ARTICLE

Electrochemical Behavior of Gold Colloidal
Alkyl Modified Silicon Surfaces
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ABSTRACT Herein, we report on the production of nanoelectrode arrays by attaching colloidal gold on silicon-bound mixed selfassembled monolayers of TFA-protected alkenylthiol (C11-S-TFA) and undecylenic acid (acid). Effective modification of the surface,
tethering of the nanoparticles, and the direct influence of the deprotected alkenylthiol (C11-SH) /acid ratio on the number of adherent
particles were demonstrated using X-ray photoelectron spectroscopy, electrochemistry, and atomic force microscopy. Cyclic
voltammetry showed that the enhancement of electron transfer to the silicon surface by the presence of nanoparticles is influenced
by the number of tethered nanoparticles.
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INTRODUCTION

T

he development of nanoscale sensors is currently a
research focus receiving a significant amount of attention (1). Important steps with regards to developing such sensors include synthesizing the nanoscale building
blocks in the nanometer range (2, 3), having a method of
modifying the surface chemistry properties, possessing appropriate techniques for patterning the modified layers (4),
and using materials which are compatible with the bulk
manufacture of devices. In this scope, silicon substrates have
considerable potential because they are compatible with
microelectronics (5, 6), they can be manufactured in massive
parallel processes, as indicated by the electronics industry,
and a range of patterning technologies exist. Furthermore,
because silicon is being extensively used in the microelectronics industry, it is an easily accessible polymorph material
with various bulk properties depending on the dopant type
and its concentration (7). To form a sensing device, however,
the silicon surfaces must be modified to enable à la carte
control of how the sensing surface interacts with its environment. Perhaps the most controlled strategy of modifying any
surface is via the formation of self-assembled monolayers
(SAM) (8-10).
Originally, the most extensively studied SAMs deposited
on silicon were alkoxy- and chlorosilane precursors (11-13).
When the molecules are placed in a suitable solvent and an
oxidized silicon surface is inserted, the trichlorosilyl head
groups hydrolyze and chemisorb to the surface, forming
Si-O-Si links to the surface (12, 14, 15). However, the
presence of the insulating silicon dioxide layer (16, 17) may
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be a setback for the use of silicon as a substrate in electrochemical processes. Indeed, it was previously shown that
electron transfer through a metal-insulator-semiconductor
system was very sensitive to surface oxidation (18). Furthermore, although excellent voltammetry can be achieved for
Si-O-C-bound SAMs on hydrogen-terminated silicon, the
lack of stability of the monolayers highlighted the need for
alternative synthetic strategies (19). In contrast, hydrosilylation chemistry, which requires the removal of that insulating oxide layer (8), will afford a chemically and electrically
wellpassivatedsurface(17,20-22)withastrongsilicon-carbon
bond and with a wide range of possible chemical functionalities (23-27). Furthermore, close to ideal redox behavior
was recently achieved by functionalization of alkyne-terminated alkyl monolayers on highly doped silicon surfaces
using “click” reactions to immobilize ferrocene derivatives
(28, 29). The latter strategy represents a simple approach
for the preparation of silicon-based electrodes where remarkable electrode stability can be achieved, opening a
gateway for more use of semiconductors in electrochemically transduced sensing techniques.
The goal toward the construction of nanoscale electrochemical sensors on silicon has two main challenges.
(1) The first challenge is a stable and well-defined chemistry for the modification and passivation of the silicon
electrodes such that they can operate in aqueous solutions.
Typically, electrochemical experiments with silicon electrodes are performed in nonaqueous electrolytes (30). Although the hydride-terminated surface has a relative stability
in air (31), the silicon must be passivated, as otherwise it
will oxidize in aqueous solution as soon as anodic potentials
are applied. As a consequence, recent studies using modified
silicon electrodes in aqueous environments have only been
able to probe the electrochemistry of species bound to the
monolayer where the electrode surface was modified (17, 32).
(2) The second challenge is having a suitable end group for
further connection of other electrodes or components (33).
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Scheme 1.

a

Abbreviation: np ) nanoparticles.

For both these challenges, monolayers derived from
trifluoroacetyl (TFA)-protected alkenylthiol, recently demonstratedforthepreparationofmetal-insulator-semiconductor
junctions (20, 34), hold some promise. Once assembled on
a silicon surface, this molecule forms a good barrier to
protect the silicon from appreciable oxidation. The removal
of the TFA protecting group gives a thiol moiety that can
allow metals to be covalently coupled to the distal end of
the molecule. In previous work on molecular junctions, this
thiol was used to connect to a mercury electrode. Equally
well, however, nanoelectrode arrays could be produced by
replacing the mercury droplet with metallic nanoparticles
(35-37). The placement of nanoparticles on the distal end
of the monolayer may allow solution species to be electrochemically interrogated by modified silicon electrodes (38, 39).
The reason this seems possible is highlighted in a series of
papers that have recently shown that electron transfer to
electrodes that are otherwise passivated by a long-chain SAM
can be greatly enhanced by adsorbing gold nanoparticles or
carbon nanotubes onto the surface (36, 37, 40-48). It has
recently been shown that with SAM-modified gold electrodes, onto which gold nanoparticles were adsorbed, the
rate of electron transfer between the bulk gold electrode and
a redox species in solution becomes independent of the
thickness of the SAM (42, 47).
The purpose of this paper is to show that electrochemical
communication between redox species in solution and a
silicon electrode can be achieved using a passivating SAM
2478
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further modified with gold nanoparticles. Nanoelectrode
arrays were produced by forming silicon-bound mixed selfassembled monolayers of TFA-protected alkenylthiol and
undecylenic acid (Scheme 1), analyzed by X-ray photoelectron spectroscopy and atomic force microscopy, and the
influence of the assembly of nanoparticles on the response
of the self-assembled monolayer to electroactive species in
solution was demonstrated using cyclic voltammetry.

EXPERIMENTAL SECTION
Materials. Solvents were redistilled and, when required, dried
over CaH2 beforehand. Milli-Q water (>18 MΩ cm) was used
for surface cleaning and reaction purposes. Semiconductor
grade reagents were used for cleaning (30% H2O2, 98% H2SO4)
and etching (2.5% aqueous HF solution). p-Type silicon wafers,
with orientation (100) (0.5°, 500 ( 25 µm thickness, and
0.007-0.009 Ω cm resistivity were purchased from Virginia
Semiconductors, Inc. S-undec-10-enyl-2,2,2-trifluoroethanethiolate (C11-S-TFA) was prepared in accordance to previous work
(20) (see the Supporting Information).
Preparation of Au Nanoparticles. Colloidal gold particles
with a size of 15-25 nm were prepared, according to the
Turkevich et al. method (49), by adding 1.75 mL of 1% sodium
citrate to 50 mL of boiling 0.01% HAuCl4·3H2O, with vigorous
stirring. Boiling was continued for 10 min, after which the
solution was cooled with vigorous stirring (see the Supporting
Information for an analysis of nanoparticles).
Preparation of the Monolayers. Modification of the Si(100)
with the TFA-protected alkenylthiol was performed strictly
according to literature methods (20, 34). Briefly, after thorough
cleaning in piranha solution (3/1 v/v concentrated H2SO4/30%
Saux et al.
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RESULTS
Preparation of the Monolayers and Removal
of the Trifluoroacetyl Protection. X-ray photoelectron
spectroscopy (XPS) results shown in Figure 1 are in accordance with previous work (20, 34). For fluorine, the
strong decrease in the large peak assigned to the CF3 group
at 689 eV confirms the near to complete deprotection of the
www.acsami.org
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H2O2), silicon wafers were etched in 2.5% hydrofluoric acid (HF)
for 90 s to remove the native oxide layer. The freshly etched
samples were then immersed in S-undec-10-enyl-2,2,2-trifluoroethanethiolate, which had previously been deoxygenated by
a minimum of five freeze-pump-thaw cycles. The surfaces
were left to react at 200 °C for 4 h. The wafers were then
copiously rinsed with ethanol, ethyl acetate, and dichloromethane and blown dry under argon. A similar protocol was
applied for surface modification with undecylenic acid and
mixed alkenes with changes in the reaction conditions only. For
example, surfaces modified with undecylenic acid were left to
react at 120 °C for 12 h, and surfaces modified with mixed
alkenes were left to react at 120 °C for 12 h.
Caution! Piranha solution reacts violently with organic materials and should therefore be handled with extreme care.
Caution! HF is an extremely corrosive acid; dilute HF solutions
can cause delayed serious tissue damage and should therefore
be handled with extreme care.
Preparation of Au-Modified Silicon Electrode. The derivatized surfaces were immersed in 10% aqueous ammonia for
5-10 min to remove the trifluoroacetyl group, followed by
copious rinsing with Milli-Q water and ethanol, and blown dry
under argon. The wafers were incubated a minimum of 6 h in
the Au colloidal suspension, after which they were rinsed
generously with Milli-Q water, ethanol, ethyl acetate, and then
dichloromethane and dried under a stream of argon before
sample analysis.
X-ray Photoelectron Spectroscopy. XPS experiments were
performed using an EscaLab 220iXLwith a monochromated Al
KR source (1486.6 eV). Pressure in the analysis chamber was
maintained below 10-9 Torr. Binding energies are referenced
to the Si2p1/2 signal (corrected at 99.9 eV). Spectral curve fitting
was performed using the XPSPeak 4.1 software, with a convolution of Lorentzian and Gaussian profiles as described in previous
works (20, 29) for the C1s, F1s, S2s, and Si2p regions. As for
the Au4f region, a spectrum of bare gold was collected and a
convolution of 35% Gaussian was found after fitting. A Shirley
algorithm background subtraction was used for all regions.
Atomic Force Microscopy. Images were obtained using a
Digital Instruments 3000 AF microscope in tapping mode. A
minimum of three remote areas on the silicon surface were
scanned for better appreciation of the modification with gold
nanoparticles.
Electrochemical Measurements. Cyclic voltammetry was
performed using a BAS 100B electrochemical analyzer and a
three-electrode chamber (Inphaze Pty. Ltd.). The silicon surface
was used as a working electrode, a gold wire as the counter
electrode, and Ag/AgCl in 3 M NaCl as the reference electrode.
The measurements were carried out in a 50 mM KCl solution
containing 1 mM K3Fe(CN)6. Ohmic contact between the silicon
samples and a copper plate was ensured by exposing the bulk
of the silicon electrodes, using a diamond scribe, and rapidly
applying a gallium indium eutectic onto the bare area. Silicon
electrodes had a geometric area of 2 cm2 with an area of 0.181
cm2 exposed to the electrolyte solution using the Inphaze cell.
Electrical impedance spectroscopy (EIS) data was acquired using
a Solartron SI 1287 electrochemical analyzer with an SI 1260
Frequency Response Analyzer (Solartron Analytical, Hampshire,
England).

FIGURE 1. High-resolution XP spectra of F1s, S1s, and C1s regions
of a TFA-protected alkanylthiol monolayer (left) and a deprotected
alkenylthiol monolayer (right).

monolayer, although traces of adsorbed fluorine also remain
before and after deprotection, as shown by the second peak
at a lower binding energy. For sulfur, since the S2p peak is
obscured by the silicon loss peak at ∼167 eV, narrow scans
were performed around the S2s region (∼228 eV). The S2s
peak associated with a protected sulfhydryl group (229 eV)
shifted to a lower binding energy, by ∼1 eV, upon removal
of the CF3 protecting group. This is in good agreement with
the binding energy of sulfur in a free sulfhydryl group. For
carbon, the presence of C-C-linked carbons (285 eV), CF3
(293 eV), carbonyl carbon (289 eV), and C-S-linked carbon
(286.3 eV), in a ratio of 10.4:1.2:0.96:1 (expected ratio of
10:1:1:1), are consistent with previous work (20, 34). After
deprotection, only C-C- and C-S-linked carbons remain, as
well as some adventitious carbon species due to atmospheric
contamination.

Preparation of the Au-Modified Silicon
Electrode. Four types of SAM’s were prepared, one 100%
sulfhydryl terminated (C11-SH), two mixed alkene SAMs
with C11-SH to acid ratios in solution of 1:10 and 1:100 (the
ratio of 1:10 was chosen in order to have enough gold to
ascertain the influence of the mixed SAM on the abundance
of gold nanoparticles on the surface for XPS analysis), and
one 100% undecylenic acid derived SAM. From the Au4f
narrow scan of the C11-SH surface after exposure to gold
nanoparticles to give C11-S-Au surfaces, the presence of gold
is confirmed in the 100% sulfhydryl terminated surface
(Figure 2a). Because of the high surface to volume ratio of
the nanoparticles, it is possible to identify surface species
adsorbed to the gold nanoparticles and differentiate them
VOL. 1 • NO. 11 • 2477–2483 • 2009
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FIGURE 3. High-resolution XP spectrum of the Si2p region of C11-STFA modified Si(100).

FIGURE 2. High-resolution XP spectra of the Au4f region of (a) C11SH, (b) 1:10 C11-SH/acid, and (c) acid modified silicon, incubated in
colloidal gold suspension.

from bulk gold in the Au4f narrow scan. This allows for the
monitoring of any change in environment of the gold atoms
at the surface of the nanoparticle. For example, it was
possible to deconvolute a smaller peak in the gold narrow
scan at higher binding energies (+0.5-1.0 eV), which is in
good agreement with the case for Au-S-linked gold (50). The
Au4f scan also allows the quantification of the Si:Au ratio.
The atomic ratio of silicon to gold is 100:7.5. For the 1:10
mixed SAM (Figure 2b), the presence of gold is also confirmed and the atomic ratio is 100:0.8. Using these results,
the relative amounts of gold on the 100% C11-S-Au SAM to
the 1:10 C11-SH/acid mixed SAM was found to be 9.4:1. As
shown in Figure 2c, the absence of gold for the undecylenic
acid derived SAM confirms the effectiveness of the acid as
a diluent to space the gold nanoparticle binding sites.
The XP spectrum in Figure 3 shows that some oxide is
present on the surface, as seen by the hump in the 102-104
eV region. This is attributed to the fact that Si(100) surfaces
are being employed. Most of the papers reporting a surface
modification of silicon that shows little or no oxidation with
alkenes do so on Si(111) (17, 22). Si(100) surfaces are
significantly harder to passivate (17). The density of surface
atoms plays a role in the ability to passivate the surface, as
it is 7.83 × 1014 atoms/cm2 for Si(111) and 6.78 × 1014
2480
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FIGURE 4. Analysis by AFM gold nanoparticle modified surfaces for
the 100% C11-SH SAM (A), 1:10 C11-SH/acid SAM (B), 1:100 C11-SH/
acid SAM (C), 100% acid SAM (D). For all parts, the image size is 2 ×
2 µm.

atoms/cm2 for Si(100), resulting in a more densely packed
SAM on Si(111) than on Si(100), thus making it harder for
oxygen atoms to diffuse through and access the unreacted
silicon atoms. Finally, it was reported that the oxidation rate
of Si(111) is 0.4 times that of Si(100) (51).
AFM images, as shown on Figure 4, confirm the presence
of the nanoparticles on all surfaces except the undecylenic
acid derived surface (Figure 4D). Although some clusters
were noticed on the surface, the nanoparticles were randomly dispersed across the surface. Furthermore, the number of nanoparticles per unit area decreases for the 100%
C11-SH, 1:10 C11-SH/acid and 1:100 C11-SH/acid surfaces,
respectively; values obtained are summarized in Table 1 (see
the Supporting Information for quantification methods).
Here, the ratio of gold between the 100% C11-SH SAM
and the 1:10 mixed C11-SH/acid SAM is 11.0:1; this value is
close to that obtained by XPS, where it was found to be 9.4:
1. For the 1:100 C11-SH/acid SAM, this ratio falls to 107:1.
Together, these results confirm the direct influence of the
C11-SH to acid ratio in solution on the number of tethered
particles on the surface (see the Supporting Information for
Saux et al.
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FIGURE 5. Cyclic voltammograms in 1 mM [Fe(CN)6]3+ for the C11S-Au modified surface (black curve), a C11-SH SAM (gray curve), and
a hydrogen-terminated Si(100) surface (black dotted curve). The first
five cycles are shown.

FIGURE 6. Cyclic voltammograms of 1 mM [Fe(CN)6]3- in 50 mM KCl
at 20 mV s-1 for the C11-S-Au modified surface (black curve), the
1:10 mixed SAM (black dotted curve), the 1:100 mixed SAM (black
dashed curve), and the C11-SH SAM (gray curve).

Table 1. Number of Gold Nanoparticles per Unit
Area and Ratio of Particles (i.e. Au on the 100%
C11-SH Surface/Au on the Surface in Question) for
the Various Surface Types

to the oxidation of the silicon surface with each cycle and,
hence, the formation of the insulating silicon oxide layer.

100% C11-SH
1:10 C11-SH/acid
1:100 C11-SH/acid

no. of particles/cm2

ratio

32.0 × 109
2.9 × 109
0.3 × 109

1
11.0
107

more detail on the XPS analysis of the 1:10 C11-S-TFA/acid
mixed layer).
Electrochemistry of Silicon Surfaces. Figure 5
shows cyclic voltammograms (CVs) at a scan rate of 20 mV
s-1 taken in an aqueous solution of 1 mM K3[Fe(CN)6] with
50 mM KCl as background electrolyte of an C11-S-Au modified surface (black curve), a C11-SH SAM (gray curve), and a
hydrogen-terminated Si(100) surface (black dotted curve).
The hydrogen-terminated surface was obtained by dipping
a Si(100) sample in 2.5% aqueous HF for 90 s prior to
transfer to the electrochemical solution. The CVs shown are
for the first five cycles that were performed on each type of
surface. As can be seen for the C11-SH SAM modified surface,
the electrodes have very low capacitance and there is no
evidence of a Faradaic process at all. The magnitude of the
capacitance is unchanged with repeated scans. After attachment of nanoparticles the characteristic Faradaic oxidation
and reduction of ferricyanide is observed, thus confirming
that, as on gold surfaces, adsorbing gold nanoparticles onto
an electrode passivated by a SAM facilitates electron transfer
to the underlying electrode surface. Note, however, that the
peak separation is large, almost 200 mV, indicating that the
electron-transfer kinetics of the ferricyanide are much slower
on these electrodes compared with the gold electrodes (42).
For the hydrogen-terminated silicon, there were also no
pronounced Faradaic peaks and the current was observed
to decline with each cycle, where the electrode becomes
more and more resistive. This decline in current is attributed
www.acsami.org

The influence of nanoparticle density on the electrochemistry is shown in Figure 6. The different mixed SAMs show
drastic differences: the 1:10 mixed SAM exhibits some
Faradaic process (black dotted curve), but with a reduction
of the anodic peak and a near-disappearance of the cathodic
peak in comparison with the 100% C11-S-Au surface (black
curve). This behavior is consistent with previous observations of surfaces with low coverage in nanoparticles (35).
With the 1:100 mixed SAM (grey curve) the Faradaic process
is almost completely suppressed and the CV is similar to that
of the passivated surface (black dashed curve). This result
shows that, at least on silicon surfaces, reasonably high
surface coverage of nanoparticles is required for appreciable
electrochemistry to be observed. It is, however, worth noting
that there has been no evaluation of the impact of particle
density on the ability of gold nanoparticles to facilitate
electron transfer through passivating SAMs on gold electrodes. The previous detailed studies on gold electrodes by
Fermin and co-workers and Shein et al. (42, 47) have had
particle densities on the order of the 1:10 mixed SAM, and
therefore, it is not clear whether the performance of these
electrode-monolayer-nanoparticle systems is inferior on
silicon compared with gold. What is clear, however, is that
the rate of electron transfer is significantly slower on silicon
than gold. The slower electron transfer kinetics is consistent
with observations of electron transfer to ferrocene-modified
SAMs on silicon and gold (32) and may have some impact
on the electrochemical performance of the final devices.
EIS was used to assess the performance of the silicon
electrodes (see the Supporting Information for details).
Impedance spectra were run over a frequency range of
0.1-300 000 Hz at an applied dc potential of 0.21 V and an
amplitude of 10 mV in 1 mM potassium ferricyanide. The
resistance to charge transfer (RCT) was determined by fitting
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Table 2. Summary of Electrical Impedance
Spectroscopy Data for SAM with Varying
Nanoparticle Coverage
C11-SH:acid coverage/cm-2
1:1
1:10
1:20
1:100

9.09 × 109
1.88 × 108
1.16 × 108
1.71 × 107

RCT/Ω

ket/cm s-1

6.74 × 105
5.70 × 106
1.16 × 107
1.39 × 107

2.18 ×10-6
2.58 × 10-7
1.27 × 10-7
1.06 × 10-7

ket(np)/cm s-1
2.02 × 10-4
1.15 × 10-3
9.22 × 10-4
5.21 × 10-3

the Nyquist plots to a conventional RC equivalent circuit, and
the resulting rate of electron transfer was calculated using

ket ) RT/n2F2RCTA[Fe(CN)63-]
where A is the area of the electrode. Results showed that
the charge transfer resistance of the SAM-modified silicon
electrodes decreases significantly with the presence of nanoparticles in comparison with the charge transfer resistance
prior to nanoparticle immobilization of 2.0 × 107 Ω. Although the rates are much slower than those of gold electrodes, the observation of adsorption of gold nanoparticles
drastically reducing charge transfer resistance is consistent
with previous studies (36, 39, 42). Furthermore, the charge
transfer resistance is sensitive to the nanoparticle coverage
on the SAM (see Table 2). Using Fermin’s modified theory
of blocked electrodes, the rate of electron transfer per
nanoparticle can be calculated using

ket(np) ) RT/n2F2Γπr2RCTAc∞

of the surfaces was observed. The drastic drop in current
density between the 1:10 and 1:100 C11-SH/acid surfaces is
a strong indication that a fairly high number of particles are
needed for good signal transduction. This is a further indication that silicon is a material of choice for electrochemistry,
as it can be easily modified to give substrates with high
surface areas in the case of porous silicon for example (54).
The system used in this work is simple yet very promising
for sensing applications. Indeed, a wide range of cysteinelabeled proteins, enzymes, and redox-active molecules is
available and could be attached to the gold nanoparticles,
making the surface target sensitive. Similarly, we have
shown that the density of gold nanoparticles (nanoelectrodes) on the silicon surface can be tuned by altering the
ratio of the two components in solution from which a mixed
SAM is formed.
Supporting Information Available: Text and figures giving synthetic methods, an AFM analysis of the gold nanoparticles, the distribution of the nanoparticles on the different surfaces as well as an XPS analysis of the 1:10 C11-STFA/acid mixed layer, and EIS data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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