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ABSTRACT

The understanding of the atomic behaviour of pure graphene is crucial in manipulating its properties for achieving optoelectronics with high
absorption index and efficiencies. However, previous research which employed the DFT emphasized its zero-band gap nature and not its
unique optical properties. Therefore, this study employed the ab initio calculations to revisit the electronic, magnetic, and optical properties
of pristine graphene using the WIEN2K code. The results reveal that the PBE-GGA valence and conduction bands were found to cross at -0.7
eV. Our Calculations demonstrated that the absorption coefficient of graphene has the strongest light penetration in the parallel direction.
Furthermore, our results not only present the best propagation of light in pure graphene but also reveal that the linear relationship between
the formation of the free electron carriers and the energy absorption is responsible for the high optical conductivity observed in pure graphene,
as indicated by the peaks. Lastly, the metallic properties of graphene are reflected by the variation in spin up and down that appears, as
evidenced by the total and partial densities of states, and the large refractive index attributed to its high electron mobility confirms its metallic
nature.
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1. INTRODUCTION

The discovery of graphene was achieved in 2004 by
professors at the University of Manchester, Andre Geim and
Kostya  Novoselov, who mechanically exfoliated
high pyrolytic graphite to create a monolayer of graphene
on a sticky tape Highly oriented pyrolytic graphite (HOPG).
Itis an essential element of graphite, carbon nanotubes, and
other allotropes of carbon, including fullerenes (0D), carbon
nanotubes, and (3D) [1][2][3]. As a result of their ground-
breaking discoveries and contributions to science, they
were bestowed the 2010 Nobel Prize [4][5][6]. A large
group of 2D nanomaterials, including silicene, hexagonal
boron nitride (h-BN), transition-metal dichalcogenides
(TMDs), and phosphorene, have emerged because of the
emergence of this one-atom-thick layer of graphite with sp2
hybridized carbon atoms arranged in a hexagonal
honeycomb lattice. These materials exhibit a wide range of
properties, from the weakest to the strongest and from the
best insulating to the most conducting materials[7][8][9].

However, Pristine graphene, a gapless 2D nanomaterial
with high intrinsic carrier mobility (200,000 cm?V~15™1),
large surface area (2630 m2?g~1), high Young’s modulus
(~1.0 TPa), thermal conductivity (~5000 Wm~'k~1), and
good electrical conductivity distinguishes itself with its
remarkable properties. Its optical property includes
excellent optical transmittance (~97.7%) and it can resist a
current density of 108 A/cm? making it an ideal material
for widespread applications in  optoelectronics
[10][11][12][13]. Furthermore, the zero-mass asymmetric
Dirac fermion behaviour allows the exploration of a variety
of fascinating behaviour that is consistent with the
relativistic regime’s predictions [14][15]. However, the
band degeneracy at the Dirac points in the hexagonal
Brillouin zones limits its application in electronic devices
due to its low on and off current. Despite this, the inherent
carrier mobility in graphene has made it a leading
alternative to silicon material in Nano-electronics with the
monolayer graphene exhibiting an optical absorption of
2.3% throughout a broad spectrum from Tetra-hertz to
visible light frequencies. Therefore, positioning graphene
for applications in high-speed photodetectors and solar cell
devices [16][17][18]. Moreover, despite the ability of
graphene’s ability to absorb 2.3 % of photons in the
electromagnetic spectrum given its atomic size, the
efficiency of photovoltaics and sensing devices are
significantly limited [17].

Thus, it is very important to improve its application in
electronic devices and its optical performance for efficient
light absorption in the electromagnetic spectrum. Several
studies have attempted to model its electronic properties
through substitutional doping to enhance its properties
[19]. However, despite the considerable success, most of
the dopants employed in literature, the limitations of band
gap engineering, structural defects, and stability

persists[20]. This is associated to an insufficient
understanding of the atomic behaviour of pure graphene,
nature of the dopants and substitutional doping sites. Thus,
revisiting the optoelectronic properties of pure graphene
via the DFT approach is crucial to unlocking its ubiquitous
potentials [17][20][21].

Therefore, to achieve efficient light absorption for
graphene-based optoelectronics the understanding of its
electronic, optical, and magnetic properties atomically is key to
manipulating its excellent intrinsic properties.
Different studies have examined the properties of pure
graphene but based on our findings, no report has explored
graphene’s electronic structure, and optical, and magnetic
properties using DFT calculations. Therefore, we have not only
carried out research that covers all the above-mentioned
properties, but our results will enhance the accuracy beyond
existing studies. We demonstrate how the unique electronic,
optical, and metallic properties can be exploited in designing
photovoltaics and sensing devices with very high absorption
index and efficiencies.

2.0 COMPUTATIONAL METHODS

A density functional theory study with the WIEN2K
package's full potential linearly augmented plane wave (FP-
LAPW) technique was used to determine the electronic
structure, magnetic, and optical properties of pure
graphene [22]. The augmented plane wave plus local
orbitals (APW+lo) technique, which considers all electrons
(core and valence) in a self-consistent way, is employed by
the WIEN2k software to solve the Kohn-Sham equations of
density functional theory. To prevent contact between the
atoms in the atomic configuration of graphene considered,
a large vacuum of 18 A was selected for this work. The
minimum energy was calculated employing the Generalized
Gradient Approximation with the Perdew-Burke-Ernzerhof
(GGA-PBE) functional potential, which effectively considers
A exchange-correlation (XC) interactions [19].

To calculate self-consistent fields, the first Brillouin zone
(BZ) was sampled using a Monkhorst-Pack with a k-point of
1000, RMT*Kmax = 7.0, and Gmax = 12.0. Convergence of
energy and charge was investigated, with convergence
limits set at 0.0001 for energy and 0.001 for a charge, to be
attained iteratively using the self-consistent field (SCF)
approximation. Additionally, very dense data was employed
to calculate additional properties: 10000 k points were
employed to calculate the density of state and optical
parameters. Because the optical spectrum is dependent on
incoming electromagnetic waves, it was computed using the
real & (w) and imaginary components &,(w) of the
dielectric function. The relationship employed to represent
the dielectric function is expressed in Eq. (1):

£ (@) = & () + ie; (W) (1)

Therefore, €, in the limit of long wavelength is written as
follows in Eq. (2):

2e’m

L 2
Veo 2VB.CBk |(¢1€B|a b |¢1‘§B>| 5(EI€B -
Ef — w) (2)

&2 (q _)Ola)) =

Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board. These
articles have not yet been copyedited and/or formatted in the journal house style



International Journal of Nanoelectronics and Materials (IJNeaM)

Where ¢, and V depicts the permittivity of free space,
and volume of the supercell of the electromagnetic
radiation, respectively. The valence and conduction bands
are represented by V. B and C. B. Therefore, d and b depicts
the incident electromagnetic field’s polarization vector and
position, respectively [23], [24].

=1+ 2P [[ORE do ®)
Where P, = the principal value and w = frequency,
respectively as expressed in Eq. (3).

Both ¢; and ¢, are independent components related to
the two polarizations of the electric field in connection to
the system considered [25]. The ¢, and &, which denote the
parallel and perpendicular directions are the polarizations
considered in this study. The complex refractive index (n;)
is expressed in Eq. (4). with both n (w)and k (w) indicate
the both the real and imaginary parts related to the optical
constant in Eq. (5) and (6), respectively. The refractive
index is represented by n (w) while the extinction
coefficient is indicated by k (w) [26].

ni(@) = n() + ik @) 4
() = e (5)

NI

k (w) = g g (6)

2 2

The reflectivity (R) of the system written in Eq. (7) is
determined by the polarized field incident normal to the
material.

1-e(w) 2
R @) = ({E2) )
The coefficient of the absorption spectra (a(w)) in Eq. (8)
is expressed as follows:

2kw

a(w) =22 (8)

Where v represents the velocity of light in a vacuum.

3. DISCUSSION AND RESULTS
3.1. Structural properties

Fig. 1, reveals the optimized 2 X 2 supercell of pure
graphene. After optimization, the relaxed lattice parameters
of pure graphene were foundtobe a = b = 2.46 Awith a =
B = 90°nd y = 120° and a C — C bond length of 1.42 A.
The volume optimization plot is displayed in Fig. 2. The
calculated covalent o bond formed by Sp? hybridization
observed in pure graphene is stronger than the C — C bonds
observed in diamond with Sp3 hybridization, and this value
is consistent with the previous report [27].

A vacuum space in the z-axis of 18.00 A was selected to
prevent interlayer interactions between the layers of the

pristine graphene and the space group of 194 P63/mmc, and
a hexagonal structure was considered. The value of the
optimized lattice parameter is consistent with values
reported in the literature [28]-[30].

3.2 Electronic Properties

The GGA-PBE was employed to determine the electronic
band structure and density of states (DOS) for the pure
graphene 2x2 supercell [31]. The calculated electronic band
structure is displayed in Fig. 3, along the high symmetry axis
(I' = M -K- T') and the first Brillouin zone. Due to the linear
dispersion relation at E = 0, the valence and conduction
band in both exchange-correlation functionals overlap at
the Dirac sites with zero band gaps, showing the fermions at
this location behave as massless particles as displayed in
Table 1. The linear dispersion (E) relation of graphene is
expressed in Eq. (9) [32], [33].

E= hkVE 9)
2
Where h= Planck’s constant, k = Dirac Point, and

Vr (Femi velocity) = c/300.

The valence and conduction bands cross at -0.7eV,
indicating Pristine graphene behaves like a semimetal with
high electrical conductivity. As a result, the obtained results
verifies that pure graphene has an intrinsic metallic nature
(unmatched electrical conductivity) because its electronic
state creates ideal Dirac cones at energies close to the
degeneracy point confirming the previously reported
theoretical and experimental findings which validate the
accuracy of our findings.[34]-[36].

Fig. 4(a-b) illustrates the obtained results for the DOS of
Pure graphene. The density of state provides a baseline
knowledge concerning electrons of transfer from the
valence to conduction bands while also determining
electronic orbital property across an energy range in the
band structure [37]. The DOS for graphene which defines it
as a metal with a zero-band gap was deduced in Eq. (10)
[38]:
2m|E|
h2v?2

D (E) =

(10)
This vanishes as E — 0.

Fig. 4 (a-c) illustrates the total and partial density of
states of pure graphene with all the important states
ranging from -7 to 17eV. Both the total and partial density
of the state shows that pristine graphene has a zero-band
gap as E — 0 at the Fermi level as revealed in Fig. 3 [39].
This shows the reliability of our calculation which is also
consistent with different reports in the literature [40]-[43].

In Fig. 4 (a-b) the main peak appears at 8.85 eV at a height
of 2 in the conduction band. However, more peaks appear in
the conduction band than in the valence band and the peaks
in the conduction band appear at2 eV, 11.2 eV, 12.8 eV, and
17 eV ata height 0f 0.72, 1.2, 1.4, and 1.3, respectively while
the peaks at the valence band appear at -7 and -2 eV at a
maximum of 1.36 and 0.7 respectively. The band structure
indicated that pristine graphene is a massless particle that
exhibits linear dispersion throughout the region [44].
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The partial density of states plots in Fig. 4(c) emphasizes
that the p orbital has the greatest contribution in pristine
graphene. The positions of the peaks observed in the total
DOS agree with the partial density of states. Fig. 4 (c) curves
also indicate that the two electronic bands in graphene are
a P; character and contributes more based on the peaks and
intersecting at the Fermi level with adsorption for low
energy [31], [45], [46].

3.3 Magnetic Moment

The calculated magnetic moments for pure graphene are
indicated in Table 2. based on the contribution of the
individual C-C atoms in the configuration highlighting the
interstitial and the spin (total) magnetic moment. The
difference observed in the spin up and down as revealed in
the total and partial density of states indicates the metallic
properties of graphene. The symmetry of both spin
channels in the plots for the DOS and the intrinsic non-
magnetic behaviour of graphene was further confirmed by
the inconsequential values of the magnetic moments of the
pure graphene system [47], [48].

34 Optical Properties

34.1 Dielectric function

Fig. 5(a-b) shows the real, ¢;, and imaginary, &, halves of
the dielectrics for pure graphene in parallel g and €,
polarization of light in the electromagnetic spectrum. The
major optical characteristics of the crystal are determined
by a variety of spectrum data represented by the dielectric
function, including the configuration of the solid energy
band [31], [44]. The real section of pure graphene's
dielectrics is displayed in Fig. 5a.

The static dielectric constant in the g polarization
appears at 33 and 1.8 in the &,  electromagnetic
polarization (i.e., real dielectric = 0 eV. Graphene's
absorption spectra are determined by the imaginary half of
the dielectric function. [49], [50]. The primary peaks of the
imaginary part of graphene in the ¢ polarizationisat 4.2 eV
and 13.4 eV, respectively, and is consistent with earlier
results in the literature [33], [36], [49]. These two peaks
arise from m — ¢* and ¢ — m* inter-bands transitions in
the g, propagation of light. However, a single peak appears
at 10.6 eV in thee; polarization of the EM wave. These
results are consistent with existing reports in the literature
[50], [51].

3.4.2  Absorption Coefficient

The absorption coefficient of graphene is a function of
incident light in ¢ and &, polarization of light is revealed in
Fig. 6. Two prominent peaks with optical frequencies
appear in the ¢ polarization at 4.2 and 13.8 eV. In the same
direction, it is found that the second peak has a more
prominent intensity than the first peak. Additionally, a
prolonged optical frequency peak measuring 12.2 eV at a
maximum of 16.5 in the €, electromagnetic polarization.

However, a coefficient value of roughly 0.1 was found in
the range of visible light in the ¢, polarization from 8.2 to 10
eV. According to Ref. [15], the absorption coefficient
determines the amount of photon energy at a specified
wavelength that travels through a medium before being
absorbed by it. Thin films made of substances with high
absorption coefficients may allow the passage of optical
wavelengths with low absorption coefficients. These peaks
are caused by two fundamental transitions between
graphene's electronic states while the remaining peaks
represent the transition of carbon-carbon from the Fermi
level-closed state in the region for carbon interaction, the
largest peak represents the shift from an occupied to an
unoccupied state [52], [53].

In this study, it is found that the ¢ polarization has stronger
light penetration than the €, electromagnetic polarization
with its very high absorption coefficient in the ultraviolet
and visible ranges as reported in several studies [49], [54],
[55]. According to Ref. [56], the behaviour of the optical
absorption in the g, electromagnetic propagation suggests
that it can radically alter the absorption characteristics of
graphene by rearranging the atoms in this direction. As a
result, graphene will enhance its ability to absorb light in
the visible light spectrum. Therefore, this study concludes
that based on the results in the ¢ electromagnetic
polarization the graphene's optical properties are strongly
dependent on the parallel region.

3.4.3 Optical Reflectivity

The reflectivity of pure graphene is revealed in Fig. 7 as a
function of incident light and wavelength, respectively, in g
and €, propagation of light. The optical reflectivity R (w) is
the percentage of light that is reflected at an interface. The
ratio of the amplitudes of the incident and reflected waves
is known as the reflection spectrum. We discovered that
pristine graphene's reflectance rises with energy in the g
electromagnetic polarization at energies below 8 eV.

A large peak with an intensity of 0.5 appears at 4.2 eV in
the same direction, where reflectivity also rises as a
function of energy for energies greater than 9 eV. However,
we observe that in the parallel polarization of the incident
light at the interval of 8.6 to 10 eV, the peak at the visible
range in the EM spectrum vanishes. In the ¢,
electromagnetic polarization, a maximum reflectivity of
12.2 eV appears with an intensity of 0.31, and from the
interval of 8.2 to 13.2 eV, and this has a higher reflectivity
than the g electromagnetic polarization of EM wave.

Therefore, Fig. 7 reveals that in the ¢ polarization of
photon energy concerning the plane of the pristine
graphene, a negligible reflectivity at higher energy is
expected, which indicates that there would be a higher
transition in this direction which confirms existing results
[36], [57], [58]. Therefore, an unchanged reflectivity is
expected in the range of 8.6 eV to 10 eV region for pristine
graphene [49], [55], [59].

3.4.4 Energy loss function (EELS)
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Plasmon’s, surface Plasmon’s, and inter-band transitions
are all collective excitations that are measured by the
energy loss function, which is expressed below [60] The
process by which some energy is lost because of the
electrons' rapid motion as electromagnetic light passes
through a substance is represented by the function L(w).

It can be deduced from L (w) = IM ((q = 0,w)— %) in

Eq. (11) with an increase in size as &;vanishesand €, < 1 at
the plasma frequency [31], [55].

&2

L(w) = (11)

&2+ &2

The results of EELS could reveal details about elastically
scattered and non-scattered electrons in addition to the
type and atomic number that the beam may strike [31]. A
major peak appears at 7.4 eV with an intensity of 2.4 and
another peak appears between 11.2 eV to 13.4 eV with an
intensity that lies between 0.12 and 0.3 in the ¢
electromagnetic polarization.

The major peak in the &, electromagnetic polarization
appears at 12.8 eV with peak intensities of 0.60. In the
electromagnetic polarization, 0% energy loss was recorded
in the ultraviolet and visible light range, which indicates
that there is no apparent scattering in this direction.
However, the g polarization has a coefficient value of
approximately 0.1 in the interval of 9.2 eV to 11.2 eV and the
&, polarization has a higher electron energy loss at higher
energies in the interval of 10.3 eV to 13.2 eV. The primary
peak corresponds to the change from an occupied (7) to an
unoccupied state (7*), and the remaining peaks correspond
to the change of carbon-carbon from the region near the
Fermi level for the carbon interaction.

3.4.5 Complex Refractive Index

This is the product of the normal refractive index n (w)
and the extinction coefficient k(w), as shown by the relation
[31]. In Fig. 9(a-b), n(w) and k(w) of the complex
refractive index in the parallel and perpendicular
polarization are determined by equations (5) and (6). The
refractive index of pristine graphene in the g, polarization
has two major peaks at 4.0 and 11.4 eV and a corresponding
peak at 2.55 and 1.8, while a peak at 10.4 eV appears with
an intensity of 2.4 and falls at this height in the ¢,
polarization, which corresponds to the peak at 10.4 eV in
the same direction as the absorption coefficient, validating
the accuracy of our results.

The peaks observed in the spectrum indicate a maximum
n(w) value at that orange. These agree with previous
studies by Olaniyan et al. [48] and Rani et al [45]. According
to Fig. 9b, the decrease in the most extreme peak of k(w) is
due to quantum confinement, which is discussed in more
detail in our next paper. Moreover, a vanishing coefficient
value of approximately 0.1 was observed in the interval of
8.2 to 10 eV in the parallel polarization of the optical
reflectivity in the g, polarization.

Moreover, in the &, polarization a peak is found at 13.8
eV with an intensity of 1.7. The real part explains light

refraction caused by changes in light speed in graphene,
whereas the imaginary part (extinction coefficient)
indicates light absorption or attenuation in a solid [61]. As a
result, the large refractive index value in metallic nature
compounds can be attributed to electron-free mobility. Its
metallic nature has higher refractive index values, making it

a good choice for photovoltaic or optoelectronic
applications.
3.4.6  Optical Conductivity

The gapless behavior in the band structure of graphene
makes it a good electrical conductor [36]. The frequency of
a compound, which affects its optical conductivity, is an
important parameter in the analysis of the electronic states
of materials. Free carriers are formed because of incident
absorption energy, as shown by the optical conductivity (o).
The expression in Eq. (12) shows the conductivity (o) of
graphene:

2
o= o e
Where W = n; = (u?) hf::z

The expressions above reveal that by neglecting the
potential dependency of the scattering intensity on Ey or ng,
graphene's conductivity is distinct from the Fermi energy
and the carrier concentration. As a result, graphene ought
to be viewed as a metal rather than a semiconductor [38].

In Fig. 10(a-b), the calculated real and imaginary optical
conductivity of pure graphene in ¢ and €, polarization of
electromagnetic waves; it also shows that graphene is a
gapless material because the conductivity begins at 0 eV in
both polarization of the electromagnetic wave. For the real
optical conductivity in the g propagation, two peaks are
found at 4.2 and 13.2 eV with an intensity of 5.2 and 6.25,
which is like the absorption coefficient in the g polarization
as displayed in Table 3.

In the &, polarization a peak arises at 10.8 eV at an
intensity of 6.4. A peak was observed in the g, polarization
at 4.2 eV at an intensity of 1.92. However, both ¢, and €,
polarization falls at 11.4 eV and 10.2 eV which rises to a
height of 1.7 and 5.2 at 13.8 eV and 12.2 eV. The very high
optical conductivities observed in both the real and
imaginary parts reveal the metallic nature of pristine
graphene as shown in Table 4. These findings agree with
reports in the literature [62].

4. CONCLUSION

Pure graphene has shown wonderful behaviour,
especially in the electronics field. It can be engineered
with optimized atomic content or by adding controlled
impurities, making it a particularly promising
electronic material. The focus of this study is to
provide a comprehensive understanding of the atomic
behaviour of pure graphene. In this research, the
electronic, magnetic, and optical properties and
bonding characteristics of pure graphene were
examined using first principles (DFT) with the FP-
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LAPW technique. The calculated results show that the
graphene structural dimension was found tobea=b =
246 A and c = 18.00 A, « = B = 90° and y = 120°.
Furthermore, it was found that the best propagation of
lightin pure graphene lies in the parallel direction, and
the linear relationship between the formation of the
free electron carriers and the energy absorption is
responsible for the high optical conductivity (o)
observed in pure graphene. Besides, the metallic
properties of graphene are reflected by the variation
in spin up and down that appears, as evidenced by the
total and partial densities of states, and the large
refractive index attributed to its high electron mobility
confirms its metallic nature. Lastly, despite the
challenge faced in manipulating properties of
graphene. Our results demonstrate that the DFT
approach has the potential to provide valuable
insights into the properties of graphene and explore
its prospects for optoelectronic devices.
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Table 1. Pure graphene's predicted structural and electronic properties in recent and earlier investigations

Structural Properties

Total Energy (eV) Optimized Volume (a.u3) Bond length (A) Reference
Current Study -4147.42 355.97 1.42 NA
Previous Study -2073.10 357.81 1.42 [63], [64]
Electronic Properties
Band Gap (eV) The density of State (eV) References
Current Study 0 0 NA
Previous 0 0 [26], [63], [65]
Study
Table 2. The calculated magnetic moment (ug) for Pristine graphene
Spin Magnetic Moment in Magnetic Moment in Magnetic Moment in Magnetic Moment in
acell interstitial Sphere 1 Sphere 2
-0.07522 -0.00307 -0.00319 -0.08775

Table 3. The major peaks of Pure Graphene's optical properties in current and previous investigations

Peaks of the Optical Properties of The Current Study

Absorption Refractive Reflectivity Optical Optical References
Coefficient Index (eV) (eV) Conductivity Transparency
(eV) (eV) (eV)
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Parallel 42&13.8 40&11.8 42&13.8 4.2&13.8 8.6-10.4 NA
Polarization

Perpendicular 12.0 10.4 13.8 10.6 NA NA
Polarization

Peaks of the Optical Properties of Previous Study

Absorption Refractive Reflectivity Optical Optical References
Coefficient Index (eV) (eV) Conductivity Transparency
(eV) ¢ (eV) (eV)
Parallel 4.0 & 14.0 40&114 43 &14.0 3.78 7.5-10.0 [23], [66], [67]
Polarization
Perpendicular 14.0 10.89 14.9,14.0 NA NA [68]
Polarization
Table 4 The behavior of the atomic, electronic, and optical properties of pure graphene
Atomic Structure Electronic Properties = Absorption Spectra Refractivity Optical Conductivity
Hexagonal Zero band gap Ultraviolet ranges Ultraviolet ranges Metallic Behaviour

lattice structure (4.2eV ~ 311nm) (4.2¢V ~311nm)

Figure 1. The optimized pure graphene Supercell structure
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Figure 8. The calculated energy loss function of pristine graphene
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Figure 9. The calculated (a) refractive index n (w) and (b) extinction coefficient x(w) of pure graphene
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Figure 10. The calculated (a) real and (b) imaginary optical conductivity of pristine graphene
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