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A new approach for the attachment of vertically-aligned shortened carbon nanotube architectures
to a silicon (100) substrate by chemical anchoring directly to the surface has been demonstrated
for the first time. The ordered assembly of single-walled carbon nanotubes (SWCNTSs) was
accomplished by hydroxylating the silicon surface followed by a condensation reaction with
carboxylic acid functionalised SWCNTSs. This new nanostructure has been characterised by X-ray
photoelectron, Raman and Fourier transform infrared (FTIR) spectroscopy as well as scanning
electron and atomic force microscopy. The assembly behaviour of SWCNTs onto the silicon
surface shows a fast initial step producing isolated functionalised carbon nanotubes or nanotube
bundles anchored to the silicon surface followed by a slower step where the adsorbed nanotubes

grow into larger aggregates via van der Waals interactions between adsorbed and solvated
nanotubes. The electrochemical and optical properties of the SWCNTs directly attached to silicon
have also been investigated. These new nanostructures are excellent electrochemical electrodes.
They also fluoresce in the wavelength range 650-800 nm. The successful attachment of the
SWCNTs directly to silicon provides a simple, new avenue for fabrication and development of
silicon-based nanoelectronic, nano-optoelectronic and sensing devices. Compared to existing
techniques, this new approach has several advantages including low operating temperature, low

cost and the possibility of further modification.

Introduction

Single-walled carbon nanotubes (SWCNTs) are elongated
members of the fullerene family.!> These one-dimensional
molecular structures have recently become the focus of intense
multidisciplinary study due to their unique structure, chirality-
dependent conductivity, high mechanical strength and good
chemical stability. These properties make carbon nanotubes
excellent candidates for electron field emission sources,>®
scanning probe tips,”® nanoelectronic devices,'® ! energy
storage devices'®'® and actuators,'® as well as chemical and
biochemical sensors.’*>> However, most of these potential
applications require surface-mounted aligned carbon nano-
tube arrays grown with large-scale control of location and
orientation.>> 2’ In this regard, many efforts have been under-
taken to fabricate highly oriented carbon nanotubes on device
surfaces based on direct growth by chemical vapor deposition
and self-assembling techniques.*>->326-27

The direct patterned growth of aligned carbon nanotube
arrays has been widely explored and successfully developed

“ School of Chemistry, Physics and Earth Sciences, Flinders
University, Bedford Park, SA 5042, Australia. E-mail:
Joe.shapter@flinders.edu.au; Tel: +61 8 82012005

b Ian Wark Research Institute, University of South Australia, Mawson
Lakes, SA 5095, Australia

t The HTML version of this article has been enhanced with colour

images.

using chemical vapour deposition techniques. However, these
methods have limitations with regard to large-scale applica-
tions because of the high growth temperature required,*2°
poor adhesion between nanotubes and substrates,’ success
only for multi-walled carbon nanotubes®® and the closed ends
of carbon nanotubes.’ Clearly, the high growth temperature
makes positioning carbon nanotubes onto temperature sensi-
tive substrates such as integrated circuit (ICs) impossible. In
addition, poor adhesion results in long term reliability issues
and high contact resistances.” Due to the capped ends of the
nanotubes, further chemical modification will be difficult
because continued processing of surface-mounted nanotubes
may have a detrimental effect on the substrate itself.

Several methods have been developed for alkanethiol self-
assembled monolayer (SAM) immobilisation onto metal sur-
faces and these have proved to be particularly powerful for
SWCNT integration at low temperature.>>?’>°> However,
their widespread technological application is uncertain due
to issues related to the long-term stability of alkanethiols on
gold surfaces. Dynamic studies of alkanethiols on gold sur-
faces have revealed several serious disadvantages in the
thiol-gold chemistry. Of particular concern is thermal instabil-
ity,‘%’37 the influence of UV photoxidation,38 evidence of
changing structures over time,>”-* instability in solution, gold
etching and adsorbate—solution interchange.® Critical evi-
dence of the maturation of alkanethiol SAMs films has shown
that over a period of several months in air, dramatic changes
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occur in both the film structure and integrity due to oxidation
processes.>’®

It is for these reasons that recent attention has been focused
on the covalent attachment of carbon nanotubes to surfaces.
For example, Jung et al.>*>*® has reported a novel method for
producing high density carbon nanotube arrays through the
formation of an amine terminated surface by treatment of a
glass surface with an aminosiloxane followed by subsequent
attachment of shortened carbon nanotubes via a condensation
reaction between amine and carboxylic acid groups. These
SWCNT layers have excellent surface adhesion because of
their strong chemical bonding to the substrate. A disadvantage
of this approach is the presence of the intervening SAMs
which is an impediment in situations where electron transduc-
tion to the substrate is desirable.

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 im-
portance. We have previously reported the preparation of
well-aligned carbon nanotube arrays on silicon (100) surfaces
by reaction of a hydride-terminated silicon (100) with ethyl
undecylenate to give SAMs that were linked by stable sili-
con—carbon covalent bonds.*' The ester terminus of the
monolayer was subsequently converted to an alcohol where-
upon shortened carbon nanotubes were covalently attached
using carbodiimide coupling. However, the presence of the
SAM of organic material is expected to hinder electron trans-
port between carbon nanotubes and the underlying silicon
substrate. In addition, the deformation and distortion of the
self-assembled molecules will give rise to non-alignment of
carbon nanotube layer.

Thus we have been actively seeking methods to covalently
attach carbon nanotubes to silicon without the use of inter-
mediate molecules and this led us to hydroxyl terminated
silicon as a potential substrate. The properties of hydroxyl
terminated silicon are well known**** and a standard proce-
dure has already been established for its preparation.***> The
purpose of this paper is to demonstrate for the first time the
attachment of shortened carbon nanotubes onto a silicon (100)
substrate by direct chemical anchoring to produce a vertically
aligned architecture. This is achieved by a condensation reac-
tion between surface hydroxyl groups and carboxylic acid
groups on the carbon nanotube. The preparation of the
SWCNTs directly attached to a silicon surface was charac-
terised using X-ray photoelectron (XPS) and Raman spectro-
scopies, Fourier transform infrared spectroscopy (FTIR),
atomic force microscopy (AFM) and scanning electron micro-
scopy (SEM) whereupon the formation mechanisms of nano-
tube arrays and their resultant electrochemistry and optical
properties can be studied unambiguously.

Experimental
Preparation of SWCNTs directly attached to silicon (100)

Fig. 1 shows the schematic representation of the preparation
of SWCNTs directly attached to silicon. Highly boron doped
p-type silicon (100) wafers (0.5 mm thickness, 1 mQ cm
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Fig. 1 Schematic representation of the preparation of SWCNTSs
directly attached to silicon.

resistivity and polished on one side) were purchased from
Virginia Semiconductor, Inc. USA. The surfaces (0.5 X
0.5 cm? size) were ultrasonically cleaned in acetone (99.5%,
Merck) for 30 s and flushed with copious amounts of Milli Q
water (18 MQ cm). Subsequently the silicon pieces were
immersed first into a 1 : 1 : 5 mixture of 30% NH,OH
(Sigma-Aldrich), 30% H,0, (Sigma-Aldrich) and Milli Q
water (18 MQ cm) for 15 min at 80 °C, followed by immersion
intoal:1:5 mixture of 36% HCI (Ajax Finechem), 30%
H,0, (Sigma-Aldrich) and Milli Q water (18 MQ cm) for 15
min at 80 °C.** The hydroxyl terminated silicon was incubated
in a DMSO (99.9%, ACS Spectrophotometric Grade, Sigma-
Aldrich) solution containing both 0.1 mg mL™" dicyclohexyl
carbodiimide (DCC, 99%, Aldrich) and 0.12 mg mL~" func-
tionalised carbon nanotubes. The nanotubes are RFP-
SWCNT from Carbon Solutions, Inc. USA cut for 8 h in
mixed acid as described previously?”*' and suspended in
DMSO. The silicon substrates are exposed to the nanotube
solution for different exposure times to give carbon nanotubes
directly attached to silicon surfaces. After exposure, the
samples are rinsed in copious amounts of acetone to remove
any unbound reagents.

X-Ray photoelectron spectroscopy measurements

X-Ray photoelectron spectra were obtained using an Axis
Ultra (Kratos Analytical, UK) XPS spectrometer equipped
with an Al Ko source (1486.6 eV). The take-off angle for
detection was nominally 90° from the surface. The pressure in
the analysis chamber was less than 5 x 10~% Torr during
analysis. Spectra of the Si, (90-110 eV binding energy),
Cys (276-296 eV binding energy) regions and survey scans
(0-1000 eV binding energy) were recorded. The analysis of
high-resolution XPS peaks was performed using the computer
aided surface analysis for X-ray photoelectron spectroscopy
(Casa XPS) software with 30% Lorentzian and 70% Gaussian
functions and using a Shirley baseline subtraction. 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.*
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Atomic force microscopy

Atomic force microscope tapping mode images 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 fundamental resonance frequency be-
tween 70-85 KHz were used. Topographic (height) and am-
plitude 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

Scanning electron microscope images were obtained with a
Philips XL30 field emission scanning electron microscope,
with an accelerating voltage as indicated in each image (Acc
V). Prior to the SEM imaging, the sample was sputter-coated
with a 2 nm thick platinum layer. All images were scanned
using the slowest-scan mode for improved clarity.

Fourier transform infrared spectroscopy

Silicon (100) plates (15 mm x 55 mm size) were placed
carefully with the polished side of the wafer facing down in
direct contact 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 is 28. FTIR spectra were measured using a Bio-
RAD FTS-40A spectrometer equipped with a mercury cad-
mium telluride (MCT) detector cooled with liquid nitrogen.
All spectra were recorded by integrating 128 interferograms in
the wavenumber range 1000—4000 cm~' with a resolution
2 em~'. Reference spectra were obtained using a hydroxyl
terminated silicon (100) surface. The germanium crystal was
cleaned with neat 2-butanone before every experiment and the
ATR accessory was purged with high purity N, during data
acquisition.

Raman spectroscopy

A commercial Raman microscope (Renishaw Ramascope
System 1000) was used to collect Raman scattered light. The
system consists of a single spectrograph fitted with holo-
graphic notch filters and a Peltier cooled CCD detector upon
which the Raman spectrum is dispersed. The spectrograph is
coupled to a Leica microscope (DMLM) with computer
controlled sample stage, rigidly fixed to the spectrograph
baseplate. The spectrometer has a maximum lateral resolution
of 2 um and depth resolution of 2 mm; however, the effective
field of view was increased to allow signal collection from a
larger area. The spectrometer is equipped with three lasers for
use in the standard normal incidence sampling geometry: 532,
633, and 785 nm. The two visible wavelengths deliver around 5
mW of power to the sample, whereas the 785 nm laser delivers
around 100 mW. The 785 nm laser (Renishaw-badged com-
pact diode laser) was used for the spectra reported in this
work, and was focused onto the sample using a x50 objective
(Leica, NA = 0.75). The 785 nm laser produces a line focus at

the sample, increasing the area analysed during acquisition.
Calibration of the instrument was checked with the emission
lines of a neon lamp.

Fluorescence spectroscopy

A Cary Eclipse fluorescence spectrometer equipped with a
solid sample holder accessory was used to investigate the
fluorescence properties of the carbon nanotube modified
silicon surface. Hydroxyl terminated silicon (100) was used
as a reference surface. The fluorescence emission spectra were
obtained by exciting at 440, 473 and 510 nm, respectively, with
both excitation and emission slit widths of 20 nm.

Electrochemical measurements

All electrochemical experiments were carried out in a specially
designed electrochemical cell shown in Fig. 2. The hydroxyl
terminated silicon or the well-aligned carbon nanotube mod-
ified silicon were used as the working electrode. The electrical
contact to the working electrode was maintained by scratching
the unpolished side of the wafer with a SiC crystal and
adhering freshly polished aluminium foil to the scratched side.
A polypropylene pipette (~1 mL) tip, containing a platinum
wire counter electrode, a bare silver wire (Ag " /Ag) reference
electrode and electrolyte solution, was pressed down against
the silicon samples. 0.1 mol L' TBAP (98%, tetrabutylam-
momium perchlorate, Fluka)-CH3;CN (Isocratic HPLC grade,
Scharlau Chemie) solutions with and without 0.1 mmol L™!
ferrocene (98%, Aldrich-Sigma) were used as the electrolyte
solutions. Because a very small working electrode area is
involved, the RC time constant of the electrochemical cell
can be shortened considerably so that the fast kinetic events
can be accurately measured. Compared to the electrochemical
cell reported by Bocian er al.,*’ the electrochemical cell
described here has some distinct advantages, such as the
simplicity and low fabrication costs as well as the application
of a three electrode system as opposed to the two electrode

Fig. 2 Schematic diagram of the specially designed electrochemical
cell. (1) Modified retort stand, (2) aluminium foil, (3) silicon working
electrode, (4) organic electrolyte, (5) polypropylene pipette, (6) plati-
num wire winding counter electrode, (7) PTFE tubing for insulation
between the silver and platinum wire, (8) bare silver wire reference
electrode.

512 | Phys. Chem. Chem. Phys., 2007, 9, 510-520

This journal is © the Owner Societies 2007


http://dx.doi.org/10.1039/B615096A

Downloaded on 23 November 2010
Published on 01 December 2006 on http://pubs.rsc.org | doi:10.1039/B615096A

View Online

O
si, 5= Cu N
2p | J
i \
| M) i O Auger
\““-M_"Wu \f\“‘*'»'\/\.‘wm—-ﬁ A
R SO SR | ¥
>
<
2
i
c
2
=
. , : , . r , T .
0 200 400 600 800 1000

Binding energy (eV)

Fig. 3 A series of X-ray photoelectron survey spectra for carbon
nanotubes directly attached to silicon (100) surfaces after hydroxyl
terminated silicon surfaces were immersed in a functionalised carbon
nanotubes—-DCC-DMSO suspension for different exposure times at
80 °C. All spectra are normalised relative to the intensity of the Siy,
peak. (a) 0, (b) 1.3, (3) 10.5, (d) 20, (e) 40, (f) 60, (g) 80 and (h) 100 h.

system used in ref. 45. All electrochemical experiments were
performed inside a dry-box filled with high purity N, using a
BAS 100B Electrochemical Analyser at room temperature.

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 the silicon surface is removed in a two step
process to give a hydroxyl terminated silicon surface. This
surface is reacted with functionalised nanotubes which have
been activated by incubation in DCC which converts car-
boxylic acid moieties on the ends and defects on the wall of the
SWNTs to carbodiimides. The carbodiimides are susceptible
to nucleophilic attack from the alcohol terminated silicon to
give an ester bond. The end result is covalent attachment of
the SWCNTs directly to the substrate. In the ideal case, the
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SWCNTs will only attach from their ends to give aligned
carbon nanotube arrays. The experiments described herein
probe the physical, chemical and electronic structure of the
newly formed interface which sees SWCNTs directly attached
to silicon.

X-Ray photoelectron spectra

The attachment of shortened nanotubes to the surface was
achieved by immersing hydroxyl terminated silicon in a sus-
pension of DCC and functionalised nanotubes in DMSO at
80 °C for various times. Shown in Fig. 3 are a series of X-ray
photoelectron survey spectra for surfaces exposed to the
nanotube solutions for various lengths of time.

In the case of the parent hydroxyl terminated silicon (100)
surface (curve a in Fig. 3), Si 2s, Si 2p, O 1s and oxygen Auger
peaks are observed at binding energies of 99.5, 151.5, 531.6
and 979.5 eV, respectively. After being exposed to the func-
tionalised carbon nanotubes for different times, a peak at
binding energy 285 eV appears which is due to the presence
of carbon. In addition, the size of this C; peak increases with
increasing exposure time indicating an increased amount of
carbon on the surface. The absence of N 1s peaks for any
exposure time indicates the complete removal of DCC in the
post exposure rinse.

Fig. 4 depicts typical high resolution C 1s and Si 2p X-ray
photoelectron spectra of a silicon sample with SWCNTs
directly attached. From the Si 2p spectrum (Fig. 4a), two
peaks at binding energies of 102.7 and 99.0 eV are observed.
The former is assigned to the oxidised or hydroxylated silicon
surface. The peak at 99.0 eV is from the substrate, which is
deconvoluted into peaks at 99.5 and 98.9 eV. Typically the
peak at 99.5 eV is assigned to Si 2p, , while the peak at 98.9 eV
is assigned to Si 2p3/2.48‘49 The C 1s peak (shown in Fig. 4b)
exhibits five distinct components; namely at 284.6, 286.1,
287.4, 289.1 and 290.7 eV according to the deconvolution
using Casa XPS software. In accordance with XPS peak
assignments for functionalised carbon nanotubes previously
adopted by Okpalugo er al.,>® the following bonds were
assigned: 284.6 eV (sp> C=C/sp> C-C), 286.1 eV (C-O),
287.4 eV (C=0) and 289.1 eV (—COO). The peak at 290.7
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Fig. 4 High resolution (a) Si,, and (b) C;; X-ray photoelectron spectra for the SWCNTs directly attached to silicon with 24 h exposure time

at 80 °C.
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Fig. 5 Dependence of the atomic ratio of C : (C + Si) on exposure
time determined from XPS data.

eV is assigned to the m band shake-up satellite for C 1s in
shortened carbon nanotubes, which involves the energy of ©
— 7* transition.*®>° This shake-up transition is due to the fact
that carbon nanotubes have been functionalised using an
oxidising mixture of strong acids before the surface attach-
ment and hence they still have various oxygen containing
functional groups at their free ends.

Based on the X-ray photoelectron survey spectra shown in
Fig. 3, the peak area ratio of C : (C + Si) has been calculated,
where all 5 components of C 1s and the substrate Si 2p peak
(at 99 eV) were involved in area calculation (after correction
for elemental sensitivity). The intensity of C 1s in the XPS
spectrum is indicative of the amount of SWCNTSs that are
present on the silicon substrate and hence it can be exploited to
investigate the assembly behaviour of SWCNTs. Fig. 5 de-
monstrates the C : (C + Si) ratio dependence on the time that
the substrate is exposed to the nanotube solution. The line in
Fig. 5 is not a fit to the data, but rather is included to simply
guide the eye. It is apparent that the ratio of C : (C + Si)
increases sharply in the first 5 h and then slowly with exposure
time, which indicates two different assembly behaviours.
When Diao and Liu?® investigated the assembly kinetics of
SWCNTs on alkanethiol-modified gold surfaces, they reported
a similar trend based on the dependence of the G-line intensity
in polarised Raman spectra on the assembly time. Compared
to their results, our analysis of the second stage kinetics (as per
Fig. 5) for the assembly of SWCNTs onto hydroxyl terminated
silicon exhibits a slightly faster rate. Moreover, even at long
exposure times (100 h), the assembly process had not reached
‘saturation’ and further attachment at longer exposures still
appears to be possible.

A likely explanation for the observed adsorption behaviour
lies in the fact that the assembly of SWCNTSs in the first stage
of the process is controlled by the surface condensation
reaction. In detail, isolated functionalised carbon nanotubes
or nanotube bundles anchor to the silicon surface separately.
After the stage of attachment through chemisorption, the
assembly of SWCNTs is driven by van der Waals interactions
between the hydrophobic side walls of the anchored nanotubes
and those still in solution to form larger aggregates. At higher
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Fig. 6 Infrared spectrum for the SWCNTs directly attached to a
silicon (100) surface, where the hydroxyl terminated silicon was
exposed to a SWCNT-DMSO suspension for 24 h at 80 °C.

coverages, it would be expected that steric hindrance of
anchored SWCNTs will limit access to the free SWCNTSs in
the suspension®® hence slowing growth. This is the second
stage of the observed growth process.

Infrared spectroscopy

Infrared spectroscopy has been used to verify and follow
specific chemical functionalities. The spectrum for the
SWCNTs directly attached to the silicon surface is presented
in Fig. 6. IR measurements (and associated peak assignments)
of functionalised nanotubes have been reported pre-
viously.>'>2 Of particular relevance is the peak at 1708 cm™!
(attributed to (C=O0) in the functionalised nanotubes) and
the peak at 1647 cm ™' (attributed to quinone type units along
the side walls of the nanotubes).>!** The peak due to (C=0)
in the carboxylic acid groups is observed at 1720 cm™! for
unattached nanotubes.>® Upon adsorption onto the surface
the (C=O0) peak shifts to lower wavenumbers (1720 cm™"
versus 1708 cm™"') in the adsorbed state. This shift has been
observed previously and is attributed to increased hydrogen
bonding.’"** The peak observed at 3600 cm ™' is due to the
OH groups of the carboxylic acid groups on the unreacted end
of the nanotubes. The OH stretch observed at 3600 cm™' is
very broad, most likely due to hydrogen bonding. After the
condensation of the nanotubes into bundles on hydroxyl
terminated silicon, it is not surprising to see an increase in
intermolecular interactions leading to increased hydrogen
bonding and hence a broad peak.

Raman spectroscopy

Fig. 7 shows typical Raman spectra of the hydroxyl termi-
nated silicon and SWCNTSs directly attached to silicon (pre-
pared with 24 h exposure at 80 °C). For the hydroxyl
terminated silicon, only a broad band at 950 em™!, which is
due to bulk silicon, was observed. In contrast, the SWCNTs
directly attached to silicon spectrum has two resonance-en-
hanced Raman bands present; the so-called ‘D’ band at 1314
ecm~! and so-called ‘G’ band at 1595 cm™'. The difference
spectrum (shown as curve (¢) in Fig. 7) highlights these bands.
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Fig. 7 Typical Raman spectra using a 4 = 785 nm laser line for
hydroxyl terminated silicon (a) and SWCNTs directly attached to
silicon (b), where the SWCNTSs directly attached to silicon was
prepared by exposure in SWCNTs—-DMSO suspension for 24 h at
80 °C. Curve (c) is the difference spectrum obtained by subtracting
curve (a) from curve (b).

The two peaks appearing in spectrum (c) are well-known as
the tangential band (G band) and the disorder-induced band
(D band) for SWCNTs.>> ¥ The G band provides information
about the chirality of SWCNTSs, where different chiralities lead
to either semiconducting or metallic nanotubes. The G band
can be further deconvoluted into two peaks, G™ and G,
using Lorentzian peaks. The Raman shifts of these peaks are
measured to be 1595 and 1570 cm ™', respectively. The laser
excitation energy (Ejaser 1.58 eV 4 = 785 nm) employed in
these experiments lies directly between the dominant excita-
tion energies for both metallic (1.7 eV < Ejer < 1.9 €V) and
semiconducting (above 2.2 eV or below 1.5 ¢V)*” nanotubes. It
would be expected that both types of nanotubes could be
identified if they were present.

Analysis of the peak areas reveals that the G peak area is
slightly greater than that of the G~ peak, by approximately
10%. Although the linewidth of the G~ peak is about 33 cm ™",
which is broader than that of the G* peak, the G~ peak does
not have a Breit-Wigner—Fano (BWF) lineshape (broad and
asymmetric). This indicates that the carbon nanotubes at-
tached to the silicon surface in this work exhibit considerable
semiconducting character.”> RFP-SWCNTSs produced by an
electric arc technique are generally a mixture of metallic and
semiconducting nanotubes.”® Indeed, for the raw material
used in this work, the G™/G~ ratio is found to be 0.73
indicating a greater amount of metallic nanotubes in the
starting material than in the attached nanotubes. The increase
in semiconducting nature of the attached nanotubes must be
due to the fact that the RFP-SWCNTs were exposed to
concentrated mixture of 3 : 1 H,SO,~HNO; for 8 h before
they were reacted with the hydroxyl terminated silicon surface.
This oxidising process will create many defects in the carbon
lattice of the nanotube’s sidewalls which will lead to a greater
semiconducting character of the SWCNTs that have been
subjected to chemical oxidation. As these nanotubes are used
in the attachment reaction, the observed increased semicon-

ducting character of the attached nanotubes is exactly what is
expected.

The ‘D’ band in the Raman spectrum, on the other hand,
provides information on nanotube purity and the integrity
(i.e. how ordered) of the nanotube’s graphene structure, as the
size of the peak gives an indication of the amount of amor-
phous and poorly organised material present in the sam-
ple.>*® Previous reports involving the study of the relative
amounts of amorphous and ill-organised carbon have used the
peak area ratio of D/G using the total G band intensity. In
Fig. 7c, the ratio of D/G was calculated to be 0.31. The D/G
ratio observed for the unmodified nanotubes used as the
starting material in these experiments was measured to be
0.08. In other work in the literature, ratios as small as 0.01 for
isolated as-prepared SWCNTs,® and 0.1 for vertically-aligned
SWNCT arrays prepared by molecular beam-controlled nu-
cleation and growth® have been reported. The larger D/G
value for the SWCNT nanostructure in this work can be
attributed to the defects on the sidewall of the carbon nano-
tubes caused by the cutting process. These defects in effect
disrupt the ordering of the carbon atoms in the nanotubes and
hence lead to increased intensity in the D band.

Atomic force and scanning electron microscopy

Microscopy has been used to probe the morphology of the
surface at each step of the fabrication process. Fig. 8 shows
tapping mode AFM images as well as an SEM image of silicon
substrates exposed to the SWCNTs solution for various
exposure times. Before attachment of functionalised carbon
nanotubes, the hydroxyl terminated silicon pieces are observed
to be very flat surfaces. However, after the surface condensa-
tion reaction, protrusions are clearly observed in AFM images
(Fig. 8a—c). Similar carbon nanotube islands are also observed
in SEM images (Fig. 8d). At the short exposure times (e.g. 2 h,
shown in Fig. 8a), well separated carbon nanotube islands can
be seen separated by large areas of bare silicon surface. As the
exposure time increases, both the number and size of carbon
nanotube islands appear to increase. The coverage for different
exposure times has been measured to be 36% after 2 h
exposure; 85% after 20 h exposure and 90% after 100 h
exposure using AFM data, and 33.4% after 2 h exposure
using SEM data. The coverage obtained by AFM for 2 h
exposure is in good agreement with that obtained by SEM.
The average island diameters are ~95 nm for 2 h exposure;
~ 110 nm for 20 h exposure; and ~ 140 nm for 100 h exposure;
as measured via AFM. When determined from the SEM data
for the 2 h sample, the average island diameter is found to be
~67 nm. The observed increase in diameter as a function of
exposure time is consistent with the formation of nanotube
bundles. Moreover, as one would expect, the average diameter
at a given exposure when determined from AFM images is
larger than that from SEM, due to tip convolution effects
that are inherent in the AFM technique. The average (and
maximum) height was also measured vie AFM, and found
to be 22.9 nm (41.1 nm) after 2 h exposure; 29.8 nm (72.0 nm)
after 20 h exposure; and 35.5 nm (101.5 nm) after 100 h.
Again, the trend shows an increasing height with reaction
time, as one would expect. The separated SWCNTSs islands
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Fig. 8 Tapping mode AFM and SEM images for the SWCNTs directly attached to silicon surfaces after different exposure times at 80 °C, where
(a) 2, (b) 20 and (c) 100 h exposure time images were obtained by AFM with scan size | um x 1 pm, and (d) 2 h exposure time obtained by SEM

(scale bar shown in image).

shown in Fig. 8a and d support the island growth model
presented earlier.

In direct contrast to our earlier work using a SAM to attach
nanotubes to silicon substrates, the AFM results presented
here show very few nanotubes lying horizontally on the
substrate.*! This extra element of orientational control is
governed by the hydrophilic nature of the hydroxylated sub-
strate, which makes interactions with the hydrophobic side

0.8+ (]

0.6+

0.4

0.2

e

0.0

Normalised AFM SWCNT amounts

20 40 80 80 100
Exposure time (hrs)

P

Fig. 9 The dependence of normalised AFM SWCNT amounts on
exposure time, where AFM SWCNT amount is defined by the product
of AFM surface coverage and average height of SWCNTs.

walls of the nanotubes very unfavourable. In the case of the
SAM, the aliphatic section of the molecules seems to have
given the surface enough hydrophobic character to allow
sidewall interactions.

In order to quantitatively estimate the total ‘volume’ and
thus the amount of nanotubes successfully attached to the
surface, the product of AFM determined averages of coverage
and height was calculated. This method is deemed more
accurate than surface coverage alone as it best defines the
total amount of material deposited. Fig. 9 shows the depen-
dence of normalised AFM SWCNT amounts on exposure
time. The observed growth is in good agreement with the
results obtained by XPS (Fig. 3) further supporting the
assembly mechanism of SWCNTs onto the silicon surface.

Fluorescence spectroscopy

Fluorescence spectroscopy was employed to further verify the
successful attachment of SWCNTs. Following excitation at
various wavelengths between 440-510 nm, SWCNTs directly
attached to a silicon surface exhibit fluorescence in the wave-
length range from 650-800 nm. The excitation spectrum for
this nanostructure shows peaks at 442, 473, 513, 563 and
594 nm. Exciting the system at different wavelengths yields
fluorescence shifted well to the red of the excitation wave-
length. Fig. 10 shows the fluorescence emission spectra for
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Fig. 10 Fluorescence emission spectra for SWCNT directly modified
silicon when the surface was excited by different wavelengths, (a) 440,
(b) 473 and (c) 510 nm.

SWCNTs directly attached to silicon when using different
excitation wavelengths.

It is very apparent that the emission spectra show strong
excitation wavelength dependence. In detail, when the surface
was excited at 440 nm, only one emission peak at 710 nm
(1.75 eV) was observed. However, when the surface was
excited at 473 nm, a new emission peak at 750 nm (1.66 eV)
is observed while the existing emission peak at 710 nm is
reduced in intensity. Interestingly when the surface was excited
at 510 nm, the emission peak at 750 nm disappears altogether
and while the peak at 710 nm remains, it is quite small. The
fluorescence linewidths of 710 nm (4, = 440 nm) and 750 nm
(Aex = 473 nm) are 26.1 nm (0.065 eV) and 23.4 nm (0.052 eV),
respectively. No fluorescence is observed for unattached na-
notubes while a small, continuous background fluorescence is
observed for the bare hydroxylated substrate. The bare sub-
strate is used as the reference in these experiments so
the fluorescence observed for the nanostructure is over and
above this.

To our knowledge, no similar observations of fluorescence
emission have been reported for a SWCNT-silicon structure
even though there are several examples of vertically-aligned
SWCNT arrays.>% % Both emission peaks cannot be simply
assigned to the silicon substrate because bulk crystalline
silicon has a band gap of 1.1 eV and should result in
luminescence in the near infrared region (~ 1100 nm). Addi-
tionally, the band gap fluorescence from individual semicon-
ducting SWCNTs has been theoretically predicted and
experimentally confirmed in the 800-1600 nm region of the
near infrared.®*®” However a further complicating issue is that
the photoluminescence intensity is dramatically reduced by
aggregation of isolated nanotubes.®®° In these experiments,
the fact that SWCNTs bundle together even after 2 h of
exposure has been shown using AFM and SEM. Moreover
the linewidths of emission spectra should be approximately 10
nm (0.025 eV) if the fluorescence is from individual
SWCNTs.%>% Both of the peak linewidths for SWCNTs
directly attached to silicon are greater than this value, indicat-
ing that the attached SWCNTSs exhibit a different mechanism

than individual SWCNTs. In this case the fluorescence must be
attributable to a combined effect involving the attached
SWCNTs and silicon substrate.

The lack of emission from the separate components means
that the observed fluorescence must be due to a feature of the
newly created nanostructure. One possibility is the newly
formed ester linkage. This seems unlikely as the observed
shifts in fluorescence wavelengths for esters typically used in
flow cytometry experiments is tens of nanometers.*® Addition-
ally, if the ester linkage did fluoresce one might expect some
fluorescence from the carboxylic acid group of the cut nano-
tubes before surface attachment and this is not observed.

The large shift between the excitation wavelengths and the
observed emission suggest that one species may be excited
while a second is fluorescing. Indeed, there are a few cases of
large shifts in the fluorochromes commercially available but
these all involve conjugates of two quite different specie-
s®—one for excitation and one for emission. In the case of
the silicon nanostructure formed in this work, it is thought
that the nanotubes are excited but then strongly couple to the
electronic states of the substrate, allowing an intersystem
crossing of energy into the silicon band structure. Emission
from porous silicon is well established since Canhan and
Rowsell and Veinot’®”! discovered that electrochemically
etched porous silicon possessed remarkable optical properties.
While emission from porous silicon can be observed over a
wide range of wavelengths, the S band has peak intensity in the
region where the emission in this work is observed.”> Addi-
tionally, recent work has shown porous silicon emission
spectra with peak intensities in the 650 nm region obtained
using excitation between 400 and 450 nm.”

The nanostructure here physically resembles porous silicon
to some extent as shown in Fig. 8. Observation of dramatically
shifted fluorescence emission indicates a very strong coupling
of the electronic states of the nanotubes and the substrate. In
essence, the two components of the nanostructure seem to be
coupled electronically to such an extent to appear much like
one integrated structure. The electrochemistry results also
confirm the strong coupling of the electronic states.

Electrochemistry

One of the end uses of these interfaces could be in the
construction of sensors that will require the measurement of
current. Some basic electrochemistry work was undertaken to
probe the ability of the nanotube substrates to conduct
electrons. Fig. 11 shows the cyclic voltammograms (CVs)
using SWCNTs directly attached to silicon or the hydroxyl
terminated silicon as the working electrode in 0.1 mmol L~!
ferrocene dissolved in 0.1 mol L™' TBAP-CH;CN solution as
well as a CV using a SWCNTs directly attached to silicon
working electrode in a TBAP-CH;CN blank solution. For the
SWCNTs directly attached to silicon in ferrocene-T-
BAP-CH;CN solution shown in Fig. 11a, the potential was
swept from 100 to 800 mV going in the anodic direction first.
Clearly evident from Fig. 11a are distinct redox waves with
anodic and cathodic peak positions at 474 and 596 mV,
respectively. The oxidation of ferrocene to the stable ferrice-
nium cation is a simple one-electron transfer reaction, in that
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Fig. 11 Cyclic voltammograms using (a) SWCNTs directly attached
to silicon working electrode and (c) hydroxyl terminated silicon
working electrode in 0.1 mmol L™ ferrocene dissolved in 0.1 mol
L~!' TBAP-CH;CN solution, and (b) SWCNTs directly attached to
silicon working electrode in 0.1 mol L™' TBAP-CH;CN blank solu-
tion (b) at scan rate of 100 mV s~'. The inset shows the cyclic
voltammogram on a gold electrode in 0.1 mmol L~! ferrocene
dissolved in 0.1 mol L™' TBAP-CH;CN solution at scan rate
100 mV s~

there are no complications arising from adsorption or asso-
ciated chemical reactions. The oxidation/reduction peak
potentials on SWCNTs directly attached to silicon are
comparable to those on a gold electrode in the same ferroce-
ne-TBAP-CH;CN solution (inset shown in Fig. 11). When
the SWCNTs directly attached to silicon electrode was
immersed in the blank solution without ferrocene, the CV
looks very flat with only capacitive current observed.
This result further proves that the redox waves shown in
Fig. 11a are attributable to the oxidation/reduction of ferro-
cene in the solution.

In addition, the CVs on hydroxyl terminated silicon were
measured and are shown in Fig. 11c. The potential was swept
from 0-800 mV going in the anodic direction first. In this case,
a broad reduction peak at 150 mV was observed but no
obvious oxidation peak even under more positive switching
potentials was seen. Compared to the CVs on hydroxyl
terminated silicon, SWCNTs directly attached to silicon yields
electrochemistry with much better reversibility and enhanced
conductivity compared to the bare substrate.

Fig. 12 shows the CVs using a SWCNTs directly attached to
silicon working electrode in 0.1 mmol L™! ferrocene dissolved
in 0.1 mol L™! TBAP-CH;CN solution at different scan rates.
As expected, the oxidation/reduction current gets bigger with
increasing scan rate. The inset shown in Fig. 12 shows the
dependence of anodic peak current on the square root of scan
rate. The straight line suggests that the oxidation/reduction
process is controlled by semi-infinite linear diffusion of ferro-
cene to the interfacial reaction zone. At the same time, the
peak-to-peak separation AE, becomes larger with increasing
scan rates, which is consistent with a quasi-reversible electro-
chemical reaction. AE, was recorded at different scan rates
(10-1000 mV s~ ). The electron transfer rate constants k, were
calculated from the dependence of the AE,, on the dimension-
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Fig. 12 Cyclic voltammograms using SWCNTs directly attached to

silicon working electrodes in 0.1 mmol L™ ferrocene dissolved in 0.1

mol L~! TBAP-CH;CN solution at different scan rates, (a) 10, (b) 100

and (c) 1000 mV s~ . The inset shows the dependence of anodic peak

current on the square root of scan rate.

less kinetic parameter ¥, according to the theory developed by
Nicholson.””® Assuming the diffusion coefficient for ferro-
cene in acetonitrile, Dy, is equal to that of ferricenium cation,
D,, and the transfer coefficient is o = 0.5, the rate constants
were calculated at different scan rates assuming Dg = 2.4 x
107° cm? s~ 1.7 The results are listed in Table 1. The average
rate constant for SWCNTs directly attached to silicon in 0.1
mmol L™ ferrocene dissolved in 0.1 mol L~! TBAP-CH;CN
solution is 4.54 x 10~* cm s™'.

The rate constants reported herein may be compared to
values reported in the literature for a variety of solid electro-
des. Noel and co-workers’” reported that the rate constants on
platinum, glassy carbon and polypropylene composite gra-
phite (CPP) electrodes in ferrocene-TBAP-CH;CN solution
were 5.1 x 1073, 4.5 x 1072 and 3.3 x 1073 cm s,
respectively which are of a similar value to those observed
with the SWCNTs directly attached to silicon. In contrast to
this, Swain and co-workers’® reported rate constants on
microcrystalline boron-doped diamond (BDD) and glassy
carbon electrodes in ferrocene-TBAP-CH;CN solution were
48 x 1072 and 5.1 x 1072 cm s, respectively, which are
about 10 times larger than those observed in this work. The
exact reason for the difference using glassy carbon reported by
Swain and Noel (a 10 fold difference) could be due to different
experimental conditions such as the treatment of electrode
surfaces and the purity of the solvent/electrolyte. In order to

Table 1 Calculation of electron transfer rate constants of 0.1 mmol
L~! ferrocene in 0.1 mol L~! TBAP-CH;CN solution on SWCNTs
directly attached to silicon at different scan rates

1

Scan rate/mV s~ ! AE,/mV 14 kg/cm s~

10 109 0.454 246 x 1073
100 122 0.344 5.89 x 107°
1000 217.6 0.097 526 x 1073
Average 4.54 x 1073

518 | Phys. Chem. Chem. Phys., 2007, 9, 510-520

This journal is © the Owner Societies 2007


http://dx.doi.org/10.1039/B615096A

Downloaded on 23 November 2010
Published on 01 December 2006 on http://pubs.rsc.org | doi:10.1039/B615096A

View Online

compare rate constants under the same experimental condi-
tions, the rate constant on gold was estimated using peak
separations’ to be 1.32 x 1072 cm s~ ! at a scan rate of 100
mV s~ ! based on the inset shown in Fig. 11. This value is 2-3
times larger than that on SWCNTs directly attached to silicon.
Given this, the rate constant for the SWCNT surface is quite
reasonable. The results indicate that SWCNTs directly at-
tached to a silicon electrode possess a sufficient density of
states to support relatively rapid electron transfer kinetics.
This means that potential applications such as the fabrication
and development of silicon-based electrochemical and bio-
electrochemical sensors are certainly feasible.

Conclusions

This work successfully demonstrates a new approach for the
fabrication of vertically-aligned shortened carbon nanotube
architectures on a silicon (100) substrate by direct chemical
anchoring. The growth mechanism of the structures is clearly
an initial attachment of nanotubes which become nucleation
sites for the growth of large bundles. Compared to other
techniques, this new technique has several advantages includ-
ing the low temperature involved and the possibility for
further modification. Electrochemistry using the new interface
demonstrates excellent conductivity to the substrate meaning
this approach has numerous potential applications. The at-
tachment of the SWCNTs directly to the silicon surface
provides a simple and new avenue for the fabrication and
development of silicon-based electrochemical and bio-electro-
chemical sensors, solar cells and nanoelectronic devices using
further surface modification.
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