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Abstract

The ability of the HFCVD to synthesize SWNTSs using cobalt as catalyst has been applied to the preparation of self-assembled single wall
carbon nanotube field effect transistor and tips for AFM imaging. This self-assembling batch process fabrication technique has allowed us to
fabricate carbon nanotube-based devices that are directly usable without any post-treatment.
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1. Introduction

Single-walled carbon nanotubes (SWNTs) are cylindrical
molecules which can be structurally represented by the
rolling up of a graphene sheet [1]. Their very high aspect
ratio (diameter is typically of the order of 1 nm and length
can reach 100 pm), combined with the peculiar properties
of graphite confer them extraordinary mechanical and
electronic properties. Among them is their ability to be
either metallic or semiconducting, depending on curvature
and chirality of the rolled graphene plane.

For these reasons, single-walled carbon nanotubes
(SWNTs) are very attractive as 1D wires to be used for
interconnects in nanoelectronics [2—4]. Moreover, the
ability of semiconducting SWNTs to behave as Schottky
barriers Field Effect Transistors (FET) [5—8] has opened up
the possibility to use them in active electronic devices.

Carbon nanotubes (CNT) have unique properties which
make them suitable for probes in an Atomic Force Micro-
scope (AFM) [9]. Their mechanical flexibility, with
their nanometer tip radii curvature and high aspect ratio,
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make them ideal probes for high lateral resolution and deep
trench AFM imaging. Moreover, chemically and mechan-
ically robust, CNT AFM probes have also the strong
advantage to be stable over prolonged imaging [10] as
compared with commercially available, very delicate silicon
probes of curvature 5—15 nm.

However, implementation of such devices requires
precise positioning of the SWNTs. For FET application,
the SWNTs have to be connected to metallic electrode.
As tips for AFM, the SWNTs have to be placed at the
apex of a Si conventional tip, with a good mechanical
contact.

For these reasons, bottom-up and batch process fabrica-
tion techniques are needed in order to open the way to
practical applications. In this aim, self-assembling fabrica-
tion techniques are very promising, even more when
concerned with in situ localized growth of SWNTs during
the synthesis, which allows direct integration of the devices
without any further post-treatments [11—14].

We present here a full self-assembling growth process
to fabricate in single-step SWNT-based devices. Applica-
tion of the technique to the integration of batch-processed
NT-FET devices and NT-tips to be used as AFM probes
is then demonstrated.
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2. Sample preparation and characterizations

Fabrication of the samples involves two steps: the first
one for preparing the template, the second one for direct
HFCVD growth of the nanotubes. Thereafter, samples are
directly characterized without any post-synthesis process.

For FET devices, contacts were patterned on ther-
mally oxidized silicon wafers by evaporation and lift-off
of a 30-nm-thick layer of titanium covered with a thin
0.5-2-nm Co catalyst film through a submicron resist
mask which was obtained using conventional e-beam
lithography.

For the growth of NT tips, commercial Si tips were used
and covered with a 2—8-nm-thick Co catalyst layer.

HFCVD was then directly performed. The vapour was
composed of methane strongly diluted in hydrogen (5-20
vol.%). During the synthesis, a tungsten filament placed
at 1 cm above the substrate holder was heated up to
1900-2100 °C, while controlling the deposition temper-
ature with an additional heater placed in the substrate
holder. Typical deposition temperatures were in the 750—
850 °C range.

Sample morphology has been characterized by field
emission scanning electron microscopy (FESEM).

Characterization of the SWNT structure was undertaken
by micro-Raman spectroscopy measurements probing an
area of the order of 1 um? and using a 633-nm He—Ne laser
radiation.

For transport measurements, a gate-controlled character-
ization of the self-assembled nanotube circuit was under-
taken from room temperature to low temperature (4 K)
[8,12]. The gate voltage was applied to the back of the
doped Si substrate.

3. Carbon nanotube field effect transistors

Fig. 1 shows SEM images of self-assembled NT-FETs
with Ti electrodes covered with a top 3 nm (Fig. 1a) and 0.5
nm (Fig. 1b) Co layer. In Fig. la, suspended SWNT bundles
connected to face electrodes are clearly observed. However,
the roughness of the edges of the electrodes gives rise to
parasitic growth of carbon nanotube clumps. Moreover,
even though localized on top of the electrodes, the 3-nm-
thick Co catalyst layer leads to the growth of numerous
bundles extending all around the electrodes.

Optimisation of the lithographic process and decrease of
the Co catalyst thickness to 0.5 nm have allowed to lower
the SWNT density down to the limit of an isolated SWNT
wired to the electrodes (Fig. 1b).

Electronic transport studies were then undertaken with-
out any further processing of the devices. At room temper-
ature, all tested samples show purely Ohmic behaviour with
resistance ranging from a few k() (Fig. 1a) to a few M()
(Fig. 1b),depending on the number of SWNTs wired to the
electrodes.

Fig. 1. Scanning electron microscopy image of self-assembled NT-FETs
before (a) and after (b) optimisation of the process. In (a), the rough edges
of the Ti electrodes with the 3-nm-thick Co top layer lead to the growth of
numerous SWNT bundles and a 40-K() mean two-point probe resistance.
Optimisation of the lithographic process and decrease of the Co layer down
to 0.5 nm (b) allowed to wire a single and suspended SWNT bundle to face
electrodes with a 2-M() resistance.

Fig. 2 shows the dependence at room temperature of the
drain-source current /45 on the drain-source voltage V4 and
for different back-gate voltage Vpg.

Decreasing the gate voltage from positive towards
negative values induces the lowering of the resistance of
the device which is characteristic of a FET behaviour. In
Fig. 2, the field effect between Vpg=+30 Vand —30 V has
divided the resistance by a factor of 100.

The quality of the samples has been characterized by
Raman spectroscopy. Fig. 3 shows typical Raman spectrum
of our NT-FET. The Raman spectra evidence SWNT
tangential Raman lines o between 1550 and 1600 cm ™'
[15]. The weak signal at wp=1325 cm™ ' originating from
disordered graphite points out the good crystallinity of the
samples.

The Raman spectrum in Fig. 3a corresponds to a NT-FET
with a 100 kQ two-point resistance. The strong Raman
resonant Stokes and anti-Stokes Radial Breathing Modes
(RBM) peaks at +193 cm™ ' with the broad tangential band
around 1525 cm™ ' are the signature of metallic SWNTs
[15]. Moreover, narrow tangential peaks at 1595 cm™ ' and
1568 cm™ ! correspond to semiconducting SWNTs. These
characteristics confirm the presence of SWNTs with differ-
ent diameters.

On the contrary, in Fig. 3b, the low intensity and the
narrowness of the tangential Raman peaks at wt=1593,
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Fig. 2. Room temperature drain-source /4—Vg4s curves of a self-
assembled CN-FET for different back-gate voltages Vpg (decreasing
Vgg from +30 V to —30 V causes a resistance decrease from 746 M)
to 6 MQ).

1581, 1570 cm™ ' with the absence of any RBM signal
suggest the presence of very few semiconducting SWNTs.
In this case, the two-point resistance is of the order of 2 M().
By the way, the lower the SWNT density, the weaker the
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Fig. 3. Raman spectra of NT-FET with two-point probe resistance of 100
KQ (a) and 2 MQ (b).

Fig. 4. HFCVD self-assembled growth of NT-tip on conventional Si tip for
AFM imaging.

Raman intensity of the tangential modes and the higher the
circuit resistance.

4. Carbon nanotube AFM tips

HFCVD deposition of SWNTs on commercial Si tips
(NT-tip) were undertaken using same conditions as for self-
assembled NT-FET, except the cobalt catalyst thickness
which appeared to be the critical parameter. Cobalt layer
thickness superior to 9 nm led to the growth of too many
nanotubes at the tip apex, while for too thin one (<4 nm),
the yield of SWNT growth at the apex of the Si tip becomes
negligible. With an optimal catalyst thickness of the order of
5—8 nm, the yield of production of a unique SWNT bundle
at the apex of a commercial Si tip is of about 20—30%.

Fig. 4 shows a seclf-assembled NT-tip grown on a Si
probe covered with an 8-nm-thick Co layer.

The exceptional advantage of the method appears to be
the growth of a unique bundle extending from the apex of
the Si tip, while parasitic bundles grown along the Si tip
sides are stuck by van der Waals interaction. However, there
are still crucial problems to be solved. One of them concerns
the control of the NT length, which at present varies from a
few hundred of nm to a few pm.

5. Conclusion

The ability of the HFCVD technique to prepare self-
assembled SWNT-based devices using cobalt as catalyst has
been demonstrated.

For electronic application, the strong advantage of the
method is the growth of suspended SWNTs which are self-
wired during the synthesis. Electronic transport measure-
ments are then directly undertaken after the growth, without
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any further post treatment. In particular, the optimisation of
both the cobalt catalyst thickness and the synthesis
parameters has led to the wiring of a unique suspended
SWNT to Ti electrodes.

The same self-assembling method has been successfully
applied to the growth of a SWNT bundle at the apex of
commercial Si tips.

The strong advantage of the method appears to be its
compatibility with bottom-up large-scale fabrication of
batch processed carbon nanotube-based devices.
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