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Graphene achieved a peerless level among nanomaterials in terms of its application in electronic devices, owing to its
fascinating and novel properties. Its large surface area and high electrical conductivity combine to create high-power
batteries. In addition, because of its high optical transmittance, low sheet resistance, and the possibility of transferring it
onto plastic substrates, graphene is also employed as a replacement for indium tin oxide (ITO) in making electrodes for
touch screens. Moreover, it was observed that graphene enhances the performance of transparent flexible electronic
modules due to its higher mobility, minimal light absorbance, and superior mechanical properties. Graphene is even
considered a potential substitute for the post-Si electronics era, where a high-performance graphene-based field-effect
transistor (GFET) can be fabricated to detect the lethal SARS-CoV-2. Hence, graphene incorporation in electronic devices
can facilitate immense device structure/performance advancements.
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| 1. Introduction

From a historical perspective, graphene was theoretically predicted as a part of graphite in the 1940s W and, in 1962, a
single layer of graphite was first experimentally observed by Boehm et al. [&. In 1994, Boehm coined the term “Graphene”
Bl Nearly two decades later, Novoselov et al. @ reported, in the journal Science, the observation of graphene.
Subsequently, graphene became the pivotal subject of research in the scientific community, which resulted in the rapid
development of this field. The ultra-thin (0.35 nm) and super-light honeycomb configuration of graphene, with a planar
density B of 0.77 mg/m2, captured great interest, owing to its novel nanostructure with unique physical and chemical
properties €. In terms of crystal structure, graphene is the strongest material on earth [, as well as being flexible &, This
conclusion is based on the value of its Young’'s modulus (1.0 terapascals), its intrinsic strength (130 gigapascals), and its
breaking strength (42 N/m) [&. Graphene exhibits supreme thermal conductivity 29, having a value up of to 8000 W/m-K
(1 with a huge specific surface area of 2630 m?/g 12, The transparency of graphene is another peerless feature, in that
the transparency of a single layer of graphene is nearly 98% under visible light 22, Its ultrahigh room-temperature
electron mobility of 2 x 10° cm?v~1s~1 [14] established graphene as the most conductive material at room temperature to
date, with a conductivity of 1.42 x 108 S/m 13 and a sheet resistance of 125 Q/sq [X8l. Among these fascinating properties,
some handpicked properties can be stitched together for specific applications in electronic devices, as shown in Scheme
1. The incorporation of graphene in electronic devices enhances their performance enormously.
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Scheme 1. Mapping of graphene properties with potential applications in electronic devices.

| 2. Graphene Structure and Properties

Graphene is an atomically thin two-dimensional allotrope of carbon, comprising a single sheet of sp?-hybridized carbon
atoms, where one atom forms each vertex. Here, the o-bond is formed by the combination of S, Px, and the Py orbital,

while the Pz orbital creates the 11-bond. The 1T bond is mostly responsible for the large electrical conductivity of graphene
)

There are three kinds of arrangements of carbon chain at the edge of graphene, namely zigzag, armchair, and arbitrary
fashion, shown in Figure 1 (bottom left). The conduction behavior of graphene depends on the type of carbon chain
arrangements at the edges. Zigzag arrangements of the carbon chain are responsible for metallic conduction, but a
nanoribbon with armchair arrangements of the carbon chain acts either as a metal or a semiconductor (18] Moreover, the
bandgap of graphene nanoribbons varies inversely with the width of the nanoribbon 2; this facilitates bandgap
engineering for the potential application of graphene in nanoelectronic devices.

Moreover, graphene is so transparent that clear discrimination of single, bilayer, and multiple-layer graphene is possible
by using contrast spectra; these can be generated from the reflection of a white light source from graphene, placed on an
Si substrate with a 285 nm SiO, capping layer 2%, Thus, theoretical and experimental results reveal that by varying the
graphene thickness, the optical property of graphene can be controlled.

In the case of graphene, the first Brillouin zone contains four unique points in reciprocal space, including the I point at the
center of the cell, K and K' at inverse corners (Dirac points), and M at the edge center, the midpoint between K and K'.
Monolayer graphene exhibits Dirac-type linear dispersion near Eg = 0 due to its special hexagonal lattice structure.

Though graphene was first observed in the 1960s, exact homenclature and proper classification remain a barrier to a
precise definition of different forms of graphene, which acts as a hurdle for its standardization. To overcome this problem,
several initiatives were undertaken across the globe.

The fascinating features of graphene make it ideally suited for further miniaturizing electronics to form ultra-small devices
and components for future semiconductor technology. However, for the practical realization of the potential of graphene, it
must be synthesized in such a manner that the resulting product is almost defect-free. To date, several methods were
devised to fabricate good quality graphene; these can be broadly categorized into top-down and bottom-up approaches.
As the names suggest, in the case of the top-down approach, the initial material is a piece of graphite (in general) which is
later reduced to single or few-layer graphene by various means (e.g., exfoliation etc.), whereas, in the case of the bottom-
up approach, carbon molecules are assembled one by one (e.g., CVD etc.) to prepare a graphene layer. Moreover, a
schematical description of different synthesis methods, quality of grown samples, and their target application fields are
presented in Scheme 2.
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Scheme 2. Mapping of graphene growth methods, product quality, and target applications in electronic devices.

| 3. Application of Graphene in Electronic Devices

3.1. Graphene in Batteries

The battery, a device that converts chemical energy to electrical energy, is the utmost requirement for the smooth running
of most daily-life hi-tech applications, for example, an electric razor. In the modern era, there is a need for a secondary-
type battery that can be charged, discharged into a load, and recharged many times, as opposed to a primary-type
battery, which is initially fully charged and must be discarded after use. A lightweight, durable secondary battery with a
high energy-storage capacity, and a small charging time, is a prerequisite of modern electronic and electrical gadgets.
Since the inception of research on secondary-type batteries [21], the lithium-ion battery (LIB) attracted major attention due
to its unmatchable combination of high energy and power density (both gravimetric and volumetric) with long service life,
environmental friendliness, and commercial viability 22. However, continuous performance improvement is required for
the sustainable development of any technology. A report 23 indicated that conduction is a key obstacle to the further
upgrading of Li-ion batteries. In principle, the transport of Li ions between the anode and cathode materials, via the
insertion/deintercalation process, is responsible for the charging and discharging of an LIB (Figure 1). The speed of
transportation of Li ions between the electrodes through the electrolyte essentially determines the power capability of an
LIB.
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Figure 1. The charge/discharge intercalation mechanism of Li-ion battery. (Reproduced with permission from ref [24]).

Thus, a nanostructure of a large surface area with high electrical conductivity is the key element for creating a high-power
LIB. Graphene is the best-fit material to meet these requirements. However, the application of pristine graphene as the
anode material presented a stability problem 23, To circumvent this problem, hybrid materials were created and
discovered to be useful for achieving battery enhancement. In the case of basic lithium-ion batteries, graphene can be
incorporated either in the cathode or anode. Graphene and its derivatives, along with graphene-based composites, are
used as anode materials in basic lithium-ion batteries.

Graphene and its derivatives, along with graphene-based composites, are also used as a cathode material in basic LIBs.
Some of the most common cathode materials for LIBs are LiCoO, 28], LiMn,0, &4, LiFePO, 28, Li;V,(PO,); 2, and
V,05 B9 owing to their high capacity, excellent cycle life, thermal stability, environmental benignity, and low cost.
However, the low ionic and electrical conductivities of such cathode materials restrict their practical application. Here,
graphene plays an important role as an electron-conducting additive for the above-mentioned substances and makes the
resulting composite appreciably suitable as a cathode material. Deng et al. B used graphene as a conducting additive for
LiCoO, cathode materials and found that the surface wrinkles of graphene-wrapped LiCoO, particles formed a plane-
contacted interface which enhanced the conductivity of the cathode; the high-rate cycling stability was also improved. The
experimental results showed that after 300 cycles, the capacity of a graphene/LiCoO, battery decreased from 145 to
137.8 mAh/g, which was 95.1% of the initial discharging capacity. Pyun et al. B2 found that the discharge capacity, cyclic
performance stability, and rate capability of the graphene/LiMn,0,4 electrodes were significantly higher than those of the
pristine LiMn,O,4 electrodes. The scholars concluded that the high surface area of LiMn,O,4 nanoparticles and good
electronic conductivity of graphene were responsible for the enhanced performance. Hu et al. B3 modified the surface of
LiFePO,4 with 2 wt% of electrochemically exfoliated graphene layers, with the resulting composite being able to reach 208
mAh/g in specific capacity, which was beyond the theoretical capacity of 170 mAh/g. They also indicated that such a
simple and scalable approach might also be applied to other cathode systems, boosting the capacity of various Li
batteries.

3.2. Graphene Electrodes for Touch Screens

From the inception of the idea of the “touch screen” 24 to date, metal oxides 3! are primarily employed for its production.
Among various metal oxides, ITO B8 s the most attractive, owing to its unique combination of visible light transparency
and modest conductivity B4, However, ITO is chemically unstable B8, expensive, and not flexible, and these drawbacks
necessitate the search for a better substitute. Subsequently, diverse forms of materials, including nanomaterials 29
underwent feasibility tests in terms of cost, chemical stability, flexibility, transparency, and conductivity. Numerous studies
(401141l demonstrated that graphene had the potential to replace ITO because of its small sheet resistance, large optical



transmittance, and the possibility of transferring it onto plastic substrates. Additionally, graphene-based transparent
conductive electrodes can be produced on a large scale via the roll-to-roll technique to fabricate touch screens 42, Even
by combining the rod-coating technique and the room-temperature reduction in GO, it is possible to fabricate large-scale
highly flexible rGO films directly on PET (polyethylene terephthalate) substrates 43! with low resistance and good
transparency (~80%).

3.3. Transparent Memory with Graphene

The parametric measures of good electronic gadgets are changing rapidly. The inclusion of multiple functionalities, such
as transparency, wearability, flexibility, portability, etc., are the prime aspects of advancement for today’s electronic
gadgets, which is leading to a new era of electronic gadgets called “transparent electronics”. Semiconducting nhanowires
(44l made of wide bandgap semiconductors were initially employed for the fabrication of transparent electronics. It was
later found that incorporation of graphene augments the performance of transparent—flexible electronic gadgets because
of its finer mechanical properties, negligible light absorbance, and superior mobility. Moreover, because of the high density
of states and large work functions with excellent electrical properties, graphene became a promising material for non-
volatile transparent, flexible memory devices, in which it can be employed as a conducting channel or a charge-storing
layer.

3.4. Integrated Circuits with Graphene Transistors

Currently, for the fabrication of integrated circuits, complementary metal oxide semiconductor (CMOS) technology is used.
However, the advancement of fabrication technology is approaching the limits of downsizing transistors in a rapid manner
451 Graphene can be considered a potential substitute for post-Si electronics 28, However, the fabrication technology of
graphene-based low-power devices is still in the development stage, and an improved growth technique to produce large-
area graphene films with superior electrical properties on dielectric surfaces needs to be developed. Meanwhile, Lemme
et al. 2 reported the fabrication of a top-gated field-effect device using monolayer graphene. The carrier mobility value
exceeded the universal mobility in the silicon and ultrathin body SOl MOSFETs. However, the scholars suggested that
bandgap tuning would be necessary to improve the device characteristics. Sun et al. 28l realized a double-gated GFET,
with graphene as the working channel and organic ferroelectric sheets (PVDF-TrFE) as the top gating insulator. The
inclusion of ferroelectric material substantially modified the charge transport properties in the graphene channels. The top-
gate dielectrics isolated the graphene channels from the effects of the environment.
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