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Abstract

Charge carriers in graphene mimic two-dimensional massless Dirac
fermions with linear energy dispersion, resulting in unique optical
and electronic properties. They exhibit high mobility and strong
interaction with electromagnetic radiation over a broad frequency
range. Interband transitions in graphene give rise to pronounced
optical absorption in the mid-infrared to visible spectral range. Free-
carrier intraband transitions, on the other hand, cause low frequency
absorption, which varies significantly with charge density and
results in strong light extinction at high carrier density. These
properties together suggest a rich variety of possible optoelectronic
applications for graphene. But graphene is a zero bandgap material

which hinders the uses of graphene in luminescent application.

In this thesis paper, we have addressed this bandgap problem and
reviewed some of the important achievements so far in introducing
bandgap in graphene.we have also investigated the optoelectronic
properties of graphene and reviewed some of the significant
applications.Later, we have discussed about graphene quantum dot
and their applications in multicolor light emitting applications and
in solar cells.

Vi



Chapter 1

Introduction

1.1 Background

Graphene is a material in a two-dimensional single atomic layer and made of
carbon atoms bonded in a honeycomb lattice (shown in Figure 1.1). Graphene
Is the basic structure of graphite, carbon nanotubes, fullerenes and diamond
(shown in Figure 1.2). Since its discovery by scientists Andre Geim and
Kostya Novoselov in 2004, it is predicted that graphene will bring a new
revolution to the current carbon-based electronics on account of its remarkable
physical properties. Graphene is the strongest (stronger than diamond) and
thinnest (thinner than a paper) material that has ever been known. In
addition, graphene is much more flexible than silicon, which is the most
widely used material in the electronic world. And it was reported that
graphene could be stretched by 20% while silicon could only be stretched by
1% [1]. Moreover, it has been observed that graphene conducts heat and
electricity with great efficiency. Additionally, graphene will provide
scientists an excellent model to study relativistic quantum phenomena [2, 3]
such as the quantum Hall effect [4] in condensed matter material.



Figure 1.1. The hexagonal honeycomb lattice of graphene with the primitive vector a = 2.46 A.
The unit cell consists of two sublattices: A and B.

Figure 1.2. (a) Graphite: stack of graphene sheets; (b) Diamond: cubic; (c) Fullerenes: closed cage
of carbon; (d) Carbon nanotube: rolled-up sheets of graphene; (e) Graphene. From Ref. [5]



1.2 Structure of Graphene

In graphene, there are two carbon atoms per unit cell, displayed as A and B in
Figure 1.1. Each carbon atom, which is the sixth element (of periodic table)

with a total of 6 electrons, has the electron configuration of 1s22s22p2. Here
one 2s orbital per carbon in graphene is combined with the 2px and 2py to

form three sp2 orbitals. And the sp2 orbital of each carbon is then bonded
with the adjacent sp2 orbitalforming a strong covalent ¢ band that is 1.42

A long. The remaining 2pz orbital, which is perpendicular to the planar
structure, forms a covalent & band with the neighboring carbon atom.
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Figure 1.3. The bonding process of graphene structure: one 2s orbital is combined with the 2px and 2py to form
three sp2 orbitals, and the remaining 2pz orbital is perpendicular to the planar structure.From Ref. [6]



In addition, the = band is half-filled, and it is responsible for the
conductivity of graphene with an extra electron from each p orbital. The
bonding process of graphene structure is illustrated in Figure 1.3. The ¢ and
7 bands in graphene form the Fermi surface, which is characterized as six
double cones as shown in Figure 1.4. And in the undoped environment, the
corners (depicted as two Fermi points: K and K’, and they are also
displayed on the first Brillouin zone of graphene in Figure 1.5) of these
six double cones are the Fermi level of graphene, and are separating
conduction and valence bands. According to this band structure, graphene
IS a zero gap semiconductor. On the other hand, it means that the density
state of the intrinsic graphene is zero at the Fermi level.

Figure 1.4. Band structure of graphene. There are six Dirac points, but only two of them are
non-equivalent, and they are denoted as K and K’. The conduction and valence band are touching

at the Dirac points. From Ref. [7].

el

K' K

K' K

Figure 1.5. The first Brillouin zone of graphene with two non-equivalent Dirac points denoted as
K and K’. The points K and K’ are the touching points of the Energy bands.



Chapter 2

Optical Transition in Graphene

The optical response of graphene can be divided into two fundamental
processes: inter-band and intra-band optical transitions [8, 9-11]. Inter-band
transitions dominate the absorption channel in the mid-/near-infrared and
visible spectral range. The corresponding graphene sheet conductivity for
photons that leads to excitations of the graphene band structure in the region
of linear dispersion is given by the frequency-independent universal constant
of me?/2h [12, 13]. Whereas the inter-band transitions have been extensively
characterized, the influence of intra-band transitions, i.e. of the free carrier
absorption, on the transient optical response of graphene in the visible is yet
to be established. At longer probe wavelengths, the influence of intra-band
transitions becomes stronger, and the role of these transitions in the transient
response of photoexcited graphene in the mid-infrared and THz spectral
range has recently been reported [14, 15]. A full understanding of this

dynamical response is important for applications of graphene in ultrafast
photonic devices, as in saturable absorbers. As depicted in Fig. 2(a). Intra-
band transitions require change in k thus phonon mediation; therefore, their
properties are closely related to the electrical transport properties of graphene.
These optical transitions are dominating at low photon energies, i.e. the far-IR.
In contrast, inter-band transitions dominate at near-IR and visible frequencies.
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F_i%.z.l (e’x__) Optical transitions in graphene. ﬁb) Optical conductivity versus frequency for two
different Fermi levels (extracted from Ref. [9]). Contribution due to’intra/inter-band transitions
are shown in blue/red, respectively.



However, as can be noticed in Fig. (b) and information from[16-18], in
the mid-IR to terahertz ranges, there is a very strong dependence of optical
conductivity with Fermi level. Therefore, the optical conductivity of graphene
can be effectively modified by electro-statically controlling its Fermi level.
This tunability enables the realization of graphene-based reconfigurable opto-
electronic devices [11], [19] such as ultra-fast electro-absorption infrared
modulators, phase shifters, beam steerers, and so on. In the far-IR and
terahertz ranges, as Fermi level becomes closer to Dirac point, the density of
states available for intra-band transitions decreases thus its optical
conductivity reduces. Here, as frequency increases, the magnitude of its
optical conductivity exhibits a Drude roll-off. At mid-IR frequencies, both
intra-band and inter-band transitions become significant and these trends
might no longer hold.



Chapter 3

Bandgap Engineering

3.1 Bandgap Dilemma

Graphene is currently regarded as one of the most promising materialswith
the characteristics of a single atomic layer and high electron mobility, for use
in the next generation of high-speed nanodevices [20-21] However, pristine
graphene has no bandgap at the Fermi level (Ey) at the K point, which means
that the highest occupied and lowest unoccupied states coincide at this K
point. The dispersion of the two corresponding energy bands is
approximately linear near the K point and differ in that respect from the
parabolic dispersions close to the valence band maximum (Evewm) and the
conduction band minimum (Ecgm) of a semiconductor.

Figure3.1: E-K diagram of pristine graphene

Several schemes, therefore, have been adopted to form a band gap in
graphene by, for example, hole or molecular doping[5, 6], electron
confinement with quasi one dimensional graphene nanoribbons[7, 8], a gate
voltage applied perpendicularly to bilayer graphene[9], and chemical
functionalization by adsorbing external atoms or molecules on SLG[22, 23].
The opening of a band gap by functionalizing graphene with atoms and
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molecules, in particular, has been utilized efficiently to induce symmetry-
breaking in the charge distribution between the A and B carbon sublattices
of a hexagonal unit cell of SLG [24-25]. The degradation of the unique Dirac
nature of graphene by adsorbates, however, appears to be a serious drawback
for industrial applications and needs to be tackled.

This gapless semimetallic nature of graphene, however, needs to be
converted into a semiconducting phase with a [finite band gap (Eg) to
control the conductivity in most electronic applications [26-30] Because
the massless Dirac fermions in graphene showing ballistic charge transport
[31-33], even at room temperature [34], are ideal charge carriers for fast
circuit devices, research efforts have been continued to open a tunable band
gap in graphene. To this end, there have been continuous efforts to realize
the band gap in graphene.

3.2 Recent Bandgap Opening Methods

In this section recent methods for opening bandgap in graphene are
reviewed.

3.2.1 Using Na" ions

Sung etal. reported a new route to open a band gap (Eg) at DP in a
controlled way by depositing positively charged Na +ions on single layer
graphene formed on 6H-SiC( (0001surface [35]. The doping of low energy

Na +ions is found to deplete the n* band of graphene above the DP, and
simultaneously shift the DP downward away from Fermi energy indicating
the opening of Eg. The band gap increases with increasing N +acoverage
with a maximum Egalmost equal to 0.70 eV. Thecore-level data, C 1s, Na
2p, and Si 2p, consistently suggest that Na +ions do not intercalate through
graphene, but produce a significant charge asymmetry among the carbon
atoms of graphene to cause the opening of a band gap.
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Figure3.2:Changes in the p-band of SLG near the K-point as a function of Na "coverage; the
clean SLG (a) shows a sharp p-band, which broadens and shift sdown with increasing Na *
coverage [(b)—(g)]. The MDC of the band at Fermi level (h)[35]

In this paper [35] the authors reported another route to engineer the band gap
of graphene by doping low energy N +aions on a single layer graphene (SLG)
formed on 6H-SIC ( 0001surface)changes in the © -band of graphene and in
the core levels (C 1s,Na2p, and Si 2p) induced by the doped Na +ions by
utilizing angle-resolved photoemission spectroscopy (ARPES) and high-
resolution core level spectroscopy (HRCLS) with synchrotron photons.

The charge asymmetry among carbon atoms caused by the Na *ions is found
to be much more significant than that by neutral Na atoms for the two
graphene sublattices as reported for Na on Ir [36] superlattice produced a
maximum band gap greater than 0.70 eV at DP. The size of the band gap can
rather easily be controlled by varying ion coverage. Interestingly, despite the
large band gap produced, the novel electronic properties of graphene due to
its Dirac fermions such as the linear nature of the p-band and the mobility
appear to remain almost intact with the doping of Na +ions. Interestingly the
bonding of Na +ions on graphene is found to be weaker than that of neutral
hydrogen or nitrogen atoms doped from energized sources [37-39] since the
clean graphene is restored by flashing the Na-+doped graphene at a
temperature lower than the desorption temperature of such hydrogen or
nitrogen. Therefore, the doping of Na +ions on SLG turns out to be an
efficient way to form a tunable band gap on graphene without deteriorating
its novel electrical properties [40].



3.2.2 Using slow Cs™ ions:

A new method reported containg wide band gap engineering for graphene
using slow Cs+ ions, which allows both fine-tuning and on—off switching
capability of the band gap in a range suitable for most applications without
modifying or deteriorating the relativistic nature of the Dirac fermions[41].
The doping of Cs "ions opens the band gap up to Eg0.68= eV, which can be
closed completely by adding neutral Cs atoms, as observed in ARPES.

/G |[(€) Annealed Cs*/G |[(d) Cs/Cs /G ll(€) Cs/Cs" /G

...............................

T,=300TC 0.2 ML

T T T L) T - L) L) L T L) T
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Figure3.3 : Opening and fine-tuning a band gap in the p-band of graphene) a) SLG, (b)
Cs'ions doped (1.0 ML) graphene (Cs/*G), (c) Cs/*G annealed at °300C, (d)—(i)Cs added
Cs/"G (Cs/Cs/*G) with increasing Cs, and (j) Cs'iondeposited on Cs pre-adsorbed
graphene (Cs/"Cs/G).[41]

The figure above shows the changes in the linear n-band of SLG upon
surface treatments with Cs*ions or neutral Cs atoms obtained from (a) SLG,
(b) 1.0 monolayer (ML) Cs"ions doped graphene)Cs/"G), (c) Cs/'G
annealed at 300 C, (d)—(i) Cs added Cs/*G) Cs/Cs/*G) with increasing Cs
coverage 6Cs, and (j) Cs"lon deposited on Cs pre-adsorbed graphene
(Cs/"Cs/G). These bands were obtained along the direction perpendicular to
thel" > K direction with the center at the K-point. The bands to locate the
top (bottom) of the n-( © *) band are depicted as white dashed lines in Fig.
1, drawn by determining the slopes of the bands from the neighboring
momentum distribution curves (MDCs) obtained at two different energies
near the Dirac point (DP).
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3.2.3 BN co-doped grapheme

Bo-Yao wang et al. demonstrated a nonlinear behavior for the bandgap
opening of doped graphene by controlling the concentration of B and N co-
dopants[42]. X-ray absorption and emission spectra reveal that the bandgap
increases from 0 to 0.6 eV as the concentration of BN dopants is increased
from 0 to 6% while the bandgap closes when the doping concentration
becomes 56%This nonlinear behavior of bandgap opening of the BN-doped
graphene depending on the BN concentrations is consistent with the valence
band photoemission spectroscopic measurements. The spatially resolved B,
N and CK-edge scanning transmission Xx-ray microscopy and their x-ray
absorption near-edge structure spectra all support the scenario of the
development of h-BN-like domains at high concentrations of BN This study
revealed truely a new way to engineer the bandgap of low-dimensional
systems.

Engineering doping [43] which is a well-known method for modulating the
electronic properties of graphene. Among various boron-nitrides, hexagonal
boron-nitride (h-BN) is an effective dopant for inducing a bandgap in
graphene [44-53] because it has not only a wide bandgap (with an energy gap
range from 3.6 to 7.1 eV)[54,55] also has a similar honeycomb lattice to that
of graphene. Doping with B and N atoms may induce a slight shift of Eg,
although these atoms have opposite charge-transfer effects (p- and n-type
doping) thus[55] providing the potential advantage of a low required gate
voltage to give graphene an insulating property. UV-visible light [ [14and
preliminary bandgap measurements [ [15have been performed to reveal the
existence of a bandgap in the BN-co-doped graphene at particular doping
concentrations.

Despite many research works in this field [44-53]the mechanism of the
opening of the bandgap and its correlation with the characters of BN dopant
are not yet fully understood. Unsurprisingly, introducing BN dopant breaks
the sublattice symmetry, and deviation from the gapless character of
graphene is then expected [53].

11
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spectra. (c) Scheme of bandgap obtained from the energy between EVBM (valence band
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According to previous theoretical studies, the bandgap of graphene is
generated by either a local charge density and potential redistribution effect
of small BN crystallites or a local quantum confinement effect associated
with large h-BN domains. In this study, the bandgap opening of BN-doped
grapheme depending on the doping concentrations is obtained by the
electronics structure studies experimentally and theoretically. Surprisingly,
the bandgap opening is found to be a nonlinear function of the total
concentration of BN dopants. Initially, the bandgap increases from 0 to 0.6
eV as the concentration of BN dopants increases from 0 to %6; it then
decreases and approaches zero when the BN concentration is increased
further to 56%.

3.2.4 Forming Heterojunctions

Cao and co-workers reported about heterojunctions of graphene and other
two-dimensional carbonitride materials with natural holes in their
monolayers, namely, nitrogenated holey graphene (NHG), g-C3N4, and g-
CN, to destroy graphene’s sublattice symmetry[56].The heterojunctions,
except for that with g-CN, have a direct band gap and that their important
band edge states are dominated mainly by their graphene layer. The electric
field can open band gaps and reduce the effective mass of electron and hole.
The graphene/NHG has a large band gap (186.6 meV) and electron effective
mass, which can be reduced from 1.31 t00.014 m Oby applying an electric
field of 0.4 VV/A. The NHG/graphene/NHG has the largest band gap of 250.7
meV among all of the graphene-based heterojunctions. The band gap of g-C
3N/4graphene/g-C3N4 can be enlarged from 76.8 to 85.5 meV by applying
a perpendicular electricfield (0.6 V/A). Interestingly, the external
electricfield can also convert the indirect band gap of graphene/g-CN into a
direct one of 83.3meV. Our results are useful for fast graphene-based nano-
optoelectronic devices.

As an alternative way, the graphene-based heterojunctions formed with other
2D materials, such as BN (57,59) and g-C3N4 provide a new method for
opening graphene’s bandgap. , Mahmood et al. successfully synthesized
nitrogenated holey graphene (NHG)[60] new 2D material, with a substantial
direct band gap of 1.96 eV[61]. Since one primitive cell of NHG consists of
6 nitrogen and 12 carbon atoms, the NHG is also called C2N. The NHG, a
2D semiconductor with a lattice constant matching that of graphene, can be
a potential substitute of the other 2D materials, such as BN and g-C3N4, to
form a heterojunction with graphene. It has been known that, if applying an
electric field perpendicular to a heterojunction, the interlayer distance and

13



geometric structure of its layers can be altered, and consequently, the band
gap and carrier mobility will be modified. Attempts have been made to
enlarge the band gap of grapheme/g-C3N4 with an electric field, and the band

gap increases by about one-half when electric field is added to 0.6 V/A.
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Figure3.5: Band structure of graphene/NHG heterojunction with an electric field of (a) 0
V/A, (b)-0.1 V/A, (¢)-0.2 V/A, (d)—0.3 V/A, and (e) 0.4-V/A[56]

This fact indicates that the electric field has a remarkable influence on the
band gap. With this feature, we can make a trade-off between the band gap
and the carrier mobility. By changing the electric field, we can easily
increase the band gap with only a slight sacrifice of the carrier mobility,and
vice versa. By stacking different 2D monolayers together and applying an
electric field, we can obtain various heterojunctions and effectively modify
their electronic structures to have a suitable band gap and carrier effective
mass, which is very promising for fast graphene-based Optoelectronic
nanodevices. Considering that 2D carbonitrides, such as NHG, g-C3N 4, and
g-CN, have natural holes in their monolayers, we thus build several
heterojunctions of graphene and these 2D carbonitrides. The band gap of
graphene can be expected to open because its sublattice symmetry is broken
owing to the holes of those carbonitrides. We investigate the electronic
structures  of  graphene/NHG, NHG/graphene/NHG, g-C3N 4
/graphene/gC3N4, and graphene/g-CN heterojunctions because they can be
expected to destroy the sublattice symmetry of graphene more remarkably
than other combinations, such as graphene/NHG/ graphene and
NHG/graphene/graphene.Calculations ~ show  that  graphene/NHG,
NHG/graphene/NHG, and gC3N/4graphene/g-C3N4have a direct band gap
and their band edges are mainly determined by their graphene layer. The
band gap of graphene can be opened up to 250.7 meV by forming a
NHG/graphene/NHG heterojunction. The electron effective mass in
graphene/NHG can be reduced from 1.31 to 0.014m , at an electricfield of

E= 0.4 V/A. The band gap of g-C3N /4graphene/g-C3N 4can be enlarged
from 76.8 to 85.5 meV at E= 0.6 V/A.
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3.2.5 Using slow L.i +ions

Ryu and co-workers investigated on the ion-induced modification of the
electronic properties of single-layer grapheme (SLG)grown on a SiC( (0001
substrate by doping low-energy (5eV) Li +ions [62].They found the opening
of a sizable and tunable band gap up to 0.85 eV, which depends on the Li +
ion dose as well as the following thermal treatment, and is the largest band
gap in the m-band of SLG by any means reported so far. Li 1s core-level data
together with the valence band suggest that Li +ions do not intercalate below
the topmost graphene layer, but cause a significant charge asymmetry
between the carbon sublattices of SLG to drive the opening of the band gap.
This experimentprovided a route to producing a tunable graphene band gap
by doping Li +ions, which may play a pivotal role in the utilization of
graphene in future graphene-based electronic nano devices.

(2) SLG  {(b) 0.3 ML |(c) 0.6 ML |(d) 1.0 ML | (e) 300 °C

02 002-02002-02002-02002-02002
k(A kA KA kA kA
Figure3.6: Changes of the n-band induced by Li*ions as a function of 0 and thermal

annealing. The n-band obtained from(a)SLG and(b),)c),(d)after doping Li *ions of 6=0.3
ML, 0.6 ML, 1.0 ML, and(e)the annealed band in(d)at °300C, respectively[62]
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Figure:3.7 MDC(blue curves) and EDC(red curve)around the K-point of the band[62]

.Ryu etalreported that the doping of Li +ions on SLG does indeed open a
band gap whose size can be adjusted artificially in proportion to the Li +ion
coverage (0) followed by an annealing procedure up to Eg=0.85 eV. It can
be noticed that a minimal adverse effects on the Dirac nature of the n-band
by doping Li +ions on SLG. The photoemission data (valence and core
levels) suggests that the opening of a band gap by Li +ions is driven
essentially by the Li- +induced broken symmetry in the charge distribution
among carbon atoms. This way of opening a band gap by doping low-energy
Li +ions thus turns out to be quite an effective route for forming a tunable
band gap, without damaging the Dirac nature of SLG. st wafound that the
Li +ions doped on SLG at 90 K are not intercalated but cause a significant
charge asymmetry between the two carbon sublattices to open a band gap at
the K-point of the Brillouin zone. We further observe that the size of the band
gap can be artificially adjusted by controlling the ion coverage, followed by
proper thermal annealing. The band gap Eg =0.85 eV thus obtained upon
annealing at Ta=°300C from the Li- +doped SLG with 6 =1.0 ML turns out
to be the largest band gap reported so far from all functionalized SLG
samples, using various kinds of atoms or ions. Furthermore, the band gap
thus prepared is found to have the lowest in-gap intensity and is also found
to preserve the noble nature of the linear -band, which is quite distinct from
other functionalized SLG samples. Thisis the largest bandgap in the n-band
of SLG by any means reported so far.
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Chapter 4

Production Methods

For the tremendous application of graphene in nanoelectronics and
optoelectronics, it is essential to fabricate high-quality graphene in large
production. There are different methods of generating graphene. This review
summarizes the exfoliation of graphene by mechanical, chemical and
thermal reduction and chemical vapor deposition and mentions their
advantages and disadvantages. This article also indicates recent advances
in controllable synthesis of graphene, illuminates the problems, and
prospects the future development in this field.

4.1 Synthesis of Graphene

Synthesis of graphene refers to any process for fabricating or extracting
graphene, depending on the desired size, purity and efflorescence of the
specific product. In the earlier stage various techniques had been found for
producing thin graphitic films. Late 1970’s carbon precipitated in the form
of thin graphitic layers on transition metal surfaces [63,64]. In 1975, few-
layer graphite was synthesized on a single crystal platinum surface via
chemical decomposition methods, but was not designated as graphene due
to a lack of characterization techniques or per- haps due to its limited
possible applications [65].

In those periods, their electronic properties never were investigated because
of the difficulty in isolating and transferring them onto insulating substrates.
But in the late 90°s Ruoff and co-workers tried to isolate thin graphitic
flakes on SiO2 substrates by mechanical rubbing of pat- terned islands on
HOPG (Highly Oriented Pyrolytic Graphite) [66]. However there was no
report on their electrical property characterization. Using a similar method
this was later achieved in 2005 by Kim and co-workers and the electrical
properties were reported [67]. But the real prompt advancement in
graphene research began after Geim and co-workers first published their
work of isolating graphene on to SiO2 substrate and measuring its electrical
properties. After discovery of graphene in 2004 various techniques were
developed to produce thin graphitic films and few layer graphene. The
experimental evidence of 2D crystals came in 2004 [68] and 2005 [69] when
thin flakes of graphene and other materials molybdenum disulphide,
niobium diselenide and hexagonal boron nitride were first exfoliated from
their bulk counterparts.
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Fig.4.1: Timeline of carbon allotropes

Graphene was first obtained in the form of small flakes of the order of
several microns through mechanical exfoliation of graphite using scotch
tape [66,67]. Although this method gives the highest quality graphene but
for mass production, fabrication method is needed that can synthesize wafer
scale graphene.

In recent years, various techniques have been established for graphene
synthesis. However, mechanical cleaving (exfoliation) [68], chemical
exfoliation [69,70], chemical synthesis [71], and thermal chemical vapor
deposition (CVD) [72] synthesis are the most commonly used methods
today. Some other techniques are also reported such as unzipping
nanotube [73-75] and micro- wave synthesis [76]. Although mechanical
exfoliation using AFM cantilever was found capable of fabricating few-
layer graphene, the process limitation was thickness of graphene varies to
*10 nm, which is comparable to 30-layer graphene.

In chemical exfoliation method, solution dispersed graphite is exfoliated by
inserting large alkali ions between the graphite layers. Chemical synthesis is
the similar process which consists of the synthesis of graphite oxide,
dispersion in a solution, followed by reduction with hydrazine. Similarly
for carbon nanotube synthesis, catalytic thermal CVD has proved most
significant process for large-scale graphene fabrication. When the thermal
CVD process is carried out in a resistive heating furnace, it is known as
thermal CVD, and when the process consists of plasma- assisted growth,
it is called plasma enhanced CVD or PECVD. In this world as nothing is
unmixed blessing, all synthesis methods have some drawbacks too
depending upon the final application of graphene. For instance, the
mechanical exfoliation method is capable of fabricating monolayer to few-
layers of graphene, but the reliability of obtaining a similar structure using
this technique is quite insignificant. Furthermore, chemical synthesis
processes are low temperature processes that make it more comfort- able to
fabricate graphene on multi-types of substrates at ambient temperature,
particularly on polymeric substrate. But, large-area synthesized graphene
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produced in this process are non-uniform and dispersed. Again, graphene
synthesized from reduced graphene oxides (RGOs) usually causes
incomplete reduction of graphite oxide that results in the successive
debasement of electrical properties depending on its degree of reduction.
In contrast, thermal CVD methods are more advantageous for large-area
device fabrication and favorable for future complementary metal oxide
semiconductor (CMOS) technology by replacing Si [77]. Epitaxial graphene
means thermal graphitization of a SiC surface which is another method of
graphene synthesis, but the limitations of this method are high process
temperature and inability to transfer on any other substrates. So, the thermal
CVD method is unique because of producing uniform layer of thermally
chemically catalyzed carbon atoms and that can be deposited onto metal
surfaces and also can be transferred over a wide range of substrates.

4.1.1 Exfoliation

Basically there are two different approaches to preparing graphene. On the
one hand graphene can be detached from an already existing graphite crystal,
the so-called exfoliation methods, on the other hand the graphene layer can
be grown directly on a substrate surface. The first reported preparation of
graphene was by Novoselov and Geim in 2004 [78] by exfoliation using a
simple adhesive tape.

4.1.2 The Scotch Tape Method

In this micromechanical exfoliation method, graphene is
detached from a graphite crystal using adhesive tape. After
peeling it off the graphite, multiple-layer graphene re- mains
on the tape. By repeated peeling the multiple-layer graphene is
cleaved into various flakes of few-layer graphene. Afterwards
the tape is attached to the substrate and the glue solved, e.g. by
acetone, in order to detach the tape. Finally one last peeling with
an unused tape is performed. The obtained flakes differ
considerably in size and thickness, where the sizes range from
nanometers to several tens of micrometers for single-layer
graphene, depending on the preparation of the used wafer.
Single- layer graphene has a absorption rate of 2%, nevertheless
it is possible to see it under a light microscope on SiO2/Si, due

to interfer- ence effects [79]. However, it is difficult to obtain
larger amounts of graphene by this method, not even taking
Into account the lack of controllability. The complexity of this
method is basically low, nevertheless the graphene flakes need
to be found on the sub- strate surface, which is labour intensive.
The quality of the prepared graphene is very high with almost
no defects.
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4.1.3 Liquid Phase Exfoliation

Liquid-phase exfoliation of graphite oxide is now one of the most widely
used methods for preparation of graphene. This method begins with
intercalation of graphite with strong oxidizing agents followed by expansion
of graphite layers via sonication. The reduction of the obtained graphene
oxide to graphene is usually conducted by either thermal or chemical
approaches [80-81]. Although this method is capable of high-yield (>50%)
production of graphene, the use of large quantity of acid and oxidizing agents
requires time-consuming washing steps and produces hazardous wastes. In
addition, the vigorous oxidation of graphite often leads to incomplete
restoration of the sp2 hybrid carbon bonds and presence of residual oxygen
functional groups resulting in poor electrical conductance [82].

4.1.4 Dispersion of Graphite

Graphene can be prepared in liquid-phase. This allows up
scaling the production, in order to obtain a much higher
amount of graphene. The easiest method would be to
disperse the graphite in an organic solvent with nearly the
same surface energy as graphite [83]. Thereby, the energy
barrierisreduced, which has to be overcome in order to detach
a graphene layer from the crystal. The solution is then
sonicated in an ultrasound bath for several hundred hours or a
20



voltage is applied [84]. After the dispersion, the solution has to
be centrifuged in order to dispose of the thicker flakes.

The quality of the obtained graphene flakes is very high in
accordance with the micromechanical exfoliation. Its size
however is still very small, neither is the controllability given.
On the other hand, the complexity is very low, and as mentioned
above this method allows preparing large amounts of graphene.

4.1.5 Epitaxial Growth

Graphene can be prepared by simply heating and cooling down
an SiC crystal [85]. Gen- erally speaking single- or bi-layer
graphene forms on the Si face of the crystal, whereas few-layer
graphene grows on the C face [86]. The results are highly
dependent on the parameters used, like temperature, heating
rate, or pressure. In fact, if temperatures and pres- sure are too
high the growth of nanotubes in- stead of graphene can occur.
The graphitization of SiC was discovered in 1955, but it was
regarded as unwelcome side effect instead of a method of
preparing graphene [87].The Ni (111) surface has a lattice
structure very similar to the one of graphene, with a
mismatch of the lattice constant at about 1.3% [87]. Thus
by use of the nickel diffusion method a thin Ni layer is
evaporated onto a SiC crystal. Upon heating the car- bon
diffuses through the Ni layer and forms a graphene or graphite
layer on the surface, depending on the heating rate. The thus
produced graphene is easier to detach from the surface than
the graphene produced by the growth on a simple SiC crystal
without Ni[87].

Figure4.3 : SEM image of graphene on copper foil. At several locations on
the surface graphene islands form and grow together [89].
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The growth of graphene starts at several locations on the crystal
simultaneously and these graphene islands grow together, as shown in Fig.
2). Therefore the graphene is not perfectly homogeneous, due to defects or
grain boundaries. Its quality therefore is not as good as that of exfoliated
graphene, except the graphene would be grown on a perfect single crystal.
However, the size of the homogeneous graphene layer is limited by the size
of the crystal used. The possibility to pro- duce large amounts of graphene
by epitaxial growth is not as good as by liquid-phase exfoliation, though the
controllability to gain re- producible results is given. Also the complexity of
these methods is comparatively low.

4.1.6 Chemical VVapor Deposition

At present, the process is expensive owing to large energy consumption
and because the underlying metal layer has to be removed. However, once
the transfer process is optimized this method may indeed be disruptive and
cost-effective. A number of issues need to be resolved before graphene
CVD technology can become widely used. Graphene growth on thin (tens
of nanometres) films of metals needs to be achieved, simultaneously
gaining control of the domain (grain) size, ripples, doping level and the
number of layers. Control of the number and relative crystallographic
orientation of the graphene layers is critical because it will enable a number
of applications which would require double, triple and even thicker layers
of graphene. Simultaneously, the transfer process should be improved
and optimized with the objectives of minimizing the damage to graphene
and of recovering the sacrificial metal.
The transfer process might be as complicated as the growth of
graphene itself. However, there are a number of applications which rely
on conformal growth of graphene on the surface of the metal, and do not
require graphene transfer at all: high thermal and electrical conductivities
as well as excellent barrier properties allow graphene greatly to enhance
the performance of copper interconnects in integrated circuits. Also,
because graphene is inert, it is an excellent barrier for any gas, and it
forms a conformal layer on metal surfaces with the most complex
topographies: such coatings can protect against corrosion.

The game-changing breakthroughs would be the development of
graphene growth on arbitrary surfaces and/or at low temperatures
(for example, using plasma-enhanced CVD or other methods) with a
minimal number of defects. The former would allow one to avoid the
complex and expensive transfer step and promote better integration of
this 2D crystal with other materials (like Si or GaAs). The latter would
Improve compatibility with modern microelectronic technologies and
allow significant energy saving.
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Figure 4.4: (a) Scheme of preparation of graphene by CVD and transfer via
polymer support. The carbon solves into the Ni during the CVD and forms
graphene on the surface after cool- ing. With a polymer support the graphene
can be stamped onto another substrate, after etch- ing of the Ni layer. Patterning
of the Ni layer allows a control of the shape of the graphene [90].

(b) Roll-to-roll process of graphene films grown on copper foils and transferred
on a target substrate [91]

4.1.7 Synthesis on SiC

Silicon carbide is a common material used for high-power electronics. It
has been demonstrated that graphitic layers can be grown either on the
silicon or carbon faces of a SiC wafer by sublimating Si atoms, thus
leaving a graphitized surface[92]Initially, the C-terminated face of SiC
was used to grow a turbostratic stack of many randomly oriented
polycrystalline layer [96-98]but now the number of graphene layers grown
[93,99]can be controlled. The quality of such graphene can be very high,
with crystallites approaching hundreds of micrometers in size [94].

The two major drawbacks of this method are the high cost of the SiC
wafers and the high temperatures (above 1,000 uC) used, which are not
directly compatible with silicon electronics technology. There are
potentially several ways to take advantage of the growth of graphene on
SiC, including the growth of thin SiC on Si, although this approach
requires further development. As a result of the high-temperature growth,
high substrate cost, and small-diameter wafers, the use of graphene on SiC.
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Chapter 5

Graphene Optoelectronics

Optoelectronic devices are electronic devices that use either electric charge
to generate light, like light emitting diodes (LED) and lasers, or use light to
generate electric current, like photovoltaic devices and photodetectors (PDs).
The field can be subdivided into different areas depending on the physical
mechanisms responsible for photon or charge generation that are exploited
for device operation. Photoemission, radiative recombination, stimulated
emission, photoconductivity and the photoelectric effect are examples for the
mechanisms that optoelectronic devices might exploit. This review focuses
on devices utilizing photoconductivity and the photoelectric effect.

This section reviews optoelectronic devices based on graphene and a major
part of the review describes the Iuminescence and optoelectronics
applications based on graphene. Solar cell is a vital optoelectronics
application sector to be focused for graphene & GQD. We shall see how
graphene & GQD structures are fabricated for the making of solar cells.

5.1 Hybrid solar cells using graphene based transparent
electrodes

Pengfei Li and co-workers reported that their work suggests that graphene-
based transparent electrode is a promising candidate to replace ITO which is
now most popular for making solar cells[100]. The graphene-
based transparent and conductive films were demonstrated to be cost-
effective electrodes working in organic—inorganic hybrid Schottky solar
cells. Large area graphene films were produced by chemical vapor deposition
on copper foils and transferred onto glass as transparent electrodes. The
hybrid solar cell devices consist of solution- processed poly: poly (PEDOT:
PSS), which is sandwiched between silicon wafer and graphene electrode.
The solar cells based on graphene electrodes, especially those doped with
HNQO3, had shown comparable performance to the reference devices using
commercial ITO. Graphene has been proposed to be an effective transparent
electrode to replace ITO in solar cell [101]as graphene exhibits excel- lent
properties such as low-sheet resistance, high transmittance, good mechanical
property, and good thermal and chemical solidity[102]. Graphene has
very high-carrier mobility as charge carriers in it are delocalized over large
areas, resulting in an unencumbered platform for electron/hole transport.
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High Fermi-velocity and the ability to be doped chemically contribute to
extremely high in-plane conductivities. As early as 2007, Wang et al.
(2008) fabricated polymer solar cells using reduced graphene oxide as
transparent electrode and achieved a PCE of 0.26%. After- wards, CVD
approach has been used by many groups to synthesize single- or few-
layer graphene films with large area for energy harvesting applications,
which is a significant advance in this field. Gomez De Arco et al.
(2010) reported the continuous, highly flexible, and transparent graphene
films produced by CVD as transparent conductive electrodes in organic solar
cells. The efficiency of organic solar cells with graphene electrode was
1.18%, which is close to that of organic solar cells with ITO electrode
(~1.27%). In 2011, Wang et al. (2011) used layer- by-layer transfer method
to fabricate multilayer CVD graphene films with less defects and lower sheet
resistance. The organic solar cells with the electrode of four layers graphene
have an improved PCE up to 2.5%, which is 83.3% of the PCE of ITO-
based devices. For the hybrid solar cell, Wu et al. (2013) demonstrated the
use of graphene as transparent conductive electrodes with the structure of
graphene/organic/silicon, which has a PCE of 10%. However, the solar cell
has a very small device area of about 0.1 cm*cm. In this work, they had used
graphene films as transparent electrodes to work in organic—inorganic hybrid
Schottky solar cells with a relatively large device area. The hybrid solar cells
based on solution-processed poly : poly PEDOT: PSS in combination with
silicon wafer are fabricated through a simple and low cost process (Li et al.,
2010; Song et al., 2012; Liu et al., 2013; Shen et al., 2013; Zhu et al.,
2013)[103]. It was found that the surface doping of graphene film can
effectively improve the device performance. This work had suggested that
that the application of graphene based transparent electrode can be extended
to a wide range of new optoelectronic devices. Large area graphene films
were produced using CVD on the copper foils as the method described in the
literature (Yu et al.,2010; Manu et al., 2011). They had used a modified
transfer method to formulate the graphene-based transparent electrode.
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Growing graphene on Spin coating PMMA Etching copper
copper !

Removing PMMA  Transferring onto glass

FIGURE 1 | Schematic of transfer graphene onto glass substrate. (A) Synthesis of graphene on copper foil, (B) spin-coating of PMMA onto the Cu foil to
protect graphene, (C) etching of Cu, (D) transfer of graphene/PMMA film onto glass, (E) removal of PMMA in acetone.

The organic—inorganic hybrid solar cells were fabricated by n doped Si
and PEDOT: PSS. They had used PVD for 0.6 nm of LiF and 200 nm of Al
electrode deposition on the back of the silicon wafer. Then PEDOT: PSS had
been spin-coated onto the silicon wafer and the graphene/glass. The resulted
organic films had then been annealed in a glove box (Shen et al., 2013; Zhu
et al., 2013) & the encapsulation of the solar cell devices had included a
clamp and AB glue were used to firmly stick the graphene/glass and silicon
wafer together. The graphene-based thin films had been successfully applied
as transparent electrodes working in organic—inorganic hybrid Schottky solar
cells offering comparable photovoltaic performance. It had been found that
the chemical doping by HNO3 had effectively increased the work function,
reduced the sheet resistance, which in turn improved the solar cell
performance. The lifetime study had suggested that graphene based solar cell
experienced smaller degradation. For that reason graphene could be a good
alternative to ITO in making of solar cells.

5.2 FUNCTIONALIZED LED WITH GQDs

A recent report by Woosung Kwon suggests that chemically derived
graphene quantum dots (GQDs) to date had showed very broad emission
linewidth due to many kinds of chemical bonding with different energy
levels, which significantly degraded the color purity and color tunability.
Here, they had showed that use of aniline derivatives to chemically
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functionalize GQDs generates new extrinsic energy levels that had led to
photoluminescence of very narrow line widths. They had used transient
absorption and time-resolved photoluminescence spectroscopies to study the
electronic structures and related electronic transitions of our GQDs, which
reveals that their underlying carrier dynamics is strongly related to the
chemical properties of aniline derivatives. Using those functionalized GQDs
as lumophores, they had fabricated light-emitting didoes (LEDSs) that exhibit
green, orange, and red electroluminescence that has high color purity. The
maximum current efficiency of 3.47 cd A—1 and external quantum efficiency
of 1.28% are recorded with our LEDs; these are the highest values ever
reported for LEDs based on carbon-nanoparticle phosphors. This
functionalization of GQDs with aniline derivatives represented a new method
to fabricate LEDs with multiple colors.

5.2.1 Synthesis and structural analysis:
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Figure . Synthesis and structural analyses. (a) Schematic illustration of the sturcture of GQDs and the
chemical structures of aniline derivatives. (b) Photograph of solutions of GQDs under daylight. (c) Light
absorption spectra of GQDs. (d,e) Representative TEM images of GQDs show size distribution (scale bar,
100nm) (d) and graphitic structure (scale bar, 2nm) (e).

Graphene quantum dots (GQDs) are graphene derivatives of nanometer
sizel, 2; they form platelets that have an energy gap that is caused by either
guantum confinement or edge effects. These energy gaps give rise to a variety
of optical properties, including ultraviolet-to-visible photoluminescence,
luminescence upconversion and hot-carrier generation.GQDs can be
prepared in many ways but the most common approach is use of chemical
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reduction of graphene oxide derived using the Hummers method or its
variations .Because almost all reduction processes have limited reducing
power, GQDs are likely to preserve “extrinsic” chemical groups, especially
oxides and nitrides. Such chemical groups could have many kinds of bonding
states with different energy levels, mostly related to nonbonding (n) and =
orbitals)21(. These energy levels interact with each other to form a variety of
energy gaps, some of which generate photoluminescence that has broad
linewidth.GQDs have been used as lumophores in light-emitting diodes
(LEDs) )22(. Son et al. demonstrated white LEDs with external quantum
efficiency (EQE) = 0.18% by using zinc oxide-graphene quasi-quantum
dots23.GQD-LEDs with alkyl amine-terminated GQDs prepared by
amidative cutting of graphite generated white light with EQE= ~0.1%24. Use
of intercalated graphite has yielded deep-blue GQD-LEDs with luminous
efficiency of 0.65 cd A—1. A new approach to transfer water-soluble GQDs
into a film realized blue LEDs with low turn-on voltage of 2.5 V (ref. 26).
GQDs have also been used as phosphors to convert monochromatic light
(usually blue) to white light These results demonstrate the possibility of
using GQDs in light-emitting devices, but a main challenge for practical
applications is to improve color purity and furthermore to realize green and
red light. Color purity is measured as the linewidth of light emission, often
specified by full width at half maximum (FWHM). Current GQD-LEDs have
very large FWHM> 100 nm, which is responsible for their inferior color
purity compared to inorganic quantum dot LEDs. The main reason for such
large FWHM is that GQDs have a variety of electronic states and energy gaps
due to the presence of residual oxygen or nitrogen (or both) chemical groups.
Here, they had reported unprecedented, multicolor light emission from GQDs
functionalized with aniline derivatives [105]. The aniline derivatives have
no visible photoluminescence in themselves; however, they form very
uniform, proper energy gaps through conjugating with GQDs to show green,
orange, and red photoluminescence that has narrow linewidth.

They had found that the energy gap was related to the chemical properties of
aniline derivatives, and its related electronic transitions were thoroughly
studied by means of transient absorption and time-resolved
photoluminescence spectroscopies. They had finally demonstrated LEDs that
use GQDs functionalized with a series of aniline derivatives to produce
green, orange, and red light that has excellent color purity. Bare GQDs were
prepared by amidative cutting of graphite oxide as described previously with
slight modification24, then chemically functionalized using aniline
derivatives:  6-aminoquinoline (1), 4-methoxyaniline (2), and 4-
(methylthio)aniline (3) (Fig. 1a; details in Methods). The x-ray photoelectron
spectroscopic data (Supplementary Fig. S1) show that the nitrogen content
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was increased by 5-10% after functionalization because these aniline
derivatives all include an amine group. The sign of carbon-nitrogen (286 eV)
bonding was likewise strengthened after functionalization, but the signs of
carbon-carbon (284 eV) and carbon-oxygen (288.5 eV) bonding were
preserved; this change indicates that the chemical structure of the graphitic
core was not changed significantly (Supplementary Fig. S2). We used
carbon-13 nuclear magnetic resonance (13C NMR) data to confirm the
chemical functionalization with a series of aniline derivatives. Bare GQDs
showed chemical shifts of 14.1, 22.7, 31.9, 32.6 (alkyl) and 130.4 ppm
(alkene) for the oleyl group and 38.9, 39.1 and 42.8 ppm for amido carbon
(Supplementary Fig. S3); these shifts indicate that oleylamine was bonded to
carboxylic acid on the edge of GQDs. After functionalization, the spectra of
1, 2 and 3 all had new lines (Supplementary Fig. S4). 1 showed two new
lines, one at 142.5-150.9 ppm and the other at 127.4-137.1 ppm for the
pyridine group, which are consistent with 13C NMR lines of 6-
aminoquinoline ligand. 2 had four chemical shifts of 55.8 (methoxy), 115.1-
115.8, 140.7 and 153.3 ppm (aromatic carbon) which were discovered in the
13C NMR of 4-methoxyaniline ligand. 3 had also four new lines at around
14.8 (methylthio), 127.8, 132.2 and 138.1-145.2 ppm (aromatic carbon),
which are associated with 4-(methylthio) aniline ligand. However, 1, 2 and 3
all retained the oleyl and amido shifts; this observation indicates that the
aniline derivatives bonded to vacancies rather than replace oleylamine.
This replacement would be difficult because it requires breaking amide
bonds, which is difficult in our experimental conditions. Infrared
spectroscopy (Supplementary Fig. S5) showed that 1,2 and 3 had C= O
stretching (1500-1400 cm—1) and C—N stretching (1350-1250 cm-1) bands,
and preserved a trace of the C—H stretching (3000-2900 ¢cm—1) and N-H
stretching (3500-3000 ¢cm—1) bands, which all could be attributed to
oleylamine on the edge of GQDs.After functionalization, the sample colors
(Fig. 1b) were significantly changed due to the development of new light
absorption bands in the range of 400600 nm (Fig. 1c). Transmission electron
microscopy (TEM) images show that the size of our GQDs is ~3 nm, and
because of the presence of ligand molecules, the GQDs did not agglomerate.
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5.2.2 Photoluminescence excitation and emission spectroscopy

To investigate the effect of functionalization on the energy gap of our GQDs,
they had conducted photoluminescence excitation and emission spectroscopy
measurements (Fig. 2). The excitation spectrum of bare GQDs consists of a
single peak at wavelength A= 350 nm, which corresponds to photon energy
of 3.54 eV (Fig. 2a). This electronic transition may be associated with n
orbitals of oxygen and nitrogen atoms in GQDs21,22,24,28, i.e., their n
electrons were pumped into m* orbitals of graphitic units of GQDs by
excitation light. The broad linewidth may be a result of the variety of oxygen
and nitrogen chemical structures on the GQDs. Because the energy level of
n orbitals is substantially influenced by bonding states and surroundings, the
bare GQDs had many different energy gaps, each of which interacted with a
specific range of excitation light; as a result, the emission linewidth was
broad because it is the sum of many lines. Functionalization of GQDs with
aniline derivatives resulted in excitation bands in the visible region up to 4 ~
600 nm (Fig. d). These bands were composed of multiple, discrete peaks; this
pattern resembles the vibrational structure of electronic transitions in dye
molecules.

This result suggests that the electronic structures of functionalized GQDs are
largely influenced by molecule-like, discrete energy levels of the aniline
derivatives. It had three major peaks (4= 300, 380 and 460 nm) (Fig. b); their
broad linewidths can be attributed to the large number of vibrational modes
in the quinoline unit 29. In connection with their light absorption spectra
(Fig. 1c), the peak at A= 300 nm can be assigned to the 1 — 7* transition, and
the peak at A= 460 nm can be assigned to the n— =w* transition. 2 had a sharp
peak at 4 ~300 nm that represents the T — m* transition, and a structured band
at 450< A< 570 nm that consists of peaks spaced at intervals of ~40nm (Fig.
2¢), and represents the n— x* transition. These two transitions are separated
by a forbidden gap; i.e., the functionalized GQDs have the discrete energy
levels. 3 also exhibits a 1 — ©* peak at A= 305 nm and n— =* band at 470<
2<590 nm (Fig. 2d). Its n— =* band position is red-shifted by 20 nm with
respect to 2, presumably because sulfur atoms near positive carbon in 3 can
act as a stronger © donor than oxygen atoms in 2 and may possibly result in
a bathochromic shift30. The emission spectrum of bare GQDs shows a long-
tailed, asymmetric peak at A= 420 nm (Fig. 2e). This typical peak shape has
been considered to indicate that GQDs possess various photoluminescence
centers that have distinct chemical structures and correspondingly different
singlet ground (S0)—first-excited state (S1)gaps31,32.After functionalization,
1 exhibits a relatively narrow, single peak (FWHM ~50 nm) at A= 510 nm
(Fig. 2f). The peak position remained constant regardless of excitation light;
i.e., Kasha’s rule was met. The emission spectrum of 2 shows a very narrow
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peak (FWHM ~20 nm) at A= 570 nm with a minor peak at A= 620 nm (Fig.
g). This double-peaked photoluminescence has been often observed in
polyaromatic systems and in our case, the energy difference (~0.1 eV) may
correspond to the C—C inter-ring or intra-ring stretch modes. Similarly, 3 had
a major peak at A= 605 nm and a minor peak at A= 655 nm (Fig. 2h). The
similarity between the emission spectra of 2 and 3 may be due to the
similarity in their ligands. The photograph of the photoluminescence of our
GQDs is shown in Figure.
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5.2.3 LED Demonstration

They had demonstrated LEDs that use 1, 3,5tris (Nphenylbenzimidizol-2-yl)
benzene (TPBI): tris (4-carbazoyl-9-ylphenyl) amine (TCTA) in 1:1 weight
ratio as a co-host, and our functionalized GQDs as a dopant in an emitting
layer (EML) (Fig. 4a). The concentrations of 1, 2, and 3 in the host matrix
were 10,20, and 20 wt%, respectively. Each device also included a self-
organized polymeric hole injection layer (SOHIL), which is composed of a
conventional poly (3, 4-ethylenedioxythiphene): poly (styrene sulfonate)
(PEDOT: PSS)and per fluorinated polymeric acid, tetra-fluoroethylene-
perfluoro-3,6-dioxa-4-methyl-7-octene-sulfonic acid copolymer (PFI)38-41.
Due to self-organization of PFI during spin coating, the SOHIL has a work
function that increases gradually from 5.2 eV at the bottom to 5.95 eV at the
top[104]; this gradient induces efficient hole injection into EML
(TCTA:TPBI:GQD) by reducing the hole-injection barrier. The large
proportion of PFI at the top of the SOHIL also prevents exciton quenching at
the interface between PEDOT: PSS and EML, and consequently increases
the luminescence efficiency of devices40, 41. Under a certain electrical bias,
electrons are pumped through AI/LiF/TPBI cathodes and holes are injected
through ITO/SOHIL anodes (Fig. 4b). These injected carriers are then
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transferred into a co-host system in the EML. The co-host system that
incorporates hole-transporting TCTA and electron-transporting TPBI has
facilitated direct carrier injection by broadening the recombination zone42,
which can increase the device efficiency, and generate a pure
electroluminescence spectrum from GQD dopants. For functionalized GQDs,
the highest occupied molecular orbital (HOMO) levels were determined by
means of ultraviolet photoelectron spectroscopy (Supplementary Fig. S14)
and the lowest unoccupied molecular orbital (LUMO) levels were deduced
from Kelvin probe analysis results (Supplementary Fig. S15) and
photoluminescence excitation onset wavelengths (details in Supplementary
Information). The emission spectra of the LEDs were affected by the
functionalization. The host-only LEDs emitted deep blue light (peak at A=
460 nm, FWHM= 60 nm; Fig. 4c); Lmax= ~100 ¢cd m—2 and EQE= ~0.4%
were achieved at 10 V (Fig. 4g; Supplementary Fig. S16). The Commission
Internationale de I’Eclairage (CIE) coordinates were (0.192, 0.212;
Supplementary Fig. S17). The LEDs employing 1 emitted green light (peak
at A= 510 nm,FWHM= 80 nm; Fig. 4d) with Lmax= 390 cd m—2 and EQE=
1.28% (Fig. 4h; Supplementary Fig. S18). The CIE coordinates were (0.286,
0.496; Supplementary Fig. S19). The electroluminescence spectra of 1-LEDs
overlapped the photoluminescence spectrum and was not affected by
applying bias (Supplementary Fig. S18); these traits indicate that the
TCTA:TPBI co-host efficiently transfers carriers into 1. To our best
knowledge, this is the highest efficiency ever reported for LEDs based on
carbon nanoparticles as a phosphor (Supplementary Information, Table S5).
The electroluminescence spectrum of the 2-LEDs shows two peaks: a major
one at A= 590 nm and a lesser one at A= 630 nm, where FWHM of the major
peak is ~50 nm (Fig. 4e). This device showed Lmax= ~3 cdm—2 and EQE =
~0.1% (Fig. 4i; Supplementary Fig. S20). The CIE coordinates were (0.567,
0.432), which is located at around the color boundary between orange and
amber (Supplementary Fig. S21). The 3-LEDs emitted red light (peak at A=
620 nm, FWHM ~50 nm; Fig. 4f) with Lmax=~2 ¢cd m—2 and EQE=~0.1%
. The CIE coordinates were (0.682, 0.318), which indicate that the emission
color was very saturated and pure.

35



e Al
TPBI
TCTA:TPBI:GQD

Energy (eV)

SoHIL

8V , 15V 13V

Intensity (a.u.) 4

- T ¥ T v T
400 500 600 700 550 600 650 700 750 550 600 650 700 750
A (nm)

Figure 4. LED demonstration. (a) Structure of LEDs. (b) Energy levels in LEDs. (¢—f) Electroluminescence
spectra (top) and photographs (bottom) of host-only (c), 1- (d), 2- (e}, and 3-LEDs (f). Current density and
luminance of host-only

Recent trials to demonstrate GQD-based LEDs have achieved a considerable
success, but a remaining major challenge is to achieve high color purity (i.e.,
narrow linewidth of emitted light). To overcome these challenges, they had
chemically functionalized GQDs with a series of aniline derivatives. After
this functionalization, our GQDs showed dramatic narrowing of
photoluminescence linewidths. This improvement could be attributed to the
formation of new extrinsic energy levels as a result of interaction between
intrinsic energy levels of GQDs and aniline derivatives. Due to these extrinsic
energy levels, the LEDs that use our functionalized GQDs as lumophores
exhibited green, orange, and red electroluminescence that has narrow
linewidths (FWHM< 80 nm) and high color purity. The best Lmax= 390 cd
m~2 and EQE= 1.28% (current efficiency= 3.47 cd A™!) were recorded with
their green LED. Our devices are still inferior to the state-of-the-art LEDs
based on inorganic quantum dots; however, considering resource depletion
and environmental pollution related to use of rare-earth and heavy metals,
these functionalized GQDs may have strong potential as clean light sources
in future displays.
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5.3 Si Hybrid solar cells using GQDs:

In a report by Meng-Lin Tsai by employing GQDs in PEDOT: PSS, they
had achieved an efficiency of 13.22% in Si/PEDOT: PSS hybrid solar cells.
The efficiency enhancement was based on concurrent improvement in optical
& electrical properties by the photon down conversion process and the
improved conductivity of PEDOT: PSS via appropriate incorporation of
GQDs. After introducing GQDs into PEDOT:PSS, the short circuit current
and the fill factor of rear-contact optimized hybrid cells are increased from
32.11 to 36.26 mA/cm*cm & 62.85% to 63.87%, respectively. The
organic—inorganic hybrid solar cell obtained herein held the promise for
developing photon-managing, low-cost, & highly efficient photovoltaic
devices.

5.3.1 Fabrication Process

M-8~ €

N type Si (100) substrate Pyramid Si by wet etching Preparing various concentrations

of GQDs in PEDOT:PSS
ywi

-4’

Deposition of the top and back Spin-coating of PEDOT:PSS with
electrodes GQDs

Figure . Fabrication process of PEDOT:PSS/Si hybrid solar cells with GQDs.

In this process, the introduction of GQDs to PEDOT:PSS for PEDOT:PSS/Si
organic—inorganic hybrid solar cells leads to the increase of JSC from 32.11
mA/cm2 to 36.26 mA/cm*cm & FF from 62.85% to 63.87% due to combined
effects of photon down conversion and improved conductivity of the
PEDOT:PSS layer by GQDs. The concurrent improvement in optical &
electrical properties due to the introduction of GQDs gives rise to a world-
record high PCE of 13.22% among all the reported Si/organic hybrid solar
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cells. The realization of high-efficiency hybrid solar cells demonstrated here
makes GQDs attractive for large-area and cost-effective cells.
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0.1, 0.5, and 1 wt % of GQDs on glass substrates. (c) Absorption
enhancement of PEDOT:PSS layers with 0.1, 0.5, and 1 wt % of
GQDs on glass substrates.
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cells without GQD=.

They had successfully fabricated SI/PEDOT:PSS hybrid solar cells with an
efficiency up to 13.22% by concurrent improvement in optical and electrical
properties via the down conversion effect and enhanced conductivity of
PEDOT: PSS due to introduction of GQDs. The low-cost, photon-managing
and high-performance device design based on low-temperature solution
processes holds the promise for more cost-effective Si based optical devices.
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Chapter 6
Future Aspects

Graphene is called the wonder material just because of its tremendous properties
in Nanoelectronics, Optoelectronics, Photonics, Mechanical applications etc.
Basically, Graphene provided the excitement and invigorated the researchers to
explore isolated 2D atomic layers other than graphene that have a rich variety of
composition, electronic structures and properties. The journey of 2D materials is
divided into 2 sections that is Graphene and beyond graphene. The need for the
exploration beyond graphene was some shortcomings of graphene and the most
prominent one was and still is the band gap problem of graphene which hindered
it to work as a replacement of semiconductors. There is no significant band gap
between the conduction and valence band of graphene and band gap engineering
IS somewhat impossible as it is a single layered structure. The problems with
graphene are mainly the cause for the emergence of other 2D materials.
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Beyond the study of graphene in the past decade, the discovery of other two-
dimensional (2D) materials, like hexagonal-Boron Nitride (h-BN) and
Molybdenum  Disulfide (MoS;), MoSe, NbSe, Transition Metal
Dichalcogenides(TMDCs) etc. have opened new doors in materials science and
condensed matter physics. There is opportunity to engineer the band gaps in these
2D atomic layers to span the entire range of materials from metals to
semiconductors to insulators. Further, combing 2D materials with distinct
properties into heterostructures that is combining leyer on top of each other of
different 2D materials or engineering their shape and size on the nanoscale
provides a scientific and technological dreamscape to explore new physics and
create new functionality. More importantly, such new classes of 2D materials
offer large playgrounds of rich unprecedented physics.In case of luminescence
applications, Researchers are not relying on graphene only nowadays.Rather,they
are tilting towards other members of 2D material family as some of them offer
tunable bandgap and some offer large enough bandgap that meet the requirement
of certain optoelectronic applications. But scientists working with graphene are
adamant to work with graphene in future as well and introduce tunable bandgap
in graphene to meet the demand of luminescence applications.
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Chapter 7

Conclusion

Graphene is a unique crystal in the sense that it combines many superior
properties, from mechanical to electronic. This suggests that its full power
will only be realized in novel applications, which are designed specifically
with this material in mind, rather than when it is used to replace other
materials in existing applications. Interestingly, such an opportunity is likely
to be provided very soon with development of such new technologies as
printable and flexible electronics, LEDs, flexible solar cells, touch screens
etc. The main hindrance towards luminescence application that is zero band
gap in graphene has been addressed and some advances in introducing
bandgap in graphene has been reviewed in this work.

The reconfigurability of its optical properties together with its ease of
fabrication and integration has enabled the possibility to construct
optoelectronic devices and systems based on graphene. Recent progress on
optoelectronic devices based on this emerging material and one of its
derivative graphene quantum dots were reviewed and discussed.Physicists
are used to thinking of graphene as a perfect two-dimensional lattice of
carbon atoms. However, the paradigm is now shifting as pure science opens
new technology routes: even less-than-perfect layers of graphene can be
used in certain applications. In fact, different applications require different
grades of graphene, bringing closer widespread practical implementation of
this material. Although still in an early stage of development, the

performance of these devices is already approaching that of state-of-the-art
current technologies.
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