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1. Introduction

Since 1998, many groups of researchers tried to fabri-
cate transistors where carbon nanotubes (CNTs) act as the
channel. Two main processes are used: separate growth of
SWNTs (Single-walled CNTs) usually by laser ablation and
dispersion from a solvent by spinning onto the silicon wa-
fer [1], or in-situ growth of the SWNTs directly on the wa-
fer with chemical vapor deposition (CVD) [2]. In this work,
we present a novel process to fabricate carbon nanotube
field-effect transistors (CNTFETs). It is based on CVD
growth of CNTs using a ‘sacrificial’ catalyst. The SWNTs
are grown uniformly across the wafer surface and subse-
quently contacted with palladium and passivated with
PMMA in one step. The process contains neither compli-
cated manipulations of the SWNTs nor multi-step lithog-
raphy, avoiding the risk of misalignment. We choose the
in-situ growth method because it looks the most practical
for future use in microelectronics where millions of tran-
sistors need to be fabricated at the same time.

2. Experimental

Highly doped p-type silicon wafers are first oxidized
(40 nm SiO,) in order to isolate the SWNTs from the gate
electrode, i.e., the Si substrate. Then, a catalyst layer is
evaporated to stimulate SWNT growth (0,5 nm Ni on 5 nm
Al). Subsequently, the wafers are annealed to 870°C in a
CVD reactor in N, at atmospheric pressure for 5 min to
form Ni-nanoclusters, which act as catalyst particles for
SWNT growth. Afterwards, SWNT growth occurs for
10 min in a CH4/H, mixture at the same temperature in the
same furnace uniformly across the surface of the wafer.
During this high-temperature step and because of reaction
with SiO,, the thin 5 nm Al/ 0.5 nm Ni metal-catalyst con-
verts into an ALO; film (high-k dielectric) covered with
discontinuous Ni-nanoclusters (see Fig. 1 and 2). This kind
of ‘sacrificial’ catalyst allows the gate field to penetrate and
control the current flow within the SWNTs. Finally Pd
source/drain (S/D) electrodes are patterned by photolitho-
graphy and subsequent metal lift-off without the need of
alignment. Pd has been used because its high work function
is well-known to provide very good contacts to the SWNTs
[3]. The photolithography has been realized with a special
double layer resist (photoresist on PMMA). The PMMA is
not photosensitive but is etched during development so that
a small under-etching appears (see Fig. 1 left). We evapo-
rate Pd while rotating the wafer chuck so that the metal
covers the whole area under the photoresist (see Fig. 1 and

Fig. 4 inset). To remove the resist, we use either traditional
solvent for non-passivated devices (see Fig. 3 right) or spe-
cial remover that did not solve PMMA for passivated
CNTFETs (see Fig. 1 right and Fig. 4 inset). In our previ-
ous work [4], patterned Al/Ni catalytic areas could be di-
rectly used as S/D electrodes since conductive amorphous
carbon covered them. This was due to CH, pyrolysis that
occurred when no H, is mixed to CH; during the CVD
process [5]. This previous self-aligned process gave also
working transistors, but high contact resistances between
electrodes and SWNTs imply high S/D voltages (30V).

3. Measurements and results

After fabrication is completed, the CNTFETSs are meas-
ured using a semiconductor parameter analyzer. The den-
sity of SWNTs was adjusted so that only one nanotube
bridges the electrodes on average, corresponding to a chan-
nel width of about 1 nm (average diameter of our SWNTs).
The channel length is 2 pm. Passivated CNTFETs show
improved characteristic in comparison with non-passivated
ones (see Fig. 3 left and 4 for two typical examples of
transfer characteristics). Non-passivated and passivated
devices provide an on-current of about 2 pA (i.e.
2 mA/pm) at Vds of 400 mV and an on/off ratio of about
10* (Note that the off-current sensitivity is limited by the
measurement set-up. Improved low noise probes should
decrease the off-current from 200 pA to 2 pA so that the
on/off ratio is expected to improve to 10°). The slope and
the hysteresis are smaller in passivated devices (respec-
tively 180 mV/dec instead of 250 mV/dec and 570 mV in-
stead of 750 mV). All the measurements presented in this
paper have been executed in room conditions (44% humid-
ity and 22°C). We believe that with more humidity, the
hysteresis of non-passivated devices will increase because
hysteresis is probably due to charge trapping by water
molecules around the nanotubes [6]. Moreover, after two
weeks, more than half of the non-passivated transistors do
not work anymore whereas more than three quarter of the
passivated devices are still fully functional.

Measurements on passivated CNTFETs have shown
that there are three kinds of SWNTs forming the channel:
about 55% show a pure semiconducting behavior (on/off
ratio = 10%, see Fig. 4 as an example of transfer character-
istic on such a device), 30% are also semiconducting but
with a small band-gap (“semi-metal” behavior with small
on/off ratio, see Fig. 5 left as an example with on/off ratio
of 6) and 15% are purely metallic (no field-effect notable,
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see Fig. 5 right). This distribution corresponds approxi-
mately to the theory [7]. Lastly, some experiments on hys-
teresis revealed that it depends strongly on the cycling
range of the gate voltage. Using Vg from -1V to 1V re-
duces considerably the hysteresis width but this is not
enough to achieve the saturation off-current (see Fig. 6).

4. Conclusions

In conclusion, we have fabricated CNTFETs with a
novel self-aligned CMOS-compatible process. The transis-
tors are contacted with Pd and passivated with PMMA in
one step lithography. They are PMOS-like CNTFETs with
on/off ratios up to 10* and show improved characteristics
(smaller slope and hysteresis, longer lifetime) in compari-
son with non-passivated ones. Further improvement of this
fabrication method, like annealing after passivation [6],
should lead to hysteresis-free transfer characteristic, essen-
tial prerequisite to the integration of CNTFETs in the
CMOS technology. The excellent performance of the
CNTFETs at the very low Vds of 400 mV make them suit-
able for ultra-low voltage low-power applications.
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Fig. 1 Schematic of layer arrangement of CNTFETSs. Left: dur-
ing Pd-Evaporation. Right: final structure.
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Fig. 2 Conductive AFM measurement of a test structure. To-

pographical scan (left) with height cross-section along the white
line (left bottom): The step created by sacrificial Al/Ni catalyst is
still visible. Electrical scan (right): Only Pd-electrode is visible.
Both, sacrificial AI/Ni catalyst area and SiO, are non-conductive
(see also [4] about the conductive-AFM measurement method).
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Fig. 3 Transfer characteristic of non-passivated CNTFET (left)

and AFM topographical scan of the structure (right).
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Fig. 4 Transfer characteristics of a semiconducting SWNT-FETs

and AFM-topographical scan of the structure (inset).
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Fig. 5 Transfer characteristics of passivated CNTFETs: Small
band-gap  semiconducting SWNT-FET (left), “metallic
SWNT-FET” (right).
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Fig. 6 Passivated CNTFET transfer characteristics: development

of the hysteresis with increasing gate voltage cycling ranges.
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