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ABSTRACT

The ambipolar random telegraph signal (RTS) (i.e., RTS in both hole conduction at negative gate biases and electron conduction at positive
gate biases) is observed in an ambipolar carbon nanotube field-effect transistor (CNT-FET). Then, the ambipolar RTS is used to extract the
small band gap of the SWNT. The determination of the small band gap CNT using RTS demonstrates a potentially high accuracy and stability.
Other methods are provided to confirm the small band gap of the SWNT.

The band structures of single-walled carbon nanotubes
(SWNTs) have been studied extensively both theoretically
and experimentally.1 It is shown that SWNTs made from
perfect grapheme can be clarified into three types: metallic,
semiconducting, and small band gap SWNTs. The small band
gap SWNTs have their chiralities (m, n) satisfym - n ) 3
× integral. The curvature-induced hybridization can be
attributed to a small band gap.2 Furthermore, it is predicted
theoretically that defects inside the SWNTs can modify the
global band structure of the SWNTs. For example, semi-
conducting SWNTs can be metallized by a single pentagon-
heptagon to close the band gap, depending on the defect
density and defect location.3 However, an accurate determi-
nation of the ultrasmall band gap of SWNTs in experiments
is difficult to make because of the far-infrared setup;4 in
addition, the measured signal is extremely small because of
the small volume of a single SWNT. Alternatively, a zero
source-drain bias conductance measurement or a small
source-drain current measurement is used to obtain the small
band gap of the SWNTs.5-7 In these methods, the gate
efficiency factor (i.e.,∆Ef/∆Vg) needs to be acquired so as
to extract the band gap information. Because the modeling
of CNT-FETs is still in its developing stage, the gate
efficiency factor is often obtained from a separate Coulomb
blockade experiment, which results in complication and
inaccuracy of the band gap information.

Because of the ultrasmall diameters of carbon nanotubes,
they are sensitive to individual charges. Recently, we
observed a random telegraph signal (RTS) (i.e., jumping of
current/conductance in p-type carbon nanotube backside gate
field-effect transistors (FETs) with a high signal-to-noise
ratio). This phenomenon is attributed to the charging and
discharging of a single defect/atom inside the gate dielectric
or in the interface of the gate dielectric.8 The single defects
or atoms are located outside of the CNTs and do not change
the band structure of the CNTs. In this letter, an ambipolar
RTS is observed in an ambipolar SWNT FET. The ambipolar
RTS mechanism is explained on the basis of the thermionic
emission model. After that, we propose to use the ambipolar
RTS for the determination of the small band gap of the
SWNT. The advantage and reliability of the RTS method
are discussed.

SWNTs were synthesized by using a standard chemical
vapor deposition (CVD) method as described in ref 9. The
SWNTs usually have diameters of 1-3 nm and lengths on
the order of 4-5 µm. CNT-FETs are backside gated with a
500 nm thermal oxide layer on top of a highly doped p-type
silicon substrate. Ti/Au is used for the metal source and drain
contacts. Figure 1 shows the source-drain current (a) and
conductance (b) (obtained by a standard lock-in technique)
of the CNT-FET measured at a temperature of 4.2 K. The
conducting characteristics (i.e., both electron and hole
conduction) are observed with the gate voltage scanning from
-15 to 15 V. It is interesting to observe that an RTS happens* Corresponding author. E-mail: feiliu@ee.ucla.edu.
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over the entire gate scanning range. The inset of Figure 1a
shows the time dependence of the RTS source-drain cur-
rent for a gate bias of-14 V and a source-drain bias of
-0.2 V.

The emission and capture time constants ratios, as depicted
in Figure 2, are obtained by counting up and down events
of RTS for different gate biases.10 Furthermore, the average
source-drain current over a 400 s measurement time slot is
plotted in Figure 2 for reference. The RTS is present over a
large range of gate bias (from-25 to 25 V), and more
interesting is that the RTS occurs both in electron transport
(positive gate bias) and hole transport (negative gate bias)
in the ambipolar CNT-FET.11 For a large, negative gate bias
(<-9 V) in region I, the CNT-FET works as a p-type FET
with the Fermi level inside the valance band of CNT as
shown on the left side of Figure 2. The probability of finding
the CNT-FET in the high absolute current state is lower than
that in the low absolute current state, indicating that the defect
level is above the CNT Fermi level and, as a result, most of
time the defect level has an extra positive charge (hole). In
this range, it seems that the capture/emission times and their
ratios remain almost unchanged by applying a greater

negative gate bias. Thus, the relative energy position of the
CNT Fermi level and the defect level does not change in
this gate bias range. It may be concluded that the defect is
most likely located at the interface of the CNT and/or very
close to the CNT channel. With a smaller negative gate bias,
the capture/emission time constants, their ratios, and the
average source-drain current change dramatically, as shown
in the middle of Figure 2 (region II). First, the Fermi energy
of the CNT moves toward the conduction band of the CNT
in this gate voltage range, and the emission and capture ratio
changes according to the relative energy difference between
the defect energy level and the Fermi energy

whereτc and τe are the defect capture and emission time
constants;g is the trap degeneracy;Et is the defect energy;
Ef is the Fermi energy of the SWNT; andT is the carrier
temperature. Second, when the Fermi energy level lies inside
the CNT band gap, the hole density decreases so that the
capture time constant increases as seen below

Figure 1. (a) Current as a function ofVg at T ) 4.2 K for differentVds biases. The inset shows the time-dependent RTS atVg ) -14 V
andVds ) -0.2 V. (b) Corresponding conductance measured simultaneously with the current.

Figure 2. (a) Emission-capture ratio and average source-drain current with respect to gate voltage. The ratio does not change for large
positive and negative gate biases. The insets use energy band diagrams to show the principle of using RTS in the ambipolar CNT-FET for
the SWNT band gap measurement. (b) RTS emission and capture ratios as a function of gate bias of another device with the same device
geometry but a large band gap measured at 4.2 K with different source-drain biases.

τc

τe
) g exp(Et - Ef

kBT ) (1)
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wheren is the carrier density;Vth is the thermal velocity;
andσ is the capture cross section. A further increase of the
gate positive bias will move the Fermi level into the
conduction band and turn the CNT-FET on for electron
conduction as shown on the right side of Figure 2a (region
III). The similar I-V characteristics and RTS behavior for
both electron and hole transport indicate that a similar
mechanism occurs for electron conduction. The data suggest
that the defect energy level lies roughly in the middle of the
band gap. The fact that the large current is observed for both
hole and electron conduction means that the Fermi energy
is moving from the valence band to the conduction band as
the gate bias varies. As the Fermi level moves into the band
edge by the bias, further increases of the bias do not move
the Fermi level significantly because of the presence of the
density of states.12 Thus, the band gap of the CNT can be
extracted by using eq 1 from the emission and capture ratio
at large positive and negative gate biases

whereEg is the band gap of the CNT, (τe/τc)ne is the capture-
emission ratio at a large negative gate bias, (τe/τc)po is the
capture-emission ratio at a large positive gate bias, andT
is the temperature of carriers in the CNT channels. With
(τe/τc)ne ) 15 and (τe/τc)po ) 12, the band gap of the CNT is
2 meV. One important issue of the determination of the band
gap by using the RTS method is to maintain a small source-
drain bias. Because a large electrical field across the CNT
may result in carrier heating, the carrier temperature may
be higher than the ambient temperature. Figure 2b shows
the RTS emission and capture ratio as a function of gate
bias for another SWNT-FET13 measured at 4.2 K withVds

) -0.3 and-0.5 V. The change in the gate-dependence
slope at differentVds values shows that carrier heating is
indeed a problem in the electrical field range of 5× 104

V/m. Hence, a small applied electrical field is needed to
provide accurate band gap information in the RTS method.

To further confirm the small band gap of the SWNT,
differential conductance at zero source-drain bias, shown
in Figure 1b, is also used to extract band gap information.
The zero-conductance gap gives a gate bias range of about
2.5 V, and from the device structure, a band gap of 6 meV
is obtained,14 which is comparable to that of the previous
RTS method. The differential conductance as a function of
source-drain bias at different gate biases is shown in Figure
3. The zero-conductance gap at a gate bias of 5 V corre-
sponding to a source-drain bias of 4 meV indictes the small
band gap of the SWNT. The temperature-dependent dif-
ferential conductance withVds ) 0 is also obtained as shown
in Figure 4. The zero-conductance gap disappears at a
temperature of 20 K, which confirms that the band gap of
the SWNT is on the order of several millielectronvolts.15

The zero-bias conductance decreases at 115 K, which shows
the metallic characteristics of the SWNT.

The latter three experimental data support the small band
gap of the SWNT obtained form the RTS method. The RTS
band gap method is easy to use and accurate because it uses
simple I-V measurements instead of a complicated far-
infrared optical setup. Compared to the other electrical
methods, no detailed device parameters, such as device
geometry, CNT band gap, doping, and Schottky barrier
heights, are needed for accurate modeling to extract the band
gap information. The RTS for band gap extraction has no
effect on the contact problem because the band gap is
acquired by comparing the defect level to the Fermi level in
the SWNT. Furthermore, defects may be intentionally created
by hot carrier injection or by creating/localizing defects by
other means, such as atomic force microscopy (AFM) and
scanning tunneling microscopy (STM). For an emission-
capture time constant ratio of 2 orders of magnitude, a
maximum band gap of 4 meV can be measured with a carrier
temperature of 4.2 K. At higher ambient temperature, a larger
band gap range can be extracted using the RTS method.

A hysteresis effect is also observed in the same CNT-
FET. There curves were taken from-15 to 15,-20 to 20,
and-30 to 30 V forward and backward for aVds of -0.2
V. A substantial shift of the threshold of the CNT-FET is

Figure 3. Differential conductance as a function of source-drain
bias at different gate biases measured at 4.2 K.

Figure 4. Zero source-drain bias conductances as a function of
temperature. The zero-conductance gaps disappear at a temperature
of 20 K.
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shown in Figure 5. The shift of the threshold is due to the
water molecules in the carbon nanotube16 and/or the charging/
decharging of mobile charges in the gate oxide.7 Different
from the RTS defect state, this kind of trapping event has a
much longer lifetime, which results in repeatable hysteresis
characteristics. It is interesting that the RTS occurs in each
of the I-V curves and it shifts simultaneously with the
hysteresisI-V characteristics. In each curve, the up and
down probabilities at large positive and negative biases are
almost the same, indicting that the RTS signals are quite
robust and are not quite affected by other parameters such
as mobile charges and water molecules. The water molecules
and the mobile charges shift the gate bias dependence of
the CNT-FET capacitance without changing the difference
between the Fermi energy of CNT and the RTS defect level,
thus they do not affect the RTS method of characterization.

In summary, CNT-FETs are extremely sensitive to indi-
vidual charges, including defect charges with relatively short
times (RTSs) and mobile charges/water molecules with long
lifetimes (shift of threshold voltage), because of their
ultrasmall diameters. The ambipolar random telegraph signal

with both electron and hole conduction was first observed
in an ambipolar CNT-FET. Because RTS can acquire CNT
Fermi energy information, novel RTS nanometrology was
used to extract an ultrasmall CNT band gap with potentially
high accuracy. The band gap obtained by the RTS method
was consistent with the band gap obtained from the zero-
bias differential conductance method and the temperature-
dependent conductance method. The work demonstrates the
great potential of using RTS phenomena in one-dimensional
nanoscale devices as a novel nanometrology technique.
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Figure 5. Hysteresis effect of the ambipolar CNT-FET with its
RTS. The hysteresis is believed to be due to long-lifetime water
molecules and/or mobile charges located in the gate oxide, whereas
the RTS is due to the defect with a relatively short lifetime and
trapping and detrapping at the interface.
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