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A B S T R A C T  

This  i nves t i ga t i on  is c o n c e r n e d  w i t h  t he  va r i a t ion  of  c u r r e n t  e f f ic iency u n d e r  pu l se  c u r r e n t  cond i t ions .  The  pa r ame-  
te rs  invo lve  the  pu l se  c u r r e n t  dens i ty ,  t he  on- t ime,  a n d  t he  off-t ime. W h e n  t he  on - t ime  is s h o r t e r  t h a n  a cr i t ical  pu l se  t ime,  
t he  e f f ic iency  d r o p s  no t i ceab ly .  A m o d e l  b a s e d  o n  succes s ive  c h a r g e  t r a n s f e r  s t eps  a n d  a s ide  r eac t i on  is p r o p o s e d  to ex- 
p la in  t he  e x p e r i m e n t a l  obse rva t ions .  

P u l s e  p la t ing,  w i th  i ts severa l  p rocess  p a r a m e t e r s  a n d  
h i g h e r  i n s t a n t a n e o u s  c u r r e n t  dens i ty  t h a n  for d i r ec t  cur- 
r e n t  p la t ing ,  ha s  r ece ived  a t t e n t i o n  in r e c e n t  years  (1-11) 
a n d  p r o v e d  to be  an  i m p o r t a n t  t e c h n o l o g y  for i m p r o v i n g  
t h e  p r o p e r t i e s  of  depos i t s  (12-20). T w o  a d v a n t a g e s  are  c i t ed  
by  i nves t i ga to r s  in  t he  field. Firs t ,  a h i g h e r  ave rage  ca- 
t h o d i c  c u r r e n t  dens i t y  for  d e p o s i t i o n  can  b e  app l i ed  to t he  
p l a t i ng  sys tem.  A l t h o u g h  t he  theo re t i ca l  l im i t ing  c u r r e n t  
dens i t y  m a y  be  a c o n s t a n t  e i t h e r  u n d e r  dc  or pu l se  p l a t i ng  
(1), t he  p rac t i ca l  c u r r e n t  l imi t  for pu l se  c u r r e n t  cou ld  be  
m u c h  h i g h e r  t h a n  for dc  p l a t i ng  (17). Second ,  a fine- 
g r a ined  depos i t  can  be  ob ta ined .  A d j u s t m e n t  of  on - t ime  
(ton), off- t ime (to~r), a n d  c u r r e n t  d e n s i t y  of  t he  p u l s e  cu r r en t ,  
c a n  lead to t he  des i r ed  proper t i es .  

In  a d d i t i o n  to i ts in f luence  on  depos i t  p roper t i e s ,  t he  ef- 
fec t  of  t he  pu l se  p la t ing  on  c u r r e n t  ef f ic iency is a n o t h e r  
i m p o r t a n t  r e s e a r c h  area.  Wan  et al (21) f o u n d  t h a t  t he  ca- 
t h o d i c  c u r r e n t  e f f ic iency of  t he  pu l se  p la t ing  of  t he  c o p p e r  
in  a c o p p e r  su l fa te  so lu t ion  d rops  f rom nea r ly  100% 
(ton = ls)  to  va lues  r a n g i n g  f rom 80.4 to 93.7% w h e n  c u r r e n t  
is p u l s e d  in  t he  mi l l i s econd  range.  A m a t h e m a t i c a l  m o d e l  
(22) was  f o r m u l a t e d  to exp l a i n  th i s  b e h a v i o r  of  a Cu/CuSO4 
s y s t e m  u n d e r  p u l s e d  c u r r e n t  c o n d i t i o n s  on  a ro t a t i ng  d i sk  
e lec t rode .  Th i s  m o d e l  i nc ludes  a two-s tep  r e d u c t i o n  w i t h  
d i f f e ren t  r eac t ion  ra tes  d u r i n g  t he  on - t ime  a n d  a d ispro-  
p o r t i o n a t i o n  of  c u p r o u s  ions  to fo rm c o p p e r  a n d  cupr ic  
ions.  Th i s  mode l ,  however ,  fails to  exp l a i n  t he  c u r r e n t  ef- 
f ic iency r e d u c t i o n  in s y s t e m s  w h e r e  s u c h  a d i sp ropor -  
t i o n a t i o n  of  a par t ia l ly  d i s c h a r g e d  i n t e r m e d i a t e  is unl ike ly .  
One  s u c h  s y s t e m  is the  d e p o s i t i o n  of  P b  in lead f luorobo-  
ra te  ba th .  

P u i p p e  a n d  Ib l  (23) p o s t u l a t e d  a m o d e l  to de sc r ibe  t he  
m a s s  t r a n s p o r t  a n d  t h e  d o u b l e  layer  effect  in  pu l se  p la t ing.  
T h e  m o d e l  i nvo lves  c h a r g i n g  of  t he  d o u b l e  layer  d u r i n g  
t h e  on - t ime  a n d  d i s c h a r g i n g  d u r i n g  t he  off-time. In  theory ,  
t h e  d o u b l e  layer  effect  s h o u l d  no t  affect  the  c u r r e n t  effi- 
c iency.  

H o s o k a w a  et al. (24) c o n c l u d e d  t h a t  t he  c u r r e n t  effi- 
c i e n c y  for  pu l se  p l a t i ng  of  r h e n i u m  e x h i b i t s  a s h a r p  d rop  
as t h e  on - t ime  is d e c r e a s e d  b e l o w  a t h r e s h o l d  value ,  in  t h e  
r a n g e  of  0.5-0.005 ms.  Eck ie r  et al. (25) also f o u n d  t h a t  for 
t he  pu l se  p la t ing  of  m o l y b d e n u m  a n d  c h r o m i u m -  
m o l y b d e n u m ,  t he  c u r r e n t  eff ic iency has  a m a x i m u m  w i t h  
r e s p e c t  to t he  b a l a n c e  b e t w e e n  on - t ime  a n d  off-t ime. Hoso-  
k a w a  et al.'s r e s e a r c h  (17) on  t he  pu l se  p l a t i ng  of  zinc aga in  
s h o w s  a c u r r e n t  ef f ic iency m a x i m u m  at  0.5 m s  to,. Fo r  t h e  
e l e c t r o d e p o s i t i o n  of  s i lver  b y  pu l se  c u r r e n t  in  c y a n i d e  so- 
lu t ion ,  H o s o k a w a  a n d  co-workers  (26) d e t e r m i n e d  t he  opti-  
ma l  ton w i t h  r e s p e c t  to c u r r e n t  ef f ic iency for  d i f fe ren t  cur-  
r e n t  dens i t ies .  Y o s h i m u r a  et al. (27) s t ud i ed  t he  p u l s e d  
p l a t i ng  of  p a l l a d i u m  a n d  f o u n d  t h a t  t he  c u r r e n t  ef f ic iency 
d e c r e a s e s  w h e n  ton d r o p s  be low 0.5 ms.  On t h e  o the r  h a n d ,  
Miu  a n d  F u n g  (28) f o u n d  t h a t  in  r h o d i u m  p u l s e d  p l a t i ng  
t h e  ef f ic iency inc reases  w i t h  d e c r e a s i n g  ton. 

F r o m  th i s  d i scuss ion ,  we  u n d e r s t a n d  t h a t  t he  c u r r e n t  ef- 
f ic iency in  m o s t  cases  shows  a n o t i c e a b l e  dec rea se  for  ve ry  
s h o r t  c u r r e n t  pu ls ing .  Hence ,  pu lse  p la t ing ,  a l t h o u g h  it  
s h o w s  m a n y  p r o p e r t y  i m p r o v e m e n t s  ove r  dc  pla t ing,  de- 
se rves  a m o r e  carefu l  s t u d y  of  i ts c u r r e n t  efficiency.  In  th i s  
paper ,  we  c o n s i d e r  t he  c h a n g e  of  t h e  c u r r e n t  ef f ic iency in 
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ac id ic  c o p p e r  a n d  f luo robora t e  t in,  lead, a n d  lead- t in  sys- 
t e m s  a n d  p r o v i d e  a m e c h a n i s m  to exp la in  t he  resul t .  

Experimental 
A r e c t a n g u l a r  L u c i t e  cell (10 x 10 x 5 cm)  was  u s e d  for  

t h e  p la t ing .  C o p p e r  pane l s  w i th  fcc c rys ta l l i tes  we re  u s e d  
as t h e  ca thode ;  l ead- t in  alloy, Pb ,  Sn,  a n d  Cu p la tes  we re  
u s e d  as t he  a n o d e s  for  so lder  p la t ing,  lead p la t ing ,  t in  plat-  
ing, a n d  c o p p e r  p la t ing,  respect ive ly .  All t h e  c h e m i c a l s  
u s e d  we re  r eagen t  grade.  The  p la t ing  b a t h  c o m p o s i t i o n s  
are  r e c o r d e d  in  Tab le  I. 

P l a t i n g  was  ca r r ied  ou t  at  r oom t e m p e r a t u r e  (20~176 
wi th  m a g n e t i c  s t i r r ing  at  300 rpm.  All  p l a t i ng  e x p e r i m e n t s  
we re  r u n  u n d e r  c o n s t a n t  cur ren t .  The  pu l se  c u r r e n t  wave-  
fo rm was  g e n e r a t e d  b y  a d i rec t  c u r r e n t  p o w e r  s u p p l y  
w h i c h  was  con t ro l l ed  t h r o u g h  an  in te r face  (AD500A pro- 
g r a m m a b l e  m u l t i f u n c t i o n  uni t )  b y  a m i c r o c o m p u t e r .  A 
H i t ach i  VC-6020 digi ta l  s torage  osc i l loscope  was  u s e d  to 
m e a s u r e  t he  c u r r e n t  r e sponse .  

T h e  c u r r e n t  e f f ic iency was  ca lcu la ted  b y  w e i g h i n g  the  
depos i t  a n d  c o n v e r t i n g  to a c o u l o m b  equ iva len t .  T h e  to ta l  
c o u l o m b s  p a s s e d  va lue  was  ca lcu la ted  by: (i) m e a s u r i n g  
t h e  on- t ime,  off-t ime, a n d  t he  p u l s a t i n g  c u r r e n t  for one  
cycle  b y  m e a n s  of  an  osci l loscope,  t h e n  (ii) r e c o r d i n g  t he  
n u m b e r  of  cycles  u s i n g  t h e  counte r ,  w h i c h  is a f u n c t i o n a l  
ca rd  ins ta l l ed  in t he  AD500A. A c c o r d i n g  to t he  da ta  a n d  
t he  w e i g h t  i nc r ea se  of  t he  ca thode ,  we can  ca lcu la te  t he  
c u r r e n t  ef f ic iency exact ly .  The  co r ros ion  ra te  of  t he  m e t a l  
d e p o s i t i o n  (R~o~s) d u r i n g  the  p l a t i ng  was  also m e a s u r e d  by  
i m m e r s i n g  a m e t a l  p iece  in t he  p l a t i ng  b a t h  a n d  m e a s u r i n g  
t he  w e i g h t  loss. The  co r ros ion  loss has  to be  t a k e n  in to  
c o n s i d e r a t i o n  to give a m o r e  accu ra t e  m e a s u r e  of  t he  plat-  
ing  c u r r e n t  efficiency. 

T h e  depos i t  s t r u c t u r e s  u n d e r  va r ious  p l a t i ng  c o n d i t i o n s  
we re  cha rac t e r i zed  by  x-ray d i f f rac t ion  w i t h  a Cu-Ka  
source ,  a n d  t h e  sur face  m o r p h o l o g y  of  t he  depos i t  was  re- 
c o r d e d  w i th  a s c a n n i n g  e l ec t ron  m i c r o s c o p e  (SEM). 

Results and Discussion 
Current efficiency as a function of to,, and current den- 

sity.--Because t h e  c h a r a c t e r  of  t h e  e l ec t rodepos i t  c an  be  
i n f l u e n c e d  by  t h e  depos i t ' s  t h i c k n e s s  (29), we  he ld  th i s  pa- 
r a m e t e r  at  0.02 m m  e x c e p t  for t he  e x p e r i m e n t s  s u m m a r -  
ized in Fig. 1 in  w h i c h  t he  t h i c k n e s s  is 0.8 m m .  

The  d e p e n d e n c e  of  the  c u r r e n t  ef f ic iency (CE) of  a P b / S n  
sys t em,  w i t h  a f ixed d u t y  cycle, on  b o t h  pu l se  c u r r e n t  den-  

Table I. Compositions of the plating baths 

Concentration (M) 
Constituent Bath A Bath B Bath C Bath D 

Pb (BF4)2 0.051 - -  0.051 - -  
Sn (BF4)2 0.205 0.205 - -  - -  
CuSO4 - -  - -  - -  0.75 
HBF4 1.00 1.00 1.00 - -  
H2SO4 - -  - -  1.00 
Starter (ml/liter) a 70 70 7-0 - -  

EC848, Electronic Chemical, Incorporated. 
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Fig. 1. Influence of pulse length (to,) on current efficiency of Pb/Sn 

deposition at different pulse current density (Ip) with duty cycle = 
25%.  The pulse current densities are: curve 1:0.54, curve 2:2.15, 
curve 3:4.31, curve 4:8.61, curve 5:17.22, curve 6:34.44 A/dm 2. 

T6 
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Fig. 2. Influence of pulse length (ton) on current efficiency at differ- 
ent plating systems with the pulsating current density (Ip) = 0 .54 A/dm ~ 
and duty cycle = 25%.  The systems are curve I, Pb/Sn; curve 2, Pb; 
curve 3, Sn; curve 4, Cu (H2SO4). 

s i ty  a n d  ton is s h o w n  in Fig. 1. As ton dec rea se s  f rom 100 to 
0.1 ms,  t h e r e  is a lways  a m a x i m u m  CE for  eve ry  c u r r e n t  
dens i ty .  W h e n  t he  pu l se  c u r r e n t  dens i t y  inc reases  f rom 
0.215 to 34.44 A/d in  2, the  on - t ime  for  t he  m a x i m u m  CE de- 
c reases  f rom 100 to 0.3 m s  a n d  t he  va lue  of  t he  m a x i m u m  
CE i nc r ea se s  f rom 89 to 96.4%. F r o m  Fig. 1, we  can  con-  
c l u d e  t h a t  t h e r e  i s an  op t i m a l  ton w i t h  r e s pec t  to c u r r e n t  ef- 
f ic iency for  eve ry  c u r r e n t  dens i ty .  A n d  th i s  o p t i m a l  ton de- 
c reases  as we  inc rease  t he  app l i ed  cu r ren t .  

S imi l a r  r e su l t s  c an  also b e  o b s e r v e d  for o t h e r  p l a t i ng  
sys t ems ,  as s h o w n  in  Fig. 2. Here ,  p l a t i ng  s y s t e m s  were  
t e s t e d  w i t h  a m u c h  sma l l e r  c u r r e n t  dens i t y  t h a n  u sed  for 
t he  e x p e r i m e n t  r e p o r t e d  in Fig. 1. Bes i de s  t he  P b / S n  sys- 
t em,  p u r e  lead,  t in,  a n d  c o p p e r  depos i t i ons  were  also 
s tud ied .  F r o m  Fig. 2, we c o n c l u d e  t h a t  t he  c u r r e n t  effi- 
c i e n c y  for  d e p o s i t i o n  of  t he  ac id ic  c o p p e r  p l a t i ng  s y s t e m  
d r o p s  s h a r p l y  w h e n  t he  ton is sma l l e r  t h a n  5 ms.  Th i s  phe -  
n o m e n o n  ha s  b e e n  i nves t i ga t ed  by  Wan  et al. (21). T h e y  
p r o p o s e  a d i s p r o p o r t i o n a t i o n  r eac t ion  to exp l a i n  t he  CE re- 
duc t ion .  Th i s  m o d e l  m i g h t  also be  app l i cab l e  to t he  t in  
p l a t i ng  sys tem,  b u t  i t  fails to a c c o u n t  for  t he  b e h a v i o r  of  
t he  lead p l a t i ng  s y s t e m  s ince  t he  lead ions  do  no t  fo rm 
m o n o v a l e n t  ions  w h i c h  can  u n d e r g o  d i s p r opo r t i ona t i on .  
A n  o p t i m u m  pu l se  l e n g t h  w i th  r e s pec t  to CE has  also b e e n  
f o u n d  in s i lver  p l a t i ng  by  H o s o k a w a  et al. (26). We there -  
fore  c o n c l u d e  t h a t  t he  CE d r o p  as ton r eaches  ve ry  smal l  
va lues  is a gene ra l  p h e n o m e n o n  a n d  d i s p r o p o r t i o n a t i o n  of  
par t ia l ly  d i s c h a r g e d  i n t e r m e d i a t e  c a n n o t  fully exp l a in  t he  
resul ts .  

F o r  c o m p a r i s o n ,  we  also s t ud i ed  t he  eff ic iency u n d e r  di- 
r ec t  c u r r e n t  for  d i f f e ren t  p la t ing  ba ths .  A c c o r d i n g  to Fig. ~, 
we  f ind t h a t  in  m o s t  ac id ic  p l a t i ng  sys tems ,  t he  c u r r e n t  ef- 
f ic iency typ ica l ly  e x c e e d s  90. However ,  w h e n  t he  c u r r e n t  
is r a i sed  to a ce r t a in  value,  e.g., e x c e e d i n g  0.5 A / d m  2 in t he  
p u r e  P b  case,  t h e  sur face  c o n c e n t r a t i o n  of  t h e  ac t ive  ions  
d r o p s  s ign i f ican t ly  a n d  causes  a s ide  r eac t ion  s u c h  as hy-  
d r o g e n  e v o l u t i o n  to occur.  Th i s  is fair ly c o m m o n  in m o s t  
p l a t i ng  app l ica t ions .  However ,  w h e n  t h e  c u r r e n t  d e n s i t y  is 
ve ry  small ,  e.g., 0.1 A / d m  2 in  t he  p u r e  lead p l a t i ng  sys tem,  
t he  c u r r e n t  e f f ic iency wou ld  also decrease .  Th i s  p h e n o m e -  
n o n  is ra re ly  m e n t i o n e d  in t he  l i t e ra tu re  a n d  ce r t a in ly  can-  
n o t  be  e x p l a i n e d  in  t e r m s  of  c o n c e n t r a t i o n  polar iza t ion.  
We s u s p e c t  t h a t  t h e r e  is s o m e  r e l a t i ons h i p  b e t w e e n  t he  ex- 

i s t ence  of  CE m a x i m u m  in pu l se  p l a t i ng  (Fig. 2) a n d  t he  ex- 
i s t ence  of  CE m a x i m u m  in dc  pla t ing.  

The  s imi la r  CE r e d u c t i o n  e i t h e r  in  a long  ton of pu l se  plat-  
ing  s y s t e m  or  a h i g h  c u r r e n t  dens i t y  of  dc  p l a t i ng  s y s t e m  is 
qu i t e  obvious .  B o t h  r e p r e s e n t  a d e p l e t i o n  of  ac t ive  ions  
n e a r  t he  su r face  w h i c h  causes  a dec rea se  of  t he  c u r r e n t  ef- 
f iciency. B u t  in  t he  o the r  e x t r e m e ,  w h e r e  we  also o b s e r v e  a 
d e c r e a s e  of  t h e  CE for  ve ry  sho r t  ton of  pu l se  p l a t i ng  or ve ry  
low c u r r e n t  dens i t y  of  dc  p la t ing ,  a m o r e  c o m p l e x  expla-  
n a t i o n  is needed .  F igu res  4 a n d  5 s h o w  the  va r i a t i on  of  CE 
at  va r ious  p u l s e  c u r r e n t  dens i t i e s  for two d i f fe ren t  ton 
values .  I t  is o b v i o u s  t h a t  the  ef fec t  of  to, is m o r e  pro- 
n o u n c e d  t h a n  t h a t  of  t he  pu l se  c u r r e n t  dens i ty .  For  in- 
s tance ,  in  t he  c o p p e r  p la t ing  sys tem,  t he  CE d r o p s  f rom 99 
to 80% as t he  pu l se  c u r r e n t  dens i ty  dec rea se s  f rom 1.0 to 
0.1 A / d m  2 for a ton of  50 ms,  b u t  t he  c u r r e n t  e f f ic iency d r o p s  
f rom 94 to 20% for a tom of  1 ms.  In  t he  fo l lowing  d i scuss ion ,  
we  d e t e r m i n e d  t he  effects  of  t he  c u r r e n t  dens i t y  a n d  t h e n  
t he  on - t ime  indiv idual ly .  

Firs t ,  we s u s p e c t  t h a t  me ta l  co r ros ion  cou ld  be  t he  m a j o r  
cause  of  CE r educ t ion .  We def ine  a ra te  of  the  depos i t  loss, 
R1 .... to be  equa l  to t he  d i f fe rence  b e t w e e n  t he  idea l  ra te  at  
100% c u r r e n t  eff ic iency a n d  t he  ac tua l  depos i t  ra te  

Rlo~ = R (100% CE) - R (actual)  [1] 

w h e r e  t he  un i t s  of  R are mol /h  for a g iven  e l ec t rode  sur-  
face. We m e a s u r e d  t he  co r ros ion  ra te  of  t h e  depos i t  a n d  t he  

Table II. The rate of corrosion (R,o,) and weight loss (Rio,,) 
(10 -6 mol/h) 

Pb/Sn Sn Pb CuSO4 

Rloss: DC 0.1034 a 7.8 97.2 17.4 15.5 
Rloss: P.C. (ton (ms)) 

P.C. (50) 0.0108" 18.2 102.1 25.6 22.5 
P.C. (1) 0.0430 39.1 148.6 61.7 35.8 
P.C. (1) 0.1211 35.4 140.1 47.4 28.8 
P.C. (0.2) 0.1181 105.9 230.4 115.3 66.1 
P.C. (0.1) 0.1205 181.2 327.9 183.2 99.7 

Average current density (A/dm2) �9 
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Fig. 3. Influence of current density on current efficiency at different 
p l a t i n g  s y s t e m s  w i t h  t h e  d i r e c t  c u r r e n t .  T h e  s y s t e m s  a r e  c u r v e  1 ,  P b / S n ;  

curve 2, Pb; curve 3, Sn; curve 4, Cu (H2SO4). 
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Rjos~. F r o m  the  r e su l t s  in  Tab le  II, we  f ind t h a t  t he  corro- 
s ion  r eac t ion  is s low re la t ive  to t he  RLos~, a n d  it  c a n n o t  be  
t he  m a i n  cause  for  t he  CE drop.  Fo r  ins t ance ,  in  S n  p la t ing ,  
t he  co r ros ion  ra te  is 11.9 x 10 .6 mol/h.  B u t  t he  R~o~ for dc 
p l a t i n g  is 97.2 x 10 -6 mol /h  at  0.0134 AJdm 2 a n d  148.6 • 10 -6 
mo l -h  for  a pu l se  p la t ing  w i th  a to, of  1 m s  a n d  c u r r e n t  den-  
s i ty  of  0.043 A/d in  2. In  add i t ion ,  as t he  ton is s h o r t e n e d ,  t h e  
R~os~ inc r ea se s  p r o n o u n c e d l y .  Th i s  p h e n o m e n o n  ind ica t e s  
t h a t  t h e r e  m u s t  b e  a n o t h e r  s ide  r eac t ion  be s i de s  t he  cor- 
ros ion.  
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Fig. 5. Influence of pulse current density (Ip) on current efficiency at 
different plating systems with pulse length (ton) = I ms and duty cycle 
= 25%.  The systems are curve 1, Pb/Sn; curve 2, Pb; curve 3, Sn; curve 
4, Cu (H2S04). 

Reaction mechanism.--Therefore, we pos tu l a t e  a m e c h a -  
n i s m  as fol lows 
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Fig. 4. Influence of pulse current density (Ip) on current efficiency at 
different plating systems with pulse length (to,) = 50 ms and duty cycle 
= 25%.  The systems are curve 1, Pb/Sn; curve 2, Pb; curve 3, Sn; curve 
4, Cu (H2SO4). 

M+2(aq) - - ->  M+2(ad) adsorption [2] 
M+2(ad) ----> Ma(aa) charge transfer [3] 
M+2(ad) ----> M+'(ad> intermediate formation [3a] 
M+l(ad) --'-> Ma(ad) cha rge  t r ans f e r  [3b] 
M*(aa) ---> Mlcryl sur face  d i f fus ion  [4] 
M*(aa) ~ M me ta l  d e g r a d a t i o n  [5] 
M+l(ad) ---> M+2(aq) + M(~, disproportionation [6] 

w h e r e  r eac t ion  [3] is t he  two-e l ec t ron  c h a r g e  t r a n s f e r  and  
[3a] a n d  [3b] are  two success ive  one -e l ec t ron  c h a r g e  t rans -  
fer  s t eps  w i t h  a m o n o v a l e n t  ca t ion  as t h e  i n t e rmed ia t e .  Re- 
ac t ions  [3a] a n d  [3b] are a l t e rna t ive s  to  r eac t ion  [3] w h e n  
t h e r e  ex i s t s  a s t ab le  m o n o v a l e n t  i n t e r m e d i a t e  s u c h  as 
Cu+ t  R e a c t i o n  [4] is t he  sur face  d i f fus ion  of  d i s c h a r g e d  
a t o m s  (ada toms)  in to  c rys ta l  lat t ice.  R e a c t i o n  [5] is a s ide 
r eac t i on  in w h i c h  t he  a d a t o m  fails to be  i n c o r p o r a t e d  in to  
t he  c rys ta l  a n d  r een t e r s  t he  e lectrolyte .  We call  i t  "deg rada -  
t i on"  a n d  it  c o m p e t e s  w i t h  r eac t ion  [4]. Th i s  r eac t ion  has  
also b e e n  m e n t i o n e d  by  H i b e r t  (30). A m o r e  de ta i l ed  dis- 
c u s s i o n  of  th i s  r eac t ion  will  be  p r e s e n t e d  in t he  n e x t  sec- 
t ion.  T h e  d e g r a d a t i o n  a n d  o t h e r  s ide  r eac t ions  s u c h  as hy-  
d r o g e n  evo lu t i on  will  r e d u c e  t he  CE. C o n w a y  a n d  Boc k r i s  
(31) s t u d i e d  t he  d e p o s i t i o n  of  c o p p e r  a n d  c o n c l u d e d  t h a t  
a d a t o m s  are  par t ia l ly  hydra t ed .  T h e y  i n d i c a t e d  t h a t  sur-  
face d i f fus ion  is t h e  r a t e - d e t e r m i n i n g  s t ep  at  low c u r r e n t  
dens i ty ,  wh i l e  cha rge  t r a n s f e r  t e n d s  to be  t he  ra te-deter -  
m i n i n g  s tep  at  h i g h e r  ca thod i c  potent ia l .  We c o n s i d e r e d  
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Table III. Current efficiency (%) for dc and pulse current modes 

Composition 
Mode CD (A/dm 2) Pb/Sn Sn Pb CuSO4 

DC 0.0134 95.51 39.20 89.10 90.27 ~L 
0.0594 96.14 72.61 95.13 91.96 
0.1209 97.36 88.06 97.73 98.12 
0.4305 96.03 98.09 99.53 100.0 

P.C. 50 ~ 0.0108 81.43 - 4.34 73.82 77.05 
0.0578 96.83 73.54 92.95 97.96 
0.1268 96.74 93.96 97.96 99.50 
0.2377 95.62 94.69 98.54 98.87 

P.C. 1 0.0430 92.32 71.03 87.98 93.03 
0.1211 94.32 90.31 96.72 98.01 
0.3938 96.18 95.83 99.19 99.15 

P.C. .2  0.1181 92.49 83.66 91.84 95.31 
P.C..1 0.1205 89.81 56.57 74.36 75.15 

Pulse current with duty cycle = 25% and the number is the on- 
time (ms) and the value of CD is the average CD. 

t h a t  t h e  a d a t o m s  are  h i g h  e n e r g y  u n i t s  be fo re  t h e y  d i f fuse  
to s t eps  a n d  to k i n k  s i tes  w h e r e  t hey  are  i nco rpo ra t ed .  
T h e s e  a d a t o m s  are  n a t u r a l l y  m o r e  ac t ive  t h a n  t h e  a t o m s  in 
t h e  crystal .  T h e y  m a y  u n d e r g o  d e g r a d a t i o n  a n d  cause  a re- 
d u c t i o n  of  CE. T h e  ra te  of  th i s  d e g r a d a t i o n  is d e t e r m i n e d  
b y  t he  c o n c e n t r a t i o n  of  t h e  a d a t o m  [Mc~d~]. W h e n  t he  cur-  
r e n t  d e n s i t y  is low, t he  sur face  d i f fus ion  is t h e  ra te -de te r -  
m i n i n g  s tep  a n d  t h e  d e g r a d a t i o n  of  t he  a d a t o m  is compe t -  
ing  w i t h  t h e  sur face  di f fus ion.  B u t  at  h i g h  c u r r e n t  dens i ty ,  
t h e  c h a r g e  t r a n s f e r  b e c o m e s  the  r a t e - d e t e r m i n i n g  step.  
T h e  su r face  d i f fus ion  of  t he  a d a t o m  is t h e n  re la t ive ly  qu i t e  
fast,  w h i c h  r e d u c e s  t he  c o n c e n t r a t i o n  of  the  a d a t o m  a n d  
m a k e s  t h e  ra te  of  t he  d e g r a d a t i o n  negl igible .  This  degrada-  
t ion  of  a d a t o m s  is t h e  r e a s o n  t h a t  in  dc  p la t ing ,  w h e n  t he  
c u r r e n t  d e n s i t y  is ve ry  small ,  we o b s e r v e  a d rop  of  CE. A n d  
w h e n  we  ra ise  t he  c u r r e n t  dens i ty ,  t he  CE also goes  u p  
un t i l  t h e  c u r r e n t  dens i t y  is so h i g h  t h a t  c o n c e n t r a t i o n  po- 
l a r i za t ion  b e c o m e s  s ign i f ican t  a n d  o the r  s ide r eac t ions  
m a k e  t he  CE d r o p  again.  

Fo r  pu l se  p la t ing ,  we  shal l  s h o w  t h a t  for  ve ry  s h o r t  
pu lses ,  t h e r e  is a n  ini t ia l  u n s t a b l e  per iod,  d u r i n g  w h i c h  t he  
c a t h o d i c  ac t i va t i on  o v e r p o t e n t i a l  is no t  ful ly d e v e l o p e d  
e v e n  for h i g h  c u r r e n t  processes .  Th i s  u n s t a b l e  t r a n s i t i o n  
p e r i o d  favors  t h e  d e g r a d a t i o n  of  the  a d a t o m  in  t he  s a m e  
m a n n e r  as does  a low c u r r e n t  dens i ty ,  weak ly  polar ized  dc  
p l a t i ng  sys tem.  Th i s  is t h e  r e a s o n  t h a t  w h e n  we  r e d u c e  t he  
ton in  t h e  mi l l i s econd  range ,  we also o b s e r v e  a d r o p  of  CE 
as r e p o r t e d  in  Tab le  III. Fo r  ins t ance ,  in  t he  S n  s y s t e m  at  a 
c u r r e n t  d e n s i t y  of  a b o u t  0.012 A / d m  2, w h e n  t he  to~ is re- 
d u c e d  f rom 50 to 1 m s  a n d  f inal ly to  0.1 ms ,  t h e  CE de- 
c reases  f rom 93.96 to 90.31% a n d  f inal ly to 56.57%. Fo r  
ac id ic  t in  a n d  c o p p e r  sys tems ,  b o t h  r eac t ions  [5] a n d  [6] are  
c a u s e s  for CE r educ t ion .  B u t  for  t h e  lead sys tem,  degrada-  
t i on  is t he  on ly  m a i n  r eac t ion  r e s p o n s i b l e  for  CE re- 
duc t ion .  

Wave form of  pulse and underpotent ial  deposi t ion.--In 
orde r  to l ea rn  m o r e  a b o u t  t h e  ton effect,  we  r e c o r d e d  t he  ca- 
t h o d i c  o v e r p o t e n t i a l  r e s p o n s e  w i t h  an  osc i l loscope  (Fig. 6). 
T h e r e  is a t r a n s i t i o n  pe r iod  (tt~ans) in  t he  in i t ia l  r eg ion  of  t h e  
pu l se  be fo re  t he  ac t iva t ion  o v e r p o t e n t i a l  r i ses  to  t he  
s t e a d y  state .  Th i s  t r a n s i t i o n  t i m e  is a b o u t  0.18 m s  w i t h  a 
17.22 A/d in  2 pu l se  c u r r e n t  dens i ty .  We also f o u n d  t h a t  t he  
t r a n s i t i o n  t i m e  is i n d e p e n d e n t  of  t he  d u r a t i o n  of  to~ at  a 
ce r t a in  d u t y  cycle  or  pu l se  c u r r e n t  dens i ty .  Hence ,  w h e n  
t he  ton is s h o r t e n e d ,  th i s  t r a n s i t i o n  pe r iod  b e c o m e s  rela- 
t ive ly  m o r e  s ignif icant .  In  our  case,  if  t h e  ton is less  t h a n  
0.18 ms ,  the  ac t i va t i on  o v e r p o t e n t i a l  ac tua l ly  n e v e r  
r e aches  t he  s t e a d y  state.  Th i s  t r ans i t i on  p e r i o d  ha s  n o t h i n g  
to do w i t h  t he  d o u b l e  layer.  Ib l  (32) i n d i c a t e d  t h a t  t he  n u m -  
be r  of  c o u l o m b s  of  t he  d o u b l e  l ayer  d i s c h a r g e  is exac t ly  
e q u a l  to t h a t  of  t he  charge .  The re fo re  it s h o u l d  no t  affect  
t he  fa rad ic  c u r r e n t  efficiency.  P u i p p e  a n d  Ib l  (23) pos tu -  
l a t ed  t h a t  t he  c h a r g e  t i m e  (t~) a n d  t he  d i s c h a r g e  t i m e  (ta) 
are  d e p e n d e n t  on  the  pu l se  c u r r e n t  d e n s i t y  only,  a n d  we  
e s t i m a t e d  t h e  tr a n d  ta to be  

tr = 1700/Ip [7] 

(ms) 

Fig. 6. The cathodic overpotential diagram of Pb/Sn system at differ- 
ent pulse length (ton) with pulse current density (/p) = 17.22 A/dm 2 and 
duty cycle = 25%.  The values of to, (ms) are: (a) 0.15, (b) 0.50. 

ta = 12,000/Ip [8] 

w h e r e  tc a n d  td are t he  c h a r g e  t i m e  a n d  d i s c h a r g e  t i m e  in  
m i c r o s e c o n d s  a n d  Ip is t he  pu l se  c u r r e n t  d e n s i t y  in  A / d m  2. 
I n  ou r  case,  in  a P b / S n  s y s t e m  w i t h  an  Ip a t  34.44 A/d in  2, t he  
t0 w o u l d  b e  0.04 m s  a c c o r d i n g  to Eq. [7]. However ,  t he  ttrans 
was  m e a s u r e d  to be  0.15 ms.  Th i s  aga in  s h o w s  t h a t  t he  
t r a n s i t i o n  r e s p o n s e  is no t  a r e su l t  of  t h e  d o u b l e  layer  
charg ing .  H e n c e  we p o s t u l a t e  t h a t  t he  r e a s o n  for  t he  easy  
o c c u r r e n c e  of  d e g r a d a t i o n  d u r i n g  th i s  t r a n s i t i o n  pe r iod  is 
t h a t  t h e  d e p o s i t i o n  p r o c e e d s  v ia  u n d e r p o t e n t i a l  d e p o s i t i o n  
(UPD).  

~ J 

J 

t (m~) 

Fig. 7. The cathodic overpotential diagram under the pulse current 
with Ip = 8.61, to, = 1 ms, and duty cycle = 25%.  

2OO S 

I 2 } q 
t (ms)  

Fig. 8. The cathodic overpotential diagram under the pulse current 
with Ip = 16.22, to, = 1 ms, and duty cycle = 25%.  
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U P D  is e lec t rodepos i t ion  onto solid e lect rodes  at poten-  
tials more  posi t ive  than  the  revers ib le  potent ia l  (33-38). 
U n d e r  this  condit ion,  the  reactants  are  adsorbed  onto the  
e lec t rode  surface and then  d ischarged  to ada toms  which  
obta in  a two-d imens iona l  a tomic  array. S ince  the  a toms 
have  not  reached the  stable, fully crystal l ized stage in the 
t ransient  t ime, they  are easily d issolved if the current  is in- 
t e r rup ted  such as in a pulse  plat ing with  very  short  pulse. 
We reason that  in the  t ransi t ion per iod of  the  pulse  w h e n  
the  potent ia l  is m u c h  lower  than the  s teady-state  potential ,  
the  deposi t ion  proceeds  via U P D  or a process  at least  simi- 
lar to U P D  with  the  freshly depos i ted  ada toms be ing  qui te  
uns tab le  and prone  to degradat ion.  When we leng then  the  
to,, a major  por t ion  of  the  pulse  wou ld  be in the  s teady 
state and the  t ransi t ion per iod becomes  relat ively insignif-  
icant  as shown in Fig. 6b. This consequen t ly  causes a rise 
of the  current  efficiency. But  if  we fur ther  l eng then  the  to, 
or increase the  current  density,  we may  push  the  sys tem 
into not iceable  concent ra t ion  polarizat ion and induce  
o ther  side reactions.  This compe t i t ion  results  in the  rise 
and fall of  current  eff iciency with  respect  to pulse  length  
and current  density.  

A compar i son  be tween  Fig. 7 and 8 also shows that  the  
t ransi t ion dura t ion  is d e p e n d e n t  on the pulse  current  den- 
sity only and i ndependen t  of  to,. When we reduce  the  pulse  
current  densi ty  f rom 17.22 (Fig. 8) to 8.6 A/dm 2 (Fig. 7), the 
t ransi t ion dura t ion  increases  f rom 0.18 to 0.26 ms. There-  
fore a lower ing  of  current  dens i ty  works  s imilar ly  to a 
shor ten ing  of  ton so as to make  the  t ransi t ion per iod more  
impor tan t  and to cause a reduc t ion  of  CE. 

Our hypothes i s  is suppor ted  by t rends  in the  morphol -  
ogy and the preferred or ienta t ion of  the  depos i t  by pulse  
pla t ing and by the  de tec t ion  of  suspended  part icles in the  
solut ion of  the  plat ing system. We observed  the  morphol -  
ogy of  the  depos i t  by scanning  electron mic roscope  (SEM) 
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as the  to, is shor tened f rom 5 to 0.2 ms (Fig. 9). It  is obvious  
that  the surface morpho logy  of  the  depos i t  becomes  
s m o o t h e r  and forms a fine-grained depos i t  as the  ton is de- 
c reased  f rom 5 to 1 ms. But  w h e n  the  to, is less than  0.5 ms, 
a di f ferent  morpho logy  forms. The  morpho logy  becomes  
needle -shaped  to mossy  with  ton be ing  decreased  f rom 0.5 
to 0.2 ms. S ince  the t ransi t ion per iod is about  0.26 ms, our  
f inding is consis tent  wi th  the U P D  two-d imens iona l  array 
theory.  

We then  s tudied  the  or ientat ion t ransformat ion  of  the 
depos i t  by  x-ray diffraction. We have  shown in a previous  
paper  (29) that  the  preferred or ienta t ion of  the lead in the 
lead/t in depos i t  is de t e rmined  by the substrate,  the  depos i t  
th ickness ,  the  l imi t ing current  density,  and the  pulse  cur- 
rent  condi t ions,  invo lv ing  to,, toff, and Ip. There  we  def ined 
a ratio, R 

R = Tm/T2oo [10] 

where  Tn~ and T200 are the intensi t ies  of  the t ex ture  <111> 
and <200> of  the  lead in the  lead/t in deposit .  The  var ia t ion 
of  R vs. ton is shown in Fig. 10. It  is obvious  that  the ratio R 
decreases  wi th  the shor ten ing  of  the  ton. This  resul t  reveals 
that  at the t ransi t ion state, the t ex ture  <200> becomes  the  
prefer red  orientat ion.  We unders tand  that  the  < 111> plane  
grows in a three-d imens ional  fashion whi le  the  <200> 
p lane  grows in two d imens ions  (39). Therefore ,  the  <200> 
d o m i n a n c e  in the  very  short  pulse  sys tem is also consist-  
en t  wi th  our  U P D  reasoning.  S imi lar  results  were  ob- 
served by F u k u m o t o  et  al. (40) in the  depos i t  of  the  Pd/Ni  
alloy under  pulse  current.  

Finally,  we  found that  the  Pb,  Sn, and Pb /Sn  alloy plat- 
ing sys tems are all s table th roughou t  the  120h work ing  
t ime  w h e n  ton is over  1 ms, but  they  become  uns table  and 
genera te  observable  suspens ions  in less than  48h work ing  
t ime  with  a 0.2 ms to,. The  suspens ion  was d issolved in hy- 

Fig. 9. Influence of pulse length (to.) on the morphology of the deposit of the Pb/Sn alloy with pulse current density ( I p )  = 34.44  A/dm 2 and period 
(T = to, + tof~) = 50 ms. The values of to. (ms) are (a, top left) 0.2; (b, top right) 0.5; (c, bottom left) 1.0; (d, bottom right) 2.0. 
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Fig. 10. Predomination of the lead in the lead-tin alloy as a function 
of the on-time with pulse current density (Ip) = 34.44 A/din 2 and duty 
cycle = 25%.  

drofluoric acid and was identified to be a mixture of lead- 
oxide and tin-oxide for the Pb/Sn system and PbO for the 
lead system. This again supports the existence of metal 
degradation in very short pulse and explains the outcome 
of that reaction. 

Conc lus ion  
In the pulse plating of acidic Sn/Pb, Sn, Pb, and Cu sys- 

tems, we found significant CE lowering. The degree of CE 
reduction is dependent on the ton length or current density 
and the nature of the plating bath. 

A mechanism that involves a charge transfer reaction, 
competit ion between the surface diffusion, and the degra- 
dation of the adatom and a disproportionation of mono- 
valent ion was proposed to explain the phenomenon. In 
the initial region of the pulse, there is a transition state. We 
considered that the deposition reaction proceeds partially 
as a UPD reaction in this period. The morphology and the 
preferred orientation of the deposit support our hypothe- 
sis. The suspension indicated that in very short ton, the de- 
posit of the transition period is active and easily reoxi- 
dized. 

Manuscript submitted Aug. 8, 1988; revised manuscript 
received Dec. 23, 1988. 

LIST OF SYMBOLS 
CE current efficiency (%) 
Ip pulse current density 
M* an adatom; this exists as an intermediate between 

the discharge and the crystal growth 
R ratio of the intensities of the texture <111> to 

<200> 
Rl .... the difference between the ideal deposit rate and 

the real rate with unit mol/h 
T the length of the period of the pulse 
T1~1 the intensity of the texture < 111 > of the lead in 

the lead-tin alloy which was measured by x- 
diffraction 

T200 the intensity of the texture <200> of the lead in 
the lead-tin alloy which was measured by x- 
diffraction 

t~ charge time of the double layer in I~s 
td discharge time of the double layer in t~s 
ton on-time of the pulse current 
t , , fr  off-time of the pulse current 

tt . . . .  the transient t ime before the activation over- 
potential goes to the steady state 
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