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Electrochemistry of Gold Deposition on n-Si(100)
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The electrochemical deposition of gold on n-type silicon from KAu(CN), solutions was investigated by performing a detailed study
of the nucleation and growth kinetics. Deposition occurs by progressive nucleation and diffusion-limited growth of three-dimen-
sional hemispherical islands over awide range of potentials and KAu(CN), concentrations. It is shown that for a silicon/gold elec-
trode, the applied potential is dropped over the silicon/gold interface at potentials more positive than 0V, while at potentials more
negative than 0V, the applied potential is dropped over the Helmholtz layer at the gold/solution interface. The influence of these
observations on the applicability of nucleation models derived for metal-on-metal deposition to metal deposition onto semicon-

ductorsis discussed.
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Electrochemical deposition involves charge transfer between a
conducting substrate and ions in solution. In metal-on-metal deposi-
tion, electrons are transferred from the Fermi energy of the metal
into metal ion acceptor states in solution. The Fermi energy in the
metal is determined by the potential drop between the solution and
the metal. The situation is more complicated for metal deposition on
semiconductors since charge transfer can occur via the conduction
band, the valence band, or in some cases, via surface states. The
positions of the bandedges at the surface and, hence, the energy of
surface electrons in the conduction or valence band, are dependent
on the partitioning of the applied potential between the semiconduc-
tor space-charge layer and the Helmholtz layer at the interface.
Analysis of metal deposition at semiconductor surfaces must take
these features into account.

Deposition of metals on semiconductors generally occurs by 3D
island growth.21 For several systems, including Cu on GaAs*®
Ag,® Au,° Co,2° Cu,819 Ni,20 and Pb 1 on S, it has been shown
that deposition follows models for either instantaneous or progres-
sive nucleation and diffusion-limited growth. In this paper we report
on the mechanism of nucleation and growth of gold from KAu(CN),
solutions on n-type silicon. Current-potential curves indicate that
gold is deposited by electron transfer from the conduction band to
the solution. Analysis of current transients shows that deposition fol-
lows progressive nucleation and diffusion-limited growth over a
wide range of concentrations and potentials. From surface imaging
it is shown that the nucleus density increases linearly with time up to
the current maximum in the deposition transients and remains con-
stant at longer deposition times. Experiments on Si/Au electrodes
illustrate the dependence of the potential distribution on applied
potential.

Experimental

All experiments were performed on (100) n-type silicon (Wack-
er Siltronic, AG) with aresistivity of 3Q cm (Np = 1 X 10 cm™3).
Prior to experiments the samples were sequentialy cleaned ultra-
sonically for 10 min in acetone, ethanol, and water. The water was
distilled and deionized (Millipore) and had a resistivity of 18 M)
cm. The ohmic contact was provided by applying InGa eutectic on
the back side of the wafer after treatment in 48% HF for 10 s. The
samples were then mounted in a cell with an exposed surface area of
2.8 cm?. The Ag/AgCl in 3 M NaCl reference electrode was posi-
tioned close to the silicon sample using a Luggin capillary, and the
counter electrode consisted of a platinum gauze. All potentials are
given with respect to the Ag/AgCl reference (0.195V vs. SHE). The
experiments were performed under ambient conditions.
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Results and Discussion

Figure 1 shows an energy band diagram for silicon (100) in
1 M KOH. The flatband potential in this solution is —1.1 V
(Ag/AgCI),1214 and from the donor density, the position of the con-
duction band and valence bandedges at the surface are determined to
be —1.4 and —0.3 eV, respectively. Since the silicon surface is hy-
drogen-terminated in 1 M NaOH under open-circuit conditions and
at negative potentials, 1213 the surface is expected to be hydrogen-
terminated during deposition.

The reduction of gold from Au(CN); is a two-step reaction in-
volving an adsorbed AUCN intermediatels-17

AU(CN); > AUCN s + CN™ [1a]

AUCNy + € (CB) > Au + CN™ [1b]

For deposition on gold surfaces, AUCN; is in equilibrium with

AU(CN), ionsin the solution and the charge-transfer step israte lim-

iting.15-17 The equilibrium potential, Uy, for the overall reaction is
given by

[AU(CN), ]

[CN1?
where U, = —0.80 V (Ag/AgCI).>17 From the energy band diar
gram shown in Fig. 1 it can be seen that the equilibrium potential of

the Au(CN)5/Au couple is shifted to sufficiently high energy so that
deposition is expected to occur via electron transfer from the con-

Ugy = U + 0.059 log (2]
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Figure 1. Energy band diagram for n-type silicon (100) in contact with an
agueous solution at pH 14, with the redox couple AuW/AU(CN); [only the
AUu(CN), levels are shown]. Gold deposition can be achieved through elec-
tron transfer from the conduction band to the solution. Note that there is no
overlap between the valence band and the Au(CN); levelsin solution.
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duction band. Since the density of conduction band electrons is
determined by the band bending, the deposition process is dependent
on the applied potential. Furthermore, by avoiding overlap of the
gold ion acceptor states with the valence band, open-circuit (electro-
less) deposition can be prevented. As a result, the hydrogen-termi-
nated surface is expected to be stable during gold deposition from
cyanide solutions.

Current-potential characteristics of silicon—Figure 2 shows
current-potential curves for n-type silicon (100). In KCN solutions,
alarge cathodic current due to the reduction of water is observed at
potentials more negative than about —1.8 V. The cathodic current
plateau of about —1.5 mA cm~2 in the range from —1.85to0 —2V
isrelated to high cyanide concentrations, and disappears for concen-
trations lower than 0.1 M KCN. At currents smaller than 1 mA
cm~2, the current-potential curves are independent of the cyanide
concentration, which suggests that the silicon bandedges do not shift
as afunction of the cyanide concentration in the potential range pos-
itive with respect to —1.75 V.

In the solutions containing KAU(CN),, reduction of Au(CN); is
observed in thefirst scan with an onset at about —1.25V followed by
acurrent peak of —7.2 mA cm~2 at —1.30 V. The observation of a
peak in the current-potential curve indicates that the deposition of
gold becomes diffusion limited after nucleation has occurred. At
about —1.65 V the current increases again due to the reduction of
water; the shift in the onset of hydrogen evolution suggests that this
reaction occurs preferentially at the gold clusters. The onset of gold
deposition in the third and subsequent scansis about 0.2V more pos-
itive than in the first scan indicating that a nucleation overpotential is
required for the nucleation of gold islands on the silicon surface.

On the reverse scans a stripping current is not observed indicat-
ing that gold deposition on n-type silicon is not reversible. This is
caused by two effects: (i) in the dark, the density of holes in the
valence band is very low so that the oxidation rate due to valence
band holesislow and (ii) the barrier height of the n-Si/Au contact is
large (=0.80 eV) so that the rate of thermal excitation of electrons
from the gold into the silicon conduction band is very low.

Figure 3 shows current-potential curves for solutions with 2 mM
KAU(CN), + 1 M KOH for KCN concentrations from 2 M (Ug, =
—1.01V) 10 0.02 M (Ug = —0.78 V). It can be seen that the gold
deposition peak shifts to more negative potentials with more negative
equilibrium potential, while the maximum current is about
—0.35 mA cm™2 independent of the KCN concentration. The peak
current in the 2 mM KAuU(CN), solution isafactor 21 smaller thanin
the 50 mM KAU(CN), solution which shows that the current at the
maximum is essentially proportional to the KAu(CN), concentration.
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Figure 2. Current-potential curves for n-Si(100) in agueous solutions at pH
14 with: a, 1 M KCN; b, 0.2 M KCN; and ¢, 0.008 M KCN. Curvesd and e
correspond to a50 mM KAU(CN), solutionwith 1M KCN at pH 14. Curved
shows the first scan which was started at —0.85 V, and curve e corresponds
to the third scan which represents the final shape of the voltammogram. The
scan ratewas 10 mV s~ tin all cases.

U (V vs Ag/AgCl)
Figure 3. The first scan of current-potentia curves for n-Si(100) in 2 mM
KAU(CN), solution at pH 14 with b, 2 M KCN; ¢, 0.6 M KCN; d, 0.2 M
KCN; e, 0.06 M KCN; and f, 0.02 M KCN. Curve a shows the current-poten-
tial curve for silicon in 0.04 M KCN (pH 14) which is representative for the
silicon surface, as the curves for all KCN concentrations overlay in this cur-
rent regime. The scans were started at OCP, and the scan ratewas 10 mV s~ 2.

Figure 4 shows the open-circuit potential (OCP) before the first
scan, the potential at the current peak, and the OCP after the first
scan vs. the concentration ratio [AU(CN);]/[CN~]2. The OCP before
the first scan is independent of the concentration ratio, indicating
that it is not defined by the potential of the gold redox couple, but is
controlled by the interaction between the silicon surface and the
solution.1213 This result also confirms that nucleation of gold does
not take place under open-circuit conditions and is consistent with
the observation that a nucleation overpotential is required in order to
deposit gold on silicon surfaces. The OCP after the first scan, where
approximately 20 equivalent monolayers gold have been deposited,
is linear with the concentration ratio with a slope of 59 mV per
decade, and is close to the equilibrium potential predicted by Eq. 2.1°
This shows that after gold deposition the open-circuit potential is
determined by the Au(CN),/Au couple, however, the reaction is not
reversible due to the large energy barrier for gold stripping. The
potential at the current maximum is linear with the concentration
ratio with a slope of about 43 mV per decade, indicating that the cur-
rent maximum represents an intermediate case where the current is
not completely determined by the energetics of the redox couple.

The potential regime where deposition occurs is more than
0.15 V more negative than the flatband potential, indicating that the
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Figure 4. The equilibrium redox potential (-----), the open-circuit potential
before the first scan (@), the peak potentia in the first scan (<), and the
open-circuit potential after the first scan (O) for n-Si(100) in the 2 mM
KAU(CN), solutions at pH 14 at the same KCN concentrations as in Fig. 3
vs. the concentration ratio [Au(CN);]/[CN~]2.
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Figure 5. Simultaneous experiments on a silicon electrode covered with a
continuous, 150 nm gold filmina 0.1 M K,Fe(CN)g + 0.5 M KCI solution:
(a) steady-state current-potential curve, (b) Mott-Schottky plot [frequency =
10 kHz; amplitude = 5 mV (rms)], (c) the potential of the gold film with
respect to the reference electrode vs. the applied potential.

silicon surfaceisin weak accumulation. In accumulation, the capac-
itance of the silicon space-charge layer becomes comparable to that
of the Helmholtz layer!81° and the bandedges become unpinned.
Under these conditions, most of the applied potential will be
dropped across the Helmholtz layer. This situation is comparable to
metal-on-metal deposition where the applied potentia is dropped
across the Helmholtz layer resulting in a change of the overpotential
for the deposition reaction.

Current-potential characteristics of gold-covered silicon elec-
trodes.—The electrochemical nucleation and growth of gold onto
silicon is complicated by the presence of three interfaces: sili-
con/electrolyte, silicon/gold, and gold/electrolyte. In order to deter-
mine the potential distribution at the silicon/gold/electrolyte inter-
faces, experiments were performed on silicon with a 150 nm contin-
uous gold film where the potential of the gold film was monitored as
afunction of the potential applied to the silicon.204

Figure 5 shows the Mott-Schottky plot, the current-potential
curve, and the potential of the gold layer vs. the applied potential in a
solution of 0.1 M K,Fe(CN)g + 0.5 M KCI a pH 9. At potentials
more positive than 0V, the Mott-Schottky plot is linear and the flat-
band potential is —0.54 V, close to the value for the silicon sur-
face.2223 This result shows that in this potential range the applied po-
tential is dropped over the silicon space-charge layer which implies
that the potential drop over the gold/electrolyte solution interface re-
mains constant. This is corroborated by Fig. 5¢ which shows that the
potential of the gold layer is about 0.07 V, corresponding to the redox
potential of the Fe(CN)Z 4~ couple, independent of the potential
applied to the silicon.

In the potential region more negative than 0 V the capacitance-
potential plot shows a plateau indicating that the band bending does
not change with the applied potential. In this region, the potential of
the gold layer changes linearly with the applied potential with a
slope close to 1 as shown in Fig. 5¢. At sufficiently negative poten-
tials the cathodic current is due to the reduction of water; the small
current plateau of 17 wA cm~2 is due to reduction of Fe(CN)g™.

These results are summarized in the energy band diagrams shown
in Fig. 6. At positive potentials (Fig. 6¢) the silicon surfaceisin de-
pletion and any change in the applied potential leads to a change of
the band bending. As a result, the potential drop across the Helm-
holtz layer remains constant. The small anodic current is related to
the excitation of electrons from the gold Fermi energy to the silicon
condugction band, and is close to the saturation current of 3 X 1077 A
cm™2 for a Si/Au Schottky junction with 20.80 eV barrier height.2*
Since the exchange current for the redox couple is much larger than
the saturation current, the potential of the gold layer is pinned at the
equilibrium potential of the redox couple.

At about 0V, the silicon Fermi level is aligned with that of the
gold layer (Fig. 6b). At this potential, the band bending is equal to
the built-in potential of the Si/Au Schottky junction. From the Mott-
Schottky plot the band bending at 0V is determined to be 0.54 eV.
Since the silicon Fermi energy is0.27 eV below the conduction band
(in the bulk), the barrier height, which corresponds to the energy dif-
ference between the conduction bandedge at the surface and the gold
Fermi energy, is 0.81 eV in good agreement with measurements on
dry Si/Au junctions and published values.”2*

At negative potentials (Fig. 6a), the forward current from the sili-
con to the gold becomes larger than the exchange current of the redox
couple, and the gold Fermi energy becomes unpinned from that of the
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Figure 6. Band diagrams at three potentials for electrodes consisting of n-type silicon covered with a 150 nm continuous gold filmin 0.1 M K,Fe(CN)g + 1 M
KCI solution at pH 9. The electrostatic potential drops across the silicon space-charge layer and the Helmholtz layer at the gold surface are indicated as Adg.
and Ay, respectively. Note that the widths of the space-charge and Helmholtz layers are not to scale.
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solution. For a cathodic current to flow, the Fermi energies of the sili-
con and the gold must be above the Fermi energy of the redox couple.
To achieve acurrent of 17 w A cm~2, aforward bias across the Si/Au
interface of about 0.1V (for an idedlity factor of 1) isneeded. Thus, as
the applied potential is shifted from 0 to —1 V, most of the applied
potential is dropped over the Helmholtz layer and the Fermi energy of
the gold remains close to that of the silicon.

Time dependence of nucleation and growth.—The mechanism of
nucleation and growth was determined from current transients.2>36
The density of nuclei as a function of time at a constant potential,
N(t), can be described in terms of a nucleation rate constant, k

N() = No {1 — exp(—ki)} (3]

where N, is the final nucleus density. From Eqg. 3 two limiting cases
can beidentified. If kislarge and kt >> 1 at short times then N(t) =
No. Conversely, if k is small and kt << 1 at short times then N(t) =
kNgt, and the density of nuclei increases linearly with time. The first
case corresponds to instantaneous nucleation and the second case
corresponds to progressive nucleation.

The growth of nuclei can be either kinetically limited, diffusion
limited, or under mixed control. From Fig. 2 and 3 it was inferred
that growth is diffusion limited at potentials more negative than the
current peak. As growth becomes diffusion limited, the diffusion
zones around individual nuclei start to overlap, and linear diffusion
to the planar surface can occur before nuclel impinge on each other.

Figure 7 shows the nucleus density as a function of time for gold
deposition at —1.30 V. Nuclei were formed by stepping the potential
to —1.30 V for different times, and subsequently growing them at
—1.10V where the nucleation rate is negligible. The total deposition
charge was 3.0 mC cm~2 for al samples, corresponding to 13.5
equivalent monolayers of gold. From Fig. 7 it can be seen that at
times shorter than about 0.9 s the nucleus density increases linearly
with time, corresponding to progressive nucleation. At longer times,
the nucleus density becomes independent of time indicating that
either all nucleation sites have been occupied or that remaining nucle-
ation sites have been screened by the expanding diffusion fields
around existing nuclei.

The time dependent deposition current density (normalized to the
geometric surface areq), i(t), for progressive nucleation followed by
three-dimensional diffusion-limited growth is?7-29

. ZFDY?c 02 2 200
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Figure 7. The nucleus density as afunction of the pulse length for deposition
at —1.30V from 2 mM KAu(CN), + 0.2 M KCN (pH 14), determined using
SEM. The nuclei were grown at —1.10 V after the nucleation pulse so that
the deposition charge was —3.0 mC cm~2 in all cases. The time of the cur-
rent maximum in the transient is indicated.

where D is the diffusion coefficient, ¢ is the metal ion concentration
in the bulk solution, and V,, is the molar volume of the metal. The
current initially increases with time due to 3D diffusion to an in-
creasing metal surface area, and then decreases as the diffusion
zones around the growing nuclei start to overlap resulting in a 1D
diffusion-limited current to a planar surface.

Figure 8 shows current transients for potential steps from the
open-circuit potential to various deposition potentials for the 2 mM
KAU(CN), + 0.2 M KCN (pH 14) solution. At long times, the tran-
sients in the range from —1.55 to —1.35V all converge on a decay
curve governed by linear diffusion to a planar surface according to
the Cottrell equation. At —1.65V and —1.60 V, the current after the
maximum is significantly higher due to co-reduction of water to hy-
drogen. This can be seen from the current-potential curve shown in
Fig. 3 (curve d) where the onset of hydrogen evolution on a partly
gold-covered surface is observed at about —1.55V.

The nucleation mechanism can be determined by comparing the
normalized current transients to theoretical models. For progressive
nucleation and diffusion limited growth we can rewrite Eq. 4 in
terms of the maximum current, imax, and the time at which the max-
imum current is observed, t,, 272

i = 1.2254%IM - expE| 2.3367i[ﬁ [5]
2 t Er 2

max

Thetimein Eq. 4 and 5 represents the time with respect to the onset
of the deposition current, i.e., t is corrected for the induction time, t,.
The induction time may be considered as the time required to form
a stable nucleus. The induction time was determined by extrapola-
tion of the current rise to a deposition current of zero, and ty <
0.1t in al cases.

Figure 9 shows the reduced parameter plots for the transients at
—1.29, —1.45, —1.55, and —1.65V. The theoretical curves for pro-
gressive nucleation (solid line) and instantaneous nucleation (dotted
line) and diffusion-limited growth are also shown. The transient at
—1.65V agrees with the progressive nucleation model before the
maximum. After the maximum, the current is increased due to
simultaneous reduction of water which only becomes significant
after the gold clusters have grown to a sufficient size. In the poten-
tial range from —1.40to —1.55V, the plots agree very well with the
progressive nucleation and growth model. At potentials more posi-
tive than —1.35 V, the experimental results deviate from the pro-
gressive nucleation and diffusion-limited growth model at longer
times. This is due to mixed charge transfer/mass transport control,
consistent with the current-potential curve shown in Fig. 3 (curve d)
where growth of the clustersis partly kinetically limited at potentials
more positive than about —1.32 V.
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Figure 8. Current transientsin 2 mM KAu(CN), with 0.2 M KCN at pH 14
for potential steps from the open-circuit potential to: a, —1.65V; b, —1.60V;
¢, —155V;d, —1.50V; e —1.45V; and f, —1.40 V.

Downloaded on 2015-05-10 to IP 128.122.253.212 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 147 (6) 2199-2205 (2000) 2203
S0013-4651(99)07-121-9 CCC: $7.00 © The Electrochemical Society, Inc.

1+ P .
r l" ~‘~~~~.... -
N a_ -
_é 05r [ &
= : ¢
§ 4]
0 i 1 1
0 1 2 3

t/ tmax
Figure 9. Dimensionless plots of the current transients from Fig. 5 at a,
—1.65V; b, —155V; c, —1.45V; and d, —1.29 V. The bold solid line corre-
sponds to the calculated curve for progressive nucleation and diffusion-lim-
ited growth, and the bold dotted line represents the theoretical curve for
instantaneous nucleation and diffusion-limited growth.

Current transients were also recorded for solutions with 50, 10,
and 0.5 mM KAU(CN),. Analysis showed that in all cases gold depo-
sition proceeds through progressive nucleation and diffusion-limited
growth. Figure 10 shows the time and current at the maximum vs. the
deposition potential. The values for t,,, and i, are exponentialy
dependent on the deposition potential with inverse slopes of 166 mV
per decade and —325 mV per decade, respectively, in the potential
range between about —1.35to —1.70 V. At potentials more positive
than —1.35V, the curves for t,, and i VS. potential have a higher
slope. Using Eq. 4 for progressive nucleation and diffusion-limited
growth, the following relations can be derived for these parameters

trax = 3.318D Y2 V4(8mV,,) ~VAKNy) Y2 [6]
imax = 0.49597F D34c¥8(8nV, ) V8(kNy) V4 (7

If it is assumed that only the nucleation rate kN, is potential depen-
dent, differentiation of Eq. 6 and 7 leads to 8U/8[10g(img)] = —2
3U/B[log(tna)], Which is in good agreement with the results in
Fig. 10 where 8U/8[10g(ima)] = —1.96 3U/8[10g(tma0)]-

Figure 10 shows that t,,,, is weakly dependent on the KAu(CN),
concentration while i, is strongly dependent on concentration.
From Eq. 6 and 7 note that t,,,, iS expected to be proportional to
¢~ V4, while i, should be proportional to c¥8, Theinset of Fig. 10b
shows a power-law dependence of i, on c. A least squares fit
resulted in a slope of 1.08, very close to the expected value of 9/8.
The concentration dependence of t,,,,, could not be verified due to
the weak dependence.

The diffusion coefficient can be obtained from the deposition
transients using Eq. 6 and 7. From the product ty g, 12, D was de-
termined to be 1.5 X 107° cm? s™% in the 50 mM KAU(CN), solu-
tion which isin good agreement with values reported previously for
dilute solutions.’® The diffusion coefficient exhibited a weak con-
centration dependence, suggesting that at lower concentrations the
current efficiency for gold deposition is lower due to the co-reduc-
tion of water.

These results show that the deposition of gold on silicon follows
the progressive nucleation and diffusion-limited growth model that
was derived for metal-on-metal deposition assuming that the applied
potential is dropped across the Helmholtz layer. Note that at t = O,
the silicon surface is not in equilibrium with the Au(CN)5/Au redox
couple, while at t = 3t,,,,, Wherethe silicon surfaceis partly covered
with gold, the electrode acts as a gold electrode. However, the equi-
libration process does not appear to result in a significant deviation
from the theoretical model. In addition, Fig. 7 shows that the nucle-
ation process stops at about t,,,,, and, hence, the assumption that N(t)
= kNt is no longer valid. However, for t = 1.13 t,,,,, the total cur-
rent =95% of the 1D diffusional current so that the formation of
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Figure 10. Transient analysis for experiments in four concentrations of
KAU(CN),: () 50 mM KAU(CN), + 1 M KCN (pH 14), (O) 10 mM
KAU(CN), + 1 M KCN (pH 14), (©) 2 mM KAU(CN), + 0.2 M KCN, and
(A) 0.5 mM KAU(CN), + 0.5 M KCN (pH 14). (8) The time at the current
maximum (corrected for the induction time) and (b) the current at the maxi-
mum vs. the applied potential. The inset shows the current maximum at
—1.50V vs. the concentration on alogarithmic scale; the solid line represents
aslope of 9/8.
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additional nuclei cannot lead to a significant increase in current,
athough it may result in aredirection of theion flux.

Potential and concentration dependence of the nucleation
rate—For progressive nucleation, the nucleation rate is given by
Jnue = dN(t)/dt = kNy. The nucleation rate can be obtained from the
maximum in the current transients using the following relation (see
Eq. 6 and 7)

2
—1/2 _ngcg 8]
t
max*max

Jua = KNg = 0.2898(8mcVy,)

Figure 11 showslog(kNp) vs. potential for KAu(CN), concentrations
ranging from 0.5 to 50 mM. The relationship is linear between —1.4
and —1.7 V, and essentially independent of the concentration. The
inverse slope in this potential region is —78 mV per decade. In the
potential range positive of —1.40 V, the inverse slope is about
—21 mV per decade.

The potential dependence of the nucleation rate can be analyzed
by comparison to models for nucleation and growth.28:37-44 |n the
kinetic approach, the formation of a cluster is treated as a sequence
of attachment and detachment steps. In equilibrium, the attachment
and detachment rates are equal, whereas supersaturation leads to an
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Figure 11. The logarithm of the nucleation rate, kN, vs. the applied poten-
tial for the same solutions asin Fig. 7, represented by the same symbols.

increase in the attachment rate and growth of the cluster. The nucle-
ation rate, Jq, is given by?®

all

KT

O DNcritel"flll:|
HEPH

Jnud = Ao expéB [9]

where N is the number of atoms required to form a critical nucle-
us, and v isthe overpotential. The pre-exponential factor A%, isinde-
pendent of potential aslong as Ng;; is potential independent, and the
factor B depends on the mechanism of attachment. Equation 9 re-
duces to the Volmer-Weber model for nucleation if N;; >> B. The
total potential dependence of the nucleation rate in a potential range
where N, is constant is thus given by

d log(Jnul) €
= + N.. [10]
d|m] 2303kt P Nert)

The value of B in Eq. 9 and 10 results from the attachment proba-
bility of the atom converting a cluster into a stable nucleus. If the
attachment occurs through direct transfer of metal ions to the cluster
and simultaneous charge transfer then B = o, where o, is the
cathodic charge-transfer coefficient. If the mechanism is attachment
of adatoms to the cluster, then the potential dependence of the ad-
atom concentration yields 8 = 1.2536 Note that in order to apply
Eqg. 10 to the case of metal deposition onto a semiconductor surface,
the overpotential needs to be defined as a function of the applied
potential. Since the deposition potentials are negative of the flatband
potential, we assume that any change in the applied potential is
dropped across the Helmholtz layer so that the overpotentia is pro-
portional to the applied potentia (|m| = |U| + const).#

From Fig. 11 we obtain an inverse slope of —78 mV per decade
in the potential range between —1.4 and — 1.7V, which givesavalue
for Ng; of about 0 assuming that { is between 0.5 and 1. Thisresult
suggests that an adsorbed gold atom can be considered as a stable
cluster* in this potential range. Since the barrier for dissolution of
gold atoms is very large the attachment/detachment process is high-
ly irreversible, consistent with Ng;; = 1. In the potential range posi-
tive of —1.40V, the inverse slope of the curve is about —21 mV per
decade, which leads to Ng;; = 2. Note that N, is expected to
increase with decreasing driving force, i.e., with less negative poten-
tial.2® Note that the applied potential in these experiments was
always greater than 200 mV more negative than the equilibrium
potential of the Au(CN),/Au redox couple. Similar valuesfor N at
potentials sufficiently negative of the equilibrium potential have
been reported for copper deposition on GaAs,*° aswell asfor metal-
on-metal deposition (e.g., Ref. 26). For the system n-Si(111)/Pb?*,
avalue of Ny;; = 11 was obtained at potentials close to the redox
potential (JU-U,ggox < 15 mV).1

Figure 12 shows the potential dependence of the nucleus density
for deposition from 50 and 2 mM KAU(CN), solutions determined
from scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM) images. At potentials more negative than about
—1.30 V the nucleus density is independent of potential indicating
that the potential dependence of the nucleation rate kN, as shownin
Fig. 11, isdetermined by the potential dependence of k. At potentials
more positive than about —1.30V, the nucleus density decreases, in-
dicating that the larger slope in the log(kN,) vs. potential plot is due
to the potential dependence of N,. The observation that the nucleus
density is potential dependent suggests the presence of active sites
with different activation energies for nucleation.

Figure 12 also shows the nucleus density for the two solutions
estimated from the transients assuming that the nucleus density
reaches its maximum value at t,,,,,, @ was observed for deposition at
—1.30V (see Fig. 7). Using Eq. 3 we can then write N(t = t.,5,) =
KNgtmax- From Fig. 12 it can be seen that the nucleus density from
imaging techniquesis larger than the value obtained from analysis of
the transients, and that the magnitude of the deviation is potential
dependent. Similarly, the nucleation rate can be estimated from the
SEM and AFM results, and compared to the values for kN, obtained
from the transients. In this case, the potential dependence of kN
from SEM and AFM is found to be much weaker than that obtained
from the transients. As a consequence, caculation of the critical
nucleus size using Eq. 10 would lead to N.;; = O over the entire
potential regime.

The reason for the large discrepancy between the observed nucle-
us densities and those estimated from current transients is not clear.
A possible explanation is that the time and current at the maximum
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Figure 12. The nucleus density vs. the applied potential for deposition from
imaging techniques and estimated from current transients using N = KNt ax
for (8 50 mM KAU(CN), +1 M KCN (pH 14); the nucleus density was
determined from SEM (OJ) and estimated from transients (O). (b) 2 mM
KAU(CN), + 0.2 M KCN (pH 14); the nucleus density was determined from
AFM (0O) and estimated from transients (O).
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do not accurately describe the time of overlap of the diffusion zones
of individual nuclei. The radius of the diffusion field to an isolated
nucleusisry = (8mcV,,)Y4 DY2tV2, Thus, the time at which the dif-
fusion zones begin to overlap can be estimated from . =  f(tra)
D~ (8mweV) Y2 = (4Ny) ™t D71 (8mcV,,) V2. For example, the
time needed to reach overlap of diffusion zones for a nucleus densi-
ty of 10%° cm™2 is expected to be on the order of 50 w.s (using ¢ =
10 mM). However, the values for t,,, were typically 10 msto 1 s.
Hence, the current maximum may be related to the diffusion of ions
to multiple nuclei and the overlap of the cluster diffusion zones,
instead of those of individual nuclei. As a consequence, the value of
kNy would be underestimated through N,, however, the diffusion
coefficient from the transients would be still be expected to be rea-
sonably accurate.

Conclusions

Gold deposition on silicon occurs through progressive nucleation
of hemispherica clusters followed by diffusion limited 3D growth.
The silicon/gold junction is rectifying and, hence, stripping cannot
occur. Deposition takes place at sufficiently negative potentials such
that the silicon surface isin accumulation. Hence, the applied poten-
tia is expected to be predominantly dropped across the Helmholtz
layer, athough a redistribution of the applied potential is expected
upon deposition of gold. Analysis of the nucleation rate leads to a
critical nucleus size of = two atoms suggesting that nucleus growth
is dominated by the low probability of detachment (stripping). The
nucleus densities obtained from surface imaging are much higher
than values obtained from current transients, which may be related
to the high nucleus densities found for this system. It is shown that
models for nucleation and growth derived for metal-on-metal depo-
sition can be applied to metal-on-semiconductor deposition if reduc-
tion occurs by charge transfer from the majority carrier band to the
solution, and takes place at potentials where the semiconductor sur-
face is in accumulation. In addition, the nucleation characteristics
are strongly affected when deposition is an irreversible process.
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