ELSEVIER

Surface Science 377-379 (1997) 931-936

surface science

Electrochemical Cu deposition on thiol covered Au(111) surfaces
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Abstract

The electrochemical deposition of Cu on Au(111) surfaces covered by self-assembled thiol monolayers has been followed in situ
by electrochemical STM. Monolayers formed by thiols of different chain length have been chemisorbed on gold electrodes. The thiol
molecules are organized in a quasi-crystalline structure characterized by a multi-domain ordering. The presence of the organic layer
strongly influences the Cu deposition process. Cyclovoltammetry shows the absence of the underpotential deposition peaks observed
on bare gold as well as a decrease of the electrochemical current in the overpotential regime. Independently of the chain length, in
the UPD region we observe the formation of Cu nanoparticles 2-5 nm in diameter, one Cu atomic layer in height, uniformly
distributed at the surface. The Cu cluster density reaches its maximum in the UPD regime. In the OPD region a chain length
dependent behaviour is observed. Long thiol monolayers prevent any further growth of already existing clusters while on short thiol

covered surfaces an almost 2D growth of Cu is observed.
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1. Introduction

Self-assembled monolayers (SAMs) can be
advantageously used to modify metal electrodes in
order to obtain well ordered and defined electro-
chemical interfaces, which find applications in
basic and applied research fields from charge
transfer studies to corrosion inhibition [1]. An
interesting and almost unexplored aspect is the
possibility to use these films to modify and control
the electrocrystallization of metals on the electrode
surface. Different studies have been carried on to
investigate the influence of organic additives on
the morphology of the electrodeposited metal film,
but they mainly dealt with organic molecules dis-
solved in the electrolyte [2-5]. Up to now the
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study of metal/organic layer/metal systems has
mainly dealt with vacuum deposition of metals on
a metallic surface covered by an organic layer [6].
Compared to vacuum deposition, electrochemical
deposition offers the advantage of an additional
control parameter, i.e. the potential of the metal
surface. Moreover, electrochemical scanning tun-
nelling microscopy (STM) allows us to follow in
situ the growth of the metallic overlayer as a
function of the surface potential.

In this report we describe the results obtained
on the electrochemical deposition of Cu on
Au(111) surfaces covered by self-assembled mono-
layers of alkanethiols. We will first discuss the
structure of the thiol/Au(111) interface and then
we will focus attention on the electrodeposition
of Cu on such a surface. Alkanethiols
(CH,;(CH,),SH, n=1,...,21) are known to form
well ordered self-assembled monolayers on
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Au(111) [7-10], which are thermally stable due to
the strong S-Au bonding. The molecules are
arranged in a (V3 x V3)R30° overlayer structure
with the alkyl chain axis canted about 30° with
respect to the surface normal. We will show that
the presence of these organic spacer layers has an
inhibitory effect on the electrodeposition of Cu on
gold, the strength of which is found to depend on
the organic film thickness.

2. Experimental

The thiol monolayers were formed by self-assem-
bly in ImM alkanethiol solution onto Au(111)
thin films on mica. The gold films were epitaxially
grown on mica in high-vacuum, flame-annealed in
a hydrogen flame, quenched in ethanol and, while
still covered by an ethanol drop, transferred into
the thiol solution, where they were kept for at
least 15 h. After preparation of a self-assembled
monolayer the sample was rinsed with ethanol,
dried in an argon flow and transferred to the STM
where it was imaged under a dry nitrogen atmo-
sphere. For the electrochemical measurements, the
samples, immediately after drying in the argon
flow, were transferred to the electrochemical cell
while covered by a drop of electrolyte. STM meas-
urements were performed with a home-built vari-
able temperature beetle-type STM [11] which was
equipped with a proper electrochemical cell to
allow in situ electrochemical STM studies.

3. Structure of alkanethiol SAMs on Au(111)

The morphology of a decanethiol covered
Au(111) surface is shown in Fig. la. The image
was acquired at 360 K after the sample had been
annealed for three hours at this temperature. Large
molecular domains separated by boundaries, which
are imaged as depression lines, characterize the
surface. Because of the molecular reorganization
which takes place during the annealing, the average
domain size attains 400-600 A [12]. Some small
holes are still present on the terraces. As already
reported [13-15], these holes are vacancy islands
in the topmost gold layer, formed during the initial

decanethiol/Au(111)

(b) 100 A

Fig. 1. (a) 3000 x 3000 A region of a decanethiol covered
Au(111) sample annealed for 3 h at 360 K, imaging temperature
360 K; (b) higher resolution image of a decanethiol covered
Au(111) surface (810 x 810 A) annealed for 30 min at 350 K,
imaging temperature 300 K. Tunneling parameters: 1.4V,
0.8 nA.
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thiol chemisorption; the holes are covered by mole-
cules as are the surrounding terraces. Annealing
has greatly reduced the vacancy island density
[15,16] and only a few depressions are left.

By zooming down, the details of the molecular
order can be observed as shown in Fig. 1b. In this
case, the sample had been annealed for 30 min at
350 K before imaging at 300 K; i.e. the molecular
domain size is only 100-200 A. Two particular
structures, labeled A and B, occupy the majority
of the surface. Both domains are c(4 x2) super-
structures with respect to the (V3 x V3)R30° lat-
tice and, according to the model proposed on the
basis of the He diffraction data [7], can be
explained in terms of different twist patterns of
the hydrocarbon chains. Additional uniaxial
molecular superstructures have been observed on
shorter chain monolayers [17]. The essential fea-
ture of the thiol/Au(111) interface which is of
importance for the interpretation of the electro-
deposition results is the fact that thiols form an
ordered, almost defect-free monolayer, which uni-
formly covers the whole surface. The specific
domain ordering of the monolayer is found to be
of less importance for Cu electrodeposition on the
thiol/Au(111) electrode. As described below, the
modification of Cu electrodeposition on covered
electrodes caused by the presence of the organic
spacer layer is more sensitive to the layer thickness
than to the particular kind of molecular pattern.

4. Cu electrodeposition

The electrochemical deposition of Cu on thiol
covered Au(l11) electrodes has been chosen
because of the considerable amount of data avail-
able for the Cu/Au(111) system, which serves as
a database for investigating the role of the organic
layer in the deposition process. It is well known
that the electrodeposition of Cu on Au(111) occurs
via the formation of a first Cu monolayer in the
underpotential region (UPD), i.e. at potentials
positive with respect to the Nernstian potential,
followed by a 3D bulk deposition of Cu in the
overpotential region (OPD), i.e. at potentials lower
than the Nernstian potential [ 18-22]. The presence
of the thiol layer strongly modifies the electro-

deposition, in the UPD as well as in the OPD
region. We followed the process by cyclovoltam-
metry and by in situ electrochemical STM.
Measurements were performed in 0.05M
H,SO,/1mM CuSO, electrolyte, and potentials are
referred to the Cu/Cu™ * quasi-reference electrode.
Figs. 2a and 2b show the cyclovoltammograms for
bare Au(111) and for the same surface covered by
a decanethiol monolayer, respectively. Curves sim-
ilar to the one in Fig. 2b have been found for
different chain lengths from hexanethiol up to
octadecanethiol. There are two major differences
between the two plots. Firstly, in the presence of
the organic layer, the deposition and stripping
peaks in the UPD region, which are characteristic
of bare gold, disappear and, secondly, the mea-
sured electrochemical current is one order of mag-
nitude lower in the case of a covered electrode
than for bare gold. The absence of the UPD peaks
suggests that in the presence of thiols the depos-
ition of Cu does not occur abruptly in a narrow
window of potential as on bare gold. Moreover,
the decrease in the electrochemical current
observed in the presence of thiols shows the inhibi-
tory effect of the organic layer on the deposition.

The structural changes of the electrode surface
accompanying the process have been followed in
situ by STM. Fig. 3 shows the initial stage of Cu
deposition on a decanethiol covered Au(111) sur-
face. The image was acquired at +50 mV versus
Cu/Cu* ¥, ie. at a potential lower than the first
UPD peak observed on bare gold. At this potential
in the absence of thiols one would observe a
complete monolayer of Cu deposited on the sur-
face, while Fig. 3 shows the deposition of isolated
nanosized Cu clusters uniformly distributed on the
surface. The Cu clusters are 2-5 nm in size, one
Cu layer in height and grow randomly on the
surface without any preferential nucleation site
like steps or holes. The maximum cluster density
(~2x10"*cluster A~2) is reached in the UPD
region. By sampling over different regions of the
surface it has been observed that the cluster nucle-
ation does not take place simultaneously on the
whole surface, but occurs randomly in patches.
New clusters then grow around these regions
and finally cover the whole surface [23]. One
might speculate that the areas where the cluster
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Fig. 2. Cyclic voltammograms of Cu deposition on (a) bare Au(111) thin film on mica and (b) Au(111) film covered by a decanethiol
monolayer. Scan rate: 5SmV s™! for both voltammograms taken in nondeaereated 0.05M H,SO,/ImM CuSO,.

deposition begins are characterized by poorer
order in the thiol monolayer which could facilitate
the electron transfer across the layer necessary to
reduce the Cu ions. The same scenario character-
izes the UPD deposition on gold electrodes covered
by thiols of different chain lengths, from 6 to 18
carbon atoms.

As already reported [23], several tens of minutes
are necessary to obtain a homogeneous distribu-
tion of Cu clusters on the whole surface as shown
in Fig. 3. By assuming a compact (1 x 1) structure

for the Cu islands, the deposition rate would
correspond to a current of 10 nA cm™2, a value
well below the measured dynamic current which
can not be detected as a peak in the I(V) curve
of Fig. 2b.

A chain length dependent inhibitory effect is
observed at potentials corresponding to the OPD
for bare gold. For short chain monolayers, decreas-
ing the potential in the cathodic region does not
induce any growth of the Cu clusters until overpo-
tentials of several tens of millivolts are reached. It
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Fig. 3. In situ STM image (2300 x2300 A) of a decanethiol
covered Au(111) surface decorated with Cu clusters in the UPD
region. Electrolyte: 0.05SM H,SO,/ImM CuSO,, E=50mV
versus Cu/Cu* *. Tunneling parameters: 0.10 V, 0.3 nA.

is only at potentials lower than —80 mV that a
further development of the deposition is observed.
This is shown in the sequence of images in
Figs. 4a—c which were taken on a hexanethiol
covered Au(111) electrode at —110mV 20, 50
and 120 min, respectively, after the potential had
been reduced to — 110 mV. It is interesting to note
that the growth mechanism is now completely
different with respect to the case of bare gold.
Instead of 3D growth, we observe a quasi-two-
dimensional growth of Cu. Cu clusters grow in a
ramified fashion and finally coalesce to complete
the first monolayer. The formation of the second
monolayer starts only when the first one is almost
complete. Only at potentials as low as —160 to
—200mV is the sudden growth of large 3D Cu
nodules observed, probably due to a breakdown
of the thiol layer at such negative potentials. The
blocking effect of long chain monolayers (n>12)
is even more pronounced. In this case, the Cu
clusters formed in the UPD region do not undergo
any modification or growth even at potentials well

Cu/hexanethiol/Au(111)
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Fig. 4. (a)—(c) Temporal sequence of in situ STM images
(1800 x 1800 A) showing the development of the Cu deposition
on a hexanethiol covered Au(111) surface in the OPD region.
Electrolyte: 0.05M H,SO,/lmM CuSO,, E= —110 mV versus
Cu/Cu~*. Tunneling parameters: 0.12 V, 0.5 nA.

negative in the OPD regime. Octadecanethiol cov-
ered electrodes still show isolated Cu nanoparticles
even after being kept for some hours at potentials
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lower than — 150 mV. It is only at about —200 mV
that the growth of large Cu nodules is observed.
It must be noted that the exact onset potentials
for the different processes described, i.e. Cu clusters
growth, quasi-2D growth on short monolayers and
3D nodule formation, are characterized by a cer-
tain variability for the different chain lengths and
for each individual sample.

The highly reduced growth kinetics, together
with the stronger growth inhibition caused by
thicker monolayers, supports the contention that
the Cu electrocrystallization occurs on top of the
alkanethiol layer. This view is supported by the
conclusions of a similar study [24]. Such a scenario
allows us to explain the more efficient blocking
effect observed for thicker monolayers by noting
that longer molecules produce a thicker and also
a more compact monolayer (because of the higher
van der Waals interactions between molecular
chains), which makes electron transfer across the
layer more difficult. As a consequence the reduc-
tion of Cu ions to Cu atoms, which needs electrons
to be transferred from the gold surface, is limited.
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