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Structural and optical properties of graphene with a vacancy and B, N, O and F doped graphene have been
investigated computationally using density functional theory (DFT). We find that B is a p-type while N,
O and F doped graphene layers, as well as graphene with a vacancy are n-type semiconductors. Optical
properties for both cases of in plane (E L c) and out of plane (E||c) polarization of light are investigated.
It is observed that with the increase in the number of electrons entering the supercell, the amount of
absorption of the system decreases and the absorption peaks are transferred to higher energies (blue

© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

Introduction

Since the discovery of the single layer of graphite, which is
called graphene [1], this two dimensional layers, graphene-based
and other 2D materials have been extensively investigated for
more electronic, magnetic and optical applications theoretically
[2-4] and experimentally [5-8]. These potential applications con-
tinue the extent from the photovoltaic cell and ultracapacitors to
spin-transport electronics [9-12]. Graphene also has many unique
physical properties, these include a band gap of zero at the so-called
Dirac point, a dispersion relation equivalent to that of massless
Dirac fermions near the Dirac point and low spin-orbit coupling.
Optical properties of graphene are anisotropic with respect to the
light polarization being parallel or perpendicular to the normal to
the layer [13].

Graphene doping with impurities or atom adsorption on
graphene further influences its conductive, optical and magnetic
properties [14,15], For example, adsorbing an H atom by graphene
leads to significant magnetic moment while pure graphene is non-
magnetic [ 16]. Adatoms also influence the electronic properties of
graphene [17], by shifting the energy of the Dirac point, changing
the density of states (DOS) near the point and altering electron and
hole mobilities [14].
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A great amount of effort has been devoted to open a tunable
band gap in graphene. According research by P.A. Denis [18], dop-
ing graphene with Al, converts its structure into metal while doping
with Si, P and S atoms causes band gap opening dependent on the
concentration of the doped atom. In the work of M. Rafique et al. [ 19]
they investigated the effect of a 3d metal trioxide clusters-doped
monolayer graphene on structural electronic and magnetic prop-
erties. Also M.S. Sharif Azadeh et al. [20] showed that by inserting
Si into graphene, a band gap is created and its magnitude increases
with increasing the density of impurities.

In this work, we investigate the structural properties of doping
graphene with atoms in the row of carbon atom in the periodic
table (B, N, O and F) and graphene with a vacancy. With this type
of doping we study the effect of the change in the number of
electrons on the structures. In this research we have used den-
sity functional theory (DFT) method that, the exchange-correlation
term, was employed in GGA approximation. Furthermore, changes
in electronic and optical properties caused by doped in graphene
layer will be discussed. Optical properties of pure graphene have
been investigated by many researchers. e. g. Y.H. Ho et al. [21] but
these properties are rarely considered for doped graphene, there-
fore, in part of this study, we examine the optical properties of the
structures in question.

It should be noted that M. Wu et al. [22] have calculated the
effect of graphene doping with B, N, O and F atoms with 2% impuri-
ties concentration and they used VASP software. In the calculation
that was performed by them, the optical effect has not been inves-
tigated while we study both electronic and optical properties with
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Fig. 1. Optimized supercell 4 x 4 with 32 atoms for (a) pure graphene, (b) B doped graphene, (c) N doped graphene, (d) O doped graphene, (e) F doped graphene and (f)

graphene with a vacancy.

the 3.125% impurities concentration and by Quantum espresso
code.

Methods

In this work, all calculations were performed by a spin-polarized
DFT implemented in a Quantum Espresso code [23], which is based
on the plane-wave pseudopotential method.

In this model, the 4 x 4 x 1 graphene supercell that contains 32
carbon atoms has been used. For this supercell, lattice parameters
are a=b=9.84A, y =120" and C—C bond length is 1.42A, and
in order to ensure that there is no interaction between graphene
sheets, vacuum slab of 15A is adopted. In this model of cal-
culation, a plane-wave basis set with a maximum plane-wave
energy of 340eV cutoff is used in combination with ultrasoft
potential. The generalized gradient approximation (GGA), pro-
posed by Perdew-Burke-Ernzernhof (PBE), is used to deal with
the Exchange-Correlation term [24]. All systems were optimized
through fully relaxing the atomic structures until the remaining
force were smaller than 0.01eV/A. The occupation state is smearing
and the value of Gaussian spreading for Brillouin-zone integra-
tion is 0.01 eV, and the maximum spacing between K points was
0.03A-1.

This work has two parts: first electronic structural for doped
graphene with B, N, O, and F atoms and graphene with a vacancy are
studied and, then the effect of these atoms and a vacancy on optical
properties of graphene are investigated. Band structure, electron
density of states and optical properties have been calculated for
the symmetric path of "KM in Brillouin-zone.

In our work, electronic and optical properties of doped graphene
with atoms in the second row in the periodic table corresponding
to the p group (2p!, 2p3, 2p* and 2p°) and graphene with a vacancy
are calculated. In this way, we obtain the effect of increasing the
number of electrons imported in the supercell on the type of bonds,
bonds length and structural and optical properties.

Results and discussions

Electronic properties are calculated and maximum valence band
(MVB) and Fermi level are set to zero.

In all cases, the graphene with a vacancy and doped graphenes
remain planar so that new structures like pure graphene have
sp? hybridization, these planar structures have been confirmed

by Wang et al. experimental work recently [25]. The optimized
supercell model of each structure is shown in Figs. 1(a)-(f).
After geometry optimization, maximum and minimum X—C bond
lengths (dxc) belong to F and N atoms, respectively and are equal
to 1.661A and 1.410A. For N atom doped graphene this length is
consistent with other experimental work. In confirming our the-
oretical work, Z. Xing et al. showed in an experimental research
that N—C bond length is 1.41 A and this result is in full agreement
with our work [26]. For neither of structures except graphene with
a vacancy and F doped graphene, there is no difference for up and
down electron spin on the band structure, so these structures are
non-magnetic. Band gaps, magnetic moments and X—C and C—C
average bond lengths for any structure are given in Table 1.

Electronic properties

The band structure diagrams for all doped graphene structures
and graphene with a vacancy are presented in Figs. 2(b)-(f). Band
structure diagram of pure graphene is also shown in Fig. 2(a) in
order to determine the effect of the atom-doping on the electronic
structure of graphene. Figure 2(a) shows pure graphene has zero
band gap in Dirac point; in this point, the valence band (;r) and
conduction band (7r*) straddling each other at Fermi level which is
consistent with other literatures [27,28].

As it can be seen from Figs. 2(b)-(e), doping graphene layers
with different atoms have a large effect in graphene band struc-
tures. The most notable feature is represented by the change in the
electronic properties, and in particular by the possibility to induce
small energy band gap and p-type or n-type conductivity.

In this work it was found that 3.125% boron doped graphene
indicates a p-type conductivity which is in consistent with S. Agnoli
et al. experimental results [29] and M. Wu et al. theoretical research
[22]. Due to the dopant, the graphene slightly distorts, such that
the B—C bond is 1.479 A. It is also observed that substitution boron
atomin4 x 4 x 1 graphene layer causes the Fermi level shifts down
about 0.874 eV with respect to the Dirac energy while this shift for
5 x 5 x 1 supercell in M. Wu et al. work is 0.7eV and B-C bond
length is 1.49 A. The doped boron atom causes a band gap approx-
imately 0.186 eV at high symmetric K-point as shown in Fig. 2(b)
and exhibits metallic behavior as some surface states are present
at Fermi level and in M. Wu et al. work gap is 0.14eV that dis-
agreements are due to differences in the doped atomic ratio of the
graphene layer.
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Table 1
Band gap, Magnetic moment, dc.c average bond length of carbons and dx.c indicates bond length of doped and carbon atoms for pure graphene, graphene with a vacancy
and doped graphene.
System Pure graphene Graphene with a vacancy B doped graphene N doped graphene O doped graphene F doped graphene
Band gap (eV) 0.000 —— 0.186 0.203 0.494 0.367 (up) 0.546(down)
Magnetic moment(jup) 0.000 0.890 0.000 0.000 0.000 0.980
dec(A) (average) 1.420 1.400 1.403 1.416 1.389 1.353
dxc(A) — — 1.479 1.410 1.485 1.661
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Fig. 2. Band structure of (a) pure graphene in the 4 x 4 supercell, (b) B doped graphene, (c) N doped graphene, (d) O doped graphene, (e) F doped graphene and (f) graphene

with a vacancy.

If graphene layer doped with 3.125% N atom, N—C bond length
is 1.41 A and Fermi level is shifted up about 0.817 eV. This result
indicates that the n-type semiconducting behavior of graphene is
in agreement with the M. Wu et al. theoretical research [22] and
experimental work of L. S. Panchakarla et al. [30], this result has
also been confirmed by Wang et al. experimental work [25,31]. Like
boron doped, the doped graphene with nitrogen atom has a band
gap approximately 0.203 eV at high symmetric K-point as shown in
Fig. 2(c) and displays metallic behavior as some surface states are
present at Fermi level which is in agreement by other theoretical
reports [32,33], that done by VASP while our work has been done
with Quantum espresso. In M. Wu et al. calculation that the effect
of graphene doping has been investigated with 2% impurities con-
centration, N—C bond length has been reported 1.42 A, fermi level
shift 0.7eV and band gap 0.14eV; furthermore, in M. Rafique et
al. research [32] that most closely resembles our work, N-C bond

length has been mentioned about 1.408 A, fermi level shift 0.8 eV
and band gap 0.1526 V.

Similar to N atom substitution, 3.125% O atom doped graphene
alsois a n-type semiconductor and displays indirect band gap about
0.494 eV as shown in Fig. 2(d) and the O—C bond length has been
measured 1.485 A, these results are comparable to M. Wu et al.
results with 2% impurities concentration that showed O—C bond
length is about 1.50 A, and band gap is 0.5 eV [22]. In this case, we
can find a flat band appears between the valence and conductive
band which due to the O atom orbitals.

In case of the graphene layer doped with 3.125% F atom, like
N and O doped graphene, the structure is an n-type semiconduc-
tor and has a direct band gap approximately about 0.367 eV and
0.546 eV for spin up and spin down cases, respectively as can be
seen from Fig. 2(e), also F—C bond length in this structure is 1.661 A.
Two additional bands have been created between the valence band



and conduction band that arising from the presence of F atom in
the graphene layer. This structure has a magnetic moment of 0.98
pp/cell which is comparable to M. Wu et al. work [22], in their
research, for doped one Fatomin 5 x 5 x 1 graphene supercell, the
magnetic moment is 0.71 pg/cell and in no other reference, there is
no structural data for F doped graphene. Different energy gaps for
up and down spin, makes this structure suitable for use in spintronic
tools.

As can be seen in Fig. 1(f), the graphene with a vacancy under-
goes a John-Teller distortion which leads to the saturation of two of
the three dangling bonds toward the missing atom. One dangling
bond always remains owing to geometrical reasons. This leads to
the formation of a five-membered and a nine-membered ring [34].
It was found that band structures of graphene with a vacancy in the
spin up and down cases are an n-type semiconductor and as shown
in Fig. 2(f) has additional bands between the valence band and con-
duction band that cut the Fermi level, then this structure similar to
B and N doped graphene has metallic behavior due to some stateds
that present at Fermi level. Graphene with a vacancy has magnetic
moment of 0.89 pp/cell and two of the carbon atoms close to the
vacancy site move towards each other forming a C—C distance of
2.226 A like other’s report [22,28]. In M. Wu et al. results with 2%
impurities concentration, the magnetic moment is measured about
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1.58 wp/cell and C—C bond length is 2.17 A.

Now consider what happens to the fermi level when the
graphene layer is doped with the B, N, O and F atoms. One aspect
of this process is the principle of electronegativity equalization
consideration to predict what happens. Since the B atom is more
electropositive than carbon atom [35], the bonding of this atom
with its adjacent carbon atoms in the graphene layer causes the
flowing of electrons from carbon atoms in graphene layer to B atom,
then this structure turns into a p-type semiconductor. In this case
the density of states below the band gap increases and according to
the fermi equation, the fermi level in the graphene layer decreases.
About the cases of N, O and F atoms, these are more electronegative
than carbon atom [35]; consequently, by creating a bond between
these atoms and carbon atoms in graphene layer, electrons have to
flow from N, O and F atoms to carbon atoms, then these structures
turn into an n-type semiconductor. In this case the density of states
above the band gap increases and according to the fermi equation,
the fermi level energy in the graphene layer increases, too [36,37].

Optical properties

We calculated optical properties produced electronic energies
on the Monkhorst-Pack mesh of k-points and the matrix elements
for electronic interband transitions, so there can be some inac-
curacy in dielectric function results at low energies. In order to
calculate the absorption coefficient, &, we need dielectric tensor
values. Dielectric constant is the sum of real and imaginary part,
i.e. € = g1 +igy together. The imaginary part can be calculated by
the summation of empty states using following equation:

2me?

2
£(q - 0, hw) = TSOKE | < ‘b;(‘w”'“}( > | B(Elc( *E;)( -E). (1)
v.c

Where the indices ¢ and v refer to conduction and valence band,
Vg and ¥y are eigenfunctions with Ej, and Ey, eigenvalues, respec-
tively.

The real part of dielectric tensor is obtained by using Kramers-
Kronig transformation:

oo
2 &)
g1(w)=1+=P | ———du'. 2
1(@)=1+= /w’z—a)2+in )
0

Where P denotes the principle value.

Energy(eV)

Fig. 3. Absorption coefficient (a) for in plane (E L c¢) and (b) out of plane (E|c)
polarization of light.

After getting dielectric tensor values, we can easily get absorp-
tion coefficient « by:

o= @ le(w)| — Reg(w). (3)

The method to calculate these optical parameters is fully
explained in Ref. 38.

The absorption spectrum for pure graphene and B, N, O and F
doped graphene for both cases of in plane polarization of light (E L
c) and out of plane polarization of light (E|/c), are shown in Figs.
3(a)-(b). The energy interval was set from 0 to 25 eV for calculating
the absorption coefficient.

First, we calculated the absorption coefficient of pure graphene.
Our result shows that pure graphene absorption spectrum for in-
plane polarization of light (E L c¢) has two main peaks at 4.3eV
and 14.2eV with an intensity of approximately 4000 cm~! and
95,000cm™1, respectively and has zero absorption in the interval
from 7 to 11 eV. The first main peak arises from the transition from
7w — m* and second from o — ¢*, which is shown in the density of
state diagram, Fig. 3(a), by the arrows A and B, respectively. For out
of plane polarization of light (E|c) on graphene layer in the energy
region from O to 10eV, absorption is zero and two sharp peaks
locate at 11.6eV and 14.67eV with intensity of approximately
62,800 cm~! and 66,400 cm~1. These results are in agreement with
the other reports [39]. In this case, the first peak arises from 7 — o*
transition and second from o — 7* transition, which is shown in
Fig. 3(b) by the arrows C and D, respectively.

For in-plane polarization of light (E L c) as can be seen from
Fig. 3(a), for graphene doped with various atoms, all absorption
peaks have shifted toward larger energies (blue shift). These dis-
placements for the 4.3 eV peak are larger than 14.2 eV peak; it can
be concluded that the graphene doped by different atoms is more
affected in absorption value at lower energy. In graphene doped
with various atoms and graphene with a vacancy, as seen from
DOS diagrams, Figs. 4(b)-(f), the states near Fermi level are more
affected, as a result, the absorption spectrum undergoes further
changes in lower energy that can be seen from Fig. 3(a). In other
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Fig. 4. DOS of (a) pure graphene in the 4 x 4 supercell, (b) B doped graphene, (¢) N doped graphene, (d) O doped graphene, (e) F doped graphene and (f) graphene with a

vacancy.

words doping in graphene with various atoms is more effective in
7w and 7* bands displacement than o and o* bands. As seen from
Fig. 3(a) graphene has adsorption for low energy (about 2 eV) which
represents its metallic property. By doping graphene with different
atoms, this absorption peak clearly moves to more energy like as
two main peaks.

In the case of Band N doped graphenes, the two main peak shifts
are negligible because band gap is very small, and only Fermi level
shifts that is consistent with previous work [40]. As already men-
tioned, in the range from 7 to 11 eV energies, absorption spectra for
pure graphene is zero like for B and N doped graphene.

For O and F doped graphene, both main peaks clearly have been
shifted to the larger energies, although the first peak displacement
is larger than the second peak, which is in more energy. This change
in near states to Fermi level is due to the addition of O and F atom
to pure graphene. As shown in Fig. 3(a), for O doped graphene in
the range from 7 to 11eV energy, a clear peak is seen and for F
doped graphene two weak peaks are seen. By looking at density of
state diagram near Fermi level between the valence and conduction
bonds, there are additional states whose origin is s and p orbital
hybridization of O and F atoms with the s and p orbitals nearest
carbon atoms in the graphene layer and this causes to create an
additional peak in the range from 2 to 7 eV in absorption spectrum

for O doped graphene and increasing the number of peaks in this
energy range to two peaks is due to separation of spin up and down
levels for F doped graphene. The electron excitations that cause
these peaks in the absorption spectra are represented by arrows E
and Fin the O and F doped graphene DOS diagram, Fig. 4(d) and (e).

For graphene with a vacancy as in the case of B and N doped
graphene, the main absorption peaks (at 4.3 eV and 14.2 eV) have
been moved very little to larger energies and there is no additional
peak between the two main peaks. The intensity of all absorption
peaks in the presence of one of the impurity atoms is less than
peak intensity in pure graphene, and peak absorption intensities
for O and F doped graphene are less than B and N doped graphene.
In case of graphene with the vacancy as can be seen in Fig. 4(f) the
high of the peakin 4.3 eV, is more than this peak for pure graphene.
According to the golden rule of Fermi reducing the absorption peak
intensity in doped graphene structures is due to the decrease in
the density of state peaks that are connected with the arrows to
illustrate the excitations.

Absorption spectra of doped graphene layers for (E||c), Fig. 3(b),
in all cases absorption is zero for the energy region from 0 to 10eV,
like as pure graphene and two main absorption peaks move toward
larger energies (blue shift), but graphene with a vacancy, B and N
doped graphene has lower absorption peak shifts compared to O
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and F doped graphene as in the case that field is parallel to the
graphene layer. In all structures intensity of these peaks is less than
pure graphene. Optical absorption of pure graphene, graphene with
a vacancy and doped graphene due to the anisotropy of the charge
distribution of inside and outside layer is anisotropic for in plane
and out of plane light polarization.

Conclusions

In this work DFT was employed to calculate the structural and
optical properties of graphene with a vacancy and B, N, O and F
doped graphene. We found that B doped graphene is a p-type semi-
conductor and the other structure are n-type. Band gap of B, N and
O graphene doped structures respectively are equal to 0.186eV,
0.203 eV and 0.494 eV and for F doped graphene this value is dif-
ferent for the spin up and down equal to 0.367 eV and 0.546¢eV,
respectively, therefore the recent structure is noteworthy for spin-
tronic tool design. Furthermore, absorption spectrum has been
calculated for light polarization parallel and perpendicular to the
plane of the graphene layer and the results show that all absorp-
tion peaks have shifted toward larger energies (blue shift) and peak
intensities decrease with increasing number of electrons entering
the structure.
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