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Sidewall functionalized multi-walled carbon nanotubes can be
covalently bound parallel to a silicon surface via a self-
assembled acid-terminated monolayer used as an organic
molecular glue.

Owing to their unique electrical, mechanical and thermal proper-
ties, the integration of carbon nanotubes (CNTs) with metallic or
semiconducting substrates is a very promising approach for
developing new nanoscale devices for future applications in
electronics, optoelectronics and chemical/biological detection.!
However, the fabrication of CNT-based devices is severely
hindered by the lack of simple and reliable methods to deposit
this type of nanomaterial in a controlled fashion. Comparatively to
the covalent attachment of CNTs to gold surfaces,” the anchoring
of CNTs to silicon substrates has been surprisingly much less
developed. Several published procedures consisted in the con-
trolled adsorption of CNTs on non-oxidized and oxidized silicon
surfaces® but the absence of a covalent link between the CNTs and
the underlying substrate may render the architectures less stable
and less robust. A nice example demonstrating the covalent
attachment of CNTs to silicon has been recently reported by Tour
and co-workers using orthogonally functionalized oligo(phenylene
ethynylene) aryldiazonium salts as linker units.*

Herein, we propose an alternative and versatile method to build
CNT-functionalized silicon surfaces with striking electrochemical
characteristics which could be useful for electroanalytical applica-
tions. This approach is based on a surface amidation reaction
between soluble amino sidewall functionalized multi-walled carbon
nanotubes (MWNTSs)® and the N-hydroxysuccinimide headgroups
of an alkyl monolayer covalently bound to p-type Si(111) (Fig. 1).1
This methodology offers several advantages. First, the molecular
films produced from the reaction of hydrogen-terminated silicon
surfaces (Si—-H) with o-substituted 1-alkenes, used in this work, are
usually well-ordered, densely packed and robust monolayers.®
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Fig. 1 Covalent assembly of MWNTs to Si(111) surfaces through a
surface amidation reaction (see ESI for experimental detailst).

Second, activated esters react with amines under very mild
conditions to form the corresponding amides in high yields.
Thus, this surface chemistry is perfectly compatible with different
nanolithography patterning technologies. Also interestingly, the
surface coverage of CNTs can in principle be controlled by either
diluting the acid-terminated chains with chemically inert n-alkyl
chains of the starting monolayer or changing the amount of amino
groups attached to MWNTs. Consequently, the excess of amino
groups remained available on the MWNTs after the silicon
binding can be further functionalized with other specific groups
(e.g. enzymes or other biologically relevant molecules).

The immobilization of MWNTSs was verified using scanning
electron microscopy (SEM) (Fig. 2). The SEM images show the

Fig. 2 SEM images of MWNTs bound to Si(111) surfaces.
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silicon surface highly covered by MWNTSs with the tubes lying flat
on the surface rather than perpendicular, consistent with the
sidewall functionalization of the MWNTs by the amino groups.
Such an assertion was also supported by atomic force microscopy
(AFM) results. The SEM analysis of different representative areas
enabled the surface coverage of MWNTSs to be roughly estimated
at 10°-2 x 10” tubes cm 2. The attached MWNTs were observed
predominantly as individual nanotubes of 20-60 nm in diameter. It
must be pointed out that no MWNT deposition was observed
using a silicon surface derivatized with the simple nonfunctiona-
lized n-decyl monolayer. Moreover, as a result of the covalent link,
the MWNTs were strongly adherent to the electrode surface as
they were not removed by sonication (e.g. 10 min in CH,Cl,).

The electrochemical properties of the MWNT assemblies have
been characterized by scanning electrochemical microscopy
(SECM).” SECM is based on the electrochemical interactions of
a redox species produced at a probe ultramicroelectrode (UME)
tip and the substrate under investigation. In the simplest mode
used here (feedback mode), the substrate electrode is not
electrically connected. After diffusion of the electrogenerated
species to the sample, an electrochemical reaction is possible on a
localized spot on the surface where the initial form of the mediator
can be regenerated resulting in an enhancement of the current at
the probe electrode.

A typical approach curve® obtained at the MWNT-modified
surface is shown in Fig. 3A using ferrocene as the reduced form of
the redox mediator. For comparison, the curves obtained at
Si(111)-H and undecanoic acid monolayer-modified Si(111) are
also shown. It must be noticed that the formal potential of the
ferrocene/ferrocenium couple £°' = 0.45 V vs. SCE is more positive
than the flat-band potential Eg, of the MWNT- and alkyl-modified
electrodes (namely 0.00 + 0.02 V) derived from capacitance
measurements using the Mott-Schottky relation. Under these

oo

Fig. 3 SECM approach curves in the dark obtained at the ((J) MWNT-,
(<) undecanoic acid monolayer-modified Si(111) and (@) Si(111)-H in
DMF + 0.1 M BuyNCIO,4 containing 107> M (A) ferrocene or (B)
azobenzene as mediator. The solid and dashed lines are theoretical curves
for totally insulating and conducting substrates respectively. ¢ = 10 pm.

conditions, the p-type silicon surface in contact with the electrolytic
solution can be considered in carrier accumulation’ and thus
behaves as a quasi-metallic electrode.'”

For L > 5, I is close to one for all the curves as no interaction
occurs between the electrogenerated ferrocenium species and the
substrate for this distance range. For L < 5, I, is found to rapidly
diminish for the undecanoic acid monolayer. This negative

feedback confirms the blocking properties of this monolayer which

limits the regeneration of the mediator (the measured apparent
charge-transfer rate constant k,p, is 8 x 10 3 cms™ ). In the case
of the MWNT-modified surface, /, enhances dramatically for the
lowest values of L. This positive feedback is caused by the
reduction of the ferrocenium at the modified electrode with a
rate as high as that determined at a p-type Si(111)-H electrode, ie.
kapp = 1.5 % 1072 cm s ' (see ESI, Fig. S27).

In order to independently evaluate the redox contribution of the
attached MWNTs, SECM measurements have also been
performed with the cathodic mediator azobenzene. Indeed, the
cathodic reduction of azobenzene to its radical anion occurring at
a potential much lower than Ey, (E°" = —1.3 V vs. SCE), the
regeneration of this mediator does not take place on p-type silicon
without illumination, in agreement with previous voltammetric
studies.!! As expected, the approach curves monitored for the
undecanoic acid monolayer and Si(111)-H fit the theoretical curve
for an insulating substrate (Fig. 3B). In contrast, the oxidized form
of the mediator can be regenerated at the MWNT-modified
surface with a rate constant Kp, of 1.7 x 1073 em s~ (see ESI,
Fig. S31). In that case, the electrode behaves as an inert surface
partially covered by randomly distributed redox-active nanotubes.
So, it is expected that the effective rate constant is directly related
to the fraction of active surface.!? Indeed, we observe that the
regeneration rate is dependent on the MWNT surface coverage'
thus demonstrating that the regeneration of the mediator from the
only network of attached MWNTSs can occur with a high rate.

From SECM results, three major pathways can be considered to
regenerate the initial form of the mediator: (@) direct hole tunneling
through the monolayer linker, (b) diffusion of the electroactive
species through the pinholes of the monolayer followed by the
injection of a hole into the valence band of silicon and (c) charge
transfer at the attached conducting MWNTSs (Scheme 1).

s O red ox

p
;

Scheme 1 SECM in feedback mode for studying charge-transfer kinetics
at a non-connected MWNT-modified p-type Si(111) surface.

This journal is © The Royal Society of Chemistry 2006
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Fig. 4 J-V characteristics of the (+)Hg/MWNT/monolayer/p-Si(111)(—)
junction. The rectification ratio is ca. 5 x 10* at +2 V.

Although the occurrence of a charge transfer through the
pinhole defects of the monolayer bridge cannot be ruled out, its
contribution in the overall charge-transfer process is expected to be
small because both long-chain alkyl' and undecanoic acid
monolayers showed good blocking properties in the presence of
the ferrocene mediator. Moreover, the possibility of a direct
electrical connection between MWNT and the silicon surface so
creating a “short-circuit” seems unlikely as a major pathway in the
mechanism of charge transport. To test the occurrence of such a
“short-circuit”, a mercury contact was formed to the MWNT-
modified silicon surface. A typical current density—applied bias
voltage (J-V)) curve of the H/MWNT/monolayer/silicon junction
is shown in Fig. 4. A Schottky diode rectifying behaviour is clearly
observed with a transport mechanism governed by a thermionic
emission process as is generally the case for metal/insulator/
semiconductor (MIS) diodes."® Furthermore, the shape and the
magnitude of the J-V curve are found to be similar to those
obtained for other alkyl monolayer-based silicon devices.'®

In conclusion, the functionalized MWNT assemblies prepared
in this study allow an efficient electrical communication between
the semiconductor surface and a redox probe in solution. Further
SECM investigations with a polarized electrode configuration are
currently in progress in order to elucidate the mechanism involved
in the redox communication. We believe that such modified
surfaces can be useful for electrically transducing an biomolecular
recognition event
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