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LIST OF SYMBOLS 
a rotating disk hydrodynamic constant (0.51023) 
Ci normalized concentration of species i 
Ci concent, of species i (mol/cm 3) 
Di diffusion coefficient of species i (cm2/s) 
F Faraday's constant (96,487 C/eq) 
/tot total cathodic current density (A/cm 2) 
K~ dissociation constant of species i 
kf cathodic rate constant for species i 
Ni dimensionless molar flux 
Ni molar flux (mol/cm2-s) 
R universal gas constant, 8.3143 J/mol-K 
R, homogeneous reaction rate (mol/cm3-s) 
t time (s) 
T absolute temperature, K 
V absolute value of the cathodic potential (volts) with re- 

spect to NHE 
x dimensionless distance from electrode 
z distance from electrode (cm) 

Greek Characters 
ai cathodic transfer coefficient 
~i coefficients defined after Eq. [11] 

mass-transfer boundary layer defined by Eq. [7] 
Current efficiency of alloy deposition 

O fraction of surface available for discharge of metal- 
hydroxide ions 

v kinematic viscosity (cm2/s) 
to disk rotation speed (rad/s) 
Superscript 
b bulk 
s surface 
c cathodic 
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ABSTRACT 

It has long been known that gold deposits obtained from Co and Ni-containing electrolytes are generally hard, while 
Pb and Tl-containing electrolytes tend to give soft gold deposits. Yet the mechanism by which these additives affect the 
grain size is not fully known. This study was undertaken to investigate the effect of base metal inclusions on the deposi- 
tion characteristics and the microstructure of electrodeposited gold films. The kinetic and mechanistic aspects of the gold 
deposition reaction were investigated using linear sweep voltammetry on a rotating disk electrode. A combination of elec- 
tron microscopy and electron diffraction techniques was used to characterize the microstructure. 

Gold is used extensively in the electronics industry be- 
cause of its unique combination of physical properties. 
Electrodeposited soft gold films generally are of high pu- 
rity and  provide good electrical conductivity, as well as 
high corrosion resistance. Hard gold deposits show very 
low porosity and high wear resistance and as such are 
most suitable for sealed contacts (1) and separable con- . . . .  
nect• Soft gold electrodeposits represent excellent 
bonding substrates. The importance of these properties to 
the electronics industry has resulted in several fundhmen- 
tal studies of electroplated gold films in recent years (2-6). 
Such studies have demonstrated that gold deposits ob- 
tained from cobalt- and nickel-containing electrolytes are 
hard, while lead- and thallium-containing electrolytes give 
soft gold deposits. The hardness of electroplated hard gold 
has been attributed to its small grain size (7), yet the mech- 
* Electrochemical Society Active Member. 

anism by which these additives affect the grain size is not 
fully understood. Further, there is a definite paucity of 
data concerning the role of base metal ions such as Co, Ni, 
T1, and Pb in affecting the fundamental  processes involved 
in the electrodeposition of gold (2). 

Review of the literature indicates that kinetic studies 
have been confined to additive-free gold solutions. Cheh 
and Sard (8) used galvanostatic techniques on a rotating 
disk electrode to study the morphology of gold deposits 
from various electrolytes. MacArthur (9) employed voltam- 
metric and galvanostatic techniques and postulated two 
reduction pathways in alkaline cyanide solution. One re- 
duction pathway, at low overpotentials, involves (AuCN)~ 
as the reactive species. The other, at high overpotentials, 
involves a direct charge transfer to the soluble Au(CN)2-. 
McIntyre and Peck (10) investigated gold deposition in the 
presence of heavy metal ions (including Pb and T1), but 
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they limited themselves to the depolarization effect pri- 
marily. Recently, Eisenmann (11) studied the kinetics of 
gold deposition from two commercial hard gold baths and 
a soft gold bath containing lead ions. 

Although base metal ions affect the kinetics as well as 
the microstructure of gold films, there is no indication that 
a unifying study of the two effects has been attempted. 
This study was undertaken to investigate the effect of base 
metal  additives on the deposition characteristics and the 
microstructure of  electrodeposited gold films. The kinetic 
and mechanistic aspects of the gold deposition reaction, 
with and without base metal ions, were investigated using 
linear sweep vol tammetry on a rotating disk electrode. A 
combination of electron microscopy and electron diffrac- 
tion techniques was used to characterize the micro- 
structure. 

Experimental 
Electrochemical measurements.--Electrochemical meas- 

urements were performed in a glass cell under conditions 
of controlled mass transport using the rotating disk elec- 
trode technique. The working electrode was a 0.458 cm 2 
gold disk embedded in a Teflon cylinder. The rotating disk 
electrodes and the rotator were obtained from Pine Instru- 
ments. The electrode was polished to a near-mirror finish 
using progressively finer grades of alumina as the abra- 
sive. It was then degreased with alcohol and thoroughly 
rinsed with triply distilled water before use. The counter- 
electrode was a large-surface-area gold foil, and the poten- 
tial was monitored with respect to a saturated calomel ref- 
erence electrode (SCE) separated from the bulk solution 
by a Luggin capillary. Potentiostatic control of the work- 
ing electrode was achieved using a PAR 173 Potentiostat 
in conjunction with a PAR 175 Universal Programmer. 
The data were recorded on a Yokagawa X-Y-t recorder. 

All solutions were made from Analar grade chemicals, 
with triply distilled water, and were deaerated by bubbling 
with argon before and during the measurements.  The buff- 
er solution used to establish the underpotential  deposition 
ranges for the base metal ions was purified further by con- 
ventional pre-electrolysis for about 15h at 5 m A c r o  2. 
K2C204 and KAu (CN)2 were used without further purifi- 
cation. 

Plating procedure.--The gold deposits examined in this 
study were plated from an oxalate bath with a phosphate 
buffer. The basic formulation of the bath, excluding base 
metal additives, was as follows: 0.04M KAu(CN)2; 0.2-0".87M 
K2C204; 0.123M KH2PO4; 0.057M K2HPO4. The plating was 
carried out at 65~ using a rotating cathode. For transmis- 
sion electron microscopy (TEM) sample preparation, the 
cathode was a detachable copper foil, which was 2 mm 
thick, with an exposed area of 0.58 cm 2. The cathode as- 
sembly is shown schematically in Fig. 1. The anode was a 
10 cm 2 gold foil. The cathode was rotated at 900 rpm and 
the plating performed both potentiostatically and galvano- 
statically. For scanning electron microscopy (SEM) 
samples, the cathode was a detachable, cylindrical copper 
slug. Only the face of the slug was exposed to the solution. 
The exposed area was 0.636 cm 2. 

Specimen preparation for TEM examination.--After 
gold deposition the copper substrates were dissolved in ni- 
tric acid. The gold films were washed in distilled water and 
isopropanol, and mounted on grids. The final stage of 
preparation was ion milling to a thickness of approxi- 
mately 1000 angstroms. 

The scanning electron microscopy was done on speci- 
mens in the as deposited condition. 

Results and Discussion 
Cyclic voltammetry.--Linear sweep vol tammetry has 

been used in an attempt to establish details of the gold 
deposition reaction in oxalate media. Some of these details 
tend to be obscured in the complete plating solution; 
therefore cyclic vol tammetry measurements were first per- 
formed in components of the base electrolyte separately. A 
typical vol tammetry curve for gold in the phosphate buffer 
solution is presented in Fig. 2(a). This curve displays a 
large number  of anodic and cathodic current peaks and 
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Fig. 1. Cathode assembly schematic 

shoulders, compared with the curves obtained in acid or 
alkaline electrolytes (12, 13). For the gold/alkaline solution 
interface, it has been established (14) that the initial anodic 
film formation begins at some 0.7 to 0.8V negative com- 
pared to that for the start of anodic film formation in acid 
electrolytes (15). Figure 2(a) shows that this is also true for 
gold in phosphate buffer solution. Another point to note in 
Fig. 2(a), from the point of view of gold deposition, is that 
hydrogen evolution commences at -0.8V vs. SCE. The 
thermodynamic reversible potential for the hydrogen elec- 
trode in this electrolyte (pH = 6.5) is -0.64V vs. SCE. 

Figure 2(b) shows the voltammetry curve obtained with 
a gold electrode in phosphate buffer solution to which has 
been added 0.87M potassium oxalate. The addition of oxa- 
late to the electrolyte raises the pH slightly. The pH was 
adjusted to 6.5 by adding H2PO( to the solution. It is clear 
from Fig. 2(b) that oxalate oxidation in the buffer occurs at 
+0.2V vs. SCE. This is negative of the reversible potential 
for the redox couple Au+/Au 2§ in cyanide medium, sug- 
gesting that oxalate electrolyte would prevent the forma- 
tion of Au 3§ which is detrimental to gold deposition effi- 
ciency. While oxalate reduction is also thermodynamically 
possible (16) in the negative potential range scanned, it ei- 
ther does not occur on gold at pH 6.5 or it is obscured by 
the hydrogen evolution reaction. 

Figure 2(c) shows the cyclic vol tammetry curve Obtained 
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Fig. 2. Cyclic voltammogrom for gold in solution at scan rote of 
100 rnV/s, pH = 6.5, T = 65~ argon-saturated. Top, in phosphate 
buffer solution. Middle, in phosphate buffer +0 .87M potassium oxo- 
late, electrode area 0.458 cm 2. Bottom, in 0 .04M KAu(CN)2 in buf- 
fered solution containing potassium oxalate, electrode area 0.458 crn 2. 

on a gold e lec t rode  in the  p resence  of  0.04M KAu(CN)2 in 
buf fe red  oxalate  base  electrolyte.  The  potent ia l  scan was 
ini t ia ted at -0 .2V in the  anodic  direction.  Anodic  peak  I is 
a t t r ibu ted  to the  format ion  of  an insoluble  th in  layer of  
AuCN. The  integral  charge  capaci ty  of  this peak  is 
- 5 . 0 m  C cm -2. A s s u m i n g  a surface roughness  factor of  2 
and tak ing  the  radius of  the  Au a tom as 1.5/~, this charge  
cor responds  to 10 monolayers  of  the  insoluble  A u C N  layer. 
S o m e  of the  charge  in this peak  may  also be  due  to the  oxi- 
da t ion  of  the  oxalate  anion (cf. Fig. 2(b)). Dur ing  the ca- 
thod ic  scan an anodic  peak  (peak II) is observed  at +0.3V 
vs. SCE. This peak  is a lmost  cer ta inly due  to the  oxida t ion  
of  the  oxalate  anion. Such  behav ior  is typical  of  organic re- 
duc ing  agents  (17, 18). The  first indicat ion of  gold deposi-  
t ion occurs  in the  fo rm of a ca thodic  p rewave  at ~0.7V. The 
ampl i tude  of  this wave  is i n d e p e n d e n t  of  agitation,  and the  
faradaic charge  passed is cons tant  at several  potent ia l  scan 

rates. This p rewave  has been  ass igned to the  fo l lowing re- 
act ion by MacArthur  (9) 

(AuCN)~ds + e- ---> Au + CN-  [1] 

The  cons tant  charge capaci ty  of  the  p rewave  III  is about  
3 mC cm -e, which  cor responds  to about  7-10 monolayers  
of  AuCN, depend ing  on the  pack ing  of  the  atoms. Ca- 
thodic  wave  III, therefore, is the conjugate of  anodic peak I. 

Cathodic  peak  IV is k n o w n  to cor respond  to gold deposi-  
t ion via di rect  charge t ransfer  to Au(CN)2- f rom the  solu- 
t ion (9). The  behavior  of  this peak  was e x a m i n e d  as a func- 
t ion of  scan rate. For  this purpose  (ip - io) vs. (dv/dt)  112 has 
been  plot ted  (Fig. 3) where  io is the  cur ren t  in the  absence  
of  Au(CN)2- in the  solution. A l inear  re la t ionship  was ob- 
served,  indica t ing  that  the  reduc t ion  of  Au(CN)2- is diffu- 
s ion- l imi ted in this potent ia l  region. 

The  potent ia l  sweep was reversed  at - 1.2V vs. SCE. The 
very  broad anodic  peak  observed  at -0 .5V can be  attrib- 
u ted  to the  specific adsorp t ion  of  CN-,  which  has been  re- 
leased dur ing  gold depos i t ion  in ca thodic  peak  IV and is 
still in the  close v ic in i ty  of  the  e lec t rode  w h e n  the  poten-  
tial is reversed.  The  Au(CN),ds- is oxid ized  to A u C N  at the  
m o r e  anodic  potent ia l  in anodic  peak  I. 

In t e rac t ions  o f  gold w i t h  Pb, Tl, Ni,  a n d  Co . - -To  ascer- 
ta in the  e f fec t  of  base  meta l  addi t ions  on the  deposi t ion  
character is t ics  and the  mic ros t ruc tu re  of  e lec t rodepos i ted  
gold films, it is necessary  first to es tabl ish whe the r  these  
meta ls  will  unde rgo  underpo ten t ia l  depos i t ion  (UPD) in 
the  buffer  solut ion at p H  Of 6.5. U P D  is the  depos i t ion  of  
mono-  or  submonolayers  of  certain meta l  ions on foreign 
meta l  substra tes  at potent ials  cons iderably  more  posi t ive  
than  the  cor responding  values  for the  bulk  metal.  This 
p h e n o m e n o n  occurs  because  of  the  in teract ion of  the  
meta l  layers wi th  the  more  noble  substrate.  U P D  has been  
s tud ied  ex tens ive ly  (19), usual ly  wi th  l inear  sweep  vol tam-  
metry .  Peaks  occur  in the v o l t a m m e t r y  curves  and cor- 
r e spond  to the  adsorp t ion-desorp t ion  of  the  U P D  species 
and s t ructura l  changes  in the  layers. Ger i scher  et al. (20) 
have  d iscussed  the  correlat ion of  the  differences in the  po- 
tent ia l  for U P D  and that  for bu lk  metal ,  hUp, with  the  dif- 
fe rences  in the  w o r k  funct ions  of  the  substra te  meta l  and 
the  U P D  meta l  as bu lk  phase.  Specifically,  they  have  dem- 
ons t ra ted  that  

hUp = KACP [2] 

where  hO is the di f ference in work  funct ions  of  the  sub- 
strate and adsorbate  and K is ~0.5V/eV. The U P D  species 
may  have  some  ionic character ,  but  in general,  the  ionic vs. 
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Table I. Deposition parameters 
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Work 
function E ~ Electrode 

Metal ~, eV V vs. SCE E% Reaction Ar AUp E~ - hUp 

Pb 4.24 -0.37 -0.507 Pb 2§ + 2e- ~ Pb +0.56 0.28 -0.227 
T1 3.7 -0.58 -0.838 T1 + + e- ~- T1 +1.10 0.55 -0.288 
Ni 4.8 -0.50 -0.613 Ni 2§ + 2e- ~ Ni 0 
Co 4.7 -0.52 -0.633 Co ~+ + 2e- ~ Co +0.1 

me ta l - l ike  c h a r a c t e r  is a f u n c t i o n  of  t h e  i n t e r ac t i on  of  t h e  
U P D  spec ies  w i t h  t h e  so lven t  as wel l  as t h e  s u b s t r a t e  a n d  
t h e  e l ec t rode  potent ia l .  T h e  w o r k  f u n c t i o n s  of  Pb ,  T1, Ni, 
a n d  Co are co l l ec ted  in  Tab le  I. Also  l i s ted  are  t he  s t a n d a r d  
po ten t i a l s ,  E ~ at  p H  = 6.5 a n d  t h e  r eve r s ib l e  potent ia l ,  E~ 
at  b a s e  m e t a l  ion  c o n c e n t r a t i o n  of  10 ppm.  

T h e  t heo re t i c a l  hUp va lues  a n d  t h e  e s t i m a t e d  p o t e n t i a l  
(E~ - hUp) at  w h i c h  U P D  m a y  b e  o b s e r v e d  h a v e  also b e e n  
i n c l u d e d  in Tab le  I. T h e  a s s u m p t i o n  is m a d e  t h a t  t h e s e  
t h e o r e t i c a l  va lues  are  a gu ide  to U P D  in n e u t r a l  gold  plat-  
ing  so lu t ions .  Th i s  a s s u m p t i o n  is par t ia l ly  val id,  p r o v i d e d  
t h e  s u b s t r a t e  is n o t  cove r ed  b y  a n  a n o d i c  ox ide  or  c y a n i d e  
f i lm a n d  t h e  i n t e r ac t i on  of  C N -  w i t h  t he  su r face  is rela- 
t ive ly  w e a k  c o m p a r e d  to t h e  i n t e r a c t i o n  of  t he  U P D  layer  
w i t h  t h e  subs t ra te .  W h e n  AcP is c lose to zero, no  U P D  is 
n o r m a l l y  expec ted .  Al loy  fo rmat ion ,  howeve r ,  m a y  sti l l  
occur .  

L e a d - g o l d  s y s t e m . - - T a b l e  I p r ed ic t s  U P D  of  P b  a n d  T1 
on  go ld  in  t he  bu f f e r  so lu t ion  at  p H  = 6.5. F i g u r e  4 s h o w s  
cycl ic  v o l t a m m e t r y  curves ,  o b t a i n e d  o n  a go ld  e l ec t rode  in  
t h e  bu f f e r  so lu t ion  to w h i c h  has  b e e n  a d d e d  0.87M K2C204 
a n d  i n c r e a s i n g  a m o u n t s  of  P b  2§ T he  anod ic  s t r i p p i n g  
p e a k  at  - 0 . 6 7 V  vs. SCE is a sc r ibed  to t h e  d i s so lu t i on  of  
b u l k  lead. Th i s  was  ver i f ied  b y  h o l d i n g  t he  e l ec t rode  at  
- 0 . 8 V  vs. SCE for  i n c r e a s i n g  a m o u n t s  of  t i m e  to depos i t  
b u l k  me ta l l i c  lead p r io r  to  t he  a n o d i c  scan.  T h e  s t r i p p i n g  
p e a k  c u r r e n t  i n c r e a s e d  as a f u n c t i o n  of  t he  e l ec t rode  hold-  
ing  t ime.  ! '  is t h e r e f o r e  c o m p l i m e n t a r y  to t h e  s t r i p p i n g  
p e a k  I, i n d i c a t i n g  t h a t  in  th i s  gold  p l a t i ng  so lu t ion  b u l k  
lead  d e p o s i t i o n  occu r s  a t  a po t en t i a l  of  ~ - 0 . 7 5 V  vs. SCE. 
Th i s  is nega t i ve  to t he  r eve r s ib l e  po ten t ia l ,  E~ for t he  P b  
d e p o s i t i o n  r eac t i on  g iven  in Tab le  I, p r o b a b l y  b e c a u s e  of 
t he  t e n d e n c y  of  P b  2+ to c o m p l e x  w i t h  p h o s p h a t e  or  oxa- 
l a te  ions  (21). T h e  lead U P D  p e a k s  o c c u r  in  t h e  po t en t i a l  
r a n g e  - 0 . 2 V  to - 0 . 5 V  vs. SCE. T h e s e  p e a k s  c a n n o t  b e  re- 
so lved  c o m p l e t e l y  at  t h e  h i g h  p o t e n t i a l  s c a n  ra te  (20 mV/s)  
at  w h i c h  t h e  cu rves  in  Fig. 4 were  t aken .  

T h a l l i u m - g o l d  s y s t e m . - - I n  t h e  p r e s e n c e  of  T1 § gold  
ox ide  or h y d r o x i d e  f o r m a t i o n  is s u p p r e s s e d  a n d  gold  dis- 
so lu t ion  e n h a n c e d .  Th i s  ha s  b e e n  p o s t u l a t e d  (22) as b e i n g  
d u e  to t he  i n h i b i t i o n  of  t he  f o r m a t i o n  of  t he  p a s s i v a t i n g  
a n o d i c  f i lms by  a d s o r b e d  t h a l l i u m  a toms .  To d e t e r m i n e  i f  
t h i s  p h e n o m e n o n  occurs  in  p h o s p h a t e  bu f f e r ed  so lu t ion  at  
65~ t he  cyclic v o l t a m m e t r y  c u r v e  on  a gold  e l ec t rode  was  
f i rs t  o b t a i n e d  in t h e  a b s e n c e  of  oxa la te  an ions .  Th i s  cu rve  
is r e p r e s e n t e d  in Fig. 5(a). The  v o l t a m m o g r a m  for  thal -  
l ium-f ree  e lec t ro ly te  is also s h o w n  for re ference .  I t  is c lear  
f rom Fig. 5(a) t h a t  t he  f o r m a t i o n  of  t h e  a n o d i c  fi lm on  gold  
is on ly  s l igh t ly  i n h i b i t e d  b y  t h e  p r e s e n c e  of  T1 § in t h e  elec- 
t rolyte .  Fu r the r ,  in  v i ew  of  t h e  po t en t i a l s  w h e r e  th i s  oc- 
curs ,  t h e  i n h i b i t i n g  spec ies  is m o r e  l ikely to b e  a t h a l l i u m  
h y d r o x i d e ,  p r o b a b l y  TI(OH)3 (23). Th i s  is also e v i d e n t  f rom 
t h e  c u r r e n t  p e a k s  w h i c h  a p p e a r  d u r i n g  t h e  c a t h o d i c  po ten-  
t ial  scan.  The  ca thod ic  p e a k  for t he  r e d u c t i o n  of  gold  ox ide  
is sh i f t ed  to a m o r e  nega t ive  po t en t i a l  a n d  b r o a d e n e d .  In  
add i t ion ,  a n e w  r e d u c t i o n  p e a k  a p p e a r s  at  +0.35V vs. SCE. 
Th i s  p e a k  is a t t r i b u t e d  to t he  r e d u c t i o n  o f  Tl(OH)~ f o r m e d  
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during the anodic scan. A broad cathodic peak at -0.15V 
vs. SCE and its anodic conjugate at the same potential are 
attributed to the UPD of thallium and the anodic dissolu- 
tion of these UPD species. The voltammetry in the UPD 
region was repeated at a slower scan rate and higher senSi- 
tivity for better resolution of the UPD peaks. The curve ob- 
tained in the presence of oxalate anions is shown in 
Fig. 5(b). It is obvious that more than one thallium UPD 
species is involved, but the vol tammetry curve is quite 
complex and a more detailed interpretation will be given 
elsewhere. For this investigation it is only necessary to es- 
tablish that the UPD of thallium on gold in the gold plating 
solution does occur and the potential range for this mona- 
layer deposition is 0 to -0.2V vs. SCE. 

Nickel -gold  s y s t e m . - - T h e  work function of  nickel is the 
same as the work function of  gold (24) (Table I). Therefore, 
nickel is not expected to UPD on gold. The cyclic voltam- 
metry curve for gold in the phosphate buffer solution con- 
taining 15 ppm of Ni 2§ (Fig. 6) shows that this is indeed the 
case. The current peak during the cathodic scan at -0.70V 
vs. SCE is due to the deposition of bulk metallic nickel. 
The onset of further cathodic current at the trailing edge of 
this peak is due to a combination of nickel deposition and 
hydrogen evolution. The hydrogen overpotential on nickel 
is much lower than that on gold, and consequently the hy- 
drogen evolution current in the presence of plated nickel 
on the gold is much greater than on bare gold. During the 
anodic scan, the peak at -0.65V vs. SCE is attributed to the 
anodic stripping of the nickel electrodeposit, and to the 
oxidation of adsorbed hydrogen. 

At the anodic end of the voltammetric curves shown in 
Fig. 6, there is clear evidence for alloy formation in the 
presence of nickel ions in solution. Alloy formation is 
quite possible because gold and nickel form a continuous 
series of solid solutions at temperatures somewhat below 
the solidus, but at lower temperatures separation into two 
phases can occur: an ~1 phase rich in gold, and an a2 phase 
rich in nickel (25). In general, metals that can form homo- 
geneous alloys display chemisorption properties that are 
an average of those of the components, while those that 
have a wide miscibility gap in their constitutional diagram 
give vol tammetry curves that are simply the superim- 
position of those for the pure component metals (12). Fig- 
ure 6 shows that oxide formation on gold in the presence 
of nickel is suppressed, while the oxide reduction peak is 
shifted to a more cathodic potential and slightly 
broadened, indicating that it is a composite of the oxide re- 
duction characteristics of pure gold and pure nickel. This 
behavior is clearly the result of Ni atoms having sufficient 
mobility for alloying to occur during electrodeposition. 
The cyclic voltammetry curves in the potential region of 
nickel deposition were repeated in the presence of 0.87M 
K~C204. Curves obtained at greater vertical sensitivity 
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clearly showed the deposition of nickel in the presence of 
oxalate anions. 

Cobal t -gold  s y s t e m . - - T h e  cyclic voltammetry curves ob- 
tained on a stationary gold electrode in the absence and in 
the presence of 15 ppm of Co 2+ in the buffer solution are 
given in Fig. 7. The voltammogram obtained in the pres- 
ence of Co 2§ ions in the electrolyte is similar to that ob- 
tained when Ni 2§ ions are present, in that there is no evi- 
dence of UPD in either case. This is predicted by Table II. 
Furthermore, the oxide formation and reduction regions 
in Fig. 6 and 7 indicate homogeneous alloy formation dur- 
ing the electrodeposition of bulk phases of the base met- 
als. This too is consistent, as both the gold-nickel and the 
gold-cobalt systems form a continuous series of solid solu- 
tions (25). 

The deposition of bulk phase metallic cobalt occurs at 
around -0.8V vs. SCE, which is negative to the reversible 
thermodynamic potential given in Table I. This is almost 
certainly due to complexation of Co 2§ with the phosphate 
anions (21). The anodic peak at -0.6V vs. SCE is attributed 
to the formation of Co(OH)2 (23). At more anodic potentials 
(>0.7V vs. SCE), cobaltous oxide restructures to form 
mixed oxides of the type Co304 (23). Mixed oxides of cobalt 
show good catalytic activity for 02 evolution (26). There- 
fore, the anodic current spike that occurs at +0.9V vs. SCE 
is ascribed to 02 evolution. The thermodynamic reversible 
potential for O2 evolution at 65~ and a pH of 6.5 is - +0.6V 
vs. SCE. During the cathodic scan the oxide reduction 
peak is a composite of the oxide reduction peaks for pure 
Au and pure Co, thus corroborating the proposal of the for- 
mation of a homogeneous Au-Co alloy during Co electro- 
deposition. 

R o t a t i n g  d i s k  electrode m e a s u r e m e n t s . - - H a v i n g  estab- 
lished the adsorption-desorption characteristics of base 
metal ions on gold in oxalate electrolyte, rotating disk elec- 
trode measurements were undertaken to determine the ef- 
fect of these ions on the kinetics and mechanism of gold 
deposition. But first, the mechanism of gold deposition 
from an oxalate gold plating bath was determined. 

M e c h a n i s m  o f  gold depos i t ion . - -Cyc l i c  voltammetric 
measurements have revealed [above and Refi (9)] that the 

Table II. Tofel slope and transfer coefficients in presence of additives 

Tafel Transfer coefficient 
id (exp) (mA) slope (~) 

Pb 5.40 -130 0.57 
T1 5.20 -170 0.44 
Ni 5.37 -200 0.39 
Co 5.15 -190 0.37 
NA 5.25 -315, - 11O 0.23, 0.67 
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Fig. 8. Polarization curves for Au deposition in 0.04M KAu(CN)2 in 
buffered solution containing organic reducing agent. Scan rate 
= 20 mWs, pH = 6.4, electrode area = 0.458 cm 2, T = 65~ argon- 
saturated. 

mechanism of gold deposition is a function of the applied 
potential. In the potential range -0.8 to -0.4V v s .  SCE, 
gold deposition involves the absorbed species (AuCN)ads, 
while at more negative potentials, direct discharge of the 
solution phase anion Au(CN)2- takes place. To obtain fur- 
ther verification of this, RDE measurements have been 
performed. The Au(CN)2- reduction currents obtained at 
different rotation rates are shown in Fig. 8. The hysteresis 
observed at larger overvoltage is due to changes in surface 
area during gold deposition. At low overvoltages, the hys- 
teresis is attributed to changes in the mechanism of gold 
deposition during the cathodic and anodic potential 
sweeps. When the potential is swept cathodically,.the elec- 
trode surface is partially covered with AuCN, and the gold 
deposition occurs via a combination of the reduction of 
this anodic film and direct charge transfer to solution 
phase Au(CN)2-. During the anodic scan, the metal deposi- 
tion is entirely due to the reduction of Au(CN)2-. The cur- 
rent wave at around -1.3V is due to the simultaneous evo- 
lution of hydrogen. This is demonstrated more clearly in 
Fig. 9, which shows polarization curves for gold deposition 
at 625 rpm as a function of solution pH. 

The rotating disk electrode data were analyzed accord- 
ing to the Levich equation (27). For first-order kinetics~ 
with respect to dissolved Au(CN)2 ions 
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Fig. 9. Polarization curves for Au deposition as a function of pH in 
0.04M KAu(CN)2 solution containing organic reducing agent. Scan rate 
= 20 mV/s, e lectrode  area = 0 . 4 5 8  cm 2. 

1 1 1 1 1 
- = - + - = - + - -  [3] 
i ik id ik BX/~ 

w h e r e  ik = kinetic current, id = diffusion limited current, 
o~ = electrode rotation rate, and B is the diffusion parame- 
ter given by (28) 

qT 

B = V2 - -  nFv 1/2 Co [0.621Sc -2/3 (1 + 0.298Sc -1/3 
60 

+ 0.145Sc-~)] [4] 

where n is the number  of electrons per Au(CN)2- ion pass- 
ing through the Nernst boundary layer, F is the Faraday 
constant, v is the kinematic viscosity, Co is the bulk con- 
centration of Au(CN)2-, Sc is the Schmidt  number  (v/D), 
and D is the diffusion coefficient for Au(CN)~- in the oxa-- 
late media. Thus a plot of 1/i v s .  1/V~ for various potentials 
should yield parallel straight lines, with the intercepts cor- 
responding to 1/ik and the slopes yielding l I B  values. Fig- 
ure 10 depicts such a plot for the data shown in Fig. 8. The 
straight lines in Fig. 10 are not parallel, indicating a de- 
crease in the value of n with potential. This is quite reason- 
able, as at low overpotential gold deposition occurs simul- 
taneously by the reduction of the AuCN film on the 
electrode and Au(CN)2- ions in the solution. The plot of 1/i  
v s .  1/X/~ at -1.15V is linear and goes through the origin, in- 
dicating that at this potential the metal deposition reaction 
is entirely diffusion-controlled and that the reaction is first 
order with respect to Au(CN)2- ions in solution. 

t f  faradaic charge transfer is rate-controlling with a uni- 
form diffusion layer thickness and combined diffusion 
and kinetic control, the kinetic current density with negli- 
gible back reaction is related to potential by the relation 

i id ( E  - E % )  
ik - . - io exp a n F  [5] 

~d -- i R T  

where n = 1 for Au(CN)2- reduction and E~ is the ther- 
modynamic reversible potential. Figure 11 shows a plot of 
log [ i i j i d  - i] v s .  E for the experimental  data at 65~ The 
value of id for this plot was calculated from the relation 
id = B ~  and the B value obtained from Fig. 10. 

Two linear regions are observed; the one at low overvolt- 
ages (anodic to -0.SV v s .  SCE) yields a Tafel slope of 
-315 mV/decade. Such a high Tafel slope is difficult to in- 
terpret in terms of an "outer sphere"-type elementary 
charge transfer but may be explained if specific adsorption 
of charged reaction intermediates is assumed (29). Gnana- 
muthu and Petrocelli (29) have shown that the observed 
value of the charge transfer coefficient, 6, deviates sub- 
stantially from 0.5 when the actual charge transfer occurs 
across only a fraction of the Helmholtz double layer. 
Under  these circumstances the effective potential driving 
the charge transfer process is less than when the reacting 
species are in the OHP and the charge transfer occurs 
across the whole double layer. Therefore, in the anodic 
film reduction region the gold deposition reaction is com- 
patible with the following sequence of steps 

AuCN --* (AuCN)~ds [6] 

(AuCN)ads + e- --~ (AuCN-)a~ [7] 

(AuCN-)ads + H § ---> Au + HCN [8] 

At higher overpotentials (negative of -0.8V v s .  SCE), the 
linear Tafel region in Fig. 11 yields a slope of -110 mV/ 
decade, which is in good agreement with the value of 
-101 mV/decade at 60~ in a phosphate buffer solution re- 
ported by Cheh and Sard (8). A Tafel slope of -110 mV/ 
decade at 65~ corresponds to an ~ value of 0.62. This sug- 
gests a ligand-assisted (in this case CN-) charge transfer to 
a metal ion complex such as Au(CN)2- (30). Under these 
circumstances gold deposition in this potential region oc- 
curs via direct electron transfer to Ad(CN)2-. Thus 

Au(CN)2- + e- + 2H § --> Au + 2HCN [9] 

The effect of base metal ions on the two mechanisms of 
gold deposition will be examined next. 
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Fig. 10. Current and rotation rate in the metal deposition reaction 

Effect  o f  base me ta l  i ons . - -The  base metal ions investi- 
gated are divided into two groups for the purpose of this 
discussion. Pb and T1, which UPD on gold, are in one 
group, and Ni and Co, which do not UPD on gold but form 
a series of continuous solid solutions with gold, are in the 
other group. The other difference to note between these 
two groups of base metals, which is important from the 
point of view of gold deposition, is the catalytic activity for 
hydrogen evolution each group displays. Pb and T1 exhibit  
high hydrogen overpotential (higher than on gold), and 
therefore inhibit simultaneous hydrogen evolution during 
gold plating. Ni and Co, on the other hand, are better hy- 
drogen catalysts than gold and thus enhance simultaneous 
hydrogen generation during gold plating. It will be shown 
that these properties of the two groups of metals have a 
profound effect on the microstructure and hardness of the 
gold deposits. 

L e a d  a n d  tha l l i um. - -Po lar i za t ion  curves for gold depo- 
sition from an oxalate plating solution containing 15 ppm 
of T1 § and Pb 2+ are shown as a function of rotation rate in 
Fig. 12A and B, respectively. Both sets of polarization 
curves show well defined limiting currents at low rotation 
rates. At higher agitation, the curves develop a slope in the 
diffusion-controlled region of the reaction. This is proba- 
bly due partly to an increase in the macroscopic surface 
area of the electrode, and partly to a change in the crystal 
growth form with increasing deposition rate of the metal, 
resulting from decreasing diffusion layer thickness and in- 
creasing flux of Au(CN)2- ions to the electrode. 

Comparison of the polarization curves obtained for gold 
deposition in the absence of base metal ions in the plating 
solution (Fig. 8) with the polarization data shown in Fig. 12 
reveals two major differences. In the potential region 
where the gold deposition reaction is under kinetic con- 
trol, there is a marked shift in the current waves towards 
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less negative potentials in the presence of base metal ions. 
This is due to the depolarization effect induced by the base 
metal ions (10). Further, the deposition currents in the po- 
tential region of kinetic control exhibit  dependence on 
agitation in the presence of Pb 2§ and T1 § while in the ab- 
sence of these ions in the electrolyte, the deposition cur- 
rents are independent  of agitation. This is because in the 
potential region where gold deposition is kinetically con- 
trolled, Pb 2§ and T1 § undergo bulk metal deposition (see 
Table I). The diffusion-limited deposition currents for 
these metals, which are rotation rate-dependent, are 
superimposed on the gold deposition currents, thus result- 
ing in the agitation-dependent currents exhibited in 
Fig. 12. In order to construct Tafel plots and plots of 1/i vs. 
1/V~ from the data shown in Fig. 12A and B, the partial 
currents for the bulk metal deposition of the base metals 
were subtracted from the overall currents observed. The 
plots of 1/i vs. 1/~/~ are not presented here, but these plots 
were constructed and found to indicate that even in the 
presence of Pb 2§ and T1 § in the plating solution, the depo- 
sition of gold is first-order with respect to Au(CN)2- con- 
centration. 
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T h e  m a s s  t r ans f e r - co r r ec t ed  Tafel  p lo t  for  go ld  deposi -  
t i on  in  t h e  p r e s e n c e  of  P b  2+ is i n d i c a t e d  in  Fig. 13. T h e  
v a l u e  of  t h e  d i f fus ion- l imi ted  c u r r e n t  id, for  e s t i m a t i n g  t h e  
m a s s  t r a n s f e r  fac to r  id(id -- i) (Eq. [5]), was  o b t a i n e d  f rom 
t h e  e x p e r i m e n t a l  c u r v e  at  400 rpm.  A Tafel  s lope  of  
- 130 m V  p e r  d e c a d e  is o b t a i n e d  for  go ld  d e p o s i t i o n  in  t h e  
p r e s e n c e  of  P b  2§ ions.  Th i s  s lope  c o r r e s p o n d s  to a t r a n s f e r  
coeff ic ient  of  0.57 for  a one -e l ec t ron  t r a n s f e r  at  65~ A 
Tafel  p lo t  for  gold d e p o s i t i o n  in t h e  p r e s e n c e  of  T1 + was  
c o n s t r u c t e d  a n d  y ie lded  a Tafel  s lope  of  - 1 7 0  mV/decade ,  
c o r r e s p o n d i n g  to an  c~ va lue  of  0.44. Th i s  is s t r o n g  e v i d e n c e  
t h a t  gold  d e p o s i t i o n  in  t h e  p r e s e n c e  of  P b  2+ a n d  T1 § ions  in  
t h e  p l a t i ng  so lu t ion  occurs  via  t he  d i rec t  d i s c h a r g e  of  t he  
so lu t i on  p h a s e  spec ies  Au(CN)2-, in  a c c o r d a n c e  w i t h  Eq.  
[9]. In  t h e  s a m e  p o t e n t i a l  range ,  in  t he  a b s e n c e  of  t h e s e  
b a s e  m e t a l  ions,  t he  Tafel  s lope ha s  a va lue  of  - 3 1 5  mV/  
decade ,  i n d i c a t i n g  t h e  i n v o l v e m e n t  of  t h e  a d s o r b e d  A u C N  
in  t h e  m e c h a n i s m  of  t h e  gold  d e p o s i t i o n  reac t ion .  T h e  po- 
t en t i a l  r a n g e  over  w h i c h  t h e  Tafel  p lo ts  for  gold  d e p o s i t i o n  
in  t h e  p r e s e n c e  of  l ead  a n d  t h a l l i u m  w e r e  c o n s t r u c t e d  also 
h a p p e n s  to  b e  t h e  p o t e n t i a l  r a n g e  in  w h i c h  lead  a n d  thal -  
l i u m  U P D  on  gold  in  t he  oxa la te  gold  p la t ing  so lu t ion  
u n d e r  i nves t i ga t i on  (Fig. 4 a n d  5). Therefore ,  it a p p e a r s  
t h a t  t he  a d s o r p t i o n  of  P b  2§ a n d  T1 § on  gold  i nh ib i t s  A u C N  
fo rma t ion ,  l eav ing  t h e  sur face  ava i l ab le  for t he  d i rec t  dis- 
c h a r g e  of  Au(CN)2-. T he  s u p p r e s s i o n  of  a n o d i c  ox ide  for- 
m a t i o n  on  gold  in  t h e  p r e s e n c e  of  b a s e  m e t a l  ions  s u c h  as 
T1 § in  t h e  e lec t ro ly te  has  b e e n  d e s c r i b e d  ear l ier  (22), al- 
t h o u g h  th i s  was  in  c o n n e c t i o n  w i t h  t he  anod ic  d i s so lu t i on  
of  gold. 

Nickel and cobalt.--The pola r iza t ion  c u r v e s  for  gold  dep-  
os i t ion  f rom an  oxa la te  gold  p la t ing  so lu t ion  c o n t a i n i n g  
Co 2+ are  p r e s e n t e d  in  Fig. 14. S imi la r  c u r v e s  also we re  ob- 
t a i n e d  for  so lu t ions  c o n t a i n i n g  nickel .  T h e s e  po la r i za t ion  
c u r v e s  are  d i f f e ren t  f rom t h o s e  obtainec~ in  t h e  p r e s e n c e  of  
P b  2+ or T1 § (Fig. 12) in  m a n y  respec ts .  F i r s t  of  all, t h e  depo-  
l a r iza t ion  effect  e n c o u n t e r e d  in  t he  p r e s e n c e  of  P b  2+ or T1 § 
is n o t  o b s e r v e d  w h e n  Ni 2§ or Co s§ are p r e s e n t  in  t h e  p l a t i ng  
so lu t ion .  Th i s  is c lear ly  due  to t he  inab i l i ty  of  Ni 2§ or Co 2+ 
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Fig. 14. Polarization curves for Au deposition in 0.04M KAu(CN)2 in 
buffered solution containing organic reducing agent in the presence of 
15 ppm Co 2§ Scan rate = 20mV/s,  pH = 6.5, electrode area 
= 0.2 cm 2, T = 65~ 

to U P D  on  gold. Second ,  in  t h e  p r e s e n c e  of  Ni  z+ or Co 2§ 
two  w a v e s  are  o b s e r v e d  in  t he  po la r i za t ion  curves .  (This is 
e v i d e n t  a t  m u c h  l a rge r  magn i f i c a t i ons  t h a n  d e p i c t e d  in  
Fig. 14.) The  first c u r r e n t  wave  s h o w s  a wel l -def ined  l imit-  
ing  c u r r e n t  a n d  is a t t r i b u t e d  to t h e  d i f fus ion- l imi ted  depo-  
s i t ion  of  t he  b a s e  m e t a l  ion. T h e  s e c o n d  c u r r e n t  wave,  
w h i c h  is due  to gold  depos i t ion ,  does  no t  s h o w  a well-  
def ined ,  d i f fus ion- l imi ted  c u r r e n t  e v e n  at  low ro t a t i on  
rates .  Th i s  is in  c o n t r a s t  to  t he  b e h a v i o r  o b s e r v e d  in  
Fig. 12, a n d  is due  to H2 g e n e r a t i o n  on  t he  c o d e p o s i t e d  Ni 
or Co. P b  a n d  T1 s u p p r e s s  H2 genera t ion ,  r e s u l t i n g  in  well-  
def ined,  d i f fus ion- l imi ted  c u r r e n t s  for  gold  d e p o s i t i o n  in 
t h i s  po t en t i a l  region.  The  d i f fus ion- l imi ted  cu r ren t s ,  id, for  
go ld  d e p o s i t i o n  in t he  p r e s e n c e  of  d i f fe ren t  ba se  m e t a l  
ions  are  p r e s e n t e d  in  Tab le  II. 

Scanning electron microscopy.--The sur face  m o r p h o l -  
ogy of  gold  depos i t s  was  cha rac t e r i zed  b y  s c a n n i n g  elec- 
t r o n  mic roscopy .  T h e  effects  o f  b a s e  m e t a l  add i t ives  a n d  
v a r y i n g  ca thod ic  po t en t i a l  were  inves t iga ted .  The  sur face  
r o u g h n e s s  was f o u n d  to va ry  sys t ema t i ca l ly  w i t h  b o t h  
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Fig. 15. Tafel plot for Au deposition in the presence of 15 ppm Co 2§ 
T = 65~ electrode area = 0.458 cm 2. 
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Fig. 16. Scann!ng electron micrographs showing surface morphology 
of electrodeposited gold films. Top four micrographs: effect of varying 
deposition potential (indicated at upper right in micrographs) in the ab- 
sence of base metal additives. Bottom four micrographs: effects of dif- 
ferent base metal additives (indicated at upper left in micrographs) in 
deposition at - I.OSV vs. SCE. 

Fig. 17. Mierographs showing representative areas of the microstruc- 
ture of gold films deposited as indicated. (a) Without additives at 
-0.975 and -1.0SV vs. SCE. Magnification 130kx. (b) 15 ppm Co 2t 
at -0.975V vs. SCE. Magnification 98kx. (c) 15 ppm Ni 2+ at -0.975V 
vs. SCE. Magnification 130kx. (d) 15 ppm TI § at -0.975V vs. SCE. 
Magnification 13kx. (e) 15 ppm Pb 2§ at -0.975V vs. SCE. Magnifica- 
tion 7SOOx. 
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Table IV. Orientational data 

Deposition 
potential Plating Ratio 200/111 

Additive (vs. SCE) charge (C) peak intensity* 

None -0.975V 5 1.43 
None -0.975 40 22.90 
15 ppm Ni -1.050 5 0.65 
15 ppm Ni -1.125 5 2.61 
30 ppm Ni -0.975 5 0.91 
15 ppm Co -0.975 5 1.87 
30 ppm Co -0.975 5 0.94 
15 ppm T1 -0.900 5 52.89 
15 ppm Pb -0.900 5 140.45 

*The intensity rate of 200/111 is 0.52 in a randomly oriented film. 

Fig. 18. Comparison of diffraction patterns for gold films shown in 
Fig. 17. Top left, 15 ppm TI § Top right, 15 ppm Pb 2§ Center, 15 ppm 
Ni 2§ Bottom left, 15 ppm Co 2§ Bottom right, no additive. 

t h e s e  var iab les ,  a n d  t he  t r e n d s  a re  i l lus t ra ted  in  Fig. 16. I t  
is n o t e w o r t h y  t h a t  t h e r e  is no  s i m p l e  co r re l a t ion  b e t w e e n  
t h e  su r face  t o p o g r a p h y  r e p o r t e d  he re  a n d  t he  gra in  sizes 
d e t e r m i n e d  b y  t r a n s m i s s i o n  e l ec t ron  mic roscopy .  

Transmiss ion  electron microscopy . - -Abou t  a 10 ~ m  
t h i c k n e s s  of  gold  was  d e p o s i t e d  on to  c o p p e r  s u b s t r a t e s  
f r o m  t h e  s a m e  b a t h s  as we re  u s e d  i n  t he  k ine t i c  s tudies .  
T h e  go ld  foils we re  r e m o v e d  f rom the  c o p p e r  s u b s t r a t e s  
u s i n g  n i t r ic  acid,  t h i n n e d  to 1000A b y  ion  mil l ing,  a n d  
m o u n t e d  on  gr ids  for t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  
s tudy.  

F i g u r e  17 shows  r e p r e s e n t a t i v e  areas  of t he  mic ros t ruc -  
t u r e  of  gold  f i lms d e p o s i t e d  (a) w i t h o u t  add i t ives  a n d  (b-e) 
w i t h  15 p p m  Co, Ni, T1 a n d  Pb ,  respec t ive ly .  The  corre-  
s p o n d i n g  d i f f r ac t ion  p a t t e r n s  a re  s h o w n  in  Fig. 18. Micro-  
s t r u c t u r a l  a n d  o r i en t a t iona l  da t a  are  s u m m a r i z e d  in Tab le s  
I I I  a n d  IV, respec t ive ly .  I t  is i m m e d i a t e l y  c lear  t h a t  t he  ad- 
d i t ives  h a v e  a p r o f o u n d  effec t  on  t he  g ra in  size a n d  t he  dis- 
t r i b u t i o n  of  g ra in  sizes. G r a i n  sizes were  o b s e r v e d  to in- 
c rease  in  t he  order :  Co, Ni, no  addi t ive ,  T1, a n d  Pb .  In  t h e  
cases  of  Ni, T1, a n d  no  addi t ives ,  i t  was  f o u n d  t h a t  t he  g ra in  
size d i s t r i b u t i o n  was  b imoda l .  Th i s  i nd i ca t e s  t h a t  in  t h e s e  
cases  t he  g ra in  g r o w t h  d u r i n g  t he  d e p o s i t i o n  p roces s  is 
par t ia l ly  inh ib i t ed .  B y  cont ras t ,  in  t h e  cases  of P b  a n d  Co, 
t h e  g ra in  s t r u c t u r e s  we re  u n i f o r m l y  large  a n d  small ,  re- 
spec t ive ly ,  i n d i c a t i n g  t he  a b s e n c e  of  i n h i b i t i o n  o f  recrys-  
t a l l i za t ion  in t he  case  of  P b  a n d  a l m o s t  to ta l  i n h i b i t i o n  in  
t h e  case  of  Co. The  deg ree  of  g ra in  g r o w t h  d u r i n g  deposi -  
t i on  of  t he  f i lms was  o b s e r v e d  to cor re la te  w i t h  t h e  hard-  
n e s s  of  t h e  f i lms d e p o s i t e d  in  t h e  p r e s e n c e  of  Co a n d  t h e  
so f tnes s  of  t he  f i lms d e p o s i t e d  in  t he  p r e s e n c e  of  Pb .  T h e  
de fec t  dens i t i e s  -(dislocation loops,  d i s loca t ion  l ines,  a n d  

voids)  d e c r e a s e d  in  t h e  order:  Co, Ni, no  addi t ive ,  T1, a n d  
Pb .  

T h e  g ra in  g r o w t h  t h a t  occurs  d u r i n g  t h e  d e p o s i t i o n  pro- 
cess  is a c c o m p a n i e d  b y  a c h a n g e  in  t h e  o r i e n t a t i o n  distr i -  
b u t i o n  of  t h e  grains .  This  is s u g g e s t e d  by  t h e  d i f f rac t ion  
p a t t e r n s  in  Fig. 18 a n d  c o n f i r m e d  for large  areas  b y  x-ray 
di f f ract ion.  T h e  c u r v a t u r e  of  g ra in  b o u n d a r i e s ,  t h e  pres-  
e n c e  of  t w i n s  w h i c h  do n o t  c o m p l e t e l y  t r ave r se  grains ,  a n d  
t h e  t e x t u r e  c h a n g e  obse rved ,  all i nd i ca t e  t h a t  t h e  g ra in  
g r o w t h  p roces se s  p lay  a key  role  in  t h e  evo lu t i on  of  t h e  mi-  
c r o s t r u c t u r e  of  e l e c t ro d ep o s i t ed  gold. 

I n  a po lyc rys t a l l ine  d ep o s i t  of  a f ace -cen te red  c u b i c  (fcc) 
m e t a l  w h e r e  t h e  g ra ins  are r a n d o m l y  o r ien ted ,  t h e  ra t io  of  
t h e  in t ens i t i e s  of the  200 a n d  111 d i f f rac t ion  m a x i m a  is 
0.52. Dev ia t i ons  f rom th i s  va lue  give an  i n d i c a t i o n  of  t h e  
e x t e n t  to w h i c h  t h e  gra ins  are  n o t  r a n d o m l y  o r ien ted .  I n  a 
d ep o s i t  w i t h  a n  idea l  (100) f iber  t ex tu re ,  t h e  111 m a x i m u m  
w o u l d  be  absen t .  X-ray  i nves t i ga t i ons  of  t h e  five gold- 
b a s e d  depos i t s  m a d e  in  t h e  p r e s e n t  s t u d y  ind ica t e  a n  ex- 
t r e m e l y  s t rong  (100) t e x t u r e  for  t h e  Au-T1 a n d  A u - P b  sys- 
t ems .  In  t h e  Au-Ni  an d  Au-Co sys tems ,  t h e  n u m b e r  of  
(100)-oriented g ra ins  is on ly  s l ight ly  a b o v e  t h a t  w h i c h  
w o u l d  b e  e x p e c t e d  in a r a n d o m  d i s t r i b u t i o n  of  g ra in  or ien-  
ta t ions .  In  add i t ion ,  t h e  p r o p o r t i o n  of  (100) g ra ins  in- 
c reases  in  all cases  for t h i c k e r  fi lms; th i s  is b e c a u s e  m o r e  
e x t e n s i v e  gra in  g r o w t h  occu r s  d u r i n g  t h e  t i m e  t a k e n  for  
g r o w t h  of  t h i c k e r  films. I t  was  also o b s e r v e d  t h a t  increas -  
ing  t h e  c o n c e n t r a t i o n  of  t h e  g ra in  g r o w t h - i n h i b i t i n g  addi -  
t ives  (Ni a n d  CO) dr ives  t h e  o r i en t a t i o n  d i s t r i b u t i o n  t o w a r d  
a m o r e  r a n d o m  behav io r .  H i g h e r  d e p o s i t i o n  po t en t i a l s  
w e r e  s h o w n  to i nc rease  t h e  e x t e n t  of  g ra in  g rowth .  

T h e  m i c r o s t r u c t u r a l  o b s e r v a t i o n s  p r o v i d e  a n  i n s i g h t  in to  
t h e  g r o w t h  an d  m e c h a n i c a l  p rope r t i e s  of  gold  films. The  
f inal  g ra in  s t r u c t u r e  of  a d e p o s i t e d  fi lm is g o v e r n e d  by  t h e  
i n t e r p l a y  of nuc lea t ion ,  c rys ta l  g rowth ,  g ra in  coa r sen ing ,  
a n d  film t h i ck en i n g .  N u c l e a t i o n  invo lves  c lus te r s  of  j u s t  a 
few a toms ,  a n d  b y  t h e  t ime  a c o n t i n u o u s  fi lm 1000A t h i c k  
has  b e e n  fo rmed ,  the  m i c r o s t r u c t u r e  is d o m i n a t e d  by  gra in  
coa r sen ing ,  i.e., t h e  d en s i t y  of  nuc le i  far  e x c e e d s  t h e  den-  
si ty of  gra ins ,  a n d  t h e  n u m b e r  of  g ra ins  an d  t h e i r  size dis- 
t r i b u t i o n  is t h e  r e su l t  of  g ra in  g r o w t h  compe t i t i on .  Th i s  
ana lys i s  is qu i t e  wel l  e s t a b l i s h e d  in  t h e  c o n t e x t  of  vapor -  
d e p o s i t e d  m e t a l  fi lms (31) a n d  is c o n s i s t e n t  w i th  t h e  obser-  
v a t i o n s  m a d e  in th i s  an d  re l a t ed  w o r k  c o n c e r n i n g  t h e  elec- 

Table III. Microstructural data 

15 ppm 30ppm 15 ppm 30 ppm No 15 ppm 15 ppm 
Co Co Ni Ni additive T1 Pb 

Deposition -0.975 -0.975 -0.975 -0.975 -0.975 -0.975 -0.975 
potential 
(vs. SCE) 

Smallest 25 nm 20 nm 30 nm 25 nm 45 nm 700 nm 1100 nm 
observed 
grain size 

Largest 300 nm 150 nm 1500 nm 700 nm 2000 nm >10000 nm >10000 nm 
observed 
grain size 

Void 1-15 nm 1.5-15 nm 5-10 nm 6-10 nm 6-15 nm - -  - -  
size 
range 
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trochemical deposition processes. The key evidence from 
the present work is: 

(i) The curvature of grain boundaries, which migrate to- 
ward their centers of curvature under  capillarity. 

(ii) The occurrence of occluded twins, which are inter- 
preted as growth faults in an unstable grain structure 
formed earlier in the film growth and left behind by mi- 
grating boundaries. 

(iii) The change in grain diameter from a few hundred A 
to several ~m with (Co, Ni) or (T1, Pb) bath additives, re- 
spectively, which better fit a grain growth process than a 
varying nucleation hypothesis. Even the smallest ob- 
served grain sizes corresponding to the highest grain den- 
sities are too low 'to correlate with expected nucleation 
densities. 

(iv) The change of texture from almost random to a very 
strong (100) fiber texture in the gold-plated from a bath 
with T1 or Pb additives, and the same texture change that 
occurs during film thickening beyond 100A, can all be ac- 
complished by grain boundary migrations. 

(v) The broad range of grain diameter in the additive-free 
case shows that the grain structure of the electrodeposited 
Au in this study is on the verge of instability. Conse- 
quently the microstructure is extremely sensitive to per- 
turbations in the deposition conditions. 

(vi) The high density of voids and bubbles in Co and Ni 
additive cases impedes grain boundary motion and is 
thought to be responsible for the observed small grain di- 
ameter. Conversely, the virtual absence of voids and bub- 
bles in the T1 and Pb cases permits extensive grain 
coarsening. Note that Co and Ni reduce the overpotential 
for the H2 evolution, while Pb and T1 have the opposite 
effect. 

Although the evidence for grain boundary migration 
during gold electrodeposition is overwhelming, the obser- 
vation at such a low temperature as ~60~ i.e., 0.25 T~, 
(where Tm is the melting point in K) warrants further dis- 
cussion. Normally (i.e., in bulk materials) the grain struc- 
ture of metals is stable against coarsening and recrystalli 
zation below about 0.5 Tm (32). However, in growing thin 
films, the driving forces Pi and grain boundary mobilities 
M can both be unusually high. The principal differences 
from the behavior of bulk materials stem from: the small 
grain sizes, which lead to a large capillarity force, 2v/r; the 
small thickness, which enhances the importance of sur- 
face energy differences, Av/t; the high yield stress, 
~y = E/100 (E is Young's modulus), which results in the 
possibility of large stored elastic energy (1/2 ~ 2/y/E) per 
unit  volume; and the excess concentration of point defects 
introduced during the growth process, which raises the 
grain boundary mobility (33). 

Having established the reasons for the microstructural 
variations observed, it remains to correlate the structure 
and the hardness. The yield strength ~y of a polycrystal- 
line body depends on the combination of the resistance of 
the individual grains to shear, which is expressed as a lat- 
tice friction (~i, and the resistance offered by grain bounda- 
ries to the propagation of slip from one grain to the next, 
which is of the form kd -1/2 where k is a constant and d the 
grain diameter (34). The voids/bubbles in the Co/Ni films, 
plus the grain size effect, together result in hard gold, 
while the large grain size and absence of hardening from 
bubbles and voids in the Pbfr l  case give soft gold. Some of 
the very small proportions of the additives Pb and T1 in the 
baths may be incorporated by underpotential deposition 
into the gold deposit. However, the solid solution and 
boundary hardening effects are evidently negligible rela- 
tive to the effect of additives on grain size. The grain 
boundary migration, which is so extensive in Pbfr l  mate- 
rial, can also eliminate excess dislocation and other de- 
fects that might otherwise increase ay. As noted earlier, 
defect density decreased in the order: Co, Ni, no additive, 
T1, and Pb. 

Manuscript submitted Sept. 30, 1988; revised manu- 
script received June 19, 1989. 
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