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Abstract Over the last two decades, carbon nanomaterials including two-
dimensional graphene, one-dimensional carbon nanotubes (CNTs), and zero-
dimensional carbon quantum dots, fullerenes have gained tremendous attention
from researchers due to their unique optical, electronic, mechanical, chemical, and
thermal properties. Furthermore, to enhance the properties of pristine carbon nano-
materials, their hybrid materials have been synthesized. Even though tremendous
advancement in carbon nanomaterials-based electronic devices and sensors has been
achieved, a few challenges need to be addressed before the commercialization of
carbon nanomaterials-based devices. Apart from the improvements, the device to
device variations, and extrinsic factors like dielectric layers, metal contact resistance
remain an issue. Strategies such as chemically tuning and enhancing the proper-
ties of carbon nanomaterials are important for the further improvement of carbon
nanomaterial-based device performance. This chapter focuses on understanding the
basic electronic properties of graphene, CNT. and carbon quantum dots/fullerenes
and their applications in electronic devices (field-effect transistors, diodes, etc.),
optoelectronics, and various chemical and physical sensors.

Keywords Carbon nanomaterials - Fullerenes - Carbon quantum dots + Carbon
nanotubes - Graphene - CNTFET - GFET - Chemical sensors - Physical sensors *
Photodetectors

1 Introduction

Solid materials with at least one dimension restricted to the nanoscale (1-100 nm)
are called nanomaterials. Materials whose size range in micro-meter have their prop-
erties almost similar to that of the bulk materials, but on the other hand, nanoma-
terials have unique and different properties such as higher surface to volume ratio,
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improved electrical, thermal, mechanical, optical properties, and with minimal imper-
fections which are completely diverse from bulk counterparts. In 1985 first carbon
material named buckminsterfullerene (Cgy) was synthesized and then later, various
other carbon materials came into existence. Over the years, carbon nanomaterials
such as fullerenes, nanodiamonds, nanotubes, nanofibers, and graphene have got the
utmost prominence for their utilization in various applications. We must understand
these different carbon nanomaterials before a detailed discussion regarding different
applications.

1.1 Fullerene

Carbon atoms organized in hexagonal and pentagonal rings with closed hollow
cages are known as fullerenes. Cylindrical/ ellipsoidal, the spherical arrange-
ment of molecules that entirely contain carbon atoms falls under the category of
fullerenes. Carbon nanotubes/bucky tubes are cylindrical-shaped fullerenes, and
spherical-shaped fullerene is known as buckyballs.

Spherical Fullerene

This class of carbon materials is zero-dimensional in which all the dimensions of the
molecule are restricted to the nanoscale. C, is the chemical formula of the spherical
fullerene where the number of carbon atoms existing in a fullerene molecule is
denoted by n in C,. These are classified into Cgp, C79, C76, Csa, and this sequence
continues till gigantic [1] (where the number of carbon atoms greater than 100) and
fullerenes of onion type [2] (where concentric shells are combined to form a hollow
shape structure). Among all the fullerene structures, buckminsterfullerene-Cg is the
most stable and prominent structure. It is the carbon molecule in which pentagonal
faces are out-of-the-way with each other with a diameter of approximately 0.683 nm.
Fullerenes are found as less stable dynamically but considered as chemically more
stable in comparison to graphite. These are applied in various applications such as
photodetectors [3], solar cells [4], field-effect transistors [5], etc (Fig. 1).

1.1.1 Carbon Nanotubes

Carbon atoms of sp? hybridization must be bent to form fullerenes of cylindrical
structures knows as carbon nanotubes. During the thermal decomposition of various
hydrocarbons, it was found that there is a possibility of the formation of carbon
filaments before the invention of a transmission the electron microscope (TEM) [6].
Later after the invention of TEM, it is confirmed that tubular structures like that of
nanotubes came into existence from various reports issued in the twentieth century.
The carbon filaments of nano size and tubular form using TEM images in 1952 were
stated by Radushkevich and Lukyanovich [7]. The first CNT was grown without the
usage of any catalyst in a report published by Ijima in 1991 [8]. Different methods
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such as chemical vapor deposition [9, 10], laser ablation [11], arc discharge [12], etc.,
are employed for the production of CNTs. CNTs have an analogous structure as that
of three-Dimensional graphite because it is derived from the rolled monolayer layer of
graphite structure. If the tube wall of carbon nanotube is formed from only one-layer,
multiple layers of graphite, then they are known as SWCNTs (single-walled carbon
nanotube) and MWCNTSs (multi-walled carbon nanotubes), respectively. Intertube
spacing in MWCNTs is 0.34 nm almost similar to that of the interlayer distance
between carbon atoms of graphite structure [13]. In CNTs, only one dimension
of the structure is restricted to the nanoscale, therefore it is considered as a one-
dimensional nanomaterial with several hundred nanometers of diameter [14] and
length up to several centimeters [15]. Chiral vector (Cy) represents the structure
of the SWCNTs. Two integers (n,m) and base vectors al, a2 will define the chiral
vector of the CNTs [16, 17]. These integers of chiral vector classify SWCNTSs into
the armchair tubes (when m = n i.e., (n, n ), zig-zag tubes (when m = 0, i.e.,
(n, 0)) and for other possible (n, m) values of integers, they are chiral tubes. The
information about the chiral angle and the diameter of the nanotubes is known by
integer indices (n, m) [18]. The electrical properties of SWCNTSs are proportionate
to the chirality of nanotubes. When m-n/3 is an integer then nanotube (SWCNT) is
considered as metallic or else for all other conditions it is a semiconductor. From
various reports, it is confirmed that CNTs are unique carbon nanomaterials with
improved electrical, thermal, mechanical, and various other properties for utilizing
them in different applications such as flat panel displays [19], sensing devices [20,
21], Li-ion batteries [22], fuel cells [23, 24], etc (Fig. 2).

1.2 Carbon Nanofibers

Carbon nanofibers are a different class of carbon nanomaterial in which the filament-
like structure of graphite completely different from nanotubes is aligned in the mono-
layer graphitic planes. Nanofibers are those in which layers of graphite are organized
at an angle (herringbone form) or perpendicular to the plane (stacked form) of the
fiber axis [27]. Subjecting hydrocarbons in gaseous form to high temperatures in the
presence of catalyst will result in carbon nanofibers. Factors influencing the carbon
nanofibers are catalyst material, the temperature used for the synthesis, reactant gas
composition. These carbon nanofibers have exceptional mechanical properties such
as high mechanical strength which is used in nanocomposite preparation for various
applications [28] (Fig. 3).

1.3 Graphene

Graphene is a two-dimensional carbon nanomaterial that is formed from single
or various monolayers of graphite. Carbon atoms of sp?> hybridization are tightly
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crammed with a bond length of 0.142 nm, in a honeycomb crystal lattice. An only
sheet of graphene is termed single-layer graphene (SLG) and multiple sheets super-
imposed upon one another with an interplanar spacing of 0.335 nm are called
few-layered graphene (FLG). Graphene is considered a basic building block of
carbon nanomaterials. Zero-dimensional (spherical fullerene) and one-dimensional
(nanotubes) carbon nanomaterial can be easily prepared from graphene by wrap-
ping layers in a specific direction of the material. During 1990 and 2004, using
the mechanical exfoliation technique several attempts are made for producing thin
films of graphite which resulted in the making of nothing less than numerous tens of
layers [30]. In 2004, Novoselov and Geim succeeded in the production of graphene
in the order of single-atom thickness from bulk graphite structure using a technique
known as the micro-mechanical cleavage [31]. Most of the reported methods such as
mechanical exfoliation [31], chemical vapor deposition [32], oxidation of graphite
[33], liquid-phase exfoliation [34], etc., have challenges in controlling the size, shape,
and other parameters during the synthesis of graphene. Apart from all these hardships
in synthesis, still, graphene has been utilized in different applications owing to its
remarkable mechanical, thermal, electrical, and other properties [35-38] (Fig. 4).

Different properties of the above-discussed carbon-based nanomaterials such as
electrical, elastic, mechanical, etc., are shown in Table 1.

1.4 Carbon Quantum-Dots

A quantum dot is a zero-dimensional nanomaterial relative to bulk materials. It is a
fluorescent semiconducting nanocrystal that consists of elements from the periodic
table from II to VI, IIT to V, or IV to VI groups (e.g., CdTe) [40]. The size of
these nanomaterials is in the range of 2—10 nm in diameter and contain 200-10,000
atoms approximately [41]. Quantum dots are highly photostable due to the quantum
confinement effect with broad absorption, symmetric, and narrow emission spectra.
Size, surface chemistry, and chemical composition of nanomaterials are important
for the emitted light and can be adjusted to visible and near-infrared regions from the
UV region. Electron energy levels of the bulk form of semi-conductor are continuous
and these energy levels are distinct due to the quantum confinement effect at the
nanoscale. Coulomb stated that electron—hole pair is created due to jumping off
an electron from the valency band to the conduction band as exciton and physical
confinement of electrons in 3D leads to quantum confinement [42, 43]. An electron
that is vaulted into the CB (conduction band) will fall back to the VB (valence
band) resulting in radiation (electromagnetic) which is diverse in comparison to
actual inducement. The frequency with which it is emitted is allegedly attributed to
fluorescence which depends on the size of the bandgap that can be tuned by altering
the size and surface chemistry of the quantum dot. Therefore, it is concluded that the
smaller the quantum dot higher will be its bandgap.
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Table1 Properties of carbon-based nanomaterials. Reprinted with permission from [39]. Copyright
© 2017 Elsevier Ltd. All rights reserved

Property Fullerene | Single-wall | Double-wall | Multi-wall | Graphene | Carbon-based
carbon carbon carbon nanofiber

nanotube nanotube nanotube
(SWCNT) | (DWCNT) (MWCNT)

Density 1.7 1.3-1.5 1.5 1.8-2.0 N.A 2.25
(g/cm?)
Electrical 1073 100 10° 10° 6x10° |[10°

conductivity
(S/m)

Distinctive | 0.7 1 5 20 N.A 50-500
diameter
(nm)
Tensile N.A 50-500 23-63 10-60 130 3-7
strength
(GPa)

Thermal 0.4 6000 3000 2000 5000 1900
conductivity
in ambient
temperature
conditions
(W/m-K)
Elongation |N.A 5.8 28 N.A 20 05-2.5
at break (%)
Thermal 600 >700 >700 >700 450-650 |N.A
solidity
(in the air)
Specific 42-85 10-20 10-20 10-20 2675 50
surface area
(m*/g)

Elastic N.A 1 N.A 0.3-1 1 0.5
modulus
(TPa)

NA-—Not Available

Carbon-based quantum dots are a class of this zero-dimensional nanomaterial
that consists of graphene quantum dots and carbon-quantum dots with a size of less
than 10 nm. Carbon-based quantum dots because of their durable luminescence and
admirable solubility have got great attention to be called carbon-based nano lights [43,
44]. They are synthesized using various methods such as laser ablation [45], chemical
ablation [46, 47], electrochemical carbonization [48, 49], hydrothermal/solvothermal
[50, 51], etc. These types of quantum dots have exceptional electronic properties
which lead to chemiluminescence and electro-luminescence made potential applica-
tions in sensors, photodetectors, catalysis, etc. Over the years, 0D, 1D, 2D carbon
nanomaterials (Fullerene, nanotubes, graphene) have got a wide range of scope due
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to their exceptional electronic, thermal, optical, chemical, and mechanical properties
[52]. Electronic devices such as CNTFET, RF transistors fabricated using graphene,
CNT-based digital logic circuits, etc., have improved their performance due to usage
of carbon-nanomaterials during their device fabrication. Various physical and chem-
ical sensors such as pressure sensors, strain sensors, electrochemical, biosensors,
humidity sensors, etc., have improved their sensing properties by using pristine as
well as hybrid carbon nanomaterials. In this chapter, a brief description of pristine,
hybrid carbon nanomaterials applications in different electronic, optoelectronic, and
sensing devices is discussed.

2 Carbon Nanomaterials-Based Electronic Devices

The exploitation of carbon nanomaterials as electronic materials with high mobility
is done due to the extreme delocalization of its sp> hybridized electronic struc-
ture. Furthermore, in semiconducting CNTs bandgap and diameter are dependent
on its atom arrangement called chirality. Therefore, the tunable bandgap of CNTs
offers unique opportunities to customize optoelectronic properties. In comparison
to conventional semiconducting materials, carbon nanomaterials are found as prob-
able replacements in various electronic applications based on the above reasons [53].
This section provides recent developments in carbon nanomaterials-based electronic
devices.

2.1 CNTs Materials in Digital Electronics Applications

In field-effect transistors, semiconducting CNTs are used as capable materials for
the channel. If current flows using a channel that is made of CNT material which is in
between the drain and source terminals of the FET device, then it is called CNTFET
which has three terminals (Fig. 5a). In 1991, the MWCNT was the first CNT to
be discovered; but after 2 years, SWCNT was synthesized by researchers [8]. The
research on the development of CNT FETs using SWCNTs was increased signif-
icantly compared to MWCNTs due to its better tenability of bandgap. CNTFETs
are classified into four types: (1) Conventional CNTFETSs, (2) Schottky barrier
CNTFETs, (3) Tunnel CNTFETs, and (4) Partially gated CNTFETSs. In conven-
tional CNTFETs, doped CNT is used as a channel that is similar to the conventional
MOSFETSs. Undoped CNTs are used in the Schottky barrier CNTFETSs which creates
the Schottky barrier with metals at source and drain. Tunnel CNTFETSs consist of
oppositely doped drain and source regions, and partially gated CNTFETS of partial
gate region covering channel. Minimal parasitic capacitances, small switching ener-
gies are observed due to smaller value of capacitance (i.e. < 0.05 aF/nm) of CNTs and
atomically smooth surface of CNTs decreases the carries scattering and scattering
at small-angle carries which outcomes in only onward and backward scattering are



Carbon Nanomaterials for Emerging Electronic Devices and Sensors 221

removed by the 1D structure of CNTs [54, 55]. In comparison to other semiconduc-
tors with high mobility, for example, InSb, CNTs have shown high minimal field
mobility of greater than 100,000 cm?/V's and current densities of 10% A/cm? at room
temperature conditions [56, 57]. Also, CNTs have few limitations in nanoelectronic
applications, particularly the contact resistance between one-dimensional CNT and
metal electrodes has a lower limit of ~6.45 k2 [58]. Further, the contact resistance
increases due to the Schottky contacts between CNTs and metals. The difference in
CNT Fermi level and metalwork function can be accustomed to allow both FETs of
p-type and n-type due to the ambipolar nature of CNTFETs intrinsically. Without
tuning of electrode work function or internal doping, generally, CNTFETs are p-type
in ambient conditions due to oxidation [59, 60].

The first CNT FET was demonstrated in 1998 (Fig. 5b) [61]. These Initial studies
sparked substantial interest in transport phenomena and electronic devices based
on CNTs for example SET(single-electron transistors) and wired like structures at
the quantum level (quantum wires) [62], ballistic transistors [63], Luttinger liquid
behavior [64], and ambipolar FETs [65]. In the early research, Snow et al. studied the
transport properties of fabricated thin film transistor s(TFT) using as-grown random
CNTs [66]. The on/off ratio of 10° and field-effect mobility of 10 cm?/Vs are seen in
CNT-based TFTs. The study revealed the trade-offs between field-effect mobility and
on—off ratio. From the simulation studies, it was deep-rooted that percolation effects
dominate the transport of charge in CNT FETs. Percolation effect displayed power-
law relation channel resistance with channel width and length, CNT alignment, CNTs
network density. Due to two reasons, CNT TFTs field-effect mobility (i.e., (<100
cm?/Vs) is found lower than that of SWCNT (i.e. >10,000 cm?/V s). First, contact
resistance of CNT-CNT in percolating network [67]. The second reason being the
overestimation of the random network CNTs capacitance. Numerical methods were
used to suppress the consequence of metallic CNTs for overcoming the on/off ratio
of digital circuits. Collins et al. reported a selective removal of metallic CNTs using
Joule heating [68]. This technique is successful particularly for CNTs which are
grown using the CVD method, where all CNTs bridge the drain and source gap. The
drawback of this technique is, it causes collateral damage to adjacent nanotubes.

DGU (Density gradient ultracentrifugation) centrifuged semiconducting CNT
inks-based devices showed larger values of on/off ratios, current densities, field-effect
mobilities [69]. Simple assembly methods such as transfer printing, dip coating, and
drop-casting mostly use these semiconducting CNT inks. The density of these semi-
conducting CNTs could be improved without affecting the on—off ratio. Apart from
DGU-sorted CNTs, methods that are based on gels also showed a higher value of
on/off ratio which is greater than 10* [70]. Roberts et al. fabricated low-voltage TFTs
with semiconducting CNTs, with effective device mobility of 13.4 cm?/Vs, on/off
ratio of >1000, and a low subthreshold swing (130 mV/dec) [71] (Fig. 5).
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2.2 Carbon Nanotubes for Radiofrequency Transistors

Due to high saturation velocity and carrier mobility, the low intrinsic capacitance of
CNTs, they have been significantly used as a material for the channel which is used
to fabricate high-performance radio-frequency (RF) transistors [73]. CNT-based RF
transistors showed extraordinary linearity that is desirable in RF devices. Steiner
et al. with the help of aligned semiconducting CNTs fabricated a radio frequency
transistor. For a 100 nm gate length, power gain cut-off frequency of 7 GHz (153 GHz,
intrinsically) and current gain cut-off frequencies of 15 GHz (30 GHz, intrinsically)
output current was saturated [74]. Cao et al. studied the RF performance of fabricated
CNT transistors based on high-density, aligned, polyfluorene-sorted semiconducting
CNTs with a self-aligned T-shaped gate (Fig. 6) [75]. The fabricated RF transistor
exhibited excellent DC with transconductance of 310 wS/pwm, output normalized
resistance >100 kS2.iwm, and both current gain cut-off frequency and oscillation
frequency were greater than 70 GHz. Further, the transistor displayed good linearity
with 22 dBm of third-order intercept point (IIP3) and 14 dBm of P 45 (gain compres-
sion point). Zhong et al. demonstrated an RF transistor depends on arbitrarily oriented
semiconducting CNT films [76]. The maximum transconductance of 0.38 mS/pm
was achieved by reducing the CNT/CNT junctions and at 103 GHz (281 GHz, intrin-
sically) current gain cut-off frequency, up to 107 GHz (190 GHz, intrinsically) power
gain cut-off frequency.

2.3 Graphene for Digital Electronics

Graphene has been used to explore its applications in digital electronics due to its
remarkable field-effect mobility [77]. The better scaling of the device channel is
permitted due to its two-dimensional structure [78]. Unlike CNTs, the device’s high
conductance is attributed to their lower values of contact resistance. But, very low
on—off ratio (5-10) and due to the presence of zero bandgap in graphene, it is not
used for applications such as digital electronics wherein the anticipated on/off ratio is
very high (i.e., in the range of 10*~10°). Even at zero carrier concentration, graphene
shows minimum conductivity, hence it cannot be turned off completely [79]. The two
most successful approaches used for bandgap engineering in graphene are (i) Due
to quantum confinement effect in graphene nanoribbons [78], the bandgap could be
opened in graphene and (ii) By changing the symmetry in K and K’ carbon atoms
of honeycomb lattice structure [35]. Therefore, several fundamental material issues
need to be addressed before considering graphene for digital electronics.
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2.4 Graphene for Radio-frequency Transistors

Over the years, owing to superior electronic properties mainly the high mobility of
charge carriers, graphene has gained significant attention as a channel material for RF
electronics [78]. Lin et al. described a breakthrough study of RF devices fabricated
on SiC using graphene, which has 240 nm of gate length [80]. Despite moderate
carrier mobility (1500 cm?/Vs), a high operating frequency (f1) of 100 GHz was
achieved. Badmaev et al. developed graphene transistors by a scalable fabrication
technique using a T-shaped gate structure (Fig. 7a) [81]. They successfully scaled
down the channel length to 110 nm. Guo et al. developed a graphene transistor
on silicon—carbon substrate using C-face epitaxial graphene (Fig. 7b) [82]. Signif-
icant improvement in the transistor was observed over Si-face epitaxial graphene
transistor and a value of 70 Giga-Hertz maximum power gain cut-off frequency
was achieved. Self-aligned contacts and high k dielectric T-gate contributed to the
maximum frequency value.

3 Carbon Nanomaterials Hybrid-Based Electronic Devices

Hybrids of 0D, 1D, and 2D carbon nanomaterials provide the tremendous potential to
obtain next-generation scalable and high-performance devices. Graphene has made
significant scientific attention due to its number of uses, such as the conversion of
energy and storage, optics, sensors, and electronic devices [83—85]. The electronic
device applications of graphene were less due to its gapless nature [86]. Alternatively,
chemical changes in various reactive oxygen groups of graphene oxide (GO), enable
the development of functional materials used in various applications. Feng et al.
[87] fabricated a semi-transparent graphene p—n junction diode, obtained by coating
two layers of oppositely charged GO layers, and it has carbon nanotubes electrodes.
The current rectification of this diode occurs because the tunneling conduction elec-
trons are governed by an internal field due to this device different from other diodes.
The current rectification occurrence in graphene p—n junctions significantly extends
the class of materials and physical processes that can be used to design electronic
components. This graphene diode can be utilized for simple logic operations such as
AND and OR logic gates. Figure 8a shows a high output potential for the AND logic
gate if both switches A and B are given positive potential. Unlike the AND gate, OR
logic gate has a high output potential, due to either switch A and B, a high poten-
tial is triggered as observed in Fig. 8b. Deep et al. [88] reported gate-tunable p—n
heterojunction diode by the embedding of n-type single-layer molybdenum disul-
fide MoS; and p-type SWCNTs semiconductors. The heterojunction was formed
because these two semiconductors were stacked vertically. The wide range of charge
transport is achieved by tuning the heterojunction by the applied gate bias voltage.
Under various gate biases, the device’s output graphs are shown in Fig. 8c. The p-n
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Fig. 1 Cgo molecular
structure

heterojunction diode often exhibits antiambipolar behavior when handled as a three-
terminal device. Figure 8d illustrates junction transfer characteristics, and the green
line shows an unusual gate voltage dependence, indicates antiambipolar behavior.

In living systems, metal ion analysis is very important to understand metallic
element stabilization and associated diseases [89]. Currently, conventional tech-
niques used for identification and their applications are limited due to time consump-
tion, require sophisticated and costly equipment, and inadequate real-time moni-
toring. To overcome those limitations, Fan et al. [90] demonstrated the identification
of Cu?* ions by functional CQDs modified gate electrodes with the solution-gated
graphene transistors (SGGTs). The sensing mechanism of the sensor was channel
current varies with the electrical double layer (EDL) capacitance change due to inter-
action between CQDs and Cu?* ions. Compared to conventional detection methods,
the combination of CQDs with SGGTs demonstrates Cu?* detection with a minimum
concentration range (1 x 1074 M). It shows quick response time in seconds. The
schematic and working of the SGGT-based Cu®* ion device are shown in Fig. 9 [10].

Over the last few years, research is gaining momentum on new elastic semi-
conductor materials as they can be integrated into modern, flexible, portable, and
handheld consumer electronics [91-93]. So far, carbon nanotubes-based flexible
electronics such as flexible and transparent transistors have been fabricated on PET
and polymer substrates [94, 95]. Different techniques like floating-catalyst CVD,
roll-to-roll transfer, and gas-phase filtration technique employed to fabricate TFT and
integrated circuits on flexible transparent substrates [96, 97]. In spite of the significant
advances in flexible electronics carbon nanotube and graphene have some obstacles
remain. The stretchable transistors need less contact resistance with the channels,
electrodes with excellent electrical conductivity and an active channel with a large
on—off ratio, both of which point to a cooperation strategy between graphene and
CNTs. Electronic device performance-enhanced beyond the flexible electronics by
hybrid-based graphene/CNTs [98, 99]. Tung et al. [100] reported solution-based,
low-cost scalable, and flexible graphene/CNTs hybrid films show excellent conduc-
tivity at high optical transmittance of 86%. This film does not include surfactants
to maintain the mechanical and electronic properties of both components. The flex-
ibility of film better than the transparent rigid inorganic crystal structure of ITO
suggests maximum compatibility with flexible substrates.
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Fig. 2 a Schematic representation for different types of CNTs. Reprinted with permission from
[25]. Copyright © 2018 Elsevier Inc. All rights reserved b Single-walled carbon nanotubes and
Multi-walled carbon nanotubes. Reprinted with permission from [26] Copyright @ 202 Springer
Nature

4 Carbon Nanomaterials Based Sensors

Based on the types of measurand, sensors are roughly categorized as physical
and chemical sensors. Parameters such as strain, temperature, pressure, force,
displacement, position, flow rate, etc., mostly are detected using physical sensors
As explained in the introduction, CNTs have excellent mechanical properties with
Young’s modulus value of 1 TPa approximately for single-walled CNTs [101].
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Fig. 3 a—c schematic representation of different carbon nanofiber structures. Reprinted with
permission from [29] Copyright © 2012 Elsevier Ltd.

Fig. 4 Schematic illustration of 2D layered graphene structure

a)

Fig. 5 a CNT FET with bottom gate schematic b Bottom-gate CNT FET with sub-10 nm channel
SEM image from top-view and TEM image of the cross-sectional view. Reprinted with permission
from [72]. Copyright © 2012, American Chemical Society
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Fig. 6 a SEM graph of Polyfluorene-organized CNT film on a quartz substrate. Approximately
40 nanotubes/p.m packing density is seen b Schematic of the self-aligned transistor structure with
T-shaped gate ¢ SEM micrograph of the fabricated self-aligned T-shaped gate transistor d High-
magnification SEM micrograph of the channel area. Reprinted with permission from [75]. Copyright
© 2016, American Chemical Society

b)

Fig. 7 a 2-inch Silicon wafer with large area graphene (CVD grown). Graphene transistors on
Silicon wafer. SEM image (color) of dual-gate graphene transistor (scale bar 10 wm). High-
magnification SEM image showing the active area of the transistor. Reprinted with permission
from [81]. Copyright © 2012, American Chemical Society b SEM graph (scale bar 100 nm) of
the device with 100 nm T-gate with a trilayer resist and drain and source contact metal aligned to
the gate foot and a dual-gate graphene FET on C-face SiC (with scale bar 1 wm) Reprinted with
permission from [82]. Copyright © 2013, American Chemical Society
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Fig. 8 a, b Graphene p-n diode and resistor-based AND and OR logic gates, Reprinted with
permission from [87] Copyright © 2018, Springer Nature ¢ output characteristics with various
gate voltages d Transfer characteristics of the p—n junction. Reprinted with permission from [88]
Copyright © 2013, National Academy of Sciences

Wong et al. reported an experimental value of 1.28 + 0.5 TPa for MWCNTs [102].
Also, without any deformation, CNTs showed a high tensile strength (up to 40%).

4.1 Carbon Nanomaterial-Based Pressure Sensor

A pressure sensor is a sensor which converts mechanical displacement into an elec-
trical signal [103—106]. In the last two decades, prominent research has been done
in the fabrication of highly sensitive pressures sensor using novel carbon nanomate-
rials, CNT, and graphene. Zhan et al. reported a wearable and flexible pressure sensor
based on SWCNTs/paper through a highly scalable and cost-effective approach with
2.2 kPa~! sensitivity value in a broad range of 35 Pa—2.5 kPa and 1.3 kPa~! sensi-
tivity in 2500—11,700 Pa [107]. The sensor was fabricated by impregnating SWCNTs
into paper and sandwiched between a PDMS film and PI sheet that is decorated with
interdigitated gold (Au) electrodes (Fig. 10).

Sahatiya et al. demonstrated a flexible, biodegradable pressure sensor by sand-
wiching MWCNTs between PI substrate and cellulose paper. Multi-walled CNTs
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were deposited on the substrate (PI) by roll pin and pre-compaction mechanical
pressing technique (Fig. 11a) [108]. Sensitivity value of 0.549 kPa~! was seen by a
fabricated pressure sensor and a response time of lesser than 32 ms. Furthermore,
the fabricated pressure sensor was used as a touchpad and electronic skin applica-
tion. Graphene was widely used as active as well as inactive material for pressure
sensor applications. Although graphene no piezoelectric properties, it was used as
electrodes to support piezoelectric material and also used as an additive to piezo-
electric polymer like PVDF to improve piezoelectricity [109]. Furthermore, due to
graphene’s excellent mechanical and electronic properties, it has been extensively
used as an active material for the piezoresistive pressure sensor as elucidated in the
introduction. Zhu et al. developed a piezoresistive pressure sensor using graphene
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Fig. 10 Pressure sensors fabrication process illustration. a The SWNTs were dip-coated on tissue
paper b Single-wall nanotube/tissue paper is accumulated onto gold electrodes on a PI substrate;
encapsulated using PDMS layers which provides mechanical support and ¢ To sense heart pulse
human wrist is mounted with a pressure sensor Reprinted with permission from [107]. Copyright
© 2017, American Chemical Society
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Fig. 11 a Ultrasensitive touchpad schematic which is done by sandwiching MWCNTSs between
polyimide and cellulose paper [108] b Silicon nitride square membrane with graphene piezoresistors
optical microscope image (the dotted lines indicate the device used) and SiN membrane with
deflection v/s differential pressure of 100 nm. Reprinted with permission from [110] Copyright ©
2013, American Institute of Physics

on the silicon nitride membrane showed a dynamic range of 0—700 mbar [110].
In this strain sensor, multilayer polycrystalline was fabricated using a chemical
vapor deposition method (Fig. 11b). Yao et al. developed a pressure sensor using
a flexible graphene/polyurethane sponge using a fracture microstructure [111]. PU
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sponge which is available commercially was coated with graphene oxide using the
dip-coating technique and then it was reduced to improve thermal conductivity using
hydrogen iodide, further softened with hydrothermal treatment. The fabricated sensor
exhibited a sensitivity of 0.26 kPa~! (0-2 kPa range) and 0.03 kPa~! (2-10 kPa).
The fractured microstructure improved the sensitivity when compare with rGO/PU
sponge sensor without fractured microstructure. Jian et al. fabricated a graphene/CNT
hybrid-based highly sensitive pressure sensor [112]. Because of the synergistic effect
in the hybrid, the fabricated pressure sensor exhibited a high sensitivity of 19.8 kPa~!
and a very small detection limit around 0.6 Pa. Tian et al. reported a pressure sensor
that is sensitive to a 0-50 kPa wide pressure range using laser scriber graphene with
a foam-like structure. The sensitivity value of 0.9 kPa~'was seen using this pressure
sensor [113].

4.2 Carbon Nanomaterials-Based Strain Sensor

Lee et al. presented a fully microfabricated strain sensor by SWCNT film on PI film.
Polyimide was prepared by spin coating glass wafer and photolithography was used
for patterning the electrode [114]. Later, by using a spray coating method, 280-nm-
thick CNT film was deposited on PI film. The fabricated device showed a linear
relationship between the applied strain and resistance over a range from 0 to 400
microstrain and a high gauge factor of 60. Dharap et al. demonstrated a strain sensor
using pristine-SWCNTs film using vacuum filtration by 0.2 mm Teflon membrane
[115]. The SWCNTs thin film was attached to a brass specimen and the results showed
that the relation between the applied strain and change in the voltage across the film
is linear. In the last few years, MWCNTs have attracted the researchers’ interest due
to relatively higher purity, cost-effectiveness, and superior electronic properties in
comparison with SWCNTSs. Zhang and co-workers have fabricated strain sensors
based on silver nanoparticles and MWCNTs on flexible PDMS substrates (Fig. 12)
[116]. The sensor exhibited gauge factors that are tunable in the range of 2.1-39.8
and stretchability of 95.6%. Further, the sensitivity and linearity of the sensor could
be adjusted by Ag NPs concentration.

Zhao and co-authors demonstrated the very sensitive strain sensor using
nanographene films on the mica substrate [117]. Fabricated sensor achieved a gauge
factor of more than 300. Li et al. demonstrated a strain sensor using graphene woven
fabrics (GWFs) on the PDMS substrate [118]. SWFs were prepared using a woven
copper mesh by a CVD process and later copper was etched away. After placing
GWFs on PDMS, contacts were taken using silver paste (Fig. 13). The fabricated
sensor achieved an approximate value of 10° gauge factors for 2-6% strains and
~109 for greater than 7% strains. The ultrahigh sensitivity of the device was ascribed
to mesh configuration and fracture behavior of graphene micro ribbons.



232 V. Selamneni et al.

e

-

A T
e YA
| Drop |Air-drv

Drip drops of the colloid Evaporate the liquid
on the glass slide in the air
s
| Preparation [ Fumigation
Utilize the reagents Use the trimethyl
and CNTs to prepare chrolosilance to
the colloid fumigate the sample

2

| Tea U [ Smear

Tear the sample after Smear the PDMS on the
the PDMS was solified surface of the sample

Fig.12 CNTs/PDMS strain sensor fabrication process which is modified using silver nanoparticles.

The as-prepared product is illustrated in the center. Reprinted with permission from [116]. Copyright
© 2015, Elsevier

Fig. 13 a Schematic illustration of GWF/PDMS fabrication b Wired samples macroscopic optical
image ¢ Establishment of crack and their evolution in GWF with various strain optical images, and

schematic illustration d large strains GWF Optical images (20 and 50%) Reprinted with permission
from [118]. Copyright © 2012, Springer Nature
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4.3 Carbon Nanomaterials-Based Temperature Sensor

Temperature sensor is a crucial part in several major applications, such as health
monitoring, artificial electronic skin, etc. Resistive-based temperature detectors are
the most widely used sensor due to their high accuracy, stability, fast response.
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Furthermore, thermal sensors, mercury thermometers, and infrared temperature
sensors are also widespread. In the past few years, carbon-based sensitive mate-
rials including graphene, CNTs, and carbon fiber have gained more attention for
temperature sensor applications due to their extraordinary mechanical and electronic
properties compared to ceramics, metals, metal oxides. Davaji et al. developed a
temperature sensor based on single-layer graphene on three dissimilar substrates, a
silicon nitride membrane, a silicon/silicon dioxide-based substrate, and a suspended
architecture (Fig. 14) [119]. The fabricated temperature sensors acted as a resis-
tive type, and the resistance change was explained using electron—phonon scattering
and electron mobility—temperature relationship ( ~T~#). From the analysis, the team
revealed that the silicon nitride membrane-based sensor shown the highest sensitivity
because of a smaller value thermal mass and it has shown the lower value of sensitivity
for the sensor on Si0,/Si. Furthermore, the sensor on silicon nitride showed improved
mechanical stability in comparison to the deferred graphene sensor. Sahatiya et al.
demonstrated flexible wearable temperature sensors based on flakes of graphene
and solar exfoliated reduced graphene oxide (SrGO) on the PI substrate [120]. Both
graphene flakes and SrGO based temperature sensors discovered a negative temper-
ature coefficient that was comparable with commercial temperature sensors. This
research has clearly shown that graphene on a flexible PI substrate could be used
effectively as wearable temperature sensing applications.

4.4 Carbon-Based Nanomaterials for Chemical Sensors

A device that converts the existence of target compounds into a computable quantity
is called a chemical sensor [121]. Gas sensors, vapor sensors, humidity sensors, etc.,
used for the detection of target compounds are different types of chemical sensors
[122-126]. A detailed explanation of carbon-based nanomaterials used to detect
target compounds is depicted below.



Carbon Nanomaterials for Emerging Electronic Devices and Sensors 235
4.4.1 Carbon-Based Nanomaterials for Gas Sensors

The measurement and existence of concentration of a specific gas in the earth’s
surrounding atmosphere such as natural fumes, dangerous gases, etc., are detected
by using a device known as gas sensor [127]. These sensors are used for monitoring
the environment [128], control of hazardous gas emissions, production control in
cultivation and health diagnostics, etc. [129-131]. Over the years, researchers have
utilized carbon nanomaterials like graphene, GO, rGO, CNTs, etc., and found them
as efficient candidates for gas sensing applications. Chemiresistors, field-effect tran-
sistors, Schottky diode, etc., are different configurations of device architecture for
gas sensing [127]. Noveselov and his co-workers utilized graphene for the first time
for fabricating gas sensors in 2007 to detect NO, gas [132] graphene-based sensing
devices are fabricated using graphite flakes which are exfoliated micro-mechanically
and supported on Si substrate. These fabricated devices have shown remarkable
sensitivity for detecting individual gas molecules. Later in 2009, Dan and his co-
workers proved that the pristine graphene-based device fabricated by Nove Selo has
improved its sensitivity by forming a contamination layer on the graphene on Si
substrate using an electron-beam lithography technique [133]. This layer helps to
detect various other individual molecules such as octanoic acid, H20, nonanal, and
various other gas vapors which are down to ppm level. Balandin and his co-workers
also employed an electron beam lithography technique for fabricating the FET device
using pristine graphene and with the help of low-frequency noise of the device they
detected various organic vapors [134].

Later, CVD technique was used for fabricating a sensing device using graphene
sheets in the layered form with exceptional quality on Si substrate to detect gases
such as ammonia [135, 136], carbon dioxide, nitrous oxide [137, 138], and also used
to detect humidity [139]. Gautam et al. deposited graphene monolayers on the Si
support to detect CHy, Hp and NHj3 [135]. Improved sensitivity is observed using
this device by operating it at a temperature range between 150 and 200 °C but there
is no enhancement in response time [135]. Choi et al. fabricated a sensing device
where SLG (single-layer graphene) is used as an active component and BLG (bi-
layer graphene) is used as a heating element that can heat up to 200 °C [140]. This
device achieved a response in the range of 39% to 41 ppm of NO, and further, the
existence of the element for heating facilitated to upsurge the retrieval time of the
device. In the future, a lot of modifications (such as the incorporation of defects
and impurities) should be done to pristine graphene to improve its selectivity, sensi-
tivity, and durability of the fabricated sensing device. Graphene oxide is also used
for sensing various gases owing to the presence of oxygen-containing functional
groups in its structure. To improve the sensing activity of the graphene oxide device
it is further reduced in an atmosphere such as hydrogen (Via thermal route) to obtain
rGO. In 2008, Robinson and his co-workers first used rGO based devices for detecting
various gases [141]. Initially using the spin coating method GO is deposited on the Si
substrate and later reduced with reducing agent vapors of hydrazine to fabricate rGO-
based sensing device at 100 °C. Manohar et al. fabricated rGO-based flexible printed
sensing device which is prepared using an ascorbic acid reducing agent [142]. This
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Table 2 Different carbon-based nanomaterials gas sensing performance for detecting various gases

Material Detected gases | Response/ Detection limit | Sensitivity Reference

Retrieval time (response x

ppm ")

Single Layer Nitrous oxide |95s/11s - 0.98% [140]
graphene /
Bilayer
graphene
(CVD)
Single Layer Nitrous oxide, | 89 s/579 s - 2.6% (Nitrous | [139]
graphene Ammonia oxide)
(CVD)
patterned
PANI/reduced | Hydrogen 2 min/3 min | — 0.0016% [146]
graphene oxide
CNTs/graphene | Nitrous oxide | 1h/3h 0.5 ppm 2% [147]
oxide
Inp O3/ reduced | Nitrous oxide |3 min/4 min - 12.2% [148]
graphene oxide
ZnO Ncryst/ Methane 1 min/10 s 100 ppm 0.05% [149]
reduced
graphene oxide

device was fabricated using the inkjet printing technique by dissolving rGO in water
in the existence of surfactant and displayed a positive response with increased resis-
tance behavior in detecting dichloromethane and various alcohols, negative response
detection behavior to Cl, and NO,. Furthermore, different carbon nanomaterials-
based hybrid composites are employed to enhance the sensitivity and selectivity of
these gas sensors. Chung et al. fabricated a flexible device using CVD graphene which
is decked with palladium nanoparticles to further improve the sensitivity to 30 for 1%
of H2 gas detection [143]. Wu et al. used a nanocomposite thin-film device which was
prepared using graphene extracted using exfoliation and PANI for detecting methane
gas in ambient temperature conditions [144]. This device has shown a considerable
amount of 10% response to 10 ppm of gas. Using hydrothermal method Deng et al.
synthesized rGO/Cu, O nanowire mesocrystals which are integrated to detect NO,
gas [145] (Fig. 15). Furthermore, there is a lot of scope for various hybrid carbon-
based nanomaterials that are used for detecting various gases by fabricating suitable
gas sensors. The sensing performance of the various carbon-based gas sensors is
tabulated in Table 2.

4.4.2 Carbon-Based Nanomaterials for Humidity Sensors

The water vapor existing in the air is known as humidity which is measured as relative
humidity (RH). The relative humidity is defined as the fraction between the fractional
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pressure of water and the vapor pressure at equilibrium at a given temperature.
These sensors are mostly used in agricultural sectors and industries for keeping
a track of the quality of food in food processing industries, medical equipment,
weather prediction, etc. Polymers [150], metal oxides [151, 152], porous silicon
[153, 154] are mostly used for commercial humidity sensors. Exceptional qualities
such as larger sensing areas and high chemical inertness made researchers use carbon
nanomaterials for humidity sensing applications. Zhang et al. synthesized carbon
nanosheets and honeycombs in the nano range on Si substrates using a hot filament
PVD (physical vapor deposition) technique and observed that carbon nanosheets
have shown remarkable sensing response 11-95% humidity range under ambient
conditions [155]. Luo et al. manufactured and characterized quartz crystal micro-
balance (QCM) humidity sensor using a sensitive layer made by graphene oxide
[156]. This QCM humidity sensor has shown a 10-60% sensing range, 1371(Q)/1%
relative humidity, a recovery time of 3 s, and a response time of 20 s. Yadav et al.
synthesized multiwalled CNTs using the direct liquid injection CVD method on
cobalt substrate and utilized for designing humidity sensors to sense moisture with
RH in the range of 10-90% for various applications [157]. Very recently, Borini
et al. fabricated graphene oxide (GO) based humidity sensors using a spray coating
method on silver electrodes (GO thin-films typically in the range of ~15 nm) [158].
Figure 16a depicts that GO-based thin film has shown characteristics almost similar
to that of commercially available RH sensors. In Fig. 16b, GO-based thin film is
almost invisible (i.e., it is in the order of few nm).

5 Carbon Nanomaterials-Based Electrochemical Sensors

Various nanomaterials such as carbon-based [8, 159], transition metal dichalco-
genides [160], noble metals [161, 162], etc., are used for electrochemical detec-
tion. Among them, nanomaterials based on carbon are extensively used for elec-
trochemical (electroanalytical and electrocatalytic) sensing due to their improved
capability to transfer electrons in electrochemical reactions. Mostly reported carbon
nanomaterials for electrochemical sensing are graphene [163, 164], CNTs [165, 166]
fullerenes [167], carbon nanofibers [168], and carbon quantum dots [169], etc. These
all nanomaterials when utilized for electrochemical sensing are either used in their
pristine form/mixed with new materials/functionalizing their pristine form during
device fabrication. Electrochemical sensing of the above-mentioned carbon-based
nanomaterials is reviewed below.

5.1 CNTs-Based Nanomaterials

In the study of electrochemistry of carbon nanomaterials, electron transfer is surface-
dependent. Electron transfer is improved by adding functional groups on the surface
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of these materials. Britto et al. first applied carbon nanotubes in electrochemistry as
electrodes [170]. They concluded that the immobilization of activated CNTs on the
surface of the electrode is the major drawback for electrochemical sensing applica-
tions because of their insolubility property in almost all solvents which would result
in nonuniform and unstable films. To avoid this problem, different physical/chemical
methods are used for dissolving CNTs first in various solutions and immobilizing on
different electrode surfaces. Immobilization of CNTs on electrode surfaces is done
using various methods that are used for electrochemical sensing applications which
are explained in detail below.

(i)  Solvent dispersion and immobilization by casting: In this method, initially
CNTs are cleaned/purified and activated by pretreatments then dispersed in
solvents such as DMF [171, 172], toluene [173, 174], etc., using ultrasonica-
tion process and later this mixture is dropped on to the surface of electrode
followed by drying it (i.e., casting) for electrochemical detection of analytes.

(ii)) Additive assisted and immobilization: In this method, additives such as
surfactants, polymers are added into the solvents where CNTs are dispersed
to enhance the stability and solubility of the solution (i.e., solution doesn’t
get settled easily) and then subjected to immobilization for applying in
electrochemical sensing applications.

(iii) Carbon nanotube paste electrodes: In this method, paste electrodes are
fabricated using binders in liquid form and CNTs. These paste electrodes
made from CNTs hold the properties of the old-style carbon paste electrodes
(CPEs), for example, the attainability to consolidate different substances, the
low currents in the background, the wide range of potential, and the composite
nature. These electrodes also reserve exceptional electrochemical properties
that enhance the electron transfer mechanism which is useful for increasing
the efficiency for electrochemical detection of various analytes especially
biomolecules. The carbon paste electrode fabrication doesn’t require any
pretreatment for CNTs (SWCNTs and MWCNTs) which are used.

Properties such as easily modifiable surface, solid electrocatalytic activity, the
tube-like structure of CNTs in nano range (which helps to increase the surface
activity), etc., have made CNTs unique materials for electrochemical sensing
applications.

5.2 Graphene-Based Nanomaterials

Graphene is a two-dimensional material that has a single layer of sp? hybridized
carbon atoms extracted from three-dimensional graphite and closely packed into a
hexagonal lattice structure.
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5.2.1 Graphene Oxides-Based Electrodes

Initially, GO aqueous electrolyte solution was prepared by using conventional
methods of chemistry such as modified hummers methods which are used in the
preparation of electrode materials using two-dimensional graphene for electrochem-
ical sensing applications. In the next step, as prepared GO solution is dropped onto
the surface of electrodes such as glassy carbon electrode [175, 176], gold electrode
[177], disk shape platinum electrode [178]. For activating the carboxylic acid groups
present in GO, the GO-coated electrode is immersed in buffer solutions such as
EDC, NHS which helps in the formation of a covalent bond between electrode and
enzyme [178]. This prepared electrode is used for the recognition of various target
analytes based on its electrochemistry. The above mentioned prepared graphene-
based sensors are used as enzyme biosensors, non-enzymatic biosensors that are
applicable for simple biomolecules, immunosensors, etc. The performance of various
graphene-based electrodes for electrochemical sensing is tabulated in Table 3.

6 Carbon Nanomaterials-Based Resistive Memories

Technology based on semiconductor devices has been improving rapidly by a
decrease in their size. Advanced semiconductor device fabrication uses nanotech-
nology, where critical dimensions of these devices are found to be around 20 nm.
These devices are categorized into display devices, memory devices, logic devices,
etc. Among them, memory devices with large density, high-performance, and lower
consumption of power are in great demand [183]. Portable electronic devices have
unique non-volatility (where memory is not lost even when the device is off). These
non-volatile memory property-based devices are further classified into flash memory
and resistive switching memory devices [184]. A three-dimensional structure
consisting of an insulating layer between two electrodes with a simple configuration
is the resistive switching memory cell in the ReRAM device. Resistive exchanging
memory gadgets use the contrast in opposition to the high and low resistance
memory states and have a straightforward gadget structure (metal/separator/MIM
metal structure) relevant to high-thickness memory gadgets with a minimal creation
cost [184-187].

From Fig. 17 itis clear that the resistance of a resistive memory device is switched
from high to low state and vice versa by applying an appropriate voltage to the device
[188—190]. Recently, researchers around the world widely studied and found that
nanomaterials like metal chalcogenides, metal oxides, carbon-based materials are
suitable candidates for resistive-based memory devices [188—192]. Among them,
carbon-based nanomaterials are found as efficient for non-volatile resistive-based
memory devices [193].
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Fig. 17 Schematic of the resistive-based memory device and its operation (low resistance state,
high resistance state, and negative differential resistance are LRS, HRS, and NDR, respectively).
Reprinted with permission from [183]. Copyright © 2011, Royal Society of Chemistry

Graphene-based nanomaterials such as GO, rGO, hybrid GO, and hybrid rGO are
used as dielectric materials in nonvolatile resistive-based memory devices which are
depicted in Fig. 18. Rani et al. experimentally found that graphene-based non-volatile
memory devices (pristine and hybrid GO, rGO materials) are having a broad range of
scope for the advancement of new flexible memory applications by evaluating device
characteristics [191]. Tsai et al. have demonstrated that CNT/AlIO,/CNT material-
based crossbar electrodes for RRAM device with current programmed around 1 nano
ampere and ON/OFF ratio up to 5 x 10° have capable characteristics for non-volatile
memory devices [194]. By embedding a graphene single-layer sheet into the interface
between a transparent top cathode (formed of Indium-doped tin oxide substrate) and a
zinc oxide resistive-exchanging layer, transparent RRAM innovation can be upgraded
[195]. The resulting resistive RRAM (random access memory) device displays better-
exchanging conduct with elevated exchanging yield and consistency than those of
the gadget absence of graphene.
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Fig.18 Mechanism of ReRAM device using graphene-based materials. Reprinted with permission
from [191]. Copyright © 2016, Royal Society of Chemistry

7 Carbon Nanomaterials-Based Photodetectors

The photodetector is a semiconductor device that converts illuminated light into a
precise electrical signal, photovoltage, or photocurrent [51, 196-199]. Photodetec-
tors are considered as an interface among electrical circuitries and optical informa-
tion. Therefore, photodetectors have several applications in digital imaging, security,
environmental monitoring, digital communication [200]. Carbon nanomaterials have
excellent optoelectronic properties with the potential of substituting inorganic semi-
conductors and metals. GQD, carbon allotropes (CQD), buckyballs, CNTs, graphene-
based materials are extensively used in the fabrication of photodetectors because of
their larger values of absorption coefficients and carrier mobility, tunable bandgap
[201-206].

7.1 Fullerene Based Photodetectors

Fullerenes show a strong absorption below 400 nm, which could be utilized for UV
light detection. Ma et al. showed Buckminster fullerenes (Cgp) electronic poten-
tial in electronic devices, by forming a Cgo-diode of relatively modest architec-
ture [207]. C¢o was inserted in between aluminum (anode) contact) and an ohmic
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copper (cathode), forming a diode that can withstand a very high current density of
363 A/cm?. Szendrei et al. demonstrated hybrid thin-film photodetectors based on
fullerene and PbS nanocrystals with a spectral range of visible and NIR regions up
to 1300 nm [208]. The maximum responsivity at 514 nm is 1.6 A/W value which
is recorded. Furthermore, sturdy gate dependence and electron mobility values up
to 3 x 10~ cm?/Vs are displayed by the device. Guo et al. demonstrated fullerene-
based organic photodetector (OPD) on ITO glass with very little noise current and
at 3470 nm, a high detectivity of 3.6 x 10'! Jones, 90 dB of broad linear dynamic
range (LDR), and a response speed greater than 20 kHz [209].

7.2 Graphene Quantum Dots Photodetectors

In GQD, the optical bandgap is strongly influenced by quantum confinement and edge
effects. In GQD, bandgap tuning has been investigated and is considered to be an
important advantage in optoelectronics over plane graphene and bandgap decreases
with an increase in quantum size. A key absorption in the ultraviolet region is shown
by graphene-based quantum dots. Zhang et al. fabricated a superior performance
deep UV photodetector using GQD. Using a facile hydrothermal method, GQDs were
synthesized with an average particle diameter of 4.5 nm and displayed a bandgap
of 3.8 eV due to the quantum confinement effect which leads to an absorption peak
found around the wavelength of 320 nm (Fig. 19) [210]. The built-in electric field
was created due to the difference between work function of GQDs and two metal
electrodes which is the major reason for extraction efficient photocurrent. The respon-
sivity and detectivity of the photodetector were 2.1 A/W, 9.59 x 10!! Jones, respec-
tively. Tang et al. synthesized n-doped GQDs using a microwave-assisted synthesis
method. N-doped GQDs shown a wide absorption range covering UV, vis, and NIR
range (300 to >1000 nm) [211]. The UV absorption was ascribed to the transitions in
C=N,C=0,and C = C bonds. The visible absorption is caused by extended partial
conjugated m-electrons in single layers of paper. Absorption in the NIR region is due
to the absorption is ascribed to the delocalization of m-electrons due to the layered
structure. The responsivity at various excitation wavelengths was calculated to be at
365 nm, 405 nm, 808 nm, 980 nm wavelengths are 1.14 V/W, 325 V/W, 10.91 V/W,
10.91 V/W, respectively.

7.3 CNTs-Based Photodetectors

CNTs display opportunities for novel photodetectors because of their remarkable
optical properties. Free electron—hole pair excitations and also strongly bound elec-
tron—hole pair states are called excitons present in semiconducting CNTs which have
a direct bandgap. The exciton binding energy of carbon nanotubes depends on the
diameter and dielectric constant of the surrounding environment. In recent years,
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Fig.19 a GQDs used photodiode structures illustration b Using particle size, the absorption perfor-
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several research groups have reported that photocurrent could be produced in a CNT
when illuminated, which is in contact with metal electrodes. The charges are sepa-
rated due to the Schottky barrier on the metal-CNT interface that provides an internal
electrical field. Rao et al. studied the photoconductivity of the pure CNT film. They
developed SWCNTs on Si0O,/Si substrates using CVD across a channel in the layer
of SiO, and 8-20 CNTs have connected the channel [212]. Alternative methods
for charge separation are establishing p—n junction, applying asymmetrical metal
contacts. Liu and co-authors demonstrated a photodiode using purified SWCNTs
deposited on n-Si/SiO; by liquid phase, wherein asymmetrical metal contacts were
used [213]. The I-V characteristics were well matched with the conventional diode
equation which was ascribed to reduced defects in SWCNTs. Peak responsivity
attained was 1.5 x 108 V W~! and above 107 V W~! for the wavelengths ranging
between 1200 and 2100 nm. In a similar spectral range, detectivity stayed above 10'°
Jones and achieved a peak with 1.25 x 10'! Jones at 1800 nm.

He et al. developed a photodetector by developing highly aligned SWCNTs
between two Au contacts, where to establish p—n junction, half the intrinsically
P-type CNTs were n-doped (Fig. 20) [214]. The highly aligned SWCNTs provide
an extended absorption spectrum range from 3 pwm to 3 mm. The responsivity was
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Fig. 20 Carbon nanotube Terra-Hertz detector characteristics. a Experimental geometry-based
diagram schematic illustration. Linearly polarized Terra-Hertz beam is illuminated on the device at
room temperature and I-V characteristics are measured b Graph showing the I-V characteristics
without illumination and with the illumination of 2.THz beam ¢ Polarization dependence of open-
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by its value for parallel polarization, d Power dependence of Voc for frequencies of 3.11 THz,
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Reprinted with permission from [214]. Copyright © 2014, American Chemical Society

observed to be 2.5 V/W at 96.5 um (3.11 Tera-Hertz), 2.4 V/W at 19 wm (2.52 Tera-
Hertz), and 1.7 V/W at 215 pm (1.39 Tera-Hertz). Liu et al. demonstrated hybrid
broadband photodetector (across visible to NIR range, 400—1550 nm) using atomi-
cally thin SWCNTs and graphene with a high photoconductive gain ~103 [215]. The
fabricated photodetector achieved a high responsivity of >100 A/W and a response
time of ~100 sy (electrical bandwidth of ~10* Hz). The high built-in potential at the
1D and 2D interface provides efficient separation of photogenerated electron—hole
pairs and decreases the recombination. Further, a fast response rate was achieved
due to a trap-free interface. Lu and co-workers explored the implementation of a
novel mechanism for exciton dissociation using graphene/MWCNT nanohybrids
[216]. The fabricated photodetector was used for infrared detection and achieved
high responsivity of ~3065 V/W and detectivity of 1.57 x 107 cm. Hz"2/W.
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7.4 Graphene-Based Photodetectors

Single-layer graphene has a wide-ranging but minimal absorption, due to this few-
layer graphene was used to enhance the absorption. The other possibility to enhance
the absorption in monolayer graphene was reported by Kang and co-workers for
the first time [217]. They have used crumbled graphene which was intentionally
deformed to get the continuous undulating 3D surface, to induce an increase in
areal density that yields high optical absorption, hence improving the photorespon-
sivity. Mueller et al. reported graphene-based photodetector. In this asymmetric metal
contacts and an interdigitated metal-graphene—metal was used on a Si/Si0O, substrate
[218]. The maximum responsivity of 6.1 mA/W was observed at 1550 mm. Liu et al.
fabricated a photodetector using graphene double-layer heterostructure for ultra-
broadband and high sensitivity of 4 A/W at room temperature. The device consists
of two graphene layers sandwiching a thin SiO2 barrier. The device consists of two
graphene layers sandwiching a thin SiO2 barrier.

7.5 Hybrid Photodetectors

Kim et al. reported a hybrid broadband photodetector based on carbon—carbon
composite materials ranging from 300 nm (UV) to 1000 nm (NIR) wavelength,
wherein GQDs were sandwiched between two graphene sheets (Fig. 21) [219].
Si0,/Si was used as a substrate and two metal (silver) contacts were evaporated
on top and bottom graphene layers. Although the design was symmetric, and asym-
metric I-V characteristics were observed, which was ascribed to the charging or
doping effects in the bottom layer of graphene. The fabricated device achieved the
photoresponsivity of 0.5 A/W at 800 nm and the detectivity of 2.4 x 10'! Jones.

Sahatiya and co-workers reported a graphene/MoS, based visible light photode-
tector [220]. The internal electricity created due to graphene/MoS, heterostruc-
ture enhances the charge carriers separation which improves the responsivity of
the photodetector. The same group demonstrated a flexible graphene-based infrared
photodetector on PI substrate with responsivity and external quantum efficiency
(EQE) of 0.4 A/W, 16.53%, respectively [120]. This project incorporates the syner-
gistic advantages of the substrate (which acts as dielectric also) and sensing mate-
rial. The same group optimized various parameters such as calcination temperature,
time-dependent electrospinning of graphene/ZnO-based composite nanofiber across
gold electrodes for UV detection which was fabricated by one-step in situ synthesis
method [221]. The fabricated photodetector showed superior performance for UV
sensing with an 1892 time increase in the conductance.
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in the transport directions of holes and electrons contributing to dark- and photo-currents. Reprinted
with permission from [219]. Copyright © 2014, Springer Nature

8 Conclusion and Outlook

It is apparent from above all sections in this chapter, carbon nanomaterials due to
their unique thermal, mechanical, electronic properties have been proven to have
the noteworthy potential to be used in various evolving electronic and sensing
applications. Carbon nanomaterials which are available in different forms such
as zero-dimensional (carbon quantum dots), one-dimensional (carbon nanotubes),
two-dimensional (graphene), and their hybrids have shown significant impact
in the fabrication of electronic and sensing devices. These fabricated devices
helped in detecting various target analytes, dangerous gases, change in relative
humidity/temperature/pressure, etc., and also increasing the non-volatile memory
storage capacity by increasing the performance of fabricated electronic devices.
Before realizing commercial carbon-based electronic and sensing devices for various
applications, challenges must be addressed to avoid further complexities. Even
though propels in development and post-manufactured partition strategies have
significantly enhanced the carbon nanomaterials monodispersity, gadget-to-gadget
inconstancy stays an issue. For instance, the threshold voltages of a variety of FETs
created from semiconducting carbon nanotubes regularly differ by a few volts, which
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is, atany rate, a significant degree higher than satisfactory in contemporary ICs. These
dissimilarities can be mostly tended to by further upgrades in the faultlessness and
monodispersity of the semiconducting carbon nanotubes bandgap, yet a significant
part of the gadget inhomogeneity can likely be ascribed to extraneous factors, for
example, the impact of metal contacts, dielectric layers, fundamental substrate, and
general condition. Therefore, we predict that carbon nanomaterials will keep on being
the subject of serious and productive exploration even as the first applications arrive
at the commercial center.
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