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I 

Elec t rodepos i t ion  is an ex tens ive  and complicated subjec t .  This discus- 
s i o n  i s  confined t o  t he  ene rge t i c s  and k i n e t i c s  of metal  depos i t ion  from aqueous 
so lu t ions .  
mentioned. 
i n  the  past decade; it is the o b j e c t  here t o  review t h e  present  s t a t u s .  
works represent  t h e  more a v a i l a b l e  l i t e r a t u r e  and m y  be consulted f o r  d e t a i l s ,  
p a r t i c u l a r l y  the  more r e c e n t  reviews (1 ,2). 

The formation of anodic films and the morphology of depos i t s  i s  b r i e f ly  
The e l u c i d a t i o n  of the  atomic mechanisms has made s i g n i f i c a n t  progress 

The c i t e d  

The energy o f  t he  r eac t ion  between a metal and an e l e c t r o l y t e  is the d i f -  
fe rence  between t h e  cohesive energy of the  metal  and the  so lva t ion  energy of the 
meta l  ions.  The former i s  the  sum of the  mutual p o t e n t i a l  energy of t h e  valence 
e l e c t r o n s  and the  ions ,  tha t  o f  the  valence e l ec t rons ,  t h a t  of t h e . i o n s  and the 
k i n e t i c  energy o f  t h e  e l e c t r o n s  and t h e  ions.  
hes ive  energy pe r  atom m y  be expressed as 

The l a s t  may be negledted. The co- 

Ec = HiYi + $J + Ui,e + $eF (1 1 eye 

The mutual p o t e n t i a l  energy between t h e  e l ec t rons  and t h e  ions may, on 
the  average, be d iv ided  i n t o  h a l f  f o r  t he  e l ec t rons  and ha l f  f o r  t he  ions. 
then express the  cohes ive  energy of t he  metal i n  terms of an ion ic  work function, 

We may 

and t h e  e l e c t r o n i c  work func t ion ,  ae, a s  follows: a+, 

and 

where S and I are t h e  subl imat ion  energy and i o n i z a t i o n  energy pe r  atom, respec- 
t i v e l y .  

The energy o f  so lva t ion ,  W+, is  the  energy change f o r  so lva t ing  a gaseous 
ion. These q u a n t i t i e s  and the  r e l e v a n t  p o t e n t i a l  energy curves a r e  shown i n  f i g .  1. 

The s tandard  f r e e  energy change f o r  a meta l  ion t o  leave  the  l a t t i c e  and 
go into so lu t ion  is approximately 

I 
‘‘:hem - u+ - ‘+ 

An e l e c t r i c a l  p o t e n t i a l  d i f f e rence ,  (‘43 - cp,), develops across  the  in t e r -  
f ace  SO t h a t  t he  t o t a l  f r e e  energy change f o r  the  t r a n s i t i o n  of ions  from metal to 
Solu t ion  i s  the  sum of t h e  chemical f r e e  energy change, AGchem, and the  e l e c t r i c a l  



f r e e  energy change, ZF[C+ - 9 3. 
zero and AGche = -aGelec. A? equi l ibr ium t h e  exchange r a t e s  of t h e  ions are 
equal  - t h e  ex%ange c u r r e n t  d e n s i t y ,  io. 

may be var ied by an e x t e r n a l  c i r c u i t ,  d i s t u r b i n g  the  equi l ib-  
rium and causinge&%her a n e t  depos i t ion  o r  n e t  d i s s o l u t i o n .  The change in AGelec 

The energy cy+ and S must have the values  appropr ia te  t o  a n  i n t e r n a l  ion. 

A t  equi l ibr ium t h e  t o t a l  f r e e  energy change i s  

The AS 

from the  equi l ibr ium value i s  ZFTJ, where i s  t h e  overvoltage. I 

Since ions  come from t h e  sur face  during the r e a c t i o n ,  we must look f o r  the  repre-  
s e n t a t i v e  ion o r  atom on t h e  sur face .  

t a l  S t r u c t u r g  

The var ious sur face  s i t e s  a r e  shown in f i g .  2. 
atom o r  ion  v a r i e s  according t o  i t s  l a t t i c e  pos i t ion .  
(K.S.) on the  c l o s e  packed planes i s  the  r e p r e s e n t a t i v e  one. 
t h i s  atom i s  equal  t o  the  average energy per atom, provided t h e  r a t i o  o f  surface 
atoms t o  bulk atoms i s  very small. 
t h i s  ion  i s  equal  t o  t h a t  cf an i o n  i n  so lu t ion .  When the  c r y s t a l  i s  b u i l t  up by 
the addi t ion  o f  ions ,  t h e  ion i s  incorporated i n t o  t h i s  s i t e ,  the  " repea tab le  s tep."  
Ions " a t  ledges"  o r  adsorbed on p lanar  s i t e s  have h igher  p o t e n t i a l  energ ies .  
form a new sur face  l a y e r  without  t h e  presence o f  s t e p s  requi res  an "excess 
energy" - nuclea t ion  energy. 
r i n  order  t o  become a nucleus and grow. The value o f  r v a r i e s  i n v e r s e l y  with 
I), where r\ i s  analogous t o  a supersa tura t ion .  

The binding energy of an 

The energy t o  remove 
The kink atom o r  kink s i t e  

A t  equi l ibr ium t h e  electrochemical  p o t e n t i a l  of  

To 

The new c l u s t e r  of  atoms requi res  a c r i t i c a l  rad ius ,  

C '  

The f r e e  energy increase  required f o r  t h e  formation of  a nucleus with 
height  d i s  

where V i s  the  atomic volume and 0 i s  t h e  sur face  energy o f  t h e  edge. 
has es t imated t h a t  a n  TJ of  about 0.1 v would be requi red  f o r  most metals f o r  a s ig-  
n i f i c a n t  rate o f  growth wi th  nu- lea t ion .  This agreed with h i s  f ind ings  fo r  depo- 
s i t i o n  of  Cu on Cu whiskers which were bound by a tomica l ly  f l a t  s u r f a c e s  (3,4). 

Vermilyea 

Analogous t o  growth from t h e  vapor, low values  of  11 s u f f i c e  f o r  e l e c t r o -  
c r y s t a l l i z a t i o n  i n  many cases .  
assumed t h a t  growth occurs  a t  t h e  s t e p s  of screw d i s l o c a t i o n  ( see  f i g .  3 ) .  
i c a l  rad ius  of curva ture  i s  requi red  f o r  the s t e p s  a t  a given 7, a s  i n  t h e  case of 
nucleat ion.  This l e a d s  t o  a ledge  spacing, A, which v a r i e s  i n v e r s e l y  with 9. 

Following the  i d e a s  o f  Burton, e t  a1 (5)  it i s  
A c r i t -  

Advances i n  knowledge on mechanisms o f  c r y s t a l  growth from t h e  vapor have 
furnished the  background f o r  developments in e l e c t r o d e p o s i t i o n  (5 ,6) .  
i s  more complicated, and s p e c i f i c  e f f e c t s  o f  s o l v a t i o n  and f i e l d  s t r e n g t h s  must be 
taken i n t o  considerat ion.  As previous ly  ind ica ted ,  the mechanism must provide f o r  
the  u l t imate  incorpora t ion  of t h e  ion  i n t o  t h e  K.S. when r e a c t i o n  proceeds near  t o  
equi l ibr ium condi t ions  - very low TJ. 

The latter 

Two a l t e r n a t e  paths  m u s t  be considered: Pa th  I - d i r e c t  depos i t ion  o f  an 
ion from the  s o l u t i o n  t o  t h e  K.S.; Path I1 - t r a n s f e r  of t h e  ion  from s o l u t i o n  t o  
an a d s i t e  with subsequent s u r f a c e  d i f f u s i o n  t o  t h e  K.S. In t h e  l a t t e r  case e i t h e r  
transfer t o  a d s i t e  o r  sur face  d i f f u s i o n  m y  be t h e  ra te -de termining  s t e p  (r.d.s.1. 
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Conmy, e t  a1 (7) c a l c u l a t e d  t h e  p o t e n t i a l  energy p r o f i l e s  f o r  t h e  two paths .  
Their n e c e s s a r i l y  q u a l i t a t i v e  results i n d i c a t e  t h a t  a t  low q Path I1 i s  e n e r g e t i c a l l y  
more f e a s i b l e .  
gested the  condi t ions  f o r  e i t h e r  Path I o r  I1 t o  be predominant. 

Mott, e t  a 1  ( 8 ) ,  Vermilyea (3) ,  and Fleischmann, e t  a 1  (2) have sug- 

The bas ic  cons idera t ion  i s  t h e  mean d i f f u s i o n  d i s t a n c e  o f  an adion,  which 

\ h e n  t h e  jump time on t h e  sur face ,  T ~ ,  i s  g r e a t e r  than the  jump 
When T~ < < T, Path I1 w i l l  be s ig-  

T~ - - a'/D where "a" i s  t h e  d i s t a n c e  between the  two a d s i t e s  and D i s  the  

is  determined by i t s  res idence  time on t h e  sur face  and the a c t i v a t i d n  energy f o r  
sur face  d i f fus ion .  
time t o  the  s o l u t i o n ,  7,  Path I w i l l  dominate. 
n i f i c a n t .  
sur face  d i f f u s i o n  cons tan t .  

where Co i s  the ad ion  concent ra t ion  a t  equi l ibr ium and B t h e  anodic t r a n s f e r  coef- 
f i c i e n t .  7 i s  considered a negat ive  q u a n t i t y  f o r  cathodic  polar iza t ion .  Mott, e t  
a 1  (8) suggest t h a t ,  i f  N i s  t h e  concentrat ion o f  K.S., sur face  d i f f u s i o n  w i l l  be 
slow and r a t e  c o n t r o l l i n g  when Na27/TD i 1; and t h a t  t r a n s f e r  w i l l  be r a t e  con- 
t r o l l i n g  when the r a t i o  i s  g r e a t e r  than one. Since 7 increases  as )Ti[ increases ,  
sur face  d i f f u s i o n  c o n t r o l  would be expected a t  lower values o f  7 with a s h i f t  t o  
t r a n s f s r  c o n t r o l  as 7 increases .  

The n e t  c u r r e n t  d e n s i t y  a t  a po in t  x d i s t a n t  from t h e  growth s i t e  a t  a 
tine r, i s  gi-Ten by 

where C i s  the  adion concent ra t ion .  In  the  s teady  s t a t e  C(x) becomes cons tan t  and 
adions d i f f u s e  from x t o  growth s i t e s  a t  the  same r a t e  as they t r a n s f e r  from solu- 
t i o n  t o  a d s i t e s  a t  x. 

Damjanovic and Bockris  (4 )  have t r e a t e d  t h e  s teady s t a t e  condi t ions  
a t  t h e  growth s i t e  and a random d i s t r i b u t i o n  of  d i s l o c a t i o n s ,  assuming C = C 

N/c$. 
in f i g .  6. The r a t i o  

The moael i s  shown i n  f i g .  5. Some r e s u l t s  o f  t h e i r  c a l c u l a t i o n s  are given 

i s  equiva len t  t o  t h e  Mott r a t i o .  
s h i f t s  t o  t r a n s f e r  and a more uniform c u r r e n t  dens i ty .  
in T, produces the same e f f e c t .  These au thors  appear t o  maintain t h a t  even when 
iX/& - 1.0, depos i t ion  i s  t o  a n  a d s i t e ,  and n o t  d i r e c t l y  t o  K.S. 

mann, e t  a1 ( 2 ) ,  and Hurlen (9) .  Expressions f o r  i have been determined by con- 
s i d e r i n g  hemicyl indrical  d i f f u s i o n  from the s o l u t i o n  t o  ledges and hemispherical 
d i f f u s i o n  t o  the K.S. 
t reatment  f o r  c e r t a i n  condi t ions  has n o t  been observed on meta ls  with high io. 

A s  ND increases  f o r  a given 7, t h e  ra te  cont ro l  
For a given ND an increase  

0 

The condi t ions  f o r  Path I have been developed by Vermilyea (31, Fleisch- 

The s t i r r ing-independent  l i m i t i n g  c u r r e n t  pred ica ted  by the  



27 

The experimental approach t o  determine mechanisms have used t r a n s i e n t  
behavior. 
Of very s h o r t  dura t ion  ,mi l l i seconds .  
l a y e r  without changing the  e x i s t i n g  sur face  s t r u c t u r e .  
t e r n  obtained from t h e  above equat ions al lows the  determinat ion of  Co,  i 
where zFv0 i s  t h e  "d i f fus ion  c u r r e n t "  on t h e  sur face  a t  equi l ibr ium. 
obtained a l s o  make it poss ib le  t o  determine t h e  slow s t e p  of  Path $1. 

m/cm2, C o  - 
7 = 50 Mv. 

The technique involves  t h e  a p p l i c a t i o n  of  c u r r e n t  o r  p o t e n t i a l  pulses  
The o b j e c t  i s  t o  d e p o s i t  l e s s  than a mono- 

and v , 
The use of  t h e  time dependent 

Theoparanis?ers 
(1,2,3,11) 

The r e s u l t s  i n d i c a t e  t h a t  io .- 30-100 Ag has been s tudied  ex tens ive ly .  
moles/cm2 and t h a t  sur face  d i f f u s i o n  i s  the  r.d.s. up t o  about 

The adion appears  t o  have about  30-50% of  i t s  charge i n  s o l u t i o n  
(1  ,2,10). 

Bockris, e t  a1 (11) s t u d i e d  l i q u i d  and s o l i d  gal l ium and showed t h a t  sur- 
face d i f f u s i o n  i s  rate c o n t r o l l i n g  on t h e  s o l i d  up t o  about  't)- 50-100 Mv; but  t h a t  
t r a p s f e r  was t h e  r.d.s. on t h e  l i q u i d ,  as expected. On t h e  o t h e r  hand, Gerischer 
( I O )  found t r a n s f e r  r a t e  c o n t r o l  on both l i q u i d  and s o l i d  Hg. 

The c a s e  f o r  Cu i s  n o t  s o  c l e a r  cu t .  Results indica ted  "mixed" c o n t r o l  
by both sur face  d i f f u s i o n  and t r a n s f e r  a t  low 7 ,  with t r a n s f e r  c o n t r o l  a t  higher  7 .  
The k i n e t i c  parameters show t h a t  t r a n s f e r  involves  the  consecut ive r e a c t i o n s ,  
reduct ion t o  Cu+ i n  t h e  s o l u t i o n  and t r a n s f e r  of  Cu+ (10,12). 

Lorenz (13) showed t h a t  sur face  d i f f u s i o n  i s  t h e  r.d.s. on Zn a t  low T,. 

Bockris, e t  a 1  (14)  found t h a t  Fe has t h e  t r a n s f e r  s t e p  as rate contro - 
l i n g  and t h a t  t h e  reac t ion  i s  ca ta lyzed  by OH-. 
C10,- > SO,- > C 1 -  > Ac- > NO,-. 

Anions a f f e c t  t h e  r a t e  where 

Fleischmann, e t  a1 ( 1  5 )  deposi ted a s i n g l e  l a y e r  o f  N i ,  one u n i t  c e l l  
high, on Hg from thiocyanate  s o l u t i o n s .  Ind ica t ions  a r e  t h a t  depos i t ion  i s  v i a  
Path I1 and t h a t  the r a t e s  of  sur face  d i f f u s i o n  and t r a n s f a r  are comparable. 

Generally t h e  experimental  r e s u l t s  agree  wi th  t h e  t h e o r e t i c a l  develop- 
ments and support  Path I1 as the  predominsnt path f o r  t h e  metals  with r e l a t i v e l y  
high io. The f i e l d  i s  r i p e  f o r  f u r t h e r  experimental work and c l o s e r  s c r u t i n y  o f  
the  t h e o r i e s ,  however. 

mauum& 
Theories and m n y  experimental  observat ions on c r y s t a l  growth a r e  present  

i n  t h e  l i t e r a t u r e  (1,2,5,6,16,19). Growth proceeds by flow of s t e p s  and kinks on 
the  surface.  Macrosteps - v i s i b l e  ones - occur by "bunching" - a c l u s t e r i n g  of  t h e  
smaller atomic s teps .  The morphology of a d e p o s i t  i s  very dependent on t h e  pres- 
ence of  adsorbed impur i t ies ,  c u r r e n t  d e n s i t y ,  and t y p  o f  e l e c t r o l y t e .  Without 
presence of impur i t ies  and a t  low Tl, e x i s t i n g  s t e p s  w i l l  spread; t h e i r  curva ture  
depends upon 7 .  The h igher  7, t h e  g r e a t e r  t h e  curvature .  Formation of mul t i layf - rs  
i s  pr imar i ly  by r o t a t i o n  o f  sc rew-dis loca t ion  s t e p s .  In  the  presence of  impur i t ies  
and/or a t  higher  7 ,  new l a y e r s  nuc lea te .  
l a y e r s ,  s p i r a l s ,  blocks, pyramids, and r idges.  
the  s c r e w d i s l o c a t i o n  mechanism. 
Figures 7 and 8 show l a y e r  and s p i r a l  growth on copper. 

Growth h a b i t s  c o n s i s t  of  m n y  types; e.g., 
The s p i r a l s  are v i s u a l  evidence of 

Pyramids probably develop from s p i r a l  growth. 

o f  t h e  
usuel ly  

When t h e  m e t a l l i c  i o n s  can form an inso luble  compound wi th  a c o n s t i t u e n t  
s o l u t i o n  (e.g., OH-, S=, Cl-), the  s o l i d  compound m y  form on t h e  sur face  .- 
' dur ing  anodic d i s s o l u t i o n .  I f  t h e  f i l m  i s  continuous, metallic i o n s  and/or 
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t h e  nega t ive  ions migr t e  through t h e  f i l m  as  it grows. 
c a s e  f o r  many oxide f i lms such a s  pass ive  f i lms and c a p a c i t o r  f i lms.  
t r a n s p o r t  through t h e  f i l m  i s  u s u a l l y  t h e  r.d.s. 
or  n e a r  t h e  surface. 
depos i t ion  of t h e  ions from s o l u t i o n  and along t h e  sur face .  
e l e c t r o c r y s t a l l i z a t i o n  o f  t h e s e  f i lms  i s  b a s i c a l l y  similar t o  those of t h e  metal 

This is  assumed t o  be the 

Non-continuous f i lms nucleate  on 
The ion ic  

Thei r  growth may be by i o n i c  t r a n s p o r t  through t h e  f i l m  o r  by 
The mechanisms o f  

d e p o s i t s  (23) .  i 
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Fig. I Potential Energy Curves 

F i g . 2  Crystal Model 
[ kpom Knacke (l6)] 

I 
a4 (Q 

Fig. 3 Screw Dislocation 
[From Gerischer(lO)] 
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Fig. 4 Double Layer 
[From Gerischer (IO)] 
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Fig. 6 Current Density vs Distancc 
[ From Damjanovic (411 
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Fig. 7 Layer Growth-Copper 
[From Damjanovic ( 1711 
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Fig. 8 Spiral Growth-Copper 
[From Seiter ( l a ) ]  


