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Arrays of aligned carbon nanotubes formed by self-assembly on a Si (100) surface are described.
The surface of a Si (100) wafer has been modified by reaction of hydride-terminated Si (100) with
ethyl undecylenate to give ethyl undecanoate self-assembled monolayers (SAMs) which were
linked by stable silicon-carbon covalent bonds. The ester terminus of the monolayer was
converted to an alcohol whereupon shortened carbon nanotubes were covalently attached using
carbodiimide coupling. The formation of the SAM and its subsequent modification with
nanotubes has been followed using a series of techniques including X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), scanning electron microscopy (SEM), IR

spectroscopy and cyclic voltammetry.

Introduction

For the purpose of nanofabrication, building nanostructures
and nanoelectronic devices, self-assembly (SA) is envisaged as
an important avenue for fabricating and employing supra-
molecular nanostructures with targeting properties.'> The
controlled manipulation and approach of molecules to the
surface is a key feature in the development of chemical-based
nanotechnology. One of the interesting approaches involves
the creation of densely packed highly organised monolayers on
a solid substrate. Drawing inspiration from nature, building
blocks may include a wide variety of molecules such as DNA,
polymers, proteins, enzymes, lipids and nanoparticles.>*

The most studied and the best-characterised self-assembled
monolayers (SAMs) are those formed by alkanethiolates
chemisorbed from solution onto gold surfaces.’” They offer
numerous advantages such as simple preparation, well-defined
organisation, densely-packed structures and the possibility of
introducing a vast number of functional groups at the mono-
layer surface.® These unique characteristics make SAMs an
excellent model system for fundamental studies in surface
physics, chemistry, biology and surface engineering and offer
numerous applications including: optical devices, biotechno-
logy and biosurfaces, biosensors, chemical sensors, corrosion
prevention, adhesion, tribology and electrochemistry.'*1?

Despite the interest in alkanethiols on gold their widespread
technological application is uncertain due to issues related to
long-term stability of the monolayers. Dynamic studies of
alkanethiols on gold surfaces have revealed several serious
disadvantages of the thiol-gold chemistry. Particularly of
concern is their thermal instability,'>* influence of UV
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photooxidation,'” evidence of the changing structures over
time,'*!> instability in solution, gold etching and adsorbate—
solution interchange.'"®!® Critical evidence of the maturation
of SAMs has shown that over a period of several months in
air, there are dramatic changes in structure and integrity due to
the oxidation process.'®!3

Other more stable monolayer systems based on new
substrates and non-thiol chemistry need further development.
This study will explore the fabrication of monolayers based on
covalent bonds as opposed to thiol chemistry based on weaker,
pseudocovalent bonds which are reversible with energies of
formation of 40 kcal mol """ Silicon is the obvious first
alternative substrate to be explored where Si—C and Si-O-C
bonds are generally quite strong (80-100 kcal mol ') with
surface rearrangement unlikely.!”

In view of the importance of silicon as the primary semi-
conductor material in modern microelectronic devices, efforts
to control its electronic properties and to tailor the chemical
and physical characteristics of its surface are of major
importance. One approach to this surface modification has
been through the use of various siloxane-anchored self-
assembled monolayers attached to the native silicon oxide by
Si-O-C bonds.! A disadvantage of this approach is the
presence of an oxidised layer and the low number of func-
tionalised siloxanes commercially available.

To avoid these disadvantages, recently the preparation of
dense alkyl monolayers covalently bonded to silicon surface
has been reported.'®!® The basic approach for monolayer
formation on Si substrates is based on surface hydrogenation
followed by the reaction with aliphatic alkenes. It has been
shown that neat l-alkenes react efficiently with a hydrogen-
terminated silicon surface. The resulting monolayer, which is
linked to the surface by very stable covalent Si—C bonds, is
densely packed as evidenced from infrared spectroscopy, X-ray
photoelectron spectroscopy, ellipsometry and wetting experi-
ments.'®2° A variety of functionalised monolayers on silicon
surfaces with different lengths and functional groups on the
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free end could be prepared in a simple way using this synthetic
route. This provides a foundation for the assembly of nano-
scale integrated systems, including the coupling of carbon
nanotubes (SWCNT), enzymes and oligonucleotides,z1’23
without the stability problems of the alkanethiol system.

We are particularly interested in developing stable bio-
molecular interfaces where the biological molecule is efficiently
connected to an electrochemical transducer. The efficient
transfer of electrons between enzymes and other biomolecules
to electrodes is important for developing protein-based
biosensors and bioelectronic devices. For example, research
into the interaction and electron exchange between redox
enzymes and an electrode interface is important for two
reasons: first, it is helpful to understand the intrinsic redox
properties of proteins;?**> and second, direct electron
transfer between enzymes and electrodes is the key to the
development of mediatorless, also called third-generation,
enzyme biosensors.

One strategy to achieve efficient electron transfer to proteins
is to build up the electrode inside the protein so that it is
close to the redox-active center of the protein.”®?* To achieve
this requires exceedingly small electrodes. Carbon nanotubes,
which are as small as 1 nm in diameter, have the potential to be
such electrodes.?” The purpose of this paper is to demonstrate
the attachment of vertically aligned cut carbon nanotubes on
a stable SAM-modified silicon substrate for the first time. A
schematic of the process used is presented in Fig. 1. The
preparation of the silicon surface and the formation of a
SAM by reaction of Si(100)-H with ethyl undecylenate is
first characterised using X-ray photoelectron spectroscopy
and FTIR spectroscopy whereupon the formation of nanotube
arrays and their resultant electrochemistry can be followed
unambiguously.

Si0
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Experimental

Preparation of ethyl undecanoate terminated silicon (100)
surfaces

Highly boron doped p-type silicon (100) wafers (0.5 mm
thickness, 1 mQ cm resistivity and polished on one side) were
purchased from Virginia Semiconductor, Inc. USA. The
surfaces (0.5 x 0.5 cm? size) were cleaned in acetone (99.5%,
Merck), tetrahydrofuran (THF, APS Chemicals, Australia)
and copious Milli Q water (18 MQ cm), then chemically
oxidised for 30 min in 100 °C 3 : 1 (v/v) H>SO4 (98%, APS
Chemicals, Australia) : H,O, (30%, AR). The hydrophilic
oxidised silicon surfaces were flushed with copious Milli Q
water and dried with a compressed air flow, then immersed in
a previously deoxygenated and stagnant 40% NH4F solution
(Semiconductor grade, Aldrich-Sigma) for 30 min to prepare
hydride-terminated surfaces.>* During the silicon etching, high
purity nitrogen was flushed above the solution to keep the
environment oxygen free. HF can also be used to prepare the
hydride surfaces and will yield flatter surfaces for Si (100).
AFM results show that the substrates prepared using the
NH4F are flat enough for this particular application.

The resulting hydrophobic surface was washed with copious
amounts of Milli Q water for several seconds and dried
with high purity nitrogen flow. It was then placed quickly in
a round-bottom flask and transferred into a nitrogen-filled
glove-box. Two millilitres of ethyl undecylenate (97%, Aldrich
stored over molecular sieve) was added into the round-bottom
flask. The round-bottom flask was heated to 180 °C for 24 h
using a silicone-oil bath to prepare the ethyl undecanoate
monolayer modified silicon surface. The silicon surfaces were
removed and rinsed repeatedly with ethanol and tetrahydro-
furan to remove physisorbed materials. The hydrophobic
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Fig. 1

Schematic representation of the process used to attach SWCNT to Si(100).
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surfaces were then washed with copious Milli Q water and
dried with a compressed air flow.

Preparation of alcohol-terminated silicon (100) surfaces

The ester modified silicon surfaces were transferred under N,
into a round-bottom flask containing 4 ml saturated sodium
borohydride 2-methoxyethyl ether solution and warmed to
100 °C for 24 h to prepare an alcohol terminated surface. Then
the silicon wafers were washed with ethanol, tetrahydrofuran
and copious Milli Q water and dried with high purity N, flow.

Preparation of an aligned carbon nanotube array on silicon (100)
surfaces

The single-walled carbon nanotubes (RFP-SWCNT, Carbon
Solutions, Inc. USA) were firstly shortened as described
previously®®*'3? by sonicating SWCNTs in a 3 : 1 (v/v)
H,SO04 (98%) and HNOj3 (70%, APS Chemicals, Australia) for
8 h. To keep the temperature constant during the SWCNTs
cutting, ice was added continuously. The shortened nanotubes
were filtered and washed with copious amounts of Milli Q
water until the pH was greater than 5. The average length of
shortened SWCNTs was 360 nm determined using AFM
measurements of nanotubes lying on a mica substrate.”* One
milligram of shortened SWCNT was dispersed in 5 ml
dimethylformamide (DMF, 99.8%, Aldrich) with 3 mg dicyclo-
hexyl carbodiimide (DCC, 99%, Aldrich) to convert the
carboxylic groups at the ends of the shortened SWCNT into
active carbodiimide esters.”®*! The alcohol-terminated silicon
was incubated in the nanotube solution for between 4 and
48 hours to give a silicon substrate modified with an array of
aligned carbon nanotubes.

X-Ray photoelectron spectroscopy (XPS) measurements

X-Ray photoelectron spectra were obtained on a Leybold-
Heracus XPS spectrometer equipped with an Al K, source
(1486.6 ¢V). The take-off angle for detection was nominally
90° from the surface. The pressure in the main chamber was
less than 5 x 1073 torr during analysis. Spectra of the Sinp,
(90-110 eV binding energy), C;s (276-296 eV binding energy),
Oy (522-542 eV binding energy) regions and survey scans
(0-1000 eV binding energy) were recorded. XPS peak fitting
was performed using the XPSPEAK software (version 4.1).*
In the atomic analysis, atomic sensitivity factors of 0.296,
0.711 and 0.283 were used for carbon (1s), oxygen (1s) and
silicon (2p) respectively.*

Infrared spectroscopy

Silicon (100) plates (15 mm x 55 mm size) were placed
carefully with the polished side of the wafer facing down and
contacted with the flat germanium ATR crystal (50 mm x
10 mm x 3 mm size, 45° bevel angle). The analysis angle was
set to 30° for the variable angle horizontal ATR accessory
(Pike technologies, Inc., USA). The number of reflections in
the crystal was 28. FTIR spectra were measured using a Bio-
RAD FTS-40A spectrometer equipped with a MCT (mercury
cadmium telluride) detector cooled with liquid nitrogen. All of
the spectra were recorded by integrating 256 interferograms in

the wavenumber range (1000-4000 cm ™) with a resolution of
2 ecm ! Reference spectra were obtained using an oxidised
silicon (100) surface because the hydrogen terminated silicon
surface can be contaminated easily by organic chemicals in
air.>® The Ge crystal was cleaned with neat tetrahydrofuran
before every experiment, and the ATR accessory was purged
with dry N, during data acquisition.

Electrochemical measurements

All electrochemical experiments were performed in a specially
designed Teflon electrochemical cell, as described previously.?’
Hydrogen terminated silicon, ester-terminated or aligned
carbon nanotube array modified silicon samples were used as
working electrodes. The active area of working electrode,
which is 0.075 + 0.005 cm? in this work, was defined using an
O-ring pressed down against the silicon samples. The electrical
contact to the silicon working electrode was obtained by
scratching the unpolished side of the wafer with a SiC crystal.
An aluminium foil adhered well to the scratched side and
maintained a stable electrical contact. A platinum mesh was
used as counter electrode and a Ag/AgCl electrode was used as
the reference electrode. The background electrolyte was an
aqueous solution (pH = 6.8) of 0.05 mol L' KCI, 0.05 mol L™
K,HPO, and 0.05 mol L~! KH,PO,. All electrochemical
experiments were performed using Power Lab, model 400s
(AD Instruments, Sydney, Australia) computer-controlled
electrochemical system at room temperature.

Atomic force microscopy (AFM)

Atomic force microscope tapping mode images of hydrogen-
terminated silicon, ester-modified silicon and aligned carbon
array modified silicon were taken in air with a multi-mode
head and Nanoscope IV controller (Digital Instruments, Veeco,
Santa Barbara). Commercially available silicon cantilevers
(FESP-ESP series, Veeco probes, Santa Barbara) with funda-
mental resonance frequency between 70-85 KHz were used.
Topographic (height) and amplitude images were obtained
simultaneously at a scan rate of 1 Hz with the parameters of
set point, amplitude, scan size, and feedback control optimised
for each sample. All images presented represent background
subtracted data using the ‘flatten’ feature in the Digital
Instruments software.

Scanning electron microscopy (SEM)

Prior to the SEM imaging, the sample was sputter-coated with
a 2 nm thick platinum layer. Scanning electron microscope
images were taken with a Philips XL30 Field Emission
Scanning Electron Microscope under 10 kV accelerating
voltage, at Adelaide Microscopy, University of Adelaide,
South Australia. All images were scanned using the slowest
scan mode for improved clarity.

Results and discussion

The steps involved in fabricating the aligned nanotube arrays
on silicon surfaces are illustrated in Fig. 1. Firstly the silicon
oxide layer on a silicon surface is removed via etching in NH4F
solution to give a hydrogen-terminated silicon surface. This

This journal is © The Royal Society of Chemistry 2006

Soft Matter, 2006, 2, 1081-1088 | 1083



Intensity

0 200 400 600 800 1000
Binding Energy (eV)

Fig. 2 X-Ray photoelectron survey spectrum at each step for the
preparation of ethyl undecanoate-terminated silicon (100) surface. (a)
Oxidised silicon after immersing in the piranha solution for 30 min
at 100 °C. (b) Hydrogen-terminated silicon after immersing in the
deoxygenated 40% NH4F solution for 30 min at room temperature. (c)
Ester-terminated silicon after immersion in the ethyl undecylenate for
24 h at 180 °C.

surface is reacted with the alkene, ethyl undecylenate to give
an ethyl undecanoate self-assembled monolayer. The ester
moieties at the end of the ethyl undecanoate are reduced to an
alcohol using sodium borohydride. It is this surface which is
coupled to the carbon nanotubes. Shortened carbon nanotubes
are incubated in DCC which converts carboxylic acid moieties
on the ends and defects on the walls of the SWCNTs to
O-acylisourea intermediates. These reactive intermediates are
susceptible to nucleophilic attack from the alcohol terminated
SAM to give an ester bond. The end result is covalent
attachment of the SWCNTSs to the self-assembled monolayer
modified silicon surface. In the ideal case the SWCNTs
will only attach from their ends to give aligned carbon
nanotube arrays.

X-Ray photoelectron spectra

Fig. 2 shows the X-ray photoelectron survey spectrum at each
step for the preparation of ethyl undecanoate modified silicon
(100) surface. For the oxidised silicon, a strong O, peak at
binding energy 532 eV is observed in addition to Si,s and Sis,

peaks. The high resolution spectrum for Si,,, shows the peak
can be deconvoluted into two peaks at binding energy 98.8 eV
and 102.6 eV. The former is assigned to the single crystal
silicon (100) substrate and the latter is assigned to silicon
dioxide. By calculation, the atomic ratio of O : Si is 1.84 if
only considering the Si,, intensity at 102.6 eV, which indicates
that the silicon surface was completely covered by a SiO, thin
film as expected.

After the oxidised silicon surface was immersed in the
deoxygenated 40% NH4F solution for 30 min, the Oy peak
decreased significantly. Using the total Si,, intensity, rather
than the peak at 102.6 eV attributed to SiO, as above, the
atomic ratio of O : Si is only 0.04 which is reduced from 0.63
in the oxidised sample indicating that the oxygen atoms on
the surface were replaced mostly with hydrogen atoms.
Furthermore, the high resolution Si,, spectrum only reveals
a single peak at binding energy 99.1 eV demonstrating the
removal of the oxide and the formation of hydrogen-
terminated silicon surface.

After the hydrogen terminated silicon was immersed in ethyl
undecylenate at 180 °C for 24 h, the relative intensities of Cj
and Oy, peaks increased significantly compared with the Siy
and Si,, peaks. Fig. 3 depicts the high resolution spectra for
the Si>,, Cis and Oy, regions. From the Si, spectrum (in
Fig. 3(a)), we only find the peak at near 99.6 eV, which is
deconvoluted into two peaks at 99.3 eV and 100 eV using the
XPSPeak software. The former is assigned to the Si 2p;
component and the latter to the Si 2p; component. The Cig
spectrum (in Fig. 3(b)) is deconvoluted into 3 peaks at binding
energy 284.5 eV, 287.1 eV and 288.9 eV. The former peak can be
assigned to the carbons of the alkyl chain and the methyl group
and latter to the C-O and C=O carbons of the ester group,
respectively. The area ratio of the peaksis 11:1: 1 for C-C: C-O:
C=0, which is the expected atomic ratio of carbon atoms in the
alkyl chain and ester group of the ethyl undecanoate molecule.
Furthermore, the atomic ratio of C : O is approximately 13 : 2.9,
which is slightly smaller than the ratio of 13 : 2 expected for the
ester terminated monolayer. The larger than expected oxygen
content may be due to the presence of low levels of silicon dioxide
(which are not detectable in the Si,, narrow scan). This result
provides evidence that the changes in X-ray photoelectron spectra
from curve b to curve ¢ in Fig. 2 come from the formation of an
ethyl undecanoate monolayer on the silicon surface.

Fig. 4 shows X-ray photoelectron survey spectra for the
aligned carbon nanotube array on silicon surfaces for different
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Fig. 3 High resolution X-ray photoelectron spectra of the (a) Si,, (b) Cis and (c) Oy, regions for ethyl undecanoate-terminated silicon surface.
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Fig. 4 X-Ray photoelectron survey spectra for the aligned carbon
nanotube array on silicon (100) surfaces after immersing in the
SWCNT-DMF solution for different times and at different tempera-
tures, where all spectra were normalised relative to the intensity of the
Si,, peak. (a) 24 h, room temperature (b) 48 h, room temperature (c)
7 h, 100 °C.

reaction times and temperatures. As reaction time and
temperature increase, the intensity of C;; and O;y peaks
increases and simultaneously the intensity of Si,g and Si,
decreases. By calculation, the atomic ratio of C : Si for Curve
a, b and c¢ in Fig. 4 are 1.2, 2.9 and 3.2 respectively. This
indicates that more tubes are attached to the silicon surface
with increasing reaction time and temperature.

The relative carbon to silicon intensity in Fig. 4(a)) is lower
than in Fig. 2(c)). This might not be expected as the spectrum
in Fig. 4(a)) is the same surface as in Fig. 2(c)) except
with some carbon nanotubes adsorbed on the top. It is
hypothesised that this change in intensity is due to the fact
that the SAM has been disrupted during the attachment
chemistry. The main effect of this is to create some bare Si
not present when only the SAM layer was adsorbed. This
increases the Si signal hence lowering the C : Si ratio. This
interpretation is supported by the electrochemistry results later
in this section.

Infrared spectroscopy of the shortened SWCNT array on silicon
surface

The FTIR spectrum of the Si substrate is shown for each
stage of the process in Fig. 5. The peaks in both the ethyl
undecanoate (Fig. 5(a)) and alcohol terminated surface
(Fig. 5(b)) are the expected peaks for those molecules. The
IR spectrum of the surface after formation of the ethyl
undecanoate monolayer shows the asymmetric and symmetric
methylene stretching vibrations at 2937 and 2874 cm ™! respec-
tively and the carbonyl stretching vibration at 1735 cm™ .
Reduction of the terminal ester groups of the monolayer to an
alcohol result in the disappearance of the carbonyl stretch
while the methylene stretching vibrations are still detectable.
The presence of carboxylic acid groups for the covalent
coupling of the nanotubes to the monolayer was confirmed by
FTIR spectroscopy of SWCNTs shortened in a mixture of
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Fig. 5 ATR IR spectra at various stages of substrate production. (a)
Ethyl undecanoate surface, (b) alcohol terminated surface and (c)
aligned SWCNT array.

sulfuric and nitric acid for 8 hours. The spectrum for the
shortened SWCNT array modified silicon surface is shown in
Fig. 5(c). The peak at 1710 cm ™! is attributed to v(C=0) in the
functionalised nanotubes while that at 1643 cm ™' is due to
quinone type units along the side walls of the nanotubes.*®*
These assignments are supported both by the IR spectrum of
unattached nanotubes*® and the fact that they are not present
until the nanotubes are added. Upon adsorption onto the
surface the v(C=0) peak shifts to slightly lower wavenumbers
(1720 cm ™! versus 1710 ecm ™! in the adsorbed state). This has
been observed previously and is attributed to increased
hydrogen bonding.*®*' Given the condensation of the nano-
tubes into a densely packed self assembled layer, it is not
surprising to see an increase in intermolecular interactions.

Atomic force microscopy and scanning electron microscopy

Fig. 6 and 7 show AFM and SEM images respectively of the
aligned carbon nanotube array on the silicon surface after the
alcohol-terminated silicon was immersed in the SWCNT-
DMEF solution for varying periods of time. Before adsorption
of shortened SWCNTs, both the hydrogen-terminated and
ethyl undecanoate modified silicon pieces show flat surfaces.
After absorption, round protrusions are clearly observed on
the silicon surface. The characteristics of the observed
nanotubes are summarised in Table 1. As expected, the surface
coverage increases with time and the values determined by
AFM and SEM are in very good agreement with each other. In
addition, the average length and size of the observed nanotube
bundles also increase with time. The increase in feature length
and thickness is attributed to the initially attached nanotubes
acting as sites for subsequent tubes to adsorb to the surface.
That is, once a nanotube is coupled to the surface, subsequent
nanotubes can adhere to the sides of the attached nanotube.
The consequence will be not only an increasing diameter but
also increased length of features due to the distribution of
nanotube lengths and the new tubes being able to adsorb at
any point along the length of the coupled nanotubes.
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Fig. 6 AFM images of aligned carbon array on silicon surfaces after the alcohol-terminated silicon was immersed in the SWCNT-DMF solution
for different times at room temperature. (a) 4 h (b) 24 h (c) 48 h. Arrows indicate nanotubes lying horizontally on the substrate.

a)

Fig. 7 SEM images of aligned carbon array on silicon surfaces after the alcohol-terminated silicon was immersed in the SWCNT-DMF solution
for different times at room temperature. The scale bar is | um. (a) 4 h (b) 24 h (c) 48 h. Arrows indicate nanotubes lying horizontally on the

substrate.

Table 1

Characteristics of features observed after attachment of carbon nanotubes

Fraction of surface covered

Characteristics of nanotube bundles

Reaction Average diameter Average diameter Average Maximum

time/h AFM SEM from AFM/nm from SEM/nm height/nm height/nm
4 0.11 0.099 111 91 3.0 28

24 0.42 0.41 250 115 49 175

48 0.87 0.70 292 123 65 204

The diameter of nanotube bundles measured by AFM is
larger than that measured by SEM. This is not unexpected and
is due mostly to the convolution of the tip diameter with the
features being observed. In addition, at higher coverages it is
difficult for the tip to fully resolve bundles in close proximity
and hence some bundles are not separated in the images
leading to larger average sizes.

The heights observed for the protruding nanotubes are
considerably shorter than the known distribution of lengths of
the cut nanotubes which for 8§ hours cutting have an average
nanotube length of 380 nm and a maximum observed length of
about 850 nm. This has been observed previously by various
workers.?®*1> All the SEM images and the 24 hour AFM
images show features which are ascribed to nanotubes lying
down (as indicated by arrows in Fig. 6 and 7). There are
several possible explanations for this observation but the most
likely is that the nanotubes have not only end functionalisation
but side wall functionalisation as well. The cutting procedure
used in these experiments is quite a strong oxidising environ-
ment known to create side wall defects.*® The observation of a
strong quinone peak in the IR spectrum of the cut nanotubes
indicates that sidewall functionalities exist. The outcome of all

these factors is that many of the nanotubes will be lying down
on the substrate.

It is perhaps surprising that the nanotubes lying down are
not observed in the AFM images at the highest coverage even
though the SEM images clearly show their presence. The
horizontal tubes are obvious in both AFM and SEM for the
24 hour reaction. The lack of an observation in the 48 hour
AFM image is due to both the increased coverage and height
of the features. Both these factors mean it is more difficult for
the tip to reach the substrate between features and resolve any
nanotubes lying on the substrate. As seen in the SEM image, it
is possible that nanotubes could be lying across the top of
previously deposited vertical bundles. The roughness of the
surface caused by bundles of various lengths makes it very
difficult to observe these nanotubes using AFM.

Cyclic voltammograms

To further understand the electrochemical reactivity of
different silicon surfaces, we investigated their cyclic
voltammetric behaviour in phosphate buffer solution.
Fig. 8 shows three successive cyclic voltammograms of the
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Fig. 8 Successive cyclic voltammograms of different silicon surfaces in phosphate buffer solution (scan rate 100 mV s~ '); (a) hydrogen-terminated
silicon, (b) ethyl undecanoate-terminated silicon and (c) the aligned carbon nanotube array terminated silicon after immersing in the SWCNT—

DMEF solution for 24 hours at room temperature.

hydrogen-terminated silicon, ethyl undecanoate modified
silicon and aligned carbon nanotube array modified silicon
surfaces. It can be seen that the hydrogen terminated silicon
has the highest peak current density at the first cycle, which is
0.7 mA cm 2 appearing at 0.7 V. The oxidation current is
assigned to the formation of SiO, film on the surface. With
increasing time, the SiO, film thickens. Because the SiO, is
insulating, the oxidation current decreases with cycle number.

The cyclic voltammograms for the ethyl undecanoate
modified and aligned carbon nanotube array modified silicon
surfaces show significant blocking of the oxidation current.
The currents for both are one order magnitude less at the first
cycle than that of the hydrogen terminated surface. The
aligned carbon nanotube array modified silicon exhibits
slightly larger charge density in the anodic direction of the
first cycle relative to the ethyl undecanoate modified surface
(0.279 mC cm 2 integrated current for the nanotube surface
versus 0.223 mC cm ™2 for the ethyl undecanoate modified
surface). However, the aligned nanotube array exhibited a
faster decrease in current density with increasing cycle number.
For example, the integrated current for the second cycle was
0.0917 mC cm 2 for the nanotube modified surface whilst
it was 0.115 mC cm ™2 for the ester surface. For the ester
modified silicon, because the monolayer is orderly and regular,
the dissolved oxygen can only reach the silicon substrate with
some difficultly to oxidise the hydrogen atoms. After the
adsorption of shortened SWCNTSs, the SAM layer appears to
be disrupted as evidenced both by the higher initial current and
its more rapid decay. This is certainly partially because the
carboxylic groups at one end of the shortened SWCNT
(1.4 nm in diameter) can react with more than 8 alcohol
molecules and hence the SAM may become more disordered.

Additionally, some nanotubes could simply penetrate the
SAM to maximise van der Waals forces between the hydro-
phobic walls of the nanotubes and the non-polar alkyl chains
of the SAM. In this way, the nanotubes would form
conducting channels through the SAM and cause more rapid
oxidation of the underlying silicon compared with the SAM
alone as observed. Some evidence for carbon nanotubes
disrupting and penetrating a long chain alkanethiol SAM
comes from an electrochemical study of aligned carbon
nanotubes assembled onto a gold electrode modified with an
11-amino-n-undecylmercaptan SAM.** A SAM of this length
would normally be expected to passivate the electrode

significantly but after assembly of the nanotube array the
electrochemistry is reminiscent of an electrode where the SAM
is absent. If the integrity of the SAM was maintained its
passivating ability would still be evident.

Conclusion

Carbon nanotubes have been successfully attached to a silicon
substrate via the covalent attachment of a self-assembled
monolayer. The amount of nanotubes observed increases
with reaction time as expected and the nanotubes appear
to form bundles consistent with other observations.
Electrochemistry has been used to determine the passivation
of the electrode both before and after the addition of
nanotubes. This passivation means that the approach of
attaching nanotubes to Si using long-chain SAMs will not be
appropriate as a means of transferring electrons from a
reaction site, such as in a redox protein, to the substrate via
vertically-aligned nanotubes.
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