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Abstract—Random telegraph signals (RTSs) are observed in
the single-walled carbon nanotube (SWNT) field-effect transis-
tors. The RTS mechanism is studied in detail. It is shown that
trapping/detrapping due to the defects in the oxide is the main
reason for RTSs in the carbon nanotube field-effect transistors
(CNT-FETs). The amplitude of the RTSs in CNT-FETs is mainly
attributed to mobility modulation. The defect causing the RTSs
is a hole-type Coulomb repulsive center located near the valance
band of the SWNT.

Index Terms—Carbon nanotube (CNT), random telegraph
signal (RTS).

I. INTRODUCTION

ONE-DIMENSIONAL (1-D) nanoscale devices, such as
carbon nanotubes (CNTs) and various nanowires, have

been synthesized [1]–[3]. These kinds of 1-D self-assembled
devices can be grown, in principle, on top of any substrates
without misfit dislocations. CNT and nanowire field-effect tran-
sistors (FETs) offer the potential of low cost high-performance
devices with improved subthreshold slope and transconduc-
tance over Si metal oxide semiconductor field-effect transistors
(MOSFET) [4]. However, to date, due to the lack of control of
orientation, uniformity, and the presence of spurious charges,
large-scale integration remains a problem. From the noise point
of view, based on Hooge’s empirical formula [5]

(1)

where is the total density of mobile carriers and is the
center frequency, it is predicted that flicker noise ( noise)
increases with the down-scaling of device size. Large noise
may significantly effect the low-frequency performance of small
devices and thus increase phase noise of radio frequency (RF)
circuits. For example, in mixed signal technologies, base-band
low-frequency noise can be up-converted to produce amplitude
modulation and phase modulations and degrades the spectral
purity of the carrier [6], [7]. In the time domain, noise
is related to random jumps between two or several conduc-
tance levels, caused by the trapping and detrapping of carriers,
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Fig. 1. Schematic drawing of CNT-FET (p-channel) with one defect inside
SiO .

i.e., so-called random telegraph signals (RTSs) [8], [9]. As the
channel width scales down, the RTS effect becomes large. In
this paper, the physical model of RTSs in 1-D CNT-FET de-
vices will be described. After that, the mechanism of RTSs in
1-D CNT-FETs will be analyzed. Then, the stability and unifor-
mity of the CNT-FETs will be discussed.

II. RTSS IN SINGLE-WALLED CNT-FETS

CNT-FETs used in this paper are backside gated. They were
fabricated on a highly doped -type silicon substrate covered
by a thermal oxide layer 200 500 nm thick. Single-walled
carbon nanotubes (SWNTs) were synthesized following a stan-
dard chemical–vapor deposition (CVD) method [10]. These
nanotubes have diameters varying from 1 3 nm and lengths
of several micrometers. Photolithography was used to define
electrodes on top of the nanotubes with 4- m distance between
two electrodes, followed by Ti/Au deposition as metal contacts.
The schematic drawing of the measured devices is shown in
Fig. 1.

Fig. 2(a) shows a standard -type semiconducting CNT-FET
(sample 1) characteristic with a threshold voltage of 3.3 V at
4.2 K, except there are jumps at the gate bias of roughly 26 V,
as emphasized by a circle. The inset enlarges this range to show
the detail. Typical time dependence of the source–drain current
at V measured at every 0.3 s for a total time interval
of 400 s is indicated in Fig. 2(b). The emission and capture time
constants with respect to the gate voltage are obtained by cal-
culating the statistic average time constraints from the time-de-
pendent RTS at a temperature of 4.2 K with V and

varying from 24.4 to 27.6 V. The results are plotted in
semi-log format in Fig. 2(c).

The observed two-level fluctuations with the current
switching amplitude of 50 nA show that only one defect
with single charge state contributes to the RTS. When a neg-
ative bias is applied, the Fermi energy of the CNT moves
towards its valence band, and the SiO band is also adjusted
with respect to the Fermi level as shown in Fig. 2(d). At a
small negative gate bias, the defect energy level is well below
the CNT Fermi level, and no hopping/tunneling can happen.
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Fig. 2. (a) Current as function of V at T = 4:2 K and V = �0:3 V showing a typical p-type FET characteristic. There are RTS jumps at V about �26 V
due to single defect in SiO . These jumps are enlarged in (a) for clarity. (b) Typical time dependence of source–drain current (RTS) due to single defect observed
for total time period of 400 s with V = �0:3 V under three different gate biases, �24.4, �25.8, and �26.6 V, respectively. (c) Statistic of emission/capture
time constants and emission/capture ratios for single defect level as function of gate bias. Emission/capture ratio follows detailed balance relation. (d) Energy band
diagram illustrates alignment of Fermi energy with one defect level as gate bias is varied.

When V, the defect level and the CNT Fermi level
move close to each other so that hopping and tunneling happen.
The higher state (larger absolute value of source–drain current)
corresponds to the defect in its neutral state; the lower state
corresponds to the defect in positive/negative charged state
[indicated in the bottom of Fig. 2(b)]. This is because when
the defect is charged, the current level becomes lower due to
Coulomb scatterings. With a larger negative gate bias, the hole
density in the SWNT increases, so that the carrier capture time

decreases

(2)

where is the hole density per unit volume in the SWNT,
is the average hole velocity, and is the average capture cross
section. From emission and capture time constants in Fig. 2(c),
the capture and emission process can be determined. The higher
absolute current level happens when the defect is neutral; the
lower absolute current level happens when the defect is posi-
tively charged by a hole. The defect is a hole-type Coulomb re-
pulsive center. Furthermore, as shown in Fig. 2(d), the electron
affinity energy of SWNT is about 4.8 eV [11], and the bandgap
of semiconducting SWNTs is approximately , where is
the diameter of the SWNT in nanometers. The SWNT has a

bandgap in the range of 0.3 1 eV, depending on its diameter.
The defect locates near the valance band of the SWNT in the
energy space.

The defect level moves further up with respect to the CNT
Fermi level by applying a larger negative gate bias; the proba-
bility of observing the filled state is enhanced. At a gate voltage
of 25.8 V, the Fermi energy of CNT and the defect energy align
with each other. The probabilities of the defect to be charged and
empty are almost equal, i.e., the statistics of occurrences at the
high and low current levels are almost the same as shown in the
middle of Fig. 2(b). From the gate bias from 25.8 to 27 V,
the defect level has a greater probability to be filled in [the top
of Fig. 2(b)] until the defect is completely occupied by a hole.
According to the detailed balance relation, the emission/capture
ratio of a hole for the defect state is

(3)

where is the energy degeneracy of the trap, is the defect en-
ergy, is the Fermi energy of the SWNT, is the Boltzmann
constant, and is the carrier temperature, which may be higher
than the ambient temperature due to carrier heating at large
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Fig. 3. RTS in CNT-FET with 40% of total current at 4.2 K with bias of V =

�9 V and V = �0:1 V.

source–drain biases. Thus, the relation between the change of
the defect energy level with respect to the SWNT Fermi energy
and the ratio of emission and capture time constants as a func-
tion of gate bias is [8]

(4)

This indicates that the gate dependence of the emission and cap-
ture ratio is related to the gate dependence of . More-
over, the gate dependence of is determined by the
defect location, i.e., the left term of (4) is larger for a deeper
defect (located deep inside oxide) than for a shallower defect.
Since the RTS appears in the strong inversion of the CNT-FET
(sample 1), the change of the Fermi energy due to the change of
gate bias is small; the distance of the defect away from the CNT
and SiO interface could be obtained approximately using

(5)

From Fig. 2(c), the spatial location of the defect is roughly 1 nm
underneath the CNT/SiO interface.

As shown in Fig. 2(a), the switching amplitude is about 1%
of the total current. Another RTS from a similar CNT-FET
(sample 2) with an amplitude of 20 nA (40% of the total
source–drain current) is observed at 4.2 K [in Fig. 3(a)]. After
the scanning electron microscopy (SEM) inspection, it is found
that the CNT-FET (sample 1) have two carbon nanotubes
between two electrodes, while the CNT-FET (sample 2) has
one carbon nanotube. The number of the channels between
two electrodes is one of the reasons for the RTS amplitude
difference in these two cases, which is also confirmed from
other CNT-FET samples. Normally, the switching amplitude of
RTSs in the CNT-FETs is much larger than that in MOSFETs
[12] because of the small diameters of SWNTs ( 2 nm).
The other possible reason for the difference in the switching
amplitude could be attributed to the different defect location
and scattering strength. If a defect is near the surface of the

CNT/SiO interface, the Coulomb potential will significantly
perturb hole transport in the CNT and create a large switching
amplitude. The change of current resulting from this defect
charging/discharging can be expressed as

(6)

where , , and represent the current, the mobile carrier den-
sity, and the carrier mobility, respectively. Both the degradation
of effective mobility and the decreasing of the number of car-
riers in the CNT may contribute to the decreasing of the current.
An unscreened Coulomb scattering matrix due to one defect
at in a quantum wire from a carrier initially with
wavevector in channel is [13]

(7)

where , is the carrier wave function, is the
dielectric constant, is the zeroth order modified Bessel func-
tion, and is the normalization length of 1-D wire. Consid-
ering one two-channel and the forward–backward transport in
the SWNT, the scattering rate is [13]

(8)

where is the effective mass of the carriers. It is known
that the screening length of the Coulomb potential in the
semiconductor is on the order of several nanometers because of
the charge screening of the channel holes [14]. Since a typical
SWNT has a diameter of about 1 3 nm. Thus, the Coulomb
potential from a single defect lying very close to the CNT
interface can almost block off the transport channels. This
fact is in clear contrast to the lateral current transport in the
two-dimensional (2-D) case in most previous reports, where the
channel width is on the order of submicrometers to several mi-
crometers; the 2-D transport allows carriers to avoid the defect
potential and bypass through unperturbed regions. Therefore,
the RTS amplitude is mainly due to mobility modulation for
the long CNT-FETs.

In the following, the envelope ratio of the RTS differen-
tial conductance will be studied experimentally from one of
the semiconducting SWNTs, where nonballistic (diffusive)
transport is present in the devices. Fig. 4(a) shows the current
and (b) corresponding source–drain differential conductance

for the CNT-FET (sample 2) as a function of
for different at the temperature of 4.2 K with a scanning
rate of 1 mV/s. The current and differential conductance spectra
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Fig. 4. (a) Current and (b) conductance of p-channel CNT-FET as function of V for different gate biases at T = 4:2 K with V scanning rate of 1 mV/s.
(c) Differential conductance ratio of filled and empty states, extracted from RTS at V = �9:5 V.

show, simultaneously, the switching behavior. The curves were
offset by 20% of the maximum amplitudes for clarity. The
current was measured after the amplification of the signals
using a standard operational amplifier, and signals
were obtained by a standard lock-in method with a sinusoidal
AC voltage modulation of 1 kHz and a time constant of 300 ms.
It is observed that the RTS amplitude first increases with in-
creasing until V; then, the amplitude saturates
and decreases for a larger . Furthermore, the differential
conductance ratio (the envelop ratio of differential conductance
of filled state to empty state) increases to almost close to 100%
for V shown in Fig. 4(c). It is known that when
increases, the effect of longitudinal electrical field increases, so
that the possibility for a hole to go through the single defect
barrier increases. The differential conductance ratio shows a
strong dependence on the source–drain voltage bias; which
further confirms that the degradation of mobility due to the
extra Coulomb repulsive scattering is the main contribution for
the RTS amplitude.

For a short CNT-FET, where the length of the CNT is
smaller than the carrier mean free path but larger than the
Coulomb blockade length ( ), the ballistic
transport will happen. The transmission coefficient for car-
riers to go through a single defect Coulomb potential is

, where is the energy
of the hole in a SWNT. In this case, the charging/discharging
modulates the maximum differential conductance through
single transport channels, and is directly related to the ap-
plied . For the nonballistic case, this transmission coefficient

fluctuation could result from mobility fluctuation. However,
in this case, E is much smaller than due to many other
scatterings.

The gate-dependent emission and capture characteristics
of RTSs show that the mechanism of the observed RTSs in
the CNT-FETs is similar to that of conventional MOSFETs
in their origins. They are due to the trapping and detrapping
of the defect centers inside the gate dielectric or in the
interface of gate dielectric and CNT channels. However, the
data show that the narrow channel devices are extremely
sensitive to the quality of the gate oxide and its interface.
RTSs are related to noise; CNT-FETs suffer from large
low-frequency noise [15]. The noise performance of the
devices degrades greatly when the oxide traps and interface
traps are created or increased by electrical stress or radiation.
Furthermore, the reliability of devices depends on the quality
of 1-D nanotubes, gate dielectrics, and interfaces. Due to the
ultra-small diameters of the 1-D FETs, only a few defects
(1 100) are present underneath each nanotube, assuming the
defect density of cm eV ; thus, the variation
of the number of defects affects the device performance dra-
matically. Hence, a highly uniform gate dielectric free from
the spurious charges and interface defects is critical. Clever
device designs to minimize these spurious charge effects are
equally important, and they may include the use of many
nanowires (tubes), which effectively increases the channel
width, and/or the use of novel architectures incorporating
error correction functionality. One example may be nanowire
cellular automata [16].
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III. CONCLUSION

In summary, RTSs were studied in the single-walled CNT-
FETs. The physical mechanism of the RTSs was due to the hop-
ping/tunneling of carriers between the conducting channels of
the SWNTs and the defect levels. The defects were hole-type
Coulomb repulsive centers located near the valance band of the
SWNTs in the energy space and at the interface and/or several
nanometers underneath SWNT in the real space. The contribu-
tion of the current fluctuations is mainly due to mobility mod-
ulation, and the large amplitude of the RTSs is analyzed to be
due to the small diameters of the SWNTs.
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