  
Temperature  and High Pressure,  NACE Publications (1975). 

l 

Fig. 1. Variation of emf levels (in constant electrolyte) with N2 
and air, showing stirring effect. 

0 . 7 6 6 -  (t + S ) a  
dt  

T _= [1] 
ia 

may be used to determine the lifetime and predict the 
charging conditions for an electrode. T and ia are the 
charging time (hr) and current  density ( A / c m - e ) ;  t, 
the lifetime in the = + ~ phase; S, the [H] / [Pd]  ~-max 
composition; and dr/dr  the desorption rate (h r -1 ) .  
Fur ther  details are given in our pal:er. 3 

We find it difficult to unders tand  why the pH of the 
electrolyte should have any effect at all on the lifetime 
let alone a t rend to increase with increasing pH. The 
data in Table III in  the paper under  consideration show 
a decrease in lifetime above pH 3. An increase in life- 
t ime by  decreasing the surface area exposed to the 
electrolyte by sleeving, for example, has been shown 
dramatical ly in several recent papers. 4 

The mi n i mum dependence of "st irr ing effect" on 
[H] / [Pd]  (stated incorrectly throughout  the paper as 
[Pd ] / [H] )  composition is only par t ly  true from the 
given data. For example, Jasinski 's  Table IV suggests 
that  there is an opt imum composition of 0.49 at least 
for pH 8, though not pointed out in the paper. A de- 
cided opt imum composition is clearly shown from the 
results of some of our studies which are shown in Fig. 
2. We have converted and replotted the data obtained 
for the Jasinski  paper. It  is seen that for our system, 
a wi re -wound  coil of 0.025 in. (8-10 ohm) diameter  
wire whose electrical resistance was monitored, an 
opt imum value would be r ~ R/Ro = 1.23, while the 
Jasinski data would give a value of r around 1.48. 

The profound discrepancy thus detected may be 
par t ly  reconciled by Jasinski 's  uncontrol led arbi t rary  
choice to make measurements  of s t i rr ing effect after 

4 j .  V. Dobson,  M. N. Dagless,  a n d  H. R. Thi rsk ,  Trans. Faraday 
.Soe., 68, 764 (1972); ibid., 68, 749 (1972). 
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Fig. 2. Variation of stirring effect (mV drop) with R/Ro 
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Fig. 3. Variation of stirring effect (mV drop) with time elapsed 
since charge. R/Ro ~ 1.48; pH constant. 

10 min. We have found, Fig. 3, a considerable change 
or lowering in s t i rr ing effect with t ime after charge. 

Finally,  we get the impression from the discussion 
that  there is a suggestion of a loss of a Pd H species 
from the electrode surface into the bu lk  electrolyte. 
It may be instruct ive to recall that  Troost and Haute-  
feille 5 oversimplified the problem of s tructure by 
suggesting the formation of discrete Pd2H. Later work6 
has made it clear that  the a W ;~-phase is a mixed 
phase system of variable  H / P d  composition. It  would 
appear, therefore, that a discrete Pd-H compound dis- 
solving into the electrolyte would be contrary to the 
formation of a nonstoichiometric mixed phase system. 
Desorbed hydrogen on the electrode surface could of 
course be dissolving into the bu lk  electrolyte, thereby 
reducing the electrode composition. 

R. Jasinski:  7 Constructive criticism is always ap- 
preciated, and I wish to apologize for any difficulty 
Dobson et al. have had in unders tanding  my paper. The 
point of my work, as stated in  the introduction, was to 
develop a practical pH electrode which was usable in 
a corrosive, commercially impor tant  silica etchant. This 
was done by maximizing the content of pal ladium hy-  
dride in  the electrode s t ructure  and by minimizing the 
rate at which it was lost to the surroundings.  

Now to the specific criticisms. On the "ambigui ty  . . .  
concerning the effect of purging  . . .  ," the complete 
sentence in  the Exper imenta l  Section reads: "There 
was no dist inguishable effect of purging  the test solu- 
tions with air vs. st irr ing in an open beaker  after first 
saturat ing with air." This still  seems to me to be a 
re la t ively unambiguous  description of the general  elec- 
trode behavior  that  I observed under  the exper imental  
conditions I described. It is possible to devise a s i tua-  
t ion where st i rr ing will be less effective than  bubbl ing  
in main ta in ing  the bu lk  dissolved air concentrat ion at 
the electrode surface. Also, if bubbles  of air are de- 
l ivered to the electrode surface to increase the avail-  
abil i ty of oxygen "depolarizer" at the surface, greater 
shifts in potential  wil l  be observed. Such potential  
shifts would also be par t icular ly  large if the hydride 
concentrat ion of the electrode were par t icular ly  low, 
as  with Dobson's wires. 

Next, I stated in my  paper, that the 20 mV criterion 
used to define electrode life was indeed arbitrary,  but  
was nevertheless adequate for comparing electrode 
l ifetimes of minutes  with electrode lifetimes of days. 
Dobson et al. a r e  perfectly enti t led to desire a more 
rigorous cri terion for electrode life. Thin  wires do not 
give long electrode l i fet imes(days)  as I have shown. 
Accurate measurements  of electrical resistance for 

L. Troost and P.  H a u t e f e i l l e ,  Ann .  Chim.  Phys . ,  2, 273 (1974).  
~J .  W. S i m o n s  a n d  T.  B.  F l a n a g a n ,  J. Phys .  Chem. ,  69, 3773 

(1965);  W.  T.  Lindsay and F.  W. P e m e n t ,  ibid., 36, 1220 (1962). 
T e x a s  I n s t r u m e n t s  Incorporated, Dallas, T e x a s  75222. 

large rods of metal  are difficult, and would indicate an 
average hydride concentration, at best, ra ther  than  the 
operative surface concentration. I did find it difficult 
to correlate my data published in  1974 with Dobson's 
equations publ ished in 1975 (Dobson's Eq. [1] and 
FtnS). I t  is instruct ive to note, however, that our two 
correlation equations are of the same sense, i.e., the 
electrode life in the ~ W ;~ phase (a) is proport ional  to 
the total charge put  into the electrode (in the a W 
phase), minus that  left in the a-phase, and (b) is in-  
versely proportional to a desorption rate (dr/dr) .  I 
have, in effect, a t tempted to establish a proport ional i ty 
between this desorption rate of Dobson and the surface 
area of the electrode exposed to the solution. Some 
proport ionali ty is to be expected since one mechanism 
for the loss of pa l lad ium hydride phase is chemical re- 
action with dissolved oxygen. 

One possible "why" for the pH effect is postulated 
(not proved) at the end of the paper  and so labeled: 
"that this process is the acid catalyzed recombinat ion 
of pal ladium hydr ide  to yield H2." The possibility of 
different oxygen solubilities according to electrolyte is 
also raised in the final paragraph of the paper. 

The use of the "sleeve" in the work of Dobson, Dag- 
less, and Thirsk, was to retard the rate  of absorption 
of H2 by pal ladium once sufficient hydride has been 
formed to generate the potential  of the pal ladium 
a + /~ phase. Indeed this technique is analogous to the 
reverse si tuation described in my paper that  of increas- 
ing the life of the electrochemically formed a + 
phase, in the absence of H2, by restricting the surface 
area of the pal ladium electrode presented to the solu- 
tion for reaction. Unfor tuna te ly  I did not have the 
reference at the t ime of preparing my paper. 

I do stand corrected on the use of {Pd}/{H}, rather  
than {H}/{Pd}. 

Considering the complicated chemistry and poorly 
defined mass t ransport  conditions in the solution and in 
the pal ladium phase during these st i rr ing experiments,  
I fail to appreciate the profound significance based on 
such results of an enhanced stabili ty for an in termedi-  
ate {H}/{Pd} composition. 

The time of st irr ing in my paper was 1 min, not 1O 
min. The stabili ty of potentials with the pal ladium rods 
was such that little change in  potent ia l  was noted after 
longer periods of time. The data presented in the paper 
unambiguous ly  demonstrated the point  (Table IV in 
the paper under  discussion) stated clearly as "st irr ing 
dependence is dependent  upon PdH content  of the 
electrode." Such a dependence is ent i rely reasonable in 
view of reaction between PdH at the electrode surface 
with dissolved oxygen, followed by  diffusion of hy-  
dride from the bulk  of the electrode to the surface to 
replace the hydride removed. A low PdH content in the 
electrode must  yield a low diffusion gradient  and hence 
a low rate of t ransport  of hydride from the bulk  to 
the surface. As indicated in the references quoted in 
my paper, this diffusion coefficient is also about an 
order of magni tude  slower in pal ladium than  for ions 
in solution. 

F ina l ly  I must  apologize for giving Dobson et al. the 
impression that I have suggested the dissolution of Pd 
or PdH species from the electrode into the electrolyte. 
This was not my in ten t  and is not stated. The work of 
Troost and Hautefeille (Dobson F tn  5) was published in 
1874 not in 1974; F tn  6b is page 1229 not page 1220. 

I do wish to thank  Dobson et al. for their  interest  in 
my paper. 

Supersaturated Zincate Solutions 
w. Van Doorne and T. P. Dirkse, pp. 1-4, Vol. 122, No. 1) 

A. G. Br i g g s ,  N.  /~. H a m p s o n ,  a n d  A.  M a r s h a l h  s We 
wish to point  out in connection with the above-men-  
tioned paper that the constitutions of the supersatu-  
rated potassium zincate solutions are dependent  upon 

S D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  T e c h n o l o g y ,  L o u g h -  
b o r o u g h ,  L E l l  3TU,  England. 
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the t ime which has elapsed between the preparat ion 
of the saturated solution and  the s tructure determina-  
tion. 9 This point appears to have been omitted from a 
number  of past investigations in this area. However, 
we have recently been able to show that some of the 
anomalies observed from time to t ime have a satisfac- 
tory explanat ion when the above time dependence is 
taken into account. 1~ 

The Effect of Solvent on the Electrochemistry of Iron 
A. L. Bacarella and A. L. Sutton (pp. 11-18, Vol. 122, No. 1) 

K. Schwabe91 It is well known that the acidity of in- 
organic acids measured by the thermodynamic values 
ptH or pwH increases strongly with respect to the 
solutions in water  of equal concentrat ion at high con- 
tents of organic solvents especially ethanol. 12 Therefore 
it is not surpris ing that Bacarella and Sut ton receive 
an increasing corrosion current  of i ron at constant 
concentrat ion of H2SO4 with rising content  of ethanol. 
The dependence of the potential  of the iron electrode 
on the ethanol content can also be explained by the in-  
creasing acidity. But it is quite impossible to found an 
absolute acidity scale on these measurements  and ~0 
define the absolute acidity as proposed by the authors. 

This definition is based on the assumption of Grun-  
wald et aI. 13 who postulated the same medium effect 
for similar solutes (degenerate coefficient). As proved 
by Wynne-Jones  14 this postulate is not right. Surely it 
cannot be used for H2SO4, and therefore the degenerate 
coefficients, calculated by Bacarella and Sut ton for 
ethanol and mixtures  of e thanol -water  are not correct. 
That means that the "diffusion potential  E L  S cannot 
be calculated with the help of these coefficients. The 
cell used by Bacarella and Sut ton gives no possibility 
to estimate the diffusion and phase boundary  potentials. 
But it is quite improbable 15 that  they are 0 mV with 
0.5M H2SO4 in water, and 140 mV in ethanol as shown 
in Fig. 1 of the paper being discussed. So the proposal 
of Bacarella and Sut ton cannot be accepted as a new 
absolute measure for acidity. 

A. L. B a c a r e l l a  and  A. L. Sutton: 16 In  our publication, 
we have shown that using the junct ion  potentials EL S 
estimated by Gutbezahl  and Grunwald,  17 a very satis- 
factory in terpre ta t ion os the iron dissolution and hy- 
drogen evolution reactions on zone-refined iron in hy-  
drogen saturated acidic e thanol-water  media was ob- 
tained. It was also shown that by using the junct ion  
potentials provided by Popovych and Dill, TM a satis- 
factory fit to the data was not  obtained. 

Schwabe suggests that the junct ion potentials in 
EtOH-HOH solvents are not larger than those between 
similar electrolytes in water. We interpret  this to mean 
that the junct ion  potentials are therefore small  for all 

9 A. G. Briggs,  N. A. Hampson ,  and A. Marshall ,  Trans. Faraday 
�9 ~oc., 70, 1978 (1974). 

10 See, for example :  T. P. n i r k s e ,  This Journal,  1Ol, 328 (1954); 
T. P. Dirkse,  ibid., 102, 497 {1955); J.  S. Fordyce  and R. L. Baum,  
J. Chem.  Phys. ,  43, 843 (1965); G. H. N e w m a n  and G. E. Blomgren,  
ibid., 43, 2794 (1965); N. A. Hampson,  G. A. Herdman ,  and R. Tay-  
lor, Electroanal. Chem. ,  25, 9 (1970); J .  F. J ackov i t z  and A. Langer ,  
in "Z inc -S i lve r  Oxide Bat te r ies , "  J .  J.  Lande r  and A. Fleischer,  
Editors,  p. 29, John  Wiley & Sons, Inc., N e w  York (1971). 

n Meinsberg  Nr. 70, Postschl iessfach 30, Post  DDR-7395, Wald-  
helm,  G e r m a n y .  

See, for example :  K. Schwabe  and  M. Kunz,  Z. Elek troehem. ,  
64, 1188 (1969); K. Schwabe,  R. Urlass,  and A. Ferse,  ibid., 68, 46 
(1964); K. Schwabe and R. 1Viiiller, Bet .  Ba~senges.  Phys .  Chem. ,  
73, 178 (1969). 

la E. Grunwa ld  et  aI., J. A m .  Chem.  Soe., 70, 846 (1948); ibid., 73, 
.4939 (1951}; ibid.,  75, 565 (1953). 

14Professor Lord  Wynne-Jones ,  in " H y d r o g e n  Bonded Solvent  
Sys tems , "  A. K. Covington and P. Jones,  Editors,  p. 245, Tayor  and  
Franc is  Limited,  London (1968). 

1~ I t  could be shown that  the phase  boundary  potentials  be tween  
wa te r  and organic  solvents are probably  not l a rger  than  the diffu-  
sion potentials be tween  different  electrolytes in water .  See, for  ex-  
ample :  K. Schwabe,  Novo Acta  Leopold$na, 86, 103 (1971); K.  
Sehwabe  and Ch. Queck,  Sttzber.  S~chs. Akad .  Wiss.,  To be pub-  
l ished; R. Parsons  and B. T. Rubin,  Trans. Faraday Soe., 76, 1638 
(1974). 

le Oak  Ridge Nat ional  Laboratory,  Oak  Ridge, Tennessee  37830. 
17B. Guthezahl  and E. Grunwald ,  J. A m .  Chem. Soc., 75, 56S 

(1953). 
is O. Popovych  and A. J. Dill, Anal.  Chem. ,  41, 456 (1969). 

EtOH-HOH solvents, and can be neglected. Again, with 
such an assumption a satisfactory in terpre ta t ion  of the 
experimental  data cannot be made. 

It was also stated that  it is not surpris ing that  the 
corrosion current  of iron at constant H 2 S O 4  concentra-  
t ion increased with increasing ethanol content  of the 
solvent. Unfortunately,  our observat ion was that the 
corrosion current  decreased with increasing ethanol 
content, as shown in  Fig. 2 and 3 of our paper. Also, 
Fig. 7 shows a very satisfactory fit to the data for the 
corrosion current,  log iS(corr) (corrected for coverage), 
as a function of pA. Here, the pA of the solution was 
determined from the potent ial  of the Pt/H2 electrode, 
and using the junct ion  potentials provided by Gutbe-  
zahl and Grunwald.  17 

It is also stated that Wynne-Jones  14 has proved that 
the basic assumption (~he activity postulate) upon 
which the estimation of the junct ion  potentials is made 
is not right. This is, of course, not so and suggests that 
the "activity postulate ''19 is not understood. Indeed, if 
such ratios of the acid dissociation constants of the 
anil inium, toluidinium, and ammonium salts are made 
with respect to an i l in ium as the reference acid, it is 
observed that the curves are not necessarily parallel;  
some increase, some decrease, and some remain  es- 
sential ly unchanged with increasing ethanol content of 
the solvent. For these acids, however, a quant i ta t ive 
correlation of the dissociation constants was made using 
the activity postulate. 

Light-Deflection Errors in the Interferometry of 
Electrochemical Mass Transfer Boundary Layers 

F. R. McLarnon, R. H. Muller, and C. W. Tobias 
(pp. 59-64, Vol. 122, No. I) 

T. Z. Fahidy:20 In computing light-deflection errors, 
the authors postulate for basis the convection-free dif- 
fusion equation 

0c 02c 
= D [1] 

at ay 2 

in the boundary  layer of a "convectionless" metal  
deposition cell in electrolysis. Much evidence has been 
shown lately 21 for the existence of local convective 
currents  in such cells using paral lel  plane electrodes 
and one wonders if Eq. [1] has as wide an applicabil-  
ity as inferred from the paper. It appears that  if local 
Peclet numbers  are large and convective "loci" are 
numerous,  the more realistic, but  still unrigorous,  mass 
balance 

Oc 02c Oc 
= D + V y -  [2] 

Ot Oy 2 OY 

would have to be taken as basis for the analysis of 
errors. The solution to Eq. [2], employing an arbi t rary  

N 

velocity profile vy ---- P ( y )  = ~ aky k of polynomial  
k = l  

form is c ---- Cl + ce, where Cl is the we l l -known  error 
function solution to Eq. [1] (Eq. [6] in the authors '  
paper) and c2 is computed as 

N tk  + 1/2 
C2/Cb : ~ D k - 1 / 2  p ( 2 k ) ( y )  

r ( k  + 3/2) 
k=O 

y N ~ t  ( t  - -  U)  k + l / 2  
~ D k-1 aek(2k) ! 

2~1/2 I/o r (k + 3/2) 
k = l  

X ~ exp 4Du du [31 

I~E. G r u n w a l d  and S. Winstein,  J. A m .  Chem.  $oc., 76, 846 
(1948). 

20 De pa r tme n t  of Chemical  Engineer ing ,  Un ive r s i t y  o~' Waterloo, 
Waterloo, Ontario,  Canada N2L 3G1. 

~,1 A. A. W r a g g  and  M. A. Pat r ick ,  Eleetroehim.  Acta,  19, 929 
(1974). 
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for times less than the so-called t ransi t ion t ime in the 
theory of uns teady-s ta te  convective diffusion. Thus, 
the authors '  analysis seems to apply only to very short 
times and at very low current  densities, i.e., when the 
condition for the thickness of the boundary  layer  

8P(8) << D [4] 

is satisfied. Do interferometr ic  studies of electrochemi- 
cal mass t ransfer  boundary  layers real ly  satisfy this 
criterion? It seems logical that  one should know, at 
least approximately,  the velocity field in the boundary  
layer  and if it is assumed a priori to be zero, a firm 
base for the analysis of deflection errors will  be miss- 
ing. 

F. R. M c L a r n o n ,  22 R. H.  M u l l e r ,  23 and  C. W. Tobias :  24 
It is well known that, in  the absence of forced con- 
vection, t ransport  of an ionic species which is con- 
sumed at a horizontal electrode facing downward is 
only by diffusion and migration,  because the density 
gradient  established by the electrode reaction is stable. 
The role of free convection in ionic mass t ransport  
with other electrode configurations has already been 
described and analyzed by the authors 20 years ago. 
Free convection velocity and concentrat ion fields have 
been measured by dark field photography and in ter -  
ferometry, 2~ and l imit ing current  studies on the same 
models 26-2s have confirmed the in terpre ta t ion  of optical 
data. 

As stated in  the paper under  discussion, "Diffusion 
boundary  layers free of convection effects offer a use- 
ful model for optical invest igat ion since the concentra-  
t ion profiles are easily derived and exper imenta l  re-  
sults can serve to test the optical calculations." In  no 
way has it been suggested that  optical corrections de- 
r ived for concentrat ion profiles in  the absence o2 con- 
vection could serve to accurately predict  concentrat ion 
fields in the presence of various velocity boundary  
layers. 

Clearly, if we had assumed any part icular  velocity 
profile, the val idi ty of the computed light deflection 
errors would be just  as restricted as those for the 
chosen profile. The concentrat ion field in the pure  dif- 
fusion model in  fact can be predicted on theoretical 
grounds with higher accuracy, and less ambigui ty  than  
in the case of forced or free convection. We have re-  
ported elsewhere on the excellent agreement  between 
theoretical concentrat ion fields in unsteady-s ta te  diffu- 
sion and those obtained from corrected interfero-  
grams. 29 

Details of the computer - implemented  numerical  so- 
lut ion of the equations involved in the correction pro-  
cedure for an arb i t ra ry  concentrat ion profile have been 
published in  a journa l  devoted to physical optics, a0 
These calculations showed that the errors incurred are 
not very sensitive to the exact shape of the ent i re  con- 
centrat ion profile, but  depend strongly on the inner  
regions of the boundary  layer, where the concentrat ion 
changes are large. Therefore, the error estimates de- 
r ived for the convection-free profiles are useful for 
obta ining good first estimates of corrections in the 
presence of flow as well. Results of analysis of in te r -  
ferograms in the presence of flow, performed in this 
laboratory, are to be published in the near  future. 

W e s t e r n  E lec t r i c  E n g i n e e r i n g  R e s e a r c h  Cen t e r ,  P .O.  B o x  900, 
P r i n c e t o n ,  N e w  J e r s e y  08540. 

~a Lawrence Berkeley Laboratory, University of California, Berke- 
ley, C a l i f o r n i a  94720. 

D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  of  C a l i f o r n i a ,  
B e r k e l e y ,  C a l i f o r n i a  94720. 

N.  Ib l  a n d  R. Mu l l e r ,  Z. EIektrochem.,  59, 671 (1955). 
C. R .  W i l k e ,  M. E i s c n b e r g ,  a n d  C. W.  T o b i a s ,  This Journal, 10@, 

513 (1953). 
a7 E. J .  F e n e c h  a n d  C. W. Tob i a s ,  Electrochim. Acta, 2, 311 (1960). 
as C. W. T o b i a s  a n d  R. G.  H i c k m a n ,  Z.  Physik .  Chem. (Leipzig),  

229, 145 (1965). 
F. R. McLarnon, R. H. Muller, and C. W. Tobias, Electrochim. 

Acta, In press. 
so F. R. McLarnon, R. H. Muller, and C, W. Tobias, J. Opt. Soc. 

Am., 65, 1011 (1975). 

Unified Approach to Cell EMF Calculations 
D. Gray (pp. 75-76, Vol. 122, No. 1) 

C. P. K e s z t h e l y i :  31 In the paper under  discussion, the 
author provides an impor tant  service to the scientific 
communi ty  in general, and electrochemistry (and ana-  
lytical chemistry) in particular,  by point ing out an 
error in Lai t inen 's  well known text. 32 This is made all 
the more urgent  by the latest edition of the book, ~3 
which not only leaves the error uncorrected, but  fur- 
ther degrades the t rea tment  by using cell potentials 
given to only two decimal places, whereas the pre-  
vious edition gave three decimals. It is nevertheless an 
unwar ran ted  conclusion to suggest that a correct unified 
approach to cell EMF calculations is something we are 
lacking at present. What we are faced with is a correct 
("unified") approach augmented by some errors pub-  
l i shed--er rors  which clearly contradict the correct 
method. 

We are in  disagreement with a comment  in the 
paper  under  discussion, that "Lait inen 's  is the only 
major  textbook which discusses the problem at length;" 
perhaps "length" is a subjective term, but  we cite the 
following from three major  texts to document  that  the 
correct approach is available in published works. 

In  Ref. (2) given by the paper under  discussion, ~4 
we find the following: 

However, in addition or subtract ion of two hal f - re-  
actions to give a third half-reaction, the free en-  
ergies, i.e., volt equivalents  of the two half-reactions, 
must  be added or subtracted to give the free en-  
ergies of the third half-reactions.  

Example 
volt 

equiv-  
E ~ alents 

--1.45 --8.70 
- -1 .36  - -1 .36  

--1.47 --7.34 

C1- + 3H20 ---- C103- + 6H + + 6e-  
C I - =  ;/2C12 + e -  

Y2C12 + 3H~O = C1Oa- + 6H + + 5e-  

Thus the volt equivalents  for the new half-react ion 
are --7.34, and since there are 5 electrons for this 
reaction E ~ is --7.34/5, or -- 1.47. 
In  a major  text dealing with quant i ta t ive  chemical 

analysis ~ we find: 
By application of certain thermodynamic  concepts 

it can be shown that  for a redox couple 

RT In K = nFE~ ---- - -~G ~ 

where G ~ is the s tandard free energy change, and 
the other symbols represent  the usual  terms in  the 
Nernst  equation. By the IUPAC conventions, E ~ as- 
sumes that  the given half-cell  is the r igh t -hand  elec- 
trode in a cell having the s tandard hydrogen elec- 
trode on the left; therefore, E~ is numer ica l ly  
equal to E ~ associated with the half-react ion in 
question. Half-reactions may be combined, by addi-  
t ion or subtraction, and the E ~ of the resul t ing half -  
reaction can be calculated by adding or subtract ing 
the free energy changes (nFE ~ associated with the 
half-reactions.  Because F, the Faraday  number ,  is 
common to all the free energy changes, the calcula- 
tions are simplified by the use of nE ~ the dimensions 
of which are electron volts. 

This paragraph is augmented by two examples which 
we do not reproduce here to conserve paper. 

In  a major  f reshman textbook, 36 the authors unmis -  
takably  stir their students in  the correct direction: 

a D e p a r t m e n t  of C h e m i s t r y ,  Louisiana State Univers i ty ,  Baton 
R o u g e ,  L o u i s i a n a  70803. 

~2 H.  A. L a i t i n e n ,  " C h e m i c a l  A n a l y s i s , "  p.  286, M c G r a w - H i l l  B o o k  
Co., N e w  Y o r k  (1960). 

~a H.  A.  L a i t i n e n  a n d  W.  E.  H a r r i s ,  " C h e m i c a l  A n a l y s i s :  A n  A d -  
v a n c e d  T e x t  a n d  R e f e r e n c e , "  2 n d  ed.,  p. 224, M c G r a w - H i l l  B o o k  
Co., N e w  Y o r k  (1975). 

8~ W. M. L a t i m e r ,  " O x i d a t i o n  P o t e n t i a l s , "  2rid ed.,  pp .  4-5, P r e n -  
t i c e - H a l l  Inc . ,  E n g l e w o o d  Cliffs ,  N . J .  (19~2). 

so G. H. A y r e s ,  " Q u a n t i t a t i v e  C h e m i c a l  A n a l y s i s , "  2 n d  ed., p. 385, 
H a r p e r  a n d  R o w ,  N e w  Y o r k  (1968). 

so W. L.  M a s t e r t o n  a n d  E. J .  S l o w i n s k i ,  " C h e m i c a l  P r i n c i p l e s , "  
p. 594, W. B. S a u n d e r s  Co., P h i l a d e l p h i a  (1973). 
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~ Consider the half- react ions  

M(s)  ~ IV[ a+ (aq) + a e -  
M a+ (aq) --> M b+ (aq) + (b -- a ) e -  

E e l  

E~ 

M(s)  --> Mb+ (aq) + b e -  E~ 

a. Wri te  expressions for aG ~ for each of the three 
half- react ions  in terms of E ~ 

b. Knowing that  AG~ = aG~ -5 aG~ derive a re-  
lationship that  would  enable you to calculate 
E~ given E~ and E~ 

c. Use the relat ionship in (b) to obtain E ~ for the 
half- react ions  below, using Table 21.1. 

Fe ( s )  ~ Fe  a+ (aq) -5 3e -  
Sn( s )  -* Sn 4+ (aq) 4- 4 e -  

All  i t  takes at this stage is a competent  f reshman in- 
structor to assure that  any encounter  by the s tudent  
with erroneous suggestions a2,a3 in later  years will  be 
identified by him as such. 

We have no intent ion to beli t t le the contr ibution 
made by the paper  under  discussion by the above com- 
ments;  it is indeed cause for concern 87 when  a new 
breed of Ph.D. analytical  chemist is surfacing who is 
aware of the meri ts  of interfacing, automation, com- 
puterization, and analog to digital conversion, but  is 
alien to basic f reshman-sophomore  chemistry.  

D. Gray:  3s I did not  mean to imply that  my develop- 
ment  of forming new half-cel ls  f rom other half-cells 
is in any way original and it was an oversight  on my 
part  not to reference it proper ly  with at least one of 
the numerous appropriate  sources. As I noted in the 
paper  under  discussion: "For  completeness, the method 
of combining hal f -ce l l  reactions to form a new half-  
cell reaction wil l  be included in the discussion." 
This t r ivial  case was only inser ted in the paper under  
discussion to avoid any possible confusion of it wi th  the 
(incorrect)  method of combining half -cel l  reactions 
to form new cell (not half-cel l )  reactions. Keszthelyi  
has apparent ly  confused the two cases and as a con- 
sequence he has misunderstood the purpose and the 
point of the paper  under  discussion. 

Unified Approach to Cell EMF Calculations 
D. Gray (pp. 75-76, Vol. 122, No. 1) 

R. Parsons: 39 The argument  of this art icle is incor- 
rect because of an erroneous identification of rice11 which 
is, in fact, always equal to nr nox (using the notat ion 
of the paper under  discussion). If ~%cell were  correct ly  
defined as " the number  of electrons sent round the ex-  
ternal  circuit in the completion of unit  cell react ion in 
the form wri t ten,"  then the er ror  should become clear. 
In fact  the definition of noel1 given by Gray (the net  
cell e lectron change) is vague and misleading. 

The standard emf's of the three copper cells used as 
examples  should be as follows: 

1. Cu, Pt[Cu 2+, Cu +~" Cu2+lCu E~ ---- 0.184V 

2. Cu, PtiCu2+, Cu+ ~:~ Cu+ ]Cu E~ = 0.368V 

3. CulCuZ+':~ Cu+]Cu E~ = 0.184V 

and al though the cell reaction in each case is 

2Cu + =Cu+Cu 2+ 

the completion of this reaction in ceils 1 and 3 in- 
volves the passage of two electrons round the external 
circuit, whereas in cell 2 it involves the passage of 
one electron round the external circuit. Thus the stan- 
dard free energy change in'the disproportionation re- 
action is --35.5 kJ  mole -1 whichever  way it is calcu- 
lated f rom these data. 

s7 p. W. West,  "Picasso  the Chemis t - -F i s che r  A w a r d  Address  in 
Analy t ica l  Chemis t ry , "  Anal. Chem., 46, 784-A (1974). 

~s Golden West College, Hun t ing ton  Beach, California 92847. 
a~ School of Chemis t ry ,  Un ive r s i ty  of Bristol, Bristol  BS8 ITS, 

England.  

Thus Eq. [1] is correct and leads to no anomaly, if  it 
is correctly applied. In contrast, the art icle by Gray 
would lead to the result  that  the standard emf's of the 
three cells 1, 2, and 3 were  all 0.368V which would  be 
contrary to experiment .  

D. Gray:  as Tile p r imary  difficulty here  is not what  
is nceu, but ra ther  what  is the thermodynamic  nature  
of E ( rev) .  It is general ly  conceded, when  explaining 
the different possible cell potentials calculated for the 
same disproport ionation cell reaction involving differ- 
ent half -cel l  combinations,  that  E ~ is not a state (or 
thermodynamic)  function. 40 This is, of course, incor-  
rect. E ( r e v )  is a thermodynamic  function which can 
be s imply shown by let t ing E ( r e v )  = S(T ,P) ,  as- 
suming ideality, and evaluat ing the second derivatives.  

1 ( 6aS ~ _ 1 ( 6~V 

5E 5 aV 1 5hV h 

Since the second der ivat ives  are equivalent ,  E ( r e v )  is 
shown to be a thermodynamic  function. One should 
note that a similar  thermodynamic  t rea tment  for 
E ( i r rev)  does not yield equiva len t  second der ivat ives  
(due to the overvol tage)  and it is not a the rmody-  

namic function. 
Since E (rev) is a the rmodynamic  function, it is path 

independent  and must  yield the same value  for a cell 
reaction regardless of the manner  of half -cel l  construc- 
tion. Calculat ing Ecen(rev) by assuming that  in all 
cases 9%cell ~ •oxnr leads to nonunique Ecell values in 
certain disproport ionation reactions, i.e., Cu +. In order  
to mainta in  the necessary uniqueness of Ece11(rev) it 
is necessary that  neen -7 ~ n~xnr in these par t icular  dis- 
proport ionat ion reactions. This is why  I defined ncen in 
the paper  under  discussion as "the net  cell electron 
change" which can be easily determined by inspection 
of the over -a l l  balanced cell reaction, and not as Par -  
sons has done as "the number  of electrons sent round 
the externa l  circuit  in the complet ion of unit  cell re-  
action in the form wri t ten."  It  is intr iguing to note 
that  in the paper  under  discussion a mathemat ica l  
impasse is reached in these same disproport ionation 
systems (cases II and III) of interest  and one cannot 
show mathemat ica l ly  how ncen is related much less 
equal to noxnr. 

By evaluat ing neell f rom the over -a l l  cell reaction, 
one is essentially equat ing ncen to the "number  of 
equivalents  of electr ici ty flowing per  mole of reaction 
as writ ten.  'm  This may be a bet ter  and less ambiguous 
way to define ncen. The significant point here is that  
regardless how ncen is defined, it cannot in general  be 
determined f rom the contr ived half -cel l  reactions. A 
t r ivial  consequence of this is that  ncell is uniquely  de- 
fined for a cell reaction. 

The Free Energy of Formation of Iridium Oxide by 
Solid Electrolyte Galvanic Cell 

E. S. Ramakrishnan, O. M. Sreedharan, and 
M. S. Chandrasekharaiah 

(pp. 328-331, Vol. 122, No. 3) 
H. Kleykamp:  42 Ramakr ishnan et al. have  criticized 

and called into question the results of our paper "Gibbs 
Energy of Format ion of I r id ium Dioxide. ''4~ The ob- 
jections are baseless. It has escaped their  at tention that  
we have used zirconia as the electrolyte  and a closed 
cell a r rangement  instead of thoria  and an open cell as 
Ramakr ishnan et al. imputed. Further ,  we applied both 

T. Ree, J. Chem. Educ., 48, 467 (1971). 
al G. N. Lewis  and  M. Randall ,  " T h e r m o d y n a m i c s , "  2nd ed., Re- 

v i sed  by  K. S. P i tzer  and L. Brewer ,  Chap. 24, McGraw-Hi l l  Book 
Co., New York (1961). 

4eKernfo r schungszen t rum Kar ls ruhe ,  Ins t i tu t  ffir Mater ia l  und  
Fes tk6rper forschung ,  7500 Kar l s ruhe ,  Germany .  

~ H. K l e y k a m p  and  L. J .  Pane th ,  J.  Inorg.  /Vucl. Chem., 85, 477 
(1973). 
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Fe, FeO and Ni, NiO as reference electrodes and 
ZrO2.Y203 and ZrO2.CaO as the electrolyte  as we have 
discussed in quoted previous investigations. No differ- 
ences resul ted in the Gibbs energy values. Ramakr ish-  
nan ct aL cited our exper imenta l ly  determined Gibbs 
energy of format ion in Eq. [21] of their  paper  to be 

~Gf ~ <Ir02> ---- (--61.66 +__ 0.741) 
+ (43.2'6 +_ 0.956) F • 10 -3 T kca l /mole  

in comparison to their  own value to be 

AGe ~ < I r O n >  = --56.76 + 40.41 • 10-aT kca l /mole  

The presupposed disagreement  should not be a p re -  
tense for their  rede te rmina t ion  of this system. A mis-  
take might  have been commit ted by the authors in 
copying our results which are given correct ly  as 

,AGf ~ < I r O 2 >  = --59.42 + 43.26 X 10-'3T kca l /mole  

be tween  900 ~ and 1200~ (1 cal ---- 4.184 J ) .  Conse- 
quently,  the i r  work  should be regarded as a con- 
firmation of our results  and lays no claim to a higher  
reliabil i ty.  

Two objections should be made regarding the val id-  
ity of their  data: (i) the cells ment ioned in Eq. [7] 
and [14] of the paper  under  discussion are not sym-  
metric.  The conducting leads on the r ight  and the left  
hand  sides of the cells consist of P t / I r  and Pt, respec-  
tively, which results in an additional thermal  emf and 
(it) it might  be possible that  the system has not a t -  
ta ined equi l ibr ium below 1000~ but this could have 
been checked easily by polarizing the cells. 

E. S. Ramakrishnan,  O. M. Sreedharan, and M. S. 
Chandrasekharaiah:4~ We regre t  the  inadver ten t  ari th-  
met ical  er ror  in conver t ing the ~G~ f >  expres-  
sion of Kleykamp and Paneth.  ~ Our Eq. [21] should 
read 

fAGT ~ ( I rO2) /kcal  mole -1 =- (--59.42 _+ 0.741) 

-}- (43.26 +_ 0.956)T [1] 

Our content ion that  if the oxygen potent ial  difference 
be tween the reference  electrode and the electrode of 
interest  is very  large (as it was the case wi th  the mea-  
surement  of Kleykamp and Paneth  who have em- 
ployed lee, FeOx reference resul t ing in the emf of 800- 
870 mV),  the oxygen permeat ion rates through the 
e lect rolyte  increases resul t ing in a possible systematic 
e r ror  in the measured  emf. This point  has been re i te r -  
ated recent ly  by Giddings and Gorden. 45 This effect is 
less in the case of biphase mix tu re  than in case of 
single phase. Nevertheless  it is there. Therefore  in the 
paper  under  discussion we have employed Cu, Cu20 
and Ni, NiO as the references.  

That  there  exists a h igher  systematic  er ror  in the 
repor ted  fAG ~ for IrO2 by Kleykamp and Pane th  com- 
pared to our data will  become obvious when  one com- 
pares the third l aw enthalpy of format ion values cal- 
culated using the same free energy functions. Kley-  
kamp and Paneth 's  Table IV 4~ presents an est imated 
change in free energy function, Tv ~ for the react ion 

I r ( s )  + O2(g) ---- IrO2(s) [2] 

at various temperatures ,  f~H%gs calculated f rom thei r  
fAG ~ data shows a systematic increase f rom --241.9 
kcal mole - I  at 900~ to --236.3 kcal mole -1 at 1200~ 
They have  a t t r ibuted  this var ia t ion ent i re ly  to the un-  
certainties in the est imated specific heat  of IrO2. We 
have recalculated the fAH~ of IrO2 employing their  
est imated T~ ,~ and our fAG ~ data and it is shown in 
Table  I. 

As can be seen, the spread is f rom --241.4 kcal 
mole - t  at 9O0~ to --239.1 ~ at 1200~ a m ax im um  
variat ion of 2.3 kcal mole -1 compared to thei r  5.6 kcal 

C h e m i s t r y  D i v i s i o n ,  B h a b h a  A t o m i c  R e s e a r c h  C e n t r e ,  B o m b a y  
4000085, I n d i a .  

R. A.  G i d d i n g s  a nd  R. S. G o r d o n ,  This  Journal ,  121, 793 (1974).  

Table t. fAH ~ (IrO2, 298~ calculated from the third law 

Tr176 - ~G~ - f~H~ - fAG~ - f~H~ 
T~ ~  k j  m o l e  -1 4a k j  mole-1  ~ k j  mole-Z ~ k j  m o l e  -1 k j  mole-1  

900 156.1 85.8 241.9 85.32 241.4~ 
1O0O 172.6 67.4 240.0 68.41 240.97 
l l0O 188.8 49.5 238,3 51.50 240.28 
1200 204.5 31.8 236.3 34.59 239.13 

mole - l .  Since the same Tr ~ values are used in both 
cases, this d isagreement  cannot be due to the errors  
of the est imated heat  capacity alone but  also due to 
much smaller  systematic  errors in our measurements .  
This var ia t ion in the calculated fAH~ would be 
smaller  in our case if we had l imited our evaluat ion  
to the t empera tu re  range 950~176 to which our 
expression for fhG~ (our abstract)  was con- 
sidered valid. Thus, our conclusion in the paper  under  
discussion that the results of our work for the fag ~ 
(IrO2) is more reliable stands to reason. 

In view of the above-mentioned reasons, we take 
strong objection to Kleykamp's statement, "The pre- 
supposed disagreement should not be a pretense for 
their redetermination of this system." Besides, when 
we began our galvanic cell investigations in 1972, 46 
there  was no other  galvanic cell results avai lable in 
the l i tera ture  for IrO2 and hence the quest ion of re -  
determinat ion did not arise. 

In their  communication,  ~ Kleykamp and Paneth  de- 
scribe only thei r  exper iments  employing Fe, wust i te  
electrode, and yt t r ia-z i rconia  electrolyte  cup in which 
the sample was sealed. No results obtained wi th  Ni, 
NiO as the reference  wi th  Ir, IrO2 system are g iven as 
claimed in the above comments  while  we have mea-  
sured the IrO2 system wi th  two separate reference elec-  
trodes. Hence it is not at all clear what  they mean by 
the statement,  "No differences resulted in the Gibbs 
energy values." In their  measurements ,  the sample 
was sealed inside the electrolyte  cup with  glass. There  
is a possibility that  the sealing glass can act as the 
path for the oxygen permeat ion  be tween  the reference 
electrode outside and the system sealed inside. Giddings 
and Gordon 4~ have discussed this mechanism at length. 
This may also add to the systematic error.  

In cells [7] and [14] of our paper, there  is no asym- 
me t ry  of the kind indicated by Kleykamp.  In both 
cases, the lead wires were  Pt  wires on both sides. Only 
an ir idium foil was interposed be tween  Ni and Pt  (as 
also be tween Cu and Pt )  so as to minimize the the rmal  
effects. To check this, the positions of the reference and 
the Ir, IrO2 electrode pellets were  interchanged and 
the emf  measured did not show any appreciable 
(<0.1 mV) var ia t ion indicating insignificant contri-  
butions f rom the thermal  emf. 

Their  other  objection t h a t  our measurements  below 
1000~ were  nonequi l ibr ium ones is also incorrect.  As 
described in our exper imenta l  procedure, we did sub- 
ject the emf  readings to micropolarizat ions even for 
those below 1000~ readings. The t ime independent  
emf at any one t empera tu re  setting was reproducible  
wi thin  +--0.5 inV. But the scatter f rom the results of 
one t empera tu re  cycle to another  was larger  than  this. 
As described in our paper, the change in the slope of 
emf  vs. t empera ture  was observed wi th  both references 
and hence we felt  it as real  and not due to not at tain-  
ing equil ibrium. 

Thus the difference in the results of the two mea-  
surements  are real  and we have  to refute  the claim 
made by Kleykamp that  our work  boils down to noth-  
ing but the confirmation of thei r  results and lays no 
claim to a higher  reliabili ty.  The results we h a v e  re -  
ported have  much smaller  systematic errors and hence 
are more reliable. 

46 E. S, R a m a k r i s h n a n ,  P r o c e e d i n g s  I n d o - S o v l e t  S y m p o s i u m  o n  
S o l i d - S t a t e  S tud ies ,  B a n g a l o r e ,  I n d i a  (1972). 
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Structural Transformations of the Pb02 Active Material 
during Cycling 

A. C. Simon, S. M. Caulder, and J. T. Stemmle 
(pp. 461-466, Vol. 122, No. 4) 

B. Burrows and H. Giess: 47 It  was observed by the 
authors of the paper  under  discussion that, af ter  
formation, PbO2 had a uni form t ightly packed structure 
which was t ransformed during cycling into a coralloid 
s t ructure  characterized by large voids and a dense net-  
work  of PbO2. It is claimed that  this coralloid struc- 
ture should be ideal for a porous electrode since the 
dense convolutions of the coralloid s t ructure  should 
provide max imum strength and electrical  conductivi ty 
and the surfaces of these convolutions should present  
an enormous surface area while  the large voids should 
enable a free flow of electrolyte.  With cycling, how- 
ever, the capacity of positives in the lead-acid bat tery 
decreases ra ther  than increases. To account for this 
contrary t rend three explanat ions were  offered. 

The first explanat ion is in terms of the s tructure of 
the PbSO4 formed dur ing discharge. With increase in 
cycle number  it was observed that  the PbSO4 deposits 
in a progressively more closely packed and dense layer  
on the surface of the dense PbO2 ne twork  thereby 
passivating the PbO2. This is not surprising and simply 
shows that  the coralloid s t ructure  is, contrary  to the 
authors '  claims, not ideal for a porous posit ive elec- 
trode. 

The second explanat ion offered is that  the coralloid 
s tructure itself is the cause of capacity loss which 
contradicts the claim that  the coralloid s tructure is 
ideal. 

The third proposed explanat ion is that  an increase 
in the proport ion of " inact ive" PbO2 causes the capacity 
loss. The existence of this " inact ive" PbO2 has not, 
however,  been unequivocal ly  established. Rather  the 
existence of an e lectrochemical ly  iner t  form of PbO2 
in the act ive mass has been inferred f rom the authors '  
NMR 4s and DTA 40 measurements  and, even if one ad- 
mits the existence of " inact ive" PbO2, it has not yet 
been demonstrated that  its concentrat ion can be quan-  
tified (ei ther absolutely or re la t ively)  and related to 
cycle number  of a posit ive electrode. 

The observations and conclusions of Simon et al., 
which we have briefly summarized and commented 
upon above, indicate the difficulties of in terpret ing 
optical and scanning electron micrographs.  This is par -  
t icular ly so when one is a t tempting to unders tand the 
nature  of the complex changes taking place in a porous 
ba t te ry  plate which is subjected to periodical  t rans-  
formations during charge and discharge of the elec- 
trodes. Therefore,  it is ex t remely  impor tant  that  any 
conjectures  arising f rom the examinat ion of micro-  
graphs be co r robo ra t ed  with quant i ta t ive  physical 
measurements .  

In some of our own work, which we have not yet  
been able to publish, we have systematical ly invest i -  
gated the influence of deep cycling on the s tructure of 
PbO2 active mass. Apar t  f rom optical and scanning 
electron microscope observations we have used x-ray 
diffraction analysis, BET surface area measurements ,  
and porosi ty  and pore size distr ibution measurements  
in order to moni tor  the s t ructural  changes during 
cycling of the act ive material .  

Our measurements  show that  the BET surface area 
characteris t ical ly decreases f rom values of ~ 8 m 2 g-1 
after format ion to values of ,-~ 2 m 2 g-1  after 130 
cycles. Accompanying this considerable decrease in 
surface area we  have observed small  decreases in total 
porosity and a marked  change in the pore size dis tr ibu-  
tion with  large pores becoming predominant  wi th  in- 
crease in cycle number.  These quant i ta t ive  trends were 
also qual i ta t ively  evident  in the optical and SEM 

�9 7 Ba t te l l e ,  G e n e v a  Resea rch  Center ,  1227 C a r o u g e - G e n e v a ,  Swi t z -  
e r land .  

4s S. M. Caulder ,  J .  S. M u r d a y ,  a nd  A. C. S imon ,  This JournaZ, 
120, 1515 (1973). 

49S. M. Caulder  and  A. C. S i m o n ,  ibid.,  121, 1546 (1974}. 

micrographs and we have  observed active mass struc- 
tures similar to those reported by the authors. 

Also if one examines  the coralloid s t ructure  wi th  a 
higher  magnification than that  used in the paper under  
discussion one can d e a r l y  see a crystall ine structure.  
Our own x - r a y  diffraction work  and that  of others 5~176 
also provides evidence that  PbO2 is recrystal l ized dur-  
ing cycling. It is this recrystal l izat ion and densification 
accompanied by a decrease in surface area and an in- 
crease in the proport ion of large pores which we think 
is the l ikely explanat ion for the gradual  loss in ca- 
pacity of positives wi th  deep cycling. In other  words 
the coralloid s t ructure  is definitely not an ideal mor -  
phology if one is to avoid loss of capacity in positives. 

A. C. Simon,  S. M. Caulder, and $. T. S temmle:  53 The 
remarks  by Burrows and Giess in general  appear to 
confirm our observations concerning the changes that  
take place in the posit ive act ive mater ia l  during cy- 
cling. Al though we have, unfortunately,  no means of 
judging their  work, since it remains unpublished, we 
can assume from their  remarks  that they have ob- 
served a decrease in surface area, a marked  change in 
pore size toward much larger  pores, and also have ob- 
tained optical and SEM micrographs of the same struc- 
tures as we observed and described. 

They are not the first to confirm our observations. 
Mention should be made of the excel lent  work  of Dr. 
S. Hattori,  Dr. M. Yamaura,  and their  associates at 
Yuasa Bat tery  Company, Limited in Japan. These in-  
vestigators have done considerable work  in this area 
of invest igat ion that  has not yet  appeared in a journal  
publication al though progress reports can be obtained 
f rom the Internat ional  Lead Zinc Research Organiza-  
tion (ILZ_RO) by reference to project  LE-197. 

Burrows and Giess are in er ror  in stating that  we 
claimed the coralloid s tructure to be ideal. The state-  
ment  made by us was that  on the basis of theoret ical  
considerations the s t ructure  would appear to be ideal 
for a porous electrode, but we then went  on to state 
that  o u r  experience had demonstra ted that  it was not. 

We suggested three possibilities as reasons why  this 
s t ructure was not as ideal as appearances suggested it 
should be. The  first was that, in the presence of such 
a structure, the PbSO4, upon repeated cycling, ap- 
peared to form a progress ively  more closely packed 
and dense layer  on the surface of the coralloid struc- 
ture that  effectively passivated the surface before all 
of the PbO2 could react. In v iew of the fact that  this 
was offered as a reason why  the coralloid s tructure was 
not ideal, the r emark  by Burrows and Giess are i r -  
relevant.  It  is not i rrelevant ,  however,  that  fur ther  
study since publication of the paper under  discussion 
has led us to the belief that  this explanat ion is incor-  
rect and a passivation by the PbSO4 occurs no more 
readi ly  with the coralloid microst ructure  than with  any 
other. 

The remarks  by Burrows and Giess regarding our 
suggesJted second reason why the coralloid s tructure is 
not ideal are as i r re levant  as those regarding our first 
statement,  and for the same reason, that  we have not 
claimed the coralloid s t ructure  is ideal. However  the 
observations made by us regarding the presence of a 
hard dense core in each coralloid branch are correct  
and 'the observat ion by Burrows and Giess that  there  
is a considerable decrease in surface area fol lowing 
cycling would seem to confirm it. Since they do not 
give details of their  cycling procedure we cannot cor- 
relate  this decrease exact ly  wi th  the onset of the 
growth of the coralloid s t ructure  but  a correlat ion 
cer ta inly seems likely. 

As to the remarks  by Burrows and Giess concerning 
inactive posit ive active material ,  we consider that  we 
have conclusive evidence that  such mater ia l  does 
exist. The NMR and DTA evidence that  we found, 

so j .  B u r b a n k  and  E. R i tch ie ,  ibid., 117, 3.00 (1970}. 
J. B u r b a n k ,  " P o w e r  Sources  3," p. 13, Or ie l  P re s s  (1971). 

~.D. Kordes ,  Chem.  Ingr.-Tech. ,  38, 638 (1966}. 
N a v a l  Research  L a b o r a t o r y ,  W a s h i n g t o n ,  D.C. 20375. 
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referenced by Burrows and Giess, is in  itself fair ly con- 
vincing evidence for the existence of an inactive form 
of Pb02 but, in addition, studies made of the formation 
of tetrabasic lead sulfate have shown that  a layer  of 
Pb02 is formed at the surfaces of these crystals tha~ 
can be clearly demonstra ted to be unreaetive, since it 
remains visible as a ret iculate s tructure in both the 
charged and discharged states of the electrode, indi-  
cating that  this mater ia l  takes no par t  in the reduction 
process. ~ Only after t en  or more capacity discharge 
cycles does this ret iculate structure break up. More- 
over, its breakup is accompanied by a large increase in 
the amount  of PbO2 found as discrete particles in the 
PbS04 crystals, indicat ing that, despite the breakup of 
the reticulate structure, the inactive PbO2 has not dis- 
appeared but  merely  has been segregated into smaller, 
discrete particles that  now appear wi th in  the lead sul- 
fate crystals. 

We do not agree with the final paragraph of the re- 
marks  by Burrows and Giess. In the first place, the 
coralloid s t ructure  is in all its t ransformations still 
crystalline. It  is not clear what  they mean  by recrys- 
taltization, since dea r ly  PbO2 is regenerated from 
PbS04 at each charge port ion of a cycle. It is true, 
however, that  the PbO2 lattice is disordered and may 
depend on this disorder for its electrochemical activity. 
If this is true, a more ordered crystal  becomes an in -  
active crystal and this is the mechanism that we have 
proposed for the loss of capacity. In  this process the 
presence or absence of the coralloid s tructure is im-  
mater ia l  and we do not see how this can be used to 
argue that  the coralloid morphology should be avoided. 

We cer tainly agree that  conclusions arising from 
examinat ion  by microscope should be corroborated 
with quant i ta t ive  physical measurements,  but  it is 
equal ly t rue that erroneous conclusions can be derived 
from physieaI measurements  in  the absence of micro- 
scopic examination.  In  the present  ease, we see nothing 
in the physical measurements  reported by Burrows 
and. Giess that  would necessitate a change in  the con- 
clusions that  we have reported. 

Their  concluding statement, "It is this recrystall iza- 
tion . . . .  " is merely  another  way of stating what  we 
have previously reported, i.e., inactive mater ial  and 
eoralloid s tructure increase during the loss of life and 
capacity that accompanies cycling. But nei ther  their  
results nor  ours have yet  shown whether  the one is 
caused by the other, or whether  the coralloid structure 
is necessarily undesirable  even though it is self-evi-  
dent  that an increase in inactive PbO2 would be detri- 
m e n t a l  

Conduction Characteristics of Polycrystalline Lead 
Fluoride 

c. c. kiang and A. V. Joshi (pp. 466-470, Vol. 122, No. 4) 
J~ H. Kennedy:  55 The paper by Liang and Joshi 

presents a substant ial  amount  of data concerning 
the conductivi ty of lead fluoride using doping tech- 
niques. Several  impor tant  parameters  of the system 
can be calculated using their data; however, these cal- 
culations present  some basic inconsistencies which 
should be considered. 

First, one could ask if the nomina l ly  pure  /3-PbF2 
was acting intr insically.  If so, then nv = ni and ~total 
= Ov + ,n = nve/~v + niegi. Since the Arrhenius  slope 
gave an activation energy the same as +3-doped  PbF2 
(resul t ing in interst i t ials) ,  r > >  ~v and ~i > >  gv. 
However, at high doping levels assuming Frenkel  
equi l ibr ium 

~i = (Di + nv)e~i ~ Die#i (Di = conc of + 3  doping) 
~v = (Dr + hi) e~v ~ Dve~v (Dr = conc of + 1 doping) 

Data from the paper give the following results at 25~ 

Abstract  34, p. 8S, Extended Abstracts,  Electrochemical  Society 
Fall Meeting, New York, New York, October 13-17, 1974- 

Depa r tmen t  of Chemistry, University of California, Santa Bar-  
bara,  California 93106. 

�9 v 5.5 X 10 -4 
e ~  . . . .  5.5 • 10 -~ 

Dv 0.01 
(slope of l ine in Fig. 3) 

ai 2 • 10 -7 
e/~i -- - -  -- _ 6.7 • 10 -5 

Di 0.003 
(conductivi ty from Fig. 7) 

and thus it is seen that ~i < <  ~v. Therefore the con- 
duct ivi ty of nominal ly  pure PbF2 is not intr insic and 
must  be due to impuri t ies  (Do) leading to a prepon-  
derance of interst i t ials  to explain the Arrhenius  slope. 

If we now assume a Frenkel  equi l ibr ium we can 
write several expressions for the Frenke l  equi l ibr ium 
constant  

pure 
nomina l ly  pure 

+3  doping (intersti t ials)  
+ 1 doping (vacancies) 

For nominal ly  pure  PbF2 

K = [r~i ~ [nv~ 
K = [Do + nv] [nv] 
K = [Do + Di + nv] [nv] 
K = [ n i l  [ D r  - -  Do + nil 

if Dv > Do 

<ri (Do + nv)e#i 6.7 • 10-5(Do + nv) 
>> 1 

~v nve~v 5.5 X 10 -2 nv 

For comparing Do and nv tet us assume ~i/~v ~ 10 so 
that Arrhenius slope only shows Ahi. Then 

Do + nv 5.5 • 10 -2 
- - - -  • 1 0 = 8 . 2 •  103 

nv 6.7 • 10 -5 
and Do > >  nv 

We can now calculate Do from data in the paper wi th-  
out making any assumptions concerning r162 

o" 10-7 
nominally pure : e~i -- -- - -  

Do Do 
2 X 10 -7 

+ 3  doping :  e#i - -  -- 
Di + Do 0.003 + Do 

Solving these two equations for Do gives a value of 
0.003. That is, the nomina l ly  pure PbF2 contains 0.3 
mole per cent (m/o)  of interst i t ials  from impurities.  
A recalculat ion for e#i = ~i/Do + Di gives the value of 
3.3 • 10 -~, but  this does not change the si tuat ion re-  
garding Do > >  nv. We are now faced with a basic in-  
consistency. If Frenke l  equi l ibr ium is .established, these 
interst i t ials  should react with doped- in  vacancies 
(doping with KF) up to 0.3%. The conduct ivi ty should 
fall with addition of KF unt i l  this level is reached and 
the activation energy should become Ahv only when  
Dv > Do. One possible explanat ion  is that equi l ibr ium 
is not reached and that the product  [nil [n~] > K. This 
explanation, however, contains its own inconsistencies 
since the conductivi ty lines for nomina l ly  pure PbF2 
and KF-doped PbF2 then could not  cross as shown in  
Fig. 5 in the paper under  discussion. That  is, at high 
temperatures  the mobil i ty of interst i t ials  becomes pre-  
dominant ,  and curves b - f  in Fig. 5 should begin to 
track curve a. One could argue that  at high tempera-  
ture  reaction occurs between vacancies and interst i t ials  
to reach Frenkel  equil ibrium, but  upon cooling the 
pellets the conductivi ty and Arrhenius  slope for 0.1 
and 0.3 m/o  KF-doped PbF2 should now be consider- 
ably different than before heating. No ment ion of such 
a change was made in the paper and in view of the 
preparat ion procedure would not be expected. 

Addit ional  calculations can be made but  are not 
meaningful  unt i l  the question of whether  or not 
Frenke l  equi l ibr ium is established. The comments 
above refer to ~-PbFf, but  the results for ~-PbF2 are 
similar except that  Do is much smaller  (ca. 0.0004). 
The arguments  presented depend critically on the + 3 -  
doping of PbF2 and these studies should be expanded 
to cover a larger concentrat ion range and possibly an-  
other MF3 compound. Work in our laboratories has 
shown a decrease in conductivi ty when BiF3 was the 
dopant  with an increase in electronic conductivity. We 
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also observed a gradual  change in Arrhenius  slope 
which might  indicate that at low doping levels r and 
av are near ly  equal, because doped- in  vacancies are re-  
acting with interst i t ials  present  in  the nominal ly  pure 
material.  Other explanations are, of course, also possi- 
ble. 

C. C. Liang and A. V. Joshi: 58 Dr. Kennedy  calcu- 
lated the M ~ + impur i ty  concentrat ion in the nominal ly  
pure PbF2 as being 0.3 m/o  and thereby raised the 
question of basic inconsistencies in the conduction be- 
havior. We shall show in the following that  the M 3+ 
impur i ty  concentrat ion in the nomina l ly  pure PbF2 is 
very much lower than  0.3 m/o  (in fact, it is much 
lower than 0.1 m/o)  and our in terpre ta t ion  of the PbF2 
conduction behavior  is indeed consistent with the ex-  
per imental  data. 

In the Kennedy  calculation of the M s+ impur i ty  
concentration, an assumption was made that  the 0.3 
m/o  YF3 added to PbF2 was completely dissolved in 
the ~-PbF2 lattice. In  fact, we found that  under  our 
exper imental  conditions the solubil i ty of YF~ in fl-PbF2 
is very much less than 0.3 m/o  as shown by the fact 
that the same value of 1.6 • 0.3 • 10 -7 ( o h m - c m ) - I  
was obtained from the room tempera ture  conductivi ty 
of ~-PbF2 containing 0.1, 0.3, 0.5, 0.8, or 1.0 m/o  YFs. 
We did not report  these results nor  did we at tempt  to 
determine the solubil i ty of YF3 in PbF2 inasmuch as 
they were not per t inent  to our principal  objective 
which was to determine the defect structures. It  was 
important ,  however, to recognize that  some YFs was 
dissolved in fl-PbF2 as shown by the slight increase in 
conductivi ty and that  the YF3 doping did not result  in 
a change in activation energy for ~-PbF2. 

The principal  objective of our paper  was to invest i -  
gate the defect structures and the results of our in -  
vestigation clearly demonstrated a Frenke l  defect 
s tructure in  fl-PbF2 as well as a-PbF2. The defect con- 
centrat ion was not computed inasmuch as we had not 
obtained enough quant i ta t ive informat ion from our 
YF3 doping experiments for such a computation. None- 
theless, in  view of the question of basic inconsistencies 
we shall estimate the M 3+ impur i ty  concentrat ion in 
the nomina l ly  pure PbF2. 

The spectrographic analysis showed that the effec- 
tive M 8+ impur i ty  concentrat ion in the commercial 
PbF2 was about 150 ppm (0.015 m/o) .  Even if we took 
into consideration that  such an analysis could be semi- 
quant i ta t ive  and the results could be off by  _100%, the 
max imum concentrat ion for the M s+ impuri t ies  would 
be 300 ppm (0.03 m/o ) .  

If one were to carry out the Kennedy  calculation 
using the YF~-doped ~-PbF2 results (Fig. 6 in the orig- 
inal paper) and assuming a complete solubili ty of YF8 
in a-PbF2, one would obtain a M s+ impur i ty  concen- 
t ra t ion of about 400 ppm (0.04 m/o)  in the nominal ly  
pure ~-PbF2. I t  is extremely un l ike ly  that  the M s+ 
impur i ty  concentrat ion in ~-PbF~ would be much 
higher than that  in ~-PbF2. 

Accordingly, the decrease in conductivi ty with addi-  
tion of KF as argued by Kennedy  would occur up to 
0.04 m/o  KF. On the other hand, the conductivi ty of 
the 0.1 m/o  or higher KF-doped  ~-PbF2 is expected to 
be higher than  that of the nomina l ly  pure ~-PbF2. Fur -  
thermore, the activation energy determined from the 
Arrhenius  plots of the 0.1, 0.3, 0.5, 0.8, or 1 m/o  K F -  
doped ~-PbFe is for the mobil i ty of fluoride ion vacan-  
cies in ~-PbF2. 

Bismuth fluoride was also one of the MF3 used in our 
studies�9 We found that the conduction behavior  of 
BiF~-doped PbF2 appeared to depend on the electrode 
mater ial  in the conductivi ty cell. When Pb electrodes 
were used the total conductivi ty was much lower and 
the electronic conductivity appeared to be very high 
compared to the total conductivity. On the other hand, 

~6 p .  R. M a l l o r y  & C o m p a n y ,  Incorporated,  Laboratory for Phys i -  
cal  Science ,  Burl ington,  Massachusetts  01803. 

when graphite electrodes were used we observed a 
rather  normal  increase in  conductivity. 

There are, of course, many  explanations for such a 
behavior. Nonetheless, we do not rule out the simple 
explanat ion that Pb reacts with BiF3 even though the 
concentrat ion of the added BiFs was only 1 m/o  or less 
in our experiments 

2BiF3 Jr 3Pb ---> 2Bi ~- 3PbF2 ~G ---- --44 kcal 

aGf(PbF2) at 25~ = --148 kcal /mole 

aGf(PbF2) at 325~ ---- --138 kcal /mole 

aGf(BiFa) at 25~ = --200 kcal /mole  

aGf(BiFs) at 325~ : --185 kcal /mole  

Electrogenerated Chemiluminescence. XXII I .  On the 
Operation and Lifetime of ECL Devices 

D. Laser and A. J. Bard (pp. 632-640, Vol. 122, No. 5) 

C. P. Keszthelyi:~7 In  the above-ment ioned paper, the 
authors report that in electrogenerated chemilumines-  
cence (ECL) under  the usual  potential  program (cyclic 
double potential  steps to the diffusion plateau) only 

~1% of the ions R:- and R + �9 are quenched by the 
+ + 

electrode due to R -  -> R �9 ~- 2e-  a n d R  �9 -t- 2e-  ~ R - ,  
i.e., only about 2% of the total current  is consumed by 
these processes, a result  in good agreement  with the 
present  wri ter 's  previous result, 5s hence the following 
discussion raises no critical questions whatsoever in  
that regard. Although the paper is adequately docu- 
mented in general (30 l i terature references plus three 
"private communicat ions") ,  it omits one of the pres- 
tigious published works in the field. The missing refer-  
ence59 states that  34.4% of the Faradaic current  is con- 
sumed by the two-electron oxidation and reduction 
processes, and this same value had also been used by 
Pighin 60 in rubrene  electrogenerated chemilumines-  
cence calculations. As both the paper under  discussion 

+ 
and the work of Schwartz et al. 59 assume stable R �9 and 

R - ,  the max imum possible efficiency, expressed as Cee~, 
should be the same; 61 yet the former gives ~98%, and 
the latter, 82.8%. Consequently, the general  scientific 
community  is faced with some difficulty in selecting a 
proper value of Oecl ,max ( o r ,  CSScoul,max ) due to a con- 
flict in reported values. It is the purpose of the present  
discussion to settle that  -~98%, given by Laser and 
Bard, is the correct value (or 1.0 • 100%5s), and the 
related work59. 60 should be recalculated. 

Improved documentat ion and careful evaluat ion of 
published works in  ECL 82 can be both revealing and 

+ 
rewarding;  for example, the fate of R '  and R -  in 
typical ECL experiments  has been published some time 
ago, ~ leading to the unmis takable  conclusion that 
"destruction of the ions [is] v i r tua l ly  n e g l i g i b l e . . .  ,,,64 
a conclusion which, for the record, well  predates the 
relevant  sections of both the present  wri ter 's  related 
publication 5s and the paper under  discussion�9 

~ T D e p a r t m e n t  of Chemistry ,  Louis iana State Univers i ty ,  Baton 
R o u g e ,  L o u i s i a n a  70803. 

58 C. P. K e s z t h e l y i ,  B~tl. Chem. Soe. Japan, 48, 1083 (1975). 
s~ p.  M. S c h w a r t z ,  R. A�9 B l a k e l e y ,  a n d  B.  B.  R o b i n s o n ,  J. Phys. 

Chem.,  76, 1868 (1972}. 
A. P i g h i n ,  Can. J. Chem.,  51, 3567 (1973). 
I t  a p p e a r s  u n n e c e s s a r y  to  d e v e l o p  t h i s  p o i n t  a t  l e n g t h  here,  as 

t he  a u t h o r s  of  t h e  p a p e r  under  discussion have  done  so a l r e a d y .  
Y e t  t h e  a u t h o r s '  c o n t e n t i o n  in  the  o r i g i n a l  p a p e r  is m i s l e a d i n g ,  for 
~sscoul does  no t  a p p r o a c h  98% w h e n  t w o  e l ec t r odes  of  e q u a l  size 
are  used ,  unless  one  c o u n t s  p h o t o n s  a t  both electrodes,  w h i l e  
c o u n t s  e l e c t r o n s  a t  o n l y  one�9 

C. P. K e s z t h e l y i ,  AppL O~ties, 14, 1710 (1975). 
~ R .  B e z m a n  a n d  L.  R. Fa t~lkner ,  J. Am.  Chem. Soc., 94, 6317 

(1972)�9 
e4 L. R. F a u l k n e r ,  Private  communica t ion  (1973).  
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A Correlation Between the Quantum Efficiency of 
Electrogenerated Chemiluminescence and the Redox 

Potentials of Rubrene in Various Solvents 
A. PigMn ond B. E. Conway (pp. 619-624, Vol. 122, No. 5) 

C. P. Keszthelyi:  65 In  the above-ment ioned paper, 
the authors report  electrogenerated chemiluminescence 
(ECL) efficiency of rubrene  in several solvents. In  
view of the close agreement  between some of our 
rubrene  ECL efficiency results 68 and the ones reported 
in the paper  under  discussion, the following comments 
do not at tempt to question the direct measuremefits;  
however, there are still some dis turbing aspects that 
should be cleared up in as brief a space as possible. 

(1) The authors define "quan tum efficiency" in  ECL 
in  a manne r  which is inconsistent with previous as 
well  as current  "mainstream" usage.6~-T 1 We should 
probably  stay wi th  Ce~l ~ ECL quan tum efficiency _= 
number  of photons emiCted/radical ion annihi la t ion 
(usual ly) ,  TM if for no other reason, to avoid needless 
confusion due to redefinition of common terms by every 
newcomer to the field. 

(2) In  Fig. 1 in the paper under  d i scuss ion  the 
Faradaic current  should merge into the capacitive cur-  
rent  with a smooth line, following the Nernst equation. 
The implication of Fig. 1 is that the Faradaic current  
component  drops to zero at ~2.3V, whereas the Nernst  
equat ion tells us otherwise, together with "underpoten-  
tial electrodeposition" experiments.  

(3) Based on our experience in the same general  
area, TM point  No. 11 in Fig. 4 should have been aug-  
mented by a few addit ional  measurements.  With 1 mM 
solute concentrat ion the 0.020M TBAP-100 Hz com- 
binat ion is apt to lead to dubious results. I t  would have 
been imperat ive to decrease the rubrene  concentration, 
or the Hz, or preferably  systematically vary both. Also, 
with solutions of this type a potentiostat  employing 
positive IR feedback and a three-electrode configura- 
t ion is a vir tual  necessity. 73 

(4) On p. 623-624 the authors make a perplexing 
s tatement:  ' t . .  the solvent  component  (benzene) which 
tends to produce re la t ively high (Ep.ox -- Epxed) will  
also then tend to solvate the radical ions." Benzene is 
definitely unl ike ly  to preferent ia l ly  solvate radical ions 
when other solvent components are also present  such 
as propylene carbonate or acetonitrile. It  seems proper  
to call to the  authors '  a t tent ion the figure reproduced 
from the 1973 issue of This Journal TM 

it is possible to have preferent ia l  solvent interact ion 
as shown in the inset (solid circles represent  the 
more polar component  in  the heteropolar solvent 

�9 �9 0 �9 �9 

. -  - - .  [.*.--. R-] - - .  = .+,e R + §  

�9 �9 @ C O  @ 

mixture ) .  It has been exper imenta l ly  observed that  
use of a heteropolar  mixed solvent having the same 
over-al l  dielectric constant  as a given single solvent 
leads ~o higher efficiency than  use of said single sol- 
vent  in  ECL. 

Whereas a n u m b e r  of impor tant  aspects of the creation 

c~ D e p a r t m e n t  of Chemis t ry ,  Analy t ica l  Division,  Louis iana  State  
Univers i ty ,  Baton Rouge, Louis iana  70803. 

C. P. Keszthelyi ,  N. E. Toke l -Takvoryan ,  and  A. J .  Bard ,  Anal.  
Chem., 47, 249 (1975). 

67 A. J.  Bard,  C. P. Keszthelyi ,  H. Tach ikawa ,  and N- E. Tokel,  
"Chemi luminescence  and Bio luminescenee ,"  M. J.  Cormier ,  D, M. 
Hercules,  and  J .  Lee,  Editors.  P l e n u m  Press ,  N e w  York-I. ,~ndon 
(1973). 

es D. M. Hercules,  Aceoatnts Chem. Res., 2, 301 (1969). 
69 R. Bezman  and  L. R. Fau lkner ,  J. Am.  Chem. Sac., 94~ 6317, 

6324, 6331 (1872). 
70 C. P. Kesz the ly i ,  Y. Am.  Chem. See., 96, 1243 (197,~). 
n C. P. Keszthelyi ,  B u l l  Chem. Sac. Japan, 48, 1083 (1975). 
~ C o m p o u n d s  l ike DPACI~ presen t  some difficulties, s ince the  

Iigh~: p roduc ing  reac t ion  pa th  r e m a i n s  to be elucidated.  See C. P.  
IKeszthelyi and A. J. Bard ,  J.  Or9. Chem., 39, 2936 (1974). 

7~ C. P, Kesztbe]yi ,  N. E. Toke l -Takvoryan ,  and  A. J .  Bard,  Che~r~. 
Pt~ye, Letters, 23, 219 (1972). 

n C. P. KeszthelyL T h ~  Journal, 120, 39C (1973), 

of electronically excited states by electron t ransfer  and 
preferent ia l  solvation in mixed heteropolar solvents 
remain  open for discussion,TS one should make certa}n 
that we are moving forward with the passage of time, 
instead of proposing preferential  ion salvation by the 
benzene solvent component.  

A. Pighin70 and B. E. Conway: 77 We regret that  our 
paper dis turbed Keszthelyi. However, had he read our 
paper more carefully and been less dogmatic about his 
work most of his comments  would not have been nec- 
essary. Our replies to his comments are, point by point: 

(1) Since we have led a 15-man-year  invest igat ion 
of I~GCL *73 over 4 years for display applications, ~'s~ 
we should hardly  be called newcomers. 

The so-called "mainst ream" definition of quan tum 
efficiency of EGCL has at least the following difficul- 
ties: (a) it does not consider electrogenerated ions, 
which do not partake in  radical ion annihilat ion,  as 
contr ibut ing to the inefficiency of the EGCL process, 
e.g., losses due ,to diffusion, side reactions, potential  
cycling, etc.; (b) it  would consider EGCL produced 
from the di- ion radicals to be as efficient as that pro- 
duced from mona- ion  radicals, a l though the former 
consumes twice as much current ;  (c) it requires a 
knowledge of the l ight-producing mechanism; and (d) 
for various reasons, e.g., (a) and (b) above, it tends 
to overestimate the over-al l  qua n t um efficiency. 

Our definition of EGCL quan tum efficiency is free 
from these difficulties and is more inclusive and more 
pragmatic. It  also gives a more realistic basis for evalu-  
ation of quantum efficiency which minimizes correc- 
tions. 

(2) Exper imental  points taken at ca. 2.3V did follow 
the Nernst  equation and we were not surprised by this. 
The delineation of the Faradaic current  l ine in Fig. 1 
of our paper into the capacitive current  l ine was drawn 
simply to demonstrate the potential  of onset of ap-  
preciable Faradaic current.  More closely spaced ex- 
per imental  points would have been required ~o demon-  
strate the role of the back reaction. However, the pur -  
pose of Fig. 1 was, of course, not to demonstrate  this 
wel l -known,  but  trivial, effect. 

(3) It  only takes two precise points to determine a 
difference. Since the TBAP concentrat ion was varied 
fivefold and no significant change in r measured 
over a wide frequency range, TM was observed, we con- 
sidered that  to be sufficient proof that  ~coul was inde-  
pendent  of electrolyte concentration. 

In  the paper referred to, TM Keszthe ly i  et al. equate 
the relat ive EGCL intensi ty  to Cegr Cegcl requires 
knowledge of the Faradaic current  (or number  of 
radical ion annihi la t ions) .  Without this knowledge, it 
is dangerous for them to conclude by implicat ion that  
their  results show a var iat ion in  ~begci with electrolyte 
concentration. Therefore, this question appears to have 
been based on a premise which has no substance. Fu r -  
thermore, he has been wrong previously82 on the in ter -  
pretat ion of quan tum efficiency. 

The recommendat ion that  we ought to have mea-  
sured r as a function of rubrene  concentration and 
frequency is baffling because such informat ion is given 
(Fig. 3) in the paper under  discussion and our previous 
paper TM (Fig. 4) which was referenced, respectively. 

As for the need for IR compensation, other methods 
for measuring Cecal may require IR compensation but  

7~ C. P. Keszthelyi ,  Appl.  Opt/ca, 14, 1710 (1975). 
76 Labor  Canada,  Ot tawa,  Ontario,  Canada. 
~7 De pa r tme n t  of Chemis t ry ,  Un ive r s i ty  of Ot tawa,  Ot tawa,  On-  

tario, Canada.  
73 We pre fe r  to use EGCL rather than ECL as the abbrev ia t ion  for 

electro_generated chemi luminescence  to avoid confusion wi th  ECL 
used in the electronics in~lustry for  e_mitter-c_oupled logic, 

no A. P ighin ,  Can. J. Chem., 51, 3567 (1973). 
~o M. A. K a b a y a m a ,  A. Pighin,  and  W. M. Coderre, Pape r  pre-  

sented at  S y m p o s i u m  of See. for  Info. Display,  N e w  York,  M a y  
1975. See also p. i69 of 1974 S y m p o s i u m  Digest .  

m A. P ighin  et aL, U.S. Pa t en t  3,868,534 (1972). Two other  EGCL 
patents  have  been allowed. 

SeE. A. Chandross  and  D. J.  Freed,  J. Am,  Chem. Sac., 97, 1274 
(1975). 
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our technique is relat ively insensitive to IR effects. In  
our procedure for measur ing  r IR effects will de- 
crease the slope of the extrapolat ion of the capacitive 
current  l ine in the current  vs. voltage plots (Fig. 1) 
but  this effect is obviously small  because the change in  
slope is small and the length of the extrapolat ion is 
short. It was observed ~hat both the EGCL and 
Faradaic current  commenced together. Thus, although 
the redox potentials of rubrene  are asymmetrical  about 
the SCE, they were symmetrical  about the ground of 
the driving circuitry. This, together with the fact that  
EGCL was generated at two equal -area  electrodes, re-  
sulted in equal quanti t ies of oppositely charged radical 
ions being produced a l ternate ly  at both electrodes. 

(4) We are ful ly aware of the paper by Keszthelyi 
which ~scusses preferent ial  solvation in EGCL and 
would like to refer him to  our patent  sl in this area 
which was filed dur ing the previous year. 

The charge on rubrene  radical  ions is well  diffused 
due to delocalization. Its radical ions may be regarded 

as a large aromatic s t ructure  with a small  charge 
density over its central  x-bond networ k which contains 
18 carbon a~oms. Because of the large space over which 
the single charge is distributed, the force which will 
at tract  and orient  polar solvent  molecules will  be weak. 
Furthermore,  since the radical ions retain some aro- 
matic character, it is reasonable to assume that  with 
an increasing aromatic fraction in the solvent the 
solvation shell may accommodate some aromatic sol- 
vent. It is to be noted that  this does not exclude, in this 
case, some solvation also by the polar component, as 
recognized in our paper. Keszthelyi appears to insist on 
an a l l -or -noth ing  model of preferential  solvation but 
we do not feel bound by  his view. 

We feel that our in terpre ta t ion of preferential  solva- 
tion is reasonable and thus contributes to the under-  
s tanding of EGCL. We hold a flexible opinion on this 
and are prepared to alter our th ink ing  if new evidence 
should war ran t  it. 



J O U R N A L  F I F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

----AND TECHNOLOGY   ,DECEMBER 

Barrier-Type Aluminum Oxide Films Formed 
under Prolonged Anodizing 

I. Influence of Anodizing Parameters on Film Morphology 

Yoon H. Choo* and Owen F. Devereux* 

Department of Metallurgy and Institute o~ Materials Science, University o$ Connecticut, Storrs, Connecticut 06268 

ABSTRACT 

The morphology of anodic a luminum oxide films formed in  neut ra l  aqueous 
3% ammonium tar t rate  was investigated using t ransmission and replica elec- 
t ron microscopy and t ransmission stereoscopy. After an ini t ia t ion period of 
approximately 90 min, corresponding to the appearance of a m i n i m u m  in the 
potentiostatic anodic current,  development  of a porous s tructure was observed. 
The film structure was comparable to that  formed in conventional  pore-form- 
ing electrolytes at shorter times, with approximately polygonal oxide cells, 
each containing a central  pore. Pore depth and diameter  both increased in a 
systematic manne r  with anodizing time; a hypothetical  model relying on field- 
assisted dissolution of oxide, with local field enhancement  due to the pore 
geometry, is used to explain this dependence. At longer times, the pore depth 
increases l inear ly  with anodizing time, also consistent with this model and 
with the observed establ ishment  of a stable pore structure. The stable pore size 
and oxide cell size are proport ional  to formation voltage in accord with the 
geometric a rgument  forwarded to explain pore coalescence and the formation 
of s table te rmina l  pores. 

Anodic a luminum oxide films are commonly classi- 
fied as porous or bar r ie r - type  (i.e., nonporous) accord- 
ing to the electrolyte in which they are formed. Bar-  
r ier - type films are formed by anodically polarizing 
a luminum in an electrolyte which exerts little solvent 
action on the oxide film, e.g., aqueous borate or t a r -  
trate, and grow to a l imit ing thickness in  proport ion 
to the applied potential.  Porous films, on the other 
hand, are formed by anodic polarization of a luminum 
in an electrolyte which exerts appreciable solvent ac- 
t ion on the film, e.g., aqueous sulfuric, chromic, oxalic, 
or phosphoric acids, and tend to thicken indefinitely 
under  constant  potential  in proport ion to the charge 
passed. The s t ructure  of porous films has been charac- 
terized by Keller, Hunter,  and Robinson (1), and later 
by O'Sul l ivan and Wood (2), as a close-packed array 
of columnar  hexagonal  cells, each containing a central  
pore normal  to the substrate surface and separated 
from it by a layer  of bar r ie r - type  film. The dimensions 
of these s t ructural  features are dependent  on the for- 
mat ion potential  as well  as the electrolyte (2). The 
barr ier  film beneath  the porous s tructure is propor-  
t ional in thickness to the applied potential,  the pro- 
port ional i ty  constant being of the order of 10 A-V -1 
in contrast to the value of approximately  13 A.-V-1 
seen in typical ly bar r ie r - forming  electrolytes (3-5). 

A n u m b e r  of authors have studied the mechanism of 
pore formation and growth in anodic films. Keller,  
Hunter ,  and Robinson (1) proposed that  pore growth 
occurs by simultaneous formation and dissolution of 
oxide. This occurs ini t ia l ly  at regions experiencing a 
locally high dissolution rate; Joule heat ing in the ad- 
jacent  electrolyte then enhances the process at these 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: aluminum, anodic oxidation, impedance, porosity, 

sites. While Hunter  and Fowle (6) explained pore 
formation simply in terms of chemical dissolution, 
Hoar and Mott (7) postulated that the dissolution was 
field-assisted and, thus, that both formation and dis- 
solution of oxide were enhanced by the locally high 
field at the pore bases. This mechanism appears most 
general ly accepted at present  (2). To explain the ob- 
servation that  pores do not ini t iate unt i l  a bar r ie r -  
type layer  of at least a critical thickness has formed, 
Hoar and Yahalom (8) have suggested that  proton en-  
t ry into the oxide film is necessary to pore formation 
and that  this is possible, against the anodic field, only 
when the field has decreased to a value characteristic 
of the critical thickness. Random local defects in the 
init ial  b~rrier  film are seen as impor tant  to pore nu -  
cleation by Arrowsmith,  Culpan, and Smith (9) who 
studied pore nucleat ion in films formed on a luminum 
substrates of varying purities. 

Hoar and Yahalom (8) have reported that bar r ie r -  
type films (formed in 3% ammonium tar t ra te  at pH 
7.3, 25~ 14.4V) and porous films (formed in 15% sul-  
furic acid, 25~ 14.4V) both develop their  structures 
after only seconds of anodizing. Several investigators 
have reported formation of porous-l ike cellular s truc-  
tures in films formed in borate or tar t ra te  solutions at 
high formation voltages or prolonged anodizing times. 
F rank l in  (10) observed an i r regular  polygonal  cell 
s t ructure in  films formed at 500V in aqueous 3% boric 
acid-0.05% borax, with the cell diameter  proport ional  
to the formation voltage and the cells bulging out into 
both the electrolyte and the substrate. St i r land and 
Bicknell  (11) confirmed this observation and, through 
electron diffraction by th inned films, demonstrated that  
the centers of the cells were amorphous while the 
edges were -y'-AlsOs. Hoar and Yahalom (8) reported 
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pore formation in films formed in 3% ammonium tar -  
trate, pH 7.3 at 14.4V for 10 min. Hunter  and Towner 
(12) found a porous layer  formed above the barr ier  
layer on a luminum anodized in 3% ammonium tar -  
trate, pH 5.5, for times up to 900 min. The substrate 
surface after anodizing was seen to have a cellular 
pat tern  similar  to that  seen in the case of porous films. 
They observed that the barr ier  layer reached a l imit-  
ing thickness after 12 min, after which the porous layer  
formed at a l inear  rate of about 175 A - h r - k  Leach and 
Neufeld (13) observed pore formation in films formed 
in aqueous borate at pH 9.7 subsequent  to a t ta inment  
of a steady leakage current  under  constant applied po- 
tential. Pore growth was affected both by formation 
rate and electrolyte temperature.  

The present  study was under taken  specifically to in -  
vestigate more fully the porous s tructure of anodic 
a luminum oxide formed in bar r ie r - forming  electro- 
lyres, and to characterize the effects of the anodizing 
time and formation potential  on this structure. At ten-  
tion was restricted to a luminum anodized in aqueous 
3% ammonium tar t rate  at pH 7. 

Experimental  Procedures 
High pur i ty  a luminum (99.99%) sheet of 2.5 mm 

thickness was cut into rectangular  specimens, 12 x 50 
mm, annealed in air at 350~ for 1 hr, and furnace 
cooled. Specimens were then chemically polished in a 
solution comprised of 80 volume per cent (v/o)  phos- 
phoric acid and 3 v/o  nitr ic acid in water  for 20 rain, 
followed by electropolishing in a conventional  ba th  of 
20 v/o perchloric acid in ethanol. All  anodizing was 
done in a solution of 3 weight per cent (w/o)  ammo-  
n ium tartrate, reagent  grade, in double distilled water;  
the solution was adjusted to pH 7 by t i t rat ion with di-  
lute aqueous ammonium hydroxide. Anodizing was 
performed in a simple cell employing a cylindrical  
p la t inum gauze sur rounding  the anode as cathode; the 
anodizing time and formation potential  employed in 
this study ranged from 15 min  to 48 hr, and from 25 
to 100V, respectively. Anodizing was conducted at a 
constant current  densi ty of 1 mA-cm -2 unt i l  the de- 
sired formation potential  was obtained; at this point  
the current  was allowed to decay under  constant po- 
tential  for the balance of the experiment.  Anodic cur- 
rent  was recorded directly with a strip chart recorder. 

Upon removal  from the anodizing cell, anodized 
specimens were gent ly  washed, first with absolute 
methanol  and then with double distilled water, then 
allowed to dry in a gentle air stream. For t ransmission 
electron microscopy oxide films were scribed into grid 
size (2.5 x 2.5 mm) while on the substrate, then re-  
moved by the amalgamat ion method (1). For replica 
electron microscopy carbon-p la t inum replicas were 
prepared from the oxide surface that had been adja-  
cent to the electrolyte, and from the substrate surface. 
The lat ter  surface was prepared by dissolution of the 
oxide film by immersing the specimen in a mixture  of 
phosphoric and chromic acids (35 cm 3 85% phosphoric 
acid and 20g chromic acid per l i ter  of solution) at 90~ 
for 10 rain. Surface features of the a luminum were un -  
attacked by this t rea tment  (1). 

Most electron micrographs were taken at the same 
magnification to facilitate measurement  of pore and 
cell sizes and also to el iminate comparative errors 
possibly inherent  in different magnification settings. 
Stereopair electron micrographs were taken of given 
areas of films by t i l t ing the specimen holder __+ 5~ this 
technique enabled measurement  of pore depth and 
barr ier  layer  thickness and permit ted clear three-di -  
mensional  viewing of the film morphology. Stereopair  
micrographs, typically at 92,200• were viewed with a 
Hilger and Watts SB 185 mirror  stereoscope; barr ier  
layer  thickness and pore depth measurements  were 
made using a paral lax bar, accurate to 0.01 mm. 

Results 
Current~time transient behavior.--Anderson and 

Devereux (14) have reported that, on potentiostatic 

formation of anodic a luminum oxide films in neu-  
tral  aqueous tar t rate  solutions, the leakage current  
decreases cont inuously to a m i n i mum value char- 
acteristic of the formation voltage in 45-90 min. This 
value is not stable, however, as the leakage cur-  
rent  increases beyond this time at near ly  an exponen-  
tial rate for 10-15 hr before a t ta ining a te rminal  stable 
value. That report is confirmed by data from this study, 
shown in Fig. 1, in which anodic current  is plotted vs. 
anodizing time for several different formation poten- 
tials. Each curve represents a single experiment;  there-  
fore, these are typical, ra ther  than average, results. 
Similar  curves are seen for a luminum anodized in 
pore-forming electrolytes; however, the current  mini -  
mum may occur after as little as 2 sec anodizing time 
and the steady-state value after as little as 10 sec (8). 
The current  m i n i m u m  in pore-forming envi ronments  
is seen to correspond to pore ini t iat ion in accord with 
the postulate that ini t ia t ion does not occur unt i l  the 
field has dropped to a level that permits proton en t ry  
into the film; the subsequent  increase in leakage cur-  
rent  reflects th inn ing  of the barr ier  layer at the pore 
bases as pore growth proceeds; the s teady-state  cur-  
rent  reflects stabil i ty of the barr ier  film (~10 A - V - ; )  
and pore growth occurring by addition to the film 
rather  than by subtraction. A similar mechanism is 
proposed in the present  study, with t ransmission elec- 
t ron microscopy demonstra t ing pore ini t ia t ion approx- 
imately coincident with the current  min imum.  

Influence of anodizing time on pore size.--A t ime se- 
quence of t ransmission electron micrographs of anodic 
oxide films formed at 50V is shown in Fig. 2. At 15 
rain the oxide is seen to be v i r tual ly  featureless, while 
at 2 hr definitive pores are seen, the dark edge sur-  
rounding each pore indicat ing diffraction by the pore 
wall and/or  oblique transmission of electrons through 
the barr ier  film comprising the pore wall. At 2 hr, pore 
diameter ranges to 120A; as anodizing time is increased 
pore size increases unt i l  approximately 32 hr, when it 
approaches a stable value. It  is apparent,  especially in 
the photomicrograph for 8 hr, that as pores grow and 
coalesce new pores form. Thus, there is a dis t r ibut ion 
of sizes and shapes a t  any given anodizing time; for 
purposes of comparison pore size has been defined 
herein as the average diameter  of the most f requent ly  
appearing and fully developed pores. Prior to a t ta in-  
ment  of a stable value, the pore diameter  is seen in 
Fig. 3 to follow the relat ion 
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Fig. 1. Current density vs. anodizing time for various formation 
voltages. 
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Fig. 2. Transmission electron 
micrographs of anodic oxide films 
farmed at 50V for various anodiz- 
ing times. 
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Fig. 3. Pore diameter function vs. anodizing time for various 
formation voltages. 

measured pore diameter, d is the barr ier  layer  thick- 
ness, t is anodizing time, and to is the t ime required for 
pore initiation. This expression is closely followed at 
50 and 75V, with K = 9.5 A-h r  -1. Data taken at 25V 
deviate from this behavior, possibly due to earlier es- 
tabl i shment  of a stable pore size. Pore ini t ia t ion t ime 
is of the order of 90 rain as noted above. 

Inl~uence of anodizing time on oxide cell size.--Rep- 
lica electron micrographs of the a luminum substrate 
subsequent  to anodizing at 75V for various times are 
shown in Fig. 4; these replicas clearly depict the basal 
s tructure of oxide cells comprising the anodic film. 
There is an init ial  cell s t ructure  which does not  change 
significantly dur ing the first 8 hr  of anodizing. It then 
undergoes rather  rapid growth, bu t  attains a ma x imum 
size representat ive of the final s t ructure  after 20 hr. 
This behavior  is typical of that  seen at other formation 
potentials. 

Determinat ion of the densi ty (i.e., number  per un i t  
area) of cells and pores f rom photomicrographs of 
comparable specimens indicated a one- to-one  corre- 
spondence, i.e., to each cell corresponds a pore. Conse- 
quently, (pore densi ty)-1/2  is approximately equal to 
the cell diameter. A time sequence of such values is 
shown in  Fig. 5 for films formed at 50V. Clearly, these 
data lack the simple t ime dependence of the pore d iam-  
eter; the cell sizes as computed from pore density ~?ep- 
resent  the average of all cells, whereas the plotted pore 
diameters are only for ful ly developed pores. Cell size 
shows a slow init ial  growth, but  a very marked t rans i -  
t ion after about 16 hr of anodizing; this may be in te r -  
preted as a disappearance of a large number  of smali  
cells leaving a re la t ively stable film structure of large 
cells only. 

Influence of formation potential on terminal pore and 
cell sizes.--Figure 6 shows transmission electron mi-  
crographs of films formed after 48 hr of anodizing at 
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Fig. 4. Replica electron micro- 
graphs of substrate surfaces after 
anodizing at 75V for various 
times, showing oxide cell forma- 
tion. 

various formation potentials, i l lus t ra t ing the depen-  
dence of te rminal  pore size on formation potential. 
Figure 7 depicts replica electron micrographs of the 
corresponding substrates, showing cell size dependence 
on formation potential. Pore and cell diameters are 
plotted in Fig. 8, showing a l inear  dependence of each 
on formation potential:  te rminal  pore diameter  (A) = 

18 
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Fig. 5. Ce[| diameter v s .  anodizing time at 50V 

18.5 • formation voltage and te rminal  cell diameter  
(A) ---- 35 • formation voltage. Directly measured 
average cell diameters and values computed from pore 
density are both shown and are comparable. Inasmuch 
as these are "terminal"  there is no significant contri-  
but ion to the average size from small undeveloped 
cells. 

Barrier thickness and pore depth measuremen~s.-- 
The barr ier  layer thickness and the pore depth were 
determined by use of electron stereomicroscopy. Verti-  
cal distances were determined from the equation (15, 
16) 

x 
T - -  

2M sin 0 

where T is the vertical  distance; x, the measured paral-  
lax; M, the over-al l  magnification; and 2e, the angle 
through which the specimen is tilted between expo- 
sures. Pore depth was evaluated by measur ing the 
change in distance between features at the pore open- 
ing and at the pore bottom; similarly, the barr ier  layer  
thickness was determined by examinat ion  of features 
on opposite sides of a nonporous region of film. The 
relative (vertical) position of such features is readily 
apparent  in stereo viewing. A typical pair  of stereo 
electron micrographs, from a film formed at 50V for 
24 hr, is shown in Fig. 9. With use of an appropriate 
viewer it may be seen that there is a considerable 
variation in pore depth; this is also evident  Jr/Fig. 10. 
Figure  10 is a cross-sectional view of a film formed 
under  the same conditions employed for Fig. 9; while 
wet the film was folded over the edge of a specimen 
grid for viewing through the folded edge. Figure 11 
shows average pore depth for several specimens as a 
function of anodizing time. It is apparent  that there is 
no dependence of the pore depth growth rate on for- 
mat ion potential. As with the pore diameter, the be-  
havior is nonl inear  at short t imes with an abscissa 
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Fig. 6. Transmission electron 
micrographs of anodic oxide 
films formed for 48 hr at various 
voltages. 

Fig. 7. Replica electron micra- 
graphs of substrate surfaces after 
anodizing for 48 hr at various 
voltages, showing oxide cell 
formation. 
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Fig. 9. Stereo transmission electron micrographs of anodic oxide 
film formed at 50V for 24 hr. Tilting angle ___ 5 ~ 

Fig. 10. Transmission electron micrograph of cross section of 
anodic oxide film formed at 50V for 24 hr. 

A 

ol 
o 

| 

o o. 

15 

12 

oi/ 
- � 9  5 0 V  �9 

0 75V  / 

m 

e 

e 

0 
0 4 8 12 16 2 0  2 4  

A n o d i z i n g  T i m e  ( H o u r s )  

Fig. 11. Pore depth vs. anodizing time at 50 and 75V 

intercept  of the order of 90 min. The pore depth ap-  
proaches l inear i ty  with t ime af ter  about 8 hr  of ano- 
dizing wi th  a growth ra te  of 54 A - h r  - I .  Bar r ie r  layer  
thickness was determined for the pore- f ree  regions of 
the film shown in Fig. 9; the value measured was 633 
+_ 45A or 12.6 ___ 0.9 A-V - I .  Due to lack of suitable 
markers  it was not possible to obtain rel iable  mea-  
surements  for the thickness at the pore bases. 

The power of electron stereomicroscopy is not evi-  
dent in Fig. 9 unless v iewed with  a stereo viewer.  The 
film appears as a t ransparent  over lay  on the opaque 
substrate surface. It can be seen that  the ox ide /e lec t ro-  
lyte interface is v i r tua l ly  planar  and that  to each pore 
corresponds a pit  in the substrate metal.  The pore i tself  
is separated f rom the substrate on all sides by a re la-  
t ively  uni form barr ier  layer.  This layer  appears to be 
somewhat  thinner  at the pore bases than on the pore 
walls or in the nonporous region. Fur thermore ,  pores 
are consistently wider  toward the base than at the pore 
opening. Figure  12 is a schematic representat ion of the 
section A-B indicated in Fig. 9, i l lustrat ing these 
points. Especially deep substrate pitting, wi th  corre-  
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on Fig. 9. Approximately to scale. 

sponding thick porous layer  formation, was observed 
over grain  boundary  junct ions in  the substrate. Such 
a site is shown in Fig. 13. These structures are, in fact, 
the "pore colonies" described in detail by Renshaw 
(17), consti tut ing radial  arrays of pores growing out-  
ward from a central  site. This phenomenon  occurs be-  
neath  the bar r ie r  layer;  the two very light spots in the 
center of the pore colony shown in Fig. 13 are holes in 
the barr ier  layer, necessary to continued dissolution of 
oxide wi thin  the colony. Except for these holes the 
barr ier  layer over this region is p lanar  and intact. Discussion 

O'Sul l ivan and Wood (2) have examined in consid- 
erable detail the structure of porous a luminum oxide 
films formed in acidic media and the effect of various 
anodizing parameters  on this structure. Al though as 
noted above other investigators have observed porous 
s tructure in films grown in bar r ie r - forming  media (8, 
10-13) and, indeed, the s imilari ty be tween films grown 
in bar r ie r - forming  electrolytes and those grown in 
pore-forming electrolytes (8, 13, 18, 19), no detailed 

Fig. 13. Stereo transmission electron micrographs of anodic oxide 
film formed at 50V for 24 hr, showing deep pitting at substrate 
grain boundary junctions. Tilting angle • 5 ~ 
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study has previously been performed on the porous 
structure developed in such media as neut ra l  aqueous 
ammonium tartrate.  The m o s t  striking feature of the 
present study is the degree of s imilar i ty  between 
anodic films formed in this electrolyte and those 
formed in conventional  pore-forming environments .  

Figures 1, 3, and 11 suggest that a period of the order 
of 90 min  elapses prior to ini t ia t ion of visible pores. 
According to the mechanism postulated by Hoar and 
Yahalom (8) the film gradual ly  thickens dur ing  this 
time, the average field finally decreasing to a value 
that will permit  diffusion of protons into the film and 
init iat ion of' pores. O 'Sul l ivan and Wood (2) do not 
evoke a critical field for proton diffusion, but  suggest 
that local regions of high current  density thicken and 
spread dur ing this ini t iat ion period, leaving relat ively 
th inner  sites between them that  become pore nuclei. 
The significance of field-assisted dissolution as the pr i -  
mary mechanism of pore growth is well established 
(2, 7). It  is thus proposed that  the field is intensified by 
a pseudo-spherical geometry of the pore base, causing 
penetra t ion of the pore and enlargement  of its base 
diameter. The pore wall, being fur ther  from the sub-  
strate than is the base, experiences only a weak field 
and dissolves at a proport ionately slower rate. Thus 
the pore base widens as it progresses, creating a pore 
that may be idealized as a t runcated cone whose base 
is a spherical segment. Similar  pore shapes were noted 
by O'Sul l ivan and Wood (2), but  only under  constant 
current  conditions. They at t r ibuted this to the increase 
in voltage with anodizing time and the observation 
that  pore diameter  was proport ional  to voltage. Under  
constant voltage conditions they observed cylindrical  
pores te rminat ing  in spherical caps. The authors do not 
believe their  findings to be in  contradiction to those 
of O'Sul l ivan and Wood, but, instead, to represent  
the drastic difference in time scale of events in bar r ie r -  
forming vs .  pore-forming electrolytes, i .e.,  that the 
pores depicted in Fig. 9 and 12 are yet in an early stage 
and that once the pore diameter stabilizes (,~32 hr) 
and the pore depth assumes a l inear  rate of increase in 
t ime the pores will assume a cylindrical  shape as indi-  
cated by the pore wall uni formi ty  shown in  Fig. 2 (32 
hr) .  

O 'Sul l ivan and Wood (2) indicated that rapidly 
growing pores would alter the field in  their  vicini ty 
such that adjacent  shallower pores would vi r tual ly  
cease to grow. Although these shallow pores would 
remain,  they would become increasingly difficult to re-  
solve optically as the over-al l  film thickness increased. 
With both pore diameter  and wall  thickness propor-  
t ional to voltage, it followed that  the density of pores 
(per uni t  area) would also be directly related to vol t-  
age. Although the authors do not disagree with the 
above, they also believe that  there is evidence for pore 
coalescence in Fig. 2 and 9. It is clear that a large pore 
with the O'Sul l ivan and Wood "peardrop" shape can 
undermine  a smaller  adjacent  pore, with eventual  col- 
lapse of the pore wall  separat ing them. On the other 
hand, adjacent pores of comparable size may remain  
essentially stable once oxidation of the substrate metal  
separating them at the base terminates  field-assisted 
dissolution. Several  stages in  both the annihi la t ion and 
stabilizing of pore walls are shown schematically in 
Fig. 14. Inasmuch as the terminal  oxide cell size is 35 
A-V -~ and the te rminal  pore diameter  is 18.5 A-V -1, 
the terminal  thickness of oxide separat ing adjacent  
pores is 16.5 or 8.25 A-V -1 per cell. Assuming, for want  
of direct measurement ,  that  the barr ier  layer at the 
pore base is comparable to the measured barr ier  layer  
exterior to the pores, 12.6 A-V -1, the cell wa l l /ba r r i e r  
layer is 0.655, not greatly different from O'Sul l ivan and 
Wood's figure of 0.71 for pore- forming media. 

Using some simplifying assumptions an estimate of 
the t ime-dependence of field-assisted dissolution at the 
pore base may be calculated. Assuming that the elec- 
trolyte is a conductor and the oxide in the basal region 
of the pore is a portion of a spherical shell, the field 
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Fig. 14. Schematic representation of pore progression during 
anodizing, showing coalescence and formation of stable pore walls. 

at the ox ide /e lec t ro ly te  interface is 

V (  d ) 

where  V is the potent ia l  drop  across the  oxide (and 
thus assumed equal  to the format ion  vol tage) ,  Rt is the 
radius  of curva ture  of the  ox ide /e lec t ro ly te  interface,  
and d is the oxide thickness.  The radius  Ri is not nec-  
essar i ly  the  basal  pore  radius;  under  s t eady  growth  
conditions (a t t a inment  of t e rmina l  pore size) O 'Sul l i -  
van  and Wood (2) demons t ra ted  tha t  normals  to the  
pore  axis  and pore  base defined a min imum angle of 

0 = c o s _ l (  p o r e r a d i u s  ) 
pore  base radius  of cu rva tu re  

( cell wal l  thickness ) 

= cos-1 ba r r i e r  l aye r  thickness 

which, in the i r  case, was 45 ~ . The authors  found this 
value  to be 0 = cos -1 0.655 --_ 49 ~ in the present  sys-  
tem. Assuming this ra t io  to be val id  dur ing  pore en-  
l a rgement  the radius  Ri is re la ted  to the basa l  pore  
d iamete r  D by  

0.5D D 
Ri ---~ - -  

0.655 1.31 

and the field m a y  be wr i t t en  

V (  l '31d ) 

E , = - g  1 + ----b--- 
Although O'Sul l ivan  and Wood (2) discussed in de -  

tai l  possible mechanisms for  f ield-assis ted dissolution, 
the ac tual  mechanism is unknown as is any empir ica l  
dependency  on sys tem parameters .  Due to this lack, a 
s imple l inear  dependence  of dissolution on field is as-  
sumed 

dRi 
' : CEi 

dt 

D e c e m b e r  1975 

o r  

dD = 1.31C V {1 1.31d '~ 
dt + - - - 6 - - }  

This express ion may  be in tegra ted  to yield 

D ( d + D / 1 . 3 1 )  CV 
- -  d i n  - -  ( t  - -  t o )  

1.31 d 7 

As seen in Fig. 3, this express ion is closely fol lowed a t  

50 and 75V wi th  C V / d  = 9.5 A - h r  -1 or  C = 119.7 A ~- 
hr -1_V-1 .  

During the per iod  of pore d iamet ra l  g rowth  the pore  
dep th  should be increasing by  dissolution at a ra te  

dh dRi i dD 
- -  m 

dt dt 1.31 d t  
o r  

h 1 
- -  _ 0.764 

D -  1.31 

This is r ead i ly  checked using da ta  f rom Fig. 3 and 11. 
The exper imen ta l  values of the rat io  h/D are  given in 
Table I. Thus, the pore depth  is seen to increase ap-  
p rox ima te ly  108% fas ter  than  expected in this  s imple 
model. This could be a t t r ibu ted  to prec ip i ta t ion  of a lu -  
minum oxide, dissolved wi th in  the pore, on the outer  
oxide  surface. That  is, mate r ia l  dissolved f rom the pore  
base may  s imply  be t r anspor ted  out of the pore  and 
be deposi ted on the ex te r ior  surface (12, 18, 20), e i ther  
in hydrous  or anhydrous  form. The ex ten t  to which 
this occurs is not establ ished;  however ,  the da ta  of 
Smi th  (20) show that  af ter  the first ha l f -hour  of ano-  
dizing the a luminum content  of the  e lect rolyte  ceases 
to increase, suggest ing tha t  despi te  the  continued oc- 
currence of f ie ld-enhanced dissolut ion fur ther  a lumi-  
num is not r emoved  from the oxide film, but  is s imply  
redis t r ibuted.  Clear ly  the degree  to which this occurs 
must  depend on m a n y  factors, among them the pore  
geometry,  re la t ive  volume of  electrolyte ,  convective 
parameters ,  and solubi l i ty  parameters .  As a rough est i -  
mate  of the possible magni tude  of the  effect, the a rea  
of the pore base may  be compared  to the  avai lable  
ex ter ior  area. Regarding,  for convenience, the pore  
base as a hemisphere  18.5 A - V  -1 in diameter ,  it has an 
area  of 538 Af-V -1. The exter ior  surface corresponding 
to each pore is app rox ima te ly  a r ing  of  inner  d iamete r  
18.5 A-V -1 and an outer  d iamete r  l a rge r  by  twice the 
pore wal l  thickness,  or 35 A - V  -1, having an area  of 
693 Af -V -1. Assuming  a constant  mola r  volume for the  
oxide dur ing dissolution and precipi ta t ion,  the depth  
increase due to prec ip i ta t ion  could be of the  order  of 
538/693 = 0.77, that  due to dissolution, or the  total  
depth  increase, could be 1.77 of tha t  due to dissolution 
alone. 

An addi t ional  es t imate  of C m a y  be obta ined from 
the observed l inear  ra te  of pore  dep th  increase  that  
occurs fol lowing s tabi l izat ion of the pore structure.  As 
above 

dh CV ( 1.31d ) 
~ = C  Ei--~ l + - -  
dt T D 

Using the empir ica l  values for 50V: d = 630A, D = 
1050A, dh/d t  = 54 A - h r  -1, C is ca lcula ted  as 381 A s- 

Table I. Experimentally determined values of hiD 

V t h D h / D  

50 2 175 120 1.458 
8 620* 360 >1.722 

24 1500 880 1.704 
75 8 730 400  1.825 

20 1250 950 1,316 
24 1590 1050 1.514 

Avg = 1.59 

* M e a s u r e d  a t  7 h r .  
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V - l - h r  -1, of the same order  as the value  calculated 
from the change of pore d iamete r  wi th  time. 

I t  is not  easy to be even hypothe t i ca l ly  quant i ta t ive  
about  the p ropor t iona l i ty  be tween  te rmina l  pore d i am-  
eter  and format ion  voltage. The a rgument  r egard ing  
the annihilation of smal l  pores, or at least  termination 
of thei r  growth, and the es tabl i shment  of a s table  pore  
size is qual i ta t ive  and geometr ic  in nature .  For  this 
reason the authors  r egard  the  l inear  re la t ion be tween  
format ion  vol tage  and pore  size as a manifes ta t ion  of 
that  be tween  format ion  vol tage and s t eady-s ta te  ba r -  
r ier  l ayer  thickness. That  is, the state at which ad ja -  
cent pores  s tabi l ize  d iamet r i ca l ly  b y  dissolut ion of the  
web of subs t ra te  separa t ing  them and, hence, do not  
fur ther  en large  other  than  in depth  is p re sumab ly  
geomet r ica l ly  s imi lar  at different  format ion  voltages. 
Thus, the s t ruc tura l  dimensions of the porous oxide 
would be propor t iona l  to the  only dimension which is 
independen t ly  controlled,  the  s t eady-s t a t e  ba r r i e r  
l ayer  thickness.  

Conclusions 
Afte r  a de ta i led  e lect ron microscopic examina t ion  of 

anodic films formed on h igh ly  p u r e  a luminum in neu-  
t ra l  aqueous 3% ammonium t a r t r a t e  dur ing  anodizing 
t imes up to 48 hr, i t  is clear  that  these films m a y  be 
dis t inguished f rom those formed in convent ional  pore -  
forming electrolytes  such as sulfur ic  acid only by  the 
ra te  at which  the porous s t ruc ture  develops,  in agree-  
ment  wi th  previous  inves t igators  (8, 18, 19). The 
mechanism by which pores form in such electrolytes  
tha t  has appeared  most plausible,  s imul taneous  field- 
assisted dissolution of the oxide and reoxida t ion  (7, 18), 
offers an equal ly  l ike ly  exp lana t ion  of observa-  
tions per ta in ing  to pore format ion  in ba r r i e r - fo rming  
electrolytes .  Indeed,  a pore  growth  ra te  wi th  t ime is 
observed which may, in a semiquant i t a t ive  way, be 
expla ined  by  the decay  of the field at the inner  surface 
of a spher ical  segment  pore  base as the pore  enlarges,  
leading to a f ie ld-assis ted dissolution constant  of the 
o rder  of 120 A 2 - h r - l - V  -1. A s imi lar  order  of magn i -  
tude, 381 A ~ - h r - l - V  -1, is es t imated  from the l inear  
ra te  of pore dep th  increase once a s tab le  pore  s t ruc-  
ture  is developed.  Coalescence of pores  dur ing  growth  
is observed and expla ined  by  a pu re ly  geometr ica l  
argument ,  the unde rmin ing  of smal l  pores by  adjacent ,  
l a rger  pores, and by  the i r  decreas ing optical  signifi-  
cance as the oxide thickens.  S imi lar ly ,  ad jacent  pores 
of s imi lar  size may  form a s table  shared  pore wal l  
when  the subs t ra te  separa t ing  them has been con- 
sumed. S tab le  pore  size and oxide cell size are  seen 
to be p ropor t iona l  to format ion  vol tage and, thus, to 
the ba r r i e r  l ayer  thickness as it  is cus tomar i ly  defined. 
This is in t e rp re ted  as suppor t ive  of the  concept that  
the es tabl i shment  of a s table pore  s t ruc ture  is geo- 
me t r i ca l ly  control led  and, thus, independent  of actual  
dimensions.  

The authors  found the use of e lect ron s te reomicro-  
scopy to provide  a power fu l  tool for  s t ruc ture  analysis  
of thin oxide films. Not only did  it p rov ide  an accurate  
means  for measur ing  local film thicknesses  and indi -  
v idual  pore depths,  but  p rovided  a clear  t h r e e - d i m e n -  
sional  v iew of the  complex  film morphology.  
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Barrier-Type Aluminum Oxide Films Formed 
under Prolonged Anodizing 

II. Dielectric Characteristics 
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ABSTRACT 

Nonporous anodic a luminum oxide films were potentiostatically formed at 
30V and subsequent ly  exposed to neut ra l  aqueous ammonium tar t ra te  for 
3000 rain at 30V, 10V, and at rest potential. Porous film growth was observed 
at the formation potential  in accordance with Part  I. Some factors responsible 
for the observed stabili ty of the film capacitance and resistance at 30V have 
been determined by modeling the porous film as a parallel  combination of two 
parallel  RC circuits. Films tested at 10V th inned slowly by the development of 
a large number  of fine pores at the oxide/electrolyte interface; in  addition, 
pore colonies were observed in  the metall ic substrate below the th inning  
film. At rest potential  the film developed a nonporous cellular topography, 
presumably  an artifact of a selective dissolution process. The film capacitance 
at 10V and rest potential  has been expressed as film thickness vs. t ime profiles 
under  the assumption of uniform thinning.  

A brief survey of the salient contr ibutions to the 
l i terature  concerning anodic a luminum oxide films is 
given in the first paper of this two part  series (1). 
While the development  of s tructure in anodic a lumi-  
n u m  oxide films at ,the formation potential, both in 
pore-forming and bar r ie r - forming  electrolytes, is now 
reasonably well characterized, very little work has 
been done on the s t ructural  changes in  such films re- 
sult ing from reduced potentials. The phrase reduced 
potential  is used here to indicate a film tested for some 
time at a potential  below its formation potential. 

O'Sul l ivan and Wood (2) formed porous a luminum 
oxide films at a constant potential  of 115V for 30 rain 
in 0.4M phosphoric .acid at 25~ Upon reducing the l~O- 
tential  to 85V, they observed the following structural  
changes: (i) the barr ier  layer  at the pore bases 
started to thin immediately,  (it) new pores were nu-  
cleated in this th inn ing  barr ier  layer, and (iii) these 
pores increased in diameter  unt i l  a new steady-state 
pore populat ion density characteristic of ,the lower 
voltage was reached. Renshaw (3) formed 340A thick 
nonporous films by anodizing a l u m i n u m  in 3% am-  
monium tar t rate  (pH 5.5) at a constant  potential  of 
25V for 1 rain. These films were subsequent ly  tested at 
a reduced potential  of 15V in a 10% chromic acid 
electrolyte. The nonporous layer  was observed to im-  
pede the formation of the porous film which normal ly  
would be formed in  the chromic acid electrolyte. 
Hemispherical pore colonies, however, the pores of 
which developed radial ly from flaws or low resistance 
pathways present  in the nonporous layer, were found 
to undermine  the nonporous film. Edwards and Keller 
(4) had previously reported pore colony formation be-  
neath bar r ie r - layer  anodic a luminum oxide films. 
These investigators, however, created artificial l inear  
pores by in tent ional ly  cracking the nonporous anodic 
oxide film. 

The purpose of the current  investigation was to 
determine what  s t ructural  alterations occur in pre-  
formed nonporous anodic a luminum oxide films upon 
exposure to neutra l  aqueous ammonium tar t rate  for a 
prolonged period (3000 min)  at potentials equivalent  
to and less than the formation potential  and to relate 
these alterations to changes in the film capacitance and 
resistance. 

Experimental Procedure 
Cylindrical  specimens were machined from alumi-  

num rod of 99.999% purity, mechanically polished 
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using 240, 320, 400, and 600 grit metallographic papers, 
and chemically polished (5) by immers ion in: (i) a 
3 weight per cent (w/o)  sodium hydroxide solution at 
75~ for 1 rain and (it) a 50 w/o nitric acid solution 
at 75~ for 2 min. Specimens were ul trasonical ly 
rinsed in  double distilled water  for 10 rain following 
exposure to each chemical polishing solution. Electro- 
lytes were prepared from reagent grade chemicals and 
double distilled water. The anodizing electrolyte was 
an aqueous 0.17M 1 ammonium tar t rate  solution with 
pH adjusted to 7 by the addition of several drops of 
dilute ammonium hydroxide. The testing electrolyte 
was either the anodizing electrolyte or a neutra l  1M 
ammonium tar t rate  solution. 

The electrode assembly, comprised of two Teflon 
gaskets compressed against the parallel  faces of a pre-  
pared specimen, and the electrochemical cell used for 
anodizing and testing have been described previously 
(6). The cells were mainta ined at a constant tempera-  
ture of 30.0 ~ • 0.3~ dur ing both anodizing and test-  
ing by a conventional  water  bath. Anodic films were 
formed by gradual ly  increasing the potential  between 
the specimen and p la t inum gauze counterelectrode in 
such a manne r  that the current  remained constant  at 
0.75 mA / c m 2 unt i l  the desired potential  of 30V was ob- 
tained. This potential  was main ta ined  for 45 min, dur-  
ing which time the leakage current  normal ly  decayed 
to less than 20 ~A/cm2; specimens exhibi t ing leakage 
currents in excess of this value were discarded. Based 
on the anodizing constant of 12.0 A/V reported by 
McMullen and Pryor  (7) for anodic a luminum oxide 
films formed in neut ra l  ammonium tartrate, this pro- 
cedure created nonporous films 360A thick. 

These films were tested at 30V, 10V, and at rest 
poter~tial for a period of 3000 rain. In  the case of cells 
tested at 30V, anodizing blended into testing in that  the 
anodizing electrolyte was not changed and the poten-  
tial was continuous with time. In  the case of cells 
tested at 10V and rest potential, the 30V potential  was 
removed at the conclusion of the anodizing period and 
the electrolyte changed from 0.17M to 1M. This change 
was made to correct a problem discovered during test- 
ing at 30V wherein the procedure for calculating film 
dielectric data from cell data, described below, yielded 
erroneous values at high frequencies in  the more di- 
lute electrolyte. At the conclusion of a test, the film 
was rinsed with double distilled water, air dried, and 
scribed into small squares which were detached from 
the a luminum substrate by immersion in a saturated 

0.17M a m m o n i u m  tar t ra te  is equ iva len t  to 3 w/o .  
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aqueous mercuric chloride solution. Stripped film sec- 7o I 
tions were rinsed twice in double distilled water, I 
mounted on 200 mesh copper grids, and examined in I the t ransmission electron microscope. At 10V, several 
specimens were tested for t imes shorter than  the 3000 6 0 -  
min  period in order to construct a sequence of t rans-  
mission electron micrographs. 

Dur ing  the test period, the dielectric properties of 
the electrochemical cells were recorded at 0.5, 1, 5, 10, so - 
20, and 50 kHz util izing a capacitance measuring as- 
sembly comprised of a General  Radio Type 1310-B 
oscillator, a Type 1615-A capacitance bridge, a Type �9 
1232-A nul l  detector, and a Sorenson Model QI-IS 100-.2 "~ 4o - 
power supply. The dielectric properties of cells sub- .= 
jected to 30 and t0V were also moni tored for 150 rain 
after the potential  was removed at the end of the 3000 
min  test period. ~-" 3 0  - 

Results | 
Calculation of the series resistance of the electrolyte 

and subsequent  correction of the cell data involve the "~ 
following steps: (i) calculation of the series resistance - 20 - 
of the cell (Rs~) at several frequencies fromf: Rs3 -- 
DJ~Cs~, where ~ represents the angular  frequency in  
rad/sec; (ii) determinat ion of the series resistance of 
the electrolyte (Rs2) from a plot of Rs3 vs. ~-1 at the 10 - 
point  where the reciprocal f requency equals zero (8);  fi 
(iii) calculation of the series resistance of the film 
(Rs~) by subtract ion of Rs2 from Rs3 at any fre- 
quency; and (iv) calculation of the parallel  capaci- 
tance (Cpl) and resistance (Rpl) of the film from the 
expressions: Cpl ----- Csl/[1 ~ (~RslCsl) 2] and Rpl : 
[1/(~Csl)fRsl] ~- R~I, where the series capacitance of 
the film (Csl) and that of the electrochemical cell are 
equivalent.  

The dielectric data employed to determine the elec- 
trolyte resistance comprised the init ial  measurements  
recorded after the application of the testing potential  
since, at this time, the film may be regarded as having 
an essentially parallel  plate configuration inasmuch as ~, .30  

pore development  does not commence immediate ly  (1). 
At longer exposure times such s t ructural  alterations 
may result  in nonl inear i ty  of the plots ment ioned in ._= 
(ii) above (9). ~ .20  

Figure 1 i l lustrates the average ini t ial  series resist-  
ance of electrochemical cells vs. reciprocal frequency -" 
at each test potential. These plots were constructed from 
data points (not shown) having reciprocal frequency ~ .10 

values of 200 • 10 -5, 100 • 10 -5, 20 • 10 -5, 10 • 10 -5, 
5 X 10 -5, a n d 2  • 10 -5 H z - L  The data points shown 
in this and subsequent  figures are only for the purpose 
of i l lustrat ing typical scatter. Note the high value of o 
electrolyte resistance (y- intercept)  and the curvature  10 s 
of the plot at 30V, to be discussed later. The average 
plots at 10V and rest potential  are v i r tua l ly  identical 
and have not been distinguished. While the error bars e 1o 4 
on this l ine encompass the data from both potentials, ~ 
the data scatter at 10V is significantly greater than that .._= 
at rest potential  for the higher values of reciprocal fre- 
quency. 1o 3 

Figure 2 i l lustrates the average paral lel  capacitance 
and resistance of films tested at 30V. As defined here, 
zero exposure t ime corresponds to the end of the 45 
rain anodization; the 30V potential  was removed after  ~ 102 
3000 min  exposure. In  this and subsequent  figures of 
film data, the t ime scale has been expanded by a fac- 10 
ta r  of five at the conclusion of the 3000 min  test period. 
The dashed curve in Fig. 2 shows typical anomalous 
behavior arising from the correction procedure de- 
scribed above at high frequencies for cells having a 
low concentrat ion electrolyte. The impor tant  charac- 
teristics in Fig. 2 are the negligible data scatter, the 
t ime stabil i ty of the data, and the frequency dependent, 
bu t  essentially t ime independent ,  change in  capacitance 
and resistance upon removal of the potential. Figure 3 
shows typical t ransmission electron micrographs of the 
anodic oxide film as-anodized and after 3000 mi n  at 

2 The ser ies  capac i t ance  ( e ~ )  a nd  d i s s i p a t i o n  f ac to r  (D~) of the 
cells we re  r e c o r d e d  f r o m  t h e  b r i d g e  readouts. 

30.0 V 
Formation 

10.0 V Reduced 
Potential,Rest 
Potential 

o I I I 
0 SO 100 lSO 200 x 10 -5 

Reciprocal Frequency in Hz -1 

Fig. 1. Average initial series resistance of electrochemical cells 
tested at 30V, IOV, and rest potential vs. reciprocal frequency. 
Error bars typical. 

7 J f / / . / /  ~ ?  / / / / / i : /  / k ,  , c ~  

- -  ~-0.5,5,20,SOkHz 

--- O.5kHz r 

T50 ~ "  

I I I I 
tO00 2000 3000 3100 3200 

Exposure Time in Minutes 

Fig. 2. Average parallel capacitance and resistance of anodic 
oxide films tested at 30V as a function of exposure time and fre- 
quency. The applied potential was removed at 3000 min. Error bars 
typical. 

30V, i l lustrat ing porous film growth in accordance with 
Part  I. 

Figure 4 portrays the average paral lel  capacitance 
and resistance of films tested at 10V. The impor tant  
characteristics of this figure are the large data scatter, 
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Fig. 3. Transmission electron micrographs of the anodic oxide films: (a) as-anodized, and (b) tested for 3000 min at 30V. 

a t ime dependent  increase in capacitance and associated 
decrease in  resistance, and a frequency dependent,  but  
essentially t ime independent ,  change in the capacitance 
and resistance upon removal of the potential  that  is 
less than that of cells tested at 30V. As mentioned pre-  
viously, several specimens were tested at 10V for times 
shorter than the 3000 min  test period in order to ob- 
tain a set of t ransmission electron micrographs il lus- 
t rat ing the progressive change in the film structure. 
Due to the large variat ion in  dielectric data in cells 
tested at this potential, the micrographs, shown in Fig. 
5, have been placed in a capacitance sequence rather  
than in a t ime sequence. Figure 3a, which is the as- 
anodized film, may be considered as the init ial  micro- 
graph in  this capacitance sequence, having a capaci- 
tance of 0.202 ~f/cm 2 at 0.5 kHz. 

Figure 6 ilIustrates the average parallel  capacitance 
and resistance of the anodic films tested with no ap- 
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Fig. 4. Average parallel capacitance and resistance of anodic 
oxide films tested at 10V as a function of exposure time and fre- 
quency. The applied potential was removed at 3000 min. Error bars 
typical. 

plied potential. The important  characteristics in this 
figure are the negligible data scatter and an increase 
in capacitance and decrease in resistance which are 
less than those observed in the film data at 10V (Fig. 
4). Figure 7 is a typical t ransmission electron micro- 
graph of the film after 3150 min  of testing at rest po- 
tential  i l lustrat ing a different topography and a lack of 
the dark circular spots which were observed in  films 
tested at 10V (Fig. 5). 

Discussion 

Films tested at the 30V formation potential.--Cell re- 
sistance dur ing  30V tests showed a nonl inear  depen-  
deface on reciprocal frequency, in contrast to measure-  
ments  at the lower potentials. The l inear dependence 
seen at 10V and at the rest potential  is reported as an 
indication of good cell geometry (9); however, cell 
geometry per se was a constant parameter  in these 
tests. The curvi l inear  behavior at 30V may be due to 
(i) field-induced changes in the dielectric properties of 
the oxide film (10), (ii) nonuni formi ty  of the dielectric 
properties of the oxide with respect to position on the 
substrate surface, or (iii) a significant capacitive con- 
t r ibut ion from the lower concentrat ion electrolyte used 
at 30V. (The series resistance of the electrolyte, deter-  
mined as the infinite f requency intercept in Fig. 1, 
is 6.89 o h m .  cm u for the 0.17M electrolyte and 2.08 
o h m - c m  2 for the 1M electrolyte.) The data on hand 
do not permit  meaningful  comment on the contr ibu-  
tions a t t r ibutable  to these factors. 

The low concentrat ion electrolyte also caused large 
frequency dispersions of capacitance and resistance in  
cell measurements  involving freshly anodized films. 
The previously outlined procedure for correcting for 
the presence of the electrolyte reduced these disper- 
sions, but  proved somewhat inadequate above fre- 
quencies of approximately 20 kHz, as shown by the 
anomalous behavior  of the dashed curve in  Fig. 2. 
Similar  problems have been encountered using al ter-  
nate correction methods (6). These problems did not 
occur with the 1M electrolyte. 

Films tested at 30V for 3000 rain (Fig. 3b) are ob- 
served to possess a high degree of porosity in agree- 
ment  with previous workers (1, 11, 12). The l inear  ap-  
pearance of some pores is due to the i r regular  substrate 
features, created by the sodium hydroxide-ni t r ic  acid 
chemical polish. Richardson, Wood, and Breen (13) 
have examined the surface o f  99.99% a luminum at 
various stages during a similar surface t rea tment  and 
reported that individual  cells or "saucers" were created 
in the a luminum by the sodium hydroxide solution, 
with the nitric acid solution removing much of the 
ridges separating these saucers. 



Vol. 122, No. I2 B A R R I E R - T Y P E  A L U M I N U M  O X I D E  F I L M S  1657 

Fig. 5. Capacitance sequence 
of transmission electron micro- 
graphs for anodic oxide films 
tested at 10V. The parallel ca- 
pacitance (Cpz/A), measured at 
0.5 kHz, of the film for each 
micrograph is: (a) 0.227, (b) 
0.272, (c) 0.300, and (d) 0.661. 

The ini t ia l  average  series dielectr ic  constant  (~s) 
and res is t iv i ty  (ps) of the  anodic film at 30V and rest  
potent ia l  were  calcula ted f rom the ini t ia l  average  
series film capaci tance and resistance by  the expres -  
sions: ~ ~-- C~ldo/~oA and ps : RslA/do, where  do, A, 
and eo represent  the  ini t ia l  film thickness,  the  film area, 

.30 
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,~  103 
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_ t 
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I t 
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0 1000 2000 3000 3100 3200 
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Fig. 6. Average parallel capacitance and resistance of anodic 
oxide films tested at rest potential. Note that the time scale has 
been expanded by a factor of five at 3000 rain. Error bars typical. 

and the pe rmi t t i v i ty  constant,  respect ively.  The di-  
electric constant  and res is t iv i ty  a re  often repor ted  in 
the para l le l  configuration; ~s and ps were,  therefore,  
t rans formed to the  pa ra l l e l  dielectr ic  constant  (~p) 
and res is t iv i ty  (pp) by  the expressions:  Kp ~--Ks/[1 -P 
(~psKs~o) 2] and pp -~ [1/(~Kseo)2ps] + ps. These values  
are  tabula ted  vs. f requency in Table  I. I t  is noted tha t  
Ord, Hopper,  and Wang (14) have repor ted  the low 
f requency dielectr ic  constant  of tanta lum,  niobium, 
and tungsten oxides to decrease l inear ly  wi th  increas-  
ing field, i.e., opposite to the  t rend  for a luminum oxide 
in Table  I. There  is, however ,  no a priori reason to 
expect  a decrease.  

The authors  bel ieve  tha t  the potent ia l  dependent  
changes in dielectr ic  da ta  (Fig. 2 and 4) can be ex-  
p la ined  by  the presence of a t r ans i to ry  popula t ion  
of ionic defects. Whi le  a significant anodic potent ia l  is 

Fig. 7. Typical transmission electron micrograph of anodic oxide 
film tested at the rest potential for 3150 min. 
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Table I. Initial values of the dielectric constant and resistivity 
of the anodic film 

a s  ps Kp pp 
] ( k H z )  ( u n i t l e s s )  ( o h m  �9 m )  ( u n i t l e s s )  ( o h m  �9 m )  

V a l u e s  a t  t he  30V f o r m a t i o n  p o t e n t i a l  

0.5 9.29 1.45 • 10 ~ 9.28 1.04 • l 0  s 
5 8.93 9.49 • 10 ~ 8.93 1.71 • 10 ~ 

20 8.73 2.33 • 1C ~ 8.72 4.57 • 10 ~ 
50 8.69 8.71 x 102 8.68 1.97 • lO ~ 

V a l u e s  a t  rest  potential  
0.5 8.23 5.91 • 10 ~ 8.22 3.24 • lO s 
5 8,08 6.11 x 10 ~ 8,07 3.25 • 107 

20 7.98 1,51 • 10 ~ 7.98 8.40 • 108 
50 8.00 5.43 • 10 ~ 8 .00 3.72 • 10~ 

f (kI-Iz) 

Changes in parallel  film capacitance and resistance 
upon removal  of  t h e  30V potential  

ACpl/A (/~f/cm 2) ARplA ( o h m .  c m  -~) 

A c t u a l  I n i t i a l  A c t u a l  I n i t i a l  

0 .5  - - 0 . 0 0 8  - - 0 . 0 2 6  6 3 , 9 0 0  7 9 , 2 0 0  
5 - -  0 . 0 0 6  - -  0 . 0 2 1  4 , 4 6 0  5 , 5 3 0  

2 0  - -  0 . 0 0 5  - -  0 . 0 1 8  1 , 2 8 5  1 , 3 8 0  
50  - -  0 . 0 0 4  - -  0 . 0 1 7  - -  6 3 0  

applied, there is a finite populat ion of A1 +3 ions in the 
oxide, contributing to the a-c as well  as d-c con- 
ductance. Assuming a constant field across the thick-  
ness, it is reasonable to presume that  the populat ion 
density is also independent  of position in the film. This 
populat ion is not stable, however,  since under  the very  
high field (~107 V/cm)  the Poisson-Bol tzmann space 
charge would be of negligible thickness. Hence when  
the potent ial  is removed, the A1 +8 ion populat ion in 
the film will  be quickly drained to the ox ide /e lec t ro-  
lyte interface, drast ically reducing the a-c and d-c 
conductance. A similar  a rgument  would  hold for elec- 
tronic defects in the film produced by the anodic re-  
action. The changes in paral le l  film capacitance and 
resistance upon removal  of the 30V potential  (Fig. 2) 
are listed vs.  f requency in Table I. These changes have  
been compared with  those which would occur if the 
potential  were  removed  immedia te ly  af ter  its applica- 
tion, i.e., at the t ime when the film has an essentially 
paral lel  plate configuration (compare Fig. 2 and 6). 
Alterat ions in the film's s t ructure and distr ibution of 
dielectric constant and resist ivi ty account for the minor  
differences observed. 

Dekker  and Urquhar t  (15) have  previously  deter-  
mined that  the 60 Hz capacitance of porous anodic 
a luminum oxide films formed by anodizing at a con- 
stant current  of 8 m A / c m  ~ in a 5.4 volume per  cent 
(v /o)  sulfuric acid solution are independent  of t ime 
after 1 rain of anodizing; the final film capacitance, 
however,  was reported to be a function of current  
density and solution concentrat ion and composition. No 
analysis of these results was attempted, however .  In 
the current  investigation, the authors have represented 
the thickening anodic film by a paral le l  combination 
of two paral le l  R C  circuits; one circuit  represent ing the 
porous area of the  film, the other the thicker  film ad- 
jacent  to the pores. An a-c circuit  analysis (16) for 
this analog yields for the series film capacitance and 
resistance: Csl = - - a / b c ~  sin 81 and Rsl = bc cos e l la  
where  

a - -  [ ( b c o s 0 2 ~ c c o s e s )  2 
(b sin o2 + c sin o3) 2] 1/2 

01 -" - - 0 2 - - ~ 3 + t a n - Z [ ( b s i n e 2  
+ c sin e3) / (b  cos 02 + c cos ~3) ] 

b = do[1 + (~Kseops)~]l/~l~Ks%A1 
C = d[1 § (~,KseoPs)2]l/~/~seo(A --  A1)  
~2 = tan-~ (1/~eo~sps) 
~3 = tan -1 (1/~eo~sps) 

The paral lel  film capacitance and resistance were  subse- 
quent ly  calculated f rom equations previously  pre-  
sented. The parameters  d and A~ represent  the film 
thickness and the area of the pores wi th in  the area A. 

In this model, the fractional area of pores ( A 1 / A ) ,  de- 
te rmined f rom Fig. 3b to be 0.42, was assumed constant. 

The analog presented is not an exact model  of the 
thickening film due to lack of a definitive relat ion be- 
tween film thickness and t ime and the unknown dis- 
t r ibution of dielectric constant and resist ivi ty within 
the oxide. In respect to the former  deficiency, the 
paral lel  film capacitance and resistance were  evaluated 
as a function of the thickness of the outer  porous layer, 
i.e., d -- do, in lieu of t ime as an independent  pa ram-  
eter. In respect to the lat ter  deficiency, three cases 
were  evaluated:  case I, the film has the dielectric con- 
stant and resist ivity values at rest potential  (Table I) ; 
case II, the film has the dielectric constant and re-  
sistivity values at 30V (Table I) ; and case III, the film 
below the pores has the dielectric constant and re-  
sistivity values at 30V, while  the remainder  of the film 
has the values at rest potential.  In case III, Ks and ps 
in the expressions for b and e2 are those at 30V; as 
and ps in c and oa are those at rest potential.  

Figure  8 i l lustrates the results of this model;  the 
paral lel  film capacitance, being v i r tua l ly  identical in 
each case, has been i l lustrated only for case III. The 
paral le l  film capacitance and resistance of the model  
are observed to approach a stable value rapidly as the 
film thickens. The changes in capacitance and resist-  
ance of the model at low d -- do values, which are not 
present  in the film data in Fig. 2, may reasonably be 
credited to the initial growth and coalescence of pores 
as reported in Par t  I (1). Four  conclusions concern- 
ing the stabil i ty of the film data in Fig. 2 can be 
drawn from the model: (i) the film at the pore  bases 
has a thickness controlled by the anodizing constant 
reported previously,  ( i i )  the porous film area domi- 
nates the over-a l l  dielectric properties, (ii i)  the un-  
even distribution of dielectric constant and resist ivi ty 
contributes significantly to the stabil i ty of the da~a, 
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Fig. 8. Results of electrical analog used to represent anodic 
oxide films tested at 30V. Case I: The film has the dielectric 
constant and resistivity values determined at rest potential. Case 
]1: The film has the dielectric constant and resistivity values 
determined at 30V. Case Ill: The porous film area has dielectric 
constant and resistivity values determined at 30V, while the thicker 
film outside the pores has the dielectric constant and resistivity 
values determined at rest potential. 
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and ( iv)  a negligible frequency dispersion of capaci- 
tance accompanies porous film growth of this type. 
The minor  frequency dispersion of capacitance ob- 
served in Fig. 2 is in sharp contrast to that  previously 
reported by Libsch and Devereux (6). In  that, investi-  
gation, nonporous anodic a luminum oxide films tested 
in acidic electrolytes developed a porous film structure 
by the radial  growth of pores without  film thickening. 
This manner  of porous film development  creates a sig- 
nificant increase in and a broad frequency dispersion 
of capacitance. 

Films tested at the IOV poten t iaL- -The  topographical 
features noted in the films tested at 10V (Fig. 5) are: 
(i) the scalloped form of the film, discussed previously, 
(ii) the development of a large n u m b e r  of small pores 
at the oxide/electrolyte interface believed to be created 
by a decrease in the local pH value of the electrolyte, 
caused by the applied field as suggested by P lumb 
(17), and (iii) the development of pore colonies at the 
subst ra te /oxide interface (dark circular spots). The 
pore colonies often, al though not always, form below 
the film at the ne twork  of ridges created by the junc-  
ture  of the saucer shapes on the a luminum surface. 
These sites in  the film may be more defective than 
average due to impur i ty  concentrat ions in the sub-  
strate or th inner  than  average due to enhanced oxide 
dissolution at the small  radius of curvature  of the ridge 
peak, resul t ing in higher  anodic current  in these re-  
gions, effectively lowering the pH of the electrolyte 
adjacent to the film in comparison to the bu lk  solution. 
These pore colonies are identical to those observed by 
Renshaw (3) and similar to those reported by Edwards 
and Keller  (4). 

A film thickness vs. t ime profile (Fig. 9) was deter-  
mined under  the assumptions that the film thins un i -  
formly in a parallel  plate configuration and that the 
film dielectric constant is independent  of film thickness. 
The former assumption is expected to be reasonably 
accurate since the pores at the oxide/electrolyte in ter -  
face are numerous,  i.e., a negligible amount  of pore 
wall  mater ial  exists at this interface, and the pore 
colonies at the substrate /oxide interface encompass a 
negligible area of the film dur ing the major i ty  of the 
test period. The val idi ty of the lat ter  assumption is 
clearly difficult to ascertain. The data points in Fig. 9 
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Fig. 9. Average film thickness as a function of exposure time for 
cells tested at 10V and at rest potential. Error bars typical. 

were calculated from the average 0.5 kHz series film 
capacitance by the expression d ---- ~seoA/Csl, the aver-  
age ini t ial  0.5 kHz series dielectric constant having 
a value of 9.12. Figure 9 shows that  the data obtained 
at 10V are consistent with an essentially constant rate 
of th inn ing  of 1.42 • 10 -1~ m/sec (5.1 A/h r )  following 
an induction period of approximately 1000 rain. 

Each of the specimens tested at 10V was examined 
microscopically to determine the cause of poor re-  
producibil i ty in  the dielectric data (Fig. 4). The two 
specimens with greater changes were observed to 
have a greater area encompassed by pore colonies. 
While the presence of pore colonies is not expected to 
significantly alter the dielectric behavior, it is indica- 
tive of greater film thinning,  to which the anomalous 
dielectric behavior is attr ibuted.  

Films testeld at rest  potent ia l . - -The  films tested at 
rest potential  (Fig. 7) are observed to have the scal- 
loped shape as in the 30 and 10V cases, to be composed 
of an array of small  apparent ly  nonporous cells, and to 
be ent i rely free of pore colonies. The cellular pat tern  
is presumed an artifact of a selective dissolution proc- 
ess ra ther  than a genuine cellular s t ructure as reported 
by Frank l in  (18) and St ir land and Bicknell  (19) in 
films formed at high voltage in a boric acid-borax 
electrolyte. The t ime-dependent  na ture  of the film data 
(Fig. 6) contradicts P lumb 's  (17) s ta tement  that 
nei ther  ammonium tar t ra te  nor  potassium sulfate elec- 
trolytes will dissolve a luminum oxide by simple con- 
tact without current  flow. 

A thickness vs. t ime profile (Fig. 9) determined 
under  the assumptions and in the manne r  previously 
described, shows the average rate of th inn ing  after a 
1000 min  induct ion period to be constant at 6.94 • 
10 -14 m/sec, i.e., approximately one-half  the average 
rate of films tested at 10V. 

Summary and Conclusions 
Anodic films tested at the 30V formation potential  

thickened into a porous s t ructure  similar  to that  of 
porous films formed in  aggressive electrolytes; the rate 
of pore formation, however, being markedly  less in  
accordance with the results of Par t  I. Films tested at 
10V th inned slowly by the development  of a large 
number  of fine pores at the oxide/electrolyte interface; 
in addition, pore colonies were observed to develop at 
the subst ra te /oxide interface, pr imar i ly  at surface ir- 
regularit ies created by  substrate  preparation.  Films 
tested at rest potential  were observed to have a non-  
porous cellular topography, this topography resul t ing 
from a slow th inn ing  process. 

The time independent  na ture  of the film capacitance 
and resistance observed at 30V was examined by 
modeling the porous film as a parallel  combinat ion of 
two parallel  RC circuits. The results of this model 
show that: (i) the film at the pore bases has a thick- 
ness governed by the anodizing constant, (ii) the po- 
rous film area dominates the over-al l  dielectric prop- 
erties, (iii) an uneven  dis tr ibut ion of dielectric con- 
stant  and resistivity contributes significantly to the 
stability, and ( iv)  a negligible f requency dispersion of 
capacitance accompanies this type of porous film 
growth. The capacitance increases and resistance de- 
creases of films tested at 10V and rest potential  are 
consistent with uni form thinning.  The th inn ing  rate in 
both cases was found essentially l inear  following an 
induct ion period of approximately 1000 min, the aver-  
age rate at 10V (1.42 • t0 - lz  m/sec)  being approxi-  
mately twice the average rate at rest potential. Po-  
tent ia l  dependent  changes in  the capacitance and re-  
sistance of the film at 30 and 10V have been explained 
by the flow of a t ransi tory populat ion of ionic defects 
to the oxide/electrolyte interface. 
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LIST OF SYMBOLS 
A total  area  of the  film, m 2 
A1 porous area  of the filin, m 2 
Cpx calcula ted para l l e l  capaci tance of the anodic 

film, f 
Css calculated series capaci tance of the anodic film, f 
Cs3 uncorrec ted  series capaci tance of the  e lect ro-  

chemical  cell, f 
d thickness of the film, m 
do ini t ia l  thickness of the f i lm,  m 
D3 uncorrec ted  diss ipat ion factor  of the e lec t ro-  

chemical  cell, uni t less  
f frequency,  kHz 
Rpl calculated para l l e l  resistance of the anodic film, 

ohm 
Rsl ca lcula ted series resis tance of the  anodic film, 

ohm 
Rs2 series resistance of the electrolyte,  ohm 
Rs8 uncorrec ted  series resistance of the e lec t rochemi-  

cal cell, ohm 
~o pe rmi t t iv i ty  constant, f / m  
Kp ini t ial  pa ra l l e l  dielectr ic  constant  of the film, 

unit less 
~s ini t ial  ~eries dielectr ic  constant  of the  film, uni t -  

less 
pp ini t ia l  pa ra l l e l  res is t iv i ty  of the  film, ohm. m 

ps ini t ial  series res is t iv i ty  of the  film, o h m . m  
angular  frequency, r ad / sec  
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Dielectric Anisotropy in Amorphous Ta 05 Films 
Peter W. Wyatt 

Bell Laboratories, Incorporated, Allentown, Pennsylvania 18103 

ABSTRACT 

The capaci tance of Ta-Ta205 thin-f i lm capaci tors  changes b y  the order  of 
1% when  an electr ic field is appl ied  across the dielectric.  The dependence  of 
capaci tance on field is a po ten t ia l ly  useful  tool for s tudying  the fundamenta l  
p roper t ies  of this device. The capaci tance-f ie ld curve is a symmet r i c  which 
suggests that  an interface  effect might  be involved.  In  this paper  it is shown 
that  the C-E curve at l iquid ni t rogen t empera tu re  is independent  of oxide 
thickness. This independence holds whe ther  the oxide was produced  by  simple 
anodizat ion or by  anodizat ion fol lowed by  chemical  thinning.  I t  is argued that  
interface effects cannot account for these exper imenta l  results,  so therefore  
the  C-E dependence  mus t  resul t  f rom bulk  effects. I t  is suggested that  local 
s t ruc tura l  anisotropy,  p roduced  by  the ionic cur ren t  responsible  for  anodiza-  
t ion and frozen in when the field is removed,  is responsible  for the a s y m m e t r y  
of the C-E curve. 

Hybr id  in tegra ted  circuits based on Ta thin films are  
becoming increas ingly  impor tan t  in the  Bell  System. 
The Ta film capaci tor  is one of the ma jo r  components  
in many  of these circuits. I t  has long been known that  
these capaci tors  are  vol tage  dependent  (1), but  the  
dependence is smal l  enough that  it  would not ser iously 
affect circuit  opera t ion  in any but  the most cr i t ical  ap -  
plications.  I t  is, for example,  many  t imes smal le r  in 
its work ing  vol tage range  than  that  of a solid Ta ca-  
pacitor.  Pe rhaps  for this  reason the vol tage depend-  
ence has received l i t t le  at tention.  The present  s tudy  
was made in order  to use the vol tage dependence  as a 

Key words: capacitors, anodization, interface, ellipsometry. 

source of informat ion about the physical  processes 
which are active in the  capaci tor  and which de te rmine  
its performance.  

The smal l - s igna l  capaci tance was measured  as a 
function of s lowly vary ing  bias vol tage for a range of 
measurement  pa ramete r s  using capacitors  made  with  
several  var ia t ions  on the basic process. These exper i -  
ments c lear ly  indicate  tha t  the capaci tor  responds in 
several  different ways  s imul taneous ly  when  a d-c  
vol tage is applied,  which leads to considerable con- 
fusion in da ta  analysis.  The results  a re  somewhat  s im-  
plified at low tempera ture ,  so this paper  is l imi ted  to 
work  at l iquid ni t rogen t empera tu re ,  77~ 
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This s tudy divides na tura l ly  into two segments. The 
first, presented in this paper, is the question of whether  
the voltage dependence is produced by effects involving 
one of the metal - insula tor  interfaces or a l ternat ively 
by' effects distr ibuted throughout  the insulator. We will 
fir~d that  an interface model cannot account for the ob- 
served behavior  and therefore will conclude that the 
voltage dependence must  arise from bulk processes. 
Because the capacitance is not symmetric  about zero 
voltage, we will conclude that the anodic oxide is an-  
isotropic despite its amorphous structure. The second 
segment of the study, to be presented in a later  paper 
(2), considers how many bulk  processes are involved 
and what  their  properties are. 

The next  two sections describe sample preparat ion 
and measurement .  Then a general  interface model is 
introduced, and predictions are derived from it. The 
per t inent  experiments  to test these predictions are 
summarized, and in the last section the disagreement 
between predict ion and exper iment  is discussed. I t  is 
concluded that interface effects cannot account for the 
da'~a, and a quali tat ive .explanation for the apparent  
bulk  anisotropy is suggested. 

Sample Fabrication 
A typical sample is shown in cross section in Fig. 1. 

A T a  film 500A thick is deposited by d-c sputtering m 
argon on a glass substrate and oxidized thermal ly  to 
produce a protective layer  of Ta2Os. A second Ta film, 
5000A thick, is then d-c sputtered onto this underlay.  
The Ta contains about 1 atomic per cent (a/o) n i t ro-  
gen, an impur i ty  which is conventional ly added as a 
dopant  in the sputter ing gas to improve capacitor per-  
formance (3). Sput ter ing conditions are such as to pro- 
duce the p ( tetragonal)  crystal s t ructure (4). The Ta 
film forms one electrode of the capacitor and is oxi- 
dized to produce the dielectric. 

The oxidation is done anodically in dilute citric acid 
[0.01 weight per cent (w/o)  in water]  at room tem- 
perature  using a Ta sheet cathode. A constant current  
of 0,16 m A / c m  2 is applied unt i l  the desired anodization 
voltage, VA, is reached, and this voltage is then held 
constant for a soak period, ts. Standard values, as- 
sumed in Fig. 1, are 230V and 1 hr, but  these param-  
eters were varied in the present  experiments  as dis- 
cussed below. It  is well known that this procedure 
produces an amorphous stoichiometric film of Ta205 
(5). The ni t rogen contained in the Ta is distr ibuted 
nonuni formly  in the oxide (6), 1 but  these experiments  
show that  its presence does not  affect the C(V) char- 
acteristic (2). 

The counterelectrode is a round dot of NiCr backed 
by Au which is evaporated through a metal  mask by 
electron beam heating. The area is 0.1 cm 2. The re- 
sult ing capacitor, for VA ---- 230V and ts ---- 1 hr, has 
capacitance and dissipation factor at [ kHz of 5.8 nF, 

= A u g e r  a n a l y s i s  b y  J ,  M, M o r a b i t o  i n d i c a t e d  a b o u t  1 a / o  N in 
t h e  To, w i t h  t h e  N in t h e  o x i d e  f i lm conf ined  to t h e  70-80% of  t h e  
oxide n e a r e r  t h e  Ta.  T h i s  s u b j e c t  is discussed for samples  w i t h  
h i g h e r  N c o n c e n t r a t i o n  in  Ref .  (61. 
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Fig. 1. Cross section of a Ta film dot capacitor 

and 0.0025, respectively, at room temperature,  and 5.5 
nF, 0.0012 at 77~ 

in  this study it was necessary to prepare samples of 
various oxide thicknesses by two different techniques. 
The first experiment  used the usual  technique of vary-  
ing the anodization voltage. The anodization conditions 
and oxide thicknesses for this experiment are sum- 
marized in Table I. Six voltages were used, 50-300V 
in 50V steps. The current  density was the same for all 
six samples, 0.16 mA / c m 2. The soak period was varied 
in proportion to the voltage, with ts in minutes  equal 
to 1/4 the anodization voltage in  volts. This is important  
because the asymmetry  of the C(V) characteristic, 
discussed below, depends on the soak t ime (2). It  
means that the fraction of oxide grown at reduced cur-  
rent  densSty is the same for the different thicknesses. 

Oxide thickness was measured with an ellipsometer 
(O. C. Rudolph and Sons, Type 43603-200E) using light 
with 5461A wavelength. Polarizer and analyzer read-  
ings were taken in zones 1 and 3 (7) and averaged. An 
optically uniform, nonabsorbing oxide was assumed, 
and this assumption was confirmed by the observation 
that the points fall on the same curve for different 
cycles of the ellipsometric parameters.  Fi t t ing the data 
for six thicknesses to calculated curves gives thick- 
nesses of 900-5400A with an oxide index of refraction 
of 2.24 • 0.02. The Ta film index of refraction is not 
accurately determined, since many  values fit equally 
well. The value 2.98 -- i 3.29 has been taken in this 
work, since it leads to a calculated thickness which is 
directly proportional to the anodization voltage, d ---- 
KVA, with K = 18.02 • 0.02 A/V. Choosing other 
values of the Ta index does not significantly affect the 
results discussed here. The index values (8) and K 
value (6) determined here are consistent with earlier 
work. 

In  the second experiment  the Ta was anodized as 
usual, but  the oxide was then th inned by chemical 
etching to produce the desired thickness. The Ta was 
anodized to 230V with a 1 hr soak period. In  order to 
reduce weak spots, the films were anodically back- 
etched at room temperature  in  a solution of 0.02% 
NH~CI in methanol  for ~ 15 sec, reaching a voltage of 

90V. This t rea tment  does not affect the vast major i ty  
of the oxide area, but  it penetrates through weak spots 
and etches the Ta underneath,  thus reducing the n u m -  
ber of flaws in the finished capacitor (9). The films 
were then anodized in the citric acid for a second hour 
at 230V. Thus the total soak period was twice the usual  
ode ,  

Oxide th inn ing  was done at room temperature  in a 
vigorously st irred solution of 470g of 49% HF plus 
190g of NH4F (near ly  saturated) (10). The etchant 
attacks the glass substrate as well as the Ta205 and Ta, 
so it became contaminated with numerous  impurit ies as 
the experiment  progressed, but  this had no apparent  
effect. The etch t ime for each sample is given in Table 
II. After th inn ing  and a long rinse in deionized water  
the samples were anodically back-etched again for 
,-~ i0  sec. 

This th inn ing  procedure results in a very uni form 
oxide thickness, as judged by interference color, over 
the vast major i ty  of the area. However, the HF-NH4F 
etchant attacks flaws in  the oxide at a much higher 
rate, creating pinholes, and then etches some of the 
Ta underneath.  The NH4C1 backetch is in tended to re- 
duce this problem, but  it cannot be eliminated. The 
result  is capacitors with very low breakdown voltages. 

Table I. Anodization conditions for the first experiment 

Anodi~ativn Soak t i r a e  T h i c k n e s s  
voltage (V) (mLn) (A) 

50 12.5 900 
100 25 1800 
150 37.5 2700 
200 50 3600 
250 62,5 4500 
300 75 5400 
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Table II. Properties of the thinned samples 
, 1 , 

D i e l e c t r i c  D i e l e c t r i c  R e a n o d i z a -  
e t c h  time thickness t ion  v o l t a g e  

(ra in)  (A) (V) 

0 4180 180 
20 3430 150 
30 2980 130 
40 2370 105 
45 2010 90 

In  order to reach the high voltages needed for this ex- 
periment,  it was necessary to reanodize in citric acid 
after thinning.  Each sample was reanodized for 10 min 
at a field of 4.4 MV/cm, which is 80% of the 5.5 MV/cm 
field which exists at the end of the soak period in a 
standard anodization. (During the constant-current  
part  of the anodization the field is about 6 MV/cm).  
The reanodization grows new oxide in the weak spots, 
al lowing the measurement  to be made, but  the field is 
not high enough to significantly affect the good oxide. 
This point is considered fur ther  in  the Discussion sec- 
tion. The good oxide makes up near ly  all the area, 
and hence dominates the capacitance measurement.  

The oxide thickness after th inning  was measured 
with the ellipsometer. The points fell on the same cal- 
culated curve as the previous samples, indicating that 
the oxide index of refraction is uni form within  ___ 0.04 
despite the nonuni form ni t rogen distribution. The 
thickness and reanodizat ion voltage of each sample are 
given in  TabIe II. 

Measurements  
Contact to the counterelectrode is made with a gold- 

plated, b lunt- t ipped spring probe which exerts very 
little force. There is no evidence of any damage by 
this probe, and measurements  made on samples with 
etched patterns, which do not require such a probe, 
give essentially the same results. The probes are 
mounted  in  a Teflon block and connected via coaxial 
cable to the measurement  system. The sample assembly 
is immersed in l iquid nitrogen. 

The measurement  system is shown schematically in 
Fig. 2. The General  Radio 1654 impedance comparator 
measures the magni tude  and phase of the impedance 
difference, ~Z, between the u n k n o w n  capacitor and a 
variable RC s tandard using a small a-c signal. The sig- 
nal  w a s  l V r m s  at 1 kHz for all samples except for the 
thinnest  oxide ones, where it was 0.3Vrms. The magni -  
tude of the impedance difference is expressed as a 
percentage of the s tandard impedance, Zo. The phase 

1654 IMPEDANCE - - ~ ~  STANDARDS 

_ _ ~  UNKNOWN 

602 
"[ i V _l_ OuTIELECTROMETER HI 

--'- T LO 

Fig. 2. Schematic diagram of the system used for C(V) measure- 
men ts. 

angle is small  enough ( ~ 0.002) that  IAZ/Zo] is essen- 
t ial ly equal to !~C/Col, the normalized change in 
capacitance. A pair of Kepco OPS 500 power supplies, 
connected as a bipolar integrator, provide a variable-  
rate l inear  ramp voltage from --200 to +200V. The 
voltage rise rate was adjusted to give an approximately 
constant rate of increase of electric field for samples 
of all thicknesses. The rise rate has only a very small 
effect on the C(V) curve (2) so precise adjustment  is 
not necessary. The bias is applied across both the un-  
known and standard capacitors, but  the air and mica 
standards have such a small voltage coefficient that  it 
need not be considered. 

The bias supply is also connected across the 1654 
detector input. A large resistance in series with the 
supply is required to avoid shorting out the a-c signal. 
This resistance is provided by the Keithley 602 bat-  
tery powered electrometer, with the bonus that the 
d-c current  flowing to the capacitors is measured 
simultaneously.  The 602 is connected in such a way 
that while its a-c impedance is high, producing neg- 
ligible distortion of the capacitance measurements,  the 
d-c voltage drop across it is very low. 

To record a C(V) curve the bias voltage is set to 
zero, and the impedance comparator is balanced by 
adjust ing the standards. The voltage ramp is then 
started and the change in impedance recorded as a 
function of voltage on an X-Y recorder. In addition to 
the analog recording, the voltage and change in ca- 
pacitance are also digitized and pr in ted for later  com- 
puter  analysis. It  is estimated that the over-al l  ac- 
curacy of the AC measurement  is on the order of 
0.01% of Co. 

Application of a high voltage to a Ta film capacitor 
produces polarization, par t  of which decays only very 
slowly, with time constants the order of hours or even 
days. Thus it Js not practical to measure the full voltage 
range on one capacitor. Rather, one capacitor is used 
for positive voltage and another for negative. In  each 
case the measurement  starts either at zero voltage or 
at a small  voltage of the opposite polarity. 

Typical data at 77~ are given in Fig. 3, traced di- 
rectly from a pair  (one + and one - - )  of X-Y recorder 
plots. The curve shows the change in  capacitance from 
zero voltage, AC, normalized by  the zero voltage 
capacitance, Co. The x-coordinate is voltage, with Ta 
positive to the right. These were typical capacitors with 
VA ---- 230V and ts ---- 1 hr, measured at l iquid ni t rogen 
temperature  with a 1 kHz, 1Vrms test signal and a 1V/ 
sec bias rise rate. One sees that the change in capaci- 
tance is the order of • 1%, and that it is highly asym- 
metric about zero voltage, with the asymmetry  ap- 
parent  even at very low voltage. 

In ter face  Mode l  
The asymmetry  in  the C(V) curve shown in  Fig. 3 

suggests an interface effect. The MOS capacitor, for 
example, is highly asymmetric about the flatband point 

t.0 

0.5 ~ 

,z o~ 

L} I o -0.5 (3o 

-LO _-- 

_ : I . 5 - - I  I I I I I ~ J ~ I I I I I I I t I I [ 

- 2 0 0  - i 5 0  -100 - 5 0  5 0  tOO i 5 0  2 0 0  
VOLTS ON To ELECTRODE 

Fig. 3. Typical capacltance-voltage curve for a pair of capacitors 
anodized at 230V for 1 hr and measured at 77~ with a 1 kHz test 
signal and IV/see bias rise rate. 
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because the interface between conductive mater ia l  and 
the depletion layer, which forms part  of the insulator, 
moves in response to the d-c field. A smilar  s i tuat ion 
has been reported by Smyth  and co-workers in the 
case of Ta-Ta205 capacitors which have been heated at 
300~176 and then measured at room tempera ture  
(11). Their  observations are explained by  not ing that  
at the high tempera ture  the Ta tends to extract  oxygen 
from its oxide, leaving behind vacancies which can act 
as donors, doping the oxide in the region close to the 
Ta interface. If the par t ia l ly  localized states associated 
with these defects are occupied by electrons, the oxide 
in that region is conductive and it behaves as par t  of 
the Ta electrode. If the Ta is biased positively, elec- 
trons are removed from these states, and the oxide be- 
comes insulating.  Thus the insulat ing thickness in-  
creases when  positive bias is applied, and the capaci- 
tance decreases. 

This effect involves thermal  activation of carriers 
from the defect states, and it disappears below about 
--40~ (11). Since the present  measurements  are at 
much lower tempera ture  and the samples have not 
been heat- treated,  we are definitely not seeing the 
same effect. However, one can imagine similar effects 
involving a different type of defect state, perhaps shal- 
lower in energy or with substant ia l ly  higher density, 
s u c h t h a t  thermal  activation is not required. In  the 
remainder  of this section a general  interface model is 
proposed, and predictions are derived from it which 
can be tested against experiment .  We find a contra-  
diction and thus are forced to conclude that  the C(V) 
characteristic results from bulk, not interface, proc- 
esses. 

The model is shown schematically ir/::Fig. 4. We as- 
sume that  there exist defect states i n  the  oxide near  
the Ta interface such that  when  they are occupied by 
electrons the oxide in that  region is conductive. We 
define a conductive thickness, de, which is the order of 
1% of the oxide thickness, d. This is an idealization, 
since in real i ty  the conductivi ty must  change gradual ly  
with position. To be specific one can, following S m y t h  
et al. (11), define the interface as the plane at which 
the local capacitive admit tance and local conductance 
are equal. The conductive thickness will  in  general  
depend on the tempera ture  and test frequency, but  
these parameters  are held constant dur ing the present  
measurements.  

The conductive layer thickness is determined by the 
density of electrons in the interracial  region and the 
density of defect states which can accommodate them. 
The densi ty of electrons depends on the electric field, 
E, in the oxide, so dc is a funct ion of E, increasing when 
the Ta electrode is made more negative. For such a 
s t ructure  the capacitance per un i t  area is 

C = e / (d  - -  dc).~--(e/d) [1 + (dc(E) /d)  ] [1] 

where ~ is the dielectric constant. Changing the field 
from Ee to E1 causes a change in  capacitance 

A C  - -  C ( E 1 )  - -  C(E~)~(eld 2) [ t i c ( E 1 )  - -  d c ( E 2 ) ]  [ 2 ]  

The normalized change in capacitance, which is the 
measured quanti ty,  is thus 

aC 
- - ~  [d~(Ez) -- dc(Es)]/d -- Adc/d [3] 
Co 

This equat ion  is accurate for dc < <  d. 

INSULATING REGION COUNTERELECTRODE 

CONDUCTIVE 
REGION 

dc(E) 

d >>d c 

Fig. 4. Interracial model for the capacitance-field dependence 

The measured quant i ty  is thus directly proport ional  
to the change in  dc, with AC negative for an increase 
in field in the positive (parallel  to anodization) direc- 
tion. To account for the observed magni tude  of change 
of C, dc mus~ be 2 or 3% of d for large negat ive  (op- 
posite to anodization) field, which is easily small  
enough to make Eq. [3] accurate. The change in  dc is 
determined by the change in  field and by the local 
density of defect states, which is a function of energy 
and position. These are the only parameters  which 
explicit ly influence Adc. In  particular,  hdc does not 
explicitly depend on d. Thus Eq. [3] seems to indicate 
an inverse dependence on oxide thickness. However, 
the density of states is determined by conditions near  
the Ta interface dur ing  anodization and could con- 
ceivably vary with the t ime of anodization, and there-  
fore with d. So to check the val idi ty of Eq. [3] we must  
first determine the dependence of ~C/Co for a given 
change in field on d, and then establish whether  or not 
the per t inent  properties of the interracial  region change 
with oxide thickness. These exper iments  are discussed 
in the next  section. 

It has been assumed that  the conductive layer  is 
next  to the Ta electrode. One could al ternat ively place 
it nex t  to the counterelectrode. All the same arguments  
would apply except that conduction would have to be 
by positive holes instead of by electrons. 

The model thus far is restricted to an infinitely con- 
ductive layer whose thickness is modulated by  the 
field. It can be made completely general  by allowing 
both the conductivity and the local dielectric constant  
near the interface to be modulated by the field. This 
general model is discussed in the Appendix.  The result  
is, for our present  purpose, the same as the simple 
model above, so reference will be made in the following 
to Eq. [3] ra ther  than the more general  Eq. [A-5]. 

Experimental Results 
The first exper iment  described in the Sample Fab-  

rication section serves to establish the dependence of 
AC/Co on the oxide thickness, d. Six different values of 
d were produced by varying the anodization voltage. 
Using the thicknesses determined by el l ipsometry the 
voltage scale of C (V) curves was converted to an aver-  
age field scale, using E = V/d  as the average field. For  
each thickness and each voltage polari ty data from two 
capacitors were averaged to reduce the effect of sample-  
to-sample variation. Thus four capacitors were used 
for each C(E) curve. The curves from all six anodiza- 
tion voltages are given in Fig. 5. They are essential ly 
identical for positive field (parallel  to anodization).  
The two thinnest  ones exhibit  AC/Co's for negative 
field (opposite to anodization) which are ,~ 10% 
greater than the thicker ones. 
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Fig. 5. Capacitance-field dependence for the capacitors of Table 
I, made with six different anodization voltages. 
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The inverse dependence on d indicated by Eq. [3] 
would predict a factor of six difference between the 
curves for the thinnest  and thickest oxides. The ob- 
served difference is negligible compared with this fac- 
tor, so one can for present purposes conclude that  the 
C(E) characteristic is independent  of oxide thickness. 
Recalling Eq. [3], this result  indicates that if an in ter-  
face effect is involved in  the C(E) characteristic, then 
de(E1) -- de(E2) must  be proportional to d, and hence 
to the anodization voltage. So in order for the in ter-  
face hypothesis to be correct, one must  assume this 
proport ionali ty as a second hypothesis. 

It was argued before that  dc is determined by local 
conditions near the interface. These conditions are 
themselves established dur ing  anodization, specifically 
near the end of the soak period. Once the capacitor is 
completed these conditions do not change, so de for a 
given field is fixed. One can determine whether  dc de- 
pends on anodization voltage by changing d using a 
method which does not change these local conditions. 
This was accomplished in the second experiment  de- 
scribed in the Fabricat ion section using chemical th in-  
ning of the oxide. 

Equat ion [3] requires that  if interface effects influ- 
ence the C(E) characteristics, then 5C/Co for a given 
field should be larger than in  Fig. 5 in inverse propor-  
t ion to the fraction of the original oxide thickness re- 
maining.  Figure 6 shows that  this is definitely not the 
case. The curves for four different degrees of thinning,  
up to removal of more than half the init ial  thickness, 
are essentially the same as the curve for a sample 
which was not thinned.  Thus the second hypothesis is 
not obeyed, Eq. [3] does not agree with the true be-  
havior, and the interface model is not correct. Using 
the general  model expressed by Eq. [A-5] leads to the 
same result. One is therefore forced to conclude that  
the variat ion of capacitance with d-c field is produced 
by bulk effects, that is, physical processes which are 
distr ibuted at least approximately uni formly through 
the oxide thickness. The significance of this conclusion 
is discussed fur ther  in the next  section. 

Discussion 
The necessity of reanodization in the th inn ing  ex- 

per iment  casts some doubt on the result. One can 
imagine that during the reanodization the atoms near 
the Ta interface might rearrange themselves sufficiently 
to make the conductive thickness, de, the same as it 
would be for a sample anodized to the smaller thick- 
ness and not thinned.  That  this is extremely unl ikely  
can be shown by several different arguments,  some of 
which are given here. 

First, the ionic motion which allows anodization de- 
pends exponent ia l ly  on the field, so a small  reduction 
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Fig. 6. Capacitance-field dependence for the capocitors of Toble 
II. All oxides were initially 4130A thick and four of them were 
chemically etched to the thicknesses shown. 

in the field causes a large reduction in the current  
density. At 80% of the final anodization field the cur- 
rent  is very small, so not much rear rangement  of atoms 
is expected. A check of this assertion is provided by a 
second th inn ing  exper iment  in which the sample was 
reanodized at only 50% of the usual, final anodization 
field. The result  was the same: the C(V) characteristic 
was the same as that  of a sample from the same batch 
which was anodized to the smaller thickness and not 
thinned. 

A similar  a rgument  can be given from a different 
point of view. The current  during reanodization was 
recorded, so the total charge transferred,  and hence an 
upper  bound on the total oxide grown, is known. If we 
suppose for the moment  that the current  flowed un i -  
formly over the oxide surface, then the amount  of new 
oxide grown was less than about l lA.  But the current  
could not have been uniform. Most of it must  have 
gone to the pinholes; otherwise they would not have 
been repaired and the measurement  could not have 
been made. So a realistic upper  bound on the amount  
of new oxide grown in the "good" oxide area would be 
perhaps 1A average thickness. To destroy the effect in 
question, a layer of ~ 2% of the total thickness, 40-70A, 
would have to be rearranged, a highly unl ike ly  result. 

As a third argument,  we note that if the interface 
model (Eq. [3]) were correct the slope at zero field of 
the C(E) curve should be greater for a th inned sample 
than for one not thinned.  The reanodization could rea- 
sonably be considered as an extension of the usual 
anodization soak period. But increasing the soak t ime 
causes the slope of C(E) to increase (2), not decrease. 
So reanodization should tend to amplify the difference 
between a th inned capacitor and one not thinned,  not 
el iminate it. 

It is thus highly unl ikely  that  reanodization would 
significantly affect the local conditions near  the in ter-  
face. Moreover, if it did, the effect would be the op- 
posite of what  is required to destroy the meaning of 
the experiment.  So the conclusion stands: the C(E) 
characteristic is produced by bulk  oxide effects. 

The detailed na ture  of these effects is not clear, but 
the fact that the C(E) characteristic is asymmetric  re- 
quires that they be anisotropic. This is somewhat sur-  
prising, since the oxide is known to be crystallo- 
graphically amorphous. Asymmetry  in d-c cur ren t -  
voltage curves has been reported by many  investigators 
(12), but  there is considerable disagreement as to the 
cause of this asymmetry.  Indeed, some authors deny 
that it exists at all in properly prepared samples (1, 
13). The d-c conduction experiments  surely do not 
demonstrate conclusively that  the bulk  oxide is aniso- 
tropic. Thus, to the author 's  knowledge, the present 
capacitance data is the first strong evidence of such 
anisotropy. Ord, Hopper, and Wang (14) reported from 
ellipsometric work a l inear  dependence of oxide thick- 
ness on field over a nar row range of field, with the 
proper sign to account for these results. However 
Cornish and Young (15), using a similar  technique, 
showed that the dependence is actually quadratic. 
Both studies used HeSO4 as the counterelectrode, which 
precludes applying negative bias, but  it is reasonable to 
assume that the quadratic dependence is symmetric, 
Those measurements  were at room temperature.  

Ord, Hopper, and Wang (14) also reported a large 
negative dependence of 1 kHz dielectric constant on 
field (--2.4% per MV/cm).  Capacitance-voltage curves 
taken at room temperature  with the samples of the 
present  s tudy indicate that AC/Co does indeed ap- 
proach l inear i ty  at high field ( > 4 MV/cm),  wi th  a 
slope approaching the above value. This slope, how- 
ever, does not extrapolate to low fields, and it does not 
appear to be directly related to the much smaller  
(,~ 0.3% per MV/cm) slope observed at low tempera-  
ture (2). The la t ter  slope, as previously noted, exists 
even at very low field. 

Cornish and Young (15) demonstrated that  the index 
of refraction with an applied field is uniaxia l ly  aniso- 
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tropic, with the index perpendicular  to the field (no) 
larger than the index paral lel  to the field (he). The 
present  work indicates a very different kind of anisot-  
ropy, namely  that the low frequency dielectric con- 
stant  with a d-c field paral lel  to the forming direction 
is less than  with a d-c field ant iparal le l  to it. No such 
effect was observed in the ellipsometric work (15), so 
it is probable that  the modes which are responsible in-  
volve ionic motion, which is too slow to affect the index 
of refraction at visible light frequencies. 

In  the amorphous oxide the surroundings  of some of 
the ions are asymmetric.  When a field is applied the 
displacement of a given ion depends on the shape of 
the bar r ie r  on the downfield side. If the potential  in that 
direction rises rapidly (a high barr ier ) ,  the displace- 
ment is less than if it rises slowly (a low barrier). 
Hence an ion in an asymmetric site makes a smaller 
contribution to the polarization if the barrier down- 
field is high than if it is low. 

The motion of ions dur ing anodization is exceedingly 
complex and is not understood (16, 17). If the dy- 
namics are such that there is a preference for ions to 
be located in sites with a high barr ier  on the downfield 
side, then asymmetry  of C(E) in the observed direc- 
t ion would result. There is no independent  evidence 
that such a preferred orientat ion exists, but  the fol- 
lowing arguments  suggest a way in which it might  
develop. 

An ion in ~n asymmetric  site will stay there longer 
dur ing anodization if the barr ier  downfield is high than 
if it is low. Pr ingle  (16) has suggested as a result  of 
work with radioactive markers  that  the charge t rans-  
fer event does not consist simply of one ion jumping  
be twen adjacent  sites, but  ra ther  involves s imultaneous 
mot ion of a smal l  group of both Ta and O ions. In  this 
view, when  an ion leaves its site the surrounding ions 
are rearranged and the symmet ry  of the site is l ikely to 
be changed. A site with a low barr ier  downfield is 
more l ikely to lose its ion and therefore is more l ikely 
to be rearranged.  Thus its l ifetime is shorter and, in 
equil ibrium, the densi ty of such sites is expected to 
be less than that  of sites with a high barr ier  downfield. 
So, based on this simple physical picture of ionic cur-  
rent  flow, one expects to find a preferred orientat ion 
in the direction required to explain the observed asym- 
metry. 

Summary 
,It has been shown that the low temperature  capaci- 

tance-field characteristic of Ta film capacitors is inde-  
pendent  of oxide thickness and of chemical th inn ing  of 
the oxide. The characteristic is asymmetric,  suggesting 
that an interface mechanism is likely. A general  in ter-  
face model, however, cannot account for the experi-  
mental  results. One Js therefore forced to conclude that 
a bu lk  mechanism is responsible. That  is, the vari-  
ation of the capacitance must  result  f rom processes 
which are dis tr ibuted throughout  the oxide, not lo- 
calized near  the metal  interfaces. It is suggested that  
s t ruc tura l  anisotropy resul t ing from the dynamics of 
ionic conduction dur ing oxide growth produces the ob- 
served asymmetry.  To the author 's  knowledge, this is 
the first strong evidence of such anisotropy in amor-  
phous TaaOs. 
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APPENDIX 

Referring again to Fig. 4, the conductive layer  has 
thickness de, dielectric constant  ec, and conductivity ~c. 
All of these depend on the field, E, as well as local 
variables including but  not l imited to the density of 
defect states. We retain the idealized sharp interface 
between ~ > ~ (conductive) and ~ < ~ ( insulat ing) .  
The insulat ing layer has parameters  di, el, and ~i. The 
total thicknes is constant, d = di(E) + dc(E), and we 
neglect any field dependence of ,i and ~i. 

The model thus consists of two capacitors in series, 
each with admittance per uni t  area 

Yj = (j~ej + ~j)/dj [A-l] 

The total admittance is 

Y - YcYi/(Yc + Yi) [A-2] 

and the normalized change in admittance on changing 
the field from 0 to E is 

AY/Yo -~ [Y(E) -- Y (O) ]/Y (O) 

Yi(E) I + Y~(O)/Yc(O) 
= - -  1 [A-3] 

Yi(O) 1 -5 Y i (E) /Yr  

We know that de < <  di, ~c ~- ~i, and ec < <  ,i. So Y~ > >  
Yi, and we find 

Yi(0) Yi(E) ] AY Yi (E) 1 -~ 1 

Yo Y~(0) Yc(0) Yc(E) 

Yi(E) -- Yi(0) 

Yi(O) 

I Yi(E) 1 ] [A-4] 

+ Yi(E) Yc(0) Yi(0) Yc(E) 

Putting in the definition of Yj yields 

AY/Yo-~ [dc(E)fl(E) -- dc(O)f2(O) ]/di(E) [A-5] 

where 

f 1 ( E )  : 1 - -  [ d i ( O ) / d i ( E )  ] [j~ei-{-ai]/[jWec(E) -~-ac(E)] 

and 
f2(o) = I - [j~,i + ~fl/[j~,c(o) + ~r 

If ~c --> oo we recover Eq. [3] for the simplified 
model. Note that within the accuracy of this discussion 
di -~ d, making fl and f2 the same function. This func- 
tion, f, is dependent on the constants w, el, and ~i, and 
the functions ,c and ~c. These flfnctions and dc are de- 
termined by the applied field and by local structural 
and chemical conditions. Neither f nor dc is explicitly 
a function of the oxide thickness. Thus just as in the 
simple model we apparently have an inverse depen- 
dence on oxide thickness, which might be modified if 
local properties (including but now not limited to the 
density of defect states) near the interface are depen- 
dent on how much oxide has been grown. 
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Epitaxial Deposition of Silicon in Deep Grooves 
R. K. Smeltzer *'1 

Texas Instruments, Inc., Semiconductor Research and Development Laboratories, Dallas, Texas 75222 

ABSTRACT 

An epitaxial  silicon growth technique to preferent ia l ly  deposit into and 
refill deep, vert ically walled, or ienta t ion-dependent  etched grooves in (110) 
silicon was developed. All of the common silicon chlorides can be used with 
the addition of HC1 to the deposition system. A mask on the top surface of the 
substrate is not needed with this selective deposition technique. After  refill of 
the deep grooves, even with variable depths, a p lanar  surface is created. A 
thermodynamic  analysis of the exper imental  conditions was carried out, and 
it shows that  all of the various exper imental  conditions successfully used 
are about equal ly  s'hifted from equil ibrium. 

Selective deposition into depressions or onto a sur-  
face to create protrusions has been investigated be- 
cause of its application to devices and circuits. Also, 
selective epitaxy studies have been useful in efforts 
to unders tand deposition processes. In  general, chemi- 
cally vapor deposited layers tend to contour the sur-  
face of a bare substrate, al though other factors, such 
as the orientat ion dependence of deposition rate may 
produce a deposited surface contour altered from the 
original surface contour. The only selective silicon 
deposition technique which is in  use requires  a mask 
on the substrate to prevent  growth except on the sub-  
strate wi thin  mask openings. Selective growth occurs 
at low supersaturat ions of the desired material,  and 
for the case of silicon deposited from a chloride source, 
the addition of HC1 to the system has been used (1, 2). 

The basic purpose of this paper  is to show that  well-  
controlled preferent ial  deposition into deep surface de- 
pressions can be achieved, at least for certain geometri-  
cal configurations and a par t icular  substrate or ienta-  
tion, without  use of a mask on the substrate. A mask-  
less epitaxial  technique has been developed to prefer-  
ent ial ly  deposit defect-free silicon into very deep, na r -  
row, or ienta t ion-dependent  etched grooves in a (110) 
silicon substrate with very li t t le deposition on the top 
surface of the slice. The present  purpose for the de- 
velopment  of this technique is the fabricat ion of ver t i -  
cal p -n  junct ion  solar cells (3). 

A previous investigation (4) had demonstrated that  
preferential  epitaxial  deposition into shallow surface 
depressions in a bare substrate could be achieved by a 
par t icular  choice of gas phase composition in the re-  
actor. It was shown that with concentrations of SIC14 
in H2 higher than the composition at which the maxi -  
mum growth rate occurs on a flat surface, wide shallow 
depressions will  tend to fill to produce a flat surface. 
A basic l imitat ion of the high SIC14 concentrat ion ap- 
proach to preferent ia l  deposition is that  the Si/C1 ratio 
is fixed. The work discussed in this paper shows that  
the use of low silicon halide concentrations with the 
addit ion of HCI to the reactor offers ~ high degree of 

* Electrochemical  Society Act ive Member .  
1 Presen t  address :  Depa r tmen t  of Electrical  Engineer ing ,  P r ince -  

ton Univers i ty ,  Pr inceton,  New J e r s e y  08540. 
K e y  words;  silicon deposition, selective epi taxy,  p re fe ren t ia l  

deposit ion. 

control for preferential  deposition into deep surface 
depressions in (110) silicon wafers. 

Experimental Details 
The epitaxial  deposition experiments  described in 

this paper were carried out with 1 ohm-cm ( l l0 )  sili- 
con substrates, which had 2 cm long, vert ical ly walled, 
or ienta t ion-dependent  etched grooves. To produce the 
su,bstrates, conventional  photolithographic methods 
were used to open lines in thermal ly  grown oxide on 
the slices, and the silicon was etched in  a nominal  42.5% 
KOH: H~O solution. The oxide etch mask was removed 
after the or ien ta t ion-dependent  etch. The grooves were 
oriented approximately parallel  to the set of in ter -  
sections between one set of (111) planes, which in ter -  
sect the surface vertically, and the (110) surface of 
the slice. An impor tant  factor in the achievement  of 
reproducible epitaxial  depositions is the accurate con- 
trol of the groove width. Since it has been recent ly 
shown (5) that the undercut t ing  etch rate of the 
nominal  (111) walls of grooves in (110) silicon is a very 
sensitive function of the misorientat ion of the walls, 
accurate mask a l ignment  to about _ 0.2 ~ was required. 
The etched grooves occupied a 4 cm 2 area in the center 
of 11/2 in. diameter  slices with a packing density of 500 
grooves/cm. Typically, the grooves were 100 ~m deep 
and 10 ~m wide, al though other dimensions were also 
used to characterize the effects of groove geometry on 
the epitaxial deposition process. For a later  discussion, 
it is impor tant  to note that the ends of the grooves are 
terminated by one of the (111) planes which makes a 
35 ~ angle with the (110) surface. Consequently, near  
the ends of the grooves, the groove depth l inear ly  de-  
creases to zero. 

The depositions discussed in this paper were done in  
an rf heated reactor operated at atmospheric pressure. 
The vertical  deposition chamber is a 9.5 cm diameter  
fused silica tube. The gas inlet  is at the top and the 
outlet is at the bottom. A bottom plate, which seals to 
the reaction tube, has a feedthrough for rotat ion of the 
graphite susceptors. Two different susceptor a r range-  
ments  were used with similar  results. In  one case, the 
substrates were located on the top of small  cylindrical  
susceptors, which rotated around their own axis and 
around the axis of the reaction tube. Three susceptors, 
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whose total cross-sectional area occupied 60% of the 
cro.~s-sectional area of the reaction tube, were used. 
With this arrangement ,  the substrates directly faced 
the incoming gas flow. In the other susceptor a r range-  
merit, the substrates were located on the side of a solid 
susceptor such that the wafers were tilted about 15 ~ 
from the vertical. The cross section of the bottom of 
the solid susceptor occupied 87% of the cross-sectional 
area of the reaction tube. This lat ter  susceptor design 
was more convenient,  and it was used for most of the 
deposition experiments.  

The adjus tment  of t h e  St/C1 ratio, which was done 
by 'the addition of HCI to the H~-silicon chloride sys- 
tems, is the key factor which produces preferent ial  
d.eposition in deep grooves. Although the epitaxial  re-  
fill process was demonstrated with SIC14, SiHC13, and 
SiH2C12, the H2-SiHC13-HC1 system was more exten-  
sively investigated. Pr ior  to deposition, the substrates 
were heated in H2 at 1220~ for 5 rain. This prebake, 
ra ther  than a HC1 vapor etch, was used because a 
vapor etch preferent ia l ly  removed silicon from the top 
corners of the grooves and produced nonvert ica] groove 
walls. Since the groove walls are etched surfaces, the 
absence of the vapor etch should not be de t r imenta l  to 
the deposition of defect-free ma te r i a l . .Af te r  the I-I2 
bake, the substrate temperature  was adjusted and 
deposition started by the s imultaneous in t roduct ion of 
metered amounts  of SiHC13 and HC1. The effect of 
substrate temperature,  which was measured with an 
optical pyrometer  and corrected for the emissivity of 
silicon and a 10~ error due to the reactor wall, and 
gas flow rates are discussed in the next  section. 

Exper imenta l  Results 
Depositions from the H2-SiHC13-HC1 system onto 

deep grooved slices were investigated wi th  a var ie ty  
of gas flow conditions. For  comparison purposes, a few 
depositions were also carried out with no HC1 in the 
reactor, and Fig. 1 shows a slice cross section from a 
4 min epitaxial  deposition done near 1140~ with 0.45% 
SiHCI~ in H2. The cross section shown in Fig. 1 and the 
cross sections in other photomicrographs except Fig. 2b 
are from slices with grooves with a 20 tim center- to-  
center spacing. The photomicrographs show (111) 
cleavage planes which are about 19,5 ~ from the per-  
pendicular  to the grooves. The cross sections were 
briefly etched to reveal  the boundary  between the p-  
type substrate and the n - type  deposit. Not surprisingly,  
conventional  deposition conditions with a deep grooved 
slice yielded a faster growth rate on and near  the top 
of the silicon columns than on the side walls  of the 
grooves away from the top. With a longer deposition 
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time, the silicon deposit bridged the grooves at the top 
and left large voids in the deposit. Note, however, that  
significant deposition did occur on the groove bottoms, 

In contrast to the result  i l lustrated by Fig. 1, it was 
demonstrated that preferent ial  deposition into deep 
grooves in (110) silicon can be done with the addition 
of HC1 to the common silicon halide systems. With  
HC1 added, etching or a reduced growth rate occurred 
near  the top of the grooves as in conventional  silicon 
depositions onto a flat substrate with HC1 added to the 
system. However, the addition of HC1 to the system 
did not produce a reduced growth rate near  the groove 
bottoms. Near the critical conditions for which no net  
deposition occurs on a flat substrate, it was possible to 
comp!etely refill deep grooves without  voids. The pho- 
tomicrographs in Fig. 2 show two stained cross sections 
from refilled slices. Neither defect-sensit ive etches nor  
x - r ay  topographical studies revealed defects in refilled 
epitaxial silicon deposited with the critical gas concen- 
trations discussed below. 

A par t icular ly  impor tant  characteristic of refilled 
slices is the p lanar  top surface of the deposit, as shown 
by both examples in Fig. 2. A surface per turba t ion  
does not occur even near  a shallow groove such as 
shown in Fig. 2a. A p lanar  surface occurs because of 
the very small  amount  of silicon deposited on the top 
of the silicon columns dur ing the refill. In  addition, 
cross sections from slices with grooves only par t ia l ly  
refilled show facets at the top corners of the grooves 

Fig~ |. Stained cr section from a p-type (110) deep grooved 
substrate with a 4 rain, n-type epitaxial layer dcposited at 1140~ 
from 0.45% SiHCI3 in H2. The groove center-to-center spacing is 
20 ~m. 

Fig. 2. Stained cross sections from two epitaxially refilled silicon 
slices. Deposition conditions were: (a, top) 45 liters/min H2, 0.2 
llter/min SiHCI3, 1.0 liter/rain HCi, 1140~ substrate temperature 
and (b, bottom) 45 liters/rain H2, 0.3 liter/rain $iHCI3, 1.2 liters/ 
mJn HCI, 1140~ substrete temperature. Groove center-to-center 
spacings are: (a) 20/~m and (b) 10 Fm. 
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similar to those in Fig. 1; with HC1 added to the sys- 
tem, however, the facets terminate  very near  the top 
corners of the silicon columns dur ing most of the 
deposition. After deposition has completely filled the 
grooves, growth predominate ly  occurs to fill in the 
volume between these facets. The result  is a p lanar  
top surface about 5 ~m above the original substrate 
surface. This tendency to produce a planar  (110) sur-  
face after refill may also be related to a previous ob- 
servation (6), which indicated that  (110) planes yield 
a more p lanar  surface in selective epitaxy than other 
common planes. 

The refill of vert ical ly walled grooves without voids 
suggests either that the deposition rate on the walls 
increases with depth into the grooves or that  growth 
on the groove bottom is much faster than growth on 
the walls. To investigate the growth characteristics 
within the grooves, depositions during which the dopant 
was cycled on and off were done. Figure 3, which is a 
photomicrograph of a stained cross section from a 
deposition during which the dopant was cycled on and 
off every 6 rain, shows that, in fact, the deposition 
rate on the groove walls does increase with depth. 
Figure 3 shows six distinct regions, and the growth 
rate within the grooves, except near the bottoms and 
the tops, appears to increase approximately linearly 
with depth. A planar top surface occurred during the 
fifth 6-rain in terval  of growth. To determine the effect 
of small temperature  variat ions on the growth wi th in  
grooves, one deposition with cycled doping was done 
with a temperature  gradient  across the substrate. Ex-  
perimentally,  the temperature  gradient  was obtained 
by slightly elevating the Substrate from the susceptor 
at one point. It was observed that the slope of the 
growth profiles was s t rongly temperature  dependent,  
and consequently, as discussed below, the refill proc- 
ess itself is very tempera ture  sensitive. 

The deposition characteristics of the epitaxial  refill 
process were also investigated with regard to the ef- 
fect of different groove dimensions. A few substrates 
with 90 ~m deep grooves were found to contain grooves 
with widths in the range from 9 to 30 ~m. From photo- 
micrographic measurements,  it was estimated that the 
deposition t ime required to completely fill var iable  
width grooves is approximately proport ional  to the 
width. 

In contrast to the variable  width case, it was found 
that for grooves of equal width, the t ime needed to 
completely fill grooves of variable  depth is approxi-  
mately independent  of the depth. It was observed, for 
example, that  substrates with 200 ~m deep grooves re-  
quire at most a 10% longer deposition t ime to fill the 

grooves than substrates with 100 ~m deep grooves. It  
was also found that  for substrates wi th  100 ~m deep 
grooves, no top surface per turba t ion  results from the 
presence of a few shallow grooves. Additionally,  with 
dopant alternation, it was observed that the deposition 
rate was faster on the walls near  the bottom of deep 
grooves compared with shallow grooves, and by the 
time the grooves were almost filled, an equal volume 
of silicon was needed to fill the remaining  volume in 
both deep and shallow grooves. Figure 4 i l lustrates the 
observed depth independence of the epitaxial refill 
process more dramatically.  This photomicrograph is 
from a cross section near  the edge of a 2 cm X 2 cm ar-  
ray of grooves, where the groove ends are terminated by 
one of the (111) planes which make a 35 ~ angle from 
the (1t0) surface. The grooves shown in Fig. 4 are 
therefore not uni formly  shallow for any  distance. Side 
wall growth rate measurements  taken from this re- 
filled slice are, however, consistent with measurements  
taken from other slices with shallow grooves extending 
over long distances. Figure 4 also shows that the ini t ial  
growth rate on the bottom of terminated grooves was 
the same as the init ial  growth rate on the side walls 
near the bottom; this is unders tandable  since both sur-  
faces are ( l l l ) - t y p e  planes. In contrast, the growth 
rate in nonterminated,  double faceted grooves was 
init ial ly faster on the bottom than on the side walls. 
The depth independence of the epitaxial refill process 
is important  because top surface p lanar i ty  can be 
achieved even with variable  depth grooves wi th in  one 
substrate.  

The epitaxial depositions discussed above were done 
with the H2-SiHC13-HC1 system at 1140~ Various 
concentrations of SiHCI~ up to 2.4% were used, and, in  
all cases, a critical HC1 concentrat ion was found which 
produced defect-free refill. Figure 5, which gives the 
HC1/SittC18 concentrat ion ratio as a function of the 
SiHC13 concentration, summarizes the experimental  
conditions which were used. The solid circles represent  
the conditions which yielded good refilled silicon; these 
gas concentrations were rout inely  used for refill depo- 
sitions. The open circles represent  deposition conditions 
which did not produce good refill. With excessive HC1 
the deep groove deposition was very  slow and etching 
of the top surface of the substrate occurred. With  too 
li t t le HC1, the deposition rate near  the top of the 
grooves was too fast and voids were left in the refilled 
silicon. It was not possible to define a critical range 
for the HC1/SiHC13 parameter  at any SiHCI~ concen- 
tration, and this suggests that, if a critical range exists, 
it is wi thin  the reproducibil i ty of flow meter  settings. 
From the depositions with the various SiHC18 concen- 
trations, it was found that the ad jus tment  of the St/C1 
ratio by the addition of HC1 to produce defect-free 
silicon, always resulted in the same deposition time. 
About 40 min  was needed with each of the four, well-  
established deposition conditions given in Fig. 8. On 
this basis it was concluded that  no increase in epitaxial 
refill rate can be obtained with higher silicon chloride 
concentrations. The effect of the total tI~ gas flow on 
the refill process was also determined from a few ex-  

Fig, 3. Cross section from a refilled silicon slice with deposition 
profiles obtained by dopant alternation every 6 min and subse- 
quent staining of the cross section, The groove center-to-center 
spacing is 20 /~m. 

Fig. 4. Cross section from a refilled slice near the groove end 
terminations to illustrate the groove depth independence of the 
epitaxial refill process. 
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Fig. 5. Deposition conditions used for epitaxial refill experiments 
at 1140~ with 45 liters/min H2. Four critical gas concentrations, 
defined by @, refilled grooves without producing voids in the 
deposited silicon or etching of the substrate. The grooves were 2 
cm long, 10 ~m wide, and 90 #m deep. 
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periments.  Total H2 flow rates greater  than or less than 
about  45 l i t e r /min  reduced the refill deposition rate. 

The cross sections shown in Fig. 6 are representat ive 
of the effect of deposition tempera ture  variat ions on 
the epitaxial  refill process. For a par t icular  set of gas 
concentrat ions which produced defect-free silicon a~ 
a par t icular  deposition temperature,  a higher tempera-  
ture produced a faster deposition rate near  the top of  
the substrate  and left voids in  the refilled silicon. Con- 
versely, a lower tempera ture  tended to produce an 
etching condition and the refill rate was slow. From 
examinat ions of slice cross sections it appeared that  a 
low substrate  temperature  was equivalent  to an excess 
of HCI and that  a high tempera ture  was equivalent  to 
a deficiency of HC1. 

In  addit ion to the use of SiHC18, SIC14 and SiH2C12 
were evaluated for epitaxial  refill depositions. The H2- 
SiC14-HC1 system near  1200~ yielded results s imilar  
to the H2-SiHC13-HC1 system at about 1140~ Similar  
deposition times and characteristics were obtained. In 
an effort to reduce the deposition temperature,  H2- 
SiH2C12-HC1 was also investigated for refill depositions. 
Deep grooves can be filled without  voids near  1080~ 
however, a p lanar  top surface was not obtained, at 
least for depositions te rminated  with a 10 #m, average 
film thickness above the original  substrate  surface. 
Deposition times are about the same with SiH2C12 as 
wi th  the other halides. The deposition tempera ture  is 
much less critical with SiH2C12, and a 10~ var ia t ion  
does not appear to affect the refill characteristics. The 
usefulness of SiH2C12 for refill depositions may be l im-  
ited, however, by  the nonp lanar  surface obtained after 
the grooves are filled. 

Discussion 
From the exper imental  observations, which are sum-  

marized in the previous section, insight into certain 
features of the epitaxial  refill process and an under -  
s tanding of the role of some parameters  have been 
obtained. There is evidence that the thermal  conditions 
in the substrate are impor tant  from two viewpoints. 
First, as in  any silicon halide deposition system, the 
St/C1 ratio near  the substrate  is a very  sensitive func-  
t ion of the substrate  temperature.  As a consequence, 
the epitaxial  refill process is very temperature  sensi- 
tive, especially with the use of SiCl4 and SiHC13. In  

Fig. 6. Cross sections from silicon slices after deposition at two 
different temperatures with critical gas concentrations for 1140~ 
(a, top) i150~ and (b, bottom) 1130~ 

agreement  with previous observations (7, 8) from 
conventional  epitaxial studies, however, refill from 
SiH2C12 is much less tempera ture  dependent  than refill 
with the other chlorides. Second, there is evidence 
which suggests that  the tempera ture  gradient  wi thin  
the substrate is impor tant  in the refill technique. Refill 
deposition experiments  in both a horizontal  reactor and 
a vertical domed reactor with the gas inlet  at the bot-  
tom did not produce deposited silicon without  voids. 
Groove wall  deposition profiles observed on samples 
from experiments  done in a horizontal  and a domed 
reactor showed that the growth rate on the groove 
walls did not measurably  increase with depth into the 
grooves. It  is hypothesized that  the reactor used for 
the successful refill experiments  produces a larger t em-  
perature  gradient  in the groove walls than the other 
two reactors, since the incoming gas impinges directly, 
al though not perpendicular ly  for one of the susceptor 
arrangements ,  onto the substrates. It  is concluded, 
therefore, that the tempera ture  dis t r ibut ion wi th in  the 
deep grooved substrate is critical to the epitaxial  refill 
process, and that a large tempera ture  gradient  such 
that the groove bottoms are at the highest tempera ture  
is required to produce defect-free refilled silicon. 

The adjus tment  of the St/C1 ratio by the addit ion of 
HC1 to the reactor is the key factor in  the epitaxial  re-  
fill technique. Based simply on the observations, it ap- 
pears that  the HC1 tends to preferent ia l ly  attack 
corners. More significant, however, may be that  the 
growth conditions used for the refill depositions should 
produce silicon transport  from the top of the substrate 
down into the grooves. From an analysis (9) which 
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gives the silicon content in the gas phase as a function 
of the C1/H ratio and from the data in Fig. 5, the t rans-  
port direction, which is the direction to lower the St/C1 
ratio, is from low tempera ture  to high temperature  for 
the deposition conditions used in this work. If the gas 
conditions are s tagnant  wi thin  the deep grooves, then 
deposition at the bottoms would act as a dr iv ing force 
for s i l icon-bearing species to enter the grooves. 

The thermodynamic  analysis of the Si-C1-H system 
(9) has been used to analyze in more detail the crit i-  
cal epitaxial refill gas concentrations. Table I gives 
both experimental  and equi l ibr ium St/C1 ratios as a 
function of the C1/H ratio for the four critical deposi- 
t ion conditions given in Fig. 5 and for two wel l -es tab-  
lished deposition conditions with the H2-SiH2C12-HC1 
system. Of part icular  interest  is that the critical epi- 
taxial conditions are all about equal ly shifted from 
equil ibrium. For defect-free epitaxial  refill, the value 
of the difference between the exper imental  and equi-  
I ibr ium Si/C1 ratios is about 0.075. Based on the ana ly-  
sis, critical deposition conditions to refill grooves can 
probably  be predicted for a var ie ty  of silicon systems 
and temperatures.  

The exper imental  observations which indicated that  
a low substrate tempera ture  is equivalent  to an excess 
of HC] and that a high substrate temperature  is equiv-  
alent  to a deficiency of HC1 are consistent with the 
above analysis. With the low C1/H ratios used for the 
refill depositions, both an excess of HC1 and a low sub-  
strafe temperature  result  in  a difference between the 
experimental  and equi l ibr ium St/C1 ratios less than the 
critical value. Since a smaller difference between the 
two ratios means that  the system is closer to equi l ib-  
rium, a slow growth rate or etching of the substrate 
occurs. Conversely, a deficiency of HC1 and a high sub-  
strate tempera ture  result  in a difference between the 
experimental  and equi l ibr ium St/C1 ratios greater than  
the critical value. Therefore, deposition is too fast and 
the deposit tends to bridge the grooves at the top of 
the substrate. From the exper imental  observations, the 
analysis given here is applicable only to the growth 
near  the top of the substrate. Deposition in the groove 
bottoms was less sensit ive to the small  temperature  
and HCt concentrat ion changes. 

The groove depth independence of the epitaxial re- 
fill rate is another impor tant  aspect of this process. A 
very simple phenomenological  model, i l lustrated in  Fig. 
7, explains the observations. Growth profiles are shown 
in three equaI width grooves based on four assump- 
tions: (i) a zero growth rate at the top corner, (it) a 
l inear ly  increasing growth rate with depth, (iii) an 
equal growth rate at any depth independent  of the 
total groove depth, and (iv) a bottom growth rate 
equal to the growth rate on the walls at the bottom. 
Under  these conditions, Fig. 7 shows that  growth pro- 
files in deep grooves eventua l ly  correspond to the pro-  
files in shallow grooves. Consequently, all of the 
grooves will be completely filled in the same time 
interval.  The four assumptions used to derive the 
growth profiles in Fig. 7 are very reasonable in  view 
of the exper imental  observations. The first three agree 
with observations and measurements  from slice cross 
sections. Figures 3 and 4 show that the four th  assump- 
t ion is only correct for grooves with a single (111) 
plane te rminat ion  on the bottom. However, the results 

Table I. Analysis of critical refill deposition conditions from Fig. 5 
and from two established deposition conditions with SiH2CI2. 

Equilibrium (Si/CI) values are taken from Ref, (9). 

E x p e r t -  E q u i -  E x p e r i m e n t a l  
m e n t a l  l i b r i u m  St /C1 -- E q u i -  

C'I I I-I St /C1 S i l o  l i b r i u m  S i / C l  

0.01'/ 0.13 0.06 0.07 
0.023 0.14 0.08 0.06 
0.036 0.18 0.11 0.07 
0.056 0.22 0.14 0,0,8 
0.025 0,19 0.10 0.09 
0.043 0.22 O, 14 0.68 
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Fig. 7. Model to illustrate the groove depth independence of the 
epitaxial refill process for equal width ,grooves. Growth profiles 
are derived from assumptions given in the text. 

obtained in Fig. 7 are only slightly influenced by  the 
bottom growth rate assumption, since, as the grooves 
fill, side wall  growth dominates over bottom growth. 
Similarly, the exact shape of the groove bottoms is also 
not impor tant  in the model. It is l ikely that this model 
for deep groove refill does not apply to grooves with 
depths less than the width. For  grooves with depths 
greater than the width, however, the growth rate 
model i l lustrated by Fig. 7 is appropriate. Exactly why 
the deposition conditions produce the part icular  growth 
profiles remains to be determined.  

Conclusion 
An epitaxial  growth process which produces prefer-  

ential  deposition of silicon in deep, vert ical ly walled, 
or ienta t ion-dependent  etched grooves in (110) silicon 
without a mask on the top of the substrate was devel-  
oped. With the opt imum deposition conditions, the 
growth rate on the groove walls increases with depth 
into the grooves so that the grooves are completely 
filled without  voids or defects in  the deposited silicon. 
Even with variable groove depths wi th in  a substrate, 
a p lanar  top surface is produced after the grooves are 
filled. The key factor in this chemical vapor deposition 
technique is the ad jus tment  of the St/C1 ratio, which is 
convenient ly done by the addition of HC1 to the re-  
actor. All of the deposition conditions successfully used 
are shifted about equally from equil ibrium, since the 
difference between the exper imental  and equi l ibr ium 
St/C1 ratios is about the same for all of the depositions. 
It was also concluded that a tempera ture  gradient  
within the substrate is critical to the epitaxial  refill 
process. 

This silicon deposition technique, which preferen-  
t ial ly deposits into and fills or ienta t ion-dependent  
etched grooves in a substrate, may be useful in a n u m -  
ber of ways. In essence, it is a method to reconstruct  a 
silicon slice with al ternate regions with different prop- 
erties. Some new structures with unique  characteris-  
tics are possible. 
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CVD-BN for Boron Diffusion in Si and 
Its Application to Si Devices 

Makoto Hirayama and Katsufusa Shohno 

Department oJ Electronics, Sophia University, Chiyoda-ku, Tokyo, 102 Japan 

ABSTRACT 

Amorphous  and po lycrys ta l l ine  boron n i t r ide  (BN) films were  deposi ted 
on n - t y p e  Si subs t ra tes  using a B2H6-NH3-H2 system. During deposi t ion of 
the BN film, boron diffuses into the  Si; a BN film deposi ted at  t empera tu res  
below about  1000~ acts as an infinite diffusion source of boron in Si. The 
m a x i m u m  values  of boron surface concentrat ion give solid solubi l i ty  of boron 
in Si at each tempera ture .  A thin  layer  of BN (below 80A) gives a surface 
concentra t ion of boron in the range be,tween 10 i6 and 1020 cm -3, by  vary ing  the 
hea t - t r ea tmen t  conditions.  Amorphous  BN decomposes eas i ly  when hea ted  in 
a n i t rogen atmosphere.  This can be used for p lanar  diode processes using only 
one photomask.  An  M I S - m e m o r y  d iode  wi th  A1-BN-SiO2-Si  s t ructure,  shows 
an anomalous  C-V shift  due to the format ion  of borosi l icate  glass be tween  BN 
and SIO2. 

Boron is the most common doping e lement  for p - t y p e  
Si in the present  semiconductor  technology. For  boron 
diffusion in Si, many  kinds  of diffusion sources are 
used: boron t r iox ide  (1), boron t r ich lor ide  (2), boron 
t r ib romide  (2), borosi l icate  glass (3), and boron n i -  
t r ide  disks (4). A large  number  of exper imenta l  and 
theore t ica l  works  have a l r eady  been published.  Rand 
and Roberts  (5) used CVD-BN as an insula tor  th in  film 
for a var i s to r  device, and also showed tha t  a boron dif-  
"fusion layer  was formed in the Si substrate.  In  this 
paper ,  phys ica l  and chemical  proper t ies  of CVD-BN 
thin  films and methods  to obta in  boron diffusion layers  
wi th  high and low surface concentrat ions are  described.  
As examples  of the  use of CVD-BN in present  p lanar  
technology, a Si p l ana r  diode process and an MIS-  
m e m o r y  diode are  shown. 

Experimental Procedure 
The expe r imen ta l  appara tus  is schemat ica l ly  shown 

in Fig. 1. Deposi t ion is car r ied  out in a quar tz  react ion 
chamber  wi th  dimensions of 25 • 40 X 400 mm. Di-  
borane  (B2H6) di lu ted  to 5% in hydrogen  and a m m o n i a  
(NH~) are  used as reac tan t  gases and high pur i ty  h y -  
drogen is a car r ie r  gas. The flow rates  of reac tan t  gases 
are kep t  at 30 cm3/min and tha t  of hydrogen  is 2000 
cmS/min throughout  the exper iments .  Deposi t ion t em-  
pe ra tu res  of the  Si subs t ra te  a re  changed in the range  
of 700~176 The g rowth  ra te  of the  film at  700~ 
is about  500 A/min .  Mi r ro r -po l i shed  n - t y p e  Si wafers  
(P -doped)  wi th  res is t ivi t ies  of 3 ,~ 5 ohm-cm are  
used. 

The surface of a deposi ted  film is observed  by  an 
optical  microscope. Reflection e lect ron diffraction is 
used for an inves t igat ion of c rys ta l l ine  proper t ies  of 

Key words: CVD-BN, boron diffusion, planar diode, memory 
diode. 

the films. The deposi ted films are  also s tudied by  in-  
f r a red  absorpt ion  before  and af te r  h e a t - t r e a t m e n t  in 
an appropr ia te  ambien t  gas. 

In  order  to measure  p inhole  dens i ty  of the deposi ted 
films, Si wafers  are etched to make  pits th rough  any 
pinholes that  may  exist  in the film. Wafers  are  boi led  
at l l0~  in A P W  solution, which  has 17 cm 3 of e thy l -  
enediamine,  3g of pyrocatechol ,  and 8 cm~ of de -  
ionized water .  Then the samples  are  boi led  for 30 rain 
in a hot  solut ion (,~130~ wi th  equal  volumes of 
phosphoric  acid and deionized wa te r  for complete  re -  
moval  of the  deposi ted films. The pinhole  densi ty  of 
the film is measured  by  counting the number  of etch 
pits in the  Si wafer  under  an optical  microscope. 

Al though  boron diffusion layers  are  formed dur ing  
deposi t ion of the  film, the  to ta l  diffusion t ime was 
va r ied  from 10 to 3000 min  to ,get diffusion depth  f rom 
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...... FLOW M ETER 

Fig. 1. Schematic diagram of experimental apparatus for deposi- 
tion of a BN film on a Si substrate. 
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about 0.2 to 5 ~m. The diffusion depth is measured by 
spherical dri l l ing and s taining (6). To obtain the boron 
surface concentrat ion in  Si, an average resistivity of 
the boron diffusion layer is measured by four-point  
probe and Irvin 's  plots (7) of resistivity vs. impur i ty  
concentration. To determine the boron profile, the 
change of the sheet resistivity is measured by repeated 
anodic growth and removal  of silicon dioxide layers 
(8). Anodic oxidation is carried out in  a solution with 
3 parts propylene glycol and 2 parts phosphoric acid 
at a d-c applied voltage of 100V. The th in  silicon dioxide 
layer (~200A) is removed with HF. After  every fourth 
anodizat ion-HF cycle, a measurement  is made of the 
sheet resistivity. The thickness of silicon removed was 
determined by an interference microscope. 

Results and Discussion 
Properties of boron nitride.--Typical reflection elec- 

t ron diffraction pat terns are shown in Fig. 2. These 
faint r ing pat terns are obtained from films which were 
deposited at temperatures  near  1000~ The film is 
polycrystal l ine boron nitride, with hexagonal  structure, 
whose lattice parameters  are measured as a = 2.51A 
and c = 6.68A. These values are in  good agreement  
with those given by Pease (9). On the other hand, the 
faint r ing pat terns changed to hollow r ing pat terns as 
the deposition temperature  was decreased below about 
1000~ This means that the films obtained below 
1000~ are amorphous. Films obtained in this experi-  
ment  are identified as boron nitr ide (BN). 

An infrared absorption spectrum of the film also 
shows that it is boron nitride. For infrared spectros- 
copy, the back side of a Si substrate was chemically 
etched smooth to prevent  diffuse reflection. The ab-  
sorption peak from the film appears at 7.3 ~m, as shown 
in Fig. 3. This agrees well with the value of the B-N 
stretching vibrat ion previously reported by Brame et M. 
(10). This value of the B-N vibrat ion is independent  of 
deposition temperature.  For films of the same thickness, 
the magni tude  of absorption band changes according to 
the deposition temperature.  This is due to the number  
of the B-N stretching vibrat ions and also depends on a 
crystallization of the films. 

The surface of the film is quite smooth and no struc-  
tural  features can be observed on films deposited in  the 
temperature  range of 700~176 The BN film is 
t ransparent  and shows interference colors. 

The BN film is chemically stable and cannot be at-  
tacked by any etching solution except hot phosphoric 
acid. A solution of equal volumes of deionized water  
and phosphoric acid is heated to its boiling point 
(,.~130~ T h e  etch rate of a film deposited at 700~ 
is about 80 A/min.  Although the etch rate becomes 
small for a film deposited at high temperatures,  BN 
films 2000A thick, which we usual ly  use, can be com- 
pletely removed when boiled for 30 min  in the solution. 

Fig. 2. Typical electron reflection diffraction patterns from a 
BN film deposited at 1200~ 
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Fig. 3. Infrared absorption spectrum of a BN film deposited at 
1000~ on a Si substrate. 

Plasma dry etching is also useful, especially for 
selective removal of BN films by the use of we l l -known 
photoresist processes. Exper imental  results are shown 
in Fig. 4. The rf power (at 13.7 MHz) was set as small  
as possible to avoid attack of the Si substrate. Deposi- 
tion temperatures  over about 1000~ where the etch 
rate of the film decreases with increasing deposition 
temperature,  correspond to the  temperature  range 
where a polycrystal l ine BN film is obtained. 

Pinhole density was below 10 cm -2 for 500A films 
deposited at 700~ When the film was thicker than  
500A, defects could not be found on the Si substrate. 

Polycrystal l ine BN films deposited at temperatures  
over about 1000~ are thermal ly  stable. Changes in the 
polycrystal l ine pat terns were not observed even after 
long hea t - t rea tment  in hydrogen or ni t rogen for sev- 
eral tens of hours at 1250~ However, amorphous BN 
films deposited below about 1000~ are unstable  and 
easily decompose dur ing hea t - t rea tment  in ni t rogen or 
hydrogen. For example, a 500A B ~  film deposited at 
700~ completely decomposes after hea t - t rea tment  in 
ni trogen at ll0O~ for 3 hr, after which the bare Si 
surface appears. The change from an amorphous to a 
polycrystal l ine form due to hea t - t rea tment  was not 
observed on the pat terns by reflection electron diffrac- 
tion. 
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Fig. 4. Plasma etch rate vs.  deposition temperature of a BN 
film. 
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,M-BN-Si s tructures with 1000A of BN were pre-  
pared for measurements  of dielectric constant, resis- 
tivity, and dielectric s trength of the BN film. An a-c 
bridge at 1 MHz was used for measurement  of diode 
capacitance to determine the dielectric constant of a 
film. The dielectric constant  of a BN film has a value 
that depends on the deposition temperatures.  For an 
arrlorphous film deposited at a tempera ture  below 
about 1000~ the dielectric constant is 3.3 N 3.5, while 
for a polycrystal l ine film deposited at temperatures  
over about 1000~ it is 4 ,~ 6. From the ohmic region 
in the V-I  characteristics of a diode, resist ivity of the 
film was determined to be in the range 109 ~ 1010 
ohm-cm. Breakdown voltages of 80 ,~ 150V give a di- 
electric s t rength of 0.8 ,~ 1.5 X 10~ V/cm for the films. 
The values of resist ivity and dielectric s t rength  do not 
depend on the deposition conditions of the film. 

B o r o n  d i f ]us ion  in  Si . - -Dur ing the deposition of a 
BN film on an n - type  Si substrate, a boron diffusion 
layer can be formed. The boron surface concentrat ion 
vs. deposition tempera ture  is shown in  Fig. 5. When 
deposition temperatures  are below about 1000~ the 
boron surface concentrat ion Cs is about 1020 cm -3. Cs 
increases with deposition temperature,  and does not 
depend on deposition t ime of the BN film. This means 
that an amorphous BN film deposited below about 
1000~ acts as an infinite diffusion source of boron. 
However, as the deposition tempera ture  is increased 
over about 1000~ the boron surface concentrat ion 
decreases to about 1018 ,~ 1019 cm-~. In  this tempera-  
ture range, the film has a polycrystal l ine form. 

A BN film deposited below about 1000~ can be used 
to obtain the highest value of boron surface concen- 
t ra t ion at each temperature.  After  the films were de- 
posited on n- type  Si substrates at 700~ the samples 
were heated in a hydrogen atmosphere. Values of boron 
surface concentrat ions are plotted in Fig. 6 for var i -  
ous hea t - t rea tment  temperatures.  The curve in this 
figure seems to give the solid solubil i ty of boron in Si 
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at each temperature.  It  corresponds to that  reported 
by Vick et  aL (8). 

Assuming a complementary  error  function profile, 
the boron diffusion coefficient was calculated from the 
measured values of boron surface concentration, diffu- 
sion depth, and diffusion time. Figure 7 shows values of 
the diffusion coefficient obtained vs.  the reciprocal of 
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absolute temperature.  The straight l ine is represented 
by D ---- 26.5 • exp (--88,900/RT). The activation energy 
of 88.9 kcal compares to with that  of 85 kcal reported 
by Ful ler  et al. (11) and 81 kcal reported by Kurtz  
et al. (1). When the boron surface concentrat ion is 
over 1019 cm -8, it was pointed out by  Vick et al. (8) 
that the boron profile deviates from a complementary 
error function. Our experiments  do not show a mea-  
surable deviation from a complementary error function. 

In  order to obtain a lower boron surface concentra-  
t ion than that of solid solubil i ty in  St, a th in  layer  of 
BN can be used. As a thin diffusion source, the BN 
film was deposited at 70O~ for 10 sec. The film thick- 
ness was estimated to be about 80A, and the boron 
diffusion layer  which was formed during the deposition 
was less than  25A. Heat - t rea tment  for the boron dif- 
fusion was carried out in hydrogen or nitrogen. Rela- 
tionships between diffusion depth, boron surface con- 
centration, and hea t - t rea tment  t ime are shown in Fig. 
8. Dur ing  hea t - t rea tment  for 20-800 min  at a tempera-  
ture of ll00~ the BN decomposed and the bare  Si 
surface appeared. In  Fig. 8 the diffusion depth is pro- 
portional to the square root of the hea t - t rea tment  time, 
and the boron surface concentrat ion is inversely pro- 
portional to the square root of the hea t - t rea tment  time. 
This means that  diffusion conditions with a finite 
amount  of impur i ty  on the Si surface are satisfied. 

There is another  way to obtain a low boron surface 
concentration. After the BN film was deposited (for 
10 sec at a temperature  of 700~ the samples were 
heated in steam for 3 min  at a tempera ture  of ll00~ 
The BN film changed to a borosilicate glass. In the next  
step hea t - t rea tment  for boron diffusion was carried 
out in a ni t rogen atmosphere. Relationships between 
diffusion depth, boron surface concentration, and heat-  
t rea tment  t ime are shown in Fig. 9. Diffusion depth is 
proportional to the square root of the hea t - t rea tment  
time. On the other hand, boron surface concentrat ion 
decreases more slowly than  the inverse square root 
of the hea t - t rea tment  time. This means that the boron 
is still supplied from the borosilicate glass dur ing the 
hea t - t rea tment  in nitrogen. 

Format ion of a borosilicate glass by rapid thermal  
oxidation in steam was confirmed with infrared ab-  
sorption. Results are shown in Fig. 10. The absorption 
peak due to B-N stretching vibrat ion is at 7.3 ~m, as 
shown in Fig. 3. After  rapid thermal  oxidation in 
steam, absorption peaks appeared at 7.2, 9.2, and 12.5 
~m. The last two peaks at 9.2 and 12.5 ~m correspond to 
those established for silicon dioxide (12, 13). The broad-  
ening of the adsorption peak at 7.3 ~m due to thermal  
oxidation is apparent.  The small  change of the peak 
from 7.3 to 7.2 ~,m means that the peak at 7.2 ~,m is due 
to a new vibrat ional  mode. The new peak at 7.2 ~m 
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agrees with that  due to the B-O stretching vibrat ion 
(14, 15). 

Simple planar diode.--A BN film deposited at 700~ 
as a diffusion source decomposes easily when  heated in 
a ni trogen atmosphere. This can be used for a p lanar  
diode. Schematic diagrams of the processes are shown 
in Fig. 11. N-type 5 ohm-cm Si wafers are thermal ly  
oxidized to about 3000A, and windows of 1 mm diam- 
eter opened in the silicon dioxide. Next, a BN film is 
depOsited for 1O sec at 700~ To diffuse the boron and 
decompose the BN in the windows, the samples were 
heated in a n i t rogen atmosphere at ll0O~ for 120 rain. 
Boron diffused into the Si through the windows, and 
a bare Si surface appears in the windows. The diffusion 
depth of boron is about 3 ~rn, and the boron surface 
concentrat ion is about 8 • 10 TM cm -3. Nickel can be 
deposited directly by electroless plat ing on the bare 
Si surfaces, of the windows. Nickel was also plated on 
the back face of the Si wafers to make an ohmic con- 
tact. Thus ,  we can simply make p lanar  diodes by the 
use of only one photomask. A sharp avalanche break-  
down is observed in the reverse direction. The break-  
d o w n  voltages are in the range of 115 ~ 120V, which 
are expected values from the diffusion depth and the 
resistivity of Si substrates (16). 

MIS-memory diode.--An interest ing application of 
the BN film is as an insulator  in an MIS-memory  diode. 
In  s tudying this application, it was found that  the 
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( a )  

t h e r m a l  SiO 2 3000 

(b) 

BN . dep. at 700~ lOsec.  

(c) 

d i f f us ion  of boron and 

decomposi t ion of  BN 
I / ' / / " / / I  V / / / / I  

Ni p l a t i n g  
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Fig. 11. Schematic diagram of the processes of a simple planar 

diode using a BN film as a diffusion source. 

A1-BN-SiO2-Si  s t ructure,  shown in Fig. 12(a),  ex -  
h ib i ted  an anomalous  shift  in C-V character is t ics .  An  
expe r imen ta l  device was fabr ica ted  as follows. A n  n -  
t ype  5 ohm-cm (100) Si wafe r  was t he rma l ly  oxidized 
in a pure  d r y  oxygen for 3 rain at 1050~ The th ick-  
ness of s i l icon dioxide  obta ined was about  170A. A BN 
film of about  5O0A was then  deposi ted at a t empera tu re  
of 700~ Final ly ,  A1 was evapora ted  to make  an elec-  
t rode on the BN film, using a meta l  mask  wi th  windows 
of 0.3 m m  diam. No addi t ional  h e a t - t r e a t m e n t  was 
necessary to observe  a shift  in C-V characterist ics.  

(a) 

. . . . . . . . . . . .  CVD 'BN 500 

~ \ \ \ \ \ \ \  \ \ ~ ' - " - - - - S i , ~  v 2 170 

. . . . . .  ~ . . . . . . . . .  Si n - t y p e  3~5 a%-crn 

.14 -2 -30 35 30 22 

i I I I I I 

-5 0 5 10 -10 -5 0 5 

VOLTAGE ( V ) VOLTAGE ( V ) 

(b) (c) 

Fig. 12. (a) Schematic diagram of AI-BN-SiO2~SI structure, (b) 
typical C-V curves when a negative voltage is applied to the AI 
electrode, (c) typical C-V curves when o positive voltage is applied 
to the AI electrode. 

Typica l  C-V character is t ics  a re  shown in Fig. 12 (b)  
and (c).  When  a negat ive  vol tage of more  than  10V 
is appl ied  to the  A1 electrode,  the  C-V curve begins to 
shif t  in the posi t ive direction.  The length  of the  ap-  
pl ied vol tage pulse was kept  at 1 sec th roughout  this 
exper iment .  The C-V shif t  sa tura tes  a t  an appl ied  
vol tage of about  --35V. Next,  we appl ied  a posit ive 
vol tage to the A1 electrode.  The C-V curve then  begins  
to shift  in the  negat ive  direction.  The C-V shift  sa tu-  
rates  again when the vol tage appl ied  to the  A1 elec-  
t rode is more  ~han 35V. 

The direct ion of these shifts is opposi te  to those ob-  
served for w e l l - k n o w n  I ~ q O S  (17) and MAOS (18) 
devices. These C-V shifts might  be due to po lar iza t ion  
of the  borosi l icate  glass which would  be fo rmed  be-  
tween  the BN film and silicon dioxide layers  dur ing 
deposi t ion of the  BN film. Fo rma t ion  of the borosi l i -  
cate glass is confirmed by  the in f ra red  absorpt ion 
spectrum. 

Conclusion 
BN films can be deposi ted on Si subs t ra tes  by  the rmal  

react ion in a B2H6-NHs-H2 system. When  the  deposi-  
t ion t empera tu re  is be low about  1000~ the film is 
amorphous.  When  the deposi t ion t empe ra tu r e  is over  
about  1000~ the film is po lycrys ta l l ine  wi th  a hexa-  
gonal  s tructure.  The surface of the BN film is smooth, 
wi th  a pinhole densi ty  below 10 cm-~  for a 500A th ick  
film deposi ted at  700~ Boil ing phosphor ic  acid can 
remove the BN film f rom a Si substrate ;  gas p lasma 
d ry  e tching is also useful  for  remova l  of the  BN film. 

BN deposi ted at a t empe ra tu r e  of 700~ easi ly  de -  
composes when  heated in a n i t rogen atmosphere .  This 
can be used to fabr ica te  a s imple  p l ana r  diode using 
only one photomask.  The fo rmat ion  of borosi l icate  
glass was confirmed by  observing its character is t ic  
inf rared  absorpt ion spec t rum for samples  where  the  
BN film was deposi ted  on a t he rma l ly  g rown SiO2 
layer.  This can be used for an M I S - m e m o r y  diode wi th  
an A1-BN-SiO2-Si  s t ructure.  Such a s t ruc ture  shows 
an anomalous  shif t  of its C-V curve w i th  appl ied  
voltage. 

Dur ing  deposi t ion of BN films, boron diffuses into 
the Si substrates.  BN films th icker  than  500A deposi ted 
below about  1000~ act as infinite diffusion sources of 
boron. When  these films are  used as diffusion sources, 
the m a x i m u m  values of boron surface concentra t ion 
correspond to the solid so lubi l i ty  of boron in Si at  each 
tempera ture .  A thin BN film (about  80A deposi ted at 
700~ gives a surface concentra t ion of boron in the  
range  be tween  1016 and 102o cm-~  by  va ry ing  the  p re -  
diffusion h e a t - t r e a t m e n t  conditions.  
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(332} Ga Habit Planes Formed on GaAs 
during Br :CH OH Etching 

L. A. Koszi and D. L. Rode 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

This paper describes the different habit (stop) planes formed when GaAs 
substrates are etched in various concentrations of a Br2:CH3OH etching 
solution. It was previously found that concentrations less than i% Br2 in 
methanol yielded {lll}Ga habit planes. Concentrations in excess of this amount 
were investigated and it was discovered that a different set of planes was pre- 
ferred. Changes in etch pit shapes and mask orientation preference show that 
these new planes are  the  {332}Ga planes. The change f rom { l l l } G a  to {332}Ga 
habi t  planes is a resul t  of increased Br2 concentrat ion.  Ini t ia l  resul ts  of the  
e lect rochemical  e tching proper t ies  of Br2: CH3OH solutions are also presented.  
These ini t ial  resul ts  show tha t  wi th  p rope r  biasing of the sample  and solution, 
the Br2: CHHsOH etch becomes isotropic. 

Dilute mix tures  of b romine  in methanol  are com- 
monly  used for free chemical  etching and chemica l /  
mechanical  pol ishing of GaAs to achieve smooth, de-  
fec t - f ree  surfaces. The dependence  of etch ra te  on 
crys ta l lographic  orientat ion,  among other  factors, has 
been s tudied by Gatos (1) and Moest  (2) who find 
( l l l } G a  I hab i t  planes  for this  solut ion wi th  bromine  
concentrat ions less than  1% by volume. S imi la r  r e -  
sults were  obta ined by  Tarui ,  Komiya,  and Harada  (3) 
who used this p r o p e r t y  to chemical ly  etch vee - shaped  
t renches in (100)GaAs through  long rec tangu la r  win-  
dows formed in an A1203 mask.  In  this  case, the  long 
axis of the window mus t  be a l igned pa ra l l e l  to the 
[011] to expose the (111) and (111) p lanes  as sides of 
the  vee. These worke r s  pointed out the expected l inear  
dependence  of the vee dep th  (d) on mask  window 
width  (w) ,  i.e., d = w/~/2_ 

The above work  ut i l ized bromine  concentrat ions of 
less than  1.3% by  volume of b romine  in methanol .  We 
have obta ined s imi lar  resul ts  at  these concentrations.  
However ,  dur ing exper iments  wi th  bromine  concen-  
t ra t ions  above this amount,  up to and inc luding  20% 
Br2:CH~OH, we have noted enhanced undercut t ing  of 
our etching mask  window (SiO2) and the format ion  of 
facets along the ,side of the vee t rench leading to a 
scal loped appearance  of the  wal ls  which form the 
trench. 

F u r t h e r  experiments" are  descr ibed be low which 
show that  the habi t  planes  at  b romine  concentrat ions 
of 5% Br2: CH3OH and h igher  are {332}Ga planes.  Wi th  
the h igher  concentrat ion etchant,  unfaceted vee -shaped  
t renches  on (100)GaAs are  obta ined  if the long axis 
of the window mask  is a l igned pa ra l l e l  to the  [023] or 

* K e y  w o r d s :  chemica l  e tchan t s ,  se lec t ive  e tch ing ,  g a l l i u m  arse-  
n ide .  

1 The  [111] d i r e c t i o n  is t a k e n  to be a p o s i t i v e  n o r m a l  to a ( l l l ) G a  
sur face  in  a g r e e m e n t  w i t h  the  c o n v e n t i o n  w h i c h  deno tes  ( l l l )  a n d  
(111) as G a  and  As surfaces ,  r e spec t ive ly .  

[032]. The apex of the vee is then  incl ined away  from 
the normal  to the (011) c leavage p lane  by  11.31 o and 
the walls  of the vee subtend an angle of 79.52 ~ 

Results 
Br2:CH~OH etching was pe r fo rmed  at  room tem-  

pe ra tu re  on pol ished wafers  of boa t -grown,  S i -doped  
GaAs wi th  n ---- 2 X 10 is cm-3.  The subst ra tes  were  
subsequent ly  coated wi th  a 5000A vapor  deposi ted SiO2 
film into which  the etching mask  pa t t e rn  was photo-  
l i thographica l ly  defined. Using the "pinhole a l ignment  
method"  descr ibed ear l ie r  by  Tarui  et al. (3) the de -  
s ired mask  or ienta t ion wi th  respect  to the  [011] was 
determined.  The SiO2 etching mask  consisted of a fan-  
shaped pa t t e rn  shown in Fig. 1. Each leg of the fan, 
where  the  SiO2 had been removed,  was 25.4 ~m wide 
and the legs were  a r ranged  in 1O ~ increments  over  a 
90 ~ field. A cent ra l ly  located leg of the  pa t t e rn  was 
al igned normal  to the (011) cleavage plane.  

A fan etched in a 0.1 volume per  cent (v /o)  Br2 in 
CH3OH mix tu re  for 25 min confirmed the Tarui  et al. 
resul ts  (3). Our  resul ts  are  shown in Fig. 2. Note, in 
the scanning e lect ron micrograph  of the surface, the  
format ion  of a vee-shaped  t rench occurs along the 
center  [01~] leg only. The o ther  legs form reverse  
mesa s t ructures  discussed by  Tarui  et al. (3). The 
format ion  of r ec tangu la r  etch pits  in oxide pinholes  
was also noted and expected.  

A sample  was also etched in 5% Br2:CHH3OH for 15 
min. Scanning e lec t ron micrographs  of the resul ts  a re  
shown in Fig. 3. The format ion  of a vee - shaped  t rench 
was noted not  only in the center  leg of the  fan, a l igned 
normal  to the (011), but  also in the  legs or iented at  
+_i0 ~ to this normal.  Note the  format ion  of scal loped 
wal ls  in the center  leg. Other  legs were  observed to be 
" reverse -mesa"  geometries.  
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Fig. 1. The alignment and geometric sizes are shown in this 
photograph of the fan pattern delineated on the (100) surface of 
a GuAs suhstrate. 

Anothe r  impor t an t  difference be tween  the two con- 
centrat ions can be seen in the  resu l tan t  geometr ies  of 
the  etch pits  fo rmed in the oxide pinholes.  Two micro-  
g raphs  of these etch pits  fo rmed  b y  the 0.1% (a) and 
5.0% (b) Br2:CH3OH solut ions are  shown in Fig.  4. 
The long sides of the  d i amond-shaped  pit, p roduced 
by  the 5% solution, form an 11 ~ angle wi th  a l ine b i -  
sect ing the two acute angles of the  diamond.  This l ine 
lies pe rpend icu la r  to the  (01~) cleavage plane.  This 
difference in etch pi t  geomet ry  is due to the  de l inea t ion  
of a set of hab i t  planes  o ther  than  the  { l l l } G a  planes.  
The planes  forming the sides of the  d i amond-shaped  
e tch p i t s  were  found to be  the  {332}Ga planes.  

To confirm the  resul ts  ment ioned  above, two slices 
were  etched in a 5% Br2:CHzOH solution. The first 
slice had windows (125 ~m~ wide on 508 #m centers)  
a l i n e d  pe rpend icu la r  to the  (011) and the second slice 
had  windows a l igned 11.3 ~ off the  normal  to the  (011). 
To rei terate ,  the  11.3 ~ angle  is the angle of in tersect ion 
be tween  the apex of the  vee trench,  fo rmed by  

Fig. 2. This photograph shows the results of etching the fan 
pattern in a 0.1% Br2:CH3OH solution. Trench cross sections are 
also shown. 

{332}Ga planes,  and the normal  to the (01i-) c leavage 
plane. The walls  of the  resu l tan t  vee in the  second 
slice would  then be  the  {332}Ga planes.  I f  these wal ls  
are smooth as opposed to the  scal loped wal ls  of the  vee 
t rench of the first slice, then  one can infer  tha t  the  
h igher  concentrat ion solut ion prefers  the  {332}Ga 
planes.  

The micrographs  in Fig. 5 show the resul ts  of the  
etching of the  two slices in the  5% Br2:CH~OH solu-  
tion. Micrograph (a) depicts  the  resu l tan t  t rench p ro -  
duced in a window al igned pe rpend icu la r  to the  (011) 
while  mic rograph  (b) shows the t rench  formed in the  
window al igned para l l e l  to the [023] di rect ion which 
is 11.3 ~ off the  [011] axis. The scal loped wal ls  of the  
top figure show the del ineat ion  of planes  which  are  not 
pe rpend icu la r  to the  (011). The smooth walls  of the 
lower  figure show the resu l tan t  and p re fe r r ed  {332}Ga 
hab i t  planes.  

Fig. 3. These three scanning 
electron micrographs show the 
shape of the three legs of the 
fan pattern etched in 5% Sr2: 
CH3OH. Note the center leg 
which is aligned parallel to the 
[011] has serrulated walls 
while the two trenches aligned 
~-10 ~ to it are smooth. 
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Fig. 4. Pinholes etched by a 0.1% (a) and 5.0'% (b) Br2:CHsOH 
solution are shown in these scanning electron micrographs. 

A cleave through the [023] aligned windows and 
subsequent  measurement  of the angle formed between 
the intersecting wa l l s  should give a result  relat ing to 
the angle of intersection of the {332}Ga planes. How- 
ever, since the cleave does not pass through the vee 
perpendicularly,  the projected angle of the apex onto 
the (011) cleavage plane is calculated to be 80.6 ~ in -  
stead of the angle 79.52 ~ be tween (332) and (332). The 
measured angle was found to be 79 ~ ___ 2. Had the planes 
been ( l l l ) G a  the corresponding angle is calculated to 
be 70.53 ~ . This evidence confirms the interpreta t ion that  
{332}Ga habit  planes appear with etching in 5% 
Brs: CH~OH. 

Fig. 5. The formations of vee trenches by a 5% Br~,:CH3OH are 
shown in these scanning electron micrographs. The windows were 
aligned (a) perpendicular to the (011) and (b) 11.3 ~ off the normal 
to the (01i) plane. Note the serrulated walls of the top photograph. 

The shifting of habit  planes due to concentrat ion 
changes is felt to be related to chemical potentials. 
Etching with concentrations up to 20% were t r ied in 
hopes of shifting the habit  planes to the {110} planes. 
These experiments  all  yielded the same results as the 
5% solution. However, it  was found that  above 1% 
the solution is reasonably conductive. Hence, experi-  
ments  with electrical bias applied to the slice dur ing 
etching with a 5% solution of Br2:CHsOH were per-  
formed. The procedure and init ial  results of etching 
the fan-shaped pa t te rn  are presented below. An abil i ty 
to shift to other planes by means of an applied bias 
proved fruitless. However, the Brz:CH3OH etch was 
made isotropic with the application of a positive bias 
to the slice. 

Electrical experiments  were conducted using GaAs 
substrates (n- type)  which had a fan  mask delineated 
in an SiO2 layer on the substrate. Electrical access to 
the sample was made via a spark contacted Sn -Au  
wire to an area near  the edge of the slice. After  the 
unmasked  surface was mounted  to a glass slide, a 
l iberal  coating of wax was applied to cover the wire 
contacted area to prevent  electrical shorting to the 
etching solution. The samples were then negat ively or 
positively biased during etching in a 5% solution of 
Br2: CHaOH. 

Figure 6(a) shows the results obtained with nega- 
tive bias ( - -6V).  The photograph on the left shows the 
control slice etched in the same solution, but  without  
bias. Although no difference in the crystallographic 
properties of the etching solution were noted, a de- 
crease in  etching rate resul ted with the negative bias. 
The photograph on the r ight  shows the results of the 
biased sample. Both samples were etched for 20 rain. 
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Fig. 6. These photographs show 
the results of electrically biasing 
samples during a 5% Br2:CH30H 
etch of fan shaped patterns. 

Figure 6(b)  shows photographs of a control (left) 
and a sample etched for 2 rain in  a 5% solution with a 
positive (+6V)  bias applied. Note the exaggerated 
undercu t t ing  and increased etch rate of the biased sam- 
ple. The results were expected. However, note the 
change in t rench shape due to the etchant with the 
sample biased at a positive potential.  Figure 7 shows 
the etched fan (a) and a photograph of a cleave 
through the legs to show the t rench geometries (b).  
Figure  7(c) shows the type of etch pits formed with 
a positive bias applied to the sample dur ing etching. 
Note that  they are circular! These facts suggest that  
the etch has become isotropic. The application of a 
higher potential  (+40V) produced crystallographically 
shaped vee trenches with reverse-mesa shaped den-  
drites superimposed over isotropic trenches. 

Conclusion 
Using fan-shaped windows delineated into an etch- 

ing mask and etching with various concentrations of 
Br2:CHsOH, we were able to observe the character-  
istics of the resul tant  trenches along different or ienta-  
tions. At concentrations greater  than  1% by volume, 
a change was noted in  the number  of legs which 
formed vee trenches, and the wall  smoothness of these 
trenches. Legs oriented at • ~ (to the original vee 
formed at lower concentrations) flipped from reverse 
mesas to vee trenches. A change in  the characteristic 

shapes of etched pinholes was also noted as the concen- 
t ra t ion of Br2 was increased. Lower concentrations 
formed predicted rectangular  pits while pits at higher 
concentrations were diamond shaped. 

Angular  measurements  from the fan pat tern  and 
diamond-shaped etch pits suggested that  the habit  
planes for the higher concentrat ions were {332}Ga 
planes. The etching of smooth walled vee trenches, 
11.3 ~ off the normal  to the (01~) cleavage plane, sup- 
ported this assumption. Measurements  of various angles 
formed by  these offset trenches confirmed the ob- 
servation that Br2:CHsOH concentrations greater than 
1-2% by  volume prefer the {332}Ga planes as p r in -  
cipal habit  planes. At concentrations greater  than  1-2%, 
the Br2: CH8OH etching solution was found to be con- 
ductive. It was also found that  the application of an 
electrical bias to the sample dur ing etching produced 
interest ing results. A negative bias reduced the etch- 
ing rate without  changing the crystallographic prop-  
erties of the Br2: CI-I~OH etch. The use of a positive bias 
produced two changes in  the etchant 's  properties: (i) 
increased etching rate, and (ii) a change in the shape 
of the resul tant  etch pits and t rench geometries sug- 
gesting that the Br~_: CH3OH is isotropic in  this case. 

Acknowledgment 
We would l ike to acknowledge R. W. Dixon for his 

informative discussions and encouragement,  and R. A. 



1680 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY December 1975 

Fig. 7. The results of etching with a ~-SV bias in a 5% Br2: 
CH~OH solution are shown in these photographs. Of interest is the 
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Polycrystalline Silicon on Coated Steel Substrates 

T. L. Chu,* H. C. Mollenkopf, and Shirley S. Chu 
Institute oi Technology, Southern Methodist University, Dallas, Texas 75275 

ABSTRACT 

~Steel is the most economical substrate for the deposition of silicon. At tem-  
peratures used for the chemical vapor deposition of silicon, however, a barr ier  
layer must  be used to prevent  the diffusion of iron from the substrate into 
the silicon layer. Tungs ten  was found to be ineffective as a diffusion barr ier  
when silicon was deposited by the thermal  decomposition of silane at 900~ 
and above. Borosilicate deposited by the oxidation of a s i lane-diborane  mix-  
ture  was found to be an effective bar r ie r  at temperatures  up to 1150~ Silicon 
deposited on borosilicate/steel substrates is polycrystalline. The microstructure 
and crystallographic properties of silicon depend ~trongly on the substrate 
temperature,  deposition rate, and extent  of doping. Silicon layers deposited at 
low temperatures  and high rates consist of small  crystallites with a strong 
preferred {110) orientation, while those deposited at high temperatures  and low 
rates consist of larger crystallites with more random orientation. Silicon p - n  
junct ions  deposited on borosil icate/steel  substrates show poor electrical char- 
acteristics because of the high concentrat ion of grain boundaries,  and solar 
cells have low conversion efficiencies. 

Polycrystal l ine silicon has found increasing applica- 
tions in device technology dur ing  the past few years. 
For example, polycrystal l ine silicon film deposited on 
an oxidized single crystal l ine silicon substrate has been 
used for the fabricat ion of p -channel  field-effect t r an-  
sistors, and the characteristics of these transistors were 
very similar  to those of control devices fabricated from 
single-crystal l ine silicon (1). The deposition of poly- 
crystall ine silicon on silicon dioxide-silicon structures 
is also an impor tant  process in the fabrication of sili- 
con-gate MOS structures and for dielectric isolation in 
s ingle-crystal l ine silicon devices (2, 3). The s tructural  
and crystallographic properties of polycrystal l ine sili- 
con for the si l icon-gate and dielectric isolation are not 
as critical as those for the field-effect transistor since 
polycrystal l ine silicon is not in the active region of 
the devices in the former case. 

The recent interest  in  the uti l ization of solar energy 
by photovoltaic converters, under, the impetus of the 
energy crisis, has s t imulated considerable research and 
development  on the fabrication of solar cells for ter-  
restrial  applications. The use of polycrystal l ine silicon 
layers on suitable substrates appears to be a promising 
approach for the fabrication of low-cost solar cells. 
Ideally, these substrates should be of low cost, l ight 
weight, high electrical conductivity, high heat  capacity, 
and low chemical reactivi ty toward silicon at high 
temperatures,  and they should have a thermal  expan-  
sion coefficient similar  to that  of silicon. Such sub-  
strates have not been found. In  this work, steel was 
selected as the substrate for the deposition of silicon 
since it is readi ly avai lable in sheet form at low cost, 
$0.I0-0.15/lb. The thermal  decomposition of silane in a 
gas flow system was used for the deposition of silicon. 
The exper imental  procedure used for the deposition 
process and the properties of deposited silicon layers 
are summarized in  this paper. 

Necessity for Diffusion Barrier in the Silicon-Steel 
System 

The deposition of silicon by the thermal  decomposi- 
tion of silane in a gas flow system should be carried 
out at substrate temperatures  above 700~ to obtain 
reasonable deposition rates, 1 ~m/min  or higher. How- 
ever, the use of high temperatures  is not compatible 
with the silicon-steel system. A major  difficulty is that 
the thermal  expansion coefficients of most low-cost 
steels are 3-4 times higher than  that  of silicon. Also, 
silicon and iron diffuse rapidly into each other at high 

* Electrochemical  Society Act ive  Member .  
Key words: borosit icate,  diffusion barr ier ,  silicon, steel, subst ra te ,  

vapor  deposition. 

temperatures.  The phase diagram of the iron-si l icon 
system indicates the existence of four silicides, Fe3Si, 
FesSi3, FeSi, and FeSi2, which have metallic prop- 
erties (4). The deposition of silicon on steel at t em-  
peratures above 800~ was found to produce a solid 
solution of iron disilicide in  silicon. To minimize the 
diffusion of iron, a diffusion barr ier  must  therefore be 
applied to the surface of steel substrates before the 
deposition of silicon. The diffusion barr ier  may also 
be used to buffer the effects of the large difference in 
the thermal  expansion coefficients of silicon and steel. 

A metallic diffusion bar r ie r  is preferred for solar 
cells so that the substrate can serve as an ohmic con- 
tact. On the basis of various metal-s i l icon and metal -  
iron phase diagrams (4) tungsten  was selected. Tung-  
sten is readily deposited by the hydrogen reduct ion of 
tungsten hexafluoride (5), and its thermal  expansion 
coefficient (4.2 • 10 -6 ~ -1) is very  similar to that  of 
silicon (3.6 X 10 -6 ~ In  addition, the usefulness 
of silica (amorphous silicon dioxide) as a diffusion 
barr ier  was investigated, as silica is known to be 
capable of prevent ing  the diffusion of many  impuri t ies  
into silicon (6). Since the thermal  expansion coeffi- 
cient of silicon is several times smaller than those of 
silicon and iron but  can be increased by the addition 
of boron oxide, the use of borosilicate as a diffusion 
barr ier  was also studied. Both silica and borosilicate 
are readily deposited by chemical reactions, silica by 
the oxidation of silane (7) and borosilicate by the 
oxidation of a s i lane-diborane mix ture  (8). The com- 
position of borosilicate can be adjusted to have a ther-  
mal expansion coefficient similar  to that of silicon. 

Deposition of Silicon on Coated Steel Substrates 
U.S. Steel Vit renamel  I, a low carbon steel sheet used 

for porcelain enamel ing applications, and Armco sili- 
con steel, with a large grain s t ructure  for use in t rans-  
formers, were selected as substrate materials.  The 
deposition apparatus is shown schematically in Fig. 1. 
The flow of various gases was controlled by appropriate 
valves and measured by  flow meters. Hydrogen purified 
by diffusion through a pal ladium-si lver  alloy was used 
as a di luent  in all deposition reactions. The reaction 
tube was made of fused silica and had an ID of 55 ram. 
The substrates were supported on a si l icon-carbide- 
coated graphite susceptor, which was heated external ly  
by an rf generator. Prior to the deposition process, the 
substrates were heated in  hydrogen at 900~176 to 
remove the iron oxide film from the surface. 

The deposition of tungs ten  was carried out at 750 ~ 
900~ using hydrogen and tungs ten  hexafluoride flow 
rates of 20 l i t e r s /min  and 8-20 ml /min ,  respectively. 
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Fig. 1. Schematic diagram of 
the apparatus for deposition of 
diffusion barriers and silicon on 
steel substrates. 
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Tightly adherent  layers of tungs ten  were obtained at 
deposition rates of 0.3-0.8 ~m/min.  When the deposi- 
tion of tungsten  was followed by the deposition of 
silicon at 900~ or above using hydrogen containing 
0.1-0.5% silane at a flow rate of 20 l i t e r s /min  (9), the 
deposit always exhibited a grain s tructure similar  to 
that of the substrate, and centimeter-size crystallites 
were obtained on silicon steel substrates. However, the 
silicon was always n - type  with very low electrical re-  
sistivity, less than  10 -8 ohm-cm by spreading re-  
sistance measurements,  and .chemical analysis also 
showed the presence of iron. Thus, the deposit consisted 
of a solid solution of i ron disilicide in  silicon, showing 
that tungsten  was not able to prevent  the diffusion of 
i ron at 900~ and above. This is due presumably  to the 
polycrystal l ine na ture  of deposited tungsten,  where 
the diffusion rate of iron along the grain boundaries is 
considerably higher  than  that  through the bulk. As the 
temperature  of silicon deposition was decreased, the 
electrical resistivity of the silicon increased. The sili- 
con deposited at 800~ for example, was n - type  with a 
resistivity of about 1 ohm-cm, indicating that the diffu- 
sion of i ron was considerably reduced. Figure 2 shows 
the vertical cross section of a s i l icon/ tungs ten/USS Vi- 
t renamel  I specimen prepared at 800~ where the 
columnar  s tructure of tungsten  is apparent.  

The deposition of silica in steel substrates was car- 
ried out at 800~176 using hydrogen, silane, and oxy- 
gen flow rates of 20 l i ters /min,  25 ml /min ,  and 250 ml /  
min, respectively. Silica films of 3-5 ~m thickness were 
adherent  to the substrate and served as a good barr ier  

against the diffusion of iron, as indicated by the high 
electrical resistivity of silicon subsequent ly  deposited at 
1100~ However, cracks were sometimes observed in 
the silica film, due presumably  to the large difference 
between the thermal  expansion coefficients of silica and 
steel. This difficulty was overcome by adding diborane 
to the reactant  mix ture  to deposit borosilicate as the 
diffusion barrier.  At temperatures  above 450~ the 
B203/SIO2 molar ratio in borosilicate is very similar to 
the B2H6/SiH4 molar ratio in the reactant  mixture  (8). 
To obtain borosilicate with a thermal  expansion coeffi- 
cient similar to that of silicon, the B2H6/SiH4 molar 
ratio should be approximately 1:5. Using hydrogen, 
silane, diborane, and oxygen flow rates of 20 l i ters /  
rain, 25 ml /min ,  5 ml /min ,  and 250 ml /min ,  respec- 
tively, the deposition rate of borosilicate was approxi-  
mately  0.25 ~m/min  at 900~ At lower flow rates of 
silane and diborane, the deposition rate was directly 
proportional to the flow rates of the hydrides. 

Following the deposition of borosilicate on steel sub- 
strafes, silicon was deposited at 900~176 at rates 
of 0.2-2 ~m/min.  Tightly adherent  layers were ob- 
tained in all cases. Figure 3 shows the mechanically 
polished and chemically etched (Sirtl  etch, 10 sec) 
vertical cross section of a s i l icon/borosi l icate/USS Vi- 
t renamel  I specimen prepared at 900~ where the 
thicknesses of borosilicate and silicon are approxi-  
mately  5 ~m and 55 ~m, respectively. The grain struc- 
ture in silicon is revealed by etching. Silicon deposited 
without in tent ional  doping was n - type  with an elec- 

Fig. 2. Vertical cross section of a sflicon/tungsten/USS Vitre- 
namel I specimen prepared at 800~ 

Fig. 3. Mechanically polished and chemically etched vertical 
cross section of a silicon/borosilicate/USS Vitrenamel I specimen 
prepared at 900~ 
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t r ical  res is t iv i ty  of severa l  hundred  ohm-cent imete rs ;  
this high electr ical  res is t iv i ty  could be due to gra in  
boundar ies  arm m a y  not be a good measure  of the  do-  
pant  concentrat ion.  

Silicon specimens deposi ted on boros i l ica te /s tee l  sub-  
strafes at 900~176 were  analyzed  by  the ion-probe  
mass spect rometr ic  technique using an O2 + beam to 
spu t te r -e tch  the surface of the specimen. The concen- 
t ra t ion  of i ron was found to be be low the detect ion 
limit:, about  1 ppm. Al though the ion beam removed  
only the surface layer  of silicon, any  iron present  
should have been un i fo rmly  d is t r ibu ted  due to the  
high diffusion coefficient of i ron in silicon at the de-  
posi t ion t empera tu res  used. 

Properties of Polycrystall ine Silicon on 
Borosi l icate/Steel  

Since borosi l icate  deposi ted on steel  is amorphous,  
silicon deposi ted on boros i l ica te / s tee l  subs t ra tes  is 
s imi lar  in p roper t ies  to silicon deposi ted on silicon 
dioxide or silicon n i t r ide  (10-12). Its micros t ruc ture  
was found to depend s t rongly  on the subs t ra te  t em-  
perature ,  deposi t ion rate,  and ex ten t  of boron doping. 
In  general ,  si l icon deposi ted at low t empera tu res  and 
high rates  wi thout  in tent ional  doping consists of smal l  
crystal l i tes .  The size of crys ta l l i tes  increases wi th  in -  
creasing deposi t ion tempera ture ,  decreasing deposi t ion 
rate,  or the  incorpora t ion  of high concentrat ions of 
boron (102o cm -8, for example ) .  F igure  4 shows the 
micrographs  of mechan ica l ly  pol ished and chemical ly  
etched surfaces of four  sil icon films of about  20 ~m 
thickness  deposi ted under  var ious  conditions.  Undoped 
silicon deposi ted at 900~ at a ra te  of 2 ~m/min  showed 
a f iber - l ike  s t ruc ture  (Fig. 4A).  When  the deposi t ion 
ra te  was reduced to 0.2 ~m/min,  smal l  c rys ta l l i tes  of 
less than  1 ~m size dominated  (Fig. 4B). The size of 
the crysta l l i tes  was increased apprec iab ly  by  doping 
wi th  a high concentra t ion of boron (Fig. 4C) and was 
fur ther  increased by  increasing the deposi t ion t em-  
pe ra tu re  to 1000~ (Fig. 4D). The la rges t  c rys ta l l i te  
was about  5 ~m in size, and the crys ta l l i te  size also 

increased with increasing thickness of the silicon layer. 
Furthermore, diborane was found to enhance the dep- 
osition rate of polycrystalline silicon as reported by 
others (13). 

The crystallographic properties of many silicon lay- 
ers deposited on bo~:osilicate/USS Vitrenamel I sub- 
strates at 900~176 and at 0.2-2 ~m/min containing 
various concentrations of dopants were examined by 
the x-ray diffraction technique using CuK~ radiation. 
Polycrystalline silicon powder of random orientations 
is known to show three strong diffraction peaks as- 
sociated with {Iii}, {220}, and {311} reflections, with 2~ 
values of 28.4 ~ , 47.3 ~ , and 56.1 ~ , and relative inten- 
sities of I00, 60, and 35, respectively (14). The {220}/ 
{iii} intensity ratio in the diffraction spectra of the 
silicon layers was found to vary considerably with 
deposition conditions. In general, very large {220}/ 
{iii} intensity ratios were observed in layers deposited 
at low substrate temperatures, high deposition rates, 
and low concentrations of dopants. This ratio decreases 
with increasing substrate temperature, decreasing dep- 
osition rate, or the introduction of a high concentration 
of dopants (boron or phosphorus). Two extreme cases 
are shown in Fig. 5. Figure 5A shows the diffraction 
sFectrum of an undoped silicon film deposited at 900~ 
at a rate of 2 ~m/min; the (220}/{iii} intensity ratio is 
approximately I000, indicating that the crystallites 
show a strong {II0} preferred orientation. Figure 5B 
shows the spectrum of a 0.002 ohm-cm boron-doped 
silicon film deposited at II00~ at a rate of 0.2 ~m/ 
rain; the {220}/{iii} intensity ratio is approximately 
2.5, indicating that the crystallites are more randomly 
oriented. 

The conductivity type and electrical resistivity of 
silicon films on borosi!icate/USS Vitrenamel I sub- 
strates were readily controlled by using diborane and 
phosphine as dopants in the reactant mixture (9). 
Many p-n junctions were prepared by varying the 
dopant concentrations during deposition. An example 
of the resistivity profile of such a structure, obtained by 
using a spreading resistance probe along the angle- 

Fig. 4. Mechanically polished and chemically etched surfaces of silicon layers of 20 ~m thickness deposited on borosilicate/USS Vitre- 
namel I substrates. (A) Undoped silicon deposited at 900~ at 2 #m/min, (B) undoped silicon deposited at 900~ at 0.2 Fm/min, (C) boron- 
doped silicon deposited at 900~ at 0.2 Fm/min, and (D) boron-doped silicon deposited at 1000~ at 0.2 ~m/min. 
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Fig. 5. X-ray diffraction spectra of silicon layers deposited on 
berosilicate/USS Vitrenamel I substrates. (A) Undoped silicon 
deposited at 900~ at 2 #m/rain, and (B) 0.002 ohm-cm boron- 
doped silicon deposited at 1100~ at 0.2 #m/min. 

lapped surface of a specimen (15), is shown in Fig. 6, 
where the specimen was prepared by successively de- 
positing 5 ~m of boros]licate (not shown),  35 ~m of 
0.002 ohm-cm p- type  silicon, 5 ~m of undoped silicon, 
and 10 ~m of 0.3 ohm-cm n- type  silicon on an USS 
Vitrenamel  I substrate. The initial, re lat ively thick, 
boron-doped silicon layer  was used to improve the mi-  
crostructure of silicon in the junc t ion  region. Using 
masking and etching techniques, mesa diodes of 0.5 mm 
diameter  were isolated. The electrical characteristics of 
a typical diode are shown in Fig. 7. The "n" value cal- 
culated from the forward characteristics is about 3.9 
as compared with 1.5-1.9 for s ingle-crystal l ine silicon 
p -n  junct ions at low voltages; this high "n" value is 
presumably  related to the carrier recombinat ion at 
grain boundaries.  The grain boundaries also contr ibute  
to the relat ively high reverse current.  Because of the 
poor junct ion  characteristics, solar cells fabricated 
from the s tructure n+-s i l i con /p -s i l i con /p+-s i l i con /  
borosil icate/USS Vitrenamel  I were found to have low 
conversion efficiencies, less than 0.5%. 

Summary 
Borosilicate has been found to be an effective barr ier  

against the diffusion of i ron into silicon at temperatures  
up to 1150~ Silicon has been deposited on borosili- 
cate/steel substrates at 900~176 by the thermal  de- 
composition of silane. The deposited silicon is poly- 
crystalline, and its microstructure and crystallographic 
properties are affected by the substrate temperature,  
deposition rate, and extent  of doping. Silicon layers 
deposited at low temperatures  and high rates consist 
of small  crystallites with a strong preferred (110) ori- 
entation, while those deposited at high temperatures  
and low rates consist of larger crystallites with more 
random orientations. Silicon p -n  junct ions deposited on 
borosilicate/steel substrates exhibit  poor electrical 
characteristics, and solar cells have low conversion 
efficiencies. 
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Low Surface Concentration of Boron in Silicon 
by Diffusion Through Silicon Dioxide 

W. yon Muench and C. Gessert 

Institut A fuer WerkstofIkunde,  Technische Universitaet, D-3000 Hannover, Germany 

ABSTRACT 

It is shown that the diffusion of boron through a thin silicon dioxide layer 
can be used to control the surface acceptor concentration in silicon within the 
range from 5 X 1015 to 2 X 102o cm -:~, with the junction depth varying from 
0 to 15 ~m. The diffusion constant of boron in SiO2 was determined to be 
D1 = 3.4 X 10 -6 exp (--2.60 eV/kT) cm2/sec, for a boron surface concentration 
of about 2 X 1019 cm -3. Examples for the technical application of this method 
are briefly discussed. 

Silicon dioxide is extensively used for masking pur -  
poses in the silicon p lanar  technology. Consequently, 
the ma in  objective of the early work on impur i ty  
diffusion in  silicon dioxide was an examinat ion  of those 
exper imental  conditions for which the l imit  of com- 
plete masking is reached (1, 2). In the technology of 
I I I -V compounds, on the other hand, the method of 
diffusion through a thin protective layer  has served 
main ly  to el iminate surface erosion problems (3, 4). It 
was pointed out also that  diffusion through a solid 
layer  into a semiconductor body can facilitate the gen-  
erat ion of specific impur i ty  concentrat ion profiles (5). 
More recently, it was observed that  a thin (,-~100A) 
layer  of silicon dioxide grown by hot nitr ic acid 
cleaning of silicon wafers may have a significant in-  
fluence on the impur i ty  surface concentrat ion obtained 
by subsequent  diffusion from a solid source layer  (6, 7). 
The diffusion of gal l ium through silicon dioxide films 
into silicon was studied recent ly by MOS techniques 
(8). It is the purpose of this contr ibut ion to demon- 
strate the possibility of achieving surface concentra-  
tions in the 5 X 10 x5 to 2 X 102o cm-~ range with good 
reproducibil i ty by diffusion of boron through a silicon 
dioxide layer of appropriate thickness. This technique 
is useful especially for devices comprising regions with 
low and high surface concentrations of the same con- 
ductivi ty type (or shallow and deep p - n  junct ions) .  

There are numerous  experiments  on boron diffusion 
reported in the l i terature.  A survey on these results 
has been published recently by Ghezzo and Brown (9). 

K e y  words:  boron diffusion, silicon dioxide,  junction depth, sheet  
resistivity.  

The result ing figures for the diffusion coefficient of 
boron in silicon dioxide are covering a very large range 
(e.g., activation energy from 2.38 to 3.58 eV). While 
some of the discrepancies may be proper ly  explained in  
terms of a concentrat ion dependent  diffusivity, it is 
felt that the various exper imental  conditions (e.g., type 
of source) must  also be taken into account in an assess- 
ment  of the diffusivity data. In  view of the part icular  
nature  of the source mater ia l  employed by the au-  
thors (boron-doped silicon powder),  a redeterminat ion 
of the diffusion constant of boron in silicon dioxide 
and a comparison with published data seemed to be 
useful. 

Theory 
The one-dimensional  theory for the diffusion of im- 

purit ies from a semi-infinite high-diffusivity source 
(gas phase) through a par t ia l ly  masking layer into a 
semiconductor body has been developed previously (2). 
With notations according to Fig. la  one obtains the 
following expression for the diffused impur i ty  concen- 
trat ion in silicon 

C2(x't)=m(1--am~176 L1 § 
[1] 

where m is the distr ibution coefficient, D1 the diffusion 
coefficient in silicon dioxide, D2 the diffusion coefficient 
in silicon, and Lx : 2A/Dlt: L~ -~ 2x/D2t, a= (m -- r ) /  
(m + r) ,  r ---- ~/D1/D2 (t ---- diffusion t ime) .  
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Fig. 1. Impurity concentration profile to be obtained by diffusion 
through silicon dioxide. (a) Diffusion from gas phase. (b) Diffusion 
with shallow predeposition. (c) Diffusion with deep predeposition. 

If the bulk  contains a uni form impur i ty  concentra-  
t ion CB of opposite conductivi ty type than  the diffusant, 
a p -n  junct ion  will result  at a depth xj which is de- 
termined by setting C~ (x,t) = CB in  Eq. [1]. For the 
condition of almost complete masking, i.e., xo/L1 > 
xj/L2, Xo/L1 ~ 0.7 ,  only the zero order term needs to 
be retained in the summation.  This yields a simple 
relationship between the junct ion  depth and the oxide 
thickness 

1 CB 
xj = -- - -  Xo + L2 arg erfc [2] 

r m(1  -- a)Co 

from which r may be deduced. Plot t ing xj vs. Xo for a 
series of diffusion exper iments  with varying tempera-  
ture, one obtains the difference of the activation en-  
ergies of the diffusion in  silicon dioxide (El) and in 
silicon (E2) 

1 1 ~ - l l n  r2(T1) E1 -- E2 -- 
kT2 kT1 / r~(T2) [3] 

In practice, the diffusion from an infinite gaseous source 
is often employed dur ing  the init ial  stage of the diffu- 
sion process only. In this case, a th in  solid source is 
formed within the top layer dur ing the predeposition 
step; a redis t r ibut ion of impuri t ies  then takes place 
during the main  diffusion cycle (Fig. lb ) .  Due to the 
l imited amount  of impur i ty  atoms available in this case, 
the concentrat ion Ca will be lower than predicted by 
Eq. [1]. Alternat ively,  a prolonged predeposition may 
produce an impur i ty  distr ibution according to the 
hatched area of Fig. lc. The main  diffusion will then 
yield a final dis t r ibut ion which is close to that of Eq. 
[1] if the total diffusion time is of the same order of 
magni tude as the predeposition time. 

Experimental  
N-type silicon wafers of ( i l l ) o r i e n t a t i o n  were care- 

fully cleaned in organic solvents, boil ing nitric acid, 
and distilled water. These wafers were oxidized at 
1050~ in  a dry oxygen stream with a flow rate of 12 
l i ters/hr .  The oxidation t ime was varied between 20 
and 180 min  in order to produce oxide layers in the 
500-1800A range. The oxide thickness was measured 
with a "Dektak" surface profile measur ing ins t rument  
(Sloan Corporation) with an estimated accuracy of 
__10A for SiO2 layers up to 1000A and •  for 
thicker SiO2 layers. The boron predeposition step was 
performed in a sealed quartz system with a powdered 
si l icon/boron source (NA = 2 • 10 z0 cm-8) .  Experi-  
ments for the reevaluat ion of the boron diffusion co- 
efficient in  SiO2 were carried out in the 1000~176 
temperature  range, the diffusion time (1-20 hr) being 
adjusted to yield a junct ion  depth sufficiently large for 
evaluation. The bulk  donor concentrat ion was 5 • 10 TM 

c m - 3 .  

The generat ion of low-concentra t ion boron diffused 
layers in silicon requires a two-step process. The elec- 
trical data of the bu lk  silicon and the predeposition 
conditions per ta ining to the four series of experiments 
(A-D) described in this paper are summarized in Table 
I. The main  diffusion (dr ive- in  step without external  
source) was performed in an open-flow system at 
1150 ~ C with a slightly oxidizing ambient  (50 ] i ters /hr  
ni trogen plus 0.5 l i t e r /h r  oxygen).  The diffusion time 
ranged from 1 to 128 hr. S tandard  four-point  probe and 
beveling techniques were employed to determine the 
sheet resistivity and the junct ion  depth. 

Results and Discussion 
The exper imental  relat ion between the normalized 

Sunction depth, x y \ / t ,  and the normalized oxide thick- 
ness, xo/\/-[., is plotted in Fig. 2. From the straight lines 
fitting the experimental  data one obtains the boron 
diffusion constant D1 and the activation energy E1 ac- 
cording to Eq. [2] and [3]. Using recently published 
data for the boron diffusion in silicon by Fair  (10) it 
is concluded that the diffusion constant  of boron in 
silicon dioxide is 

Dz = 3.4 • 10 -6 exp (--2.60 e V / k T )  cm2/sec 

with a boron/si l icon source (2 • 102o boron atoms/  
cm~). This result  is compared in Table II with l i tera-  
ture data, taken from the summary  compiled by Ghezzo 
and Brown (9). In Table II the diffusion constants are 

Table !. Electrical data of bulk silicon and diffusion conditions for experimental series A-D 

A B C D 

B u l k  r e s i s t i v i t y  pB ( o h m - c m )  
B u l k  d o n o r  c o n c e n t r a t i o n  Cs  (cm-S) 
P r e d e p o s i t i o n  t e m p e r a t u r e  (~ 
P r e d e p o s i t i o n  t i m e  (rain)  
M a i n  d i f fu s ion  t e m p e r a t u r e  (~ 
M a i n  d i f f u s i o n  t i m e  (hr)  

6.7-8.7 0.48-0.8 
5.2 • 1014-7 x 10 z~ 6.4 x 1015-1.3 • 10 ~6 

1000 1150 1000 1150 
60 60 

1150 1150 
1-128 1-128 
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Table II. Summary of boron diffusion constants in silicon dioxide D1 ---- Do exp - -  E1/kT 

1687 

Sur face  b o r o n  
concen t r a t i on ,  

Source  Do (cm~/sec) E1 (eV) Cs (cm -~) R e s e a r c h e d  b y  au tho r ( s )  

Boros i l i ca t e  7.4 X 10 -4 3.58 4-8 x 1O ~ B a r r y  a n d  Olofsen  (1969) 
Boros i l i ca t e  3.0 x 10 -~ 3.56 2 x 10 ~~ S c h w e n k e r  (1971) 
Boros i l i ca t e  3.2 x 10 -4 3.53 <3 x 10 ~~ B r o w n  a n d  K e n n i c o t t  (1971) 
B~O~ v a p o r  1.2 x 10 -I  3.39 6 x 1O TM H o r i u c h i  and  Y a m a g u c h i  (1962) 
Boros i l i ca t e  1.6 x 10 ~ 2.82 7 X 10 TM S c h w e n k e r  (1971) 
B / S t  3.4 x 10 -e 2.60 ~ 2  X l0 ~9 Thi s  w o r k  
B~C)~ v a p o r  7.2 x 10 ~ 2.38 1018-10 ~ T h u r s t o n  et aL (1961) 

l is[ed in the order  of decreasing act ivat ion energy.  I t  
is obvious that  the  act ivat ion energy increases wi th  
increasing boron concentrat ion.  The surface concen- 
t ra t ion  Cs of this  work  was es t imated f rom the ex t r apo-  
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Fig. 2. Normalized junction depth vs. normalized oxide thickness, 
obtained by boron diffusion through SiO2 (bulk concentration C~ "-  
5 X 10 ~ cm~3). 
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Fig. 3. Relation between oxide thickness, diffusion time, junction 
depth, and sheet resistivity (predeposition at 1000~ CB ~- 
5 X 1014 cm -s ,  series A). 

Table III. Approximate limits of junction depth and sheet resistivity 
obtained with diffusion conditions according to Table I 

Dif fus ion  ~1-1 (ohm) 
c o n d i t i o n  x i  (/~n) 

A 0-8 2 x 108-I0 ~ 
B 0.5-12 10~-10 ~ 
C 0-4 2 x 103-5 x 104 
D 0.5-10 10~-10 �9 

la t ion of the xj(Xo) l ines (Fig. 2) compared  with  the  
junct ion depth  obta ined by  diffusion wi thout  an in te r -  
media te  SiO2 layer .  

The resul ts  of two-s tep  diffusion exper iments ,  wi th  
pa rame te r s  according to Table I, a re  shown in Fig. 3-6. 
A wide range of diffusion depths  and sheet  resis t ivi t ies  
can be accomplished by  p rope r ly  select ing the exper i -  
menta l  conditions. For  an a r b i t r a r y  pa i r  of xj and 
PI~ (wi thin  some l imits  compiled in Table  I I I )  one can 

find the appropr ia t e  diffusion procedure  f rom one of 
the figures (Fig. 3-6).  This includes the  fabr ica t ion  of 
closely compensated  layers  in the  l0 s ohm/[~ range.  
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Fig. 4. Relation between oxide thickness, diffusion time, ~unction 
depth, and sheet resistivity (predeposition at 1000~ CB = 
7 X 10 ls cm -'~, series C). 
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Fig. 5. Relation between oxide thickness, diffusion time, junction 
1150~ CB 
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Fig. 6. Relation 
depth, and sheet resistivity 
7 X 1015 cm -3 ,  series D). 

200 

between oxide thickness, diffusion time, junction 
(predeposition at 1150~ CB 

SiO~ (wet) 

p-Si 

d) 
p-Si 

e) j / / f / ~ [ / / / / / / / /  

/ p s, l 

C S E 

c) f) 

I p-s~ j 

Fig. 7. Sequence of fabrication steps for integrated circuits 
(transistor section). (a) Epitaxy and wet oxidation. (b) Dry oxida- 
tion. (c) Opening of isolation frames. (d) Predeposition. (e) Drive- 
in diffusion. (f) Complete device. 

The low res i s t iv i ty  l imi t  is set by  the source impur i ty  
concentration.  

The exper iments  on which Fig. 3 and 4 are  based 
(series A and C) were  pe r fo rmed  wi th  a l o w - t e m -  
pe ra tu re  (1000~ predepos i t ion  step, y ie ld ing  an im-  
pur i ty  profile according to Fig. lb.  This type  of p re -  
deposi t ion is appropr ia t e  for the genera t ion  of very  
shallow, low impur i ty  concentra t ion p- layers .  Series 
B and D (Fig. 5 and 6), on the  other  hand, involve a 
h igh - t empera tu r e  (1150 ~ predeposi t ion  step. A shal-  
low junct ion is fo rmed dur ing  the predeposi t ion,  which 
moves fa r the r  into the bu lk  silicon dur ing  the d r ive - in  
step (Fig. l c ) .  This type  of diffusion can produce  sheet 
resis t ivi t ies  in the  200-400 ohm/[:] range, as requ i red  
for the base region of junct ion  transistors.  

Appl icat ions 
The technique of boron diffusion th rough  a pa r -  

t ia l ly  masking  silicon dioxide l aye r  is most useful  for 
those devices which requ i re  a low concentrat ion p -  
type region or two regions wi th  different doping levels 
(or a shal low and a deep p - n  junc t ion) .  A reduct ion 
of fabr ica t ion  costs for in tegra ted  circuits  may  be 
achieved by  the s imul taneous  genera t ion  of the base 
regions, diodes, and resistors  (wi th  pa r t i a l l y  masking  
oxide)  and the isolat ion f rames  (wi thout  oxide) .  F ig -  
ure  7 describes the  sequence of fabr icat ion steps for the 
t rans is tor  region of an in tegra ted  circuit.  

Exp lo ra to ry  logic circuits  have been produced  by  
the above descr ibed technique,  wi th  diffusion p a r a m -  
eters according to Table IV. F igure  8 shows an angle 
lap  through a t rans is tor  region, including the isolat ion 
f rame which was produced in the  same diffusion step 
as the base. A current  amplif icat ion of 100 at  Ie ---- 5 
m A  was obta ined wi th  boron diffusion th rough  S i Q  
and s tandard  (POC13) emi t te r  diffusion techniques.  

High-sens i t iv i ty  photodetectors  for u l t rav io le t  r ad ia -  
t ion requ i re  a very  shal low junct ion  and a diffused im-  
pu r i ty  surface concentra t ion which s l ight ly  exceeds 

Table IV. Technological data for the fabrication of integrated 
circuits by simultaneous diffusion of base and isolation regions 

Diffusion pa ramete r s  

Substrate carrier concentration (cm ~) 1.5 • I0 x8 (p) 
Epitaxial  l ayer  carr ier  concentrat ion (cm ~) 2.5 X 10 TM (n) 
Totally masking  oxide (A) 3400 
Part ial ly mask ing  oxide (A) 950 
Predeposi t ian 1150~ 1 hr  
Main diffusion 1150~ 6 hr  
Junct ion depth (.~m) 7.1 ) isolation 
Sheet resistivity wi thout  oxide (ohm} 20 
Junct ion  depth (~m) 2.5 "/  
Sheet resistivity wi th  part ial ly mask ing  ? base 

oxide (ohm) 980 
Emitter junction depth (j~m) 1.2 

Fig. 8. Photomicrograph of angle lap through an integrated cir- 
cuit (transistor section), produced by simultaneous diffusion of 
base and isolation regions. 

the bu lk  doping level.  Devices of this k ind have  been 
successfully produced,  the quan tum efficiency exceed-  
ing 90% at a wave length  of 366 nm (11). 

Other appl icat ions  of the technique descr ibed in this 
paper  may  include uhf-  (pedes ta l - ) t rans i s to rs ,  gua rd -  
r ing diodes, and the ta i lor ing  of the  channel  region of 
MOS structures.  

Manuscr ip t  submi t ted  Feb.  4, 1975; rev ised  m a n u -  
script  received Aug. 5, 1975. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June 1976 
JOURNAL. Al l  discussions for the June  1976 Discussion 
Section should be submi t ted  by  Feb.  1, 1976. 

Publication costs of this article were partially as- 
sisted by the Technische Universitaet, Hannover. 
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The Diffusion of Ion-Implanted Arsenic in Silicon 
Richard B. Fair* and Joseph C. C. Tsai 

Beff Laboratories, Reading, Pennsylvania 19603 

ABSTRACT 

In order to characterize implanted-diffused As layers in  Si and to develop 
general  processing information, impur i ty  profiles were determined by sec- 
ondary ion mass spectrometry (SIMS) and differential conductivi ty measure-  
ments. An  analysis of these profiles is given which has yielded informat ion 
regarding the diffusion of AS and the electrical qual i ty of these implanted-  
diffused layers. It  is shown that implanted-diffused As profiles with Cwo ~ 1 
• 10 .20 cm -8 can be described by a Chebyshev polynomial  approximation to 
the diffusion equation with concentra t ion-dependent  diffusivity. The diffusion 
of As is not dependent  upon the furnace ambient,  but  As pi le-up within  200- 
400A of the Si surface does occur dur ing diffusion in an oxidizing atmosphere. 
It is also shown that implanted-diffused As layers show higher electrical 
activity for diffusion temperatures  below l l00~ than  layers diffused from 
chemical sources. For implanted As layers in which the peak concentrat ion is 
greater than the solubil i ty limit, the fraction of electrically active As increases 
at a rate proport ional  to t 1/~. 

When As is diffused into Si from chemical sources 
such as doped oxides or so l idAs  in  evacuated ampuls, 
chemical reactions occur in the Si which create in -  
active As complexes, thus l imit ing the solubili ty of the 
electrically active As (1). It has been suggested that  
vacancies are involved in  these complexes (1, 2) be-  
cause of the strong cooperative diffusion effects that  
exist between sequential ly diffused As and B layers in 
Si (3). However, it was recently pointed out that co- 
operative diffusion effects between As and B are re-  
duced to an electric-field interact ion when the source 
of As is an ion- implan ted  AS layer  in the Si (4). The 
results of that  study suggested that  As complexes ap- 
pear to be formed very rapidly dur ing implanta t ion or 
annealing,  and the existence of such complexes is dose 
dependent.  

Since these ini t ial  studies were performed, a Iarge 
amount  of ion- implanted-dif fused As profile data have 
been measured in  an at tempt  to study the character-  
istics of AS ion predepositions as diffusion sources. 
These data in conjunct ion with Hall mobi l i ty  measure-  
ments  have also aided in the construction of a resistiv- 
ity vs. electron concentrat ion curve for As in Si that 
is more accurate than  Irvin 's  curve (5) at concentra-  
tions ~ 1020 cm -3. In  addition, general  relationships 
describing the impor tant  profile parameters  have been 
derived (6). 

In  the next  section the experimental  details of this 
s tudy will be described. An analysis of the exper imen-  
tal results wiI1 follow which will  cover total As profile 
shapes, As diffusivity, and electrical activity. 

Experimental 
Profile determinat~on.--Silicon of ~100> orientation, 

p-type, 0.2 ohm-cm bulk  slices and As-doped n- type  
epitaxial  Si, 0.6 ohm-cm (8-11 ~m thick) on p- type  
8 ohm-cm substrates was used in  the present  study. 
All  As implanta t ions  were performed at 50 keV in the 
dose range 1 • 1012 to 2 X 1016 cm -2. The implan ta -  
tions were directed in a random orientat ion (slices 
t i l ted ~8  ~ toward the ion beam).  All  diffusions of the 
as- implanted samples were performed in N2 or 02 
over the tempera ture  range 900~176 and in wet O2 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: ion implantation, arsenic diffusion, solubility, electri- 

cal activity. 

at 1050~ After diffusion, the slices were divided, one- 
half for differential conductivi ty profile measurements  
and the other half  for profile measurements  by sec- 
ondary ion mass spectrometry (SIMS). 

Details of the differential conductivi ty measurements  
have been given elsewhere (7, 8). Anodizations were 
general ly performed at 100V in a mixture  of te t ra-  
hydrofurfuryl  alcohol and potassium ni t r i te  (9). 200 
•  of Si was removed for each oxidation step as 
measured on an ellipsometer. 

The in -dep th  total As profiles were determined by 
mass analysis of secondary ions ejected from the sam- 
ples by 15 keV oxygen ion (predominant ly  02 + ) 
bombardment  using the Cameca IMS 300 Ion Analyzer  
(8). AsO-  secondary ions were selected and counted 
using an AS-200 mul t ichannel  analyzer. The analyzer  
data was converted to As concentrat ion vs. depth by  
a method previously described (8). Cal ibrat ion was 
achieved by knowing the total implanted  dose in  the 
Si. 

Resistivity vs. electron concentration.--In order to 
convert the differential conductivi ty data into concen- 
t rat ion of electrons (electrically active As concentra-  
t ion),  Hall mobil i ty  measurements  were obtained on 
samples that had been profiled. In  addition, the data 
of Mfiller et al. (10) (Hall measurements  on As- im-  
planted samples) and the data of Fistul '  (11) and 
Logan (12) (Hall measurements  of As-doped samples) 
were converted to resistivity vs. electron concentra-  
tion, where it was assumed that ~ (Hall  mobil i ty)  
equals #~ (conductivi ty mobi l i ty) .  This assumption 
should be valid under  conditions of degeneracy (11). 
These data are shown in Fig. 1. Also shown are direct 
resistivity measurements  taken on wel l -annealed  As- 
implanted samples that had been profiled by SIMS as 
well  as by the differential conductivi ty method on pro- 
files which gave 100% electrical activity. The concen- 
t rat ion values associated with these data are the total  
local As concentration. Thus, none of the data in  Fig. 1 
have been determined by Irvin 's  curve (5), which is 
shown plotted for comparison. It can be seen that  
I rvin 's  curve underest imates  the free-electron concen- 
t rat ion in As-doped Si layers by as much as 30% over 
the range 1020 < n < 4 • 1020 cm -3. This is probably 
due to the fact that  I rv in  used total phosphorus con- 
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Fig. 1. Resistivity vs. electron concentration for arsenic-doped 
silicon. 

centra t ion  vs. res i s t iv i ty  da ta  in order  to establ ish this 
por t ion  of his curve  (5). A po lynomia l  fit for  the  As 
da ta  is given in Append ix  B. 

Analys is  of Results 
Total As  prof i les . - - Implanted-digused As. - -The  re-  

sults of the expe r imen ta l  de te rmina t ion  of total  As 
profiles in Si  are  shown in Fig. 2 where  concentrat ion 
da ta  normal ized  to total  As surface concentrat ion,  CTO, 
are  plot ted vs. normal ized  junct ion  depth  (xa was se- 
lected as the depth  at which C fal ls  to 0.01 CTO). These 
da ta  represent  implanta t ions  at  50 keV (dose r a n g e  
2 • 1015 to 2 X 1016 cm -2) which were  diffused at 
1000~176 for var ious  times. I t  can be seen that  
most of the  da ta  can be descr ibed in total  concentra-  
tion, C ( cm-8) ,  and depth,  x (cm),  by  the s imple 
equat ion (13) 
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~ A  /--< 5• cm -2  (1050~C, 15 MIN,) 
~ - - ~ . ~  / _ ~. AND CHEBYSHEV POLYNOMIAL 
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Fig. 2. Normalized total As profiles of implanted-diffused layers 
in Si. The numerical solutions to the diffusion equation are com- 
pared to the polynomial approximation for two different implant 
doses. 

C 
- -  ----- 1 -- 0.87Y -- 0.45Y 2 [I] 
CTo 

w h e r e  
Y -~ X ( S C w o D i t / ~ i ) - 1 / 2  [2]  

Di and ni are  the in t r ins ic  As diffusivity and intr insic  
e lect ron concentrat ion at  the  diffusion tempera ture ,  
respect ively.  Equat ion [1] was or ig ina l ly  used as a 
Chebyshev po lynomia l  approx imat ion  to the solut ion 
of the  diffusion equat ion wi th  l inear  concentra t ion-  
dependent  diffusivi ty and constant  surface concentra-  
t ion (14). For  the diffusion condit ions s tudied  the 
arsenic surface concentra t ion is a slow vary ing  func-  
t ion of diffusion t empera tu re  and time, hence, a con- 
s tant  surface concentra t ion of arsenic can be assumed 
as a first order  approximat ion .  

When  Eq. [1] is compared  to high accuracy numer i -  
cal solutions of the  diffusion equat ion descr ibing the 
re laxa t ion  of an implan ted  gaussian impur i ty  d i s t r ibu-  
tion, i t  is found tha t  if the diffusivi ty is expressed as 
(assuming 100% elect r ica l  ac t iv i ty)  

D 2C 
- -  : - - . ,  for  C > >  ni [3] 
Di n i  

then Eq. [1] agrees exac t ly  wi th  the numer ica l  r e -  
sults. Equat ion [ i ]  was der ived  using the D vs. C ex-  
press ion of Eq. [3]. 

A more  exact  expression for  As diffusivi ty in the  
absence of As complexing is (15) 

D (i + ;~l 
- -  = h / [4 ]  

where  
c 

h =  1 + ~  ~ -I- 1 [5] 

is the self e lectr ic-f ie ld enhancement  factor  (2 factor  
in Eq. [3]) 

c F f ---- ~ -b ~ + 1 [6] 

and ~ ~ 100 for pos i t ive ly  charged donor impur i t ies  
(15). The factor  f is app rox ima te ly  l inear ly  p ropor -  
t ional  to the  ionized donor concentrat ion,  CA, when CA 
---- C > >  nL, and Eq. [4] reduces to Eq. [3] at  h igh 
concentrations.  

The resul t  of using Eq. [4], [5], and [6] in the nu-  
mer ica l  solutions is that  the  As profile shape is not 
un ique ly  descr ibed by  Eq. [1], but  is a function of the  
surface concentrat ion (or implan t  dose and diffusion 
t ime  and t empera tu re ) .  The  normal ized  solution of the 
diffusion equat ion for a 5 • 1015 cm -2, 50 keV As im-  
p lan t  diffused at  1050~ for 15 min  (CTo = 2.5 • 
1020 cm -31 is shown plo t ted  in Fig. 2. This solut ion 
agrees a lmost  exac t ly  wi th  Eq. [1]. However ,  the 
normal ized solut ion for a 1 • 1015 cm-~,  50 keV As 
implant  diffused at  1050~ for 30 min  (Cwo ---- 7.4 • 
1019 cm-~)  deviates  f rom Eq [1], but  i t  describes those 
da ta  of the first 3 sets of points  in the  inser t  of Fig. 
2, wi th  CTO of 4 • 1019 tO 1 • 102o cm -3. In  Fig. 2, 
the remain ing  da ta  were  taken  f rom profiles for which 
Cwo > 1 • 1020 cm -a  and they  are  represen ted  by  the 
polynomial  approximat ion.  As CTO approaches  ni, the  
diffusion coefficient becomes independent  of concen- 
t ra t ion  and the As profile approaches  a gaussian dis-  
t r ibut ion.  

Chemicat source As d igus ion .~ In  contras t  to the wel l -  
behaved,  reproducib le  As profile f rom ion imp lan ted -  
diffused samples, the normal ized  total  concentrat ion 
profiles from constant  As surface concentra t ion chemi-  
cal sources (doped oxides and ampuls)  are  shown 
in Fig. 3 for comparison.  The difficulty in obtaining 
a general  profile shape for a given CTO for these p ro -  
files lies in the complicated proper t ies  of the As diffu- 
sion coefficients which are affected by  the format ion  of 
As complexes and b y  the background  subst ra te  con- 
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Fig. 4. Arsenic diffusivity vs. total As concentration for several 
diffusion temperatures. 

ductivity type (1). It  has been reported previously (4) 
that  rapid anneal ing of As complexes of high dose ion- 
implanted As layers occurs, and the As diffusion from 
such layers is, therefore, bet ter  behaved. 

DiJ~usion coel~cient . - -The intrinsic arsenic difJusiv- 
ity, D.~.--In order to determine the concentra t ion-de-  
pendent  diffusion coefficients from the measured As 
profiles and, thus, check the val idi ty of Eq. [4], it was 
necessary to develop an expression for diffusivity that 
was applicable to a redis t r ibut ing impur i ty  of fixed 
total concentration, Qw. Since the Bol tzmann-Matano 
analysis requires diffusion from a constant  surface con- 
centration, it cannot be applied to diffusion from an 
ion- implanted  source. As shown in  Appendix  A for 
diffusion from a predeposited source (i.e., a delta func-  
tion) 

--C(xo, t) (Xo + Xox) 
D - -  [A-16] 

2t dx xo 

w:~ere D is the diffusivity at a depth Xo from the sur-  
face, and Xox is the thickness of the SiO2 that  is grown 
dur ing  the As diffusion process. 

Equat ion [A-16] has been applied to determine D vs. 
the concentrat ion of total As from the measured im- 
planted-diffused profiles, and these results are shown 
in Fig. 4 for the diffusion tempera ture  range 100O ~ 
1200~ For diffusions performed in O2 and wet 02, the 
oxide thicknesses were measured following diffusion, 
and these values were used in the calculations of D. 
I t ' c a n  be seen that the As diffusivity in  Si does not 
depend on the diffusion ambient.  

From Eq. [4] values of Di were obtained which best 
described the data in Fig. 4. These results are shown 
as a function of diffusion tempera ture  in Fig. 5. Also 
shown are the diffusivity data from Chan and Mai (16) 
obtained by dr iv ing- in  low concentrat ion As prede-  
posited layers, and the Di value at 900~ of Baldo et al. 
(17) from As ion- implanted  layers. It  can be seen that 
the temperature  dependence of these data is given by 
the expression 
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Fig. 5. Intrinsic diffusion coefficient of As as a function of 
temperature. 

I (--41eV) Di = 22.9 exp [7] 
PD kT 

"predeposltlon. Dif- where the subscript PD refers to " " " 
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fusion coefficient data (18-20) from studies on As 
chemical sources are also shown in Fig. 5. These data 
can be compared with the expression for Di obtained 
by Chiu and Ghosh (21) 

( --4.08eV ) 
Di -- 24 exp [8] 

cs kT 

where the subscript CS refers to "chemical source." It 
is not clear at this point whether  the differences be- 
tween DilPD and Dilcs are significant or not. 

Dif]usion ambient ef]ects.--Comparisons among the 
measured total As profiles for samples which have 
been diffused in  wet O2, 02, and N2 are shown in Fig. 8. 
In order to show the As profiles near  the surface 
clearly, normalized coordinates with l inear  scales have 
been used. The complete profiles in Si and SiO~ for the 
two samples of 1 >< 10 ~6 cm -2 dose (50 keV) which 
were diffused in oxidizing ambients  are shown in Fig. 
7 (22). The following observations can be made from 
Fig. 6 and 7: 

1. Arsenic atoms "pile-up" wi thin  200-400A of the 
Si surface dur ing diffusion in an oxidizing ambient.  
4000A of SiO2 were grown in the wet O2 ambient,  and 
5.9 X 1014 cm -2 As was nonuni fo rmly  segregated into 
the SiO2 [.SIMS measurement  (22)]. 500A of SiO2 were 
grown in the O2 ambient  and only 1.4 >< 1018 cm -2 As 
was segregated into the SIO2. A segregation coefficient 
of m ---- 800 for both oxidation ambients  at 1050~ was 
observed which agrees well with the thermodynamic  
calculations (23). Consequently, the segregation of As 
into the SiO2 does not significantly reduce the As dop- 
ing in  the Si. However, As pi le-up is significant since 
the integrated concentrat ion in the surface pi le-up re-  
gion is ,--1.5 >< 1015 cm -2 for both 02 and wet 02 oxi- 
dations of the 1 X 1016 cm -2 implanted samples. 

2. The junct ion depth of the wet O2 diffused As pro- 
file is --10% shallower (xj  ---- 0.43 ~m) than the junc-  
t ion depth of the dry O~ diffused As (xj  ---- 0.48 /~m) 
at C ---- l0 TM cm -8. However, from Fig. 4 it can be seen 
that the diffusion coefficient is independent  of the diffu- 
sion ambient.  Addit ional  data are presented in Fig. 8 
where the junct ion  depths of measured As profiles are 
plotted vs. an expression which contains implant  dose, 
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Fig. 6. Normalized implanted-diffused As profiles diffused in wet 
O2, O2, and N2. 
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diffusion time, and tempera ture  (13). The data repre-  
sent diffusions in the temperature  range of 1000~176 
in N2, O2, and steam (wet 02). It can be seen that  
shallower junct ion depths are obtained for diffusions 
performed in wet 02 up to ~1  ~m from the Si surface. 
For the case of dry O2, the influence of the moving, 
oxidizing surface boundary  on the junct ion  depth can 
be neglected. 

Electrical Activity 
It has been pointed out previously that  the fraction 

of As that is electrically active in an implanted-diffused 
layer in Si is greater than  in a layer  diffused from a 
chemical source (4). This is due to the fact that  in a 
wel l -annealed  implanted layer, As complexes ap- 
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parent ly  are not formed. An example is shown in Fig. 
9 where a diffused As layer  (doped oxide source) with 
a total concentrat ion of 5.06 • 10 ~5 cm -2 As is com- 
pared with an implanted As layer  (5 • 1015 cm -2) 
which was diffused to the same junct ion  depth as the 
doped oxide-diffused layer  (1000~ 60 rain in 02 am-  
bient) .  It  can be seen that  the totaI As data practically 
coincide except near  the ,surface. These data were 
determined ~by neu t ron  activation and anodic str ipping 
( � 9  and SIMS (4,). In  addition, the theoretical solu- 
t ion of the redis t r ibut ion of the implanted As layer is 
shown to agree very  well with these data. However, 
the concentrat ion data obtained from these diffusions 
by the differential conductivity method and Fig. 1 
show a large disparity, reflecting differences in elec- 
trical activity between the diffusion from a chemical 
source and an implanted source. For the chemical- 
source diffused layer, QA/QT ~ 0.65, while QA/QT -~ 1 
for the implanted-diffused layer. 

A general  conclusion that As + is more soluble in 
implanted-diffused layers than in  chemical-source dif- 
fused layers in Si is i l lustrated in Fig. 10. CA,SOL values 
determined from diffused As implants  for which com- 
plete activation had not yet been achieved are plotted 
vs. diffusion tempera ture  ( � 9  and �9 data).  Also shown 
are the calculated As + solubil i ty curves and data for 
As diffused layers f rom Ref. (1). These curves and data 
have been adjusted in accordance with the revised re-  
sist ivity vs. concentrat ion curve in  Fig. 1 (A and [] 
data correspond to diffusion into p- and n - type  Si 
substrates, respectively).  It can be seen that below 
ll00~ As + is more soluble in  implanted-source layers 
than in a chemical source layer. This result  is fur ther  
evidence of the absence of As complexes in  implanted-  
diffused layers. However, as it will  be shown below, 
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Fig. 10. Solid solubilities of As in Si for diffusion from chemical 
sources and non-implanted sources. The solid lines denoting solu- 
bility of electrically active As are calculated from Ref. ( I) .  

complete activity only occurs in high dose implants  
after diffusion for some period. 

Time behavior 05 electrically active As. - -For  the 
case of diffusion of an As- layer  in Si, the integrated 
As concentrat ion is related to the surface concentra-  
tion, Cio, and the depth by the equat ion (13) 

Qi -: KiCioxj [11] 

where Ki is a numerica l  constant (0.5 < KA < 1 for 
electrically active As and KT ~ 0.53 for total As pro- 
files). The ratio of QA (active As) to QT (total As) is 

QA /~ACAo 

QT KTCTo 

CA,SOL 
-- K' ~ [12] 

CTO 

where it is assumed that  CAD is l imited to the solubili ty 
l imit  CA,SOL, and K' = KA/KT. 

It  can be shown that  
( QT2ni ~ 1/3 

CTO :-  0.94 \ ~ /  [13] 

hence, Eq. [12] becomes 

( Dit ) 1/~ 
QA : 1.06 K'CA, sOL ~ [14] 
QT \ Qw2ni 

for QA/QT ~ 1. Equat ion [14] indicates that  complete 
electrical activity will be achieved ini t ia l ly for a re-  
dis t r ibut ing As layer when Cwo ~ CA,SOL. The increase 
of QA/QT from some init ial  value less than  one is 
o:t 1/~, where t is the diffusion time. The use of Eq. 
[14] is restricted to As layers for which, initially, 
CTO ~ CA~SOL. 

Using the revised resistivity vs. concentrat ion curves 
shown in Fig, 1, electrically active As profiles were 
obtained on implanted layers that  had been diffused at 
various times. The QA/QT data as a funct ion of t ime 
are shown in  Fig. 11 where QA/QT is plotted vs. CA,SOL" 
(Dit/Qw2ni) 1/3 for K'  ---- 1. Values of CA,SOL were  ob- 
tained from Fig. 10. Reasonable agreement  with the 
measured data is obtained. 

The t 1/,~ relationship for QA/QT can also be obtained 
from the results of Ohkawa et aI. (24). The experi-  
menta l  conditions for their  data were an ampule  pre-  
diffusion at 950~ for 30 min  into 1 ohm-cm p- type  Si 
to a total As concentrat ion of 9.5 • 1015 cm -2, and 
dr ive- in  diffusions without  the presence of the source 
at 950~ in N2 for 1.5 to 31.5 hr. 

The CA,SOL was 1.9 • 1020 cm -3 which agrees with a 
previously reported result  (1). In  order to calculate 
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the increase of QA/QT with t ime for a 950~ dr ive- in  
with Di ---- 3.2 • 10 -26 cm2/sec, Eq. [14] becomes 

QA 
----- 2.1 • 10 - 2  t 1/s [17]  

QT 
Ohkawa's data and the calculated values from Eq. [17] 
are shown in Table I, and good agreement  is observed. 

Electrically active As profiles.--The distr ibution of 
electrically active As in  Si will have the same shape as  
the total As profile (Fig. 2) when all of the As in the 
diffusing layer  is active (CA.sOL ~ CTO). However, 
when QA/QT ~ 1, the active As concentrat ion is l imited 
to the CA.SOL value, and the active As profile will be 
quite flat. This effect is shown in Fig. 12, where the 
data shown were obtained from differential conduc- 
t ivity measurements  and the resistivity vs. concentra-  
t ion curve of Fig. 1. Nevertheless, the major i ty  of elec- 
tr ically active As profiles that  are formed by the diffu- 
sion of an implanted  layer have a shape that can be 
approximately represented by Eq. [1], as shown in Fig. 
2 and Fig. 12 (A-da ta  represents a completely acti- 
vated As layer) .  

Discussion 
In  spite of the fact that an ion- implanted  layer o~ 

As in Si diffuses in a well-behaved,  predictable man-  
ner, there still remain  some unanswered basic ques- 
tions. Why does a solubil i ty l imit  exist for electrically 
active As, CA.SOL. (Fig. 10) that  is ~30% of the solu- 
bil i ty of total As. and in what  form is the inactive As? 
Also, dur ing  oxidation why does As tend to pile up 
within a few hundred  angstroms of the Si/SiO2 inter-  
face. These questions are briefly considered below. 

Solubility of the electrically active arsenic.--The 
solubil i ty of an impur i ty  in silicon is dependent  pr i -  
mari ly  upon the impur i ty  bonding energy in the Si 
lattice, provided that the s t ra in energy associated with 
the impur i ty  in the host crystal is small  (as it is for 
As in Si) (25, 26). Arsenic diffused from a chemical 
source is known to be highly subst i tut ional  in Si (27, 
28). For such diffusions, As may be tied up in inac- 
tive complexes, or exist as ionized As+. The fact that 
definite solubil i ty l imits exist for both total As and 
electrically active As (1, 29) suggests that the inactive 
As may be more t ightly bound in the lattice as was 
assumed in Ref. (1). 

Table I. Rate of change of QA/QT with time 

QA/QT 

Meas. Calc. (Eq. [17]) t (hr) 

0.23 0.23 [Ref. (1) ] initial 
0.43 0.37 1.5 
0.63 0.63 7.5 
1 1 31.5 

1.0~ 
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Fig. 12. Electrically active As profiles normalized to CA.SOL fur 
several values of QA/QT. 

For the high-dose ion- implanted  As diffusion sources, 
the implanta t ion of the As creates an amorphous layer 
in the Si surface region, and epitaxial reordering ap- 
pears to aid in  establishing a high degree of electrical 
activity, even at low anneal  temperatures  (550 ~ 
6500C). As a result, the solubil i ty of active As + is 
higher in implanted-diffused layers than in comparable 
layers diffused from chemical sources (see Fig. 9 and 
10) for diffusion temperatures  ~1100~ Nevertheless, a 
definite solubil i ty limit, CA,SOL, does exist for implanted 
As + in Si that  is not dependent  upon the presence of 
complexes, but  is related to the solubili ty considera- 
tions discussed above. The structure and na ture  of the 
inactive As in As implanted-diffused layers is still 
not known (4, 10, 17). 

Ef]ect of oxidation on As di)~usion and p i l e -up . -  
Dash and Joshi (30) reported the surface pi le-up of 
redis t r ibut ing As layers in (111) Si during oxidation. 
Coincident with As pi le-up was the formation of ex- 
trinsic stacking faults. Hu (31) has proposed that dur-  
ing oxidation excess interst i t ial  Si atoms are generated 
which contribute to surface regrowth, nucleate around 
precipitates to cause stacking fault  growth, or dis- 
place subst i tut ional  impurit ies near  the surface whose 
enthalpy of interst i t ial  formation is low (Group I, ]I, 
and III impurit ies) (32). 

Channel ing measurements  on As- implanted  layers 
that show pi le-up at the surface indicate that some of 
these atoms are not on lattice sites (10). One possible, 
but  unsupported,  explanat ion for pi le-up is that As 
atoms are absorbed by the growing stacking faults, a 
process that would effectively remove As from solution 
in the Si lattice and reduce As diffusivity near  the Si 
surface. On the other hand, it has been observed in this 
study that much of the As in the surface region is elec- 
tr ically active. The active concentrat ion has not been 
observed to exceed the solubili ty l imit  CA,SOL. 

It was pointed out earlier that the diffusion of As 
in Si is independent  of the furnace ambient  (see Fig. 
4). Thus, Si intersti t ials which may be generated 
during oxidation (31) do not affect As diffusion, which 
further supports the vacancy diffusion model for As in 
Si. 
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Conclusions 
The diffusion of ion- implanted  As in Si has been 

studied by generat ing As profile data from differential 
conductivity measurements  and secondary ion mass 
spectrometry. It has been shown that: 

1. Implanted-diffused As profiles all have a very 
similar shape provided Cwo > 1 X 102~ cm-~ (surface 
concentrat ion after diffusionS, which can be described 
by a Chebyshev polynomial  approximation to the diffu- 
sion equation (Eq. [1]) with concentra t ion-dependent  
diffusivity (Eq. [3] ). For the general  case of the dif- 
fusion of any implanted As layer, numerica l  solutions 
of the diffusion equation with diffusivity expressed by 
Eq. [4] give excellent profile calculations. 

2. The diffusion of As is independent  of the diffusion 
ambient.  Shallower junct ion  depths as measured from 
the Si/SiO2 interface are obtained for diffusions in wet 
O3 when xj  is less than  --1 ~m. This result  is not 
caused by segregation of As into SiO2 (m = 800 at 
1050~ but  is due to the moving boundary  condition. 

3. Implanted-diffused As layers show higher elec- 
trical activity for diffusions below 1100~ than com- 
parable  layers diffused from chemical sources. For 
doses sufficiently large so that  Cpeak ~ CA,SOL, rapid 
activation of As + to the solubil i ty l imit  of CA,SOL has 
been observed at diffusion temperatures.  During diffu- 
sion the fraction of electrically active As increases at a 
rate proport ional  to t ~/3, unt i l  complete activation oc- 
curs when CTO --~ CA,SOL. 

Manuscript received May 15, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1976 
JOURNAL. All discussions for the June 1976 Discussion 
Section should be submitted by Feb. 1, 1976. 

Publication costs o~ this article were  partially as- 
sisted by Bell  Laboratories. 

APPENDIX A 

Diffusion Coefficient Analysis for a Redistributing Layer with 
Concentration-Dependent Diffusivity 

The Bol tzmann-Matano analysis (33) is the most 
suitable method for extracting diffusion coefficients 
f rom measured diffusion profiles, provided that the 
surface concentrat ion of the indiffused species is in -  
var iant  with time. When the diffusing substance is sub- 
ject to redistr ibution,  the Bol tzmann-Matano analysis 
may not be used because the t ime dependence of the 
concentrat ion is not a funct ion of x l ~ / ~  

In the case of ion- implan ta t ion  of impurit ies into 
St, the redis t r ibut ion of a fixed total amount  of im- 
purities is of interest. Thus, the relationship 

QT = C ( x , f ) d x  [A- l ]  

implies a t ime independence on QT which is achieved 
by the t ransformat ion (34) 

C(x , t )  = F(x /~ / -~) /~ / t  [A-2] 

where F satisfies the diffusion equation and the bound-  
ary conditions 

C(x,t)  - - 0  for x--> oo [A-3] 

C(x,t)  = 0 for x ---- 0, t ---- 0 [A-4] 

C(x,t)  = 0 for x > 0, t = 0 [A-5] 

Conditions [A-4] and [A-5] indicate the ini t ial  profile 
is represented as a delta function. 

The one-dimensional  diffusion equation with concen- 
t ra t ion-dependent  diffusion coefficient is 

Ot = ax D(C)  Ox [A-61 

Defining a new variable, ~ as 

~l -" x / ~ / t  [A-7] 

and replacing C in Eq. [A-6] with Eq. [A-2] yields an 
expression in  n, F(,I) and t (34). Adding the l imitat ive 
hypothesis that  D be a funct ion of the ratio C(x, t ) /  
CTO (CTo is surface concentrat ion),  where 

Cvo = F(O) /k / ' t  [A-8] 

gives rise to the expression 

~ F O l ) = D  ~ F ( ~ )  ] dF(~]) 
- Y , F - - ~  d~ [A-93 

o r  

- -  ~ - -  t - -  [ A - 1 0 ]  

2 dx 

Thus, the local diffusion coefficient at x : xo for a 
diffusion that took t sec is 

C(xo, t)  - C(xo, t)xo 

As an example, consider the case where the redis- 
t r ibuted impur i ty  has a profile shape described by 

C(x,  t) ---- CTO exp [A-12] 

Subst i tut ion of Eq. [A-12] into Eq. [A-11] yields 

D = Di, for all x [A-13] 

It is well known that a redis t r ibut ing impur i ty  with 
constant diffusion coefficient wil l  assume a gaussian 
shape. 

For the case of diffusion in  an oxidizing ambient  
where the movement  of the Si surface must  be con- 
sidered, the cont inui ty  equat ion becomes 

0 ( 0C ) 
~6C _ ~ x  D(C)  + vC [A-14] 

where v is the inward  velocity of the oxidizing Si sur-  
face. Transforming v according to the expression 

n 
v = X/t- [A-15] 

it can be shown in a similar way that the diffusivity 
becomes 

( C(xo, t) '~ -- C(xo,t)(Xo + Xox) 
D k ) [A-16] 

Cwo dC 
2t 

dx  xo 

where Xox --~ 2 vt  is the SiOs-thickness. 

APPENDIX B 

Polynomial Fit for Resistivity vs. Electron Concentration in 
As-Doped Si 

In  order to provide an analyt ical  description of the 
resistivity vs. electron concentrat ion data in  the range 
1 X 1019 ----- n --~ 7 • 1020 cm -a shown in  Fig. 1, a 
tenth order polynomial  was generated. Thus 

10 

logp = ~ aik i [B-l]  
i=O 

where k __- log n, ao = --6.633667 X 103, al = 7.682531 X 
102 , a 2 - -  --2.577373 X 101 , a3 = 9.658177 X 10 -1 ,a4 = 
--5.643443 X 10 -2, a5 = --8.008543 • 10 -4, a6 ---- 
9.055838 X 10 -5, a7 ---- --1.776701 X 10 -6, as ---- 1.953279 
X 10 -7 ,  a9 : --5.754599 X 10 -9 ,  a l o  --~ --1.316567 X 
10 - l i .  The fit of this polynomial  to the data in Fig. 1 
is shown drawn in Fig. I. The agreement  is much 
better  than the fifth order polynomial  generated pre-  
viously by Lee (35). 
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Kinetics of the Initial Stage of Si Transport 
Through Pd-Silicide for Epitaxial Growth 

Z. L. Liau, S. U. Campisano, 1 C. Canali, 2 S. S. Lau, and J. W. Mayer* 

California Institute 05 Technology, Pasadena, CaliJornia 91125 

ABSTRACT 

Backscat ter ing  spec t romet ry  and scanning elecron microscopy (SEM) have 
been used to s tudy the t ranspor t  of Si f rom an amorphous  Si l ayer  ( < 1/~m) 

th rough  a Pd-s i l ic ide  l aye r  ( < 0.2 ~m) onto <10O> or iented  Si. For  a 
given anneal ing tempera ture ,  two dist inct  s tages of this process have been 
observed.  The ini t ia l  t rans ient  s tage s tar ts  wi th  is land growth  of Si and ends 
wi th  a un i form layer  of Si on the  substrate.  The thickness of the ini t ia l  t r an -  
sient stage is found to be equal  to the  thickness of the  Pd-s i l ic ide  layer .  

Silicon and Ge can migra te  th rough  thin  meta l  films 
at t empera tu res  be low the mel t ing  point  of any  of the  
components  of the sys tem (1, 2). Dur ing  iso thermal  
hea t - t r ea tmen t  of amorphous  or f ine-grain  po lyc rys ta l -  
l ine Si films in contact  wi th  meta l  films, it  is observed 
that  the  Si dissolves into the meta l  film and prec ip i -  
tates in crys ta l l i te  form in the meta l  film. It  has been 
suggested (1) that  the dr iv ing  force for the amorphous  
to c rys ta l l ine  t rans i t ion  is due to the h igher  free energy 
of the amorphous  mate r ia l  as compared  to the c rys ta l -  
l ine form. For  the  polycrys ta l I ine  case, Nakamura  et al. 
(3) propose tha t  the so l id-phase  dissolution of small  
crysta l l i tes  and re format ion  of l a rge r  crystal l i tes  is 
caused by  the tendency to reduce gra in  boundary  areas. 
In  both cases the  heights  of the crystal l i tes  are gov- 
e rned  by  the thickness of the meta l  solvent  mat r ix .  

As an a l te rna te  growth  mode involving migra t ion  
through a meta l  film, it  is possible to form epi taxia l  
layers  on a single crysta l  subs t ra te  r a the r  than  c rys ta l -  
l i tes in a meta l  film. It  has been pointed out (4) that  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  I s t i t u t o  di  Struttura della Materia,  95129 Ca- 

tania,  I ta ly .  
P r e sen t  addres s :  I s t i t u to  di  Fis ica ,  U n i v e r s i t a  de Modena ,  41100 

Modena,  I ta ly .  
K e y  words :  s i l i con  t r a n s p o r t  i n  ep i t axy ,  Pd-s i l i c ide .  

the  condit ions of the interface be tween  c rys t a l - sub -  
s t ra te  and meta l - f i lm p lay  a crucial  role. Fo r  epi taxia l  
growth, the t ranspor t  of the  semiconductors  through 
meta l  layers  is not a sufficient condition; it  is neces- 
sary  to provide  a p roper  interface for nucleat ion and 
growth.  

Recently, it has been demons t ra ted  (5) that  a uni -  
form Si ep i tax ia l  l ayer  can be grown on a single crys ta l  
Si subs t ra te  by sol id-s ta te  diffusion of Si from an 
amorphous Si l ayer  through a Pd-s i l ic ide  layer .  Dur -  
ing anneal  at about  300~ the deposi ted Pd l aye r  re -  
acts wi th  both single crysta l  and amorphous  Si on both 
sides to form a Pd2Si layer .  Then, when annealed  at  
about 500~ the top layer  of amorphous  Si is t rans-  
por ted  through the Pd2Si l aye r  and grows ep i t ax ia l ly  
onto the under ly ing  single crys ta l  substrate.  Uniform 
grown Si layers  of about  1 ~m thickness have been  
formed this way. X - r a y  diffraction and channel ing 
techniques have been used to demons t ra te  that  this 
grown Si is a single crys ta l  l ayer  grown ep i tax ia l ly  on 
the substrate.  

For  a given anneal ing tempera ture ,  two dist inct  
stages of this process have been observed;  an ini t ia l  
t ransient  stage of rap id  t r anspor t  of Si fol lowed by  a 
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slower steady-state stage. In  the steady-state  stage, 
the t ranspor t  of Si is l inear  in time. 

In  the present  work, we have been concerned with 
the init ial  t ransient  stages of growth. This aspect of the 
t ransport  and growth of Si layers has been investigated 
in  this work by 2 MeV aHe + backscattering spectrom- 
etry and scanning electron microscopy. 

Experimental Procedures 
Commercially available Si single crystal wafers with 

polished surfaces and <100> orientat ion were used. 
The wafers were first cleaned by the R C A process 
(6), etched in  HF, r insed in  high pur i ty  water, and 
then were immediately placed into the vacuum system. 
The e lec t ron-gun evaporat ion of Pd was performed at 
a vacuum of approximately 5 • 10 -~ Torr  at a rate of 
approximately  5 A/sec. The source to sample distance 
was about 25 cm. Typical thickness of Pd evaporated 
ranged from 300 to 1200A. Immediate ly  following the 
evaporation of Pd, a layer  of amorphous Si ( <~ 1 ~m) 
was deposited by e lec t ron-gun evaporation at a rate of 
,~ 100 A/sec. 

Anneals  were performed in a vacuum quar tz- tube  
furnace. The typical vacuum during anneals was 1 X 
10-6 Torr. The precision of the anneal ing temperatures  
was • 1~ and the precision of the anneal ing times 
was • 3 min. The samples were first annealed at 280~ 
for 0.5 hr for the Pd layer  to react with Si to form a 
uni form Pd2Si layer (7). After  silicide formation, a 
higher temperature  (ranging between 450 ~ and 550~ 
anneal  was used for the t ransport  and epitaxial  growth 
of St. 

To study this process quanti tat ively,  2 MeV aHe + 
backscattering spectrometry was used. This technique 
has been described in detail elsewhere (8). Briefly, a 
2 MeV 4He* ion beam is incident  on a sample placed 
in a vacuum chamber. By energy analyzing the He 
atoms backscattered from the specimen, one can deter-  
mine the atomic concentrat ion profiles in the sample. 
The depth resolution is about 200A for layer  thickness 
ranging between 300-5000A. The beam size is usual ly 
1-2 m m  ~ therefore a lateral  uni formi ty  of at least this 
dimension is required. In the present study, a solid- 
state detector of energy resolution of about 20 keV was 
used to detect the energy of the particles at a back- 
scattered angle o f  168 ~ The layer  thicknesses can be 
calculated from energy loss data and bulk  densities as 
described in the Appendix. 

Results 
Backscattering spectra of a sample annealed at 280~ 

for 0.5 hr (formation of Pd2Si) and the same sample 
(cut into separate pieces) annealed fur ther  at 475~ 
for 7 different anneal ing times are shown in Fig. 1. 
The transport  of Si through the Pd-sil icide layer can 
be seen from the spectra of the samples annealed at 
475~ In  these spectra the signals of the top amor-  
phous Si layers become th inner  and the Pd signals shift 
to higher energies as compared to the upper  spectrum 
in  Fig. 1. This indicates that the Pd-sil icide layer 
moves toward the surface of the sample as the Si 
migrates through the silicide layer. From the difference 
in  the energy width of the amorphous Si layer in the 
samples before and after Si transport,  one can deter-  
mine  the amount  of Si that  has been transported.  This 
same informat ion can also be obtained from the shift 
in the Pd signal to higher energies. 

The time dependence of the amount  of Si t ransported 
is obtained by plott ing the amount  of Si that  has mi-  
grated away from the top amorphous layer vs. anneal -  
ing time. Such a t ransport  curve is shown in Fig. 2 
for hea t - t rea tment  at 475~ of the same samples as 
those of Fig. 1. 

There are two distinct regions in the curve. In  the 
init ial  stages, the rate is fast, then after a certain t rans-  
ported amount  (1800A in the example shown in Fig. 2) 
the t ransport  changes abrupt ly  into a slower rate and 
mainta ins  this rate unt i l  the end of the whole process. 
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Fig. 1. Backscattering spectra of a sample for different annealing 
times in the initial transient stage and the beginning of the steady- 
state stage. Tile backscottering yield is in a linear scale. The thick- 
ness of the Pd2Si layer is 0.18 #m and that of the amorphous Si 
layer before transport is 0.6:] #m (upper curve). 
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Fig. 2. An isothermal transport curve which shows the time de- 
pendence of the transport of Si for the same sample as that of 
Fig. 1. 

The beginning fast period and the subsequent  slower 
period are referred to as the ini t ial  t rans ient  
stage and the steady-state  stage, respectively. In  the 
steady-state stage the t ransport  of Si is found to be 
l inear  with time. In  the init ial  t ransient  stage the 
t ransport  rate of Si can also be estimated by a straight 
l ine as shown by a dashed l ine in  Fig. 2. From the two 
slopes of these two straight lines, the t ransport  rate 
of the init ial  t ransient  stage is about 8 times faster 
than that of the steady-state stage. This same ratio is 
also found for other anneal ing  temperatures.  

Similar  results have been observed on other samples 
made at different times and annealed at various tem-  
peratures, i.e., the ini t ial  t rans ient  t ransport  rate is 
five to ten times faster than  that of the steady-state.  
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Fig. 3. SEM photos showing Si 
islands grown on the substrate 
surface in the initial transient 
stage and a uniform Si grown 
layer that is formed just after 
the completion of the initial 
transient stage. 

The backsca t te r ing  spect ra  of samples  in the  ini t ia l  
t rans ient  s tage (475~ 10-60 min of Fig. 1) show tha t  
the  grown Si  layers  a re  nonuni form as indicated by  the 
graded slopes of the signal  edges corresponding to the 
interfaces be tween  the grown Si layers  and the corre-  
sponding Pd-s i l ic ide  layers .  On the  other  hand, the  
spec t rum of the  sample  annea led  for  a longer  t ime 
(90 min of Fig. 1 which is jus t  in the  beginning of the 
s t eady-s ta te  stage) shows tha t  the surface of the grown 
Si l ayer  is uniform. The nonuni formi ty  of l aye r  in the 
t rans ient  stage is a genera l  phenomenon observed for 
Pd2Si thickness be tween  0.04 and 0.2 ~ and anneal  
t empera tu re  be tween  440 ~ and 550~ 

To examine  the surface nonuni formi ty  in the ini t ia l  
t rans ient  s tage of the sample  used for backsca t te r ing  
measurements  in Fig. 1, we put  the  samples in HF for 
,~ 10 min  for the  Pd-s i l ic ide  and the remain ing  top 
layer  of amorphous  Si to peel  off. Thus the  grown Si  
layers  on the subs t ra te  surfaces were  exposed for SEM 
observations.  F igure  3 shows the SE&VI pictures  of the  
surface view of a t ime sequence (30, 50, and 70 min) of 
samples  in the  ini t ia l  t rans ient  s tage and a sample  
(90 min) jus t  in the beginning of the  s t eady-s ta te  
stage. These figures show tha t  the growth  of the Si 
s tar ts  wi th  islands of dimensions of about  0.2 #m (both 
in height  and in wid th)  and then these islands grow 
l a t e ra l ly  and join  themselves.  Toward  the end of the 
ini t ia l  t rans ient  s tage a un i fo rm Si grown layer  is 
g r adua l ly  formed,  This p ic ture  of is land g rowth  in the 
ini t ia l  t rans ient  s tage and the t rans i t ion  to a uni form 
Si grown l aye r  in the  beginning of the  s teady-s ta te  
s tage is consistent  wi th  backsca t te r ing  spectra.  F u r -  
ther,  the  is land s t ructures  of the  grown Si l ayer  have 
also been confirmed b y  SEM observat ions of the c leav-  
age of the samples  before  being put  in HF. This same 
is land g rowth  and t rans i t ion  to a more uni form layer  
is common to other  samples  and o ther  anneal ing tem-  
peratures .  I t  should be pointed out tha t  throughout  this 
process the  remain ing  top l aye r  of amorphous  Si a l -  
ways  remains  fiat and uniform. 

A s tudy of the corre la t ion  be tween  the thickness of 
the  ini t ial  t rans ient  s tage of a sample  and the thickness 
of the Pd2Si l aye r  of tha t  sample  has been pe r fo rmed  
on samples  wi th  Pd2Si thicknesses ranging  from 440 to 
1820A. (In all  these samples, the  thicknesses of the 
or iginal  amorphous  Si l ayer  are  a lways  about  I ~n . )  

A corre la t ion  be tween  these two thicknesses has been 
found as shown in Fig. 4. The thicknesses of the  Pd2Si 
layers  of al l  samples  presented  in Fig. 4 a re  also mea -  
sured f rom backsca t te r ing  spectra.  The expe r imen ta l  
points  can be wel l  f i t ted by  a s t ra ight  l ine passing 
th rough  the origin wi th  a slope equal  to 1. This shows 
tha t  for  each sample  the thickness of its ini t ia l  t r an -  
sient g rowth  is equal  to the thickness  of its Pd~Si 
layer .  

Discussion and Conclusion 
In the present  s tudy of the t r anspor t  of amorphous  

Si th rough  Pd-s i l ic ide  layers,  two dist inct  regions ( ini-  
t ia l  t rans ien t  region and s t eady-s ta te  region)  have 
been observed. The ini t ia l  t rans ient  s tage has a fast  
t r anspor t  ra te  and is character ized by  the is land growth 
s tructure.  At  the end of the in i t ia l  t rans ien t  stage, the 
is land s t ructure  develops into a more  uni form grown 
layer .  This process can be descr ibed schemat ica l ly  
(according to the  expe r imen ta l  da ta  of Fig. 1 and 3) 
as shown in Fig. 5. The thickness of this l ayer  is equal  
to that  of the Pd2Si layer .  The migra t ion  ra te  of Si 
also changes ra the r  ab rup t ly  into a s lower  rate.  In this  
s lower ra te  region ( s t eady-s ta te  s tage) ,  the t ranspor t  
of Si is l inear  wi th  time. 
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Fig. 4. The linear relation between the thickness of Pd2Si layer 
and the thickness of the corresponding initial transient growth. 
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Fig. 5. A schematic picture wJfich describes the growth of is- 
lands and the formation of a uniform layer for the sample of Fig. I. 

The Si t ranspor t  in the ini t ial  t rans ient  stage can 
also be approximated by a l inear  rate which is about 
eight times faster than  that  of the s teady-state  stage. 
This difference in t ransport  rates is probably  due to 
the island structure in the ini t ial  t ransient  stage, which 
effectively provides many  more growth sites. 

The equali ty of the thickness of the ini t ial  t ransient  
layer  and that  of the Pd2Si layer  can, perhaps, be ra-  
tionalized by the following considerations. Initially, 
small  nuclei  are nucleated on the substrate surface 
either randomly or more l ikely on preferent ial  sites 
such as defect sites. These nuclei, then grow in  size 
and develop into islands. The height of these islands 
cannot exceed the thickness of the Pd-sil icide layer  
which is the t ransport  medium. Presumably,  the growth 
of the islands required the incorporat ion of free Si 
atoms dissolved in the t ransport  medium. Once these 
islands (with their  height equal to Pd2Si thickness) are 
formed, they start  to grow lateral ly and join them-  
selves. During this time, there is no fur ther  increase in 
the height of islands, otherwise there would be an in-  
crease of the interfacial  energy between the islands 
and Pd-si l icide due to increased interracial  area. In  
this way, a uni form grown layer of the same thickness 
as the original Pd2Si layer can finally be formed. A 
rather  similar phenomenon has been observed recently 
by Nakamura  e t a l .  (3) in a study of the dissolution 
and growth process of polycrystal l ine Si in contact of 
A1 films. The height of the regrown Si crystals is found 
to be the same as the thickness of the original  A1 layer  
which acts as the t ransport  medium in this case. 

The Si t ransport  changes to the steady-state region 
after the formation of the init ial  t ransient  layer. As 
pointed out earlier, this ini t ial  t ransient  Si grown layer 
is uniform and flat. However, there should be some 
significant differences between the original substrate 
surface and this uni formly  flat surface after the t r an-  
sient stage. Otherwise, instead of changing to the 
steady-state region, another "initial t ransient  stage" 
should have been developed on this surface similar  to 
that  observed on the original substrate surface. Differ- 
ences in dislocation densities between the init ial  t r an -  
sient grown layer  and the original crystal substrate, 
surface morphology, and microstructures are the possi- 
ble candidates for the difference in  growth behavior. 
In  addition, surface conditions caused by polishing, 
etching, and Pd-sil icide formation on the substrate sur-  
face are also among the possibilities. Fur ther  experi-  
menta t ion to dist inguish between these possibilities is 
now in progress. For example, experiments  with sub- 
strates of various orientations, different ways of Pd2Si 
formation (e.g., evaporat ion of Pd on a heated Si sub-  
strate),  metals other than Pd, or even substrates other 
than '  Si single crystals may fur ther  provide valuable 
information. 
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APPENDIX 
Depth Scales 

From the energy loss studies of 4He + through mate-  
rials (9), the thickness of a layer  ( ~ )  is related to its 
backscattering spectrum width (hE) by 

aE 
A X _ - -  

[S] 
where IS] is a depth-scale factor which is determined 
by the stopping power and the densi ty of the mater ial  
and the kinematics of the scattering. For convenience, 
we have assumed bulk  densities even for the th in  film 
case (8). Use of a depth scale in a toms/cm 2 would lead 
to the same features shown in  Fig. 2 and 4. The factor 
[S] is a slow varying funct ion of ~X and, for a prac-  
tical purpose, can be approximated as a constant. For 
example, when  a 2.0 MeV 4He+ beam is incident  on a 
Si layer  with a backscattering angle of 168 ~ [S] = 46.9 
eV/A at a depth of 1000A and 48.9 at 4000A. For the 
IS] factor of Pd_~Si layers, the calculation was made 
from the stopping powers of Si and Pd using Bragg's 
rule (9). The calculated values are [S] = 103 e V / A  
when the spectrum width ~E is measured from the Si 
signal of Pd2Si, and [S] = 115 eV/A when ~E is mea-  
sured from the Pd signal width. From these values, 
the thickness of the top layer  of amorphous Si of the 
sample before t ransport  shown in Fig. 1 is determined 
to be 0.63 #m and thickness of its Pd2Si layer  is 0.18 
~m. The thickness of Si that has been transported for 
the sample annealed 475~ for 90 min  shown in Fig. 1 
is 0.19 ~m. 

A careful comparison of the backscattering spectrum 
of the 475~ for 30 rain sample and that of the 90 min  
sample in Fig. 1, would suggest that the heights of the 
mounta in-shaped islands of the 30 rain sample are more 
than 5O0A higher than the thickness of the uni form 
grown Si layer of the 90 min  sample. But actually the 
height of the islands is very close to (if not exactly 
equal to) the thickness of the uniform grown layer. 
The apparent  big difference in heights is due to the fact 
that  Pd-sil icide and Si have rather  different stopping 
powers for the incident  he l ium particles. (The stopping 
power of Pd2Si is about twice as great as that of Si.) 
This can be easily seen from Fig. 5. If the height of 
islands is equal to the thickness of the uni form layer, 
then points A and B are of the same depth from the 
sample surfaces. But in  the backscattering spectra the 
signal of the point A will appear at a higher energy 
than that of the point B, because the point  A has es- 
sential ly only Si in front  of it, bu t  point B has a thick 
layer of Pd-sil icide displacing a layer of Si of the same 
thickness. 
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ABSTRACT 

Monosilane was purified with a newly developed ion-exchanged zeolite A, 
which sorbs phosphine in silane. The phosphine content of silane was deter-  
mined from electrical resistivity of silicon which was obtained by decompos- 
ing silane. Two kinds of silicon samples were used for analysis, i.e., epitaxial 
films on silicon substrate, and single crystal rods. The electrical resisC~ivity of 
the silicon rods of p- type ranged between 1 • 104 and 8 • 104 ohm-cm at 
room temperature,  depending on conditions of purification. A surface barr ier  
type solid-state detector, fabricated from this silicon, was evaluated with 
x- rays  and conversion electrons from 207Bi, and showed satisfactory charac- 
teristics. Characteristics of the adsorption column were studied with a s imu- 
lat ion column by the aid of gas-chromatographic techniques. Opt imum condi- 
tions were deduced for the operation of the adsorption column. 

High pur i ty  silicon is used in the fabrication of 
various elements such as a rectifier f o r  high voltage 
use and a solid-state detector for x-rays  and ~-part i -  
cles. In  recent years the demand for it is continuously 
increasing. Furthermore,  a much higher degree of 
pur i ty  is required with increasing needs for elements 
of higher qualities. The present  industr ia l  processes 
do not meet these requirements.  

Usually, semiconductor silicon is obtained by de- 
composing hydride or by reducing silicon halides. Two 
processes, i.e., monosilane and trichlorosilane processes, 
have been industrialized. In  order to obtain high 
pur i ty  silicon, the monosilane process is superior to the 
trichlorosilane one, as can be seen from the following 
technical considerations: 

(i) Silane decomposes at 700~176 to silicon and 
hydrogen, which do not cause any corrosion troubles. 
This is a significant meri t  in  semiconductor technology, 
since it is possible that silicon is easily contaminated 
through chemical t ransport  processes of corros'ion prod- 
ucts. 

(ii) In  a generation process of monosilane, boron 
hydrides are completely removed from silane by the 
chemical reaction, ~ B  ~ : NH~ -> ~ B  : NH3$. Hence, 
the main  residual impuri ty,  which is electrically active, 
is phosphine, but  phosphine is rather  easily removed 
by zone refining. According to our experience, boron 
content  in silicon, prepared from silane, ranges be- 
tween 0.02-0.01 ppb in  atomic ratio, which is very 
low in comparison with that  from trichlorosilane. 
Phosphorus content  in silicon is ment ioned in the next  
paragraph. However, the monosilane process is slightly 
inferior to the trichlorosilane process in the area of 
production cost, as far as the present  process is con- 
cerned. 

In  the present  industr ia l  process, silane is generated 
by reacting magnesium silicide with ammonium chlo- 
ride in l iquid ammonia  solution as 

at 0~ 
> Sill4 ~ 2MgC12 Jr 4NH3 Mg2Si ~ 4NI-~CI in liq NH8 

Impuri t ies  general ly contained in the evolved gas are 
highly volatile hydrides (diborane, arsine, phosphine, 
and methane) ,  carbon monoxide, and nitrogen. Di- 
borane is easily el iminated in the generat ion step as 
already mentioned. Arsine is rather  unstable  and, in 
our experience, has not caused any problem. It is un -  

Key words:  surface barrier type SSD of silicon, fabricat ion of 
ultrahigh pur i ty  silicon, analysis of phosphine  in silane. 

avoidable that  silane contains traces of CH4, CO, and 
N2. When these gases are decomposed to elements, they 
give electrically less inactive impur i ty  centers. Hence, 
the existence of these impurit ies is not a serious mat -  
ter, as long as their  amounts  do not exceed 1 ppm. 
Phosphine is removed by disti l lation under  reduced 
pressure at temperatures  below the boiling point  of 
silane (- - I12~ Phosphine impur i ty  is reduced from 
about I0 ppm in raw silane to about 0.05 ppb after 
distillation. This process has some disadvantages. The 
apparatus for the disti l lation is complicated and ex- 
pensive, since liquefied silane, which forms a sponta- 
neously explosive mix ture  with air, is processed. Fine 
disti l lation with a high number  of plates is necessary 
in order to remove phOSlphine thoroughly from silane. 
Purified silane is thermal ly  decomposed on a heated 
substrate of single crystal silicon to yield polycrystal-  
l ine silicon. Polycrystal l ine silicon is fur ther  purified 
and single crystallized by means of the floating-zone 
melt ing techniques. Resistivity of n - type  silicon pre-  
pared in this manner  ranges from 2000 to 3000 ohm-cm 
at room temperature.  This value is considerably lower 
than that of the ideally pure silicon, say, 230,000 ohm- 
cm. Many investigators (1,2) reported properties of 
near ly  intrinsic silicon which was prepared by tech- 
niques of automatical ly repeated zone-melt  refining. 
The techniques, however, are not suitable to mass pro- 
duction of high pur i ty  silicon. 

The aim of the present work is to establish the proc- 
ess of the production of high pur i ty  silicon, especially, 
by adsorptive purification of silane. Caswell (3) pur i -  
fied silane with some zeolites, and obtained the p- type 
silicon with a resistivity of 40-75 ohm-cm. We have 
developed an improved adsorbent  (4). This is an ion- 
exchanged modification of molecular  sieve A, having a 
composition of (ZnxKI~-2x)-A with 2 < x < 4. The 
commercially available molecular sieves A are 3A, 4A, 
and 5A. Adsorptive properties of these zeolites for 
silane and phosphine are shown in Table I, along with 
those of a newly developed 4.5A and the concerned 
zeolite. As can be seen from Table I, 3A and 4A sorb 
nei ther  silane nor phosphine, while 4.5A and 5A sorb 
both of them. (Znz, K12-~x)-A zeolite with 2 ~ x < 4, 
may be classified as 3A as far as its sieving actions 
for nonpolar  and saturated compounds are concerned 
(5). However, it can sorb polar molecules with diam- 
eters slightly larger than its window size. Equil ib-  
r ium properties of this adsorbent were thoroughly in-  
vestigated in the preceding paper (5), but  the sorption 
kinetics were only briefly reported. In  the present 
paper we report, in detail, results of the purification 
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Table I. Adsorptive abi.ities of 3A, 4A, $A, and 4.5A and the 1 . 0  1 
concerned zeolite for silane, phosphine, arsine, and diborane. 

The signs 4- and - -  indicate active and nonactive, respectively. 

Adsorbent zeolite 

The 
Adsorbate concerned 

g a s  3A  4A 5A 4 .5A zeol ite  

Q8 

P h o ~ p h i n e  - -  - -  + + + 

S i l a n e  - -  - -  + + - -  

D i b o r a n e  - -  - -  + - -  - -  

A r s i n e  - -  - -  + - -  - -  

of silane conducted for the purpose of the production 
of high pur i ty  silicon. 

Experimental 
Adsorben t .~The  (M H, K ) - A  zeolites were prepared 

by ion-exchanging potassium ion in  molecular  sieve 
3A with divalent  cations M II, such as Zn  2+, Mg ~+, 
Mn 2+. The ion exchange was carried out at 80~ with 
solutions of MnC12 4- KC1 in 0.2 total metal  ion nor-  
mality.  Figure 1 shows adsorptive properties of pow- 
dered (M H, K ) - A  for Sill4, PHs, B2H6, and AsI-I3 as a 
funct ion of the zeolite composition. One can conclude 
from this figure that  the A-zeolites, having a com- 
position of (MH=Kt~_2=)-A with 2 < x < 4, are use-  
ful for the selective adsorption of phosphine from 
silane. The rates of adsorption of phosphine by these 
zeolites were measured with a McBain type quartz 
spring balance. As can be seen in  Fig. 2, (Zn, K ) - A  
zeolite surpasses (Mg, K ) - A  and (Mn, K ) - A  in  the 
rate of adsorption of phosphine. For these properties, 
(Zn, K ) - A  was adopted as the adsorbent  for purifi-  
cation in  the succeeding experiments.  

Experimental  apparatus.--Figure 3 shows the flow 
sheet of the present  experiment,  i.e., purification of 
silane by adsorption and decomposition to elemental  
silicon and hydrogen. The liquefied crude silane, stored 
in a storage tank  T, was evaporated by warming  and 
the silane gas passed through a dehydrat ion column C 
(2~/z in. diameter  X 5 ft long) packed with molecular  
sieve 3A. Adsorption columns A and B are stainless 
steel tubes 5 ft long and 2�89 in. diameter  packed with 
the concerned adsorbent  (1/16 in. pellet form) weigh- 
ing about 2.1 kg. Pr ior  to adsorption measurements,  the 
adsorbent  was baked out under  a flow of hydrogen 
(purified through pal ladium diaphragm) at 400~ for 
24 hr. The columns were cooled by  s tanding in air  to 
room temperature,  and fur ther  to --20 ~ to --3O~ by 
circulating coolant (methanol)  through jackets wound 
on the wall  of the column. Silane passed through the 
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Fig. 1. Adsorptive capacities of ( M  II ,  K)-A zeolites as a function 
of the composition. Mz Iz = 2 [ M I I ] / { 2 [ M r I ] + [ K ] } ;  G ,  silane 
at 150 Torr, 0~ /%, phosphine at 150 Tort for (Mn, K)- and 
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Fig. 2. The rate of sorption of phosphine With several (M zz, K)-A 

zeolites. (At 85 Torr and 0~ Qt and Q| are amount sorbed at 
time t and oo, respectively. O,  (Zn~.2K7.B)-A, Q| = 54.5 mg/g; 
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Fig. 3. Process flow chart for the production of ultrahigh purity 
silicon. T, storage tank for silane; C, dehydration column; A and 
B, purification columns; D, furnace for the decomposition of silane; 
E, furnace for epitaxial growth of silicon layer; G, gas chromato- 
graph; a and b, sampling pipes; P, pump. 

column C to A or B at a flow rate of 4 liters �9 m i n - 1  
and a pressure of 2.0 atm. The purified silane was 
introduced into a decomposition furnace, D, and ther -  
mal ly  decomposed to polycrystal l ine silicon onto a 
silicon wire heated to 820~176 A furnace, E, is 
used to analyze the sampling gas, and a and b are 
sampling pipes connected to E and a gas chromato- 
graph G, respectively. The zeolite, which had lost 
the sorptive abil i ty for phosphine, was regenerated by 
the same procedure as the activation carried out at 
the s tar t ing step. 

The polycrystal l ine rod obtained was single crystal-  
lized in a floating-zone chamber. The rod, before load- 
ing, was shaped by mechanical  grinding, and its sur-  
face was etched with HF-HNO3 soln. Only one zoning 
was made under  an atmosphere of argon at a positive 
gauge pressure. Single crystals for the seed had rests- 
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tivities ranging between 800-2000 ohm-cm at room 
temperature  of n- type,  and were held by stainless steel 
chuck. 

Analyses of phosphine in silane.--The concentration 
of phosphine was measured by two methods. The first 
was a gas-chromatographic analysis having a sensi t iv-  
ity of 10 vol. ppm. A separation column packed with 
chromsorb 104 (Johns-Manvi l le)  was 3 mm in diam- 
eter and 1 m in length, and controlled at 70~ The 
second was resistivity measurements  of a silicon epi- 
taxial layer  deposited from the silane in the furnace 
E. The apparatus consisted of a stainless steel chamber 
(30 cm in diameter  X 40 cm in  height),  an oil-free 
vacuum pumping  system, and a gas doser. A vacuum 
better  than 10 -7 Torr  was easily at ta ined after baking-  
out of the apparatus. The substrate for the epitaxial 
film was a p- type  silicon bar  of 0.7 ohm-cm (5 X 5 X 
200 mm) with the rod axis parallel  to [111]. All  faces 
of the bar  were polished with emery, ul trasonical ly 
cleaned successively in  trichloroethylene, methanol,  
and acetone, chemically etched, and washed. The rod 
was held vert ical ly by stainless steel clips and elec- 
tr ically heated. After cleaning the substrate silicon in 
hydrogen at 10 Torr  and 1200~ or so, silane was ad-  
mit ted to the chamber  at a pressure between 10 -~ and 
10 -3 Torr. Most of the epitaxial growth was carried 
out at 10 -1 Torr  and 1070~ Under  this condition, the 
growth rate (the thickness of deposited silicon divided 
by growth time) was about 0.2 ~m.min  -1. 

The epitaxial layer  is of n - type  while the substrate 
of p-type, and the thickness of the layer is about 40 ~m, 
so that we are obliged to measure a very high re-  
sistance. This l imits the measurable  range of the specific 
resistivity, by the four-point  probe method, to a value 
lower than 1 X 103 ohm-cm. To measure the high re- 
sistance of a very thin epitaxial layer, we must  use 
the spreading resistance microprobe techniques (6). 
Then, we can measure the resistivity of the epitaxial 
layer  in a range between 1 • 10 -8 and 6 • 104 ohm- 
cm. The concentration of phosphine in silane is cal- 
culated from observed resistivity data, under  the as- 
sumptions that ([PH~]/[SiH4])g = ( [P ] / [S i ] ) s ,  and 
fur ther  that the main  impur i ty  in solid is phosphorus. 
These assumptions might  be open to some ambiguity,  
but  the impur i ty  concentrat ion thus deduced has a 
useful meaning in production processes. 

Concentration of impurities in singZe crystal rod.-- 
The concentrat ion of excess donors or acceptors was 
obtained from the temperature  dependence of Hall co- 
efficient, RH. Furthermore,  the concentrations of boron 
and phosphorus were determined by the frozen-drop 
method (7) with a sensitivity of 0.01 ppb and an ac- 
curacy of 10%. In  the present  experiments,  contents of 
carbon and oxygen in silicon were not investigated in 
detail, because both of them cannot be deduced from 
electric properties. According to infrared spectroscopic 
analysis, the high pur i ty  silicon prepared by the float- 
ing-zone refining techniques had impur i ty  oxygen at a 
lower concentrat ion than 10 TM a toms / (cm 8 of Si) and 
carbon ranging from 0.5 to 1.1 • 10 TM a toms / (cm '~ of 
si). 

Results and Discussion 
Concentration of impurities in the puril~ed silane.-- 

The resistivity of the silicon layer, which is a decom- 
position product of the purified silane, is shown in Fig. 
4 as a funct ion of the depth from the surface. The ver-  
tical arrow in  the figure shows the position of the 
p -n  junct ion which is determined by the stain-etching 
method. If the experiment  could have been conducted 
ideally, the dotted curve would have been obtained. 
Several reasons are considered for the discrepancy be- 
tween the observed and dotted curves. Out-dopings 
from the substrate may reduce the steepness of the 
s lope in the p - n  t ransi t ion region. The exact shape of 
the peak cannot be obtained owing to a l imited posi- 
tionaI resolution of the present  microprobe, 1 ~m. We 
cannot claim that contaminat ion from the apparatus 
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Fig. 4. Profile of the resistivity of the silicon layer deposited 

onto p-type substrate silicon crystal. Material silane gas was 
purified with the zeolite at a column temperature of - - I0~  

wall is completely excluded. In  spite of these short-  
comings, the p-value at the plateau region becomes a 
measure of the concentrat ion of phosphine. Applying 
Irvin 's  equation (8), we have 

(donor concentrat ion) ~ (concentrat ion of P) 
= 5 • 1011 a toms / (cm 8 of Si) 

Single crystal rods obtained from the polycrystal-  
l ine silicon were 20-33 mm in diameter  and 300 mm in 
length, and their  resistivities at room temperature  
were greater than 104 ohm-cm of p- type  without  ex- 
ception. Figure 5 shows a representat ive curve for the 
resistivity vs. position along the axis of the rod. The 
part  near  the seed crystal had a much lower resistivity 
than that of the middle part. This is a t t r ibuted to the 
contaminat ion from the low resistivity seed (600 ohm- 
cm of n - type) .  The single crystal silicon rods were of 
p- type in contrast with the result, obtained in  the pre-  
ceding paragraph, that  the e p i t a x i a l  layer was of 
n- type.  It is considered that phosphorus was efficiently 
removed but  boron was not in the process of the float- 
ing-zone melt. 

Hall coefficient, RH, was measured as a function of 
temperature.  The excess donor or acceptor concentra-  
tion, • is given by the  relat ion ~N = INA -- ND[ ~-~ 
1/RH ' e, where NA and ND are the concentrat ion of ac'- 
ceptor and donor, respectively, and e is the e lementary 
charge. The value for AhT was 1.9 • 101~ a toms / (cm 3 of 
Si), as estimated from RH value in the extrinsic re-  
gion. 

Extrinsic resistivities of the samples ranged be- 
tween 3 • 104 and 8 • 104 ohm-cm at room tempera-  
ture. Three measuring techniques- - the  spreading re-  
sistance microprobe, the four-poin t  probe and the bu lk  
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resistance methods- -were  used for comparison. These 
results are tabula ted in Table II, and the agreement  
among these results was satisfactory. 

Characteristics of the adsorption co~umn.--The con- 
centrat ion of phosphine in the effluent silane is shown 
as a funct ion of the column tempera ture  in Fig. 6, 
where the phosphine concentrat ion was obtained from 
the resistivity of the deposited silicon layer. If the rate 
of adsorption is so high that  the local equi l ibr ium is 
at tained along the column, the effective isosteric heat 
of adsorption of phosphine by the adsorbent, qst, can 
be deduced from this figure with the Clausius-Clapey-  
ton equation as 

qst ---- 23 __ 2 kcal �9  mole -1 

This heat is slightly smaller than those of ammonia  and 
water (9). The higher pur i ty  of the effluent silane is 
obtained with the decreasing column temperature,  up 
to the point where the assumption of the adsorption 
equilibrium breaks. 

Further studies were carried out by using a simula- 
tion column to obtain detailed knowledge in a wider 
temperature range. The simulation column had a 
diameter of 4.2 mm and a length of 450 ram, containing 
5g of the adsorbent (40-60 mesh particles). A gas mix- 
ture of phosphine and silane was passed through the 
column, and an effluent was directly introduced into a 
gas chromatograph and analyzed. Since the sensitivity 

Table II. Resistivity of high purity Si 
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of the detector was 10 ppm for phosphine, the test gas  
used contained about 350 ppm of phosphine. This com- 
position differs considerably from that  used in other 
experiments at our plant, but  we can expect that re-  
suits of the s imulat ion exper iments  elucidate the char-  
acteristic properties of the adsorbent.  The break-  
through curve of the column was measured at tem- 
peratures between --78 ~ and 50~ and at flow rates 
ranging from 60 to 600 m l i t e r ,  rain -1. Results are 
shown in Fig. 7. In this figure, the concentrat ion of 
phosphine in the effluent is expressed in a normalized 
uni t  (cone of phosphine in the outlet gas/conc of 
phosphine in the inlet  gas). The breakthrough point 
is defined as the total volume of gas effused before 
phosphine in the effluent can be detected by the gas  
chromatography. The breakthrough point increases 
first with the decreasing column temperature,  reaches 
the max imum value at about --30~ and then drops 
steeply, as shown in Fig. 8. Two possible reasons are 
considered for this drop. The first is concerned with an  
inherent  property of phosphine, that  its adsorption may 
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require some activation energy and become very slow 
at lower temperatures.  The second is that the adsorp- 
tion of phosphine is reasonably rapid but seriously 
hindered by coexisting silane at lower temperatures. 
To make a choice between these two, the breakthrough 
curve of a mixture of argon and phosphine was 
studied, and the results are shown by a dotted curve in 
Fig. 8. In this case, the breakthrough point mono- 
tonically increases with decreasing temperatures and 
is always higher than that in the phosphine-silane 
system. Consequently, it is concluded that silane hin- 
ders the adsorption of phosphine and that its effect be- 
comes serious below --40~ The effect of the flow rate 
of the gas was also investigated, with results shown in 
Fig. 9. 

The column, when saturated with phosphine, was 
regenerated by warming  gradual ly  up to 400~ under  
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ferred to PH3/SiH4 system, with a molar concentration of PH8 of 
360 ppm, at a flow rate of 167 ml �9 min-1; the dotted curve is 
referred to PH3/Ar system, with a molar concentration of PH~ of 
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a flow of hydrogen. The adsorption activity of the 
column was reduced to one- thi rd  of its ini t ial  value by 
the first regenerat ion treatments,  and almost lost after 
three cycles. In contrast with the phosphine-si lane 
system there was no hysteresis on regenerat ion of the 
adsorbent in the phosphine-argon system. One possible 
conclusion is that silane decomposition impairs the 
adsorption activity of the zeolite in the regenerat ion 
process. This means that  silane may be sorbed to some 
extent, and decompose and block the pores on heating. 
The adsorbed amount  of gas in Fig. 1 was obtained by 
wait ing 2 hr for equilibration. Hence, more careful 
measurements  were carried out by wait ing 100 hr for 
equilibration, and it was found that  a measurable 
amount  of silane was sorbed very slowly. After pump-  
ing out residual silane in  a dead space, the zeolite ad- 
sorbent  was heated to 400~ hydrogen being evolved 
in that course. Thus ]t is concluded that  silane com- 
petes, though weakly, with phosphine in adsorption, 
and that the sorbed silane decomposes to hydrogen and 
silicon by heat- t reatments .  The product silicon blocks 
the window to the cavity of the zeolite and hinders the 
regeneration. It is a considerable demeri t  that the ad- 
sorbent cannot be regenerated. Still, the present  proc- 
ess is economical for the following reasons: (i) The 
ratio of weight of zeolite consumed to that of treated 
silane is very large, that  is, the purified silane weighing 
200 kg can be obtained from 2 kg of zeolite in one bed; 
(//)zeolite is far less expensive than a silicon rod; 
(iii) in  the adsorption purification process, losses of 
si lane are negligibly small; and (iv) adsorption pur i -  
fication is carried out at temperatures  between --30 ~ 
and --20~ attained by a one-stage refrigerator. 

To seek a better  adsorbent, we measured adsorption 
properties of (Mg, K)-A,  (Mn, K)-A,  and (ZnzKm-e~)-  
A with 1 < x < 2, but  all of them are inferior to the 
one discussed herein. With these zeolites, phosphine 
was sorbed rather  slowly, so that  an unreasonably  long 
adsorption column may be required to purify silane to 
the desired degree. Other kinds of zeolites such as 
(Cd, K) -A,  (Ca, K) -A ,  and (Ni, K) -A,  did not satisfy 
the required conditions. 

Characteristics of the high purity silicon.--A surface 
barr ier  type detector with a depletion layer  thickness 
of 1 mm was fabricated from high pur i ty  silicon (of 
p- type  wi th  a resistivity of 1 X 104 o h m - o n  at room 
temperature) .  Figure 10 shows a representative spec- 
t rum and the full widths at half  maximum, measured 
with the detector at 77~ for x- rays  and conversion 
electrons from Z0TBi. The total system resolution was 
5.7 keV at 0.975 MeV with 800V bias on this detector. 
The same resolution was obtained for a signal from a 
test pulser, so that the resolution was l imited by the 
electronic circuit used. Consequently, we can say that 
the intrinsic resolution of the detector is better  than 
the above value. 

Conclusion 

In the present  work, use was made of a conventional  
floating-zone apparatus and deposition furnace for 
routine production, so that the apparatus unavoidably 
caused contamination of the silicon rod. Therefore, the 
observed purity in the present work gives the lowest 
l imit  to the true pur i ty  of the treated gas. Ultrahigh 
puri ty  silicon (p > 105 ohm-cm at room temperature)  
can be fabricated from silane purified by adsorption 
on modified zeolite, if use is made of a very clean ap- 
paratus specially designed for the purpose. 

The high pur i ty  silane gas is valuable  not only for 
the production of silicon rods, but  also for chemical 
vapor deposition process. The epitaxial silicon layer 
with a very high resistivity is useful for some pur -  
poses, and the high resistivity polycrystal l ine silicon 
layer  is required for isolation of electrodes on IC chips. 
Commercially available silane for CVD, usually, con- 
tains u-type impurities (probably, phosphine) and the 
epitaxial silicon obtained from it has a resistivity of 
about 200 ohm-cm or lower at room temperature.  High 
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res is t iv i ty  layers  can easi ly  be obta ined by  passing 
such a gas th rough  a small  adsorpt ion  column of (Zn, 
K ) - A  zeolite. This appl ica t ion  of zeolite is promis ing in 

the product ion of some types  of IC, and is now under  in-  
vestigation.  
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Reduction of Autodoping 
Carl O. Bozler *.1 

Sperry Rand Corporation, Gainesville, Florida 32601 

ABSTRACT 

Silicon epitaxial layers are grown on silicon substrates highly doped with 
arsenic using the pyrolysis of silane. A special technique is used to reduce the 
autodoping by minimizing impur i ty  evapora t ion  f rom the  back side of the 
wafer�9 A comparison of impur i t y  profiles obta ined f rom layers  g rown under  
a number  of different  condit ions reveals  tha t  autodoping can be reduced sti l l  
fu r the r  by  increasing the flow rate, decreasing the volume around the sus-  
ceptor, and decreasing the growth  rate. The formula t ion  of a mathemat ica l  
model  helps to describe the  in te r re la t ion  of those three  variables�9 By opt imiz-  
ing the growth  conditions, i t  is shown tha t  the  autodoping can be essent ia l ly  
el iminated.  

For  many  silicon devices, especial ly  microwave  
diodes and transistors ,  it  is des i rab le  to have ve ry  
abrup t  t ransi t ions  be tween  doping levels.  In some 
cases it is requi red  to have a heavi ly  doped subs t ra te  
wi th  l ight  doping in an ep i tax ia l  layer .  Fabr ica t ion  of 
such an epi tax ia l  l aye r  where  the t rans i t ion  in doping 
level  must  occur in less than a micron  can be difficult 
because of dopants  coming f rom the subs t ra te  dur ing 
growth.  

Impur i t ies  can move f rom the subs t ra te  into the 
epi tax ia l  l ayer  in two ways. First ,  they  can s imply  dif -  
fuse th rough  the bu lk  silicon into the  layer,  and ac-  
cording to Fick 's  law the imPuri t ies  wil l  assume a 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  L i n c o l n  La bo ra to ry ,  Massachuse t t s  I n s t i t u t e  01 

Techno logy ,  L e x i n g t o n ,  Massachuse t t s  02173. 
K e y  words ;  s i l icon,  ep i t axy ,  autodoping. 

complementa ry  e r ror  function d is t r ibut ion  ( i ) .  Second, 
impur i t ies  can leave  the  subs t ra te  via  the gas phase 
adding to dopants  a l r eady  in the  gas. Some of these 
impur i t ies  wil l  then  be incorpora ted  into the  growing 
layer .  This second impur i t y  t r anspor t  mechanism, via  
the gas phase, is genera l ly  t e rmed  autodoping.  

To c lar i fy  the events  which  lead  to autodoping,  one 
can divide the growth  sequence into two t ime periods. 
Before growth  begins, there  is a per iod where  the  sub-  
s t ra te  is at g rowth  t empera tu re  wi th  dopant  evapor -  
a t ing f rom the subs t ra te  surfaces reaching some s teady-  
state concentrat ion in the  gas phase. The second t ime 
per iod begins wi th  the  ini t ia t ion of growth.  The ex -  
posed surfaces of h igh ly  doped silicon become sealed 
wi th  a l aye r  of silicon wi th in  a few seconds and can 
no longer  contr ibute  to autodoping.  No growth  occurs 
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on the back surface of the substrate, however, which is 
more or less in  contact with the susceptor, and con- 
sequently the back surface continues to contribute to 
autodoping. There are then two sources for autodoping: 
the impurit ies in the gas before growth begins and the 
impurit ies evaporat ing from the back surface dur ing 
growth. 

A number  of authors (2-4) have demonstrated that 
a dramatic decrease in autodoping occurs when the 
back side of the wafer is coated with SiO~ prior to epi- 
taxial growth. With the ,back side of the wafer  sealed, 
the entire wafer becomes sealed after growth begins. 
The only impurit ies contr ibut ing to autodoping in  this 
case are those which have evaporated from the front 
surface of the substrate in the period before growth 
began. It  is the pregrowth contr ibut ion to autodoping 
that is investigated in  this paper. 

Experimental 
The system used to grow the epitaxial  layers is an 

Applied Materials Technology AMV 500. The cross 
section of the reactor chamber  in Fig. 1 shows the ro- 
tat ing susceptor which is made of high pur i ty  graphite 
with an over- layer  of silicon carbide. The susceptor has 
a 12.5 cm diameter and is induct ively heated. The sili- 
con layers are grown by the pyrolysis of silane at a 
corrected temperature  of 1050~ Before each growth 
run, the susceptor is first stripped with hydrogen chlo- 
ride in hydrogen (1200~ and then recoated with a 
fresh layer of undoped silicon. 

The substrates are highly doped with arsenic having 
a resistivity of 0.001 ohm-cm and (111) orientation. 
They are 3.1 cm in  diameter, 0.017 cm thick, and have 
dislocation counts less than 500/cm 2. They are chem- 
mechanically polished on one side and chemically 
etched on the back side to remove lapping strain. The 
substrates are prepared for epitaxial growth by de- 
greasing in organic solvents followed by 5 min  in hot 
1: 1, NH4OH:H202, then 5 rain in hot H2SO4 saturated 
with CrOs, and 5 min  in hot 18 megohm water. The 
wafers are then vapor-etched in the epitaxial reactor 
with 2% hydrogen chloride in  hydrogen (20 l i ters/rain)  
for 4 min  at a corrected tempera ture  of 1200~ The 
etch is done immediate ly  prior to film growth and re-  
moves about 2~ of silicon. 

A very  important  discovery was made when examin-  
ing the wafers after etching. During the vapor etch a 
layer  of silicon grows on the back side of the wafer. 
The layer  is 1-2 gm thick and the carrier concentrat ion 
is approximately 1017/cm a at the surface. The reason 
for this growth dur ing etching is i l lustrated in Fig. 2. 
The substrate is 20~ cooler than the susceptor and 
with the presence of HC1, t ransport  of silicon occurs 
from the susceptor to the substrate. This layer  of sili- 
con seals the back side of the highly doped (5 • 1019/ 
cm3) substrate. The effectiveness of the seal was ver i -  
fied by comparing epitaxial  layers grown on wafers 
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with and without a s team-grown oxide, IO,O00A thick, 
over the silicon layer on the back side. No detectable 
reduction in  autodoping was observed due to the extra 
oxide film. This convenient  method of sealing the back 
side of the wafers was used on all of the runs re- 
ported here. 

After the vapor etch the system is purged for 10 min  
(various purge times in the range 5-30 min  had no 
effect on the impur i ty  profile) and then epitaxial 
growth is begun. The hydrogen flow rate was constant 
throughout  the r un  and except where noted was 20 
l i ters /min.  

The silane concentrat ion was varied from 0.01 to 
0.1% with the growth rate varying l inearly.  For the 
layers grown with a slow growth rate of 0.03 ~m/min,  
a special two-step procedure was used to decrease total 
growth time. The slow growth rate was main ta ined  for 
30 min;  then, the silane concentrat ion was increased to 
give a growth rate of 0.3 #m/ra in  for 7 min. This pro- 
cedure provided the 3 ~m thick film required by the 
electrical evaluat ion technique. 

Generally,  only one substrate was used per experi-  
ment  except where noted. To reduce the volume around 
the susceptor from 3 liters to 1 liter, a quartz cover 
(dotted l ine in Fig. 1) was added to the reactor for 
several of the experiments.  

The qual i ty  of the layers was evaluated with Sirtl  
etch and they were found free of stacking faults. The 
film thickness uni formi ty  over each wafer was better  
than •  

The impur i ty  profile measurements  were made using 
the voltage-capacitance technique (5). Two different 
procedures were used to form the barrier.  One tech- 
nique was to use a boron predeposition to form a 0.1 
~m thick p-layer.  Mesas were etched and contact made. 
The second technique made use of the mercury  probe 
(6). Calibrat ion of the mercury  probe was made very 
accurate by measur ing a known standard before each 
profile measurement.  There was excellent correlation 
between these two techniques. 

Results and Discussion 
The effect of flow rate and volume around the sus- 

ceptor on autodoping is i l lustrated in Fig. 3. The dotted 
l ine is the complementary error function determined 
by time and diffusion constant at growth tempera ture  
and represents the part  of the doping which would 
remain  if the autodoping were eliminated. The solid 
curve is the measured impur i ty  profile. Due to the 
nature  of the voltage-capacitance measurement ,  the 
position of the impur i ty  profile along the x-axis rela-  
tive to the interface between substrate and layer was 
ini t ia l ly unknown.  The correct position has been de- 
termined by noting that for all the exper imental  curves 
the slope above a carrier concentrat ion of 1017/cm ~ is 
essentially the same as the corresponding complemen-  
tary error function curve. This implies that autodoping 
becomes negligible above 1017/cm ~ and that  in this 
range the experimental  and complementary error func-  
tion curves can be matched by shifting the exper imen-  
tal curve in the x-direction. The three experimental  
curves in Fig. 3 have been matched, and it is evident  
that by either increasing the hydrogen flow or de- 
creasing the volume, the autodoping is reduced. 

It has been found by some (7) that this result  could 
be explained by impurit ies stored in a s tagnant  bound- 
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ary layer. A special exper iment  was made to determine 
the effect of the boundary  layer. A fixed quartz wiper 
was placed over the susceptor in a radial  direction so 
that, with the susceptor rotating, the wiping action 
would dis turb the boundary  layer  releasing the stored 
impurities. The clearance between the bottom of the 
wiper  and the top surface of the wafer was �89 mm. The 
height of the wiper  was 1 cm. A layer  was grown using 
the wiper  under  conditions identical to Epi No. 1 and 
the profile obtained was indist inguishable from that  10,9 
given for Epi No. 1 in Fig. 3. Therefore for the vertical  
system used in these experiments  the boundary  layer is 
not a major  cause of the autodoping. 

A second possible explanat ion of the results in Fig. 3 
is that both smaller  volume and higher flow cause more 
rapid impur i ty  dilution. The relat ion of the growth 
variables to impur i ty  concentrat ion can be clarified 
with a model. Consider V to be the volume above the ' ~  
susceptor of Fig. 1 and assume, because of turbulence,  

Z that gas enter ing at flow rate ] is completely mixed o_ ,~ 
immediate ly  upon entering. One can describe the im-  <~ IO 
pur i ty  concentrat ion in the gas as a funct ion of t ime ~_ 
with the differential equat ion z , , i  

L) 

V dC z o 
C : [I] o o,O 

:f dt  z -  
W 

C(O) = Co = r r  

It  is easy to visualize in  the reactor of Fig. 1 that ~' 
large vortices may exist inside the bell jar  above the io 's 
susceptor. Even though the gas inside a vortex is well 
mixed a large percentage of pure gas may pass around 
the outside of the vortex and past the skirt  without  
mixing. To account for this, a mixing factor k less than 
one is factored into the flow term of Eq. [1] 

--V dC 
C : . - -  - -  C(0) : Co [23 

k:f dt  

A solution to this equation is 

P~f 

V 
C = Coe [3] 

Because of the near ly  l inear  relationship between gas 
impur i ty  concentrat ion and layer  impur i ty  concentra-  
tion, let 

NI = hC [4] 

where NI is that part of the impurity concentration in 
the silicon which comes from the pregrowth gas im- 
purities and h is the proportionality constant. With the 
change of variables 

x = G t  [ 5 ]  

where G is the growth rate. The impur i ty  concentra-  
t ion in the layer  as a funct ion of distance is 

k! 

GV 
Nl = hCoe [ 6 ]  

In  Fig. 4, the impur i ty  profile of epitaxial  r u n  No. I 
given in Fig. 3 has been replotted on a contracted 
x-scale in order to show the impur i ty  level fur ther  
from the layer-subst ra te  interface. Equat ion [6] has 
been plotted also with k = 0.2, and one can see that  
there is some contr ibut ion to autodoping in addition to 
the pregrowth gas impurities.  A possible source for 
this additional autodoping is tbe walls of the reactor 
which are relat ively cool (300~176 Impuri t ies  
could condense on the walls in  the pregrowth period; 
then, after growth begins and the impur i ty  concen- 
t ra t ion in the gas decreases, the impuri t ies  on the 
walls could be released. In  Fig. 4 the l ine having the 
equation 

V G 
N~ : So--e [7] 

f 

has been included to represent these released im- 
purities. 11 does not depend on the volume around the 
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susceptor or the  flow rate, but  is p robab ly  a compl i -  
cated funct ion of wal l  t e m p e r a t u r e  and impur i ty  vapor  
pressure.  Bo is de te rmined  by  the ini t ia l  ra te  of im-  
pu r i ty  release, and the V/f  t e rm represents  the  effect 
of flow ra te  and  volume. The total  concentrat ion in the  
film is the sum of Eq [6] and [7] 

vG V G 
N = hCoe + B o -  e [8]  

f 
Even though Eq. [8] is a r a the r  crude model  which 
ignores the effects of diffusion dur ing growth,  it  has 
a ve ry  good qual i ta t ive  agreement  wi th  severa l  exper i -  
menta l  resul ts  which fol low and is able to predic t  the  
requi rements  for m in imum autodoping.  

Equat ion [8] predic ts  that  decreasing the growth  ra te  
should have a s trong influence in reducing the auto-  
doping. This was indeed found to be the case, as i l lus-  
t ra ted  in Fig. 5. The effect of the low growth  ra te  is 
to main ta in  a sealed subs t ra te  wi th  a min imal  th ick-  
ness of sil icon whi le  a l lowing t ime for the impur i ty  
level  in the  gas to decrease. The lower  growth  ra te  re -  
quires a longer  growth  time, however ,  and conse- 
quent ly  the impur i ty  diffusion from the  subs t ra te  into 
the layer  is l a rger  (dot ted  l ines) .  A comparison of the  
impur i ty  profile of the  0.03 #m/min  l aye r  (Epi No. 5) 
and Eq. [8] is made  in Fig. 6. The values of Cc~ Bo, J, ~, 
and V are the  same as those used in Fig. 4. The agree -  
ment  is good with  the  real izat ion tha t  the increased 
out-diffusion of impur i t ies  f rom the subst ra te  in Epi 
No. 5 has covered over  the  autodoping cont r ibuted  
by  p reg rowth  gas impuri t ies .  The impur i t ies  des ignated 
as coming from the reac tor  wal ls  now p lay  the most 
impor tan t  part .  

In  addi t ion to growth  rate,  the  one o ther  var iable  
in the  sys tem which was found to influence autodoping 
was the number  of subst ra tes  on the susceptor,  as i l lus-  
t ra ted  in Fig. ~. Increas ing the number  of subs t ra tes  
increases the autodoping,  which is at least  in qua l i ta -  
t ive agreement  wi th  the model. The increased surface 
area  of h ighly  doped sil icon has the  effect of increasing 
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the gas concentra t ion of impur i t ies  before  growth,  
which increases the value of Co and Bo in Eq. [8]. 

Using the model  as a guide, an a t t empt  was made to 
reduce the autodoping as much as possible. A layer  
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was grown using a single substrate,  a low growth  ra te  
of 0.03 ~m/min,  and a small  vo lume around  the sus-  
ceptor  (1 l i t e r ) .  The  resul t  is given in Fig. 8 and com- 
pared  wi th  Epi No. 1 ( the complementa ry  e r ror  func-  
t ion for Epi  No. 1 has been omi t ted  for c la r i ty ) .  The 
amount  of au todoping has been  grea t ly  reduced and 
has made  the t rans i t ion  in doping level  ve ry  abrupt .  
The t rans i t ion  is so ab rup t  that  when using the vol t -  
age-capaci tance  technique to measure  impur i ty  con- 
centrat ion,  there  can be apprec iable  measurement  e r r o r  
due to e lect ron redis t r ibut ion .  Using the theoret ica l  
da ta  presented  by  Kennedy  (5) on d is t r ibut ion  of c a r -  

r iers  a round  h i - low junctions,  the  remain ing  auto-  
doping in Epi No. 7 can be accounted for by  measure -  
ment  error.  

Al though  only seven impur i t y  profiles have been 
given he re  to descr ibe the resul ts  in Fig. 3-8, ac tua l ly  
many  addi t ional  profiles were  made  of ep i tax ia l  l ayers  
grown under  condit ions ident ical  wi th  layers  1-7. Each 
layer  was repea ted  at  least  twice and Epi  No. 1 has 
been repea ted  over  twenty- f ive  times. In  eve ry  case 
when  growth  condit ions were  ident ical  the  profile di f -  
ferences were  insignificant. 

Conclusions 
For  a specific ep i tax ia l  c rys ta l  g rowth  sys tem using 

subst ra tes  doped wi th  arsenic, the  causes of autodoping 
have been studied. A mathemat ica l  model  has been es- 
tab l i shed  to help  organize the  expe r imen ta l  results.  
Wi th  the  e l iminat ion  of autodoping from the  back side 
of the wafer,  the impor tan t  requ i rements  to reduce 
the remain ing  autodoping are  increased flow rate,  de -  
creased volume around  the susceptor,  decreased growth  
rate, and  decreased number  of substrates .  I t  was found 
possible to meet  a combinat ion of these requi rements  
which resul ted  essent ia l ly  in the  e l iminat ion  of the 
autodoping.  
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Fluoride Ion Contamination and TiO Film Migration 
in the Ti-Pt-Au Metallization 

A. Christou* and H. M.  Day* 
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ABSTRACT 

F -  ions exist as probable sources of contaminat ion 'from the contact etchant  
and from the p la t inum etchant during the processing of the T i - P t - A u  metal-  
l ization contact system. Anneal ing up to 200~ has resulted in the formation 
and migrat ion of a TiO layer  as identified in the S i - T i - P t - A u  structure. Sput-  
ter  profiles using Auger  electron spectroscopy (AES) indicate that the Ti 
layer  has been t ransformed into a Ti, TiO, 02 composition. I% is shown that  
the th in  oxide film (TiO) passivates the t i t an ium layer. Interdiffusion failures 
observed were found to be directly dependent  on the migrat ion and chemical 
dissolution of the passivation (TiO) film. These specimens were characterized 
by random pinhole formation and microcracking as identified with the SEM. 
Migration of the thin oxide film resulted in  the t i tan ium becoming active in a 
contaminated ion environment .  F -  ion contaminat ion was found to provide 
a more active corrosive env i ronment  for pinhole formation. Interdiffusion of 
gold through the barr ier  layers increased as F -  ion concentrat ion increased. 

A n u m b e r  of investigations on the rel iabil i ty of semi- 
conductor devices as affected by diffusion controlled 
processes which take place at metal-si l icon contacts 
have been reported in the l i terature (1-3). These in -  
vestigations indicate that  halogen ions at silicon and 
silicide contacts can degrade the low temperature  sta- 
bili ty of gold/refractory thin film structures. In  the 
present invest igat ion we report  (i) the effect of F -  ion 
contaminat ion on the rel iabil i ty of the T i -P t -Au  metal-  
lization, (ii) the effect of oxygen gettered by the 
t i t an ium on the stabil i ty of T i -P t -Au  test structures, 
and (iii) the pinhole and interdiffusion (Au ~ Si) 
failure mode. F -  ions exist as probable sources of con- 
taminat ion from the contact etchant. In addition to 
contact contamination, a number  of intermetall ic  com- 
pounds are formed in the diffusion couples of the Ti- 
P t -Au  system (4, 5). These compounds include TisPt 
which has been postulated to be the h igh temperature  
diffusion barr ier  to gold-silicon interdiffusion (6). If 
pinhole formation is accelerated in  the presence of a 
corrosive environment ,  pinhole formation in the bar-  
rier layers can result  in a low temperature  gold-silicon 
interdiffusion. 

Experimental Techniques 
In  LSI and microwave transistor  metall ization ap- 

plications, an oxide-ni t r ide-oxide sandwich is deposited 
before the ini t ial  emit ter  diffusion. The upper  oxide is 
photoetched in  contact areas and is used as a mask for 
etching the ni t r ide layer. Contact windows in the sili- 
con are subsequent ly  opened, and after removal of the 
photoresist, p la t inum is evaporated for p la t inum sili- 
cide formation. The PtSi is followed by a t i t an ium (for 
adhesion) and a p la t inum (gold diffusion barr ier)  
deposition. The gold is then  plated onto the beam areas 
and the t i t an ium is etched result ing in  the cross sec- 
tion shown in Fig. 1. Figure 1 also summarizes the 
various processing steps. The F -  and C1- ions are 
probable sources of contaminat ion from an HF etchant, 
from the p la t inum etchant (HNO~ and HC1), and from 
the SiO2 etchant. Test structures with contacts shown 
in Fig. 1 and with known amounts  of F -  ion surface 
concentrat ion were annealed in a vacuum (1 • 10 -5 
Torr) at temperatures  up to 350~ in order to invest i-  
gate gold migration, pinhole formation, and micro- 
cracking. 

A second set of test structures consisting of T i -P t -Au  
deposited on F -  pretreated (100) silicon wafers was 
used to determine the low temperature  150~176 

* Electrochemical  Society Act ive  Member .  
K e y  words :  Auge r  spectroscopy, surfaces,  interdiffusion,  in te r -  

faces. 

thermal  stabili ty of the T i -P t -Au  system. Radioactive 
iSF was prepared according to the reaction 160(a, pn) 
lSF from Li20 by a-particle i rradiat ion in the Naval 
Research Laboratory cyclotron (1). The fluorine was 
extracted in  the form of H61SF and added directly to 
the etch solution. Prior to metal l izat ion the silicon 
wafers were dipped in the etch solution for 10 sac, 
rinsed, and then monitored at various intervals  for 
verification of fluorine concentrat ion and the absence 
of other radioactive contaminants  such as Na. The 
variat ion of the fluorine ion concentrat ion as a function 
of rinse dura t ion is shown in Fig. 2. Figure 2 shows 
that wafers pretreated by an additional 1200~ thermal  
quench also fall on the same curve. 

INVESTIGATION OF THE EFFECT OF ION CONTAMINATION ON THE TI/Pt/Au 
INTERDIFFUSION CHARACTERISTICS. 

VARIOUS ETCH STEPS: 

1. DEPOSIT PASSIVATION Sill 4, CO2H2/SiH 4 

NH 3, H 2 AT ]50~ 

2. CONTACT ETCH HF, H3PO 4, HF 

3. Pt ETCH HNO 3 AND HCI 

4. 1i ETCH H2SO 4 

5. GLASS ETCH SATURATED SOLUTION OFAMMONIUM 
BIFLOURIDE BUFFERED TO pH 4.7 

AFTER EMIT'fER DIFFUSION Si3N 4 "SEALS" 
METAL - - ~  ADDITIONAL SiO 2 METAL 

N I EMI1TER I . . . .  x ; ,", < 
BASE i0 '3 4 I EMrlTER" ~ 2 

PtSi 
BASE 

~ /  METAL / / , Si3N 4 

I EMII"rER I / Si02 

BASE 

Fig. 1. Cross section and summary of etching steps in the Ti-Pt-  
Au metullization scheme. 
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The metall izations were sputter-deposi ted using the 
techniques reported earl ier  (7, 8). The t i tanium, plat i -  
num, and gold layers were 1000, 1500, and 3000A thick, 
respectively. The metal l izat ion structure after heat-  
t rea tment  was analyzed using scanning electron mi-  
croscopy and AES. A third set of test structures of 
T i - P t - A u  was deposited on oxidized silicon and u n -  
oxidized silicon (no F -  contaminat ion)  and annealed in 
vacuum at temperatures  be tween  150 ~ and 350~ 

Results and Discussion 
Fluorine contaminated Ti -Pt -Au contacts.--Anneal- 

ing at 200 ~ and 350~ of the T i - P t - A u  contact test 
s tructures has resulted in pinhole and hillock forma- 
tion as shown in Fig. 3. The level of F -  contaminat ion  
of the T i - P t - A u  contact shown in Fig. 3 was measured 
to be approximately 1 X 1018 F - / c m  2- The areal den-  
sity of etch pits was measured to be approximately 
20/cm 2 X 108, while the hillock density was approxi-  
mately 10/cm ~ X 108. Pinhole  density as well as hillock 
density increased as F -  concentrat ion at the contacts 
increased. From the present  investigation, it is be-  
lieved that fluoride species precipitate at silicon surface 
defects and subsequent  anneal ing  between 200 ~ and 
350~ results in enhanced diffusion at silicon defects 
(1) and the subsequent  hillock and pinhole formation 
in the metallization. 

Addit ional  problems identified on the T i - P t - A u  con- 
tact test s tructure as a result  of the F -  ion contamina-  
t ion and anneal ing at 150~ for 24 hr  include: (i) p in-  
holes and cracking at contact points between Ti/SisN4 
as shown in Fig. 4, and (ii) cracks in  the Pt  layer  at 
the SisN4 shelf and pinholes in the Pt  layer  as shown 
in Fig. 5. The pinholes and microcracks can result  in 
diffusion paths between gold and silicon and may ini-  
tiate a Pt-SisN4 reaction. In  addition, t i t an ium and 
p la t inum have been found to spread into voids be-  
neath the SigN4 shelf as a result  of film discontinuit ies 
and compressive loads on these layers. Gold when  

Fig. 3. Pinhole and hillock formation in Ti-Pt-Au test structures Fig. 4. Pinholes and microcracks found at contact points between 
as a result of F -  contamination. Ti/SisN4. 
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plated into the voids results in gold-silicon interdiffu- 
sion at temperatures  as low as 150~ 

Migration of titanium and oxygen.--The migrat ion of 
t i tanium, oxygen, and TiO was studied as a funct ion of 1.0 
F -  ion concentrat ion and anneal  tempera ture  using 
the sputter  profiling technique. The location of the TiO 
layer was monitored b y  observing the spli t t ing of the 
Ti, 387 eV LMM transit ion.  In  the as-deposited state, 
t i t an ium combines with gettered oxygen to form a 
stable TiO film. Although Ti is a very active metal 
(10), the th in  TiO film passivated the t i t an ium so that 
it essentially functions as an  iner t  adhesion layer. The 0 
ini t ial  location of the TiO layer  was isolated after 200 
min  of sputtering. Annea l ing  T i - P t - A u  (Si substrate) 
specimens with a 2 • 1022 F - / c m  '2 absorbed layer  up ~ 1.0 
to 200~ for 24 hr has resulted in the migrat ion of the 
TiO layer  toward the me ta l -vacuum interface. The 
migrat ion of the TiO layer  was accompanied by the 
out-diffusion of t i t an ium and oxygen. Mainta ining the 
anneal  tempera ture  at 200~ but  increasing the F -  ion _~ 
concentrat ion to 1 • 1023 F - / c m  2 has resulted in an .~ 
increase in  the activity of the t i tan ium and a fur ther  ~ 0 
migrat ion of TiO toward the free surface. The TiO 
layer  was located after 80 min  of sputtering. A fur ther  
increase of the F -  concentrat ion to 5 • 101~ F - / c m ~  1.0 
and anneal ing at 200~ has resul ted in the migrat ion of 
the TiO layer  so that  it was detected after 40 min  of 
sputtering. The migrat ion of TiO at 200"C is sum- 
marized in  Fig. 6. Annea l ing  at 350~ for 24 hr  has re-  

TITANIUM, OXYGEN MIGRATION 
Ti-Pt-Au (Si SLIBSTRATE) 

] i  200~C, 24h 
{ " " ' " \  2 x 10,~ F-/crn2 
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Fig. 6. Migration of TiO at 200~ as a result of F -  ion con- 
tamination. 

Fig. 5. Microcracking }n the Pt layer at the $i3N4 shelf 

sulted in an accelerated migrat ion of the TiO layer 
toward the free surface as shown in  Fig. 7. 

At 2 • 101'2 F - / c m  2 the TiO layer  was detected after 
80 rain of sputter ing for the specimens annealed at 
200~ while for specimens annealed at 350~ the TiO 
layer  was detected after 40 min. At 5 • 1018 F - / c m 2  
and anneal  temperature  of 350~ no TiO layer was de- 
tected. However, by decreasing the anneal  temperature  
from 350 ~ 'to 200~ the TiO layer  was detected after 
45 min  of sputter ing for specimens wi th  5 • 1013 F - /  
cm 2 surface concentration. The specimens with no de- 
tectable TiO layer, as a result  of anneal ing at 350~ 
were characterized by pinhole formation and in some 
instances by gold-silicon interdiffusion. Therefore the 
migrat ion of the th in  TiO film has resulted in the 
t i t an ium becoming active and behaving as the anode 
in a contaminated ion environment .  The dissolution of 
the TiO film leaves the t i tan ium in direct contact with 
the Au (where Pt is defective) resul t ing in excessive 
pinhole formation since Au is not an effective oxygen 
reducer  and cannot main ta in  the anodic passivation of 
the t i tanium. 

In  the present  invest igat ion with ion contaminated 
T i -P t -Au  structures, a galvanic cell has been estab- 
lished with F -  ion concentrat ions as low as 1012 F - /  
cm 2. The Ti has been attacked preferent ia l ly  by the Au 
in the vicinity of either deposited defects in the Pt  
layer or microcracks in Pt  induced by interdiffusion 
between Pt and Au. Since the reaction occurred with 
no electrical biasing, the envi ronmenta l  conditions can 
also be postulated to contain water  vapor. Similar 
mult imetal l ic  systems including T i -Au  and T i -Pd -Au  
have been investigated using an envi ronmenta l  condi- 
tion containing chloride ions (9). The corrosion of Ti 
was found to begin at pinholes in the noble Au coating. 
In termediate  layers such as Pd were found to effec- 
t ively improve the corrosion resistance of the bimetall ic 
metallizations. 
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Fig. 7. Migrotion of TiO at 350~ as a result of F -  ion con- 

tominotion. 

In  discussing kinetics, the present  investigation has 
shown that the phenomenon of passivity greatly affects 
the rate of the reaction. In  the case of Ti, the passivity 
is due to the formation of a thin adherent  oxide film 
which has been identified to be TiO. The oxide film 
acts as a bar r ie r  between the metal  and env i ronment  
and effectively decreases the rate of dissolution in -  
volving metal  ions. It  has been shown that  when  the 
passivating film breaks down as a result  of increasing 
fluoride ion concentration, the reaction proceeds rapidly 
and pinhole formation results. Figure 8 summarizes the 
kinetics results for 1 • 1018 F - / c m  2 and 5 X 1018 
F - / c m  2 samples heat - t rea ted at 350~ The time to 
sput ter  to the TiO layer  decreased approximately as 
the square root of the anneal  time, thus indicating that 
the migrat ion of TiO is governed by a diffusion process. 
The F -  ions can then  be assumed to provide sites for 
the acceleration of the diffusion process. The sput ter-  
ing t ime in  Fig. 8 was converted directly to film thick- 
ness using a separately measured sput ter ing rate of 
22.5 A/min .  The slope of the solid l ine of Fig. 8 yields 
a diffusion constant  of D ---- (~x)2/4(Ata) ~ 3.6 X 10 -13 
cm2/sec. The activation energy for the processes at 
T ---- 200 ~ and 350~ was measured to be 1.5 eV. This 
energy agrees with energy required for the Ti ---- Ti + + 
-}- 2e -  reaction (1.63 eV) (10). Therefore, the kinetics 
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Fig. 8. Summary of migration kinetics for I • 1012 F - / c m  2 
and 5 • 1018 F - / c m  ~ samples heat-treated at 350~ 

data indicate that the migrat ion and dissolution of the 
TiO layer  coresponds to a s imultaneous Ti corrosion 
reaction. 

Conclusions 
The present  invest igat ion shows that  pinhole failures 

in T i - P t - A u  film test s tructures are directly dependent  
on the chemical dissolution or migrat ion of the TiO 
layer. Annea l ing  at 200 ~ and 350~ has resulted in the 
migrat ion of the TiO layer toward the free surface 
for ion concentrations between 1 • 10 TM and 5 • 1013 
F - / c m  2. Interdiffusion of gold through the barr ier  
layers increased as the F -  concentrat ion increased. 
The F -  ion contaminat ion has been found to provide 
a more active corrosive env i ronment  for pinhole forma- 
tion. 

Manuscript  submit ted May 23, 1975; revised m a n u -  
script received Aug. 4, 1975. This was Paper  192 
presented at the Toronto, Canada, Meeting of the 
Society, May 11-16, 1975. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in  the June  1976 
JOURNAL. All discussions for the June  1976 Discussion 
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ABSTRACT 

A thin-fi lm combinat ion containing P tS i  (2000A) /po ly-S i  (1000A) has been  
considered for appl ica t ion  as f i rs t - level  meta l l iza t ion  in large  scale sil icon 
in tegra ted  circuit  devices. The present  invest igat ion was made  to ascer ta in  the  
the rmal  s tab i l i ty  of this s t ruc ture  as reflected by  changes in microst ructure ,  
resis t ivi ty,  and stresses of these films upon h e a t - t r e a t m e n t  up to 1000~ The 
P tS i  films (2000A thick)  were  formed by  s inter ing Pt  on po ly -S i  at  700~ 
(15 min)  in vacuo or  forming gas; the  wafers  were  then  coated wi th  5000A 
of Si lox SiO2 and hea t - t r ea t ed  at var ious  tempera tures .  No agglomera t ion  was 
observed at up to 900~ a l though a modera te  amount  of gra in  growth  d id  
take  place. The sheet  resis tance of these films decreased f rom N4 ohm/J3 to 
N2 o h m / [  af ter  the 750~ anneal,  it  then increased wi th  increasing anneal ing  
t empera tu re  to ~16 ohm/ [ ]  (900~ anneal ) .  The res is t iv i ty  increase  is t en ta -  
t ive ly  a t t r ibu ted  to the  accumulat ion  of Si at  the gra in  boundar ies  of PtSi.  A t  
1000~ a liquid-eu%ectic phase  was formed. However ,  the l iquid did not  
"ba l l -up ,"  ~.e., it  wet ted  PtSi  and poly-Si ,  and on cooling, it  p rec ip i t a ted  re l a -  
t ive ly  la rge  areas  of var ious ly  or iented single crysta ls  of Si. This recrys ta l l i za -  
t ion process led to a sharp decrease in the  sheet  resis tance of PtSi.  

With  continuing growth  of the LSI  ( la rge  scale in te-  
grat ion)  technology, severa l  two- l eve l  meta l l iza t ion  
schemes have been inves t iga ted  for use on SIC's (silicon 
in tegra ted  circui ts) .  A pa r t i cu l a r ly  successful scheme, 
for un ipola r  devices, involves the  appl ica t ion  of P -  or 
B-doped  po ly -S i  on the first level  (S i -ga te  technology)  
(1). In  addi t ion to its excel lent  MOS compat ibi l i ty ,  
po ly -S i  can be used to provide  low-res i s tance  contacts 
to doped Si areas on the device. However ,  doped po ly -  
Si suffers f rom one ma jo r  drawback.  I ts  e lectr ical  con- 
duct iv i ty  is r a the r  poor;  it  has a sheet resis tance 10-100 
ohm/J3 for 5000A thick l ines (2), and this  is undes i r -  
able for many  b ipo la r  LSI  circuits  and also certain 

Key words: heat-treatment, LSI metanization, thin films. 

high-speed  (e.g., n-channe l )  un ipola r  LSI  devices. A 
potent ia l  solution to this problem,  proposed by  Lepse l -  
ter and others  (3), is to ut i l ize a s t ruc ture  containing 
me ta l - s i l i c i de /po ly -S i  where  the more  conducting sil i-  
cide is formed over  prev ious ly  defined po ly -S i  lines; 
the  unreac ted  meta l  is chemical ly  etched away, gen-  
e ra l ly  wi thout  the use of a second photoresis t  step. An  
a t t rac t ive  sys tem of this type  is P tSi  on poly-Si ,  and 
the present  inves t igat ion has been concerned wi th  the  
the rmal  s tabi l i ty  of this s t ruc ture  at  t empera tu res  
(750~176 commonly employed  to deposit  i n t e r -  
media te  ox ide /n i t r ide  layers  using chemical  vapor  
deposition. A nea r ly  analogous sys tem compris ing 
th inner  P tSi  films on single c rys ta l  Si was prev ious ly  

Fig. 1. Scanning electron 
micrographs of PtSi (2000.~) on 
poly-Si (1000.~) after various 
heat-treatments: (a) sintered at 
700~ 15 rain, (b) annealed at 
750~ �89 hr, (c) annealed at 
800~ ~ hr, (d) annealed at 
900~ ~ hr. 
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character ized (4) and it was shown that  thin P tS i  films 
(900 and 200A) agglomera te  above  800~ 

Experimental 
The subst ra tes  for P t  deposi t ion consisted of oxidized 

Si wafers  coated with  a 3000A th ick  layer  of po ly -S i  
which was produced  at  700~ in a "Nit rox" reac tor  
(manufac tu red  by  App l i ed  Mater ia ls  Technology, Inc.) 
using pyro lys i s  of Sill4 in Ar/N2. The po ly -S i  was 
l igh t ly  doped wi th  B (sheet  resis tance ,~1000 o h m / D )  
in most  cases, bu t  s imilar  resul ts  on the t he rma l  s ta-  
b i l i ty  of P tSi  were  obtained wi th  po ly -S i  doped wi th  P 
to a sheet resis tance of 50-100 ohm/[:]. Immed ia t e ly  
pr ior  to metal l izing,  the  po ly -S i  l aye r  was c leaned by  
a dip in 50:1 mix tu re  of H 2 0 : H F  for N1 min (or unt i l  
its surface tu rned  hydrophobic )  fol lowed by  DI wa te r  
r inse and sp in-dry .  A 1000A th ick  film of P t  was de-  
posi ted using a convent ional  r f -d iode  sput te r ing  ap -  
para tus  (0.2 W/cm2) .  The Pt:Si (~-,2000A thick)  was 
produced  by  s inter ing the P t / p o l y - S i  combinat ion at 
700~ in vacuo, or in a reducing  ambien t  such as fo rm-  
ing gas. Such ambien ts  were  p re fe r red  over  oxidizing 
ones in order  to minimize  any subsequent  ha rmfu l  
effects of excessive SiO2 bu i ldup  (5, 6) on or under  the 
P tS i  surface. Complete  fo rmat ion  of P tS i  in these 
samples  was ascer ta ined th rough  x - r a y  diffract ion (7). 
In o rder  to faci l i ta te  subsequent  h igh- t emt :e ra tu re  an-  
neal ing studies and also to s imulate  device structures,  
the P t S i / p o l y - S i  films were  coated wi th  5000A. of Si lox 
SiO2 produced  at 480~ b y  react ing Slit4 and 02 in 
Ar /N2 car r ie r  gas. Al l  the anneal ing  exper iments  were  
done in a i r  at t empera tu res  ranging f rom 750 ~ to 1000~ 
for �89 hr  each. Next,  the  Si lox SiO2 protec t ive  l aye r  

was removed  by  etching in buffered H F  and changes in 
the PtSi  l ayer  were  eva lua ted  th rough  measurements  
of sheet resistance (using four -po in t  probe  measure -  
ments) ,  and stresses [using radius  of curva ture  mea-  
surements  wi th  an opt ica l ly  l evered  laser  beam (8)] ,  
and examina t ion  of the  micros t ruc ture  (using scanning 
and t ransmiss ion e lect ron microscopy) .  

Results and Discussion 
Wide-f i lm x - r a y  diffraction pa t t e rns  showed that  the  

s intered PtSi  films were  single phase wi th  an (020) 
type of p re fe r red  orientat ion.  The P tS i  films were  
found to be under  a r e l a t ive ly  la rge  tensi le  stress of 
1.6 • 101~ dyne -cm -2. A tensi le  stress would  be ex -  
pected on the basis of 10% volume contract ion associ- 
ated wi th  P tS i  formation.  Subsequent  the rmal  t r e a t -  
ments  up to 900~ reduced  the stress somewhat  to 
1.1 • 10 l~ dyne -cm -~. 

F igures  l ( a )  th rough  (d) show scanning e lec t ron 
micrographs  of P tS i  films (2000A) on po ly -S i  af ter  
various hea t - t rea tments ,  namely,  (a) s inter ing at  700~ 
in vac~o for 15 min, (b) anneal ing  at  750~ �89 hr, (c) 
anneal ing at 800~ 1/2 hr, and (d) anneal ing at 900~ 
V2 hr. In  all  cases, the  P tS i  films are  cont inuous and 
there  appears  to be no evidence of any  agglomera t ion  
even at  900~ By contrast,  th inner  films of P tS i  (900 
and 200_~) on single c rys ta l  Si show clear  evidence of 
agglomera t ion  at 900~ (4). A l though  in the l a t t e r  
case, it was shown that  the  as - s in te red  P tS i  films are  
associated wi th  surface i r regula r i t i es  of the  order  of 
100&, the  present  P t S i  films on po ly -S i  show a much 
more  pronounced degree  of g ranu la r i t y  and surface 
roughness (of the  o rder  of 1000A). This  increased 

Fig. 2. Transmission electron 
microscopy results on PtSi films 
on poly-Si: (o) as-sintered, (b) 
annealed at O00~ �89 hr. BF- 
bright field micrograph, DF-dark 
field, TED-selected area trans- 
mission eZectron diffraction pat- 
tern. 
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roughness  can be pa r t ly  ascr ibed to the t ex tu re  of the  
under ly ing  po ly -S i  layer ;  however,  it  appears  that  
s inter ing enhances any surface roughness  or ig inal ly  
present  in the po ly -S i  and in i t ia l ly  repl ica ted  by  the 
sput te red  P t  film. 

Detai led informat ion on the micros t ruc ture  of the 
films was obta ined th rough  examina t ion  of the t r ans -  
mission electron micrographs  (TEM) of P tS i  films 
( thinned by  ion-mi l l ing  f rom the po ly -S i  s ide) ,  taken  
in the b r igh t -  and dark- f ie ld  mode, and of the  t r ans -  
mission e lec t ron diffract ion (TED) pat terns .  F igures  
2(a)  and (b) show the data  for P tSi  in the  as-s in tered  
state and af ter  anneal ing  at 900~ (1/~ h r ) .  The gra in  
size of as -s in te red  P tS i  on po ly -S i  ranged f rom 1000 
to 3000A whereas  af ter  anneal ing  at  900~ it increased 
to the 1500-9000A range. This is also manifes ted  in in-  

Fig. 3. (a) and (b) Bright-field TEM photos af PtSi on poly-Si 
annealed at 1000~ �89 hr. (c) TED pattern from lamellar regions 
of above mlcrographs. 

Fig. 4. (a) Scanning electron micrograph of PtSi on poly-Si an- 
nealed at 1000~ �89 hr. (b) and (c) Energy dispersive x-ray analy- 
sis of dark and light areas, respectively, of Fig. 3(a). 
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creased spottiness of the TED pat tern  for annealed 
PtSi. The sample annealed at 1000~ showed a two- 
phase microstructure in the bright-field micrographs 
[Fig. 3(a) and (b)]  consisting of large crystals of S~ 
and a lamel lar  dis t r ibut ion of PtSi  in a St-matrix.  This 
complex microstructure,  which was not  apparent  in 
micrographs of the surface replica (because of similar 
surface tex ture  of PtSi  and crystall ized St), is clearly 
revealed in t ransmission electron micrographs because 
of contrast  differences be tween  PtSi  and Si due to 
diffraction effects. The selected area TED pat te rn  [Fig 
3(c) ]  taken from the lamellar  regions confirmed the 
presence of PtSi  in these areas. 

The unusua l  microstructure  of P tS i /po ly-S i  samples 
heat- t reated at 1000~ was fur ther  investigated using 
the SEM in conjunct ion with the energy dispersive 
x - r ay  analyzer  (EDAX). Figure 4(a) shows the SEM 
photo where the contrast arises from differences in sec- 
ondary electron emission coefficients of PtSi (light) 
and Si (dark) areas. Positive identification of these 
light and dark areas was made by  EDAX analysis 

whose results are shown in Fig. 4(b) and (c), respec- 
tively. The silicon areas in Fig. 4(a) have large geo- 
metrical shapes with dimensions of the order of I0~. 
The single crystal nature of these areas was ascertained 
through TED. Figures 5(a) through (d) show the 
bright-field TEM and selected area TED pat terns  for 
various silicon areas. The orientat ion of Si in  the four 
cases is [001], [111], [110], and [112] which is gen-  
eral ly consistent with the macroscopic shapes of these 
areas. 

The formation of relat ively large areas of single 
crystal Si upon anneal ing P tS i /po ly-S i  at 1000~ is 
clearly associated wi th  recrystal l ization from the l iq-  
uid eutectic phase (9), and is not due to any grain 
growth of the poly-Si  which would be relat ively small  
at 1000~ (2). The facts that several orientations of Si 
were observed and that the original P tS i /po ly-S i  com- 
binat ion was deposited on SiO2/Si would rule out a 
simple l iquid-phase epitaxial  growth of the single 
crystal Si areas. It is interest ing to observe that even 
l iquid formation did not cause significant "ball ing up" 

Fig. 5. Bright-field TEM and 
selected area TED from variously 
oriented single crystal Si-areas 
recrystallized from PtSi/Si eu- 
tectic: (a) [001] orientation, 
(b) [111] orientation, (c) [110] 
orientation, (d) [112] orienta- 
tion. 
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effects; this indicates a ve ry  effective wet t ing  action 
be tween  the l iquid eutectic and the PtSi  or poly-Si .  

The res is t iv i ty  behavior  of P tSi  on po ly -S i  is shown 
in Fig. 6. The res is t iv i ty  of as - s in te red  P tS i  on po ly -S i  
is r a the r  high at  ~80 ~ohm-cm (sheet  res is tance 4 
o h m / D )  as compared  to 17.5 ~ohm-cm for 900A thick 
PtSi  on sing]e crys ta l  Si. The sheet  res is tance de-  
creased by  a factor  of 2 upon anneal ing  at  750~ how-  
ever,  wi th  fu r the r  increase in the anneal ing  t empera -  
tures  up to 900~ there  was a progress ive  increase in 
the sheet  resis tance to 16 ohm/[:]. The sheet resistance 
again dropped sharp ly  to 4.5 ohm/[=] for the sample  
annealed  to 1000~ which contained recrys ta l l ized  
P tS i /S i .  Since no agglomera t ion  or even gra in  bound-  
a ry  voids were  observed in the samples  annea led  at 
900~ the observed res is t iv i ty  increase is somewhat  
unexpected.  We ten ta t ive ly  ascr ibe this increase to the 
diffusion and accumulat ion of smal l  amounts  of Si at 
the  g ra in  boundar ies  of P tS i  (10). F u r t h e r  deta i led  
work  on the micros t ruc ture  as wel l  as t e m p e r a t u r e  de-  
pendence  of res is t iv i ty  wi l l  be desi rable  to be t te r  un-  
ders tand  this effect. The sharp drop in sheet  resis tance 
fol lowing the 1000~ t r ea tmen t  is p robab ly  due to the 
fact that  upon recrys ta l l iza t ion  f rom the melt ,  the PtSi  
gra in  boundar ies  a re  r e la t ive ly  "clean" and free of ex-  
cessive silicon. 

Conclusions 
1. S ing le -phase  P tS i  films (020 or ienta t ion) ,  ~2000A 

th ick  with  a sheet  resis tance of ~< 4 ohm/[=] and tensi le  

stress of 1.6 • 101~ d y n e - c m - 2  were  formed by  s in ter -  
ing 1000A Pt  on 3000A poly-Si .  

2. These films can sus ta in  t he rma l  t r ea tmen t  up to 
900~ which causes no agglomera t ion  and leads to only 
modera te  g ra in  growth.  

3. At  1000~ a l iquid eutectic phase  is formed which 
wets  P tS i  and po ly -S i  and, on cooling, precipi ta tes  
r e la t ive ly  la rge  areas  of single c rys ta l  Si. 

4. The sheet resistance of the P t S i / p o l y - S i  films de-  
creases f rom ~ 4  to ~ 2  ohm/[=] af ter  the 750~ anneal;  
it  then increases wi th  increasing anneal ing t empera -  
ture  to ~16 o h m / D  af ter  the  900~ anneal.  Recrys ta l -  
l izat ion upon cooling f rom 1000~ leads to a sharp 
decrease in the  sheet  res is tance back to 4 ohm/J3.  
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Properties of Sn-Doped Films 
Prepared by RF Sputtering 

John C. C. Fan and Frank J. Bachner 
Lincoln Laboratory, Massachusetts Institute o5 Technology, Lexington, Massachusetts 021.73 

ABSTRACT 

A n  rf  spu t te r ing  process has been used wi thout  postdeposi t ion anneal ing 
to p repa re  Sn-doped  In203 films wi th  low electr ical  res i s t iv i ty  (down to 2 • 
10 -4 ohm-cm) ,  high visible t ransmission,  and high in f ra red  ref lect ivi ty  (up to 
93% at 10 ~m) for appl icat ions  as t r anspa ren t  conductors and heat  mirrors .  
Subs t ra te  heat ing is accomplished en t i re ly  by  the e lec t ron b o m b a r d m e n t  in-  
t r insic  to rf  sput ter ing,  r a the r  than  by  using an aux i l i a ry  resis tance heater .  
The film proper t ies  improve  wi th  increasing subs t ra te  t empe ra tu r e  up to 650~ 
the m a x i m u m  employed,  and are  re la t ive ly  independent  of o ther  sput te r ing  
parameters .  The electr ical  and optical  p roper t ies  of the films do not depend 
signif icant ly on the c rys ta l lographic  orientat ion,  degree  of textur ing,  or sub- 
s t ra te  ma te r i a l  (glass, fused silica, and single crys ta l  AI~O~ and CaF~). 

T ranspa ren t  h e a t - m i r r o r  films that  t r ansmi t  in the 
vis ible  and reflect in the in f ra red  are becoming im-  
por tan t  for rad ia t ion  insula t ion and solar  energy  col- 
lect ion (1-3).  Two types  of mate r ia l s  have  been used 
for these films: meta ls  wi th  ve ry  high in f ra red  reflec- 
t iv i ty  (approaching  100%) and low enough visible ab-  
sorpt ion for th in  films to be t r anspa ren t  [for example ,  
Au (2) and Ag (4)] ,  and semiconductors  wi th  a suffi- 
c ient ly  wide  bandgap  to be t r anspa ren t  in the  vis ible  
and a high enough f r ee -ca r r i e r  concentra t ion to have 
high in f ra red  ref lect ivi ty [for example,  Sb-doped  SnO2 
(L 5, 6) and Sn-doped  In203 (1, 5, 8)] .  To obtain im-  
proved  films of Sn -doped  In208 for h e a t - m i r r o r  appl i -  
cations, we have s tudied films p r e p a r e d  by  r f  spu t te r ing  
to de te rmine  the dependence  of film proper t ies  on 
p repara t ion  conditions.  

The techniques tha t  have been used to p repa re  Sn-  
doped In2Os films include chemical  spray  deposi t ion 
(1), d-c  spu t te r ing  (7, 8), and rf  sput te r ing  (5-7).  In  
order  to obtain sa t is factory  electr ical  and optical  p rop -  
ert ies by  any of these techniques,  it  has genera l ly  been 
necessary e i ther  to hea t  the  subs t ra te  during deposi t ion 
or to anneal  the  film af te r  deposition. Ei ther  procedure  
requi res  fa i r ly  high tempera tures ,  typ ica l ly  over  500~ 
Our rf  sput te r ing  method employs  subs t ra te  heat ing 
ra the r  than  post  deposi t ion annealing.  The main  fea-  
ture  of the  method is that,  by  opera t ing  at sufficiently 
high fo rward  power  levels,  hea t ing  is accomplished en-  
t i r e ly  by  the e lec t ron  b o m b a r d m e n t  intr insic  to rf  
sputter ing,  r a the r  than  by  using an aux i l i a ry  resis tance 
hea te r  in the  convent ional  manner .  [Fraser  and Cook 
(8) have  produced good films by  using the intr insic  
heat ing associated wi th  d -c  sputter ing,  but  they  did 
not corre la te  film proper t ies  wi th  subs t ra te  t empera -  
tures.]  

Preparation 
Fi lms of Sn -doped  In203 were  deposi ted on a va r ie ty  

of substrates ,  including Corning  C,G 7059 glass, fused 
silica, and single crysta ls  of A1208 and CaF2, by  spu t -  
te r ing  in Ar  gas f rom a 12.7 cm diameter ,  ho t -pressed  
ta rge t  of nomina l  composit ion In203-9 mole  per  cent 
(m/o )  SnO2. (Targets  obta ined f rom Mater ia ls  Re-  
search Corporat ion,  Orangeburg,  New York, and f rom 
Haselden  Company,  San Jose, California,  gave s imi lar  
results .)  The spu t te r ing  appara tus  is a commercia l  r f  
diode unit  wi th  a l iquid-N2 cold- t rapped ,  15 cm dif-  
fusion pump,  which is easi ly capable  of achieving a 
base pressure  of 7 • 10-~ Torr .  

F igure  1 is a schematic  d i ag ram of the  t a rge t  and 
subs t ra te  configuration. The subs t ra te  was insula ted  
f rom the water-cooled ,  stainless steel  subs t ra te  p l a t -  

Key words: transparent conductors, solar-energy collection, heat 
mirrors, thin films. 

form by  means of a P y r e x  spacer  about  1.6 m m  thick. 
The subs t ra te  surface tempera ture ,  Ts, was measured  
wi th  a Chrome l -A lume l  thermocouple  that  was 
mounted  on the subs t ra te  surface wi th  kao l in - sod ium 
sil icate paste, and the  assembly  was v a c u u m - b a k e d  at  
150~ for severa l  hours before  being placed in the  
sput te r ing  system. For  C:G 7059 glass subs t ra tes  about  
0.5 mm thick, the value  of Ts increased reproduc ib ly  
wi th  increasing rf  power,  as shown in Fig. 2, reaching 
over 600~ for 650W, the m a x i m u m  power  used. For  
a g iven rf  power  level,  Ts was about  100~ h igher  wi th  
the P y r e x  spacer  than  wi thout  it. 

Before being used for film deposition, a newly  re -  
ceived ta rge t  was usual ly  sput te red  at 200W for more  
than  10 hr  to remove contaminants  and to e l iminate  
any different ia l  sput te r ing  effects. Af te r  this  in i t ia l  
prepara t ion ,  the target  usua l ly  y ie lded  reproducib le  
films. The subst ra tes  were  u l t rasonica l ly  c leaned in a 
hea ted  de tergent  solution, r insed in u l t rasonica l ly  agi-  
tated, flowing deionized water ,  and  b lown dry  in N2 
gas. A typical  set of sput te r ing  conditions was as fol-  
lows: t a rge t - t o - subs t r a t e  dis tance ---- 5.7 cm, Ar  pres -  
sure = 10 -2 Torr,  Ar  flow rate  ---- 0.5 cmS/min, p ro-  
sput te r ing  at  500W for 15 min, deposi t ion at  500W 
(deposi t ion ra te  ---- 250 A / m i n  for 15 min) .  

We have also used other  sput te r ing  condi t ions ,  in-  
cluding different  Ar  pressures  (5 • 10 -~ to 1 • 10 -2 
Torr ) ,  different  Ar  flow rates  (0.25-10 cmS/min) ,  and 
different  p respu t te r ing  powers  (200-650W). The qual i ty  
of the films was insensi t ive to var ia t ions  in these p a -  
rameters .  A ppa re n t l y  the  deposi t ion ra te  was not  
cr i t ical  ei ther.  At  a sput te r ing  power  of 500W, the dep-  
osition ra te  increased to 500 A / r a i n  when  the A r  flow 
ra te  was changed f rom 0.5 to 10 cmS/min, but  the  p r o p -  
er t ies  of the  films were  s imi lar  to those of films grown 
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Fig. 1. Schematic diagram of target and substrate configuration 
in rf sputtering apparatus. 
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at a flow rate of 0.5 cmS/min. However, as we shall 
discuss below, film quali ty was sensitive to changes in 
the sputter ing power. These changes caused changes 
in deposition rate (e.g., from 150 A / m i n  at 100W to 
300 A / m i n  at 650W, for the set of conditions listed 
above) as well as in substrate temperature  (Fig. 2) In 
view of the apparent  insensi t ivi ty of film properties to 
deposition rate, we at t r ibute  the effect of changes in 
sputter ing power to the resul t ing changes in substrate 
temperature.  This is confirmed by the fact that  several 
films grown at a sput ter ing power of only 100W and a 
substrate tempera ture  of about 500~ (obtained by 
using an auxi l iary  heater) are comparable to those 
grown at 500W with no auxi l iary heating. 

C h a r a c t e r i z a t i o n  T e c h n i q u e s  

The individual  f i lm-on-substrate  samples were gen- 
erally broken into several pieces so that the films could 
be characterized in several different ways. A photo- 
lithographic technique was used in  measur ing film 
thickness. A Cr layer  1000A thick was sput ter -de-  
posited on the film, and stripes were opened in the Cr 
by applying photoresist, producing a stripe pa t te rn  by 
photolithography, and removing the unprotected Cr by 
using an etchant consisting of 1000 cm~ water, 50 cma 
perchloric acid, and 100 g ceric ammonium nitrate.  The 
sample was then immersed in  concentrated H2SO4 at 
50~176 to remove the In203 film (etching rate ~,0.5 
~m/hr)  wherever  it was not masked by Cr. F ina l ly  the 
Cr masking stripes were etched away to expose the 
In208 film sCripes underneath,  and the height of these 
stripes was measured by microtopography. Most films 
were from 0.3 to 5 ~m thick. 

The electrical resistance of the samples was deter-  
mined by four-point  probe measurements,  and in many  
instances confirmed by the van der Pauw technique, 
which was also used for Hall coefficient measurements.  
Optical t ransmission and reflectivity measurements  
were made from 0.35 to 2.5 ~m wavelength with a lab-  
oratory-buil t ,  normal- incidence spectrophotometer (9) 
and from 2.5 to 10 ~m with a commercial  spectropho- 
tometer in which the angle of incidence for reflectivity 
measurements  is about 20 ~ . The crystal s t ructure of 

the films was examined by  x - ray  diffractometry. 
Auger electron spectroscopy was performed on several 
films, and the compositions of some films were deter-  
mined by electron microprobe analysis of In  and Sn. 

R e s u l t s  
Unless stated otherwise, the results described here 

were obtained for films on CG 7059 glass, and similar 
results were obtained from measurements  made on 
films deposited o n  other substrates. 

Electrical properties.--Figure 3 shows the resistivity, 
p, measured at room temperature  by the van  der Pauw 
method, as a function of sputter ing power and sub- 
strate temperature.  (The substrate temperatures  were 
obtained from the measured power values by using the 
straight l ine shown in  Fig. 2, which is a least squares 
fit to the data.) The resist ivity measurements  were 
made on films more than 0.20 ~m thick, for which re-  
sistivity was essentially independent  of thickness. The 
resistivity decreases from about 8 • 10 -4 ohm-cm for 
a substrate temperature  of 300~ to about  2 • 10 -4 
ohm-cm for 650~ The curve indicates that  even lower 
resistivities could be obtained for higher temperatures,  
but  our sput ter ing apparatus does not operate effec- 
t ively at higher power levels. Moreover, the glass sub- 
strates would soften above 650~ 

The van der Pauw method was also used to measure 
the room temperature  Hall coefficient (RH) of the sam- 
ples. The conductivity is n- type.  As shown in Fig. 4 and 
5, both the carrier concentrat ion (from the single- 
carrier  expression N ~- --1/RHe) and Hall mobil i ty  
(#H ---- RH/p) increase wi th  increasing substrate tem-  
perature, although the rate of increase becomes smaller 
above 400~176 For 650~ N ~- 7 • 102o cm -3 and 
~H ~ 40 cm2/V-sec. 

Optical properties.--Figure 6 shows the t ransmission 
and reflectivity measured over the wavelength range 
from 0.35 to 2.5 ~m for a typical film, 0.36 ~m thick, 
that was deposited at a sput ter ing power of 500W (sub- 
strafe temperature  of about 550~ In  the visible re- 
gion of the spectrum the transmission is very high 
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(high enough for interference fringes to be observed) 
because the reflectivity is low and there is no absorp- 
t ion due to va lence- to-conduct ion-band transitions. At 
about 1.5 ;~m the reflectivity increases abrupt ly  (caus- 
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Fig. 6. Transmission and reflectivity as a function of wavelength 
for a film deposited on CG 7059 gloss at sputtering power of 500W. 
The transmission of the bare substrate is indicated. 

ing a corresponding reduct ion in t ransmission)  be- 
cause of the plasma effect resul t ing from the high con- 
centrat ion of mobile carriers. As shown in Fig. 7, as the 
wavelength increases to i0 ~m the reflectivity of this 
film increases to more than 90%, while the t ransmission 
becomes negligible at about 3 ~m. 

Before the theoretical t rea tment  of these results is 
presented, it should be noted that the reflectivity of the 
Sn-doped In208 films in  the infrared increases signifi- 
cantly with increasing sput ter ing power (i.e., substrate 
temperature) ,  as shown by the exper imental  curves for 
reflectivities at 5 and I0 ~m plotted in Fig 8. In  addi- 
tion, the absorption of the films in the visible appears 
to decrease with increasing sputter ing power, although 
this is less clear because analysis of the data is com- 
plicated by the interference fringes and also by the 
effect of the substrate in this spectral region. 

To a good approximation the reflectivity and t rans-  
mission curves plotted in Fig. 7 can be fitted by using a 
simple free-carr ier  model for the photon-energy de- 
pendence of the complex dielectric constant, e(E), 
which determines the refractive index and extinction 
coefficient of the film (10). According to this model, 
in the spectral region of ~nterst e(E) is the sum of two 
terms: a constant, s', I and an energy-dependent  free- 
carrier te rm that depends on the carrier  concentra-  
t ion (N), effective mass (m*),  and optical mobil i ty  
(~opt) (12). The expression for e(E) is 

En 2 
,(E) : ,' [i] 

E s + iEcE 

where En and Ec are energy parameters  given by 

( 4~AZe2 
En : ~ m [2]  

\ W%* / 

and 
~ne 

Ec - -  - -  [3 ]  
T/t*/~opt 

In  using this model to fit the curves of Fig. 7, a mul t i -  
layer matr ix  formulat ion (10) was employed to take 
account of the fact that  the observed reflectivity and 
transmission values are those of a f i lm-on-glass com- 
posite, and a nonl inear  minimizat ion  rout ine (13) was 

In  some recent  l i tera ture ,  e.g,, Ver leur  (11), the symbol  e| has  

been used not only in the convent ional  manner ,  to represen t  the 
h igh- f r equency  (optical) dielectric constant,  but  also to represen t  
an adjus table  p a r a m e t e r  that  is the sum of all contr ibut ions to the  
complex dielectric constant  other than  %hose tha t  v a r y  wi th in  %he 
spectral  region of interest .  For  clarity,  we  have  adopted e' rather 
than e| as the symbol  for  the adjus table  pa ramete r .  
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utilized to determine the values of the adjustable  pa-  
rameters  d, En, and Ec that would yield the best fit to 
the exper imental  data. The best fit that we achieved by 
using this procedure is represented by the calculated 
points that are plotted in Fig. 7. The agreement  is quite 
good, except that in  the 2-4 ~m region the calculated 
reflectivity increases somewhat more steeply than the 
observed. 

The values of the adjustable  parameters  used to ob- 
ta in  the calculated points of Fig. 7 were e' = 4.45, En 
= 1.64 eV, and Ec = 0.075 eV. Taking the square root 
of e' gives n = 2.1 as the refractive index for wave- 
lengths between the in te rband  absorption edge (,-,0.35 
#m) and the onset of f ree-carr ier  contribution, in good 
agreement  with the value of 2.2 found by analysis of 
the t ransmission interference fringes shown in  Fig. 6. 
From the value adopted for En, together with the con- 
centrat ion N = 7 • 1020 cm -3 determined by measur -  
ing the Hall coefficient, Eq. [2] gives m* = 0.2 too, 
where mo is the free-electron mass. This effective mass 
is fair ly close to the values of 0.3 and 0.55 too, respec- 

tively, obtained from transport  data for films (14) and 
single crystal samples (15) of undoped In203. For the 
effective mass of 0.2 mo and the value adopted for Ec, 
Eq. [3] gives an optical mobil i ty  of 75 cm2/V-sec, 
which agrees to wi thin  a factor of two with the Hall 
mobil i ty of 40 cm2/V-sec measured for the same film. 

The values for e', En, and Ec can be used to calculate 
the dependence of infrared reflectivity on film thick- 
ness. The results obtained for wavelengths of 5 and 10~ 
are shown in Fig. 9. The reflectivity ini t ia l ly increases 
with increasing thickness, but  becomes essentially con- 
stant when the thickness reaches about 0.3 ~m. Since 
the visible t ransmission and the electrical resistance 
also depend on thickness for specific applications it is 
necessary to select the opt imum thickness for best per-  
formance. 

Vossen and Poliniak (6) have reported that Sn- 
doped In208 films less than  0.1 ~m thick are unstable, 
but  we have prepared films as th in  as 0.06 ~m (re- 
sistance of 150 ohm/sq)  that  have not shown significant 
changes in  optical and electrical measurements  made 
over a period of several weeks in a laboratory ambient.  
Figure 10 shows the transmission of a film about 0.12 
~m thick (resistance about 55 ohm/sq)  that was de- 
posited at a power of 500W. 

X-ray di~raction results.--X-ray diffraction mea-  
surements  were made on films deposited at power 
levels from 100 to 650W. All the diffraction pat terns 
contain only In203 peaks, except for one that  also con- 
tains weak Sn304 peaks. The film with the two-phase 
pat tern has very poor electrical and optical properties 
(p ~ 0.5 ohm-cm, reflectivity ~20% at 10 ~m). Be- 
cause of the presence of the second phase, the prop- 
erties of this film are not plotted in any of the figures. 

The diffraction results are summarized in Table I. 
The <400> peak is the strongest one observed for the 
films deposited on glass at 100W (substrate tempera-  
ture  below 300~ For all films deposited on glass at 
higher powers (except one at 400W), the <222> peak 
is the most prominent ,  as it  is in the ASTM powder 
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pat tern  for In203. In  fact, for some of the films de- 
posited on glass at 500 or 650W, all peaks other than 
the <222> are either weak or absent, indicating that 
these films have a strong <111> texture. For films 
deposited at 650W on other substrates, only the <222> 
peak is observed for the film on ( l l l ) - f a c e  CaF2, 
while the strongest peaks for the films on fused silica 
and (0001)-face A1203 are the <400> and <332>, re- 
spectively. According to our measurements,  the elec- 
trical and optical properties of the films are not sig- 
nificantly affected by either their  principal  orientation, 
their  degree of texturing,  or their  substrate material.  

The values of the cubic lattice constant  measured for 
the films range from 10.17 to 10.27A, compared with the 
ASTM value of 10.118A for bu lk  In203. There appears 
to be no systematic dependence of lattice constant on 
substrate  temperature.  Since two films of undoped 
In203 deposited on CG 70.59 glass at 500W have lattice 
constants of 10.11A, close to that  of the bulk  material,  
the observed lattice expansion is due to the incorpora- 
t ion of Sn. This suggests that  the n - type  conductivi ty 
of the films is not due to the replacement  of In  s+ ions 
by Sn ~+ ions, which are smaller  and would be ex- 
pected to cause a contraction. The observed expansion 
is consistent with the replacement  of In  +3 ions by the 
larger Sn 2+ ions and also with the incorporation of Sn 

Table I. X-ray diffraction results for Sn-doped 1n203 films 

Second strong- 
est  p e a k  

I n t e n s i t y  
Sput-  r e l a t i v e  
ter ing Lattice Strong-  to strong- 
po w er  c o n s t a n t  e s t  O r i e n -  e s t  p e a k  

(W)  S u b s t r a t e  a (A) p e a k  r a t i o n  (%) 

100 7059 10.22" < 4 0 0 >  < 2 2 2 >  16 
10.27 < 4 0 0 >  < 2 2 2 >  22 
10.27 <400> <211> 15 

200 7059 10.20 <222> <211> 5 
10.23 < 2 2 2 >  < 2 1 1 >  35 
10.17 <222> <440> 18 

350 7059 10.19 <222> <211> 7 
400 7059 10.22 <400> <211> 18 
450 7059 10.22 <222> <400> 33 
500 7059 10.22 <222> <211> 2 

10.19 <222> <440> 10 
650 7059 10.23 < 2 2 2 >  <211> 8 

10.25 <222> <400> 38 
Fused silica 10..18 < 4 0 0 >  <211> 70 

(0001) AI20~ 10.20 < 3 3 2 >  <400> 33 
( I I I )  CaF~ 10.22 < 2 2 2 >  - -  

E x p e r i m e n t a l  u n c e r t a i n t y  in  a is  a b o u t  _ 0 , 0 2 A .  
I n  t h e  A S T M  p o w d e r  pattern for InsO~, t h e  s t r o n g e s t  p e a k  i s  

< 2 2 2 > ,  a n d  t h e  second strongest  i s  < 4 4 0 > ,  w i t h  a relat ive in-  
tensity  of  34%. 

* S m a l l  SnsO,  p e a k s  also observed.  

ions in interst i t ial  positions. In  the lat ter  case, the ob- 
served n - type  conductivi ty could resul t  from the ex-  
cess electrons supplied by the  inters t i t ia l  Sn, without  
a change in the O / i n  ratio. (Of the eight available 
sites a round each In  3 + ion in the cubic In208 structure, 
only six are occupied by 0 2 -  ions, leaving two posi- 
tions available for incorporat ion of interst i t ial  Sn.) 
Subst i tut ion of Sn  2+ for In  3+ ions, on the other hand, 
would decrease the electron concentrat ion so that  a 
stoichiometric deficiency of O would be necessary to 
explain the n- type  conductivity.  In  this case, the film 
composition would be represented by the formula 
(Inl-xSnx)203-y,  and the carrier concentrat ion would 
be proportional to (y -- x) ,  since O vacancies should 
act as donor centers. An accurate chemical analysis of 
the films could probably help to determine which of 
the three a l ternat ive  modes of Sn incorporation ac- 
tual ly  occurs. 

X- ray  diffractometer measurements  were also made 
on powdered samples taken from a sput ter ing target 
before and after sputtering. As-received targets are 
yel lowish-whi te  in color, but  after some hours of sput-  
ter ing the surface becomes grayish and is speckled 
with many, small  dark areas. The diffraction results 
show that an as-received target is a two-phase mix ture  
of In20~ and SnO2, but  the diffraction pat terns for 
samples scraped from a sputtered surface contain only 
In203 peaks. The decrease in  SnO2 content  below the 
limit of a few weight per cent detectable by diffrac- 
tometer measurements  may be due in part  to prefer-  
ential  removal  of SnO2 from the surface by differential 
sputtering. Electron microprobe analysis of the powder 
removed after sput ter ing shows that  the darkest re-  
gions contain Sn rather  than In. This indicates that the 
darkening of the surface results from the chemical re-  
duction of the SnO2 phase by loss of O dur ing  sput-  
tering, a process that  could also contr ibute  to the dis- 
appearance of  the SnO2 diffraction peaks. 

Electron microprobe and Auger spectrometer stud- 
ies.--Electron microprobe analysis was used to deter-  
mine the composition of films deposited at power levels 
from 100 to 500W. For each film, the weight percentages 
of In  and Sn were measured directly, the weight per-  
centage of O was found by difference (assuming that 
the concentrat ion of all  other elements was negligible),  
and the atomic percentages were then  calculated. The 
results are given in Table II. With  increasing sput-  
tering power the weight percentage of Sn decreased 
from 4.2 weight per cent (w/o)  at 100W to 2.1 ___ 0.1 
at 450 and 500W, while that of In, 81 • 1 w/o, was 
constant  wi th in  the exper imental  uncer ta in ty  of the 
microprobe (estimated as ___3% of the measured val-  
ues). The atomic percentage of Sn  and In  derived 
from these results both decreased with increasing sput-  
tering power, while the percentage found for O in-  
creased from 54 to 61 atomic per cent (a /o) .  

The atomic compositions listed in Table II clearly 
do not have a s t ra ight-forward relationship to the car- 
r ier  concentrations measured for the films as a func-  
t ion of sputter ing power. Since O vacancies are ex-  
pected to act as donor centers, the increase of 7 a/o in  
the atomic percentage of O found with increasing power 
should cause a large decrease in carrier concentration, 

Table II. Composition of Sn-doped In203 films prepared by rf 
sputtering 

E s t i m a t e d  
S p u t t e r -  s u b s t r a t e  

i n g  t e m p e r -  
p o w d e r  a tu re ,  TB 

(W) (~ 
W e i g h t  p e r  c e n t  A t o m i c  p e r  cent 

Sn  I n  O* S n  I n  O 

100 280 4.2 81.6 14.2 2,2 43.6 54.2 
200 350 3.3 80.1 16.6 1.5 39.5 58.9 
450 500 2.0 81.6 16.4 1.0 40.5 58.5 
500 550 2.2 79.9 17.9 1.9 37.9 81.1 

* O b t a i n e d  b y  difference.  
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but  the opposite is observed (Fig. 4). Furthermore,  
since the O content found for the film deposited at 
500W is 1 a/o higher than  the stoichiometric composi- 
t ion of 60 a/o, such a film should be either p- type (if 
the 1 a/o Sn is incorporated as Sn 2+ ions) or closely 
compensated (if the Sn is interst i t ial  or incorporated as 
Sn 4+ ions), whereas films deposited at 5O0W are ac- 
tual ly  n- type  with carrier concentrations of about 
7 X 1020 cm -3. To a considerable extent  these incon-  
sistencies are probably due to the uncer ta in ty  in  the 
atomic percentages found for O. For the film deposited 
at 500W, for example, an increase in the weight per-  
centage measured for In  from 79.9 to only 81.0 w/o 
would cause a reduct ion in the O content  from 61.1 to 
59.2 a/o. We conclude that the microprobe measure-  
ments  are not sufficiently accurate to elucidate the 
source of current  carriers in  Sn-doped In203 films, 
even though they do give a good measurement  of the 
Sn content. Thus we are unable  to determine the sig- 
nificance of the fact that the Sn content  decreases with 
increasing substrate temperature,  while the carrier 
concentrat ion increases. 

Auger  spectrometer measurements  were performed 
on several films deposited on glass at either 10O or 
450W. In  these studies, a profile of each film was ob- 
tained by recording the Auger spectrum, removing a 
th in  layer from the surface of the film by sput ter-  
etching with 500 eV Ar ions, repeating the Auger mea-  
surement, removing another  surface layer, and so forth. 
The heights of characteristic Auger  peaks for In, Sn, 
and O were then read off the spectra and ratios be- 
tween them calculated. Since the escape depth for 
Auger electrons is general ly less t h a n  20A., each spec- 
t rum reflects the composition of a layer of this depth. 

The Auger peak-height  ratios obtained for a film 
deposited at 450W are plotted as a funct ion of the total 
sput ter-etching time in Fig. 11, where they are com- 
pared with data obtained in the same manne r  for a disk 
prepared by cold-pressing undoped In208 powder. 
Similar results were obtained for films deposited at 
1OOW. Since the strongest Auger  peak for Sn could not 
be resolved from the In  peak at 424 eV, the variat ion of 
the S n / I n  ratio is indicated by plott ing the ratio of the 

h- 
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Fig. 11. Auger profiles obtained by sputter-etching a Sn-doped 
In20~ film and a cold-pressed In203 disk. The numbers in paren- 
theses are the energies of the Auger peaks in eV. 

height of the combined peak at 424 eV to the height of 
the In  peak at 403 eV. 

As shown in Fig. 11, with increasing sput ter-etching 
time the Auger signals for Sn and O in the film, rela-  
tive to those for in, ini t ial ly decreased and then be-  
came constant. Comparison of the data for the film and 
the In208 disk indicates that the S n / I n  ratio in the 
surface layer of the film changed by a factor of about 
2, while the O/ In  ratio decreased by only about 10%, if 
it is assumed that  the composition ratios are propor-  
t ional to the peak-height  ratios. We at t r ibute the ob- 
served changes to differential sputter ing that  occurred 
dur ing Ar- ion  bombardment ,  as it did dur ing bombard-  
ment  of the sputtering targets, ra ther  than to com- 
positional inhomogeneit ies in  the as-deposited films. 

Conclusions 
A one-step rf sput ter ing process has been used with-  

out postdeposition anneal ing to prepare Sn-doped In~O~ 
films with excellent properties for applications as 
t ransparent  conductors and as t ransparent  heat mirrors  
for radiat ion insulat ion and solar energy collection. 
The substrate temperature  is the critical preparat ion 
parameter:  The electrical conductivity, visible t rans-  
mission, and infrared reflectivity all increase with in-  
creasing substrate temperature,  as a result  of the in-  
creases in carrier concentrat ion and mobility. The elec- 
trical and optical properties of the films do not depend 
significantly on the crystallographic orientation, degree 
of texturing,  or substrate material.  

There is no reason to believe that  the films described 
here have the best properties that can be achieved 
when Sn-doped In208 is deposited by rf sputtering. If 
films with still higher carrier concentrat ion and/or  
mobil i ty can be prepared, their properties could be 
even better. The present  results suggest that deposition 
at higher substrate tempera ture  is one possible means 
for obtaining improved films. In  addition, the S n / I n  and 
O/In  ratios in the sput ter ing target  should be changed 
in order to determine the effects of such changes on the 
composition and therefore the properties of the films. 
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Elimination of Oxidation-Induced Stacking Faults by 
Preoxidation Gettering of Silicon Wafers 

I. Phosphorus Diffusion-Induced Misfit Dislocations 

G. A. Rozgonyi,* P. M. Petroff,* and M. H. Read 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

In  the present  paper a preoxidation gettering procedure (called POGO) is 
described which prevents  the formation and/or  activation of stacking faul t  
,nucleation sites dur ing oxidation. In  this way the stacking faults and their  
possible device degrading influences are el iminated at the start  of a processing 
schedule. In addition, the gettering medium is retained through all subsequent  
high tempera ture  processing, thereby cont inuing to suppress the formation of 
stacking faults. The gettering of the nucleat ion sites, whether  they be process 
induced, such as impur i ty  precipitation, or native, to the original crystal growth, 
such as vacancies or impurities, is achieved by the controlled in t roduc-  
t ion of interfacial misfit dislocations on the back side of the wafer. The dis- 
locations interact  with the stacking fault  nucleat ion sites such that the nuclei  
diffuse from the active device side of the wafer to the l ine defects which are  
confined to wi th in  a few microns of the back surface. 

The presence of stacking faults introduced during 
the processing of silicon devices is known to have a 
deleterious effect on device performance. For example, 
localized microplasma breakdown (1), increased p / n  
junct ion leakage (2), and reduced storage t ime of CCD 
devices (3) have all been correlated with stacking fault  
defects. The stacking faults are most  f requent ly  gen- 
erated dur ing steam oxidation (4, 5). The nucleat ion 
sites for these defects have been shown to be related 
to residual mechanical  damage (6), local impur i ty  
precipitat ion (7), and the so-called "swirl" defects 
(8). The lat ter  two may be either process induced or 
nat ive to the original crystal growth. Although ade- 
quate  removal  of surface damage is easily achieved 
with proper etching before polishing, it has not been a 
simple mat ter  to remove process-induced precipitation 
or nat ive defects from device wafers. However, prog- 
ress has been made in reducing the electrical activity 
of stacking faults once they are formed (2), par t icu-  
lar ly  if the electrical activity is related to precipitation 
on the stacking fault  (9). 

In  the present  paper we describe a process whereby 
stacking fault  nuclei  are gettered from the active de- 
vice side of the wafer by the deliberate introduct ion of 
an array of misfit dislocations on the back side of the 
wafer. The dr iving force for the generat ion of the dis- 
locations is the misfit s train gradient  introduced into 
the silicon lattice dur ing an extended phosphorus dif- 
fusioh (10, 11). The depth and density of the disloca- 
t ion ar ray  can be adjusted by varying the diffusion 
t ime and tempera ture  (12). Since the dislocations are 
interfacial  in  character they lie paral lel  to the wafer 
surface and are confined to wi thin  a few microns of 
the back surface. It is well known  that  l ine defects will  
act as sinks for a var ie ty  of point  defects such as im-  
puri t ies and vacancies. This gettering action of one 
type of defect, an interracial  misfit dislocation, for point 
defects or impurit ies which act as stacking faul t  n u -  
cleation sites, is the basis for our approach to the 
e l iminat ion  of oxidat ion-induced stacking faults. 

* Elec trochemica l  Soc ie ty  Act ive  M ember .  
K e y  words:  s tacking  faults,  get ter ing,  defects .  

The above process has been given the acronym POGO 
for preoxidat ion gettering of the other side in order to 
dist inguish it from the commonly used phosphorus 
gettering (13), back side abrasion (14), and ion im- 
plantat ion damage gettering techniques (15). It is im-  
portant  to point out that there are two essential differ- 
ences in the POGO procedure. First, the gettering mis-  
fit dislocations are generated in the as-received wafers 
before any device processing is init iated and are in -  
tended ini t ia l ly  as sinks for nat ive defects which were 
incorporated dur ing  crystal growth or inadver ten t ly  
introduced dur ing wafer preparat ion and cleaning. 
Second, the misfit dislocations are expected to continue 
to act as sinks for impurit ies introduced dur ing  sub-  
sequent high tempera ture  processing. The total effect 
of these gettering actions is expected to be the.gross 
reduction or e l iminat ion of defects near  active device 
regions with a result ing improvement  in device prop- 
erties (MOS storage time, junct ion leakage, and break-  
down).  

Experimental Procedures 
The gettering results to be described below were 

obtained on n - type  {100} oriented dislocation-free 
wafers with a nominal  resistivity of 5 ohm-cm. The 
wafers, which were purchased from the Monsanto and 
Wacker Corporations, were received with a Syton 
polished front side and chemically etched back side. 
The Monsanto wafers were from Czochralski ingots 
while the Wacker were float zone. 

Because of wafer - to-wafer  variat ions wi thin  a given 
batch it was necessary to process each wafer such that 
only half of the back side was gettered before the en-  
tire wafer was oxidized. In  this way a control was 
bui l t  into each sample. This was accomplished as fol- 
lows. A thick (1.2-1.5 ~m) masking oxide layer  was 
deposited at 480~ on the front and then the back side 
of each wafer. A low temperature  silane process was 
chosen to insure that no stacking faults were gen- 
erated. Conventional  photol i thography was used to 
strip the oxide from half of the back side while a un i -  
form oxide coating was retained on the front. Phos- 
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phorus was then diffused into the unmasked half of 
the wafer at temperatures  from 1070 ~ to 1150~ for 
times of 1-7 hr. Within this temperature  range a dense 
array of misfit dislocations is introduced to a depth of 
2~ o,r more below the P-diffused su~ace.  A POCI~ 
proces,s with an oxygen flow rate of 110 c m~/min was 
used. After  stripping of the phosphorus and masking 
oxides those wafers which were to be evaluated for 
stacking faults were then oxidized in  steam at 1050~ 
for 110 rain to grow about 7500A of SiO2. 

The various etch pits were delineated in an  HF-  
K2CreO7 preferent ial  etch as described by Secco 
D'Aragona (16), hereafter referred to as the Secco 
etch. During etching the wafers were mechanical ly 
rotated for 10 min  in  an ul t rasonical ly agitated bath 
to remove about 15 ~m from each side of the wafer. 
Observation of the pits was performed in  a Zeiss Ul t ra-  
phot microscope using Nomarski  interference contrast  
optics. 

Three types of each pits are dist inguished in  oxidized 
{100} wafers as i l lustrated in  Fig. 1. Emerging disloca- 
tions give rise to deep, black pits (D-pits) with a 
pointed bottom, see arrows D in Fig. 1. Unless a wafer 
has deliberately had misfit dislocations introduced D- 
pits are only found near the per imeter  of a wafer and 
are of the slip type, general ly  a t t r ibuted to thermal  
asymmetries dur ing  high temperature  processing. 
Saucer pits, see arrows S, are shallow and fiat bot-  
tomed and are general ly associated with stacking fault  
nucleation sites if they are distr ibuted in a swirl pat-  
tern (4, 5, 8). Stacking faults, see arrows SF in Fig. 1, 
are always aligned along perpendicular  ~110~  direc- 
tions, horizontal or vertical  in all our photomicro- 
graphs, and when ful ly developed often appear like 
orthogonal arrays of beads. 

Exper imenta l  Results 
Oxidized POGO wafers.--A photomicrograph of the 

boundary  between the phosphorus gettered (PG) plus 
misfit dislocation (MD) half and the nongettered (NG) 
half of the back side of a wafer after oxidation and 
Secco etching is shown in Fig: 2a. The front side of 
the same wafer, which is shown in  Fig. 2b, is discussed 
below. Enlarged views of the regions surrounding the 
slip dislocations D3 and D1 are shown in Fig. 3a and b. 

Fig. 1. Optical photomicrograph of etched (100} surface illus- 
trating morphology of dislocations, D, saucer pits, S, and stacking 
faults, SF. 

Fig. 2. Back (a) and front (b) etched surfaces of an oxidized 
Czochralski wafer half of whose back surface was phosphorus get- 
tered (PG) to produce misfit dislocations (MD) while the other half 
and the front were not gettered (NG). The region N was denuded of 
stacking faults. 

Since the lattice contraction in  the PG half of the 
sample, which was treated for 1 hr at 1150~ exceeded 
the threshold strain for generat ion of misfit dislocations 
the trace of a cross grid of misfit dislocation is evident 
to the right of D1, which is right on the P G / N G  bound-  
ary line. Only a trace of the misfit dislocation array 
remains since the removal  of 15 ~m of silicon dur ing 
the Secco etch has also removed most of the interracial 
MD network from the sample. It has been found that 
no stacking fault  etch pits (SF) exist on that half of 
the wafer which was gettered, see Fig. 3b; whereas, 
several mil l imeters  to the left of the P G/NG boundary  
the SF pit density is ,~105 cm -2, see Fig. 3a. We con- 
clude that the phosphorus diffusion plus misfit disloca- 
tion process provides a very effective gettering action 
for those nucleat ion sites which promote the formation 
of stacking faults during oxidation. 

The range of misfit dislocation gettering action is 
believed to be at least as large as the region N in  Fig. 
2a, which is denuded of all SF pits for a distance of 
~400 ~m from the P G / N G  boundary.  Since the wafer 
thicknesses were ~300 ~m for Monsanto and ~450 ~m 
for Wacker mater ial  SF gettering effects were also ex-  
pected on the front side of the phosphorus-treated 
wafers. This was checked as follows. The same D-pits 
were located on the front of the wafer under discus- 
sion, see arrow D8 in Fig. 2b, in order to accurately 
align the PG/NG boundary. Note Fig. 2a and 2b are 
mirror imaged about a horizontal axis with D3 the 
third D-pit in a row of five. It was necessary to use 
the slip type D-pits for alignment because the misfit 
dislocations are truly interracial in character and are 
confined to the back side of the wafer. Higher magnifi- 
cation photos of front surface regions around the dis- 
locations Dz and D2 are presented in Fig. 3c and d. 
The density of SF pits in the vicinity of D2 is zero and 
is representative of the entire volume of the wafer 
below the misfit dislocation array. This volume has 
been further checked using transmission x-ray topog- 
raphy to confirm that stacking faults are only present 
in the NG half of the wafer. The higher density of SF 
in the back of the wafer, compare Fig. 3a with Fig. 3c, 
appeared to be related to a local difference in con- 
tamination of the back of the wafer. 

In addition to the pits, there are also etch hillocks 
observed, see arrows H1 and H~ in  Fig. 3e and d, which 
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Fig. 3. Higher magnification 
micrograph of those regions of 
Fig. 2 surrounding the slip dislo- 
cations D~, Df, and Ds. H are 
unidentified hillock defects while 
the arrows SF point to two sep- 
arate stacking faults. 

may also be associated with a microdefect, perhaps a 
small  dislocation loop, for example. Fur ther  etching 
transforms the hillocks into shallow pits which are 
similar, but  not identical  to the S-pits. The hillocks are 
not observed using x - ray  topography, however, t rans-  
mission electron microscopy studies are under  way to 
help identify the source of the hillocks. Although t h e r e  
is a large reduction in the hillock density across the 
P G / N G  boundary  it is nowhere near  the 104-102 cm -2 
difference observed with the SF pits. However, sam- 
ples which have been POGO treated for 4 and 7 hr  
do show a fur ther  reduct ion in  hillock density indicat-  
ing that  the gettering action, al though slower, is also 
effective for the hillock defects. Results on a 4 hr 
POGO sample before oxidation are presented in the 
next  section. 

Nono~dized  POGO waSers.---Stacking faults were 
not generated during the POGO t rea tment  unless there 
was residual surface damage or localized chemical con- 
tamination.  Prior  to oxidation the get ter ing action was 
evident  for both S-pits and  hillocks. This is i l lustrated 
in Fig. 4a, which is the Secco etched P G / N G  boundary  
of the polished side of a Wacker float zone wafer which 
was phosphorus gettered on half of the back side for 
4 hr at 1150 ~ as described above. The S-pi t  and hillock 
densities are both about 105 cm -2 in the NG region, 
see the arrows S and H in Fig. 4b, which is an enlarged 
view of the area marked (b) in Fig. 4a. On the front 
surface of the wafer directly opposite the POGO 
treated back side, see Fig. 4c,' no hillocks were observed 
at all and the S-pi t  density was reduced to ~5  • 103 
cm -2. The abil i ty to e l iminate  the hillocks completely 
varied from sample to sample bu t  was always more 
effective for gettering times longer than 1 hr. 

Float zone vs. CzochraIski.--Because of the well-  
documented differences in the oxygen content of float 
zone and Czochralski mater ial  and the possibility that  
oxygen plays a role in the formation of SF nuclei, a 
group: of five float zone and five Czochralski wafers 
were gettered simultaneously.  However, it was found 
that the variations in pit  density, and other factors 
such as the occurrence of a swirl  pattern,  varied just  
as much within  the separate groups of five as they did 
from group to group. The only consistent observation 
in the large batch studies was that  on the gettered 
half  of any  wafer  stacking faults, S-pits, and hillocks 

were either el iminated or reduced in  n u m b e r  by sev- 
eral orders of magnitude.  It  therefore appears that  the 
oxygen concentrat ion is not the predominant  factor in 
the gettering of nucleat ion sites. This does not mean, 
however, that oxygen is not impor tant  when the stack- 
ing faults are actually generated. 

Discussion and Conclusions 
The experiments and etch pit data presented above 

demonstrate  the existence of a very favorable in ter-  

Fig. 4. Etched front surface of an unoxidized float zone wafer 
preoxidation gettered on half of the other side (POGO). Arrows S 
and H are saucer pits and hillocks. 
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action between a phosphorus gettering plus misfit dis- 
location procedure and the nuclei responsible for oxi- 
dat ion- induced stacking faults. The presence of misfit 
dislocation was indeed found necessary to achieve the 
stacking fault  el imination. Those samples subjected to 
a phosphorus diffusion t rea tment  which did not intro-  
duce misfit dislocations (T < 1050~ did form stack- 
ing faults during oxidation. The role of misfit disloca- 
tions is consistent with the extensive l i terature on line 
defects acting as sinks for mobile point  defects, such as 
impurit ies and vacancies. Unfortunately,  the precise 
nature  of those point defects (or clusters and complexes 
thereof) which create an env i ronment  for stacking 
fault formation is not ful ly understood at this stage of 
our work. We have, however, schematically outlined 
the problem as shown in  Fig. 5, which is based, in part, 
on recent work of Pomerantz  (17) and de Kock (8, 18, 
19). 

These workers have demonstrated that  interactions 
which exist between grown- in  and process-induced 
microdefects, whose macroscopic dis tr ibut ion is in the 
form of a swirl pattern, can be traced back to var ia-  
tions in the microscopic growth rate of the orig 'nal  
crystal. Figure 5 identifies two groups of g rown- in  de- 
fects according to whether  or not a swirl pa t te rn  can 
be delineated by etching or x - r ay  topography of Cu or 
Li decorated samples. Following de Kock we at t r ibute 
the swirl of S-pits in as-received wafers, stage I in 
Fig. 5, to a point defec t / impur i ty  (PD/i)  complex (8), 
or to collapsed vacancy (8, 20, 23), or interst i t ial  (22) 
clusters in the form of dislocation loops. If no swirl is 
delineated we still assume that  isolated point  defects 
are distr ibuted in  the crystal in a nonhomogeneous 
fashion. This is based on the observation that swirl de- 
fects can be formed by a suitable hea t - t rea tment  (24), 
see process IIB in Fig. 5, of swirl-free wafers. Also, a 
swirl dis t r ibut ion of stacking faults is observed after 
steam oxidation, process IIA, in Fig. 5, even  if no stage 
I swirl is delineated by etching (21). 

It is well established (8, 17) that metallic imPurities 
introduced during stage II processing can become as- 
sociated with stage I defects to form stacking faults 
during oxidation or epitaxial growth. This type of 
process-induced defect is most certainly gettered by 
the POGO misfit dislocation and/or  phosphorus diffu- 
sion t rea tment  itself. Process IIC in Fig. 5 i l lustrates 
how swirl and stacking faults can be suppressed in 
as-received material  and, we would exl~ect, in any 
material  which has not previously nucleated stacking 
faults dur ing processing, e.g., process IIB. However, 
since stacking faults can be formed under  very clean 
oxidizing conditions the question arises as to whether  
our gettering procedure is also effective in e l iminat ing 
stage I defects, e.g., vacancies, copper, or small dislo- 
cation loops. The complete suppression of stacking 
faults in the various mater ial  supplied to us indicates 
that  nat ive  defect gettering may, in fact, be taking 

place. In  addition, the el iminat ion of the etch hillocks 
and large reduction in S-pi t  density discussed above 
with reference to Fig. 4 is interpreted as a disso]ution 
of stacking fault  nuclei. These etch features, although 
not distr ibuted in a swirl pattern,  are very s imilar  in 
appearance to the A- and B-type native swirl  defects 
recently characterized by Petroff and de Kock (22). 
Also; pre l iminary  results on POGO treated wafers from 
the same ingot used by Petroff and de Kock (22) in-  
dicates that stacking faults are not formed during 
subsequent  oxidation. It  should also be noted that the 
temperature  of these t reatments  is more than  100~ 
lower than the recent high temperature  argon anneal -  
ing gettering work done by Shiraki (25). Finally,  be- 
sides the dissolution or deactivation of nat ive defects, 
the continued capture of process-induced stacking 
faul, t nuclei dur ing subsequent  processing cannot be 
overstated because of the many  oxidations and high 
temperature  t reatments  required in silicon integrated 
circuit fabrication. 

It is hoped that the outl ine provided by Fig. 5 will 
serve as a guide to help identify those defects and 
processes vital  to the nucleat ion of stacking faults. For 
example, it is occasionally found that  swirl and stack- 
ing faults are not generated during oxidation of wafers 
from a specific ingot. Fur ther  analysis of these special 
crystals and their growth history would be most use- 
ful in enhancing our unders tanding of the stacking 
fault problem. Meanwhile, we believe the POGO get- 
tering process described in this paper, although some- 
what  empirical, is quite viabIe and could readi ly be 
adapted to several device processing lines. 

A c k n o w l e d g m e n t s  
The authors would like to thank  V. Morris for car- 

rying out the phosphorus diffusions and oxidations de- 
scribed in this report. Comments on the manuscript  
and several very enl ightening discussions with A. J. R. 
de Kock. T. E. Seidel, and R. B. Marcus are also ap- 
preciated. 

Manuscript  submit ted May 19, 1975; revised 
manuscript  received Ju ly  16, 1975. This was Pat:er 172 
presented at the Toronto, Canada, Meeting of the So- 
ciety, May 11-16, 1975. 

Any  discussion of this paper will appear in a 
Discussion Section to be published in the June  1978 
JOURNAL. All discussions for the June  ]976 Discussion 
Section should be submit ted by Feb. 1, 1976. 

Publication costs of t~is article were partially 
assisted by Bell Laboratories. 

REFERENCES 
1. H. J. Quiesser and A. Goetzberger, Phil. Mag., 

8, 1063 (1963). 
2. C. J. Varker and K. Ravi, J. Appl. Phys., 45, 272 

(19'74). 
3. G. A. Rozgonyi, F. J. Morris, and T. A. Shankoff, 

Unpublished data. 
4. J. Matsui and T. Kawamura,  Japan. J. Appl. Phys., 

Fig. 5. Schematic outline of 
interrelations between swirl, na- 
tive defects, process-induced de- 
fects, and the suppression of 
oxidation-induced stacking faultsr 
ND and i represent native defect 
and impurity, while SF and S 
correspond to stacking fault and 
saucer-type defects. 

c---- 

liSwirl (SF) I 

i, Miscellaneous 

i 
swirl (s-Pits;cu,Li I{ 
Decoration) I ( 

/ND/i Compl ..... D-~oop~ I 

- -?  

INo Swirl, No SFI 

IMisfit Dislocations I 

+ 

[. As-Received Wafer 
Analysis 

II. Analysis Related 
to Thermal Processing: 
A. Steam Oxidation 
B. 1000~ Anneal 

(Ref. 23) 
C. POGO 



Vol. 122, No. 12 ELIM I N A TI O N  OF S T A C K I N G  F A U L T S  1729 

11, 197 (1972). 
5. K. Ravi and C. J. Varker, J. Appl. Phys., 45, 

263 (1974). 
6. W. A. Fischer and J. A. Amick, This Journal, 

113, 1054 (1966). 
7. C. M. Drum and W. van Gelder, J. Appl. Phys., 

43, 4465 (1972). 
8. A. J. R. de Kock, Philips Res. Rept., Suppl. 1 

(1973). 
9. A. G. Cullis and L. Katz, Phil. Mag., 30, 1419 (1974). 

10. H. J. Quiesser, J. Appl. Phys., 32, 1776 (1961). 
11. S. Prussin, ibid., 32, 1876 (1961). 
12. P. M. Petroff, T. T. Sheng, and G. A. Rozgonyi, 

Unpubl ished data. 
13..L E. Lawrence, in "Semiconductor Silicon," R. R. 

Haberecht  and E. L. Kern, Editors, p. 596, 
the Electrochemical Society Softbound Sym-  
posium Series, New York (1969). 

14. E. J. Metz, This Journa%ll2, 420 (1965). 
15. C. M. Hsieh, J. R. Mathews, H. D. Seidel, K. A. 

Pickar, and C. M. Drum, Appl. Phys. Letters, 22, 
238 (1973); T. E. Seidel and R. L. Meek, in "Ion 
Implanta t ion  in  Semiconductors," B. L. Crowder, 

Editor, P l enum Press, New York (1973); R. L. 
Meek, T. E. Seidel, and A. G. Cullis, This Journal, 
122, 786 (1975). 

16. F. Secco D'Aragona, This Journal, 119, 948 (1972). 
17. D. I. Pomerantz,  ibid., 119, 255 (1972). 
18. A. J. R. de Kock, J. Appl. Phys., 44, 2816 (1974). 
19. A. J. R. de Kock, This Journal, 119, 1241 (1972). 
20. L. I. Bernewitz, B. O. Kolbesen, K. R. Mayer, and 

G. E. Schuh, Appl. Phys. Letters, 25, 277 (1974), 
also Proc. Freiberg Conf. on Lattice Defects in 
Semiconductors, August  1974. 

21. G. A. Rozgonyi and S. P. Murarka, Unpublished 
data. 

22. P. M. Petroff and A. J. R. de Kock, J. Cryst. Growth, 
30, 117 (1975). 

23. A. J. R. de Kock, P. J. Roksnoer, and P. G. T. 
Boonen, ibid., 22, 311 (1974). 

24. A. J. R. de Kock, P. J. Roksnoer, and P. G. T. 
Boonen, in "Semiconductor Silicon." H. R. Huff 
and R. R. Burgess, Editors, p. 83, The Electro- 
chemical Society Softbound Symposium Series, 
New York (1973). 

25. H. Shiraki, Japan. J. Appl. Phys., 13, 1514 (1974). 

Effect of Oxidizing Ambients on 
Platinum Silicide Formation 

I. Electron Microprobe Analysis 

T. J. Kingzett and C. A. Ladas* 
Motorola Incorporated, Semiconductor Products Division, Mesa, Arizona 85201 

ABSTRACT 

The effect of oxidizing and iner t  ambients  on the formation and oxidation 
of PtSi films from 450 ~ to 650~ has been investigated. The presence of O2 in 
the anneal ing furnace ambient  during PtSi formation results in the growth 
of an SiO2 layer  which separates the under ly ing  PtSi from a surface layer  of 
unreacted Pt. The SiO2 layer acts as a barr ier  to fur ther  silicide formation. In 
inert  ambients, PtSi formation proceeds to completion, and subsequent  ex- 
posure to 02 results in  the formation of a surface SiO2 layer. Electron micro- 
probe analysis was used to analyze the composition of the films. 

P l a t inum silicide (PtSi) is commonly used for ohmic 
or rectifying contacts to silicon (1-3). PtSi is formed 
from. Pt  films on silicon substrates at temperatures  
above 300~ (4) and is reportedly stable up to 800~ 
(5). Although PtSi formation has been extensively 
studied (6), certain questions relat ing to the mecha- 
nism of the te rminat ion  of the reaction as well as the 
oxidation of PtSi  remain  unresolved. 

Hiraki et al. (7) reported that Pt  on Si is com- 
pletely converted to PtSi  by anneal ing at 400~ Poate 
and Tisone (8) reported that silicide formation is ini-  
tiated by diffusion of Si atoms into the Pt  film, forming 
an in termediate  Pt2Si phase which is converted, along 
with all of the remaining  Pt, to PtSi. Rand and Roberts 
(3) reported that  Si diffuses through the Pt  along 
grain boundaries to form a th in  SiO2 layer (~100A) 
on the surface of the PtSi film. The oxide formation 
was at t r ibuted to  impuri t ies  in the anneal ing furnace 
ambient.  

Several  authors (10, 11) have reported the existence 
of a layer  of unreacted p la t inum on the surface of an-  
nealed PtSi films, but  do not explain the reason for in-  
complete silicide formation. Danyluk  and McGuire 
(12) reported that a layer  of PtSiO4 is formed be- 
tween the PtSi  and a surface Pt  film, and that a nat ive 
SiO2 layer on the silicon substrate may interact  with 
the metal in order to form this silicate layer. 

In  this paper, we report  a study of the effect of vari-  
ous ambients on PtSi formation, and of the oxidation of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  p l a t i n u m  s i l ic ide ,  o x i d a t i o n ,  o h m i c  contacts, electron 

microprobe ana lys i s .  

PtSi, both during and subsequent  to the anneal ing 
process. PtSi was formed by anneal ing Pt films on Si 
in oxidizing and inert  ambients  at temperatures  from 
450 ~ to 650~ Oxygen was found to react at the surface 
of PtSi to form SIO2. If the Pt  film is completely an-  
nealed (in an inert  ambient)  prior to exposure to 02, 
then a layer of SiO2 forms on the surface. If, however, 
the film is annealed in 02 or air, then O migrates 
through the Pt, a layer of SiO2 is formed at the ad- 
vancing P tS i -P t  interface, and a layer of unreacted Pt  
remains on the surface. Analysis of the PtSi  films was 
performed by the electron microprobe method. 

Experimental 
Thin Pt  films were deposited on silicon by RF sput-  

ter ing in argon at 5~ (Hg) pressure and 200W. The sili- 
con substrates were etched in HF and then sputter 
etched with Ar for 30 sec prior to deposition in order 
to ensure atomically clean Si surfaces. Two-inch 
n-type <I00> silicon wafers with a resistivity of 0.3 
___ 0.05 ohm-cm were used throughout. Pt films of 1300 
or 2400A (_+_10%) thickness were deposited, and the 
samples were then annealed in air, nitrogen, oxygen, 
or argon at temperatures of 450 ~ 550 ~ and 650~ 

Electron microprobe analysis was performed with an 
ETEC scanning electron microscope equipped with a 
dispersive x-ray spectrometer (13). Quantitative anal- 
ysis was performed using single crystal Si, sputter- 
deposited Pt  and SiO2 on silicon as p r imary  s tan-  
dards for silicon, plat inum, and oxygen, respectively. A 
pr imary  electron beam energy of 5 kV was used, and 
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SiKa, PtM~, and OKa x- ray  intensities were used to 
determine the relative mass concentrat ion of each ele- 
ment  in the surface film. The s tandard correction fac- 
tor method (14) was employed. 

Fi lm thickness measurements  were made by DE~:- 
TAK (Sloan Ins t rument  Company),  CAR IS (15), and 
ellipsometer (16) techniques. 

Aqua regia etching of Pt  and PtSi  was clone at 60~ 
with a 3:1:4 by volume mixture  of 37% HCL:70% 
HNOs:H20. HF etching of all samples was done at 
room temperature  using a 6:1 mixture  of 40% NH4F: 
49% HF. Infrared reflectance spectra of SiO2 films were 
obtained using a Pe rk in -E lmer  331 spectrophotometer. 

Results 
Table I lists the relative mass concentrations [weight 

per cent (w/o)  relat ive to a s tandard without  nor-  
malizing] of Pt, St, and oxygen in  the films produced 
by anneal ing samples of 1300 or 2400A thick Pt  on 
Si in air or oxygen at 650~ for 15 min. The effective 
electron penetration,  or max imum depth of x - ray  pro- 
duction, depends upon the energy of the incident  elec- 
trons, the density of the surface film, and the energy 
of the electronic t ransi t ion which results in x - ray  emis- 
sion (17). This depth is approximately 900A for PtMa, 
1000A for SiK~, and 1300A for OK~ x-rays  in  PtSi. 

The data in Table I show that after anneal ing in air 
or oxygen, higher Pt  and lower Si concentrations are 
found in the films than for PtSi, which is 87.45% Pt 
and 12.55% St. The presence of a high concentrat ion 
of oxygen indicates that an oxide layer may have 
formed. After the samples have been etched in HF, the 
films display composition closely approximating that  of 
PtSi, and the oxide layer  appears to have been re- 
moved. 

Table I also lists the relative mass concentrat ion of 
Pt, St, and O for films annealed in N2 or Ar for 15 
min  at 650~ In  this case the Pt  concentrations are 
lower, and Si concentrations are higher than expected 
for PtSi. A high level of oxygen is also found, again 
indicating that an oxide formation has occurred. The 
results of HF etching of each sample are that a film 
which approximates PtSi remains, and that  the oxide 
layer is removed. 

Inspection of the samples following the anneal ing cy- 
cles shows that  those samples annealed in O2 or air 
appear identical to the original Pt  films, but  that  the 
films annealed in N2 or Ar have the darker  appearance 
characteristic of PtSi. By etching the samples annealed 
in air or 09_ in  the HF, a thin metal  film~ which was 
insoluble in the etch solution, was removed from the 
surface. The under ly ing  material  then exposed was the 
darker shade of PtSi. Analysis of the thin metal  film 
recovered from the etch solution established it to be 
pure p la t inum in each case. The thickness of the plati-  
num film removed in this manner  was found to be 
~10-15% of the original sputtered p la t inum film thick- 
ness. HF etching of the samples annealed in N2 or Ar 
resulted only in a slight darkening of the surface 
appearance. 

The relative mass concentrations of the Pt, St, and O 
in the films annealed at 550 ~ and 450~ for 30 and 45 
min, respectively, are listed in Tables II and III. The 
compositions of the films before and after etching in HF 

Table I. Weight per cent (w/o) of platinum, silicon, and oxygen 
found in platinum silicide films annealed at 650~ 

Sample  
i d e n t i f i c a t i o n  B e f o r e  H F  e t c h  A f t e r  H F  etch 

P t f i l m  A m b i e n t  P t  S i  O P t  S i  O 

1300A 02 94.0 7.5 3.2 87.7 13.4 <1.0 
2400A O2 95.4 5.4 2.5 85.0 13.8 <l.O 
1300A A i r  92.1 7.3 3.6 87.3 19.9 < l . O  
2400A A i r  93.4 4.9 3.2 86.7 13.0 < 1 . 0  
13OOA N2 84.9 16.3 2.1 87.5 12.2 <l.O 
2400A N2 83.6 16.2 2.5 88.8 12.3 <1.0 
1300A A r  78.4 14.7 1.7 89.1 12.4 < l . O  
2400A Ar 81.3 14.8 1.8 84.0 11.6 <I.0 

Table II. Weight per cent (w/o) of platinum, silicon, and oxygen 
found in platinum silicide films annealed at 550~ 

Sample 
i den t i f i c a t i on  B e f o r e  H F  e t c h  A f t e r  H F  etch 

lUtf i lm A m b i e n t  P t  S i  O P t  S i  O 

13O0A O~ 93.1 5.1 2.1 88.9 13.3 < l .O 
2400A 02 96.4 4.7 1.5 84.7 13.2 < l . O  
1300A A i r  90.2 8.0 3.7 86.2 13.5 < 1 . 0  
2400A A i r  92.3 5.1 2.8 84.6 12.7 < 1 . 0  
1300A N~ 86.1 15.2 1.4 88.6 12.8 < 1 . 9  
2400A N~ 84.2 14.6 1.2 85.9 12.7 <1.0 
13O0A Ar 83.5 15.0 1.8 83.7 13.3 <l.O 
2400A A r  79.5 14.6 1.5 86.1 12.7 < l . O  

Table III. Weight per cent (w/o) of platinum, silicon, and oxygen 
found in platinum silicide films annealed at 450~ 

S a m p l e  
i d e n t i f i c a t i o n  B e f o r e  H F  etch After  HF etch 

P t  f i lm  A m b i e n t  P t  Si  O P t  S i  O 

1300A 02 93.7 4.4 3.9 88.7 12.7 < 1 . 6  
2400A O~ 96.9 3.9 2.8 84.9 12.6 < l . O  
1300A A i r  94.2 4.5 2.7 82.1 12.7 < 1 . 6  
2400A A i r  94.4 3.7 3.1 83.7 12.2 < 1 . 0  
13OOA N2 83.8 16.4 2.7 83.7 13.7 <I.0 
2400A N2 83.8 17.0 1.5 85.6 12.7 < l . O  
1300A Ar 88.8 16.4 1.7 83.4 12.7 <l.O 
2400A Ar 87.1 14.7 1.9 84.2 12.8 <l.O 

were found to be essentially the same as for the sam- 
ples annealed at 650~ i.e., provided that the anneal ing 
time is sufficient, the effect of the various ambients  
on PfSi formation is unchanged throughout  the tem- 
perature  range studied. In each case, a thin layer  of 
Pt is removed from the surface of the samples an-  
nealed in  air or 02, while only a slight darkening of the 
surface is noted after etching samples which were an-  
nealed in Ar or N2. 

The oxide layer on the surface of the samples an-  
nealed in N2 or Ar is probably  formed as the hot wafers 
contact air upon removal from the anneal ing furnace. 
This oxide layer, presumed to be SiO2 is about 100A 
thick, and is sufficient to protect the under ly ing  PtSi 
from attack by aqua regia. If the film is first etched in 
HF, however, removing the protective SiO2 film, then 
aqua regia etches away the PtSi  very rapidly. This 
result is in agreement  with previously reported data 
on the reactivity of PtSi  (18, 19). 

The oxide layer which is formed on the samples 
annealed in O2 or air is also presumed to be SIO2, but  
this layer is formed beneath the surface of the Pt  film 
This is due to the migrat ion of O through the Pt, and 
its subsequent  reaction at the surface of the forming 
PtSi layer to give SIO2. Extended anneal ing of the sam- 
ples does not result  in completion of silicide forma- 
tion, which indicates that the SiO2 is a sufficient bar -  
rier to completion of the reaction. 

Figures 1 and 2 are electron micrographs of the un -  
reacted Pt ' f i lm which is removed from the surface of 
the sample annealed at 650~ in 02 (2400A Pt) .  The 
film is resting on the surface of the PtSi following HF 
etching of the in ter layer  SIO2. 

Discussion 
The model which we propose is that 02 will  react at 

the surface of a PtSi film to form SIO2. The thickness 
of the SiO2 layer depends upon the t ime and tempera-  
ture of exposure to the oxidizing ambient.  A 1000A. 
thick oxide film was grown on the surface of PtSi 
formed in N2 by subsequent  anneal ing in 02 at 650~ 
The film was determined to be SiO2 by IR reflectance 
spectrophotometry. 

The SiO2 layer may result  from oxidation of the 
PtSi or from the reaction of Si atoms which diffuse to 
the surface of the PtSi film. At this point, either 
mechanism seems quite reasonable. AHF 298 for the 
reaction 

PtSi  W 02 --> Pt  -t- SiO2 
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Fig. 1. SEM of Pt film lying on PtSi surface following HF etch 

Fig. 2. SEM of Pt film lying on PtSi surface following HF etch 

is --211.8 ___ 5.5 kcal /mole  as calculated from the data 
of Searcy and Finnie  (20, 21). That  this reaction does 
occur at 650~ was verified by forming a PtSi  film on 
a silicon ni tr ide (Si3N4) substrate and anneal ing in 
02. The PtSi was formed by deposi'~ing 1000A each of 
polysilicon and Pt on the Si3N4, then anneal ing for 15 
min  in N2. Silicide formation was verified by electron 
microprobe analysis. The sample was then annealed in 
02 at 650~ and an SiO2 layer  formed on the PtSi sur-  
face. Etching of the sample in HF removed the SiO2 
film, and 1000A of Pt  remained on the Si3N4 substrate. 

If the reaction of PtSi  with 02 is the mechanism 
by which the surface SiO2 layer  is formed, then the 
free Pt  which is a product of the reaction must  im-  
mediately react with silicon atoms which diffuse 
through the silicide to reform PtSi. This is shown by 
the fact that  repeated oxidation and HF etching of the 
resul tant  SiO2 produces nei ther  free detectable Pt  on 
the surface of the PtSi nor  depletion of the PtSi layer, 
the silicon substrate being an "infinite source" of the Si 
atoms. 

The formation of the SiO2 layer  below the surface 
of the Pt  on the samples annealed in O2 or air is due 
to the migrat ion of O through the Pt  as the silicide 
formation occurs. Although diffusion of O through bulk  
Pt  has not been firmly established, surface absorption 
and migrat ion of O on Pt surfaces has been reported 
by many  authors (22, 23). Annea l ing  in O2 or air pro- 
duces the same result  because 02 is preferent ia l ly  ad- 

sorbed upon and not displaced from Pt  by ni trogen 
(24). 

The SiO2 layer  which is formed below the Pt  surface 
is an effective barr ier  to fur ther  silicide formation be- 
cause it blocks the diffusion of silicon atoms. Oxide 
layers have been shown to impede silicide formation 
in  other metal  films on Si (25). Extended anneal ing 
merely results in the formation of a thicker oxide layer. 
Although the ratio of unreacted Pt  to the original sput-  
tered Pt  film thickness was relat ively constant 
throughout  the range of thicknesses and temperatures  
studied, this value may vary depending upon the per-  
meabi l i ty  of Pt  films prepared by other methods. 

In  order to confirm that  migrat ion of O does occur 
in the sputtered Pt  films, bi layer  films of Pt  over W 
(1000A each) on Si3N4 substrates were annealed at 
450 ~ 550 ~ and 650~ in O2. In  each case, the bi layer  
films disintegrated upon oxidation of the tungsten.  Mi- 
croprobe analysis of fragments  of the films confirmed 
the formation of tungsten  oxide. No oxidation or disin- 
tegrat ion of the bi layer  films was observed when iden-  
tical samples were annealed in N2 over the s~ame tem-  
perature range. 

It does not appear l ikely that  impurit ies in the an-  
neal ing furnace ambient  are the cause of the surface 
oxidation of the PtSi films formed in N2 or Ar. When Pt  
films on Si were annealed in Ar contaminated with 
1-2% O2, then incomplete silicide formation resulted, 
and a layer  of unreacted Pt  remained on the surface. 
As in the case of samples annealed in air or 02, a layer  
of SiO2 formed between the PtSi and Pt, which blocked 
fur ther  silicide formation. It  is also improbable  that a 
nat ive oxide on the Si substrates is the source of O 
which forms the oxide layer  between the Pt  and PtSi. 
We have observed the formation of this oxide in ter -  
layer  only if O2 is contained in the anneal ing furnace 
ambient,  or if the Pt films are in contact with O2 for 
a period of ,~150 hr or more prior to anneal ing in  an 
inert  ambient.  In  the la t ter  case, O2 which is absorbed 
by the Pt  film prior to anneal ing is the l ikely oxygen 
source. 

Hiraki et at. (26) report  that  the amount  of SiO2 
grown on the surface of Au films on Si at low tem-  
perature  is l imited due to  the diffusion of gold into the 
silicon. The silicon atoms which are oxidized at the 
surface of the Au film originate at the Au-Si  interface, 
from which they easily diffuse through the Au film. 
After all of the Au has interdiffused with the silicon, 
however, the Au-Si  interface no longer exists, and Si 
diffusion and thus the oxide formation is terminated.  
In  the case of SiO2 formation on PtSi  films on Si, the 
amount  of SiO2 which may be grown on the surface is 
not l imited in this manner .  This is due to the stabili ty 
of the PtSi film and the preservat ion of the PtSi-Si  
interface dur ing oxidation. As much as 10,000A of SiO2 
has been grown on the surface of a 2500A film of PtSi 
by successive oxidation and HF etch cycles in order 
to remove the SIO2. 

The formation of protective layers of silica on the 
surface of metal  silicides has been f requent ly  cited as 
the reason for the high oxidation resistance of these 
materials (18, 19, 27, 28). Reactions of the type 

MSia -F (a -9 b)O2-> iV~O2a "~- bSiO2 

are commonly accepted as the origin of the silica layer, 
which may also contain the metal  oxide. This was 
found to be true in the case of the oxidation of t i tan ium 
disilicide (29). 

Summary 
PtSi is formed by anneal ing films of Pt  on Si. A layer  

of SiO2 is formed on the surface of the PtSi by subse- 
quent  exposure to O2. The thickness of this SiO2 layer  
depends upon the time and temperature  of formation. 
The formation of this oxide layer does not result  in the 
formation of a layer  of Pt on the surface of the PtSi. 

If the Pt  films on Si are annealed in air or 02, then 
a layer of SiO2 is formed at the P tS i -P t  interface prior 
to completion of the reaction. The O migrates through 
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the Pt  and reacts at the advancing P t S i - P t  interface,  
and a l a y e r  of unreac ted  Pt  remains  on the surface. 
The SiO2 l aye r  is a sufficient ba r r i e r  to prevent  fur ther  
silicide format ion  up to 650~ 
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Effect of Oxidizing Ambients on 
Platinum Silicide Formation 

II. Auger and Backscattering Analyses 

R. J. Blattner and C. A. Evans, Jr. 
Materials Research Laboratory, University of Illinois, Urbana, Illinois 61801 

and S. S. I.au, J. W. Mayer,* and B. M. Uilrich 
California Institute of Technology, Pasadena, CaliSornia 91125 

ABSTRACT 

Auger electron spectroscopy combined with ion sputtering for layer removal 
and MeV 41-1e+ ion backscattering spectrometry were used to analyze the depth 
profile of Pt, Si, and O in p la t inum silicide layers .  Layers  formed dur ing  heat-  
t r ea tmen t  at 600~ in an 02 ambien t  consisted of an outer  l ayer  of P t  on an 
SiO2 layer  on PtSi.  The s t ructure  formed in an N2 ambient  fol lowed by  heat~ 
t r ea tmen t  in an 02 ambient  consisted of PtSi.  In  both cases there  was a thin 
SiO2 layer  on the outer  surface; i n . t he  la t te r  case the SiO2 l aye r  was appre -  
c iably  thicker.  

The format ion  of si l icide layers  has been s tudied  in 
detai l  because of thei r  impor tance  in in tegra ted  circuit  
technology. The process steps of evapora t ion  of a meta l  
l ayer  on Si and subsequent  hea t - t r ea tmen t  to form the 

* Electrochemical  Society Act ive  Member .  
Key words :  Auge r  electron spec t rometry ,  MeV ion backscattering 

spectrometry,  si l icon and thin films. 

metal -s i l ic ide  layers  are easi ly  adap ted  to device p ro -  
duction. A number  of analyt ica l  techniques have been 
used to de te rmine  the e lementa l  composit ion as a func-  
t ion of depth, for phase identification, and to provide  
s t ruc tura l  information.  For  example ,  Auger  electron 
spectroscopy (AES) combined wi th  layer  removal  by  
ion sput ter ing  provides in -dep th  composit ion profiles 
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(1-3). Similar  data, but  without  recourse to ion sput-  
tering, are provided by MeV 4He+ ion backscattering 
spectrometry (BS) (4-6). Glancing angle x - ray  dif- 
fraction is used for phase identification and s tructural  
informat ion (7) and is often employed (8, 9) with AES 
or BS techniques for composition analysis. 

In  most studies of silicide formation, hea t - t rea t -  
ments  are carried out in vacuum or in inert  ambients.  
Under  these conditions silicide layers of uni form thick- 
ness and composition can be formed (5, 8, 10). For ex- 
ample, low tempera ture  anneal ing (200~ of Pt  layers 
on Si produces a Pt2Si compound (11). Upon fur ther  
anneal ing of this Pt2Si s tructure for either longer times 
or at higher temperatures,  addit ional Si is consumed to 
produce a PtSi  compound (6). 

In  the preceding paper, Kingzett  and Ladas (12) 
studied the influence of oxidizing ambients  on plati-  
num silicide formation using the electron microprobe 
for analysis. This method provides a n  average analysis 
over depths of 1000A or more in PtSi. The purpose of 
the present study was to utilize Auger electron spec- 
troscopy and MeV 4He+ ion backscattering to directly 
measure in-depth composition profiles as suggested by 
the study of Behrisch et al. (13). Backscattering anal- 
ysis gives absolute depth scales and quantitative com- 
positional data without the requirement of standards. 
Auger electron spectroscopy provides surface layer 
analysis and relative concentration of the elemental 
constituents vs. sputtering time. In the present case, 
Auger analysis is more sensitive to oxygen than back- 
scattering. 

Exper imental  
Sample preparation.--The samples were prepared by 

Kingzett  and Ladas as described in  the preceding paper 
(12). 

Auger electron spectrometry and backscattering 
spectrometry were used to evaluate the structures re- 
sult ing from two different anneal ing procedures for 
silicon single crystal wafers having a 2000A surface 
layer, of evaporated plat inum. The first procedure was 
to anneal  the as-evaporated samples for 20 min  in N~ at 
600~ followed by a 10 min  postanneal  in O2 at 600~ 
The second procedure was a 30 min  anneal  of the as- 
evaporated samples in O2 at 600~ Four  3 in. wafers 
were s imultaneously prepared for each anneal ing pro- 
cedure. After heat- t reatment ,  two wafers of each type 
were provided to the AES and BS laboratories, respec- 

tively. Duplicate analyses for the redundant  wafers 
provided to each laboratory gave similar results. 
Therefore, it was assumed that s imilar ly prepared sam- 
ples were identical and no interchange of samples was 
made between laboratories. 

Backscattering spectrometry.--The exper imental  
setup at the California Inst i tute  -of Technology and ana-  
lytical method for backscattering spectrometry have 
been reviewed elsewhere (14). In  brief, the technique 
consists of placing a sample in a beam of mono-ener -  
getic hel ium ions and energy analyzing the particles 
backscattered out of the sample. Backscattering spec- 
t rometry  with MeV 4He + ions provides information on 
concentration profiles with a depth resolution of about 
200A for layers as thick as 5000A. With thicker films 
the depth resolution degrades due to energy straggling 
of the probing particles in the film. The beam spot is 
typically I-2 mm u, and hence backscattering requires 
lateral sample homogeneity of at least such dimensions. 

Auger electron spectrometry.--A Physical  Electronics 
Model 545 scanning Auger microprobe at the Univer -  
sity of Illinois was used for all Auger electron spectro- 
scopic measurements.  The samples were mounted on 
the standard carrousel at 30 ~ grazing incidence to the 
pr imary  electron beam. The sample chamber  residual 
vacuum was <1 X 10 -9 Torr  prior to all analyses. 
P r imary  electron energies of 6 keV were employed in 
both the depth profiling and imaging modes. Depth 
profiles were made by repeti t ively monitor ing the Pt, O, 
and Si Auger transit ions with s imultaneous 2 keV Ar+ 
ion sputter ing for removal of successive atomic layers. 

Results and Discussion 
Platinum silicide (PtSi) postannealed in 02 atmo- 

sphere.--A sample of P tS i /S i  previously formed in N2 
at 600~ for 20 min was postannealed in O2 at 
600~ for 10 min. Surface AES spectra taken prior to 
ion etching and the AES depth profile of Fig. 1A both 
indicate Pt  depletion at the film surface and the pres-  
ence of a substantial  amount  of O and St. Using the 
AES data and a sput ter ing rate determined from the 
known PtSi  thickness, this Pt  depleted region is cal- 
culated to have a thickness of about 140A. 

Scanning Auger electron micrographs of the surface 
(Fig. 2) show that there are islands of PtSi  surrounded 
by SiO2. The fact that the Si is actual ly present  as SiO$ 
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Fig. 1. (A) Pt, Si, and O Auger 
intensities vs. sputtering time 
from PtSi grown for 20 rain in N2 
at 600~ followed by 10 min 
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and O Auger intensities vs. sput- 
tering time from PtSi grown for 
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that for both Auger depth pro- 
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about 1 rain apart. Only repre- 
sentative points are shown on the 
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Fig. 2. Scanning Auger micrographs of Si (92 eV), Si (78 eV from SiOu), Pt (1967 eV), and O (510 eV) taken at 300X for surface of 
PtSi postannealed in 02 ambient (same sample as Fig. la). 

is confirmed by using the Si 78 eV transi t ion which has 
been shown to arise from a "chemical" spectral energy 
shift when Si is present  as SiO2 (15). 

The backscattering data for similar samples are shown 
in Fig. 3. The broad peak at high energies centered 
around 1.7 MeV represents the Pt  signal and the broad 
plateau centered at 1 MeV represents the Si signal i rom 
the PtSi  layer. The increase in the Pt  signal with de- 
creasing energy reflects the change in  scattering and 
stopping cross sections experienced by the analyzing 
particles (14). Using the measured backscattering 
yields for Pt  and St, the atomic ratio of Pt  to Si is de- 
termined to be 1 _ 0.1 across the entire film indicating 
that the compound PtSi is formed. The data of Fig. 3 
show that the silicide layer is uniform in  composition 
with a thickness (assuming bulk  density) of 3000A. 
For the energy- to-depth  conversion, (14), the com- 
pilat ion of Ziegler and Chu was used (16). 

Backscattering data in Fig. 3 do not directly indicate 
the presence of a thin SiO2 layer at the surface. How- 
ever, having determined the existence of the thin SiO2 
layer  by AES, very careful scrut iny of the BS spectrum 
suggests a barely perceptible rounding of the high en-  
ergy edge of the Pt  signal. This would indicate the 
presence of nonuni form surface layers of an energy-  
absorbing na ture  (presumably SiO2). Til t ing the sample 
by 60 ~ with respect to the beam and hence doubling 
the effective thickness of the silicide layer produces an 
even more pronounced rounding of the high energy 

edge. This observation may have been overlooked had 
the Auger data not been available. From the back- 
scattering data alone, we cannot assign a layer thick- 
ness to the SiO2. 

The BS data in Fig. 3 show that the changes in the 
absolute level of the Pt  and Si Auger intensities (see 
Fig. 1A) are probably due to an ins t rumenta l  artifact 
since the Pt  and Si intensi ty  ratio as determined by 
BS and AES is constant wi th in  exper imental  error 
(___5%) throughout  the PtSi  layer. The Auger data 
indicate a small  but  real oxygen contaminat ion in the 
PtSi  layer. Sensi t ivi ty l imitat ions prevent  backscat- 
tering spectrometry from confirming or denying this 
observation. 

Platinum siIicide (PtSi) reacted in Oz atmosphere.-- 
A sample with 2000A of Pt on single crystal Si was re- 
acted at 600~ in an O2 atmosphere for 30 min. The 
resul tant  s tructure was characterized by AES depth 
profiling and backscattering spectrometry. AES surface 
spectra and the complete depth profile (Fig. 1B) re-  
vealed a very thin ( <  50A) layer  of Si and O, pre-  
sumably  SiO2. Scanning Auger micrographs of this sur-  
face oxide region showed no lateral  compositional 
inhomogeneities wi th in  the resolution limits of the 
ins t rument  (5-10 ~m). Below this superficial layer, 
there is a 120A thick p la t inum-r ich  layer calculated 
using a sputter ing rate determined from the known 
PtSi thickness. Below this P t - r ich  region AES data 
indicated a Pt-depleted,  St- and O-rich layer, pre-  
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Fig. 3. Backscattering energy spectrum for a sample of Pt/Si 
annealed at 60{)~ in N~, for 20 min and then in 02 for 10 min. 

sumably  containing some SiO2. The Pt  intensit ies did 
not go to background levels, suggesting this region 
contains a mix ture  of PtSi  and SiO2. In  a similar  m a n -  
ner  as before, this region is calculated to be about 200A 
thick. The bulk  of the reacted film consists of a un i -  
form distr ibut ion of Pt  and Si. The P t /S i  Auger in ten-  
sity ratio is t he  same as for the PtSi  film discussed 
above within  ___ 5%. It Was not possible to use the 
chemically shifted 78 eV SiO2 peak to determine that  
the Si and O present  in  this sample occurred in this 
chemical form because of a spectral interference from 
the very  intense and broad Pt  peak at 64 eV. As shown 
in  Fig. 1B, a large amount  of Pt  was present  through-  
out the layer. 

The backscattering spectrum for a similar  sample as 
that analyzed in Fig. 1B, is shown in  Fig. 4. The th in  
peak at the high energy edge of the Pt  signal indicates 
the presence of unreacted Pt. The width of this peak 
corresponds to a thickness of 160A. The leading edge 
of the Si signal is shifted to a lower energy indicating 
that  the outer surface is essentially Si-free. The valley 

5.0  

f 
o 

o') 
l.- 
Z 

(~ 2.0 

,.--, 
.J 
LIJ 
>-. 

r'-, 
LIJ 
n.- 
bJ 
I-- 
.~ ,.o 
0 03 
v 
0 < 
m 

S~O 2 

si 
su MeV 4H+ 

30 min, 600~ in 0 2 

Si 
/ 

Pt 

:. " ' "2> ' .~ . . .  �9 

0.5 0.7" 0.9 I.I I.'5 1.5 

ENERGY (MeV) 

Fig. 4. 8ackscattering energy spectrum for a sample of Pt/Si 
grown for 30 min in 02 at 600~ 

I 

1.7 1.9 

PtSi POST-ANNEALED IN 02 AMBIENT PtSi FORMED IN 02 AMBIENT 

S1 Substrale 

Fig. 5. Schematic representation of the influence of annealing 
amhients on the composition of PtSi layers. (Not to scale.) 

between the th in  peak and the broad plateau of the 
Pt  signal represents the presence of an energy-absorb-  
ing layer. If the layer  is SIO2, as indicated by Fig. 1B, 
it would have an average thickness of 400A. Under  
t i l t ing conditions which double the effective layer  
thickness, the valley signal did not drop to the back- 
ground level, indicating that  the SiO2 layer  is nonun i -  
form in thickness. Undernea th  the surface layers, there 
is a uni form layer  with a Pt  to Si ratio of 1 • 0.1. The 
thickness of the PtSi  layer is 2800A. 

Backscattering analysis of samples annealed in O2 
at temperatures  between 400 ~ and 700~ all revealed 
essentially the same features as that  shown in  Fig. 4. 
There is a thin layer of Pt  ( <~ 200A thick) separated 
from the PtSi  by a th in  layer  of SiO2. Although the 
thickness of the unreacted Pt  layer  is relat ively un -  
changed, the oxide layer increases in  thickness with- 
increasing anneal ing temperature.  

S u m m a r y  
The results of this work confirm the general  com- 

position features deduced by Kingzett  and Ladas in the 
preceding paper. The results of the analysis are shown 
schematically in Fig. 5. The most pronounced difference 
between anneal ing in N2 and in 02 ambients  is the 
formation in the lat ter  case of a layer  of SiO2 between 
PtSi  and unreacted Pt. 

The comparison of Auger electron spectrometry and 
backscattering spectrometry points out the merits of 
using both techniques for the analysis of layered struc- 
tures. Although backscattering provides a depth scale 
and composition ratio, it is not sensitive to the presence 
of oxygen. Auger data requires calibration with sam- 
ples of known thickness and composition for quant i ta -  
tive depth profiling. Layer  erosion rates, for example, 
are sensitive to the ion beam parameters  as well as the 
target composition itself. 
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Silicon Nitride Ledge Removal 
Techniques for Integrated Circuit Devices 

V. D. Wohlheiter* 
Western Electric Company, Allentown, Pennsylvania 18103 

In order  to reduce  the silicon area  of in tegra ted  cir-  
cuit  chips and po ten t ia l ly  improve  device yield,  a non- 
reoxidized emi t t e r  (1) can be uti l ized. Specifically,  a 
silicon dioxide l aye r  is not g rown on the  emi t t e r  w in -  
dow af ter  the emi t te r  diffusion. However ,  the  combina-  
t ion of this design procedure  and the dual  dielectr ic  
sealed junct ion technology (2) causes an undes i rab le  
sil icon n i t r ide  overhang to be created.  These ledges, if 
not removed,  can manifes t  r e l i ab i l i ty  p rob lems  for aI1 
meta l l iza t ion  techniques.  The scope of this pape r  is 
confined to the effects of the  dielectr ic  ledges on the  
t i t an ium-p l a t i num-go ld  meta l l iza t ion  system. This 
pa r t i cu la r  overhang was associated wi th  device fa i lures  
which occurred dur ing the life test ing at 325~ The 
purpose  of this paper  is to discuss both the  successful 
and unsuccessful  techniques inves t iga ted  for removing  
the overhanging  dielectr ic  the reby  e l iminat ing  the re -  
sul t ing in tegra ted  circui t  fa i lure  mode and making  the 
nonreoxidized emi t t e r  a re l iab le  design and manufac -  
tu rab le  process. 

Creation of the Overhanging Dielectric 
The mask  for the  device contact  window was formed 

in the  silicon n i t r ide  by  convent ional  etching in bo i l -  
ing phosphoric  acid using a pa t t e rn  genera ted  in a 
l aye r  of CVD silicon d ioxide  or  photoresis t  on the  s i l i -  
con nitr ide.  The silicon ni t r ide  was deposi ted at  910~ 
in a diffusion furnace  and meets the requ i rement  p re -  
v iously  repor ted  (3). However ,  due to the re la t ive  
chemical  iner tness  of the silicon ni t r ide  film to the 
fluoride etching solut ion used to remove  the under ly ing  
the rmal  silicon dioxide  layers  dur ing  the contact  w in -  
dow opening, a ledge is created as i l lus t ra ted  in Fig. 1 
and the actual  SEM in Fig. 2. If  these ledges are  not 
removed,  this s t ructure  combined with  the gold me ta l -  
l izat ion sys tem can a l low a gold-s i l icon al loy under  
e leva ted  t empera tu re  to form which causes a shorted 
p - n  junction. The dot ted  lines on Fig. 3 indicate  the  
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nonreoxidized emit ter .  

extent  of the gold migra t ion  in the contact  window. 
The typical  fa i lures  appear  as gold discolorat ions in 
the  contact  areas. 
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Fig. 1. Silicon nitride ledge in a device structure 

Fig. 2. SEM mlcrograph illustrating the ledge 
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Fig. 3. Cross section of a contact illustrating the potentia] for 
gold alloying. 

Experimental Methods to Remove the Ledge 
In  this study, three basic methods were investigated 

to reduce or el iminate the dielectric overhang. They 
were metal  masking, thin dielectric with mechanical  
abrasion, and dielectric thinning.  The following para-  
graphs describe these processes. 

Metal masking for ledge removaL--An ineTt metal  
was used to mask the top of the dielectric and permit  
the removal  of the overhang by etching from beneath 
(4). Since the deposition of the iner t  metal  is ra ther  
unidirectional ,  the underside portion of the ledge re-  
mains unprotected by metal. By prolonged etching in 
phosphoric acid, the underside silicon nitr ide overhang 
will be attacked and the ledge removed. This method 
also permits  the original thickness of dielectric to be 
maintained.  Since p la t inum was compatible with the 
beam lead technology, it was chosen as the masking 
metal. 

However, the results were somewhat unexpected. 
During the sput ter ing of plat inum, some p la t inum sili- 
cide began to form in the contact window before any 
other heat - t rea tment .  Upon subjecting the wafers to a 
sufficient amount  of t ime in boiling 180~ • 3~ 
phosphoric acid to remove the overhang, it was noted 
that  some unde rmin ing  of silicon occurred. This has 
been i l lustrated in Fig. 4, and the actual  contact s truc-  
ture  is shown in Fig. 5. Upon fur ther  investigation, it 
appeared that this attack of the silicon is occurring at 
the p la t inum silicide-silicon interface. Since any metal  
masking technique requires several extra  and elaborate 
processing steps to be added in the device fabrication, 
this technique was abandoned as a method to remove 
dielectric ledges for a more cost feasible method. Other 
iner t  metals were not investigated for the lat ter  reason. 

Thin dielectrics.--Since a 500A silicon ni tr ide film 
remains  a significant bar r ie r  to sodium and also pos- 
sesses junct ion  sealing capability, it was used in place 
of the s tandard 2000A thick layer. It was expected that 
the ledge would be abraided away by processing with 
a mechanical ly  applied force. However,  the 500A sili- 
con ni t r ide film remained intact  even after an agitation 

Fig. 5. SEM micrograph illustrating the etched interface 

in the etching solution (BHF) for the under ly ing  
layer of silicon dioxide. The overhanging ledge w a s  
clearly able to withstand the fur ther  stresses of water  
r insing and spin drying. The condit ion of the film re-  
mained unchanged even after ul trasonic agitat ion in  
water  and nonionic detergent  mixture  to insure proper 
wett ing of the sample. 

Mechanical abrasion of silicon nitride.--This tech-  
nique suggested the use of the 500A thick silicon ni t r ide 
and removing it by processing it through an automatic 
silicon wafer scrubbing machine. Figure 6 shows sili- 
con ni tr ide debris clinging to the walls or edges of the 
contact holes. Ultrasonic cleaning was not normal ly  
successful in removing this debris but  etching in phos- 
phoric acid after scrubbing produced a clean ledge- 
free edge as shown in Fig. 7. This method was success- 
ful in removing the silicon ni tr ide ledge in  some areas, 
however, var ia t ion of breakage across the wafer and 
lot to lot variables inhibi ted full  adoption as a m a n u -  
facturable technique. 

Dielectric thinning.--A ledge approximately 2000A 
thick is created as outl ined above. It  was then intended 
to sacrifice one-half  of this layer  in order to e l iminate  
this ledge (5). The overhang is el iminated by etching 
since it is attacked from both the top and bottom sur-  
faces. The high tempera ture  phosphoric acid utilized 
to etch the silicon nitr ide did cause localized plat ing 
of copper or an t imony on the heavily doped n - type  
silicon in the emit ter  contact windows (6). Attempts  
were made to passivate the exposed silicon by regrow- 

I ( 
\ i r 

P t  

~ S 1 3 N 4  

It N--  ype\, ./ /....=,~ 
~'-Pt 81 . . ._ . . /  ~ , v  2 

SILICON P--type 

Fig. 6. SEM mlcrograph of silicon nitrlde (500.~) ledge after 
Fig. 4. Preferential etch of sillcon-platinum silicide interface mechanical scrubbing. 
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Fig. 7. SEM micrograph of scrubbing debris removed by phosphoric 
acid. 

ing a thin steam oxide in  the contact windows. It was 
found that although the n + silicon areas could be pro- 
tected by reoxidation, the silicon nitr ide ledge was not 
always removed during an appropriate time in  the 
phosphoric acid. The silicon ni t r ide etching after the 
thermal  oxidation hea t - t rea tment  was erratic, and 
several minutes were sometimes required in the etch- 
ant  before the attack would commence. It  was pre-  
sumed that  the steam reoxidation t rea tment  converted 
a thin layer  of silicon ni tr ide to silicon dioxide or to 
an oxynitr ide that has a significantly reduced etching 
rate in the phosphoric acid. A similar reaction has been 
reported by Appels (7) who observed the conver-  
sion of approximately 500A of silicon nitr ide to silicon 
dioxide dur ing a 9 hr steam oxidation at 1000~ 

A chemical mixture  (8) of concentrated sulfuric acid 
and phosphoric acid was suggested for etching the sili- 
con ni tr ide that would also, at the same time, effec- 
t ively passivate the exposed n + silicon surfaces. This 
method oxidized the silicon surface and prevented at-  
tack by the phosphoric acid. This e tchant  mix ture  was 
found to be more successful in prevent ing the selective 
plat ing on n + silicon and exhibited the same etching 
rate on silicon nitr ide as 100% phosphoric acid. While 
phosphoric acid without  the sulfuric acid additive also 
does reduce plat ing of n + silicon to a significant extent  
in 160~ the addition of sulfuric acid is recom- 
mended. No plat ing is apparent  on the silicon as can 
be seen in Fig. 8, and the silicon nitr ide ledge has been 
completely removed. The structure shown in  Fig. 8 has 

Fig. 8. SEM micrograph of a contact window with ledge removed 

been etched in  a 10% sulfuric acid mix ture  in  phos- 
phoric acid boil ing at 160~ Reliable ledge removal  is 
achieved with a furnace silicon ni tr ide system and the 
proper control of the tempera ture  of the phosphoric 
acid. 

Testing of Thinned Dielectric 
To investigate the adverse effect, if any, on the 

th inned silicon ni tr ide properties, test samples of sili- 
con nitr ide were deposited on chemically clean, 10 
ohm-cm, <:.111~ oriented, polished silicon wafers to 
thicknesses of 2000/k _ 200A and 1000A • 100A. The 
thicknesses were measured with a spectrophotometer. 
The 1000A group of silicon nitr ide was used as the 
control. The half of the lot with 2000A of silicon ni -  
tride was etched in phosphoric acid to one-half  the 
original thickness while the control remained unetched. 
Forty-eight  a luminum dots, 20 rail in  diameter, were 
evaporated on the surface of the test wafers to form 
capacitors with silicon ni t r ide  as a dielectric. The 
wafers were subjected to electrical testing which con- 
sisted of ramping the voltage and observing the point 
at which the capacitor exhibited excessive current  
exceeding 10 ~A and below 50V indicating premature  
breakdown. A calculated value of breakdown voltage 
for a silicon ni t r ide  film of 1000A is 50-100V. Silicon 
ni t r ide is reported to have a dielectric field s trength 
of 0.5-1 • 107 V/cm (9). The voltage distr ibutions 
are plotted in Fig. 9 for etched and unetched silicon 
nitride. The over-al l  conclusion which can be drawn 
from these data is that the etched film does remain  
pinhole-free with adequate dielectric properties for 
use in beam lead sealed junct ion integrated circuits. 
The 10% difference at the 90% point  between the 
etched and unetched can be explained by some var ia-  
t ion of the etch rate used for the silicon nitride. Based 
upon these results, the th inn ing  of silicon nitr ide can 
be utilized without  fear for loss of film quality. In  
addition to these breakdown voltage tests, radioactive 
sodium penetrat ion tests (10) were conducted to evalu-  
ate the integri ty of the etched film. The results indi-  
cated that the th inned silicon nitr ide continued to act 
as a sufficient barr ier  to Na + +. 

Conclusion 
In  order to minimize the use of silicon area in  device 

layout  and to improve performance, a nonreoxidized 
emitter  s tructure can be utilized. However, to couple 
this technique with the dual  dielectric, sealed junct ion  
technology, it is necessary to e l iminate  an overhanging 
dielectric created dur ing processing. The ledge c o r n -  
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Fig. 9. Breakdown voltage distribution of etched and unetched 
silicon nitride. 
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bined with the described metal l izat ion can manifest  
itself as the cause of failures dur ing accelerated aging. 

Several  types of ledge removal  techniques, both suc- 
cessful and unsuccessful, were discussed, which in-  
cluded metal  masking, mechanical  abrasion, and di-  
electric thinning.  

The most successful method for the removal  of sili- 
con ni t r ide was by dielectric thinning.  By th inn ing  the 
dielectric to one-half  its original thickness, the ledge 
is completely el iminated since the etchant, which is a 
mix ture  of phosphoric and sulfuric acids, attacks both 
the top and the bottom of the overhang. Additionally,  
mechanical  damaging of the ledge with a wafer scrub- 
ber  followed by a short phosphoric acid dip can result  
in  removal  of the ledge in certain areas. However, the 
repeatabi l i ty  of the process was less than adequate. 
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Calculations of the and Partial Pressure and 
the ZnS-CdS and ZnSe-CdSe Sublimation Point Diagrams 

Warren P. Heim 1 and Kenneth A. Jones 

Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire 03755 

It  is f requent ly  assumed that the only sulfur  and 
selenium molecular  specie in the vapor in equi l ibr ium 
with their  I I -VI compounds is the dimer. We wanted 
to determine the temperature  range for stoichiometric 
CdS, ZnS, CdSe, and ZnSe, and their  composition range 
at different temperatures  for which the assumption is 
valid. We did this by plott ing curves of the total pres-  
sure for a given dimer pressure as a function of tem- 
perature,  and superimposing the part ial  dimer pres-  
sures in equi l ibr ium with stoichiometric CdS, ZnS, 
CdSe, and ZnSe that were calculated assuming that the 
vapor was composed only of dimers. 

These plots are shown in  Fig. 1 (sulfur)  and 2 
(selenium).  The integers ( - -5 to 2) on the r ight -hand 
side are the powers of the fixed dimer pressures, e.g., 
2 _-- 102 Torr. Since in the regions where the log P vs. 
T curves are horizontal the total pressure equals the 
dimer pressure, it can be seen that  the assumption is 
valid for CdS up to ,~1400~ for all  temperatures  that  
are shown for ZnS, for CdSe up to N1200~ and for 
ZnSe up to ~1700~ In  all instances the l imitat ion is 
due to the formation of molecules containing more than 
two atoms at the higher pressures. A significant con- 
t r ibut ion to the total pressure from the monomers oc- 
curs only at the highest temperatures  and lowest pres-  
sures. It can also be seen that  if the assumption is valid 
for the stoichiometric composition it is valid for all 
practical excess cation concentrat ions and is valid over 
a larger  excess anion range at lower temperatures.  

The P vs. T curves for a fixed dimer pressure, P2, 
were calculated using the equations 

1 P r e s e n t  address :  Gul f  Oil Company,  P.O. Box 199, nupont, 
Washington 98327. 

K e y  words :  sulfur,  se lenium,  wurtz i te ,  I I -VI  compounds.  
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Fig. I. The $2 sulfur partial pressures in equilibrium with stoichio- 
metric CdS and ZnS superimposed on a diagram of the log of the 
total sulfur pressures for different $2 pressures plotted as a 
function of the temperature (~ 
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Fig. 2. The Se2 selenium partial pressures in equilibrium with 
stoichiometric CdSe and ZnSe superimposed on a diagram of the 
log of the total selenium pressures for different Se2 pressures 
plotted as a function of the temperature (~ 

AHn 
In Kn -- -- W Ca 

R T  

Pn = (KnP2) n12' 

P : ~Pn 

where n = 1-8 is the number of atoms in the molecule. 
The sulfur data listed in Table I are from Berkowitz 
and Marquart (1) and the selenium data are from 
Berkowitz and Chupka (2). The heat of formation of 
Se4 and the corresponding constant, C4, were not ex- 
perimentally determined by them so we estimated 
their values from a plot of AH vs. n as was suggested 
by them. The partial pressures of $2 and Se2 in equi- 

Table I. The heats of reaction, AHn, and the integration constants, 
2 2 

Cn, for the reactions $2 "-> - -  Sn and Se2 "-> - -  Sen where n is an 
n n 

integer from 1 through 8 

S u l ~ u r  S e l e n i u m  

Cn Cn 

&Ha 2 - 1 All'. 2 -- 1 

k c a l /  ( a t m )  - -  k c a l /  ( a r m )  - -  

m o l e  Ss  n m o l e  S e s  n 

1 101.0 15.5 71.6 11.90 

2 
3 --8.5 --6.0 --8.6 --6.27 
4 -- 13.3 -- 7.52 -- 13.3 -- 7.42 
5 -- 17.8 -- 9.46 -- 18.0 -- 8.57 
6 -- 21.4 -- 11.36 --21.7 -- 11.40 
7 -- 21.9 -- 11.82 -- 22.4 -- 11.81 

8 -- 2 3 . 5  -- 12 .97  -- 23 .1  -- 12 .50  

Table II. The heats of sublimation, AHs, and the integration 
constants, Cs, for the compounds CdS, CdSe, ZnS, and ZnSe 

AH, C, 
Compound k c a l / m o l e  ( a t m )  

IOO0 

C d S  78 .0  16.5  
C d S e  7 6 . 3  16 .0  
Z n S  87 .5  15 ,7  
Z n S e  86 .6  15.8  

~ P=.Olmm 

900 

I I I 
o , 2 ; .; .; 9 ,o 

ZnS Atomic % CdS 

Fig. 3. The calculated sublimation point diagram for an ideal 
CdS-ZnS solid solution at total pressures of 10 s, 1, and 10 - 2  Torr. 
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Fig. 4. The calculated sublimation paint diagram for an ideal 
CdSe-ZnSe solid solution at total pressures of 102, 1, and 10 -2  
Torr. 
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l ib r ium with stoichiometric CdS, ZnS, CdSe, and ZnSe 
were calculated using the equations 

2 Z~Hs 
In  P -- ~- Cs 

3 RT 

1 
P2 = --P 

3 

using the data of Shiozawa and Jost (3) which are 
listed in Table II. 

In order to know the composition of the vapor of 
ternary mixtures to aid us in analyzing platelet growth 
(4) for the ternary platelets used in our solar cell re- 
search, we also calculated the ideal sublimation point 
diagrams for ZnS-CdS and ZnSe-CdSe at pressures of 
10 2, I, and 10 -2 Torr. They are shown in Fig. 3 and 4. 
The diagrams are ideal in that Raoult's law was used, 
it was assumed that only anion dimers were present, 
and it was assumed that the constituents form complete 
solid solutions even though the room temperature 
structure of the zinc compounds is zinc blende and not 
wurtzite. The calculations were made by computing the 
vapor pressures, PI 0 and P2 ~ of the constituents at a 
number of temperatures between the sublimation tern- 

peratures of the pure consti tuents and calculating the 
solid mole fractions, X, f rom the equat ion 

X1 = (P -- P2~ ~ -- P20) 

and the vapor mole fractions, Y, from the equation 

Y1 : X1PI~ 
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cussion Section to be published in  the June  1976 
JOURNAL. All discussions for the June  1976 Discussion 
Section should be submit ted by Feb. 1, 1976. 

Publication costs o~ this article were partially as- 
sisted by Dartmouth College. 

REFERENCES 
1. J. Berkowitz and J. L. Marquart ,  J. Chem. Phys., 

39, 275 (1963). 
2. J. Berkowitz and W. A. Chupka, ibid., 45, 4289 

(1966). 
3. L. R. Shiozawa and J. M. Jost, U.S. Govt. Res. Rept. 

AD-660 874 (1968). 
4. K. A. Jones, J. Cryst. Growth, 19, 33 (1973). 

Communication 

Liquid-Phase Epitaxial Growth of 6H-SiC by 
Vertical Dipping Technique 

A. Suzuki,* M. Ikeda,* H. Matsunami, and T. Tanaka 

Department of Electronics, Faculty of Engineering, Kyoto University, Kyoto 606, Japan 

As a method to prepare  SiC single crystals for semi- 
conductor devices, l iquid-phase epitaxial growth from 
a Si melt  will  be more useful than the conventional  
subl imation method because the growth temperature  
is lower and the growth process, impur i ty  level, and 
polytypes may be controlled more easily. 

Brander  et al. obtained epitaxial layers of 6H-SiC up 
to 100 ~m thick at a growth temperature  of 1650~ by 
support ing a substrate crystal on a stock in the Si melt  
(1, 2). After  the growth, they took out the grown 
crystal from the solidified silicon by cutt ing the cruci- 
ble and etching the silicon. However, grown crystals 
tended to be damaged by stresses induced when the Si 
melt  solidified. In  order to solve this problem, we have 
at tempted l iquid-phase epitaxial  growth of 6H-SiC by 
vertical dipping technique. 

The a r rangement  for the growth is shown in  Fig. 1. 
The crucible was made of dense and high pur i ty  graph- 
ite (apparent  density 1.60 g/cm~, ash content  0.02%). 
Its size was 53 mm in height and 35 mm in outer 
diameter. In  order to avoid evaporat ion of silicon, we 
used a graphite lid which had a center hole of 8 m m  
in diameter. The crucible was filled with a 26g charge 
of silicon and heated inductively.  The gas ambient  was 
Ar flowing at ,-,200 cmS/min. 

A single crystal of 6H-SiC prepared by  the Acheson 
method was used to make a substrate. The substrate 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
K e y  w o r d s :  so lu t i on  g r o w t h ,  S i  me l t ,  p o l y t y p e ,  x - r a y  d i f f r ac t ion ,  

p h o t o l u m i n e s c e n c e .  
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Fig. 1. Arrangement for liquid-phase epitaxial growth by the 
vertical dipping technique with a Si melt. 
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was prepared by lapping and polishing the {0001} faces 
of the crystal with diamond paste, and cutt ing it into 
pieces of 1 X 1 • 8 m m  3. Then it was r insed with de- 
ionized water. The surface polari ty was examined by 
etch pits with H2 gas etching at 1550~ for 20 rain. The 
substrate was tied to a graphite holder with molyb-  
denum or t an ta lum wire. The <0001> direction was 
set perpendicular  to the holder axis. After the silicon 
was melted, the substrate was dipped to a depth of 
2 ,~ 3 mm and main ta ined  for 5 hr  at a growth tempera-  
ture between 1550 ~ and 1750~ The tempera ture  at 
point A in Fig. 1 was kept 10 ~ ,~ 40~ lower than that  
at point B. After  the growth, the substrate was pulled 
up from the crucible before the Si mel t  solidified. 
Residual silicon on the grown layers was removed with 
a 1:1 mixture  of HF and HNO3. By this dipping tech- 
nique, the crucible and  silicon could be used several 
times. 

Layers 20 ~ 140 ~,m thick were grown on the {0001} 
faces after 5 hr growth at 1550 ~ ~ 1750~ The layer  on 
the Si face was th inne r  than on the C face with every 
growth. Each layer was thick near  the surface of the 
Si melt. Figure 2 shows the average thickness as a 
function of growth temperature.  It increased with in-  
creasing growth temperature,  which may be due to the 
increase of the solubil i ty of carbon into the Si melt. 
But above 1750~ etching effects appeared. Fa i r ly  even 
layers were grown at lower growth temperature  and 
with less tempera ture  difference of the crucible. 

The appearance of the grown layers was quite dif- 
ferent be tween the Si face and the C face as shown in 
Fig. 3. The former was relat ively smooth and showed 
a wavy pattern, whereas the la t ter  was composed of 
small islands. 

By taking x - ray  oscillation photograph about the 
<0001> axis of the layer  grown at 1700~ it was 
found to be a 6H-type single crystal grown epitaxially 
on the {0001} face of the substrate. 

Previously we reported that a luminum and boron 
impuri t ies  were introduced un in ten t iona l ly  from the 
graphite crucible in our experiments and that  they 
acted as strong luminescent  centers at 77K and 300K, 
respectively (3, 4). We have observed photolumines-  
cence of the grown layers at 77K and 300K. By com- 
paring the spectra with those due to a luminum and 
boron in  various polytypes of SiC reported by other 
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1550~ (a) Si face, (b) C face. 

researchers (5, 6), all grown layers were found to be 
6H-type. 

Pellegrini  et aI. reported l iquid-phase epitaxial 
growth by a similar technique to ours, using the melt  
of Ti-Si  alloy instead of Si (7). They utilized the high 
solubility of carbon into Ti melt  and the low vapor 
pressure of Ti to obtain thick layers. But thickness of 
35 ~ 140 ~m at 1600 ~ ~ 1700~ for 5 hr  in  our experi-  
ments  is much the same as 120 ,~ 150 ~,m at 1600 ~ 
1700~ for 8 hr in their experiments. Moreover, evapo- 
ration of silicon was little even in our long run for 
120 hr at 1700~ By using only silicon as a solvent, 
grown layers may not suffer from undesired impurities. 

A c k n o w l e d g m e n t  
This work was par t ia l ly  supported by the Kura ta  

Research Grant.  

Manuscript  submit ted Ju ly  9, 1975; revised manu-  
script received Aug. 18, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1976 JOURNAL. 
All discussions for the June  1976 Discussion Section 
should be submit ted by  Feb. t, t976. 

REFERENCES 
1. R. W. Brander  and R. P. Sutton, Brit. J. Appl. Phys., 

(J. Phys. D), Z, 309 (1969). 
2. R. W. Brander,  Mater. Res. Bull., 4, 187 (1969). 
3. A. Suzuki, H. Matsunaml,  and T. Tanaka, Japan. 

J. Appl. Phys., 12, 1083 (1973). 
4. H. Matsunami, A. Suzuki, and T. Tanaka, in "Silicon 

Carbide-1973," p. 618, Univers i ty  of South Caro- 
l ina Press. Columbia (1974). 

5. A. Addamiano, This Journal, 111, 1294 (1964). 
6. S. H. Hagen, A. W. C. van Kemenade,  and J. A. W. 

van der Does de Bye, J. Luminescence, 8, 18 
(1973). 

7. P. W. Pel legrini  and J. M. Feldman,  in  "Silicon Car- 
bide-1973," p. 161, Universi ty of South Carolina 
Press, Columbia (1974). 



D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers  appea r ing  
in the  Journal  o~ Electrochemical  Society,  Vol. 121, No. 11; N o v e m -  
ber  1974; and  Vol. 122, No. 2 and  3; F e b r u a r y  and March  1975. 

The Oxidation of Thin Single Crystals of Iron 

P. L. Fan and L. O. Brockway (pp. 1534-1537, Vol. 121, No. 11) 
J. Manenc:  1 In  this very  interest ing work about oxi- 

dat ion of single crystals of iron, Fan  and Brockway 
give electron diffraction results. They found reflections 
they were unable  to index as Fe, FeO, or Fe~O4. Using 
A.S.T.M. file they chose the compound Fe4N as the best 
fitting phase. 

I th ink  this in terpreta t ion is not valid in view of the 
results we obtained earlier at IRSID. 2-9 Briefly, we 
showed that  wusti te  has different structures depending 
on its departure from stoichiometry and on the heat-  
t reatment .  These structures probably  correspond to 
cation vacancy ordering 2-4 resul t ing in the bui lding of 
a supercell  which gives extra  selective spots. The n u m -  
ber and the repart i t ion of these spots are a funct ion of 
the vacancy concentration. 

The order can exist in certain circumstances at high 
tempera ture  as we s,9 and other people 10 have showed. 

,It is par t icular ly  interest ing to compare Fig. 2 of 
the paper  under  discussion to Fig. 5 of our  paper.4 

Thus, it is most probable that  the reflections a t t r ib-  
uted to Fe4N by Fan  and Brockway are order spots of 
oxygen-r ich wusti te  formed at the top of the largest 
crystals. Moreover, the extra  spots always accompany 
the normal  wusti te  reflections. 

Effect of the Rate of Cooling on the Emission of CaS:Ce 
Phosphor 

D. R. Vii and V. K. Mathur (pp. 310-311, Vol. 122, No. 2) 
W. Lehmann:  11 The article by  Vii and Mathur  de- 

scribes preparat ion of CaS: Ce a+ phosphor at relat ively 
low tempera ture  (900~ with Na2SO4 serving as flux- 
ing agent and wi thout  the use of any  halide. Since 
presence of Na and absence of a halide in our own 
work i2,13 was observed to be just  about the worst pos- 
sible condition under  which to prepare this phosphor, 
we tested once again following the procedure described 
by Vij and Mathur  as closely as possible. The result  
was a discolored and strongly sintered mater ia l  with 
only very weak luminescence (less than 10% of what  
rout inely  is available by the halide method) essentially 
confirming our previous experiences. 

At this point, Dr. Mathur  k indly  supplied a sample 
of his mater ial  (A) for inspection and for comparison 
to a sample (B) made in our laboratory. Sample A was 
made with Na2SO4 as described, sample B was made 
with iodine as described in  our paper 12 (there is l i t t le 
or no difference between the actions of F, C1, Br, and 

1 Ins t i tu t  de Recherches  de la Sid~rurgie  Fran~aise  ( IRSID) ,  185 
rue  P res iden t  Roosevelt ,  78104 S a in t -Ge rma in -en -L aye ,  France .  

J.  Manenc,  J. Bourgeot ,  and J.  Benard ,  Compt .  Rend.  Acad.  
Sci., 256, 931 ( 1 9 6 3 ) .  

a j .  Manenc,  J. Bourgeot ,  and T. Herai ,  ibid., 258, 4263 (1964). 
4 T. Hera ' ,  B. Thomas ,  J. Manenc,  and  J. Benard ,  ibid., 258, 4528 

(1964) 
T. H e r a / a n d  J Manenc  Mere. gel  Rev  Met 61, 677 (1964) 

e j .  Manenc,  T. Herin,  and  G. Vagnard ,  Bull. Soc. Ch~m. France,  
1154 (1965) .,~ 

7 T. Herar ,  B. Thomas ,  and  J.  Manene,  Mere. Sei.  Rev .  ~/let, 68, 
397 ( 1 9 6 6 1 .  

s j .  1Vianenc, ibid., 64, 692 (1967). 
9 E. Manenc,  Bull .  Soc. Mineral.  CrisL, 91, 594 (1968). 
~o F. Koch  and J.  B. Cohen, Acta  Cryst . ,  B25, 275 (1969). 
11 West inghouse  Electric Corporat ion,  Research  and  Deve lopmen t  

Center,  Beulah  Road, P i t t sburgh ,  P e n n s y l v a n i a  15285. 
W. L e h m a n n  and  F. NI. Ryan,  Th~s Journal,  118, 477 (1971). 
W. L e h m a n n ,  J. Luminescence ,  5, 87 (1972). 

I in CaS: Ce 3+ ). Both samples contain about 0.03-0.05% 
of Ce. The following are the most interesting results of 
this comparison. 

I. Routine x-ray analysis indicates no other phase, 
besides CaS, to be present in either material (limit of 
detectability: ~ 1-2%). 

2. Sample A consists mainly (not only) of remark- 
ably well-developed particles in the size range of 
about 10 gm despite the low preparation temperature 
(particles of similar size prepared by the halide method 
would require at least 1200~ It is also somewhat 
more stable in water slurry (pH ~ 8.5) than material 
B (pH ~-- 10). 

3. The efficiencies of photoluminescence (254 nm 
u.v.) and of cathodoluminescence (10 kV, low current)  
of A are approximately 30% of B. 

4. The emission spectra of A and B are slightly dif-  
ferent;  A is shifted by about 0.05-0.06 eV to higher 
energies (Fig. 1). 

We emphasize at this point  that  the s ta tement  "The 
two peak positions (of CaS:Ce 3+ made by the halide 
process) vary  only very little with the cerium concen- 
t r a t ion . . .  ,,,12 still is correct. Some measured data are 
shown in Fig. 2. Comparing the low efficiency of A and 
the spectral positions of the peaks of its emission bands 
to Fig. 2 shows a fair agreement  with CaS: Ce3+, halide 
containing only 0.001% Ce or slightly more. We in ter -  
pret  this that, probably, less than  10% of all added 
Ce atoms in A are optically active, i.e., in  lattice sites 
and under  conditions where they contr ibute  to lumines-  
cence. 

An undisputed meri t  of the prepara t ion  procedure 
used by Vii and Mathur  is its simplicity and the lower 
required firing tempera ture  made possible by  the 
presence of a large amount  of Na2SO4 flux. However, 
we still believe Na + ions to be detr imental  to Ce ~+ 
luminescence in CaS. One might  wonder  whether  a 
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suitable flux could be found containing no alkaline ions. 
It  is a pleasure to the wri ter  to thank  Dr. Mathur  

for supplying his phosphor sample and for discussion 
and ready cooperation in this matter.  

D. R. V i i  a n d  V.  K.  M a t h u r :  14 We acknowledge that 
the efficiency of photoluminescence and cathodolumi- 
nescence of CaS:Ce phosphor B (prepared by Leh- 
mann ' s  method) is more than  the phosphor A (pre- 
pared by our procedure).  Under  u.v. excitation we 
found that the efficiency of our phosphor is approxi-  
mately 40% of that of the sample k indly  supplied to 
us by Dr. Lehmann.  However, it is difficult to agree 
at least in the first instance with his assertion that it 
is due to the addition of halide in his phosphors. Ac- 
cording to spectrochemicaI analysis of A and B (avail-  
able to us by the courtesy of Dr. Lehmann) ,  the 
concentration of Fe is eight times more in A than B. 
It is well known that  Fe is a killer impur i ty  of ]umi-  
nescence. Hence we suggest that  the lower efficiency in 
our case may be due to the presence of higher con- 
centrat ion of Fe. We have tried to el iminate this im-  
pur i ty  but  without  any success so far. It may be men-  
tioned here that we have tried CaC12 as flux but  the 
samples were found to be of very low efficiency. 

The Origin of the Cubic Rate Law in Zirconium Alloy 
Oxidation 

G. P. Saboi and S. B. Dalgaard (pp. 316-317, VoL 122, No. 2) 
B. C o x  and  R. A.  Ploe: 15 The relationship between 

changes in the crystalli te size in the oxide film dur ing 
growth and the kinetics of oxidation is one of the most 
important  factors yet to be established for zirconium 
alloy oxidation. It is unfortunate ,  therefore, that Sabol 
and Dalgaard present  an oversimplified picture which 
may be misleading to readers. 

That the pretransi t ion oxidation kinetics of zir- 
conium alloys are close to cubic is only well  established 
for specimens oxidizing at relat ively high tempera-  

1~ D e p a r t m e n t  of P h y s i c s ,  K u r u k s h e t r a  U n i v e r s i t y ,  K u r u k s h e t r a ,  
Ind ia .  

A t o m i c  E n e r g y  of C a n a d a  L i m i t e d ,  C h a l k  R i v e r  N u c l e a r  L a b -  
ora tor ies ,  Chalk R i v e r ,  Onta r io ,  Canada. 
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Fig. I. Histogram of oxidatien rate exponents (n). 21 Note that 
slow-cooling results in poor oxidation resistance. 

tures. 16,1~ In water at low temperatures  (~--300~ the 
pretransi t ion kinetics are often close to quartic for a 
large fraction of the t ime prior to the principal  t rans i -  
t ion in the kinetics at ~30 rag/din  ~. If the authors 
study the reference they cited to Kass' work, is they 
will see that many  of the exponents quoted in his 
Table 1 are less than 0.33, even when averaged over 
the whole oxidation curve. When the data beyond the 
minor  inflection, which occurs in the weight gain curve 
at ,--10 m g / d m  2, are fitted independent ly  to a curve of 
the form ~ w / k t  n the exponents (n) are usual ly  <0.33, 
for ZircaIoy-2 or Zircaloy-4 in their  normal  metal lurgi-  
cal condition. 19-21 Thus the major i ty  of the pret ransi -  
tion oxidation kinetics in water  are usual ly between a 
cubic and a quartic, with considerable var iat ion from 
specimen to specimen (Fig. 1). Similar  results have 
been reported elsewhere. 19-21 

A quartic kinetic law could be explained by crystal- 
lite sizes increasing proport ional  to the film thickness 
squared, a dependence to which Sabol and Dalgaard's 
results show better  agreement  than  the l inear  depend- 
ence they propose to force a fit to cubic oxidation 
kinetics. In the light of the observed variat ion in ki-  
netic exponents, however, it is even more important,  if 
an acceptable correlation of crystalli te size and kinetics 
is to be made, that  both the crystall i te size and the 
applicable kinetics be der ived  from the same set of 
specimens; a correlation which is absent here. 

Another  factor which Sabol and Dalgaard ignore 
completely is the influence of the electronic component 
of the oxidation process on the oxidation kinetics. 
Theoretically, even for a constant oxide crystalli te size 
(and oxygen ion mobili ty) as a funct ion of oxide 
thickness, the rate law will only be parabolic if the 
electric field across the oxide is constant. This is prob- 
ably not the case. 22-24 The previously ment ioned inflec- 
tion in the kinetics may be caused by an increase in 
electronic conductivity (manifested as a sudden drop in 
the field across the oxide and an increase in the in-  
stantaneous oxidation rate) similar to that  causing the 
inflection at ~I mg/dm ~ during oxidation in other 
environments.  2~-,23 Beyond this inflection in the oxida- 
t ion curve the field across the oxide is relat ively con- 
stant and decreases only slowly. Thus, to a first ap- 
proximat ion we can consider only the effect of crystal-  
lite size and shape on the kinetic law in this region; 
however, any per turbat ion caused by changes in elec- 

t~ R. D. Misch,  U S A E C  Conference on Zirconium A l l o y  D e v e l o p -  
m e n t ,  GEAP-4089,  VoL II,  Cas t l ewood ,  C a l i f o r n i a  (1962}. 

1~ E. H i l lne r ,  Electrochem.  TechnoL 4. 132 (1966). 
is S. Kass ,  J. NueL Mater. ,  ~S, 315 (i969). 
1B B. Cox, ibid., 25, 310 (1968); ibid., 29, 50 (1969}. 
m B. Cox, ibid., 30, 351 (1969). 
=i L. S. R u b e n s t e i n ,  J. G, G o o d w i n ,  and  F. L. Shube r t ,  Corrosion, 

18, 456 (1962) 
~ P. J. S h i r v i n g t o n  and  B. Cox, J. Nucl.  Mater,,  35, 211 (1970), 

P.  J. S h i r v i n g t o n ,  ibid., 3~, 177 (1970). 
B. Cox, I n t e r n a t i o n a l  Confe rence  on " H i g h  P re s su re  E l e c t r o -  

c h e m i s t r y  of A q u e o u s  S o l u t i o n s , "  G u i l d f o r d ,  E n g l a n d  (1973). 
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tronic conduction (indicated by changes in the field) 
will be in the direction of increasing the exponent  in 
the rate law. Thus, the measured oxidation kinetic 
exponents dur ing a period of decreasing field across 
the oxide will be higher than would be determined 
under  a constant-field condition. 

Sabol and Dalgaard conclude fur ther  that the ini-  
t ially formed crystallites of ZrO2 did not change in 
size dur ing cont inued oxidation. Our results 25,28 and 
those of Roy et al. 27 cast doubt on this conclusion. 
Though complicated by several factors such as non-  
identical conditions, our results suggest that  at about 
a film thickness of 500-900A the oxide crystallites over 
many  prior  metal  grains change in  appearance. Elec- 
t ron diffraction data  2~ and transmission electron 
micrographs 25 strongly support the idea that recrystal-  
lization, growth, and re-or ienta t ion (possibly caused 
by g rown- in  stresses) of the crystallites occur in the 
early stages of oxidation. The work of Roy et aL, 27 
which shows that  some orientations of crystalli tes dis- 
appear, i.e., that the absolute x - ray  intensi ty  of that 
or ientat ion passes through a max imum as the oxide 
thickens, ra ther  than  merely  the relative intensi ty  be- 
ing reduced, as the oxide continues to thicken, suggests 
that these processes continue at greater oxide thick- 
nesses. These results require a more extensive exposi- 
tion than  is possible here, or in the reference cited, 
and fur ther  details are cur rent ly  being prepared for 
publication. 

Let us make it clear in conclusion that we are basi- 
cally in  agreement  w i t h  the hypothesis for oxygen 
transport  in growing oxide films adopted by Sabol and 
Dalgaard, having long espoused such an hypothesis 
ourselves. However, demonstrable proof of the relat ion 
between crystalli te size in  the oxide film and the ki-  
netics of the process requires considerably more care 
than was shown by these authors in  this paper. 

G. P. Sabel 2s and S. B. Dalgaard: 29 The purpose of 
publishing the original technical note was to call to 
the a t tent ion of the scientific communi ty  the correla- 
t ion between the s t ructural  aspects of oxide film 
growth and the observed deviation in kinetics from 
parabolic towards cubic. It was not the in tent  of the 
manuscr ipt  to ful ly explain the details of the corro- 
sion process, but  ra ther  to st imulate addit ional work 
directed specifically toward the behavior  of zirconium 
in  aqueous environments .  While we acknowledge that  
other factors of perhaps equal importance are also in-  
volved, it is believed that the s t ructure  of the diffusion 
barr ier  significantly affects the corrosion kinetics in 
the pretransi t ion regime. 

Rebuttal  to specific comments made by Cox and Ploc 
are the following: 

The exponent  n in our work was 0.37. This is suffi- 
ciently close to the values reported by others [Ref. (1- 
3) of original paper] that  repet i t ion of the kinetic data 
would have been redundant .  

We are well aware that the pre t rans i t ion  corrosion 
rate is a funct ion of the ionic and electronic resistances 
of the barr ier  layer. Furthermore., we believe that these 
resistances are un ique  functions of the corrodent as 
well  as the chemical and metal lurgical  condition of the 
alloy. Thus, models 22,26,2~ based upon observations in  
electrolytes other than water  do not necessarily apply 
to corrosion in aqueous media. 

The disappearance of reflections in t ransmission ele.c- 
t ron diffraction pat terns with increasing oxide film 
thickness was taken to indicate either recrystal l ization 
or preferential  growth by Ploc and Arnal.  26 Our data 

'-'~ R. A .  P loe ,  S e p t i ~ m e  C o n g r ~ s  I n t e r n a t i o n a l  de  M i c r o s c o p i e  E l e c -  
t r o n i q u e ,  p. ;373, G r e n o b l e ,  F r a n c e  (1970). 

"~ R. A.  P loc  a n d  H.  J .  A r n a l ,  A t o m i c  E n e r g y  of  C a n a d a  L i m i t e d  
R e p o r t ,  AECL-3997 pp.  64-67 ( lg71) .  

~7 C. Roy ,  P r i v a t e  c o m m u n i c a t i o n .  
=,s W e s t i n g h o u s e  E l ec t r i c  C o r p o r a t i o n ,  R e s e a r c h  L a b o r a t o r i e s ,  P i t t s -  

b u r g h ,  P e n n s y l v a n i a  15235. 
~ W e s t i n g h o u s e  E l e c t r i c  C o r p o r a t i o n ,  N u c l e a r  F u e l  D i v i s i o n ,  B o x  

355, P i t t s b u r g h ,  P e n n s y l v a n i a  15230. 

[Ref. (9) of original paper] strongly indicate preferen-  
tial growth rather  than recrystallization. 

Although Ftn  27, private communication, is difficult to 
assess, the results referred to were obtained after oxi- 
dation in 500 ~ and 650~ oxygen at 30 Torr. These 
temperatures  are significantly greater than those con- 
sidered in the paper and recrystall ization at these 
higher temperatures  is not unexpected, s~ However, the 
applicabili ty of these results to corrosion in aqueous 
media at < 400~ is highly questionable. 

Oxide  Growth on Etched Si l icon in A i r  a t  
Room T e m p e r a t u r e  

S. I. Raider, R. Flitsch, and M. J. Palmer 
(pp. 413-418, Vol. 122, No. 3) 

F. P. Fehlner:81 The paper of Raider et al. points up 
the role of impurit ies in the oxidation process. They 
find that at low temperatures  an adsorbed layer of im- 
purities can block the attack of oxygen on silicon. Con- 
versely, in the presence of ul t raviolet  i r radiat ion and 
impurities, Fehlner  has shown that  the growth of a 
dielectric film on silicon can be enhanced. 82 

Another  manifestat ion of the combined effect of 
ultraviolet  light and impurit ies can be seen dur ing  the 
etching of SiO2 on Si by dilute HF. 33 This may be rele-  
vant  to the impur i ty  film observed by Raider et aL 

Figure i shows the thickness of dielectric film present  
on silicon [6-9 ohm-cm, n-type,  (111)] after incre-  
mental  etching in the dark and under  u.v. i l luminat ion 
(medium pressure mercury  arc). In  the dark, the origi- 
nal  SiO2 film is etched completely away, leaving the 
silicon surface covered with a film 5-8A thick. How- 
ever, under  i l lumination,  a surprising event  occurs. 
After  the original SiO2 has been etched away, a new 
film of unknow n  composition grows on the silicon. Par t  
of this film can be subsequent ly  removed by fur ther  
etching in the dark. The results in Fig. 1 argue for 
carefully controlled etching in the dark of SiO2 on St. 

~o C. W. H u g h e s ,  G. P. Sabol ,  a n d  G.  P .  A i r e y ,  Microstructura~ 
Sci., 1, 199 (1974). 

21 C o r n i n g  G l a s s  W o r k s ,  R e s e a r c h  a n d  D e v e l o p m e n t  L a b o r a t o r i e s ,  
C o m i n g ,  1N'ew Y o r k  14830. 

s~ F. P .  F e h l n e r ,  This Journall, 119, 1723 (1972). 
E x p e r i m e n t a l  w o r k  p e r f o r m e d  a t  S i g n e t i c s  C o r p o r a t i o n ,  Sunny- 

vale, Cal i fo rn i a .  
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Ellipsometrle measurements carried out as described. 32 
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Fig. 2. Thickness of film formed on silicon as a function of time 
in boiling deionized water. 

A second point of interest, which bears on the thick- 
ness of film left on etched silicon, concerns the oxide 
grown on silicon in boiling, deionized water. Etched 
silicon wafers were exposed to boiling water  in 
equi l ibr ium with the atmosphere for increasing lengths 
of time. The thickness of film formed on the silicon 
was then measured. The results are compared with 
those of Przyborski  et  al. ~4 in Fig. 2. The thickness 
measurements  in  the present  work  were made with an 
eUipsometer, while those of Przyborski  et al. were done 
by neut ron  activation analysis. The difference between 
the two sets of results is thought to be due to the pur i ty  
level of the water. In  this case also, i l luminat ion of the 
silicon with a high pressure mercury  arc led to an in -  
crease in film thickness. 

These observations, along with those of Raider et  aL 
aid in confirming the hypothesis that  oxidation is an 
impur i ty  controlled process. 

Simple Theoretical Estimates of the Schottky Constants 
and VirtuaI-Enthalpies of Single Vacancy Formation in 

Zinc-Blende and Wurtzi te Type Semiconductors 
J. A. Van Vechten (pp. 419-422, Vol. 122, No. 3) 

J. Jaeobs: 35 J. A. Van Vechten has proposed a theory 
which predicts, seemingly without  exception, the 
charge carrier type of pure semiconductor compounds 
in the zinc-blende and wurtzi te s t ructure from the 
quotient  of the covalent te t rahedral  radii (p- type for 
quotients <1, n - type  for quotients >1) .  Is this the case 
for zinc sulfide, too? The quotient  here is 1.09. 

Blount, Sanderson, and Bube 86 treated zinc sulfide 
crystals at high temperatures  in  zinc vapor and in sul-  

W. P r zybo r sk i , "  J .  Roed ,  J .  K i p p e r t ,  a n d  L .  S a r h o l t - K r i s t e n s e n ,  
RaclicLtion Effects,  1, 3 3  (1969). 

T e c h n i s c h e  H o c h s e h u l e ,  63 n m e n a u ,  G D R .  
G.  H.  B loun t ,  A.  C. S a n d e r s o n ,  a n d  R.  H.  B u b e ,  J. AppL  Phys. ,  

88, 4409 ( 1 M T ) .  

fur  vapor. According to the discussion of the authors 
and also that  of Morozova and Nikitenko ~7 is zinc sul-  
fide after sulfur t rea tment  high ohmic p- type with the 
position of the Fermi  level at Ev + 1.2 eV. Probably,  
the intrinsic disorder s i tuat ion in zinc sulfide is s imilar  
to that in zinc selenide. In  this mater ial  the activation 
energy of the carrier  concentrat ion in the part ial  equi-  
l ibr ium corresponds to the distance between the cor- 
responding band and the Fermi  level in the high tem- 
perature equi l ibr ium under  extreme metal  or nonmetal  
conditions. From this we conclude the ionization en-  
ergies of the isolated doubly ionized intrinsic defects. ~s 
With this note I would also refer to this possibility to 
determine the ionization energies of the isolated de- 
fects, when experiments  were carefully analyzed. The 
formation of complexes and other phenomena,  which 
disturb this determination,  apparent ly  does not occur. 

J. A. V a n  V e c h t e n :  39 Of course, it is t rue that the 
position of the Fermi  level, El, in an undoped semicon- 
ductor can be influenced by deviations from stoichiom- 
etry induced by hea t - t rea tments  in an excess of either 
the metal  or the nonmetal  component of the compound. 
Thus, Blount  et  aI. 86 reported that  they could drive Ef 
to about 1.3 eV above the valence band maximum, Ev, 
by anneal ing "pure" ZnS in  S vapor for 8 days at 891~ 
(The starting mater ia l  contained 1 • 10 TM Cu/cm 3, 
1 • 10 TM Si/cm 3, and 5 • 10 iv Mg/cm3.) Ef was then 
slightly above a defect level at Ev + 1.2 eV, which 
they associated with the zinc vacancy, Vzn. There is no 
evidence whether  or not the Vzn is present in a complex 
when observed at, or below, room temperature.  This 
mater ia l  was then very highly resistive (,.-1010 ohm- 
cm) p-type.  

To the author 's  knowledge, reasonably highly con- 
ductive p- type ZnS has never  been produced by  any 
means, although conductive n - type  ZnS is common. 
One may conclude that  vacancy self-compensation does 
prevent  the a t ta inment  of low resist ivity conduction 
only on the p- type  side in  Zn. Thus, the correlation 
between the covalent radius ratio and the side on which 
vacancy self-compensation restricts conductivi ty is as 
predicted in the case of ZnS as well  as the other II-VI's.  
No fur ther  inference was intended. 

It is fur ther  noted that in wider  gap materials, such 
as the alkali halides, vacancy self-compensat ion re- 
stricts conduction on both the n -  and p- type  sides, al- 
though deviations from stoichiometry may  be obtained, 
while in smaller  gap semiconductors, like GaSb and 
GaP, the intrinsic conductivi ty type (p- and n-type,  
respectively) may be reversed by doping because self- 
compensation does not occur unt i l  after Ef has reached 
one band edge or another. 

3v 1Vtorozova a n d  N i k i t e n k o ,  Izv.  Akad .  ~tauk SSSR,  Neorg. ]~Ic~er., 
9, 1555 (1973) 

as j .  J a c o b s  a n d  H.  A r no ld ,  Kr~sfalt und  Technik ,  10, 71K (1075). 
89 I B M  T h o m a s  J .  W a t s o n  R e s e a r c h  C e n t e r ,  P .O.  B o x  218, York-  

t o w n  H e i g h t s ,  N e w  Y o r k  10598. 
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Harry C. Gatos--Solid State Science and 
Technology Award Medalist 

August F. W i t t  1 

August F. Witt delivers introductory remarks about the Solid 
State Science and Technology Award Medalist. 

Shortly, Har ry  Gatos wil l  be the second recipient of 
The Electrochemical Society Award in Solid State Sci- 
ence and Technology. On the occasion of the award 
presentat ion I have the great honor to reflect for a 
few minutes  on Harry 's  background and technical ac- 
comp!ishments.  

To convey to you a real image of his t ru ly  outs tand-  
ing personal i ty  I would now have to talk not only 
about  his scientific achievements but  also about Har ry  
the poet, the flutist, the violist, the conductor, the edu-  
cator and, last but  not least, about Harry  the personal 
friend. I would have to talk about musical  soirees at 
his home dur ing  which he conducted professional mu-  
sicians performing Mozart and about  endless nights 
spent over the twelf th draft  of a publication. I would 
also have to talk about his family:  his son who, at the 
age of seven, asked me at the beach to do ari thmetic 
wi th  him when I wanted to play ball, and about his 

1 I n t r o d u c t o r y  r e m a r k s  b y  A u g u s t  F. Wi t t ,  M a s s a c h u s e t t s  I n s t i t u t e  
of  T e c h n o l o g y ,  C a m b r i d g e ,  M a s s a c h u s e t t s ,  on  t h e  occas ion  of  t h e  
p r e s e n t a t i o n  of  t h e  So l id  S t a t e  S c i e n c e  a n d  T e c h n o l o g y  M e d a l  A w a r d  
to H a r r y  C. G a t o s  on  M a y  13, 1975, a t  t h e  T o r o n t o ,  C a n a d a ,  M e e t i n g  
of  the  Soc i e ty ,  

daughters who, besides being intell igent,  are great 
young ladies. 

Time does not permit  me to dwell  on this side of 
Harry 's  life, so let us look at his biography: Harry  was 
born  in Amphissa, Greece, and began his studies in 
chemistry at the Universi ty  of Athens where, still an 
undergraduate  student, he funct ioned as instructor,  
lecturer, and tutor  and wrote his first book on inor-  
ganic chemistry at the ripe old age of 22, his second on 
analyt ical  chemistry at 24, and his third on organic 
chemistry at 25. In  1946 he was awarded a one-year  
fellowship for graduate studies in the United States, 
enrolled at Indiana  Univers i ty  and received his M.A. 
after only 18 months. In  1948 he was admit ted to M.I.T., 
enrolled in the Chemistry Department ,  and did his 
graduate work on the passivation of i ron in the Metal-  
lurgy Department.  Only one year  after graduation, as 
research associate at M.I.T., he already did pioneer ing 
work on self-diffusion in iron which today is con- 
sidered one of the classical works on the use of radio-  
tracers for self-diffusion studies. 

In  1952 he joined the Engineer ing Research Labora-  
tory of du Pont  where he worked for three years on 
corrosion and corrosion inhibi t ion of metallic systems. 
Har ry  then came back to M.I.T., accepting the position 
of leader of the chemistry section in the Solid State 
Group of the Lincoln Laboratory. When the Electronic 
Materials Group was established, largely on his ini t ia-  
tive in 1957, he became its first leader. Besides coor- 
dinat ing and supervising research involving both mate-  
rials and device oriented groups, ini t ia t ing new re-  
search activities and taking care of adminis t rat ive de- 
tails, he found the t ime to assume the personal re-  
sponsibili ty for the growth of a Cr-doped K-cobal t i -  
cyanide single crystal which was used in the first 
operational three- level  MASER. It was at this t ime 
also that he first focused his a t tent ion on semicon- 
ductor surfaces, semiconductor growth and microsegre- 
gation effects, superconductors and high-pressure 
phase transformation.  In  1959 he became Associate 
Head and in 1964 Head of the Solid State Division of 
the Lincoln Laboratory. In  1961 he accepted a pro- 
fessorship at M.LT. which he still holds. 

What are his research accomplishments? They are 
t ru ly  outs tanding in both qual i ty and quanti ty,  and I 
can only enumerate.  While his leadership abilities 
forced his at tent ion to the coordination and direction 
of major  research projects and made him devote much 
of his t ime to nat ional  issues associated with solid- 
state science and technology, his personal research ac- 
complishments are well documented in over 170 tech- 
nical publications. Dur ing  his tenure  as Leader of the 
Electronic Materials Group at the Lincoln Laboratory, 
the first operation three- level  MASER crystal was pro-  
duced. Soon thereafter  his efforts led to an explanat ion 
of the polari ty effect in I I I -V and II -VI semiconductor 
compounds and to a clarification of its implications on 
the growth characteristics Of so-called A and B sur-  

285C 
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faces which led to a drastic improvement  in the growth 
of defect-free compound semiconductor materials. On 
the basis of extensive, systematic etching experiments  
his group identffied for the first t ime ~ and ~ disloca- 
tions in  InSb. He then published the first comprehen-  
sive treatise concerned with the etching characteristics 
af elemental  and compound semiconductors. His efforts 
to bridge the gap between the rigorous formalism used 
by theoretical physicists and the chemical concepts 
used by materials scientists in the t rea tment  of semi- 
conductor surfaces led him to the extremely useful 
concept of "dangling bonds" now general ly adopted in 
the in terna t ional  l i terature.  His research on high pres-  
sure phases of compound semiconductors resulted in 
the discovery of several previously u n k n o w n  struc- 
tures, among those the superconducting tetragonal  high 
pressure structure of InSb. He and his collaborators 
discovered for the first t ime the existence of nonro-  
tat ional  segregation inhomogeneities in  Czochralski- 
type semiconductors and in  a series of publications 
they subsequent ly  elucidated the microscopic growth 
and segregation behavior  associated with this indus-  
t r ia l ly  most impor tant  crystal pul l ing process. Of ma-  
jor impact on the study of semiconductor surfaces was 
his research effort which led to the development  of 
surface photovoltage spectroscopy and the discovery of 
a surface piezoelectric effect in  noncentrosymmetr ic  
semiconductor systems. His most recent accomplish- 
ment  as head of the Electronic Materials Group at 
M.I.T. is the development  of a quant i ta t ive  approach 
to the analysis of .crystal growth and segregation on 
the microscale which is based on the use of growth 
interface demarcat ion in combinat ion with high resolu- 
t ion spreading resistance measurements.  This work 
for the first t ime clarifies previously unexpla ined dis- 
crepancies between theoretical t reatments  of segrega- 
t ion and exper imental  results. It  also gives direct 
evidence of convective interference on microsegrega- 
tion, a phenomenon which had been expected but  could 
only now be unambiguous ly  proven and quant i ta -  
t ively studied. 

His current  research is concerned with the applica- 
t ion of thermo-electr ic  cooling at crystal-solut ion in -  
terfaces for the production of epitaxial layers with 
controlled composition obtained under  constant  t em-  
perature conditions. 

Harry 's  at t i tude toward his research is best sum- 
marized in a Shakespeare quote: 

And now remains  
that  we find out the cause of this effect 
or ra ther  say, the cause of this defect 
for this effect defective comes by cause. 

Let us now consider the impact of Harry 's  efforts to 
advance solid-state science and technology. Harry 's  
in terna t ional ly  recognized outs tanding contributions to 
the advancement  of solid-state science and technology 
are not only his many  accomplishments in research. 
His unique  contr ibut ions come also from his early 
realization of the existence of a communications gap 
between solid-state physicists using rigorous formalism 
and materials  oriented scientists such as metal lurgists  
and chemists operating to a large extent  with empir i -  
cal concepts. This communicat ions gap, in his opinion, 
relegated electronic materials  research for too long to 
a service function which strongly impeded progress in 
solid-state technology. Harry 's  unre len t ing  efforts to 
bridge this gap were multifaceted. In his position as 
leader of the Electronic Materials Group at the Lin-  
coln Laboratory, for which he eminent ly  qualified 
with his background in  chemistry and materials science, 
he attracted in  the mid-1950's outs tanding scientists 
with recognized exper imental  and theoretical back-  
ground to electronic materials  research and within  
a few years established an in terna t ional ly  recognized, 
leading Electronic Materials Research Center. The 
unique  accomplishments of his group in the areas of 
semiconductor, superconductor, and laser materials  
and amorphous semiconductors were largely responsi-  

ble for s t imulat ing similar approaches in other re-  
search centers of the United States and the rest of the 
world. 

In  his funct ion as chai rman of the Electronic Mate- 
rials Committee of the A.I.M.E. he was ins t rumenta l  
in  removing materials  research from its isolation by 
establishing a forum in  which electronic materials  
scientists communicated closely with theoretical physi-  
cists and electrical engineers. His efforts led ul t imately  
to the publ icat ion of the Journal of Electronic Mate- 
rials. As a member  of the Board of The Electrochemi- 
cal Society he fought for the recognition of the im-  
portance of electronic materials  research wi th in  the 
realm of the Society's activities. As its elected presi-  
dent  in  1967 he strongly supported reorganization of 
the structure of the Journal of The Electrochemical 
Society which soon thereafter  led to the introduct ion 
of the subdivision of Solid-State Science and Tech- 
nology and made the Journal one of the most impor-  
tant  outlets for publications on solid-state research. 
Recognizing the importance of surface effects in solid- 
state research and technology he focused his a t tent ion 
toward surface chemistry and physics and in 1964 
founded the journal  Surface Science. This journal ,  
with strong emphasis on electronic materials,  gained 
within  a few years in terna t ional  recognition and con- 
stitutes today the most impor tant  publicat ion in this 
field. 

In  his efforts to advance materials research in solid- 
state science, Harry  recognized significant deficiencies 
in  the educational  background of young scientists who 
had just  graduated from outstanding academic ins t i tu-  
tions. Conspicuous to him was the lack of adequate 
appreciation for materials  on the part  of physics and 
chemistry majors on the one hand and the inadequate 
solid-state physics background of most majors in  me t -  
a l lurgy on the other hand. He resigned as Head of the 
Solid State Division at the Lincoln Laboratory and 
assumed a faculty position at M.I.T. with a joint  ap-  
poin tment  in  Metal lurgy and Electrical Engineering.  
He subsequent ly  became ins t rumenta l  in br inging 
about changes in the basic curr iculum of both de- 
partments ,  changes which have in  the meant ime been 
adopted by major  academic inst i tut ions throughout  the 
United States. He provided, furthermore,  the st imulus 
for the establ ishment  of materials science as a dis- 
cipline, a concept which is now adopted nat ional ly  and 
internat ional ly .  

The Electronic Materials Group at M.I.T., which he 
founded in 1962, developed into a mecca for scientists 
in electronic materials  from all over the world. (Four 
of them are current ly  there doing advanced research 
and broadening the horizon of his graduate s tuden ts - -  
needless to say, many  of his former graduate students 
are now actively contr ibut ing to the advancement  of 
solid-state science and technology.) 

Most recent ly Harry  focused his a t tent ion on the po- 
tent ia l  of zero gravi ty env i ronment  for electronic ma-  
terials research. He is at this time ins t rumenta l  in  es- 
tablishing and coordinating a comprehensive explora-  
tory research program aimed at a realistic assessment 
of the beneficial aspects of outer space conditions on 
electronic materials processing. 

About three years ago Harry  told me: "Gus, I 'm 
tired; it is t ime for me to relax, to lie in  the sun and 
write a book or two." Since then he got deeply involved 
in space processing, init iated new research activities at 
M.I.T. concerned with: photo-voltage inversion, the 
photo-mechanical  effect, materials  for solar energy 
conversion, current  controlled l iquid phase epitaxy, 
and he is now th inking about a major  new involve-  
ment  in  research on the catalytic activity of semicon- 
ductor surfaces. Harry, I 'm sorry your program for 
the next  ten years is on record- -your  books must  
wait. 

What else can be said about a man  who in  twenty  
years shaped the advancement  of solid-state science 
with forcefulness and de te rmina t ion?  I could ta lk 
about his accomplishments as chai rman and member  
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on numerous  committees,  about  his n a t i o n a l  and in-  
t e rna t iona l  awards ,  about  his membersh ip  of severa l  
academies,  about  his books and p a t e n t s - - I  do not  have  
the t ime. But I wi l l  f inal ly say a word  about  Har ry ' s  
g rea t  accompl ishment  which  now dates  back  some 25 
years and made  al l  the  o ther  accompl ishments  pos-  

sible. I t  was at that  t ime  tha t  he succeeded in p e r -  
suading Dawn to become his wife. I t  was she who 
made i t  possible  and st i l l  makes  it possible for h im to 
operate  wi th  efficiency and success, day  by  day, on a 
20 hour  work  schedule. Congratulat ions,  Har ry .  

Thank  you. 

Structure Property Relationships: Key to Solid-State 
Science and Technology 2 

Harry C. Gatos 

Harry C. Gatos presents the Solid State Science and Technology 
Medal Award Address. 

I am deeply  honored to be the  recipient  of the  Solid 
Sta te  Science and Technology Award .  Having l ived the 
exc i tement  of the  explos ive  and f rant ic  deve lop-  
ment  of so l id-s ta te  science and technology through the 
fifties and ea r ly  sixties, this award,  beyond its high 
status, has special  overtones for me. I t  re la tes  to that  
e lect r i fy ing envi ronment  in which researchers  in the  
field around the wor ld  l ived and moved, l ike  fiercely 
compet ing a thle tes  bound by  the spir i t  of classical 
spor tsmanship.  The field was boi l ing over:  being first 
to publ i sh  on a new resul t  ra ther  than second or th i rd  
was often a m a t t e r  of days.  

In  m y  research  over  the  years  I have been ve ry  
pr iv i leged  to work  with  outs tanding colleagues, asso- 
ciates, students,  and technical  assistants.  I am gra teful  
to every  one of them. Without  the i r  contr ibut ions  I 
would  not be address ing you today.  

In  this address  I would l ike first to sketch a h is tor ical  
f r a m e w o r k  to help  view so l id-s ta te  science and tech-  
nology in perspect ive  and discuss some of the  domi-  
nant  pa t t e rns  under ly ing  its growth.  Then I wi l l  out -  
l ine the  evolut ion of two of the research themes we 

Solid State Science and Technology Medal Award  Address  deliv- 
e red  May 13, 1975 at the Toronto, Canada, Meeting of the Society. 

have pursued  for  a number  of years.  F ina l ly ,  I would  
l ike to share  wi th  you some of m y  views on the future.  

Historical Perspective 
The  discovery of the  t rans i s tor  has changed the 

course of science and technology at la rge  more  sha rp ly  
than  any other  single d iscovery  in history.  Semicon-  
ductor  (sol id-s ta te)  electronics,  an  offspring of the  
t ransis tor ,  brought  into sharp focus the necessi ty  for  
in te rd i sc ip l inary  research and deve lopment  on ma te -  
rials. The needs for u l t r ah igh  pur i ty ;  for la rge  single 
crysta ls  wi th  high crys ta l l ine  perfect ion;  for  incor-  
pora t ing  selected i m p u r i t y  e lements  at control led  con-  
cent ra t ion  levels  in the par t  pe r  mi l l ion  range;  the  
necessi ty  to know the concentrat ion,  mobil i ty,  and 
l i fe t ime of charge carr iers ;  to p repa re  and unders tand  
p - n  junct ions;  to unders tand  and control  the  surface  
proper t ies  brought  together  physicists,  chemists,  me ta l -  
lurgists,  and electr ical  engineers  at an unprecedented  
level  of close col laborat ion.  I t  was this  col labora t ion  
tha t  proved the s t r ik ing nonl inear  effects of mul t i -  
d i sc ip l inary  interact ions.  

The consequences reached f a r  beyond the rap id  de- 
velopment of so l id-s ta te  electronics and its r evo lu -  
t ionary  impact  on technology. Semiconductors ,  such as 
ge rman ium and silicon, fami l ia r  only  to physicis ts  up 
to that  t ime, tu rned  out to be a blessed class of ma te -  
rials. They were  p repa red  at  pu r i ty  levels never  ap-  
proached in other  ma te r i a l  and in single c rys ta l  form 
wi th  nea r ly  theore t ica l  perfect ion.  Consequently,  ex -  
pe r imenta l  s tudies became possible at  ex t r ao rd ina ry  
stages of refinement.  The covalent  na ture  of semicon-  
ductors, the i r  wel l -def ined four -neares t  ne ighbor  coor-  
dination,  and the i r  h ighly  di rect ional  bonds, made  
possible e legant  theore t ica l  studies. Expe r imen t  and 
theory  re inforced each other  wi th  an unpara l l e l ed  ef-  
fectiveness. The deta i led  s t ructure  of the e lect ron en-  
e rgy  bands, the  effective masses of the  e lectr ical  car -  
r iers,  their  t r anspor t  and  scat ter ing characteris t ics ,  
the i r  in terac t ion  wi th  impur i t y  atoms and crys ta l l ine  
defects, and the i r  response to electr ic  and magnet ic  
fields became wel l -unders tood  reali t ies.  S t r ik ing  ex-  
pe r imenta l  deve lopments  occurred far  more  f requen t ly  
and consisfent ly on semiconductors  than  in meta ls  or  
insulators.  

In te rd i sc ip l inary  studies on semiconductor  surfaces 
were  in t ima te ly  in te rwoven  with  the s tudy of the bulk.  
I t  is perhaps  not  fu l ly  recognized tha t  the d iscovery  of 
surface states in semiconductors  (1947) led d i rec t ly  to 
the discovery of the t ransis tor .  For  the first t ime the 
s tudy of the  electronic and crys ta l l ine  s t ruc ture  of 
solid surfaces could be pursued  on a quant i ta t ive  basis. 

Semiconductor  research  led to a s i tuat ion never  be-  
fore encountered in science and engineer ing:  basic un-  
ders tanding  of mate r ia l  o v e r t o o k  mater ia l s  deve lop-  
ment  and engineering.  That  is, new fundamenta l  phe -  
nomena, propert ies ,  and new devices were  pred ic ted  
ra ther  than discovered d i rec t ly  on avai lab le  ma te r i a l s .  
For  example ,  basic phenomena  such as the cyclot ron 
resonance (which pe rmi t t ed  the de te rmina t ion  of the  
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effective mass of the electr ical  carr iers)  and numerous  
devices ( including the field-effect t ransis tor)  were  
theore t ica l ly  descr ibed  in the context of mate r ia l s  r e -  
qui rements ;  they  reached the expe r imen ta l  s tage as 
the mater ia l s  r equ i rements  were  met. In  other  words,  
soon af ter  the d iscovery  of the t ransistor ,  mater ia l s  
development ,  ra ther  than basic unders tand ing  of ma-  
ter ia ls  or device principles,  became the slow step in the 
progress  of so l id -s ta te  electronics.  Unfor tunate ly ,  this 
s i tuat ion is st i l l  p reva len t  today.  

The contr ibut ion  of disciplines such as chemis t ry  and 
me ta l lu rgy  were  cer ta in ly  basic to the deve lopment  of 
so l id-s ta te  electronics;  however,  the benefits der ived 
by  these disciplines,  in return,  are not  often a p p r e -  
ciated. Ge rman ium and silicon (by  far  the  best  unde r -  
stood solids) p roved  unique among all  mater ia l s  for 
chemical  and meta l lu rg ica l  studies and for mate r ia l s  
unders tanding.  Purif icat ion methods (zone refining) 
and crys ta l  g rowth  techniques developed for semicon-  
ductors  were  ex tended  to metals,  br inging  research 
and deve lopment  on these mate r i a l s  to a new p la teau  
of refinement.  The dislocation theory  developed in the  
ear ly  thir t ies  to account for the mechanical  behavior  
of metals  was first expe r imen ta l ly  verified when edge 
dislocations in a low-ang le  bounda ry  configurat ion 
were  observed in ge rmanium crystals.  Screw dis loca-  
tions and thei r  character is t ics  were  first observed and 
studied, by  in f ra red  microscopy, in copper -decora ted  
silicon crystals ;  the operat ion of the F r a n k - R e a d  
source was v isua l ly  demons t ra ted  in these  crystals .  
Giant  s t r ides were  made in the unders tanding  of nu-  
cleat ion and growth,  so l id-s ta te  diffusion, segregat ion 
phenomena  through  research  on semiconductors.  Ex -  
pe r imenta l  methods developed for the s tudy of the 
electronic and c rys ta l l ine  s t ructure ,  the composition, 
the s to ichiometry  and the surfaces of semiconductors  
were  inva r i ab ly  ex tended  to other  mater ials .  F inal ly ,  
the  theoret ica l  f r amework  of the  energy band s t ruc-  
ture, electronic t ransi t ions,  and car r ie r  t r anspor t  in 
semiconductors  has served as the basis for theoret ica l  
advances on metals  insulators  and other  mater ia ls .  

Through t rac tab le  real i ty ,  r a the r  than  foresight,  it  
was real ized that  the science and technology of any  
class of mater ia l s  (metals,  ceramics, glasses, po ly -  
mers)  cannot be fos tered wi th in  the  confines of in-  
d iv idua l  classical disciplines.  Mater ia ls  science and 
engineer ing emerged f rom sol id-s ta te  electronics as a 
discipline in i tself  but  l inked effectively to the classical 
disciplines. So l id -s ta te  science and technology, rooted 
also in semiconductor  electronics, now encompasses 
the s tudy  and appl icat ions  of a broad  spec t rum of 
mater ia l s  and phenomena.  It in teracts  in t ima te ly  and 
to some extent  over laps  wi th  mater ia l s  science and 
engineering,  wi th  physics and wi th  e lect r ica l  engineer-  
ing (Fig. 1). 
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Fig. 1. Solid-state science and technology in perspective 

Structure-Property Relationship 
St ruc tu r e -p rope r ty  re la t ionships  have been  useful 

for  some t ime in account ing qua l i ta t ive ly  for  the  be -  
havior  of solids and in point ing to new directions for  
the search for mate r ia l s  wi th  improved  propert ies .  But 
they  became the dr iv ing force of progress  in semicon-  
ductor  and so l id-s ta te  electronics. Electronic p roper -  
ties are s t rongly  dependen t  on "s t ructure ,"  i.e., on 
composition, c rys ta l l ine  s t ructure ,  la t t ice  defects, and 
in tera tomic  forces. Because of the unique na ture  of 
semicon,ductors, this dependence  can usual ly  be p u r -  
sued on a quant i ta t ive  basis: The proper t ies  can be 
expe r imen ta l l y  measured  r e l i ab ly  and accurate ly .  The 
"s t ructure"  cannot only  be expe r imen ta l ly  determined,  
but  i t  can be control led and var ied  at wil l  often wi th  
high precision; the co~nposition ( level  of des i red  im-  
pur i t ies)  can be control led  in the par t  pe r  mi l l ion 
range;  nea r ly  perfect  single crystals  can be p repa red  
(wi th  zero dislocation dens i ty ) ;  in tera tomic  forces 
( s t rength  and na tu re  of bonding)  va ry  in a known 
way  from one semiconductor  to another  or  can be 
carr ied  at wil l  b y  control led al loying.  

At  the  same time, semiconductors  lend themselves  
be t te r  than  any  o ther  solids to the  deve lopment  of 
theore t ica l  t r ea tments  and theore t ica l  calculations.  
Thus, feedback be tween  theory  and exper imen t  has 
led to an avalanche of new exper iments  and basic un -  
ders tanding.  Device deve lopment  is also in te rwoven  
in the  fabric  of s t r uc tu r e -p rope r ty  relat ionships.  The 
identif icat ion of the "s t ructura l"  pa r ame te r  re la ted  to 
specific effects has been the way  to device development ,  
to predic t ion  of new devices and new device-funct ions.  

A comprehensive  i l lus t ra t ion  of the  interp}ay be-  
tween s t r uc tu r e -p rope r ty  re la t ionships  and progress  
in the evolut ion of so l id-s ta te  science and technology, 
would ce r ta in ly  make a fascinat ing an,d most ins t ruc-  
t ive document.  I hope someone under takes  this  task  
some day. I wi l l  only  touch on i t  here. 

One could s tar t  wi th  the studies jus t  preceding the 
discovery of the t ransis tor .  A group, now famous, at 
the Bell  Labora tor ies  was s tudying  me ta l - semicon-  
ductor  rect i fy ing contacts;  according to theory,  the 
potential  bar r i e r  in a given semiconductor  should be 
grea te r  (and the rect i fy ing character is t ics  be t t e r ) ,  the 
grea te r  the  work  function of the contact ing metal .  But  
using ge rmanium as the semiconductor  the height  of 
the potent ia l  ba r r i e r  was found to be independent  of 
the contact ing metal.  Through a s t roke of genius, this 
behavior  was re la ted  to a "s t ruc tura l  pa r a me te r "  of 
the semiconductor:  surface states wi th in  the forb idden 
energy gap; these states t rap  charge  car r ie rs  and lead 
to a surface barr ier ,  character is t ic  of the semicon-  
ductor  ra ther  than  of the  meta l - semiconduc to r  contact. 
Thus, a s t r uc tu r e -p rope r ty  re la t ionship  was fo rmu-  
lated;  i t  set things into motion;  the  existence of sur -  
face states had to be verified. The ingenious field-effect 
exper imen t  was conceived which not only  verified the 
existence of surface  states, but  revea led  thei r  deta i led  
characterist ics.  Exper imen t  re inforced theory,  and n e w  
s t r u c t u r e - p r o p e r t y  re la t ionships  wi th  device  impl ica -  
t ions evolved. The t rans is tor  was discovered.  In  turn,  
its function and improved  per fo rmance  was re la ted  to 
"s t ruc tura l"  parameters ,  i.e., to types, concentra t ion 
levels, and configurations of dopant  impur i t ies  and to 
crys ta l l ine  perfection.  These pa rame te r s  were  iden t i -  

f i e d  and s tudied;  the i r  control  was improved.  Be t t e r  
devices were  obtained and new devices were  con-  
ceived; fur ther  ref inements  in mater ia l s  were  indi -  
cated. The s tudy of processing pa ramete r s  for  improv -  
ing the qual i ty  of mater ia l s  en tered  the feedback  loop. 
P l ana r  diffusion and ep i tax ia l  g rowth  methods,  deve l -  
oped for improving  the control  of dopant  concent ra-  
tion, opened the way  to in tegra ted  circui t ry.  In para l l e l  
exper imenta l  techniques for  mater ia l s  charac te r iza-  
t ion were  developed to keep pace wi th  the  advancing 
level  of mater ia l s  refinement.  Such se l f - feeding p rog-  
ress th rough  s t r uc tu r e -p rope r ty  re la t ionships  has no 
precedent  in the h is tory  of science and technology.  
Or ig ina l ly  germanium,  and subsequent ly  silicon, have 
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been the mater ia l s  in this evolution,  but  cer ta in ly  not 
the  only ones. Behind the recent  precipi tous  en t ry  of 
the l i gh t - emi t t ing  devices (based on I I I -V  semicon-  
ductor  compounds)  into s o l i d - s t a t e  electronics there  is 
a s imi lar  pa t t e rn  of deve lopment  (Fig. 2). 

Through  the evolut ion of so l id - s ta te  science, theory  
has made  enormous advances.  Fo r  ex~ample, b a n d -  
s t ruc ture  theories  can de te rmine  wi th  r emarkab le  p re -  
cision the electronic p roper t ies  of some solids. Theory,  
however ,  has not  as ye t  predic t ive  powers  in re la t ing  
the  electronic p roper t ies  to the composit ion or defect  
s t ruc ture  of the  crystals .  Empir ical ,  in tu i t ive  and semi-  
quant i ta t ive  s t r u c t u r e - p r o p e r t y  re la t ionships  wi l l  con- 
t inue  to be at  least  for  the  foreseeable  future,  the  key  
to so l id - s ta te  science and technology. 

T r a c i n g  the  Evolut ion of Two  Research T h e m e s  
As I r ev iewed  the s t r u c t u r e - p r o p e r t y  and s t ruc tu re -  

processing p rograms  I have worked  on in the las t  
twen ty  years,  I decided to discuss two of them. I chose 
them not  necessar i ly  because of the i r  g rea te r  impor -  
tance, bu t  because, al l  these years,  they  have surv ived  
the changes in fashion and the points  of d iminishing 
re turn.  The one was in i t ia ted  to invest igate  the  "s t ruc-  
tura l"  pa rame te r s  responsible  for the chemical  be -  
havior  of semiconductor  compound surfaces;  the other  
was in i t ia ted  to s tudy  the processing var iables  re -  
sponsible for the  composi t ion (dopant  d is t r ibut ion)  and 
the defect  s t ruc ture  of semiconductors.  In  the  in teres t  
of t ime I wil l  a t t empt  to convey a genera l  impress ion 
r a the r  than  presen t  a r igorous  account of our  findings. 

Semiconductor Compounds 
In  1956, toge ther  wi th  Mary  Cre te l la -Lavine ,  I be -  

came involved in the  s tudy of the chemical  behavior  
of the  AHIB v compounds (e.g., InSb) ,  then  a r e l a t ive ly  
new class of semiconductors .  Because these compounds 
have  the noncent rosymmetr ic  (c rys ta l lographica l ly  po-  
la r )  z inc-b lende  s t ruc ture  thei r  {111} surfaces must  
t e rmina te  wi th  Group II I  or A atoms, e.g., In atoms; 
on the other  hand, the  {111} surfaces must  t e rmina te  
wi th  Group  V or B atoms, e.g., Sb atoms (Fig. 3). These 
two  types  of surfaces are  re fe r red  to as A and B su r -  
faces, respect ively.  We observed,  as others  had, that  
the  etching behavior  of the A surfaces is s t r ik ing ly  
different  than  that  of the  B surfaces (Fig. 4) and tha t  
edge dislocat ion can be revealed,  as etch pits, only  on 
the A surfaces (Fig. 5) ; this behavior  was pa r t i cu l a r ly  
puzzling because the observed etch pits  were  associated 
wi th  only one type  o,f edge dislocations,  namely,  those 
whose dislocat ion l ine  consisted of A a toms  (~ dis loca-  
t ion) ; dislocat ions wi th  thei r  l ine consisting of B atoms 
(~ dislocations)  should  also be present  in these com- 
pounds;  fur thermore ,  edge dislocations must  in tersec t  
both  A and B surfaces (Fig. 6). 

In  germanium,  Wal t e r  Harvey  had  f o u n d  tha t  the  
dissolut ion rates  of the  var ious  c rys ta l lographic  planes,  
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Fig. 2. Dynamics of structure-property relationships 

Fig. 3. Model of the structure of the AnIB v compounds (zinc- 
blonde structure); the unit cell is indicated, e ,  Group III or A 
atoms; O ,  Group V or B atoms. 

Fig. 4. The A (left-hand side) and B (right-hand side) surface 
of an InSb wafer etched in Fe + + + etchant. 

in oxidizing solutions, were  re la ted  to the  dens i ty  of 
the i r  dangl ing bonds. But the densi ty  of dangl ing  
bonds  is the  same on the A and on B surfaces. We 
turned  our  a t tent ion to the  na ture  of the  dangl ing 
bonds and a r r ived  at  the fol lowing model:  The Group 
II I  atoms on the A surfaces cannot  have dangl ing e lec-  
trons, as they  must  share  the i r  three  electrons in fo rm-  
ing th ree  bonds wi th  the lat t ice;  on the  other  hand, 
each Group V a tom on the B surfaces contr ibutes  th ree  
of i ts five e lectrons to the  th ree  bonds  wi th  the  lat t ice,  
and thus, must  have  two (pai red)  dangl ing  electrons 
(Fig. 7). 

We proceeded to test  the obvious impl icat ion of this  
s imple model. The B surfaces, whose outermost  a toms 
have two unshared  electrons, must  react  much fas ter  in 
oxidizing media  than  the A surfaces whose atoms have 
no avai lab le  unshared  electrons. F rom single crysta ls  
of Ir~Sb we p repa red  two types  of t e t r ahedra l  samples,  
one bounded by  A surfaces and the other  bounded by  
B surfaces (Fig. 8). Using such samples  we found tha t  
indeed the dissolution ra te  of the  B surfaces in oxidiz-  
ing solutions was an order  of magni tude  grea te r  than  
that  of the  A surfaces. On the basis of this finding, i.e., 
that the t r i p ly  bonded B atoms are  much more  reac-  
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Fig. 7. Atomic model of the A and B {111} surfaces of the 

AIIZB v compounds (e.g., lnSh). The A surface atoms have no 
dangling electrons, (a), whereas each B surface atom has two 
dangling electrons (b). 

Fig. 5. The A (left-hand side) and B (right-hand side) surface 
of an InSb wafer etched in a modified CP4 etchant. 

Fig. 6. Atom models showing (I) an edge dislocation terminating 
in A atoms (black atoms) and (ll) an edge dislocation terminating 
in B atoms (white atoms) intersecting the B surface defined in 
the models by the atoms with protruding bonds. 

rive than the tr iply bonded A atoms, it was relat ively 
straightforward to explain why only a dislocations and 

Fig. 8. Two types of tetrahedra of an AIIIB v compound; one 
has only A surfaces and the other only B surfaces. Both types are 
obtained from the same single crystal. Compare geometric rela- 
tionship of the tetrahedra with Fig. 1. 

only on the A surfaces can lead to the formation of 
etch pits. Our s t ruc ture-proper ty  relat ionship had sur-  
vived its first test. But if the presence of  unshared elec- 
trons was responsible for the high react ivi ty of the B 
surfaces in  oxidizing media then this reactivi ty should 
decrease in the presence of electrophilic chemical com- 
pounds which attach themselves to unshared  elec- 
trons. When we added small amounts  of electrophilic 
organic compounds to oxidizing etchants the reactivi ty 
of the B surfaces of InSb decreased and approached 
that  of the A surfaces. Under  these conditions, ~ as well  
as fl dislocations were revealed, through etch pit for- 
mation, on both types of surfaces (Fig. 9). 

Thus, the presence of two types of dislocations in  the 
AnlB v compounds (see Fig. 6) was confirmed by 
chemical etching. Furthermore,  these results provided 
direct evidence that the formation of dislocation etch 
pits is controlled by the chemical reactivi ty of the dis- 
location and surface atoms; unt i l  that t ime it was gen-  
erally believed that the strain fields associated with 
edge dislocations are responsible for the formation of 
dislocation etch pits. 

This early success pointed to a closer examina t ion  
of the model. The atoms in the I I I -V compounds are 
te t rahedral ly  bonded (diamond s t ruc ture) ;  can the 
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Fig. 9. Dislocation etch pits on the A (I) and B ill) surfaces of 
an (111) lnSb wafer. Two types of pits (small and large) are clearly 
seen on the A surfaces. A modified CP4 etchant was saturated with 
stearic acid. 90)(. 

bonds of the surface atoms main ta in  this angular  con- 
figuration? In the case of the B atoms wi th  a pa i r  of 
e lectrons occupying the unshared  (dangl ing)  t e t r a -  
hedra l  orbital ,  no significant d is tor t ion would  be ex-  
pected.  However ,  t e t r ahedra l  configurat ion should not  
be possible in the  case of A surface atoms where  there  
a re  no electrons in the dangl ing  orb i ta l  (see Fig. 7);  
accordingly,  the  t r ip ly  bonded A atoms should exhib i t  
a s t rong tendency  to acquire  p lanar  (sp 2) bonding,  
character is t ic  of the Group I I I  e lements  in the i r  com- 
pounds  wi th  nonmetals .  Thus, the  A surface atoms 
should a r r ive  at  a d is tor ted  configuration, in be tween  
t e t r ahed ra l  and p lanar ;  assuming no ma jo r  surface 
reconstruct ion,  this  d is tor ted  bonding configurat ion 
must  in t roduce  significant s t ra in  in the  A surfaces in 
the form of s tored elastic energy.  The impl ica t ions  of 
this aspect  of the  model  were  pursued.  

X - r a y  diffract ion techniques showed indeed tha t  the  
A surface of a single c rys ta l  sample  (i.e., InSb)  ex-  
h ib i ted  significant s t ra in  in contras t  to the  B surface. 
This resul t  was confirmed, by  much s impler  means.  
Af t e r  abrad ing  both surfaces in the  same w a y  it was 
found that  the dep th  of damage  was much grea te r  
in the  B surface than  in the  A surface;  clearly,  the  A 
surfaces wi th  the i r  s tored elastic energy are  more r e -  
s i s t i v e  to abras ion  than  the B surface (Fig. 10). 

Crys ta l  g rowth  has a lways  been (and st i l l  is) basic 
to semiconductor  research  and development .  In  the  
fifties, the  g rowth  of single crysta ls  presented  far  
g rea te r  difficulties in the case of compounds than  i n  
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Fig. 10. Depth of damage of the A and B surfaces of AHIB v 
compounds. A 20/~ particle-size abrasive was used. 

the case of e lementa l  semiconductors ;  could the  sur -  
face s t ruc ture  impl icat ions  of our bonding model  b e  
re la ted  to c rys ta l  growth? If the A surface was in-  
he ren t ly  strained,  then the B surface of a <111> seed 
should be more  sui table  for c rys ta l  g rowth  than  the A 
surface. We tested this pred ic t ion  on the g rowth  o f  
both  InSb and GaAs crystals .  Single  crys ta ls  could be 
obta ined only when the B surface of the seed was 
used. When  the A side of the  seed was used twinn ing  
or po lyc rys ta l l in i ty  could not be avoided.  Paul  Moody, 
who did the  exper iments ,  had  been growing InSb crys-  
tals  in the  <111>  direct ion for  the  ent i re  so l id-s ta te  
group at  the Lincoln Labora tory .  In  checking his l ab-  
o ra to ry  notebooks he found that  among numerous  InSb 
crysta ls  he had grown before  these exper iments ,  only  
one-ha l f  of them were  single; he, thus, p roved  tha t  the  
p robab i l i t y  of using the p roper  end of a seed coincided 
wi th  the p robab i l i ty  of obta in ing single crystals .  Since 
the  t ime  of this  finding, the  B surface of the  seed is 
being used for growing I I I -V  compounds f rom the 
mel t  in the <111>  direction.  In  ep i tax ia l  g rowth  also, 
the  B surface is the p re fe r r ed  subs t ra te  surface. F u r -  
thermore,  the  elastic s tored energy in the  A surfaces 
of I I I -V  compounds is now impl ic i t ly  t aken  into con- 
s idera t ion  in I I I -V  semiconductor  l aye r  device s t ruc-  
tures.  

The s tored elastic energy  on the A surfaces man i -  
fested i tself  d i rec t ly  in th in  (111) wafers;  such th in  
(about  10 ~m) wafers  p repa red  f rom single crys ta ls  of 
severa l  AHIB V compounds were  spontaneously  ben t  
(Fig. 11); the  elastic s t ra in  on the A surfaces over -  
came the cohesive energy  of the  wafers .  F r o m  the  
radius  of cu rva tu re  of the spontaneous ly  ben t  InSb  
wafers,  thei r  dimensions and elastic parameters ,  Rod-  
ney Hanneman  calcula ted the  elastic s tored energy  
(~1  • 10 -6 e rgs /g - su r face  atom) using the classical 
theory  of elast ici ty;  this resul t  was in good agreement  
wi th  the elastic s tored energy  he ca lcula ted  f rom 
x - r a y  diffract ion data. 

Turning  to the electronic propert ies ,  the  A surface 
atoms having no dangl ing electrons should be e lect ron 
acceptor- type,  whereas  the B surface atoms should be 
e lect ron donor- type .  The impl icat ions  of the bonding 
model  on the electronic character is t ics  of the A and B 
surface are  schemat ica l ly  i l lus t ra ted  in Fig. 12. A 
direct  electronic charac ter iza t ion  of I I I -V  semicon-  
ductor  compound surfaces presented  severe exper i -  
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Fig. 11. Spontaneous bending of an InSb (111) wafer 8 ~m thick 
(A); a germanium wafer of the same orientation and trickness ex- 
hibited no spontaneous bending. 
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Fig. 12. Schematic representation of the dangling bonds on the 
A and B surfaces of III-V compounds and the associated surface 
dipole moments. 

mental  difficulties. We arrived, however, at the elec- 
tronic characterization of the t r iply bonded A and B 
atoms through a relat ively simple approach: the dis- 
location lines of the ~ dislocations consist of t r iply 
bonded A atoms and those of the # dislocations consist 
of t r iply bonded B atoms (see Fig. 6); accordingly, 
n - type  lnSb single crystal samples were deformed so 
as to introduce either excess In  dislocations or excess 
Sb dislocations; as predicted, the samples with excess 
In  dislocations became less n-type,  i.e., the tr iply 
bonded In  atoms introduced acceptor levels; the sam- 
ples with excess Sb dislocations became more n-type,  
i.e., the t r ip ly  bonded Sb atoms introduced n- type  
levels. 

The class of AnB vI semiconductor compounds (e.g., 
CdS) had not received near ly  as much at tent ion as the 
I I I -V compounds in the late fifties. These compounds 
have the noncentrosymmetr ic  wurtzi te or z inc-blende 
structures; like the I I I -V compounds, they are char-  
acterized by sp 3 ( tetrahedral)  bonding. The absolute 
identification of the A and B surfaces had not been 
carried out. Edward Warekois achieved this identifica- 
t ion by x - r ay  diffraction techniques, on eight I I -VI 
compounds. 

As in  the case of the I I I -V compounds, in all I I-VI 
compounds also pronounced differences in  etching 
behavior were observed between the A and B sur-  
faces. These differences were correlated with the x - r ay  
results so that the identification of the A and B sur-  
faces was reduced to simple etching tests. The surface 
properties of these compounds were also successfully 
related to the bonding characteristics of the A and B 
atoms. The stored strain energy due to bonding dis- 
tort ion in the A surfaces was confirmed by the spon- 
taneous bending of thin (00.1) wafers. Most recently 
the nature  of this distortion was theoretically calcu- 
lated for the Zn surfaces of ZnO from LEED intensi ty  
data by other investigators. 

In  the early sixties Shinji  Kawaj i  under took to study, 
in our new electronic materials  group at M.I.T., the 
electronic characteristics of the A and B surfaces of 
In  Sb employing field-effect techniques. He and Howard 

Huff found that surface states present  on the A sur-  
faces were characteristic o.f the tr iply bonded In  atoms 
and surface states of the B surfaces were characteris- 
tic of the Sb atoms consistent with the bonding model. 
This work clearly showed the significant influence of 
crystallographic polari ty on the electronic behavior of 
semiconductor compounds. The implications of the 
bonding model on the electronic characteristics of the 
A and B surfaces as i l lustrated in  Fig. 12 were di-  
rectly confirmed later  on by other investigators on 
cleaved (00.1) surfaces of ZnO. In  the course of his 
studies Shinj i  Kawaj i  observed quant izat ion of the 
motion of electrons in the surface region in the pres-  
ence of electric and magnetic fields; this phenomenon 
became of :significant interest  in unders tanding carr ier  
t ransport  phenomena in semiconductors. 

Extensive efforts in our group to s tudy the elec- 
tronic characteristics of surfaces of high energy gap 
semiconductor compounds, i.e., GaAs and CdS, led us 
to the conclusion that  the field-effect technique was 
not applicable to the detailed study of surface charac- 
teristics of such semiconductors and that no experi-  
mental  method was available for the purpose. The ex- 
perimenbal approach in  this instance, as is often the 
case, became an end itself ra ther  than a means to an 
end. 

3acek Lagowski joined the .group in  the early seven- 
ties as Chester Balestra was invest igat ing the elec- 
tronic characteristics of CdS surfaces by a photovol- 
tage approach employing a method he developed for 
l inear  off-null measurements  of the contact potential  
difference (cpd). In  exploring the effects of i l lu-  
minat ion on the height of the surface barrier,  they ob- 
served that discreet electron transi t ions from the sur-  
face states to the conduction band (surface-state de- 
population) and frown the valence band  to the surface 
states (surface-state populat ion)  could be identified 
when i l luminat ion energies less than those correspond- 
ing to the energy gap were employed (Fig. 13). From 
the values of the surface photovoltage (changes in 
the surface barr ier)  as a function of the energy of the 
monochromatic sub-bandgap i l luminat ion,  spectra were 
obtained from which the energy levels of the surface 
states could be directly determined. Surface photo- 
voltage spectroscopy was born. The t ransients  of the 
surface photovoltage provided the means for deter-  
min ing  the dynamic parameters  of the surface states 
such as occupancy, capture cross section and others. 
A detailed characterization of the electric configura- 
tion of CdS and GaAs surfaces was achieved. A sur-  
face photovoltage spectrum of the prismatic surfaces 
of CdS is shown in Fig. 14, and the data obtained 
from this spectrum are summarized in  Fig. 15. 

Jacek Lagowski became interested in reexamining  
the bonding model on thin (00.1) wafers of CdS. Like 
the thin wafers of other noncentrosymmetr ic  com- 
pounds the CdS wafers were also spontaneously bent. 

Fig. 13. Schematic represen- 
tation of the origin of surface 
photovoltage (change in surface 
barrier Vs) in an n-type semi- 
conductor. (A) Surface-state de- 
population, (B) surface-state 
population. 
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Fig. 14. Surface photovoltage spectrum and photoconductivity of 
the prismatic surfaces of CdS. The insert shows the derivative of 
surface photovoltage (cpd) with respect to the photon energy at 
two typical step-like increases in the photovoltage; each peak 
gives the energy position of a surface state. 
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Fig. 15. Energy positions of the surface states in the prismatic 
surfaces of CdS and the associated electron transitions. 

In  s tudying these  wafers  he observed tha t  i l lumina t ion  
wi th  whi te  l ight  led to far  g rea te r  bending  than  that  
caused by  s tored elastic energy.  This behavior  r e p r e -  
sented a new effect associated wi th  l igh t - induced  
changes in  the  e lect r ic  field at  the  surface (i.e., 
changes in the  surface ba r r i e r )  and  thus, wi th  l igh t -  
induced surface strains,  s ince CdS is a piezoelectr ic  
mater ia l .  The electr ic  field (and thus  the  s t ra in  com- 
ponents)  in  the basal  surfaces is in opposi te  direct ions 
because a deple t ion  l aye r  is present  at  both  para l l e l  
surfaces. Consequently,  upon i l luminat ion,  one surface 
is under  compression and the other  under  tension, 
and the wafe r  undergoes  bending.  We cal led this  
phenomenon the photopiezoelectr ic  effect. The wafers,  
anchored at  one end, were  exci ted  to thei r  funda -  
men ta l - f r equency  v ibra t ion  when the electr ic  field 
was modula ted  at  tha t  character is t ic  f requency  by  
chopped l ight  (Fig. 16). 

I t  was subsequent ly  found that,  under  sub -bandgap  
i l luminat ion ,  the  ampl i tude  of the pho to - induced  v i -  
b ra t ion  unde rwen t  changes at  i l lumina t ion  energies  
cor responding  to e lec t ron t rans i t ions  f rom or  to the  
surface states. In  fact, the  spec t ra  of the  ampl i tude  of 
the  v ib ra t ion  as a funct ion of the  wave length  of the 
i l lumina t ion  were  v i r tua l ly  ident ica l  to the surface  
photovol tage  spect ra  (Fig. 17). The ampl i tude  of the  
vi~bration was found to be ve ry  sensi t ive to the  in -  

" ~  ~ /  ~ ~/ '~CREEN 

MONOCHROMATIC . \ ~. .  / /  \ \ ,  \ 

SAMPLE 

Fig. 16. Experimental arrangement employed in observing and 
studying light-induced mechanical vibration. 

tens i ty  of i l luminat ion;  l ight  intensi t ies  of the  o rder  
of I0 II photons/cm2/sec  could read i ly  be detected.  F u r -  
thermore,  the ampl i tude  of the v ibra t ions  was found to 
be sensi t ive to ve ry  small  amounts  of ambien t  gases 
causing changes in the surface state configuration. 
Thus, the photopiezoelectr ic  effect consti tutes a ve ry  
sensi t ive means for photodetec t ion  and for  the de tec-  
t ion of t race amounts  of ambien t  gases. 

The normal  mode of v ib ra t ion  of (111) GaAs wafers  
wi th  a thickness  be low 15 ~m was found to depend  
on the surface p repara t ion  and the ambient  a tmo-  
sphere. This dependence was a t t r ibu ted  to effects di -  
rec t ly  re la ted  to surface stress;  accordingly,  a new 
method was developed for de te rmin ing  the surface 
stress in solids f rom the na tu ra l  f requency vibrat ion.  

The photopiezoelectr ic  effect should have its r e -  
verse  counterpar t ,  and  it does. Mechanical  bend ing  of 
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th in  (00.1) wafers of CdS and other crystal lograph- 
ically polar semiconductors was found to cause pro-  
nounced changes on the surface barrier.  This new ef- 
fect we called the surface piezoelectric effect: strain 
due to bending  leads to changes of the electric field in  
the space charge region. Accordingly, the surface 
piezoelectric effect provides the means for changing 
the electric field at the surface; it permits  field-effect 
experiments,  without  an external  electrode, and the 
determinat ion of the surface potential  employing a 
cpd probe for moni tor ing changes in  the height of the 
surfaCe barrier.  Thus, this effect is a powerful  comple- 
ment  to surface photovoltage spectroscopy for the elec- 
tronic characterization of surfaces. 

Since in thin wafers of semiconductor c:ompounds 
the surface barr ier  is a sensit ive funct ion of the r a d i u s  
of bending (or stresses in  general)  the surface piezo- 
electric effect is a powerful  tool for determining the 
curvature  or changes in curvature  of solids or for 
determining very small stresses. 

Surface photovoltage spectroscopy as out l ined above 
or with some modifications is now widely used for the 
study of surfaces and interfaces in semiconductors or 
semiconductor device structures. 

With the new surge of interest  in chemisorption a n d  
catalysis, the importance of the surface bar r ie r  a n d  
surface states of semiconductor catalysts in these proc- 
esses (recognized about twenty-f ive years ago) have 
been brought  into sharp focus. At the present, surface 
photovoltage spectroscopy in conjunct ion with the 
surface piezoelectric effect, represent  the only direct 
exper imental  approach to this problem. The interac-  
t ion of gaseous species with semiconductor surfaces 
via surface states and the study of the associated 
charge transfer  can be directly studied with surface 
photovoltage spectroscopy. The surface piezoelectric 
effect is uniquely  suited for varying at will  the height 
of the surface barr ier  on a given sample without  al ter-  
ing the surface-state configuration. Our pre l iminary  
results on the interact ion of oxygen and carbon mon-  
oxide with ZnO are extremely promising. They could 
represent  the first step towards advancing our under -  
s tanding of catalytic processes involving semiconductor 
catalysts. 

Relating chemical bonding to chemical, mechanical, 
structural,  and electronic properties of compound semi- 
conductors has led us, for about twenty  years, to 
many  directions for frui tful  research and applications. 
Still our original bonding model has not outlived its 
usefulness. 

Crystal Growth and Dopant Segregation 
From the very start of solid-state electronics, it was 

found that the dopant elements were not homogene- 
ously distr ibuted in the single crystals. About  twenty-  
five years later  we are still confronted with the same 
problem. This problem is as acute today as it was then, 
not because progress has not been made in crystal 
growth and dopant segregation, but  rather  because 
much greater  progress has been made in decreasing the 
size and extending the functions and complexity of 
semiconductor devices 

Like many  solid-state groups around the world our 
group at the Lincoln Laboratory became involved in  
invest igat ing the origin of dopant inhomogeneities. 
Periodic inhomogeneities always present  in Czochral- 
ski-pul led crystals had been found to be associated 
with the seed rotation, and in fact their period had 
been shown to be the same as the period of rotation. In 
the late fifties, with my colleagues at the Lincoln Lab-  
ratory, we performed a simple experiment;  we pulled 
a segment of an InSb crystal without  rotat ing the 
seed. The normal  rotat ional  inhom, ogeneities were 
not present  in this segment but  inhomogeneities were 
there (Fig. 18). Their presence indicated temperature  
fluctuations at the growth interface, but  the origin of 
such fluctuations was quite puzzling. 

While a number  of groups were theoretically and 

Fig. 18. longitudinal etched section of a $e-doped InSb c~stal. 
Dopant striations are present in both the rotated and unrotated 
segments of the crystal 5X. 

exper imental ly  demonstra t ing t e m p e r ~ u r e  fluctuations 
in m e l t s  under  thermal  gradients, we set out in  our  
new electronic materials  group at M.I.T. (1962) to 
study the na ture  and origin of dopant inhomogeneit ies 
in semiconductor single crystals. We began with InSb 
pr imar i ly  because its low melt ing point minimized 
exper imental  complexities. Professor Witt  joined the 
group three years later, was fascinated by the prob-  
lem, and became a par tner  in the work and a pr ime 
mover. 

The main  tools for s tudying dopant inhomogeneities 
were then, and still are, chemical etching and optical 
microscopy. Professor Witt  began to sharpen these 
tools and has sharpened them to their  limit. With 
every increase in the resolution of etching and optical 
microscopy new types of dopant inhomogeneit ies were 
being revealed (Fig. 19). 

Kenj i  Morizane devoted his post-graduate  years to 
the study of dopant inhomogeneities in InSb. He de- 
veloped the first quant i ta t ive model showing that, in 
Czochralski-pulled crystals, grown under  seed rotation, 
the microscopic rate of growth cannot be the same as 
the pul l ing rate. It must  vary  sinusoidally when the 
thermal  axis of the isotherm at the growth interface 
does not coincide with the axis of rotation, i.e., due to 
thermal  asymmetry  in  the melt, the microscopic 
growth rate must  gradual ly  increase from a min i -  
m u m  to a max imum and then decrease again to a 
m i n i mum within  each rotat ional  cycle. Thus, the por-  
t ion of the crystal grown under  increased rate is larger 
than the corresponding port ion grown under  de- 
creased rate wi thin  a given cycle. Consequently, a 
greater dopant concentrat ion (for a dis t r ibut ion coef- 
ficient smaller than one) is expected in the port ion 
grown at an increased rate than  in  the port ion grown 
at a decreased rate. Thus, a crystal grown under  rota-  
tion should exhibit  impur i ty  inhomogeneities consisting 
of a l ternat ing broad and narrow bands. The nar row 
bands whose width becomes very small, depending on 



Vol. 122, No. 9 S O L I D  S T A T E  SCIENCE A N D  T E C H N O L O G Y  A W A R D  295C 

Fig. 19. Etched (211) section of a Te-doped InSb crystal showing 
the presence of rotational and other types of dopant inhomo- 
geneities. 190X. 

the extent  of the rmal  asymmetry ,  const i tute  the ro-  
ta t ional  s t r ia t ions (Fig. 20). The model  fu r the r  p r e -  
dicted tha t  under  pronounced  the rmal  a s y m m e t r y  the  
microscGpic g rowth  ra te  should assume negat ive  values,  
i.e., backmel t ing  should t ake  place wi th in  each ro ta -  
t ional  cycle. Indeed,  ro ta t ional  backmel t  s t r ia t ions  were  
identif ied in InSb  crysta ls  (Fig. 21). 

The Morizane model  b rought  us to an impasse. To 
pursue  the  s tudy  of dopant  inhomogenei t ies  in semi-  
conductor  crystals ,  i t  was now essential  to de te rmine  
the microscopic g rowth  ra te  since the  pul l ing  ra te  was 
shown to be of l i t t le  re levance;  i t  was also essential  
to know the dopant  concentra t ion on a microscale.  A t  
tha t  t ime there  was no method avai lable  for de t e rmin -  
ing  microscopic g rowth  rates;  dopant  microprofi l ing 
could only  be achieved by  r ad io - t r ace r  or o ther  equa l ly  
complex  techniques.  

Unexpectedly ,  we o~bserved in an  InSb crys ta l  a 
t ype  of pronounced dopant  s t r ia t ions  which had not  
been observed  previously .  They were  super imposed  on 
the  n o r m a l l y  observed striations,  pers is ted  th rough-  
out the  crys ta l  and were  ra the r  evenly  spaced. We sus-  
pected that  a mechanical  v ib ra t ion  of constant  f r e -  
quency was presen t  dur ing  the growth  of the crystal ;  
its or igin was unknown.  F rom the pul l ing  ra te  a n d  
the average  spacing of these s t r ia t ions we de te rmined  
the f requency  of the  undes i rab le  v ib ra t ion  and t raced  
its or ig in  to a poor ly  mounted  mechanica l  vacuum 
pump.  This incident  tu rned  into an impor t an t  d is-  
covery:  We in t roduced a mechanical  v ib ra t ion  of 
known  f requency into the me l t  (by  coupling a v i -  

Fig. 20. Rotational striations (narrow lines) in a Te-doped crystal 
of InSb. Although the pulling rate and the rotation rate were 
maintained constant during growth, the distance between rotational 
striations is not constant, indicating that the actual growth rate is 
not the same as the pulling rate. 150X. 

Fig. 21. Rotational backmelt striations (one is indicated by 
arrow) in a Te-doped InSb crystal. The abrupt termination of non- 
rotational striations at the rotational striations is caused by the 
backmelting associated with the formation of the rotational stria- 
tions. 600X. 

bra to r  to the crucible)  and found that  each ind iv idua l  
v ib ra t ion  could be identif ied into the grown crys ta l  a s  

a dopant  s t r ia t ion;  the normal  g rowth  process was not  
affected. An  exper imenta l  method for de te rmin ing  
microscopic growth  ra tes  was now at hand. F rom the 
known f requency  of the v ib ra t ion  and the separa t ion  
of the resul t ing  s tr ia t ions in the crys ta l  we could de-  
t e rmine  the microscopic g rowth  ra te  th roughout  the  
crys ta l  g rowth  process. We called these in ten t iona l ly  
in t roduced s t r ia t ions "rate  s tr iat ions."  

We demons t ra ted  that  the microscopic g rowth  ra te  
is not the same as the pul l ing  ra te  and that  in fact  i t  
varies  significantly depending on the the rmal  condi-  
t ions p reva i l ing  during growth  (Fig. 22, 23). The model  
of Kenj i  Morizane was proven  to be correct.  Soon af ter  
Ranj i t  Singh discovered that  ra te  s t r ia t ions could be 
in t roduced into the  growing crystals ,  far  more  advan-  
tageously,  by  t r ansmi t t ing  cur ren t  pulses of known  
f requency  across the  growth  interface.  Each cur ren t  
pulse ,  depending on its polar i ty ,  causes Pe l t i e r  cooling 
or  hea t ing  at  the g rowth  interface.  The g rowth  ra te  
is thus suddenly  increased or decreased for the  d u r a -  
t ion of the pulse  (of the  order  of 30 msec) ,  and a s t r i a -  
t ion is formed in the crystal .  Ranj i t  Singh went  on to 
accomplish expe r imen ta l l y  the quant i t a t ive  s tudy  of 
osci l la tory  interface ins tabi l i ty  associated wi th  const i -  
tu t ional  supercool ing (in ge rmanium crysta ls  g rown 
from heav i ly  doped mel ts ) .  He de te rmined  for the  
first t ime the wave leng th  and phase veloci ty  - of this 
ins tabi l i ty  and provided  a test ing ground for  theore t i -  
cal t rea tments .  

Manfred  Lichtens te iger  refined the technique  and 
showed that  the  character is t ics  of the pulse (rise time, 
durat ion,  and shape)  are  prec ise ly  reflected in the in-  
duced s t r ia t ions (Fig. 24). The del ineat ion  of the  
growth  interface into the crys ta l  by current  pulses 
provided  a new basis for pursuing  c rys ta l  g rowth  and 
segregation.  We cal led this technique interface  d e m a r -  



296C J. Electrochem. Soc.: REVIEWS AND NEWS September 1975 

Fig. 23. Cross-section of a Te-doped InSb crystal grown under 
pronounced thermal asymmetry. The upper part of the crystal 
segment shown was grown with seed rotation; rotational backmelt 
striations are visible. The lower part of the segment was grown 
without rotation; the constant spacing of the rate striations in this 
part show that thermal asymmetry does not affect the microscopic 
growth rate in the absence of rotation. 750X. The microscopic 
growth rates (determined from the rate striations) are shown in 
the lower part of the figure. 

Fig. 22. Cross-section of a Te-doped InSb crystal grown with 
seed rotation. Rate striations were introduced by a vibration of 
constant frequency. The variations in the spacing of the rate stria- 
tions reflect fluctuations in the microscopic growth rate. Rotational 
fluctuations appear as areas of decreased growth rate (close spac- 
ing of rate striations). 550X. The microscopic growth rates of this 
section are shown in the lower part of the figure. 

cation. Without in terfer ing with the over-al l  growth 
process, the cur rent - induced striations permit  not only 
the determinat ion of the microscopic growth rates, but  
also they delineate into the crystal the exact morphol-  
ogy of the growth interface at precisely known in-  
stances in time. They serve, thus, as time markers  for 
establishing directly cause and effect relationships, in 
absolute time, between the prevai l ing growth condi-  
tions and the characteristics of the resul t ing crystal. 

Kyongmin  Kim established such cause and effect 
relationships in his InSb growth experiments  under  
destabilizing thermal  gradients. He introduced ther-  
mocouples into various parts of the melt  and recorded 
cont inuously the thermal  characteristics of the melt  
dur ing  growth. Current  pulses, t ransmit ted  at known 
time intervals,  delineated the interface into the grow- 
ing crystal; s imultaneously,  through electrical induc-  
tion, the pulses were sensed by the thermoeouples and 
registered on the temperature  recording. Thus, after 
the experiment,  the characteristics of any microscopic 
segment of the crystal could be related to the thermo-  
hydrodynamic characteristics of the melt  in absolute 
time. With cont inuing growth the melt  exhibited suc- 
cessively tu rbu len t  convection, oscillatory thermal  in -  
stability, and finally, thermal  stability. During tu rbu-  
lent  convection the crystal underwent  pronounced 
t ransient  backmelt ing and the average microscopic 

growth rate was independent  of and up to twenty  
times greater  ~han the average macroscopic growth 
rate. In the region of oscillatory instabi l i ty  in the melt  
the crystal exhibited fluctuations in dopant concen- 
t rat ion with a periodicity identical to that of the ther-  
mal oscillations in the melt  (Fig. 25). Under  stabiliz- 
ing thermal  gradients (no temperature  fluctuations in  
the melt) ,  the microscopic and macroscopic growth 
rates were identical and fluctuations in dopant  con- 
centrat ion could not be detected (Fig. 26). A cause 
and effect relationship between the thermohydrody-  
namics of the melt  and crystal growth was estab- 
lished. 

As high resolution etching, interference contrast 
microscopy and interface demarcation brought  us to 
a new plateau for invest igat ing growth and segrega- 
t ion phenomena,  the quant i ta t ive determinat ion of 
compositional variat ions in the crystals on a micro- 
scale became a necessity for fur ther  studies. In  assess- 
ing possible approaches to the problem Ashok Murgai 
concluded that suitable compositional micropro.filing in  
semiconductors could be achieved by spreading re-  
sistance measurements.  It had been demonstrated by a 
number  of investigators that  the measured resistance 
by pressing a fine metal  probe against a semiconductor 
could be reduced to the dopant (carrier) concentra-  
t ion of a small  volume element  in  the semiconductor. 
By traversing the probe (or the semiconductor sam- 
ple) composition microprofiles, with a resolution of the 
order of 20 #m, had been obtained. 

Manfred Lichtensteiger modified a commercial  
spreading resistance probe and developed surface prep-  
arat ion techniques so that microprofiling, with a reso- 
lut ion of less than 5 ~m, could be obtained on the 
identical surface on which rate striations were re-  
vealed for the s imultaneous determinat ion of the 
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Fig. 24. Cross-section of a Te-doped InSb crystal grown without 
rotation. As seen from the insert, for ~1 sec the crystal was grown 
with current passing through ~*he interface and for 3 sec without 
current. Current pulses were of 15 msec duration and a frequency of 
6/sec. Each current pulse introduces a well-defined rate striation. 
It is seen that the separation of the rate striations is much greater 
in the regions grown with current (they contain six rate striations) 
showing that the current accelerates crystal growth significantly. 
The regions grown without current contain eighteen rate striations 
(the 15 msec current pulses do not perturb the over-all crystal 
growth process). 800)(. 

Fig. 26. InSb crystal section grown under thermal stability. No 
dopant inhomogeneities can be seen. The time markers (indicated 
by numbers) were introduced by current pulses applied at 21 sec 
intervals. No temperature fluctuations are indicated in the corre- 
sponding temperature recording. 

Fig. 25. InSb crystal segment grown in the presence of thermal 
oscillations in the melt. The time markers introduced by current 
pulses (at 21 sec intervals) are numbered on the photomicrograph 
and also on the temperature recording. It is seen that each tem- 
perature oscillation in the melt (see temperature recording) causes 
a dopant striation in the melt; the number of temperature os- 
cillations between two time markers on the temperature recording 
is identical to the number of dopant striations between the same 
two markers in the crystal. 

microscopic growth  rates. Thus, the  first quant i ta t ive  
microsegregat ion  analysis,  re la t ing  the dopant  con- 
cen t ra t ion  to the microscopic growth  rates  was car r ied  
out on ge rman ium crysta ls  (Fig. 27). Theore t ica l  mod-  
els on microsegregat ion,  ava i lab le  for more than  twen ty  
years,  could now be tested against  expe r imen ta l  r e -  
sults, and converse ly  crys ta l  g rowth  and segrega-  
t ion could be examined  wi th  some confidence in the  
l ight  of scientific principles .  A s ta r t  was made  in  
b r idg ing  the gap be tween  theory  and exper iment .  

Up to that  t ime (about  th ree  years  ago) we had 
worked  wi th  semiconductors  having re l a t ive ly  low 
mel t ing  points  (i.e., first wi th  InSb, mp 525~ and then 
wi th  germanium,  mp 938~ since the  exper imen ta l  

Fig. 27. Segment of a Ga-doped Ge crystal pulled with seed 
rotation. The microscopic growth rate as determined by the current- 
induced rate striations are shown in curve (a); the dopant distribu- 
tion as obtained by spreading resistance measurements at spacings 
of 10 ~m is shown in curve (b); the impact tracing of the spread- 
ing resistance probe is visible at the lower part of the photo- 
micrograph. 

complexi t ies  increase exponen t ia l ly  with increas ing 
mel t ing  point. The s tudy  of silicon, the  key  semicon-  
ductor  ma te r i a l  in so l id-s ta te  electronics,  was the nex t  
step. Turbu len t  convection inva r i ab ly  present  in the 
silicon melt,  leading to uncontrol led  random dopant  
fluctuations, was found to in te r fe re  wi th  the in terface  
demarca t ion  and, thus, the  quant i ta t ive  s tudy of segre-  
gat ion phenomena  in silicon. Very  recent ly ,  however ,  
Ashok  lYlurgai, by  in t roducing severe  the rmal  a s y m -  
m e t r y  in the melt,  obta ined the rmal  condit ions under  
which  forced l aminar  convect ion ra the r  than  tu rbu len t  
convection, p reva i l ed  at the growth  interface  (Fig. 28). 
A quant i ta t ive  segregat ion analysis  in silicon was com- 
p le ted  a few weeks  ago (Fig. 29); the resul ts  a re  in 
good agreement  wi th  ~existing theories and provide  a 
new basis for fu r the r  theoret ica l  developments .  In  
addit ion,  they  e lucidate  cer ta in  aspects of segregat ion  
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Fig. 29. Microsegregation analysis of an Sb-doped silicon seg- 
ment pulled with a seed rotation of 5 rpm; rate striations and the 
impact of the spreading resistance measurements are visible; the 
uppermost curve (black dots) is the microscopic growth rate plot 
as a function of distance grown; the second curve from the top 
is the corresponding dopant concentration. The theoretical dopant 
concentration computed on the basis of the Burton, Prim, and 
Slichter model (black dots) and the deviation between the experi- 
mental and t'he theoretical concentration are shown in the lower 
part of the figure. 

Fig. 28. Microsegregafion in Sb-doped silicon grown with 5 rpm 
seed rotation. Upper photomicrograph shows the normal segrega- 
tion behavior characterized by random nonrotational striations 
caused by convection. Lower photomicrograph shows the segrega- 
tion behavior in silicon grown under laminar flow conditions at the 
growth interface; periodic rotational striations now become well 
defined and random striations are eliminated. The rate striations 
introduced at 1 sec intervals are clearly visible. IOOX. 

under  tu rbu len t  convection invar iab ly  present  in  in -  
dustr ial  silicon growth processes. 

At this point I would like to outl ine an appli-  
cation to which interface demarcat ion has led. Man- 
fred Lichtensteiger 's  finding, that  crystal growth and 
segregation could be precisely modulated by electric 
current,  indicated that  controlled crystal growth could 
be achieved by  passing electric current  through the 
growth interface (Peltier cooling) while the over-al l  
tempera ture  in  the growth system (except at the 
growth interface) was retained constant. This approach 
appeared par t icular ly  attractive for l iquid phase epi- 
taxy where the objective is the prepara t ion  of thin 
semiconductor layers with controlled compositional 
characteristics. It  was successfully applied to the 
growth of I I I -V compound epitaxial  layers. Since 
the microscopic growth rate responds ins tantaneously  
to current  density, changes and is funct ional ly  depen-  
dent on the current  density, desired compositional 
profiles can be convenient ly  achieved. 

Outer Space a Unique Dimension in Materials Processing 
As I review our work, I see no end to the challenging 

problems in segregation and crystal growth. We have 
reduced the reference scale from macro to micro, but  
we are still in  the "macro" end of the microscale. 

We and others will be working, on earth, refining 
our unders tanding  of segregation and growth for many  
years to come. However, gravi ty- induced convection 
will  never  permi t  us to investigate growth and segre- 
gation under  ideal, strictly diffusion-controlled steady- 
state conditions. Thus, theoretical predictions on the 
properties of homogeneous materials on an atomic 
scale, will  essentially remain  predictions. 

It is incomprehensible  to me that  exper imentat ion 
in space has captivated workers in astronomy, spec- 
troscopy, communications,  meteorology, and other 
fields, but  has hardly  penetrated the skepticism or 
excited the imaginat ion of the materials community.  
Exper iments  in the Skylab mission have provided 
astronomers, earth scientists, and others with a p le th-  
ora of original informat ion to keep them challenged 
for many  years. The materials experiments  in that  
mission were almost an afterthought, l imited in  n u m -  
ber and scope of ins t rumentat ion.  We were for tunate  
to participate and the results of our simple solidifi- 
cation exper iment  were beyond our expectations. 

We used single crystals of InSb (about 1 cm in diam- 
eter and 11 cm long).  In  space, one-half  of each 
crystal was backmelted and regrown, with the unme l t -  
ed par t  of the crystal serving as seed. In  this way, the 
ear th-grown seed and the space-grown crystal could be 
directly compared. As seen in  Fig. 30, the composi- 
t ional inhomogeneit ies present  in the ear th-grown seed 
are el iminated in the crystal segment grown in t h e  
absence of gravity;  thermal  convection was not present  
in  the melt. Growth took place under  ideal diffusion- 
controlled, s teady-state  conditions, resul t ing in  homo- 
geneous dopant dis t r ibut ion on a macro- and micro- 
scale, following a dopant concentrat ion t rans ient  a s  
predicted from theory (Fig. 31 and 32). No such homo- 
geneity has ever been achieved on earth, ei ther by 
na ture  or by man. In  addition, we observed some 
unexpected new effects associated with solidification 
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Fig. 30. Etched cross-sectlon of crystal grown in Skylab; space- 
grown region (bottom) in contrast to earth-grown region (top) 
exhibits no compositional inhomogeneities. 13X. 

j O  19 

c~ 
~E 

8 
10 ~e 

o 
c l  

I I I I t 

S E E D  

o ~  
e a r t h  

G R O W T H  IN S P A C E  

i017 I ~ I I I f I I I r i 
0 I 2 5 4 5 

D i s t a n c e ,  c m  

Fig. 31. Dopant concentration profile obtained from Hall-effect 
measurements for o Te-doped InSb crystal grown in Skylab (the 
shaded area represents the dopant concentration results obtained 
with an ion microprobe); the dopant distribution in an InSb crystal 
grown during ground-based testing is also shown (due to the 
presence of twin and grain boundaries in this crystal no meaning- 
ful Hall-effect measurements could be carried out in the vicinity 
of the regrowth interface). Note that ideal steady-state, diffusion- 
controlled, segregation takes place in space. 

and segregation which we have discussed in  a recent 
publ icat ion in The Journal of the Electrochemical 
Society. 

On the basis of the first results we have designed a 
more refined growth experiment,  using germanium, 
for the space mission in Ju ly  of 1975, which will be 
carried out jo int ly  by the U.S. and the Soviet Union. 
Unfortunately,  there are no other space missions p lan-  
ned for materials processing unt i l  the Shuttle missions, 
five to six years from now. With intensive part icipat ion 
of the materials  community,  exper iments  can perhaps  
be designed for the Shuttle missions which could rep-  
resent a tu rn ing  point  in advancing materials  and 
materials  processing into new levels of unders tanding  
and raise s t ruc ture-proper ty  relationships to a refined, 
quant i ta t ive  framework.  

Looking into the Future 
Solid-state electronics has had a br i l l iant  recent past. 

I t  has revolutionized our technology within two dec- 
ades. It has brought  to focus semiconductors, model 
materials for testing s t ruc ture-proper ty  relationships, 
for discovering new effects, for breeding theoretical 
concepts, for discovering new materials  and for show- 
ing the way to progress in  all other classes of ma-  
terials. It  broke the bar r ie r  among classical science and 
engineering disciplines and demonstrated the str iking 
resonance energy of mul t idiscipl inary interactions. It 

Fig. 32. Double beam interferogram of an lnSb crystal grown in 
Skylab. The interference fringes are straight lines and parallel to 
each other indicating uniform dopant distribution on a microseale. 
The segregation discontinuity on the upper interferogram was 
caused by an intentional mechanical shock during growth; the dis- 
continuity on the lower [nterferogram was caused by regrowth 
after an intentional cooling arrest during the growth experiment. 

gave bir th  to materials science, an ideal in te rmediary  
for mult idiscipl inary interactions. 

With such a br i l l iant  past, in principle, we cannot  
expect any less br i l l iant  future  for solid-state elec- 
tronics and for solid-state science. I certainly cannot  
be specific about the future, but  I would like to share 
with you my views. 

Three questions come to mind.  (i) Will  soIid-state 
science and technology prcgress through improvements  
and refinements o f .known materials  and through ad- 
vances in materials processing? (it) Will progress be 
based on the discovery of new materials  and new phe-  
nomena? (iii) How can the promise of solid-state 
science and technology be fostered? 

At present the l imit ing step to progress in solid-state 
science and technology is materials preparation,  ma-  
terials characterization, and materials  processing. Fu-  
ture  progress then hinges on improvements  of known  
materials and processes. Even in the case of silicon, on 
which more than 90% of the electronics indus t ry  is 
based, fundamenta l  materials problems still confront 
us. Compositional homogeneity on a microscale, lattice 
defects (par t icular ly  point  defects) and their role in 
device processing and performance, control and under -  
s tanding of the electronic properties of surfaces and 
interfaces in device structures; there are others. Im-  
proved capacity, speed, reliability, and cost reduct ion 
of integrated and hybr id  circuits in the future  is 
in t imately  related to advances in materials processing. 

Light emit t ing diodes have in the last two to three 
years made a grand ent ry  into solid-state electronics, 
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as sophisticated materials technology developed for 
silicon (for example, crystal growth and p -n  junct ion 
formation by planar  diffusion) was expanded to I I I -V 
compounds. Progress in light emit t ing efficiency 
throughout  the visible spectrum and improvements  in 
cost will broaden immensely  the applications of LED's 
as light sources. But, processing of high energy gap 
semiconductors and controlled p - n  junct ions will  be 
the critical steps. 

Optical communicat ion of information,  voice and 
pictures, now feasible on a laboratory scale, represent  
a major  quan tum jump over present  technology in  
terms of capacity and cost. Here again the existing 
needs: efficient lasers, modulators, detectors, and low 
loss glass fibers, are all materials related. 

New means for energy generation, an issue of major  
concern, have been in principle demonstrated:  solar 
energy conversion, new batteries, fuel cells, magneto-  
hydrodynamics,  nuclear  fusion; their large-scale im-  
plementat ion will  certainly be based on improvements  
in processing electronic and other types of materials.  

These are just  a few typical instances where future 
progress is l inked to improvements  of known  mate-  
rials and processes. 

Assessing progress through new phenomena, new 
materials, and new technologies is not a l inear  extrap-  
olation process; fundamenta l  or empirical knowledge 
can be of l i t t le help in p lanning  "breakthroughs." On 
the other hand, it will  be naive, at best, to rely for our 
future  on serendipity. New discoveries that have 
changed the course of civilizations, emerged invar iably  
al though unpredic tably  in well planned, intel lectual ly 
ripe and s t imulat ing environments .  In  a recent article a 
it was stated that, "The significance of the wart ime 
semiconductor developments in setting the stage for 
the invent ion of the transistor  cannot be overempha-  
sized." Another  recent article 4 points out that, "It 
would be well to bear in mind when we begin our 
attempts to divine the future that the invent ion of 
the transistor was not a random event." 

In  this context I would like to quote from an in terna l  
Bell Laboratories document wri t ten  in the summer  
of 1945: "Authorization for work. Subject: Solid State 
Physics-- the  fundamenta l  investigation of conductors, 
semiconductors, detectors, insulators, piezoelectrics and 
magnetic materials. Statement:  Communicat ion ap- 
paratus is dependent  upon these materials for most of 
its functional  properties. The research carried out 
under  this case has as its purpose the obtaining of new 
knowledge that can be used in the development of 
completely new and improved components and ap- 
paratus elements of communicat ion systems . . . .  The 
modern conception of the consti tution of solids that 
has resulted indicates that there are great possibilities 
of producing new and useful properties by finding 

3 C. Wether,  " H o w  the Transis tor  Emerged , "  LE.E.E. Spectrum, 
p. 24, J a n u a r y  1973. 

R. A. Laudise  and K. Nassau,  "Electronic  Mater ia ls  of the  Fu-  
tu re :  P red ic t ing  the Unpredic table ,"  M.LT. Technotogy Rev iew,  p. 
61, O c t o b e r / N o v e m b e r  1974. 

physical and chemical methods of controll ing the ar-  
rangement  and behavior of the atoms and electrons 
which compose solids." An area of research with great 
potential  on promising materials was selected. A com- 
petent  group represent ing the appropriate disciplines 
was established. Two and one-half  years later  the t r an-  
sistor was invented.  This is a model approach to the 
discovery of new phenomena,  materials  and devices. I 
do not even remotely in tend to underp lay  a major  
ingredient  in this as in  other discoveries: the flash of 
genius. But a flash of genius can only be triggered in  
the right environment .  

The development  of solid-state science and technol-  
ogy is l inked with s t ructure-proper ty  relationships, 
with the drawing of general  principles from specific 
facts. But the facts have not been and will not be 
better  than the materials;  the generalizations, whether  
they represent predictions, relationships, or theories 
will always be as good as the facts. 

I would like to conclude with a quotation from 
Thomas Edison, which could be entitled: setting the 
stage for progress. "My own ambit ion is to be able to 
work without regard to the expense. What I mean is 
that if I want  to give up a whole month  of my life and 
that of my establishment to finding out why one form 
of carbon filament is slightly bet ter  than  another, I 
want  to do it without  th inking  of the cost. That  galls 
me. I want  none of the rich man's  usual toys. I want  no 
horses or yachts - - I  have no time for them. What  1 want  
is a perfect workshop." 
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Chlorine--Caustic Soda 
I. Product ion. - -Chlor ine  production in the U.S. 

reached a new record level in 1974 (1, 2). The U.S. 
1974 output was 10,872,000 short tons of chlorine and 
increased 4.3% from 10.42 mil l ion tons in 1973. This 
represents a 10.5% increase over the 1972 production 
level. Canadian product ion was 1.07 mil l ion tons in 
1974 compared with that in  1973 of 1.01 mil l ion tons, 
which is an increase of 6.3% (1, 2). 

U.S. chlorine production capacity rose 11.1% in 1974 
to 33,300 tons /day  on December 1, 1974, compared with 
29,982 tons /day  a year earlier (2). Canadian capacity 
increased 6.7% during the year  to 3250 tons /day  com- 
pared with 3045 tons /day  in December 1973 (2). Dur-  
ing most of the year chlorine producers operated close 
to an average of 95% of the capacity (4). Three major  
new br ine electrolysis p lants  came on s t ream dur ing 
the year and a total of 13 locations underwent  modest 
expansions, modernizations or replacement  of facili- 
ties (1, 3) (see Table 1). A plant  based on nonelectro-  
lytic oxidation of HC1 also came on stream (3). The 
Chlorine Inst i tute  estimates that by January  1, 1976, 
new plant  constructions and expansions of operating 
facilities at nine locations will  boost U.S. chlorine ca- 
pacity from the 1974 level of 33,300 tons /day to about 
35,800 tons/day,  an increase of about 7.5% (1). Two 
projects should raise the present Canadian chlorine 
capacity of 3250 tons /day  by 13.2% dur ing  1975 (1). 

In  1974, 69.9% of U.S. chlorine production capacity 
was in diaphragm cells, 24.8% in the mercury  cells, and 
miscellaneous production from all other sources ac- 
counted for the remaining  5.3% (3). In Canada, 64.5% 
of chlorine production capacity in 1974 was in the dia- 
phragm cell route and the rest in mercury  cells (3). 

Demand for chlorine in the U.S. was somewhere be-  
tween 100 and 110% of abil i ty to produce with certain 
geographic and industr ia l  dislocations. The major  hur -  
dles were the avai labi l i ty of power and fuel (1). The 
nat ional  economic downtu rn  first affected chlorine pro-  
duction in December of this year (1). 

Due to severe shortages of chlorine and caustic soda 
and high energy costs, the price of each product in -  
creased to the $90/ton level by midyear  (5-8) and 
shortly thereafter  to the $100/ton level (9, 10). Toward 
the end of the year the prices for chlorine were at 
$12O-140/ton (11). Shortage of Chlorine appeared to be 
easing in December (11) ; however, demand for caustic 
soda has remained strong with prices in the range of 
$140-165/ton (4). 

The market  breakdown for chlorine is as follows 
(11): 

Vinyl chloride (VCM) 20% 
Other chlorinated organics 30% 
Inorganic chemicals 11% 
Pulp  and paper  15% 
Miscellaneous 17% 
Water  purification 7% 

1 T h i s  r e p o r t  is  s p o n s o r e d  b y  t h e  I n d u s t r i a l  E l e c t r o l y t i c  D i v i s i o n  of  
T h e  E l e c t r o c h e m i c a l  Soc ie ty .  W h i l e  i t  i s  p r i m a r i l y  a s u m m a r y  of  
p r o d u c t i o n  a n d  d e v e l o p m e n t s  in  t h e  e h t o r - a l k a l i  i n d u s t r y ,  r e p o r t s  o f  
o t h e r  e l e c t r o l y t i c  i n d u s t r i e s  a r e  i n c l u d e d .  

T h e  m a t e r i a l  p r e s e n t e d  h e r e i n  h a s  b e e n  g a t h e r e d  f r o m  m a n y  
s o u r c e s ,  a s  n o t e d  in  t h e  R e f e r e n c e s ,  a n d  d o e s  n o t  n e c e s s a r i l y  r e p r e -  
s e n t  t h e  o p i n i o n s  of t h e  a u t h o r s .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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Vinyl chloride is the largest single product that  uses 
chlorine and factors that  affect this indust ry  affect in 
tu rn  the chlorine industry.  Polyvinyl  chloride (PVC) 
output  and use stayed at the 400 M lb /mon th  level dur -  
ing the first ten months of 1974; however, in November 
the consumption slipped 10%, and 22% fur ther  in De- 
cember to 281 mill ion lb (4). This decline in  the PVC 
market  late last year was a delayed reaction to trouble 
in the auto and housing industr ies (4, 11). After  much 
controversy (14), O.S.H.A. has set strict s tandards on 
worker exposure to vinyl  chloride (12). The new stan-  
dard, covering vinyl  chloride, polyvinyl  chloride, and 
PVC fabricating facilities, will be implemented in 
steps (12). After January  1, 1975, vinyl  chloride in 
work-place air must  be reduced to 1 ppm averaged 
over an 8 hr period. Workers may not be exposed to 
more than 5 ppm averaged over any period for longer 
than 15 min (12). If these levels cannot be met, em- 
ployees must be provided respirators. The plastic in- 
dustry has challenged these standards in courts (12). 
The effect of these standards on the chlorine industry 
is unknown. A number of new vinyl chloride monitors 
have come on the market (13). 

The sharp downturn in automotive markets also af- 
fected the demand for chlorinated organic products 
used as degreasing solvents for metals in late 1974 (4). 
Other markets  for chlorine have been less weak than 
those for organics. 

The chlorine shortages in the summer  of 1974 for 
sewage and water  t rea tment  were worse than 1973; 
however, shortages were to ease in early 1975 when 
new capacity would be on s t ream (15). 

Product ion of caustic soda reached a record level of 
11,400,000 tons in 1974 (16). Demand for caustic soda 
remained strong throughout  the year and markets  for 
caustic soda such as soap and detergent continued to 
grow at 4-5% per year (4). Mining and metal lurgical  
markets held up well in almost all of 1974 (4). Caustic 
markets  were reacting more slowly and less violent ly  
to the economic slowdown in late 1974 compared to 
chlorine (4). The cutbacks in chlorine production, 
which are bound to occur, would aggravate the caustic 
shortage fur ther  (4). 

II. Developments . - -A.  Chlorine cells and compo- 
nents.---A number  of new cells are available on the 
market  for chlorine producers, many  of which were 
presented at the joint  Electrochemical Society and 
Chlorine Inst i tute  meeting held in San Francisco in 
May 1974, to commemorate the 200th anniversary  of 
the discovery of chlorine by  Scheele. Metal anode 
conversions of chlorine cells continue, as seen in  Ta-  
bles 1 and 2. 

Diamond Shamrock's plant  at Batt leground, Texas, 
uses cells that have a new expandable dimensional ly 
stable anode and a modified asbestos diaphragm. These 
cells operate at 40,000-80,000A and have a na r -  
rower brine gap between the electrodes which reduces 
electrical energy consumption to 2300-2500 k W - h r /  
short ton of chlorine (18). The expandable  metal  anode 
is made in a contracted configuration, then  expanded 
against the cathode with the modified diaphragm dur-  
ing assembly of the cell. The modified asbestos dia- 
phragm has given voltage savings of 150 mV and has 
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Table I. Current changes in chlorine operations (3) 

Capacity 
Company and location Type of cell tons /day  Completion date  

A. Production Started 
Diamond Shamrock  Corp. Diamond MDC29 (diaphragm) 1200 November  1874 
LaPorte,  Texas 
The Dow Chemical Co. b o w  (diaphragm) expansion 100O September  1974- 
Freeport ,  Texas March 1975 
E. I. du Pont  de Nemours  Kelchlor p rocess  800 June  1974 
Corpus Christi, Texas  
Hooker  Chemical and Plastics Corp. Hooker  H4 (diaphragm) 815 Sep tember  1974 
Taft, La. 
Allied Chemical Corp. Conversion to DSA and expansion - -  November  1974 
Moundsville, W. Va. 
A luminum Co. of Amer ica  Conversion to DSA completed - -  August  1974 
Point Comfort, Texas 
Dow Chemical of Canada, Ltd. 50% expansion completed - -  June  1974 
Fort  Saskatchewan,  Alber ta  
Hercules, Inc. Conversion and expansion completed - -  - -  
Hopewell ,  Va. 
Hooker  Chemical and Plastics Corp. Phase 1 Conversion to DSA completed - -  
Niagara Falls, N.Y. 
Hooker  Sobin Corp. Conversion to DSA completed - -  S e p t e m b e r  1974 
Niagara Falls, N.Y. 
Kaiser  A l u m i n u m  and Chemical Carp. Conversion and expansion 535 N o v e m b e r  1974 
Gramercy ,  La. 
Occidental Pe t ro leum Canada 10 § % expansion and conversion to DSA - -  December  1974 
Vancouver,  B.C 
Olin Corp.  Expansion completed - -  
McIntosh, Ala, 
Olin Corp. Conversion to Marstolin anodes and expansion - -  August  1974 
Charleston, Tenn.  
Pennwal t  Corp. Conversion to DSA completed - -  
Calvert  City, Ky.  
Shell Chemical Co. Conversion to DSA and 50% expansion completed ~ August  1974 
Deer Park,  Texas  
Sobin Chlor-Alkali  Expansion completed - -  December  1974 
Orrington,  Me. 

B. Plant Shutdowns Scheduled 
Dryden Chemical Ltd. Krebs  (mercury)  45 When n e w  facility 
Dryden,  Ontario will  be c o m p l e t e d  
Hooker  Chemical and Plastics Corp. Gibbs and Hooker S cells (diaphragm) - -  - -  
Niagara  Falls, N.Y. 
Pennwal t  Corp. Gibbs (diaphragm) - -  When n ew  facility 
Tacoma,  Wash completed 
Weyerhaeuser  Co. de Nora (mercury)  265 June  1975 
Longview,  Wash. 

Table 2. New or expanded plants planned or under construction (3) 

completion 
Company and location Type of cell and capaci ty  Status date  

Brunswick  Chemical Co. Conversion S4B to HC4B, modes t  expansion Engineer ing 1st Quar ter  1975 
Brunswick,  Ga. 
Vulcan Materials Co. 25% expansion Hooker  (diaphragm) Engineer ing  4th Quar ter  1976 
Wichita, Kan.  
BASF Wyandotte  Corp. Modest expansion (d iaphragm ceils) Engineer ing  2nd Quar te r  1976 
Geismar,  La. 
The b o w  Chemical Co. Expansion Planning 1976 
Plaquemine,  La. 
Georgia Pacific Corp. Hooker  H4 (diaphragm) 900 tons /day  Building 2nd Quar te r  1975 
Plaquemine,  La. 
PPG Industr ies  Inc. Glanor  1144 bipolar (diaphragm) 1500 tons /day  Engineer ing  1977 
Lake  Charles, La. 
Vulcan Materials Co, Diamond MDC55 (diaphragm) 600 t ons /day  Engineer ing 3rd Quarter  1977 
Geismar ,  La. 
BASF Wyandot te  Corp. Conversion to DSA modest  expansion Engineer ing 1st Quar te r  1975 
Wyandotte ,  Mich. 
Hooker Chemical  and Plastics Corp. Addit ional  Hooker  H4 Engineer ing  1977 
Niagara Fails, N.Y. 
Sobin Chemicals, Inc. Conversion to DSA - -  3rd Quar te r  1975 
Ashtabula,  Ohio Conversion to KOH 1st Quar ter  1975 
Pennwal t  Corp. Diamond (diaphragm) expansion, 200 tons /day  Engineer ing  2nd Quar ter  1976 
Portland,  Ore. 
A luminum Co. of Amer ica  de Nora (mercury)  expansion 80 tons /day  Engineer ing  4th Quar te r  1976 
Point Comfort,  Texas 
Diamond Shamrock  Chemical Co. Conversion DS34 to MDC22 (modified d iaphragm) U n d e r w a y  2nd Quar ter  1975 
Deer  Park ,  Texas 
E. I. du  Pont  de Nemours  Diamond MDC55 (diaphragm) 1000 tons /day  Engineer ing  1st Quar te r  1977 
Corpus Christi, Texas  
Mobay Chemical Co. Uhde HC1 electrolyzers expansion by  100 tons /day  Engineer ing  4th Quar ter  1975 
Baytown,  Texas 
NL Industr ies  Inc. MgCI~ electrolysis Building 4th Quar te r  1974 
Magnes ium Div. 45,000 tons /y r  Mg 
Rowley, Ut. 80,000 tons /y r  C12 
Georgia Pacific Corp. Conversion to DSA Engineer ing  - -  
Bell ingham, Wash. 20% expansion 
Hooker  Chemical and Plastics Corp. Hooker  (diaphragm) expansion 400-675 tons /day  Engineer ing  1977 
Tacoma,  Wash. 
Pennwal t  Corp.* Glanor Bipolar 1144 (diaphragm} 200 tons /day  Engineer ing  3rd Quar te r  1975 
Tacoma,  Wash. 
Weyerhaeuser  Corp.* Diamond MDC29 (diaphragm) 385 tons /day  Engineer ing  2nd: Quar ter  1975 
Longview,  Wash. 
PPG Industr ies  Inc. Conversion to DSA U n d e r w a y  3rd Quar te r  1975 
New Martinsville,  W. Va. Columbia N3 and N6 (diaphragm) 
BASF Wyandotte  de Nora (mercury)  modest  expansion Engineer ing  1977 
Port  ~dwards ,  Wise. 
Dryden  Chemicals, Ltd.* Hooker  MX (membrane)  45 tons /day  Engineer ing 3rd Quar ter  1975 
Dryden,  Ontario 
Canadian Industr ies  Ltd. Hooker  H I A  (diaphragm) 385 tons /day  Engineer ing 1st Quar te r  1975 
Beeanour,  Quebec 

* S e e  a lso  T a b l e  I B  
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demons t ra ted  l i fe  of over  500 days  (17). The combina-  
t ion of expandab le  meta l  anode and the modified d ia-  
ph ragm is said to save the  cell  vol tage  by  a to ta l  of 
300 mV at 1.5 k A / m  2 compared  t o ' D S A  and asbestos 
d i aphragm (17). 

PPG ' s  Glanor  b ipolar  e lect rolyzers  wil l  be used in a 
1500 t o n s / d a y  p lan t  to be bui l t  at Lake  Charles,  Louis i -  
ana, by  1977. Abou t  6000 t o n s / d a y  capaci ty  using this 
technology has a l r eady  been l icensed (18). 

Hooker ' s  150,000A vers ion of a d i aphragm cell  has 
been used at Hooker ' s  900 tons /day  p lan t  at  Taft, 
Louis iana  (18). This cell  is supposed to have a l abor  
cost advantage  over  smal le r  versions (18). 

Diamond Shamrock  Corpora t ion  and du Pont  re -  
por ted  on a jo in t  project  for demons t ra t ion  and ap-  
p l ica t ion  of "Nation" perfluorosulfonic acid membranes  
for  ch lor ine  cells (19-22). Diamond Shamrock  is a l -  
r eady  opera t ing  a commerc ia l ly  sized chlor ine cell us-  
ing "Nation" membranes  and is p lanning  to opera te  a 
la rge  fac i l i ty  to demons t ra te  i ts commerc ia l  pract ice  
(20, 22, 23). Hooker  Chemical  has also developed chlo-  
r ine cells based on "Naf ion"- type  ion exchange mem-  
branes.  A 45 tons /day  p lan t  has been ins ta l led  by  
Hooker  for a pulp  mil l  (18, 20) and Hooker  plans a 250 
t o n / d a y  p lan t  for i tself  (20). At  The Elect rochemical  
Society meet ing  in San Francisco  in May 1974, both 
Hooker  and Diamond Shamrock  presented  papers  con- 
cerning the i r  deve lopment  of new cells in which  "Na-  
tion" membranes  are  used (22, 24). 

du Pont  is also repor ted  (22) to be work ing  wi th  
Ionics, Inc., Water town,  Massachusetts,  on "Nation" 
membranes  for  chlor ine  cells for  units  wi th  less t h a n  
100 t o n s / d a y  capaci ty  (19, 20). Ionics has a s y s t e m  
using "Nation" membranes  for on-s i te  chlorine, caustic 
soda, and hypochlor i te  genera t ion  (19). 

Asahi  Chemical,  Tokuyama  Soda, and Maruzen Oil 
have  independen t ly  developed a membrane  cell p roc-  
ess for  chlor ine  product ion  (25, 27). The membrane  
process is said to produce  caustic soda product  wi th  
less than  100 ppm NaC1 and the  size of the caustic 
evapora tors  is  a th i rd  the  size necessary in the exis t ing 
d i a p h r a g m  cell process. The life of the ion-exchange  
m e m b r a n e  is 4-5 t imes that  of the  convent ional  d ia-  
ph ragms  (25). Asahi  is r epor ted  to be construct ing a 
semipi lo t  p lan t  of 25,0~0 t ons /yea r  caustic soda capac-  
i ty  to be comple ted  in ear ly  1975 (25). The technical  
da ta  on the Japanese  membrane  processes are  not 
ava i lab le  as ye t  (25). The Minis t ry  of In te rna t iona l  
Trade  and Indus t ry  of J apan  which has sponsored the 
work  of Asahi  is r ecommending  the m e m b r a n e  process 
technology for the first phase of the convers ion pro-  
gram, away  from the mercu ry  cells, which ends in 
March  1976 (26). 

B. Other  deve l epmen t s . - -Mobay  Chemical  Company 
is doubl ing  its HC1 electrolysis  fac i l i ty  of 200 t o n s / d a y  
at  Baytown,  Texas, using F. Uhde cells (28). 

Kel logg has cont inued design studies on the recovery  
of chlor ine f rom HC1 by the Kelchlor  process, which 
has resul ted in the deve lopment  of an economic low 
pressure  design (27). This r epor t ed ly  permi t s  the use 
of b r i ck - l ined  towers  and Inconel  600 for  the oxid izer  
uni t  (27). Kel logg has also announced that  it  has a new 
var ian t  of the process under  development ,  named Ke l -  
chlor II, which can handle  e i ther  anhydrous  or aqueous 
hydrogen  chlor ide  feed (27). 

A new quadruple-ef fec t  evapora tor  in the NaOH 
concentra t ion  sys tem requires  only 5000-6000 lb of 
s t e am/ ton  of NaOH (18, 29). The s team requ i remen t  
for the quadrup le  effect unit  is about  half  the amount  
requ i red  for the double effect units and 20% less than  
the t r ip le  effect units (18, 29). 

An absorp t ion-d is t i l l a t ion  method to l iquefy  chlor ine  
is r e a d y  for  l icensing by  Akzo Zout Chemic Neder land  
(Hengelo, Nether lands)  (23, 30). Chlorine is absorbed 
in carbon te t rachlor ide  and the solut ion is dist i l led.  The 
process p r e sumab ly  consumes less energy than com- 
press ion and condensation,  producing l iquid chlorine 
containing 99.9% chlorine,  wi th  a yield of 99.8% (23, 
30). 

EPA is proposing amendments  to the emission s tan-  
dards  for  asbestos for cer ta in  field fabr ica t ion  opera -  
t ions in new construction.  The amended  regula t ions  
would  prohib i t  the ins ta l la t ion  of asbestos containing 
molded insula t ing  mate r ia l s  which are fr iable,  and 
wet  appl ied  insula t ing  mate r ia l s  which are  f r iab le  a f -  
ter  d ry ing  (31). F r i ab le  asbestos ma te r i a l  is defined as 
any mate r i a l  that  contains more  than 1% asbestos by  
weight  and can be crumbled,  pulver ized,  or reduced to 
powder  when  dry  by  hand  pressure  (31). 

Asbestos fibers in wate r  can be identified, counted, 
and measured  wi th  a t ransmiss ion  e lec t ron microscope 
equipped wi th  selected area  e lec t ron diffract ion and an 
energy dispers ive  spectrometer ,  according to The Dow 
Chemical  Company (32). The technique was developed 
to measure  asbestos levels,  typ ica l ly  0.001 ppm, in d ia-  
ph ragm cell ch lo r -a lka l i  p lan t  s treams.  Almost  al l  of 
the asbestos fibers f rom these s t reams average  under  
6~ in length  and could be f i l tered out (32). 

Employees  at  an asbestos mine  a im to buy  the mine  
f rom G A F  Corpora t ion  for $1.25 mi l l i on  (33). The 
employees  of Vermont  Asbestos  Group, Inc. have won a 
one yea r  extension of EPA's  deadl ine  to ins ta l l  pol lu-  
t ion control  equipment .  Addi t iona l  equipment  and 
worke r  safe ty  devices would  cost another  $1.25 mi l -  
l ion (33). 

Capi ta l  expendi tures  requi red  for env i ronmenta l  
controls  for the wa te r  and air  qual i ty  s tandards  have 
boosted the  to ta l  p lant  inves tment  by  20% for new 
p lan t  construct ion (18). Typical  inves tment  for  1000 
tons /day  d i aph ragm cell and me rc u ry  cell  chlor ine  
p lants  is compared  below (17). The di rec t  inves tment  
costs are  comparable  (17). See Table 3. 

C. Mercury cells.--No new mercu ry  cell  p lants  were  
bui l t  in 1974 in the U.S. (34). There  were  a few 
p lanned  expansions and modernizat ions,  e.g., conver-  
sion of Olin's p lan t  at Charleston,  Tennessee, f rom 
graphi te  to Mars to l in  meta l  anodes (3). One mercu ry  
cell  p lan t  has been s la ted for conversion to a dia-  
ph ragm cell p l an t  in the U.S. and another  to a mem-  
brane  cell process in Canada (3). In  the foreseeable  
future,  all  new chlorine product ion  capaci ty  wi l l  be in 
the d i aphragm cell plants.  

The first phase of Japan ' s  conversion p rog ram of 
mercury  cells to o ther  cells ending in March 1976, in-  
volves 65% of the total  capacity,  amount ing to 3,051,000 
tons N a O H / y e a r  (26). The second phase ends in March 
1978, when  facil i t ies for 5,579,000 tons N a O H / y e a r  or 
100% of the  capaci ty  wil l  be Converted to d i aphragm 
or membrane  process p lants  f rom the present  me rcu ry  
cell process (26). 

The ini t ia l  capi tal  inves tment  costs for conversion of 
mercu ry  cell  facil i t ies in Japan  have now more than  
doubled to 800,000 mil l ion yen ($2,016 mil l ion)  due to 
the dramat ic  r ise in construct ion costs because of in-  
flation (27). Besides inflation, financial and m a r k e t  fac-  
tors are also affecting the conversion away  from mer -  
cury  cells and the increase in capaci ty  of the Japanese  
ch lo r -a lka l i  indus t ry  (27). 

Table 3. Capital cost of 1000 short tons/day chlorine plant* (17) 

Cap i t a l  cost 
$ m i l l i o n s  

Process  i t e m  D i a p h r a g m  c e i l .  M e r c u r y  cell  

B r i n e  a rea  3.5 5.0 
Cel l  room,  e x c l u d i n g  l icense  1 3 . 0  19.0 

or anode  fees  
Ch lo r ine  p roces s ing  8.0- 8.0- 
Cel l  l i q u o r  s to rage  1.5 - -  
Caus t ic  e v a p o r a t i o n  15.0 2.0 
Caus t i c  pu r i f i ca t i on  3.0 - -  
Caus t ic  s t o r a g e - l o a d i n g  4.0 4.0 
H y d r o g e n  s y s t e m  1.0 1.0 
U t i l i t i e s  10.0 7.0 
G e n e r a l  f ac i l i t i e s  6.0 6.0 
Mercu ry  - -  4.0 
M e r c u r y  r ecove ry  - -  7.0 
To ta l  d i r ec t  i n v e s t m e n t  65.0 63.0 

* U.S.  G u l f  Coast ,  1974-1975 costs. 



304C J. Electrochem. Soc.: R E V I E W S  A N D  N E W S  September I975 

The format ion  of me rcu ry  bu t te r  in me rcu ry  cells 
used in b r ine  electrolysis  may  be p reven ted  or reduced 
by  using a technique developed by  de Nora  of I t a ly  
(35). Magnets p laced in the  mercu ry  amalgam circui t  
re ta in  fe r romagne t ic  part icles ,  e.g., Fe, Ni, suspended 
in the amalgam (35). The magnets  are c leaned pe r i -  
odical ly  (35). 

Georgia-Pacif ic  Corp. has completed  test ing its new 
process for the recovery  of mercu ry  traces f rom l iquid 
and solid wastes from the  chlor ine p lant  a t  Bel l ing-  
ham, Washington  (36, 37). The pro jec t  was suppor ted  
p a r t l y  by  EPA. The remova l  of me rcu ry  f rom the 
br ine  s ludge b y  roast ing in a six hea r th  furnace  at 
1000~176 is said to be 98.3-99.8% efficient and the 
res idual  mercu ry  in solids is 0.5-0.7 ppm (37). The 
was te  wa te r  is t r ea ted  wi th  sodium sulfide and fi l tered; 
the  HgS filter cake containing 15-30% Hg is roasted in  
the furnace (37). This process is said to be meet ing  
EPA's  O.1 l b / d a y  l imi t  for  d ischarge  of mercu ry  (37). 

According  to USDA's nor thern  regional  laborator ies ,  
a h ighly  efficient method has been developed for re -  
covering heavy  meta ls  f rom water  or up to 10% salt  
solutions by using a crossl inked s ta rch  xan tha te  in the  
pH range of 3-11. The meta l  and s tarch are  recovered 
by  t rea t ing  wi th  ni t r ic  acid. Mercury  concentra t ions  
are reduced f rom I00,0.00 to 3 ppb (42). 

Mercury  consumption increased by  10% from 54,283 
flasks in 1973 to 59,600 flasks in 1974, according to U.S. 
Bureau  of Mines (38, 39). The ch lo r -a lka l i  producers  
purchased  16,813 flasks of mercu ry  in 1974 compared  
to 12,780 flasks in 19'73 (39, 41). The domestic  p roduc-  
t ion of mercu ry  was 17'00 flasks f rom ten mines  in 
Cal i fornia  (65%), Nevada,  and Alaska.  Secondary  p ro -  
duction amounted  to 90.00 flasks. Imports  of me rc u ry  
to ta led  51,400 flasks, a 10% increase over  1973 a n d  
were  received f rom Canada (30%), Mexico (22%), A l -  
ger ia  (20%), Yugoslavia  (11%), and Spain  (10%). The 
seven mercu ry  expor t ing  countr ies  ( represent ing  95% 
of me rcu ry  expor t s )  were  p lanning  a base pr ice of 
$350/flask (40). The m i d - y e a r  free m a r k e t  mercu ry  
pr ice ranged at $270-275 per  flask (40). 

Other Alkalis and Electrolytic Processes 
Caustic Potash . - -Caus t ic  potash product ion in 1974 

was 206,252 short  tons as 88-92% l iquid;  this r ep re -  
sents an increase of 9% over 1973 product ion of 188,454 
short  tons (43, 44). 

U.S. product ion o~ marke t ab l e  na tu ra l  potass ium 
chloride,  sulfate,  magnes ium sulfate, and manure  salts  
was 2.5 mi l l ion tons of K20 equivalent ,  a decrease  of  
2% in quant i ty  and increase in value  by  30% com- 
pared  wi th  tha t  of 1973 (43). 

The government  of Saska tchewan  removed  produc-  
t ion controls  and the pr ice floor on potash dur ing  1974, 
and subsequent ly  put  into effect a pol icy of h igher  
t axa t ion  and ma jo r i ty  par t ic ipa t ion  in fu ture  capaci ty  
expansions (43, 45). This has resul ted in defer ra l  of 
added capaci ty  by  six potash producers  amount ing to 
a total  of $200 mi l l ion  inves tment  (45). 

The price of potass ium mur ia te  in bu lk  f.o.b. Car ls -  
bad, New Mexico, and Saskatchewan,  Canada, f re ight  
equalized, was quoted in ear ly  1974 at $0.38-0.44/lb; in 
late  1974 prices were  quoted at $0.54-0.65/lb. The caus-  
tic potash pr ice af ter  the government  controls  were  
l i f ted  was quoted at $4.60/100 lb lots on a 45% basis 
(46), and in late  1974 it was quoted at $6.0'0 (47). 

Al l ied  Chemical  Corpora t ion  is p lanning to shut  
down its caustic potash product ion at  Solvay, New 
York  (48). 

Soda Ash . - -Demand  for soda ash continued s t rong in 
1974, but  total  product ion decl ined 1.5% to 7.53 mil l ion 
tons. Synthetic (Solvay) soda ash continued its 8 year 
slump by dropping 9.5% below the 1973 production 
level to 3.4.8 million tons. Part of this decrease was the 
shut-d0wn of PPG Industries 600,000 ton/year syn- 
thetic soda ash plant in Barberton, Ohio, in 1973. Exist- 
ing synthetic plants could manage only an 87% op- 
erating rate in the face of strong demand. Natural soda 
ash product ion  did increase  9.3% to 4.05 mi l l ion  tons, 

topping the output  f rom synthet ic  p lants  for the  first 
t ime, but  this was the  smal les t  annual  increase in 
several  years  and  was not nea r ly  up to the predic t ions  
of the  p r o d u c e r s  who were  all  s t r iv ing to enlarge  thei r  
capacit ies  (49, 50). 

The main  d r a w b a c k  to the construct ion of addi t ional  
na tu ra l  soda ash capaci ty  seemed to be the lack of 
ski l led labor  in the re la t ive ly  undeveloped  area. The 
synthet ic  soda ash p lants  are p lagued wi th  opera t ing  
and env i ronmenta l  problems.  

The soda ash demand  was high, but  the  producers  
could not  supply  about  500,000 tons. There  was also a 
wor ld -wide  caustic shortage.  Soda ash expor ts  j umped  
20% to 530,000 tons in 1974. Wi th  the high demand,  cus-  
tomers  were  put  on al locat ion and inventor ies  de-  
creased (5'0). 

The Al l ied  Chemical  na tu ra l  soda ash p lan t  wi th  an 
annual  capaci ty  of 1,100,000 tons came on s t ream in 
la te  1974 at  Green  River, Wyoming.  In 1975, the  FMC 
Corp. and Al l ied  Chemical  na tu ra l  soda ash p lan t  ex-  
pansions wil l  br ing  a n  addi t ional  1.85 mil l ion tons to 
the indus t ry ' s  capacity,  increasing the  to ta l  to 6.4 mi l -  
l ion tons. 

In Marchl 1974, the Ker r -McGee  Chemical  Company 
announced the selection of a contrac tor  to bui ld  the i r  
new 1.3 mil l ion t o n - p e r - y e a r  soda ash p lan t  at Trona, 
California,  at a cost of more  than  $100 mill ion.  Targe t  
date  for opera t ion  has been set as 1977 (51). K e r r -  
McGee also purchased  Stauffer  Chemical 's  p lan t  in 
West  End, Califorxiia (49). 

Texasgul f  is expect ing to have its one mi l l ion  t on /  
year  na tu ra l  soda ash p lan t  opera t ing  at Grunger ,  
Wyoming,  by  the th i rd  quar te r  of 1976 (50). 

A consor t ium of five Japanese  Companies announced 
in tent ion  to develop the na tu ra l  soda ash resources at  
Lake  Na t ron  in Tanzania  (49). Japan ' s  Asahi  Glass, 
Central  Glass, Toya Soda Manufactur ing,  and Toku-  
yama  Soda are p lanning to bui ld  a 1000 t on /da y  soda 
ash p lan t  in Austral ia .  

In the face of ever  increasing demand  and r is ing 
costs, the soda ash indus t ry  g radua l ly  ra ised its uni t  
costs (52, 53). The average unit  value of soda ash, as 
eva lua ted  by  the producers,  was about  30% higher  in 
1974 than the average  1973 price (49). In  December ,  
PPG raised soda ash prices to $60/ton in bu lk  and $74 
in bags, f.o.b. Corpus Christi,  Texas, f rom the previous  
prices of $44 and $58/ton, respect ive ly  (54). 

A new method of separa t ing  sodium minera ls  f rom 
oil shale  has been pa ten ted  by  Indus t r ia l  Resources 
(U.S. 3,80.6,044). Nahcoli te  and dawsoni te  are  separa ted  
f r o m s h a l e  by froth flotation before  the minera ls  are  
sent  to a shale  r e to r t  (55). 

Sodium Chlora te . - -Accord ing  to the  U.S. Depar t -  
ment  of Commerce da ta  (56), sodium chlora te  p roduc-  
t ion in the U.S. in 1974 amounted  to 201,453 short  tons 
wi th  a product ion capaci ty  to ta l ing 235,500 tons (57). 
Canadian sodium chlorate  product ion was es t imated  at  
138,000 tons for 1974 (58). 

In  ea r ly  1974 the sodium chlorate  pr ice  was fixed at 
$135/ton because of government  pr ice controls  (57). 
The m i d - y e a r  pr ice for sodium chlorate  was $165/ton 
(59), and quotes at the  end of the year  for sodium 
chlorate  were  about  the same (60). 

Engelhard  Minera l  and Chemical  Corp. has devel -  
ol:ed a l ine of meta l  anodes for  the product ion  of so-  
d ium chlorate  (61). The anodes are  r epor t ed ly  a t i -  
t an ium st ructure  wi th  a conductive coating. They dem-  
onstra te  a lower  cell vol tage  and offer cell  design 
flexibili ty.  

S t anda rd  Chemical  Limited,  a Canadian  subs id ia ry  
of PPG Industr ies ,  wil l  expand  its sodium chlora te  
p lan t  at  Beauharnois ,  Quebec (62, 63). The mul t imi l -  
l ion dol lar  expansion in two phases would almost  
double the  product ion capaci ty  at this location, making  
it Canada 's  largest  sodium chlora te  p lan t  (64). The 
first phase is expected to be in product ion by  J a n u a r y  
1977. The new facil i t ies will  include meta l  anodes us-  
ing cell technology developed by  S tanda rd  Chemical  
and PPG (64). PPG purchased  a l icense for  the  U.S. 
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and Canada for using K e m a  Nord 's  b ipo la r  e lectrode 
technology for sodium chlorate  cells last  yea r  (57). 

A l u m i n u m . - - T h e  U.S. a luminum indus t ry  sustained 
another  record  product ion  yea r  in 1974, wi th  4,903,000 
short  tons of the p r i m a r y  meta l  produced.  This r ep re -  
sents an 8% increase over  the  1973 product ion  level  
(65). The Genera l  Services Admin is t ra t ion  shipped 
509,000 short  tons of a luminum in 1974, v i r tua l ly  de -  
p le t ing government  inventor ies  (66, 67). The to ta l  a lu-  
minum supply  which includes p r i m a r y  production,  sec- 
ondary  recovery,  impor ts  and GSA shipments  
amounted  to 7,214,000 short  tons in 1974 compared  to 
that  of 7,062,000 short  tons in 1973 (65). 

U.S. shipments  of a luminum s tar ted  to slip midway  
in the second quar t e r  of 1974 and the demand  s i tua-  
t ion worsened in the  th i rd  and four th  quar ters  as the 
housing a n d  t ranspor ta t ion  markets ,  represent ing  45- 
50% of the domestic  a luminum market ,  were  affected 
by the na t ional  economic s lowdown (67). The con- 
ta iners  and packaging  markets ,  which account for 30- 
35% of the total ,  were  s trong throughout  the yea r  (67). 
The s u p p l y - d e m a n d  balance  was main ta ined  by  a lu-  
minum product ion  cutbacks  (67-69), for which the a lu-  
m i n u m  indus t ry  came under  fire f rom the  Council  on 
Wage and Pr ice  S tab i l i ty  (67). 

The domest ic  pr ice for a luminum from large  p ro -  
ducers r ema ined  at $0.29/lb th rough  March 29 when  
controls  were  l i f ted  and the price was raised to 
$0.315/Ib. The pr ice was ra ised in succesive amounts  
to $0.39/lb by  Sep tember  5, 1974, whe re  i t  r emained  
for the rest of the year (66). The price of aluminum on 
an average  was about  $0.34/lb in 1974 (67). Prices on 
the ma jo r  wor ld  marke t s  approached  $0.46/lb at  mid -  
y e a r  bu t  sof tened to a level  of $0.35-0.45/lb at  the  end 
of the yea r  (66). 

A l u m i n u m  Company of Amer ica  (Alcoa)  is p lanning  
to increase i t s p r i m a r y  a luminum capaci ty  at Badin, 
Nor th  Carolina,  f rom 120,000 t o n s / y e a r  to 180,000 tons /  
yea r  by  the addi t ion of a th i rd  potline.  Complet ion is 
p ro jec ted  in 1976 at  a cost of $50 mil l ion (70). 

A m a x  A l u m i n u m  Company, owned equal ly  by  
Amax,  Incorpora ted  and Mitsui  and Company,  wil l  be 
adding a second pot l ine wi th  a capaci ty  of 87,400 tons /  
yea r  of p r i m a r y  a luminum at Howmet,s  Eastalco p lan t  
in Freder ick ,  Maryland,  at a cost of $85 mil l ion (71). 
The faci l i ty  wil l  be opera ted  jo in t ly  be tween Howmet  
and A m a x  Aluminum.  A m a x  A l u m i n u m  is also p lan-  
ning a 287,300 t o n / y e a r  a luminum p lan t  at Warrenton ,  
Oregon, at a cost of $200 mill ion.  The Government  ap-  
p rova l  was sought for the project  (71). 

In  a jo int  venture ,  Revere  Copper  and Brass, Incor -  
porated,  and six Japanese  firms are  s tudying  the possi-  
b i l i ty  of invest ing $16'0 mi l l ion  at Revere ' s  a luminum 
p lan t  at Scottsboro, Alabama,  to increase the capaci ty  
f rom 112,000 to 232,000 tons /year ,  and possibly  la te r  to 
360,000 tons /year .  The Japanese  companies  wi l l  t ake  
the  increased output  (72). 

A l u m i n u m  Company of Canada  and Nippon Light  
Metals K K  of Japan  (Alcan 's  50% subs id iary)  are  
p lanning  a new subs id ia ry  to produce  100,000 t ons /yea r  
a luminum in Ki t imat ,  B.C., Canada.  Each company  wil l  
receive half  of the output  of the p lan t  which wil l  be 
opera ted  by  Alcan  (73). Alcan wil l  also add 48,000 
t o n s / y e a r  a luminum capac i ty  by  1975 at  Arvida ,  Que-  
bec (74). 

Noranda  Mines, Limited,  of Canada is p lanning  to 
double the a luminum capaci ty  of the  Noranda  A lu -  
minum Incorporated,  p lan t  at New Madrid,  Missouri,  
f rom 70,000 to 140,000 t ons /yea r  a luminum by mid -  
1976 (75). 

In  March 1974, Austral ia ,  Guinea, Guyana,  Jamaica,  
S ier ra  Leone, Surinam, and Yugoslavia  formed the In-  
te rna t iona l  Bauxi te  Associat ion for the  purposes  of 
achieving higher  revenues  for baux i te  and alumina,  
and m a x i m u m  ver t ica l  in tegra t ion  of the i r  own indus-  
tries. The Uni ted  States  is t r ad i t iona l ly  dependent  on 
these countr ies  for g rea te r  than  90% of a lumina  and 
bauxi te  requ i rements  (66, 76). J amaica  lev ied  h igher  
taxes on baux i t e  (76); Guyana,  Sur inam,  and Hait i  

fol lowed with  s imi lar  actions (77, 78). These countries 
are demanding  active par t ic ipa t ion  in the  bauxi te  op- 
erat ions of the Nor th  Amer ican  companies  (79). Many 
of the a luminum producers,  for this reason, have been 
looking into a l t e rna t ive  mate r ia l s  for bauxi te ,  such as 
alunite,  kaolini te,  and la te r i t e  (80). 

Reynolds  Metals Company car r ied  out  a full  scale 
test on la te r i te  ore (35% a luminum content)  at H u r r i -  
cane Creek, Arkansas ,  proving that  this ore can be 
processed in the Bayer  process p lants  wi thout  ma jo r  
equipment  changes (80). 

Pechiney  Ugine Kuh lman  and Alcan  Aluminum,  
Limited,  of Canada have jo ined efforts in a new ven-  
ture  for the deve lopment  of a new method for process-  
ing nonbauxi te  ores into a lumina  (81). The venture  
wil l  invest  $25 mil l ion for  const ruct ing a pi lot  p l an t  
of 20 t ons /day  of a lumina  based on Pechiney 's  H-P lus  
technology. PUK has been opera t ing  a 1 t o n / d a y  a lu-  
mina  l abora to ry  unit  since 1971 which can use shale, 
clays, and sandstone (81). In  this process, ores a re  
t rea ted  wi th  concentra ted sulfuric and hydrochlor ic  
acids to produce a crys ta l l ine  a luminum chlor ide  which 
is subsequent ly  processed to yie ld  a lumina  (82). 

Alcoa has been operat ing a pi lot  p lan t  conver t ing  
coal wastes  into alumina.  Coal wastes  which contain 
28% a lumina  offer a t t r ac t ive  commercia l  possibil i t ies.  
Al though  the process is undisclosed, i t  is said to be 
based on convent ional  chemis t ry  and r eady  equipment  
(83). Alcoa and Anaconda  have signed an agreement  
for exchanging information on the alumina extraction 
technology f rom sources o ther  than  bauxi te .  Anaconda  
has opera ted  a pi lot  p lan t  for producing  a lumina  f rom 
clay wi th  a hydrochlor ic  acid process (84). 

The Bureau  of Mines'  Research Labora to ry  in Ne-  
vada  is conver t ing 70 l b / h r  of domestic  a lumina  c lay  
into 25 l b / h r  of alumina,  based on a ni t r ic  acid leach-  
ing process. The pro jec t  is being sponsored by  eight  
indus t r ia l  firms and is p lanned  to process alunite,  
anorthosite,  and dawsoni te  (85). 

Another  pa ten ted  method reacts the  ore wi th  chlo-  
r ine  at high t empera tu res  to produce  a luminum chlo-  
r ide gas which is decomposed on cool,ing into mol ten  
meta l  (86). 

Be ry l l i um. - -The  over-a l l  product ion and consump- 
tion of be ry l i ium ores in 1974 was re la t ive ly  unchanged 
from that  of 1973 (87), about  7650 and 9000 short  
tons, respecti#ely.  Ber t r and i t e  was p roduced  in Mil-  
l a rd  County, Utah, by  Brush-Wel lman ,  Incorporated.  
There  was no repor t  of any  domest ic  b e r y l  p roduc-  
tion. Impor ts  of be ry l  in 1974 were  es t imated  at 1350 
short  tons, va lued  at $392,000. Impor ts  were  p r i m a r i l y  
f rom Brazi l  and the Republ ic  of South Africa.  The 
other  and l a rge r  suppl ie r  of be ry l l i um products  is 
Kawecki  Berylco Industr ies .  

Bery l l ium is used as the metal ,  as an  a l loying agent, 
and as an oxide. Major  uses for the meta l  are for 
mi l i t a ry  and aerospace applications,  ut i l izing l ight  
we;ight and high s t reng th  and rigid,ity, and for nuclear  
appl icat ions  where  its low t h e r m a l - n e u t r o n  absorpt ion  
and h igh-neu t ron- sca t t e r  cross section are  required.  
More than  half  of the be ry l l ium is used as a be ry l l i um-  
copper  alloy, to which it impar ts  qual i t ies  of s t rength  
and resis tance to fa t igue and corrosion that  are  su-  
per ior  to those of copper.  Molds fabr ica ted  f rom be ry l -  
l ium copper are used to give plast ic  fu rn i tu re  the  ap-  
pearance  of wood-g ra in  surface (87). Be ry l l i um-cop-  
per  is a subst i tute  for gold in  cer ta in  contact  app l ica -  
tions in the electronic and computer  fields. St rong 
g rowth  in consumption a lso  occurred in auto safety 
devices where  b e r y l l i u m - c o p p e r  is used for buzzers 
and re lays  for  seat bel ts  and  a i r -bags  (88). 

As of November  30, 1974, government  stockpile in-  
ventor ies  contained 17,986 short  tons of be ry l  (11% 
BeO equiva lent ) ,  7387 tons of be ry l l i um-coppe r  mas te r  
a l loy ( app rox ima te ly  4% Be) ,  and 229 tons of be ry l -  
l ium metal .  The stockpile  of both be ry l  and the mas te r  
a l loy was declared surplus.  The stockpile  object ive  for 
be ry l l i um meta l  is 88 short  tons, leaving  141 tons sur -  
plus. 
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As the 1974 boom accelerated, the price of bery l l ium 
rod and beryl l ium-copper  alloys increased. The in-  
creases were necessary because of higher costs for 
copper, raw materials,  labor, and supplies(89).  With 
the increase in price of a luminum,  be ry l l ium-a lu -  
m inum alloy price also increase:c[ ~er ~ound ol con- 
tained aluminum (90). As the boom cooled, prices 
were also cut, reflecting lower material prices (91). At 
the end of the year, alloy Z5 was quoted at $3.89/ib 
and beryll,ium metal rod at $I06.05/ib. 

The Environmental Protection Agency under the 
Clean Air Act amendments of 1970 has limited beryl- 
lium emissions from stationary sources to i0 grams/day 
(93). 

Chromium.--As in earlier years, the U.S. continues 
to rely solely on imports and purchases from the gov- 
e rnment  stockpiles for chromium requirements.  The 
strong demand that  ini t iated in  early 1973 continued 
throughout  1974. Domestic consumption of chromite 
was 1,438,400 tons, 4% higher than that  in  1973. In  the 
refractory industry,  the consumption in 1974 was 12% 
higher than that in 1973. Chromite usage in the metal -  
lurgical indus t ry  decreased near ly  3% from the level  
in 1973 (94). 

Imports of chromite totaled 1,170,000 tons, an in -  
crease of near ly  26% compared with that of 1973. Im-  
ports of chromite from the U.S.S.R. and the Phi l ip-  
pines were significantly higher in 1974 than  in 1973, 
while imports from South Africa, Turkey, and South-  
ern Rhodesia exceeded their 1973 levels (95). 

The demand for chromium alloys was strong since 
stainless steel production exceeded two mil l ion tons 
for the first time. Imports of ferrochromium set a 
year ly record high of 162,000 tons, an increase of 4% 
over 1973 (94). During the year GSA sold 571,000 tons 
of refractory grade chromite, 323,000 tons of chemical 
grade, and 900,0'C0 tons of metal lurgical  grade. GSA 
also sold 3182 tons of chromium metal  (95). 

The strong demand world-wide for chromium and 
the inflationary pressures raised the chromite and pri-  
mary  chromium product prices (95). South African 
chromite (44% Cr2Oa) began the year at $33-34/Iong 
ton delivered in the U.S. Atlantic ports; by June  1, 
prices quoted were $47-52/long ton. The Turkish chro- 
mite (48% Cr20~), quoted at $37/long ton early in the 
year, increased to $65/long ton in  September 1974. 
The ferrochromium similarly was quoted at $0.22- 
0.23/lb chromium at the first of the year and increased 
to $0.50/lb by year 's end (95). Sodium bichromate was 
priced at $0.1725/lb in  J a n u a r y  1974, and rose to 
$0.2125 by the end of the year (2). 

A year- long battle to repeal the Byrd Amendment  
was terminated when the backers of a Congressional 
bill  wi thdrew the measure prior to the end of the 93rd 
Congress (95, 96). The Byrd Amendment  is part  of a 
1971 mil i tary  procurement  law and states that, if the 
U.S. imports a strategic mater ial  from a communis t  
country, it may not refuse to import  the mater ial  from 
a noncommunis t  country. Under  this par t  of the law, 
chromite ore and ferrochromium have been imported 
from Southern  Rhodesia since early 1972 (95). 

Copper . - -Pre l iminary  1974 data indicated that the 
U.S. mine, smelter, and refinery production and con- 
sumpt ion of refined copper were all substant ia l ly  
smaller  than in 1973. Strikes at most producing units 
dur ing portions of July  and August  and reduced de- 
mand for copper in  the lat ter  half of the year were 
factors that adversely affected the level of activity. 
Imports  of copper were an increased supply compo- 
nent  as imports of unmanufac tured  copper increased 
significantly while exports declined. An addit ional 
component  of supply in  1974 resulted from the sale or 
commitment  dur ing  the months of February  through 
May of all 252,000 tons of refined copper remaining  in  
the nat ional  stockpile (97). 

Mine production was 1.59 mil l ion tons, an 8.4% de- 
cline from the preceding year  and the smallest quan-  
t i ty since 1971 (98). Principal  copper producing states 

were Arizona with 53% of the total, Utah (15%), New 
Mexico (13%), Montana (9%), Nevada (5%), and 
Michigan (4%) (99). Increased operating costs and a 
drop in copper prices were factors cited in an October 
announcement  by the Anaconda Company of its de- 
cision to terminate  underground  mining  at Butte, Mon- 
tana. In  response to the reduced demand for copper, 
several Arizona producers also made announcements  
in  November and December of decisions to curtail  op- 
erations (97). 

Smelter production from pr imary  materials de- 
creased 10% from the 1973 record high to 1.57 mil l ion 
tons. Refinery production from pr imary  materials was 
projected to decline 13% to 1.65 mil l ion tons. How- 
ever, production of refined copper from scrap was ap- 
proximately  495,000 tons compared with 465,000 tons 
in 1973 (98). 

Consumption of refined copper was down 12% to 
2.14 mil l ion tons from the 19,73 record high of 2.44 
mil l ion tons (98). The first half of the year had a rela-  
t ively high level of consumption, whereas the second 
half was significantly lower, reflecting the slump in 
construction, automobile production, and the general  
economy. 

Stocks of refined copper at p r imary  producers fluc- 
tuated around 40,000 tons dur ing the first five months, 
were drawn down to 23,500 tons during June, in -  
creased rapidly to 71,00.0 in  November and 101,300 
tons in December, the largest end-of -month  level since 
March 1971 (98, 99). Stocks of copper at brass plants 
and wire mills were drawn down from 73,000 to 52,000 
tons dur ing the first quarter,  moved up to 121,000 tons 
by the end of July, declined to 99,000 tons by the end 
of September, and closed the year with 144,000 tons 
(98). 

Imports of copper were an increased supply compo- 
nent  as imports of unmanufac tu red  copper were 
608,.000 tons compared with 417,000 tons in  1973, while 
exports declined from 263,00.0 to 170,000 tons. The 
largest trade category, refined copper, had a 55% in-  
crease in  imports to 310,000 tons and a 33% decrease 
in exports to 126,5'00 tons. Imports of blister were in -  
dicated to be 207,800 tons compared with 154,i00 tons 
in  1973 (98). 

The aomestic delivered price for cathode copper was 
restricted to $0.687/lb unt i l  the removal  of price con- 
trols at the end of April.  The month ly  average price 
then advanced to $0.812 on May 1 and to $0.861 
on June  1, then, reflecting changing market  conditions, 
was reduced to $0.83 in September, to $0.782 in  Octo- 
ber, and to $0.758 in  November, and $0.73 in Decem- 
ber. The yearly average was $0.77/lb. Prices on the 
London Metal Exchange escalated from a monthly  
average of $0.921/lb for January  to $1.38/lb for April, 
followed by an equal ly rapid descent to around $0.584 
in December. The yearly average on the London Metal 
Exchange was $0.931/lb (98). 

According to Dravo Corporation, copper smelt ing 
costs can be cut by using a top-b lown rotary con- 
ver ter  process. Test data from an Inco nickel refinery 
show that energy requirements  are only one quar ter  
of those for electric or reverbera tory  furnaces, or 
electnowinning (109). 

Hydrometal lurgical  extraction of copper from ores 
by the Marconaflo process was being carried out by 
Kaiser Industr ies  and Marcona Corporation. The metal  
values are extracted in a leaching solution (101). 

Anaconda, which is start ing up the first commercial 
plant  using its Arbi ter  fumeless extraction process in  
Anaconda, Montana, will r un  pilot p lant  tests on cop- 
per ore from Poland. Results of the tests could lead to 
licensing negotiations (102). 

A flash-oxidation system that continuously produces 
copper, nickel, and lead from sulfide concentrates will 
be pi lo t -planted by American Air Liquide (New York) 
and other partners.  The mult istage convert ing opera- 
tion is carried out in a single reactor, with continuous 
feeds of oxygen, concentrates, and flux. The advan-  
tages are that energy requirements ,  slag losses, and 
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cost of sul fur  f ixat ion are  each about  half  as much as 
in s tandard  processes (103). 

A process by  cyan ide - f r ee  copper  e lec t ropla t ing  is 
offered by  R. O. Hull.  The ma jo r  const i tuent  is copper  
pyrophospha te  wi th  p rop r i e t a ry  br igh ten ing  and leve l -  
ing agents. I t  is mi ld ly  a lka l ine  and noncorrosive,  and 
does not need any special  p la t ing  equipment  (104). A 
new elect rochemical  process tha t  recovers  99% of the  
copper  f rom leach l iquor  has been developed by  Doug-  
las Bennion and John Newman  at  UCLA. They bel ieve 
tha t  the  process could be  compet i t ive  wi th  Genera l  
Mil ls '  LTX system (105). 

Considerable  ac t iv i ty  was shown dur ing  1974 in the 
min ing  of  ocean nodules  for  the  copper,  nickel,  cobalt,  
and mo lybdenum values.  In  January ,  Kennecot t  Cop-  
pe r  announced a la rge-sca le  p rog ram a imed at  com- 
merc ia l  mining  of some three  mi l l ion tons of nodules a 
yea r  by  1980-1981. To achieve this goal, a f ive-year ,  
$50 mi l l ion  R and D p r o g r a m  wil l  be car r ied  out by  a 
f ive-company consor t ium of ma jo r  meta l  producers ,  
including Rio Tinto-Zinc,  Consol idated Gold Fields,  
Mitsubishi ,  and Noranda  Mines. Key  object ives are to 
bu i ld  and test  a fu l l - sca le  p ro to type  nodule  recovery  
sys tem capable  of handl ing  10,000 tons /day  of nodules,  
and a demons t ra t ion-sca le  process plant ,  to handle  a 
m i n i m u m  of 10 tons and a m a x i m u m  range  of 100 to 
150 tons of nodu le s /day  (106). 

Likewise,  Tenneco's  subs id ia ry  Deepsea Ventures  
has jo ined  forces wi th  a Japanese  group of com- 
panies, Nichimen,  C. Itoh, and Kanematsu-Gosho ,  U.S. 
Steel  and Union Miniere  (Belgium) for the  purpose  
of ca r ry ing  out a th ree -yea r ,  $20 mil l ion p rog ram for 
the  deve lopment  of the deep ocean manganese  nodule  
resource.  A 5 t o n / d a y  pi lo t  p lan t  wil l  be bui l t  in 
Gloucester ,  Virginia.  F u r t h e r  deve lopment  wi l l  be con-  
t inued at  the Pacific mine  site, and Deepsea 's  hy -  
draul ic  sys tem wil l  be tes ted aboard  i ts  vessel  R / V  
Prospec tor  (107). 

The o ther  Amer i can  firm in teres ted  in the  nodules,  
Summa Corpora t ion  of Houston, owned by  Howard  
Hughes has s la ted tests for  its p ro to type  nodule  re -  
covery  sys tem in 1975 (106). The movements  of How-  
ard  Hughes "mys te ry  barge"  and its act ivi t ies in the  
Pacific have made  the news media.  

A n  u p - t o - d a t e  account of the  ac t iv i ty  and organiza-  
tions in teres ted  in deep sea mining  was publ i shed  re -  
cent ly  (108). A br ief  rev iew ar t ic le  on the process 
technology of ex t rac t ing  copper,  nickel,  and cobal t  
f rom the manganese  nodules also appeared  (109). 

Po land  plans  to become the wor ld ' s  la rges t  copper 
expor ter ,  even tua l ly  shipping 400,000 mil l ion tons /  
year.  Poland 's  government  has approved  a $1-bil l ion 
inves tment  p rog ram to enlarge the  copper  industry .  
Refined copper  product ion in Poland  is expected  to 
reach 206,000 mt in 1974, a 26% gain over  1973 (110). 

Af te r  suspending ini t ia l  work  in May, Texasgulf  has 
decided to resume bui ld ing the copper  complex  
p lanned  for Kidd Creek (Timmins) ,  Ontar io  (111). 

Three  Finnish  companies wil l  bui ld  a $575 mil l ion 
ex t rac t ion  and smel t ing complex  for nickel  and cop- 
pe r  for the Soviet  Union in Norilsk,  Siberia.  The p ro j -  
ect is due on s t ream in 1976 and 1977 (112). 

Hudson Bay Mining and Smel t ing  Company and 
Anglo  Amer ican  Corpora t ion  of Canada agreed to pu r -  
chase Ly t ton  Minerals,  Limited,  in teres t  in the Minas 
del  Otono, S.A., Mexico, which owns the La  Verde  
copper  deposi t  200 miles  west  of Mexico Ci ty  (113). 

As 1974 ended, the  economic, poli t ical ,  and social 
factors affecting the wor ld  copper  t rade  poin ted  to a 
poor yea r  in 1975, wi th  product ion cutbacks,  cont inua-  
t ion of price declines, and no viable  answers  to those 
problems.  In the U.S., severa l  mines cut back  produc-  
t ion in December  in response to depressed copper  m a r -  
kets  and increasing inventories.  Fabr ica to rs  have also 
cut product ion  by fur loughing mil l  workers .  The 
CIPEC have agreed  to reduce  shipments  by  10% over  
the  first six months  of 1975. They wil l  not  cut back 
production,  but  wil t  s tockpile  the copper.  Japan  is also 
p lanning  to s tockpile  copper,  but  not as much as cop- 

per  ore  contractual  commitment  would  indicate.  France  
was d rawing  up plans to s tockpile  copper  in 1975 for 
the  first t ime in h is tory  (114). 

L i t h i u m . - - L i t h i u m  carbonate  consumption in the  
a luminum indus t ry  in 1974 cont inued the s trong 
g rowth  t r end  s t a r t ed  in 1972 (115). This growth,  com- 
bined with  a s t rong demand  by  other  l i th ium con- 
sumers, c rea ted  a t ight  supp ly  s i tuat ion for l i th ium 
products  last  year.  In  the  a luminum industry,  the add i -  
t ion of l i th ium compounds to the  pot l ines  lowers  the  
in terna l  resistance of the  e lect rolyt ic  cells, t he reby  
reducing the energy  consumpt ion requirements .  L i th -  
ium also reduces the  fluoride emissions. Since both of 
these factors are  impor tan t  to the  a luminum industry,  
this end use for l i th ium compounds is expected to 
grow (115). 

In  1974, l i th ium compounds were  produced by  Foote 
Minera l  Company, L i th ium Corpora t ion  of America,  
and Ker r -McGee  in. the  U.S. (115). Foote Minera l  
added to the l i th ium carbonate  capaci ty  in 1974 at its 
Si lver  Peak, Nevada,  operat,:on wi th  the  to ta l  capaci ty  
at 14 mil l ion l b / y e a r  of l i th ium carbonate  (116) and i t  
is ant ic ipated  that  output  wi l l  increase  fur ther  in 
1975 (115). In  1974, Foote Minera l  announced the con- 
s t ruct ion of a 12-15 mil l ion l b / y e a r  l i th ium carbonate  
p lan t  at Kings Mountain,  Nor th  Carol ina (117). The 
project  was on schedule for product ion  in 1976 (115). 
L i th ium Corpora t ion  of Amer ica  also inaugura ted  ex-  
pansion of product ion  capaci ty  by  12% over  1973 in 
l i th ium Chemicals at i ts  Bessemer City, Nor th  Caro-  
lina, opera t ion  (118). L i th ium Corpora t ion  of Amer ica  
also acquired Spar tan  Minerals  Company,  a ma jo r  
fe ldspar  processor  (119). The t ight  supply  s i tuat ion of 
l i t h ium chemicals  wil l  ease when Foote  Minera l ' s  new 
plant  comes on s t ream in 1976. Another  8-10 mil l ion 
pounds  .of l i th ium Carbonate pe r  yea r  opera t ion  wil l  be 
on s t ream in 1976 at Bernic Lake, Manitoba,  Canada. 

The to ta l  U.S. consumption of l i th ium chemicals  was 
es t imated  at 32 mi l l ion  pounds  of L i2CQ equiva lent  
in 1974 compared  to  30.5 mi l l ion  pounds  in  1973. 
Wor ld -w ide  es t imated consumption went  up f rom 49.5 
mil l ion pounds Li2CO3 in 1973 to 53.4 mi l l ion  pounds 
in 1974 (115). 

In  ear ly  1974, the quotes for l i th ium hydrox ide  were  
$0.63/lb in bu lk  quant i t ies  (I20) .  In  la te  1974, the  
l i th ium hydrox ide  price was quoted at  $0.87/lb (121). 
The price for bu ty l  l i th ium in cyclohexane in ea r ly  
1974 was $4.80/lb (120), and in la te  1974 it  was quoted 
at $7.32/lb (121). L i th ium carbonate  in ea r ly  1974 was 
quoted at $0.55/lb (119) and by  la te  1974 the price 
was quoted at $0.75/lb (121). In  la te  1974, l i th ium meta l  
was quoted at $9.38/lb (121). 

According to the Bureau  of Mines, the  U.S. Govern-  
ment  has 5.9 mi l l ion pounds of l i th ium hydrox ide  
monohydra te  in  the U.S. Genera l  Services  Admin i s -  
t ra t ion  stockpile,  which was tu rned  over  to GSA b y  
the former  Atomic Energy  Commission (122). 

Foote Mineral  Company is invest ing $600,000 for 
explora t ion  in  the Atacama  deser t  for l i th ium in an 
agreement  wi th  the Chilean Government  (123). 

I n  other  developments ,  many  r e sea rch  groups are  
continuing invest igat ions wi th  l i th ium as an anode 
mate r i a l  for bat ter ies ,  since these systems would po-  
t en t ia l ly  yie ld  very  high energy dens i ty  (124). P r i m a r y  
organic l i t h ium cells, which are a l r eady  on the market ,  
are said to be operational from --40 ~ to 160~ with 
a shelf life of i0 years and 95 W-hr/Ib of energy den- 
sity. These batteries are finding military applications 
(124). 

Molten salt  l i t h ium-su l fu r  cells, being inves t iga ted  
at ESB, Atomics  In ternat ional ,  and Argonne  Nat ional  
Labora tory ,  are  expected to find appl icat ions  in "load 
level ing"  or energy s torage at power  p lants  and vehicle 
propuls ion (124, 125). Atomics In te rna t iona l  repor ted  
(125) that  wi th  a copper  sulfide cathode the loss of 
sulfur  f rom such cells is min imized  and over  700 
charge-d i scharge  cycles have a l r eady  been at tained.  
This system indicates  an energy  dens i ty  of 60-80 
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W - h r / l b  and would have a cycle life of 2000-30~00 cy-  
cles. 

Magnes ium. - -Magnes ium had a banner  yea r  in 1974. 
Apparen t  demand  far  ou ts t r ipped  p r i m a r y  production,  
even though the  p lan t  of the ma jo r  producer ,  The Dow 
Chemical  Company,  was opera t ing  at 105% of capaci ty  
at m i d - y e a r  (126). To ensure an adequate  supply  of 
the meta l  to consumers and to improve  inven tory  
levels,  The Dow Chemical  Company purchased 21,410 
tons of magnes ium in the l a t t e r  pa r t  oi  1973 from the 
Genera l  Services Admin i s t r a t ion  for month ly  de l ivery  
in 1974 and 1975 (127). The GSA also sold about  4,000 
tons of magnes ium month ly  to other  companies  (127), 
unt i l  the s tockpile  was deple ted  in the  second quar te r  
(130). 

The Amer ican  Magnes ium Company,  Snyder ,  Texas, 
wi th  a capaci ty  o f  10,000 tons /year ,  resumed p roduc-  
tion in the  second quar te r  of 1974 (129). NL Indus-  
tries, Inc., Rowley,  Utah, also produced and shipped a 
smal l  quant i ty  of magnes ium dur ing the first quar te r  
(130). 

Northwest Alloys, Inc., a subsidiary of the Alumi- 
num Company of America, is constructing a new mag- 
nesium facility at Addy, Washington, for the produc- 
tion of the metal. Startup of this plant is now sched- 
uled for 1976 (178). Norsk Hydro has announced its 
intention to build a 50,000 tons/year magnesium plant 
in Mongstad, Norway. Operation of this plant is slated 
for the early 1980's (131). 

According to Nils Hoy-Petersen, Norsk Hydro direc- 
tor and president of the International Magnesium As- 
sociation, the free world magnesium production should 
rise to 220,000 tons and consumption to 280,0.00 tons in 
1974 (126). 

The Dow Chemical Company has been exploring new 
technology which is expected to use 50% less power, 
to be less polluting, and to have lower operating costs 
than the present technology (126). However, the pro- 
jected shortages of magnesium encouraged Dow to 
consider  a ma jo r  new p lan t  on modified present  tech-  
nology ra the r  than  wai t  for new techniques to be 
proven.  Both domestic  and foreign sites are being 
evaluated  for a 100 mil l ion l b / y e a r  magnes ium p lan t  to 
go on s t ream by 1978 or 1979 (132). 

The price of 99.8% pur i ty  magnes ium ingot  in lots of 
10,00:0 pounds  or more  was progress ive ly  ra ised in five 
steps f rom $0.42/lb at the  beginning of the year  to 
$0.47 on March 11 (132), $0.55 on May 1 (134), $0.65 on 
J u l y  1 (126), $0.75 on August  1 (126), and $0.82 on 
J anua ry  1, 1975 (135). 

The price of AZ91B alloy, used in die casting and 
genera l  alloys, also increased correspondingly,  and de-  
veloped a different ia l  of $0.05/lb, wi th  the e n d - o f - y e a r  
pr ice of $0.87/lb. The increases reflected the large  in-  
creased costs of e lectr ical  energy, increased demand,  
compet i t ive  expor t  markets ,  and the need to widen de-  
pressed profit  marg ins  of the mater ia ls .  

Impor ts  of magnes ium meta l  in all  forms in 1974 
tota led 5307 tons, whi le  expor ts  of magnes ium meta l  
and alloys tota led 46,399 tons (135). Amer ican  p r i m a r y  
product ion approached 130,000 tons, and consumption 
120,000 tons (126). 

Manganese . - -Accord ing  to the  Bureau  of Mines, 
there  was no 1974 U.S. product ion of manganese  ore, 
concentrate,  or nodules,  containing 35% or more  man-  
ganese, and this was the  first yea r  since 1880 that  no 
p roducer  shipments  were  recorded.  Fer ruginous  man-  
ganese ore or concentrate,  containing 10-35% man-  
ganese, was p roduced  and shipped f rom New Mexico, 
and the Cuyuna  Range of Minnesota  (136). The man-  
ganese requ i rements  were  met by imports  and sales 
f rom the government  s tockpile  (137). 

Consumption of manganese  ore was again down from 
that  of 1973 in the U.S. and amounted  to 1,645,000 
short  tons in 1974: Impor ts  of manganese  ore this  yea r  
containing 35% or more  manganese  were  1,188,000 
short  tons. Brazi l  and Gabon cont inued to supply  more 
than  half  of this manganese  ore and Aus t ra l i a  became 
a significant th i rd  (137). 

Domestic 1974 product ion  of fe r romanganese  (high 
carbon, medium carbon, and low carbon grades)  
amounted  to 582,500 short  tons, apprec iab ly  lower  than  
tha t  in 1973 (137). The imports  of f e r remanganese  to-  
tal ing 421,00.0 tons (327,6'00 tons Mn content)  es tab-  
l ished a new record. As in 1973, the ma jo r  f e r roman-  
ganese suppl iers  were  France  and the Republic of 
South Africa,  supplying more  than  two- th i rds  of the  
total.  Manganese metal  imports  for the yea  r amounted  
to 2507 short  tons and or ig inated  f rom South  Afr ica  
(137). 

The Genera l  Services Admin i s t r a t ion  re leased for 
sale from its s tockpile manganese  ore, synthet ic  dioxide, 
and high carbon fe r romanganese  (138, 137). 

Prices for meta l lu rg ica l  manganese  ore containing a 
m in imum of 48% manganese  was $1.05-1.15/long ton 
for the first half  of the yea r  and $1.10-1.18/long ton in 
the second half  of 1974 unt i l  December  when the quote 
was increased to $1.18-1.38 for the same unit.  Prices 
for fe r romanganese  af ter  removal  of the controls  in 
March were  quoted at  $270/long ton and by  November  
three  subsequent  increases brought  the  pr ice to $400/ 
long ton (136). Prices for the impor ted  i e r romanganese  
went  up f rom $190 at the beginning of the yea r  to 
$450-460/long ton toward  the end of the year.  At  the 
end of December  1974, Union Carbide  raised the  pr ice 
for fe r romanganese  to $440/long ton (137). The price 
for the  e lect rolyt ic  manganese  metaI  went  up f rom 
$0.3325-0.3725/lb to that  of $0.54/lb by  m i d - N o v e m b e r  
(136). The new South Afr ican  source of e lectrolyt ic  
manganese  metal ,  Del ta  Manganese (Pty)  Ltd., s tar ted  
product ion about  the middle  of the year  in Nelsprui t  
in the  Transvaa l  (136). Foote Minera l  Company is the 
d is t r ibu tor  for the United States  and Mexico, but  the  
ini t ia l  output  was dest ined for Canada and Europe  
(136). 

Tenneco, Inc., has joined a group of Japanese  t r a d -  
ing firms, C. I toh and Company,  Nichimen Company, 
and Kanematsu -Gosho  Ltd., in a t h r e e - y e a r  project  to 
develop and evalua te  meta l  recovery  f rom Pacific 
Ocean manganese  nodules. Tenneco's  mining subsid-  
iary,  Dee~sea Ventures,  Inc., wil l  have the responsi -  
b i l i ty  for processing and marke t ing  recoverable  man-  
ganese. The ini t ia l  goal  is to produce  and marke t  
280,00.0 t ons /yea r  of manganese.  The assessment p ro -  
g ram is supposed to cost $20 mil l ion over  a t h r e e - y e a r  
period. Commercia l iza t ion  would involve $200 mil l ion 
and eventua l ly  the group hopes to capture  half  of the 
U.S. manganese  market .  Other  recoverable  minera ls  
are  copper, nickel,  and cobalt  (136, 138, 139). 

Kennecot t  Copper,  as the head of the in te rna t iona l  
group of companies,  wi l l  continue its research and de-  
ve lopment  p rogram to de te rmine  the feas ibi l i ty  of 
mining sea floor nodules, but  wi th  its p r i m a r y  in teres t  
on the nickel  and copper values. An expendi tu re  of 
$50 mil l ion over  a five year  per iod is p rog ra mmed  
(136). 

The Chemetals  Division of the Diamond Shamrock  
Chemical  Company is p lanning  to double, in 1975, its 
manganese  capaci ty  to 17,C00 tons /yea r  at  Kingwood,  
West  Virginia,  at an inves tment  of $6 mi l l ion  (136, 
140). 

Aus t ra l ia ' s  p roducer  of fer romanganese ,  Tasmania  
Electro Meta l lurgica l  Company, was repor ted  p lanning  
an expansion that  would include a new furnace and a 
s inter  machine  for feed. Complet ion was scheduled for 
late  1975 (136). 

A Japanese  survey team found substant ia l  deposits  
of manganese  ore, ~ z e  than 10 mil l ion tons, (Tamboa 
Mines) in the Upper  Volta. The ore contains 56% m a n -  
ganese (141). 

NickeL- -The  U.S. consumption of n ickel  in 1974 ex- 
ceeded the high level  reached in 1973 and resul ted in a 
t ight  supply  of nickel  that  lasted throughout  most of 
1974 according to the U.S. Bureau  of Mines (142). The 
l imited ava i lab i l i ty  of nickel  was also compounded by  
delays in the scheduled s t a r t -ups  at  severa l  nickel  p ro-  
ducing facil i t ies (142). The 1974 U.S. consumption of 
nickel  was 208,107 short  tons compared  to tha t  in 1973 
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of 198,461 short  tons, according to Bureau  of Mines 
da ta  (143), which represents  an increase of about  5%. 

The U.S. nickel  supply  base that  began changing in 
1973 cont inued to shift  in 1974. Impor ts  of Russian 
nickel  in 1974 cont inued to increase, doubl ing the 1973 
level.  Impor t  da ta  for the yea r  1974 ind ica t e  tha t  the  
Dominican Republic  replaced Norway  as the  second 
leading  U.S. nickel  source behind Canada,  and New 
Caledonia  ( the French  Pacific Is lands)  took over  th i rd  
place (142, 143). 

Bureau  of Mines da ta  indicate  that  the level  of ac-  
t iv i ty  in the  domest ic  nickel  product ion changed l i t t le  
f rom that  in 1973 (142). Hanna  Mining produced  about 
17,000 tons of nickel  f rom la ter i te  ore, the  same as in 
1973 (142, 143). The only domest ic  smel ter  recovered 
12,50'0 tons of Ni as fe r ronickel  (142). By-p roduc t  
p lants  recovered 950 tons of nickel  in var ious  forms. 
Other  refiners and manufac tur ing  p lants  recovered 
34,000 tons of nickel  from scrap (142). Canadian  nickel  
product ion th rough  the first ten months of 1974 was 
10% grea te r  than tha t  for the same per iod in 1973 and 
to ta led  242,089 short  tons (142). 

The pr ice of pure  nickel  increased severa l  t imes du r -  
ing 1974. The 1973 price of $1.53/lb was raised in ear ly  
J a n u a r y  to $1.62/lb. Fa lconbr idge  Nickel  Mines, Ltd., 
and N.C. Trad ing  Company increased the prices on 
May 16 to $1.85/lb of nickel.  In te rna t iona l  Nickel  ra ised 
the i r  price to $1.85/lb effective June  28. Fa lconbr idge  
again on December  1 increased the nickel  price to 
$2.05/lb. The fer ronickel  prices were  ra ised about 10% 
in October  1974, to about  $2.00/lb of nickel  content  
(142). 

Fe r ron icke l  increased its m a r k e t  share in 1974 due 
to record  stainless steel  product ion at the  expense  of 
pure  nickel,  whi le  nickel  oxide main ta ined  its 1973 
m a r k e t  share.  The over -a l l  pa t t e rn  of consumption of 
n ickel  r emained  at about  the same levels,  wi th  ap-  
p r o x i m a t e l y  48% consumed in steels, 22% in other  
nickel  al loys and nickel, and 13% for e lec t ropla t ing  
(142). 

Major  exp lora t ion  and deve lopment  projects  were  
u n d e r w a y  in 1974 in the Phil ippines,  Indonesia,  Africa,  
Guatemala ,  and Austra l ia .  In teres t  in the United States  
centers  a round  the poss ibi l i ty  of explo i ta t ion  of cop- 
pe r -n i cke l  deposi ts  located in the Duluth  gabbro of 
Minnesota  (142). 

A m a x  Nickel  Refining Company has s ta r ted  its 
nickel  ref inery at Por t  Nickel,  Louisiana.  Ful l  capaci ty  
of 80 mil l ion l b / y e a r  of nickel  is now expected to be 
reached in 1976. Besides nickel, the  faci l i ty  wi l l  p ro -  
duce 47 mi l l ion  lb of copper /year ,  1.2 mi l l ion lb of  co- 
b a i t / y e a r  and 100,000 t o n s / y e a r  of ammonium sulfate 
(144). 

Mar induque  Mining & Indus t r ia l  Corpora t ion  has 
s ta r ted  the  opera t ion  of its $250 mil l ion nickel  mine  
and ref inery in the  Phil ippines.  The designed capaci ty  
is for  68.4 mi l l ion l b / y e a r  of nickel  wi th  sulfide con- 
centra tes  and 6.6 million, l b / y e a r  of nickel  and 3.3 mi l -  
l ion l b / y e a r  of cobal t  (145). 

The Greenva le  n icke l -cobal t  project  in Queensland,  
Austra l ia ,  is near  completion, according to Metals Ex-  
plorat ion,  Queensland (Pty)  Ltd. The faci l i ty  wil l  have 
an output  of 46 mi l l ion  l b / y e a r  of n icke l  oxide (90 %),  
7.5 mi l l ion l b / y e a r  of nickel  and 2.75 mil l ion l b / y e a r  of 
cobal t  in the form of mixed  sulfides (146). 

Agnew Mining Company (Pty)  Ltd. and the Aus-  
t r a l i an  government  are near  an agreement  for a new 
large  nickel  pro jec t  in Wes te rn  Austra l ia .  The new 
firm was fo rmed  by  Weste rn  Seleast  (Pry)  Ltd. and 
Mount Isa Mines Ltd.  (147). Endeavour  Oil Company 
has found a ma jo r  nickel  sulfide deposi t  at  Digger  
Rocks, in Wes te rn  Austra l ia ,  es t imated  at 520,090 tons 
of nickel  (148). 

Societe Me ta l lu rg ique -Le  Nickel  Sln. Aquitaine,  a 
jo int  company  formed by  Societe Le Nickel  and So- 
ciete Nat ionale  des Pet ro les  d 'Aqui ta ine ,  wil l  invest  
$230 mil l ion for  a 50% interes t  in the  venture.  The new 
company  wil l  take  over  Societe Le Nickel 's  mining  and 
o ther  assets in New Caledonia  and the  refining p lan t  

at Le Havre.  Product ion  at Doniambo, New Caledonia,  
wil l  be increased to 75,000 t ons /yea r  of nickel  (149). 
Amax,  Inc. has acquired a 10% interes t  in Le Nickel, 
SA, Par is  (147). 

The Cie Francaise  d 'Ent repr ises  Miniers, Meta l lu r -  
giques et d ' Invest issements ,  a subs id ia ry  of Patino, 
N.Y., has received approva l  f rom the French  govern-  
ment  for a nickel  mining  and processing faci l i ty  to be 
completed  in 1976, which wil l  produce 18,000 t ons /yea r  
of nickel  as fer ronickel  (149). 

A high recovery nickel  ex t rac t ion  (90% ext rac t ion  
efficiency) prccess  is being pi loted by  Universal  Oil 
Products  (UOP) Company 's  Minera l  Sciences Division. 
The $1.6 mil l ion pi lot  p lant  wi l l  process 5 t ons /day  of 
nickel  la te r i te  ore, by  roas t ing at 1000~176 with  
a reducing gas in the presence of SO2, H2S, or HC1 
(150, 151). 

The Commonweal th  of Puer to  Rico and UOP are  
p lanning a joint  nickel  mining and processing venture,  
based on UOP's ex t rac t ion  technology. UOP wil l  begin 
a two year  evaluat ion  of the project  inc luding the pi lot  
plant.  The project  inves tment  is pegged at $75 mi l -  
l ion (152, 153). 

A process developed by Dar tmou th  College and P u r -  
due Universi ty ,  cal led QS Oxygen Process, is being 
pi loted by Amer ican  Ai r  Liquide  of New York with  
other  par tners .  The process consists of a single reactor  
wi th  continuous feeds of oxygen, concentrates,  and 
flux and can be used with  copper, nickel,  and lead sul-  
fide concentrates.  The cost for energy,  slag, and sulfur  
fixation are  c la imed to be 50% of the costs of conven-  
t ional  conver ters  (154). 

The U.S.S.R. is opera t ing  a meta ls  mining  complex 
on the Ta imyr  Peninsula,  Nor thern  Siberia,  where  sul-  
fide ores of nickel  and other  metals  are  obtained (155). 
Three  Finnish  companies will  bui ld  copper and nickel  
smel ters  wor th  $300 mi l l ion  with  annual  capaci ty  to 
handle  550,000 tons of nickel  concentra te  and 650,000 
tons of copper  concentrate.  The p lants  wil l  be located 
at  Nor i lsk  in Western  Siberia.  The project  is due on 
s t ream in 1976 and 1977 (156, 157). 

Sodium.- -Meta l l i c  sodium product ion was down an 
es t imated  2.3% in 1974 as compared  to the 176,9'03 tons 
of metal  in 1973. The historic  g rowth  ra te  in p roduc-  
tion of metal l ic  sodium was 2%/year .  About  80% of 
the  meta l l ic  sodium went  into the  manufac tu re  of the  
gasoline addit ives,  t e t r ame thy l  and t e t r ae thy l  lead. The 
shor tage of gasoline at the beginning of 1974, the re-  
qu i rement  of no- lead  gasoline for 1975 model  cars 
equipped wi th  catalyt ic  exhaust  systems, and the EPA 
ru l ing  that  most service stat ions must  sell  at least  one 
grade  of un leaded  gasoline were  cont r ibut ing  factors in 
reducing the usage of metal l ic  sodium (158). 

The regula t ions  of the Env i ronmenta l  Protec t ion  
Agency  requi red  a reduct ion  in the average l ead  con- 
tent  of gasoline to 2.00 g /ga l lon  in 1975, 1.70 by  1976, 
1.5 by  1977, and 1.25 by  1978. Thus, the  regula t ions  
could have a direct  effect on sodium product ion  over  
the next  four years.  

However,  PPG, a leading t e t r ae thy l  lead producer ,  
filed a pet i t ion wi th  the Distr ic t  of Columbia  Court  of 
Appea ls  to inval ida te  or rev iew EPA's  decision to phase  
down the use of lead  in gasoline (159). Ethyl  Cor-  
porat ion,  also a large  producer  of t e t r e thy l  lead, ap-  
pealed the  EPA ru l ing  in August,  charging that  the 
agency had fai led to prove its hea l th  case against  lead 
in gasoline and that  it  had overs tepped its bounds in 
issuing a final phasedown of lead (160). In  December,  
the  Federa l  Distr ic t  Court  in Washington,  in response 
to the  plaintiffs,  the Nat ional  Pe t ro leum Refiners As-  
sociation, Ethyl  Corporation,  P P G  Industr ies ,  du Pont,  
and  Nalco, over tu rned  EPA's  regula t ion  on the phase-  
down of lead in gasoline, ru l ing  that  EPA did not prove 
tha t  lead emi t ted  f rom automobi les  is a hea l th  hazard  
to humans  (161). 

Like most indus t r ia l  i tems, the  prices of an t iknock  
compounds also increased in 1974. Demand for the 
compounds was strong, despi te  opposi t ion to i ts con- 
t inued use on the  pa r t  of env i ronmenta l  groups and 
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government  t imetables  for reduct ion of lead in gas-  
oline (162). 

T i t an ium. - - Indus t r i a l  demand  for t i t an ium metal,  
which began to s t rengthen in the last  quar te r  of 1973, 
cont inued th rough  1974 (163). This s trong demand and 
sharp ly  escalat ing prices, fea tured  the t i t an ium marke t s  
dur ing  1974. 

Product ion  of t i t an ium sponge was 18% grea te r  in 
1974 than in 1973 (163). F ina l  del iver ies  of sponge to 
the stockpile under  GSA contracts  were  made  dur ing  
the th i rd  quar te r  of 1974. Consumption of sponge and 
scrap was about  27,000 tons and 10,50'0 tons, respec-  
t ively.  Product ion  of ingot  was about  36,500 tons. Im-  
ports  of sponge for consumption were  about 6800 tons, 
30% more than  in 1973. Of these imports ,  62% came 
from the U.S.S.R., 30% from Japan,  and 8% from the 
United Kingdom (163). Japanese  product ion was ex-  
pected not to exceed 9000 tons, 40% gain over  1973 
(164). The t i t an ium product ion ra te  was l imi ted  by  

shor tages  of power,  labor,  rep lacement  parts,  and raw 
mater ia ls .  

A hea l thy  demand  for t i t an ium meta l  was evident  
from both the indus t r ia l  and aerospace sectors (163). 
Producers  of chlor ine and caustic soda are  increas ingly  
replacing graphi te  anodes in d i aphragm cells wi th  di-  
mens ional ly  s table t i t an ium anodes and switching f rom 
the mercury  cell  process to d iaphragm cells. Increased 
interes t  was shown by ut i l i t ies  in using t i t an ium for 
condensers because of resis tance to corrosion, erosion-  
corrosion and fouling, and good heat  t ransfer  charac-  
terist ics.  The first al l  t i t an ium tube  condenser  for  a 
s team boi ler  in the U.S. is schedu]ed to go into opera -  
t ion in June  1975, at  New Haven Harbor ,  Connecticut  
(165). A major  east coast ref inery was replac ing all  of 
its heat  exchanger  tubing wi th  t i t an ium tubes (166). 
T i tan ium as a specialized construct ion mate r ia l  was 
also engineered into desal inat ion plants  (164). 

The SR-71 pro to type  aircraft ,  which crossed the A t -  
lant ic  Ocean in two hours, was an all  t i t an ium plane. 
The Navy 's  G r u m m a n  F-14 fighter p lane was designed 
wi th  about  25% t i t an ium in its a i r f rame (167). 

Gould, Incorporated,  has reached agreement  wi th  
Energy Development  Associates (a r e s e a r c h  and de-  
ve lopment  pa r tne rsh ip  of Gulf  and Western  and 
Hooker  Chemical ' s  Oxy Energy Development  Com- 
pany  subs id iary)  to cooperate  in the  deve lopment  of 
rechargeab le  z inc-chlor ine  bat ter ies .  Gould will  use its 
powder  me ta l lu rgy  technology to develop a porous t i -  
t an ium electrode,  which is not a t tacked by  chlorine. 
Energy  Development  has been operat ing 1-kW-hr ,  
z inc-chlor ine  bat ter ies ,  which re ly  on s tor ing chlor ine 
in the hydra te  form. The ba t t e ry  system, wi th  an en-  
ergy densi ty  five t imes grea ter  than bes t -ava i l ab le  
l ead-s to rage  bat ter ies ,  is envisioned for use in p e a k -  
load power  genera t ion  at ut i l i t ies  and in electr ic  cars 
(168). 

The pr ice of domestic  sponge increased f rom $1.42/lb 
to $1.90/lb in mid-year ,  to $2.25/lb at the end of the 
year.  The pr ice of ru t i le  increased f rom $310.00/short 
ton as the yea r  began to $330.00 in March, $520.00 in 
June, and $710.00 in November.  I lmeni te  s imi lar ly  rose 
in pr ice  f rom $38.00 to $55.C0/long ton. The pr ice of 
Sorel  slag remained  at $60.00/long ton throughout  the 
yea r  (163). I t  was repor ted  that  Japanese  sponge wil l  
be pr iced at  $2.85/lb in the first half  of 1975 and $3.05 
for the second half  (169). The price increases for t i -  
t an ium sponge reflect h igher  energy and raw mate r i a l  
costs. 

Because sponge product ion  requires  15-18 k W - h r  of 
electr ic  power  to produce  a pound of sponge (com- 
pa red  wi th  6-9 k W - h r  for  a pound of a luminum) ,  p ro -  
duct ion costs increased with  u t i l i ty  ra te  increases. 
F re igh t  rates and raw mate r i a l  prices for rutile,  chlo-  
rine, magnesium, sodium, and a rgon  have also r isen 
sharp ly  (170). 

An  excel lent  rev iew on the direct  reduct ion  proc-  
esses for the production of titanium metal was pub- 
lished in 1974 by the National Research Council (171). 

Mine production of titanium minerals was about 
764,0C0 tons, a decline of about 1.6% from the 1973 
level. The mine of the American Smelting and Refining 
Company in New Jersey had its first full year of pro- 
duction. Mechanical difficulties at one mine and ex- 
haustion of another property accounted for the de- 
crease. In western Tennessee, Ethyl Corporation con- 
ducied an extensive pilot program in anticipation of 
mining and processing sands of the McNairy formation 
for their titanium mineral content (163). 

Imports of ilmenite increased to 96,000 tons, as 
heavy shipments from Western Australia began in 
June. Imports of rutile, both natural and synthetic, 
decreased to 181,0.00 tons, off 13% from 1973. Imports 
of slag were 252,000 tons, 6% more than in 1973. The 
General Services Administration released 3700 tons of 
rutile from the stockpile (163). 

The demand for titanium pigment, while strong 
throughout the year, came more nearly into balance 
with supply than was the case in 1973. Production in 
1974 was es t imated at  808,000 tons, a 4.7% increase 
over  1973. E. I. du Pont  de Nemours  and Company 
neared  complet ion of its ch lor ide-process  faci l i ty  at  
Edge Moor, Delaware.  du Pont  abandoned  plans for a 
p igment  p lan t  New Brunswick,  Georgia,  and took p re -  
l imina ry  action toward  a s imi lar  p lan t  in Mississippi 
(163). 

Ke r r -McGee  Chemical  Company announced plans 
for 110,000 t ons /yea r  of syntlc.etic ruffle capaci ty  and a 
smal ler  p igment  p lan t  at Mobile, Alabama.  She rwin -  
Wil l iams Company sold its 27,000 t o n / y e a r  ch lor ide-  
process pigment plant at Ashtabula, Ohio, to New Jer- 
sey Zinc Company in October (163). 

Imports of pigment were about 38,0.00 tons, a de- 
crease of 37% from 1973 levels. Exports during the 
same period reached 34,50,0 tons, 63% greater than in 
1973. Domestic prices, decontrolled by the Cost of Liv- 
ing Council at the end of May, rose from about $0.38/lb 
to about $0.43 for the highest grade, with similar in- 
creases of about $0.05/Ib for lower grades (163). 

Australian production of rutile was estimated at 
340,0.00 tons, continuing the decline from the peak year 
of 1970. Australian ilmenite production, however, was 
estimated at 775,00.0 tons, about equa ! to 1973 produc- 
tion. Current activity in Western Australia may result 
in increased production of ilmenite in 1975 (163). 

Zinc.--The slackening demand for zinc that began in 
late 1973 continued through 1974. This slackening was 
principally a result of the turndown in automobile 
production (1972). 

Mine production in 1974 was approximately 494,446 
tons, up 3.3% over that of 1973. New York, Missouri, 
and Tennessee were the principal producing states, 
accounting for 54% of domestic production. The new 
Elmwood mine in central Tennessee near Carthage was 
ready for production. About 25,000 feet of lateral de- 
velopment had been completed. This development con- 
firmed earlier estimates that the deposit consists of 
approximately 20 million tons of zinc ore grading 
4.5-5% zinc. A new mill constructed near the mine site 
was approaching completion. The concentrator has a 
capacity for processing 2000-3000 tons/day and will 
produce a 63% zinc concentrate. A new mine in Utah, 
developed as a joint venture by two major producers, 
will be ready for production in 1975 (17.2, 173). 

Smelter production of slab zinc from ore was 546,140 
tons in 1974, nearly 15.1% less than 1973 (174). 

The decline in domestic zinc smelting capacity was 
reversed with the announcement of plans to erect two 
electrolytic zinc smelters, the first in thirty years. Upon 
completion of the plants, possibly in 1977, domestic 
capacity will be increased by 340,.0(]0 tons annually to 
over 1 million tons. 

National Zinc announced that ~eonstruction will begin 
on March 1 on a 50,000 tons/year electrolytic plant in 
Bartlesville, Oklahoma, replacing a horizontal retort 
smelter. The $27 million facility is scheduled for com- 
pletion by May 31, 1975 (175, 176). The Oklahoma Air 
Control Board extended permission to operate the 
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other  remain ing  hor izonta l  re tor t  smel te r  beyond May 
31, 1975, the date  now scheduled for closure. 

Enge lhard  Minerals  and Chemicals  acquired the as- 
sets of Nat ional  Zinc, including the horizontal  re tor t  
smelter .  Enge lhard  wil l  ca r ry  out the zinc producer ' s  
p rev ious ly  announced plans  to construct  an e lec t ro ly t ic  
zinc faci l i ty  at  Bar t lesv i l le  (177, 178). 

New Je r sey  Zinc announced the construct ion of a 
new elect rolyt ic  zinc refinery, wi th  an ini t ia l  capaci ty  
of 80,000 t o n s / y e a r  in 1977 and p lanned  expansion to 
160,000 t o n s / y e a r  b y  1979, to be bui l t  near  Clarksvi l le ,  
Tennessee.  The company is also p lanning  an extens ive  
modern iza t ion  p rog ram at i ts ver t ica l  re tor t  zinc p lan t  
at  Pa lmer ton ,  Pennsy lvan ia  (179). 

No new p r i m a r y  zinc facil i t ies have been constructed 
in the  U.S. since 1942. The closing of seven outda ted  
smel te r s  has decreased domestic  zinc product ion  f rom 
a peak  of 1.3 mi l l ion tons in 1968 to app rox ima te ly  
840,000 t o n s / y e a r  at  present .  Fu r the r  shutdown sched-  
uled for  outda ted  smel ters  wil l  reduce domest ic  p r i -  
m a r y  capaci ty  to about  655,000 tons /year ,  resul t ing in 
increas ing dependence  on zinc imports  (179). 

Canadian  Elect rolyt ic  Zinc is p lanning  to expand  its 
Valleyfield zinc p lan t  f rom 400 to 620 t o n s / d a y  (180). 
Cominco began construct ion on the Rubiales  lead-z inc  
mine  in nor the rn  Spa in .  I t  is expected to come on 
s t ream in 1977, wi th  an annual  output  of 115,000 metr ic  
t o n s / y e a r  of zinc concentrates  (!81).  

Genera l  impor ts  of zinc in ores and concentrates  
increased 20.6% over those of ]973 to 240,043 tons. 
Receipts  f rom Canada were  up, but  f rom other  coun-  
t r i e s - M e x i c o ,  Nicaragua,  Honduras,  Peru,  and Aus-  
t r a l i a m w e r e  subs tan t ia l ly  less. Impor t s  for consump-  
t ion of zinc in ores and concentrates  decl ined app rox i -  
ma te ly  I3.1% to 133,728 tons. In  1974, both  genera l  im-  
por ts  and impor ts  for  consumpt ion of slab zinc were  
nea r ly  the  same at 538,585 and 543,805 tons, respec-  
t ively,  represent ing  decreases of 9.1 and 7.4%, respec-  
t ively,  f rom 1973. Canada  prov ided  about  50% of the  
slab zinc imports ,  West  G e r m a n y  8%, and Aus t ra l i a  
and Peru  each 7% (182). 

Consumption of slab zinc decreased almost  14% from 
that  of last  yea r  to 1,293,921 tons. Zinc used for  ga l -  
vanizing was down 12.3%, zinc base al loy down 29%, 
brass  and bronze down 10.4%, zinc oxide up 6.6%, and 
other  uses up 4% (182). 

The Genera l  Services  Admin i s t r a t ion  cont inued to 
release zinc from the nat ional  s tockpi le  as author ized 
b y  Publ ic  Law 92-283. On December  28, 1973, the 
Pres iden t  s igned Publ ic  Law 93-212, which author ized 
an addi t ional  357,300 tons of zinc for release,  thus add-  
ing to the previous  balance  and crea t ing  a balance  of 
a pp rox ima te ly  415,000 tons of zinc avai lab le  for com- 
merc ia l  disposal. Ea r ly  in the year,  GSA s tar ted  a new 
se t -as ide  p rog ram by offering 150,00'0 tons over  a pe -  
r iod of 1 yea r  wi th  75,'000 tons avai lab le  for the second 
qua r t e r  of 1974 and 25,000 tons each quar te r  thereaf ter .  
The offers were  oversubscr ibed  for the first two quar -  
ters in the  program,  but  a t u r n - a r o u n d  occurred in the  
four th  quar te r  of 1974 when only 8360 tons was p u r -  
chased f rom the 25,090 tons avai lable .  GSA sales of 
s tockpi le  zinc in 1974 amounted  to app rox ima te ly  270,- 
0G0 tons, leaving  a balance  of 166,000 tons author ized 
for  release (172). 

Legis la t ion to suspend the du ty  on impor ts  of zinc 
concentrates,  H.R. 6191, was passed by  the House of 
Representa t ives  and the Senate,  but  was vetoed by the 
Pres ident  because it contained a nongermane  t ax  r ider .  
The bi l l  would have  suspended through  June  30, 1977, 
the  $0.67/lb impor t  tariff  on zinc ores, concentrates,  
and cer ta in  other  z inc-bear ing  mate r ia l s  (172). 

The month ly  average  pr ice of domestic  P r ime  West -  
e rn  zinc ranged f rom $0.31168/lb for J anua ry  to a high 
of $0.39334/lb for October  and decreasing to a Decem- 
ber  average pr ice of $0.3924/lb. The European  producer  
pr ice was raised dur ing  the yea r  f rom $0.3026/lb in 
J a n u a r y  to $0.381/lb in October  and $0.3804/lb in De- 
cember.  The London Metal  Exchange  (LME) price rose 
f rom $0.60.2 to $0.806/lb from Janua ry  to May, then  de-  

cl ined sha rp ly  to the average  December  quota t ion  of 
$0.3495/lb (173, 174, 183). 

These prices are  subs tan t ia l ly  h igher  than  the 1973 
prices, when  the month iy  average  price of P r ime  West -  
ern zinc ranged ~rom $J.1866 to $u.2737/lb. The Euro-  
pean  p roaucer  pr ice ranged f rom $0.1849 to $0.3154/lb, 
wi th  an average for the  yea r  of $0.24/lb. The LME 
pr ice  f luctuated f rom a low of $0.1753/lb in J a nu a ry  to 
a high of $0.7331/lb in November ,  wi th  an average  for  
the  yea r  of $0.3855/lb (173,174,183). 

At  the end of the  year,  the U.S. and foreign zinc 
marke t s  were  ser iously affected by  the wor ld  economic 
doldrums,  resul t ing  in lower  demand,  oversupply,  and 
decreasing price s. To counterac t  these adverse  condi-  
tions, zinc producers  have g radua l ly  cut product ion to 
get supply  and demand  into balance.  European  p ro -  
ducers have reduced  output  f rom 10% to a "significant 
percentage."  5apanese producers  cut product ion  20% 
from 197.3 levels. U.S. p roducers  have not announced 
any cuts, but  some facil i t ies were  not running  at  full  
capaci ty  (184). 

The Bureau  of Mines issued a significant document  in 
"The U.S. Zinc Indus t ry :  A His tor ical  Perspect ive ,"  
in which  the changes in wor ld  mine  a n d s m e l t e r  supply  
sources of zinc and changes in  zinc supply  pa t te rns  
in the U.S. dur ing  the last  th ree  years  a re  described.  
The resul t  has been a growing re l iance on fore ign 
sources of zinc to furnish  an ever  increas ing por t ion  of 
expanding  domestic  requirements .  The document  also 
reviews the developments ,  proper t ies ,  uses, reserves,  
technology, production,  consumption,  imports ,  and gov- 
e rnment  actions (185). 

The Electrical Industry 
In 1974, the  electr ic u t i l i ty  indus t ry  was swamped 

wi th  many  problems:  the  f lat tening of the load growth  
ra te  of the use of energy,  the high cost of money, lack  
of adequate  return,  skyrocke t ing  capi tal  costs of bu i ld -  
ing, high fuel costs, res t r ic t ions  on wes te rn  coal, legal  
delays  by  env i ronmenta l  in tervenors ,  construct ion de-  
lays, mate r ia l  problems,  and new p lan t  cancellat ions.  
Because of the conservat ion p rog ram and the recession, 
for the first time in many years there was a small de- 
cline in the total production of electricity. The only 
segment of the industry which showed an improve- 
ment was nuclear generating plants. In contrast to last 
year, water conditions substantially improved hydro- 
electric resources particularly in the Pacific Northwest. 

In the fall of 1974, President Ford signed into law 
the bill that formed a federal Energy Research and 
Development Agency (ERDA) and a Nuclear Regula- 
tory Commission to replace the AEC and the various 
energy resear.ch activities scattered throughout the 
governmental departments. The President was given 
the power to appoint the regulatory commissioners, 
the ERDA administrator, his deputy, and six assist- 
ants--one each for fossil energy; nuclear; environ- 
ment and safety; conservation; solar, geothermal, and 
advanced energy systems; and national security. The 
ERDA objective is to guide the energy policies of the 
nation to attain Project Independence. 

In a proclamation which appeared in many major 
newspapers, a group of 34 scientists, headed by Dr. 
H. Bethe and including I0 Nobel Prize Laureates, 
called for oil exploration on the continental shelf and 
greatly increased use of coal and nuclear energy. They 
hold that the energy shortage is the most serious prob- 
lem in the U.S. since World War II, and the U.S. choice 
is not between coal and uranium, but both. 

Howard Drew, of the Texas Electric Service Com- 
pany, is pessimistic that the U.S. can achieve the goal 
of self-sufficiency by 1980 (186). He believes that the 
earliest the nation could possibly reach the goal is 
1985, assuming several things that may be difficult to 
achieve. The assumptions are (i) that the nation can 
cut its growth in energy demand in half (to 2% per 
year) ; (it) that the U.S. will be able to double the use 
of coal as an energy resource (opening i00 new strip 
mines in the next ii years) ; (iii) that gas and oil pro- 
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duetion be increased by 25% (dril l ing hundreds of new 
offshore oil wells by 1985); and (iv) that construction 
of nuclear  power plants  be started at the rate of two 
or three new plants  each month  for the next  11 years. 
One of the big problems in reaching the 1985 goal will 
be the raising of near ly  $600 bil l ion in capital needed 
for new construction. 

In  the first eight months of 1974, indefinite postpone- 
ments, cancellations, and scheduled stretchouts in the 
construction of power plants involved some 65,000 MW 
through the 198U's, accoraing to a survey of 74 utilities 
by National Economic Research Associates (187). Of 
this capacity, some 35,000 MW was nuclear  and the 
balance fossil-fired. This delay of the nuclear  power 
plants could mean  the equivalent  annua l  consumption 
of 400 mil l ion bbl  of fuel oil, at a cost of $4 billion. 

Two recent conferences, one at the Ninth  Interso-  
ciety Energy Conversion Conference in  San Francisco, 
and the other at the World Energy Conference in De- 
troit, brought  together the recent advances in energy 
and power R&D, the hydrogen economy, and energy 
economics. Last March, the first major  in ternat ional  
conference devoted to the hydrogen economy of the 
future  was held in Miami Beach. Eighteen sessions 
covered many  aspects of the hydrogen economy, from 
production, storage, transmission, uses, the envi ron-  
ment, to legal considerations. In  October, the New 
York meeting of The Electrochemical Society also held 
sessions on the hydrogen economy. 

The interest  of power utihties in fuel cells is for 
baseload, s tandby generation, or backup power in  an 
envi ronmenta l ly  acceptable way. A major  advance in 
the applicati0n of fuel cells was made when nine ut i l i -  
ties joined with Prat t  and Whitney in  a financial ar-  
rangement  to develop a 28 MW fuel cell to generate 
power. One demonstrator  uni t  will be fabricated and 
tested by 1975, and, if successful, 56 provisional ini t ial  
orders by the utilities could be firmed up (188, 189). 

A commercial sodium-sulfur  bat tery for load level-  
ing and peaking that could meet a mid-1980 market  
estimated at 50,U0O MW-hr /yea r  was viewed with op- 
t imism at a recent Intersociety Energy Conversion 
Conference meeting (190). Problem areas include ex-  
tension of cell life by a factor of ten and suitabIe low- 
cost, corrosion-resistant  materials for containers and 
current  collectors. 

U.S. P o w e r  G e n e r a t i o n . - - T h e  following tables give 
a pre l iminary  summary  of the production, instailed 
generat ing capacity, fuel consumption, and consump- 
t ion of electrical energy for the twelve-month  period, 
J anua ry  through December, 1974. For comparison pur -  
poses, revised final figures are also given for 1973. 
The Edison Electrical ins t i tu te  expects the kW-hr  use 
to rise by 4.5% in  1975 and to average about 7% an- 
nual  growth dur ing the 1975-1980 period (197). 

Power prices are of pr ime concern to the electrolytic 
industry.  Quadrupled prices of foreign oil and strong 
demand for low-sulfur  coal have forced full  escalation 
clauses in ut i l i ty  contracts. Power that cost 6-8 mil ls /  
kW-hr  a few years ago now costs 30-60% more. Hydro-  
power prices are also climbing; Bonnevil le  Power Ad-  

Table 4. Production of electrical energy in 1974 (191-193) 
(Billions-kW-hr) 

Elec t r i c  u t i l i t y  1973 1974 % C h a n g e  

Coa l - f i r ed  848.9 828.3 -- 2.43 
Oil-fired 312.4 292.3 -- 6.43 
Gas- f i red  340.2 320.4 -- 5.82 
Nuc l ea r  ~ 8 3 . 3  1 0 6 . 7  + 2 8 . 0 9 _  

Tota l  1584.8 1547.7 --2.34 
H y d r o e l e c t r i c  271.6 260.9 -- 3.94 

To ta l  1856.4 1808.6 -- 2.57 
Other* 2.7 2.7 0 

To ta l  1859.1 1811.3 -- 2.57 
P r i v a t e  i n d u s t r y  105.7 105.7e O 

G r a n d  t o t a l  1964.8 1917.0 -- 2.43 

* Includes geothermal, wood,  and other sources. 
e Es t ima ted .  

Table 5. Installed generating capacity* (194, 195) 
(Millions-kW) 

I n v e s t o r  o w n e d  18'73 1974 % C h a n g e  

H y d r o  21.5 22.1 + 2.8 
S team* * 305.8 325.6 + 7.5 
Nuc l ea r  17,8 26.4 + 48.3 
I n t e r n a l  C o m b u s t i o n  1.4 1.4 O 

Tota l  '345.4 378.5 + 8.7 
P u b l i c  o w n e d  

Hydro  39.8 40.3 + 1.3 
Steam** 48.5 51.1 + 5.4 
Nuc lea r  1.3 4.2 + 22.3 
I n t e r n a l  c o m b u s t i o n  3.5 3.5 O 

Tota l  93.1 99.1 +6.4  
I n d u s t r y  t o t a l  438.5 474.6 + 8,2 

F u e l  t ype  
H y d r o  53.7 54.3 1.2 
P u m p e d  s to rage  7.6 8 .8  15.8 
Foss i l  f u e l  318.3 336.9 5.1 
Nuc l ea r  21.1 30.3 43.6 
I n t e r n a l  c o m b u s t i o n  4.9 5.0 1.9 
C o m b u s t i o n  t u r b i n e  32.9 39.3 19.6 

To ta l  i n d u s t r y  438.5 474.6 + 8.2 

* As  of D e c e m b e r  31, 1974. 
** Inc ludes  g e n e r a t i o n  b y  c o m b u s t i o n  tu rb ine .  

Table 6. Fuel consumption by electric utilities (191) 

F u e l  1973 1974 % C h a n g e  

Coal, m i l l i o n  t ons  386.6 389.3 --0.08 
Oil, mil l ion barrels  560.0 527.1 --5.88 
Gas,  b i l l i on  of c u f t  3635.8 3413.5 --6.11 
Coal  equ iva l en t , *  mi l -  

l ion  tons  728.8 728.7 0 

* I n c l u d e s  e q u i v a l e n t  f o r  nuc lea r ,  geo the rm a l ,  wood,  and  was te .  

Table 7. Electric utility sales to ultimate consumers in 
1974 (196) 

(Billions-kW-hr) 

C o n s u m e r  1973 1974 % C h a n g e  

Residential  554.2 548.9 -- 0.98 
Commercia l  396.9 389.1 -- 1.97 
Industr ia l  687.2 692.3 + 0.74 
Other 64.9 63.3 -- 2.47 

To ta l  1703.2 1693.6 -- 0.56 

ministration is seeking a 39% increase in its present 
2.3 mills/kW-hr rate (198, 199). TVA, with more fossil 
fuel generating plants, is increasing its rates by 53% 
over 1973 rates. 

An updated analysis of power costs by Arthur D. 
Little gives nuclear power a 5 mill/kW-hr edge over 
fossil-fueled plants. In a 1150 MW plant, the annual 
savings would be nearly $40 million in power generat- 
ing costs (20.0). 

TVA's fuel expense summary for September 1974, 
shows that nuclear fuel costs were 1.588 mills/kW-hr 
and coal fuel costs were 4.632 mills/kW-hr (201). Nu- 
clear fuel costs were equivalent to $3/ton of coal, but 
coal prices were at $10/ton. The two TVA nuclear 
plants produce electricity equivalent to burning 20,000 
tons of coal/day, three large trainloads (202). 

Energy from fossil fuels . - -Even before Arab oil em- 
bargo in the fall of 1973, it was apparent  that current  
domestic sources of petroleum could not fulfill the re-  
quirements  demanded by consumers. Petroleum im- 
ports steadily increased unt i l  the OPEC nations low- 
ered the boom. 

In  the pre-embargo period, na tura l  gas and oil in-  
creased to 65-75% of the total energy, and the contri-  
but ion of coal gradual ly  decreased, being first displaced 
in the residential  and commercial heating markets. 
Following World War II, the coal indust ry  lost a large 
market  when the railroads converted to diesel en-  
gines. The remaining  coal markets  were for the pro- 
duction of coke as a fuel, for the rapidly growing ut i l -  
ity market,  and for large industr ia l  users, such as the 
cement mills. By 1974, the electric ut i l i ty  indus t ry  
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consumed 70% of all the coal used in the U.S., while 
the cement indus t ry  consumed 18 %. 

Prices of coal remained relat ively inexpensive  and 
static, about $5/ton up to the end of 1973. Star t ing in 
1973, inflation increased, the field price for na tura l  gas 
escalated, steep rises in price of imported oil were im-  
posed by OPEC nations, and coal mine  product ivi ty  
declined. As a result  of these developments,  the price 
of eastern b i tuminous  coal increased to about $8.50/ton 
in  1973 and $10/ton in 1974. 

The increased price of coal also indicates an in -  
creased demand by  the ut i l i ty  indus t ry  for low-sul fur  
coal, as well as other industr ia l  uses and exports of 
coal. At the same time, considerable governmenta l  and 
industr ia l  interest  was shown in convert ing coal into 
l iquid and gas products for chemicals and heating as 
substi tutes for petroleum products. There are n u m e r -  
ous articles in the l i terature describing the conversion 
techniques, such as pyrolysis, solvation, hydrogenation,  
and production of synthesis gas. Excellent reviews of 
coal conversion technology and coal gasification (203) 
have been published (204). 

A comprehensive survey of established coal-gasifica- 
t ion processes as well as new ones was reported by 
Chopey (205). 

The Office of Coal Research is put t ing emphasis on 
convert ing coal into liquefied, clean, storable, t rans-  
portable  fuel that  can be burned  by central  power sta- 
t ions or other big indust r ia l  users with minor  env i ron-  
mental  effects. Energy conversion efficiency is higher 
for l iquefaction than it is for gasification, about 78% 
vs. approximately 60%, respectively. The liquids are 
more easily stored than gas, big plants could be bui l t  
to run  at optimized output, and production would not 
have to be synchronized to the demand of a power 
plant  or other big user. Moreover, l iquids are more 
concentrated and can be pumped more economically 
for greater distance than gas. Liquefaction does not 
have the heavy demand for water that gasification 
does, and liquid fuel is more easily pressurized to fire 
industr ia l  power turbines  than  gas (206). 

Dur ing  the year, new projects for making gas and 
oil from coal were started. However, before they go 
commercial, many economic, equipment,  and other 
problems have to be solved. Despite avai labi l i ty of 
processes, no construction work had begun and it ap- 
peared unl ikely  that any plant  could be completed by 
1978. Government  approvals, plant  sitings, and eco- 
nomics are factors which affect the slow progress 
toward commercialization (207). 

Exxon, E1 Paso Natural  Gas, Texas Eastern Trans-  
mission, Northern Natural  Gas, Cities Service Gas, and 
Michigan-Wisconsin Pipel ine are among the companies 
who have announced their in tent ion to build commer-  
cial coal gasification plants (207). 

Consumers in County Fife, Scotland, are getting syn-  
thetic na tura l  gas made from coal. Up to 2.5 mil l ion 
cu f t /day  are supplied from a demonstrat ion plant  in 
nearby  Westfield. The project is being sponsored by 
Continental  Oil Company and more than  a dozen U.S. 
companies, working in  collaboration with British Gas 
and Woodal]-Dickham. The aim of the project is to 
demonstrate  the feasibili ty of the gasification process 
developed by Lurgi  Mineralotechn-ik, West Germany,  
for producing high Btu gas (208). 

The effects of electric fields on plants, animals, and 
soils near  and under  high voltage transmission lines 
will be studied by Westinghouse and Pennsylvania  
State Univers i ty  under  contract from the Electric 
Power Research Inst i tute  (209). 

The question of the efficacy of installed stack-gas 
scrubbers was unresolved in the first par t  of the year. 
Louisville Gas and Electric was caught in the middle 
of the dispute between EPA, who issued a directive to 
instal l  scrubbers, and Federal  Power Commission 
(FPC),  who ordered all work stopped on scrubers 
(210). 

Scrubbing efficiency was claimed to be increased by 
2.3 times with thiosorbic l ime than with conventional  

lime. Thiosorbic l ime has a balanced amount  of mag- 
nesium oxide to promote high a lka l in i ty  in solution 
(211). 

To cope with energy shortages, chemical companies 
are t rying to become at least par t ia l ly  self-sufficient. 
Dow, Grace, Union Carbide, du Pont, and others are 
moving into oil and gas explorat ion by the acquisition 
of, or joint  ventures  with, independent  exploration 
companies (212), as well as acquiring coal companies. 
Grace merged with Blue Diamond Coal (213), Cleary 
Petroleum, Magness Petroleum, and Amini  Oil (214); 
Ethyl acquired Elk Horn Coal (213); Dow obtained a 
stake in Magma's geothermal technology and tracts, 
leased 12 producing wells owned by Quitana Produc- 
t ion (215), and bought a 20% interest  in McMoRan 
Explorat ion (213); and  Gulf Resources and Chemical 
acquired coal reserves in Cambria  County, Pennsy l -  
vania, and two small oil companies (216). Dow will  
also participate in a Gulf Coast superport, is p lanning 
a fuels .and feedstock refinery for Brazosport, Texas, 
and is l ining up ventures  in energy-r ich  western 
Canada and the Mideast (212). 

Connected indirect ly to electrical energy is the re- 
covery of the fuel value of oil shale or oil sands. The 
influence of the oil embargo and the price of Arab oil 
made the bidding for oil shale leases in  western Colo- 
rado competitive and the price high (217). The chemi- 
cal extraction of oil from sands will  undergo pilot 
plant  tests at Edmonton,  Alberta.  The process has 
shown evidence of higher yield and ut i l i ty  than steam 
or water  (218). The in s i tu  combust ion to recover oil 
from tar sands will undergo field testing for feasibility 
b~ the Bureau of Mines (219). A one-year  study on the 
feasibility of petrochemicals from the Alber ta  oil sands 
will also be made (220). 

Project Independence placed reliance of the future  
energy needs on domestic sources of  energy, especially 
on the vast coal reserves. Estimates indicated that coal 
production will have to be doubled by 1985 to fulfill its 
assigned role. One of the many  problems in doub l ing  
production involves moving that much more coal, 
since the present  t ransportat ion system is already 
strained. Modern technology is making progress to 
solve the t ransportat ion bottleneck. 

Overland conveyor systems for t ransport ing coal up 
to 15-20 miles with capacities of up to 5000 tons /h r  
are becoming common in the indust ry  (221). 

A coal s lurry  pipeline is operated by Peabody in 
nor thern  Arizona. The coal is crushed, rod-milled,  and 
wet -ground to 8-mesh. The s lurry  is formed in the rod 
mills, from where it is pumped to large storage tanks 
equipped with mechanical  agitators. The 273 mile, 18 
in. pipeline is capable of moving 660 tons of coal /hr  in 
a 50% by weight s lurry  at a flow rate of 4200 gal- 
lons/min.  Transi t  t ime from mine to destination is 
three days, and the line holds 45,{]00 tons of coal. Four  
pumping stations operate at between 1000 and 1500 
psi, and require up to 1750 hp (221). 

An 800 mile s lurry pipeline system from the coal 
fields in Montana, Wyoming, Colorado, and Utah to the 
Pacific Northwest is being considered by Northwest 
Pipeline Corporation. The coal would be slurr ied with 
water, which would be recycled to the coal fields. Ul-  
t imately, the s lur ry  would be composed of coal and 
methanol  (222). 

Consolidation Coal Company has announced a new 
hydraulic  system of moving coal via pipeline from 
underground mine faces to above-ground preparat ion 
plants. Coal from a continuous miner  is put through a 
mobile crusher to obtain a max imum 4 in. size, fed 
into a mixer  where water is added to form a slurry,  
and sent under  pressure through a 10 in. pipeline to 
the surface. The water is removed from the coal in the 
preparat ion plant  and re turned to the closed-circuit  
system. Consolidation Coal claims greater productivity,  
increased tonnage, and many  safety advantages (223). 

Energy from nuclear  sources.--Coal and u ran ium 
are in much more abundan t  supply than oil and gas in 
the U.S. In  view of this, many  experts are advocating 
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that all our power generat ion should be geared to coal 
and nuclear  energy to conserve oil and gas for other 
uses. Even the Shah of I ran  advocated petroleum uses 
other than energy. Over the long term, nuclear  power 
should be the base-load, so that  coal can be used for 
synthetic  oil and gas, thus augment ing  the scarcer sup- 
plies of pet roleum crude and na tura l  gas. This postu- 
late practically dictates that the breeder  reactor be in  
large-scale commercial operation by  1990 (224). 

According to Atomic Industr ia l  Forum, 56 reactors 
are now operable in the U.S., with a capacity to gen-  
erate 37,536 MW, near ly  8% of the U.S. total. In  1974, 
U.S. reactors generated 121 bi l l ion kW-hr,  saving 183 
mil l ion barrels of oil or 42 mil l ion tons of coal, equiva-  
lent  to $1.8 bil l ion in foreign trade (225). 

However, a mid-year  report by the FPC listed 27 
nuclear units, originally scheduled for operation in the 
summer  of 1974, that  have been delayed. The missing 
26,120 MW of power is equivalent  to 17 mil l ion barrels 
of o i l /month  (226). 

The Atomic Energy Commission proposed legislation 
to change the nuclear  power p lan t  l icensing process. 
The objective is to decrease the t ime required for ap-  
proval and construction of nuclear  power facilities 
from ten to six years, while providing for more effec- 
tive state and public part icipat ion in p lanning these 
facilities. To reach the six year period, AEC is request-  
ing authori ty  to approve standardized power p lant  
designs and to establish a list of approved plant  sites 
(227). 

For comparison, Sweden has buil t  a nuclear  plant  in 
just  over four years. Construction of Ringhals 2, an 
820 MW pressure water  reactor (PWR),  began in Feb-  
rua ry  1970, and went  critical on June  19, 1974 (228). 

Critics and intervenors  questioned the avai labi l i ty 
of existing nuclear- fueled power plants. Three factors 
should be considered: cost of construction, cost of fuel, 
and availability. Coal -burn ing  plants are cheaper to 
build by 30%. The other two factors appear to favor 
nuclear  plants. 

The Atomic Industr ia l  Forum reported a 10% drop 
in  nuclear , fue l  costs in  1974, while fossil-fuel costs 
rose by 85%. Fossil fuels, on the average, now cost 11.6 
mi l l s /kW-hr ,  near ly  six times the cost of nuclear  fuel 
at 2.0 mi l l /kW-hr .  Average nuclear  power plant  avail-  
abil i ty was 68.6% as the year drew to a close, com- 
pared to 58.4% for similar-sized fossil plants  (229). 

In  the TVA system, Brown's Fer ry  Nuclear Unit  1 
generated 1.9 billion kW-hr in the third quarter of 
1974, equivalent to 650,000 tons of coal. The 1065 MW 
boiling water reactor (BWR) was available 87% of the 
time during the quarter, which compares to the aver- 
age availability for large coal-burning units last year 
of 72% (230). 

Commonweal th  Edison reported that the avai labi l i ty 
of its four large nuclear  units averaged 82% in 1974, 
against  69% for five new 500-800 MW coal-fired uni ts  
(231). 

The Connecticut Yankee 575-MW PWR plant  had a 
capacity factor of 73%, including 88% for the first 
eleven months of 1974. Compared to equivalent  oil- 
fired generation, the reactor saved its customers over 
$96 mil l ion in 1974 (232). 

The average cost of 1 kW-hr  from nuclear  plants  at 
the end of 1974 was 10.52 mills, compared to 17.03 mills 
from fossil-fuel plants. The figures included amor-  
tized capital allocations. The big savings was in fuel, 
2.15 mills in a nuclear  plant  and 11.25 mills in a fossil- 
fuel uni t  (233). 

The U.S. u ran ium enr ichment  capacity has already 
been obligated. The projected U.S. and world demand 
for enriched u ran ium mandates  that the present ca- 
pacity be enlarged to guarantee a long- te rm supply 
for the expanding nuclear  power plant  market  (234, 
235). Two groups, CENGEX Associates (236) and Cen- 
ter Associates (237, 238), have shown interest  in de- 
veloping private capacity for enr ich ing  u ran ium by 
gas centrifuge technology with probable s tar t -up in 
1979-1980. Another  group, Uran ium Enr ichment  Asso- 

ciates, was s tudying the current  diffusion technology, 
but  ini t ial  estimates indicate high capital requirements  
(234). 

A European u ran ium enr ichment  plant, involving 
France, Belgium, Italy, and Spain, is scheduled for 
completion in 1979. The $1.5 bil l ion plant, based on 
gaseous diffusion separation, being buil t  at Tricastin in 
the Rhone Valley, has been increased by an unspeci-  
fied amount  beyond the original level of 9 mil l ion sep- 
arative work units  (239). 

The U.K.'s fast-breeder  reactor prototype went  criti- 
cal in the first quar ter  o.f the year. The unit, at Dunrea, 
Scotland, feeds about 250 MW into the nat ional  grid, 
but  its main  purpose is to provide practical implica- 
tions of bui lding a commercial-size unit.  Two other 
prototypes already are operat ing in Europe, a 150 MW 
uni t  in the U.S.S.R. and a 250 MW uni t  in  France (240). 

France has bui l t  a 250 MW uni t  and operated an ex- 
per imenta l  l iquid metal, fas t -breeder  reactor, LMFBR, 
named Phenix,  which produces more p lu tonium than it 
consumes as part  of the fuel. The U.S. breeder reactor 
program is mired in red tape. The construction of the 
reactor, slated to be along the Clinch River near  Oak 
Ridge, Tennessee, and to be operational in the early 
1980% has not started, more than two years behind 
schedule (241). 

The U.S.S.R. also has a BN 350 (350 MW) breeder  
reactor at Shevchencko. However, this plant  was 
forced to shut down due to tube leaks in three of the 
steam generators. The plant  was operating at 30% of 
full  power at the t ime of shutdown (242). 

Dr. David J. Rose of MIT claimed that  bu rn ing  coal 
to produce electricity is 100 times more deadly than 
using nuclear  power plants to produce the same 
amount  of energy (243). Health risks from nuclear  
pIants were also called min imal  by Dr. Roger E. Len-  
nenman.  Radiation levels from nuclear  power plants  
are small  compared to normal  risks tolerated by  so- 
ciety (244). The accidental potential  of fission reactors 
has been exhaust ively surveyed recently, and found to 
be below the risk potent ial  of many  industr ia l  proc- 
esses and na tura l  phenomena (245). 

Roughly one- thi rd  of Chicago and nor thern  Illinois 
electricity is now provided by nuclear  energy, and the 
oldest atomic uni t  has been operating safely for almost 
14 years. The state monopoly in France has decided 
that all new power stations will be nuclear.  Twenty  
nations other than the U.S., including all major  indus-  
trial  powers, are moving ahead on the nuclear  power 
front (246). 

In  May, Electricite de France ordered 16 West ing-  
house PWR's from Frametome (owned 45% by West- 
inghouse),  the largest order ever placed in the history 
of the nuclear  industry.  The plants are to go into op- 
erat ion between 1979 and 1982 (247). 

Other energy sources.--A n u m b e r  of other energy 
sources are being developed, including waste combus- 
tion, geothermal steam, solar radiation, wave energy, 
wind power, magnetohydrodynamics,  and controlled 
fusion. Commercial development of these sources re- 
quire long lead times (except the first two which are 
already producing energy on a l imited scale), and it 
seems unl ikely  that  any of these sources will con- 
t r ibute  mater ia l ly  to the U.S. energy pool before 1985. 
Controlled fusion is not expected to contr ibute ma-  
ter ial ly before the year 2000 (248). However, research 
and development  efforts are proceeding in attempts to 
advance the technology of these methods to generate 
power economically on an industr ia l  scale. 

The energy crisis, the activity of environmental is ts  
for cycling, and the price of fuel have led to the con- 
cept of uti l izing domestic, agricultural,  and industr ia l  
wastes as a source of fuel, recovery of ferrous mate-  
rials, and decrease in weight and volume of the wastes 
for landfill  in the form of ash (249). Many cities, espe- 
cially St. Louis (244-251) which has been in the fore- 
front in waste combustion for power, and others such 
as Boston (249, 251), Montreal (249), Chicago (250, 
252), San Diego (244), New Jersey (253), New York 
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(251), Oakland (254), Nashville (255), E1 Cajon, Cali- 
fornia (256), etc., have already installed or are com- 
mit ted to the concept of energy from waste. The TVA 
is also considering production of power from garbage 
by the "separation process" (257). 

One ton of solid waste can provide the same amount  
of energy as one- th i rd  ton of coal, or 65 gal of No. 2 
fuel oil, or 8000 cu ft of na tura l  gas. One pound of coal 
has about 12,000 Btu heating value, whereas wastes 
average about 4600 Btu (249). 

Industr ial ly,  Weyerhaeuser  has set a goal of becom- 
ing energy self-sufficient by 1980 using wastes from 
their  operations. At present, 66% of its energy require-  
ments  are obtained from burn ing  black l iquor and 
hogged fuel. 

Of the other potential  sources of energy, geothermal 
steam is also producing electrical energy on a l imited 
basis. With the energy crunch and the federal energy 
research budget  including geothermal projects, the 
activity in geothermal uti l ization is expanding (259). 

The Pacific Gas and Electric Company, which sup- 
plies San Francisco, is operating a geothermal field 
commercially, and is expanding its capacity. In  1976, it 
will  have a capacity of 847,000 kW, far exceeding 
I taly 's  380,000 kW facility (260). 

A conceptual design for a 10 MW geothermal electric 
power p lan t  in Mono County, California, will use the 
Magnamax power process, an advanced b inary  cycle 
for convert ing thermal  energy to electrical energy 
(261). 

An AEC sponsored Geothermal  Power Development  
Conference held in June  in Berkeley, California, in -  
cluded papers from AEC and indus t ry  (262). 

The Dow Chemical Company purchased an interest  
in the Magma Power Company. Dow will  assist in 
explorat ion and development  of geothermal proper-  
ties under  Magma control and will  use Magma's tech- 
nology to obtain geothermal steam for its chemical 
plants  (263). 

The radiant  energy received cont inuously by this 
p lanet  from the sun far exceeds our present  energy 
needs, or that  of the immediate  future. A var ie ty  of 
ways have been suggested in which this energy could 
be used to heat and cool buildings or to generate elec- 
tr ici ty and synthetic fuels. 

NASA is developing an exper imental  solar collector 
system to heat and cool a s t ructure that  will  be bui l t  
in  Hampton,  Virginia. Water-fi l led tubes inside the so- 
lar  collectors would absorb the solar heat, using it for 
direct hot -water  heat ing and to operate an absorption 
refr igerat ion uni t  (264). NASA has also applied for a 
patent  on a special absorptive coating for a l u m i n u m  
panels that  are used in bui lding a solar energy col- 
lector. The coating absorbs about 93% of the total so- 
lar  heat, but  reradiates only 6% of the infrared heat 
(265). 

Cont inental  Oil is testing solar panels as a supple-  
menta l  power source on a Gulf of Mexico oil produc- 
t ion platform. Banks of solar panels absorb sun energy 
and convert  it to electricity for storage batteries that  
operate warn ing  devices (266). 

A photovoltaic solar cell demonstra t ion system was 
being set up in McLean, Virginia, by Metro Corpora- 
t ion to convert  solar energy directly into 1500 kW-hr  
of electricity annua l ly  (267). The system is the first 
step in a cont inuing evaluat ion program. Sandia Lab-  
oratories are exploring the possibility of developing 
photovoltaic cells to produce power at cost equivalent  
to fossil fuel conversion cells (268). They are also 
s tudying the concept for a communi ty  powered mostly 
by solar energy. 

The NSF is sponsoring the exper imental  augmenta -  
t ion of regular  heat ing systems of four schools with 
solar heat ing systems (269). A Harvard  Univers i ty-  
Tyco Laboratories team, also sponsored by NSF, has 
developed a process for the continuous production of 
si l icon-crystal  solar cells. This breakthrough in tech- 
nology is supposed to cut the cost of a solar a r ray  uni t  

capable of producing 1 kW by a factor of 100, to about 
$350 (265). 

PPG is now producing solar energy collector cells, 
designed for hot water and heating systems of mul t i -  
story buildings and homes (270). A new Japanese solar 
bat tery  uses th in  film of u l t rapure  chlorophyll  ex-  
tracted from spinach to generate electricity (271). 

In  other novel energy schemes, an ocean wave-  
dr iven air pump consists of a cyl inder  submerged in  
the ocean, through which water  rises and falls, pump-  
ing air that can power a generator  (272). 

In  a workshop conference, it was concluded that  
there were no insurmountab le  obstacles in collecting a 
par t  of the energy from Gulf  s tream currents  off the 
coast of Florida (273). 

The Univers i ty  of Edinburgh received a grant  to 
harness ocean wave power to generate electricity. It  is 
claimed that  bet ter  than 80% of the wave energy 
could be collected by using the roll ing motion of the 
waves to rotate vanes in par t ia l ly  submerged con- 
tainers (274). 

Methods to recover the energy in tidal waves have 
been periodically suggested, par t icular ly  in the Bay of 
F undy  and in France. The construction of a dam for a 
tidal power project is being p lanned for Mezan Bay in 
the White Sea in the U.S.S.R. Plans are to install  600 
capsule and turb ine  units, each with 10 MW capacity. 
The construction method will  be similar to that  of the 
first Soviet tidal power uni t  at Kislaya Guba, on the 
Barents Sea (275). 

The cost of the French 240 MW plant  on the Rance 
estuary was three times as much as a conventional  
hydropower station (275). 

A wind energy conversion system, a series of wind-  
mills, could be constructed in the Texas Panhandle  by 
1985, to produce 500 MW of electrical energy. The 
windmil ls  could be operating with 20 mph winds 40% 
of the t ime in most areas and 50% of the t ime in some 
areas of the Panhandle,  the windiest  region of the 
U.S. (276). 

Both NASA and NSF are funding projects for wind 
energy conversion systems. Michigan State University,  
General  Electric, and Kaman  Aerospace will s tudy the 
feasibility and design of wind conversion systems 
(277-279). 

Canada's B.C. Hydro, Vancouver, has ordered two 
small w ind-d r iven  power plants from Par Industr ia l  
Contractors. The 2000W units, costing $8210 each, will 
be used in an evaluat ion study in the spring of 1975 
(280). 

Windpower systems can generate electricity directly 
or produce hydrogen by electrolysis of water, and with 
a storage system the hydrogen can be later  used in a 
fuel cell to produce electricity. Using a computer  model 
to analyze windpower for the New England area, it 
was found that  incremental  demand from 1976 to 1990 
could be satisfied at a cost of $0.119-0.201/kW-hr. The 
system would have 173 wind stations with three iden-  
tical 2 MW generators per station (281). 

Magnetohydrodynamic (MHD) power got another  
boost with an $8 mil l ion contract to the Univers i ty  of 
Tennessee Space Inst i tute  to bui ld an in termedia te-  
size MHD plant. The plant, funded by the Office of 
Coal Research will integrate all components of a di- 
rect coal-fired MHD plant  and will  operate cont inu-  
ously for 100 hr o r  more (282). Avco also received 
funding from the same source for development  of MHD 
power systems operating on coal or fuel derived from 
coal (283). 

General  Electric reported a breakthrough in MHD 
efficiency. It converted 20% of the heat produced in a 
closed-cycle MHD setup into 1800 kW of electricity in 
a hundredths-of -a-second bursts in a 60 ft shock tube 
(284). 

Manuscript  received June  16, 1975. This report was 
presented at the Industr ia l  Electrolytic Division 
Luncheon at the Toronto, Canada, Meeting of the So- 
ciety, May 11-16, 1975. 
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A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1976 
JOVRNAr.. Al l  discussions for the  June  1976 Discussion 
Section should be submi t ted  by  Feb.  1, 1976. 
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Science and technology today  have  a t ta ined a f a i r ly  
high degree  of m a t u r i t y  and scientific research  has 
become h ighly  inst i tut ional ized.  These deve lopments  
have evolved l a rge ly  dur ing  the decades fol lowing 
Wor ld  W a r  II. Dur ing  this per iod  we have  seen un-  
p receden ted  advances  in both science and technology.  
However ,  as we  look to the  fu ture  there  a re  serious 
concerns whe the r  the new chal lenges now facing the  
nat ions of the wor ld  can be adequa te ly  deal t  wi th  by  
s imple  l inear  ex,trapolations.  Both the  na tu re  and the 
longer  t e rm impl ica t ions  of the  new challenges wi l l  
demand  grea te r  R&D ini t ia t ives  and much grea te r  
adap tab i l i ty  by  the scientific communi ty  than  i t  has 
been accustomed to in the past. 

The new realities.--As we approached  the 70's a 
number  of p rob lem areas, which had been fo rmer ly  
of on ly  minor  concern, r ap id ly  deve loped  to a degree  
where  they  have now become of ma jo r  concern both  
na t iona l ly  and in te rna t iona l ly .  Some of these areas  
have  reached near  crisis proport ions.  Wha t  is equa l ly  
clear  is that  many  of these problems  are  closely inter= 
re la ted  and tha t  t hey  have serious l ong - t e rm  impl ica -  
t ions for man 's  we l l -be ing  on this planet .  

That  having  been  said, I should make  c lear  a t  the  
outset  that  I do not  share  most  of the "doom and 
gloom" prophecies  wi th  respect  to man 's  survival .  Rec-  
ognizing the p rob lems  and thei r  implicat ions,  man  
also has the  necessary  intel l igence,  capabi l i ty ,  and 

1 T h i s  is t h e  E l e c t r o c h e m i c a l  S o c i e t y  L e c t u r e  d e l i v e r e d  at  t h e  
T o r o n t o ,  Canada ,  M e e t i n g  of  t h e  Soc ie ty ,  M a y  12, 1975. 

adaptability to act r a t iona l ly  and to manage his affairs 
so as to ensure his future well-being. As a result of 
the broad advances in science and technology over the 
past few decades, we are in a much stronger position 
to face up to these challenges, to devise new solutions, 
and to develop optional technologies for new strategic 
approaches. This is not to suggest that national and 
world problems will be solved by science and technol- 
ogy alone, but rather that science and technology will 
be needed as essential  aids in the a l lev ia t ion  of and 
solutions to such problems.  

Because the  new chal lenges I re fe r  to also imp ly  
possible serious consequences in the long t e rm as wel l  
as in the  shor t  term, I p re fe r  to call  them the new 
reali t ies.  To be rea l i s t  r a the r  than  alarmist ,  i t  is neve r -  
theless appropr ia t e  to ra ise  the  quest ion whether ,  in 
v iew of past  inertia,  the nat ions  of the  world,  as wel l  as 
the  scientific community,  have  the  convict ion and the 
wi l l  to respond ac t ive ly  and comprehens ive ly  to the 
new reali t ies.  

To be more  explicit ,  I would  l ike  to s ta r t  wi th  the  
fol lowing list  of topics which have  been identif ied as 
p rob lem areas  in m a n y  countr ies  and which re la te  
d i rec t ly  to our  ma jo r  concerns: (i) energy,  (ii) food, 
(iii) housing and  u rban  problems,  (iv) indus t r ia l  de= 
ve lopment  (goods and services, emp loymen t ) ,  (v) en-  
v i ronment ,  (vi) mater ia l s  (resources)  and mate r i a l s  
recycling, (vii) t r anspor ta t ion  and communications,  
(viii) health,  (ix) d i sa rmamen t  and peace, (x) eco-  
nomic, scientific, and technical  aid to less deve loped  
countries, (X/)oceans, (x/ / )space.  

This list is not  in tended to be in any  pa r t i cu l a r  o rder  
of impor tance  or p r io r i ty  nor is i t  necessar i ly  complete.  
Others  might  be added, such as economic s tab i l i ty  ( in-  
cluding trade,  mone ta ry  problems,  inflation, etc.) ,  so-  
cial justice,  publ ic  safe ty  and securi ty.  These are  in-  
deed expl ic i t  areas  of concern. To some degree  also 
they  are  implici t  in the above list. 2 

In recent  years  much of the rhetor ic  on science po l i -  
cies has been concerned wi th  re la t ing  scientific r e -  
search to nat ional  goals. In  the first instance, tha t  is, 
wi thout  fur ther  e laborat ion,  such goals are  genera l ly  
s ta ted in ve ry  b road  terms,  as follows: food, shelter ,  
prosper i ty ,  health,  peace and security,  just ice and so- 
cial welfare.  

These could equa l ly  wel l  be a s ta tement  of i n t e rna -  
t ional  goals. In  essence, they  reflect basic h u m a n  
needs and no country  could long survive  if such needs 
were  not met  to some m i n i m u m  s tandard .  When  we 
compare  these basic needs wi th  the  longer  l is t  of topics 
above, there  is a s t r ik ing over lap  and resemblance.  

There  are  severa l  o ther  d is t inguishing fea tures  of 
the  longer  list  of twelve  topics: 

(i) Most of these areas  have become more  impor tan t  
or cr i t ical  in recent  years  and are  l ike ly  to be of on-  

T h e  p r o b l e m  of p o p u l a t i o n  s h o u l d  p r o p e r l y  be  c o n s i d e r e d  as  p a r t  
of  t h e  n e w  rea l i ty .  H o w e v e r ,  i t  w o u l d  s e e m  to b e l o n g  m o r e  in  t h e  
social or moral domain than in the domain of science and t e c h -  
nology. 
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going concern in  future. F requent ly  a par t icular  topic 
forms the unique  mission of a min is t ry  of nat ional  
governments.  

(ii) There is a high degree of in te r -connec t ion  be-  
tween these problem areas. 

(iii) Most of these problem areas are now also of in -  
ternat ional  concern. 

(iv) All depend heavi ly  on applications of science 
and technology and will  require  considerably more 
R&D investment  in future. 

To this audience, there is no need to elaborate in 
detail on each of these topics but  certain features are 
worth mentioning.  

Energy.--Although the finite supply of fossil fuels had 
been f requent ly  pointed out, it took the recent oil em- 
bargo to br ing  home to us an awareness of this fact, as 
well as of our excessive dependence (and therefore 
also vulnerabi l i ty)  on this form of energy. Past R&D 
investments  in  nuclear  energy have provided an al-  
ternat ive form of energy. Other sources of energy wil l  
also have to be developed especially from renewable  
resources. 

Food.--Ultimate shortages of food, especially cereals 
and protein had also been foreseen. The green revolu-  
t ion gave hope of buying time but  made heavy de- 
mands on fertilizer supplies. Increased food demands 
were due in  part  to populat ion increase and in  par t  due 
to nut r i t iona l  upgrading of substandard diets. The 
world now faces the double challenge of increasing 
food supply while conserving energy, including fert i l -  
izers. 

Housing and urban problems.--The concerns relat ing 
to low-cost housing and a complex of u rban  problems 
are well known. The need for energy conservation, for 
envi ronmenta l  preservation, and for waste and mate-  
rials recycling are added dimensions. 

Industrial development.--In the past, economic viabi l -  
i ty  of a pr ivate enterprise could be v i r tua l ly  assured 
if it had an efficient technology, good management  and 
adequate market  access. The ground rules are rapidly 
altering. Future  enterprises will  also be required to 
take into account and be accountable for social costs, 
envi ronmenta l  costs, energy costs, and mater ia l  costs. 
It is doubtful  whether  many  of today's technologies 
will  be able to meet all criteria, and these technologies 
may have to be modified or al ternate techologies may 
have to be developed. Such new technologies may not 
necessarily be large-scale technologies. Employment  
opportuni ty  is an  additional factor of growing impor-  
tance. 

Environment.--With today's numerous  envi ronmenta l  
concerns and risks, it is clear much more basic knowl -  
edge and unders tanding  will be required to make en-  
v i ronmenta l  impact analyses with confidence. Indeed 
many  env i ronmenta l  risks now of concern were de-  
tected only recent ly as a result  of highly sensitive 
analytical  techniques made possible by recent scientific 
advances. 

Materials (resources) and materials recycling.--This 
is an area which will obviously continue to be science 
and technology intensive. The new parameters  are 
l ikely to be energy conservation, materials conserva- 
tion, substitution, and recycling. 

Transportation and communications.--These are the 
essential service networks required by any nat ion 
(and among nations) to move people, goods, and in-  
formation. Their importance to modern societies has 
grown enormously with a strong demand for new tech- 
nologies. Fu ture  t ransporta t ion systems will be re-  
quired to meet s t r ingent  energy consumption s tan-  
dards, envi ronmenta l  acceptability, and u rban  stan-  
dards. Electronic communications systems will be re-  
quired with greater  load handl ing  capabilities and as 
a part ial  substi tute for paper  communications.  

Health.--With R&D in the health sciences already at 
a substantial  level, new emphasis is l ikely to be di-  
rected toward preventive medicine and health delivery 
systems. 

Disarmament and peace.--This is a topic which re-  
quires special comment. At one t ime referred to as the 
War Depar tment  of nat ional  governments,  it is cur-  
rent ly  called the Defense Department.  In  the new 
realities, it might bet ter  be called the Disarmament  
and Peace Department.  On the one hand  we need to 
question whether  present defense theories and postures 
are becoming outmoded, and on the other hand 
whether  the nations of the world can continue to con- 
done the high wastage of capital, energy, and materials 
under  the guise of defense. Accepting that  every na-  
t ion has a right to defend itself, and that  what  is re-  
garded as an adequate defense bears an in ternat ional  
relativity, the only feasible way to de-escalate mount -  
ing defense costs is through mutua l  and collective 
agreements among nations. A first goal in  this direction 
must  be a total ban  on nuclear  weapons together with 
verifiable and enforceable safeguards. The fai lure to 
contain the so-called nuclear  club and the failure of 
the Nuclear Non-Prol i fera t ion Treaty  should now be 
ample warning  that  we are drif t ing along a dangerous 
course and that a whole new positive approach is 
needed. 

What  does all this have to do with science and tech- 
nology? Today's highly sophisticated defense systems 
are, of course, heavily dependent  on science and tech- 
nology. It is sometimes suggested that scientists in  all 
countries should refuse to work on weapons technol-  
ogy. Unless a total mora tor ium could be guaranteed 
and enforced, such a tactic would be impractical  and 
totally unacceptable, since it would place scientists in 
an untenable  si tuation of having their  motives ques- 
tioned as unpatriotic. A much more positive approach 
has a better  chance to succeed. An example of this 
was the contr ibut ion made by scientists in developing 
sensitive detection systems for nuclear  explosions any-  
where in the world, which led to the acceptance of the 
part ial  ban on nuclear  tests. Obviously, ra ther  sophis- 
ticated safeguard systems would have to be devised to 
achieve a high level of confidence and an  acceptable 
agreement to ban nuclear  weapons. This could be an 
area of active in ternat ional  collaboration and, if sci- 
entists of m a n y  countries worked together toward 
such a common purpose, the chances of success would 
be greatly enhanced. Such a combined effort could also 
help to influence atti tudes and foster a better  climate of 
unders tanding  and trust. There would appear to be 
little hope of general  d isarmament  unt i l  the problem of 
nuclear  weapons and their del ivery systems is re- 
solved on a world scale. 

I am not sure whether  this is a practical suggestion 
or not. But I th ink  the scientific communi ty  in all 
countries must  seriously ask itself whether  there is 
not some positive role or some new approach which 
could contribute to the ultimate resolution of this 
problem. Progress made in the other problem areas I 
have mentioned may well be negated or diverted un- 
less there is also much more rapid progress toward 
disarmament and peace. 

Economic, scientific, and technical aid to less developed 
countries.--This is an enormous problem, and in spite 
of a great deal of discussion and good intentions rela-  
t ively little progress has been made in reducing the 
wide disparities between have and have-not  countries. 
It is now widely recognized that  to achieve a more 
stable world community,  this gap must  be narrowed 
substant ia l ly  and more rapidly than has been achieved 
unt i l  now. The difficulties are well known. More effec- 
tive action programs, together with possible new ap- 
proaches, are now urgent ly  needed. 

Oceans and space.---These are both areas of growing 
importance. Here, too, the in terna t ional  and political 
problems are well known and remain  to be resolved. 
It  is also clear that  the exploitat ion of the world 's  
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oceans and outer space for the benefit of mank ind  wil l  
require substant ia l  R&D investments .  

Implications for science and technology.--How can 
the scientific communi ty  play a more active role in 
seeking solutions to the above list of problem areas? 
These are formidable and  highly  complex problems. 
Ult imate solutions must  of course seek to resolve 
s imultaneously  the socio-economic and political as- 
pects. However, with bet ter  technological solutions and 
more technological options available these aspects be-  
come much more tractable. 

A related question f requent ly  posed is: How can I 
as an individual  scientist or engineer  contribute? What 
research should I do? What  research is needed? This 
points up a major  difficulty. Before we can start  look- 
ing for answers and solutions by  doing research, it is 
necessary to be clear what  the question is. Has the 
question related to a problem been adequately defined 
and validated? Who should frame the questions and 
who is best able to do so?. 

Such uncertainties,  of course, do not arise when  we 
are ta lk ing about basic research, bu t  for the major  
problem areas of concern, they are highly relevant.  
The fact that these difficulties persist could mean  that  
we lack a sufficient unders tand ing  of the problem areas 
to be able to define the significant questions amenable  
to research, or that  in relat ion to the questions, we 
lack promising ideas worth researching, or s imply that 
we have not yet developed adequate ways and means 
to focus our best talents and capabilities on these 
problems. Each of these possibilities is no doubt  per t i -  
nent  in par t icular  instances. 

Central  to these issues is the role of government  and 
its interface modes with the scientific research com- 
munity .  Research and development  activities organized 
on a nat ional  scale largely grew out of government  
ini t iat ives dur ing the last war  to mobilize scientific 
resources for the war  effort. A cadre of peer scientists 
worked closely with various government  depar tments  
and agencies to evaluate  key problems and to formu-  
late significant research requirements .  A system for 
funding research projects through grants and con- 
tracts was devised. This system, wi th  bu t  minor  modi-  
fications, was carried over into peacetime and contin-  
ues today. Accordingly, government  had taken on a 
major  central  role not only in  funding mission re-  
search, but  also basic research. 

It  is also worth  not ing that  dur ing  the last war  
m a n y  scientists set aside their own research pro-  
grams and became pr imar i ly  problem solvers. What 
was especially impressive was the effective way in  
which basic scientists, given strong motivation, suc- 
cessfully became applied scientists and engineers. After 
the war  most of these researchers went  back to their 
prewar  pursuits.  

During the past th i r ty  years government - funded  
R&D expanded very substantial ly.  During this period 
of high affluence and expectation, we have lacked the 
same strong sense of focus, and the clear ar t iculat ion 
of u rgent  problem areas that was so evident  dur ing  the 
war. In  this s i tuat ion and with the rapid bui ldup of 
universi t ies and academic research, science tended to 
become more inward-looking.  However, as I men-  
tioned earlier, dur ing  this period there had also been 
very impressive advances in  science and technology, 
and in  research capability, which require  no defense, 
and which constitute essential and strategic resources 
for our future  endeavors. 

If scientists are to be in a position to respond more 
effectively to contr ibute  toward the solution of key 
problem areas, there will  need to be a more art iculate 
identification of needs and longer - te rm objectives by 
governments.  Science policy studies in recent years 
have at tempted to deal with these issues. However, 
many  of these at tempts became more preoccupied with 
structures, budgets, and methodologies, that is, the 
"how" rather  than with matters  of substance such as 
what  we should be doing, and why, and relat ive pr ior-  

tries. It  should now be clear that  dealing with the la t ter  
cannot be accomplished by an  external  group of p lan-  
ners working in isolation and out of contact with the 
real world. Ac t ion  programs of the kind we are con- 
sJdering here can only be developed by having knowl-  
edgeable and wel l - informed scientists working in close 
consultat ion and collaboration with government  pol- 
icymakers and decisionmakers. 

I am encouraged that we are now beginning  to move 
more positively in this direction and that some of the 
results of these efforts will  soon become apparent .  As 
an example of this approach, many  countries, includ-  
ing Canada, are well on the way to developing an in -  
tegrated nat ional  energy R&D program. A similar  
art iculat ion of objectives and R&D needs and oppor- 
tunit ies  in other major  problem areas is in prospect 
and is needed to focus our R&D efforts and to permit  
the scientific communi ty  to contr ibute  more effectively 
to these efforts. 

On the other hand, there are also impediments  aris- 
ing from science itself which may inhibi t  more effec- 
tive R&D part icipat ion on the par t  of individual  sci- 
entists. These are matters scientists themselves must  
take under  their  purview for they are in the best posi- 
t ion to effect changes that  are deemed necessary or 
desirable. These matters  touch on the s tructure and 
funct ioning of science as it has evolved over the years. 

The strong disc ipl ine-or ienta t ion of science is usu-  
ally seen as a handicap because of the apparent  mis-  
match between discipl ine-oriented research and prob-  
lem-or iented  research. Historically, the development  of 
science took place largely in  universities,  where it was 
closely coupled with academic programs. Scientific 
disciplines were simply a convenience to delineate 
manageable  fields of study. As such, they also became 
the basis of organizational  structures. Our univers i ty  
departments,  our scientific societies, and our scientific 
publications all have a strong discipline basis. 

I do not mean  to imply that this discipline or ienta-  
t ion is now outmoded. In  fact, I believe it has served 
us extremely well and there is at present  no obviously 
superior system to replace it. However, we now also 
recognize it is not self-sufficient and that other sys- 
tems, in paral lel  or in series, w~ll be needed to com- 
plement  it. 

It may be noted that even in  basic science as knowl-  
edge advanced there has been a considerable b lur r ing  
of disciplinary boundaries.  Modern electrochemistry is 
an example of this. So are also disciplines such as biol-  
ogy and earth sciences. Numerous hybr id  disciplines 
have also come into being, with their own scientific 
societies and their own research journals.  This f rag-  
mentation,  par t icular ly  of the scientific l i terature,  has 
been a mat ter  of some concern. On the other hand, 
there have also been some recent countervai l ing de- 
velopments whe~re a related number  of scientific so- 
cieties have joined together in a federation to pursue 
their common purposes. Examples are the Canadian 
Federat ion of Biological Societies and the Canadian 
Geoscience Council. 

As scientific research has become more ins~titution - 
alized over the years it has also tended to ins t i tu t ion-  
alize its own system of incentives and rewards. 
Younger scientists sometimes assert that they would 
like to engage in problem-or iented research, but  are 
concerned whether  this might  jeopardize their  fu ture  
scientific career. They contend that obtaining research 
grants and job promotions based on. peer review vi r -  
tual ly  demand a continuous flow of published papers. 
This is easier to achieve by cont inuing to research the 
researchable in a par t icular  specialty than by  a t tempt-  
ing to pioneer a new field which has as yet no recog- 
nized peers and where a research inves tment  of several 
years may be required before publ ishable  results 
emerge. There is no doubt  that  these concerns exist 
and a bet ter  system of incentives and meri t  recogni- 
t ion will need to be developed. 

Looking to the future, what  is the R&D picture likely 
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to be ten or twenty  years f rom now? Because of the 
gravi ty  of a number  of the problems of ongoing na- 
tional concern, and because of the potential  contr ibu-  
tion science and technology are capable of making 
toward al leviat ing these problems, it is l ikely that sub- 
stantial ly increased R&D expenditures  will  be made in 
these areas. This, of course, must  be conditional on the 
avai labi l i ty of competent  research manpower  in each 
of these areas as well  as promising research ideas. The 
mount ing of significant programs will  also requi re  
more integrated and cooperat ive projects wi th  closer 
collaboration be tween  the government ,  industry, and 
universi ty  sectors. 

In the government  and industry  sectors the problem 
of discipline mismatch is a minor  one since research 
teams built  around competent  specialists requi red  for 
par t icular  research projects are readi ly  formed. It 
does, however ,  pose serious problems in universi t ies  
where  research projects  tend to fol low disciplinary 
lines. Indeed, the extent  to which universi t ies should 
engage in mission or p rob lem-or ien ted  research re-  
mains a mat te r  of active debate. In v iew of the many  
other pressures now being exer ted  on universit ies,  this 
is a fur ther  question the universi t ies  wil l  have  to re-  
solve for themselves.  

If there  are to be substantial  new research expendi -  
tures in the major  problem areas it is l ikely  that  a 
large proport ion of new Ph.D. graduates  emerging  
f rom universi t ies wil l  be requi red  in these areas. This 
fur ther  underscores current  discussions as to the most 
appropriate Ph.D. programs for the future.  This is also 
a mat te r  for which universi t ies have p r imary  responsi-  
bility. 

In speculating about the future  it also seems reason- 
able to assume there  witl  be no cutback on the present  
level  of effort in basic research to offset in par t  an in- 
creased level  of effort in p rob lem-or ien ted  research. 
But such comparisons may  wel l  amount  to a somewhat  
meaningless kind of bookkeeping.  In the first place, 
the value of basic research is no longer  in quest ion and 
the need to support  basic research is wel l  recognized 

by government .  The quest ion is only "how much"  is 
needed. New programs in p rob lem-or ien ted  research 
are ve ry  l ikely to create a demand for more basic re-  
search in par t icular  areas. However ,  this may  not nec-  
essarily amount  to added effort in basic research since 
the new earmarked research dollars will  also be com- 
peting for the talents and t ime of exist ing researchers 
in basic research. Accordingly,  we  may  expect  the 
future  course of basic research to be s t rongly influ- 
enced by increased R&D effort in the major  problem 
areas. Whether  this is beneficial or not in the long te rm 
we can only speculate since there  is no way  of predic t -  
ing in advance where  new opportunit ies or knowledge 
gaps are l ikely to arise. 

Finally,  I would  l ike to emphasize again the in terna-  
t ional dimensions of some of the major  problem areas. 
These will  demand a more act ive in ternat ional  coop- 
erat ion than we have had in the past. Science, because 
of its universal i ty  and the many common links it has 
a l ready established, provides us wi th  a favorable  and 
strategic base on which to build. Successful co- 
operat ion at this level  can also serve  to foster  bet ter  
mutua l  understanding,  trust,  and confidence, thereby 
facil i tat ing ul t imate  resolution of the more  difficult so- 
cial and polit ical problem areas. 

In summary,  the challenges which now face the na-  
tions of the world  wil l  demand new ini t iat ives and 
responses f rom the scientific research communi ty  as 
well  as f rom governments .  Both government  and the 
scientific communi ty  will  need to develop bet ter  col- 
laborat ive  interfaces and new approaches in their  re -  
spective roles. Present  day science and technology are 
in a strong position to contr ibute  significantly to the 
al leviat ion of the major  problem areas of growing na-  
t ional and internat ional  concern. These will  demand 
greater  leadership and the focused efforts of h ighly 
competent  scientists and engineers.  In such endeavors  
we t ru ly  serve to fu r the r  the common ideals and 
promise of science, namely,  the be t t e rment  of human  
life on ear th  and of all mankind.  
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