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ABSTRACT 

The elect rodeposi t ion of Sn/Pb alloys and the effect of surface agents  was s tudied in fluoboric acid solutions. 
Smooth,  semibright  deposits  have been produced at current  densit ies in excess of 800 mA/cm 2, approaching the mass 
transfer l imited current. Dendri te  suppression (microleveling) has been achieved by the addi t ion of polymeric  sulfac- 
tant and uniform current  dis tr ibut ions have been obtained by the addi t ion of lactones or other related species. When 
the two adsorbed species are used s imultaneously the solution concentrat ion of metal  ions and the additive ratio 
dictate the deposi t ion parameters.  The addit ives have been found to be chemically more stable, less costly, and allow 
current  densit ies in excess of 20x those in current  commercial  use. 

The e lec t rocodeposi t ion  of S n / P b  al loys f rom fluo- 
boric  acid solut ions was first r epo r t ed  in 1920 (1).  
Since tha t  t ime,  S n / P b  a l loys  have  seen ex tens ive  use 
in the e lectronics  i ndus t ry  and the deposi t ion process 
has s lowly  evolved  (2).  F luobor ic  acid solutions are  
n o r m a l l y  p r e f e r r e d  because of the  high so lub i l i ty  and 
s tab i l i ty  of S n ( I I )  and  P b ( I I )  f luoborates.  The low 
air  ox ida t ion  ra te  of s tannous  and p lumbous  ions and 
the use of soluble  S n / P b  anodes provide  good s t ab i l i ty  
in the  high conduc t iv i ty  acid. Boric acid is added  to 
p reven t  the  hydro lys i s  of the  f luoborate.  The s tan-  
da rd  r e d o x  potent ia l s  of Sn  (II)  and  Pb ( I I )  a re  wi th in  
19 mV in this med ia  such tha t  codeposi t ion is eas i ly  
obtained.  The high hyd rogen  overpo ten t i a l  on Sn and 
Pb gives the reduc t ion  process  ~100% cur ren t  effi- 
c iency (2). Other  e lec t ro ly tes  such as sul famates ,  p y -  
rophosphates ,  and  fluosilicates,  have  been  examined ;  
however ,  f luoborates  r ema in  the  dominan t  chemis t ry  
(2).  

Even though high meta l  ion concentra t ions  can be 
obta ined  (i.e., ~ I N ) ,  cu r ren t  densi t ies  of commerc ia l  
systems are  gene ra l l y  l imi ted  to 35 mA/cm2 wi th  
15-25 m A / c m  2 no rma l  pract ice  (2). The cu r ren t  
l imi t ing  fac tor  is the  ab i l i ty  of ~idditives to suppress  
dendr i t i c  g rowth  and control  the  cu r r en t  d i s t r ibu t ion  
in  geomet r i ca l ly  r e s t r i c t ed  areas  (macro th rowing  
power ) .  Some of the  common addi t ives  have  been  
glue, resorcinal ,  nicotine,  peptone,  be t a -naph tho l ,  b i -  
phenyl  sulfones,  and e thoxy  e thers  (2 ,3) .  Even wi th  
the  p rob lems  of low cur ren t  dens i ty  and decomposi -  
tion, addi t ives  of glue and pep tone  r e m a i n  common. 

In this work,  the pr inc ip les  of h igh  qual i ty ,  h igh 
speed e lec t rodepos i t ion  wi l l  be out l ined  and descr ibed  
for S n / P b  deposi t ion.  Fu r the r ,  i t  wi l l  be shown tha t  
cur ren t  densi t ies  in excess of 800 m A / c m  2 can be ob-  
ta ined  wi th  r e l a t i ve ly  low cost, s table  addi t ives .  A 
versa t i le  e lec t rodepos i t ion  sys tem is descr ibed  where  
two classes of adsorbed  species a re  used to control  the  
ra te  of dendr i t ic  g rowth  and man ipu la t e  the  secondary  
cu r ren t  d i s t r ibu t ion .  

Experimental 
The vo l t ammet r i c  de te rmina t ions  were  made  using 

a PAR 173 po ten t ios ta t  (Pr ince ton  App l i ed  Research,  
Pr ince ton ,  New J e r s e y ) ,  179 coulometer ,  and  175 p r o -  
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grammer .  Posi t ive  f eedback  was used to compensa te  
for solut ion iR drop.  The ro ta t ing  disk e lec t rode  ex -  
pe r imen t s  (RDE) used a P ine  In s t rumen t s  ASR2 
ro ta to r  (Grove  City, Pennsy lvan i a )  wi th  a copper  or  
p l a t i n u m  disk. There  was no de tec tab le  difference be -  
tween  the two disk ma te r i a l s  for S n / P b  depos i t ion  
at  the  cur ren t  densi t ies  s tudied.  The in i t ia l  i -V  curves  
were  p e r t u r b e d  b y  the fo rmat ion  of S n / P b  deposi ts  on 
the  p l a t i num or copper  electrodes,  as noted.  However ,  
once surface coverage was obta ined,  no fu r t he r  effects 
of base me ta l  were  found. 

The chemicals  used in the  vo l t ammet r i c  studies were  
reagen t  grade  or ana lyzed  to be chemica l ly  pure.  The  
pheno lph tha le in  ( P h )  was used as a 1% solut ion (28 
raM) in e thy l  a lcohol  and the Tr i ton  X-100 (TX) was 
used at ful l  s t rength.  The po lyme r  TX (CsH17-(C6H4)- 
(OCHzCH2)~.10OH) was ob ta ined  f rom Rohm & Haas  
Company,  Ph i lade lph ia ,  Pennsy lvan ia ,  and  the Ph  (3,3- 
Bis ( 4 - h y d r o x y p h e n y l )  - 1- (3H) - i sobenzofuranone)  was 
ob ta ined  in alcohol f rom F i she r  Scientific Company.  
Al l  solut ions were  deae ra t ed  for  5 min p r io r  to u s e  

with  n i t rogen  and a l e a d / l e a d  sulfa te  re fe rence  e lec-  
trode, whose  po ten t ia l  was --0.65 vs. a sa tu ra t ed  calo-  
mel  electrode,  was used. The S n ( I I )  and  P b ( I I )  con- 
cent ra t ions  were  ana lyzed  po la rog raph ica l ly  in a 0.5N 
acetic acid/0.5N sodium acetate  solution. The a l loy 
composi t ion was de t e rmined  f rom the weight  change 
per  coulomb in deposi t ion or  anodic s t r ipping.  The  
e r ro r  was less than  5%. 

Results 
Voltammetric behavior.mTypical vo l t a mmograms  

for  the  e lec t rodepos i t ion  of s tannous  fluoborate,  p l u m -  
bous fluoborate,  and  the i r  mix tu re s  in f luoboric acid  
a re  shown in Fig. 1. The reduc t ion  poten t ia l s  of t h e  
two species a re  s imi la r  and  the  meta l s  a re  codeposi ted  
as shown in Fig. l ( c ) .  As reduc t ion  occurs, dendr i t i c  
g rowth  is observed.  This g rowth  of crys ta ls  out  f rom 
the p lane  of the  e lec t rode  th rough  the diffusion layer ,  
which  is h igher  in meta l  concentrat ion,  increases  the  
surface a rea  of the  electrode.  The  increased  a rea  is r e -  
flected in the  i -V curves  as devia t ions  f rom the con- 
vect ive-di f fus ion l imi t ing  current .  The i n c r e a s e d  sur -  
face a rea  and nonp lana r  e lec t rode  geome t ry  causes 
the cur ren t  to r ise (see Fig. 1) and  exceed  tha t  ex-  
pected f rom the Levich equat ion  for a p l a n a r  surface 
(Eq. [1]) and  produce  a porous,  f rag i le  deposi t  a s  

shown in Fig. 2 
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Fig. 1. Voltammograms of (a) 0.30N Pb 2+, 5N HBF4; (b) 0,77N 
Sn s+, 5N HBF4; and (c) 0.39N Sn 2+, 0.15N Pb 2+, 6.2N HBF4 at 
a Pt RDE. The scan rate was 10 rnV/sec and the rotption speed in 
rpm is given. 
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VOLTS VS Pb(Hg)/PbSO 4 
Fig. 3. Voltammograms of (a) 0,77N Sn 2+, 5N HBF4; (b) 0.3N 

Pb ~+, 5N HBF4; and (c) 0.39N Sn ~+, 0.15N Pb ~+, 6.2N HBF4 tit 
a Pt RDE rotated at 400 rpm's The concentration of Triton X-100 
(in raM) is shown on each curve and the scan rate was 10 mV/sec. 

diffusion l imi t ing  cu r r en t  p l a t eau  as shown in Fig.  3. 
A uniform,  adherent ,  s emibr igh t  depos i t  was p roduced  
at  cur ren ts  up to ,--95% of il. E v e n  at  il, nondendr i t i c  
g rowth  was observed  a l though the depos i t  was less 
br ight .  This cor re la t ion  b e t w e e n  s table  i -V curves  and 
f ine-gra ined  deposi ts  was observed  at  al l  ro ta t ion  
speeds and concentra t ions  used. F igu re  4 is an e lec-  
t ron  mic rog raph  of a 25 #m th ick  S n / P b  deposi t  p ro -  
duced at  700 mA/cm2. I t  should be no ted  tha t  wi th  
TX, s tab le  c u r r e n t - t i m e  curves  (for >100 C /cm 2) we re  
obse rved  for  po ten t ia l s  on the r i s ing or  l imi t ing  p o t -  

Fig. 2. Scanning electron micrograph (200X magnification) of 
dendritic growth produced at 30 mA/cm s. 

il = 0.62nFA CT * D2/8~t/sv- I/s [1] 

w h e r e  i i  is the  l imi t ing  current ,  CT* is t he  to ta l  b u l k  
concent ra t ion  of Sn s+ and Pb2§ D is the  diffusion 
coefficient (assumed to be equa l  for both  species) ,  
is the  ro ta t ion  speed, and  v is the  k inemat i c  viscosity.  
These charac te r i s t i c  types  of devia t ions  f rom il  shown 
in Fig.  1 a re  obse rved  at sho r t e r  t imes for  h ighe r  r o t a -  
t ion speed due to the  increased  ra te  of g rowth  and 
decreased  diffusion l a y e r  thickness.  

Dendr i t e  suppress ion is t yp i ca l ly  ob ta ined  in S n / P b  
deposi t ion  b y  ma in t a in ing  low cur ren t  densi t ies  and  
in t roduc ing  addi t ives  such as glue or  pep tone  to the  
system. The m a x i m u m  cur ren t  dens i ty  ob ta inab le  
wi thou t  dendr i t e  g rowth  is l imi ted  b y  the ab i l i ty  of 
the  addi t ive  to suppress  dendr i tes .  A l though  to ta l  
m e t a l  concent ra t ions  in  excess of 1N can be  obta ined,  
cu r ren t  densi t ies  a re  usua l ly  r e s t r i c t ed  to 10-30 m A /  
cm 2 (2).  

The add i t ion  of Tr i ton  X-100 (TX) to the  solu-  
t ion gives r ep roduc ib l e  i -V curves  wi th  a convect ive-  

Fig. 4. Scanning electron micrograph of Sn/Pb alloy deposit at 
700 mA/cm 2 at 200)< and 8000• 
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t ions of the  i-V curve. Conversely ,  dendr i t ic  g rowth  
and ascending cu r r en t - t ime  curves  occurred  wi thou t  
TX. This can also be seen in the i -V curves upon scan 
reversal .  As seen in Fig.  1, the cu r ren t  continues to 
increase  upon scan reve r sa l  wi th  dendr i t i c  g rowth  
observed,  whereas  the i-V curve is r e t r aced  in Pig. 3. 
The p r epeak  observed  in Fig. 1 and 3 was not  found 
in subsequent  scans or when an S n / P b  e lec t rode  was 
used indica t ing  tha t  i t  is involved  wi th  the in i t ia l  
g rowth  character is t ics  and fo rmat ion  of the adsorbed  
layer .  

I t  has been  suggested (4) tha t  the decrease  in den-  
dr i t ic  g rowth  is due to a poisoning of the  dendr i t e  
by  adsorpt ion  of the polymer .  That  is, dendr i t i c  g rowth  
occurs when one site or  c rys ta l  face is favored  over  
ano ther  and grows out  into the  diffusion layer .  The 
adsorp t ion  of the  po lymer  on the surface inhibi ts  the  
favored  g rowth  and a l lows the less p re fe ren t i a l  site 
which is shie lded f rom the po lymer  to grow. A more  
de ta i led  discussion is p re sen ted  in the nex t  section. 

A l though  cur ren t  densi t ies  in  excess of 800 m A / c m  2 
have  been obta ined,  wi th  TX p rov id ing  microlevel ing ,  
a r e l a t ive ly  smal l  e lec t rode  impedance  (RE -- dE~dO 
is ob ta ined  [Fig. 3 ( c ) ] .  Thus the  secondary  cu r ren t  
d i s t r ibu t ion  wil l  not  dev ia te  subs tan t i a l ly  f rom the 
p r i m a r y  cu r r en t  d i s t r ibu t ion  in the absence of con-  
cen t ra t ion  polar iza t ion.  The solut ion resis tance wi l l  
then  be the d o m i n a n t  fac tor  in the  deposi t ion  p ro -  
file (poor  macro th rowing  power )  (5). 

A s t r ik ing ly  different  i-T r behav io r  is seen in Fig.  5 
upon the add i t ion  of pheno lph tha le in .  The reduc t ion  
process i s  g r ea t ly  inhibi ted ,  as seen f rom the la rge  
overpotent ia ls ,  wh i l e  the onset  of the S n / P b  dissolu-  
t ion r ema ins  at  the  same potent ia l .  As the  f rac t iona l  
surface coverage increases,  the  u n p e r t u r b e d  a rea  is 
reduced.  The  onset  of the  dendr i t i c  g rowth  coincides 
wi th  the upshoot  in cu r r en t  and only  ve ry  low cu r -  
ren t  densi t ies  a re  ob ta ined  before  dendr i t ic  g rowth  is 
observed.  Non t raceab le  i-V curves are  ob ta ined  upon  
scan reversal .  The Ph is able  to suppress  the g rowth  
of the S n / P b  deposit ,  however ,  the suppress ion does 
not  ex tend  to the  g rowth  of dendr i tes .  This l a r g e  
overpotent ia l ,  which  increases  the e lec t rode  i m p e d -  
ance, was found on lead  and lead  al loys bu t  did  not  
occur on pure  tin. Genera l ly ,  as the  mass  t r ans fe r  

O.14 0.29l O.58m! 

,j 

j S J  
o..So(o +0.2 C) - o . I  

VOLTS VS Pb(Hq)/PbSO 4 

Fig. 5. Voltammogram of 0.39N Sn 2+, 0.15N Pb; z+, in 6.2N HBF4 
at Pt RDE. The rotation rate was 200 rpm and scan rate 5 mV/ 
sec. The concentration of Dhenolahthaleln (mM) is shown. 

ra te  is increased,  dendr i t ic  g rowth  is observed  at  
lower  potent ia ls .  This type  of behavior ,  h igh e lec-  
t rode  impedance  wi th  low th resho ld  for  dendr i t i c  
growth,  is s imi lar  to t ha i  found in convent ional  S n / P b  
deposit ion.  The high e lec t rode  impedance  of the sys-  
tems, which  al lows the secondary  cu r ren t  to devia te  
f rom the  p r i m a r y  current ,  is l imi ted  to low cur ren t  
densit ies.  An  increased  mass  t rans fe r  ra te  resul ts  in 
dendr i t ic  and porous deposits.  

The combina t ion  of the  l a rge r  p o l y m e r  TX (for 
micro leve l ing  or dendr i t e  suppress ion)  and the  smal le r  
Ph for  increased  e lec t rode  res is tance ( th rowing  
power )  p roduces  a des i rab le  effect. F igures  6-9 show 
the effect of the addi t ion  of Ph  to a 16 mM TX solut ion 
at var ious  me ta l  concentra t ions  on the  i-V curve.  The 
mol  ra t io  of Sn to Pb was he ld  cons tant  and the 
in i t ia l  s lope of the  i -V curves was set b y  the  ra t io  of 
the TX and Ph whi le  the l imi t ing  cu r ren t  was de te r -  
mined  by  the bu lk  me ta l  concentra t ion.  Smooth,  ad -  
he ren t  deposi ts  were  p roduced  at  cu r ren t  densi t ies  up 
to ...90% of il  (5). A t  lower  me ta l  concentra t ions  the  
p r e pe a k  becomes more  p ronounced  (Fig. 9) ; however ,  
upon scan reversa l  or in i t ia l  use of an S n / P b  electrode,  
no peak  was observed  as men t ioned  previously .  

o.o 
0.06 

/ r --o.le o/;:;); , 
0.29 

20mA/cm 
.35 mM 

C I I I l 
o -o.i -o.2 -o.3 

VOLTS VS Pb (Hg)IPbS04 

Fig. 6. Voltammogram of a 0.58N Sn ~-+, 0.23N Pb 2+, 5N HBF4, 
and 16 mM Triton X-100 solution with phenolphthalein concen- 
tration (raM) shown. A Pt disk electrode at 400 rprn's was used 
and the scan rate was 10 mV/sec. 
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Fig. $. Same as Fig. 6 except 0.27N Sn 2+ and 0.10N Pb 2+ 
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Fig. 10. Voltammogram of 0.27N Sn'~+ and 0.10N Pb 2+ with a 
constant real ratio of TX/Ph - -  40: (a) TX = 8 mM, Ph = 0.20; 
'(b) TX = 24 mM, Ph = 0.6 mM; (c) TX = 32 mM, Ph = 0.81 
raM; (d) TX = 48 mM, Ph - -  1.22 mM, Ph ---- 1.22 mM; and (e) 
TX = 80 raM, Ph - -  2.0 mM. The rotation speed was 400 rpm 
and scan rate 10 mV/ser 

IlOmA/crn2 / / / / "  0.18 
�9 0.29 

o2_  o +;, +;2 
VOLTS VS Pb(Hg)/PbSO 4 

Fig. 9. Same as Fig. 6 except 0.19N Sn ~+ and 0.075N Pb 2+ 

Figure  10 i l lustrates  how the shape of the i -V curve 
is de termined by  the mol ratio of the two additives 
and not by  the absolute concentrat ions (wi thin  l imits)  
as is observed wi th  one component  systems (i.e., Ph 
alone) .  In  Fig. 10, the concentra t ion of the addit ives 
is changed by 10 • while  l i t t le change is observed at 
40: 1 TX: Ph. 

The effect of mass t ransfer  rate is demonst ra ted  in  
Fig. 11 (a) where il is de termined by the mass t ransfer  
rate (rotat ion speed).  A n  increasing ro ta t ion  speed 
has a reverse effect on the rising port ion of the curve 
[Fig. l l ( b ) ] .  Increas ing the mass t ransfer  rate de-  
creases the cur ren t  densi ty  at  --0.1V. At potentials  less 
t han  --0.2V the more usual  behavior  of concentra t ion 
polar izat ion and  mass t ransfer  ra te  is observed, as 
described by  Eq. [1]. 

The role the additives p lay  in the deposition process 
has been found to be t ime independent .  F igure  12(a) 
shows the consistency of the deposit composition as 

(b) 

600 RPM 
z ~ ~4mA/cm 2 E=-O, IV (o) f 

~  20mA,cm2 / / /  
/ /  RPM 

I00 200 300 400 500 / / 
RPM ~ /  I00 RPM 

0 -0. I -0.2 -0.3 
VOLTS VS Pb(Hg)IPbSO 4 

Fig. 11. (a) Voltammogram of a 0.27N Sn +~, 0�9 Pb § 5N 
HBF4, 16 mM TX, and 0.40 mM Ph solution at a Pt RDE. (b) Current 
density vs. RPM at two potentials from part a. 

the solution is aged with a 2.6 mol ratio consumable  
anode at  ,-~20 mA/cm2. After  greater  than  540,000 C/  
liter, which corresponds to over 8 solution turnovers ,  
the deposit was smooth and  adherent .  The total  
amount  of TX and Ph added was 51 and  0.61 mlVi, r e -  
s p e c t i v e l y .  The change in  the i -V curves are shown in 
Fig. 12(b).  This shows that  the rate  of decomposit ion 
and dragout  of the additives ( >  6000 cm 2 total  a r e a )  
is small  in  this case. For  other si tuations where  the 
total area will  be many  times greater  ( th inner  deposit) 
the dragout  m a y  increase�9 The decrease in  il  for 
curves 2 and 3 of Fig. 12(b) is due to the slow forma-  
t ion of the insoluble  S n ( I V )  and P b ( I V )  species at 
the anode (sl ightly less than  100% efficient) which 
decreases the total  meta l  content.  A 30% replenish-  
men t  in metal  ion con ten t  was made in curve 4. 

The funct ion of the additives is bel ieved to be due 
to their  adsorpt ion on the electrode surface as dis-  
cussed in the next  section. The difference in size, solu- 
bili ty,  and degrees of freedom in the polymer  chain 
produces the two different effects. It  has been found 
that  the same effects can be obtained with other  r e -  
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POTENTIAL vii Pb(l~l)/Pb$04 

Fig. 12. (o) Mol ratio of $n/Pb deposit vs. C/liter from a 
0.27H $n 2+ and 0.10N Pb 2+ solution with tota l  TX = 51 mM 
and Pb 0.61 raM. (b) Voltommogroms at various points from 
part o. Curves 1, 2, 3, and 4 ore for 0, 120 K, 400 K, and 540 K 
C/liter, respectively. The rotation rate was 400 rpm and the scan 
rate was 10 mV/sec. 

la ted  compounds.  Fo r  example ,  the  size at  the  po ly -  
mer  chain can be va r i ed  f rom 5 to 30 uni ts  wi th  s imi -  
la r  dendr i t e  suppression.  Other  r e l a t ed  phtha le ins ,  
heterocycl ics ,  have  been  found  to p roduce  s imi la r  ef-  
fects when  used in conjunct ion  wi th  TX. F o r  example ,  
phenol  red  ( I ) ,  ~ - n a p h t h a l p h t h a l e i n  ( I I ) ,  and  2- 
benzoxazol inone  ( I I I )  increase  the  e lec t rode  i m p e d -  
ance in a m a n n e r  analogous  to pheno lph tha l e in  (IV-~. 

the lac tone undergoes  a r ing  opening  and is reduced.  
The reduc t ion  of Ph  was not  obse rved  in f luoboric 
acid solut ions [wi thout  S n ( I I )  or  P b ( I I ) ]  a t  an S n /  
Pb  e lec t rode  a l though the h y d r o g e n  ove rpo ten t i a l  was  
not  as g rea t  as wi th  mercu ry .  

Al though  the r edox  po ten t ia l  for  Sn (H) and P b ( I I )  
a re  wi th in  10 mV in HBF4, l ead  is the  more  noble  
me ta l  and the r educ t ion  of P b ( I I )  is favored  at  cur -  
rents  less than  i l  (2).  F igu re  13(a)  shows a typ ica l  
composi t ion vs. cur ren t  dens i ty  re la t iqn  at  a fixed mass  
t rans fe r  rate.  As the  cur ren t  approaches  {1 the deposi t  
composi t ion approaches  the  s to ichiometr ie  solut ion 
ra t io  [i.e., 2.6 in Fig. 13(a ) ] .  The ac t iv i ty  of Pb  and 
Sn is r eve r sed  f rom tha t  shown in Fig. 3 for  the  sepa-  
ra te  metals ,  whe re  the Pb  cu r ren t  rose more  s lowly  
than  Sn. 

The endpoin t  r e q u i r e m e n t  for  S n / P b  depos i t  com-  
position, cu r ren t  densi ty ,  and  mass t r ans fe r  ra te  dic-  
ta tes  the  solut ion composi t ion and meta l  ra t io  [as 
shown for example  in Fig. 13(a ) ] .  However ,  the  use 
of soluble  anodes of the  des i red  deposi t  composi t ion 
ensures  tha t  correct  solut ion ra t io  wi l l  be obta ined.  
Assuming  a 100% anode and cathode efficiency, the  
me ta l  ra t io  in solut ion wi l l  change so tha t  the deposi t  
composi t ion wil l  be the  same as the  soluble  anode. 
The change in deposi t  composi t ion  c a n  be ca lcu la ted  
as follows. I f  the cur ren t  !=(t) ,  for  a species x at  t ime 
t, is d i r ec t l y  r e l a t ed  to the  concent ra t ion  of x such 
as for the mass t rans fe r  l imi ted  cu r ren t  t hen  

i=(t)  
= moC=(t) [2] 

n F A  

where  mo is the  mass t r ans fe r  coefficient (assumed to 
be equal  for Sn and Pb)  and Cz( t )  is the  bu lk  concen-  
t ra t ion  of species x at  t ime ~ in mol/cm~. The vo lume 
of the  e lec t rode  double  l aye r  is assumed to be neg-  
l igible.  Then, under  constant  cu r r en t  e lect rolys is  w i th  
a soluble anode (mol ra t io  of t in to lead, Mx), the  
change in concent ra t ion  of x is g iven b y  

tiC= (t)  --  moA Mx~T 
- -  c a t )  + [3 ]  

dt V ~FV' 

HO OH 

S - - - O  

(I) (Tr) 

/ H  

HO OH 

]]I IK 

T h e  s t ab i l i t y  in the  {-V curves  is demons t r a t ed  in 
Fig. 12(b) whe re  the  equiva len ts  of charge  passed are 
in excess of 10,000 t imes  the  mols of pheno lph tha l e in  
present .  This  is con t r a ry  to the  decomposi t ion  or  co-  
deposi t ion of convent iona l  addi t ives  (2).  I t  has  been  
shown (6-8) tha t  Ph  and re la ted  compounds  in the i r  
acid form (as a closed r ing  lac tone)  a re  not  r educ ib le  
in aqueous solutions;  however ,  at  a m e r c u r y  e lec t rode  
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Fig. 13. (a) Change in deposit composition vs. current dens{ty 
for a 0.38N Sn ~+ and 0.15N Pb ~+ solution. (b) Change in partial 
current vs. solution ~urnovers with soluble anodes. 



H I G H  S P E E D  E L E C T R O D E P O S I T I O N  1201 Vo/. 129, No. 6 

where  iT is the  to ta l  cu r ren t  [sum of a l l  i z ( t ) ]  and  V 
is t he  solut ion volume.  Upon in tegra t ion  the  depos i t ion  
cu r r en t  going to species x at  t ime t is 

ix(t) : Mx/T(1 --  e x p ( - -  moAt~V) ) 

+ iz(0) exp(-- moAt/V) [4] 

Further, V/moA can be defined as the time, Tst, to 
electrolyze the total metal content within the solution 
under constant current iT (one solution turnover) 

ix(t) -- Mx/T(I -- exp(-- t/Tst)) + ix(0)exp(-- t/Tst) 

[5] 

Figure 18(b) shows in dimensionless time, t/Tst, the 
change in the ratio of the cathode current ix(t) to the 
anode  current ,  Mx/T, for  var ious  va lues  of  iz (0) .  I f  the 
cathode deposi t  differs f rom the  anode  composi t ion 
[ix(O)/Mxiw ~ II then  the solut ion composi t ion wi l l  
change unt i l  u n i t y  is obta ined.  F o r  example ,  if  69/40 
weight  pe rcen t  S n / P b  anodes  were  used and t h e  in i -  
t ia l  deposi t  was 39/61 li(O)Msn/iw ---- 0.71 then  a f t e r  
-,,0.7 solut ion tu rnover s  the deposi t  would  be 60/50. 

Discussion 
The S n / P b  deposi t ion  p a r a m e t e r s  f rom fluoboric 

acid solutions mus t  be a l t e red  to give an acceptable  
me ta l lu rg i ca l  deposit .  Adsorp t ion  of solut ion species 
changes the reduct ion  kinet ics  and  mechanism and  is 
the  most  common method  of p roduc ing  un i fo rm S n / P b  
deposits .  Each of the  two species, TX and Ph,  p roduces  
s t r i k ing ly  different  effects on the  reduc t ion  of the  
me ta l  ions. The add i t ion  of < 1 mM Ph  to a > O.5M 
M 2+ solut ion increases  the  reac t ion  ove rpo ten t i a l  
(RE) whi le  hav ing  l i t t le  effect on the r a t e  of den -  
dr i t ic  growth.  Addi t ion  of TX has  on ly  a minor  effect 
on the  i -V curve bu t  p rovides  un i fo rm deposi t ion  
ra tes  to an equ ipo ten t i a l  surface.  The  addi t ion  of an 
adsorbab le  organic  compound can affect a reac t ion  in 
severa l  ways.  The adso rbed  species mus t  desorb  to 
a l low the ada tom and subsequent  la t t ice  fo rmat ion  
steps to t ake  p lace  (4). Fu r the r ,  if  the  adsorbed  species 
affects the double  l aye r  s t ruc ture  and p roper t i e s  then  
the me ta l - so lu t i on  po ten t i a l  m a y  be r educed  so tha t  
the  po ten t i a l  fe l t  b y  the  m e t a l  ions is r educed  (9, 10). 
The r ema in ing  po ten t ia l  drop  would  occur across the  
diffuse layer ,  r The decrease  in po ten t i a l  wou ld  
slow the ve loc i ty  of the  react ion.  

Because  of the differences in solubil i t ies ,  size, and  
s t ruc tures  of the  two adsorbed  species, t hey  affect 
the  reduc t ion  process  on dif ferent  scales. The sma l l e r  
more  r ig id  species Ph,  which  is less soluble,  adsorbs  
over  the  ent i re  s u r f a c e  and decreases  the  ra te  of r e -  
act ion uni formly .  The l a rge r  sur fac tant ,  TX, whose 
po la r  end is so lub le  and nonpo la r  ta i l  can fo rm 
m i c e l l e s , ' i n h i b i t s  the  g rowth  of dendr i t e s  or  peaks  
p r o t rud ing  into the double  l aye r  bu t  does not  inh ib i t  
the  en t i re  p l a n a r  surface  as effectively.  Thus  the  
leve l ing  effect is g rea tes t  on the  peaks  (5).  I t  was  
concluded (11) tha t  the  r a t e - l i m i t i n g  step for the 
e lec t rodepos i t ion  of t in  f rom acid s tannous  solut ions 
is p r o b a b l y  charge  t r ans fe r  th rough  a l aye r  of a d -  
sorbed organic  molecules.  This inh ib i t ion  of the  den -  
dr i tes  then  al lows the less favored  sites to grow. 
Thus the  Ph  acts as a macro]eve l ing  agent  (high RE) 
whi le  the  TX acts as a micro leve l in~  agent.  The da ta  
indica te  tha t  the  r e l a t ive  concent ra t ion  of two add i -  
t ives in solut ion sets the  surface ra t io  and re la t ive  
effect of each species.  

To ba lance  these  two effects the  ra t io  of the two 
species is var ied.  F igu re  14 shows how the e lec t rode  
impedance  (RE) var ies  over  the  first 100 mV of the  
cathodic  i -V scan. A h igh  va lue  of RFJRs produces  
mac ro th rowing  power  wi th  a un i fo rm secondary  cur -  
ren t  d is t r ibut ion ,  whe re  Rs is the  solut ion resis tance.  
Whi le  a m i n i m u m  slope (i.e., l imi t ing  cu r ren t  p la t eau)  
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Fig. 14. Electrode impedance (RE) as measured from the first 
100 mV of the i-V curves for (a) 0.58N Sn 2+, 0.23N Pb~+; (b) 
0.38N Sn? +, 0.15N pb2+; (c) 0.27N Sn 2+, 0.10N pb2+; and (d) 
0.19N Sn 2+, 0.075N Pb 2+. The solution resistances for the four 
curves are 2.7, 2.0, 1.8, and 1.7 ,.~ cm, respectively. 

affords the h ighest  RE/RS rat io,  i t  is difficult to m a i n -  
ta in  in a con t ro l led  cu r ren t  mode.  Thus i t  is des i rab le  
to have  a l inear  i -V behav io r  wi th  a m i n i m u m  slope to 
produce  un i fo rm th rowing  power  at  a l l  cu r ren t  den -  
sities. The l imi t ing  cu r ren t  is de t e rmine d  b y  the mass  
t r ans fe r  ra te  and solut ion concentra t ion,  Eq. [1]. Thus 
the ra t io  of P h / T X ,  solut ion concentra t ion,  and  mass  
t ransfe r  ra te  can be  set to produce  the des i red  cu r ren t  
dens i ty  and th rowing  power .  

Conclus ions  
The S n / P b  e lec t rodepos i t ion  p a r a m e t e r s  can be 

chemica l ly  m a n i p u l a t e d  to give adherent ,  semibr igh t  
deposi ts  at  cur ren ts  in excess of 800 mAJcm2. The 
inab i l i ty  of a single species to control  the  two modes  
of g rowth  ( inc reased  ra te  of nuclea t ion  and dendr i t i c  
g rowth ) ,  has led to the use of addi t ives  tha t  a re  more  
s table  than  p rev ious ly  used compounds.  Fu r the rmore ,  
i t  has  been  shown tha t  the  depos i t ion  charac ter i s t ics  
a re  independen t  of the  absolute  amount  of  the  add i -  
t ives and dependen t  on ly  on the i r  mol  rat io.  

Manuscr ip t  submi t t ed  March  11, 1981; rev i sed  m a n u -  
scr ipt  rece ived  ca, Dec. 7, 1981. 

A n y  discussion of  this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be pub l i shed  in the  December  1982 
JOURNAL. Al l  discussions for the  December  1982 Dis-  
cussion Sect ion should be submi t t ed  b y  Aug. 1, 1982. 

Publication costs o~ this article were assisted by Bell 
Laboratories. 
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