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a b s t r a c t

A mathematical model of galvanostatic pulse and pulsed reverse electroplating of gold on a rotat-
ing disk electrode is presented. Using experimental polarization curves, dc current efficiencies, and
literature-reported diffusion coefficients, model parameters are estimated. An accurate prediction of
current efficiency by the on–off pulse-plating model was confirmed by experimental measurement. The
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current efficiency of pulse-reverse plating at relatively low waveform frequency is also successfully pre-
dicted, with less agreement at higher frequencies, presumably due to the simplified approach that the
model employs to treat the complex set of reactions that occur during the anodic portion of the wave.
When the reduction of adsorbed gold species produced during the oxidation portion of the pulse is
included, improved agreement between experiment and theory is obtained.
ulsed reverse plating
ydrogen evolution

. Introduction

Hard gold, obtained from electroplating of gold with cobalt
r nickel, has been widely used as an electrical contact material
ecause of its electrical and mechanical properties [1]. Because of

ts high costs, it is desirable to reduce the thickness of gold contact
ayers. However, the gold layer cannot be too thin because deposit
orosity may lead to corrosion of the underlayer, leading to contact
ailures [2]. Porosity (as observed by scanning electron microscopy
n a recent study [3]) was linked to the microstructure of the deposit
nd also the rate of the hydrogen evolution reaction. In was found
3,4] that both on–off pulse plating and pulse-reverse plating can
esult in deposits with lower porosity. Because the parameter space
equired to optimize the plating process is large, simulations have
een developed as a tool for waveform development. These simu-

ations can predict time–average current efficiency, one of the key
actors impacting porosity.

Previously, a diffusion model has been developed by Cheh [5,6]
o calculate the gold deposition rate by pulse and pulsed reverse
lating. Simulations effectively predict the limiting current density
or DC and pulse plating conditions in various electrolytes, includ-
ng a cyanide bath that is similar to the one of interest to this study.

ince this model did not attempt to explicitly account for side reac-
ions such as hydrogen evolution or the complex nature of the
nodic dissolution reaction [7], it was not necessary to model in
etail the electrode kinetics. For conditions of relevance to indus-
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trial gold contact plating, the hydrogen evolution reaction may
consume more than 40% [8,9] of the current, with a precise value
depending on the particular bath and plating rate. Several exper-
imental but no simulation studies of hydrogen evolution [10,11]
have been conducted for gold plating systems.

In the pulsed reverse plating study, Cheh [6] suggested that the
amount of near-surface cyanide, released when gold is reduced,
may be too low to allow for significant gold dissolution during cur-
rent reversal We have recently used a quartz crystal microbalance
[7] to quantify the amount of soluble gold that produced. To the best
of our knowledge, simulations have not been developed to address
the complex processes that may occur during pulse reversal.

In this paper, we develop a model that predicts the behav-
ior of the gold–cyanide plating system during pulse and pulsed
reverse plating. Using experimental polarization curves, dc current
efficiencies, and literature-reported diffusion coefficients, model
parameters are estimated. Similar models has been developed and
utilized in other metal or alloy plating systems, such as Cu [12], CuNi
alloy dc plating [13] and pulse plating [14,15], Mo alloys [16,17], Fe
group metals [18], and giant magnetoresistance multilayers [19].

2. Experimental

The experimental details of cobalt hard gold electroplating were
described previously [3,7]. The gold plating bath, with a com-

mercial name of Metalor Gold, from Metalor Technology, contains
0.04 M KAu(CN)2, cobalt additives (approximately 0.008 M in solu-
tion, resulting in around 0.5 wt.% of Co in the electrodeposits) and
supporting electrolyte including: conducting salt (a mixture of
organic acid salt and potassium oxalate monohydrate), acid salt

dx.doi.org/10.1016/j.electacta.2011.01.020
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:liuzhengw@gmail.com
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Nomenclature

List of symbols
cAu concentration of Au(CN)2

−, mol cm−3

cHCN concentration of HCN, mol cm−3

ci,o bulk concentration of Au or HCN, mol cm−3

ci,s surface concentration of Au or HCN, mol cm−3

E applied potential, V vs. Ag/AgCl reference
F Faraday’s constant, 96,487 equiv mol−1

iAu current density of gold reduction or dissolution,
mA cm−2

iads current density of AuCNads layer formation,
mA cm−2

iavg average current density, mA cm−2

iH current density of hydrogen evolution, mA cm−2

iO2 current density of oxygen evolution, mA cm−2

ion cathodic current density, mA cm−2

irev anodic current density, mA cm−2

R universal gas constant, 8.314 J/mol K
ton length of on time, s
toff length of off time, s
trev length of reversal time, s
T temperature K

Greek
˛Au cathodic transfer coefficient of gold reduction
˛H cathodic transfer coefficient of hydrogen evolution
˝ resistance of plating electrolyte, ohm−1 cm−1

� the areal density of a monolayer, mol cm−2

� surface coverage of AuCNads layer
ω rotation rate rad s−1

(
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� kinematic viscosity of solution, cm2 s−1

citrate based), and brightener (mixture of potassium hydroxide
nd aromatic compounds). The pH of this bath was 5 at room tem-
erature. The temperature of the plating bath was set to 45 ◦C using
water bath (Isotemp 3016 Fisher Scientific). All plating work was

onducted on a 1 mm Cu RDE at rotation rate of 2500 rpm. A rect-
ngular waveform, including pulse and pulsed reverse plating, was
sed. Current efficiency was evaluated by the coulometric stripping
ethod [5]. The QCM measurements were performed using 5 MHz

olished Ti/Au crystals (Maxtek) with a Maxtek Research Quartz
rystal Microbalance (RQCM, MCD 260).

. Model development

Gold plating from a cyanide bath is modeled. Cobalt is added
n the electrolytes as a grain refiner and present in the electrode-
osit with a low content, commonly less than 0.5% [20]. Due to its

ow content, in the model we neglect the cobalt reduction and oxi-
ation currents. The impact of the multiple additives and cobalt

s neglected. While these may be important, the model captures
he salient features of the presently reported experimental mea-
urements. The model was fit to polarization curves obtained from
lating in this complete bath, and thus the additives and cobalt are
nly implicitly considered. Further model refinements, including
more exhaustive treatment of bath chemistry and the electrode
inetics, are warranted. For comparison with experiment, the bulk

oncentration of gold–cyanide was set to 0.04 M. The bulk excess
yanide concentration was also set to zero for all simulations, since
he high stability constant of gold–cyanide constant, from Ref. [21],
ives a equilibrium excess cyanide concentration of 4 × 10−17 M.
cta 56 (2011) 3328–3333 3329

One-dimensional mass transfer to a rotating disk electrode
(RDE) is considered. The concentration of each species is given by:

∂ci

∂t
= −∇ · Ni + Ri (1)

where Ri is the homogeneous reaction rate. The flux term Ni is given
as

Ni = − ziDiFci

RT

∂˚

∂x
− Di

∂ci

∂x
+ �xci (2)

where the electromigration term in Eq. (2) is small and can be
neglected when excess supporting electrolyte is present [22].

Several homogeneous reactions, including citric-acid dissoci-
ation reactions, hydrogen–cyanide dissociation reactions, as well
as water dissociation, are known to be important. We assume all
the chemical homogeneous reactions are at equilibrium. Based
on a speciation analysis using well-established equilibrium con-
stants, the model is simplified by solving for the concentrations
cAu and cHCN of the two dominant species at the electrolyte pH of
5: Au(CN)2

− and HCN. The electrolyte is strongly buffered, and we
further assume that the electrolyte pH is invariant, even though
hydrogen evolution is an important side reaction.

With the above simplifications, the governing equation can be
written as

∂ci

∂t
= Di

∂2ci

∂x2
− �x

∂ci

∂x
(3)

where Di is the diffusion coefficient of species i (for Au(CN)2
− and

HCN) and �x is the axial velocity, given by �x = − 0.51023 ω2/3�−1/2x2

near the electrode surface [23].
Two reactions are assumed during the reduction portion of the

pulsed waveform:

Au(CN)2
− + 2H+ + e− → Au + 2HCN (4)

and

2H2O + 2e− → H2 + 2OH− (5)

The rate of reaction (4), assuming relatively high overpotentials,
is given by a Tafel equation, with first order kinetics [9,24–27]:

iAu = −kAu exp
[−˛AuF

RT
(E − i ˝)

]
cAu (6)

and the hydrogen evolution reaction is given by:

iH = −kH exp
[−˛HF

RT
(E − i ˝)

]
(7)

From reaction (4), the electrode boundary conditions for the flux
of Au(CN)−

2 and HCN are given by Faraday’s law:

−DAu
∂cAu

∂x
= DHCN

2
∂cHCN

∂x
= iAu

F
(8)

The total applied current is given by

ion = iAu + iH (9)

where double layer charging is neglected [28].
During the off time in pulse plating, we assumed:

iAu = iH = 0 (10)

During the reverse time in pulsed reverse plating, at least three
oxidation reactions may occur [7]:
(1) Soluble gold is initially produced until near-surface excess
cyanide (cHCN) is consumed:

Au + 2HCN → Au(CN)2
− + e− + 2H+ (11)
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Table 1
Experimental conditions that are used for all of the present simulations, unless
otherwise noted.

Parameters Value

cAu,o 0.04 mol/l
cHCN,o 0
iavg −20 mA cm−2

Rotation rate 2500 rpm

c A
u,

s / 
c A

u,
o

0.2

0.4

0.6

0.8

1.0

Time (s)
0.40.30.20.10.0

c H
C

N
,s
 / 

c A
u,

o

0.0

0.2

0.4

0.6

0.8

1.0

5 

10 

20 

50 

100 

100 

50 

20 

10 

5 

0.11 V/dec, is in exact agreement with the value reported by Cheh
[10].

On–off pulse plating—In Fig. 3, the concentrations of Au(CN)2
−,

and HCN at the electrode surface are shown as a function of time;
results are given after the concentration profiles have reached

Table 2
Transport properties used in the simulations.

Parameters Value

Diffusivity of Au(CN)2
− DAu, 105 cm2 s−1 1.67a

Diffusivity of HCN DHCN, 105 cm2 s−1 2.60b
330 Z. Liu, A.C. West / Electroch

2) then an adsorbed gold cyanide layer, involving Au(CN)2
− from

the electrolyte, is formed

Au + Au(CN)2
− → 2AuCNads + e− (12)

3) and complex gold oxidation reactions, forming trivalent gold,
may also happen, as well as the oxygen evolution reaction. The
rate of this reaction is denoted io2 .

Based on these reactions, two limiting models were developed.
n Model 1, it is assumed that when the surface concentration of
xcess cyanide is greater than zero

Au = irev when cHCN > 0 (13)

nd when the excess cyanide is depleted,

O2 = irev (14)

In Model 2, which was created to obtain better agreement with
xperimental results, the adsorbed gold cyanide layer is introduced.
e assume Eq. (13) when cHCN > 0. Following depletion of the near-

lectrode HCN, the gold is oxidized according to reaction (12) until
monolayer of AuCN is formed:

ads = irev when � < 1 (15)

here the amount of adsorbed AuCN is given by a material balance:

∂�

∂t
= 2iads

F
(16)

here the areal density of a monolayer � is assumed to be
× 10−9 mol cm−2 if the gold is atomically smooth. After a mono-

ayer of AuCNads is formed (� = 1), Eq. (14) is assumed to apply. In
oth Models 1 and 2, Faraday’s law is applied to relate the flux of
he soluble gold cyanide species and HCN to the reverse current.

When Model 2 is used, the on-time boundary condition is further
odified by assuming that the adsorbed layer is first reduced at

00% current efficiency when � > 0:

+ + AuCNads + e− → Au + HCN (17)

During this time,

∂cAu

∂x
= 0 and DHCN

∂cHCN

∂x
= ion

F
(18)

When AuCNads is completely reduced, corresponding to � = 0,
qs. (8) and (9) apply.

The governing Eq. (3) were solved to determine the concentra-
ion profiles of Au(CN)2

− and HCN, potential at the electrode surface
nd the surface coverage of AuCNads. The governing equations were
inearized around the previous time step using a first-order forward
ifference method. A three point central difference form is used
n governing equations and a second order forward and backward
ifference form used on boundary conditions. The equations were
hen solved using from BAND (j) and MATINV subroutines devel-
ped by Newman [22]. Convergence on time step size and number
f node points was confirmed.

. Result and discussion

Electrode kinetics—In order to simulate the plating process, the
arameters, including diffusion coefficients and electrode-kinetics
onstants, must be set. The bulk concentrations of simulated
pecies and key experiment conditions are shown in Table 1. We
ssumed transport parameter from previous studies using a similar

lectrolyte; these are shown in Table 2. For electrode kinetic param-
ters, Eqs. (6) and (7) were fit to polarization curves and dc current
fficiency measurements. These fits accounted for Au(CN)2

− deple-
ion at the electrode surface. In Fig. 1, the calculated surface
oncentrations are shown. It is seen that the concentrations of of
Fig. 1. Concentration of Au(CN)2
− and HCN as a function of time in response to a

step change in current density (indicated in the figure with units of mA cm−2), using
previously determined current efficiencies [3].

Au(CN)2
− and HCN reach a steady state in less than 0.2 s. For the

hydrogen evolution reaction, the partial current density is esti-
mated from current efficiency data [3] as a function of applied
potential and is used to fit the electrode kinetics.

In Fig. 2, the measured current densities for gold reduction
and hydrogen evolution as a function of the ohmic-drop-corrected
potentials are presented. The theoretical fit is also shown in Fig. 2.
The constants used for electrode kinetics are summarized in Table 3.
The calculated Tafel slope of the hydrogen evolution reaction,
Kinematic viscosity �, cm2 s−1 0.00518a

Specific conductance k, ohm−1 cm−1 0.20c

a From Ref. [5].
b From Ref. [32].
c Determined from experiment.
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Fig. 3. Surface concentrations of Au(CN)2
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time t/(ton + toff), after a quasi-steady state is achieved. In all cases ion = −100 mA cm−2

and iavg = −20 mA cm−2.
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ig. 2. Experimental polarization curves, with model fit, for the gold reduction and
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quasi-steady response. As the frequency increases, the con-
entration profiles fluctuate less, approaching the concentration
rofile established when DC plating at the time–average current
ensity.

The simulated and experimental current efficiencies for on–off
ulse plating are shown as a function of peak current density and
requency in Fig. 4. In all cases, the time–average current density
avg = −20 mA cm−2. This is achieved by adjusting the duty cycle (i.e.,
he off time) through iavg = ion × ton/(ton + toff).

Good agreement is obtained. It is seen that at low frequen-
ies the current efficiency is lower, close to the current efficiency
rom DC plating at ion, and at high frequencies the current effi-
iency is higher, close to the current efficiency from DC plating at
avg. The change of current efficiency with frequency is largely a
esult of changes of the time–average surface concentration of the
u(CN)2

−. At low frequencies, the time–average surface concen-
ration of Au(CN)2

− during the on time, as shown in Fig. 3, is close
o that obtained when dc plating at ion. At high frequencies, the
ime–average concentration is closer to the value obtained when
c plating at iavg.

One of the motivations for constructing a mathematical model
s to have the capability to evaluate the effect of process parameters

hile reducing significantly the number of required experiments.
n this study, we focused on the current efficiency, which is an
ndicator of porosity formation. As an example, the influence of
gitation on current efficiency can be predicted, as shown in Fig. 5,
hich demonstrates the impact of RDE rotation rate on current

fficiency. Higher agitation leads to a higher current efficiency
y enhancing the mass transfer of gold species to the electrode,

eading to a higher near-surface gold concentration. In Fig. 6, the
urrent efficiency as a function of duty cycle, with the same peak
urrent ion and frequency, is shown. As the duty cycle increases,
he current efficiency drops. The reason for this change is that a

arger time–average plating rate is achieved when the duty cycle is
ncreased, resulting in more surface depletion of Au(CN)2

−.
Pulsed reverse plating—In Fig. 7, the simulated Au(CN)2

− and HCN
urface concentrations upon current reversal, along with the EQCM

able 3
lectrode kinetics parameters obtained by fitting simulations to data in Fig. 2.

Reaction ki
˛iF
RT

Au(CN)−
2 + 2H+ + e− → Au + 2HCN 22.97 mol mA cm−2 8.7 V−1

2H2O + 2e− → H2 + 2OH− 0.0002407 mA cm−2 8.8 V−1

Frequency (Hz)

C
ur

re

0.2

0.3

0.4
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Experiment ion=100 
Experiment ion=200 
Model ion=50
Model ion=100
Model ion=200

0.1 1     10     100

Fig. 4. Current efficiency as a function of frequency. The peak current density is
indicated in the figure, and the duty cycle, ton/(ton + toff), is adjusted to maintain
iavg = −20 mA cm−2.
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-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

A
u,

o

0.0

0.2

0.4

0.6

0.8

M
as

s 
C

ha
ng

e 
(n

g)

-2000

-1500

-1000

-300

-200

-100

0

100

CCN
Mass Change
CAu

c 
/ c

Time (s)

Fig. 7. Simulated near-surface concentration of Au(CN)2
− and HCN in response to a

step change in current density from i = −5 to +5 mA cm−2 at zero time. Also shown is
the response of the QCM, indicated by the mass change. The dashed line in the figure
has a slope of −1.9 mg/C, corresponding to the expected mass change as estimated
from Faraday’s law, assuming reaction (11).

0.080.060.040.020.00

0

1

2

3

Simulated CAu,s
Simulated CHCN,s

0.080.060.040.020.00
c A

u
/ c

A
u,

o
0

1

2

3

 (b)

 (a)

Time (s)

Fig. 8. Surface concentrations of Au(CN)2
− and HCN as a function of time after a

quasi-steady state is achieved in pulsed reverse plating: (a) irev = 5 mA cm−2, (b)

irev = 10 mA cm−2. In both cases, ion = −100 mA cm−2 and iavg = −20 mA cm−2, which

is achieved by setting trev = ton ×
(

ion/iavg − 1
)

/
(

1 +
∣∣irev/iavg

∣∣).

measurement of electrode mass change, are shown. Immediately
after the cathodic current, the electrode mass decreases for the
first 0.3 s. The slope of this decrease is—1.9 mg/C, corresponding
to a 95% efficiency for the production of soluble gold dissolution
products, according to reaction (14). This result is consistent with
our assumption that iAu = irev when cHCN > 0. When the mass of
the electrode begins to increase, another anodic oxidation reaction
commences because HCN is depleted at the electrode.

The areal density of an AuCNads monolayer, � , is calculated
to be � = 2 × 10−9 mol cm−2 if an atomically smooth monolayer is
assumed. The electroplated gold surface can be expected to have
significantly greater surface area. To estimate this roughness factor,
the QCM data in Fig. 7 were used. It was found that the duration of
the monolayer formation, occurring between 0.4 and 0.8 s in Fig. 7,
is 0.3 ± 0.1 s when irev = 5 mA cm−2. This suggests that � is in the
range of 10–20 × 10−9 mol cm−2, corresponding to a roughness fac-
tor between 5 and 10. While a roughness factor of 5–10 may impact
the precision of the EQCM, we have not found direct evidence sug-
gesting that this is an important factor for these experiments.

Based on Model 2, the simulated near-surface concentra-
tions of Au(CN)2

− and HCN are shown in Fig. 8, assuming
� = 10 × 10−9 mol cm−2. From the surface concentration, it is pos-
sible to analyze different reaction stages during one pulse cycle. For
example, a small plateau in Au(CN)2

− concentration in the begin-
ning of the on time indicates the reduction of adsorbed gold product
formed during the reverse time. A large increase of HCN concen-
tration is also seen since this reaction generates HCN. Immediately

after the on time, the gold dissolution reaction occurs until the HCN
concentration drops to zero. The calculation of surface concentra-
tion and duration of each reaction stage may provide insight into
the design of the plating waveform.



Z. Liu, A.C. West / Electrochimica A

irev (mA cm-2)

2015105
0.5

0.6

0.7

0.8

0.9

1.0

1.1

Model 1
Model 2 with Γ = 10
Model 2 with Γ = 20
Experiment

irev (mA cm-2)

2015105
0.5

0.6

0.7

0.8

0.9

1.0

1.1

(a) 

(b) 

C
ur

re
nt

 E
ff

ic
ie

nc
y

C
ur

re
nt

 E
ff

ic
ie

nc
y

Fig. 9. The simulated and measured current efficiency as a function of irev for (a)
t

v

a

h
t
c
w
p
g

v
F
e
t
t
a
t
f
m

[

[

[
[

[
[
[
[
[

[
[
[
[

[

[

[
[
[
[28] N. Ibl, Surface Technology 10 (1980) 81.
on = 0.2 and (b) 0.02 s. In both cases, ion = −100 mA cm−2 and iavg = −20 mA cm−2. trev

aries according to trev = ton ×
(

ion/iavg − 1
)

/
(

1 +
∣∣irev/iavg

∣∣). Simulation results

re given for Models 1 and 2 (for � = 10 and 20 × 10−9 mol cm−2).

The use of pulsed reverse plating from a gold–cyanide electrode
as not received much attention, in part because the gold dissolu-
ion reaction was believed to be insignificant in baths that lack free
yanide [6,29,30]. However, with carefully chosen pulsed reverse
aveforms, guided perhaps by simulation, it is possible to achieve
lating and partial stripping. This may lead to differing morpholo-
ies of the resulting gold deposit [4].

In Fig. 9, the current efficiency data from Models 1 and 2, with �
alues of 10 and 20 × 10−9 mol cm−2, are compared to experiment.
or on-times ton = 200 ms, the results from both models agree well
xperiment for all the anodic currents studied because the forma-
ion and reduction of adsorbed gold layer is a small portion of the

otal coulombs passed per cycle. When ton = 20 ms, Model 2 predicts

current efficiency closer to the experimental value. In addi-
ion, better agreement is attained when � = 20 × 10−9 mol cm−2

or larger anodic current density, 20 mA cm−2. Further improve-
ents to the model are required to achieve better agreement

[

[
[

cta 56 (2011) 3328–3333 3333

with experiment. For example, the reduction of adsorbed gold is
assumed to occur at 100% efficiency, and the anodic reactions are
assumed to occur in stages, with soluble gold dissolution, followed
by formation of an oxidized layer, followed by oxygen evolution.
Clearly, the modeling approach is simplified, and we feel novel
experiments are required to develop a more refined model without
excessive a priori unknown parameters.

5. Conclusions

Numerical simulations of gold plating accurately capture the
current efficiencies obtained by on–off plating of cobalt hard gold.
However, the prediction of current efficiencies obtained during
pulse-reverse plating is more difficult. Consistent with QCM data,
simulations assume that, during oxidation, soluble gold-oxidation
products are prevalent until the near-electrode, excess cyanide,
generated by the gold reduction reaction, is depleted. At low fre-
quencies, good agreement with experiment is seen, while at higher
frequencies agreement is only fair. High frequency data are more
difficult to simulate because the formation of oxidized gold sur-
face layers account for a more significant fraction of the coulombic
charge per cycle, and we believe the treatment of these layers
requires the most model refinement.
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