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Field-effect transistors have been fabricated using single-walled carbon nanotubes (SWCNTs) and
double-walled carbon nanotubes (DWCNTSs), and their electrical transport properties have been
studied comparatively. While a semiconducting SWCNT exhibits better field-effect characteristics
than a DWCNT counterpart, the DWCNT shows more complicated response to external gate mod-
ulation. Depending on the nature of the two shells of a DWCNT, i.e., whether the shell is semicon-
ducting (S) or metallic (M), a DWCNT device can be described as either S-S, or S-M, or M-S, or
M-M. It was found that the S—S and M-M or M-S devices show similar field-effect characteristics
to those found in SWCNT devices. But for S—M DWCNT devices, distinct field-effect characteristic
was found and attributed to the combined effects of intershell interactions and screening by free
carriers of the inner metallic shell. The S—-M DWCNT devices thus provide a perfect system for
studying the important intershell interaction, and information on the effect of this interaction on the
electrical properties of a multi-walled carbon nanotube can be obtained by a comparative study of
S—M DWCNT and S-SWCNT devices.
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1. INTRODUCTION via intershell interactions and these injected charges in
the inner shells are expected to affect the transport property
of MWCNTs. To study the intershell interaction, the con-
tribution to the total current by each individual shell should
be separated because the current level in each shell reflects
the strength of the interaction. However, experimentally
it is still not possible to tell for sure as to how many
shells are involved in the electric transport in a MWCNT,
and to separate contributions from each shell since in gen-
eral for a MWCNT both semiconducting (S)- and metallic
(M)-shells are involved. In this regards double-walled car-
bon nanotubes (DWCNTS), being the simplest MWCNTSs,
are ideal systems for investigating intershell interactions,

A carbon nanotube (CNT) can be considered as seamlessly
folded graphene sheets, and according to the number of
sheets involved a CNT may be classified either as single-
walled CNT (SWCNT) or a multi-walled CNT (MWCNT).
A SWCNT can be either metallic or semiconducting
according to its folding helicity.! Due to its simple struc-
ture and unique electronic properties, SWCNTSs were con-
sidered by many people to be the ideal building blocks
for future nanoelectronics devices,>? and received huge
attention in recent years.* In comparison with SWCNTs,
MWCNTs have several advantages, such as larger cur-
rent carrying capacity.'® Although the electrical transport

of MWCNTs in high field has been investigated experi-
mentally in last few years,''™'* the intrinsic properties of
MWCNTs still remain elusive because of their compli-
cated structure and the lack of a clear understanding on
the intershell interactions. For MWCNT devices, though
usually the electrodes contact only the outmost shell of
the tube directly, charges may be injected into inner shells

*Author to whom correspondence should be addressed.
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and a comparative study of SWCNTs and DWCNTs will
be helpful in providing more information on the trans-
port property and its dependence on the intershell inter-
action of MWCNTs. However, only a few experiments
have been reported so far concerning with the electrical
transport in DWCNTSs.'>"!7 In this work, field-effect tran-
sistors (FETs) have been fabricated using both SWCNTSs
and DWCNTs and their electrical transport characteristics
have been investigated comparatively.
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2. EXPERIMENTAL DETAILS

The synthesis of SWCNTs and MWCNTs, which were
used in this study, have been described in Refs. [18, 19].
The SWCNTs were directly grown on the silicon sub-
strate while the DWCNTSs were dispersed by sonication in
dichlorethane and dropped onto Si substrate, in both cases
the Si substrate was covered by a SiO, layer. The heavily
doped Si substrate was used as a back gate and the thick-
ness of the SiO, gate dielectric was 200 nm. After the posi-
tions of the CNTs were located using, e.g., atomic force
microscope (AFM), Pd electrodes of 20 nm thick were
defined by electron beam lithography. Transport properties
of CNT FETs were measured using a Janis cryostat and a
Keithley 4200 semiconductor characterization system.

3. RESULTS AND DISCUSSION

Figure 1(a) shows an AFM image of a typical SWCNT
based FET, and Figures 1(b) and (c) show typical room
temperature current-voltage (/-V) characteristics of a
metallic SWCNT. The source—drain current (/) changes
linearly with the bias voltage (V,,) and the current is basi-
cally independent of the gate voltage (V,). Figure 2 shows
similar results for a typical semiconducting SWCNT. The
source—drain current varies non-linearly and saturates at
large voltage. The I, is strongly gate voltage dependent
and an ambipolar behavior is observed as the gate voltage
sweeps. While the current in the “ON” state (with V, <
—10 V) is of the order of 10~° A, the current at the “OFF”
state (with V, ~ =7 V to —2 V) is less than 107'" A,
and the on/off current ratio, I,,/I, was typically larger
than 10° and 10* for the p- and n-region, respectively. The
saturated current was completely depleted by the gate volt-
age in a range of about —5 V for p-region and —2 V for
n-region, leading to an excellent field effect performance
of the SWCNT based FET.

For a DWCNT (Fig. 3(a)), we may have four dis-
tinct shell-shell combinations, i.e., semiconducting (S)-S,
metallic (M)-M, M-S, and S-M. Similar to a semi-
conducting SWCNT, where the current in the tube can
be completely depleted, the current passing through a
DWCNT can be completely depleted if both shells of the
DWCNT are semiconducting, i.e., if the DWCNT is of the
S-S type. On the other hand, when the transport of a CNT
is dominated by current passing through a metallic channel
the current can hardly be modulated by external gate due
to strong screening of carriers in the metallic shell. For a
DWCNT this condition may be satisfied if the DWCNT is
either M—M or M-S, in both cases the conduction of the
tube is dominated by the outer metallic shell.

Shown in Figure 3(b) is the room-temperature field
effect characteristics of a S-S DWCNT. Typically for a
S-S DWCNT based FET the [I,/I ratio is larger than
10%, and depending on the diameter of the DWCNT it
varies between 107 to 10*. The current at the “OFF” state
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Fig. 1. (Color online) (a) An AFM image showing a typical SWCNT
based FET. (b) I, versus V, and (c) I, versus V, curves for a metallic
SWCNT with a diameter of 1.8 nm and a length of 3 um.

is usually larger than that associated with a SWCNT. This
is because a DWCNT usually has a larger tube diameter
and is more difficult to be depleted completely of carriers
in both shells of the DWCNT. But typically the current
level in the “OFF” state is less than 7 x 107! A. The
current in the conducting DWCNT channels may thus be
regarded to have been almost completely depleted. This
response is very similar to the behavior of a semicon-
ducting SWCNT as shown in Figure 2 and is consistent
with our assumption that both shells of the DWCNT are
semiconducting type. Figure 3(c) shows another type of
I-V characteristics exhibited by a DWCNT based FET.
The current is seen to hardly depend on the gate voltage
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Fig. 2. (Color online) /-V characteristics of a semiconducting SWCNT.

(a) 1y versus Vo and (b) I, versus V, for a semiconducting SWCNT
with a diameter of 2 nm and a length of 800 nm.

which is very similar to the typical response exhibited by a
metallic SWCNT as shown in Figure 1(c). For this type of
field-effect characteristics, however, we can not conclude
uniquely as to whether a M—M or a M-S combination of
shells is involved, since in both cases the conductance of
the DWCNT is dominated by the outer metallic shell of the
DWCNT. Therefore, the DWCNT involved in this behav-
ior could be either M—M or M-S type.

While for a S-S DWCNT the conductance is domi-
nated by semiconducting channel and a M-M or M-S
DWCNT is dominated by metallic channel, the situation
becomes much less clear when we are concerned with a
S—M DWCNT. This type of DWCNTs shows distinct field-
effect characteristics than that of the SWCNT, and a typ-
ical example is shown in Figure 4. In the p-region (with
large negative gate voltage) both shells may contribute to
the conductance. However, Figure 4 shows that for a S—-M
DWCNT the gate is much less effective in depleting carri-
ers in the conducting channel. This is because finite num-
ber of carriers have been injected into the inner metallic
shell of the S-M DWCNT, and it is these free carriers
in the inner metallic shell that screen the outer S-shell
from the effect of the gate and therefore prevent the
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Fig. 3. (Color online) (a) TEM image showing a DWCNT. Typical
room temperature I, versus V, curves for (b) a S-S DWCNT with a
diameter of 3 nm and a length of 600 nm and (c) a metallic DWCNT
with a diameter of 4 nm and a length of 700 nm.

DWCNT from complete depletion of carriers. In princi-
ple this effect provides a mean for investigating carrier
distribution among the two shells of the DWCNT, and
therefore the intershell interactions.

For a side-contacted S—-M DWCNT device, the con-
ductance is dominated by the outer S-shell when large
negative gate voltage is applied (p-region). As the gate
voltage is increased toward the n-region, the carrier den-
sity of the outer S-shell is decreased as the energy bands
of this S-shell is lowered by the gate, and the finite carriers
injected into the inner metallic shell begin to contribute to
the conductance via intershell interactions and the resid-
ual current level in the n-region hardly changes once the
outer S-shell is “turned off.” This unique behavior, which
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Fig. 4. (Color online) (a) Source-drain current versus gate voltage curve
for a S-M DWCNT with a diameter of 4 nm and length of 400 nm.
(b) Temperature dependence of I, versus V, for a DWCNT with a diam-
eter of 3 nm and a length of 400 nm.

stands for a S—-M combination of the two shells, was con-
firmed by our latest controlled shell-by-shell breakdown
experiments.?’

Due to the strong intershell interaction the I /I ratio
for a S—-M DWCNT is typically less than 10, which is far
lower than that can be achieved by S—S DWCNT FETs
and SWCNT FETs of similar diameters. The transition
region from the good hole-conduction (with V, < —10 V)
to the poor electron-conduction (V, > 10 V) was found to
be much wider than that found in both SWCNT and S-S
DWCNT FETs. This is again due to the free charges
in the inner metallic shell, since these free charges may
rearrange themselves to reduce the effect of the gate on
the DWCNT, i.e., charges in the inner metallic shell may
screen the outer semiconducting shell from the influence
of the gate to a certain extent. As a result, the p-type
current associated with the S-shell was “turned off”” much
slowly and the n-type current cannot be “turned on” even
for V, =20 V. The screening effect is strongly dependent
on the available free charges in the inner metallic shell, and
therefore electron injection efficiency or intershell inter-
action. Figure 4(b) shows that at lower temperature the
current may be reduced to a very lower level, in agreement
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with previous work.'>'* As the temperature is lowered,
fewer charges are injected into the inner metallic shell
and screening effect is reduced. This results in narrower
transition region and larger [, /1.4 ratio. Thus, the S-M
DWCNT FETs behave like semiconducting SWCNT FETs
at low enough temperature.

In an earlier work,!” 200 DWCNT FETs were fabricated
and 125 were found to function well. Among these 125
functioning devices 52 devices were found to show the
typical S-S [-V field-effect response as shown in
Figure 3(a), and this compares well with the simple geo-
metric prediction that among 125 DWCNTs 55 should
be S-S type; 44 devices were found to show hardly any
change to gate voltage as shown in Figure 3(b) and this
number is very close to the predicted number, i.e., 42;
and the rest 29 devices show the S—M field-characteristics
as shown in Figure 4, comparing with the predicted 28.
Our classification of the field-effect characteristics of
DWCNT FETs is further supported by controlled shell-by-
shell breakdown experiments,?’ suggesting the important
effect of the intershell interaction in the electron transport
in MWCNTs.

In summary, SWCNTs and DWCNTSs have been
used to fabricate FETs and their transport properties
have been studied. While for DWCNTs, the S-S, M-M
or M-S, and S-M combination of the two shells have
been distinguished according to their distinct field effect
characteristics. A screening effect was found in S-M
DWCNTs and comparative study of S-M DWCNTs and
S-SWCNTs can obtain clear information of the intershell
interaction of MWCNTs.
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