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Single-electron transistors (SETs) are one of the possible devices for use as
transducers for highly sensitive sensors that can detect small charges. We describe two
approaches to fabricating high-temperature-operable single-walled carbon nanotube
(SWCNT) SETs, which can operate above the temperature of liquid nitrogen, with
a mass-production-adaptable process. One approach involves a SET with SWCNTs
dispersed in a carboxymethylcellulose (CMC)/water suspension, which can improve the
SWCNT/metal interface properties by increasing the barrier height, so that Coulomb
oscillations can be observed up to 80 K. The other approach involves a SET with
a segmented Coulomb island between two higher resistance parts in an individual
SWCNT, which were induced by Ar ion irradiation. This SET has been operated at up
to 100 K, and the operation temperature could be increased by the improvement in the
device structure.
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1. Introduction

The detection of small charges is one of the key issues in achieving higher sensitivity
of sensors such as biosensors. Now, nanomaterial-based field-effect transistors
(FETs) are widely used to improve the sensitivity of biosensors(? by improving the
transconductance of FETs. Considering the detection of small charges, we can easily
speculate on the great potential of single-electron transistors (SETs) as transducers of
future sensors. SETs operate with a current of single-electron order on the basis of
the Coulomb blockade effect.® Thus, SETs are also promising candidates for use as
fundamental components that can act as an alternative to FETs for future electronics,
because of the expectation of their use in low-power-consumption technologies.®

To improve the performance of SETs, single-walled carbon nanotubes (SWCNTs) are
one of the natural choices as a building block of SETs because of their extremely small
structure with diameters of ~1 nm.® An important issue in the SET research field is the
operation temperature, because it is difficult to achieve room-temperature (RT) operation
of SETs. There are two device parameters that determine the operation temperature, one
is the charging energy for a single electron E. = ¢%/Cy, where Cs is the self-capacitance
of the Coulomb island, and the other is the tunnel barrier height ¢, to confine electrons
in the island. The simplest device structure of a SWCNT-SET contains two metallic
contacts (source and drain contacts) deposited on an individual SWCNT and the SWCNT
between the contacts forms a Coulomb island, where tunnel barriers are formed at the
SWCNT/metal interfaces.® This device operates up to approximately 20 K, with typical
values of the parameters, which are an E. of 10-20 meV and a ¢, of about 10 meV.®
In this device, the self-capacitance Cy, which is the sum of the gate capacitance and
the barrier capacitances, is dominated by the barrier capacitances. Here, we can easily
determine that the barrier properties play an important role in achieving the RT operation
of the SWCNT-SET. By determining how to form the barriers, RT operations of the
SWCNT-SET have been achieved and are reported in some papers.(©”

In this paper, we describe two approaches to improving the temperature characteristics
of the SWCNT-SET. One approach involves the modification of the SWCNT/metal
interface barriers using the simplest device structure mentioned above. The effect of the
adsorbed molecules or atoms on the properties of the SWCNT/metal interface has been
mentioned in some papers.®19 In the fabrication process of the SWCNT-SET by the
dispersion method, we must use a dispersant to obtain individual SWCNTs, and adsorbed
dispersants affect the SWCNT/metal interface properties. Carboxymethylcellulose (CMC)
is our choice as a dispersant, and it modified the interface properties to obtain a higher
@y of approximately 20 meV, which resulted in an operation temperature of the finished
SWCNT-SETs of up to 80 K. The other approach involves barrier formation by low-
energy Ar ion irradiation. Individual SWCNTs were partly irradiated through the two
openings to induce two higher resistance parts. The irradiated parts act as the tunnel
barriers and the segment between the irradiated parts forms the Coulomb island. We
demonstrate SET operation up to 100 K in this study, but the operation temperature could
increase with modification of the device structure.
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2. Dispersant Effect on Barrier Height

To fabricate SWCNT-SETs by the dispersion method, surfactants such as Triton
X-100 or sodium dodecylsulfate (SDS) are commonly used as a dispersant to produce
an SWCNT suspension in which individual SWCNTs are dispersed. The SWCNT-SET
with the simplest device structure, fabricated with a Triton X-100/water suspension
was operated up to 20 K as previously reported.® CMC is a polymer, a derivative of
cellulose. It can work as a dispersant similarly to surfactants, as described in ref. 11. In
both cases we used the simplest device structure of the SWCNT-SETs with a back gate.
The details of the device fabrication process are given in ref. 12.

The differential conductance mapping of the SWCNT-SET fabricated with the
CMC/water suspension is shown in Fig. 1. The series of white diamond shapes are so-
called Coulomb diamonds with no flowing current, which are a standard feature of the
SET. The lines outside the diamonds indicate the effect of the zero-dimensional confined
state, which means that the Coulomb island is a quantum dot. The roughly estimated
device parameters from the diamonds are a charging energy of 8 meV, an energy splitting
of the zero-dimensional states AE of 2 meV, and a Cy/Cs ratio of 0.1. The C4/Csy ratio
indicates that the barrier capacitances are dominant in the Cs.

Fig. 1. Differential conductance mapping as a function of the drain and gate voltages. The
measurement temperature was 1.5 K. The white areas indicate zero conductance. Coulomb
diamonds can be clearly observed with the zero-dimensional confined state lines.
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The temperature dependence of the Coulomb oscillations is shown in Fig. 2.
Regular Coulomb oscillations were observed up to 80 K, which means that the SET
operates as high as 80 K. This operation temperature was much higher than that of the
SET fabricated with the Triton X-100/water suspension; however, there is no notable
difference in the charging energy between these two devices. The factor that determines
the operation temperature difference is ¢ The ¢ of the SET fabricated with the
Triton X-100/water suspension was typically less than 10 meV, in contrast to the ¢y
of approximately 20 meV of the SET fabricated with the CMC/water suspension, as
estimated from Fig. 3.

The improvement in the temperature characteristics resulted from the dispersant
difference, which suggests that adsorbed dispersant molecules on the SWCNT modify
the SWCNT/metal interface properties. We can easily speculate that the molecule-
induced dipoles change the surface potential of the contact metal at semiconductor/metal
interfaces with the adsorbed organic molecules at the interface.(3'4

3. Barrier Formation with Ar Ion Irradiation Technique

A schematic of the induction of Ar-ion-irradiated parts in an individual SWCNT
is shown in Fig. 4. An individual SWCNT with two electrodes was covered with a
protection resist and two openings for Ar ion irradiation were fabricated by electron
beam lithography. The protected regions of the SWCNT had no defects induced by
the Ar ion irradiation, but the opened regions exhibited induced defects and had higher
resistance than the protected regions. In this paper, we describe the results achieved with
a device in which the gap between electrodes was about 1 um, the width of the openings
was about 50 nm, and the gap between the openings was about 300 nm. The details of
the fabrication procedure are given in ref. 15.

Fig. 2. Gate characteristics at 40-200 K. Coulomb oscillations can be clearly observed up to 80 K.
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Fig. 3. Temperature dependence of the drain current with 30 mV of drain voltage. The barrier
height was estimated from the slope of the high-temperature side of the plot. The inset shows the
drain voltage dependence of the barrier height.

Arion beam

Pd contact

protection
SWCNT resist

Fig. 4. Schematic cross-sectional image of the Ar-ion-irradiation process. The device was
covered with protection resist and two openings were fabricated by electron beam lithography.



390 Sensors and Materials, Vol. 21, No. 7 (2009)

The SETs fabricated by this method were successfully operated, and the temperature
dependence of the Coulomb oscillations is shown in Fig. 5. Regular Coulomb
oscillations were observed up to 100 K, with a drain voltage of 30 mV. The barriers were
successfully formed by low-energy Ar ion irradiation. In our device formation process,
we should consider the electron irradiation effect on SWCNTSs, as reported in ref. 16,
because we used electron lithography to form the openings. However, no notable
changes in the device properties were observed, such as a reduction in resistance or gate
modulation. This may be because of a discrepancy in the electron absorption efficiency
caused by the difference in electron acceleration voltages used in the experiments.

The notable feature of this device was the small barrier capacitance. The estimated
sum of the two barrier capacitances was about 0.8 aF, and the gate capacitance
dominated the total capacitance. Thus, we can expect much higher SET operation with
the reduction in the gate capacitance, which can be achieved with the reduction in the
Coulomb island size determined by electron beam lithography.

4. Summary

We described two approaches to fabricate SWCNT-SETs that can operate at higher
temperatures. One involves barrier height modification using the polymer dispersant,
carboxymethylcellulose. The fabricated SET operated up to 80 K with a barrier height
of about 20 meV. The other involves barrier formation using Ar ion irradiation. The
fabricated SET operated up to 100 K with small barrier capacitances of about 0.4 aF.

Fig. 5. Gate characteristics at 80—150 K with a drain voltage of 30 mV. Coulomb oscillations can
be observed up to 100 K.
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