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Dissolution Potentials and Activation Energies 
of InSb Single Crystals 

M.  E. Straumanis* and Lih-da Hu 

Departments o~ Metallurgical and Chemical Engineering and Graduate Center ~or Materials Research, 
University of Missouri-Rolla, Rolla, Missouri 65401 

ABSTRACT 

The rest (or corrosion) and dissolution potentials of InSb single crystals 
in HC1 were  determined.  There is no potent ial  difference (within error  l imits) 
be tween  the inverse  {111} faces in pure  HC1. A difference of up to 44 mV and 
more  develops as soon as the InSb electrode is anodical ly dissolved. The po- 
tent ia l  becomes less noble  in the sequence In{ l l l} ,  {100}, {110}, Sb{l l l} .  The 
Tafel  relat ionship is observed over  three decades of cur ren t  density. With  addi-  
tions of FeCI~, FeC12, K3Fe (CN)6, K4Fe (CN)6, H2C4H406 to 2N HC1, the anodic 
potentials of both inverse (111} faces are shifted to more act ive values;  the 
�9 'H of I n{ l l l }  is a lways nobler  than that  of Sb{l l l} .  There are indications that  
the var ious potentials  observed are a function of current  densi ty wi th in  the  
pores of a protect ive layer,  Sb40~C12. The apparent  act ivat ion energy, ca. 20 
kcal /mole ,  of the anodic dissolution react ion is near ly  the same on all crystal-  
lographic planes of InSb. The rate  of anodic dissolution of Sb{ l l l }  in pure 
2N HC1 is 3-7 t imes larger  than  that  of the inverse face at the same potential.  

In a previous publicat ion (1) the anodic dissolution 
reaction of InSb single crystals in HC1 was described 
and the cited l i te ra ture  can be found there. However ,  
no potent ial  measurements  were  made. The anodic po- 
tentials obtained for a InSb single crystal  e lectrode 
under  var ious conditions of corrosion or dissolution are 
repor ted  here. 

The construct ion of the electrode and the type of 
contact  wi th  the crystal  were  similar  to that  of GaAs 
(2); the potentials  were  measured against a normal  
calomel electrode using a salt bridge (,~3.5N KC1) and 
a Luggin capil lary.  The data were  reduced to the stan- 
dard hydrogen scale. The measurements  were  per-  
formed with  a precision potent iometer  and the  po- 
tent ial  (e ' ) -cur ren t  density, i, curves were  obtained 
by potentiostatic and galvanostat ic  methods. Purified 
N2 was introduced into the react ion vessel containing 
the electrodes. 

The n- type,  undoped single crystals w e r e  obtained 
from the Monsanto Company (St. Louis, Missouri) 
and were  grown in the [111] direct ion by the Czo- 
chralski  or the gradient - f reeze  technique. The im- 
pur i ty  level  was less than  1 ppm, the carr ier  concentra-  
tion was 8 X 1015 a toms ' cm -3, mobi l i ty  1.7 X l0 s 
cm2-V- l - sec  -1, and the resis t ivi ty  0.005 ohm.cm;  670 
etch pi ts-cm -2 were  developed on the {111} planes. 
The surface area subjected to the electrolyte  was be- 
tween  0.35-0.82 cm 2 for the various electrodes. 

Results 
Rest potentia~s.--The potent ial  readings w e r e  taken 

as soon as possible after  the electrode was chemical ly  
pre-e tched  wi th  CP-4 (1). Then the next  reading was 
made after  5 rain and subsequent  readings after  15 
rain intervals.  No anodic current  was applied. 

The resul ts  are summarized in Fig. 1. F igure  1 shows 
that:  

1. The ~H'S of the inverse {111} faces in the same 
concentra t ion of HC1 are approximate ly  equal, h~'H 
= 10 mV; however  I n{ l l l }  has a s l ightly more  noble 
potent ial  than does Sb{l l l} .  

2. For  both inverse {111} faces, the h igher  the  nor-  
mal i ty  of HC1, the less noble is the ~'H. 

3. Time has no par t icular  influence on e'n; s teady po- 
tentials are usual ly obtained after  15 min of immersion. 

4. The potentials  are reproducible  wi th in  +10 inV. 

*Electrochemical  Society Act ive  Member .  
K ey  words:  IriSh, dissolution potentials,  act ivat ion energies,  

Tafel lines. 

Significant potent ia l  changes occurred in the pres-  
ence of Fe ~+, added as FeC13 to the HC1. The poten-  
tials of the inverse {111} faces differed by as much as 
~40 mV; the In{ l l l }  faces were  always more  posit ive 
than the Sb{l l l} .  However ,  the behavior  of the InSb 
electrode in the presence of Fe 3 + employing no anodic 
current  requi red  fur ther  investigation. 

Anodic potential-current density relationship in 2N 
HCl.--The anodic potent ial  measurements  were  carried 
out as previously  described (1,2).  The plat inized 
pla t inum electrode serving as the cathode was coupled 
with  the InSb electrode. Dur ing  each run, the time, 
mi l l i ammeter  and potent iometer  readings were  re-  
corded. The readings were  taken after  5 min  at each 
mi l l i ammeter  setting. Al l  current  densities were  
plotted against the measured anodic potent ial  (SHE).  
The oxygen was excluded (N2 atmosphere) .  

The  separat ion of the  dissolution potentials  into 
those characterist ic of the I n { l l l }  and Sb{ l l l }  faces 
occurred even at low anodic current  densities. The po- 
tentials were  in the vicini ty  of those of InSb in 2N 
HC1 as shown in Fig 1. At  a current  density of 
3 X 10 -s  m A / c m  2 the difference was about 12 mV. This 
increased wi th  increasing cur ren t  densi ty (Fig. 2). It  
is evident  f rom Fig. 2 that:  

1. The CH of the four  different faces becomes less 
noble in the sequence: In{ l l l } ,  {100}, {110}, Sb{l l l} .  
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Fig. 1. Rest potentials, e'H of InSb single crystals in various con- 
centrations of HCI (reagent grade) at 25~ O - I n ( I l l }  and 
e-Sb{111} faces. 
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Fig. 2. Anodic dissolution potentials e'H of InSb vs. log of 
current density i of the single crystal planes In{111}, Sb{111}, 
{110}, and {100} at 25~ 2N HCI. 

DISSOLUTION POTENTIALS AND A C T I V A T I O N  ENERGIES 

+22C 

20( 

The potential  difference between the inverse I l l - f ace s  
approaches 30 mV at 3 • 10 -2 m A / c m  2 and 44 mV at 
10 mA/cm 2. 

2. All  four anodic polarization curves obey the Tafel 
relat ion over about three decades of current  density 
(3 • 10 -2 to 30 mA/cm~).  

3. Within this range of current  densi ty  the lat ter  
three faces give parallel  Tafel lines with a slope of ~48 
mV/Iog i, while the first l ine has a slope of ~56 m V /  
log i. However, significant departures from these po- 
tentials occur upon addition of oxidizers or reducers to 
the HC1. 

e'n-log i relationship in 2N HC1 in the presence of 
FeZ+.--The results of these measurements  are sum- 
marized in Fig. 3, where the Tafel lines of InSb in pure  
2N HC1 are r ed rawn  to show the influence of Fe a+. 
The Tafel region occurs only between 1 and 10 m A /  
cm 2. Clearly, in the presence of Fe 3 + ions, the poten-  
tials of both inverse {111} faces are shifted to more 
active values by approximately the same amount  (,~ 
33 mV in 0.0004M and 37 mV in 0.002M solutions of 
FeS+). The slope of the Tafel l ine of I n { l l l }  in both 
solutions is 62 mV/log i and that of Sb{ l l l }  is about 
58 mV/log i. 

Similar  measurements  were also performed by add- 
ing FeC12 solutions to the 2N HC]. As the solutions 
were prepared in air, part  of the Fe 2§ ions oxidized 
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Fig. 3. e'H of the inverse {111} faces of InSb vs. log i in 2N 
HCI in presence of Fe 3+ at 25~ Dashed lines - -  e'H in pure 2N 
HCI. 
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Fig, 4. e'H of the inverse {111} planes of InSb vs. log i in 2N 
HCI in presence of 0.00125M solutions of K4[Fe(CN)6] and of 
K3[Fe(CN)6].  Dashed lines - -  e'H in pure 2N HCI, 

to Fe 3+ and, therefore, the results obtained resembled 
those with Fe 3 +. There was a shift of potentials to more 
active values; however, the polarization lines were not 
as parallel  as shown in  Fig. 3. 

The influence of K4[Fe(CN)~] and o] K~[Fe(CN)8] 
on the anodic poten t iaL--The  rill-log i curves in the 
presence of potassium ferro and ferri cyanides are 
shown in Fig. 4. The influence of the cyanides was 
observed even below 1 mA cm -2. The potentials of 
the inverse {111} planes shifted to more active values, 
the action of K3[Fe(CN)6] being stronger. No deposit 
was observed on the anodes when K3[Fe(CN)6] was 
added. However, a white sediment appeared on both 
inverse faces in the presence of K4[Fe(CN)6] at cur-  
rent  densities above 0.4 mA / c m 2. In  all the measure-  
ments  the potential  of the I n { l l l }  face was more posi- 
tive than  that of the Sb{l l l} .  Evident ly  the potential  
changes were connected with the formation and pres- 
ence of deposits on the anodic surfaces. This possibility 
was checked by t ry ing  to remove chemically the oxide 
layer which is formed on Sb (of the InSb)  in HNOa. 

Potentials of InSb in HNO~ in the presence of tar- 
taric acid.--I t  is known that  an t imony oxide dissolves 
in H2C4H406 yielding water-soluble,  an t imony- t r i - t a r -  
trate. Polarizat ion curves of the I nS b{ l l l }  inverse 
planes are reproduced in Fig. 5. They show that, in-  
deed, at low anodic current  densities (up to 0.3 m A /  
cm-2) ,  the potentials of both faces coincide. A possible 
explanat ion is offered in the discussion. The Tafel 
relationship is nevertheless par t ia l ly  fulfilled. 

Act ivat ion  energies . - -The  chosen temperature  of the 
water bath, containing the U-vessel  with the InSb and 
Pt electrodes, was main ta ined  at ~ 0.2~ Purified N2 
was bubbled slowly through the electrolyte (HC1). 
Figure 6 shows the curves obtained for the inverse 
{111} planes of InSb. As can be seen, the anodic dis- 
solution potential  gH for both inverse {111} planes 
becomes less noble with increasing tempera ture  and 
the Tafel lines exist over three decades of i. The slopes 
differ slightly: 55.6 mV/log i for I n { l l l }  and 47.1 for 
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Fig. 5. e'~ of the inverse {111} planes of InSb vs. log of anadic 
current density in 1N HNO~-IN H2C~H406 at 25~ 40 
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Fig. 6. e'H of I n { l ] ] }  and Sb{]11} vs. lag i in 2N HCI at three 
temperatures. Golvenostatic measurements. 

Sb{l l l} .  The In{ l l l }  faces are always nobler  than the 
inverse by -~ 36, 27, and 20 mV at 25 ~ , 35 ~ and 45~ 
respectively.  

Current  density measurements  for four different 
crystal  planes of InSb, were  plotted against T -~ (Fig. 
7). 

The  apparent  act ivat ion energies  Ea were  calculated 
(Table I) f rom the slopes of the lines (Fig. 7). 

Discussion 
As InSb consists of two elements,  it is interest ing to 

see what  the dissolution potentials  of the la t ter  are 
re la t ive  to that  of InSb. In Fig. 8 the respect ive poten-  
tials are  plotted vs. log i. 

Figure  8 reveals  that  the dissolution potentials  of 
the inverse {111} faces are close to that  of Sb and at a 
current  density of 1 m A / c m  2 there  is no difference 
within  exper imenta l  error  limits. However ,  metal l ic  
Sb starts to passivate at about 15 m A / c m  2, whereas  
the Sb{ l l l }  face remains  active at h igher  current  den- 
sities and the Tafel  relat ionship results over  near ly  
3% decades of log i. Evident ly  In, which passes simul-  
taneously into solution (1), p revents  the format ion of 
a tight, adherent  Sb-oxychlor ide  protect ive layer on 
the InSb. In fact a th icker  layer  can be removed easily 
wi th  a soft brush (1). Metall ic In, which displays a 

Table I. Ea for the anodic reactions on various planes 
af InSb in 2N HCI 

E a  g a l v a n o s t .  E a  p o t e n t i o s t .  
P l a n e  k c a l / m o l e  k c a l / m o l e  

I n  1 1 1  2 4 . 0  2 1 . 3  

S b  I I I  2 1 . 3  2 0 , 1  
1 1 0  ~ 2 0 . 3  
100 ~ 1 8 . 5  

A v e r a g e  2 0 . 0 5  

+0.2 
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Fig. 7. Arrhenius plot af the enodic dissolution of four planes of 
InSb single crystals in 2N HCI. 
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Fig. 8. ~'H of metallic In, metallic Sb (both 99.999% pare) end 
of the inverse faces of InSb vs. lag i in 2N HCI, 25~ 

very  negat ive potent ial  in 2N HC1 (Fig. 8) loses much 
of its free energy by combining wi th  Sb. Thus, the In 
in InSb might  be in a form which is more electroposi-  
t ive than the Sb. At high anodic current  densities part  
of the lat ter  accumulates  on the surface and is em-  
bedded in the oxychlor ide  layer  (anodic disintegra-  
tion of Sb). This results in a lower electron number  for 
InSb [Ref. (1), Fig. 6]. 

For  immersion of InSb into pure  2N HC1, where  the 
corrosion ra te  is ve ry  low [Ref. (1), Table I], the  
protect ive layers formed on all crystal lographic faces 
are evident ly  of the same consistency and adherence. 
Therefore,  there  is little, if any, potent ial  difference 
between the inverse {111} faces and the potential  is 
s trongly dependent  on the pH of the solution (Fig. 1) 
as it is for a pure Sb electrode (3, 4). 

However ,  as soon as an anodic current  is applied, 
the oxychlor ide layer  is at least par t ia l ly  removed 
from the various faces of the InSb crystal. The differ- 
ence in valency of the two constituents now comes 
into play and this can be noticed, especially on the 
inverse {111} planes. The  potential  difference be tween 
these planes is the greatest  among those invest igated 
and the potentials become more negat ive in the order: 
In{111}, {100}, {110} and Sb{] l l}  (Fig. 2). Explanat ions  
of this difference have been offered by other  authors 
(5, 6). GaAs in KOH behaves s imilar ly  (2) (Fig. 3). 
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If now at the  same cur ren t  densi ty  var ious crys ta l -  
lographic planes exhibi t  different anodic potentials 
(Fig. 2), it can be assumed (if InSb behaves  l ike a 
metal )  that  this is due to the difference in the struc- 
tu re  of the protect ive films. During anodic dissolution 
both inverse {111} planes of InSb are  covered with a 
Sb-oxychlor ide  film (1), but  this film may be, for un-  
known reasons, more  dense and /o r  more adherent  to 
the In{ l l l }  ra ther  than to the Sb{ l l l }  plane. Moreover,  
it is also probable  that  In (wi thin  the InSb s t ructure) ,  
due to the loss of free energy, is present  in a different 
form, than in a metal,  and now has less abi l i ty to go 
into solution. Both assumptions contr ibute  to the pres-  
ence of a more  noble  potent ial  on the I n { l l l }  than on 
the Sb{] l l}  face, especial ly under  conditions of anodic 
dissolution. The other  planes should exhibi t  in ter -  
media te  values. This anodic behavior,  as a current  
densi ty  effect, requires  a smal ler  pore size on the 
I n { l l l }  face which results in a h igher  current  density 
wi th in  the  pores and a steeper Tafel  l ine wi l l  be ob- 
ta ined (Fig. 2). When the anodic current  is decreased, 
the qual i ty  of the previous oxide film on the faces will  
be res tored and consequent ly  the potent ial  difference 
be tween  the inverse  {111} planes wil l  diminish (Fig. 2) 
and finally approach zero (Fig. 1). 

Therefore,  agents which par t ia l ly  remove  the Sb-  
oxide film from the  InSb electrode should also decrease 
the potent ia l  difference be tween the inverse planes. 
This is the case when  InSb is dissolved in 1N HNO3 
containing tar tar ic  acid (Fig. 5). At  low current  densi-  
ties the oxide film is thin on both planes, since the 
newly  formed Sb-oxide  easily dissolves in tar tar ic  
acid. However ,  at current  densities above 0.3 
m A  �9 cm -1 the thickness of the  film increases so much 
that  the dissolution of the film is not rapid enough and 
a separat ion of the potentials occurs. The film on the 
I n { l l l }  should be denser. This follows f rom the in- 
cl inat ion of the Tafel  lines: at low current  dens i t i es - -  
26 mV/ log  i and above 4 m A  �9 cm -2  ~ 92 mV/ log  i. 
Fu r the rmore  the potent ial  of InSb in 1N HNO3 is much 
more  posi t ive than  in HC1 (compare Fig. 2 and 5) 
caused par t ia l ly  by the difference in the composit ion 
and propert ies  of the layers. Denser  oxide or hydrox-  
ide films are formed in HNO~ because of the oxidizing 
action of the acid. 

Increasing the concentrat ion of a nonoxidizing acid 
(e.g., HC1) should decrease the thickness of the sur-  
face oxide layers, which results in a more negat ive  
potential,  as shown in Fig. 1. 

S imi lar  to the behavior  of the Sb electrode, the po- 
tent ial  of the InSb electrode is ve ry  easily disturbed by 
oxidizing and reducing agents, and it is difficult to un-  
derstand this disturbance. For instance (Fig. 3), minute  
amounts  of FeC13 added to 2N HC1 shift the potential  
of both inverse  {111} planes to less noble values, the 
shift increasing wi th  increasing concentra t ion of the 
Fe  z+ ions. Never theless  the Tafel  l ine relat ionship 
persists and the I n { l l l }  planes are always nobler  than 
the inverse. Ev iden t ly  Fe z+ ions are adsorbed by the 
oxychlor ide  layer, changing its properties,  increasing 
its pore size, which results in a lower pore current  
densi ty  and in a more  act ive potential.  

The  action of K4Fe(CN)6 and of K3Fe(CN)6 addi- 
tions is still  more complicated. In both cases the  poten-  
tial of the anode becomes more  negat ive  re la t ive  to 
the dissolution potentials  in pure 2N HC1 (see Fig. 4). 
Again  the I n { l l l }  is more  noble than the inverse face. 

If  the  InSb is anodically dissolved in a 2N HC1- 
0.00125M K4Fe(CN)6 solution, then at current  densi-  
ties higher  than 0.4 m A - c m  -2  the format ion of a whi te  
collodial layer  is observed on both inverse {111} planes. 
The layer  can be removed  by rinsing wi th  water.  No 
deposit  was observed in a 2N HC1-0.00125M K3Fe (CN)6 
solution, even at cur ren t  densities above 10 mA - cm -~. 
According to Mellor  (7) K4Fe(CN)6 forms a whi te  
precipi ta te  wi th  In s+ but K3Fe(CN)6 does not. This 
was confirmed exper imenta l ly .  Thus the jump  in the 

curves  (Fig. 4) is expla ined  as the  onset of the  pre-  
cipitate formation. At  about  1 m A  �9 cm -2 the precipi-  
tate is a l ready so dense that  one can see it readily.  
Thus this surface layer  causes a strong polarization, 
which does not occur for K~Fe(CN)6, because the 
salt fo rmed is water  soluble and the slope of the Tafel -  
lines above 0.6 m A ' c m  -2 is ~ 70 mV for I n ( l l l }  
and 60 mV for Sb{ l l l} .  

With increasing t empera tu re  the dissolution poten-  
tials become more  nega t ive  (Fig. 6) par t ia l ly  because 
of thermodynamic  reasons and-a l so  due to the de- 
crease of the anodic current  density wi th in  the pores 
(widening of the pores wi th  increasing t empera tu re ) .  

Since the slopes of the Tafel  lines fluctuate most ly 
be tween 40 and 60 mV/ log  i, the possibility of a one 
electron charge t ransfer  as a r a te -de te rmin ing  step is 
not excluded. Nevertheless ,  the ra te  of dissolution in 
pure  2N HC1 of S b { l l l }  at the same potent ia l  is 3-7 
t imes larger  than that  of the  inverse  face, in agreement  
with the concept of pore width.  Evidently,  the effective 
current  densi ty (wi thin  the pores) is the same on all 
the faces. However ,  as the pores of the protect ive  
layer  on Sb{ l l l }  are larger,  a s tronger current  results 
f rom this face. 

The apparent  act ivat ion energies (Table I) for the 
anodic reactions on various planes of InSb are  the 
same wi th in  the e r ror  limits, suggesting that  the reac-  
tions (1) are all the  same, independent ly  of the  plane 
chosen for the anode. However ,  the Ea value of N 20 
kca l /mole  is re la t ive ly  high for a dissolution reaction. 
A similar  value  of 16.7 kca l /mole  was also obtained 
for the anodic dissolution react ion of the compound 
GaAs in KOH (2). Much lower  act ivat ion energies 
were  found for metals  simply dissolving in acids, e.g., 
5.3 • 0.5 kcal  for Hf dissolving in 1N HF or in a mix -  
ture  of HF and HC1 (8) and 3.8 to 4.2 kcal for Zr in 
0.2N HF  or 0.1N HF  ~ 1.0N HCI respect ive ly  (9). How-  
ever, when  the oxygen content  of Zr was increased up 
to 7% b.w., the Ea increased to 5.9 kcal. Simultaneously 
the ra te  of dissolution decreased, ev ident ly  the dis- 
solved oxygen t ight ly  bound by the Zr atoms hampered  
the react ion rate  wi th  the acid. 

As InSb exhibi ted a much lower  dissolution rate  (1), 
a h igher  act ivat ion energy  should be expected for this 
reaction, because it is chiefly the va lue  of Ea which 
determines  the ra te  (10), even of an anodic dissolu- 
tion process. The act ivat ion energy  of ~ 20 kca l /mole  
was, therefore,  expected. Thus a high act ivat ion energy 
of dissolution of InSb (and of GaAs) in comparison 
wi th  that  of pure metals  is characterist ic of the former  
and corresponds to its react ion sluggishness. 
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The Effect of Two-Dimensional Nucleation on the 
Rate of Electrocrystallization 

Ugo Bertocci 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

The effect of random two-dimensional  nucleat ion on cur ren t -poten t ia l  
curves, valid for epitaxial  electrodeposition on s ingle-crystal  faces, has been 
examined employing a specific model for nucleat ion and surface step motion. 
Computations have been performed for the electrodeposition of silver and 
copper: for the first metal  the results are in reasonable agreement  with some 
exper imental  data concerning two-dimensional  nucleat ion on close-packed 
surfaces. In the case of copper the agreement  with exper imental  results seems 
to be less satisfactory. The influence of assumptions, such as the type of sur-  
face step distribution, on the rate of electrocrystallization has been examined 
and discussed. Computer  simulations of potentiostatic t ransients  have also been 
carried out, and some effects of suppressing nucleat ion in the vic ini ty  of steps 
have been investigated. 

From computer-s imulated exper iments  on the in-  
fluence of two-dimensional  nucleat ion and step motion 
on the rate of crystal growth (1), formulas have been 
obtained which allow one to estimate the relat ive im-  
portance of random nucleat ion and step density on the 
growth rate. The purpose of the present  paper is to 
apply these results to the case of electrocrystall ization 
processes, a t tempting to evaluate current -potent ia l  
curves for the deposition of metals on close-packed and 
vicinal surfaces of s ingle-crystal  electrodes. 

Models and Methods of Calculation 
In  the epitaxial growth of a single crystal  by electro- 

crystallization, the current  density i depends on the 
density and velocity of the steps moving on the surface 

zFh(hkl) 
i -- - -  V e [1] 

Vm 

where z is the number  of electrons exchanged, h(hkl) 
is the height of a crystal layer in the [hkl] direction, 
Vm the molar volume, and V and e the step velocity and 
step density. If the dependence of the cur ren t  density 
on the overvoltage ~ has to be  found, it is necessary to 
express V and e as a funct ion of overvoltage. The step 
velocity can be considered in general  to depend on 
and e and an expression will be derived later  (Eq. 
[13]). Steps on the surface can be due to misor ienta-  
t ion with respect to a close-packed plane (the step 
density due to misorientat ion is indicated as ~) or to 
the in terp lay  between two-dimensional  nucleat ion rate 
Rn and step velocity V. The formula relat ing these 
quanti t ies is (1) 

~/2R. 
o =  v - - - V -  + ~3 [2] 

and our purpose is to obtain the dependence of Rn and 
V, and therefore e, on the overvoltage. 

According to nucleat ion theory (2), Rn is given by 
the product of the concentrat ion of critical nuclei, 
which are formed by aggregating adatoms over the 

Key worcl~ electrodeposition, electrochemistry, computer simula- 
tions, copper, silver. 

close-packed portions of the surface, the rate of addi- 
{ion of single adatoms to the critical nucleus, and the 
Zeldovich nonequi l ib r ium factor 

Rn ---- Z nor ,~ [3] 

Since two-dimensional  nucleat ion is considered here, 
nuclei  are assumed to be cylindrical  in shape, their 
height being one atom layer. The concentrat ion of 
critical nuclei  is 

( ~G*+~Gq-t-~Gs ) 
nor : NA exp kT [4] 

where N is Avogadro's number  and A the concentra-  
t ion of unaggregated adatoms (in mol /cm 2) ; •G* is the 
free energy for the formation of a nucleus 

nh(hkl)72Vm 
~G* = [5] 

A~ 

where 7 is the surface energy and A~ is the decrease in 
free energy in the crystall ization process. AGq is the 
contr ibut ion to the free energy due to the distr ibution 
of nuclei  on the various sites of the substrate. The 
number  of such sites is equal  to Nd(hkD where  d(hkl) is 
the surface density of the close-packed layer (hkl) 
( in mol/cm2). 

kT [ ( d(hk,_~) = A ) 
5Gq : - ~  d(hkl) In d(hkl) 

( )] + A In d(hkl) -- A [6] 

Calling K the ratio d(hkD/A where K is a constant  
greater than  1, Eq. [6] becomes 

A 1 
K [7] 

The free energy of separation, as defined by Lothe and 
Pound (3), is 

~Gs -~ kT In (~/2~ier) [8] 

where ier is the number  of atoms in the critical nucleus. 
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