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Abstract

The experimental realization of graphene along with its unique properties in 2004
triggered huge scientific researches in the field of graphene and other two-dimension-
al (2D) materials. The experimental preparation processes of these materials are prone
to defect formation. These defects affect the properties of the pristine system, which can
be beneficial or detrimental from the application point of view. In this book chapter, we
discuss a few cases of defects in 2D materials such as graphene and its derivatives and
their roles in applications.

Keywords: defects in graphene and its derivatives, graphene defects, hybrid materi-
als, gas sensing, ab initio theory, magnetism

1. Introduction

The (re)discovery [1, 2] of graphene—a single layer of carbon atoms arranged in a honeycomb
lattice—in 2004 by Novoselov et al. has triggered a new aspect of research in two-dimensional
(2D) materials [3, 4]. Although the existence of materials with their properties governed by their
2D units was well known for quite some time [5, 6], it is the experimental realization of a single
layer graphene has showed that it is possible to exfoliate stable 2D materials from the 3D solids
exhibiting various fascinating properties.

A huge number of crystalline solid-state materials having different mechanical, electronic, and
transport properties exist from which stable 2D materials can be created due to the presence
of weak interaction between the layers [7]. 2D allotropes (e.g., silicene, graphyne, germa-
nene), compounds (e.g., graphane, hexagonal boron nitride, transition metal di-chalcoge-
nides) are the few examples of 2D materials. These 2D materials have the potential for a wide
range of applications due to the interesting electronic and structural properties [2, 8-12].

I NT E C H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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To exploit these various properties, the samples have to be made in a scalable way. Chemi-
cal vapor deposition (CVD) has become a very common method for large-scale fabrication.
Nonetheless, the CVD samples inevitably contain defects, for example, edges, hetero struc-
tures, grain boundaries, vacancies, and interstitial impurities [13-15]. These defects can be seen
very easily in transmission electron microscopy (TEM) experiments [16] or scanning tunnel-
ling microscopy (STM) experiments [17]. Figure 1a, b shows experimental STM and TEM
images of an isolated single vacancy in graphene. In the STM image, the single vacancy can be
seen as a blob because of increased local density of states. These states appear due to the
presence of dangling bonds around the single vacancy.

a)

Figure 1. (a) Experimental STM image of single isolated vacancy in graphene. Reprinted with permission from Ugeda
et al. [17], copyright (2010) by the American Physical Society. (b) Experimental TEM image of reconstructed single
vacancy with atomic configurations. Reprinted (adapted) with permission from Meyer et al. [16], copyright (2008) by
the American Chemical Society.

In general, these defects manipulate the properties of the materials and hence their avoid-
ance or deliberate engineering requires a thorough understanding. In one hand, defects can
be detrimental to device properties [13], but on the other hand, especially at the nanoscale,
defects can bring new functionalities which could be utilized for applications [18, 19].

In this book chapter, we address a few cases of defects in 2D materials such as graphene and
its derivatives. We show how one can tune the various properties of the pristine materials with
the control insertion of defects in these systems and use them in various applications.

2. Theoretical methods

We have mainly used ab initio density functional theory-based methods to calculate various
properties of defected 2D materials such as graphene and its derivatives in general. In this
section, we will provide a brief introduction to the theoretical methods used.

2.1. Density functional theory

Various different properties of these many-body systems are described by the wave func-
tions associated with it. These wave functions are governed by the time-dependent Schro-
dinger equation
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where H is the Hamiltonian of the many-body systems and represents the energy operator,
and E is the total energy of the system. However, one needs various approximations to solve
the Schrodinger equation for all kinds of systems.

In density functional theory (DFT), the electron density n(r) is used to obtain the solution of
the Schrodinger equation. The core concept of the DFT is given by two theorems of Hohen-
berg and Kohn [20], where they showed that the properties of interacting systems can be
obtained exactly by the ground state electron density, n,(r). Following the two theorems, the

total energy of the system can be written as follows:

E[n(F)]= F[n(F) ]+ V.. (F)n(F) a7 @

Where functional F represents kinetic energy and all electron-electron interactions. Function-
al F does not depend on the external potential, and hence, it is same for all the systems.
However, Hohenberg-Kohn theorem does not provide any solution toward the exact form of
the functional F.

Kohn and Sham [21] gave a way around to obtain the functional F by replacing the interact-
ing many-body system with a non-interacting system consisting of a set of one electron
functions (orbitals) while keeping the same ground state. According to the Kohn-Sham
formalism, the total energy functional can be written as follows:

E[n(7)]= T[()]+ IV (7)n(r) ar+ 2 ”Mdad@ Ee[n(7)] G)

n-r

Where T; is the kinetic energy term of the non-interacting electrons, and V,,, is the external
potential. The third term in the above equation is the Hartree term representing the classical
Coulomb interactions between electrons, and the last term is known as exchange-correlation
energy (Exc), which contains all the many-body effects. The formalism of Kohn-Sham is an
exact theory. If the form of the Exis exactly known, then using this formalism, one can calculate
the exact ground state of the interacting many-body system.

In reality, the exact form of the exchange-correlation is not trivial, and hence, it is necessary to
model the form of the exchange-correlation. Different forms of exchange-correlation can be
constructed depending upon various level of approximation, for example, local density
approximation (LDA) [20, 22, 23], generalized gradient approximation (GGA) [24-26], hybrid
functionals (a mixture of Hartree-Fock and DFT functionals) etc. It is also important to
remember that the implementation of single-particle Kohn-Sham equation is not trivial due to
the complex behavior of wave functions in different spatial region, for example, in the core
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and in the valence region. To describe this complex wave function, a complete basis function
is needed which can be of different form, for example, plane waves, localized atomic-like
orbitals, Gaussian functions etc.

3. Manipulation of properties of graphene with defects

As mentioned in the introduction, an immense amount of scientific activities is going on in the
field of graphene research because of its special properties [27, 28]. However, the lack of band
gap limits the usage of graphene in electronic device applications. Therefore, the modifica-
tion and tuning of graphene properties to open up an energy gap have become a cutting edge
research interest among the scientific community. In this section, we show a few examples of
manipulating the properties of graphene and hybrid systems with graphene.

3.1. Magnetic impurities in graphene/graphane interface

Graphane—another 2D material —is hydrogenated graphene, where each carbon atom is
attached with a hydrogen atom. Unlike graphene, this material is an insulating system with
sp’ hybridization resulting in a large band gap. It is one of the materials, which was first
predicted by ab initio theory [29] and then latter synthesized in the experiments [30]. Depending
upon the concentration of hydrogenation in graphene, semimetal to metal to insulator
transition is observed [31]. It has been shown that patterning graphene with partial hydroge-
nation leads to modification of graphene properties, for example, conducting channels, band
gap opening, quantum dots, and magnetically coupled interfaces [31-36]. As a potential
material for spintronic applications, graphene/graphane interfaces are of particular interest as
these interfaces can mimic the edge properties that can be seen in zigzag or armchair gra-
phene nanoribbons [37—41]. Hence, it will be interesting to study the effect of Fe adatom, as a
representative of magnetic impurities, in these hybrid 2D superlattice structures [42].

Figure 2 shows the two different graphene-graphane superlattice structures considered in our
calculation. The hydrogen atoms are removed along the diagonal (edge) of the graphane to
create armchair (zigzag) graphene-graphane superlattices. We have considered three, five, and
seven rows of channel widths for both configurations. In order to find out the stable adsorp-
tion site in the graphene channel, we have placed Fe adatom in different places. The analysis
of formation energy indicates that the preferred adsorption site for Fe in armchair channel is
at the hollow site of graphene channel equidistant from the interface. However, for the zigzag
channel, the Fe adatom prefers to bind at a hollow site closer to the interface. Further analy-
sis of energetics as a function of channel width shows that with increasing channel width, the
binding energy remains almost constant in the zigzag channel and it decreases in the arm-
chair channel. The calculated value of total magnetic moments for all the systems are ~2.0
which is similar to the value of total magnetic moment of Fe adatom substitutionaly placed in
graphene [43]. However, the value of onsite local moments is different in both channels and
is ~0.5 g higher in the zigzag channel. Our result shows that the binding energy of Fe adatom
in the zigzag channels is higher than the binding energy of Fe adatom on pristine graphene
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by ~0.2 eV. Hence, we can conclude that the mixed sp’-sp’ character of graphene-graphane
superlattice helps a strong binding of Fe adatom.

(a) armchair (b) zigzag

Figure 2. Representative decorations of (a) armchair and (b) zigzag channel in graphane. Reprinted with permission
from Haldar et al. [42], copyright (2012) American Physical Society.

Figure 3 shows the total density of states for a single Fe adatom placed on a three-row armchair
channel. The analysis of site projected DOS shows that the Fe d spin-down electrons induce
states below the Fermi energy and reduces the gap quite significantly. Similar features can be
observed in the higher row channels although the value of the gap depends on the width.
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Figure 3. Total DOS of Fe adatom in three-row armchair channel (blue solid line). Total DOS for pristine channel is
shown in red dashed line. Reprinted with permission from Haldar et al. [42], copyright (2012) American Physical
Society.

The spin density plot of Fe adatom adsorbed in three-row armchair and zigzag channels is
shown in Figure 4. For armchair channel, it is quite evident from the figure that most of the
spin-up density is localized on Fe. The interaction of Fe d orbitals with the p, orbitals of the
surrounding C atoms induces polarization in the surrounding C ring, and it induces nega-
tive moment on the C atoms. However, in the zigzag channel, the spin density is delocalized
and the effect of Fe adatoms can be seen up to fourth nearest neighbor along the interface. The
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absorption of Fe adatom in this case reduces the onsite magnetic moments of the edge C atoms.
The maximum reduction of this onsite moments can be seen on the nearest site and it can be
upto ~15%. In the zigzag channel, the Fe adatom surrounding C atoms ring is not antiferro-
magnetically ordered and only three C atoms from the same sublattice show significant spin-
down densities.

Figure 4. The spin density plot for Fe adatom adsorbed on the three row-armchair and zigzag channel. Reprinted with
permission from Haldar et al. [42], copyright (2012) American Physical Society.

We have also calculated the magnetic interactions of two Fe adatoms in these channels. Our
result indicates that two Fe adatoms in the armchair channel interact very weakly and hence
the exchange energy is also very small favoring an antiferromagnetic interaction. In contrast
to the armchair channel, the two Fe adatoms in the zigzag channel interact strongly. A very
strong ferromagnetic coupling can be observed in this case between the Fe adatoms, and
consequently, they have significantly higher exchange energy compared to the armchair
channel.

3.2. Improvement in gas sensing activities

Graphene has also potential application toward the gas sensing properties. This is mainly due
to two of the following facts

1. Thetwo-dimensional nature of graphene that consists of only surface and no volume. This
feature of graphene enhances the effects of surface dopants.

2. Graphene has a very high conductivity and electrical noise, which enables to detect very
small signal changes due to gas molecule absorptions.

Experiments have demonstrated the application of graphene as a solid-state gas sensing device
and especially in the detection of single gas molecule, for example, NO, [44]. Gaseous
molecules act as electron donors or acceptors and modify the carrier density of graphene.
Hence, it changes electrical resistance of graphene. Therefore, by measuring the electrical
resistance changes, graphene can be used as a gas sensing device [44, 45]. On a pristine
graphene lattice, NO, molecules are physisorbed. However, chemisorption affects the
conduction electron much more than the physisorption. Pristine graphene surface does not
have dangling bonds that can chemisorb the gas molecules. However, the presence of defects
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can make chemisorption stronger. Hence, in order to increase the gas sensing properties of
graphene, one needs to understand the reaction of gas molecules with defected graphene. In
this work, we have created defects in graphene using ion beams and studied the gas-sensing
properties using current-time measurements, Raman spectroscopy, and gated conductivity
characterization [46].

In this study, the graphene flakes were created using the mechanical exfoliation technique on
heavily doped Si substrates containing 300 nm SiO, top layer. Electron beam lithography was
used to fabricate the electrical contacts on device. The defects were created in the pristine
graphene by irradiation with 30 keV Ga*ions in a vacuum chamber under ~10° mbar pressure.
We have irradiated 20 x 20 um? area and one single irradiation consists of an ion dose of
~10" jons cm™ We have used a mixture of N, and 100-ppm NO, gasses as target gas and N,
gas as a purging gas.

We have used Raman spectroscopy (514 nm wavelength) and atomic force microscopy
experiments to determine the thickness of the graphene flakes. From the shape of 2D peak, one
can determine the number of layers. Figure 5 shows the evolution of the Raman spectra with
respect to the ion irradiation of graphene. For comparison, the Raman spectrum of the pristine
graphene is also shown. Our analysis shows that the graphene flake in this study has a bilayer
structure. The D-peak appears at 1352 cm™, which indicates the formation of defects in
graphene. The breathing modes of sp? rings cause the appearance of D-peak and only the
presence of defects activates it. The intensity of D-peak increases further after the second
irradiation and also D’-peak appears at 1626 cm™ which suggest an increase of defects in
graphene.

G peak —Pristine 2D peak
D peak =First irradiation
Second irradiation
- D' peak /
=
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Figure 5. Evolution of Raman spectra with respect to ion irradiation of graphene. Reprinted with permission from
Hajati et al. [46], copyright (2012) IOP Publishing.

We have performed gated conductivity experiments to measure the gas sensing properties.
Figure 6 shows the normalized conductance (G/G,) responses during the exposure of 100 ppm
NO, in N, at room temperature. The conductance of graphene before the exposure is denot-
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ed by G,. The exposure of NO, increases the conductance. In pristine graphene, the electrons
are transferred from graphene to NO, molecules thus increasing the hole density in gra-
phene. A faster response in changing conductance can be observed when the defected
graphene (after first irradiation) is exposed to NO, gas. These show higher sensitivity to NO,
gas when compared to the pristine graphene. However, the gas sensing properties decrease
after the second irradiation due to the increase of defects, which increases the number of
scattering states. Hence, it reduces the conductance.

159 —Pristine —First irradiation —Second irradiation
1.4 1
ﬁ 1.3 4
= 1.2 1
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1.1 -
1.0 . T — — T ]
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Time(s)

Figure 6. Normalized conductance (G/G,) response of the graphene gas sensor. The exposure of the NO, gas started
after 110 s in all three cases. The average rise times for pristine, first, and second defected graphene (during NO, expo-
sure) are 500, 328, and 420 s respectively. Reprinted with permission from Hajati et al. [46], copyright (2012) IOP
Publishing.

We have also performed ab initio density functional calculations in order to understand the
interactions between NO, and defected graphene. We have used a monolayer graphene for
our calculation as most of the defects are same in both monolayer and bilayer graphene. We
have studied the binding of NO, gas with graphene with different defects, for example,
monovacancy, divacancy (585 defect), 686 structure [47], and Stone-Wales (SW) defect. Our
analysis shows that the SW vacancy has the highest binding energy with NO, molecule (0.72
eV) when compared to the other defects where binding energies are ~0.3 eV.

In Figure 7, we have shown the total and molecular NO, spin polarized DOS, inverse
participation ratio (IPR) [48] for the electronic states of SW + NO,. The calculated DOS shows
that the spin-polarized molecular levels of NO, molecules appear near the Fermi energy. These
cause 1 pg/unit cell magnetic moments. We have also calculated the IPR, which is inversely
proportional to the number of atoms contributing to a particular molecular orbital, and hence,
IPR gives a quantitative characterization of localization of molecular orbitals. In Figure 7, the
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calculated IPR has very small values near the Fermi energy, which shows conducting character
of the states.

Figure 7. (a) Total and molecular NO, spin polarized DOS. (b) Inverse participation ratio (IPR) for the electronic states
of SW + NO,. (b) Optimized geometry of NO, at SW-defect site in the graphene lattice is shown as top and side views.
Reprinted with permission from Hajati et al. [46]. Copyright (2012) IOP Publishing.

3.3. Fluorination of graphene using defect insertion

Functionalization of graphene has attracted significant attention as it has the potential to make
graphene useful for applications. Functionalization of graphene by fluorination is one of the
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Figure 8. Characterization of pristine graphene, defected graphene (DG) and fluorinated graphene (FG). (a) Scanning
electron microscope (SEM) image of local functionalization of graphene (100 um x 100 um) with ion doses of 10%
ions/cm? and simultaneous 167 s gas exposure. (b) Scanning tunneling microscopy image of DG under the same ion
dosage. (c) X-ray photoelectron spectroscopy spectra of F 1 s peak of pristine graphene, DG and FG. FG reveals a dis-
tinguished F 1 s peak, and the F 1 s spectrum of pristine graphene as well as DG is given as a reference. (d) Raman
comparison of pristine graphene, DG and FG. Lower ID/IG in FG in contrast to DG indicates lower degree of defects
density and larger crystalline size. Reprinted with permission from Li et al. [49].
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ways. In general, the functionalization of graphene is a challenging process. Local functional-
ization is a promising tool to keep the desired properties of graphene intact after the modifi-
cation. In this section, we discuss an interesting technique, which allows precise site-selective
fluorination [49].

We have used a focused ion beam irradiation under XeF, environment in high vacuum to
design the site-selective fluorination. In this method, the graphene surface is locally radical-
ized using high-energy ion irradiation under fluorine contained precursor molecule environ-
ment. We have used X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, scanning
tunnelling microscopy (STM), and density functional theory (DFT) calculations to verify the
fluorination process and explain the mechanism.

The defected structures shown in Figure 8a, b are obtained by irradiating graphene locally
with high-energy (30 kV) Ga*ions with an irradiation dose of 10" ions cm™. Under this amount
of irradiation dose, graphene retains most of its lattice structure. However, the damaged part
shows significant defect formations, which are mainly vacancies. The formation of fluorinat-
ed graphene can be seen from Figure 8¢, where XPS shows a clear signal of F 1 s peak. We have
also used Raman spectroscopy to find out the structural information. From the Raman
spectroscopy figure (Figure 8d), we can see that the intensity of the D-peak (at 1350 cm™)
increases after irradiation and the intensity of the 2D-peak decreases sharply. It means that the
translational symmetry of sp? bond is broken. Compared to the defected graphene, in fluori-
nated graphene, the ratio of D and G peak (Ip/I;) is lower. This implies that fluorinated
graphene contains less structural disorder.

Figure 9. STM images of fluorinated graphene. (a) 20 x 20 nm? area. (b) Zoom in image of a hole defect showing stand-
ing waves pattern. (c) Other area 15 x 15 nm? showing bright feature decorating holes (blue arrows) attributed to fluo-
rine atoms. (d) FFT of (a). It reveals the first Brillouin zone with hexagonal lattice and K points (red arrows) associated
to the standing waves pattern due to intervalley scattering. Reprinted with permission from Li et al. [49].

STM experiments were carried out on the fluorinated graphene for a better understanding of
structures. Figure 9 shows these images, which are taken at low bias voltage of =75 mV at Fermi
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level. In Figure 9a, a 20 x 20 nm? area of fluorinated graphene is shown. The surface is covered
by various defects, corrugations, etc. Standing waves with different structures near the defect
area form these corrugations. The Fast Fourier transformation of Figure 9a is shown in
Figure 9d, which clearly shows the first Brillouin zone of the hexagonal lattice and the K points.
These K points are related to the standing waves pattern from the intervalley scattering [50].
All the defects in the surface are connected with the standing waves. Larger defects (zoomed
in Figure 9b) show standing waves as straight lines similar to as observed in step edges. Thus,
it can be concluded that the fluorinated graphene remains metallic [51]. In Figure 9¢, the bright
features are associated with the fluorine atoms. Combining the observation of standing waves
related to delocalized electron at the conjugated sp? bonds from Figure 9b, it could be
concluded that the fluorination happens near the defect sites created by the ion irradiation.

{A)

{E)

Figure 10. Ab initio density functional theory (DFT) calculation models of fluorinated graphene. Di-vacancy model (a)
and hole-defect model (b), 0.95 nm in length, are based on the STM observation. Binding energies are shown in Table
1.

Structure E.. (eV) Hybridization
Pristine -1.91 sp’
Di-vacancy at site A -2.86 sp®
Di-vacancy at site B -2.25 sp®
Hole-defect site C -5.64 sp?
Hole-defect site D -2.18 sp’

Reprinted with permission from Li et al. [49].

Table 1. Adsorption energies of fluorine adatom on pristine graphene as well as the edge carbon atoms surrounding
the two defects.

We have also performed ab initio density functional-based calculations to find out fluorine
adsorption characteristics on defected graphene. We have used two models of defected
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graphene for our calculations as shown in Figure 10. These models are: (i) divacancy model
and (ii) hole-defect model. These are the two types of models that can be seen in the STM
images. In these two types of defects, there are only four possible places for single fluorine
adatoms to be adsorbed. These four places are marked as site A-D. In Table 1, we have
tabulated the energetics. Our calculations show that the adsorption energy of the fluorine
adatom on pristine graphene is very high compared to the di-vacancy and the hole defects. It
implies that the fluorine atoms are prone to react with the carbon atom surrounding the defect
sites. At site C, the carbon atom is radicalized due to the presence of dangling bonds and hence
has very low adsorption energy for fluorine adsorption. In this case, the C-F bond is planar
with a bond length of 0.136 nm, typical for sp? hybridization. The C-F bonds in other sites are
all out of plane (perpendicular to the graphene lattice) and have sp® hybridization. This strong
bond between dangling bond and fluorine atoms implies that different gases could be utilized
to functionalize graphene.

In conclusion, we have showed an experimental technique to design site-selective local
fluorination using high kinetic energy ion irradiation and simultaneous XeF, gas injection. Our
method opens up a possibility of functionalize graphene locally with a wide range of other
functional materials.

4, Conclusion

From the discussions of Fe adatom adsorption at the partially hydrogenated channels, we
conclude that the magnetic adatoms in the zigzag channel interact quite substantially as
compared to the armchair channel. The response of the two channels in the presence of
magnetic impurities is quite different, viz., localized (delocalized) in the armchair (zigzag)
channel. In the semiconducting armchair channel, the magnetic coupling is weakly antiferro-
magnetic. However, in the delocalized zigzag channel, a relatively stronger ferromagnetic
coupling can be observed. Hence, it may be possible to design magnetic graphene lattice by
depositing suitable magnetic impurities by means of scanning tunneling microscopy tips,
which can lead to the possibility of designing ultrathin magnetic devices.

We have also studied how defects in graphene affect the gas sensing properties. The defects
are created using the Ga* ion irradiation. The defected graphene shows higher conductivity
changes in the presence of NO, gas when compared to the pristine graphene. Hence, one can
conclude that the defected graphene has higher sensitivity in gas detection. The NO, gas
molecules bind strongly with SW defects in graphene, which changes the local electronic
structure and enhance the transport properties.

We have also demonstrated how defects in graphene can be used for various important
applications, for example, spintronics and gas sensing. The presence of defects modifies the
structural and electronic properties of the 2D material as well as the binding entities. The
understanding of these phenomena can be achieved by materials specific theoretical meth-
ods. From the experimental side, the controlled nanoengineering of defects may lead to novel
applications and should be pursued seriously in near future.
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