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ABSTRACT

The low-frequency noise is of special interest for carbon nanotubes devices, which are building blocks for a variety of sensors, including radio
frequency and terahertz detectors. We studied noise in as-fabricated and aged carbon nanotube networks (CNNs) field-effect transistors.
Contrary to the majority of previous publications, as-fabricated devices demonstrated the superposition of generation-recombination (GR)
and 1/f noise spectra at a low-frequency range. Although all the devices revealed identical current–voltage characteristics, GR noise was dif-
ferent for different transistors. This effect is explained by the different properties and concentrations of trap levels responsible for the noise.
Unexpectedly, exposure of these devices to the atmosphere reduced both the resistance and GR noise due to nanotube’s p-doping by
adsorbed water molecules from the ambient atmosphere. The presence of the generation recombination noise and its dependences on the
environment provides the basis for selective gas sensing based on the noise measurements. Our study reveals the noise properties of CNNs
that need to be considered when developing carbon nanotubes-based selective gas sensors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054845

Distinctive carbon nanotubes (CNs) structure is a unique plat-
form for studying the physics of low-dimensional systems and build-
ing electronic devices. There are two major approaches for CN-based
devices: one relies on a single nanotube or nanotubes bundles, whereas
the second approach is based on the randomly distributed CN net-
works (CNNs). The main advantage of the second approach is its fab-
rication simplicity since it does not require a precise manipulation of a
single nanotube. It also allows for multiple device production via the
standard photolithography technique. The characteristics of devices
can easily be adjusted by network density and dimensions.
CNNs-based devices compete with silicon thin-film transistors,1,2

graphene-based elements, and transition metal di-chalcogenides-based
transistors, like MoS2.

3 The exceptional volume to surface ratio of
CNNs makes them promising for biological and gas sensing.4,5

Moreover, CNNs transistors have potential applications in transparent
and flexible electronics,6–8 high frequency, and terahertz devices.9–11

The low-frequency (flicker) noise is an essential parameter for
almost any electronic device. It is of particular interest for high-
frequency applications as it defines the Noise Equivalent Power (NEP)
of detectors and phase noise of high-frequency generators and mixers.
CNs are promising room temperature THz detectors and other
devices.12 Efficient single detectors and even cameras based on CNs
are already demonstrated.10,11,13 The low-frequency noise in electronic
devices is often a superposition of 1/f and generation (GR) recombina-
tion noise. The 1/f noise is evidence of exponentially wide distribution
of characteristic times of random processes contributing to the noise,
whereas the GR noise indicates an intense random process with just
one well-defined time constant, contributing to the overall noise.

Although several studies have already been reported on noise in
CNs,14–21 the nature of the low-frequency noise is still debating. The
majority of the publications report only on 1/f c noise with the expo-
nent c close to unity and the amplitude dependent on several factors.
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So far, we are aware only of a few studies, where the well-defined
GR noise is reported in a single nanotube device.22,23 Here, we
demonstrate that GR noise can contribute significantly to the low-
frequency noise in CNNs devices. Though the current–voltage
characteristics of the studied devices were the same, noise varied
between the specimens from the same batch, owing to different
concentrations of trap levels. We further extended the study to
aged CNNs-based transistors and explained the results via the
absorption of water molecules from the ambient atmosphere on
CNNs. These results might play a significant role to understand
the behavior of as-fabricated and aged carbon nanotubes-based
devices in their perspective applications.

The randomly oriented carbon nanotube networks were synthe-
sized via aerosol chemical vapor deposition method24 and then trans-
ferred on low resistive (<0.005 X/cm) oxidized Si substrate by dry
transfer method.25,26 Figures 1(a) and 1(b) show the scanning electron
microscope (SEM) images of nanotube networks at different magnifi-
cations. The structural morphology reveals low densities of the ran-
domly oriented networks of CNs, which, in turn, reflects their high
optical transparency. The contacts in the form of transmission line
model (TLM) structures were patterned via electron beam lithography
prior to the deposition of CNNs on 170nm-thick SiO2 layer. The opti-
cal microscope image of the TLM structures with deposited nanotube
networks (seen as a slightly darker area) is shown in Fig. 1(c). Each
pair of device contacts were used as source and drain terminals of a
field-effect transistor with Si substrate acting as a back-gate contact.
Schematic view of the back-gated CNNs transistor along with biasing
scheme is shown in Fig. 1(d). InVia reflex Renishaw Raman micro-
scope was employed to examine the structural morphology of nano-
tube networks. Excitation power of the Nd: YAG laser beam (532nm)
was 2.1 mW, which was directed to a sample through 100� objective
lens. Raman signal was collected over a wide spectral range of

70–2200 cm�1 with 13 s exposition time and single accumulation per
measurement.

A low-noise voltage amplifier (Signal Recovery MODEL 5184)
was used for noise measurements to amplify the voltage fluctuations
measured across the load resistor, RL. The recorded voltage time series
were Fast Fourier Transformed by the “PHOTON” dynamic signal
analyzer (Bruel & Kjaer an HBK Company). The estimated voltage
noise power spectral density, SV, was converted into current noise
power spectral density, SI via equation SI ¼ SVðRLþRD

RL�RD
Þ2. Here, RD is

the DC resistance of CNNs device. To evaluate the inherent noise of
the system, CNNs device was replaced by the metal resistor of the
same DC resistance value as the studied device. The observed back-
ground noise of the measurement set-up was at least 20 dB lower than
the noise of the tested devices within the analyzed frequency range.

Raman spectroscopy is one of the most effective and nondestruc-
tive techniques to characterize the properties of low-dimensional
materials, including carbon nanotubes. It allows to estimate the diame-
ter and overall quality of the CNNs.26–28 Figure 2(a) shows the Raman
spectra of the studied nanotube networks. The characteristics peaks
that appeared at �130, �1350, �1580, and �2680 cm�1 are denoted
as radial breathing mode (RBM) peak, D-peak, G-peak, and 2D-peak,
respectively. These peaks are typical for CNs and among them, RBM
and graphitic G-peaks are referred to as the strongest features of CNs
Raman spectra.28–30 Raman D-peak is associated with defects/
distortion in nanotubes and its ratio with G-peak estimates the quality
of CNs, i.e., the higher is the G/D ratio, the higher is the quality. Since
the low-frequency noise is usually associated with defects, the ampli-
tude of the defect-related D-peak and the ratio G/D are important for
the noise analysis. Our preliminary study showed that device with a
higher G/D ratio is characterized by the lower noise level.26

FIG. 1. (a) and (b) Scanning electron microscope images of the randomly oriented
network of CNs at different magnifications. (c) Optical microscope image of the
studied TLM structure. The Red leads represent the gold contacts deposited on oxi-
dized Si before the transfer of nanotubes. The CNNs layer can be seen as a slightly
darker area. (d) Schematic representation of the back-gated CNNs field-effect tran-
sistor along with the DC voltage biasing sources VBG and VD.

FIG. 2. (a) Raman spectra of the studied CNNs over a wide spectral range. (b)
Zoom-in view of the RBM peak along with the Lorentzian peak fitting to estimate
the diameter of nanotubes. (c) DC resistance as a function of device length. The
red-dashed line indicates a linear approximation of the data points. Inset shows the
current–voltage characteristics of the same devices. (d) The transfer current–
voltage characteristics for one of the representative transistors.
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Graphitic G-peak is attributed to the covalent bonds between car-
bon atoms, whereas RBM peak is associated with the coherent vibra-
tion of carbon atoms in the radial direction and exclusively appears
only for CNs. It also allows estimating the diameter of a nanotube via
equation dCNTs ¼ A

xRBM�B, where dCNTs is the diameter of nanotubes,
A¼ 217.8 cm�1, B¼ 15.7 cm�1, and xRBM is the center frequency of
the peak (in cm�1).26,29,31 The decomposition of Raman RBM peak
along with the Lorentzian curves is shown in Fig. 2(b). These results
identify the existence of different diameters of nanotubes ranging from
0.84 to 1.92 nm. Overall, Raman analysis indicated the typical charac-
teristics of the studied CNNs.27,28

Figure 2(c) shows the resistance of CNNs as a function of device
length. Each data point corresponds to the resistance of nanotubes
devices of the given length. The red-dashed line indicates a linear
approximation of data points, and its intersection with the Y-axis (i.e.,
at L¼ 0lm) yields the total contact resistance. In all studied devices,
the contribution of contact resistance into total device resistance was
relatively small. The current–voltage characteristics of the same devi-
ces are shown in the inset of Fig. 2(c).

Figure 2(d) shows the transfer current–voltage characteristic of
one of the studied nanotube transistors. As seen, this back-gate transis-
tor acts as a p-channel field effect transistor. The forward and reverse
scans of back-gate voltage VBG reveal significant hysteresis, which
arises due to the deep trap levels in the active conducting layer and is
typical for CNNs-based field-effect transistors. The characteristic time
of the drain current drift is within the range from a few seconds to a
few tens of minutes at fixed back-gate voltage VBG.

Contrary to the DC electrical properties, noise properties varied
significantly from device to device. This is a well-known phenome-
non,19,26,32 which specifies the high sensitivity of flicker noise to the
structural quality of a sample. Particularly, noise measurements as a
function of the back-gate voltage showed that although current always
decreased with the increase in the VBG value, the dependences of noise
on VBG varied between the tested devices. The noise spectra at differ-
ent back-gate voltages for the exemplary as-fabricated device are
shown in Fig. 3(a). Figure 3(b) shows the normalized drain current
spectral noise density SI/I

2 dependences at frequency f¼ 10Hz on VBG

for the same device. The noise increases with a back-gate voltage for
this particular device. It is seen that the noise spectra look like 1/f c

noise with exponent c increasing with the back-gate voltage [Fig. 3(a)].

The dependence of the exponent c on VBG is shown in Fig. 3(c). Since
the spectrum is not a straight line in the log –log scale, the parameter c
was estimated for the frequency range from 1 to 10Hz.

The noise properties of another representative as-fabricated
device are shown in Fig. 4. Noise spectra at different back-gate vol-
tages are shown in Fig. 4(a). The dependences of SI/I

2 (at
f¼ 10Hz) and exponent c on VBG are shown in Figs. 4(b) and 4(c),
respectively. Contrary to Figs. 3(b)–3(c), the dependences of noise
and exponent c on VBG demonstrate maximum, which appear
approximately at the same VBG. This signifies the sensitivity of
flicker noise, which varies between the specimens from the same
batch owing to different concentrations of the trap levels. For both
devices (in Figs. 3 and 4), the maximum value of the frequency
exponent is close to c¼ 2.

The low-frequency noise in semiconductor devices is often a
superposition of generation-recombination (GR) and 1/f noise
components,33

SI
I2
¼ 4Nt

p2V
sF 1� Fð Þ
1þ 2pf sð Þ2
� �þ A

f
; (1)

whereNt and F are the concentration and occupancy of traps responsi-
ble for GR noise, respectively, p is the concentration of free carriers
(holes in studied devices), V is the volume of semiconductor, s is the
characteristic time constant associated with the return to equilibrium
of the trap occupancy, and A is the amplitude of 1/f noise. The time
constant s can be expressed as s ¼ scF, where sc is the capture time
constant.33 The first term in Eq. (1) represents the GR (Lorentzian)
noise with the characteristic spectrum shape and time constant s. At
low frequencies fchar � (2ps)�1, noise does not depend on the fre-
quency and has a maximum at F ffi 0.66, i.e., when the Fermi level is
slightly below the trap level responsible for GR noise in a p-channel
transistor. At high frequencies, noise decreases as 1/f 2. The superposi-
tion of GR and 1/f noise can provide a variety of the noise spectra
shapes. We speculate that the observed noise power spectra in the
studied CNNs devices are the superposition of 1/f noise and GR noise
with a characteristic frequency fchar < 1Hz. As follows from Eq. (1),
the condition for the local maximum of noise satisfies the following
equation:

2� 3F � 2pf scð Þ2 F3 ¼ 0; (2)

FIG. 3. (a) Normalized noise power spectra of CNNs back-gated transistor at different back-gate voltages VBG. Smooth lines show the result of the fitting using Eq. (1) for two
values of VBG (0 V, 35 V). (b) Normalized noise power spectral density SI/I

2 at frequency f¼ 10 Hz for the same specimen vs VBG. Insets show the qualitative band diagrams
with relative positions of the Fermi level EF and trap level Et, responsible for GR noise at different VBG. (c) The dependence of exponent c on VBG. Different symbols corre-
spond to two consecutive measurements with a time interval of 5 min.
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which is derived by differentiation of Eq. (1) and compared to zero.
Analysis of Eq. (2) shows that at high frequencies, the maximum of
noise corresponds to the Fermi level close or somewhat above the trap
level in p-type material, i.e., F< 0.66.

Solid lines in Figs. 3(a) and 4(a) approximate a few power spectra
lines using Eq. (1). The estimated characteristic time constants for
these two devices are sc¼ 2 s [Fig. 3(a)] and sc¼ 10 s [Fig. 4(a)]. It is
important that the fits were done for the same values of Nt and sc for
each sample. In the fitting procedure, only the occupancy function F
and the amplitude of 1/f noise were adjusted. The band diagrams in
the insets in Figs. 3(b) and 4(b) schematically illustrate the positions of
the Fermi level EF, which correspond to the occupancy function F of
the energy trap level Et, used in the fitting procedure. We can conclude
that different GR noise properties for the studied samples are caused
by variations in concentrations and energy positions of the deep level
traps, characterized by the frequencies fchar¼ (2ps)�1 below 1Hz. The
trap concentration can be high enough to affect the Fermi level posi-
tion. Even a higher spread of GR noise components between the tested
devices can be present in such a case. These results show that contrary
to the majority of publications where just 1/f noise was observed, stud-
ied devices demonstrate significant contribution of the GR noise. This
is an indication that just one kind of traps dominates the noise proper-
ties, and the concentration of all other traps (defects) is small.

It was found that keeping the CNNs devices in the ambient
atmosphere of laboratory air (45% relative humidity) leads to a slow
decrease in the DC resistance, observed even in a relatively short time
[Fig. 5(a)]. Exposure to synthetic air partially restores the DC resis-
tance and makes it more stable over time. Therefore, we conclude that
humidity is the main reason behind the DC resistance drift.
Interestingly, noise decreased when CNNs transistors were exposed to
the atmosphere of laboratory air. Figure 5(b) shows the noise power
spectral densities for the same device as in Fig. 3, after keeping it in the
ambient atmosphere for about a month and after exposure to synthetic
air. It can be seen that an ambient atmosphere decreases low-
frequency noise and reduces the GR noise component. Even a short
time exposure to synthetic air increases the noise amplitude and spec-
trum slope, which indicates an increase in both 1/f and GR compo-
nents of noise. This phenomenon is not common for low-dimensional
systems. It was shown elsewhere that exposure to the atmosphere
increases the noise,34 and keeping devices in vacuum or surface protec-
tion reduces the noise of low-dimensional devices.35–41

The reported experimental studies of the ambient atmosphere
effect on noise in CNs are limited and contradictory. While in Ref. 20,
the authors observed substantial enhancement of noise in studied devi-
ces, others reported the decrease in noise in a single nanotube transis-
tor owing to exposure of devices to the ambient atmosphere.42 In our
study, noise decreased as a result of exposure to laboratory air. This is
an unusual and unexpected behavior because in the majority of cases,
contamination leads to noise increase. We can speculate that adsorbed
water molecules p-doped the nanotubes, which, in turn, reduced their
DC resistance. According to Eq. (1), an increase in hole’s concentra-
tion, p, decreases the amplitude of GR noise as 1/p2. It also shifts the
Fermi level closer to the valence band. This, in turn, increases the
occupancy function F, making GR noise even less intense. Even short
exposure to synthetic air induces water molecules desorption, which,
in turn, decreases the hole’s concentration and increases the GR noise
component. The sensitivity of the resistance and especially the noise
spectra to the environment makes CNNs promising as gas sensing
devices. While resistance changes within �1%, the change in noise
amplitude at low frequencies is about an order of magnitude [see Fig.
5(b)]. Furthermore, change in the noise spectra shape has potential for
selective gas sensing. Similar approach for selective gas sensing was
previously proposed,43 and later confirmed for exfoliated graphene

FIG. 4. (a) Normalized noise power spectra of another CNNs back-gated transistor at different back-gate voltages VBG. Smooth lines show the results of the fitting using Eq.
(1) for three values of VBG (0, 20, and 24 V). (b) Normalized noise power spectrum SI/I

2 at frequency f¼ 10 Hz for the same specimen vs VBG. Insets show the qualitative
band diagrams with relative positions of the Fermi level EF and trap level Et, responsible for GR noise at different voltages VBG used for noise spectra fitting in (a). (c) The
dependence of exponent c on VBG. Different symbols correspond to two consecutive measurements with a time interval of 5 min.

FIG. 5. (a) Relative change of the DC resistance of CNNs transistor as a function
of time under the ambient atmosphere of laboratory air and next in synthetic air,
introduced at time t¼ 2.5 min. (b) Noise power spectral density observed in the
studied device as presented in Fig. 3 after a month of exposure to laboratory air
and just after introducing the synthetic air.
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devices.44 In comparison with graphene, CNNs devices have advan-
tages of fabrication simplicity, scalability, and potentially low price.

In conclusion, we observed that the low-frequency noise in
CNNs transistors is not a pure 1/f noise but rather a superposition
of 1/f and generation-recombination noise. The generation-
recombination noise component was caused by the traps of the energy
level close to or somewhat below the Fermi level in a p-channel CNNs
field-effect transistors, characterized by a time constant range from
2 to 10 s. Such long relaxation processes also contribute to the
observed hysteresis of the DC resistance upon sweeping the back-gate
voltage. Although the DC characteristics of the studied devices were
identical, GR noise and their dependence on back-gate voltage were
different owing to variations in trap distribution responsible for the
noise. The unusual effect of the noise reduction as a result of aging was
explained by the p-doping of nanotubes in the environment of humid
laboratory air. Our study confirmed the environment-dependent noise
properties of CNNs transistors, and such effects need to be taken into
account in the development of carbon nanotube-based selective gas
sensing devices.
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